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ABSTRACT

The Nagasawa deposit, in Japan, is a Paleozoic to Mesozoic chert-hosted bedded manganese deposit that has undergone
intense contact metamorphism due to intrusion of a granitic pluton ca. 59 to 62 Ma in age. The manganese ores occur as stratiform
manganese silicates and quartz-dominant veins. A detailed petrographic and mineralogical study of ore samples reveals that
Fe-, Co-, Ni-, Cu-, Zn-, As-, Te-, Pb-, and Bi-minerals (including native elements, sulfides, arsenides, and tellurides) are commonly
present in both types of ore, and that molybdenite occurs in the veins. These minerals are closely associated with garnet in the
pyroxmangite — garnet — amphibole ore that was metamorphosed from the rhodochrosite — quartz — chlorite assemblage commonly
observed in unmetamorphosed manganese carbonate ores. The calculated oxygen isotopic temperatures based on mineral pairs
obtained from the same hand samples of bedded ore scatter widely and include the temperature range estimated from equilibria
among metamorphic minerals. The inconsistency in temperature ranges is ascribed to oxygen isotope disequilibrium among all
the analyzed minerals from the bedded ores and suggests that externally derived fluid phases were not important during their
formation. In contrast, mineral pairs from the quartz veins give oxygen isotopic temperatures of ~440-570°C that are in excellent
agreement with those determined from equilibria among metamorphic minerals. Minor elements characteristic to the Nagasawa
deposit, in addition to Mn and Fe, are those that are commonly concentrated in seafloor ferromanganese nodules. The above
observations indicate that the minor elements were first scavenged by manganese oxide or hydroxide phases from seawater, pore
water in deep-sea sediments, or seafloor hydrothermal fluids, were then released and incorporated in chlorite- and pyrite-bearing
assemblages during the diagenetic reconstitution of manganese oxides and hydroxides to manganese carbonates, and were finally
recrystallized as the minor sulfide and other minerals during contact metamorphism. The sulfur in the sulfides could have been
derived from the replacement reaction of pyrite by pyrrhotite.

Keywords: bedded manganese deposits, contact metamorphism, metachert, veins, minor elements, mineralogy, oxygen isotopes,
ferromanganese nodules, Nagasawa, Japan.

SOMMAIRE

Le gisement de Nagasawa, au Japon, d’age paléozoique a mésozoique, contenant un amas stratifié de manganese dans un
chert, a subi les effets d’un intense métamorphisme de contact lors de la mise en place d’une venue granitique il y a entre 59 et 62
million d’années. Le minerai de manganese se présente sous forme de silicates de manganese stratiformes et des veines a
dominance de quartz. D’apres une étude pétrographique et minéralogique des échantillons de minerai, les minéraux contenant Fe,
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Co, Ni, Cu, Zn, As, Te, Pb, et Bi (y inclus les éléments natifs, les sulfures, arséniures et tellurures) sont présents dans les deux
types de minerai, et que la molybdénite se présente dans les veines. Ces minéraux sont étroitement associés au grenat dans des
assemblages a pyroxmangite — grenat — amphibole qui se sont formés aux dépens de I’assemblage rhodochrosite — quartz —
chlorite, répandu dans le minerai analogue non métamorphisé. Les températures d’équilibrage fondées sur les rapports d’isotopes
d’oxygene dans des paires de minéraux provenant du méme échantillon de minerai stratiforme montrent des écarts importants de
chaque coté de la température estimée a partir des assemblages métamorphiques. Nous attribuons la non corcordance des
intervalles de température a un déséquilibre isotopique parmi les minéraux des minerais stratiformes, ce qui fait penser que
I’infiltration d’une phase fluide externe n’a pas été importante lors de leur formation. En revanche, les paires de minéraux
provenant des veines de quartz produisent des températures de ~440-570°C selon les rapports des isotopes d’oxygene, et
concordent bien avec celles déduites a partir des minéraux métamorphiques. Les éléments mineurs caractéristiques du gisement
de Nagasawa, en plus du Mn et du Fe, sont typiques des concentrations des nodules a Fe—Mn des fonds océaniques. Dans
I’ensemble, nos observations indiquent que les éléments mineurs ont d’abord été piégé par les oxydes ou hydroxydes de manganese
a partir de ’eau de mer, de I’eau des pores des sédiments marins profonds, ou bien des fluides hydrothermaux dans la croite
océanique, pour ensuite étre libérés lors de la reconstitution diagénétique des oxydes et hydroxydes en carbonates de manganese,
pour se concentrer dans des assemblages a chlorite et a pyrite. Ces éléments sont finalement concentrés dans des sulfures et autres
minéraux accessoires au cours d’un épisode de métamorphisme de contact. Le soufre de ces sulfures pourrait provenir de la

conversion de la pyrite en pyrrhotite.

(Traduit par la Rédaction)

Mots-clés: gisement de manganese stratiforme, métamorphisme de contact, métachert, veines, éléments mineurs, minéralogie,
isotopes d’oxygene, nodules de ferromanganése, Nagasawa, Japon.

INTRODUCTION

The bedded manganese deposits of Japan, composed
mainly of manganese oxides, carbonates, and silicates,
occur conformably in Paleozoic to Mesozoic marine
sedimentary rocks, especially in chert, and in Miocene
submarine volcanic and pyroclastic rocks (e.g.,
Watanabe et al. 1970). Similar manganese deposits are
distributed in marine volcanosedimentary sequences,
e.g., in the Franciscan Complex in California (e.g., Hein
etal. 1987, Hein & Koski 1987, Huebner & Flohr 1990),
in the Gambatesa district in eastern Liguria (Marescotti
& Frezzotti 2000), in the Proterozoic Vittinki Group in
Finland (Mancini et al. 2000), and at Val Ferrera in the
eastern Swiss Alps (Brugger & Gieré 2000). Many of
these deposits have been subjected to metamorphism
under various conditions of temperature and pressure.
Enrichment of minor elements has been recognized in
such bedded manganese deposits, although they are
mostly not economically important. Watanabe et al.
(1970) reviewed Japanese examples and mentioned the
enrichment of Sr, Ba, B, As, Sb, Bi, Mo, U, Ni, and Co
in the manganese ores and in their host rocks. Sugisaki
et al. (1991) reported on the enrichment of P, Co, Ni,
Cu, Zn, and Ba in the rhodochrosite-rich bands devel-
oped in the Mesozoic sedimentary rocks. Exotic miner-
als hosting such minor elements have been described
from bedded manganese deposits, especially from meta-
morphosed deposits. For example, As-, V-, and Sr-min-
erals have been reported from manganese deposits
within metachert from different localities in Liguria,
Italy (e.g., Marchesini & Pagano 2001). These deposits
and their host rocks have been metamorphosed under
conditions of the pumpellyite—actinolite facies (T in the

range 300-350°C, P between 3 and 4 kbars: Cabella et
al. 2001) and the prehnite—pumpellyite facies (Corte-
sogno & Lucchetti 1984, Basso et al. 1992). Brugger &
Gieré (2000) found Sb-, As-, V-, Be-, W-, REE-, Sr-,
and Ba-minerals in the Swiss deposits that had under-
gone blueschist- to greenschist-facies metamorphism.

The origin and the processes of mobilization of the
minor elements are not yet fully understood, especially
in the case of granite-related contact-metamorphosed
deposits. Several questions need to be addressed: Were
these elements derived directly from the magmatic hy-
drothermal fluids? Or were they extracted from the ad-
jacent country-rocks by the hydrothermal fluids driven
by the intrusion of granitic rocks and subsequently trans-
ported to and precipitated in the manganese deposits?
Or had they already been concentrated in the unmeta-
morphosed manganese deposits and were simply remo-
bilized during contact metamorphism? If so, how were
the minor metals incorporated in the manganese depos-
its?

Our objectives are to describe the geological charac-
teristics, the parageneses, and the chemical and oxygen
isotopic compositions of minerals from the contact-
metamorphosed, chert-hosted bedded manganese deposit
at Nagasawa, Japan. We wish to specify the chemical
processes during contact metamorphism, to infer the
reason for the buildup of the minor elements, and to
propose a genetic model. To this end, we present field,
petrographic, mineralogical, and geochemical data in-
dicating that the manganese silicate ores and the re-
lated minerals formed during the contact metamorphism
of a quartz — rhodochrosite — chlorite — pyrite assem-
blage, which originated from precursor manganese
oxides similar to deep-sea ferromanganese nodules.
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GEOLOGICAL SETTING

The study area is underlain by rocks of the Yamizo
Group, which consists mostly of marine sedimentary
rocks such as sandstone and shale of Permian to Creta-
ceous age (e.g., MITI 1987, Hori & Sashida 1998).
Chert, basalt and limestone also occur as small blocks
or lenses, but with the exception of chert, they do not

form mappable units. A relatively large chert-dominant
unit is developed in the central part of the study area.
Numerous manganese deposits are found conformably
within rocks of the Yamizo Group, mostly in the chert
unit (Fig. 1). At the northern part of the study area, rocks
of the the Yamizo Group are unmetamorphosed to
weakly metamorphosed, although they have been lo-
cally metamorphosed near the contact with granite. In
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the southern part of the study area, the entire package of
rocks has been subjected to contact metamorphism by
intrusion of granitic magma ca. 59 to 62 Ma ago
(Kawano & Ueda 1966, Shiba et al. 1979, Arakawa &
Takahashi 1988). Those rocks were designated by
Miyazaki et al. (1992, 1996) as the Wagakunisan Suite
of metamorphic rocks. P-T conditions of this metamor-
phic suite were estimated to have been 400-580°C and
1.5-3.0 kbar (Miyazaki et al. 1992). The emplacement
of granitic magma was also responsible for the deposi-
tion of ores such as tin—tungsten veins and several tung-
sten skarn-type deposits (e.g., MITI 1987).

The Nagasawa bedded manganese deposit, in the
southernmost part of the study area, is hosted conform-
ably by metachert of the Wagakunisan Suite (Fig. 2),
which occurs as a roof pendant in the granitic rocks near
the deposit. Field evidence suggests that the Nagasawa
deposit and its host metamorphic rocks underwent the
most intense contact metamorphism among all the bed-
ded manganese deposits in the study area. The minerals
encountered in this suite of rocks are listed in Table 1.

MoDES OF OCCURRENCE OF THE MANGANESE ORE

The manganese ores at Nagasawa occur as stratiform
manganese silicates (mostly rhodonite with lesser
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pyroxmangite, garnet, and amphibole) conformable to
the host metachert, and as cross-cutting quartz-dominant
veins. The stratiform ores can be subdivided into three
distinct types based on the dominant assemblages of
minerals, i.e., (1) bedded rhodonite ore, (2) pyroxman-
gite — garnet — amphibole ore, and (3) bedded garnet —
biotite — apatite ore. The bedded rhodonite ore is the
most abundant in the Nagasawa deposit and is composed
mainly of alternating beds of rhodonite and metachert.
Each bed is less than 30 cm in thickness and conform-
able with the host, unmineralized metachert. The
pyroxmangite — garnet — amphibole ore is locally
developed in the bedded rhodonite ore. Massive
pyroxmangite and garnet are the two dominant phases
(Fig. 3a). Amphibole occurs as dark green, fibrous ag-
gregates. Sulfide minerals, mostly pyrrhotite, are dis-
seminated in close association with garnet. The bedded
garnet — biotite — apatite ore occurs in thin layers or
bands that measure approximately 0.1 to 5 cm in thick-
ness; it is developed locally in conformable horizons
with respect to the rhodonite ore and the metachert. No
clear zonal arrangement of the three types of ore from
the footwall to the hanging-wall rocks has been recog-
nized in the bedded ores, although the bedded garnet —
biotite — apatite ore is generally developed at the hang-
ing-wall side of the bedded rhodonite ore.

FI1G. 2. Outcrop of the Nagasawa metamorphosed bedded manganese ore deposit (taken from Haruna 2001).
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FiG. 3. Modes of occurrence of minerals from the Nagasawa deposit. The photomicrographs (b to f) were taken under reflected
light, uncrossed nicols unless specified otherwise. (a) Representative hand sample of the pyroxmangite — garnet — amphibole
ore. Grt—1: garnet-1 (see text and Table 2 for definition). (b) Pyroxmangite filling the interstices of garnet-1 crystals (crossed
nicols, transmitted light). (c) Pyrrhotite, chalcopyrite, and sphalerite filling the interstices of garnet-1 crystals. (d) Assemblage
of pyrrhotite — chalcopyrite — native bismuth. (e) Lollingite and native bismuth included in cobaltite. Taken between slightly
uncrossed nicols under reflected light. (f) Pyrite, partly admixed with very fine-grained unidentified silicate mineral(s), is
veined and replaced by pyrrhotite. Note that microfractures (shown by arrows) are present along a median line of the pyrrhotite
veins.
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TABLE 1. SYMBOLS OF MINERALS IN THE MANGANESE DEPOSITS
AT NAGASAWA, JAPAN, AND THEIR IDEAL CHEMICAL FORMULA

Symbol Name Ideal chemical formula
Amp amphibole (manganocummingtonite) Mn,(Mg,Fe),Sig0.,(OH),
Ap apatite (fluorapatite) Ca,(PO,),(F,C,OH)

Apy arsenopyrite FeAsS

As native arsenic As

Bi native bismuth Bi

Bi() liquid bismuth Bi

Bi () crystalline bismuth Bi

Bmt bismuthinite Bi,S,

Bt biotite (phlogopite) K(Mg,Fe)y(Si; ADO,(OH,F),
Cbt cobaltite CoAsS

Cep chalcopyrite CuFeS,

Cht chiorite (clinochlore) (Mg, Fe),Al(Si;A)O,,(OH),
Gdf gersdorffite NiAsS

Gn galena PbS

Grt garnet (spessartine) (Mn,Fe,Mg,Ca),AL(Si0,);
Hdl hedleyite Bi,., Te

Hlv helvite Mn,Be,(Si0,);S

Iss intermediate solid-solution phase in the system Cu-Fe~8
Lol Iollingite FeAs,

Mib molybdenite MoS,

Nc nickeline NiAs

Pn pentlandite {Ni,Fe)ySg

Po pyrrhotite Fe,,S

Prk parkerite Ni,Bi,S,

Pxm pyroxmangite MnSiO,

Py pyrite FeS,

Pyf pyrophanite MnTiO;

Qtz quartz Si0,

Rdn rhodonite MnSiO,

Rds thodochrosite MnCQO,

Sp sphalerite (Zn,Fe)S

The symbols listed above appear in the text, figures and tables. Inparentheses, we list
the name of the species corresponding to the formula shown.

The quartz-dominant veins, most of which clearly
intersect both the bedded ores and the host rocks, con-
tain the following minerals, in decreasing order of abun-
dance: quartz, garnet, amphibole, apatite, biotite,
pyrrhotite, chalcopyrite, pyrite, pyrophanite, and molyb-
denite. The quartz crystals in veins are much coarser-
grained and hence look whiter and more glassy than
those in the metachert, and euhedral crystals up to 2 cm
in length are locally observed. All the other minerals in
the veins occur only in minor amounts, although am-
phibole, apatite, biotite, and pyrrhotite are locally abun-
dant. Amphibole is abundant, both in the rhodonite beds
and in the veins, near the bedded ore — vein contact.
Veinlets of amphibole clearly cross-cutting rhodonite
are commonly observed. The occurrence of molybden-
ite is restricted to the quartz veins.

Three distinct types of garnet have been recognized
at the Nagasawa deposit on the basis of their mode of
occurrence in the three types of ore (Table 2). The first
type, designated as garnet-1 hereafter, occurs as a major
constituent of the pyroxmangite — garnet — amphibole
ore. Grains of garnet-1 are fine grained (less than
0.5 mm in diameter), massive, greenish gray in color,
and closely associated with pyroxmangite, amphibole,
and accessory minerals. The second type (garnet-2)
occurs in the garnet — biotite — apatite ore that is devel-
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oped conformably with the bedding plane. The third
type (garnet-3) is the most abundant and occurs as a con-
stituent of the veins.

No silica-undersaturated minerals, such as tephroite
and manganosite, have been observed in either the ore
beds or the veins, suggesting that quartz was stable
throughout the history of the contact metamorphism.

MINERALOGY, PARAGENESIS,
AND MINERAL COMPOSITIONS

General

The mineralogy and paragenesis at the Nagasawa
deposit were investigated by macroscopic observation
of ores both in outcrops and in hand specimens, and by
examination of polished ore chips and polished thin sec-
tions with reflected and transmitted light microscopes,
and with a scanning electron microscope.

Contact metamorphism at the Nagasawa deposit can
be divided into two stages, i.e., the metamorphism of
the bedded ores (the rhodonite horizons, the pyroxman-
gite — garnet — amphibole, and the bedded garnet — bi-
otite — apatite ores) and subsequently, the formation of
veins. Aside from grain sizes and relative modal per-
centages, mineralogy and paragenesis in the bedded ores
and the veins are similar, although several differences
have been recognized, e.g., no pyroxenoids in the veins,
and no molybdenite in the bedded ores. The anhydrous
manganese silicates (pyroxmangite, rhodonite, and gar-
net), apatite, and pyrophanite formed prior to the sul-
fide minerals, which commonly fill the interstices

TABLE 2. COMPARISON OF THE TYPES OF GARNET
IN THE NAGASAWA DEPOSIT, JAPAN

Garnet-1 Garnet-2 Garnet-3
Ore type Pxm-Grt-Amp ore  Grt-Bt-Ap ore Grt-Qtz vein
Form Massive Thin layer Selvage and
conformable to monomineralic
the bedding plane band or discrete
crystals
Grain size <0.5mm <1mm <10 mm
Associated Amp, Pxm, Qtz, Bt, Ap, Qtz Qtz, Ap, Bt
minerals minor minerals
Color Greenish gray Orange to Brownish red
orange brown to orange
No. of analyses 11 16 18
Mole % sps 75.1- 88.5(82.4) 44.4-61.6(55.9) 45.5-65.7 (55.9)
Mole%alm 3.8-17.4(9.6) 19.7-415(28.6)  19.9-43.4(29.0)
Mole % prp 2.1-3.0(23) 57-11.0(1.7) 28-106(42)
Mole % grs 43-68(5.7) 24-116(17) 3.0-13.6(11.0)

Garnet end-members considered: spessartine (sps), almandine (alm), pyrope (prp) and
grossular (grs). Mole percent of each end-member is given with range and average
(in parentheses). “Minor minerals” are defined in the text.
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among the silicate crystals and fill cracks and cleavages
in them. Iron sulfides (pyrrhotite and pyrite), nickel-
cobalt minerals (pentlandite, cobaltite, gersdorffite,
nickeline, and cobaltian 16llingite), bismuth minerals
(native bismuth, hedleyite, parkerite, and bismuthinite),
chalcopyrite, sphalerite, galena, and molybdenite have
been identified as minor minerals. Representative tex-
tures are shown in Figure 3 (b to f), and a general parage-
netic sequence of minerals is given in Figure 4.

Chemical analyses of rhodonite, pyroxmangite, gar-
net, amphibole, pyrite, pyrrhotite, cobaltite, pentland-
ite, gersdorffite, nickeline, sphalerite, hedleyite, and
parkerite were made using a JEOL JXA 8800R electron
microprobe at the Geological Survey of Japan. Condi-
tions for the major-element analysis were 15 kV accel-
eration potential, 12 nA beam current, 2 pm beam
diameter and counting times of 20 seconds for each el-
ement and 10 seconds for background. For F and Cl, F-
substituted phlogopite (KMg3AlSizO;¢F;) and RbCl
crystals, both synthetic, were used as standards for each
element, with a pulse-height analyzer (e.g., Sato et al.
1997), and counting times for each of the two elements
were 40 seconds. The signals obtained were corrected
by the ZAF method.

1075
Garnet

Chemical compositions of garnet are given in
Table 3 and Figure 5. Site allocation of cations and the
calculation of end-member compositions (in mole %)
were done according to the method of Deer et al. (1992).
All three types, i.e., garnet-1, 2, and 3, are spessartine-
rich, with considerable Fe, Mg, and Ca contents, al-
though garnet-1 contains less Fe, Mg, and Ca than the
other two types, which are comparable in chemical com-
position to each other.

Rhodonite and pyroxmangite

Two species of pyroxenoid, rhodonite and pyroxman-
gite, were identified in the Nagasawa deposit. Both min-
erals occur as massive aggregates and are pinkish to
brownish in color, although pyroxmangite in this deposit
is generally darker and coarser-grained (up to
3 cm in size) than rhodonite. They are very similar in
appearance and thus hard to distinguish. Distinction and
identification were made by X-ray diffraction (XRD)
on powdered samples of monomineralic separates hand-
picked from representative samples of ore. The polished

Bedded ores Early —» Late Vein Early ——— Late
Bedded Apatite Pyrophanite —
Grt-Bt-Ap ore | Garnet-2 — Garnet-3 r—
Biotite — Biotite —
Quartz Apatite —
Pyrite ]
Pxm-Grt-Amp | Apatite — Pyrrhotite —
ore Pyrophanite — Pentlandite —
Garnet-1 | Cobaltite —
Amphibole* —_— Gersdorffite —
Pyroxmangite E—— Nickeline —
Pyrite [ e Chalcopyrite —
Pyrrhotite _ Sphalerite —
Pentlandite e Galena -
Cobaltite —_— Native bismuth —
Gersdorffite e Hedleyite —
Léllingite _— Parkerite —
Nickeline _— Bismuthinite e
Chalcopyrite _— Molybdenite e
Sphalerite e Amphibole*
Galena - Quartz *
Native bismuth _—
Hedleyite E—
Parkerite _—
ﬁlsm_uthlnlte ? * Manganocummingtonite - manganogrunerite
elvite P - . .
or inherited from the protolith
Quartz —
Bedded Rdn Rhocnionite ﬁ Abundant (>20 %)
ore Biotite ] S Major (1 - 20 %)
Amphibole* Mi - 10
inor (~0.1 - 1%)
Quartz Rare (<0.1 %, mostly microscopic)

FiG. 4. General paragenetic sequence and relative modal abundances of minerals in the Nagasawa deposit.
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thin sections were prepared from the samples selected
for XRD analysis. Preliminary measurements of the
optic axial angles (2V) of several crystals of each min-
eral species were conducted to ensure the identity of
each phase identified by XRD. The measured 2V values
were 30 to 48° for six crystals of pyroxmangite and 70
and 86° for two crystals of rthodonite. Those results are
consistent with the previously reported 2V values, e.g.,
37 to 45° for pyroxmangite and 63 to 87° for rhodonite
(Deer et al. 1992). Rhodonite is the major constituent
of the bedded rhodonite ore, whereas pyroxmangite oc-
curs in the pyroxmangite — garnet — amphibole ore.
Pyroxmangite is closely associated and mostly contem-
poraneous with garnet-1 and amphibole, although oc-
currences of pyroxmangite in interstices among garnet- 1
crystals suggest that the formation of pyroxmangite also
continued after the formation of garnet-1 (Fig. 3b). Both
pyroxenoids contain appreciable amounts of Fe, Mg,
and Ca along with Mn. The two minerals are chemi-
cally distinct; pyroxmangite contains more Fe and less
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Ca than rhodonite, but they show comparable Mg con-
tents (Table 3, Fig. 6).

Amphibole

We have recognized two generations of amphibole.
One is closely associated and contemporaneous with
pyroxmangite and garnet in the pyroxmangite — garnet
— amphibole ore (Fig. 3a), and the other is developed
near the contact between the bedded ores and the veins
and is contemporaneous with the veins. Both genera-
tions occur as fibrous aggregates and show oblique ex-
tinction indicating their symmetry to be monoclinic. All
the Fe in amphibole is considered as Fe* since stoichio-
metric constraints are satisfied, i.e., Si and total cations
are almost equal to 8 and 15 atoms per formula unit
(apfu), respectively, for most of the samples (Table 3).
On the basis of their compositions and monoclinic sym-
metry, the amphibole corresponds to manganocum-
mingtonite and manganogrunerite. Amphibole in the

TABLE 3. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE ANALYSES OF SILICATES
FROM THE NAGASAWA DEPOSIT, JAPAN

Mineral Grt-1 Grt-1 Grt-2 Grt-2 Grt-3 Grt-3  Pxm Pxm Rdn Rdn Amp Amp d.lL

Si0, wt.% 359 362 370 369 368 371 468 473 477 471 517 514 0.02

TiO, 075 042 033 001 058 024 <dl 002 <dl 001 002 001 002

ALO, 205 209 212 213 210 212 <dl. <dl <dl <dlL 0.05 0.05 0.01

Cr,0, <dl <dl <dl 004 <dl. <dlL <dl <dl <dl <dlL <dl <dl 0.02

FeO* 453 167 826 17.1 879 191 127 151 328 786 178 205 0.03

MnO 352 379 290 208 287 198 359 331 423 383 145 139 0.02

MgO 058 0.56 213 271 180 150 299 354 3.07 238 121 105 0.02

Ca0 170 183 223 086 245 1.71 143 135 359 398 0.55 053 0.02

Na,O <dl <dl <dl <di <dl <di 002 002 <dl. <dlL 0.03 004 001

K0 <dl <dl <dl <dl <dl <dl <dl <dl <dlL <dl <dl <dl 0.01

Total 99.2 994 100.1 99.7 100.1 100.6 99.8 1004 999 996 96.7% 96.9
Number of cations on the basis of given number of oxygen atoms

Si apfu 2962 2.970 2,980 2.985 2973 2989 0.998 0.999 1.004 1.002 7.967 7.981

Ti 0.046 0.026 0.020 0.000 0.035 0.015 0.000 0.000 0.000 0.000  0.002 0.002

Al 1.994 2.019 2.011 2.029 1,998 2.016 0.000 0.000 0.000 0.000  0.009 0.010

Cr 0.000 0.000 0.000 0.002 0.000 0.000  0.000 0.000 0.000 0.000  0.000 0.000

Fe 0.312 0.114 0.556 1.157 0.594 1.288 0.226 0.266 0.058 0.140 2.291 2.668

Mn 2457 2,633 1.976 1.422 1963 1351 0.649 0.593 0.756 0.689 1896 1828

Mg 0.071 0.068 0.256 0327 0.217 0.180  0.095 0.112 0.096 0.075 2.766 2.433

Ca 0.150 0.161 0.193 0.075 0.212 0.148  0.033 0.030 0.081 0.091 0.091 0.087

Na 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000  0.009 0.011

K 0.000 0.000 0.000 0.000 0.000 0,000  0.000 0.000 0.000 0.000  0.000 0.000

X cations 7.992 7.991 7.992 7.997 7.992 7.987 2.002 2.001 1.995 1997 15.03115.020

0] 12 12 12 12 12 12 3 3 3 3 23 23

End-member proportions

prp mol.% 24 23 86 110 73 6.1 647 592 763 693 MnSiO;

alm 104 39 187 388 199 434 225 266 58 141 FeSiO,

sps 822 885 663 477 657 455 95 11.1 97 76 MgSiO,

grs 50 54 65 24 11 50 33 3.0 82 91 CaSiO,

uv 00 00 00 01 00 00

FeO* Total iron expressed as FeO; <d.L: below detection limit. * Includes 0.01 wt.% Cl. The two amphibole samples
have Fe?'/(Mg + Fe*") values of 0.45 and 0.52, respectively. Garnet end-members: see Table 2; uv: uvarovite.
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FiG. 6. Chemical compositions (in mole %) of pyroxmangite and rhodonite from the

Nagasawa deposit.

pyroxmangite — garnet — amphibole ore contains more
Fe and less Ca than that in the veins (Fig. 7).

Minor minerals

Pyrrhotite is the most abundant sulfide mineral in
the Nagasawa deposit. This mineral is mostly dissemi-
nated in the bedded ores, along with other sulfide min-
erals such as chalcopyrite and sphalerite, and fills the
interstices of the silicates, especially garnet-1 (Fig. 3c).
Massive pyrrhotite up to several centimeters in size is
occasionally observed in the veins. Pyrrhotite in the
pyroxmangite — garnet — amphibole ore is strongly mag-

netic and shows a close association with pyrite, which
indicates that this pyrrhotite is monoclinic, whereas
pyrrhotite in the veins is nonmagnetic, and thus hex-
agonal (Craig & Scott 1974). Pyrrhotite in the
pyroxmangite — garnet — amphibole ore contains minor
amounts of Ni (up to 1.2 wt.%; Table 4).

Pyrite is much less abundant than pyrrhotite and is
observed mostly in the pyroxmangite — garnet — amphi-
bole ore and in the veins. Pyrite in the ore mostly occurs
as an aggregate of extremely fine-grained crystals, partly
admixed with silicate minerals that are too fine-grained
to be identified even with the electron microprobe, and
hence shows poorly polished surfaces in reflected light.
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Pyrite is commonly veined and replaced by pyrrhotite.
Microfractures, partly healed with pentlandite, are
widely developed along median lines of the pyrrhotite
veinlets (Fig. 3f). Pyrite in the pyroxmangite — garnet —
amphibole ore contains a minor amount of Ni
(~0.1 wt.%: Table 4), considerably less than pyrrhotite.
Pyrite in the veins is coarser grained and occurs com-
monly as well-formed crystals of cubic habit.

Ni- and Co-minerals are widely distributed in the
ores in the Nagasawa deposit, i.e., pentlandite, cobal-
tite, gersdorffite, nickeline, and cobaltian 16llingite
(Table 4, Fig. 8). They are mostly less than 200 wm in
size except cobaltite, which is generally larger than the
other Ni- and Co-minerals. Pentlandite occurs mostly
as lamellae in pyrrhotite, although it rarely occurs as
discrete grains associated with pyrrhotite, chalcopyrite
and other nickel minerals. The Co content of pentland-
ite is low (<0.2 wt.%). Cobaltite occurs as composite
grains of intergrown euhedral to subhedral crystals and
rarely includes smaller grains of native bismuth,

2.0 o]0
Mangano Mangano
-cummingtonite ‘O ggj -grunerite
[e
[ ]
[ ]
£) d
k=
«© 1.0
N
s
=
Cummingtonite Grunerite
0.0
0.0 0.5 1.0
1.0
—
>
a
® o
N o
9] 1
U
0.0

0.0 0.5 1.0
Fe’/ (Mg + Fe™)

Q in Pxm-Grt-Amp ore

@ in veins

FiG. 7. Chemical compositions of amphibole from the
Nagasawa deposit. The nomenclature and site allocation of
cations follow Leake et al. (1997).
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bismuthinite and, more rarely, 161lingite. Cobaltite
shows a wide range in Ni and Fe contents, up to 12.4
wt.% Ni and 7.0 wt.% Fe. Gersdorffite occurs as
euhedral to subhedral crystals with nickeline and pyr-
rhotite, and contains an appreciable amount of Co (up
to 11.4 wt.%) and Fe (up to 4.5 wt.%). Nickeline is
associated with pyrrhotite, pentlandite, gersdorffite,
native bismuth, and parkerite. The Co and Fe contents
of nickeline are much lower than those of cobaltite and
gersdorffite (less than 0.6 wt.% for both elements).
Small amounts (mostly less than 0.2 wt.%) of S, Sb and
Te were detected, as well as Ni, Fe, Co, and As.

The common occurrence of bismuth minerals is an-
other characteristic of the Nagasawa deposit. Native
bismuth, bismuthinite, hedleyite, and parkerite were
recognized under reflected light and identified by elec-
tron microprobe (Table 5). Native bismuth is the most
abundant mineral of bismuth, occurring as small (mostly
less than 100 wm) masses with pyrrhotite, nickeline, and
other bismuth minerals. Occasionally, an assemblage of
native bismuth — chalcopyrite — pyrrhotite also is ob-
served (Fig. 3d). Both hedleyite and parkerite are closely
associated and show mutual boundaries with native bis-
muth. Bismuthinite commonly rims or veins native bis-
muth and is considered to be a later product of sulfidation.

Sphalerite is closely associated with other sulfides,
especially pyrrhotite and chalcopyrite, and fills the in-
terstices of and fractures in the crystals of garnet-1 (Fig.
3c¢). It contains appreciable amounts of Fe, ranging from
15.8 to 21.0 mole % FeS (Table 6). Mn and Cd (1.1 and
0.4 wt.% on average, respectively) were also found as
minor constituents.

OXYGEN ISOTOPES

Oxygen isotopic compositions of monomineralic
separates of garnet, pyroxenoids, amphibole, and quartz
(both from metachert and vein) were measured using
the laser fluorination method established by Sharp
(1990). Details of the method employed in this study
are given in Satoh (2000) and Mancini et al. (2000). The
results are shown in Table 7 and Figure 9.

Vein garnet (garnet-3) is subdivided here into types
3A and 3B on the basis of mode of occurrence and grain
size. Garnet-3A forms vein selvages or thin mono-
mineralic bands consisting of finer-grained crystals (less
than 1 mm across), whereas garnet-3B occurs as larger,
discrete crystals of up to 10 mm across. The §'30 values
range from +12.5 to +13.8%o for rhodonite (two
samples), +12.8 to +13.6%0 for garnet-3A (two
samples), +10.2 to +10.9%. for garnet-3B (six samples),
+10.7 to +16.1%o for vein quartz (eight samples), and
+14.5 to +24.1%o for metachert (five samples). The §'80
values of pyroxmangite, garnet-2, and vein amphibole
are +12.2, +12.9, and +11.6%o, respectively. The ana-
lytical uncertainty is approximately +0.13%o for each
single measurement (Satoh 2000). The 3'30 values of
vein quartz are lower than those of host metachert in
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two samples. The order of 330 values of various min-  for one pair of vein quartz and garnet-3A, which shows
erals in the same sample are consistent with the equilib-  the reversed order of '30 enrichment (sample 98032102).
rium order, i.e., 8'%0 gamer < 8'80 pyroxmangite and thodonite < The 8'80 values of garnet-3B and vein quartz, and hence
3180 amphibole < 3180 quartz (.8, Zheng 1993a, b), except  the observed oxygen isotopic fractionation-factors (A)

TABLE 4. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE ANALYSES OF Fe, Co, AND Ni

SULFIDE AND ARSENIDE MINERALS FROM THE NAGASAWA DEPOSIT, JAPAN

Mineral Py Po Po Pn Cbt Cbt Lol dlL Gdf Gdf Nc Ne¢ dl
Fe wt% 472 598 615 321 621 554 143 003 Fe 452 3.60 0.15 049 0.03
Co <dl <dl <dl 303 193 181 928 003 Co 114 249 032 051 0.03
Ni 013 064 037 308 104 119 509 004 Ni 196 296 454 441 004
S 3525 389 382 334 198 175 030 002 S 191 191 0.11 0.12 0.02
As 0.16 <dl. <dl <dl 438 465 705 004 As 443 444 539 542 0.04

Mn 066 <dl <dl <dl 003
Total 100.1 993 100.0 993 996 995 99.5 Sb <d.l 033 013 021 0.03

Te 0.13 <dl. 017 013 003

Total 99.7 995 1002 99.7

Number of atoms on the basis of given number of § or S + As atoms

S (* S+As) 2 8 8 8 1 1 2% 1 1 1* 1*
Fe apfu 1.03 7.06 740 442 0.18 018 0.54 Fe 0.14 011 000 0.01
Co 040 053 056 033 Co 033 0.07 001 001
Ni 0.00 007 004 404 029 037 0.18 Ni 056 085 107 104
As 0.00 095 1.14 As 099 1.00

Mn 0.02 0.00

Sb 0.00 000 0.00

Te 0.00 0.00 0.00
ZiFe +. 103 713 745 885 100 112 105 1.02 1.03 109 106
Co +Ni)

<d.L: below detection limit. apfu: atoms per formula unit.

Fe

® Cobaltite
O Gersdorffite
¢ Pentlandite
& Lollingite

Co Ni

FiG. 8. Chemical compositions (in atomic ratio of Fe, Co, and Ni) of cobaltite, gersdorffite,

Iollingite, and pentlandite from the Nagasawa deposit.
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between those two minerals from the same samples, are
quite uniform except for one datum for vein quartz (3'%0
= +10.7%o, sample 98032102). On the other hand, the
values obtained from metachert are highly variable.

DiscussioN

Protoliths and chemical processes
in contact metamorphism

The bedded ores at the Nagasawa deposit are classi-
fied into three types, i.e., (1) bedded rhodonite ore, (2)
pyroxmangite — garnet — amphibole ore, and (3) bedded
garnet — biotite — apatite ore. The protoliths and domi-
nant chemical processes for the formation of each ore
type are discussed below.

Bedded rhodonite ore: The most probable protolith
of this ore type is a stratiform manganese carbonate ore
in which rhodochrosite and quartz were the two pre-
dominant phases. This conclusion is supported by the
mineralogy of the unmetamorphosed to weakly meta-
morphosed bedded manganese deposits in the Yamizo
Group, which mainly comprises rhodochrosite (MITI
1987). Similar rhodochrosite-rich manganese deposits
have been recognized in chert-dominant sequences in
the marine sedimentary rocks in Japan, most of which
are of Mesozoic age. Sugisaki et al. (1991) studied the
rhodochrosite-rich lenses or nodules from several locali-
ties in the Mino Belt, a province comparable in lithol-
ogy and tectonic setting to the Yamizo Group, and
designated those lenses as “manganese bands.” The
“manganese bands” are composed mainly of spherulitic
to massive rthodochrosite in a siliceous or argillaceous
matrix. Those characteristics are common to many
unmetamorphosed stratiform rhodochrosite-rich ores

TABLE 5. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE
ANALYSES OF HEDLEYITE AND PARKERITE
FROM THE NAGASAWA DEPOSIT, JAPAN

THE CANADIAN MINERALOGIST

hosted by chert-dominant sequences (e.g., Matsumoto
1987, Momoi et al. 1988).

The chemical composition of rhodonite, the most
abundant manganese mineral in the Nagasawa deposit,
is approximately (Mng 7Fe?*o ;Mg 1Cayg,)SiO3 (Table 3,
Fig. 6). This mineral is considered to have formed by
the reaction between rhodochrosite and excess quartz:

(Mng 7Fe?*( 1Mgg.1Cag 1)COs + SiO, —
Rds Qtz
(Mng 7Fe?*) 1Mgo.1Cag.1)SiO3 + CO»
Rdn

as suggested also by Sugisaki et al. (1991).
Pyroxmangite — garnet — amphibole ore: Average
chemical compositions of garnet-1, amphibole, and
pyroxmangite in this type of ore can be given as
(Mn; 7Fe?* 3)Al,Si301,, Mny(Mgs ¢Fe?*; 4)Sis0n,
(OH),, and (Mn7Fe?*3)Si03, respectively (Table 3,
Figs. 5 to 7). In order to produce these minerals, precur-
sor minerals containing Mg, Fe?*, and Al as major con-
stituents are necessary in addition to rhodochrosite and
quartz. A chlorite-group mineral is the most reasonable
candidate for such a mineral; in fact, Matsumoto (1987)
identified chlorite as a minor constituent in unmeta-
morphosed nodules of rhodochrosite from a chert-domi-
nant sequence in Japan. Momoi et al. (1988) identified
clay minerals enclosing spherulitic rhodochrosite from
the Komaoka mine, Japan, as interlayered chlorite—
saponite. Huebner & Flohr (1990) listed several miner-
als including rhodochrosite, quartz, and chlorite (both
clinochlore and pennantite) as the precursors of the

TABLE 6. REPRESENTATIVE RESULTS OF ELECTRON-MICROPROBE
ANALYSES OF SPHALERITE FROM THE NAGASAWA DEPOSIT, JAPAN

Mineral ~ Hdl  Hdl  dl Pk Pk dl
Biwt% 813 812 005 Ni 278 280 005
Te 177 175 004 Bi 629 633 005
Fe 02 502 1004 s 986 966 002
Se 016 019 003 Sb 035 034 004
Sb 014 011 004
Pb 027 <dl 006 Total 1009 1013
Total 998 992
Biatom% 725  73.0 Ni 436 440
Te 258 257 Bi 278 279
Fe 084 069 s 284 277
Se 038 045 Sb 027 026
Sb 021 017
Pb 0.24 Ni/(Bi+Sb) 155  1.56

Ni/S 154 159
Bi/Te 281 284

<d.L: below detection limit.

1 2 3 d.l.
Znwt.% 553 52.6 51.7 0.06
Fe 9.08 114 12.3 0.03
Mn 0.55 1.56 139 0.16
Cd 021 0.57 0.41 0.03
Cu 0.60 <dl 0.42 0.05
S 336 33.8 334 0.02
Total 99.3 99.9 99.6

Number of atoms on the basis of one atom of sulfur

Zn apfu 0.81 0.76 0.76
Fe 0.16 0.19 0.21
Mn 0.01 0.03 0.02
Cd 0.00 0.00 0.00
Cu 0.01 0.01
Total 0.98 0.99 1.01
ZnS mole % 82.1 7.2 75.6
FeS 15.8 19.6 21.0
MnS 10 2.7 24
Cds 0.2 0.5 03
CuS 0.9 0.6
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FIG. 9. Measured 8'30 values of garnet, pyroxmangite, rhodonite, amphibole, and quartz (from both vein and metachert) from the
Nagasawa deposit and the calculated temperatures. The 3'80 values of coexisting minerals separated from the same hand
sample and the temperatures calculated from those minerals are shown as symbols connected by a dashed tie-line.

Buckeye deposit in the Franciscan Complex, Califor-
nia. The authors cited indicate that a chlorite-group
mineral occurs ubiquitously in unmetamorphosed man-
ganese carbonate ores. A possible reaction for the for-
mation of garnet-1 and amphibole is:

687 (MH0.7F€2+O.3)CO3 +

Rds
87 (Mg3.7F€2+1'3)A1 (SI3A1)010(OH)8 + 984 SIOQ
Chl Qtz
— 87 (Mny7Fe**(3)ALSi301, +
Grt-1
123 MIl2(Mgz'6F€2+2'4)Si8022(OH)2 + 687 C02
Amp

+225 H,0

When the chlorite, less abundant than rhodochrosite and
quartz in the unmetamorphosed ore, was exhausted by
the above reaction or where no chlorite was available
during contact metamorphism, pyroxmangite formed
instead of garnet-1 and amphibole.

(Mng7Fe?*(3)CO3 + Si0; —

Rds Qtz
(Mng 7Fe**(3)Si03 + CO,
Pxm

The formation of pyroxmangite continued until rhodo-
chrosite was completely consumed. The sequence of

reactions is consistent with the petrographic observa-
tion that pyroxmangite veins occasionally fill the inter-
stices of garnet-1 crystals (Fig. 3b).

Bedded garnet — biotite — apatite ore: In this ore,
garnet-2, quartz, and biotite are dominant constituents.
Garnet-2 and biotite may have formed from the assem-
blage of rhodochrosite, quartz, chlorite, and potassium-
bearing minerals. Potassium-bearing minerals in
unmetamorphosed manganese carbonate ores include
illite and K-feldspar (e.g., Matsumoto 1987, Sugisaki et
al. 1991). Those minerals and chlorite are the most
likely sources of all the K, Al, and of considerable pro-
portions of Fe?* and Mg in garnet-2 and biotite.

Oxygen isotopic constraints on the source
of the minor elements and the vein formation

Detailed mineralogical examination revealed that
Co, Ni, Cu, Zn, As, Mo, Te, Pb, and Bi are the minor
elements that characterize the Nagasawa polymetallic
deposit. In order to evaluate the possibility that those
minor elements were transported by external hydro-
thermal fluids to the manganese deposit, analogous to
ore-bearing skarns where metals such as Cu are hydro-
thermally added to the host skarn (e.g., Haruna et al.
1990, Haruna & Ohmoto 1996), temperatures of oxy-
gen isotope equilibration were calculated for the min-
eral pairs formed by quartz (from both vein and



1082

metachert) and the following minerals: garnet,
pyroxmangite, rhodonite, and amphibole. These mineral
pairs were obtained from the same samples, and their
measured oxygen isotopic compositions were used in
conjunction with the theoretical fractionation-factors of
Zheng (1993a, b). The fractionation factors between
quartz and several end-member minerals (spessartine,
rhodonite, and cummingtonite) were employed for the
pairs of quartz—garnet, quartz—pyroxenoids (rhodonite
and pyroxmangite), and quartz—amphibole, respectively,
although the manganese silicate minerals in Nagasawa
contain appreciable amounts of Fe?*, Mg, and Ca
(Tables 2, 3). Replacement of Mn?* by those divalent
cations does not change the fractionation factors signifi-
cantly. For example, equilibrium fractionations between
end-member spessartine and almandine and between
rhodonite and Fe-substituted rhodonite (FeSiO3) at
500°C are calculated to be only ~0.07 and ~0.04%o,
respectively (Zheng 1993a). Lichtenstein & Hoernes

THE CANADIAN MINERALOGIST

(1992) also recognized a lack of fractionation of oxy-
gen isotopes among the pyralspite group of garnets.
Mancini et al. (2000) applied the fractionation factor of
Zheng (1993b) between quartz and cummingtonite to
their pairs of quartz and Mn-bearing amphibole and
obtained reasonable temperatures.

The calculated oxygen isotopic temperatures for the
mineral pairs obtained from the bedded ores (four pairs
including metachert) are widely scattered, from 130 to
1370°C. They include the temperature range of contact
metamorphism of the Wagakunisan metamorphic rocks,
400-580°C, estimated by Miyazaki et al. (1992) from
the mineral equilibria in metapelitic rocks (Table 7,
Fig. 9). The discrepancy in temperature ranges between
that estimated by the mineral equilibria and that by the
oxygen isotopic compositions is probably due to the lack
of oxygen isotopic equilibrium among the coexisting
minerals on a hand-specimen scale during contact meta-
morphism. Rather, the oxygen isotopic compositions

TABLE 7. MEASURED 8'*0 VALUES OF GARNET, PYROXENOIDS (PYROXMANGITE AND RHODONITE),
AND QUARTZ (FROM BOTH VEIN AND HOST METACHERT),
NAGASAWA DEPOSIT, AND CALCULATED OXYGEN ISOTOPIC TEMPERATURES

Sample Sample description Mineral 80 (SMOW, %o) Isotopic T (°C)
98080803 Apatite — garnet — quartz vein ~ Garnet-3A +12.8 930 + 70 (Vein Qtz — Grt-3A)
cross-cutting host metachert Quartz (vein) +15.1
98020402 Garmnet — quartz vein Garmet-3B +10.4 500 + 30 (Vein Qtz — Grt-3B)
cross-cutting host metachert Quartz (vein) +15.3
98032101-C Garnet — quartz vein Garmnet—3B +10.7 460 £ 20 (Vein Qtz — Grt-3B)
cross-cutting host metachert Quartz (vein) +16.1 130 + 10 (Metachert — Grt-3B)
Quartz (metachert) +24.1
98032102 Garnet — quartz vein Garnet-3A +13.6 Reversed (Vein Qtz —~ Grt-3A)
cross-cutting host metachert Quartz (vein) +10.7 1370+ 140 (Metachert — Grt-3A)
Quartz (metachert) +14.7
M33886 Massive, brownish pyroxmangite Pyroxmangite +122 720 + 50 (Metachert — Pxm)
and garnet interbedded with Quartz (metachert) +15.1
metachert
98020403 Fine-grained, orange garnet Garnet—2 +12.9 500 £ 30 (Metachert — Grt—2)
interbedded with metachert Quartz (metachert) +17.9
98080804  Massive, pinkish rhodonite Rhodonite +12.5 970 + 80 (Metachert — Rdn)
interbedded with metachert Quartz (metachert) +14.5
98020404 Massive, brownish rhodonite Rhodonite +13.8
interbedded with metachert
MK-1 Garnet — quartz vein cross- Garnet-3B +10.4 530 % 30 (Vein Qtz - Grt-3B)
cutting metachert Quartz (vein) +15.1
MK-2 Apatite — gamet — quartz vein ~ Garnet-3B +10.2 520 £ 30 (Vein Qtz — Grt-3B)
cross-cutting massive Quartz (vein) +15.0
amphibole and garnet
MK-3 Amphibole — garnet — quartz Garnet-3B +10.3 500 = 30 (Vein Qtz - Grt-3B)
vein cross-cutting bedded Quartz (vein) +15.3 530 + 40 (Vein Qtz — Amp)
rhodonite ore Amp +11.6 410 = 80 (Amp — Grt—-3B)
MK—4 Garnet — quartz vein Garnet-3B +10.9 620 & 40 (Vein Qtz — Grt-3B)
Quartz (vein) +14.8
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were controlled by those of the protoliths at the
Nagasawa deposit. Establishment of oxygen isotopic
equilibrium via fluid media may be expected among
metamorphic minerals on the scale of a few meters, if
they formed under fluid-dominant conditions (Hayashi
& Ohmoto 1996) or underwent post-metamorphic
events under fluid-dominant conditions, e.g., hydrother-
mal alteration. In addition, all of the 880 values of the
minerals from the bedded ores, i.e., rhodonite,
pyroxmangite, garnet-2, and metachert, fall in the range
of those of the typical metasediments, +8 to +26%o
(Sheppard 1986). The high and variable nature of 8'30
values of the bedded ores indicates that the oxygen iso-
topic compositions were inherited from those of the
original sedimentary rocks (Taylor 1974, Hayashi &
Ohmoto 1996). We contend that no externally derived
fluids with lower 8'30 values reacted with the bedded
ores to homogenize the oxygen isotopic compositions
of minerals. The possibility of hydrothermal input of the
minor elements to the bedded ores can thus be ruled out.
On the contrary, those elements are considered to have
been concentrated in the manganese ores before contact
metamorphism. They were simply precipitated in the
form of minor minerals from H,O- and CO,-rich fluids
produced by the metamorphic devolatilization-type re-
actions and remained along grain boundaries of earlier-
formed minerals such as pyroxenoids, garnet, and
amphibole. The nature of mineralization in this type of
manganese deposits is in contrast to what is observed in
the ore-bearing skarns, where externally derived hydro-
thermal fluids carried the ore metals (e.g., Haruna et al.
1990, Haruna & Ohmoto 1996). The replacement of
carbonates (rhodochrosite or calcite) by silicates (man-
ganese silicates or calc-silicates), however, is the domi-
nant process of formation in both types of ore deposits.

In contrast to the bedded ores, the temperatures of
the vein stage estimated from the oxygen isotopic frac-
tionation between vein quartz and garnet-3B (six pairs)
and between vein quartz and amphibole (one pair) fall
in a range of 440-660°C (mostly 440-570°C). Those
values are in excellent agreement with the temperatures
of contact metamorphism estimated by Miyazaki et al.
(1992). This agreement in temperatures between the
veins and the host metamorphic rocks implies that the
vein minerals attained oxygen isotopic equilibrium with
each other (except garnet-3A) and that the veins formed
during the peak stage of contact metamorphism, i.e., the
estimated temperatures for the veins are also applicable
to the bedded ores.

Vein quartz and garnet-3A (two pairs) are not in
oxygen isotopic equilibrium, i.e., one pair gives an un-
reasonably high temperature of 930°C, and the other
shows reversed relationship in terms of 80 enrichment
(Table 7). We interpret garnet-3A as having originally
formed as garnet-2 that was later incorporated in the
vein as xenocrysts. This view is supported by the com-
parable oxygen isotopic compositions of garnet-2 and
garnet-3A (Table 7, Fig. 9). Garnet-3B probably origi-
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nated from garnet-3A and was subsequently recrystal-
lized, and equilibrated with the vein-forming fluid.

The 8'30 values of H,O in equilibrium with the min-
erals in the bedded ores and in the veins at the inferred
temperatures of vein formation range from +10.7 to
+21.7%0 (mostly to +16.3%0) and from +11.9 to
+13.1%o, respectively. Those values seem to fall in a
similar range, although the former values are more vari-
able. However, oxygen isotopic fractionation was rec-
ognized between the vein quartz and its host metachert
in two samples (98032101-C and 98032102), i.e., the
3180 values of vein quartz are lower than those of the
metachert by 4.0%0 and 8.0%o, respectively (Table 7,
Fig. 9). This trend may indicate that the externally de-
rived fluids with lower 8'80 values (magmatic fluid in
equilibrium with the granitic rocks or local meteoric
water) were responsible for the vein formation along
with the metamorphic fluid that was generated by the
devolatilization reactions and subsequently focused in
veins. The restricted occurrence of molybdenite in the
quartz veins appears consistent with this suggestion, i.e.,
Mo was supplied by externally derived hydrothermal
fluids at the vein stage. However, an alternative inter-
pretation is possible for the origin of Mo and other minor
elements as well (see below).

Mineralization of minor elements

Several mineral assemblages that are useful in con-
straining the conditions of formation were recognized
in the Nagasawa deposit, i.e., coexistence of chalcopy-
rite, pyrrhotite, and sphalerite (15.8 to 21.0 mole % FeS;
Table 6) and of chalcopyrite, pyrrhotite, and native bis-
muth, and the presence of 161lingite. The conditions of
temperature and sulfur fugacity, f(S,), estimated from
the above mineral assemblages are given in Figure 10,
along with the temperature range for the bedded ores
and vein formation estimated from the oxygen isotopic
fractionations. Thermodynamic data necessary to draw
the figure were taken from Barton (1973, 1979). The
chalcopyrite — pyrrhotite — sphalerite assemblage
(Fig. 3c) formed at temperatures below 334°C and at
f(S») values close to the pyrite — pyrrhotite curve within
analytical uncertainty (Barton 1979). The chalcopyrite
— pyrrhotite — native bismuth assemblage (Fig. 3d), al-
though uncommon, indicates lower temperatures (less
than 253°C) and f(S,) conditions than those of the chal-
copyrite — pyrrhotite — sphalerite. The 161lingite — native
bismuth assemblage (Fig. 3e) is characteristic of even
lower f(S,) values, although the temperature is not well
constrained. The former two assemblages indicate a
temperature lower than those of the contact metamor-
phism (~440-570°C). The temperature thus decreased
from that of contact metamorphism, including the vein
formation, to the mineralization of the minor elements.
This conclusion is also supported by the textural evi-
dence that the minor minerals formed later than garnet
and pyroxenoids (e.g., Fig. 3c).
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Distinct values of f(S;) and temperature estimated
for each of the above assemblages reflect the local het-
erogeneity (at a microscopic scale) in temperature and
f(S»). This view agrees with the inference based on oxy-
gen isotopic data of the bedded ores, that oxygen isoto-
pic equilibrium was not attained on a hand-specimen
scale among any mineral pairs, and thus that the exter-
nally derived fluid media were not important. The f(S,)
values and mineral assemblages were controlled locally
by the source minerals or elements available at the site
of crystallization. The source of the minor elements is
inferred to be a chlorite- and pyrite-bearing assemblage,
locally abundant in the precursor manganese carbonate
ores, as discussed below.

The minor elements are now observed in the acces-
sory minerals closely associated with garnet-1 in the
pyroxmangite — garnet — amphibole ore (Fig. 3c). This
association strongly suggests that both Al in garnet-1

1000/T (K)
1.8 1.6
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and the minor elements, along probably with Mg and
Fe?* in amphibole, were derived from the same source
material, which we infer to be chlorite. The minor ele-
ments are considered to have been concentrated in a
chlorite-bearing assemblage in the precursor manganese
carbonate ores either as pyrite and other sedimentary
minerals or organometallic compounds closely associ-
ated with chlorite, as impurity elements that substitute
for octahedrally coordinated Mg and Fe?* in the chlo-
rite structure, or as a combination of those. Pyrite, the
earliest sulfide phase in the Nagasawa deposit, may be
sedimentary in origin, formed by sedimentation or
diagenesis, and recrystallized during the early stage of
contact metamorphism. Some of Ni and As may have
been derived from pyrite, as suggested by the electron-
microprobe data (Table 4). Banno et al. (1999) described
sulfide-bearing (pyrite, pyrrhotite, chalcopyrite, and
sphalerite) graphitic metapelite from Nagasawa
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Fic. 10. Logf(S,) — T relationship among sulfide minerals from the Nagasawa deposit. Note that the mineral assemblages
chalcopyrite — pyrrhotite — sphalerite, chalcopyrite — pyrrhotite — native bismuth, and native bismuth — 16llingite occupy

distinct regions in the diagram.
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interbedded with the same metachert unit hosting the
manganese deposit, and inferred the protolith of this
metapelite to be black shale, rich in both metals and
organic materials, interbedded with bedded chert. The
presence of such a rock type is consistent with the sug-
gestion that the minor elements were derived from the
chlorite- and pyrite-bearing assemblage.

For the chert-hosted bedded manganese deposits in
other areas, no analyses have been made of chlorite or
pyrite fractions in the rhodochrosite-rich ores except
several bulk-rock chemical compositions (e.g.,
Matsumoto 1987, Hein et al. 1987, Huebner & Flohr
1990, Sugisaki et al. 1991). Sugisaki et al. (1991) ana-
lyzed (X-ray fluorescence) bulk-rock samples of the
manganese carbonate ores, the “manganese bands”,
composed of rhodochrosite spherules of up to several
mm in size in a siliceous or argillaceous matrix, from
the Mino Belt. They recognized that trace metals such
as Co, Ni, Cu, Zn, and Mo are highly concentrated in
the rhodochrosite ores relative to their host rocks. They
documented ranges of concentration from 19 to 344 ppm
Co, from 36 to 64 ppm Ni, from 44 to 298 ppm Cu,
from 59 to 113 ppm Zn, up to 173 ppm Mo, and from
18 to 99 ppm Pb in the rhodochrosite ores. None of those
trace metals were detected, however, in the rhodo-
chrosite spherules by electron microprobe, even where
the bulk trace-metal concentrations were found to be
higher than the detection limit (~100 ppm). Sugisaki et
al. (1991) suggested from those observations that the
minor metals may have been adsorbed as organic com-
pounds onto the surfaces of matrix clays. Hein et al.
(1987) also noted an enrichment of Zn and Ni in the
stratiform rhodochrosite ores compared with the host
chert and shale, although no enrichment was observed
for Co and Cu. The results of Matsumoto (1987) are not
consistent with those of Sugisaki et al. (1991); no en-
richment of the minor metals such as Cu, Ni, and Zn
were recognized in the rhodochrosite-rich nodules com-
pared with the host rocks (bedded chert or siliceous
shale of the Middle Jurassic). The inconsistency in pat-
tern of metal enrichment among the above studies re-
mains poorly understood, as the mineralogy of the
rhodochrosite ores, especially the proportion of rhodo-
chrosite, clays, and pyrite, was not clearly specified.

Chlorite-group minerals containing minor ore-form-
ing elements as octahedrally coordinated cations have
been found in many previous studies (Bailey 1988, Deer
et al. 1992). Any medium-sized cations such as Cr, Ni,
Mn, V, Cu, and Zn, along with Mg, Fe*, Fe**, and Al,
will be incorporated in the octahedral sites of the chlo-
rite structure (Bailey 1988). Among those elements, Mn,
Ni, and Zn can be predominant cations in the octahedral
sites of the chlorite structure, and such chlorites are rec-
ognized as independent minerals, i.e., pennantite,
nimite, and baileychlore, respectively (De Waal 1970,
Rule & Radke 1988). More recently, Miyaike et al.
(2000) found chlorite with high Ni and Zn contents from
hydrothermally altered basalt developed in the footwall
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of the Ghuzayn volcanogenic massive sulfide deposit
in Oman, and commented on the capacity of chlorite for
accommodation of trace elements.

The sulfur in sulfides is considered to have been
derived from the decomposition of pyrite. This mineral
is commonly replaced by pyrrhotite with characteristic
microfractures (Fig. 3f), which reflect the negative
change in volume, or shrinkage, of solid phases during
such replacement. This replacement reaction can be
expressed as:

7FeS, + 6H, — Fe;Sg + 6H,S
Py monoclinic Po

The volume change in solid phases involved in this
reaction (AV,iq) can be calculated as:

AVlia = Vpo — TVpy = 140.75 (cm3/mole) —
7 X 23.94 (cm?/mole) = —26.83 (cm?)

where Vp, and Vpy represent molar volumes of mono-
clinic pyrrhotite and pyrite, respectively (values from
Murowchick 1992). This AViq of —26.83 cm? is
equivalent to a volume decrease of 16%. This replace-
ment reaction generated H,S that subsequently reacted
with other minor elements and Fe to form sulfides and
sulfarsenides.

Origin of the minor elements

In order to characterize the minor elements in the
Nagasawa deposit, concentration coefficients of ele-
ments in manganese nodules relative to both the Earth’s
crust and deep-sea sediments are shown in Figure 11.
All the characteristic minor elements in the Nagasawa
deposit, i.e., the elements that occur exclusively as ma-
jor constituents in the sulfide and other minor minerals
(S, Co, Ni, Cu, Zn, Mo, As, Te, Pb, and Bi), are consis-
tent with those that are more concentrated in manga-
nese nodules over the average crust by one to three
orders of magnitude. However, some elements have
higher concentration coefficients than all the minor ele-
ments and Mn, but they are not found as independent
mineral phases in the Nagasawa deposit. These elements
are I, T1, Sb, W, Cd, B, Cl, and Pt. Among them, Sb and
Cd occur as minor constituents in gersdorffite, nickeline,
hedleyite, and parkerite (for Sb, see Tables 3 and 4) and
in sphalerite (for Cd, see Table 5), respectively. Prelimi-
nary electron-microprobe analyses revealed that a small
amount of chlorine is present in apatite. The concentra-
tion of platinum is expected to be still too low (on the
order of several hundred ppb), if enriched, to crystallize
as an independent mineral. Minerals containing B or W
have been reported from several bedded manganese
deposits in Japan, such as hiibnerite, tinzenite, and
wiserite (e.g., Watanabe et al. 1970), although no such
minerals have been recognized in this study; the rea-
sons for their absence remain unclear. Huebner & Flohr
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(1990) showed a positive correlation between tungsten
contents and modal proportion of gageite in the chert-
hosted manganese ores of the Franciscan Complex. The
absence of tungsten in the Nagasawa ores may imply
the absence of specific precursor minerals such as
gageite. lodine and thallium are, in general, extremely
rare as major constituent elements in independent min-
eral phases.

The consistency of the elements enriched in the
Nagasawa manganese deposit and in the seafloor man-
ganese oxide—hydroxide phases suggests that the deposit
could have originated from a precursor like ferroman-
ganese nodules, crusts, or particulates of hydrogenous,
diagenetic, or hydrothermal origin, and that the
polymetallic nature of the deposit was probably inher-
ited from the nature of the precursor.

Sediment-hosted stratiform manganese carbonate
deposits, the most probable protoliths of the Nagasawa
deposit, have interested many previous investigators
(e.g., Hein & Koski 1987, Hein et al. 1987, Matsumoto
1987, Okita et al. 1988, Okita & Shanks 1992, Sugisaki
et al. 1991), most of which suggested that those manga-

nese carbonate ores formed under hemipelagic environ-
ments during suboxic diagenesis by the oxidation of or-
ganic matter (and in some cases methane) to carbonates
and the reduction of manganese oxides—oxyhydroxides
to Mn2* to form rhodochrosite. In this context, the mi-
nor elements were first scavenged from seawater, pore
water in deep-sea sediments, or seafloor hydrothermal
fluids by the deep-sea manganese oxides—oxyhydroxides,
as indicated by the relative enrichment of those elements
in ferromanganese nodules over the average pelagic
sediments (Fig. 11b), and were released and subse-
quently incorporated in chlorite during diagenetic recon-
stitution of the manganese oxide to the manganese
carbonate ores, probably under hemipelagic environ-
ments (Fig. 12).

CONCLUSIONS

(1) The Nagasawa deposit is a chert-hosted bedded
manganese deposit that was subjected to intense con-
tact metamorphism. Sulfides and other minerals of the
minor elements (Co, Ni, Cu, Zn, As, Te, Pb, and Bi)
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Sulfide mineralization (< 334°C)

[ Mn silicates with minor minerals
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that are distributed widely in the deposit formed by re-
crystallization during contact metamorphism after the
formation of silicates in both the bedded ores and the
veins, rather than by precipitation from hydrothermal
fluids driven by the emplacement of granitic magma
during metamorphism.

(2) The minor elements were concentrated in chlo-
rite- and pyrite-bearing assemblages in the unmetamor-
phosed rhodochrosite—quartz-dominant ores before
contact metamorphism. Breakdown of this assemblage
into the garnet-bearing assemblage released the minor
elements that subsequently reacted with H,S, generated
by the replacement reaction of pyrite by pyrrhotite, to
form sulfide minerals.

(3) Concentration of the minor elements was prob-
ably achieved in deep-sea environments by scavenging
and accumulation in manganese oxides such as
ferromanganese nodules of hydrogenous, diagenetic, or
hydrothermal origin. Those minor elements were incor-
porated in chlorite- and pyrite-bearing assemblages dur-
ing the diagenetic reconstitution of manganese oxides
to the rhodochrosite—quartz-dominant ores, probably
under hemipelagic environments.
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