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SUMMARY. Banded gneisses and migmatites in the 
Champira Dome contain assemblages of the biotite- 
cordierite-almandine subfacies of the granulite facies. The 
banded gneisses represent a sequence of arkosic sediments 
metamorphosed to sillimanite-cordierite gneisses. The 
migmatites were derived from more argillaceous and 
potassic sediments, with lower oxidation ratios and 
lower Ba/Rb ratios. They consist of a quartzo-feldspathic 
leucosome, representing anatectic melt, with schlieren of 
the refractory minerals sillimanite, garnet, biotite, and 
oxide minerals. Cordierite developed from garnet and 
biotite, except in rocks of high FeO/(FeO + MgO) ratio. 
Both rock types contain assemblages of magnetite+ 
hercynite + corundum + ilmenite + hematite, formed by 
unmixing of high-temperature solid solutions. Rb-Sr 
studies of the banded gneisses gave an age of 2327 + 
25 Ma, which is interpreted as the date of metamorphism, 
and an initial 878r/86Sr ratio of o.7o64 + 0.ooo3. The mig- 
matite samples plot close to this 2327 Ma regression line, 
but the strontium isotopes were considerably disturbed, 
though not homogenized on the scale of sampling, 962 + 
34 Ma ago. It is considered that the anatexis in the mig- 
matites was contemporaneous with the metamorphism of 
the banded gneisses and that the 962 + 34 Ma event may 
be correlated with recrystallization of the migmatites 
accompanying the growth of cordierite. 

THE Champira Dome (fig. IA) consists largely of 
banded sillimanite-cordierite garnet gneisses. It 
was emplaced as a tectonic wedge between ENE-  
trending boundary faults and appears to have a dif- 
ferent structural and metamorphic  history to that 
of the surrounding rocks (Peters,.i975). The pur- 
pose of this paper is to elucidate as far as possible 
the origins and metamorphic  history of the rocks 
of the dome. Two suites of specimens were 
examined. Specimens MB 52 and 54-59 are banded 
gneisses. To the north-east of these (fig. z B) is an 
area of migmatite (MB 53 and 6o-65). Both suites 
contain mineral assemblages characteristic of the 
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biot i te-cordieri te-almandine subfacies of the 
granulite facies (as defined by de Waard, 1965). 

The mineral compositions given in this paper 
were obtained by electron microprobe, using the 
techniques and standards described by Bowles 
(I975) and the correction programme of Mason et 
al. ([969). For  oxide minerals, each composit ion 
given is the mean of two analyses obtained from a 
single crystal cluster. For  silicate minerals, each 
composit ion is the mean of four analyses-- two 
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Fla. I. A. Outline of the Champira Dome (after Peters, 
1975), showing the structural trends in the banded garnet- 
sillimanite-cordierite gneisses of the dome. B. Sample 
localities; intervals of i minute are marked on the 
northern and eastern edges of the map, and the point with 
coordinates 22 ~ 2o' S 33 ~ 4o' E is indicated near the 

eastern edge of the map. 
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from each of two small areas of a single rock sec- 
tion, representing both core and margin. No com- 
positional zoning was noted. Partial analyses of 
feldspars were obtained with the beam scanning an 
area of about I7 #m by 24 gm in order to reduce 
the effects of unmixing and other compositional 
variation. 

Migmatites 

The migmatite specimens (MB 53 and 6o-65, 
Tables I and II) are composed of coarse-grained 
quartzo-feldspathic leucosomes containing scat- 
tered crystals of garnet and patches and schlieren 
of dark minerals. Sample 6IL (Table II) is a 4oo g 
portion of MB 61 which was essentially free of mafic 
minerals. Rock types transitional between the 
banded gneisses and these migmatites are exposed 
near MB 64 and near MB 65. 

The leucosomes in the migmatite specimens con- 
sist of orthoclase microperthite and quartz, with 
subordinate sodic plagioclase. The quartz shows 
the bluish coloration characteristic of the granulite 
facies. The other minerals, which occur in part as 
discrete crystals but mainly clustered together in 
schlieren, are biotite, sillimanite, garnet, cordierite, 
magnetite, hercynite (green to opaque in trans- 
mitted light), ilmenite, and corundum. The cordier- 
ire in some sections is altered to a yellow isotropic 
material. Mineral abundances are given in Table I, 
based on sections of one to six hand specimens of 
each sample (only one or two specimens for the 

opaque minerals). In most sections one or more of 
the phases are absent but a few slides show them 
all. Monazite, zircon, and apatite are sporadic 
accessory minerals, and a few specimens contain a 
little secondary white mica. The magnetite in MB 
6I contains hematite lamellae. 

A small basic xenolith enclosed in migmatite 
close to MB 64 consists largely of labradorite and 
pleochroic hypersthene, with subordinate biotite, 
quartz, hornblende, clinopyroxene, apatite, and 
iron oxides. The presence of orthopyroxene and the 
absence of cordierite can be attributed to a higher 
(FeO + MgO)/A1203 ratio in the rock. 

Oxide minerals. Hercynite, magnetite, and ilmen- 
ite in MB 62 have the approximate compositions 
(Fe2+6.3 Mno.l Mgl.6) (All5.O Cro.1 L'e3+ , x" 0.9) Ik132, 
Fe 2 + s.0(Alo.1Cro. 1Vo.2 Fe3 + 15.6)032, and (Fe 2 + 1.a 5 
Mno.o6)Til.9 a Fe3 + o.1 sVo.o2Alo.01 O6 . Coexisting 
magnetite and ilmenite compositions (Mt:Usp = 
99.5:o.5; Hem:Ilm = 3.8:96.2) indicate an equili- 
bration temperatfire well below 5o0 ~ and fo2 less 
than IO -25 bars (see Buddington and Lindsley, 
I964, fig. 5). 

The magnetite and hercynite compositions (95 
Fe304, I ~o FeA1204; 5 ~oo Fe304, 73 ~ FeAI204, 
2O~o MgA12Oa) also suggest a temperature well 
below 50o ~ (Turnock and Eugster, I962, fig. 5), 
though Turnock and Eugster's results cannot be 
applied strictly to the present data because of the 
presence of Mg in the hercynite. The occurrence of 
magnetite, hercynite, and corundum as poly- 
mineralic clusters often showing inclusions and 

TABLE I. Abundance of restite minerals in migmatite samples 

Sample No. MB 53 MB 6o MB 6I MB 62 MB 63 MB 64 MB 65 

No. of sections examined 2 8 2 4 2 3 4 
Biotite - + P + + - + + 
Sillimanite + + + + + + + 
Garnet - + + + P + + + 
Cordiefite O + + P + O + 
Magnetite ~ x~, ~, ~ i  ~ ~" ~ 
Hercynite 
Ilmenite 0 ~ ~ 0 ~ ~ 
Corundum x/ ~/ 

Silicate minerals: 
Major constituent in at least one section + 
Mirror or trace constituent but consistently present + 
Minor or  absent 
N o t  observed 0 

Oxide minerals: 
Present x/ 
Not identified O 

Electron microprobe analysis P 
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exsolution textures suggests that they formed from 
the cooling of a high temperature Fe30#-FeAI20 ,  
solid solution (Turnock and Eugster, I962, fig. I I). 
This process accounts for the presence of corundum 
in rocks containing abundant quartz, and shows 
that oxygen was introduced into the system as the 
temperature fell. A few clusters show thin rims of 
garnet, sillimanite, or possible cordierite, but they 
generally exsolved without significant reaction with 
the surrounding silicates. The unmixed oxides are 
too coarse grained to enable estimation of the com- 
position (and hence the minimum temperature of 
formation) of the primary solid solution. 

Silicate minerals. The stability of cordierite in 
high-grade pelitic rocks has been discussed by 
many authors, including Winkler (i 976), Holdaway 
and Lee 0977), and Ashworth and Chinner (I978). 
The coexistence of almandine and cordierite is 
dependent upon the molar FeO/ (FeO+MgO)  
ratio of the rock (high values of this ratio favour 
almandine); temperature (higher temperatures 
favour almandine); total pressure (higher pressures 
favour almandine); and PH20 (at constant Ptot) 
(drier conditions favour almandine). In the migmatite 
suite, cordierite appears to be absent from MB 64 
(FeO/(FeO+MgO) = o.65); it is present in trace 
quantities in MB 61 (0.63); and it is generally 
abundant, with surviving garnet, in MB 6o, 62, 63, 
and 65 (0.53-0.63). MB 53 contains a little garnet 
but no cordierite; the FeO and MgO contents 
(Table II) are too low to allow much confidence in 
the value of 0.5 obtained for the FeO/(FeO + MgO) 
ratio. 

Reaction textures, though partly obscured by 
over-all recrystallization of the rock, indicate that 
cordierite grew at the expense of garnet, sillimanite, 
and biotite. The replacement of biotite plus silli- 
manite by cordierite releases KA1Si30 s. The 
absence of any non-perthitic (i.e. low soda) alkali 
feldspar adjacent to cordierite in thin section 
implies that the newly released orthoclase was in- 
corporated into reconstituted soda-bearing alkali 
feldspar. 

In MB 62, garnet of composition (Fe3.s2Mn0.46 
Mgl.3oCaoAs)A14.otSi6AoO24 coexists with, and 
has been partially replaced by, cordierite of com- 
position (Feo.49Mno.o2Mg1.37)Ala.92SisA 10 t s. 
Plotting these compositions on fig. 6 of Holdaway 
and Lee (I 977) gives 675 + 5o ~ at 7-8 kb, but dilu- 
tion of the phases in the assemblage lowers the pres- 
sure of the reaction curves. The assemblage 
almandine + cordierite + alkali feldspar + quartz 
requires PH~O < Ptot, although the presence of 
biotite requires PHzo ~> 0.4 /'tot (Holdaway and 
Lee, 1977). The garnet contains about I I ~o (gros- 
sular+spessartine) and the alkali feldspar con- 
tains about 22 ~o (Ab + An). The effects of these 

impurities is to lower the temperature of the Bio + 
S1 + Q = Cd + G + Kfel + V equilibrium further 
than given by fig. 7 B of Holdaway and Lee (1977). 
This could have the effect of lowering the point 
where cordierite with Xve(Fe/(Fe + Mg)) = 0.26 can 
coexist with garnet, with or without biotite, to just 
below the granite melting curve at PH20 = O.4 
Ptot, i.e. about 675 ~ and 5 kb. This is thus the 
best estimate obtainable for the conditions of 
formation of the cordierite. 

Analysed cordierite crystals not associated with 
garnet but occurring in the same section of MB 62 
are more iron-rich (XF~ = O.33) than those which 
are associated with garnet. The reason for this is 
not clear, but one possible explanation is that the 
independent grains are of an earlier generation. 
Alternatively, there may have been some retrograde 
reaction in the cordierite in contact with garnet. 

Biotite in MB 6o (a sample which contains 
abundant cordierite) has an approximate composi- 
tion (K1.73Nao.28)Fel.34Mn0.o 1Mg4.o6Tio.4aA12.66 
Si5.3902o(0H), ,. Comparison of this composition 
with fig. 3 of Holdaway and Lee (1977) shows that 
at 675 ~ the pressure would have to be in excess 
of 4.5 kb at Pn2o = Ptot, and, if the likely effects 
of the dilution of the phases are taken into account, 
the pressure is unlikely to be less than 5 kb. 

Approximate feldspar compositions in MB 62 
(An33Ab66Or x and AnlAb2aOrv8), applied to the 
determinative curves of Stormer (I975), indicate 
an equilibration temperature of about 65o ~ at 
5 kb. 

Chemistry. The MgO content of the migmatite 
samples may be taken as a measure of the amount 
of mafic material present: it shows a positive corre- 
lation (fig. 2) with other oxides which occur prin- 
cipally in the mafic minerals (TiO2, FeO(T), MnO) 
and a negative correlation with oxides which occur 
predominantly in the felsic minerals (SiO2, Na20,  
K20);  A1203, which occurs in felsic and mafic 
minerals, shows little variation with decreasing 
MgO, but normative corundum, which relates to 
the mafic material, correlates positively with 
MgO. 

The relative proportions of normative Q, Or, and 
Ab are given in Table II. Compared with the 
ternary eutectic in the system Q-Or  Ab (3I ~o Q, 
24~  o Or, 45~o Ab at 4 kb Pn2o) (Tuttle and 
Bowen, 1958, fig. 38) the samples are rich in norma- 
tive Q and Or and poor in normative Ab. The 
analyses lie on the Or-rich fringe of the distribution 
of analysed granitic rocks (Tuttle and Bowen, 1958, 
fig. 42). 

On the Or -Ab-An diagram, the samples with a 
low mafic content (MB 53, 61, and 65) plot in the 
low-temperature trough (Kleeman, I965) , but 
again they are notably rich in Or compared with 
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TA B L E I I. Chemical analyses and CIP W norms of  rock samples 

Migmatites 

MB 53 MB 60 MB 61 MB 6IL M B  62 M B  63 MB 64 MB 65 

Banded gneisses 

MB 52 M B  54 MB 55 MB 56 M B  57 M B  58 MB 59 

SiO2 75.7 71.3 75.6 75.0 69.9 69.9 71.8 74.4 78.8 79.I 79.8 
TiO2 oA 0. 5 o.I o.o o.3 o.3 o.5 o.3 o.6 0.2 o.6 
A1203 14-8 15.4 14.6 147 I5.8 15.8 15. 4 14.I 11. 3 i2.i 11. 4 
Fe203 o.o o. 7 o. 3 o.I o.6 ].o o.8 I.I 3.2 o. 5 4.0 
FeO 0.4 3.6 0.6 o.I 4.3 4.9 3. 6 1.8 1. 7 1. 4 I. 4 
MnO o.o 0.2 o.0 o.o 0.2 o.3 0.2 o. t o, i 0,0 o. 1 
MgO o.2 1.2 0.2 o.i 1.5 I. 9 t.1 0. 9 1.2 o. 4 1.2 
CaO t,o 1,8 I. 3 I.I 1. 4 1.2 I. 4 1.t I. 3 0.6 1.o t.1 
N a 2 0  2.5 2.7 2.7 2.7 2.4 1.8 2,2 2,t 2.I 2.2 1. 5 I. 7 
K 2 0  6.2 3.5 5.6 6.6 4.1 2.8 4.0 4.8 1.7 5.I 1.6 2.7 
LoI 0.4 o.1 0. 5 o.4 o.1 0.2 o.I 0.6 0. 4 o.2 0.5 0.5 
a 2 0  - 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.2 0.2 0.2 0.2 
P205 o.i o.i o.1 o.1 o.1 o.o o.i 0.2 o.t o.t o.o o.o 

Total Ioi.6 loi.  3 lOI.8 to1.t IOO.9 IOO.4 Ioi. 4 IOl.8 Io2. 7 IO2A ~o3. 3 , "~62.8 

FeO 

- -  o.53 0.63 o.63 o.4 o.62 0.59 o.65 o.53 o.44 0.66 o.40 o.44 
FeO + MgO 

O.R. o.oo o.15 o,3o 0.35 o.II oA6 o.16 o.35 0.63 0.23 o.71 0.58 

Norms 

Q 34.9 34.5 35.5 32.0 32.1 39.9 37.o 39.8 55.7 44.4 6LO 44-5 
Or 36.3 20.8 33.1 38.9 24.0 16-3 23.8 28.7 1o.3 30.2 9.7 15-7 
Ab 2I. 5 22, 5 22.6 22.8 2o.I 15.1 18. 3 17. 5 17.7 186 12.8 I4.O 
An 4.5 8.5 5.6 4.5 6.7 5-7 6.4 4.0 6.1 2.2 4.6 5.I 
C 2.3 4.1 2.1 1. 5 5,I 7.8 5.1 4.0 3.8 2.2 5,4 8.4 
Hy I.I 8. 3 I. 4 0. 3 II.O 12. 9 8.1 4.2 2.9 2.8 3.0 5-7 
en 0.4 2.9 0.5 o.I 3.7 4.8 2.7 2.3 2.9 o.9 3.0 5.3" 
fs o.7 5-4 0.9 0.2 7.3 8.I 5.4 1.9 �9 o.o 1.9 o.o o.4 

Mt  o.o I.O 0. 4 o.I o.9 1. 5 1.1 1.6 3-9 0.7 3.o 6.8 
H m  0. 5 1. 9 
I1 o.] 0. 9 o.1 0.6 0.6 0. 9 0.6 1.2 0. 3 1.2 t. 7 
Ap 0.2 o.1 0.2 o. 3 o.1 o.I o.1 0.6 o.t 0.2 o.I o.I 

Q 38 44 39 34 42 56 47 46 
Or 39 27 36 42 32 23 3 ~ 34 
Ab 23 29 25 24 26 2I 23 20 

Trace elements (ppm) 

V 20 48 18 1o 46 70 58 33 "69 8 74 11o 
Cr 12 44 17 IO 67 92 49 23 76 7 81 115 
Ni 6 53 ] 7 3 60 79 47 27 58  io 68 t 1 t 
Rb 233 95 195 232 I34 95 I62 i73 34 164 4 ~ 57 
Sr 150 129 145 152 123 90 124 127 I4I 45  I32 145 
Zr 58 12o 67 1 204 21o i44 I4I 252 185 - 258 251 
Nb 21 24 17 6 lg  23 26 19 33 26 a3 28 
Ba 505 162 325 597 182 116 253 305 152 543 I8o" 331 

Ba/Rb 2.2 i. 7 1.7 2.6 14 1.2 1.6 1.8 4-4 3.3 4.6 5.8 

69.8 82.6 80.8 
0.9 0.5 0.6 

I5. 9 IO.0 I1,0 
4-7 2.9 3.0 
3.0 I.I 1.2 
0.2 0. I 0. I 
2, I 0-9 1.0 

1.0 0. 9 
1.7 1.7 
1.8 L 7 
O.5 O.4 
0.2 0.2 
O.0 0.0 

I03. 3 IO2.6 

67.8 
I.O 

I7.5 
5.6 
2,0 
o.i 
2.2 
0. 5 
I. 5 
2. 9 
0,5 
0.2 
o.o 

101.8 

o.41 0.40 0.34 

0.71 0.69 O.71 

62. 5 61.4 43.5 
1~5 9-9 17.3 
I4-5 143 ]2.9 
4.8 41 2 4  
3.4 4.9 1I.O 
2.1 2-4 5-5 
z.r 5.4 5.5 
o~ o.o o.o 
2.2 ~ 5  4.0 
1.4 1.3 ~ 8  
0.9 1.1 1,8 
O.I 0.1 O.I 

59 65 92 
56 63 9 I 
47 51 94 
34 27 72 

I32 118 146 
263 t73 220 

27 2I 28 
271 148 294 

8.0 5.5 4.I 

O.R. (Oxidation ratio) = Fr Fe as FezO3) 

Grid reference 7o0375 708378 7io378 713381 71238o 7o6374 7o2379 68935~ 67437o 674347 634355 663346 664338 65934i 
Weight of sample (kg) 

As collected 30 25 39 14 23 27 26 15 3 o 23- I8 34 32 35 
After crushing 26 23 34 13 2i 24 ~3 ] i 27 I8 16 25 28 28 

Analyses by A. E. Davis, T. K. Smith, and B. A. R. Tait, using methods described in Brewer et al. (I979a), Roberts and Davis (I977), French and Adams (I972), 
mad~ TaR anc~ C o ~  (q,976). 

the observed distribution of  a~al~ses of granitic 
rocks (Tuttle and Bowen, i958 , fig. 67; Le Maitre, 
I976). 

Both the mineralogy and the chemical composi- 
tions of the migmatite samples suggest that these 
rocks were formed by melting of pelitic sediments. 
The anatectic melting of rocks at 5 kb in the water- 
saturated system Q-Or-Ab-An was described by 
Winkler (i976 , pp. 285 f.). The samples with a low 

mafic content (MB 53, 61, and 65) plot in the 
quartz + liquid + vapour field (idem, fig. I8.8). They 
contain, respectively, 36, 37, and 44~o Q in the 
Q-Or-Ab-An system, and they all lie quite near the 
quartz + alkali feldspar + liquid + vapour cotectic 
surface, which in this area contains about 34 ~ Q. 
The leucosome from MB 6I, with 33 ~ relative Q, 
plots almost on the cotectic surface, which is con- 
sistent with an anatectic origin. Winkler's data 
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show that a water-saturated melt with the composi- 
tion of MB 61L coexists with quartz, alkali feldspar, 
and vapour at a temperature of 685 ~ at 5 kb or 
67o ~ at 7 kb. The join of these two points on a 
P-Tplo t  lies parallel to the granite melting curve. 
Constraints on the pressure are placed by the pre- 
sence of sillimanite rather than kyanite (giving a 
maximum possible pressure of 6. 5 kb according to 
Richardson et al. (I969) or 7-5 kb according to 
Holdaway (i97i)) and by the stability of biotite 
during anatexis (giving a minimum pressure of 
about 4-5 kb, estimated from the data of Holdaway 
and Lee (I977)). It therefore seems that, if PH~O = 
Ptot, the minimum conditions of anatexis were 
around 67o-685 ~ and 7-5 kb. Were the anatexis 
not water-saturated, higher temperatures would 
have obtained, and correspondingly higher Ptot 
would have been required to stabilize biotite. 

It is considered that the chemical compositions 
of the migmatite samples represent the approxi- 
mate compositions of the parent sediments before 
anatexis. They appear to have consisted principally 
of quartz and clays, including a large proportion 
of potassium-bearing clay minerals. There is no 
evidence for the introduction of additional material 
(e.g. K20) during anatexis and it is considered 
improbable that there was any large-scale meta- 
somatism. The widespread distribution and general 
abundance of small patches of restite mingled with 
the leucosome leaves no possibility that large quan- 
tities of material of another composition could have 
become separated from the melt. Some differential 
movement of melt and restite may have been a 
factor giving rise to the present compositional 
variation (the restite content decreases, generally, 
from north-east to south-west), though this could 
as reasonably be attributed to variations in the 
composition of the original sediments. 

Banded gneisses 

The banded gneisses are medium- to coarse- 
grained rocks with well-developed mineral band- 
ing. Samples MB 52 and 55-59 contain quartz, 
orthoclase microperthite, sillimanite, cordierite, 
magnetite, and hematite/ilmenite. Minor plagio- 
clase occurs in MB 52 and 56 (which have the 
highest CaO content) but it is scarce or absent in 
the other samples. Biotite is absent in MB 56 and 
57 but present in small quantities in the other 
samples. Corundum is present in all the specimens, 
green spinel in some, and accessory zircon in a few. 
Yellow isotropic material is a minor replacement 
product of cordierite. 

Sample MB 59 shows evidence of partial melting. 
Most of the specimen is similar to the other 
gneisses, but part of it shows a leucosome-restite 

texture with abundant biotite as well as the com- 
mon paragenesis. 

Specimen MB 54, which differs chemically and 
mineralogically from the other gneisses, is less well 
banded. It contains quartz, orthoclase microperth- 
ite, hercynite, magnetite, subordinate biotite and 
garnet, rare oligoclase, corundum, and ilmenite, 
trace sillimanite, and accessory zircon. Like MB 59 
it shows textural evidence of partial melting. 

Oxide minerals. The nature of the hematite/ 
ilmenite is related to the oxidation ratio of the rock: 
MB 56 (O.R. 0.58) contains grains of ilmenite with 
hematite lamellae, and, rarely, the reverse; MB 52 
(0.63) contains hematite with abundant unmixed 
ilmenite; MB 55 and 57 to 59 (o.69-o.7I) contain 
hematite with minor or very little unmixed ilmenite. 

In contrast with the migmatites, corundum 
occurs with hematite/ilmenite, generally forming 
broad lameUae, which suggests that this oxide 
association formed during post-metamorphic cool- 
ing by the unmixing of a high temperature Fe2Oa- 
FeTiOa-A1203 solid solution. 

Magnetite and ilmenite in MB 56 have approxi- 
mate compositions Fe 2 § 8.0(Alo. 1Fe3 + 15.9)O 32 and 
(Fe E + 1.61Mno.16Mgo.oT)Til.s4Fe 3 + o.3oVo.olAlo.01 
06. The ilmenite is similar to that in the migmatite 
but has higher MnO, possibly a consequence of the 
absence of garnet. As with the migmatite MB 62, 
the compositions of the magnetite and ilmenite 
from the banded gneiss MB 56 (Mt:Usp = 99.8; 
o.2: Hem: Ilm = 8.6: 91.4) indicate an equilibration 
temperature below 5oo ~ fo2, though less than 
io-20 bars, was higher than in the migmatite (see 
Buddington and Lindsley, I964, fig. 5). 

The predominant oxide mineral in MB 54 is 
hercynite. It is always associated with magnetite 
(some grains of which show hematite lamellae), 
sometimes with corundum, and rarely with ilmenite 
(which also shows hematite lamellae). The asso- 
ciated ore minerals are invariably surrounded by 
quartz. This texture is a clear indication of replace- 
ment, possibly of almandine: 

3 Fe3A12Si3Ol2 + 2 [ - 0 ]  = 
3 Fe A1204+2 Fe304+9  SiO2 

Experimental work (Hsu, 1968) showed that in the 
region of the fayalite + magnetite + quartz buffer 
this reaction takes place (I) with increasing fo2, 
(2) with decreasing T at constant fo2, (3) with in- 
creasing T with buffered fo~, and (4) with decreas- 
ing Pfluid at constant T and buffered fo~, but 
because garnet also occurs in the rock and shows 
no signs of reaction, the derivation of the oxides 
from almandine in MB 54 remains hypothetical. 

Silicate minerals. It has been seen that in the mig- 
matites the FeO/(FeO+MgO) ratios span the 
boundary between garnet and cordierite stability. 
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In the banded gneisses, MB 52 and 55-59 (o.34 
o.44) contain cordierite and no garnet, while in 
MB 54 (o.66) garnet and hercynite + quartz were 
apparently stable but there is no cordierite. The 
texture shows that cordierite formed at the expense 
of siUimanite, and probably also of biotite. Cordier- 
ite in MB 56 has the approximate composition 
(Feo.34Mno.o3Mg1.43)A13.93Sis.15O18. The ab- 
sence of samples with FeO/(FeO + MgO) ratios be- 
tween o.44 and 0.66 prevents a precise comparison 
being made with the migmatites, but the cordierite- 
bearing and garnet-bearing assemblages would be 
stable over a range of conditions, and within this 
range ties the set of conditions under which the 
cordierite-garnet assemblages of the migmatites 
are stable. 

Feldspar compositions in MB 56 (means An35 
Ab64Or 1 and An3AblsOrs2) indicate an equilibra- 
tion temperature of about 585 ~ with an uncer- 
tainty of at least + 35 ~ (see Stormer, I975). 

Chemistry. Chemical analyses of the banded 
gneisses are given in Table II and plotted, together 
with the migmatite analyses, in fig. 2. MB 52 and 
55-59 plot on near-linear trends. For most ele- 
ments, the trends are distinctly different from the 
migmatite trends, an exception being FeO(T). The 
trends for normative C, unlike those for A1203, are 
similar in the two series. The two suites may be dis- 
tinguished by their oxidation ratios, normative Q, 
and Ba/Rb ratios (Table II). 

Sample MB 54 displays (fig. 2) some features in 
common with the other gneiss and migmatite 
samples (TiO2, FeO(T), MnO and normative C), 
other features characteristic of the migmatites only 
(K20 and oxidation ratio), and others intermediate 
between the two series (SiO2, A1203, NazO, and 
normative Q when plotted against MgO; and the 
Ba/Rb ratio). The CaO and Sr contents are low and 

the  Rb/Sr ratio is very much higher than in any of 
the other samples (fig. 3)- The collection point of 
MB 54 (fig. 1) lies between the other two suites and 
either lateral or vertical facies variation could 
account for its unique composition. 

Winkler (I976, fig. I8-4 and p. 293 ) showed 
that for a given pressure in the water-saturated 
system Q-Or-Ab-An,  the beginning of melting 
takes place at a lower temperature in rocks with 
more albite-rich plagioclase. If a similar relation- 
ship exists when PH~O < Ptot, it is noteworthy 

tha t  the two banded gneisses in which partial melt- 
ing occurred (MB 54 and 59) are those with the 
lowest An component, both relative to Ab and 
absolutely (Table II). 

The chemical compositions of the banded 
gneisses MB 52 and 55-59 suggest that they 
originated as a sequence of impure quartzose 
sediments of varying quartz content. The chemical 

differences show that these sediments do not belong 
to the same lithotype as the parent sediments of the 
migmatites, although there is some overlap in 
major element composition, MB 56 and 63 having 
very similar contents of all the major elements. The 
banded gneisses contain consistently higher Ba/Rb 
ratios than the migmatites. While both Rb and Ba 
occur predominantly in potassic minerals, the 
Ba/Rb ratio is generally higher in feldspar than in 
micas and argillaceous material (Heier and Billings, 
I97O; Puchelt, I972 ). We therefore suggest that, 
whereas the parent sediments of the migmatites 
contained a large proportion of potassic clay 
minerals, those of the banded gneisses contained 
feldspars as the main potassic minerals. This would 
also account for the higher K/Rb ratios in the 
banded gneisses (355-517) compared with the 
migmatites (2o7-3o8) and MB 54 (259). This pre- 
sence or absence of hydrous phases in the sediments 
would account for the contrast in the extent of 
anatexis between the two rock types. 

Rb-  Sr studies 

Sample localities are plotted on fig. I : grid refer- 
ences and sample weights are given in Table II. 
Care was taken to collect large (I 4 kg to 39 kg 
weight) blocks of the freshest available material to 
represent true whole-rock systems. 

As a measure of the fit of regression lines pre- 
sented in this paper, a variance ratio (F) statistic 
is used (see Brewer et al., I979a ). Regression results 
are presented in the following way: the age (A), the 
regression error (R), and, in parenthesis, the calcu- 
lated variance ratio (Fc) value. Where appropriate, 
the 'expanded' error on the age (E) corresponding 
to the appropriate 5 ~ value of F is given, viz.: 
A + R  Ma (Fc:+_E Ma). Values for intercepts are 
given in the same way but omitting repetition 
of Fc. 

The use of expanded errors as a measure of un- 
certainty is justified even though geological factors 
that produce the excess scatter probably have a 
non-gaussian distribution. Expanded errors are 
those that would have been obtained had the 
analytical errors been great enough to mask pre- 
cisely the geological errors at the 95 ~o confidence 
level. Clearly such errors refer to a regression line 
that is indistinguishable from the ideal case. 

Analytical data for seven banded gneiss and eight 
migmatite whole-rock samples (including MB 6 t L) 
together with three mineral analyses from sample 
MB 60 are given in Table III. Regression analyses 
are given in Table IV. Errors are quoted through- 
out as two standard deviations. 

Banded gneisses. The data for the banded gneiss 
samples are plotted in the 87Sr/a6Sr versus 87Rb/ 
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TABLE I I I .  R b - S r  results 

87Rb/86Sr Two 87Sr/S6Sr Two 
Sample Rb Sr standard standard 

Rock type No. ppm ppm deviations deviations 

MB 52 34.5 141 0.709 + 0.007 0.72956 + 0.00025 
MB 54 164 45.I Io.95 +o.II t.o7o92+o.ooo82 

Banded MB 55 39.5 132. I 0.868 + 0.009 0.7346o + o.ooo25 
gneiss MB 56 56.7 I45 I. 136 + o.o I I o-74574 + o.o0o25 
whole MB 57 33.7 132 o.741 +0.007 0.73287+0.00025 
rock MB 58 26.9 I I8 0.660+_ 0.007 0.72779 -}-0.00025 

MB 59 72.3 146 1.438 +o.oi4 0.7544o+o.ooo36 

MB 53 233 15o 4.56 _+o.o5 o.85317+-o.ooo25 
MB 6o 94.9 I29 2.149 +- o.o2I o.81698+o-oo025 
MB 61 i95 145 3.95 +_o.o4 o.8293I+O.OOO25 

Migmatite MB 6IL 232 152 4-47 +-o.o4 o.83685+o.oo025 
whole MB 62 134 123 3.2o +o.o3 o.83267+o.o0025 
rock MB 63 95.I 9o,4 3.07 +_ 0.03 0.82545 +- 0.00025 

MB 64 162 I24 3.84 _+o.o4 0.86218_+0.00025 
MB 65 173 127 3.99 _+o.04 0.84007+-0.00025 

MB 6o Plag 8,1o I33 o.I77_+o.ol 4 0.79078+0.o0025 
Minerals Kfel 99.7 I46 1.99 _+o.04 o.81629_+o.ooo25 

Bio 65I 13. 3 t7o. 5 +2. 5 2.932 +0.038 

The Rb and Sr concentrations are accurate to about + 5 ~o (two standard deviations). 
Whole rock Rb/Sr ratios were determined by XRF in replicate. 
STSr/S6Sr ratios were determined in duplicate (the MB 6o biotite in quadruplicate). 
Errors given are based on pooled errors on replicate analyses (c.5o degrees of freedom) except for: (a) mineral Rb/Sr 

ratios which were determined by isotope dilution, the errors being calculated for each determination; (b) the error in the 
biotite 878E/86Sr ratio, which was based on the reproducibility of the four analyses; (c) the error in the ~ 7 8 r / 8 6 S r  ratio for 
MB 54 which is based on replication of that value alone because of the poor reproducibility. 
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FIGS. 3 and 4. FIG. 3 (left). Plot of 87sr/a6sr versus 87Rb/S6Sr for data from the banded gneisses (Table III). The dashed 
line is the (extrapolated) regression line for all but MB 54- The solid line is the regression line for all seven data points (see 
Table IV). FIG. 4 (right). Plot of 875r/S6Sr versus 87Rb/S6Sr for data from the migmatites (Table III). The sub-parallel 
lines are all regression lines giving estimates of the date c. I000 Ma event (see text). The steeper line is the banded gneiss 
isochron superimposed for comparison. The data points marked by solid symbols were those used to obtain the 1017 

Ma regression line (see Table IV). 
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TABLE I V. Results of regression analyses 

Rock Samples Age --}- 2s 
type used Ma Intercept -}- 2S f c 5 % F 

Banded All 24o8_+ 52 0.7o54_+o.ooo6 32.59 2.61 
gneiss but MB 54 24o8+ i85 o.7o54-t-o.oo23 2.61 

All 2327 + 24 o.7o64_+o.ooo3 2.73 2.45 
2327+ 25 0.7064+0.0003 2.45 

Migmatite MB 53, 6o, IOI7+ 2o o.7844+o.ooo9 II3.I 2.84 
whole rocks 62, 63, 65 IO17+ 128 o.7844_+o.oo58 2.84 

53, 6o, 6I, I414_+ 26 o.7655_+o.ool 3 949.7 2-34 
6IL, 62, 63, I414-+533 o.765 +0.o25 2.34 
64, 65 

6I, 6IL IOLO-+124 0.772 -+0.007 - -  - -  

Migmatite Plag, Kfel 982 -+ 28 o.7883_+ 0.0005 - -  - -  
minerals 
(MB 6o) Plag, Kfel 95 i_+ 22 o.7884_+o.0oo 5 I4.88 4.o8 

whole rock* 95 I-+ 41 o.7884_+o.ooio 4.08 

Plag, Kfel, 
whole rock, bio 916-+ I4 o.7891 -+0.0004 o.oI 3.23 

Bio, 
**(O, 0.7064_+3) 913_+ 20 0.7064_+0.0003 - -  

* M B  60 whole-rock data as in Table III except that the error in STRb/S6Sr was increased from + 1.00~ (0.021) to 
_ 1.41 ~o (o.o3o) to take account of the statistical error in calibration between XRF and isotope dilution. 

** Initial 87Sr/S6Sr ratio of the banded gneisses. 
All ages were calculated using a SVRb decay constant of 1.42 • Io-lXa-x. 
Fc is the calculated variance ratio. 
5 ~o F is the limiting value of F at the 5 ~o level. 
2s means two standard deviations. 
All regression lines were calculated according to the method of Williamson (I968). 

S6Sr diagram fig. 3- They yield a regression line giv- 
ing an apparent age of 2327+__24 Ma (2.73:-t- 
25 Ma) and an initial 87Sr/86Sr ratio of o.7o64_+ 
o.ooo3 (o.ooo3). Regressing all but MB 54, which 
dominates the apparent age (fig. 3 and Table IV), 
the banded gneisses yield a regression line that 
exhibits excess scatter but the age of 2408 + 52 Ma 
( 3 2 . 6 : I 8 5  Ma) is indistinguishable from the 
seven-point regression line within the expanded 
errors. Thus the best regression line is that given 
by all seven points. 

Migmatites. The whole-rock data for the mig- 
matite samples are plotted in fig. 4- It can be seen 
that the data points do not define an isochron. 
There is a strong correlation, however, between five 
of the samples (excluding MB 6I, 6IL, and 64). 
These form a regression line giving an apparent age 
of I o 17 -+ 2o Ma  (I 13. I : _+ 128 M a) and intercept of 
o.7844 + o.ooo 9 ( + o.oo58 ). 

In order to test the meaning of this correlation, 
data  (Table III, fig. 4) for the 40o g sample ofleuco- 
some, MB 61L, were combined with those for its 
parent MB 61; these two points give a model  age 
of I o I o-[- 124 M a and an intercept of o.772 _+ o.oo7. 
In addition, plagioclase, alkali feldspar, and biotite 
were separated from whole-rock sample MB 60. 
They were analysed by isotope dilution using 848r- 
enriched and S7Rb-enriched spikes. Independent 
measurements were made of the 87Sr/86Sr ratios on 
unspiked aliquots of stock sample solutions. The 
biotite showed poor  reproducibility of 878r/86Sr 
ratios on replicate solutions. The mean of four 
analyses was taken (Table III). Both concentration 
and isotopic abundance measurements for Sr were 
corrected for blank although this is not critical in 
this case. The feldspars together with the whole 
rock yield a regression line giving 951_+22 Ma 
(I4.9:_+ 4I Ma) for the apparent age and 0.7884+ 
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0.0005 ( "1- O.O01 O) for the intercept. Regressing these 
data together with the biotite analysis yields a line 
giving an apparent age of 916+ I4 Ma (o.o0 and 
a STSr/S6Sr initial ratio of o.789I +o.ooo4. 

The migmatite samples were thus clearly affected 
by a heating event about iooo Ma ago, which 
caused only partial resetting of the strontium iso- 
topes and which was preceded by a long period in 
the earth's crust (shown by the high initial 87Sr/86Sr 
ratio of about o.78). Because of the geographical 
proximity of the banded gneisses and migmatites, 
there is little doubt that the migmatites were 
affected by the 2327 Ma event as well as by the 
Iooo Ma event. The way in which the migmatite 
data plot about the banded gneiss regression line 
(fig- 4) is consistent with this conclusion. 

As there are three independent estimates of the 
age of the IOOO Ma event, but of differing quality, 
these estimates may be combined statistically 
(weighted according to the expanded errors) to yield 
a best estimate of the age, even though each of the 
three estimates refer to different volumes of the 
rock, which we here term 'domains'. The three 
domains are: (i) the MB 6o feldspars plus whole 
rock, giving 951 +41 Ma; (2) the small domain of 
MB 6I and MB 6IL, giving IOIO_+ I24 Ma; (3) the 
large domain of MB 53, 6o, 62, 63, and 65, giving 
x o 17 _+ ~ 28 M a. Combined they give a best estimate 
of 962+34 Ma for the age of the IOOO Ma event. 

The three minerals and the whole-rock point 
from MB 60 yield an isochron which is dominated 
by the biotite data point. Thus the age of 916+ 
t4 Ma is interpreted as the date that the biotite 
became a closed system to diffusion of radiogenic 
87Sr as the crust underwent uplift and cooling. 
According to Purdy and Jaeger (r976) this would 
have occurred at a temperature of 3oo ~ On the 
theory that under open system behaviour all the 
radiogenic s 7Sr will diffuse out of the biotite leaving 
only that Sr that was accommodated in the crystal 
lattice at its formation, one can calculate a model 
biotite age using the banded gneiss isochron initial 
87Sr/S6Sr ratio. This model age is 913+_2o Ma 
(Table IV). The two ages are limiting cases and are 
indistinguishable. The first (based on more data) is 
taken as the best estimate of the biotite cooling age. 
It is indistinguishable from 962 + 34, which is the 
best estimate of the date of culmination of the 
c.Iooo Ma heating event. 

The homogenization of 875r/86Sr approached 
completion during the IOOO Ma event only over 
domains of limited size. Within each domain, the 
SVSr/S6Sr value in any individual volume of rock 
tended towards the mean value of that variable for 
the domain. This process of partial homogenization 
on a domain basis provides an explanation for the 
fact that some samples (notably MB 64) ex- 

perienced very considerable resetting of the stron- 
tium isotopes, departing substantially from the 
2327 Ma regression line, but the movement was not 
towards any regression line which could reasonably 
be postulated to represent the migmatite area as a 
whole. 

Regional setting 

In his description of the geology of the area, 
Peters (I975) found that the structures and meta- 
morphism in the Champira Dome could not be 
related to those of the surrounding area. The dome 
also differs from its surroundings in the presence of 
abundant dolerite dykes (Peters, ~975) and in the 
existence of a strong positive gravity anomaly 
(about 25 mgal) (Andrew, I974) which may be 
caused by a large body of basic rock (possibly the 
feeder for the dolerite dykes) underlying the ex- 
posed rocks at shallow depth. 

Although no dates are available for the pre-6oo 
Ma metamorphic history of the area surrounding 
the Champira Dome, the ages of the principal 
orogenic events are remarkably constant over 
Africa as a whole, the earliest orogenies (before 
2500 Ma) being followed by others at I850+250  
Ma, t ioo + 2oo Ma, and 6oo Ma ago. In the present 
study, the c. Iooo Ma partial resetting of the Sr iso- 
topes in the migmatite samples can be correlated 
with the Kibaran (Irumide) orogeny (although else- 
where in Malawi and Zambia this orogeny is 
characterized by plutonism and low-grade meta- 
morphism), but there is no known analogue for the 
c.23oo Ma date obtained for the banded gneisses 
(see, for example, SneUing et al., I972; Carter and 
Bennett, I973; Clifford, I974). 

Discussion 

Various interpretations may be advanced for the 
mineralogical and geochemical features described 
in this paper. 

The first is that the present mineralogy was 
formed during a single metamorphism c.Iooo Ma 
ago and that the strontium isotope homogeniza- 
tion at c.23oo Ma represents diagenesis or a pre- 
IOOO Ma metamorphism of which all petrographic 
evidence has since been erased. If the rocks were 
affected by the 185 o_+ 25o Ma (Ubendian) event, no 
mineralogical features remain. The only replace- 
ment textures seen in the banded gneisses (the 
formation of cordierite at the expense of sillimanite 
and probably also of biotite) are consistent with 
crystallization during a single phase of meta- 
morphism. The development of a garnet-biotite- 
sillimanite assemblage in the migmatites and the 
subsequent growth of cordierite from these 
minerals requires (see data of Holdaway and Lee, 



METAMORPHISM IN MALAWI 7II 

I977) (I) a decrease in Ptot, (2) an increase in Pn2o 
at constant /'tot, matched by an appropriate in- 
crease in T (too high or too low an increase in T 
would result in a different assemblage), or (3) a 
decrease in the ferrous-iron content (by oxidation). 
The first of these necessitates a substantial time 
interval for erosion, but the other two could be 
accomplished by the necessary changes of condi- 
tions within a single phase of metamorphism. 
During the lOOO Ma metamorphism, on this hypo- 
thesis, the strontium isotopes in the banded 
gneisses were almost undisturbed on the scale of 
sampling, but the melting of pelitic rocks to pro- 
duce the migmatites resulted in major disturbance, 
though not large-scale homogenization. 

In favour of this hypothesis is that the 2327_+ 25 
Ma regression line can be accepted as representing 
strontium isotope homogenization without requir- 
ing a metamorphism at a date at which there is no 
known metamorphism in the region. Against this, 
however, may be set the improbability that the 
strontium isotopes could be so thoroughly homo- 
genized during diagenesis and yet so little mobil- 
ized during high-grade metamorphism and 
anatexis. The behaviour of strontium isotopes 
during metamorphic processes is still imperfectly 
understood, but there is sufficient published 
evidence of their mobility to make this hypothesis 
unlikely. 

Most Rb-Sr studies ofmetasediments have dealt 
with pelitic rocks (an exception is the work of 
Spanglet et al. (I978) showing that in both dia- 
genesis and metamorphism psammitic rocks suffer 
less strontium isotope disturbance than pelites), 
and the sample localities have generally been closer 
together than in the present study. Rb-Sr whole- 
rock isochrons in shales, slates, and phyllites have 
been variously attributed to deposition, diagenesis, 
and low-grade metamorphism (e.g. Bofinger and 
Compston, i967; Moorbath, I969; Bofinger et al., 
I97O; Pankhurst, 1974) but these rocks have not 
undergone subsequent high-grade metamorphism. 
Doig (1977) concluded that the first high-grade 
metamorphism of pelitic sediments normally 
homogenized the strontium isotopes on outcrop 
scale, and other workers have recorded meta- 
morphic resetting over distances of several km (e.g. 
Pidgeon and R~theim, 197z; Moorbath and Taylor, 
1974; Clifford et al., 1975). Brewer et al. (in press) 
have shown that prograde metamorphism of pelites 
in the lower amphibolite facies (cAooo Ma old) to 
mid/upper amphibolite facies c.4oo Ma ago re- 
sulted in thorough recrystallization and resetting of 
Sr isotope ratios within domains on a scale of c. lO 6 
m 3" 

The presence of a fluid phase is clearly critical to 
the large-scale homogenization of strontium iso- 

tope ratios, and the mobility of this fluid will deter- 
mine the extent of homogenization. Margaritz and 
Hofmann (I978) showed that diffusion rates of 
strontium ions are very low, and there is ample evi- 
dence that strontium isotope ratios may survive 
metamorphism relatively undisturbed in granitic 
rocks in the absence of a fluid exchange medium 
(e.g. Brook et al., 1976; Gray and Compston, 1978 ). 
Krogh and Davis (1973) showed that Rb-Sr syste- 
matics in granitic rocks were quite unaffected by 
metamorphism while the border zone between 
granite and amphibolite, where the growth of biot- 
ite proved the presence of a mobile fluid phase, 
gave a Rb-Sr whole-rock isochron age for the 
(amphibolite facies) metamorphism. In contrast, 
open-system behaviour in acid igneous rocks can 
give rise to a Rb-Sr whole-rock isochron which 
reflects no known geological event (Page, I976; 
Brewer et al., 1979b ). 

Whatever the mineral content of the parent 
sediments of the banded gneisses immediately be- 
fore metamorphism, it is improbable that they con- 
tained neither hydrous minerals nor pore fluid. It 
would therefore be expected that, on the outcrop 
scale at least, the strontium isotopes would have 
been mobilized during the thorough recrystalliza- 
tion brought about by the first (or only) high-grade 
metamorphism, and it is improbable that a dia- 
genetic whole-rock isochron would be retained 
without major disturbance. If the gneisses were sub- 
jected to a second metamorphism with no change 
to their mineralogy, the Rb-Sr systematics would 
be expected to be largely unaffected. 

The processes of granitization involve resetting 
of strontium isotopes, at very least at outcrop scale 
and probably on a much larger scale (e.g. Hofmann 
and K6hler, I973; Brook et  al., 1976; Stueber and 
Heimlich, I977). The anatexis in the Champira 
Dome could therefore be expected to equilibrate at 
least the closer migmatite samples such as MB 62 
and 63 (less than 50 m apart). 

The second hypothesis is that there was a single 
metamorphism, 2327_+25 Ma ago, and that the 
c.Iooo Ma episode had no metamorphic effects. 
This offers a credible interpretation of the 2327 _+ 
25 Ma regression line, but it does not account for 
the contrast between the considerable disturbance 
of the strontium isotopes at c.Iooo Ma in the mig- 
matites (which are here supposed to be dry rocks 
which experienced no recrystallization) and the 
relative stability of the banded gneisses. 

Another difficulty about this interpretation is 
that there is no other published evidence for a 
metamorphism c.23oo Ma ago in the region: the 
Champira Dome would fit more readily into the 
metamorphic history of the continent if an older 
age (> 25oo Ma) for the metamorphism could be 
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postulated. The dome could then be seen as part 
of one of the ancient nuclei of Africa. Regression 
of MB 62, 63, and 64 with MB 52 and 55 59, for 
example, gives an age of 2817 -+ 20 Ma and an initial 
ratio ofo.7oo5 _+ o.oo03, with F c I9.7 and 5 ~o F 2.25. 
On this basis, most of the samples, including 
MB 54, lost radiogenic strontium during subse- 
quent metamorphisms (c.Iooo Ma and possibly 
also c.t8oo Ma), and MB 60 gained radiogenic 
strontium. The MB 6I -MB 6IL and MB 60 
mineral regression lines may be taken to show that 
small-scale homogenization took place c.Iooo Ma 
ago. This hypothesis can offer a reasonable age for 
the granulite-facies metamorphism, but only by 
ignoring the good banded gneiss regression line of 
2327 + 25 Ma. 

The third interpretation of the data is that the 
two phases of metamorphic crystallization re- 
corded in the migmatites may be correlated with 
the two episodes of strontium isotope mobility 
c.23oo Ma and cAooo Ma ago. The early meta- 
morphism raised the banded gneisses to their pre- 
sent mineral assemblages and brought about ana- 
texis in what are now the migmatites. During the 
second metamorphism the banded gneisses were 
essentially undisturbed but in the migmatites 
cordierite grew at the expense of garnet, sillimanite, 
and biotite with the consequent release of water and 
recrystallization of the felsic minerals, The radio- 
genic strontium was thus mobilized more in the 
migmatites than in the banded gneisses, though the 
disturbance was insufficient to reset the Rb-Sr 
system on the scale of sampling. The samples which 
plot furthest from the IOI7+ I28 Ma migmatite 
regression line are MB 6I and MB 64, in which 
cordierite is rare or absent. 

Although the problem of the date of the earlier 
metamorphism remains (and probably cannot be 
solved on present evidence), this interpretation is 
preferred to the second because it offers a geological 
explanation for the contrast in strontium isotope 
mobility at c.Iooo Ma between the two suites. It is 
preferred over the first interpretation because it is 
more consistent with present knowledge about the 
behaviour of strontium isotopes during meta- 
morphism. On present evidence the authors favour 
the acceptance of the 2327 +_ 25 Ma regression line 
as giving the date of high-grade metamorphism and 
anatexis and the 962 + 34 Ma age as the date of a 
subsequent biotite-cordierite-almandine-subfacies 
metamorphic recrystallization in the migmatite 
samples. 

Summary and conclusions 

(I) Two suites of siliceous and aluminous rocks 
are described. One suite, the migmatites, was 

formed by anatexis from a succession of potash-rich 
sandy clays. The other suite, the banded gneisses, 
was metamorphosed with only minor, local ana- 
texis confined to rocks with low normative An con- 
tents. These gneisses were derived from more 
arenaceous sediments, Which contained alkali feld- 
spar and abundant quartz and were distinguished 
chemically from the parent sediments of the mig- 
matites by higher oxidation ratios and higher 
Ba/Rb ratios. 

Garnet, sillimanite, and biotite crystallized as the 
principal silicate refractory minerals in the mig- 
matites. These minerals were subsequently partly 
replaced by cordierite, with the recrystallization of 
the felsic minerals. The cordierite-garnet-biotite- 
sillimanite paragenesis suggests conditions of, very 
approximately, 675 ~ 5 kb, and PH2O = 
0.4/)tot. 

(2) The anatexis which led to the formation of the 
migmatites followed the path described by Winkler 
(I976) in the water-saturated system Q-Or-Ab-An.  
Analytical data from a rock that apparently repre- 
sents a liquid formed during this melting plot 
almost on the quartz + alkali feldspar + melt + gas 
cotectic surface. This melt, and the migmatites with 
the lowest content of refractory minerals, have a 
high normative Or content which, though differing 
markedly from the compositions of most granitic 
rocks and of eutectic melts in the water-saturated 
system Q-Or-Ab,  has been shown by Winkler to 
be characteristic of anatectic liquids formed in the 
water-saturated system Q-Or-Ab-An.  

The widespread melting did not lead to the pro- 
duction of magmas with normal igneous chemical 
and mineralogical composition. Instead of a typical 
igneous texture comprising early and late formed 
magmatic minerals, the migmatites retain a texture 
of leucosome plus restite. This is a reflection both 
of incomplete melting and of the chemical composi- 
tion of the parent pelites: the low CaO content pre- 
vented the formation of hornblende and the high 
A120 3 led to the growth and survival of the 
aluminous phases sillimanite, garnet, cordierite, 
and hercynite. 

The composition of the leucosome MB 61L sug- 
gests conditions of anatexis of 670-685 ~ at 
7-5 kb if PH2O = Ptot, but if PH2O was less than 
Ptot, higher temperature and pressure would have 
been required. The oxide phases appear to have 
formed by unmixing of a primary magnetite- 
hercynite solid solution which requires a higher 
temperature to form, so it may be that the tempera- 
ture locally attained 7oo-8oo ~ 

(3) The relative stabilities of garnet and cordierite 
are sensitive to the molar FeO/(FeO + MgO) ratio 
of the rock: where this ratio is below 0.45 cordierite 
occurs alone; where it is o.53-o.64 cordierite co- 
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exists with relic garnet; and where it is above 0.64 
garnet occurs without cordierite. 

(4) The compositions of the oxide minerals indi- 
cate equilibration during post-metamorphic cool- 
ing. The association magneti te-hercynite-corun- 
dum in the migmatites is thought to have formed 
by unmixing of a homogeneous Fe30 , -FeA1204 
solid solution, illustrating the phase relationships 
established by experimental work (Turnock and 
Eugster, i962 ). Hemat i te- i lmeni te-corundum as- 
sociations in the banded gneisses are, similarly, 
thought to result from the unmixing of a high tem- 
perature FezO3-FeTiO3-AI/O3 solid solution. 

(5) The banded gneisses yield a Rb-Sr  whole- 
rock age of 2327_+ 25 Ma, with an initial 87Sr/S6Sr 
ratio of o.7o64_+o.ooo3, which indicates a short 
prior crustal history. The migmatite data relate to 
this regression line in such a way as to be consistent 
with homogenization of strontium isotopes at the 
same time, but as a result of subsequent disturbance 
they no longer define an isochron of that age. 

During this later event there was no disturbance 
of the whole-rock strontium isotope systems in the 
banded gneisses. In the migmatites, partial homo- 
genization of the strontium isotopes throughout 
the volume sampled was accompanied by partial 
homogenization within small local domains. Thus 
each sample tended to equilibrate towards the 
mean STSr/S6Sr ratio for its immediate environ- 
ment and at the same time also showed a tendency 
to move towards the mean for the whole migmatite 
body. The samples in which there was breakdown 
of biotite, with consequent release of water and re- 
crystallization of the felsic minerals, show the 
nearest approach to equilibration over the whole 
area and, with one other sample, yield a five-point 
regression line with an age of IOI7_+ I28 Ma. Two 
samples in which there was little or no breakdown 
of biotite lie off this regression line, having equili- 
brated only towards the mean of their local 
domains. The best estimate for the age of this event 
is 962_  34 Ma. 

(6) Of the various interpretations that may be 
placed on the data, it is thought most likely that 
the 2327 + 25 Ma date represents the metamorph- 
ism of the banded gneisses and the anatexis in the 
migmatites. The 962_+34 Ma date in the mig- 
matites is thought to date a later metamorphism in 
which cordierite formed at the expense of garnet, 
sillimanite, and biotite, while the mineral assem- 
blages of the banded gneisses remained stable. 
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