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Here, we test the hypothesis that the rhyolitic lavas of the Rooiberg Group and granophyres associated with the
roof of the Bushveld Complex are differentiation products of Bushveld-agemafic liquids.We present Lu-Hf isoto-
pic compositions in zircons from roof rocks that have been interpreted to represent thermally metamorphosed
and remeltedRooibergGroup lavas and fromgranophyres interpreted to bedifferentiation products of the cumu-
late rocks that make up the Bushveld Complex. All of these rocks were found to possess εHf (2.06 Ga) statistically
indistinguishable from the intrusion-wide average εHf (2.06 Ga) value of−8.6 ± 1.2 of the Bushveld Complex. Our
results, combined with chronologic and field relations, suggest that the felsic rocks were generated by fractional
crystallization of Bushveld mafic liquids, including those that gave rise to the cumulate rocks of the Bushveld
Complex.
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1. Introduction

The Bushveld Complex of South Africa represents one of the largest
outpourings of magma recorded on the planet. Over a period of less
than 6 million years, more than 1 million km3 of mafic and felsic
magmas were emplaced in the shallow crust over more than 400 km
along strike and over 9 km vertically in what is present-day South
Africa. The Bushveld Complex, which itself is just one of the more than
30 distinct intrusive bodies comprising the Bushveld Magmatic
Province (e.g. Rajesh et al., 2013), is composed of four main units: the
Rustenburg Layered Series, the Rooiberg Group lavas, the Rashoop
Granophyre Suite, and the Lebowa Granite Suite. The Rustenburg
Layered Suite (RLS) is the largest known layered mafic intrusion
on the Earth, with conservative estimates of up to 600,000 km3

(Cawthorn and Walraven, 1998) of mafic–ultramafic cumulates that
produced several important economic deposits. Estimates of the volume
of Rooiberg Group lavas reach up to 300,000 km3 (Twist and French,
1983), and the later intrusive event forming the Lebowa Granite is
estimated to have added another 120,000 to 200,000 km3 (Hill et al.,
1996) to the Bushveld Magmatic Province. The Rashoop Granophyre
Suite is not everywhere continuous, but is generally found in the central
and southern segments of the eastern Bushveld in variable thicknesses
of up to ~300 m near the contact between the RLS and the overlying
Rooiberg Group lavas (Walraven, 1985, 1987, 1997).

In this manuscript, we use the Lu-Hf isotope compositions of zircons
extracted from the rocks of the Bushveld Complex to test the hypothe-
ses that portions of the Rooiberg Group lavas and/or Rashoop Grano-
phyres are petrogenetically linked to the RLS (e.g. Mathez et al., 2013;
VanTongeren and Mathez, 2015; VanTongeren et al., 2010). This is
achieved by comparison of new zircon Hf isotope data for the immedi-
ate roof rocks of the RLS, the thermally metamorphosed Rooiberg
Group lavas, as well as the Rashoop Granophyres, with similar data for
the Hf isotope composition of the RLS (Zirakparvar et al., 2014).

2. Background/geologic context

Traditionally, themafic–ultramafic magmas of the RLS are consid-
ered to have been emplaced along a regional unconformity between
the sediments of the Pretoria Group and the Rooiberg Group lavas
(Cheney and Twist, 1991). The Rashoop Granophyre has been
thought to represent either the molten equivalent to the Rooiberg
Group lava (e.g. von Gruenewaldt, 1971; Walraven, 1987) or a resid-
ual liquid from the crystallization of the RLS (e.g. Lombaard, 1949).
The Lebowa Granite Suite shows clear cross-cutting relationships
with all other units of the Bushveld Magmatic Province (BMP) (e.g.
Hill et al., 1996) and is considered to be the final, late-stage magmatic
event.

Recently, however, the unconformity model of Cheney and Twist
(1991) has been called into question, and the relationships between
the various lithologies present in the Bushveld Complex have been
revisited (VanTongeren and Mathez, 2015). The unconformity model
implies that the Rooiberg Group lavas are older than the RLS mafic
magmas and are laterally continuous throughout the roof of the
intrusion. Indeed, several authors have considered the Rooiberg Group
lavas as a “floating carapace” above the RLS magma chamber (e.g.
Cawthorn, 2013; Kruger, 2005). However, building on the previous
mapping efforts of several earlier Bushveld researchers (Groeneveld,
1970; Lombaard, 1949; Molyneux, 1970, 1974; Molyneux, 2008; von
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Gruenewaldt, 1968, 1972; Walraven, 1987), VanTongeren and Mathez
(2015) showed that the immediate roof of the RLS is highly variable
along strike. They documented changes in the immediate roof rocks
throughout the eastern limb of the Bushveld Complex and concluded
that the RLS in the eastern limb intruded between Pretoria Group
sediments in the Northern Segment, whereas in the Central Segment
the roof is metavolcanic and the floor is sedimentary, and in the South-
ern Segment both the floor and roof are metavolcanic. The field
evidence clearly shows that the Rooiberg Group lavas could not have
formed the “floating carapace” for the entire emplacement of the RLS.

Furthermore, VanTongeren et al. (2010) showed that the upper
units of the Rooiberg Group lavas, the Kwaggasnek and Schrikkloof
formations, as well as the Stavoren Granophyre of the Rashoop Grano-
phyre Suite, are similar to the mafic rocks of the RLS in both Sr and Nd
isotopic composition as well as age, and have the requisite major and
trace element compositions to represent the missing magma from the
RLS previously postulated by Cawthorn and Walraven (1998).
VanTongeren et al. (2010) concluded that portions of the Rooiberg
Group lavas and/or Rashoop Granophyres were erupted from the
uppermost portion of the RLS after significant fractionation had
occurred. This conclusion was amended by Mathez et al. (2013), who
showed that the metaluminous character of the Rashoop Granophyre
more closelymatched thatwhichwould be expected as a residual liquid
from crystallization of the RLS, whereas the ferroan Kwaggasnek and
Schrikkloof formations were slightly more peraluminous. However,
Fig. 1. Geologic map of the Eastern Limb of the Bushveld Complex with special reference to th
known distribution of the Bushveld Magmatic Province, adapted from Hatton and Schweitzer
Mathez et al. (2013)were unable to rule out the Rooiberg compositions
as potential candidates for the missing liquid.

2.1. General stratigraphy

Due to the locally rugged topography, the eastern limb of the
Bushveld Complex provides the best exposures of the complete stratig-
raphy of the RLS and roof.While there is considerable variability in both
the roof and floor, it is generally accepted that the Dullstroom volcanics,
a series of basaltic andesites and minor magnesian felsites, were
erupted prior to the emplacement of the RLS and form the floor in the
Southern Segment of the eastern limb (Fig. 1). Some authors consider
the Dullstroom volcanics to be the earliest stage of the Rooiberg Group
volcanics (e.g. Buchanan et al., 1999; Schweitzer, 1998; Schweitzer
et al., 1995). However, the Dullstroom volcanics are, despite their
wide range in composition, all magnesian and calcic and in these
respects are distinctly different from the dominantly ferroan and more
alkalic upper members of the Rooiberg Group (e.g. Buchanan et al.,
1999; Buchanan et al., 2002; Mathez et al., 2013). In fact, it is conceiv-
able that the two groups represent unrelated magmatic events.

The intrusive rocks of the RLS are divided into four principal zones:
the Lower Zone of ultramafic orthopyroxenites and harzburgites; the
Critical Zone containing pyroxenites and norites with abundant
chromitite layers, the Main Zone of gabbros, and the Upper Zone of
gabbros, magnetite gabbros, and diorites (Figs. 1, 2).
e roof lithologies, adapted from VanTongeren and Mathez (2015). Inset shows the entire
(1995).
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Above the RLS in the eastern Bushveld, the immediate roof is
laterally variable, from metasedimentary in the north to metavolcanic
in the south (VanTongeren and Mathez, 2015). For simplicity, in this
manuscript, we will refer only to the generalized type-section from
the Central Segment, where exposures are nearly complete and
Fig. 3. Field relationship between themetavolcanic hornfels andmicrogranite at the top of the R
metamorphosed Rooiberg Group lava and the microgranite to be its molten equivalent. Photos
show the range of magmatic rocks present in the region (Fig. 1). In
this region, the immediate roof is a complicated lithology consisting of
metavolcanic hornfels and their partially molten equivalents (Figs. 2,
3). Previous workers have termed this layer ‘leptite’; however, due to
conflicted use of the term in the literature, VanTongeren and Mathez
(2015) referred to the rocks by their constituent lithologies: hornfels-
microgranite. Finally, above and intruding the immediate roof of the
RLS intrusion, there exist several granophyres that have been lumped
together in the Rashoop Granophyre Suite (see below).

In the Central and Southern Segments, the upper Rooiberg Group
lavas are found in several stratigraphic locations above the RLS. The
upper Rooiberg Group is divided into three formations; from bottom
to top they are the Damwal Formation, the Kwaggasnek Formation,
and the Schrikkloof Formation. It is possible that the Damwal formation
has some equivalent in the floor of the intrusion; however, it is
geochemically similar to the low magnesium felsite member of the
Dullstroom Formation so the distinction between the two can be
obscure (Mathez et al., 2013). The upper Rooiberg Group lavas appear
to follow a continuous liquid line of descent from the dacitic composi-
tions of the Damwal to the rhyolitic compositions of the Kwaggasnek
and Schrikkloof formations (Buchanan et al., 2002). In the Central
Segment, massive flows of the Kwaggasnek and Schrikkloof lavas are
typically found stratigraphically above the Stavoren Granophyre.
VanTongeren and Mathez (2015) showed that the immediate roof of
the RLS contains a significant volume of metavolcanic hornfels and
microgranite that they interpreted to be highly metamorphosed and
remelted Damwal lava (Fig. 3).

Granites of the Lebowa Granite Suite are found throughout the roof
of the eastern limb of the Bushveld Complex. The oldest and most
voluminous phase of the granites is the Nebo Granite, which displays
crosscutting relationships with both the RLS and the Rooiberg Group
felsites. Subsequent granitic magmas, including the Makhutso,
Bobbejaankop, Lease, and Klipkloof granites, are either far removed
from the RLS and Rooiberg or intrude and crosscut the main Nebo
Granite (Hill et al., 1996). It is for these reasons that the LebowaGranites
are thought to represent the final magmatic event in the emplacement
of the greater Bushveld Complex.

The stratigraphic relationships of the various above lithologies are
generalized in Fig. 1. It is important to note that the illustration does
not represent a single stratigraphic section, but a composite of the
known relationships in the eastern Bushveld.

3. Hypotheses for the origin of the Bushveld Magmatic Province

3.1. Origin of the RLS

It is not the intention of this manuscript to review the literature on
the source of the RLS, but brief mention is warranted to place the
analyses into context. Several theories have been put forth including
impact-induced volcanism or plume-source magmatism. It is clear
microgranite

hornfels

LS. VanTongeren andMathez (2015) interpreted the hornfels to represent highly thermally
by J. VanTongeren.
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from the petrology and isotope geochemistry of the RLS that multiple
pulses of magma contributed to the construction of the RLS. Feeder
dikes from the region suggestmagma sourcesmay range in composition
from siliceous high magnesium basalts (Barnes, 1989) to tholeiitic
basalts. Some authors have proposed that the source magmas to the
RLS underwent significant crustal assimilation in the lower to mid-
crust prior to emplacement (Harris et al., 2005; Prevec et al., 2005),
while others (e.g. Richardson and Shirey, 2008; Schoenberg et al.,
1999) have concluded that it would be difficult to envision an assimila-
tion scenario wherein the RLS would have acquired its current trace
elemental and isotopic characteristics while still maintaining its overall
mafic bulk composition.While numerous stable isotope (e.g. Harris and
Chaumba, 2001; Harris et al., 2005; Penniston-Dorland et al., 2012;
Schiffries and Rye, 1989; Schiffries and Rye, 1990) and radiogenic
isotope (e.g. Harmer et al., 1995; Hart and Kinloch, 1989; Kruger et al.,
1987; Maier et al., 2000; McCandless and Ruiz, 1991; Richardson and
Shirey, 2008; Schoenberg et al., 1999; Sharpe, 1985) systems have
been applied to understanding the origin of the RLS parent magmas
and the crystallization history of the RLS magma chamber, there is
currently no consensus in the literature on the volume, nature, and
mechanisms of crustal assimilation experienced by the Bushveld
magmatic system. The results of these earlier studies are summarized
in Zirakparvar et al. (2014), but there are two important points that
bear on the results of this study. First, zircon εHf(2.06 Ga) values are
uniform throughout vertical and lateral extent of the RLS, with an
intrusion-wide average εHf(2.06 Ga) = −8.6 ± 1.2. Secondly, this value
is within error of the intrusion-wide average value displayed by
the 100-km distant Phalaborwa Complex, which is another Bushveld-
age mafic–ultramafic intrusion (Wu et al., 2011). Zirakparvar et al.
(2014) argued that neither of these features are consistent with signifi-
cant crustal contamination and instead suggest that the negative
εHf(2.06 Ga) signature is that of the regional metasomatically enriched
subcontinental lithospheric mantle (see further discussion below).

3.2. Origin of the Rashoop Granophyre Suite

In his comprehensive study of the field and geochemical relation-
ships of the Rashoop Granophyre Suite, Walraven (1985, 1987)
documented three distinctive phases of the Rashoop Granophyres,
namely, the Stavoren Granophyre, the Diepkloof Granophyre, and the
Zwartbank Pseudogranophyre. The Stavoren Granophyre is most
voluminous in that it exists as sills and dikes of varying thicknesses in
the roof rocks throughout the eastern Bushveld, at least where the
roof is exposed. For example, where it was mapped by von
Gruenewaldt (1972) in the Paardekop area of the eastern Bushveld
(≈25°05′S, 29°45′E), the Stavoren forms a prominent sheet several
hundred meters thick. Based on field relations, he hypothesized
that the granophyre represents the partially molten Rooiberg Group
lava formed at the contact with the RLS magmas, while Walraven
(1985, 1987) suggested that the Stavoren Granophyre is an intrusive
equivalent to the Rooiberg lavas. The Zwartbank pseudogranophyre,
which is present only in the northern segment of the eastern Bushveld,
is described by Walraven (1985) as a partially molten and thermally
metamorphosed metasedimentary rock, and is therefore not
petrogenetically related to the RLS or Rooiberg Group. The Diepkloof
Granophyre occurs where the RLS strikes E–W near the Kruis River.
Here, Lombaard (1949) documented a gradual transition in mineralogy
and texture over about 150 m stratigraphically from olivine diorite
cumulate of the RLS into granophyre, suggesting that the granophyre
was formed by differentiation of RLS magma.

Recently, the relationships between the RLS, the Rooiberg Group
lavas, and the Rashoop Granophyre have been reevaluated. Mathez
et al. (2013) showed that because of its generally metaluminous,
ferroan character, the Stavoren Granophyre is themost likely candidate
to represent the missing magma of the RLS derived by extensive
fractional crystallization. In addition, VanTongeren and Mathez (2015)
documented the field relationships between the RLS and its immediate
roof zone, a complicated mixture of microgranite and metavolcanic
hornfels previously referred to as ‘leptite’ (Fig. 3). They showed that
both the microgranites and hornfels present in the immediate roof are
compositionally similar to the Damwal formation and concluded that
they represent thermally metamorphosed (hornfels) and remelted
(microgranite) Rooiberg lava.

3.3. Origin of the Rooiberg Group lavas

There are two hypotheses for the formation of the Rooiberg Group
lavas: partial melting of the Kaapvaal lower crust or fractional crystalli-
zation of the RLS. Hatton and Schweitzer (1995) envisioned the
Rooiberg Group lavas formed by partial melting of the continental
crust during passage of the mafic, plume-sourced, magmas of the RLS.
Buchanan et al. (2002) followed up on this hypothesis by presenting a
geochemical model of fractionation to generate the Kwaggasnek and
Schrikkloof lavas by fractionation and mixing of the Damwal and RLS
magmas. Mathez et al. (2013) showed, however, that this hypothesis
is inconsistent with the observed compositional trends. They further
demonstrated that the Damwal, Kwaggasnek, and Schrikkloof lavas
are all ferroan and essentially identical in composition to ferroan dacites
and rhyolites associated with mafic rocks in other settings, such as
Iceland, and based on this concluded that ferroan members are
dominantly products of fractional crystallization of mafic Bushveld
liquids.

VanTongeren et al. (2010) noted that the upper Rooiberg Group
lavas have Sr and Nd isotopic compositions that overlap with the
mafic magmas of the RLS, thus questioning the crustal partial melting
hypothesis of Hatton and Schweitzer (1995) and Buchanan et al.
(2002). VanTongeren et al. (2010) showed that adding the composition
of the upper Rooiberg Group lavas to the RLS Upper Zone bulk composi-
tion is necessary to complete themajor and trace elementmass balance
of the RLS. They suggested that the upper Rooiberg Group lavas were
erupted from the shallow RLS magma chamber after protracted
fractional crystallization. The eruption of the upper Rooiberg Group
lavas from the RLS magma chamber is further supported by the trace
element crystal-liquid equilibrium between the lavas and the upper-
most ~300 m of RLS cumulates (e.g. VanTongeren and Mathez, 2012).

3.4. Petrogenesis of the mafic and felsic lithologies

The relations between the source magmas of the RLS, the Rooiberg
Group lavas, and the Stavoren Granophyre are investigated here using
Hf isotopic compositions in magmatic zircons. Zircon has an extremely
low 176Lu/177Hf ratio, which mitigates uncertainty in the calculated
initial 176Hf/177Hf value resulting from uncertainty in the sample's
present-day 176Lu/177Hf ratio. This makes the Lu-Hf isotope system in
zircon ideally suited for understanding how a magma relates to the
major terrestrial Hf isotope reservoirs (e.g. Belousova et al., 2010).
Therefore, the two dominant hypotheses for the origin of the Rooiberg
Group lavas (partial melting of the continental crust or fractional
crystallization of the magmas represented by the RLS) should be easily
distinguished by fingerprinting the isotopic composition of the source
using Hf isotopes in magmatic zircons.

4. Methods

4.1. Samples

Samples of the roof rocks analyzed for this study are from the Central
Segment of the Eastern Limb of the Bushveld Complex (Figs. 1, 2).
Samples from the RLS were previously analyzed for zircon Hf isotopic
composition by Zirakparvar et al. (2014), and are shown for reference
in Figs. 4–6 Two samples corresponding to the granophyre, B07-053
and B07-054, were chosen for zircon separation. An additional sample
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of granophyre, B10-054, was previously analyzed by Zirakparvar et al.
(2014). Four samples represent the microgranite lithology of the
immediate roof, B07-042, B07-049, B07-051, and B10-048. Sample
B10-048 is from the Nebo Plateau in an area previously mapped by
vonGruenewaldt (1968, 1971, 1972). No robust analyses of the hornfels
unit were obtained due to the very small grain size of zircons separated.
Likewise, due to the aphyric nature of the Rooiberg Group lavas in the
eastern Bushveld, it has not been possible to recover zircons from
them. Following the conclusions of VanTongeren and Mathez (2015),
the hornfels is likely highly metamorphosed Dullstroom/Damwal lava.
If this conclusion is correct, the Hf isotopic composition of the hornfels
and its molten equivalent, the microgranite, is representative of that
of the original lavas.

4.2. Zircon Hf isotope analysis

Zircons were successfully separated from the seven samples
described above. All of the samples are part of the collection at the
American Museum of Natural History (AMNH) and available to the
academic community for further study. Zircons were extracted
from their host rocks using standard gravimetric and magnetic tech-
niques at the AMNH and then selected for analysis under a binocular
microscope based on adequacy of size and lack of inclusions. Grains
were then mounted in epoxy, polished to expose their interiors, and
cleaned in dilute HCl prior to analysis by laser ablation-multicollector-
inductively coupled plasma-mass spectrometry (LA-MC-ICP-MS) at
the Lamont Doherty Earth Observatory of Columbia University-AMNH
ICP-MS laboratory using a New Wave® UP 193 FX excimer laser
ablation system coupled to a Thermo-Finnigan NeptunePlus® MC-ICP-
MS with a spot-size of 50 μm and following the protocols specific to
this instrument (Zirakparvar, 2015; Zirakparvar et al., 2014).

Details of the analytical and data processing parameters (including
the determination of mass bias factors for Hf, Lu, and Yb as well as the
application of blank and interference corrections) are provided in full
in this paper's electronic appendix. The zircon standards Plešovice
(Slama et al., 2008), Mud Tank, R33, 91500, and Penglai (Li et al.,
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2010) were measured throughout this study, and the following long-
term (~9 months) averages were obtained (where n = # of analyses,
followed by the average of 176Hf/177 Hf values with 2σ errors
(population standard deviation) and the corresponding εHf): Plešovice:
n=265, 176Hf/177Hf = 0.282451 ± 38, εHf =−11.8 ± 1.4; Mud Tank:
n=211, 176Hf/177Hf=0.282482±28, εHf=−10.7±1.0; R33: n=41,
176Hf/177Hf = 0.282698 ± 89, εHf = −3.1 ± 3.2; 91500: n = 25,
176Hf/177Hf = 0.282313 ± 93, εHf = −16.7 ± 3.3; Penglai: n = 7,
176Hf/177Hf = 0.282901 ± 22, εHf = +4.1 ± 0.8. All these values are
within error of the accepted values for these standards (refer to summa-
ry of Table 1 in Fisher et al. (2014)). The values obtained for the
Plešovice standard were used in applying a final session normalization
factor (see Supplemental Material) to the unknowns relative to
published 176Hf/177Hf = 0.282482 and 178Hf/177Hf = 1.4672 for
Plešovice (Slama et al., 2008).

5. Results

In Table 1, the Lu-Hf isotope data for each sample are summarized as
averages of individual analyses from that sample whereas the full
analytical data set is provided in the electronic appendix. Summariza-
tion of the data from each sample is possible because most samples
display internally homogeneous zircon Hf isotopic compositions
(Fig. 4). This is reflected in the low 2σ (in most cases) uncertainty on
the average 176Hf/177Hf values of each sample. For the averages in
Table 1, the quoted uncertainties are 2σ of the population mean,
whereas for the individual analyses (data provided in the electronic
appendix) it is 2σ of the mean for the 60 cycles.
For the individual analyses (data provided in the electronic appen-
dix), the initial 176Hf/177Hf values are corrected for ingrowth using
that analyses' measured 176Lu/177Hf ratio. However, the uncertainty on
these initial values only reflects uncertainty in the present-day
176Hf/177Hf value and does not account for analytical error in the
176Lu/177Hf or any age-related uncertainty. In all of the tables and fig-
ures, εHf (2.06 Ga) is calculated using present-day CHUR values of
176Hf/177Hf= 0.282785 and 176Lu/177Hf=0.0336 (Bouvier et al., 2008).

Zircons from themafic cumulates of the RLS have a normally distrib-
uted range in εHf (2.06 Ga) = −8.6 ± 1.2 (Fig. 5; data from Zirakparvar
et al., 2014). Zircons from all microgranites analyzed and by association,
the Rooiberg Group lavas, overlap in range with those of the RLS cumu-
lates, with a peak at εHf (2.06 Ga) =−8.3 ± 1.7 (Fig. 5). Zircons isolated
from all samples of the Stavoren Granophyre also overlap with the RLS
and Rooiberg samples, and have their peak at εHf (2.06 Ga) = −9.4 ±
1.6 (Fig. 5).

6. Discussion

6.1. How are the different magma types related?

Despite minor variability in the average, the Hf isotopic
compositions of all of the roof lithologies investigated here are
statistically indistinguishable from that of the RLS mafic magmas at
εHf (2.06 Ga) = −8.6 ± 1.2 (Figs. 4, 5, 6). The commonality between
the microgranite, representing partially molten Rooiberg Group lavas,
the Stavoren Granophyre, and the RLS mafic magmas clearly rules out
the hypothesis of Schweitzer and Hatton (1995) that the Rooiberg
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Group lavas represent partial melts of the lower to middle crust due to
heat from the rising RLS plume, and also rules out a crustal partial melt-
ing origin for the Stavoren Granophyres. Partial melts at ~2.06 Ga of the
continental crust currently exposed in the vicinity of the Bushveld Com-
plex would be expected to have muchmore negative εHf (2.06 Ga) values
(e.g. εHf (2.06 Ga) b −25), as discussed by Zirakparvar et al. (2014). Any
felsic roof rock derived solely by partial melting of the regional crust
would therefore display a much more negative εHf (2.06 Ga) value than
is observed in our data set.
Table 1
Average zircon Lu-Hf composition
Summary of sample-average zircon εHf (2.06 Ga) values obtained in this study. The full analytica
level. Uncertainty on the initial 176Hf/177Hf values only takes into the consideration uncertaint

Sample ID Number of
analyses

176Hf/177Hf Present day 176Lu/177Hf

± εHf ± ±

B07-042 n = 5 0.281233 168 −54.9 5.9 0.00065 29
B07-049 n = 21 0.281271 44 −53.6 1.5 0.00076 140
B07-051 n = 9 0.281262 114 −53.9 4.0 0.00104 46
B07-053 n = 15 0.281264 106 −53.8 3.8 0.00158 165
B07-054 n = 13 0.281259 94 −54 3.3 0.00144 90
B10-048 n = 16 0.281282 75 −53.1 2.7 0.00109 58

*All errors are reported at 2 standard deviations of all the analyses within a sample for the ave
Instead, the overlapping Hf isotopic compositions between the felsic
roof rocks and the mafic RLS magmas give rise to two possibilities:
(1) the Rooiberg Group and Stavoren Granophyre were derived from
the RLS magma chamber after significant fractional crystallization; or
(2) all of the Bushveld Complex rocks, including the RLS, the Rooiberg
Group, and the Stavoren Granophyre were derived by variable degrees
of melting from the same mantle source with little to no subsequent
crustal contamination.

In the case of the Stavoren Granophyre, the similarity in major and
trace element geochemistry between the RLS and the granophyre
supports the conclusion of Mathez et al. (2013) that the granophyre
was generated by fractional crystallization of the mafic magma in the
RLS chamber. This conclusion is also supported by the fact that the
Stavoren Granophyre crops out along the immediate roof of RLS and is
not found elsewhere.

In the case of the similarity in Hf isotopic composition between
the RLS and the Rooiberg Group lavas, there are two possibilities:
(1) fractionation of the RLSmagmas and the Rooiberg Group in a similar
shallow to mid-crustal staging chamber(s), and (2) fractional crystalli-
zation of the RLS magma to yield the Rooiberg Group rhyolites. The
first possibility, fractionation of both mafic and felsic magmas in a
deeper crustal ‘staging chamber’ is qualitatively similar to the hypothe-
sis of Buchanan et al. (2002) for the generation of the upper Rooiberg
Group lavas, but without any crustal contamination. The idea of a
deeper crustal staging chamber for the RLS has been invoked by several
researchers to explain entrained crystal populations in themafic cumu-
lates (e.g. Mondal and Mathez, 2007; among others). While a deeper
staging chamber may have been present during the emplacement and
differentiation of the RLS, the major element compositions of the lavas
indicate a low-pressure origin. In particular, the Kwaggasnek and
Schrikkloof rhyolites are calc-alkalic to alkali-calcic and also plot near
the granite Ab-Qz-Or ternary minimum at pressures between 0.1 and
0.2 GPa (Mathez et al., 2013).

There are several additional reasons why we prefer a residual RLS
liquid origin to explain the similarity in Hf isotopic composition of the
Rooiberg Group lavas and RLS. The major and trace element composi-
tional similarity between the Kwaggasnek and Schrikkloof formations
and the missing magma from the RLS led VanTongeren et al. (2010)
and VanTongeren and Mathez (2012) to conclude that the lavas may
also represent the residual liquid from the RLS. In addition, the upper
Rooiberg lavas also overlap the RLS rocks in age (see Table 1 of
Yudovskaya et al., 2013), and in initial Sr, Nd (e.g. Buchanan et al.,
2004), and O isotopic compositions (e.g. Fourie and Harris, 2011).

6.2. What is the source?

Regardless of how the Rooiberg Group and Stavoren Granophyres
are precisely related to the RLS, the uniform and unradiogenic
(εHf (2.06 Ga) = −8.6) Hf composition is not entirely unique to
l data set is provided in the electronic appendix. Uncertainties are reported at the 2sigma
y in the present-day 176Hf/177Hf and not uncertainty in the 176Lu/177Hf ratios.

176Yb/177Hf 178Hf/177Hf Mean
intensities (V)

Calculated at 2.06 Ga

± ± 176 171 176Hf/177Hf εHf

0.0227 96 1.4674 22 0.7 0.03 0.281208 −9.2
0.0332 595 1.46727 8 1.6 0.06 0.281241 −8.1
0.0434 206 1.46724 11 0.3 0.03 0.281221 −8.8
0.0559 584 1.46733 11 0.9 0.12 0.281202 −9.4
0.0516 318 1.46737 13 0.8 0.1 0.281203 −9.4
0.0429 249 1.46724 8 0.6 0.07 0.28124 −8.1

rages.
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the RLS and overlying Rooiberg Group and Stavoren Granophyres.
For example, Zirakparvar et al. (2014) showed that the RLS has an
εHf (2.06 Ga) that is nearly identical to another mafic–ultramafic intru-
sion (the Phalaborwa Complex) that also intruded the northernmargin
of the Kaapvaal Craton at ~2.06 Ga. However, the εHf (2.06 Ga) = −8.6
value is distinct from the regional sediments (εHf(2.06 Ga) = −35 to
−25) and upper continental crust (εHf(2.06 Ga)=−30 to−15) inferred
to be the regional basement and country rocks present at the time of
magmatism. By forward modeling the isotopic and trace element
characteristics of different reservoirs possibly involved in mixing,
Zirakparvar et al. (2014) showed that it is not possible to produce the
Hf isotopic and trace element composition of the RLS magmas from
any amount of mixing between a depletedmantle melt and continental
crust. Instead, they developed a model wherein the magmas of the RLS
were derived from a mafic–ultramafic metasomatically enriched reser-
voir residing in the subcontinental lithospheric mantle beneath the
Kaapvaal Craton. They went on to show that the enrichment needed
to produce such a reservoir could have happened as a result of
subduction-related processes prior to the collision between the
Zimbabwe and Kaapvaal cratons, or could be related to an episode of
plume-related magmatism that affected the region ~600 m.y. before
the emplacement of the RLS and related rocks. A similar conclusion
was reached by Laurent and Zeh (2015) for the Proterozoic evolution
of the Pietersburg Block in the northern Kaapvaal craton. Both of these
studies are consistent with the observed Os isotopic compositions in
sulphides of the RLS Merensky Reef, indicating a significant role for
enriched SCLM material (Richardson and Shirey, 2008) in the source
of the Bushveld Complex.
7. Conclusion

Our data show that the RLS and the felsic roof rocks, both Rooiberg
Group lavas and Stavoren Granophyre, contain zircon with εHf (2.06 Ga)

values that are within error of each other (Fig. 6). We conclude that
both the mafic and felsic magmas that contributed to the Bushveld
Complex were derived from the same magma source. Our data support
the hypothesis of Mathez et al. (2013) and VanTongeren and Mathez
(2015) that the Rashoop Granophyres are the likely missing magma
from the RLS. Additionally, due to their isotopic similarity with the
RLS, we cannot rule out the hypothesis of VanTongeren et al. (2010)
that the upper Rooiberg Group lavas also represent themissingmagma.

We suggest that the upper Rooiberg Group lavas are likely derived
by fractional crystallization of the shallow crustal RLS chamber for
several reasons: (1) they overlap in age with the RLS; (2) they have
trace element concentrations nearly identical to the estimated equilibri-
um liquids at the top of the Upper Zone; (3) partialmelting of continen-
tal crust (e.g. Schweitzer andHatton, 1995) is ruled out by the similarity
in Hf isotopic composition; (4) it is difficult to explain the extreme,
ferroan nature of these lavas by a process other than fractional crystalli-
zation; but (5) at the same time fractional crystallization in a deep
crustal RLS staging chamber (e.g. Buchanan et al., 2002) is ruled out
by the major element compositions of the lavas (Mathez et al., 2013).
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