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ABSTRACT : Contact-metamorphosed calc-silicate hornfels of the Hwanggangni formation
adjacent to Daeyasan granite in Goesan are characterized by the mineral assemblages, tre-
molite-clinozoisite-alkali feldspar-calcite, diopside-grossular-vesuvianite, and wollastonite-
diopside-phlogopite-grossular-vesuvianite, indicating low X., condition during contact
metamorphism. Two trends of fluid-rock interactions are recognized; combination of in-
filtration and buffering in the outer portion of the aureole and fluid-dominated behavior in
the most part of the aureole. Modal abundance of diopside produced during metamorphism
was measured in order to estimate fluid/rock ratios and permeabilities with the assumption
that equivalent volume of fluids estimated from the fluid/rock ratios flow through the rock
body. The calculated fluid/rock ratios and permeabilities range from 0.6 to 9 and 10™ to 1077
m? respectively. These values are in good agreement with previously calculated per-
meabilities in the calc-silicate hosted contact aureoles and expected values during pro-

gressive metamorphism by theories.
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INTRODUCTION

Fluids has long been recognized as an im-
portant agent during both contact and re-
gional metamorphism, since they may control
the stability and evolution of mineral as-
semblages, and heat transport. During pro-
grade metamorphism of calc-silicate bearing
rocks, the composition of fluid is affected by
two factors, amount of infiltrating fluids and
the buffering capacity of metamorphic reac-
tions. Two end-member cases were con-
sidered by Labotka (1991); (1) fluid-dom-
inated behavior and (2) rock dominated beha-
vior. The former describes a situation where
the buffering capacity of a rock is exceeded
by the considerable amount of infiltrating
fluids, while the latter describes system near-
ly closed or one in which the composition of
fluids is internally buffered by metamorphic
reactions. Since most of the prograde reac-

21

tions in calcareous rocks produce CO:-rich
fluids, the amount of infiltrating fluids from
external source can be constrained by the pro-
gress of decarbonation reactions. In this
study, the effect of fluids during the evo-
lution of mineral assemblages was surveyed
and an estimation of fluid-rock ratio has been
attempted on the basis of the modal a-
bundance of progressively formed diopside in
calc-silicate hornfels in the Hwanggangni for-
mation of the Ogcheon belt, Korea which is
composed of calcareous pebble bearing phyl-
lite prior to contact metamorphism.

GEOLOGICAL SETTING

The study area consists of the Hwanggangni
formation and the Cretaceous Daeyasan gran-
ite (Fig. 1). The Hwanggangni formation is
composed of calcareous pebble bearing phyllite
metamorphosed up to greenschist facies prior
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Fig. 1 Geological map including metamorphic zonation
of the study area (modified from Lee and Kim, 1972).
The squares stand for position of samples which are
shown in Table 1 and Table 2. Tr, Di and Wo
represent tremolite, diopside and wollastonite zone
respectively.

to the contact metamorphism (Kim ef al., 1984).
The Hwanggangni formation is dark gray in
color and shows crenulation cleavages. The ori-
gin of the Hwanggangni formation has been in-
terpreted as shallow marine environment sed-
iments or glacial deposits (Lee and Kim, 1972).
The size and kind of pebbles vary spatially and
most of the pebbles are composed of cry-
stalline limestone, quartzite, and granite. Some
calcite and quartz pebbles are elongated along
the foliation. The granite in the study area had
been considered to be belonging to Sogrisan
granite (Kim ef al., 1984 ; Hong, 1985) but re-
cent isotope study on Cretaceous granite re-
veals that it is a different plutonic body, name-
ly, Daeyasan granite (Jin et al., 1993). The in-
trusion age of the Daeyasan granite is early
Cretaceous (110 Ma by Rb/Sr whole rock dat-
ing) and the depth of intrusion is 1.5 ~ 5Km
or 0.5 ~ 1.3 Kbar in pressure (Jin et al., 1993).

The calc-silicate hornfelses in the study area
show bright color and contain tremolite-calcite-
quartz-K-feldspar-phlogopite, diopside-gros-
sular-vesuvianite and vesuvianite-diopside-wol-
lastonite-phlogopite. Grossular and vesuvianite
porphyroblasts are large enough to be iden-
tified in the field. Calcite and quartz in pebbles
seem to have remained stable at all stages of
contact metamorphism. Some calcite pebbles
near intrusion contact, however, are rimmed
by phlogopite. The first study of calc-silicate
hornfels in the study area was made by Lee
(1971). After his work, this hornfelsic lithology
was named as Kunjasan formation by Kim and
Yun (1980) who argued that this formation is
related to the Hwanggangni formation by un-
conformity. In spite of successive studies, the
field evidence of unconformity had been never
reported and Kim ef af (1984) and Hong (1985)
concluded that this lithology is merely a con-
tact metamorphosed Hwanggangni formation.

REPRESENTATIVE MINERAL
CHEMISTRY

Table 1 contains analyses of diopside, tre-
molite, clinozoisite, and vesuvianite. The
values of oxide sum in Table 1 refers to the
conventional sum of metal oxide weight per-
cents with all Fe as FeO except clinozoisite
(Fex0s). Location of samples are shown in Fig.
1. The composition of diopside is shown in
Table 1 with Fe/Mg+Fe=0.01-0.2. The range
of Fe/Fe+Mg of tremolite is 0.05-0.1. The com-
position of vesuvianite in 3 hornfelses are
shown in Table 1. Composition of clinozoisite is
shown in Table 1 with Al/Al+Fe=0.86-0.93.
The Fe in clinozoisite is considered Fe™ (Ferry,
1989).

MINERLOGICAL CHANGE DUR-
ING CONTACT METAMORPHISM

Mineralogical changes in calc-silicate rocks
during contact metamorphism can be charac-
terized by Bowen's decarbonation series in
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Table 1. Mineral compositions of tremolite, diopside, vesuvianite and clinozoiseite detremined from electron microprobe
analysis.

Sample H-3 11-2 7-1 9 10 08-13
tremolite’ tremolite’ diopside’ diopside” diopside® diopside®
Si0, 57.465 54.584 53.781 54.113 55.315 54.926
AlO, 0.643 2.916 0.536 0.593 0.153 0.347
TiO, 0.025 0.195 0.010 - 0.104 -
Cr.0s - - - - : -
FeO 2.076 4.507 5.164 6.518 0.402 1.928
MgO 22.506 19.626 14.263 13.793 18.009 17.095
MnO 0.023 0.432 0.147 0.176 0.097
Na;0 0.184 0.475 0.305 0.317 0.055 -
K0 - 0.088 0.266 - - -
Ca0 13.663 13.265 24.886 25.272 26.23 26.190
Total 96.41 96.060 99.234 100.608 100.293 100.486
Si 7.95 7.71 1.978 1.990 1.987 1.99
Al 0.09 0.493 0.02 0.026 0.0086 0.013
Ti 0.002 0.017 0.0002 - 0.004 -
Cr - - - - - -
Fe™ 0.24 0.535 0.159 0.199 0.013 0.058
Mg 4.64 4,139 0.782 0.756 0.966 0.924
Mn 0.0006 0.051 0.004 0.004 0.004 -
Na 0.006 0.119 0.01 0.022 0.004 -
K - 0.015 0.006 - - -
Ca 2.03 2.00 0.981 0.9951 1.01 1.02
Sample 9 0S-13-2 7-1* H-3 H-2 11-2
vesuvianite® vesuvianite® vesuvianite® clinozoisite® clinozoisite* clinozoisite*
SiO, 36.160 35.709 35.915 38.266 37.489 37.825
ALO, 15.960 15.974 15.960 28.464 26.891 29.179
TiO, 1.241 3.003 1.241 0.119 0.104 -
Cr.0s . - : . - -
FeO 5.196 1.383 5.196 6.095 6.701 3.798
MgO 1.322 2.135 1.322 0.121 0.016 -
MnO 0.136 - 0.136 0.239 0.132 0.078
Na,0 0.181 0.247 0.181 0.116 0.051 0.190
K.0 0.011 - 0.011 - - -
Ca0 35.702 37.147 35.702 24.296 23.987 24.074
Total 96.00 93.599 96.00 97.551 95.192
Si 9.321 9.266 9.321 2.987 3.002 3.005
Al 4.870 4.867 4.870 2.617 2.54 2.728
Ti 0.232 0.593 0.232 0.005 0.005 -
Cr - - - - - -
Fe? 1.117 0.296 1.117 0.356 0.405 0.219
Mg 0.496 0.827 0.496 0.014 0.001 -
Mn 0.310 - 0.310 0.014 0.01 0.004
Na 0.093 0.124 0.093 0.019 0.008 0.028

: cations per 23 oxygen atoms

. cations per 6 oxygen atoms

: cations per 38 oxygen atoms

: cations per 12.5 oxygen atoms
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Fig. 2-A Tremolite, K-feldspar, quartz, calcite, and phlogopite assemb)!

* 2 5 o y -

lages which may suggest [R1]; 5Phl + 6Cal +

24Qz = 3Tr + 5Kfs + 6C0O; + 2H,0.(X10, crossed polarized image.)
Fig. 2-B Calcite, plagioclase, and clinozoisite assemblages in tremolite zone which may suggest [R2]; Cal + 3An +

H,0 = 2Clz + CO,.(X10, crossed polarized image.)

Fig. 2-C Diopside. There are no reactant species with respect to [R3]; 3Cal + Tr + 2Qz = 5Di + H,0 + 3C0..(X10,

crossed polarized image.)

Fig. 2-D Calcite and diopside inclusions in vesuvianite porphyroblast. The reaction [R4]; Silicate + Cal + H,0 =
Vs + CO: is inferred from these assemblages.(X10, crossed polarized image.)

which minerals involve in the order of talc, tre-
molite, diopside, forsterite, wollastonite, per-
iclase, monticellite, ackermanite, tillieyite, spur-
ite, rankinite, mervinite, and larnite as tem-
perature increases (Bowen, 1940). This se-
quence is strictly valid in the system with the
system components Ca0-Si0,-MgO, but may
be used as general indicators for contact
metamorphism in a more complicated system
such as Ca0O-SiO.-ALO;-MgO-K,0.

Mineralogical changes in this area can be
characterized by three distinctive and di-
agnostic zones: the tremolite, the diopside,
and the wollastonite zone (Fig. 1). This type
of zonation is based on the appearance of min-
erals in accordance with Bowen's de-
carbonation series.

The matrix of pebble bearing phyllite mainly

consists of calcite, quartz, K-feldspar, phlo-
gopite, and plagioclase. Calcite in pebble bear-
ing phyllite occurs as matrix forming mineral,
pebbles and veins. Quartz is also major com-
ponent of matrix and pebbles. Most of pebbles
are composed of calcite and quartz. Some cal-
cite and quartz which comprise pebbles exist
near innermost part of the aureole and have
not been affected by prograde metamorphic
reactions.

The mineral which first overprints regional
metamorphic and deformation texture such
as crenulation cleavages is tremolite, Tre-
molite occurs across the cleavages as radial
aggregation or columnar individual crystals.
In the tremolite zone, coexisting minerals are
mica, plagioclase, K-feldspar, calcite, quartz,
and clinozoisite. One of the probable reactions
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of tremolite formation on the basis of the ob-
served assemblages (Fig. 2-A) is (Berman,
1988);

5Phl + 6Cal + 24Qz =
3Tr + 5Kfs + 6CO. + 2H:0 [R1]

Clinozoisite is columnar and the formation of
clinozoisite may also be deduced from the as-
semblages (Rice and Ferry, 1982, Fig. 2-B);

Cal + 3An + H,0 = 2Clz + CO; [R2]

Calc-silicate hornfelses in diopside zone main-
ly contain diopside, grossular, and vesuvianite.
In the diopside zone, typical mosaic hornfelsic
textures are observed. Diopside crystals are
. the most abundant phases showing polygonal
crystal shape, and this trend becomes weaker
away from the intrusion contact. Vesuvianite
occurs as subhedral porphyroblast (up to 1.5
cm) with numerous calcite, diopside, and some-
times clinozoisite inclusions. Grossular also oc-
curs as porphyroblast with diopside, calcite,
and vesuvianite inclusions. These inclusions
may suggest the probable reactions. Matrix of
hornfels in this zone is mainly composed of
diopside (modal percent up to 94 %) and there
is no considerable amount of reactant species
except remnants of pebbles mainly consist of
quartz and calcite. A probable reaction of diop-
side formation is (Berman, 1988, Fig. 2-C);

3Cal + Tr + 2Qz = 5Di + H:O + 3CO, [R3]

Formation of vesuvianite is deduced from in-
clusions (Fig. 2-D). Vesuvianite might be form-
ed by the reaction (Valley ef al., 1985);

Silicate + Cal + HO = Vs + CO; [R4]

In the study area, possible silicate minerals
in the reaction [R4] are diopside or clinozoisite
since they occur as inclusions in vesuvianite.
Some vesuvianite porphyroblasts show os-
cillatory zoning. Yardley and Loyd (1995) sug-
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gested that this type of zoning is strong evi-
dence for infiltration of external fluid because
external disturbance may form zonation pat-
terns. In spite of textural evidence that in-
dicates vesuvianite was involved in grossular
formation (i.e., inclusion relation), it is difficult
to pinpoint a single reaction of grossular for-
mation because there are several possible reac-
tions involving vesuvianite yielding grossular.

Assemblages in the wollastonite zone are
very similar to those of the diopside zone ex-
cept wollastonite and phlogopite. Individual cry-
stals of wollastonite are bladed shape. The reac-
tion of wollastonite formation is difficult to con-
strain because of the lack of textural evidence
for possible reactions. Phlogopite is always as-
sociated with calcite and some calcite pebbles
are rimmed by phlogopite. Hence one of the
probable reaction of phlogopite formation is
(Rice, 1977);

6Cal + Kfs + 3Tr =
Phl + 12Di + 2H,0 +6CO, [R5]

FLUID-ROCK RATIO, FLUX AND
PERMEABILITY

Modal analysis of diopside had been carried
out for 12 thin sections, and phlogopite-free
samples were used to estimate the fluid-rock
ratios (Table 2). Phlogopite-free samples were
chosen in order to estimate the fluid-rock ra-
tios based on the lower temperature reaction
[R3] in which phlogopite is absent and diopside
occurs as product phase.

Table 2. Modal abundance data of samples used for cal-
culating fluid-rock ratio. 0S-3, 7-1, and 7-1* are samples
in diopside zone which contain no phlogopite. Vesuvianite
porphyroblasts are most abundant in 7-1*

0S-3 7-1* 7-1
diopside 82.9 70.2 94.5
vesuvianite 125 29.8
grossular 1.2
others 34 5.5
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The modal abundance of diopside in each
sample was converted to progression variable
defined below. Amount of infiltrating fluid 1s
given by the equation, (Ferry, 1986; Spear,
1993)

X&ovuo—Xfiovco)
nigr=-—& X - . , n
’ Xco - xcq

&:  progressive variable=(moles of
product)/(coefficient of product)
Xlo,* final fraction of CO,

Xfo: final fraction of H0

vgo ¢ Stoichiometric coefficient of H,Q
Xco, © 1nitial fraction of CO;

Veo, - stoichiometric coefficient of CO;

Dfor - moles of infiltrating fluid

The equation (1) is based on the fact that
metamorphic reactions in the calcareous rocks
produce CO:rich fluids and consequently the
reaction progress can monitor amount of
volumes of hydrous fluids infiltrated from ext-
ernal source. The reaction [R3] was selected in
this study. Thus, in this case product mineral is
diopside and progressive variable can be cal-
culated by modal percent of diopside. For ex-
ample, consider a rock contains & % of diopside.
If the molar volume of diopside is B cm*/mole,
then 100 cm® rock has o cm®*=o/B moles of diop-
side. Since the stoichiometric coefficient of diop-
side is 5 in [R3), the progressive variable &=o/f—+
5 in this case.

The initial composition of infiltrating fluids
is assumed to be pure H.O. Consequently, the
calculation will yield a minimum estimation of
infiltrating fluids. In order to find plausible
X', values of final state, phase equilibria in T-
X., space and mineral assemblages must be
considered. The T-X.., diagrams in this study
were drawn by TWEEQU (Berman, 1991)
with system components Al,0;-CaO-MgO-SiO,-
K:0-H:0-CO.. All calorimetric data of solid
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Fig. 3 Inferred reactions in the T-X., diagrams (by
TWEEQU, Berman, 1991). (a) At 0.5 Kbar. (b) At 1
Kbar. [R1]}: 5Phl + 6Cal + 24Qz = 3Tr + 5Kfs +
6C0; + 2H.0, [R3]: 3Cal + Tr + 2Qz = 5Di + H,Q +
3C0O;, [R5]: 6Cal + Kfs + 3Tr = Phl + 12Di + 2H,O +
6CO;, [R6]: Cal + Qz = Wo + CO,, [R7]: An + Cal +
Qz = Gr + CO,, [R8]: Gr + Qz = An + Wo, [R9]: An
+ Wo + Cal = Gr + CO..

phases was taken from Berman (1988 ) for
the sake of internal consistency and those of
volatile phases from Helgason and Kirkham
(1974 ) were used for the same reason. Reac-
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tions in T-X., diagrams are shown in Fig. 3 (a)
and (b) for the conditions of 0.5 and 1 Kbar
since these values correspond to the range of
the inferred intrusion depth of Daeyasan gran-
ite (Jin et al., 1993). Ideal mixing of volatile
phases is assumed and pure end-member com-
position is assumed for solid phases. The
small change in relative position of reaction
curves in T-X., diagrams due to the variation
of mineral composition in the study area
cause no significant error in fluid-rock ratio
calculation because small change in tem-
perature can not cause large deviation of
molar volume of fluids. In these diagrams,
every reaction curve for the formation of tre-
molite, diopside and phlogopite shows steep
slope in hydrous portion and this region is
bounded by X.., value corresponding to the in-
variant point I (Fig. 3) made by following
reactions;

Cal + Qz = Wo + CO, [R6]
An + 2Cal + Qz = Gr + CO: [R7]
Gr + Qz = An + 2Wo [R8]
An + Wo + Cal = Gr + CO; [R9]

There are two cases in the choice of prob-
able Xfy, by following criteria.

Case 1. Xo, < 0.2

In the diopside zone, diopside coexists with
vesuvianite and upper hmiting value of its sta-
bility field is less than X., value of the invariant
point I in Fig. 3 (Valley et al., 1985; Hochella ef
al., 1982; Labotka o 4l.,1988). Valley o dl.
(1985), calculated upper limiting value for vesu-
vianite on the basis of former experiment
(Hochella et al.,1982), argued that at P < 2
Kbar, the position of invariant point I is near X,
= 0.2. However, in Fig. 3, this position is located
above 0.2 at 0.5Kbar and below this value at
1Kbar. This is due to the discrepancy between
calorimetric data used in their calculation and da-
tabase in the TWEEQU. This value will be tak-
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en as one of the probable X, in this study.

Case 2. X, < 0.02

This value can be used as a probable upper
limiting value in diopside zone if the following
two conditions are satisfied.

1. Xeo,u 2= Xco.a Xoo,we and

2. Xeo,n < 0.02.
Where XCO2 Ar XCO,,di and XCO, WO repf&ent XCO,

in the tremolite, diopside, and wollastonite
zone, respectively. The first condition
represents a situation in which the com-
position of fluids had been more hydrous to-
ward the intrusion contact. In the tremolite
zone, there are T-X., univariant assemblage
with respect to reaction [R1], whereas in the
diopside zone, there are no significant amount
of reactant species of reaction [R3], sug-
gesting nearly complete reaction [R3] during
contact metamorphism. This may suggest low-
er X, in the diopside zone. Hong (1985) alsc
reported gradual increment of andradite frac-
tion in grossular in the study area toward the
intrusion and this trend implies that the com-
position of metamorphic fluids had become
more hydrous toward intrusion contact
(Taylor and O'Neil, 1977; Labotka et al., 1988).
These two consideration suggest the likelihood
of the first condition. As mentioned in the pre-
vious section, clinozoisite was formed by [R2]
in the tremolite zone. This reaction is strongly
exothermic and can not be driven from left to
right at a condition of increasing temperature
during contact metamorphism. The reaction,
however, is known to proceed when the fluid
composition is H-rich (Rice and Ferry,
1982). Tracy and Frost (1991) pointed out the
upper limiting value of X, for clinozoisite sta-
bility field is 0.02 at 1Kbar. Thus X., in tre-
molite zone was probably less than 0.02. Then
condition 1 and 2 might have been satisfied
during metamorphism and consequently X, =
0.02 is probable upper limiting value in diop-
side zone.
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Table 3. Fluid-rock ratios calculated by the equation(1)

0S-3

7-1* 7-1

P 0.5
(Kbar) (Kbar)

1.0 1.0 0.5

0.5
(Kbar) (Kbar) (Kbar) (Kbar)

(Kbar)

1.0 1.0 0.5 0.5 1.0 1.0
(Kbar) (Kbar) (Kbar) (Kbar) (Kbar) (Kbar)

Vio 23166 23166 44.780 25940 23.166 23.166 44.789

Xco, 0.2 0.02 0.2 0.02 0.2
Xuo 0.8 0.98 0.8 0.98 0.8
g 0.25 0.25 0.25 0.25 0.21
n 275 36.5 2.75 36.5 231
F/R 0.64 8.4 1.2 94 0.53

25940 23.166 23.166 44.789 25.940
0.2 0.02 0.2 0.02 0.2 0.02
0.8 0.98 0.8 0.98 0.8 0.98

0.21 0.21 0.28 0.28 0.28 0.28

30.66 2.31 30.66 3.08 40.88 3.08 40.88

1.03 7.9 0.72 9.5 14 10.6

Table 4. T.LF calculated by the equation (2)

(Unit: cm*/cm®)

0S-3 7-1* 7-1
P(KBar) 0.5(KBar) 1(KBar) 0.5(KBar) 1(KBar) 0.5(KBar) 1(KBar)
ro ro r T r r
LKBat) | o5 10f em¥em® 2.2x10° cm¥em® 3.9x10° cm¥em’® 7.6x10° em¥em’®  5.3x10°crn’/em”  1X10° em®/em®
- ¢ c ¢ c c ¢
Xeo=02 4 5x 10 cm¥em® 84x10° em¥em’ 15X 10* cm®/em? 29%10° cm¥em?  2X10* cm¥em? 84X 10° em®/cm?
Xeo=

T T r r r r
0.02 6.1x10°cm*cm® 1.7Xx10°cm*cm?  7x10°cm*cem® 1.4x10° cm¥em’® 5.24x10* cm¥em’® 1.4X10° cm*/cm’

Xco=

C [+ c c c c
0.02 5.8%10°cm*/cm’ 6.58x10° cm*cm” 2.0X10°cm¥em® 2.2x10° cm®cm®  2.7X10° cm¥em’®  3.0x10° cm¥/em”

r: based on the assumption of vertical intrusive contact.

c: based on the assumption of gently dipping intrusive geometry.

Time Integrated Flux and Permeability

The calculated fluid-rock ratios by equation (1)
are shown in Table 3. The calculation of flux
can be made under the assumption of volumes
of fluids which are equivalent to fluid-rock ratio
had passed through a unit volume of rocks dur-
ing metamorphism. Simple way to calculate time
integrated flux (T.LF) is (Ferry, 1989);

Fluid- rock ratio X lcm X lcm X
Lem /cm? = T.ILF (cm¥/cm®) (2)

Where L is the thickness of rocks which
record same fluid-rock ratio. Two cases for
the calculation of T.ILF are considered in
this study; the intrusion contact to the diop-
side zone distance (1) assuming a vertical in-
trusive contact. (2) assuming a intrusive

contact dipping 15°. The second assumption
was based on the postulation of Hong(1985)
who observed intermittent exposures of
granite outcrops along Ssanggok valley and
argued that a gently dipping intrusion geome-
try in the study area. The calculated T.I.LF
by equation (2) are shown in Table 4 and
range from 10* to 10° cm®/cm? Since the cal-
culated fluxes are time integrated, in order
to yield permeabilities, total duration of
metamorphic event must be known under
the assumption of Darcian flow. If the
Daeyasan pluton has a slab geometry with
its half width 3 Km, then time for thermal
decay is given by (Carslaw and Jaeger, 1959,
60-73; Spear, 1993, 43-45);

t = h% k= (3X10°)* m%/10° m*/second=
9% 10" second 3)
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h: half width of a slab
k: thermal diffusivity ( taken from average
rock property)

From equation (3), the total duration is 2.8 X
10° years. The cooling by conduction and sim-
ple geometry of pluton are assumed in cal-
culation of time for thermal decay by equation
(3). There are, however, additional factors
which affect time for thermal decay; (1) exact
geometry of pluton. (2) latent heat of fusion of
magma. (3) possibility of convection. (4) ero-
sion or burial that may be occurring as the plu-
ton cools. Numerical modeling considering
these factors have been done (Norton and
Knight, 1977; Harrison and Clarke, 1979). Ac-
cording to these models, the order of time for
thermal decay is 10°~10° year and that is ap-
proximately same time constant obtained from
the equation (3). Hence usage of the equation
(3) may give reasonable approximation of time
for cooling. The calculated time, however, is
maximum estimation because duration of pro-
grade metamorphic reactions is shorter than
time for thermal decay. In spite of this un-
certainty, error in range of the calculated flux
is not great because change in the exponent of
10 in time of flow is not considerable. This will
be discussed in the next section. Convection is
only important when aureole is considerably
cooled. Brittle fracturing is avaliable at this
stage. The fracturing enhance permeability and
touch off flow of meteoric fluids. This process
involves retrograde reactions and is not sig-
nificant in prograde metamorphism. The pres-
sure gradient that produced by thermal buoy-
ancy is on the order of 0.015x10°Pa/m, and
viscosity of fluids in this case is 10* Pa second
(Walther and Orville, 1982; Walther and Wood,
1984). Thus permeability (k) can be calculated
by Darcy's law (Spear, 1993);

K = Qv n/(dp/dz) + duration of event  (4)
M: viscosity

Qv: T.LF

dp/dz: pressure gradient along flow
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The petrological meanings of calculated per-
meabilities in this manner will be discussed in
the next section.

DISCUSSION
Validity of Assumptions in This Study

Two major assumptions which have been
used in this study are; (1). The assumption of e-
quivalent volumes of fluids corresponding to
fluid-rock ratio had been passed through rock
body. (2). The observed reaction progress is
solely due to the competition between buffering
process and infiltration of external fluids. The
first assumption had been made in previous stu-
dies on fluid-rock interactions (Ferry, 1989).
Labotka (1988), however, in his study on Notch
peak aureole, pointed out that the volumes of
fluids corresponding to fluid-rock ratio does not
necessarily indicate volumes of fluids which had
been passed through rock body. In the wol-
lastonite zone of Notch peak aureole, the fluid-
rock ratio is up to 13, but in the adjacent iso-
grade (diopside zone), fluid-rock ratio is below 0.
1. Labotka (1988) argued that if volumes of
fluids represented by fluid-rock ratio in wol-
lastonite zone is interpreted as volumes of
fluids which had been flowed through rock body
during metamorphism, there are no explanation
for low fluid-rock ratio (less than 0.1) in diop-
side zone of Notch peak aureole. Thus Labotka
(1988) concluded that the recorded fluid-rock
ratio in wollastonite zone of Notch peak aureole
does not indicate volumes of fluids which had
been passed through rock body but indicate
volumes of static reservoir which contain fluids
that had been interacted with rocks in wol-
lastonite zone. In the study area, however, fluid-
rock ratios in diopside zone generally more than
1 and also assemblages in tremolite zone in-
dicate both buffering and maintenance of H)O-
rich fluids during metamorphism. Since buff-
ering process alone may produce CO;-rich fluids
in the calcareous rocks, assemblages in the tre-
molite zone imply that infiltration of external
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fluids accompanied by buffering. Consequently,
both high fluid-rock ratio in diopside zone and
mineral assemblages in tremolite zone may re-
flect the prevalence of infiltration of external
fluids during contact metamorphism in the
study area and this may support the first as-
sumption in this study.

The Rayleigh distillation by which the reac-
tion products do not mix to produce homo-
geneous fluids but are selectively removed
(distilled) from rock and this process could
also produces significant reaction progress be-
cause the fluids remaining in the rock would
be out of equilibrium, thus promoting further
reaction. This can be triggered by addition of
other solute, like NaCl, which greatly reduces
the activity of H,O and expands the region of
immiscibility. Even if distillation had been oc-
curred during metamorphism, it does not,
however, necessarily indicate progress of reac-
tion without infiltration in the study area be-
cause of following two reasons. In the tre-
molite zone where strongly exothermic reac-
tion [R2] vyielded clinozoisite, only possible
when massive infiltration of H.O-rich fluids ov-
ercome the exothermic effect. Additionally,
the formation of OH-bearing species such as
vesuvianite and clinozoisite requires amount of
H:0, thus could not be formed by CO. removal
alone by Rayleigh distillation. Therefore the

second assumption may be hold approximately
even if distillation had been occurred during
contact metamorphism.

Reaction Progress and Metamorphic Zonation

The calculation of fluid-rock ratio in this
study was based on measured reaction pro-
gress of [R3]. The implicit assumption in cal-
culation of fluid-rock ratio is that observed mo-
dal abundance of diopside was solely due to the
reaction progress of [R3]. Hence if diopside in
samples which used in calculation of fluid-rock
ratio was produced by any other reactions than
[R3], the calculated fluid-rock ratio may be
uncertain. In the study area, however, as men-
tioned in the previous section, occurrence of
mineral assemblage indicating H:O-rich com-
ponent of metamorphic fluids may suggest that
at least the qualitative feature of metamor-
phism drawn by this study is plausible.

The name of metamorphic zonation in the
study area 1is according to index minerals
which are shown in Bowen's decarbonation ser-
ies. In fluid dominated system, however, the
name 'wollastonite zone' may not have ab-
solute meaning because wollastonite can be
formed near 400°C in H/-rich environment
and consequently it can not indicate sig-
nificantly higher temperature than that of diop-

Table 5. Permeabilities calculated by the equation (4) Unit: (m®)
08-3 7-1* 7-1
P(KBar) 0.5(KBar) 1(KBar) 0.5(KBar) 1(KBar) 0.5(KBar) 1(KBar)
Xeo=0.2 r r r r r r
CO:— V. ~ K
7.2x10" m’ 1.3%x10"%m?  23x10°m*  46x10%m’  32x10°m’ 6x10" m*
Xeo=0.2 c c c c c c
027"V B -
2.7x10" m’ 5.0%10" m’ 9x10™ m’ 1.7x10%m?> 12x10%m°  24x10%m’
X 2=0.02 r r r r r r
“ 37x10%m®  1x10Vm?  42x10%m?  84x10%m’  3x10%m’  11x107m’
X, z=0.02 C C C [ C (o
“ 35x107m’  4x10M"m?  14x107m?  14x107m’  16x107m?  18x107m’

r: based on the assumption of vertical intrusive contact.

¢: based on the assumption of gently dipping intrusive geometry.
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side stability field in this case.
Petrological Implication of Overall Results

From Table 3, it is clear that, in any case,
the fluid-rock ratios are more than 0.5 and gen-
erally much more than 1. This indicate
volumes of metamorphic fluids which had been
interacted with rocks during contact metamor-
phism are larger than those of rocks. Table 5
shows the resulting permeabilities (from e-
quation (4)). In spite of geometrical con-
sideration discussed in the previous section,
resulting permeabilities are nearly identical in
both cases (on the order of 10" ~ 107" m?).
These estimated values in the study area are
not atypical in the contact aureoles and belong
to measured permeability range of unfractured
crystalline rocks ( 10%~10"° m’, Hanson, 1995).
The fact that the calculated permeability is
lower than that of fractured rock (more than
10" m? is a reasonable consequence because
channelized flow along macroscopic fracture
generally occurred during cooling stage but not
in the peak metamorphic event (Hanson, 1995;
Norton and Knight, 1977; Furlong et al., 1991).
In natural rocks, this behavior of metamorphic
fluid can be detected by isotope monitor
(Cliffored and Evans, 1993). Estimated per-
meabilities by Baumgartner and Ferry (1991),
Ferry (1989), and Ferry and Dipple (1991) are
on the order of 1~100x10™m* during peak
metamorphism in serveral system on the basis
of reaction-transport model and observed reac-
tion phogress in calc-silicate rocks.

The time calculated by equation (3) might
yield maximum value because time interval for
prograde reaction is fraction of time for ther-
mal decay. Hence attempt has been made to
calculate length of time interval of cor-
responding temperature range in which the
reaction [R3] can be activated. These tem-
berature intervals are 400~460°C at 1 Kbar
and 350~430°C at 0.5 Kbar. Calculation have
been done under the assumption of slab in-
trusion geometry and country rock tem-
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Temperature ("C)

Fig. 4 Inferred reaction pathways. Arrow shows pos-
sible course of the compositional change of
metamorphic fluids.

perature 200°C which is lower limiting tem-
perature of greenschist facies. The tem-
perature of intrusion is assumed to be 700°C.
Resulting length of time interval is 1.2~7.6 x
10" second. This value is shorter than that cal-
culated by equation (3) but it is on the order
of 10" second. Permeability may slightly
enhanced by these values, however, this per-
meability still belong to range of unfractured
crystalline rocks.

In tremolite zone, the observed assemblages
contain both reactant and product phases with
respect to reaction of tremolite formation [R1],
whereas in diopside zone, there are no con-
siderable amount of reactant phases with
respect to [R3]. Hence, in spite of evidence for
H.O-rich environment (occurrence of cli-
nozoisite), it seems the composition of
metamorphic fluids in tremolite zone had been
effectively buffered by [R1] during metamor-
phism. The complete reaction of [R3] in diop-
side zone indicate buffering capacity of rocks
had been exceeded by massive infiltration of
external fluids. The reaction pathway inferred
from these two different trends of fluid-rock
interactions are qualitatively shown in Fig. 4.
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In Fig. 4, the arrow along reaction curve of [R1]
indicate composition of metamorphic fluids are
buffered by [R1] and the other arrrow nearly
normal to the arrow along [R1] indicate com-
position of metamorphic fluids become more hy-
drous by infiltration of external fluids and loss
of buffering capacity of rocks in diopside zone.
According to the terminology proposed by La-
botka (1991), the mineral assemblages in tre-
molite zone and diopside zone show 'rock-dom-
inated behavior' and 'fluid-dominated behavior'
during contact metamorphism. In tremolite
zone, however, there are indicators of both HO-
rich environment and buffering process. Thus
the way of fluid-rock interaction in the tre-
molite zone is more properly termed as com-
bination of infiltration and buffering (Rice and
Ferry, 1982).

The fluid dominated behavior has been do-
cumented primarily aureoles containing ar-
gillaceous limestone or calcareous argillite (so
called 'metamorphic aquifer' Labotka, 1991;
Dunn, 1995; Heinrich, 1994; Cartwright and
Oliver, 1994; Labotka ¢ al., 1988), whereas
most of rock dominated behavior (buffered sys-
tem) has been reported for progressive
metamorphism of marbles and siliceous do-
lomite (so called 'metamorphic aquitard’ La-
botka, 1991; Rice, 1977). So the prevalence of
infiltration of external fluids may be owing to
the hthology of the study area.

CONCLUSION

(1) Two different trends of fluid-rock in-
teractions are recognized in the study area;
The combination of infiltration and buffering in
tremolite zone and fluid dominated behavior in
diopside zone.

(2) Calculated range of fluid-rock ratio and
permeability is 0.6~9 and 10™~10"" m* respec-
tively. Range of permeability constrained in
this study shows good agreement with already
documented data in previous works in other
contact metamorphic aureoles and within the
range of unfractured crystalline rocks.
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