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The similarities in age (c. 2:06 Ga) and isotopic composition of the
Bushveld Igneous Complex and the overlying Rootberg Group felsic
volcanic rocks suggest the possibility that the two are cogenetic. Io in-
vestigate this possibility we derive a robust new estimate of the
major and trace element bulk composition of the Bushveld Upper
Lone and Upper Main Jone (UUMZ ). Using MELTS thermo-
dynamic modeling, we show that this composition fails to reproduce
Jundamental features of the cumulate sequence, such as the presence
of primary orthopyroxene at the base of the magma column. We inves-
ligate the possibility that some amount of evolved magma escaped
Jrom the magma chamber and derive a new estimate of the UUMZ
parent magma composition that reproduces generally the observed
cumulate sequence. Our results constrain the amount and composition
of the escaped magma and provide evidence of a genetic link between
the UUMZ of the Bushveld layered series and the felsic volcanic
rocks immediately overlying it. We conclude that between 15 and
25% of the original magma volume was expelled and ts manifest
either as part of the upper Rootberg Group lava sequence or the
Rashoop Granophyre (distinction is hindered by their almost identi-
cal major and trace element compositions). A parent magma in
which 15-25% Rootberg or Rashoop material is added back to the
extant cumulate sequence s initially saturated in orthopyroxene
and is in major and trace element equilibrium with the phases at

the base of the UUMYZ,

KEY WORDS: Bushveld Complex; MELTS; parent magma; Rootberg
lavas; Rashoop Granophyre; UUMZ

INTRODUCTION

The body of rock forming the combined Upper Zone and
Upper Main Zone of the Bushveld Complex (hereafter

*Clorresponding author. E-mail: jvantong @ldeo.columbia.edu

referred to as the UUMZ) is commonly thought to repre-
sent the last pulse of magma injected into the Bushveld
magma chamber. The upward progression in this unit of
more chemically and mineralogically evolved rocks is trad-
itionally regarded as the result of closed-system fractional
crystallization. Some researchers have hypothesized,
however, that a significant proportion of the magma now
represented by the UUMZ escaped from the original
chamber (Cawthorn & Walraven, 1998). Despite the rele-
vance of this hypothesis to the source, evolution, and
nature of emplacement of the Bushveld Complex, no at-
tempts to quantify the amount or composition of escaped
magma have been made, and no rocks that might repre-
sent that magma have been identified.

To determine if significant quantities of magma were
expelled from the UUMZ, one must deduce the original
composition of the magma from which the extant rock
column crystallized. With the assumption (explored
below) that the UUMZ is a cumulate sequence formed es-
sentially from a single pulse of magma, the rocks provide
three constraints on the parent magma composition:
(I) it must initially be saturated in the phases present
at the base of the UUMZ, namely orthopyroxene =+
plagioclase & clinopyroxene; (2) it must be in equilibrium
with the observed mineral compositions at the base; (3)
it must crystallize in a paragenetic sequence consistent
with the observed stratigraphic succession of rock types.
To date, no parent magma that satisfies any of these three
basic constraints has been identified for the UUMZ.

Thus, there remain several fundamental questions
about the formation and evolution of the Bushveld
UUMZ: what was its parent magma composition, how
much magma was lost during crystallization, what was
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the composition of the lost magma, and where are the
rocks representing this material? To address these ques-
tions, we first calculate a bulk composition for the
UUMZ. We then derive a new estimate of the parent
magma by exploring the relationship between the UUMZ,
cumulate sequence and the felsic rocks directly overlying
it, namely the Rooiberg Group lavas and the Rashoop
Granophyre Suite. We focus specifically on the potential
for, and magnitude of, expelled magma using MELTS
thermodynamic modeling. As an independent test of our
results, we reconstruct major and trace element liquid
compositions from the observed cumulus mineral compos-
itions at the base of the UUMZ.

GEOLOGICAL AND
GEOCHEMICAL RELATIONS
The Rustenburg Layered Suite (RLS)

The Bushveld Complex sensu stricto is made up of three
parts: the Rustenburg Layered Suite (RLS) of ultramaf-
ic-mafic intrusive rocks, the Rashoop Granophyre Suite,
and the Lebowa Granite Suite, but it excludes the
Rooiberg Group lavas (SACS, 1980). The Lebowa granites
are demonstrably younger than the RLS (e.g. Wilson
et al., 2000), and the relationship between the Rashoop
Granophyre and surrounding rocks remains unclear (see
below). For these reasons, we follow informal convention
and use the term Bushveld Complex to mean the RLS
and refer to other units by their specific names.

The Bushveld Complex crops out in east- and
west-arching limbs with a total strike length of over
350km (Fig. 1). The two limbs dip gently inward towards
cach other and appear to be connected at depth
(Gawthorn & Webb, 2001; Webb ¢t al., 2004), implying that
the main part of the Bushveld is a shallow, bowl-shaped
body (Kruger, 2005). In addition, there exists a 110 km
long northern limb extending north from the town of
Mokopane (formerly Potgietersrus) and a mostly hidden,
eroded remnant in the far west extending to the Botswana
border. The northern and western limbs of the Bushveld
are poorly exposed and are known from mining activity
and drilling. Parts of the eastern limb, on the other hand,
are well exposed as a result of the locally rugged topog-
raphy. This is where the Bushveld has been mapped in
some detail (e.g. Molyneux, 1970; von Gruenewaldt, 1973;
Sharpe, 1981).

The UUMZ

The Main and Upper Zones in the eastern limb of the
Bushveld Complex were mapped in detail by Molyneux
(1970, 1974) in the Magnet Heights area and by von
Gruenewaldt (1971, 1972) further to the south in the
Steelpoort River valley. Additionally, Ashwal et al. (2003)
provided a detailed description based on drill core of the

Upper Zone and approximately half the Main Zone of
the northern limb. The UUMZ of the western limb is
known from the general descriptions of Kruger et al.
(1987) and 'legner et al. (2006).

The base of the Upper Zone is formally defined as the
first appearance of cumulus magnetite (SACS, 1980); how-
ever, the Bushveld magma chamber seems to have received
a large influx of new magma at the level of the Pyroxenite
Marker (Cawthorn et al., 1991), which is a massive, 3 m
thick orthopyroxenite ¢. 650 m below the first appearance
of cumulus magnetite in the eastern limb (Fig. 2). At this
level, initial Sr isotopic compositions decrease sharply
from 0-7080 in the Main Zone below the Pyroxenite
Marker to an approximately constant value of 0-7073
through the entire overlying sequence (Sharpe, 1985;
Kruger et al., 1987). These isotopic features, in addition to
the progression of more evolved mineral compositions
and assemblages (except for minor reversals—see below)
from the Pyroxenite Marker upward to the roof of the
Bushveld Complex, are the reasons for our delineation of
the UUMZ as a coherent unit.

These observations also underlie the assumption, noted
above, that the UUMZ formed by differentiation of a
single magma body. This assumption may not be strictly
correct, however. Ashwal et al. (2005) documented numer-
ous reversals in mineral composition and density through-
out the Main Zone that they attributed to small injections
of new magma. They also described similar reversals in
the Upper Zone, although Cawthorn & Ashwal (2009)
ruled out the multiple-pulses hypothesis, at least to explain
the magnetitite and associated anorthosite layers of the
Upper Zone.

Regardless, although it is likely that the UUMZ was
not entirely closed to small new inputs of magma during
its evolution, the assumption of a closed system is valid for
this study for two main reasons. First, the homogeneous
bulk-rock Sr isotopic composition of the UUMZ has been
interpreted to be a ¢. 50:50 mixture of resident Main Zone
magma and new incoming magma (Cawthorn et al., 1991).
If this were correct, then any relatively massive new
pulses of magma added to the UUMZ would need
the exact Sr isotopic composition of this mixture, a
highly fortuitous circumstance. Second, magma add-
itions could not have been so massive compared with the
resident magma as to disrupt the crystallizing phase as-
semblage or significantly reverse the evolving mineral
compositions.

Attempts to constrain the composition of
UUMZ parent magma

Cawthorn & Walraven (1998) compiled published Zr and
K bulk-rock analyses of all the major layers of the
Bushveld Complex. This compilation revealed that the cu-
mulate rocks have far lower abundances of Zr and K than
any proposed parent magma (Fig. 3). A straightforward
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Fig. 2. Generalized stratigraphic columns of the eastern Bushveld Complex and Rooiberg Group. Rooiberg Group and Rashoop Granophyre

thicknesses are not to scale.

mass balance led Cawthorn & Walraven (1998) to conclude
that some amount of magma must be missing from the ori-
ginal magma chamber to account for the missing Zr and
K. Without speculating on its composition, they estimated
that the amount of expelled magma was 20-50% of that
in the original chamber.

Building on this study, Tegner et al. (2006) attempted to
estimate the UUMZ parent magma composition by
adding back 20% escaped melt to the extant rock column.
They derived an escaped melt composition from literature
data on experimental liquids in equilibrium with olivine,
clinopyroxene, plagioclase, ilmenite and magnetite—five
of the seven cumulus phases near the top of the UUMZ.
As shown below, however, the resulting composition
cannot be the parent magma to the UUMZ because it is
not initially saturated in orthopyroxene, the primary cu-
mulus phase directly above the Pyroxenite Marker.

The roof of the Bushveld Complex

The rocks immediately overlying the Bushveld Complex
include the Rooiberg Group lavas, the Rashoop
Granophyre Suite, and the Lebowa Granite Suite (Figs 1
and 2). The Rooiberg Group has been subdivided into
four formations (Iig. 2). At the base is the Dullstroom
Formation, a sequence of mainly basaltic to andesitic lavas
(Buchanan et al., 1999) found only in the eastern limb
(Fig. 1). The Dullstroom Formation is found almost exclu-
sively below the Bushveld Complex, although it may also
exist above the Bushveld Complex in one small area near
Loskop Dam (e.g. Schweitzer et al., 1995a). Elsewhere, the
Bushveld Complex is directly overlain by the Damwal
Formation (Fig. 2). The Damwal Formation consists of rela-
tively homogencous, low-Mg andesites and rhyolites
(Schweitzer & Hatton, 1995; Schweitzer et al., 1997
Buchanan et al., 2002). The third and fourth layers in the
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Fig. 3. Bulk-rock Zr contents of the Bushveld Complex and overlying rocks. Filled diamonds are Zr data from this study (Table 1). Small grey
symbols represent Bushveld bulk-rock Zr data from Cawthorn & McCarthy (1985), Cawthorn et al. (1991), Bowes et al. (1997), Nex et al. (2002)
and Lundgaard et al. (2006). Potential escaped melt compositions in filled squares are Rooiberg and Rashoop data from Schweitzer et al.
(1997). Vertical striped bars represent estimates of parent magma composition from compilation of Cawthorn (2007).

sequence are the Kwaggasnek and Schrikkloof Formations
(also referred to as the Lower and Upper Selons River
Formations, and the Doornkloof and Kilpnek Formations;
SACS, 1980; Twist, 1985; Schweitzer et al., 1995b), which
become progressively more rhyolitic with stratigraphic
height. The Kwaggasnek and Schrikkloof Formations

exist in isolated areas scattered widely across the
Transvaal Basin, suggesting that they were once laterally
extensive (Fig. 1).

The original extent and thickness of the Rooiberg se-
quence 1s poorly constrained because of lack of preserva-
tion and the fact that its relationship with the Rashoop
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Granophyre Suite, with which it is intimately associated, is
unclear. Noting the striking similarity in composition be-
tween the granophyre and the lavas, von Gruenewaldt
(1972) proposed that the former represents remobilized
Rooiberg roof material that was intruded into the unmelted
lava sequences somewhat more distant from the contact;
that is, the granophyre is completely remelted Rooiberg
lava. Walraven (1985,1987) argued that there exist within the
Rooiberg sequence several different granophyres with differ-
ent ages and petrogeneses, from intrusive equivalents of the
Rooiberglavas that predate the Bushveld Complex toless vo-
luminous ones that formed when the Bushveld magma
melted its Rooiberg roof. This is further complicated by the
presence of granophyre between the Rooiberg lavas and the
later intruding Lebowa Granites (Walraven, 1985).

Similarities of the Rooiberg and Bushveld:
ages, isotopes, trace elements

Because of their ages, the magmas of the Bushveld
Complex are typically thought to have intruded between
the Dullstroom and the Damwal formations. In actuality,
few age dates exist for either the Rooiberg or Bushveld
rocks. The most precise Rooiberg dates come from
Walraven (1997), who reported a Pb evaporation age of
2061 £2 Ma from two zircon populations separated from
Kwaggasnek rhyolite, and from R. A. Armstrong et a/. (un-
published), who obtained a thermal ionization mass spec-
trometry—sensitive high-resolution ion microprobe zircon
U-Pb date of 2059-9 £10 Ma but provided no sample in-
formation. Additionally, a date of 2057-3 +3-8 Ma is fre-
quently cited for the upper Rooiberg Group lavas from
Harmer & Armstrong (2000). All dates are identical
within error to a hydrothermal U-Pb cooling age of
20589 £0-8 Ma obtained from a titanite from a calcsili-
cate xenolith in the Bushveld Upper Zone (Buick et al.,
2001). These dates are not nearly as accurate as their gener-
ally high precisions would suggest, however. This is illu-
strated by the reliable but somewhat younger U-Pb age
for zircon from the Merensky Reef of 2054 +13 Ma
(Scoates & Friedman, 2008); R. A. Armstrong ef al. (un-
published) derived a similar age for Merensky Reef
zircon. Thus, the relative ages of the Upper Zone and
Rooiberg lavas have yet to be definitively determined by
radiometric dating techniques.

Geochemically the Rooiberg Group lavas are remark-
ably similar to the Bushveld Complex. The former show
trace element depletions in Sr, Sc, Coo, Ni, and P indicating
varying degrees of fractional crystallization of plagioclase,
pyroxene, olivine and apatite prior to eruption (Buchanan
et al., 2002)—all abundant minerals of the Upper Zone.
Additionally, Sr and Nd isotopic data indicate that the
compositions of Rooiberg and Bushveld rocks are similar.
Using data from Sharpe (1985) and Kruger et al. (1987), a
homogeneous average bulk-rock initial *’Sr/**Sr ratio of
0-7073* is evident throughout the UUMZ stratigraphy

(*indicates the value recalculated to 2:06 Ga). The
Damwal lava samples have a median *’Sr/*°Sr ratio of
0-7071* (Buchanan et al., 2004); because of the large range
in reported values, the median value is more representative
than the average for these samples. The one geologically
reasonable analysis of a Kwaggasnek lava yielded a ratio
of 0-7075* (Buchanan et al., 2004). The Nd isotopic compos-
ition of the Rooiberg Group is better characterized than
the Bushveld Complex UUMZ. In fact, the UUMZ is
known from only one bulk-rock analysis, which yielded a
"PNd/"*Nd ratio of 0-50965* (Tanaka & Masuda, 1982).
This value is slightly higher than, but within the range of|
values reported for the Damwal and Kwaggasnek lavas
(Buchanan et al., 2004).

Many workers have questioned the relationship between
the intrusive mafic rocks of the Bushveld Complex and
the lavas of the Rooiberg Group. Hatton & Schweitzer
(1995) proposed a possible scenario for the contemporan-
eous extrusion of Rooiberg lavas and intrusion of the dif-
ferent zones of the Bushveld Complex. In their model, the
Rooiberg lavas represent partial melts of lower crust
formed as a result of the heat of the rising Bushveld
diapir, with the Dullstroom lavas representing mixtures of
crustal melt with an early Bushveld mafic magma and the
Damwal, Kwaggasnek, and Schrikkloof lavas representing
pure crustal melts expelled at various times during
Bushveld magmatism. Maier ¢t al. (2000) proposed a vari-
ant of this model, suggesting that all of the Rooiberg lavas
formed by mixing between a mafic magma and melted
lower crust. In their scenario, the increasingly rhyolitic
composition of the Rooiberg lavas with stratigraphic
height is the result of an increased proportion of lower
crustal melt involved in the mixing.

Buchanan et al. (2002) showed, however, that neither of
these hypotheses could account for the major and trace
element geochemistry of the Rooiberg Group. Instead,
they proposed that the Rooiberg lavas represent mantle-
derived melts that underwent both crustal assimilation
and significant differentiation in two or more shallow
magma chambers. In fact, on the basis of Sr and Nd
isotopic similarities, Buchanan et al. (2004) suggested that
the Rooiberg Group lavas ‘may have resided in the same
magma chamber suggested as an intermediate residence
for the magmas of the RLS.

What is clear from the cumulates of the Bushveld
Complex, however, is that if some amount of evolved
magma escaped from the Bushveld magma chamber, it
must either be manifest as some fraction of the Rooiberg
lavas and/or Rashoop granophyres, or it has since been
eroded away. Significant erosion can be ruled out by the
preservation of the Waterburg Group sediments (2054 £ 4
Ma; Dorland et al., 2006) deposited on top of, but only
shortly after, the formation of the Rooiberg Group and
the Bushveld Complex.
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We propose that one of the shallow magma chambers
invoked by Buchanan et al. (2004) was the Bushveld
Complex itself, and specifically the UUMZ. To test this hy-
pothesis, we present the results of MELTS thermodynamic
modeling in which incremental amounts of Rooiberg lava
and Rashoop granophyre are added to the bulk compos-
ition of the UUMZ to produce a viable parent magma
composition. We then verify the results of the MELTS
modeling by assessing major and trace element equilib-
rium between the proposed parent magmas and the
phases at the base of the UUMZ.

METHODS

Geochemical analyses

Twenty-eight new samples collected from the UUMZ in
the eastern Bushveld were analyzed by X-ray fluorescence
(XRF) for bulk-rock major and trace element compos-
itions at the Washington State University Geoanalytical
Laboratory (Table 1). Because of the difficulty of calibrat-
ing XRF data at high Fe concentrations, no bulk-rock
magnetitite samples were analyzed.

Electron microprobe analyses of pyroxene, plagioclase,
olivine and magnetite were determined using the Cameca
SX100 microprobe at the American Museum of Natural
History (Fig. 4). An acceleration potential of 15 keV, beam
current of 20 nA, count times of 30s on peak and 15s on
background, and a beam diameter of 1-5pm were used.
As a check, standards were regularly reanalyzed with un-
knowns. Their compositions consistently reproduced to
within 26 uncertainty the known composition.

In situ laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS) trace element analyses were
conducted at the Lamont—Doherty Earth Observatory—
American Museum of Natural History ICP-MS facility
using a VG PlasmaQuad ExCell ICP-MS system equipped
with a New Wave UP-193-FX excimer laser ablation
system. Standards BCR, BIR and BHVO were regularly
reanalyzed for continuous calibration to account for ma-
chine drift. The standard NIST612 was regularly reana-
lyzed as an unknown to ensure accuracy.

LA-ICPMS operating conditions for each mineral
were chosen to optimize signal time and precision. For
pyroxenes a spot size of 40 pm was used with an operating
power of 2:2GW/ecm? and 10Hz beam current.
Plagioclases were analyzed with a spot size of 75 um,
19 GW/cm? and 10 Hz. For each analysis, the location of
the spot was determined with a petrographic microscope
attached to the laser apparatus with both plane- and
crossed-polar light capabilities. This allowed us to avoid ex-
solution lamellae (in the case of pyroxenes) or secondary
alteration. In all cases the core of the mineral was ana-
lyzed so as to maximize the likelihood of obtaining the ori-
ginal igneous phase compositions. For all elements, the
calibration regression had an r*>0-99.

BUSHVELD UUMZ EVOLUTION

Choice of basaltic liquid evolution program
To identify a parent magma in equilibrium with the phases
at the base of the UUMZ, we employed the MELTS
Gibbs free energy minimization algorithm of Ghiorso &
Sack (1995) and the front-end application Adiabat.lph of
Smith & Asimow (2005). MELT'S is calibrated on an exten-
sive experimental database and is applicable at a range of
oxygen fugacities, pressures, and initial melt compositions
from basaltic to rhyolitic [although it performs best at
compositions similar to mid-ocean ridge basalt (MORB)].
Although  MELTS does not perfectly reproduce the
liquid line of descent (see below), it is the best tool of its
kind available for this study. For example, the program
Comagmat (Ariskin et al., 1993), which can also be used
for tracking the melt composition during fractional crys-
tallization, prompts the user to choose a low-Ca pyroxene,
whereas here we seek to find a composition that distin-
guishes between the pyroxene crystallizing.

MELTS modeling parameters

All MELTS runs were isobaric and run via fractional
crystallization in which temperature was decreased in
10 degree intervals. Crystallization was stopped when the
temperature fell to 700°C.

The calculation of a crystallization sequence requires
knowledge of the oxygen fugacity (fOy). The constraint on
SOy comes from the point at which magnetite appears in
the section. Magnetite is the first oxide to crystallize in
the UUMZ, which, based on the experiments of Toplis &
Carroll (1995), indicates that fO, was likely to have been
at or above the fayalite-magnetite—quartz (FMQ) buffer
at this point in the crystallization sequence. Magnetite
enters as a cumulus phase ¢. 650 m above the Pyroxenite
Marker (27% of the extant rock column). Because of its
high density relative to the liquid and all other cumulus
phases, the level of the stratigraphically lowest magnetitite
seam (LSl of Molyneux, 1974) is taken to be equivalent to
the point at which magnetite becomes stable in the liquid.
(This is ¢. 25 m above the first appearance of cumulus mag-
netite in the UUMZ, but for the present purpose this dif-
ference is negligible) An fOy near FMQ) provides a good
fit for the observed and calculated points at which magnet-
ite appears in the crystallization sequence.

Oxygen fugacity is further constrained to have been
near FMQ by the presence of fayalitic olivine in the
upper portions of the extant rock column. In MELTS
runs in which the fOs was held constant, either olivine
did not appear until late in the sequence or it was entirely
absent. However, fayalitic olivine (Fo <45) enters the crys-
tallization sequence after ¢. 50% crystallization of the
extant rock column. 1o investigate the discrepancy, we
also conducted a series of MELTS experiments allowing
SOy to vary during crystallization. Although these runs
generally did produce fayalitic olivine earlier in the
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crystallization sequence, fO, fell to geologically unreason- One constraint on the pressure of the UUMZ during crys-
able levels (FMQ — 6) as crystallization proceeded. We  tallizationwas givenbyWallmach etal. (1995), who calculated
therefore place more confidence in, and thus report only, a pressure of <150 MPa for the formation of a calc-silicate
the results of MELT'S runs in which fO» is fixed. xenolith in the UUMZ of the eastern Bushveld. The xenolith

Table I: UUMZ bulk-rock major and trace element compositions and calculated modes

Sample no.: B06-060 B07-007 B07-009 BO06-062 B06-064 B06-065 B06-066 B06-067 B06-002 B07-057 B06-021 B07-061 B06-024 B07-004
Height (m):" 2200 2203 2210 2325 2495 2620 2690 2775 3070 3122 3283 3425 35156 3560
Lithology:? px px gb gb gb gb gb gb px-an mt gb gb mt-an tr mt gb

Oxide wt %

SiO, 53-65 5278 5147 52:32 51-41 51-86 52-12 5158 52-66 46-81 46-22 50-45 4277 46-12
TiO, 0-28 0-28 018 0-16 0-22 0-26 0-21 0-20 0-22 1-85 1-63 1-30 1-51 1-95
Al,03 261 3-89 14-97 1268 17-36 1817 19-37 1547 2561 18-15 15-79 24-34 16-10 15-29
FeO* 14-56 11-66 7-21 9:05 615 6-48 5-86 7-84 343 1350 1534 618 20-59 1608
MnO 0-33 0-28 0-17 021 0-14 0-14 0-13 0-19 0-06 0-14 0-19 0-06 0-22 018
MgO 22:52 1974 1179 15-00 876 7-60 6-31 8-96 1-58 433 618 0-42 829 6-10
Ca0 527 9-90 12-00 8-86 1343 12-74 13-33 12:29 11-76 10-40 991 932 676 10-39
Na,O 0-31 0-41 1-35 114 178 2:03 2:28 1-99 3-80 2:83 2:31 419 2:53 243
K0 0-09 0-04 011 0-09 0-23 0-31 0-23 016 0-38 0-27 019 0-96 022 0-29
P,0s 0-01 0-01 0-01 001 0-02 0-02 0-02 0-01 001 0-02 0-01 0-01 0-02 0-02
Sum 99-62 9897  99-26 99-52 99-51 99-61 99-86 9870 99-50 98-33 9777 97-21 99-01 98-85
ppm
Ni 4422 3900 2345 2896 156-2 1316 1081 1331 17-6 1131 1179 0-0 336 54-1
Cr 8300 11731 6561 4760 344-9 287-8 109-7 333 13:0 02 41 719 53 92
Sc 494 578 345 314 354 334 326 44-3 104 305 363 63 102 415
\ 189-2 1976 120-4 107-9 126-4 136-9 1411 160-8 68-8 825-4 774-4 243-3 262-8 480-3
Ba 204 132 386 368 743 107-9 812 528 148-4 1171 84-2 2724 1037 116-2
Rb 26 05 15 15 41 6:0 41 3:0 4-8 35 18 235 2:4 45
Sr 227 409 191-6 164-7 2211 2331 2626 227-0 420-9 2950 2475 4705 299-1 256-8
Zr 17-4 138 10-3 62 181 245 14-6 129 183 17-4 77 356 105 19-4
Y 66 9:0 55 37 7:0 86 68 65 56 66 51 4.7 09 87
Nb 08 0-0 0-0 00 05 03 0-0 0-0 02 08 05 0-4 09 18
Ga 47 55 12-3 117 13-4 139 16-4 14-0 227 228 181 24-6 16-0 195
Cu 14-9 17-8 147 121 17-6 349 201 92:0 288 3115 444-9 29 63 185-4
Zn 113:6 824 50-0 647 438 483 380 534 294 874 916 321 134-6 911
Mode %

Plag 6 9 45 37 54 56 61 49 85 58 49 84 53 51
Opx 78 54 31 49 21 22 16 23 0 0 0 0 0 0
Cpx 16 36 22 13 25 21 22 26 6 16 19 1 24
Pig 0 0 0 0 0 0 0 0 8 14 19 6 0 0
ol 0 0 0 0 0 0 0 0 0 0 0 0 36 17
Mt 0 0 0 0 0 0 0 0 0 8 9 4 3 5
lIm 0 0 0 0 0 0 0 0 0 2 1 2 2 3
Ap 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Qtz 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Kspar 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Residual® 057 0-31 0-23 0-66 042 14 13 0-36 11 074 0-28 25 0-52 2

(continued)
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Table I: Continued

Sample no.: B06-054 B06-042 B06-039 B06-029 B07-026 B07-027 B07-028 B06-037 B06-056 B07-036 B07-037 B07-038 B07-040 B07-041
Height (m):" 3634 3741 3925 4083 4154 4232 4255 4305 4438 4460 4508 4530 4555 4590

Lithology:> mtan mtgb mtgb ol-mtgb ol-mt gb ol-mt gb an ol-mt gb ol-mt gb ol-mt gb ol-mt gb ol-mt gb ol-mt gb ol-mt gb
Oxide wt %
SiO, 50-12 4497 4510 3914 46-44 40-69 47-25 41-94 38-37 44-61 45-88 49-51 46-07 47-00
TiO, 127 256 3-06 289 316 2:88 307 2:80 357 2:67 251 177 2-49 216
Al,O3 22-98 13-34 1353 13-45 17-11 1557 21-36 15-99 11-36 13563 14-82 12-:86 14-68 12-68
FeO* 807 17-28 1803 2176 14-78 20-70 13-09 20-29 27-20 21-03 19-27 20-24 19-95 20-75
MnO 0-08 0-20 0-23 0-24 0-16 0-22 0-10 0-21 0-36 0-31 0-28 0-39 0-31 0-35
MgO 1-39 6-05 5-06 5-04 318 4-33 0-74 4-47 3-82 3-08 2:49 115 250 1-93
Ca0 10-31 10-60 1072 972 10-54 9-06 830 892 850 881 850 821 858 851
Na,O 4-03 228 2-46 261 327 3-06 418 314 2:30 2:88 314 3-:03 303 293
K,0 0-51 0-36 0-27 0-25 0-32 0-31 0-58 0-32 0-54 0-58 0-90 104 0-81 0-82
P,05 0-02 0-08 0-03 236 0-04 1-86 0-18 1-60 213 139 115 0-68 1-06 0-82
Sum 98-77 9772 9849 9745 98-99 98-65 98-85 99-69 98-15 98-88 98-95 98-80 99-37 97-96
ppm
Ni 96 306 43-4 0-0 11-0 288 17-3 17-2 0-8 20 09 0-8 08 0-0
Cr 53 0-0 82 17 141 87 115-7 83 46 4-4 30 14 46 0-1
Sc 1556 52-4 584 21-3 50-4 16-1 12 171 26-2 358 341 731 358 68-8
\Y 1834 4796 4231 60-8 69-4 435 135-2 41-2 320 149 4-8 36 25 17
Ba 189-6 130-9 126-4 106-4 124-6 1106 266-8 113-3 204-4 2111 402-2 414-6 355-4 3219
Rb 97 7-8 42 14 37 25 81 42 139 136 21-3 332 216 22:3
Sr 424-9 2169 2499 254-2 3554 3157 4331 320-8 2583 2995 328-6 2801 3291 2774
Zr 20-2 27-0 21-8 59 96 126 40-3 127 55-6 759 859 997 86-0 103-0
Y 79 97 95 171 43 10-8 83 10-9 370 326 342 306 347 329
Nb 11 06 06 07 07 13 2-8 07 57 55 56 66 6-4 56
Ga 24-0 16-9 186 167 21-0 20-2 27-6 18-8 17-9 18-8 211 210 21-3 19-4
Cu 1332 2881 108-0 115-8 50 87-9 16-8 781 59-4 497 42:2 356 388 40-2
Zn 575 1041 1188 1148 90-3 112:3 95-7 104-8 205-8 1811 165-1 178-0 182:0 182:0
Mode %
Plag 79 44 46 46 59 54 76 55 37 46 48 40 49 42
Opx 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Cpx 9 29 30 10 23 5 6 12 16 15 17 16 20
Pig 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ol 5 17 12 24 3 23 6 22 27 24 21 4 20 19
Mt 4 3 6 7 9 7 8 7 8 0 0 17 0 2
llm 2 4 4 4 4 4 4 4 5 5 5 0 5 4
Ap 0 0 0 6 0 5 0 4 5 3 2 2 2 2
Qtz 0 0 0 0 0 0 0 0 0 1 0 14 0 4
Kspar 0 0 0 0 0 0 0 0 4 4 7 6 5 5
Residual® 2:2 0-76 093 0-65 0-42 0-93 19 0-58 0-75 11 1 12 23 0-03

*Total Fe given as FeO.

Height is given in metres above the Merensky Reef.

2Lithological abbreviations: px, pyroxenite; gb, gabbro; an, anorthosite; tr, troctolite; di, diorite; mt-, magnetite-bearing;
ol-, olivine-bearing.

Sum of the squares of the residuals from the least-squares analysis.
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Main and Upper Zone Mineral Compositions

5000 Compositions determined by electron probe
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Fig. 4. Compositions of clinopyroxene (CPX), orthopyroxene (OPX), plagioclase (PLAG), and olivine (OL) throughout the UUMZ stratig-
raphy. Inverted pigeonite replaces orthopyroxene at 2830 m and is not included here because its original Mg-number cannot be directly deter-
mined. Mg-number calculated as molar Mg/(Mg + Fe,,,) and Ca-number calculated as molar Ca/(Ca + Na). Height is in meters above the
Merensky Reef. The Pyroxenite Marker in the eastern Bushveld is at 2200 m, and the roof of the UUMZ is at 4625 m. Modes are calculated

via least squares from bulk-rock analyses and mineral compositions and

is located ¢. 15 km stratigraphically above the base of the
UUMZ, corresponding to a pressure difference between it
and the start of crystallization of ¢. 50 MPa. Thus, an initial
pressure of 200 MPa was used in all MELT'S runs.

The UUMZ gabbros themselves provide two constraints
on the HyO content of the magma. First, the apatite pre-
sent in the upper third of the Upper Zone is essentially
fluorapatite with only a low hydroxyl-apatite component
(Boudreau ¢t al., 1986). Second, hydrous phases such as bio-
tite and hornblende are restricted to interstitial assem-
blages but are absent as cumulus phases throughout the
sequence, implying that the water contents of the main
magma body never reached levels at which these phases
would have become stable. Both observations suggest that
water was a minor component of the magma. Thus, an ini-
tial HoO content of 1wt % is included in all of the model
runs, which is also in accord with the average concentra-
tion in bulk-rock analyses reported by Bowes et al. (1997).
Because HyO is incompatible, however, it builds up in the

verified optically in thin section (see text for details).

MELTS runs as fractional crystallization proceeds, and
eventually biotite becomes stable. Therefore, biotite crys-
tallization is artificially suppressed in the MELTS runs.
This probably has the effect of enhancing the abundances
of both orthoclase and fayalitic olivine near the top of the
crystallization sequence. The MELTS runs suggest that
the UUMZ may have remained open to HyO and oxygen
during crystallization. The effects of varying pressure,
JOq and Hy0O content on the crystallization of orthopyr-
oxene in the MELTS runs are explored in Supplementary
Data Table 1 (available for downloading at http://
www.petrology.oxfordjournals.org).

RESULTS
The bulk composition of the UUMZ
The UUMZ major element bulk composition was deter-

mined by combining 34 published bulk-rock analyses
(Bowes et al., 1997) of samples from the Magnet Heights
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section of Molyneux (1974) with the new bulk-rock analyses
from that same section reported here (Table 1). All samples
and their stratigraphic weights used in the calculation of
the bulk composition are provided in Supplementary
Data Table 2. The new samples were selected based on
their lithological representativeness of the stratigraphic
interval in which they were found. Analyzed samples are
spaced 10-50 m apart throughout the section. To generate
a bulk composition of the UUMZ, single analyses were
weighted and summed according to the stratigraphic inter-
val that they represent. The bulk UUMZ trace element
composition was determined using only the new analyses
presented inTable 1.

According to Molyneux (1974), nearly monomineralic
anorthosite accounts for ¢. 3% of the stratigraphic section
above the Pyroxenite Marker. Compositions of the an-
orthosite layers were determined from a total of nine
bulk-rock analyses. These analyses were then weighted to
the thickness of the anorthosite layers they represent ac-
cording to the stratigraphic column of Molyneux (1974).

Nearly monomineralic magnetitite layers account for
¢. 1% of the Upper Zone stratigraphy (Molyneux, 1974).
To establish their compositions, we determined the
composition and proportion of magnetite and ilmenite
in each magnetitite layer via electron microprobe.
Collectively they are estimated to be composed of 85%
titanomagnetite +15% ilmenite based on petrographic
examination, whereas the Main Magnetite Layer is esti-
mated to be composed of 100% titanomagnetite
(UspsoMtg from electron microprobe analysis). Vanadium
(ppm) and Cr (ppm) data on magnetitite layers in the
eastern Bushveld were taken from Reynolds (1985). Each
sample analyzed was then weighted for the magnetitite
layer thickness it represents and added back to the bulk
composition. Imprecisions in these estimates do not signifi-
cantly influence the calculated bulk composition.

The calculated bulk composition of the UUMZ is pre-
sented in Table 2. By employing a jack-knife statistical
re-sampling technique we are able to show that the
UUMZ bulk composition calculated here is highly robust
and is unlikely to change with additional sampling (see
Supplementary Data Table 3 and discussion therein). In
addition to providing trace elements, this composition is
improved over that of Tegner et al. (2006) for two reasons.
First, of the 33 bulk-rock compositions reported by von
Gruenewaldt (1971) from the Magnet Heights section of
Molyneux (1970) and used by Tegner et al. (2006) in their
average, six are anorthositic. This translates to roughly
18% of the total, but anorthosite layers constitute only
3% of the total stratigraphy. Second, Tegner et al. (2006)
averaged the analyses to generate bulk compositions of
the subzones of the UUMZ and then generated a bulk
composition by weighting the subzone compositions by
their stratigraphic thicknesses. By doing this, closely

BUSHVELD UUMZ EVOLUTION

spaced samples (e.g. 5-10 m apart) within a subzone were
given the same weight as samples representing far larger
proportions of the cumulate sequence (e.g. >100 m apart),
resulting in a bulk composition not only biased towards
that of the densely sampled sections of the stratigraphy,
but also potentially biased towards the subzones with the
largest total thickness regardless of sampling density. This
approach yielded a bulk composition with significantly dif-
ferent FeO (>2wt %) and Aly,Os5 (~lwt %) contents
from that reported here.

Observed and calculated modes

The modal abundances of all major phases were calculated
for each sample by least squares (Bryan et al., 1969) using
the bulk-rock analyses and major-element mineral com-
positions determined by electron microprobe (Table 1; Fig.
4). The derivation of modal abundance from bulk compos-
ition will inevitably fail to account for pigeonite because it
has inverted to orthopyroxene containing clinopyroxene
lamellae. In pigeonite-bearing rocks (those above 2830 m
in the stratigraphic column) all of the orthopyroxene cal-
culated by the least-squares method is reported as primary
pigeonite. Although this method results in a small bias
towards the Ca-bearing phases (i.e. clinopyroxene and
plagioclase) in the least-squares analysis, the resulting
values are within a few per cent of the true values. In the
figures and discussion that follow, the assumption is that
these modes reflect true cumulus modes, as opposed to
total-rock mode. This assumption was verified by the
petrographic observation that equant (i.e. cumulus)
phases far dominate the modes in all single samples. The
calculated modal percentages were also confirmed by
visual inspection in thin section.

To simulate fractional crystallization, MELT'S calculates
the composition and mass of each phase at each tempera-
ture step and subtracts them from those of the bulk liquid
to generate both a new liquid composition and mass. 1o
obtain the ‘rock mode’ at each temperature step the phase
proportions (in volume) are summed and set to one, and
the percentage of each phase is calculated. The per cent
liquid remaining (y-axis, Fig. 5) was converted to a strati-
graphic depth assuming either no magma loss (i.e. Fig. 5h,
where 1% corresponds to 24:25 m because the total depth
of the extant rock column is equal to 2425m), or 15%
magma loss (L.e. Fig. 5d—g, where 1% corresponds to
28:5m because the original magma chamber would be
2425 m =0-85.X; X =2852 m). The calculation of modes in
this manner obviously does not take into account crystal
settling or other dynamic magma chamber processes,
which affect the observed rocks but not the liquid line of
descent.

MELTS major element modeling

As noted, the estimated parent magma composition of the
UUMZ must (1) initially crystallize the assemblage
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orthopyroxene and the other observed cumulus phases at
the base of the section, (2) crystallize minerals of the
observed compositions, and (3) generally reproduce the
observed paragenetic sequence.

Crystallization of orthopyroxene at the base: MELTS
modeling results

The MELTS results for the bulk UUMZ compos-
ition+ 1wt % HyO show that this composition does not
satisfy the first-order constraint of initial orthopyroxene
crystallization (Fig. 5b). Thus, consistent with the conclu-
sion of Cawthorn & Walraven (1998), the existing cumulate
sequence does not constitute the bulk liquid from which it
formed, and some amount of magma must have escaped.
The parent magma composition of Tegner et al. (2006), in
which a liquid in equilibrium with most UUMZ phases
was added to their bulk composition, also does not crystal-
lize orthopyroxene at the base (Fig. 5c¢).

MELTS results of the UUMZ bulk cumulate plus
the overlying Rooiberg Group lava units are presented in
Fig. 5d—f. The Rooiberg lava compositions used to generate
the parent magma compositions are from Schweitzer et al.
(1997) and are provided in Table 2. These were chosen
because of the distinction between Kwaggasnek and
Schrikkloof lava compositions, whereas Buchanan et al.
(2002) provided analyses of the Dullstroom, Damwal and
Kwaggasnek, but not the Schrikkloof lavas. Regardless,
both sets of data yield similar results in the MELTS runs
(Supplementary Fig. 1). Each of the Rooiberg units was
added back to the bulk composition in increments of 5%
until a composition initially saturated in orthopyroxene
was found. This constraint was satisfied by parent
magmas in which a minimum of 15% and a maximum of
25% Damwal, Kwaggasnek, or Schrikkloof lava were
added to the bulk UUMZ composition (Table 2). Because
of the similarity in composition between the Rooiberg
lavas and the Rashoop granophyres, we also investigated
a parent magma in which the latter represents the expelled
melt. Not surprisingly, this parent magma also crystallizes
orthopyroxene as the primary phase with 15-25% grano-
phyre addition (Fig. 5g).

With two exceptions, all bulk compositions in the
MELTS runs that initially crystallize orthopyroxene also
generally reproduce the paragenetic sequence inferred
from the observed stratigraphic sequence. For example,
titanomagnetite enters as a cumulus phase in the MELTS
runs after ¢. 25% crystallization (Fig. 5d—f), similar to
what is seen in the UUMZ, and apatite enters after c.
70% crystallization, also identical to the observed
UUMZ stratigraphy.

One exception is the significantly delayed appearance of
fayalitic olivine. As discussed above, this is probably due
to the parameterization of fOy in the MELTS simulations.
A second discrepancy concerns the nature of the pyroxenes
at the base of the section. In the MELTS simulations

clinopyroxene appears somewhat later than in the actual
rock column and pigeonite replaces orthopyroxene at
about the point when clinopyroxene becomes stable
(Fig. 5). It can be seen, however, that the observed
UUMZ rocks suggest the paragenetic sequence opx —
opx + plag 4+ cpx — pig + plag 4 cpx. This discrepancy re-
sults from the fact that the difference in Gibbs free energy
among the competing pyroxenes is very small. Thus, be-
cause MELTS is calibrated as a Gibbs free energy mini-
mization algorithm, the discrepancy almost surely reflects
a problem with the MELTS calibration. This problem
should only arise, however, when there is more than one
pyroxene at or near the liquidus (i.e. the choice of the
second pyroxene phase, pigeonite or clinopyroxene, after
orthopyroxene) and does not affect MELTS’s ability to
identify the composition of the first phase on the liquidus.
Thus, we are confident in the use of MELTS to identify a
parent magma with orthopyroxene as the initial crystalliz-
ing phase. As an aside, the late appearance of clinopyrox-
ene in our MELTS simulations may have an additional
cause that cannot be ruled out. Putirka et al. (1996, 2003)
have shown that MELT'S does not perfectly reproduce the
appearance of clinopyroxene when given experimental
melt compositions with clinopyroxene on the liquidus.

Mneral compositions: agreement with MELTS output
The mineral compositions predicted by the MELT'S runs
deviate slightly from the actual observed compositions.
In particular, the composition of orthopyroxene at the
base of the column is En;qFso;Wos, whereas the first
orthopyroxene to crystallize in the MELTS runs is
approximately Enz3FsosWoy. For plagioclase, those just
above the Pyroxenite Marker have a composition of
An;3AbosOry, whereas MELTS returns a composition of
Anz5Aby,Or). These slight discrepancies may be because
MELTS  overestimates liquidus  temperature (e.g.
Hirschmann et al., 1998). In the case of orthopyroxene, an
alternative is that the observed composition may have
been modified by sub-solidus re-equilibration with clino-
pyroxene. Consistent with this is the fact that observed
clinopyroxene compositions also display proportionally
higher En-Wo than predicted by MELTS (Eng4Fs;;Woy;
in the UUMZ vs EnysFs;;Woyo in all of the MELTS
runs). Regardless of these slight discrepancies, MELTS
predicts mineral compositions nearly identical to the
observed UUMZ for all runs in which orthopyroxene is
the primary phase.

Major element crystal-liquid equilibrium
compositions

As an independent test of the MELT'S results, we use the
measured mineral compositions at the base of the UUMZ
to determine an equilibrium liquid composition. While
some sub-solidus re-equilibration is likely to have affected
the observed mineral compositions, particularly pyroxene
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Fe/Mg, taken as a whole they still provide useful con-
straints on the composition of the equilibrium liquid.
The Fe/Mg of the equilibrium liquid can be calculated

from orthopyroxene using

(Fe()pX/Mgpr) B

il . —=0-2—-0-3 (Bedard, 2007)
(Fehq/Mghq)

Bedard (2007) estimated the Fe-Mg exchange for
orthopyroxene—melt to be between 0-2 and 0-3, with
melts having MgO>12wt % displaying near-constant
K4=0-3. For melts with MgO <12 wt %, the Ky decreases
gradually from 0-3 to 0-2. The MgO content of the liquid
in equilibrium with the base of the UUMZ is likely to
have been between 5 and 7wt %, equivalent to a Ky be-
tween 0-24 and 0-27. For the purpose of this study, we
choose a K g Fe—Mg of 0-25 for orthopyroxene-liquid, simi-
lar to that identified by Baker & Eggler (1987) for anhyd-
rous basalt.

Estimates of Fe/Mgy;q from orthopyroxene at the base of
the UUMZ are within the range of the proposed parent
magmas (Table 3). The effect of sub-solidus re-equilibration
will be for orthopyroxene to gain Fe from clinopyroxene,
thus increasing Fe/Mg,,« and predicted Fe/Mgy, (Saxena
et al., 1986). The effects of these re-equilibrations will be
greatest on the less abundant phase. Orthopyroxene is ap-
proximately 2—4 times more abundant than clinopyroxene
in the gabbros directly above the Pyroxenite Marker,
so sub-solidus re-equilibration will have relatively little
effect on its composition. At the base of the UUMZ,
the predicted equilibrium Fe/Mgy;q from orthopyroxene is
consistent with the proposed parent magma compositions
calculated by adding 15-25% Rooiberg lavas to the
UUMZ composition, but is inconsistent with the hypoth-
esis that the UUMZ crystallized as a closed system
(Table 3).

Plagioclase is the dominant phase throughout the entire
UUMZ and in many cases it makes up more than 50%
of the mode. Unlike the pyroxenes, however, plagioclase
has the added benefit of being relatively unsusceptible
to sub-solidus re-equilibration. The Ca/Na content of the
equilibrium liquid can be calculated from plagioclase
using

(Caplag/Naplag)

- —— = 1-56 (Aigner-Torres et al., 2007
(Cahq/Nahq) ( g )

The plagioclase Ca—Na Ay can vary substantially be-
cause of its large dependences on temperature and «HyO.
A recent experimental estimate of D¢, =126, and an esti-
mate of Dy,=0-806 in a natural MORB sample
(Aigner-Torres et al., 2007), can be used to calculate an ap-
proximate Ky of 1:56. Using this estimate, the calculated
Ca/Na equilibrium liquid from plagioclase at the base of
the UUMZ agrees well with the Ca/Na of the proposed
parent magmas of this study in which 15-25% Rooiberg

BUSHVELD UUMZ EVOLUTION

Table 5: Fe/Mg and Ca/Na equilibrium liquid compos-
iions _from orthopyroxene and plagioclase at the base of the
UUMZ

Orthopyroxene

Sample no.: B06-061 B06-060 B07-007 B07-009 B06-062
Height (m): 2199 2200 2203 2210 2325
Lithology: gabbro  pyroxenite pyroxenite gabbro  gabbro
SiO, 54-16 5394 54-35 54-32 54-65
TiO, 024 0-21 021 0-20 020
Al,O03 091 0-88 0-96 0-86 0-86
FeO 17-82 1754 1718 1750 16-91
MgO 25-46 2570 26-33 26-20 2663
MnO 0-38 0-39 0-38 043 0-38
CaO 1-84 1-50 1-45 1-36 125
Na,O 0-03 0-03 001 0-01 0-02
Cry03 012 012 014 013 010
Total 100-95 100-29 101-01 101-01 101-00
Molar Fe/Mg 0-39 0-38 0-37 0-37 0-36
Calculated Fe/Mg

equilibrium liquid 1-57 1-63 1-46 1-50 142

Plagioclase
Sample no.: B06-061 B06-060 B07-007 B07-009 B06-062
Height (m): 2199 2200 2203 2210 2325
Lithology: gabbro  pyroxenite  pyroxenite gabbro gabbro
no cumulus no cumulus
plagioclase  plagioclase

SiO, 50-51 50-46 49-87
TiO, 0-02 0-02 0-02
Al,03 3212 31-81 3269
FeO 0-40 0-35 0-30
MgO 0-02 0-02 0-02
MnO 0-02 0-01 0-02
Ca0 14-43 14-80 14-99
Na,O 324 291 2:99
K0 021 021 019
Total 100-98 100-66  101-08
Molar Ca/Na 9-85 1123 11-10
Calculated Ca/Na

equilibrium liquid 6-31 7-20 712

Proposed parent magma compositions

Range of Range of Bulk UUMZ
15% addition 25% addition composition
Fe/Mg 1-38-1-42 1-40-1-48 1-35
Ca/Na 6:94-7-32 6-00-6-60 845
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lavas are added, and is significantly different from the bulk
UUMZ composition (Table 3).

Trace element crystal-liquid equilibrium
compositions

The concentration ranges of a number of trace elements,
notably Sr, Cr, Ni, Zn and Cu, in the proposed parent
magmas and the bulk UUMZ composition are very simi-
lar ('Table 4), and thus do not serve as suitable tests for our
hypothesis. The trace elements Zr, Y, Ba, and Rb, however,
are sufficiently different to warrant their use as a test for
trace element equilibrium. Here we present crystal-liquid
equilibria for these four elements compared with the pro-
posed parent magmas. The full trace element datasets for
orthopyroxene and plagioclase at the base of the UUMZ
are available in Supplementary Data Tables 4 and 5.

Lrand Y wn orthopyroxene

The choice of appropriate trace element partition coeffi-
cient depends on the major element composition of the
phase. Dunn & Sen (1994) published a series of experi-
ments on orthopyroxene partition coefficients (D values)
for basaltic—andesitic magmas at 1bar. They reported a
Dy, of 0-:021 and Dy of 0-19 for orthopyroxene in the range
of Eng;_75Fs91_09Wo3_4, as i1s found at the base of the
UUMZ. Using these values and the measured orthopyrox-
ene compositions, the equilibrium liquid at the base of the
UUMZ contained between 145 and 215 ppm Zr and be-
tween 17 and 22 ppmY (Table 4). Thus, for both Zr and Y
the calculated concentrations in the equilibrium liquid
overlap (or are slightly above in the case of Zr) those of
the proposed parent magmas (74—173 ppm Zr; 17-35 ppm
Y), but they are significantly greater than the 21 ppm Zr
and 10 ppm Y of the bulk UUMZ (Fig. 6).

Ba and Rb wn plagioclase.
Plagioclase trace element partition coefficients vary con-
siderably with major element composition. The depend-
ence of Dg, and Dgy, varies with the mole fraction of
anorthite (X4, ) following

RT In Dy, =10200 — 38200 X4, (Blundy & Wood, 1991)
RT In Dy, =40 Xx, — 1571 (Bindeman et al., 1998).

Using these equations and a constant 7 =1100°C, the
calculated equilibrium liquid at the base of the UUMZ
contains ¢. 337 ppm Ba and between 31 and 34 ppm Rb
(Table 4). These predicted values both fall within their
respective ranges in the proposed parent magmas (228—
425 ppm Ba, 29-76 ppm Rb), but again they are signifi-
cantly greater than the UUMZ bulk composition of
117 ppm Ba and 5 ppm Rb (Fig. 6).

Table 4: In situ LA-ICPMS trace element mineral
compositions and calculated equilibrium liquids

Zr and Y in orthopyroxene

Sample no.: B06-061 B06-060 B07-009
Height (m): 2199 2200 2210
Lithology: gabbro pyroxenite gabbro
Mg-no. 71-80 72:31 7274
n: 5 25 1
Average measured in situ LA-ICPMS

Zr (ppm) 5-44 (0-50) 4-51 (0-81) 2-94 (0-39)

Y (ppm) 4-17 (0-25) 4-12 (0-63) 311 (0-17)
Calculated equilibrium liquid composition

Zr (ppm) 259-0 2148 140-0

Y (ppm) 219 217 16-4

Range of proposed parent magmas

Bulk UUMZ 15% addition 25% addition
Zr (ppm) 216 74-112 110-173
Y (ppm) 10 16-9-24-9 21-56-34-8
Ba and Rb in plagioclase
Sample no.: B06-061 B06-060 B07-009
Height (m): 2199 2200 2210
Lithology: gabbro pyroxenite gabbro
An: 70-20 72-9
n: 14 all interstitial 10
Average measured in situ LA-ICPMS
Ba (ppm) 90-35 (7-50) 75-31 (4-40)
Rb (ppm) 0-77 (0-13) 0-563 (0-07)
Calculated equilibrium liquid composition
Ba (ppm) 387-8 352-8
Rb (ppm) 34-0 255

Range of proposed parent magmas

Bulk UUMZ 15% addition 25% addition
Ba (ppm) 1172 226-302 299-425
Rb (ppm) 52 29-48 45-76

n, number of analyses in average. Values in parentheses
are 1o standard deviation.

DISCUSSION

Amount and composition of the expelled
melt

Three lines of evidence provide the basis for the conclusion
that the bulk UUMZ composition does not represent a
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Fig. 6. Comparison of calculated trace element equilibrium liquid compositions from i situ analyses of orthopyroxene and plagioclase near the
base of the UUMZ with the proposed UUMZ parent magma compositions. For plotting, all compositions (ppm) are normalized to the average
equilibrium liquid composition calculated from the i situ mineral analyses (Zr and Y from orthopyroxene; Ba and Rb from plagioclase;
Table 5). In all cases, the average equilibrium liquid composition overlaps those of the proposed parent magmas (dashed and solid bars) and

is far greater than that of the bulk UUMZ composition (filled stars).

viable liquid composition, and thus some amount of
magma must be missing. The first is the mass-balance cal-
culations of Cawthorn & Walraven (1998) suggesting that
there is not enough Zr and K in the cumulate rocks to ac-
count for the amount input into the system (a conclusion
corroborated by bulk-rock trace element analyses from
our section; Fig. 3). The second is the lack of orthopyroxene
saturation in the MELTS runs using the bulk composition
of the UUMZ alone (Fig. 5). The third is the clear discrep-
ancy in trace element composition between the calculated
equilibrium liquid at the base of the UUMZ and the
UUMZ bulk composition (Fig. 6).

The proposed parent magmas in which Rooiberg Group
lava or Rashoop Granophyre is added to the UUMZ bulk
composition satisfy all three of the criteria for an original
parent magma of the UUMZ. First, they produce primary
orthopyroxene at the beginning of the crystallization se-
quence (Fig. 5). Second, the proposed parent magma com-
positions are consistent with estimates of both major and
trace element equilibrium liquid compositions calculated
from the observed mineral compositions (Tables 3 and 4;
Fig. 6). Third, for each of the proposed parent magma com-
positions, MELTS is able to approximate the observed

paragenetic sequence, with the exception of fayalitic oliv-
ine, via fractional crystallization (Fig. 5).

In addition to constraining the parent magma compos-
ition of the UUMZYZ, the MELTS results allow us to esti-
mate the amount of magma lost from the chamber.
Specifically, our results suggest that between 15 and 25%
of the original UUMZ magma chamber was expelled
(Fig. 5). As a result of the highly evolved compositions
of the Rooiberg lavas and Rashoop Granophyre,
this most probably occurred late in the crystallization
sequence after significant fractional crystallization had
taken place.

Geological considerations

The translation of this percentage into an absolute volume
of escaped liquid is complicated by limited knowledge of
the original extent and connectivity of the Bushveld
Complex. Considering the Rooiberg first, the simplest
assumption is that the thickness of the lava suite should
be in proportion to the amount of magma expelled from
the UUMZ chamber. Twist (1985) estimated that the
Rooiberg lavas in the area of Loskop Dam are 3560 m
thick and gradually thicken to 5110m to the east [as
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Table 5: Lava thicknesses and equivalent percentage lost from the original UUMZ magma chamber

Expelled melt composition Damwal Kwaggasnek Schrikkloof Kwaggasnek All Upper
Formation Formation Formation + Schrikkloof Rooiberg

Observed lava thickness* (m) 1065 275 340 615 1680

Original UUMZ magma chamber (m) 3490 2700 2765 3040 4105

% expelledt 305 10-2 123 20-2 409

*The observed lava thickness comes from the stratigraphic column of Twist (1985) in the area of Loskop Dam in the
eastern Bushveld. The unit numbers of Twist (1985) were further refined by Harmer & Farrow (1995) into Damwal,

Kwaggasnek and Schrikkloof.

TAssuming the original spatial extent of the Rooiberg and the Bushveld was approximately equal. Because the Damwal
Formation is found only in the eastern Bushveld, the translation of thickness into a percentage may not apply to that

formation (see text for further description).

mapped by Clubley-Armstrong (1977)]. In the Loskop
Dam area, the Damwal is by far the most voluminous
formation with a thickness of 1065m, whereas the
Kwaggasnek and Schrikkloof formations average 275 m
thick and 340 m thick, respectively (it should be noted
that the remaining Rooiberg thickness consists of upper
Dullstroom and interbedded sedimentary rocks). In the
eastern Bushveld, the UUMZ is ¢. 2425 m thick. If the
subaerial extent of the Rooiberg lavas and the UUMZ
were roughly similar at the time of formation, then the
proportional volumes can be calculated from the relative
thicknesses of the units (Table 5). The Kwaggasnek and
Schrikkloof lava thicknesses are well within the range pre-
dicted by this study. Although the Damwal percentage is
too high (~30%), it should be noted that the Damwal is
present only in the eastern Bushveld, and therefore its
thickness may not be accurately equated with amount of
magma expelled.

Quantification of the extent of the Rashoop Granophyre
Suite is complicated by uncertainty in not only its strati-
graphic distribution, but also its origin. Walraven (1985)
suggested that the total thickness of the Rashoop
Granophyre Suite can be in excess of 1000 m and argued
that there are at least three distinct types of granophyre
with different origins. According to Walraven (1985), the
most voluminous is the Stavoren Granophyre, which has
a geochemical signature nearly identical to that of the
Kwaggasnek or Schrikkloof lavas, and probably formed as
the intrusive equivalent to the lavas; the Diepkloof
Granophyre, found only in the eastern Bushveld, is similar
in composition to the Damwal Formation and was
probably formed by remelting of Damwal lava in con-
tact with the Bushveld magmas; and the Zwartbank
Pseudogranophyre, which contains sedimentary xenoliths,
probably formed by partial melting of Pretoria Group
sediments. The lack of clear field relations and the com-
positional similarity with the Rooiberg lavas make it

impossible to determine whether or not some or all of the
Rashoop Granophyre represent melt expelled from the
UUMZ.

Regardless of the role of the granophyre, a number of
previously puzzling field observations become much more
clear if the Bushveld magma chamber was the source of
the Rooiberg lavas. First, eruptive centers have never
been identified (Twist & French, 1983; Eriksson et al.,
1995). This is very unusual among large-volume silicic
eruptions, which typically display clear evidence of
caldera-forming events and extensive ash-flow tuffs (e.g.
the Fish Canyon tuff). The absence of clear eruptive centers
for the Rooiberg felsites suggests that the source of the
lavas was effusive, perhaps occurring by fissure eruption
from a number of shallow source chambers, in contrast
to a conduit-fed eruption from a deep crustal source.
Second, there are no sills or dikes of mafic material present
anywhere in the Rooiberg Group lavas (J. Schweitzer,
personal communication), as would be expected had the
Bushveld intruded into the lava sequence.

Formation of the Rooiberg Group lavas

Such a large volume of anorogenic rhyolite as the Rooiberg
Group must represent one of two processes: partial melting
of continental crust, or differentiation of a large body of
mafic magma (as proposed in this study). If the Rooiberg
represents a partial melt of the continental crust mixed
with a mafic, mantle-derived melt, (1) it should possess
crustal isotopic signatures, which should vary depending
on the mixing proportions of melted crust and mantle-
derived mafic magma, and (2) its composition should be
consistent with partial melting of a crustal source. Both of
these criteria are examined below.

In all of the crustal melting scenarios proposed for the
Rooiberg to date (Hatton & Schweitzer, 1995; Maier et al.,
2000), the proportion of the crustal component increases
with increasing stratigraphic height from the Damwal to
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the Schrikkloof. Yet, as Buchanan e/ al. (2004) pointed out,
there is greater isotopic variability within than between
each formation. The lack of systematic variation in isotopic
composition is thus inconsistent with the idea of progres-
sively increased crustal assimilation.

Additionally, the isotopic similarity between the dacitic—
rhyolitic Rooiberg Group lavas and the ultramafic—mafic
cumulates of the Bushveld Complex is inconsistent with
the idea of crustal assimilation as the source of such
highly radiogenic compositions. Presumably the mafic
parent magmas of the Bushveld should have a greater pro-
portion of mantle-derived (i.e. less radiogenic) magma
than the felsic crustal-derived (i.e. more radiogenic) lavas
of the Rooiberg Group. One possible explanation, how-
ever, is that crustal melting is not significant for either
body. Richardson & Shirey (2008) showed that at least
a portion of the subcontinental lithospheric mantle
(SCLM) of the Kaapvaal craton below the Bushveld
Complex 1s highly radiogenic in Sr, Nd, and Os isotopes.
Thus, the isotopic characteristics of the Bushveld
Complex may reflect a mantle source (that itself contains
a crustal component) rather than requiring extensive
crustal melting and assimilation of Kaapvaal crust. The
same holds for the Rooiberg Group, if it were formed by
fractionation of the SCLM-derived mafic melts.

Further evidence against a crustal-melt origin for the
Rooiberg Group comes from major and trace elements.
Buchanan et al. (2002) showed that the trends in major
elements (particularly the decreasing amount of Al,Os)
and trace elements (the increasing depletion in Sr, Sc, Co,
Ni, P) with stratigraphic height in the upper Rooiberg
Group lavas are not consistent with crustal assimilation.
Instead, they demonstrated that the variations generally
can be accounted for by fractional crystallization of
plagioclase plus or minus augite, pigeonite, olivine, mag-
netite-ilmenite, and orthoclase, consistent with our results.

The alternative hypothesis suggested by our results, and
supported by the data of Buchanan et al. (2002), is not
new. Indeed, the notion of Bushveld differentiation to pro-
duce the Rooiberg Group (Daly & Molengraaft, 1924) or
the Rashoop Granophyre (Lombaard, 1949) goes far back
in Bushveld research. Perhaps now is the time to revisit
these arguments in more detail.

CONCLUSIONS

In this study we have calculated a new bulk composition
for the Bushveld Complex UUMZ, identified the major
and trace element composition of the UUMZ parent
magma, and developed constraints on the composition
and quantity of magma lost from the Bushveld magma
chamber. Our results show that the bulk composition of
the UUMZ in the eastern Bushveld does not crystallize
the observed mineral assemblage at the base of the crystal-
lization sequence, and thus that some amount of evolved

BUSHVELD UUMZ EVOLUTION

magma was expelled from the magma chamber during its
crystallization. Results of MELT'S runs show that the add-
ition of 15-25% Rooiberg lava or Rashoop Granophyre to
the UUMZ bulk composition will return a parent magma
composition that is initially saturated in orthopyroxene
and that reproduces generally the observed paragenetic se-
quence in the UUMZ.

Assuming that the UUMZ originally consisted of the re-
sidual liquids from the Lower, Critical and Main Zones
plus an additional amount of new magma intruded at the
Pyroxenite Marker, then the 15-25% of the original
Upper Zone that escaped the magma chamber translates
to ¢. 9% of the total original Bushveld magma chamber
(assuming an 8 km thick extant Bushveld). This percentage
is within the proposed range of the 5-10% total rhyolite
produced by fractional crystallization of basaltic melt
based on studies of Thingmuli and other Iceland volcanoes
(Carmichael, 1964) (it should be noted that Thingmuli vol-
cano itself'is 21 % rhyolite, 18% andesite, and 57 % tholeiite
and olivine tholeiite). Additionally, calculations of efficient
fractional crystallization suggest that up to 12% felsic ma-
terial can be generated from a tholeiitic and ~7% from
an olivine tholeiitic parent magma (Carmichael, 1964).
The proportions are likely to be greater for the SiOy- and
MgO-rich parent magmas proposed for the Bushveld
Complex and other large layered intrusions, such as the
Stillwater Complex (e.g. Irvine et al., 1983; Harmer &
Sharpe, 1985).

Perhaps the Bushveld Complex originated as a
sub-volcanic magma chamber, as has been proposed for
the Stillwater Intrusion of Montana (e.g. Helz, 1995).
Alternatively, it is possible that the Bushveld Complex
was initially a hypabyssal intrusion, where the overburden
grew significantly thicker as erupted lava issued from the
chamber late in the crystallization process and was depos-
ited on the initially thin roof. Such a concept could
account for both its planar character and enormous extent
across the Transvaal basin.

Whatever its tectonic setting, the Bushveld Complex and
associated Rooiberg Group lavas may play an important
role in our future understanding of the possibility for, and
the extent of, extreme igneous differentiation in shallow
crustal magma chambers.
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