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The major element composition of plagioclase, pyroxene, olivine,
and magnetite, and whole-rock *Sr/*°Sr data are presented for the
uppermost 2-1 km of the layered mafic rocks (upper Main Sone and
Upper Zone) at Bierkraal in the western Bushveld Complex. Initial
8.Sr/%%Sr ratios are near-constant (0-7073 + 0-0001) for 24
samples and imply crystallization from a homogeneous magma sheet
without major magma recharge or assimilation. The 2125 m thick
section 1nvestigated in drill core comprises 26 magnetitite and six
nelsonite (magnetite—ilmenite—apatite) layers and changes up-section
Jrom  gabbronorite (Anyzo plagioclase; Mg# 74 clinopyroxene)
lo magnetite—ilmenite—apatile—fayalite ferrodiorite (Anys; Mg# 5
clinopyroxene; Fo; olivine). The overall fractionation trend s,
however, interrupted by reversals characterized by higher An% of
plagioclase, higher Mg#t of pyroxene and olivine, and higher V505
of magnetite. In the upper half of the succession there is also the
intermittent presence of cumulus olivine and apatite. These reversals
i normal fractionation trends define the bases of at least nine
major cycles. We have calculated a plausible composition for the
magma from which this entire succession formed. Forward
Jractional crystallization modeling of this composition predicts an
titial increase in total iron, near-constant Si0» and an increasing
density of the residual magma before magnetile crystallizes. Afler
magnetite begins to crystallize the residual magma shows a near-
constant total 1ron, an increase in SiOy and decrease i density. We
explain the observed cyclicity by bottom crystallization. Initially
magma stratification developed during crystallization of the basal
gabbronorites. Once magnetite began to crystallize, periodic density
wnversion led to mixing with the overlying magma layer, producing
mineralogical breaks between fractionation cycles. The magnelitite
and nelsonite layers mainly occur within fractionation cycles, not at

*Corresponding author. E-mail: christian.tegner@geo.au.dk

their bases. In at least two cases, crystallization of thick magnetitite
layers may have lowered the density of the basal layer of melt
dramatically, and triggered the proposed density inversion, resulting
wn close, but not perfect, coincidence of mineralogical breaks and
packages of magnetitite layers.

KEY WORDS: layered intrusion; mineral chemistry; isolopes; magma;
convection; differentiation

INTRODUCTION

The ~6-5km thick sequence of ultramafic and mafic
rocks of the Bushveld Complex is the largest layered
mafic intrusion known on Earth and it crops out in three
major areas (limbs) in northern South Africa (Fig. 1).
Interpretation of gravity data suggests that the eastern
and western limbs are connected over at least 65 000 km?
(Cawthorn & Webb, 2001); thus the intrusion can be
considered as a large igneous province in its own right
(Coffin & Eldholm, 1994). The intrusion was emplaced
into the upper crust at about 2-06 Ga (Buick et al., 2001)
in several major magma recharge events (Cawthorn &
Walraven, 1998) and it hosts some of the world’s largest
and richest orthomagmatic metal deposits (Lee, 1996;
Cawthorn et al., 2005). The final major magma recharge
event took place in the Main Zone (Fig. 2) about 4-2 km
up in the stratigraphy and resulted in lateral expansion
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Fig. 1. Map of the Bushveld Complex showing the location of the Bierkraal drill holes, BK1, BK2 and BK3. Modified after Lundgaard et al.

(2006).

of the sheet-like magma chamber (Kruger, 2005).
Evidence for mixing at this level between residual and
recharged magma comes from protracted reversals in
Mg# and An contents of pyroxene and plagioclase, and
changes in initial ®’Sr/"Sr value. Within this interval
a distinct, thin layer of orthopyroxenite occurs, known
as the Pyroxenite Marker, which is present in both the
eastern (von Gruenewaldt, 1970) and western limbs
(Cawthorn et al., 1991). The initial *’Sr/*°Sr composi-
tion of the ~2-1km thick cumulate sequence above the
Pyroxenite Marker, which comprises the upper Main
Zone (MZy) and the Upper Zone (UZ) (Fig. 2), is
constant with an average of 0-7073 + 0-0001 (2 standard
error; S.E.) and significantly different from the under-
lying 4-2km of cumulates (Kruger et al., 1987; Kruger,
1994). This has been explained by complete homo-
genization between residual and added magma above
the Pyroxenite Marker (Kruger ¢t al., 1987; Cawthorn
et al., 1991). With an estimated volume of ~140 000 km”,
the MZy and UZ represent the largest known sheet of
basaltic magma emplaced into the Earth’s crust.

This contribution aims to decipher the physical
processes of crystallization within the huge MZy and
UZ magma sheet. The UZ includes about 30 distinct
magnetitite and nelsonite (magnetite-ilmenite—apatite)
layers, which vary from 2 to 710cm thick, and hosts
world-class deposits of V, Ti, and P (Cawthorn &
Molyneux, 1986; von Gruenewaldt, 1993; Lee, 1996;
Cawthorn et al., 2005). From bottom to top, MZy and
UZ evolve from gabbronorite (Mg# of clinopyroxene
is 74) to iron-rich apatite-magnetite—fayalite ferrodiorite
(Mg# of clinopyroxene is <5); this sequence has, tradi-
tionally, been interpreted as the result of closed-system
crystallization without magma recharge (Wager & Brown,
1968; Willemse, 19694, 19694; von Gruenewaldt,
1973; Molyneux, 1974). Several excursions from simple,
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Fig. 2. Generalized stratigraphic section of the Bushveld Complex
(left) and the combined Bierkraal drill cores (right). The bases of
subzones in the Bierkraal cores delineate the lowest appearance of
cumulus magnetite (UZa), olivine (UZb), and apatite (UZc), respec-
tively. The correlations between the three Bierkraal drill cores are:
1600m depth in BK1 equals 550 m depth in BK3; 1420m depth in
BK3 equals 200 m depth in BK2 [see core logs given by Kruger e al.
(1987)]. An inferred stratigraphic position in the Bierkraal cores is
calculated assuming the core is vertical, that layering dips 24° to the
north and that the roof contact is at 415m depth in BK1. Previous
publications on BK drill cores quote only absolute depths below
surface. To facilitate comparison with our inferred stratigraphic
positions, the following conversion equations have been used: BK1:
inferred stratigraphic position in metres = (depth in BK1 — 415) X cos
24°; BK2: inferred stratigraphic position in metres = (depth in BK2 +
1840) X cos 24°; BK3: inferred stratigraphic position in metres = (depth
in BK3 + 635) X cos 24°. MML, Main Magnetitite Layer. Modified
after Kruger et al. (1987).
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up-section fractionation trends have, however, been
described and different interpretations presented. Merkle
& von Gruenewaldt (1986), for example, interpreted
changes in pentlandite and olivine compositions to result
from magma recharge and mixing. Eales & Cawthorn
(1996) showed that the VoOs content of magnetite
increases up-section in at least one interval and noted
that this could not be explained by changes in intensive
parameters, such as fOy, during fractional crystal-
lization. Likewise, Ashwal et al. (2005) documented
reversals in the Mg# of pyroxene and An% of
plagioclase in a drill core through the MZy and UZ in
the northern limb that were interpreted as evidence for
magma recharge. Many studies of the UZ have focused
on the petrogenesis of the magnetitite layers (Bateman,
1951; Wager & Brown, 1968; Irvine, 1975; Cawthorn &
McCarthy, 1980; Klemm ez al., 1985; Reynolds, 19854;
von Gruenewaldt et al., 1985; Kruger & Smart, 1987;
Harney et al., 1990, 1996; von Gruenewaldt, 1993). Inter-
pretations vary and will be discussed in detail below.

Here we present new major element data for
plagioclase, clinopyroxene, olivine and orthopyroxene,
V5,05 in magnetite, and whole-rock Sr isotope data for
the 2-1 km thick section of MZy; and UZ sampled in the
Bierkraal drill cores of the western limb (Fig. 1). With
the exception of one drill core in the northern limb
(Ashwal et al, 2005), there is a dearth of systematic
electron microprobe data for silicate minerals in the
upper part of the Bushveld Complex. The new data,
together with published PyOj; bulk-rock data for the
same drill core (Cawthorn & Walsh, 1988), demonstrate
pronounced cycles in mineral compositions, V,Os5 in
magnetite, and the intermittent presence of apatite
and olivine. To help explain the genesis of these cycles
and the formation of magnetitite and nelsonite layers,
we developed a forward crystallization model that
predicts the liquid line of descent, the magma density
and instantaneous equilibrium mineral compositions
during crystallization of the MZy and UZ.

PETROLOGY AND GEOCHEMISTRY
OF THE MAIN AND UPPER ZONES

Zonal subdivision

Subdivisions of layered intrusions are normally based
on the appearance and disappearance of cumulus
minerals, and hence, in principle, should be identifiable
in the field (Wager & Brown, 1968). Divisions based on
more sophisticated and geochemical criteria, such as
stratigraphic changes in Sr isotope ratios in the case of
the Bushveld Complex, may make genetic sense, but
are not easily implemented. Here we will focus only on
the criteria for subdividing the Main and Upper Zones
(Fig. 2). In the upper part of the Main Zone in the

castern limb, von Gruenewaldt (1970) identified a thin
orthopyroxenite layer known as the Pyroxenite Marker.
Below this level, the rocks contain original pigeonite,
now inverted to orthorhombic pyroxene with abundant
exsolution, and are referred to as the lower Main Zone
(MZ;). The Pyroxenite Marker and overlying rocks
contain primary orthopyroxene. A similar pyroxenite
layer, and associated pyroxene phase changes, has also
been identified in the western limb (Cawthorn e al,
1991). Several further studies have confirmed the lateral
continuity of these mineralogical successions in both
limbs (Mitchell et al., 1998; Nex et al., 1998; Lundgaard
et al., 2006). Through an interval of about 200m the
Pyroxenite Marker 1s also associated with a gradual
upward increase in An% in plagioclase and Mg# in
pyroxene and a change in initial *’Sr/*Sr (Sry) from
0-7082 below to 0-7073 above, demonstrating that the
Pyroxenite Marker formed as a consequence of magma
recharge and mixing (Kruger et al, 1987; Cawthorn
et al., 1991). Following the long established terminology
for the Bushveld Complex (Wager & Brown, 1968), we
to refer to the rocks immediately above the Pyroxenite
Marker as the upper Main Zone (MZy) (Iig. 2).
Willemse (19694, 19695) used the Main Magnetitite
Layer (Fig. 2) to define the base of the Upper Zone (UZ).
In contrast, von Gruenewaldt (1973) suggested that the
UZ was composed of four subzones, with the base of the
lowest, subzone UZa, being taken as the first appearance
of cumulus magnetite. The base of subzone UZb was
placed at the base of the Main Magnetitite Layer and
the appearance of olivine and apatite defined the bases
of subzones UZc and UZd, respectively. We have certain
reservations about these schemes. The ~2-5m thick
Main Magnetitite Layer is certainly an excellent marker
in the field. However, because the cumulus mineralogy
does not change across this layer, we question whether it
should be used as a zonal or subzonal boundary. Using
cumulus mineralogical criteria, we suggest instead a
three-fold subdivision, following Wager & Brown (1968),
based on the lowest appearance of magnetite (UZa),
olivine (UZb) and apatite (UZc) (Fig. 2). The relative
thicknesses of these subzones, applied to the eastern,
northern and western limbs, are listed in Table 1, which
shows that UZa in the western limb, as measured in the
Bierkraal drill core, is relatively thin (200m). UZb is
400-700m thick in all three limbs. In contrast, UZc is
well over 1100 m thick in the western limb, considerably
thicker than in the eastern and northern limbs. In
contrast, MZy; 1s 270 m thick in the western limb, but
significantly thinner than in the east and north (Table 1,
Fig. 2). Even this scheme is not perfect, as both olivine
and apatite appear intermittently above their first
appearance. Their absence in several intervals within
UZb and UZc, and marked reversals in mineral compo-
sitions (see below) indicate that further subdivision is
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Table 1: Stratigraphic thicknesses of subzones n the Main
and Upper Zones of the Bushveld Complex

Subzone Thickness (m)

West (1) East (2) East (3) North (4)
Upper Zone ¢ (UZc) 1128 910 350 610
Upper Zone b (UZb) 534 740 520 390
Upper Zone a (UZa) 200 580 640 590
Main Zone, upper portion (MZ,) 273 700 590 —
Total stratigraphic thickness 2135 2930 2100 1590

(1) Bierkraal drill core, this study; (2) von Gruenewaldt
(1973); (3) Molyneux (1974); (4) Ashwal et a/. (2005).

required. Such subdivision has little application in the
field, but is of great petrological significance. We refer to
these further subdivisions as cycles.

Petrography

The gabbronorites, magnetite gabbros and diorites of
MZy and UZ in the eastern limb have been well
described previously (Wager & Brown, 1968; Willemse,
19694; von Gruenewaldt, 1973; Molyneux, 1974), and
only some important features are emphasized here, as
the rocks of the western limb are extremely similar.
Layering is intermittently present throughout the UZ.
The magnetitite and nelsonite (magnetite-ilmenite—
apatite Cumulate) layers are the most conspicuous
(Fig. 3f); anorthosite layers are common and melano-
cratic facies occur less frequently. Any of the follow-
ing minerals can occur as cumulus phases: plagioclase,
olivine, clinopyroxene, orthopyroxene (and inverted
pigeonite), magnetite, ilmenite, sulphides and apatite.
Minerals that are only intercumulus are biotite, horn-
blende, quartz and potassium feldspar, and appear more
abundantly toward the top of UZ. Alteration is only
locally developed, and there has been no pervasive
metamorphism.

The location of magnetitite and nelsonite layers in the
Bierkraal core is shown in Fig. 2 and listed in Table 2.
Gradations exist from almost magnetite-free anorthosites
to magnetitite layers with over 95% oxide. Only those
layers with greater than ~50% oxides and thicker than
2cm are recorded in Fig. 2. There are 26 magnetitite
and six nelsonite layers with a cumulative thickness
of 20-4m (Table 2). Their mineralogy and textures
have been documented by Willemse (19695), Reynolds
(1985a), von Gruenewaldt et al (1985), and von
Gruenewaldt (1993). Footwall and hanging-wall rocks
to magnetitite layers are commonly anorthositic, and
lower contacts tend to be sharp, whereas upper contacts
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are gradational (von Gruenewaldt, 1973; Molyneux,
1974) (Fig. 3f). Anorthosites and, less commonly, other
plagioclase-rich rocks, sometimes display a variably
developed planar fabric, parallel to the layering
(Figs 3a and b). Modal layering is occasionally developed
in the interstitial phases to cumulus plagioclase (Fig. 3b).
Plagioclase usually has euhedral to subhedral grain
shapes, whereas olivine is anhedral even when it is
abundant (Fig. 3d). Pyroxenes vary in shape (Fig. 3c).
They are usually subhedral to anhedral, even when
relatively abundant. In the upper parts of the UZ,
clinopyroxene commonly displays ilmenite exsolution,
and so TiOy and FeO(total) contents from electron
microprobe analyses should not be considered primary.
Apatite varies greatly in abundance, and always forms
prismatic grains. They are commonly embedded in
olivine- and magnetite-rich layers (Fig. 3d), but rarely in
pyroxene and plagioclase. Magnetite is almost always
anhedral. In the upper part of UZc, six nelsonite layers
with up to 25% ilmenite and up to 30% apatite occur
(Fig. 3e, Table 2) (Reynolds, 19854; von Gruenewaldst,
1993), whereas below that level the magnetitite layers are
devoid of apatite. Primary ilmenite is scarce in the lower
half of UZ, but is ubiquitous as an exsolution phase.

Samples from the Bierkraal drill core

A subset of 55 samples from the Bierkraal drill cores
was selected to obtain a systematic section of the MZy
and UZ. These cores were previously investigated by
Cawthorn & McCarthy (1985), Reynolds (1985b),
Merkle & von Gruenewaldt (1986), Kruger e al.
(1987), Cawthorn & Walsh (1988) and von Gruenewaldt
(1993), but compositional data on the silicate minerals
are few, apart from the interval across the Pyroxenite
Marker (Cawthorn et al, 1991). The Bierkraal core
material, which was made available by the Geological
Survey of South Africa, consists of three separate holes
(BK1, BK2 and BK3) collared NE of Rustenberg in the
western Bushveld Complex (Fig. 1). Correlation between
the three cores has been presented (Walraven &
Wolmarans, 1979; Kruger et al., 1987), based on cor-
relation of apatite- and magnetite-rich layers. The base
of the Main Magnetitite Layer appears at depths of
171m and 1378m in BK2 and BK3, respectively
(Kruger et al., 1987, figure 2). In BKI and BK3 the
lowest occurrence of apatite-magnetite ferrodiorite
cumulates is at ~1425 and ~375m depth, respectively,
and gives the best correlation. The composite section
shown in Fig. 2 and used throughout this paper, is,
therefore, composed of the interval from 415m to
1600 m depth in BK1 at the top, followed by the interval
from 550m to 1420 m depth in BK3, and the interval
from 200 m to 673 m depth in BK2 at the bottom. The
true stratigraphic position is calculated assuming that
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magnetite-
plagioclase cumulate

pure magnetitite

anorthosite

Fig. 3. Photographs showing typical textures of rocks from the Upper Zone of the Bushveld Complex. The field of view in all photomicrographs is
8mm X 8 mm and all sections are cut vertically to the core, and so are nearly perpendicular to the layering. (a) Strong planar fabric, parallel to
layering, displayed by cumulus plagioclase laths in UZc. Clinopyroxene, magnetite and olivine are anhedral, but their proportions suggest that they
are cumulus phases. Sample 1w563.6. (b) Anorthosite in UZc. In the lower part the only poikilitic phase is magnetite, whereas in the upper part, it
is exclusively clinopyroxene. Sample 1w1118.25. (c) Olivine-magnetite-apatite gabbro dominated by subhedral plagioclase and anhedral olivine,
clinopyroxene and magnetite from UZc. Apatite is present, but rare in this photograph. Sample 1w1341.7. (d) Pods enriched in olivine, magnetite
and apatite in a more leucocratic host dominated by plagioclase from UZc. Apatite is enclosed by olivine and magnetite, but seldom by plagioclase.
Apatite is far less abundant in the plagioclase-rich areas. Sample 1w538.05. (¢) Magnetite—ilmenite—apatite layer (nelsonite) from UZc. Apatite
forms cuhedral grains, whereas magnetite has polygonal grain boundaries. Sample 1wl111.5. (f) Field photograph of a magnetitite layer showing
sharp contact to underlying anorthosite and up-section decreasing abundance of magnetite and increasing abundance of euhedral plagioclase laths.
From Magnet Heights in the eastern limb. PLAG, plagioclase; CPX, clinopyroxene; MGT, magnetite; ILM, ilmenite; AP, apatite.

the core is vertical and igneous layering dips 24° north, than the standard section assumed for the western limb
and 1s reported in metres below the roof of the intrusion (2000 m; Eales & Cawthorn, 1996).

(located at 415m depth in BKI). The investigated At the top of the ferrodiorite in BK1 is a quartzite
stratigraphic section between the Pyroxenite Marker and  fragment, interpreted to be a xenolith, and overlain by
the roof is thus 2125 m thick, which is slightly greater granophyric rocks. Both are intruded by granite sheets.
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Table 2: Position and thickness of 26 magnetitite and six
nelsonite layers* Bierkraal drill core, western Bushveld

Complex

Sample no. Subzone Stratigraphic position Thickness (cm)
w7841 Uzc 337-1 2
Tw823} UZc 372-7 10
1w885} UZc 429-3 6
1w10997 UZc 624-8 10
1w1112.61 UZc 637-3 30
w1117 UZc 641-3 6
Tw120671 UZc 722-6 6
1w1284.1 UZc 793-9 3
1w1449.8 UZc 945-3 20
1w1450.5 UZc 945-9 10
1w1451.3 UZc 946-7 70
1w1460 UZc 9540 710 (Layer 21)
Tw1465 UZc 9592 68
1w1485 UZc 977-4 25
1w1488.2 UZc 980-4 40
1w1489.2 UZc 981-3 3
1w1492.1 UZc 9839 5
1w1492.65 UZc 984-4 20
w1494 UZc 9857 60
1w1532 UZc 1020-4 14
3w746 UZb 12615 80
3w927 UZb 1426-9 43
3w932 UZb 143156 60
3w942 UZb 1440-6 10
3w1247 UZa 1719-2 26
3w1272 UZa 1742-0 134
3w1294 UZa 17621 107
3w1313 UZa 1779:6 64
3w1315 Uza 17813 26
3w1343 UZa 1806-9 53
3w1368 UZa 1829-7 75
3w1378 UZa 1838-9 246 (MML)
Total thickness 2042

*Layers thicker than 2cm.
iNelsonite layers.
MML, Main Magnetitite Layer.

The granophyric rocks are interpreted to be the original
roof rocks to the mafic sequence (Walraven, 1987). The
presence of this complex succession intersected here
means that it is not absolutely certain that the extreme
differentiates of the mafic rocks have been preserved
in this borehole. However, the iron-rich nature of the
mafic minerals (see below) suggests that not much can
be missing.

VOLUME 47 NUMBER 11 NOVEMBER 2006

Analytical methods

Mineral compositions were obtained using a JEOL
8600 electron microprobe at the University of Aarhus,
following the procedures described by Tegner et al.
(1999). Plagioclase was analysed using a slightly
defocused electron beam with a diameter of ~10 um to
minimize the effect of Na and K volatilization. Pyroxene
and olivine were analysed using a focused electron beam
with a diameter of ~2 m to avoid problems of including
inclusions and exsolution lamellae. Analyses of pyroxene,
therefore, represent subsolidus equilibrium compositions.
When possible, three points were analysed in the cores
of each of three grains per sample, and the reported
values (Table 3) are the average. Analyses of anhydrous
minerals with either compositional anomalies indicating
that impurities were analysed, or with an oxide sum
lower than 98-5 wt % or higher than 101-5 wt % were
excluded from the average values reported in Table 3.
The full datasets for plagioclase, clinopyroxene, olivine
and orthopyroxene are provided as Supplementary
Datasets 1-4 (available at http://www.petrology.
oupjournals.org).

Mineral separates of magnetite were prepared as
described by Cawthorn & McCarthy (1980), and
analysed for vanadium by X-ray fluorescence on pressed
pellets. Standard SARM12 was used as reference and
standard SARM38 for spiking of samples for calibration.
Whole-rock powders were analysed for phosphorus also
by X-ray fluorescence on pressed pellets, and published
previously by Cawthorn & Walsh (1988).

Sr isotope compositions, and Sr and Rb concentra-
tions (by isotope dilution) were analysed on whole-rocks
by thermal ionization mass spectrometry (TIMS) at the
Hugh Allsopp Laboratory of the Economic Geology
Research Institute, University of the Witwatersrand,
South Africa, following the procedure described by Eales
et al. (1990). The whole-rocks were crushed in a jaw
crusher, milled using a Siebtechnik swing mill, and finely
ground in an automatic agate mortar and pestle. For
dissolution, 0-1g aliquots of the powder were added to
a previously spiked (**Sr and ®’Rb) solution and dried
in a Teflon beaker, and the mixture was dissolved in a
mixture of distilled HF and HNOj5. The solutions were
dried and taken up in 6N HCI, and checked for any
residue. The solution was then dried and taken up in
2ml 2-5N HCI and loaded on an ion exchange column
and eluted and the Sr was recovered. A small proportion
of the dried Sr was loaded with phosphoric acid
on a single outgassed Ta filament and determined by
TIMS using a multicollector system. The data reduction
was done during the run. Rb was loaded on a double
filament directly from the dissolved sample without
separation from the matrix. Run temperature was con-
trolled below the Sr evaporation of the side filament and
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Table 3: Average mineral compositions, Bierkraal drill cores, western Bushveld Complex

TEGNER et al.

CYCLICITY IN BUSHVELD COMPLEX

Sample Strat. Zone Cycle Plagioclase Clinopyroxene Olivine Orthopyroxene Bulk-rock
no.* pos. An% (1S.D.) n Mg# (1 S.D.) n Fo% (1S.D.) n Mg# (1 S.D.) n Sry (2 S.E.)
1w422.2 66 UZc IX 43:0 (2:3) 9 114 (0:7) 6 3:0 (0-2) 6

1w431.8 154 UZc IX 45-2 (2-4) 9

1w446.6 289 Uzc IX 42-8 (1-4) 9 4-9 (0-4) 7 1-:3 (0-1) 9

1w475.1 549 UZc IX 43:4 (2-4) 8

1wb04.7 819 UzZc IX 45-1 (1-8) 9 15-9 (0-3) 6 39 (0-3) 9

1wb34 1087 UZc IX 44-6 (2-3) 8 30-8 (0-3) 4 94 (0-3) 9

1wb68 139:8 UZc IX 50-0 (1-9) 9 36-4 (0-7) 4 10-4 (0-9) 9

1wb98 167-2 UZc IX 46-3 (0-6) 8 26-8 (0-7) 7 7-8 (0-3) 9

1w625.85 1926 UZc IX 49-8 (2-0) 8 50-2 (0-5) 3 21-4 (0-1) 9 369 (0-8) 6

1w663.3 226-8 UZc IX 48-7 (1-6) 9

w732 2896 UZc VIl 51-9 (0-8) 9 43-6 (1-0) 5 22-0 (0-2) 8

1w770 324-3 UZc VI 49-3 (0-4) 9 46-9 (1-0) 4 21-6 (0-3) 9

1w808.6 359:6 UZc VIl 50-5 (1-4) 8

1w853.2 400-3 UZc VI 49-8 (0-5) 8 46-2 (0-5) 6 18-7 (0-4) 9

1w908.6 4509 UZc VI 49-5 (1-1) 8 13:3 (0-1) 4

1w954 4924 UZc VI 49-8 (0-8) 8 35-7 (0-5) 6 14-8 (0-5) 9

1w1010.2 543-7 UZc VI 48-9 (1-3) 7

1w1050.5 580-5 UZc VI 50-1 (0-5) 8 36-2 (0-8) 5 15-9 (0-1) 9

1w1138.2 660-5 UZc VI 50-1 (0-9) 9 43:0 (0-4) 6 175 (0-4) 6 0-70711 (13)
1w1158.6 679-3 UZc VI 48:1 (1-2) 6 255 (1-0) 5 62 (0-2) 9 0-70739 (14)
1w1190.1 7085 UZc V 45-6 (1-0) 7 32'5 (0-5) 6 146 (0-2) 9 0-70720 (13)
1w1239.5 752:8 UZc V 48-3 (0-6) 9 38-:3 (0-8) 5 16-0 (0-3) 8 0-70717 (15)
1w1303.2 8112 UZc V 0-70726 (13)
1w1329.2 83%-1 UZc V 50-9 (0-7) 8 47-3 (0-4) 4 23-2 (0-2) 9 0-70714 (13)
1w1423.4 9212 UZc V 52-0 (0-4) 9

1w1488.85 981:0 UZc V 55-0 (0-7) 9 57-8 1 44-9 (0-6) 15 0-70758 (16)
1w1507.0 9975 UZc IV 49-2 (0-8) 7 47-5 (1-3) 4 34-1 (0-7) 8

1w1550.7 10376 UZc IV 485 (0-9) 9 566 (0-7) 5 34-0 (0-2) 6 0-70726 (13)
3wb40 1073-4  UZb \% 49-8 (0-9) 8 375 (0-7) 9

3wb90 1190 UzZb IV 53-5 (1-3) 7

3w640.9 11655 UZb IV 55-9 (1-0) 9 61:7 (0-5) 504 (1-2) 6

3w715 12332 Uzb 1l 52-1 (1-5) 9 64-3 (1-1) 389 (1-4) 9

3w742 1257-9  UZb 1l 55-4 (0-8) 9

3w780 12926 UzZb 1l 57-7 (1-8) 9 59-6 (0-8) 9

3w810 132000 Uzb Il 58-:2 (0-4) 8

3w885 13885 UzZb I 56-4 (0-8) 9 59-7 (0-8) 5

3w938 14369 UZb I 57-8 (0-6) 8

3w1015 1507-3 UZb |l 55-8 (0-7) 9

3w1112 15959 UZb |l 56-3 (0-6) 8 64-1 (0-9) 8 44-2 (0-2) 3 56-1 (0-7) 6

3w1212.25 16876 UzZa |l 57-4 (0-8) 8

3w1267.8 17382 UZa |l 585 (1-1) 9

3w1268.9 17392 UzZa |l 60-7 (0-7) 8 67-:3 (1-1) 9

3w1295 1763-1  UZa I 599 (1-2) 9

3w1314.7 178111 UzZa | 57-1 (0-9) 8 66-2 (0-7) 5 55-2 (0-5) 12

2w124 17959 UZa | 58-5 (0-5) 9

3w1360 1822:4 UZa | 61-1 (0-4) 9

3w1381.25 18418 MZ, | 60-7 (0-8) 7 61-6 (3-4) 5 54-8 (0-1) 3

2w225 1888-2 Mz, | 64-2 (0-6) 9

2w324 19786 Mz, | 67-4 (1-4) 9 72-7 (1-5) 9 659 (0-5) 9

2w402 20499 Mz, | 71-3 (2-0) 8 70-6 (1-0) 7 647 (0-3) 8

2w4438 20919 Mz, | 70-8 (2-8) 7

2w481.9 21229 Mz, | 72-0 (2-4) 9 74-0 (0-8) 7 67-6 (0-4) 9

2w491.9 2132:0 Mz, 72-:3 (1-0) 9

2w601 22317 Mz, 67-4 (0-4) 8

2w672.8 22973 MZ_ 57-1 (1-3) 8

An% = 100Ca/(Ca + Na); Mg# and Fo = 100Mg/(Mg + Fe); all molar proportions with all iron calculated as Fe>".
*Samples from drill core BK1 = 1w; BK2 = 2w; BK3 = 3w; for example, sample 2w402 is collected at 402 m depth in BK2.
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Fig. 4. Compositional variation of (a) plagioclase (An%), (b) clinopyroxene (Mg#), (c) olivine (Fo%) and orthopyroxene (Mg#) and (d) initial
87Sr/8%Sr (Sry) with stratigraphic position in the Bierkraal drill cores. Data from Table 3, Supplementary Datasets 1-6, Reynolds (19855), Merkle &

von Gruenewaldt (1986), Kruger e al. (1987) and Cawthorn e al. (1991).

the ®Sr peak position was monitored during the TIMS
run. No Sr was detected in any run. The measured
88r/%Sr and the 2 S.E. (<0-011%) based on the run
statistics are listed in Supplementary Dataset 5 (http://
www.petrology.oupjournals.org). The accuracy of the
measurements  was determined by measuring the
Eimar & Amend Sr standard, which gave *’Sr/®Sr of
0-70800 % 0-00002 (2 S.E.), and the SRM987 standard,
which gave *’Sr/®Sr 0-71023 + 0-00002 (2. S.E.); these
values are within error of the recommended values.
Initial ®’Sr/%°Sr values, referred to as Sry, are calculated
and reported in Table 3 and Supplementary Dataset 5.
The 2 S.E. on Sry 1s important to judge the petrogenetic
significance of the measured *’Sr/%°Sr and has been
estimated using 14 replicates of a finely ground Bushveld
norite. These replicates suggest that the 2 S.E. on
measured ®’Sr/*°Sr is 0-018%. The 2 S.E. on *’Rb/*°Sr
used for age correction is considerably larger (1%) and
depends on three factors: sample and spike weights
and calibration errors in the spikes; sample hetero-
geneity; and analytical error. The total procedural blank
values, which were determined to be <100 pg for both
Rb and Sr, are <1% of the total sample and were
ignored.

Mineral compositions and stratigraphic
systematics

In the Bierkraal drill core, the compositions of plagioclase
cores decrease systematically from Anzo [An = 100Ca/
(Ca 4 Na)] at the Pyroxenite Marker to Anys at the top
of UZc (Fig. 4a). This up-section decline, however, is not
continuous as assumed in previous studies based on
few and widely spaced samples (Wager & Brown, 1968;
von Gruenewaldt, 1973; Molyneux, 1974). Several up-
section increases in An% are significantly larger than
analytical error (1 S.D.) and are not artefacts of
correlation between the three cores sampled (Table 3).
We refer to these stratigraphic intervals as reversals. The
sections between reversals display either near-constant
or up-section declining An% (Fig. 4a). We have used
the reversals to higher An% as one criterion to
subdivide MZy and UZ into cycles that are unrelated
to the accepted zonal subdivision (Figs 2 and 4). The
reversals typically occur over 15-175m of section and
range in magnitude from 3 to 6 An% (Table 3, Fig. 4a).
For comparison, plagioclase changes from Ans; to Anyg
over ~180m section in the reversal across the Pyrox-
enite Marker (Fig. 4a) (Cawthorn et al., 1991). Given the
average spacing of ~40m between samples, the exact
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location of cycle boundaries is only approximate. For
the section from the Pyroxenite Marker to the middle
of UZc, we have chosen to place the base of each
cycle immediately below the lowest sample showing a
marked reversal in An%. In this way, we have identified
cycles I-VI (Fig. 4a; Table 3). In Fig. 4, a further three
cycles (VII-IX) are shown where there is no apparent
reversal in An%. These cycles are defined on the basis of
the disappearance of apatite, but can be explained in the
same way as cycles I-VI (see discussion). Within some
cycles (I, IV, and V), An% declines smoothly up-section,
with an average rate of decline of one An% per 18-27 m
of section. In other cycles (II, VI-VIII), the trends are
largely dispersed around a constant An% (Fig. 4a).

The Mg# [100Mg/(Mg + Fe)] of clinopyroxene
declines from 74 at the Pyroxenite Marker to Mg#x 5
close to the top of the core (Fig. 4b, Table 3) and cor-
relates positively with An% (Fig. 5). As with plagioclase,
clinopyroxene displays reversals in Mg#.,. across
several cycle boundaries. The most marked reversals in
Mg# are between cycles IV and V (48-58) and between
V and VI (26-43). In cycles VI-VIII, the sample spacing
is too large to resolve reversals in Mg# ., but a general
up-section increase from 43 to 50 is evident. In the
middle and upper portion of cycle 1X, Mg#, drops
rapidly from 50 to 5 close to the top. Similar to the
section across the Pyroxenite Marker (Cawthorn et al.,
1991), the stratigraphic position of reversals in An% and
Mg# may be slightly offset (Fig. 4b; Table 3). The rate of
upward decline in Mg#.,, is moderate in the lower
cycles I and II at one Mg# unit per ~24 and ~74m
of section, respectively. In cycles IV and V, the rate of
decline is greater at 1 Mg# ., per ~11 and 9m, res-
pectively. An important observation for the following
discussion of the differentiation trend is that cumulate
rocks with Mg#,,,. and plagioclase An% >52, Mg# ., is
larger than An% whereas the reverse pattern is observed
in the more evolved cumulates (Fig. 5).

The up-section variation in the Fo content [100Mg/
(Mg + Fe)] of olivine (Fig. 4c) is shown not only by our new
data (22 samples; Table 3) but also previously published
electron microprobe data for BK1 by Reynolds (19854;
eight samples), Merkle & von Gruenewaldt (1986; nine
samples) and unpublished data (seven samples) from
1980 by R.G.C., obtained using the electron microprobe
at the University of Bloemfontein, South Africa (Supple-
mentary Dataset 6; http://www.petrology.oupjournals.
org). The Fo% decreases from Foyy in cycle II to Fo, at
the top of UZc. Again, this up-section decrease in Fo
content is interupted by reversals that coincide with
reversals in Mg#.,. and An% (Fig. 4). Some of these
increases in Fo% are relatively large, for example from
Fosy to Foso across the boundary between cycles IV
and V and from Fog to Fogg between cycles V and VL
Within cycle V, the olivine composition changes from

80
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Fig. 5. Mg# of clinopyroxene vs An% of plagioclase for the nine cycles
in MZy and UZ of the Bierkraal drill cores. Data from Table 3.
Continuous line with tick marks shows calculated Mg# of clinopyrox-
ene and An% of plagioclase for a forward fractionation model. Data
from Table 5. Tick marks each represent 10% crystallization. Dashed
lines mark the approximate onset of magnetite and apatite crystal-
lization. Fine continuous line shows Mg# = An%.

Foss to Fog over only 300m of stratigraphic section.
As observed for the Mg#,. and An% from the top of
cycle VI to the base of cycle IX, the Fo% i1s dispersed
around a slightly increasing trend. Above this level, Fo%
declines sharply to virtually pure fayalitic compositions
at the top of UZc. Figure 4c also shows that the Mg#
of orthopyroxene in 10 samples ranges from Mg#,,,, 68
to Mg#,,« 34. Although the samples are widely spaced,
Mg# .« conforms with the trends shown by Mg# .
and Fo%. The Fe/Mg exchange coefficient Ap(Fe/Mg)
between orthopyroxene and clinopyroxene is relatively
constant (1-3 and 1-4; five pairs) in cycle I, but increases
to 1.7 (three pairs) in cycle IV. This is similar to experi-
mental data for Fe/Mg exchange between coexisting
pyroxenes (Toplis & Carroll, 1995), suggesting that the

pyroxenes are in equilibrium.

Plagioclase An% across magnetitite layers

In the Bierkraal drill core some of the reversals in plagio-
clase An% occur in sequences with abundant magnetitite
layers, whereas others occur in normal leucocratic
gabbronorites (Fig. 4). A detailed study of plagioclase
composition across magnetitite layers in these cores 1is
being undertaken, but here we refer to the relation-
ship between An% across magnetitite layers (Fig. 6) in
closely spaced gabbronorite samples across the Main
Magnetitite layer and the two subsidiary magnetitite
layers (Layer 1, Layer —3) below and above the Main
Magnetitite Layer from outcrops at Magnet Heights in
the eastern limb (Fox, 1982). Although the plagioclase
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—3 at Magnet Heights in the castern limb of the Bushveld Complex.
Data from Fox (1982).

composition varies from Ans; to Ans; and displays a
systematic up-section decrease below magnetitite layers 1
and -3, the An% is identical within error in samples
immediately below and above each of the three
magnetitite layers. Similarly, Harney et al. (1996) found
no change in the An content of plagioclase below and
above two sections of the Main Magnetitite Layer. These
data suggest that fluctuations in An content are not
specifically related to the formation of magnetitite layers.

V5,05 content of magnetite

The V505 content of magnetite, separated from 266
samples, is shown in Fig. 7. From its first appearance as a
cumulus mineral near the top of cycle I to the base of
cycle IV the concentration decreases relatively uniformly
from about 1-7 to 0-4% (excluding two aberrant values
in cycle IIT). Through the remainder of cycle IV, and in
cach of the subsequent cycles it shows relatively high
concentrations near the bases and rapid decreases up-
section, reaching close to detection limits near the top of
each cycle. However, the highest concentrations do not
occur abruptly at the bases of each cycle, but climb from
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the low values from the top of the previous cycle to a
high value typically several tens of metres above the
reversal identified by the plagioclase composition. Thus,
there 13 no close relation between the presence of
magnetitite layers and reversals in V content.

Sr isotope compositions

The initial *’Sr/*°Sr (Srg) composition of the Bierkraal
drill cores was determined previously and showed a
marked shift across the Pyroxenite Marker from
~0-7085 in MZp, to ~0-7073 in MZy and UZ (Kruger
et al., 1987; Cawthorn et al., 1991) (Fig. 4). The constancy
of Sry above the Pyroxenite Marker, determined as
0-7073 £ 0-0001 (2 S.E.) from the intercept of a 2066 *
58 Ma regression line in an isochron diagram (Kruger
et al., 1987), was explained by complete mixing and
homogenization between residual (Srp = 0-7085) and
recharged (Sry = 0-7067) magma in proportions close to
1:1. The near-constancy of Srj also implies that addition
of further magma above the Pyroxenite Marker can be
ruled out, unless it had Sry of ~0.7073 (Kruger et al.,
1987; Cawthorn et al., 1991). Because our interpretation
of the cycles presented here hinges on whether new
magma was added or not, we have determined Sr
isotope compositions for eight additional samples across
the boundaries between cycles IV, V and VI. Seven of
the eight new Sry determinations range from 0-7071 to
0-7074 (Fig. 4; Table 3) and are within error of 0-7073 *
0-0001 determined previously for MZy; and UZ (Kruger
et al., 1987). Although the Sry (0-7076 * 0-0002) of
sample 1w1488.85 (stratigraphic height of 980 m) at the
base of cycle V is marginally higher than that of the
other samples analysed (Table 3, Fig. 4), the combined
Sr isotope datasets suggest constancy of Srg in MZy; and
UZ. The Sry of proposed recharge magmas to the entire
Bushveld Complex ranges from 0-7045 to 0-7090 but
none has compositions close to 0-7073 (Kruger, 1994). In
the Bethal area located SW of the eastern limb (Fig. 1),
subsurface mafic rocks have Sry of 0-7055 and have
been explained as the products of crystallization from
unadulterated Upper Zone magma (Kruger, 2005). We
therefore conclude that recharge with magma with
Sr-isotopic composition similar to proposed Bushveld
magmas can be ruled out. Therefore, an internal
mechanism for generation of the layered MZy and UZ
sequence must be sought.

Phosphorus content in whole-rock samples

Figure 7a shows the variation in bulk-rock PoOj5 (wt %)
of the Bierkraal drill cores [data from Cawthorn &
Walsh (1988)]. In the lower part from cycle I to the basal
part of cycle IV, apatite is not a cumulus phase and
P05 is very low (<0-10 wt %). In the middle and upper
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Bierkraal drill cores. (Note logarithmic scales on the x-axes.) Phosphorus data from Cawthorn & Walsh (1988); V data are given in Supplementary

Dataset 7.

part of cycle IV, PyOjs is highly variable and a number
of samples contain between 1 and 10 wt % (Fig. 7a).
Abundant cumulus apatite at this level is taken as
defining the base of UZc, as discussed above. Above this
level, PoOs displays pronounced cyclicity. In cycle V,
PyOs5 is low (<0-3 wt %) in the basal 50 m, but increases
up-section to 99 wt % over only 16m (Fig. 7a;
Supplementary Dataset 7, available at http://www.
petrology.oupjournals.org). Hereafter, PyO; declines
smoothly to 0-8 wt % through 210 m of section. In the
following 56 m, PoO; drops to much lower values (0-09—
0-17 wt %) and apatite is no longer a cumulus phase.
The subsequent low-P interval (50 m thick, and defined
by seven samples) coincides with the reversal in An%,
Mg#.,x and Fo% between cycles V and VI (Fig. 4).
A similar pattern in P,Os5 is repeated four times in the
upper portion of the core (Fig. 7a). For reasons discussed
below, we have placed a cycle boundary at the base
of each low-P,O5 interval as shown in Figs 4 and 7. In
cycle VI, the most apatite-rich rocks are nelsonite layers
(Fig. 3e), which exhibit extremely high contents of up

to 19-5 wt % PyO; (Fig. 7a; Supplementary Dataset 7).
The associated normal leuco- and mesocratic ferrodior-
ite samples contain up to 10 wt % PyO; (Cawthorn &
Walsh, 1988). Another observation is that the PyOs
content of low-PyOs5 intervals increases gradually up-
section from <0-1 wt % below the appearance of apatite
to ~0-4 wt % at the top of the core (Fig. 7a). A total of
450 analyses of PoO5 were obtained through the Upper
Zone (Cawthorn & Walsh, 1988), and so the location of
breaks 1s more rigorously defined than by other criteria.

FRACTIONATION MODELLING
Background and assumptions

To guide the quantitative interpretation of the evolution
of the entire Main—Upper Zone succession, and the dif-
ferentiation in each cycle as shown by mineral composi-
tions (Figs 4 and 7b) and bulk-rock P,O5 contents
(Fig. 7a), we have estimated the possible compositions
of evolving residual magma and equilibrium cumulate
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Table 4: Calculation of parent magma composition at the level of the Pyroxenite Marker

Oxide (wt %)  Average composition Estimate of residual Quenched melt, A Quenched melt, B Quenched melt, C Calculated composition
of cumulate above melt at Skaergaard of melt at
Pyroxenite Marker Pyroxenite Marker
1 2 3 4 5 6

SiO, 47-6 73-2 64-3 66-1 66-6 51-4

TiO, 12 05 2:0 21 0-4 10

AlLO3 17-3 13-3 12-:0 13-4 136 166

FeO(total) 135 38 9-6 58 46 11-7

MnO 0-2 0-1 0-1

MgO 56 0-2 12 16 0-5 46

Ca0 11-0 1-8 4-3 37 45 97

Na,O 27 41 36 23 39 29

K20 0-4 33 1-8 29 1-8 0-7

P20s 0-44 11 0-1 0-4

Total 99-9 100-2 98-8 99-0 960 991

Column 1: average of all compositions (44 samples) of rocks above the level of the Pyroxenite Marker in the eastern
Bushveld given by von Gruenewaldt (1971) plus 1 wt % titanomagnetite. Column 2: estimate of residual melt after 75%
crystallization of the Skaergaard intrusion (Hunter & Sparks, 1987). Column 3: quenched melt analysed by Toplis & Carroll
(1995) formed at 1057°C. Column 4: quenched melt analysed by vander Auwera & Longhi (1994) formed at 1071°C. Column
5: quenched melt analysed by Spulber & Rutherford (1983) formed at 927°C. No value for phosphorus was given. We have
included 0-1% for the purpose of this calculation. Column 6: calculated melt compositon present at level of Pyroxenite
Marker, assuming 80% cumulate (column 1) and 20% residual melt (column 5).

assemblage using a forward model of closed-system
fractional crystallization of a plausible parental magma.
Below, we first present the assumptions and rationale
used in estimating the parental magma for the cumulate
rocks above the Pyroxenite Marker. We then describe
the mass-balance calculations for fractional crystalliza-
tion. A simple mass-balance calculation is preferred
because thermodynamic algorithms simulating crystal-
lization (e.g. Ariskin et al., 1993; Ghiorso & Sack, 1995)
cannot be constrained for evolved, ferrodioritic magmas
such as those appropriate to this section of the Bushveld
Complex.

In applying such thermodynamic algorithms, specific
problems arise with selection of Oy and HyO content.
The water content of basic magmas is probably low.
However, because calculations of up to 80% fractiona-
tion are considered here, the water content and its
partial pressure may become significant, as demon-
strated by the presence of hornblende (although not as a
cumulus phase) in the evolved Bushveld rocks. The
stability of magnetite and its proportion crystallizing is
very strongly influenced by fO,. In the experimental
study by Toplis & Carroll (1995), they presented analyses
of two quenched liquids formed at the same temperature
(1072°C) from the same starting composition, but at
SOy differing by 2 log units that contained 62 and
53 wt % SiOy and 9 and 17 wt % FeO (total), res-
pectively. In fact, much of the debate about the evolution

of the Skaergaard intrusion hinges around this issue [see
summary by Tegner (1997)]. In the Upper Zone of the
Bushveld Complex, there is no independent measure of
the prevailing fO, or whether it remained constant.
Thus, calculations that require knowledge of fO, are
not constrainable, and we prefer to use a mass-balance
approach that includes the mineral proportions actually
observed in the succession.

Calculated parental magma composition

The preferred, calculated parental magma composition
that produced the succession from the Pyroxenite
Marker to the top of the intrusion is given in column 6
of Table 4. To obtain this estimate we have determined
the bulk composition of the preserved cumulates and
added an estimated evolved residual component that is
thought to have escaped from the intrusion (Cawthorn &
Walraven, 1998). Outcrop of the western limb of
the Bushveld Complex is poor, and most studies on the
Main and Upper Zones have been undertaken on the
eastern limb. Specifically, we note that no systematic
study of whole-rock compositions is available from the
western limb. However, there are remarkable similarities
of the entire sequence and also distinctive layers in
both limbs, such as the Pyroxenite Marker, the Main
Magnetitite Layer (~2m thick) and Magnetitite Layer
21 (~7 m thick), and also identical initial Sr isotope ratio

2268

GTOZ ‘¥ AIn uo uebiydiN Jo AisieAaiun e /Biosfeulno [piojxo ABojosed//:dny woly papeojumoq


http://petrology.oxfordjournals.org/

TEGNER et al. CYCLICITY IN BUSHVELD COMPLEX

(Eales & Cawthorn, 1996). Hence, in the absence of
suitable data from the western limb, we resort to
information and data from the eastern limb in the
following discussion. We have averaged all the whole-
rock analyses from von Gruenewaldt (1971) for this
section in the eastern limb. No analyses of magnetitite
layers were included. Our measurements here (Table 2)
suggest that the magnetitite layers comprise 20m
out of 2125m, or 1% of the total thickness. Hence,
we have added the equivalent of 1% titanomagnetite
to this average. This bulk composition is given in
Table 4, column 1. The CIPW norm of this composi-
tion contains 15% olivine, 15% diopside and 5%
hypersthene. Such a melt composition, if totally liquid,
would crystallize olivine, and so is not consistent with
the observed gabbronoritic mineral assemblages in
the MZU

Cawthorn & Walraven (1998) used a mass-balance
approach involving the compilation of minor and trace
element data for this entire section to suggest that there
had been loss of some evolved magma during crystal-
lization. The composition and proportion of this lost
component is impossible to quantify from the Bushveld
rocks themselves. The most evolved rocks found in
the intrusion are almost certainly cumulative and so do
not represent melt compositions. This final melt must
have been in equilibrium with olivine, orthopyroxene,
clinopyroxene, plagioclase, magnetite, ilmenite and
apatite. We have not found any experimental data that
perfectly fit this requirement, but present some analyses
in Table 4 that probably bracket this composition.
Vander Auwera & Longhi (1994) gave an analysis of
a melt in equilibrium with orthopyroxene, pigeonite,
plagioclase, clinopyroxene, ilmenite and magnetite at
1071°C. Toplis & Carroll (1995) gave an analysis of melt
in equilibrium with plagioclase, clinopyroxene, magne-
tite and ilmenite at 1057°C. Spulber & Rutherford
(1983) gave an analysis of melt in equilibrium with
olivine, clinopyroxene, pigeonite, plagioclase, ilmenite
and magnetite at 925°C, which we consider to be a
plausible temperature for the final residual melt for the
Bushveld Complex. By way of comparison, we include
in Table 4 a calculated composition for the evolved
magma to the Skaergaard intrusion by Hunter & Sparks
(1987). These analyses probably bracket the melt
composition at the end of differentiation of the Upper
Zone in the Bushveld Complex. The proportion of this
melt that has escaped is even harder to predict, but
Cawthorn & Walraven (1998) estimated 20%. We have
added 20% of the analysis determined by Spulber &
Rutherford (1983) to the bulk cumulate composition in
Table 4 as an approximation to the melt that existed at
the level of the Pyroxenite Marker. The CIPW norm
of this composition contains 1% quartz, 13% diopside
and 22% hypersthene, and is expected to crystallize

orthopyroxene rather than olivine. We note that this
estimate of melt composition is model-dependent, but
we demonstrate that it yields an internally consistent
fractionation model. Our physical model, presented
below, does not depend upon the quantitative accuracy
of this composition, but it provides an illustration of
plausible differentiation trends.

Cumulus proportions and
mineral compositions

The cumulus proportions, in weight per cent, have been
calculated from the modal data of von Gruenewaldt
(1971) for each subzone, and are given in Table 5 and
Fig. 8. The differentiation of the proposed parental
magma at the level of the Pyroxenite Marker (column 6
in Table 4) has been modelled in steps of 2% crystal-
lization (Table 5; Fig. 8). Gabbronorite crystallizes
to produce the MZy. Magnetite co-crystallization is
assumed to begin at Mg#.,x ~67 and An% ~61, as
observed in this study (Fig. 4). This produces cumulate
rocks with modes similar to those of UZa (Table 3;
Fig. 8). Olivine is then assumed to co-precipitate to
produce cumulate rocks similar to UZb. Apatite is
assumed to join the crystallizing assemblage when the
P,O5 content of the evolving magma reaches 1-0 wt %
(Cawthorn & Walsh, 1988) to form cumulates equivalent
to those of UZc.

The Mg# values of olivine, ortho- and clinopyroxene
are calculated assuming a Ap(Fe/Mg) between crystal
and melt that changes linearly from 0-3 to 0-4, 0-29 to
0-24 and 0-25 to 0-19, respectively, during crystallization
(Toplis & Carroll, 1995; Toplis, 2005). Minor oxide
abundances in calculated pyroxene compositions used
in our calculations are intermediate between those of
Atkins (1969), based on mineral separates, and our
electron microprobe data. The former may include
impurities, whereas the latter are influenced by exsolu-
tion effects. AloO3 contents are 2 and 1 wt % for clino-
pyroxene and orthopyroxene. CaO is taken as occupying
0-9 cation positions in the clinopyroxene formula, and
2% in orthopyroxene. TiOy contents are calculated
using a partition coefficient of 0-4 for clinopyroxene. For
plagioclase, Ap(Na/Ca) is assumed to change from 0-8
to 1-4 during crystallization (Toplis & Carroll, 1995).

Ilmenite comprises less than 10% of the oxide phase
through most of the Upper Zone, and becomes a signi-
ficant cumulus phase only towards the extreme top of
this section (Reynolds, 19854). However, its modal
proportion is not quantified, and so it has not been
included in these models. It is qualitatively included in
the calculations, in that the titanomagnetite composition
that is extracted in these calculations increases from
10 to 20 wt % TiOg from bottom to top of the Upper
Zone (Molyneux, 1972; Reynolds, 19854).
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Table 5: Calculated compositions of magma, cumulate, and minerals, and magma density, i _fractional crystallization model

F: 1-00 0-90 0-80 0-70 0-64 0-64 0-46 0-30 0-20
Mineral appearing: P1,0p,Cp Mgt Ol Ap

Magma composition (wt %)

SiO, 51-40 52:09 52:16 52:24 52-29 53-33 54-66 60-44 67-72
TiO, 1-00 112 1-24 141 1-63 1-42 1-31 0-93 0-57
AlLO3 16-60 16-53 16-20 15-82 15-55 15-09 14-66 13-50 12:10
Fe,03 1-50 1-67 2:02 250 2-88 267 2-46 1-87 120
FeO 10-20 10-83 11-25 11-68 11-91 12-22 12:17 10-61 7-33
MgO 4-60 4-24 3-76 3-20 2:83 2-39 1-88 0-70 0-07
Ca0 9-50 9:26 8-84 833 7-98 7-42 6-95 5-41 372
Na,O 2:90 3-03 3-14 325 3:33 3-48 3-61 392 4-06
K20 0-70 0-77 0-86 0-96 1-04 1-21 1-40 2:10 3-08
P05 0-40 0-45 0-51 0-58 0-64 0-75 0-89 0-51 0-14
Magma density (g/cm®) 2:68 2-68 2-69 2-69 2:70 2-68 2:66 257 2:45
Proportion of cumulus minerals

Plagioclase 0-58 0-58 0-58 0-58 0-57 0-57 0-57 0-57 0-57
Orthopyroxene 0-17 0-17 0-17 017 0-12 0-07 0-05 0-05 0-05
Clinopyroxene 0-25 0-25 0-25 0-25 0-21 0-18 0-13 0-13 0-15
Olivine 0-00 0-00 0-00 0-00 0-00 0-08 0-13 0-13 0-13
Magnetite 0-00 0-00 0-00 0-00 0-10 0-10 0-10 0-08 0-08
Apatite 0-00 0-00 0-00 0-00 0-00 0-00 0-03 0-03 0-02
Mineral compositions*

Cpx Mg# 76-3 74-6 72-4 69-2 66-6 63-1 58-3 389 89
Opx Mg# 732 70-4 66-9 62-4 58-9 54-1 48-4 28-7 56
Ol Fo% 49-6 431 23-3 42
Plag An% 68-5 67-0 65-2 63-0 61-4 58-7 561 47-8 378
Cumulate bulk composition

SiO, 51-90 52-:00 52-13 52:26 47-14 46-07 44-36 44-95 46-70
TiO, 0-09 0-10 0-11 0-12 21 2-:09 2:06 1-64 163
Al,05 19-49 19-34 19-16 18:95 18:26 17-81 17-32 16-51 15-61
Fe,03 0-00 0-00 0-00 0-00 5-50 5-50 5-50 4-40 4-40
FeO 5-20 5-64 6-17 6-89 817 10-28 12:06 14-45 18:13
MgO 857 825 7-88 7-37 5-39 5-53 4-95 278 0-56
Ca0 12-99 12-80 12-57 1229 11-20 10-29 10-36 9-12 7-99
Na,O 2:07 217 2-29 244 2-50 269 2-85 341 4-09
K20 0-13 0-13 0-13 0-13 0-13 0-13 0-13 0-13 0-13
P,0s 0-00 0-00 0-00 0-00 0-00 0-00 1-68 1-40 112

Pl, plagioclase; Op, orthopyroxene; Cp, clinopyroxene; Mgt, magnetite; Ol, olivine; Ap, apatite. F, fraction of melt
remaining.
*Calculated compositions of minerals extracted in the fractionation model are given in Supplementary Dataset 8.

Evolution of melt composition NayO + KyO (Table 5). During crystallization of rocks
Over the interval from 0 to 80% crystallization corresponding to MZy, the forward model predicts that
(F = 1-0-2), the calculated residual magma evolves the FeO™ of the magma increases to ~14-5 wt % and

from a slightly iron-rich tholeiitic basalt (51-4 wt %  SiO, remains largely constant at ~52 wt % (Table 5,
SiOy, 46 wt % MgO, 11:6 wt % FeO' and 3-6 wt %  Fig. 8). In the crystallization interval where magnetite
Nay,O + KyO) to an iron-rich dacite with 67-7 wt %  gabbronorites equivalent to UZa are produced, SiO,
SiOg, 0-1 wt % MgO, 8:4 wt % FeO' and 7-2 wt % starts to increase slightly and FeO'" remains constant.
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(a) Mineral proportions assumed in cumulates

1.0
orthopyroxene olivine \
0.8 magnetite \ |
clinopyroxene
0.6 +
04 1 apatite
plagioclase
021
(b) Model magma composition (wt%)
16 LALO; FeO 5%K,0
12
8
- ————— Si0,/10
4 Na,0 ;
o TiO,
O t

(C) Model plagioclase and augite composition in cumulates

60 7 An%

0 - - -

Mg# of clinopyroxene

Cross-over

(d) Model magma density (g/cm?)

27 1

26 T

25 1

24

(e) Subzones in the Bushveld Complex corresponding to the model

| Mz, |

UZa | UZb | UZc

1.0 0.9 0.8 0.7

0.6 0.5 0.4 0.3 0.2

Proportion of magma remaining (F)

Fig. 8. Results of a forward, incremental fractional crystallization model. Data from Table 5 (see text for explanation). (a) Mineral proportions
assumed in the extracted cumulate rock. (b) Major element liquid line of descent. (c) Calculated Mg# of clinopyroxene and An% of plagioclase in
equilibrium with the magma. (d) Calculated magma density. (¢) Subzones in the Bushveld Complex corresponding to the model.

In the crystallization interval corresponding to UZb, the
appearance of iron-rich olivine in the crystallization
assemblage causes an increase in melt S10y to 55 wt %,
and FeO slowly decreases. In the more evolved model
magmas, crystallization of apatite-magnetite—ilmenite
olivine gabbronorites equivalent to UZc drive SiOg up to
67-7 wt % and FeO down to 84 wt % after 80%
crystallization.

Evolution of melt density

The density of the evolving magma is perhaps the most
important factor in magma chamber dynamics and has
been calculated following McBirney (1993), including
the partial molar volume of phosphorus (Toplis et al.,
1994). During crystallization of rocks of the MZy,
the calculated magma density increases from 2-68 to
2.70 g/cm” (Table 5, Fig. 8). After magnetite starts to
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crystallize at the level corresponding to the base of UZ,
magma density decreases continuously and reaches
2:45g/cm” after 80% crystallization.

Evolution of cumulus mineral compositions

Over the interval from 0 to 80% crystallization, Mg#x
in equilibrium with the evolving magma decreases from
76 to 9 and the An% of equilibrium plagioclase changes
from 69 to 38 (Fig. 8c, Table 4). The first olivine to
crystallize is Fosg and after 80% crystallization it has
evolved to Foy (Table 5). The slow evolution of An%
relative to Mg#,,,, is explained by a modest Ap(Na/Ca)
for plagioclase, close to unity (0-8-1-4), whereas the
Ep(Fe/Mg) values for the mafic phases are lower (0-19—
0-35) and produce more dramatic changes in Mg#. This
results in a cross-over from cumulates where Mg# .
exceeds An% in the interval from 0 to 65% crystal-
lization, to the opposite in the more evolved magmas
(Fig. 8c). In other words, the model predicts the typical
fractionation trend of tholeiitic intrusions towards
extremely iron-rich end-members of the mafic phases,
whereas the An% of plagioclase remains relatively
clevated, e.g. Angy in the Skaergaard intrusion (Wager
& Brown, 1968; Tegner, 1997) and Angy 4o in the
Bushveld Complex (Wager & Brown, 1968; von
Gruenewaldt, 1973; Molyneux, 1974; Ashwal e al.,
2005; this study) (Fig. 5).

DISCUSSION
Mineral compositions

We note a caution regarding comparison between cal-
culated mineral compositions and electron microprobe
analyses (Fig. 5). We have analysed the cumulus core
of plagioclase grains. Even in zoned grains, diffusion will
be extremely slow (Morse, 1984), and so primary
compositions will be preserved. However, for the mafic
minerals post-cumulus re-equilibration will occur, and
zoned grains will homogenize. Furthermore, Mg and
Fe partitioning between clinopyroxene and orthopyr-
oxene changes with falling temperature, as first docu-
mented by Kretz (1963), and applied to the pyroxenes
of the Bushveld Complex by Atkins (1969). We note
variations in the Ap(Fe/Mg) values between the two
pyroxenes in our data, which we attribute in part to the
slow cooling of the intrusion. Also, the clinopyroxenes
in the Upper Zone display exsolution of ilmenite, which
will also cause a change in the Mg# of the electron
microprobe analysis of clinopyroxenes relative to its
primary composition. Also important is the effect
of reaction with trapped liquid (Barnes, 1986). Such
reaction will produce variable degrees of iron enrich-
ment in the finally equilibrated pyroxenes (Lundgaard
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et al., 2006). All of these processes will variably influence
the analysed mafic mineral composition, and hence the
analysed Mg# should not be considered as rigorous an
indication of evolving melt composition as the An value
of the plagioclase. Finally, when comparing observed
Mg# with that calculated in the model it needs to be
borne in mind that the effect of ferric iron has not been
considered. The calculated composition, for example of
clinopyroxene, uses the proportion of ferrous iron only.
In contrast, the electron microprobe analysis includes
ferric iron as well. The difference that this introduces
can be demonstrated using a clinopyroxene analysis by
Atkins (1969; his analysis 8) from the base of the UZ in
which ferric iron has been determined. The Mg# value
calculated using ferrous iron only gives 72-7, whereas
if total iron 1s used the figure becomes 70-7. Hence, the
calculated value (below) will always exceed that of
the determination by electron microprobe.

Magma chamber dynamics

The up-section breaks between cycles to higher Mg#
of pyroxene and olivine, higher An% of plagioclase and
higher V505 of magnetite, and the intermittent dis-
appearance of olivine and apatite (Figs 4 and 7) require a
mechanism in addition to the simple, closed-system
fractional crystallization model, often assumed for this
section of the Bushveld Complex (Wager & Brown,
1968; von Gruenewaldt, 1973; Molyneux, 1974). In a
detailed study of the Main and Upper Zones in the
Bellevue drill core of the northern limb, Ashwal et al.
(2005) explained reversals in An% of plagioclase and
Mg# of pyroxene by magma recharge. However, as
discussed above, the constancy of Sry (0-7071-0-7074;
Fig. 4) throughout MZy and UZ compared with the
large spread in Sr isotope compositions measured in
the rest of the Bushveld Complex (Srg, 0-7045-0-7090;
Kruger, 1994) suggests an internal mechanism for
generation of this layered sequence. We also note that
exactly the same Sry value was obtained for the MZy
and UZ in the eastern limb (Sharpe, 1985), although his
interpretation was different from ours. No isotope data
are available for the northern limb. The Srj data for the
castern and western limbs imply that the entire magma
sheet must have been isotopically homogeneous sub-
sequent to the magma mixing event that resulted in the
formation of the Pyroxenite Marker (Kruger et al., 1987;
Cawthorn et al., 1991). Further, the systematic up-section
increase in the P,Os5 content of apatite-free intervals,
and a similar smooth up-section decrease of V,05 in
magnetite in high-VyOj intervals (Fig. 7) would require a
delicate and unlikely balance between the composition
and proportions of residual to added magma if magma
addition had been the cause. In the following discussion,
we, therefore, assume that MZy and UZ crystallized
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from a huge sheet of initially homogeneous magma more
than 2km thick across the eastern and western and
possibly northern limbs, i.e. over more than 65 000 km”.

A comparison of observed and modelled Mg# of
clinopyroxene and An% of plagioclase (Fig. 5) indicates
that cycle I represents about 40% crystallization of the
parental magma. Cycle I is ~330 m thick and this model
calculation therefore suggests that it crystallized from
a ~800m thick magma sheet. If the assumption of a
2-1km thick magma sheet is correct, convection and
fractionation in the whole vertical extent of the sheet can
be ruled out. We therefore explore the possibility that
cycle I crystallized from only a portion of the stratified,
sheet-like magma chamber. The assumed starting
situation with constant composition and density in the
magma above the Pyroxenite Marker is shown in
Fig. 9a. We base our physical model on that initially
proposed by Jackson (1961, fig. 92) for a vertically
extensive magma chamber; namely, that crystallization
took place mainly in the lower part of the chamber. His
model began with an assumed homogeneous magma
chamber, which cooled at the top, and became more
dense, but did not crystallize significantly, and began to
convect. The effect of the adiabatic gradient relative to
the liquidus temperature is that the liquidus is intersected
in the basal part of the chamber. In the present case, the
crystallization of a gabbronoritic mineral assemblage
produces a residual liquid with raised density, which
would not circulate back to the top but would pond at
the base, producing a stable density profile. As a result of
slower diffusion of major elements relative to heat, such
a magma sheet might separate into double-diffusive
convective layers (McBirney & Noyes, 1979) as illu-
strated in a vertical slice of the Bushveld magma sheet
(Fig. 9b). This situation is stable as long as the density
of the residual magma increases during crystallization.
This scenario changes dramatically in the upper part of
cycle I (UZa) once magnetite began to crystallize. The
forward model predicts that crystallization of magnetite
gabbronorite lowers the density of the magma near the
base of the chamber. Eventually, the density of this
basal magma layer becomes equal to that of the over-
lying layer resulting in mixing, as depicted in Fig. 9c.
A consequence of this bottom crystallization is that the
basal magma layer becomes the most compositionally
evolved, as illustrated by Mg# in Fig. 9b. The mixing
event, therefore, produces a somewhat more primitive
magma composition at the crystallization front (Fig. 9c).
We, therefore, suggest that the reversal to higher Mg# of
clinopyroxene and higher An% of plagioclase between
cycles I and II (Fig. 4) can be explained by mixing
between the two lowermost magma layers in the
chamber. Magnetite gabbronorite now crystallizes, to
be joined after a further small degree of fractionation by
olivine. Crystallization of such iron-rich cumulates drives
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Fig. 9. Magma chamber model for the lower cycles of MZ; and UZ
showing schematically the density and composition (Mg#) of magma
and cumulates in a vertical slice of the Bushveld magma sheet. (a) This
diagram shows the starting situation, with a thick, homogeneous
magma sheet assumed to result from magma recharge and complete
mixing at the Pyroxenite Marker. (b) During crystallization of MZy,
gabbronorite at the bottom of the magma chamber, the density of the
residual magma increases (and Mg# decreases), resulting in a stable
density profile within the magma sheet that is then likely to break into
double-diffusive layers. The illustration shows the situation at the time
the first magnetite crystallizes. (c) Here the crystallization front has
advanced by crystallizing magnetite gabbronorite (UZa), resulting in a
decrease of magma Mg# and a decrease in magma density. The
diagram illustrates the instant when the density in the lowermost layer
equals that of the overlying layer, resulting in complete mixing of the
two layers. (d) This diagram illustrates the mixing event resulting in the
reversal in mineral compositions between cycles II and III.
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the residual magmas to lower density, ultimately causing
the bottom two magma layers to mix, terminating
cycle II. The increase of plagioclase An% to 58 in the
upper half of cycle II (at 1437 m, Fig. 4) indicates the
presence of at least one further cycle at this level,
although this cannot be resolved firmly by the present
dataset. The mixed magma at the base of cycle III is
slightly more primitive than the parent magma to the
upper half of cycle II, such that it no longer crystallizes
olivine, but produces magnetite gabbronorite. The
disappearance of olivine is explained by this process,
although it reappears in the middle of cycle III as a result
of fractionation. Further crystallization of olivine- and
magnetite-bearing assemblages continues to drive the
magma to lower density, resulting in periodic magma
mixing events, as depicted in Fig. 9d. Cycles III-V are
particularly well-developed in the Bierkraal drill core
(Fig. 4). In the ~300 m thick cycle V, for example, the
up-section change in An% is from 55 to 46, the Mg# .«
changes from 58 to 26 and olivine changes from Fosg
to Fog (Fig. 4). A forward model calculation of fractional
crystallization similar to the model presented above (not
shown) suggests that cycle V represents about 50%
crystallization and therefore indicates that the magma
layer undergoing fractionation was ~600 m thick.

The variations in V content of magnetite demonstrate
overall fractionation through the entire Upper Zone.
However, in detail, the changes are extremely difficult to
model. The partition coefficient for V between clino-
pyroxene and melt ranges from 1 to 3, depending upon
SOq (Toplis & Corgne, 2002). Smaller values are
expected for orthopyroxene. Thus, in magnetite-free
gabbronorite cumulates the bulk partition coefficient will
be less than or close to unity, and so small degrees of
fractionation will have little effect upon the V content of
the evolving melt. However, for magnetite the partition
coefficient ranges from 10 to 40, decreasing with
oxidation (Toplis & Corgne, 2002). Hence, the presence
of 10%, or more, of magnetite in the crystallizing
assemblage will result in a bulk partition coefficient
significantly greater than unity, leading to a decrease in
V in the melt and in subsequent magnetite. However,
quantitative modeling of the trend seen in Fig. 7 is not
possible because the value of fOq 1s not known, and,
more importantly, we do not know whether it remains
constant or responds to periods of excessive magnetite
formation (as seen in the thick layers). For example, if the
JSOg of the melt is reduced by removal of excessive
magnetite, the partition coefficient into magnetite
would increase and the abundance of V in subsequent
magnetite might increase even though the abundance
of V in the melt might be decreasing. Because of
such variation in the partition coefficient as a result of
changes in fOjy it is not permissible to conclude that
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an increase in V in magnetite indicates addition of less
evolved magma.

The high-field strength element phosphorus is parti-
cularly useful as a tracer of crystallization processes in
mafic cumulates. It 1s almost perfectly excluded from
silicate minerals, but is a major component of apatite.
When apatite becomes a liquidus phase at about 1%
P,O5 in a basic melt (Green & Watson, 1982), the
cumulate rock contains more P than the melt, which is
therefore gradually depleted in P (Wager, 1960). Because
P is an essential component of apatite, the depletion
of P in the magma results in a decrease in the amount
of apatite that can crystallize at the cotectic. This is
demonstrated, for example, in the apatite mode and
PyO; variations of the Skaergaard intrusion (Wager,
1963).

Apatite is locally abundant in cycles IV-IX (UZc) and
occurs intermittently throughout the stratigraphic
section (Fig. 7). At the bases of cycles V and VI, which
are defined by breaks in mineral compositions (Figs 4
and 7b), there are 60-70m thick, low-PyOj5 intervals
where cumulus apatite is absent (Fig. 7a). Apatite may
have been removed from the liquidus by mixing with
apatite-undersaturated magma. The return of abundant
liquidus apatite 60-70 m above the bases of these cycles
(Fig. 7a) is the result of simple fractional crystallization
driving the magma back to apatite saturation. In the
upper half of the UZ, we interpret low-PyOj5 intervals
lacking cumulus apatite as evidence for magma mixing
events (Fig. 7a). We have, therefore, placed cycle
boundaries at the levels where cumulus apatite dis-
appears, 1.e. where the PoOj content abruptly decreases
below 1 wt %. In these uppermost cycles the intervals
lacking apatite become thinner upwards, indicating that
apatite was only briefly removed from the liquidus. This
could explain the lack of significant breaks in An% and
Mg# .« at these levels (Fig. 4), although it is possible
that closer sampling could reveal subtle changes in An%
and Mg#. In cycle IV, where cumulus apatite first
appears and defines the base of UZc (Fig. 4), there are
two short high-PoOj intervals interbedded with the
low-P;O5 succession (Fig. 7a). These high-PyOj intervals
occur in rocks enriched in magnetite and olivine. This
association of apatite could possibly relate to physical
sorting of dense cumulus minerals or fluctuations in the
solubility of P in the magma (Green & Watson, 1982) but
a firm explanation must await a detailed study of closely
spaced samples. The smooth up-section increase in PoOs5
in the low-P;O5 intervals (Fig. 7a), and the smooth
decrease in VyOj in the high-VyOs intervals (Fig. 7b),
support a model involving crystallization and mixing
within a stratified magma sheet. It would appear
fortuitous if recharge from an extraneous magma source
produced such systematic trends.
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Formation of magnetitite and
nelsonite layers

The magnetitite and nelsonite layers of the UZ contain
important orthomagmatic deposits of vanadium, tita-
nium and phosphorus (Lee, 1996; von Gruenewaldt,
1993; Cawthorn et al, 2005). The formation of the
massive magnetitite layers (Fig. 3f) has been variably
explained, as follows.

(1) Bateman (1951) suggested that an iron-rich
immiscible liquid might have separated and produced
magnetite-rich layers. This concept has been applied to
the Bushveld Complex by Reynolds (19854) and von
Gruenewaldt (1993). We would argue that a very dense,
low-viscosity immiscible, iron-rich liquid might be
expected to percolate downwards through the under-
lying plagioclase-rich crystal mush, and not produce the
remarkably planar bases commonly observed (Fig. 3f).
Further, immiscible iron-rich liquids contain only about
30% total FeO (Jakobsen et al., 2005), and so a further
process is required to produce the near-monomineralic
magnetitite layers from such a liquid (Cawthorn et al.,
2005).

(2) The sinking and sorting of dense magnetite grains
was proposed by Wager & Brown (1968). However, they
noted that there is a significant inconsistency; namely,
that pyroxenes are absent in magnetite-anorthosite
sequences (e.g. Fig. 3f). Had the magma simply evolved
to magnetite saturation, a gravity-controlled succession
ought to include pyroxene between the magnetite and
anorthosite layers. Some additional mechanism would
appear to be required to cause pyroxene to cease
crystallization.

(3) The possibility of the formation of chromitite layers
as a result of magma addition and mixing (Irvine, 1975)
has been extrapolated to the formation of magnetitite
layers (Harney et al., 1990), although appropriate phase
diagrams have not been presented. Ashwal et al. (2005)
documented reversals in Mg# of pyroxene and An% of
plagioclase in a drill core through the MZy and UZ in
the northern limb, which they interpreted as evidence
for magma recharge. As discussed above, we disagree
with this interpretation for the Bierkraal drill core
through the western limb.

(4) Increase in fOy in the magma by fluids derived
from the country rocks has been proposed as a way to
induce magnetite saturation (Klemm et al., 1985; von
Gruenewaldt e/ al., 1985). The source, and mechanism of
addition, of such fluid remains to be demonstrated.
Furthermore, the lateral continuity of the magnetitite
layers requires a process that can operate simultaneously
throughout the entire magma chamber.

(5) By analogy with the formation of chromitite layers
as a result of pressure increase (Lipin, 1993), an increase
in pressure exerted on magma can induce magnetite

saturation (Cawthorn & McCarthy, 1980). Physical
processes causing such pressure changes need to be
established, but have been proposed by Lipin (1993) and
Carr et al. (1994).

(6) In contrast to the crystal-settling concept,
Cawthorn & McCarthy (1980) used the cyclicity in Cr
contents across massive magnetitite layers as evidence
for crystallization at the base of the magma chamber.
Reversals in Cr content of magnetite resulted from
diffusion from the overlying magma. A slightly different
interpretation for these data was given by Kruger &
Smart (1987), who suggested that crystallization
occurred within a basal layer of magma that underwent
periodic mixing with overlying layers within a stratified
chamber. Similarly, Harney et al. (1996) interpreted
changes in Sr/Aly,Oj; of plagioclase separates taken
across the Main Magnetitite Layer as evidence of mixing
as a result of the breakdown of stratified magma layers
caused by density inversion during the crystallization of
magnetitite layers.

The positions of the 32 magnetitite and nelsonite
layers (Table 2; Fig. 4) relative to the cycles described
above throw new light on their petrogenesis. The basal
package of magnetitite layers includes eight layers that
range from 26 to 246 cm in thickness, totalling 731 cm,
and are distributed between 1839 and 1719m in the
stratigraphy (Table 2; Fig. 4). Of these, the 246 cm thick
Main Magnetitite Layer is the lowest at 1839 m. This
occurs some 50—100 m below the interval (1781-1739 m)
displaying a reversal in An% of plagioclase between
cycles I and II (Fig. 4; Table 3). Two other magnetitite
layers also occur below the Reversal in An%. Few layers
occur within the reversal and the uppermost magnetitite
layer in this package is located 20 m above the top of the
reversal (Tables 2 and 3). Based on much more detailed
sample spacing, it was shown by Fox (1982) and Harney
et al. (1996) that the Main Magnetitite Layer at Magnet
Heights in the eastern limb, likewise, is not associated
with a reversal in An% (Fig. 6). In the upper part of
cycle II there is a package of three magnetitite layers
between 1441 and 1427 m, totalling 113 cm in thickness
(Table 2). These layers are not related to a significant
reversal in mineral compositions (Fig. 4). In cycle I,
an 80 cm thick magnetitite layer occurs in a section
displaying rapidly declining An% (Fig. 4). Between
1020 and 945m there is another package including
12 magnetitite layers totalling 1045cm in thickness
(Table 2; Fig. 4). The reversal interval between cycles IV
and V is placed at 998-981 m and shows pronounced
changes in plagioclase, clinopyroxene, olivine and
magnetite compositions (Figs 4 and 7b). Similar to the
magnetitite layers straddling the boundary between
cycles I and II, these magnetitite layers occur below,
within, and above the regressive interval between

2275

GTOZ ‘¥ AIn uo uebiydiN Jo AisieAaiun e /Biosfeulno [piojxo ABojosed//:dny woly papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY

cycles IV and V. It is noteworthy that this package of
magnetitite layers coincides with a low-P;Os5 interval
(Fig. 7a). Of the uppermost eight oxide-rich layers, six
are nelsonites and they all occur within cycles and not at
their boundaries (Fig. 4). We, therefore, conclude that
simple fractional crystallization led to the formation of
the magnetitite layers.

The broad coincidence of the most significant packages
of magnetitite layers with the boundaries between cycles
I-1IT and IV-V, however, suggests a relationship. In both
cases, thick magnetitite layers occur just below the
reversals in mineral compositions and formed as a result
of normal fractional crystallization. The crystallization of
such thick magnetitite layers must have lowered the
density of the residual magma dramatically. We, there-
fore, suggest that the formation of the basal magnetitite
layers in these two packages accelerated the trend of
density decrease and initiated magma mixing and the
formation of a mineralogical reversal. We further
speculate that the occurrence of several, closely spaced
magnetitite layers in these reversal intervals resulted from
magma inhomogeneity during a single mixing event,
perhaps a result of finger instability during mixing
between two magma layers (Irvine ¢t al., 1983). In several
cases, magnetitite and nelsonite layers occur within cycles
(Fig. 4) and are apparently not related to reversals. Most
of these magnetitite layers are relatively thin and single
(Table 2). We explain these magnetitite layers as the
result of normal fractional crystallization.

Apatite becomes a liquidus phase and coprecipitates
with magnetite in the nelsonite layers in cycles V-IX
(Figs 3¢ and 4), suggesting that they formed as a
consequence of fractional crystallization. Fe-P-Ti-rich
immiscible liquids exsolved during late-stage fractional
crystallization in the Skaergaard intrusion (Jakobsen
et al., 2005), and by analogy this implies that immisci-
bility is also possible in the evolved stages of the
Bushveld Complex. However, we prefer to envisage a
single mechanism that produced all the magnetite-rich
layers, rather than appealing to liquid immiscibility for
the upper, apatite-bearing layers [as suggested by
Reynolds (1985a) and von Gruenewaldt (1993)], and a
different process for the lower apatite-free layers.

Comparison with eastern and northern

limbs of the Bushveld Complex

The studied sections of UZ are broadly similar in the
three major limbs (von Gruenewaldt, 1973; Molyneux,
1974; Ashwal et al., 2005; this study). The thicknesses
vary from 1510 to 2230m (Table 1) and they are
subdivided into three subzones defined by the first
appearance of cumulus magnetite, olivine and apatite,
respectively. Above, we have shown for the Bierkraal
section, however, that the presence of cumulus olivine
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Fig. 10. Distribution of (a) cumulus olivine in UZb + ¢ and (b) apatite
in UZc, in the northern (Bellevue core; Ashwal el al., 2005), eastern
(field relations; von Gruenewaldt, 1973) and western (this study) limbs
of the Bushveld Complex.

and apatite 1s intermittent (Figs 4c and 7a) and that this
has important petrogenetic implications. The reported
intervals of occurrence of olivine in UZb + ¢ and apatite
in UZc in the eastern (von Gruenewaldt, 1973) and
northern limbs (Ashwal e/ al., 2005) are, therefore,
summarized in Fig. 10. This figure shows that olivine
and apatite are intermittent in all three limbs. The
presence of cumulus olivine in the Bellevue core of the
northern limb broadly corresponds to intervals showing
normal fractionation trends (Ashwal et al., 2005).
Furthermore, the two main intervals displaying a
reversal in An% of plagioclase and Mg# of the mafic
silicates in UZ occur at 720-640m and 420-330m
depth in the Bellevue core and coincide with gaps in the
presence of cumulus olivine (Ashwal et al., 2005). The
interval in UZc lacking in apatite in the Bellevue core
(430-300 m depth; Ashwal et al., 2005) overlaps with the
interval where olivine is absent. Many of the mineral
compositional data presented above are comparable
with similar results obtained for the other limbs of
the Bushveld Complex. In the eastern limb, von
Gruenewaldt (1973) and Molyneux (1974) provided
mineral compositional data for the Main and Upper
Zones, although some of their data were obtained by
optical and X-ray diffraction methods, rather than by
electron microprobe. Also, no compositional data are
available for the clinopyroxene. Ashwal e al. (2005)
provided electron microprobe data for a very large
number of samples through part of the Main Zone and
the entire Upper Zone for the northern limb. In general,
the order of appearance of minerals is very similar in

GTOZ ‘¥ AIn uo uebiydiN Jo AisieAaiun e /Biosfeulno [piojxo ABojosed//:dny woly papeojumoq


http://petrology.oxfordjournals.org/

TEGNER et al. CYCLICITY IN BUSHVELD COMPLEX

all limbs, although two differences exist in the northern
limb compared with the eastern and western. An
orthopyroxene-rich layer with reversal in composition
(i.e. the Pyroxenite Marker) has not been identified in
the northern limb. Also, Ashwal et al. (2005) suggested
that apatite appears 100m lower in the succession
than olivine, but it is transitory and does not reappear
for a further 400 m. In all limbs considerable oscillation
of mineral compositions occurs, superimposed on the
overall fractionation trends. The actual mineral compo-
sitions at which the different phases appear are slightly
different, although detailed comparison is hampered by
the different analytical methods used, the considerable
small-scale vertical variation in composition, and
irregular spacing of the data points.

The magma chamber model developed above (Fig. 9),
therefore, provides a possible explanation for the
cyclicity observed in all the limbs. The 2-3m thick
Main Magnetitite Layer and the 7-13m thick layer
(called Layer 21 in the eastern limb) are unequivocally
identifiable in the three limbs. Ashwal et al. (2005)
identified 32 magnetitite layers in the northern limb,
which can possibly be grouped into four packages. In the
eastern limb only 26 layers are reported (Willemse,
19696; Molyneux, 1974), again in four intervals, but
this information is based on field observations; a
continuous borehole may reveal additional magnetitite
layers. The grouping of the 32 layers identified in this
study (Fig. 4, Table 2) is less definitive. Further, we note
the absence of layers below the Main Magnetitite
Layer in our study, contrasting with three and two
layers in the eastern and northern limbs, respectively.
There are also a greater number of layers (eleven) in this
study above the very distinctive 7m thick layer 21
(Table 2) compared with the northern (three) and eastern
(none) limbs. We suggest that considerable similarities
exist in the magnetitite layers between all limbs, but
perfect correlation is not possible. Hence, the number of
cycles and the proposed mechanism by which they are
generated may not be an instantancous chamber-wide
process, but merely an inevitable consequences of
crystallization of magnetite at the base of a stratified
magma sheet.

CONCLUSIONS

New mineral chemical data for plagioclase, pyroxene,
olivine, and magnetite, and whole-rock P,Oj; and
Sr isotope data for the upper Main Zone and Upper
Zone in the Bierkraal drill core of the western Bushveld
Complex show the following features.

(1) Existing and new initial *’Sr/*°Sr values are near-
constant (0-7073 £ 0-0001, n = 22), suggesting crystal-
lization from a homogeneous magma sheet without
major magma recharge or assimilation.

(2) The mafic rocks evolve up-section from gabbro-
norite (plagioclase Anjo; clinopyroxene Mg# 74) at
the Pyroxenite Marker to magnetite-ilmenite—apatite—
fayalite ferrodiorite (Anys; Mg#,x 5; Fo; olivine) at the
roof of the mafic complex.

(3) The overall fractionation trend 1s, however,
interrupted by reversals to higher An% of plagioclase,
Mg# of pyroxene and olivine, V505 in magnetite,
and/or intermittent absence of cumulus apatite or
olivine. These reversals define at least nine major
fractionation cycles that range from 100 to 400m in
thickness.

(4) We have estimated a plausible magma composition
that existed in the chamber at the level of the Pyroxenite
Marker, based on summation of rock compositions
above that level, plus the addition of postulated expelled
magma during final crystallization. It has the composi-
tion of a slightly quartz-normative, iron-rich tholeiite.

(5) Forward modeling of fractional crystallization
using this composition predicts increasing FeO (total),
near-constant SiOy and increasing density of the residual
magma before magnetite crystallizes, and increasing
510, near-constant FeO and decreasing magma density
after magnetite crystallizes. When olivine reappears as a
cumulus phase, the FeO content and density of melt
decrease.

(6) We explain the observed cyclicity by crystallization
at the floor of a huge, stratified magma sheet more
than 2km thick, covering at least 65000km?. Magma
stratification with a stable density profile initially
developed during crystallization of gabbronorites in the
upper Main Zone from a basal layer of magma. Once
magnetite began to crystallize, the magma density
decreased and periodic density inversion led to mixing
with the overlying magma layer, producing mineralogi-
cal breaks between fractionation cycles.

(7) The investigated section includes 26 magnetitite
and six nelsonite (magnetite-ilmenite—apatite) layers that
mainly occur within fractionation cycles. In at least two
cases, crystallization of thick magnetitite layers may have
lowered the magma density sufficiently to trigger density
inversion, resulting in near-coincidence of mineralogical
breaks and packages of magnetitite layers.
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