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Hydration of cordierite and hypersthene and a description of the retrograde
orthoamphibole isograd in the Limpopo belt, South Africa

Dirk D. vAN REENEN
Department of Geology, Rand Afrikaans University, Johannesburg 2000, South Africa

ABSTRACT

The transition from orthopyroxene- to orthoamphibole-bearing assemblages in Mg-rich
metapelites across a retrograde M3 orthoamphibole isograd in the Archean Limpopo belt
in South Africa is expressed by two hydration reactions that are superposed on M2 corona
textures of cordierite and hypersthene after garnet: hypersthene + quartz + H,O = antho-
phyllite, and cordierite + H,O = gedrite + kyanite + quartz. The temperature of hydration
at the isograd of less than 625-650°C at a minimum pressure of 6 kbar is estimated on the
basis of (1) a comparison of published information on the solvus in the orthoamphibole
system to the results of the present study, (2) the presence of kyanite coexisting with
anthophyllite and gedrite both at and south of the isograd, and (3) the application of the
garnet-biotite thermometer. The estimated temperature is far below the upper thermal
stability limit of anthophyllite under conditions where Pyy,o = Piou.

Cordierite at the isograd is partly (or completely) surrounded by gedrite and kyanite,
and hypersthene by anthophyllite; coexisting hypersthene + anthophyllite + quartz is re-
stricted to a narrow zone defined by the isograd. A modified Redlich-Kwong equation of
state for nonideal mixing of H,O and CO, was used to calculate the mole fraction of CO,
(about 0.8) in the fluid phase necessary to displace the equilibrium curve anthophyllite =
7 enstatite + quartz + water to the estimated P-T conditions on the isograd. The presence
of a systematic temperature gradient in the Limpopo belt suggests that the influx of the
CO,-rich fluid occurred at a fixed temperature during hydration.

INTRODUCTION

The Archean high-grade Limpopo belt of southern Af-
rica is a polymetamorphic, highly deformed terrane sit-
uated between the Rhodesian and Kaapvaal cratons (Fig.
1). It has been subdivided into northern and southern
marginal zones, which are separated from a central zone
by major east-northeast-trending parallel ductile shear
zones, the Palala shear zone in the south and the Tuli- %
Sabi cataclastic zone in the north (Mason, 1973; Robert-
son and Du Toit, 1981).

The southern marginal zone consists almost entirely of
two major categories of rocks that represent metamor-
phosed and structurally transformed granite- and green-
stone-type material of the adjoining Kaapvaal craton (Ma-
son, 1973; Robertson and Du Toit, 1981; Du Toit and
van Reenen, 1977; Du Toit et al., 1983; van Reenen,
1983a), including gray migmatized tonalitic and trondh-
jemitic gneisses (the Baviaanskloof Gneiss) and pelitic,
mafic, and ultramafic supracrustals of the Bandelierkop
Formation that occur as a series of easily recognizable
discontinuous keels surrounded by the Baviaanskloof

Gneiss (Fig. 2). The Matok charnockitic-granitic pluton 0 250 500 1000

and the Schiel alkaline pluton that straddle a retrograde —_—

orthoamphibole isograd (Fig. 2) intruded the metamor- Filometecy

phic rocks at 2620 Ma (Barton et al., 1983). The high- Fig. 1. Sketch map showing position of southern marginal

grade rocks were affected by three early folding events, zone of Limpopo belt in South Africa.
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Fig. 3. P-T diagram illustrating uplift and erosion path for
southern marginal zone of Limpopo belt. Boxes represent esti-
mated P-T conditions for M1, M2, and M3. Also shown are (1)
the calculated (endmember) dehydration curve for the reaction
anthophyllite = 7 enstatite + quartz + water under conditions
where Py,o = P, and (2) amount of lowering of fi,, needed to
displace this curve to the M3 P-T estimates. See text for discus-
sion.

and a later deformational event is recognized by post-
metamorphic shear zones that cut across earlier structures;
along the shear zones the high-grade rocks have been ret-
rograded to greenschist-facies assemblages (Du Toit et al.,
1983).

The goals of this contribution are to (1) describe an
isograd established by retrogression of orthopyroxene-
bearing, MgO-rich, metapelitic gneisses of the Bandelier-
kop Formation in the southern marginal zone into
orthoamphibole-bearing gneisses and (2) estimate P-T
conditions for the retrograde reactions and thereby cal-
culate the fluid compositfon associated with retrogression.

METAMORPHIC EVOLUTION OF THE SOUTHERN
MARGINAL ZONE

The retrograde orthoamphibole isograd is a conspicu-
ous regional metamorphic feature of this area. This iso-
grad cuts across the structural trend of all lithologic units
and can be followed for a distance of at least 150 km from
west to east (Fig. 2). It separates an orthoamphibole zone
in the south from an orthopyroxene zone in the north and
can be limited to a distance of not more than a few hundred
meters at right angles to its regional trend. The systematic
regional distribution of the metamorphic zones and the
position of the isograd in Figure 2 are controlled by a
retrograde event (M3) that followed on two earlier gran-
ulite events (M1 and M2) before 2500 Ma (van Reenen,
1981, 1983a; van Reenen and Du Toit, 1977, 1978; Du
Toit et al., 1983).

Peak metamorphic conditions of 7 > 820°C and P >
9.5 kbar were attained during the early prograde stage
(M1, Fig. 3) of this extended period of high-grade meta-
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morphism; this was followed by rapid uplift (M2, Fig. 3),
which is recorded by corona textures of cordierite and
hypersthene after garnet (Fig. 4a). P-T conditions of this
M2 event are ~800°C and 8.6-7.2 kbar (van Reenen,
1983a). The retrograde reactions (M3, Fig. 3) discussed
in the present paper were superimposed on the M2 as-
semblages.

DESCRIPTION OF THE RETROGRADE ISOGRAD

The retrograde isograd, which is only defined within the
pelitic gneisses, is discussed in terms of changes, across
the isograd, in (1) mineral assemblages observed in meta-
pelitic gneisses, (2) the chemistry of minerals such as gar-
net and biotite; and (3) hydration reactions that are tex-
turally preserved in metapelitic gneisses.

Changes in mineral assemblages across the isograd

The orthopyroxene zone, situated to the north of the
isograd, is characterized by the ubiquitous presence of
orthopyroxene in all suitable rock types, including banded
iron formation, ultramafic, mafic, and peltitic granulites,
as well as some members of the Baviaanskloof gneiss. The
mineralogy of representative samples of the metapeltic
gneisses in the three metamorphic zones is shown in Table
1. Hydrous phases, such as biotite in the metapelites and
hornblende in the mafic and ultramafic granulites, are
present in small amounts. Rocks containing exclusively
hydrous minerals are entirely restricted to narrow shear
zones that crosscut all previous structures.

The pelitic gneisses in the orthopyroxene zone are char-
acterized by three main petrographic types based on the
presence or absence or cordierite and/or garnet (Table 1).
These assemblages have been the subject of an investi-
gation (van Reenen, 1983a) of the phase relations involv-
ing coexisting cordierite + garnet + hypersthene + bio-
tite in order to determine the distribution of pressure and
temperature within the orthopyroxene zone during the
first (M2) retrograde granulite event. It was shown (van
Reenen, 1983a) that the phase relations involving these
minerals were controlled by a continuous Fe-Mg reaction
(garnet + quartz = cordierite + hypersthene; Figs. 4a,
11a), the nature of which in turn was controlled by subtle
differences in bulk chemistry (van Reenen, 1983a, p. 152)
during a period of nearly isothermal uplift from granulite
facies conditions.

Compositionally similar rocks in the orthoamphibole
zone are characterized by the presence of coexisting an-
thophyllite + gedrite + kyanite in rocks of suitable bulk
composition (Table 1) and by the presence of cordierite
only as a rare reactant. The position of the retrograde
isograd is defined by coexisting anthophyllite and hyper-
sthene in more Fe-rich rocks, or by the presence of hy-
persthene, anthophyllite, cordierite, and gedrite in more
Mg-rich rocks (Table 1).

Modal compositions of representative samples of the
pelitic gneisses from the orthoamphibole zone are listed
in Table 2. The orthoamphibole-bearing rocks in this table
(and in Table 1) are subdivided into a number of different
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Fig. 4a. The continuous Fe-Mg reaction garnet (Ga) +
quartz = cordierite (C) + hypersthene (H) in the cordierite-garnet
granulites (Group 2P, Table 1) in the orthopyroxene zone formed
by the M2 event (sample DV56).

mineralogical types based on subtle differences in both
mineralogy and bulk chemistry. None of these rocks con-
tain K-feldspar and all contain quartz. Kyanite is usually,
but not always, present in small amounts (Table 2) in the
orthoamphibole-bearing samples of Groups 1A and 2A
as short stubby crystals intimately associated with or-
thoamphibole (Fig. 4b). It is generally an inconspicuous
mineral except in one sample (M215) where it occurs as
well-defined prismatic grains scattered throughout the rock
(Fig. 4c). Coexisting orthoamphiboles are discussed be-
low. The retrograde M3 activity, based on the persistence
of reactant cordierite, extended at least 5 km to the south
of the retrograde isograd in Figure 2.

Changes in mineral chemistry across the isograd

The change in the metamorphic conditions across the
isograd is not only reflected in the mineralogy of the pelitic
gneisses but also by systematic changes in the chemistry
of garnet and biotite (Fig. 5) that correspond with the
position of the isograd based on textural evidence. The
observed increase in the pyrope content of garnet and the
Ti content of biotite in going from the orthoamphibole
zone through the isograd to the orthopyroxene zone was
observed in chemically similar rocks, and this change is
so systematic that the position of the isograd can be mapped
on the basis of the composition of these two minerals.

Hydration of cordierite and hypersthene
along the isograd

The position of the retrograde isograd in Figure 2 is
also defined by hydration reactions involving both cor-
dierite and hypersthene. Most hypersthene grains in both
the cordierite-bearing (DV3, DR157, M346 of Group 21
in Table 1) and cordierite-free rocks (DV38 of Group 31
in Table 1) are partly (Fig. 6a) or completely replaced by
anthophyllite, and this hydration reaction is restricted to
the retrograde isograd. Coexisting hypersthene, antho-
phyllite, and quartz are consequently also restricted to a
narrow zone defined by this isograd.

| — i 4 LA T - L

Fig. 4b. Kyanite (K) intergrown with biotite and orthoam-
phibole (O) (sample DV43).

Cordierite along the isograd is always intergrown with
a relatively coarse grained aggregate of gedrite (and some-
times also of anthophyllite) and kyanite (Fig. 6b). The
aggregate generally appears to have nucleated at cordier-
ite-cordierite grain boundaries and to have grown into the
cordierite. This is illustrated in Figure 6¢, which shows
the incipient hydration of cordierite in the orthopyroxene
zone. The process is identical, but the products are much
finer grained than those observed along the isograd. Ver-
non (1972) described similar hydration processes from
the Arunta Complex in central Australia. Two generalized
reactions are relevant: hypersthene + quartz + H,0 =
anthophyllite and cordierite + H,O = gedrite + kyan-
ite + quartz.

PETROCHEMISTRY

Bulk chemical analyses were done by the General Su-
perintendence Company, Johannesburg, using standard
gravimetric, volumetric, and X-ray fluorescence methods.
The chemical compositions of 8 representative samples
of the pelitic gneisses in Table 1 are given in Table 3.
Microprobe analyses were obtained with a nine-spectrom-
eter automated ARL model seMQ electron microprobe at
the Anglo American Research Laboratories in Johannes-
burg.

Fig. 4c.

Coarse-grained kyanite coexisting with orthoamphi-
bole (O) (sample M215).
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Fig. 5. Variation in composition of garnet and biotite in pelitic gneisses across isograd; @ = orthopyroxene zone, x = isograd,

A = orthoamphibole zone.

Mineral chemistry

Microprobe analyses of cordierite, hypersthene, garnet,
biotite, anthophyllite, and gedrite from seven represen-
tative samples of the different mineralogical groups (Table
1) are listed in Tables 4 to 8. The results in these tables
are mean values for at least two spot analyses of the same
grain of the same mineral in the same thin section. A
systematic check for evidence of chemical zonation was
made only in the case of garnet, where care was taken to
obtain point analyses from both the core and the rim
composition of each analyzed grain.

Garnets (Table 4) show evidence of chemical zonation,
but no detailed zoning profiles were obtained. The general
zoning patterns appear rather irregular, and this is quite
different from the situation in the orthopyroxene zone
where regular zoning patterns (pyrope-rich cores and al-
mandine-rich rims) could be ascribed to the resorption of
garnet during the reaction garnet + quartz = cordierite +
hypersthene (van Reenen, 1983a). The combined gros-
sular and spessartine content ranges from 4.8 to 12.8 mol%
with a mean value of 7.6 mol%.

The mean octahedral site occupancy for all the analyzed
biotites (Table 5) based on 22 oxygens per formula unit
is 5.88, and the mean value for octahedral Al is 0.328 for
biotite from the isograd and 0.563 for biotite from the
orthoamphibole zone. The Ti-content increases from mean
values of 0.199 atoms for biotites in the orthoamphibole
zone through 0.351 atoms at the isograd to 0.492 atoms
in the orthopyroxene zone (see also Fig. 5). The compo-
sition of biotities in the same thin section shows a con-
siderable variation that is dependent on the position of
this mineral with respect to garnet. The most Mg-rich
(and Ti-poor) biotites were analyzed from inclusions in
garnet, while the most Fe-rich (and Ti-rich) biotites occur
in the matrix. The bulk chemical control on the compo-

sition of biotite is illustrated by values of MgO/(MgO +
FeO) that increase from a mean of 0.72 in garnet-bearing
samples (Group 2A in Table 1) to 0.78 in the garnet-free
samples (Group 1A in Table 1). These compositional vari-
ations are independent of the grade of metamorphism and
are similar to those described for biotites from comparable
rocks in the orthopyroxene zone (van Reenen, 1983a).
Cordierite is not stable in the orthoamphibole-bearing
rocks in the orthoamphibole zone; the analyses in Table
6 are, with one exception (DV1), restricted to samples
from the isograd. Cordierite in sample DV 1 is present as
a reactant. A MgO/(MgO + FeO) value of 0.89 in cor-
dierite from sample DV1 (garnet-free Mg-rich rocks of
Group 1A in Table 1) is much higher than the mean value

Table 2. Modal composition (volume percent) of
orthoamphibole gneisses

Q
° w
2 2 R T~
= — - Ll [ ~
Sample &8 W o 5 T T OB g
e} @ - e} E N =3 @ v — —
@ Q — - o + - - = =] =
= <= - = H ~ o h=] [t j=9
~ - [=] o (= L] L) 1S o 8 E
s B EH O A = 8 B 8 B
Dv. 23 18 19 17 5 24 20 X ®
DV. 43 2 12 30 31 25 X
by. 53 5 23 17 7 31 24 X
OV. 2 12 35 25 1 5 23 X 3
oy, 26 12 25 7 55 * X X
M., 447 9 23 13 26 29 X
bv. 47 8 20 19 27 26 ]
Dy, 49 30 X 31 38 %
DR. 184 32 20 48 ® E
Dy, 22 45 3! 9 18 32 "
Dv. 1 48 15 10 12 25 K ®
M, 215 37 17 13 14 19 % X




vaN REENEN: ORTHOPYROXENE-ORTHOAMPHIBOLE ISOGRAD IN LIMPOPO BELT

Fig. 6a. Hydration of hypersthene (H) along isograd (sample
M346). A = anthophyllite.

of 0.85 for cordierite in the more Fe-rich garnet-bearing
rocks (Group 21, Table 1) from the isograd. This chemical
trend is similar to that displayed by biotite and is also in
agreement with similar trends described for cordierite from
the orthopyroxene zone (van Reenen, 1983a).

All the available analyses for hypersthene are from rocks
along the isograd. The Al,O, content of hypersthene in
these samples (mean, 3.06 wt%, Table 6) is slightly lower
than the mean of 5.89 wt% that was reported for this
mineral in similar rocks from the orthopyroxene zone (van
Reenen, 1983a). Analyses for adjacent hypersthene and
anthophyllite in the same sample on the isograd are iden-
tified as such in Tables 6 and 7. The variability in the
hypersthene (and orthoamphibole) composition for a spe-
cific sample is shown by more than one analysis.

Anthophyllite and gedrite coexist in a variety of textures
in the pelitic gneisses in the orthoamphibole zone, and a
common occurrence is as large discrete grains with sharp
optical contacts (Fig. 7). In this mode of occurrence the
two minerals could be distinguished optically—antho-
phyllite being colorless and gedrite showing faint pleoch-
roism.

Representative analyses for anthophyllite and gedrite,
or Al-rich anthophyllite, from rocks along the isograd and

Facongreadnga-s 4 T il o il

Fig. 6b. Hydration of cordierite (C) along isograd (sample
M346). G = gedrite.

Incipient hydration of cordierite in orthopyroxene
zone (sample R13). K = kyanite.

Fig. 6c.

from the orthoamphibole zone are given in Tables 7 and
8. The variability in the orthoamphibole composition
for a specific sample is shown by more than one analy-
sis. The accuracy of these analyses has been evaluated
using the *“residual value” method of Robinson et al.
(1971). This method is based on an ideal formula
Na R#+(R3+,R3+)(AL,,Sis_.,)0,,(0OH),, where x = A
occupancy and y = octahedral Al + Fe** + Cr3* + 2Ti*.
Substitutions of Na (and K) in the A site (x) and of R3*
in the octahedral sites () are compensated by substitution
of Al for Si in the tetrahedral sites, so that the sum of x
and y must be equal to the amount of tetrahedral Al as
shown in the ideal formula (Robinson et al., 1971, p.
1010). The “residual value” is (x + y) — Al"Y, and this
value has a mean of —0.062 (with a range from —0.140
to + 0.044) for anthophyllites, and a mean of +0.078
(with a range from —0.07 to +0.234) for gedrites in this
study. These small values compare favorably with other
orthoamphibole analyses in the literature (e.g., Grant, 1981,
p. 1129) and indicate either analytical error or small de-
viations from the ideal formula. The classification of the
orthoamphiboles from this study into anthophyllite, Al-
rich anthophyllite and gedrite is shown in Figure 8.

The gedrites from the isograd differ markedly in com-

y .‘ o.f:y s

Wl

Fig. 7. Coexisting high-Al gedrite (G) and low-Al antho-
phyllite (A) in orthoamphibole zone.
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Table 3. Chemical analyses of orthoamphibole gneisses from isograd (DV3 to DV38)
and orthoamphibole zone (DV43 to DR184)

Sample DV.3 DR.157 DV. 38 DV.43 M.4h7 DV.22 DV. 1 DR. 184
510, 65.20 55.23 S 7.0 65.40 57.26 57.40 65.36 49.97
A1203 13.70 18.50 14 .70 14.130 16.96 14,70 13.84 13.98
Fe203 0.88 0.73 3.0 0.74 2.50 1.17 1.07 1.15
FeO 7.92 8.88 10.80 6.66 6.56 10.53 4,90 17.76
MgO 6.30 8.86 7.60 5.50 7.13 9.50 7.55 10.39
MnO 0.08 0.10 0.12 0.10 0.11 0.16 0.05 0.20
CaO 1.39 0.68 1.99 1.95 2.13 1.78 1.87 1.68
Na20 1.80 0.81 2,50 2.60 2.34 2.20 2,40 0.66
K,0 1.82 2.25 1.98 1.86 1.18 0.29 0.23 0.52
11‘02 0.68 0.82 0.66 0.58 0.67 0.92 0.58 0.66
on5 0.05 0.07 0.11 0.09 0.05 0.19 0.08 0.11
}120+ 0.80 1.14 0.90 0.90 1.69 0.80 1.06 1.46
co, 0.30 0.90 0.19 0.30 0.09 0.69
1120' 0.12 0.20 0.46 0.49 0.28 0.73 0.15 0.26
Total 101.04 99.26 102.52 101.17 99.05 100.67 99.23 99.49

The mineralogical subdivision of these samples are given in Table 1

position from gedrite in chemically similar samples from
the orthoamphibole zone. They are much more aluminous
(ALO, = 18.42-20.68 wt%) than gedrite from the or-
thoamphibole zone (ALO; = 13.87-16.00 wt%) and are
also characterized by higher Na,O contents (1.81-2.27
wt% against 1.00-1.43 wt%). The gedrites from the isograd
(and especially those from sample DV3) have the highest
AL O, content (20.68 wt%) of any orthoamphiboles re-
ported in the literature (e.g., Rabbitt, 1948; Robinson and
Jaffe, 1969; Robinson et al., 1971; Lal and Moorhouse,
1969; Gable and Sims, 1969; Beeson, 1978; Spear, 1980).
The high Na,O content (2.27 wt%) of this gedrite is similar
to the values of 2.27-2.38 wt% reported for gedrites in
sample 73-29D of Spear (1980) and 2.30 wt% for gedrite
of analysis G-23 in Grant (1981).

The gedrites (and anthophyllites) from the orthoam-
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Fig. 8. Classification of orthoamphiboles in the present study
after Leake (1978).

phibole zone are also enriched in Fe as compared to those
from chemically similar rocks along the isograd. It is
therefore reasonable to suggest that the observed differ-
ences in the composition of gedrites are due only to dif-
ferences in metamorphic conditions. The compositions of
anthophyllites from the isograd do not show significant
differences with respect to their Na,O and Al,O, contents
when compared to those from the orthoamphibole zone,
although there is a slight increase in Al,O, and Na,O in
anthophyllites within this zone.

The presence of a miscibility gap in the anthophyllite-
gedrite series is well documented in the literature (Rob-
inson et al., 1971; Spear, 1980) and coexisting subsolvus
orthoamphiboles have been described by Stout (1970,
1971, 1972), Robinson et al. (1982), Spear (1978, 1980,
1982), and van Reenen (1983b). Figure 9 is a plot of A-site
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Fig. 9. Plot of A-site occupancy vs. Al'"Y for all available or-
thoamphibole analyses.
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Table 4. Representative electron-microprobe analyses of garnet

DV.38 DV.38 DR.157 DV.3 DV.43  M.447  M.4h7 DR.184 DR.184

Core Rim Core Rim Core Rim
5102 19.25 39.33 40.57 40.06 39.39 38.31 38.30 38.34 38.15
A1203 22.35 22.39 21.93 22.28 22.19 21.68 21.78 22.40 22.06
MgO 9.06 9.11 7.93 7.31 5.56 6.95 6.54 7.00 5.91
FeO 27.68 28.65 =27.45 29.77 30.79  30.21 29.33 30.28 32.53
CaO 2.09 1.15 1.14 1.27 2.00 1.64 2.81 2.76 2.01
MnO 0.33 0.29 0.60 0.56 1.27 1.16 1.03 0.31 0.32
Na,0 = =3 0.01 = 0.01 = = = 0.01
Cr203 0.14 0.16 0.05 0.14 0.27 0.13 0.16 0.11 2.01
Total 100.90 101.09 99.66 101.39 101.48 100.08 99.95 101.20 101.27

Cations per 24 oxygens

Si 5.99 6.0 6.22 6.11 6.08 5.99 5.99 5.92 5.94
aty 0.01 0.01 - = - 0.01 0.01  0.08 0.06

6.0 6.01 6.22 6.11 6.08 6.0 6.0 6.0 6.0
av? 4,01 4,02  3.97 4,01  4.04 3.99 4.01 4.0 3.99
Mg 2.06 2,07 1.81 1.66 1.28 1.62 1.52 1.61 187
Fe 3.53 3.65 3.52 3.8 3.97 3.95 3.84 3.91 4.33
Ca 0.34 0.19 0.19 0.21 0.33 0.28 0.47 0.46 0.134
Mn 0.04 0.04 0.08 0.07 0.17 0.15 0.14 0.04 0.04
Na = = 0.01 - 0.01 - - - 0.00
Cr 0.02 0,02 0.01 0.02 0.03 0.02 0.02 0.01 0.04

5.99 5nl97 5.62 5.76 5.78 6.02 5.99 6.03 6.02
Mg /Mg +Fe*2 .37 0.36  0.34 0.30  0.24 0.29 0.28  0.29 0.25

occupancy vs. Al for all the available anthophyllite (in-
cluding Al-rich anthophyllite) and gedrite analyses from
this study. The linear trend observed in this diagram is
identical to that reported by Robinson and Jaffe (1969),
Robinson et al. (1971, 1982), James et al. (1978), Spear
(1980), and Grant (1981). The trend from anthophyllite
to gedrite is very pronounced and is toward the compo-
sition of “ideal” gedrite as defined by Robinson et al.
(1971). The significance of Al-rich anthophyllite in Fig-
ures 8 and 9 is unclear. All three amphiboles were iden-
tified as discrete (although not touching) grains in sample
DV1 (see Tables 7, 8) and subsequently also in sample
DR157 from the isograd. Al-rich anthophyllite coexists
with gedrite in sample DR 157, but was not found in con-
tact with anthophyllite.

The miscibility gap between anthophyllite and gedrite
is also clearly illustrated in Figure 10. It is manifested by
a large discontinuity in the A-site occupancy and in the

Al and Al contents (Spear, 1980, p. 1109). The depen-
dence of the size and shape of the miscibility gap in terms
of X, with respect to A-site occupancy and AI'Y is obvious
from Figure 10. The widening of this gap in more Mg-
rich compositions, however, is not in agreement with
Spear’s data (Robinson et al., 1982, p. 66 and Fig. 29),
which showed that the gap should be narrower for Mg-
rich compositions and also that the solvus would close off
in Mg-rich compositions at a lower temperature than in
Fe-rich compositions. The Mg-rich compositions from
this study are from the isograd (Group 2I, Table 1), and
the Fe-rich compositions are from chemically similar low-
er-grade rocks (Group 2A, Table 1) from the orthoam-
phibole zone.

The distribution of Fe and Mg between coexisting an-
thophyllite and gedrite from this study (Fig. 10) is very
similar to that described by Spear (1980) for coexisting
orthoamphiboles from the Post Pond Volcanics in Ver-
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Table 5. Representative electron-microprobe analyses of biotite

Dv.38‘1* DVv.38 DR.157 DV.3 DV. 1 DV.43 M. 447 DV.22

5102 36.93 37 5 37.97 37.53 38.99 37.91 39.64 37.95
A1203 17.04 17.08 17.06 17.49 17.59 18.42 17.87 17.68
Tio2 3.07 3. 54 3.20 3.68 1.74 1.82 1.73 1.47
MgO 17.91 17.17 17.37 17.06 18.11 16,42 16.76 17.47
FeO 11.11 11.47 11.67 11.64 8.99 12.70 11.61 11.37
CaO & - - - 0.01 - 0.02 0.01
MnO - - = - - 0.02 0.03 0.03
Na20 0.45 0.29 0.37 0.28 0.50 0.53 0.50 O.44
Ko 9.32 9.29 9.38 9.89 8.35 8.56 8.96 8.36
Cr203 0.50 0.52 0.43 0.76 0.52 0.46 0.29 0.40
Total 96.32 96.91 97.45 98.32 94.79 96.84 95.40  95.20

Cations per 22 oxygens

Si 5.35 5.41 5.45 5.36 5.62 5.46 5.49 5.52
Aty 2.64 2.59 2.56 2.64 2.38 2,54 2.51 2.48
8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0

INAE 0.28 0.131 0.33 0.30 0.61  0.59 0.57 0.56
Ti 0.134 0.38 0.35 0.40 0.19 0.20 0.19 0.16
Mg 3.87 3.69 3.71 3.63 3.89 3.52 3.65 3749
Fe 1.35 1.38 1.40 1.39 1.08 1.53 1.42 1.38
Cr 0.06 0.06 0.05 0.09 0.06 0.05 0.03 0.05
5.90 5 812 5.84 5.81 5.83 5.89 5.86 5.94

Na 0.13 0.08 0.10 0.08 0.14 0.15 0.14 0.12
K 1.73 1.71 1.72 1.80 1.54 1.57 1.67 8 5
1.86 1.79 1.82 1.88 1.68 1.72 1.81 1.67

Mg/Mg+Fet?  0.74 0.73 0.73 0.72  0.78 0.7 o) 0.73

In contact with garnet.

The rest are from the matrix

mont: gedrite is enriched in Fe relative to coexisting an-
thophyllite. Total Fe varies very little between antho-
phyllite and coexisting gedrite, whereas anthophyllite is
always enriched in Mg relative to gedrite. A similar re-
lationship in the orthoamphiboles has been described by
Kamineni (1975), Spear (1980, Fig. 9), and Grant (1981).

The observed regularity of compositions of minerals
such as garnet, biotite, and orthoamphiboles across the
retrograde isograd implies that mineral assemblages are
in a close approach to chemical equilibrium along the

isograd. This is substantiated by the repeated presence
along the isograd of both the reactants and the products
(hypersthene + anthophyllite + quartz, and cordierite +
gedrite + kyanite + quartz) of the hydration reactions in
the same samples.

PHASE RELATIONS
The analytical data from Table 3 and Tables 4 to 8 are
illustrated in A'’FM diagrams (Fig. 11), where A’ =
ALO,-K,0-Ca0-Na,O, F = total iron as FeO, and M =
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Table 6. Representative electron-microprobe analyses of cordierite and hypersthene

Cordierite Hypersthene
DR. 157 DV. 3 DV.1 DR. 157 DR.157°  Dv.3t  Dv.3 pv.38% Dv.38
5102 48.96 48.76 49.18 Sio2 52.87 51.69 51.12 51.84 52.61 51.63
/\1203 33.21 32,81 33.22 A1203 3.0k 3.45 2,87 2.53 3.29 3.18
MgO 11,51 10.73 11.92 Ti0, 0.04 0.02 0.02 0.02 = 0.02
FeO 3.00 3.83 2,60 MgO 24 .49 22.22 22.15 21.30 23.97 23.15
MnoO 0.03 0.02 0,01 FeO 21.97 227 23.61 25.37 21.53 21.40
Na,0 0.11 0.10 0.13 Ca0 0.08 0.05 0.08 0.10 0.09 0.08
MnO 0.19 0.22 0.21 0.19 0.08 0.09
Na,0 0.01 0.01 - - - -
Cr203 0.11 0% 7 0.28 0.20 0.14 0. 14
Total 96.82 96.25 97.07 Total 102.80 100,61 100,34 101.57 101.71 99.68
Cations per 18 oxygens Cations per six oxygens
Si 4.99 5.02 5.0 Si 1.91 1.91 1.91 1.93 1.91 1.92
Al 3.99 3.98 3.98 a1tV 0.09 0.09 0,09 0.08 0.09 0.08
Mg 1.75 1.65 1.81
Fe 0.26 0.33 0.22 2,0 2.00 2.00 2.00 2,00 2.00
Ca & = 5
Vi
Na 0.02 0.02 0.03 Al 0.04 0.06 0.04 0. 04 0.05 0.06
Mg 1.29 1.23 1.23 1.20 1.30 1.28
Fe 0.68 0.71 0.74 0.76 0.66 0.66
Mn 0.01 0.01 0.01 0.01 0.01
Cr - 0.01 0.01 0.01 - -
11.01 11.00 11.04 2.02 2.02 2.03 2.02 2.02 2,0
Mg/Mg+Fe 0.87 0.83 0.89 Mg/Mg+Fe 2 0.67 0.64 0.63 0.60 0.67 0.66

*Indicate grains in contact with anthophyllite in Table 4d.

MgO. Small amounts of K-feldspar can occur in assem-
blages from the orthopyroxene zone (Table 1; van Reenen,
1983a, Table 1), but this mineral was never recognized
in orthoamphibole-bearing assemblages (Table 2). Ac-
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Fig. 10. A-site occupancy and Al vs, X, for coexisting ged-
rite and anthophyllite.

cordingly, most of the minerals in the pelitic rocks of this
study can be expressed in A’'FM diagrams, which illustrate
the dependence of assemblages on the Fe/Mg ratio of the
rocks (see also Grant, 1981, p. 1129). Biotite has been
omitted from these diagrams because it lies out of the
AFM plane owing to Ti substitution (Table 5; van Reenen,
1983a, Table 4d).

Initial phase relations before hydration

Mineral assemblages in metapelitic gneisses from the
orthopyroxene zone represent the initial conditions as-
sociated with isothermal uplift (M2) before the establish-
ment of the retrograde isograd during M3 (Fig. 3). The
general phase relations in these metapelitic granulites [with
MgO/(MgO + FeO) = 0.59 — 0.70, Group 2P in Table
1] are illustrated in Figure 11a. The tie lines in this dia-
gram connect the actual compositions of the coexisting
minerals in six representative samples from widely dif-
ferent areas in this metamorphic zone (van Reenen, 1983a,
Fig. 5). The chemographic relations in this diagram illus-
trate the continuous Fe-Mg reaction garnet + quartz =
cordierite + hypersthene, which is petrographically ex-
pressed by the presence of corona textures (van Reenen,
1983a: Figs. 3b, 3c, 3d, 4a). This reaction records con-
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Table 7. Representative electron-microprobe analyses of anthophyllite

+

pv.38% DR.157% DR.157 DV.3%' DvV.1  DV.43  DV.22

5i0, 53.02 54.41 53.75 54.19 54.55 51.83 52.94
A1203 3.99 3.15 3.96 2.47 3.36 4.89 3.67
T102 0.08 0.03 0.04 0.02 0.07 0.11 0.11
MgO 22.10 22.72 23.43 22.27 22.96 19.51 20.33
FeO 17.85 17.96 17.57 18.15 15.06 20.17 19.46
CaO 0.21 0.16 0.20 0.16 0.24 0.25 0.30
MnO 0,08 0.14 0.16 0.09 0.12 0.27 0.23
Na20 0.29 0.22 0.27 0,17 0.22 0.38 0,21
Cr203 0.17 0.16 0.16 0.20 0.42 0. 14 0.17
Total 97.79 98.96 99.54 97.72 97.0 97.55 97.42

Cations per 23 oxygens

Si 754 7.63 7.49 7.70 7.7 7.48  7.61
ALY 0.46 0.37 0.51 0.30 0.30 0.52 0.39
8.0 8.0 8.0 8.0 8.0 8.0 8.0

a1Vt 0.20 0.15 0.14 0.1z  0.25 0.31  0.23
Mg 4.68 4.75 4.87 4,72 4.83 4,20 4.36
Fe 2.12 2.11 2.05 2.16 1.78 2.43 2.34
Ti 0.01 - 0.01 E 0.01 0.01 0.01
Cr 0.02 0.02 0.02 0.02 0.05 0.02 0.02
Ca 0.03 0.02 0.03 0.02 0.04 0.04 0.05
Mn 0.01 0.02 0.02 0.02 0.01 0.03 0.03
M, M, 7.08 =07 T. 14 7.06 7.00 7.04 7.04
Na (A) 0.08 0.06 0.07 0.05 0.06 0.11 0.06
Mg/Mg+Fe*2  0.69 0.69 0.70 0.69 0.73 0.63  0.65

fIndicate grains in contact with

hypersthene in Table 4c.

ditions of essentially isothermal (7" = 800°C) uplift (M2,
Fig. 3) that raised crustal blocks from depths of at least
35 km (10 kbar) to 23 km (7 kbar, van Reenen, 1983a).
This same reaction has run to completion in samples with
MgO/(MgO + FeO) > 0.70 (Group 1P in Table 1), there-
by giving rise to assemblages of cordierite + hyper-
sthene + biotite (+ quartz + plagioclase) without garnet.

Final phase relations after hydration

The orthopyroxene- and cordierite-free assemblages (Fig.
11b), which represent the final conditions in the orthoam-
phibole zone after hydration, are characterized by the
presence of coexisting anthophyllite + gedrite + kyanite
(+ quartz + plagioclase + biotite) in MgO-rich rocks
[MgO/(MgO + FeO) > 0.59, Table 1]. Figure 11b also
illustrates the influence of the MgO/FeO ratio of the rocks
on the composition of coexisting minerals in the orthoam-
phibole-bearing gneisses. This is shown by comparing the
phase relations in sample DV1 [MgO/(MgO + FeO) >
0.7, Group 1A in Table 1] with those of samples DV22
and DV43 [MgO/(MgO + FeO) = 0.59-0.70, Group 2A

in Table 1]. Garnet is also absent from the MgO-rich rocks
(DV1, Fig. 11b), whereas the FeO-rich assemblages
(DR 184, Fig. 11b) contain only garnet, gedrite, and quartz.

Phase relations on the retrograde isograd

Two important mineral assemblages that were recog-
nized along the isograd in relatively Al-poor metapelitic
gneisses are shown in Figure 11c: garnet + hypersthene +
anthophyllite + quartz + plagioclase (+ biotite) in FeO-
rich and AL,O,-poor bulk compositions with MgO/(MgO +
FeO) < 0.59 (DV38, Group 3I in Table 1), and the ap-
parent low-variance assemblage of hypersthene + antho-
phyllite + gedrite + cordierite + kyanite + quartz +
plagioclase (+ biotite) in more MgO- and AL O,-rich bulk
compositions with MgO/(MgO + FeO) > 0.59 (DV3 and
DR157, Group 2I in Table 1). These minerals occur in
the same thin section, but not in direct contact with each
other. Cordierite is intergrown with gedrite and kyanite
(Fig. 6b), and hypersthene is partly or completely sur-
rounded by anthophyllite (Fig. 6a). The following sub-
assemblages (in addition to plagioclase and biotite) are
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Table 8. Representative electron-microprobe analyses of Al-rich anthophyllite (first two) and gedrite

DV.1 DR. 184 DR.157 DR. 157 DV.3 DV.1 DV.43 M.447 DV.22 DV.22 DR. 184
5i0, 49.11 46.68 41.65 L. 54 42.45 43.73 45.15 44.28 46.18 46.34  45.62
Al,0, 10.14 11.05 20.58 18.42 20.68 19.64 15.45 16.06 14.63 13.87 13.09
Tio, 1.01  0.06 0.17 0.19 0.04 = 0.23 0.46 0.09 0.08 0.49
MgO 19.56 17.11 16.56 17.37 15.19 17.76 15.53  15.95 16.56 16.68 16.17
FeO 15.58 19.72 15.79 16.85 16.53 13.41 19.87 18.18 19.77 19.05 19.61
Ca0 0.3%4 0.42 0.21 0.27 0.14  0.25 0.41 0.37 0.29 0.34 0.49
MnO 0.13  0.05 0.15 0.15 0.10 0.14 0.31 0.27 0.30 0.28 0.06
Nalz0, 0.86 0.93 2,23 1.81 2.27 1.76 1.42 1.43  1.29 1.25 1.00
Cr,04 0.75 0.15 0.06 0.02 0.02 - 0.17 0.32  0.17 0.13 0.26
Total 97.50 96.16 97.41 99.63 97.43 96.69 98.55 97.32 99.28 98.03 96.80

Cations per 23 oxygens

S 6.97  6.86 5.97 6.24 6.09  6.21  6.49  6.41 6.57 6.66  6.66
AL 1.03 1.1k 2.03 1.76 1.91  1.79  1.51 1.59  1.43 1.34 1.34

8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
AlVl

0.67 0.77 1.45 1.29 1.58  1.50  1.11 1.14 1.03 1.01 0.92
Mg 416 3.75 3.54 3.63 3.25 3.76 3-33 3.44 3.51 3.57 3.52
Fe 1.86 2.42 1.90 1.98 1.98 1.59 2.39 2.20 2.35 2.29 2.40
gLt 0.11 0.01 0.02 0.02 0.01 2 0.03 0.05 0.01 0.01 0.05
G 0.08 0.02 0.01 - - 0.02 0.03 0.02 0.02 0.03
Ca 0.05 0.07 0.03 0.04 0.02 0.04 0.06 0.06 0.04 0.05 0.08
Mo, 0.02  0.01 0.02 0.02 0.01 0.02 ©0.0h4 0.03  0.04 0.03 0.01
M1_Mq 7.00 7.05 7.0 6.99 6.85 6.91 6.98 6.95 7.0 6.98 7.01
Na (A) 0.24 0.27 0.62 0.49 0.63 0.49 0.40 0.40 0.36 0.35 0.28
Mg/Mg+Fe >  0.69  0.61 0.65 0.65 0.62 0.70 0.58 0.61  0.60 0.61 0.60

recognized: hypersthene + anthophyllite + gedrite +
quartz, cordierite + gedrite + kyanite + quartz, and cor-
dierite + gedrite + anthophyllite + quartz. The presence
of a possible low-variance assemblage in MgO-rich rocks
on the isograd (gedrite + anthophyllite + cordierite +
kyanite + quartz) is indicated by the dashed tie line be-
tween anthophyllite and kyanite in Figure 11c. Garnet is
present in the more FeO-rich assemblages, but is probably
absent in the more MgO-rich assemblages. This is indi-
cated by the absence of tie lines between garnet and the
other minerals in the latter rock type.

METAMORPHIC CONDITIONS

Metamorphic temperatures at the isograd and in the
orthoamphibole zone can firstly be estimated by com-
paring published information on the solvus in the or-
thoamphibole system to the results of the present study.

The orthoamphibole-bearing assemblages from the or-
thoamphibole zone have some important distinctions when
compared with similar rocks from elsewhere. Medium-

grade assemblages high in the kyanite-staurolite zone and
low in the sillimanite-staurolite-muscovite zone (7 =
~530-550°C, Spear, 1980) from central Massachusetts
are characterized by the absence of coexisting orthoam-
phibole + kyanite + sillimanite (Robinson et al., 1982,
Fig. 87). Sillimanite coexists with gedrite in higher-grade
assemblages (T = 625-650°C, Spear, 1980, p. 1116) from
the middle of the sillimanite-muscovite-staurolite zone
from “Amphibole Hill,” southwestern New Hampshire,
but the orthoamphiboles were above the orthoamphibole
solvus (Robinson et al., 1971).

The orthoamphibole-bearing assemblages from the ret-
rograde isograd show similarities with samples from the
sillimanite-orthoclase zone (650-675°C) of central Mas-
sachusetts (Robinson and Tracy, 1979, in Robinson et al.,
1982, Fig. 99) where gedrite coexists with hypersthene
and garnet in fairly FeO-rich rocks. Anthophyllite is pres-
ent within gedrite as a few colorless patches in sharply
defined contact with the gedrite host (Robinson et al.,
1982, p. 190). The coexistence of hypersthene and silli-
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Fig. 11a. Topology of the reaction garnet (Ga) + quartz =
cordierite (Cor) + hypersthene (Hy) shown in an A’'FM diagram.
Arrow indicates direction of reaction toward Fe enrichment dur-
ing M2 isothermal uplift.

manite in this rock type is excluded by the tie line between
gedrite and garnet. Although coexisting gedrite + antho-
phyllite + hypersthene (which is restricted to the retro-
grade isograd in the present study) is not described from
this locality, it should be a stable assemblage in samples
with a restricted bulk composition (Robinson et al., 1982,
Fig. 99).

The orthoamphibole-bearing assemblages in the silli-
manite-orthoclase zone of central Massachusetts formed
under conditions about 50 deg higher than the suite of
entirely hypersolvus orthoamphiboles studied from the
“Amphibole Hill” area from southwestern New Hamp-
shire (Robinson et al., 1982, p. 190). The opening of the
orthoamphibole solvus at these high temperatures is
ascribed to the high Ti content of the gedrite (with 0.10
Ti per formula unit), and the presence of anthophyllite
patches in gedrite are described as relicts from a prograde
reaction anthophyllite + garnet = orthopyroxene + ged-
rite + H,O (Robinson et al., 1982, p. 190). The presence
of an orthoamphibole solvus in samples from the retro-
grade isograd in the southern marginal zone, however,
cannot be explained by a high Ti content of these gedrites
(maximum Ti content of gedrite less than 0.05 Ti per
formula unit). It is possible, therefore, that the metamor-
phic temperatures along the retrograde isograd might be
lower than the estimate (625-650°C) for “Amphibole Hill”
(Spear, 1980, p. 1116).

The presence of kyanite in the orthoamphibole-bearing
gneisses at the isograd (Fig. 6b) and in the orthoamphibole
zone (Figs. 4b, 4¢) supports the temperature estimate of
less than 625-650°C for the metamorphic conditions based
on the presence of the orthoamphibole solvus. This im-
plies a minimum pressure of ~6 kbar if Holdaway’s (1971)
AlLSiO,-phase diagram is used (Fig. 3). These conditions
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e
Fig. 11b. Chemographic relations of the phases anthophyllite
(Ant), gedrite (Ged), kyanite (Ky), and garnet (Ga) in the or-
thoamphibole zone as shown in an A’'FM diagram. Garnet un-
stable in Mg-rich compositions. 1 = DV1,2 = DV43,3 =DV22,
4 = DR184, A = composition of sample.

support the presence of a systematic temperature gradient
in the southern marginal zone of the Limpopo belt after
rapid uplift (M2) and during the M3 hydrating event (Fig.
3). Isobaric cooling from M2 (Fig. 3) gives a temperature
(based on the presence of kyanite) of more than 700°C,
which is about 100 deg higher than the crest of the solvus
in the orthoamphibole system (600 + 25°C) as defined by
Spear (1980, Fig. 14).

F M

Fig. 11c. Chemographic relations of the phases cordierite (Cor),
gedrite (Ged), kyanite (Ky), anthophyllite (Ant), garnet (Ga), and
hypersthene (Hy) on the isograd, as shown in an A’'FM diagram.
Garnet unstable in Mg-rich compositions (DV3, DR157), as in-
dicated by absence of tie lines. 1 =DV3,2 = DR157,3 = DV38,
4 = DV34;mand © = composition of samples; other symbols as
in Figs. 11a and 11b.
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Metamorphic temperatures in the different zones (in-
cluding the orthopyroxene zone) were also estimated with
the garnet-biotite thermometer (Ferry and Spear, 1978).
The partitioning of Fe and Mg between biotite (in the
matrix) and the rim composition of garnet yielded tem-
peratures that changed systematically from the orthopy-
roxene zone (mean value for 10 pairs, 810°C; range, 740-
890°C) through the isograd (mean value for 5 pairs, 640°C;
range, 610-680°C) to the orthoamphibole zone (mean val-
ue for 8 pairs, 530°C; range, 510-570°C). These estima-
tions cannot be seen as cooling temperatures because the
presence of a systematic temperature gradient (Fig. 3) sug-
gests fluid flow at a fixed temperature during hydration.
The temperature of 810°C for the orthopyroxene zone,
based on the garnet-biotite geothermometer, also agrees
with calculated temperatures of ~800°C based on other
methods (van Reenen, 1983a).

The estimated temperature of less than about 625-650°C
for the metamorphic conditions on the retrograde isograd
is far below the upper thermal stability limit of antho-
phyllite in quartz-bearing rocks (>750°C at pressures >3
kbar, Greenwood, 1963) under conditions where the water
pressure equals the total pressure. It follows that the water
pressure must have been much lower than the total pres-
sure during the hydration of cordierite and hypersthene.

FLUID COMPOSITION ON THE ISOGRAD

Evidence has been presented that anthophyllite, hyper-
sthene, and quartz might be in equilibrium in metapelitic
gneisses along the retrograde isograd. The anthophyllite
breakdown reaction may therefore be used to estimate the
maximum fluid composition under conditions where P, =
P, .n.e- The calculated equilibrium curve anthophyllite =
7 enstatite + quartz + water, based on the data of Helge-
son et al. (1978), is shown as the solid line in Figure 3.
Alsoshown on this figure is the box (M3) representing the
P-T estimates for the isograd assemblages. In order to
displace the calculated equilibrium curve to the P-7 box,
the fugacity of H,O must be lowered. The amount of
lowering can be accomplished by diluting the mole frac-
tion of H,O in the fluid phase to a value of about 0.2, as
calculated using a modified Redlich-Kwong equation of
state for nonideal mixing of H,0O and CO, (Holloway,
1977; Flowers, 1979).

CONCLUSIONS

The M3 retrograde orthoamphibole isograd in the
southern marginal zone of the Limpopo belt is expressed
in Mg-rich pelitic gneisses by two hydration reactions that
are superimposed on M2 corona textures of cordierite and
hypersthene after garnet: hypersthene + quartz + H,0 =
anthophyllite, and cordierite + H,O = gedrite + kyan-
ite + quartz. Anthophyllite + hypersthene + quartz co-
exist at a temperature of less than 625-650°C and a min-
imum pressure of 6 kbar in a narrow zone defined by the
retrograde isograd, whereas chemically similar, but com-
pletely retrogressed and recrystallized rocks south of the
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isograd are characterized by the presence of coexisting
orthoamphiboles and kyanite.

The estimated temperature of hydration for the isograd
is far below the upper thermal stability limit of antho-
phyllite in quartz-bearing rocks under condtions where
the water pressure equals the total pressure. A modified
Redlich-Kwong equation of state for nonideal mixing of
H,O and CO, was used to calculate the mole fraction of
H,O of about 0.2 in the fluid phase necessary to displace
the equilibrium curve anthophyllite = 7 enstatite +
quartz + water to the estimated P-T condition on the
isograd (Fig. 3). The CO,-rich retrograde fluid infiltrated
toward the end of the Limpopo tectonothermal event while
the rocks in the southern marginal zone still had a tem-
perature gradient (Fig. 3). This retrograde event either
accompanied, or closely followed, the emplacement of the
Matok charnockitic-granitic pluton at 2620 Ma (Fig. 2;
Du Toit et al., 1983). The results of a fluid-inclusion study
across the isograd and possible sources of the CO,-rich
hydrating fluid will be discussed in a paper under prep-
aration.
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