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Abstract: This paper presents carbon and oxygen stable isotopic analyses of calcite from marbles metamorphosed
under granulite facies conditions from the Ser Rondane Mountains, East Antarctica. Calcite stable isotopic
compositions are homogeneous on a hand specimen scale. However, on a larger scale, carbon and oxygen stable
isotopes exhibit coupled depletions across the marble bands (1 to 1.5 m in width) towards lithological contacts with
gneisses and internally towards mylonite shear zones. The variation profiles of carbon isotopic compositions indicate
transport phenomena of metamorphic fluid flow. One-dimensional mathematical model explains variation profiles
of carbon isotopic compositions as a result of fluid flow controlled by diffusion and advection. These results suggest
that metamorphic fluid depends on not only diffusion but also advection.
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Introduction

The Ser Rondane Mountains, one of the largest inland
mountainranges in East Antarctica, extend from 22° to 28°E
and from 71.5° to 72.5°S. These mountains mainly consist
of high- and medium-grade metamorphic and plutonic
rocks. Marbles and calc-silicate rocks metamorphosed un-
der the granulite facies condition are distributed in the
northern, eastern and central parts of the Ser Rondane
Mountains.

This paper presents stable isotopic compositions of car-
bon and oxygen for calcite in marbles collected from the
central part of the Ser Rondane Mountains. Isotopic features
provide an insight into how the metamorphic fluids interacted
with carbonates during metamorphism (Rye et al., 1976;
Baker et al., 1989). The analyzed samples were collected
during the 31st Japanese Antarctic Research Expedition
(JARE-31) in 1989-1990.

Geological Setting

The Ser Rondane Mountains have been the subject of
geological surveys by the 25th to 32nd JARE expeditions
between 1984 and 1991. The geological data compiled by
JARE geologists is presented elsewhere in this volume.

The metamorphic rocks in the Ser Rondane Mountains
are divided into two groups (Van Autenboer, 1969), high-
grade gneisses of the Teltet-Vengen group and mylonitized
tonalitic rocks of the Nils-Larsen group (Shiraishi et al.,
1991). The Teltet-Vengen group consists primarily of pelitic,
psammitic and intermediate gneisses. Thin layers and lenses
of calcareous rocks (marbles and calc-silicates) are
interbedded with the gneisses in the northern and central
parts of the mountains. The grade of metamorphism is of
granulite facies (Kojima and Shiraishi, 1986; Ishizuka and
Kojima, 1987; Shiraishi et al., 1991).

Whole-rock Rb-Sr and Sm-Nd isochron dating yields c.
1000 Ma ages for granulite rocks from the northern part of
the mountains (Shiraishi and Kagami, 1992). Osanai et al.

(1988, 1992) estimated the metamorphic temperature and
pressure of the granulite facies rocks from pelitic assem-
blages to be 750-850°C and 7-8 kbar. Many plutonic rocks
(predominantly granitic) intruded the metamorphic rocks as
batholiths at ¢. 550-500 Ma (Takahashi et al., 1991).

Samples and Analytical Methods

Calcite samples inmarbles were collected from the Teltet-
Vengen group at Menipa (Fig. 1), along traverses perpen-
dicular to the strike of marble layers and at various distances
from the contact with gneiss and/or mylonitized granite. The
grain size of calcite in the marbles ranges between 1 to 5 mm.
The analyzed marbles consist solely calcite, with the ex-
ception of rare graphite and the occurrence of 5 to 10 cm
thick reaction zones (skarn) at marble-gneiss contacts.
Mineral assemblage of skarns is mainly clinopyroxene +
wollastonite + plagioclase + quartz + calcite and small
quantities of graphite is in the gneiss. The shape of the
reaction zones is irregular and the traverses for collecting
calcites perpendicular to gneiss/marble layers do notinclude
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Fig. 1. Map showing locality of Menipa in the Ser Rondane
Mountains.
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reaction zones and analyzed calcite samples do not coexist
with silicate minerals.

For carbon and oxygen isotope analyses of calcite, carbon
dioxide gas was extracted by reacting calcite with H;PO, as
described by McCrea (1950). The resulting CO, was ana-
lyzed on a Finnigan Mat 250 mass-spectrometer, at the
Institute of Geosciences, Shizuoka University. The analytical
data are reported in terms of the quantity delta defined by
8(%0) = (Ryampte/Rstandard —1) x 1000, where R is 13C/12C or
180/160 and the standard is referenced to PDB (Craig, 1957)
and SMOW (Craig, 1961) respectively.

Results

Figures 2 and 3 show profiles of carbon and oxygen
isotopic compositions across two marble layers. The &
values of calcite in hand specimen samples are homoge-
neous on a one centimeter scale. However, sample
N90011905 (Fig. 2) has values ranging between —6.1 and
+2.2%o0, so that carbon isotope compositions of the marble
layer are heterogeneous and change on a decimeter scale.
Calcite 6'3C for this marble reaches a maximum in the
middle of the layer and decreases symmetrically toward the
marble/gneiss boundaries on either side along the same
traverse. In contrast, oxygen isotope ratios (5'30) range
between 13.4 and 14.6%0 and do not display systematic
variations across the marble layer (Fig. 2).

The variation of §'C values is in the same range as that
compiled by Veizer and Hoefs (1976) for unmetamorphosed
limestones of 1000 m.y. from world wide, however, values
of 6'30 are lower than that of Veizer and Hoefs (1976).

For the marble N90012001 calcite §'3C ranges between
0.5 and 3.3%o and the 5'30 ranges between 18.8 and 23.4%o
(Fig. 3). Both values decrease toward the mylonite from the

13,
r/\ 8 Covs (% 8"®O0smow! %)
gneiss
-6 -4 -2 0 2 13 14 15
T T T T T T
° No. N90011905 °
o o
o ° o
Q
o [}
-
©
o
E e]
o o
£
o
o
&
o o
L 1 1 I L

Fig. 2. Carbon and oxygen isotopic compositions of marble
(Sample No. N90011905).
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Fig. 3. Carbon and oxygen isotopic compositions of marbles
(Sample No. N90012001U, D).

middle of the marble layer. The mylonite is intercalated and
is mainly composed of quartz, K-feldspar, plagioclase,
biotite and minor wollastonite. The timing of this
mylonitization is not exactly clear but it might have oc-
curred during retrogression for the reasons of the restricted
ages of granites (550-500 Ma) in the Ser Rondane Moun-
tains (Tainosho et al., 1992). The §'3C values of the main
part of sample N90012001U, D are nearly identical to that
of the middle part of N90011905 the marble layers. Near the
boundary between the marble and mylonite, however, §!3C
values are higher than at the boundary between the marble
and gneiss 0fN90011905. The 5'30 values 0f N90012001U,
D are higher than those 0fN90011905. 5'3C and 680 values
are within the limits of those found by Veizer and Hoefs
(1976) for unmetamorphosed limestones of 1000 m.y. from
world wide.

Mathematical Model of One-dimensional
Metamorphic Fluid Flow

The isotope distribution patterns in the marble layers
could be interpreted by mathematical modelling of fluid
flow perpendicular to lithological contacts. One-dimensional
fluid flow modelling is based on the following assumptions:

(1) Masstransportis controlled by diffusion and advection
in a porous medium.

(2) The diffusion constant and the porosity are constant
(Bickle and McKenzie, 1987).

(3) Metamorphic fluid is incompressible (McKenzie,
1984; Labotka ez al., 1988).

The fundamental equation of mass transfer is given by
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where T is dimensionless time, C is dimensionless concen-
tration, Z is dimensionless distance and Pe is the Peclet
number that describes the transport characteristics in terms
of a dimensionless constant. Pe is defined as vL/D, where v
is the velocity of metamorphic fluid, L the characteristic
length and D the diffusion constant. When Pe is zero, Eq. (1)
is a simple diffusion equation. Other dimensionless terms in
Eq. (1) Z, C, T are defined as follows:

Z=z'/L (2)
1) (3)
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Fig. 4. Variation of dimensionless concentration C plotted against
dimensionless distance Z at T = 0.02. Pe represents the Peclet
number.
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Fig. 5. Variation of dimensionless concentration C plotted against
dimensionless distance Z at 7 = 0.1. Pe represents the Peclet
number.

where z’1s distance and/or depth, ¢’is the & value of carbon
or oxygen, ¢,.; is the highest & value of species in the marble
layer, c,.; is the lowest 6 value of species in the marble layer,
¢ time respectively.

The initial and boundary conditions are given as follows:

C=1, when T=0 (5)
C=0, at Z=-1 (6)
C=0, at Z=0 (7)

The analytical solution is obtained as follows:
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Figure 4 shows that the variation is dimensionless concen-
tration C, calculated from Eq. (8) with Pe setat 7=0.02. This
value is one of the best fit values to explain variation profiles
in 813C (Fig. 2). As T increases, calculated C decreases and
becomes nearly equal to zero at 7= 0.1 and Pe =20 (Fig. 5).
The mass transport of metamorphic fluid is increasingly
controlled by advection as Pe increases, and the resulting
concentration profiles become increasingly asymmetric in
the flow direction.

Discussion

Figure 6 shows the relationship between dimensionless
distance Z and dimensionless concentration C from Eq. (8)
at Pe = 0. The calculated profiles are symmetrical with
respect to Z, which means mass transfer is controlled only by
diffusion. Figure 7 shows the relationship between Z and C
at Pe =20. Assuming that metamorphic fluid flows from the
left side to the right side in the diagram and that fluid mass
is transported by diffusion and advection, the calculated
variation profiles for C at dimensionless time (except 7= 0)
are asymmetric with respect to Z. Variation of dimension-
less carbon isotopic composition for sample N90011905
plotted against Zin Fig. 6 is similar to the calculated variation
profile at time 7= 0.02. This suggests that the carbon iso-
topic profiles for this marble are controlled by diffusion.

The experimentally determined carbon isotopic composi-
tion of N90012001D is asymmetric against Z, and its
variation profile is similar to the calculated profile at 7=0.02
and Pe =20 (Fig. 7). The latter results suggest that metamor-
phic fluid flowed from the mylonite to the gneiss through the
marble layer. This mathematical model is constructed under
isothermal and constant fluid composition conditions,
therefore the dimensionless time 7= 0 means the timing of
uniform isotopic composition of whole the marble layer.
The dimensionless time 7= 0.02 could not indicate the just
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