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OLIVINE OIKOCRYSTS IN BUSHVELD ANORTHOSITE:
SOME IMPLICATIONS FOR CUMULATE FORMATION
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ABSTRACT

Samples of anorthosite from the Bushveld Complex, in South Africa characteristically contain oikocrysts that axe
colloquially known as "mottles". In most cases, oikocrysts are ortho- or clinopyroxene. ln this study, I describe an occurrence
of mottles containing abundant olivine, amphibole, and mica in addition to orthoplroxene and plagioclase. The olivine
oikocrysts enclose numerous small, rounded, and embayed grains of plagioclase. These inclusions are compositionally markedly
different from plagroclase in the host anorthosite, which rules out a heteradcumulate origin for the mottles. Both inclusions atrd
plagioclase of the host anorthosite are compositionally reversely zoned. A Ca-rich rim (up to Anet is attributed to partial
resorption by an interstitial melt emiched in H2O.

Keryords: anorthosite, cumulate, textue, resorption, oikocrysts, Bushveld Complex, South Africa.

Sorwtang

Des &hantillons d'anorthosite provenant du complexe de Bushveld, en Afrique du Sud, contiennent de fagon caract6ristique
des oikocristaux en taches que l'on appelle couramment "mottles". Dans la plupart des cas, ces oikocristaux sont soit
de l'orthopyroxdne, soit du clinoplroxdne. Ce travail porte sur un exemple de tache contenant une abondance d'olivine,
d'amphibole et de mic4 aussi bien que d'orthopyroxdne et de plagioclase. Les oikocristaux i olivine englobent de nombreux
petits cristaux de plagioclase arrondis et r6sorb6s. Ceux-ci ont une composition trbs diff6rent€ de celle du plagioclase dans
I'anorthosite encaissante, ce qui 6limine une origine h6tdradcumulative. Ces inclusions, aussi bien que le plagioclase de la roche
h6te, montent une zonation invers6e. k d6veloppement d'une bordure calcique (usqu'd Ane5) r6sulterait d'une r6sorption
partielle dans un liquide interstitiel enrichi en H2O.

(Traduit par la R6daction)

Mots-clAs: anorthosite, cumulats, texture, r6sorption, oikocristaux, complexe de Bushveld Afrique du Sud.

INTRoDUciloN

Within the last decade, classical interpretations of
cumulates have been increasingly questioned. Wager
et al. (1960) classified cumulus rocks into ad-, meso-,
and orthocumulates, on the basis of an increasing
relative proportion of intercumulus material. However,
in many cases, the genetic conotations of the terms
'ocumulus" and "intercumulus" have been found to be
impractical. Hence, whereas Raedeke & McCallum
(1980) proposed that oikocrysts in the Stillwater
Complex are a product of trapped intercumulus melt,
studies on pyroxene oikocrysts of the Skaergaard
intrusion (McBimey & Noyes 1979, McBimey &
Hunter 1995) and of some Australian layered
intrusions (Mathison 1987) suggest that cumulus and
intercumulus material may crystallize simultanously at
a crvstallization front.

Intercumulus oikocrysts are also a characteristic
feature of anorthosite in the Bushveld Complex @ager
& Brown 1968, p. 359; Maier L992). As in other
layered complexes, most oikocrysts consist of orthopy-
roxene and clinopyroxene. This investigation focusses
on oikocrysts of olivine and compares them to the more
common pyroxene oikocrysts. Olivine oikocrysts have
not been described in the literature so far, but they may
have important implications for cumulate formation.

The anorthosite that hosts the olivine oikocryst
discussed here occurs toward the top of the Upper
Critical Znne of the Westem Bushveld Complex, at
Impala Platinum Mnes, Wildebeesrfontein North
Section (Ftg. 1).The layer is 10 m thick and overlies
the UG2 cbromitite and pyroxenite. Similar oikocrysts
were observed within the UG2 - Merensky Reef
interval at two other localities in the Westem Bushveld
Comolex.
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FIG. l. Stratigraphic subdivision of the Rustenburg Layered Suite, and generalized section through the Upper Critical Zone
at Impala Platinum Mines, Wildebeesfontein North Section. Map shows tle westem lobe of the Bushveld Complex.
The dashed line indicates the sub-outcrop position of the Merensky Reef.

PE.TROGRAPHY

Samples of anorthosite in the Upper Citcal Tnne
of the Bushveld Complex generally contain befween
0 and lAVo interstitial material. As such. most of
them may be classified as plagioclase adcumulate
(Wager et al. L96O). Most of the interstitial material
is ortho- and clinopyroxene, which occur in the form
of oikocrysts containing numerous chadacrysts of
plagioclase. Oikocrysts are generally distributed
evenly in the rock, with the distance between
individual oikocrysts being usually ca. 5 to 10 cm.
Where ortlo- and clinopyroxene occur togetler,
the former is generally sunounded by a zone of
poikilitic clinopyroxene. Such aggregates of interstitiat
orthopyroxene and clinopyroxene are commonly
referred to as "mottles" in tle literafure on the
Bushveld Complex. Mottles that are made up of

oikocrystic olivine are less common; I have observed
them, otler than in the example selected for detailed
study, in the Arnandelbult Section (borehole inter-
section 7E3, MaLer 1992), where they occur at the
same stratigraphic position as at the Impala mine, and
below the UG2 cbromitite at the Crocodile River mine
(Frg.l).

The olivine mottle studied in detail is shown in
Figure 2. The core of the mottle consists of a complex
intergrowth of olivine, orthopyroxene, and plagioclase.
Olivine is in optical continuity. Laths of partially
chloritized phlogopite @g. 3a), with their long dimen-
sions oriented subparallel to the layering, cut across
grain boundaries; they are associated maidy with
orthopyroxene and may be attributed to replacement as
a result of reaction of the pyroxene with a late-stage
liquid. The oikocrystic olivine and orthopyroxene are
anhedral and poikilitically enclose numerous rounded,
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Frc. 2. (a) Photomicrograph and (b) skerch map of the olivine mottle analyzed, Note that the boundary between core and
marginal zone is gradational rather than precisely defined.

anhedral grains of plagioclase @igs. 3b, c, d, e). Many
of the grains are iregulady embayed (Fig. 3e). A
naxrow zone consisting of amphibole (Figs. 3d, e) or,
less commonly, an unidentified, fibrous phase, is
generally developed between plagioclase and olivine.
/rbovt 1,0Vo of the olivine and orthopyroxene in the
core area is serpentinized.

The core of the mottle is surrounded by a marginal
zone @ig. 2b) of relatively fine-grained subhedral
plagioclase (ca. 80 vol.Vo), interstitial orthopyroxene
and hornblende (both ca. L0 vol.Vo), and minor
phlogopite and quartz. With increasing distance from
the core, the marginal zone grades into a laminated
anorthosite largely free of interstitial pyroxene and
amphibole: plagioclase domains become progressively
larger and more tabular, and the rock displays triple-
point junctions. Grain sizes within the anorfhosite are
similar to those of other samples of anorthosite and
norite in the UG2 - Merensky Reef interval (Maier
1994).

Modal analysis of the mottle gave the following
volume proportions (note that values are approximate,
as the borders of tle mottle cannot be defined
precisely): plagioclase 67Vo, orthopyroxene 17Vo,
olivine 87o, amphibole 37o, serpentine 3Vo, mica I.SVo,
qtar"tz0.5Vo.

Fo {Mol .7o)

Flc. 4. levels of NiO plotted against Fo content in otvine,
based on electron-microprobe analysis of49 samples from
the UG2 chromitite - Merensky Reef interval in the
Western Bushveld Complex (Maier 1992). Enor bars
depict 2o standard deviation of analytical precision
derived from 10 closely spaced analyses of an olivine
secondary standard.
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FIc. 3. (a) Phlogopite laths OolO originating in orthopyroxene (striped). Matrix is plagioclase (twinning is idealized for clarity).
@, c) Subrounded and rounded inclusions ofplagioclase in anhedral olivine (stippled) and orthopyroxetre. Note the corona
of an unidentified fibrous phase (patterned) around olivine in (b). (4 e) Plagioclase inclusions in olivine rimmed by
amphibole (solid). (fl Inclusions ofplagioclase in orfhopyroxene oikocryst. Note the change in scale. To enhance claxity,
these figures have been traced from photomicrographs.

MNERAL Crmrnsrnv

All analyses were performed on a JEOL CXA-733
electron microprobe at Rhodes University, using a
defocused 10 pm beam, an acceleration potential of
15 kV" and a beam current of 25 nA.

The olivine in the core of ttre mottle contains
between 36 and 38 wt%o MgO (Fozr - Fo7), with no
significant zonation being delectable. The Ni content
of the olivine is approximately 0.4 wtVo NiO. In
comparison, olivine from harzburgite and otvine
norite in the UG2 - Merensky Reef interval is
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TABLE 1. COMPOSITION OF ORTHOPYROXENE IN THE OLIVINE MOTTLE

1015

Andysis 1 2 3 4 5 6 7 I I r0 11 12 13 14 15
T Y P o o o + + + + + + + + + O + + o

16  17
o o

SiO2 53.24 5S.{4 53.34 53.37 5S.74 53.80 53.@ 53.65 53.82 53.94 5!r.$ 5&@ 54.01 53.87 53.36 53.42 53.,t4
Tlo2 0.18 0.19 0-A 0.13 0.11 0.11 0.17 0.12 0..t2 0.@ o.17 02.t 0.10 0.20 0.21 0.2 0.26
,uzcB 0.94 1.19 1.89 114 1.74 1.73 1.54 1.97 1.80 1.U 1.66 r.6 .1.84 1.4 1.A 0.96 0.83
ozG 0.2, 0.25 0A 0.19 0.07 0.11 0j7 0.18 0.05 0.13 026 020 0.13 0.13 0.21 0.20 0.16
FeO 18.72 17. 16.02 15.55 15.60 15.56 15.38 15.48 15.51 15.51 1623 19.05 1632 15.S 18.05 18.46 19.34
fr/to 0.34 O.A. O.2. 0.25 0.19 0.18 02. 0.2't 0.21 020 O.B O.g0 O.Z, 029 0.S0 0.A 0.33
NO 0.11 o.14 0.12 0.11 0.@ 0.@ 0.09 o.o5 0.11 0.r2 0.6 o.to 0.09 007 0.6 0.13 0.13
MSO 24.62 X.A %.% n2. n& 27.72 27.9 n.8 n.ts 27.& X.Ct 24.9 n.4g 27.14 6.9 8,41 24.45
C€ O.n 0.57 0.47 O.A, 0.45 0..t9 0.8 O.@ 0.47 035 0.49 0.90 0.gt 0.70 031 0.71 0.8't
NazO 0.01 0.00 0.O 0.m 0.m 0.00 0.m 0.m 0.6 O.O0 0.Ol O.@ 0.m 0.00 0.01 0.01 0.m
Tohl s.l4 99.35 99.45 S.97 99.86 30.76 S,41 99.86 99.83 1@.m 'rm.m S.89 lm.ls 90.78 99.55 99.79 99.74

Cations (based on 6 abms ot oqg€n) :
si 1.97 1.96 1.94 1.95 1.94 1.94 1.96 1.94 1.94 1.94 1.95 1.95 1.95 1.95 1.96 1.96 1.97
Ti 0.01 0.01 0.01 0.o 0.m 0.00 0.m 0.m 0.@ 0.@ 0.@ 0.01 0.m 0.01 0.01 03r 0.01
Af 0.or 0.05 0.08 0.07 0.07 0.07 0.07 0.6 0.€ 0.08 0.07 0.05 0.08 0.06 0.05 0.04 0.04
Cr 0.01 0.01 0.01 0,01 0.00 0.00 0.m 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0o1 0.00
@,+ 0.58 0.53 0..t9 0.47 0.47 0.47 0.47 0.47 O.47 0.47 0.49 0.$ 0.48 0.48 0.55 0.57 0.60
Mn 0.01 0.01 o.ot 0.01 0.01 0.01 0.01 0.01 0.0t 0.0.| 0.01 0.01 0.0t 0.01 0.01 0.01 0.0'l
Irls 1.36 t.4'l 1.46 1.48 t.50 1.45 1..A 1.50 1.4{' 1.50 1.45 1.97 1.47 1.47 1.38 t.Sg 1.34
Ca 0.6 0.@ O.@ 0.@ 0.m 0.02 0.G 0.01 0.O2 0Ol o.vz o.st 0.Ol 0.03 0.0S 0.00 0.03

[&f 0.701 0.725 0.750 0.757 0.73.| 0.i61 0.7o 0.732 0.761 O:|e, O.78 0.m 0.753 O.7*, 0.714 0.710 0.@3

Ses Flgure 6 for th6 lomllon ol polnb analfz€d. Symbols rped: o: InterBffilal orlhopyroxens in lhe marglnal zone,
+: orthopyroxene ln the core.

TABLE 2. COMPOSITIONAL VARIATION OF CUMULUS AND INTERSTTNAL ORTHOPYROXENE
IN THE TWO SAMPLES FROM THE UG2 - MERENSKY REEF INTERVAL

Samfle 140.1 (norite)

w 4 ( c / o ) 1 2 3 4 5
sio2 s5.40 5521 55.50 #.Q. 5553
Tio2 0.23 0.n o2. 026 0.23
APO3 1.01 1.O7 1.6 1.05 1.00
Cr2g 0.47 0.50 0.50 051 0.45
F€O 1235 1252 12.90 1241 1267
MrO o.X o.8 025 O24 A.24
Nio 0.09 0.13 0.06 0.'10 0.06
lrSO 29.33 29.33 29.28 29.17 nl7
CaO 0.97 0.96 1.00 0.95 0.94
Na2O 0.00 0.00 0.00 0.01 0.01
Total 100.'10 100.'15 100.7s 100.13 10029

Cabrs @ased on 6 doms ofoxygen)
si 1.97 1.96 1.9€ 1.97 1.97
Ti 0.01 0.01 0.01 0.01 0,01
Al 0.04 0.M 0.04 0.04 0.u
Cr 0.01 0.0'l 0.01 0.0'l 0.01
Fe o.S7 0.37 0.38 0.37 0.38
Mn 0.01 0.01 0.01 0.01 0.01
tufS 1.5s 1.5s 1.54 1.55 1.9
Ca 0.04 0.04 0.M 0.04 0.04

srd

0.11
0.02
0.@

020
0.01
0.@
0.07
0.02
0.00
o24

1573.75 (anodhcite)
srd

1 2 9 4 5 6
g.frt 54.38 54.11 54.0'l 5/.26 ilA O.12
0.14 023 A28 026 027 0.14 0.06
0.s3 0.82 0.81 0.79 0.86 1.n 020
o.12 0.27 0.18 06 0.25 0.41 0.@

20.06 18.69 19.59 '19.01 18.19 17.14
0.s1 0.30 0.35 0.36 0.S' 029
0.04 0.04 0.03 0.07 0.e 0.02

24.11 24.75 A.67 8.53 2434 2s.46
0.63 0.9s 159 1.56 1.72 128
0.01 0.@ 0.6 0.@ 0.01 o.@

lm-a 100.43 100.69 99.87 1m24 10020

0.95
0.03
o.02
0.66
0.39
0.01
oiljJ

1.99
0.m
0.@
0.00
0.e
0.01
1 . .
0.02

1.98 1.98
0.01 0.01
0.@ 0.03

1.99 1.98 1,97
0.01 0.01 0.00
0.@ 0.04 0.0s
0.01 0.01 0.01
0.58 0.56 0.s2
0.01 0.01 0.01
1.n 1.9. 1.38
0.06 0.07 0.05

0.01 0.01
0.57 0.60
0.01 0.01
1 g  1 A
0.04 0.08

lvls# 0.809 0.807 0.802 0.807 0.8e1 0.001 0.682 0:lt2 0.689 0.688 0.76 o,Te 0.015
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considerably more magnesian, although it does contain
similar Ni concentrations (Frg.  ).

If compared with orthopyroxene from the Upper
Critical Zone (Fig. 5), the orthopyroxene in the core of
the mottle is markedly enriched in Al and depleted iur
Ti, Mq and Cr. This is particularly apparent where
orthopyroxene borders on olivine (Anal. 3 to 10, and
13, in Table 1, Fig. 6). Values of Mg# [= Md(Mg +
Fe2+)l lie between 0.74 and 0.77 within the mottle.
Orthopyroxene of the marginal zone plots within the
compositional range of interstitial orthopyroxene in

other examples of Bushveld anorttrosite (Fig. 5). As a
general pattern in cumulates ftom the Bushveld and
other layered complexes, cumulus orthopyroxene
shows much less variation within individual samples
than interstitial orthopyroxene (Iable 2).

Plagioclase in the olivine mottle is significantly
more calcic @y ca 1.5 mol.Vo An) than plagioclase in
the host anorthosite, with plagioclase of the marginal
zone having intermediate sempositions (Table 3,
Fig. 7). A relationship between grain size and
composition is thus tentatively suggested. Generally,
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smaller cumulus grains show the highest An values in
the Bushveld cumulates (Frg. 8).Fe and Sr contents of
plagioclase, as determinedby electron microprobe, are
similar witlin and outside the olivine mottle @g. 7).

Both plagioclase inclusions in the oikocryst and
cumulus plagioclase are typically reversely zoned
(Fig. 8), but reversals tend to be more pronounced in
tle former. Reverse zoning is common in cumulus
plagioclase of the Bushveld Complex; it may be
observed in up to 80Vo of. grains within norites and
anorthosites of the UG2 - Merensky Reef interval

LOLT

(Maier 1994). Detailed analysis of cumulus plagioclase
in the anorthosite under study indicates that (a) zona-
tion seems to be superimposed on grain boundaries
Gig. 8), and (b) zonation is truncated and i:regular
(Frg. 9).

J[e amFhibole in the marginal zone of the olivine
mottle is hornblende 'nth 46-5l%o SiO2, 4.8-9.LVo
Al2O3, lO.3-L2.4Vo FeO, 14.4-L6.7Vo MgO,
L2.3-l2.7Vo CaO, and 0.454.98Vo Na2O. The mica in
the core of the olivine mottle is phlogopite, with
37 .1"-39.2Vo SiO2, 1 5.3-17 .07o Al2O 3, 7 .3-3.9Vo F eO,
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OLIVINE OIKOCRYSTS IN BUSHVELD ANORITIOSITE

Ftc. 5. kvels of Cr2O3, NiO, TiO2, MnO and AlrO, plotted against Mg# of ortho-
pyroxene, based on electron-microprobe analysis of 250 samples from the UG2 -
Merensky Reef interval (Maier 1992). Enor bars denote 20 standard deviation of
analytical precision.

Mg#(opx)
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Ftc. 6. location oforthopyroxene and plagioclase analyzed in and around the olivine mottle. Olivine is shown in dense stipple,
orthopyroxene in light stippte, plagioclase is colorless, and amphibole is solid. Numbers refer to Tables 1 and 3. Note
that orthopyroxene described by analysis 9 is a narrow rim around olivine, and plagioclase described by analysis 18 is
a small inclusion in olivine.

L9.6-2L.7 Vo MgO, 0.324.46Vo Na2O, and 5.L5-5.667o
K2O. The unidentified fibrous phase found between
plagioclase and olivine (Fig. 3b) has the following
compositions: 24--29Vo SiO2, 30.5-33.4Vo Al2Or,
L2.8-L5.2Vo FeO, 14.3-16.l%o MgO, 6.24.7Vo CaO,
O.64.9VoNuO.

E
o.e
o

s
'H

:,
o
o

tJ.

80 90

An (Mol.%l

Ftc. 7. Levels of Sr and FeO plotted against An content of
plagioclase in the olivine mottle and the anorthosite.
Enors depict 2o standard deviation of analyical preci-
sion. Counting times for Sr were 200 s on peak and
background. The counting error for Sr was determined
by 54 analyses ofan apatite standard containing 2300 ppm
Sr.
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TABLE 3. COMPOSITION OF PLAGI@LASE IN AND AROUND THE OLIVINE MOTTLE
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t qA n a l F i s  I  2  g  4  5  I  7  I  S  1 0 ' 1 1  1 2 .  1 3
T y p o o o o o o o o o f ' r *

1 6 17
+

t8

s()2 4925 49.46 4n 88 4772 4tp. 47:16 4757 4sf',t 45.41 45.95 4S53 4528 475 $.17 47!a {6.S1 4402
A2@ 31.96 3168 3a10 gt.s-' 33.Q 32gt &97 9 3430 33!8 34.{E 3330 3451 3233 3.9} 3337 33.C/ 35.15
FeO A.a 0.16 O24 o.tg o8 02, a6 oE o24 036 030 izt 0A og7 0"e 08 0-E 0Zl
CaO 15"65 l5.S 15g7 17P. $g 1647 16P, 17.08 18,40 18,5 19,,, 17gt 1637 10.78 18f,€ 17,47 17:17 1930
ita2o 2g 269 2,49 157 19 1.s 194 1:n 1.OO 035 1.14 1.38 0.S 1.&| 1.b 158 1.gl 054
f\zo 0.O1 O.01 0.01 0.01 0.00 0.00 0.(D 0.00 0.O 0.00 0.00 0.O 0.01 0.€ 0O1 0.02 0.01 0.O
Totd 995S SS.S S9.47 €.61 S.78 S9J0 9934 9930 9954 98€5 S68 995/ 9037 @58 99.78 SS.78 99.04 9928

Cq&ns (based m 32 erm otor(yg€n) :
sl 9.04 9.@ 8.g/ 8.80 8.78 8.& &78 8:t4 8.45 8.{€ 850 8.60 8.40 8.?B 853 8.68 A.57 821
Al 691 6.86 6.5 7fi 7JA 7.15 7.15 ?A 7.49 7.4 7,4 7& 755 7.15 739 78 7.38 713
F&+ 0.G OO2 0.@ olxt 0.04 0.{B 0,04 0.04 0.04 0.6 0.05 0.04 OO4 0.15 0.05 0.04 0.04 0O4
Ca 3.@ 3.03 9.13 3.42 gP. 325 3.33 33a 3.65 355 3.61 350 365 gP, 358 3.45 3.5? 388
tla 0.&l 0.96 081 056 0.70 0.70 059 063 036 034 0.41 0.49 0g 0.68 0.45 056 0.49 0m
K 0.@ 0.@ 0.o 0.@ 0.@ 0.@ 0.00 0.@ 0.00 0.0 0.m 0.@ 0!0 0.0t 0.@ 031 0.o 0.@

tu vk 75p, 285 8591 @,57 p..8 82&. 84,o qfi $3S 89X2 A772 S1g7 S,tB 98.76 851€ 87.74 95.17
&(ppm) 4n 478 5S 43S 472 495 M 518 461 457 481 il1 4Sf 468 4g 452, M 94

s(}2 4/,02 49.@ 4591 49.@ 46.4't t6"86 !&6 45.92 49.15 {S!4 49.68 4852 48.7t 4985 47m 4AS2 49.A 4924
AP@ 35.15 3e12 34.15 3231 33€5 3396 S56 3432 9.4 g8 S1:t1 9,@, 9.N 31€0 33.19 LN 525,7 &O2
F€O OZ7 025 028 O33 028 O21 O"gl O24 O.17 O.1o O24 02. O8 O21 0r0 0.18 04, 422,
cs 1930 15.92 .t838 15.6 t7,!9 ,17.70 1759 18.08 1512 18.11 1557 1635 1596 1525 1637 1632 15.74 15.80
fh20 054 2& r.04 2.& 150 |R. 1.46 1.r8 L47 ',tz. 2r3 26 26 Z& 1.Sl 2a 28 29
lQo 0.00 0,01 0.01 0.o2 0.01 o.o1 asz o.o1 o.@ o.(I) o.o1 0.01 0.m 0.01 0.@ 06 0.08 0.10
Toel 9928 9969 S.75 10004 9924 1m.19 98.C/ @.75 1@.18 100.6 S.81 99,91 @.49 S.72 99.94 1@,C/ 100.69 Sg93

C€ions (bss€done alcrns otoryg€fl) :
si 821 8.99 8.49 Sg 7 860 850 8.5-r 8.4a asl 859 SO9 LS 8.96 9.13 8.m 8l8 8.9 9.C2
Al 7.?B 6.95 7.44 AS7 735 7S 736 7.47 8.98 ?.42 6!4 7.05 7t1 6e 7.19 7.08 6.el 0.91
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Frc. 8. Conpositional zonation of three adjacent gains of
plagioclase in anorthosite adcumulate.

Dlscusslor.t

The problems encountered in the interpretation of
cumulate textures were recently highlighted by
McBirney & Hunter (1995). They summed up
convincing evidence for in situ growth of cumulates
followed by partial or complete recrystallization of the
pile of crystals in the Skaergaard Infrusion (see also
McBirney 1987, Boudreau 1987, Boudreau &
McCallum 1992). Amongst other features, they
observed poikilitic pyroxene, enclosing plagioclase
grains of markedly reduced size, suggesting that
growth of these grains was arested upon entrapment
by pyroxene, which crystallized simultanously with
plagioclase at a crystallization front. In other words, in
these authors' opinion, oikocrysts do not represent
trapped liquid but are heteradcumulates. The general
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Ftc. 9. Compositional variation in the rim zone of a plagioclase grain in anorthosite.

Eighty analyses covering the circumference of the grain are spaced at a comtart
distarce of 20 ltm fron the grain boundary.

paucity oflate-stage phases such as quartz, amphibole
and mica, as well as low concenftations of incom-
patible trace elements in anorthosites from the
Stillwater Complex (Salpas et al. 1983), support this
concept. The same paucity of late-stage phases and
incompatible trace elements also is observed in
anorthosites from the Bushveld gemplex (Maier
1992).

In this study, I draw attention to a number of
feahrres that are inconsistent with a heteradcumulus
origin of interstitial material in the Bushveld suite of
anorthosite. (i) Compositions of interstitial ortho-
pyroxene witbin any one sample of anorthosite are
variable, especially in comparison with "cumulus"
orthopyroxene found in norite or pyroxenite (Table 2).
(ii) Comparison of the plagioclase inclusions in the
olivine oikocrysts witl "cumulus" plagioclase in
the anorthosite (Fig. 7) shows substantial compo-
sitional and textural differences: the small rounded
inclusions are strongly reversely zoned and enriched in
the An componenl whereas grains of plagioclase in the
anorthosite are generally subhedral, much larger,
depleted in An component and not as sfrongly zoned.
(iii) Olivine of the mottle is richer in Fe than
"cnmulus'o olivine of adjacent olivine norite, troctolite
and hanburgite (Fig.  ). (iv) The olivine monle
contains abundant late-stage phases such as amphibole,
mica, and minor quartz. Furfhermore, concentrations of
some trace elements that are incompatible with respect

to the dominant phases, such as Z, Rb, 7.n, and Cu, are
highly inegular in the Bushveld anorthosites (Maier
1992), an observation that has also been made for the
Stillwater anorthosites by Salpas et al. (1983). T\ese
features suggest localized variation in melt composi-
tion, a condition typical ofan interstitial environment,
where convection and homogenization of the melt are
less effective.

It is not possible to determine the composition of the
interstitial 'otrappedo' liquid" but a number of conditions
can nevertheless be qualifted. Morse & Nolan (1984)
argued that sftong reversals toward a Ca-rich rim on
cumulus plagioclase in the Kiglapait Intrusion,
Lab'rador, were caused by increased partition of Ca and
Al into plagioclase owing to enrichmenl of the augite
component in an intercumulus liquid. However, augite
in general is a minor phase in the Lower and Critical
Zones in the Bushveld Complex, and is entirely absent
in the olivine mottle discussed here. Also, tle shape of
the inclusions suggests that resorption, rather than
crystallization, was the dominant process prior to their
entrapment by the ferromagnesian phases. Therefore,
the mechanism of Morse & Nolan probably does not
account for the reversals in plagioclase zoning and the
high Atr contents described here.

Other chemical constituents that are enriched during
fractional crystallization of a basaltic rnagma are
incompatible trace elements such as K,7r,Ti, and Rb,
as well as H2O. There is direct mineralogical evidence
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Fic. 10. Possible effects of gnin-boundary miglation on a
plagioclase - melt assemblage, resulting in a grain like
that in Fig, 9. Stippled contours indicate zoning.

for enrichment of both water and certain incompatible
trace elements in the interstitial melt from which the
olivine mottle crystallized, in the form of abundant
mica and amphibole. Water is known to dramatically
lower the liquidus temtr)eratures of anhydrous phases,
even in water-undersaturated systems @obertson &
Wyllie 1971, Whitney 1975). Accordingly, McBirney
(1987) clrew analogies between isothermal flux-
melting as a result of water enrichment in metallurgical
refining of ingots and in a semiconsolidated pile of
cumulates.

Feldspar

)livine Pyroxene

Flc. 11. Schematic diagram, showing shift in liquidus position
within the systen feldspar - olivine - pyroxene in
respoilrc to addition of water [modified after Kushiro
(1975) and McBimey (1987)1. Solid dot represents
possible composition of interstitial melt generally of
noritic character.

In the case of plagioclase, water enrichment may
cause preferential dissolution of the albite component
in the melt leading to a Ca-emiched rim @oudreau
1988). Panjasawatwang et al. (L995) documented that
atr increase in the H2O content of both H2O-under-
saturated and saturated melts enhances Ca partition
into plagioclase. Considering additional evidence, such
as the tnurcation of compositional zoning in plagio-
clase @g. 9), and the fact that up to 80Vo of the grains
of cumulus plagioclase within the UG2 - Merensky
Reef interval of the Bushveld Complex are reversely
zoned (Maier 1994), I believe that resorption was a
wid6spread phenomenon in the interstitial regime. The
ocqurence of the highest An contents in the smallest
grains of plagioclase and the continuity of composi-
tional trends across grain boundaries (Fig. 8) also
suggest that the zonation is a postcumulus pheno-
menon. However, it should be noted thag following
Means & Park (1994), zoning patterns in general may
have to be reinterpreted. Accordingly, the truncation
shown in Figure 9 and that in the study by Singer &
Pearce (1993) may have formed by grain-boundary
migration, as schematically shown in Figwe 10.

Another phase in the mottle of rather unusual
composition is orthopyroxene. It is emiched in Al, and
depleted in Cr, Ti, and Mn near olivine. The Al
enrichment in particular, cannot have been caused by
subsolidus reaction between the two phases, or reaction
replacement of olivine by orthopyroxede, as Al
contents of olivine are negligible. Therefore, I propose
that orthopyroxene reacted with (and, on the basis of
textural evidence, was possibly resorbed by) a melt
enriched in Al and depleted in Cr, Ti, and Mn. A late-
stage melt enriched in the albite and anorthite
component owing to partial resorption of plagioclase
would be a possible parenl Resorption of ortho-
pyroxene and crystallization of olivine may be
explained by a shift in stability fields of the phases
(Fig. 11). This could have been niggered by enrich-
ment of the interstitial melt in (i) water (Kushiro 1972),
in response to fractionation and compaction of the pile
of cumulates, or (ii) Na, in response to resorption of
plagioclase (Kushiro 1975). Establishment of the
relative timing of crystallization and resorption of the
individual phases is not attempted here, particularly
since Means & Park (1994) have shown that super-
solidus phase-boundary migration may be an important
phenomenon in plutonic systems.

CoNcr-usroNs

In this study, I have presented evidence that olivine
mottles are a product of crystallization of a relatively
hydrous interstitial melt. It is clear that olivine mottles
are relatively rare, compared to pyroxene mottles. The
two types of mottles may reflect,different degrees of
compositional exchange between the semiconsolidated
pile of cumulates and the main body of magma. Hence,
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whereas orthopyroxene mottles could represent a
relatively water-poor regime, migration of interstitial
melt was apparently limited in certain ca$es, resulting
in localized enrichment of water and incompatible
trace elements and the crystallization of olivine and
hydrous phases. Significanfly, plagioclase inclusions in
pyroxene mottles are generally larger, but less rounded
embayed, calcic and reversely zoned than inclusions in
the olivine mottle studied here @g. 3fl.

The mechanism by which melt migration in the pile
of cumulates was upheld remains enigmatic. It has
been argued that resorption was a widespread
phenomenon in the interstitial regime. It is possible that
resorption, in keeping channelways open for melt
migration, facilitated compaction of cumulates and
expulsion of interstitial melt. However, more detailed
investigations, involving Nomarski microscopy (cl
Singer & Pearce 1993), in combination with electron-
microprobe analyses, are needed before the viability of
this process can be estimated with a greater degree
of confidence.
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