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ABSTRACT

An extensive zone of hydrothermal alteration, charac-
terized by an abundance of CaAl-silicates, is distributed
in the Kamikita area, northern Honshu, Japan. This zone
is divided into the laumontite and wairakite subzones based
upon the distribution of secondary minerals. Pumpellyite-
bearing rocks are widespread in the laumontite subzone,
vhereas hedenbergite- and garnet-bearing rocks are found
in the wairakite subzone. Other minerals include prehnite,
epidote, chlorite, white mica, albite, titanite, and calcite
in both subzones. Textural descriptions and compositional
data are presented for the minerals. The estimated temper-
ature of formation of these minerals ranges from 200o to
300oC, as deduced from comparison of the mineral
parageneses in the Kamikita area with those in low-grade
metamorphism and active geothermal alteration. Fugaci
ties of CO2 and 02 range from I to l0-2 bars and from
10-34 to 10-47 bars, respectively, assuming that total pres-
sure was conrolled by the liquid-vapor equilibrium for
H2O at the temperatures of interest. The/(CO) values at
Kamikita are lower than those reported from many active
geothermal fields, though the /(O, values are nearly
equivalent. The local decrease in /(CO) during the
hydrothermal alteration at Kamikita facilitated the forma-
tion of pumpellyite and related minerals, which are rare
in active geothermal fields,

Keywords: ptmpellyite, propylitic alteration, carbon diox-
ide fugaciry, oxygen fugacity, fossil geothermal system'
Kamikita, Honshu, Japan.

SoMMAIRE

Le district de Kamikita, dans le nord de I'lle de Honshu'
au Japon, est le site d'une vaste zone d'alt6ration hydro-
thermale, dans laquelle les silicates riches en Ca-Al sont
r6pandus. Les sous-zones i laumontite et d wairakite sont
d€finies selon l'abondance des min6raux secondaires. Les
roches d pumpellyite sont courantes dans la zone i laumon-
tite, tandis que les roches d h&enberglte et i grenat se limi-
tetrt e b zone e warakite, Prehnite, 6pidote, chlorite, mica
blanc, albite, titanite et calcite sont prdsents dans les deux
sous-zones. Nous prdsentons des descriptions texturales et
des donn€es sur la composition de ces min6raux. Leur for-
mation se situerait enlre 200 et 300"C, d'apr€s une com-
paraison des paragen€ses avec celles qui caract6risent les
ceintures de faible m6tamorphisme et les zones d'alt6ration

hydrothermale. Les fugacit6s de CO2 et de 02 ont vari6
entre I et 10-2 bars et entre 10-34 et 10-47 bars' respective-
ment, en supposant un contr6le de la pression totale par
l'6quilibre liquide-vapeur de I'eau aux tempdratures
ambiantes. Les valeurs deflCo:) d Kamikita sont infdrieu-
res d celles de plusieurs champs g6othermiques, quoique
les intervalles enl{O) se ressemblent. La diminution locale
en/(CO) au cours de 1'alt6ration hydrothermale d Kami-
kita a ficilitd la formation de la pumpellyite et les min6-
raux associ6s, qui sont rares dans les champs g€othermiques.

(Iraduit par la R6daction)

Mots-clds: pumpellyite, alt€ration propylitique' fugacitd de
Co2, fugacitd d'oxygdne, systAme g€othermique fos-
sile, Kamikita, ile de Honshu, JaPon.

INTRODUCTION

The geological significance of pumpellyite has
increased since the first description of the mineral
by de Roever (1947): it is one of the index minerals
for the prehnite-pumpellyite facies of low-grade
metamorphism (Coombs 1960). Pumpellyite also
occurs in hydrothermally altered oceanic basalts and
ophiolites (Coleman 1977,Liou et ol. 1987)' though
only a few occurrences of pumpellyite have been
documented in rocks collected from mid-oceanic
ridges (Sigvaldason 1963, M6vel 1981, Yietecket al.
1982). Documented occurrences of pumpellyite are
even rarer in active geothermal fields, where almost
the same temperature conditions a$ those of low-
grade metamorphism prevail. Thus pumpellyite has
been considered to be stable under relative higher-
pressure conditions. However' pumpellyite generally
displays extensive solid-solution, mainly through Fe-
for-Al substitution (Coombs et al. 1976, Schiffman
& Liou 1980, 1983). This variability suggests that the
stability of pumpellyite solid solution depends not
only on temperature, pressure, and rock composi-
tion, but also on the fugacities of oxygen and car-
bon dioxide, and on fluid composition.

Recently we found two pumpellyite-bearing sam-
ples from an area of hydrothermal alteration near
the Kamikita Kuroko ore deposit, northern Honshu,
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Japan. In this paper we describe the mineralogy of
pumpellyite and related minerals of hydrothermal
origin. We also attempt to estimate the ranges of
temperature and fugacities of CO2 and 02 during
the formation of these minerals.

GEoLocrcAL SsrrrNc

The location and a simplified geological map are
shown in Figure l. In the Kamikita area, marine sedi-
ments and volcanic rocks of Miocene to Quaternary
age are widely distributed (Miyazima & Mizumoto
1965, 1968, Lee 1970, Lee et al, 1974). Rocks of Mio-
cene age constitute the Kanegasawa, Yotsuzawa, and
Wadagawa formations, in ascending order. The
Kanegasawa Formation is composed of massive or
brecciateil basaltic to andesitic lava flows. The Yot-
suzawa and Wadagawa formations are composed
mainly of andesitic to dacitic lava flows and vol-
caniclastic materials; these rocks are intercalated with
layers of mudstones. These Miocene formations dip
monoclinally 20'E. They are intruded by small

FIc. l. Geological map of Kamikita area, indicating locations of drill holes used in this srudy.

masses of diorite and by andesite dikes. The Quater-
nary group is divided into three formations, the
Tashirodai welded tuffs, andesite lava flows and lake
deposits. They unconformably overlie the Miocene
sediments.

The two drill holes (Nos. 8 and 9) studied here are
located at about I km east of the Kamikita Kuroko
ore deposit (Fig. 1). They were drilled through the
Wadagawa and the Yotsuzawa formations. The
former formation contains a thick mudstone at the
bottom, and the Kuroko deposits are embedded just
below the mudstone.

PETRoGRAPHY AND MINERAL ASSEMBLAGES

Figure 2 shows the lithology and the distribution
in the drill holes of secondary minerals, which were
determined by X-ray powder diffraction and opti-
cal microscopy. The mineral assemblage in the mud-
stones is quite homogeneou$ and consists of white
mica, chlorite, calcite, and quartz. The mudstones
occasionally contain late-stage veins of stilbite. On
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Fro. 2. Lithology and distribution of secondary minerals in the Nos. 8 and 9 drill holes. Abundance of,the minerals
at various depths is indicated by solid circles; I : major constituent. .i minor constituent.

the other hand, the mineral assemblages in sand-
stones and volcanic rocks are variable. The occur-
rence of pumpellyite, prehnite, hedenbergite, garnet,
laumontite, and wairakite is visible in these rocks.
The distribution of the secondary minerals shows
that the extensive zone of hydrothermal alteration
at Kamikita consists of the laumontite and wairakite
subzones (Fig. 2). Pumpellyite occurs in the laumon-
tite subzone, and hedenbergite and garnet occur in
the wairakite subzone. Prehnite is found in bot}l sub-

Tuf  f
Brecc ias [ ]  Dacites

zones. These characteristic minerals occur as replac"e-
ments of feldspar grains, druse fillings, pore fillings,
and veins (Fig. 3). Table I lists the diagnostic coex-
isting mineral assemblages observed in druses, inter-
stitial pores, or as pseudomorphs after plagioclase.

The pumpellyite-bearing rocks at Kamikita are
characterized by the assemblages pum-
pe l l y i t e  +  ep ido te  +  l aumon t i t e  +  wh i t e
mica * calcite or pumpellyite + prehnite +
epidote + laumontite, determined by optical
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FIc. 3. a) Pumpellyite @p) replacing plagioclase phenocryst associated with epidote (Ep), lvhite mica (Mc), quartz (Qz),
and calcite (Cc) in sample 8-167 m. b) Radiating acicular agglegates of pumpellyite (Pp) coexisring with prehnite
@r) in a druse in sample 9-20 m. c) Associated hedenbergite (Hd) and prehnite @r) replacing a feldspar grain in
sample 9-64 m. The remaining feldspar is albitized (Ab). d) Hedenbergite (Hd), garnet (cr), and epidote @p) filling
an interstitial pore space in sample 9-64 m, associated with quartz (Qz). e) Veinlet of wairakite (Wk) associated
with epidote (Ep) in sample 9-167 m. f) Laumontite (Lm) associated with epidote @p) in sample 920 m. Bars indi-
cate 0.2 mm. Ch: chlorite. Sp: titanite.
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microscopy and X-ray-diffraction analysis. The
hedenbergite-bearing rocks are characterized by the
assemblage hedenbergite + garnet + prehnite +
epidote + wairakite. All the assemblages contain
chlorite, albite, titanite, and quartz. As shown in
Table l, all the secondary minerals rarely coexist in
a single specimen or a single druse. In this study,
nevertheless, it is assumed that each assemblage
observed within a druse or as a pseudomorphic
replacement of feldspar in a thin section has attained
local equilibrium.

We note that calcite is abundant through the entire
zone of hydrothermal alteration at Kamikita @ig.
2), but it is commonly rare in the pumpellyite-
prehnite-, hedenbergite-, and garnet-bearing rocks
except for the pumpellyite-bearing sample from
8-167 m. Heulandite and stilbite are common in
sandstones and volcanic rocks of both drill holes (X-
ray-diffraction analysis). They occur in late-stage
veins or form the final precipitates in druses. The
occrurence of pyrite is confined to the lower parts
of both drill holes. Pyrophyllite, present over the
range of 380-400 m in hole No. 8, may be a product
of alteration caused by later acidic hydrothermal
activity (Inoue & Utada 1989).

TA T.E 1. COETTSTIIG IIiGNAL ASSEGTAGES OBSERVED fIftTil A DRI'SE ()R As A
REPI.ME|BN OF TEII)SPAR Tlt A StilELE I}IIII SECTIoII ()F TIf MilIKITA
$mRoilrR,ut Ll ALlIRm RocKs

Calclte.fe 63€!6lags

Ldt (9-13 d)
(9-55 o, 9-137 o)
(9-5 o, 9-13 6, 9-20 !, 9-26 o)

Ep + lot (9-49 a, 9-56 o)
(9-5 E, 9-13 d' 9-20 E)

calclte-b€rlN 6s@blaqes

E p + & + c a l  ( 8 - 3 4 9 o )

Pq + Ep + its r Cal (0-167 s)

It
Ep
E p .
Prh
Prh { Ep (9-20 q, 9-55 o)

Prh + !p + tot (9-13 !)

@ + Ep (9-Zt o)

Pq + Prh (9-20 o)

PEp I Prh { Ep (9-m B)

M r Ep (956 d, 9-64 o)

ttd r Ep + rot (9-56 o)

Hd r Ep + Prh (9-64 o)

Hd r Ep + Grt (9-64 o)

All the Fsedlaqes @tst rlth chlorlte, Elbtte' ud quattz.
The s@le tn rhich the above Gsetblages rere obseryed ls represnted ln
the Drenties. Lut: la@ntlb, Ik: talraktte, Ep: epldote,
Prh: prehnlte, @: p'i@el lylte, Hd: hedelberglte, Gtt: gmet' !ts: rhlte
Elca, Cal: calcite.

MINERAL CHEMISTRY

Pumpellyite

Compositions of pumpellyite are listed in Table

TA8I."E 2. TXECTROII.IIICROPROBE DATA MR PUiIPELLYIIE AIO PRt}IilITE IN TIfr KAI.IIKITA AREA

PuEpellylte Prehntta

S€opl€ 8-16, E

llunber of analyses r
ln average

Sl0Z at,,
Tt02
41203
f"Z0g
l,ln0
ilgo
Ca0
q0
Total
firder of oxygen 24.s

st
TI
AI
Fe3+
lln
nS
Ca
K

TotaI

h"

35.9
0.02

22.2
8.33

0.02
2.66

22._8

91.93

5.91 (5.8!i-5.96)
0.00
4.30(4.00-4.57)
t.q|(0.68-t.44)
0.00
0.65(0.59-0.r3)
4.02(3.95-4.0r)

9-m n

t2

35.8
0.04

21.0
9,62
0.07
2.9,

22.6

92.02

42,t 42.4

20.1 22.1
4.rU' ?.93

42.4 41.8

22.7 m.9
,.-o 5.15

9-5 n

2

0.08

25.9

9-al n

4

26.0

9-56 D

l8

9-64 E

l l

0.36
26.0
0.04

94.?5

0.79
26.2

93.41 93.43 94.31

24.5 l l  l l  l l  l l

5.92(5.82-6.001 3.02(3.01-3.03) 3.01(?.99-3.021 2.98(2.93-3.01) 2.97(2.95-3.00)
0.01
4.0S(3.S0-4.61) t .74(t.69-t.r9l 1.85(1.7t-1.9s) t .s(1.82-1.951 1.75(1.61-1.90)
t.m(0.13-1.42) 0.24(0.19-0.28) o. l6(0.0! l-o.2l l  0.12(0.07-0.191 0.27(0.13-0.41,
0.01
o.7t(0.5s-0.83) o.ol(o.oo-0.02) - 0.@(0.00-0.25) 0.04(0.00-0.15)
4.or(3.97-4.05t I.q'(l.98-1.9!tl 1.980.9r-l.9!r) 1.97(l.92-2.041 1.98(1.92-2.0l)

1s.92(15.s1-15.94) 15.93(15.87-15.97) 6.s'(6.eS-7.001 6.91r(6.91t-r.@) 7.03(6.st'7.t 1 t.o2l7.@'7-041
0.19(0.13-0.27! 0.23(0.14-0.271 0.24(0.t9-0.291 O.l6(0.08-0.2ll 0.12(0.07-0.181 0.27(0.13-0.41)

Iho values ln parenthes$ lndlcato the range of analyses. lhe anallfs6 €r€ deterdlned u!!!9.q acceleratlng roltago-of
20 kV, a bem twrent of 200 pA, a beau dlimter of 2 tn, and a couitlng tlm of 200 s. mS data rere rgducgd by-a ZAF
correitlon scheoe. The standiri lncluded quantz (sll. corundrm (All, drlclase (ltl' mtals (Fe' Tl, and llnl' calclte
(Ca), alblte (tlal, and potasslm chr@ate crystal (K).
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Frc. 4. Compositions of the pumpellyite plotted in A1-
Fe*-Mg diagram, expressed as the atomic proponions.
Fe* = total Fe. Areas surrounded by solid and dotted
lines indicate the compositional fields of pumpellyite
from the epidote and zeolite zones, respectively, in the
Del Puerto ophiolite, as reported by Evarts & Schiff-
man (1983) .

2. The empirical formula was calculated on the basis
of 24.5 oxygen atoms (Nakajtrna et ol. 1977), and
all the iron (Fe*) was calculated as Fe3+. The Si,
Ca, and Mg contents range from 5.82 to 6.00, from
3.95 to 4.07, and from 0.58 to 0.83, respectively. The
Ti and Mn contents are negligible. Although green
and brown pumpellyites were apparently identified
at Kamikita under the microscope, the compositional
ranges are essentially identical.

The pumpellyite exhibits a significant range of
solid solution by Fe-for-Al substitution. The
Fe*/@e* + Al) ratio varies from 0.13 to 0.Z7,with
a nearly constant Mg fraction of 0.1 I (Fig. 4). The
range in the Fe*,/@e'r + Al) ratio in the pumpellyite
is more similar to that displayed by pumpellyite coex-
isting with epidote in low-grade metamorphosed vol-
canic rocks than that in the zeolite-pumpellyite
association @varts & Schiffman 1983, Cho et ol.
1986).

Prehnite

Compositions of prehnite are listed in Table 2, and
plotted in the Al-Mg-Fe diagram (Fig. 5).The preh-
nite at Kamikita can be classified into three groups:
the first, typical of prehnite in the 9-20 m sample,
is characterized by low Fe and Mg contents (termed
Al-rich prehnite in this study); the second (9-56 m
sample) is a low-Fe and high-Mg variety (termed Mg-
rich prehnite), and the third (9-64 m sample) is a low-

  9 -5 -m
I 9-2O-m

* 9-56-m

O 9-64-m

FIo. 5. Compositions of the prehnite plotted in Al-Fe-Mg diagram, expressed in terms of atomic proportions.
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TABLE 3. ELECTR0N-MICR0PR0BE DATA FOR EPID0TE IN THE KAI''IIKITA AREA

Number of analyses rn'in average

Si02 nt .% 37.0

9-20 n
' l ?

37.0

0 .05

24.8

1 1 . 2
n  r o

0 .04

23.1
oc ?q

25

5.94(5 .90-5 .97)
0 . 0 1
4.70(4 .  I  6 -5 .09)
r . 3 5 0 . 0 0 - 1 . 8 s )
0 .02(0 .0r  -0 .07)

0 .01

9-56 rn

36 .7

22 .6

t  3 . 8

0 .  r7
0 .03

23.2

96.50

5 .96 (5 .93 -6 .02 )

4.32 (4.06-4.49)

1 . 6 8 0 . 5 2 -  1 . 8 9 )

0 .02 (0 .02 -0 .03 )

0 .01

9-64 m

6

J O .  /

22.4

I  4 .4

0 .01

23.3

96.81

25

5 .95 (5 .93 -5 .99 )

4 .28 (3 .74 -4 .8 r  )

1 .75(1.26-2.23' )

0 .0 r  ( 0 .00 -0 .03 )

Sanpl e

Ti o2

A1 203
FeZ03

Mn0

tr,ls0

Ca0

Total

si
l t

AI
?+

F e - '

MN

Mg

Total

XP,

8-167 m 8-349 m

l 0

37 .8

26.0

10.2

0 .27

23.6

97.47

?4.7
l l . 4
0 .08

23.?
96.38

Number of oxygen ZS 25atoms

5 .96 (5 .94 -5 .97 )  5 .93 (5 .90 -5 .96 )

4 .68 (4 .37 -5 .02 )  4 .84 (4 .67 -5 .00 )

1 .370 .02 -1 .66 )  1 .20 i l . 07 - t . 39 )

0 .01 (0 .00 -0 .03 )  0 .04 (0 .01 -0 .08 )

4 .00 (3 .91 -4 .04 )  3 .99 (3 .91 -4 .08 )  3 .99 (3 .89 -4 .02 )  4 .03 (4 .00 -4 .08 )  4 .05 (4 .03 -4 .09 )

r6 .02 (15 .97 - r6 .03 )  r 6 .01 (15 .93 -16 .06 )  16 .02 (15 .99 -16 .06 )  16 .03 (16 .00 - r6 .05 )  16 .04 f i 6 . 03 -16 .06 )

0 .23 (0 .17 -0 .28 )  0 .20 (0 .18 -0 .23 )  0 .22 (0 .14 -0 .3 r  )  0 . 28 (0 .25 -0 .32 )  0 .29 (0 .21 -0 .38 )

The values in parentheses indicate the range of analyses.

Mg and high-Fe variety (termed Fe-rich prehnite).
The Al-rich prehnite contains 8 to 21 molqo of the
ferrian prehnite end member Ca2FeAlSi3Oto(OH)z
and coexists with pumpellyite in andesite lavas. The
Mg-rich prehnite has Xp.-or"1,n1," of 0.07-0.18 and
coexists with epidote in sandstones. The Xo"-0r"1,6,.
of the Fe-rich prehnite ranges from 0.13 to 0.41. It
generally coexists with hedenbergite in sandstones.
All the prehnite varieties coexist with chlorite. The
9-5 m sample, which was originally andesite lava,
may be said to contain an Al-rich variety, based on
the few analyses obtained.

Epidote

Compositions of epidote are listed in Table 3. The
epidote at Kamikita contains between 13.7 and
37,4V0 pistacite Ca2Fe3Si Orz(OH). Each epidote
grain shows a slight compositional zoning, but no
systematic trend was detected. The Xp, is greater in
epidote coexisting with the Mg-rich and Fe-rich preh-
nites (9-56 m and 9-64 m samples) than those with
the Al-rich prehnite and without prehnite. In par-
ticular, the Xp, of epidote in the 9-64 m sample
attains 0.38. The apparent distribution coefficient,
Ka, for Fe-Al partition between epidote and preh-
nite ranges from 0.025 to 0.09 (Fig. 6), where the
composition Ca2FeAl2Si3Orr(OH) is considered as
one end member of epidote, according to Rose &
Bird (1987). The Mn content is negligible.

Chlorite

Compositions of chlorile are listed in Table 4. The
chlorite contarns between 2.79 and 3.03 Si per
O19(OH)8. The ratio Fel(Fe+Mg) varies from 0.16
to0.Sa Gig. 7). The relatively Fe-rich compositions
coexist with Mg-rich prehnite and Fe-rich epidote
(9-56 m sample), and with Fe-rich prehnite, Fe-rich
epidote, hedenbergite, and garnet (9-64 m sample).
The Fe-rich chlorite in the 8-54 m sample occurs as
veins with phengitic mica. The occurrence of chlo-
rite having an intermediate Fel(Fe+Mg) ratio is
diagnostic of the association with pumpellyite or Al-
rich prehnite or both (8-167 m and 9-20 m samples).
The occurrence of Fe-poor chlorite is confined to the
deeper parts ofboth drill holes, in which it coexists
with white mica and illite-smectite. The composition
of the Fe-poor chlorite is close to that of chlorite in
hydrothermally altered rocks related to Kuroko
mineralization (Inoue, unpubl. data).

Hedenbergite

The hedenbergite (Table 5) contains a mole frac-
tion of diopside (CaMgSi2O) between 0 and 0.51
(Fig. 8a). In addition, it is characterized by high Mn
content (from 0.38 to 3.93 wt.9o MnO). The propor-
tion of the johannsenite component is inversely
proportional to the Mg content (diopside compo-
nent), as shown in Figure 8b.
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Garnet

Although the garnet shows a complex solid-
solution between pyrope, almandine, spessartine,
and grossular, the composition can be essentially
represented by almandine-spessartine solid solutions
(Table 5). The estimated hydrogrossular content is
negligible (less than 2Vo).

Zeolites

The composition of zeolites is given in Table 6.
Laumontite contains a small amount of alkalis
replacing calcium. Wairakite is close to the Ca-end
member and does not show solid solution with anal-
cime. Stilbite and heulandite have a All(Al + Si) ratio
of 0.25-0.27 and a R+.(R+ + R2+) of 0.07-0.32.
No systematic change in the compositions of the zeo-
lites was detected in the two drill cores.

o.2 o.3 o.4
Xca2re3s t3orz (Ox)  in  Ep ido te

Frc. 6. Distribution of Fe3+ between coexisting epidote and prehnite, expressed as
the mole fraction of Ca2FeAlSi3Oro(OH)z in prehnite and Ca2Fe3Si3O12(OH)
(pistacite) in epidote. Solid circles and bars represent average compositions and
ranges, respectively. Dashed curves represent values of constant distribution coeffi-
cient K6 for the reaction Al-prehnite + epidote = Fe-prehnite + clinozoisite,
where the composition Ca2FeAl2Si3O12(OH) was assumed as an end member for
epidote.

o.'t

Other hydrothermal minerals

Calcite is almost pure in composition. Titanite in
the 9-64 m sample shows about 20t/o of Al-for-Ti
substitution. The white mica is usually phengitic,
containing about 25 mol 9o of the celadonite com-
ponent (Table 7).

FonvantoN oF PUMPELLYITE
AND RELATED MINERALS

IN THE KAUTTTTA HYONOTTTSRMAL SYSTEM

Based upon the parageneses and compositional
variations of secondary minerals described above,
two diagnostic mineral assemblages, A and B, are
identified in the extensive zone of Kamikita
hydrothermal alteration. Assemblage A is pum-
pellyite + Al-rich prehnite + Fe-poor epidote +
intermediate Fe-bearing chlorite. Assemblage B con-
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TABLE 4. TLECNOI.IIICROPNOEE DATA FOR CHLORIIE tII THE IqlttKIIA AMA
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5@lo 8-54 6 8-167 E 9-5 m 9-m o 9-56 m 9-64 n 9-167 n
l{mber of atalJrses i

lnav€raga 5 4 3 4 9 3

st02 yt.tr 26.9 n.5 28.0 n.7 24.6 27.a 28.1
A1203 16.6 t7.4 16.8 18.4 t7.5 t7.5 19.9
Fe{, n.0 at.6 A.'l l9.l 23.6 24.O 9.8
f,lno - O.23 0.?8 0.34 0.40 0.36
w r3.8 18.4 18.7 19.8 13.5 15.6 21.1
cao - 0.31 0.14 0.34 0.14 0.15 O.gz
K20 - 0.05 0.05 0.05 0.(r2 0.01
Total 86.3 84.49 86.07 86.73 79.16 85.42 U.r2
l{mber of oxygen il

atffi rr 14 l4 14 14 14 14

sf 2.95(2.94-?.95' 2.94Q.t2-2.97' 2.96Q.95-2.91' 2.95Q.93-2.97' 2.86Q.U-2.901 2.91'(2.94-3.031 2.8112.79-2.A21
Al 2.1412.10-2.171 2.1912.15-2.41 ?.09(?.07-2.11) 2.UQ.m-2.251 2.r912.3,,-2.4s1 2.2512.@-2.561 2.3f12,31-?.311
Fo 2.6542.62-2.81 r.84(r.82-1.86) 1.96(t.94-1.981 r.64(1.6{t-r.701 2.8Q.U-?.61 2.16Q.c6-2.24' 0.82(0.&l-0.431
Mn - 0.0? 0.02 0.03 0.04 o.qt
Mg 2.2512.23-2,26, 2.9312.8t-2.Cal 2.95(2.90-?.98) 3.03(3.01-3.051 2.35(2.30-?.41) 2.5012.46'-2.511 4.04(4.01-4.09)
ca - 0.03 0.02 0.04 0.02 0.02 o.ql
K - 0.0'l 0.01 0.01 o.qt o.ql
Tota'l 9.99(9.98-10.@1 9.9t(9.95-9.981 to.qx9.99-l0.oll 9.93(9.92-9.95, 9.U$.92-9.97t 9.95(9.85-9.qrl 10.02(10.0'l-10.03,
Ir"(. Fel(Fer[gl) 0.5a 0.39(0.38-0.3rr, 0.40(0.3!r-0.4t) 0.35(0.35-0.36r 0.49(0.it8-0.51) 0.46(0.45-0.471 0.'17(0.16-0.171

ThE values fn pir€nthoses lndlcato the rangs of analysos.

sists of hedenbergite + garnet + Fe-rich prehnite
+ Fe-rich epidote + Fe-rich chlorite. The assem-
blages are illustrated schematically in the Al-Mg-
(Fe* + Mn) diagram (Fie. 9). Both assemblages con-
tain albite, titanite, and quartz. In addition, laumon-
tite and white mica are included in assemblage A,
and wairakite in assemblage B. Although most of
the two- and three- phase assemblages denoted in
Figure t have been observed petrographically or
inferred by X-ray-diffraction analysis, as shown in
Table l, the critical low-variance assemblages includ-
ing pumpellyite and related minerals are distinctly
rare. Therefore, the nature of the reactions that
define isograds is poorly understood at Kamikita.
The assemblages A and B were apparently identified
in the laumontite and wairakite subzones, respec-
tively. This suggests that the temperature of forma-
tion of assemblage B was probably slightly higher
than that for assemblage A, but the difference in
mineral assemblages and chemical composition of
each mineral may be governed mostly by local differ-
ence in bulk composition.

As for the formation of pumpellyite and related
minerals, no direct measruement$ of temperature are
available in the Kamikita field. The range of tem-
perature of formation of the above mineral assem-
blages can be estimated by analogy with informa-
tion on low-grade metamorphic terrane$ and active
geothermal fields. With respect to assemblage A,
Evarts & Schiffman (1983) gave a minimum temper-
ature of 125'C for the appearance of pumpellyite
associated with zeolites in the Del Puerto ophiolite.
Their pumpellyite contains much more Fe than that

in their epidote zone. The Kamikita pumpellyite is
closer in Fe*/(Fe* + Al) ratio to that in the epidote
zor,e at Del Puerto, as mentioned in the preceding
section. Epidote appears generally at temperatures
of 200' to 250oC in geothermal fields (Browne 1978,
Henley & Ellis I 983, Bird et al. 1984). In the geother-
mal fields of lceland, the measured temperature of
pumpellyite-bearing rocks ranges from 180 to 230"C
(Sigvaldason 1963). Experimentally, the temperature

tl 8-54-m
a 8-167-m
r 9-5-m
a 9-20-m
A 9-56-m
o 9-64-m
*s-rez-m

s i

Frc. 7. Compositions of chlorite plotted in terms of Si
versus Fe/(Fe+ Mg) ratio.

+
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TAELE 5. ELEC'IRON.iIICROPROBE DATA FOR HEDEIIBERGITE AND GARNET
IN ftE TAilIKITA AREA

Sarple
Ntmber of analyses

ln average
Sl0Z ut.%
Tl02
Al ?03
Feo
un0
r,b0
Ca0
Total
lltmber of orygen

atoms
sl
TI
AI
Fe
l.ln
ltg
Ca
Total
xor
ha
x,lh

Hedenbergite
9-64 E

l9

c h t

o-.a2
I  9 . 8
2.15
3.68

23.2
99.75

6

2.000.98-?.02)

0.04(0.00-0.u )
0.56 (0.43-0.85)

0.07(0.02-0.14)
0.2r (0.00-0.47)

0.99(0.97-1.01 )
3.98(3.97-4.00)
0.22(0.00-0.51) xPrp
0.70(0.54-0.84) XAln
0.07(0.02-0.16) xsPs

xc",
tHg"

Garnet
9-64 E

4

36.4
0.  l4

z ' t .2
22.2
I  4.0
1 .65
3.23

98.8?

12

2.98(2.97-2.99)
0.01
2.O4t2.02-2.071
r.5r  n.40-r .66)
0.96(0.84-r .0!,)
0.20rc.17-O.22'
0.29(0.25-0.32)
7.99 (7.99-8.00)

0.07 (0.06-0.07)

0.51 (0.47-0.55)

0.32(0.28-0.36)
0.10(0.08-0.u )
0.01 (0.00-0.02)

The values ln parentheses indicate the range of analyses.
Dl: diopslde, Hd: hedenbergite, Jh: johannsenlte,
Prp: pjrope, AIn: alnandine, sps: spessartlne, crs: grossular,
Hrs: hydrogrcssular.

of the reaction in which the Fe end member of pum-
pellyite breaks down to epidote + H2O is consi-
dered to be about 2NoC at I kbar (Liou 1979, Schiff-
man & Liou 1983). The temperature of the reaction
shifts toward lower temperatures with decreasing
total pressure, but toward higher temperatures with
decreasing Fe content in pumpellyite. Increasing
lOr) also contributes to a decrease in the thermal
stabiliry (schiffman & Liou 1983). Thus, the mini-
mum temperature of formation of the pumpellyite-
bearing assemblage at Kamikita is considered to be
about 200oC.

Elders el al, (1981) and Cavarretta et ql. (1982)
reported a similar mineral assemblage to assemblage
B, i.e., prehnite, hedenbergite, epidote, and actino-
Iite, from the Cerro Prieto and Larderello geother-
mal fields, respectively. They suggested a range in
temperature of formation from 250o to 350oC.
Hydrothermal actinolite, clinopyroxene, and garnet
appear generally at temperatures greater than 300oC
@rowne 1978, Henley & Ellis 1983, Bhd et ol. 1984).
Actinolite is absent in the Kamikita area. The heden-
bergite and garnet contain a significant proportion
of the Mn-component. The stability of the Mn-
substituted minerals expands toward lower tem-

o.1 0.2 0.3 0.4
Mg/(Fe+lln+Mg)

Frc. 8. a) Compositions of hedenbergite in sample 9-64 m
plotted in the pyroxene quadrilateral. En: enstatite
(Mg2Si2O6), Fs: ferrosilite (Fe2Si2O6), Di: diopside
(CaMgSi2O6), Hd: hedenbergite (CaFeSi2O6), Wo:
wollastonite (Ca2Si2O). b) Relation of Mn,/(Fe+Mn)
and Mgl(Fe+Mn+Mg) ratios in hedenbergite from
Kamikita.

peratures compared to the Mn-free equivalents (Hsu
1968). This suggests that the maximum temperature
did not exceed 300oC at Kamikita. Consequently,
the temperature range of200' to 300'C is taken as
a reasonable value for the formation of pumpellyite
and related minerals at Kamikita.

The l(6 values (0.025-0.09) that govern the Fe-
Al partition between epidote and prehnite in assem-
blages A and B (Fig. 6) indicate the temperature to
be approximately between 150' and 350'C, if we
assume the activity-composition relations and ther-
modynamic properties for epidote and prehnite
reported by Bird & Helgeson (1980) and Rose & Bird
(1987). The partition of Fe and Al between epidote
and prehnite at Kamikita is similar to that at Cerro
Prieto, where the two minerals equilibrated at
200"-370"C (Schiffman et al. 1985). This suggests
that the distribution of octahedrally coordinated
cations among the coexisting minerals at Kamikita
approached chemical equilibrium on the microscopic
level in the temperature range of 200-300oC, esti-
mated above on the basis of mineral parageneses.
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TABLE 6. ILECTROII.IIICROPROEE DATA FOR SIILEIII, HETI.II{OIIE, LAIT6IfTIIET AIID TAIRATIE IN Ntr UIIIKIIA ANIA

26s

s@le 8-349 r
ldDber of lnalysqs e

ln averag€
sloz rt., 58.3
At203 17.8

F"zor 0.02

Cao 8.19
ila20 0.t9

q0 0.23
Totd 85.3.:|

9-56 0 9-167 0

Ialrrltta

8-319 r 9-137 r

5 3

stllblte lbuludlte L8l@nttto
9-5 r

4

5?.0
20.8
0.20

10.3
0.43
0.32

84.05

8

58.7
t7 .3

8 .10
0.28
0.43

8{.8r

3

56.4
tt:t

7.45
0.al
o.2f

81.63

9-56 n

4

51.7
16. ,

?.92

ol,,
82.88

53.3
23.1

12.7

o.*
89.45

53.1
2X,X

12.5

o.,
l{uber of ovgen t2 tZ tZ lZ tz t2 tz

atG

st 26.60(26.58-26,76t 26.90(?6.4S-27.Otl 6.8/..2f.62-21.@l 27.02126.62-21.261 24.54(?4.48-24.061 3.96(3.94-3.98) 3.95(3.95-3.981

At 9.5S(9.45-9.91, 9.32(9.06-9.?9) g.re(g.00-g.641 9.21(8.9-9.6s) 11.58(1t.34-ll.59l 2.0512.02-2.061 2.05(2.03-2.061

Fo 0.01 - 0.04
cr 4.@(3.t1-4.201 3.98(3.52-4.$1 3.@(3.60-4.06) 3.9?(3.9t-4.6) 5.22(5.t1-5.23t l.0l(1.(n-1.021 1.00(0.99-1.01)

il8 0.70(0.&-t.3r) 0.25(0.qF1.08) 0.75(0.35-t.26) - 0.42(0.32-0.601

K 0.13(0.0t-0.351 0.25(0.03-0.€1 0.16(0.13-0.211 0.3:t(0.29-0.41) 0.18(0.16-0.24) 0.@

TotEl 41.02(40.83-41.63t 10.69(40.54-110.99) 40.93(/u|.66-41.251 40.54(4o.it3-(t.70l 41.98(41.d'-42.181 7.02[7.0]-l.ull 7.01(7.00'7.02)

Al/(Arlsrt o,2710,26-0.27t 0.26(0.25-0.2?) 0.26(0.25-0.2il 0,2610,25-0.211 0.32

nr/(nr+nz+, o.u(o.tt-0.:z) o.tt(o.m-o.all o.tg(o.tt-o.ze) o.m(o.ol-0.@, o.to(o.to-o..tr)

Ihe yrlues ln p6r€nthees lndlcato the ruga of u.l!6€s.

TASLE ?. ELECTROII-IIICROPROBE DATA FOR IIHIIE I,IICA, TITAIIIIE, AT{D CALCIIE IlI IHE
KAI'IIKITA AREA

tlhlte Dlca Tltanlte Calclte

Sanple 8-54 u
lluober of analyses a

ln average
Sl0Z r{t.t 49.0
Ttoz 0. l t
Al2o3 ?9.2
Feo 2.80
l,{g0 2.58
Cao 0.76
Nto 0.17

h0 8.3t
Total 92.93

sl
AI
TI
Fe
ilg
C6
l{a
r
a(lluscovltel*

9-137 0

I

47.6
0.38

34.r
0.63
2.77
0 . t 6
0.56

10.7
96.90

l l

3 . l l
2 .63
0.02
0.03
o.?7
0.01
0.07
0.89
0.6

8-167 n

I

49.?

32.3
1 .30
2.13
0.r18
0.37
9.81

95.59

3.32(3.29-3.35) 3.24
?.3312.29-2.421 2.5r
0.01
0.16(0.15'0.17) 0.07
0.26(0.r7-0.301 0.21
0.05(0.04-0.07) 0.03
0.02(0.00-0.061 0.05
0.72(0.66-0.791 0.82
0.6 0.6

9-6{ o

I

Sl0Z r t . t  .30.6
Tt02 30.7
At203 5.06
Cao 28.5
Total 94.86
Nunber of a
oxygen atons
st  1.04
fi 0.79
Al 0.m
Ca 1.04
Total 3.07

8-167 o

I

Feo {t.1 0.27
llno 0.ll
il90 0.20
Cao 54.2
suD 54.78
Eq. CoZ 44.01
Total 98.79
Fe 0.004
!|n 0.002
H9 0.005
Ca 0.99

l{unber of oxygen ll lt

The values ln parentheses lndlcate the range of analyses.
r the actlvlty-of nrscovlte a@onent ln rhlte rlca tas calculated uslng the
actlvlty.c@posttlon relatlon reported by Helgeson et al. (1978).

The detailed distribution of octahedrally coordinated
cations among coexisting minerals at Kamikita has
not as yet been investigated.

Fugacities of CO, and 02 also influenced the for-
mation of pumpellyite and related minerals. They

were estimated assuming liquid-vapor equilibrium
for H2O at the temperatures of interest. Equations
and thermodynamic data required in the calculations
were adopted from the internally consistent data-set
given by Helgeson and his colleagues (Helgeson &
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M g
assemb lage  A

FIc. 9' Two diagnostic mineral assemblages in the extensive zone of Kamikita hydrothermal alteration, illustrated in
terms of Al-Mg-@e* +Mn). Chl: chlorite, Pmp: pumpellyite, Prh: prehnite, Ep: epidote, Grt: garnet, Hd: hedenbergite.

rd+ Mn Fe*+Mn
assemblage B

Kirkham 1974, Helgeson et al, 1978, Helgeson et a/.
1981). Nonstoichiometry in epidote, prehnite, heden-
bergite, and white mica is accounted for by activity-
composition relations for therrnodynamic compo-
nents of solid solutions reported by Helgeson et aL
(1978), Bird & Helgeson (1980), and Rose & Bird
(1987).

Figure l0 shows the T - log/(CO) relationships
in the system CaO-AI2O3-SiO2-H2O-CO2, where
calcite has equilibrated with the silicares. If a(SiO)
is fixed by saturation with quartz and a(H2O) is
equal to l, margarite appears stably instead of
wairakite above 230oC in the T - log ICO) dia-
gram. Wairakite is stable only under conditions of
higher a(SiO2). In fact, however, wairakite occurs
commonly with quartz, and no margarite was iden-
tified at Kamikita. This inconsistency may be a result
of the uncertainty of the thermodynamic data-set
used.

Since there are no reliable thermodynamic data for
pumpellyite, .f(CO) cannot be estimated directly
from the equilibrium reaction concerning the forma-
tion of pumpellyite. In spite of that, the range of
loglCO, at Kamikita can be estimated by assum-
ing the following equilibrium reactions among the
coexisting mineral assemblages in the pumpellyite-
bearing rocks, as shown in Table l:

3 white mica+4 calcite+6 euartz:
2 clinozoisite+3 K-feldspar+ 4CO2+2H2O (l)

and

2 clinozoisite +3 quartz+2 calcite + 2HrO:
3 prehnite+2CO, (2)

Equations (1) and (2) were calculated using the com-
positional data for epidote and white mica in the
8-167 m sample and for epidote and prehnite in the
9-20 m, 9-56 m, and 9-64 m samples, respectively.
Then, it was assumed that a(muscovite) was 0.6
(Table 7), and that a(quara), a(calcite), and a(HrO)
were equal to l. The presence ofK-feldspar has not
yet been defined in the 8-167 m sample. Neverthe-
less, we assumed the presence of K'feldspar in the
sample, and a value of a(K-feldspar) equal to I for
the sake of the thermodymanic calculations. The
Kamikita samples are actually calcite-free except for
the 8-167 m sample. The log f(CO) equilibrated
with the Kamikita epidote and prehnite solid solu-
tions was lower than the calculated curves in Figure
10. The/(CO) ranged from 1 to 102 bar, as shown
by the shadowed area in Figure I0. The /(CO)
values at Kamikita are lower than those in many
geothermal fields, e.g., 100'5-101 bars at Salton Sea
(Bird & Helgeson 1981), about I bar at Larderello
(Cavarretta et ol. 1982), and l0-0.5-100.s bars in the
New Zealand geothermal fields (Giggenbach 1980,
l98l ) .

The range offiO) at Kamikita can be estimated
by the equilibrium assemblage of hedenbergite, epi-
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50 200 250
Tempera ture  (oC)

Frc. 10. Range in fugacity of carbon dioxidefiCO) and temperature for the formation of pumpellyrte and related
minerals at Kamikita. Phase relations in the system CaO-Al2O3-SiO2-H2O-CO2were calculated using the data given
by Helgeson et al. (1978) and on the assumption that quartz and calcite are in equilibrium with the silicates. The
two dashed curves represent the locus of prehnite - epidote coexistence in samples 9-20 m,9-56 m, and 9-64 m,
calculated for the reaction (2) in the text. The dotted curve represents the locus of epidote - white mica coexistence
in sample 8-167 m, calculated according to reaction (l) in the text. An: anorthite.

-3
1

dote, and prehnite present in the 9-64 m sample. The
variation of logfiO) with temperature is shown in
Figure 11. The estimated f(O) at Kamikita ranged
from l0-au to 10-sa bars. This range is close to that
estimated for many geothermal fields (D'Amore &
Panichi 1980, D'Amore & Gianelli 1984).

In summary, the hydrothermal alteration that
formed pumpellyite and related minerals at Kamikita
took place between 200o and 300oC, at a f(CO)
between I and l0-z bars, at aflO) of 10-3a - 10-41
bars, and at a P(total) of less than 1 kbar (the pres-
sure was probably controlled by liquid-vapor
equilibrium for H2O at those temperatures). These
conditions are quite normal in most geothermal
fields, except for flCO), which is significantly
lower at Kamikita. A.L. Albee and E-An Zen lcited
by Bishop (1972)l and Seki (1973) emphasized the
critical role of CO2 in determining the stability of
pumpellyite and prehnite in low-grade metamorphic
assemblages under conditions of constant tempera-
ture and total pressure. As demonstrated in the

300 350

Kamikita area, the pumpellyite + prehnite assemblage
can have formed even in an environment of low total
pres$ure it f(CO) was locally low. Where f(CO)
increased, the pumpellyite and prehnite would be
replaced by the assemblages epidote + chlorite -r

calcite, and finally chlorite + calcite under condi-
tions of nearly constant temperature and total pres-
sure. The chemical potential of CO2 may be
generally high in geothermal fields compared to
regional metamorphic tenanes. Propylitic alteration,
characterized by the assemblage epidote * chlorite
+ calcite without pumpellyite or prehnite, thus
occurs more commonly in geothermal fields.
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-25

150 200 250 300 350
Temperature (oG)

Fto. I l. Range in fugacity of oxygen /(O) and temperature for the formation of pumpel$te and related minerals at
Kamikita. The three dashed curves represent the locus of epidote - hedenbergite coexistence at constant CO2 par-
tial pressure, 0.01, 0,I, and 1.0 bar, in sample 9-64 m. The curves were calculated for the reaction, 12 epidote +
l2q t ra ra+2HzO+4Ca2+=8c l inozo is i te+12hedenberg i te+3O2+8H+,assumingtha tCa2+/H+ra t io
is buffered by calcite. Dotted curve represents the locus of prehnite - hedenbergite coexistence in sample 9-64 m,
calculatedforthereaction,4Fe-prehnite+2qrrartz=2Al-prehnite+4hedenbergite+2H2O*02,where
the compositions Ca2FeAlSi3Oro(OH)z and Ca2Al2Si3Oro(OH)z were assumed for the Fe- and Al-prehnite, respec-
tively. The transversal dashed line represents the approximate l(O:)-T limit at 2 kbars for the reaction, 2 Fe-
pumpellyite [Ca4Fd+ Fd+Al4Si6O21(OH)71 + 0.502 = 4 epidote + 5H2O, cited from Liou (1979). Solid curves
representflO) values defined by the hematite-magnetite, fayalite-magnetite-quartz, and pyrite-pyrrhotite buffers.
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