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Abstract A chill sequence at the base of the Lower Zone
of the western Bushveld Complex at Union Section, South
Africa, contains aphanitic Mg-rich basaltic andesite and
spinifex-textured komatiite. The basaltic andesite has
an average composition of 15.2 % MgO, 52.8 % SiO,,
1205 ppm Cr, and 361 ppm Ni, whereas the komatiite has
18.7 % MgO, 1515 ppm Cr, and 410 ppm Ni. Both rock
types have very low concentrations of immobile incom-
patible elements (0.14-0.72 ppm Nb, 7-31 ppm Zr, 0.34—
0.69 ppm Th, 0.23-0.27 wt% TiO,), but high PGE contents
(19-23 ppb Pt, 15-16 ppb Pd) and Pt/Pd ratios (Pt/Pd 1.4).
Strontium and S isotopes show enriched signatures relative
to most other Lower Zone rocks. The rocks could represent
a ~20 % partial melt of subcontinental lithospheric mantle.
This would match the PGE content of the rocks. However,
this model is inconsistent with the high SiO,, Fe, and Na,O
contents and, in particular, the low K,O, Zr, Hf, Nb, Ta, Th,
LREE, Rb, and Ba contents of the rocks. Alternatively, the
chills could represent a komatiitic magma derived from the
asthenosphere that underwent assimilation of the quartzitic
floor accompanied by crystallization of olivine and chro-
mite. This model is consistent with the lithophile elements
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and the elevated Sr and S isotopic signatures of the rocks.
However, in order to account for the high Pt and Pd con-
tents of the magma, the mantle must have been twice as
rich in PGE as the current estimate for PUM, possibly due
to a component of incompletely equilibrated late veneer.
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Complex - Chilled margin - Subcontinental lithospheric
mantle

Introduction

The Bushveld Complex is the product of what was one
of the world’s largest magmatic events, comprising the
largest layered mafic—ultramafic intrusion globally (the
400 x 300 km Bushveld Complex) plus the ~150 x 100 km
Molopo Farms Complex in Botswana (von Gruenewaldt
et al. 1989; Reichhardt 1994), a number of mafic—ultramafic
complexes located up to >100 km to the S and SW of the
Bushveld Complex (de Waal et al. 2006), the Phalaborwa
carbonatite located >100 km to the east of the Bushveld
(Reischmann 1995), and several other small intrusions
(Rajesh et al. 2013, and references therein). Associated with
these mafic rocks is the largest A-type granite on Earth (the
Lebowa Granite Suite, Walraven and Hattingh 1993) and a
vast rhyolitic lava flow field (the Rooiberg felsites) whose
remnants are preserved over 800 km in EW direction and
300 km in NS direction (Twist and French 1983). The Bush-
veld Complex and its country rocks host the world’s largest
PGE, Cr, V, as well as vast Ni—Cu, gold, andalusite, mag-
nesite, and dimension stone resources, and numerous other
mineral deposits (Anhaeusser and Maske 1986; Wilson and
Anhaeusser 1998). In order to better understand the petro-
genesis of this unusually voluminous and economically
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important event, it is critically important to know the com-
position of the parent magmas to the mafic—ultramafic
cumulate rocks. Fortunately, the Bushveld Complex is one
of few mafic—ultramafic intrusions where the parent magma
composition could be studied in considerable detail, based
on a suite of fine-grained, relatively unaltered sills exposed
in the floor of the Complex (Davies et al. 1980; Cawthorn
et al. 1981; Sharpe 1981; Barnes et al. 2010). Chilled mar-
gins also occur, albeit relatively rarely, and their study has
only begun relatively recently (Wilson 2012). Here, we pre-
sent compositional data from a relatively unevolved chill
sequence which overlies quartzite at Union Section in the
western Bushveld Complex (Fig. 1). We evaluate how these
magmas are related to other examples of Bushveld marginal
rocks and what their compositions tell us about the mantle
source of the Bushveld magmatism.

The parent magmas to the Bushveld Complex: a half
century of controversy

The nature of the mantle sources to the Bushveld Com-
plex has been debated since the advent of Sr isotope stud-
ies, nearly a half century ago (Davies et al. 1970; Hamilton
1977). The first study on potential Bushveld parent mag-
mas was published by Davies et al. (1980) in which the
authors described a suite of fine-grained noritic sills of Mg-
rich basaltic andesite composition (9-13 % MgO). In what
proved to be a seminal paper, Sharpe (1981) introduced a
classification for the fine-grained suite of sills underlying
the Bushveld. The Bushveld 1 (B1) magma underlies the
Lower Zone, B2 underlies the Upper Critical Zone, and B3
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underlies the Main Zone. Strontium and Nd isotopes for
these suites were determined by Harmer and Sharpe (1985)
and Curl (2001), and platinum-group elements (PGE) by
Davies and Tredoux (1985) and Barnes et al. (2010). The
present paper deals with the B1 suite, previously described
as having MgO contents of up to 16.5 wt% (average
~13 wt% MgO) and high levels of compatible trace ele-
ments (up to ~1500 ppm Cr, ~500 ppm Ni), but at the same
time also high SiO, contents (50-57 wt%) and incompatible
trace elements (e.g., up to 23 ppm La). Incompatible trace
element patterns of the rocks show pronounced negative
Nb-Ta and Ti anomalies, and Pt/Pd and PGE/Ti ratios are
unusually high (Barnes et al. 2010). They have been referred
to as boninites, siliceous high-Mg basalt (SHMB) or magne-
sian andesite. The question at the center of the debate has
been whether these unusual compositional traits are due to
crustal contamination of a komatiitic parent magma (Barnes
1989; Maier et al. 2000), melting of metasomatized SCLM
(Harmer and Sharpe 1985; Maier and Barnes 2004; Rich-
ardson and Shirey 2008), or a combination thereof (Barnes
et al. 2010). No conclusive geochemical traits have yet been
identified that rule out one of these two models. The most
recent contribution on the topic has been by Wilson (2012)
who identified an 8 m sequence of high-Fo (up to 91.2 %)
olivine overlying a magnesian andesitic chilled margin at
Clapham in the eastern Bushveld Complex. The author went
on to propose that these olivines crystallized from a komati-
itic magma with approximately 18-19 wt% MgO. In the
following, we will evaluate the different models, based on
the composition of a chill sequence exposed in drill core at
Union Section, northwestern Bushveld Complex.
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Table 1 Precision and accuracy of PGE analyses

99 Ru 103 Rh 105 Pd 189 Os 193 Ir 195 Pt 197 Au

ng/lg =+ ng/g =+ ng/g + ng/g =+ ng/g =+ ng/g + ng/g =+
OKUM  This run UQAC* 4.3 0.18 1.4 007 1199 047 074 01 09 006 1044 042 099 043
OKUM  Geo Labs (2001) 425 03 1.4 013 117 0.5 na 099 0.07 11 0.6 141  0.57
OKUM  Savardetal. (2010) 4.15 0.08 na 12.2 0.73  0.79 094 0.04 1144 0.222 na

 Ni-FA-Te-Co-pre-ICP-MS + HPA-ID

Methods

After the production of polished thin sections, drill core
samples measuring between 10 and 20 cm in length were
crushed in a jaw crusher and milled in agate. The concen-
trations of the lithophile elements were determined by
ICP-OES and ICP-MS at Cardiff University following the
method described in McDonald and Viljoen (2006). The
PGE and Au were determined by ICP-MS after Ni—sulfide
fire assay at the University of Quebec at Chicoutimi,
Canada (see Table 1 for accuracy and precision). The
major elements of one of the samples were additionally
analyzed by XRF (Table 2) allowing to evaluate poten-
tial laboratory bias. For another sample, trace elements
were additionally analyzed by ICP-MS at the University
of Cape Town (Table 2). One sample was analyzed for S
isotopes using laser ICP-MS at the Geological Survey of
Finland (see Molnér et al. 2016 for analytical details). In
another sample, we determined Sr isotopes in plagioclase,
also by laser ICP-MS in Finland (see Yang et al. 2013 for
analytical details). Element maps and mineral composi-
tions of two chill samples were produced/determined
using a Zeiss Sigma HD Analytical SEM at Cardiff Uni-
versity. All whole-rock compositional data are provided in
Table 3.

Locality of the Nooitgedacht boreholes

The chill sequence studied here was intersected at the bot-
tom of the Nooitgedacht 2 (NG2) borehole, one of a series
of 3 boreholes drilled by the Geological Survey of South
Africa in 1986—1987 at Union Section in the western Bush-
veld Complex as part of the National Geoscience Program
(Fig. 1). The drill cores were first analyzed in detail by Tei-
gler (1990) and Teigler and Eales (1996). Borehole NG1
intersected the upper portion of the Lower Zone and the
bulk of the Lower Critical Zone, borehole NG3 the lower
portion of the Upper Critical Zone, whereas borehole NG2
intersected the Lower Zone and the basal contact of the
intrusion (Fig. 2). The latter is characterized by several
quartzite xenoliths and a 90-cm fine-grained to aphanitic
chill sequence overlying quartzite interpreted to represent
the floor rocks of the intrusion. The intersected sequence

represents the first chilled margin identified at the base of
the Lower Zone sensu strictu of the Bushveld Complex.

Stratigraphy of the chill sequence

Photographs of the basal 8 m of the NG2 drill core are
shown in Figs. 3 and 4 and Electronic Appendix 1. The
floor rocks to the Bushveld Complex consist of a 30 cm
interval of banded magnetite- and sulfide-bearing quartzite
containing irregular masses of massive quartzite (Fig. 3).
Because the borehole was stopped after intersecting a mere
30 cm of quartzite, it cannot be ruled out that the latter rep-
resents a xenolith. However, as the thickness of the basal
compositional reversal (~300 m, Teigler 1990a) resembles
that in other layered intrusions and because the intersected
chill/quench sequence has a similar width (90 cm) and
broadly similar stratigraphy (a basal aphanitic chill, over-
lain by spinifex-textured and medium-grained rocks) as
that described by Wilson (2012) from the eastern Bushveld
Complex, we argue that the quartzite represents the floor of
the intrusion. Alternatively, it could represent a very large
xenolith, but this would not alter our interpretations.

The basal contact of the Bushveld intrusion at 774.43 m
is sharp and overlain by 10 cm of fine-grained rock having
the composition of Mg-rich basaltic andesite interpreted
to be the chilled margin of the Bushveld Lower Zone.
The chilled rock contains a ~1 cm wide, fine- to medium-
grained, sulfide-rich ultramafic microsill near its base
that will be further described in the next section. Above
the chilled rock is a 11-cm medium-grained quartz- and
phlogopite-rich melagabbronorite (at 774.22-774.33 m),
overlain by a 72 cm weakly banded zone of fine-grained,
spinifex-textured mafic rock (from 774.22 to 773.5 m),
containing a thin medium-grained gabbroic lens. The
fine-grained mafic interval is overlain by medium-grained
gabbronorite showing elongated plagioclase and pyrox-
ene crystals (773.5-773.35 m), and then medium-grained
olivine orthopyroxenite (to 766.91 m), containing a felsic
melt vein near the top.

The interval from 766.91 to 766.0 contains three irregu-
lar xenoliths of quartzite (Electronic Appendix 1). One of
the quartzite xenoliths contains 2 rounded “inclusions” or
injections of pegmatoidal gabbronorite and pyroxenite. In
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Tf;b“:i D“Pllicate analysesof g, e ICP-MS XRF  ICP-MS XRF  ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
selected samples
P Cardiff Teigler Cardiff Teigler UCT  UCT  UCT  UCT  UCT

1990 1990
773.43 773.95 %RSD  Blank BHV02 %RSD

SiO, (wt%) 52.87 534 50.63 51.7 na

TiO, 0.49 0.5 0.27 0.3 na

AlLO4 9.34 10.6 10.11 10.6 na

Fe,04 11.84 10 11.98 114 na

MnO 0.17 0.2 0.23 0.2 na

MgO 15.07 15.3 18.64 17.5 na

CaO 7.44 7.2 6.92 6.6 na

Na,O 1.35 1.9 0.87 1.2 na

K,0 0.64 0.7 0.19 0.2 na

P,05 0.08 0.1 0.05 0.1 na

LOI 0.95 0.14 na

Total 100.23 100 100.03 100 na

V (ppm) 166 159 144 171 165 0.408 0.01 309.4 0.701
Cr 1105 1334 1311 1635 1288 0.273 0.019 273.3 0.469
Ni 566 442 392 450 na

Cu 44 39 43 17 9.167 1.144 0.078 127.5 0.263
Rb 27.00 26 5 8 6.258 0.301 0.007 8.637 0.272
Sr 201 213 189 216 181 0.711 0.027 378.7 0.581
Y 10.70 15 6.8 10 6.974 0.961 0.004 24.38 0.216
Zr 31 25 10.4 7 7.335 0.610 0.014 168.5 0.191
Nb na na 0.72 na 0.488 2274 0.018 17.82 0.338
Cs na na 0.34 na 0.358 0.352 0.005 0.087 1.139
La na na 6.75 na 8.627 0.172 0.004 14.58 0.352
Ce na na 11.81 na 16.82 0.471 0.006 36.80 0.655
Pr na na 1.46 na 1.871 0.340 0.003 5214 0.634
Nd na na 6.04 na 7.018 0.825 0.004 24.11 0.341
Sm na na 1.3 na 1.285 1.006 0.003 5.910 0.302
Eu na na 0.46 na 0.467 1.249 0.004 1.998 0.511
Gd na na 1.12 na 1.181 1.506 0.003 5.938 0.977
Tb na na 0.17 na 0.187 1.178 0.003 0.866 0.762
Dy na na 1.17 na 1.220 0.708 0.004 5.072 0.383
Ho na na 0.24 na 0.258 0.608 0.003 0.924 0.107
Er na na 0.69 na 0.782 1.023 0.004 2.406 0.517
Tm na na 0.11 na 0.120 0.445 0.003 0.316 2.081
Yb na na 0.78 na 0.834 1.200 0.003 1.915 1.270
Lu na na 0.12 na 0.140 0.813 0.003 0.275 0.652
Hf na na 0.29 na 0.228 1.193 0.004 4.296 0.342
Ta na na 0.08 na 0.049 1.944 0.006 1.090 0.985
Pb na na 2.15 na 0.856 2.015 0.016 1.528 0.374
Th na na 0.34 na 0.327 1.189 0.004 1.231 0.184
U na na 0.16 na 0.120 2.006 0.007 0.453 0.501

contrast to the basal contact of the exposed sequence, the 200 m of fine-grained pyroxenite containing numerous lay-
pyroxenite in the upper quartzite xenolith zone lacks chilled  ers and lenses of medium-grained harzburgite ranging in
margins against the quartzite. The xenolith-rich interval is  thickness from a few centimeters to several 10 s of meters.
overlain by a further 3 m of harzburgite and then close to  The contacts between the pyroxenites and harzburgites are
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Table 3 Whole-rock composition of samples from the basal chill sequence, NG2 drill core

1 3 5 BT773.95 BT773.7 7 9 10 11 12 13 15 16 17
Top 774.58 77437 774.16 773.9 773.6 77345 773.07 772.81 77249 77222 771.83 769.75 768.69 767.89
Base 774.62 77443 774.19 773.95 773.7 773.5 773.13 77293 77259 77231 77191 769.81 768.76 767.95
Rock type  Quarzite Chill  Chill  Chill Chill Nor OIPx OIPx OIPx OIPx OIPx OIPx OIPx OIPx
SiO, (wt%) 86.43 5224 53.07 50.63 52.25 5287 51.14 5052 50.87 49.35 4879 4798 4820 48.65
TiO, 0.11 0.23 0.26 0.27 0.25 0.49 0.37 0.35 034 030 031 030 030 027
AL O, 4.71 10.34  8.86 10.11 10.04 9.34 7.55 7.09 6.48 5.99 5.83 5.72 5.70 5.15
Fe,0, 1.92 13.36 1447 1198 11.04 11.84 1181 11.72 1197 1148 12.08 11.87 11.79 11.81
MnO 0.03 0.18 0.21 0.23 0.20 0.17 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.15
MgO 1.86 1458 1575 18.64 18.70 15.07 21.04 21.35 21.85 2337 23.09 2348 2380 23.88
CaO 2.38 7.35 6.45 6.92 6.38 7.44 5.00 4.79 4.57 429 441 4.03 3.86 3.72
Na,O 1.11 0.89 0.95 0.87 1.34 1.35 0.89 0.92 0.89 0.81 0.72 0.66 064 049
K,O 0.38 0.10  0.12 0.19 0.47 0.64 0.47 0.54 0.47 040 040 040 0.39 0.50
P,04 0.15 0.06 0.04 0.05 0.03 0.08 0.06 0.06 0.05 0.06  0.07 0.04 0.04 0.05
LOI 1.17 0.88 0.06 0.14 0.49 0.95 1.28 1.32 1.79 2.65 3.18 442 408 4.19
Total 100.23  100.21 100.25 100.03 101.19  100.23 99.77 98.81 99.41 98.85 99.03 99.05 9896 98.86
Sc (ppm) 3.1 37 40 33 29 28 19 20 20 18 18 17 15 16
\Y% 32 187 214 144 105 166 158 162 147 153 143 146 147 149
Cr 562 1259 1198 1312 1595 1105 1728 2206 2666 2450 3262 3680 3456 4225
Co 4.2 66 73 57 67 71 98 100 104 96 106 105 102 113
Zn 25 134 101 111 74 72 82 63 68 76 71 67 68 67
Ga 6.40 13.81 8.98 891 8.36 9.97 8.05 7.89 7.69 6.67 7.19 6.74 6.08 6.46
Rb 12.11 3.67 4.61 5.01 10.29 27.20 2145 2337 2504 1571 1530 13.66 1343 23.80
Sr 69 210 160 189 198 201 129 118 119 97 104 92 85 84
Y 5.69 1642 7.58 6.77 7.14 10.70  7.53 820  7.59 7.08 7.43 6.57 6.21 6.12
Zr 55 34 6.0 10 20 31 35 43 40 34 34 35 35 29
Nb 0.18 0.55 0.14 0.72 0.98 2.36 1.76 2.17 1.88 1.45 1.65 1.52 1.61 1.43
Mo 0.62 0.61 0.49 0.18 0.06 0.59 0.56 0.59 0.55 0.55 0.56 0.48 0.48 0.47
Cs 0.39 0.44 0.39 0.34 0.61 1.11 1.41 1.22 1.45 0.75 0.66 0.74 0.65 1.34
Ba 117 83 59 96 138 210 137 149 130 123 132 123 113 115
La 19.2 132 5.6 6.7 5.1 8.2 6.9 8.0 7.0 6.8 7.5 6.0 5.9 6.0
Ce 33.6 23.3 10.3 11.8 10.1 17.3 13.6 16.0 14.1 134 14.9 12.1 11.7 11.9
Pr 3.68 2.52 1.26 1.46 1.39 2.25 1.72 1.98 1.69 1.66 1.80 1.46 1.43 1.43
Nd 12.35 8.93 5.16 6.04 5.84 9.00 6.68 7.50 6.47 6.31 6.46 5.52 5.22 5.17
Sm 1.89 1.68 1.08 1.30 1.25 1.97 1.30 1.43 1.43 1.29 1.35 1.20 1.07 1.10
Eu 0.67 0.51 044 046 0.44 0.56 0.46 0.46 0.39 0.38 0.40 0.38 0.35 0.33
Gd 1.59 2.06 0.97 1.12 1.21 1.93 1.25 1.46 1.22 1.22 1.38 0.95 0.93 0.95
Tb 0.21 0.37 0.20 0.17 0.19 0.29 0.18 0.21 020 0.18 0.20 0.18 0.16 0.16
Dy 0.92 2.54 1.18 1.17 1.26 1.84 1.20 1.38 1.23 1.16 1.22 1.06 1.01 0.97
Ho 0.17 050 0.24 0.24 0.24 0.34 0.24 0.25 022 0.22 0.23 0.19 0.18 0.18
Er 0.47 144  0.73 0.69 0.73 1.02 0.70 0.76 0.66 0.65 0.67 062 054 053
Tm 0.06 0.23 0.13 0.11 0.11 0.17 0.11 0.12 0.10 0.10 0.10  0.09 0.09 0.08
Yb 0.40 1.62 086 078 0.84 0.99 0.75 0.74 0.68 0.65 0.77 0.59 0.59 0.55
Lu 0.05 0.24 0.15 0.12 0.12 0.16 0.12 0.12 0.11 0.10 0.11 0.09 0.08 0.07
Hf 0.10 0.82 0.13 0.29 0.46 0.87 0.88 1.01 1.01 0.83 0.80 0.83 0.85 0.71
Ta 0.02 0.04 0.01 0.08 0.07 0.14  0.12 0.14  0.13 0.11 0.12 0.10 0.12 0.12
Pb 9.66 11.79  5.63 2.15 6.25 5.60 5.83 3.82 3.89 4.14 374 471 431 3.51
Th 0.37 0.69 0.35 0.34 0.75 1.28 1.30 1.48 1.75 1.27 1.45 1.21 1.13 1.62
U 0.03 0.07 0.01 0.16 0.20 0.37 0.30 0.32 0.39 0.27 042 031 0.26 0.39
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Table 3 continued

9 10 11 12 13 15 16 17

1 3 5 BT773.95 BT773.7 7
Ni 14 359 339 392 602 566
S 822 3689 4072 886 664 305
Sn 1.47 199 086 1649 1027  0.88
Cu 52 51 83 43 28 44
Se (ppb) na na na 63 140 na
Os <0,15 042 036 031 0.32 0.28
Ir 0.04 054 050 047 0.56 0.44
Ru 0.12 320 272 367 3.39 1.99
Rh 0.06 184 178  1.88 1.42 1.13
Pt <083 200 230 187 12.9 12.7
Pd 0.47 154 158 154 14.3 125
Au <1,61 <161 <161 1.00 0.75 2.87
87186, 0.70598  0.7049
0.7056
8§38 14.9

1189 1252 1234 1288 1259 1441 1363 1512
1002 687 461 573 635 1035 904 856
1.73 1.09 0.58 2.41 1.47 1.28 0.82 2.62
57 49 42 73 61 117 93 82
na na na na na na na na
0.27 0.40 0.38 0.13 0.38 0.67 0.50 0.69
0.46 0.55 0.54 0.66 0.50 0.79 0.67 0.87
3.09 3.72 3.60 4.03 4.11 6.65 6.29 6.87
1.85 2.63 1.99 3.26 2.32 4.93 3.08 4.21
125 76.4 9.7 232 9.3 14.4 11.7 15.9
25.6 34.7 235 41.2 24.6 76.9 34.2 58.0
<1,61 4.06 <1,61 2.08 1.64 321 1.90 3.33

B\van Shaft
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Richard Shaft

Spud Shaft

[] Transvaal

Supergroup
[ Pyroxenite
[ Ol-cumulate

] Norite-Anorthosite

] Main Zone

] upper zone

NW SE
NG2 NG1 NG3

Northam

; U/Jpe r

Fig. 2 a Geological map of Union Section, showing location of NG
bore holes. b Schematic NW-SE profile indicating orientation of bore
holes (modified from Teigler 1990)

@ Springer

undulous but sharp, with narrow alteration halos within
the harzburgite, suggesting the latter were intruded by the
pyroxenites.

Petrography

The quartzite at the base of the sequence consists of two
lithological varieties. The bulk of the rock is banded and
locally strongly altered (Fig. 4) consisting of ~80 % fine- to
medium-grained quartz grains (up to 0.3 mm) in a matrix
of predominantly sericite, chlorite and minor hornblende
(Fig. 5a). Sulfides increase in abundance toward the contact
with the Bushveld Complex; 25 cm below the contact, the
rock contains 1-3 % disseminated pyrrhotite that is perva-
sively replaced by magnetite. A few cm from the contact,
the sulfide content increases to >20 %, with chalcopyrite
having become relatively more abundant. The layers in the
quartzite have widths of up to a few millimeters and consist
of either relatively quartz-rich, insignificantly altered mate-
rial or less quartz-rich, but more altered rock. Within the
banded quartzite occurs a mass of coarser-grained quartz
silicate rock, approximately 10 cm wide that consists of
~60 % fine-grained (up to 1 mm) equigranular quartz
grains in a matrix of altered sericite and minor amounts of
hornblende. Sulfides occur as very fine disseminations of
pyrrhotite, with rare chalcopyrite. In all quartzite varieties,
textures are highly equilibrated with 120° dihedral angles.
The contact between quartzite and the Lower Zone of
the Bushveld Complex is transgressive relative to the layer-
ing of the quartzite (Fig. 4). The thin sill mentioned above
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gabbro lens basal contact

Fig. 3 Basal 8 m of the NG2 drill core. Note several intervals of broken core possibly indicating faults, the occurrence of several quartzite xeno-
liths in the upper 2 m of the sequence, and the basal quartzite underlying the 90 cm chill sequence

Gb lens

R ey
Fine-grained
pyroxenite

transgressive
contact

 massive quartzite: &

I
AT

Fig. 4 Stratigraphic log of basal chill sequence in drill core NG2, showing close ups of analyzed samples
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Fig. 5 Silicate petrography of the NG2 chill sequence and the over-
lying olivine pyroxenites a Banded quartzite, sample NG2 774.62;
b Fine-grained chilled margin, sample NG2 774.43; ¢ Lower gabbro

has injected broadly along the contact, or locally a few mm
above the contact such that highly altered aphanitic chill
may form the base of the intrusion.

The lower and upper contacts of the thin sill with the
host chilled rock are sharp, but irregular with several
small apophyses intruding into the roof and the base. Ele-
ment maps revealed that the sill consists of several intru-
sive phases (Electonic Appendix 2); at the base and top
is a 0.5-1 mm wide fine-grained orthopyroxenite con-
sisting of mostly <0.1 mm wide horizontally oriented
stubby grains. In the center of the sill is medium-grained
orthopyroxenite, containing abundant oikocrysts of phlo-
gopite and small phosphate crystals. The element maps
indicate that plagioclase is highly irregularly distributed.
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lens, NG2 774.31; d Komatiite, sample NG2 773.9; e Upper gabbro
lens, sample NG2-773.5; f Olivine orthopyroxenite, sample NG2-
772.59

The sill is relatively enriched in Mg (orthopyroxene has
Mg# 85, as opposed to around 75 in the aphanitic chill).
Disseminated sulfides constitute up to 10 modal % of the
rock, forming interstitial masses, mainly of pyrrhotite,
with minor chalcopyrite (<1 %), pentlandite and cubanite.
The rock is locally highly altered and replaced by Ca—
Al-rich material, seemingly emanating from sub-vertical
veins. Near the base of the sill is a 0.5-1 mm massive or
semi-massive sulfide band, consisting predominantly of
pyrrhotite with exsolutions of troilite (Electronic Appen-
dix 3), minor pentlandite and chalcopyrite, and islands
of pyrite or marcasite. The sulfide band has mostly sharp
lower and upper contacts, but may locally show apophy-
ses into the hostrocks.
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Fig. 6 Element map of sample
NG2-774.43, showing basal
fine-grained chill of the intru-
sion (phase 1) hosting thin
ultramafic sill (phase 2). In
addition, there are several types
of sub-vertical veins. See text
for explanation

The fine-grained mafic rock overlying the sill consists of
small (<0.5 mm) needles of pyroxene in a matrix of altered
material (Fig. 5b), likely a mixture of chlorite, magnetite,
and amphibole. The sulfide content is much lower (<1 %),
and the sulfides are much smaller than in the sill, and the
proportions of pentlandite and chalcopyrite to pyrrhotite
are higher. The Cr element map revealed very small grains
of a Cr-rich phase distributed homogenously throughout
the rock, suggesting the magma was chromite saturated.
Apart from abundant vertical Ca—Al veins discussed below,
the rock is homogenous, lacking evidence for, e.g., micro-
xenoliths of quartzite. However, the rock shows a subtle
coarsening with height and a decrease in Mg# (Electronic
Appendix 2). Whether this is due to fractionation or late
stage percolation of Fe is presently unclear.

Both the chilled rock and the thin sill are crosscut by
several generations of sub-vertical veins (Fig. 6). The SEM
element maps (Electronic Appendix 2) indicate the pres-
ence of Mg-rich veins (Vein type 1) and, more abundantly,
Ca—Al-rich veins (Vein type 2). The latter have distinct
growth zones parallel to the walls of the veins suggestive
of crystallization from fluids (Electronic Appendix 4). The
veins have coronas showing Si and Na enrichment (Elec-
tronic Appendix 2) indicating several episodes of com-
positionally contrasting fluid flux, with early Na (and Si)
flux and late Si, Ca and Al flux. Associated with the veins
are locally elevated concentrations of S and K, the latter
mainly in the Mg-rich veins suggesting post-magmatic S
and K mobility.

The lower melagabbroic lens located 10 cm above the
base of the intrusion is approximately 10 cm wide. Its
lower contact is not exposed as it is in a zone of broken

EDS Layered Image 1288

core. The upper contact is sharp, but undulating. The rock
consists of medium-grained, locally highly elongated
orthopyroxene (up to 5 mm in length), a few % intercu-
mulus clinopyroxene and ~20 % elongated plagioclase
laths (up to 2 mm in length) (Fig. 5¢). Quartz and phlogo-
pite are locally abundant, forming large (several mm-wide)
intercumulus grains and oikocrysts. A few completely
iddingsised olivine grains also occur. Euhedral chromite
is an accessory phase, often forming clusters of grains. A
number of small zircon grains are mainly included within
phlogopite. The sulfides mostly form small interstitial
grains of pyrrhotite and minor chalcopyrite locally replac-
ing strongly altered pyroxene.

The melagabbro is overlain by fine-grained melanorite
(NG2-774.19) consisting of stubby orthopyroxene mostly
<0.1 mm in size, but with occasional larger grains of up
to 1 mm in length, in a matrix of fine- to medium-grained
(<0.1-1 mm) cumulus plagioclase.

Next is a rock (NG2-773.95) showing highly elongated,
radiating needles of orthopyroxene in a fine-grained matrix.
Element mapping suggests that the matrix consists of pla-
gioclase, clinopyroxene, and phlogopite (Figs. 5d, 7). The
orthopyroxene can be more than 5 mm long and, in places,
shows hollow cores and other quench textures. Portions
of the sample are strongly iddingsised. Sulfides consist of
small globular aggregates of pyrrhotite, pentlandite, and
chalcopyrite. Based on texture and composition (to be dis-
cussed below), this rock is a komatiite (e.g., compare to
Fig. 16.6a in Donaldson 1982).

Sample NG2-773.7 is fine- to medium-grained. It has
abundant stubby orthopyroxenes, 0.1-0.3 mm in length, but
also contains many larger orthopyroxene grains, 2-3 mm
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Fig. 7 Element map of komati-
ite NG2-773.95

I Orthopyroxene [ Clinopyroxene

in length. Plagioclase is cumulus and intercumulus and
reaches a length of approximately 2 mm.

The upper gabbro lens (773.35-773.5 m, Fig. 5e) con-
sists mainly of medium- to coarse-grained orthopyroxene
constituting 50-60 % of the rock and forming elongate
crystals up to 1 cm in length. Large (up to 3 mm) phlogo-
pite plates make up >10 % of the rock. Plagioclase forms
cumulus laths with length to width ratios around 2:1.
Clinopyroxene is a minor phase (<5 modal %) and forms
small cumulus and intercumulus crystals, in addition to
exsolution blebs in orthopyroxene. Opaque minerals con-
sist of intercumulus ilmenite and mostly very small dissem-
inations of sulfide (Po, Cp), as well as rare larger grains of
pentlandite that are partially replaced by magnetite.

The nature of the contact between the pegmatoidal gab-
bro and the overlying medium-grained olivine pyroxenite
(Fig. 5f) that forms the remainder of the analyzed sequence
could not be studied as it is in a zone of broken core. The
olivine pyroxenite is a medium-grained rock with orthopy-
roxene-forming anhedral to subhedral crystals up to 3 mm
in width. They contain numerous euhedral, subhedral, and
anhedral inclusions of moderately serpentinised olivine, up
to approximately 0.5 mm in width. Some of the grains show
hollow cores. The rock has ~10 % phlogopite-forming
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anhedral interstitial grains up to ~1 mm in size. Finely dis-
seminated sulfides consist of pyrrhotite, chalcopyrite, and
pentlandite, whereas large composite grains consist of
pentlandite, pyrrhotite, millerite as well as cubanite and
small grains of covellite.

Whole-rock compositions
Lithophile elements

The whole-rock composition of the analyzed samples is
provided in Table 3, and selected trace elements are plot-
ted in Fig. 8. The chilled basaltic andesites (samples NG2
774.43 and 774.19) have ~52.6-53.0 wt% SiO,, 14.7—
15.7 % MgO, 8.8-10.4 % Al,O5, 1170-1240 ppm Cr, and
350-370 ppm Ni (Fig. 8a, b). The concentrations of MgO,
Cr, and Ni are slightly higher, and those of SiO, and Al,O4
are lower, than in average B1 marginal rocks, suggesting
that the NG2 basaltic andesite chills crystallized from a less
fractionated or less contaminated liquid. The concentra-
tions of immobile incompatible minor and trace elements
in the NG2 basaltic andesite chills are 0.23-0.26 wt% TiO,,
7-32 ppm Zr, 0.14-0.55 ppm Nb, and 0.35-0.69 ppm Th.
Many of the incompatible trace elements, as well as Fe,
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Fig. 8 Binary variation diagrams of selected trace elements. The
composition of upper crust is from Rudnick and Fountain (1995),
except for Nb (Barth et al. 2000). B1 samples are from Barnes et al.
(2010), Clapham samples are from Wilson (2012), komatiite rep-

Ca, and Al show marked increases in the lowermost sample
NG2-774.43 (Electronic Appendix 5).

The spinifex-textured komatiite (NG2-773.95) is rela-
tively enriched in MgO (18.66 wt%), Cr (1515 ppm),
and Ni (412 ppm), and has very low concentrations of

resents median of Al-undepleted komatiites with <0.3 % S from
GEOROC. Tielines indicate AFC of upper crust by komatiite, with
tick marks denoting proportion of crystallization

incompatible trace elements (11 ppm Zr, 0.7 ppm Nb,
0.34 ppm Th, 0.27 wt% TiO,). The next sample (NG2-
773.7) is slightly coarser grained. It has a broadly simi-
lar composition as the komatiite, but slightly higher Cr
(1844 ppm) and Ni (584 ppm) contents, and mostly slightly
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Fig. 9 Primitive mantle-normalized multi-element patterns of a the
NG2 chill samples compared to average Bl magma (Barnes et al.
2010), the B1 chill sequence at Clapham (Wilson 2012), the quartzitic
floor rock, DMM (Workman and Hart 2005), and upper continental

higher incompatible trace element contents (27 ppm Zr,
0.98 ppm Nb, 0.75 ppm Th), with the exception of the
LREE. Gabbroic sample NG2-773.5 has broadly simi-
lar major and compatible trace elements as the basal-
tic andesite chill samples, suggesting it also represents
a liquid, even though crystal sizes are relatively large. Its
incompatible trace elements are generally higher than in
the remainder of the chill sequence, though.

In most major and trace element plots, the Bushveld B1
marginal rocks including the present chill sequence and the
sills studied by previous authors broadly plot along a mix-
ing line between upper crust and average komatiite. The
NG2 chills are most removed from this mixing line toward
the quartzitic floor rocks, but several other B1 rocks also
show this trend, e.g., the Clapham chills.

The medium-grained olivine pyroxenites overlying
the NG2 chilled sequence plot between the wider field of
B1 samples and Lower Zone ultramafic rocks suggesting
the olivine pyroxenites are orthocumulates with a signifi-
cant melt component. Plotted against height, they show a
progressive increase in MgO, Cr, and Ni, and a decrease
in incompatible elements such as Zr, indicating a progres-
sively higher proportion of cumulus component.

The primitive mantle-normalized incompatible trace
element patterns of the NG2 chilled rocks as well as the
medium-grained olivine pyroxenites mentioned above
show strong negative Nb—Ta and, in most cases, Zr—Hf and
Ti anomalies and relative enrichment in LILE and LREE
(Fig. 9a). The patterns show a certain resemblance to
those of average B1 magma and average upper crust, but
the levels of virtually all elements are markedly lower and
the negative Zr—Hf anomalies are absent in the B1 sills.

@ Springer

1000 4 === DMM

eeee Contcrust

\\u/ \ [~~——

Scottish xenoliths

Kaapvaal xenoliths
MARIDS

———
rmmem
"
-

0,1 -

0,01 L o e s e e e e e LB m m e |
Rb Ba Th Nb La Ce Pr Sr Nd Zr Hf Sm Eu Gd Ti Tb Dy Ho Er Yb

crust (Rudnick and Fountain 1995). b Patterns for Kaapvaal peridotite
mantle xenoliths and MARID, as well as xenoliths from Loch Roag,
Scotland (Hughes et al. 2014). Normalization factors from Sun and
McDonough (1989)

A much better compositional overlap is seen between the
NGQG2 chills and the quartzite floor.

Sr and S isotopes

Strontium isotopes have so far only be determined in
two medium-grained samples from the NG2 chilled
sequence (NG2-773.7 and 773.5). Whole-rock initial Sr
isotope ratios are enriched (Sr; 0.705-0.706) relative to
the immediately overlying ultramafic Lower Zone rocks
(Sr; mostly 0.7045-0.705, Teigler and Eales 1996).
In situ sulfur isotopes in spinifex-textured komatiite sam-
ple NG2-773.95 are strongly fractionated (3**S + 14.9),
whereas the bulk of the Bushveld layered sequence has
$%4S around zero (Liebenberg 1970). These data indicate
the presence of a crustal Sr and S isotopic component in
the chill sequence.

Chalcophile elements

Sulfur contents of the rocks from the NG2 basal sequence
vary from approximately 4000 ppm in the basal sample
NG2-774.43 to 300 ppm in gabbroic sample NG2-773.5
at the top of the chill sequence. On average, S contents in
the chill sequence are thus much higher than in B1 (average
<500 ppm S, Barnes et al. 2009).

The PGE contents in the basal rocks are very similar to
B1, at 18-23 ppb Pt and 15-16 ppb Pd (Fig. 10). The high-
est values occur in the basaltic andesites, followed by the
komatiite, and then the medium-grained samples. Com-
pared to magnesian magmas globally, the Pd contents of
the B1 suite are at the upper limit of the global data spread,
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Fig. 10 Pt and Pd contents of Bushveld B1 rocks, compared to
komatiitic and basaltic magmas globally (modified from Maier et al.
2009). Red squares denote B1 samples of Barnes et al. (2010), with
large red square being the average composition of these samples. Yel-
low squares represent present NG2 samples

whereas the Pt contents are markedly higher than in the
global magmas (see also Barnes et al. 2015). Ratios of Pd/
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Ir (~30) and Pt/Pd (around 1.5), and the shape of the PGE
patterns, are identical to B1 except for the negative Au
anomalies in the NG2 chill sequence (Fig. 11).

Compared to most other Lower Zone cumulates, the
medium-grained olivine pyroxenite and harzburgite cumu-
lates directly overlying the chill sequence have relatively
high PGE (35-90 ppb), Cu (42-117 ppm) and S contents
(760-1035 ppm). The PGE patterns are markedly different
from the underlying chill sequence, in that the former are
more irregular, with positive Ru, Rh, and Pd anomalies and
negative Pt anomalies. Such relatively irregular patterns are
typical of cumulate rocks. The rocks also have higher Pd/
Ir ratios than the chilled rocks (40-100) suggesting they
crystallized from a relatively more differentiated magma.
Of particular note are the relatively low Pt/Pd ratios (<1).
These are also characteristic of the overlying 300 m of the
Lower Zone, but are otherwise uncommon in the Bushveld
Complex, with the exception of the Platreef of the Northern
Lobe (Maier et al. 2008; McDonald and Holwell 2011).

Discussion

The basal contact interval of the Bushveld Complex:
a complex sequence of magmatism and hydrothermal
veining

The 90 cm basal contact interval of the Bushveld Com-
plex in drill core NG2 is characterized by a complex suite
of intrusive phases consisting of fine- to medium-grained
high-Mg basaltic andesite and komatiite, pyroxenite and
gabbronorite. Based on textural evidence and composi-
tional arguments, the rocks are interpreted to represent
chilled and rapidly cooled liquids. Near its base, the chill

B 100 - —774.43 — 773,7
e 774.19 s 773.5
10 77395  ===Bl
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- o
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Fig. 11 Primitive mantle-normalized chalcophile element patterns of a olivine pyroxenites overlying the chill sequence, and b NG2 chill
sequence. Pattern for B1 magma (data from Barnes et al. 2010) is shown for comparison. Normalization factors from Barnes and Maier (1999)
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Fig. 12 Schematic model of magma emplacement at the basal contact of the Bushveld Complex

sequence is intruded by a ~1-cm-wide micro-sill consisting
largely of medium-grained orthopyroxene as well as abun-
dant sulfides. Both the chilled rock and the sill are intruded
by a swarm of sub-mm, vertical, post-magmatic Ca—Al
veins (Fig. 12). Element mapping using an SEM indicates
that the sill is compositionally distinct from the chilled
rock, being markedly enriched in S, K, P-rich phases, and
MgO, reflected by higher Mg#, but relatively depleted in
Al,05 and Na,O (Electronic Appendix 2).

At this stage, we interpret the sill to represent a late
injection of crystal-rich magma, either derived from a stag-
ing chamber or from remobilized crystal mushes within
the Bushveld chamber. The magma had assimilated S and
incompatible elements such as K and P from the sedimen-
tary floor rocks. The crosscutting Ca—Al-rich veins may
represent post-magmatic devolatization of the quartzitic
floor.

Comparison of the NG2 chills with other Bushveld
B1-type marginal rocks

Until recently, most information on the high-Mg basaltic
andesite B1 parent magma to the Lower and Lower Criti-
cal Zones of the Bushveld Complex had been gained from
the study of fine-grained sills in the floor of the Complex
(Davies et al. 1980; Cawthorn et al. 1981; Sharpe 1981,
Curl 2001; Barnes et al. 2010). The discovery and study of
the Clapham chill sequence in the eastern Bushveld Com-
plex (Wilson 2012) showed for the first time that the chilled
margins of the ultramafic rocks of the Bushveld magmatic
event also have B1 signatures. The Clapham chill sequence
also illustrates the complexity of magma emplacement
sequence in the Bushveld, being that it is located at the
base of a 700 m ultramafic sequence (termed the Basal
Ultramafic Sequence by Wilson 2012) occurring below the
Lower and Marginal zones.

The chill sequence of the NG2 drill core described
here is the first such sequence identified at the base of the
Lower Zone sensu strictu of the Bushveld Complex. The
NG2 chilled and quenched rocks are less evolved than the
B1 sills or the Clapham chilled rocks, with 14.7-18.66 %
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Fig. 13 Comparison of spider patterns for NG2 chills, B1 sills and
magnesian basalt from the Tonga arc (Dale et al. 2012)

MgO, higher Cr and Ni, and lower incompatible trace ele-
ment contents (Fig. 8). Of particular note are the unusu-
ally pronounced depletions of the NG2 chilled samples in
HFSE (Fig. 9). The levels of HFSE in the basaltic sample
NG2-774.19 are at the level of the depleted MORB mantle
(DMM), and the patterns generally resemble those of some
arc picrites (Fig. 13). The trace element concentrations are
interpreted to be largely of primary magmatic origin as the
rocks are relatively unaltered and all chill samples have
similar trace element patterns, whereas only sample NG2-
774.43 contains abundant late Ca—Al veins.

In sharp contrast to the relative depletion of the NG2
chills in lithophile trace elements, the PGE contents of
the NG chills are nearly identical to the remainder of the
B1 suite (Fig. 11). The possible reasons for this contrast-
ing trend of PGE and lithophile trace elements will be dis-
cussed in the following chapters.

The scarcity of chilled margins in the Bushveld Com-
plex may reflect poor field exposure of the contact interval
and the scarcity of available drill cores; to our knowledge,
the NG2 and Clapham drill cores are the only cores that
intersect the basal contact, yet both have chill sequences at
the base.
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Petrogenesis of the NG2 chilled magma and previously
analyzed B1 sill-hosted magmas

The sill-hosted basaltic andesite Bushveld B1 magmas
have previously been interpreted to have formed by two
contrasting processes, namely (i) melting of harzburgitic
SCLM (Harmer and Sharpe 1985; Maier and Barnes 2004;
Richardson and Shirey 2008), and (ii) crustal contamina-
tion of asthenosphere-derived komatiite (Barnes 1989;
Maier et al. 2000; Wilson 2012). Consensus has remained
elusive, mainly because both the above processes may
produce similar geochemical signatures in terms of, e.g.,
Sr and Nd isotopes as well as incompatible trace element
concentrations. In the following sections, we will use the
new data from the NG2 chill sequence to reevaluate the two
models.

Magma derivation from the SCLM

The combination of enriched trace element and Nd-Sr iso-
tope signatures, high Cr, Ni, and PGE contents and Pt/Pd
ratios, yet chondritic Os isotope ratios in the Bushveld Bl
marginal rocks was previously interpreted to reflect partial
melting of the SCLM by Harmer and Sharpe (1985), Curl
(2001), Maier and Barnes (2004), Richardson and Shirey
(2008), and Barnes et al. (2010). The unusually elevated
Pt contents of Bushveld liquids, in particular, are matched
by few other magmas globally (Maier and Barnes 2004;
Barnes et al. 2015), yet the resulting high Pt/Pd are similar
to those in the SCLM.

A model of SCLM derivation of Bushveld magmas
would be consistent with the similarity in incompatible
trace element patterns between certain arc picrites and
the NG2 chill sequence. Both share negative Nb-Ta, Ti
and Zr—Hf anomalies, positive Sr anomalies, and relative
enrichment in LILE and LREE (Fig. 13). The arc picrites
tend to lack the high Pt/Pd of Bushveld magmas, but this
could be explained by the relatively low-P melting regime
below arcs during which Pt behaves in a compatible man-
ner (Mungall and Brenan 2014).

We have simulated partial melting of Kaapvaal SCLM
(Maier et al. 2005), using the thermodynamic modeling
software MELTS. For the HFSE, LILE, LREE and Pt and
Pd, we assumed perfect incompatibility. The results of
the modeling are shown in Table 4 (Model 2). At 30 kbar,
1557 °C and fO, at QFM, Si0O,, Fe and Na,O levels in the
model partial melt are much lower than in the NG2 komati-
ite, and Nb, Ta, Zr, Hf, Th, LREE, Rb, Ba and K,O are far
too high. To explain the high trace element contents, one
could suggest that Kaapvaal xenoliths are non-represent-
ative of the Kaapvaal SCLM. A recent study on SCLM
xenoliths from Scotland (Hughes et al. 2014) indicates the
existence of SCLM reservoirs that show relatively high

PGE contents, yet strong negative Nb—Ta, Ti and Zr-Hf
anomalies. These rocks were interpreted to reflect SCLM
metasomatized by carbonatite melts, but their Nb levels are
still too high to explain the composition of the NG2 chills.
Foley (2008) showed that Nb partitions strongly into rutile,
and Haggerty (1987) has shown that rutile and other titan-
ates such as lindsleyite and mathiasite that are enriched in
Nb and Zr are common trace minerals in metasomatized
SCLM. Thus, it could be proposed that Nb and Zr were
effectively fractionated during melting of the Kaapvaal
SCLM. However, the problem in applying this model to
the Bushveld chills is that carbonatites and nephelinites
are low-degree partial melting products which may leave
some oxide in the mantle. Bushveld magmas are relatively
high-degree melting products (Barnes et al. 2010) and thus
oxides are unlikely to remain in the residue. Also, negative
Nb and Zr anomalies are absent in Kaapvaal GPII kim-
berlites that are normally assumed to be derived from the
SCLM (Becker and Le Roex 2006). Another problem with
the SCLM melting model is that our PGE data on kimber-
lites suggest that the most metasomatized component of the
SCLM is very PGE poor (<1 ppb Pt and Pd each in more
than 25 samples, Maier et al. 2016).

In summary, modeling the komatiite NG2 773.95 via
melting of the SCLM provides a poor fit with the data. Fur-
thermore, even if the SCLM melting model were accepted,
one would still have to invoke additional crustal contamina-
tion to explain the elevated O isotope ratios of the Bushveld
rocks (Harris et al. 2005). Also, critics of the SCLM melt-
ing model have questioned whether the relatively cool and
refractory SCLM can be significantly molten (Arndt 2013).
The MELTS model indicates that the solidus of the most
fertile Premier lherzolites is at 1577 °C, whereas the geo-
therm at the base of the Kaapvaal SCLM was likely much
lower. One would thus need to invoke significant conduc-
tive heat transfer from the plume into the SCLM.

Crustal contamination of komatiite derived from the
convecting mantle

Generation of the NG2 chills via large-degree melting of
the asthenospheric mantle could explain the low HFSE
contents, whereas the relatively high LREE contents of the
chilled rocks could be due to crustal contamination. The
overlap in trace element patterns between the chilled rocks
and the quartzitic floor rocks, and the abundance of quartz-
ite xenoliths in the basal 10 m of the NG2 sequence sug-
gests that the magma could have been contaminated in situ.
This model is consistent with the relatively enriched $°*S
in the komatiite sample NG2-773.95, the elevated initial Sr
isotope ratios in the medium-grained samples NG2-773.7
and 773.5, the relatively high sulfide contents in the chill
sequence, and the composition of the sulfides; Naldrett
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Fig. 14 Modeling of NG2 chilled rocks and Bl magmas. a Primitive
mantle-normalized element patterns of NG2 chilled rocks compared
to B1 sills (Barnes et al. 2010), average Al-undepleted komatiite from
GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/, and aver-
age upper crust (Rudnick and Gao (2003) and Hu and Gao (2008).
b AFC (average komatiite + 35 % upper crust —14 % olivine-4 %

et al. (2000) suggested that the presence of troilite and
cubanite, and the absence of pentlandite flames in pyrrho-
tite may reflect a relatively high Fe/S ratio in the sulfide
melt, interpreted to result from relatively low fO,, possibly
in response to assimilation of graphite.

The bulk of the previously analyzed samples of the B1
suite plot near tielines between UC and average komati-
ite (Figs. 8c—f; 14) suggesting that these magmas are the
products of contamination of komatiite with less trace
element-depleted crust than the floor quartzite. A notable
exception are the Clapham chills; Like the NG2 chilled
rocks, these are also displaced toward quartzite and thus
may also have undergone some quartzite contamination.
The composition of the primary komatiitic magma remains
somewhat unclear. In the present modeling, we used the
average of ~1200 Al-undepleted samples (with <0.3 %
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opx) at 3 kbar and fO, QFM. ¢ NG2 chill samples for which the AFC
model of b is inadequate. d AFC of average komatiite (3 kbar, QFM)
with footwall quartzite (6 % quartzite and 9 % olivine crystallization)
showing good overlap with quench-textured komatiite sample NG2
773.95. Normalization factors from McDonough and Sun (1995). See
text for further discussion

S) from GEOROC (27 % MgO, 14 ppm Zr). Inclusion of
Al-depleted samples makes little difference to the average
composition, except for slightly higher Zr. The composition
of sample NG2 773.95 has been modeled by AFC using
PELE (Boudreau 1999). The model requires bulk assimila-
tion of 6 % quartzite accompanied by 3 % olivine crystal-
lization followed by another 6 % crystallization of olivine
without assimilation (Model 3, Table 4).

The B1 sills are far more enriched in incompatible ele-
ments, and they can be modeled by AFC using 35 % assim-
ilation of average upper crust (UC) accompanied by 22 %
olivine and 5 % orthopyroxene crystallization (Model 4,
Table 4). How can the common trend of all B1 samples
from UC to a komatiitic end member with about 20-25 %
MgO be explained? One possibility is that the quartz-con-
taminated komatiite in our chill sequence (NG2 773.95)
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Table 4 Results of modeling

Target Model 1 Model 2 Model 3 Target  Model 4

NG2 773.95 kom + zone Reldif.to 19 % Part.  Recalcu- Rel dif Komatiite  Further cf Rel dif Avg. B1 AFC 35 %
ref. R=1 target melt of Pre- lated to target (+cfof 6 % of 6 % ol UC + frac.
22 9% frac.  model mier SCLM Anhydrous model qtz and 3 % of 22 %
ol + sp ol) ol + 5 % opx

Si0, 51.14 4937 -3 45.12 47.66 -7 50.29 51.89 1 5574 56.33

TiO, 027 043 55 0.34 0.36 30 0.35 0.40 45 034 054

AlL,O; 10.11 9.45 =17 10.68 11.28 12 8.11 9.50 —6 11.82  12.28

Fe,0; 1.11 1.41 27 0.76 0.80 —27 1.15 1.25 13 10.50  1.09

FeO 9.77 10.79 10 8.41 8.88 -9 9.12 9.43 -3 7.95

MnO 023 025 10 0.64 0.67 193 0.22 0.27 17 0.18 0.19

MgO 18.83 18.99 1 18.61 19.66 4 23.03 18.28 -3 11.85 11.85

CaO 692 877 27 7.15 7.55 9 6.50 7.67 11 6.50 6.79

Na,0O 0.87 045 —48 0.05 0.06 -94 0.28 0.33 —62 1.63 155

K,0 019 0.19 3 2.61 275 1369 0.57 0.67 258 098 123

P,05 0.03  0.09 199 0.21 0.22 650 0.09 0.09 213 0.08 0.09

H,0 0.14 5.32 0.05 0.31

S 0.08  0.04 50 0.041 0.047 15

Ru 3.67 3.04 —-17 3.67 3.88 6 0.81 0.48 —87 1.90 3.37

Pd 1542  15.59 1 14.14 14.93 -3 8.79 10.30 —33 14.00 8.21

Sc 33 31 -8 16 16 —51 23 25 —24 29 25

\% 146 173 19 135 142 -2 135 152 4 164 157

Cr 1514 1094 —28 718 758 —50 2404 1386 -8 965 1898

Co 52 53 0 39 41 -22 86 61 16 59 71

Ni 412 91 =78 285 301 -27 884 214 —48 284 374

Zn 108 79 —26 52 55 —49 74 76 -30 80 93

Rb 5 2 —52 110 116 2223 6 7 33 40 42

Sr 195 72 —63 426 450 131 28 32 —84 198 151

Y 7.09 937 32 7.03 7.43 5 8.51 9.95 40 11.67 14.66

Zr 11.16 18.74 68 27.25 28.78 158 15.05 17.56 57 77.04 9450

Nb 0.72 1.34 87 18.07 19.09 2565 1.00 1.17 63 415 546

Cs 034  0.80 133 2.24 2.37 589 0.71 0.82 139 255 074

Ba 105.49 183.33 74 1421.79 1501.70 1324 50.47 58.53 —45 36395 279.75

La 6.75  6.49 —4 6.60 6.97 3 7.49 8.78 30 18.00 14.03

Ce 11.81 11.21 =5 13.19 13.93 18 13.74 16.11 36 34.80 2895

Nd 6.04 547 -9 7.09 7.49 24 2.87 3.36 —44 15.47 1257

Sm 130 1.36 5 1.73 1.83 41 1.27 1.40 8 280 2.56

Eu 046 046 1 0.60 0.63 39 0.41 0.47 3 0.82 0.62

Gd .12 134 19 1.79 1.89 68 1.48 1.73 54 240 253

Tb 0.17 0.25 45 0.24 0.25 47 0.25 0.29 68 034 045

Dy 1.17 1.70 45 1.45 1.53 31 1.50 1.76 50 1.90 2.70

Ho 024 037 56 0.33 0.35 47 0.32 0.37 56 038 0.58

Er 069  1.07 55 0.79 0.83 21 091 1.07 55 1.05 1.63

Tm 0.11 0.16 48 0.09 0.10 —12 0.13 0.15 38 0.16 0.26

Yb 0.78 1.03 32 434 4.58 486 0.85 0.99 27 1.10 1.63

Lu 0.12  0.16 29 0.09 0.10 —23 0.13 0.15 21 0.17 025

Hf 029  0.59 100 0.48 0.51 72 0.44 0.51 73 191 264

Ta 0.08  0.05 -36 0.96 1.01 1197 0.04 0.05 -36 048 043

Pb 215 250 16 9.07 9.58 345 291 3.39 58 1392 7.46

Th 034  0.67 95 0.81 0.86 150 0.17 0.20 —42 346 456
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Table 4 continued

Target Model 1 Model 2 Model 3 Target  Model 4

NG2773.95  kom + zone Reldif.to 19 % Part. Recalcu- Rel dif Komatiite  Further cf Rel dif Avg. Bl AFC 35 %
ref. R=1 target melt of Pre- lated to target (+cfof 6 % of 6 % ol UC + frac.
22 % frac.  model mier SCLM Anhydrous model qtz and 3 % of 22 %
ol + sp ol) ol + 5 % opx

U 0.16  0.32 99 0.20 0.21 31 0.08 0.08 -50 099 1.20

Rh 1.88  1.54 —18 2.00 2.11 12 0.37 0.94 =50 1.78  0.80

Os 0.31  0.90 192 1.58 1.67 441 1.77 1.51 390 0.50 1.04

Ir 0.47  0.90 91 1.94 2.05 335 1.33 1.17 149 0.54 0.78

Pt 18.69 19.23 3 21.10 22.29 19 8.93 10.42 —44 19.36  8.61

Au 1.00  3.46 246 2.08 2.20 120 1.96 2.29 129 272 1.63

Cu 4750 51.28 8 50.85 53.71 13 42.44 49.17 4 50.73 31.64

is parental to all B1 samples, with the latter additionally
assimilating the roof rocks of a progressively inflating
chamber. However, we see the same trace element and Nd
isotope ratios as in the B1 suite in chilled margins of the
Uitkomst complex (Maier et al., submitted), suggesting that
the bulk of the B1 suite assimilated UC at the base of, or
below the Transvaal Supergroup. We thus favor a model
whereby all B1 samples are derived from an uncontami-
nated parent komatiite with around 20-25 % MgO. Those
B1 magmas forming the sills assimilated shale or granite
in a staging chamber, whereas the B1 magma parental to
the NG2 chills escaped the contamination in the staging
chamber, but instead assimilated quartzite floor upon final
emplacement at the level of the Bushveld chamber.

The main problem with the above model is that the NG2
chills have among the highest Pt contents (and Pt/Pd ratios)
of global magmas, yet most crustal lithologies are relatively
PGE poor (average of 1.5-2 ppb Pt and Pd each, Schmidt
et al. 1997). Thus, addition of average lower or upper crust,
or the quartzitic footwall rocks (<1 ppb Pt + Pd, Table 3) to
komatiite (typically having <10 ppb Pt and Pd, Fiorentini
et al. 2011) would not result in the observed PGE enrich-
ment, in particular Pt.

Several potential explanations can be considered. Firstly,
the parent komatiite could have assimilated unusually
PGE-rich crust prior to final emplacement. Crustal litholo-
gies rich in PGE and with high Pt/Pd include some black
shales (Jowitt and Keays 2012), Mn nodules (Balaram et al.
2006), and certain meteorite spherule layers (Simonson
and Glass 2004). However, these PGE-rich lithologies tend
to form relatively minor components of the crust. Shales
enriched in PGE, e.g., in China, form horizons a few dm
in thickness (Jowitt and Keays 2012). Most impact spher-
ule layers are even thinner. Horizons markedly enriched
in Mn have so far not been described from the Transvaal
sedimentary rocks hosting the Bushveld Complex. Wille
et al. (2007) found an average of ~8 ppb Pt and Pd each
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in four samples of Timeball Hill and Silverton shale, and
only slightly lower average values in the predominantly
dolomitic Ghaap Group. Assimilation of such crust would
dramatically reduce the PGE mass balance problem, but the
model of contamination of komatiite with Transvaal Super-
group rocks is inconsistent with other isotope and trace ele-
ment data; For example, chromite separates in the B1 sills
(that have equally high PGE contents as the NG2 chills)
have near-chondritic Os isotope ratios (Curl 2001), as
have some of the chromitite seams in the Bushveld Lower
Zone (Schonberg et al. 1999), whereas the Transvaal sedi-
mentary rocks have relatively high Os contents (0.44 ppb
on average) and 187183ys ratios (Wille et al. 2007), result-
ing in yOs (2050 Ma) up to +1800. Assimilation of even
small amounts of such crust would result in high yOs of
the Bl magma. Contamination of komatiite with granite
gneiss basement or lower crustal granulite does not offer a
solution to the PGE deficiency in the AFC model as these
reservoirs also tend to be relatively PGE poor (Hart et al.
2003). Also, if the PGE were derived from assimilation of
felsic crust, one would expect to see a correlation between
PGE contents and other evolved components, which is not
observed (Electronic Appendix 6). Another potentially Pt-
rich crustal reservoir is ultramafic cumulates (e.g., Maier
et al. 2015), but such rocks tend to be relatively refractory
and are thus unlikely to have been significantly assimilated
by the Bushveld magmas.

Secondly, PGE could have been extracted from the
SCLM and added to komatiite during impingement of the
mantle plume at the base of the SCLM (Model 1, Table 4).
Palladium is largely held within the intercumulus material
of the SCLM (Alard et al. 2000), whereas Pt may be held
in Pt alloys, either interstitially or included within olivine.
Mungall and Brenan (2014) have shown that Pt solubility
is enhanced at relatively high pressure below thick SCLM
keels, and one could thus suggest that the heat of the plume
could partially melt the SCLM by a process analogous to
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zone refining. This could efficiently extract the PGE from
the SCLM, thereby enriching the plume magma. The prob-
lem with this model is that the plume magma should also
have assimilated other fusible components of the SCLM,
increasing, e.g., the Nb and Zr contents of the magma,
unless Nb and Zr behave compatibly during melting of
SCLM (see discussion in previous chapter). Another prob-
lem pointed out above is that the metasomatized, relatively
fusible component of the SCLM appears to be PGE poor.

Thirdly, the plume magma could have attained sulfide
saturation in a holding chamber, leading to the formation of
small sulfide droplets. The sulfides collected PGE and some
droplets were transported with the magma. During contin-
ued magma ascent, the sulfides were progressively resorbed
due to the decrease in pressure. As Pt tends to form alloys
during sulfide resorption whereas Pd is dissolved in the
silicate liquid (Peregoedova et al. 2006), this process can
lead to fractionation of Pt from Pd. The B1 magmas may
be relatively enriched in dissolved Pt alloys, leading to the
observed high Pt content. One difficulty is that the B1 sills
of Curl (2001) have too little S (400 ppm) to trigger sulfide
melt saturation even at high pressure, so one would have
to add to the argument the idea that S was lost from B1
after emplacement. However, S/Se ratios of the B1 rocks
are mantle like (Barnes et al. 2009) and thus do not support
this model unless Se is lost with S. Another problem is that
the process should also result in Pd-rich magmas, which
are rare in the Bushveld magmatic province.

Fourthly, prior to crustal contamination the B1 suite
could have formed from an unusually PGE-rich komati-
itic parent liquid, derived from a mantle plume that con-
tained material enriched in late veneer or derived from the
Earth’s outer core (Brandon et al. 1998, Maier et al. 2009;
Humayun 2011). This model provides the best fit with the
observed data and is currently favored by us. A potential
test would be to determine Cr isotopes in fractionated (Cr
poor) residual melts of the B1 magmas.

Origin of high-Fo olivine in Bushveld and Uitkomst
intrusions

Wilson (2012) identified relatively forsteritic olivine (Fo up
to 90.8) in a 8-m dunitic layer located immediately above
the chilled margin at Clapham in the eastern Bushveld
Complex. Even more unevolved olivine had previously
been identified in the Lower Zone of the Northern Lobe, at
Grasvally (Hulbert and von Gruenewaldt 1982), and sub-
sequently at Turfspruit and Sandsloot (Yudovskaya et al.
2013), and in the Uitkomst Complex (Gauert et al. 1995;
Li et al. 2002) that also forms part of the Bushveld event.
Wilson (2012) argued that the Clapham olivines originally
had Fo contents of around 93 followed by reequilibration
with trapped melt and thus originally crystallized from a

komatiitic magma with approximately 19 wt% MgO. No
komatiitic liquids were identified, though, with the chill at
the base of the Clapham sequence having 14 wt% MgO,
in the range of most other B1 sills. It could be argued that
the high-Fo olivine crystallized from the parent magma to
the NG2 komatiite (NG2 773.95) prior to contamination
of the latter with footwall quartzite. However, the high-Fo
Clapham dunites have similar La/Sm and La/Nb as other
LZ cumulates (Wilson 2012) and B1 (La/Sm 5.6-7.3, La/
Nb 3.7-4.9; Barnes et al. 2010), and far higher ratios than
typical komatiite (La/Sm 1.2, La/Nb 1.4). We thus argue
that the high-Fo olivines at Clapham (and possibly those
at Grasvally, Turfspruit and Sandsloot) did not crystallize
from komatiite but from normal B1 that, in addition to con-
tamination in a staging chamber with sub-Transvaal Super-
group rocks, was also contaminated with dolomitic floor
rocks. Dolomite is relatively poor in REE, and thus, the
contamination would not significantly alter trace element
ratios. Dolomite assimilation is evident at Turfspruit, Sand-
sloot, and Uitkomst, in the form of abundant xenoliths of
dolomite. At all three localities, dolomite forms an impor-
tant component of the floor rocks. Wilson (2012) does not
mention any evidence for dolomitic contamination in the
Clapham sequence, but dolomite xenoliths occur nearby,
e.g., in the Marginal Zone on the farm Hendriksplaas, to
the N of Steelpoort.

Two possible models may be considered of how dolo-
mite assimilation could have caused high-Fo contents
in olivine. (i) Devolatization of dolomite could have oxi-
dized the magma via release of CO, (Wenzel et al. 2002).
(i1) Melting of dolomite, triggered by locally elevated H,O
contents, could have led to high concentrations of MgO in
the magma. Both models would explain the relatively low
Ni content in some of the high-Fo olivines (Wilson 2012).
Model (ii) would be consistent with the fact that the con-
taminated intervals at Uitkomst and in the Northern lobe
tend to be relatively enriched in clinopyroxene (Gauert
et al. 1995; McDonald and Holwell 2011). However, as yet
there is no evidence of elevated Ca contents in Bushveld
olivine, analogous to the olivines analyzed by Wenzel et al.
from the Joko Dovyren intrusion. Further work is in pro-
gress to constrain the origin of the high-Fo olivine at Uit-
komst and in the northern lobe of the Bushveld Complex.

Summary and conclusions

The present study documents the first example of a chilled
margin at the base of the Lower Zone of the Bushveld
Complex. The base of the chill sequence has been injected
by a microsill and small Ca—Al veins, demonstrating that
the interpretation of chilled margins of intrusions requires
detailed examination.
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The chill sequence contains Mg-rich basaltic andesite
and komatiite. The rocks have ultralow HFSE contents, but
are relatively enriched in LREE and LILE, and have ele-
vated Sr; and §**S. Together with the abundance of quartzite
xenoliths, this suggests that the parent magmas were asthe-
nosphere-derived komatiites with approximately 20-25 %
MgO that had assimilated the quartzitic floor rocks.

The bulk of the previously analyzed B1 suite has a more
enriched composition than the NG2 chills, with higher SiO,
and incompatible trace elements, and lower MgO, Cr, and
Ni. These magmas are also interpreted to be derived from
asthenospheric komatiite, but prior to final emplacement
in the Bushveld Complex they underwent additional con-
tamination with upper crust in a staging chamber below
the Transvaal Supergroup. The NG2 chilled magmas have
largely escaped this contamination. A further contamination
event is indicated by the strong and relatively homogenous
5'80 values of the entire Bushveld cumulate succession
(Harris et al. 2005). As this is absent in the Uitkomst Com-
plex, stratigraphically located several km below the Bush-
veld Complex, the O contamination likely occurred in situ,
possibly by flux of CO, from devolatising floor dolomite.

The high PGE contents of the Bl suite cannot be
explained by partial melting of normal asthenosphere nor
fractionation nor contamination with most known crustal
reservoirs. Instead, the B1 liquids could have been gener-
ated during melting of unusually PGE-rich convecting
mantle containing incompletely mixed-in late veneer or
material from the Earth’s core. Alternatively, the plume-
derived B1 komatiite could have assimilated PGE from
the SCLM, but whether this model is thermally feasible
remains uncertain.
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