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Abstract 

The Lower Mafic Succession of the Great Dyke is a 700 m thick sequence of gabbroic rocks which shows 
remarkably regular mineral compositional trends and trace element contents in whole rocks. Such chemical 
trends are strongly indicative of undisturbed fractionation having taken place within the magma chamber and 
contrast with the major development of cyclic units which characterize the underlying Ultramafic Sequence of 
the Great Dyke. The style of fractionation is quite different to that in the equivalent Main Zone of the 
Bushveld Complex with the latter possibly reflecting a 'leaky' input system, whereas in the Great Dyke the 
magma chamber was sealed. Major compositional reversals at the interface between the websterite layer (the 
topmost unit of the Ultramafic Sequence) and the base of the Lower Mafic Succession indicate a change in 
crystallization conditions at this level. Modal percentages of plagioclase and A1203 content of pyroxenes show 
the same trends indicating a strong control by temperature and magma composition. 

Modelling of the fractionation processes and the influence of trapped liquid was carried out for Mg#, Cr203, 
and NiO in pyroxenes and for Zr in whole rock. The lowermost gabbroic rocks are adcumulates with 
effectively zero trapped liquid which contrasts with 10-15% trapped liquid in the underlying websterite There 
is a gradual rise in the amount of trapped liquid upwards in the Lower Mafic Succession. These results have 
implications for the mechanisms by which porosity is reduced in mafic cumulates. An injection of a small 
amount (10%) of new magma at the interface of the Ultramafic-Mafic Sequences of the Great Dyke was of a 
composition slightly different to that which gave rise to the cyclic units of the Ultramafic Sequence. 

KEVWORDS: Lower Mafic Succession, Great Dyke, Zimbabwe, closed system fractionation, websterite. 

Introduction 

FRACTIONAL crystallization is a consequence of 
cooling and crystallization of magma chambers. 

* Present address: Department of Geological Sciences, 
University of Cape Town, P. Bag Rondebosch, South 
Africa 

The principles are simple and the results are clearly 
seen in the rocks but the details of process are still 
not well understood because of the complexity of the 
processes that take place after initial nucleation of the 
primary phases. Green (1994) points out that natural 
mineral assemblages may not always be in composi- 
tional equilibrium with each other or the liquid from 
which these phases formed. Interpretation of 
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compositions must take into account subliquidus 
reactions with trapped interstitial liquid (Barnes, 
1986a; Wilson, 1992) and subsolidus re-equilibration 
(Wilson, 1982; Hatton and Von Gruenewaldt, 1985) 
as these obscure the original liquidus compositions. 
The amount of trapped liquid is controlled by either 
or both the processes of adcumulus growth 
(Campbell, 1987) and compaction (McKenzie, 
1984; Meurer and Boudreau, 1996). 

In addition there are analytical problems associated 
with re-equilibrated phases and redistribution of 
components (such as occur by zoning and subsolidus 
exsolution). Boudreau (1987) also demonstrates the 
possibility of redistribution of solid phases on the 
scale of the crystals themselves, or on a micro layer 
scale. The effect of such processes on minor and trace 
element contents in minerals and in the whole rock is 
unknown. Documentation and detailed studies of well 
characterised rock successions in layered intrusions 
will ultimately allow such processes to be evaluated 
and understood in greater detail. 

In the light of these complexities the interpretation 
of liquid composition paths during the evolution of 
layered intrusions remains enigmatic, even for the 
Skaergaard intrusion, which is regarded as the classic 
example of closed system fractionation (Wager, 
1960; Hunter and Sparks, 1987, 1990; McBirney 
and Naslund, 1990; Hanghoj et al., 1995). The 
driving force for the differentiation of magmas is the 
continuous separation of crystals to produce a 
progressively more evolved magma. It is therefore 
of particular importance to evaluate continuous 
fractionation trends in large layered intrusions, such 
as the Great Dyke. 

The Great Dyke of Zimbabwe 

The Great Dyke is a near-linear intrusive body of 
marie and ultramafic rocks cutting across the 
Archaean craton of Zimbabwe in a NNE direction 
(Fig..1). The age of emplacement of the Great Dyke 
is 2.46 Ga (Hamilton, 1977) and isotopically it has a 
strong mantle signature. The width varies from 3-11 
km and it has a length of 550 km (Wilson and 
Wilson, 1981). The maximum thickness of the 
layered succession is 3.25 km (Wilson and 
Tredoux, 1990) and the strongly flared structure in 
transverse section was demonstrated by Podmore and 
Wilson (1987). 

The Great Dyke comprises a linear series of 
narrow, contiguous layered mafic/ultramafic cham- 
bers and subchambers which are indicated to have 
become connected at progressively higher strati- 
graphic levels (Wilson and Prendergast, 1989) with 
continued filling and expansion of the magma 
chamber. Structural re-appraisal of the Great Dyke 
(Podmore and Wilson, 1987; Prendergast, 1987; 

Wilson and Prendergast, 1989) have made it possible 
to subdivide the Great Dyke into chambers and 
subchambers (Fig. 1). 

Stratigraphically the Great Dyke is divided into a 
lower Ultramafic Sequence comprising well devel- 
oped cyclic units of chromitite, dunite and pyroxenite 
overlain by a succession of gabbroic rocks of the 
Lower Marie Succession (LMS) which is the 
lowermost unit of the Mafic Sequence. The inward- 
dipping nature of the layering and its axial plunge 
within each of the subchambers results in rocks of the 
Mafic Sequence being preserved as isolated occur- 
rences (Fig.l) along the length of the Great Dyke. 
The upper part of the Ultramafic Sequence is a 
websterite and this rock type is of importance 
because of the extensive development of sulphide 
mineralization at its base. The sulphide mineraliza- 
tion is in some parts highly enriched in metals of the 
platinum group of elements giving rise to economic- 
ally viable ore bodies (Prendergast and Wilson, 1989; 
Prendergast and Keays, 1989; Wilson and Tredoux, 
1990). 

Borehole succession studied and methodology 

This study encompasses the boundary of the Marie 
and Ultramafic Sequences and the lower 600 m of the 
Lower Marie Succession in the Sebakwe Subchamber 
(Fig. 1). Mineral separations (analysed by XRF) were 
carried out in the grain-size range 0.10-0.18 mm 
which yields optimum separation of crystals while at 
the same time preserving the bulk integrity of the 
exsolved components within the minerals. The 
separation technique employed the Frantz magnetic 
separator, heavy liquids and in some cases removal 
of composite grains by hand picking. In most cases 
the latter step was not necessary and mineral 
fractions were determined to be 99.1% to 99.9% 
pure. For those separates which had a lower degree of 
purity (ie. 99.1 to 99.5%) a small correction was 
made on the basis of the known composition of the 
contaminating mineral phase. This correction was 
necessary in about 25% of all separations and was not 
specific to any one part of the succession. A zone of 
alteration in the drill core succession, between 
12.21 m and 26.7 m above the mafic-ultramafic 
contact, rendered separation of one or both pyroxenes 
impossible to the required degree of purity and in 
such cases the particular mineral was not separated or 
analysed. The alteration also resulted in highly 
elevated values of mobile trace elements (Ba, Sr, 
Rb, K) in the whole rock. Plagioclase separated from 
this interval was elevated in these elements and 
minor element compositions for this mineral are 
unreliable. This alteration is considered to be related 
to the proximity of a late-stage fault which acted as a 
passage for fluid migration. In the upper part of the 



CLOSED SYSTEM FRACTIONATION 155 

I 

30~ 
| I 

31"E 
SuUchamber 

+ + Z P +  + + . 

I I 
I 

Chamber 

20"5 - 

Gweru $hurugwl v ~ / i i l /  ::: Lalapanzl ./I c--~ ~ ~ }li 

Masvln( 

Zvlshovone 

  lpopo Province 

! 
I 

I / .  
LEGEND 

Later cover rocks 

["~-~--,I Fractures and faults 

~ Gabbro and norite 

~ Orthopyroxenite, serpentinite 

,,~-----'1 Satellite dykes 

~ Greenstone belts 
t J Granites and gneises of 

various ages 
~ ]  Metamorphic Provinces 

0 km I00 
I I I 

Fro. 1. Distribution of  Chambers and Subchambers of  the Great Dyke and general locality. The drill core section 
studied in this work is located in the Sebakwe Subchamber. Abbreviations: ZP - -  Zambezi Province; GF - -  

Gumngwe Fault; ED - -  East Dyke; MF - -  Mchingwe Fault; P - -  Popoteke FaulL 

drill core  c l inopyroxene shows coarse exsolution o f  affecting the separation properties. In addition, the 
Ca-poor  pyroxene  and magnet i te  or  spinel, the latter c l inopyroxene  enc loses  smal l  r eac ted  p igeon i te  
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grains, further complicating the separation process. 
As a result of these complications clinopyroxene 
from the upper 95 m of the drill core has been 
excluded from this study. Nine intervals for close 
selection of samples were identified so as to examine 
small within-group variations. 

Rock types, textures and modal variations 

Websterite layer. The websterite layer (5-36 m 
thick depending on locality) is the topmost rock unit 
of the Ultramafic Sequence. The underlying ortho- 
pyroxenite layer is approximately 200 m thick 
(Wilson and Wilson, 1981). The lithological im- 
portance of the pyroxenite package is due to the 
presence of sulphide mineralization close to the 
orthopyroxenite-websterite boundary, part of which 
is economically enriched in the platinum group 
elements (Wilson et al., 1989; Prendergast, 1988). 

Petrographically the websterite is a medium- 
grained rock comprising cumulus ortho- and clino- 
pyroxene. Plagioclase is postcumulus and phlogopite, 
hornblende, opaque minerals and apatite make up the 
late-stage mineral assemblage. In most occurrences 
the websterite is relatively homogeneous except for a 
ubiquitous coarse-grained pegmatoidal pyroxenite 
5-30  cm thick immediately underlying the gabbroic 
contact which has more abundant late-stage minerals. 

Lower Mafic Succession (LMS). This is a 
succession of gabbroic rocks approximately 700 m 
thick which directly overlies the Ultramafic Se- 
quence. The basal unit is a layered olivine gabbro or 
olivine gabbronorite (Wilson and Prendergast, 1989). 
Olivine occurs as coarse-grained oikocrysts poikili- 
tically enclosing plagioclase laths. Large crystals of 
olivine (1-5  ram) are also found in the upper few 
centimetres of the websterite layer. Plagioclase, 
ctinopyroxene and orthopyroxene are cumulus phases 
in the lower part of the succession. Higher up in the 
succession there is clear evidence of increasing 
postcumulus overgrowth on cumulus mineral phases 
by partial enclosure of clinopyroxene by plagioclase 
laths and inclusions of crystals of ortho- and 
clinopyroxene in plagioclase. Orthopyroxene oiko- 
crysts up to several centimetres in diameter are found 
in the top part of the LMS with small individual 
crystals of inverted pigeonite. 

Petrographic evidence is indicative of a marked 
reduction in postcumulus development in passing 
from the websterite layer to the basal olivine gabbro. 
Reappearance of magnesian olivine may be indica- 
tive of a new influx of magma but this coincides with 
the first appearance of plagioclase as a primary 
liquidus phase which is a totally different situation to 
that of the lower Ultramafic Sequence where 
peridotites mark the start of new cyclic units initiated 
by influx of new magma. 

Modal variation. The websterite layer and mafic 
rocks of the LMS are represented on the modal 
ternary diagram in Fig. 2. Virtually the entire group 
of mafic rocks may be classified as gabbronorites or 
more specifically clinopyroxene gabbronorites gen- 
erally containing more than 60% plagioclase. Most 
samples from the websterite layer are well within the 
modal bounds of this rock-type and may be called 
feldspathic websterites as plagioclase generally 
exceeds 5% by volume. Several samples immediately 
below the base of the websterite layer lie on the 
boundary of the orthopyroxene gabbro but are 
texturally quite different to those samples in the 
gabbroic sequence. 

In the LMS the main mineral constituents show 
relatively small overall modal variation (Fig. 3a-c)  
with the exception of more distinctly felsic layers 
which may have 10-20% more plagioclase than the 
normal gabbroic rocks above and below the layer. It 
is also noticeable that the more feldspar-rich layers 
have a corresponding lower proportion of clino- 
pyroxene whereas orthopyroxene remains remark- 
ably constant. Minor phases (primary hornblende, 
phlogopite, opaque minerals and small amounts of 
quartz) comprise less than 2% by volume, except at 
the top of the section where there is a noticeable 
increase in these phases to as much as 8% (Fig. 3d). 
There is, however, a systematic increase in minor 
phases upwards in the succession. Considering the 
average amounts of the various mineral constituents 
for each of the nine intervals sampled in detail in the 
LMS, the average content of plagioclase with 
stratigraphic height shows a systematic decrease 
from the base of the Marie Succession (at 63% 
plagioclase) to the 200 m mark (56% plagioclase) 
(Fig. 4a). Upwards from this point the volume modal 
percentage of plagioclase, as an average for each 
sample group, increases systematically to 65% at the 
top of the section studied. The large standard 
deviation for the lowermost group of samples 
(0-40 m) reflects the strong development of the 
leuco- and mela-layers, on a centimetre scale, which 
characterises the base of the LMS. The relative 
variation of the modal mineral constituents is 
demonstrated in Fig. 5. The websterite layer shows 
a strong antipathetic relationship between ortho- and 
clinopyroxene in the websterites, with a more 
dispersed but parallel trend exhibited between these 
two phases in the gabbroic rocks. There is no 
relationship between modal proportions of ortho- 
pyroxene and plagioclase in the mafic rocks and there 
exists a weak trend of decreasing plagioclase content 
with increasing amount of orthopyroxene in the 
websterites. Strong dependence exists between modal 
percentages of plagioclase and clinopyroxene in the 
gabbroic rocks and in the websterites. In the gabbroic 
rocks the trend is one of antipathetic variation and 



CLOSED SYSTEM FRACTIONATION 

PLAGIOCLASE 
~Anor fhos i fe  

157 

/ Opx I Cpx ~'kX~ Clino- 
OrthO-pyroxenite gabbronorite gabbronorite \ \ pyroxenite 

Websterite ".,, g i f t ""  

ORTHOPYROXENE CLINOPYROXENE 
FIG. 2. Modal variation (volume percentage) of rocks of the Lower Mafic Succession and websterite layer considered 
in this study. The bulk of the mafic rocks lie in the clinopyroxene gabbronorite field. Rocks of the websterite layer 

are mainly feldspathic websterites. 

sympathetic variation in the websterites. These magma may have an influence on the relative 
relationships indicate that competition for Ca in the proportions of clinopyroxene and plagioclase. The 

~ 
500 

,IQ 
~. 400 

o 300 

~ 200 

~ 100 
, , c  

-100 

~ I~T11111 
~ 1 1  W e b s t e r i t e  

~ 

" [~] 

0 20 40 60 80 
% Orthopyroxene 

" i f  

l !  

iln �9 

qrt, �9 

�9 A %  ,= 

= = I b m  

qB 

�9 # 

allm 

. . . . .  ~ = I Y '  �9 

, J , n , ~ , u , ~ , i , n , i 

0 20 40 60 80 0 20 40 60 80 
% Plagioclase % Clinopyroxene 

41== 

lit 

r 

I u i i 

0 2 4 6 8 

% H b l  + Phlog + Opq 

FIG. 3. Modal variations (volume percentage) of minerals (a) orthopyroxene, (b) plagiolcase, (c) clinopyroxene, and 
(d) late stage minerals in rocks of the Lower Mafic Succession and the websterite layer on a stratigraphic basis. The 
reference line (at 0 metres) is taken at the boundary of these rock units. The lower horizontal line marks the boundary 

of the websterite layer and the P1 orthopyroxenite. 



158 A.H.  WILSON AND J. B. CHAUMBA 

6 0 0  

500 

" 0  
E 
, . I  

o 400  . O  

O 

E 
o 300 

> 

200 

.~ 1 O0 

._~ 
"r 

- 100 I , i . I , I , I , I �9 1 ' I , I �9 I I I I I I I I 

53 55 57 59 61 63 65 67 69 71 1 1.2 1.4 1.6 1.8 2 2.2 2.4 
Avg. modal % plagioclase Modal % plag/Total modal % pyrox 

FIG. 4. (a) Average modal variations of plagioclase for each of the nine sample intervals through the Lower Mafic 
Succession. (b) Averages for each of the nine sample groups for the ratio of modal percent plagioclase to total 
percent pyroxene The horizontal bars represent the standard deviation (2 sigma) for each of the sample groups. The 

very wide range for the lowest group is the result of centimetre-scale modal layering. 

same explanation cannot be used for the websterites appear that textural rather than chemical controls 
in which the trend is opposite. In these rocks it would influence the mineral proportions with the more 

80 

6O 

._o 
40 

"~ 20 =E 

~ 80 

60 

~ 40 

~ 2 o  

, 0 

l 0%. 

100 

80 

60 

40 

20 

0 i l , i , I , i , I , j I  

0 20 40 60 80 100 0 10 20 30 40 50 0 10 20 30 40 50 
Modal % clinopyroxene Modal % orthopyroxene Modal % orthopyroxene 

FIG. 5. Binary modal variations for rocks of the Lower Mafic Succession (solid squares), the websterite layer (circles) 
and orthopyroxenite (solid triangle). (a) Plagioclase versus clinopyroxene. Notice the slrong interdependence for the 
gabbroie rocks. (b) Orthopyroxene versus plagioclase. (c) Clinopyroxene versus orthopyroxene. The 1:1 reference 

line is shown. 



CLOSED SYSTEM FRACTIONATION 159 

abundant formation of clinopyroxene limiting the 
available space for the development of early formed 
postcumulus phases, such as plagioclase. 

Whole rock trace element chemistry 

Trace elements show highly regular trends through 
the succession studied and in most cases these 
highl ight  the important  discont inui ty  at the 
websterite-gabbro boundary. The high field strength 
elements (Zr and Y) (Fig. 6) show a systematic 
increase upwards through the gabbroic rocks by a 
factor of more than six. On a stratigraphic basis there 
is also a major reversal to lower values from the 
websterites to the lower gabbros with the topmost 
two samples in the websterites being indistinguish- 
able from the lower gabbros. The upper gabbros lie 
on the same slightly curved trend as the lower 
gabbros. Both Zr and Y are significantly enriched in 
the websterite layer compared with the gabbronorites 
of the LMS. Y is further enriched in the websterites 
compared to Zr. The Y content of the websterites is 
equivalent to that of the mafic rocks some 600 m 
higher up the sequence. These variations are most 
easily explained by the websterites having a higher 
trapped liquid component. The high proportion of 
clinopyroxene (which has a higher partition coeffi- 
cient for Y than either plagioclase or orthopyroxene 
(Rollinson, 1993; Hart and Dunn, 1993)) in the 
websterites results in further enrichment in this 

element. Interpretation of these trends needs to 
evaluate controls by (a) increasing amount of  
trapped liquid higher in the succession or, (b) the 
same amount of trapped liquid but with higher 
concentrations of incompatible elements resulting 
from the fractionation process. 

Variation in Cu and S reflect sulphide mineraliza- 
tion and both these elements show extreme 
enrichment in the websterite (Fig. 7) as representing 
the upper portion of the Main Sulphide Zone 
(Prendergast and Keays, 1989) but decrease by 
nearly a factor of lO in the LMS. In the gabbroic 
rocks there is a gradual rise in concentration for S but 
a slight decrease for Cu indicating the development 
of minor iron sulphide in a system almost entirely 
depleted in Cu with this e lement  remaining 
remarkably constant at about 75 ppm. In the plot of 
Cu v s .  S the gabbroic rocks lie on the same trend as 
the websterites indicating that the system was S 
saturated but with both these elements highly 
depleted in the magma as a result of extensive 
sulphide fractionation in the Main Sulphide Zone. 

Pyroxene compositions 

Compositions of primary mineral phases provide a 
quanti tat ive evaluat ion of  the different iat ion 
processes of layered intrusions and have been 
established in some classic studies of  layered 
intrusions which include Skaergaard Brown, 1957), 
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Bushveld Complex (Atkins, 1969), Jimberlana 
intrusion (Campbell and Borley, 1974) and Great 
Dyke (Wilson, 1982). In this study internal analytical 
consistency of strongly exsolved phases is achieved 
by carrying out analyses on carefully prepared 
mineral separates, as well as allowing high analytical 
precision for large numbers of samples. 

A total of 450 mineral analyses were carried out 
for 150 coexisting assemblages of orthopyroxene, 
clinopyroxene and plagioclase through the entire 
sequence studied. Selected analyses are shown in 
Table 1. The average for the analysis totals for the 
entire data set is 100.00-1-0.31 for orthopyroxene and 
100.11-I-0.26 for clinopyroxene. Ferric iron has not 
been determined but the number of cations for each 
of the group is very close to the theoretical 4.000 and 
the charge deficit of close to zero (calculated 
(AI TM + Na)-(AI vl + Cr + 2Ti)) indicates that ferric 
iron is very low (Cameron and Papike, 1981). A 
small amount of ferric iron is indicated to be present 
in the more magnesian pyroxenes in the lower part of 
the succession studied on the basis of lower charge 
deficit. This is in keeping with direct analyses for 
ferric iron in both ortho- and clinopyroxene (Wilson, 
unpublished data) by which ferric iron decreases 
upwards in the succession. The data also indicate that 
the amount of ferric iron in clinopyroxene is 
approximately three times that in orthopyroxene 
with the range 0-0.3% in orthopyroxene and 
0-0.7% in clinopyroxene. As the emphasis of this 
study is on an internally consistent data base the 
calculated values for FezO3 were not utilized and all 
iron is assumed to be in the Fe 2+ state. 

Stratigraphic variation in major and minor 
components in pyroxene 

Orthopyroxene. Variation of Mg# (defined as 
molecular Mg/(Mg+Fe/+)) and the components 
AlzO3, CaO, TiO/, Cr203 and NiO in orthopyroxene 
show highly systematic variation through the 
sequence (Fig. 8). Mg# decreases upwards in the 
LMS from 0.84 to 0.55 showing a slightly curvilinear 
trend. Pyroxenes in the websterite layer have 
distinctly lower Mg# than for pyroxenes at the base 
of the Marie Sequence resulting in a pronounced 
reversal of compositions across the ultramafie- marie 
boundary. 

AlzO3 content in orthopyroxene overall shows a 
range from 1.2% to 1.8%. Contiguous samples over 
intervals of less than 10 m in the section can show a 
variation of as much as 0.3% which is significantly 
greater than the determination error of +0.08% 
indicating a high degree of small-scale variation. 
Such small-scale variation is significant but its 
evaluation is beyond the scope of the present work. 
The A1203 contents of orthopyroxene in the 
websterites are lower but show a gradual increase 
upwards towards the mafic contact. The pattern for 
CaO in orthopyroxene shows a marked decrease 
upwards in the websterite layer with a slight reversal 
to higher values at the base of the LMS. There is a 
slight but systematic increase in the CaO content 
upwards in the succession. 

TiOz variation in orthopyroxene shows a comple- 
tely opposite trend to that of Mg# with this 
component systematically increasing through the 
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sequence but with a clear reversal to lower values of 
TiO2 at the base the LMS. Variation of Cr203 
through the studied sequence shows a very 
pronounced trend of upward depletion but continuity 
of the observed variation and the highly pronounced 
curve is remarkable. A small reversal to higher 
values, consistent with all other variables, is observed 
across the boundary of the websterite layer and the 
gabbroic rocks. NiO in orthopyroxene shows a 
systematic decrease upwards in the succession but 
the rate of decrease is very much less compared with 
that for Cr203. The slightly curvilinear trend is 
similar to that of Mg#. There is an upward decrease 
in NiO in the websterite layer with a very pronounced 

reversal to higher values in the basal gabbroic rocks. 
Clinopyroxene. Very similar trends to those of 

orthopyroxene are observed for clinopyroxene 
(Fig. 9). Mg# shows a more pronounced curvilinear 
trend in clinopyroxene and there is a strong reversal 
from 0.81 at the top of the websterite layer to 0.86 at 
the base of the LMS. A1203 has higher contents in 
clinopyroxene (2.0-2.7) compared with orthopyrox- 
ene but shows the same variation. Calcium in 
clinopyroxene decreases upwards in the websterite 
layer but shows a small reversal at the base of the 
LMS. From 300 m upwards CaO decreases sharply. 
TiO2, CraO3 and NiO in clinopyroxene show patterns 
very similar to those of orthopyroxene and all 
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components show a major reversal at the marie 
boundary. TiO2 exhibits a strong decline at the 300 m 
mark. 

Variat ion of  a luminium content of  pyroxene 

Average values for A1203 contents, together with 
standard deviations, for ortho- and clinopyroxene for 
the stratigraphic section are shown in Fig. 10. The 
bell-shaped pattern is clear for both pyroxenes and is 
remarkably similar in form to the variation of modal 
data through the succession (see Fig. 4). This 
indicates that the primary magmatic control of the 

proportions of crystallizing phases also influenced 
the aluminium content of the pyroxenes. 

Control of AIeO3 content in pyroxenes is 
dependent on both temperature (mainly affecting 
the octahedral location) and pressure (tetrahedral 
location) (Mysen and Boettcher, 1975) but with 
magma composition (silica activity) strongly influen- 
cing competi t ion for the tetrahedral site. 
Considerable small-scale variation in the A1203 
content of pyroxenes from adjacent layers 
(approximately 0.3%) is similar to the spread of 
data observed by Eales et al. (1993) for the Bushveld 
Complex but is not explained by these authors. These 
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data indicate small but significant variations in this 
component which may be related to the dynamics of 
crystallization of narrow liquid layers within magma 
chambers. The variation of A1203 content in ortho- 
pyroxene with Mg# has also been expressed as a 
series of offset linear trends in both the Great Dyke 
P1 layer (Wilson, 1992) and in the Critical Zone of 
the Bushveld Complex (Eales et  al,, 1993). 

Stratigraphic variation in major and minor 
components of plagioclase 

Ca# (as Ca/(Ca+Na)) of plagioclase (Fig. 1 la) shows 
the same systematic variation through the Lower 
Mafic Sequence as the major components of pyroxene. 
Values for Ca# decrease from 0.9 at the base of the 
sequence to 0.72 at the top. A major reversal in 
composition in plagioclase occurs at the base of the 
LMS. Plagioclase in the websterite layer is strongly 
zoned as opposed to the relatively weak zoning 
observed in the LMS and no systematic compositional 
trend is observed in the websterite layer. 

Variation of K20 content in plagioclase (Fig. 1 lb) 
shows a strongly linear trend (opposite to that for 
Ca#) with plagioclase directly above the mafic- 

ultramafic contact having less than 0.1% K20 and 
rising to more than 0.55% at the top of the sequence 
studied. Again a major reversal occurs for K20 in 
plagioclase at the boundary with the mafic rocks with 
much higher values observed in the websterite layer. 

Significance of mineral compositions 

The consistency of the patterns observed for the 
considerable thickness in the LMS of the Great Dyke 
gives an insight into the fractionation style in this 
part of the magma chamber. Several important 
deductions may be made regarding the evolution of 
the magma chamber: (a) that there is no evidence for 
injection of magma during the crystallization of the 
LMS; (b) there is a consistent reversal in all 
compositional variables between the top of the 
websterite layer and the base of the LMS; (c) 
systematic changes in CaO and A1203 parallel the 
mineral modal variations and are indicative of an 
internal control which may reflect changes in magma 
conditions. The presence of olivine in the basal zone 
of the LMS is evidence that the transition from the 
websterite layer to the mafic rocks is not simply the 
appearance of plagioclase on the liquidus. This break 
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may also be the result of emplacement of new 
magma which either initiated the crystallization of 
plagioclase as a primary phase from the pre-existing 
magma which was saturated with plagioclase, or that 
this magma was of a different composition and one 
which was saturated with plagioclase and (at least 
initially) olivine. In the first case the magma may 
have been discharged from a chamber at depth which 
had been undergoing fractionation of Great Dyke 
type magma. 

Comparison of Great Dyke mineral compositions 
with those of of the Main Zone, Bushveld Complex 

and the Jimberlana Intrusion 

The LMS of the Great Dyke may be compared with 
part of the Main Zone (below the Pyroxenite Marker) 
and the Upper Critical Zone of the Bushveld 
Complex where plagioclase becomes a cumulus 
phase. This Main Zone section is a lithologically 
continuous succession of norites and gabbronorites 
with no interlayered pyroxenites or chromitites and 
appropriately may be compared with the LMS of the 
Great Dyke. It is instructive to compare the 
mineralogical compositions for these two intrusions. 
Averages of pyroxene compositions (data from 

Mitchell, 1990, and unpublished data; Eales e t  al. ,  
1993; Ashwal, 1995 - -  for a single analysis of 
plagioclase for the Lower Critical Zone of the 
Bushveld Complex) are shown in Fig. 12. Sharpe 
(1985) argues that the Main Zone of the Bushveld 
Complex was the product of a single influx of magma 
whereas Mitchell (1990) suggested that the primo- 
cryst mineral compositions supported periods of 
crystallization interspersed with emplacement of 
magma. The difference in the rate of change of the 
various compositional parameters with stratigraphic 
height between the Great Dyke and the Bushveld 
Complex is obvious with Mg# for orthopyroxene in 
the latter changing from 0.74 to 0.60 over 2300 m 
compared with that in the Great Dyke changing from 
0.84 to 0.57 over the much smaller interval of 650 m. 
The Great Dyke pyroxenes from the LMS are more 
magnesian than those of the UG-1 Merensky Reef 
interval and, significantly more so than those at the 
base of the Main Zone. The variation of Cr203 in 
orthopyroxene shows strong depletion but the form of 
the trend is also different to that of the Great Dyke. 
Pyroxenes at the base of the Main Zone have lower 
concentrations of Cr203 (0.15%) compared to those 
at the base of the LMS (0.20%). All minor 
components show a much smaller rate of change in 
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the Bushveld section compared with the Great Dyke. 
Over this section Cr203 in orthopyroxene decreases 
to less than 0.05% at the 700 m mark in the Main 
Zone whereas this is attained at some 150 m above 
the mafic-ultramafic contact in the Great Dyke. 
A1203 in the Bushveld orthopyroxene is significantly 
lower compared to the Great Dyke ie. 0.78 
decreasing to 0.67% for the Bushveld Complex 
compared with 1.8% decreasing to 1.3% for the Great 
Dyke. Both intrusions show an overall decrease in 
A1203 upwards near the base of the gabbroic 
sequence of rocks. TiO2 in orthopyroxene is 
strikingly different in its vertical distribution 
between the two intrusions. In the Main Zone of 
the Bushveld Complex this component remains 
effectively constant over the entire stratigraphic 
interval at 0.2% in contrast to the dramatic increase 
observed in the Great Dyke of 0.1 to 0.32%. Eales et 
al. (1993) record a significant increase in TiO2 in 
orthopyroxene upwards in the Upper Critical Zone. 
Ca# for plagioclase (Fig. 12e) for the Main Zone 
shows relatively low values and a moderate decrease 
upwards from about 0.72 to 0.60. This is compared 
with the compositional range of plagioclase in the 
Great Dyke of 0.90 at the base of the LMS decreasing 
to 0.72 at the 600 m mark. 

This comparison of mineral compositions 
between the Great Dyke and Bushveld Complex 
for the same lithological type illustrate not only 
differences in concentrations of minor components 
but also their pattern of behaviour in the evolving 
magma. It also indicates that the primary magma of 

the Great Dyke was different to that of the Bushveld 
Complex, with the former exhibiting initially more 
primitive compositions for pyroxenes and plagio- 
clase in the lithologically equivalent section. This 
compositional difference is also likely to have been 
manifest in correspondingly higher liquidus 
temperatures for the primary crystallization phases 
in the Great Dyke gabbroic rocks compared with the 
Main Zone of the Bushveld Complex. The 
partitioning of A1203 and CaO into pyroxene 
(primarily as the Ca-tschermak component) has 
been shown by many studies (e.g. Saxena, 1968; 
Lindsley and Dixon, 1976; Boyd and England, 
1964; Fujii, 1976) to be highly temperature 
dependent resulting in the significantly higher 
aluminium contents in the Great Dyke pyroxenes. 
It is also significant that the CaO content (as Wo) is 
higher in the clinopyroxenes of the Bushveld rocks 
compared to the Great Dyke, whereas the orthopyr- 
oxenes have lower Wo content (Fig. 13). This wider 
solvus relationship indicates relatively lower 
temperatures of crystallization in the Bushveld 
Complex for the same magnesium number of the 
magma compared with the Great Dyke. 

The compositions of the Great Dyke pyroxenes 
have characteristics which are remarkably similar to 
those of the Jimberlana Intrusion (Campbell and 
Borley, 1974). These include the narrower solvus 
relationships in the pyroxene quadrilateral (Fig. 13) 
with higher Wo component of orthopyroxene and 
lower Wo component in clinopyroxene, the steeper 
slope of clinopyroxene trend in the quadrilateral and 
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the increase in A1203 content in orthopyroxene at the 
base of the Gabbroic Zone in that intrusion. 

Fracfionation modelling for the lower mafic 
succession 

Mineral composition trends in layered intrusions 
reflect very largely the fractionation sequence in the 
magma chamber but these may be modified by (a) 
influxes of magma which may to some extent reset 
the system, and (b) postliquidus (postcumulus) 
processes which may modify the original 
compositions. 

The model used here is a computer simulation of 
sequential fractionation for stoichiometric phase 
compositions and some trace elements, employing 
very small finite extractions from the liquid of 
variable mineral assemblages using established 
partition coefficients. The trapped liquid component 
is also an important component causing composi- 
tional re-equilibration of liquidus phases to more 
evolved compositions (as outlined by Barnes (1986a) 
and Wilson (1992)), as well as the major control of 
incompatible trace elements in the whole rock. Any 
realistic modelling requires this factor to be taken 
into account. Distribution of major (stoichiometric) 
and trace components between solid and liquid for 
the various phases is derived from the following 
sources: FeO/MgO for olivine, orthopyroxene and 
clinopyroxene - -  Roeder and Emslie (1970); Beattie 
et al. (1991); Wilson (1992); CaO/Na20 for 
plagioclase - -  Nathan and Van Kirk (1978); Ni in 

olivine and the pyroxenes - -  Barnes (1986b); Beatie 
et al. (1991); Cr in pyroxenes - -  Barnes (1986a and 
b); Zr for mafic phases and plagioclase - -  Rollinson 
(1993). The partition coefficients of all major 
components, as well as Ni and Cr, are strongly 
dependent on liquid composition (as expressed by 
Beattie (1993) or temperature (as expressed by 
Barnes (1986b) for Cr in pyroxene). An underlying 
principle of the model is to take these continuously 
changing variables into account with the continuous 
recalculation of liquid compositions thereby chan- 
ging the partition coefficients. 

The fractionation model was run to simulate as 
closely as possible the modal proportions of primary 
liquidus phases within the framework of the 
following parameters: the initial liquid of the Great 
Dyke (with 15% MgO) and the composition of the 
liquid at the base of the websterite layer (with 6% 
MgO) as determined by Wilson (1992); Ni and Cr 
contents of the liquid at the base of the websterite 
layer are taken as 300 ppm and 75 ppm respectively 
(calculated by fractionation of the Ultramafic 
Sequence of the Great Dyke from the initial liquid); 
the Zr content of the initial liquid is 64 ppm and is 
85 ppm in the liquid at the base of the websterite 
layer. A further consideration of modelling composi- 
tional trends in magma chambers is the relationship 
of degree of fractionation to relative position within 
the stratigraphic profile which is dependant on the 
shape of the magma chamber. In a regularly shaped 
magma column, fractionation would normally lead to 
curved compositional trends and therefore matching 
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of the shape profile would place a constraint on the 
height - volume relationship. 

The results of the modelling of the mineral 
compositions, trapped interstitial liquid variation 
and the height-volume profile as derived from 
optimization of the modelling are shown in Figs. 
14-16. Compositional trends show the observed and 
calculated profiles and represent the closest all round 
agreement for the various components considered. 
The amount of trapped interstitial liquid is critical in 
controlling the distribution of Zr in the whole rock 
(Fig. 14a). Comparative curves are shown in the 
geochemical plots for no trapped interstitial liquid 
and a constant 5% trapped liquid. Consistent with 
petrographic observations the modelled fractionation 
indicates that there is a significant reduction of 
trapped interstitial liquid (Fig. 14b) in passing from 
the websterite layer (which has up to 15% trapped 
liquid at the top of the unit) to the base of the LMS 
(which effectively has no trapped liquid component). 

The reduction in trapped interstitial liquid in 
passing from the websterite layer to the base of the 
gabbroic rocks would in itself result in a composi- 
tional reversal for the cumulus mineral phases with 
the pyroxenes in the gabbroic rocks being more 
magnesian. This change would result in a composi- 
tion shift of 2 - 3  Mg# units, much lower than the 
observed reversal of 8 Mg# units. Such a reversal is 
explained by influx of new magma more primitive 
than that currently residing in the magma chamber at 
this level. This new magma may or may not have had 

the same composition as the high magnesian primary 
magma which gave rise to the Ultramafic Sequence 
of the Great Dyke. An influx of 10-15% new magma 
would result in the observed reversal of Mg# for 
pyroxenes (coupled with the change induced by the 
trapped interstitial liquid as indicated by the variation 
of Zr content). The height-volume profile in the 
modelling which overall best fits the shape of the 
observed chemical trends is shown in Fig. 14c and 
suggests a narrowing of the magma chamber with 
increasing height. Modelled compositional variation 
of Mg# for both orthopyroxene and clinopyroxene 
(Figs. 15a and 16a) show good agreement with 
observed trends. Also shown for comparison is the 
modelled compositional variation where no trapped 
interstitial liquid is involved. Trapped interstitial 
liquid has an important effect on the overall 
fractionation trend. The effect of no trapped 
interstitial liquid in the gabbroic rocks would lead 
to a relatively greater rate of iron enrichment in the 
magma than for the case where a trapped liquid 
component is involved. The modelled reversal and 
the overall trend agrees well with observation and an 
even closer fit would be obtained if a larger input of 
primary magma was emplaced but this would cause 
disparity with other chemical trends. 

There is very good agreement between observed 
data and the modelled variation for NiO in pyroxenes 
(Fig. 15b and 16b) in the websterite layer and for the 
reversal across the websterite-gabbro boundary. 
There is also good agreement for the shape of the 
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curve and the NiO content of orthopyroxene in the 
mafic rocks. However, the observed rate of depletion 
of NiO in clinopyroxene in the gabbroic rocks is 
greater than that predicted by the model. This may be 
an indication of non-equilibration between ortho- and 
clinopyroxene and this may arise from the difficulty 
in assessing the cumulus to postcumulus component 
of the two pyroxenes. 

Extreme rate of depletion of Cr203 is observed for 
both pyroxenes in the websterite together with a 

major reversal at the base of the LMS (Figs. 15c and 
16c). The effect of trapped interstitial liquid is 
minimal because of the very high partition coeffi- 
cients for this element. The shape of the modelled 
curve using the accepted composition of Great Dyke 
magma also agrees well with observation but the 
degree of reversal, as well as absolute values in the 
gabbroic rocks, are s ignif icant ly lower  than 
predicted. It must therefore be deduced that the 
Cr203 content of the new influx of magma was lower 
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than that of the magma which gave rise to the 
Ultramafic Sequence. The modelled profile is shown 
for influx of magma with 700 ppm Cr rather than that 
with 1900 ppm Cr as would be appropriate for the 
primary ultramafic liquid of the Great Dyke. The 
modelled result for influx of low-Cr magma 
(Figs. 15c and 16c) shows almost perfect agreement 
between the observed and modelled trends for both 
ortho- and clinopyroxene in the LMS. 

Discussion 

Quantitative evaluation of chemical fractionation in 
magma chambers is complex and encompasses many 
processes, some of which act in opposition for some 
elements and reinforce for other elements as a result 
of decoupling of the compatible and incompatible 
elements. In addition to the physical separation of 
primary phases from the magma, which drives the 
fractionation process, other important processes 
include recharge of the chamber by magma which 
may be of the same or different composition to that 
which gave rise to the resident magma, and the 
incorporation of trapped interstitial liquid which 
influences both the final re-equilibrated composition 
of the primary mineral phase and the rate at which 
elements are enriched or depleted in the magma. 

Variation of incompatible trace elements allows an 
estimate of the amount of trapped interstitial liquid 
arising from the porosity of the solid-liquid 
assemblage which for mafic cumulates has been 
variably estimated between zero and as much as 30% 
(Wager, 1963; Henderson, 1970; Irvine, 1980; 
Campbell, 1987; Wilson, 1992). Wilson (1992) 
shows that for the Great Dyke pyroxenites final 
porosity seldom exceeds 10-15% and this is 
consistent with the observed variations in the 
websterite layer in this study. The precise role of 
secondary (postcumulus) processes in the evolution 
of mafic rocks, and particularly the mechanisms by 
which the liquid is eliminated from the crystal mush 
(generally considered to be by compaction or by 
primary crystal growth), has long been a source of 
discussion. Campbell (1987) suggested that the 
process resulted largely from primary growth 
mechanisms whereas other arguments favour 
gravity-driven compaction as being the dominant 
process (Shierly, 1986; Hunter and McKenzie, 1989; 
Sparks et al., 1985; Meurer and Boudreau, 1996). 
Irrespective of which mechanism or combination of 
mechanisms dominated in establishing the final 
porosity of the rock the resultant trapped interstitial 
liquid would have influenced the final compositions 
of the mineral assemblage and the incompatible 
element content of the whole rock. 

The very low incompatible element content of the 
basal gabbroic rocks points to these as having 

effectively zero porosity. Although this is consistent 
with the compositional reversal at the mafic 
boundary it cannot by itself account for the observed 
compositional change and influx of new magma is a 
likely possibility. The re-appearance of olivine in the 
basal mafic rocks supports a disturbance of the 
system by influx of new magma. However, the 
coincidence of plagioclase also appearing on the 
liquidus at this point would suggest that the new 
magma influx was not of the same composition as the 
postulated primary magma which gave rise to the 
Ultramafic Sequence. This is particularly highlighted 
by the requirement of a much lower Cr content in the 
new magma compared to that which gave rise to the 
ultramafic rocks. The origin of such a magma 
composition is debatable but influx of magmas of 
different compositions have been proposed to 
account for the petrogenetic evolution of the 
Bushveld and Stillwater Complexes (Irvine et aL, 
1983; Sharpe, 1985; Kruger and Marsh, 1985). There 
is geophysical evidence of deep-seated magma 
chambers below the layered series of the Great 
Dyke and it is possible that fractionated magma from 
this source may have been emplaced into the 
Darwendale Subchamber. 

Summary and conclusions 

(1) Mineral composition trends of the Lower Mafic 
Zone of the Great Dyke contrast markedly with those 
observed for an equivalent succession of rock types 
in the Bushveld Complex both in the concentrations 
of components and in the evolutionary pattern during 
fractionation. A significant part of this difference 
may be that the Bushveld Main Zone represents a 
'leaky' input system whereas the magma chamber at 
this level in the Great Dyke was sealed. 

(2) In the Great Dyke the chemical trends for both 
mineral compositions and incompatible elements in 
the whole rock show highly regular patterns over 
wide compositional ranges for the stratigraphic 
interval studied which allow the quantitative evalua- 
tion of the fractionation processes and also an 
assessment of postcumulus process which may have 
operated in the formation of these rocks. 

(3) The websterite layer has significant amounts of 
a trapped interstitial liquid component but this never 
exceeds 15% and for the most part is less than 10%. 
The basal plagioclase cumulates had very low 
(approaching zero) trapped interstitial liquid compo- 
nent but it is shown to increase systematically to 
about 10% at the top of the gabbroic succession. 
These figures indicate effective exclusion of inter- 
stitial liquid from the cumulates. In effect the basal 
gabbronorites of the LMS are adcumulates. 

(4) Approximately 50% fractionation in a closed 
chamber is required to produce the observed mineral 
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compositions in the 700 m thickness of mafic rocks 
investigated. 

(5) An influx of 10-15% (by mass of resident 
magma) influx of new magma is required at the 
websterite-gabbro boundary to explain the composi- 
tional reversal as well as the re-appearance of olivine. 
The composition of this magma must have had 
significantly lower Cr content than that proposed as 
the initial magma for the Ultramafic Sequence (i.e. 
700 ppm Cr as opposed to 1900 ppm). This suggests 
that the new magma was mafic and therefore possibly 
different to the liquid which gave rise to the 
Ultramafic Sequence. There is no suggestion of 
either periodic or slow continuous influx of magma 
taking place during the crystallization of the LMS. 

(6) The shapes of the fractionation curves indicate 
a non-linear relation of magma column width to 
height with the magma chamber becoming relatively 
narrower upwards in the succession by about 25%. 

(7) Similar patterns for the distribution of A1203 
for both ortho- and clinopyroxenes and the modal 
percentage of plagioclase in the LMS indicate that 
both these variables are dependent on the AI activity 
in the magma. This would in itself depend on many 
factors, some of which would have been conffictive 
and others supportive. These factors include the 
balance of silica and alumina activities, the influence 
of increased network modifiers at more evolved 
stages of the magma and decreasing temperature. 
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