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Abstract 

Ilvaite is sparsely disseminated in a serpentinized plagioclase wehrlite of the Asama igneous complex that 
underwent the Sambagawa regional metamorphism of pumpellyite-actinolite to greenschist facies. Ilvaite in 
the Asama complex is monoclinic (a = 13.019(5), b = 8.808(2), c = 5.850(4) A, 13 = 90.19(4)~ and its 
composition is similar to the ideal end-member composition (CaFe~+Fe3+SizO8OH). Ilvaite occurs in mats of 
serpentine (chrysotile); it probably formed during serpentinization, which might have accompanied the 
Sambagawa metamorphism. The associated secondary minerals include salitic clinopyroxene, magnetite and 
andradite. The ilvaite-free mineral assemblage that formed during the serpentinization is usually serpentine- 
clinopyroxene-magnetite, which is widespread in the complex. The phase relations between coexisting 
minerals suggest that the conditions during the formation of the ilvaite-bearing assemblage were reducing 
when compared to those of the assemblage serpentine-clinopyroxene-magnetite. The reducing conditions 
during the ilvaite formation were presumably brought about by hydrogen gas thatl was generated during the 
serpentinization of olivine. 

KEYwO~s: ilvaite, serpentinization, reducing conditions, Asama igneous complex, Mikabu greenstone belt, 
Sambagawa metamorphism. 

Introduction 

ILVAITE is a rather rare Ca-Fe silicate, and typically 
occurs in Ca-Fe-Si skarn (Burt, 1971; Pesquera and 
Velasco, 1986). Ilvaite has been reported as a 
hydrothermal product in the upper part of the 
Skaergaard intrusion (Ramdohr, 1969; Naslund et 
al., 1983) and in a dolerite dyke in Norway (Barton 
and Bergen, 1984). It also occurs in rodingites 
associated with serpentinite (Lucchetti, 1989) and 
in Fe-rich veins cutting metamorphosed serpentinite 
(Dietrich, 1972; Graeser, 1975). 

Ilvaite is sparsely disseminated in a serpentinized 
peridotite of the Asama igneous complex, a layered 
mafic-ultramafic intrusion in the Mikabu greenstone 
belt, Mie Prefecture, central Japan (Agata, 1989, 
1994). It is associated with serpentine, secondary 
salitic clinopyroxene, magnetite and andradite. This 

paper describes the occurrence, mineral paragenesis, 
and physical and chemical properties of ilvaite, and 
discusses some of the genesis of ilvaite. 

A brief account of geology in the Asama area has 
been given by Nakamura (1971). The igneous 
petrology of the Asama complex has been investi- 
gated by Agata (1989, 1994), who has shown that the 
complex had a parental magma of a Hawaiian 
tholeiite composition and formed in an oceanic 
island. 

Geological background 

The Asama igneous complex has an exposed area of 
about 500 x 6000 m (Agata, 1989, 1994). Its 
margins terminate against basaltic rocks by faults, 
and there is no trace of chilled rocks. The layered 
structures, including modal layering and igneous 
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lamination, are nearly vertical and generally strike E- 
W. The layered sequence comprises dunite, plagio- 
clase wehrlite, olivine gabbro, anorthositic gabbro 
and two-pyroxene gabbro. The complex is divided 
into three zones: (1) the Lower zone consisting 
mainly of peridotites (about 200 m thick); (2) the 
Middle zone comprising a sequence of alternating 
peridotites and gabbros (about 200 m thick); and (3) 
the Upper zone composed mainly of gabbroic rocks 
(about 60 m thick). The crystallisation sequence of 
cumulus minerals is olivine and chromite first, 
followed by clinopyroxene and plagioclase together, 
and the final appearance of orthopyroxene. Olivine 
decreases its Fo mole from 89 to 78% from the base 
to the middle portion of the exposed layered 
sequence. The composition of clinopyroxene varies 
from Ca49Mgn6Fe5 to Caa0Mg47Fe13 with the 
stratigraphic height. 

The Mikabu greenstone belt, in which the Asama 
igneous complex occurs, underwent the Sambagawa 
regional metamorphism of pumpellyite-actinolite to 
greenschist facies (e.g. Seki et  al. ,  1964; Banno, 
1992;). Secondary minerals such as albite, pumpel- 
lyite, actinolite and chlorite are widespread in the 

Asama complex. These secondary minerals are 
apparently products of the Sambagawa meta- 
morphism. Pumpellyite and albite replaced magmatic 
plagioclase. Small amounts of clinozoisite and 
grossular are locally associated with pumpellyite 
and albite. Actinolite replaced magmatic clino- 
pyroxene. Chlorite was observed in the contacts 
between olivine and albite-pumpellyite mixture after 
magmatic plagioclase. 

The Asama peridotites underwent serpentinization 
in addition to the Sambagawa metamorphism. Most 
olivine grains were converted to aggregates of 
chrysotile and associated minerals, some of which 
also replaced actinolite, pumpellyite and some other 
minerals that are products of the Sambagawa 
metamorphism. Serpentine usually occurs together 
with secondary clinopyroxene and magnetite. 
Secondary clinopyroxene is generally fibrous and in 
places prismatic. Fibrous clinopyroxene commonly 
forms radial aggregates together with serpentine. 
Prismatic clinopyroxene is generally disseminated in 
aggregates of serpentine, and in places replaced 
actinolite. Prismatic clinopyroxene also forms 
network veinlets, which commonly contain chlorite, 

N 

FIG. I. Geological map of the Asama area, showing the locality of ilvaite (I). 
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locally andradite and rarely melanite. Clinopyroxene 
veinlets cut both igneous and metamorphic minerals 
including actinolite, albite and pumpellyite. 
Clinopyroxene is a rather rare mineral as a product 
during serpentinization, but has been sometimes 
reported in serpentinites of the Mikabu greenstone 
belt (e.g. Onuki et al., 1982; Mouri and Enami, 
1988). Magnetite is disseminated in mats of 
s e r p e n t i n e  and f i b r o u s  c l i n o p y r o x e n e .  
'Ferritchromit' (Fe3+-rich Cr spinel formed as the 
result of alteration of magmatic chromite; Ramdohr, 
1969) occurs in rims of igneous chromite. The 
amount of 'Ferritchromit' increases with increasing 
amounts of serpentine; 'Ferritchromit' presumably 
formed during the serpentinization. 

Occurrence 

Ilvaite was found in only one serpentinized 
plagioclase wehrlite sample (sample no. = MA-1) 
that occurs at the top of the Lower zone (Fig. 1). The 
ilvaite-bearing plagioclase wehrlite is an olivine- 
chromite heteradcumulate. 

Cumulus olivine (Fos2) and chromite show 
euhedral to subhedral grains enveloped by poikilitic 
intercumulus cl inopyroxene (Ca48Mg45FeT- 
Ca48Mg43Fe9) and plagioclase. Chromite usually 
forms discrete grains and occasionally intergrowths 
with ilmenite. The minerals formed as the result of 
the Sambagawa metamorphism comprise albite, 
pumpellyite, grossular, clinozoisite, chlorite and 
actinolite.Ilvaite is sparsely disseminated in mats of 
chrysotile and fibrous clinopyroxene that replaced 
olivine. It shows generally prismatic, and in places 
irregular, grains smaller than 0.2 mm in size, and 
locally forms aggregates of several grains. A strong 
pleochroism was observed in ilvaite" X = light 
brown, Y = dark brown, and Z = dark green. 

The minerals associated with ilvaite comprise 
magnetite and andradite. They generally form 
irregular, anhedral grains. Disseminated prismatic 
clinopyroxene is also associated with ilvaite. The 
other secondary minerals in the ilvaite-bearing 
sample include 'Ferritchromit' intergrown with 
ilmenite. The 'Ferritchromit'-ilmenite intergrowth 
forms rims of chromite-ilmenite intergrowth. The 
intergrown 'Ferritchromit' and ilmenite are probably 
alteration products of ilmenite-chromite intergrowth 
that presumably formed as the result of exsolution of 
Ti-r ich chromite before the formation of 
'Ferritchromit' (Agata, 1994). 

X-ray crystallography and chemistry 

Ilvaite was examined on a Rigaku RU-200 X-ray 
microdiffractometer, using V-filtered Cr-Kc~ radia- 
tion; accelerating voltage 50 kV, current 200 mA. 

Nineteen X-ray diffraction peaks were obtained from 
four selected ilvaite polygrain areas about 30 gm in 
diameter, and the diffraction pattern is roughly 
similar to that in Powder Diffraction File, Set 
11-15 (t972). 

Two polymorphs of ilvaite have been recognized 
by Bartholom6 et al. (1968) and Dietrich (1972): 
orthorhombic and monoclinic polymorphs. The 
monoclinic 13 angle of ilvaite is related to the 
occupancies of Fe 2§ and Fe 3+ in the Fe(ll)  and 
Fe(12) sites (Tak6uchi et al., 1983) and changes from 
90.00 ~ (orthorhombic) to 90.61 ~ with increasing 
Fe2+-Fe 3+ order parameter (r 1 = IOP-501/50, where 
OP is atomic % occupancy of Fe 2§ or Fe 3+ in one of 
the two sites) (Finger and Hazen, 1987). A lattice 
constant determination of the Asama ilvaite with 
monoclinic constraints, by a least-squares refinement 
of 15 selected peaks that overlap no other peaks, 
gives the 13 angle of 90.19(4) ~ . The determined 13 
angle deviates by more than 4.7c from 90~ the 
diffraction pattern, moreover, showed h k l - h k i  peak 
splitting that is characteristic of monoclinic ilvaite 
(Dietrich, 1972). 

The Asama ilvaite is probably monoclinic; its 
order parameter was calculated to be 0.31 by using 
the equation of Finger and Hazen (1987). The unit 
cell parameters except for the 13 angle are: a = 
13.019(5), b = 8.808(2), and c = 5.850(4) A. 

Ilvaite and other minerals were analysed on a 
JEOL electron probe X-ray microanalyser, Model 
JCXA-733. Accelerating voltage, specimen current 
and beam diameter were 15 kV, 1.2-1.3 x 10 -8 A 
and 3 I.tm, respectively. 

Representative electron microprobe analyses of 
ilvaite are given in Table 1. The composition of 
ilvaite is close to the ideal end-member composition 
(CaFe~+Fea+Si208(OH)). Ilvaite also contains 1.7-2.2 
wt.% MgO and 1.9-2.5 wt.% MnO. The composition 
of secondary clinopyroxene lies close to the join 
diopside-hedenbergite (Table 2). Clinopyroxene 
associated with ilvaite has compositions around 
Ca47MgnsFe8 (Fig. 2). 'Ferritchromit' intergrown 
with ilmenite is enriched in Ti, Fe 3§ and Fe 2§ 
when compared to chromite core intergrown with 
ilmenite (Table 3). 

Discussion 

The associated minerals suggest that ilvaite in the 
Asama complex formed during serpentinization. 
Secondary minerals associated with serpentine in 
places replaced albite, pumpellyite, actinolite and 
some other minerals that are apparently products of 
the Sambagawa metamorphism; the formation of 
ilvaite probably did not take place before the 
Sambagawa metamorphism. There is no evidence 
suggesting that any thermal events occurred after the 
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Sambagawa metamorphism was complete. The 
serpentinization related to the formation of ilvaite 
might have been an alteration that accompanied the 
Sambagawa metamorphism. 

The Asama ilvaite-bearing assemblage, whose 
minerals are in contact with one another, is 
serpentine-clinopyroxene-ilvaite-andradite-magne- 
tite. The ilvaite-free mineral assemblage that formed 
during the serpentinization is usually serpentine- 
clinopyroxene-magnetite. The assemblage serpen- 
t ine-clinopyroxene-ilvaite-andradite-magneti te is 
invariant at a fixed T and P in the system Ca-Mg-  
F e - S i - O - H  with a fluid containing H20 and 02. The 
chemical reactions expressing the equilibrium rela- 
tions between the minerals of the invariant assem- 
blage may include: 

6CaFeSi206 + 4Fe304 + 3H20 
= 6CaFe3Si208(OH) + �89 (1) 

hedenbergite magnetite ilvaite 

26CaFeSi206 + 8Ca3Fe2Si3Olz + 12Mg3Si2Os(OH)4 
hedenbergite andradite serpentine 

= 14CaFe3Si2Os(OH) + 36CaMgSi206 + 17H20 + �89 
ilvaite diopside 

27CaMgSi206 + 7Fe304 + 18H20 
diopside magnetite 

= 9Mg3SizOs(OH)4 + 6Ca3Fe2Si3012 + 9CaFeSi206 + �89 
serpentine andradite hedenbergite (3) 

The phase relations between ilvaite, magnetite and 
andradite at a fixed T, P and PH~o, expected from 
these three chemical equations by assuming serpen- 
tine and clinopyroxene to be excess phases, can be 
depicted in the fo~-Xdi (mole fraction of diopside) 
diagram as in Fig. 3. Figure 3 shows that the stability 
fields of ilvaite and andradite lie in relatively fo2-1ow 
portions; magnetite is stable in a portion of relatively 
high fo2. The Asama ilvaite-bearing assemblage 
occurs close to the assemblage serpentine-clino- 
pyroxene-magnetite; the temperatures, pressures and 
water pressures during the formations of the two 
assemblages seem to have been similar to each other. 
The ilvaite-bearing assemblage lies at the invariant 
point in Fig. 3, and is considered to have formed at an 
f% that was lower than that during the formation of 
the assemblage serpentine-clinopyroxene-magnetite. 

A spinel-ilmenite geothermo- and oxygen geoba- 
rometer has been investigated by many authors (e.g. 
Buddington and Linsley, 1964; Powell and Powell, 
1977). This geothermo- and oxygen geobarometer 
has been re-evaluated in the system Fe-Ti -O by 
Spencer and Linsley (1981), and Stormer (1983) has 
devised a method of calculation of temperature and 
oxygen fugacity for pairs of natural spinel and 
ilmenite containing MgO, Cr203 and some other 
elements. A grain of 'Ferritchromit'-ilmenite inter- 
growth occurs about 1 mm away from ilvaite grains. 

TABLE 1. Representative electron microprobe analyses of ilvaite 

1 2 3 Theoretical 
Sample no. MA-1 MA-1 MA-1 

SiO2 29.77 29.71 29.88 29.40 
TiO2 0.00 0.09 0.03 - 
A1203 0.04 0.04 0.02 - 
Fe203* 20.11 19.35 19.73 19.53 
FeO 29.91 30.58 29.80 35.15 
MnO 2.19 1.91 2.43 - 
MgO 1.95 1.75 2.16 - 
CaO 13.94 13.82 13.66 13.72 

Total 97.91 97.25 97.71 97.80 

Cation ratios on the basis of O = 8.5 
Si 1.992 2.003 2.001 2.000 
A1 0.003 0.003 0.002 - 
Ti 0.000 0.005 0.002 - 
Fe 3+ 1.013 0.982 0.994 1.000 
Fe 2+ 1.674 1.724 1.669 2.000 
Mn 0.124 0.109 0.138 - 
Mg 0.195 0.176 0.216 - 
Ca 0.999 0.998 0.980 1.000 

* Calculated with adjustment of total cations to 6 for O = 8.5. 
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FIG. 2. Plots of secondary clinopyroxene on the Ca-Mg-Fe diagram. A: disseminated clinopyroxene associated with 
ilvaite, andradite, magnetite and serpentine; B: disseminated clinopyroxene associated with magnetite and serpentine 

(without ilvaite and andradite); C: clinopyroxene-forming veinlets. 

f02 

T Ilvaite ~Andradite 
I xo~ + x.~,t  = 1 j 

Xoi 
Fzc. 3. Schematic stability fields of ilvaite, magnetite and andradite in the fozSdi diagram. Serpentine and 
clinopyroxene are excess phases; temperature, pressure and water pressure are fixed. Phase boundaries 1, 2 and 3, 
respectively, were inferred from chemical reactions 1, 2 and 3 in text by assuming Xai + Xhea = 1. Xai and Xhed: mole 

fractions of diopside and hedenbergite of clinopyroxene, respectively. 
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TABLE 3. Representative electron microprobe ana- 
lyses of intergrown spinel and ilmenite in the 
ilvaite-bearing sample (MA-1) 

Spinel Ilmenite 
Rim Core Rim Core 

SiO2 0.07 0.03 0.03 0.05 
TiO2 5.24 1.02 53.38 51.21 
A1203 5.41 12.80 0.03 0.03 
CrzO3 9.37 27.02 0.19 0.27 
Fe203* 43.07 27.69 0.45 5.44 
FeO 34.32 23.69 41.94 37.44 
MnO 0.42 0.31 0.86 0.57 
MgO 1.25 6.73 2.87 4.54 
NiO 0.21 0.18 0.11 0.00 
CaO 0.03 0.00 0.00 0.00 

Total 99.39 99.47 99.86 99.55 

Cation ratios 
O -  4 4 3 3 
Si 0.003 0.001 0.001 0.001 
Ti 0.145 0.026 0.993 0.945 
AI 0.236 0.513 0.001 0.001 
Cr 0.273 0.725 0.004 0.005 
Fe 3+ 1.195 0.708 0.008 0.100 
Fe 2+ 1.059 0.673 0.867 0.769 
Mn 0.013 0.009 0.018 0.012 
Mg 0.069 0.341 0.106 0.166 
Ni 0.006 0.005 0.002 0.000 
Ca 0.001 0.000 0.000 0.000 

* Calculated from stoichiometry 

The 'Ferritchromit' were presumably equilibrated 
with the ilmenite at T and fo~ that were similar to 
those of the formation of ilvaite. Using the 
calculation method of Stormer (1983), the 
'Ferritchromit'-ilmenite equilibration temperature 
and oxygen fugacity were calculated to be 

o 31 38 360-440 C and 10- - 1 0 -  , respectively. The 
calculated temperatures and oxygen fugacities are 
concordant with those of the ilvaite synthesis 
investigated by Gustafson (1974). 

The phase relations and calculated oxygen 
fugacities suggest that the Asama ilvaite formed 
under reducing conditions. Ramdohr (1967) has 
discovered native Fe in serpentinites and proposed 
that hydrogen gas was generated as the result of 
serpentinization of olivine. The presence of abundant 
hydrogen gas in fluid emanating from serpentinized 
peridotites has been reported by many authors (e.g. 
Neal and Stranger, 1983; Conveney et al., 1987). The 
reducing conditions during the ilvaite formation in 
the Asama complex were presumably brought about 

by hydrogen gas that was generated as the result of 
the serpentinization of olivine. 
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