










































































































































































































































































































































































































































































































































TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES 
USED IN AGE DETERMINATIONS (CONTD.) 

Sample 
no. 

330. 

Petrography 

Granitic gneiss 

The gneiss is medium-grained, poorly foliated with a 
serinte texture and with curved to 

interlobate grain boundaries. There is no evidence 
of a relict igneous texture; antiperthitic 
oligoclase, perthite and quartz are the moin constituents 
with minor hornblende and biotite. Opaque groins, 
apatite, and zircon are the accessory minerals. 

331. Quartzo-feldspathic granulite 

The granulite is fine to medium-grained with a grana= 
lepidoblastic, seriate texture and interlobate, 
curved grain boundaries between felsic minerals. 
Sodic andesine, quartz and dark-brown biotite are the 
main constituents with minor orthopyroxene and 
hornblende. Biotite and orthopyroxene generally 
coexist but, in places, the former seems to replace 
the latter. Opaque minerals, apatite and zircon 
are the accessory constituents. 

335. Mesocratic gneiss 

The rock, banded and foliated, has a grano= 
seriate texture with curved, lobate 

grain boundaries and myrmekites. Antiperthitic 
plagioclase ( ± An3o), quartz, biotite and green 
hornblende are the main constituents with minor 
K-feldspar. Hornblende replaces biotite in places 
and the latter mineral is rimmed by sphene. 
Opaque grains, apatite, sphene and zircon are the 
accessory constituents. 

351. Granulite 

The rock is fine grained, unfoliated with a grana= 
lepidoblastic, seriate texture and complex grain 
boundaries from straight to interlobate. Anti= 
perthitic andesine, quartz, K-feldspar and biotite 
are the main constituents, followed by clinopyroxene, 
hornblende, and orthopyroxene. Pyroxene, hornblende and 
biotite are in general coexisting but biotite is 
occasionally replaced by pyroxenes. Opaque minerals, 
apatite and zircon are accessory constituents. 
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TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SM1PLES 
USED IN AGE DETERMINATIONS (CONTD.) 

Sample 
no. Petrography 

366. Melanocratic hornblende granulite 

The rock is subequigranular, fine grained with a 
granonematoblastic texture and generally curved 
to straight mineral boundaries. Main constituents 
are hornblende, intermediate plagioclase with minor 
orthopyroxene, biotite and accessory apatite and 
opaque grains. The rock is cut by a quartz­
myrmekitic andesine acidic vein with scattered 
pyroxenes, hornblende and K-feldspar grains. 
At the contact between the melanocratic rock and 
the leucocratic vein on orthopyroxene-plagioclase 
reaction rim is developed (Type 1 prograde geometry). 

367. Mesocratic gronulita 

The rock presents a fine-grained, inequigranulor to 
seriate, granoblastic texture with straight to 
curved mineral boundaries. Main constituents are 
andesine, orthopyroxene, hornblende, biotite, 
clinopyroxene and quartz. Apatite, opaque grains 
and graphite (?) ore accessory minerals and there 
is evidence for prograde mineral development. 
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APPENDIX III 

ELECTRON-MICROPROBE MINERAL ANALYSES 

(i) Analytical Equipment Employed 

The programme of mineral analyses on rocks from southern 

Malawi and related areas was carried out in the following 

laboratories: 

1) National Institute for Metallurgy, Johannesburg. 

2) Anglo-American Corporation Research Laboratories, 

Johannesburg. 

3) Geological Survey, Pretoria. 

4) Geology Department, Witwatersrand University. 

(4) 
In the above laboratories different microprobes and 

analytical techniques were used and these are referred to 

separately. In all cases the probed sections were coated 

under vacuum by a thin film of high purity carbon. 

1) National Institute for Metallurgy 

In this laboratory 97 silicate and 8 opaque minerals were 

probed. The electron-microprobe used was an ARL EMX model; 

the working conditions for silicates were as follows: 15 KV 

accelerating voltage, 0,5 ~A sample current measured on brass, 

(4) A list of the abbreviations used in this Appendix to 
define the different analytical laboratories is as follows: 

N.I.M.= National Institute for Metallurgy. 
A.A.C.= Anglo-American Corporation, Research Laboratories. 
G.S. = Geological Survey, Pretoria. 
G.D. = Geology Department, Witwatersrand University. 
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focused beam for all the minerals. Counts were accumulated 
. 

against a constant total beam current collected over a period 

of time of ± 10 seconds. Ka radiation was measured for all 

elements. In the case of the opaque minerals the working 

conditions differ in the accelerating voltage: 20 KV ·and the 

beam current: 0,04 ~A; the other parameters did not change. 

In each marked grain three different areas were probed
1 

each a few microns in area; the average of the X-ray counts 

from each area was used in the calculation of the percentage 

of each element. For the analysis of the standards, 10 

readings were measured on peak, but for the unknown samples 

the probe took 5 readings on the peak. plus 3 readings on each 

side of it to calculate the background. The X-ray intensities, 

expressed as counts, were automatically punched on a computer 

paper-tape and converted into oxide mass percentages by the 

computer programme EMPDAR VII. This programme applied corrections 

for fluorescence, absorption, atomic number, dead time and 

background. In Tables III-1 and III-2 the standards used for 

the analysis of the silicate and oxide (opaque) minerals are 

presented. 

The microprobe operators of the electron-microprobe were 

Miss E.Gasparrini and D~ E.A.Viljoen. 

2) Anglo-American Corporation Research Laboratories 

The electron-microprobe used to obtain 23 quantitative 



TABLE III-I 
SILICATE STANDARDS (N.I.M.) 

Element Standard 

Si,Mg,Ca Synthetic diopside 

Al anorthite 

Ti rutile 

Fe ferrosilite 

Mn tephroite 

K microcline 

Na plagioclase An so 

TABLE III-3 
PYROXENE STANDARDS (A .A .C.) 

Element Standards 

K orthoclase 

Mn hedembergite 

Na anorthoclase 

Mg forsterite 

Al enstatite glass + 10% Al
2
o3 

Fe hedembergite 

Ca diopside 

Si enstatite glass 

Ti diopside glaS"S + 2% Ti0 2 
Cr chromite 

TABLE III-5 - SILICATE STAtiDARDS (G.D.) 

TABLE III-2 
OXIDE MINERAL STANDARDS (N.I.M.) 

Element Standard 

Fe Synthetic magnetite 

Ti ilmenite 

Cr,Al,Mg Analyzed chromite 

Mn tephroite 

TABLE III-4 
SILICATE STANDARDS (G .S.) 

Element 

Si 

Ti 

Al 

Fe 

Mn 

Mg 

Ca 

N 

K 

Standard 

quartz (natural) 

rutile 

corundum 

hematite 

pyrolusite " 

periclase (synthetic) 

wollastonite (natural) 

albite 

sanidine 

Si,Mg,Al: synthetic enstatite glass containing 10% Al2o3 

Mn: Rhodocrosite 

Ca: Anorthite 

Na: sanidine 

Cr: Stillwater chromite 

Fe,Ti: Apollo 11 ferric glass (synthetic) 
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mineral analyses is an ARL SEMQ equipped with 3 scanning 

spectrometers used for K, Mn, No, Al, Mg and 6 fixed channel 

spectrometers measuring Fe, Si, Ti, Co, Cr. The accelerating 

voltage was 20 KV with a sample current of 0,05 ~A (measured on 

brass). One reading of 20 seconds was taken on the standard 

peak,and,3 counts of 20 seconds each on the unknown. Background 

counts were taken once only for 10 seconds on each side of the 

peak. Only Ka radiation was measured, and the same conditions 

were used for both silicate and opaque mineral grains (1 

analysis only). 

The raw data was processed on line using a computer 

programme which applied an empirical matrix correction according 

to Albee and Ray (1970). Standards used in the analyses of 

silicates (except garnet) are presented in Table III-3. In 

the case of garnet, Al, Fe, Mg were calibrated against an 

analysed pyrope. One ilmenite was analysed with the above 
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standards. The electron-microprobe operator was Mr.G.Hutchenson. 

3) Geological Survey of South Africa, Pretoria 

The electron-microprobe used by this laboratory is a JEOL, 

JXA50A model, fitted with 3 spectrometers. It was operated 

under the following conditions: 15 KV accelerating voltage and 

0,05 ~A of specimen current, measured on brass. The diameter 

of the beam ranged between 3 and 5 ~· On the peaks counts 

were taken 3 times for 10 seconds each and on background 



counting was made twice for 5 seconds on both sides of the peak. 

The electron-microprobe was computer controlled and the 

raw data were immediately processed by applying Bence and Albee 

(1968) corrections. The standards used are given in Table 

III-4 and they were analysed by the National Institute for 

Metallurgy and the McLachlan and Lazar analytical laboratories 

of Johannesburg. The electron-microprobe operator at the 

Geological Survey labor9tory was M~L.W.Esterhuyse. 

4) Geology Department, Witwatersrand University 
Johannesburg 

Only two analyses were carried out in this laboratory 

using an electron--microprobe ARL SEMQ model fitted with 3 

scanning spectrometers. Operating conditions were as follows: 

15 KV accelerating voltage. and 0,05 ~A specimen current (on 

brass); the beam was focused with a resolution of 5 ~ • 

Radiation measured was the Ka of elements and the time of 

accumulation was 1 x 20 seconds on peak and 2 x 10 seconds on 

background on each side. All data processing was done on line 

and the counts were compared against the peak of the standards. 

Corrections were done according to the method of Albee and Ray 

(1970). The standards used are listed in Table III-5 and were 

cross-checked with the Anglo-American Research Laboratories 

electron~microprobe. The electron-microprobe operator was 

Mr. G. Davies. 
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(ii) Precision and Accuracy of Electron-microprobe Analyses 

No data on precision and/or accuracy were directly provided 

by the National Institute for Metallurgy analytical laboratory 

but more information is available for the Anglo-American and 

Geological Survey microprobes. In particular in Table III-6 

the analysis of a standard clinopyroxene provided by the 

Australian National University, Canberra, (A) is compared with 

the average composition determined by the Anglo-American 

laboratory electron-microprobe. This mineral was analysed 

occasionally to monitor instrumental drift. The reproducibility 

of the analyses seems adequate for the present purpose despite 

a deterioration in the precision for the minor elements e.g. 

Mn shows a 12,5 per cent variation calculated as ~%=(A-B) xlOO 
~h 

The precision and accuracy of the Geological Survey Laboratory 

electron-microprobe may be evaluated from Tables III-7 and 

III-8 in which ore compared the analyses of o standard 

clinopyroxene and garnet (A) with the overage composition (B) 

determined during a run. The quality of the analyses is below 

that from the Anglo-American probe, particularly for the m1nor 

elements. The only major oxide with o large ~% (6 per cent) 

is Al
2
0

3 
in garnet. To evaluate the quality of the analyses 

obtained from N.I.M. and to provide a cross-reference between 

the three electron-microprobes, the same garnet, hypersthene and 

augite were analysed in the different laboratories. The 



TABLE III-6 

CLINOPYROXENE STANDARD* COMPOSITION (A) AND A .A .C. ANALYSIS' (B) 

A B 

Sio2 51,4 51,65 

Ti02 0,53 0,50 

Al2o 3 5,51 5,20 

cr2o 3 0,61 0,65 

FeO 3,80 4,00 

MnO 0,08 0,07 

MgO 16,07 15,93 

cao 21,06 20,91 

Na2o 0,95 0,92 

K2o 0,05 t 

*Clinopyroxene from garnet-clinopyroxenite nodule, 
University of Canberra, AUS. 

All iron as Fee; t=traces; n.c. = not calculated. 

TABLE III-7 

b.% 

l 

6 

6 

7 

5 

12 

1 

l 

3 

n.c. 

CLINOPYROXENE STANDARD* COMPOSITION (A) AND G.S. ANALYSIS 

A B f.% 

Si02 55,05 54,72 l 

Ti02 0,16 0,12 25 

Al2o 3 1,12 0,85 24 

FeO 3,14 2,81 10 

MnO o.l6 0,13 19 

MgO 15,47 15,89 3 

cao 24,13 23,96 l 

Na2o o.6 1,04 42 

K2o 0,04 0,03 25 

Total 99,87 99,55 

*Pitcairne, New York, USA (Diop-1). 

All iron as FeO. 

TABLE III-8 

GARNET STANDARD* COMPOSITION (A) AND G.S. ANALYSIS (B) 

A B a% 

Si02 40,46 40,06 1 

Ti0 2 0,1 0,06 40 

Al2c 3 23,48 22,07 6 

FeO 15,2 15,55 2 

MnO 0.69 o. 55 20 

MgO 14,77 15,06 2 

CaO 4,27 4,05 5 

Na2o 0,03 t n.c. 

K20 0,04 t n.c. 

Total 99,04 97,4 

*Magdala, Scu~pansberg, S .A. 

All iron as FeO; t = traces; n.c. not calculated. 

(B) 
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compositions of these minerals are presented in Tables III-9, 

10 and 11, with the different percentages between the analyses. 

These same tables provide also a more precise evaluation on 

the accuracy of the analytical data obtained from the 

Geological Survey electron-microprobe. 

TABLE l:II-9 

ORTHOPYROXENE*hNALYSES BY DIFFERENT LABORATORIES 

1-N .I .M. 2-G.S. 3-A.A.C. A%1-2 A%1-3 A% 2-3 

Si02 51,09 53,16 50,83 4 5 

Ti0 2 0,11 0,16 0,08 48 30 67 

Al2o 3 1,32 2,03 1,63 54 21 22 

FeQ 27,60 25,29 27,41 4 1 8 

MnO 1,26 0,59 0,90 53 33 41 

MgO 18,37 18,37 18,60 1 1 

cao 0,80 0,81 o. 77 1 4 5 

Na2o 0,05 0,04 0,01 20 133 100 

K20 0,04 n.c. n.c. 

Total 100,60 100,49 100,23 

•sample locality (55a) shown in Fig.9. 
All iron as FeQ: t= traces: n.c.= not calculated. 

TABLE ·ui-J.O 

CLINOPYROXENE "ANALYSES BY DIFFERENT LABORATORIES 

1-N.I .M. 2-G.S. 3-A.A.C. A%1-2 A%1-3 A%2-3 

Sio2 50,44 51,21 50,53 1 1 

Tio 2 0,31 0,33 0,28 6 10 16 

Al2o 3 2,76 3,17 2,81 15 2 12 

FeQ 12,61 12,50 12,35 1 2 1 

MnO 0,57 0,54 0,43 5 28 22 

MgO 11,58 11,96 11,91 3 3 

cao 20,51 19,68 21,27 2 4 8 

Na2o 0,48 0,44 0,46 8 4 4 

K2o 0,04 n.c. n.c. n.c. 

Total 99,26 99.87 100,04 

*Sample locality (55 a) shown in Fig.9. 
All iron as FeQ; n.c.= not calculated, 
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TABLE III-11 

GARNET *ANALYSES BY DIFFERENT LABORATORIES 

1-N.I .M. 2-G.S. 3-A.A.C. A%1-2 l:l.%1-3 l:l.%2-3 

Sio2 38,83 39,52 38,50 2 l 3 

Tio2 t 0,09 n.c. n n.c. 

Al2o 3 
22,31 21,25 22,49 5 l 6 

Feo 29,11 27,22 29,61 6 2 8 

MnO 1,18 1,11 0,81 6 37 31 

MC]J 7,67 7,57 7,44 l 3 2 

cao 2,29 2,35 2,40 3 5 2 

Na2o t 0,04 0,01 n.c. n.c. 100 

K2o t 0,04 n.c. n.c. n.c. 

Total 101,41 99,19 101,25 

,. sample locality (104) shown in Fig.9. 
All iron as FeQ; n.c. not calculated; t = traces. 

(iii) Mineral Analyses 

Orthopyroxene Table III-12 

Clinopyroxene Table III-13 

Garnet Table III-14 

Hornblende Table III-15 

Biotite Table III-16 

Plagioclase Table III-17 

Prehnite, ilmenite, magnetite Table III-18 



TABLE III-12- ORTHOPYROXENE ANALYSES 

Locality no. 7 55.a 5 46 

Sio2 50,30 50,22 49,68 49,17 48,80 49,20. 51,13 50,97 51,09 52,37 51,55 51,55 51,76 52,07 51,39 

Tio2 
0,08 0,04 0,08 0,07 0,06 0,08 0,06 0,07 0,11 0,14 0,15 0,14 0,09 o,lO 0,12 

Al2o 3 0,88 0, 76 0, 72 0,78 0,80 0,99 0,89 0,86 1,32 1,71 1,58 1,39 1,41 1,07 1,20 

FeO 33,20 32,53 33,22 32,95 32,74 32,17 27,44 27,30 27,60 29,98 30,49 29,88 23,09 23,53 23,39 

MnO 1,26 1,26 1,16 1,16 1,16 1,16 1,26 1,26 1,26 0,04 0, 74 0, 74 1,24 1,07 1,14 

MgO 15,01 15,01 14,70 14,85 15,16 14,83 18,89 18,56 18,37 16,28 16,38 16,08 21,26 21,94 21,78 

cao 1,04 0,91 0,82 1,00 0,94 1,06 0,86 0,85 0,80 1,17 0,84 1,71 0,60 0,75 0,62 

Na2o 0,06 0,06 0,04 0,04 0,04 0,04 0,05 0,05 0,05 0,10 0,09 0,12 0,07 0,09 0,07 

K20 - - - - - - - - - - - - - - -

Total 101,84 100,80 100,42 100,02 99,70 99,53 100,58 99,92 100,60 101,79 101,82 101,61 99,52 100,62 99,71 

Sample localities shown in Fig.9 and in Map 2 in the pocket at the back of the thesis. 

All iron as FeO. All analyses by N.I.M. 



TABLE III-12 -ORTHOPYROXENE ANALYSES (CONTD.) 

Locality 48 55b 104 436 456 l35b 

sio2 51,11 51,34 51,08 50,41 50,64 49,99 49,84 50,19 50,14 49,98 50,13 50,41 51,95 52,76 

Ti02 0,17 0,17 0,18 0,13 0,13 0,12 0,12 0,08 0,14 0,11 0,25 0,19 0,12 0,00 

A12o 3 1,01 1,15 1,10 1,96 2,14 1,78 2,49 2,56 2,53 2,68 1,71 1,25 3,30 1,67 

c,:-2o3 n.d n.d n.d n.d. n.d n.d n.d n.d n.d n.d n.d n.d 0,11 0,05 

FeO 29,09 29,80 28,71 26,30 26,53 26,64 28,62 29,20 29,48 29,42 28,93 30,02 18,37 32. 14 

MnO 0,99 0,96 0,97 1,19 1,19 1,25 0,46 0,45 0,45 0,45 0,65 0, 70 o,1a 0,15 

MgO 17,33 17,78 17,03 17,77 18,05 17,73 17,64 17,51 18,09 17,07 16,35 16,51 25,13 23,77 

cao 0,91 1,29 1,26 1,34 1,41 1,28 0,37 0,41 0,37 0,38 1,01 0,03 0,64 0,29 

Na2o 0,09 0,09 0,09 0,0 0,12 0,10 0,09 0,09 0,09 0,10 0,0 0,2 0,04 0,00 

K20 - - - - - - - -- - - - - -
Total 100,70 102,58 100,42 99,10 100,21 98,89 99,63 100,49 101,29 100,19 99,03 100,29 99,84 100,82 

Analyst N.I.M. N.I.M. N.I.M. N.I.M. N.I.M. N.I.M. N.I.M. N.I.M. N.I.M. N.I.M. G .S. G.S. G.S. A.A.C. 

Sample localities shown in Fig.9 and in Maps 1 to 3 in the pocket at the back of the thesis, 
All iron as FeO; n.d.: not determined, 
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TABLE III-12 - ORTHOPYROXENE ANALYSES (CONTI>) r MOZAMBIQUE 

·Locality no. T37 '1'78 Tl9 '1'19 

sio2 50,14 51,31 52,75 53,25 

Ti02 0,18 0,05 0,03 0,03 

Al2o 3 4,81 3,43 2,6 2, 72 

cr2o 3 0,04 0,08 

FeO 21,66 19,43 16,16 17,81 

MnO 0,34 0,30 0,33 0,37 

MgO 22,63 24,15 26,52 26,6 

cao 0,57 0,37 0,63 0,12 

Total 100,85 99,04 99,09 100,94 

Analyst A.A.C. A.A.C. G.S. G.S. 

For sample localities see Appendix I-3 and Coelho (1969). 

All iron as Feo. 



TABLE Ill-13 CLINOPYROXENE ANALYSES 

Locality no. 7 55a 5 46 

Si02 49,36 50,19 50,15 49,26 49,71 50,19 50,44 50,31 50,06 50,09 50,47 50,66 50,25 51,36 

Tio2 0,27 0,29 0,33 0,24 0,34 0,30 0,31 0,27 0,36 0,36 0,35 0,32 0,32 0,23 

Al 2o 3 2,10 2,40 2,75 2,20 2,80 2,65 2,76 2,84 3,06 3,07 2,79 3,09 2,28 2,08 

FeO 14,68 15,96 12,60 13,01 12,82 12,37 12,61 12,63 13,39 13,42 13,20 12,85 9,86 10,46 

Mno 0,51 0,51 0,57 0,57 0,57 0,57 0,57 0,57 0,43 0,37 0,44 0,33 0,52 0,48 

MgO 10,64 10,50 11,73 11,04 11,55 11,86 11,58 11,61 11,02 11,09 10,91 11,42 13,08 13,26 

cao 20,11 19,46 19,02 19,62 20,03 20,79 20,51 20,00 21,21 20,74 21,82 21,50 21,40 20,90 

Na2o 0,52 0,53 0,48 0,49 0,48 0,48 0,48 0,48 0,58 0,57 0,54 0,61 0,74 o, 75 

K2o - - - - - - - - - - - - - -
Total 98,19 99,84 97,63 96,43 98,30 99,21 99,26 98,71 100,11 99,71 100,52. 100,78 98,45 99,52 

Sample localities shown in Fig.9 and in Map 2 in the pocket at the back of the thesis. 

All iron as FeO. All analyses by N.I.M. 



TABLE III-13- CLINOPYROXENE ANALYSES (CONI'D.) 

Locality no. 436 * 353 121 19 468 456 48 -
Sio2 

48,62 48,47 50,·96 50,13 50,34 52,48 50,29 50,85 53,93 50,30 50,33 

Tio2 
0,39 0,45 o,73 0,54 0,48 0,18 0,19 0,29 0,24 0,64 0,59 

A12o 3 2,19 2,34 1,31 1,45 3,15 1,53 5,93 5,76 2,88 5,15 2,62 

cr2o 3 n.d n.d n.d n.d n.d n.d n.d n.d n.d 0,17 n.d 

FeO 11,28 11,00 12,98 12,76 14,13 12,10 10,85 11,49 6,79 7,0 11,60 

MnO 0,50 0,58 0,16 0,19 0,18 0,20 0,26 0,31 0,23 0,07 0,46 

MgO 13,03 12,85 11,09 11,69 1(), 72 11,29 11,68 12,03 12,89 13,52 12,13 

cao 22,03 22,13 23,22 23,51 20,42 21,26 22,10 20,94 22,53 21,75 21,83 

Na2o 0,43 0,38 0,40 0,41 o,58 0,46 0,64 0,42 0,73 0,81 0,42 

~0 - - - - - - - - - - -
TOtiOl 98,47 98,20 100,86 100,69 100,00 99,50 101,06 102,08 100,22 99,41 99,98 

Analyst G.S. G.S. A.A.C. A.A.C. A.A.C, A.A.C. N.I.M. N.I.M. G.S. A.A.C N.I.M. 

Sample localities shown in Fig,9 and in Maps 2 to 4 in the pocket at the back of the thesis, 
All iron as FeO. 

*Analysis fL·om a clinopyroxene-ilmenite symplectite; n. d, not determined. 

55b 

49,19 49,68 61,13 

0,30 0,34 0,31 

2,79 3,06 3,12 

n.d n.d n.d 

11,91 10,65 11,82 

0,60 0,57 0,68 

11,41 12,29 11,79 

21,57 22,55 21,28 

0,51 0,50 0,53 

- - -
98,28 99,64 100,66 

N.I.M. N.I.M. N.I .M. 



TABLE III 13 - - CLINOPYROXENE ANALYSJ;:S (CONTD ) MOZAMBIQUE 

Locality no. 132 136 133 498 140 T37 T78 

SiO 49,49 49,46 150,87 50,39 51,82 49,76 50,93 50,96 50,71 50,59 48,04 47,92 47,83 2 

Tio
2 

0, 74 1,09 

' 

0,95 0,95 0,90 0,89 0,43 0,65 0,53 0,30 1,64 1,46 1,11 

AI 2o 3 
4,8 6,83 3,66 4,69 4,69 6,60 5,96 3,98 3,85 2,35 7,79 7,63 7,08 

I 

cr2o 3 
0,09 n.d. I n.d. n.d. n.d. 

I 
n.d. n.d. 0,03 0,03 0,04 0,03 0,03 O,ll 

FeO 7,88 7,14 I 8,69 10,64 9,36 9,46 8,63 8,06 8,12 13,23 8,33 8, 70 7,01 

MnO 0,09 0,28 0,29 0,33 0,33 0,27 0,25 0,08 0,08 0,20 0,18 0,17 0,10 

MgO 13,65 12,34 12,77 11,57 10,23 11,89 10,79 15,09 14,26 11,03 11,77 12,12 12,72 

cao 21,47 22,23 21,78 19,85 21,38 17,87 21,03 18,80 20,53 21,27 20,93 20,49 21,19 

Na
2
o 0,83 0,91 0,65 0,80 0, 79 1,14 0,97 0,65 0,55 0,35 1,30 1,06 0,79 

K20 - - - - - - - - - - - - -

Total 99,04 100,28 99,66 99,22 99,50 98,08 98,11 98,3 98,66 99,36 100,01 99,58 97,97 

Analyst A.A.C G.S. G,S. G.S. G.S. G .S. G.S. A.A,C. A.A.C. A.A.C. A.A.C. A.A.C. A.A.C, 

Sample localities for nos. 132, 13 3, 136, 140 and 498 shown in Fig .9 and Map 1 in the pocket at the back of the thesis. 
For samplo;snos .T3 7 andT78: see Appendix I-3 and Coelho ( 1969) , 
All iron as FeO; n.d. not determined. 



TABLE III-14 GARNET ANALYSES 

Locality 456 104 436 468 353 506 121 19 
no. 

sio7 39,81 38,76 38,83 38,39 39,23 36,82 3'1,05 38,32 37,69 38,02 38,31 37,92 37,84 38,29 

Ti02 0,09 0,02 0,02 0,03 0,26 0,20 0,26 0,17 0,19 0,02 0,01 0,03 0,05 0,04 

Al20 3 23,01 22,21 22,31 :n,33 20,60 20,67 21,68 19,51 21,08 20,17 20,86 20,30 19,79 20,16 

c:c2o3 0,03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

FeO 20,8 29,84 29,11 29,70 27,54 27,81 27,94 23,86 24,05 25,93 26,43 26,83 25,29 25,24 

MnO 0,4 1,16 1,18 1,29 1,64 1,62 1,65 0,82 0,70 1,19 1,29 1,03 0,99 1,27 

MgO 10,82 8,02 7,67 7.56 5,12 4,97 4,57 4,19 4,56 3,49 3,38 5,25 4,40 5,60 

cao 6,34 2,18 2,29 2,08 5,92 6,42 6,58 11,83 11,23 9,01 8,66 8,19 10,00 7,54 

Na2o 0,01 - - - 0,16 0,1 0,10 0,11 0,11 0,04 0,03 - - 0,09 

K20 - - - - - - - - - - - - - -

Total 101,32 102,19 101,14 100,38 99,47 98,62 99,83 98,81 99,61 97,99 98,99 99,28 98,36 98,53 

Analyst A.A.C. N.I .M. N.t.M. N.I.M. G.S. G.S. G.S. G.S. G.S. A.A.C. A.A.C. N.I.M. N.I.M. N.I .M. 

Sample localities shown in Fig.9 and in Maps 2 to 4 in the pocket at the back of the thesis. 

All iron as Fe01 n.d. not dete~;mi.ned. 



TABLE III-14 - GARNET ANALYSES (CONTD.) 

Locality no. 132 498 l35b 140 141 

Sio2 39,24 38,68 38,72 38,60 38,72 38,11 38,87 

Ti02 0,1 0,11 0,12 0,10 0,06 0,07 0,05 

Al2o 3 22,79 22,47 22,56 22,63 22,38 22,0 21,39 

cr2o 3 0,33 0,22 0,04 0,04 0,19 0,05 0,01 

FeO i 20,38 22,03 22,27 22,20 26,08 27,67 24,17 

MnO 0,48 0,59 _0,32 0,30 0,53 0,62 0,42 

MgO 9,32 7,92 8,15 8,24 8,63 5,23 6,42 

cao 8,89 8,96 8,89 8, 73 4,85 7,47 9,18 

Na2o 0,01 0,04 0,02 0,03 0,03 0,01 -
K2o - - - - - - -

Total 101,54 101,02 101,08 100,86 101,47 101,23 100,51 

sample locality shown in Fig.9 and in Map 1 in the pocket at the 
back of the thesis. 

All iron as FeO. All analyses by A.A.C. 



TABLE III-15 - HORNBLENDE ANALYSES 

Looality no. 5 46 48 
·~ 

Si02 
40,84 42,28 41,76 41,55 42,21 41,99 42,03 41,55 41,66 41,62 

Ti02 2,60 2,54 2,75 2,11 2,24 2,10 2,31 3,19 3,24 3,23 

Al
2

o 3 10,73 11,23 11,40 10,80 10,93 10,76 10,59 11,65 11,57 11,90 

FeO 17,44 17,78 17,59 14,92 15,04 14,74 14,62 15,85 16,10 16,32 

MnO 0,19 0,20 0,59 0,31 0,34 0,30 0,30 0,25 0,26 0,22 

MgO 10,62 10,04 10,12 11,81 12,04 12,38 12,48 9,68 9,85 10,00 

CaO 11,45 11,09 11,41 11,28 11,22 11,19 11,35 11,50 11,15 11,46 

Na2o 1,76 1,82 1, 72 1,76 1,76 1,75 1,64 1,84 1,70 1,58 

K20 1,38 1,43 1,51 1,74 1,61 1,56 1,63 1,87 1,79 1,78 

Total 97,01 98,41 98,85 96,28 97,39 96,77 96,95 97,38 97,32 98,11 

Sample localities shown in Fig.9 and in Map 2 in the pocket at the back of the thesis. 

All iron as FeO, all analyses by N.I.M. 

55b 
---~---

41,58 42,01 40,47 40,58 40,37 41,24 

3,29 3,35 2,26 2,26 2,29 2,15 

11,82 11,48 12,40 12,23 12,19 11,87 

16,21 16,38 17,41 17,72 17,27 16,97 

0,25 0,26 0,28 0,36 0,31 0,30 

10,22 10,41 9,14 9,36 9,30 9, 71 

11,31 10,92 11,72 11,94 11,35 11,15 

1,71 1,91 1,43 1,07 1,53 1,40 

1,81 1,91 2,27 1,43 2,31 2,29 

98,20 98,63 97,58 96,95 96,92 97,08 



TABLE III-15 - HORNBLENDE ANALYSES (CONTD.) 

Locality no. 436 468 353 132 498 

Sio2 40,47 '40,17 44,44 49,68 44,15 41,31 42,23 39,02 40,1 40,2 45,42 

Tio2 2,90 3,09 1,32 0,85 1,3 2,07 2,06 2,27 2,11 1,94 1,67 

A12o 3 12,60 13,31 11,68 8,52 11,65 11,69 14,17 13,58 17,00 16,95 11,09 

Cr2o3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,06 0,07 0,04 

FeO 16,11 16,18 14,49 15,38 14,41 21,21 13,15 13,62 10,57 10,41 10,91 

MnO 0,31 0,46 0,26 0,27 0,25 0,09 0,27 0,34 0,03 0,04 0,07 

MgO 8,95 8,88 10,51 8, 70 11,72 8,01 12,41 13,30 12.75 12,67 14,08 

cao 10,81 10,53 11,83 13,18 12,26 11,62 10,85 11,54 11,55 11,52 11,34 

Na2o 1,16 1,89 1,58 1,66 1,37 0,70 2,15 2,39 2,63 2,63 1,81 

1{20 2,67 2,30 0,50 0,20 0,51 1,73 1,05 1,76 0,73 0,65 0,49 

Total 95,98 96,81 96,61 98,24 97,62 98,43 98,34 97,82 97,53 97,08 96,92 

Analyst G .S. G.S. G.S. G.S. G.S. A.A.C G.S. G.S. A.A.C. A.A.C. A.A.C. 

Sample localities shown in Fig .9 and .in Maps 1 to 3 in the pocket at the back of the thesis. 

All iron as FeO: n. d. not determined. 
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45,42 42,04 41,14 41,46 41,96 

2,06 2,15 2,09 1,90 1, 75 

10,60 12,70 12,01 11,91 11,29 

0,03 n.d. n.d. n.d. n.d. 

9,65 14,23 14,35 14,33 14,87 

0,06 0,29 0,28 0,29 0,35 

14,84 11,35 11,88 11,51 11,38 

11,56 11,65 11,21 11,57 11,29 

1,75 1,87 1,82 1,74 1,85 

0,51 1,91 1,83 1,81 1,89 

96,48 98,19 96,61 96,52 96,63 

A.A.C. N.I.M. N.I.M. N.I .M. N.I .M. 



TABLE III-16 - BIOTITE A~LYSES 

·Locality no. 48 54 104 

sio2 36,35 36,59 36;21 •36,69 36,66 37,60 35,96 36,31 36,26 

Tio 2 5,48 5,47 5,85 4, 72 4,52 4,38 5,40 5,44 5,15 

Al2o 3 13,84 13,55 13,19 13,56 13,64 13,95 15,12 15,10 14,49 

FeO 16,38 16,67 17,36 15,07 15,07 14,27 16,35 16,34 17,71 

MnO 0,10 0,11 0,11 0,16 0,15 0,14 0,07 0,05 0,05 

MgO 13,13 13,04 12,16 13.78 14,07 15,12 12,61 12,32 11,61 

cao o,o 0,0 0,01 0,0 0,0 o,o 0,0 0,0 0,0 

Na2o 0,12 0,14 0,15 0,25 0,18 0,16 0,06 0,09 0,08 

rso 10,69 10,78 10,30 10,41 10,89 10,62 10,56 10,38 10,40 

Total 96,09 96,35 95,34 94,64 95,18 96,24 96,13 96,03 95,75 

Sample localities shown in Fig.9 and in Maps 2 and 3 in pocket 
at the back of the thesis. 

All iron as FeO, all analyses by N.I.M. 

TABLE III-1 7 - PLAGIOCLASE ANALYSES 

Locality no. 55 a 5 55b 

Si02 
57,52 55,95 56,58 57,53 58,18 57.73 55,97 55,78 55,31 

Al2o3 26,30 26,16 27,04 25,08 25,52 26,09 26,23 27,31 25,99 

cao 8,82 9,45 8,76 7,99 7. 70 8,78 8,92 10,09 9,53 

Na2o 6,18 5,58 5,97 6,61 7,00 6,75 5,45 5,81 5,91 

K20 0,41 0,37 0,33 0,49 0,42 0,43 0,19 0,24 0,26 

Total 99,23 97,51 98,68 97,90 98,82 99,78 96,76 99,23 97,00 

sample locality shown in Fig.9 and in Map 2 in the pocket at the 
back of the thesis. 

All analyses by N.I.M. 

TABLE III-18 - PREHNITE, ILMENITE AND MAGNETITE ANALYSES 

PREHNITE ILMENITE MAGNETITE 

Locality no. 141 55a 46 104 353 46 

Si0 2 43,41 43,53 n.d. n.d. n.d. n.d. n.d. 

Ti0 2 - - 48,85 49,09 51,22 48,96 0,12 

Al2o 3 23,61 23,68 0,28 - - 0,03 0,40 

cr2o 3 - - 0,02 - - 0,08 0,23 

FeO 0,09 0,15 51,41 51,32 45,31 47,57 93,52 

MnO 0,02 - 1,11 0,80 0,29 0,52 -
MgO - - 0,20 1,18 1,68 0,06 0,20 

cao 26,77 26,79 n.d. n.d. n.d. n.d. n.d. 

Na2o - 0,02 n.d. n.d. n.d. n.d. n.d. 

K2o 0,02 0,02 n.d. n.d. n.d. n.d. n.d. 

Total 93,93 94,19 101,87 102,39 I 98,61 97,22 94,47 

Analyst A.A. C. A.A. C. N.I.M.I N.I.M. i 
I N.I.M. i A.A.C. N.I.M. 

Sample localities shown in Fig.9 and in Maps 1 to 3 in the pocket at 
the back of the thesis. 

All iron as FeO. n.d. not determined, 
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APPENDIX IV 

X-RAY FLUORESGENCE ROCK ANALYSES 

(i) Analytical techniques for petrochemistry and geochemistry 

All· whole-r.ock :analyses reported in this thesis ·were 

conducted by X-ray fluorescence spectrometry (with the exception 

of FeO). Information on preparatory and analytical techniques 

~s presented herewith: 

1. Sample preparation 

The samples used for analytical work were sufficiently 

large to encompass compositional inhomogeneities. The weight 

of each of these samples was of the order of 5Kg. Only in a 

few cases (samples 129, 132, arid -SOb) the s'amples were rather 

small. 

Care was taken to avoid weathered material and the samples 

were reduced to ~lcm in size in a rock-splitter and Jaw crusher. 

This material was successively split by coning and quartering. 

No less than one quarter was then kept for further crushing by 

a jaw crusher which reduced the fragments to ~ 3mm, followed 

by final crushing in an agate-lined Siebteknik mill. A 

representative portion of each sample was thus reduced to 

~ 120 mesh. Samples from localities nos. 4 to 55 were supplied 

to the author, in powder form, by Professor ~N.Clifford; 

these were crushed in a nickel-chromium vessel in the 

Department of Geology, Leeds University. 
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2. Analytical equipment 

Analytical work was conducted using a Philips model 

PW1410 X-ray fluorescence spectrometer, equipped with a 3Kw 

generator (PW1140). In this thesis, 32mm diameter samples 

were used against the normal sample diameter of 45mm, because 

the additional intensity obtained using the larger samples 

(about 20%) did not justify the larger amount of powder 

(especially standards) and flux required. 

Raw data from the X-ray fluorescence spectrometer were 

either punched onto cards or captured directly on paper tape 

for subsequent processing on the IBM 370 computer at the 

University of the Witwatersrand Computer Centre. All 

computer programs used for data reduction were written by 

Dr. T.S. McCarthy (Geology Department, University of the 

Witwatersrand). 

3. Major and minor elements 

The elements Fe, Mn, Ti, Co, K, P, Si, Al and Mg were 

determined using the fusion method of Norrish and Hutton (1969), 

with slight modifications. 
0 

Samples were preheated at 110 C 

and 1 000°C in vitreosil crucibles to a constant mass and the 

variations in weight were measured. No was determined on 

undiluted sample powder, pelletized in the manner referred to 

by Norrish and Hutton (1969). 

The instrumental conditions used for these analyses are 
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listed in Table IV-1. A Cr target tube was used for all 

elements. Spectral interferences on Mn and Fe were eliminated 

by a primary radiation filter. 

Following the procedure of Norrish and Hutton (1969), 

Si02 and Fe2o3 - CaO blanks have been used to estimate backgrounds. 

The spectrometer was calibrated using the international 

standards W-1, BR, BCR-1, G-2, GR, SY-1, GSP-1, DTS-1, PCC-1 

and mixtures of G-2 and PCC-1, G-2 and DTS-1, following the 

concentrations recommended by Flanagan (1973). A reference 

disc was counted from time to time to check instrumental drift. 

This drift was always below 5%. All counting was done under 

vacuum. 

FeO was determined by dichromate titration, after dissolution 

of the sample in a nitrogen atmosphere. 

are described by Schaffer (1966). 

Details of the method 

The content of fQ2 was determined by wet method according 

to the method by Shapiro and Brannock (1962). 

4. Trace elements: Rb, Sr, Y, Zr, Nb, Cl, S 

These trace elements were analysed on undiluted powder pellets 

and the instrumental conditions employed, with the exception of Cl 

and S, are listed in Table IV-2. Background positions were 

measured on both sides of the peaks, taking care to avoid tailing 

effects. Blanks were used to determine the relationship between 

background intensities and the background in the peak positions. 



TABLE IV-1 - EXPERIMENTAL CONDITIONS FOR THE DETERMINATION OF MAJOR 
AND MINOR ELEMENTS ON THE PHILIPS PW1410 SPECTROMETER 

Element Fe Mn Ti ca K p Si 

Spectral 
line K K K K K K K 

Crystal LiF LiF LiF LiF PET PET PET 
Angle 8S,73 9S,20 86,14 113,09 S0,69 89,66 109,21 
Collimator c F F F F c c 

Al 

K 

PET 

14S,l2 

c 
Detector Flow proportional counter 
Counting 
time (seconds) 40 100 20 20 20 40 20 100 
Tube 
target Chromium 

KV so 
MA so 
Filter IN IN OUT OUT OUT OUT OUT OUT 
Inter-
ferences CaKp 

*Background 

Mg Na Bgnd* Bgnd* 

K K 

ADP RAP RAP RAP 

136,72 S4,79 S4,70 S8,00 

c c c c 

200 200 100 100 

OUT OUT OUT OUT 



TABLE IV-2 - INSTRUMENTAL CONDITIONS FOR THE DETERMINATION OF 
Rb, Sr, Y, Zr, and Nb 

Element Bgnd* Bgnd* Nb Bgnd* zr Bgnd* 

Spectral 
line .lC Ka a 
crystal LIF 

(220) 

Angle 28,00 29,50 30,44 30,90 32,10 33,15 

Collimator 150 !!m 

y 

l<'a 

33,90 

Detector Scintillator counter 

Counting 
time (seconds) 40 40 80 40 80 40 80 

Tube 
target Tungsten 

Kv 65 

MA 40 

Filter OUT 
Inter-
ference YKa SrK{! RbK 

*Background 

Bgnd* Sr Bgnd* Rb Bgndl" 

Ka .ICa 

34,80 35,85 36,80 37,99 38,80 

40 80 60 80 40 



279 

Absorption corrections were applied to samples and standards, 

according to the method of Reynolds (1963, 1967). 

Calibration was carried out with international standards W-1, 

BCR-1 and AGV-1 (Flanagan, 1973). 

Cl,S Uncalibrated semi-quantitative analyses of chlorine and sulphur 

were carried out on a few selected samples; following 

instrumental conditions listed in Table IV-3. 

TABLE IV-3 - INSTRUMENTAL CONDITIONS FOR THE SEMI-QUANTITATIVE 
DETERMINATION OF Cl,S 

Element Bgnd• Cl Bgnd* Bgnd* s Bgnd* 

Crystal PET(3) 

Angle 58,50 65,58 68,00 73,00 75,92 81,00 

Collimator fine 

Counting Time 40 100 
(seconds) 

40 40 100 40 

Tube target Cr 

Kv 50 

MA 50 

Filter out 

*Background 



(ii) Quality of the analytical data 

1. Major and minor elements 

Five international standards, obtained by the National 

Institute for Metallurgy (N.I.M.), Johannesburg, were analysed 

by Dr. T.S.McCarthy (1977) for major and minor elements (Fe, Mn, 

Ti, Co, K, P, Si, Al, Mg and Ba) to assess analytical accuracy 

over a wide range of abundance of the elements. The results 

obtained by the above investigator are listed in Table IV-4, 

together with mean composition of these standards reported by 

Russel et al. (1972). The general close correspondence 

between the two sets of data attests to the accuracy of the 

methods used in this work. 

Analytical precision was determined by McCarthy (1977) 

by replicate analysis of samples of granite, basalt and a 

feldspathic pyroxenite from the Bushveld Igneous Complex. 

Average compositions and standard deviations obtained on these 

three samples are listed in Table IV-5 for major constituents. 

The precision is generally good, although for minor elements, 

the precision ~s less satisfactory as is evident for example 

from the large standard deviation of MgO in the granite 

Wits-G (40 per cent) and P2o5• Also the gravimetric loss on 

ignition is particularly imprecise at low levels, reflecting 

the difficulty in evaluating small changes ~n mass. 
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TABLE IV-4 - ANALYTICAL RESULTS OBTAINED ON N.I.M. INTERNATIONAL STANDARDS 

STANDARD N.I.l-1.-G N.I.M.-S N.I.M.-N N.I.M.-P N.I.M.-D 

SOURCE WITS N.I.M. WITS N.I:M. WITS N.I.M. WITS N.I.M. WITS N.I.M. 

Si02 75,69 75,59 64,02 63 '72 51,98 52,43 38,25 38,86 51,52 50,88 

Ti02 0,107 0,09 0,062 0,05 0,186 0,17 0,034 0,04 0,202 0,20 

Al 2o 3 12,42 12,08 17,81 17,33 16,71 16,64 0,44 0,44 4,45 4,38 

Fe2o 3 (tot) 1.98 2,02 1,44 1,40 8,98 9,00 17,07 16.97 12,91 12,29 

MgO 0,08 0,10 0,57 0,48 7,69 7,43 44,42 43,30 26,41 25,19 

MnO 0,03 0,02 0,02 0,01 0,19 0,17 0,22 0,20 0,23 0,18 

cao 0, 79 0,80 0,69 0,70 11,44 11,55 0,27 0,31 2,69 2,68 

Na2o 3,76 3,32 0,49 0,43 2,82 2,44 0,34 0,]0 0, 76 0,37 

K2o 4,99 4,98 14,93 15,34 0,26 0,26 0,019 0,04 0,103 0,10 

P205 0,02 0,03 0,12 0,13 0,02 0,04 0,01 0,03 0,02 0,04 

FeO 1,25 1,29 0,31 0,29 6,96 7,24 14,11 14,27 8,08 9,20 

WITS = McCarthy(1977). N.I.M. = Results of Russel et al. (1972) 
reported by Flanagan (1973). 

TABLE IV-S-ANALYTICAL PRECISION FOR MAJOR AND MINOR ELEMENTS 

WITS-P WITS-B WITS-G 

Concentration a Concentration a Concentration a 

Sio2 
55,13 0,20 57' 71 0,36 75,34 0,34 

'L'i02 0,217 0,001 0,916 0,004 0,292 0,004 

A12o 3 5,83 0,03 8,89 0,074 11,98 0,08 

Fe2o
3 

(tot) 11,95 0,12 9,12 0,04 3,47 0,05 

MgO 21,80 0,12 10,97 0,07 0,04 0,02 

MnO 0,20 0,007 0,13 0,005 0,05 0,01 

CaO 4,01 0,03 6,86 0,03 1,51 0,01 
Na2o 1,12 0,04 2,55 0,08 3,09 0,10 

K2o 0,157 0,001 0,079 0,002 4,46 0,03 

P205 0,020 0,002 0,094 0,004 0,04 0,003 
FeO 7,40 0,36 7,23 0,27 1, 75 0,12 

L.O.I 0,06 0,02 0,21 0,23 0,02 0,01 

L.O.I. Loss on ignition. 

a= standard deviation. 
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2. Trace elements 

International standard, released by the U.S. Geological 

Survey were used to define the accuracy of trace elements data. 

The concentrations obtained for some of the trace elements 

on a few of these standards are listed in Table IV-6 along with 

values quoted by Flanagan (1973). A generally good agreement 

has been obtained by McCarthy (1977) relatively to other analysts. 

The abovementioned samples of granite, basalt and 

pyroxenite were used by Dr.T.S.McCarthy to assess analytical 

precision by replicate trace element analyses on ten pellets of 

each rock type. Mean concentrations, standard deviations and 

coefficients of variation determined are listed in Table IV-7. 

While the precision is less satisfactory toward the detection 

limits, reproducibility is more than adequate for the needs of 

this thesis. 

TABLE IV-6 - TRACI: ELEMENT RESULTS OBTAINED ON INl'ERNATIONl\L STANDARDS 

Sr Rb Zr y Nb 

Standard A R.V.l. A R.V.l. A R.V.l. B R.V.2 B R.V.2. 

G-2 467 479 164 168 327 300 - -
GSP-1 234 233 246 254 570 500 - -
BCR-1 - - - 33 34 7,6 11,5 

W-1 - - - 5,2 6,9 18,6 20,5 

A: Measured value (McCarthy, 1977). 

B: Measured value (this thesis). 

R.V.l. Recommended value (Flana9an, 1973). 

R.V.2 Recommended value (McCarthy, Personal communication). 



TABLE IV-7 - ANALYTICAL PRECISION FOR TRACE ELEMENTS 

Wits-P Wits-B Wits-G 
concentrat~on a Concentration a concentrat~on a 

Rb 12 0,9 

sr 80 1,8 

Zr 26 2,3 

y 6 0,6 

Nb <d-1.* 

*below detection limit. 

a: standard deviation. 

{d.l.* 99 1.5 

99 1,5 108 1,4 

77 0,9 354 10,6 

14 1,1 80 1,2 

3 1 24 0,6 

(iii) Whole rock analyses and trace element compositions -
Presentation of the doto 

Major, minor elements, expressed os weight per cent of 

the oxide, ond trace elements, expressed in parts per million, 

onolysed in each sample during the course of this thesis are 

presented in Table IV-8. 

In a few cases no trace elements, nor FeO have been 

determined, oll iron being given os Fe2o3
• 

Table IV-9 lists oll published analyses of southern 

Malawi rocks discussed in the text in tables IV-10 to IV-16. 

Available published geochemical data (Bloomfield, 1965b) ore 

presented in Table IV-17. 

Most of the analyses listed in Table IV-8 were carried 

out by the author; however, the following were mode by 

Mr.A.Bemoth: nos. 15, 31, 41, 42, 44, 50b, 53, 56, 58, 59, 

60, 61, 62 ond 64. In addition, Ul and U2 ore unpublished 

analyses by E.Pinkney of Leeds University. 
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TABLE IV-8 WHOLE ROCK ANALYSES AND TRACE ELEMENT COMPOSITIONS 

Locality 

sio2 

Ti0 2 

Al2o3 

Fe2o3 

FeO 

MnO 

MgO 

cao 

Na
2
o 

K20 

P205 

u2o 

H20+ 

C02 

Total 

Rb 

sr 
y 

zr 

Nb 

48 

43,56 

2,48 

15,89 

1,94 

11,68 

0,26 

7,15 

10,15 

2,13 

1,21 

0,19 

0,04 

0,09 

0,26 

97,03 

22 

208 

29 

109 

5 

34 

47,94 

1,72 

13,54 

3,42 

9,31 

0,23 

6,97 

11,41 

2,85 

1,14 

0,13 

0,02 

0,30 

n.d. 

98,71 

11 

144 

30 

90 

0 

46 29 

48,20 43,01 

1.69 4,30 

15,02 14,62 

5, 70 3,60 

7,22 13,22 

0,21 0,23 

6,75 5,48 

9,78 9, 70 

3,63 2,76 

0,99 0,60 

0,17 0,91 

0,06 0,06 

0,17 0,49 

n.d. n.d. 

99,59 98,98 

7 11 

269 238 

29 68 

85 273 

5 31 

93 

47,37 

1,92 

15,20 

2,46 

10,50 

0,23 

9,33 

7,56 

2,28 

2,05 

0,28 

0,10 

0,09 

n.d. 

99,37 

118 

125 

32 

118 

15 

61 

48,14 

1,75 

14,51 

4,53 

9,12 

0,22 

7,07 

9,10 

3,17 

1,40 

0,24 

0,05 

0,29 

n.d. 

99,59 

13 

177. 

37 

104 

6 

99 28 

50,99 51,13 

1,76 2,08 

15,76 15,27 

2,56 1,55 

7,13 8,90 

0,17 0,20 

5,28 5,11 

6,24 9,85 

4,25 3,88 

1,55 0,85 

0,44 0,25 

0,06 0,06 

0,59 0,18 

1,65 n.d. 

98,43 99,31 

13 l3 

389 344 

29 32 

78 220 

4 14 

40 

51,03 

1,63 

14,47 

4,07 

8,35 

0,21 

5,60 

8,31 

3,85 

1,18 

0,28 

0,04 

0,30 

n.d. 

99,32 

12 

177 

43 

144 

6 

38 

51,70 

1, 73 

13,91 

7,01 

7,88 

0,26 

4,24 

7,50 

4,66 

0,61 

0,20 

o.oo 

0,00 

n.d. 

99,70 

8 

150 

37 

52 

107 

51,92 

1,57 

15,48 

4,08 

9,02 

0,16 

6,52 

5,14 

3, 70 

1,01 

0,24 

0,05 

0,46 

n.d. 

99,35 

14 

476 

26 

65 

4 

sample localities shown in Fig. 19 and in Maps 2 and 3 in the pocket at the back of the thesis. 
*All iron as Fe

2
o

3 

102 101 104 69 

56,63 54,76 59,17 57,71 

0,91 1,83 1,54 1,13 

16,87 20,22 15,53 15,11 

3,92 2,82 1,89 
10. 73* 

4,67 3,05 8,80 

0,18 0,06 0,19 0,21 

3,81 2,27 3,94 1,73 

6,98 6,47 3,28 7,07 

4,60 5,52 3,76 4,58 

1,00 1,97 1,02 1,19 

0,15 0,47 0,02 0,31 

0,10 0,06 0,06 0,06 

0,13 0,19 0,05 0,77 

n.d. n.d. n.d. 0,5 

99,85 99,69 99,25 101,1 

13 28 9 

389 2527 697 

29 20 58 

78 159 580 

4 10 12 



TABLE IV-8 - WHOLE ROCK ANALYSES AND TRACE ELEMENTS COMPOSITIONS (CONTD.) 

Locality 9 3 
no. 

Sio2 61,96 

Ti02 0,97 

Al2o 3 15,59 

Fe2o 3 1,31 

FeO 

MnO 

MgO 

cao 

Na2o 

K20 

P205 

H20-

H20+ 

Total 

Rb 

sr 

y 

Zr 

Nb 

5,95 

0,11 

3,75 

3,82 

3,79 

1,91 

0,18 

0,11 

0,23 

99,68 

64 

335 

26 

189 

9 

98 

59,83 

1,57 

15,03 

3,25 

5,18 

0,10 

2,23 

4,44 

4,71 

2,17 

0,41 

0,06 

0,61 

99,59 

17 

257 

40 

157 

7 

116a 

64,05 

1,32 

14,38 

2,34 

4,70 

0,11 

2,68 

4,27 

3,86 

1,20 

0,20 

0,13 

0,36 

99,60 

23 

350 

20 

172 

9 

118a 

58,12 

0,96 

17,86 

1,17 

5,46 

0,12 

3,86 

5,72 

4,48 

1,53 

0,28 

0,04 

0,0 

99,60 

27 

605 

15 

148 

8 

43 45 

60,91 63,96 

1,19 0, 73 

16,90 16,64 

2,59 1,72 

4,86 2,88 

0,13 0,10 

2,15 2,,63 

4,18 5,20 

4,51 4,67 

1,11 1,00 

0,12 0,21 

0,13 0,08 

1,00 0,49 

99,78 100,31 

6 

326 

23 

116 

4 

6 

570 

9 

99 

1 

49 

61,52 

0,83 

16,82 

0,19 

5,27 

0,10 

3,33 

5,39 

4,12 

1,68 

0,17 

0,06 

0,0 

99,48 

31 

504 

8 

68 

3 

63 

68,91 

0,45 

16,05 

1,00 

1,87 

0,06 

0,96 

4,09 

4,85 

1,11 

0,10 

0,05 

0,35 

99,85 

11 

382 

7 

109 

3 

4 44 

68,93 68,40 

0,54 0,85 

14,74 15,13 

1,40 0,94 

3,78 4,02 

0,11 0,09 

1,18 1,54 

4,32 3,63 

3,90 3, 72 

0,51 1,20 

0,18 0,11 

0,03 0,09 

0,32 0,54 

99,94 100,26 

5 

314 

34 

100 

2 

22 

257 

21 

190 

5 

37 

70,38 

0,49 

13,49 

1,79 

2,95 

51 

71,94 

0,31 

12,96 

2,16 

3,19 

0,09 0,10 

1,08 1,29 

3,68 2,19 

4,72 4,67 

0,48 1,24 

0,09 0,07 

0,04 0,04 

0,18 0,13 

99,46 100,29 

4 

130 

35 

121 

2 

14 

172 

22 

118 

1 

Sample localities shown in Fig.l9 and on Maps 2 and 3 in the pocket at the back of the thesis •. 
*All iron as Fe2o 3 . 

39 52 370 3 

73,15 75,73 75,87 77,97 

0,25 0,24 0,30 0,24 

13,86 12,04 11,84 11,28 

2,14 o, 79 4,04* 1,19 

0,87 2,77 2,02 

0,07 0,07 0,09 0,06 

0,0 0,58 1,04 0,42 

1,91 2,21 1,49 3,46 

4,71 4,04 5,05 3,06 

2,89 1,13 0,56 0,37 

0,06 0,06 0,03 0,02 

0,04 0,01 0,09 0,02 

0,52 0,38 0,06 0,25 

100,47 100,05 100,46 100,36 

32 

215 

15 

140 

2 

28 

127 

25 

95 

4 

3 

142 

12 

101 

SOb 

74,35 

0,43 

11,88 

0,93 

2,61 

0,07 

1,74 

3,46 

3,43 

0,54 

0,10 

0,05 

0,24 

99,83 

9 

513 

15 

214 

3 



TABLE IV-8- WHOLE ROCK ANALYSES AND TRACE ELEMENT COMPOSITIONS (COm'D.) 

Locality 56 36 55 1 57 60 113 116b 405 441a 76 81 82 
n 

Si02 78,56 67,57 69,71 71,37 76,18 74,12 72,36 74,67 54,05 56,82 59,40 58,89 57,94 

Ti02 
0,16 0,92 0,40 0,44 0,27 0,20 0,42 0,06 2,36 1,35 1,42 1,56 1,65 

Al2o 3 12,22 14,81 15,60 14,79 12,07 13,08 13,56 14,21 15,13 16,67 17,08 16,47 16,47 

Fe2o 3 0, 79 0,98 0,44 0,98 1,63 1,84 1,31 0,25 1,84 
8,02* 

3,01 3,38 3,21 

FeO 0,34 4,38 1,55 1,59 0,81 0,53 1,22 0,48 9,81 2,90 3,03 3,43 

MnO 0,03 0,09 0,04 0,06 0,04 0,06 0,0 0,02 0,16 o,oo 0,11 0,11 0,12 

MgO 0,0 1,39 0,38 0,68 0,17 0,10 0,54 0,12 2,49 3,18 1,29 2,30 2,31 

cao 1,50 2, 72 2,77 2,73 1,12 1,77 1,96 2,24 6,80 4,86 4,32 4,34 4,40 

Na2o 4,57 3,01 3,54 3,67 3,98 3,94 3,29 2,87 3,35 4,44 4,40 4,35 4,70 

K20 2,22 4,20 4,25 3,48 4,13 4,03 4,57 4,77 2,48 3, 72 4,41 4,59 4,85 

P205 0,03 0,25 0,11 0,09 0,02 0,05 0,12 0,01 1,26 0,93 0,66 0,71 0,75 

H2o- 0,05 0,02 0,03 0,02 0,03 0,02 0,06 0,07 0,11 0,16 0,05 0,05 0,04 

H20+ 0,19 0,0 0,55 0,34 0,05 0,49 0,51 0,23 0,00 0,29 0,34 0,36 0,30 

Total 100,66 100,34 99,37 100,24 100,50 100,23 99,92 100,00 99,84 100,44 99,39 100,14 100,17 

Rb 26 107 79 73 86 63 89 122 102 102 

Sr 54 205 251 240 57 304 475 405 1430 1215 
y 32 32 13 19 54 15 8 3 29 30 

Zr 346 407 180 202 335 133 184 51 360 438 

Nb 16 14 5 6 16 2 2 21 24 

Sample localities shown in Fig.l9 and in Maps 2 and 3 in the pocket at the back of the thesis, 
•All .iron as Fe 2o 3 • 



TABLE IV-8 - WHOLE ROCK ANALYSES AND TRACE ELEMENT COMPOSITIONS (CONTD.) 

Locality 
no 

sio2 

Tio2 

Al2o3 

Fe2o3 

FeO 

MnO 

MgO 

CaO 

Na
2
o 

K2o 

P205 

H20-

H20+ 

83 

57,74 

1,63 

17,19 

3,07 

3,25 

o,ll 

2,37 

4,35 

4,55 

4,64 

0,75 

0,0 

0,44 

84 30 

58,69 57,88 

1,60 1,76 

16,30 16,42 

3,46 3,29 

3,02 3,51 

0,10 0,10 

2,19 2,32 

4,23 4,60 

4,40 4,21 

4,BB 4,57 

0,73 O,Bl 

0,09 0,00 

0,32 0,44 

31 

61,38 

1,37 

15,99 

2~85 

2,84 

0,10 

1,98 

4,00 

4,08 

4,59 

0,66 

0,11 

0,46 

44lb 74 

59,69 61,80 

o,so 0,63 

18,37 17,68 

4,43* 

0,00 

2,55 

3,99 

4,83 

4,68 

0,73 

0,24 

0,36 

1,69 

3,96 

0,15 

0,23 

3,52 

4,74 

5,00 

0,17 

0,04 

o,o 

75 

61,32 

0,63 

17,25 

5,09 

2,60 

0,23 

0,03 

3,47 

3,49 

5,46 

0,14 

0,03 

0,14 

432 65 73 

62,14 66,82 65,77 

1,0 0,85 o, 76 

18,29 14,69 14,37 

0,95 0,98 
4,1* 

4,48 5,60 

0,00 0,10 0,17 

1,10 0,91 0,96 

2,73 2,75 2,76 

3,64 3,78 3,58 

6,91 4,30 4,42 

0,32 0,06 0,19 

0,11 0,17 0,05 

0,45 0,00 

375 67 

67,85 ·69,92 

0,31 0,37 

18,71 13,80 

2,83* 

0,06 

0,30 

2,17 

6,72 

1,52 

0,07 

0,07 

0,26 

1, 73 

1,71 

0,07 

0,06 

1,47 

3,04 

5,66 

0,08 

O,OB 

0,31 

115 

71,78 

0,09 

14,48 

2,53* 

0,00 

0,00 

1,08 

2,53 

7,86 

0,05 

0,13 

0,26 

Total 100,09 100,01 99,91 100,41 100,36 99,61 99,88 100,79 99,86 99,61 100,96 98,30 100,79 

Rb 104 

Sr 1266 

y 3.1 

Zr 471 

Nb 25 

106 

1152 

37 

458 

27 

52 

1016 

35 

419 

27 

59 

877 

30 

369 

21 

82 

236 

45 

999. 

38 

113 

259 

57 

1309 

44 

132 

177 

36 

390 

19 

lOB 

226 

39 

516 

24 

Sample localities shown in Fig.l9 and in Maps 1 and 3 in the pocket at the back of the thesis. 
*All iron as Fe2o 3 • 

140 

96 

64 

514 

44 



TABLE IV-8- WHOLE ROCK ANAJ,YSES AND TRACE ELEMENTS COMPOSITIONS (CONTD .) 

I.ocality no. 

Sio2 

Tio2 

Al 2o3 

Fe2o3 

FeO 

MnO 

MgO 

cao 

Na2o 

K20 

P205 

H20-

H20+ 

Total 

Rb 

Sr 

y 

Zr 

Nb 

433 132 129 133 106 135 71 

73,10 46,17 46,69 

3,41 

53,51 52,17 57,87 54,70 

0,15 1,41 1,35 0,.15 0,11 1,02 

14,51 14,23 14,10 17,89 28,43 26,87 17,27 

1,51 1,56 0,34 2,12 
0,94* 9,11* 0,16* 

11,22 14,00 0,98 4,55 

o,oo 0,11 0,17 0,05 0,02 0,00 0,11 

0,00 9,49 6,14 3,88 1,14 0,00 4,47 

1,37 13,14 10,26 8,54 12,18 9,09 8,06 

3,83 2,17 1,23 4,53 4,00 5,18 4,91 

5,85 0,42 0,48 1,26 0,56 1,03 1,84 

0,04 0,09 0,68 0,32 0,01 0,09 0,30 

0,16 0,06 0,07 0,10 nil 0,11 0,05 

0,45 0,1 0,50 0,08 0,4 0,24 0,19 

100,40 100,21 100,39 100,62 100,38 100,75 99,59 

6 51 

449 855 

3 19 

33 171 

10 

70 

57,33 

0,83 

14,97 

1,10 

5,75 

0,14 

4,85 

6,42 

2,38 

4,92 

0,20 

0,04 

0,96 

99,89 

171 

118 

30 

189 

15 

50 a 105 

59,49 66,68 

1,16 0,67 

12,79 16,19 

1,40 1,06 

6,41 2,80 

0,15 0,06 

6,77 1,41 

5,60 2,60 

2,21 3,60 

1,78 4,19 

1,01 0,27 

0,07 0,07 

0,67 0,42 

99,51 100,02 

65 86 

897 315 

46 43 

293 321 

16 5 

lOB 58 

72,63 58,51 

0,69 1,18 

12,78 17,38 

1,20 2,08 

3,35 2,80 

0,07 0,08 

1, 78 2,51 

2,24 3,69 

2,75 3,72 

2,28 7,57 

0,14 0,53 

0,03 0,05 

0,04 0,18 

99.98 100,28 

60 

302 

14 

212 

6 

286 

827 

22 

360 

22 

Sample localities shown in Fig. 19 and in Maps 1 to 3 in the pocket at the back of the thesis. 
*All iron as Fe 2o 3. 

llBb 

62,00 

0,7 

17,48 

o, 72 

4,07 

O,OB 

2,79 

5,11 

4,32 

2,09 

0,25 

0,06 

0,41 

99,88 

41 

602 

12 

104 

6 

120 

62,69 

0,85 

17,67 

0,77 

3,64 

0,08 

2,51 

4,91 

4,37 

2,33 

0,26 

0,03 

0,03 

100,14 

45 

662 

11 

171 

6 

U1 

68,28 

0,42 

15,14 

1,90 

3,15 

0,09 

1,39 

4,13 

4,17 

0,50 

0,16 

0,03 

0,29 

U2 

77,58 

0,17 

12,16 

1,64 

1,56 

0,04 

0,48 

3,~ 

2,90 

0,35 

0,01 

0,03 

0,12 

100,00 

1\) 
00 
00 



289 

TABLE rv-9 - REFERENCES OF PUBLISHED ANALYSES DISCUSSED IN THE TEXT 

Locality Original Reference/Table where Localitv Original Reference/Table where 
no. no. mentioned no. no. mentioned 

Pl :E245 Listed in Table IV-10. P33 I<Bll49 Listed in Table IV-12. 

P2 Thatcher (1968, p.40). P34 W244 di-cto. 

P3 Thatcher (~). P35 I<Bl097 ditto. 

P4 El94 Listed in Table IV-10. P36 I<B845 ditto. 

PS I<BlSOO ditto. P37 I<Bl784- ditto. 

P6 ditto. P38 I<B849 ditto. 

P7 ditto. P39 I<Bl099 Listed in Table IV-13. 

PS ditto. P40 I<B832 ditto. 

P9 I<Bl797 ditto. P4l I<Bl843 ditto. 

PlO I<Bl538 ditto. P42 I<Bll79 ditto. 

Pll I<Bl54lc ditto. P43 I<Bl79l ditto. 

Pl2 ditto. P44 I<Bl780 ditto. 

Pl3 ditto. P45 I<Bl786 ditto. 

Pl4 H2225 ditto. P46 W379 Listed in Table IV-14. 

PlS T556 ditto. P47 I<B2130 ditto. 

Pl6 I<Bl516 ditto. P48 H4213 ditto. 

Pl7 C779 ditto. P49 H22BB ditto. 

PlS H2279 ditto. PSO I<Bl983 ditto. 

Pl9 I<Bl377 ditto. P51 I<Bl877 ditto. 

P20 H4206 ditto. P52 E279A ditto. 

P21 H4263 ditto. P53 Wl09 Listed in Table IV-15. 

P22 Gl453 ditto. P54 I<Bl979 ditto. 

P23 I<B640 ditto. P55 ditto. 

P24 I<B966 Listed in Table IV-ll. P56 ditto. 

P25 I<B725 ditto. P57 Listed in Table 16. 

P26 I<B746 ditto. PSB ditto. 

P27 I<B726 ditto. P59 ditto. 

P28 I<B690 ditto. P60 ditto. 

P29 I<B666 ditto. P61 ditto. 

P30 I<BllS ditto. P62 ditto. 

P31 I<B688 ditto. P63 Listed in Table IV-10. 

P32 I<Bl520 ditto. 

Sample approximate localities shown in Fig.20. 



TABU! IV-10 - PUBJ.ISHED ANALYSES 01!' AHPIIIBOLITE FACIES GNEISSES AND GRANULITES, 
AFTER BLOOMFIELD (1968, p.l21) 

(a) I b) lcl I d) I d) lfl I'll lhl Iii ( il lkl Ill lm) (n) lo) IPI (q) (r) (s) (tl (v) 

Sio2 

Tio2 

Al 2o
3 

Fe2o 3 

FeO 

62,99 63,88 54,44 55,39 58,29 51,67 61,62 61,27 66,55 61,80 57,72 50,10 66,00 77,51 67,40 58,28 62,43 67,06 68.~8 68,78 72,08 64,06 

0,82 0,58 1,38 0,65 0,89 0,98 1,03 1,03 0,74 0,88 0,41 1,41 0,07 0,06 0,51 0,13 0,72 0,42 0,62 0,80 0,11 0,99 

MnO 

MgO 

cao 

1'otals* 

16,17 17,68 14,97 17,79 16,04 16,24 15,93 15,01 14,91 16,61 20,47 17,33 16,63 12,58 17,12 21,67 15,92 13,88 16,76 10,56 14,50 12,39 

2,01 1,49 4,43 3,40 1,73 1,11 1,82 2,15 1,27 1,34 1,54 3,97 1,58 1,45 1,93 1,12 3,04 2,70 2,3~ 6,53 1,85 2,07 

4,79 3,06 5,35 8,41 5,86 7,71 4,77 4,71 4,88 4,34 1,58 5,61 2,70 0,94 1,94 5,58 5,58 4,46 5,41 1,78 0,49 5,70 

0,09 o,oo 0,19 0,22 0,14 0,16 0,11 o,U 0,11 0,09 0,16 0,23 o,o7 nil nil 0,26 0,10 o,o8 0,11 o,o3 0,02 o,l9 

3,37 2,13 4,82 5,15 3,04 6,20 2,19 2,41 1,45 2,19 2,45 4,52 1,28 0,48 1,19 0,01 3,05 2,02 1,46 0,25 0,26 2,88 

4,55 5,00 7,93 4,18 6,38 9,26 4,58 4,81 2,60 4,03 7,19 8,40 4,56 0,73 2,08 1,44 0,44 1,45 0,22 nil 1,48 7,89 

2,17 4,58 4,63 4,40 4,05 3,36 3,42 3,27 2,71 3,72 5,20 3,95 5,15 4,37 4,49 7,06 2,29 2,33 0,73 0,16 4,02 2,38 

2,44 1,32 1,34 0,10 2,40 1,01 4,02 4,05 4,55 4,63 1,09 1,07 0,95 1,82 3,15 4,27 6,10 5,28 3,21 2,81 4,98 1,25 

0,19 0,20 0,52 0,11 0,38 0,26 0,29 0,35 0,22 0,35 0,19 1,21 0,21 0,03 O,ll 0,09 O,ll 0,32 0,05 0,10 0,10 0,20 

100 100 100 100 100 100 100 100 lOo 100 100 100 100 100 100 100 100 100 100 100 100 100 

*Analyses recalculated water,co2-tree to 100 per cent1 n.d. G not determined. 

(g)inc1udea 0,02 per cent zro2 , (h) includes 0,03 per cent zro2 1 and (p) includes 0,08 per cant zro2 • 

(al Garnetiferous biotite gneias; (1'16). 
(b) Hornblende-biotite-plagioclase gneiss; (1'17). 
(c) Biotite-hocnblenda gneia111 (Pll). 
(d) Garnet-hornblende-anthophyllite gneiss; (Pl2). 
(e) Biotite-hornblende-clinopyroxene-plagioclase gneiss with garnet 1 (P7). 
(f) Granulitic hocnb1P.nde-clinopyroxena-plagioclaaa gneias with garnet - a basic inclusion in (a); (P6). 
(g) Biotite-hornblende-clinopyroxene-plagioclase gneiss with potash feldspac and gacnet; (P8). 
(h) Biotlte-hornblenda-plagioclase qneiss with potash feldspar - tram the foliated bocder of (q), (P63). 
(i) llyperathene-biotite-garnet· ·gneiaa with potash feldspar 1 (flO). 
()) Biotite-hypersthene granulite; (P5). 
(k) Intermediate charnockitic granulite;(acid type) 1 (P4). 
(1) Intermediate charnockitic granulite; (Pl). · 
(m) Leucocratic hypersthene (charnockitic) granulite; (P9). 
(n) Quartzo-feld5pathic biotite-muscovite schist; (P2l). 
(o) Quartzo-feldopathic muscovite-biotite gneies (Pl9). 
(p) Biotite-muscovite-plagioclase gneiss; (Pl3l. 
(q) BioUte-gacnet-quartz gneiss 1 (Pl4). 
(r) Biotite-garn~t-quartz gneiss; (Pl8). 
(s) Biotite-garnet-quartz-sillimanite gneiss; (P20). 
(t) Biotite-garnet-quartz-sillimanite gneiss; (P2l). 
(u) Quartzo-fald~pathic granulite; (P22). 
(v) Hornblende-epidote quartzite; (Pl5). 

Approximate sampling localities shown in Fig .20. 
original sample nunwers listed in Table JV-9. 



TABLE IV-11 - PUBLISHED ANALYSES OF AMPHIBOLITE, METAGABBRO AND RELATED ROCKS 
~FTER BLOOMFIELD (1968, pp.137-142). 

Si02 
Tio2 
AJ. 2o 3 
Fe2o3 
FeO 

MnO 

MgO 

cao 
Na2o 
1<

2
0 

P205 

(a) 

37.36 

0,60 

29,07 

4,89 

3,26 

0,11 

5,26 

17,62 

1,22 

0,49 

0,12 

(b) 

39,75 

o, 76 

20,70 

6,87 

6,43 

0,20 

7,85 

15,00 

1, 52 

0,81 

0,10 

(c) 

44,18 

1,25 

10,57 

7,30 

6,02 

0,19 

19,02 

9, 34 

1,45 

0,3 

0, 30 

(d) 

45,49 

0,98 

0,21 

3,77 

4,66 

0,09 

44,45 

t 

0,02 

0,02 

(e) 

48,63 

3,43 

13,42 

4,94 

11,54 

0, 32 

5,23 

9,15 

2,36 

0,61 

0, 35 

(f) 

48,66 

0,82 

11,09 

3,03 

6,84 

0,20 

13,51 

14,32 

1,11 

0,40 

(g) 

50,02 

1,44 

13,98 

0,19 

9,21 

0, 31 

9,05 

13,07 

2,16 

0,39 

0,18 

(h) 

50,12 

1,08 

16,41 

3,50 

8,90 

0,17 

6,24 

9,87 

2,94 

0,42 

0,35 

( i) 

50,44 

0, 79 

6,59 

3,09 

7,82 

0,19 

16,00 

13,00 

1,17 

0,66 

0,15 

Totals•• 100,00 loo.oo 100.00 100,00* 100,00 100,00 100,00 100,00 100,00 

CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES) 

q 

or 

ab + an 

ne 

le 

ka 

di +he 

1ar 

fo + fa 

en + fe 

ap 

rna 

i1 

An% 

72,13 

6,55 

1, 73 

0, 72 

4,25 

11,58 

0,25 

5,09 

0,83 

100 

47,58 

8,24 

3,86 

16,45 

1,83 

13,53 

0,21 

7,23 

1,07 

100 

2,09 

33,61 

18,12 

26,32 

10,05 

0,62 

7,48 

1,71 

63 

57,55 

36,82 

5,62 

2, 32 

33,88 

37,36 

11,51 

10,67 

0, 77 

3,15 

1,14 

71 

4,55 

3,78 

47,17 

15,70 

17,69 

5,37 

4,96 

53 

3,88 

20,56 

42,23 

10,57 

17,63 

0,30 

3,20 

1,1 

49 

0,01 

2,54 

57,29 

13,23 

20,97 

0,73 

3,70 

1,52 

54 

2. 32 

46,65 

29,10 

ll,04 

8, 32 

0,36 

0,20 

2,00 

59 

* includes 0,09 Cr2o3 and 0,32 NiO % : ** analyses recalculated water-free to 100: t: traces. 

(a) 
(b) 
(c) 
(d) 
(e) 

Corundum amphibolite: 
Garnet amphibolite 
Hypersthene amphibolite 
Serpentinised peridotite 
Garnetiferous metadolerite: 

(P24). 
(P25). 
(P26). 
(P27). 
(P28). 

(f) 
(g) 
(h) 
(i) 

Approximate sampling localities shown in Fig.20. 
Original sample numbers listed in Table IV-9. 

Clinopyroxene amphibolite 
Biotite metagabbro 
Garnetiferous metadolerite 
Biotite hornblende metagabbro 

(P29). 
(P30). 
(P31). 
(P32). 
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TABLE VI-12 - PUBLISHED ANALYSES OF MELAOOCRATIC AND 
HYPERMELANIC ROCKS FROM THE RING COMPLEXES, 
AFTER BLOOMFIELD (1968, p.l51) 

Sio2 

Ti02 

Al2o3 

Fe2o
3 

FeO 

MnO 

MgO 

cao 

Na2o 

K20 

H20+ 

H2o­

P205 

C02 

cr2o3 

NiO 

Totals 

(a) 

40,20 

1,64 

6,82 

5,06 

10,49 

0,20 

18,14 

11,13 

1,02 

0,79 

0,54 

nil 

2,21 

1,50 

0,06 

0,05 

*99,83 

(b) (c) 

42,50 41.68 

1,62 2,08 

6,84 9,34 

2,68 4,26 

8,19 5,62 

0,16 0,11 

22,11 19,23 

10,69 7,28 

0,54 0,41 

1,81 6,97 

0,53 0,85 

0,09 0,24 

1,25 0,75 

0,65 O,Ol 

n.d. 0,04 

n.d. 0,07 

99,66 100,25 

(d) (e) (f) 

47,26 47,89 49,65 

1,31 1,16 0,74 

8,29 8,48 3,60 

3,24 5,35 2,88 

8,69 8,36 5,79 

0,15 0,23 0,19 

12,73 12,16 16,12 

12,66 13,29 19,01 

1,76 0,67 0,57 

0,49 0,13 nil 

0,39 0,88 0,46 

0,18 0,21 0,19 

1,82 0,03 0,08 

0,57 0,94 0,59 

0,16 0,01 0,19 

0,11 0,06 0,19 

99,85 99,81 99,85 

AVERAGE CIFW NORMATIVE MINERALS (MOLEC'IJLAR PERCENTAGES) 

or 

ab + an 

ne 

le 

c 
di + he 

lar 
fo + fa 

en.+ fe 

ap 

il 

ma 

hem 

An% 

7. 72 

16,14 

1,32 

25,29 

39,59 

3,62 

2,27 

4,05 

71 

3,02 

2,19 

32,64 

13 '13 
3,45 

36,74 

1,54 

2,87 

4,41 

100 

12,48 

69,76 

8,09 

5,44 

0,17 

1,04 

3,03 

59 

1,91 

28,22 

34,40 

0,41 

26,46 

2,00 

1,77 

4,62 

60 

*Analysis includes 0,89 per cent Bao: normative calcite not 
calculated. 

(a) Metapyroxenite: (P34) . 
(b) Biotite-olivine-metapyroxenite: (P33). 
(c) Biotite-metapyroxenite: (P35), 
(d) Hypersthene-metagabbro: (P36) . 
(e) Hornblende-hypersthene metagabbro: (P37) • 
(f) Hypersthene-metadiallagite: (P38) • 

Approximate sampling localities shown in Fig.20. 
original sample numbers listed in Table IV-9. 
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TABLE IV-13 - PUBLISHED ANALYSES OF LEUCOCRATIC ROCKS 
FROM THE RING COMPLEXES AFTER BLOOMFIELD 
{1968, p.152) 

{a) {b) {c) {d) {e) {f) {g) 

Sio2 50,44 54,12 57,61 59,61 57,48 

I 

67,37 68-,97 

Tio2 1,45 0,87 l,ll 0,86 1,16 0, 7l 0,40 

Al2o 3 15,18 15,88 18,03 18,38 16,07 13,88 13,09 

Fe2o 3 3,99 2,29 1,48 1,76 3,88 1,49 1,41 

FeQ 3,88 5,24 2,17 2,22 4,91 3,74 3,45 

MnO 0,08 0,17 0,05 0,01 0,14 

I 
0,11 0,07 

MgO 3,91 4,37 1,90 1,74 1,03 0,29 0,22 

cao 7,01 6,34 4,17 3.08 4,21 2,00 1,80 

Na2o 1,91 3,83 4,95 4,84 3,99 3,27 3,02 

K20 7,82 4,92 6,24 6,71 5,86 6,71 6, 71 

H20+ 0,61 0,06 0,15 0,26 0,36 I 0,29 0,35 

H20- 0,23 0,27 0,07 o.11 0,12 0,12 0,04 

P205 2,19 1,27 0,81 0,38 0,53 0,18 0,12 

co2 0,01 0,14 0,18 0,10 0,13. 0,08 0,27 

Totals *99,77 99,77 99,04**100,06 99,87 100,24 99,92 

AVERAGE CIPW NORMATIVE MINERALS {MOLECUIAR PERCENTAGES) 

q I 18,35 

or 37,80 37,20 i 40,45 

ab + an 35,47 49,73 I 31,78 

ne 1,11 0,05 

c 4,58 

di + he 9,02 5,29 4,44 

fo + fa 7,98 2,6 

en + fs 2,49 

ap 3,63 1,20 0,32 

il 1,65 1,45 0,79 

ma 3,35 2,48 1,55 

An% 33 18 10 

* total includes 1,06 per cent BaO; ** total includes 0,28 
per cent F,O; calcite not calculated. 

{a) Biotite-pyroxene perthitic syenite: {P39) • 
{b) Pyroxene-perthitic syenite: {P40). 
{c) Biotite-pyroxene perthitic syenite: {P41) . 
{d) Biotite-hornblende perthite gneiss: {P42) . 
{e) Quartz syenite: {P43). 
{f) Microcline granite: {P44), 
{g) Microcline granite: (P45). 

Approximate sampling localities shown in Fig.20. 
Original sample numbers listed in Table IV-9. 
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TABLE IV-14 - PUBLISHED ANALYSES OF SYENITES AND RELATED 

Si02 

Ti02 

Al20 3 

Fe2o 3 

FeO 

MnO 

MgO 

cao 

Na2o 

K20 

H20+ 

H20-

C02 

P205 

Totals 

A~GE 

q 

or 

ab + an 

ne 

c 

di + he 

fo ... fa 

en+ fs 

ap 

ilm 

rna 

hem 

An% 

GNEISSES FROM PER'I'HI'I'IC COMPLEXES AFTER 
BLOOMFIELD (1968, p.l44) ' 

(a) (b) (c) 

61,36 60,98 62,91 

0,47 0,60 0,76 

17.77 19,03 16,73 

2,86 3,08 3,47 

1,58 0,96 1,99 

0,07 o.os 0,16 

0, 79 0,63 0,89 

1,97 1, 78 0,99 

3,74 5,36 6,17 

8,21 6,88 5,16 

0,31 0,39 0,17 

0,26 nil 0,19 

0,38 nil n-il 

0,37 0,09 0,07 

100,14 99,83 99,66 

CIPW NORMATIVE MINERALS 

2,47 

40,84 

50,06 

0,28 

2,08 

0,46 

2,80 

0,80 

0, 72 

11 

(d) (e) (f) 

61.86 56,10 55,60 

0,49 0,82 0,83 

18,23 15,85 15,67 

3,53 3,45 3,29 

1,15 2,88 3 ,Ol 

0,07 0,11 0,08 

0,68 2,76 2,81 

0,63 5,85 5,66 

4, 79 4,02 3,49 

7,48 5,75 7,08 

0,62 0,31 0,48 

0,16 0,25 0,06 

nil nil 0,68 

0,35 1,52 1,32 

100,04 99,67 100,06 

(MOLECULAR PERCENTAGES)* 

37,43 

44,20 

0,46 

8,28 

3,33 

2,27 

2,91 

1,.21 

21 

* Normative calcite not calculated. 

(g) 

58,25 

0,76 

18,55 

1,59 

2,56 

0,12 

2,14 

4,39 

4,49 

6,09 

0,09 

0,33 

0,05 

0,44 

99,85 

(a) Hornblende-biotite-certhite gneiss: (P46). 
(b) Biotite-hornblende-perthite gneiss: (P47). 
(c) Biotite-hornblende perthitic syenite: (P48). 
(d) Biotite perthitic svenite: (P49), 
(e) Foliated. pyroxene-hornblende perthitic syenite: (PSO) • 
(f) aiotite-hornblende-diopside perthitic syenite: (P51). 
(g) Hornblende perthitic syenite: (P52) • 

Approximate sample localities shown in Fig.2o. 
original sample numbers listed in Table IV-9. 
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TABLE tv-15 - PUBLISHED ANALYSES OF GRANITOID 
GNEISSES 

Sio2 
Tio 2 
Al2o3 
Fe2o3 
FeO 
MnO 

MgO 

cao 
Na2o 

~0 
s: o+ 

2 
s:

2
o-

P205 
co 

Totals 

(a) 

l 

69,32 

0,08 

14,78 

2,06 

l,Ol 

0,02 

0, 79 

1,12 

3,96 

6,32 

0,44 

O,Ol 

0,28 

0,07 

100,26 

(b) 

2 

69,09 

0,17 

14,45 

1,74 

1,67 

0,06 

0,29 

2,06 

3,39 

6,16 

0,65 

0,22 

o.ll 
nil 

100,26 

(c) 

3 

69,54 

0,17 

14,30 

1,90 

1,84 

0,06 

0,24 

0,88 

4,11 

6,22 

0,04 

0,69 

0,22 

O,Ol 

100,22 

(d) 

75.70 

0,17 

12,95 

1,87 

0,14 

0,14 

0,20 

4,40 

4,06 

0,37 

100,00* 

* Analysis recalculated water-free to 100,00. 

(a) Leucocratic granitoid gneiss (Herdsman, 1963, p.l34): (P53). 
(b) Sheared and epidotized biotite granite (Bloomfield, 1965, 

p .52) : (P54) . 
(c) Granite (Walshaw, 1965, p.Gl): (P55). 
(d) Granite (Bloomfield, 1965, p.53) : (PSG) . 

Approximate sampling localities shown in Fig.20. 
Original sample numbers listed in Table tv-9. 
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TABLE IV-16 - PUBLISHED ANALYSES OF POST-KINEMATIC GRANITE A..'ID 
SYENITE AF'TER BLOOMFIELD (1968, p.l58) 

(a) (b) (c) (d) (e) (f) 

Si02 70,30 66,01 62,09 62,31 66,40 59,18 

Tio 2 0,13 0,38 0, 75 0,51 0,36 0,85 

Al2o 3 15 ,OS 15,89 17,18 17,04 15,39 16,14 

Fe2o 3 1,40 3,05 2,34 2,50 3,14 4,15 

FeO 1,01 0,86 1,87 1.72 1,15 2,59 

MnO 0,06 0,06 0,12 0,08 0,09 0,18 

MgO 0,24 0,43 1,12 1,04 o. 77 1,51 

cao 1,06 1,24 2,54 2,84 1,56 2,46 

Na2o 3,56 4,03 4,23 4,03 4,08 4,48 

K20 6,48 7,38 7,14 7,14 6,35 6,96 

H20+ 0,68 0,63 0,22 0,24 0,38 0,36 

H2o- 0,14 0,29 0,18 0,11 0,18 0,20 

P205 0,04 0,04 0,12 0,27 0,26 0,57 

co2 nil nil 0,29 0,21 nil 0,10 

F 

100,15 100,29 100,19 100,04 100,11 99,73 

(a) Muscovite-biotite granite: (P60). 
(b) Biotite granite: (P61). 
(c) Biotite-quartz syenite (P57). 
(d) Hornblende biotite-quartz syenite: (P58). 
(e) Biotite granite: (P62). 
(f) Biotite-hornblende-quartz syenite: (P59). 

Approxima~e sampling localities shown in Fig.20. 
Original sample numbers listed in Table IV-9. 



TABLE JV-17 - PUBLISHED TRACE ELEMENT CONCENTRATIONS IN METAPLUTONIC ROCKS 
AFTER BLOOMFIELD (1965, pp.48 and 58) 

locality P 35 no. P33 PJB P42 PJ9 P40 P43 P44 P45 P52 

Rb ppm 900 60 50 350 500 290 n.d. 380 220 240 

sr ppm 350 450 300 850 2 000 1 100 1 100 450 700 1 300 

y ppm 35 40 40 85 55 60 70 50 70 70 

Zr ppm 130 120 75 1 000 80 350 1 000 500 800 1 000 

Nb ppm 70 50 35 45 50 65 110 45 55 40 

App~oximate sampling localities shown in Fig.20. 
Original sample numbers listed in Table IV-9. 
Whole-rock analyses and rock designation are reported in Tables IV-11, IV-12, and IV-13. 
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APPENDIX V 

DETERMINATION OF P-T METAMORPHIC CONDITIONS 

In this short Appendix the partitioning coefficient, mole 

fractions and other calculated values used to solve 

geothermometer and geobarometer equations are reported. 

Table V-1 lists the values which were used in the 

definition of the P-T conditions in the areas of two-pyroxene 

granulites according to formulae: (no.2), Wood and Bonne 

(1973); (no.4), Wells (1977); and (no.7), Powell (1978). 

Mole fractions, partitioning coefficients and other 

thermodynamic parameters used to define metamorphic conditions 

in the Tengani and Ncheu areas are shown in Tables V-2 and V-3 

respectively. 

TABLE V-l - ACTIVITIES AND MOLE FRACTIONS OF CATIONS IN COEXISTING 
PYROXENES FROM TWO-PYROXENE GRANULITES 

Sample a~~:t aopx ~~X xcpx ~px opx Xopx ~px 
Area nos. enst ca,M2 g,~ XFe,M2 ca,!-'"2 2 

Zomba (5) o, 0268 0,2120 0,510 0,862 0,065 0,469 0,051 0,452 

(7) 0,0360 0,1837 0,552 0,823 0,0662 0, 5063 0,039 0,4107 

(48) 0,0279 0,2389 0,486 0,887 0,0436 0,4705 0,047 0,4435 

(55a) 0,0431 0,2752 0,547 0,823 0,0662 0,4157 0,037 0,5023 

(55b) 0,0213 0,2591 0,454 0,890 0,034 0,415 0,055 0,498 

Blantyre (46) 0,0326 0,3599 0,377 0,862 0,075 0,3511 0,025 0,5809 

Tete (T37) 0,0342 0, 3806 0,349 0,830 0,0557 0,3379 0,021 0,6301 

0, 0394 0,4366 0,311 0,860 0,0604 0,3037 0,015 0,6723 
(T78l 

Sample localities for the Zanba and Blantyre areas shown in Fig. 9 and in Map 2 in the 
pocket at the back of the thesis; for the Tete area see Appendix I-3 and Coelho (1969). 



TABLE IT-2- MOLE FRACTIONS AND PARTITIONING VALUES (K) FOR GEOTHERMOMETRY­
GEOBAROMETRY IN TENGANI GARNET-cLINOPYROXENE GRANULITES 

Sample no. 

Equation no. (132) (498) (140) (l35b) 

(16) In Ko 1,5724 1,6256 1,4841 

(21) xga 0,2380 0,2331 0,2028 
ca 

(23) A ITr -7,964 

(24) ~i 0,036 

(25) (1-Y) 0,860 

(3) ~~X 0,341 

sample localities shown in Fig.9 and in Map 1 in the pocket at the 
back of the thesis. 

TABLE v-3 - MOLE FRACTIONS AND PARTITIONING VALUES (K) FOR 
GEOTHERMOMETRY-GEOBAROMETRY IN TRANSITIONAL ROCKS FROM NCHEU AREA 

SSYmJ.e !lQ, 

Equation no. 436 468 456 104 

(2) cpx 
a enst 0,0169 0,0367 

cPX 
a enst 0,2247 0,4605 

~~X 0,5018 0,29096 0,4822 

(7) xcpx 
ca, ~ 0,917 0,871 

cpx 
XMg. M2 0,0229 0,0527 

opx 
XFe, M

2 
0,4682 0,2811 

xopx 
ca, ~ 0,038 0,025 

opx 
XMg. ~ 0,4648 0,6849 

(16) ln l1, 1,8825 2,3389 1,3110 

(2l) xga 
ca 0,17498 0,3122 0,1671 

(23) A.Vr -7,97 -8,1732 -a ,0948 

(24) ~i 0,034 0,072 0,058 

(25) (l-Y) 0,4914286 0,5607 0,9151 

Sample localities shown in Fig. ! and in Maps 2 and 3 in 
the pocket at the back of the thesis. 
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APPENDIX VI 

GEOCHRONOLOGY 

(i) Previous Age Determinations 

To date, only nine mineral age determinations from rocks 

of southern Malawi have been published (Bloomfield, 1968) and 

they are listed in Table VI-1. 

TABLE VI-1 - PUBLISHED MINERAL AGES FROM THE AMPHIBOLITE FACIES TERRANES OF SOtJrHERN 
MALAWI, AFI'ER BLOOMFIELD ( 1968) 

Locality Rock Mineral Method Age (m.y.) 

A Nepheline gneiss zircon ?b-Alpha 551 "!: 55 

B Aegirine pegmatite monazite Ph-Alpha 542 t 55 

c Metapyroxenite biotite K-Ar 493 "!: 20 

D Biotitite biotite K-Ar 490 ± 20 

E calc-pelitic schist phlogopite K-Ar 470 t 20 

F Marble phlogopite K-Ar 460 ± 20 

G Quartz-mica schist muscovite K-Ar 440 "!: 20 

H Anatectic syenite biotite K-Ar 395 t 16 

I Metapyroxenite biotite K-Ar 380 ± 55 

Localities of dated rocks are shown in Fig.47, Chapter 7. 

(ii) Sampling details and petrographic data 

The programme of age determinations was carried out on 51 

samples from localities shown in Figs.VI-A and VI-B. Detailed 

information on rock-type designations, thin section numbers and 

sampling areas are listed in Table VI-2; and short petrographic 

descriptions were provided in Appendix II-3. · 
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100 0 500 metres 

LOCALITY MAP OF SPECIMENS 
FROM MPATAMANGA GORGE 

LEGEND 

EITilli RECENT COVER 

~ QUARTZO - FELOSPATHIC ROCK 

~' v v LEUCOCRATlC PYROXENE GNEISS 
~ WITH AMPHIBOLITE INTERBANDS 

ANATECTIC HORNBLENDE GNElSS 

GRANITOID ORTHOGNEISS 
AND GRANULITE {I) 

ROADS 

....._ STRIKE OF SUBVERTICAL FOLIATION 

Fig. VI-A. Geological map of the Mpatanang'a Gorge in the 
Middle Shire transition zone with localities 
of samples used in age determinations. 
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MID-PALEOZOIC TO RECENT SEDIMENTS 
AND IGNEOUS ROCKS 

PERTHITIC SYENITES, GRANITES ETC, 
OF PRECAMBRIAN- LOWER PALEOZOIC AGE 
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Bill AMPHIBOLITE FACIES SUITE 

ANORTHOSITE 

• GRANULITE FACIES AND TRANSITION ROCKS (t) 

km 0 40 80 km 

SCALE 

15° 

Fig.VI-B. Generalised locality map for samples used in age determinations 
(after Clifford et al., in prep.; Bloomfield, 1968). 



TABLE VI-2- LIST OF SAMPLES, PETROGRAPHIC TYPES AND LOCALITIES FOR GNEISSES, GRANUUTES 
AND IGNEOUS ROCKS USED IN AGE DETERMINATIONS 

Sample 
no, 

1 

3 

8 

9 

ll 

12 

13 

26 

27 

30 

31 

33 

34 

35 

36 

39 

40 

41 

42 

48 

53 

54 

Field Slide 
no. no. 

66:-C-3 19647 

66-C-5 19649 

66-'C-10 19654 

66-C-ll 19655 

66.C-l3 19657 

66-C -17 A 19658 

66-CC37 19671 

66-C-38 19672 

68KA 22252 

68KB 22253 

69- 8-'2 23453 

69-8-3 23454 

69:-8-4 23455 

69-8-7 23456 

69-8;-ll 23459 

69-B-12 23460 

69-8.-13 23461 

69-B-17 23462 

69- B-23 23466 

69-B-28 23467 

Rock type 

Quartzo-feldspathic granulite 

Quartzo-feldspathic granulite 

Gneissic granite dyke 

Hypersthene-quartz syenite 

Perthitic gneiss 

Quartzo-feldspathic gneiss 

Biotite gneiss 

Nepheline gneiss 

Biotite gneiss 

Mesocr~tic granulitic gneiss 

Mesocratic granulite 

Quartzo-feldspothic gneiss 

Pyroxene amphibolite (dyke) 

Granite dyke 

Garnet granulite 

Quartzo-feldspothic granulite 

Melanocratic hornblende 
granulite 

Microgranite 

Syenite 

Melanocratic hornblende 
granulite 

Granite dyke 

Amphibolite dyke 

Locality 

Old Prison quarry, Zomba . 

9,6 km on the main road from Zomba 
to Blantyre . 

11,3 km on main road from Zomba to 
Blantyre. 

Chiloni's Court, Ntonya Complex, near 
Zomba. 

2,8 km east-south-east of the 
Namikango Trading Post, Zomba district. 

Quarry, 11,3 km west-north-we:t of 
Liwonde. 

Quarry, 11,3 km west-north-west of 
Liwonde . 

1,6 km west of Muluma Mission, in the 
Ncheu-Livelezi River. 

Murchison Falls, Shire River. 

Quarry, 2 km south of Chichiri, 
near Limbe. 

Quarry, 2 km south of Chichiri, 
near Limbe. 

Quarry 1 11,3 km West-north·-west Of 
Liwonde. 

Quarry, 11,3 km west-north-west of 
Liwonde. 

Quarry, 11,3 km west-north-west of 
Liwonde. 

Uhikombo1a quarry, west-north-west of 
Liwonde. 

West side of main road from Zomba to 
Liwonde, behind Songani Market. 

0,8 km south of Chopi on the 
Zomba-Liwonde Road . 

East-south-east of Mikuyo Radio 
Station, Zomba District. 

Seko1oma quarry, 3,2 km west of 
Ma1abwi Mountain, Blantyre District. 

Chi kala q••arry, 9, 6 km south of 
Zomba on the Zomba-Blantyre Road. 

New Prison ~uarry, northern end of 
Namilongo Hill, 6,4 km froow Zomba. 

Old Prison quarry, Zambo . 
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TABLE YI-2 - LIST OF SAMPLES, PETROGRAPHIC TYPES AND LOCALITIES FOR GNEISSES, GRANULITES 
AND IGNEOUS ROCKS USED IN AGE DETERMINATIONS (CONTD.) 

Sample 
r'IO, 

55 a 

56 

57 

59 

65 

67 

70 

75 

92 

93 

97 

108 

110 

117b 

118c 

I21a 

12lb 

315 

321 

324 

325 

326 

328 

Field 
r'IO. 

Slide 
no. Rock type 

69-'B-30 23469 Quartzo-feldspathic granulite 

72.,:.0-1 Xl9664 Ouartzo-feldspathic rock 

72-D-2 Xl9665 Quartzo-feldspathic rock 

72-D-4A Xl9666 Quartzo-feldspathic rock 

72-D.-7A l(19672 Quartzo-feldspathic granulite 

72-D.:JC X19674 Quartzo-feldspathic granulite 

72-D..JJ Xl9751 Biotite-diopside gneiss 

72-0-14 Xl9756 Leucacratic ~ugite granulite 

72-0-31A Xl9827 Melano.cratic rock 

72-D-318 Xl9828 Mesocratic granulite 

72-0•33 Xl9832 Perthitic orthogneiss 

72-D-44 Xl9936 Garnet gneiss 

72rD.-46A Xl9975 Granite dyke 

72-D-52 X20557 Granite vein 

72-D-54A X20894 Granite vein 

72-'0-59 X20199 Biotite gneiss 

72.-D--59 X20200 Hornblende-biotite gneiss 

MAl94 X21356 Ouartzo-feldspathic granulite 

MA200 

MA203 

MA204 

MA205 

MA207 

X21753 Granulite with leucocratic 
bands 

MA203 Mesccratic granulite 

MA204 Me socratic granulite 

MA205 Mesocratic granulite 

X21752 Mesocratic pyroxene gneiss 

Locality 

Old Prison q~arry, Zomba • 

Ntondwe-Namiwawa River at the crossing of 
the Palombe Raad1 21,7 km east-south­
east of Zomba . 

Piriwit Mountain 21,7 km east-south­
east of Zomba . 

Zambo-Lilongwe road, cutting east of 
Song ani Mountain, 14,5 km north of Zomba . 

1,9 km west of Chowe School on the 
Mangoche-Namwera Road • 

1,9 km west of Chowe School on the 
Mangoche-Namwera Road • 

3,4 km west-south-west of Chowe School 
on the Mangoche-Namwera Road, in the 
Mpiriri River. 

3,2 km west of Jal.asi Court on the 
Mangoche-Namwera Road. 

2., 4 km south-east of Dedza on the 
Dedza-Ncheu Road. 

2J 4 km SDUth.east of Dedza on the 
Dedzo-Ncheu Rood • 

6, 4 km east-south-east of Dedza. 

2,4 km east of Kampepuza Trading 
centre on the Ncheu-Balaka Rood • 

Quarry, 11,2 km west-north-west of Liwonde . 

Njuli quarry, .46,7 km. south of Zomba. 

Chikala quarry, 9,6 km south of Zomba. 

Lilongwe borehole DH20 (depth 27 m) • 

Lilongwe borehole DH20 (depth 30,5 m). 

4 Km west of Kunthembwe Court, Middle 
Shire district . 

6 Km west-south-west of Kunthembwe Court 
Middle Shire District . 

8,7 Km west-south-west of Kunthembwe Court 
Middle Shire District . 

9,2 Km west-south-west of Kunthembwe Court 
Middle Shire Oisrrict. 

9,8 Km west-south-west of Kunthembwe Court 
Middle Shire District. 

10,5 Km west-south-west of Kunthembwe Court 
Middle Shire District . 
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TABLE VI-2 - LIST OF SAMPLES, PETROGRAPHIC TYPES AND LOCALITIES FOR GNEISSES, GRANULITES 
AND IGNEOUS ROCKS USED IN AGE DETERMINATIONS (CONTD.) 

Sample Field Thin 

no. no. Section Rock types Locality 
no. 

330 MA209 X2l245 Granitic: gneiss Mpatamanga Gorge, Shire River . 

331 MA2l0 X21246 Quartzo-feldspathic: granulite Mpatamanga Gorge, Shire River . 

335 MA214 X21247 Mesoc:ratic: gneiss Mpatamanga Gorge, Shire River . 

351 MA230 X21224 Granulite Wakurumadzi River, 8 Km south-east of 
Mwanza, Middle Shire • 

366 MA245 X21750 Melanoc:ratic: hornblende 11,3 Km west-south·-west of. Kunthembwe 
granulite Court, Middle Shire District • 

367 MA246 X2l751 Mesoc:rotic: hornblende 11,6 Km west~outh-west of Kunthembwe 
granulite Court, Middle Shire District • 

(iii) Analytical techniques and isochron calculating methods 

The Rb and Sr concentrations for the Middle Shire samples 

were measured at the University of Leeds, U.K., by D.C.Rex, using 

standard laboratory procedures, and the precision of each 

determination ~s about ± 1 per cent (la); 
87 86 . 

the Sr /Sr rat~os 

were obtained by mass spectrometry and the precision of these 

measurements is ± ,01 per cent (la). In addition, analyses of 

the N.B.S. S.R.M. - 987 and Eimer and Amend SrC03 standards 

87; 86 -5 -5 yielded Sr Sr ratios of 0 1 71033 ± 4E and 01 70804 ± 3E 

respectively. All age determinations were carried out using 

87 -11 -1 a Rb decay constant of 1,42 x 10 y and in accordance with 
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Brooks et al. (1972) the term isochron, when applied to the samples 

from the Middle Shire, is reserved for regression lines, the data 

points of which scatter less than that amount predicted by 

experimental uncertainties. The degree of scatter is expressed 

by a value: 



MSUM= ~SUMS 
N-2 

where N is the number of data points and SUMS is a statistical 

function defined by York (1969); an isochron therefore is 

defined here as a regression line with MSUM less than 2,5. 

In contrast, unpublished age determinations for the 

regional granulite and amphibolite facies suites were obtained 

with a computer programme available at Leeds University, which 

relates the scatter of the points on the Rb-Sr isotope diagrams 

to primary differences in Sr
87

/sr
86 

initial ratios and then 

calculates the most likely isochron slope accordingly (Clifford 

et al., in prep.). 

However, the scatter presented by a suite of granite and 

syenite dykes and intrusive bodies was found to be excess~ve and 

the calculated ages should only be considered as indicative. 

In two restricted areas of southern and central Malawi, (namely 

Liwonde and Mangoche) the rather close association of samples 

with petrographic and petrochemical affinities suggest 

h · f S 87js 86 · . . 1 t· d th . omogene~ty o r r ~n~t~a ra ~os; an e~r age was 

calculated with the regression technique of York (1969). 

Analytical data obtained from regional granulites, gneisses and 

intrusive bodies (with the exception of the data for the rocks 

of the Middle Shire transition zone presented in Chapter 7) are 

listed in Tables VI-3 to VI-5); and the relative isochron 

diagrams are shown in Figs.VI-C to VI-G. 
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Considering then the U-Pb mineral age determinations, 

the lead and uranium isotopic analyses were performed by 

Dr. C. Burger at the C.S.I.R. (Pretoria) by mass spectrometry 

on samples prepared using the laboratory procedures described 

by Clifford et al. (1975). Precision for the above elements 

~s better than ± 1 per cent, while for Pb-isotopic ratios it 

~s better than ± 2 per cent; the decay constants used are: 

235 -9 -1 u 1 019722 X 10 y· i · d U238 
an , -9 -1 0,1537 X 10 y 

(iv) Tables of results and isochron diagrams 

Rb-Sr isochron diagram (regional granulites) Fig.VI-C 

Rb-Sr analytical data (regional granulites) Table VI-3 

Rb-Sr isochron diagram (Mangochi area) Fig.VI-D 

Rb-Sr analytical data (regional gneisses) Table VI-4 

Rb-Sr isochron diagram (regional gneisses) Fig. VI-E 

Rb-Sr isochron diagram (Liwonde area) Fig.VI-F 

Rb-Sr analytical data (intrusive bodies) Table VI-5 

Rb-Sr isochron diagram (intrusive bodies) Fig.VI-G 
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Regional quartzo-feldspathic granulites used 
in the age calculations; and 0 other similar rocks 

Rb B1f Sr 86 
0·70-l------'------..,.------r------------------.,......----,..----~~----

0 

Fig. VI-C. 

2 3 

Rb-Sr whole-rock isochron diagram, after Clifford et al. (in prep.), for the regional 
quartzo-feldspathic granulites of southern Malawi (see Appendices VI-B and VI-2 for 
sample localities and Appendix II-3 for petrographic descriptions). 
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TABLE VI-3-Rb-Sr ISOTOPIC DATA FOR REGIONAL GRANULITE FACIES AND RELATED ROCKS 
(AFTER CLIFFORD ET AL., IN PREP.) 

Sample ( l) Slide 
no. no. 

1 19647 

3 19649 

26 19671 

30 22252 

31 22253 

36 23456 

39 23459 

40 23460 

48 23466 

55 a 23469 

56 Xl9664 

57 Xl9665 

59 Xl9666 

65 Xl9672 

67 Xl9674 

70 Xl9751 

75 Xl9756 

92 Xl9827 

93 Xl9828 

108 Xl9936 

351 X21224 

Name 

Quartzo-feldspathic granulite 

Quartzo-feldspathic granulite 

Nepheline gneiss 

Mesocratic granulite 

Mesocratic granulite 

Garnet granulite 

Quartzo-feldspathic granulite 

Melanocratic granulite 

Me1anocratic granulite 

Quartzo-feldspathic granulite 

Quartzo-feldspathic rock 

Quartzo-feldspathic rock 

Quartzo-feldspathic rock 

Quartzo-feldspathic granulite 

Quartzo-feldspathic granulite 

Biotite-diopside gneiss 

Leucocratic augite 
granulite 

Melanocratic rock 

Mesocratic granulite 

Garnet gneiss 

Granulite 

62 213 

2 157 

30 2 240 

52 l 143 

b4 1 015 

100 212 

33 241 

10 171 

21 220 

85 281 

26 57 

90 62 

62 331 

141 194 

134 91 

169 114 

78 375 

111 120 

63 327 

88 217 

69 464 

0,840 

0,039 

0,039 

0,132 

0,182 

1,366 

0,397 

0,169( 2 ) 

0,267( 3 ) 

0,869( 2 ) 

1,323 

4,202 

0,540 

2,107 

4,235 

4,285 

0,602 

2,675 

0,560 

1,182 

0,428 

309 

0, 7212 

0, 7076 

0, 7077 

0, 7061 

0, 7066 

0, 7303 

0, 7104 

0, 7047 (Z) 

0, 7090 (3 ) 

0, 7211( 2 ) 

0, 7184 

0, 7727 

0, 7149 

0,7390 

0, 7709 

0,7498 

0, 7188 

0,7357 

0, 7197 

0, 7226 

0, 71035 

Analysts: J. Gronow (nos. l, 3, 26, 30, 31, 36, 39, 40, 48 and 49); and for all other samples 
A. Gledhill. 

(1) see Appendices VI-B and VI-2 for localities and Appendix II-3 
for petrographic descriptions. 

(2) Mean of duplicate analyses. 

(3) Mean of triplicate analyses. 
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TABLE VI-4- Rb-Sr ISOTOPIC DATA FOR AMPHIBOLITE FACIES ROCXS (AFTER CLIFFORD ET AL., IN PREP.) 

sample< 1) Slide Rbppm Srppm Rb87/Sr86 Sr87/Sr86 
Name 

no. no. 

11 19657 Perthitic gneiss 303 994 0,8844 0, 7165 

12 19658 Quartzo-feldspathic gneiss 120 342 1,018 0. 7169 

13 19659 Biotite gneiss 159 621 0, 740( 2 ) 0, 7132( 2 ) 

27 19672 Biotite gneiss 78 695 0,324 0, 7097 

33 23453 Quartzo-feldspathic gneiss 135 748 0,523 0. 7112 

34 23454 Pyroxene amphibolite 9 166 0,149( 2 ) 0,7065~ 2 ) 

54 23468 Amphibolite 20 275 0,213( 2 ) 0. 7077( 2 ) 

12la X20199 Biotite gneiss 94 177 1,544 0,72357 

12lb X20200 Hornblende-biotite gneiss 93 215 1,250 0. 72005 

Analysts: J.Gronow (nos. 11, 12, 13. 26, 27, 33, 34 and 54) ; and for the remaining samples 
A. Gledhill ( 12la and 12lb). 

(1} See Appendices VI-B and VI-2, for localities and Appendix 
II- 3 for petrographic descriptions. 

(2) Mean of duplicate analyses. 
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Fig.VI-E. Rb-Sr whole-rock isochron diagram,after Clifford et al. (in prep.1 for the southern Malawi 
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and Appendix II-3 for petrographic descriptions). 
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TABLE VI-5 - Rb-Sr ISOTOPIC DATA FOR GRANITE DYKES, VEINS AND INTRUSIVE BODIES (AFTER CLIFFORD 
ET AL., IN PREP.) 

Sample(!) Slide 

no. no. 

8 

9 

35 

41 

42 

53 

97 

110 

117b 

118c 

19654 

19655 

23455 

23461 

23462 

23467 

Xl9832 

Xl9975 

X20557 

X20894 

Name 

Gneissic granite 

Hypersthene-quartz syenite 

Granite 

Microgranite 

syenite 

Granite 

Perthitic orthogneiss 

Granite 

Granite 

Granite 

173 

114 

162 

187 

132 

152 

161 

99 

192 

135 

183 

256 

547 

77 

905 

138 

777 

538 

197 

299 

2,752 

1,289 

0,859 

7,015 

0,423 

3,19 <21 

0,602 

0,531 

2,826 

1,307 

0, 7329 

o. 7183 

0, 7140 

0,7555 

0, 7092 

o, 728</21 

0,71027 

o, 71106 

0,72515 

0, 71755 

Analysts a J.Gronow (nos. 8, 9, 35, 41, and 53): 
(nos. 97, 110, 117b and 118c). 

and for the remaining samples A.Gledhill 

(1) See Appendix.VI-B and VI-2 for localities, and Appendix II-3, for petrographic 
descriptions. 

(2) Mean of duplicate analyses. 
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and Appendix II-3 for petrographic descriptions). 



316 

APPENDIX VII 

THE GRANULITES OF THE TETE'AREA, MOZAMBIQUE 

1. Introduction 

In order to improve the understanding of the regional 

geological framework of southern Malawi, it was considered 

useful to determine the metamorphic overprint on the Tete 

Complex of north-west Mozambique (see Fig.VII-A). For this 

reason a brief study was carried out on a suite of samples, 

listed .in App,endix I, which were kindly provided by Mr. P. Coelho 

of Lisbon Geological Museum. Coelho (1969) provided 

generalised sampling localities and extended petrographic and 

petrochemical information for these samples, and his original 

specimen numbers, preceded by the letter T have been maintained 

~n the present study. 

2. Regional setting 

Rocks of the Tete Co~plex constitute an extension of 

the Basement suite of southern Malawi situated some 20 km south-

west of the Mwanza Fault (see Fig.VII-A). Its contacts with the 

regional gneisses of the Mwanza area are hidden below younger 

Karoo sediments. Rock exposures of the Tete Complex outcrop 

2 over an area of about 6 000 km on either side of the Zambezi 

River north of the town of Tete. The only known exposures of 

the intrusive contact between the Complex and the Basement 

paragneisses and granodioritic rocks are in the south-west and 



~ 
~ 

Gneisses, Schists, Amphibol ites, undifferentiated 
with structure form-lines 
Perthitic (meta-) syenites, and (meta-) granites, 
charnockites, with some monzonite and ultrabasic rocks 

Pyroxene 
11
8rown

11 
granite 

Granulites, undifferentiated, with structure 
form-lines 
Anorthosite and metagabbro with structure 
form-lines 
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jt--tj Faults W Davidite occurrences r::::;J International borders 

Fig.VII-A. Generalized geology of southern Malawi and the 
adjacent Tete area of north-west Mozambique (after 
Davidson and Bennett, 1950, Freitas, 1956; 
Oberholzer 1968, Bloomfield, 1968; and Vail 1968). 
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~n the north (Real, 1966; Vail, 1968). 

~s hidden below the Karoo cover. 

Elsewhere this contact 

The rock types most frequently represented in the Complex 

are anorthosite and gabbro, that includes neritic types (Vail, 

1968). Minor pyroxenite, amphibolite, syenite and aplitic 

granite occur (Coelho, 1969), while vanadiferous ilmenite­

magnetite bands are found in gabbro and anorthosite (Vail, 1968). 

Neither the metamorphic grade nor the age of this complex 

were defined (Vail, 1968 ); however, davidite associated to shear 

zones was dated by Darnley et al. (1961) at 578 ± 15 m.y. and by 

Cohen (1957) at 330 ± 15 m.y.,. These data set a minimum age to 

the intrusion, reputed Archean by Saggerson and Turner (1980). 

3. Petrography 

The investigated samples are hypermelanic to melooocratic, 

while anorthosite is dark coloured. Plagioclase and scapolite 

present a typical waxy "charnockitic" lustre. In thin section 

the rocks show granoblastic, equigranular textures, with straight 

gra~n boundaries and triple-point junctions. The hypermelanic 

rocks nos. Tll7, Tl80 and T240 are characterised by the mineral 

assemblage orthopyroxene-clinopyroxene ±olivine, with textures 

grading from hypidiomorphic to xenomorphic/xenoblastic. The 

pyroxenes have frequent interlobate boundaries. Regularly 

spaced exsolution lamellae of orthopyroxene (Plate .24) are very 

frequent in the clinopyroxene, which is often clouded by an 



Plate 24. 

Plate 25. 

Pyroxenite, detail of clinopyroxene (X), with 
scapolite-hornblende-microshears (S) off-setting 
exsolution lamellae of orthopyroxene. X50, Tete 
area (sample no.Tll7; Coelho, 1969). 

Anorthosite, detail of sheared plagioclase (P); 
note scapolite (S), and size breakdown of 
feldspar along cross-cutting shears. XlO, 
crossed nicols, Tete area (sample no.Tll; Coelho, 
1969). 
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opaque dusting. The assemblage orthopyroxene-clinopyroxene-

plagioclase is preserved in the melanocratic granulites nos. 

T37 and T78. Clinopyroxene, which occasionally hosts small 

feldspar inclusion~displays a distinctive pale-pink to pale­

purple hue. The orthopyroxene is distinctly pleochroic from 
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apple-green to salmon-pink. Plagioclase has a composition from 

The only accessory minerals are ilmenite and 

magnetite,and the texture is typically granoblastic. 

The gabbro no.T257 is characterised by the partly preserved 

igneous assemblage: labradorite-olivine-clinopyroxene. The 

rock texture is medium-grained, hypidiomorphic-idiomorphic, with 

intensely clouded feldspars and kelyphitic and embayed crystals 

of olivine. The clinopyroxene is zoned with a pale-green core 

and a colourless ri~, while small orthopyroxene grains are 

locally developed at the contact between olivine and plagioclase. 

In the anorthosites nos.T8 and Tll the assemblage antiperthitic 

No-labradorite-clinopyroxene ±sphene is preserved. The 

texture is very coarse and porphyritic with plagioclase often 

attaining megacrystic dimensions. 

Textures indicative of retrogression are present in the 

majority of the samples and are characteristically associated 

to cross-cutting shear zones or areas of ductile deformation 

(see Plates 24 to 26). The original assemblage of clinopyroxene-

intermediate plagioclase is still clearly recognizable in the 



Plate 26. 

Plate 27. 

Two-pyroxene granulite; detail of clinopyroxene 
showing ductile deformation. Note small 
plagioclase inclusions (P). X50, Tete area 
(sample no.T78, Coelho, 1969). 

Metagabbro; detail of clinopyroxene (X) with 
regularly distributed grains of plagioclase, sphene 
and hornblende. X50, Tete area (sample no.T201; 
Coelho, 1969). 
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metagabbro no.T201 in which the pyroxene is generally filled 

by minute plagioclase, hornblende and sphene inclusions (see 

Plate 27) and is surrounded by a r~m of amphibole. The 

original plagioclase in contrast has undergone widespread 

size breakdown and replacement by scapolite. The process of 
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scapolitisation is locally almost complete, and ~n the 

melanocratic scapolite granulite no.Tl9 relicts of orthopyroxene 

are occasionally preserved within a medium- to coarse-grained 

granonematolepidoblastic ground-mass characterised by the 

stable paragenesis scapolite-hornblende-orthopyroxene ± biotite. 

In extreme cases, anorthosite and metagabbro are converted to 

scapolite rock or to calcite ± scapolite rock. 

(Davidson and Bennett, 1950). 

More than one event of shearing, mylonitisation and fabric 

annealing has also been identified. The complex polymetamorphic 

mineral relationships are summarised in Table VII-1 where 

olivine, colourless clinopyroxene and plagioclase are shown as 

primary magmatic phases. In contrast, Event 1 is marked by the 

development of granoblastic orthopyroxene from the reaction of 

olivine with plagioclase in gabbro no.T257; therefore 

indicating the onset of the granulite facies metamorphism (see 

Chapter 5, p.l28 and Fig.36). Event 2 is defined by subsequent 

widespread shearing, generally accompanied by the growth of 

scapolite, hornblende, biotite from plagioclase and pyroxenes. 
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Davidite ~s the typical oxide mineral formed during this event 

~n zones of more intense scapolitisation (Davidson and Bennett, 

1950). 

A later episode, presented in Table VII-1, ~s defined by 

the growth of epidote and of kyanite from plagioclase and of 

plagioclase, hornblende and sphene grains from the clinopyroxene 

(see Plate 27). In particular, kyanite occurs in sample no.T8 

in a set of cataclostic bands quite distinguished from an 

early set of polygonised shears like those of Plate 25. 

A list of the minerals occurring in the investigated samples 

is presented in Table VII-2. 

TABLE VII-1 SEQUENCE OF METAMORPHIC MINERAL DEVELOPMENTS IN 
ROCKS FROM TETE 

Event(l) 

Shearing (x) 

Minerals 

olivine 

clinopyroxene 

orthopyroxene 

plagioclase 

scopoli te 

hornblende 

biotite 

sphene 

rutile, dovidi te 

kyonite, epidote 

(l) Event magmatic: 
" l 

2 
3 

magmatic 1 2 3 

xxxxxxxx X 

------------· 

see samples nos. Tl80, T240. 
see samples nos. T37, T78. 
see samples nos. Tll7, Tl80, Tl9, T8, Tll. 
see samples nos. T201, T8 • 
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TABLE VH-2 - MINERAL ASSEMBLAGES OF ROCK~ FROM THE TETE AREA, NORTH-WESTERN MOZAMBIQUE 

constituent minerals accessories 
Slide no !::>dl~ opxlcpx gar hor bio Kfl N.,n ~roo,..., ~ apt zir om additional minerals no. I ' 

T8 T8 X X sea, ky 

T8 ditto X X X X 

Tll Tll X X X sea, chl, epi, sph, rut 

Tl9 Tl9 X X X sea, rut 

T37 T39 X X X X X ura ' 

T78 T78 X X X bio = tr 

Tll7 Tll7 X X hor, sco = tr 

Tl80 Tl80 X X pla, ura = tr 

T201 T201 X X hor, sec, zoi, sph 

T240 T240 X X X olivine 

T257 T257 X X X I X X olivine 

The abbreviations used ore the sam" os in Appendix II-2 .. 

4. Mineral Chemistry 

Electron-microprobe analyses of coexisting ortho- and 

clinopyroxene, from two samples of granulitic metagabbros 

(nos. T37 and T78), and of orthopyroxenes from a scapolite 

rock (no.Tl9), are presented in Table VII-3. More specific 

details on the techniques or equipment used, and a list of 

the individual analyses are presented in Appendix III. 

Data presented in Table VII-3 indicate that in the two-

pyroxene granulites, a magnesian hypersthene coexists with an 

alumincu::> and titaniferous augite with an appreciable Na2o 
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TABLE VII-3 - ELECTRON-MICROPROBE ANALYSES OF PYROXENES FROM 
GRANULITE AND SCAPOLITE ROCKS OF THE TETE AREA 
- MOZAMBIQUE 

opx cpx 

Sample (l) no. T37 T78 T19 T19 T37 T78 

No. of 1 1 o-1 b-1 2 2 analyses 

Si02 50,14 51,31 52,75 53,25 47,98 47,83 

Ti02 0,18 0,05 0,03 0,03 1,55 1,11 

Al203 4,81 3,43 2,6 2,72 7,71 7,08 

FeO 21,66 19,43 16,16 17,81 8,52 7,01 

MnO 0,34 0,30 0,33 0,37 0,18 0,10 

MgO 22,68 24,15 26,52 26,6 11,95 12,72 

CoO 0,57 0,37 0,63 0,12 20,71 21,19 

Na2o 1,18 0,79 

Total 100,38 99,03* 99,09** 100,94 99,78 97,83° 

CATIONS ON THE BASIS OF 6 OXYGENS 

Si 1,859 1,903 1,927 1,920 1,795 1,812 

Aliv 0,141 0,097 0,073 0,080 0,205 0,188 

Al 0,069 0,053 0,039 0,036 0,135 0,128 

Ti 0,005 0,001 0,001 0,001 0,044 0,032 

F• 0,672 0,603 0,494 0,537 0,267 0,222 

Mn 0,011 0,009 0,01 0,011 0,006 0,003 

Mg 1,253 1,335 1,444 1,430 0,666 0,718 

Ca 0,021 0,015 0,025 0,005 0,830 0,860 

No 0,086 0,058 

Ixyz 4,031 4,017 4,015 4,021 4,033 4,022 

(1) Generalized sampling area is shown in Fig.VII-A (see 
Coelho, 1969). 

Total iron as FeO; •total includes 0,08 per cent Cr
2
o ; 

*•total includes 0,04 per cent Cr2o3; and o total inc~udes 
0,11 per cent Cr

2
o
3

• 
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content. The composition of the Tete pyroxenes is compared 

in Table VII-4 with the variation range of the main oxides in 

the hypersthene and augites from southern Malawi granulites. 

Table VII-4 clearly indicates the pronounced enrichment ~n 

Al
2
o

3
, and in Ti0

2
, MgO and Na

2
0 of the Tete pyroxenes. 

The remaining mineral analyses in Table VII-3 refer to 

sample Tl9. They indicate that in this scapolite rock a 

relict and older bronzite (no.Tl9-a)is similar to a younger 

bronzite (no.Tl9-b), stable with scapolite. Qualitative 

electron-microprobe scans were traversed in a few samples. 

In pyroxenite no.Tll7 (see Plate 24) a scan over scapolite-

hornblende-bearing microshears displayed K and Al concentrations 

well above background values, indicating a 'metasomatic' 

TABLE VII-4 - OXIDES VARIATION RANGE IN METAMORPHIC PYROXENES 
FROM THE TETE AREA ~~D FROM SOUTrlERN MALAWI 

Hypersthene Augite 

Tete Malawi • Tete Malawi" 

Si0
2 

50,1 - 51,3 50,3 - 51,1 47,8 - 48,0 50,0 - 50,8 

Ti02 0,1 - 0,2 0,1 - 0,2 1,1 - 1,5 0,3 - 0,6 

Al203 3,4- 4,8 1,0 - 2,0 7,1 - 7,7 2,2 - 3,0 

FeO 19,4- 21,7 23,3 - 28,9 7,0 - 8,5 10,2 - 12,7 

MgO 22,7 - 24,1 17,2- 21,7 11,9 - 12,7 11,1 - 13,2 

CoO 0,4 - 0,6 0,7 - 1,3 20,7 - 21,2 20,0 - 21,8 

Na
2
0 0,8 - 1,2 0,5 - 0,7 

*The compared granulites of southern Malawi are samples nos. 
46, 48, 55a, and 55b. 

Sample localities for southern Malawi granulites are shown in 
Fig.9 and for the Tete area granulites see note (1) to Table 
VII-3. 



introduction of elements. Moreover, the same results were 

obtained with a scan across a bright-green uralite band in 

pyroxenite no.l80. In the two-pyroxene granulite no.T78 (see 

Plate 26) concentrations of Al were detected in a scan over 

feldspar-like grains in clinopyroxene. In addition, there 

is a certain number of published analyses for the oxide 

mineral davidite which, as previously explained (see Table 

VII-I) is often paragenetically associated to scapolite ± 

calcite or to diopside (Davidson and Bennett, 1950). From 

analytical data this mineral is a titanate of iron with rare 

earths (REE
2
o

3 
+ Th0

2 
~ 6,1 per cent) and uranium (e u3o8 ~ 

9,6 per cent) as essential constituents, and, vanadium (v
2
o

5 

~1,4 per cent) and chromium (Cr
2
o

3 
up to 4,8 per cent) as 

accessory constituents (Bannister and Horne, 1950; Hayton, 

1960; Butler and Hall, 1960). 

5. Determination of P-T metamorphic conditions 

Although minimum electron-microprobe analytical data 
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are available, temperatures ranging from 700° to 800°C have 

been calculated (see Table VII-5; Appendix V-1) by substituting 

mineral chemical data listed in Table VII-3 in equations (2), 

(4) and (7) of Chapter 5. A minimum pressure estimate of 

5-7 kbar is provided in gabbro no.T257 by the reaction of 

olivine and plagioclase to yield orthopyroxene. This is 

based on published experimental results on olivine basaltic 



TABLE VII-5 - GEOTHERMOMETRY OF TWO-PYROXENE GRANULITES 
FROM THE TETE AREA 

T-A T-8 T-C 

Sample no. 5kbar lOkbar 

T37 835 836 740 750 

T78 862 853 719 726 

A, 8 and C refer to geothermometer equations (2), (4) and (7) 
of Chapter 5 respectively; temperature in °C. 
For sample localities see note (1) to Table VII-3. 

compositions (see Table 32 and Fig.36, Chapter 5; Green and 

Ringwood, 1967). A reasonable estimate of the upper limit 

to pressure may be argued from the stability of orthopyroxene 

+ plagioclase rather than garnet + clinopyroxene in the rocks 
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investigated (see Fig.36, Chapter 5; Green and Ringwood, 1967). 

In addition, the high Al2o
3 

content of the Tete pyroxenes 

relative to those from southern Malawi might have some 

significance, if Wilson (1976b) hypothesized correctly that 

Al
2
o

3 
content of pyroxenes tends to increase with pressure. 

Finally garnet-clinopyroxene-andesine rocks are associated to 

metagabbro in the south-western parts of the Basic Complex 

(Vail, 1968). From all the above data and Fig.36 it ~s 

likely that in the Tete area pressures ranged between 6 and 9 

0 
kbar at temperatures of 700 - 850 C. 

6. Discussion and Conclusions 

The Tete Complex is a large igneous mass characterised 

by anorthosite and metagabbro with minor, mainly hypermelanic 

rocks. 
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The similarity between this intrusion and the anorthosite 

' 
masses of Madagascar (Boulanger, 1957) and the Kunene Complex 

of southern Angola (Simpson, 1970) was noted by Vail (1968), 

while Coelho (1969) compared it to the Bushveld Igneous Complex 

of South Africa. The granulite-facies metamorphic overprint, 

and the often megacrystic, antiperthitic nature of the constituent 

intermediate plagioclase (An50 - An
60

) suggest, however, that 

the Tete Complex has distinctive affinities with the massif-

type anorthosites described by Anderson and Morin (1969). In 

addition, the Tete Complex presents some affinity with the much 

smaller Linthipe anorthosite mass, characterised towards its 

margins by a gradation into a gabbroic rock (Bloomfield, 1968, 

p.l36). 

Petrographic and mineral chemical data, applied to 

published experimental results, suggest that the Tete area 

0 0 
was metamorphosed at temperatures of between 700 - 850 C and 

at pressures of 6 to 9 kbar. Subsequently, the anorthosite 

and granulites of the Tete area underwent regional ductile 

deformation, shearing and mylonitisation, with development of 

shear zones oriented north-south (Davidson and Bennett, 1950). 

Subsequently, a fluid composed mainly of C02, Cl, H20 and so3 

(Coelho, 1969) migrated through the shear zones causing 

regional metasomatism and forming scattered mineralisations 

of occasional economic significance (Davidson and Bennett, 1950). 



330 

A list of the minerals associated to the metasomatised rocks 

' 
is presented in Table VII-6 which also indicates some of the 

elements probably introduced by the fluid. 

Although the overall extent of the regional metasomatism is 

unknown, davidite occurrences are only found within the outcrop 

2 
of the Complex and were recognized over an area of ± 800 km ; 

and they possibly extend below the Karoo cover ± 10 km east 

of Tete (see Fig.VII-A; Davidson and Bennett, 1950). 

TABLE VII-6 - ORE MINERALS OF METASOMATIC ORIGIN IN THE TETE COMPLEX AREA 

GANGUE 

Minerals A B c D Main ( 

oxides: davidite X X X Ti, Fe, u, 

rutile, ilmenite, magnetite X Ti, Fe 

pechblende xo U (Pb, Th) 

stibio-, niobo-tontali te X To, 

sulphides: pyrite, pyrrhotite X Fe 

chalcopyrite X Fe, 

molybdenite X Ma 

A, Scapoli te-calcite/dolomite ( ±apatite, tourmaline, siderite). 
B, Diopside (±vermiculite, scapolite, hornblende, tourmaline, apatite). 
C, Albite ± calcite (±tourmaline). 
D, Uncertain; D: os nodules in plagioclase of (meta-) gabbro. 

Sb, Nb, 

Cu 

*References~ (l) Davidson and Bennett, 1950; (2), Real, 1966; (3) Coelho, 1969. 

minor elements) 

La (Ce, Cr, V, Y) 

(U) 

Refs: 

(1) 

(l) 

(2) 

(2),(3) 

(1) 

(l) 

(1) 

The stability of the paragenes~s scapolite-bronzite-hornblende 

~n sample no.Tl9 tentatively suggests that the metasomatic event 

took place under high-erode metamorEhic conditions and that 

at least occasionally the activity of H
2

0 in the vapour was 
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rather low. These conclusions are supported by (a) the 

observed reaction of dolomite with quartz to yield diopside 

(and C02) (Davidson and Bennett, 1950) which moves to the 

right if T ) 625°C and a vapour 
5 Co ~ 9 moles per cent at P 

2 vopour 

:::::::5 kbar (in: Winkler, 1976, p.l21); and (b) the pegmatite-

like dimensions attained by davidite, frequently found in 

shattered crystals with a diameter exceeding 30 em (Davidson 

and Bennett, 1950). 

The age of the granulite facies metamorphism is unknown 

at present but the available data do not support the implication 

by Saggerson and Turner (1980) that the Tete Complex is part 

of a small Archean craton older than 2 500 m.y. In particular, 

(a) the P-T conditions of the Tete area are comparable to those 

of Zomba-Blantyre; (b) typical Mozambiquian amphibolite and 

granulite facies rocks occur in the Tambani area of Malawi at 

less than 20 km from the Tete Complex (see Fig.VII-A); 

(c) there ~s a substantial similarity between the shearing 

and scapolitisation events which affected the regions of Tete 

and of Tengani in southern Malawi (see Table 2, Chapter~); 

(d) davidite-bearing feldspathic mylonite occurs within the 

gneisses of the Tambani area in proximity of the Mwanza fault 

(see sample no.509, Table 1!-l; Fig. VII-A; Cooper and 

Bloomfield, 1961) i and finally (e) the Complex intrudes into 

the Fingoe System (Mouta and Dias, 1957) 1 correlable, if Vail 

(1965b) is correct, with the Umkondo System; and according 
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to this reasoning the Complex is younger than 1 800 m.y. 

' 
(Professor T.N. Clifford, personal communication). From 

the above considerations it is tentatively concluded that the 

Tete Complex is akin to the massif-type anorthosite bodies ~n 

orogen~c terranes and it was affected by medium-pressure 

granulite facies metamorphism during the Mozambiquian 

Orogenic cycle. 
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