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ABsTRACT: According to the field and laboratory observations, mineral assemblages found, composition
of sphalerite coexisting with pyrite, fluid inclusion data, and thermochemical calculations, the overall geo-
chemical environments of the Neogene mineralization in the Green Tuff region of Japan are evaluated in the
present article. The depositional environments prevailing at the time of the Neogene ore formation can be
roughly classified into two types, those of high to intermediate oxygen and sulfur fugacity, and those of
intermediate to low oxygen and sulfur fugacity, respectively. The former, including the Kuroko deposits,
gold-silver veins, copper-lead-zinc-manganese veins, and pyrrhotite-free lead-zinc veins, is a region bounded
by the following mineral assemblages: alabandite-rhodochrosite; pyrite-magnetite (or pyrite-hematite);
magnetite-hematite; galena-anglesite; pyrite-bornite-chalcopyrite; oldahmite-anhydrite; and fixed iron
content of sphalerite (3 mol. %, FeS). On the other hand, the latter, including lead-zinc veins with or
without pyrrhotite, is a region bounded by the assemblages: alabandite-rhodochrosite; graphite-carbon di-
oxide; pyrite-pyrrhotite; pyrite-magnetite; and oldahmite-anhydrite. Among them, the mineral assemblage,
pyrite-bornite-chalcopyrite is characteristic of the Kuroko deposits. Then, assuming minerals-fluid equili-
brium, the chemical features of the ore fluids responsible for the Neogene ore formation are estimated. The
relative concentrations of major metal species present in the ore fluids are as follows: in the low oxygen
fugacity region, generally, Pb<Cu<ZnsFe and Pb<Fe<CusZn at 200°C and 250°C, respectively.
In the high oxygen fugacity region, generally, Pb<Fe<CusZn at 200°C and 250°C. The calculated
concentrations, based on the molal concentrations in log scale, are compared with those of the active
geothermal brines. The results are as follows: the geothermal fluids from New Zealand (e.g. Wairakei,
Champagne Pool, and Broadlands) and possibly sea water have a similar composition to those of the
Neogene ore fluids of high to intermediate oxidation state at 200°C, while the fluids from the Discovery
Deep, Red Sea and Matupi, T. P. N. G. have a similarity in chemical composition to those of the Neogene
ore fluids of low to intermediate oxidation state at 250°C.
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I. INTRODUCTION

Theoretical and experimental bases for genetical discussions of hydrothermal ore
deposition were provided by investigators such as those of KurLerup (1953, 1967),
Horranp (1959, 1965), BARNEs and KuLLERUD (1961), and BARTON and TourmiN (1966).
Those have further been extended by HerLceson (1964, 1969, 1970), BarTton and
SKINNER (1967), Nriacu (1971a, 1971b), Onmoto (1972), and many others. Such a
concept of chemical equilibrium has been extensively applied to the Kuroko deposits
(e.g. Kajiwara, 1970, 1971, 1973a, 1973b; Kajiwara and Honma, 1972; SaTo, 1972,
1973; UraABE, 1974a, 1974b; WATANABE, 1976), to vein-type deposits of volcanic affinity
(e.g. HELGEsoN and GARRELs, 1968; Suikazono, 1973, 1974a, 1974b, 1975; ROBINSON,
1974; Hatrorr, 1975; WATANABE, 1976), to the Mississippi Valley-type deposits (e.g.
ANDERSON, 1975), to wall rock alteration including porphyry copper deposits (e.g. MEYER
and HEMLEY, 1967; RavamanasuAay and HoLranp, 1969), and to other deposits.

As to the Neogene ore deposits in the Green Tuff region, geochemical environments
of the Kuroko mineralization were first discussed by Kajiwara (ditto), combined with
sulfur isotope and fluid inclusion data. Sarto (1973) proposed a chloride complex model
for the Kuroko formation on the assumption that 1 ppm of copper had been dissolved in
the ascending Kuroko-forming solution. Icmikunt (1975) and Suikazono (1976a) also
proposed chemical models for the Kuroko-forming solutions. URaBe (1974a) carried out
analyses of sphalerite in the Kuroko deposits and emphasized upward decrease in iron
content in each Kuroko deposit. WAaTanaBe (1976, 1979), by means of fluid inclusions,
discussed formation temperature, origin, and state of the ore fluids responsible for the
Neogene mineralization, as a whole. For an outline of the Neogene mineralization and
mineralogical descriptions of ore specimens from more than 30 mines, see WATANABE
(1976).

In the Neogene ore deposits under consideration, particularly in the copper-lead-zinc
deposits, one of the mineralogical features is a ubiquitous occurrence of barite, though
such observation is against that of LAMBERT and SaTto (1974). Generally speaking, the
mineral association, chalcopyrite-pyrite-galena-sphalerite-barite-sericite-chlorite-quartz,
is essentially characteristic of the Neogene mineralization. Here adopted is a view point
throughout the present study that wide-spread distribution of the ore deposits in the
Green Tuff region is regarded as a single geological event, despite the difference in a
field of formation, or in type of ore deposits. In other words, they were formed in as-
sociation with the geosynclinal evolution. Such a view point may be supported by a
striking similarity in lead isotope ratio among the Miocene ore leads (Sato et al., 1973).
Then, genetical discussions on the Neogene mineralization can be reduced to those of the
mineral assemblage mentioned before. On the basis of the field and laboratory observa-
tions, mineral assemblages found, fluid inclusion data, sphalerite composition, and thermo-
chemical calculations, the present article makes it the aim to discuss the overall
geochemical environments of the Neogene ore formation in the Green Tuff region of
Japan.

Acknowledgements: I would like to thank Prof. A. Tsusuk for critical reading of the
manuscript. I am also indebted to Drs. M. Dor, A. SoEpa, S. TAkENO, and the late M.
WATANABE for their comments, advises, and encouragements during the course of this

68



Geochemical Environments of the Neogene Ore Formation

work. I wish to express my deep gratitude to Profs. T. Tatsumi, T. Fuju, A. Tsusug,
and H. Saxat for their helpful suggestions and criticisms in the initial phases of this study.
I am grateful to Profs. T. Tarsumi, A. Sucaki, and H. SHiMA for permission to use
microprobe analyser and its operation to Drs. T. UrRABE and A. KiTAakAzE.

II. CoOMPOSITION OF SPHALERITE COEXISTING WITH PYRITE

In evaluation of depositional environments of ores, the ternary system Fe-Zn-S is of
great importance. Generally observed in the Neogene ore deposits is the mineral as-
semblage, pyrite and sphalerite, belonging to the system, with some exception in which
pyrrhotite-bearing lead-zinc veins are noted.

BartoN and Tourmin (1966) revealed that iron content in sphalerite coexistent with
pyrite is very sensitive to variations in temperature and sulfur fugacity. In the following
discussion, assumptions are made that:

(1) Equilibrium

2FeS (in sphalerite solid solution) 4+ S,=2FeS, (pyrite)

was achieved at the time of ore deposition, and then preserved.

(2) The dependency of composition of sphalerite on activity does not change signi-

ficantly with temperature.
The latter was experimentally confirmed by BArRTON and TourLMIN (1966) at the relatively
higher temperatures in the FeS-rich portion. Interpolation of the FeS activity-FeS mol.
9%, relation leads to the Henry’s Law constant of 2.5 to 4.0 in the FeS-poor portion (Yur
and CzAMANSKE, 1971). A value of 2.5 as that constant is employed throughout the
present article. Furthermore, as experimentally demonstarated by KuLLErRUD and
YorpER (1959), pyrite does not deviate measurably from stoichiometric composition,
FCSZ.

Thus, following a calculation similar to BarToN and TouLmin (1966), activity of FeS
in sphalerite coexisting with pyrite can be expressed as a function of temperature and sulfur
fugacity.

In order to know the distribution of iron contents of sphalerites within a single ore
deposit, those of sphalerites in various occurrences in the Daikoku deposit of the Ainai
mine (WATANABE, 1970, 1974), one of the typical Kuroko deposits, have been analysed
by the same method described in UraBE (1974a) using electronmicroprobe analyser,
J.E.O.L. Model JXA with take-off angle of 40°. Corrections for absorption,
fluorescence, ionization, and backscattering effects have been made by the method
proposed by SweatMaN and Lonc (1969). Special attention has been paid to the
analyses of low-copper portion in sphalerites as much as possible. The analytical results
are given in Table 1. For brief descriptions of the samples analysed and analytical
conditions, reference should be made to WatanNaBe (1976). The calibration curve
method of which details were described by Sucaki et al. (1970) has also been employed
for the determination of FeS content, based on comparison with those of synthetic ZnS
(0, 5, 10, 15, 20 mol. %, FeS) with the results shown in Table 2.

For comparison, a series of unit cell parameter measurements of sphalerites of known
composition have been performed by means of X-ray diffractometer with Ni-filtered Cu-—
Ka radiation, using reagent sodium chloride as an internal standard at room temperautre.
Consequently, the FeS contents calculated from experimental formula by BarTon and
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TABLE 1. MICROPROBE ANALYSES OF SPHALERITES COEXISTING WITH PYRITE FROM THE
Daikoku ORre Deprosit, AINAT MINE

No. Zn* Fe* Cu* Mn* Cd* S* Sum* FeS**
(1) 65.42 0.41 0.00 0.00 0.36 32.84 99.23 0.7
2) 65.87 0.23 0.04 0.00 0.23 32.39 98.76 0.3
3) 66.10 0.08 0.04 0.01 0.31 32.27 98.82 0.1
4) 65.79 0.08 0.00 0.01 0.31 32.25 98.44 0.1
(5) 64.73 1.25 0.18 0.02 0.24 33.10 99.53 1.9
(6) 65.32 0.58 0.28 0.00 0.31 32.77 99.27 0.6
7 65.14 0.66 0.12 0.02 0.19 33.45 99.59 1.0
8) 64.83 1.43 0.19 0.00 0.23 33.11 99.79 2.2
9) 61.79 4.29 0.01 0.01 0.33 33.37 99.79 7.4
(10) 64.66 0.52 0.35 0.00 0.23 32.28 98.04 0.4
(11) 64.61 0.68 0.70 0.00 0.36 32.01 98.36 0.1
(12) 61.86 3.47 0.02 0.05 0.82 32.53 98.73 6.1
(13) 63.93 1.47 0.13 0.00 0.85 32.26 98.65 2.4
(14) 64.88 0.23 0.47 0.01 0.40 32.25 98.26 0.4
(15) 64.18 0.17 0.61 0.04 0.52 32.64 98.17 0.3
(16) 66.43 0.08 0.01 0.00 0.33 32.79 99.63 0.1
(17) 66.14 0.07 0.03 0.00 0.32 32.80 99.37 0.1
(18) 66.56 0.18 0.23 0.03 0.50 32.52 100.01 0.3
(19) 66.50 0.11 0.02 0.03 0.52 33.01 100.18 0.1
(20) 65.90 0.07 0.07 0.00 0.37 32.99 99.40 0.1
(21) 66.75 0.62 0.00 0.00 0.18 32.44 99.99 1.1
(22) 66.58 0.58 0.02 0.02 0.29 33.08 100.58 1.0
(23) 66.55 0.61 0.01 0.00 0.16 33.03 100.37 1.0
(24) 65.58 0.13 0.80 0.01 0.22 33.16 99.88 0.2
(25) 65.82 0.26 0.07 0.01 0.28 33.37 99.80 0.4
(26) 66.32 0.13 0.06 0.03 0.26 32.30 99.09 0.1
(27) 66.60 0.23 0.00 0.00 0.39 32.43 99.65 0.4
(28) 66.15 0.43 0.01 0.01 0.38 32.76 99.74 0.8
(29) 65.24 1.43 0.01 0.00 0.54 32.68 99.90 2.5
(30) 66.16 0.57 0.00 0.00 0.31 32.31 99.36 1.0
(31) 65.88 0.37 0.13 0.01 0.47 31.99 98.84 0.5
(32) 64.40 0.75 0.81 0.00 0.27 31.76 98.01 0.1

* in weight 9%,

** Corrected values in mol. %, FeS assuming all copper in sphalerite contributed by minor

Tourmin (1966) appear to be significantly high compared with those by microprobe
The reason for this lies in the difficulties of separating clean samples and in
that contributions made by manganese and cadmium present in sphalerite solid solutions

analyses.

inclusions of chalcopyrite.

are not included in the data from X-ray diffraction method employed here.
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TABLE 2. IrRON CONTENTS OF SPHALERITES COEXISTING WITH PYRITE
FROM THE DAikoku DEeposiT, AINAI MINE.

No. FeS mol. 9%, No. FeS mol. 9%,
(33) 0.3-1.0 (41) 1.0-5.5
(34) 0-0.3 (42) 0.7-1.9
(35) 0 (43) 0.7-1.2
(36) 0.7-2.7 (44) 1.0-5.7
(37) 0-3.6 (45) 0.3-1.9
(38) 0.3-2.8 (46) 0.7-2.7
(39) 1.0-3.6 (47) 0.9-3.6
(40) 0.3-2.2

TABLE 3. SuMMARY OF DATA FOR IRON CONTENTS OF SPHALERITES COEXISTING WITH
PyriTE IN THE NEOGENE ORE DEPOsITs IN THE GREEN TUFF REGION,

Jaran.
Ore type FeS mol. % Sources
(A) Kuroko deposits
Kosaka-Uchinotai (W) 0.30-0.55 (1)
Kosaka-Uchinotai (E) 0.04-1.97 2), (2)
Kosaka-Uwamuki 3)
Iwami <a few mol. %, 3)
Ainai-Daikoku 4)
(B) Au—Ag veins of volcanic affinity
Fuke-Honpi 1-3 (5)
Kushikino 1.4 (6)
Omori 0.2-0.3 7)
Seikoshi 0.5-0.9 (6)
Yugashima 0.9-1.5 (6)
Toi 0.2-0.3 (6)
Kawazu 0.3-1.0 6)
Yatani-Kanizawa 0-3.8 (6)
Konomai 0.2-0.5 (6)
Todoroki 0.3-0.7 (6)
(C) Cu-Pb-Zn-Mn veins of volcanic affinity
Oe 0.3-0.7 (7)
Inakuraishi 0.4-0.7 (7)
Jokoku 0.3 7)
(D) Pb-Zb veins of volcanic affinity
Toyoha-Soya 1.0-5.0 (7)
Yatani 10+ (6)

Sources: (1) Sato (1969); (2) Lu (1970); (3) UraBe (1974a); (4) this
study; (5) Tacucmr (1975); (6) Harrort (1975); (7) Smikazono (1973,
1975)

71



Makoto WATANABE

allowed to estimate that concentrations of iron in sphalerites coexistent with pyrite in the
Neogene ore deposits are mostly in the range of 0.3 to 3.0 mol. 9, FeS.

III. EVALUATION OF GAS FUGACITY PREVAILING DURING THE NEOGENE
MINERALIZATION

Then, informations on the formation temperatures are required for evaluation of
physicochemical depositional environments of ores. WATANABE (1976, 1979) investigated
extensively the fluid inclusions in the Neogene ore deposits and concluded that most of
the Neogene ore formation took place in the temperature range of 200° to 250°C, being
in harmony with those obtained from sulfur isotope geothermometry (TaTsumi, 1965;
Kajiwara, 1971; Kivosu, 1973) and electrum tarnish method (Kajiwara, 1971;
Hatrori, 1975).  Therefore, this range of 200°C to 250°C is used throughout the
present article, yielding sulfur fugacity (in atmosphere) of —12.7 to —14.7 at 200°C
and —9.8 to —11.8 at 250°C (in log scale unless otherwise noted), which are presented
in Table 4.

TaBLE 4. A RELATIONsHIP OF SULFUR FucGAcITy (IN Log ScaLE) To IRON CONTENTS
oF SPHALERITES COEXISTING WITH PyRITE. (EQUILIBRIUM CONSTANTS
TAKEN FROM HELGEsON (1969)

FeS mol. %, 150 200 250 300°C
10 —19.3 —15.8 —12.9 —10.4

5 —18.7 —15.2 —12.3 —9.8

3 —18.3 —14.7 —11.8 —9.4

1 —17.3 —13.8 —10.8 —8.4

0.3 —16.3 —12.7 —9.8 —7.4

0.1 —15.3 —11.8 —8.9 —6.4
0.01 —13.3 —9.8 —6.9 4.4
0.001 —9.3 —5.8 —29 —0.4

Now, following a calculation similar to HoLLanp (1959, 1965), it is possible to set limits
on oxygen and carbon dioxide fugacity prevailing during the mineralization. Equili-
brium constants or free energy data used for calculations throughout are avialable from
Horranp (ditto) and HELGEsoN (1969), which are listed in Table 5. Then, noting the
presence of pyrite and absence of magnetite with or without hematite as commonly
observed in the uppermost part of the Kuroko deposits and veins, we are capable of limiting
the upper limit on oxygen fugacity from the reactions: 3FeS;+20,=Fe;0,+3S,, or
2FeS;+3/20,=Fe,0;+2S, (Table 5) and sulfur fugacity calculated above. This
indicates that oxygen fugacity was smaller than —38.1 at 200°C and —32.6 at 250°C. On
the contrary, the lower limit for oxygen fugacity depends on whether anhydrite is present
or not. Because of the presence of the mineral as a discrete phase such as associating
with the Kuroko deposits and some vein and of the absence of oldahmite, this can be
defined by the reaction: CaS+20,=CaSO;, resulting in the values —42.5 at 200°C and
—37.7 at 250°C. While if barite is present instead of anhydrite as mentioned before,
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Tasre 5. EqQuiLiBriuM REeacTioNs AND EQUILIBRIUM CoONsTANTS UseED IN CALCULATIONS.

200°C 250°C Sources
(1) 2FeS;=2FeS+S; —11.7 —14.1 (a)
(2) CusFeS;+4FeS;=5CuFeS;+S, —11.1 —8.5 (a)
(3) 3FeS;+20;=Fe;O0,+3S, +38.1 +35.8 (a)
(4) 4FeS;+30;=2Fe;O;3+48S, +63.4 +58.7 (a)
(5) 4Fe304+0O;=6Fe;O4 +37.9 +32.9 (a)
(6) CaS+20;=CaSO, —42.5 —37.7 (b)
(7) BaS+20;=BaSO, —46.8 —41.4 (b)
(8) PbS+20,=PbSO, —36.3 —31.9 (b)
(9) C+0,;=CO;, +43.6 +39.4 (b)
(10) CaCOj;+Si0,;=CaSiO;+CO, —1.7 —0.8 (b)
(11) 2CaCO;+8;+30;=2CaSO,+2CO; +-130.8 +116.4 (b)
(12) 2CaS+0,;+2C0,=2CaCO;3+S, +42.0 +36.6 (b)
(13) 2BCO;+S;+30;=2BaSO,+2CO;, +137.2 +122.2 (b)
(14) 2MnS+2C0O;+0;=2MnCO;+S; +30.8 26.0 (b)
(15) 2H,3S+0;=S;+2H;0 +35.05 +30.6 (a)
(16) H,S=H*--HS~ —6.96 —7.35 (a)
(17) HS-=H*+S8%" —9.57 —8.61 (a)
(18) S*420,=S0j%" +83.74 +72.7 (a)
(19) H,S+20,=H*+HSO; +71.62 +62.5 (a)
(20) 4CuFeS;=4Cu?* +4Fe?* -85~ —184.8 —174.8 (a)
(21) 2FeS,=2Fe?++28%- 48§, —48.4 —44.5 (a)
(22) 4Cu?*+2H;0=4Cu*+4H*+ O, —334 —26.6 (a)
(23) 4Fe?**+2H,0=4Fe’* +4H* 4O, +4.6 +0.4 (a)
(24) PbS=Pb?++8?%- —20.4 —19.1 (a)
(25) ZnS=Zn?*4S%" —19.8 —18.9 (a)
(26) BaSO,=Ba’*+SOj~ —9.8 —10.3 (a)
(27) CaSO,=Ca%** 4SO}~ —7.2 —8.1 (a)

Sources: (a) HeLceson (1969) (b) Horranp (1959, 1965)

the reaction: BaS-+20,=BaSO, is useful in defining the condition, leading to oxygen
fugacity of —46.8 at 200°C and —41.4 at 250°C. The absence of graphite fixes the upper
limit for carbon dioxide fugacity by the reaction: C+O;=CO,. They are in the range
of +5.5 at 200°C and +6.8 at 250°C. On the other hand, the lower limit is calculated
from the reaction: CaCO;+SiO,=CaSiO34CO,. This is based on the observation
that wollastonite has never been discovered as a discrete phase in the Neogene ores under
discussion. From the reaction, we obtain carbon dioxide fugacity —1.7 at 200°C and
—0.8 at 250°C. The range estimated for the fugacity is significantly larger than those
by Horranp (1965) for the generalized hydrothermal system. This may be ascribable,
in part, to the low iron content in sphalerite from the Neogene ore deposits of concern.

IV. CHEMISTRY OF ORE FLUIDS RESPONSIBLE FOR THE NEOGENE MINERALIZATION

In order to calculate the concentrations of major dissolved species in the ore fluids,
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required are the following chemical parameters: activity coefficients of individual ions,
activity of water in concentrated salt solution, pH values, and gas fugacity values at given
temperatures and ionic strength. Generally supported is that ore fluids can be ap-
proximated by the system NaCl-H,O with or without CO; (e.g. ROEDDER, 1967). Ac-
cording to the fluid inclusion data, salinity of the ore fluids responsible for the Neogene
mineralization falls within a range 0 to 1 m NaCl, in most cases (e.g. WATANABE, 1976,
1979). Comparatively speaking, ionic strength of 0.7 is accepted for the normal sea water
(GarreLs and THompsoN, 1962). Thus, in the following discussions, the thermochemical
calculations are made on 1 molal sodium chloride solution.

Various extended forms of the Debye-Hiickel equation can be used to approximate
individual activity coefficients at elevated temperatures (HELGESON, 1967). Here adopted
is the delta approximation proposed by HELGEsON (1964), which is expressed as

—ZA(T)I2

Log 1,(I, T) = T1aB(D)I2

+Log yu,c0, (I, T)

where 7y, Z;, rm,00,, 8 I, A, and B, respectively, indicate activity coefficient of the i-th
species, charge of the i-th species, activity coeflicient of H,COj; in supporting electrolyte,
effective diameter of ion (assumed to be independent of temperature), ionic strength, and
the Debye-Hiickel electrostatic parameters. Activity coefficient for hydrated molecular
species, H;COj used in the delta approximation can be estimated from the solubility data
of carbon dioxide by MarLmvin (1960) and Erris and Gorping (1963) in water and
NaCl solutions. For the system whose vapor is assumed to be a perfect gas, activity of
water in concentrated solutions can be evaluated by means of osmotic coefficients
(GARDNER et al. 1963). Thus, we can estimate individual activity coefficients of major
dissolved ions such as sulfur and metal species present in the ore fluids at given tem-
perature and ionic strength. The results are shown in Table 6.

TaBLE 6. VALUEs oF Activity COEFFICIENTs OF INpIviDUAL Ions (IN Loc Scare) Basep
oN Jonic STRENGTH oF 1.0.

SOz~ HSO; HS- S%- Ba®+, Sr2+, Cd2+
150°C (—1.05) (—0.22) —0.25 —0.94
200°C (—1.21) (—0.25) —0.29 —1.08
250°C (—1.41) (—0.27) —0.31 —1.25
300°C (—1.71) (—0.27) —0.32 —1.51
Ag* Pb2+ K+ Ca?*, Cu®*, Zn%*, Mn?*, Fe?*
150°C (—0.31) (—1.01) " —0.28 —0.83
200°C (—0.35) (—1.16) —0.32 —0.95
250°C (—0.40) (—1.35) —0.35 —1.09
300°C (—0.43) (—1.64) —0.37 —1.31

Parenthetical values are averages.

Then, some limits are placed on pH values of the ore fluids using stability relation of
associated silicate minerals. As was stated previously, sericite assumed to be similar in
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thermodynamic properties to those of muscovite, chlorite, and quartz are an essential as-
semblage in the Neogene ore deposits. Adularia and kaolin-group mineral are sometimes
observed in the gold-silver veins and the Kuroko deposits. The pH values, in general,
should lie within the stability field of muscovite which is defined by the following equi-
librium reactions:

2K Al;Si;010(OH),+2H* 4 3H,0 = 3AlSi,05(OH),, 4- 2K+
muscovite kaolinite

3K AlSi;Og+ 2H* =K Al,Si;0;0(OH) 5,4+ 6SiO + 2K+

adularia muscovite quartz

Equilibrium constants for the reactions are taken from HEeLGEsoN (1969). According to
RoeppeRr (1967), Raymanasuay and Horranp (1969), TakeNoucHr (1970), and Enjoji
(1972), concentration of potassium present in ore fluids generally ranges from 0.001 to
0.1 m. Based on the assumption of 0.01 to 0.1 m for the potassium concentration, pH
range obtained is summarized in Table 7. Thus, from the chemical parameters and equi-
librium reactions listed in Table 5, we are capable of calculating the concentrations
of major dissolved species. The results are discussed in the following chapter.

TasLe 7. A pH RANGE ForR THE NEOGENE ORE Frums.

muscovite-kaolinite adularia-muscovite
mg+=10"2 10! mg+=10"2 10-!
200°C pH=5.8 4.8 pH=6.5 5.5
250°C pH=5.4 4.4 pH=6.4 5.4

V. RESULTS AND DISCUSSIONS

A. Gas fugacity

The aforementioned depositional environments for the Neogene mineralization are
summarized on Log fs,~Log f,, diagram (Figs. 1 and 2), and Loggo,~Log fo, diagram
(Figs. 3and 4). As is evident in the gas fugacity diagrams, it should be emphasized except
for lead-zinc veins such as Toyoha (Hokkaido), the stable region for the Kuroko deposits
is fairly wide compared with those for other ore-type, possibly reflecting a special geologic
environment of formation. This is compatible with a conclusion derived from the
genetical consideration of ore textures observed in the Kuroko deposits (WATANABE, 1974).

Then, taking of the fact that low-iron sphalerite, that is, less than 0.1 mol. 9 FeS,
sometimes occurs with or without the mineral assemblage pyrite-bornite-chalcopyrite,
such as in the Daikoku deposit of the Ainai mine (WATANABE, 1970, 1974), the range of
sulfur fugacity obtained above becomes somewhat wide, resulting in the upper limit for
sulfur fugacity fixed by the univariant assemblage. A mineral, rhodochrosite with or
without alabandite is also recognized, particularly in the vein-type deposits. Hence,
it would be a logical conclusion that the overall geochemical conditions prevailing at the
time of the Neogene mineralization lie in a region bounded by the following phase bound-
aries: (i) pyrite-pyrrhotite; (ii) pyrite-magnetite (or pyrite-hematite); (iii) alabandite-
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0 Fic. 1. Isothermal section at 200°C, limiting depositional en-

vironments of the Neogene mineralization based on
iron contents in sphalerites coexisting with pyrite.

9 Numbers attached to the lines indicate: 1. BaS-BaSO,;
4 2. FeS;—CusFeS;—CuFeS,; 3. fixed sulfur fugacity (0.3
15 1 mol. % FeS); 4. fixed sulfur fugacity (3 mol. %, FeS);
5. FeSy;-FeS; 6. C-CO;; 7. FeS-Fe;O,; 8. CaS-
CaSO,; 9. FeS;-Fe;O,; 10. FeS;-Fe;Oy; 11,
5 Fe;O3-Fe;Oy; 12, PbS-PbSO,; 13. MnS-MnCOQO,.

-Logfs,

16 8 K‘i
2 /
o
3
107 1
& Fic. 2. Isothermal section at 250°C, limiting depositional en-
o 9 vironments of the Neogene mineralization based on iron
o . .. . .
- P contents in sphalerites coexisting with pyrite. Numbers
/ attached to the lines are the same as in Fig. 1.
5
7
154 m 2

v T T

40 35
_Logfoz

rhodochrosite; (iv) graphite-carbon dioxide; (v) fixed oxygen fugacity line by oldahmite-
anhydrite boundary and fixed iron content in sphalerite. On the basis of the foregoing
discussion and works on veins by SuHikazonNo (1973, 1974a, 1974b) and Hatror: (1975),
we can make generalization concerning the physicochemical environments of the Neogene
ore deposition, including pyrrhotite-bearing lead-zinc veins, in the Green Tuff region of
Japan. According to Horranp (1965), a reasonable range of carbon dioxide fugacity
during low-temperature ore deposition is assumed to be+2 to —2 atm. Thus, Figs. 5
and 6 give a summary of them which is based on fixed temperature and carbon dioxide
fugacity, —1 at 200°C and 0 at 250°C. These are superimposed on Fig. 7. In general,
the figure leads to the conclusion that the geochemical environments for the Neogene
mineralization are roughly classified into two types, those characterized by high to inter-
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. Fic. 3. Isothermal section at 200°C, limiting depositional en-
+5- vironments of the Neogene mineralization based on iron
contents in sphalerites coexisting with pyrite. Hatched
area shows stability region for coexistence of barite and
calcite, while cross-hatched area indicates anhydrite
0 stability field under the given condition. Numbers at-
« 10 tached to the lines indicate: 1. upper limit for carbon
3 4 dioxide fugacity (graphite absent); 2. BaCO;-BaS;
§' 3. BaS-BaSO,; 4. BaCO;-BaSO,; 5. CaCO;-CaS;
2 6. CaS-CaSO,; 7. CaCO;3;—-CaSO,; 8. lower limit
=51 for oxygen fugacity (3 mol. % FeS); 9. upper limit
A 6 |8 9 for oxygen fugacity (0.3 mol. %, FeS); 10. lower limit
for carbon dioxide fugacity (CaCO;3-SiO,-CaSiO;);
11. C-CO,.
45 40 3
-Log fo,
n
1
+54 4
Fic. 4. Isothermal section at 250°C, limiting depositional en-
8‘0- / 0 vironments of the Neogene mineralization based on iron
«® contents in sphalerites coexisting with pyrite. Numbers
§' 3 attached to the lines are the same as in Fig. 3.
_5- “
6 |8 9
3
40 % 30
-Log fo,

mediate oxygen and sulfur fugacity and those characterized by intermediate to low oxygen
and sulfur fugacity. The former, including the Kuroko deposits, gold-silver veins,
copper-lead-zinc-manganese veins, and pyrrhotite-free lead-zinc veins, is a region sur-
rounded by the following phase boundaries: pyrite-magnetite (or pyrite-hematite);
galena-anglesite; magnetite-hematite; pyrite-bornite-chalcopyrite; alabandite-rhodo-
chrosite; oldahmite-anhydrite; and fixed iron content of sphalerite. On the other hand,
the latter, including lead-zinc veins with or without pyrrhotite, is a region bounded by the
mineral assemblages: alabandite-rhodochrosite; pyrite-pyrrhotite; oldahmite-anhydrite;
graphite-carbon dioxide; and pyrite-magnetite. The deduced oxidation states prevailing
during the Neogene mineralization lend support to a conclusion independently reached by
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1 6 8
10 /
3
2 /
14
10
3 Fic. 5. Generalized depositional environments for the Neogene
) mineralization in the Green Tuff region, Japan. (T=
g 4 200°C and Log fco,= —1 atm). Numbers attached to
' la / the lines are the same as in Fig. 1. No. 14 indicates
15+ " oxygen fugacity at fixed sulfur fugacity (3 mol. %, FeS).
See the text for discussion on the hatched area.
5
7 2
45 40 ED
-Log fo,
1 6 8 13
% /{o
2
101
& Fic. 6. Generalized depositional environments for the Neogene
g’ 4 mineralization in the Green Tuff region, Japan. (T=
1

250°C and Log fgo,=0 atm). Numbers attached to
the lines are the same as in Fig. 5.

5 7 n 2
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40 35 30
-Log fo,

Suikazono (1973, 1974b) and Harttor: (1975), indicating the following order of in-
creasing oxidation state: from pyrrhotite-bearing lead-zinc veins (e.g. Toyoha-Soya,
Hokkaido), through pyrrhotite-free lead-zinc veins (e.g. Yatani, Yamagata), to copper-
lead-zinc-manganese veins (Osarizawa-Shichinenhi, Akita), Kuroko deposits (e.g. Ainai
and Kosaka, Akita), and epithermal gold-silver veins (e.g. Yatani-Kanizawa, Yamagata;
Seikoshi, Shizuoka). Based on theoretical consideration and composition of minerals,
Suikazono (1973, 1974a, 1974b, 1975) emphasized that a role played by oxygen fugacity,
that is, reduction of circulating waters is of prime importance for hydrothermal ore
deposition, as well as temperature decrease. Here, it may be worthy of particular
attention that the mineral assemblage pyrite-bornite-chalcopyrite is commonly observed
in the Kuroko deposits, whereas the primary assemblage is very rare in the vein-type
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8.

101

12 Fic. 7. The stable region for the Neogene mineralization, on
'g i which calculations of concentrations of major sulfur and
i", metal species present in the model ore fluids have been

141 made. For gas fugacity values at a given point see

] Table 8.
16

Log fs,

20
24 22 20 , 18
1000/°K

16

Fic. 8. Generalized Neogene ore-forming environments (hatched area) super-
imposed on the ‘“Main-line” ore-forming environments (dotted area).
Numbers attached to the line indicate mol. % FeS in sphalerites
coexisting with pyrite. Abbreviations are: S, sulfur; Cov, covelline;
Dig, digenite; Bn, bornite; Py, pyrite;  Po, pyrrhotite; Cp,
chalcopyrite; Hm, hematite, Mt, magnetite; Arg, argentite; Ag,
native silver; Qtz, quartz; Fa, fayalite; 1, liquid; and g, gas.

deposits throughout the Green Tuff region. As mentioned before, this means that there
are differences in sulfur fugacity, if formation temperature and other chemical parameters
do not significantly differ among the deposits. Qualitatively speaking, the differences
in oxidation state of ore fluids may be interpreted as varying rates of incorporation of
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organic materials present in the surrounding rocks or mixing of oxidative surface waters
such as sea water. Unlike the case of oxygen fugacity, much difficulties are encountered
in explaining the difference in sulfur fugacity prevailing at the time of each ore deposition.
Thus, there still remains the problem to be answered.

In Fig. 8, the overall geochemical environments of the Neogene ore formation are
superimposed on the ‘“Main-line” ore-forming environment depicted on Log fs,~T
diagram which was proposed by BarTon (1970). The Neogene ore-forming environ-
ments thus discussed lie within the Barton’s generalized depositional environments.

B. Chemistry

There have been some chemical models of ore-forming environments, such as those of
WartE (1968), HEeLrceson (1970), Kajiwara (1971), Sarto (1972, 1973), ANDERSON
(1975), Icuikunt (1975), and SHikazoNo (1974b).

Under the usual hydrothermal conditions of geological interest, SO3%, HSOg, H,S,
H-S, and S-2 are only potentially important sulfur species present in ore solution (BARNES
and KuLLERUD, 1961). Since the depositional environments are quite different between
the two groups just-mentioned, calculations are made on the individudal group, under the
conditions which are indicated by a number in or arround the stable region shown in
Fig. 7 and listed in Table 8. Also, carbon dioxide fugacity is fixed. Thus, the calculated
results are given in Tables 9 and 10 for the former group and in Tables 11 and 12 for the
latter group, together with those of Ba*2 and Ca+*2.

TaBLE 8. Gas Fucacity VaLues Usep 1N CALcULATIONS OF CONCENTRATIONS OF
Major SuLFur AND METAL Ions DissoLvED IN MobpiEr ORE Fruibs.

—Log fs* —Log fo1 —Log fg3* —Log for*
(1 11.0 39.9 8.5 344
2) 13.8 42.6 11.7 37.7
3) 14.7 42.6 11.8 37.7
4) 14.7 41.1 11.8 35.7
(5) 12.7 38.1 10.0 32.9
(6) 11.1 38.1 9.8 32.6
7 14.1 41.0 8.5 32.6
8) 14.7 43.5 10.9 36.0
9) 15.8 44.6 11.8 37.8
(10) 17.0 44.6 13.4 39.4
(11) 15.7 42.6 14.1 39.4
(12) 15.8 43.5 14.1 39.1
(13) 13.2 37.7
(14) 12.9 38.5
* 200°C
** 250°C

Unfortunately, data for the effective diameters used in the calculation of individual
activity coefficients of Ag* and Cu* are lacking at the present time. For this reason,
we introduce the stoichiometric individual activity coefficient, y,, which was proposed by
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TaBLE 9. CALCULATED CONCENTRATION OF (200°C, Case-4)
Major SULFUR SPECIES DIssoLVED
IN THE MopeL ORe Frums. (T= my+ =107 mg+ =107
200°C) pH 5.8*%  6.5**  4.8* 5.5%*
(200°C, Case-1) Log m,
mg+=10"1 my+=10"2 H,S —4.4 —44 —4.4 —4.4
HS- -51 —44 —6.1 —54
pH 5.8*%  6.5%*  4.8* 5.5%* Si- —81 —67 —101 —87
Log my SO*- —6.5 —5.1 -85 =71
H,S -32 -32 -32 =32 HSO; -89 —-82 -—-99 92
HS- -39 -32 —-49 —42 Ca® +04 —10 424 +1.0
S2- —69 —55 —89 75 Ba®* -22 —-36 —02 —16
SO%- —-29 —15 —49 =35
HSO; —53 —46 —63 56 (200°C, Case-5)
Cal?+ —-32 —46 —12 —26 .
Ba*  —58 —72 —38 —52 08 M
H,S —49 —49 —49 —49
*,%%. Asterisks in Tables 9, 11, 14, and 16 HS- —5.9 —49 —6.9 —5.9
indicate, unless otherwise noted, pH S2- 86 —72 —106 —9.2
defined by the boundary kaolinite- SO~ —1.0 +0.4 —3.0 _16
muscovite, and .pH dcﬁr'xed by the HSO; _34 926 —43 _36
boundary muscovite-adularia. Cat+ _51 —65 —3.1 45
Ba®+ -77 =91 =57 =171
(20000, Case—2) (20000’ Case-6)
Log m, Log my
H,S -32 =32 -32 32 H,S —41 —41 —41 —41
HS~ -39 32 —49 42 HS~ —48 —41 —58 —51
s+ —69 55 69 —75 st —78 —64 —98 —84
SO~ -83 —-69 —103 -89 SOz~ —02 +12 —22 —08
HSO; -—107 -—10.0 —1L.7 —11.0 HSO; 96 —19 —36 —29
Ca?* 422 408 +42 +238 Ca?* -59 —-73 —39 —53
Ba'* —04 18 +16 +02 Bat+ 85 -99 —65 -—7.9
(200°C, Case-3) (200°C, Case-7)
Log m; Log my
H,S -37 -—-37 -—-37 =37 H,S -38 —-38 -—-38 -38
HS- —44 —37 —54 —47 HS- —47 —40 =57 =50
s -74 —60 —94 8.0 S2- -77 —63 —-97 83
SO%- -88 —-74 -—-108 —-94 SO%- —-59 —45 -—-79 —65
HSO; -—11.2 —105 —122 —115 HSO; -83 -—-76 —93 86
Ca®* +2.7 +13 447 433 Ca’®* —-02 —16 +18 404
Ba®+ +01 —-13 421 407 Ba®* —-28 —42 —-08 22
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TaBLE 10. CALCULATED CONCENTRATION OF
Major SULFUR SPECIES DIssOLVED
IN THE MopeL OrE Fruips. (T=
250°C)
(250°C, Case-1) (250°C, Case-5)
mg+=10"1 mg+=10"2 mg+=10"1 mg+=10"2
pH 5.4% 6.4%* 4.4* 5.4%* pH 5.8* 6.5%* 4.8% 5.5%*
Log m, Log m;
HS, —-24 -24 24 —i-‘l* HS;, —40 —40 —40 —4.0
HS- —4.1 —3.1 —5.1 —4. -
S2- —64 —44 -84 —64 Hf -6 —46 66 =56
sor  —23 —03 —43 -—23 S —-79 =59 -99  -79
HSO; —30 —20 —40 —3.0 SO~ -08 +12 -28 —08
Ca’* —4.6 —6.6 —2.6 —4.6 HSO7 —1.5 —-0.5 —25 —1.5
Ba?* —6.8 —8.8 —4.8 —6.8 Ca?+ —6.1 —8.1 —41 —6.1
* **. Asterisks in Tables 10, 12, 15 and 17 Ba®+ —-83 -—-103 —-63 —83
indicate, unless otherwise noted, pH
defined by the boundary kaolinite- (250°C, Case-6)
muscovite, and pH defined by the
boundary muscovite-adularia. Log m,
HS; —4.0 —4.0 —4.0 —4.0
(250°C, Case-2) HS- —56 —46 —66 —56

Log m; S2- —17.9 —5.9 —9.9 —7.9
HS, -23 -23 -23 23 Neln —-02 +1.8 —22 —0.2
Is*lﬁ :g:g :i:g :g:g :g:g HSO; —09 +01 —19 —09
SO  —88 —68 —108 —88 Ca'*  —67 87 47 -—67
HSO; -95 —85 —105 —95 Ba?* -89 -—109 —-69 -89
Ca?+ —1.9 —0.1 +3.9 —-1.9
Ba’* -03 -23 +1.7 —-03 (250°C, Case-7)

(250°C, Case-3) Log m;

Log m1 HS; —3.4 —34 —3.4 —3.4
HS, -25 —25 —25 —25 Hﬁ -0 40 60 =50
Hs- —41 —31 —51 —41 S —-73 =53 -93 73
g 64 —44 —84 —64 SO 404 424 —16 +04
SO%" -89 —69 —10.9 -89 HSO; —0.3 +0.7 —1.3 —0.3
HSO; -—96 —86 —106 —96 Ca® -73 -93 53 73
Ca?* +2.0 0.0 +4.0 +2.0 Ba?+ —9.5 —11.5 —17.5 —-9.5
Ba?+ -02 —-22 418 —02

(250°C, Case-8)
(250°C, Case-4)
Log m,

Log m, HS, —29 —29 —29 —29
BS 34 -840 340 34 HS™  —45 —35 —55 —45
HS- —5.0 —4.0 —6.0 —5.0 g2- 68 _48 _88 —68
S2- -73 —-53 —-93 73 ’ ’ ’ ’
SO1- —60 —40 —80 —60 SO  —127 —107 —147 —12.7
HSO; —64 —54 —74 —64 HSO; —-66 56 —76 —6.6
Ca?+ —-09 —29 +1.1 —09 Ca?* +58 +38 +78 +58
Ba?* —3.1 —5.1 —1.1 —-3.1 Ba®t +3.6 +1.6 +5.6 +3.6
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TaBLE 11. CALCULATED CONCENTRATION OF
Major SuLrur SpECIEs DIsSOLVED
IN THE MopeL ORE Frums. (T=
200°C).
(200°C, Case-8) (200°C, Case-11)
mg+=10"1 mg+=10"2 mg+=10"1 mg+=10"2
pH 5.8* 6.5%* 4.8* 5.5%* pH 5.4% 6.4%* 4.4* 5.4%*
Log m, Log m;
H,S —3.1 -3.1 —-3.1 —-3.1 H,S —4.2 —42 —42 —42
HS- -39 —-32 —49 —42 HS- —49 —42 -59 52
S —-69 —55 -89 -—-75 S -79 —-65 —-99 -85
SO3- —10.1 —-8.7 —12.1 —10.7 SO}~ -93 -79 -—11.3 —99
HSO; —125 —11.8 —135 —12.8 HSO; —11.7 —11.0 —12.7 —120
Cal+ +40 +26 460 446 Cal+ +32 +18 452 438
Bal+ +1.4 00 +34 +20 Ba®* +06 —08 +26 +1.2
(200°C, Case-9) (200°C, Case-12)
Log m, Log my
H,S —-32 -32 -32 -32 H,S —36 —36 —36 —36
HS- -39 -32 —49 —49 HS- —45 —-38 —-55 —48
S —-69 —-55 -89 —-75 S —-75 —6.1 —9.5 81
SO%- —123 —-109 —143 —129 SOz~ —10.7 —-93 —12.7 —11.3
HSO; —147 —140 -—157 —15.0 HSO; —13.1 —124 —14.1 —134
Ca?+ +6.2 +48 482 +6.38 Ca?t +4.6 +3.2 +6.6 +5.2
Ba?+ +36 +22 456 +4.2 Ba?* +20 +06 +40 +26
(200°C, Case-10)
Log m,
H,S -38 —-38 —-38 -—38
HS- —45 —-38 —55 —48
S —-75 —6.1 —-9.5 8.1
SO%- —129 —11.5 —149 —135
HSO; —153 —146 —163 —15.6
Ca®+ +68 +54 488 +74
Ba®+ +42 428 +6.2 +48
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TaBLE 12. CALCULATED CONCENTRATION OF
MaAjor SULFUR SPECIES DIsSOLVED
1IN THE MopeL Ore Frums. (T=
250°C)
(250°C, Case-9) (250°C, Case-12)
mg+=10"1 mg+=10"2 mg+=10"1 mg+=10"2
pH 5.4* 6.4** 4.4* 5.4%* pH 5.4% 6.4%* 4.4% 5.4%*
Log my Log m;
H,S —2.3 —2.3 —2.3 —23 H,S -28 —-28 —28 28
HS- —40 -—-30 —-50 —40 HS- —45 =35 —5.5 —4.5
SE- -63 —43 —-83 —63 S2- -68 —48 —-88 —68
SO3- -90 —-70 -11.0 —-9.0 SO%- —12.1 —10.1 —14.1 —12.1
HSO; -9.7 -—8.7 -—107 -9.7 HSO; -—128 —11.8 —138 —12.8
Ca? +2.1 +0.1 +4.1 +2.1 Ca?+ +5.2 +3.2 +7.2 +5.2
Ba?* —0.1 +2.1 +19 —0.1 Ba?* +30 +1.0 450 +3.0
(250°C, Case-10) (250°C, Case-13)
Log m, Log m,
H,S -38 -—-38 —-38 -—38 H,S —3.2 —3.2 —3.2 —32
HS- —45 —38 —56 —48 HS- -48 —-38 —-58 —48
S2- -63 —43 —-83 —63 S —17.1 —5.1 —9.1 —7.1
SO§- —129 —11.5 —149 —13.5 SO§- —-96 —76 —11.6 —96
HSO; —153 —146 —163 —15.6 HSO; —10.3 -93 —11.3 -—10.3
Ca®+ +68 +54 488 474 Ca?+ +2.7 407 447 +05
Ba?+ +4.2 +2.8 +6.2 +4.8 Ba®+ 405 —15 425 +05
(250°C, Case-11) (250°C, Case-14)
Log my ‘Log m;
H,S —26 —-26 —26 —26 H,S —26 —26 —26 —26
HS- —44 —-34 —54 —44 HS- —4.2 —3.2 —5.2 —4.2
S —6.7 —4.7 —8.7 —6.7 i —6.5 —4.5 -85 —6.5
SO3- —126 —106 —146 —12.6 SO3%- —124 —104 —144 —124
HSO; —133 —123 —143 —133 HSO; -—11.3 —103 —123 —11.3
Ca?t +5.7 +3.7 477 +5.7 Cal®+ +5.5 +35 +75 455
Ba?* +35 415 455 +35 Ba’+ +33 +13 453 +33
TasLe 13. SrtoicHiOMETRIC INDIVIDUAL AcTiviTY COEFFICIENTS FOR SOME CATIONS DISSOLVED
IN 1 MoraL CHLORIDE SoLuTiONs. (DATA TAKEN FROM HELGEsON (1969))
—Log 1
Cu* Cu?+ Fe?+ Fed+ Pb?+ Zn** Ag*
200°C 5.4 3.7 1.0 5.5 2.5 4.3 4.3
250°C 6.0 4.8 1.2 6.6 2.9 5.2 4.2
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TaBLE 14. CALCULATED CONCENTRATION OF
SoME METAL IoNs DISSOLVED IN
THE MoperL ORe Frums. (T=
200°C)
(200°C, Case-1) (200°C Case-5)
mK+=10‘2 mg+=10"1 mg+=10"2 mg+=10"1
pH pH
5.8* 6.5%* 4.8* 5.5%* 5.8* 6.5%* 4.8* 5.5%*
Log ag2— —8.0 —6.6 —10.0 —8.6 Log ag2— —9.7 —83 —11.7 —10.3
Log my; Log m;
Fe*** -9.7 —111 —7.7 —9.1 Fe*** —7.2 —86 —52 —59
Cu*** 6.7 —74 =57 —64 Cu*** 6.2 —69 —52 -—59
Pb -99 -—11.3 —-79 -—-93 Pb —8.2 —96 —62 -—76
Zn —17.5 -89 —55 -—6.9 Zn —5.8 —-72 —-38 —52
***: Ferric and cupric ions are negligibly small
in amount, compared with those of (200°C, Case-6)
ferrous and cuprous ions under the
conditions throughout the calculations. Log ag2— —8.9 =75 —109 —95
Log m,
(200°C, Case-2) Fe*** —-88 —102 —6.2 —82
Cu*** 6.2 —69 —52 —59
Log m, Zn —66 —80 —46 —6.0
Fe*** —8.4 —-98 —64 -—7.8
Cu*** 73 —-80 —-63 -—7.0
Pb -99 -—113 —-79 -—-93 (200°C, Case-7)
Zn -75 -89 55 -—69 Log as2— —88  —7.4 —108 —94
Log m;
(200°C, Case-3) Fe*** —7.6 —-9.0 —-56 -—7.0
Cu*** 6.9 —-76 —59 —6.6
LOg aSZ— —8.5 —7.1 —10.5 —9.1 Pb —9.1 —10.5 —7.1 —85
Log m, Zn —6.7 —6.7 —59 —66
Fe*** —74 —-88 —54 —6.8
Cu*** 73 —-80 —-63 -—-7.0
Pb -94 —108 —-74 —88
Zn —7.0 —84 —50 -—64
(200°C, Case-4)
Log ag2— —9.2 —-78 —11.2 —-9.8
Log m,
Fe*** —6.7 —8.1 —4.7 —6.1
Cu*** 70 —-77 —6.0 —6.7
Pb —-8.7 —10.1 —6.7 —8.1
Zn —6.3 —7.7 —43 5.7
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TaBLE 15. CALCULATED CONCENTRATION OF
SoME METAL I10Ns DISSOLVED 1IN
THE MopeL ORrRe Frums. (T=
250°C)
(250°C, Case-1) (250°C, Case-5)
mg+=10"% mg+=10"! mg+=10"2 mg+=10"1
H
P 5.4* 6.4** 4.4* 5.4%* pH 5.4% 6.4%* 4.4% 5.4%*
Log ag2— —7.6 —56 —96 —76 Log ag2— —9.1 —-7.1 —11.1 -9.1
Log m, Log my
Fe¥** -92 112 =72 -92 Fe¥** —7.0 —-9.0 —-50 -7.0
Cu*** 48 —58 —38 —48 Cu***  —43 —53 —33 —43
Pb —86 —106 —6.6 —86 Pb —7.1 —9.1 -51 =71
Zn —6.1 —8.1 —4.1 —6.1 Zn —4.6 —6.6 —2.6 —4.6
(250°C, Case-2) (250°C, Case-6)
Log ag2— —7.5 -55 —95 =75 Log ag2— —9.1 —7.1 —11.1 —=9.1
Log m,; Log m;
Fe¥** —7.7 —-9.7 =57 =171 Fe*** —17.1 —-9.1 —-51 =71
Cu*** 56 —6.6 —46 —5.6 Cu*** 43 —-53 —33 —4.3
Pb -87 -—107 —6.7 -—87 Pb —17.1 —9.1 —5.1 =71
Zn —6.2 —82 —42 -—6.2 Zn —4.6 —6.6 —26 —46
(250°C, Case-3) (250°C, Case-7)
Log ag2— —7.6 —56 —9.6 -—7.6 Log ag2— —8.5 —6.5 —10.5 —85
Log m,; Log m,;
Fek#* —17.6 —96 —56 —76 Fex** -83 -—-103 —-63 —83
Cu*** 55 —6.5 —45 —55 Cu*** 43 —-53 —33 —43
Pb —86 —106 —6.6 —86 Pb —7.7 -9.7 =57 =177
Zn —6.1 —8.1 —4.1 —6.1 Zn —5.2 —7.2 —32 5.2
(250°C, Case-4) (250°C, Case-8)
Log ag2— —8.5 —6.5 —105 -85 Log ag2— —7.5 —-55 =95 -—75
Log m, Log m;
Fek** —6.7 —8.7 —47 —6.7 Fe¥** —6.6 —86 —46 —6.6
Cu*** 5.1 —6.1 —4.1 —5.1 Cu*** —6.2 -72 —42 —6.2
Pb —7.7 -9.7 =57 =177 Pb -8.7 —107 —6.7 -—8.7
Zn —5.2 -72 =32 =52 Zn —6.2 —82 —42 -—6.2
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(200°C, Case-10)
TaBLE 16. CALCULATED CONCENTRATION OF

SoMe MEeTtAL Ions DissoLvVED IN mg+=10"1 mg+=10"2
THE MopeL Ore Frums. (T= pH . - .
% %k
200°C) 5.8 6.5 4.8 5.5
(200°C, Case-8) ILJog ag2— —8.6 —-72 —106 —9.2
og m;
g —10-2 Mg+ =101 Fex** —6.2 —76 —42 —56
pH Cu*** —17.8 —8.5 —68 —75
5.8%  6.5%*  4.8*%  55%* Pb -93 —107 —73 -—-87
Zn —6.9 —83 —49 —63
Log ag2— —8.0 —6.6 —10.0 —8.6
Log m, (200°C, Case-11)
FeX*x —7.9 —-9.3 -59 —-7.3
Curts  —76 83 —66 —79 Logag2— —9.0 —7.6 —11.0 —96
Log m; .
Pb —9.9 —11.3 —7.9 -—-93 Fe*** —35 —49 —1.5 —29
Zn —17.5 —8.9 —55 —6.9 Cu***  —10.2 —10.9 —-92 -—-99
Pb —8.9 —10.3 —69 —83
Zn —6.5 —-7.9 —45 —59
(200°C, Case-9)
(200°C, Case-12)
Log ag2— —8.0 —6.6 —10.0 —8.6
Log as2— —86 —7.2 —10.6 —9.2
Log m, Log m
1
Fex** —74 —88 —54 —6.8 Fe*** — 6.8 —82 —48 —62
Cu*** —78 —8.5 —68 —75
Pb -99 113 —-79 -93 Pb —-93 —107 —73 —87
Zn —17.5 —8.9 —55 —6.9 Zn —6.9 —8.3 —49 —-6.3

HeLceson (1969). The coefficient is defined as follows:

ni=a/m,

where a, and m, , designate the activity and total molality of the i-th ion present in small
concentrations in the sodium chloride solution. They are reproduced from HELGEsoN
(1969) in Table 13. The calculated molal concentrations of major ore components are
given in Tables 14 and 15 for the aforementioned former group and in Tables 16 and 17
for the latter group. From Tables 9 to 15, it can be said that the realtive metal con-
centrations are as follows: in the low oxygen fugacity region generally, Pb<<Cu<Zn
<Fe and Pb<FesCu Zn at 200°C and 25°CO0, respectively, while in the high oxygen
fugacity region generally, Pb<Fe<CusZn at 200°C and 250°C. In the low to inter-
mediate oxygen fugacity environments such as those of lead-zinc veins, Ba*? and Ca*2
concentrations are abnormally high. This is consistent with the field observatoin that
primary sulfates are very rare to occur in such ore deposits. Summarized in Tables
18 and 19 are the aforementioned calculated molal concentrations of major sulfur and
metal species dissolved in the Neogene ore fluids. Table 20 gives a summary of the
metal contents in the brines with or without ore-grade precipitates from the currently
active geothermal fields. There are considerable differences in temperatures and other
chemical parameters between the Neogene ore fluids and the geothermal discharges. As
an inevitable consequence, this leads to a rough comparison. From Tables 9 to 17 and

87



Makoto WATANABE

TaBLE 17. CALCULATED CONCENTRATION OF
SoME MEeTAL Ions DIssOLVED IN
THE MopeL Ore Frums. (T=

250°C)
(250°C, Case-9) (250°C, Case-12)
mg+=10"2 mg+=10"1 mg+=10"2 mg+=10"1
pH pH
5.4%  6.4%* 4.4*%  5.4%* 5.4%  6.4%* 4.4%  5.4%*
Log ag2— —7.5 -55 —-95 =75 Log ag2— —8.0 —6.0 —10.0 -—8.0
Log m, Log m,
Fe*** -7 -9.7 =57 =177 Fe*** —6.0 —80 —40 —-6.0
Cu*** 5.6 —66 —46 —5.6 Cu***  —6.0 -70 —50 —6.0
Pb —87 —107 —6.7 —87 Pb —-82 —102 —62 —82
Zn —6.2 —82 —42 -—-62 Zn —5.7 —-7.7 =37 =517
(250°C, Case-10) (250°C, Case-13)
Log ag2— —7.5 —-55 —-95 =75 Log a23— —8.3 —63 —103 —83
Log m, Log m,
Fe¥** —6.9 -89 —49 —6.9 Fe*** —6.2 —82 —42 -—6.2
Cu***  —6.0 -7.0 =50 —6.0 Cu*** 55 —6.5 —45 =55
Pb —-87 —107 —6.7 —87 Pb —-79 -99 —-59 -—-79
Zn —6.2 —-82 —42 —-62 Zn —5.4 —-74 —34 54
(250°C, Case-11) (250°C, Case-14)
Log ag2— —7.9 —-59 —-99 -79 Log ag2— —7.6 —5.6 —96 —7.6
Log m; Log m,;
Fe¥** —6.1 —8.1 —4.1 —6.1 Fe*** —6.4 -84 —44 —64
Cu***  —6.0 —70 —50 —6.0 Cu***  —6.2 -72 —52 —6.2
Pb —-83 —103 —63 —83 Pb —86 —106 —66 —8.6
Zn —5.8 -78 —38 —58 Zn —6.1 —8.1 —4.1 —6.1

Table 20, it is suggested that the geothermal brines from New Zealand (e.g. Wairakei,
Champagne Pool, Broadlands) and possibly sea water have a similar composition to those
of the Neogene ore fluids of high to intermediate oxidation state at 200°C. On the other
hand, the geothermal brines from the Discovery Deep, Red Sea and Matupi, T. P.N. G.
are similar in chemical composition to those of the Neogene ore fluids of low to intermedi-
ate oxidation state at 250°C. Of the active geothermal fluids shown in Table 20, those
from the Salton Sea area, California are most enriched in heavy metals. With respect
to the above, attention should be paid to the fact that comparison made here is based on
the molal concentrations in log scale. In addition, we must bear in mind that the
Helgeson’s second dissociation constant of hydrogen sulfide differs by order of magnitude
compared with that derived by ErLis and GicGensacH (1971), resulting in significant
differences in the calculated results.
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TaBLE 18. SUMMARY OF CALCULATED MoLAL CONCENTRATIONS OF MAJOR SULFUR SpECIES Dis-
SLOVED IN THE NEOGENE ORE FLuIDs.

— Log concentration

mg+ pH H,S HS- Sz~
5.8 3.1~ 5.0 3.9~ 57 6.9~ 8.7
10-2 6.5 3.1~ 5.0 3.2~ 5.0 5.5~ 7.3
200°C 48 3.1~ 5.0 49~ 6.7 8.9~10.7
10 5.5 3.1~ 5.0 42~ 6.0 7.5~ 9.3
5.4 2.3~ 4.0 40~ 5.6 6.3~ 7.9
10-2 6.4 2.3~ 4.0 3.0~ 4.6 43~ 5.9
250°C 4.4 2.3~ 4.0 5.0~ 6.6 8.3~ 9.9
10~ 5.4 2.3~ 4.0 4.0~ 5.6 6.3~ 7.9
SO~ HSO;
5.8 0.2~12.9 2.6~15.3
10-2 6.5 —1.2~115 1.9~14.6
200°C 48 2.2~14.9 3.6~16.3
10-* 5.5 0.8~13.5 2.9~15.6
5.4 —0.4~12.6 0.3~13.3
10-2 6.4 —2.4~10.6 —0.7~12.3
250°C 4.4 1.6~14.6 1.3~14.3
10 5.4 —0.4~12.6 0.3~15.3

Tasre 19. SumMMmAaRY OF CALCULATED CONCENTRATIONS OF SOME METAL Ions DissOLVED IN
THE NEOGENE ORE FLuIDs.

—Log concentration

mg+ pH Fe Cu Pb Zn
10-2 5.8 3.5~ 9.7 6.1~10.2 8.1~ 9.9 5.7~17.5
300°C 6.5 4.9~11.1 6.8~10.9 9.5~11.3 7.1~8.9
10! 4.8 1.5~ 7.7 5.1~ 9.2 6.1~ 7.9 3.7~5.5
5.5 29~ 9.1 58~ 9.9 7.5~ 9.3 5.1~6.9
10-2 5.4 6.0~ 9.2 4.3~ 6.2 7.1~ 8.7 4.6~6.2
250°C 6.4 8.0~11.2 53~ 7.2 9.1~10.7 6.6~8.2
10! 4.4 4.0~ 7.2 3.3~ 5.2 5.1~ 6.7 2.6~4.2
5.4 6.0~ 9.2 4.3~ 6.2 7.1~ 8.7 4.6~6.2

As to the origin of the Neogene ore fluids, the subject will be discussed from stable isotope
geochemistry in a forthcoming paper (WATANABE and SAKAL in print).

In order to conduct investigations into the Neogene mineralization more systematically
and more quantitatively, the following informations are required:

(1) Precise determination of thermodynamic properties of chemical species concerned.

(2) Estimation of absolute amounts precipitated in the Green Tuff region.
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TABLE 20. CoMPARISON OF METAL CONCENTRATION IN WATERS FROM THE CURRENTLY
AcTIVE GEOTHERMAL AREAS.

—Log concentration

Fe Cu Pb Zn K Ba

(1) Agerage Wairakei 5.8 5.9 8.0 6.7 2.2% n.d.
drill holes, N. Z.

(2) Champagne Pool, 6.1 5.7 8.3 7.0 2.4%* n.d.
Waiotapu, N. Z.

(3) Br-7, Broadlands, n.d. 6.7 7.6 6.6 2.2 n.d.
N. Z.

(4) R-152, Cheleken, 3.7 4.9 4.8 4.2 nd. n.d.
U.S.S.R.

(5) 56°C Brine, Red 2.8 5.4 5.5 4.1 1.3 5.2
Sea

(6) Discovery Deep 3.3 6.0 6.1 4.9 1.3 5.5
Brine, Red Sea

(7) Tavurvur Shore, 3.8 6.1 6.4 4.4 1.7 n.d.
Matupi, T. P. N. G.

(8) I.I.D.No.l, 1.4 3.9 3.3 2.1 0.4 2.8
Salton Sea, U. S. A.

(9) Ocean Water 6.8 7.3 9.8 6.8 2.0 6.7

(3)
4)
(5)
(6)
(7)

* Hole 44, Wairakei ** Hole 6, Waiotapu
Sources: (1) and (2), Erris (1967)
(3), BrownE (1971)
(4), LEBEDEV (1967)
(5) and (6), BREWER and SPENCER (1969)
(7), FeErGusoN and LaMBerT (1972)
(8) and (9), WHrTE (1968)

Chemical and stable isotopic composition of minerals and fluid inclusions.

Lead and rubidium-strontium data on ores and surrounding rocks.

Data of trace element distribution in minerals.

Age determination data on ore constituents and surrounding rocks.

How the Neogene mineralization does stand geologically with respect to the
geosynclinal evolution in the Green Tuff region?

VI. SUMMARY AND CONCLUSIONS

According to the foregoing discussions, the following conclusions can be drawn:

1)

Iron contents coexisting with pyrite from the Neogene ore deposits lie mostly in the

range of 0.3 to 3.0 mol. 9, FeS.

2)

Following a calculation similar to that of Horranp (1959, 1965), limits have

been placed on gas fugacity prevailing at the time of ore deposition.

3)

The overall geochemical environments for the Neogene mineralization are roughly

classified into two types; those characterized by high to intermediate oxygen and sulfur
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fugacity and those characterized by intermediate to low oxygen and fulfur fugacity. The
former, including the Kuroko deposits, gold-silver veins, copper-lead-zinc-manganese
veins, and pyrrhotite-free lead-zinc veins, is a region surrounded by the following phase
boundaries: alabandite-rhodochrosite; pyrite-magnetite (or pyrite-hematite); galena-
anglesite; pyrite-bornite-chalcopyrite; oldahmite-anhydrite; and fixed iron content of
sphalerite (3 mol. 9% FeS). On the other hand, the latter, including lead-zinc veins with
or without pyrrhotite, is a region surrounded by the boundaries: alabandite-rhodochrosite;
pyrite-pyrrhotite; oldahmite-anhydrite; graphite-carbon dioxide; and pyrite-magnetite.

4) Of the mineral assemblages above, pyrite-bornite-chalcopyrite assemblage is
characteristic of the typical Kuroko deposits, suggesting that relatively high sulfur fugacity
environments prevailed during their formation.

5) Based on the assumption of mineral-solution equilibrium, the major sulfur and metal
species present in the ore fluids responsible for the Neogene ore deposition has been
evaluated. The relative metal concentrations are as follows: in the low oxygen fugacity
region in general, Pb<<Cu<ZnsxFe at 200°C and Pb<Fe<CusZn at 250°C, and in
the high oxygen fugacity region in general, Pb<<Fe<<Cn=Zn at 200°C and 250°C.

6) Comparison of the calculated concentrations of major metal species dissolved in
the Neogene ore fluids with those of the active geothermal brines, based on molal con-
centrations in log scale, leads to the following conclusion: the geothermal brines from
New Zealand (e.g. Wairakei, Champagne Pool, and Broadlands) and possibly sea water
have a similar composition to those of the Neogene ore fluids of high to intermediate
oxidation state at 200°C, while the brines from the Discovery Deep, Red Sea and Matupi,
T.P.N.G. are similar in chemical composition to those of the Neogene ore fluids
of low to intermediate oxidation state at 250°C.

(Addendum) Since completion of this work some years ago, several papers dealing
with mineralogical and geochemical aspects of the Neogene mineralization in the Green
Tuff region have been published, for example, Yamaoka (1976), HatToRIl and SaAkal
(1979), and WATANABE and Soepa (1981).
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