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The Horoman uhramafic massif, covering more than 8 x 10 km in the Hidaka Metamorphic Belt , is an 
"alpine-type" peridotite whi ch is a gently warped sheet about 3,000 m in thi ckness. The massif exh ibits a 
conspicuous layered structure which consists of layers of du nit e, lherzolite, plagioclase lherzolit e, and a small 
amount of gabbro a nd pyroxenite. 

Coexisting minerals from a ll the rock types of the layered ultrama fic to mafic sequence were analysed by 
EPMA. The ferromagnesian minerals show large compositional variations in accordance with lithological 
change in the series of dunite - lherzolit e - plagioclase lherzolite - gabbro. Forsterite content of ol ivine 
varies successively from F092.5 to F064.5' Enstat ite content or orthopyroxene a lso varies from En9] 0 to En85 5' 
Large and cont in uous compositional variat ion was also obtained for cl inopyroxenes, e.g. C3.t6Mgs1Fc] from 
dunile, CauM£.t.Fe4 from lherzolite, CaOM~6Fc5 from plagioclase lherzolite. CasoM&.wFe6 from the margin 
o f gabbro, and Ca18MglgFcn from the center of gabbro. Al and Ti con tents o f clinopyroxenes and pargasitic 
amphiboles increase with decrease of the MgI Mg + Fe ratio. The mineralogical characteristics indicate that 
the Horoman layered sequence represents a magmatic series formed by fractional crystalli zat ion. The gab
broic scams in the plagioclase lherzolite and the layers of gabbro were probably formed by crystallization of 
residual liquid which were slightly alkaline in chemical nature. 

The Haroman ultramafic rocks are strongly modified by deep-sea ted deformat ion and recrystalliza tion, 
and additionally by mylonitization during the up-thrusting intrusion into the Earth' s crust. The primary 
composition of minerals. obtained by step-scanning EPMA anal yses, a re recognized as a d isti nct and 
uniform composit ional plateaus at the cores o f large, porphyroclastic, primary grains. The equilibration 
temperatures were calculated for the orthopyroxene-clinopyroxene pairs of primary porphyroclasts, usi ng 
the Opx-Cpx geothermometer. The temperaillres range from 900°C to I, IOO°C. The estimates for tile 
neoblastic pyroxene pairs are slightly lower, rangi ng between 850°C and J ,OOO°c. The rocks might ha ve re
equilibrated under the subsolidus conditions in the upper mantl e. 

Introduction 

The Horoman ultramafic massif situated at the soulhwestern end of the Hidaka 
Metamorphic Belt crops out over approximalely 8 x 10 km. The massif is represen
tative of "alpine- type" peridotite intrusions with conspicuous layered st ructure. 

Subsequent to the pioneer works on the general geology of this area by Yamane 
(1911), Ohdaira (1926), and Takeuchi (1937), a detailed study of the Horoman massif 
was carried out by Hunahashi (1941), and later by Igi (1953). Both authors described 
the general geology and petrography of the massif and commented briefly on its struc
ture. A geologic map including this massif was published by Hunahashi and Igi (1956) 
with an explanatory tex t ("Horoizumi " sheet , scale I :50,000). A more detai led 
geologic map of the southern central part of the massif with some petrographic descrip-
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tions was publ ished by Harada et a l. (1960). Petrography of the main rock types of the 
massif was studied by Komatsu and Nochi (1966) . 

After the above works, the origin and mode of emplacement of the Horoman 
massi f have been discussed. Nagasa ki ( 1962, 1966) considered that the Horoman body 
was formed by successive " hot" intrusions of liquid magma and its crystallization dif
ferentiation in situ. His descriptions of the layering, however, are inadequate and con

tain some misunderstandings as pointed by Komatsu and Nochi (1966). On the basis of 
mineralogical data Onuki (1965) suggested that the Horoman massif crys tallized under 
higher temperatures and sl ightly higher pressures than other "a lpine-type" peridotite 
intrusions, but he did not determine whether this massif intruded in a liquid or solid 
state. Komatsu (1970) suggested that the genesis of fine-grained parts in the ultramafic 
rocks can be explained by crystallization from the residual liquid. Subsequently, 
Tazak i et al. (1972) carried ou t an experimental study on pyroxene-spinel symplectites 
from the Horoman lherzolite. A lthough many arguments have been made as mention
ed above, important problems such as primary crystallization, subsolidus recrys talliza
tion and re-equilibration, and mode of emplacement of the Horoman ultramafic 
massif have been left unsolved. 

Recently, eq uilibrat ion condition has been able to be evaluated by using various 
geobarometers and geolhermomelers, and then pressure and temperature paths for 

"alpine-type" peridotites from many orogenic belts have been estimated (e.g. Ernst, 
1978; Shervais, 1979 ; Obata, 1980) . Primary condition as shown by compositional 
zoning in porphyroc!astic-primary grains has been also recognized. However, primary

magmatic process such as frac tional crystallization and partial melting for peridotites 
from the upper mantle, have not yet been discussed adequately. 

This paper deals with petrography, mineral chemistry, petrochemistry, and struc
tural and textural petrology of the Horoman ultramafic rocks, and then provides some 
important petrologic constraints on the nature and tectonic hi story of the intrusion. 

Geology 

Seven maj o r masses of "alpine-type" peridotite are distributed along the western 
side of the Hidaka Metamorphic Bel t (Hunahashi and Hashimoto, 1951 ; Hunahashi , 
1957; Hashimoto, 1947, 1975 ; Nochi and Komatsu, 1967; R.G.P.I., 1967) . 

The Hidaka Metamorphic Belt consists of two zones, as shown in Text-fig. I . One 
is the Western Zone characterized by melaophiolite, which is composed mainly of 
ultramafic tectonite, metamorphosed ultramafic to mafic cumulate and massive gab
bro, amphibolite, greenschist, and minor amounts of pelitic schist (Miyashita, 1983). 
The other is the Main Zone, which is composed of the Lower and Upper metamorphic 
sequences. In the Lower metamorphic seq uence granulite and amphibolite show a 
regular arrangement, whereas in the Upper sequence biotite gneiss and schist are in
truded by migmatites and gran ites. According to Osanai et al. (1981), the Main Zone is 
divided into fi ve metamorphic zones ; I) ch lorite+ muscovite . 11) muscovi te + bi otite , 
Ill) biotite + sillimanite + garnet + K-feldspar, 1 V) garnet + biotite + cordierite + K-



r 

HOROMAN ULTRAr-.'lAFIC ROCKS 199 

feldspar, and V) garnet + orthopyroxene + cord ierite + K-feldspar. A la rge amount of 
gabbro intruded into the Main Zone and disturbed the above arrangement. 

The Geological setting of the Hidaka Metamorphic Belt and its nature are discussed 
summari ly by Komatsu et al. (1983). The Western Zone of the Hidaka Metamorphic 
Belt is regarded as an ancient oceanic crust (Miyashita and Maeda , 1978) , whereas the 
Main Zone represents a crustal section of continent or island arc (Komatsu et a I. , 1981; 
Osanai et aI., 198 1). The "alpine-type" perid otite masses are exposed along the fault 
zone just between the Western and the Main Zones of the Hidaka Metamorphic Belt 
(Text- fig. I). Rock types of the peridotites from the Hidaka Metamorphic Belt a re 
summarized by Niida and Katoh (1978). L-series (lherzolite series) showing a con
spicuous layering occurs along the above boundary zone at Uenzaru, Pankenushi, 
Menashibetsu, Horoman, Pon-Nikanbetsu, Nikanbetsu, and Abeyaki, from north to 
south . H-series (harzburgite series) of ult ramafic tectonites occurs at Uenzaru, Tot
tabetsu, Oku-Niikappu, and Koibokushu-Shibichari. The Horoman ultrama fic massif 
is situated at .the southwestern extremity of the Hidaka Metamorphic Belt as shown in 
Tex t- fig . I . Apoi-dake (8 10.6 m) and adjacent areas in the Horoman region are com
posed of ultramafic rocks, banded biotite gneiss, schistose biotite horn fels, schistose 
amphibolite and various kinds of gabbro. The Horoman massif is located at the 
geological position between the Western Zone and the Main Zone of the Hidaka 
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Text-rig. I Map showing distribution of [he 
ultramafic rocks in the Hidaka Metamor
phic Belt 
I. ultramafic rocks. 2. mafic rocks ( mcta
ophiol ite and gabbros). 3. metamorphic 
rocks (Px-gneiss, Bi-gneiss and migmatil c). 
4. granit ic rocks. Ue: Uenzaru. Pa : Pan
kenushi. To: Totlabctsu. Po; Poroshiri. 
Nio: Niobclsu . Ho: Haroman. Nik: Ni kan
bClsu. 
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Text.fig. 2 Geologic map of the Haroman region 
I. dunile 2. lherzolite 3. plagioclase lherzolite 4. gabbro 5. pegma tite 6. schistose biOlitc 
hornfels 7. plagioclase porph yroblaslic biotite schist 8. biotite gneiss 9. schistose amphibolite 
10. greenschist and biackschisl II. diorite 12. gabbro 13. saussu rite gabbro 14. Hidaka 
Super Group 15. alluvium 16. thrust fault 17. fault and shea r zo ne 
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Metamorphic Bell. 
The Horoman ultramafic massif crops out over approximately 8 x 10 km (Text-fig. 

2) and is more than 3,000 m in thickness . To the west the Horoman massif is bordered 
by a thrust fault zone involving meta-gabbro, greenschist and blackschist, which con
stitute metaophiolite of the Western Zone, and contact with non-metamorphosed 
sedimentary rocks of the Pre-Cretaceous Hidaka Super Group (MinalO et aI., 1965). 
The eastern and northern margins of the massif are irregularly bounded by NW-SE 
striking faults and shear zones. Along the strongest shear zone, near Furukawa, wedge
shaped masses of banded gneiss and amphibolite occur in a form of "septum" faulted 
wi thin the ultramafic rocks. Evidence of contact metamorphism has not qeen found 
aroLlnd the massif. 

Serpentinization is usually developed at the margin of the massif and a long faults 
and shear zones. However, the major part of the massif is extremely fresh, though in 
pa rts it is weak ly serpentinized. 

Petrography 

The ultramafic rocks of the Horoman massif are made up almost entirely of 
olivine, ort hopyroxene, and clinopyroxene. Plagioclase, spinel, and amphibole are im
portant minor constituents. The HOfoman massif exhibits well developed composi
tional layering which consists of layers of the following rock types. 

The ultramafic type, which constitutes more than 95070 of the Horoman massif, 
comprises dunite (D), harzburgite (H), lherzolite (L), plagioclase lherzolite (PI I and 
Pill), onhopyroxenite (OPX) and clinopyroxenite (CPX). Dunite, lherzoli te, and 
plagioclase lherzolite are representatives of the Horoman layered massif. Text-fig. 3 
shows their mineral assemblage and modal composition. As clearly shown in the modal 
variation diagram (Text-fig. 4), dunite gradually changes into lherzolite. Most of harz
burgite occu rs as an intermediate type between dunite and lherzolite. In the field obser
va tion it is difficult to distinguish harzburgite from dunite. 

The gabbroic rocks occur as gabbro I (GB I) and gabbro 11 (GB II) layers in the 
ult ramafic rocks. Besides, a sma ll amount of gabbro occurs as seams in plagioclase 
lherzolite I and II. Wide variations in modal composition are recognized in the layers 
of gabbro I and II from the center to the margin as shown in Text-fig. 5. 

The Horoman massif is divided into the Lower Zone (about 2,000 m in thickness) 

o _ Oun ite 
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Texl-rig. 3 Modal composilion of Ihe Ihree 
represcmalive rocks in rhe ultramafic series 
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Tcx l-fig.4 Plot of the ult ramafic rocks from 
the Horoman massif on the Ol-Opx-Cpx 
diagram for classification of ultramafic 

Cpx rocks (lUGS, 1973) 

Text-fig. 5 Modal variation in the gabbroic 
layers (GB I and GB II ) from the center to 
the margin 

and the Upper Zone (more than 1,000 m), In the Lower Zone, the main rock types of 
dunite, lherzolite and plagioclase lherzolite are predominanl. On the other hand, in the 
Upper Zone gabbros are charac teristic rocks. All rock types from the Horoman massi f 
with their mineral assemblages are summarized in Table I. 

DUNITE 

Dunite occurs mainly in the Lower Zone of the massif, though it is also found in the 
Upper Zone. Thick layers of dunite, about 250 m in maximum thickness, appear five 
times in the Lower Zone. Besides, numerous thin layers of dunite ranging from a few 
centimeters to several meters in thickness occur commonly in plagioclase lherzolite of 
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Table I Mineral assemblages in the Horoman ultramafic to mafic rocks 

ROCK TYPE 

D 
L 
PI I 
PI II 
GBI 

GB II 
OPX 
CPX 

ULTRAMAFIC 

01 + Opx+Sp + (Cpx) 
01 + Opx + Cpx + (Sp) 
OI+Opx + Cpx ----
01 + Opx + Cpx -:----

J margin: 
1 center: 

Opx + (OI + Cpx+PI) 
Cpx + (OI + Opx + PI) 

GA BBROIC 

PI + br .Sp + 01 + Cpx* + (Ti-parg) 
PI+gr.Sp+ Cpx**+OI + Ti-parg 
Pl+gr.Sp+Cpx**+OI + Ti-parg",Kaer 
PI + I1",Mt + Cpx*** + 01 
PI + Mt + Cpx*+Parg+ OI 

01: olivine Opx: orthopyroxe II: ilmenite Sp: spinel Cpx: clinopyroxene 
Mt: magnetite PI: plagioclase Ti-parg: titaniferous pargasite Kaer: kaersUlile 
parg: pargasite 
*diopside ** titaniferous diopsidC'\..salite ***salitC'\..calsic augite 
( ) minor minerals 
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both the Upper and Lower Zones. The dunite is easily recognizable by its yellowish
brown color due to weathering. Most of the constituent minerals are easily 
distinguishable on the fresh surface, i.e. yellowish-green olivine, yellowish-brown or
thopyroxene, light green clinopyroxene, and black spinel. Dunite consists of 90"70 to 
95"70 (volume percent) olivine (Fo92 .S- 91 .0 )' 5"70 to 8"70 orthopyroxene (En92 .-91 .S), 1"70 
to 3"70 clinopyroxene (Ca"Mgs1Fe,), and approximately 1"70 chromian spinel. 

At several localities layers of harzburgitic dunite carrying large orthopyroxene 
crystals are found. Near the transitional zones between dunite and lherzolite in the 
Lower Zone, the dunite characteristically grades into harzburgite. In some cases, harz
burgite lenses, several centimeters in thickness and containing up to 50070 of or
thopyroxene, are interlayered within dunite. Orthopyroxenite lenses are rarely found in 
the dunite layer. 

Spinel rich dunite layers, about 15 m in thickness and containing large crystals of 
spindle-shaped brown spinel, are also found in the dunite. 

Olivine in the dunite varies in grain size and shape. Coarse grains, 0.4 to 5.0 mm in 
size, are abundant in the Lower Zone of the massif. Commonly they have irregular and 
interlocking grain boundaries. Undulatory extinction and kink bands in the olivine are 
characteristic features. Elongation of the coarse olivine grains is essentially parallel to 
the layering. Small grains, less than 0.4 mm in size, are commonly found in fine
grained parts of the dunite, and polygonal grains occur in the interstices between the 
coarse grains. 

Orthopyroxene crystals are usually anhedral and coarser than olivine and 
clinopyroxene in the dunite. Aggregations of clinopyroxene and of brown spinel form 
thin layers parallel to the layering. Large, spindle-shaped brown spinels, 3-5 mm in 
size, occur commonly as anhedral grains disseminated throughout the dunite. 
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LHERZOLITE 

Lherzolite contains 70"70 to 90"70 olivine (FOOl.S-90.S), 10% to 20% orthopyroxene 
(EnOl 9-90'), 5"70 to 10% clinopyroxene (Ca"Mg.,Fe.), and about 2% spinel. On the 
weathered surface, the lherzolite is reddish brown and the constituent minerals are easi
ly distinguished by (heir own colors, greenish-grey olivi ne, brown orthopyroxene, and 

emerald green clinopyroxene. The lherzolite occurs as a gradational layer between 
dunite and plagioclase lherzolite in the Lower Zone of the massif. The thickness of the 
lherzolite layer reaches abou t 200 m. No lherzolite is fou nd in the Upper Zone. Accor
dingly, distribution of lherzolite is restricted within the areas a long the Horoman and 
Sarushunai Rivers and near the Shintomigoe. 

Some of lherzolite contain brownish-purple seams composed of orthopyroxene and 
spinel with a small amount of clinopyroxene and olivine, which are parallel to the 
layering. These seams, however, are not always found in the lherzoli te. There are many 
symplectites in these seams. Two types of symplectite are distinguished; one is 
orthopyroxene-clinopyroxene-spinel and the other is orthopyroxene-cJinopyroxene

plagioclase-spinel. Spinels are generally contained in these seams, though large "spin
dle"-shaped crystals of spinel are ra rely found in ot her parts o f lherzolite. 

PLAGIOCLASE LH ERZOLITE 

Plagioclase lherzolite consists mainly of olivine (Fo91 .0-88.,), orthopyroxene 
(En".' _89.')' clinopyroxene (Ca.,Mg.,Fes), and plagioclase (An,,_ss), with accessory 
brown or green spinel and pale brown Ti-pargasite. Modal plagioclase is commonly less 
than 15% and olivine less than 80%. The plagioclase lherzolite is common in the Upper 
Zone of the massif, though it also occurs in the Lower Zone. 

Plagioclase usually occurs in seams associated wit h spinel and small amounts of 
olivine, cl inopyroxene, and Ti-pargasite. These seams are fine grained and have 
characteristics of gabbroic facies. They are aligned nearly parallel to the layering. Two 
types of gabbroic seams are found in the plagioclase lherzolite; one composed of small 
aggregations of fine grained plagioclase and brown spinel (Type I) , and the other 
thicker seams made up of coarse grained plagioclase and green spinel (Type II). The 
large seams of Type II grade into thin bands of gabbro (GB I), and occur mainly in the 
Upper Zone. The plagioclase lherzolite including type I seams is called plagioclase lher
zol ite I (PL I) , and that composed of type II seams plagioclase lherzolite II (PL II ). 
Deformation of olivine grains in plagioclase lherzol ite is weaker than those in dunite 
and lherzolite. Polygonal grains of olivine are also larger in grain size. Pale brown Ti
pargasite reaches about 3% in modal composition and is included in plagioclase-rich 
gabbroic seams or clinopyroxene-rich partS. Ti-pargasite, however, is not always found 
in plagioclase lherzolite. 
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GABBRO 

In the Upper Zone of the Horoman massif, a small amount of gabbro occurs as thin 
bands and layers which are interlayered with dunite and plagioclase lherzolite. Gab
broic bands are rarely found in the plagioclase lherzolite of the Lower Zone. These 
gabbroic bands or layers vary from a few centimeters to several meters in thickness , 
and are traceable for more than several meters to a few hundred meters. 

There are at least two types of gabbroic layers which are different in mineralogy. 
The first type, gabbro I (GB I) , which is the most common, consists of plagioclase 
(An,,_ss), clinopyroxene (CasoMg"Fe,-Ca"Mg"Fe,,), olivine (F082 .3-,<.6), kaersutite 
and Ti-pargasite, and a small amount of green spi nel, ilmenite and magnetite. This type 
is characterized by the presence of Ti-rich minerals such as titaniferous diopside
titaniferous salite, kaersutite, Ti-pargasite and ilmenite. The second type (GB II) con
sists of plagioclase (An"_71)' Ti-poor clinopyroxene (Ca"Mg"Fe,-Ca"Mg,lFelO)' 
pargasite, and a small amount of olivine (Fo,,). This type of gabbro occurs only in the 
dunite from the Upper Zone. Characteristically, orthopyroxene is absent in both gab
bro I and II. Some coarse grains of clinopyroxene in the gabbro I layer show a weak 
compositional zoning at the margin. Many small grains of clinopyroxene. o livine, kaer
sutite, and Ti-pargasite are accompanied with the coarse grains of clinopyroxene. Ti
rich minerals are free from the center of the gabbro I layer. Grain size of the const i
tuent minerals becomes coarser toward the margin of the layer. No deformation tex
ture is observed in the gabbroic rocks. 

PYROXENITE 

Small amounts of orthopyroxenite and c1inopyroxenite occur in the Horoman 
massif as a compositional layer 1-30 cm thick. Orthopyroxenite is found in dunite and 
between dunite and gabbro I, while c1inopyroxenite occurs in both dunite and 
plagioclase lherzolite. Orthopyroxenite usually consists of more than about 900/0 or
thopyroxene (En".'-85.')' and small amounts of olivine (Fo".,), clinopyroxene 
(CasoMg"Fe,), and plagioclase. On the other hand, c1inopyroxenite consists mainly of 
clinopyroxene (CasoMg"Fe,-Ca"Mg"Fe,) with accessory olivine (Fo,9.3_''''), or
thopyroxene (En,9.3-89.0), and plagioclase. 

Large lenses made up completely of magnesian orthopyroxene (En".,) are rarely 
found in a dunite layer on the western ridge of Apoi-dake, where a large single crystal 
of orthopyroxene attaining about 30 cm in diameter was collected. 

Spinel orthopyroxenite occurs in the dunite layers and consists of up to 50% or
thopyroxene, 20% to 30% brown spinel, 10% to 20% olivine, and traces of 
clinopyroxene, plagioclase, and pyroxene-spinel symplectite. 
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Text-fig. 6 Sect ions showing the rock sequences of the Hareman 
ultramafic massif al the following localit ies: 
I. Oomagari-no-sawa in the northern part of the massif. 2. Western 
ridge of the Apoi-dake 3. Furukawa-no-sawa in the western pari of 
the Haroma n River. 4. Haroman Ri ver section, the main part of the 
massif. 5. Taki-no-sawa in the eastern part of the Ha rDman Ri ver. 
6. Kage-no-sawa in the eastern part of the Harema n River. 
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Layering 

LA YERED SEQUENCE OF THE HOROMAN MASSIF 

The Horoman ultramafic massif is representative of "alpine-type" peridotites with 
conspicuous layered structure. The mode of layering of the Horoman ultramafic 
massif is clearly different from that of the layered intrusions such as Skaergaard 
(Wager and Brown, 1967), Sti llwater (Hess, 1960), Muskox (Smith and Kapp, 1963), 
and others. 

The Horoman massif is divided into two zones as shown in Text-fig. 6. The Lower 
Zone (approximately 2,000 m in thickness) , which consists mainly of the ultramafic 
rocks of dunite, lherzolite, and plagioclase lherzolite, is well exposed along the 
Horoman River and in the northern part of the massif. The Upper Zone (more than 
1,000 m in thickness), in which plagioclase lherzolite and gabbro develop notably, is 
exposed arou nd the summits of Apoi-dake, Pinneshiri and Bozu-yama, and mainly on 
the western side of the massif. The lowest horizon of the exposed rocks is found at the 
southern end of the massif near Haraman, while the topmost is at the western end of 

Text-fig. 7 Well-developed layered structures observed in the Upper Zone of the Horoman massif. 
I and 2. Conspicuous layering composed of layers of dunite, plagioclase lherzolite J and II , and gabbro 
at the northern ridge of Mt. Apoi-dake . 3. Harzburgites interlayered by dunite, atthc westcrn ridge of 
Mt. Apoi-dakc . 4. Orthopyroxcnil c lens alternating with dunite and gabbro I at the western ridge of 
Mt. Apoi-dake. 
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the massif. 
Two types of layering are distinguished; one is characterized by massive, thick , and 

gradational compositional layers in the Lower Zone of the massif, and the other is a 
conspicuous layered structure consisting of thin compositional layers in the Upper 
Zone. Hunahashi (1941), Igi (1953), and Hunahashi and Igi (1956) called the layered 
rocks in the Upper Zone "banded peridotites". Such conspicuous layering is shown by 
alternating layers of dunite, plagioclase lherzolite, and gabbro (Text-fig. 7). 

Thickness of the layers in the Lower Zone varies from several tens to a few hundred 
meters, whereas that in the Upper Zone is considerably thinner, a few centimeters to 
several meters. Some of the thick layers are traceable throughout the massif as shown 
in Text-fig. 6. Gradational transition from one to another rock type is a characteristic 
feature in the Lower Zone. However, in the Upper Zone the transition is usually sharp 
at the contact between layers. In the Hareman massif, neither gravity stratification nor 
density gradation of consituent minerals within layers is found. 

The predominant rock types and sequence of layering of the Lower Zone are dif
ferent from those of the Upper Zone. The Lower Zone is made up mainly of the thick 
layers of dunite, lherzolite, and plagioclase lherzolite. Gabbro is scarcely found, except 
for thin gabbroic bands in the plagioclase lherzolite. The Lower Zone of the massif has 
a regular layering sequence. Lherzolite usually occurs between the layers of dunite and 
plagioclase lherzolite, and there is a regular repetition of rock types from the lower to 
the upper layers or vice versa; dunite - lherzolite - plagioclase lherzolite - lherzolite 
- dunite - ... (Text-fig. 6). The sequence of this layering type repeats at least four 
times in the Lower Zone as mentioned by Komatsu and Nochi (1966) and Niida (1974). 
It is noticed that the gradual change of rocks from dunite to plagioclase lherzolite is 
observed toward the lower horizon as well as toward the upper. Such " symmetrical 
layering" may be important in considering the genesis of the massif. Nagasaki's field 
observation ( 1966) omits the facies change toward the lower horizon. 

In the Upper Zone, plagioclase lherzoli te is the most predominant type, being ac
companied by dunite. A small amount of gabbro and pyroxenite also occur, but no 
lherzolite is found. The Upper Zone of the massif is characterized by development of 
gabbroic rocks. Regu larity of the sequence of layering as observed in the Lower Zone is 
not found in the Upper Zone. 

LA YERI NG IN THE " ALPINE-TYPE" PERIDOTITES 

The layering of the Horoman ultramafic massif is clearly different from that of the 
layered intrusions. Moreover, the layering is different from that of the zoned com
plexes such as Duke Island (Irvine, 1967, 1974), and Union Bay (Ruckmick and Noble, 
1959) judging from the followin g occurrences : 
I) The Horoman massif is composed mainly of layers of the ultramafic rocks, which 

constitute more than 95"70 of the whole massif. 
2) Gravity stratification or density grada tion is not found throughout the massif. 
3) The layering can not be called "rhythmic layering" in strict sense, but "symmetrical 
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layering" as mentioned above. 
Thayer (1960) discussed some critical differences between "alpine-type" and 

stratiform peridotite-gabbro complexes, and proposed a "pseudostratiform alpine
type complex" as an intermed iate-type pluton, that is represented by the Bay of Island 
complex (Smith, 1958) in northwestern Newfoundland. 

Th,e geologic situation, partial serpentinization, cataclastic structures, and 
mylonitized and recrystallized textures of the Horoman ultramafic massif are similar to 
those of the "alpine-type" peridotites such as Dun Mountain and Red Hills (Lauder, 
1965; Challis, 1965; Walcott, 1968), Twin Sisters (Ragan, 1963), Burro Mountain 
(Loney et aI., 197 1) , Vulcan Peak (Himmerberg and Loney, 1973), Lizard (Green, 
1964), and Alpe Arami (Mockel, 1969). The layering is reported ly not so conspicuous 
in these "alpine-type" peridotites. Further detailed studies shou ld clearly distinguish 
the layering of the "alpine-type" peridotites from that of the layered intrusions. A 
similar mode of the layering to the Horoman massif can be found in the Lizard 
peridotite intrusion (Green, 1964). The layering in the "alpine-type" peridotites is an 
important aspect in considering the origin of the ultramafic intrusions. 

Structure 

The Horoman ultramafic massif represents an intrusion of solid mantle fragments 
in the form of a gently warped sheet more than 3,000 m in thickness. 

Foliation planes are megascopica lly observed in the field by the following two 
features; one is a boundary plane at the top and bottom of a compositional layer, and 
the other is a plane formed by mineral layers as seams and aggregations. 

As shown in the tectonic map (Text-fig. 8) and 1l"-pole diagrams (Text-fig. 9), the 
megascopic structures of the Horoman massif are characterized by synclinal structure 
with an E-W axis in the central part and semi-dome structure in the southern half of the 
massif (Niida, 1974). The dip direction of foliation plane of layered rocks changes 
from east on the eastern side to west on the western side in the southern half of the 
massif. The dip of the layers decreases with height as observed at Apoi-dake, Bozu
yama, and other higher areas. These features indicate a dome structure for the 
southern half of the massif. In a more strict sense, this should be called a semi-dome 
structure opening to south, because the southern end of the dome is cut by a WNW
ESE trending fault. The dome structu re was first described by Hunahashi (1941) , and 
later confirmed by Igi (1953) , Harada et al. (1960), and Komatsu and Nochi (1966). 
There is also a small dome structure at Saruchu nai in the eastern part of Bow-yama. 

The northern hal f of the massif displays a nearly monoclinallayered structure strik
ing roughly E-W with a moderate dip to south. A synclinal structure wi th an axis strik
ing N 700W and plunging to west is observed at the central part of the massif. 
Therefore, the northern part of the massif dips to the south, whereas the sout hern part 
to the north. 

Liniations are observed parallel to the elongation of plagioclase + spinel seams in 
plagioclase lherzolite or orthopyroxene + spinel seams in lherzolite, and to the linear ar-
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Text-fig. 8 Tectonic map of the Haroman ultramaric massif. 
I. foliation «25° ), 2. foliation (~25 ° ), 3. schistosity and gneissosity, 4. lineation «20°), 
5. lineation (~20° , <30°). 6. lineation (0:=30°), 7. sy ncline, 8. pegmatite, 9. thrust faull , 
10. faul! and shear zone, II. boundary of rock types . 
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Text-rig. 9 Projection of foliations from the subareas I , II , III , and IV, and of 63 linealions 
throughout the massif. on the lower hemisphere of Ihe Schmidt's net. 
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rangement of mineral grains such as pyroxene and spi nel. The lineations have a very 
constant direction in about N Is oE-S IS oW throughout the massif (Text-fig. 9). 

The following evidence may suggest the mode of emplacement of the Horoman 
massif. 
I) The Horoman massif is a thick sheet in form. 
2) The massif is regarded as a continuous body since the same sequences of rock types 
are found throughout the whole massif. 
3) The massif is completely bounded by faults and shear zones. No evidence of contact 
metamorphism has been found. 
4) Lineations throughout the massif have a constant direction of about N IS OE-
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S IS oW. 
5) The masses of Uenzaru and Pankenushi showing a typical sheet structu re a re com
posed of the similar rock types lO the Ho roman massi f and occur a long the same Ih rust 
fault zone on the western side of the Main Zone of the Hidaka Metamorphic Bel t. 

The ultramafic rocks of the massif, especia lly those in the Lower Zone, have 
mylonitic and recrystallized textures which were formed due to strong deformat ion. 

As for the mode of emplacement o f the Horoman massif, it is probable that the 
massif was uplifted along the deep-seated NW-SE striking thrust zone which passes 
through the northern side of the massif to the Pon-Nikanbetsu, Nikanbetsu, and 
Abeyaki ult ramafi c bodies. The intrusion toward the surface took place in a solid sta te. 
Strong concentrat ion of lineations indicates that the intrusive body acted as an un
broken sheet. At the present level, the thick sheet was thrust up lO the southwest with 
very gentle incl ination. Since the northern masses o f bio tite gneiss and schistose am
phibolite were continuously rising, the northern part o f the ultrama fic sheet was dragg
ed up and dipped to the south. 

Texture 

Texture of the ult ramafic rocks (D, L, and PL ) of the Horoman massif is 
characterized by the coexistence of coarse- and fine-grai ned parts (H arada et a I. , 1960; 
Komatsu and Nochi , 1966; Niida, 1974), which appear myloni tic or recrys ta llizcd tex
ture . No primary igneous textures are found in the ultramafic rocks except for gabbroic 

rocks. This texture clearly distinguishes it from layered complexes such as the 
Skaergaard , Stillwater and Bushveld, in which igneous cumulate textures are typically 
shown by o livine, pyroxene and plagioclase (Wager et aI. , 1960 ; Hess, 1960 ; Wager 
and Brown, 1967 ). Only the gabbroic parts (fi ne-gra ined pa rts o f PL I & 11 , and GB I & 
1I) of the H areman massi f preserve primary igneous tex tu res. 

COARSE AND FIN E GRAI NED PARTS 

The coarse-gra ined pa rts of the ul tramafic rocks are composed mainly of primary 
minera ls o f ol ivine, orthopyroxene, clinopyroxene and spinel. Olivine and orthopyrox
ene occur as porphyroclastic primary grains in the coarse parts of all rock types. Coarse 

grained pan s comaining brown spinel are recognized in dunite and are rarely found in 
lherzolite. C linopyroxene in lherzolite and plagioclase lherzolite occurs also as por
phyroclastic grains mainly in the coarse grained parts. C linopyroxene in dunite. 

however, is found only in the fine grained parts. 

The fine-grained parts typically occur as thin minera l layers ranging fro m 0.2 to 
5.0 mm in thick ness, and extend fo r approximately 0.5-10.0 cm' para llel to the layer
ing. These thin mineral layers can be classified as follows : 
I) seams of monomineralic fine olivine in a ll rock types, 
2) seams o f orthopyroxene + spinel in lherzolite, 
3) seams of plagioclase + spinel in plagioclase lherzolite, 
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Text-fig. 10 Strongly strained and elongated 
o li vines in plagioclase lherzol ite (sample, 
73629-10). P; porphyroclastic primary 
olivine, N; neoblastic recrystallized gra in , 
F; fine-grained gabbroic seam. 

Text-fig. II Texture showing the coexisting 
relations between olivine porphyroclasts 
(P) and neoblasts (N), and mono
mineralic seams of fine grained olivine (F) 
in the lherzoli te (sample, 71516b). 

4) aggregations of clinopyroxene in dunite, and 
5) aggregations of spi nel in dunite. 
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Hirota (1955) suggested that plagioclase lherzolite of the Horoman ultramafic 
rocks is metamorphic because of the rare occurrence of C-twin (2-4'70) in plagioclase. 
Tenpaku (1967) indicated that the plagioclase formed under conditions of com
paratively high-temperature on the basis of the X-ray powder diffraction pattern of 
plagioclase. Harada et al. (1960) suggested that the fine grains of olivine were formed 
by granulation. More detailed descriptions of the coarse- and fine-grained parts were 
given by Komatsu and Nochi (1966) and Niida (1974). 

THREE DIFFERENT TYPES OF OLIVINE 

In the Horoman ultramafic rocks the grain size of olivine is remarkably variable. 
Moreover, detailed observation under the microscope showed that there are marked 
differences in grain shape and deformation pattern of olivine as well as grain size. 
Therefore, olivine grains are classified into the following three types: 
I) Coarse Deformed Olivine (Porphyroclastic-Primary Olivine) 

Coarse deformed olivines showing irregular boundaries and interlock ing texture are 
usually found in the coarse grained parts of all of the rock types and texturally resem
ble "porphyroclasts" defined by Mercier and Nicolas (1975). In most cases grain size 
of olivine porphyroclasts is 0.4-5.0 mm. In the Lower Zone, especially near the lowest 
part of the massif, coarse grains of olivine are notably elongated by translation gliding 
and often exceed 5 mm length. The long axis of the deformed olivine tends to be 
parallel to the foliation plane. The most strained direction is usually in parallel to the 
lineation . 
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Kink bands and deformation lamellae are commonly recognized in the coarse grains 
of olivine as shown in Text-fig. 10. In the previous works on the Horoman ultrama fic 
rocks, such deformation of o li vine grains has not been noticed with special interest. 
After 1965, the slip mechanism of plastic deformation of olivine has been studied by 
Raleigh (1965, 1967), Carter et a!. ( 1968), Young (1969), and Carter and AveLalle
mant (1970). The sli p system of the Horoman coarse deformed olivine is commonly 
(010) [100] (Niida, 1975). This system is interpreted to have been produced under con
siderably high temperature and pressure, because the (010) [100] slip system occurs 
under the highest temperature and pressure in comparison with other slip systems in 
light of the above experiments. Though no definite condition can be estimated for the 
formation of the slip system, extrapola tion of the experimenta l results to the geologic 
strain rate (e.g. 1O-13/sec) indicates that the system would be produced at a cond ition 
higher than about 600'C under 15 kb. 
2) Polygonal Olivine (Neoblastic-Recrystallized Olivine) 

Polygonal olivine with stra ight boundaries, which shows a typical mosaic texture as 
shown in Text-fig. II , is present in all ultramafic rocks of the Horoman massif. The 
polygonal olivine is clearly distingui shed from the coarse deformed oli vine on account 
of I) equigranular and polygonal shape of gra in , 2) lack of elongated and stretched 
grain, and 3) rare occu rrence of ki nk bands. The grain size of polygonal olivine ranges 
from 0.05 to 2.00 mm in diameter and is conspicuously smaller than the 
porph yroclastic-primary grains. A marked difference in the grain size of polygonal 
olivine is found between the Lower Zone (0.05-1.00 mm) and the Upper Zone 
(0.40-2.00 mm) . 

In many " alpine-type" peridotites polygonal grains of olivine, which are described 
as mosaic grains or granulated matrix, have been commonly recognized as recrystalliz

ed products; e.g. Twin Sisters dunite (Ragan, 1963), Almklovdalen dunite (Lappin, 
1967), Red Hill complex (Walco tt, 1968), Piedmont Alps lherzolite (Nicolas et a I. , 
1971) Burro Mountain peridotite (Loney et a I. , 1971), and Vulcan Peak peridotite 
(Himmerberg and Loney, 1973). The occurrence of the above recrys tallized polygonal 
grains very resembles that of the polygonal olivine from the Horoman ultramafic 
rock s. In this connection, an experimental stud y on the recrystallizat ion process of 
olivine was carried out by AveLaliemant and Carter (1970). This result shows that 
polygonal olivines were produced near the grain bounda ries of the host grains at 
I 100°C and 13 kb . It was also observed tha t the intercrys talline recrysta llizat ion pro
ceeded into the host grains. Accordingly, the Horoman polygonal olivine associated 
with coarse deformed oli vine can be interpreted as a neoblas t recrystallized fro m the 
coarse deformed olivine. 

(3) Fine Olivine (Neoblastic-Granulated Olivine) 
Fine ol ivine always shows irregular and anhed ral form, and a lmost always lacks 

kink bands. The grain size is usually less than 0.4 mm. Most of the fine olivines show 
slightly elongated shape; the directi on of elongation is nearly para llel to the foliation 
plane. The fine oli vine occurs in monomineralic fine ol ivine seams formed by 
mylonitizatin and is found in all ult ramafic rock types . A small amount of the fine 
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olivine is found in orthopyroxene + spinel seams of lherzoli te and plagioclase + spinel 
seams of plagioclase lherzolite, which is distributed throughout the massif. A marked 
difference in occurrence of the fine olivine is noticed between the Lower and the Upper 
Zones . In the Lower Zone the monomineralic fine olivine seams are well developed. In 
the Upper Zone, however, the fine olivine seams are rather rare. 

PYROXENE NEOBLASTS AND SYMPLECTITES 

I n some cases small-polygonal grains of pyroxenes are observed as neoblasts in 
dunite and lherzolite, and are rarely found in ultramafic parts of plagioclase lherzolite. 
T he polygonal pyroxenes range from 0.01 mm to O.S mm in size and are commonly 
associated by large porphyroclastic ones. 

It is probable that the pyroxene neoblasts were produced by intra- and inter
crysta lline recrystall ization from the porphyroclastic-primary gra ins of pyroxene. 

Pyroxene-spinel symplectites are also found in lherzolite. The symplectites are com
mon in the orthopyroxene + spinel seams of lherzolite. In rare cases orthopyroxene 
porphyroclast is replaced in part by pyroxene-spinel symplectite. The symplectite is 
classified into two types based on the mineral assemb lages; one is orthopyrox
ene + clinopyroxene + spinel symplectite and the other is orthopyroxene + clinopyrox
ene + plagioclase + spinel symplecti te. No symplecti te has been found in the Upper 
Zone of the massif. 

TEXTURAL DEVELOPMENT OF THE HOROMAN ULTRAMAFIC ROCKS 

The foll owing sequence of textural development after consolidation of the massif 
can be considered from the above descriptions on structure and texture of the 
Horoman ultramafic rocks (Niida, 1975). 

T he primary grains of porphyroclastic olivine were affected by plastic deformation , 
resulting in coarse deformed olivine with many kink bands of the (010) [ 100] slip 
system. Especially in the Lower Zone, elongated grains of the coarse deformed olivine 
were for med by translation gl id ing. Then or a t the same time, recrystall ization of 
olivine is considered to have occurred . Recystallization of pyroxenes also occurred at 
the same time and produced in part small neoblasts of pyroxenes and pyroxene-spinel 
symplectites. 

Mineral chemistry 

The chemical composi tions of olivine, orthopyroxene, clinopyroxene, plagioclase, 
amphibole, and phlogopite were determined by quantitative electron probe 
microanalysis. Polished thin sections of samples were coated wi th carbon film, about 
SOD A in thickness. The measurements were performed wi th a JEOL: JXA-SA analyzer 
at the Geological Survey of Japan. Operating conditions were IS kv in accelerating 
potential and 0.02-0.03I'A in specimen current. The electron beam diameler was kept 
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Table 2 E PM A analyses and structural formulae for olivincs from the Horoman ultramafic nmssif 

No. 2 3 4 5 6 8 9 10 " 12 

SiD: 41.16 41.35 40.46 41.11 41 .36 41.12 40.98 40.80 41.36 40.66 40.BI 40.80 
TiD: 0.00 0.08 0.00 0.05 0 .01 0.04 0.10 0 .00 0.01 0.00 0.00 0 .03 
AIIO} 0.01 0.02 0.00 0.00 0.01 0.00 0.00 0 .00 0.01 0 .00 0.02 0.01 
FcC· 7.32 7.92 7.90 7.97 S. 12 8. 26 8.40 8.60 8.46 8.90 8.92 9.03 
r-,'lnO 0.12 0.15 0.17 0.12 0. 12 0.1 6 0 .13 0. 19 0 .12 0. 14 0.16 0.13 
r-,']gO 50.52 51.39 51.39 50.% 50.68 50.60 50.28 50.9 1 50.]4 50.40 50.03 50.06 
CaD 0.04 0 .00 0.02 0.02 0.0 1 0.02 0.0 1 0.02 0.02 0.02 0,02 0.02 
Na10 0.03 0 .00 0.01 0.02 0.02 0.00 D.O I 0.01 0.00 0.02 0.00 0.01 
Total 99.20 100.94 99.85 100.26 100.33 100.20 99.92 100.43 100.32 100.13 99.96 100.09 

Numbers of cations on the basis of 4 oxygcns 

s; 1.004 0.995 0.986 0.996 1.001 0.998 0.998 0.990 1.003 0.992 0.996 0.995 
AI 0.000 0.001 0.000 0.000 0.001 0.000 0 .000 0.000 0.001 0.000 0.001 0.000 
T; 0.000 O,(XH 0.000 0.001 0.000 0.001 O.(X)2 0.000 0.000 0.000 0.000 0.001 
Feu 0. 149 0.159 0. 161 0.162 0. 165 0.168 0. 17 1 0. 175 0.172 0. 18 1 0. 182 0.184 
;"'In 0.002 0.003 0.002 0.003 0.003 0 .004 0.003 0.002 0 .003 0 .003 O.OC13 0.003 
i\'lg 1.837 1.843 1.866 1.840 1.829 1. 830 1.826 1.842 1.819 1.832 1. 820 1.820 
Co 0. 00 1 0.000 0 .001 0.001 0.000 0 .001 0.000 0.001 O.cX)] 0.000 0.000 0.001 
Na O.OD ] 0.000 0.00 1 O.(X)] O.OO [ 0.000 0.001 0.001 0.000 a.DOI 0.000 0.001 
Total 2 .994 ].002 3 .0 16 3.004 3.000 3.002 3.001 3.011 2.999 3.009 3.002 3.005 

M·" 92.5 92.1 92.0 91.8 91.6 91.4 91.3 91.2 9 1.2 91.0 90.9 90.7 

Sample 82808 82809 72610 726 11 73 104 73101 70204 70602 72611 82402 8 824028 73016 
0 H .L. D D D D 0 L 0 L L L 

· FcQ = lo\al iron expressed as FcO, •• Fc = Fc'z, ••• ..... 1 = 100 Mg/ tvlg+ Fc + Mn 

within 5- 10 microns. 
The following standard specimens were used; quartz for Si, rutile for Ti, corundum 

for AI, hematite for Fe, rhodonite for Mn , periclase for Mg, wollastonite for Ca, 
jadei te for Na, and adularia for K. 

The data were corrected by the method of Sweatman and Long (1969) a nd Bence 
and Albee (1968). Calculation for correction and st ructura l formula was carried ou t by 
using the computer programs developed by Okumura a nd Kawachi (1971), Kawachi 
(1971), Nakatsuka (1974), and Okumu ra and Soya (1975). 

OLIV INE 

Olivine is most domina nt among the minerals in the Haroman ultramafic rocks. It 
constitutes more than 90"70 of dunite, 70-90% of harzburgite and lherzolite, a nd less 
tha n 80% of plagioclase lherzolite. Gabbro and pyroxenite contain a small amou nt of 
olivine. Textures in the ultramafic rocks are characterized by coexisting phases of 
po rphyroclastic-primary olivine, recrystallized polygonal o livine, and mylonitized fine 
o livine. 

The chemical composition a nd the structural formula of the olivines from the 
ultramafic a nd gabbroic rocks of the mass if a re given in Table 2. The forsterite content 
(100 Mg/ Mg+ Fe+M n) in o livine from each rock type decreases fro m ultramafic to 

gabbroic rocks as shown in Text-fig. 12. The forsterite content of olivine ranges from 
92.5 to 91 .0 in dunite, 91.5 to 90.5 in lherzoli te , 91.5 to 89.0 in plagioclase lherzoli te, 
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Table 1 eOnl inuoo 

No. 13 14 15 16 17 18 19 20 

SiD, 40.74 41.()6 40.61 41.24 40.94 40.94 40.38 40.27 
TiD2 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Al2Dl 0.01 0.02 0.01 0.02 0.02 0.00 0.01 0.02 
FoO' 9.08 9.34 9.48 9.55 9.60 10.07 10.76 10.72 
MnO 0.17 0. 14 0.17 0.12 0. 17 0.13 0.13 0. 15 
MgO 49.65 49.47 49.28 49.41 49.17 49.15 49.25 48.57 
C,O 0.01 0.02 0.1 5 0.01 0.03 0.02 0.01 0.01 
NazO 0.00 0.01 0.02 0.02 0.00 0.02 0.03 0.00 
Total 99.66 100.06 99.73 100.37 99.94 100.33 100.58 99.76 

Numbers of cat ions on the basis of 4 oxygens 

S; 0.998 1.003 0.997 1.004 1.002 1.000 0.989 0.994 
AI 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.001 
T; 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fc u 0.186 0. 191 0.195 0.195 0. 197 0.206 0.220 0.22 1 
Mn 0.004 0.003 0.004 0 .003 0.004 0.003 0.003 0.003 
rvlg 1.8 13 1.800 1.803 1.793 1.794 1.790 1.797 1.787 
C, 0.000 0.001 0.004 0.001 0.001 0.001 0.000 0.000 
N, 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.000 
Total 3.001 3.000 3.004 2.998 2.999 3.001 3.010 3.007 

M··· 90.5 90.3 90.1 90.1 89.9 89.7 89.1 88.9 

Sample 72601 72401 73 103 72607 72402 82201 82201 72906b 
L PL D PL PL PLiI PLiI Cpx L 

• FeO _ total iron expresscd as FeD, nFe = Fco2, ··· M = 100 Mg/ Mg +Fc+M n 
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Text-fig. 12 Histogram showing Ihe variat ion 
of 100 Mg/ Mg+ Fe+Mn ratio for olivines. 
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Table 3 EPivl A analyses and Struct ural formu lae for orlhopyroxencs from the H oroman massif 

No. 4 6 8 9 10 II 12 

SiDl 57.14 56.59 56.66 57.03 56 .59 57.36 57.25 56. 11 56.80 55.86 55.47 55.39 
TiDl 0.12 0.02 0.00 0.08 0.08 0.07 0.08 0.00 0.06 0.00 0.06 0.09 
AI2O} 2.27 2.12 1.94 1.19 2.91 1.93 1.93 3.3 1 3.03 4.16 2.71 3.78 
FcO· 4.81 5.10 5.27 5.24 5.33 5.62 5.68 5.7 1 5.61 5.55 5.57 5.67 
1>.'lnO 0.08 0.12 0.10 0.14 0. 15 0.12 0.10 0.09 0.14 0.13 0.20 0.16 
MgO 34.93 34.79 35.26 34.45 34.2 1 J4.W 34.98 ]].86 34.2 1 33.33 33.43 33.40 
CaD 0.90 0.75 0.80 1.:55 0.7 1 0.94 0.77 0.8 1 0.60 0.77 1.40 1.14 
NazO 0.04 0.02 0.04 0.09 0.03 0.01 0.00 0.03 0.0 1 0.05 0 .05 0.02 
K:O 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
Total 100.29 99.51 100.07 99.77 100.01 100.96 100.79 99.92 100.47 99.85 99.43 99.65 

Numbers of cations 011 the basis of 6 oxygens 

s; 1.952 1.951 1.946 1.968 1.943 1.955 1.954 1.932 1.942 1.922 1.926 1.916 
AI'" O.().:IS 0.049 0.054 0.032 0.057 0.045 0.().:I6 0.068 0.058 0.078 0.074 0.084 
AI" 0.().:I4 Om8 0.024 0.0 17 0.06 1 0.032 om l 0.066 0.065 0.091 0.037 0.071 
T; o.eN)] 0.000 0.000 0.002 0.002 0.002 0.002 0.000 0.002 0.000 0.016 0.002 
Fc" 0.137 0.147 0.152 0.151 0. 153 0.160 0.162 0. 164 0.160 0.160 0. 162 0. 164 
Mn 0.002 0.003 0 .003 0.004 0.005 0.003 0.003 0.003 0.004 0.004 0.006 0.005 
Mg 1.778 1. 788 1. 805 1.772 1.750 1. 772 1.779 1.737 1.743 1. 709 1.730 1.72 1 
C, 0.033 0.028 0.030 0.057 0.026 0.034 0.028 0.030 0.022 0.029 0 .053 0.042 
Na 0.003 O.(~)I 0.003 0.006 0.002 0.00 1 0.000 0.002 O'(XH 0.003 0.003 0.00 1 

• 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
T Ola l 4.000 4.005 4.0 17 4 .009 3.999 4.005 4.005 4.002 3.997 3.996 4.006 4.006 

M··· 92.8 92.3 92. 1 92.0 91.7 9 1.6 91.5 91.5 91.4 91.2 91.2 91.1 

Fe " 7.0 7.' 7.6 7.6 7.9 8. 1 8.2 8.' 8.3 8.4 8.3 8.' 
Mg 91.3 91.1 90.8 89.5 90.7 90. 1 90.4 89.9 90.5 90.0 89.0 89.3 
Co 1. 7 IA 1.6 2.9 1.4 1.8 1.4 1.6 1.2 1.6 2.7 2.2 

Sample 82808 72609 72703 82809 73013 71002 7 1002 72707 72707 70203 73016 730 16 
Op", L D D i'l L D D D L L L L L 

"' FcO = 10t:11 iron c.~prcsscd as FcO, ··Fc - Fc'z, • .. i .... 1- 100 Mg/ ;"'lg+ Fc+ 1\'!n 

and 89.5 to 88 .0 in pyroxenite. In the gabbroic layer (GB I), rapid increase in the Fe 
contelll of the olivine is observed from the margin (Foss) to the center (Fo,,) , as shown 
in Text-fig. 12. 

No difference in the ratio 100 Mg/Mg+Fe+M n can be observed between 

porphyroclastic-primary olivine and polygonal-recrystallized olivine j udging from the 
EPMA analyses. Additionally, no signs of compositional zoning are observed in large 
porphyroclasts of primary ol ivine. 

Forsterite content of a li vines from the Horoman ultramafic rocks shows a con-
siderably wide range. Olivines from H oroman have a similar forsterite content to those 
from the Lizard lherzoli te (Fo,,_,, ; Green, 1964) and from the Ronda lherzol ite 
(Fo" .8-,l.1; Obata , 1980) . The variations in those from the ultramafic tectonites such as 
from the Dun Mountai n d uni te (Fo,l.1 ; Challis, 1965), the Red Hill harzburgite (Fo" .• ; 
Challis, 1965), the Burro Mountain dunite and Harzburgite (Fo".a-,2.7; Loney et a I. , 
197 1), which are considered to be depleted solid mantle fragments. A wide range of 
forsterite contents is a lso displayed by the magmatic series of dunite-wehrlite
c1inopyroxenite. Olivines from the zones ultramafic complex have prominent varia
tion in forsterite content; e.g. the Union Bay complex (Fo,,_,,; Ruck mick and Noble, 
1959) and the Duke Island complex (Fo,,_,,; Irvine, 1974). Olivines in olivine-
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Table 3 contin ued 

No. Il 14 15 16 17 IS 19 20 21 22 23 24 

SiD: 55.74 56.04 55.84 55.04 54.89 55.30 55.40 54.94 53.54 56. 18 55.67 55.61 
TiD: 0.00 0.08 0.16 0. 11 0.05 O. JJ 0.04 0.19 0.15 0.41 0.51 0.53 
AI2O) 3.38 3.06 3.48 3.88 4.49 4.06 3 .54 3 .75 5.59 2.36 3.20 3. 12 
FeO· '.90 6.1 2 6.05 6.30 6.48 6.58 6.76 6.86 6.68 7.56 7.61 7.73 
MnO 0.11 0.14 0. 19 0.12 0.17 0. 14 0.1 8 0.18 0.21 0.1 2 0. 14 0.12 
1\'!gQ 33 .73 33 .77 33.44 33.26 33.03 33.04 32.55 32.97 3 1.30 32.74 32.49 31.90 
CaD 0.97 0.83 0.79 0. 73 0 .88 0.75 1.04 OA8 1.86 0.92 1.42 1.73 
Na20 0.04 0.01 0.03 0.05 0.05 0,0] 0.03 0.04 0.08 0.04 0 .05 O.OS 
K1D 0.01 0.00 0.00 0.02 0.0 ) 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
Total 99 .88 100.05 99.98 99.5 1 100.05 100.01 99.55 99.41 99.4 1 100.34 101.09 100.82 

Numbers of c.!lions on the basis of 6 oxygcns 

s; 1.924 1.931 1.926 1.9 10 1.897 1.911 1.926 1.913 1.87 1 1.94] 1.91 7 1.922 
AI'" 0.076 0.069 0.074 0.090 0. 10] 0.OS9 0.074 0.087 0 .1 29 0.057 0.08] 0,078 
AI'" 0.061 0.056 0.068 0.069 0.08 1 0.076 0.07 1 0.067 0 . 102 0.040 0 .045 0.049 
T; 0.000 0.002 0.004 0.003 0.002 0.003 0.001 0.005 0.004 0.010 0.013 0.013 
Fe" 0.160 0. 177 0.175 0.18] 0.187 0.190 0. 197 0.200 0.195 0.21S 0.219 0.223 
J\'ln 0.003 0.004 0.006 0.004 0.00' 0.004 0.005 0.005 0.006 0.003 0.004 0 .003 
Mg 1.735 1.735 1.718 1.720 1.701 1.704 1.686 1.710 1.676 1.688 1.667 1.643 
Co 0.036 O.oJI 0.029 0.027 0.0]3 0.028 0.039 0.017 0.070 0.034 0.052 0.064 
No 0.003 0.001 0.002 0.004 0.003 0.002 0.002 0.003 0.005 0.002 0.003 0 .005 
K 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
TOlal 4.009 4.006 4.002 4.011 4.012 4.007 4.001 4.007 4.012 3.995 4.003 4.000 

M··· 90.9 90.6 90.' 90.2 89.9 89.8 89.3 89.3 S9.0 88.4 SS .2 87.9 

Fc·· S.S 9.1 9.1 9.5 9.7 9.9 10 .3 10.4 10.3 11.3 11.3 11.6 
Mg 89.4 89.3 89.4 89.1 88.6 88.7 87.7 88 .7 86.0 87.0 86.0 85. 1 
COl I. S 1.6 I., 1.4 1.7 1.4 2 .0 0.9 3.7 1. 7 2.7 3.3 

Sa mple 7260 1 72606 72607 72401 72902 72402 70807 72905 70807 63006c 63006c 63OO6e 
L PL PL PL PL PL C px L PL Cpx L Opx L Opx L Opx L 

· FcO :: IOtal iron expressed as FcO , " Fc :: Fc ':, ·"M ::: [00 Mg/ Mg + Fc+ MIl 

clinopyroxene cumulates from some ophiolite complexes show a wide range of 
forsrerite contents, e.g. the Green Hill complex (Fo,,_,,; Mossman, 1973) a nd the 
Emigrant Gap (Fo,,_,,; James, 1971 ) . 

ORTHOPYROXENE 

Orthopyroxenes constitute about 5"70 of dunite, 10-20"70 of ha rzburgite and lher
zolite, and 10-25"70 of plagioclase lherzolite. Large crystals of orthopyroxene are also 
contained in harzburgite lenses and orthopyroxenite layers. In the gabbroic parts of 
plagioclase lherzolite I and II , and gabbro I and II , orthopyroxene was not found, bUI 
only in the ultramafic parts . Generally, the porphyroclastic grains are an hedral a nd 
1-8 mm in size. Many exsolution lamellae of Ca-rich pyroxene are observed in the host 
orthophyroxene porphyroclasts. 

The chemical analyses and the struclUral formu lae of orthopyroxenes from all the 
ultramafic rocks are given in Table 3. Only the host orthopyroxenes were analyzed, so 
that the values do not indicate the bulk compositions of orthopyroxene with lamellae. 
The ratio 100 Mg/ Mg+ Fe+ Mn in the orthopyroxene decrease gradually from dunite 
to orthopyroxenite (Text-fig. 13). The (100 Mg/ Mg+Fe+ Mn) ratio in orthopyrox
enes ranges from 92.5 to 91.0 in dunite, 9 1.5 to 90.0 in lherzolite, 90.5 to 89.0 in 

, 
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Text-rig. 14 Plo l of tOlal AI against 
100 Mg / Mg+ Fe+ Mn ratio for 
orthopyroxenes. 

plagioclase lherzolite, and 90.0 to 85 .5 in cli nopyroxentie and orthopyroxeni te. 
The CaO content of the Horoman orthopyroxenes ranges from 0 .7 to 1.8 wl. "70 in 

primary grains. Very small polygons of recrys ta llized orthopyroxene, which are rarely 
found in and a round host primary grains of the orthopyroxene from the Lower Zone 
of the massif, a re considerably lower in CaO (less than 0.5 wl. "70 ) than those of 
primary orthopyroxenes. 
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The AI,O, content of the Horoman orthopyroxenes ranges from 1.2 10 5.6 wt. OJo. 

As shown in Text-fig. 14, the Al content increases from dunite to pyroxenite and also 
with increasing Fe contents . The AI,O, content of orthopyroxenes ranges from 15.0 to 
4.0 wt.% in dunite and dunitic harzburgite, 2.4 to 4.3, wt.% in lherzolite, 3.1 to 
4.5 wt. % in plagioclase lherzolite, and 2.4 to 5.6 wt. % in pyroxenite. Discussions on 
pressure and temperature dependence of the solubility of AI,O, in enstalilie have been 
made by many workers (Boyd and England, 1964; Anastasiou and Seifert, 1972; 
MacGregor, 1973; Arima et aI., 1974; and Onuma and Arima, 1975). The AI,O, con
tent in orthopyroxenes from Horoman increases '''ith Fe content. Petrological data 
obtained in the present study indicate that the residual liquid becomes rich in Fe with 
proceeding fractiona l crystallization, so that the minerals crystallized from this residual 
liquid would become also rich in Al content. It is also li kely that the Horoman 
orthopyroxene becomes rich in Al with proceeding crystallization. Hence it is suggested 
lhat the AI,O, content of the orthopyroxene is affected by chemical composition of the 
liquid from which the orthopyroxene crystall ized out, ralher than pressure and 
temperature. 

Compositional zoning of AI,O, and CaO contents is pronounced at the margin of 
orthopyroxene porphyroclasts. Cr,O, content is slightly zoned at the margin. These 
three contents decrease outward. At the contact with chromian spinels, the zoning pat
tern of orthopyroxene is disturbed . Compositional plateaus having the highest and 
uniform content in AI,O" CaO, and Cr,O, can be recognized at the core of orthopyro
xene grains. Fe/ Mg ratio, however, is nearly uniform throughout the grains. As men
tioned in the later chapter, the zoning pattern is considered to have been formed by dif
fusion process during deformation and recrystallization under different pysicochemical 
conditions. The highest contents in AI,O" CaO, and Cr,O, at the central plateau of or
thopyroxenes probably indicate a primary composition. 

CLINOPYROXENE 

Clinopyroxene occurs in a ll rock types of the massi f, but in the dunite aggregations 
of fine grained clinopyroxene occur only sporadically. The lherzolite and the 
plagioclase lherzolite contain 5-20% clinopyroxene, which is anhedral and ranges from 
I to 5 mm in grain size. Many exsolution lamellae of orthopyroxene, parallel 10 (100) 
of host clinopyroxene, are easily observed under the microscope (Yamaguchi and 
Tomita, 1970). 

The chemical analyses and the structural formu lae of the clinopyroxenes are given 
in Table 4. The main crystallization course of the Horoman clinopyroxene is 

Ca"Mg".sFe,.s - Ca"Mg.,sFe •. s - Ca"Mg.,.sFe6.5 - Ca"Mg"Fe" is shown in 
Text-fig. 15. Variation of the compositions is in harmony with change of rock types, 
from diopside in the ultramafic rock to salite - calcic augite in the gabbroic rocks. In 
the series of ultramafic rocks a gradual increase in the Fe and Ca content with decrease 
in the Mg content is observed in clinopyroxenes from dunite 10 plagioclase lherzolite 
through lherzolite. In gabbro the Ca and Mg contents decrease while the Fe content 
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Tab ll''' EPivlA analyses and structural formulae for clinopyroxencs from the '·Ioroman ultramafic massif 

No. 2 3 4 5 6 7 8 9 10 II 12 

Sial 54.3 1 54.39 54.20 53.86 5] .61 54.33 52.99 54. 32 51.70 52 .00 5 1.20 5 1.51 
TiOz 0.00 0. 12 0.06 0.10 0.12 0.04 0.03 0.07 0.63 0.39 0.55 0.78 
A lzO) 2.43 1.88 1.95 2.50 3.28 3.31 4.28 3.13 5.57 4. 74 5.72 5.33 
FeO · \.96 1.92 1.98 2 . 17 2.21 2.22 2.33 2.3 1 2.58 2.80 3.01 3.09 
:\'lnO 0.06 0.07 0.11 0.10 0.08 0. 12 0.03 0.09 0.10 0.09 0.00 0. 12 
i\'lgO 17.36 17.49 17.53 17.09 16.83 17.14 16.93 17 .33 15.46 16.05 15.1 7 15.10 
CaQ 22.05 24 .07 24.41 23.45 23.38 22.22 22.03 21.68 22.66 22.4 1 22 .76 22.95 
Na20 0. 82 0.27 0.23 0.62 0.60 0.77 0.79 0.75 0. 76 0.76 0. 83 0.72 
K20 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0 .01 0.00 0.00 
TOlal 99.00 100.20 100.47 99. 89 100. 1 J 100. 15 99.41 99.69 99,46 99.25 99.24 99.60 

Nu mbers of cal ions on the basis of 6 oxygcns 

5; 1.977 1.964 1.956 1.954 1.940 1.956 1.925 1.963 1.886 1.902 1.877 1.883 
AI'" 0.023 0.036 0.044 0.046 0.060 0.044 0.075 0.037 0.1 14 0.098 0.123 0.1 17 
AI'" 0.08 1 0.044 0.039 0.061 0.080 0 '<)97 0. 108 0.097 0. 125 0. 106 0.134 0.113 
T; 0.000 0.003 0.(X)2 0.00] O.()()] 0.001 0.001 0.002 0.017 0.011 0.015 0.02 1 
Fc'" 0.060 0.058 0.060 0.060 0.067 0.067 0.07 1 0.070 0.079 0.086 0 .092 0.094 
Mn 0.001 0.002 0.003 0.003 0.002 0.004 0.001 0.00] 0.003 0.00] 0.000 0.00] 
Mg 0.942 0.942 0.943 0.924 0.908 0.920 0.917 0.933 0.84 1 0.875 0. 829 0.822 
Ca 0.860 0.93 1 0.944 0.912 0.907 0.857 0.858 0.839 0. 886 0.878 0.894 0.899 
Na 0.058 0.019 0.016 0.043 0.042 0.054 0.056 0.052 0.054 0.054 0.059 0.05 1 
K 0.000 0. 000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
Total 4.002 ].999 4.007 4.012 4.009 4.000 4.012 3.996 4.005 4.014 4.0 13 4.003 

Fc·· 3.3 2.9 3. 1 3.5 3.5 3.6 3.8 3.8 4.3 4.7 5. 1 5.3 
M g 50.6 48.6 48.4 48.6 48.3 49.9 49.7 50.7 46.6 47.6 45.6 45.3 
Ca 46. 1 48.5 48.5 47.9 48.2 46.5 46.5 45 .5 49. 1 47 .7 49.] 49.5 

Sam pic 72703 7 1002 7 1002 72704 7261 1 72601 72707 72603 72607 72606 72402 629· 1 
D D D L D L L L PL PL PL PL 

t FcO = lOlal iro n expressed as FcO, ·- Fc _ Fe': 

• 0 
@ l al Pl II 

x CpxL o G BI 
.OpxL O GB II 
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Fe 
40'L-____________________________ ~----------------------------~ " ~ 

v'.- 10 20 " 
Mg , , 

o , 

Text-fig. IS Variation in chemical composition or clinopyroxencs from the Horoman massif. 
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Tab[e 4 continued 

No. I J 14 IS 16 J7 IS 19 20 21 22 

Sial 5 1.64 51.18 52.31 50.49 51. [4 50. 75 48.10 49.57 49.39 50.7[ 
TiOl 1.13 1.10 0.11 0.90 LOt 0.2] 2. 16 1. 28 1,45 0.62 
Alp) 4.11 4.75 3.8] 7.33 5 . 13 6.35 7.07 5.64 5,42 3.85 
FeO· 3,47 3.]6 3.60 ] .55 4 .08 5.87 6 .71 7.69 8 .26 9.87 
MnO 0.09 0.09 0. 14 0. 11 0.14 0.12 0.20 0.18 0.24 0.25 
MgO 16.11 15.34 15.57 14.91 15.10 14. 13 12.91 13.33 13 .09 12.69 
CaO 23,49 23.61 23 .71 22.00 22.99 23.01 22.30 21.19 2 1. 09 2 1.24 
Na20 0.57 0.70 0.5 1 0.68 0,47 0.52 0.83 0.79 0.78 0.59 
K,O 0.01 0 .01 0 .00 0.00 0 .00 0.0 1 0.01 0 .01 0.01 
T otal 100.57 100.1 4 99.78 99.97 100.06 100.98 100.29 99.68 99 .73 99.83 

Numbers of cat ions on the basis or 6 oxygcns 

51 1.879 1.871 1.91 2 1.838 1.871 1.853 1.785 1.847 1.846 1.903 
A I'" 0.121 0. 129 0.088 0.162 0.129 0.147 0.2 15 0.152 0. 154 0.097 
A]'" 0.055 0.075 0.077 0.153 0.092 0. 127 0.094 0.095 0.083 0.073 
TI 0.031 0.030 0.003 0.025 0.028 0.006 0.060 0.035 0.040 0.018 
Fe·· 0. 104 0.103 0.110 0.108 0 .1 25 0. 179 0.208 0.239 0.258 0.3 10 
Mn 0.003 0.003 0.004 0.003 0.004 0.004 0 .005 0.005 0.007 0.008 
Mg 0.874 0.836 0.848 0.809 0.824 0.769 0 .714 0.740 0. 729 0.710 
Ca 0.916 0.925 0.928 0.858 0.901 0.901 0.887 0.846 0. 844 0.854 
Na 0.040 0.050 0.034 0.048 0.033 0.037 0.050 0.057 0.056 0.043 
K 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0.000 0.001 
T ota[ 4.023 4.022 4.004 4.004 4.007 4.023 4.025 4.0 16 4.017 4.017 

Fe·· 5.5 5.5 5.8 6 .1 6 .8 9 .7 11.5 13.1 14. 1 16.5 
Mg 46.2 44 .9 45.0 45 .6 44.5 41. 6 39.5 40.6 39.8 37.9 
Ca 48 .3 49.6 49.2 48 .3 48.7 48.7 49.0 46.3 46.1 45.6 

Sample 8220 1 82201 828 11 a 82206 82202a 828 11 b 63006b 63015 63015 0042 1 
PLI I PLII G I3l1 GOI G m GB II Gm G m G BI G BI 

· FcO- total iron exprcsscd as FeO, ·· Fc _ Fc·2 

S.I. 
Sk. 

S.5. 

Mg Fe 

Text-fig. 16 Di-Hd-En-Fs diagram showing crysta ll ization courses of 
clinopyroxens. 
HO: Horoman (this work). B.J.: Black Jack sill (Wi lkinson, 1957) 
S.S.: Shonkin Sag laccolith (Nash and Wilkinson, 1970). S.I.: Shiant 
Isles sill (Gibb, 1973). Sk .: Skaergaard intrusion (Wager and Brown, 
1967) . St.: Stillwater complex (Hess, 1960). A: " alpine-type" 
peridotites (Green, 1964; Challis, 1965 ; Loney et aI. , 197 1; Himmer
berg and Loney, 1973; Mossman, 1973). 
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rapidly increases. Clinopyroxenes from gabbro I plot in the wollastonite-rich field 
beyond the tie line of diopside - hedenbergite, indicating that these clinopyroxenes are 
very high in Ca content as shown in Text-fig. 15. Clinopyroxene from gabbro II , 
however, is somewhat lower in Ca content and the crystallizat ion course is also shown 
in Text-fig. 15. The crystallization course of the clinopyroxene observed in the 
Haroman ultramafic massif is clearly different from that of the "alpine-type" 
peridotites (Green, 1964; Challis, 1965 ; Loney et aI., 1971; Himmerberg and Loney, 
1973), of the tholeiitic layered instrusions (Hess, 1960; Wager and Brown, 1967), and 

Si 

S5 

50 

45 

• 0 • PL lOGS I x CPX . L 

€I L I» PL II 0 GB II • opx. L 

o 3 4 5 6 7 8 9 10 Text-fig. 17 Relation between Si02 and AI20 3 in Ihe 
Al z 0 3 Haroman cl inopyroxenes. 

of the basic alkaline rocks (Murray, 1954; Wilkinson, 1957; Nash and Wilkinson, 
1970; Gibb, 1973), as shown in Text-fig. 16. However, most analyses of clinopyroxene 
from the Horoman ultramafic rock series, dunite, lherzolite, and plagioclase lherzolite, 
fall into the region of clinopyroxenes from "alpine-type" peridotite. The Horoman 
clinopyroxenes from the margin of gabbro I layer have similar compositions to those 
from the earlier phase clinophyroxenes of peralkaline rocks such as Black Jack sill 
(Wilkinson, 1957) and Shokin Sag laccolith (Nash and Wilkinson, 1970). Moreover, 
compositions of clinopyroxenes from the Horoman gabbro II are also si milar to those 
from mildly alkaline rocks such as Shiant Isles sill (Gibb, 1973). 

Clinopyroxenes from the "zoned-type" complexes of Union Bay (Ruckmick and 
Noble, 1959) and of Duke Island (Irvine, 1974) have similar crystallization course to 
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Text.fig. 18 Variations in total Al and 
Ti with Si atoms per 6 oxygens of the 
Horoman clinopyroxenes. 

the Horoman clinopyroxene, although these pyroxenes are lower in Ca content. 
The SiO,-AI,O, relation of the Horoman clinopyroxenes is shown in Text-fig. 17. 

The clinopyroxene from the ultramafic rocks is higher in SiO, and lower in AI,O" 
whereas that from the gabbroic rocks is higher in AI,O, and lower in SiO, . Text-fig . 17 
clearly indicates a gradual change of the SiO, and AI,O, contents in the Horoman 
clinopyroxene. The AI,O, content of clinopyroxene gradually increases with change of 
rock types from ultramafic rocks (1 .6-3.3 wt."7o in dunite, 2.5-5.0 wI. "10 in lherzolite, 
4.1-7.3 wt."1o in plagioclase lherzolite) to the gabbroic rocks (3 .2-8.4 wL"1o in GB I, 
and 3.8-6.4 wt."1o in GB II). 

Kushiro (1960) and LeBas (1962) suggested that clinopyroxene compositions de
pend on the degree of alkalinity of their parentage, and that the SiO,-AI,O, relations 
could be used to indicate the nature of the original magma. However, Gibb (1973) 
studied the zoned clinopyroxenes in the alkaline rocks of the Shiant Isles si ll and show
ed that the plots of the clinopyroxene analyses from the same parent magma are scat-
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tered all over the non-alkaline, alkaline, and per-alkaline fields in the SiO,-AI,03 
diagram given by LeBas (1962). Therefore, it is not reliable to use this diagram to 
presume the parentage of magma, but it can be used to estimate the nature of the liquid 
from which the pyroxene in question is crystallizing out. Conseq uently, the SiO,-AI,03 
relation of the Horoman clinopyroxenes seems to be affected essentially by the 
chemical composition of the residual liquid changing its composition with proceeding 
fractionation. 

Plotting total AI and Ti against Si atoms in the Horoman clinopyroxenes (Text-fig. 
18) reveals that the AI and Ti content increases linearly with decrease of the Si content. 
These values are lower in the clinopyroxenes from the dunite and higher in those from 
the gabbros. All of the total AI plots lie in the AI-rich side from the Si + AI = 2 line, sug
gesting that Si deficiency in Z group is completely supplemented by AI. The straight 
lines in Text-fig. 18 show AI :Si = 1.3: I and Ti: Si = 0.5: I respectively, indicating the 
coupled substitution of R" + 2 Si '" Ti" + 2 AI suggested by the several investigators 
(Ross et aI., 1970; Barberi et aI., 1971; Gibb, 1973). The relationship between Ti and 
Al lv is 2 Ti = Al l\, and between AI 1\' and AI V] is AI '" = Allv. When Al lv increases, AI "] 
and Ti also increase. Consideration on these relations leads to the following substitu
tion. 

Mg+2 Si '" Ti+2 AI'v 
Mg Si '" Al v, AI' v 

Consequently, Ca-tschermak's molecule (CaAI,SiO,) and titan pyroxene molecule 
(CaTiAI,O,) increase gradually with the change of rock types from dunite to gabbros. 
In the gabbroic rocks, the titanpyroxene molecule is more abundant than Ca
tschermak's molecule, judging from the Alv'_AI'v diagram. It is more likely that the 
content of AI and Ti in the Horoman clinopyroxenes is affected by the change of the 
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Text-fig. 19 Plots of Ti vs. 100 Mg/ Mg+Fe+ Mn ratio showing varia
tion in Ti content of the Horoman cl inopyroxcncs with fractional 
crystall ization. 
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composition of residual liquid. 
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The Na,O content of the Horoman clinopyroxenes ranges from 0.2 to 1.4 wl. "70: 
0,2 to 0.6 wl. "70 Na,O in clinopyroxenes from dunite, 0,5 to 0,9 wI. "70 in lherzolite, 0.6 
to 1.4 wl. "70 in plagioclase lherzolite, and 0,5 to 1.0 wl. "70 in gabbro. Hence, there is no 
major difference in the Na,O content o f clinopyroxenes from each rock type, 
Therefore, the solubility of jadeite molecule may be ra ther low and constant. 

Clinopyroxenes from alkaline rocks have higher Al and Ti content than those from 
the other rock types as genera lly known. On the basis o f thermodynamic consideration 
Verhoogen ( 1962) suggested that the Al and Ti contents of clinopyroxenes are essen
tiallya reflection o f the SiO, concentra tion and oxygen partial pressure in magma. Car
michael et a l. (1970) and Bargeri et al. (1971) also ind icated tha t the composition of 
clinopyroxene is strongly influenced by SiO, activity. Several works on the solubility of 
TiO, content in pyroxene have been carried out (e.g ,. Vagi and Onuma, 1967). Max
imum content of TiO, in the Horoman clinopyroxenes is 2.4 wl. "70 , 

The variation pattern of Ti content in the Hareman clinopyroxenes again st the 
100 Mg/ Mg+ Fe+ Mn ratio (M value), which is a scale of fractionation, is show n in 
Text-fig. 19. The Ti content of the clinopyroxene successively increases with change of 
rock types from dunite to gabbro I through lherzolite and plagioclase lherzolite. The 
solubility o f TiO, a lla ins a maximum at about M = 82 which occurs at the margin of 
gabbroic layers . With further fractionation the Ti cament decreases. A similar Ti varia
tion is observed in gabbro II (Text-fig. 19), a lthough the Ti content of the clinopyrox
ene is very small. 
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The total AI content of the clinopyroxene shows a similar variation trend to that of 
Ti content, and the maximum solubility is also reached at about M = 82 as shown in 
Text-fig. 20. 

Similar trends are observed in Ti-rich pyroxenes in akaline rocks from several 
local ities; e.g. Morotu alkaline rocks (Yagi, 1953) and Garbh Eilean si ll of Shiant Isles 
(Murray, 1954; Gibb, 1973). From the experimental study on the joint CaMgSi,O,
CaTiAI,O" Yagi and Onuma (1967) suggested that the TiO, content increases at the 
earlier stage and gradually decreases in the middle to later stage. The variation trend of 
TiO, in the pyroxene observed in the present study agrees with their suggestion. Dif
ferent mineral assemblages are observed before and after the maximum solubility of 
Ti. Before the maximum solubil ity, Ti-rich dioside coexists with kaersutites and Ti
pargasites in the margin of gabbroic layer, whereas after that the diopside becomes Ti
poor and coexists with ilmenite and titana- and titaniferous magnetites instead of kaer
sutite and Ti-pargasite. However, in some cases the kaersutite coexists with ilmenite. 
The pyroxene, therefore, changes in composition with proceeding fractional 
crystallization as follows. : Ti-poor diopside - salite - calcic augite. After reaching 
the maximum Ti-solubility, the Ti-rich diopside develops many lamellae of kaersutite 
or Ti-pargasite, suggesting that the solubi lity of TiO, in the clinopyroxene decreases. 

KAERSUTITE, T i-PARGASITE AND PARGASITE 

Ti-pargasites were found in gabbroic seams of plagioclase lherzolite I and II and in 
layers of gabbro I. Usually the Ti-pargasite occurs in small grains less than 0.5 mm and 
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Table 5 EPflOlA analyses and Slruclural formulae for kaersulilCS. Ti.pargasiles and pargasites from 
the Horoman ultramafic massif 

2 3 4 6 7 8 9 10 II 12 

SiOl 42.60 4] .82 4].55 4]. 54 4].45 4].26 4].11 42.05 41.58 41.45 44.50 44.0] 
TiO: ].]8 ].94 4.08 ].65 4.44 5.]4 5.02 5.52 ].6] 4.05 0.85 0.85 
AllOl 13.82 12.91 13.<M 12.76 12.21 12.47 11.68 11.91 12.60 13.09 1].12 1].45 
Fct) · 4.27 4.55 4.77 4.99 5.52 5.82 6.39 6.65 10.20 10.82 6.12 6.33 
1\·lnO 0.Q9 0.06 0. 10 0.08 0.08 0.09 0.07 0. 17 0. 14 0.2 1 0.13 0.06 
MgO 17.21 16.70 16.]2 16.86 16.28 15.71 16.09 15.63 13.74 1] .25 17.20 17.88 
C,O 12.29 12.85 12. ]7 12 .]4 12.06 12.25 11.84 11.8 1 12.21 [ 1.87 12.29 12.21 
Na10 3. 18 3.26 ].68 3.40 3.35 ].2 1 3.42 ].]4 3.43 ].59 3.40 ] .6] 

KP 0.22 0.33 0.1] 0.26 0.07 0.08 0.06 0.09 0.07 0.08 0.02 0.04 
TOlal 97.06 98.42 98.04 97.88 97.46 98.23 97 .68 97.1 7 97.58 98.41 97.6] 97.48 

Numbers of cat ions on Ihe basis of 23 o.'\ygens 

s; 6.109 6.210 6.198 6.213 6.2]3 6.170 6.20] 6.105 6.113 6.058 6.363 6.320 
AI" 1.891 1.790 [.802 1.787 1.767 1.8]0 1.797 1.895 1.887 1.942 1.637 1.680 
AI" 0.445 0.]67 0.]86 0.359 0.299 0.267 0. 184 0.144 0.296 0.314 0.576 0.596 
T; 0.]64 0.420 0.437 0.391 0.479 0.57] 0.543 0.602 0.399 0.445 0.092 0.091 
Fe U 0.5 12 0.539 0.567 0.596 0.662 0.69" 0.769 0.807 1.255 1.323 0.732 0.760 
Mn 0.01 1 0.008 0.012 0.0 10 0.010 0.01 1 0.009 0.020 0.017 0.026 0.0 16 0.007 
Mg 3.677 3.528 3.462 3.585 3.480 3.340 3.450 ].]8 1 3.01 I 2.887 3.666 ].610 
C, 1.888 1.95 1 1.886 1.887 1.854 1.872 1.826 1.838 1.924 1.859 1.884 1.878 
N, 0.885 0.896 1.016 0.942 0.932 0.888 0.954 0.94 1 0.978 1.017 0.943 1.011 
K 0.039 0.060 0.024 0.048 0.012 0.0[ 5 0.011 0.017 0.013 0.015 0.004 0.007 
Total 15.82 1 15.769 15.790 15.8 18 15.728 15.660 15.746 15.750 15.893 15 .886 15.913 15.960 

M·" 87.5 86.6 85 .7 85.5 8] .8 82.6 8 1.6 80.4 70.3 68.2 83. ] 82.5 

Sample 72902 82201 70803 82201 82202a 82202a 82202a 82202a 82308e 82]OSe 82811a 828 11a 
I'll PLiI PLi PLiI GBI GBI GBI GBi GB I GB I Gil l! GBII 

· Fe = 10tal iron expressed as FeO, u Fe = Fe' l , "·M= [00 Mg/ Mg + Fe+Mn 
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Tcxl-fig. 22 AIIV vs. Na + K pims of kaCrslllite, Ti
pargasitc, and pargasit e fr o m the H oroma n gab

broic series. 

is associated with c1inopyroxenes (Text-fig. 21). The Ti-pargasite shows strong 
pleochroism from almost colorless to pale brown or reddish brown in thin sectio n, and 
2V z = 84° - 90°. The Ti-pargasite in the Horoman gabbro has been described as a pale 
brown hornb lende by Igi (1953) and Niida (1974) . Small amounts of Ti-poor pargas ite 
were a lso found in the layers of gabbro II. These pargasites are 1.0 mm in maximum 
grain size, and show weak pleochroism from colorless to pale green and 
2Vz=83°- 92° . 

The chemical compositions and the structural formulae of the Ti-rich and Ti-poor 
parga sites from gabbro I and II of the Horoman massif are given in Table 5. The 
Na + K content in these paragasites is 0.85-1.10, and the Al atoms in tetrahedral sites 
are 1.70-1.95 as show n in Text-fig. 22. The Horoman Ti-pargasi te contains up to 
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Text-fig. 23 Total At vs. Ti relation of the Haroman 
kaersutite, Ti -pargasitc, and pargasi le. P and K 
show pargasite and kaersutite fields defined by the 
data from the world (Inomata and Tazaki , 1974), 
Ti-pargasitcs of alkali pyroxenite xenoliths from the 
Lashine Volcano (Dawson and Smith, 1973) and 
wehrlite from the Mikabu zone ( Inomma and 
Tazaki, 1974) are also shown. T; 

5.5 wt. OJo T iD,. According to Aoki and Matsumoto ( 1959) , kaersutite contains more 
than 5.0 wt.% TiD" and Leake (1 968) called amphibole containing more than 0.5 Ti 
atomic numbers kaersutite. Tak ing these definitions into account, some of the 
Haroman Ti-pargasite correspond to kaersut ite. 

Plots of total Al against Ti in the Horoman kaersut ites, Ti-pargasites, and 
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Text-fig. 24 Total Fe + Ti vs. Mg + Alvl relation or kaersutite, Ti-pargasite, and 
pargasite rrom the world (Niida, 1977); marks with cross represent those rrom 
the Horoman gabbroic series. 
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Mg + Fe + Mn rat io showing varia
tio n in Ti content of the Horoman 
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pargasites with frac ti onal crystall iza
tion. 

pargasites are given in Text-fig. 23. The relations between kaersutite and pargasite have 
been discussed by Wilkinson (1961), Wilshire et al. (1971), and Wilshire and Trask 
(1971). Wilkinson (1961) suggested that kaersutite corresponds to titaniferous 
pargasite with the substitution of Mg by Fe'., and gave the general formu la of 
(Na, K, Ca),_,(Mg" Fe'»TiAI, v,Si,O,,(OH) . Natural occurrence of kaersutite produc
ed by the reaction between pargasite and basanite magma has been reported by 
Wilshire et al. (1971). These studies show the intimate relationship between kaersutite 
and pargasite. 

Recently, Ti-pargasites were found in alkalic pyroxenite xenoliths from Lashine 
Volcnao (Dawson and Smith, 1973) and in wehrlites from the Mikabu zone in Japan 
(lnomata and Tazaki, 1974 ; Tazaki and Inomata, 1974). 

Mutual relations among the chemical compositions of kaersutite, Ti-pargasite , and 
pargasite in the world and shown in Text-fig. 24. It is evident from this figure that the 
substi tution of Fe + Ti '" Mg + Alv, in the octachedral site as well as Si '" AI'v in the 
tetrahedral si te takes place in these minerals. The Horoman Ti-rich and Ti-poor 
pargasites are continuously distributed from the pargasite field to the kaersutite 
through the Ti-pargasite fi eld (Text-fig. 24). Therefore, some of the Horoman Ti
pargasite have a similar character to kaersutites. Petrogenesis of the kaersutite-bearing 
rocks was discussed in detail by Vagi (1953) and Aoki and Matsumoto (1959). It is con
sidered that the Horoman kaersutite and Ti-pargasite characterize the gabbro 1 as an 
alkaline rocks. 

Plots of the Ti content of the kaersutite, Ti-pargasite, and pargasite against the 
ratio 100 Mg/ Mg+Fe+Mn (M value) show a trend similar to that of the c1inopyrox
enes (Text-fig. 25). The Ti content gradually increases toward the maximum solubility 
at M = 78, then decreases. The variation trend indicates that composition of the 
Horoman amphiboles was controlled mainly by the chemical composition of magma. 
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of spinels from the Horoman massif. 

PLAGIOCLASE 

Plagioclases occur in gabbroic seams of plagioclase lherzolite I and II, and gabbro I 
and II. The grain shape is usually anhedral. 

The chemical analyses given in Table 6 show a wide range from An" to An9D (mol. 
"10). Such a wide composition range is also observed in each rock type (Text-fig. 26) . 
Plagioclases from the plagioclase lherzolite range from An" to An 79 (mol. %), and 
those from the gabbro I ranges from An" to An" . Plagioclases from the gabbro II are 
more calcic, Ann to AngO _ 
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Tnble 6 EPMA analyses and structural formu lae for plagioclases from the Horoman ultramafic massif 

2 3 4 6 7 8 9 10 II 12 

Si02 46.84 46.67 46.94 47.70 48.99 48.51 49.01 50.45 50.69 50.44 53 .28 53 .50 
TiO l 0.00 O. Jl 0.05 0.02 0.00 0 .03 0.06 0.03 0.00 0.00 0.04 0. 18 
AllOl 34.38 33.84 33.70 33.27 32 .68 32.53 31. 91 31.15 31.02 31.32 29 .31 29.13 
FeO 0.20 0.20 0. 15 0. 18 0.00 0.07 0.24 0 .08 0.08 0.09 0.03 0.08 
rvlnO 0.00 0.02 0.03 0.00 0 .1 2 0.03 0.04 0.00 0.00 0.00 0.D3 0.00 
MgO 0.02 0.00 0.00 0.02 0 .00 0.00 0 .01 0.06 0.03 0.04 0.D2 0.05 
CaD 18 .16 17.54 17.34 16 .87 16 .21 15.99 15.32 14.72 14.44 14.40 12.50 12.40 
Na20 1.23 1,45 1.74 2.04 2.58 2.72 2.88 3.1 4 3.38 3.60 4.68 4.84 
K20 0.00 0.00 0.02 0 .01 0.01 0.02 0.01 0.D3 0.04 0.04 0.08 0.01 
Total 100.84 99.83 99 .97 100 .11 100.59 99.89 99.48 99.66 99.68 99.93 99.97 100. 19 

Numbers of cations on the basis of 32 oxygens 

SI 8.549 8.597 8.633 8.747 8.920 8.898 9.06 1 9.224 9.264 9.204 9.660 9.677 
Al 7.396 7.348 7.307 7. 192 7.014 7.035 6.87 1 6.716 6.684 6.740 6.264 6.2 [2 
TI 0.000 0.015 0.008 0.003 0 .000 0.000 0.000 0.004 0.000 0 .000 0.008 0.025 
Fe" 0.031 0.03 1 0 .023 0.028 0.000 0.01 1 0.037 0.0 12 0.012 0 .0 12 0.004 0.012 
ivln 0.000 0.003 0.005 0.000 0 .018 0.005 0.006 0.000 0.000 0.000 0.004 0.000 
r-,'Ig 0.005 0.000 0.000 0.004 0.000 0.000 0.002 0.016 0.008 0.0 12 0.008 0.015 
C, 3.552 3.462 3.418 3.3 16 3. 162 3. 142 2.998 2.884 2.828 2.8[6 2.428 2.402 
N, 0.435 0 .518 0.620 0.726 0.910 0.968 1.020 1.1 12 1.196 1.272 1.648 1.699 
K 0 .000 0 .000 0.006 0.002 0.002 0.004 0.003 0.008 0.008 0.008 0.020 0.002 
Total 19.970 19.974 20.020 20.0 [8 20.029 20.063 20.006 19.976 20.000 20.064 20.044 20.044 

A" 89.1 87.0 84 .6 82.0 77.2 75.6 74 .6 72. 1 70.2 68.9 59.4 58.6 
Ab 10.9 13.0 [5.3 17 .9 22 .2 23.3 25 .3 27.8 29.6 30.9 40. 1 41.3 
0, 0.0 0.0 0.1 0.1 0.6 l.l 0. 1 0. 1 0.2 0.2 0.5 0. 1 

Sample 8281 1b 8281 [b 82206 828 11 a 629014 82402b 82308c 72607 72905 729[2 72606 82202a 
GUll GUll Glli GUll PL PL Gm PL PL PL PL GS I 

- Fe = tola l iron expressed as FeD, uFe= Fe·2 

Tab le 7 EPMA analyses and structural formulae for ph[ogopites from 
the Horoman ult ramafic massif 

2 4 

Si02 40.64 39 .01 39.83 40.29 
TiOl 6.52 6.45 5.67 6.44 
A[20 l 16.35 15.64 16 .31 16.34 
Fe2Ol • 3.54 3,46 3.61 3.64 
MnO 0.01 0.03 0.02 0.01 
MgO 21.83 21.01 21.21 20.21 
C,O 0.01 0.02 0.01 0.00 
NatO 1.79 1.95 1.63 1.85 
K,o 7.72 8.21 7.96 8.53 

TOlal 98 .41 95.78 96.25 97.3 1 

Formulae on basis of 0 = 22 

{ S 5,48 5.44 5.50 5.52 
Z ~ I ( I V) 2.52 2.56 2.50 2.48 

rl (VII 
0 .08 0.01 0. 15 0.1 6 

Fe-· 0.36 0.36 0.38 0.38 
Y Ti 0.66 0.68 0.59 0.66 

Mn 0.00 0.00 0.00 0.00 
Mg 4.38 4.37 4.36 4 .12 

IC
' 

0.00 0.00 0.00 0.00 
X Na 0.47 0.53 0 .44 0,49 

K 1.33 1.46 1.40 1.49 

Z 8.00 8.00 8.00 8.00 
Y 5,48 5.42 5.48 5.32 
X 1.80 1.99 1.84 1.98 
Mg/ Mg+Fe " 0.924 0.924 0.920 0.9 16 

• Fe20 l - lOlal iron expresscd as Fe20 l 
-· Fe = Fc· l 
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SPINEL 

Primary grains of spinel are found in dunite, plagioclase lherzolite I and II , gabbro 
I, and rarely in lherzolite. Many small grains of recrystallized spinel are aggregated 
with orthopyroxenes in the fine grained seams of lherzolite. Furthermore, recrys talliz
ed spinels, occur as pyroxene-spinel symplectites. 

According to the chemical analyses by Bamba (1953), Nagasaki (1966) and the 
EPMA analyses in this work (Table 7), spinels are highly variable in composition. As 
shown in Text-fig. 27 , reddish brown spinels in dunite are Cr-rich with Cr /C r + AI 
rat ios from 0.45 to 0.65. Brown spinels in gabbroic seams of plagioclase lherzolite have 
a considerably wide range of the Cr/Cr+AI ratio from 0.15 to 0.40 and the 
Mg/ Mg+Fe ratio from 0.54 to 0.74. Green spinels from the margin of GB I are 
characteristically rich in AI and Mg. 

PHLOGOPITE 

A phlogopite vein was found in lherzolite of the Horoman massif (Niida, 1975). 
The phlogopite is 2.0 mm in maximum grain size, and is accompanied by small crysta ls 
of brown spinel. The phlogopite shows strong pleochroi sm from almost colorless to 
pale brown or reddish brown in thin sections, and often exhibits wavy extinciton. 2V x 
is 5°-9° , with a concentration between 7° and 8°. 

The chemical analyses a re given in Table 7. The Mg and Ti contents of the 
Horoman phlogopite are very high. The occurrence and the chemical compositon sug
gest that the Horoman phlogopite was crysta llized out at the latest stage of fractional 
crys tallization . 

Petrogenesis 

PRIMARY CRYSTALLI ZA nON 

The characteristics of chemical composition of the primary minerals and their oc
currences indicate that the genesis of the Horoman ultramafic massif can be explained 
by a successive fractional crystallization that produced a series of rocks from dunite to 
gabbro. Mineral variation with the crystallization of the Horoman ultramafic massif is 
summarized in Text-fig. 28. 

From the facts mentioned above it is considered that the main sequence of the frac
tional crysta llization resulted in the following rock series : dunite - lherzolite -
plagioclase lherzol ite - gabbro I (margin to center) . The texture of dunite indicates 
that olivine, orhtopyroxene, and spinel crystallized at the earliest stage of crystalliza
tion. The olivine formed at the earliest stage is rich in MgO (Fo".,). The MgO content 
of olivine gradually decreases with proceeding crystallization, and Fe-rich olivine 
(Fo,,) crys tallized at the final stage. The orthopyroxene also crystallized at the earliest 
stage. The enstatite content is high (En".,) in the earliest stage of the crystallization 
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gradually decreasing to En8S.S in the later stage. However, no orthopyroxene is found in 
the gabbroic rocks. The clinopyroxene probably crystallized slightly later than the 
olivine and orthopyroxene, and continuously changed in composition from diopside in 
ultramafic rocks to calcic augi te in gabbros. The content of Ca, AI , and Ti in the 
cl inopyroxene shows a similar trend . The clinopyroxenes having the maximum solubili
ty of these elements are observed in the speci mens from the marginal parts o f the gab
bro I layer. The chromian spinel crystallized as a primary mineral. On the other hand , 
spinel, ilmenite, titano-and titaniferous magnetite and magnetite crystallized out one 
after another in the later stage. Ti-rich minerals occurring in the marginal parts of the 
gabbro I, are titaniferous diopside, kaersutite, Ti-pargasite, and ilmenite. 

Another crystallization sequence, dunite - gabbro 11 , is also found in the 
Horoman ultramafic massif. This sequence is locally observed in the Upper Zone of the 
massif. In this sequence olivines are rich in MgO content and have a limited range in 
composition (Fo" to Fo .. ) . The clinopyroxenes a lso have a narrow range (Ca"MgSlFe, 
to Ca"Mg",Fe,). The variation in Ca, AI, and Ti contents of clinopyroxenes is marked
ly different from tha t of the main crys tallization sequence. It is noticed that the Ti-poor 
pargasite and calcic plagioclase are associated with the olivine and the clinopyroxene in 
this sequence. 

It seems that a ll the gabbroic parts were formed by the crystallization of residual li 
quid a t the middle to la ter stage. The fine-grained gabbroi c seams in plagioclase lher
zolite I were probably formed by the crystallization of interstil ita l liquid, and those of 
the plagioclase lherzolite 11 , which is a transitional type between the plagioclase lher
zolite I and thin bands of the gabbro I, also resulted from a more abundant interstitial 
liquid . The thin bands and thick layers (approximately 30 m in maximum thick ness) of 
gabbro I which are common type in the Upper Zone, were crystallized fro m the 
residual liquid at the later or the lates t stage of the crystallization. It is considered from 
the chemical composition of rocks and constituent minerals that the gabbro 11 was 
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formed by crystallization of the MgO-rich residual liquid enclosed in the solid phase of 
dunite and crystallized at the earlier stage. 

The following observations suggest that the residual liquid of the Horoman massif 
gradually changed from non-alkaline to alkaline with proceeding fractional crystalliza
tion. 

I) Ti-rich minerals such as titaniferous diopside to salite, kaersutite, Ti-pargasite, and 
ilmenite crystallized from the residual liquid are characterist ically present in the 
marginal rocks of gabbro I. Orthopyroxene did not crystallize from the residual liquid . 
Olivine crystals in gabbro have no reaction rim. The o livine con tinued to crystallize un
til the latest stage. These are characteristic in alkaline rocks. 
2) The Ca, AI, and Ti contents of the Horoman clinopyroxenes continuously increase 
with proceeding fract ional crystallization. The Ca-tschermak's molecule and titan
pyroxene molecule contents of the clinopyroxenes are lower in dunite, and become 

higher in gabbro. Furthermore, some clinopyroxenes from the gabbro I plot on the 
wollastonite side of the diopside-hedenbergite join. This phenomenon has never been 
reported in clinopyroxenes from non-alkaline rocks. 
3) In the SiO,-AI,O, diagram clinopyroxenes from dunite and lherzolite plot in the 
non-alkaline field, whereas many clinopyroxenes from gabbro plot in the alkal ine field . 
This indicates that the residual liquid becomes alkaline with proceeding fractio nal 
crystallization. 

Field evidence of partial melting has been discussed on some "alpine-type" 
periodotites; the Almklovdalen peridotite by Carswell (1968), the Ronda peridotite by 
Dickey (1970) and Dickey et al. (1977), the Lanzo peridotite by Boudier and Nicolas 
(1977), and the Josephine peridotite by Dick (1977). Boudier and Nicolas (1977) 
reported feldspathic veins and dykes formed by partial fusion of peridotite and dunite 
was thought to be residual. In the case of olivine websterite, which is regarded as a 
trapped partial melt from the Josephine peridotite (Dick, 1977), the minerals in the 
residual peridotites show a systematic variation in composit ion from pyroxene-rich to 
more refractory pyroxene-poor harzburgite. 

The most important problem is understanding how the gabbro in the Horoman 
layered sequence formed. The residual magma model for the Horoman gabbros, ex
plained above, has several advantages over a partial melting model. 

The following evidence negates the partial melting model. 
1) The gabbroic layers (GB I) generally occur in plagioclase Iherzolites which represent 
the more Fe-rich rocks in the Horoman ultramafic rock series. In the Upper Zone the 
gabbro I is often interlayered with Fe-rich dunite. In both cases, the ratio Fe/ Mg+ Fe 
in ferromagnesian minerals continuously increases toward gabbros throughout the 
ultramafic rock series. Hence, it is more li kely that the varia tion trend of Fe/ Mg + Fe 
is a result of fractional crystallization. 
2) The Horoman layered sequence is characterized by the diverse rock series, dunite -
lherzolite - plagioclase lherzolite - gabbro, which shows a systematic variation in 
composition. The mineralogy also shows wide systematic ranges in chemical composi
tions (Text-fig. 28). As might be expected, fractional crystallization produces diverse 
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lithologies and wide variations in chemical composition of silicate minerals, while par
tial melting is expected to leave a solid residue of nearly uniform composition 
(Presnall, 1969). 

CRYPTIC LAYERING AND ITS ORIGIN 

The term cryptic layering, which has been commonly used in the layered intrusins 
(e.g. Hess, 1969; Wager and Brown, 1967; Wager, 1968), means the inconspicuous and 
grad ual change in mineral composit ions toward upsection. It is one of the most impor
tant phenomena used in explaining the genesis of layered sequences. The cryptic varia
tion of minerals in the Horoman layered sequence is summarized in Text-fig. 29. 

The cryptic variation of olivine, orthopyroxene, and plagioclase, observed in the 
Lower Zone of the Horoman ultramafic massif is in harmony with the lithological 
change in layering. Forsterite content of olivine shows a successive variation from 
lower to upper compositional layers. The cryptic layering of olivine shows a "sym
metrical and wavy" pattern. in which the maximum Fo content is found at the center of 
the dunite layers, and the minimum at the center of the plagioclase lherzolite. The cryp
tic variation in enstatite content of orthopyroxene is consistent with the Fa content of 
the coexisting olivine. These features of cryptic layering disagree with Nagasaki' s 
results (Nagasaki, 1962, 1966). 

It is noted that the minimum values of Fo content of olivine and En content of or
thopyroxene occur at the centers of the plagioclase lherzolite layers and that the values 
slightly decrease upward in the massif. This is an important tendency that Fe content 
of the minerals gradually increases from the bottom to the top of the massif. 

Mol. '70 An of plagioclase in the plagioclase lherzolite from the Lower Zone 
decreases toward the center of the layers (Text-fig. 29). 

In the Upper Zone of the massif, however, the cryptic layering is characterized by a 
rapid and successive variat ion in accordance with the lithological changes in the layer
ing. Text-fig. 30 shows the cryptic layering in the gabbro I layer (I m in thickness) in 
the Upper Zone . The composition of olivines varies continuously from Fo" at the 
margin of the layer to Fo" at the center. Variation o f the 100 Mg/ Mg+Fe+ Mn ratio 
of c1inopyroxenes is similar to that of olivines. The TiO, content of c1inopyroxenes a lso 
varies from 2.4 wI. '70 at the margin to 0.5 wI. '70 at the center. 

Origin of the Horoman ultramafic layered sequence is not explained well by the 
concept of crystal sinking used in the Skaergaard, Stillwater, and other layered com
plexes. Several concepts for origin of the layering in the "alpine-type" peridotites have 
been proposed. However, none of them adcquately expla ins the origin of well
developed layered structure observed in the Horoman massif. Therefore, the present 
writer proposes a new mechanism for the formation of layered sequences in the 
"alpine-type" peridotite (Text-fig. 3 I). 

At the later stage of crystallization the Horoman massif probably reached a stage 
when it possessed an alkaline residual liquid within solid phases of ultramafic ones. 
Before the alkaline liquid was formed, the crystallization of the Horoman massif pass-
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Text-fig. 29 Cryptic variation in Fa content of olivine, En content of 
orthopyroxene, and An content of plagioclase, in the columnar sec
tion along the Haroman River. 1: dunilc, 2: lherzolite, 3: plagioclase 
lherzolite, 4: gabbro. 

ed through a non-alkaline crystal mush stage (Stage I). The crystallization in the Lower 
Zone proceeded slightly more than that in the Upper Zone as inferred from the consis
tent increase in Fe content of the ferromagnesian silicates upward in the massif. Subse
quent to the non-alkaline crystal mush stage, the crystallization proceeded to a stage at 
which the ultramafic solid phases crystallized out and the residual liquid became 
a lkaline in chemical composition (Stage II). 

At this stage, the Lower Zone, composed mainly of the ultramafic rocks, is con
sidered to have almost solidified, except for very small pockets of residual liquid at 
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Text-rig. 30 A cryptic variation in gabbro I layer (I III in thickness) from 
the Upper Zone of the Horoman massif. 
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Text-rig. 31 Schematic diagram illustrating the 
residual magma stage of crystalli zation of 
the Horoman massif in the upper mant le. 
I. Residual liquids of the gabbro I (black) 
and gabbro 11 (shaded) trapped in ultra
mafic solid phases. 2. Intersti tial liquids 
trapped in ultramafic solid phases of 
plagioclase lherzolite II. 3. Interst it ial li
quids trapped in ultramafic solid phases of 
plagioclase lherzolite I. 4. Lherzolit es 
already solidified. 5. Dunites composed of 
Mg-rich olivines (large dots) and Fe-rich 
olivi nes (small dots). 

several parts. It is thought that the uilramafic solid phase around the residual liquid 
was plagioclase lherzolite in which some interstitial liquid still remained. A zonal ar
rangement of inner plagioclase lherzoli te with the interstitial liquid outward to lher
zol ite, and dunite, was probably fo rmed from the pocket of the residual liquid. A 
tendency of Fe-enrichment in the liquid also occurred with crystall ization since Mg-rich 
minerals crystallized a t the earlier stage are found in the dunite and Fe-rich minerals in 
the plagioclase lherzolite. 

It must be noted that the residual liquid concentrated mainly in the Upper Zone of 
the massif at the same time. The plagioclase lherzolite I and II wit h interstitial liquid is 
a lso thought to have crystallized around the pockets o f the residua l liquid that formed 
the gabbro I. The residual liquid producing gabbro II was included locally in dunite of 
the Upper Zone. 

While the res idual liquid still remained, intrusion of the whole massif probab ly 
took place (Stage III). This movement resulted in formation of the layering. The sym
metrical pallern of the cryptic layering, as well as phase layering, was formed by inter
nal sliding of the massif. In the ultramafic rocks, which were already solidified, defor
mation and recrystall ization took place especially in the Lower Zone, and the strongly 
strained grains of olivine and pyroxene were formed near the lowest parts of the 
massif. On the other hand, the crystallization proceeded in the residual liquid. The in
terstitialliquid crystallized into the fine grained gabbroic seams in the plagioclase lher-



240 K. Niida 

zolite I and II. Addi tiona lly, the residual liqu id crystallized 10 form thin bands and 
thick layers o f gabb ro I. Both lineations with igneous and teclOnic characters are con
sidered to have for med parallel to the direction o f the movement at this stage. 

Subsequent to the complete consolidat ion, the Horoma n massif intruded in the 
solid state IOward the present level along the deep-seated thrust fa ult zone (Stage IV). 
Many seams composed of the monomineralic fine oli vine were formed near the bottom 

of the massif duri ng the upli ft. At the final stage of the emplacement the Horoman 
massif was a ffected by fracturing and weak serpentinization near the surface. Aggrega
tions o f small grains of ta lc and tremoli te were formed along the fractures before the 
emplacement at the present position. 

REC RYSTALLI ZATION AND RE-EQUILI BRATION 

As menti oned in the chapters of petrography and mineralogy, the Horoman 
ult ramafic rocks a re strongly modi fied by deep-seated deformation and recrys ta lliza
tion. The followi ng modificatio ns by recrysta llizat ion are observed : 
I) Primary olivine - recrys tallized olivine 
2) Aluminous orthopyroxene - orthopyroxene + clinopyroxene + spinel 
3) Alum inous orthopyroxene - orthopyroxene + cl inopyroxene + spinel + plagioclase 
4) Aluminous orthopyroxene - orthopyroxene + plagioclase + spinel 
5) Aluminous orthopyroxene + spinel - orthopyroxene + a luminous spinel 

Pyroxene-spinel symplectites fo rmed by breakdowns 2) , 3) and 4) are rarely observ
ed in the aluminous orthopyroxenes. Primary chromian spinels can not be fo und in 
lherzolite. The spinels and alumi nous orthopyroxenes a re expected 10 be transformed 
into orthopyroxene + spinel seams, which a re commonly observed in the lherzolite, by 
reac tion 5). 

As shown in Tex t-fig. 32 , two different trends in compositional variation can be 
traced; one is a primary crysta llization trend showing Fe-enrichment in orthopyroxene 

and the other is a recrys talliza tion and re-equilibration trend showing Ca-depletion 
caused by diffusion between sol id phases. The highest value in the Ca/ Ca+ Mg+ Fe of 
orthopyroxenes reaches approx imately 3.0 at the earliest stage o f the crysta llizat ion. 
The value increases and eventua lly reaches about 3.3 a t the la ter stage. The Ca
depletion trend is recognized as a compositional zoning of Ca/Ca+ Mg+Fe in primary 
orthopyroxene porphyroclasts, as shown by the tie-lines fro m the core (C) to the 
margi n (M) of pri mary grains in Text- fig. 32. As might be expected , recrys tall ized 
grains (R) have very low values of Ca / Ca+ Mg+Fe ranging fro m 0.5 to 1.5. The 
Horoman c1inopyroxenes are a lso zoned a t the periphery of the primary grains. 

Recogni tio n of primary compositions of pyroxenes has been carried out by com
positional mapping (Obata, 1980). The primary composition may be regarded as a high 
and uniform compositional pla teau in the primary orthopyroxenes. As for the 
Horoman orthopyroxenes the primary compos ition can be obta ined by step-scanning 
EPMA analyses (Text-fig. 33). The variation pa tterns of AI,O, and CaO contents fo rm 
the highest, fl a t, uni form compositional plateaus at the core of the primary grains of 
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orthopyroxene. At the margin of orthopyroxenes, negative concentration gradient of 
AI,O, and CaO are pronounced toward the periphery of the grains. The Cr,O, content 
also decreases at the margin . In this case the Mg/ Mg + Fe ratio is rather constant 
throughout the grains. 

TEMPERATURE ESTIMATES 

Temperatures of equilibration of chemically analyzed orthopyroxene
clinopyroxene pairs from the Haroman ultramafic rocks are summarized in Text- fig, 
34. The temperatures were calculated for the core-core pairs of porphyroclastic 
primary grains. using the semi-empirical orthopyroxene-clinopyroxene geother
mometer proposed by Wood and Banno (1973). Estimates for the same pairs using the 
Well' s (1977) recalibration differ by 40° to 60°C from the temperatures obtained from 
the Wood and Banno' s (1973) equation. 

The equilibration temperatures mostly range between 900°C and I, 100°C, in
dicating subsolidus temperatures and that the Haroman ultramafic rocks were re
equilibrated in the upper mantle. Text-fig . 34 also shows the equilibration temperatures 
calculated for recrys tallized orthopyroxene-clinopyroxene pairs. The temperatures for 
the Horoman pyroxene neoblasts range from 850°C to I,OOO°C, which are con
siderably lower than those for primary porphyroclasts. It is expected from the 
estimates that the Horoman ultramsfi c rocks were re-equilibrated under the above sub
solidus conditions at which deformation and recrystallization proceeded. 

Text-fig. 35 plots in KD against Yc, =Cr/ Cr+AI + Fe' · for the analyzed spinels that 

K __ X:-:;:;~IC-" --:cx",~~::-
D - - , OJ X Sp 

X Fc :-'-Ig 

lie on the chromite-spinel join with Y c, held constant at 0.05. The KD values defined as 
were calcu lated for olivine-spinel pairs from the Horoman ultramafic series. The 
700°C and I ,200°C isopleths in Text-fig. 35 are from Evans and Frost (1975) . All of 
the olivine-spinel pairs are plotted in the area between 700°C and I,OOO°C. The 
quilibration temperatures are considerably lower than those obtained from the 
orthopyroxene-clinopyroxene pairs. It is questionable whether the olivine-spinel pairs 
coexisted in equilibrium under the subsolidus conditions or not. 

TECTONIC INTRUSION MODEL FROM THE UPPER MANTLE 

Considering the foregoing petrographical and mineralogical conclusions and 
discussions, a tectonic intrusion model for the Horoman layered massif is proposed as 
follows (Text-fi g. 36). 

The Horoman ultramafic rocks existed primarily as solid phases in the upper man
tle. The ultramafic solids trapped the residual magma in many pockets, as mentioned 
earlier. At that time the ultramafic solids of dunite and lherzolite compositions were 



D 

L 

PL 

CPX 
& 

OPX 

HDRDMAN ULT RAMAFIC ROCKS 243 

Recrystallized 

opx - Cpx pai r s 

Text-rig . 34 Histogram of equilibration 
tcmperatures for Opx-Cpx parirs of 
porphyroclaslic primary grains (box 
wi th cross) and recrystallized grains 
(open box) of the Horoman ultra
mafic massif. Calculat ion by the 
Opx-Cpx geothermomcter (Wood 
and Sanno, 1973). 

in Ko 
3.0 / 00 / ,0' . , 

" W PL I 

II> PL II 

$ .' '" 

+ OPX 

2.0 

~. 
+ . oC .. +aJ \1)1/) 

' ", 

!~$'l 
tll)O · C 

].0 

Text-rig.3S In KD vs. Cr / Cr+ AI plots showing the reequilibralion 
tcmperatures for the Horoman Ol-Sp pairs. 700°C and 1,200°C 
isopleths by Evans and Frost (1975). 



244 K. Niida 

completely consolidated, whereas those of plagioclase lherzolite probably possessed an 
interstitial liquid among the solid phases. The residual and interstitial magmas later 
crystallized into gabbroic phases, resulting in the gabbro I and II and the gabbroic 
seams in the plagioclase lherzolite I and II. 

The equ ilibration temperatures ranging from 9000e to I , 1000e, obtained by 
calculations using the orthopyroxene-clinopyroxene geothermometer, were primarily 
frozen under the subsolidus conditions in the Upper mantle at that time. 

Following the primary conditions, deformation and recrystallization took place in 
the solid parts of the mantle. The primary minerals were strongly strained and 
elonga ted into coarse, deformed grains with many kink bands. A large amount of 
olivine and pyroxene neoblasts were formed by inter- and intracrystalline recrystalliza
tion of primary grains which were also modified into porphyroclasts. The layered se
quence of the Horoman massif is considered to have formed at that time by a gliding 
movement of the solid mantle wi th small magma pockets, and then a fragment of the 
mantle was pulled apart from the mantle and intruded into the Earth's crust. Strong 
concentratins of (100) crysta llographic axis of olivi ne parallel to the lineations, 
repor ted by Niida (1975), were also formed. The temperatures estimated for the 
recrystallized pyroxene pairs, ranging between 850° and 1,0000e, indicated that the 
ultramafic solid phases were re-equilibrated under the cond itions during the deforma
tion and recrystallization processes. 

As shown in Text-fig. 36, the re-eq uilibration in the upper mant le was followed by 
re-equilibration under the Earth's crust conditions. While the solid intrusion was 

uplifted tectonically toward the surface, intensive mylonitization probably occurred in 
the lower parts of the ultramafic sequence. Subsequently, the massif was affected by 
fracturing and weak serpenti nization near the surface. Aggregations of talc and / or 
tremolite occurred a long the fractures before the emplacement of the massif to the pre
sent position. 

t 
T 
E 
C 
T 
0 700 Ue 

" \ I 
C 

I S)OoC 
N \ T 
R 
U 
S 900°C 
I 

\ 0 
N 1 tOOOc 

I 

LAYERED ULTR.,'l·IAFIC NASSIF 

in the l·lain Zone 

Fracturing 
and ~Icak Serpentinization 

t 
Hylonitization 

(Re-equilibration) ~ 

I / 

Deformation Crysta-
Recrystallization Ili]"tiOn 
Re-equi!ibratio n 

D- (H) -L -PL GBL II 
Solid Hantle Residu.-ll 

~Iagma 

FRACTIONAL CRYSTALLIZATION? 

1-1oho? 

Text-fig. 36 Schematic diagram show
ing the tectonic development of the 
Horoman layered uliramarie massif 
rrom the upper mantle toward the 
surfaee. 



r 

HOROMAN UL TRArvlAFIC ROCKS 245 

Conclusions 

I) The Horoman ultramafic massif represents an "alpine-type" ultramafic body 
which is a gently warped sheet more than 3,000 m in thickness. The massif ex hibits a 
well-developed layered structure which consists of layers of dunite, lherzolite, 
plagioclase lherzolite, and a small amount of gabbro and pyroxenite. Two types of 
layering are distinguished; one has a conspicuous layered structure consisting of thin 
compositional layers in the Upper Zone of the massif, and the other is characterized by 
massive, thick, and gradational composi lionallayers in the Lower Zone. The massif is 
completely bounded by faults and shear zones . Evidence of contact metamorphim has 
not been found . The Horoman massif is regarded as a continuous body, because the se
quence of the layering is traceable throughout the massif. Lineations show a constant 
direction of NI5 °E-SI5 °W throughout the massif. It is probable that the thick sheet 
was uplifted along the deep-seated thrust fa ult zone striking NW:SE, which passes 
through the northern side of the massif, and that the completely solidified sheet was 
thrust up to the southwest with gentle inclination to near the present level. 

2) The textures of the Horoman ultramafic rocks are characterized by deforma
tion, recrystallization and mylonitization. Except for the gabbroic rocks, no primary 

igneous texture is found in the ultramafic rocks of the massif. Three different types of 
olivine are classified from the grain size, grain shape, and mode of deformation. The 
first type is a coarse, deformed olivine which is considered to be porphyroclastic 
primary grai ns with many kink bands. The second type is a polygonal olivine showing a 
typical mosaic texLUre which was most probably formed by recrystallization. The last 
one is a fine olivine which was produced by mylonitization. Strongly strained grains of 
the olivine porphyroclasts are often found in the Lower Zone of the massif. Moreover, 
monomineralic seams of the fine olivine characteristically develop near the lowest parts 
of the massif. The textural development after consolidation of the massif can be con
sidered as follows; formation of layered sequence - deformation of primary coarse 
olivine and recrystallization into polygonal olivine - mylonitization - fracturing and 
weak serpentinization. 

3) The Lower Zone of the Horoman massif is made up mainly of the thick layers of 
dunite, lherzolite, and plagioclase lherzolite. The layering is characterized by a regular 
repetition in the layered sequence. On the other hand, the Upper Zone is characterized 
by development of the gabbroic rocks and a conspicuous layered structure, showing 
alternation of thin bands and layers of the plagioclase lherzolite, gabbro, and dunite. 
The cryptic layering of the Hareman massif shows a "symmetrical and wavy" pattern 
of gradual increase and decrease in Fe content of ferromagnesian silicates with the 
lithological change in the layered sequence . Futhermore, a consistent increase in Fe 
content of the minerals upward in the massif is also observed. 

4) On the basis of chemical composition of the primary minerals the genesis of the 
Horoman massif can be explained by a successive fractional crystallization. The main 
sequence of the fractional crystallization resulted in the following series : dunite - lher
zolite - plagioclase Iherzolie - gabbro I. Another fractional crystallization sequence 
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which is recognized locally in the Upper Zone of the massif caused a continuous change 
from dunite to gabbro II. It seams li kely that all the gabbroic rocks were formed by 
crystalli zation of residual liquids at the later stage. The gabbroic seams in the 
plagioclase lherzolite were also formed by crystallization of interstitial liquids. The 
residual liquid of the Horoman massif gradually changed from non-alkali ne to alka li ne 
with proceeding fractional crys tallization. 

S) The Horoman ultramafic rocks have been strongly modified by deep-seated 
deformation and recrystallization. Two different variation trends in chemical composi
tion of primary pyroxenes can be traced; one is a primary crystallization trend which 
shows Fe-enrichment during proceeding of fractional crystallization, and the other is a 
re-equilibration trend which shows AI-, Ca-, and Cr- depletions at the margin. Step
scanning EPMA analyses revealed that the primary compositions show high and cons
tant compositional plateaus at the core of the porphyroclastic primary grains. 

6) The equilibration temperatures were calculated for the othopyroxene
clinopyroxene pairs of primary grains, using the pyroxene geothermometer proposed 
by Wood and Banno (1973). The temperatures range from 900° to I , IOO°C. The 
temperature estimates for neoblastic recrystallized grains of pyroxene range between 
8S00 and I,OOO°C. The Horoman ultramafic rocks are considered to have been re
equilibrated under the above subsol idus conditions in the upper mantle where deforma
tion and recrystallization occurred. 
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