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Fluid processes in the Earth’s lower crust:
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Coarse graphite crystals in a felsic pegmatite dyke at
Mannantala, and adjacent to cordierite-rich patches
within metapelites at Chittikara in the Kerala Khondalite
Belt illustrate crystallization of graphite from CO,-rich
fluids at temperatures around 700°C. A microscale
sampling technique reveals remarkable carbon isotopic
zonation within the domain of individual graphite ery-
stals, with lighter cores (31C= —12.5%c) mantled by
heavier rims (— 10.6%¢). The zonation patterns are corre-
lated with equilibrium isotopic fractionation from CO,-
rich fluids which infiltrated through structural pathways,

i S,

MacmaTtic, metamorphic and metallogenic processes
are often controlled by fluid movements and fluid-rock
Interaction processes in the earth’s deep crust and in the
crust-mantle Interiace. Stable 1sotopes ol carbon, oxygen,
hydrogen, nitrogen and sulphur provide important
tracers of such fluid processes. Carbon, largely a trace

*For correspondence.
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or which were transferred through magmatic conduits.
The core compositions of the graphite crystals indicate
PC values of —5 to — 6%o for the fluid from which they
started crystallizing. This range is identical to the
composition of CO, trapped within inclusions in the
associated minerals, and comparable with CQ, derived
from carbon reservoirs in the subcontinental lithosphere.
These results, when coupled with the geodynamics of fluid
transfer mechanism in the lower crust, have important
bearing om the genesis of gemstone and rare metal
mineralization associated with veins and pegmatites,

Fill— o L o —— A

constituent within the earth, occurs in various forms
such as, carbonate minerals, CQ, trapped as inclusions
within minerals, and graphite. Graphite s commonly
associated with a varniety of supracrusial rocks meta-
morphosed under a range of pressure—temperature (P-T)
conditions, where it is mostly 2 product of the conver-
sion of organic matter present in ancient sediments’.
Graphite has also been recorded from ultramalic nodules
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and mantle xenoliths, where it occurs as a primary
igneous component?, The precipitation of graphite from
a CO,-rich Nuid depends largely on the oxygen fugacity
conditions of the host rocks at the time of fluid influx.
Thermodynamic calculations in the C-O-H gystem
reveal that graphite will precipitate under certain condi-
tions of cooling, fluid mixing, or fluid inhltration into
rocks with oxygen buffer capacity’. Graphites derived
from different settings can be characterized by the rela-
tive proportion of the stable isotopes of carbon, namely
13C and '2C, expressed by the conventional § notation,
and defined as:

813C %0 = {(*3C/*2C) graphite/(}3C/*2C) standard — 1}
x 1000,

where the standard is a marine carbonate (Chicago Pee
Dee Belemnite)®. Typical ancient and modern organic
carbon has d°C values Jower than —25% (ref. 1)
Increasing metamorphic grade may bring about shght
variations in this value, but not steep isotopic gradients®.
On the other hand, graphite precipitated from a CO,-nich
fluid will have high §'3C values compared to organic
carbon. The isotopic fractionation between CQO, and
precipitating graphite is temperature-dependent. For
example, equilibrium isotopic fractionation between
CO, and graphite at 700°C is estimated®’ to be
around 6-7; this means that the isotopic composition of
graphite will be 6-7%. lighter than that of the CO,-rich
fluid from which it has crystallized. Experimental
studies show that the kinetics of isotopic exchange
within graphite are sluggish, so a graphite once fully
crystallized is virtually Inert, and does not exchange
with subsequent fluids, even under high P-T con-
ditions®®. Graphite can hence record important infor-
mation pertaining to changing fluid regimes.

Until recently, most stable isotopic studies on graphite
have relied on conventional bylk sampling techniques'®.
This approach gives only the average isotopic composi-
tion of the whole crystal, thereby masking potential
information on the fluid behaviour with respect to
changing temperature, time and tectonic environment.
Recent analytical advances have enabled microsampling
of several spots within single crystals''. Coupled with
high precision stable isotopic measurcment’?, it is now
possible to determine carbon isotopic variafions within
the domain of individual graphite crystals. In this study,
we investigate fluid processes in the lower crustal block
of the Kerala Khondalite Belt (KK B) of southern India
through microscale isotope geochemistry of graphite
crystals.

Geologic background

The Kerala Khondalite Belt is a granulite facies supra-
crustal sequence forming the southern margin of the
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South Indian high grade metamorphic terrain'®. Evi-
dence for the introduction of CO,-rich fluids along
structural pathways in this region is provided by the
local alteration of amphibolite facies gneisses into desi-
ccated veins and patches of orthopyroxene-bearing
granulites (‘incipient charnockites’)!*14. CO, influx is
also detected from the crystallization of coarse graphite
flakes within or adjacent to fluid channeis like shears/
faults. In this study, we identified two localities where
graphite growth resulted from {luids. The first one is at
Mannantala quarty, where garnet- and biotite-bearing
upper amphibolite facies gneisses show local transfor-
mation to incipient charnockites at P=5%1.9 kbar,
T=725£25°C and XH,0=0.2—0.3 (rel. 14). A felsic
pegmatite dyke adjacent to the arrested charnockite
patches {(Figure 1) carries coarse graphite flakes {Figure 2),
Field relations at Mannantala suggest that the pegma-
tite dyke was probably the source of CO, involved in
the gneiss to charnockite dehydration. The second loca-
lity is a vertical quarry near the village of Chittikara,
exposing garnet-, biotite-, and sillimanite-bearing alumi-
nous metapelites with small grains of cordiente and
tiny flakes of organic-derived graphite. The pehtic rocks
were metamorphosed at P=4.5+0.5 kbar and T=740
+ 50°C (ref. 15). Veins and patches of coarse graphite
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Figure 2. Photomicrograph of graphnte cryslal from the Mannantala
fchic pegmatite, carefully kmved at the core for microscale samphng.

along with bluish cordierite and quartz have developed
within shears/faults which cross-cut the gneissic fabric
(Figure 1). The size of the graphite flakes increases from
fraction of a mm in the metapehtes to nearly 2cm
adjacent to, and within, the patches and veins. A
concomitant increase in abundance of graphite is also
noted, from 0.1 volume per cent in the metapelites to
nearly 30 volume per cent in the patches and veins. For
this study, coarse graphite crystals were collected from
the pegmatite at Mannantala, and the host metapelite
adjacent to the cordierite-rich paich at Chittikara (cf.
Figure 1).

Microscale isotopic analyses

Graphiic crystals were washed with 2N HCI solution.
Microsamphng involved careful separation of thin films
of graphite by kecn knile edge, or exfoliation with adhe-
sive tape, perpendicular to the direction of the c-axis of
the crystal!!. Each microsample was scooped up by
molybdenum mesh and preheated at 500°C to remove
surficial organic contaminants. They were then sealed
in Vycor glass tubes, and combusted to CO, by
reacting with vanadium pentoxide at 1100°C for 2 h.
Prior to combustion, the Vycor glass tubes were
preheated for over 10h at 1100°C, and again with
sample and vanadium pentoxide at 500° C for 30 min.
During our experiments, the blank from Vycor plass
tube plus vanadium pentoxide was less than 0.1 ul. The
CO, evolved from the samples was totally recovered for
isotopic analyses. The thickness of each microsample
was calculated from the carefully measured area of the
flake, and the volume of CQ, evolved (Table 1). The
volume of CO, was measured using a specially
designed micro-inlet system®. Carbon isotopic mea-
surements were performed on a Finnigan MAT-250
mass spectrometer.

Results

The analytical results are summarized in Table 1, where
the isotopic composition of each microsample is reported
in the conventional & notation. Microscale isotopic
traverses, compnsing eight sampling points each from
core to margin of graphite crystals from the two loca-
lities, were performed. The results show a marked
variation In carbon isotopic composition between the
core and margin. The Mannantala sample shows 6 }*C

Table 1. Carbon 1sotopic data from microscale traverses in graphie crystals from

Mannantala and Chittikara

Distance {rom

—— L e

grain margin Area
Sample (um) (mm?)
Mannantala 6 047
19 015
34 031
41 0.39
59 (.44
500 047
800 088
1000 056
Chittukara 3s 0.36
RO 0.75
105 0.60
420 0.25
535 028
788 015
195 075
OR5 0.75
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Volume of
Thickness CO, d1*C

{um) {(nl) {%c)
130 2493 - 10.38
150 .50 —10.89
1.5 0.64 -11.09
180 29 69 - 11.08
530 97182 — 1083
180 34.52 —11.03
1560 5145 —10.60
330 1707 —1208
710 107.22 - 1109
210 66.86 — 1158
Nnge 18.50 —~11.40
1000 12100 -12.30
1300 132.00 -12.35
150 112.50 —12.44
1400 170.40 —-1252
560 17599 —12.02

il
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value of —12.1% for the core, and — 10.6%: for the
margin. The core composition of the Chittikara
graphite 1s 1dentical to this value, at —12.5%c. Its rim
composition (—11.1%c) 1s shightly lower than the
Mannantala sample. Importantly, in both cases, the
cores of the crystals are characterized by lighter carbon,
and the rims show enrichment in *°C.

The core to rim variations in 0 '3C in the two

samples are plotted in Figure 3. In the Mannantala
graphite, an abrupt change from lighter to heavier
carbon enrichment adjacent to the core is observed,
within a distance of 200 um towards the margin. After
this ‘step-function’, the J§'°C values are broadly
constant (11+0.5%.) in the remaining part of the
crystal. On the other hand, the Chittikara sample shows

a progressive enrichment in '*C from the core towards
the margin.

Discussion

The range of carbon isotopic values obtained in this
study (—10.6 to —12.5%0) is high and markedly different
from the 6'°C values of graphites derived by the
metamorphism of organic carbon (< —25%0)*. Indeed,
disseminated graphite in the host gneisses in these loca-
lities has low 6'3C values; at Chittikara they show
—34%0 {ref. 14), Our results hence madicate that the
coarse graphite flakes within the pegmatite at Mannantala
and adjacent to the cordierite-rich patches at Chittikara
were precipitated from CO,-rich fluids. Temperature
estimates from mineral phase equilibna lie around
700°C in both localities!*!>. Equilibrium fractionation
between CO, and graphite at this temperature®’
suggests that the parental fluid from which the graphite
cores started crystallizing had a 4*°C composition of
— 5 to — 6. ‘

The most important aspect revealed in this study is

-1

&13C, Fe

1 F
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the existence of marked isotopic zonations in the scale
of micrometers within individual graphite crystals,
which is a direct reflection of the temperature- and
time-integrated geochemical evolution of the fluids from
which the graphites crystallized. A direct, bulk precipi-
tation of graphite from the CO,-rich fluid would only
have produced isotopically homogeneous, unzoned
crystals. On the other hand, the Chittikara graphite
displays progressive rimward increase in é '°C, whilst at
Mannantala, an initial rimward enrichment in '°C is
followed by ncar-constant isotopic composition n the
remaining part of the crystal. These contrasting stabie
isotopic profiles among localities within the same deep
crustal segment suggest that local kinetic factors exert
significant influence on fluid movements in the lower
Crust,

Precipitation of graphite from a CO,-rich flurd can
be modetied by the two endmember situations of 1soto-
pic {ractionation namely, Rayleigh fractionation. and
batch fractionation’®'®. Under Rayleigh fractionation,
the rate of crystal growth far exceeds the time-scales
required to maintain isotopic equilibrium; consequently
the high precipitation rate coupled with the siow
exchange rate in graphite would produce isotopically
zoned crystals. The progressive rimward increase of
5 1°C in graphite from Chittikara indicates that incre-
mental precipitation of graphite occurred through a
Rayleigh-type fractionation process, where the initial
composition of the fluid became progressively enriched
in 13C, concomitant with the crystallization of the outer
zones of the crystal (Figure 4). The zone of coarse
cordierite + graphite represents a fluid channel, where
the graphites show extreme zonation and the cordierites
preserve multiple entrapment of fluids'>. Advection of
CQO, across this fluid channel up to a few cm into the
host metapelites resulted in graphite precipitation adja-
cent to the patchy zone. The rim composition of the
Chittikara graphite represents the stage at which flurd

Dislance Trem the s (midcronsy

Fipure 3. Microscale curbon otopic varation in grapinie crystal from Nuannantada (#) and Chattihara (B
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Figure 4. Schematic chagram showing the isotopic zenation patterns
In graphite ¢rystals from Madannantala (2) and Chittikara (#). These
patterns are correlatable with distinct modes of equlibrium isotopic
Iractionation irom CO,-rich fluids outgassed from a carbon reservorr
in the subcontinental hthosphere. See text for details.

advection culminated, and all the {luids were consumed.

The microscale isotope geochemistry of Mannantala
graphite probably represents a two-stage process mvol-
ving an initial Rayleigh-type fractionation, followed by
oatch fractionation. Here, it is envisaged that a CO,-
enriched pegmatite melt was emplaced into the reduced
country rocks, where disseminated organic graphite
acted as an effective oxygen buffer. This triggered two
processes: 1} precipitation of graphite from the melt in
response to change in {O,, and 2) degassing of the melt
and release of CO, due to change in P-T. The CO,
released from the felsic melt could have been the vector
for local dehydration and desiccation of the gneisses
o veins and patches of incipient charmockites. Where
the rate of crystallization of graphite exceeds the rate of
introduction of fluids, isotopic fractionation is of batch-
type. allowing sullicient time-scales 10 altain isotopic
equilibrium with the fluid. Crystallization of the felsic
melt represents slow cooling in a closed system, where
there 1s no external introduction of fluids, Such a process
would be incapable of producing isotopic zonation, as

324
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illustrated by the near-constant é'*C values for the
subsequent rimward zones in the Mannantala graphite.

Qur study has important bearing on the geodynamics
of fluid transler in the lower crust. The §!C values
recorded by the graphite crystals indicate carbon
isotopic composition of —5 to — 6%o for the fluids from
which they started crystalhzing, under equihibrium 1so-
topic fractionation. These values are identical with the
ranges recorded from CO, trapped within inclusions in
the associated minerals!* % Carbon isotopic composi-
tions of diamonds, carbonatites, CO, trapped within
Mid QOcean Ridge Basalts, and such other poteniial
settings of mantle-derived carbon also display similar
ranges’’. This suggests that CO,-rich fluids which
infiltrated this lower crustal segment were derived from
a homogeneous carbon reservoir in the subcontinental
lithosphere. The fluids were transferred to lower and
middie crust through magmatic conduits or structural
pathways, Mantle-derived CO,-H,0 fluids are poten-
tial carriers of precious metals, rare earths and rare
metals, which they scavenge during their migration to
higher crustal levels. Occurrences of a wide variety of
mineralized pegmatite belts have been recorded from
the KKB!'®. These include gemstone-bearing categories,
especially with prized chrysoberyls, and rare metal
pegmatites carrying columbite and tantalite. CQO,-rich
fluid inclusions and coarse graphite flakes are often
assotiated with these occurrences. The coarse, gemmy
cordterite at Chittikara, and monazite crystals in
pegmatites at Mannantala also derive attention in this
regard. It is suggested that intensified exploration in
localities which bear imprints for the transfer of CQO,-
rich fluids from deep reservoirs may prove worthwhile
i identifying potential mincralization.
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Thermally induced structural changes in
wool: A high-resolution solid-state

carbon-13 CPMAS NMR study

N. R. Jagarmathan*, Ashok A. Itagi’ and
V. Subramaniam?

*Department of Crystallography and Biophysics, University of
Madras, Guindy Campus, Madras 600 025, India

"Department of Textile Technology, A. C. College of Technology,
Anna University, Madras 600 025, India

Carbon-13 CPMAS NMR spectra of merino fine wool
fibre (Quality 64S) were recorded as a function of
heating from room temperature to 190°C. At about
170° C, the wunsaturation of aromaticity increases.
Analysis of the observed chemical shift values (at 170° C)
of the main chain carbonyl carbons reveal that both the
right-handed a-helix and j-sheet forms exist in the wool

fibre.

SoLin-sTATE NMR is a powerful and versatile tool for the
study of structure, morphology and dynamics of
biopolymeric systems. It is well documented in the
literature that the carbon-13 chemical shifts of
biological molecules in the solid state observed through
the cross-polarization and magic angle spinning
(CPMAS) techniques are conformation dependent'. In
particular, the C-13 chemical shifts in polypeptides and
other systems arise mainly from the local conformation
of the aming-acid residues and are not strongly
influenced by the specific amino-acid sequences. The
chemical shifts are therefore interpretable in terms of
secondary structural features such as x-helix, f5-sheet, w-
helix and 3,-helix?.

C-13 CPMAS NMR studies of silk?™3, collagen®,
elastin? and tropomyosin® have demonstrated that this
technique is very useful for obtaining information about
the secondary structure of these molecules. On the
other hand, studies rclating to wool are meagre!® and
we report here the results of a study of the
conformational response to thermal heating of the

merino fine wool (Quality 645).
In spite of its long vse as a fibre, the structure and

*I"or correspondence
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morphology of wool is still not understood well. Wool
is relatively more complex in composition and structure
than silk and it contains a large number of ammno acid
side chams of all types occurring mm different propor-
tions!?. On the basis of X-ray diffraction data, native
wool can be divided into two general categories: the «-
and f-keratins. Chemical analyses indicate that no
particular amino acid predominates but that there s a
high content of polar residues, cysteine and proline in
the keratins. It 1s in fact surprising that the keratins
give such ‘crystalline’ X-ray fibre patterns even in the
presence of these polar residues. However, the heavy
cross-linking, presumably derived from 8-S bndges,
renders keratins in the native state difficult to
characterize. The non-crystalline matenal acts as a
highly cross-linked amorphous polymer in a rubbery
state!®-11,

Much of the complexity of wool behaviour and the
effects of temperature, stress and chemical reagents are
due to two factors: (a) the ease of occurrence of the
crystal transitions from a to § or to random coil, and
(b) the ease of breakdown of cross links in amorphous
regions and the formation of new ones. Moreover, X-
ray diffraction study also indicates that if the heating 1s
sulliciently small, the phase change at the molecular
level is from the a-hehical structure to the f-extended
structure. On the other hand, if the rate of heating 1s
sufficiently high and cooling is rapid little or no f-
structure 18 formed. In fact, there may be recrystalliza-
tion of & material. Therefore, at a low heating rate the
change that takes place 18 a—noncrystailine —f with
a small entropy and he¢at change. If the heating rate is
sufficiently high it is {rom x—snoncrystalline with large
entropy and heat change!?, The complexity of wool
keratin structure and its behaviour with  heating,
prompited us to study the material by sohid state C-13
CPMAS NMR with a vicw to understand the effects
of heat on wool fibres and to arrive at some conclusion
regarding the unsaturation of wool and the confor-
mational changes.

Merino fine wool fibres (Quality 648) were cleancd
by subjecting them to petroleum ether extraction. The
cleaned fibres were dricd at room temperature and
samples of about tg were heat-treated o an owven
under atmospheric condittons at 1207, 150, 170" and
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