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Preface

Over the last several years, gold-copper mineralization associated with acid
alteration and acid-leached residual silica in volcanic rocks has become a topic of
interest, both for exploration geologists and researchers alike, throughout the
Circum Pacific. In addition to their academic interest, some deposits of this style
are known to contain up to 150 t Au. These ore deposits are commonly referred to as
Nansatsu type (after the district in southern Kyushu), acid-sulfate type (after the
chemistry of the fluids inferred to be responsible for the leaching), kaolinite-alunite
type (after the common alteration minerals which develop in the halo to
mineralization), or high sulfidation type (which refers to the fluid having a high
sulfur oxidation state, an intrinsic characteristic of the acid fluids responsible for
alteration and mineralization).

A genetic model for this style of mineralization is evolving in which highly acid
and oxidizing fluids exsolved from a magma (probably intruded to shallow levels)
are of critical importance in the formation of the high sulfidation deposits. These
fluids become highly reactive in the near-surface environment due to the dissociation
of magmatic HCl and HF (at temperatures less than about 350°C); furthermore,
magmatic SO, disproportionates to H,SO, and H,S in the presence of water at about
300°C, with the sulfuric acid then dissociating and also contributing to the reactive
nature of the fluid. The highly acid nature of these fluids (pH<2), which often
discharge around volcanoes, accounts for the rocks which have been leached of all
components, including Fe and Al, leaving only a residue of silica; the alteration
haloes of kaolinite, alunite, diaspore -and pyrophyllite are simply the reaction zones
between the most acid fluid and fresh wallrock. In many cases, the gold and
associated minerals appear have been deposited slightly later than leaching,
suggesting an evolution of the fluid to a situation where metals can be precipitated
rather than only rocks being leached; the actual precipitating mechanism is still not
well understood, in contrast to the low sulfidation epithermal deposits where
geothermal studies have identified boiling as the principal cause of high grade gold
mineralization. The few stable isotope and fluid inclusion studies from high
sulfidation deposits indicate that at some time a meteoric water of low salinity was
involved, raising the question of whether there was a magmatic to meteoric
evolution in systems that have been mineralized. In addition, the source of the
metals is not clear, though the obvious association with magmatic fluids at some
stage in the history of the system tempts one to invoke a magmatic contribution.

These and other questions concerning the high sulfidation environment and related
alteration and mineralization were the subject of a two day symposium, held at the
Geological Survey of Japan, Tsukuba, on 15 and 16 October, 1990. This symposium
was the third annual meeting in the series on Deep-crust Fluids, partially sponsored
by the Tsukuba Expo 85 Fund. Our goal in this symposium was not necessarily to
provide answers, but to ensure that we are asking the right questions; we hoped that
by bringing together people of many different interests and fields of study, we would
be able to integrate the several disciplines necessary to better understand the
geochemically complex environment of high sulfidation mineralization,

Geological and geochemical case studies on the high sulfidation style of mineraliza-
tion in North America and the western Pacific were presented, with occurrence
models discussed. Following the ore deposit coverage of the first day, studies of acid
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fluids and related alteration in active geothermal and volcanic systems in Japan, the
Philippines and Iceland were presented, as well as the results of related experimental
study. During the closing session, we discussed the interaction between shallow
magmatic fluids, meteoric waters and their host rocks, and examined the relationship
of this interaction to mineralization in the proximal volcanic environment. The
interaction of a magmatic fluid, probably degassed from a shallow intrusive, with
meteoric water was identified to be of critical importance in understanding how these
systems develop, and eventually lead to mineralization. Careful mineralogic and
isotopic study, particularly using alunite and clays, is one avenue of further research
to clarify the hydrothermal evolution in this environment. Other areas of study
include magmatic contamination of geothermal systems (particularly those in the
Philippines and Japan), and further examination of the chemical and isotopic
composition of high temperature discharge of volcances of varying composition and
stages of degassing. In the latter environment, study of acid hot springs around a
degassing volcano, particularly their metal contents, will improve our understanding
of the reactions taking place between a condensed magmatic fluid and host rock, its
interaction with meteoric waters, and the conditions favoring mineralization.

Yukihiro Matsuhisa

Masahiro Aoki
Jeffrey W. Hedenquist
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Opening Remarks: Necessity of Ore Deposit Research
for Mineral Exploration

Shunso ISHIHARA™

Director General, Geological Survey of Japan
Higashi 1-1-3, Tsukuba, Ibaraki, 305 Japan

The discovery of ore deposits and the development of mining industry in Japan are
becoming more difficult than ever before, as the targets of mineral exploration are
progressively located deeper in the earth’s crust. We need a more complete
understanding of the interaction between magma and fluids, and between fluids and
the wall rocks, to improve our ability to disc over new deposits.

The Japanese islands are richer in metallic mineralization than most people think.
The metals produced per kilometer of volcanic front are of the same order as in the
Philippines and Chile (Table 1). That is, the Japanese islands are not poor in
metallic resources, but rather have had an excessive consumption in recent years.
Most Japanese production is mined from 3 types of ore deposits, Kuroko and Besshi
type massive sulfides, veins and skarns.

If we look back on the discovery history of completely blind ore deposits in Japan,
most are of the Kuroko type (Table 2). Uchinotai West orebody of Kosaka mining
area was the first blind deposit discovered, in 1959, under 20-50 m of volcano-clastic
sediments from the Quaternery Towada volcano. The first “real” blind orebody
discovered in a deep formation was the Shakanai No. 1 orebody, in 1962 (Otagaki,
1966). Follow-up exploration in the same area resulted in the discovery of Shakanai
Nos. 2-11 orebodies and the Matsumine ore deposit. These discoveries occurred just
after the establishment of a new understanding of Kuroko genesis, based on the
syngenetic theory of Horikoshi (1960) and others, in contrast to the epigenetic view
which previously prevailed.

The discovery of the Fukazawa deposit (Tanimura et al., 1972) was also epoch-
making, because it was the first ore deposit discovered not along the margin but in
the center of the Hokuroku basin, and led to the discovery of the Ezuri deposit.

Table 1 Ore metals produced per kilometer of magmatic front (Ishihara, 1980,
unpublished data).

Arc Cu (t) Pb (t) Zn (t) Sn (t) W ()

Chile 30, 000 none trace none trace
Philippines 15, 000 130 270 none none
Northeast Japan 3,400 2,100 6, 600 trace none
(Neogene)

Sumatra-Java some trace some trace none
QOuter Zone, SW Japan 170 10 30 50 21*
(Miocene)

* Late Cretaceous Sanyo Province, SW Japan.

* Presently, Director General of Agency of Industrial Science and Technology.
Keywords : blind ore deposit, Kuroko type deposit, epithermal gold deposit, Hishikari
gold deposit
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Table 2 Major discovery of blind ore deposits in Japan. Most are Kuroko type
which were found after proposal of the new syngenetic theory.

Year Kuroko Deposits Vein-type Deposits Skarn Deposits
1959 Uchinotai (including Uwamuki),

12x10°t (0.8g/t Au, 93g/t Ag, 1.84%

Cu, 1.78% Pb, 4.93% Zn, 17.5% Py-S)*!

20-50 m below surface

----------------------- Horikoshi’s (1960) syngenetic theory

1962 Shakanai, 7x10%t (0.6 g/t Au, 66 g/t Ag,
2.18% Cu, 1.44% Pb, 4.46% Zn)*?
170-600 m below surface

1963 Matsumine, 11 x 10°t (0.6 g/t Au, 54 g/t
Ag, 2.52% Cu, 0.84% Pb, 2.94% Zn)*!
180-360 m below surface

1969 Fukazawa, 5x10%t (0.6 g/t Au, 107 g/t
Ag,1.2% Cu, 8.2% Pb, 12.0% Zn, 7.1
% Py-S, 10.6% BaS0,)*?
340-410 m below surface

1976 Ezuri, 3x10°t (1.2g/t Au, 180 g/t Ag, 0.89
% Cu, 3.32%Pb, 10.1% Zn)*?
270~350 m below surface

1981 Hishikari, 250t Au
140-180 m below surface

1984 Nurukawa, 1 x10°t** Au~-Ag-rich Kuroko
deposits (200 x 10°t, 5.7 g/t Au, 123 g/t
Ag, 0.710% Cu, 3.76% Pb, 7.11% Zn*")
100-300 m below surface
1990g -----reeeemeoe We need a break-through idea here for vein and skarn type deposits

*! Production up to 1990 given by Dowa Mining Co. Ltd.
*2 From Dowa Mining Co. Ltd. (1981, 1990) and Ishihara (1989).
*3 Tonnage and ore grade are from Nippon Mining Group (1981).

These great successes in the exploration for Kuroko deposits were very much
dependent upon the progress in genetic studies, as well as in exploration techniques.

Among the other types of ore deposits, the discovery of the Hishikari Au-Ag
quartz vein deposit in March, 1981, is noteworthy in the past decade. The discovery
was made possible after an epithermal gold vein model for Hokusatsu (northern
Kagoshima)-type mineralization was established. Besides this model, gravity
anomalies indicating “basement relief”, electromagnetic anomalies implying argil-
lized zones, and high-grade assay values in minor mineralized fractures were all
considered important keys (Sato, 1991).

Exploration for epithermal gold deposits, after all, has an advantage in that the
deposits are formed at high levels. Other meso- and hypothermal vein and skarn
deposits are generally formed much deeper than the epithermal veins; however,
natural erosion often brings these deep deposits closer to the surface. In addition,
we have many data available on granitoids, host rocks, etc. In the Chugoku district,
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Fig. 1. Residual magnetic intensity of the Chugoku district (after Okubo ef al.,
1985) and major limestone masses (solid areas). The intensity here
generally reflects the distribution of magnetite-series relatively magnetic
and ilmenite-series granitoids, because there is no overlapping of younger
magnetic bodies in the district. Major limestone masses are located in the
northern part of the Sanyo province in general. However, limestones of
the Atetsu Plateau are intruded by magnetite-series granitoids, and are
thus favorable sites for skarn-type mineralization.

e.g., magnetite-series granitoids (which have a higher potenti-zd than ilmenite-series
granitoids to be related to the formation of sulfide deposits) intrude into many

limestone masses at Atetsu Plateau, Okayama Prefecture (Fig.1), and many ore
deposits may be still hidden in the region.

Alteration is a key to mineralization. [ would hope that this small, highly
specialized meeting will deepen our understanding on the processes of fluid-rock
interaction, not only of the acid fluid type but also other types of alteration and
mineralization, which will give us clues for new exploration strategies to discover
blind ore deposits of vein, skarn and even porphyry types.

Acknowledgements : Jeff Hedenquist of GSJ kindly reviewed this manuscript.
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Acid-Sulfate Alteration and Vein Alunite Formation in
Volcanic Terrains : Stable Isotope Systematics

Robert O. Rye" and Philip M. BETHKE?

1) Branch of Isotope Geology, U.S. Geological Survey, Denver, CO U.S.A
2) Branch of Resource Analysis, U.S. Geological Survey, Reston, VA U.S.A.

Introduction

Acid-sulfate alteration characterized by the assemblage alunite + kaolinite +
quartz * pyrite = pyrophyllite & diaspore develops in two distinct hydrothermal
environments in volcanic terrains, and vein alunite, having only minor argillic
alteration selvages, forms by vapor transport in a third environment. In addition,
acid-sulfate alteration is a common product of supergene weathering of sulfide-rich
rocks. Stable isotope analyses of 6*'S and 6'°0 in the sulfate site and 6D and 60
in the OH site in alunite, in conjunction with similar analyses of coexisting minerals,
particularly sulfide and kaolinite group minerals, provide useful criteria for distin-
guishing between the different origins. Of greater importance, such analyses can
provide much useful information on the thermal, hydrologic, and chemical evolution
of hydrothermal systems.

Environments of Acid-Sulfate Alteration and Alunite Formation

In Magmatic-hydrothermal environments, the requisite amount of sulfuric acid to
produce acid-sulfate alteration is formed from the disproportionation of magmatic
SO, to H,S and H,SO,. In the shallow, epithermal environment disproportionation
appears to occur in a magmatic vapor plume, and acid-sulfate alteration commences
as the vapor plume condenses.

In Steam-heated enviromments, such as the surficial parts of many active
geothermal systems, the requisite sulfuric acid is produced by the oxidation, at and
above the water table, of H,S distilled off an underlying, near-neutral hydrothermal
system. Such steam-heated environments may occur over Adularia-Sericite type
base- and precious-metal ore-depositing systems, such as those as that at Cactus,
California and Buckskin, Nevada.

In Magmatic steam environments, vein—filling alunite is deposited directly from an
SO,-dominated (with respect to sulfur species) vapor phase. Such an oxidized vapor
phase may result from the release of a high-temperature magmatic vapor at low
pressures, or from the oxidation of a more reduced vapor by entrained atmospheric
oxygen in the carapace of a volcanic edifice.

Supergene acid-sulfate alteration is important to the subject of this symposium
only in that it may be mistaken for that produced by the above mechanisms. Its
stable isotopic characteristics, determined by the low-temperature, surficial oxida-
tion of pre-exisiting sulfide minerals, serve to make the distinction. Although not
germane to the theme of this conference, the stable isotope systematics of supergene
alunite are very interesting, and may provide powerful insights into the hydro-
geochemical environment of supergene oxidation.

Keywords : Acid-sulfate alteration, alunite, stable isotopes, magmatic hydrothermal,
steam-heated, magmatic steam, supergene
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Principles of Stable Isotope Geochemistry of Alunite and Acid-Sulfate Alteration

Alunite contains four stable isotope sites, more than any other common mineral
except the crystallographically similar jarosite. Kinetic factors governing the rate
of isotopic exchange between each of the four stable isotope sites in alunite (6D,
00504, 600y, and 6*S) and fluid play the determining role in the stable isotope
systematics of alunite and acid-sulfate alteration. To a very large extent they form
the isotopic basis for distinguishing between environments of acid-sulfate alteration,
and they provide important insights into attendant processes. Exchange rates for
sulfur isotopes between aqueous sulfur species and for oxygen isosopes between
sulfate and H,O are kinetically inhibited but reach a maximum for a given
temperature at the low pH of alunite formation. Sulfur and oxygen isotopic
equilibrium between sulfate and fluids is probably readily obtained in most
magmatic-hydrothermal environments, and at least oxygen isotopic equilibrium is
obtained in most steam-heated environments. However, complete kinetic control of
isotopic compositions is likely for sulfate in the supergene environment. Hydrogen
and oxygen isotopic equilibrium for OH between alunite and fluids is likely in all
environments during the precipitation of the mineral.

Most low- to moderate-temperature hydrothermal minerals retain their stable
isotopic compositions after deposition unless they are recrystallized. Our data
suggest that retrograde stable isotope exchange between alunite and later fluids does
not normally occur except for the OH site. Recent experimental studies indicate
that nearly complete D exchange between fine-grained alunite (< 2-5 microns) and
water will occur in less than 10' years at 25°C. Since hydrogen occurs in the OH
site, post-depositional exchange probably modifies most original 60y values in
such alunite as well. However, because the fractionation between alunite and water
is very small at all temperatures, significant changes in 6D occur only if water with
a different 6D 1is involved. Alunite from supergene and some steam-heated
environments, are typically very fine-grained, and current studies indicate that later
isotope exchange may complicate the interpretation of data from some areas.
Fine-grained steam-heated alunites from Rodalquilar, Spain have undergone
post-depositional oxygen isotope exchange and yield K/Ar ages approximately 7 My
too young, suggesting that argon loss may also be a problem in fine-grained alunite.
Our studies indicate that alunites from magmatic-hydrothermal systems are also
subject to post-depositional exchange in the OH site even though their grain size may
exceed 100 microns, but we have seen no evidence of such exchange in magmatic
steam alunites whose grain size ranges from millimeters to centimeters.

Stable Isotope Systematics of the Magmatic-Hydrothermal Environment

Theoretical considerations and relatively detailed studies of magmatic-
hydrothermal systems at Juleani, Peru; Summitville, Colorado, USA; Red Mountain
near Lake City, Colorado, USA; and Rodalquilar, Spain, and two samples from El
Salvador, Chile, indicate that initial stable isotope compositions of alunite and
associated sulfide and kaolinite minerals reflect isotopic equilibrium. Values of
0¥S,1unie are large relative to coeval pyrite, supporting the conclusion that the
sulfuric acid was produced by disproportionation of SQO,. Isotopic temperatures
calculated from 434Spyrite_a,unite range from 200-390°C, in agreement with available
fluid inclusion homogenization temperature measurements. The %S values of
coexisting alunite-pyrite pairs reflect the H,S/SO, ratio of the fluid. 6"%®0go, and
6D values of alunite indicate that the SO, was derived from a magma and that the
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acid-sulfate altering fluids were dominated by magmatic water, but at some
deposits, such as Summitville, variable amounts of mixing with exchanged meteoric
water is evidenced. Variations in pyrite-alunite isotopic temperatures with depth at
Summitville document a geothermal gradient, and suggest a transition from
lithostatic to hydrostatic pressure regimes between 1 and 1.5km below the
paleosurface. In all deposits studied, AIEOqumz_alunite(so‘D values approach equilib-
rium but are unsuitable for geothermometry because of the low temperature
dependence of the fractionation. 4®Ogps-on values in alunite yield unreasonably
high temperatures, probably because of retrograde exchange in the OH site. In all
cages studied, the 6D and 60 values of kaolinite formed during acid-sulfate
alteration reflect mixing with exchanged meteoric waters and/or some retrograde
exchange with such waters. In all deposits studied from areas having low 6D
meteoric waters, kaolinites associated with later Cu-Au-Ag ore formation have
substantially lower 6D values reflecting deposition from waters dominated by
exchanged meteoric water.

Stable Isotope Systematics of the Steam-Heated Environment

Stable isotope data from Tolfa, Italy, and from the replacement alunite deposits
at Marysvale, Utah show that the steam-heated environment is characterized by
both equilibrium and kinetic stable isotope fractionation and that the stable isotope
systematics vary from deposit to deposit. At Tolfa the 6%8 values for alunite are
within range for pyrite and marcasite in the underlying volcanics indicating lack of
significant sulfur isotope exchange between SO, and H,S during oxidation of the
H,S. Temperatures calculated from 40 qy_g04 range from 80 to 180°C, and 6C and
50 values of waters calculated using these temperatures lie close to the meteoric
water line, indicating that oxygen in both the OH and SO, sites in alunite was close
to isotopic equilibrium with the fluid. 6D values of alunites and kaolinites from
Tolfa overlap, and are consistent with values for local spring water. 6D-6"°0
values for kaolinite are substantially removed from the kaolinite line as expected.
Alunite from the replacement deposis at Marysvale, Utah yields 6*'S values that are
much larger than those for pyrite in the underlying propylitic zone. It is probable,
but not certain, that the source of sulfur was the same for both the pyrite and the
alunite. If true, the sulfate must have undergone substantial sulfur isotope
exchange with H,S during or following oxidation of the H,S, in contrast to the lack
of exchange at Tolfa. Isotope temperatures calculated from 4"0gy_go4 range from
90 to 160°C, but 6800 values of fluids calculated using these temperatures indicate
that the fluids underwent substantial isotopic exchange with wall rock. The stable
isotope data suggest that the high-temperature residence time of the fluids at
Marysvale may have been longer than that at Tolfa and/or that the Marysvale
system was more rock dominated.

Stable Isotope Systematics of the Magmatic Steam Environment

Stable isotope studies on alunite from the type deposit of a magmatic steam
system, the vein alunite deposits on Alunite Ridge near Marysvale, Utah, USA, are
difficult to interpret completely. The alunite occurs as coarse crystals in wide, tight
veins containing only trace amounts of quartz and hematite. Pyrite is not
found. Fluid inclusions in the alunite are vapor filled. &D values are nearly
constant and are substantially larger than those of alunites and kaolinites from
nearby replacement alunites formed in a steam-heated environment, indicating a
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large magmatic component in the fluids. 6®0gq, values are also tightly clustered
and typical of magmatic sulfates. In contrast to alunites from the magmatic-
hydrothermal environment, the 6*'S values are tightly clustered near 0 %o, the same
as the presumed value for bulk sulfur in fluids, believed to have been derived from an
underlying stock. Sulfides from the nearby, and coeval, Deer Trail Mountain
base-metal manto deposits, believed to have formed from fluids derived from the
same stock, have 6*'S values near 0 %;. These observations indicate that the vein
alunite formed from a vapor phase dominated by magmatic fluids whose sulfur had
been quantitatively oxidized. The veins occur deep enough in the system that
oxidation by entrainment of atmospheric oxygen in the vapor can be ruled out, and
the most probable interpretation is that the vapor was released from the magma at
high temperature and low pressure where SO, was the dominant sulfur species. The
6™0oy values are reasonably consistent, but are too low by 8 to 4 %, to represent
equilibrium with 6"®0go,. The large grain size of the alunite and the tightness of
the veins effectively rule out post-depositional exchange. It seems most likely that
the 6"*0g0, and ™S were fixed at a higher temperatue and preserved due to the rapid
transport and deposition inferred for such an environment. However, much more
detailed study of this and other similar systems and a better understanding of
transport and precipitation mechanism of alunite in magmatic vapor are required to
interpret the stable isotope data with confidence.

Relationships Between Environments

Although discussed above as end-member situations, the several environments can
and do overlap in time and space in volcanic terrains. Thus, at Rodalquilar the
steam-heated environment overprints the magmatic-hydrothermal environment; at
Red Mountain near Lake City alunite formed in a magmatic-hydrothermal
environment is cut by veins of magmatic-steam alunite; and at the Cactus gold
mine, located in a volcanic dome field, steam-heated acid-sulfate alteration appears
to be cut by magmatic-steam alunite veinlets. Magmatic-hydrothermal deposits
frequently contain large amounts of sulfide minerals, particularly pyrite, and are,
therefore, subject to acid-sulfate alteration resulting from supergene oxidation.

Conclusions

Stable isotope systematics provide useful criteria for distinguishing between the
several acid-sulfate alteration, or alunite-forming environments, but, more
importantly, they may also provide such useful process information as temperatures
of precipitation, geothermal gradients, transition from lithostatic to hydrostatic
gradients, fluid fluxes and residence times, degree of mixing of magmatic and
meteoric water, degree of isotopic exchange with wall rock, isotopic composition and
redox state of magmas and evolved fluids, and the thermal, hydrologic, and chemical
evolution of the hydrothermal system. The common overprinting of the environ-
ments and the potential problems of post-depositional exchange require that
application of stable isotope studies to alunite and acid-sulfate alteration be
approached carefully through geologically well-controlled sampling. Although stable
isotope data can be very powerful tools in the study of acid-sulfate alteration, their
full value can only be obtained when applied in combination with careful geologic
and mineralogic studies.
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High Sulfidation Epithermal Gold Deposits: Characteristics

Noel C. WHITE

and a Model for Their Origin

BHP Minerals, PO Box 619 Hawthorn, Vic 8122, Australia

Introduction

It is now 83 years since the high sulfidation (or acid-sulfate, or alunite-kaolinite)
deposits were first recognised as a distinct class of the epithermal precious metal
As knowledge of the characteristics and origin of low
and high sulfidation deposits grows, so it becomes increasingly apparent that the two
classes are distinctly different deposit types, rather than sub-types of one class of

deposits (Ransome, 1907).

deposit (Table 1).

Table 1 Characteristics of low and high sulfidation deposits.

Low Sulfidation

High Sulfidation

Form of Deposits

Ore Mineralogy

Gangue Mineralogy

Common Textures

Minor Textures

Dominant Chemistry

Minor Chemistry

Open space veins dominate
Disseminated mostly minor
Replacement minor

Vein breccias common

pyrite, sphalerite, galena,
electrum, gold, realgar,
orpiment, cinnabar,
arsenopyrite, chalcopyrite,
argentite, proustite,
pyrargyrite.

quartz, chalcedony, calcite,
rhodochrosite, adularia,
barite, clays.

veins, cavity filling, banded
textures, vein breccias,
drusy cavities, colloform
structures, lattice texture,
comb, cockade, cockscomb
textures.

wallrock replacement

textures.
Ag, Au, As, Hg.
Zn, Pb, Sb, Se.

Veins mostly subordinate
Disseminated common
Replacement dominates
Vein breccias uncommon

pyrite, enargite,
luzonite, covellite,
chalcopyrite, galena,
tetrahedrite-tennantite,
sphalerite, gold,
arsenopyrite.

quartz, clays, alunite,
barite.

wallrock replacement
textures, drusy cavities,
hydrothermal breccias,
veins.

banded textures.

Cu, Ag, Au, As.

Zn, Pb, Hg, Sb, Te, Sn,
Mo, W.

Keywords : high sulfidation deposit, epithermal gold deposit, Nansatsu type deposit, El
Indio type deposit, Temora type deposit, acid hydrothermal alteration, copper miner-

alization
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The terms high and low sulfidation are favoured over the alternatives as they refer
to the oxidation state of the parent fluids (Hedenquist, 1987), a fundamental
characteristic that determines their behaviour and products (see White and
Hedenquist, 1990, for discussion). High sulfidation deposits form from fluids with a

Table 2 Characteristics of high sulfidation deposit types.

Nansatsu type

El Indio type

Temora type

Form of deposit

Geometry of

disseminated,
local veins

cone or irregular,

veins

planar veins

disseminated

large irregular

deposit flaring upwards shoots
Deformation undeformed undeformed deformed or
undeformed
Alteration leached silica core, clay around veins, pyrophyllite-
narrow clay- widespread silica, sericite-
alunite margin, sericitic silica, regional
regional propylite propylite
Gold in silica core veins sulfide-rich pyrophyllite-
and sulfide-poor silica zone
Gold grade low, locally high low and high low, locally high
Sulfide pyrite >enargite > enargite >luzonite  pyrite> >enargite
mineralogy luzonite, minor >pyrite
covellite,
chalcopyrite,
tennantite-
tetrahedrite,
galena,
arsenopyrite,
cinnabar
Gangue quartz, alunite, quartz quartz,
mineralogy barite, clays pyrophyllite,
sericite, alunite,
barite
Age of deposits Tertiary to Tertiary Palaeozoic to

Examples

Quaternary

Akeshi, Iwato,
Kasuga (Japan)

El Indio (Chile)

Mesozoic

Temora, Peak
Hill, Rhyolite

Chinkuashih Creek (Australia)
(Taiwan) various minor in
La Coipa (Chile) Geongsang
Motomboto Basin (Korea)
(Indonesia) various minor

Summitville (USA)

(Japan)
? Pueblo Viejo
(Dominica)
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high oxidation state for their contained sulfur.

The aim of this paper is to focus on some characteristics of high sulfidation
epithermal deposits which I believe are giving important clues to their origin, and to
offer an empirical model which goes some way to explaining these features. I have
been privileged to visit many high sulfidation deposits in the circum-Pacific region,
and what follows arises mostly from my observations.

Types of High Sulfidation Deposits

As with every other class of ore deposit there is considerable variation between
different deposits of the high sulfidation class. Table 2 classifies high sulfidation
deposits into three sub-types named for their best-known example. The classifica-
tion is based on deposit form and alteration mineralogy and zoning. It is believed
these three types reflect differences in the depth and pressure of formation as well as
the hydrology of the systems involved.

Most known high sulfidation deposits are of the Nansatsu type, named after the
deposits in the Nansatsu district of southern Kyushu, Japan, and this type is the best
understood (Urashima et al., 1987; Hedenquist et al., 1988). Their distinguishing
feature is the vuggy and in some cases partly massive silica core, with a narrow zone
of clay alteration enveloping it on the margins, expanding above (Figure1). The
overlying clay is commonly not preserved ; one of the most completely preserved
examples is La Coipa in Chile, where the extensive clay alteration overlying the
orebodies is preserved by a post-ore andesite. In Nansatsu type deposits the gold is
found irregularly disseminated in the silica core. Depth of formation appears to be
shallow (top of the silica zone at 200-300 m), and they may have vertical extents of

propyiltic|
alteration|

illite-smectite
alteration

Fig. 1. Idealised alteration patterns for a Nansatsu type high sulfidation deposit.
The: central silica alteration zone consists of both leached vuggy silica and
more massive silicified rock. Pyrite, kaolinite, alunite and barite
commonly also occur in this zone, which typically has knife-sharp
contacts with the kaolinite-alunite zone. This grades into the illite-
smectite zone, which grades into the propylitic zone. Ore occurs in the
silica zone only. The top of the silica zone was probably formed about
200-300 m below the surface; its vertical extent can be up to 1000 m. The
shape of zones is typically distorted by variations in permeability of the
host rocks, and they are commonly cut by hydrothermal eruption breccias
(Izawa and Cunningham, 1989). The overall shape of the alteration body
may be conical or wedge-shaped, expanding upwards.
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up to 1000 m. Nansatsu type deposits may have associated with them massive
sulfide veins (pyrite-enargite-luzonite), which are also characteristic of the El Indio
type, suggesting some overlap in characteristics.

The El Indio type is characterised by occurrence as veins within a pervasive clay
and sericitic alteration zone. The El Indio deposit in Chile (Walthier et al., 1985;
Siddeley and Araneda, 1986; Jannas et al., 1990) has two types of veins (massive
sulfide and silica); the richest gold grades are associated with the silica veins which
have characteristics more consistent with (or tending towards) a low sulfidation
origin,

The Temora type is named after the mine at Temora, Australia (Thompson et al.,
1986). It is characterised by disseminated mineralization within an envelope of
pyrophyllite-sericite-silica alteration. The best known examples are preserved in
ancient deformed volcanic sequences (e.g. Temora: Thompson et al., 1986; Peak Hill:
Cordery, 1986; Harbon, 1988; Rhyolite Creek: Raetz and Parrington, 1988 a, b), but
minor undeformed deposits of otherwise similar character are known in the
Cretaceous of Korea (M.E. Park, pers. commun., 1987) and Japan (Utada, 1980).
The possibility of interpreting these deposits as buried deformed Nansatsu type
deposits is excluded by the difference in alteration mineralogy and zoning, and the
location of the gold (Table 2). It is suggested that their characteristics are best
explained by formation at substantial depths (>1.5km) at temperatures around
300°C. The silica-rich rocks found in these deposits may have formed from silica
released during pyrophyllite and sericite alteration, and so do not require any major
introduction or removal of silica.

Characteristics of High Sulfidation Deposits

General characteristics of high sulfidation deposits are noted in Tables 1 and 2;
some specific characteristics which are thought to have a bearing on the origin of
the deposits are discussed here.

Associated Hydrothermal Alteration

High sulfidation deposits are typically associated with major zones of intense acid
hydrothermal alteration which grades out into less acid alteration styles. Clearly,
neutralisation of an acid fluid by wall rock reactions is characteristic. In the
Nansatsu type deposits there is a very narrow (typically 1-3 metres) alteration zone
between acid leached silica zones and regionally propylitically altered host rocks.
This narrow zone consists of kaolinite-alunite-(pyrophyllite-diaspore) close to the
silica zone, and grades out to illite-smectite assemblages (Urashima et al., 1987;
Heald et al., 1987). This sharp gradient in hydrothermal alteration implies a sharp
gradient in fluid chemistry and possibly temperature.

Zones of hydrothermal alteration typically show strong structural control, espe-
cially by faults, but any other structures may also be important to provide
secondary permeability (Huang, 1963). Primary permeability controls are very
important, with alteration diverted along permeable units, or units which were
highly reactive to the hydrothermal fluids. The gross cross-sectional shape of the
alteration zones associated with Nansatsu type deposits is commonly funnel shaped,
flaring upwards (Figure 1).

Distribution of Mineralization

From a large amount of data I have collected to characterise the geochemistry of
high sulfidation deposits it is clear that there is a pronounced association of gold
with copper in ore zones, a variably weak to strong association with lead and no
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association with zinc, which is commonly depleted in ore zones (cf. low sulfidation
deposits). At the Penshan orebody at Chinkuashih, Taiwan, metal zoning is from a
central zone of copper with subordinate gold, laterally and vertically to a zone of
gold with subordinate copper (Huang, 1963; Sakazaki et al., 1964 a, b).

In high sulfidation deposits gold (and copper) is found only in zones of acid
alteration (cf. low sulfidation deposits). In Nansatsu type deposits gold occurs
within silica alteration only. Gold can occupy limited zones within the silica
alteration, or may occupy the whole zone, or be absent (Figure2). The gold is
typically associated with sulfide minerals and quartz, kaolinite, alunite, and barite,
which can also occur outside the gold mineralized zones.

The association between gold mineralisation and the most acid hydrothermal
alteration is so strong that it seems clear that they are closely related. But the

M

@2 Akeshi

EAST CHINA SEA w

3km

] Post-ore rocks (Atta pyroclastics)
Host rocks (Nansatsu Middle Volcanics and Upper Formation of Nansatsu group)
Basement rocks (Lower Nansatsu group and older units)

Q@  Silica alteration zones
R Mines

Fig. 2-A. Zones of silica alteration in the Nansatsu district, Japan. Note the
widespread occurrence of silica alteration. The ore deposits make up
only a small part of these zones.
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Fig. 2-B. Detail showing the distribution of ore bodies within the silica altera-
tion at the Iwato Mine, which from Figure 2 A can be seen to occur at
the end of a very extensive belt of silica alteration. Non-ore silica
typically contains>0.2 g/t Au (Urashima et al., 1987). Figure redrawn
from Urashima et al., 1987.
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relation is not simple; Au (with or without Cu) mineralisation typically occupies
only part of the acid alteration zone, though it may occupy all, and it may be
completely absent (e.g. Iwato, see Figure2). This suggests that the metals are
related to the fluids that produced the acid alteration, but are not necessarily in the
same fluids. The main base metal association with gold is copper, in striking
contrast to the low sulfidation deposits, which typically contain mostly zinc and
lead, and little copper. This suggests formation by fluids which were higher
temperature, more saline and more acid than is typical for low sulfidation deposits.
The critical observation though, is that the strong and persistent association between
Cu and Au is indicative that they were introduced in the same fluid. Copper and
gold are readily transported together in high temperature, saline, oxidised acid fluids
(Large et al., 1988). They are not readily transported together in the fluids that are
characteristic of low sulfidation systems, i.e. moderate to low temperature, reduced,
neutral pH, and low salinity.

The features of different Nansatsu type deposits are strikingly similar wherever
they occur, and it seems inescapable that the fluids that caused the intense acid
alteration and the fluids that introduced the metals, while not necessarily the same,
must have been very closely related in origin, time, and space. In the following
section an attempt will be made to explain how this might happen.

Genetic Models

Although a few high sulfidation deposits show some overlap in characteristics with
deposits of low sulfidation type, most show no typical low sulfidation features, and
the vast majority of low sulfidation deposits show no high sulfidation character-
istics.  Notwithstanding this, recent studies (e.g. Stoffregen, 1987; Berger and
Henley, 1990) have explained the precious metal mineralization in high sulfidation
deposits as having been introduced by later incursion of low sulfidation geothermal
fluids into previously formed high sulfidation alteration zones of magmatic origin.
In this model the acid alteration (vuggy silica, etc.) is regarded as forming from
wall rock neutralisation of acid magmatic volatiles. Low sulfidation geothermal
fluids are interpreted to have invaded the previously-formed acid alteration, and
introduced metals which deposited in response to the pH changes consequent on
reaction with the acid alteration products (Berger and Henley, 1990). If this were
true we should expect to see gold concentrated in the zone of sharp pH change, i.e.,
outside the margins of the silica zone; we do not. We would also not expect to see
the marked gold-copper association. This model requires the coincidence of two
distinctly different styles of mineralization, and does not explain the metal
associations, the restriction of gold to acid alteration zones, its distribution within
the acid alteration zones, and the general absence of the minerals and textures which
typify low sulfidation deposits.

An alternative model presented here aims to show that the observed characteristics
of high sulfidation deposits all result from one system responsible for producing the
extensive advanced argillic alteration and the metalliferous mineralization that may
occur within it. What follows is described as it applies to Nansatsu type deposits;
similar processes also apply to the other types of high sulfidation deposits.

Genetic Model for High Sulfidation Deposits
It has been widely accepted that the fluids responsible for the alteration systems
associated with high sulfidation deposits resemble those inferred to be responsible for
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porphyry copper deposits. The behaviour of such fluids has been modelled by Henley
and McNabb (1978), and Fournier (1987). To understand the behaviour of these
fluids in a high sulfidation environment we must consider the different setting.
Henley and McNabb (1978) modelled the release of magmatic fluids into an
essentially homogeneous environment (an intensely fractured carapace of a porphyry
intrusion). While this is appropriate to understand porphyry copper deposits, it is
not relevant to high sulfidation deposits which regionally and locally show strong
structural control. It is believed that porphyry copper deposits form when fluid
overpressuring causes explosive rupturing of the carapace of the largely crystallised
intrusion, and fluids are released into the resulting mesh-fractured volume of
rock. By contrast, high sulfidation deposits are thought to result from episodic

Fig. 3a. A saline hydrous magmatic fluid accumulates in a subvolcanic magma
chamber. Faulting causes violent rupturing of the carapace, and
releases the magmatic fluids into a localised fracture. Because the
fluids are confined to the fracture they may travel for a considerable
distance to be vented at the surface, or they may mix with ground-
water along their path.

AN Pt
- e / __» Phase G
= - + Phase L
2 .-~ Meteoric water

Fig. 3b. When a zone of increased permeability is reached (e.g. where there is a
major fracture zone), the magmatic fluids may mix with groundwater.
Dissociation of the acid magmatic gasses produces an extremely
corrosive fluid that reacts strongly with the wall rocks, thus enhancing
permeability, and encouraging the influx of more groundwater. An
upwardly expanding alteration zone strongly controlled by host rock
permeability results.
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fracturing by faulting of the carapace of the crystallising porphyry magma chamber,
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and the release of the fluids up a confined fracture.

The proposed model is illustrated by Figure 3 (a-d), and explained below:

1. A saline hydrous magmatic fluid accumulates in a sub-volcanic magma
chamber at depths of 2-6? km. At the prevailing pressures and temperatures the
wall rocks adjacent to the intrusion will be plastic, and so will not form conduits for

fluids without some form of violent rupturing, and then they will be short-lived.

2. Episodic fracturing releases the magmatic fluids into a localised fracture. The
fluids are confined to the fracture, and as it is the most permeable path (at least at
depth), there may be a considerable path length along which the fluids flow. The
fluids may flow through to be vented at the surface, or may mix with groundwater

(Figure 3a).

Fig. 3eci.

Fig. 3cii.

EARLY STAGE

Margin of alteration:
fluid mixing zone

viggy kaolinite  illite
silica ~illita -smectite Propylite

pH

Mixed fluid Meteoric
- -
(magmatic and meteoric) water

Interaction of the acid mixed magmatic-meteoric fluid with wall rocks
produces an upward-expanding zone of alteration. The central part is
leached vuggy silica produced by fluids with pH about 2 or less
(Stoffregen, 1987). Adjacent to this is a localised zone of intense fluid
mixing in which the pH drops from>5 to about 2, typically over a
distance of about 3 metres (inset). At this early stage the magmatic
fluid input is dominantly phase G, so little or no metals are intro-
duced.

LATE STAGE

In the late stages the acid alteration zone may be increasingly invaded
by phase L, which is transporting most of the metals. Mixing of
phase L with meteoric water will occur in the permeable acid leached
alteration zone. Cu and Au will deposit in the zones of most active
fluid mixing. Differences in the hydrology within these zones
determine where phase L flows, and where sufficient mixing with
groundwaters occurs to allow deposition, producing localised zones of
mineralization within the more extensive alteration zone.
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3. The fluid released from the magma will expand and cool, and will form low
and high density phases (phases G and L respectively). The composition of phases G
and L depends on the pressure, and will change constantly during ascent, so the two
fiuids will continue to re-equilibrate as conditions change.

4. Low density phase G will contain most of the gas components of the parent
fluid, especially CO,, SO,, HCl and HF. It will contain little or no Au, Cu or other
metals. Phase L will contain a relatively minor part of the CO,, SO, HCI and HF,
but it will contain most or all the Au and Cu, and the other non-volatile components
such as NaCl. Partitioning of volatile and non-volatile components between the
two phases, and their relative volumes depend on temperature and pressure, and will
change as these change.

5. Phases G and L travel at high velocity up the fracture conduit as a result of
the pressure in the parent magma chamber that expelled them, the pressure of the
‘second boiling” (Burnham and Ohmoto, 1980) that results from the pressure release
on fracturing, and the volume increase that results from pressure drop as the fluids
pass up the conduit. As a consequence, the tendency for the two phases to separate
is inhibited, but still the more mobile (less dense) phase G travels faster than phase
L, which will tend to lag behind, especially if the fluid path is long. The result of
this is that the fluids that first arrive at any distant point along the fluid path will
be relatively enriched in phase G; during the life of the pulse the proportion of phase
G will drop, and of phase L will increase (Figure 3d). Consequently the waning
stage of a mineralising pulse will be dominated by phase L.

6. When a zone of increased permeability is reached (e.g. where there is a major
fracture zone), the magmatic fluids may mix with groundwater (Figure 3b).
Depending on the temperatures of the mixing magmatic and meteoric fluids and their
proportions this may cause the groundwater to be heated above its boiling point for
depth, causing boiling, or if sufficiently high pressures are attained it may cause
hydrothermal brecciation, thus increasing permeability.

7. Mixing of phase G with groundwater, together with the effects of cooling will
produce a mixed magmatic-meteoric fluid with extremely low pH (from dissociation
of HCIl and HF, and disproportionation of SO,, with dissociation of the resulting

Early TIME Late

FLUID FLUX

intense acid leaching clay alteration

MINERALIZATION

metals dispensed
(low pH)

metals d

Fig. 3d. Evolution of the system with time. Early stages are dominated by the
effects of interaction between phase G and ground water. Late stages
are dominated by the interaction of phase L with ground water; in
this stage metal deposition occurs. See text for further explanation.
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H,S0,). Wallrock reactions will attempt to neutralise the acid fluid, producing
intense acid hydrothermal alteration, so enhancing permeability, and encouraging the
influx of more groundwater. An upwardly expanding alteration zone strongly
controlled by host rock permeability results (Figure 3ci). Phase L is likely to be
absent or very minor at this stage, and what little is present will be dispersed by
mixing, without any localised metal deposition occurring (because of the very acid
conditions).

8. As it forms, the acid alteration zone may be invaded by an increasing
proportion of the slower moving (more dense) phase L, which is transporting the
metals. As the system wanes the ratio of phase L to phase G will sharply rise,
while the overall fluid pressure will drop. Neutral pH meteoric water will invade the
alteration zone of leached silica, mixing with the phase L. The acidity within this
complex mixing region will decrease, allowing deposition of Au and Cu to occur as a
result of dilution (lowering [Cl”] and increasing pH), cooling, and lowering of
foy(because of SO, disproportionation). Differing responses to these factors, as well
as differing pH stability fields and rates of deposition will result in zoning of metals
and late stage gangue minerals (Figure 3cii). Lower acidity will allow silica
deposition locally, producing zones of massive silica from silicification of the vuggy
silica. Kaolinite may deposit from pH rise allowing dissolved Al to precipitate.
Barite may also deposit.

9. Because metal deposition results chiefly from the effects of mixing with
groundwater, the metals are confined to the zones of most active fluid mixing (i.e.,
the greatest permeability), which coincide with the zones of most intense acid
alteration. The extent of metal deposition within the acid alteration zone depends
on the extent to which phase L. invaded the alteration produced by phase G. Every
stage from complete invasion to none is possible. Differences in the hydrology
within this zone will determine where phase L flows, and where sufficient mixing with
groundwaters occurs to allow deposition, producing localised zones of mineralization
within the more extensive alteration zone. Dilution factors of several orders of
magnitude are probably required to allow ore mineral deposition, thus explaining the
elusiveness of isotopic or fluid inclusion evidence for a magmatic fluid contribution
(e.g, Hedenquist, 1987; Hedenquist et al., 1988).

Conclusions

High sulfidation epithermal deposits occur in generally similar geologic settings to
low sulfidation deposits; there are differences in mineralogy, but there is also
substantial overlap; both types show generally similar styles of hydrothermal
alteration, but their zoning differs significantly. The major difference between high
sulfidation and low sulfidation deposits is the fluids that produce them; they differ in
origin, chemistry, and consequently behaviour, resulting in differences in the form,
mineralogy, and zoning of deposits.

It is proposed that high sulfidation deposits are produced from magmatic fluids
which segregate into two phases during transport. The spectacular acid hydro-
thermal alteration that characterises most high sulfidation deposits is produced
mostly by interaction of the more volatile magmatic fluid whith groundwater. The
metalliferous mineralization results from the second, slower moving, denser
magmatic fluid, which invades the zone of alteration formed ahead of it by the
faster moving magmatic volatiles, and there deposits metals as a result of
groundwater dilution (lowering [Cl'] and pH), cooling and lowering of fo,. The
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presence of mineralization depends on availability of the dense fluid phase; if it is
not available or insufficient, then a barren alteration zone may result. The
distribution of mineralization within the alteration zone depends on the quantity of
the dense fluid phase available, and on local hydrology during the waning stages of
the system, which determines the sites and extent of mixing of the metal-bearing
dense fluid with groundwater. The high degree of dilution required for deposition is
consistent with the scarcity of magmatic isotopic signatures and very saline fluid
inclusions.

This model differs from previous models in that two genetically closely related
magmatic fluids are invoked, and the metals are regarded as being derived from a
magmatic source and transported in a dense saline magmatic fluid. The acid
alteration and metal deposition are seen as closely related aspects of an evolving
magmatic-hydrothermal system, rather than as two genetically unrelated superim-
posed events. This is justified by studies of porphyry copper deposits, and more
satisfactorily explains metal associations, and the location of gold deposition in the
system.

This model contains many variable factors such as the composition of the
magmatic source, and consequently the composition of the primary magmatic fluid;
temperature and pressure of fluid release; the length of the fluid path and extent of
separation of the two phases G and L; and the temperature and pressure at which
mixing with groundwater occurred. These will affect the products formed, and
explain much of the variability seen in high sulfidation deposits.
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Geology and Mineralization Characteristics of the Mankayan
Mineral District, Benguet, Philippines

Jose S. GaRc1a, Jr.
Lepanto Consolidated Mining Company, Mankayan, Benguet 2609, Philippines

Geologic Setting

The Mankayan Mineral District lies near the eastern limb of a broad north-
trending anticline. The arch’s core i1s an Early Miocene intrusive complex of
gabbroic to tonalitic composition while its eastern flank consists of E-dipping, N to
NE-trending volcanics, clastics and volcaniclastics (Fig. 1). In fault-contact with
the intrusive complex is a folded pre-Eocene ophiolitic basement consisting of
regionally metamorphosed basaltic-diabasic flows which, at the upper section, is
intercalated with fine andesitic volcanics and cherts. In the northeastern part of the
district, the basement is unconformably overlain by the Late Eocene-Early Oligocene
Apaoan Sequence consisting of thin bedded red and green sandstones, shales and fine
volcaniclastics. Overlying these older rock units is the Middle Miocene Balili
Volcaniclastics consisting of andesitic breccias and tuffs, polymictic conglomerates,
wackes and shales (Fig.2). Late Miocene porphyry copper-related quartz diorite
porphyry bodies intrude the Balili Volecaniclastics.

Late Miocene to Early Pliocene Imbanguila Dacite occurs as a blanket of
pyroclastics over, and as porphyry intrusions into, the older rock units. Enargite-
gold mineralization, subsequently followed by epithermal gold-base metal sulphide
veining, were deposited after the Imbanguila Dacite emplacement (Fig.2). The
unmineralized Late Pliocene to Early Pleistocene Bato Dacites occur as tuffaceous
diatreme infills and porphyry domes.

Mineralization
Three economically significant mineralization types are known in the district.

Porphyry Copper-Gold Mineralization:

This mineralization is represented by the FSE deposit located at the far southeast
(FSE) section of the present enargite mine (Figs. 1 and 3). The deposit is WNW-
trending and longitudinally bell-shaped with the top lying 650 m below surface. It
is centered on a melanocratic quartz diorite stock which intruded the Balili
Volcaniclastics. Preliminary fluid inclusion studies indicate a Th of 529£80°C with
salinities ranging from 42-54 wt.% NaCl equivalent. Silicate alteration consists of
three zones generally enveloping each other (Fig. 4). At the core, extending roughly
100 m from the intrusive contact, is potassic (biotite) alteration which was subjected
to partial retrograde clay-chlorite replacement. Outwards, the potassic core grades
into pervasive chlorite-illite alteration which encompasses the bulk of economic
mineralization. Fringe alteration is propylitic, characterized by epidote, calcite and
chlorite. Sulphide zoning is characterized by bornite-chalcopyrite-magnetite in the

Keywords.: Mankayan mineral district, Lepanto deposit, FSE deposit, porphyry
copper-gold mineralization, enargite~gold mineralization, epithermal gold mineraliza-
tion, hydrothermal breccia
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epithermal gold veins, the FSE and Guinaoang gold-rich porphyry copper
deposits and the Palidan-Pacda-Buaki porphyry copper prospects.
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Fig. 2. Stratigraphic-chronologic section of the Mankayan mineral district (Adopted

from Concepcion and Cinco, July '88; Garcia and Bongolan, Nov. '89).
1. *C-age on humic soil at Bugias (Bed- 7. K-Ar age on alunite from FSE Hydro-

Jica) 18,820+670y. thermal Breccia (Hedenquist) 6.9-8.5 Ma.
2. Mt. Pusdo volcanism (Ringenbach et 8. Late Agno Intrusion (Wolfe) 9-10 Ma.
al.) 0.5 Ma. K-Ar on dacitic/andesitic dikes in Cer-

3. K-Ar age on biotite from Bato Dia-  vantes (Ringenbach et al.) 9.9-11.0 Ma.
treme (Sillitoe and Angeles) 2.9+0.4 Ma. 9. Limestone clast at Tubo (Gutierrez,

4. K-Ar ages on alunite (Hedenquist) lower to middle Miocene).
at Airstrip 1.4-1.5 Ma, Limestone clast at base of Balili
at 35 L 1070 L 2.0-2.2 Ma, (Sillitoe and Angeles, late Oligocene
at Mohong Hill 1.6-1.7 Ma. to mid Miocene).
K-Ar ages on hydrothermal sericite 10. K-Ar ages on hornblende and biotite
(Krueger) at FSE 2.5-3.3 Ma, from Bagon Tonalite (Sillitoe and
(Sillitoe and Angeles) at Guinaoang  Angeles) 12-13Ma. Early Agno Intru-
3.540.9 Ma. sion (Wolfe) 14-19 Ma, (R.P.-Japan) 18
5. K-Ar ages on feldspar from Imban-  Ma.
guila Dacite Porphyry 11. Low copper to barren Cordilleran
(Krueger) 6.9%0.8 Ma. magmatism (Wolfe) 23-32 Ma.
Post Klondyke Intrusion 12. Pelagic foraminifer in ss and clay at
(Wolfe) 5.6-6.1Ma; (BMGS) 7Ma, Cervantes (Ringenbach et al.) Late
east of Abatan. Eocene to early Oligocene.

6. K-Ar ages on Lepanto Dacite (Rin- Radiolaria from Red Beds at Tubo
genbach) 5.7-6.1 Ma. (Maac) Early Oligocene.
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potassic core grading to chalcopyrite-magnetite-hematie & pyrite and molybdenite
in the chlorite-illite zone, then to chalcopyrite-pyrite-hematite in the propylitic
zone. Gold occurs in native form, intimately interlocked and/or attached to
chalcopyrite-bornite, and shows a positive correlation with copper and magnetite.

A steep post-porphyry copper hypabyssal breccia pipe centrally truncates the FSE
deposit (Fig. 4). The pipe’s upper terminus abuts into the Imbanguila Dacite
(Figs. 3 and 4) while its bottom is unexplored. Alteration zoning consists of
sericite-illite = tourmaline-chlorite in the lower portion while the upper portion
consists of anhydrite-illite-alunite-diaspore-zunyite-pyrophyllite (Fig. 4). This
advanced argillic zone extends beyond the breccia as an extensive cap over the FSE
porphyry copper alteration. Enargite-bearing advanced argillic bands crosscut the
chlorite-illite halo of the FSE deposit. K-Ar dating on the alunite yielded ages of
6.9-8.5 m.y., while isotope studies yielded %8 values of 13-16 per mil. Sulphide
zoning is characterized by chalcopyrite-magnetite—pyrite & bornite-molybdenite in
the deeper sericitic-illitic zone while chalcopyrite-pyrite-hematite * enargite,
secondary covellite and molybdenite predominate in the upper advanced argillic zone.

Enargite Mineralization:

The enargite-gold deposit consists of a main zone and multiple veinlets that
branch off from the main zone at an acute angle. The main zone, an elongated,
pipelike, tectonic breccia-filling body, 10-50 m wide (Fig. 5), developed for over
2 km., and about 100 m in height, has an average strike of N55W and steep NE dip.
Postmineral oblique slip faulting, sinistrally sliced the main orebody. In the
western section of the enargite mine, hosted by the ophiolitic basement, volcanicla-
stics and Imbanguila dacite pyroclastics, are the branch veins consisting of east-
trending, steep dipping, fissurefilling structures (Fig. 6). They rarely exceed 10 cm
width individually, but as closely spaced veinlets, form wide mineable zones. In the
eastern portion of the mine, where the Balili Volcaniclastics and Imbanguila Dacite
Porphyry are the dominant rock units, the Easterlies consist of widely spaced (10-
100 m apart), east-trending, steep dipping, narrow but strike and dip persistent
enargite zones. Enargite-luzonite also occurs as stratiform lenses with areas of ten
to a few hundred square meters and thickness of a few cm to a few meters (Fig. 5).
Pyrite, together with the Cu-As sulphides, replace 10-90% volume of the lenses.
Localization of the lenses is controlled by (a) the presence of more permeable
members of host rocks such as agglomeratic-volcanic breccia member of the dacites,
calcareous graywackes and shales of the Balili Volcaniclastics, and laminated
sandstones of the Apaoan Sequence and (b) sites of sudden decrease in the slope of
the unconformities.

Alteration and mineralization are controlled by the chemistry—permeability of
individual rock units and by structures such as NW trending breccia zones,
east-trending tension fractures and unconformities. In the branch vein aresa,
wedge-shaped massive to vuggy silica alteration is extensively developed along these
structures. The silicified wedges are narrower in the pre-dacite rocks, widest in the
unconformity and then extend up to 30 meters into the dacites; they are enveloped by
quartz-alunite-kaolinite alteration (Fig.5). In the pre-dacite rocks, the advanced
argillic envelope grades outward into pervasive chloritization while in the dacites,
the envelope is abruptly succeeded by 5-20 meter thick blanket of intense kaoliniza-
tion. Atop the kaolinized blanket is argillization characterized by montmorillonite-
illite. Further upwards, the argillization encroaches on unaltered dacites. On the
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Fig. 6. Structure contours showing the base of Imbanguila Dacite.

western edge of the district, extensive quartz-alunite-kaolinite alteration, with or
without the enclosed silicification, occurs as a 6-km long ridge defining the extent of
the unconformity between the pre-dacite and the dacitic rock units. K-Ar dating on
alunite from this ridge gave ages of 2.0-2.5 m.y. while 6*S values range from 20-27
per mil. In the Easterlies area, 2-10 meter wide fracture-controlled strips of vuggy
to massive silica are sheathed by thin bands of quartz-alunite-kaolinite £ pyro-
phyllite-diaspore alteration. Pervasive kaolin—quartz-illite alteration envelops the
silicified strips and advanced argillic sheaths. Kaolin replaces the feldspar
phenocrysts while quartz and illite replace the rock matrix. The kaolinized envelope
grades outwards into chloritized-argillized wallrock. Toward the FSE area, this
envelope is hardly distinguishable from the advanced argillic cap above the FSE
deposit.

The main orebody, the branch veins and the easterlies are mostly confined within
the massive and vuggy silica alteration, while the stratiform ore occurs in the
kaolinized zone. More than 90% of the copper in the deposit occurs in the form of
enargite and luzonite. Chalcopyrite-tennantite-minor stibnite occur late in the
deposit paragenesis while chalcocite-covellite are observed as supergene replacement.
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Gold and silver are mainly as tellurides. Gangue minerals are quartz, pyrite,
kaolinite, dickite and barite.

Epithermal Gold Mineralization:

Zones of auriferous pyrite-quartz stringers are observed in several areas in the
district. Where these zones coincide with roots of enargite ore shoots (Fig. 5),
Cu-As sulphide content increases gradually upwards. Pyrite, occupying 60-80%
volume of the zone, occurs as very fine, sooty aggregate while quartz occurs as
white-milky to yellow-citron linings and bands. Microscopic analyses and metal-
lurgical tests indicase that the gold is occluded in the pyrite grains.

The weakening of Cu-As sulphide mineralization, atop and on the edges of enargite
ore shoots, sometimes gives way to localized occurrence of chalcopyrite-tennantite-
barite-stibnite-gold mineralization.

In the southern part of the district, in the Nayak area (Fig. 1), north-trending
fracture-controlled argillic zones in the ophiolitic basement host quartz veinlets and
stockworks. Associated with the quartz is native gold = marmatitic sphalerite,
galena, and pyrite. The argillic zone is characterized by quartz-sericite & adularia.
Fluid inclusion studies on the sphalerite yielded Th of 170-250°C and salinities of
2.06-3.05 wt. % NaCl equivalent.

Localized occurrence of the Nayak-type mineralization is observed in the enargite
mine as (1) quartz-Au breccia lenses without Cu-As sulphides situated below and/or
peripheral to the main enargite-luzonite breccia body (MOB), (2) NE-trending, steep
dipping quartz-sphalerite-galena zones crosscutting the NW-trending MOB, (3)
quartz-Au stringers in roots of branch veins, (4) gold-bearing quartz stringers
crosscutting enargite related alteration, (5) fine quartz-gold stringers cutting
stratiform lenses and (6) centimeter to meters wide gold-bearing argillic zones with
gypsum-anhydrite-sphalerite-galena enclosed by chloritized volcaniclastics or dacite

porphyry.

Discussion

The FSE deposit is genetically related to the melanocratic quartz diorite porphyry
body which is one of at least three porphyry copper related stocks identified in the
district. These stocks are interpreted to represent the latest, dated 9-11 m.y., of a
three-phase Cordilleran plutonism, in the Luzon magmatic arch. Mineralization is
found in all the alteration zones but was probably deposited mainly during the
retrograde clay-chlorite and the chlorite-illite alteration. This is evidenced by
higher metal content and more extensive quartz-anhydrite-sulphide-magnetite
stockworks (up to 40% volume) in these alteration zones, compared to the potassic
and propylitic zones. The FSE deposit is pre-hydrothermal breccia and pre-enargite
as evidenced by porphyry copper-bearing clasts in the hydrothermal breccia and in
the enargite-hosting Imbanguila Dacites. K-Ar dating of feldspar in the Imbanguila
Dacites yielded ages of 5.7-6.9 m.y.

Mineralization in the hydrothermal breccia is attributed to post-porphyry copper
magmatic fluids partly diluted by meteoric waters. The enargite-bearing advanced
argillic alteration characterized by abundant anhydrite and alunite, both as
stockworks and as filling of interclast spaces at the pipe’s upper portion, may be due
to the reaction of the lime-rich Balili Volcaniclastics with sulphuric acid generated
from disproportionation of magmatic SO,. K-Ar dating on alunite gives the age of
mineralization at 6.9-8.5 m.y. Mineralogical assemblage distinguishes this breccia-
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related advanced argillic alteration from the younger quartz-alunite * kaolinite
envelope of enargite ore shoots. The chalcopyrite-gold mineralization in the deeper
sericitic-illitic zone may be interpreted as a post-main stage porphyry copper
deposition below the zone of SO, disproportionation.

In the case of enargite mineralization, two scenarios are possible. Clustering of
K-Ar age data, viz., on hydrothermal sericite in the FSE area, on biotite in dacite at
Guinaoang and on alunites in the western and southern sections of enargite mine,
indicates a district-wide heating event that occurred between 2-3 m.y. Enargite
mineralization may have been a product of this event, though no mineralized
district-wide heat source has yet been chronologically correlated with this period.
Alternatively, enargite may have been deposited immediately after the Imbanguila
Dacite emplacement (6-7 m.y.). This scenario provides the district-wide mineralized
heat source. The cluster of K-Ar dates at 2-3 m.y. may then be attributed to a
non-mineralizing reheating event.

Permeable structures confined the flow of a district scale convectively circulating
meteoric water cell driven by a heat source, probably centered in one of the diatremes
near the FSE deposit. The convective cell was probably contaminated by acid
fluids-magmatic vapor emanating from this heat source, thereby developing
structurally/stratigraphically-controlled massive and vuggy silica zones bounded by
quartz-alunite alteration. The leaching, silica deposition and the subsequent
evolution of a magmatic vapor-dominated system into a liquid-dominated system
was due to the influx of meteoric waters, which lowered the acidity of the fluids,
resulting in the deposition of enargite-gold. The high sulphur and high copper
activities in the early stages evolved through time to a decreased sulphur activity
and lower concentration of copper, indicating that no additional magmatic com-
ponents were added into the hydrothermal cell. Increase in iron and antimony
activities in the consequent copper and sulphur deficient fluids resulted in the
deposition of auriferous pyrite-quartz stringers along fracture zones and of stibnite-
tennantite-barite-chalcopyrite-gold near the upflow, relatively cooler zones.
Collapse of the cell allowed the descent, thereby dominance, of meteoric fluids
producing a neutral pH-low salinity environment. This enviroment was responsible
for the deposition of epithermal gold and base metal sulphide veins in several areas
in the district. The unaltered Bato Dacites, aged equivocally as either 0.5 or 2.9
m.y., postdate the hydrothermal cell.

Epilogue

The Mankayan Mineral District is host to porphyry copper, high sulphidation
enargite and low sulphidation gold mineralization. Continuing studies on the
characteristics of and relationships between the types of mineralization provide
insights to the genesis of these and similar ore deposits. The district is currently
the subject of a joint study and research program between the Geological Survey of
dapan, Mineral Resources Department and the Lepanto Consolidated Mining
Company and, shortly, between the National Taiwan University and Lepanto.
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Stable Isotope Systematics of Alunite
Roger E. STOFFREGEN

Dept. of Geological Sciences, Southern Methodist University
Dallas, Texas, 75275, U.S.A.

Alunite (KAl3(SO,),(OH)¢) is unique among common alteration minerals in
containing hydrogen, sulfur, and both hydroxyl and sulfate oxygen. Stable isotope
data on these four sites can potentially be used to determine (1) the temperature of
alunite formation based on 'O fractionation between the two oxygen sites; (2) the
isotopic composition of the coexisting water; and (3) the redox state of the system
based on the S value (Pickthorn and O’Neil, 1985; Rye et al., 1989). In addition,
alunite can be used for K/Ar age dating. This paper discusses the experimental
determination of alunite-water D and 'O fractionations as a function of tempera-
ture, along with the calibration of the alunite OH-SO, '®O geothermometer. It also
presents data on rates of alkali and isotope exchange between alunite and water, and
considers their implications for interpretation of alunite isotope data and K/Ar
ages.

Experimental determination of isotope fractionations at temperatures below 500°C
is made difficult in most minerals by slow reaction rates. Several techniques have
been developed to circumvent this problem, including the use of coupled alkali
exchange reactions to enhance rates of dissolution-reprecipitation, which also
enchances isotope exchange (e.g. O’Neil and Taylor, 1967). Alunite is ideally suited
to this approach because its Na-K exchange properties are well known and rates of
alkali exchange are sufficiently rapid above 250°C to produce >90% exchange in runs
of less than 9 months duration.

The alkali exchange reaction used in these experiments was

NaAl, (SO,), (OH),+ K* = KAl, (SO,), (OH); + Na*.

The maximum amount of alkali exchange, defined as the measured mol% potassium
in the run product alunite divided by the predicted equilibrium value based on data
from Stoffregen and Cygan (1990), was 98%, with most runs showing between 90
and 95% exchange. Because the reactions did not attain complete equilibrium, the
partial equilibrium technique was used to compute isotope fractionation factors.
The % isotope exchange on the three sites computed with this technique are generally
within 5% of the observed alkali exchange.

Least squares fits of the exchange data at 200-450°C, weighted by the reciprocal of
estimated error squared, give 10° I, unite(s04-site) ~water = 3.09 (10%/T% —2.94 R*=
0.99). The slope of this curve is essentially identical to the bisulfate-water
fractionation of Mizutani and Rafter (1969) and is similar to barite-water
(Kusakabe and Robinson, 1977) and anhydrite-water (Chiba et al., 1981) %0
fractionations. The hydroxyl-water curve shows more scatter than the sulfate site
curve, but still gives a good linear correlation with 10° Ina,unitecon sicer-water = 2-29
(10%T% - 5.74 (R*=0.96). The fractionation between the sulfate and hydroxyl

Keywords : alunite, hydrogen isotopes, oxygen isotopes, sulfur isotopes, isotope
fractionation, geothermometer
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sites is given by 0.8 (10%/T?) + 2.80 and ranges from 4.3 at 450°C to a predicted value
of 11.8 at 25°C. Although this large range suggests that 0 fractionation within
alunite should make an excellent geothermometer, the predicted variation from
400-200°C, which is of most interest in the study of the hydrothermal ore deposits, is
only 1.8. Fractionation of 'O in alunite is thus a relatively insensitive
geothermometer over this temperature range.

The alunite-water D fractionations are — 19 at 450°C, — 18 at 400°C, — 11 at 350°C,
—1 at 300°C,— 6 at 250°C and —9 (based on only 10% exchange) at 200°C. These data
indicate that from 350°C to 200°C the alunite-water D fractionation is relatively
constant, which indicates that the alunite D value can be used to obtain a reliable
estimate of D for the coexisting water even if temperature is poorly constrained.
The alunite-water D fractionation has some similarity to the boehmite-water D
curve of Grahman et al. (1980), which may reflect the chemical and structural
similarity between the two minerals.

In order to test the effect of mol% Na on the alunite-water D and 0 fractiona-
tions a limited number of isotope exchange experiments were conducted with the
coupled alkali exchange reaction

KA].a(SO4) Q(OH)G + Na+ = NaAla(SO4) Z(OH) 6 s+ K+.

These experiments indicate that mol% Na has minimal effect on the alunite isotope
fractionations, at least above 350°C.

In addition to providing equilibrium fractionations, the experimental results have
been used to obtain information about the rates of alkali and isotope exchange
between alunite and water. The amount of alkali exchange as a function of time can
be represented with a second order rate law, which probably reflects an Ostwald
ripening mechanism. Regression of the experimentally determined rate constants
gives log k (sec™ =-7.4 (1000/T) + 8.1 (R®*=10.99), which implies an activation
energy for the alkali exchange reaction of 33.8 kcal/mol. When extrapolated to
25°C, this equation suggests that alkali exchange between alunite and solutions will
not occur at surficial conditions, except perhaps for the fine grained (<1 micron)
alunites characteristic of low temperature settings.

Rates of D and 'O exchange were studied in reconnaissance runs without coupled
alkali exchange. The % D exchange was substantially greater than 'O exchange in
most of these runs, suggesting that “proton diffusion” was an important exchange
mechanism for D. This was best displayed in experiments at 150°C with fine grained
natural natroalunite which produced negligible O and alkali exchange but 58% D
exchange. Calculated log hydrogen diffusion coefficients (cm?sec™) based on SEM
observations of grain size are —14.1 to —13.8 at 400°C and —16.8 at 150°C.
Although an activation energy for hydrogen diffusion could not be computed with
these data, the results suggest that D exchange between fine grain alunite and water
should occur within a few thousand years even at surficial temperatures. However, D
exchange should not occur between coarse { >>1 mm) hydrothermal alunite and water
under these conditions.

The amounts of '®0 exchange below 400°C on both the sulfate and hydroxyl sites
were too small to allow accurate estimates of reaction rates. As a result,
conclusions about the amount of reequilibration that may occur on these sites, and
its effect on the intramineral O geothermometer, will have to be drawn from data
on natural samples.
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Mineralogical Features and Genesis of Alunite Solid Solution
in High Temperature Magmatic Hydrothermal Systems

Masahiro Aokr
Geological Survey of Japan, Higashi 1-1-3, Tsukuba, Ibaraki, 305 Japan

Formation Process and Texture of Alunite

Alunite solid solution (hereafter abbreviated as alunite s.s) forms over a wide
temperature and pH ranges from volcanic to weathering environments. The composi-
tional variation in crystals of alunite s.s. sometimes indicates that the physical and
chemical conditions fluctuated considerably during crystal growth. In high tempera-
ture acid sulphate-chloride hydrothermal systems, boiling of the fluid, mixing of
ascending hot water with cooler meteoric water, intermittent input of high
temperature acid components from a deep source, etc., commonly occur, followed by
mineral-fluid reequilibration. These processes cause changes in temperature, pH,
cation' and anion ratios, salinity and so on, leading to variation in the chemistry of
alunite s.s. Along the fluid conduits the changes tend to happen in quick response to
the triggering events. On the other hand, in the wall rocks away from the conduit,
any changes that occur in the channel tend to be propagated with considerable
retardation and modification through the process of dissolution and precipitation of
minerals, since the limited permeability prevents a rapid flow of fluid. In this
situation, an insufficient rate of mass transfer relative to the rate of crystal growth
may lead to an oscillation of chemistry in both fluid and crystal. Thus, composi-
tional heterogeneity is an inevitable feature of hydrothermal alunite s.s. Usually it is
rather difficult to recognize the compositional heterogeneity in alunite s.s. under the
optical microscope and it can easily be overlooked. By using a back scattered
electron image under the scanning electron microscope, a very weak compositional
contrast can easily be detected.

It is necessary to apply an analytical technique with resolution comparable to the
fineness of the texture in order to obtain accurate chemical and isotopic compositions
on which we may construct models of hydrothermal activity. In practice, too finely
banded textures often oblige us to determine only an average composition. Even so,
it is a basic requirement to determine the growth texture and nature of heterogene-
ity, to understand the physical and chemical cause of it, and to deduce the geological
processes responsible for such changes to allow a better explanation of the “average”
value.

A Case Study on a Typical Magmatic Hydrothermal Alunite from Kusatsushirane

As a typical example of alunite s.s in a high temperature hydrothermal system, the
occurrence, compositional heterogeneity and texture is described here for a specimen
from Kusatsushirane volcano, Japan. An extensive acid sulfate alteration halo
crops out on the western flank of the active Kusatsushirane andesite volcano;
pyrophyllite and alunite zones have been identified, together with some zones of
hydrothermal brecciation. The first occurrence of minamiite, the calcium analog of

Keywords : alunite, solid solution, magmatic hydrothermal system, growth banding,
back scattered electron image, minamiite, Kusatsushirane
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alunite, was also recorded (Ossaka et al., 1982) from the alunite zone. Judging
from the close spatial relationship with recent volcanic activity, and the high
temperature suggested by stable isotope data, it is likely that acid volcanic fluids
have been responsible for the alteration. Alunite s.s. is in close association with
pyrite, with 6*S of + 20.8%, for alunite s.s. and— 0.2%, for pyrite. Assuming isotopic
equilibrium, the formation temperature is estimated to be about 290°C. Alunite s.s
. shows coaxial overgrowth texture (Fig. 1) with sporadic dissolution and fragmenta-
tion. The chemical composition changes systematically from REE-and Sr-bearing
crandallite through REE-free Sr-bearing crandallite, Sr-bearing woodhauseite to
relatively random alternations of Na-K-Ca alunite s.s (Aoki, 1984). The PO,/SO,
ratio decreases outward to the boundary between woodhouseite and alunite s.s. The
volume of phosphate-bearing core is less than 5% of the whole crystal.

Apatite contained as a primary mineral in the host andesite possibly released
phosphate ion during the initial stage of acid leaching. The depletion of phosphate
source mineral in the alteration halo along with the sustained supply of sulfate from
a deep source could account for the PO,/SO, ratio in the solution decreasing over a
short period. REE concentration in the early formed phosphate-rich core can be
explained as a derivative result from the high fractionation coefficient for trivalent
cations of the crandallite structure. The major part of the crystal is composed of
finely banded Na-K-Ca alunite s.s. containing no phosphate or REE elements. The
irregular variation in the thickness of each band, and in the compositional contrast
between adjacent bands, together with the relative homogeneity in each band,
indicates some discontinuous process rather than gradual changes in temperature, pH
and chemistry of the ambient fluid. During the cooling period of the hydrothermal
system, early formed anhydrite likely dissolves to form a calcium-rich fluid because
of the inverse temperature dependence of its solubility, and the progressive decrease
of pH by dissociation of sulfuric and hydrochloric acid. The sporadic input of high

-

alunite s.s
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Fig. 1. Back scattered electron composition image showing typical growth
banding texture in alunite s.s. Bright part with hexagonal outline is the
core of crandallite and woodhouseite. Concentric hexagonal bands
alternating randomly from dark gray to light gray around the bright core
are natroalunite, minamiite, and alunite. Sample was collected from
Okumanza, on the western flank of Kusatsushirane volcano, central
Honshu, Japan.
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temperature volcanic gas followed by the disproportionation of SO, could raise the
temperature and sulfate concentration of ambient fluid, leading to the precipitation
of anhydrite and reduction of calcium concentration in the solution again. In the
higher temperature solution, sodium tends to be incorporated into the alunite
structure, assuming a constant K/Na ratio in the solution (Stoffregen and Cygan,
1989). The observation that the sodium-rich alunite with rapid growth texture
overgrowing on the broken surface of finely banded crystals supports the speculation
of sporadic destruction of the fluid channel by the input of high temperature
fluid. Thus the fluctuation of temperature and sulfate concentration and subsequent
change in calcium concentration induced by the intermittent input of high
temperature magmatic components have probably been responsible for the complex
texture of the alunite s.s. crystal.

It is not surprising that some crystals lack a phosphate-rich core and contain a
very small amount of calcium, and that some crystals are relatively homogeneous
and show a gradual compositional change, even if the samples were collected from
the same hydrothermal system. The relation between the growth texture in alunite
crystals and the whole hydrothermal system can be compared to that of annual rings
of tree to a forest in a mountainous district. There are various ages of trees in a
wide variety of growing conditions in such a forest. Annual rings in each tree can
record the only events which happened in the vicinity of the tree after its coming into
the world, The wide spectrum in texture and chemistry itself is a characteristic
feature of the alunite s.s. in the forest of the high temperature magmatic hydro-
thermal system.
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Hydrothermal Alteration Related to Kuroko Mineralization in
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Introduction

The study of wall rock alteration contributes to the evaluation of processes of ore
deposition (Meyer and Hemley, 1967). If we consider a hypothetical simple case of
alteration, as exemplified by Meyer and Hemley (1967), the sequence of alteration
may be easily understood on the basis of cross—cutting relation of veins and mineral
paragenesis in the mineral zones. In actual cases, however, the distribution of
alteration minerals is usually more complicated owing to the superimposition of
alteration zones and the tectonic modification of early formed alteration at later
stages. Therefore, determining the sequence of alteration is not always easy except
in some specific cases.

We have examined the mineralogy of hydrothermal alteration products in the
Kamikita Kuroko mineralization area, where acid-sulfate, propylitic, and other
types of alteration are intricately distributed over a total area of about 100 km?.
The aim of this paper is to clarify the spatial and temporal relations of each type of
alteration, in particular the relationships between the acid alteration and the other
types of alteration, on the basis of field and laboratory investigations, including
X-ray powder diffraction and microprobe analyses of secondary minerals and K-Ar
age determination. We also attempt to clarify the differences in physicochemical
conditions of each alteration on the basis of compositional variation of secondary
minerals.

QOutline of Geology and Ore Deposits

A simplified geologic map of the Kamikita area and the location of drill holes
studied here are shown in Fig. 1. According to previous studies (Miyajima and
Mizumoto, 1965; 1968; Lee, 1970; Lee et al., 1974), marine sediments and volcanic
rocks of Miocene to Quaternary age are distributed in the area. Rocks of Miocene
age constitute the Kanegasawa, Yotsuzawa, and Wadagawa formations, in ascending
order. The Kanegasawa formation is composed of massive and brecciated basaltic to
andesitic lava flows. The Yotsuzawa and Wadagawa formations are composed
mainly of andesitic to dacitic lava flows and voleaniclastic rocks; these rocks are
intercalated with layers of mudstones. The three Miocene formations dip moderately
(10-30°) at both sides of an anticlinorium with N-S trend in the studied area. They
are intruded by several small quartz diorite bodies and by dacite and andesite
intrusive rocks. A small diorite intrusive mass is found below 400 m in No. 15 drill
hole. Hornfelsic rocks are not observed in the field and drill holes. The zones of

Keywords : Kuroko mineralization, Kamikita area, hydrothermal alteration, acid-
sulfate alteration, propylitic alteration, alunite
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volcanic activities at Kamikita appear to display a N-S trend.

The Quaternary group is divided into three
tuffs, andesite lava flows, and lake deposits.
Miocene sediments.

formations: the Tashirodai welded
They unconformably overlie the
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Geologic map of the Kamikita area indicating locations of drill holes used
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The Kuroko deposits are embedded just below a relatively thick mudstone of the
lowermost horizon of the Wadagawa formation. Five deposits at Kamikita are
localized along a N-S trend (Miyajima and Mizumoto, 1965; 1968). The deposits are
characterized by fragmental ores poor in lead content (Lee et al., 1974). Mining of
all deposits has ceased.

Spatial Distribution of Alteration

More than one thousand samples were collected from 16 drill holes and outcrops
(Fig. 1). The distribution and textural variation of secondary minerals were
determined by X-ray powder diffraction and optical microscopy. Four types of
alteration are distinguished in the Kamikita area, and each type of alteration can be
divided into several mineral zones (Table 1). The distribution of alteration zones is
illustrated in Figs. 2 and 3.

Alteration type I is found in the western part of the studied area (Figs. 2 and 3).
The mineral zones are arranged concentrically from a small mass of diorite intrusion
in No. 15 drill hole (center) to the periphery (approximately 6 km radius) in the
following order: a biotite-actinolite zone, a chlorite-epidote zone, a corrensite-
laumontite zone, a smectite-zeolite zone, and a smectite zone. The entire alteration
extends from the Kanegasawa to the Wadagawa formations. Petrographic descrip-
tions of the secondary products in alteration group I are given by Inoue and Utada
(1991a). It is noteworthy that hematite and calcite are abundant over the whole
range of alteration zones.

Alteration type II is found in the central part of the studied area (Figs. 2 and 3).
The mineral zones are arranged from a K-feldspar zone in the stratigraphically lower
part to a mixed layer mineral zone in the upper part, separated by an illite-chlorite
zone in the middle part. The mixed layer mineral is usual illite/smectite, having
various amounts of smectite layer. Abundant barite was identified in rocks from the
Kuroko horizon of No.10 drill hole (Fig. 3). The mineral assemblage of alteration
type II is nearly equivalent to those typical of the Kuroko-related hydrothermal
alteration (Utada, 1980; 1988).

Table 1 Types and zones of hydrothermal alteration in the
Kamikita area.

Types of alteration Mineral zones

smectite zone
smectite-zeolite zone
Alteration I corrensite-laumontite zone
chlorite-epidote zone
biotite-actinolite zone

mixed layer mineral zone
Alteration II illite-chlorite zone
K-feldspar zone

. laumontite zone
Alteration III u. . g
wairakite zone

mixed layer mineral zone
Alteration IV pyrophyllite-diaspore zone
alunite zone
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Fig. 2. Distribution of alteration zones in the Kamikita area.

Alteration type III is found in the eastern part of the studied area (Figs. 2 and 3).
The alteration is confined to the upper part of the Yotsuzawa formation and the
Wadagawa formation. This type of alteration, which is composed of laumontite and
wairakite zones, is essentially characterized by the mineral assemblage of propylitic
alteration (Meyer and Hemley, 1967), but is distinguished from alteration type I by
the abundant occurrence of prehnite, pumpellyite, hedenbergite, and almandine-
spessartine garnet (Inoue and Utada, 1991b). Calcite and hematite are rare in
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Fig. 3. Cross-section showing the distribution of alteration zones along the A-B
line in Figure 1.

alteration type III, especially in rocks containing the above CaAl-silicates.

Alteration type IV is distributed locally in the central part of the studied area
(Fig. 2). The alteration is characterized by the acid minerals. Among the three
mineral zones included (Table 1), the pyrophyllite-diaspore and mixed layer mineral
zones occur from the center to the margin, respectively (Fig. 3). The mixed layer
minerals are mainly aluminous varieties such as tosudite and rectorite. The alunite
zone, on the other hand, appears to be spatially discriminated from the above two
zones. The alunite zone observed in No. 15 drill hole is comprised mainly of alunite,
quartz, dickite, topaz, zunyite, and pyrite. The alunite zone, which outcrops on the
surface, does not contain pyrite, topaz, and zunyite, and kaolinite instead of dickite
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is the major polymorph.

In the Kamikita area, local halloysitization is found in the field (Fig. 2) and in
drill hole (400-420 m depth in No. 15 drill hole). It affects both the Quaternary
welded tuffs and the Miocene rocks.

Compositional Variations of Secondary Minerals

Illite, chlorite, and epidote occur commonly in the higher-grade zones of the
alteration types I-IV. They show compositional variations characteristic of each
type of alteration (Inoue and Utada, 1991c), and thereby it is possible to classify the
type of alteration. The compositional variations of the unique minerals observed in
each alteration zone, i. e., pumpellyite, prehnite, biotite, actinolite, etc., are
discussed by Inoue and Utada (1989; 1991a; 1991b; 1991c). Here we refer only to the
compositional variation in alunite.

The composition of alunite which was collected from drill holes and outcrops was
determined with an energy-dispersive microprobe (EDS). The alunite usually shows
very complicated compositional zoning within a single grain. When all of the
point-analyses are plotted in a K-Na-2Ca diagram (Fig. 4), the K/(K + Na) ratio
ranges from 0.1 to 0.9 and the Ca content is less than 0.3. The Fe content was
negligible.  Such compositional variations are common regardless of different
occurrence.

Figure 5 shows variations in composition and amount of alunite as a function of
depth in No. 15 drill hole. Based on the microprobe analyses, the alunite shows a
large compositional variation from grain to grain within thin section, as well as
within a single grain. The average composition, determined by the alunite 113 X-ray
peak position, varies between 0.4 and 0.6 in K atomic proportion. The amount of
alunite is also variable with depth; the variation is proportional to that of quartz
and inversely proportional to that of dickite. The vertical variation in amount of
pyrite coincides nearly to that of alunite. The amounts of topaz and zunyite vary
nearly parallel to that of dickite.

The fluorine content in topaz ranges from 14.7 to 7.7 wt.%, determined by X-ray
diffraction method (Ribbe and Rosenberg, 1971), which corresponds to a F/(F + OH)
ratio of 0.7 to 0.85. The ratio tends to increase with depth.
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Fig. 4. Plot of atomic proportions of K, Na, and 2 Ca in alunite. Solid and open
circles indicate alunite samples from drill holes and outcrops, respectively.
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Fig. 5. (a) Variation of mineral content (wt.%) with depth in No. 15 drill hole.
(b) Variation of K content (atomic proportion) in alunite with depth.
Bars indicate the range of 10 points analyzed by microprobe. Solid circles
indicate the average composition determined by X-ray diffraction method.

Physicochemical Conditions

The precise temperature and pressure conditions for the Kamikita hydrothermal
alteration have not been defined, but an approximate range of temperature can be
estimated from the mineral paragenesis by analogy with laboratory experiments and
information on low-grade metamorphic terranes and active geothermal fields. The
alteration type I is thought to form over a temperature range from >300°C in the
biotite-actinolite zone to <100°C in the smectite zone (Inoue and Utada, 1991a).
The transformation from smectite to chlorite through corrensite occurred between
100-200°C during alteration of type I (Inoue and Utada, 1991a). The maximum
amount of smectite layers in illite/smectite of alteration type Il is 40% (Inoue and
Utada, 1991¢); the value indicates the temperature to be around 100°C (Srodon and
Eberl, 1984). The whole range of alteration type II took place at approximately
100-300°C, taking into account the formation temperature of Kuroko deposits. The
formation of pumpellyite, prehnite, and hedenbergite probably took place at
temperatures of 200-300°C in alteration type III (Inoue and Utada, 1991b). The
temperature of formation of acid alteration IV was also in the range of 200-300°C.

From the above estimates, we took the temperature range to be 200°to 300°C and
assumed vapor-saturation pressure of water at those temperatures. Based upon
these assumptions and the compositional data of secondary minerals, we estimated
the differences in fugacities of CO, and O, between the alteration types I and III.

The log f(CO,) of alteration type III is estimated to range from —2 to 0 (Inoue and
Utada, 1991b). Prehnite, pumpellyite, and hedenbergite, characteristic of alteration
type IIl, are absent from alteration type I, and calcite is more abundant in the latter.
The log f(CO,) of alteration type I is estimated to range from —1 to 1, using the
compositional data of epidote and illite. It is inferred that the low f(CO,) condition
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facilitated the local formation of pumpellyite and prehnite in alteration of type III.

The log f(O,) of alteration type III is estimated to range from —47 to —34, using
the compositional data of hedenbergite, prehnite, and epidote (Inoue and Utada,
1991b). The log f(O,) value for alteration type I was probably higher than that of
alteration type III, perhaps between —40 and —30, because hematite is very abundant
in alteration type . Stoffregen (1987) estimated the log f(O,) value to be —31+1 at
250°C for the formation of the quartz-alunite zone in the Summitville gold deposit.
The f(O,) condition for the formation of the alunite zone at Kamikita may be
similar to that at Summitville.

The pH value of solution related to the formation of the alunite zone at Kamikita
is estimated to range from 2 to 4 at 200-300°C and an appropriate sulfur
concentration, according to the experimental and theoretical studies of alunite by
Hemley et al. (1969), Knight (1977), and Stoffregen (1987). As mentioned before, the
alunite shows a repeated variation in amount over about 200 m interval in No. 15
drill hole, with the variation strongly correlated to the occurrence of dickite and
quartz. The variation in amount among the three minerals can be represented by the
reaction, 2(K, Na)-alunite + 6quartz + 3water = 3dickite + 2(K, Na)*™+4(S0,)* +
6H". In other words, the repeated variation in amount of alunite may reflect the pH
fluctuation in reacting solution: lower-pH solution favors precipitation of alunite
and alunite reacts with quartz to form dickite in higher-pH solution. Furthermore,
the pH fluctuation in solution probably governed the average K content in alunite.
As shown in Fig. 5, alunite apparently contains more K at lower pH values. There
are many causes for a fluctuation of the pH of a solution moving upwards, but no
reliable cause can yet be defined.

Temporal Relation of Alteration

Based upon the K-Ar ages of altered rocks, the temporal relation of the four types
of alteration in the Kamikita area can be summarized as follows (Fig. 6); the
intrusion of quartz diorite took place at 13 Ma and it caused the formation of
alteration type [ along its periphery. At 10-20 Ma, the Kuroko mineralization
precipitated on the seafloor and concomitantly alteration type II was developed
around the Kuroko deposits. Alteration type IIl began at nearly the same time as or
slightly later in age than the Kurcko stage. Afterwards, alteration type IV locally
superimposed upon the previous alteration; the formation of the pyrophyllite-
diaspore zone was active at 6 Ma and then the alunitization followed at 3 to 4 Ma.
In the Kamikita area, local halloysitization took place at the latest stage during the
long hydrothermal activity.

In summary, the present study of alteration at Kamikita indicates that the
different types of alteration observed within the total area of about 100 km? area
resulted from reactions of rocks with different types of solutions ascending at
different stages over a period of about 13 My. The acid alteration, including
pyrophyllite, diaspore, and alunite, occurred in the later stages of the long history of
the Kamikita hydrothermal system.

There remain many unsolved problems concerning the Kamikita hydrothermal
system, for instance, (1) the geochemical relation of hydrothermal solutions which
formed different types of alteration at different stages, (2) the relation between
magmatism and hydrothermal activities, (3) the geological causes for the spatial
restriction of distribution of alteration, and (4) the relation between the fossil and
active hydrothermal systems, since the Hakkoda district (including the Kamikita
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Fig. 6. Schematic represention of the temporal relationship of hydrothermal
alteration at Kamikita.

area) is one of the regions of geothermal potential in Japan.
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Hydrothermal Alteration Associated with Nansatsu-type
Gold Mineralization in the Kasuga Area, Kagoshima Prefecture, Japan

Eiji Izawa
Department of Mining, Kyushu University, Fukuoka, 812 Japan

Introduction

The Nansatsu-type gold deposits are characteristically associated with acid
sulfate-type alteration. Tokunaga (1955) first recognized and described the acid
nature of alteration at the Kasuga deposit. As formation temperatures of these
deposits are rather high (200-240°C; Takenouchi, 1983; Izawa and Cunningham,
1989), they can not be formed by activity of near surface waters but rather are due
to deep hydrothermal fluids.

The origin of deep, high temperature and acid fluids in the Nansatsu system is not
fully understood. However, recent progress of exploration in the Nansatsu area by
the Metal Mining Agency of Japan (MMAJ) provides new information about
geologic structures and regional distribution of alteration around the deposits. In
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Fig. 1. Bouguer anomaly map of the Nansatsu district superimposed on geology.
Contour interval is 1 (and 0.5-dashed) mGal for reduction density = 2.4g/
em®. Legend for the geologic map is the same as in Figure 3.

Keywords : Nansatsu-type gold deposit, acid-sulfate alteration, Kasuga deposit,
caldera, pyroclastic flow deposit, gravity anomaly, Shimanto Supergroup
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this paper [ describe a caldera-like structure in the Kasuga area and zonation of
hydrothermal alteration from deep to shallow levels.

Materials used and procedures

Regional geologic and gravity data of the study area (Fig. 1) are based on the
maps of MITI (Ministry of International Trade and Industry, 1985). Several drill
hole data with some XRD results from the Kasuga mine area are reported by MITI
(1988, 1989 and 1990). In addition, unpublished drill hole data of the Kasuga Mining
Co., Ltd. were referred to.

Elevation data of the boundary between basement and overlying volcanic rocks of
the Nansatsu Group were obtained from surface outcrops and several drill holes. On
the basis of the elevation data the contour lines of the top of the basement were
constructed (Fig. 2).

More than 200 samples from surface outcrops and drill cores were examined using
XRD in our laboratory and assemblages of alteration minerals were obtained. The
zonal distribution of the hydrothermal alteration of the area was characterized with
this information.

Discussion and conclusion
It is considered that gravity data primarily reflect the depth of the basement.
Hydrothermal alteration, especially silicification (high density), probably modifies
the gravity pattern. In Figure 1 the high anomaly of Sonomi-dake is probably due

<
%VI%KURAZAKI
X” Kasuga_ v
& 98_ .200m U

' o,

o) |\ ™ L
}v(urig

//lé,x om N 0 Tkm
v/ 100m

Fig. 2. Elevation of the top of the Shimanto Supergroup basement. Legend for
the geologic map is the same as in Figure 8. Location of drill holes also
shown as dots.
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to the existence of a large, high density silica body near the surface. The cause of
the low anomaly near Makurazaki city area is unknown.

Figure 2 shows a semi-circular depression in the basement rocks. Steep slopes are
clearly recognized in the southern, western and northwestern parts of the depression.
If the topography of the top of the basement represents a caldera collapse, major
silica bodies (Kasuga and Sonomi) lie on the inner margin of the caldera wall, while
the Kago vein system occurs outside the caldera. Figure 3 shows a NE-SW cross
section through Sonomi and Kasuga.

Caldera forming activity in the Kasuga area is inferred from the existence of
pyroclastic flow deposits which erupted shortly before (5.9-6.4 Ma) the mineraliza-
tion event (4.5-5.5 Ma). Younger pyroclastic flow deposits are also recognized in
the Iwato and Akeshi areas. These areas, however, have no indication of gravity
lows or structural depressions of the basement.

The regional distribution of hydrothermal alteration was examined and Figure 4
constructed. Deep alteration beneath the silica body is characterized by abundant
pyrite. Alunite is typically Na-rich and sometimes contains Ca. Dickite dominates
over kaolinite. White Mg-rich chlorite occurs sporadically in the alunite-dickite
zone (Hashizume and Izawa, 1983).

At depth the dickite-sericite assemblage changes to a sericite-chlorite assemblage.

ki Sonomi
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Fig. 3. NE-SW cross section of the Kasuga area. 1, Quaternary pyroclastic flow
deposits; 2, Nansatsu Group; 3, Shimanto Supergroup; 4, silica body; 5,
argillic zone; and 6, quartz vein.
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Fig. 4. Zonal distribution of hydrothermal alteration shown on a N-S cross
section through the Kasuga deposit. Recent MMAJ drill holes are also
shown (Fig. 2). 1, Quaternary pyroclastic flow deposits; 2, Gravels (Qua-
ternary); 3, silica body; 4, altered voleanic rocks of the Nansatsu Group;
and 5, Shimanto Supergroup. Al, alunite; Dt, dickite; Se, sericite; Py,
pyrite; Ch, chlorite; Se/Sm, interstratified sericite-smectite; Qz, quartz;
Cal, calcite; Sp, sphalerite; Gn, galena; and PR, propylitic alteration
(quartz-chlorite-albite).
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Both alteration assemblages are plagioclase destructive (argillic nature). Beneath
the argillic zone narrow veins occur in propylitically-altered volcanic rocks and
basement sedimentary rocks. Quartz, calcite, and sulfides (pyrite, sphalerite and
galena) are common vein materials and the wall rock i1s characterized by sericitic
alteration.

It is concluded that the ascending water was not highly reactive at depth to
account for the lack of deeper acid alteration, though it became acid in the
pyroclastic rocks of the Nansatsu Group. If mineralization took place in a caldera
environment, the acid sulfate solution was formed by disproportionation of SO, gas
that was added to the deep high temparature fluids during degassing of magma.
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Isotopic Evidence for the Origin of Nansatsu Fluids
Yukihiro MaTsuHisaA, Jeffrey W. HEDENQUIST and Masahiro Aokt

Geological Survey of Japan
Higashi 1-1-83, Tsukuba, Ibaraki, 305 Japan

Introduction

Gold deposits in the Nansatsu district, southern Kyushu, Japan, are one of the
typical examples of high-sulfidation or acid-sulfate type mineralization, which is
believed to be a product of high-temperature acid fluids genetically related to
magmatic activity at shallow depths. Gold mineralization, which is associated with
copper mineralization (enargite) and pyrite, is spatially confined within an inten-
sively silicified zone (>95% SiO,) of host rocks. The silicified zone progresses
outward into regional propylitic alteration through a very narrow (typically 1 to
3m) zone of kaolinite (including dickite, alunite and minor pyrophyllite and
diaspore). The details of geology, alteration and mineralization of the Nansatsu
type deposits were described by Urashima et al. (1981), Hedenquist et al. (1988),
Izawa and Cunningham (1989) and Izawa (1991, this volume), and compared with
other types of high-sulfidation epithermal gold deposits by White (1991, this
volume).

If the hydrothermal fluids responsible for the Nansatsu-type alteration and
mineralization are high-temperature acid fluids directly originated from magmatic
discharges, a magmatic signature may be present in the isotopic and chemical
compositions of minerals and inclusion fluids. In a preliminary study (Hedenquist
et al., 1988), we found that the sulfur isotopic ratios (*S/*S) of sulfides and sulfate
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Fig. 1. Summary of (a) sulfur and (b) hydrogen and oxygen isotopic data by
Hedenquist et al. (1988).

Keywords : Nansatsu-type gold deposit, high-sulfidation mineralization, hydrothermal
fluid, magmatic fluid, sulfur isotopes, hydrogen isotopes, oxygen isotopes
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(alunite) and their fractionation are suggestive of their origin from the dispropor-
tionation of magmatic SO, (Fig. la). However, the hydrogen (D/H) and oxygen
(*0/™0) isotopic ratios of clays and quartz are somewhat ambiguous with respect
to the fluid origin (Fig. 1b). Although the 6'°0 value of water estimated from the
quartz composition is close to 0 per mil, which could be consistent with a
contribution of magmatic water, its 6D value based on the clay composition favors
an ®O-enrichment of meteoric water by reaction with heated rocks.

Fluid inclusion data of the Nansatsu quartz indicate dilute solutions of <1 wt%
NaCl equivalent and homogenization temperatures of 190 to 240°C (Hedenquist et al.,
1988). If gold is transported by a low-pH acid fluid, the chloride concentration of
the fluid may be extremely high (Henley, 1990). This does not appear to be the case
in the Nansatsu deposits. To avoid this conflict, Berger and Henley (1989) suggested
that in these types of deposits the metals were introduced by a later stage,
neutral-pH, low-sulfidation fluid which invaded the previously-formed acid
alteration zone following the decline of volcanic activity. White (1991, this volume)
proposes a new model in which high sulfidation deposits are produced from a
magmatic fluid that segregates into two phases during transport. The acid
alteration is produced by interaction of precedent volatile magmatic fluid with
groundwater, while the mineralization results from groundwater dilution of the
subsequent denser magmatic fluid.

In this paper, we present additional oxygen isotopic data for quartz taken from
peripheral vein systems surrounding the Kasuga deposit, western area of the
Nansatsu district, and once again look at the isotopic evidence for the sources of
fluids.

Oxygen Isotope Ratios of Vein Quartz

In the Kasuga area, western Nansatsu district, more than ten silicified rock bodies
are clustered within a caldera structure (about 7 km across), although direct evidence
indicating the caldera is fragmentary (Fig. 2). Many quartz veinlet systems radially
cut the caldera structure, and are associated with an alteration mineral assemblage
of zeolite (chabazite, stilbite, laumontite and wairakite), calcite and pyrite.
Although no age data are available (the K-Ar age of the Kasuga deposit is 5.0 Ma),
these veinlet systems may represent the peripheral zone of the hydrothermal system
which prevailed in the caldera. A NE-trending quartz vein system, which has
produced 0.6t Au, is also located in the Kago area northeast of the caldera. The
caldera itself appears to lie on the NE-trending regional structure of the basement.

Vein quartz from the peripheral area has uniform 60 values of + 12 to + 13 per
mil, while quartz from the Kago veins has a lower %0 value of +5.6 per mil
(Fig. 2). Vein quartz cutting the silicified rocks of the Kasuga deposit at various
depths also has low 60 values of + 2.7 to + 5.8 per mil (Hedenquist et al., 1988, and
this study). Based on zeolite and clay mineralogy, we can make a temperature
estimate of 150 to 180°C for the peripheral vein quartz, and 180 to 200°C for the
Kago vein quartz; based on these temperatures, 5'°0 values of fluids are calculated
to be — 3.5 to — 0.5 per mil for the former, and — 7.5 to — 6.0 per mil for the latter,
respectively. The fluids in the peripheral vein systems are similar to or slightly
lighter in isotopic composition than that in the silicified zones of Nansatsu-type
alteration, while the hydrothermal system responsible for the Au-bearing quartz
veins in the Kago area is much lighter, and is probably meteoric-water dominant.
Meteoric-water dominant fluids also invaded the silicified zones in the later stage.
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Fig. 2. Geologic map of the Kasuga area, western Nansatsu district, Kyushu.
Numbers in italics indicate 6'*0 values of vein quartz.

Systematics of Thermal Fluids

Figure 3 summarizes the 6D and 6'°0 values of quartz, clays and thermal waters.
The silicified rocks have uniform 60 values of +8 to + 11 per mil, which indicate
80 values of —2 to + 2 per mil for their host fluids (calculation is based on the
isotopic fractionation determined by Matsuhisa et al., 1979). The 6°0 values of
fluids become lighter (—6.0 to — 7.5 per mil) for the Kago veins through the
peripheral veins and deep veins. Although this says nothing about hydrogen isotopes,
this trend may correspond to the mixing of magmatic and meteoric waters. The
initial thermal fluids, which produced acid-leached silicified zones within the caldera,
may have been a half-magmatic and half-meteoric mixture. Then, as the hydro-
thermal system evolved, the fluids became more meteoric-water dominant in the
peripheral and later stage vein systems, as well as having been neutralized. This type
of a mixing trend of thermal waters is well documented in present-day volcanic
hydrothermal systems (e. g. Hedenquist and Aoki, 1991, this volume).

A problem is raised from clay minerals. The clay minerals taken from clay zones
enveloping the silicified zones have &0 values of + 5 to + 8 per mil, which indicate a
fluid composition concordant with that of the silicified rocks (Fig. 3). Although
the 6D values of clays fall in a narrow range of — 72 to — 69 per mil, the 6D values
of corresponding fluids are estimated with a large uncertainty to be — 54 to — 50, or
— 170 to — 66 per mil, with the two different results due to discrepancy in proposed
fractionation factors (Marumo et al., 1980 ; O’Neil, 1986). In either case, the 6D
values of fluids estimated for the clays are far lower than that expected from the
mixing of magmatic and meteoric waters (Fig. 3). The magmatic composition was
taken from present-day active volcanic fluids of southern Kyushu, and the meteoric
water composition is also for present-day local meteoric waters. We have no other
estimate at this moment for 5 Ma meteoric waters in the region, but their 6D values
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could not be lower than — 70 per mil.

Oxygen isotope shift of meteoric waters by reaction with rocks may be a possible
way to produce the fluids deduced from clay analyses. However, such fluids would
have a neutral pH, which does not agree with the acid alteration of both silicified
and clay zones. Furthermore, the clay-related fluids in Fig. 3 seem to be even more
depleted in D than present-day meteoric waters.

Steam condensate may be another candidate for low-8D water. Condensation of
steam separated from the main thermal fluids at low temperatures (< 150°C) could
be depleted in D. In order to produce the observed clay alteration, however, the
temperature of steam separation must not be lower than 200°C. Hydrogen isotope
fractionation in this temperature range is too small to produce the desired shift of
6D value by steam separation (fractionation crossover takes place at 220°C). The
zonal distribution of clay alteration with respect to the silicified zones argues
against a model involving discrete fluids for the two zones.

One possible way to get out of this dilemma may be to extend the experimental
uncertainty of hydrogen isotope fractionation between clays and water. Since there
is quite a large discrepancy in determining the hydrogen isotope fractionation in the
interested temperature range, we tend to lean to the possibility that the fluids
equilibrated with clays were on the mixing line of magmatic and meteoric waters
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(whose end-member compositions may also have been different from those today).
An alternative is that the magmatic water responsible for the mixing might not be
represented by the active volcanic fluids in the region (Fig. 3), but may have had a
0D range of — 40 to — 80 per mil, closer to that of the primary magmatic water of
Taylor (1974). Further study is necessary to deduce the complete history of these
hydrothermal systems, including hydrogen and oxygen isotopic analysis of alunite
and other clays, and possibly hydrogen isotopic composition of inclusion fluids
within the silicified rocks.
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Mineralogy, Distribution and Origin of Acid Alteration in
Philippine Geothermal Systems

Agnes G. REYES

Geothermal Division, Philippine National Oil Company-Energy
Development Corporation, Fort Bonifacio, Manila, Phipippines

Introduction
Overview of Philippine Geothermal Systems

Seventeen of the thirty geothermal systems in the Philippines have deep wells
(depth > 1500 m), four of which provide 894 MWe or 15.4% of the country’s electrical
power needs.

Philippine geothermal areas are closely linked with Pleistocene to Recent calc-
alkaline volcanic complexes, dominated by andesite; or with smaller silicic andesite
to dacitic domes. A cross-section of a typical Philippine geothermal system is shown
in Fig. 1.

It is common for Philippine geothermal systems to have had several hydrothermal
regimes, one of which is presently active, and the rest extinct or waning. In
geothermal systems like Palinpinon, portions of the extinct hydrothermal system/s
are exposed on the surface and are sometimes explored for epithermal deposits.

The major sources of permeability in the wells are gravity or normal faults with
dips of 70-90°C. However, lithological contacts, breccias, fractures, and joints may
also provide permeability (Reyes, 1990).

Objectives of Study

The presence of acid sulfate fluids has a debilitating effect in the development of a
geothermal system, and may drastically limit the resource. Thus, detailing the
occurrences of acid alteration, and understanding its origins and hydrology, may
assist in planning the exploration and development strategy of a geothermal
resource. The study of acid alteration in active hydrothermal systems may also
contribute to an understanding of certain ore deposits such as the high sulfidation
type associated with the enargite group of minerals. This study reviews the
occurrences, geochemistry, temperature ranges, and mineral assemblages of acid
alteration in Philippine geothermal systems, except for Tiwi and Makban, which are
privately developed.

Occurrences

Patches of acid alteration common on the surface of most geothermal areas in the
world usually form as products of steam-heated acid sulfate fluids when H,S-laden
steam condenses into surficial water (White, 1957). Reaction of groundwaters with
sulfur sublimating from H,S, or relict acid sulfate minerals may also produce a new
generation of acid sulfate fluids and alteration as in Rotokawa, New Zealand
(Browne, pers. comm., 1985).

However, the propensity for the formation of deep acid alteration, i.e., =500 m

Keywords : Philippine geothermal systems, acid alterations, fluid inclusions, fluid
chemistry
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Fig. 1. Geologic model, alteration patterns, and stratigraphy typical of a
Philippine geothermal system. The lateral extent of this model is 2-15
km. Note that downflowing acid sulfate fluids may oceur throughout the
system; but deep acid fluid upflow is associated with young intrusives and
deeply-penetrating structures.

depth, and the presence of acid fluid discharging from wells, are common in andesitic
to dacitic-hosted geothermal systems (Henley, 1985) e.g., Matsukawa, Otake,
Hatchobaru, and Komatsu, in Japan (Sumi, 1969; Sumi and Maeda, 1970; Hayashi,
1973; Browne, 1978; Manabe and Ejima, 1984), Tatun in Taiwan (Chen, 1970),
Indonesia (Browne, 1978), Mexico (Cathelineau et al., 1985), Costa Rica (Corrales,
pers. comm., 1986), and the Philippines.

Acid alteration in the Philippines occurs in about 90% of the wells reviewed, with
about 45% having the potential to discharge acid fluids upon field exploitation.
However, to date, only 17 wells are confirmed acid, with some having acid influx
occurring only at certain borehole conditions. In general, acid wells have low mass
flows and relatively low permeabilities.

Acid alteration in wells may be related to a buried hot spring system or solfatara;
or localized along structural zones. These usually form sharp boundaries with the
rest of the rock, which is pervaded by neutral pH alteration. Acid altered rocks are
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usually only a few tens of centimeters thick. However, thicknesses may be greater
in volcaniclastics, as in well OK-11D in Palinpinon, where as much as 750 m is
observed. On the average, acid alteration occurs sporadically down to 1600-1800 m,
rarely extending down to 2500 m, with thickness and frequency diminishing with
depth.

Acid sulfate surface thermal manifestations, whether relict or not, are usually
harbingers of subsurface acid alteration, although their absence does not preclude the
latter. For example, in the western sector of Palinpinon, ~856% of the surface
faults are associated with acid altered ground. Subsequent examination of cuttings
confirmed the presence of acid minerals along their subsurface intersections. Since
structures are the main avenues for acid fluids deep in the system, study is focussed
on structures to determine if the faults channel deep acid fluids (with magmatic
input) or merely act as conduits of acidified fluids from the surface.

Mineralogy

About 35 minerals were identified in acid alteration assemblages. Due to extreme
depletion in alkali cations, there are little, if any, interlayered clays in this
assemblage.

Acid alteration minerals are divided into 5 zones based on the sequential
appearance of index clays and associated minerals, with increasing depth, tempera-
ture, and distance from the main source of acid fluids (Fig. 2). From the kaolinite
to the muscovite zone, there is an increase in the dehydration of the clays,
crystallinity, silica content of the clays and aluminosilicates, and the ratio of
anhydrite to alunite. Thus, as the acid fluids react with the rock, pH increases, the
silica activity of the environment increases and the sulfate activity decreases.
Minerals characteristic of acid fluids, e.g., quartz, diaspore, sulfates, sulfides, and
iron oxides, are not inert, as suggested by dissolution and reprecipitation textures
observed under the SEM.

Types of Acid Alteration

Aside from temperature-based zonations, acid minerals can be divided into two
types, based on the virulence and corrosivity of the associated fluids and the
propensity of the assemblage to rejuvenate fluid acidity. These are:

1) Virulent acid alteration characterized mainly by the presence of sulfur &=
alunite = abundant pyrite/marcasite, and

2) Deceptively benign acid alteration characterized by the absence of sulfur and
alunite; and the presence of kaolinite, dickite, pyrophyllite, diaspore, anhydrite, and
pyrite.

Virulent acid alteration occurs at shallower levels than the other type. In the
Bacon-Manito geothermal system, the former persists down to a maximum of
1250 m while the latter can persist to 2500 m. Acid alteration often changes from a
virulent to a relatively benign type to neutral pH alteration with depth, along a
structure; or laterally, away from the main acid sulfate fluid channel.

When encountered within well aquifers, virulent acid minerals portend immediate
acid fluid discharges from a well and intense corrosion of well pipes. Even when
relict, the reaction of neutral pH fluids with virulent mineral assemblages
rejuvenates fluid acidity- a mechanism that may be aggravated by high temper-
atures. The second type is deceptively benign as acid fluids may not be apparent
during initial well discharges, as in some wells in Tongonan, Palinpinon, and
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Fig. 2. Acid alteration zones and temperature ranges. Temperatures are based
on direct measurement and fluid inclusion homogenization data, as well as
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Bacon-Manito. Exceptions are a well in Mt. Pinatubo, and OK-11D in Palinpinon.
The former intersected pyrophyllite + diaspore + anhydrite + abundant pyrite =
lazulite. OK-11D encountered minor acid alteration, but not in the aquifer zones.
The Mt. Pinatubo well produced acid fluids upon discharge (Villarosa, pers. comm.,
1989), while OK-11D produced molten sulfur nearly two years after drilling
(Sarmiento, pers. comm., 1985). Both wells show active magmatic input based on
fluid chemistry (Ruaya, pers. comm., 1990) and are adjacent to one of the latest
volcanic edifices in each area. In fact, Mt.Pinatubo volcano started to erupt in June
1991.

Rock Chemistry and Mineralogy
Acid sulfate fluid incursion usually results in the complete recrystallization of the
rock and mobilization of base cations, leaving hardly any primary minerals. Deep
acid assemblages are often closely associated with fractures/faults.
Acid altered rocks are composed largely of residual oxides. Calcium is usually
fixed in anhydrite. Potassium forms alunite at low pH, high sulfate activity, and
low to moderate temperatures; and illite and muscovite at higher temperatures, pH,
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and silica activity. Sodium is rarely partitioned into natroalunite, usually at
temperatures below 150°, while magnesium forms hardly any stable mineral in acid
zones except for rare lazulite or ralstonite. Mg-rich clays, such as sepiolite, form
abundantly at the contact of acid and neutral pH alteration. Total sulfur increases
in acid assemblages and occurs in the form of sulfur, sulfides, and sulfates. In
Bacon-Manito, there is an increase in arsenic and a depletion in copper and zinc in
acid zones. In Palinpinon, arsenopyrite forms as well scales where there is acid
sulfate fluid influx.

Fluid Inclusion Studies

Fluid inclusion homogenization and freezing temperatures were measured in
anhydrite, quartz, diaspore, and rarely, alunite. Homogenization temperatures
usually range from 90° to > 420°, similar to those of fluid inclusions in adjacent
neutral pH altered rocks. In general, fluid inclusions high in gas are more common
in acid assemblages, often forming clathrates that disappear at about 1 to 11°C.
Inclusions in diaspore and alunite are often vapor-rich, and in the case of diaspore
from Bacon-Manito, homogenize to the vapor-phase. Where clathrates are absent,
fluid inclusion equivalent salinities in acid assemblages are similar to those
associated with contiguous neutral pH minerals; and when applicable, to well aquifer
fluids.

In cases where magmatic input is suspected, based on mineralogy and well fluid
chemistry, fluid inclusions show the following characteristics:

1) abundance and variety of isotropic to anisotropic daughter minerals, with

Table 1 A comparison of acid and neutral pH fluids in Tongonan and Palinpinon.
These are discharge data from selected wells, analysed at 25°.

FLUID COMPONENT CHARACTERISTICS
pH < 5.5 for acid fluids
Cl Generally lower for acid fluid discharges

at~3700-13600 ppm
~8100~-25700 ppm for neutral fluids

Ca Generally lower in acid discharges at~40-
200 ppm

~160-500 ppm for neutral fluids

Mg May be as much as 50 X greater in acid
fluids at~0.5-170 ppm

~0.01-1.3 ppm in neutral fluids

Fe May be as much as 400 X greater in acid
fluids, at~4.0-445 ppm

~0.0-9.0 ppm in neutral fluids

SO, May be as much as 35 X in acid fluids at~
50-3200 ppm

~15-50 ppm in neutral fluids

H, (gas) Discharge values may be as much as 35 X
in acid fluids
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some deemed to be copper sulfates,

2) very high salinities (= 17 wt% Cl eq., based on melting point of salt crystals),

3) very high temperatures, exceeding 400°, with some inclusions homogenizing at
the critical point, and

4) vpresence of fluid inclusions that form a yellow liquid (sulfur?) usually
starting at~80°, and darkening to deeper yellow with increase in temperature, as in
samples from wells in Biliran and Cagua.

Fluid inclusions in acid altered dacitic rocks are richer in daughter minerals than
those in andesites.

Fluid Chemistry

Acid fluids from downhole samples and well discharges are often high in sulfate
and chloride, and are believed to be a mixture of acid sulfate and neutral pH fluids
coming from multi-feed zones in a well. However, the possibility of high chloride
coming from HCI associated with magmatic contributions may be present in some
wells where Cl is in excess and SO, is also detected (Ruaya, pers. comm.,
1989). Table 1 shows selected fluid components whose ranges are characteristic of
well discharges in Tongonan and Palinpinon. Acid discharges in both systems have
higher Ca, Mg, Fe, SO, and H, gas than neutral fluids. In general, Cl is lower in
acid fluids in Tongonan and Palinpinon, probably because acid wells in these areas
usually occur at the outflow and/or the acid fluids tapped by the wells originate
from the surface. High Mg may suggest the association of some acid fluids with
dilute groundwaters.

Origins of Acid Alteration in Philippine Geothermal Systems

There are three major, possibly four, models for the formation of acid alteration
and fluids in Philippine geothermal systems:

1) H,S rising from a boiling aquifer to be oxidized in the vadose zone, and
percolation of the resulting acid sulfate fluids along faults. Due to the strong
neutralizing effect of the rock, such fluids are limited to shallow levels, perhaps down
to 500 m from the surface, at the maximum. A variation of this may occur when
extreme drawdown in a system creates a steam cap. Acid fluids are then generated
when cooler groundwaters enter the system, react with the gases, and percolate to
deeper levels along structures. Fluid acidity may be further aggravated when a
virulent acid assemblage is intersected, along its way to deeper levels.

2) Reaction of deep aquifer fluids with magmatic volatiles such as SO,, H,S, HF,
and HCl. This is supported by the presence of SO, and excess Cl in the fluid
discharges; minerals like lazulite, topaz, ralstonite, danburite, gadolinite, and
zunyite; and fluid inclusion characteristics.

3) Rejuvenation of acidity when neutral pH fluids react with formations enriched
in alunite = sulfur & pyrite. This is corroborated by isotope studies in Palinpinon
(Villasenor, pers. comm., 1988).

4) The possibility of deep aquifer acid fluids (not simply acid volatiles), related
to Model 2 and exemplified by wells in Mts. Pinatubo and Cagua.
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Gold and Base Metal Mineralization in an Evolving
Hydrothermal System at Osorezan, Northern Honshu, Japan

Masahiro Aok1
Geological Survey of Japan, Higashi 1-1-3, Tsukuba, Ibaraki, 305 Japan

Introduction

Osorezan is located on the eastern margin of the volcanic front of the northern
Honshu arc; it is a long lived composite volcano having a caldera lake, and several
post-caldera domes of hornblende dacite. A basaltic andesite strata volcano erupted
about 1.0 Ma, followed by andesite to dacite volcanoes around 0.6 Ma, caldera
collapse, and then post caldera domes around 0.2 Ma. There have been at least two
major stages of associated hydrothermal activity, with the older developed in the
main body of the pre-caldera volcano around 0.6 Ma; hypogene acid sulfate fluids
predominated. The younger began or was rejuvenated during post-caldera
volcanism. The hydrothermal system is still active today, and is characterized by
near neutral pH chloride water. Fumaroles and hot springs surround the latest
domes, though activity has declined from its peak. Study of the Osorezan hydro-
thermal system is focusing on how mineralization and surface thermal features are
affected by topography and related hydrology.

Osorezan has long been sacred as a place of repose for departed souls. It is believed
that communication with the dead is possible at Osorezan through a psychic medium
called Itako. Osorezan-Bodaiji temple was build in the center of steaming ground
about 1000 years ago, with the monks caring for the surface expression of an
extraordinarily interesting hydrothermal system. It is now crowded with many
visitors, mainly sightseers but also a few curious geologists. Scientific investiga-
tion, with an emphasis on gold mineralization, was recently started by the
Geological Survey of Japan, with limitations due to its religious nature.

The recent geological and geochemical studies indicate that the Osorezan hydro-
thermal system is an active and evolving gold depositing environment. Despite the
many visitors, the high grade gold mineralization was only recognized in 1987. The
entire mineralized body is still preserved, allowing the study of ore forming processes
through geochemical examination of the fluids and precipitates.

Chemistry of the Hydrothermal Fluids

The major hot springs and steaming features are confined inside the pre-dome
crater, along fissures trending NNE-SSW and E-W. Though there is wide range of
salinity and pH, a consistent B/Cl ratio indicates a common source of fluid, with
various modification by boiling and mixing processes.
1) Neutral pH high chloride water with low H,S

This ascends from the deep reservoir with little dilution. The Na/K, K/Mg and
silica geothermometers all indicate a reservoir temperature of 220-230°C; there is
substantial loss of dissolved gases by boiling. Occasional precipitation of precious
metals in the sinter suggests that this type of water is actively depositing gold below

Keywords : Osorezan, hydrothermal fluid, gold mineralization, base metal minerali-
zation, caldera, acid sulfate alteration, dacite
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the surface. The oxygen and hydrogen isotope composition indicates that this fluid
is a mixture of about 2 : 1 magmatic water and local meteoric water.
2) Neutral pH intermediate chloride water with high H,S

This discharges along eruption conduits and precipitates arsenic sulfide and gold
where i1t mixes with low pH surface water. Judging from the stable isotopic
composition and chloride concentration, the water is derivated from the deep high
chloride water by further dilution with meteoric water. The silica and K/Mg
geothermometer temperatures are 120° C to 170°C, while the Na/K geothermometer
indicates temperatures higher than 230°C. Cooling by mixing with surficial water
prevents shallow boiling and gas loss, allowing gold to be transported to the surface.
Despite a large amount of sphalerite in the crater, the present water is undersatu-
rated with respect to sphalerite. Thermodynamic calculation suggests that the
water responsible for the previous base metal-rich precipitate contained several
times more zinc than the present water; if so, the earlier fluid may have had a
significantly higher salinity than at present.

3) Neutral pH low chloride water with high H,S and HCO,

This discharges on the eastern margin of the hydrothermal system, precipitating
calcium carbonate and/or sulfur around the springs. Judging from the isotope
composition, this is a mixing product of steam-heated gas-rich water with a minor
amount of deep chloride water.

4) Acid mixed sulfate-chloride water

This water forms from mixing of steam-heated acid sulfate ground water with
neutral pH chloride water. This is present near the surface and does not boil; its
temperature is less than 80°C. People from the temple use this hot acid water (pH
about 2) for bathing.

History of Hydrothermal Activity

The evolution of hydrothermal activity may be inferred from geometrical relation-
ships and radiometric age determinations.
1. Acid sulfate alteration and gold mineralization around 0.6 Ma

Strong silicification and argillization is present on the western and eastern rim of
the caldera, and large amounts of fragments of altered rock are interbedded in the
intra-caldera sediment and pyroclastic flow deposit around the caldera. The acid
sulfate alteration in the main body of the andesite/dacite volcano preceded the
caldera collapse. K-Ar ages of alunite in ejected breccias and fresh dacite lava
cropping out on the eastern rim of caldera wall range from 0.35 to 0.80 Ma. The
6¥S values of closely associated alunite and pyrite are + 29.7 per mil and — 0.5 per
mil, respectively, indicating a high temperature source of sulfate. Gold is present in
breccias of vuggy silica rock containing alunite, pyrite and quartz. These data
suggest that the hypogene acid sulfate gold mineralization is related to fluids of
volcanic origin.
2. Catastrophic eruption and caldera formation

Repeated eruption of pyroclastic flows and associated debris flows destroyed the
main body of the andesite/dacite volcano to form a caldera. The structural
disruption caused a drastic change in the hydrology, and in the balance between
magmatic input and meteoric dilution, with high temperature acid components no
longer reaching the surface. The hydrothermal system has evolved to a rock-
buffered neutral pH water.
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3. Post caldera volcanism of hornblende dacite

Post-caldera volcanism began around 0.23 Ma in the northern part of the caldera
lake. After eruption of pumice flows, dacite lavas and repeated phreato-plinian
explosions, the 800 m diameter crater was penetrated by several domes of hornblende
dacite around 0.17 Ma. The surface expressions of hydrothermal activity would
have been destroyed by these explosive events. The water level of the caldera lake
was possibly 20 to 256 m higher than at present.
4. Post-dome hydrothermal activity and mineralization

Post-dome hydrothermal activity has been rich in mineralization. Many hydro-
thermal eruption craters have formed in the lake, ranging from several tens to one
hundred meters across. The trigger of these eruptions is not clear. Closely spaced
lacustrine terraces (1 to 2 m) suggest lowering of the water level was rather gradual.
The craters are aligned in an east-west trend. Since the compressive stress field in
northern Honshu is east-west, pressure related to either a magma or hydrothermal
fluid will tend to open fractures in this direction. Therefore, a rapid increase of
pressure caused by shallow intrusion of high temperature magma may be the most
probable triggering mechanism of the hydrothermal eruption. After formation of
the hydrothermal eruption conduit, various metals have precipitated, with some
temporal and spatial separation: 1) Pb, Zn sulfides, 2) gold and mercury tellurides,
lead antimony sulfide, lead arsenic sulfide, 3) arsenic sulfide, 4) mercury sulfide and
5) sulfur (Table1). With time, precipitation of metals was confined to the
remaining crater because of progressive filling by both hydrothermal precipitates and

Table 1 Bulk chemistry of selected metal rich sediments from
filled eruption craters in the Osorezan hydrothermal

area.

1 2. 3. 4.
Au 0.0 6510 151 6.9
Ag 0.0 0.4 0.0 3.6
Hg 1860 5520 1750 54300
Pb 229000 1350 150 21500
7n 120000 2600 260 46300
Cu 119 il 12 191
Tl 380 393 260 46300
Sb 4300 1040 7440 1210
As 45300 3650 499000 46300
Te 240 10520 1800 2010
Se 2020 270 1960 640
Mn 297 1950 53 1310
Fe 29900 33400 11400 290000

(concentration in ppm)

1. Black to brown sandy sediment containing jordanite, sphale-
rite, wurtzite and barite.

2. Black muddy sediment containing krennerite, coloradoite,
pyrite and marcasite.

3. Orange yellow sandy sediment mainly composed of orpi-
ment.

4. Black sandy sediment containing marcasite, metacinnabar,
cinnabar, wurtzite, sphalerite, As-Sb-Pb sulfosalt and
magnetite.
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clastic sediments ; this has formed a partial overprint of mineralization, especially
along the main fluid channel. At the latest stage, the ascending fluid precipitated
mainly amorphous silica. Larger craters have abundant gold, mercury and arsenic
mineralization relative to base metals. On the other hand, the smaller craters
contain mainly base metals with minor overprints of gold and arsenic sulfide. The
positive correlation of gold/base metal ratio to the size of crater suggests that the
smaller conduit clogged in a short period and failed to record the later stage
overprint.

In association with the gradual decrease of the lake level, an oxidizing environment
has prevailed around the fluid conduits. Scorodite, jarosite, limonite, and anglesite
formed in this period, with possible metal remobilization from earlier sulfides such
as orpiment, pyrite, galena, and jordanite. Galena was also formed by secondary
conversion from anglesite, due to an occasional input of H,S along cracks. Stream
erosion has removed some surface features except for areas protected by silica cover.
The selective erosion of soft sediments surrounding the silica cap have unmasked the
original structure of the eruption craters, and show that sediments dip into the
craters. Hot water still discharges from some craters, precipitating arsenic sulfide
and sulfur with gold. Silica sinter is present on hills above the water level. The
sinter shows various textures, from steep chimney forms filled by geyserite to
stratification with casts of algae. Silica-cemented pebble and sand beneath some
stratified sinter indicates that the sinter formed along the paleo shore line of the
lake. Some sinters have been cut by barite veins with a minor association of
colloidal antimony-arsenic sulfide. Other sinter has red bands of 1 to 30 mm
thickness of colloidal T1-Sh-As sulfide lining the vent. The distribution of sinter is
controlled by the NNE-SSW trending fracture system. Active hot springs in the
vicinity of these sinters are oversaturated with silica and form a layered sinter.

Though there are many fragments of quartz vein at the surface, the time relation
to the early hypogene acid sulfate mineralization has not been clarified because of
the scarcity of associated K-bearing minerals. It is possible that vein mineraliza-
tion formed before the birth of Osorezan volcano. Quartz veins do not crop out
inside the caldera, and fragments occur only on the surface of altered lake sediment
in the main hot spring area. This indicates that the fragments of quartz vein were
erupted from depth.
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Isotopic and Metal Compositions of Voleanic Discharges in Japan,
and Implications for Mineralization

Jeffrey W. HEDENQUIST and Masahiro Aoki

Geological Survey of Japan, Higashi 1-1-3, Tsukuba, Ibaraki, 305 Japan

Introduction

In order to directly examine the interaction of magmatic fluids with overlying
meteoric waters, we sampled the fumarolic discharges of two recently active
volcanoes in Japan, Esan and Kirishima. Representative hot springs associated with
each volcano, as well as geothermal wells at Kirishima, were also sampled. The
chemical composition, including trace metals of economic interest, and isotopic
signatures of all samples were analyzed to identify the degree of magmatic
contribution to the hydrothermal systems.

The pioneering studies of stable isotopes in active geothermal systems and extinct
epithermal ore deposits indicated that the water reflects both a dominantly meteoric
source and reaction with host rocks (e.g., Taylor, 1979). However, magmatic fluids
are a major source of fluid components in deep-seated hydrothermal ore systems
(e.g., Taylor, 1979). If there is a transition from deep, magmatic-domination to
shallow, meteoric-domination in the hydrothermal environment, then there should be
some evidence for magmatic contamination of meteoric systems. This study seeks
to identify how magmatic fluids degassing from volcanoes interact with meteoric
waters and their host rocks, and how this interaction may affect mineralization in
this environment.

Geologic Setting and Hydrothermal Activity

Esan volcano rises to an altitude of 618 m only 1 km from the south Hokkaido
coast (Fig. 1), and comprises andesitic domes and lava flows of Recent age (Ando,
1974). The youngest magmatic eruption was several hundred years ago, and phreatic
eruptions occurred 140 years ago. Kirishima volcano, southern Kyushu, is composed
of at least 20 eruptive centers of late Pleistocene to Recent age (Kobayashi et al.,
1981). Cones and lavas which erupted up to about 6000 years ago overlie Mesozoic
sedimentary basement and older andesites. More than 40 eruptions have occurred
since 742 A.D., with the most recent activity at Iwoyama in 1768. The composite
andesitic cones form a massif 12km in radius and with a relief of 1500 m
(Fig. 1). The composition of the parent magmas of both andesitic volcanoes is
probably similar. Both volcanoes have been recently active, and are now in repose.
However, we have no evidence of the depth to, or degassing state of, the underlying
magmas.

At Esan, moderate temperature (100 to 225°C), HCl-bearing fumaroles discharge
from the highly altered southern flank at an altitude of about 400 m (Fig.1). An
acid sulfate spring discharges at 100 m altitude, and some neutral pH warm springs
of low to seawater salinity are present along the coastline. Condensed samples of
the fumaroles contain up to 2000 mg/kg chloride, with a pH of 1.5 due to condensed

Keywords : isotopic composition, metal composition, volcanic discharge, Esan,
Kirishima
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Fig. 1. Plan maps of Esan and Kirishima volcanoes, with contours every 400 m.
Symbols for Figures 1 and 2 include: Fumaroles (. A), acid springs
(O, V), and neutral pH hot springs (M, ¥) at Esan and Kirishima,
respectively, plus neutral pH wells (@, @, %) at Hayashida, Ginyu and
Shiramizugoe, respectively, and acid Shiramizugoe wells (¥). Cross-
sections (5 X vertical exaggeration) show deduced schematic flow patterns.
Open arrows are vapor, downward arrows are meteoric waters.

HCI.

At Kirishima, fumarolic discharges of 94 to 167°C occur at altitudes of 1300 m to
about 900 m. The high altitude fumaroles at Iwoyama contain HCl (maximum of
170 mg/kg Cl, with condensate pH values of 2.5), and are the highest temperature.
Lower altitude fumaroles are related to the geothermal system on the west flank of
Kirishima. Ebino spring discharges acid (pH 2.3) chloride-sulfate water at an
altitude of 1200 m.

Before geothermal development for hot spring baths in the Hayashida valley,
neutral pH chloride springs discharged at altitudes of 800 m to 500 m; dilute
chloride, bicarbonate-rich warm springs still discharge at altitudes to 200 m as far
as 15km from the summit. Steam-heated acid sulfate springs range in altitude
from about 900 m to 700 m. Shallow wells reach chloride water at about 300 m
altitude in the Hayashida valley where chloride springs once discharged. Several
wells were drilled into two major faults for geothermal development. The wells
penetrating the northern Ginyu Fault produce neutral pH waters; in contrast, the
Shiramizugoe Fault has acid chloride-sulfate waters at elevations near sea level
(Kodama and Nakajima, 1988). The acid waters have higher sulfate contents and
higher temperatures than the neutral pH waters, and variable chloride contents.
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Figure 2 shows the 60 and 6D values of fumarolic condensates and hot spring
waters at both locations. In addition to our sampling, we also summarize results
for two Esan fumaroles analyzed by Matsubaya et al. (1978), a sample of Ebino
spring collected in 1974 by Matsubaya et al. (1975), and the compositions of waters
discharged from the Ginyu wells as well as meteoric waters local to the wells
(Shimizu et al., 1988). There are no isotopic (or metal) compositions available for
the Shiramizugoe fluids.

We have analyzed all samples collected at Esan and Kirishima for major and minor
elements, including trace metals. Some components of interest in the fumarole
samples are reported as ranges of concentration in Figure 3, with the concentrations
in high temperature fumaroles on Merapi volcano, Indonesia, included for compa-
rison. In general, the concentrations of elements, particularly the base metals, are
highest in the high temperature Merapi fumaroles, and lowest in the low temperature
Kirishima vapors (different by several orders of magnitude), with HCl in the
Kirishima fumaroles at least one and a half orders lower than at Merapi; Esan
values are intermediate.

Discussion

Esan fumarole condensates lie on a simple isotopic mixing trend (Fig. 2) between
local meteoric water and 900°C andesitic volcano discharges (Matsuo et al., 1974).
These results indicate less than a 50% meteoric component in the Esan fumarolic
discharges. The ephemeral neutral pH and acid spring discharges are similar to local
meteoric values, though they could have a small (< 10%) component of magmatic
water.

In contrast, the Kirishima features are dominated by meteoric water. Local
meteoric 6D ranges from — 50 to —40 per mil with decreasing altitude (Shimizu
et al., 1988). Iwoyama HCl-bearing fumaroles, and the adjacent acid chloride-
sulfate spring at Ebino (sampled in 1974), indicate a maximum of a 30% magmatic
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Fig. 2. 6 D-6"0 diagram showing the magmatic-dominant signature of Esan
fluids, and the meteoric-dominant signature of Kirishima fluids. Symboaols
as in Figure 1.
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Fig. 3. Concentrations of selected components in volcanic fumarole condensates
for Esan and Kirishima (this study), and for comparison, Merapi
(Symonds et al., 1987). No data (=) and below detection limit (<) are
also noted.

component. The evidence for the magmatic shift from local meteoric 6D values for
these acid features comes from comparison with the Ebino sample collected in 1989,
the day following 300 mm of rainfall; although still acid, the isotopic composition
of the spring lies on the meteoric line 10 per mil lighter in 6D than the 1974 sample.
High chloride samples from wells in the Hayashida valley are also shifted a similar
amount from local meteoric compositions of 60 and 6D, with the shift lying along
a magmatic mixing trend. The Ginyu waters, on the same trend, may also have a
small magmatic component. Steam-heated acid sulfate hot springs all lie close to
the meteoric line.

Based on our chemical and isotopic results, magmatic fluids reach the surface at
Esan with a relatively small degree of interaction with meteoric waters (<50%),
though extensive cooling has occurred from the underlying magmatic system
(degassing magma and/or magmatic brine). In contrast, fumarolic discharges at
the summit of Kirishima, as well as geothermal discharges on its lower flanks, are
dominated by meteoric waters, though with a minor magmatic component (possibly
up to 30%; Fig. 2). We believe the difference is caused by the presence of a larger
carapace of meteoric water at high levels in the Kirishima massif (Fig. 1, cross-
section), which condenses ‘the majority of magmatic volatiles and other components
before they can discharge to the surface.

Implications for Mineralization in Volcanic Systems
Some mineralization in the volcanic environment is related to extensive leaching by
an acid fluid, followed by deposition of copper and precious metals. Such epithermal
mineralization is commonly termed “acid<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>