
INTRODUCTION

Petrological and geochemical studies of abyssal perido-
tites have contributed to our understanding of magmatism at 
mid-ocean ridges where oceanic lithosphere is created. Abys-
sal peridotites represent residual mantle after the generation 
of mid-ocean ridge basalt (MORB) melt by fractional melt-
ing. The melting degree does not exceed 15%, as inferred by 
melting models using incompatible elements in clinopyrox-
ene (e.g., Johnson et al., 1990; Warren et al., 2016). The Cr# 
[Cr/(Cr + Al) atomic ratio] of spinel is also a good indicator 
of the degree of melting and rarely exceeds 0.4 in abyssal 
peridotites (Arai, 1987; 1994a; Hellebrand et al., 2001). In 
contrast, highly depleted peridotites with spinel Cr# > 0.4 
have commonly been reported from ophiolitic complexes (Le 
Roux et al., 2014; Jean and Shervais, 2017) and from forearc 
regions of the western Pacific (e.g., Parkinson and Pearce, 
1998; Birner et al., 2017). Moreover, ultra-depleted peri-
dotites with spinel Cr# > 0.7 have been identified in Papua 
New Guinea and New Caledonia ophiolites (e.g., Jaques and 
Chappell, 1980; Xu et al., 2021; Barret et al., 2022).

In general, studies of ultra-depleted peridotites cannot 
obtain incompatible element compositions of clinopyrox-
ene because of the absence of this mineral in such samples. 
However, trace-element data for orthopyroxene have been 
reported for harzburgites (e.g., Parkinson and Pearce, 1998; 
Ishimaru et al., 2007; Scott et al., 2016; Jean and Shervais, 
2017). Despite the low abundances of incompatible elements, 
elemental data for orthopyroxene allow the melting of clino-
pyroxene-free harzburgite to be investigated by quantitative 
modeling (Scott et al., 2016; Nishio et al., 2023).

Highly depleted peridotites are probably derived from 
the mantle beneath arcs, such as from the mantle wedge. Hy-
drous melts and/or aqueous fluids derived from a subducted 

slab increase the degree of melting of peridotite (e.g., Tat-
sumi et al., 1983). In fact, such peridotites are exposed at 
the landward slope of the trench at convergent margins (e.g., 
Birner et al., 2022). Therefore, their origins provide key evi-
dence for magmatic processes in the mantle wedge and par-
ticularly the generation of boninites in the forearc (Pearce 
et al., 1992). König et al. (2010) and Cluzel et al. (2016) 
showed that slab-derived melt-fluid have an important role 
in the generation of boninitic magma during melting of the 
mantle wedge. Several studies have investigated the litho-
logical and/or geochemical signatures of boninitic magmas 
in the mantle, including dunite, pyroxenite, and chromitite in 
harzburgite, and discussed the relationship between boninites 
and these lithologies (e.g., Varfalvy et al., 1996; Suhr et al., 
2003; Tamura and Arai, 2006a; Xu et al., 2021).

Amphibole-bearing peridotite xenoliths in arc volcanic 
rocks reflect the hydrous conditions in the mantle wedge 
(e.g., Grégoire et al., 2001; Ishimaru and Arai, 2008; Ionov, 
2010). Mantle metasomatism is caused by slab-derived 
melt-fluid and produces hydrous mantle peridotites. Melt-
ing of such metasomatized peridotites may produce highly 
depleted peridotites under hydrous conditions in the mantle 
wedge (e.g., Pearce et al., 1992). Amphiboles have also been 
reported in highly depleted peridotites from ophiolites and 
trenches (e.g., Ozawa, 1988; Ohara and Ishii, 1998; Ichi-
yama et al., 2021). However, it is difficult to constrain the 
origins of the amphibole, because amphibole can be formed 
by alteration by aqueous fluids after melting. Therefore, the 
relationship between hydrous melting and the high degree 
of melting has not been examined in detail, even for amphi-
bole-bearing peridotites.

Highly depleted peridotite complexes occur in the Ka-
muikotan zone in Hokkaido, Japan (e.g., Katoh and Nakaga-
wa, 1986; Tamura et al., 1999a, 1999b; Kubo, 2002). Two 
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ABSTRACT

Ultra-depleted peridotites have been reported from the mantle sections of a number of ophiolitic complexes (e.g., Papua New Guinea and New Caledo-
nia). Such rocks are residues derived from boninitic melts in supra-subduction zones, particularly in forearcs. In the mantle wedge, slab-derived fluid-melt 
containing H2O increases the degree of melting and metasomatizes the peridotites. However, the relationship between high-degree melting under hydrous 
conditions and metasomatism is not well understood. In this paper, we report petrological features of amphibole-bearing ultra-depleted peridotites from the 
Horokanai ophiolite, Hokkaido, Japan. The peridotite complex in the Horokanai ophiolite consists of clinopyroxene-free harzburgite, orthopyroxene-poor 
harzburgite, and dunite. The harzburgites contain high-Cr# spinel (0.70-0.85) and orthopyroxene with very low abundances of incompatible elements (e.g., 
Y < 0.01 µg/g; Ti ~ 2 µg/g). Pargasitic-edenitic amphibole occurs as spinel-hosted inclusions and as an interstitial phase to olivine and orthopyroxene. The 
harzburgite is a residue formed by the high-degree melting caused by fluid flux. The hydrous conditions cause incongruent melting of orthopyroxene, produc-
ing a depleted Si-rich melt (i.e., a boninitic melt). Because such Si-rich melt can coexist with Cr-rich spinel under these conditions, amphibole is ultimately 
crystallized in the harzburgite. Such amphibole formation is important in producing secondary sodic amphibole during alteration of ultra-depleted peridotites.
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peridotite complexes comprising the mantle section of the 
Horokanai ophiolite are extremely depleted, and the perido-
tites are characterized by their absence of clinopyroxene and 
high spinel Cr# (> 0.7) (e.g., Igarashi et al., 1985; Ishizuka, 
1985; Tamura et al., 1999a; 1999b; Nishio et al., 2023). This 
paper presents petrological and geochemical features of par-
gasitic amphibole-bearing harzburgite from the Horokanai 
ophiolite. We demonstrate that these rocks are ultra-depleted 
peridotites, and discuss that the amphibole is derived from a 
partial melt related to the generation of boninitic melt in the 
mantle wedge.

GEOLOGICAL AND PETROLOGICAL  
BACKGROUND

Several serpentinized peridotite bodies are distributed 
in the Kamuikotan zone, Hokkaido, Japan (Fig. 1a) (Katoh 
and Nakagawa, 1986). The Kamuikotan zone extends from 
north to south for a length of 320 km and width of 25 km 
in the central axial zone of Hokkaido and consists mainly of 
subduction-related high-pressure and low-temperature (high-
P/T) metamorphic rocks. The Kamuikotan zone belongs to 
the Sorachi-Yezo belt, which comprises a Cretaceous forearc 
basin and accretionary sediments (Sakakibara and Ota, 1994; 
Wallis et al., 2020). The petrological features of peridotites 
in the Kamuikotan zone are variable and characterized by an 
increasing degree of melting from south to north (Katoh and 
Nakagawa, 1986; Tamura and Arai, 2006b). Highly depleted 
peridotites occur in the Iwanai-dake complex and the Horo-
kanai area (Igarashi et al., 1985; Ishizuka, 1985; Kubo, 2002; 
Tamura and Arai, 2005).

Ophiolitic rocks are exposed in the Horokanai area in 
northern Hokkaido (i.e., the Horokanai ophiolite; Fig. 1b; 
Asahina and Komatsu, 1979; Ishizuka, 1987). Pillow lavas 
and volcanic complexes underlying radiolarian cherts in the 

ophiolite sequences have mid-ocean ridge basalt (MORB)-
like geochemical features and have undergone ocean-floor 
metamorphism (i.e., low-P metamorphism; Ishizuka et al., 
1983). In the lower crustal section, depleted ultramafic rocks 
are characterized by orthopyroxenite-dunite layers below am-
phibolite and gabbro (Fig. 1c) (Ishizuka, 1985). Two perido-
tite bodies (i.e., the Horokanai and Takadomari complexes) 
are exposed in the mantle section of the Horokanai ophiolite 
(Fig. 1b; Igarashi et al., 1985; Ishizuka, 1985). Both peridotite 
complexes consist mainly of clinopyroxene-free harzburgite 
and dunite. These ultra-depleted peridotites have spinel Cr# 
> 0.7 (Ishizuka, 1985; Katoh and Nakagawa, 1986; Tamura 
et al., 1999a; 1999b; Nishio et al., 2023). Although they are 
depleted, these compositional features are similar to those 
of peridotites from the forearc region (e.g., Parkinson and 
Pearce, 1998). Ishizuka (1980) reported the presence of sodic 
tremolite in dunite from the Horokanai complex. In addition, 
a Cr-Na-rich amphibole-bearing rock (chromian richterite 
rock) has also been discovered (Ishii et al., 2002).

SAMPLE PETROGRAPHY  
AND MINERAL CHEMISTRY

The studied harzburgite and dunite samples were col-
lected from Mamusi-no-sawa in the Horokanai complex 
(Fig. 1). The harzburgite samples consist of olivine, or-
thopyroxene, and spinel and contain no clinopyroxene (Fig. 
2). The orthopyroxene content is as low as 5-15 vol.% in 
the harzburgites and very low (< 1 vol.%) in dunite. The 
subhedral-anhedral orthopyroxene is ~ 5 mm in size (Fig. 
2a). Fine-grained (< 1 mm) anhedral orthopyroxene occurs 
in the harzburgites and dunite (Fig. 2b-d). The peridotites 
are severely serpentinized. Orthopyroxene is partly replaced 
by bastite, which is distinguishable from olivine altered to 
serpentine (Fig. 2b).

Fig. 1 - (a) Distribution of the 
ultramafic complexes in the 
Kamuikotan zone, Hokkaido 
Island, Japan. (b) Geological 
map of the Horokanai area 
(modified from the geological 
map of the Geological Survey 
of Japan; https://gbank.gsj.
jp/geonavi/) and locations of 
the studied samples (star sym-
bols). Two ultramafic com-
plexes contain mantle sections 
of the Horokanai ophiolite 
(Horokanai and Takadomari 
complexes). (c) Schematic sec-
tion of the Horokanai ophio-
lite (modified after Ishizuka, 
1985).
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Green amphibole is present in one harzburgite sample 
(#91502; Fig. 3) and is classified as chromio-pargasite ac-
cording to the nomenclature of Hawthorne et al. (2012), 
whereas it is classified as edenite by Leake et al. (1997); here-
after, it is referred to as pargasite. Coarse-grained pargasite  
(~ 1 mm in diameter) is surrounded by, or occurs intersti-
tial to, orthopyroxene (Fig. 3a-c). In contrast, numerous 
fine-grained (< 0.5 mm) and anhedral pargasite grains are 
widely observed as inclusions in serpentine and olivine (Fig. 
3d). Fine-grained fragmental remnants of pargasite (< 100 
µm) are also observed as green spots (Fig. 3d-f). The altered 
domains of pargasite in the green spots have chlorite-like 
compositions (Fig. 3f). Tremolite forms locally at pargasite 
rims (Fig. 3g). Spinel in the amphibole-bearing harzburgites 
is characteristically anhedral with “worm holes” (Fig. 4a-
c) and locally associated with amphibole (Fig. 4d). Mineral 
inclusions and their relics are frequently observed in spinel 
crystals. Amphibole (magnesio-hornblende) and Na-mica 
(aspidorite or Na-phlogopite) form the spinel-hosted silicate 
mineral inclusions (Fig. 4e-f).

Major- and trace-element compositions of the minerals in 
the peridotites were determined using an electron microprobe 
analyzer (JXA-8800) at Kanazawa University and University 
of Tokyo, Japan (Akizawa et al., 2021). Trace-element com-
positions of orthopyroxene and amphibole were determined 
by a laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS) (Microlas Geolas Q-plus193/New 
Wave Research UP-213 laser system and Agilent 7500s ICP-
MS) at Kanazawa University (Morishita et al., 2005; Tamura 

et al., 2022). Analyses employed a 100 µm laser beam di-
ameter, a 6 or 10 Hz laser repetition rate, and an 8 J cm-2 
laser energy density. A 15 µm laser beam diameter and 5 Hz 
laser repetition rate were used for the spinel-hosted amphi-
bole inclusions. Element contents were calibrated using NIST 
612 and the reference values from the GeoReM database (Jo-
chum and Nohl, 2008). 29Si was used as an internal standard 
(Longerich et al., 1996). NIST 614 and BCR-2G were used to 
assess the data quality in each analytical session. The major- 
and trace-element compositions of the minerals are listed in 
Tables 1-3.

The mineral compositions of the amphibole-bearing har-
zburgite are indistinguishable from the amphibole-free harz-
burgite samples. Spinel Cr# of the amphibole-bearing harz-
burgite is 0.8 and is as high as 0.72-0.91 in the amphibole-free 
harzburgite and dunite samples. Ferric Fe and TiO2 contents 
of spinel are low in the harzburgites [YFe3+ = Fe3+/(Cr + Al 
+ Fe3+) < 0.03; TiO2 < 0.01 wt.%], and those of spinel are 
slightly variable in the dunite (YFe3+ = 0.02-0.05; TiO2 = 
0.06-0.35 wt.%) (Figs. 5-6). The contents of Fo and NiO in 
the olivine are dominantly 92-93 and 0.25-0.40 wt.%, respec-
tively (Fig. 6). In the harzburgites, Mg# [Mg/(Mg + Fe)] and 
contents of Al2O3 of the orthopyroxene are 0.93 and < 0.7 
wt.%, respectively. The rare earth element (REE) contents of 
orthopyroxene are below detection limits. Other incompat-
ible trace elements are also considerably depleted (Ti = 1-10 
µg/g; Zr = 0.01-0.1 µg/g; Y = 0.003-0.01 µg/g) (Fig. 7). For 
orthopyroxene, the quantitative Ti, Zr, and Y data are useful 
for discussing the melting process (Nishio et al., 2023).

Fig. 2 - Photomicrograph of (a-b) harzburgite (#91501) and (c-d) orthopyroxene-poor harzburgite (d1harz) from the Horokanai complex (cross-polarized light 
except c). (a) Coarse- and fine-grained orthopyroxene. (b) Anhedral or interstitial fine-grained orthopyroxene. Orthopyroxene is locally partly replaced by bas-
tite. (c) Anhedral spinel and fine-grained orthopyroxene in olivine and serpentine (plane-polarized light). (d) Enlarged view of the area in the red square in (c). 
Opx, Orthopyroxene; Srp, Serpentine.
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Fig. 3 - Mode of occurrence of amphibole in harzburgite (#91502) from the Horokanai complex. The amphibole (amp) is pargasitic in composition (see the 
text). (a-d) Green amphibole closely associated with and surrounded by orthopyroxene (opx). Note that the pargasite contains small olivine grains (serpen-
tine). (d) Anhedral amphibole and orthopyroxene partly replaced by bastite in olivine and serpentine. Note that the amphibole is altered and fragmented. (e-f) 
Example of green spots distributed pervasively in the harzburgite. Fragments of amphibole remnants coexist with the altered domains (alt) that are the green 
spots. The altered domain is a chlorite-like mineral. (g) Tremolite (trem) formed at the rim of pargasite (amp). (a) and (c) are polarized light images and the 
other sub-figures are back-scattered electron images.
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Fig. 4 - Spinel in an amphibole-bearing harzburgite (#91502) from the Horokanai complex. Note that most of the spinel is irregular in shape and contains nu-
merous “worm holes” and inclusions. Spinel is closely associated with amphibole (amp) and orthopyroxene (opx) in (d). (e) Enlarged view of the red square 
in (c). Amphibole and mica (Na-phlogopite) inclusions occur in spinel in (e) and (f), and most worm holes and inclusions are altered. (a-c) = reflected light 
image; (d-f) = back-scattered electron image.
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Fig. 6 - Spinel and olivine 
compositions in harzburgite 
and dunite from the Horo-
kanai complex. (a) Spinel 
Mg#-Cr# and (b) olivine Fo-
spinel Cr#. The olivine-spi-
nel mantle array (OSMA) is 
from Arai (1987; 1994). The 
Horokanai field and Takado-
mari data are from Ishizuka 
(1985), Tamura et al. (1999), 
and Nishio et al. (2023). The 
compositional field of the 
orthopyroxenite-dunite layer 
(ODL) from the Horokanai 
ophiolite is from Iwata and 
Arai (unpublished data). 
New Caledonia and Papua 
New Guinea data are from 
Secchiari et al. (2020), Xu et 
al. (2021), and Barrett et al. 
(2022). Compositional fields 
for abyssal and forearc peri-
dotites and boninites are from 
Tamura et al. (2006).

Fig. 5 - Trivalent cation dia-
gram for spinel in harzburgite 
and dunite from the Horoka-
nai complex. The Horokanai 
field and Takadomari data are 
from Ishizuka (1985), Tamu-
ra et al. (1999), and Nishio et 
al. (2023).
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Amphibole in the harzburgite is mainly pargasite (Fig. 
8a). The classification of Hawthorne et al. (2012) is prefer-
able for amphiboles in peridotite because the Cr2O3 content is 
also used. The amphibole in the Horokanai harzburgites has a 
distinctive composition among those reported for amphiboles 
in peridotites. The Mg# of the pargasite are 0.93-0.94, and 

the Na2O content is 2.5 wt.%. Contents of Al2O3 and Cr2O3 
are 7.6-8.7 and 2.5–2.8 wt.%, respectively (Fig. 8b). Contents 
of TiO2 are very low (Ti = 130-330 µg/g). Chondrite-nor-
malized REE and primitive mantle-normalized multi-element 
patterns of pargasite are shown in Fig. 9. The REE pattern 
of the pargasite is flat or convex-upward in shape (Fig. 9a).  

Fig. 7 - Trace-element compositions of orthopyroxene in harzburgite from the Horokanai complex. (a) Ti versus Zr. (b) Ti versus Y. Arrows and numbers 
indicate the melting trend and degree of melting: Red + = fractional melting of DMM; × = open-system melting of DMM; Blue + = influx melting of the 
residue by 15% fractional melting of DMM (star). The modeling details have been described by Nishio et al. (2023). The pink field is orthopyroxene from the 
orthopyroxenite-dunite layer in the Horokanai complex (Iwata and Arai, unpublished data). New Caledonia, Papua New Guinea, and Coast Range data are 
from Jean and Shervais (2017), Secchiari et al. (2020), Xu et al. (2021), and Barrett et al. (2022). Other data source are, for abyssal peridotites: Hellebrand 
et al. (2005), Tamura et al. (2008), Seyler et al. (2011), D’Errico et al. (2016), and Seyler and Brunelli (2018); for sub-arc peridotite xenoliths: Grégoire 
et al. (2001), Ishimaru et al. (2007), and Ionov et al. (2010); for forearc peridotites: Parkinson et al. (1992) and Birner et al. (2017); for depleted ophiolite:  
Bizimis et al. (2000).
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Fig. 8 - Composition of amphibole in harzburgite from the Horokanai complex. (a) Amphibole classification based on Hawthorne et al. (2012). The diagram 
and data calculations were obtained using the spreadsheet of Locock (2014). (b) Plot of Cr2O3 versus Al2O3. Reference data: for Mariana forearc: Ohara and 
Ishii (1998) and Chen and Zeng (2007); for Mariana serpentine seamount: Ishii et al. (1992), Parkinson and Pearce (1998), and Ichiyama et al. (2021); for 
Miyamori ophiolite: Ozawa (1988); for sub-arc mantle xenoliths: Ishimaru et al. (2007), Ionov (2010), and Bénard amd Ionov (2013); for spinel-hosted am-
phibole inclusions (Spinc) in abyssal peridotite and troctolite: Tamura et al. (2014; 2016); for Setogawa harzburgite: Arai et al. (2022); for Izu-Bonin-Mariana 
arc harzburgite: Morishita et al. (2011); for Finero peridotite: Zanetti et al. (1999). Finero amphiboles coexisting with high-Cr# spinel (> 0.8) are highlighted 
(see the text).
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Fig. 9 - Trace-element compositions of amphibole in harzburgite from the Horokanai complex. (a) Chondrite-normalized REE patterns. (b) Primitive mantle-
normalized trace-element patterns. Open green diamonds indicate spinel-hosted amphibole inclusions. Open square pattern indicates chlorite-like domain in 
green spot (e.g., Fig. 3f). An orthopyroxene composition (red diamond) with the detection limit of the analyses (broken line) is shown for comparison in (b). 
Normalization values are from Sun and McDonough (1989). Normalization values are from Sun and McDonough (1989). The reader is referred to the PDF 
online for a colour version.
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Both patterns exhibit a gentle downward slope from Sm to La 
and from Lu to Er. The convex-upward patterns exhibit high-
er abundances of REEs with a small negative Eu anomaly. 
In a multi-element diagram (Fig. 9b), Nb and Ta are mark-
edly enriched relative to light REEs (LREEs), whereas Ti is 
weakly depleted relative to neighbouring REEs. Strontium 
and Pb are relatively enriched, whereas Th and U are depleted 
and below detection limits. These features result in high Ba/
Th ratios (> 2000) and large positive Sr and Pb anomalies in 
the trace-element patterns (Fig. 9b). Spinel-hosted amphibole 
inclusions have similar major-element compositions to the 
pargasite, although some amphibole data can be classified as 
magnesio-hornblende (Fig. 8a). The trace-element abundanc-
es of Ti, Sr, Zr, Nb, Ba, Ce, and Y in the amphibole inclu-
sions are similar to those of pargasite (Fig. 9). Inclusions of 
mica in the spinel are aspidorite (Na-phlogopite). Contents of 
Na2O and K2O are 5.4 and 0.5 wt.%, respectively. Contents 
of Cr2O3 are 2.8-3.2 wt.%.

Altered domains in the green spots have chlorite-like 
compositions, with higher Cr2O3 (1.8-2.8 wt.%) and Al2O3 
(1.8-7.3 wt.%) than serpentine and bastite (<< -0.4 wt.%) 
(Table 2). Contents of CaO and Na2O are very low (<< -0.1 
wt.%) in altered domains relative to coexisting pargasite. The 
REE patterns of the altered domains are flat and similar to 
those of pargasite (Fig. 9a). Ratios of Nb/La and Ta/La are as 
high as those of pargasite, and Sr is highly depleted (Fig. 9b).

DISCUSSION
Origin of the Horokanai peridotite

Magnesian olivine (Fo = 91-93) and orthopyroxene (Mg# 
= 0.93) in the studied harzburgites and dunites from the Horo-
kanai complex are typical of mantle-derived peridotites (e.g., 
Fig. 6a). The Cr# of spinel and incompatible element abun-
dances of clinopyroxene are good indicators of the degree 
of melting of mantle-derived residual peridotites (e.g., Arai, 
1987; 1994a; Hellebrand et al., 2001). The Cr# of spinel in 
the studied peridotites is extremely high (Cr# > 0.7) com-
pared with those of spinel in abyssal peridotites (Figs. 5-6). 
The clinopyroxene-free modal composition of the harzbur-
gites is consistent with the spinel compositions, indicating a 
very high degree of melting. 

We now evaluate the abundances of incompatible ele-
ments in orthopyroxene. The Ti and Y abundances of or-
thopyroxene are considerably depleted compared with 
orthopyroxene in harzburgites from forearc regions and sub-
arc mantle xenoliths (Fig. 7b). Similar orthopyroxene com-
positions have been reported for ultra-depleted peridotites in 
Papua New Guinea and New Caledonia ophiolites (Secchi-
ari et al., 2020; Xu et al., 2021; Barrett et al., 2022). These 
modal compositions and the mineral chemistry suggest that 
the harzburgites from the Horokanai complex are residues 
after very high degrees of melting. In contrast to the extreme 
depletion of Ti and Y in orthopyroxene in the Horokanai 
harzburgites, Zr contents are as high as those of orthopy-
roxene in highly depleted peridotites and depleted abyssal 
peridotites produced by 15% fractional melting of Depleted 
MORB Mantle (DMM, Fig. 7a). Nishio et al. (2023) dem-
onstrated that the Ti-Zr-Y abundances of orthopyroxene in 
ultra-depleted harzburgites can be reproduced by the open-
system melting model of Ozawa (2001). Although fractional 
melting of the DMM cannot reproduce the Ti-Zr-Y com-
positional variations, influx melting with a subducted slab-
derived fluid-melt can reproduce these at very high degrees 

of melting (F = 35%-45%; Fig. 7). Similar to the remelting 
process proposed for boninite formation (e.g., Umino et al., 
2015; 2018), extensive influx melting of depleted peridotite 
produced by 15% fractional melting can also cause effective 
depletion of Ti along with enrichment of Zr (Fig. 7a). As 
such, slab-derived influx melting was involved in the forma-
tion of the Horokanai harzburgites.

Based on experimental data and phase diagrams, H2O en-
hances the degree of melting of peridotite by lowering the 
liquidus temperature, and hydrous conditions also cause in-
congruent melting, in which SiO2-rich melt is produced by 
the dissolution of orthopyroxene and precipitation of olivine 
(Kushiro, 1972). The anhedral and fine-grained orthopyrox-
ene (Fig. 2) and its low modal abundance (5-15 vol.%) in 
the studied peridotites may have resulted from incongruent 
melting after clinopyroxene was completely consumed. The 
influx melting discussed above is not inconsistent with melt-
ing under hydrous conditions.

Origin of amphibole - from trapped melt?
Amphiboles such as pargasite, magnesio-hornblende, 

or tremolite have often been identified in metasomatized 
peridotite xenoliths from arc settings (e.g., Grégoir et al., 
2001; Ishimaru and Arai, 2008; Ionov, 2010). They are also 
found in peridotites from the ocean floor (Fig. 8) (e.g., Ishii 
et al., 1992; Ohara and Ishii, 1998; Parkinson and Pearce, 
1998; Ichiyama et al., 2021). Amphiboles in the xenoliths 
are thought to be the products of hydrous metasomatism in 
the mantle wedge, whereas amphiboles in the ocean floor 
peridotites have been explained by metamorphism/metaso-
matism by hydrous fluids in the post-melting stage. How-
ever, an origin as a residual phase or by crystallization from 
a trapped hydrous melt cannot be excluded (e.g., Ozawa, 
1988; Parkinson and Pearce, 1998).

Coarse-grained pargasite is associated with orthopyrox-
ene, but it is interstitial to orthopyroxene in the studied har-
zburgite (Fig. 3a-c). The green spots pervasively distributed 
in the harzburgite indicate that the pargasite was also formed 
interstitial to olivine (Fig. 3d-f). Amphibole is associated 
with Na-mica as spinel-hosted inclusions, although most of 
this amphibole is altered (Fig. 4). Based on these occurrenc-
es, we propose that amphibole crystallized from melt trapped 
during the melting stage, which formed the ultra-depleted 
peridotites.

Major-element compositions of the amphibole are similar 
for the coarse grains, fragments in the green spots, and spinel-
hosted inclusions. The pargasite has a distinctive composi-
tion (e.g., high Cr2O3 content) compared with those reported 
for amphiboles in peridotites (Fig. 8). Similar pargasites have 
been reported in phlogopite peridotites from the Finero com-
plex, Italy (Zanetti et al., 1999). The Finero amphiboles are 
not only Cr2O3-rich (2.5 wt.%) (Fig. 7b), they also coexist 
with very high-Cr# spinel (> 0.8). Given the enrichment of 
incompatible elements (Fig. 10), the amphibole in the Finero 
peridotites has been interpreted as having been formed by the 
reaction between slab-derived melts and peridotite and sub-
sequent metasomatism (Zanetti et al., 1999). However, the 
studied pargasite is not enriched in incompatible elements 
(Fig. 10). As such, the geochemical features of pargasite in 
the Horokanai harzburgite probably represents a partial melt 
rather than a slab-derived melt.

Spinel-hosted hydrous silicate mineral inclusions have 
been widely reported in peridotites (e.g., Tamura et al., 
2014). Their origin remains controversial but may represent 
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the reaction products in replacement dunites or during the 
formation of chromitite (e.g., Arai et al., 1997). SiO2-rich 
melt generated instantaneously by incongruent melting of 
orthopyroxene during the reaction between peridotite and 
melt is important in the formation of the inclusions. Differen-
tiation of the instantaneous SiO2-rich melt is critical for the 
crystallization of hydrous silicate minerals in spinel (Arai et 
al., 1997; 2022). High-degree melting of harzburgite under 
hydrous conditions also generates SiO2-rich melt by incon-
gruent melting of orthopyroxene (Kushiro, 1972). In addition 
to spinel with hydrous silicate inclusions in the amphibole-
bearing harzburgite, anhedral spinel with worm holes indi-
cates that spinel was involved in the melting process (Fig. 4). 
Given that spinel is Cr-rich, the trapped SiO2-rich melt can 
exist in the residual harzburgite and finally crystallize amphi-
bole. Previous studies have described Cr-rich spinel (Cr# > 
0.6) developed between hydrous silicate mineral inclusions 
and Al-rich host spinel (Cr# ~ 0.5) (Borisova et al., 2012; 
Arai et al., 2022). This indicates that the SiO2-rich melt crys-
tallizing the hydrous minerals was in equilibrium with Cr-
rich rather than Al-rich spinel.

Olivine relics in coarse-grained pargasite in the harzbur-
gite (e.g., Fig. 3a-b) support the scenario that the pargasite 
formed from SiO2-rich melt after olivine precipitation during 
the incongruent melting of orthopyroxene. The melting oc-
curred under hydrous conditions and, therefore, the melt was 
saturated in amphibole. Variations in the trace-element com-
positions of the pargasite, such as the high REE abundances 
and negative Eu anom

Linking pargasite to the boninitic melt  
in the mantle wedge

Highly depleted peridotites may be source residues of 
arc magmas, and the relationship with boninite magmatism 
in forearcs has been investigated in previous studies (e.g., 
Pearce et al., 1992). The Cr# of spinel in residual peridotites 
reflects the degree of melting and can identify the relation-

ship to the extracted melt (Arai, 1994a, 1994b). The Cr# of 
spinel in boninite is > 0.7 (Fig. 6). Equivalent Cr# for spinel 
has been reported for dunite, pyroxenite, and chromitite in 
harzburgites from ophiolites, which form mainly owing to re-
actions between peridotite and boninitic melt (Valfarvy et al., 
1996; Suhr et al., 2003; Tamura and Arai, 2006a; Xu et al., 
2021). High-Cr# spinel harzburgite may also form as a reac-
tion product rather than by high-degree melting alone. Con-
versely, the exceptionally depleted orthopyroxene composi-
tions in the studied harzburgites indicate the high-Cr# spinel 
was caused by very high degrees of melting (Fig. 7b). This 
indicates that the harzburgites from the Horokanai complex 
represent residues that generated boninitic melts.

The lower crustal section of the Horokanai ophiolite com-
prises the orthopyroxenite-dunite layer, as shown in Fig. 1b 
(e.g., Ishizuka, 1985). Its origin is still controversial, but cu-
mulates or melt-mantle reaction products are the most likely 
explanations. The high Cr# of spinel (> 0.85) in the layer in-
dicates that a boninite-like highly depleted melt was produced 
(Fig. 6). However, no boninite volcanics have been reported 
in the ophiolitic complex. Instead, MORB-like volcanic rocks 
with seafloor metamorphism constitutes the upper crust sec-
tion of the Horokanai ophiolite (Fig. 1b). Boninite volcanism 
probably occurred on the oceanic crust, as observed in the 
Oman ophiolite (e.g., Ishikawa et al., 2002). If this is true, the 
boninite sequence may have been lost due to tectonic erosion.

According to melting experiments on peridotites, low-
pressure (P < 1 GPa) and/or hydrous conditions are favor-
able for the generation of boninitic melts, because primitive 
SiO2-rich melt can be produced (Umino and Kushiro, 1989; 
Falloon and Danyushevski, 2000). As discussed above, the 
orthopyroxene compositions in the Horokanai harzburgites 
can be reproduced by very high degrees of melting with the 
involvement of slab-derived melt-fluid (Fig. 7); the pargas-
ite formed from this trapped melt. The incompatible element 
composition of the pargasite in the studied harzburgites is 
distinct from amphibole in other peridotites, for example, 
very low abundance of HREE (Fig. 10). We calculated the 

Fig. 10 - Comparison of the 
trace-element compositions 
of amphiboles between har-
zburgite from the Horokanai 
complex and other perido-
tites. The three representa-
tive patterns (enriched, flat 
and concave REE patterns: 
Fig. 9a) and the inclusion 
composition (open diamond) 
of amphiboles are shown. 
Broken line indicates a neg-
ative anomaly of Th (and 
U) estimated from the de-
tection limit. For Mariana 
forearc: harzburgite from 
Chen and Zeng (2007) and 
serpentinite from Ichiyama 
et al. (2021); for IBM spi-
nel inclusion in harzburgite: 
Morishita et al. (2011); for 
Finero peridotite: Zanetti et 
al. (1999). Normalization 
values are from Sun and 
McDonough (1989).
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REE composition of melt in equilibrium with the pargasite 
using the distribution coefficients of Shimizu et al. (2017). 
The equilibrium melt is considerably depleted relative to 
MORBs. In terms of the U-shaped REE patterns or LREE-
enriched patterns and has a similar REE pattern to high-Si 
boninite from Ogasawara and low-Ca boninite from Papua 
New Guinea and New Caledonia (Fig. 11) (König et al., 
2010; Cluzel et al., 2016; Umino et al., 2015; 2018). As well 
as enrichment in LREEs, fractionation between heavy REEs 
[(Tm/Lu)N < 1] is characteristic of both the calculated melt 
and boninites (Fig. 11). Additionally, the high Cr content of 
the pargasite (Fig. 7b) indicates that the equilibrium melt was 
Cr-rich. This is consistent with the compositional character-
istics of boninite. 

Nisiho et al. (2022) demonstrated through model melting 
that the instantaneous melt of high-degree melting producing 
ultra-depleted peridotite is significantly depleted in incompati-
ble elements (e.g., Ti and Y) compared to boninite. The authors 
predicted that boninites are either the accumulated melt of the 
partial melting or have undergone fractionation from and/or in-
put to the primary melt prior to eruption. The calculated melt 
in equilibrium with the pargasite is also more depleted in some 
HREEs relative to boninite (Fig. 11). This probably indicates 
that the pargasite was derived from more primary melt trapped 
in ultra-depleted residue in the mantle wedge.

König et al. (2010) demonstrated that slab-derived melt 
is typically involved in the formation of LREE-enriched bo-
ninite and that slab-derived fluids were involved in the for-
mation of LREE-depleted boninite (e.g., Troodos ophiolite). 
Cluzel et al. (2016) suggested that LREE-enriched boninite 
from New Caledonia was formed by influx melting of the 
depleted mantle that was re-enriched by slab-derived silicic 
melts. Li et al. (2013) proposed that low-Ca boninites from 
Ogaswara formed by partial melting of depleted mantle with 
a small contribution (3%) from slab-derived melt. Prouteou 
et al. (2001) suggested that the reaction between peridotite 

and slab-derived adakitic melts forms orthopyroxene with 
Na-rich amphibole and K-rich mica. Adakitic melt may have 
produced the hydrous minerals and driven the metasomatism 
in the Finero complex (Zanetti et al., 1999; Prouteou et al., 
2001). In contrast, pargasite and Na-phlogopite in the Horo-
kanai harzburgites suggest the sodic melt was generated by 
melting in the mantle wedge. High-Na and low-K rhyoda-
cite has rarely been reported in ophiolitic complexes (e.g., 
Maulana et al., 2019; Qiao et al., 2022). Qiao et al. (2022) 
proposed that the rhyodacite is another candidate for the slab-
derived melt, which formed by the melting of MORB-like 
crust beneath the forearc region at low pressures (P = 0.5-1.0 
GPa). As such, we propose that a high-Na and low-K silicic 
melt was also suitable for the production of boninitic melt in 
the mantle wedge, although the relative timing between slab-
derived melt involvement and melting cannot be constrained. 
Therefore, the Horokanai complex may be an example of 
a sodic ultra-depleted residue formed by trapped melt at a 
shallower depth in the mantle wedge. The compositions of 
such slab-derived melts might constrain the tectonic setting 
of some ultra-depleted peridotites.

CONCLUSIONS AND IMPLICATIONS

Residual peridotites from the Horokanai complex are ex-
tremely depleted, including features such as a total absence 
of clinopyroxene, very low abundances of incompatible ele-
ments in orthopyroxene, and high-Cr# spinel. Melting mod-
els of the orthopyroxene compositions show the harzburgites 
can be explained by influx melting (> 30%). In the pargasite-
bearing harzburgite sample, spinel-hosted mineral inclusions 
probably record local reactions between trapped melt and 
spinel during melting. This implies that sodic ultra-depleted 
residue is produced during the generation of boninitic melt in 
a mantle wedge.

Fig. 11 - Rare earth element compo-
sitions of calculated melts in equilib-
rium with pargasite in the Horoka-
nai harzburgite. The three amphibole 
and inclusion compositions shown 
in Figure 10 were used in the cal-
culation. Amphibole/melt partition 
coefficients are from Shimizu et al. 
(2017). Boninite melt data are from 
König et al. (2010) and high-Si bo-
ninite data are from Umino et al. 
(2015; 2018).
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Sodium-rich tremolite has been observed in dunite from 
the Horokanai complex (Ishizuka, 1980). A chromian rich-
terite rock, which probably formed owing to metasomatism 
of orthopyroxenite, has also been reported (Ishii et al., 2002). 
In the studied amphibole-bearing harzburgite, a Cr-rich, 
chlorite-like phase in the green spots is probably formed by 
decomposition and alteration of pargasite because pargasite 
remnants often coexist (Fig. 3d-f). Tremolite occurs at par-
gasite rims (Fig. 3g). These indicate that Ca, Na, and Sr were 
released from the pargasite (Fig. 9b). We infer that a fluid 
rich in these elements was generated by the decomposition 
of pargasite in the harzburgite. As such, pargasite is a source 
of metasomatic fluid that can form sodic amphiboles during 
low-temperature alteration stage. Ultra-depleted peridotite 
represents a source of Na. The elements causing the metaso-
matism were possibly derived from a slab-derived melt and 
then preserved in the residual peridotites.

Orthopyroxenite–dunite layers occur in the Moho transi-
tion zone in the Horokanai complex, but no boninite has been 
observed (Fig. 1c) (e.g., Ishizuka, 1985). Although the olivine 
is Fe-rich (Fo ~ 89) and the orthopyroxene has high contents 
of incompatible elements, the spinel Cr# is as high as those of 
ultra-depleted peridotites from the mantle section (Figs. 6-7) 
(Iwata and Arai, unpublished data). Ishizuka (1985) interpret-
ed these layers as cumulates. The involvement of boninitic 
melt has been proposed for the origins of orthopyroxenites in 
ophiolites (e.g., Varfalvy et al., 1996; Tamura et al., 2006). 
Further investigation of these layers will contribute to our 
understanding of boninitic magmatism and the crust–mantle 
boundary in supra-subduction zones.
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