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Ansrnacr

Mineralogically zoned, decimeter-diameter calc-silicate boudins enclosed within parag-
neisses from Little Italy Island, Rauer Group, east Antarctica underwent granulite-facies
metamorphism (P : 700-900 MP4 Z : 840 -t- 40 'C) followed by near-isothermal de-
compression to 200-400 MPa. During decompression several mineral reactions occurred
in the presence of a pore fluid (X.,r, : 0.4). The calc-silicate boudins show a general
increase in calcite 6'3C values from core (as low as -17%o) to rim (-9 to -10%o); by
contrast, 6'8O values show little variation across the boudins. The 6'rC profiles are similar
to those predicted to result from diffusion within a sphere that is surrounded by a homo-
geneous reservoir. Diffusion of carbon isotopes probably occurred synchronous with the
post-peak metamorphic mineral reactions. At that time, centimeter-scale diffusion would
have been facilitated by the presence of the fluid, while isotopic exchange between the
minerals and the fluid would have been promoted by recrystallization. For metamorphic
porosities of l0 5 - 10 3, the 6'3C profiles could have formed in a few thousand to hun-
dreds of thousands of years. Small (millimeter to centimeter) scale variations in b'3C values
that may have been initially present within the boudins would have been homogenized on
much shorter timescales than those required to form the profiles. The calculated timescales
may reflect the time over which metamorphic recrystallization occurred and a reaction-
enhanced porosity was present. Graphite formed locally in the paragneisses only at margins
of the boudins probably reflects the local escape of COr-bearing fluids from the boudins
into relatively low /o, rocks.
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two processes: (1) centimeter-scale transport of isotopic
species along grain boundaries or through microfractures
that may, at high temperatures, occur at relatively rapid
rates even if a fluid is not present; and (2) submillimeter-
scale transport of isotopes through individual grains to
the grain boundaries.

Here, we examine local fluid-rock interaction between
calc-silicate boudins and adjacent pelitic gneisses from
the Rauer Group, Antarctica. We propose that diffusion
of carbon isotopes took place during a period of miner-
alogical reactions that occurred during decompression
from the metamorphic peak under fluid-present condi-
tions, and that isotopic diffusion was facilitated by both
the presence of the fluid and recrystallization.

Locu, cEoLocY

The Rauer Group is a polymetamorphic and polyde-
formational granulite-facies orthogneiss-dominated ter-
rain in east Antarctica (e.g., Harley 1987, 1988; Harley
and Fitzsimons 1991, 1995; Harley et al. 1992, 1995; Fig.
1). There are four main lithological associations: (l)
younger, less deformed, felsic to intermediate orthog-
neisses that locally preserve relict igneous textures; (2)
layered paragneisses (including Fe-rich pelites, quartzites,
leucocratic gneisses, and calc-silicate rocks); (3) homo-
geneous felsic to intermediate orthogneisses with sffong
fabrics that contain boudins and rafts of marble and
Mg-rich metapelites; and (4) composite layered felsic and
mafic gneisses and minor marble, which are often pre-
served as rafts within the orthogneisses of association 1.
All rocks experienced M3 granulite-facies metamor-
phism, which occurred at 700-900 MPa and 840 + 40
'C (Harley 1988; Harley and Buick 1992) and was ac-
companied by widespread D3 deformation. In areas of
low D3 sffain, associations 3 and 4 (which occur mainly
in the north and northeast of the terrain) preserve evi-
dence of older, pre-M3, granulite-facies tectonic fabrics
and mineral assemblages (Harley et al. 1992; Sims et al.
1994). M3 appears to be the only metamorphic event to
affect rocks in associations 1 and 2. A variety of ages
have been proposed for M3 metamorphism in the Prydz
Bay area (e.g., as discussed by Fitzsimons 1997). How-
ever, recent SHRIMP U-Pb ages of zircons from orthog-
neisses and leucosomes in metapelites, Sm-Nd ages from
paragneisses, and biotite Ar-Ar ages suggest that meta-
morphism throughout this area occurred at -500 Ma
(Kinny et al. 1993; Zhao et al. 1992: Hensen and Zhao
1995; Carson et al. 1995). Mineral textures in metapelites,
orthogneisses, and calc-silicates indicate that, following
the peak of M3, the rocks of the Prydz Bay region un-
derwent near-isothermal decompression through 200- 400
MPa while temperatures remained in excess of 750 "C
(Harley 1988; Harley and Fitzsimons 1991; Thost et al.
1991; Harley and Buick 1992; Fitzsimons 1997). System-
atic differences in ages from isotopic systems with dif-
ferent closure temperatures suggest that decompression
and cooling occurred over -15 Ma (Fitzsimons 1997).
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Frcunn 1. Location map of the Rauer Group in the Prydz
Bay region of east Antarctica (after Buick et al. 1993). Main
paragneiss occurrences shown black Samples for this study are
from Little Italy Island

Car-c-srr.rc.l.TE BouDrNs AND
ADJACENT ROCKS

The calc-silicate boudins from the Rauer Group were
described in detail by Harley (1987), Harley and Buick
(1992), and Buick et al. (1993), so only brief descriptions
are given here. The boudins comprise <lvo of the total
outcrop and are typically 5-25 cm in diameter with grain
sizes of 0.5-l mm. They are enclosed in pelitic gneisses.
and may represent boudinaged layers or the noses of
sheath folds elongated parallel to the L3 lineation. The
pelites typically contain garnet + sillimanite + quartz +
potassium feldspar + plagioclase -f biotite + orthopy-
roxene -r ilmenite or rutile. These rocks underwent par-
tial rnelting during M3 to produce veins and pods of
qtJrtz + potassium feldspar + plagioclase + garnet-bear-
ing leucogneiss. Rare mafic rocks contain orthopyroxene
* clinopyroxene + plagioclase * garnet assemblages,
and also have locally undergone migmatization.

The boudins are concentrically zoned on a centimeter
scale (Buick et al. 1993). The earliest mineral assem-
blages recognized are as follows. The boudin cores com-
monly contain wollastonite, scapolite, clinopyroxene,
grossular-rich garnet, titanite, and calcite or quartz (with
calcite- and quartz-bearing assemblages commonly inter-
layered on a millimeter scale). Sunounding the core is a
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Frcunn 2. Boudins from Little Italy Island enclosed within
semipelitic paragneisses. The internal concentric mineralogical
zoning is apparent as is the deflection of the 53 fabric around
the boudins. Lens cap is 50 mm in diameter.

grandite garnet zone comprising grandite, scapolite, cli-
nopyroxene, titanite, q\artz, and local calcite. Outside the
grandite garnet zone is a clinopyroxene zone that includes
clinopyroxen e, qtrartz, scapolite, titanite, plagioclase, il-
menite and calcite. Across this zone, from the boudin core
to the rim, scapolite and titanite disappear and plagioclase
and ilmenite increase in abundance. An orthopyroxene
zone is developed outside the clinopyroxene zone and
comprises orthopyroxene, qvaftz, plagioclase, ilmenite,
and calcite. The outermost zone is an almandine garnet
zone that comprises almandine, orthopyroxene, quafiz,
plagioclase, ilmenite, rutile, magnetite, and locally biotite
and calcite. Toward the outer part of this zone, ilmenite
and orthopyroxene disappear and rutile and biotite be-
come more abundant. The boundaries between the zones
are gradational on a millimeter scale, and individual bou-
dins may show some variation on the mineralogies de-
veloped. In particular, the boudins from this study are
more carbonate rich than many in the region, and most
of the zones contain calcite. The early minerals in the
boudins often define the regional syn-peak metamorphic
L3 fabric (Harley and Buick 1992).

Buick et al. (1993) proposed rhat the rocks were orig-
inally calcareous layers (limestones or marls). Formation
of the wollastonite-bearing assemblages in the boudin
cores probably occurred because of the influx of HrO-
rich fluids from surrounding gneisses. The minerals in the
boudin cores are aligned in the peak-metamorphic D3
fabrics, implying that fluid infiltration occurred at or be-
fore the peak of M3 metamorphism. It is unlikely that
fluid flow occurred at the metamorphic peak as water-rich
fluids would have caused wholesale melting of the sur-
rounding paragenesses. Hence, fluid flow probably oc-
curred during the prograde stages of M3 or in an earlier
unrelated event. Devolatilization during this period of flu-
id infiltration would have also removed much of the orig-
inal carbonate from the rocks. The mineral zonation in
the boudins reflects chemical zonation. Principally, the
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boudin cores are richer in Ca, Al, and Mn and poorer in
Si, Ti, and Na than the rims. This chemical zonation was
probably formed by major element diffusion between the
boudins and the surrounding gneisses after the layers
were boudinaged during M3 (Buick et al. 1993). The
rocks outside the clinopyroxene zone represent modified
pelite, while the other zones represent modified calc-sil-
icate. Following the peak of M3 metamorphism, the bou-
dins developed several crosscutting retrograde reaction
zones, described below. The pelitic rocks adjacent to the
boudins also underwent incipient post-M3 retrogression
with biotite rimming garnet and with tremolitic amphi-
bole locally replacing orthopyroxene.

Preliminary stable isotope data presented by Buick et
al. (1993) showed that many of the boudin cores have
extremely low D'3C(Cc) values (as low as -21%o) and
that boudins from the same locality often preserve a vari-
ation in D'3C(Cc) values of several per mil. Given that
there is no graphite present in the boudin cores, the low
Dr3C(Cc) values probably resulted from decarbonation
during the early fluid flow event. Even if some graphite
were initially present (and was subsequently oxidized
during fluid infiltration), the majonty of the carbon would
still have resided in carbonate minerals making decar-
bonation the most likely cause of the low 6'3C(Cc) values.

The boudins from this study come from a 4m x 7m
area from Little Italy Island (Figs. 7 and 2). Continuous
samples were collected from the cores of the boudin to
the rims and, where possible, into the surrounding pelites.
The mineral assemblages of the boudins and the imme-
diately-adjacent pelites, and the reaction textures identi-
fied are shown in Table l. The mineral assemblages are
similar to those described by Harley and Buick (1992).
In several cases, however, the sequence of reaction zones
differs slightly from that reported by Buick et al. (1993).
In particular, the grandite zone is often absent. This is
probably the result of slight differences in composition
between the boudins in this study and those described by
Buick et al. (1993). The almandine zore of some of the
boudins contains a small amount (<<lvo) of graphite that
was not previously reported. Texturally, the graphite ap-
pears as randomly oriented flakes that are not aligned in
the D3 fabrics and which, therefore, probably formed af-
ter the peak of M3. In general the pelitic gneisses in this
area are not graphite bearing, suggesting that the presence
of graphite is related to the boudins. In the almandine
zone of boudin 95SH-29, the stable oxide assemblage
changes from ilmenite + magnetite near the boudin core
to rutile * ilmenite near the rim. Each pair of oxides are
in mutual contact and are apparently coexisting. The
graphite is concentrated in the ilmenite + magnetite-bear-
rng reglon.

All boudins were examined under cathodolumines-
cence (Fig. 3), which helped confirm the textural rela-
tionships identified in Table 1. Cathodoluminescence also
showed that most of the calcite in these boudins occurs
as discrete grains and not as microveins. The only mi-
croveins apparent were numerous wollastonite microveins
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TleLe 1 . Mineral assemblages and reaction textures of calc-silicate boudins from Little ltaly lsland
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that cut garnet (Fig. 3). The wollastonite probably was
formed by reactions that occurred during decompression
after the peak of M3 metamorphism (discussed below).
The decompression may have promoted fracturing of the
garnet, allowing fluid acce'ss.

RnacrroNs DURTNG upLIFT AND cooLrNG

The Rauer boudins show a range of reaction textures
that crosscut the D3 fabrics and which, therefore, prob-
ably postdate the peak of M3 metamorphism (Harley and
Buick 1992; Buick et al.1993). The reaction textures rec-
ognized in the boudins from Little Italy Island are sum-
marized in Table I and include: (A) grandite replaced by
wollastonite and scapolite symplectites; (B) grandite re-
placed by anorthite, wollastonite, and clinopyroxene; (C)
scapolite replaced by wollastonite and plagioclase; (D)
scapolite replaced by fine-grained anorthite and calcite;
(E) fine-grained wollastonite rimming calcite; and (F)
grossular rims on scapolite and wollastonite in the sym-
plectites. The oxides also show some reaction textures,
including: (G) rutile surrounded by ilmenite; and (H) ti-
tanite rimming ilmenite adjacent to calcite and quartz.

Because strons evidence exists from mineral textures

Frcunn 3, Cathodoluminescence photomicrograph showing
plagioclase (grey) and wollastonite (white) symplectite after
scapolite, and garnet (black) cut by wollastonite filled fractures
(width of view -0.7 mm).
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FIcunn 4. Isothermal P-X.., diagrams at 875 and 825 'C showing reactions between anorthite, calcite, grossular, meionite,

quartz, and wollastonite for fluid-present assemblages in the system CaO-AlrO.-SiOr-COr-HrO (CAS). The shaded lines in Figure 4
show the implied directions that the reactions were crossed from the textures discussed in the text (letters refer to textures outlined
in Table 1), and the solid lines show possible buffering paths followed during decompression.

in calcsilicate, metapelitic, and orthogneisses that the
Prydz Bay rocks underwent near-isothermal decompres-
sion following the peak of M3 metamorphism (Harley
1988; Thost et al. l99l; Harley and Fitzsimons 1991;
Harley and Buick 1992; Buick et al. 1993; Fitzsimons
1997), we will discuss the retrograde evolution of the
boudins along a decompressional P-T path. Figure 4
shows reactions between anorthite, calcite, grossular,
meionite, qtrrtz, and wollastonite for fluid-present as-
semblages in the system CaO-AlrO.-SiOr-COr-HrO
(CAS) in P-X.o, space at 875 and 825 "C, calculated using
updated versions of the computer program Thermocalc
(Powell and Holland 1989) and the Holland and Powell
(1990) thermodynamic database (Powell, personal com-
munication 1995). The geometry of the reactions in Fig-
ure 4a is generally valid at higher temperatures, whereas
that in Figure 4b is appropriate at lower temperatures or
for rocks with more meionite-rich scapolites. Typical ac-
tivities reported by Harley and Buick (1992) for minerals
from the boudins are'. aG, : 0.8, ar. : 0.75-0.9, a^^ :
0.95-1.0, with calcite, quartz, and wollastonite being
close to end-member compositions. The position of the
reactions in Figure 4 have not been corrected for the com-
positions of the minerals in the calc-silicate boudins, as
such activity-corrected phase diagrams that do not incor-

porate: (l) variations in mineral compositions along re-
action lines that result from cation exchange reactions; or
(2) the increase in variance of assemblages when addi-
tional components are present, are not strictly thermo-
dynamically valid. Although quantitative pseudosections
are probably the best way of depicting mineral reactions,
in these rocks where mineral compositions are close to
those in the end-member system, end-member P-Xco, di-
agrams provide a good guide to the reactions that may
have affected the rocks.

We interpret the reaction textures as follows. The for-
mation of wollastonite and scapolite symplectites (A) was
by the fluid-absent reaction Gr + Cc + Qtz : Wo + Me,
which occurs at the isothermal-invariant point [An], or by
the fluid-present reaction Gr + Qtz + CO, : Wo + Me
(3). The wollastonite microveins (Fig. 3), which presum-
ably involved a fluid, may have been formed by the latter
reaction. Formation of wollastonite + anorthite at the ex-
pense of scapolite + quafiz (C) occurred by Me + Qtz
: Wo * An + CO, (9). The replacement of calcite by
wollastonite (E) was by the reaction Cc + Qtz : Wo +
CO, (2), and the later grossular rims (F) were formed by
the reaction Me + Wo * Cc : Gr + CO, (5). The for-
mation of anorthite, wollastonite, and calcite at the ex-
pense of grandite (B) was by either the reaction Gr *
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CO, : An + Wo + Cc (12) or Gr + Qtz : Wo + An
(11). These reactions are not stable in Figure 4a but are
in Figure 4b. The shaded lines in Figure 4 show the im-
plied directions that the reactions were crossed. Most of
these textures (with the exception of F) can be explained
by down-pressure paths on P-Xco, diagrams, which is
consistent with the reactions occurring during decom-
pression from the peak of M3 metamorphism. The for-
mation of fine-grained calcite and plagioclase at the ex-
pense of scapolite (D) was probably by the reaction Me
: Cc * An, which may have been intersected during
cooling following decompression (Harley and Buick
1992). The solid lines in Figure 4 show buffering paths
that the zones in the boudins may have followed during
decompression, with different zones possibly following
different buffering paths.

Finite progress of fluid-present reactions occurred dur-
ing decompression, implying that a fluid was present at
that stage (e.g., Feny 1994); however, the presence of
internally buffered assemblages probably militates against
the infiltration of large volumes of fluid. As discussed
below, the pelites surrounding the boudins probably con-
tained small volumes of a COr-bearing fluid while the
reactions occurred. Minor infiltration or diffusion of that
fluid into the boudins possibly initiated the fluid-present
reactions. In detail, the pattern of fluid-rock interaction in
the boudins may have been complicated. Some reactions,
such as (9) and (2), produce fluids during decompression,
and would help maintain any grain boundary fluid-filled
porosity. By contrast, other reactions such as (3) and (12),
would have consumed fluid. The fluids generated by the
fluid-producing reactions may have aided the progress of
the ones that consumed fluids.

While mineral activities cannot be used to calculate
thermodynamically valid phase diagrams, they may be
used to calculate X.., values at given pressures and tem-
peratures. Many of the possible buffering paths in Figure
4a pass through the [An] and [Cc] isothermally invariant
points, while those in Figure 4b pass through the [Me]
isothermally invariant point. The displaced positions of
lAnl and [Cc] for a.. : 0.8 and a-" : 0.75 (with unit
activities for all other minerals) at 875'C are -830 MPa
and X... : 0.48 and -800 MPa and X.o,: 0.33, respec-
tively. The displaced position of [Me] at 825 'C for a,.
: 0.75 and ao, = 0.8 is -760 MPa and X.o, = 0.43.
Overall, these data suggest that reactions occurred at
850-750 MPa in the presence of a fluid of X.o. - 0.4.

The minerals in the calc-silicate boudins contain small
amounts of non-CAS components, notably Fe and Mg.
The addition of Fe and Mg broadens the isothermally
univariant reactions into fields. Additionally, as suggested
by some of the reaction textures, the actual reactions in-
volving garnet would have also involved clinopyroxene.
However, the general form of the P-X.o, buffering paths
in the extended system is similar to that discussed above
(Harley and Buick 1992).

Titanite rimming ilmenite adjacent to calcite and quartz
may have formed by a reaction in the CaO-FeO-TiO,-
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SiO,-CO, system: Qtz + Ilm + Cc = Fs + Tit + CO,.
ln P-X.o, space, titanite is on the low-pressure side of this
reaction, hence this mineralogic change probably also oc-
curred during decompression.

Srnnr-n ISoroPE GEocHEMrsrRY

Analytical techniques

Samples for stable isotope analysis were taken from
-50 x 20 x 5 mm blocks oriented parallel to the layering
in the boudins. The blocks were cut into'7-9 pieces par-
allel to the layering and powdered for isotopic analysis.
Stable isotope ratios were measured at Monash Univer-
sity. Oxygen isotope ratios of silicates from splits of the
powder that had been treated with dilute HCI to remove
calcite were analyzed following Clayton and Mayeda
(1963) using ClF. as the oxidizing reagent. CO. was ex-
ffacted from calcite by reaction with H.PO. in sealed ves-
sels at 25 'C for 2-4 h (McCrea 1950), the short reaction
times minimizing the contribution of CO, from scapolite.
CO, in scapolite was extracted by first reacting samples
in H.PO. at room temperature for 2-3 hours, while con-
tinually pumping to vacuum (to remove calcite), then
continuing the reaction at 50-80 "C for 48-'72 h. Graphite
was reacted with CUO at 1000'C to produce COr. Ex-
tracted gases were analyzed on a Finnigan MAT 252 mass
spectrometer, and the results are expressed relative to V-
PDB (C) and V-SMOW (O). Internal and international
standards analyzed at the same time as the samples in this
shrdy generally yielded values within +0.2%o of their ac-
cepted values. Long term average of NBS 28 at Monash
is 9.55 + 0. l l%o.

Carbon isotopes

The C isotope ratios from the boudins show the fol-
lowing features: (l) the three largest boudins (5H92-22,
SH92-25, and SH92-26) show a fairly regular increase in
6'3C(Cc) values from core to rim (Table 2, Fig. 5); (2)
the boudin rims and the orthogneisses have closely sim-
ilar D'3C(Cc) values of - 10 to -9%o; atd (3) the variation
in core D''C(Cc) values is >7%o, which is similar to the
range reported by Buick et al. (1993) for boudins from
different localities. Values of 6r3C(Scp) vary sympatheti-
cally with 6'3C(Cc). Average A"C(Cc-Scp) values from
the boudins in this study are 0.56 * 0.38%o (Table 2).
The predicted fractionation of ':C between calcite and
scapolite at granulite-facies conditions is -0 to 2%o
(Moecher et al. 1994; Cartwright and Buick, unpublished
data). While some scatter exists in the data, we conclude
that the scapolite and calcite are in approximate isotopic
equilibrium. Some scatter may reflect small-scale isotopic
heterogeneities or analytical errors resulting from the
two-stage dissolution process not completely removing
the calcite. Graphite flakes in the pelite at the margin of
boudin SH92-25 have 6'3C values of -18.5 to -204%o

(Table 2), which are somewhat lower than predicted for
equilibrium with calcite at the margin of the boudin. As
discussed below, the graphite may have been formed
from fluid escaping from the boudin as a whole.

CARTWRIGHT ET AL.: STABLE ISOTOPES. RAUER BOUDINS
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Trele 2. Stable isotope ratios of calc-silicate boudins from Little ltaly lsland

Calcite Silicale.. Scapolite

Sample Distance* (%) 613c 6130 6130 a130t E13c A13Ctt

SH92-22R-a
sH92-22R-b
SH92-22R-c
sH92-22R-d
SH92-22R-e
sH92-22R-f
SH92-22R-g
sH92-22R-h
SH92-22C-a
sH92-22C-b
SH92-22C-c
sH92-22C-d
SH92-22C-e
sH92-22C-t
SH92-22C-g
sH92-25RDS
sH92-25RCS
sH92-25RBS
sH92-25RAS
sH92-25t-a
sH92-25t-b
SH92-251-c
sH92-25t-d
SH92-251-e
sJ92-25t-t
SH92-251-g
sH92-25t-h
sH92-25C-i
sH92-25C-h
SH92-2sC-g
sH92-25C-t
SH92-25C-e
SH92-25C-c
sH92-25C-b
SH92-25C-a
SH92-26R2-a
sH92-26R2-b
SH92-26R2-c
sH92-26R2-d
SH92-26R2-e
sH92-26R2-f
SH92-26R2-g
sH92-26R2-h
SH92-26C-a
sH92-26C-b
SH92-26C-c
sH92-26C-d
SH92-26C-e
sH92-26C-f
SH92-26C-g
sH92-26C-h
sH92-26C-i
SH92-29a
sH92-29b
SH92-29c
sH92-29d
SH92-29e
sH92-29f
SH92-299
sH92-29h
sH92-29i
SH92-30E-a
sH92-30E-b
SH92-30E-c
sH92-30E-d
SH92-30E-e
sH92-30E-f
SH92-30E-g
sH92-30E-h
SH92-30W-a
sH92-30W-b
SH92-30W-c

8 4 4
7 8 5
1 1 0

o  o /

6 0 8
5.49
4 9 0
4.31

3 1 0
2 4 8
1 .86
1 2 4
062
0.00

13  50
13  00
'12.50
'12 00
9.52
8.94
8 3 6
7 7 8
7 2 0
o o <

6 0 4
5 4 6
4.88
4 2 7
o.oo

o.uc

2.44
1 .22
0.61
0.00
9 0 4
8.49
7.94
/ J Y

6 8 4
o z v

5.74
5 1 9
4.64
4.06
3 4 8
290
2 3 2
1 7 4
1  1 6
0.58
0 0 0
552
4.83
4 .14
J . + C

2.76
2 0 7
1 3 8
0 6 9
0.00
4 6 9
402
3.35
2.68
2.01
1 .34
0.67
0 0 0
4.26
3 5 5
284

9 7
1 0 3

- 1 0  8
1 0 6
1 0 2

-12 7
-14  7
-  l c . o

15 .0
-  1 6 . 1
-  16 .4
-  t o . +
- 1 6  0

17 .3
-17 4

(-20.3) l l
( 1e 2)ll
( 18 5)ll

- Y . O

9.6
10.4

- 1 1 . 6
12.9

-15 .3
-  t o . 4

- 1 6  1
1 5 6

- 1 5 I
- 1 5 . 6
-  t o  /
- 1 7 . 5
-17 0
-16.2

9 3
-  9 .1

-  10 .6
1 0 8

- 1 1  6
- 1 1  6
- '11.7

1 1 9
- 1 1  8
- 1 1 8

11 .7
- 1 1 . 9
- 1 2 . 5

t J  o
- 1 3 . 0
-12 .6
-8 .9

- 1 0  6
- Y . O

-9.3
-9 .5

9 7
- 9 7
- 9 9

9 2
- 9 8

- 1 0  5
1 0 3

- 1 0  3
-9.9
1 0  3

-  10 .0
-10.2
-10 .0
- 9 8

11 .7
12.1
1  1 _ 3
11 .7
12 .0
12.5
1 2 3

13.4
1 1 9
1 1 8
1 2 9
1 2 . 9
12 .3

1 0 9

1 1 . 5' r 5
1 2 2
1 2 7
1 2 2
1 3  5
13 .6
12.3
t 4  |

1 3 0
12.2
1 3 1
1 3 5
1 3 4
11.7
1 1 9
t z c

12.2
12.5
12.2
12.2
1 4 6
1 3 2
1 3 3
1 4 2
1 2 8
1 4 8
14.2
14.8

1 1 5
1 1  7
1 1 0
12.0
1 1  7
1 2  1
12 .4
12.7
1 3 7
I  z . o

t t . f ,

1 1 3
t t o

1 2 3
1 1  7
1 1 6
1 2 7
1 2 5
t 1 3

12.8

-  t c  c
- 1 6  8

1 7 0

t o . o

4 9

5 8
4 2
'I 3
4.6
1 0
5.4

8 .1
8 3
1 8
4 6

1 0 4
1 2 2

0.5

1 0
0.4
'1 2

0 8
1 . 2

4.9
5.8
5 2
4 3
C U

3.9
5 1
4 4
3 .9
1 7
c . o

3.0
2.9
t o

1 2
1 . 0
2.0
1 9
2 7
3.9

t c

3 .1
1 . 8
t o

1 5

1 0
1 . 8
1 A

1 3
6.0
8 .1
8.9
7.9
I . O

6.9
2 7
3.4

o o

4.9
o .  l

5.0
8.5
4 .1
3 .1
2 9
2 9

1 0 0
1 0 8
9 .5

1 0 4
1 0 9
1 1  4
1 0 2
1 0  5
9 9

' I  l .5
1 0 6
1 1 0
1 0 4
1 0 4
1 0 0
1 0 7
10.4
1 0 . 1
t u . c

11 .4
9.2

9.4

9 5

1 0 . 1
10 .3

1 0 4

1 1  1
9 4

9 3

10 .0

1 0 2
9 .7
9 6

0 0
0.0
1 3
1 0
2 .3
1 2
1 _ 6
2.5
J . Z
'L9

4 1
2 .3
1 8
J . U

J . U

2.0
2 5

3 .1

3.0

3 9

4.4

3.0
2 1

-t.7

0 8
2 9
3 . 1

9.4

9 5

1 1 . 9
9 .6
9 4
9 4

-12  I
-12 4

-  13 .0

0.9
0 1

0 4

2 .1

2 5
4.0
3.0

- 1 0 I

-  10 .s
-  10 .6

0 3

o.2
o.7
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Taete 2-Continued

Silicate-- Scapolite

Sample Distance"
UC
(%) 8180 a,uot A'3Ctt

sH92-30W-d
SH92-30W-e
sH92-30W{
SH92-30W-g
Average
U

I  t 5

1 .42
0 7 1
0 0 0

J . C

6 3
d 5

7.9

9 8

1 1 . 1
I  U . I

1 3 2
1 1 8
1 1  2
1'l 2

9.2
9.5
9 5
9.6

1 0  1 3
0.72

4 0
2.3
1 . 7
'1.6

2.41
1 .05

0.56
0.38

" Distance from centre of boudin.
** 6130 of bulk silicate fraction.
t E18O(Cc) - 613o(Silicate).

tt 613C(Cc) - 613c(Scap).
$ Paragneiss adjacent to boudin.
ll 613C(Graphite).

The boudins probably underwent a period of fluid in-
filtration before the peak of M3 metamorphism that sta-
bilized the wollastonite-bearing assemblages (Harley and
Buick 1992). Decarbonation during this fluid infiltration
episode would have probably produced both the low cal-
cite contents and the low 6r3C(Cc) values recorded from
the boudin cores. However, as discussed below, the dis-
tinct D'3C(Cc) core-rim trends in the boudins are unlikely
to have formed during this early fluid infiltration episode,
but were most probably formed by diffusion during uplift
and cooling from the peak of M3 metamorphism follow-
ing the bondinage of the calc-silicate layers.

Oxygen isotopes

The D'8O(Cc) values vary much less than the D'.C(Cc)
values, although boudins SH92-25, SH92-26, and
SH92-29 show slight decreases in D'8O(Cc) values from
core to rim. The 6180 values of the bulk silicate fraction
also show little variation from the boudin core to rim.
The average 6''O(Silicate) value (10.1 * 0.7%o) is within
the range of the 6'80 values from the gneisses surround-
ing boudin SH92-25 (9.5-10.8%"). The early infiltration
of water-rich fluids from the surrounding gneisses would
have probably homogenized the D'*O values. The differ-
ence between 6'8O(Cc) and b''O(Silicate) values from the
same sample of boudin are somewhat variable (0.0-
4.4Vao, average 2.4 -+ l.Moo), which may be due to the
small-scale variation in mineralogy within the boudins.
Closed-system resetting of oxygen isotopes during cool-
ing from the peak of M3 metamorphism will potentially
result in variable E'8O(Cc) values if the calcite in different
domains coexists with variable amounts of minerals (e.g.,
garnet, clinopyroxene, wollastonite, and scapolite) that
have conffasting'80/'60 fractionations.

DrscussroN

We interpret the 6'3C profiles in Figure 5 as forming
by isotopic exchange between the boudins and the sur-
rounding gneisses. The timing, duration, and processes of
isotopic exchange and the nature of the carbon reservoir
in the gneisses are discussed below.

Timing of formation of carbon isotope profiles

As discussed above, the calc-silicate rocks that form
the boudins were probably infiltrated by fluids prior to
the peak of M3 metamorphism in an event that stabilized
wollastonite-bearing assemblages in the boudin cores and
lowered E'3C values. However, because the D'3C profiles
are developed between the cores and rims of the boudins,
the shape of which was produced by later deformation at
the peak of M3 metamorphism, the profiles were probably
formed at or after the M3 peak. In addition, the devel-
opment of the carbon isotope profiles probably occulred
at the same time as the formation of the graphite in the
pelites. The graphite crosscuts the D3 fabrics, suggesting
that it formed after the peak of M3 metamorphism.

Rates of isotopic diffusion within minerals are proba-
bly several orders of magnitude slower than those in flu-
ids (e.g., Cole and Ohmoto 1986), and it is commonly
assumed that centimeter-scale isotopic transport requires
the presence of a fluid phase. However, at high temper-
atures, isotopic ffansport along grain boundaries may be
relatively rapid regardless of whether or not a fluid phase
is present (Farver and Yund 1991), and centimeter-scale
6'80 profiles in granulites have been interpreted as form-
ing by diffusion under anhydrous conditions (Todd and
Evans 1993). Therefore, the carbon isotope profiles could
reflect diffusion close to the peak of M3 metamorphism,
after the D3 deformation (which is the time that Buick et
al. 1993 suggested that diffusion formed the geochemical
zonation). While recognizing this possibility, we consider
that it is more likely that the resetting of carbon isotopes
occurred during the period when the late reaction textures
formed. As discussed above, progress of the isothermally
univariant reactions to form the late symplectites requires
the presence of a fluid phase, and some of the reactions
intersected during decompression would have produced a
fluid. Fluid production could have resulted in a reaction-
enhanced porosity-permeability (c.f. Rumble and Spear
1983) that would have facilitated isotopic exchange. In
addition to the role that the reactions may have had in
producing fluids and enhancing the porosity and perme-
ability, small-scale isotopic exchange between individual
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Frcunn 5. Carbon and oxygen isotope profiles across the Lit-
tle Italy boudins E13C(Cc) values increase irregularly from core
(as low as 18 to -17%a) to rim (-10 to -9%o). As discussed
in the text such changes probably reflect fluid-hosted diffusion
during decompression from the M3 metamorphic peak. E'8O val-
ues of calcite and silicate fractions do not show such regular
variation, possible due to homogenization by fluid flow prior to
the peak of M3 metamorphrsm.

grains and the fluid would probably have been facilitated
by recrystallization reducing effective grain sizes. In the
absence of recrystalli zation, signifi cant isotopic transport
through the minerals may not be possible, limiting the
degree of isotopic exchange regardless of the rate of
grain-boundary transport. Steep D'8O profiles recorded
from within grains by Eiler et al. (1995) attest to the
sluggishness of inffacrystalline isotopic diffusion even at
high temperatures. Steep oxygen isotope profiles of sev-
eral per mil over a few centimeters between anhydrous
granulite-facies gneisses in other terrains (e.g., Cartwright
and Valley 1992) also imply limited exchange. In addi-
tion, Sharp et al. (1988) show a correlation between re-
crystallization and isotopic exchange in ironstones de-
formed under amphibolite-facies conditions from Wind
River (USA). Likewise, syenitic orthogneisses from the
Adirondack Mountains (USA) that underwent shearing at
greenschist to lower amphibolite facies grades under flu-
id-present conditions show a correlation between the in-

Core

c 613C

o.4
I n i t i a l
P ro f i  I  e

o.z

1.0 0.8 0.6 0.4 0.2 0.0
Distance from center of boudin (a')

Frcunn 6. Geochemical profiles resulting from spherical dif-
fusion at different dimensionless times, t' : (D.tK. t)lcrz,where
D" is the effective diffusion coefficient, r is time, K" is the rock-
fluid partition coefficient and a is boudin radius. The profiles in
Figure 5 resemble those predicted for spherical diffusron.

tensity of recrystallization and the completeness of iso-
topic exchange with the fluid (Cartwright et al. 1993).
Thus, we suggest that the combination of recrystallization
and the presence of a fluid was required for isotopic ex-
change to occur.

Diffusion of C isotopes

The E''C(Cc) profiles from boudins SH92-22, SH92-25,
and SH92-26 are similar to those predicted to result from
diffrrsion of a tracer within a sphere that is surrounded by
a well-mixed, homogeneous, inflnite reservofu (e.g. Crank
1975). As a first approxirnation, the boudin profiles may be
analyzed using that model. We initially make the following
assumptions that are based on the data presented above: (1)
prior to diffirsion the whole boudin had a b'3C(Cc) of
-17%o; (2) the surrounding paragneiss contained a carbon
reservoir that is in equilibrium with calcite of 6'3C : -9%oo

(the nature of this reservofu is discussed below); (3) the
boudin had a uniform calcite content of 5 wt%o; and (4)
diffrrsion was uniform in all directions. Figure 6 shows the
general form of geochemical profiles resulting from spher-
ical diffrrsion. The curves in Figure 6 me labelled in terms
of dimensionless time t' (t' : (D.tK. tla'z), where D" is the
effective diffrrsion coefficient, / is time, K" is the rock-fluid
partition coefficient and a is the boudin radius. For small
porosities. K. is given by:

K " -  A ' K "
P r

where K" is the relative amount of C in the rock and the
fluid and p" and prare the densities of the fluid and solid
(e.g. Bickle and Baker 1990). As discussed earlier, fluids
in the boudins had X.o, values of -0.4, which equates to
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Frcunr 7. Time required to form the observed b'rC profiles
for a range of porosities and boudin radii (labelled curves) cal-
culated using Figure 6. Unless porosities were very small (10 u-
10-5) preservation of the 6trC profiles implies that diffusion only
occurred over <l Ma.

77 wt%o C in the fluid. If the rock contained 5 wtVo calcite
it had a total C content of 0.6 wt%o. For these calcite
contents, a rock density of 270O kg/m3 and a fluid density
of -950 kg/m3 (Brown and Lamb 1989), K" values for C
are -0.1. A diffusion coefficient for C in fluid (D,) of
10 8 m2lsec was used, which is similar to the diffusion
coefficients for O in metamorphic fluids (Bickle and
McKenzie 1987).

As discussed above, we interyret the centimeter-scale dif-
fusion as being via a grain-boundary fluid. Since fluid-host-
ed diffrrsion is relatively rapid compared with diffusion
within minerals, we will assume that D.: D,+, where g is
the porosity. Figure 7 shows the time taken to form the
profiles for a range ofporosities and boudin radii. ffboudins
SH92-22 and SH92-25, which have radii of -10 cm, are
preserving unaltered core compositions, /' as estimated from
Figure 6 is -0.03. For metamorphic porosities of 10 3, the
time taken to form such a profile in a l0 cm radius boudin
is only -l x lOy; while for lower porosities of 10-s-10 a
the time required to form the profiles (assuming t' : 0.03)
increases to 10-100 x l0y (Fig. 7). The cores of these
boudins may have been reset, in which case /' values would
be slightly higher. However, the lowest 613C(Cc) values re-
corded from Rauer Group boudin cores are --21%o (Buick
et al. 1993). Given that it is difficult to produce much lower
6r3C values by decarbonation in calc-silicate rocks like these
that do not contain graphite, it is hard to conceive that the
boudin cores initially had much lower D,3C values. Even if
the cores of these boudins were raised by 2-3%o duing
diffrrsion, /' values would still be <0.1 which does not dras-
tically alter the time estimates. If boudin 92SH-26 (radius
-9 cm) initially had a 6'3C(Cc) value of -17%o, /' values
would be -0.15. h this case it would take -8-800 ka to
produce the profile if porosities were in the range 10-. to

€ trom center of boudin (cm)

Frcunn 8. Evolution of 6'3C profiles in an 8 cm radii boudins
that initially contains eight layers of slightly different calcite con-
tents (2 to 10 wt%) modeled using Fractran (Sudicky and
Mclaren 1992). Across the model boudin, there is a correlated
initial variation in wtVo calcite and 6'rC values (from -19 to
-15%o). Diffusion proceeds such that the small-wavelength vari-
ations are homogenized over much shorter time scales (a few
years) than the profile as a whole.

10 3. Boudins 92SH-29,92SH-308, and 92SH-30W show
little in the way of isotopic zonation. Again assuming that
these boudins initially had much lower 6'3C values, /' may
be around 0.rt-0.5. These boudins are smaller (-5 cm ra-
dius), which may account for their more reset profiles. Some
boudins contain slightly more or less calcite than others;
however, the calculations are not significantly affected by
this or by slight variations in fluid composition.

Except for very large boudins or very low porosities,
the preservation of the isotopic profiles requires diffusion
to have operated only for relatively short time spans (<l
Ma). The timescales are much shorter than those esti-
mated for the duration of uplift (-15 Ma) and may reflect
the time over which the metamorphic reactions occurred
and a fluid phase was present. If this was the case, po-
rosities may have been closer to the higher estimates in
Figure 7, implying that diffusion took place over only a
few thousand years. Diffusion may have ceased when the
fluid escaped from the rocks, which would have caused
the fluid-present reactions to cease and retard the rate of
isotopic ffansport along the grain boundaries. Fluid es-
cape may have been due to hydrofracturing of the rock
caused by an expallsion of the fluid during decompression.

Initial variations in 6r3C

The models above assume that the boudins had uni-
form 6'3C values prior to diffusion, and that K" values
were constant. However, if these boudins represent skarns
that originally formed by fluid infiltration and decarbon-
ation prior to granulite-facies metamorphism, they may
have had heterogeneous D13C values prior to the diffusion
episode. In addition, calcite contents vary by a few wt%o
within individual boudins. We will therefore extend the
modeling using the numerical model Fractran (Sudicky
and Mclaren 1992) which can simulate tracer diffusion
in porous media. Figure 8a shows the evolution of E'3C
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profiles in an 8 cm radius boudin which initially contains
8 layers of slightly different calcite contents (2 to l0
wt%o). We have assumed that 6'3C values and wt%o calcite
were initially correlated as is expected in rocks where
variable decarbonation has occurred (Valley 1986; Na-
belek 1991). Hence, across the model boudin, there is a
correlated initial variation in wtVo calcite and 6'3C values
(from -19 to -15%o). We have modeled the boudin as a
body of finite width within a large reservoir (the gneisses)
that has uniform 6'3C values (-9%o). K" values calculated
for the individual zones as outlined above, and assuming
a fluid of X.". : 0.4, vary from 0.2 to 0.05. D" was taken
as 10 r' m2lsec.

Diffusion within the model proceeds such that the
small-wavelength variations are homogenized over much
shorter time scales (a few years) than the profile as a
whole. Figure 8b shows a similar model, but this time
with internal layers that vary from 0.5 to 1.5 cm in width.
Here the smaller initial 6'3C fluctuations are homogenized
even faster than the fluctuations in Figure 8a. These find-
ings are to be expected as the time required for diffusion
to remove an initial discontinuity is inversely proportional
to the square of the width of the diffusion domain (Crank
1975). These models are one-dimensionall however, they
serve to illustrate that small scale fluctuations in 613C val-
ues would have been probably removed on a smaller time
scale than homogenization of 6"C values across the bou-
din. The 613C profiles as a whole in Figure 8 are reset
over similar time scales to those predicted using the sim-
ple spherical diffusion model. The irregularities in the
613C profiles in Figure 5 may reflect initial variations that
were not completely removed before the fluid escaped
from the rock.

Origin of CO,-bearing fluids in the metapelites

If the profiles discussed above were produced by dif-
fusion, the pelites must have contained a reservoir of car-
bon. The similarity of 6'3C(Cc) values at the boudin rims
implies that this carbon reservoir had reasonably uniform
E13C values. Except immediately adjacent to the boudins,
the pelites do not contain graphite, calcite, or scapolite,
suggesting that the C was hosted in a C-O-H fluid. Calcite
at the margins of the boudins has E'3C values of -10 to
-9Voo. At 800'C A'3C(CO,-Cc) values are --3%o (Chac-
ko et al. 1991), implying that the fluid would have had a
613C value of --7 to -6%o. These values are much high-
er than those typical of Archaean graphite and fall within
the range of igneous or mantle values (Hoefs 1987). It is
possible that the CO, was inffoduced into the pelites dur-
ing the granulite-facies metamorphism by a mantle-de-
rived fluid (c.f. Newton et al. 1980); howeve! widespread
infiltration of large volumes of CO, is unlikely because
of: (1) the absence of replacement of pyroxene-plagio-
clase assemblages in the metabasites by scapolite (Harley
1987); and (2) some partial melting of the metasediments
occurred during M3. There are several other possible or-
igins for this CO,-bearing fluid. The fluid may have been
the residual fluid after anatexis had partitioned water from

any initially mixed-volatile fluid into the melts. At 840'C
and 700-900 MPa, fluids in equilibrium with granitic
melts are expected to have X.o, values of 0.6-0.8 (New-
ton 1986). Marbles in the Rauer group underwent pre-M3
fluid infiltration and have E'3C values as low as -7%o

(Buick et al. 1994); it is possible that small amounts of
fluids from these marbles infiltrated the pelites during
M3. Alternatively, there was extensive emplacement of
dioritic to granitic orthogneisses late in M3 which may
have contained minor volumes of COr. The crystalliza-
tion of these rocks may also have liberated fluids. The
crystallization of partial melts that were formed during
M3 metamorphism are another potential fluid source, and
fluids from these melts may have caused the incipient
reffogression in the pelitic gneisses. However, the tem-
peratures at which the reactions are inferred to have oc-
curred are somewhat higher that the temperatures at
which crystallizing partial melts exsolve fluids (-650'C;
e.g. Cartwright 1988). Whatever the source, minor infil-
ffation or diffusion of this fluid into the boudins probably
promoted the metamorphic reactions.

Graphite formation

The outer zones of some of the boudins contain a small
amount (<l%o) of texturally-late graphite. As the boudins
and the paragneisses in this atea are generally graphite
free, the presence of this graphite is probably related to
processes occurring in the boudins. The infiltration of
COr-rich fluids into reduced granulite-facies rocks is like-
ly to stabilize graphite (Lamb and Valley 1984), and the
presence of graphite in the Rauer rocks may be related
to variations in /o. around the boudins. Ilmenite in the
almandine zone of 95SH-29 has a composition of XIlm
: 0.948 (Cartwright, unpublished data). Magnetite in this
sample has low Ti contents and is surrounded by small
blebs of ilmenite that are probably the result of exsolution
during cooling. Unfortunately, none of the magnetites dis-
play the types of trellis exsolution that are amenable to
reintegration to determine the original magnetite compo-
sition (e.g., Bohlen and Essene 1971). However, if the
ilmenite composition has not been reset during cooling,
it is possible to use the temperature to estimate the initial
magnetite composition and fo, (Cartwright et al. 1993).
Figure 9 shows a fo, vs. temperature plot for the ilmenite-
magnetite system at 700 MPa (data from Anderson and
Lindsley 1988). As the graphite formed late, we chose a
pressure at the low end of those implied by Figure 4. The
mineral composition isopleths are plotted relative to the
fayalite-magnetite-quafiz (Fa-Mt-Qtz) buffer where
Aloglo, Ga-Mt-Qtz) is defined as logf., - log1fo,,n"",o., at
the temperature of interest and 700 MPa. Values of
log./o,,0"",o., were again calculated using updated versions
of Thermocalc and the Holland and Powell (1990) ther-
modynamic database. The composition of magnetite in
equilibrium with ilmenite of X'- : 0.948 is given by the
intersection of the Xr"o isopleths with the &r* : 0.948
isopleth. As discussed above, decompression probably
occurred at 800-850 "C. At these temperatures the esti-
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700 MPa (after Anderson and Lindsley 1988) with mineral com-
position isopleths plotted relative to the fayalite-magnetite-quaftz
(Fa-Mt-Qtz) buffer at the remperature of interest and 700 Mpa.
The composition of magnetite in equilibrium with ilmenite of
&h : 0.948 at 800-850 'C is Xu"o : 0.6, which suggests /o,
conditions within the graphite stability field (ar &o, : 0.4-1.0).
Hence, the influx of a COr-bearing fluid from the boudin core
could have resulted in the precipitation of graphite in rhe Al-
mandine zone.

mated magnetite composition is Xr"o : 0.6 which sug-
gests fD, conditions within the graphite srability field (at
X.o,: 0.4-1.0). Hence, the influx of a COr-bearing fluid
produced by the reactions in the boudin core could have
resulted in graphite precipitating in the Almandine zone.

The graphite in the pelites around 92SH-25 has 6'3C
values of -18.5 to -19.3%o. At 800 'C, the predicted
fractionation of carbon isotopes between calcite and
graphite is -3.1%o (Kitchen and Valley 1995). Calcite
from the margin of this boudin has 6'3C values of -9.7%o,
while calcite in the center has 6'3C values as low as
-11 .5%o. CO, in isotopic equilibrium with calcite in this
boudin would be expected to precipitate graphite with
613C values of -20.6 to -12.8%q which spans the mea-
sured values. As previously discussed, diffusion probably
ceased when the fluid phase escaped from the rock. Just
prior to escaping, the fluid would have had a range of
6'3C values similar to that observed in the boudin calcite,
and it is possible that the graphite was precipitated from
a fluid escaping from all zones of the boudin that has a
"mixed" isotopic signature. If that was the case, the pre-
cipitation of graphite would have represented the last flu-
id-related event in these rocks.

Implications

The results of this study illustrate some of the com-
plexities in understanding the timing and processes of iso-

topic exchange. We have proposed that carbon isotope
exchange in the Rauer rocks was facilitated by the pres-
ence of fluids and recrystallization during reffogression.
Whether recrystallization is required for significant iso-
topic exchange to occur could be assessed by comparison
of the 6'3C profiles developed in these Rauer rocks with
ones developed in similar lithologies that did not undergo
reaction during uplift and cooling. Additionally, for the
Rauer boudins, isotopic exchange required a source of
carbon in the surrounding gneisses. ff the carbon was
present in a fluid, the timing of exchange would have
been controlled by when that fluid was present.
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