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ABSTRAcT

A relationship has been established between garnet com-
position (determined by gravimetric analysis) and zones in
large complex granitic pegmatites. Mn-rich garnet (MnO
4l-270/o) occurs in the inner and replacement zones, garnet
with Mn - Fe in intermediate mineral assemblages and
garnet with Fe > Mn in the wall and contact zones. Pure
spessartine garnet is typical of replacement and quartz-rich
core zones of pegmatites containing lithium minerals such.
as spodumene, Iepidolite, petalite and amblygonite.

Keywords: spessartine-almandine garnet, classical analysis,
zoned garnet, zoned lithium pegmatite, Africa.

SoMMAIRE

On etablit la relation suivante entre la composition du
grenat (analys6 par voie hurnide) et la zonation de grandes
pegmatites granitiques. Le grenat riche en mangandse (MnO
entre 4 1 et 27 t/o) se trouve prds du centre et dans les zones
de remplacement. Le grenat d Mn et Fe en teneurs d peu
prbs 6gales se rencontre dans les assemblages interm6diai-
res et le grenat a Fe dominant, prbs des parois et dans les
zones de contact. La pr€sence de spessartine pure est typi
que des zones de remplacement et du centre quartzifere de
pegmatites contenant des min6raux lithiques tels que spo-
dumdne, l6pidolite, p6talite et amblygonite.

(Traduit par la R6daction)

Mots-clds: grenat e spessartine et d almandin, analyse par
voie humide, zonation du grenat, zonation d'une pegma-
tite lithique, Afrique.

INTRODUCTIoN

Structural units of contrasting mineralogy and tex-
ture within complex pegmatites have been referred
to as border or contact zones, wall zones, in-
termediate zones and core zones (Cameron et al.
1949). The aim of this paper is to establish a rela-
tionship between the chemical composition of garnet
found in pegmatites of granitic composition and the
pegmatite zones. The pegmatites from which garnet
has been studied occur in Africa. North America and

*Present address: The Geological Survey, P.O, Box 2168,
Windhoek 9000, S.W. Africa.

Finland, the most extensive sampling being from
Africa (Fig. 1).

In addition to the generally recognized zones refer-
red to above, there are several views on additional
zones, usually containing replacement minerals. Of
the pegmatite areas being studied, for example,
Cameron et al. (1949) described a systematic distribu-
tion of replacement zones in the pegmatites of the
Black Hills, South Dakota. The development of the
replacement zones is generally controlled by fractures
related to the main zonal patterns: these units are
usually recognized by differences in mineralogical
assemblage. For example, in the .lithium-rich
pegmatites, zones containing replacement minerals
are developed adjacent to the quartz core. These
zones are usually rich in cleavelandite and may con-
tain discontinuous units of one or another of the
lithium minerals. The cross-cutting nature of these
zones suggests a late-stage crystallization, probably
of replacement origin. Hornung & von Knorring
(1962) preferred to consider a 'late stage' and a
'hydrothermal stage' for minerals crystallizing later
than the core, because evidence of replacement is dif-
ficult to find in some pegmatites; the minerals
cleavelandite and lepidolite, for example, appear in
a strict zonal sequence in one part of the pegmatite
but are discordant to the main structure in other
parts. In the Alto Ligonha pegmatites of Mozamb!
que, Hutchinson & Claus (1956) found minerals such
as lepidolite restricted to the innermost intermediate
zone, in contact with core q\afiz; they did not iden-
tify a replacement zone. Lowenstein (1969), on the
other hand, recognized well-developed zones of
primary crystallization in the pegmatites of
southwestern Uganda and documented an extensive
episode of late-stage replacement.

Garnet, a mineral commonly encountered in
pegmatite bodies, shows ereat diversity in its distribu-
tion. It may crystallize throughout the pegmatite
system, as a member of different mineral-
assemblages. Table I lists the minerals that are
associated with the garnet specimens analyzed' and
the zone of occurrence. Further details are provid-
ed by Baldwin (1979). Spessartine-rich garnet is
found in complex pegmatites that contain large
lithium-bearing zones rich in
lepidolite, spodumene, petalite

or more of
amblygonite.
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Ftc. l. Localities of African pegmatites: I southwest
Uganda, 2 AIto Ligonha, Mozambique, 3 Berere,
Tsaratanana region, Malagasy, 4 Sahatany region,
Malagasy, 5 Zimbabwe, 6 Namaqualand, South Africa,
7 West Suk, Kenya. Stippled areas represent older
cratons that have been stable at least since approximately
1500 Ma ago; unstippled areas represent younger
orogens that have been deformed in the past 1200 Ma
(from von Knorring 1970).

Cleavelandite is commonly present, as well as tan-
talite, microlite, tourmaline and Mn-apatite (l-14,
Table l). For example, Mn-rich garnet intergrown
with microlite occurs as microscopic crystals enclosed
in blue muscovite in the albite zone of the Mistress
pegmatite, Salisbury, Zimbabwe (6, Table l). In a
nonJithium rare-earth pegmatite at Ntembeni,
Makaha, Zimbabwe, garnet is intergrown with cyr-
tolite and cleavelandite in the replacement zone (16).
Garnet may also be developed with core quartz; for
example, garnet is intergrown with sphalerite and
gahnite (20; von Knorring 1946) or with sillimanire
and chrysoberyl (21) in the quartz core at Rosendal,
Kimito, Finland. It is also associated with phosphate
minerals (lithiophilite, strengite, metastrengite,
libethenite, stewartite and apatite) at Noumas,
Namaqualand (15), also with core quartz. In the
Black Hills pegmatites, South Dakota, the main
phosphate minerals are Fe-rich, and the main
minerals intergrown with garnet in the intermediate
zone are triphylite, triplite and graftonite e5,26,29).
Rhodochrosite is also associated with the phosphate
mineral assemblage at the Highland Lode pegmatite
(22). Finilly, garnet may also occur in the wall and
contact zones, locally forming continuous bands with

black tourmaline in a sugary albite - muscovite
matrix, as for example at Naipa, Mozambique (30).

GARNET IN GRANITIC PEGMATITES

Garnet has been selected from different zones of
lithium-rich pegmatites, mainly, but garnet from
some lithium-deficient pegmatites has also been in-
cluded. The hand-picked garnet grains were analyz-
ed for major elements by classical gravimetric techni-
ques. The data for 3l specimens are presented in
Table l. Selected specimens were also studied with
the electron microprobe to investigate compositional
zonation; analytical details are given in the section
on zoning. These data are not used in Table I or
Figure 2.

The major variation in these almandine- and
spessaftine-rich garnet compositions involves iron
and manganese. The Mn,/(Mn+Fe2+) molar ratio
varies from 0.98 (Sebit) to 0.32 (Muiane). CaO is less
than l9o (wt.) in all but five of the specimens,
whereas MgO is less than 0.1090 in all but those from
Sahatany Valley, Malagasy (19), Naipa, Mozambi-
que (30) and Nyakabingo, Uganda (18), which con-
tain 0.770/0,0.4890 and 0.47t/o MgO, respectively.

The specific occurrence of varieties of garnet in
particular geological environments has been known
since the 1930s; for example, garnet composed of
spessartine and almandine end-members constitute
80-9570 of all occurrences from pegmatite and
granite. As a result of the present study, two distinct
relationships can be recognized within the pegmatite
field: (l) spessartine occurs in pegmatites that con-
tain important lithium phases; (2) spessartine-
almandine prevails where the lithium content is very
low. In the garnet specimens from lithium
pegmatites, the spessartine end-member ranges from
96.17 to 68.49t/o in the core and replacement zones;
in the corresponding zones in the lithium-deficient
pegmatites, the garnet contains between 72.35 and
65.35t/o spessartine (Table l). These figures,
therefore, suggest that in this particular geological
environment, pure spessartine garnet is formed
only in lithium pegmatites.

The composition of garnet varies according to its
position within the pegmatite body. There is a
distinct tendency for the late-formed garnet, in
replacement zones and zones surrounding the core,
to be richer in manganese and poorer in iron. This
is clearly i l lustrated in Table I by the
Mn/(Mn + F**) ratio. Among the group of lithium
pegmatites, all specimens with a high
Mn/(Mn+Fd*) ratio, between 0.69 at Noumas
and 0.98 at Sebit, are either from the late replace-
ment zone (R) or the outer core zone (C), with the
exception of the garnet from Tsarafara, Malagasy
(5), which crystallized in the wall zone of a small
pegmatite vein. Conversely, there is a distinct tenden-
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No. Sl0Z Ti02 A1203 Fe203 Feo MnO ca0
AtoEl.c

Fez* !tn2* tn -Spgss zone Associated Pegmatlte
Minera ls

' I  
36.20 i l  20.40 0. t5 0.80 4l .Zt  0.93

2 36.35 0.03 20.60 0.10 2.01 40.28 o.6l
3 36.63 0.06 20.95 -  1.63* 39,35 0.72
4 36.26 0.04 20.65 0.42 2.86 39.  t0 0.70
5 36.33 0.08 20.63 0.00 3.18 38.97 0.99

6 38.11 t r  20.78 - .  0.79* 38.15 l .3Z
7 36.85 0.07 20.41 0.00 3.38 37.56 0.53
8 36.63 0.07 21.08 0.27 2.OO 37.25 2.36
9 36.48 t r  20.41 0.23 2.Ag 37.07 Z, t6

l0 36.36 t r  20.36 O.5O 5.60 36.65 0.56
' l t  

36.09 0.08 20.60 0.00 7.04 35.06 l .O2
12 36.34 0.  t0 20,25 0,26 7.89 34.51 0.44
13 36.25 0.08 20.64 0.78 7,78 33.88 0.54
14 36.02 0.07 20.49 0.93 8.52 33.77 0.45
15  36 .14  0 .12  20 .05  0 .76  9 .70  32 .50  0 .36

0.44 23.08 0.98 96.17 R
t . 1 t  22 .47  0 .95  93 .59  R
0.90 2 1 .94 0.96 93.96 R
1 .60  21 .79  0 .93  91 .37  C
1.75 21.70 0.92 90.61 l , l

0 . 43  21 .05  0 .98  93 .97  R
1 ,87  2 ' t . 04  0 .92  90 .34  R
1.09 20.65 0.94 88.29 R
1.59 20.72 0.93 86,91 R
3.09 20.46 0.86 85.43 R

3 .89  19 .60  0 .83  82 .21
4 .36  t 9 .32  0 .81  80 .74
4.28 18.90 0,81 80.22
4.70 18.85 0.79 78.61
5.38 18.24 0.79 76.42

6 .17  16 .77  0 .73  72 ,35
7.25 16.24 0.69 68.49
7.44 15.69 0.67 65.51
5.43 15.44 0.72 64.33
7.93 15.22 0.66 65.27

7.91 15.26 0.65 65.35
10.88 13.04 0.55 54.53

0 .53
1  1 .32  12 .08  0 .51  50 .88
1 1 . 3 9  l l . 7 1  0 . 5 0  5 0 . 1 7

12 .68  11 .78  0 .48  47 .94' 11 .70  
11 .53  0 .49  49 .15

13.97 10.23 0.42 42.08
14 .17  8 .47  0 .38  36 .34
14 .20  8 .37  0 .37  36 .01' I  
5.28 7.08 0.32 30.08

c

R
c

R**
R
R**

c**

c**
I
l|l
c0N
I

I
I**
I
c0N
c0N
c0N

'16

1 7
l8
l 9
20

21
22
23
24
25

26
27
28
29
1n
3 I

36.74 0.06 20.90
36.63 tr 20.79
36 .47  0 .03  I 9 .69  l . 7 l
36.31 0.4? 19.71 2.36
37.05 0.10 20.24

c l - 1 e p
ab- l i , /m
ab-ni c-mus
q-pt-sp-Mn/ap
1 i lm-q- tn

ab-mus-mi l-q
c l -  11 /n-q
cl -Mn/tan-mus
cl -mus
AD

q-cl -mus
c1 -Mn/ap-mus
AD
ap-s t - l lb - lph

c l  -cy -q-R.  E .M.
c1  -q -sp
c l -g-mus
mag
q-sph-gahn

q-si I l- chryb
rh-tpl-Mn/ap
AD
q-mus
gr-tph-tpl

tph-q-v i  v
q-p
tph-tpl
mus-aD-q
ab-mus-q-tm
mus- ab- q

llest Suk, Kenya
Mulan€, Mozambique
,lordj ritt, Zimbabwe
Casa Ventura, Zinbabre
Tsarafara, Malagasy

Mistr€ss, Zlmbabwe
Lunya, Buganda, Uganda
Mutaka, S.l '1. Uganda
Rwem€rlro, Zimbabwe
Rwenerlro, Zimbabwe

Sahatany V., Malagasy
Benson 4, Zimbabwe
Marldge, Mozmbique
Nuaparra, Mozanbique
Nounas, Nmaqualand

Ntembeni, Zinbabwe
Nounas, Nmaqualand
Nyakabingo, S.H. Uganda
Sahatany V., Malagasy
Rosenda l ,  F ln land

Rosendal. Finland
High land Lode,  S .D.
Nomas, Nanaqualand
lnrule, Mozmbique
High land Lode,  S .D.

ll lhite Elephant,S.D.
Berere, Malagasy
Gap Lode, 5.D.
Muiane, Mozilbique
Naipa. Mozanblque
Mulane, Mozanbique

1  1 .21 *  30 .07  0 .34
13 .19 *  29 .18  0 .32
13 .54  28 .21  0 .45
9.91 27.80 3.48

t4,37* 27.21 0.24

36.26 0.03 20.42 0.58 14.23 27.12 0.26
36.?3 -  20.63 -  t9.70'  23.32 0.15

- 20.26* 22.45
36.55 t r  20.33 0,37 20.52 21.61 O.4B
36.41 0.07 20.50 0.82 20.63 20.95 0.34

35.79 0.03 20.07 22.74* 20.85 0,15
36.74 0.07 20.06 0.75 21.19 ?0.63 0.33
36 .08  0 .03  19 .98  -  25 .06 *  18 .12  0 .15
36.85 0.04 20.77 0.87 25.83 15.24 0.35
36 .69  0 .05  20 .85  0 .37  25 .79  15 ,06  o .3 l
36r57 0.04 20.75 1.85 27.89 12.76 0.37

A b b r B v i e t i o h a : 5 . D . r  S o u t h  D E k o t E '  U . 5 . A . ; - R ,  r E p l a c B n e n t ;  c ,  C o l B ,  I ,  i n t e r m e d i s t B ,  w ,  l , J s l l t  c o N ,  c o n t e c qS p e e s  S ,  s P e e e € r t i n s  e n d - h e m b B r  % ; . e u ,  e : . b i . t e ;  c i r r y b ,  c h r y e o b e r y l ;  c . L i  c l e e v e l a n d i t e g  i v ,  . v i t r i i i r l - g . h " ,g a h n j . t e i  g r ,  g r a f t o n i t e ;  l e p r - l e p i d o l , i t e l  l i l m ,  t i i t r i a n  m l c a g  l i b ;  L i 6 e t h e n i t e i  t p h ,  I i t h i o p h i J . i t e :  m a o .n a g n e t i t e i , m i c '  m i c r o c ] i n o s  n i r '  m i c r o r i t e ;  M n / a p ,  M n  a p a t i t i ;  M n l t e n ,  M n  t a n t e r i t a i  ; ; ; ; - ; ; ; ; ; ; i ; ; r - ; ; 'q u a l t z i . R . E . M . ,  r a r e - e e r t h  n i n B l a L B t  r h ,  r h o d o c h i o e i t e t  p ,  p B l t h i t e ;  p t ,  p e t a l i t e ;  s i l l r ' E i L l i m a n i t ; i  
' '

€ p h ,  E P h a l B l i t e i  € P '  e p o d u m € n B i  6 t ,  B t r e n g i t e ;  t m r . t o u r n a l i n e t  t p h ,  t i i i r r v r i t e ;  t p J . ,  t r i p l i t e ;  v i v ,  v i v i a n i t e .A n a l y s t t  J . R .  E E t d w i n i  1 2  & . 2 0 , 0 .  v o n  K n 6 r r i n g . F ; 2 +  & .  M n z * ,  n u . t e i e  o f  i i n e  o n  t h B  b e s i a  o f  9 6  ( 0 ) .  M q 0 .t r a c e  w i t h  t h e  E x c e p t i o n  o f  1 9 ,  3 0  &  t B  w i t h  o l 7 7 % ,  o - 4 8 %  & ' o . 4 | % , r . u p u " i i u " r y .  
- i -  

; ; ; ; i  i " " i - r J - i ! o ' i " - ,' r  non-t i thiun pegnat j . te,

cy for the earliest-formed garnet, in contact and wall
zones, to be poorer in Mn and richer in Fe. This is
also illustrated in the Noumas pegmatite, Nama-
qualand, where the analysis of garnet from four dif-
ferent mineralogical zones yielded the following
results: 36.8590 MnO in one core, 32,50r/o in a
separate core,29.180/o in the replacement zone and
22.450/o in the wall. Similarly, in the Rosendal
pegmatite, garnet contains 29.l0go MnO in the
replacement zone,27.2lc/o in the core and 23.0ggo
in the intermediate zone. The general pattern of
manganese concentration in garnet relative to the
pegmatite zones is clearly illustrated in Figure 2,
which shows a systematic increase in Mn in relation
to the general sequence ofmineral assemblages from
contact through to core and replacement zones.

ZONING IN GARNET

Almandine-spessartine garnet from pegmatite and

aplite has been shown to be zoned to varying degrees
(Foord 1976). Previous studies on compositional zon-
ing within grains of garnet from aplite and granite
have been made by Leake (1967) andBbouardet al.
(1970). Foord (1976) documented three major trends:
an Fe-enrichment trend (core to rim), an Mn-
enrichment trend and, more rarely, an Mn-
enrichment trend followed by Fe enrichment. Two
other possible trends (no zonation detectable and Fe
enrichment followed by Mn enrichment) are also
found (Foord 1976), but in terms of frequency of
occurrence, they are relatively minor.

The electron microprobe was applied to investigate
zoning in several samples of almandine-spessartine
garnet in this study. The microanalyzer used was a
Cambridge Instruments Microscan 5, with a gun
potential of 20 kV and a beam current, measured
using a Faraday cage, of 30 nA for crystal spec-
trometry and 60 nA for energy-dispersion spec-
trometry. A full ZAF-correction procedure, as
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Core ond Replocernent Zqres
(Lithium pegmotites)

Mn - Rich Gomets , * .
* , r * '+  * . *  *

J e +' i e

lntermediote ArEs
Mn -Fe Gonnts
F e -Mn Gorneis

Contoct Zones
Fe-Mn Gornets

(FeO +  MgO )7o

Frc. 2. Relationship between the chemical composition of
garnet and pegrnatite zones (see Table I for chernical
data).

described by Sweatman & Long (1969), was used to
calculate final concentrations.

Zoning in almandine-spessartine crystals from
Muiane, Mozambique, was investigated by means of
crystal-spectrometry techniques, in which the 95Vo
confidence limit (t2o) for MnO and FeO, up to the
20 wt.olo level, is t0.3 wt.9o. In the contact zone
of the pegmatite, trapezohedral garnet crystals oc-
cur in a feldspar-muscovite-quartz matrix. A
microprobe traverse 60 mm across the largest and
freshest crystal showed a simple symmetrical pattern
of zoning from core maximum (19.190 MnO) to rim
minimum (l 1.9V0 MnO) (Fig. 3), i.e., a Mn-depletion
trend with a corresponding enrichment in Fe; CaO
is constant across the crystal. Microprobe traverses
for two other garnet crystals (35 and 29 mm in
diameter) from the same locality revealed the same
pattern of zoning. This symmetrical pattern of zon-
ing is a result of continuous rather than discon-
tinuous growth. With regard to the variation from
30 mm, the slightly lower trend may be due to the
fact that the travgrse was taken across two sections
that may not have been matched up exactly.
However, in the two other analyzed crystals a similar
variation in composition also exists around the core,
and the complete traverse was taken across one sec-
tion. It is therefore suggested that even within ex-
perimental error, this variation may be real, but
perhaps the centre of the garnet grains should be ex-
amined more closely.

With respect to the other almandine-spessartine

; k .
* ' +

Jr .
+

mm

FIc. 3. The pattern of manganese concentration in a zon-
ed garnet from the Muiane pegmatite, Mozambique.
(Analyst P, Hill; analytical error, ! 2o = t 0.3 wt.9o
for each data point. The actual rim at 60 mm is not
shown).

samples, a microprobe traverse across a 25-cm garnet
from Inrule (24, Table 1) did not reveal any com-
positional zoning; the MnO had a standard devia-
tion of 0.14, which is within the experimental error
for analysis by energy dispersion: !2o : t0.3
wt.Vo). Two samples of garnet 2 mm in diameter
from the wall zone at Noumas (23) reveal no com-
positional zoning. A thid shows an increase in MnO
from 23.4 to 25t/o from the rim to the core.

Among the Black Hills specimens, the garnet from
White Elephant (26, Table 1) shows no composi-
tional zoning. The Highland Lode garnet (22) shows
a range in MnO content from22.4to24.20/o; whereas
one very large crystal shows no variation in composi-
tion, another crystal 500 pm in diameter has a con-
tent of 23.390 MnO in the core and 22.4t/o it the
rim, i.e., an enrichment of Fe from core to rim, with
a constant value for CaO. However, the South
Dakota samples, on the whole, are intergrown with
other phases, making it difficult to identify a core
zone. Crystal-spectrometry techniques were used for
these analyses.

In the spessartine-rich garnet compositions from
the core and replacemeqt zones, zoning was in-
vestigated in specimens from two localities. A l9-mm
crystal from Mutaka (8, Table 1) contains a Ca-rich
core. In the whole of the garnet, the MnO varies be-
tween 41.0 and 41.590, which is within the ex-
perimental error of the energy-dispersion method of

Core ond Replocernenl Zores
. (Lithium-def icient peqmotites)
\ Mn-Fe Gornels

o\ lO

c



analysis, with the exception of a 2-mm-wide area in
the centre, which contains an average of 38.4V0
MnO. The garnet contains 2.4t/o CaO at the centre
and 0.690 elsewhere, but the Fe content is uniform
throughout the traverse across the crystal. This,
therefore, signifies a depletion in Mn and an enrich-
ment in Ca in the core. The spessartine garnet from
Mistress (6) occurs as microscopic crystals, 0.25 mm
to less than 50 pm in diameter, enclosed in blue
muscovite. Microprobe analyses of three different
crystals gave the same result, 43. I Vo MnO and I .0go
CaO. However, another crystal 50 pm in diameter
contains 39.570 MnO and 4.lgo CaO.

A comparison of electron-probe and gravimetric
data indicates that the results from the latter fall
within the range measured on the probe. There is,
however, a discrepancy between the two methods in
specimen 6, which is due to the slight impurity in
these minute, 0.25-mm-to-50-pm crystals, hence the
anomalously high value of 38.ll9o SiO2 (Table 1)
obtained by the classical technique.

DIScUSSIoN

Most granitic pegmatites are simple in their
mineral parageneses. Garnet, where present, is
predominantly almandine. The data presented here
are largely concerned with a particular type of
pegmatite characterized by the presence of large
lithium-bearing zones (Baldwin 1979).It is in these
lithium pegmatites, which are generally complex in
their mineral parageneses, that spessartine garnet is
prevalent. The association between Mn-rich garnet
and lithium pegmatites is emphasized in Figure 2.
Mn-rich garnet occurs in the core and replacement
zones of lithium pegmatites, whereas Mn-Fe garnet
is found in the core and replacement zones of
lithium-deficient pegmatites: Mn-Fe and Fe-Mn
garnet compositions occur in intermediate
assemblages, and Fe-Mn garnet in contact zones.

The range of thermal stability of almandine and
spessartine and the solidus and liquidus for the Har-
ding pegmatite, New Mexico, are shown in Figure
4. Spessartine and almandine garnets are stable
throughout the temperature range of granite-
pegmatite consolidation. Divalent manganese is con-
centrated at the late stage of crystallization of
pegmatite owing to its large ionic radius relative to
that of the other divalent elements of the Mn-Fe
group. Moreover, magmatic evolution is characteriz-
ed by the increasing proportions of Mn2+ to Fe2+
and ihis is exempliiied in the sequential crystallizai
tion of various generations of pegmatite minerals.
Almandine-spessartine garnet crystallizes early in the
system in the wall and contact zones; in comparison,
spessartine garnet crystallizes later in the system,
either at the edge of the core or in the replacement
zones. This is in contrast to a zoned garnet from the
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Tmpsonra ln "C

Ftc. 4. Pressure-temperature conditions governing the for-
mation of garnet in pegmatites. (la) Anhydrous melting
curve of spessafiine (Mottana 1974). (lb) Hypothetical
melting curve of spessartine, water saturated (Hsu 1968).
(lc) Manganese chlorite + 1uartz = spessartine + fluid
(Hsu 1968). (2a) Melting curve of almandine, water
saturated (Keesmann el a/. 197 l). Qb) Iron chlorite -r
euafiz = almandine + fluid (IQF buffer) (Hsu 1968).
(3a) Pegmatite liquidus, water saturated (Jahns 1982).
(3b) Pegmatite solidus, water saturated (Jahns 1982).
(4) Breakdown of muscovite + quartz for P(H2O) =
P,o14 (Kerrick 1972). Ruled area is the field of stability
of a granitic pegmatite containing garnet + muscovite
+ quartz.

contact zone in the Muiane pegmatite, Mozambique,
where the early compositions of garnet are Mn-rich
and the late ones Mn-poor.

As all the pegmatites dealt with in this study con-
tain muscovite in association with garnet, the P-T
conditions showing the breakdown of muscovite ( +
quartz) are presented in Figure 4 (curve 4). The
pegmatite liquidus and solidus are represented by
curves 3a and 3b, respectively. The hydrous condi-
tions necessary for the crystallization of muscovite-
quartz pegmatites from an evolved magma lie ap-
proximately at a temperature of 580oC at I kbar and
between 550 and 650'C at 4 kbar (the shaded area
between curves 3b and 4). The shaded area in Figure
4 also represents the field of formation of pegmatite
containing garnet + muscovite + quartz. These
temperatures are not only in agreement with Jahns
(1982), who suggested that compositionally complex
pegmatites with substantial amounts of B, F and Li
could well have had crystallization temperatures ex-
tending down to 550oC, but are also consistent with
a minimum temperature of 550oC deduced for the
formation of garnet in the core zone of the Rosen-
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dal pegmatite, Finland (21, Table l) based on the
presence of intergrown sillimanite. Mueller & Sax-
ena (1977) gave a minimum temperature of 550'C
for the formation of sillimanite (at the Al2SiOj "tri
ple" point).

AcrlqowlgocEMENTS

This paper is based on part of an M.Sc. thesis on
Mn garnet and associated accessory minerals in
pegmatites, presented to the University of St. An-
drews, Scotland, U.K. by the first author. The
authors thank Dr. P. Hill of Edinburgh University
for electron-microprobe analyses, Professor E.K.
Walton of the University of St. Andrews and Pro-
fessor T.N. Clifford of the University of the Wit-
watersrand for help during the preparation of this
study.

REFERENCES

BerowrN, J.R. (1979): Manganese Garnets and
Associated Minerals in Pegmatites. M.Sc. thesis,
Univ. St. Andrews, St. Andrews, Scotland.

Brzouano H., Caroavrla, R. & GevEN, C. (1970):
Microanalyse de grenats d'aplites et de granites de
Galice Orientale (Espagne). Bol. Geol. Minera.
E1,E3. 299-304.

CavEnoN, E.N., JeuNs, R.H., McNarn, A.H. & Pecr,
L.R. (1949): Internal structure of granit ic
pegmatites. Econ. Geol., Mon.2,

Foono, E.E. (1976): Mineralogy and Petrogenesis of
Layered Pegmatite Aplite Dikes in the Mesq Grande
District, San Diego County, California. Ph.D.
thesis, Stanford Univ., Stanford, California.

HonruNc, G. & voN KNonnrxc, O. (1962): The
pegmatites of the North Mtoko region, Southern
Rhodesia. Geol. Soc. S. Afr. Trans. 65, 153-180.

Hsu, L.C. (1968): Selected phase relationships in the
system Al-Mn-Fe-Si-O-H: a modpl for garnet
equilibria. J. Petrology 9, 40-83.

HurcsrNsor.r, R.W. & Craus, R.J. (1956): Pegmatite
deposits, Alto Ligonha, Portuguese East Africa.
Econ. Geol. 51, 757-780.

Je,nNs, R.H. (1982): Internal evolution of pegmatite
bodies. In Granitic Pegmatites in Science and In-
dustry (P. ternf, ed.). Mineral. Assoc. Can., Short
Course Handbook 8. 293-327.

KEESMANN, I., Merl.tHns, S., Scnnrven, W. & Srtrrnr,
F. (1971): Stabiliry of almandine in the system Feo-
(Fe2Or)-Al2O3-SiO2-@2O) at elevated pressures.
Contr. Mineral. Petrology 31, 132-144.

Knnnrcr, D.M. (1972): Experimental determination of
muscovite + quartz stability with Prr6 ( P,o,u,.
Amer. J. Sci. 272,946-958.

Lsarr, B. (1967): Zoned garnets from the Galway
granite and its aplites. Earth Planet. Sci. Lett. 3'
3  I  l -3  16 .

LowrNsrrrN, P.L. (1969): The Geology and
Geochemistry of Tin and Beryllium Mineralization
in South-West Ankole, Uganda. Ph.D. thesis, Univ.
Leeds, Leeds, England.

MorreNe, A. (1974): Melting of spessartite at high
pressure. Neues Jahrb. Mineral. Monqtsh., 256-271.

Murrrrn, R.F. & SexeNa, S.K. (1977): Chemical
Petrology, with Applications to the Terrestrial
Planets ond Meteorites. Springer-Verlag, New York.

Sweeruax, T.R. & LoNc, J.V.P. (1969): Quantitative
electron probe microanalysis of rock-forming
minerals. J. Petrology 10, 332-379.

vor.r KNonnrNc, O. (1946): A manganese garnet enclos-
ed in sphalerite from Kimito in S.W. Finland.
Comm. Gdol. Finl. Bull. 138.77-87.

(1970): Mineralogical and geochemical aspects
of pegmatites from orogenic belts of equatorial and
southern Africa. /r African Magmatism and Tec-
tonics (T.N. Clifford & I.G. Gass, eds.). Oliver and
Boyd, Edinburgh.

Received May 20, 1982, revbed manuscript accepted
March 3, 1983.




