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ABSTRACT : Rare and unusual occurrence of hydrothermal minerals were found in Geodo mine
arca. They are developed in the late stage of hydrothermal alteration of earlier skarns and later by
the open-space filling crystallization. The alteration of earlier skarns of clinopyroxene, garnet, and
plagioclase formed mainly chlorite or sometimes uncommon hydrothermal minerals of prehnite, illite,
and pumpellyite. Open-space filling crystallization characterized by hydrothermal minerals developed
in open sapce or geod are prehnite, pumpellyite, clinozoisite, illite, and Ca-zeolites of stilbite and
stellerite. Mineral phases and paragenesis are examined in detail by microscopy, XRD, SEM, and
EPMA. Using the Schreinemaker's method, equibrium reactions among these minerals are established
and isothemal-isobaric phase diagrams of s y,0— o, are plotted. Hydrothermal minerals such as
prehnite, pumpellyite, clinozoisite, illite, and some chlorite were formed under high partial pressure
of CO, with relatively low H>O fugacity. Later, stilbite and calcite in association with illite
crystallized under relatively both high partial pressure of CO, and high H.O fugacity.

Key words : prehnite, pumpellyite, clinozoisite, Schreinemaker's method, equilibrium reaction, phase
diagram
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Fig. 1. Photomicrographs showmg hydrothermal alteration of ealier skarn minerals (under crossed polars)
A: Endoskarn of turbid plagioclase (F) and prehnite (P) and pumpellyite (M) in clinopyroxene (C), B:
Exoskarn of clinopyroxene and garnet (G) showing illite (I}, prehnite, and pumpellyite fine aggregate in
the upper right part.
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Table 1. Chemical analyses of prehnite by EPMA

Wit% 1 2 3 4 5 6 7 8
SiO, 43.39 43.32 43.76 43.11 42.69 42.01 42.07 42.74
AlO; 23.66 23.46 23.52 23.39 24.05 23.54 23.84 23.33
TiO, 0.02 0.01 0.01 tr. tr. - 0.01
FeO* 0.09 0.09 0.06 0.13 0.08 0.04 0.25 0.25
MgO tr. 0.01 - 0.01 0.01 - 0.04 0.07
MnO 0.08 0.04 0.05 0.07 0.18 0.05 0.03 0.05
CaO 27.52 27.16 27.69 27.08 2718 26.73 26.67 26.58
Na,O 0.04 - 0.03 0.02 - 0.04 0.03 0.12
K,O 0.01 0.19 0.05 0.05 - - 0.01 0.40
Total 94.79 94.28 95.16 93.85 94,18 92.41 92.93 93.15

Number of ions on the basis of 24 (O,0H)

Si 6.030 6.052 6.057 6.048 5.973 5.986 5.964 6.029
Al(IV) - - - . 0.027 0.014 0.036 -
> 6.03 6.05 6.05 6.05 6.00 6.00 6.00 6.03
Al(VD) 3.876 3.863 3.837 3.868 3.939 3.939 3.948 3.900
Ti 0.002 0.002 tr. - tr. tr. - 0.030
Fe*' 0.011 0.011 0.007 0.015 0.009 0.005 0.029 0.014
Mg tr. 0.002 - 0.002 0.001 - 0.008 0.006
Mn 0.009 0.004 0.007 0.009 0.021 0.006 0.004 0.001
> 3.90 3.88 3.85 3.89 3.96 3.94 3.98 3.95
Ca 4.096 4.066 4.107 4.070 4.075 4.082 4.051 4.018
Na 0.011 - 0.007 0.007 - 0.012 0.007 0.072
K 0.002 0.033 0.009 0.009 - - 0.003 0.032
> 4.11 4.10 4.12 4.09 4.08 4.09 4.06 4.12

* FeO as total Fe**
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Fig. 2. Photomicrographs showing occurrence of hydrothermal minerals in the open space. (All
are same in scale and under crossed polars.) A: Clinozoisite (Z)-prehnite (P)-pumpellyite (M)
assemblage. The irregular fine aggregates of pumpellyite shows fibrous texture. B: Tllite
(1)-pumpellyite-prehnite- chlorite assemblage. C: Illite-clinozoisite- pumpellyite assemblage. D:
Stilbite (S)-calelite (C)-illite assemblage. Stilbite toghther with calcite fills open space. Hiite is
developed along cavity wall.
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Table 2. Chemical analyses of pumpellyite by EPMA

lo
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g
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Wt% 1 2 3 4 5 6 7 8
SiO; 37.36 37.34 37.25 37.12 37.27 37.71 37.76 37.66
ALO3 26.30 24.54 24.59 23.97 21.48 25.17 23.63 25.09
TiO, - tr. 0.11 - 0.36 0.01 0.03 0.02
FeO* 7.51 9.78 9.23 10.49 11.99 7.63 10.51 8.87
MgO 0.02 0.01 0.03 0.01 0.03 0.01 0.05 0.05
MnO 0.83 0.08 1.09 0.17 0.56 0.16 0.02 0.04
Ca0 23.82 23.66 22.92 23.67 23.55 23.86 23.47 24.28
Na,O - - 0.01 0.01 0.01 0.02 - tr.
K;O - - 0.01 - - - tr. 0.02
Total 95.84 95.40 95.24 95.43 95.25 94.56 95.47 96.83
Number of ions on the basis of 26 (O,0H)
Si 5.953 6.031 6.028 6.026 6.135 6.076 6.112 6.027
Al(V) 0.047 - - - - - - -
6.00 6.03 6.03 6.03 6.14 6.08 6.11 6.03
Al(VI) 4.893 4.672 4.689 4.586 4.167 4.780 4.508 4.733
Ti - tr. 0.013 - 0.045 0.001 0.003 0.002
Fe* 0.118 0.334 0.385 0.448 0.736 0.052 0.437 0.178
> 5.01 5.01 5.09 5.03 495 4.83 4.95 491
Fe®* 0.987 0.883 0.864 0.976 0.914 0.976 0.986 0.982
Mg 0.005 0.002 0.008 0.001 0.008 0.002 0.011 0.012
Mn 0.112 0.011 0.149 0.023 0.078 0.022 0.003 0.006
> 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ca 4.066 4.096 3.974 4.118 4,153 4.119 4.070 4.162
Na - - 0.004 0.003 0.003 0.007 0.001 ir.
K - - 0.001 - - - tr. 0.004
> 4.07 4.10 4.00 4.12 4.16 4.12 4.07 4.17
* FeO as total Fe™
Table 3. Chemical analyses of illite by EPMA
Wt% 1 2 3 4 5 6 7 8
SiO; 44.65 4537 45.00 45.07 44.88 44.74 45.06 43.31
AlLOs 35.55 35.36 35.06 35.06 36.27 36.10 36.77 36.97
TiO, 0.02 - 0.01 tr. tr. 0.02 0.02 0.01
FeO* 0.16 0.28 0.14 0.15 0.19 0.24 0.24 0.47
MgO 0.33 0.37 0.31 0.46 028 0.01 0.01 0.35
MnO - 0.03 0.21 - 0.02 0.17 0.17 0.07
CaO 0.73 0.65 0.44 0.66 0.68 0.14 0.14 0.34
Na,O 0.21 0.17 0.30 0.21 0.18 0.08 0.08 0.35
KO 11.15 11.06 11.71 10.93 11.29 11.80 11.80 11.24
Total 92.60 93.12 92.99 92.53 93.78 94.30 94.30 93.12
Number of ions on the basis of 24 (O,0H)
Si 6.106 6.161 6.156 6.166 6.073 6.079 6.071 5.906
AlIY) 1.895 1.839 1.844 1.834 1.927 1.921 1.929 2.094
> 8.00 8.008 8.00 8.00 8.00 8.00 8.00 8.00
Al(VD 3.834 3.822 3.808 3.818 3.858 3.860 3911 3.848
Ti 0.002 - 0.001 tr. tr. - 0.003 0.001
Fe** 0.019 0.032 0.016 0.017 0.022 0.055 0.027 0.053
Mg 0.067 0.075 0.062 0.093 0.056 0.006 0.003 0.071
Mn - 0.004 0.002 - 0.003 0.032 0.020 0.075
Ca 0.107 0.095 0.064 0.097 0.099 0.043 0.030 0.050
> 4.03 4.03 3.95 4,03 4.04 4.00 3.99 4.10
Na 0.056 0.045 0.079 0.056 0.047 0.023 0.020 0.094
K 1.945 1.916 2.043 1.908 1.949 2.070 2.027 1.951
> 2.00 1.96 2,12 1.96 2.00 2.07 2.05 2.05

* FeO as total Fe**



Flg 3. SEM photographs of prehmte pumpellvlte and

illite. A: Prehnite showing sheaflike

(center) and tabular habits (bottom). B: Very fine irregular aggregates of pumpellyite
showing fibrous texture. C: Illite showing sheet structure. The broken surface (left) shows a
number of layers stacking parallel to (001).
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Fig. 4. SEM photographs of stilbite and stellerite.
A: Common appearance of stilbite showing twinned
morphology. B: Typical cyrstals of stellerite show-
ing orthorhombic symmetry.

o 2gHlo|EE Ao Nag I3t A T A<l
GFol I o]dAHQ Ca-E4o 2 g o
o, B 818242 Cay(AlsSing07)30H,00] T}
2~Eulo]E Q] refinements Slaughter (1970)9}
Galli (1971)8] #ge] ols) BAAAY $742
C2/me & ARSI, GHUXTE a=13.604, b=
18.324, ¢=11.265 A, [=127.7° % V=2214.1 A3
o2 FajAch 2YuloEe] 244 H4H
£ 913 A (020, 001), 891 A (I31, 130), 406 A
(041, T32) @ 3.03 A (152, 151) So]t}, ~H
getolEx AWAAY I Fmmm (Galli
and Passaglia, 1973; Alberti, 1976)S zto ™, tt
X = a=13.595, b=18.200, c=17.840 A % V=

e AHY 4

44142 A’ FHAD. EAAQ AR 901 A
(020, 002), 4.05 A (137, 042) 2 3.03 A (060,
153) 5ot

i
Y
d
N alt bl to 2

ool EPm)-Aetol £, Ho}o
0] Abo] E (Zo)- Qeko] =21 H(ChD), =

Lo Ao E- R - HH oo E FAT
2-Eno] E(St)-wHa] A(Co)- Lol E FAT 0]
A=, oS ASAH Y ZABAE TAR
20 INTOE FE Utk &, 27 34
¢l T A-Fag olo] E-FE ke Fo]AlC|E-Y
ol E-myd-wad Fi 7] FATEI &~
Hlo| E-X 2 M-l gto| E-A a4 ol o]
g BE ol 518142 Table 69 H2)st
on, Z4ze] FABETES Hrio]oli o)
F A8 HFig. 5).

Fig. 5(A)= 9
2O Ca0, ALO; T MgO(+Fe0)2 3B 0=
st9lem, Fig. 5B)ye F7] Sl Wt Ao
Z Si0n Ca0 2 ALO:E F8 34ROE 39
th oju} x}H M (Fes04) HXE3 HEo=w
3 K0, H:O & COx= A3 =l Af
o= FHyPuk3oA dE FATS e 2
AU ooz 283}

SEEE

o

drRE ZATE dAeZ Feoldnta
2t = H(Korzhinskii, 1970; Zen and Thomson,
1974y AHEI] 77 BE AT vhaha]
univariant lineg wWal FHFwkg2o] FaH}
(Table 7). Table 7| L}EMA QIS 0], 7} HEL-Al o)
FIF FBHSY WS ASE FgHow 7



A% - 243

Table 4. Chemical analyses of clinozoisite by EPMA

Wt% 1 2 3 4 5 6 7
SiOz 38.80 38.74 38.98 38.66 38.98 38.65 39.19
AlLO3 3226 31.41 31.58 31.65 31.65 30.38 31.64
TiO, - - 0.01 0.01 - 001 tr.
FeO* 0.62 1.83 0.58 0.83 0.74 2.21 0.35
MgO - tr. - tr. tr. 0.03 0.02
MnO 0.62 0.32 0.18 0.18 0.16 0.74 0.20
Ca0O 23.63 24.50 23.26 24.67 25.03 24.33 24.33
Na,O - - 0.02 0.02 0.01 - 0.09
K,0 - - 0.64 - 0.01 - 0.09
Total 95.93 96.79 95.24 95.88 96.57 96.38 95.74
Number of ions on the basis of 13 (O,0H)
Si 3.014 2.996 3.046 3.009 3.013 3.014 3.022
_AI(IV) - 0.004 - - - - -

> 3.01 3.00 3.05 3.01 3.01 3.01 3.02
Al(VD) 2953 2.860 2.909 2.891 2.883 2.793 2.875
Ti - - tr. fr. - 0.001 tr.
Fe'* 0.036 0.107 0.034 0.049 0.043 0.130 0.020
Mg - 1r. - fr. tr. 0.004 0.002
Mn 0.041 0.021 0.012 0.012 0.010 0.049 0.013
2 3.02 2.99 2.96 295 2.94 2928 291
Ca 1.967 2.031 1.947 2.058 2.073 2.033 2.093
Na - - 0.003 0.002 0.001 0.003 0.004
K - - 0.064 - 0.001 - 0.009
> 1.97 2.03 2.01 2.06 2.07 2.04 2.11

* FeO as total Fe’*

Table 5. Chemical analyses of stilbite by EPMA

Wit% 1 2 3 4 5 6 7
SiO, 61.89 59.63 58.20 57.77 59.83 59.99 59.44
AlLOs 14.31 15.68 15.64 15.68 16.80 14.28 14.36
TiO, tr. - tr. - - 0.02 tr.
FeO* 0.04 - 0.01 0.02 0.02 0.01 0.03
MgO 0.02 0.02 - 0.03 tr. - tr.
MnO 0.05 0.03 - - - 0.22 0.02
Ca0 8.35 8.06 8.23 8.12 8.28 8.28 8.37
Na,O 0.06 0.63 0.67 1.15 0.92 0.12 0.26
K,O 0.10 0.30 0.52 0.47 0.44 0.19 0.13
Total 84.82 84.34 83.27 83.25 86.30 82.91 82.61
Number of ions on the basis of 72 (O,0H)

Si 28.157 27.438 27.234 27.107 27.020 27.977 27.868
Al(IV) 7.764 8.507 8.627 8.673 8.940 7.850 7.934
> 35.83 35.95 35.86 35.78 35.96 35.83 35.80
Ti 0.001 - 0.001 - - 0.006 tr.
Fe** 0.017 - 0.004 0.008 0.009 0.003 0.013
Mg 0.011 0.012 - 0.019 0.003 - 0.002
Mn 0.018 0.010 - - - 0.007 0.008
Ca 4.072 3.976 4.127 4.084 4.006 4.139 4.204
Na 0.051 0.559 0.610 1.050 0.809 0.111 0.117
K - 0.061 0.175 0.308 0.280 0.255 0.110 0.153
Si/Al 3.63 323 3.16 3.13 3.02 3.56 3.51
E%** -7.5 -2.3 -5.9 -8.7 -1.6 -7.8 -8.6

* FeO as total Fe**
** E% means charge balance error.
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Table 6. Abbreviation and composition of mineral
phases

Mineral Abbrev. Composition
prehnite Pr CaxAlLS13040(0OH),
pumpellyite Pm CasAlsFeSisO2(OH),
illite Il K2AlL(SisAl)O20(0OH)4
clinozoisite 7o CazAl3Si3012(OH)2
chlorite Chl (Feo.sMg4s)AI(Si;ADOn
stilbite St CaAlSi;05 - 6H0
calcite Ce CaCO;
quartz Q Si0;
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Table 7. Univariant reaction for hydrothermal minerals

Pr-Pm-II-Chl-Cc¢_assemblages

(Co)
(Zo)

12 Zo + 8 Pr + 2 Chl + 15 H,O + KO = 10 Pm + 1l
12Cc+4Pr+Chl+2511 +25H0=5Pm+ 25 K0 + 12 CO,

(Pry = (Pm) = (Chl) : 2 Zo + H,O + 4 CO, + K20 = 4 Cc + 1I

an

St-Pr-1I-Q-Cc_assemblages

5Pm+2C0O,=2Cc+5Zo+4Pr+Chl+7HO0

Q) 54 Ce+ 0.6 St + 0.8 11 = 3 Pr + 0.8 Ko0 + 5.4 CO; + 2.8 H,0
(Cc) 10.8 Q + 1.2 Pr + 04 11 +14.8 H,0 = 2.4 St + 0.4 Ky0

(St) 6Q+12Cc+211+2H0=6Pr+2K0+ 12 CO,

(Pr) 6 Q+ 12 Cc+041+076 HO =12 St + 04 K0 + 1.2 CO,
a1 4Q+Pr+6H0+ C0O,=Cc+ St

Yco, (Pr) (Ch) (Zo)

4

Pmil
(Cc) ZoPrChi

(m

Zo,
Pr

Chi

(Pm)
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Fig. 6. Schematic isobaric-isothermal phase diagram of 40— co,
for the mineral assemblages in the early open-space crystallization.
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