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Abstract

The Permian ferropicrite and picritic ferrobasalt occur in the Jurassic accretionary complexes of the Mino–Tamba belt as dikes

intruded into the basaltic volcanic rocks. They are characterized by high MgO (11–27 wt.%), FeO* (16–20 wt.%) and HFSE

(Nb=24–86 ppm and Zr=103–399 ppm) contents. Mineralogical and petrolographical evidences indicate that their unusual iron-

rich nature is apparently magmatic in origin. The incompatible element contents and ratios indicate that the picritic ferrobasalt has

close genetic kinship with the previously reported HFSE-rich, but iron-poor picrites, and that they were produced by the low

degrees of partial melting of HFSE-enriched source material at high pressures (4–5 GPa). On the other hand, the ferropicrite may

have been produced by the same degree of partial melting at a lower pressure, and subsequent olivine accumulation. The Sr and Nd

isotopic signatures (87Sr/86Sr(i) =0.70266 to 0.70329 and qNd(i)=+5.7 to +7.7) of these picritic and ferropicritic rocks are nearly

constant and are equivalent to those of HIMU rocks, which require involvement of subducted oceanic crust material into their

source region. Nevertheless, the ferropicritic melt cannot have been generated from the iron-poor picrite melt by crystal

fractionation. Compared to the compositions of the melts obtained by some melting experiments, production of the unusual

ferropicritic melts requires addition of an unreasonable amount of recycled basaltic component into the source mantle peridotite or

partial melting at extremely high pressures. A possible source material for the ferropicrite is the mixture of the recycled Fe- and Ti-

rich basalt (and/or gabbro) and mantle peridotite. Such a ferrobasalt occurs in the present ocean floor and also in some peridotite

massifs as Fe- and Ti-rich eclogite bodies. The ferropicritic magma may have been derived from the Permian, deep mantle plume in

an oceanic setting. The occurrence of the ferropicritic rocks and the HFSE-rich, iron-poor picrite in the Mino–Tamba belt implies

that the greenstone–limestone–chert complexes in the Mino–Tamba belt may be fragments of an oceanic plateau formed by the

Permian superplume activities in paleo-Pacific ocean and subsequently accreted to a continental margin through subduction process

in the Jurassic time.
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1. Introduction

A ferropicrite is characterized by high-Mg and -Fe

(typically FeO*N14 wt.%) content, and was first rec-

ognized in the Early Proterozoic Pechenga Group, NW

Russia by Hanski and Smolkin (1989). Francis et al.
6) 47–65
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(1999) suggested that the occurrences of the iron-rich

picritic and komatiitic rocks reflect the high iron con-

tent of the Precambrian mantle relative to the present

one. Recently, however, Phanerozoic ferropicrites are

discovered in some large igneous provinces (LIPs), and

it is suggested that the occurrence of ferropicrite is

restricted to the LIPs regardless of geologic age, and

that the ferropicrite is generated by partial melting of

mantle plume consisted of a basalt–peridotite mixture

(Gibson et al., 2000; Gibson, 2002).

An accretionary complex commonly consists of the

rock sequence composed of mafic volcanics (green-

stones), limestone, chert, sandstone and mudstone in

younging order, forming the so-called boceanic plate

stratigraphyQ, which were accreted to a continental mar-

gin or an island arc by the long-term subduction of an

oceanic plate. Therefore, the investigation of the accret-

ed greenstone provides us indispensable information on

the ancient oceanic magmatism before Jurassic. The

Mino–Tamba belt is one of the Jurassic accretionary

complexes distributed in Japan (Fig. 1). Ichiyama and

Ishiwatari (2005) studied the Permian HFSE-rich picrite

from the Mino belt, and discussed the genetic relation-

ships with other terrestrial HFSE-rich picrites. They

suggested that the HFSE-rich picrites were generated

by the partial melting of a mantle plume material con-

taining previously subducted and recycled oceanic crust

fragments at polybaric pressures, and that the Mino
Fig. 1. Distribution of the Jurassic accretionary complexes (gray) in East As

southwestern Japan (Nakae, 2000). Ob and Fu indicate the Obama (Tamba) an

Ultra-Tamba and Maizuru belts, respectively.
picrite was derived from the Permian oceanic super-

plume activity (see also a review by Ishiwatari and

Ichiyama, 2004). Recently, we have also found ferro-

picritic rocks from the Mino–Tamba belt. These rocks

have unusually high FeO* content (up to 20 wt.%), and

contain iron-rich mineral phases such as aegirine and

riebeckite. We believe that these rocks provide impor-

tant constraint not only on the origin of the Mino–

Tamba belt, but also on the Permian igneous activity

of the whole earth. In this paper, we report the petrol-

ogy, mineralogy and geochemistry of the ferropicritic

rocks, and discuss their petrogenetic relationship with

the Mino HFSE-rich picrite, and other continental and

oceanic picrites and their geodynamic implications.

2. Geological outline and mode of occurrence

Geologic structure of the Inner Zone of southwestern

Japan is essentially constructed by nappe piles. The

Paleozoic–Mesozoic terranes of continental blocks

(Hida and Oki), ophiolites (Oeyama and Yakuno),

metamorphic belts (Unazuki, Renge, Suo and Ryoke)

and accretionary complexes (Akiyoshi, Maizuru, Ultra-

Tamba and Mino–Tamba) are tectonically overthrusted

in order of increasing age as going upward in the nappe

piles (Isozaki and Maruyama, 1991). Analogous struc-

ture is also seen in Primorye of Far East Russia, and it is

interpreted that the Japanese and Russian nappe piles
ia and geotectonic map of the Mino–Tamba belt in the Inner Zone of

d Funafuseyama (Mino) areas, respectively. UTB and MB indicate the
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were detached from each other by the opening of the

Japan Sea during Miocene (e.g. Ishiwatari and Tsuji-

mori, 2003).

The Jurassic accretionary complexes are widely dis-

tributed in SW Japan (Fig. 1). It is divided into the Mino

and Tamba belts with the boundary at the Lake Biwa.

The Mino–Tamba belt is tectonically overthrusted by

the Permian Ultra-Tamba belt, and is regionally meta-

morphosed toward the Median Tectonic Line (Creta-

ceous low-P/T type Ryoke metamorphic belt). The

Mino–Tamba belt also consists of some nappes, and is

subdivided into some tectonic units or complexes based

on structure, lithology and age (e.g. Wakita, 1988; Iso-

zaki, 1997; Nakae, 2000). The regional classification of

complexes has been proposed for each of the Mino and

Tamba belts, but Nakae (2000) recently proposes a

comprehensive correlation between the complexes in

both belts. We follow his proposal (Fig. 1).

The ferropicritic rocks occur in the Obama area of

the Tamba belt. In the Obama area, Nakae and

Yoshioka (1998) subdivided the Tamba belt into some

local complexes named Tada, Shimonegori, Kouchi and

Mukugawa and the Late Jurassic Furuya Formation

consisted of stratified clastic sequence (Fig. 2). These
Fig. 2. Geological map of the Obama area in the Tamba belt (Nakae and Yosh

ferrobasalt.
complexes are equivalent to Shuzan, Kumogahata,

Haiya and Tsurugaoka complexes of the type area

(Fig. 1), respectively. The ferropicritic rocks occur in

the Kouchi (Haiya) complex. This complex is equiva-

lent to the Funafuseyama complex in the Mino belt,

where Ichiyama and Ishiwatari (2005) reported the

HFSE-rich picrite and basanite sills and related hyalo-

clastite interbedded with Middle Permian chert at Funa-

fuseyama area (Fig. 1). The Kouchi complex consists of

the allochthonous slabs of mafic volcanics, chert, lime-

stone and siliceous mudstone and the mélange com-

posed of the blocks of these rocks in a mudstone

matrix. The structurally upper part of the complex is

dominated by mélange, whereas the lower part is dom-

inated by the large-scale slabs composed mainly of

chert and basaltic rocks. The limestone, chert and mud-

stone matrix of mélange contain the Early to Middle

Permian fusulinids (Isomi and Kuroda, 1958; Sakagu-

chi et al., 1973), the Late Permian and Early to Middle

Jurassic radiolarians, and Middle Jurassic radiolarians

(Nakae and Yoshioka, 1998), respectively. Therefore,

the age of the mafic volcanic rocks associated with both

chert and limestone is Early to Middle Permian. The

mafic rocks are basaltic massive and pillow lava, hya-
ioka, 1998) and sampling points of the studied ferropicrite and picritic



Y. Ichiyama et al. / Lithos 89 (2006) 47–6550
loclastite and rare dikes, and are associated with chert

beds and limestone blocks. The basaltic lava sometimes

includes chert xenoliths (up to 30 cm in diameter). Sano

and Tazaki (1989) reported the Nd–Sm isochron ages of

303–339 Ma from the mafic volcanics and separated

clinopyroxenes in the Tamba belt. However, the error of

these ages ranges from F40 to F88 Ma, and hence

these ages are of low reliability. In this paper, we

interpret the age of the mafic rocks as Early Permian

(about 280 Ma) based on the fossil record of the

overlying chert and limestone as noted above.

The ferropicrite frequently occurs as boulders in a

stream of the Ojiga-tani valley, which is a branch of

Onyugawa River (Fig. 2). In the upper stream of the

Ojiga-tani, the boulders of the aegirine-bearing ankar-

amite also occur. Judging from the distribution of these

boulders, it is likely that the ferropicrite and ankaramite

occur as the intrusions (or lava) in basaltic rocks and/or

chert. The kaersutite-rich basalt also occurs as a dike

intruding into the basaltic rocks. The picritic ferrobasalt

occurs as a dike (about 40 m in thickness) associated

with an aegirine-bearing gabbro dike intruded into the

basaltic lava and hyaloclastite.

3. Analytical techniques

Mineral chemistry was analyzed by a wavelength-

dispersive EPMA (JEOL JXA-8800R) at the Coopera-

tive Research Center of Kanazawa University. The

analyses were performed under an accelerating voltage

of 15 kV and a beam current of 15 nA. JEOL software

using ZAF corrections was employed for data reduc-

tion. Natural and synthetic minerals of known compo-

sition are used as standards. The Fe3+ content in the Cr-

spinel was estimated by assuming spinel stoichiometry.

Major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K

and P) and trace elements (Ni, Sr, Rb, Ba, Nb, Zr, Y

etc.) were analyzed by the Rigaku System 3270 X-ray

fluorescence spectrometer with Rh tube at Kanazawa

University for fused glass of Li2B4O7 (5 g)–rock pow-

der (0.5 g) mixture and pressed pellet of rock powder (5

g), respectively. The analyses were carried out at 50 kV

accelerating voltage and 20 mA beam current. Rare

earth elements (REE) and some other trace elements

(Cr, Ta, Hf, etc.) were determined by instrumental

neutron activation analysis (INAA). The INAA samples

(0.1 g rock powder) were activated at the Kyoto Uni-

versity Reactor, and analyzed by a Ge (Li) g-ray detec-

tor at the Radioisotope Laboratory for Natural Science

and Technology, Kanazawa University. Two rock sam-

ples were also analyzed by inductively coupled plasma

mass spectrometry using a Thermo Electron X7 at
Kanazawa University. The analytical procedure was

described by Shirasaka et al. (2004). The consistency

between INAA and ICP–MS methods is within about

20% for most elements.

Sr and Nd isotopes of the rock and separated mineral

samples were analyzed on a Finnigan MAT262 mass

spectrometer at Department of Geology, Niigata Uni-

versity. The analytical procedure follows Miyazaki and

Shuto (1998). The analyzed minerals (clinopyroxene

and amphibole) were separated using isodynamic sepa-

rator and heavy liquid (sodium polytungstate). 87Sr/86Sr

and 143Nd/144Nd ratios were normalized to 86Sr/88Sr=

0.1194 and 146Nd/144Nd=0.7219, respectively. During

the course of this study, the NBS987 Sr standard gave a

mean value of 87Sr/86Sr=0.7102395F0.000013 (n=4)

and the JNdi-1 Nd standard gave a mean value of
143Nd/144Nd=0.512060F0.000013 (n=3). Sr, Rb, Nd

and Sm contents were also determined by the same

methods as isotopes using 87Rb–84Sr and 149Sm–150Nd

mixed spikes. Sr and Rb contents of all whole rock

samples are determined using XRF, and Nd and Sm

contents of some whole rock and separated minerals

samples are determined using ICP–MS. qNd was

calculated using (143Nd/144Nd)CHUR=0.512638 and

(147Sm/144Nd)CHUR=0.1967.

4. Petrography and mineralogy

4.1. Ferropicrite

Representative analyses of the minerals are shown in

Table 1. The ferropicrite includes an abundance of

olivine (40–45 vol.%) and clinopyroxene (9–11

vol.%) as phenocrysts. The olivine phenocrysts occur

as pseudomorphs completely replaced by secondary

carbonate, chlorite, talc and serpentinite. It is fine-

grained (commonly b1 mm in size) and anhedral to

euhedral. Some olivines are poikilitically enclosed by

clinopyroxene and amphibole (Fig. 3a). Opaque Cr-

spinels are sometimes included in olivine, and are

rimmed by magnetite. The Cr-spinels are 66–69 in

Cr# (=100Cr/(Cr+Al)), 27–33 in Mg# (=100Mg/

(Mg+Fe2+)) and 27–30 in Fe3+# (=100Fe3+/

(Cr+Al+Fe3+)). Some olivines contain spherical, com-

posite inclusions consisting of quenched augite, kaer-

sutite, biotite and magnesioriebeckite (rare) in a chlorite

matrix (altered glass) (Fig. 3b and c), which would have

been liquid inclusions trapped during the crystallization

of the host olivine. The clinopyroxene (b2 mm in size)

shows the zoning from yellowish augite in core to

pinkish titanaugite in rim. The clinopyroxene pheno-

crysts are Mg#=82–86, TiO2=0.8–1.8 wt.% and



Table 1

Representative mineral composition chemistry of the ferropicrite and picritic ferrobasalt from the Obama area, Tamba belt

Ferropicrite

Sample

Mineral

040406-OG1 040522-OG8

Cpx core Rim Kaersutite Biotite Fe-rich augite Kaersutite Riebeckite Cpx core Rim Kaersutite Biotite Cr-spinel Cr-spinel Kaersutite Cpx

Phenocryst Cpx rim Groundmasss Olivine-inclusion Phenocryst Cpx rim Groundmasss Olivine-inclusion

SiO2 50.78 46.43 44.46 37.69 44.15 39.71 52.36 52.16 51.64 41.66 38.69 0.06 0.01 39.71 50.63

TiO2 1.65 3.74 3.65 5.07 2.60 4.12 0.62 1.17 1.15 5.53 2.89 5.87 5.56 4.12 1.54

Al2O3 3.91 7.27 9.65 13.18 8.92 13.53 3.54 2.97 2.93 11.58 12.28 9.95 9.77 13.53 4.46

Cr2O3 0.41 0.13 0.00 0.00 0.01 0.03 0.00 0.95 1.00 0.00 0.04 28.73 30.10 0.03 0.00

FeO* 6.12 7.14 9.62 12.46 12.14 14.14 17.48 5.35 5.16 9.32 11.65 45.88 44.04 14.14 7.47

MnO 0.10 0.08 0.13 0.13 0.16 0.22 0.42 0.08 0.11 0.10 0.12 0.42 0.39 0.22 0.19

MgO 15.19 12.81 15.71 18.11 7.95 7.81 13.68 15.88 15.49 14.67 20.66 6.18 6.77 7.81 14.33

CaO 21.90 21.84 10.42 0.00 22.32 16.49 0.76 21.77 21.66 11.35 0.03 0.00 0.00 16.49 21.04

Na2O 0.45 0.58 3.68 0.11 0.56 1.94 8.79 0.43 0.42 3.20 0.09 0.00 0.00 1.94 0.66

K2O 0.00 0.00 0.62 8.26 0.00 0.33 0.14 0.01 0.00 0.57 7.46 0.00 0.00 0.33 0.00

Total 100.5 100.02 97.96 95 98.8 98.31 97.79 100.77 99.55 97.99 93.88 97.09 96.65 98.31 100.31

Mg# 0.82 0.76 0.81 0.72 0.54 0.52 0.95 0.84 0.84 0.76 0.76 0.28 0.31 0.52 0.77

Cr# 0.66 0.67

Fe3+# 0.30 0.29

An%

Picritic ferrobasalt

Sample

Mineral

040523-T2 040523-7

Cpx core Rim Kaersutite Aegirine Biotite Hornblende Fe-rich augite Biotite Cpx core Cpx core Kaersutite Plagioclase Biotite Cpx Biotite

Phenocryst Cpx rim Groundmasss Olivine-inclusion Phenocryst Cpx rim Phenocryst Groundmasss Olivine-inclusion

SiO2 49.32 46.27 40.68 53.37 36.89 42.25 52.42 37.31 47.40 49.61 39.97 57.19 35.37 45.70 33.73

TiO2 2.04 2.92 3.95 3.41 5.60 1.55 0.21 2.75 2.72 2.10 5.12 0.09 6.51 3.64 2.72

Al2O3 4.87 7.16 11.88 1.47 14.89 13.13 3.18 15.08 6.67 4.90 12.93 26.43 15.13 7.75 15.81

Cr2O3 0.02 0.01 0.00 0.03 0.01 0.00 0.01 0.00 0.01 0.02 0.04 0.03 0.01 0.01 0.00

FeO* 7.08 7.75 14.69 25.44 13.14 13.99 12.83 15.55 7.90 7.71 12.96 0.63 14.40 8.03 20.18

MnO 0.15 0.15 0.23 0.06 0.10 0.19 0.33 0.13 0.17 0.18 0.25 0.00 0.14 0.12 0.33

MgO 14.01 12.68 11.09 0.27 15.15 12.44 9.44 16.74 12.77 13.74 11.59 0.07 14.14 12.20 14.65

CaO 22.46 21.96 11.23 0.38 0.02 10.91 19.96 0.05 21.37 21.29 11.03 8.45 0.06 21.65 0.06

Na2O 0.41 0.45 2.95 14.06 0.79 2.81 1.95 0.72 0.48 0.46 2.90 6.01 0.86 0.48 0.28

K2O 0.02 0.02 1.04 0.05 8.40 0.85 0.03 7.48 0.01 0.00 1.12 0.51 7.79 0.00 4.96

Total 100.37 99.37 97.74 98.53 95.01 98.12 100.36 95.81 99.49 100.01 97.91 99.40 94.39 99.56 92.70

Mg# 0.78 0.74 0.59 0.67 0.74 0.57 0.66 0.74 0.76 0.62 0.64 0.73 0.56

Cr#

Fe3+#

An% 0.44
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Al2O3=1.9–3.9 wt.% in core, while the clinopyroxene

in the liquid inclusions are characterized by a more Fe-,

Ti- and Al-rich composition (Mg#=50–63, TiO2=2.1–

4.7 wt.% and Al2O3 7.1–10.9 wt.%). The clinopyrox-

ene is rimmed by kaersutite, actinolite, cummingtonite

and rare magnesioriebeckite. Biotite, apatite and glass

(chloritized) fill interstitial spaces. Ilmenite and Ti-mag-

netite are abundant (up to 4 vol.%). Secondary titanite

is also common.

4.2. Picritic ferrobasalt

The picritic ferrobasalt is rich in phenocrysts, which

are olivine (about 27–29 vol.%), titanaugite (20–22

vol.%), plagioclase (16–23 vol.%) and rare kaersutite.

Olivine phenocrysts are pseudomorphs completely

replaced by secondary chlorite and talc. They are fine-

grained (b1 mm) and subhedral or euhedral, and are

often elongated. Some olivines contain the round-shaped

inclusions consisted of augite, kaersutite and biotite in a

chlorite matrix. The titanaugite (b1 mm; Mg#=73–78,

TiO2=1.6–3.6 wt.% and Al2O3=3.7–7.7 wt.% in core)

is rimmed by kaersutite and rare aegirine (Fig. 3d). Most

plagioclase is replaced by sericite and chlorite, but rare

relics are present. Plagioclase (An40–51) poikilitically
Fig. 3. Photomicrographs of the Tamba ferropicrite (a, b and c) and p

(pseudomorph), Cpx=clinopyroxene, Krs=kaersutite, Aeg=aegirine and R

with kaersutite rim. (b) Needle-like clinopyroxene in the rounded bmeltQ in
olivine. (b) Aegirine rimming clinopyroxene.
encloses other smaller minerals. The groundmass is

composed of altered glass (chlorite), plagioclase, apa-

tite and biotite. The abundant opaque minerals in the

groundmass (up to 11 vol.%) are Ti-magnetite and

ilmenite. Secondary titanite is also common.

4.3. Other rocks

The ankaramite includes large euhedral titanaugite

phenocrysts (up to 3 mm in size; 45 vol.%). The

titanaugite (Mg#=69–80, TiO2=2.1–5.1 wt.% and

Al2O3=5.4–9.6 wt.% in core) is rimmed by green

aegirine and aegirine–augite. The interstitial spaces

between the large titanaugite phenocrysts are filled

with the groundmass composed of smaller grains of

titanaugite, aegirine, aegirine–augite, apatite and titano-

magnetite and ilmenite. The groundmass also includes

altered glass replaced by chlorite and calcite. Minor

biotite occurs as accessory minerals. Secondary titanite

is common. The kaersutite-rich basalt includes olivine

(altered), kaersutite, clinopyroxene (altered) and plagio-

clase (altered) phenocrysts. The phenocrysts are com-

monly fine-grained (b1 mm), and kaersutite is the most

abundant among them. Apatite and opaque mineral also

occur as accessory minerals. The aegirine-bearing gab-
icritic ferrobasalt (d). All were taken with open nicol. Ol=olivine

bk=riebeckite. (a) Olivine poikilitically enclosed by clinopyroxene

clusion in olivine. (c) Riebeckite in the rounded bmeltQ inclusion in
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bro mainly consists of coarse-grained (around 3 mm in

size) plagioclase, kaersutite and titanaugite (Mg#=71–

76 TiO2=1.4–2.9 wt.% and Al2O3=3.6–6.9 wt.%). The

plagioclase is replaced by albite, K-feldspar, chlorite

and calcite. Because titanaugite and kaersutite are in-

tensely replaced by chlorite, the estimate of the primary

proportion of the two minerals is sometimes difficult.

Aegirine, aegirine–augite, apatite, biotite and Fe–Ti

oxide occur as accessory minerals. Secondary titanite

is also common.
Table 2

Whole rock chemistry of the ferropicrite and picritic ferrobasalt from the O

Rock Ferropicrite

Sample 040406-OG1 040522-OG8 040605-OG17

SiO2 45.92 42.00 43.11

TiO2 1.18 1.25 1.30

Al2O3 5.03 4.60 4.96

FeO* 15.13 15.66 16.19

MnO 0.16 0.25 0.21

MgO 23.75 26.02 23.78

CaO 4.41 4.19 5.07

Na2O 0.20 0.39 0.34

K2O 0.09 0.31 0.19

P2O5 0.32 0.32 0.31

Total 96.19 94.99 95.46

XRF XRF ICP–MS XRF

Ni 1221 1182 1030 1133

Cu 36 25 30

Zn 138 127 126

Pb 1 1.49

Rb 5 12 10.0 7

Sr 67 101 87.3 121

Y 17 16 12.1 17

Zr 103 112 99.2 113

Nb 24 24 22.3 25

V 105 128 92.0 130

Ba 75 121 57.2 74

INAA INAA INAA

La 18.3 20.0 17.8 23.3

Ce 40.1 38.2 35.1 46.5

Nd 17.2

Sm 3.49 3.81 3.67 4.36

Eu 1.40 1.34 1.23 1.20

Gd 3.74

Tb 0.515

Dy 2.78

Yb 1.38 1.58 1.00 1.68

Lu 0.142 0.139 0.183

Hf 2.31 2.31 2.38 2.98

Ta 1.32 1.55 1.58 1.20

Th 2.33 2.64 2.08 2.58

Cr 932 1219 914 1088

Co 122 125 115 120

Sc 13.3 16.1 13.5 15.2
5. Whole rock chemistry

5.1. Major and trace elements

The results of major and trace elements are listed in

Table 2. Fig. 4 illustrates the major and trace element

compositions with respect to MgO content for the

Tamba ferropicrite and picritic ferrobasalt, compared

with those of other terrestrial picrites and ferropicrites.

The elements mobile during alteration, such as K2O,
bama area, Tamba belt. FeO* is total iron as FeO

Picritic ferrobasalt

040605-OG19 040523-6 040523-7 040523-T2

44.52 38.66 40.50 38.51

1.31 4.71 4.34 4.72

5.06 10.12 12.62 10.32

16.79 18.98 15.46 18.60

0.14 0.22 0.20 0.22

21.64 11.27 10.84 11.33

4.97 9.37 9.23 9.19

0.35 0.90 1.65 0.81

0.07 0.82 0.43 0.88

0.34 0.68 0.88 0.69

95.19 95.73 96.15 95.27

XRF XRF XRF XRF ICP–MS

1228 185 132 199 174

49 30 38 35

176 185 164 196

2 2 1.33

2 26 8 27 22.9

95 200 442 174 162

19 31 36 29 24.7

121 317 399 330 315

26 65 86 68 66.3

141 518 438 575 366

86 463 433 406 284

INAA INAA INAA INAA ICP–MS

18.5 43.3 55.6 53.2 48.6

38.0 96.7 127 102 101

21.1 57.4 69.6 58.3 48.5

3.88 9.33 11.8 9.60 9.42

1.31 2.61 3.86 3.26 2.94

8.82

1.13

5.85

1.64 2.13 3.12 2.34 2.09

0.216 0.276 0.294 0.265 0.293

2.29 6.68 8.27 7.07 7.41

1.64 4.54 6.32 4.47 5.19

2.39 5.02 7.07 5.40 4.89

1444 419 289 421 311

148 72.6 67.1 81.7 80.2

17.0 24.9 20.7 25.0 20.7



Fig. 4. Major and trace element variations with respect to MgO of the Tamba ferropicrite and picritic ferrobasalt. The plots are recalculated to

anhydrous. For comparison, the picrites from the Mino belt (Ichiyama and Ishiwatari, 2005), Iceland (Skovgaard et al., 2001) and Hawaii (Norman

and Garcia, 1999) and ferropicrites from Siberia (Arndt et al., 1995), Pechenga (Hanski and Smolkin, 1995), Etendeka (Gibson et al., 2000) and

East Greenland (Peate et al., 2003) are also shown.
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Na2O, Ba, Pb and Sr, may have been changed during

alteration processes, and in this paper, these elements

are not discussed in detail. In general, the major ele-

ments such as TiO2, Al2O3 and CaO of the Obama

ferropicrite increase with the decrease of MgO content,

which is consistent with accumulation or subtraction of

olivine. The Tamba ferropicrite is characterized by high
MgO (23–27 wt.%) and FeO* (16–18 wt.%) and low

TiO2, (1.2 wt.%), Al2O3 (5 wt.%) and CaO (5 wt.%)

contents. The picritic ferrobasalt shows lower MgO

(around 12 wt.%) and higher FeO* (up to 20 wt.%)

than those of the ferropicrite. The TiO2 (4.5–5.0 wt.%),

Al2O3 (10–13 wt.%) and P2O5 (0.7–0.9 wt.%) contents

are significantly high relative to those of the ferropicrite
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(TiO2=1.2–1.3 wt.%, Al2O3=4.6–5.1 wt.% and

P2O5=0.3 wt.%). The FeO* content of the Tamba

ferropicrite and picritic ferrobasalt is more than 14

wt.%, and is classified to ferropicrite according to

Hanski (1992). This high FeO* content is clearly dif-

ferent from those of common picrites for example from

Iceland and Hawaii. In addition, the comparison with

the other ferropicrites (Pechenga, Siberia and Etendeka)

shows that the Tamba ferropicrite and picritic ferroba-

salt contain unusually high FeO* content.
Fig. 5. Primitive mantle-normalized trace element patterns of the Tamba ferr

the Mino picrite (Ichiyama and Ishiwatari, 2005), Mino–Tamba basaltic roc

(Funafuseyama) tholeiitic basalts (Jones et al., 1993), and (c) the represent

caption of Fig. 4) are also shown. Primitive mantle values are after Sun an
The contents of Nb (24–26 ppm), Zr (103–121

ppm) and Y (16–19 ppm) in the ferropicrite slightly

increase with the decrease of MgO, but the Ni con-

tent (1130–1230 ppm) does not show clear correlation

with MgO. The picritic ferrobasalt is more enriched

in Nb (65–86 ppm), Zr (317–399 ppm) and Y (29–36

ppm) and is poorer in Ni (132–199 ppm) than those

of the ferropicrite. The trace element patterns of the

ferropicrite and picritic ferrobasalt show the similar

patterns enriched in more incompatible elements (Fig.
opicrite and picritic ferrobasalt (a). For comparison, the patterns of (b)

ks (Tamba tholeiitic and alkali basalts (Sano et al., 2000) and Mino

ative terrestrial picrites and ferropicrites (references are shown in the

d McDonough (1989).



Table 3

Sr and Nd isotopic composition for the picritic rocks from the Mino–Tamba belt

Sample

name

Rock Rb

(ppm)

Sr

(ppm)

87Rb/
86Sr

87Sr/
86Sr

2r 87Sr/
86Sr(i)

Sm

(ppm)

Nd

(ppm)

147Sm/
144Nd

143Nd/
144Nd(i)

2r 143Nd/
144Nd(i)

qNd

040522-0G8 Ferropicrite 12 101 0.344 0.704028 9 0.702732 3.76 17.6 0.129 0.512867 13 0.512644 6.77

CPX 0.363 114 0.009 0.702967 14 0.702932 6.43 23.4 0.166 0.512977 14 0.512689 7.66

CPX+AMP 1.82 275 0.019 0.703364 14 0.703291 10.9 46.4 0.142 0.512883 14 0.512637 6.63

040523-T2 Picritic ferrobasalt 27 174 0.449 0.704356 14 0.702664 9.42 48.5 0.117 0.512791 19 0.512587 5.67

CPX 1.98 132 0.043 0.702867 12 0.702703 9.88 37.6 0.159 0.512893 13 0.512617 6.26

CPX+AMP 12.8 235 0.157 0.703366 14 0.702774 14.5 69.2 0.127 0.512830 14 0.512610 6.12

021117-4L Mino picrite 7 195 0.104 0.703280 14 0.702888 8.52 39.4 0.131 0.512905 14 0.512678 7.44

CPX 8.94 29.9 0.181 0.512962 13 0.512648 6.86

CPX+AMP 14.6 4074 0.010 0.702769 12 0.702730 15.6 63.5 0.148 0.512915 11 0.512657 7.04

Italicized numbers represent the value determined by ICP–MS.

Initial value is calculated at 265 Ma.
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5). In more detail, the patterns of the picritic ferro-

basalt show more depletion of Y and HREE than

those of the ferropicrite, and have a slight positive

anomaly of Ti. The contents of incompatible element

such as Nb, Zr and TiO2 (HFSEs) in the Tamba

ferropicrite are similar to those of the Hawaiian

picrite and the Pechenga and Etendeka ferropicrite,

although the Nb content is somewhat higher. The

contents of these elements in the Tamba picritic

ferrobasalt are very high and are similar to those of

the Mino picrite and the Siberian ferropicrite. The

trace element patterns of the Tamba ferropicrite and

picritic ferrobasalt are very enriched in incompatible

elements, and also are similar to that of the Mino

picrite and Siberian ferropicrite.
Fig. 6. 87Sr/86Sr(i) vs. qNd(i) composition of the Mino–Tamba picritic rocks. T

comparison (East Pacific MORB: White et al., 1987; Hawaii: Stille et al., 19

1987; Tubuai: Chauvel et al., 1992; St. Helena: Chaffey et al., 1989). The

ferropicrites from Siberia, East Greenland and Etendeka are from the same
5.2. Sr and Nd isotopes

Sr and Nd isotope and Rb, Sr, Nd and Sm contents

are listed in Table 3. Fig. 6 shows the initial Sr isotopic

ratio (87Sr/86Sr(i)) and qNd(i) plots for the whole rock

and mineral separations of the ferropicrite and picritic

ferrobasalt and the Mino picrite. Initial isotopic ratios

are calculated on assumption of the 265 Ma age. This

age is based on the hyaloclastite and picrite associated

with the Middle Permian chert in the Funafuseyama

area, the Mino belt (Ichiyama and Ishiwatari, 2005).

The initial Nd isotopic ratios (143Nd/144Nd(i)) of these

rocks and mineral separations show a nearly constant

value (0.51259–0.51269 and qNd(i)=+5.7 to +7.7). On

the other hand, their 87Sr/86Sr(i) are very low and show
he compositional fields of representative volcanic rocks are shown as

86; Tristan da Cunha: Le Roex et al., 1990; Samoa: Wright and White,

tholeiitic and alkalic basalts are after Sano and Tazaki (1989). The

references as in Fig. 4.
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some scattering (0.70266 to 0.70329). In particular, the
87Sr/86Sr(i) of the ferropicrites show relatively wide

range, which may have resulted from secondary alter-

ation. Because the 87Sr/86Sr(i) of the mineral separations

of the ferropicrite must be nearer to the original value,

the original 87Sr/86Sr(i) of the ferropicrite would have

been high relative to the other rocks. As a whole, the Sr

and Nd isotopic ratios show slightly depleted compo-

sition, and are plotted near the fields of MORB (DM)

and HIMU (high A).

6. Discussion

6.1. Iron-rich primary magma

To evaluate the MgO and FeO* contents in igneous

stage before alteration, the analyzed contents of the

ferropicrite (040406-OG1) and picritic ferrobasalt

(040523-7) were compared with the result of simple

mass balance calculation. The parameters used in this

calculation are the approximate modal and chemical

compositions of the minerals in the two rocks (Table

4). The olivine compositions were estimated from the

coexisting clinopyroxene compositions, assuming that

the Mg–Fe exchange between olivine and clinopyrox-

ene is about 1:1 at high temperature (Loucks, 1996).

The MgO content of glass was from the approximate

melt compositions saturated in olivine+clinopyroxene

and olivine+clinopyroxene+plagioclase, respectively,

which are identified by the experimental study at low

pressures (Sack et al., 1987). The FeO* content of glass

was estimated by assumption of the equilibration with

olivine ((Fe/Mg)Ol/(Fe/Mg)liq=0.3; Roeder and Emslie,

1970). The results (Table 4) are MgO=21.9 and

FeO*=15.0 wt.% in the ferropicrite and MgO=14.2

and FeO*=14.8 wt.% in the picritic ferrobasalt, and

indicate the compositional consistency with analyzed

MgO and FeO* contents within the range of the modal

error and compositional uncertainty.

Cr-spinel is the first liquidus phase crystallizing from

a cooling basaltic magma, and its composition is a good
Table 4

Mass balance calculation for the ferropicrite and picritic ferrobasalt

Ol Cpx Pl

Ferropicrite

(040406-OG1)

Mode (vol.%) 42 12 0

MgO (wt.%) 40.0 14.0 0.0

FeO* (wt.%) 20.0 7.0 0.0

Picritic ferrobasalt

(040523-7)

Mode (vol.%) 27 20 23

MgO (wt.%) 38.0 13.5 0.0

FeO* (wt.%) 22.0 8.0 0.0

See text for detail procedure. Ol=olivine, Cpx=clinopyroxene, Pl=plagioc
indicator of the primary magmas characterizing each

tectonic setting (Arai, 1992). In Fig. 7, the compositions

of Cr-spinel in the Tamba ferropicrite are shown with the

available data of the terrestrial picrites and ferropicrites.

The TiO2 content and Fe
3+# of the Tamba ferropicrite are

significantly higher than those of MORB (commonly b1

wt.% in TiO2 and Fe3+# b10), and indicate the affinity

with intra-plate basalts (Arai, 1992). These values are

also clearly distinguished from those of Hawaii and Ice-

land. The Cr-spinel of the Tamba ferropicrite is higher in

Cr# and Fe3+# and lower inMg# than those of the HFSE-

rich Mino picrite. The spinel compositions of the ferro-

picrites from Pechenga, Etendeka, Siberia and Tamba

show wide scattering, but clearly indicate iron-rich char-

acteristics such as higher Fe3+# and lower Mg# than

those of Hawaii and Iceland picrites, which reflect the

iron-rich nature of their host rocks.

Ishida et al. (1990) reported the iron-rich picrite (22

wt.% in FeO*) highly sheared during the greenschist–

facies metamorphism, and thought that iron content of

this rock may have been increased through metamor-

phism or later alteration. The mass balance calculation

and the presence of iron-rich Cr-spinel and clinopyrox-

ene inclusions in olivine phenocrysts indicate that the

iron-rich nature of the Tamba ferropicritic rocks was

inherited from iron-rich primary magma, not due to the

enrichment of iron during secondary alteration. The

ferropicrites underwent metamorphism lower than

greenschist–facies grade, and contain aegirine and rie-

beckite (Fig. 3). These minerals appear in high P/T

metamorphic rocks and differentiated alkaline igneous

rocks such as syenite. Although it is difficult to dis-

criminate whether the aegirine and riebeckite are the

products of either during igneous or metamorphic stage,

their occurrence is consistent with the iron-rich char-

acteristics of the ferropicrite.

6.2. Compositional differences among the ferropicrites

As shown in Figs. 4 and 5, there are compositional

differences, especially in HFSE, among the terrestrial
Kaer Bt Opq Gl Total Analyzed value

5 3 3 35

15.0 18.0 0.0 6.0 21.9 24.7

10.0 10.0 50.0 10.0 15.0 15.7

5 1 11 13

11.5 15.0 0.0 4.0 14.2 11.3

13.0 14.0 50.0 7.5 14.8 16.1

lase, Kaer=kaersutite, Bt=biotite, Opq=opaque minerals, Gl=glass.



Fig. 7. Cr-spinel compositions of the Tamba ferropicrite and Mino

picrite (Ichiyama and Ishiwatari, 2005; Ichiyama, unpublished data).

Those of the picrites from Iceland (Sigurdsson et al., 2000) and

Hawaii (Nicholls and Stout, 1988) and the ferropicrites from Siberia

(Arndt et al., 1995), Etendeka (Gibson et al., 2000) and Pechenga

(Hanski, 1992) are also shown. The fields of MORB are after Arai

(1992). The compositional fields of the spinel in abyssal and alpine-

type peridotites are after Dick and Bullen (1984).

Y. Ichiyama et al. / Lithos 89 (2006) 47–6558
ferropicrites. Although all ferropicrites are enriched in

HFSE, the ferropicrites from Siberia, East Greenland

and Tamba are significantly enriched in HFSE relative

to those of Etendeka and Pechenga. Fig. 8 shows Nb/

Zr ratio and Zr content of the Tamba ferropicritic

rocks and the terrestrial ferropicrite. Two curves indi-

cate the calculated compositional path of the two

melts produced by the batch melting of the primitive

peridotite mantle and the mixed mantle at peridotite/
MORB (eclogite)=2:1 ratio, respectively. In this dia-

gram, Zr content is changed by variable degrees of

olivine accumulation or subtraction, while Nb/Zr ratio

is not affected by this process. The ferropicrites are

divided into low Nb/Zr ratio (Etendeka and Pechenga)

and high Nb/Zr ratio (Tamba, Siberia and East Green-

land) groups, suggesting different degrees of partial

melting. If these ferropicrites contain no accumulated

olivine, the Tamba picritic ferrobasalt and the ferropi-

crites from Siberia and East Greenland cannot be

produced by the partial melting of primitive peridotite

mantle due to their too high Zr content. Although it is

highly dependant on the selection of the composition

and proportion of the source material, any enriched

component such as subducted oceanic crust may be

necessary in the source region of these picritic mag-

mas. Fig. 9 shows the correlation of Zr/Y and TiO2/

Al2O3 ratio, where both ratios increase with the in-

creasing melting pressure (melt segregation depth) due

to decrease of Al2O3 in clinopyroxene and the increas-

ing stability of garnet in residue with increasing pres-

sure (e.g. Walter, 1998). The Siberian and East

Greenland ferropicrites clearly show higher Zr/Y and

TiO2/Al2O3 ratios than those of Pechenga and Eten-

deka, suggesting that the partial melting of the former

took place at greater depth relative to the latter. The

Tamba ferropicritic rocks show the ratios intermediate

between these two groups, but the melting pressure

may have been closer to that of the Pechenga and

Etendeka ferropicrites.

With respect to isotopic ratios (Fig. 6), the Etendeka

and East Greenland ferropicrite extend from HIMU to

EMI component, while the Siberian ferropicrite are char-

acterized by low 87Sr/86Sr(i) and intermediate qNd(i),
which is similar to HIMU and the Mino–Tamba rocks,

although the former is slightly higher in 87Sr/86Sr(i) and

lower in eNd(i) values than the Mino–Tamba rocks.

Although not plotted, the eNd(i) value of +1.4 is reported

for the Pechenga ferropicrite by Hanski et al. (1990).

6.3. Relationship among the Tamba ferropicrite, Tamba

picritic ferrobasalt and Mino picrite

In 87Sr/86Sr(i) and qNd(i) diagram (Fig. 6), the Tamba

ferropicritic rocks and Mino picrite are plotted in the

same space, suggesting that they are derived from the

source material with a similar composition. In addition,

these rocks show nearly constant Nb/Zr ratios (Fig. 8),

which suggest that they formed by the same degree of

partial melting. Their different Zr contents may have

resulted from olivine fractionation, but they never share

a common parent magma composition because any



Fig. 8. Nb/Zr ratio vs. Zr content diagram for the Tamba ferropicrite and picritic ferrobasalt. The representative terrestrial picrites and ferropicrites

(references are shown in the caption of Fig. 4) are also shown. The paths of calculated partial melts for primitive mantle, primitive mantle+eclogite

and primitive mantle+Fe-rich eclogite are also shown. The partial melts are calculated by modal batch melting equation of Shaw (1970). Partition

coefficients are after Halliday et al. (1995). The mineral proportion is olivine/orthopyroxene/clinopyroxene/garnet=0.55:0.25:0.15:0.05 in primitive

mantle and clinopyroxene/garnet=0.5:0.5 in eclogite. The primitive mantle+eclogite is a mixture of 2:1. The composition of primitive mantle and

eclogite (basalt) are after Hofmann (1988). The composition of Fe-rich eclogite is taken from the average composition of Fe-rich basaltic glasses

after Regelous et al. (1999). The small numbers near the paths indicate degree of partial melting.
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olivine control line cannot connect the ferropicrite and

picritic ferrobasalt (Fig. 4). The two picritic ferrobasalts

are higher in TiO2/Al2O3 ratio than the other in spite of

the same Zr/Y ratio, which corresponds to the Ti pos-

itive anomalies in Fig. 5. The Zr/Y and TiO2/Al2O3
Fig. 9. TiO2/Al2O3 vs. Zr/Y for the Tamba ferropicrite and picritic ferrobasal

shown in the caption of Fig. 4) are also shown.
ratios of the sample without positive anomaly of Ti are

similar to those of the Mino picrite. This leads to the

context that the Tamba picritic ferrobasalt formed by

the melting of source material at the same pressure as

the Mino picrite, which is 4–5 GPa estimated by
t. The representative terrestrial picrites and ferropicrites (references are
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Ichiyama and Ishiwatari (2005). In contrast to this,

these ratios of the ferropicrite are less than those of

the Mino picrite. This is consistent with the absence of

the significant fractionation of HREE in the trace ele-

ment patterns of the ferropicrite, which indicates that

the ferropicrite formed by the small degree of partial

melting of the similar source material as for the picritic

ferrobasalt at shallower depth.

It is likely that the elemental and isotopic relation-

ships between the Tamba picritic ferrobasalt and Mino

picrite indicate their strong genetic connection; that is,

they were produced by the same degree of partial

melting of a common source material at the same

depth. Therefore, the more magnesian Mino picrite

can be a candidate of parental magma for the Tamba

picritic ferrobasalt. To explain the daughter–parent re-

lationship between the picritic ferrobasalt and the Mino

picrite, the crystal fractionation of olivine+plagioclase,

which is a crystal fractionation sequence observed in

MORB or some tholeiitic layered complex (e.g. Mull),

might be the most reasonable mechanism to abruptly

increase FeO* content in the magma (Fig. 10). How-

ever, there is no such possibility of simultaneous crys-

tallization of olivine and plagioclase, because

plagioclase is very rare in the Mino picrite (Ichiyama

and Ishiwatari, 2005), and plagioclase in the picritic
Fig. 10. The FeO*–MgO relationships between the Tamba ferropicrite

representative terrestrial ferropicrites (E=Etendeka, EG=East Greenland, P

and HIMU-type picrites (Kogiso et al., 1997) are also shown. The composit

and Walter (1998). Those from KG1 (KLB-1/MORB=2:1; triangle) and K

numbers near the plots indicate degree of partial melting. The black star sh

MORB (GA1) and MORB pyrolite (MPY90) by Yaxley and Green (1998).

from garnet pyroxenite by Kogiso et al. (2003). The arrows indicate the lin
ferrobasalt occurs as poikilitic crystals including all

other mineral phases, indicating that it would have

been the latest phase during crystallization. Therefore,

we get into a dilemma that the Mino picrite shows the

same genetic condition as the Tamba picritic ferroba-

salt, but they cannot be related as a parent/daughter pair

through crystal fractionation.

6.4. Origin of the ferropicrite in the Mino-Tamba belt

The relatively low 87Sr/86Sr(i) and high qNd(i) of the
Tamba ferropicritic rocks and Mino picrite indicate the

source composition similar to MORB or HIMU man-

tle reservoirs, although a little EM components would

have been mixed with their source (particularly ferro-

picrite, which has relatively high 87Sr/86Sr(i)). Consid-

ering their high concentration of incompatible trace

elements and high Nb/Zr ratio, their source material is

equivalent to the HIMU mantle source. The HIMU-

type volcanic rocks typically appear in Polynesia (e.g.

Tubuai Island) and St. Helena (Chauvel et al., 1992;

Chaffey et al., 1989), and it has been proposed that its

source material is the ancient subducted oceanic lith-

osphere (e.g. Zindler and Hart, 1986; Weaver, 1991;

Chauvel et al., 1992). Among the available isotopic

data of the terrestrial ferropicrites, the Siberian ferro-
and picritic ferrobasalt and the melting experimental results. The

=Pechenga, S=Siberia; references are shown in caption of Fig. 4)

ions of melt from KLB-1 (circle) are after Hirose and Kushiro (1993)

G2 (KLB-1/MORB=1:1; square) are after Kogiso et al. (1998). The

ows the melt composition (at 1500 8C and 3.5 GPa) from the mixed

The open star shows the melt composition (at 1650 8C and 5.0 GPa)

es tying olivine with variable composition and the origin.
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picrite is plotted near HIMU fields, and the other

ferropicrites extend into EMI–EMII direction along

low qNd(i) side of mantle array. This indicates that

their sources consist of the variable proportion of the

mixture of HIMU and EM, and involved pelagic

sediments in addition to subducted oceanic crust

(e.g. Dostal et al., 1998). In the previous studies for

ferropicrite genesis, Walker et al. (1997) examined

Re–Os isotope of the Proterozoic ferropicrites from

Pechenga, and revealed that the ferropicrite was orig-

inated from the plume mantle source with large pro-

portions of recycled oceanic crust. Gibson (2002)

suggested that the iron-rich picritic melt is produced

by the partial melting of basalt+peridotite mixture at

R1450 8C and R4.5 GPa. Arndt et al. (1998) and

Arndt (2003) also interpreted that the meimechite

associated with the Siberian ferropicrite was produced

by the low degree (2%) of partial melting of

MORB+peridotite at great depth (N6–7 GPa).

As mentioned above, the unusual iron-rich nature of

the Tamba ferropicrite and picritic ferrobasalt cannot be

explained by crystal fractionation from a parental

magma with an ordinary iron content. In the melting

experiments of primitive (pyrolitic) mantle, the iron

content of partial melts is sensitive to the change of

pressure rather than the degree of partial melting, and

increases with increasing pressure (e.g. Hirose and

Kushiro, 1993; Walter, 1998). The melt compositions

obtained by the melting experiments of the various

materials are shown in Fig. 10. The melt compositions

in this diagram are of the lowest degree of partial

melting at each melting pressure (b16%), because the

ferropicrites used in this study appear to have been

produced by relatively low degrees of melting (Fig.

8). If the mantle source was pyrolitic, the Tamba ferro-

picrite and picritic ferrobasalt require surprisingly deep

melt segregation depth (N7 GPa), which is inconsistent

with the estimated pressure in Zr/Y–TiO2/Al2O3 dia-

gram (Fig. 9). The HIMU-type basalt trends to be more

enriched in iron than other OIBs (e.g. Kogiso et al.,

1997), and it is likely that the involvement of subducted

oceanic crust in the mantle source region can produce

iron-rich partial melt. This is confirmed by the melting

experiment of the mixture of MORB+peridotite, which

results in higher iron content than that of primitive

mantle (Kogiso et al., 1998). Therefore, the involve-

ment of subducted oceanic crust component may play a

very important role in the genesis of ferropicrite. How-

ever, the unusually high FeO* content up to 20 wt.% of

the Tamba picritic ferrobasalt requires more MORB

component than 50% on the basis of the melting ex-

periment of the mixture of MORB+peridotite, but the
partial melting of such source material can no longer

produce iron-rich magnesian melt. Terrestrial ferropi-

crites more or less contain igneous hydrous phases such

as phlogopite and kaersutite as phenocryst and/or

groundmass minerals. This means that the source ma-

terial of ferropicrite commonly contains H2O. However,

the melts from the melting experiment of hydrous

peridotite show lower FeO* content than those of dry

peridotite (Kawamoto and Holloway, 1997). It is un-

likely that the iron-rich nature of ferropicrite is due to

melting of a wet mantle material (Gibson, 2002). The

recycling of ferromanganese crusts and nodules with

oceanic crust into mantle (Baker and Jensen, 2004) can

produce the iron-rich picritic melt. Nevertheless, much

amount of ferromanganese material not only make the

picritic melt richer in iron but also make it highly

manganiferous and very high in Sr isotopic ratio. The

latter features have never been observed among the

ferropicrites.

The most reasonable explanation for the genesis of

ferropicrite is the melting of the recycled iron- (and

titanium-) rich basalt and/or gabbro. It is known that

the occurrence of iron-rich basalt, gabbro and glass

(up to 20 wt.% in FeO*) are widespread in ocean floor

such as East Pacific Rise, Indian Ridge and Galapagos

Ridge (e.g. Regelous et al., 1999; Embley et al., 1988;

Coogan et al., 2001). In addition, the iron-rich (~20

wt.% in FeO*) eclogite with evolved MORB che-

mistry also occurs in some peridotite massifs (e.g.

the Voltri massif, Alps: Mottana and Bocchio, 1975;

Ernst et al., 1983), and this indicates that iron-rich

MORBs were actually subducted to the deeper mantle.

The involvement of the iron-rich MORB can produce

the unusual high-FeO* picritic melt without significant

modification of HIMU isotopic characteristics. Fig.

8 shows the compositional path of the melts from

the mixture of primitive mantle+Fe-rich eclogite (Fe-

rich basalt). The path is placed to the right of another

path for a mixture of peridotite+eclogite (MORB),

which indicate that the melts produced by the melting

of peridotite+Fe-rich eclogite (basalt) are more

enriched in Zr at a given degree of partial melting.

The picritic ferrobasalts are plotted between the two

compositional paths, fitting to our modeling. If the

recycled oceanic crust is Fe-rich gabbroic rock that

is poorer in trace elements, the compositional path

should have shifted more to the left. The Fe-rich

gabbros from the ocean floor show the positive Ti

anomaly (e.g. Coogan et al., 2001), and the positive

anomaly of Ti observed in the picritic ferrobasalt and

some other ferropicrites (Fig. 5) would have been

inherited from the Fe, Ti-rich gabbro.
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The genesis of the Tamba ferropicrite is ambiguous,

because its high MgO content requires the partial melt-

ing at a high pressure (possibly up to 7 GPa; Fig. 10)

even if the subducted oceanic crust was involved in its

source region. This is inconsistent with the shallower

melt segregation depth than that of the picritic ferroba-

salt and Mino picrite, because these rocks and the

ferropicrite show the same Nb/Zr and initial isotopic

ratio. The high MgO content of the ferropicrite would

have resulted from olivine accumulation. This is consis-

tent with the petrographic observations that the ferropi-

crite shows phyric and poikilitic texture, and contains

abundant olivine and clinopyroxene. In this case, if a

half of the olivine phenocrysts in the ferropicrite (20

vol.%) is accumulated crystals, assuming average Fo78
composition (approximately MgO=40 wt.% and

FeO=20 wt.%), the increase of 4 wt.% in FeO* results

from the accumulation. However, the size of the olivine

phenocryst in the ferropicrite is commonly b1 mm, and

it is unlikely that the accumulation of a large amount of

olivine took place in the ferropicrite. Additionally, the

possible accumulation of olivine+clinopyroxene causes

less important increase FeO* than pure olivine accumu-

lation. Therefore, it seems that the parental magma of

the ferropicrite would also have contained higher FeO*,

and that the recycling of iron-rich MORB into mantle

source region should be required.

Although peridotites, pyroxenites and peridotite/

eclogite (MORB) mixtures have ever been experimen-

tally molten to determine the composition of partial

melts, any of the starting materials, except for the

Martian mantle enriched in iron (Bertka and Holloway,

1994), cannot produce the melts with the composition

comparable to terrestrial ferropicrites, especially the

Tamba ferropicrite. Our model is essentially consistent

with the previous ideas that the source mantle of ferro-

picrite may contain subducted ancient oceanic crust, but

we prefer the recycling of the Fe-rich basalt with

evolved MORB composition to produce the ferropicri-

tic melt.

6.5. Geodynamic implication of the ferropicrite

The geological, petrological and isotopic evidences

clearly indicate that the Tamba ferropicritic rocks were

derived from the Permian oceanic mantle plume. Fer-

ropicrites are rare in Phanerozoic. Gibson (2002) em-

phasized that ferropicrite occurs at basal part of a thick

volcanic sequence, and it is a consequence of the

melting of the margin of a mantle plume head. How-

ever, the Tamba ferropicritic rocks clearly intruded into

more voluminous basaltic rocks, suggesting that they
formed after the main basaltic volcanic activities. The

ferropicrites from Siberia and East Greenland also ap-

pear as dikes and lavas later than the eruption of

voluminous continental flood basalt (Arndt et al.,

1995; Peate et al., 2003). These ferropicrites also

have compositional characteristics indicating the low

degrees of partial melting (Fig. 8). This suggests that a

colder mantle plume tail with recycled oceanic crust

can melt to produce ferropicrite after the arrival of a

hotter mantle plume head.

It has been suggested that most mafic volcanic rocks

in the Mino–Tamba accretionary complex represent

remnants of many seamounts or oceanic islands in the

paleo-Pacific ocean in Carboniferous to Permian. Sano

and Tazaki (1989) and Sano et al. (2000) studied the

greenstones from the Tamba belt, and concluded that

the greenstones were derived from the ocean islands

composed of tholeiitic and alkali basalt and from the

ocean floor composed of N-MORB. Jones et al. (1993)

suggested that the tholeiitic volcanic rocks composi-

tionally equivalent to E-MORB from the Funafuseyama

area, Mino belt were originated from axis-centered

oceanic plateau with a bathymetrically elevated feature

like Iceland on the basis of their chemical composition

and association with huge limestone reefs.

It is difficult to decipher the original volcanic edi-

fices of the greenstones from their fragmental occur-

rences among the accretionary complexes. However,

the occurrence of relatively rare volcanic rocks such

as ferropicrite may help us to understand the origin of

the greenstones and the ancient oceanic magmatism.

The plume-related ocean island basalt is mainly alkalic

and is associated with fractionated rocks such as pho-

nolite and trachyte, while the greenstones from the

Mino–Tamba belt are dominated by tholeiitic to alka-

line basalt, and the fractionated rocks are very rare. In

most LIPs, tholeiitic to alkalic basalts are also domi-

nant. Ontong Java plateau mainly consists of tholeiitic

basalt, but HIMU-like ferromagnesian basalts

(MgO=11 wt.% and FeO*=14 wt.% in anhydrous)

are also reported (Tejada et al., 1996). Gibson (2002)

reviewed the occurrence of terrestrial ferropicrites from

Archean to Phanerozoic, and indicated that they typi-

cally occur in LIPs. Ichiyama and Ishiwatari (2005)

pointed out that HFSE-rich picrites, including the

Mino picrite, typically occur in superplume region,

and that the presence of the Mino HFSE-rich picrite

indicates that the basaltic rocks in the Mino belt would

be produced by the upwelling of Permian superplume.

The occurrence of the ferropicrite and picritic ferroba-

salt of the Permian age in the Jurassic Mino–Tamba

accretionary complex indicates a possibility that the
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Mino–Tamba accretionary complex includes many

fragments of a Permian LIP that accreted into the

subduction zone in the Jurassic time. The ancient oce-

anic plateaux accreted to continental margin or arc have

been recognized in some accretionary complexes

(Wrangellia terrane, North America: Lassiter et al.,

1995; Sorachi-Yezo belt, Japan: Kimura et al., 1994;

Tatsumi et al., 1998; Nagahashi and Miyashita, 2002),

and parts of the present-day Ontong Java and Caribbean

plateaux indeed are obducted to Solomon Islands (e.g.

Tejada et al., 1996) and South America (e.g. Kerr et al.,

1997), respectively. If so, the greenstones of the Mino–

Tamba accretionary complex would have been an oce-

anic plateau formed in paleo-Pacific ocean, which may

be a new Late Paleozoic LIP other than the two known

Permian continental flood basalt provinces (Siberia,

Russia, and Emeishan, China). More detailed petrolog-

ical and geochemical studies are required to understand

geodynamics of the Permian oceans.

7. Conclusion
(1) The Permian ferropicritic rocks occur in the

Mino–Tamba belt as dikes intruded into the

mafic rocks. They are characterized by high

MgO, FeO* and HFSE contents, and the miner-

alogical evidence indicates that their unusual

iron-rich nature is of magmatic origin.

(2) The incompatible element contents and ratios

indicate that the picritic ferrobasalt has strong

genetic kinship with the highly HFSE-rich Mino

picrite, and they were produced by the low degree

of partial melting of HFSE-enriched source ma-

terial at a high pressure. On the other hand, the

Tamba ferropicrite was produced by the same

degree of partial melting at a lower pressure,

and would be affected by olivine accumulation.

The Sr and Nd isotopic signatures of the Tamba

ferropicritic rocks and the Mino picrite are nearly

homogeneous and indicate HIMU source. Never-

theless, the Tamba ferropicritic rocks cannot be

fractionated from the Mino picrite.

(3) To produce the unusually iron-rich picritic melt,

unreasonable addition of basaltic component or

partial melting at unexpectedly high pressure is

required. The most reasonable source material of

the ferropicrite is the mixture of recycled Fe- and

Ti-rich basalt (and/or gabbro) and mantle perido-

tite. Such a ferrobasalt and its metamorphosed

equivalent occur in the present ocean floor and

in some peridotite massifs as Fe- and Ti-rich

eclogite, respectively.
(4) The Tamba ferropicritic rocks were derived from

the Permian mantle plume in an oceanic setting,

and may have formed after the arrival of its plume

head. The plural occurrences of the ferropicritic

rocks and HFSE-rich picrite from the Mino–

Tamba accretionary complex imply that this ac-

cretionary complex would be fragments of an

oceanic plateau formed by the Permian super-

plume activities on paleo-Pacific ocean, and was

subsequently accreted to the continental margin

by subduction in the Jurassic time.
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