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Volcanic-magmatic-hydrothermal systems can cause effective heat and mass transports from deep to shallow
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environments, providing us potential geothermal energy resources and mineral resources. In order to enjoy such
benefits from the systems, it is necessary to understand physico-chemical conditions of heat and mass transport
processes in the systems. Acid hot-springs (pH<4) commonly occur in central parts of the systems, where
discharges of magmatic fluids occur after water/rock interactions and mixing with meteoric water at varied
degrees during ascend. As a result, four following types of acid hot-spring waters are produced: HCl-type
(chloride-rich acid sulfate-chloride water), SOs-type (sulfate-rich acid sulfate-chloride water), HaS-type
(steam-heated acid sulfate ground water), and NaCl-type (steam-heated acid sulfate ground water mixed with
neutral pH chloride water). Geochemical investigations of these acid hot-spring waters are available for revealing
physico-chemical conditions of interiors of volcanic-magmatic-hydrothermal systems. Thus, three following
subjects to be elucidated were posed in this dissertation: (1) role of geological structures to genesis of acid
hot-spring water types, (2) sources of each element dissolved in acid hot-spring waters and controlling factors of
concentrations, and (3) chemical resources potentials of acid hot-spring waters.

In this study, acid hot-spring waters were sampled from fourteen following areas: HCl-types from
Tamagawa(TM) and Kawarage(KR), SOs-types from Kawayu(KW), Esan(ES), Sukayu(SK), Sukawa(SW),
Zao(Z0), Kusatsu(KS) and Manza(MN), H,S-types from Fukenoyu(FK), Goshogake(GS), Onikobe(ON) and
Hakone(HK), and NaCl-type from Noboribetsu(NB). Temperature, pH, electric conductivity, oxidation/reduction
potential of waters discharged were measured in site. Major to trace element compositions were analyzed using

ion chromatography methods, inductively coupled plasma atomic emission spectrometer and inductively coupled



plasma mass spectrometer. Oxygen and hydrogen isotope ratios of waters were measured using mass
spectrometers. Saturation degrees of waters to various minerals and speciation of elements in waters were
calculated using geochemist’ s workbench numerical-simulation software.

Results of this study were summarized as follows with most focus on the HCI- and SO4-type waters. HCl-type
waters have high discharge temperatures (96-98°C) with low pH (1.3-1.6) in contrast to SOs-type waters having
low discharge temperatures (40-94°C) with high pH (1.1-3.2). The HCl-type waters exhibit heavy 6 Dand & '*0
values, indicating mixing of magmatic fluids (contribution of about 20%) with meteoric water, while SO4-type
waters exhibit the values close to those of local meteoric water. Oxidation/reduction potentials of waters measured
show a large variation, but some values (0.1-0.4V) implied controls by oxidized/reduced sulfur species rather than
ferrous/ferric iron species, although no obvious difference was recognized between HCI- and SOs-type waters.
HCl-type waters contain a larger amount of anions than cations, while SO4-type waters sometimes indicate
amounts of anions close to cations, suggesting slight progress in neutralization through water/rock interaction in
SO4-type waters than HCl-type waters. Li/CI-F/Cl ratios of waters also implied progress in neutralization of some
SO4-type waters rather than HCl-type waters. Most of minor to trace elements in waters exhibit negative
correlations of concentrations to pH, implying dilution of waters as a common factor controlling concentrations
and pH. Geochemical simulations suggested that HCl-type waters have undergone water/rock interactions at high
temperatures (220-270°C) in contrast to SOs-type waters at low temperatures (70-270°C).

(1) First subject is recognition of role of geological structures to genesis of acid hot-spring water types. TM and
KR springs discharging HCl-type waters occur at a caldera rim and in subsided zone, respectively, where the
vertical fractures are expected to develop. Similar geological structures were found in SK spring discharging
SO4-type water and ON spring discharging H»S-type water (a caldera rim and horst zone, respectively). Such
vertical fractures can work as conduits for either magmatic fluids to ascend (TM and KR springs) or meteoric
water to descend (SK and ON springs). In former case, high-temperature magmatic fluids are likely to cause
boiling from deep levels, while in latter case, magmatic fluids are restrained from boiling by mixing with deeply
circulating low-temperature meteoric water. Sulfur species (SO2, H2S) are generally less soluble in waters than
chloride (HCI). Then, fluids possibly decreases in S/Cl ratio through boiling, resulting in HCl-type waters, while
SOs-type waters seem to preserve S/CI ratios of initial magmatic fluids. Geothermal reservoir has been already

formed at deep levels beneath ON spring, and magmatic fluids ascended are trapped in the reservoir, resulting in



permission of H>S-rich vapor without chloride to ascend to the surface. These lines of consideration suggested a
change in role of geological structures during evolution of hydrothermal systems.

Magmatic fluids ascended to shallower levels have either opportunity to cause boiling or undergo mixing with
meteoric water. SOs-type waters in KS and ZO springs are formed at bottom levels of volcanos, which might be
shallower than the above-mentioned vertical-fracture structures. Then, magmatic fluids ascended encounter a
large amount of meteoric water because of highly permeable overlain volcanic rocks, and are restrained from
boiling, resulting in SOs-type waters in the springs. However, it is difficult to prevent fluids from boiling at a
central part of fluid upflow zone in KS area. Thus, geological structures seem to influence on the depths and
amounts of magmatic fluids mixed with meteoric waters, partly contributing to differentiation of acid hot-spring
water types.

(2) Second subject is elucidation of sources of elements and controlling factors of their concentrations. Elements
dissolved in acid hot-spring waters were classified into four following groups based on normalized values of their
concentrations by chemical compositions of a standard andesite rock (JA1): Group-I with high normalized values
(S, Cl). Group-II with slightly high values (B, F, As, Br, Cd, In, Sb, I, Tl, Pb), Group-IIl with values similar to
each other (Li, Na, Mg, Al, Si, K, Ca, Sc, V, Cr, Mn, Fe, Co, Ni, Zn, Ga, Ge, Rb, Sr, Y, Cs, Ba, REEs, Mo, W, U),
and Group-1V with low values (P, Ti, Zr). Some elements (Be, Bi, Hf, Th, Cu, Se, Ag, Sn, Au) were not classified
due to small numbers of analyzed data or concentrations below detection limits of analysis. Referring chemical
compositions of volcanic gases in previous publications, Group-I derive from magmatic fluids, Group-II also
derive mainly from magmatic fluids and partly from other sources (at least for B, As, I), and Group-III derive
from rocks through congruent dissolution. Factors controlling element concentrations recognized were followings:
(a) dilution of magmatic fluids by meteoric water (deduced from & D-§ '30 values of waters and negative
correlations of concentrations versus pH), (b) potential transition of oxidation/reduction potentials of fluids
(implied by concentrations close to sulfide solubilites for Cd, Zn, Pb and TI), (¢) addition of elements derived
from precipitates in ancient hydrothermal activities (deduced from higher ratios of As/Cl, Br/Cl and I/Cl in fluids
than volcanic gases), (d) potential depositions of minerals (implied by supersaturation of waters with respect to
minerals for Si to quartz and Al to kaolinite, saturation index close to zero for Ba to barite, and apparent low
normalized values for P, Ti, Zr, and concentrations below detection limits of analysis for Be, Bi, Hf, Th, Cu, Se,

Ag, Sn, Au).



(3) Third subject is evaluation of chemical resources potentials of acid hot-spring waters. In general, acid
hot-spring water is characterized by their low pH, which indicates high ability for dissolving rocks. Annual
amounts of elements discharged from acid hot-springs were calculated, and compared to market prices of mineral
resources and domestic consumptions. Annual amounts are calculated to be about 10°-107 (kg/year) for elements
of less than 20th atomic numbers, 10?-107 (kg/year) for elements of 20th to 40th atomic numbers, and below 10?
for elements of more than 40th atomic numbers. The V, Sc, Ga and REEs exhibit high market prices and/or high
supplement ratios to domestic consumptions. Thus, recovery of these elements should be considered in the next
step, in which the coupling of recovery techniques with neutralization processes of acid hot-spring waters and
binary geothermal power generation systems might be economically advantageous. Other elements dissolved in
acid hot-spring waters appear to have no advantage as metal resources from short-term perspective, but they might
have deposited at specific places downstream for a long time. It is necessary to investigate whether or not such
specific deposition places are present in a future study.

These results of this dissertation might be helpful for understanding the heat and mass transport processes in
volcanic-magmatic-hydrothermal system, future exploitation of geothermal energy resources toward volcanic to
magmatic circumstances, and future planning of exploration target of metal resources related to acid hot-spring

waters.
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