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Chemical trends from north (amphibolite facies) to south ( granulite
Jacies) along a 95km traverse in Tamil Nadu, Southern India,
include: whole-rock depletion of Rb, Cs, Th and U, enrichment
in Tt and E, and depletion in Fe and Mn in biotite and amphibole;
increases in Al and decreases in Mn in orthopyroxene; enrichment
of fluorapatite in F. K-feldspar blebs are widespread along quartz—
plagioclase grain boundaries, and could indicate either partial melt-
wng or metasomatism. In the northernmost portion of the traverse the
principal rare earth element (REE) -bearing minerals are allanite
and ttanite. South of a clinopyroxene isograd, monazite grains
independent of fluorapatite are the major REE- and Th-bearing
phase. Further south independent monazite is rare but Th-free
monazite inclusions are common in fluorapatite. During prograde
metamorphism, independent monazite was replaced by REE-rich
Sluorapatite in which the monazite inclusions later formed. The loss
of independent monazite was accompanied by a loss of whole-rock
Th and possibly a small depletion in light REE. Most mineralogical
Jeatures along the traverse can be accounted for by progressive dehy-
dration and oxidation reactions. Trace-element depletion s best
explained by the action of an externally derived low H50 activity
brine muigrating from a source at greater depth, possibly preceded
or accompanied by partial melting.

KEY WORDS: granulite facies; charnockite; metasomatism; Archean;
Tamil Nadu, India; fluorapatite; monazite; allanite; titanite; biotite

INTRODUCTION

Granulite-facies metamorphism is essentially an act of
dehydration in which hydrous minerals, such as amphibole
and sheet silicates, are transformed into non-hydrous
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minerals, such as pyroxenes, aluminosilicates and feldspar,
liberating a fluid or melt, generally at temperatures and
pressures >600°C. and 400 MPa. High temperatures
recorded in many granulite-facies orthogneisses indicate
that partial melting, perhaps driven by magma intrusion,
may also be important in the metamorphism of these rocks
(Frost & Frost, 1987; Pattison et al., 2003). However, there is
also evidence that in intermediate and metabasite rocks
granulite-facies metamorphism can occur by solid-state
dehydration, induced by low HyO activity fluids
(e.g. Harlov & Forster, 20024, 20025; Harlov et al., 2006a)
via two simple pyroxene-forming reactions:

K(Fe,Mg),AlSi;0,o(OH), + 3 SiO, = 3 (Fe,Mg)SiO,

biotite quartz

+ KAISi3Og +HyO
K—feldspar

orthopyroxene

(1
and

Cay(Fe,Mg);Sig099(OH), = 2 Ca(Fe,Mg)Si,Og

amphibole clinopyroxene

+ 3 (Fe,Mg)SiO, 4 SiOy +H,0.

orthopyroxene quartz

(@

Many granulite-facies rocks have unusually low abun-
dances of some large ion lithophile elements (LILE)
including Rb, Cs, U, and Th (Rudnick & Presper, 1990).
The rare earth element (REE) trends are not as clear,
although Stahle et al. (1987), Raith & Srikantappa (1993)
and Harlov et al. (2006a) presented evidence for the
loss of heavy REE (HREE) in localized granulite-facies
dehydration zones. Models explaining low trace-element
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abundances in granulite-facies rocks have generally
focused on removal by a partial melt (Pride & Muecke,
1980), partitioning into a fluid phase (Collerson & Fryer,
1978), or metamorphism of a protolith already depleted
in these elements (Rollinson & Tarney, 2005). Low trace-
element abundances in a rock can reflect low modal abun-
dances of the host minerals (Rudnick & Presper, 1990), low
abundances of these elements in their hosts, or both
(Hansen et al., 2002). Which of these cases holds is critical
in constraining the mechanism of trace-element depletion.
The stability and composition of accessory minerals can
play a dominant role in the behaviour of trace elements
during high-grade metamorphism (Rudnick et al., 1985),
and phosphates can be particularly important for
REE and Th.

Harlov & Torster (20024, 20025) studied silicate and
phosphate textures and composition across both a local
and a regional dehydration zone. The local zone occurs
over 85 cm in the Seward Peninsula, Alaska, at the contact
between a tonalitic orthogneiss and a marble (Todd &
Evans, 1994). The regional zone consists of metabasites
over a 12 km traverse, representing a 3—4 km thick crustal
section in the Ivrea—Verbano zone, northern Italy. The two
dehydration zones have a number of common features
including K-feldspar micro-veins (referred to as K-feldspar
blebs in this study) along quartz and plagioclase grain
boundaries, replacement antiperthite in a selective scatter-
ing of plagioclase grains, biotite enriched inTi and F, an
increase of F in fluorapatite with increasing degree of dehy-
dration, and the presence of monazite and/or xenotime
inclusions in fluorapatite.

In this study the same techniques as used by Harlov &
Forster (20024, 20026) are applied to intermediate and
felsic gneisses over a 95km traverse in northern Tamil
Nadu. This traverse represents roughly a 10-15km thick
cross-section of crust ranging from high-grade granulite-
facies to middle amphibolite-facies grade. The rocks in
this region originated during a major period of continental
crust formation in the late Archean. In northern Tamil
Nadu metamorphism closely followed crustal accretion
(Peucat et al, 1993). A better understanding of the
processes that operated during this period is critical to
understanding the formation and evolution of the conti-
nental crust. One goal of this study is to determine whether
the features identified by Harlov & Forster (2002a, 20020)
also occur in a larger-scale, regional, high-grade, meta-
morphic terrane that comprises a cross-section of Archean
crust. A second goal of this study is to expand on studies of
amphibolite- to granulite-facies transitions in general by
including extensive whole-rock trace-element analyses for
each sample across the traverse. Taken together, the infor-
mation on trends in mineral associations, textures,
and compositions, as well as the whole-rock compo-
sition, puts important constraints on the processes of

trace-element depletion and their links to granulite-facies
metamorphism.

GEOLOGY

This study (Fig. 1) focuses on a 95km traverse, which
begins 5 km north of the town of Krishnagiri and ends at
the southern terminus of the Shevaroy Hills north of the
city of Salem in the state of Tamil Nadu, India. The domi-
nant rocks in the area are intermediate to felsic orthog-
neisses (Condie et al., 1982; Rameshwar Rao et al., 1991a),
with the proportion of felsic rocks decreasing towards the
south (Hansen et al., 1995). Subordinate amounts of mafic
gneisses and minor amounts of metasediments also occur.
Peucat et al. (1993) showed that metamorphism in
the northern portion of the traverse occurred close to
2-5 Ga shortly after crustal accretion at 2-7-2-5Ga.
Geochronology is lacking in the southern portion, but
Hansen et al. (1995) noted that there appears to be an
unbroken metamorphic transition to the southern margin
of the area. Roughly 10 km to the south of this margin the
metamorphic transition is cut off by a major shear zone of
probable Proterozoic age (Fig. 1).

Hansen et al. (1995) divided the rocks in the study area
from north to south into Amphibolite-Facies Gneisses; a
Clinopyroxene Zone where clinopyroxene is the predomi-
nant ferromagnesian mineral in the orthogneiss; Lowland
Charnockites in which the proportion of orthopyroxene to
biotite and amphibole increases southwards; and the
Highland Charnockites of the Shevaroy Hills area. In this
study a modification of this scheme is used (see also Harlov
& Hansen, 2005).

The Northern Amphibolite-Facies Zone (NAF) includes
all rocks north of the first appearance of orthopyroxene in
the felsic and intermediate orthogneisses (Fig. 1). The
quartzo-feldspathic rocks in this zone all contain biotite,
usually with amphibole. Epidote occurs in the northern
half of the NAF. Clinopyroxene appears in the southern
half of the zone.

The Central Granulite-Facies Zone (CGF) begins with
the first appearance of orthopyroxene in intermediate and
felsic orthogneisses several kilometres to the south of the
clinopyroxene isograd (Fig. 1). Clinopyroxene is the domi-
nant pyroxene in the northernmost part of this zone
but orthopyroxene becomes more abundant southwards.
The abundances of biotite and amphibole decrease to
the south, indicating progressively greater amounts of
dehydration (Hansen et al., 1995, 2002). Condie et al. (1982)
and Condie & Allen (1984) found no evidence of
trace-element depletion in the rocks from the northern-
most section of the CGFE. Rollinson & Tarney (2005) have
used this observation as one of their arguments against
trace-element depletion during granulite-facies meta-
morphism. However, Rameshwar Rao e/ al. (1991a),
and Hansen et al. (1995, 2002) have shown that depletions
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Fig. 1. Map of the Krishnagiri-Dharmapuri—Shevaroy area (Krishnagiri-Salem traverse) showing sample locations for the entire traverse.
Also shown are petrological zones representing progressive metamorphic terranes starting with the southern higher-grade granulite-
facies zone (SGF) through the central lower-grade granulite-facies zone (CGF) to the northern amphibolite-facies zone (NAF). Small,
enclosed areas are mappable granitic bodies, mostly from Condie et al. (1982) and Rameshwar Rao et al. (19915). The dotted line is the clinopy-
roxene isograd in felsic and intermediate orthogneisses. The dashed line just to the south of it (northern boundary of the CGF) is the orthopy-
roxene isograd for these same compositions. The lightly shaded area is the region in which independent monazite grains are relatively common.
It also corresponds roughly to the clinopyroxene-rich zone of Hansen et al. (1995). The second dashed line between 12°10" and 12° 00" marks
the approximate boundary between the SGF and CGEF. The principal country rock in all the zones is a quartzo-feldspathic gneiss.
The Krishnagiri-Dharmapuri—Shevaroy area is indicated by a bold outline on the geological map insert of the Indian subcontinent.
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in Rb, Gs, U, and Th appear further south in the middle of
the CGF.

The Southern Granulite-Facies Zone (SGF) roughly
coincides with the Highland Charnockites of Hansen
et al. (1995) and Harlov et al. (1997) (Fig. 1). Many of
the rocks in this zone contain only minor amounts of
amphibole and biotite. Garnet is widespread, but not
ubiquitous, in felsic and intermediate orthogneisses in
the southernmost SGF; that is, the last 10km of the
traverse going southwards. It is rare in compositionally
similar rocks in the northern SGF and totally absent in
the CGF orthogneisses.

Geothermometry and geobarometery indicate paleo-
pressures and temperatures of about 400 MPa and 600°C
(Rameshwar Rao et al., 19915) in the NAF and 800 MPa
(Gt-Opx—Plag-Qtz) and 850°C (Gt-Opx) at the south-
ern end (Hansen et al., 1995; Harlov et al., 1997). Thus the
northern portion of the traverse represents significantly
higher crustal levels (13 km depth) than does the southern
portion (25 km depth), indicating that the traverse repre-
sents a 12 km thick cross-section of lower Archean crust.
Two-pyroxene thermometry indicates a relatively constant
temperature of 780°C (£25°C) throughout the CGF and
somewhat higher temperatures (840°Cx70°C) for the
SGF (Harlov & Hansen, 2005).

ANALYTICAL TECHNIQUES

Sample selection

Fifty samples were chosen for detailed study of the fluora-
patite, monazite, allanite, titanite, biotite, and amphibole
compositions across the SGF, CGF, and NAF zones.
Samples were selected with regard to their major-element
whole-rock compositions, which range from intermediate
to felsic, as well as their positions along the traverse.
In those cases in which whole-rock analyses were not avail-
able, the decision on whether or not a sample was inter-
mediate or felsic was made based on its mineralogy,
determined from petrographic examination of thin sec-
tions. A detailed description of the accessory mineralogy
of these samples is given in Table 1.

Whole-rock analysis

Whole-rock analyses were carried out on kilogram-size
samples. The major-element analyses were performed by
X-ray fluorescence and have been described by Hansen
et al. (1995). Trace-element analyses (Table 2) for approxi-
mately 50% of the samples were performed at Activation
Laboratories LTD in Lancaster, Ontario using a combina-
tion of instrumental neutron activation analysis and induc-
tively coupled-plasma mass spectrometry (ICP-MS).
Detection limits are estimated to be 2 ppm for Pb, 3 ppm
for Zr, 1 ppm for Hf, 2 ppm for Rb, 2 ppm for Sr, 0-1 ppm
for all the REE except for Eu, Ho, and Lu (0- 05 ppm), and
0-1ppm for U and Th. Details of the analytical techniques

are available from the company website at www.actlabs.
com. The remaining 50% of the whole-rock trace-
clement analyses were carried out by ICP-MS at the
GeoForschungsZentrum Potsdam (indicated by an asterisk
in'Table 2). Technique and uncertainties have been outlined
by Dulski (2001).

Mineral analysis

Microscopic investigation was carried out using both
transmitted light and back-scattered electron (BSE)
imaging. BSE images were made on a Zeiss DSM 962 digi-
tal scanning electron microscope with either 15 or 20 kV
acceleration voltage.

Electron microprobe analysis (EMPA) was carried out
using the CAMECA SX50 and SXI100 electron micro-
probes at the GeoForschungsZentrum Potsdam. The
Cameca PAP program was used for matrix correction
(Pouchou & Pichoir, 1985). Analytical conditions and stan-
dards are given in Table 3. Relative errors in EMPA are
estimated to be <1% at the >10wt % level, 5-10% at
the 1wt % level, 10-20% at the 0-2 to Iwt % level,
and 20-40% at the <0-1wt % level. For concentrations
below 0-1wt %, the analytical precision for the actinides
and Pb is much better (i.e. ~10%). Detection limits were
~500 ppm for (Y +REE), 200-300 ppm for Th and U,
and 100 ppm for the remaining elements. Average or
typical analyses are given of biotite (Table 4), amphibole
(Table 5), fluorapatite (Table 6), monazite (Tables 7
and 8), allanite (Table 9), and titanite (Table 11). The
full dataset is available for downloading as a set of
Electronic Appendices from the Journal of Petrology website
at http://www.petrology.oxfordjournals.org.

Anywhere from four to nine biotite or amphibole grains,
scattered evenly over the length and breadth of the thin
section, were analysed per sample. The one exception is
93 F8 DI, where only one biotite grain was found.
To ensure that the relative differences observed are correct
within EMPA error, silicate analyses per sample were
obtained during a single measuring session including mul-
tiple checks of the calibration. HoO concentrations in the
biotite and amphibole were estimated by assuming that
the sum of F, Cl, and OH in the calculated mineral
formula is equal to four.

For most samples and elements the fluorapatite analyses
listed in Table 6 represent the average of between four
and 11 grains evenly scattered over the thin section. The
one exception is . Because I' X-ray excitation tends to
increase with time during EMPA (Stormer et al., 1993),
the fluorapatite grain in each sample with the lowest F
concentration was chosen as the value of I included with
the mean fluorapatite value in Table 6. Whenever possible,
elongated fluorapatite grains were chosen for analysis.
The assumption made was that, because such grains
are roughly oriented parallel to [0001], this would
minimize the increase in F X-ray excitation with time
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Table I: Mineralogy of the Tamil Nadu samples

HANSEN & HARLOV

COMPOSITIONAL TRENDS IN GNEISSES

Sample Zone D (km) Ep Opx Cpx Amph Bt Kfs blebs* Titanite Allanite FAp Monazite
1 95 J3 I NAF 0 X X X coarse X D X
2 95 J3 H5 NAF 353 X X coarse X X
3 95 J3 H2 NAF 4.45 X X X X X
4 93 F11 R1 NAF 4.82 X X X X
5 93 F2 )1 NAF 983 X X coarse X D X
6 93 F2 J2 NAF 983 X coarse X
7 93 F2 K2 NAF 12.99 X coarse X D X
8 93 F2 L1 NAF 14.30 X X D, RA x" SIA
9 93 F2 L2 NAF 14.30 X coarse X X
10 93 F2 L4 NAF 17-44 X X D, RA X D, SIA, LIA, RA
1" 93 J30 A1 NAF 18-74 X X fine RA, RM X D, SIA, LIA, RA
12 93 F2 M2 NAF 22.08 X X X RA X D, SIA, LIA, RA
13 93 F2 M3 NAF 22.08 X X RA X D, SIA, LIA, RA
14 93 J31 H2 CGF 23-19 X X X X D X SIA, LIA, RA
15 93 F3 N1 CGF 25-42 X X X moderate RA X D, SIA, LIA, RA
16 93 J31 F5 CGF 26-35 X X coarse X D, RA Xi D, SIA, RA
17 93 J31 G3 CGF 26-90 X X coarse RA X SIA, LIA, RA
18 93 J31 C4 CGF 27-64 X X RA X D, SIA, LIA, RA
19 93 J31 D1 CGF 29.87 X X X coarse, RAP RA X D, SIA, LIA, RA
20 93 J31 D3 CGF 29.87 X X coarse RA X D, SIA, LIA, RA
21 93 J31 E2 CGF 30-06 X X X RA X D, SIA, LIA, RA
22 93 F4 T1 CGF 32-10 X X coarse RA X D, SIA, LIA, RA
23 93 F4 R7 CGF 34.70 X X X coarse RA X D, SIA, LIA, RA
24 93 F4 Rb CGF 35.99 X X coarse RA X D, SIA, LIA, RA
25 93 F4 Q6 CGF 38-96 X X moderate, RAP RA X SIA, LIA, RA
26 95 J1 W3 CGF 40-07 X X X RA X D, SIA, LIA, RA
27 93 F4 Q1 CGF 4119 X X X coarse RA X SIA, LIA, RA
28 93 F4 T10 CGF 45-10 X X X coarse RA (rare) X SIA, LIA, RA
29 93 F4 P2 CGF 45.82 X X X X RA (rare) X SIA, LIA, RA
30 95 J1 V3 CGF 46-01 X X moderate, RAP RA X SIA, LIA
31 93 F118 CGF 48-60 X X X X coarse X LIA, RA
32 95 J1 S3 CGF 49-17 X X X X coarse RA (rare) X SIA, LIA, RA
33 93 F3 03 SGF 54.36 X X X X coarse, RAP RA X SIA, RA
34 94 D31 M2 SGF 63-82 X X X coarse, RAP X SIA, RA
35 93 F11 P2 SGF 67-16 X X coarse, RAP RA X SIA, RA
36 93 F9 I SGF 69-02 X X X moderate X D, SIA, RA
37 93 F9 H2 SGF 73-10 X X X RAP RA X SIA, LIA, RA
38 93 F6 W1 SGF 7773 X X moderate RA X SIA, RA
39 93 F9 F8 SGF 78-11 X X X moderate RA X D, SIA, RA
40 93 F6 W10 SGF 80-33 X X moderate, RAP RA X SIA, RA
41 YD50 SGF 83-86 X X
42 93 F6 W14 SGF 84-42 X X moderate RA X SIA, RA
43 YDA42 SGF 85.71 X X coarse, RAP RA X LIA, RA
44 93 F6 X13 SGF 89-24 X X coarse, RAP RA X LIA, RA
45 93 F9 Fb SGF 90-17 X X X X coarse RA X LIA, RA
46 93 F8 A1 SGF 91.84 X X RAP RA X SIA, LIA, RA

(continued)
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Table I: Continued

Sample Zone D (km) Ep Opx Cpx Amph Bt Kfs blebsx Titanite Allanite FAp Monazite
47 93 F9 F1 SGF 92.02 X X X coarse RA X LIA, RA
48 93 F7 Z32 SGF 92.57 X X coarse, RAP RA X SIA, LIA
49 93 F9 E3 SGF 94.20 X X X coarse RA X RA
50 93 F8 D1 SGF 94.99 X X X coarse RA X

*Kfs blebs are primarily found along plagioclase-quartz grain boundaries.
TA sparse scattering of small monazite inclusions are found in one fluorapatite grain.

iFluorapatite grains are magmatically zoned.

RAP, replacement antiperthite; D, discrete grain; SIA, numerous small Mnz inclusions in fluorapatite; LIA, large Mnz
inclusions in fluorapatite; RA, rim grain on fluorapatite; RM, rim grain on monazite; Ep, epidote; Opx, orthopyroxene;
Cpx, clinopyroxene; Amph, amphibole; Bt, biotite; Kfs, K-feldspar; FAp, fluorapatite.

during EMPA (Stormer et al., 1993; Pyle et al, 2002).
Each fluorapatite grain was examined in BSE mode and
areas free of monazite inclusions were chosen for analysis.
Yttrium + REE analyses are listed in Table 6 only if the
mean analysis was above the detection limits for the
(Y+ REE) and if more than half the individual analyses
were above this detection limit. The last criterion was to
limit the effect of the occasional large values that may
have been associated with monazite inclusions beneath
the fluorapatite grain surface and thus not detected in the
BSE images.

All of the monazite inclusions and rim grains analyzed
were at least 5pm in diameter and only analyses that
give a reasonable monazite stochiometry are reported
inTable 7. For a selection of seven samples, the proportions
of monazite inclusions and rim grains relative to the host
fluorapatite were estimated by determining the areas occu-
pied by light monazite grains and dark fluorapatite in
the BSE images ('Table 10). The areas were determined by
counting squares on a grid overlain on an enlargement of
the BSE image. A total of 15 fluorapatite grains per sample
were counted.

WHOLE-ROCK COMPOSITIONS

In Fig. 2 selected major-element analyses of intermediate to
felsic orthognesisses from Hansen et al. (1995) are plotted
against distance from the north end of the Krishnagiri—
Salem traverse. No systematic trends are evident in
Fe/(Fe + Mg) (Fig. 2a). Although there is a great deal of
scatter, there is a tendency for TiOy (Fig. 2b) and MnO
(Fig. 2¢) to be lower and SiOy (Fig. 2d) to be higher in
the NAF than in either the SGI or CGF. There is no sys-
tematic trend in any of these elements south of the ortho-
pyroxene isograd. There is a tendency for KoO (Fig. 2e) to
be somewhat higher at the northern end of the traverse
than at the southern end. However, in the middle of the

traverse (CGF and northern SGF) KyO is extremely vari-
able with no visible trend. On an O’Connor (1965) norma-
tive feldspar plot most of the orthogneiss analyses fall in
the granodiorite field, with most of the analyses
from the southern SGF clustering near the boundary with
tonalite and the analyses from the NAF trending towards
the boundary with quartz monzonite (Hansen et al.,
1995, fig. 8).

The changes in mineral assemblages and abundances
are roughly paralleled by changes in the abundances of
some LILE (Rameshwar Rao et al., 1991a; Hansen et al.,
1995; this study) (Table 2; Fig. 3). Most intermediate and
felsic gneisses in the NAF and northern CGF have moder-
ate to high Rb (30-150 ppm), Cs (0-05-0-25ppm),
Th (4—27ppm) and U (0-2-2-1ppm) concentrations,
and K/Rb ratios below 500 (Rameshwar Rao et al.,
1991a; Hansen et al., 1995, 2002). Low concentrations of Rb
(<30 ppm), Cs (<0-005ppm), U (<0-2ppm) and Th
(<2ppm), and high K/Rb ratios (>500 ppm) become
common in the southern orthopyroxene-rich portion
of the area (i.e. SGI and southern CGI; Fig. 3a-d).
At the southern edge of the SGF a few quartzo-feldspathic
gneisses anomalously rich in biotite have higher contents
of these elements more characteristic of rocks from the
NAF. Hansen et al. (2002) found that samples containing
very low whole-rock concentrations of Rb and high K/Rb
ratios are characterized by both relatively low abundances
of biotite and low concentrations of Rb in biotite.

Total REE concentrations (Fig. 3e) show greater
variability, with somewhat higher average values in
the NAF and CGF. However, these regional trends
are fairly weak. The average chondrite-normalized
REE patterns for the three metamorphic zones are
shown in Fig. 4. All zones show enrichment in light
REE (LREE). The patterns from the NAF and CGF
are parallel. In comparison, the pattern from the SGF
is somewhat less LREE enriched, crossing the other two
at a low angle.
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Table 2: Whole-rock trace-element analyses ( ppm)

Sample Zone D (km) Rb Sr Zr  Nb Cs Ba Hf Ta Pb Th U Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REE
1 954311 NAF  0-00 54.0 143 3-30 170 39 1.22 307 911 613 268 420 1.00 359 039 191 033 1.05 015 0-89 0-13 168
2 95 J3H5 NAF 353 630 93 2.20 260 546 154 208 421 380 159 252 065 208 024 1.14 021 064 009 062 009 91
3 95 J3H2 NAF 445 48.0 138 1.70 100 370 0-80 22.0 400 4.08 150 250 131 170 020 1.00 0-20 0-50 0-06 0-40 0-07 89
4 93 F11 R1" NAF 4.82 898 377 103 290 025 722 291 010 187 950 057 196 189 321 313 984 121 086 062 0.07 0-38 007 022 0-03 021 003 68
5 93 F2J1* NAF 983 961 508 588 326 024 1122 1244 192 190 11.0 204 377 102 235 268 953 153 303 108 1.39 7.57 1.37 369 0562 325 048 507
6 93 F2J2° NAF 983 145 447 193 243 019 2170 4.90 018 234 214 048 287 115 191 155 401 315 113 1.30 013 059 0-10 027 0-04 0-28 0-05 369
93 F2 J15 NAF 10-94 75-0 245 6-10 290 512 0-60 492 108 140 646 121 210 101 1.36 693 125 3-69 0-60 348 049 278
7 93F2K2 NAF 1299 107 129 3-40 390 202 1.02 579 960 853 287 3.04 077 297 017 074 013 038 004 0-29 0-05 200
8 93F2L1 NAF  14.30 620 103 3-00 14.0 070 0-10 130 200 172 550 0.70 077 0-40 010 020 0-10 0-10 0-05 0-10 0-03 43
9 93 F2L2° NAF 1430 503 483 166 780 012 346 378 035 114 335 049 836 302 616 656 224 342 1.05 2338 031 1.64 030 082 0-12 074 0-11 132
10 93 F2 L4 NAF 17:44 337 493 935 276 006 330 233 0009 997 130 016 389 164 280 28 996 160 075 1.18 014 0.76 0-14 0-38 0-05 0-33 005 63
11 93 J30 A1 NAF 1874 810 57 1.60 120 084 022 147 329 356 157 329 118 3.02 045 244 049 143 021 137 020 81
12 93 F2 M2* NAF 22.08 736 479 133 239 010 1226 313 006 175 502 032 553 433 721 699 229 3.05 148 198 023 1.16 020 054 0.07 043 0.07 155
13 93 F2 M3 NAF 22.08 880 265 050 100 161 480 561 1.98 0-40 0-58 0-06
14 93 J31 H2 CGF 23-19 39.0 6-30 368 680 260 375 1.23 0-40 0-45 0-06
15 93 F3 N11 CGF 25.42 51.0 153 3-80 12.0 550 22.0 470 573 230 460 1.03 330 050 230 0-40 110 0-15 0-90 0-11 112
16 93 J31 F5* CGF 26-35 506 490 102 281 004 1706 234 0-84 195 286 010 489 136 294 348 131 219 4.09 161 2.05 107 189 471 0-60 3-42 0-47 662
17 93 J31 G3* CGF 26-90 427 646 101 392 007 511 237 008 106 377 018 542 429 719 711 238 322 136 211 024 121 022 049 006 036 0-05 155
18 93 J31 C4* CGF 27-64 461 584 155 604 009 587 371 020 120 594 067 11.0 453 833 895 321 503 145 358 044 230 042 1.09 0-13 085 0-13 185
19 93 J31 D1* CGF 29-87 583 552 147 305 0.03 607 344 005 100 527 018 1111 545 978 104 374 578 144 4.02 049 245 043 1.06 013 078 0-11 217
22 B F4T1 CGF 3210 50-0 3-80 0-40 425 750 280 406 164 0-50 0-58 0-09
23 93 F4 R7* CGF 3470 664 575 232 780 006 812 558 025 866 600 040 402 656 158 207 855 160 274 116 154 839 155 4.13 055 3-39 049 380
24 93 F4 R5* CGF 35.99 624 737 146 381 005 1414 3.33 009 105 808 019 159 661 126 140 512 779 2.00 533 065 336 060 157 020 1-21 0-18 280
25 93 F4 Q6® CGF 38-96 24.0 1258 792 219 <0005 1143 195 008 134 035 008 667 404 737 801 296 437 149 266 030 136 023 063 008 048 0-06 163
26 95 J1 W3 CGF 40.07 580 218 5-10 180 328 0.17 749 135 156 665 109 210 969 1.10 508 0-88 2:64 036 1-83 025 327
27 93 F4 Q1" CGF 4119 167 406 139 3.08 002 372 353 011 817 058 026 579 280 487 492 169 248 09 1.77 023 1.17 021 0-63 0-08 053 0-08 107
9% J1 T1 CGF 4230 240 232 5.70 1.0 130 0-10 580 124 146 590 11.0 281 760 090 4.60 0-80 220 028 1.60 0-23 288
28 93 F4T10 CGF 45-10 16-0 0-40 387 720 320 528 143 0-60 1.04 0-14
29 93F4 P2 CGF 4582 5.00 0-60 257 460 180 286 1.10 0-30 0-53 007
30 95 J1V3 CGF 4601 8.70 144 310 160 057 015 296 532 493 190 252 095 237 020 081 014 035 004 0-22 004 114
95 J1 P1 CGF 4786 190 68 150 120 0-12 0.08 202 343 318 122 166 083 152 013 057 010 0-26 003 0-21 004 75
32 95 J1S3 CGF 4917 12:0 187 4.60 110 051 012 289 536 539 219 318 099 280 027 123 022 055 0-08 0-45 0-08 120
93 F1 111 CGF 53.43 2.00 171 370 100 011 0.07 384 757 826 360 578 165 5.06 058 275 050 146 0-18 1.08 0-15 178

(continued)
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Table 2: Continued =

w

oy

Sample Zone D (km) Rb Sr Zr Nb Cs Ba Hf Ta Pb Th U Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REE [

33 93 F3 03 SGF 54-36 5.00 239 52.0 240 508 1-38 0-50 113 019 §

34 94 D31 M2x SGF 63-82 177 865 766 620 <0-006 789 1.97 0-14 577 004 0.02 217 43.0 942 125 518 943 241 710 088 462 085 215 028 167 024 231 @

35 93 F11 P2« SGF 67-16 462 639 850 3-05 <0005 413 191 008 834 004 005 147 163 249 235 751 089 099 054 006 030 005 0-15 0-02 015 0-03 54 3
36 93 F9 I1x SGF  69-02 576 283 829 5.05 <0005 350 217 024 120 210 021 218 250 441 461 169 314 126 342 059 382 080 239 034 225 0-33 109
37 93 F9 H2 SGF 7310 12.0 219 5.70 12.0 040 23.0 490 600 260 570 155 4.80 070 340 060 170 024 140 020 124
38 93 F6 W1x SGF 7773 272 822 562 1.9 002 836 133 008 150 038 033 383 222 367 371 132 18 112 122 0-14 072 0-14 035 005 035 0-05 82

39 93 F9 F8 SGF 7811 9-00 0-60 292 490 19-0 255 1-36 0-30 056 0-10 2

40 93 F6 W10« SGF 80-33 114 735 65-8 347 <0-006 555 1.83 0-11 9:06 025 0.08 138 281 637 851 368 698 178 507 060 304 053 136 0-177 1.07 0-15 158 %

42 93 F6 W14  SGF 8442 9-00 25.0 0-60 16-0 017 0.07 12.0 22.8 223 946 159 078 144 016 080 015 041 005 033 005 52 S

43 YD 42x SGF 85.71 6.37 637 683 500 <0005 639 164 0-11 695 0.07 009 111 216 435 544 22.8 444 147 344 043 233 041 113 015 090 013 108 §

93 F6 X5 SGF 86-46 21.0 340 8-40 13.0 055 042 347 668 672 297 635 171 647 1.05 604 121 344 054 3.08 045 168 %

93 F6 Y11 SGF 89.00 520 281 6-50 15.0 129 0440 301 502 465 189 374 129 467 092 6-14 138 422 069 429 063 132 E

93 F6 X12 SGF 8924 7-00 66-0 320 11.0 0-30 360 660 682 250 380 132 230 030 130 020 0-60 0-06 0-40 0-06 144 °§

44 93 F6 X13x SGF 8924 11.0 616 815 368 <0.006 647 189 009 775 017 0-10 3-84 181 299 3.10 110 160 110 117 014 071 015 040 005 039 006 68 ocj

45 93 F9 Fb5x SGF 9017 52.1 640 106 214 <0-005 1639 251 005 150 12.3 016 110 893 144 13.8 447 575 141 367 046 239 042 1.15 0.13 083 013 308 g

46 93 F8 A1 SGF 91.84 50.-0 168 4.30 21.0 150 0-20 41.0 830 900 350 650 165 490 070 350 070 1.90 027 1.60 024 190 g

47 93 F9 F1x SGF  92.02 856 688 906 3-68 001 463 219 012 804 046 013 614 281 516 563 211 332 137 240 026 133 023 061 007 048 0.07 117 ®

@

48 93 F7 Z32x SGF 9257 4.47 984 908 4.67 <0-0056 646 2.00 013 7-36 054 009 123 404 802 941 3711 634 183 436 053 262 046 115 0-15 090 0-13 186 B

93 F9 E1 SGF 94-20 370 198 4.90 180 109 0-30 493 848 735 278 379 127 417 067 485 1.17 3-89 073 490 076 195 ':"
49 93 F9 E3x SGF 9420 337 352 110 546 003 371 279 028 896 361 028 143 298 566 625 225 377 115 310 043 262 056 165 024 1.61 024 131
50 93 F8 D1x SGF 94.99 850 367 792 440 <0005 342 1.8 013 7.17 018 012 172 168 290 3.07 1165 222 132 261 045 294 063 19 029 199 030 75

*Rock samples analysed according to the method described by Dulski (2001).

Blank indicates element not analysed for.
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Table 3: Analytical conditions

COMPOSITIONAL TRENDS IN GNEISSES

Mineral Accelerating voltage (kV) Spot size (um) Beam current (nA) Elements Counting time (s) Standards
Amphibole + biotite 15 5 20 F, Cl 30 NS
Ti, Mn, Ba, Na 20
Si, Al, Fe, Mg, Ca, K 10
Fluorapatite 20 15 10 Ce, La, Nd, Sm, Gd, Dy, Yb, Y 50 NS, SREE
Fe, Si, Na, Sr, Al, Mn, S, Ba 50
P, Ca, F, Cl 30
Monazite 20 1 40 Pb 300 NS, SREE
U 200
Th 100
Ce, La, Pr, Nd, Sm, Tb, Dy, Ho 50
Eu, Yb, Lu, Y 50
Al, Si, P, Ca 30
Fe 20
Allanite 20 2 40 Th, U 100 NS, SREE

Titanite 15 1 40

La, Ce, Pr, Nd, Sm, Gd, Dy, Y 50
Fe, Mg, Al, Si, P, Ti, Ca, Mn, F 30

Nb, Th, U 100 NS, SREE
Y, La, Ce, Nd, Sm, Mg, Na 60
Al, Zr 40
P, Mn, Fe, F 30
Ca, Ti, Si 20

NS, natural and synthetic silicate and oxide minerals (Jarosewich et al., 1980); SREE, Smithsonian REE phosphate

standard set (Jarosewich & Boatner, 1991).

MINERAL TEXTURES AND
COMPOSITION
K-feldspar

Discrete grains of K-feldspar occur only in the more felsic
orthogneisses, but patches and blebs of K-feldspar along
mineral grain boundaries are found in most samples
along the traverse (Fig. 5; Table 1). They were first reported
in rocks from the southern portion of this area by Hansen
et al. (1995) and studied in more detail by Harlov et al
(1998), who described them as K-feldspar micro-veins.
However, these often lack the crosscutting relationships
and obvious interconnectivity associated with veins and
so in this paper the alternative term K-feldspar grain
boundary blebs is used. Most of the K-feldspar blebs
(80-90%) occur along quartz—plagioclase grain bound-
aries (Fig. 5). They can also occur along grain boundaries
between orthopyroxene and plagioclase, garnet and
plagioclase, perthite and plagioclase, and plagioclase and
plagioclase, although invariably quartz is nearby. The
K-feldspar grain boundary blebs range from relatively
thin nearly continuous networks along quartz—plagioclase

grain boundaries (Fig. 5a) to discontinuous patches
(Fig. 5b and c). These K-feldspar textures are similar to
those in the Ivrea—Verbano zone, as described in more
detail by Franz & Harlov (1998).

Biotite

Biotite in the NAF tends to occur as large grains not
noticeably associated with any other mineral. The abun-
dance of biotite decreases southward in the CGF (Hansen
et al., 2002). In samples from the SGF, biotite tends to occur
as relatively small grains along or near orthopyroxene
grain boundaries (see Hansen et al., 2002; fig. 3b).

Various element concentrations in biotite are plotted
against distance from the northern edge of the traverse in
Fig. 6 (see Table 4). Titanium concentrations (Fig. 6a)
increase southwards to the orthopyroxene isograd, where
they level off for the rest of the traverse. Both Fe (Fig. 6b)
and Mn (Fig. 6¢) concentrations decrease steadily
throughout the NAF and the CGF and then remain
approximately  constant  throughout  the  SGF.
Although not plotted, Mg shows the opposite trend.
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lable 4:  Mean biotite compositions (wt %) &

@

Sample  Zone D (km) No Si0, TiO, ALO; FeO MnO MgO CaO  BaO KO  NaO F cl H,0f Sum O=(F+Cll Total loglfuo/ loglfuo/ loglfiue/ _

pts fre)® frci)™ fuc)” <

1 95J311 NAF 0 20 380(2) 167(11) 158(1) 186(4) 0-34(2) 12:4(3) 0.01(1) 012(7) 881(13) 0.04(1) 020(3) 0.01(1) 390 1000 0.09 999 524 468  —057 %
2 95J3H5 NAF 353 16 37.8(4) 1-84(10) 16.4(2) 189(3) 033(3) 11-6(4) 0.01(1) 0.07(7) 868(10) 0.06(1) 0-13(3) 002(1) 392 998 0.05 997 542 457  —085
3 95J3H2 NAF 445 20 381(3) 1.86(15) 16:2(3) 183(7) 033(3) 12:3(5) 0.04(3) 0-14(7) 867(11) 0.08(2) 0-13(8) 0.04(1) 394 1001 0.07 1001 543 420  —1.23
4 93F11R1 NAF 482 21 37-4(4) 1.99(9) 16:4(2) 200(6) 031(7) 10-8(4) 0.02(3) 0.08(6) 859(26) 0.08(2) 0-30(5) 0-10(1) 380 999 0.1 998 501 381 ~1-19

5 93F2J1 NAF 983 14 37.9(4) 238(8) 15.0(2) 193(2) 038(3) 121(2) 0.01(1) 0-15(7) 872(9) 0.07(2) 0-81(5) 0.09(1) 357 1004 0.36 1001 459 382  —077 )

6 93F2J2 NAF 983 16 382(3) 301(17) 15.6(4) 19.0(4) 0.203) 11:5(4) 001(1) 0-17(8) 876(24) 0.05(2) 0-85(6) 0.08(1) 359 101.0 0-38 1006 456 38  —072 o

7 93F2K2 NAF 1299 6 382(2) 252(11) 16:6(2) 19.9(3) 0.25(3) 10-9(1) 001(1) 0.03(4) 883(5) 0.06(1) 1.19(6) 0.09(2) 341 1009 0.52 1004 436 382  —054 g
8 93F2L1 NAF 143 20 382(3) 294(7) 165(3) 17.9(3) 0-15(3) 12.0(1) 001(2) 0-16(5) 882(21) 0.04(2) 0-11(3) 0-13(1) 397 1009 0.08 1008 554 367  —1.87

9 93F2L2 NAF 143 20 37.6(3) 296(8) 165(3) 19.7(3) 0-19(2) 10-9(2) 0.01(1) 0-14(9) 896(12) 0.07(1) 0-16(2) 0.12(1) 391 1012 0-10 1011 529 373 155 %

10 93F2L4 NAF 1744 24 375(2) 404(8) 148(1) 175(3) 02002) 130(2) 001(1) 019(7) 878(14) 0.07(1) 022(8) 0-13(2) 387 1003 012 1002 524 365  —159 =

11 93J30 AT NAF 1874 20 37.3(4) 486(19) 149(3) 17:3(5) 0-20(2) 12:8(2) 0.04(3) 040(11) 8.60(15) 0.07(3) 0.07(4) 0.05(1) 398 1006 0.04 1005 575 406  —169 3

12 93F2 M2 NAF 2208 18 37.6(5) 404(14) 153(4) 16.9(6) 0-14(3) 129(5) 0.02(2) 0.14(6) 869(19) 0.07(2) 021(4) 0.08(1) 391 1001 0-11 1000 528 38  —140 3

13 93F2 M3 NAF 2208 21 384(2) 409(13) 155(3) 16-4(4) 0-13(5) 133(3) 001(1) 020(8) 871(36) 0-07(3) 025(5) 0-11(1) 393 1010 0-12 1009 522 373 —149 g

14 93 J31 H2 CGF 2319 14 37.3(2) 439(14) 154(2) 19.0(4) 0.09(3) 117(2) 0.01(1) 036(9) 868(9) 0.07(1) 0-16(4) 0.07(1) 393 1012 009 1011 517 391 —1:27 g,

15 93 F3N11 CGF 2542 20 383(3) 470(15) 146(2) 15.1(4) 0-14(4) 149(3) 0.01(1) 029(7) 887(6) 0.03(1) 050(5) 0.09(1) 384 1014 023 1012 479 372 —1.08 <)

@

16 93 J31 F5 CGF 2635 24 388(3) 334(17) 140(2) 16.0(3) 0-21(4) 1484) 0.02(1) 030(9) 883(8) 0.07(2) 213(9) 0-12(1) 302 1016 093 1007 404 351 —053 S

17 93 J31 G3 CGF 2690 20 38.1(4) 459(27) 157(4) 15.7(6) 0-16(5) 135(7) 0.01(1) 025(10) 886(8) 0.04(2) 023(7) 0.09(1) 396 1012 012 1011 510 376  —134 Es
18 93 J31C4 CGF 2764 20 379(4) 538(22) 14.6(2) 16.1(4) 0-15(4) 136(2) 001(1) 034(7) 885(9) 0.02(1) 0-27(3) 0.07(1) 392 1012 0.13 1011 502 38  —1.18
19 93 J31 D1 CGF 2987 15 380(3) 5:26(26) 14:3(2) 16.1(3) 0-14(4) 139(2) <001  023(7) 890(12) 0.03(2) 051(4) 0-12(1) 380 1013 0.25 1011 474 361 —1413
20 93 J31 D3 CGF 2087 10 381(4) 4.84(21) 14.9(3) 158(4) 0.16(3) 13.9(2) 0.06(5) 0-19(5) 858(27) 0.05(1) 0-54(4) 0-11(1) 379 1009 0:26 1007 472 364  —1.09
21 93 J31E2 CGF 3006 15 37.9(4) 4.98(37) 14.9(4) 158(4) 012(3) 137(4) 0.02(1) 0.31(7) 873(6) 0.04(2) 0:31(7) 0.09(2) 389 1008 0-15 1007 497 376  —121

(continued)
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Table 4: Continued

Sample  Zone D (km) No Si0, Ti0, ALO; FeO  MnO MgO CaO BaO  K,0  NaO F cl H,0t Sum O=(F+Cl) Total log(fuo/ logifio/ loglf/
pts fup)* fuc)” frc)”
22 93 F4T1 CGF 3210 20 382(2) 490(19) 14-8(2) 15-4(2) 0-19(3) 14-3(3) 0-01(1) 0-42(6) 8:77(9) 0-03(2) 0-31(7) 0-11(1) 392 1014 0-156 101-2 4.99 367 —1.32
23 93 F4 R7 CGF 3470 20 385(3) 4-16(20) 14-8(2) 14-8(3) 0-12(2) 15-1(2) <0-01 0-49(9) 8:85(10) 0-04(2) 0-53(3) 0-11(1) 3-82 1014 0-25 1011 4.78 363 —1-15
24 93 F4R5 CGF 3599 20 381(3) 508(15) 14-8(4) 15-4(4) 0-11(4) 14-4(3) <0-01 0-50(8) 8-76(8) 0-04(2) 0-42(5) 0-11(2) 3-87 1016 0-20 1014 4.85 3-66 —-1-20
25 93 F4 Q6 CGF 3896 15 38.7(4) 4-04(17) 14.5(4) 12.8(2) 0-11(3) 16-5(2) 0-02(2) 0-22(6) 8-80(10) 0-04(1) 1-42(5) 0-08(2) 3-41 100-7 0-62 100-1 4-36 372 —0-63
26 95 J1 W3 CGF 4007 25 381(6) 523(23) 14-6(2) 14-2(3) 0-11(3) 15-1(3) 0-01(1) 0-37(6) 8-85(7) 0-04(2) 0-61(6) 0-14(1) 3-77 1011 0-29 100-8 4.72 3.62 —-1.20
27 93 F4 Q1 CGF 4119 5 377(3) 5:31(6) 14-2(1) 15.0(2) 0-10(2) 14-5(1) 0-01(1) 0-48(9) 8-83(8) 0-03(1) 0-67(4) 0-08(1) 371 100-7 0-30 100-4 4-65 378 —0-87
28 93 F4 T10 CGF 4510 20 39:1(3) 4.77(19) 14.8(3) 11.8(6) 0-04(3) 17-0(4) 0-03(3) 0-43(19) 8-87(10) 0-04(1) 1-25(10) 0-10(2) 3-54 101-8 0-55 101-3 4-45 359 —0-87
29 93 F4 P2 CGF 4582 7 38-0(9) 4-40(39) 15-6(7) 11-3(20) 0-12(5) 17-8(13) 0-10(5) 0-47(14) 7-94(88) 0-04(1) 0-61(12) 0-13(2) 3-81 100-4 0-29 100-1 4-81 352 —1-29
30 95 J1V3 CGF 46.01 10 37-9(6) 5-24(14) 15-3(3) 13-6(2) 0-02(2) 15-0(2) 0-03(2) 0-53(10) 8-59(6) 0-06(1) 0-18(5) 0-13(2) 398 100-6 0-11 1005 5-28 357 -1.71
31 93 F118 CGF 4860 24 40-2(4) 3-80(33) 13-7(7) 9-07(80) 0-03(2) 20-1(7) 0-03(3) 0-09(9) 9-24(17) 0-03(1) 3-00(56) 0-14(2) 274 102-2 1-29 100-9 4.05 3:30 —0-75
32 95 J1S3 CGF 4917 4 382(2) 5-36(20) 15-6(2) 14-4(1) 0.03(1) 14.5(2) <0-01 0-31(9) 886(4) 0-02(1) 0-21(2) 0.07(1) 401 1015 0-11 101-4 5.20 383 —1.37
33 93 F3 03 SGF 5436 14 39:2(6) 4-32(35) 14-8(11) 11.5(9) 0.02(2) 17-5(7) 0-02(3) 0-40(21) 8-69(45) 0-04(2) 2-62(21) 0-14(2) 2-88 1022 1-13 101-0 4-06 3-36 —0-70
34 94 D31 M2 SGF 6382 10 38-4(3) 445(50) 14-0(4) 12-6(4) 0-04(3) 16-4(6) 2-73(23) 0-08(5) 9-00(35) 0-05(1) 2-33(22) 0-41(4) 2-93 103-3 1-07 102-3 3-92 2.87 —1-05
35 93 F11 P2 SGF 67-16 15 38:9(8) 4-16(30) 15-3(7) 11-0(10) 0-04(2) 17-5(11) 0-46(10) 0-08(6) 9-25(20) 0-03(1) 1-47(14) 0-08(2) 3-46 101-8 0-64 101-2 4.40 3-69 —0-70
36 93F9 I SGF 69:02 21 39:2(3) 527(14) 14.9(2) 12.0(5) 0.02(2) 16-4(3) <0-01 0-20(14) 9:05(9) 0-02(1) 0-86(5) 0-04(1) 375 1017 0-37 101-4 4.47 3.97 —0-50
38 93 F6 W1 SGF 77.73 9 39-4(4) 3-82(89) 14.7(56) 10-0(6) 0-05(2) 18-3(3) 0-38(4) 0-32(2) 9-30(9) 0-05(1) 1.90(6) 0-05(1) 325 101-6 0-81 100-8 4-13 3.77 —0-36
39 93 F9 F8 SGF 7811 21 385(3) 4.63(26) 14-5(4) 11-6(5) 0-02(2) 17-1(3) 0-30(5) 0-14(5) 9:25(15) 0-02(1) 1.561(10) 0-05(1) 3-40 101-1 0-64 1005 4-20 388 —0-32
40 93 F6 W10 SGF 80-33 13 39:5(6) 4-45(22) 14-0(3) 10-9(9) 0-02(2) 18-1(7) 0-04(2) 0-27(14) 9-05(13) 0-03(1) 2-11(9) 0-03(1) 3-15 101-6 0-90 100-7 4-05 4.05 0-00
41 YD50 SGF 8386 22 39:1(4) 540(13) 14.5(1) 11.8(5) 0.04(2) 16-8(5) 0-01(1) 0-12(9) 9:07(8) 0-03(1) 1-39(7) 0-08(2) 3-48 101-8 0-61 101-2 4.24 363 —0-61
43 YD42 SGF 85.71 11 39.0(4) 4-.60(21) 15-1(3) 11.9(6) 0-02(2) 16-8(5) 0-01(2) 0-31(12) 8-87(11) 0-03(1) 1.35(9) 0.04(1) 3-61 1016 058 101-0 4-26 398 —0-28
44 93 F6 X13 SGF 8924 14 38.9(5) 4-10(29) 14-4(3) 11-2(5) 0-01(2) 17-8(4) 0-28(4) 0-15(4) 9-10(42) 0-04(1) 2-10(21) 0-04(1) 3-12 101-2 0-89 100-3 4.04 3.88 —0-16
45 93 F9 F5 SGF 9017 32 38.6(3) 451(19) 14.9(2) 12.0(6) 0-02(2) 16-8(5) 0-03(2) 0-18(11) 8-98(17) 0-04(1) 1-29(11) 0-05(1) 3-50 100-8 0-55 100-3 4-27 385 —0-42
47 93 F9 F1 SGF 92.02 39 38.8(4) 4-89(16) 14-8(3) 12:6(2) 0-02(2) 16:5(3) 0-02(2) 0-29(7) 8-95(13) 0-04(1) 1-25(13) 0-03(1) 3-54 1016 0-54 1011 4.27 409 —0-18
49 93 F9 E3 SGF 9420 22 39.0(3) 4-81(19) 14.3(4) 13.0(4) 0.02(2) 16-0(4) 0-01(1) 0-45(9) 9-00(8) 0-05(1) 1-54(7) 0-04(1) 3-38 1015 0-67 1009 4.15 391 —0-24
50 93 F8 D1 SGF 94.99 5 39-4(4) 4.35(33) 16-2(4) 12-7(3) 0-01(2) 15-0(5) 0-04(8) 0-19(9) 8-65(13) 0-13(17) 0-11(6) 0-09(1) 4-09 101-0 0-07 1009 5.37 3:67 —1.70

*Calculated using the formulation of Munoz (1992).

tCalculated assuming the (F,CIl,OH) site is filled.
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Table 5: Mean amphibole compositions (wt % )

Sample Zone D (km) No. pts  SiO, TiO, Al,03 FeO MgO MnO CaO K,0 Na,O F Cl H,0* Sum O=(F+Cl) Total
1 95 J3 11 NAF 0 20 45-1(3) 0-79(6) 9-06(20) 187(3)  10-5(2) 0-46(3) 11-7(1)  0-88(3) 1.36(8) <001 0-01(1)  1.99 1004  0-00 100-4
3 95 J3 H2 NAF 4.45 22 44.9(4) 1-16(27) 9-37(40)  185(4)  10-4(2) 0-47(3)  11-7(1)  1-00(4) 1-46(6) <0-01 0-02(1)  2:00 1009  0-00 100-9
5 93F2U1 NAF 9-83 6 43.9(2) 1-06(8) 9-69(12)  19:5(3) 9:39(21) 0-56(7) 115(1) 1-18(3) 1.58(6) 0-28(4) 0-09(1) 1.83 100-6  0-14 100-4
10 93 F2L4 NAF  17.44 22 44.9(3) 1-26(9) 9-69(25) 16-3(4)  11-2(2) 0-34(4) 11.7(1)  1-10(3) 1-40(9) 0-02(3) 0-11(1)  1.97 1001 0-03 100-1
11 93 J30 A1 NAF 18-74 21 45.0(4) 1-65(12) 9.76(18)  15:9(3)  12:0(2) 0-36(3) 11-8(1)  1.07(3) 1-33(9) 0-01(5) 0-04(1) 2.02 1009  0.01 100-9
12 93 F2 M2 NAF  22.08 18 48-3(10)  0-64(8) 7-79(80)  14.3(6) 14-1(6) 0-60(4) 11-8(1) 0-72(9) 1-15(15) 0-09(3) 0-04(1) 2.02 1016  0-05 10156
14 93 J31H2 CGF 2319 6 44.6(6) 1-14(9) 10-7(3) 16-8(2) 11-3(3) 0-34(2) 11-8(4) 1-15(6) 111(7) 0-02(3) 0-05(1)  2-01 1011 002 1010
16 93 J31 F5 CGF  26:35 21 43-3(3) 1-40(14)  10-4(3) 17:2(4)  11-1(2) 0-46(4) 11-6(1)  1-49(5) 1.72(11) 0-85(4) 0-13(1)  1.56 1011 0-39 100-7
25 93 F4 Q6 CGF 3896 20 46-4(5) 1-74(17) 8.54(29) 13-6(4) 13-4(2) 0-31(2)  11-4(2)  1.02(3) 1.78(16) 0-50(6) 0-04(1)  1.79 1005 0-22 100-3
27 93 F4 Q1 CGF 4119 18 44.5(6) 2.09(12) 9:92(22)  14-1(3) 12-6(2) 0-24(3)  11-6(1)  1.22(4) 1-50(10) 0-22(5) 0-06(1)  1.90 998 0-11 997
28 93 F4T10 CGF 4510 17 44.3(3) 1-89(18)  10-5(2) 13.8(4) 12:7(2) 017(3)  11-6(2) 1.37(4) 1-41(17) 0-42(4) 0-10(1)  1.80 1000 0-20 998
29 93 F4 P2 CGF 4582 4 45.-4(2) 1.99(2) 10-0(0) 13-3(0)  13-2(1) 0-13(2) 11:8(1)  1-18(3) 1.75(6) 0-24(3) 0-10(0) 1.92 1011 012 101-0
31 93F118 CGF 4860 26 44.4(5) 1.51(20)  11-2(6) 12:3(8)  13:5(5) 0-14(5)  11-8(2) 1-74(13)  1.74(13) 1-24(7) 0-19(2) 141 1012 057 100-7
32 95J1S3 CGF  49.17 3 43.5(2) 1.75(14)  12.0(3) 14-1(2)  12:0(1) 0-10(4)  11-8(0)  1-48(3) 1.28(4) 0-03(3) 0-09(2)  2.00 1002 003 100-2
33 93 F303 SGF  54.36 27 43.5(5) 2.10(16)  11-6(5) 13:1(4)  12:4(2) 0-13(3)  11-6(1)  1.84(7) 1.65(7) 1.04(7) 0-16(1)  1.46 1006  0-47 100-2
37 93 F9 H2 SGF 7310 20 44.1(8) 1.67(15)  12.0(5) 13:2(6)  12-4(4) 0-11(3)  11.9(1)  1.82(7) 1-43(11) 0-89(6) 0-09(1)  1.60 101-:3  0-40 100-9
39 93 F9F8 SGF 7811 5 43-8(5) 1.24(59)  12:4(3) 12.2(6)  13.0(5) 0-13(3) 12.1(2)  1.73(8) 1-33(13) 0-64(11)  0-06(1) 173 100-4 0-28 100-1
42 93 F6 W14 SGF 8442 10 42:2(7) 1.54(19)  12.7(6) 15-3(4)  10-6(3) 0-13(2)  11-8(1)  2-03(14)  1-41(11) 0-66(5) 0-21(3)  1.63 1002 033 999
44 98 F6 X13 ~ SGF  89-24 7 43-8(6) 1-41(25)  12-8(6) 12:6(4)  12:7(3) 0-10(2)  11-8(4)  1-90(13)  1-39(6) 0-90(7) 0-06(1)  1-61 1010 0-39 100-6
45 93 F9 F5 SGF  90-17 26 43-0(6) 1.78(29)  11.9(5) 13:3(5)  12-2(4) 0-14(3)  116(2) 1-60(11)  1.72(12) 0-49(5) 0-06(1) 176 996 022 99:3
47 93 F9F1 SGF  92.02 1 44.1(3) 1-63(30)  12:3(7) 12.6(4) 12:7(3) 0-14(3)  11.7(1)  1.68(10)  1.68(12) 0-55(5) 0-03(1) 1.78 1009 0-24 100-7
48 93 F7 732 SGF 9257 15 43-3(3) 1.79(27)  12-0(3) 12.2(6)  12.8(3) 0-10(2)  12.1(1)  2-11(11)  1-46(12) 1-00(9) 0-18(3)  1.52 100-6  0-46 100-1

*Calculated assuming the (F,Cl,OH) site is filled.
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Table 6:  Mean fluorapatite compositions (wt % )

Sample Zone D (km) No. P,0s  SiO, SO, Lay03 Cey03 Nd,03 Ca0 FeO* MnO  SrO Na,0 F Cl H,Of Sum O=(F+Cl) Total (Y-+LREE),O3
grains
1 94311 NAF 0 6 41.5(3) 0-11(5) 0-12(9) <0-05 <0.-05 <0-05 54.7(2) 0-01(1) 0-03(1) 0-06(2) 0-04(3) 3-28 0.01(1) 0-21 1001 1.38 987 0.00
2 9 J3H5 NAF 353 6 41.9(4) 0-13(9) 0-10(4) <0-05 <0-05 <0-05 54.6(2) 0-01(2) 0-05(1) 0-06(1) 0-02(2) 328 0-02(1) 022 1004 1-39 99-0 0-00
3 95J3H2 NAF 445 6 41.7(4) 0-17(8) 0-11(3) <0-05 0-11(8) <005 54.9(2) 0-01(1) 0-04(2) 0-05(3) 0-02(2) 3-37 0-02(1) 017 100-6 1.42 992 011
4 93 F11 R1 NAF 482 6 41.7(3) 0-22(26) 0-10(3)  0-09(12)  0-19(20) <0-05 54.7(4) 0-03(4) 0-04(2) 0-04(3) 0-02(1) 3-45 0-04(1) 0-13 100-8 1-46 993 028
5 93F2J1 NAF 983 8 41.3(6) 0-31(10) 0-22(6) 0-14(10) 0-22(7) <0-05 54.9(3) 0-04(4) 0-04(1) 0-06(3) 0-05(3) 3-66 0-03(1) 0-03 101-0 1.65 9956 036
6 93F2J2 NAF 983 7 41.2(6) 0-23(12) 0-08(2) <0-05 0-23(8) 0-11(9)  54.5(3) 0-04(4) 0-04(1) 0-06(2) 0-04(3) 3-68 0-03(1) 001 100-3 1.56 987 034
7 93F2K2 NAF 1299 5 41.4(7) 0-28(25) 0-03(2) <0-05 0-31(31)  0-11(10) 54.5(5) 0-06(7) 0-03(2) 0-03(2) 0.01(0) 3-87 0-02(1) 000 100-6 1.63 990 042
8 93F2L1 NAF 1430 4 41-4(2) 0-24(11) 0-10(4) <0-05 0-11(11) ~ 0-16(16) 54.5(3) 0-03(3) 0-04(2) 0-04(1) 0.03(2) 3-30 0-19(6) 0-16 100-3 1.43 989 027
9 93F2L2 NAF 1430 6 41.6(6) 0-21(12) 0-09(5) <0-05 0-11(8) 0-11(11) 54-6(3) 0-02(2) 0-03(2) 0-06(2) 0-03(3) 3-49 0-08(2) 0-10 100-6 1-49 991 022
10 93 F2 L4 NAF 1744 9 41.4(5) 0-15(7) 0-08(5) <0-05 0-11(9) 0-09(9) 54-9(4) 0-04(3) 0-03(2) 0-05(2) 0-04(2) 3-11 0-23(6) 023 100-4 1.36 99-0 020
11 93 J30 A1 NAF 1874 6 41-8(3) 0-22(20) 0-07(3) <0-05 0-08(8) <0-05 54.6(2) 0-03(3) 0-04(3) 0-05(2) 0-05(6) 3-28 0-17(5) 0-18 1006 1-42 992 008
12 93 F2 M2 NAF 2208 10 41-3(5) 0-26(10) 0-07(3) <0-05 0-27(15)  0-24(11) 54-6(3) 0-06(3) 0-09(3) 0-06(2) 0-07(2) 3-17 0-16(4) 022 1005 1.37 991 050
13 93 F2 M3 NAF 22.08 9 41.5(9) 0-19(5) 0-05(3) <0-05 0-13(6) 0-14(8) 54.7(4) 0-03(2) 0-07(1) 0-07(2) 0.07(3) 3-13 0-24(8) 022 1005 1.37 991 027
14 93 J31 H2 CGF 2319 6 41.3(4) 0-26(7) 0-01(2) <0-05 0-16(4) 0-19(9) 54-3(2) 0-08(2) 0-06(2) 0-04(1) 0-02(2) 3-20 0-12(3) 021 100-0 1.37 986 035
15 93 F3 N11 CGF 2542 5 41.5(5) 0-28(15) 0-06(3)  0-08(7) 0-19(11)  0-17(12) 54-2(3) 0-09(6) 0-06(3) 0-04(3) 0-06(3) 3-20 0-23(3) 0-19 100-3 1-40 989 044
16 93 J31 F5 CGF 26-35 6 41.0(8) 0-54(26) 0-06(3) 0-36(24) 0-68(28) 0-27(13) 54-1(6) 0-20(6) 0-05(3) 0-02(3) 0-05(2) 3-78 0-04(2) 0-00 1012 1.60 996 131
17 93 J31 G3 CGF 2690 6 41.4(6) 0-35(9) 0-07(3) <0.-05 0-21(8) 0-20(11) 54-3(5) 0-09(5) 0-12(3) 0-05(2) 0-04(2) 2.99 0-24(2) 029 1004 131 99:-0 041
18 93 J31 C4 CGF 2764 8 41.6(4) 0:31(8) 0-09(2) <0-05 0-20(7) 0-20(7) 54.7(2) 0-24(16) 0-10(3) 0-04(2) 0.05(3) 3-27 0-18(3) 0-18 1012 1.42 99-8 040
19 93 J31 D1 CGF 29.87 6 41.0(4) 0-44(5) 0-07(2) 0-10(7) 0-42(8) 0-31(8)  54.0(1) 0-08(6) 0-05(2) 0-05(3) 0-02(1) 3-17 0-29(5) 0-18 1002 1.40 988 083
20 93 J31 D3 CGF 2987 8 41.0(4) 0-40(7) 0-07(5) <0-05 0-40(14)  0-28(10) 54-3(3) 0-19(8) 0-08(3) 0-03(2) 0-05(4) 3-25 0-23(4) 0-16 1004 1.42 990 068
21 93 J31 E2 CGF 30-06 8 41.5(4) 0-26(10) 0-05(5) <0-05 0-20(12)  0-13(5) 54.7(4) 0-21(9) 0-07(3) 0-06(4) 0-06(3) 3-07 0-19(4) 027 1007 1.34 994 033
22 93F4T1 CGF 3210 6 41.4(6) 0-33(15) 0-13(4) <0-05 0-27(20)  0-21(18) 54-2(5) 0-08(1) 0-09(4) 0-04(3) 0-06(1) 3-24 0-33(5) 0-15 1004 1.44 99-0 048
23 93 F4 R7 CGF 3470 8 41.56(3) 0-43(10) 0-07(5) <0-05 0-30(13)  0-34(9) 545(3) 0-17(14) 0-04(2) 0-06(3) 0-03(3) 3-27 0-26(4) 0-16 1011 1.44 996 064
24 93 F4R5 CGF 3599 6 40-7(4) 0-48(12) 0-13(4) 0-11(5) 0-48(15)  0-31(10) 53-6(2) 0-06(56) 0-07(2) 0-04(2) 0.06(4) 2-97 0-30(9) 026 995 1.32 982 090
25 93 F4 Q6 CGF 3896 6 41-3(8) 0-32(16) 0-15(3) <0-05 0-31(19)  0-22(12) 54-3(4) 0-03(2) 0-03(2) 0-10(2) 0-05(2) 3-69 0-10(2) 0-00 100-6 1.58 990 053

(continued)
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Table 6: Continued

Sample Zone D (km) No. P,0s SiO, SO, La,03 Cey03 Nd,03 Ca0 FeO* MnO SrO Na,O F Cl H,Of Sum O=(F+Cl) Total (Y4 LREE),03
grains
26 95 J1 W3 CGF 40.07 6 41.5(3) 0-32(10) 0-11(5) <0-05 0-24(10)  0-19(3) 53-8(8) 0-14(5) 0-09(2) 0-07(2) 0-04(2) 3-11 0-37(8) 0-20 100-2 1-39 98-8 0-43
27 93 F4Q1 CGF 4119 10 41.6(6) 0-28(13) 0-08(3) <0-05 0-30(14)  0-22(10) 54-8(2) 0-17(6) 0-05(2) 0-04(3) 0-05(3) 3-34 0-16(2) 0-16 1012 144 99-8 0-562
28 93 F4 T10 CGF 4510 41.6(4) 0-29(27) 0-09(4) <0-05 0-09(6) 0-12(8) 54.7(5) 0-38(44) 0-04(1) 0-05(2) 0-05(3) 3-40 0-21(7) 0-13 1011 148 99:6 0-21
29 93 F4 P2 CGF 4582 6 40-6(6) 0-36(9) 0-14(9) <0-05 0-20(6) 0-25(6) 54-6(3) 0-10(4) 0-02(2) 0-03(1) 0-05(4) 3-23 0-33(2) 0-14 1000 143 986 0-45
30 95 J1V3 CGF 4601 1 40-6 0-63 0-10 <0-05 0-42 0-26 53-8 0-13 <005 003 005 304 024 000 993 133 980 0-68
31 93F118 CGF 48-60 6 41.3(8) 0-49(27) 0-09(6) <0-05 0-23(24)  0-21(10) 54-2(4) 0-09(3) 0-03(2) 0-04(2) 0-04(2) 359 0-20(4) 0-01 1005 1.56 99-0 0-44
32 95 J1S3 CGF 4917 7 40-4(5) 0-26(11) 0-04(4) 0-09(6)  0-12(9) 0-17(9) 54-6(3) 0-11(5) 0-03(3) 0-04(2) 0-04(3) 3-18 0-23(7) 0-18 995 1.39 98-1 0-38
33 93 F3 03 SGF 5436 8 41.0(6) 0-29(4) 0-03(2) <0-05 0-25(11)  0-17(10) 54-0(6) 0-14(10) 0-03(1) 0-04(3) 0-02(2) 3-88 0-13(2) 0-00 1000 1-66 98-3 0-42
34 94 D31 M2 SGF 6382 7 41-4(10) 0-40(24) 0-04(5) <0056  <0-05 <0-05 54.0(6) 0-26(17) 0-04(2) 0-08(3) 0-04(3) 3-38 0-44(12) 0-05 100-1 1.52 98-6 0-00
35 93 F11 P2 SGF 67-16 6 41.9(4) 0-52(51) 0-09(8) <0-05 0-11(11)  0-15(9) 54-5(6) 0-06(4) 0-02(2) 0-05(3) 0-06(3) 356 0-13(2) 0-06 101-2 1.53 997 0-26
36 93 F9 I SGF 69-02 8 41.9(2) 0-16(17) 0-01(2) <005  <0-05 0-08(10) 55-0(3) 0-15(13) 0-02(2) 0-04(2) 0.04(5) 3-49 0.08(5) 0-11 1011 1.49 99-6 0-08
37 93 F9H2 SGF 73110 10 41-6(4) 0-27(25) 0-03(5) <0056  <0-05 <0-05 54.7(5) 0-11(15)  0-02(2) 0-05(3) 0-03(3) 3-78 0-06(1) 0-00 100-6 1.61 99-0 0-00
38 93 F6 W1 SGF 77.73 9 41-8(5) 0-25(5) 0-17(6) <0-05 0-15(7) 0-12(9) 54-9(2) 0-09(11)  0-02(1) 0-07(1) 0-05(1) 3-61 0-08(3) 0-05 1014 1.54 99-8 0-27
39 93F9 F8 SGF 7811 41-4(3) 0-561(26) 0-13(10) <0-05 0-50(62)  0-25(21) 54-5(11) 0-13(7) 0-02(2) 0-04(2) 0-04(3) 3-73 0-10(1) 0-00 101-3 1.59 99:7 0.75
40 93 F6 W10 SGF 80-33 10 41.6(3) 0-33(6) 0-15(7) <0-05 0-21(8) 0-13(8) 55-1(2) 0-14(9) 0-01(1) 0-04(2) 0-05(3) 3-66 0-04(1) 0-03 1014 1.65 998 0-34
42 93 F6 W14 SGF 8442 41-3(3) 0-24(3) 0-01(1) <0-05 0-22(7) 0-16(7) 54-6(2) 0-06(5) 0-02(2) 0-06(3) 0-01(1) 3-71 0-13(5) 0-00 1005 1.59 989 0-38
43 YD42 SGF 8571 41.5(4) 0-24(16) 0-05(6) <0-056  <0-05 <0-05 54.5(6) 0-11(7) 0-02(4) 0-06(2) 0-04(2) 3-37 0-06(1) 0-16 100-1 1.43 98-7 0-00
44 93 F6 X13 SGF 8924 7 41-2(7) 0-42(7) 0-12(7) <0-05 0-20(13)  0-17(10) 54-3(6) 0-17(13)  0-01(1) 0-04(4) 0.05(3) 3-63 0-06(6) 0-03 1005 1.54 989 0-37
45 93 F9 F5  SGF 9017 41.4(6) 0-35(16) 0-06(5) <0-05 0-12(13)  0-12(13) 54-3(3) 0-10(5) 0-02(2) 0-06(3) 0-04(2) 3-83 0-08(2) 0-00 1004 1.63 98-8 0-24
46 93 F8 A1 SGF 9184 11 41.5(7) 0-49(46) 0-04(6) <0056  <0-05 0-11(10) 54-5(5) 0-08(7) 0-02(2) 0-04(3) 0-08(14) 289 0-23(13) 0-35 1003 1.27 991 0-1
47 93 F9 F1 SGF 92.02 42.2(5) 0-15(14) 0-06(6) <0-05  <0-05 0-12(7) 55-2(3) 0-27(25) 0-03(3) 0-07(2) 0-05(2) 372 0-04(1) 0-02 1019 1.58 100-3 0-12
48 93 F7 732 SGF 9257 41.5(4) 0-33(18) 0:-14(7) <0-05 0-14(10)  0-17(11) 54.7(4) 0-06(6) 0-03(1) 0-06(3) 0-02(2) 362 0-15(3) 0-03 1010 1.56 99-4 0-32
49 93 F9 E3 SGF 9420 1 415 0-11 0-00 <006  <0-05 <0-05 558 0-06 0-01 005  0-02 4.55 0-03 0-00 1021 1.92 100-2 0-00
50 93 F8 D1 SGF 94.99 6 41.8(6) 0-12(11) 0-01(2) <0056  <0-05 <0-05 54.8(6) 0-07(3) 0-02(2) 0-05(2) 0-05(1) 3-09 0-09(3) 0-28 1003 1.32 99-0 0-00

*Total Fe as FeO.
tCalculated to be zero assuming the (F,Cl,OH) site is filled.
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Table 7: Representative analyses of monazite inclusions and rim grains associated with_fluorapatite

Sample Zone D (km) Type P,0s SiO, ThO, Y03 LayO3 CeyO3 Pr03 NdyO3 SmyO3 Gdy,O3 Tbh,03 Dy,03 Ho,03 Er,O3 Yb,0O3 Lu,0O3 CaO PbO FeO*

Total

10 93 F2L4 NAF  17.44 Rim 296 063 <002 015 178 36-3 313 946 059 0-23 <006 <0.06 <0-05 006 <005 <005 077 <0-01 0-01
11 93 J30 A1 NAF 1874 Rim 284 056 <002 004 208 358 2.68 752 039 0-11 <006 <005 <0.-05 009 <005 <005 119 <0.01 0-54
12 93 F2M2 NAF 22.08 Rim 292 038 <002 009 217 35.7 2.54 733 053 0-21 <005 <005 <005 <005 <005 <005 102 <0-01 0-34
13 93 F2M3 NAF 22.08 Rim 284 069 <002 027 190 35-1 3.08 987 099 0-38 <0056 <005 <005 <005 <005 <005 069 <001 0-06
14 93 J31 H2 CGF 2319 Incl 300 069 <002 028 159 336 322 126 1.30 0-69 <005 <005 <005 <005 <005 <005 062 002  0-05
15 93 F3 N11 CGF 2542 Rim 292 030 <002 036 159 352 3563 118 113 0-54 <0-05 0-05 0-05 010 <005 <0.05 041 <0.01 0-63

Incl  31.0 033 <002 050 138 35.0 368 13-2 145 0-63 <006 <0.05 <0-05 006 <005 <005 1.03 <0-01 0-09
16 93 J31F5 CGF 26-35 Rim 292 040 <002 0056 290 317 1.82 497 021 0-14 <0-05 005 <005 <005 <005 <005 079 <0-01 0-16
17 93 J31 G3 CGF 26-90 Rim 313 035 <002 040 168 338 317 10-9 119 0-61 0-06 <0-05 <0-05 012 <005 <005 118 <0-01 0-18

Incl 312 036 <002 050 157 34.2 3-40 12:2 140 0-74 <0-05 0-14 <005 0-10 <005 <005 221 <001 0-02
18 93 J31C4 CGF 2764 Rim 298 033 <002 071 155 35-1 349 12.4 1-49 0-84 <0.056 <0-05 <0-05 0056 <005 <005 060 <001 0-10
19 93 J31 D1 CGF 2987 Rim 290 038 <0.02 030 192 360 3.07 975 090 0-43 <0.05 <005 <005 <0056 <006 <006 027 <001 0-10
20 93 J31 D3 CGF 2987 Rim 3000 032 <002 019 183 3561 310 10-3 0-84 0-34 <005 <005 <005 <005 <005 <005 052 <001 017

Incl 297 040 <002 039 1565 348 3.37 12-4 1.36 0-563 <005 <005 <005 <005 <005 <005 09 <001 0-05
21 93 J31E2 CGF 3006 Rim 290 038 <002 047 155 35.7 351 12:6 1.36 0-67 <005 <0-05 0056 <005 <006 <005 029 <0-01 0-06
22 93F4T1 CGF 3210 Incl 283 051 <002 031 186 352 3:02 10-1 1.07 0-41 <0.-05 005 <0.05 <005 <005 <005 140 <001 0-01
23 93 F4 R7 CGF 3470 Rim 275 046 <0.02 027 172 350 329 111 1-05 0-41 <0.06 <0.05 <0-05 007 <005 <0.05 094 <001 0-03
24 93 F4 R5 CGF 3599 Incl 291 038 <002 033 151 3563 3-54 12.7 113 0-59 <006 <0.05 <0-05 006 <005 <0.05 115 <0-01 0-04
25 93F4Q06 CGF 3896 Rim 290 059 <002 020 185 35-6 318 977 084 0-29 <005 <005 <005 <005 <005 <005 069 <001 0-08
26 95 J1 W3 CGF 40.07 Rim 283 036 <002 022 179 36-4 333 10-7 0-83 0-37 <006 <0-05 008 <006 <006 <005 071 <0-01 0-13
27 93 F4 Q1 CGF 4119 Rim 298 036 <002 026 184 36-6 3.08 979 082 0-37 005 <005 <005 <006 <006 <005 049 <0-01 0-09
28 93 F4T10 CGF 4510 Rim 293 040 <002 015 211 354 2.76 842 062 0-24 <0.05 <005 006 <005 <005 <005 061 <001 <001

Incl 2956 035 <002 024 171 35-8 321 10-8 1.03 0-44 <0.-05 008 <0.05 012 <005 <005 071 <001 0-03
29 93 F4 P2 CGF 4582 Rim 291 040 <002 026 164 353 333 11-9 1.02 0-49 <0-05 0-05 0-05 006 <005 <005 109 <001 0-01
31 93F118 CGF  48-60 Rim 306 046 <002 019 195 35-6 2.87 930 072 0-35 <006 <0-05 0-05 009 <005 <005 121 <001 0-02

Incl 299 024 <002 030 141 351 3.62 12:4 118 0-51 <0056 <0-05 008 <006 <006 <005 3.06 <0-01 0-35
32 95 J1S3 CGF 4917 Rim 295 026 <002 023 180 343 324 109 0-93 051 <0.05 <005 <0056 <0.06 <006 <005 079 <0.01 0-67

Incl 291 032 <002 022 172 358 318 111 0-87 0-34 <006 <0.05 <0-05 011 <005 <0.05 083 <001 0-03

98.7
98-2
99-1
98-5
98-8
99.2
100-7
9856
100-1
102-1
100-3
99.3
99-2
99-6
99:6
99.0
97-3
99.5
98-8
99-3
100-0
99-1
99-4
99-6
100-9
100-9
99:3
99.0

(continued)
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Table 7: Continued

Sample Zone D (km) Type P,0s SiO, ThO, Y03 LayO3 CeO3 ProO3 Nd,O3 Sm,03 GdyO3 Thby,O3 Dy,03 Ho0,03 Er,O3  Ybo,Oz Lu,Oz3 CaO  PbO FeO* Total

33 93 F303 SGF  54-36 Rim 295 038 <002 025 174 346 3056 106 0-94 0-49 <0.-05 0-08 0.07 <005 <005 <005 285 <001 <0-01 1001
Incl 285 124 <002 029 146 358 365 124 1.08 0-48 <005 <005 <0-05 005 <006 <006 077 <0.01 015 99.0

34 94 D31 M2 SGF 6382 Rim 292 047 <002 026 182 346 305 108 1.03 0-40 <005 <0-05 <0-05 005 <006 <005 084 <001 <001 989
Incl 295 036 <002 051 123 3438 4.02 151 1.62 0-86 <0.05 011 <005 <005 <005 <005 069 <0.01 0-10  100-0

35 93 F11 P2 SGF 6716 Incl 295 028 <002 020 125 365 396 143 121 0-46 <005 <005 <005 <005 <005 <005 068 <001 025 999
36 93F9 I SGF 6902 Rim 279 067 <002 011 122 329 427 173 2:24 0-80 <005 <005 <005 <005 <005 <005 047 <001 017 99-0
Incl 294 031 <002 008 123 325 4.01 171 21 0-77 <005 <005 <0-05 0-08 <0056 <0-056 164 <001 <001 100-3

37 93 F9 H2 SGF 7310 Rim 294 038 <002 015 194 357 300 102 0-72 0-33 <0.05 <005 <0-05 011 <006 <0056 032 <001 <001 996
38 93F6 W1  SGF 7773 Rim 296 037 <002 014 202 350 2.85 9.07 0-69 0-41 006 <005 <0-05 010 <0-05 007 1.06 <001 <001 997
39 93 F9 F8 SGF 7811 Rim 295 033 <002 040 113 357 392 148 1.45 0-62 <0-05 007 <005 <005 <005 <005 150 <0-01 032 999
40 93 F6 W10 SGF 80-33 Rim 299 036 <002 009 199 357 3-09 948 071 0-19 <005 <005 <0-05 019 <006 <0056 078 <0-01 0-28 100-7
43 YD42 SGF 8571 Rim 303 028 <002 016 168 354 341 11-4 0-88 0-35 0-09 <0-05 0-08 005 <005 <005 071 <001 <001 999
44 93 F6 X13 SGF 89-24 Rim 289 042 0-11 023 186 355 317 102 0-74 0-45 <0-05 0-09 <0-05 008 <0-05 <0-06 064 <0-01 029 994
45 93 F9 F5 SGF  90-17 Incl 295 035 <002 024 210 356 279 876 0.62 0-38 <0-05 008 <005 <005 <005 <005 059 <001 <001 998
46 93 F8 A1l SGF 9184 Incl 293 044 <002 032 176 353 330 110 1.02 0-50 0-06 <005 <005 008 <0056 <0056 071 <0-01 007 997
47 93 F9 F1 SGF 9202 Rim 295 030 <002 020 167 346 339 124 0-95 0-38 <005 <0056 <0-05 011 <0056 <0056 059 <001 003 991
Incl 297 034 <002 020 168 349 332 116 1-01 0-48 <0-05 005 <005 <006 <005 <005 152 <001 <0-01 999

48 93 F727232 SGF 9257 Rim 275 069 <002 039 170 353 341 1.7 1.05 0-63 0-07 0-07 <0-05 011 <005 <0-056 063 <0-01 0-04 986
49 93 F9 E3 SGF 9420 Rim 3056 029 <002 011 129 339 403 158 219 097 <005 <0-05 <0-05 008 <005 <0-05 067 <001 005 1015
Incl 295 036 045 <005 179 350 322 120 114 0-44 <005 <006 <0-05 013 0056 <005 0-12 0-11 069 101-0

50 93 F8 D1 SGF 9499 Rim 301 029 <002 <005 105 342 437 176 1-48 0-39 <005 <006 <0056 <005 <005 <005 123 <001 0-02 1002

“Total Fe as FeO-
Rim, rim grain on fluorapatite; Incl, inclusion in fluorapatite-
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Table 8: Representative independent monazite grain compositions

Sample Zone D (km) Grain Description P,0s SiO, ThO, UO, Y503 La03 CeyO3 Pr,03 NdyO3 Smy0; GdyO3 Tb,O3 Dy,03 H0,03 Er,O3 Yb,O3 Lu,O3 CaO PbO FeO* Total
10 93 F2 L4 NAF 1744 Mnz 1 dark area 278 099 216 <0-02 008 209 343 253 717 0-43 008 <005 <005 <0-05 <005 <005 <0-05 125 0-16 <0-01 977
light area 270 184 716 008 018 187 3156 256 743 060 027 <005 <005 <005 006 <005 <005 102 073 <0-01 99-1
light area 266 190 736 006 020 188 31.6 254 750 051 0-16 <005 <005 <005 <005 <0-05 <0-05 1.02 078 0-01 99-1
273 132 448 003 011 205 326 258 739 045 021 <005 <005 <005 006 <005 <005 1.04 040 0.03 985
dark area 275 100 225 <002 008 207 342 257 722 042 0-15 <005 <005 <005 <005 <005 <005 132 0-12 0-01 97-6
dark area 273 092 1.8 <002 006 205 337 257 748 048 021 <0-05 <005 <005 <0-05 <005 <0-05 1-38 0-03 0.02 96:6
dark area 272 093 224 <002 006 210 338 247 694 033 018 <005 <005 <005 <006 <005 <0-05 1.27 0-08 0.-00 965
dark area 273 09 187 <002 005 204 339 255 742 043 015 <005 <005 <005 <0056 <005 <0-056 1.37 0-04 0.01 965
light area 265 165 682 007 016 192 313 240 697 045 022 <005 <005 <005 <0056 <005 <0-05 1.00 0-66 0.01 97-4
light area 264 172 722 0-07 016 187 313 242 725 0-51 023 <005 <005 <005 <005 <005 <005 1.00 072 <0-01 97-6
light area 263 178 7-42 0-07 018 186 311 243 7.13 0-53 018 <0-05 <005 <0-05 010 <0-05 <0-05 0-99 073 <0-01 97-6
Mnz 2 273 127 478 005 005 209 327 228 696 038 008 <005 <005 0-11 0-08 <0-056 <0-05 1-14 045 0-01 985
273 128 459 002 014 199 325 250 753 057 023 005 <005 010 010 <005 <005 1.05 043 0.01 982
light area 266 167 665 006 006 203 309 226 658 041 015 <005 <005 <005 <005 <005 <005 1.37 065 005 977
27-0 126 555 0-03 004 206 317 233 685 0-44 020 <005 <005 <005 <005 033 <005 1.15 052 0-01 98-0
light area 259 194 846 0-07 004 201 303 216 6-37 0-35 017 <005 <005 <005 <005 036 <005 114 086 0-10 98-2
269 1.33 527 006 004 205 319 238 696 040 014 <005 <0-05 <0-05 <005 029 <0.05 1.05 048 <0-01 977
11 93 J30 A1 NAF 1874 Mnz 2 surrounded 265 186 9-07 010 0-03 207 301 202 576 031 014 <005 <005 <005 <0.05 <005 <005 093 098 <0-01 985
by allanite rim
234 388 180 024 005 176 256 179 517 030 011 <005 <0056 <0-06 <005 <005 <005 086 2:04 <0-01 99-0
Mnz 3 surrounded 22.1 445 179 021 004 174 255 175 509 031 007 <005 <0-05 <0-05 008 <005 <0-05 096 1.90 0-01 977
by allanite rim
Mnz 4 surrounded 269 147 717 008 004 213 308 209 559 025 010 <005 <005 <005 <0.05 <005 <005 1.07 073 0-01 976
by allanite rim
262 179 754 0-07 007 210 314 216 582 030 009 <005 <005 <005 <005 <005 <005 076 0-80 0-05 979
Mnz 5 262 189 911 011 004 212 299 202 567 026 017 <005 <005 <005 <005 <005 <005 0-84 099 004 985
12 93 F2 M2 NAF 22.08 Mnz3 266 180 825 0-14 0-16 185 306 241 746 054 032 <005 <005 <005 <0-05 <005 <005 063 096 0-24 986
Mnz 4 293 034 019 <002 022 207 351 276 852 074 040 <005 <006 <0056 <005 <005 <005 030 0-00 0-03 98:6
Mnz 5 277 123 549 007 013 196 321 249 7779 055 021 0-06 <005 <005 <005 <0-05 <0-05 054 060 0-01 986

(continued)
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Table 8: Continued

Sample Zone D (km) Grain  Description P,0s SiO, ThO, UO, Y,03 LayO3 CeyO3 Pr,03 NdyO3 SmyO; GdpO3 TbyO3 Dy,03 Ho,03 Er,O3 Yb,O3 Lu,O3 CaO PbO  FeO™ Total
14 93 J31 H2 CGF 2319 Mnz 2 inclusion 290 088 162 <002 018 182 331 287 935 086 034 <005 <005 <005 <0.05 <0056 <005 1.01 017 062 982
in allanite

15 93 F3 N11 CGF 2542 Mnz 4 297 047 063 <002 026 194 347 281 88 075 029 <005 <0056 <0-05 <005 <005 <005 050 001 012 985
Mnz 5 associated 287 042 <002 <0-02 023 193 354 290 952 072 0-31 <0-05 <005 <0-05 <005 <0-05 <0-05 0-26 <0-01 0-46 982

with Mt and lim
Mnz 10 inclusion in Bt 283 078 179 <002 024 195 336 282 877 077 0-31 <0-05 <005 <0-05 <005 <0-05 <0-05 068 0-11 0-06 978
18 93 J31 C4 CGF 2764 Mnz1 290 051 100 <0-02 0-30 204 347 2386 893 085 0-49 006 0-09 <005 <005 0-07 <005 053 009 <0-01 999
282 098 396 <002 0-15 214 334 244 751 047 0177 <005 <005 <0-05 <005 <0-05 <0-056 072 043 0-03 99-8
Mnz 2 277 096 281 003 018 210 334 253 780 052 023 <005 <005 <005 <005 007 <005 1.00 026 001 985
Mnz 3 281 106 351 <002 018 208 335 256 766 059 020 <005 <005 <005 <005 008 <005 075 029 001 992
296 035 004 <002 026 204 352 297 942 077 033 <005 009 <005 <005 <006 <005 0-31 0-03 008 99-8
Mnz 5 rim grain on allanite 27-.2 145 6.03 0.08 0-17 201 322 242 765 069 027 <005 <0-05 <005 <005 049 <005 082 062 012 100-3
21 93 J31 E2 CGF 3006 Mnz 2 rim grain on allanite 29-0 0-38 <0-02 <0-02 047 155 357 351 126 135 067 <005 <0-05 <005 <005 <0-05 <005 029 <0-01 006 995
22 93 F4T1 CGF 321 Mnz 3 286 066 078 <002 018 215 346 260 839 062 029 0-16 <005 <005 <0-05 <0-05 <005 078 <0-01 0-09 99-3
Mnz 4 287 076 191 <002 020 202 339 272 863 067 035 <005 <006 <0-05 <005 <0-05 <005 099 015 002 992
280 091 258 <002 020 204 336 261 851 063 034 <005 006 <005 <005 <005 <005 102 018 004 991
23 93 F4 R7 CGF 347 Mnz 3 278 061 076 <0-02 020 198 339 278 895 0-62 035 <005 0-08 <005 <005 <0-056 <005 095 002 006 96-8
Mnz 4 258 192 791 006 017 183 306 254 790 062 030 <005 <0-05 <005 <005 <0-05 <0-05 1-18 0-82 <0-01 981
Mnz 5 256 168 603 004 016 193 312 231 772 050 021 <005 <005 <005 005 069 <005 1-17 060 <0.01 972
24 93 F4 R5 CGF 3599 Mnz3 285 08 228 002 017 197 337 279 875 074 029 <005 <005 <005 0-10 <005 <005 0-81 020 038 992
26 95 J1 W3 CGF 4007 Mnz3 261 158 6:02 003 017 190 315 255 783 064 029 <005 <005 <005 <005 <005 <005 120 057 002 975
Mnz 4 266 137 473 <002 019 199 313 229 740 043 026 <005 <0-05 <005 <005 <0-056 005 156 041 007 966
36 93 F9 I SGF 6902 Mnz 1 rim grain on zircon 292 046 1.11 0.08 <005 164 339 325 126 135 037 <005 <0.05 <005 <005 <0-05 <005 030 0-19 0-06 99-3
Mnz 2 inclusion in quartz 294 020 <0-02 <0-02 <0-05 185 349 314 111 1-46 040 <005 <005 <005 <005 <0-05 <005 020 <0-01 0-01 99-2
39 93F9F8 SGF 7811 Mnz4 289 040 <002 <002 027 148 358 354 125 113 040 <005 <005 <005 <0-05 <0-05 <005 0-73 <0-01 006 985

*Total Fe as FeO.
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Table 9: Mean and representative allanite compositions (wt %o )

Sample Zone D (km) Description No. pts P,0s SiO, TiO, ThO, Al,O3 Y,03 La,03; Cey03 Pr,03 Nd,Oz Sm,03 Gd,03; FeO CaO MgO MnO Na,O Cl F Tota

5 93 F2J1 NAF* 983 ind.grain 21 0-02(1) 31-8(6) 1-19(15)  0-79(7) 13-6(6) 0-05(3) 8-05(1) 11-4(6) 0-71(6) 1.77(17) 0-07(4) 0-06(3) 13-8(56)  11-1(6) 1.39(22) 0-20(3) 0-05(2) 0-03(3) 0-23(5) 96-2
8 93 F2 L1 NAF* 143 ind.grain 4 <0-01 32:5(9) 0-36(6) <0-02  181(7) 0-03(1) 5-08(83) 7-16(91) 0-56(4) 1.65(16) 0-14(6) 0-05(5) 12-3(3)  15-8(10) <0-01 0-10(1)  0-01(0) 0-01(0) 0-03(3) 93-8
10 93 F2 L4 NAF* 1744  ind.grain 4 0-06(6) 31-6(11) 0-70(23) 0-10(6) 15-4(73) 0-04(1) 5-61(48) 10-6(5)  0-91(3) 2.61(18) 0-23(4) 0-09(3) 12.5(5)  12-2(9) 1-20(9) 0-13(4)  0-10(16)  0-03(5) 0-12(3) 94-2
NAF' 17.44  rim on FAp 1 0.03 321 0-04 <002 186 0-08 427 10-4 0-94 3.45 034 01 9.91 13-4 11 0-15 0-05 0-01 008 951

14 93 J31 H2 CGF* 2319 ind.grain 1 0-03 306 0-55 0-05 15-5 0-04 610 11-2 1-00 3-60 035 012 123 11-3 1.32 0-06 0-01 0-01 016 943
19 93 J31 D1 CGF' 2987 rim on FAp 2 0-07(4) 296(5) 0-14(1) <002  15:3(2) <0-056  5-87(13) 12:5(0)  1.09(1) 3:50(3) 0-22(1) 0-12(4) 12-2(0)  11-1(2) 1-44(5) 0-11(1) <0-01 0-02(1) 0-20(3) 93-3
28 93 F4 T10 CGF' 451 rim on FAp 2 <0-01 29-3(8) 0-10(2) <0-02  16-1(4) 0-03(1) 5-30(36) 12-2(1)  1-14(10) 3-78(17) 0-32(4) 0-09(3) 10-9(0)  12-4(5) 132(8) <0-01 <0-01 0-02(1) 0-20(1) 932
39 93 F9 F8 SGF' 7811 rimon FAp 2 0-08(1) 35-8(30) 0-05(1) <0-02  19.0(4) 0-03(1) 4-38(42) 10-3(11) 1.07(8) 3-60(27) 0-32(1) 0-12(4) 9-82(71) 11-4(13) 1.57(9) <0.01 0-03(1) <0-01 0-10(1) 975

48 93 F7 732 SGF' 9257 rimon FAp 1 0-09 305 0-15 <0-02 182 0-05 521 107 0-97 331 0-38 014 9.15 129 1-46 <0.-01 0-04 0-01 0-09 93-2

*Individual grain.
TRim on FAp.
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Fig. 2. Plot of whole-rock Fe/(Fe +Mg) atomic ratio (a), TiOy (b), MnO (c), SiOy (d), and KyO (e) as a function of distance along a
traverse going southwards from the northernmost sample (i.e. 95 J3 II; see Fig. 1). Dotted lines designate the approximate boundaries
between the higher-grade southern granulite-facies zone (SGF), the lower-grade central granulite-facies zone (CGF) and the northern

amphibolite-facies zone (NAF).

Despite some scatter, F concentrations (Fig. 6d) show a ten-
dency to be higher in the SGF. Chlorine analyses also show
a great deal of scatter but tend to be higher in the CGFand
southern NAF than in either the northern NAF or the SGF
(Fig. 6e).

Amphibole

In the NAF, amphibole occurs as large grains not confined
to any particular mineral association whereas in the SGF
it often occurs as small grains directly associated with
clinopyroxene and/or orthopyroxene. Amphibole tends
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Fig. 3. Plot of whole-rock Rb (a), Cs (b), Th (c), U (d), and total REE (e) (ppm) as a function of distance along a traverse going southwards
from the northernmost sample (i.e. 95 J3 Il; see Fig. 1). Data are from Table 2. Dotted lines designate the approximate boundaries between the
higher-grade southern granulite-facies zone (SGF), the lower-grade central granulite-facies zone (CGF) and the northern amphibolite-facies

zone (NAF).

to show many of the same chemical trends as biotite
(Table 5; Fig. 7). Titanium concentrations (Fig. 7a) are
too scattered for a regional trend to be clearly
discerned, although the lowest values do occur in the
amphibolite-facies zone and the highest in the granulite-
facies rocks. There is a clear tendency for Fe (Fig. 7b) and

Mn (Fig. 7c¢) to decrease from the northern edge of the
traverse to the northern edge of the SGF and then level
off. Both K (Fig. 7d) and F (Fig. 7e) concentrations tend
to be higher in the southern part of the terrain. In contrast,
no clear pattern is discernible in the CI concentrations

(Fig. 76).
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Fig. 4. Average chondrite-normalized whole-rock REE patterns for
the northern amphibolite-facies zone (NAF) (continuous line and
squares, 14 samples), central granulite-facies zone (CGF) (dashed
line and circles, 19 samples) and the southern granulite-facies zone
(SGF) (dotted line and triangles, 21 samples). The analyses from
which these were calculated are given in Table 2. For normalization
the average chondrite composition of Anders & Grevesse (1989)
was used.
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Orthopyroxene

Orthopyroxene EMPA data were taken from Harlov ez al.
(1997) and Harlov & Hansen (2005) to construct Fig. 8.
Alumina concentration (Fig. 8a) increases and Mn content
(Fig. 8b) decreases southwards with increasing meta-
morphic grade. In contrast, except for the far southern
margin of the SGF, Fe is relatively constant in orthopyrox-
ene across the traverse (Fig. 8c).

Fluorapatite

In most samples fluorapatite is abundant, with the excep-
tion of YD50, which contained no fluorapatite, and 95 J1
V3, in which only two grains were found despite extensive
searching. The majority of the fluorapatite grains are euhe-
dral to subhedral and show no obvious preferred orienta-
tion or preferential mineral association. Exceptions
include zircon, which is frequently associated with 34
fluorapatite grains per sample either as an inclusion or,
more commonly, as a rim grain, and ilmenite and magne-
tite, which can be intergrown with anywhere from one to
multiple fluorapatite grains.

Fig. 5. High-contrast BSE images of various examples of K-feldspar blebs along plagioclase—quartz grain boundaries and Fe-Mg silicate—
plagioclase grain boundaries and replacement antiperthite in a series of samples across the Krishnigiri—Salem traverse (see Fig. 1). K-feldspar
blebs (light grey) along quartz (black)—plagioclase(dark grey) grain boundaries are shown in (a)—(c). The replacement antiperthite is indicated
by the patches of K-feldspar (light grey) in plagioclase (darker grey) in (c) and (d).
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Fig. 6. Plot of biotite composition for TiOy (a), FeO (b), MnO (c), I (d), and ClI (e), as a function of distance along a traverse going southwards
from the northernmost sample (i.e. 95 J3 II; see Fig. 1). Dotted lines designate the approximate boundaries between the higher-grade southern
granulite-facies zone (SGF), the lower-grade central granulite-facies zone (CGF) and the northern amphibolite-facies zone (NAF).

With the exception of one sample, the fluorapatite along
the traverse is unzoned. The exception is sample 95 J31 F5
from the northern border of the CGF. The fluorapatite
grains in this sample typically have a darker core sur-
rounded by a light mid section that in some cases gives
way to a darker rim (Fig. 9a). Total REE contents of these
fluorapatite grains ranged from 2-5 wt % in the light areas
to 0-83 wt % in the dark areas (Electronic Appendix 3).

Small monazite inclusions occur in a few of the fluorapatite

grains in this sample but are much less abundant than in
other samples from the CGF and SGF.

Inthenorthern halfofthe NAF the fluorapatite grains con-
tain no monazite inclusions. Monazite inclusions and rim
grains are associated with 10-30% of the fluorapatite in the
clinopyroxene zone in the southern half of the NAF (Fig. 1;
Table 1). South of the orthopyroxene isograd monazite inclu-
sions and rim grains occur in 80-90% of the fluorapatite
grains (Fig. 9). The monazite inclusions vary from multiple
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Fig. 7. Plot of amphibole composition for TiO, (a), FeO (b), MnO (c), KyO (d), F (e), and Cl (f) as a function of distance along a traverse going
southwards from the northernmost sample (i.e. 95 J3 I1; see Fig. 1). Dotted lines designate the approximate boundaries between the higher-grade
southern granulite-facies zone (SGF), the lower-grade central granulite-facies zone (CGF), and the northern amphibolite-facies zone (NAF).

very large (>10 pm) inclusions (Fig. 9b and f), to moderately
large (>1 pm) inclusions (Fig. 9¢), and to numerous, very fine
(<1 pm) inclusions (Fig. 9d and g), although these may be
interspersed with moderately large inclusions (Fig. 9e¢). In
these cases there may be a halo devoid of small inclusions
around thelargerones (Fig. 9¢). The very fine monazite inclu-
sions tend to be elongated in cross-sections of fluorapatite cut
parallel or obliquely to the ¢-axis (Fig. 9d) and as numerous
small dots (Fig. 9g) in fluorapatite grains cut perpendicular

to the ¢-axis. In some grains, the monazite inclusions are
found associated with micro-voids in the fluorapatite
(Fig. 9h). Typically, monazite inclusions from the SGT tend
to be coarser, larger, and more sparsely distributed than
observed in the CGF (Table ).

Fluorapatite analyses in Table 6 and
plotted against distance from the northern edge of the

are given

traverse in Fig. 10. All samples with REE concentrations
below detection limits occur at the northern or the
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Fig. 8. Plot of orthopyroxene composition for Al,O3 (a), MnO (b),
and FeO (c) as a function of distance along a traverse going south-
wards from the northernmost sample (i.e. 95 J3 II; see Fig. 1). Dotted
lines designate the approximate boundaries between the higher-grade
southern granulite-facies zone (SGF), the lower-grade central
granulite-facies zone (CGF) and the northern amphibolite-facies
zone (NAF).

southern ends of the traverse. Samples with the highest
REE concentrations all occur in the CGF (Fig. 10a).
Fluorapatite grains average O0-3lwt % SiO, and
0-04 wt % NayO, indicating that on an atomic level Si is
about four times as abundant as Na. There is also a rough
tendency for the SiO, concentration to be positively
correlated with total REE abundance (Table 6).

COMPOSITIONAL TRENDS IN GNEISSES

This implies that the majority of the REE are incorpor-
ated in the fluorapatite as the britholite component
(CGagREE;Si5OpF)  via  the  coupled  substitution
REE’T +8i"" =Ca®" + P°* as opposed to the coupled
substitution REE’T+Nat=2 Ca’" (see Harlov &
Forster, 20025). Fluorine concentrations (Fig. 10b) show a
great deal of scatter, perhaps partly the result of the pro-
blem of halogen diffusion during EMPA (see Stormer
et al., 1993). However, they show roughly the same relative
halogen patterns as seen for biotite and amphibole, with a
tendency for I values to be higher in the southern part of
the traverse (compare Figs 6d, 7¢ and 10b) whereas the Cl
content tends to be higher in the CGF compared with the
SGF (compare Figs 6e and 10c¢).

Monazite

Monazite inclusions and rim grains associated with fluora-
patite have negligible Th and U contents (Table 7).
Chondrite-normalized REE patterns for typical monazite
inclusions and rim grains for the six elements detected by
EMPA (La, Ce, Pr, Nd, Sm, and Gd) are shown in Fig. 11.
For the NAF (Fig. 11a) and the CGF (Fig. 11b) almost all of
the rim grains and inclusions fall into a tight cluster of par-
allel lines of LREE enrichment that are also roughly par-
allel to the average whole-rock patterns from the same
area. Two populations of inclusions and rim grains are evi-
dent in the chondrite-normalized plot for the SGF
(Fig. llc). Patterns for Population I inclusions are very
similar to the LREE-enriched patterns in the two lower-
grade zones. Population II patterns are nearly flat at the
LREE end of the plot and in general are richer in heavier
LREE. On a plot of chondrite-normalized La/Nd vs dis-
tance (IFig. 12), Population I monazite inclusions have
La/Nd ratios greater than two. In contrast, Population II
monazite inclusions have ratios less than two. In the SGE,
Population II monazite makes up 20% (12 out of 61 grains)
of the inclusions and rim grains. 1o the north they make up
4% (two out of 53 grains).

The proportions of monazite inclusions and rim grains
relative to their host were obtained for seven samples and
ranged from 1-1 to 3-9% (Table 10). These proportions
were used to obtain ‘reintegrated’ compositions for the
fluorapatite grains using EMPA results for these samples.
A value of 1-6 was used for the ratio between the density
of monazite and fluorapatite. These reintegrated composi-
tions imply that the original fluorapatite grains contained
from 1-5 to 4- 4wt % total REE (Table 10).

Despite extensive searching, monazite grains independent
of fluorapatite were found in only 16 samples, 14 of which
occur in the southern quarter of the NAFand the northern
half of the CGI' (shaded region in Fig. 1; open circles in
Fig. 12). This region correlates roughly with the clinopyrox-
ene zone of Hansen et al. (1993), in which clinopyroxene
rather than orthopyroxene is the dominant pyroxene.
Within this area, monazite occurs both as independent
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SO M ——
)3 T31 D1

Fig. 9. High-contrast BSE images of a variety of fluorapatite (dark grey) and monazite inclusion and rim grains (bright) textures in a series of
samples across the Krishnigiri-Salem traverse (see Fig. 1). (a) Zoned fluorapatite from sample 93 J31 5. (b) Fluorapatite grain with several
large monazite inclusions in the centre. The smaller fluorapatite grain in the upper right-hand corner has a nearly continuous rim of allanite
(lighter grey) around the fluorapatite grain (darker grey). (c) Fluorapatite grain with moderate-sized monazite inclusions; a fine powdering of
very small (<0-5pm) monazite inclusions is seen in some areas. Monazite rim grain on left-hand side. (d) Fluorapatite grain with numerous,
very thin monazite inclusions preferentially elongated parallel to the ¢-axis. Monazite rim grain on lower right side. (e) Fluorapatite grain with
numerous small inclusions (<1 pm). Two moderate-sized monazite inclusions are surrounded by ‘halos’ devoid of smaller inclusions, suggesting
some sort of Ostwald ripening effect (see Harlov ez al., 2005). (f) Fluorapatite grain with moderate-sized to large monazite inclusions partially
elongated parallel to the ¢-axis typical for the SGF. (g) Small monazite inclusions (<l pm) in a fluorapatite grain cut perpendicular to the ¢-axis.
(h) An example of a fluorapatite grain in which the monazite inclusions are accompanied by partial voids.
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Fig. 9. Continued.

grains, in places rimmed by allanite (Fig. 13a), and as rims
and inclusions on and in fluorapatite. Monazite grains not
directly associated with fluorapatite all have detectable Th.
In a few grains ThOy reaches values of 18 wt %, although
more typically it ranges from 1 to 10wt % (Table 8).
The grains range from featureless to zoned. Zoning typically
takes the form of a series of curvilinear, ThSiO,4-enriched,
lobate-like intergrowths with sharp compositional bound-
aries occurring both along grain rims and in grain
interiors (Fig. 13b—d). These intergrowths are very similar
to intergrowths produced experimentally by the reaction
of Th-bearing monazite with high-pH fluids such as
NaOH, KOH, and Na,Si,05 4+ H,O (Harlov et al., 2007).
In some grains these ThSiO4-enriched zones overprint
an earlier, possibly igneous zoning pattern, consisting of
rectilinear zones (Fig. 13¢).

To the south, this zone of independent monazite grains
ends in roughly the same place where Th depletion becomes
evident in the whole-rock data (compare Figs 1 and 3c).
All monazites found south of this border were inclusions or
rim grains directly associated with fluorapatite except for
two small independent grains and one grain associated with
zircon. Of these only the monazite associated with zircon
has Th concentrations high enough to be detectable by
EMPA (Table 8). The chondrite-normalized La/Nd ratios
from independent monazite grains and monazite inclusions
are compared in Fig. 12. Independent monazite grains in the
northern CGF and southern NAF show somewhat more
enrichment in LREE than do the inclusions and rim grains
from the same area. At the same time, the three monazite
grains not associated with fluorapatite in the SGF have
REE patterns nearly identical to the REE patterns in the
monazite inclusions associated with fluorapatite from the
same rocks (see also Fig. 11).

Allanite

Allanite is commonly found as thin rims on fluorapatite
(Fig. 9b; Tables 1 and 9). Although they occur

COMPOSITIONAL TRENDS IN GNEISSES

throughout the traverse, these rims are most common
in samples from the CGF and SGF. Allanite was also
found as patchy large (10-100 pm), independent grains in
some samples from the NAF (Tables 1 and 9) and the
northernmost CGF, as well as thick rims on monazite in
one sample from the southern half of the NAF (Fig. 13a).
Independent allanite grains contain moderate amounts
of ThO,, generally <lwt %. In contrast, ThO, in
allanite rims on fluorapatite is generally below the
EMPA detection limit (Table 9). Chondrite-normalized
REE patterns for the six elements detected by
EMPA (La, Ce, Pr, Nd, Sm, and Gd) for allanite are
shown in Fig. 14. All allanite grains have negative slopes
with strong LREE enrichment. As was the case with mon-
azite inclusions and rim grains associated with fluorapatite
compared with independent monazite grains, the allanite
rims on fluorapatite are slightly less enriched in
LREE compared with the independent allanite grains.
The REE patterns for the large allanite grains are
somewhat more LREE enriched than the whole-
rock pattern from the same area (NAF and the northern-
most CGF).

Titanite

Titanite is widespread in the NAF but was found in only
one sample south of the orthopyroxene isograd (Table 1).
In the northernmost sample, small inclusions of hemo-
ilmenite are found within large titanite grains (Fig. 15a).
The thickness of the titanite rims tends to decrease south-
wards (Fig. 15b and ¢) such that near the southern border
of the NAF titanite generally forms thin rims on the ilmen-
ite grains (Iig. 15d). The titanite is relatively rich in
(Y4+REE) (up to 2:5wt %), contains variable amounts
of NbyOs, negligible amounts of ThO,, UOy and ZrO,,
and substantial amounts of F (Table 11). The chondrite-
normalized REE pattern for the titanite is relatively flat,
despite the fact that the whole-rock REE pattern shows
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Fig. 10. Plot of fluorapatite composition for REE;O5 (a), F' (b), and
Cl (c) as a function of distance along the traverse going southwards
from the northernmost sample (i.e. 95 J3 Il; see Fig. 1). Only one fluor-
apatite was analyzed in sample 93 F9 E3 and the I value was above
the stochiometric maximum (see Table 6). Therefore its value was not
included in these plots. Dotted lines designate the approximate
boundaries between the higher-grade southern granulite-facies zone
(SGF), the lower-grade central granulite-facies zone (CGF), and the
northern amphibolite-facies zone (NAF).

a definite LREE enrichment (Fig. 14). Titanite—oxide—
silicate relationships in the NAF have already been
explored in detail by Harlov & Hansen (2005) and
Harlov et al. (20065).

Remaining silicate and oxide minerals
Quartz was present in all the samples studied. The occur-
rence, texture and compositions of plagioclase, garnet, and

clinopyroxene have been described by Hansen et al. (1995).
Plagioclase in the intermediate to felsic orthogneisses typi-
cally ranges from An 20 to An 40 in composition. It is gen-
erally unzoned, except near the margins with K-feldspar
grain boundary blebs, where it may be enriched in
anorthite. Replacement antiperthite, as described by
Griffin (1969), is also seen in a scattering of samples along
the traverse (Fig. 5¢ and d; Table 1). Reintegration of the
antiperthite to a composite composition results in plagio-
clase grains with a K-feldspar component that plots far
out in the feldspar ternary, indicating disequilibrium
between the plagioclase and local K-feldspar (Harlov
et al., 1998). Perthitic K-feldspar is common in samples
with more than 2 wt % KO and is most abundant in the
NAF and CGFE. In intermediate to felsic orthogneisses
garnet is found only in the SGF and is abundant only in
the southernmost SGF. It most often occurs in euhedral to
subhedral crystals with large unzoned cores and a slight
enrichment in grossular at the rims. Clinopyroxene in the
orthogneisses is generally a low-Al (1-0-3-0wt % Al,Os3)
augite (Hansen et al., 1995; Harlov & Hansen, 2005).

Oxides and sulphides across the traverse have been
described by Harlov ¢t al. (1997) and Harlov & Hansen
(2005). Magnetite occurs in most samples. Ilmenite is rela-
tively rare in the lower-grade NAF and is generally
rimmed by titanite. Ilmenite becomes more abundant
southwards in the CGF and is nearly ubiquitous in the
SGF. Ilmenite grains in the CGF and especially the SGF
typically contain hematite lamellae, which make up any-
where from 10 to 60% of the grain in all but a handful of
samples. Pyrrhotite is confined to the SGF and occurs in
those samples where the hematite lamellaec abundance
in ilmenite is less than 40%. Pyrite occurs throughout
the traverse.

DISCUSSION

Formation of K-feldspar blebs along grain
boundaries

K-feldspar grain boundary networks and associated repla-
cement antiperthite have been interpreted by a series of
workers to be due to the action of a K-rich fluid flowing
along grain boundaries (e.g. Perchuk & Gerya, 1992;
Hansen et al., 1995; Harlov et al., 1998; Harlov & Forster,
20024, 2002b). This hypothesis has been confirmed in
recent experiments described by Harlov (2005) in which
supercritical KCI brines were used to dehydrate a biotite-
bearing tonalitic gneiss to an orthopyroxene- and
clinopyroxene-bearing enderbite at 900°C and 1000 MPa.
One by-product of the experiment was the formation of
continuous grain boundary blebs of K-feldspar along
quartz—plagioclase grain boundaries, as well as replace-
ment antiperthite.

1668

220z 1snbny 7| uo Jasn aonsnp jo yuswyedaq ‘SN Aq 0817225 1L/L19L/6/81/2101e/ABojoad/wod dno-olwapede//:sdjiy woly papeojumoq



HANSEN & HARLOV

(a) 500 T T T T T - - -
NAF
100
L
i
o
B 10}
L E
©
£
o
P
1F J
Monazite inclusions and
rim grains associated with
fluorapatite
01 1 1 1 1 1 1 1 1
La Ce Pr Nd Sm Gd
(b) 1000 - - - - - - - -
CGF
100 } - :
L
i
o
e}
8 10t ]
©
£
o
P
TF Monazite inclusions and 1
rim grains associated with
fluorapatite
0.1 . . . . . .

La Ce Pr Nd Sm Gd

COMPOSITIONAL TRENDS IN GNEISSES

(c) 500 T - - - - - - -
SGF
100F T ~o ]
L
s ~ _ Whole Rock
o T~
[0}
2 3
© L
£ 10
o
2
Monazite inclusions and 3
rim grains associated with
1+ fluorapatite
0.5 - - - - - - - -
La Ce Pr Nd Sm Gd
(d) 1000 - - - - - - - -
100 TTe - :
W - _ lNEoIe Rock
[TT R N - _
x -
gt
2 10t J
©
IS
S
zZ
1k J
Free Monazite Grains
01 L L L L L L

La Ce Pr Nd Sm Gd

Fig. 11. Chondrite-normalized (divided by 10000) LREE patterns for typical monazite inclusions in and rim grains on fluorapatite from
the northern amphibolite-facies zone (NAF) (a), central granulite-facies zone (CGF) (b), and southern granulite-facies zone (SGF)
(c), as well as independent monazite grains not directly associated with fluorapatite (d). Analyses for (a)—(c) are from Table 7, whereas
(d) shows the average for each sample inTable 8. The dashed lines represent the average chondrite-normalized (not divided by 10 000) whole-
rock composition for each zone. The dotted lines in (c) represent the less LREE rich Population II monazite inclusions and rim grains.
The dotted lines in (d) are the independent monazite grains from the SGF. For normalization the average chondrite composition of Anders &

Grevesse (1989) was used.

The common occurrence of K-feldspar blebs along pla-
gioclase margins can be explained by a set of metasomatic
reactions:

K™ +NaAlSi;Og = KAISi3Og + Na* 3)

insolution in plagioclase K —feldspar insolution
and

2K 4 CaAlSisOg + Si0y = 2 KAISisOg + Ca’t

insolution in plagioclase quartz K—feldspar insolution
(4)

Reaction (3) may explain why the plagioclase near these
grain boundary blebs is occasionally enriched in anorthite
(Hansen et al., 1995). Reaction (4) could explain why the
grain boundary blebs are commonly found along quartz—
plagioclase grain boundaries.

The assemblage represented by the K-feldspar grain-
boundary blebs (quartz, plagioclase and K-feldspar) is
also the assemblage expected from the crystallization of a
leucogranite melt. Very similar features in other rocks have
been interpreted as the remnants of isolated melt pools
(Sawyer, 2001). Harlov (2005) also described experiments
in which K-feldspar blebs form on pre-existing quartz
grains during the slow isobaric cooling of a tonalitic
gneiss that has undergone dry partial melting. Thus the
K-feldspar blebs can be interpreted as indicating that the
rocks underwent either partial melting or melt infiltration.
Replacement antiperthite cannot be interpreted this way
and its presence suggests metasomatic reactions similar to
reactions (3) and (4). However, whereas K-feldspar grain
boundary blebs are nearly ubiquitous throughout the tra-
verse, replacement antiperthite is absent from the NAF,
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occurs sporadically in the CGF, and is common only in the
SGF (Table 1).

Systematic trends in mineral composition

Systematic changes in mineral composition with increasing
metamorphic grade (Figs 6, 7, 8 and 10) can reflect the
effect of changes in temperature or pressure, the influence
of a fluid phase, systematic changes in whole-rock composi-

tion, or fractionation effects during progressive
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Fig. 12. Chondrite-normalized La/Nd ratios for monazite grains
associated with fluorapatite (4) and monazite grains independent of
fluorapatite (QO) plotted as a function of distance along the traverse
going southward from the northernmost sample (i.e. 95 J3I I see
Fig. 1). All of the monazite analyses (Electronic Appendix 4) are
plotted on this diagram. The horizontal dashed line represents the
boundary between more LREE-rich Population I monazite inclusions
and rim grains (La/Nd >2) and less LREE-rich Population II mona-
zite inclusions and rim grains (La/Nd <2). Dotted lines designate the
approximate boundaries between the higher-grade southern
granulite-facies zone (SGF), the lower-grade central granulite-facies
zone (CGF) and the northern amphibolite-facies zone (NAF).
For normalization the average chondrite compositions of Anders &
Grevesse (1989) was used.

metamorphism. For example, an increase in the Al concen-
tration of orthopyroxene (Fig. 8a) going from the CGF to
the SGI probably reflects an increase in temperature. This
has been documented experimentally by Aranovich &
Berman (1997), and in natural systems by Nijland e/ al.
(1998) and Morishita et al. (2003). A temperature increase
is also indicated by the geothermometry for this area
(Harlov & Hansen, 2005).

An increase in the abundance of K,O in amphibole
(Fig. 7d) southwards across the CGF into the SGF cannot
be a consequence of changes in the whole-rock composition
because, if anything, whole-rock K,O appears to decrease
in the same direction (Fig. 2e). A similar decrease in
KyO across the amphibolite- to granulite-facies transi-
tion has been noted in metabasites from south India
(Raase et al., 1986) and Brazil (Ferreira Filho et al., 1998).
It has been attributed to a combination of increasing
temperature and a fractionation effect as progressive
dehydration by reaction (2) enriches the residual amphi-
bole in a KCay(Mg,Fe);S1;A109(OH),
(Raase et al., 1986).

The decrease in the concentration of Fe with respect to
Mg in biotite and amphibole southwards along the
traverse cannot be a consequence of changes in the whole-
rock composition because whole-rock TIe/(Fe+Mg) dis-

component

plays no systematic trend (Fig. 2a). Thus some other phase
must have preferentially incorporated Fe in the southern
portion of the traverse. This phase cannot be orthopyrox-
ene as it tends to have nearly the same Fe/(Fe + Mg) ratio
as the biotite in the same rock, nor can it be clinopyroxene,
which tends to have a lower Fe/(Fe 4+ Mg) ratio than biotite
(data from Harlov & Hansen, 2005). The other widespread
Fe-bearing phases in these rocks are magnetite, pyrite and
hemo-ilmenite. Of these only hemo-ilmenite shows a
marked increase in abundance to the south (Harlov &
Hansen, 2005). This suggests that the decrease in Fe con-
centrations in amphibole and biotite with increasing

Table 10:  Reintegrated REE composttions of fluorapatites with monazite inclusions

Sample Zone D (km) % Mnz in FAp Reintegrated composition (wt %)
La,03 Ce,03 Pr,03 Nd,03 Sm,03 Gd,03 Total REE

93 F3 N11 CGF 25.42 1-44 042 0-99 0-25 0-29 0.03 0.01 1-99
93 F4 Q6 CGF 38.96 112 0-33 0-94 0-27 017 0-02 0-01 1.74
93 F4 T10 CGF 45.10 1.35 0-41 0-86 0-18 0-21 0-02 0-01 1.69
95 J1 S3 CGF 4917 1.62 0.562 0.97 0-24 0.27 0.02 0.01 2.03
93 F11 P2 SGF 67-16 117 023 0-79 0-22 0.27 0.02 0.01 1.54
93 F9 F5 SGF 90-17 1-50 0-50 0.97 0-18 0-21 0.01 0.01 1-89
93 F8 D1 SGF 94.99 3-89 1.10 2.20 0-29 0-68 0-06 0-03 4.36
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Table 11:  Mean titanite compositions (wt %o )

Sample  Zone D (km) No. pts P,Os Nb,Os SiO, TiO, 2ZrO, HfO, ThO, UO,  ALOs; Fe03 Y,0;3 La,0; Ce03 PrO; NdO3 Smy0; MgO CaO MnO Na,0 F Total

95-J3-11 NAF 0 17 0-08(2) 0-14(4) 29-9(3) 36-9(4) 0-02(1) <0-01 0-02(1) 0-02(2) 1-29(2) 1-50(8) 0-20(5) 0-17(4) 0-69(9)  0-09(4) 0-50(8) 0-07(2) 0-01(1) 27-2(3) 0-09(2) 0-02(1) 0-16(5) 99-1
95-J3-H5 NAF 353 14 0-03(1) 0-13(3) 30-2(2) 37-0(3) 0-01(1) <0-01 0-03(1) 0-02(1) 1-63(3) 1-31(5) 0-18(4) 0-10(3) 0-42(6)  0-06(2) 0-32(6) 0-08(2) 0-01(1) 27-4(2) 0-09(3) 0-02(1) 0-24(5) 99-2
95-J3-H2 NAF 445 17 0-04(1) 0-08(2) 29-3(3) 37:5(3) 0-01(1) <0-01 <0-02 <0-02 1.56(4) 1-36(6) 0-09(2) 0-05(2) 0-21(3) <0-056 0-15(3) 0-06(2) 0-01(1) 28-0(4) 0-09(2) 0-02(2) 0-32(6) 98-8
93-F11-R1 NAF 482 5 0-06(2) 0-38(5) 29-7(2) 35-6(2) 0-03(1) 0-01(1) <0-02 <0-02  1-64(5) 1-88(4) 0-49(6) <0-05 0-81(10) <0-05 0-69(7) 0-15(3) 0-02(1) 26-6(3) 0-12(4) 0-02(1) 0-26(4) 98-3
93-F2-J1 NAF 983 10 0-07(2) 0-26(4) 30-2(1) 35-9(2) 0-05(2) <0-01 0-04(1) <0-02  1-86(5) 1-92(7) 0-20(4) 0-28(5) 1-03(11) 0-12(5) 0-50(8) 0-09(1) 0-03(1) 27-0(3) 0-13(2) 0-03(2) 0-50(8) 100-1
93-F2-J2 NAF 983 11 0-09(2) 0-33(5) 29-0(2) 34-6(3) 0-04(2) <0-01 0-02(1) <0-02  1-88(4) 1-81(6) 0-12(4) 0-15(4) 0-55(5)  0-06(3) 0-27(5) <0-05  0-03(2) 27-0(4) 0-14(5) 0-03(1) 0-59(6) 96-5
93-F2-K2 NAF 1299 16 0-04(1) 0-18(4) 30-5(2) 35-2(1) 0-02(1) <0-01 0-02(1) <0-02  2-49(8) 1-95(8) 0-06(2) 0-11(3) 0-39(4) <0-05 0-18(4) 0-05(2) 0-03(1) 27-7(2) 0-12(3) 0-03(2) 0-96(9) 99-6
93-F2-L1 NAF 14.3 4 0-04(2) 0-23(3) 31-0(1) 37-7(4) 0-01(1) <0-01 <002 <0-02 1-42(7) 1.18(5) <0-05 0-11(4) 0:23(3) <0-05  0-05(1) <0-05  0-01(1) 28-3(4) 0-08(3) 0-01(1) 0-30(3) 100-7
93-F2-L2 NAF 14.3 6 0-05(1) 0-20(3) 30-8(3) 37-4(4) 0-03(1) <0-01 <002 <0-02 1-63(5) 1.26(3) <0-05 <0-056 0-13(2) <0-05 0-09(4) <0-05 0-01(1) 28-1(3) 0-09(4) 0-04(1) 0-44(6) 100-3
16 93-J31-F5 CGF 26-35 18 0-06(2) 0-18(2) 29-8(3) 34-0(3) 0-05(2) 0-02(1) <0-02 <0-02 2.59(9) 2:34(9) 0-31(8) <0-06 1-30(9) <0-05 0-77(8) 0-14(3) 0-08(3) 26-5(3) 0-14(4) 0-04(2) 0-81(8) 98-7
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Fig. 13. High-contrast BSE images of a series of independent monazite grains (i.e. not associated with fluorapatite). (a) Allanite enclosing a
monazite grain from the southern edge of the NAF. (b) High-contrast image of the monazite grains shown in (a). (b), (c), and (d) Zoned
monazite grains showing various curvilinear ingrowths: the brighter the area, the higher the ThSiO4~Cdl'h(POy), component.
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Fig. 14. Average chondrite-normalized (divided by 10000) LREE
patterns for independent allanite grains (continuous line; Table 9),
allanite rims on fluorapatite (dotted line; Table 9), and titanite (dot—
dash line; Table 11). Also included are whole-rock chondrite-
normalized patterns from the NAF and northern CGF zones (dashed
line; Table 2). The whole-rock plots were not divided by 10 000. For
normalization the average chondrite composition of Anders &
Grevesse (1989) was used.

grade could be due to oxidation/dehydration reactions

such as
2 KFe3AlSisO,p(OH), +1-509 = 2 KAISi5Og
in biotite K—feldspar
®)
+ % FCQOg +2 HQO

in ilmenite

and
2 CaQFC5SigOQQ(OH)2 +1:) 02 =4 C’cIFCSiQO(;

in hornblende in clinopyroxene

+ SIOQ +3 FC203 +2 HQO

quartz  in ilmenite

(6)

Biotite (Fig. 6¢), amphibole (Fig. 7c), and orthopyroxene
(Fig. 8b) all show a decrease in Mn concentrations south-
wards across the CGF zone, which is not reflected by a
decrease in the whole-rock Mn concentrations (Fig. 2c).
Garnet can preferentially incorporate Mn but is absent in
the CGF where the major decrease in biotite, orthopyrox-
ene and amphibole Mn concentrations occur. The decrease
in Mn in these phases could be due to the partitioning of
Mn into hemo-ilmenite. Although the concentration of Mn
into hemo-ilmenite does not increase southwards, the
abundance of hemo-ilmenite does (Harlov et al, 1997

Harlov & Hansen, 2005).
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Fig. 15. BSE images of titanite-ilmenite associations for a series of samples across the northern amphibolite-facies zone (NAF). (a) Relatively
small hemo-ilmenite inclusions in large titanite grains from the northern edge of the NAF. (b)—(d) Typical titanite-ilmenite relationships from
the central and southern NAF. The faint zoning in the titanite in (a)—(c) should be noted. The lighter the area the higher the (Y +REE)

concentration.

Biotite (Fig. 6d), amphibole (Fig. 7¢) and fluorapatite
(Fig. 10b) all tend to have higher F concentrations in the
higher-grade rocks. Harlov & Forster (2002a, 20025)
found similar trends in fluorapatite and biotite across the
two dehydration zones they investigated. In the case of
fluorapatite this appears to be part of a general tendency
for F concentrations to increase with increasing grade
from greenschist to amphibolite facies (Kapustin, 1987,
Spear & Pyle, 2002). The migration of an externally
derived fluid relatively rich in F from higher to lower
grade, as suggested by Harlov & TForster (20025), would
explain the increase in I concentrations.

However, the increase in F concentrations could also be
due to the fractionation of F during the progressive break-
down of biotite and amphibole by any process that forms a
fluid or a melt that takes in less I' than do the Ie-Mg
silicates. As long as the system remains closed, a decrease
in the abundance of amphibole and biotite would be
accompanied by an increase in the I concentrations in
both the residual grains of these minerals and the fluorapa-
tite grains in equilibrium with them. Figure 16 shows

model calculations of I concentrations that, although too
simple for modelling the natural systems in detail, can
illustrate the general principle. Here the rock is assumed
to initially contain 10% biotite with an I concentration of
0-5wt % and 0-5% fluorapatite with an F concentration
of 1wt %. The ratio of F in the biotite to I in the fluid (or
melt) was assumed to be 10 and the ratio of F in the biotite
to I' in the fluorapatite was assumed to be 0-5. These ratios
were kept constant throughout the dehydration process.
Calculations were performed using ratios of mass of biotite
consumed to mass of fluid or melt produced of 1-0 (more
appropriate for dehydration partial melting) and 0-04
(more appropriate for solid-state dehydration). As Fig. 16
shows, in both cases dehydration causes a smooth, progres-
sive increase of I in both biotite and fluorapatite.

Fe—Mg silicate composition and H,O
activity

Orthopyroxene (Fig. 8c) and magnetite (Harlov &
Hansen, 2005) have nearly constant Fe concentrations
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Fig. 16. The results of simple mass balance modelling of the effects of
progressive dehydration reactions involving biotite on the F concen-
tration of biotite and fluorapatite. The continuous lines are for
the ratio (mass of biotite consumed)/(mass of fluid or melt
produced) =1 (dehydration melting), whereas the dotted lines are
for the ratio (mass of biotite consumed)/(mass of fluid or melt
produced) =0-04 (solid-state dehydration). Calculation details are
described in the text.

across the traverse. One of the consequences is that,
with the exception of a handful of more reduced samples
in the southern SGF, oxygen fugacities in these rocks
are all buffered at approximately 2-3 log units above faya-
lite-magnetite—quartz (FMQ) (Harlov et al., 1997; Harlov
& Hansen, 2005). On the other hand, Fe concentrations in
the amphibole and biotite decrease steadily as their abun-
dance decreases across the CGF zone. The composition of
these phases are in part determined by their equilibrium
with the pyroxenes [1.e. reactions (1) and (2)].

Of these, the easiest to model is the reaction
between orthopyroxene, K-feldspar, biotite, and quartz
[i.e. reaction (1)]. From reaction (1) the following relation-
ship for the HyO activity may be derived:

aH,ZO = ]{] //fs (7)

where

/CS = a%nao,./aph and K] = aﬁzoa%naor/ap],. (8)

Here £ is the equilibrium constant for reaction (1) at the
pressure and temperature of interest. Figure 17 is a plot of
ks against distance from the northern boundary of the
CGF. An ideal one-site mixing model was used for enstatite
and K-feldspar. The activity of phlogopite was estimated
using an ideal multi-site mixing model modified from
Holland & Powell (1990):

apy = 4X12X11\\11;(X311§ PX\P X (Xon) . 9)

22
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Fig. 17. Biotite breakdown reactions as a function of HoO activity
and temperature. The curves shown are for k;=1 [ie. pure Mg
end-members] (continuous line); k=15 (dashed line); £, =2 (dotted
line) for pressures of 600 and 800 MPa. e, P — 7T conditions inferred
for the SGF; O, P — 7 conditions inferred for the northern boundary
of the CGE. Details of the calculations are given in the text. In the
inset, k [= (a},ao,)/apy] is plotted as a function of distance along
the traverse going southwards from the northernmost sample
(ie. 95 J3 II; see Fig. 1. Dotted lines designate the approximate
boundaries between the higher-grade southern granulite-facies zone
(SGF), the lower-grade central granulite-facies zone (CGF) and the
northern amphibolite-facies zone (NAF).

Tetrahedral Al above the 1 atom per formula unit in the
ideal phlogopite formula was first used to balance the
charge on octahedral Al. The remaining excess tetrahedral
Al was used to charge balance a fraction of the Ti. The
charge on the rest of the Ti was balanced by vacancies
(Henry & Guidotti, 2002) that were evenly distributed
among the octahedral sites. As the majority of K-feldspar
occurs as blebs along quartz—plagioclase grain boundaries,
the composition of these blebs (Or =0-95) was used in the
calculations (Hansen et al., 1995; Harlov et al., 1998). Also
shown in Fig. 17 are the positions of the biotite breakdown
curve [reaction (1)] at 600 and 800 MPa as a function of
temperature and HyO activities for different values of £
These curves were calculated using the AG® for reaction
() for enstatite and phlogopite derived by Aranovich &
Newton (1998) from their experiments. HoO fugacities
were taken from Burnham et al. (1969).

With the exception of one anomalous sample (93 F3 O3),
kg for samples from the SGF lies within a relatively narrow
range (1-45-1-62, average 1-55; Fig. 17). This suggests that
throughout most of the SGF, the mineral assemblages
record roughly the same HoO activity. At 850°C and
800 MPa, the calculated range in HyO activity is from
0-29 to 0-32. An increase in the Fe concentration in biotite
relative to orthopyroxene, coupled with a decrease in the I
concentration, causes £ to increase from roughly 1-4 to 2-0
from south to north across the CGF (Fig. 17). Thus as Fig. 17
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illustrates, the orthopyroxene—K-feldspar—biotite-quartz
assemblage at the northern end of the CGF apparently
records lower HoO activities than the rocks at the southern
end. However, there are several potential problems with
these determinations. The isotherms in Fig. 17 are fairly
close together at lower temperatures so that small errors
in the calculation of £, will lead to relatively large
errors in the HoO activity. The disproportionate effect of
F or Ti in stabilizing biotite is probably not accounted for
by the ideal mixing models used in these calculations. In
many of the rocks K-feldspar is restricted to plagioclase—
quartz grain boundary blebs or replacement antiperthite.
Texturally the K-feldspar blebs are distinctly different
than the larger quartz, plagioclase and orthopyroxene
grains in the matrix. The blebs also have the wrong com-
position to be in equilibrium with plagioclase at high tem-
peratures. Given all of these potential problems, perhaps
the simplest conclusion here is that the mineral composi-
tion apparently does not record a clear decrease in HoO
activity as the proportions of HyO-bearing minerals
decrease southwards across the CGF into the SGI.

Accessory minerals and trace-element
budgets

Different REE-rich accessory mineral populations occur
in three separate areas along the Krishnagiri—Salem tra-
verse (Fig. 1) that do not correspond exactly to the three
metamorphic zones. In the SGF and southern CGF zone
the principal REE-bearing accessory minerals are the
monazite inclusions and rim grains associated with fluora-
patite. The monazite and whole-rock LREE patterns
(Fig. 11) are roughly parallel, suggesting that the monazite
inclusions and rim grains could be the principal reservoir
for these elements. Estimates based on comparisons
between the reintegrated fluorapatite compositions
(Table 10) and whole-rock compositions (Table 2) from
this zone indicate that it would take 0-3-0-6wt %
(0-2-0-5vol. %) monazite-bearing fluorapatite grains to
account for the whole-rock LREE abundances. This is not
out of line with the estimated modal abundances (~0-5%)
for monazite-bearing fluorapatite grains.

In the northern half of the CGF and the southern quar-
ter of the NAF (shaded region Fig. 1) independent mona-
zite grains were found in 80% of the samples. Monazite
inclusions and rim grains associated with fluorapatite are
also found (Table 1). The chondrite-normalized, whole-
rock REE patterns in these rocks are roughly parallel to
the patterns for both the free monazite grains and mona-
zite associated with fluorapatite. This would suggest that
both types are probably the dominant REE reservoirs.
Whole-rock Th concentrations drop sharply in approxi-
mately the same area where independent monazite grains
almost completely disappear (compare Figs 1 and 12 with
Fig. 3c), suggesting that independent monazite grains are
the most important host for Th in this area. Uranium
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abundances also decrease in about the same region
(Fig. 3d). However, because the monazite grains contain
only small amounts of U (Tables 7 and 8), another mineral,
probably zircon, must be the major host for U.

In the northern three-quarters of the NAF no monazite
occurs either as independent grains or as inclusions and
rim grains associated with fluorapatite. Both allanite and
titanite in this area contain significant amounts of REE
(Tables 9 and 11). The average whole-rock REE pattern is
less LREE enriched than that of the allanite but more
LREE enriched than that of titanite (Fig. 14). Together
these two minerals may be the principal reservoir for
these elements in this area. Despite the absence of mona-
zite, Th abundances in the northern NAF are not low,
indicating another host. The low Th abundances seen in
allanite exclude it as a likely host for Th (see Table 9;
Electronic Appendix 5).

Stahle et al. (1987), Raith & Srikantappa (1993), and
Harlov et al. (2006a) all noted evidence for the selective
depletion of (Y +HREE) in localized granulite-facies
dehydration zones in  amphibolite-facies  gneisses.
However, a selective depletion of (Y +HREE) is not
evident along the Krishnagiri—Salem traverse. Instead,
chondrite-normalized REE patterns from the SGF show
less enrichment in LREE than do the patterns at lower
grades (Fig. 4). Monazite inclusions and rim grains asso-
ciated with fluorapatite are less enriched in LREE than
are the independent monazite of the southern NAF and
northern CGF (Figs 11 and 12). Finally, the proportion of
monazite inclusions in fluorapatite that show the least
LREE enrichment (Population II) increases southwards
with increasing grade (Fig. 12). These features all indicate
that if there was any REE depletion along the
Krishnagiri—Salem traverse it involved the selective
removal of LREE from the higher-grade rocks.

Unless the present-day distribution of monazite and Th
simply reflects their original distributions in the orthog-
neiss protoliths along the Krishnagiri-Salem traverse
(Fig. 1), then the loss of monazite and the concomitant
decrease in Th abundance in the central CGF is a meta-
morphic effect. The decline in REE abundances in this
area is much less pronounced (Fig. 3e) than the decrease
in Th abundances (Fig. 3c), implying that, if it occurred at
all, the loss of REE was much smaller. The main reservoirs
of REE in the southern part of the traverse are apparently
the monazite inclusions in fluorapatite grains. Thus
it appears that independent monazite was probably
replaced by the precursors of the monazite-bearing fluora-
patite grains (see next section) during prograde
metamorphism.

Bingen et al. (1996) described an amphibolite- to
granulite-facies transition within orthogneisses from
Rogaland—Vest-Agder, southwestern Norway, in which
monazite also occurs in a relatively narrow zone.
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They attributed the appearance of monazite at the
clinopyroxene-in isograd to a prograde reaction involving
the breakdown of allanite, titanite and amphibole and the
decline in monazite abundance after the orthopyroxene-in
isograd to a prograde fluorapatite-forming reaction. As a
consequence, a relatively narrow zone, containing discrete
monazite grains between a titanite—allanite zone (similar
to the northern NAF) coupled with a zone that contains
either REE-enriched fluorapatite (as in Rogaland—Vest-
Agder) or fluorapatite with monazite inclusions (similar
to what is seen in the SGF and CGF), may be a common
feature in high-grade terranes.

Formation of monazite inclusions

The close association of monazite and fluorapatite, the evi-
dence for crystallographic control with respect to the
orientation of many of the inclusions, and the negligible
amounts of Th in the monazite inclusions and rim grains
all indicate that it formed iz situ from a REE-bearing fluor-
apatite (Harlov & Forster, 2003). Experimentally, monazite
has been produced by the incongruent melting of fluorapa-
tite in peraluminous granitic melts (Wolf & London, 1995).
These experiments produced trails of monazite grains in
the melt in the immediate vicinity of the fluorapatite rim
but no monazite inclusions. As a consequence, the resulting
textures are distinctly different from those seen along the
Krishnagiri—Salem traverse (Fig. 9). On the other hand,
fluorapatite—monazite textures (both inclusions and rim
grains) very similar to those in the CGF and SGT have
been replicated experimentally by the reaction of
(Y 4+ REE)-bearing fluorapatite with fluids including
H,O, KC(lI brines, and acids such as IM HCI and H,SO,
in a process involving metasomatism of the host fluorapa-
tite via dissolution and reprecipitation (see Harlov et al.,
2002, 2005; Harlov & Forster, 2003).

Britholite (CayREE3Si501F) appears to be the main
REE-bearing component in the fluorapatite (Table 6). In
a quartz-saturated system monazite could form by the fol-
lowing reaction between a britholite-bearing fluorapatite
and a fluid:

CayREE;Si50,5F + Cas P30, F + 14 HT = 3(REE)PO,

britholite component fluorapatite

+38i0y +7 Ca®* + 6 H,O + 2 HF.

quartz

monazite

(10)

As this reaction indicates, a decrease in pH and decreases
in the HyO activity, Ca activity, and HF activity will all
drive this reaction to the right, leading to the formation of
monazite. A change in pressure and temperature could
conceivably do the same thing.

Sample 93 J31 5 from the northern CGF is particularly
significant when considering the origin of monazite inclu-
sions. The fluorapatite in this sample contains occasional
monazite inclusions but they are much less abundant than

in other samples from the same area (Fig. 9a). At the same
time, the fluorapatite grains contain bright zones that have
REE abundances that are higher (REE;O3=2-5wt %)
than most of the estimated compositions of fluorapatite
grains before the formation of monazite inclusions
(Electronic Appendix 3). Sample 93 J31 F5 has the same
mineralogy as other samples in the area and presumably
has the same P—T history. Thus, the formation of monazite
inclusions and rim grains cannot be a simple consequence
of changes in temperature or pressure [see also the discus-
sion by Harlov et al. (2005)]. If;, on the other hand, the for-
mation of monazite inclusions resulted from a change in
the composition of the metamorphic fluid, then the combi-
nation of a relatively low fluid to rock ratio and a high
initial REE content (which would require more fluid for
the reaction to go to completion) could explain the survi-
val of high-REE fluorapatite in sample 93 J31 I'5.

The role of melts and fluids in the
granulite-grade metamorphism

If the grain boundary K-feldspar blebs do represent melt
pools, then their presence throughout the Krishnagiri—
Salem traverse (Table 1) suggests that the entire area
either has undergone partial melting or has been infil-
trated by a melt. There is also a rough tendency for orthog-
neisses north of the orthopyroxene isograd to have
somewhat lower concentrations of SiO, and K,O than
orthogneisses south of the isograd; a relationship to be
expected if a K- and Si-rich partial melt had been
extracted from the higher-grade portion of the traverse.
Many of the changes in mineral proportions and composi-
tion southwards across the CGF could be explained by
dehydration-melting reactions of the form

biotite + feldspar + quartz = orthopyroxene (1)

+ hemo-ilmenite + melt
and

hornblende + feldspar + quartz = clinopyroxene

(12)

+ orthopyroxene 4+ hemo-ilmenite 4+ melt.

This would assume that the protolith was already highly
oxidized. Some of the melt produced by these reactions
could have migrated out of the rock whereas some of it
could have solidified in situ forming the K-feldspar blebs.
Upon cooling, residual fluids along grain boundaries
would have reacted with orthopyroxene and clinopyroxene
to form the relatively small biotite and amphibole grains
commonly associated with pyroxenes in samples from the
CGF and SGF. These back-reactions would buffer the
system to relatively low HoO activities, thereby ensuring
the long-term preservation of orthopyroxene and clinopy-
roxene (Yardley & Valley, 1997).

Unless the low Rb, Cs, U, and Th abundances are a
feature of the premetamorphic protolith (e.g. Rollinson &
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Tarney, 2005), these elements must have been carried out of
the orthogneisses in the SGI and southern CGF by some
agent. A migrating partial melt is one possibility.
However, biotite from Rb-depleted rocks in this area
has much lower abundances of Rb than does biotite
from undepleted rocks, and, given what is known about
the partition coefficients, this is a very difficult pattern
to produce by partial melting (Hansen et al, 2002).
Thorium depletion appears to have coincided with the
consumption of free monazite grains in a reaction that pro-
duced REE-enriched fluorapatite. However, monazite is
generally much less soluble than fluorapatite in partial
melts of approximate granitic compositions (Wolf &
London, 1995). Hence partial melting could be expected to
produce the opposite effect. Thus, partitioning into a
migrating fluid phase may more easily explain the pattern
of trace-element depletion.

Any fluid involved in trace-element depletion, able to
transport these trace elements, must have had a low
H,O activity in order to be in equilibrium with orthoprox-
ene-bearing assemblages, and must have been able to flow
extensively through the rocks along grain boundaries on
the kilometre scale. High-temperature, high-pressure
brines have these properties and it has been suggested
that they play an important part in granulite-facies meta-
morphism (Aranovich & Newton, 1996, 1997; Newton et al.,
1998). Hansen et al. (1995) suggested that high-grade meta-
morphism in this area was accompanied by an influx
of concentrated brines released by the crystallization of
mafic magmas at the base of the crust. As these low HyO
activity fluids migrated upwards through the crust they
would have driven reactions (I) and (2) to the right,
accounting for the progressive north to south replacement
of biotite and amphibole by clinopyroxene and orthopyrox-
ene and the enrichment of amphibole in KyO. Newton &
Manning (2005) have noted that deep-seated brines could
contain oxidizing agents such as CaSO, in relatively large
amounts. The upward migration of these brines would
therefore drive reactions (5) and (6) to the right, account-
ing for both the southward increase in hemo-ilmenite and
decreases in Fe and Mn in biotite and amphibole.
Migrating brines may also have carried away some of
the K released during biotite breakdown and could
have also redistributed some of the K into replacement
antiperthite and K-feldspar blebs along plagioclase—
quartz grain boundaries via reactions (3) and (4). Hansen
et al. (2002) have shown that partitioning of Rb into
migrating brines can account for the Rb depletion in
both whole-rock and biotite compositions in the SGF
and southern CGF.

As brines migrated upwards through the crust they initi-
ally drove reaction (10) to the left, replacing the indepen-
dent monazite grains with REE-bearing fluorapatite and
releasing Th. Later changes in the composition of the

COMPOSITIONAL TRENDS IN GNEISSES

fluid, perhaps accompanied by decreases in pressure
and temperature during uplift, drove reaction (10) to the
right, leading to the formation of the low-Th monazite
inclusions and rim grains. In the Rogaland—Vest-Agder
area monazite breakdown was accompanied by the
formation of thorite and Th-bearing fluorapatite grains
(Bingen et al., 1996). Neither of these minerals is important
along the Krishnagiri—Salem traverse and Th appears to
have been transported out of the rocks. There is some
experimental evidence (Oelkers & Poitrasson, 2002;
Schmidt et al., 2007) that in monazite-bearing systems, Th
mobility increases as pH increases. In addition, as reaction
(10) indicates, at higher pH monazite should be less stable
relative to a britholite component in fluorapatite. Monazite
breakdown was not accompanied by removal of HREE,
although there may have been a slight depletion in LREE
(Figs 11 and 12). Both experiments and theoretical calcula-
tions (Haas et al., 1995; Pan & Fleet, 1996; Schmidt et al.,
2007) indicate that under high-grade conditions CI
enhances the mobility of LREE and F enhances the mobi-
lity of HREE. The southern edge of the free monazite
zone coincides with elevated levels of Cl in fluorapatite
(Fig. 10c) and biotite (Fig. 6e), which may indicate
that during the breakdown of monazite the fluids were
relatively high in CL

Partial melting and the upward migration of concen-
trated brines are not mutually exclusive. Thus dehydration
melting may have preceded or even accompanied the
movement of brines into the rocks. It is possible that many
of the changes in mineralogy and major-element mineral
composition may be due to dehydration melting reactions
whereas the trace-element depletions are largely due to
migrating brines.

CONCLUSIONS

The north (higher crustal levels) to south (lower crustal
levels), amphibolite- to granulite-facies transition in inter-
mediate to felsic orthogneisses along the Krishnagiri—
Salem traverse is characterized by a number of systematic
changes in mineralogy and both whole-rock and mineral
composition.

(1) Biotite and amphibole are the dominant Fe—Mg sili-
cates in the north of the traverse. Moving southwards,
first clinopyroxene and then orthopyroxene appear.
As the abundances of amphibole and biotite decrease
southwards, the abundances of orthopyroxene and
hemo-ilmenite increase.

(2) Systematic decreases in Fe and Mn in biotite and
amphibole and increases in K in amphibole with
increasing grade cannot be accounted for by changes
in whole-rock composition, but appear to be an effect
of dehydration and dehydration/oxidation reactions.
Increases in F in biotite and fluorapatite with
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increasing grade can be accounted for by any biotite
breakdown reaction in which the reaction products
have less of an affinity for I than does biotite.

(3) The principal host for REE shifts from allanite and
titanite north of the clinopyroxene isograd, to inde-
pendent monazite grains in the central part of the tra-
verse, and to monazite inclusions and rim grains in
fluorapatite in the southern portion.

(4) Low whole-rock abundances of Rb, Cs, Th, and U
become common 15-20 km south of the orthopyrox-
ene isograd. The depletion of Th appears to be related
to the replacement of independent monazite grains by
REE-bearing fluorapatite grains. Monazite inclusions
formed in these fluorapatite grains later in the history
of the rocks.

(5) K-feldspar blebs occur along plagioclase and quartz
grain boundaries throughout the traverse. In contrast,
K-feldspar ‘replacement’ antiperthite is common only
in the southern high-grade portion.

These features can all be accounted for by a model in
which concentrated low HoO activity brines migrate
upward from a source lower in the crust. However, the evi-
dence does not rule out the possibility that the influx of this
brine was preceded or accompanied by dehydration melting,
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