
Mass transfer associated with chloritization in the hydrothermal alteration process of 
granitic pluton

Takashi Yuguchi1,*, Takanobu Matsuki1, Yuya Izumino1, Eiji Sasao2, and Tadao Nishiyama3

1Faculty of Science, Yamagata University, 1-4-12 Kojirakawa, Yamagata 990-8560, Japan
2Japan Atomic Energy Agency, 1-64, Yamanouchi, Akiyo, Mizunami, Gifu 509-6132, Japan

3Department of Earth and Environmental Science, Faculty of Advanced Science and Technology, Kumamoto University, 2-39-1, Kurokami, 
Chuo-ku, Kumamoto 860-8555, Japan

Abstract
This study, along with our previous studies (Yuguchi et al. 2015, 2019a), reveals the hydrothermal 

alteration processes in a pluton, with a focus on the mass transfer between minerals and hydrothermal 
fluid. It also depicts the sequential variations in fluid chemistry as alteration progresses. Hydrothermal 
alteration of the Toki granite in Tono, Japan—the study area of this research—progressed through the 
successive processes of chloritization, plagioclase alteration, and precipitation of a carbonate. This 
paper describes the alteration processes of hornblende chloritization, K-feldspar chloritization, and 
the formation of fracture-filling chlorite through petrography and mineral chemistry. A set of singular 
value decomposition analyses was conducted to obtain reaction equations for the chloritization pro-
cesses, which facilitates the quantitative assessment of mass transfer between the reactant and product 
minerals, and the inflow and outflow of components through the hydrothermal fluid. Several types of 
chloritization reactions (including biotite chloritization) can be characterized by their reaction with 
the inflow of Al3+, Fe2+, Mn2+, and Mg2+ and the outflow of H4SiO4, Ca2+, K+, and F–.

The age and thermal conditions of hornblende chloritization (64–54 Ma and 330–190 °C), K-feldspar 
chloritization (68–53 Ma and 350–210 °C), and precipitation of fracture-filling chlorite (66 and 
63 Ma, 340 and 320 °C) overlap with those of biotite chloritization (68–51 Ma and 350–180 °C). The 
chloritization reactions (this study and Yuguchi et al. 2015) and plagioclase alteration (Yuguchi et al. 
2019a) represent sequential variations in fluid chemistry at temporal conditions from 68 to 51 Ma as 
the temperature decreased from 350 to 180 °C. As the alteration proceeds, the concentrations of alu-
minum, iron, manganese, and magnesium ions in the hydrothermal fluid decrease gradually, and those 
of calcium, hydrogen, and fluorine ions increase gradually.

Hornblende chloritization is associated with formation of magnetite and ilmenite. The thermal condi-
tions of the hydrothermal fluid yielding the formation of magnetite and ilmenite can be interpreted by 
the chemical characteristics of chlorite around their associated minerals. The formation temperature of 
magnetite was higher than that of ilmenite, implying a decrease in oxygen fugacity in the hydrothermal 
fluid with the decrease in temperature from 280–310 to 220–250 °C.
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Introduction
This study focuses on: (1) the nature of chloritization re-

actions and mass transfer due to hydrothermal alteration in a 
granitic pluton, based on petrography and mineral chemistry; 
(2) the physical conditions, including timing and temperature of 
alteration; and (3) the evolution of fluid chemistry as the altera-
tion progresses, with the Toki granite in Tono district, central 
Japan, as an example. The degree and extent of hydrothermal 
alteration within a granitic body has a significant effect on the 
subsequent weathering of the granitic rock. It also influences the 
chemical characteristics of the palaeo groundwater and present-
day groundwater due to water-rock interactions. Predicting 
geochemical behavior, evolution, and water-rock interaction 
is important to the safety assessment for long-term geological 
disposal of nuclear waste and underground storage of oil, natural 

gas, and hydrogen (e.g., Carpenter et al. 2017). For example, it 
allows us to predict whether an oxidative fluid (groundwater) 
will cause the corrosion of artificial metal objects in the facilities 
(Yuguchi et al. 2019a).

The hydrothermal alteration of granitic rock is constrained 
mainly by the dissolution-precipitation processes during the 
penetration of hydrothermal fluid along microcracks (Nishimoto 
and Yoshida 2010; Yuguchi et al. 2015). The alteration is also 
influenced by the mass transfer of chemical components due 
to rock-matrix diffusion and through the micropore network 
(Alexander et al. 2009; Neretnieks 2017; Yuguchi et al. 2019a).

The hydrothermal alteration of the Toki granite progresses 
through the following successive processes: (1) chloritization; (2) 
plagioclase alteration consisting of albitization, K-feldspathiza-
tion, illitization, epidotization, smectitization, and formation of 
fluorite; and (3) precipitation of carbonate mineral (Nishimoto et 
al. 2008). Four processes occur during Toki granite chloritization: 
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