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Different melt source regionsfor the volcanics of the Bushveld large igneous
province: New observations from MEL TS modeling of the Palaeopr oter ozoic

Rooiberg Group (South Africa)

Abstract

The volcanic Rooiberg Group represents the exteupivase of the Bushveld Magmatic
Province in South Africa, forming the roof as wal the floor of the mafic-ultramafic
2057 Ma Rustenburg Layered Suite. Typically, thieawic rocks of the Rooiberg Group
vary from mafic compositions in the oldest unitg(tbullstroom Formation) to felsic
compositions in the younger overlying units (thendal, Kwaggasnek and Schrikkloof
formations). The lower parts of the Dullstroom Fatmon (including a basal rhyolitic
unit) occur beneath the Rustenburg Layered Suit&S)Rn the southeastern part of the
Bushveld Province, whereas the remainder of thaldeog Group occurs above the RLS.
In this study, petrographic descriptions, wholekrgeochemistry and MELTS modeling
are used to show that the Dullstroom rhyolite cobkle evolved from fractional
crystallization of a siliceous and magnesian mbdgid such as the so-called B1 liquid,
parental to the lower parts of the Rustenburg Legy&uite. Due to its unique position at
the base of the otherwise andesitic to dacitic $dbm Formation, the focus of this
contribution is on the Dullstroom rhyolite and argmarison thereof with the rhyolites of
the upper formations. Consistent with previous isidthe new data generated in this
study show that a clear distinction can be madwdwt the rhyolite in the Dullstroom,
and those of the Damwal, Kwaggasnek and Schrikkfoohations. The Dullstroom

rhyolite exhibits higher MgO contents (1.41-1.8P4ytcompared to the distinctly ferroan
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rhyolites of the Damwal, Kwaggasnek and Schrikkldofmations (0.01-0.91 wt%

MgO). Similarly, immobile trace elements such asaid Nb range from 9.72 to 12.7
ppm and 4.43 to 4.53 ppm, respectively, for theldlidom rhyolite, and are significantly
different to the upper rhyolites (Y - 12.6-87.2 pamd Nb - 12.3-24.2 ppm) suggesting
likely petrogenetic differences.

MELTS modeling shows that the Dullstroom rhyoliteutd not have evolved from the
same liquids that generated the rhyolites of thenWal, Kwaggasnek and Schrikkloof
formations. The modeling suggests that the Dulistrahyolite formed through ~20%

assimilation of upper continental crustal rocksimyifractional crystallization of the B1

composition, and not from the low-Ti basaltic antgsas previously proposed for the
overlying rhyolites. The modeling aspects of thigdy provide evidence for different

sources and melting-fractionation pathways througttbe evolution of the Bushveld

Magmatic Province, consistent with characteristesorded by the volcanic edifice of

this large igneous province.

Keywords: Bushveld Magmatic Province; Rhyolite; MELTS modglirGeochemistry;

South Africa; Kaapvaal Craton.

1. Introduction

The world-renowned and economically important Rab@eterozoic Bushveld
Magmatic Province (BMP) is located in northeast&wouth Africa on the Kaapvaal
Craton (Fig. 1). It was described as a large igegmovince (LIP) by Ernst and Buchan

(2001) and consists of more or less coeval inteusind extrusive rocks. The intrusive
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parts are predominantly composed of the mafic Ribstey Layered Suite, the Rashoop
Granophyre Suite and the Lebowa Granite Suitedthit@n, more recently, the Molopo

Farms Layered intrusion, Okwa basement complexisiins, and smaller intrusions of
the Bushveld high-Ti suite near the Vredefort impammplex, are usually included as
parts of the larger BMP (Reichardt, 1994; KinnaR@05; Mapeo et al., 2006; Lenhardt
and Eriksson, 2012). The volcanism that precededntinusive activity is represented by

the Rooiberg Group (Lenhardt and Eriksson, 2012).

Despite more than a century of mining and acadeesearch on the BMP, there
remain many questions regarding the chemical a$ agelchronological relationships
between its individual units such as the volcanigsanophyres and granites. This
contribution focuses on the volcanic Rooiberg Graupl the petrogenesis of the
lowermost unit, which comprises both mafic volcaniand rhyolite. Petrographic
comparisons will be conducted between the rhydalitéhe base of the Rooiberg Group
and those that occur higher in the succession.itAthe Rooiberg Group consists of
magnesian and feroan lavas (Twist, 1985; Twisttdachmer, 1987; Mathez et al., 2013),
the magnesian lavas are compositionally distinatamparison to the ferroan lavas (eg.
Twist, 1985; Mathez et al., 2013). In stratigrapbicler, the Rooiberg Group can be
divided into the Dullstroom, Damwal, Kwaggasnek &uhrikkloof formations (Fig. 2).
There is still uncertainty regarding the petrogénes the Dullstroom Formation and its
relationship to the overlying formations. Mathez adt (2013) hypothesized that the
ferroan felsic lavas of the Damwal, Kwaggasnek, 8oldrikkloof formations formed by
fractional crystallization of a mafic liquid, buthewed that they are petrologically

unrelated to the lavas of the Dullstroom FormatiBractly how the latter could have
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formed remained problematic. Accordingly, this ctmittion aims to provide more
clarity on the petrogenesis of the so-called B&ajolite of the Dullstroom Formation
(Hatton and Schweitzer, 1995; Schweitzer et aB5)9The Basal Rhyolite is of interest
because it is magnesian, by comparison with theliteg of the overlying Damwal,
Kwaggasnek and Schrikkloof formations, which atdeafoan. The term Basal Rhyolite
will not be used in this work to describe the rlitgd that occur at the base of the
Dullstroom Formation and instead, we will use taert Dullstroom rhyolite to describe
the latter.

The Dullstroom rhyolite occurs beneath the dominlamt-Ti basaltic andesite
magma composition of the Dullstroom Formation ambears to be a petrogenetic
oddity. We compare the rhyolite in the DullstroomriRation with the rhyolites of the
younger formations in order to establish if all theyolites in the Rooiberg Group
represent the same package of volcanism from thelt source(s). By also comparing
geochemical trends and modeled melt compositiomastraints, this is used to ascertain
whether the rhyolite at the base of the Dullstrdéonmation is consistent with the onset
of Bushveld volcanism. Modeling is conducted using MELTS program of Ghiorso

and Gualda (2015) and by computing the continuitygaid lines of descent.

2. Geological Setting
Within the BMP, the volcanic Rooiberg Group liescanformably above the
volcano-sedimentary sequence of the Pretoria G(bigp 2) that forms the upper part of

the Transvaal Supergroup (Cheney and Twist, 198hhardt et al., 2017). The rocks of
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the Rooiberg Group attain a volume of approximaff@,000-300,000 kin(Twist and
French, 1983), making it one of the largest accatmis of silicic volcanic rocks on
Earth (Twist and French, 1983; Harmer and Armsty@@§0; Lenhardt et al., 2017). The
estimated age for the Rooiberg Group ranges froBl2® Ma (Walraven, 1997) to
2057.3£3.8 Ma (Harmer and Armstrong, 2000). This eapge suggests that the volcanic
rocks were erupted prior to both the Rustenburgetey Suite (now dated at 2055.9+0.3
Ma to 2054.8+0.3 Ma; Zeh et al., 2015, 2056.8844.Ma; 2057.04 + 0.55 Ma; revised
from Scoates and Friedman, 2008; Scoates and ¥Hlf, 2057.64 £ 0.69 Ma; Maier et
al., 2018) as well as the Lebowa Granite Suitee@ait 2054+2 Ma; Walraven and
Hatting, 1993) and the Rashoop Granophyre Suiteeddat 2053+12 Ma; Coertze et al.,
1978). The possibility of an overlap between thesagf the Rooiberg Group and
intrusive phases of the BMP cannot however be ralgdecause the Rooiberg Group is
incompletely dated, especially in its upper reacthesaddition, Buchanan et al. (2004)
presented a crystallization age of 2071 +94/-65 fbtaunits of the Dullstroom (and
Damwal) Formation, which highlights the uncertairtgarding the timing of Dullstroom
Formation emplacement relative to the Rustenburgetesd Suite. Another evidence of
overlap and uncertainty was presented by Worst4)184d von Gruenewaldt (1968) who
observed that the felsite was in place prior to dbesolidation of the Main and Upper
zones of the intrusive Rustenburg Layered Suite.

The lowermost Dullstroom Formation, forming the dscof this contribution,
occurs only in the southeastern part of the Rogiléoup (Fig. 1), lying unconformably
over Pretoria Group sedimentary rocks (Twist, 1985eney and Twist 1991; Mathez et

al., 2013) and beneath Bushveld intrusive lithasg{Eriksson et al., 1995). Generally,
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the lower Dullstroom Formation is characterized &y approximately 2 km thick
sequence of volcanic rocks, predominantly rangmgoimposition from basalt to andesite
with thin laterally continuous sedimentary unitsikEson et al., 1994; Schweitzer et al.,
1995; Buchanan et al., 1999, 2004). Within the redparea, the lowermost unit of the
Dullstroom Formation, lying directly on top of thHeretoria Group, is the Dullstroom
rhyolite, reaching thicknesses of ~200 m (Fig.13)e Dullstroom rhyolite is overlain by
a more dominant, ~600 m thick, basaltic andesiee (he low-Ti basaltic andesite (LTI)
of Hatton and Schweitzer, 1995; Schweitzer et #195; Buchanan et al., 1999). The
basaltic andesite alternates with andesite (~4@8ick) and rhyodacite (~500 m thick),
leading to a succession that becomes more silieuards the top of the formation. The
upper part of the Dullstroom Formation, togethethvihe other three formations of the
Rooiberg Group, forms the roof of the intrusive Raburg Layered Suite (Hatton and
Schweitzer, 1995; Schweitzer et al., 1995). Thelitas of the three younger formations
(Damwal, Kwaggasnek and Schrikkloof) are best eggas the Loskop Dam area north
of Middleburg in Mpumalanga (Fig. 1). Here, the B@og Group exhibits a thickness of
~3,500 m (Twist, 1985; Clubley-Armstrong, 1977; hardt et al., 2017). The Damwal
Formation in this area is primarily composed ofitds; rhyodacites, and a variety of
siliciclastic sedimentary interbeds, while the dyieg Kwaggasnek Formation is
dominated by rhyolites with minor rhyodacites amaites. The Schrikkloof Formation is
composed of intercalations of rhyodacite with rlitgsl and dacite at the base (the lower
1000 m), while becoming more rhyolitic towards tbp (see Lenhardt et al. (2017) for

more detailed descriptions of the stratigraphy).
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A range of field, petrographic and geochemical gs&d show that the eruptional
as well as depositional processes responsible Her formation of the Damwal,
Kwaggasnek and Schrikkloof formations appear tgiggificantly different to those that
led to the development of the underlying DullstroBormation. Mapping of the lower
Dullstroom Formation near its type locality (Joleye 2015) has shown that this
formation is characterised by a sequence of lavas] ranging in composition from
rhyolite at the base to basalt and subordinateteldcwards its stratigraphic top.
Internally, the Dullstroom rocks all appear massavnel contain a variety of idiomorphic
phenocrysts, set in a cryptocrystalline matrix (sBection 4 on lithology and
petrography). Due to their composition, extent drgdribution, the rocks can generally
be described as sheet lavas.

Recent observations on the Damwal, Kwaggasnek arittikBloof formations by
Lenhardt et al. (2017), however, have revealed tiete rocks are not related to lava
flows as previously thought (Twist and French, 1,988hweitzer et al., 1995). Instead,
Lenhardt et al. (2017) show that the upper fornmatitypically exhibit an absence of a
continuous basal autobreccia, which is normallyta&s a sign of a rhyolitic lava flow.
Furthermore, many samples exhibit remnant vitrdidatextures (glass shards) with
fabrics ranging from eutaxitic (shard-like materie parataxitic (flow bands). Observed
kinematic indicators within these formations in@uablique and sheath folds (reflecting
ductile deformation under shear stress), fabricrication, and boudinaged fiammeé
(Lenhardt et al., 2017). All these provide evidefmean origin from high-temperature
(rheomorphic) to very high-temperature (lava-likgfiimbrites (Lenhardt et al., 2017),

resembling the Snake River-type rhyolites of Braneeal. (2008). At Loskop Dam, the
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ignimbrites of the upper formations are intercalatgth a range of siliciclastic sediments
and peperites that formed due to the interactiod eoncomitant sedimentation of
ignimbrites with these sediments (Lenhardt and 450k, 2012; Lenhardt et al., 2017).
This provides evidence for a dynamic depositiomalirenment entailing interaction of
the products of highly explosive eruptions withcstlastic ‘background sedimentation’.
Thus, there is a shift from the effusive lava-li&wiptions of mafic magmas in the lower
units of the Rooiberg to increasingly explosiveh-sierial volcanism and deposition of
felsic pyroclastic rocks in the upper units of BReoiberg Group.

For the more mafic Dullstroom Formation lavas, diesvents appear to be the most
likely magma conduit (cf. Manley, 1996). On the etthand, an origin from major
caldera features (cf. Moore and Kokelaar, 1998)ssure eruptions (cf. Fernandez et al.,
2011) appear likely for the younger formations. e@er, limited field evidence has been
observed for either calderas or fissures withinRio®iberg Group. Vent sites, however,
could have been buried by caldera-fill depositsplaced in the course of eruptions
during caldera subsidence or obscured by lateonesth and erosion (Bryan et al., 2002;
White et al., 2009). One likely vent site for Rosig-related volcanism is the Vergenoeg
Igneous Complex (VIC) near Rust de Winter (Limpdpavince) which represents a
terminal eruptive phase of the Rooiberg Group edipon top of the Schrikkloof
Formation and immediately preceding Waterberg Grbegosition (Borrok et al., 1998).
The relationship between the VIC and the Rooibergpu@ is currently being

investigated.
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3. Sampling locations, materials and methods

Within the sampling area, the volcanic successibthe lower Dullstroom Formation
reaches a total thickness of approximately 150 mstratigraphic section of the study
area is shown in Fig. 3. Samples used in this studge obtained in the area near
Dullstroom (S25°23'0”, E30°0’0”) in the eastern paf the Bushveld Province where the
lower Dullstroom Formation is exposed. All otheyalites were taken from the younger
formations in the Loskop Dam area (S25°25'17.879%2’39.0”) for comparative
purposes. Based on location and apparent fresh2gsamples were collected from the
lower Dullstroom Formation for petrographical arebghemical analysis. Furthermore,
41 samples representing the younger formations,the Damwal, Kwaggasnek and
Schrikkloof formations from the Loskop Dam area eversed for comparison. All
samples were carefully selected, avoiding thoseacherized by vesicles and amygdales,
as well as alteration.

X-ray fluorescence (XRF) analysis for major elemexitles was conducted at the
University of Pretoria and a selection of tracaredats were analysed using inductively
coupled plasma mass spectrometry (ICP-MS) at theddsity of Cape Town (see Table
1).To help determine the degree of alteration ctiimical index of alteration (CIA) was
calculated using the formula A/ (Al,03 + CaO + NgO + K,0O) x100 according to
Nesbitt and Young (1982). The CIA accounts forektent to which feldspars have been
altered to aluminous clay and hence is used aslant@stimating the degree of chemical
alteration of rock samples. For example, illite andntmorillonite have CIA values that
range between 75 and 85, indicating a more intemsathering whereas unaltered

basaltic rocks usually have CIA values betweenr@D4b.
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Petrogenetic modeling was carried out using the M&lprogram (Ghiorso and
Gualda, 2015), assuming that the Rooiberg Grouppksmrepresent primary liquid
compositions and that the effects of subsequeptagibn were minor. Major element
oxide contents of possible parental liquids weredu® establish liquid lines of decent
that best resemble the Dullstroom rhyolite compasit The initial parental magma
compositions used in the modeling are from Barnesle(2010) — B1, B2, B3 —
described as parental to the formation of the Rimbtey Layered Suite of the BMP.
Other parental liquids modeled include the low-E&isaltic andesite (LTI), previously
suggested to be the parental magma of the Roo®Beygp as a whole (Buchanan et al.,
1999, 2002; Gunther et al., 2018). MELTS modelimgpived isobaric calculations with
a 10°C interval decrease as crystallisation ocdusstween a maximum of 1400°C and a
minimum of 800°C. Parameters used in the MELTS rhadedisplayed in Table 2. The
model assumes assimilation and fractional crygtdlbn (AFC) type processes by
incorporating a mass of assimilant at each codteg, while simultaneously fractionally
crystallising a realistic cumulus assemblage andtutating the residual liquid

composition.

4. Lithology and petrography
The lithologies briefly described in this sectioieclude the rhyolites present in the

Dullstroom, Damwal, Kwaggasnek and Schrikkloof fatians of the Rooiberg Group.
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The Dullstroom rhyolite is reddish brown to grey éolour and may appear
massive (Fig. 4a) or with localized strong flow-berg. This unit exhibits a
microcrystalline groundmass with no visible pheysts.

The Damwal rhyolite appears reddish brown, aphangind contains some
phenocrysts (Fig. 4b). The microcrystalline grouadms is mainly composed of
plagioclase (~4 vol.%), quartz (~4 vol.%) and mindifeldspar (=5 vol.%) while
phenocrysts (<5 vol.%) include plagioclase, quartd K-feldspar and all range between
0.1- 0.5um in size. Minor phases such as hornblende, chlamituscovite and some Fe-
Ti-rich minerals (ilmenite) are also present. Thesenples also exhibit vesicles and
amygdales that are about 2-3 vol.% with diameteas dre usually <3 cm.

The samples representing the Kwaggasnek rhyolite @&€) show a plagioclase
and quartz dominated microcrystalline groundmasisflamv-banding on outcrops is more
pronounced in this unit than in the Damwal rhyalitehenocrysts are present in minor
amount (2-5 vol.%) and are mainly plagioclase (+0r§ and quartz (0.1-0.pm) while
hornblende and chlorite (xmuscovite) occur as amgsphases. Few vesicles are locally
present, some of these as amygdales, filled witbrsgary minerals such as quartz and
chlorite. Spherulites in the Kwaggasnek rhyolita ogach 3 cm in diameter and are made
up of quartz and K-feldspar. The majority of theheqlites have developed into
lithophysae.

The Schrikkloof rhyolite (Fig. 4d) exhibits a micrgstalline to cryptocrystalline
groundmass that is composed of quartz and feldspdrenocrysts in these samples
include quartz, plagioclase and feldspar, althodlgase occur in minor amounts

compared to the Kwaggasnek and Damwal rhyolitess&lsamples show more physical
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evidence of alteration than the Damwal and KwageglaskRormations, such as the

presence of clay minerals like illite.

5. Geochemistry

5.1 Major element oxides geochemistry

The loss on ignition (LOI) values of the samplesdug this study have an average of
1.72 wt%. The average value for the chemical indelteration (CIA) (Nesbitt and
Young, 1982) is 58.02 for all the samples usedhis study, and all highly altered
samples were excluded from the study.

To explore the possible origin of the rhyoliteshintthe Rooiberg Group, we employ the
classification plots of Frost et al. (2001) (Fig. She classification plots include the
modified alkali-lime index (MALI) which is used talecipher the abundance and
composition of feldspar (Fig. 5a), the Fe-index athis used to decipher the magma
differentiation history (Fig. 5b), and the alumimiwsaturation index (ASI) which is used
to show the distinction between peraluminous anthlmeinous rocks (Fig. 5c). Frost et
al. (2001) showed that these classification schemnegide evidence that a variation in
composition and pressure can yield different methgositions that are different to one
another, such as distinguishing ferroan lavas freagnesian types. They also proposed
that the composition of a liquid can be used taptesr the most probable composition of

the source melt, as employed in this work.
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5.1.1 Geochemical comparison of the rhyolites within the Rooiberg Group

All Dullstroom rhyolites are magnesian, calcic andakly peraluminous (Fig. 5), in
contrast to the rhyolites observed in the uppemétions that include the Damwal,
Kwaggasnek and Schrikkloof formations. The rhyslii@ the upper formations are
ferroan, calc-alkalic to alkali-calcic and mainlyetaluminous. These results are similar
to those shown in Mathez et al. (2013), who desdrithe rhyolites of the Kwaggasnek
and Schrikkloof formations as weakly to moderaterajpgninous rather than
metaluminous. It is important to state that the kiye@eraluminous composition of the
Dullstroom rhyolite might be construed to suggéstt tthese rocks are products of the
melting of an alumina-rich source, such as a mdtasmt, resulting in similarity to S-
type granites. This is not the case for the Dutstn rhyolites, however, as their position
in the plot (Fig. 5) is a function of their fraatiation history. The R©; content of the
ferroan rhyolites range between 1.11-7.37 wt.% eviiilat of the Dullstroom rhyolite
show a range between 3.72-4.33 wt.%. Although ¢ne&n rhyolites differ slightly from
the magnesian Dullstroom rhyolite in their alumitgsother elemental compositions
reveal more distinct differences. We propose tlm# main difference between the
Dullstroom rhyolites and those of the upper forimagi (SIQ> 70%) can be observed in
the MgO and CaO compositions, similar to the okestgon of Mathez et al. (2013). The
MgO and CaO compositions of the Dullstroom rhygslieee 1.41-1.87 wt.% and 1.96-
3.09 wt.%, respectively. On the other hand, theolites of the upper formations show
MgO and CaO compositions that are lower, at 0.08-Gwt.% and 0.00-1.56 wt.%,

respectively.
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5.1.2 Trace element geochemistry

Trace element signatures normalized to the bulkticental crust composition of
Rudnick and Gao (2003) are displayed in Fig. 6, slnow a comparison between the
Dullstroom rhyolites and the rhyolites of the upp@mations. Evident from the plot is
the difference between the trend exhibited by thilsSroom rhyolite compared to the
Damwal, Kwaggasnek and Schrikkloof rhyolites. Theull&iroom rhyolite is
compositionally similar to the bulk continental stua trend also identified by Mathez et
al. (2013) who pointed out that the Dullstroom ritgo(1.41-1.87 wt.% MgO; Table 1) is
more similar to the magnesian lavas of the Dulstrd~ormation (1.8-6.17 wt.% MgO;
Table 1) than to the rhyolites of the upper formsi (0.01-0.91 wt.% MgO). Other
notable differences include lower Rb (87.85-12646) and Th (3 ppm) contents in the
Dullstroom rhyolite, while the rhyolites of the wugpformations (52.2-212 ppm Rb; 9.68-
35.1 ppm Th) show significant enrichment (Table BEhhanced Ba (903.42-1534.07
ppm) contents can be seen for the Dullstroom rkg/eVhereas the rhyolites of the upper
formation are more depleted (198-1197 ppm Ba).hewmore, the rhyolites of the upper
formations show much lower V (0.19-46.2 ppm) and(@B88-60.7 ppm) contents than

the Dullstroom rhyolite (53.21-54.21 ppm V; 130.086.71 ppm Cr).

6. MELTS modeling

In order to constrain the parental magma and ligoidnpositional trend for the
Dullstroom rhyolite, the MELTS modeling algorithmafter Ghiorso and Gualda (2015),
was employed. MELTS modeling was used to calculaenajor element liquid lines of

decent for likely parental magma compositions, biotfiactional crystallisation (FC) and
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assimilation with fractional crystallisation (AFCinodes. Various initial magma
compositions ranging from the Bushveld 1 (B1), Budti 2 (B2) and Bushveld 3 (B3)
magmas, all interpreted as different parental magiméhe mafic units of the Rustenburg
Layered Suite (Barnes et al.,, 2010), were modetedldtermine the origin of the
Dullstroom rhyolite. These melts represent the aositpns interpreted by Barnes et al.
(2010) as parental to the Lower and lower Critoahes (B1), the upper Critical Zone
(B2) and the Main Zone (B3) of the RLS. FurthermdranTongeren et al. (2010) and
Mathez et al. (2013) also suggested that escageccumulus liquids from the upper
Main Zone and Upper Zones of the Rustenburg Lay8tetk might represent the source
of the Rooiberg Group ferroan rocks. In additidm average low-Ti basaltic andesite
liquid, suggested as parental to the rhyoliteshef tipper Damwal, Kwaggasnek and
Schrikkloof formations (Buchanan et al. 2002; Gintét al., 2018) was also modeled as
a starting composition to determine if the origintlee Dullstroom rhyolite might be of
low-Ti composition, such as considered possible tier upper Rooiberg formations
(Buchanan et al., 1999, 2002; Gunther et al., 2018)

Details of the MELTS parameters are shown in Tabl®&o fractionation results were
generated or completed at a pressure less thakbars The low pressure values (2-4
kbar) utilized in our MELTS model is similar to the of Glinther et al. (2018) that range
from 2 to 4.5 kbar, obtained from minerals représgnmafic lavas of the Dullstroom
Formation. These low pressure values are consigtigntthe suggested shallow crustal
depth of crystallization (Glnther et al., 2018) tbe evolution of the Rooiberg Group
and accord with the calculated depth of intrusibthe Rustenburg Layered Suite (Maier

et al., 2016). We therefore propose that the keyclgemical characteristics of the
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Dullstroom rhyolite (and the entire Rooiberg Growgs imparted at this pressure (ca.

2.5 kbar) and depth, prior to eruption.

6.1 Fractional crystallisation (FC)

From the modeling results, the average low-Ti (Liagma and B1 were the only
liquids that fractionated to produce a siliceousnposition (Fig. 7). As fractionation
progressed, the LTI melt produces a line of desadhtgreater initial Fe-enrichment and
high concentrations of alkalis as Fe is depleted. (F. The low-Ti magma produced the
most evolved composition of 73 wt.% Si& 961°C, with clinopyroxene (11%), feldspar
(54%) and quartz (31%) representing proportionsthaf crystallizing phases. Other
minerals that crystallize in minor quantities irsduspinel and apatite. The most evolved
products of the LTI fractionation are akin to tHka#i contents of the upper Damwal,
Kwaggasnek and Schrikkloof formations. Noteworthythat the trend exhibited by the
LTI does not intersect the Dullstroom rhyolite caspion but plots closer to the
boundary representing alkali (A) and iron (F) cosipons (Fig.7a). On the other hand,
the B2 and B3 modeled liquids generated liquid ditkat show a maximum SjiO
compositions of 68 wt.% and 69 wt.% respectivelyge3e compositions are not as silicic
(>70 wt.%) as is required for the Dullstroom rhyedi. In addition, the SKzompositions
of the modeled B2 and B3 liquids are representaifube most evolved products during
fractionation at 1022°C and 1018°C, respectivelgisTimplies that after complete
fractionation, the B2 and B3 liquids cannot gereetomposition that is high enough in

SiO; to represent the Dullstroom and ferroan rhyolf&€, > 70 wt.%).
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The only liquid whose evolution intersects the cosipon of Dullstroom rhyolites in
Fig. 7ais B1, having its most evolved componerith & composition of 69 wt.% Si@t
~951°C having undergone fractional crystallisatiaof orthopyroxene (50%),
clinopyroxene (9%), feldspar (37 %) and quartz (3#2)crystallizing phases from the
cooling liquid. The point at which the line represeg fractionation of the B1 liquid
intersects the Dullstroom rhyolite composition sserved at about 60% fractionation of
the B1 liquid. Hence, modeling supports a view ti&t possible parental liquid to the
Dullstroom rhyolites was similar to B1. The B1 msltows a low initial Fe-enrichment
whose composition also becomes alkali-rich as Felegleted during fractionation.
However, it is also evident that at ~60% fractiooat the composition of the B1 liquid
(Fig. 7a) intersecting the Dullstroom rhyolites lwady 60 wt.% SiQ(Fig. 7c). This is
less than that of the Dullstroom rhyolite which wisca SiQ concentration that is greater
than 75 wt.% (>70% in other studies such as Scheedt al., 1995; Mathez et al., 2013).
Furthermore, the fractionation trend of the Bl lehjas shown in Fig. 7c at ~60 %
fractionation shows a much higher MgO (~4 wt.%) position than those of the
Dullstroom rhyolite. Therefore, the B1 liquid isnlikely to yield the Dullstroom rhyolite

through fractionation alone.

6.2 Assimilation and fractional crystallisation (AFC)

After observing that fractionation alone cannotduee the Dullstroom rhyolite from the
modeled parental compositions, assimilation of telusnaterial during fractional
crystallisation was investigated (AFC) to test wieetthe combination of these processes

could yield the Dullstroom rhyolite. Similar to Gitver et al. (2018), several continental
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crustal compositions were used as the assimilantadeling. James et al. (2001, 2003)
and Nguuri et al. (2001) suggest that the thineesst in this region is ca. 35-40 km,
reaching ~50 km below the BMP with lithospherictorac roots extending to about 250-
300 km beneath the Kaapvaal Craton, therfore stipgahe presence of a thick crust in
the Bushveld Province which could have been incaed during Bushveld magmatism.
These authors suggested that the profile beneatBMP consists of an upper crust and a
lower crust that are felsic and intermediate in position, respectively. The average
compositions of granitoids and gneisses from theadoesburg and Vredefort Dome
(Buchanan et al., 2002; Gunther et al., 2018; Leainal. (2004)) representing country
rocks were used to simulate upper crustal contamgpanaterial, while the average
amphibolite (mafic granulite and gneiss) and gria@uigneiss) were used to represent
contamination from the lower crust. Noteworthy mststudy is that we have excluded
the Transvaal Supergroup as contaminants becaese ttocks typically overlie the
Bushveld.

From the AFC model (Fig. 8), a B1 starting composigenerated a Dullstroom rhyolite-
like liquid composition (Si@>70 wt.%) at ~1112°C with ~30% of the melt fractitath
(Fig. 8b). This liquid has 1.97 wt.% MgO and 70W#% SiQ, and formed after having
fractionally crystallised orthopyroxene (73%) areldépar (27%). The AFC of Bl
generates a composition akin to the rhyolites ef upper formations at ~1002°C, after
~87% of fractionation of the B1 liquid (Fig. 8b) twi0.85 wt.% MgO and 70.37 wt.%
SiO, , after having crystallized orthopyroxene (42%linapyroxene (7%), feldspar
(36%) and quartz (14%). The temperature duringntbeleled fractionation implies that

the magnesian Dullstroom rhyolite evolved at a éigtemperature than the ferroan



441  rhyolites of the upper Damwal, Kwaggasnek and &&loof formations. In contrast, the
442  AFC model assimilating ~15-20% lower crust produtleel most evolved liquid with
443  SiO, ~69 wt.% at 1009°C after having crystallized al&/i(23%), clinopyroxene (23%),
444  feldspar (48%) and spinel (6%). The product of A of lower crust produces a more
445  mafic composition (leading to the fractionationabivine) than the AFC models for the
446  upper crust, as shown in Table 2. We thereforegsepn our work that the most likely
447  parental magma that evolved the Dullstroom rhydiad a composition similar to the B1
448  liquid and further, that this liquid cannot haveebeghe same as the magma that evolved
449  the ferroan rhyolites of the Damwal, Kwaggasnek &aldrikkloof formations.

450

451 6.3 Parental magma of the Dullstroom rhyolite

452  Despite other authors (e.g., Buchanan et al., 1@@@ither et al. 2018) having modeled
453  and proposed that the ferroan and intermediatéliticdavas of the Rooiberg Group
454  evolved from the magnesian lavas, this work shdwas the modeled fractionation trend
455 generated by crustal assimilation during crystafion of the LTI liquid does not
456  simulate a composition equivalent to the Dullstradwyolite (Fig. 7). In addition, the end
457  product of fractional crystallization as seen ie tiguid lines of descent shows a higher
458 alkali content than displayed by the Dullstroomalitg (Figs. 7 and 8). Hence, fractional
459  crystallization, if responsible for the ferroan day might not have occurred from a
460  similar source to that which evolved the Dullstrodmgolite. Therefore, if the Dullstroom
461  rhyolite is more related to the other mafic lavaghe Dullstroom Formation and all are

462  compositionally distinct to the ferroan lavas i tyounger formations, it is unlikely that
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the ferroan lavas evolved from the mafic lavas,laimnto the proposition by Twist (1985)
and Twist and Harmer (1987).

Akin to Mathez et al. (2013) and Buchanan et a89@), the Dullstroom rhyolite has
incompatible element concentrations such as V,Nbr,and Zr (Fig. 6) similar to the
other magnesian lavas (mainly the LTI and HTI) loé tDullstroom Formation. The
Dullstroom rhyolite composition is similar to camdintal volcanic rocks that are enriched
in incompatible elements, either from partial mejtiof enriched mantle source areas or
assimilation of continental crust (Thompson et 8083, 1984; Buchanan et al., 1999).
This implies that the higher incompatible elemeontents of the Dullstroom rhyolite
reflect evolution from either of these sources. ¢¢gra model of possible evolution of the
Dullstroom rhyolites and the Rooiberg Group willdmnsidered in future work.

Barnes et al. (2010) showed that the B1 magma #ghibcompatible element
concentrations consistent with the compositioa pfimitive mantle melt (such as might
have formed by contamination of a komatiitic bagadit by upper continental crust) - a
notion consistent with the Sr and O isotopic ddtMaier et al. (2000) and Harris et al.
(2005). We therefore propose, based on the sitidarbetween the Dullstroom rhyolite
and the B1 melt, that the former may have evolvethfa composition (such as a basalt)
similar to the latter. These characteristics furtt@nfirm that the Dullstroom rhyolite is
not petrogenetically related to the ferroan lavdstte Damwal, Kwaggasnek and
Schrikkloof formations. In addition, the Bushveldagite and granophyre are more
similar to the ferroan lavas of the upper Rooilsrgcessions (as shown in Mathez et al.,
2013) than they are the magnesian lavas of thesatim Formation. Hence because the

ferroan lavas are unrelated to the magnesian Badlist rhyolite, the granitic or
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granophyric components of the BMP be are also ahfito be related to the Dullstroom
rhyolite. Comparison between the Dullstroom rhyoldgnd other magnesian rhyolites
around the world would be useful to fully understdhe evolution of this distinct class

of rhyolites.

7. Conclusion

Despite similar Si@ contents compared with the ferroan rhyolites ie Bamwal,
Kwaggaasnek and Schrikkloof formations, the Dubistn rhyolite exhibits higher
amounts of MgO and CaO. Trace element data sudbastthe Dullstroom rhyolite
evolved from a more mafic parental composition amparison to the rhyolites of the
overlying formations. MELTS modeling shows that tlov-titanium basalt of the
Dullstroom Formation could not have shared the ssmogece as the Dullstroom rhyolite,
nor could the proposed Bushveld source magmas BBa8rhave led to their formation
through fractional crystallisation. Instead, thed®kng suggests that the Dullstroom
rhyolite formed through assimilation of the uppenst (~20%) during fractionation of
the B1 liquid that produced the Lower Zone and Lio®dtical Zone of the Rustenburg
Layered Suite. This would appear to be logical eiitcrelates the earliest pulse of
extrusive volcanism, at the base of the Rooibenmgnition, to the initial pulses of mafic
intrusive activity in the basal portions of the RIE®wever, it remains unclear as to why
this early volcanism yielded a substantial voluridéetsic melt, and where (if at all) the
intrusive equivalent of this magma might be fouRdrther studies into the precise dating
of each unit within the Rooiberg Group, and in jatar the Dullstroom rhyolite, is

therefore paramount in understanding its onset durdtion of magmatism within the
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Bushveld Magmatic Province. The occurrence of tlhisroom rhyolite at the base of
the Bushveld stratigraphy is interpreted as orghefiirst magmatic manifestations of the
Bushveld LIP, although its confinement to the Dinlem area southeast of the BMP also

remains problematic.
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Figure captions:

Figure 1. Geological map of the Bushveld Magmatiavihice, including the Rustenburg
Layered Suite, the Rooiberg Group, the Rashoop dptayre Suite and the Lebowa
Granite Suite (modified after Hartzer, 1995, andigér, 2005). The inset shows the
location of the area in South Africa. The red regta represents the study area near

Dullstroom, Mpumalanga Province.

Figure 2. General schematic representation higtifigthe lithologies of the Rooiberg

Group and their relationship with other rocks witlthe Bushveld Magmatic Province
(modified after SACS, 1980; Walraven, 1982; Harmwed Sharpe, 1985, and Schweitzer
et al., 1995). Details are explained in Lenhardile{2017). The term rhyolite is used in

this graphic to highlight previous literature subslions.

Figure 3. General lithostratigraphy of the Dullsimo Formation showing the major

lithologies exhibited in the study area near Dutisin.

Figure 4. Examples for the Rooiberg Group rhyoli{@$ Dullstroom Formation rhyolite;
b) Damwal Formation rhyolite; ¢) Kwaggasnek Formatirhyolite; d) Schrikkloof
Formation rhyolite. Samples b-d were interpretedgagnbrites that underwent high to

very high degrees of welding (see Lenhardt etfll,7 for details).
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Figure 5. Geochemical comparison of the rhyolitdstlee Rooiberg Group. (a)
modifiedalkali-lime index (MALI = wt.% NgO + KO - CaO) against Si)(b) Fe-index
= wt% FeQ/(FeOr + MgO) versus Si@ (¢) aluminum saturation index [ASI = at.%

Al/(Ca -1.67P + Na + K)]. All fields are after Ftasnd Frost (2001).

Figure 6. Comparison of the average trace elemantentration between the Dullstroom
rhyolite and the rhyolites of the Damwal, Kwaggdsaed Schrikkloof formations. All
rhyolite compositions are normalised to bulk coatital compositions of Rudnick and

Gao (2003).

Figure 7. MELTS modeling of the possible sourceshef rhyolitic compositions within
the Rooiberg Group using Rhyolite-MELTS (Ghiorsa &ualda, 2015) and comparison
with the actual compositions. Average low-Ti andc8mpositions are modeled and
investigated as possible sources for the Dullstrobyolite: (a) AFM MELTS model
fractionation trends and results; (b) actual AFMnposition plots across the Rooiberg
stratigraphy; (c) Results of MELTS modeled fractiban trend as displayed by the $iO
vs MgO plot; (d) actual plot of the SjQrs MgO composition across the Rooiberg
stratigraphy. Dark dots in (a) and (c) represeatDllstroom rhyolite. The dashed lines
in (&) and (b) represent the boundaries (accorttirigvine and Barragar, 1971) between

the calc-alkaline and tholeiitic series.

Figure 8. Model results showing the comparison betwthe fractionation of the Bl

liquid and the fractionation and assimilation oé ttame liquid using Rhyolite-MELTS
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(Ghiorso and Gualda, 2015): (a) AFM model resulsnparing assimilation and
fractional crystallisation with the singular proses crystallisation of the B1 liquid; (b)
Si0O, vs MgO plot of the comparison between the modsllte of assimilation and

fractional crystallisation with the singular prosed crystallisation of the B1 liquid.

Table captions:
Table 1. Selected major element oxides and selécied element data of the Rooiberg

Group samples.The complete data set can be fouhalagemi (2015).

Table 2. Details showing the MELTS parameters usenodeling the evolution of the

Dullstroom rhyolites.

Table 3: Compositions generated from the MELTS rinderogram and comparison of
the Dullstroom rhyolite with the compositions frothe LTI, B1, and B1 with

assimilation (ass.). ADR- is the average compasitibthe Dullstroom rhyolites.



Fe:0s

SiO; TiO, Al;,0s ot MnO MgO Ca0 Na,0 K20 P,0s Cr;03 NiO V205 ZrO; Y Zr Nb Rb Ba Sr \ Cr Th
Sample name Latitude Longitude Formation LOI CIA
(Wt.%) (wt.%) (Wt.%) (wt.%) (Wt.%) (wt.%) (Wt.%) (wt.%) (wt.%) (Wt.%) (wt.%) (Wt.%) (wt.%) (Wt.%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

SM-25 S 25°25'16,1" E 29°31'37,5" Schrikkloof 73.93 0.25 11.73 35 0.06 0.05 0 3.24 4.52 0.01 0.01 0.01 0 0.06 1.58 60.18 74.2 312 231 158 877 54.5 1.15 1.38 26.1
SM-28.2 S 25°25'07,0" E 29°31'32,1" Schrikkloof 74.28 0.29 12.13 3.94 0.08 0.3 0 3.39 4.54 0.02 0.01 0 0 0.06 1.08 60.47 87.2 328 24.2 158 963 61.9 154 2.78 24.7
SM-5.2 S 25°24'12,4" E 29°30'12,0” Schrikkloof 73.47 0.21 12.9 3.48 0.02 0.03 0 2.99 5.35 0.03 0 0 0 0.03 157 60.73 34.9 226 20.8 184 571 101 8.91 3.4 35.1
SM-18.1 S 25°26'00,0" E 29°31'44,8" Schrikkloof 76.37 0.24 10.92 3.37 0.04 0.04 0.12 2.33 5.19 0.01 0 0 0 0.06 0.86 58.84 71 427 20.1 184 1149 68.6 0.19 0.61 234
SM-19 S 25°25'59,3" E 29°31'43,8" Schrikkloof 73.72 0.27 12.08 37 0.03 0.02 0.06 2.54 5.73 0.01 0 0 0 0.06 121 59.89 62.2 480 237 207 1269 82.7 0.62 0.93 25.6

SM-22 S 25°25'19,7" E 29°31'39,8" Schrikkloof 79.54 0.26 7.7 4.38 0.07 0.08 0.74 1.98 297 0.05 0.02 0.01 0 0.04 131 57.51 46.2 268 135 103 679 53 0.58 2.38 15
SM-48 S 25°24'14,6" E 29°30'42,3" Kwaggasnek 70.11 0.41 11.59 6.78 0.14 0.12 1.04 247 4.58 0.05 0.01 0.01 0 0.05 191 58.89 57.7 368 18 154 971 80.7 0.3 0.7 21.7
SM-4.1 S 25°24'13,1" E 29°30'06,7" Kwaggasnek 80.84 0.4 7.13 5.35 0.05 0.13 0 0.01 3.61 0.07 0.01 0 0.01 0.03 1.94 66.32 12.6 170 5.38 140 900 57.7 29.1 57.9 9.68
LDO016 S 25°25'09,8" E 29°22'04,6” Kwaggasnek 69.44 0.37 11.12 5.64 0.09 <0.01 2.07 1.96 5 0.03 <0.01 <0.01 <0.01 0.05 297 55.19 60.7 352 16.5 189 1953 69 0.28 0.17 215

LDO7 S 25°25'11,9" E 29°22'59,1" Kwaggasnek 69.86 0.4 12.4 6.61 0.06 0.07 0.59 2 4.01 0.08 0.01 <0.01 <0.01 0.06 2.46 65.26 67.6 372 18 147 1197 62 0.75 1.77 21
LDO018 S 25°25'06,0" E 29°22'01,0" Kwaggasnek 70.74 0.41 11.75 6.57 0.09 0.06 0.14 2.58 4.22 0.04 <0.01 <0.01 <0.01 0.05 1.85 62.87 60.3 369 17.2 134 1197 322 0.24 0.72 20.6
LD04 S 25°25'14,0" E 29°22'59,9" Kwaggasnek 74.19 0.39 12.21 5.75 0.03 0.04 <0.01 154 5.24 0.03 <0.01 <0.01 <0.01 0.04 1.85 na 42.6 373 17.2 192 861 16 1.1 0.38 215
LDO02 S 25°25'16,6" E 29°22'59,9" Kwaggasnek 71.24 0.37 11.32 7.37 0.12 <0.01 <0.01 2.76 4.1 0.03 <0.01 <0.01 <0.01 0.05 1.61 na 55.3 360 16.9 147 811 28.1 0.84 1.35 226
LDO015 S 25°25'12,3" E 29°22'04,1" Kwaggasnek 77.08 0.36 11.41 1.49 <0.01 <0.01 <0.01 1.68 53 0.02 <0.01 <0.01 <0.01 0.05 1.55 na 50.9 347 15.8 172 639 19.7 1.7 0.28 20.1
LDO12A S 25°25'12,6” E 29°22'19,3" Kwaggasnek 69.8 0.38 11.47 5.94 0.11 0.1 2.49 1.23 5.1 0.03 <0.01 <0.01 <0.01 0.04 4.93 56.53 54.2 354 17 199 724 48.2 0.38 0.37 21.9
LD012B S 25°25'12,6" E 29°22'19,3" Kwaggasnek 68.94 0.37 11.14 5.76 0.13 0.02 2.08 1.83 5.07 0.03 0.01 <0.01 <0.01 0.05 3.05 56.37 62 348 16.7 201 2077 69.4 0.31 0.24 21.6
LDO09 S 25°25'14,2" E 29°22'28,5" Kwaggasnek 69.34 0.39 12.58 6.15 0.1 0.05 2.01 2.4 5.05 0.03 <0.01 <0.01 <0.01 0.04 3.06 na 56.3 349 16.5 175 1158 65.5 0.24 0.25 21.7
LDO017 S 25°25'08,4" E 29°22'02,7" Kwaggasnek 70.88 0.39 13.21 5.18 0.01 0.1 <0.01 2.99 4.69 0.05 <0.01 <0.01 <0.01 0.05 19 na 46 352 16.4 140 978 30.8 0.45 0.42 17.1
LDO08 S 25°25'15,7" E 29°22'28,6" Kwaggasnek 76.18 0.37 13.28 111 0.01 0.01 <0.01 0.42 6.21 0.02 <0.01 <0.01 <0.01 0.05 191 na 54.6 358 16.3 212 2370 233 1.03 1.44 215
LDO010 S 25°25'13,1" E 29°22'29,1" Kwaggasnek 71.91 0.39 11.79 5.96 0.04 0.02 <0.01 1.57 4.81 0.06 <0.01 <0.01 <0.01 0.06 2.04 na 63.9 378 17.6 175 1054 25 0.76 0.71 21.6
LDO11 S 25°25'12,3" E 29°22'29,8" Kwaggasnek 71.97 0.42 11.26 6.17 0.03 <0.01 <0.01 2.38 4.9 0.03 <0.01 <0.01 <0.01 0.05 1.48 na 57.2 378 18.4 171 875 30.2 0.48 0.65 21.3

LDO013 S 25°25'10,7" E 29°22'19,4" Kwaggasnek 73.81 0.39 11.27 3.65 0.05 <0.01 1.56 241 4.31 0.04 <0.01 <0.01 <0.01 0.05 2.33 57.65 60.1 343 15.3 164 728 54.6 0.27 0.66 20
SM-23 S 25°25'17,5" E 29°31'38,4" Damwal 69.11 0.58 11.62 7.14 0.14 0.26 2.62 2.23 4.6 0.12 0.01 0 0 0.04 16 55.15 49.5 313 16.2 132 869 114 1.77 0.57 18.5
SM-38.1 S 25°24'10,7" E 29°30'27,8" Damwal 70.12 0.56 11.43 7.33 0.07 0.07 3.63 3.34 1.23 0.13 0 0.01 0 0.04 1.81 58.23 40.4 269 13.8 54.2 198 353 15.1 2.53 15.8
SM-44.1 S 25°24'14,7" E 29°30'28,7" Damwal 67.08 0.66 12.04 7.8 0.14 0.68 21 3.59 3.05 0.17 0 0 0.01 0.04 1.73 57.94 39.6 290 14.3 91 737 125 20.4 0.96 18.2
SM-45.1 S 25°24'13,8" E 29°30'31,5" Damwal 68.27 0.65 12.38 7.52 0.11 0.4 2.56 3.59 3.47 0.17 0 0 0 0.04 1.65 56.27 41.6 287 14.4 103 512 253 14.4 2.57 18.1
SM-50 S 25°24'13,7" E 29°30'48,4 Damwal 69.06 0.53 11.83 7.39 0.12 0.17 119 2.74 4.97 0.11 0 0 0 0.04 1.8 57.07 44.9 323 16 167 985 105 212 0.54 21.2
SM-51.1 S 25°24'12,0" E 29°30'53,0" Damwal 69.67 0.57 12.09 7.37 0.13 0.19 0.89 2.95 4.69 0.12 0 0 0 0.04 1.75 58.63 45.6 316 15.8 146 997 104 2.42 0.64 20.5
SM-RL1 S 25°23'44,0" E 29°30'30,5” Damwal 68.78 0.64 12.17 8.26 0.1 0.32 0.09 2.92 3.69 0.13 0 0 0 0.04 2.39 64.49 45.4 328 15.9 116 814 60.3 7.09 1.06 19.5
SM-3 S 25°24'13,1" E 29°30'06,7" Damwal 67.4 0.69 12.94 7.94 0.12 0.48 218 2.54 531 0.17 0 0 0 0.04 0.84 56.33 44.8 322 16.4 144 1216 138 13.7 1.64 19.9




SM-5.1 S25°24'12,4" E 29°30'12,0" Damwal 66.07 0.65 11.94 9.77 0.16 0.44 2.55 2.82 3.75 0.23 0 0 0 0.04 1.29 56.7 51 296 16.5 122 852 154 2.18 0.92 16.7
SM-6 S 25°24'13,0" E 29°30'13,9" Damwal 67.63 0.6 12.03 9.03 0.13 0.32 1.74 292 4.16 0.17 0 0 0 0.04 1.08 57.7 53.2 319 17 145 136 897 17 0.39 17.8
SM-10 S 25°24'20,7" E 29°30'25,6" Damwal 71.89 0.44 11.4 5.85 0.06 0.11 0.91 233 4.99 0.07 0 0 0 0.05 181 58.07 69 355 18.2 186 997 90.5 0.38 0.75 20.3
SM-13 S 25°24'50,8” E 29°30'37,1" Damwal 72.86 0.64 11.22 6.21 0.12 0.91 0.59 244 273 0.13 0.02 0.01 0.01 0.06 1.86 66.08 32.1 385 129 107 1063 110 46.2 60.7 22.7
SM-14 S 25°24'48,8" E 29°30'39,0" Damwal 66.96 0.61 11.96 9.1 0.14 0.33 1.91 293 4.08 0.18 0 0 0 0.04 1.66 59.69 52.7 341 175 180 1088 116 3.65 4.43 20.5
LD028 S 25°25'07,9" E 29°22'19,9" Damwal 68.93 0.59 11.83 7.74 0.1 0.57 1.02 2.44 4.12 0.15 <0.01 <0.01 <0.01 0.03 213 60.95 41.1 282 13.1 126 1016 103 9.67 13.8 175
LD026 S 25°25'08,2" E 29°2244,7" Damwal 65.65 0.5 11.42 8.05 0.12 0.25 28 1.86 4.56 0.1 <0.01 <0.01 <0.01 0.04 3.43 55.33 52.1 307 14.9 162 1006 111 0.88 0.27 19
LD019 S 25°25'02,1" E 29°22'03,1" Damwal 69.03 0.66 122 9.98 0.06 0.03 0.63 25 5.04 0.21 <0.01 <0.01 <0.01 0.04 1.34 59.89 43 288 14.6 172 1353 57.5 3.02 0.96 16.7
LD014 S 25°25'00,6" E 29°22'21,9" Damwal 67.19 0.64 11.77 9.87 0.06 0.03 0.61 241 4.93 0.21 <0.01 <0.01 <0.01 0.04 2.06 59.69 417 276 12.3 137 1289 124 24.1 14.3 132
LD020 S 25°24'58,4" E 29°22'05,8" Damwal 68.64 0.56 11.59 777 0.11 0.25 171 1.99 4.13 0.16 <0.01 <0.01 <0.01 0.04 3.02 59.68 39.5 272 12.6 158 651 51.2 10.6 12.2 16.4
LD021 S 25°24'55,1" E 29°22'09,4" Damwal 68.27 0.61 11.74 7.25 0.13 0.49 1.74 2.03 4 0.18 <0.01 <0.01 0.01 0.04 3.13 60.17 45.8 269 12.4 138 1798 88.3 9.98 11 15.8
RG7 S 25° 23'02,0" E 29° 58' 54,2" Dullstroom 67.02 0.61 13.47 6.34 0.09 1.83 4.01 3.04 276 0.13 0.02 <0.01 0.02 0.03 1.18 58.08 21,95 190,81 8,29 66,77 529,34 253,09 107.98 121.65 3
RG8 S 25°23'02,7" E 29° 58' 53,4" Dullstroom 56.15 0.63 14.87 9.78 0.14 5.24 8.16 23 1.44 0.11 0.04 0.02 0.03 0.01 1.89 58.7 17,18 115,04 5,59 58,76 268,96 241,37 181.63 230.29 3
RG10 S 25° 23'00,9" E 29° 58' 48,4" Dullstroom 53.97 1.42 11.29 11.81 0.25 5.66 8.44 2.77 1.9 0.14 0.07 0.03 0.04 0.02 0.97 46.27 18,77 178,62 721 84,67 558,92 249,05 109.58 117.06 3
RG13 S 25° 22" 56,3" E 29° 58' 52,1" Dullstroom 64.27 0.64 133 6.98 0.12 18 4.2 29 255 0.12 0.02 <0.01 0.02 0.03 1.79 52.44 20,41 197,06 7,27 64,39 516,15 209,55 11191 131.4 4.49
RG21 S§25°22'29,1" E 30° 00" 14,8" Dullstroom 70.73 0.34 11.45 4.33 0.11 1.87 3.09 0.91 4.06 0.09 0.03 0.01 0.01 0.03 1.16 58.7 na na na na na na na na na
RG23 S 25°22'23,7" E 30° 00" 03,7" Dullstroom 75.26 0.29 11.22 3.94 0.08 141 2.53 0.98 4.34 0.07 0.02 0.01 0.01 0.03 1.05 58.81 9,72 171,87 4,43 126,46 903,42 183,05 53.21 130.09 3
RG24 S 25°22'28,1" E 29° 59' 53,7" Dullstroom 55.97 0.61 14.99 9.07 0.18 5.06 9.26 23 0.9 0.12 0.02 0.01 0.03 0.02 1.05 56.04 17,92 118,33 5,55 32,06 217,59 258,52 176.81 121.48 3
RG25 S 25°22'28,1" E 29° 59' 53,7" Dullstroom 57.99 1.62 13.32 11.28 0.15 3.86 7.54 253 1.35 0.17 0.02 0.01 0.04 0.02 1.16 55.91 27,31 189,49 13,57 55,67 254,81 375,25 215.34 69.51 3
RG34 S 25°23'42,9" E 29° 56' 58,0" Dullstroom 68.81 0.5 1271 513 0.08 1.52 3.95 1.81 3.4 0.11 0.07 0.01 0.02 0.03 1.58 57.47 15,14 178,38 6,7 110,88 694,71 219,08 91.87 422.79 3
RG40 S 25°23'37,3" E 29° 59'57,8" Dullstroom 61.66 0.71 14.52 9.74 0.16 3 6.3 2.6 1.73 0.17 0.02 0.01 0.03 0.02 1.18 54.61 25,82 172,06 7,34 57,69 426,85 232,41 178.39 90.72 3.05
RG41 S 25° 23'44,4" E 30° 00" 17,2" Dullstroom 57.92 0.64 14.2 10 0.19 3.96 6.89 2.75 1.55 0.15 0.02 0.01 0.03 0.02 1.55 57.75 20,38 1338 6,05 51,92 423,94 246,1 186.05 75.7 3
RG42 S25° 23" 454" E 30° 00" 16,3" Dullstroom 42.25 0.46 11.08 7.82 0.15 3.69 6.58 1.37 0.8 0.09 0.01 0.01 0.02 0.01 25.67 57.85 18,09 118,53 6,41 53,86 320,8 238,17 183.65 118.88 3
RG45 S 25° 23'50,0" E 30° 00" 30,0" Dullstroom 80.14 0.31 12.22 3.72 0.06 1.76 1.96 1.79 4.14 0.08 0.02 0.01 0.01 0.02 0.78 na 12,7 174,55 4,53 87,85 1534,07 185,65 54.21 135.71 3
RG47 S25°24'01,7" E 30° 00" 38,8" Dullstroom 72.63 0.31 10.92 3.86 0.06 1.69 252 1.33 3.99 0.08 0.03 0.01 0.01 0.03 115 54.67 12,7 174,55 4,53 87,85 1534,07 185,65 54.21 135.71 3
RG49 S 25°24'10,2" E 30° 00" 41,0" Dullstroom 53.9 0.59 15.02 9.47 0.14 5.6 9.16 1.86 1.47 0.11 0.02 0.01 0.03 0.01 2.48 55.53 15,73 107,07 4,37 65,91 263,35 213,97 187.87 121.44 3
RGS50 S 25°24'13,9" E 30° 00" 43,8" Dullstroom 59.05 0.41 13.28 9.84 0.19 4.23 8.72 2.77 0.56 0.06 0.03 0.01 0.03 0.01 0.99 55.86 13,95 97,04 5,83 24,85 194,05 249,01 175.91 222.32 3
RG51 S 25°24'15.9" E 30° 00" 48,9" Dullstroom 57.73 0.46 14.37 9.61 0.17 5.88 8.41 1.8 1.25 0.07 0.04 0.02 0.03 0.01 2.08 53.86 12,49 79,51 4,74 60,53 264,42 224,23 179.08 293.61 3
RGS52 S 25° 24 16.4" E 30° 00" 46,0" Dullstroom 55.57 0.45 14.05 9.52 0.16 6.17 8.51 1.93 1.25 0.06 0.04 0.02 0.03 0.01 1.89 58.53 12,68 79,04 5,85 64,64 187,98 225,33 188.38 323.01 3
RG54 S 25° 23'57.9" E 30° 00 23,8" Dullstroom 56.62 0.58 14.46 9.91 0.18 4.73 8.68 1.8 1.31 0.13 0.03 0.02 0.03 0.02 1.05 54.62 16,11 124,85 73 67,04 228,93 228,99 169.34 155.19 3
RG55 S 25° 23'57.4" E 30° 00" 21,3" Dullstroom 57.83 0.54 14.53 10.12 0.2 4.86 7.42 1.79 1.27 0.13 0.03 0.01 0.03 0.02 1.76 58.13 15,52 117,72 57 51,38 353,94 219,26 163.48 136.1 3
RG60 S 25° 22" 55.0" E 29° 57' 27,9" Dullstroom 65.31 0.62 13.49 7.19 0.08 1.86 4.33 2.83 2.82 0.14 0.01 <0.01 0.02 0.03 1.28 55.61 19,8 180,79 7,91 85,72 524,09 246,25 109.69 49.73 3.32




RG62

S 25° 23'07.0"

E 29° 57' 47,6"

Dullstroom

56.37

1.75

13.98

13.6

0.08

2.62

4.98

3.37

232

0.21

0.01

0.01

0.04

0.04

0.71

58.83

23,51

301,57

13,17

66,52

358,28

360,59

200.68

6.84

511

RG63

S 25°23'13.6"

E 29° 58'01,8"

Dullstroom

55.38

0.75

14.72

10.1

0.19

4.83

8.45

225

1.51

0.13

0.03

0.01

0.03

0.02

1.69

57.97

21,68

132,57

7,08

53,97

331,85

241,62

187.09

161.68

Tablel




Rhyolitic MELTS options (Ghiorso & Gualda, 2015)

MELTS parameters

T (°C)

Liquidus (°C)
Increments (°C)
Pressure (bars)
Buffer

1400-800

1346.88-1349.02

10
2500
QMF

Composition of initial melt

Fraction of melt remaining and proportions of cajlsted phases at 2.5kbars, QMF

V4

B1 (Barnes et al., 2010)

55.74 wt.% SiQ
0.34 wt.% TiQ

10.50 wt.% FgO3

11.85 wt.%MgO
6.50 Wt.% CaO
0.98 Wt.% KO

Upper crust

1132.62 (°C)
70% melt

40.09% opx
10.04% feld

1072.62 (°C)

50% melt
45.74% opx
23.86% feld

1052.62 (°C)
30% melt

45.37% opx
31.28% feld

1032.62 (°C)
20% melt

45.18% opx
34.97% feld

8.51% qtz 12.25% qtz
3.74% cpx 5.54% cpx
Lower crust
1149.02 (°C) 1099.02 (°C) 1029.02 (°C) 100912 (
70% melt 50% melt 30% melt 25% melt
31% cpx 40% cpx 32% olivine 23% olivine
62% opx 60% feld 9% cpx 23% cpx
49% feld 48% feld
10% spinel 6% spinel

Range of temperature are inferred from the preweark of Lenhardt and Eriksson (2012).
Upper crust assimilant used in the model is VGhioled from Buchanan et al. (2002).
gtz-Quartz, opx-Orthopyroxene, cpx-ClinopyroxeretgfFeldspar
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Table 2



% melt

Parental SIiO, FeOs Al ;03 CaO K20 MgO fractionation | Temperature
Composition | (Wt.%) | (Wt.%) | (wt.%) | (wt.%) | (wt.%) | (wt.%) | stage (°C)

low-Ti

(LTI) 70.07 1.25 9.67 4.77 3.89 0.30 ~75% 1021.2

Bl 70.01 0.29 13.70 4.38 5.26 0.79 ~85% 1001.2

Bl + ass. 70.04 0.65 12.9( 6.29 1.5[7 1.97 ~30% 5212

ADR 74.69 3.96 11.45 2.53 4.13 1.68 - -

Table 3
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Rashoop Granophyre Suite

T

Group| Formation |Thickness| Main lithologies Magma type
(m)
Red shale, sandstone,
Loskop 0-1000 conglomerate
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o b 7L T LT
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asal rhyolite
Rayton 1200 Quartzite, shale
© g Magaliesberg 300 Orthoquartzite
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o ?‘f Dasport 80-95 Orthoquartzite
Strubenkop | 105-120 Quartzite, shale
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Normalised sample concentration

0.01
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A Dullstroom rhyolite @ Damwal Formation © Kwaggasnek Formation @ Schrikkloof Formation
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Calc-alkaline series

A

— B1 with contamination
B1

® Dullstroom rhyolite
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Highlights
The Rooiberg Group rocks exhibit both magnesian and ferroan rhyolites.
The magnesian rhyolite is similar to the dominant mafic compositions in the
Dullstroom Formation.
MELTS show that the magnesian Dullstroom rhyolite formed from the B1 magma

type.
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