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Abstract

The following model equilibria have been observed in metapelites from the Diti
Formation of the Central Limpopo belt.

(Mg,Fe)zSi206 + 2 AhSiOs + Si02 = (Mg,Fe)zAI4SisOI8
Orthopyroxene Sillimanite Quartz Cordierite

2 (Mg,FehAhShOI2 + 4 AhSiOs + 5 Si02 = 3 (Mg,Fe)zAI4SisO'8
Garnet Sillimanite Quartz Cordierite

2 (Mg,FehAhSi30I2 + 3 Si02 = (Mg,Fe)zAI4SisO'8 + 2 (Mg,Fe)zSi206
Garnet Quartz Cordierite Orthopyroxene

5 (Mg,Fe)zSi206 + 10 Al2SiOs = 4 (Mg,Fe)zAI4Sis018 + 2 (Mg,Fe)Ah04
Orthopyroxene Sillimanite Cordierite Spinel

An internally consistent thermodynamic data set in the MAS system for constituent
phases has been derived which is also consistent with both calorimetric data and
experimental equilibria. Microprobe analyses of the phases present in the Limpopo
metapelites have been applied to equilibrium equations derived from this data set, and
conditions of P = 4-5 kbar, T> 670°C are implied assuming aH,o = O. Application of
published cordierite-free thermobarometers both from the pelites and interlayered mafic
granulites, provides similar P-T conditions (P = 3.5-5 kbar, T = 750:<:50°C) indicating that
metamorphism was virtually dry. Conditions of aH,O< 0.5 are also implied by analysis of
equilibria involving hydrous phases.

Decompression reactions are observed both in this and in earlier studies of supracrustal
rocks from the Central Limpopo Belt, and a period of essentially isothermal uplift is
suggested, which raised crustal blocks from depths of about 40 km to 15 km. One possible
speculation is that such rapid uplift results from a phase of extensional tectonics which
occurred between 2600 and 3150 Ma.

Introduction terized by the granulite facies. The belt is divided into
The Limpopo Belt is an east-trending polymetamorphic three zones on the basis of fabric and lithology (Fig. 1).

terrain which separates the Rhodesian and Kaapvaal North and South Marginal zones consist of remnants of
Archaean cratons. The belt has an extensive structural granite-greenstone terrains which are separated by major
and metamorphic history which spans at least 1600 Ma shear belts from the Central Zone. The Central Zone is
from before 3600 Ma to 2000 Ma. It is bounded on its characterized by a predominance of metasedimentary
northern and southern margins by an orthopyroxene rocks which unconformably overlie a gneissic sialic base-
isograd so that metamorphism within the belt is charac- ment (Mason, 1969; Barton and Key, 1981).
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Fig. I. Geological sketch map showing location of Beitbridge
within the Limpopo Belt. A = North Marginal Zone, B = Central
Limpopo Belt, C = South Marginal Zone.

Granulite-facies metamorphism in the belt has been
defined as MJ, with retrogression ascribed to M2 and
subsequent shear-induced metamorphism in the marginal
zones to M3 (James, 1975). However, the age of granulite-
facies metamorphism has not been uniquely defined.
Within the Central Zone, gneisses and granulites from the
Botswana region of the belt provide an Rb-Sr whole rock
isochron age of 2600:t40 Ma (Hickman and Wakefield,
1975). compared with an Rb-Sr age of 2900:t 130 Ma
obtained from whole rock granulites from the North
Marginal Zone (Hickman, 1978). Petrofabric analysis
from the North Marginal Zone indicate two granulite
events (Cliff, 1975): an earlier phase in which hornblende
is stable and a subsequent event resulting in anhydrous
two pyroxene granulites. Granulite metamorphism is
probably more complex than this since Sm-Nd mineral
ages from the North Marginal Zone indicate that some
granulite facies assemblages equilibrated as recently as
1980 Ma (van Breeman and Hawkesworth, 1980). Be-
cause the diffusion of REE in granulites may be sufficient-
ly rapid to prevent the preservation of crystallization ages
(Humphries and Cliff, 1982) this young age may date the
time of Sm-Nd closure at about 600°C. It appears that
granulite-facies metamorphism within the belt was not
restricted to its early history but was diachronous and
possibly recurred over a period of several hundred million
years.

Mineral asSemblages from the Diti Formation

Assemblages from the Beitbridge region of the Central
Zone are among the most complex examples of Limpopo
Belt polymetamorphism. Watkeys (1979) and Broderick
(1979) propose a deformation and metamorphic sequence
which begins with a high-grade metamorphic event (T >
860°C, P > 11 kbar) and is terminated by a low-grade

event (T < 330°C) after a series of folding and decompres-
sive metamorphic episodes. The lithological sequence
which provides the most appropriate assemblages for
petrogenetic study comprises a series of garnetiferous
paragneisses (meta-arkoses and metapelites) interbanded
with magnetite quartzites, calc-silicates and thin horizons
of mafic granulites which has been mapped as the Diti
Formation. These metamorphosed supracrustal rocks un-
conformably overlie basement gneisses (Macuville
Group) and were deposited between 3570 and 3150 Ma
(Barton and Ryan, 1977). The primary gneissic foliation
of both supracrustal rocks and basement have been
refolded by two periods of isoclinal folding (F 1 and F2 of
Watkeys, 1979). The granulite assemblages observed in
the Diti Formation (from metamorphism M2 of Watkeys,
1979) developed during F2 which predates the synoro-
genic emplacement of the Bulai Gneiss at 2600 Ma (van
Breemen and Dodson, 1972).

In the Beitbridge area, exposures of the Diti Formation
provide four distinct cordierite-bearing assemblages
(Table 1).

(i) Cordierite-H ypersthene-Garnet -Sillimanite-
Quartz-Biotite:t Perthite

(ii) Cordierite-Garnet-Sillimanite-Quartz-Biotite-
Plagioclase:t Perthite

(iii) Cordierite-Hypersthene-Sillimanite-Quartz-Biotite
(iv) Cordierite-Hypersthene-Sillimanite-Spinel-

Plagioclase

Assemblage (i) occurs in mesocratic pelitic gneisses.
Garnet is embayed and irregular in form and sometimes
appears to be partially replaced by hypersthene or cordi-
erite. Hypersthene occurs as skeletal porphyroblasts up
to 1 cm across. Equant cordierite frequently shows a
vermicular intergrowth with quartz. Assemblage (ii) in-
cludes coarse garnet porphyroblasts with abundant inclu-
sions of sillimanite, biotite, plagioclase and quartz. The
porphyroblasts are pre or syn-tectonic within a gneissic
matrix of cordierite (often pinitised), sillimanite, biotite,
oligoclase, microperthite and quartz. Assemblage (iii) is
restricted to one occurrence of quartzose gneiss which
contains porphyroblasts of pink hypersthene. Cordierite

Table I. Pelitic assemblages from the Oiti Formation
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Corundum 25.58 26.02 180.2

a-Quartz 23.76 23.70 115.6

Sillimanite 49.90 50.41 295.1'" - 3.0 - 2.4 :!:O.6

Spinel 39.71 40.43 267.9** -23.45 -22.5 :to. 8

Forster! te 43.79 44.91 277.2 -62.0 -63.0 fl.!

Enstatite 62.58 63.81 393.1 -69.16 '-69.5 :t1.4***

Mg-Tschermak 58.95 59.75 393.2 + 2.04 + 2.0 .8

Pyrope 113.27 115.26 777.5 -86.5 -84.6 :!:2.0

Cordierlte 233.2 235.6 1131.7.... -69.67 -68.1 :t2.5

Table 2. Thermochemical data for MAS system

HARRIS AND HOLLAND: CORDIERITE-HYPERSTHENE FROM LIMPOPO BELT1038

Ordered silliman! te

-1
Spinel" 3.4 JK

Perkins et al. (1981), Wood and Holloway (1982)
-1Cordierite + 5.1 JK ,Newton and wood (1979)

Enthalples adjusted to experiments

and sillimanite are restricted to the matrix and are not
contiguous with hypersthene.

The five phases cordierite-hypersthene-garnet-silli-
manite-quartz from assemblage (i) suggest the fOllowing
five four-phase equilibria in the system MgO-AIzO)-SiOz
(MAS), each of which provides a potential barometer.

MgzSiz06 + 2 AIzSiOs + SiOz = MgzAl4SisOl8 (1)
Orthopyroxene Sillimanite Quartz Cordierite

2 Mg)AIzSi)012 + 4 AIzSiOs + 5 SiOz
Gamet Sillimanite Quartz

= 3 MgzA14SisO'8
Cordierite

2 Mg)AIzSh012 + 3 SiOz
Gamet Quartz

= MgzA4SisOl8 + 2 MgzSiz06 (3)
Cordierite Orthopy-

roxene

3 MgzSiz06 + 2 AIzSiOs
Orthopyroxene Sillimanite

= 2 Mg)AlzSi)O,z + 2 SiOz (4)
Garnet Quartz

5 MgzSiz06 + 6 AlzSiOs
Orthopyroxene Sillimanite

= 2 MgzAl4SisOl8 + 2 Mg)AIzShOI2 (5)
Cordierite Gamet

Equilibrium relation (2) pertains to assemblage (ii) above,
and equilibrium (1) pertains to assemblage (iii).

Assemblage (iv) is a silica-deficient assemblage which
occurs as lenses up to 5 mm across within a biotite-
quartz-andesine leucogranite gneiss. Green spinel lies
towards the center of these ocellae, with the rim contain-
ing fine-grained equant crystals of cordierite, pink hyper-
sthene and sillimanite. Also present in this gneiss are
garnet porphyroblasts with abundant inclusions of silli-

manite. An equilibrium condition for the spinel-bearing
ocellae may be written as follows:

5 MgzSiz06 + 10 AIzSiOs
Orthopyroxene Sillimanite

= 4 MgzAl4SisOl8 + 2 MgAlz04 (6)
Cordierite Spinel

To evaluate the conditions of equilibrium defined by
relations (1) to (6) it is necessary to secure experimental
or thermodynamic information for these end member
reactions in the MAS system.

Thermodynamic data for part of the MAS system

Calorimetric data now exist for all phases of interest to
this study (Charlu et aI., 1975; Kleppa and Newton, 1975)
and an attempt to calculate the P-T projection of all
relevant equilibria could be made. However, the quoted
uncertainties in enthalpy data for phases makes this
unsatisfactory, and so the available experimentally deter-
mined equilibria will be used to refine, perhaps somewhat
arbitrarily, the data set so that internal consistency is
obtained.

Following Wood and Holloway (1982) we assume that
I::.S for solid-solid reactions remains constant in the
temperature range of interest and choose 1000 K as a
reference temperature for tabulation of entropies, vol-
umes and enthalpies (Table 2). We also make the approxi-
mation that I::.V and I::.H remain constant so that for
equilibrium we may write:

(2) I::.p.= 0 = I::.HlOoo- TI::.SlOoo+ PI::.VIOOO+ RTinK

Before refining the enthalpy data, some adjustments and
assumptions were made as to the entropy and volume
values used at 1000 K. Entropies were all taken from
Robie et al. (1978) with the exception of orthoenstatite
(Krupka et aI., 1979) and pyrope (Haselton and Westrum,
1980). Our own work (Holland and Carpenter, 1983 and in
prep.) indicates that sillimanite is highly ordered at all
reasonable temperatures, but we have added 5.1 JK-1
mol-1 to the entropy of cordierite to allow for some
configurational Al-Si disorder (Newton and Wood, 1979)
and 3.4 JK-1 mol-1 to spinel for Mg-Al disorder. Vol-
umes for all phases are tabulated and refer to end member
compositions, with the exception of the two orthopyrox-
ene end-members enstatite and magnesium tschermak's
pyroxene for which relevant partial molar volumes are
used (data of Danckwerth and Newton, 1978). All vol-
umes at 298 K are from Robie et al. (1978) corrected to
1000 K using expansion data from Skinner (1966), Hazen
(1976) and Winter and Ghose (1979).

Enthalpies offormation from the oxides at 1000 K are
listed in Table 2 and were derived by fitting to four
experimentally determined equilibria given by reactions
(1) and (4) in addition to reactions (7) and (8) below:

Mg)AlzShOI2 = MgzSiz06 + MgAhSi06 (7)
Garnet Orthopyroxene Orthopyroxene
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Fig. 2. Computed equilibria in the MgO-AI20rSi02 system using data of Table 2; experimental brackets are for reactions (4) and
(8). Numbered lines represent saturation isopleths for x;::/ in orthopyroxene with garnet at high pressures (through reaction 7)), with
corundum at intermediate pressure (through the reaction Enstatite + 2 Corundum = 2 Mg - Tschermak), and with spinel and
cordierite at low pressure (through the reaction Cordierite + 3 Spinel = 5 Mg - Tschermak).

Mg3AlzSbOlZ + MgzSi04 = 2 MgzSiz06 + MgAlz04
Garnet Olivine Orthopyroxene Spinel

In the fitting procedure, entropies and volumes of reac-
tion were taken from Table 2 and a value of ~H assigned
to each equilibrium such that the calculated curve passed
through the pertinent experimental brackets. Sources of
data are as follows: for (7), Perkins et al., (1981) from
which ~S7 = 8.79 JK-1 and ~H7 = 19.38 KJ were
derived; for (8), from Danckwerth and Newton, (1978)
and Perkins et ai. (1981) from which ~H8 = -13.27 KJ
was derived; for (4), from Perkins, (1983) from which ~H4

= -20.24 KJ was derived (using higher temperature
brackets only); and for (1), from the experimental data of
Newton (1972) with additional experimental data reported
in Perkins et al. (1981, p. 101) pertaining to two reactions
involving cordierite and sapphirine which intersect at an
invariant point through which (1) must pass, from which
~H1 = 5.49 KJ was derived. In all cases variable Alz03
content in orthopyroxene was taken into account by
assuming ideal mixing of the MgAlzSi06 component,
following Wood and Banno (1973) and Wood and
Holloway (1982).

We stress that our data set (Table 2) is not intended to

(8)

be a table of optimal quality information on enthalpies
and entropies, but is designed to generate P-T equilibria
consistent with experimental work. In defense of the
approach taken, we point out that our data on the reaction

2 Pyrope = 3 Enstatite + 2 Corundum (Fig. 2)

are in very good agreement with a recent experimental
determination by R. C. Newton (pers. comm.).

The data derived and tabulated in Table 2 were used to
compute a P-T diagram for stable univariant equilibria
involving quartz, cordierite, enstatite, sillimanite, py-
rope, forsterite, spinel and corundum in the system MgO-
Alz03-SiOz in Figure 2. The Alz03 isopleths for orthopy-
roxene are for co-existing garnet + orthopyroxene (high
pressures), for coexisting corundum + orthopyroxene
(intermediate pressures), and for coexisting spinel +
cordierite + orthopyroxene (low pressures). Note that we
have chosen to ignore the additional complexities involv-
ing sapphirine equilibria.

Additionally, we comment on the much debated posi-
tion of reaction (2). This reaction can be written as a
linear combination of reactions (1) and (4) both of which
have an experimental basis and therefore we can derive
~Hz = -24.0::!:3.0 KJ, ~Sz = 81.70 JK-1, and ~Vz =
15.614 J bar-1 which lead to a positive dP/dT slope of 5.2



Table 3. Equilibrium equations for four phase assemblages from Diti Formation
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Table 4. Cordierite analyses

+ Gnt, + Qpx + Gnt ~+Spinel
BB22a BB25c BBlld BB13b BB20a BB20b BB23b BBI7b

Si02 50.61 50.29 49.52 48.99 49.46 48.83 51. 39 49.58

A1203 33.37 33.98 33.24 32.91 32.79 33.30 33.65 33.76

FeO* 3.22 3.42 4.59 4.30 3.98 4.67 3.68 4.81

HgO 11. 30 11".42 10.39 10.34 10.94 10.50 11.08 10.06

To tal 98.51 99.11 97.74 96.54 97.16 97.29 99.80 98.21

Atoms to 18 (0)

Si 5.07 5.01 5.03 5.03 5.04 4.99 5.09 5.02

A1 3.94 3.99 3.98 3.99 3.94 4.01 3.93 4.03

Fe 0.27 0.29 0.39 0.37 0.34 0.40 0.30 0.41

Hg 1.69 1. 70 1. 57 1.58 1.66 1.60 1.63 1. 52

*A1l iron calculated as FeO
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Activities of enstatite in orthopyroxene from Wood and Banna (1973), of the Mg-endmemberin
spinelfrom Harris (1981) and of pyropein garnet from Perkins' apd Newton (1~1) and t:he !otg-
end member in cordierite assuming ideal ionic solid solution.

bar K-1 passing through 800°C at 7.2::tO.3 kbar. We place
this metastable univariant curve at marginally higher
pressures than Newton and Wood (1979), and in substan-
tial agreement with the calculated curve of Martignole
and Sisi (1981).

We feel that, in spite of somewhat arbitrary adjust-
ments to individual enthalpies in Table 2 (pyrope some-
what more negative and forsterite somewhat more posi-
tive to gain reasonable values for enstatite, spinel and
cordierite), the data set is in fair agreement with both the
calorimetry and the experimental equilibria; we therefore
feel confident in its use as a basis for calculating equilibria
pertinent to granulite-facies rocks.

Cordierite-sillimanite-quartz assemblages from the
Limpopo

Natural assemblages differ in two important respects
from the MAS system considered so far. First, the

introduction of Fe to the system will reduce the pressures
at which garnet-bearing assemblages equilibrate due to
the strong partitioning of Fe into garnet. Second, the
presence of H20 in the volatile phase will increase the
equilibrium pressure of all reactions involving cordierite.
Pressures are computed from the assemblages assuming
aH20 = 0, and the effect of finite but low water activity is
considered later. Equations defining the P-T relation-
ships for four assemblages from the Diti Formation have
been derived from the data in Table 2, and are given in
Table 3.

Microprobe analysis of phases from the Diti Formation
metapelites are given in Tables 4-9. Analytical conditions
are described by Harris (1981). Cordie rite and orthopy-
roxene are found to occur as un zoned crystals with little
variation within a given section. Garnet is often slightly
zoned (pyrope-rich core and almandine-rich rims) and. in
these cases, representative analyses of both core and rim



Table 5. Orthopyroxene analyses

+ Gnt, + Cord + Cord + Spinel
Be22a BB25c BB23b BB17b

8i02 50.80 52.32 51. 85 48.21

Ti02 0.17

A1203 6.57 5.24 6.65 8.26

crZ03 0.19

FeD* 19.84 19.89 16.69 26.25

MnO 0.17 0.16

MgO 22.73 23.47 25.09 17.45

caO 0.09

ZnO 0.19

Total 99.94 100.91 100.64 100.78

Atoms to 6 CO)

8i 1.86 1.90 1.86 1.81

Al 0.28 0.22 0.28 0.37

Ti 0.01

Cr 0.01

Fe 0.61 0.60 0.50 0.83

Mg I. 24 I. 27 1.34 0.98

Mn 0.01 0.01

Zn 0.01

'*
All iron calculated as FeD

BBI7b

8i02 0.58

A1203 60.33

FeO* 31. 26

MgO 6.51

ZnO 2.51

Total 101.19

Atoms to 4 (0)

8i 0.02

Al 1.96

Fe 0.72

Mg 0.27

Zn 0.05
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are given (Table 7). For barometric purposes core analy-
ses are used since these give higher pressures and there-
fore are a closer approximation to peak metamorphic
conditions; maximum zoning observed in garnets from
the Diti Formation pelites is LlMg/(Mg+ Fe) < 5% which
only decreases computed pressures by about 600 bars if
rim analyses are used.

Two samples from the Diti Formation contain the five-
phase assemblage (in MAS) cordierite, orthopyroxene,
garnet, sillimanite and quartz (Table 1). However, textur-
al studies of these gneisses indicate that garnet is partially

Table 6. Spinel analyses

'*
All iron calculated

as FeO

replaced by cordierite and orthopyroxene. Moreover,
sillimanite is not found to be in contact with garnet. The
textures are consistent with a decompression event in
which garnet, sillimanite and quartz had initially formed
cordierite by reaction (2), followed by garnet and quartz
reacting to form cordierite and orthopyroxene by reaction
(3). Similar decompression reactions have been described
from garnet inclusions of Pyrenean gneisses (Vielzeuf,
1980). The positions of equilibria (1), (2) and (3) are
plotted in Figure 3 for samples BB22a and BB25c using
the equations formulated in Table 3. The data constrain
the reactions to pass through a point in P-T space at
which all five phases, of the observed compositions, are
in equilibrium. This is an invariant assemblage in the
model system only. The position of intersection MI lies
between 4.1-4.5 kbar at T = 620-670DC. Since the five
phases are not in equilibrium, but result from decompres-
sion reactions such as (2) and (3), the temperature of MI is
a minimum estimate of equilibration temperatures. If the
sillimanite-free four-phase assemblage represented by
equation (3) is an equilibrium assemblage it places a
maximum constraint of 4.5 kbar on the pressure at which
these phases equilibrated.

Cordierite-garnet-sillimanite-quartz (assemblage (iii»
represents the most common cordierite-bearing assem-
blage from the Limpopo metapelites. Calculation of the
equilibria represented by equation (2) (Table 3) for four
such assemblages from the Diti Formation provide pres-
sures of 3.75-4.75 kbar in the temperature range 700-
800DC(Fig. 3).

One sample containing cordierite, hypersthene, silli-
manite and quartz (with biotite), but lacking garnet, has
been found from Diti Dip (BB23b). Equilibrium pressures
for this assemblage derived from equation (I), Table 3,
are similar to those derived from the five-phage assem-
blages plotted in Figure 3. The barometric equations
therefore indicate no significant difference in equilibrium
pressures between the garnet and orthopyroxene-bearing
assemblages. An A-F-M plot of bulk analyses (analysed
by X-ray fluorescence) of cordierite-bearing gneisses
from the Limpopo (Fig. 4) demonstrates that for Fe-rich
bulk compositions (Fe/Fe + Mg) > 0.6) cordierite and
garnet coexist in the absence of orthopyroxene. For Mg-
rich bulk compositions (Mg/(Fe + Mg) > 0.75) cordie rite
and orthopyroxene coexist in the absence of garnet. Only
in intermediate compositions are all three femic phases
(cordierite, garnet and orthopyroxene) present. A similar
control has been noted in cordierite-orthopyroxene as-
semblages from the Indian Archaean (Harris and
Jayaram, 1982). However, Figure 4 also indicates that
although garnet-cordierite-hypersthene and garnet-cor-
die rite-sillimanite assemblages are compatible, hyper-
sthene-cordierite-sillimanite are incompatible as indi-
cated by the crossed tie lines garnet-cordierite and
hypersthene-sillimanite. This relationship is also ex-
pressed by reaction (5) where hypersthene and sillimanite
represent the high pressure assemblage. This suggests
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Table 7. Garnet analyses

+ Cord, + Opx + Cord + Spinel
BB22a BB25c BBlld BB13b BB20a BB20b BB17b

core rim core rim core rim core rim

8i02 40.56 40.88 40.46 39.99 40.01 39.65 40.29 39.81 39.48 39.78 40.13

A1203 22.48 22.03 22.13 22.73 22.30 22.18 22.50 22.46 22.77 22.44 22.46

Cr203 0.11 0.11 0.13

FeD* 26.28 25.94 26.84 27.47 30.01 28.77 26.33 27.96 28.00 28.35 27.66

MnO 0.51 0.16 0.18 0.54 0.86 0.61 0.41 0.51 0.37 0.35 0.44
MgO 11.00 11.83 11.04 9.33 7.25 8.44 10.62 9.12 9.74 9.26 9.73

CaO 0.38 0.13 0.67 0.61 0.61 0.99 1.15 1.14 1.10 1.04 0.88

Total 101.21 100.97 101.31 100.67 101.2 100.75 101.29 101.00 101.46 101.35 101.30

Atom to 12(0)

8i 3.04 3.06 3.04 3.03 3.06 3.03 3.03 3.02 2.99 3.02 3.03

Ai 1.99 1.94 1.96 2.03 2.01 2.00 1.99 2.01 2.03 2.00 2.00

Cr 0.01 0.01 0.01

Fe 1.65 1.62 1.69 1.74 1.92 1.84 1.65 1.78 1.77 1.80 1.75
Mg 1.23 1.32 1.24 1.06 0.83 0.96 1.19 1.03 1.10 1.as 1.10

Mn 0.03 0.01 0.01 0.04 0.06 0.04 0.03 0.03 0.02 0.02 0.03

Ca 0.03 0.01 0.05 0.05 0.05 0.08 0.09 0.09 0.09 0.08 0.07

Core qnd riro analysesgiven where zoning exceeds 1%

*
All iron calculated as FeD

Table 8. Biotite analyses

+ Gnt, + Cord, + Opx + Gnt, + Cord + Cord, + Opx + Spinel
BB22a BB25c 8Bl1d BB13b BB20a BB20b BB23b BB17b

8i02 38.15 38.49 37.36 36.72 37.25 36.84 38.65 36.51

Ti02 4.97 5.39 5.14 5.76 4.94 6.04 4.88 5.28

A1203 15.87 16.12 16.10 15.47 16.08 15.93 16.28 15.39

cr203 0.19 0.29 0.20 0.21 0.17 0.19 0.38

FeD* 11.99 11.47 15.73 14.04 12.73 14.42 13.30 15.37

MgO 14.69 15.87 11. 74 13.30 14.79 11.68 14.19 11.90

CaO 0.09 0.11

Na20 0.44 0.40

K20 10.05 9.20 9.53 10.11 9.82 9.28 9.01 9.69

Total 95.90 97.09 95.89 95.60 95.81 94.36 96.90 94.63

Atoms to 22 (0)

8i 5.58 5.53 5.55 5.47 5.48 5.53 5.59 5.52

Ai 2.74 2.73 2.82 2.72 2.79 2.82 2.78 2.74

Ti 0.55 0.58 0.58 0.65 0.55 0.68 0.53 0.60

Cr 0.02 0.03 0.02 0.02 0.02 0.02 0;05

Fe 1. 47 1. 38 1.96 1. 75 1. 57 1. 81 1.61 1.94

Mg 3.20 3.40 2.60 2.95 3.24 2.61 3.06 2.68

Ca 0.01 0.02

Na 0.12 0.11

K 1. 88 1.69 1.81 1. 92 1.84 1. 78 1.66 1.87. All iron calculated as FeO
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+ Gnt, + Cord + Spinel 'C'O'I-'l-~
BBlld BB13b SB2Da 8B2Qb BB17b ././

./
65.30 60.69 60.21 60.96 61. 95 ./

./
./

./
22.19 23.79 24.28 25.06 24.31

P
0.15 0.29 0.12 0.27 (Kbars)

2.90 6.22 6.42 6.26 5.58

10.05 7.65 8.04 7.85 7.97

0.19 0.43 0.08 0.23 0.32
4

100.64 98.93 99.32 100.48 100.39

~(;)G\..'('\"

'C~'C'I-'l-~

2.86 2,73 2.70 2.70 2.74

1.15 1. 26 1. 28 1. 31 1. 27

0.01 0.01 0.01

0.14 0.30 0.31 0.30 0.26

0.83 0.67 0.70 0.67 0.68

0.01 0.03 0.01 0.02

HARRIS AND HOLLAND: CORDIERITE-HYPERSTHENE FROM LIMPOPO BELT

Table 9. Plagioclase analyses

SiOZ

Ti02

AIZO)

FeD.

Tota 1

Atoms to 8 (0)

5i

Ai

Ti

Fe

Ca

Na

K

*
All iron calculated as FeD

that garnet-cordierite assemblages have equilibrated at
lower pressures than sample BB23b in which hyperstene-
sillimanite pairs are preserved. Since hypersthene is not
seen to be in contact with either sillimanite or cordierite
in this sample, reaction (5) has probably been frozen at
slightly higher pressures by sluggish reaction rates.

An analog of equation (3), but in the FeO-MgO-Alz03-
SiOz system, provides an independent check on the baro-
metric reliability of equation (3).

4 Fe3AlzSi301z + 2 Mg3AlzSi301z + 9 SiOz
Garnet Garnet Quartz

= 6 FezSiz06 + 3 MgzAl4SisOl8 (9)
Orthopyroxene Cordierite

The large volume change of this reaction makes it particu-
larly appropriate for barometry. Combining the standard
state data of Table 2 with the experimental results on the
reactions

2 Fe3AlzSi301z + 3 MgzSi04
Almandine Forsterite

= 2 Mg3AlzShOlz + 3 FezSi04 (10)
Pyrope Fayalite

FezSi04 + SiOz = FezSiz06
Fayalite Quartz Ferrosilite

using data given by Wood and Holloway (1982) provides
the following equation for the assemblage cordierite-
garnet -orthopyroxene-quartz:

(7.28 - In K9) T (OK)+ 535
P (bars) = 2.33

1043

3
500 600 600 900700

rOc

Fig. 3. Cordierite-bearing reactions for samples BB22a and
BB25c. D = model invariant point (MI) for five phase
assemblages. Dashed lines represe!1t equilibria derived from
reaction (9) for these samples. Also shown are PIT bands for
reactions (I) and (2) (shaded regions) from assemblages BB23b,
BBlld, BBl3b, BB20a, BB20b. Equilibria are identified by
sample number, with reaction number given in parentheses.

(II)

The positions of this equilibrium for assemblages from
BB22a and BB25c are plotted in Figure 3 and indicate
slightly higher pressures than those derived from the
MAS system. Assuming T < 800°C, pressures are consis-
tent to within :to.8 kbars.

We can therefore conclude from this study of the
cordierite-sillimanite-quartz assemblages from the Cen-
tral Limpopo that assemblages record pressures of
4.5:t0.8 kbar assuming anhydrous conditions, with T >
670°C. Lack of zoning within the garnets is to be expected
at these high temperatures of equilibration. The assem-
blage cordierite-garnet-orthopyroxene-quartz (reaction
(3)) has also been reported from pelites of the northern

Transvaal region of the South Marginal Zone (Van
Reenan and du Toit, 1978). Sillimanite is either absent or
present as fibrolite inclusions in biotite. Application of
equation (3) to published analyses of the femic phases
cordierite, hypersthene and garnet implies pressures of
4.0:t0.8 kbar similar to conditions computed from the
Beitbridge samples of the Central Limpopo Belt.

Independent P-T determinations from the Diti
Formation

Fe-Mg exchange reactions are commonly invoked to
constrain metamorphic temperatures of pelitic gneisses.
In the Limpopo samples, biotite-garnet pairs provide
very scattered temperatures since the composition of
biotite is highly variable within a given section (see Ghent
et aI., 1982 for discussion of biotite-garnet thermometry
in high grade rocks). Biotite inclusions in garnet are Mg-
rich and provide temperatures of 600-650°C based on the
experimental calibration of Ferry and Spear (1978). Con-
tiguous garnets and biotites provide temperatures of 650-
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F

Fig. 4. Phase relations and bulk analyses of pelitic
assemblages from the Limpopo plotted on a simplified AFM
ternary diagram. A = Ah03/(Ah03 + MgO + FeO). M = MgO/
(FeO + MgO). All Fe calculated as FeO. Solid line indicates
cordierite-garnet-sillimanite (+ = Beitbridge samples). Dashed
line indicates cordierite-hypersthene-garnet (0 = Beitbridge
samples, . = Transvaal samples after Van Reenan and Du Toit,
1978). Dotted line indicates cordierite-hypersthene-sillimanite
(6 = Beitbridge sample, this study,. = Beitbridge sample, from
Chinner and Sweatman, 1968). An AFM projection from
potassium feldspar was not applicable since perthite is only
present in three samples.

750°C and for non-contiguous grains, temperatures of up
to 950°C (outside the calibration range of the thermome-
ter) are indicated. These temperatures may well all be
overestimated because all Fe in biotite is treated at Fe2+ .
If as much as 15% of Fe in biotite from high grade
gneisses is actually FeH (Grew, 1981), temperatures
would be reduced by about 100°C. It is clear that the
mineral pairs have re-equilibrated during cooling, the rate
of equilibration being controlled by, among other things,
the shared surface area. Similar re-equilibration has been
inferred by Ghent et at. (1982) in granulite-facies meta-
morphism. It could be argued that garnet cores and non-
contiguous biotites should be selected, but this procedure
may provide an over-estimate of temperature unless
garnets are small and their retrogressed rims are narrow
(Tracy et ai, 1976). For cordierite-garnet pairs, re-equili-
bration appears even more complete as temperatures
above 650°C are not recorded regardless of the calibration
used (Wells, 1979; Martignole and Sisi, 1981; Lonker,
1981). These observations imply Fe-Mg exchange ther-
mometers involving biotite, garnet and cordie rite do not
realistically constrain peak metamorphic conditions in
high-grade pelitic gneisses.

The aluminum distribution between garnet and ortho-
pyroxene has recently been calibrated as a barometer

M

(Harley and Green, 1982). However, the steep slope of
this reaction with the temperature axis makes it more
suitable as a thermometer provided the approximate
pressure is known. Mineral pairs from samples BB22a
and BB25c provide temperatures in the range 740-820°C,
assuming P = 4.0-5.0 kbar (Fig. 5).

A barometer is provided by the assemblage garnet-
plagioclase-sillimanite-quartz which has been calibrated
by Newton and Haselton (1981). A large uncertainty
stems from the activity of grossular in garnet of very low
CaO contents. Another uncertainty in plagioclase-bearing
reactions comes from the activity coefficient of anorthite
in plagioclase. Recent experimental studies on ordering
and mixing in plagioclase (Carpenter, pers. comm.) sug-
gests that the aluminum-avoidance model applied by
Newton and Haselton may underestimate the magnitude
of 'YAn'For the present we take a nominal value for 'YAnof
2:t 1 for temperatures in the range 700-800°C. (The AI-
avoidance model leads to values < 1.3). This uncertainty
propagates an error of :t2 kbar in the barometer. Pres-
sures derived from samples BB13b, BB20a and BB20b lie
in the range 3.5-5.0 kbar for temperatures of 780:t40°C
(Fig. 5). Sample BB lId indicates somewhat higher pres-
sures, but is excluded since sillimanite is only present as
inclusions in garnet, and therefore was not in equilibrium
with other phases.

Interlayered with pelitic gneisses in the Diti Formation,
horizons of mafic granulites contain the assemblage gar-

BB23a(GC)

6

4

2

TOC

Fig. 5. Cordierite-absent reactions from the Diti Formation.
Mineral phases given in parentheses. GO = garnet-
orthopyroxene (Harley and Green, 1982); GSPQ = garnet-
sillimanite-plagiocJase-quartz (Newton and Haselton, 1981);
GCOP = garnet-clinopyroxene-orthopyroxene-plagioclase
(Hansen, 1981); GCP = garnet--clinopyroxene-plagioclase, and
COP = garnet-orthopyroxene-plagioclase (Perkins and Newton,
1981); GC = garnet--clinopyroxene (Ellis and Green, 1979).
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net-horn blende-clinopyro xene-orthopyroxene-plagio-
clase (BB23a). Such assemblages are useful because they
may constrain both temperatures and pressures of equili-
bration. Garnet-two pyroxenes-plagioclase-quartz (Han-
sen, 1981), garnet-orthopyroxene-plagioclase-quartz and
garnet-clinopyroxene-plagioclase-quartz (Perkins and
Newton, 1981) barometers are all sensitive to the activity
coefficient of anorthite in plagioclase. If a value of 2:t: 1 is
chosen, this generates an uncertainty of:t:2 kbar which, if
combined with the quoted error of :t:1.5 kbar, results in
an overall uncertainty of ::t2.5 kbar. The three barome-
ters, when aplied to sample BB23a, indicate maximum
pressures of 3.5-4.0 kbar, (the maximum constraint re-
sults from the absence of quartz). Temperatures derived
from experimentally based calibrations of Fe-Mg distri-
bution between garnet and clinopyroxene (Ellis and
Green, 1979) indicate conditions of 790:t:50°C. The alumi-
num distribution between garnet and orthopyroxene
(Harley and Green, 1982) indicates temperatures of about
700°C. Two pyroxene thermometry is erratic, providing
temperatures between 800°C and 975°C using the calibra-
tion of Wood and Banno (1973), Wells (1977) and Powell
(1978). A recent study of two pyroxene thermometry
(Fornarev and Graphchikov, 1982) concludes that pub-
lished calibrations overestimate temperatures by 50 to
150°C. Lindsley (1983) and Bohlen and Essene (1979)
discuss the problems of two pyroxene thermometry and
conclude that present calibrations are inappropriate for
granulites which have equilibrated at T < 900°C. The
mafic assemblage of sample BB23a is therefore believed
to have equilibrated at pressures below about 5 kbar and
at temperatures of 750:t:50°C. Such conditions are consis-
tent with those determined from the cordierite-bearing
reactions derived in this paper.

The presence of water during metamorphism

The presence of H20 in the volatile phase will increase
the equilibrium pressure of all reactions involving cordi-
erite since water may enter the cordierite structure and
stabilise it to higher pressures than under anhydrous
conditions. Three dehydration reactions are observed
from the Diti formation assemblages which will allow
some estimate of water activity to be made.

2 KMg3AlSi30IO(OHh + 6 Si02
Biotite Quartz

= 3 Mg2Si206 + 2 KAlShOg + 2 H20 (12)
Orthopyroxene Potassium

Feldspar

2 KMg3AlSi30IO(OHh + 9 Si02 + 6 AIzSiOs
Biotite Quartz Sillimanite

= 3 Mg2Al4SisOlg + 2 KAlShOg + 2 H20 (13)
Cordierite Potassium

Feldspar
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2 Ca2MgsSig022(OH2) + 2 Mg3Al2ShOl2
Amphibole Garnet

= 7 Mg2Si206 + 2 CaMgSi206
Orthopyroxene Clinopyroxene

+ 2 CaAlzSi20g + 2 H20 (14)
Plagioclase

Estimates of aH,O in sample BB22a from reaction (12)
indicate values of 0.5 if calculations are based on the
experimental studies of Hoffer and Grant (1980), who
used femic phases of intermediate composition, or much
lower values of <0.1 if based on Wones and Dodge (1977)
who used Mg-end member phases. Reaction (13), ob-
served in sample BB20a, is not strongly sensitive to
changes in aH,O since cordierite is one of the products and
is itself a hydrate. Reaction (14), sample BB23a, may be
computed from the experimental work on tremolite dehy-
dration by Boyd (1959) with the data of Perkins and
Newton (1981) and implies aH,o = 0.2 for BB23a, al-
though this is somewhat unsatisfactory since the ob-
served hornblende has a very low tremolite component.
We conclude that aH,O < 0.5, but that more precise
estimates are as yet not possible. Studies of natural
assemblages in granulite terrains almost invariably place
aH,O < 0.3 (see Touret, 1974, Martignole and Nantel,
1982 for discussion of aH,O during granulite metamor-
phism), and low aH,O is implied by the apparent absence
of melting in these Limpopo samples assuming that
metamorphic conditions reached 800°C. The assemblage
alkali feldspar and quartz, for example, will be con-
strained from melting at these temperatures only if aH,O
< 0.5 (Bohlen et aI., 1983).

-

An alternative semi-quantitative estimate of aH,O can
be derived from the oxide totals of cordierite analyses.
These lie between 0.8-2.6% below 100% (averaging
grains from each section) which, ifit is assumed to be due
entirely to the presence of water (and ignoring the impre-
cision of the analyses), suggests aH,O = 0.1-0.6 obtained
from the hydration isotherms of Martignole and Sisi
(1981). In fact the optically positive nature of cordierite
indicates that some, if not most, of these channel volatiles
will be C02 (Armbruster and Bloss, 1982) so that this
semiquantitative estimate of aH,O must be an over-esti-
mate. -

The effect of aH,O = 0.5 on reaction (2) can also be
estimated. Pressures are increased by about 700 bars
relative to the anhydrous reaction if the Newton and
Wood (1979) hydration theory is used. Alternatively,
treating cordie rite hydration as in Martignole and Sisi
(1981) raises the pressure by about 1200 bars. However,
the pressures computed from cordierite-bearing reactions
(Fig. 3) assume that aH,O = 0, and these lie in the same
field as those computed from equilibria which do not
involve cordierite (Fig. 5). It can be concluded that the
effect of water during metamorphism of these samples
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8was negligible in comparison with other uncertainties in
the geobarometry.

Cordierite-sillimanite-spinel assemblages from the
Limpopo

The assemblage cordierite-hypersthene-sillimanite-
spinel (reaction (6» occurs as lenses within leucogneiss
from the Limpopo Belt (BBI7b, Table 1). This assem-
blage is mantled by plagioclase and biotite but is not in
contact with quartz which is present in the matrix of the
rock. Also present are porphyroblasts of garnet with
sillimanite inclusions, but these are not found in contact
with the spinel-bearing ocellae. The significance of these
assemblages is important since they occur in the same
locality from which sillimanite-orthopyroxene assem-
blages have been described from an unusually Mg-rich
sample (Chinner and Sweatman, 1968) and within which
sillimanite has apparently pseudomorphed kyanite. If this
is the case, then the textures represent significant decom-
pression from pressures in excess of lO kbar.

The phases cordierite-hypersthene-sillimanite-spinel
may have formed an equilibrium assemblage represented
by equation (6) (Table 3). This yields conditions of P =
3.75 - 4.5 kbar, for T = 750:t50°C (Fig. 6). The garnet
porphyroblasts provide pressures in the range 3.5-4.25
kbar derived from Newton and Haselton's garnet-silli-
manite-plagioclase-quartz barometer (assuming a value
of two for the activity coefficient of anorthite). The two
assemblages therefore imply similar pressures well within
error of the two barometers. The garnet porphyroblasts
have a more ferruginous composition than the cordierite-
bearing lenses which might represent decompression
pseudomorphs of an Mg-rich aluminous phase such as
sapphirine.

Suitable mineral thermometers do not occur in this
gneiss. Garnet-biotite pairs give erratic results for rea-
sons already discussed. Fe-Mg distribution between cor-
dierite and spinel has been calibrated as a thermometer
(Vielzeuf, 1983) but application to the Limpopo lenses
indicates a temperature of -650°C which lies below the
range for which Vielzeufs Ko vs. T plots provide a
reasonable correlation. However, garnet-pyroxene pairs
are present in granulites from the same locality which
contains the assemblage garnet-orthopyroxene-biotite-
plagioclase-quartz (BBI6d). These indicate temperatures
of 700-740°C after Harley and Green (1982). This granu-
lite also provides the assemblage garnet-orthopyroxene-
plagioclase-quartz which indicates pressures of about 4
kbar at temperatures of about no°c. It can be seen
therefore that both pelitic and semi-pelitic granulites from
this locality indicate pressures of about 4 kbar, and
temperatures of about no°c. No indication has been
found of the much higher pressures reported by Chinner
and Sweatman (1968). However, if the equation (1) (Table
3) is applied to the phases analyzed in sample 93543
(Chinner and Sweatman, 1968), pressures are obtained of

6
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Fig. 6. P-T field of equilibration for lenses from sample
BBI7b (solid lines). Reaction (6) computed from data in Table 3.
GSPQ = garnet-sillimanite-plagioclase-quartz (Newton and
Haselton, 1981): reactions from sample BBI6d are GO = garnet-
orthopyroxene (Harley and Green, 1982); GOPQ = garnet-
orthopyroxene-plagioclase-quartz (Perkins and Newton, 1981).

-6 kbar at 750°C, 1-2 kbar higher than for samples
discussed in this paper. Chinner and Sweatman report
that the distribution of quartz is very irregular and we
suggest that progression of the continuous reaction (1)
has been frozen by lack of quartz.

Implications of granulite metamorphism

The assemblages observed from the Diti Formation
indicate metamorphism under conditions of P = 4.0:t0.8
kbar, T = 750:t50°C and low aH,O. Textures observed in
both this study and previous work (Robertson, 1977;
Horrocks, 1980, 1983) suggest that the assemblages result
from decompression reactions, and one study (Chinner
and Sweatman, 1968) suggests that an early assemblage
was formed at pressures of lO-12 kbar. This implies that
rapid and virtually isothermal crustal uplift has occurred,
bringing up a crustal block from a depth of about 40 km to
15 km. Rapid uplift would also account for the extremely
high geothermal gradient implied by the cordierite-ortho-
pyroxene gneisses which is in excess of any steady state
geotherm, but could be derived as a transient geotherm
by rapid decompression without loss of temperature.

Tectonic studies of the Limpopo Belt generally concur
that the observed structures result from continental colli-
sion between the Kaapvaal and Rhodesian cratons (Cow-
ard and Fairhead, 1980; Barton and Key, 1981; Light,
1982). The Diti Formation is ascribed to the lower crust
within the overthrust block of the Kaapvaal plate (Light,
1982). Thermal modelling of overthrust orogenic zones
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(England and Richardson, 1977), does suggest that a
period of essentially isothermal uplift follows as a conse-
quence of erosion of the tectonically thickened crust
regardless of whether the rocks in question come from the
upper or lower thrust slice. However, another possible
explanation which merits discussion is that the crust was
subject to extension and rapid crustal thinning during a
period which post-dates the formation of the high pres-
sure assemblages. A phase of extensional tectonics would
allow regions of the lower crust between the cratons to
rise rapidly without perceptible cooling.

The time of the cordierite-orthopyroxene granulite
metamorphism in the Beitbridge region has been placed
between 2600 and 3050 M (Watkeys, 1979). The timing of
the high pressure kyanite-orthopyroxene assemblages is
not known since the assemblage has not been observed
but is inferred from pseudomorphs. It must however post-
date the deposition of the Beitbridge Group between 3570
and 3150 Ma and subsequent tectonic overthrusting
which resulted in metamorphism at depths of about 40
km. At about 3150 Ma the Central Limpopo Belt was
intruded by ultramafic complexes, anorthosites and mafic
dikes. These intrusives have been interpreted as indica-
tors of a suture zone within a collision environment
(Light, 1982) but could equally result from a period of
mantle-derived magmatism during extensional tectonics
(Barton and Key, 1981). The association of the anortho-
sites with riebeckite gneisses in the Beitbridge area
(Light, 1982) favors the latter interpretation since peral-
kaline magmatism is almost entirely restricted to regions
of extensional tectonics. Certainly, if the Limpopo Belt
was subject to an extensional regime prior to the cordier-
ite-orthopyroxene granulite metamorphism, it would pro-
vide a mechanism for the elevated transient geotherms
implied by their assemblages and for the rapid decom-
pression implied by their textures. The distinction be-
tween these two possible models of decompression, (a)
tectonic thickening and erosion, and (b) extensional up-
lift, may in principle be made by detailed investigation of
the mechanisms and kinetics of the decompression reac-
tions. We would expect the former model to involve
decompression over a longer time-scale than the latter.

Conclusions

Metapelitic granulites from the Diti Formation of the
Central Limpopo Belt provide several mineral barome-
ters which include the following four phase assemblages:
cordierite-garnet-sillimanite-quartz, cordierite-ortho-
pyroxene-sillimani te-quartz, cordieri te-garnet -ortho-
pyroxene-quartz and cordierite-orthopyroxene-silliman-
ite-spinel. Appropriate equilibrium conditions have been
calculated in the MAS system based on internally consis-
tent standard state data. Application of the equilibria to
the Beitbridge assemblages indicates that metamorphic
pressures lay in the range of 4-5 kbar (assuming aH,O = 0
during metamorphism), similar to pressures derived from

cordierite-bearing assemblages in the South Marginal
Zone. Application of published thermobarometers to
more basic assemblages from the Diti Formation indi-
cates peak metamorphic conditions given by P = 4.0::tO.8
kbar, T = 750::t50°C. The close agreement between
cordierite-bearing and cordierite-absent barometers pro-
vides some indication that water activity was very low
during metamorphism. No evidence was found for high-
pressure granulite metamorphism, although textural evi-
dence of decompression reactions does allow the inter-
pretation that earlier, high pressure metamorphism
occurred, but whose products have been imperfectly
preserved. The high temperatures maintained at relative-
ly low pressures suggest that decompression was essen-
tially isothermal and therefore unusually rapid. One pos-
sible hypothesis, which requires further testing, is that
the assemblages record a period of extensional tectonics
with associated crustal thinning and rapid uplift of the
lower crust to shallow crustal levels.
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