











WILSON BUSHVELD COMPLEX CHILL SEQUENCE

Fig. 5. Photomicrographs of the chill sequence. Qu, quartz; other abbreviations as for Fig. 4. (a) Sample CH7/10/23 1249-81-1250-86 m of Unit 4
under PPL and (b) under XPL. (c). Sample CH7/10/21 1249-66-1249-75 m of Unit 4 under PPL and (d) under XPL. (¢) Sample CH7/10/21
1249-66-1249-75 m of Unit 4 under PPL and (f) under XPL. (g) Sample CH7/10/17 1249-375-1249-46 m of Unit 7 under PPL and (h) under XPL.
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Fig. 6. Photomicrographs of the chill sequence. Abbreviations as for Fig. 4 also Qu, quartz. (a). Sample CH7/10/17 1249-375-1249-46 m of Unit 7
under PPL and (b) under XPL. (¢). Sample CH7/10/7 1246-48-1246-64 m of Unit 10 under PPL and (d) under XPL. (e) Sample CH7/10/51
123004123015 m of Unit 15 under PPL and (f) under XPL. (g) Sample CH7/10/45 1226-79-1226-89 m of Unit 16 under PPL and (h) under XPL.
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Fig. 7. Backscattered electron images. Qu, quartz; Pl, plagioclase; Mg-hb, Mg-amphibole; K-feld, K-feldspar; Op, orthopyroxene; Cu-Ni sulph,
Cu—Ni sulphide; Cr-mg, Cr-magnetite. (a) CH7/10/26/9 1250-23-1250-245 m of Unit 1 showing Fe-rich orthopyroxene crystals surrounded by an
intergrowth of plagioclase, Mg-hornblende and quartz. (b) CH710/23 1249-81-1249-86 m of the quench-textured Unit 4 with strongly zoned
orthopyroxene crystals surrounded by K-feldspar, calcic-plagioclase and Mg-hornblende.
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including the primary hydrous phase Mg-hornblende.
Olivine is essentially unzoned and homogeneous within a
single sample. Compositions range from Mg# 0-89 to
0-918. Orthopyroxene increases from Mg#£ 0-916 at the
base to 0-921 at the top of the unit. Chromite compositions
include the most Cr-rich observed, with the highest content
of 58:5% CryOs3. Olivine in this unit contains abundant
dendritic exsolution lamellae of Cr-spinel enclosed within
an envelope of Al-rich clinopyroxene.

Units 11-15: harzburgite and feldspathic
pyroxenite

These zones exhibit variable contents of olivine and ortho-
pyroxene, with the complete absence of olivine in some of
the feldspathic pyroxenites. In most cases rare, rounded
olivine enclosed by orthopyroxene is observed in the pyrox-
enites. In the harzburgite the zoned orthopyroxene is inter-
stitial to the olivine and the enclosed olivine is rounded by
reaction. Plagioclase is also present in the harzburgite to-
gether with phlogopite. Chromite is present as euhedral
crystals enclosed in olivine and pyroxene, and also within
the matrix. Sample (CH7/10/51) is an olivine pyroxenite in
which olivine occurs as irregular crystals (Iig. 6e and f)
that are interstitial to the orthopyroxene; this is the most
Fe-rich olivine encountered in the sequence with Mg#
0-82. The orthopyroxene is zoned with cores of Mg#
0-908 and rims of 0-:820. Plagioclase occurs as short laths
and also as irregular, zoned interstitial crystals.

Unit 16: spinifex-textured pyroxenite

This zone is similar to Unit 7 in which highly elongate and
coarse-grained pyroxenes are developed and generally ori-
ented with their long axes close to the vertical direction
(Fig. 6g and h). Orthopyroxene crystals up to 15cm in
length are observed. Similar to Unit 7, the orthopyroxene
crystals are strongly zoned with Mg-rich cores that enclose
Cr-rich chromite. Plagioclase occurs as well-defined and
complexly zoned laths. The matrix contains small crystals
of clinopyroxene, Mg-hornblende, quartz and phlogopite.

Units 17-19: pyroxene and olivine cumulates
The upper zones in the succession comprise what appear to
be normal orthopyroxene and olivine cumulates in which
the proportion of olivine varies from zero to about 40%.
Interstitial phases are plagioclase, minor clinopyroxene,
amphibole and biotite.

COMPOSITIONS OF THE CHILL
SEQUENCE

Major and trace element compositional variations through
the chill sequence reflect the different magmas that may
have been emplaced at this early stage of the intrusion,
the processes of entrapment and freezing of magma, and
the transition from chilled and quenched zones to the
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formation of normal cumulates. Eighty-four samples were
analysed for major and trace elements over the 32:6 m sec-
tion, with 28 of these from the lowermost 15 m.

Major element compositional ranges and
comparison with the marginal sills

The marginal sills in the Transvaal Supergroup sediments
have, to date, provided the only samples of possible paren-
tal magmas of the Bushveld Complex, and in this context,
of the early stage Bl magma in particular. Therefore, a
comparison of the composition of the chill sequence with
the marginal sills is relevant. The data for the marginal
sills are from Davies et al. (1980), Davies (1982), Harmer &
Sharpe (1985), Curl (2001) and Barnes et al. (2010);
evolved compositions (with less than 10% MgO) are not
considered.

Selected major element variations are shown in Figs 8
and 9. The chill sequence is divided into four broad
groups on the basis of distinct petrographic and chemical
features. These groups are: (1) the basal chill of Unit 1; (2)
the chill and quench zones of Units 2-4; (3) the lower asso-
ciation of spinifex and cumulates of Units 5-12; (4) the
upper spinifex and cumulates of Units 13—19. The compos-
itions of the marginal sills are also shown. The range in
whole-rock composition is from 10 to 43% MgO; although
there is considerable overlap between the chill sequence
samples and the marginal sills, the latter are more vari-
able. There is close agreement between the putative paren-
tal Bl magma and the liquid compositions inferred from
the chill sequence.

Although there is good agreement between the chill se-
quence and the marginal sills, there are also some notable
differences. Generally the SiO, content is lower in the
marginal sills, but some samples also coincide exactly
with the trend of the chill sequence. The compositional
range of the chill sequence extends to higher MgO con-
tents compared with the marginal sills. There is generally
close agreement between the chill sequence and marginal
sills at higher MgO contents. A distinct break occurs in
the chill sequence at about 27% MgO, which separates
the samples of Unit 10 with higher MgO contents, and in
some cases marks a change in the slope of the trend, such
as for Al,O5 and NiO. In inter-element plots of AlyOs,
CaO and TiOy (Tig. 9) there are clearly defined parallel
trends separating Units 5—12 from all other units. The dis-
tinct changes in the trends are strong evidence for liquids
of different compositions contributing to the chill sequence.

Major element variation in the
stratigraphic section

Compositional variations are illustrated for the entire sec-
tion in Fig. 10 and in more detail for Units 1-9 in Fig. 11.
Wide ranges in composition reflect those units that consist
mainly of trapped liquid (<15% MgO) and olivine and
pyroxene cumulates containing 20-40% MgO.
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Fig. 8. Whole-rock variation diagrams for major elements vs MgO (wt % ). The rectangle within each figure designates the likely Bl parental
magma composition. Each symbol type refers to a particular group of units (see Fig. 3). Compositions of the marginal sills are indicated.

MgO remains relatively constant in Units 1-3 and in the
lower part of Unit 4 (Fig. 11). Together with the quench
Unit 6 the MgO contents reflect close to a possible liquid
composition. The spinifex-textured pyroxenite of Unit 7
has a slightly higher MgO and Mg#£ and is not likely to
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represent a liquid. Mg#f increases gradually through
Units 1-3 and then markedly increases upwards to Unit 5,
above which it decreases sharply in Unit 6 to Mg## 0-75.
K50 is highest in Unit 3, above which it systematically de-
creases, except in Unit 6 when it again increases. TiOo,
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Fig. 9. Whole-rock variation diagrams for AlyOs, TiOy, CaO and K,O. The rectangle within each figure designates the likely Bl parental
magma compositions. Each symbol type refers to a particular group of units (see Fig. 3). Compositions of the marginal sills are indicated.

CaO, AlyO3 and KsO have essentially identical patterns
through the entire succession (Fig. 10). The lowest concen-
trations are in Unit 10, above which there is a steady in-
crease upwards and a significant increase in the spinifex-
textured Unit 16. Unit 1 is depleted in KyO, but enriched
in CaQO, FeO and TiOy. On the basis of the patterns and
absolute values, Units 1, 2, 3 and 6 are likely to represent
liquid compositions.

Trace elements

Trace element abundances show contrasting behaviour de-
pending on their compatibility in early formed crystal
phases as well as their dependence on the amount of
trapped liquid, which predominantly controls the distribu-
tion of incompatible elements. Distributions are shown for
the entire section in Fig. 12 and shown in more detail for
Units 1-9 in Fig. 13.

Cr and Ni distributions are strongly dependent on the
abundance of chromite and olivine. Cr is highest at the
base of the olivine cumulates of Unit 10 and decreases over-
all to the base of Unit 18 where it again increases. It is
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lowest in the zones that contain a high proportion of
trapped liquid in Units 1-9 and in Unit 16. Ni is highest
in Units 10, 13, 15 and 18 where cumulus olivine is present.
The incompatible elements show similar, but not identical
patterns, and also show similar variations for Sr and
AlyOj indicating that plagioclase did not crystallize on
the liquidus in this succession. The highest incompatible
element concentrations occur in Units 1-8 (excluding
Unit 5) and also in Unit 16, which preserve close to liquid
compositions. Although the patterns reflecting the liquid
component are broadly consistent, there are small differ-
ences in both the rate of change and the trace element
concentrations, possibly indicating the involvement of mul-
tiple liquids. Unit 10 has the lowest incompatible trace
element concentrations.

In the lower chill zones of Units 1-8 (Fig. 13) similar pat-
terns are observed for the incompatible elements but these
are not identical. Three examples are shown for Zr, Nb
and Cs; however, similar patterns and relative concentra-
tion variations are shown by La, Th and U, as well as for
KyO (Fig. 11). Unit 1 is relatively depleted in incompatible
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Fig. 10. Stratigraphic variation in whole-rock major element oxides and Mg# through the entire succession.

elements. The compositions of Units 2, 3 and 6 are consist-
ent and may represent a single liquid type.

The rare earth elements

The rare earth elements (REE) show similar patterns
(chondrite normalized) for all samples in the chill se-
quence. These patterns are characterized by a steep light
REE (LREE) (Lax/Smy 3-92) and an upward concave
heavy REE (HREE) form (Luy/Ery 1-12 with an aver-
age of 11), with a small negative Eu anomaly (Fig 14a).
Similar to other incompatible elements the highest concen-
trations for all elements occur in the samples that represent
liquids or have a high melt component. The chill of Unit 1
has a slightly different pattern, possibly representing a dif-
ferent liquid composition. The patterns are similar to
those reported in previous studies (Curl, 2001; Barnes
et al., 2010) for the marginal sills. The spinifex Unit 16 has
a slightly different HREE pattern compared with the
other units with high liquid contents. There are also sys-
tematic changes related to the total concentration of REE.
The ratios Lay/Lux (Fig. 14b) and Gdy/Lun (Fig 14¢)
decrease as La decreases, possibly because of preferential
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incorporation of Yb and Lu into orthopyroxene.
The uniformity of the general pattern is seen in the dia-
gram of Gdy/Lux vs Lax/Luy (Fig. 14d) and that of the
concave HREE pattern in the plot Gdx/Ery vs Lun/Ery
(Fig. 14¢). The concave pattern of the HREE present in
the liquid is accentuated by the contribution of a phase
with a relatively high proportion of HREE (most probably
orthopyroxene) causing a further increase in Luyn/Ery
(Fig. 14e). The REE patterns, and in particular the upturn
of the HREE, reflect both the cumulate assemblage as
well as the characteristics of the magma sources.

Chlorine

Chlorine is an important element in the Bushveld Complex
both because of its anomalously high contents in the pyrox-
ene and olivine cumulates and high CI/F values
(Willmore et al., 2000); it provides a possible indicator of
the involvement of ocean crust in the petrogenesis of the
parental magmas. Cumulates from all areas of the
Bushveld Complex, and throughout the stratigraphy, have
ClI contents between 130 and 324 ppm (R. G. Cawthorn,
personal communication, 2010). Previous work has
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Fig. 11. Stratigraphic variation in selected whole-rock major element oxides and Mg# in units 1-9 and the lower part of Unit 10. The dashed
vertical lines distinguish the compositional ranges of probable liquids on the left side, and cumulate or crystal enriched liquids on the right side.

suggested the presence of high-Cl fluids associated with the
Bushveld Complex (Boudreau & Kruger, 1990) and Cl
has also been shown to be an important minor component
in the PGE-enriched dunite pipes in the eastern Bushveld
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Complex (Schiffries, 1982). Cl is an incompatible element
but is incorporated into late-stage primary minerals that
form from the trapped liquid (apatite and phlogopite).
It may undergo redistribution as a late-stage volatile
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Fig. 12. Stratigraphic variation in selected whole-rock trace elements through the entire succession.

component before being finally trapped. In the section stu-
died the CI contents (Iig. 15) range from 128 ppm to over
6000 ppm (the highest measured concentration to date in
the Bushveld Complex) and its distribution is associated
with three main lithological sequences: the chill zones
(Units 1-8), the pyroxene dunite (Units 9-11), and the
upper pyroxenites and peridotites (Units 12-19). Cl is
strongly enriched at the top of Unit 10 and in Unit 11
(Fig. 15a), and enrichment is also seen at the base of
Unit 10. In the close-packed olivine-rich layers Cl appears
have migrated and then been trapped. The samples in the
other sections define a strong linear trend of Cl with
whole-rock Zr content (Fig. 15b) indicating the association
of Cl with trapped melt, rather than by distribution as a
result of late-stage fluid migration. The parental magma
is inferred to have a composition of 649 ppm Cl. The aver-
age for the entire section is 660 ppm CL

Inter-element variations of trace elements
Inter-element variations of trace elements identify lineages
and ratios that can be compared with particular

source identities. Two sets of trace elements are illustrated
(Figs 16 and 17)—the high field strength elements (HFSE)
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such as Zr, Nb, Th and U, which are generally regarded
as immobile, and the large ion lithophile elements (LILE)
such as Cs, Rb, and K (together with Pb), which, although
incompatible in this context, may also reflect primary en-
vironments where mobility may have taken place, such as
by seawater interaction. Variations for the HFSE (Fig. 16)
show a consistent and close grouping for all diagrams,
close to upper crust ratios. Comparative ratios are shown
for primitive mantle, normal mid ocean-ridge basalt
(N-MORB), average upper crust, average lower crust
(Sun & McDonough, 1989; Rudnick & Gao, 2003), and
also the pre-Bushveld granitoid basement (Anhacusser,
1999; A. H. Wilson, unpublished data), referred to here as
the Kaapvaal basement. The U-Th diagram shows rela-
tive enrichment in U and this may be attributed to the mo-
bility of U and its preferential incorporation into altered
protolithic ocean crust (Staudigel, 2003).

Variations for the LILE relative to each and to Nb (Fig.
17) (including Ba, not shown) indicate that these elements
are enriched relative to average upper crust and to
Kaapvaal basement. These trace element characteristics
indicate the crustal signature of the parental magma but
also may be enhanced from the presence of altered ocean
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Fig. 14. Chondrite-normalized REE patterns and ratios as an average for each of Units 1-19. (a) REE patterns for each of the units
with two samples of Unit 1 shown in red. (b)—(e) ratios highlighting the different types of unit, with the symbols relating to the chill
samples of Unit 1, the quench units that represent parental magma compositions, and the cumulates. The transitional cumulate of Unit 9 is
identified.
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same as for Fig. 3. (b) Plot of Cl vs Zr in the various units. There is strong correlation for all units, except for Units 9,10 and 11, where migration
and entrapment of Cl has taken place.
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(KV). Data sources are explained in the text.
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Fig. 17. Inter-element plots of large ion lithophile elements, Pb and Nb for the chill sequence. The distributions are compared with N-MORB
(N-M), primitive mantle (P-M), upper crust (u-cr) and lower crust (l-cr), and with the basement of the Kaapvaal Craton (KV) where data

are available.

crust in the source of the primary magmas (Hart &
Staudigel, 1982; Staudigel, 2003).

MINERAL COMPOSITIONS

Chromite

Chromite occurs in the chill sequence as crystals enclosed
within olivine and orthopyroxene and in the matrix in
amounts of 0:5-3%. In one sample at the base of Unit 18
it comprises 6%. The simplest compositional relation
examined for this suite of chromites is Cr vs Al (Fig. 18a).
The Cr contents of the most primitive compositions from
Unit 10 (pyroxene dunite) are higher than those of the
most Cr-rich chromitites from the Critical Zone (Naldrett
et al., 2010), and chromite in Unit 10 1s also lower in Al
These compositions overlap with the most primitive chro-
mite compositions of the Great Dyke (Wilson, 1982). The
pyroxene cumulates of the upper section (Unit 15) and the
olivine pyroxenites of Unit 18 form two clear groups with
the more Cr-rich chromites overlapping with those of
Unit 10 (Fig. 18b). The second group has a lower Cr content
and different slope compared with the main trend. A sep-
arate population from Unit 15 forms a continuum to very
low Al and Cr contents. The chill, quench and spinifex
units (Fig. 18¢) also have a group that overlaps with the
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primitive trend of Unit 10, but then a second contrasting
trend to Cr-magnetite and magnetite in a continuous
series. The overlapping compositions for the most Cr-rich
suites are highlighted in Fig. 18d. Compositions of chro-
mite plotted in terms of the ratios of replaceable cations
(Fig. 19) are compared with the chromite compositions of
Bushveld chromitites, and also with the most primitive
chromite compositions previously recorded in the
Bushveld Complex from the Lower Zone at the south of
the northern lobe and referred to as the Grasvally occur-
rence (Hulbert & von Gruenewaldt, 1985).The chromites
in the chill sequence are divided into three groups relating
to the different environments. These are: (1) those asso-
ciated with the pyroxene dunite of Units 10 and 1I; (2)
those associated with the upper section of pyroxenites of
Unit 15 and the olivine cumulates of Unit 18; (3) those asso-
ciated with the chills (Units 1 and 2) and the
spinifex-textured Units 7 and 16.

In the plot of Cr/(Cr+Al) (referred to as Cr#£) vs Mg/
(Mg—i—FeQ_") (or Mg##) the chromite from the chill se-
quence (Fig. 19a) records the highest values for Cr# (up
to 0-86) yet recorded for the Bushveld Complex, and even
higher than that recorded for Grasvally. The highest
Mg## is greater than that recorded for the Bushveld chro-
mitites but slightly lower than the highest values for
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Fig. 18. Compositional variations for chromite in the chill sequence for Al and Crr cations. (a) Unit 10 chromite is compared with chromite com-
positions from Bushveld chromitites (Naldrett et al., 2010) and the Great Dyke (Wilson, 1982). (b) Chromite in the pyroxenites and olivine pyrox-
enites from Units 9,18 and 15. (¢) Chromite from the chill, quench and spinifex Units 1, 2,4 and 16. (d) Data fields comparing the various groups.

Grasvally. Two trends are observed: one of increasing Cr#£
with decreasing Mg#£, and the other of increasing Cr#f
with increasing Mg#£. The overall spread of compositions
is greater than that observed in the Bushveld chromitites;
however, chromite from Unit 11 predominates in the lower
Cr#t field. Naldrett ez al. (2010) noted two trends (called
Trend A and B) for the Bushveld chromitites over a strati-
graphic interval of more than 2000m in the Critical
Zone. Both of these trends are also observed in the chro-
mite compositions from Unit 10. Trend B appears to be dis-
tinct for each of the datasets represented, with the
Grasvally chromites exhibiting two such trends that are
parallel but displaced. Chromite of Unit 11 has the lowest
values for Cr#£.

Chromite from the pyroxenite of Unit 15 and the upper
olivine—orthopyroxene cumulates of Unit 18 (Fig. 19b)
have completely different trends and form three parallel
arrays with both Mg#f and Cr# increasing together.
Essentially these arrays are parallel to Trend B of the
Bushveld chromitites. Chromite from the chill (Units 1
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and 2) and the spinifex (Units 7 and 16) (Fig. 19¢) all have
much lower Mg# but retain the high Cr# values
observed for the pyroxene dunite.

Variation of Cr/Fe(Tot) with Cr## is a measure of the
way these elements record the most primitive compositions
as well as the evolutionary trend during solidification.
Chromite from the pyroxene dunite of Unit 10 overlaps
with the suite of Bushveld chromitites but has a slightly dif-
ferent trend (Fig. 19d). The most primitive chromite com-
positions from Unit 10 have a Cr/Fe value of three and are
similar to the most primitive compositions from the Great
Dyke as well as the most primitive types from Grasvally.
The array from Grasvally is identical to that from Units 9
and 18 (Iig. 19¢) but extends to higher Cr/Fe values.
Compositions from the pyroxenites of Unit 15 overlap
with the pyroxene dunite (Fig. 19¢) but extend to more
evolved compositions. The consistent array from the
upper olivine pyroxenite (Unit 18) is at much lower Cr/Fe
values. Chromites from the chill Units 1 and 2 and the
spinifex units 7 and 16 (Fig. 19f) form different trends at
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low Cr/Fe values but extend from the zone of primitive
compositions. Chromites with very low Cr/Fe values are
Cr-magnetites and occur only in those zones that preserve
a high liquid component (i.e. chill, quench and spinifex
zones).

Orthopyroxene

Orthopyroxene shows marked changes in composition
[both in mineral separates and in situ by electron probe
(EPMA)] both through the
and even within single samples. In the spinifex-textured

microanalysis sequence
and quench zones compositional zoning is extreme.
Orthopyroxene compositions determined on mineral sep-
arates are an average of the zoned compositions where
zoning is minor. In some cases the different compositional
components (where zoning is particularly extreme) were
also successfully separated and analysed but these do not
represent the complete range of compositions. The ortho-
pyroxene separates (determined to be better than 99%
pure) are generally slightly higher in CaO and Al,O4
than the compositions determined by EPMA. This is
partly because of small amounts of contamination, but
also because the EPMA data did not take into account
small exsolution blebs of clinopyroxene, which are observ-
able in thin section. Ilmenite lamellae developed in the
Fe-rich outer zones of orthopyroxene are also not taken
into account in EPMA data.

The general pattern of Mg## variation in orthopyroxene
through the section (Fig. 20a) is similar to that of MgO in
the whole-rocks but with more extreme ranges. The
olivine-rich rocks contain orthopyroxene with the highest
Mg#t values (over Mg#t 0-92) whereas those in the chill
and quench zones have the lowest values. Compositional
zoning is extreme in some samples and only minor in
others. There are gradational and systematic changes
throughout the sequence except within the pyroxene
dunite of Unit 10. CryO3 (Fig. 20b) has a generally similar
pattern to Mg# but with greater variability in Unit 10.
The orthopyroxene of this zone contains the highest Cr
contents. The CryOs5 content is variably zoned with the
greatest range (0-01-0-6% CryOs3 in Unit 15) with the min-
eral separate giving a value of 0-47%. The TiOy content
(Fig. 20¢) is broadly antipathetic to changes in Mg# and
is essentially constant in the pyroxene dunite of Unit 10
but with extreme zoning ranges. There is marked compos-
itional zoning for this component in the olivine pyroxenite
of Unit 15 covering the range 0-:03-0:14% TiO..

Detailed compositional variations for the lower chill suc-
cession of Units 1-9 and into the base of Unit 10 are
shown in Fig. 2la—c. Some samples show extreme compos-
itional ranges in zoned orthopyroxene. The greatest
degree of zoning is in the spinifex-textured Unit 7. In chill
Unit 1, the small orthopyroxene laths are the most iron
rich (average Mg## 0:724) in the sequence and equivalent
to the most evolved zoned compositions observed higher
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in the sequence. The orthopyroxene crystals in Unit 1 are
essentially unzoned and have the same composition as the
bulk-rock and liquid. In Unit 2 the micro-crystals are
strongly zoned (Mg#£ 0:72-0-87). It is likely that the initial
core compositions were close to Mg#t 0-9. These crystals
are also strongly zoned with respect to CroO3 and TiO,
(Fig. 21b and c). Unit 4 is fine grained and contains zoned
crystals of average composition Mg# 0-77, close to the
bulk composition of the whole-rock and the original
magma. The overlying Unit 5 is a fine-grained olivine cu-
mulate with an orthopyroxene composition of Mg#f
0-885. It is overlain by quench zone Unit 6 containing
Ti-rich orthopyroxenes of composition Mg#£ 0-77.

Unit 7 of orthopyroxene spinifex has the most extreme
compositional range observed in the entire sequence
(Mg#t 0:696-0-909, with an average of 0-788). The min-
eral separates have compositional ranges close to the aver-
age of the EPMA data. In Unit 7, TiOy is appreciably
higher in the orthopyroxene separates because narrow
lamellae and blebs of ilmenite in the orthopyroxene were
not included in the EPMA data. EPMA identified the
most primitive core compositions. A similar extreme
zoning range is observed in the upper spinifex Unit 16.
The orthopyroxenes in Unit 7 are the most strongly zoned
with core compositions greater than Mg#f 0-9, only
slightly less magnesian than the orthopyroxene in the oliv-
ine cumulate of Unit 10. In Unit 7 the orthopyroxene also
has an extreme range in CryO4 from 0-03 to 0-66, with
the separates having intermediate compositions of 0-3—
0-38. Unit 9 is intermediate between the quench units and
the overlying olivine cumulates of Unit 10 in which both
the orthopyroxene and olivine become more Mg-rich up-
wards, with the most primitive compositions (Mg## 0-93
of orthopyroxene and 0-918 for olivine) in Unit 10.

Orthopyroxene Mg# is compared through the entire
sequence in the histogram for 277 microprobe analyses
(Fig. 22). Although dependent on the number of samples
from specific units it shows a clear bimodal distribution.
The ranges within each of the samples relating to specific
units are shown. The highest Mg#f orthopyroxenes are
from Unit 10 but even the strongly zoned pyroxenes have
cores of primitive composition. The peak at low Mg#
arises from the overlap of marginal zones of Fe-rich pyrox-
ene (see Fig. 7a) rather than from an even graded zoning
pattern. In addition, the unzoned orthopyroxene from the
chill Unit 1 lies in the Fe-rich field.

Olivine

Although systematic zoning of olivine was not observed in
the microprobe data, the small range of compositions
coupled with the NiO contents indicate that there is some
heterogeneity in olivine composition within the same
rock, with the highest (duplicated) value of Mg# 0-918 in
Unit 10. Mg# increases markedly over the narrow interval
above Unit 9 and at the base of Unit 10 of the pyroxene
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Fig. 20. Compositions of orthopyroxene and olivine in the chill sequence. Ranges of composition within the quench zones are shown by the
grey bars. Detail of the chill zone (Units 1-9) and ranges of compositions are shown in detail in Fig. 21. (a) Mg## for orthopyroxene showing
the ranges in composition for single samples. (b) CryO5 content of orthopyroxene. (c) TiO, contents of orthopyroxene showing extreme
ranges in composition for some samples. (d) Variation in Mg## for olivine. Compositional zoning in olivine is minimal. The highest Mg#£ oliv-
ines are observed in Unit 10 with an increase upwards from Unit 9 below. (e) NiO content of olivine broadly follows Mg## in Unit 10. In
Units 15-18 there is an antipathetic variation between these two components, with olivine having the highest Ni contents in the upper section.
(f) Variation in the composition of plagioclase through the section with the ranges for single samples shown by the grey bars.

dunite (Figs 20d and 2la). It then remains essentially con-
stant within Unit 10 at Mg# 0-91 decreasing again at
Unit 11. The lowest Mg#£ olivine occurs within Unit 15.
At the base of the harzburgite of Unit 18 it again becomes
increasingly Mg-rich and the pattern follows that of ortho-
pyroxene. NiO variation (Fig. 20¢) follows the Mg# in
the lower part of the succession; however, the olivines in
Unit 15 and 18 are enriched in Ni compared with those of
the primitive Unit 10.

The relation between Ni and Mg#£ in olivine is an im-
portant indicator of the source of mafic magma in certain
settings (Sobolev et al., 2007; Herzberg, 2011) as a result
of pyroxene buffering of SiOy and Ni (Sobolev et al.,
2005). Melting of a pyroxenite source derived from
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recycled oceanic crust, rather than peridotite mantle,
is postulated to provide an important component to
within-plate magmatism at ocean islands (Herzberg,
2011) and could equally be a component of the Bushveld
magmas. Olivine compositions are Ni-enriched and lie
entirely within the field of olivine derived from a pyroxen-
ite source (Fig. 23). Two populations are observed, with
that for Units 9-11 closer to the field of melts derived
from peridotitic mantle. Consideration of the extremely
Ni-enriched olivine of Unit 15 is excluded because only
one determination from a mineral separate is available.
Olivines from the Great Dyke are depleted in Ni com-
pared with those from the Bushveld chill sequence at the
same Mg#f.
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trapped liquid.

Other mineral phases

Feldspars

Plagioclase is the most common feldspar; however,
K-feldspar is found in all those samples that have pre-
served a high original liquid content. In all cases the
plagioclase is strongly zoned in the range of Ca# [molecu-
lar CaO/(CaO +Nay,O)] 0-93-0-45 (Fig. 20f). Although
normal zoning is observed in many cases (particularly
where plagioclase forms the interstitial phase of Unit 10),
oscillatory zoning is most common and strongly developed
in the spinifex-textured Units 7 and 16. The highest Ca#f
for any sample is not less than 0-86, but zoning is extreme
except in some of the pyroxene dunites of Unit 10 and
the chill of Unit 1. K-feldspar is found in the quench-
and spinifex-textured samples as a well-developed intersti-
tial phase.
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Clinopyroxene

Clinopyroxene is a minor interstitial phase in most samples
but is not present in the chill of Unit 1. As for orthopyrox-
ene, it exhibits a wide range of compositions and, although
not clearly zoned, different crystals within the same
sample commonly have different compositions. The highest
Mg# of 0952 occurs in the pyroxene dunite Unit 10. The
lowest Mg#£ is 0-844 in the spinifex of Unit 16. Al,O3 con-
tents range from 0-9 to 4:6% and are strongly correlated
with TiOg over the range 0-05-0-45 wt %. Al,Oj is also
strongly correlated with Nay,O. CryOj; contents range
from 0-01 to 15wt %.

Hydrous phases
The two hydrous phases that are present in most samples
are Mg-hornblende and phlogopite; these attest to the

9T0Z ‘9T Joquieidas uo A1seAIuN a.IS elUeA|ASUURd e /6i10'sfeulno[piojxoABojoued//:dny woly papeojumoq


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 0 NUMBER 0 MONTH 2012

5000

4500
4000
3500

g
2 3000

> 25007 [ ] Olivine stage
6 2000 2 pyroxenite
D WPM-thick
1500 - MORB olivine
[T Komatite
1000 Olivine from
== peridotite source

O Unit 15
B Unit 18
O Units 9 - 11
/\ Great Dyke

500 T T

0.81 0.83 0.85

087 089 091 093

Oliv Mg#

Fig. 23. Variation of Ni vs Mg## for olivine in the chill sequence. Olivine compositions are shown to lie entirely within the field defined by a
pyroxenite mantle source derived from subducted oceanic crust as shown by the fields of stage 2 melts (Herzberg, 2011) and within the
thick-plate margin source of Sobolev et al. (2007). Olivine compositions from these sources are distinct, with higher Ni compared with those in
MORB, Archaean komatiites and olivine derived from a mantle peridotite source (Sobolev et al., 2007). Also shown are typical olivine compos-

itions from the Great Dyke (A. H. Wilson, unpublished data).

high fluid content of the Bushveld magmas. These phases
represent the final stages of crystallization and are com-
monly associated with quartz, and, in the case of phlogo-
pite, with Cr-rich magnetite. The amphibole has 0-1-15%
wt % CryOs. In one case a sodic-manganese amphibole
with low MgO and FeO was identified. MgO contents
range from 16:6 to 24%. The phlogopite has up to 11%
Cry0O3 and up to 0-36% NiO compared with the
Mg-hornblende, which has a maximum of 16% CryOs5
and 0-2% NiO.

Fe-Mg equilibria between olivine and
orthopyroxene

The relationship between the FeO and MgO contents of
the whole-rocks and olivine and pyroxene compositions
provides information on the extent to which the crystal-
lized phases were in equilibrium with possible parental
magmas (Arndt et al., 2008). The FeO-MgO diagram
(Fig. 24) shows the compositions of the whole-rocks to-
gether with measured mineral compositions. Also shown
are the ideal compositions for olivine and pyroxene.
Whole-rock compositions of Units 10 and 11 project to the
chill composition of Unit 1 and indicate the separation of

olivine Mg# 0-925 from a parental magma of komatiitic
composition with 19-19-5% MgO and 9-1% FeO (see cap-
tion to Iig. 24 for further details). In contrast, the pyroxen-
ites above Unit 13 project to a parental magma
composition close to the Unit 2 chill, with Mg## orthopyr-
oxene of about 0-93, close to the field of the Bl magma
type, and indicate an initial magma composition of
16:5% MgO. Pyroxenites of Units 12 and 13 lie in a distinct
field and are considered to have been derived from a mix-
ture of the two postulated primitive magmas. The
spinifex-textured Units 7 and 16 reflect some accumulation
of orthopyroxene and are consistent with their derivation
from evolved Unit 1 and Bl magmas respectively.
Marginal sill compositions overlap with, or are in close
proximity to the various fields shown in Iig. 24, indicating
that the various stages of Bushveld development, as wit-
nessed in the chill sequence, are also observed in the mar-
ginal sills but to date have not been related to any genetic
framework.

Interpretation of the whole-rock FeO-MgO diagram is
aided by plots of whole-rock MgO content against incom-
patible trace elements (Fig. 25). The trends for the olivine
cumulates of Units 10 and 11 project exactly or close to the
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Fig. 24. IeO-MgO (wt %) diagram for whole-rocks, olivine and orthopyroxene, as well as marginal sills with MgO >12 wt %. Measured oliv-
ine and orthopyroxene compositions are slightly offset from the theoretical compositions because of the minor element contents of orthopyrox-
ene (Al, Ca, Mn and Cr) and olivine (Ni and Mn). The projections of whole-rock compositions are shown for Units 10 and 11 for the
olivine-bearing rocks, and pyroxenites for Units 12 and 13 and for Units 14—17. Units 18 and 19 from the upper part of the chill sequence are
not included in this analysis, which is constructed to reflect only the earliest formed rocks. Dashed lines of liquid composition indicate the equi-
librium olivine (for a range of Mg#) using the Mg-Fe olivine-liquid partition coefficients of Ulmer (1989). Olivine compositions project close
to the Unit I chill, indicating that the parental magma from which both the olivines and the preserved chill were derived had a komatiite com-
position with 19% MgO (point K and shown by the arrow). The pyroxenites of Unit 12 and 13 reflect a composition more Fe and Mg rich
than the overlying pyroxenites, indicating that these too could have formed from a more evolved komatiite liquid. This komatiite parental com-
position is therefore not represented by the Unit 1 chill. The projection of the pyroxenites intersects a composition close to Unit 2 with an initial
orthopyroxene composition close to Mg## 0-93. The Unit 2 chill coincides closely with the Bl compositions determined from the marginal sills
shown by the grey rectangle. The spinifex-textured Units 7 and 16 have slightly higher MgO contents indicating a pyroxene (or reacted olivine)
cumulus component combined with the respective parental magmas. Open circles for orthopyroxene compositions represent those from Unit 10.

composition of Unit 1 and intercept the MgO axis at a
point that would correspond to an original olivine of
Mg## 0-93. On this basis the pyroxene dunites have been
derived by extraction from a magnesium-rich parental
magma resulting in a residual liquid that was preserved
in the chill of Unit 1. From Fig. 24 this liquid is postulated
to have contained about 19% MgO. The pyroxenites of
the immediately overlying Unit 12 also lie close to this
trend line and therefore represent pyroxenites derived

from this magma. Of the incompatible trace elements
only La does not lie on the same projection with the Unit
1 chill, which has higher values. In general, these relations
explain the depleted nature of the Unit 1 chill. The higher
concentrations of La in Unit 1 are not understood.
Pyroxene cumulates and the pyroxene-spinifex layers lie
on a line that projects to the Bl liquid. Similar relations
are observed for the other trace elements such as U and
Zr and also for some major elements such as CaO and
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Fig. 25. Whole-rock incompatible elements vs MgO for La, Th, Nb and K,O. Reference theoretical compositions are shown for orthopyroxene
Mg## 0-92 and olivine Mg#£ 0-94. The cumulate olivine of Units 10 and 11, and the chill Unit | appear to be conjugate for most incompatible
elements, but rather less so for La, and is consistent with derivation from a komatiite-type parental magma as deduced in Iig. 24 and shown
here by the arrows. The intercepts indicate an olivine composition of Mg# 0-925-0-93. The pyroxenites of Unit 12 could have been derived
from the same depleted magma as the immediately underlying Units 10 and 11. The other orthopyroxene cumulates appear to have been derived
from a different magma, probably represented by the chill of Unit 2 and closely linked to the putative Bl-type parental magma. There is a not-
able array of data points (particularly for Th and Nb) between Unit 1 and Bl (Unit 2), indicating mixing between these two fundamental
magmas. A separate field of enriched compositions from Units 18 and 19 occurs for all incompatible elements and some of the marginal sills
also fall in this field. Marginal sill samples [data from Curl (2001)] plot closely with those of the chill sequence and several samples also lie con-

sistently within the field of enriched trace elements.

Al,O5 vs MgO. It is also observed that some samples lie on
a line between the chill composition of Unit 1 and the Bl
liquid, indicating mixing of these two magmas. A third
magma type, representing mainly Unit 18, is enriched in
trace elements (Fig. 25). Several samples from the marginal
sills also lie in this field. The major element composition
of this magma has not been modelled.

The most primitive olivine and pyroxene (in the cores of

zoned crystals) would have continued to re-equilibrate
down temperature to less Mg-rich compositions. This is
investigated by the relationship between the Mg## of oliv-
ine and the incompatible trace element content of the
whole-rock (Tig. 26). There is a strong linear relationship
between olivine Mg# and La and Nb, giving an intercept

at an olivine composition of Mg# 0-93-0-94. Similar
intercepts result using Th, U and K.

DISCUSSION

The Lower Zone in the eastern

Bushveld Complex

The chill sequence occurs at the base of a thick succession
of previously unknown ultramafic rocks and forms part of
the Lower Zone. It also underlies gabbros referred to in
this area as the Marginal Zone. The enigmatic and poorly
exposed Apiesdooringdrai peridotite (ADP) body is not
part of the main body of the Bushveld Complex but is con-
sidered to have developed as a series of offset, finger-like

36

9T0Z ‘9T Joquieidas uo A1seAIuN a.IS elUeA|ASUURd e /6i10'sfeulno[piojxoABojoued//:dny woly papeojumoq


http://petrology.oxfordjournals.org/

WILSON

12 3
(a) (b)
104 o enriche 2.54 enriche
o TE iched TE iched
samples of ] samples of
8 o Unit18 2 Unit 18
£ g
2 61 B 2 2 1.5-
Q -"‘tu.._. n
w
- 4 -.._-“ o = 14
._-"‘.
2 0.5
0 0

Olivine Mg#

T I T 1 I 1
0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94

BUSHVELD COMPLEX CHILL SEQUENCE

T ] I I | I
0.82 0.84 0.86 0.88 0.90 0.92 0.94
Olivine Mg#

Fig. 26. Plots of whole-rock incompatible trace elements (La and Nb) vs olivine Mg##. Mg# for olivine from Units 10 and 11 (filled symbols)
and Unit 18 (open symbols) is based on the average of microprobe data for single samples with between six and 30 determinations per
sample. Mineral separate data are also included. The linear envelopes containing 90% of the data points give an estimate of the initial olivine
composition together with the dashed regression lines. The intercept is from Mg## 093 to >0-94. The higher estimate of the initial olivine
Mg#t compared with that using whole-rock data (Figs 24 and 25) may be attributed to a preference in the microprobe measurement of olivine
cores compared with rims giving a slight bias in the microprobe compositions compared with mineral separates, particularly at high MgO
where the range of Mg## is about 0-015. The field of enriched samples from Unit 18 is indicated.

feeders allowing magma passage into the main chamber
(Clarke et al., 20090). In contrast to the ADP the chill se-
quence of this study and the associated overlying thick
ultramatfic succession (Wilson & Chunnett, 2010) are with-
out doubt part of the main body of the Bushveld Complex
and are part of the Lower Zone in this area. An important
but incompletely understood concept is that in the eastern
Bushveld Complex the Lower Zone formed as a series of
initially isolated compartments (Scoon & leigler, 1994)
with the Clapham Trough being one of these and extending
for several tens of kilometres.

Preservation of parental liquid
compositions

Chill phases and fine-grained rocks at or near the margins
of mafic intrusions have long been considered as possible
representations of the parental magma composition.
However, a common situation is that the marginal rocks
in layered intrusions have more evolved compositions
than those at higher stratigraphic levels (Latypov et al.,
2001, 2007). This has been explained by a number of
processes such as contamination, supercooling, multiple in-
jection of magmas of different composition, and compos-
itional stratification (Wilson & Engell-Sorensen, 1986).
Chilled rocks that formed initially can be destroyed by
chemical and thermal erosion (Campbell, 1985; Huppert
& Sparks, 1989). Within the layered sequence, intraplutonic
quench zones, as a result of supercooling, have been used
to ascertain liquid compositions, such as in the Kap
Edvard Holm magma chamber (Tegner & Wilson, 1995).
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Recent major advances in the understanding of the ini-
tial stages of magma emplacement importantly affect the
present study (Latypov et al., 2007, 2011; Egorova &
Latypov, 2011). From these studies several processes may
have operated that critically affected the nature and com-
positions of the first rocks to form. These are as follows:
() the earliest magmas that were emplaced were already
modified by crystallization either in a conduit or a staging
chamber, and the true primitive magmas appeared only
at a later stage; (2) the degree of equilibrium increased in
relation to the distance from the country rocks; (3) the pro-
portion of cumulus phases increased away from the con-
tact. The first and third points are of particular relevance
to the Bushveld chill sequence described in this paper.
Rocks that may represent liquid compositions are pre-
served in the chill, quench and spinifex units (Units 1-7
and then again higher in Unit 16) and all of these are
shown to be relatively evolved, but also representing dis-
tinctly different starting magma compositions on the basis
of Fe-Mg ratios and trace elements. The pyroxene dunite
of Unit 10 is a cumulate that represents this earliest crystal-
lization stage and contains the most primitive olivine and
orthopyroxene observed, either by the primitive magma
being emplaced into the chamber in which the olivine and
pyroxene crystallized, or by mobilization of olivine crystals
and associated liquid that had become trapped in the con-
duit supplying the magma. Implicit in this arrangement
of rock types is the progression from chill, to quench, to
spinifex and finally to early formed cumulates, all of
which represent increasing amounts of cumulus compo-
nents away from the wall-rock contact.
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The earliest phase was a komatiite liquid with low incom-
patible element concentrations, which gave rise to high-
Mg## olivine and pyroxene. The olivine cumulates, derived
from a komatiite liquid with 19% MgO, formed Unit 10 and
the evolved aphyric residual liquid that was the first to be
emplaced formed the chill of Unit 1. The pyroxene spinifex of
Unit 7 also formed from an evolved form of this liquid. The
next liquid to be emplaced had pyroxene on the liquidus and
formed the chilllayer (Unit 2); thislater gave rise to the pyrox-
ene cumulates higher in the sequence and the upper spinifex
Unit 16. This liquid corresponds to the prevalent Bl liquid
andiswidely represented by the marginalsills. Theinterleav-
ing of cumulates and liquids of different original compos-
itions in Units 111 attests to the complexity of the initial
magma emplacement processes.

This section brings into focus a critical question of
whether emplacement phases were of liquids or slurries of
crystals. Latypov et al. (2007) have made a strong case for
most liquids to be aphyric, whereas workers in the
Bushveld Complex (e.g. Eales, 2000; Mondal & Mathez,
2007) have supported the emplacement of phenocryst-
enriched magmas. The results of this study suggests that
initially aphyric liquids (Units 1 and 2) were emplaced,
but that crystal slurries in conjugate association with these
liquids were emplaced following the initial intrusion event.

Compositions are compared in'Table 3 for previously pub-
lished compositions of the Bl magma, the estimate of the Bl
magma from this study, the magma of Unit 1, and the pro-
posed parental magmas to Unit 1 and the Bl magma.
Estimates of the Bl magma are close to and overlap, within
error, most of the compositions estimated from the marginal
sills. There is particularly good agreement with the data of
Curl (2001), although the REE are uniformly slightly higher
than those determined here. There is also agreement with
the data of Davies (1982) and Harmer & Sharpe (1985). It is
therefore assumed with confidence that the Bl parental
magma composition is closely represented by the compos-
itionofcolumn4inTable 3. KyOishigherinthe chill sequence
than in the marginal sills. Also shown inTable 3 (columns 6
and 7) are the estimated parent magma compositions to
Unit 1 and Unit 2 and the Bl magma.

The spinifex zones of Units 4 and 16 have a high ori-
ginal liquid component; however, some liquid may have
migrated during spinifex crystal growth and therefore
these rock-types are not included in the estimates of pos-
sible parental magma compositions.

Mineral compositions and textural
associations

The olivines in Units 10 and 11 have the most primitive
compositions yet recorded for the Bushveld Complex with
Mg# 0-912 and rare single crystals of Mg# 0-918.
Compositional zoning in olivine has been largely obliter-
ated because of the high rate of solid-state diffusion, even
at high cooling rates, but is preserved in coexisting
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orthopyroxene. The composition of olivine predicted to be
in equilibrium with the possible parental magma with
19% MgO (Table 3) is Mg#£ 0-922 using a partition coef-
ficient of 0-315 for Fe-Mg exchange between olivine and
liquid (Roeder & Emslie, 1970; Ford et al., 1983; Ulmer,
1989). The Fe—Mg partition coefficient between orthopyr-
oxene and liquid (0.271) is determined on the basis of the
coexisting compositions of olivine and orthopyroxene
from this study. The measured compositions of olivine in
Unit 10 have lower Mg# than predicted because of
re-equilibration with trapped liquid (Barnes, 1986). Cores
of orthopyroxene in the same unit preserve close to the ori-
ginal liquidus composition of Mg# 0-932 (Fig. 24). In
Unit 10 orthopyroxene occurs as oikocrysts with cores of
almost uniform composition of Mg# 0-925-0-93, zoned
to the margins to Mg# 0-91. One sample in the middle of
Unit 10 is intensely zoned from Mg## 0-925 to 0-725. This
sample coincides with a compositional break in Unit 10
and may therefore indicate a change in the processes oper-
ating. The chill of Unit | represents the evolved liquid
derived from a parental magma that contained 19%
MgO and 9-2% FeO and crystallized olivine of the type
that gave rise to the pyroxene dunite of Units 10 and 11.

The most intense zoning in orthopyroxene is observed
in the spinifex-textured pyroxenites of Units 7 and 16, the
quench microgabbro of Units 3,4 and 8, and the chill zone of
Unit 2 containing micro-crystals. The orthopyroxene core
compositions in Unit 7 have slightly lower Mg#f compared
with those of Unit 10, indicating crystallization from a more
evolved (but still highly Mg-rich) magma. The cores of the
orthopyroxene crystals are of a uniformly Mg-rich compos-
ition (Mg#£ 0-90-0-91), reflecting initial growth from a
high-temperature, Mg-rich magma. The orthopyroxene is
also strongly zoned with respect to NiO and CryOs, with the
latter completely depleted at the margins of the crystals as a
result of solidification in an almost closed environment.
Orthopyroxenes in the microgabbros show similar extreme
compositional ranges but the crystal form is amoeboid
rather than elongate, possibly reflecting changing heat flow
conditions and the degrees of supercooling.

In chill Unit 1 the small orthopyroxene primocrysts are
effectively unzoned and are of composition Mg#£ 0-715—
0-735, which is the same as that of the bulk-rock and the
liquid. These crystals formed i situ and must have main-
tained equilibrium with the cooling magma because of
their small size.

The earliest formed chromites crystallized together with
olivine, and even prior to it, and were emplaced in Unit
10. Wide ranges in chromite composition reflect the initial
primitive magma compositions as well as the more evolved
melt compositions during solidification. The chromite of
the chill sequence is the most primitive recorded for the
Bushveld Complex in terms of its Cr content and Cr#f,
and is similar to compositions recorded in the Grasvally
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Table 3: Proposed parental magma compositions for the Lower Jone

1 2 3 4 5 6 7
wt % wt %
Si0, 55-24 55-15 54-95 56-09 4 1-60 54-83 SiO, 533 56-9
TiO, 0-38 0-31 0-34 0-28+0-02 028 Al,O3 9-8 96
Al,O03 1213 10-61 11-25 11-:31+£1-11 11-22 FeO 91 79
Fe,03 167 1-68 16 1-63+0-10 179 MgO 19-0 164
FeO 779 8:05 817 779+ 052 922 Ca0 58 51
MnO 0-15 0-18 0-18 0:17+£0:02 02
MgO 12:97 14-63 13-29 13-68 +0-36 14-3 ppm
Ca0 6-84 616 6-39 6:34+1-30 651 Zr 31 54
Na,O 175 16 151 1-43+0-03 071 Nb 18 32
K0 0-88 079 0-85 1:06+0-14 0-63 La 122 13-6
P,0s 0-01 0-06 0-07 0-07 £0:01 0-05 Yb 0-89 0-93
Cr,03 0-16 0-2 017 0-25+0-05 022
Total 99-87 99-32 9879 99-91 100 La/Yb 137 145
Mg# 0-75 0-76 074 0-75+0-01 074 Zr/Nb 176 16-9
Ca# 0-82 0-81 0-82 0-84+0-03 091
ppm
Cl 242 649+ 75
S 1914 + 200
Cu 56 59 44 30+ 1 10
Ni 413 359 338 336 +29 289
Cr 1064 1338 1286 1576 + 180 1846
v 103 158 158 152+ 11 191
Ba 406 300 289 + 26 159
Rb 30 30 36 40+5 26
Sr 205 168 157 168+ 12 182
Nb 67 2-8 4-28 38+04 21
Zr 67 71 73 66 +6 35
Y 143 128 116 117+£06 12
Cs 29 35+07 1-63
La 17-052 14-450 + 1-532 13-757
Ce 33-865 28-166 +2-398 27-783
Pr 4-039 3465 +0-316 3344
Nd 14-834 12-770 +1-031 12:603
Sm 2-668 2:367 +0-199 2:373
Eu 0-808 0597 +0-053 0-659
Gd 2:328 2:065+0-173 2:072
Tb 0-327 0299 +0-025 0-316
Dy 1-848 1-682+0-129 1782
Ho 0-372 0-335+0-023 0-353
Er 1-024 0-946 +0-062 1-003
Tm 0157 0-1424+0-010 0-152
Yb 1-07 0-999 +0-063 1-060
Lu 017 0-163 +0-009 0171
Hf 1-87 1-68+012 0-963
Ta 0-548 0-259 +0-046 0-147
Pb 13-49 9-92+0-094 7-494
Th 326 3:09+0-37 1-81
U 0-89 0-87+0'15 0-56

Column 1, Davies (1982). Column 2, Harmer & Sharpe (1985). Column 3, Curl (2001) and Barnes et al.
(2010) chills only. Column 4, weighted mean and standard deviation for Units 2, 3 and 6 (B1 magma).
Column 5, average of Unit 1. Column 6, parent to Unit 1 calculated by addition of 11% olivine of Mg#
0-925. Column 7, parent to Unit 2 calculated by addition of 12% orthopyroxene of Mg# 0-93.
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chromitites. Original chromite compositions are usually
preserved only in massive chromitite, with most interstitial
chromite undergoing extensive re-equilibration both
during crystallization and in the subsolidus state by reac-
tion with enclosing mafic silicate minerals (Irvine, 1967).
The compositions of the most primitive chromite crystals
are preserved in Unit 10, despite their small grain size,
which would support their rapid transport from the zone
of initial crystallization to the present Bushveld magma
chamber, followed by rapid cooling in the chill environ-
ment. Had the chromite in Unit 10 formed by in situ
crystallization in the magma chamber it would have
re-equilibrated to lower Cr# and Mg#£. This being the
case, then the associated olivine of Unit 10 could also have
crystallized outside the Bushveld magma chamber.

Chromite compositions in chromitite layers in the
Bushveld Complex show two trends (A and B in Fig. 19a)
(Naldrett et al., 2010). Trend A has been recognized as
prevalent for chromite in massive chromitites in continen-
tal layered intrusions (Barnes & Roeder, 2001) and also in
disseminated chromites of the Bushveld Complex (Hatton
& Von Gruenewaldt, 1985), although the latter researchers
considered only interstitial chromite. The explanation for
this trend (Naldrett et al., 2010) is based on a change in
the partition coefficient for Fe** and Mg between spinel
and liquid as a result of the reciprocal exchange of Cr and
Al, and Fe?* and Mg in an evolving liquid (Allan ef al.,
1988) without any change in the Fe/Mg ratio in the liquids.
This can obscure the parallel process of Mg and Cr deple-
tion during crystallization.

Trend B is one of decreasing Mg## and Cr# and is most
readily explained by fractionation of Mg-rich silicates,
thereby decreasing the Mg/Fe ratio in the liquid. The de-
crease in Cr#£ is the combined effect of decreasing Cr con-
tent in the magma (as evidenced by the almost Cr-free
rims of zoned orthopyroxene) and the concomitant in-
crease in Al concentration (and activity) as a result of
olivine and pyroxene crystallization, until the end solidifi-
cation stage when feldspar crystallizes. Trend B is seen in
all units, with three parallel arrays observed for the pyrox-
enites and upper olivine pyroxenites (Fig. 19b). It is also
present in the chill and spinifex units (Fig. 19¢). A decrease
in Cr combined with an increasing Fe content would have
been driven by extreme fractionation in a locally closed
system; this is illustrated in the plots of Cr/Fe vs Cr# for
all three groups (Fig. 19d—f).

The range in chromite compositions is much greater
than observed in any other part of the Bushveld Complex
and is attributed to a wide range of crystallization condi-
tions from high temperature in association with the
Mg-rich olivines, to low-temperature conditions where
crystals formed from trapped liquid at various stages of so-
lidification under increasing fOo, and then further with
solid-state re-equilibration with enclosing silicates (Hatton
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& Von Gruenewaldt, 1985). Although a complete assess-
ment of the chromite compositional trends is beyond the
scope of the present study, they clearly reflect the influence
of crystal growth to the final stages of solidification in an
effectively closed environment.

Contrasting evidence of trace elements and
primary mineral compositions
The upper crust-like trace element compositions and iso-
topic signatures (Kruger, 1994; Maier et al., 2000) com-
bined with primitive olivine compositions point to
multiple and complex sources for the Bushveld magmas.
Although komatiite has long been postulated as a compo-
nent of the Bushveld parental magma (Barnes, 1989;
Barnes et al., 2010; Cawthorn, 2011) the chill sequence re-
cords the first direct evidence of a highly primitive
magma in terms of appropriate mineral compositions.
Contrasting
K-feldspar in contact with orthopyroxene having a core
composition of greater than Mg#£ 0-92, indicating an un-
usual primary source with exceptionally high K and at
the same time an Mg—Te ratio capable of crystallizing
highly primitive orthopyroxene.

The REE patterns are a clear signature of crustal con-
tamination of the type that could arise from the granitoid

mineral  associations  show  primary

basement in the Kaapvaal Craton. Other trace element
ratios and concentrations may point to further significant
enrichment of K relative to Nb, and strong enrichment of
Cs relative to both Rb and K (Fig. 17). These elements are
known to be enriched in marine sediments and to be sensi-
tive indicators of seawater-rock exchange (Staudigel,
2003), and are postulated here to indicate the direct in-
volvement of oceanic crust in the formation of the
Bushveld magma. Maier et al. (2000) have shown that the
Sr isotopic systematics can be modelled by assimilation of
upper crustal material; however, exchange between proto-
lithic ocean crust and seawater may also have contributed
to the chemical signature.

Chlorine is shown to be enriched in the chill sequence
and throughout the Bushveld Complex. Such enrichment
is unusual for most layered intrusions, both in the high
levels of Cl present and the high Cl/F ratios taken to be in-
dicative of an ocean floor influence via subducted ocean
crust (Willmore et al., 2002). Cl is an important complex-
ing agent in the transport of PGE (Boudreau et al., 1986;
Boudreau & McCullum, 1992; Boudreau & Meurer, 1999)
and may have influenced the genesis of PGE in the
Bushveld Complex. The distribution of Cl shows a strong
association with other incompatible elements (Fig. 15), indi-
cating the primary magmatic role of this element rather
than late-stage fluid migration.

Sources of the primitive magmas
The source of the Bl magma, up to this point regarded as
the most primitive magma of the Bushveld Complex,
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remains one of the major outstanding problems relating to
its origin. Our work suggests that even more primitive
magmas, not previously recognized, were also present in
the initial emplacement stages. Possible derivation from
the mantle of the magma that gave rise to the Lower
Zone was realized at an early stage (Hatton, 1995), but the
relatively low Mg#£ of the pyroxenes in the Lower Zone
was enigmatic in this regard. The likelihood that extensive
crustal contamination of a primitive magma (such as a ko-
matiite) gave rise to the Lower Zone, and also most prob-
ably to the Critical Zone, has long been considered
(Harmer & Sharpe, 1985; Hatton & Sharpe, 1989; Maier
et al., 2000; Harris et al., 2005; Barnes et al., 2010); how-
ever, up to this stage, there has been no direct proof of the
involvement of a komatiite magma. The stage at which
crustal contamination occurred is crucial to understanding
the origin of the Bushveld Complex. Suggestions include
melting of roof rocks or by assimilation of hot wall-rocks
prior to emplacement (Kruger, 1994) or by progressive
contamination during the transport of the magma through
the crust (Maier et al., 2000). The primary magma could
have been generated within an upwelling mantle plume
impinging onto the base of the continental lithosphere
(Hatton, 1995; Hatton & Schweitzer, 1995). Alternative
models have considered the possibility that the Bushveld
magmas contain a significant component of subducted
oceanic crust (Clarke e al., 2009a; Kruger, 2011) or were
formed by hydration melting in a subduction-related set-
ting (Willmore et al., 2002). Cawthorn (2011) suggested a
role for subducted Archaecan komatiite ocean crust in the
source of the Bushveld magmas.

Alternative views have invoked a role for long-lived sub-
continental mantle lithosphere underlying the Kaapvaal
Craton, involving wet melting and enrichment of previ-
ously depleted mantle peridotite giving rise to silica-rich
mafic magmas (Hamilton, 1977) and the abundance of
early formed primitive orthopyroxene. Evidence exists for
metasomatized harzburgite and eclogite (Griffin et al.,
2003) in the unusually thick subcontinental lithospheric
mantle below the Kaapvaal Craton. Such models consider
the melts that formed the Critical Zone rocks to be derived
variably from metasomatized harzburgite together with
eclogite and components from the convecting mantle.
Barnes et al. (2010) pointed out that although such a model
may be consistent with the Pt and Pd contents in the Bl
magma, it fails to take into account the strong evidence
for crustal contamination evidenced by oxygen isotopes
(Harris ez al., 2005). Barnes et al. (2010) proposed a modi-
fied model in which a mantle plume rose from the core—
mantle boundary generating melts that reacted with the
metasomatized and enriched subcontinental lithosphere
(as proposed by Richardson and Shirey (2008)) to form
the Bl magma. Evidence to support this model is the unde-
pleted SCLM beneath the Proterozoic crust while
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metasomatism enriched the mantle in this region in K, U
and Th that resulted in higher mantle heat production
(Griffin et al., 2003).

The overriding conclusion is that a primitive magma of
mantle origin, but not necessarily derived only from perido-
titic mantle, interacted with the continental crust to give
the steep LREE patterns, which are essentially similar to
those of continental granitoids. There is also strong circum-
stantial evidence to support the involvement of a component
derived from altered ocean floor. However, direct formation
of the magma of the Bushveld Complex as a result of subduc-
tion of ocean floor is unlikely considering the scale of the in-
trusion, which approaches that of a large igneous province.
The most likely source is komatiite (depleted in incompat-
ible elements), which could have resided in the mantle as a
result of early Archaean subduction of komatiite ocean floor
as suggested by Cawthorn (2010). Mixing models for a
Barberton-type komatiite with 28-29% MgO (the liquid
composition of the majority of the Barberton komatiites,
but also by combination of high-Mg komatiites and komati-
itic basalt) with a variety of Archaean crustal basement
compositions in the Kaapvaal Craton (Anhaeusser, 1999)
are presented in Table 4. Also considered is the global aver-
age continental upper crust (Rudnick & Gao, 2003). A
mantle component, enriched in PGE, must have also have
been part of the source assemblage.

The compositions of the Bushveld magmas that gave rise
to Unit 1 and Unit 2 of the chill sequence are calculated
by adding olivine and orthopyroxene back into the evolved
magma as illustrated in the Fe-Mg diagram of Fig. 24
and shown as columns 1 and 9 in Table 4. Therefore the
mixing model attempts to construct mixtures of komatiite
and Kaapvaal basement that could have given rise to the
two primitive magmas, one with 18-19% MgO that with
olivine separation gave rise to Unit 1, and a second with
16-5% MgO that with orthopyroxene separation gave rise
to Unit 2. The magma of Unit 2 is the best estimate of the
Bl magma widely accepted as the parental magma to the
Lower and Critical Zones.

Although it is not possible to determine the exact com-
positions of the starting materials, Table 4 shows that
major elements and particularly SiOo, MgO, AlyO4 and
FeO can be modelled with reasonable accuracy using mix-
tures of komatiite and crust in the proportion of 65-70%
komatiite and 30-35% continental crust for the Unit I
magma. Zr and Nb are persistently higher in the modelled
magma but La, La/Yb and Zr/Nb values are well repre-
sented in the model. The parent to Unit 2 (and ultimately
the Bl magma) has been modelled using the same compos-
itions of komatiite and crust but in this case with the pro-
portions 47-5-57-5% komatiite and 42-5-52:5% crust.
There is good agreement for major and trace elements as
well as incompatible element ratios. The models for both
the parental magmas show consistently low CaO contents
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Table 4: Mixing calculations of komatiite and various

crustal rocks

1 2 3 4 5 6 7 8
wt %
SiO, 53-3 449 726 726 54-6 54-6 536 53-8
MgO 19:0 287 05 0-4 188 188 182 19-8
Al,O03 98 4-7 1456 152 81 84 90 9-0
FeO 91 14-0 13 12 96 95 10-0 93
Ca0 5-8 37 22 22 32 32 37 31
ppm
Zr 31 27 109 160 56 73 93 62
Nb 18 1 10-8 35 4-4 19 54 16
La 122 10 19:0 310 7-3 114 130 97
Yb 0-89 0-84 079 0-25 0-82 0-63 1-30 0-67

La/Yb 137 12 241 124-0 89 18-1 10-0 145
Zr/Nb 175 270 10-1 457 126 400 17-3 390

9 10 " 12 13 14
wt %
SiO, 56-9 56-7 57-4 56-7 56-3 567
MgO 164 167 16:0 166 149 16-1
Al,03 96 89 91 92 10-3 94
FeO 79 86 83 86 88 85
Ca0 51 31 31 31 37 32
ppm
Zr 54 62 64 83 114 81
Nb 32 52 54 2:0 68 45
La 136 87 91 137 168 12-1
Yb 0-93 0-82 0-81 0-569 1-45 0-92
La/Yb 145 10-6 112 233 10-0 13-1
Zr/Nb 169 12:0 118 409 169 204

Column 1, parent to Unit 1 calculated by addition of 11%
olivine of Mg# 0-925. Column 2, typical high-Mg Barberton
komatiite (A. H. Wilson, unpublished data). Column 3,
average of nine trondhjemitic gneisses and granodiorites
from NE Archaean Kaapvaal Craton. Column 4, average
basement gneiss from south of Bushveld Complex (A. H.
Wilson, unpublished data). Column 5, 65% komatiite; 35%
NE Kaapvaal Craton basement. Column 6, 65% komatiite;
35% S Kaapvaal Craton basement. Column 7, 70% komati-
ite; 30% average upper crust (Rudnick & Gao, 2003).
Column 8, 15% 0-5 mantle orthopyroxene and 0-5 garnet
added to the mixture of column 6 to give LuUN/ErN>1.
Column 9, parent to Unit 2 calculated by addition of
12% orthopyroxene of Mg# 0-93. Column 10, 57-6% ko-
matiite; 42-5% NE Kaapvaal Craton basement. Column 11,
55% komatiite; 45% NE Kaapvaal Craton basement.
Column 12, 57-5% komatiite; 42-5% S Kaapvaal Craton
basement. Column 13, 47-6% komatiite; 52:5% average
upper crust (Rudnick & Gao, 2003). Column 14, average
of columns 10-14.
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(by 40%). There is no obvious explanation for this except
that the Bushveld magmas are known to have interacted
with  dolomites and
Supergroup, as evidenced by the presence of calc-silicate
xenoliths distributed throughout the Lower Zone and

limestones of the Transvaal

Lower Ciritical Zone. This may add another dimension of
crustal contamination that has not been evaluated.

Subducted Archaean ocean crust would also most prob-
ably have involved a komatiitic basalt component as well as
the silica-enriched Commondale-type komatiites (Wilson
& Versfeld, 1994; Wilson, 2003), which could have created a
pyroxenite mantle source (Sobolev et al., 2007). The Ni con-
tents in olivine (Herzberg, 2011) in the chill sequence support
such a source. Therefore although the Archacan Kaapvaal
komatiites were derived from mantle peridotite, recycling
of altered komatiite (already inheriting a crustal signature)
by plate tectonic activity could have created a pyroxenite
source, which was then melted within a rising mantle
plume. The volume and broad uniformity of composition of
the Bushveld Complex indicates an extensive source and
high degrees of melting of subcontinental mantle lithosphere
to produce komatiite-type magmas as well as the komatiitic
protoliths of subducted oceanic crust. The upturn in the ex-
treme HREE pattern is a characteristic of Bushveld
magmas, and appropriate values Luyx/Ery>1 can be mod-
elled by the further addition of a mixture of 10-20% typical
mantle orthopyroxene and garnet (Pearson et al., 2003)
(column 8 inTable 4 is an example).

CONCLUSIONS

The chill sequence described in this paper represents the
first emplacement stage of the Bushveld Complex and pro-
vides an opportunity to identify the parental magmas to
the intrusion, which otherwise have been recognized only
in marginal sills. The chill sequence is 12m thick and
forms part of a 32 m succession of primitive rocks. It com-
mences with a series of extremely fine-grained layers repre-
senting true chills, developing into quench-textured units
together with pyroxene spinifex indicating emplacement
of initially aphyric magmas. Layers of fine-grained olivine
and pyroxene cumulates lead into the main section of
Lower Zone rocks but with the re-occurrence of a spinifex
layer higher up. Emplacement of the sequence was against
the unreactive wall-rocks of the Magaliesberg quartzite of
the Transvaal Supergroup. This is the first reported occur-
rence of a chill sequence in direct contact with the layered
series of the Bushveld Complex and allows comparison
with the range of rock types observed in the marginal sills.

The compositions of olivine and pyroxene in the chill se-
quence are the most primitive (Mg# 0-912 and 0-93 re-
spectively) yet identified in the Bushveld Complex and
indicate the involvement of parental magmas more primi-
tive than any previously recognized. The chill zones repre-
sent magmas that evolved from the more primitive
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magmas by crystallization and separation of Mg-rich oliv-
ine and pyroxene that now occur as cumulates overlying
the chill zones. Chromite in the pyroxene dunite is the
most primitive recorded in the Bushveld Complex with a
Cr## of 0-85. It is likely that the most magnesian olivines
formed in a conduit outside the chamber and were
emplaced shortly after the chilled layers formed. The de-
velopment of a refractory layer of pyroxene dunite may
have prevented the thermal erosion of the chilled units.
The reversal from relatively evolved compositions at the
contacts of layered intrusions with their country rocks to
more primitive compositions higher in the sequence is
well established (e.g. Latypov et al., 2011) and is explained
by the early separation of high-temperature phases in the
first stage before more primitive magmas entered the
chamber as the conduit and feeder system heated up. The
first olivines to form initially in the Bushveld chill were
probably of composition Mg#£ 0-93 before re-equilibrating
with the trapped liquid to the observed compositions.

Whole-rock major and trace element variations com-
bined with mineral compositions indicate at least two,
and possibly three, primitive parental magmas. The first
magma to be emplaced (Unit 1 chill) was derived from a
komatiite with 19% MgO and 9:1% FeO, and gave rise to
the highly magnesian olivine in the pyroxene dunite (Unit
10). The second magma, with 16:4% MgO, crystallized
orthopyroxene of Mg## 0-93 and the evolved form of that
magma gave rise to the Unit 2 chill, which is essentially
the same as the so-called Bl magma (containing 13-6%
MgO and 56% SiOy) represented by the marginal sills
and widely regarded as the parental magma to the Lower
Zone and Critical Zone. The Bl magma does not crystal-
lize olivine on the liquidus and therefore could not have
been responsible for the formation of the extensive devel-
opment of dunites and harzburgites in the Lower Zone.
The two primitive magmas observed in the chill sequence
cannot be linked by fractionation and are deduced to have
formed from different source materials.

The source of the Bushveld magmas has for long been a
contentious issue, with suggestions including metasoma-
tized SCLM, subduction components and mantle sources
contaminated by continental crust. The role of komatiite
has been suggested but never proven. The current study
constrains these possible starting materials more closely.
Given the volume of the RLS of the Bushveld Complex,
which has the proportions of a large igneous province, an
origin by subduction is unlikely. Modelling carried out in
this study shows that Barberton-type komatiite, with pos-
sible additional components of Commondale-type komati-
ite with high MgO and high SiO,, contaminated with
Kaapvaal Craton crustal rocks, can produce the observed
primitive parental magmas for both major and trace elem-
ents. The 19% MgO magma can be modelled as a mixture
of 65-70% komatiite and 30-35% continental crust. The
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16-4% MgO magma that gave rise to the Bl liquid can be
modelled from the same komatiite but with a higher pro-
portion of continental crust. A subtle but important feature
is the upturn of the HREE (Lun/Ery>1) and this can be
modelled by the addition of 10-15% of a mixture of
mantle-type orthopyroxene and garnet. Therefore a com-
ponent of peridotitic mantle, probably similar in compos-
ition to the komatiite used in the modeling, is likely and
essential to provide the source of the PGE in the Bushveld
magmas. It is also likely, on the basis of Os isotope compo-
sitions and existing PGE data for the marginal sills, that
the Kaapvaal Craton was underlain by a unique SCLM
at the time of Bushveld emplacement.

Mobile trace elements (Cs, Pb, U, K, and Rb) are en-
riched in the chill sequence at levels above those expected
from crustal contamination. Interaction with seawater of
a source component is considered a possible explanation,
with further support provided by the abnormally high Cl
contents and by previously determined CI/F values for
Bushveld rocks. These observations support the concept of
subducted altered komatiite ocean crust as a component
to the source region of the Bushveld magmas. The involve-
ment of recycled oceanic crust is supported by the high Ni
content of the olivines, which indicates an origin by melt-
ing of pyroxenite in the mantle source.

The model for the origin of the Bushveld magmas that
gave rise to the Lower Zone, developed on the basis of
many previous studies and consolidated by the observa-
tions and compositions of minerals and rocks determined
in this study, is one of melting, most probably within a
mantle plume, of subducted and altered Archaean komati-
ite, together with PGE-fertile subcontinental mantle litho-
sphere incorporating harzburgite and eclogite. Interaction
of this magma with Kaapvaal crust, possibly by wide-
spread underplating of the crust, gave rise to the character-
istic trace element and isotopic signatures while at the
same time retaining the high Mg/Fe values required to
form the primitive olivines and pyroxenes present in the
chill sequence.

Influx of primitive magmas, as proposed in this paper,
and mixing with the evolved Bl magma would explain the
harzburgites and dunites in the Lower Zone and may
have also occurred in the Critical Zone. The suite of rock
types observed in the chill sequence overlap in a remark-
able manner with the range of rock types seen in the mar-
ginal sills, which therefore places them in a context not
previously understood.
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