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INTRACRYSTALLINE DISTRIBUTION OF MAJOR ELEMENTS IN ZONED GARNET
FROM SKARN IN THE CHICHIBU MINE, CENTRAL JAPAN:

ILLUSTRATION BY COLOR-CODED MAPS
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The Chichibu Fe-Cu-Zn-Pb mine, representative
of skarn deposits in Japan, is located about 100 km
WNW of Tokyo (Lat. 35° 50'N, Long. 138°50'E).

(Traduit par la Redaction) The geology and skarn of this mine were described
by Kitamura (1975) and Ishihara et al. (1987). The
sample was collected from the garnet-clinopyroxene
skarn, which replaced a crystalline limestone. The
sample is composed of garnet, calcite, magnetite and
clinopyroxene, with trace amounts of titanite,
ilmenite and pyrite. The texture of this skarn is
shown schematically in Figure .1. This figure shows
that two types of garnet (1 and 2) are recognized on

Extensive studies using the electron-probe the basis of grain size, internal texture and crystal
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ABSTRACT

Colored maps showing intracrystalline distribution Ca,
Mn, AI, Fe, Mg and Ti in coexisting types of garnet from
the Chichibu Fe-Zn-Cu-Pb mine, central Japan, have rev-
ealed a development of three or four growth zones. The
composition of the garnet changes abruptly between zones.
Calculations of garnet stoichiometry demonstrate a maxi-
mum substitution of 5% Mn in the dodecahedral site, up
to 25% Ti + Mg in the octahedral site, and up to 4% AI

in the tetrahedral site. Slight but distinct differences in
mineral chemistry between the two types of garnet suggest
that the skarn-forming fluid was locally heterogeneous dur-
ing the metasomatic process, even on a scale of 200-1000
p.m.

Keywords: colored compositional map, multiple elements,
zoned garnet, skarn, stoichiometry, octahedral site, local
heterogeneity, metasomatic process, Chichibu base-
metal deposit, Japan.

SOMMAIRE

Des cartes coloriees servant Ii demontrer la distribution
interne des elements Ca, Mn, AI, Fe, Mg et Ti dans deux
types de grenat coexistants dans la mine de Fe-Zn-Cu-Pb

de Chichibu, dans la partie centrale du Japon, revelent la
presence de trois ou quatre zones de croissance. La com-
position du grenat change rapidement d'une zone Ii I'autre.
Les calculs de la stoechiometrie du grenat revelent jusqu'li
5070 de Mn dans Ie site dodecaedrique, 25070de Ti + Mg dans
Ie site octaedrique, et 4070 de AI dans Ie site tetraCdrique.
De legeres distinctions dans Ie chimisme des deux sortes de
grenat font penser que la phase fluide responsable pour la
formation du skarn n'etait pas homogene au cours des reac-
tions metasomatiques, meme sur une echelle de 200-1000
p.m.

Mots-cJes: carte de composition en couleurs, elements mul-
tiples, grenat zone, skarn, stoechiometrie, site octa-
edrique, heterogeneite locale, processus metasomatique,
gisement de metaux de base de Chichibu, Japon.

INTRODUCTION

micro analyzer (EPMA) have documented the exis-
tence of compositional heterogeneity in a wide vari-
ety of minerals. Elemental distributions in meta-
morphic garnet have been widely investigated (e.g.,
Atherton 1976), as this mineral retains a chemic<j.l
record of its growth history. In skarns, garnet is
claimed to display compositional zoning between
andradite and grossular (e.g., Lessing & Standish
1973, Murad 1976). Several EPMA studies indicate
the presence of Mn, Fe2+ and Mg in the dodeca-
hedral site, Ti and Cr in the octahedral site, and Al
in the tetrahedral site of the garnet structure (e.g.,
Shimazaki 1977, Sato 1980, Einaudi & Burt 1982).
Compositional mapping of such a multitude of ele-
ments in garnet from skarns is expected to provide
constraints both on the structural site for cations and
on the metasomatic process through which the
garnet-bearing skarn evolved. Recent progress in
EPMA has made it possible to draw a colored map
showing element distribution within coarse-grained
materials.

Coexisting zoned garnet crystals, each with a
different internal texture, were discovered in the gar-
netiferous skarn of the Chichibu mine, central Japan.
This study was undertaken to demonstrate the poten-
tial of color-coded compositional mapping of many
elements (AI, Ca, Fe, Mg, Mn and Ti) in these zoned
crystals.

SAMPLE DESCRIPTION



500 THE CANADIAN MINERALOGIST

FIG. 1. Sketch of the thin section and microphotograph of two grains of garnet (grain A: type 1, and B: type 2) as
seen under plane-polarized light. Location of grain C (subtype-I) also is shown in the sketch. Zonal arrangement
(a, b, C, d and e) in the grains is shown in the photograph.

form. Microphotographs of the two types of garnet,
used for the compositional mapping, are shown in
Figure 1.

Garnet of type 1 has an ellipsoidal shape, meas-
ures 3-7 mm along a long axis and 2-4mm along
a short one, and shows four growth zones (a, b, c
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FIG. 2. Distribution map for elements Ca, Mn, AI, Fe, Ti and Mg in garnet of type 1.

and d) from core to rim. Garnet veins (zone e), occa-
sionally cored by calcite, develop in zones a to d.
Type-1 garnet is distinguished from type-2 garnet by
the existence of zone a, which consists of a large core
with a yellowish tint. An oscillatory zone having
weak birefringence is locally observable adjoining
zone b. Zone b is characterized by a narrow zone

about 30 pm in width and by anomalous birefrin-
gence. Zone c, an isotropic zone with a brownish tint,
is distinguished from zones d and e, which exhibit
weak birefringence.

Garnet of type 2 has a dodecahedral habit, is
100-300 /Lmin diameter, and has three growth zones.
The zones are named b, C and d from core to rim:;
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FIG. 3. Distribution map for elements Ca, Mn, AI, Fe, Ti and Mg in garnet of type 2.

based on the optical and compositional similarity to
type-l garnet, as described in a later section. Zone
b is a colorless core and shows a strong birefringence,
whereas zones c and d display a homogeneous
isotropic character. The outermost zone, d, is charac-
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terized by its brown color. No zone corresponding
to zone a in type-l garnet is observable.

In general, grains of type-l garnet are distributed
along the contact with marble, whereas type-2 gar-
net occurs a small distance away from the marble.
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However, some coarse grains, which are morpho-
logically classified as of type 1, occur sparsely in an
area of type-2 garnet (e.g., grain C in Fig. 1); they
have a zone a with a large core, whereas their zones
b, c and d display the same optical and compositional
character as type-2 garnet, as described later. We
believe that this kind of garnet has an intermediate
character between the two main types of garnet; it
is thus classified as of subtype 1.

Magnetite and calcite, both of which show a
euhedral shape and a range in grain size from 50 to
500 pm, occur as a matrix around the garnet grains
(Fig. 1). All skarn minerals are interstitially sur-
rounded by coarse-grained calcite termed skarn cal-
cite, which is equigranular. Magnetite is partly
included in or replaces type-2 garnet, the outer zones
(b, c and d) of type-I garnet and pyroxene, suggest-
ing that magnetite crystallized after the formation
of the zone a in type-I garnet. However, there is no
textural evidence of replacement of pyroxene or
magnetite by garnet, suggesting that the garnet crys-
tallized by replacement of calcite in the host marble.

EXPERIMENTAL

Chemical analyses of the garnet were carried out
with a computer-controlled lEOL lXA-8621 super-
microprobe set up in the Chemical Analysis Center,
University of Tsukuba. Quantitative analyses of gar-
net were done for selected points using an accelerat-
ing voltage of 15 kV and the OXIDE-ZAF correc-
tion program from lEOL. Concentrations of eleven
elements (AI, Ca, Cr, Fe, K, Mn, Mg, Na, Ni, Si
and Ti) were determined. Among these, Na, Cr and
Ni contents were found to be present at trace levels
« 0.07 wt.OJoNazO, CrZ03, NiO), and K content
was consistently below the limit of detection « 0.01
wt.% KzO).

Compositional mapping was carried out for the
seven remaining elements (AI, Ca, Fe, Mg, Mn, Si
and Ti) using an accelerating voltage of 25 kV, a
beam diameter of 5 {Lmand counting times of 150
ms for individual spots. A total of about 180,000 and
40,000 points were analyzed in crystals ciftype-I and
type-2 garnet, respectively.

PREPARATION OF THE COLORED MAPS

The colored maps were originally drawn by divid-
ing X-ray intensities of each element into eight
colored gradations. Therefore, individual gradation,
strictly speaking, does not imply a range in the con-
centration of elements. Quantitative analyses for
selected points make it possible to transform the gra-
dation in the X-ray intensity of elements into their
concentrations. Cation proportions were calculated
on the basis of 12 oxygen atoms; we assumed that
all the iron is Fe3+ .

Colored maps showing the distribution of six ele-
ments(Ca, Mn, AI, Fe, Ti and Mg) are shown in
Figures 2 (type-I garnet) and 3 (type-2 garnet). Color
coding the concentration of each element in Figures
2 and 3 is done on the basis of atomic proportion.
As described in the latter section, the concentration
of each element in the garnet differs among zones
and even within the same zone between the two types.
However, some systematic substitutional relation
among elements exists throughout zones. To illus-
trate such compositional relations more effectively
on Figures 2 and 3, the scale for concentration is
adjusted by elements and type of garnet. Some care
is necessary, since the scale is not determined by
dividing a whole range of concentration of each ele-
ment in the garnet into the same interval. Therefore,
the uppermost and lowermost concentration of the
element is not shown in the two figures. For exam-
ple, as the atomic proportion of AI is in a range from
o to 0.848 for type-I garnet and from 0 to 1.304 for
type-2 garnet, the scale for the color coding of Al
concentration is modified in the two garnets, 0.12
in the former and 0.04 in the latter, respectively; Al
content of zone b in type-2 garnet, which covers a
wide range, 0.24-1.304, is shown by only white
coding.

RESULTS AND DISCUSSION

Garnet composition within a single zone

Individual zones have a distinct composition.
Definite compositional differences are not observed
among garnet grains of the same type. Average com-
positions of each zone for type-I, type-2 and
subtype-I garnets is shown in Table 1. The compo-
sition of the clinopyroxene, which is homogeneous
and diopsidic, also is shown in Table 1.

Garnet composition changes abruptly between
zones, as well illustrated in Figures 2 and 3. The com-
positional pattern of Si (not shown) is constant
among zones, except for zone d in type-2 garnet,
which has a low Si content. The zones recognized
microscopically (Fig. 1) are well reflected in the com-
positional pattern. For example, the anisotropic
zones contain more AI and less Fe than the isotropic
zones. That the birefringent zones have a high com-
ponent of grossular has been recognized in other
occurrences of grandite (e.g., Lessing & Standish
1973, Murad 1976, Wada et al. 1978, Mariko &
Nagai 1980),

The mineral chemistry of each zone is briefly
described as follows. The innermost zone a in type-I
garnet is almost pure aI!,dradite, with 2-5% of the
grossular component in the oscillatory birefringent
zone. Zone b in the two types is characterized by the
highest Al content (mole % grossular: 33-43 in type



Mineral Gamet Clino-
Tvee 1 sub-1 1 2 sub-1 1 2 sub-1 1 2 sut>-1 1 yroxene

Zone a b c d e

&>. 35.60 35.16 36.99 37.28 37.10 35.21 35.52 35.15 35.62 34.50 34.15 36.02 54.52
AbC. 0.13 0.05 7.78 10.52 11.17 0.09 0.19 0.24 1.89 0.96 1.68 3.38 0.12
TiC. 0.01 0.02 0.99 1.24 0.15 0.01 0.37 0.05 0.83 6.09 6.19 1.~7 0.02
Fe.O. . 30.15 30.45 19.50 15.60 15.85 30.44 30.40 30.89 26.92 23.09 22.16 24.02 2.26
Cr.o.. 0.05 - 0.01 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.06
00 0.03 0.02 0.02 0.02 0.05 0.04 0.02 0.06 0.03 0.01 0.02 0.02 0.02
M10 0.57 0.55 0.93 1.08 1.14 1.77 1.82 1.74 1.68 1.64 1.54 1.23 1.77
WgO 0.08 - 0.12 0.09 0.06 0.05 0.07 0.07 0.29 0.83 0.67 0.34 16.73
00 32.95 32.71 33.98 34.40 34.02 31.57 31.90 31.71 32.29 32.45 32.78 33.16 24.67
Total 99.59 98.96 100.33 100.27 99.57 99.20 100.34 99.94 99.57 99.59 99.22 100.17 100.17

0= 12 0=6
Si 3.020 3.006 2.986 2.970 2.975 3.009 2.999 2.985 2.995 2.888 2.864 2.976 1.993
AI 0.013 0.005 0.740 0.988 1.056 0.009 0.019 0.024 0.188 0.095 0.166 0.330 0.005
Ti 0.000 0.001 0.060 0.074 0.009 0.000 0.023 0.003 0.052 0.383 0.390 0.122 0.000
Fe 1.924 1.959 1.185 0.936 0.956 1.958 1.932 1.974 1.703 1.455 1.399 1.494 0.069
Cr 0.004 - 0.000 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.002 0.001 0.002
t\I 0.002 0.001 0.001 0.001 0.003 0.003 0.001 0.004 0.002 0.000 0.001 0.001 0.000
Mn 0.041 0.040 0.064 0.073 0.077 0.128 0.130 0.125 0.120 0.116 0.109 0.086 0.055
Mg 0.010 - 0.014 0.011 0.007 0.006 0.009 0.009 0.036 0.104 0.084 0.041 0.912

Ca 2.994 2.997 2.939 2.937 2.923 2.891 2.886 2.885 2.908 2.911 2.946 2.936 0.966

Total 8.008 8.010 7.991 7.991 8.009 8.005 8.001 8.012 8.006 7.953 7.962 7.989 4.003
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TABLE 1. REPRESENTATIVE ANALYTICAL DATA FOR GARNET AND CLINOPYROXENE

* Total Fe was calculated as Fe203 for garnet and FeO for clinopyroxene.

1, 40-67 in type 2). Zone c resembles zone a, but con-
tains more Mn and less Fe. Zone d is characterized
by the highest Mg and Ti contents of all zones. Zone
e has a similar composition to that of zone d. The
compositional pattern, quantitative analytical data
and textural observations seem to suggest that zone
e was formed contemporaneously with or slightly
later than zone d by the infilling of cracks in zones
a, band c. Therefore, we contend that the zonal
arrangement from a through b and c to d and e cor-
responds to the successive growth-stages.

Garnet stoichiometry:
Mg and Ti in the octahedral site

The coupled distributions of the pairs Ca-Mn and
Fe-AI (Figs. 2, 3) suggest coupled substitutions
involving Ca and Mn in the dodecahedral site and
Fe and Al in the octahedral site. Data on the garnet
give more reliable limitations on the site occupan-
cies of the cations. The assumption of total Fe
present as Fe3+ seems to be warranted, since a
majority of cation totals fall in a narrow range
7.99-8.01 (Table 1). One exception occurs in zone
d oftype-2 and subtype-1 garnet, in which the cation
total is slightly lower than in other zones and falls
in a range around 7.96 (:t 0.01). This shortfall may
be explained by assuming an excess of Ti4+ in the
octahedral site, as described later.

Although it is uncertain whether Ti substitutes in
the tetrahedral site or the octahedral site, Huggins
et al. (1977) established that the relative site-
preference for the tetrahedral site must be in the
order AI>Fe3+ >Ti4+. As there are adequate
amounts of Al and Fe3+to fill the tetrahedral site,
we can safely assume that Ti occupies the octahedral
site. On the other hand, we assume that the dodeca-
hedral site is occupied by cations of large ionic
radius, such as Ca and Mn. An inverse correlation
between Ca and Mn, and a total Ca + Mn in the
range 2.975-3.075 (Fig. 4), demonstrate that this site
is entirely occupied by these two cations. Excess Mn
that cannot be accommodated in this site probably
can be accommodated in the octahedral site. This
hypothesis leads us to preclude the possibility of Mg
in the dodecahedral site, since the ionic radius of Mg
is smaller than that of Mn (Shannon & Prewitt 1969).
Although Mg is generally assigned to the dodeca-
hedral site as the pyrope component, Mg and Ti in
this type of garnet may be accommodated in the octa-
hedral site as the coupled substitution
Mg2+ + Ti4+ = R3+. Sympathetic patterns of Mg

and Ti codistribution (Figs. 2, 3) can be ascribed to
this kind of substitution scheme.

If the dodecahedral and octahedral sites are fully
filled by the cations mentioned above, then the fol-
lowing two relations must apply. The first concerns
cations in the octahedral site. As Ni and Cr can be
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neglected as trace constituents, the relation is
expressed by:

Fe + VIAl+ Ti + Mg + VIMn = 2.00

This relation is illustrated in Figure 5. The second
relationship concerns charge balance. If it is assumed
that Mn in the octahedral site is present as Mn2+,
not as Mn3+, as is generally proposed, then the
relation is expressed by:

VlTi4+ = IV AP+ + VIMg2+ + VIMn2+

This relation is also illustrated in Figure 6. In this
figure, compositions of zone-d garnet of type 2 plot
in a region of slight excess in Ti, which is consistent
with the view that the total number of cations in this
zone is slightly below 8.000. The degree of replace-
ment by Al in the tetrahedral site, Mg + Ti in the
octahedral site and Mn in the dodecahedral site
attains up to 4010,25% and 5%, respectively.

We have reached no definite conclusion as to the
unusual scheme of substitution proposed for Mg.
Garnet of high pyrope content is known to occur in
rocks formed at high pressures and temperatures,
such as a kimberlite or a mantle xenolith, and to con-
tain appreciable amounts of Cr and an almandine
component (e.g., Deer et al. 1982). On the other
hand, the pressure of formation of the Chichibu
deposit is estimated to be low (around 0.5 kbar) using
the sphalerite geobarometer (Shimizu & Shimazaki
1981). Relatively low pressures of formation and
temperatures generally assumed to be around
300-500°C or the negligible content of Cr or Fe2+
in the garnet (or both) may favor the incorporation
of Mg in the octahedral site.

< Mn >

0.25

<Ca>

FIG. 4. Relation between Mn and Ca in the garnet. Solid
line represents a 1:1 substitution between Mn and Ca
in the dodecahedral site. Correlation coefficient between
Mn and Ca is -0.80.

< T i +Mg+
VI

Mn >

1.00 1.20 1.40 1.60 1.80 2.00

< Fa+ VIAl>

FIG. 5. Relation between VIA1+Fe3+ and Ti+Mg+ viMn
in the octahedral site. Solid line represents a 1:1 sub-
stitution between (VIAl+ Fe3+) and (Ti + Mg+ VIMn).
Symbols are the same as in Figure 4.

< Mg+
IV

A1+ vlMn >
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< TI >

FIG. 6. Plot demonstrating Ti4+ = IVAI3+ +Mg+ vIMn2+

to maintain the charge balance in the garnet. Solid cir-
cles represent compositions in zone d of type-2 garnet.
Other symbols are the same as in Figure 4.

Compositional difference between
the two types of garnet

Although the garnet chemistry varies more or less
within an individual zone, similar compositional
trends are observed throughout the same zones in
both types (Table 1). The trends are well depicted
on the Mn/(Mn+ Ca) versusFe/(Fe+Al+Mg+Ti)
diagram (Fig. 7). As there is no cross-cutting rela-
tion between the two types of gamet, each zone(b,
c and d) in both types seems to have crystallized
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< Mn/(Ca+Mn) >
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< Fe/(Fe+Al+Mg+Ti) >
FIG. 7. Relation between Mn/(Mn + Ca) and Fe/(Fe + AI + Mg+ Ti) in the individual

zones (a, b, C, d and e) of the garnet. Arrows represent the direction of growth
of the garnet. Symbols are the same as in Figure 4. Solid squares represent com-
positions in grain C of subtype-l garnet.

almost simultaneously. Type-2 garnet may therefore
have begun to crystallize after the formation of zone
a in type-I garnet.

The same zone in the two types of garnet has a
slightly different composition (Fig. 7, Table I). For
example, Fe and Ti contents of the type-I garnet are
higher in all zones than in those of type 2. Such com-
positional differences suggest that the associated
fluid chemistry may have been locally heterogene-
ous during the replacement reaction from calcite to
garnet. This proposal is supported by the composi-
tion of subtype-I garnet: zone a of subtype-I garnet
has a composition similar to that of zone a of type-I
gamet, whereas the composition of zones b, c and
d is almost identical to that of the same zones of
type-2 garnet. It thus appears that the composition
of the gamet-forming fluid was homogeneous on the
scale of a thin section during the formation of zone
a, whereas it was locally heterogeneous even over a
distance of 200-1000 J.tm(Fig. I) between both types
of garnet during the formation of zones b, c and d.
Although many factors [fluid chemistry, 1(02),
f(CO~ and temperature] may have affected garnet
composition, we cannot specify at present which fac-
tors exerted a controlling influence.

However, considering the textural evidence that
the garnet replaced host-marble calcite, it is evident
that major elements in the garnet excluding Ca were
derived from exotic fluids. A coexisting clinopyrox-
ene rich in the diopside component does not neces-
sarily demand a low Fe/Mg value in the metasomatic
fluid. Negligible ferrous iron content in the garnet
suggests that the metasomatic fluid had a high
Fe3+/Fe2+ value throughout the entire growth of
the garnet. Therefore, it seems probable that the
abrupt compositional changes between zones in the
garnet are concomitant with changes in the skam-
forming fluid at conditions of elevated Fe3+/Fe2+.

A colored map showing the distribution of multi-
ple elements within a mineral provides a powerful
tool, not only to provide constaints on the growth
history of the mineral, but also to deduce the likely
structural sites of cations.
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