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Abstract-A complete conversion series for mica/smectites was found in a hydrothermal alteration en­
velope around Kuroko-type ore deposits at the Shinzan area, Akita Prefecture, Northeast Japan, The 
minerals are an alteration product of volcanic glass of Miocene age and are commonly associated with 
zeolites and silica minerals, Degrees of ordering of interstratification of the minerals change discontin­
uously from Reichweite g = 0 (100-55% expandable layers) to g = I (45-20% expandable layers), and 
from g = 1 to g = 2 «20% expandable layers), This pattern of conversion differs from the behavior of 
mica/smectites during burial diagenesis which undergo a continuous change in ordering type, and from 
the behavior of rectorite which displays a constant expandability and ordering (45-55%) over a wide 
range of conditions, Differences between these minerals were also found in the relationships between 
expandability and total layer charge, and between expandability and number of non-exchangeable inter­
layer cations, In mica/smectites from the Shinzan area, chemical changes in the interlayers and tetrahedral 
and octahedral sites are consistent with a reaction in which K-enrichment and K-fixation in the interlayers 
are controlled by an increase in negative layer charge. This conversion occurred in response to a steep 
geothermal gradient and migrating hydrothermal solutions. 
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INTRODUCTION 

Interstratified dioctahedral mica/smectites can be 
generated by various processes, e.g., during the dia­
genetic conversion of montmorillonite to illite. This 
reaction has been studied by many workers (Burst, 
1969; Perry and Hower, 1970; Weaver and Beck, 1971; 
Foscolos and Kodama, 1974; Hower et al., 1976; Sro­
don, 1979). The structural and chemical changes of the 
minerals involved in the reaction are sensitive indi­
cators of the degree of diagenesis. 

Mica/smectites are also abundant in hydrothermal 
alteration areas. In Japan, occurrences have been re­
ported mainly from the hydrothermal alteration en­
velopes surrounding pyrophyllite-sericite ore deposits 
and Kuroko-type ore deposits. The pyrophyllite-seri­
cite ores (Roseki) commonly contain rectorite-like 
minerals (Shimoda and Sudo, 1960; Sudo et aI., 1962; 
Brindley and Sandalaki, 1963; Kodama et aI., 1969; 
Matsuda et aI., 1981a, 1981b), whereas the Kuroko­
type deposits, composed of various sui fides and sul­
fates are surrounded by hydrothermal alteration au­
reoles with mica/smectites (Shimoda, 1970, 1972; Shi­
rozu and Higashi, 1972; Higashi, 1974, 1980: Inoue et 
aI., 1978). In 1978, Inoue et at. reported a complete 
conversion series of mica/smectites from this type of 
deposit from the Shinzan area, northeast Japan, where 

the minerals occur as alteration products offelsic vol­
canic glass. 

In the present study, the conversion series of mical 
smectites of hydrothermal origin is characterized and 
compared with a series ofmica/smectites ofdiagenetic 
origin and with a rectorite series from Roseki-type ore 
deposits. 

OCCURRENCE OF MICA/SMECTlTES IN 
THE SHINZAN AREA 

Samples were obtained from eight drillholes in the 
Shinzan area, Akita Prefecture, as shown in Figure 1. 
Although a large part of the area is covered by Qua­
ternary sediments, two Miocene formations, which are 
largely pyroclastic, were drilled in the area. These for­
mations have been subjected to hydrothermal altera­
tion and can be grouped into six zones based on the 
assemblages of authigenic minerals as listed in Table 
1. A zonal arrangement from a sericite-chlorite zone 
nearest the center of hydrothermal activity, which is 
assumed by the exposure of Cu-Pb-Zn impregnation, 
to a montmorillonite zone or zeolite zones in the mar­
gin is depicted in Figure 2. Interstratified mica/smec­
tites occur extensively between the sericite-chlorite zone 
and montmorillonite or zeolite zones. Although the 
percentage of expandable layers in mica/smectites in-
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Figure I. Locality of drillholes and general geology of the 
Shinzan area, Japan. 

creases gradually from the sericite-chlorite zone to the 
montmorillonite or zeolite zones, the mica/smectite 
zone described here is characterized by micalsmectites 
that contain less than about 50% expandable layers. 
The vitric materials have been largely replaced by clay 
minerals, zeolites, and silica minerals, but original vit­
ric textures are commonly detectable in the altered 
sediments. 

EXPERIMENTAL METHODS 

X-ray powder diffraction (XRD) analysis 

XRD analysis was performed on oriented specimens 
held at 55 ± 5% R.H. and on specimens kept in eth­
ylene glycol (EG) vapor heated at 60o-6SOC for more 
than 20 hr. K- and Mg-saturated specimens were run 
in order to determine the percentage of expandable 
layers in micalsmectites after EG treatment, according 
to the method ofM. Sato (1973) based on the Kakinoki 
and Komura (1952) equation. 

Chemical analysis 

Following storage of the mica/smectite in a 0.1 N 
SrCI2 solution, the Ca, Mg, Na, and K contents of the 
supernatant solution were determined by atomic ab-
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Figure 2. Vertical sections showing the zonal distribution of 
authigenic minerals in the Shinzan area. Long-dashes show 
the stratigraphic boundary between the Kawajiri (Ka) and the 
Kotsunagizawa (Ko) Formations (Miocene). Short-dashes show 
the contours of percentage of expandable layer in mica/smec­
tites. 

sorption and flame emission spectroscopy. The re­
maining clay was washed in distilled water and decom­
posed by HF and H 2S04 • Adsorbed Sr was determined 
by atomic absorption spectroscopy. The bulk chemical 
composition was determined for untreated specimens. 
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Figure 3. Variation in percentage of expandable layer of 
mica/smectites with increasing depth of eight drillholes at the 
Shinzan area (after Inoue et al., 1978). 

A more detailed description of the analytical tech­
niques used can be found in Inoue et at. (1978) and 
Inoue (1983); complete data are reported in Inoue et 
at. (1978) and Inoue (1980). 

Cation-exchange reaction 

Ca-K and Na-K ration-exchange reactions were car­
ried out using montmorillonite from Aterazawa in Ya­
magata Prefecture (Inoue and Minato, 1979). Exchange 

Table I. Authigenic mineral assemblages ofaIteration zones. 

Zone Mineral assemblage 

Sericite-chlorite zone Sericite, chlorite, quartz 
Micalsmectite zone Mica/smectites, quartz, (chlo-

rite, sericite, montmorillonite) 
Montmorillonite zone Montmorillonite, quartz, opal 
Analcime zone Analcime, mica/smectites, 

montmorillonite, chlorite, 
quartz 

Mordenite zone Mordenite, montmorillonite, 
mica/smectites, quartz 

Clinoptilolite-mordenite Clinoptilolite, (mordenite), 
zone montmorillonite, opal 
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Figure 4. Representative X-ray powder diffraction patterns 
of mica/smectites with various expandabilities from the Shin­
zan area. 

(A), (B): drillhole WS-2, 183.50 m, -100% exp.layers 
(C), (D): driIlhole WS-2, 383.80 m, -55% expo layers 
(E), (F): drillhole WS-4, 392.80 m, -45% expo layers 
(G), (H): drillhole WS-5, 281.45 m, -12% expo layers 
(A), (C), (E), (G): untreated specimens 
(B), (D), (F), (H): ethylene-glycol treated specimens 
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Figure 5. Diagram showing t.20, vs. t.202 relation for mica/smectites from the Shinzan area. The solid circles B, D, F, and 
H correspond to samples shown in Figure 4. See text for definition of t.20, and t.202 • 

isotherms were determined at a fixed total normality 
(0.1 N) and at various temperatures. 

CONVERSION SERIES OF MICAJSMECTITES 
IN THE SHINZAN AREA 

Reaction trend in interstratijication 
The expandability of mica/smectites decreases con­

tinuously with increasing depth in each drillhole. The 
feature is especially conspicuous in drillholes WS-2, 
WS-4, and WS-1O (Fig. 3). Figure 2 shows that ex­
pandability increases laterally from the center of the 
hydrothermal alteration aureole to the margin. 

Comparing the typical XRD patterns ofmica/smec­
tites with various expandabilities (Figure 4) with cal­
culated patterns (Reynolds and Hower, 1970; M. Sato, 
1973; Watanabe, 1980), it is clear that the degree of 
ordering of inter stratification in the mica/smectites in­
creases systematically with decreasing expandability of 
the minerals (Inoue et al., 1978). 

Recently, Watanabe (1981) devised a diagram for 
the identification of the degree of ordering of inter-

stratified mica/smectites; he used spacing of 10.1 A 
and 16.9 A for the mica and smectite components, 
respectively. The technique uses three basal XRD re­
flections which are sensitive to the variation of the 
degree of ordering: a peak (11) at 5.1-7.6°20, a peak (12) 
at 8.9°-10.2°20, and a peak (13) at 16.1 °-17.2°20 (CuKa 
radiation) after EG treatment (see the lower left part 
of Figure 5). If the angular differences are represented 
as Ll20 , = 12 - I, and Ll202 = 12 - 12 , there is a distinct 
relationship between Ll20 , and Ll202 that shows system­
atic changes with expandability at constant Reichweite 
values. When the data for mica/smectites in the present 
study are plotted on the Watanabe's diagram (Ll20 , vs. 
Ll202 diagram, Figure 5), the relationship between ex­
pandability and interstratification of mica/smectites 
becomes clearer: mica/smectites containing more than 
about 55% expandable layers correspond to a random 
interstratification of Reichweite g = 0 (e.g., XRD pat­
terns of Figure 4c and 4d), and those containing about 
45-20% and less than about 20% expandable layers 
have an ordered interstratification ofg = I (e.g., Figure 
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Figure 6. Composition of interlayer cations of mica/smectites from the Shinzan area and of rectorite-like minerals from 
Roseki deposits. (a) exchangeable cations of mica/smectites with more than 30% expandable layers; (b) non-exhcangeable 
cations of mica/smectites with less than 70% expandable layers. 

4e and 4f) and g = 21 (e.g., Figure 4g and 4h), respec­
tively. Most of the plots for mica/smectites with less 
than about 10% expandable layers tend to be biased 
toward lower tl2111 values from the extrapolated curve 
of g = 2. If these specimens contain discrete sericite, 
the value of tl2111 should become smaller. This devia­
tion from the g = 2 curve suggests that these mica/ 
smectites may have another type of interstratification 
with a longer-range ordering than g = 2. As shown in 
Figure 5, occurrences of perfectly ordered mica/smec­
tites with 55-45% expandable layers are rare, and plots 
are scarce in fields between the g = 0 and g = I curves, 
and between the g = 1 and g = 2 curves. 

Reaction trend in chemical composition 

Bulk chemical composition of mica/smectites from 
the Shinzan area changes continuously with decreasing 
expandability (Inoue et aI., 1978). The composition of 
interlayer cations of mica/smectites from the Shinzan 
area is given in Figure 6. The exchangeable interlayer 
cations of mica/smectites with more than 30% ex­
pandable layers are mainly Na and Ca; exchangeable 
K and Mg contents are very small (Figure 6a). Inter­
layer Ca is more common in drillholes from the mar­
ginal zones (WS-l and WS-4) and in the upper part of 
drillhole WS-2. Sodium is a predominant exchangeable 
interlayer cation in mica/smectites coexisting with an­
alcime. Potassium is a predominant non-exchangeable 

1 Watanabe (1980) calculated the same XRD patterns of 
mica/smectites with g = 2 as IMII-ordering (g = 3) by Reyn­
olds and Hower (1970), based on the X-ray diffraction theory 
for one-dimensionally disordered crystal by Kakinoki and 
Komura (1952). 

interlayer cation in mica/smectites with less than 70% 
expandable layers; the non-exchangeable Na and Ca 
contents are negligible (Figure 6b). 

The chemical variation in the 2: 1 silicate layer of 
mica/smectites is shown in Figure 7 in terms of the 
pyrophyllite (AI2Si40 IO(OHh), muscovite (KAI2Si3AI 
OIO(OH)J, and leucophyllite (KAIMgSi40 lo(OHh) 
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Figure 7. Chemical compositions in the 2: 1 silicate layer of 
mica/smectites from the Shinzan area (e) and of rectorite­
like minerals from Roseki deposits (6) (after Matsuda et al., 
1981 a). The figures indicate the percentage of expandable 
layer of mica/smectites. Lp: leucophyllite, Mu: muscovite, Py: 
pyrophyllite, Mont.: montmorillonite, Beid.: beidellite. 

https://doi.org/10.1346/CCMN.1983.0310601 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1983.0310601


406 Inoue and Utada Clays and Clay Minerals 

o 
100 
m 

200 

.r:. 300 -Q. 
Cl) 

a 

400 . 

Number of Mgoc'., Alt.,./OlO(OHh 
0·5 1·0 0·5 1.0 0·5 1·0 0·5 1.0 0·5 1.0 

AI 
Mg 

Ko 

Ka Mg AI 

Ko 

Ka 

Mg AI 

Ko 

Ka 

100 
m 

200 

300 

400 

I:. 2 9, (degre~) 
o '.0 2·0 3·0 

9·0 

8·0 

t; .. 
0. .. 
~ 7·0 
N 

<D 
N 

<l 

6·0 

5·0 ...... ---'---_ ...... __ -'-___ .L.... __ ....J.. __ ...J 

Figure 9. Schematic diagram of structural conversion trend 
of mica/smectites of different origins. 0 = Gulf Coast (Perry 
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Figure 8. Change of the numbers of the octahedral Mg and 
tetrahedral AI per OIO(OH)2 in mica/smectites increasing the 
depth in boreholes of the Shinzan area. The solid and open 
circles indicate octahedral Mg and tetrahedral AI, respective­
ly. Lateral lines indicate the stratigraphic boundary between 
the Kawajiri (Ka) and the Kotsunagizawa (Ko) Formations. 

contents. Ferric and ferrous iron were regarded as sub­
stituting for Al and Mg, respectively. As shown in Fig­
ure 7, the mica/smectites with nearly 100% expandable 
layers have a typical montmorillonitic composition. 
With decreasing expandability, the tetrahedral Al con­
tent increases from 0 to 0.65, and the octahedral Mg 
content decreases from 0.5 to 0.2; consequently, the 
smectite is gradually converted to a mica with sericitic 
composition. The dominant source of negative layer 
charge changes from the octahedral to the tetrahedral 
site at about 30% expandable layers. Figure 8 shows 
the vertical changes in the numbers of octahedral Mg 
and tetrahedral Al cations per OIQ(OHh in mica/smec­
tites from the drillholes. 

COMPARISON WITH MICA/SMECTITES 
FORMED IN DIFFERENT ENVIRONMENTS 

Structural conversion 

In the t128, vs. t1282 diagram (Figure 9), nine fields 
can be distinguished, each of which represents a par­
ticular feature of interstratification in mica/smectites 
on the basis of probability theory. The interstratifica­
tion ofmica/smectites of field A is in a structure of g = 

0, PM = PMM = PIM and PI = PH = PM!> where PI and 
P M indicate the probabilities of occurrence of mica and 
expandable layers within a stacking arrangement, and 
PH and PMM are the transition probabilities from mica 
to mica and from expandable layer to expandable layer, 
respectively. Field B is represented by the interstrati­
fication: in g = 1,0.5 < PM < 1.0, PH = 0 and PMM '1= 

0; field C: in g = I, if PI > PM' PMM '1= 0, or if PI < PM' 
PH '1= 0; field D: in g = I, PI = PM "" 0.5, PH = PMM "" 
o and PIM = PM' "" I; field E: in g = I, 0 < PM < 0.5, 
PMM = 0 and PH '1= 0; field F: in g = 2, 0.33 ~ PM and 
dominant occurrence ofIMI-domain within a stacking 
arrangement; field G: in g = 2, 0.33 > PM, PMM = 0, 
PMIM = 0, P MHM '1= 0, and dominant occurrence ofIMII­
domain; field H: in g = 2, P MM = 0 and PMIM '1= 0, and 
field I is represented by another type of interstratifi­
cation with a long-range ordering greater than g = 2. 
The interstratification in mica/smectite with a given 
expandability can have various degrees of ordering from 
g = 0 to g = I and from g = I to g = 2. 

The conversion trend in the Shinzan area is repre­
sented in Figure 9 by A ~ E ~ (H~) G ~ 1. For 
comparison, some ofthe diagenetic mica/smectites from 
the Gulf Coast of the United States (Perry and Hower, 
1970) are plotted in the figure and are scattered in fields 
C and H. The dispersion of the points may be partly 
due to contamination by detrital mica and smectite. 
The conversion trend of the diagenetic mica/smectites 
is represented by A ~ C ~ E .... H ( .... G ~ I). A similar 
trend for diagenetic mica/smectites was found from 
the Kamisunagawa area in Hokkaido and the Ohashi­
zawa area in Yamagata by Shimoda et al. (1983). Thus, 
the conversion trend of hydrothermal mica/smectites 
in the Shinzan area is roughly similar to those of dia­
genetic origin, but, it is distinct in that the former does 
not pass into field C and probably not into field H. As 
mentioned above, fields C and H may be regarded as 
transitional zones from a random structure of g = 0 to 
an ordered structure of g = I and from g = I to another 
ordered structure of g = 2, respectively. In terms of a 
structural conversion from smectite to mica, the degree 
of ordering of inter stratification of hydrothermal mical 
smectites changes discontinuously from g = 0 to g = I 
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Figure 10. Relationship between the percentage of expand­
able layer and total layer charge per O,o(OH), in mica!smec­
tites of different origins; hydrothermal mica!smectites (0 = 
this study), diagenetic mica!smectites (A = Hower and Mo­
watt, 1966; b = Eslinger et a/., 1979; () = Foscolos and Ko­
dama, 1974; • = Weaver and Pollard, 1973) and rectorite­
like minerals ("f' = Matsuda et al., 1981a, 1981 b; v = Weaver 
and Pollard, 1973; a: Brindley, 1956; R; Kodama, \966). The 
line is the average one of total layer charges in montmoril­
lonite and illite drawn between 0.33 and 0.72. 

and from g = I to g = 2, whereas the conversion is 
continuous in diagenetic clays. 

In the hydrothermal alteration and diagenetic en­
vironments, the interstratification represented by fields 
B, D, and F seems to be difficult to realize in the course 
of structural conversion (Figures 5 and 9). In particular, 
mica/ smectites with a perfectly ordered interstratifi­
cation in field D are very rare. On the other hand, 
rectorite-like minerals in field D are common in Roseki 
deposits. This difference is probably attributable to dif­
ference in crystallo-chemical properties of component 
layers in each micalsmectite, as described below. 

Chemical properties 

The relationships between the percentage of ex­
pandable layer and the total layer charge, and between 
the percentage of expandable layer and the number of 
non-exchangeable interlayer cations are shown in Fig­
ures 10 and 11 , respectively. The relationships are use­
ful in the characterization ofmica/ smectites of different 
origins. In Figure 10, a line has been between the av­
erage total layer charges of montmorillonite (0.331 
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Figure 11 . Relationship between the percentage of expand­
able layer and number of non-exchangeable interlayer cations 
(Kn) per OIO(OH)2 in mica!smectites of different origins; hy­
drothermal mica!smectites (0 = this study), diagenetic mica! 
smectites (A = Hower and Mowatt, 1966; b = Eslinger et al., 
1979; () = Foscolos and Kodama, 1974) and rectorite-Iike 
minerals ("f' = Matsuda et a/., 1981a, 1981b; R: Kodama, 
1966). The curve indicates a regression one for mica/ smectites 
which have predominantly non-exchangeable K+ in the in­
terlayer. 

OIO(OHh) and illite (0.72/0 1O(OHh) after Weaver and 
Pollard (1973). The points for diagenetic mica/smec­
tites tend to swarm near the line, whereas points for 
those in the present study tend to be biased toward the 
right side from the line; that is, toward the greater total 
layer charge. Smectites in the alteration zones around 
Kuroko deposits usually have greater total layer charge 
than the above average value ofmontmorillonite (Shi­
rozu and Iwasaki, 1980). Sericites of hydrothermal or­
igin generally have greater total layer charge than dia­
genetic illites (Weaver and Pollard, 1973). Therefore, 
the deviation from the average line in hydrothermal 
mica/ smectites may be due to greater layer charges of 
both component layers. 

The points for rectorite-like minerals are distinc­
tively biased toward greater layer charge (Figure 10). 
As shown in Figure 6b, rectorite-Iike minerals com­
monly contain considerable amounts ofNa and Ca as 
non-exchangeable interlayer cations. The hydration 
energy of Na and Ca is greater than that of K. Na and 
Ca with greater hydration energy will hold water mol­
ecules more tightly in the interlayer. It is likely that 
development of greater negative layer charge in the 
2: I silicate layer is responsible for dehydration of the 
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Table 2. Temperature, pH, and major cations' in Kuroko 
ore-forming solution. 

T (0C) 
pH (25°C) 
Cl 
Na 
K 
Ca 
Mg 
SO, 
Equivalent fraction 

250° ± 50°C 
4.5 ± 0.5 
33,000 ppm 
18,500 ppm 

4000 ppm 
500 ppm 

1-10 ppm 
10-' ppm 

K/(Na + K) = 0.113 
K/(2Ca + K) = 0.803 

, Data partly revised from Shikazono (1976). 

interlayer Na and Ca, and for collapse of the basal 
spacing (Eberl, 1980; Inoue, 1983). 

Figure 11 shows the relationship between the per­
centage of expand able layer and number of non-ex­
changeable cations (Ko) per 01O(OH) unit in mica/ 
smectites of different origins. In the mica/smectites 
which contain dominantly K as non-exchangeable in­
terlayer cations (Figure 6b), the correlation for the above 
relationship is excellent. The relation is expressed ap­
proximately by a linear regression equation: % ex­
pandable layers = -137 Kn + 103. On the other hand, 
the plots for rectorite-like minerals with non-exchange­
able Na and Ca are biased from the regression curve 
toward larger amounts of non-exchangeable interlayer 
cations. This bias is also attributable to the greater layer 
charge of the rectorite-like minerals as shown in Figure 
10. 

Thus, the mica/smectites having dominantly non­
exchangeable interlayer K from the present study and 
those of diagenetic origin (Hower and Mowatt, 1966; 
Foscolos and Kodama, 1974; Eslinger et al.. 1979) are 
chemically different from rectorite-like minerals. These 
differences influence the degree of ordering of inter­
stratification of mica/smectites even if the minerals 
have the same expandability, as pointed out by Eberl 
and Hower (1977). 

GENESIS OF MICAlSMECTITES IN 
THE SHINZAN AREA 

Physico-chemical environments forming 
micalsmectites 

The physico-chemical characteristics ofKuroko ore­
forming solutions have been described by many geo­
chemists (Kajiwara, 1973; T. Sato, 1973; Ichikuni, 1975; 
Shikazono, 1976). A representative example is given 
in Table 2. Oxygen- and sulfur-isotope and fluid-in­
clusion studies show that the temperatures of precip­
itation of metal sui fides were about 250° ± 50°e. It 
may be assumed that the temperature of hydrothermal 
solution at the conduit of the Kuroko mineralization 
at the Shinzan area was around 250°e. The oxygen­
isotope temperatures in a Kuroko-type deposit (Hat-

tori and Muehlenbachs, 1980) indicate that the max­
imum temperature at the boundary between the seri­
cite-chlorite zone and the mica/smectite zone was about 
200°e. Analcime may be stable to about 190°C at 2 kb 
in the reaction analcime + quartz = albite + H 2 0 
(Campbell and Fyfe, 1965). According to Utada (1968) 
and Iijima and Utada (1971), analcime decomposes at 
about 100° ± 20°C in burial diagenetic environments, 
where the geothermal gradient approximates 2°C/lOO 
m. Although the stability of analcime is still contro­
versial, the analcime zone (Figure 2) was probably 
formed at about 100° ± 20°e. The upper stability tem­
perature of cIinoptilolite-mordenite zones is about 60°-
90°C (Utada, 1968). Based on the above temperature 
estimates, it is likely that the mica/smectites in the 
Shinzan area formed between 80° and 200°e. 

Burial diagenetic mica/smectites formed in a rela­
tively wide range of depth, 3000 m to 4000 m according 
to Perry and Hower (1970) and Hower et at. (1976). 
On the contrary, the mica/smectite zone in the Shinzan 
area developed over a considerably narrower range 
(Figure 2) mainly because of the steep thermal gradient 
in this area during the hydrothermal alteration. The 
estimated geothermal gradient, based upon the above­
mentioned temperatures, is about 10°C/lOO m. 

Migration of chemical components during 
conversion reaction of micalsmectites 

Table 3 shows the chemical composition of esti­
mated original volcanic glass (3a) and typical mica/ 
smectites (3b-3g) at various degrees of interstratifica­
tion from the Shinzan area. Assuming that the original 
chemical composition was uniform throughout the 
sediments of the Shinzan area, the variation of chem­
ical composition in Table 3 can be explained as follows. 
In the center of hydrothermal activity, sericite (Table 
3b) and chlorite were formed by reaction of the hy­
drothermal solution with the volcanic glass at high 
temperatures. Away from the center of hydrothermal 
activity, the hydrothermal solutions gradually pene­
trated tuffs and were diluted with interstitial pore so­
lutions. The reaction ofthe felsic glass with the solution 
at lower temperatures probably produced smectite, 
similar to that in the specimen (Table 3g) which has a 
typical montmorillonitic composition and which con­
tains small amounts of exchangeable Ca2+. Then, the 
early-formed smectite came into contact with perco­
lating hydrothermal solutions. At higher temperatures, 
Na+, Ca2+, and Si4 + were leached from the early-formed 
smectite, and K+ in the solution was gradually fixed to 
form mica/smectites with lower expandabilities (Table 
3c-3f). The leached Ca2+ migrated to the margin and 
was fixed as carbonates or mordenite, while Na+ was 
fixed as analcime in the marginal zones. The Na-con­
centration of hydrothermal solution responsible for the 
formation of analcime was considerably high (Utada 
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Table 3. Chemical compositions of fresh glass as a precursor and mica/smectites with various expandabilities as products 
in the Shinzan area. 

a' b c 
fresh WS-2 WS-4 
glass 495.6 m 440.6 m 

Si02 71.3 50.42 50.97 
Ti02 0.25 n.d. n.d. 
Al20 3 12.1 29.42 22.27 
Fe20 3 1.9 3.41 2.90 
MnO 0.08 n.d. n.d. 
MgO 0.2 2.21 3.46 
CaO 1.37 0.05 0.18 
Na20 3.60 0.31 1.08 
K20 2.56 7.97 4.79 
H 2O 6.64 5.77 13.55 

Total 100 99.56 99.20 

% expo layer 5% 28% 

I By electron microprobe, after Iijima (1974). 

and Ishikawa, 1973), a speculation that is supported 
by the observation that the exchangeable interlayer 
cations ofmica/smectites coexisting with analcime are 
dominantly Na (Table 3e). 

According to the above-estimated formation tem­
perature of the analcime zone, the expandability of 
mica/smectites in the analcime zone of the Shinzan 
area should have decreased to near 50%, compared 
with those of common burial diagenetic mica/smectites 
(Perry and Hower, 1970). In fact, however, the ex­
pandability ofmica/smectites coexisting with analcime 
is at least 70-80% (Figure 2). Na-saturated smectite is 
stable to higher temperatures in the solution with high 
Na-activity (i.e., -400°C; Eberl and Hower, 1977). 
These facts suggest that the development of the mica/ 
smectite zone and the progress of the conversion re­
action were controlled by the cation composition of 
hydrothermal solution as well as by temperature. 

Process for the enrichment and fixation 
of K in the interlayer 

During the course of the conversion of smectite to 
mica through intermediate mica/smectites, Na+ and 
Ca2+ in the interlayers of smectite were exchanged for 
K+ in the hydrothermal solution, and the K ion was 
fixed in the interlayers. 

Several factors might have contributed to K-enrich­
ment in the interlayer during the hydrothermal alter­
ation. Potassium smectite may have formed by the 
following exchange reaction: 

Mz-smectite + zK+ = zK-smectite + Mz 

where M is Na+ or Ca2+, and z is the valence of M ion. 
The smoothed isotherms for the above reaction are 
shown in Figure 12. Assuming that the solution has 
the cation composition listed in Table 2 and that the 
amounts of the other cations in the solution are ne-

d 
WS-2 e f g 

383.8 m WS-2 WS-2 WS-2 
(wt%) 377.8 m 320.4 m 183.5 m 

52.65 52.62 54.43 55.41 
n.d. n.d. n.d. n.d. 

20.83 19.80 21.13 19.28 
2.51 2.61 1.76 2.77 
n.d. n.d. n.d. n.d. 
2.98 3.39 2.58 2.91 
0.11 0.22 0.14 0.82 
1.75 2.11 2.77 1.41 
3.31 2.09 0.76 0.13 

15.61 16.47 15.41 16.90 
99.75 99.31 98.98 99.63 

55% 68% 95% 100% 

glected for simplicity, equivalent fractions ofK+ in Na­
K- and Ca-K-smectites can be calculated to be at least 
0.25 and 0.4 at 50°C from the isotherms in Figure 12. 
In fact, the hydrothermal solution responsible for the 
formation of mica/smectites at the marginal zones 
probably contained more Na+ than the hypothetical 
solution shown in Table 2. Assuming the composition 
of the solution to be constant, the equivalent fraction 
ofK+ in smectite will become smaller with increasing 
temperature. Thus, the enrichment of K+ in the inter­
layers of smectite cannot be explained by increasing 
temperature alone. 

Considering only an exchange reaction between Na+ 
and K+, which is reasonable in the solution with small 
amounts ofCa2+ as shown in Table 2, the K-selectivity 
of smectite increases with increasing negative layer 
charge (Inoue, unpublished data). Even at a constant 
temperature, K+ will concentrate in the interlayers of 
smectite as negative layer charge increases by the sub­
stitution of tetrahedral Si by AI, as described above. 
On the other hand, the more the negative layer charge 

08 
D 

i5 06 
<Jl 

.~ 0·4 
'" z 

0·2 

o 0-2 0·4 0·6 0·8 1-0 0·2 
mKimK+2mCa 

in solution 

Figure 12. Smoothed isotherms for Na-K (a) and Ca-K (b) 
exchange reactions in montmorillonite at a total normality of 
0.1. 
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of smectite increases, the greater is the exothermicity 
of the Na-K exchange reaction for smectite (lnoue, 
unpublished data). This greater exothermicity inhibits 
K-enrichment in the interlayer. But, taking into con­
sideration the fact that Na-K exchange reactions of 
vermiculite are endothermic (Inoue, unpublished data), 
it may be inferred that smectite with a negative layer 
charge greater than a certain threshold prefers K+ with 
increasing temperature. Eventually, some of smectite 
layers may break down with increasing temperature, 
and, as a consequence, dissolved Al may substitute for 
tetrahedral Si in the remaining smectite. The smectite 
with greater negative layer charge has a greater selec­
tivity for K+ even in solutions oflow K-concentration 
(e.g., Inoue et aI., 1981). 

To convert smectite layers to mica, it is necessary 
that K+ is fixed in the interlayers. Smectites can fix 
a specific amount of interlayer K +, the amount ofK-fix­
ation increasing with increasing negative layer charge 
(Inoue, 1983). Hence, increasing negative layer charge 
can be responsible for the K-enrichment and K-fixation 
in the interlayers of smectite, and as a result smectite 
converts to mica through intermediate mica/smectites. 
Furthermore, most of the K+ in mica/smectites with 
less than 70% expandable layers is non-exchangeable 
(Figure 6), and the percentage of non-exchangeable K+ 
to the total amount of interlayer cations is larger than 
that of mica component layer (lnoue, 1983). This fact 
suggests that the rate of K-fixation reaction in the in­
terlayer occurs faster than the subsequent structural 
modification that leads to ~he conversion of smectite 
to mica through intermediate mica/smectites. 
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Pe3IOMe--TIonHble cepl1l1 BI1I\0113MeHeHI1S1 I\nSl cmopjcMeKTI1TOB 6bInl1 Halll\eHbl B KapMaHe rl1l\pOTep­
Ml1'-leCKOro 113MeHeHI1S1 BOKpyr KypoKo-Tl1na 3ane)f(ell PYl\bl B IIII1H3aH 06nacTI1, AKI1Ta npe<fJeKTypa, 
CeBepHo-BOCTO'lHaSl 51.nOHI1S1. MI1Hepanbl S1BI\S1IOTCSI npOI\YKTOM BI1I\0113MeHeHI1S1 BynKaHI1'1eCKoro 
CTeKna Ml1oQeHoBolI 3nOXl1 11 06bl'lHO CBSl3blBalOTCSl C QeOnl1TaMI1 11 KpeMHe3eMHblMI1 MI1HepanaMI1. 
CTeneHI1 ynopSlI\O'leHI1S1 nepeCnal1BaHI1S1 MI1HepanOB 113MeHSlIOTCSI npepblBI1CTO OT '1l1cna PellxBellTa 
g = 0 (100-55% paCllmpSlIOIQI1XCSI cnoeB) 1\0 g = I (45-20% paCllll1pSlIOIQI1XCSI cnoeB) 11 OT g = I 
1\0 g = 2 «20% paCllll1pSlIOIQI1XCSI cnoeB). 3TOT 06pa3eQ npeBpaIQeHI1S1 OTnl1'1aeTCSI OT nOBel\eHI1S1 
CnlOl\bl!cMeKTI1TOB B Te'leHl1e nepl1Ol\a ,I.Il1areHe3a norpe6eHI1I1, KOTopble npeTepneBalOT HenpepblBHoe 
113MeHeHI1e Tl1na ynopSlI\O'leHI1S1, 11 OT nOBel\eHI1S1 peKTOpl1Ta, KOTOPbl1l npoSlBneT nocToSlHHYIO cnoc06-
HOCTb K paCllll1peHl11O 11 ynopSlI\O'leHI1IO (45-55%) B Illl1pOKI1M ,I.Il1ana30He ycnoBI1I1. Pa3nl1'1l1S1 Me)f(flY 
3TI1MI1 MI1HepanaMI1 6bInl1 TaK)f(e Halll\eHbl 11 B 06nacTI1 CooTHOllleHI1H Me)f(,l.ly paCIlll1pSleMOCTblO 11 
nonHblM 3apSll\OM cnoSl, 11 Me)f(I\Y paCIlll1pSleMOCTblO 11 '1I1CnOM He06MeHI1BaeMblx Me)f(CnOHHblx KaTI10rOB. 
XI1MI1'1eCKl1e 113MeHeHI1S1 B npocnoHKe 11 B '1eTblpexrpaHHblX 11 BOCbMl1rpaHHblx MeCTax B cnlOl\ax! 
CMeKTI1TaX 113 IIII1H3aH 06naCTI1 cornaCYIOTCSI C peaKQl1ell, B KOTOPOH 060raIQeHI1e npOCnOHKI1 
Kanl1eM 11 <fJI1KcaQI1S1 Kanl1S1 B npocnollKe KOHTponl1pyeTcSI YBenl1'1eHl1eM OTpl1QaTenbHoro 3apSll\a 
cnoSl. 3TO npeBpaIQeHl1e npOI1CXOI1T KaK peaKQI1S1 Ha 60nbllloH reoTepManbHblH rpa,l.ll1eHT 11 Ml1rpaQl11O 
fI1,1.1pOTepManbHblx paCTBopoB. [E.G.] 
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Resiimee-Eine vollstlindige Umwandlungsserie von GlimmerlSmektite wurde in einer hydrothermalen 
Umwandlungszone urn Erzlagerstatten vom Kuroko-Typ im Shinzangebiet, Akita Prefecture, NO Japan, 
gefunden. Die Minerale sind Umwandlungsprodukte von vulkanischem Glas aus dem Miozan und treten 
im allgemeinen zusammen mit Zeolithen und Si02-Mineralen auf. Der Ordungsgrad der Wechsellagerung 
in den Mineralen andert si ch diskontinuierlich von der Reichweite g = 0 (100-55% expandierbare Lagen) 
bis g = 1(45-20% expandierbare Lagen), und von g = Ibis g = 2 «20% expandierbare Lagen). Dieses 
Umwandlungsschema unterscheidet sich vom Verhalten GlimmerlSmektite, das durch Versenkungsdia­
genese hervorgerufen wird, in dem eine kontinuierliche Veranderung im Ordnungszustand stattfindet. Es 
unterscheidet sich auch vom Verhalten von Rektorit, der iiber einen grof3en Bedingungsbereich eine 
konstante Expandierbarkeit und Ordnung (45-55%) zeigt. Unterschiede zwischen diesen Mineralen wur­
den auch in der Beziehung zwischen Expandierbarkeit und Gesamtiadung der Schichten und zwischen 
Expandierbarkeit und Anzahl der nichtaustauschbaren Zwischenschichtkationen gefunden. In den Glim­
merlSmektit-Wechsellagerungen aus dem Shinzangebiet hangen chemische Verlinderungen in den Zwi­
schenschichten sowie auf den tetraedrischen und oktaedrischen Pllitzen mit einer Reaktion zusammen, 
bei der die K-Anreicherung und K-Fixierung in den Zwischenschichten durch eine Zunahme der negativen 
Schichtladung kontrolliert wird. Diese Umwandlung ist die Folge eines steilen geothermischen Gradienten 
und wandemder hydrothermal er Losungen. [U.W.] 

Resume- Une serie de conversion complete pour des mica/smectites a ete trouvee dans une enveloppe 
d'alteration hydrothermique autour de depots de mineraux du type Kuroko dans la region Shinzan, 
Prefecture d'Akita, Japon du Nord-Est. Les mineraux sont un produit de I'alteration de verre volcanique 
d'age Miocene, et sont souvent associes avec des zeolites et des mineraux silices. Les degres d'ordonnement 
d'interstratification des mineraux changent de maniere discontinue de Reichweite g = 0 (100-55% de 
couches expansibles) a g = I (45-20% de couches expansibles) et de g = I a g = 2 «20% de couches 
expansibles). Ce procede de conversion difIere du comportement de mica/smectites pendant la diagenese 
d'ensevelissement; celles-ci subissent alors un changement de type d'ordonnement continuel; et aussi du 
comportement de la rectorite qui montre un potentiel d'expansion et un ordonnement (45-55%) constants 
sur une large gamme de conditions. Des dif1erences entre les relations de potentiel d'expansion et la charge 
totale de couche, et du potentiel d'expansion et du nombre de cations intercouche non-echangeables de 
ces mineraux ont aussi ete trouvees. Dans les micas/smectites de la region Shinzan, des changements 
chimiques dans les intercouches et dans les sites tetraedraux et octaedraux sont compatibles avec une 
reaction dans laquelle I'enrichissement de K et la fixation de K dans les intercouches sont controles par 
une augmentation de la charge negative de couche. Cette conversion s'est produite en reaction it un raide 
gradient geothermique et it des solutions hydrothermiques emigrantes. [D.J.] 
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