Contrib Mineral Petrol (2017) 172:13
DOI 10.1007/s00410-017-1334-4

@ CrossMark

ORIGINAL PAPER

Large-scale magmatic layering in the Main Zone of the Bushveld
Complex and episodic downward magma infiltration

Ben Hayes!

- Lewis D. Ashwal' - Susan J. Webb! - Grant M. Bybee!

Received: 26 October 2016 / Accepted: 25 January 2017 / Published online: 25 February 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract The Bellevue drillcore intersects ~3 km of
Main and Upper Zone cumulates in the Northern Limb
of the Bushveld Complex. Main Zone cumulates are pre-
dominately gabbronorites, with localized layers of pyrox-
enite and anorthosite. Some previous workers, using bulk
rock major, trace and isotopic compositions, have sug-
gested that the Main Zone crystallized predominantly from
a single pulse of magma. However, density measurements
throughout the Bellevue drillcore reveal intervals that show
up-section increases in bulk rock density, which are dif-
ficult to explain by crystallization from a single batch of
magma. Wavelet analysis of the density data suggests that
these intervals occur on length-scales of ~40 to ~170 m,
thus defining a scale of layering not previously described in
the Bushveld Complex. Upward increases in density in the
Main Zone correspond to upward increases in modal pyrox-
ene, producing intervals that grade from a basal anorthosite
(with 5% pyroxene) to gabbronorite (with 30-40% pyrox-
ene). We examined the textures and mineral compositions
of a ~40 m thick interval showing upwardly increasing
density to establish how this type of layering formed. Pla-
gioclase generally forms euhedral laths, while orthopyrox-
ene is interstitial in texture and commonly envelops finer-
grained and embayed plagioclase grains. Minor interstitial
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clinopyroxene was the final phase to crystallize from the
magma. Plagioclase compositions show negligible change
up-section (average Ang,), with local reverse zoning at the
rims of cumulus laths (average increase of 2 mol%). In con-
trast, interstitial orthopyroxene compositions become more
primitive up-section, from Mg# 57 to Mg# 63. Clinopyrox-
ene similarly shows an up-section increase in Mg#. Pyrox-
ene compositions record the primary magmatic signature of
the melt at the time of crystallization and are not an arte-
fact of the trapped liquid shift effect. Combined, the tex-
tures and decoupled mineral compositions indicate that the
upward density increase is produced by the downward infil-
tration of noritic magma into a previously emplaced plagio-
clase-rich crystal mush. Fresh noritic magma soaked down
into the crystallizing anorthositic mush, partially dissolving
plagioclase laths and assimilating Fe-enriched pore melt.
The presence of multiple cycles showing upward increases
in density in the Bellevue drillcore suggests that downward
magma infiltration occurred episodically during crystalliza-
tion of the Main Zone.

Keywords Bushveld Complex - Main Zone - Igneous
layering - Magma - Melt migration - Melt - Infiltration -
Crystal mush - Mineral chemistry - Textures

Introduction

Large igneous intrusions are commonly characterized
by the presence of cyclic/macro-rhythmic layering that is
thought to be the product of repeated magma replenishment
(e.g., Irvine 1975; Campbell 1977; Bédard et al. 1988).
Magma replenishment in a crystallizing chamber has
the potential to: (1) reset crystallization sequences, lead-
ing to the development of cyclic/macro-rhythmic layering
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(O’Hara 1977); (2) trigger the saturation of a new crystal
phase due to melt-rock reaction (Lissenberg and Dick 2008;
Leuthold et al. 2014; Hayes et al. 2015a); and (3) dissolve
existing equilibrium crystal phases, leading to the devel-
opment of monomineralic cumulates (Bédard and Hébert
1998; O’Driscoll et al. 2010). Each of these processes may
account for the formation of phase, modal, and cryptic lay-
ering. However, magmatic processes associated with melt
migration in crystal mushes may also be involved in devel-
oping igneous layering and should be considered when
deciphering the formation of layering.

Melt migration in crystal mushes is typically associ-
ated with late evolved liquids that are the products of
fractional crystallization (Bowen 1928; Boudreau and
Philpotts 2002). Buoyant evolved liquids may percolate
upward through the crystal mush and accumulate to pro-
duce a sandwich horizon (Shirley 1987; Simura and Ozawa
2011). Melt segregation and its upward migration may
be driven by compaction of the crystal mush (McKenzie
1984; Shirley 1985). Examples of the upward percolation
of evolved melt in layered intrusions have been observed in
the Skaergaard intrusion (Humphreys 2009). In the Bush-
veld Complex, Scoon and Mitchell (2004) described the
downward migration of dense, iron-rich melts that formed
pipe-like magmatic bodies of iron-rich ultramafic pegma-
tite (IRUPs). Both Reynolds (1985a) and von Gruenewaldt
(1993) proposed a similar mechanism for the development
of magnetitite layers in the Bushveld Complex. However,
the downward migration of dense, primitive silicate magma
has rarely been considered as a significant layer-forming
process.

Magmatic layering has been identified throughout the
~8 km vertical thickness of the Bushveld Complex (sum-
marized in Cawthorn 2015). Layering is best exemplified
in the Upper Critical Zone, known for its numerous chro-
mitite horizons that host economic quantities of platinum
group elements. The Upper Critical Zone has been divided
into a series of cyclic units (10’s of metres thick) that are
typically composed of a basal chromitite, pyroxene-rich
cumulates (pyroxenite) that steadily show increasing modal
plagioclase upward, culminating in a layer of plagioclase-
rich cumulates (anorthosite). Such cyclic units are thought
to be the result of gravitational sorting of dense chromite/
pyroxene from relatively less dense plagioclase following
the injection of a single pulse of magma (Cawthorn and
Spies 2003). In terms of bulk rock density, the ideal cyclic
unit formed in this way should exhibit upwardly decreasing
bulk rock density.

The Bellevue drillcore intersects ~3 km of Upper and
Main Zone cumulates of the Bushveld Complex. An exten-
sive petrological, mineralogical, and geophysical database
from the drillcore was presented in Ashwal et al. (2005).
One of the key findings of this study was the identification
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of >20 intervals that show upwardly increasing density, a
trend that is the opposite of that predicted by the gravita-
tional settling of crystals. The length scales of these upward
density increases are on the order of 40-170 m (Webb et al.
2015), which is a scale of layering not previously docu-
mented in the Bushveld Complex.

In this study, we present petrological and in situ min-
eral compositional data from a ~40 m thick section of the
Bellevue Main Zone that displays upwardly increasing
density, defined by an upward increase in modal pyroxene.
We suggest that this ~40 m interval was produced when an
influx of fresh noritic magma invaded the magma chamber.
Dense norite magma drained downwards, soaking into a
resident porous anorthositic crystal mush that formed from
an earlier injection of plagioclase-rich magma. The occur-
rence of >20 intervals in the Bellevue drillcore that dis-
play upwardly increasing density suggests that downward
magma infiltration operated episodically during Main Zone
crystallization.

Geological setting
Bushveld complex

The Paleoproterozoic (~2055 Ma; Scoates and Friedman
2008) Bushveld Complex (BC, henceforth) is located in
northeast South Africa and covers an area of >100,000 km?
(Fig. 1). The BC occurs as five major magmatic segments,
known as the Eastern, South Eastern (or Bethal), Western,
Far Western and Northern Limbs. It was emplaced into
the Kaapvaal craton, intruding the Transvaal Supergroup,
a predominantly clastic sequence of sedimentary rocks.
Recent zircon dating suggests that the BC was emplaced
and cooled in <1 M.y. (Zeh et al. 2015). The cumulate
stratigraphy of the BC is collectively referred to as the
Rustenburg Layered Suite (RLS) and is summarized in
Cawthorn (2015). The RLS preserves a complete differ-
entiation sequence of magmatic rocks, from basal peri-
dotites in the Lower and Lower Critical Zones (Cameron
1980; Wilson 2012), to chromitite—norite—anorthosite-
dominated cumulates in the Upper Critical Zone (Cawthorn
and Spies 2003), to gabbronorites (with local anorthosite
and pyroxenite layers) of the Main Zone (Cawthorn et al.
1991; Mitchell et al. 1998; Nex et al. 2002), and finally a
sequence of gabbronorite—magnetitite—anorthosite cumu-
lates comprising the Upper Zone (von Gruenewaldt 1973;
Tegner et al. 2006).

The Northern Limb of the BC extends along strike for
a distance of ~110 km, with a total areal extent of lay-
ered mafic cumulate rocks of ~7000 km? (van der Merwe
1978; Finn et al. 2015). Mafic cumulates rest upon suc-
cessively older country rocks of the Pretoria Group
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Fig. 1 Simplified geological map of the Bushveld Complex (modified after Cawthorn and Webb 2013). Inset shows the location of the Bushveld
Complex in South Africa. The location of the Bellevue borehole is shown, in the central part of the Northern Limb, north of Mokopane

towards the north, transitioning from banded iron for-
mations and dolomites of the Chuniespoort Group to
Archean granite basement (van der Merwe 1978; Caw-
thorn 1985). The basal region of the mafic sequence in
the Northern Limb comprises a ~400 m package of lay-
ered pyroxenites, norites, and anorthosites (with local
chromitites) that is known as the Platreef (Kinnaird
2005), which is currently being exploited for platinum
group elements.

The Main Zone of the BC is the focus of this study and it
is present in the Eastern, Western, and Northern Limbs. In
general, the Main Zone is a 2-3 km thick sequence of dom-
inantly gabbronoritic cumulates (Cawthorn 2015). It gener-
ally lacks chromite and olivine, both of which are common
phases below the Main Zone. Discrete packages of modally
layered cumulates have been identified in the Western and
Eastern Limbs of the BC (Molyneux 1974; Quadling and
Cawthorn 1994; Mitchell et al. 1998; Nex et al. 2002). Near
the top of the Main Zone, there is a distinctive layer known
as the Pyroxenite Marker that is regarded as being the prod-
uct of a significant influx of primitive magma at this level
of the BC (Cawthorn et al. 1991; Nex et al. 2002; VanTon-
geren and Mathez 2013). However, no direct equivalent of

the Pyroxenite Marker has been observed in the Northern
Limb of the BC (Ashwal et al. 2005).

Bellevue drillcore

Our study focuses on the Main Zone from the Northern
Limb of the BC, as intersected by the Bellevue drillcore
(location marked on Fig. 1). The Bellevue drillcore was
collared in roof granites of the BC and it intersects ~3 km
of cumulates belonging to Upper and Main Zones. Ash-
wal et al. (2005) presented a significant database of petro-
logical, mineralogical, magnetic susceptibility and density
measurements from the Bellevue drillcore.

A lithological log for the drillcore was provided by
Knoper and von Gruenewaldt (1996), later modified by
Ashwal et al. (2005). The uppermost 90 m of the drillcore
consists of roof granites, which also occur sporadically
throughout the drillcore as veins (cm-scale) and sills (up to
~56 m thick), constituting ~10% of the drillcore. The Upper
Zone is ~1.2 km thick and it contains ~32 discrete mag-
netitite layers. The boundary between the Upper and Main
Zones is identifiable by a sharp positive peak in magnetic
susceptibility that is caused by the presence of significant
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modal magnetite at this stratigraphic level (Ashwal et al.
2005). The Bellevue Main Zone is ~1.4 km thick and it is
dominated by gabbronoritic cumulates with local pyroxen-
ite and anorthosite layers. At the base of the Main Zone in
the Bellevue drillcore is an unusual troctolite horizon that
was mapped by van der Merwe (1978) for ~35 km along
strike in the Northern Limb. The Moordkopje drillcore
(presented in Roelofse and Ashwal 2012) intersects Main
Zone cumulates below the base of the Bellevue drillcore,
extending the thickness of the Main Zone to ~3 km, giving
a comparable thickness to that observed in the Eastern and
Western Limbs of the BC.

Analytical Methods

Mineral compositions were acquired using a Cameca SX
five field-emission electron microprobe at the University of
the Witwatersrand. All in situ mineral compositions were
measured using an acceleration potential of 15 kV and with
a current of 20 nA. A focused beam was used for pyrox-
ene analyses, while a defocused beam of 5 pm diameter
was used for plagioclase. All totals that were outside the
range 98.5-101.5 wt% were discarded. Core and rim analy-
ses were generally measured for all phases to characterize
compositional zonation. More detailed profiles were also
conducted across various grains to check for any complex
zoning. The full data set is provided in Appendix 1. Ele-
ment maps for some samples were run for ~5 h using the
same conditions as spot analysis.

Bulk rock density cyclicity and length-scales

Bulk rock density measurements were recorded at depth
intervals of 1 to 1.5 m throughout the Bellevue drill-
core, totalling 2252 measurements. The complete data set
(including uncertainties) can be found in Ashwal et al.
(2005). Bulk density ranges from ~2.65 g/cm® to 4.50 g/
cm® throughout the Bellevue drillcore (Fig. 2). Rocks with
the lowest densities (~2.65 g/cm®) correspond to plagio-
clase-rich cumulates (anorthosites with >90% plagioclase)
as well as minor granite intrusions. Bulk rock densities of
>3 g/cm? typically correspond to pyroxene-rich cumulates
(pyroxenites with >60% pyroxene). Bulk rock densities
>3.5 g/cm® contain appreciable modal magnetite and pre-
dominantly occur in the Upper Zone (boundary marked on
Fig. 2).

Bulk rock density measurements throughout the entire
Bellevue drillcore reveal a cyclicity that is character-
ized by both upward decreases and upward increases in
density (Fig. 2). There are also intervals that show neg-
ligible change in density up-section (Fig. 2). There are
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Fig. 2 Bulk rock density measurements through the entire Bellevue
drillcore (modified after Ashwal et al. 2005). Note that there are >20
intervals (labelled) showing upwardly increasing bulk rock density.
Interval 8 (2175-2140 m) is the focus of this paper (shown in box).
Ticks on the y-axis correspond to 20 m intervals. UZ upper zone, MZ
main zone

approximately 22 cycles, where bulk density increases
upward (labelled on Fig. 2). Cycles displaying upward
increases in bulk rock density are of interest, because such
trends are the opposite of that predicted by traditional
magma fractionation produced by gravity sorting.

The periodicity of cycles displaying upwardly increas-
ing density has been analyzed using wavelet analysis
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(Webb et al. 2015), which enables the variation of the
frequency content with depth to be determined, allowing
the calculation of the average periodicity with depth. The
results reveal a periodicity signal varying between ~40
and ~170 m for cycles showing upwardly increasing den-
sity (Webb et al. 2015). The length scales and periodicity
of these cycles are on a scale not previously documented
in the BC. In addition, upwardly increasing density is not
visibly apparent to the eye upon inspection of the drill-
core or in surface exposures, highlighting the importance
of systematically measuring bulk density in drillcore
material.

In this study, we focus on a ~40 m interval (interval 8 on
Fig. 2), which begins at ~2175 m depth. We selected this
interval, because it represents a well-sampled sequence of
cumulates that display upwardly increasing density. We use

Fig. 3 Photomicrographs of the
textures observed in interval 8.
a A euhedral plagioclase lath
(P1) in the basal region of inter-
val 8. In addition, note some
minor interstitial plagioclase
(white arrow) at the junction
between cumulus plagioclase
laths. b Interstitial orthopyrox-
ene (Opx) enclosing rounded
plagioclase grains. Orthopyrox-
ene is surrounded by euhedral
plagioclase laths. ¢ Interstitial
orthopyroxene enclosing
rounded and corroded plagio-
clase grains. There are small
(~0.1 mm) inclusions of clino-
pyroxene within the orthopy-
roxene grain that may be caused
by exsolution. Polysynthetic
twins in the labelled plagioclase
lath are bent, suggesting minor
amounts of compaction. d
Partly enclosed plagioclase lath
with embayed margins (black
arrows) surrounded by intersti-
tial orthopyroxene. e Interstitial
orthopyroxene enclosing a
rounded (margins shown with
white arrows) plagioclase grain.
In addition, note the presence of
interstitial clinopyroxene (Cpx).
f Euhedral orthopyroxene grain
that is partly embayed. The
euhedral orthopyroxene grain

is surrounded by a corona of
clinopyroxene (white arrows).
Note the inverted pigeonite
(Ipx) grain

petrography and mineral chemistry to develop an interpre-
tive model to explain the origin of such layering.

Petrography

The base of interval 8 (~2175 m; Fig. 2) consists of
anorthosites with 90% plagioclase and 10% pyroxene, which
is dominantly orthopyroxene. Plagioclase forms coarse
(~4-6 mm) euhedral laths (Fig. 3a). These crystals generally
display triple-junction grain boundaries with neighbouring
plagioclase laths, with minor amounts of interstitial plagio-
clase at these grain boundaries (Fig. 3a). Both orthopyrox-
ene and clinopyroxene are interstitial to plagioclase and tex-
turally appear to have crystallized from pore melt between
the plagioclase laths (Fig. 3a—f). Orthopyroxene commonly
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encloses fine-grained (1-2 mm) plagioclase grains, locally
developing a poikilitic texture (Fig. 3b—e) that suggests
some early orthopyroxene crystallization when plagioclase
was still crystallizing from the magma. Enclosed plagio-
clase crystals within orthopyroxene oikocrysts are typically
rounded and embayed (Fig. 3b—e) compared to larger, euhe-
dral plagioclase laths that are not enclosed by orthopyrox-
ene. Clinopyroxene typically produces triangular-shaped
grains (Fig. 3e), suggesting that it was the final phase to
crystallize from the magma.

Progressively up-section in interval 8, plagioclase
remains the dominant phase (up to ~75%) and continues
to occur as coarse euhedral laths. Orthopyroxene gradu-
ally increases in abundance upward (eventually reaching
modes of ~15-20%), and remains interstitial in texture to
the euhedral plagioclase laths (Fig. 3d-f). Poikilitic tex-
tures are locally prominent, with orthopyroxene enclos-
ing rounded and embayed plagioclase grains. Clinopyrox-
ene (~5-10%) also remains interstitial in texture, typically
forming anhedral grains (Fig. 3e), consistent with its crys-
tallization from late pore melt. Locally, there are occur-
rences of fine-grained (~1 mm), euhedral orthopyroxene
grains. Such occurrences of euhedral orthopyroxene grains
are partly embayed and in some instances are mantled by
clinopyroxene (Fig. 3f). Inverted pigeonite becomes more
common up-section in interval 8 as the modal proportion of
orthopyroxene increases (Fig. 3f).

Mineral compositions

In general, An content [atomic Ca/(Ca+Na+K)x100] of
plagioclase displays negligible up-section change in interval

8 (Fig. 4a). Representative analyses are shown in Table 1.
The cores of euhedral plagioclase grains throughout interval
8 range between Ang; and Ang,, with an average value of
Ang,. The core compositions of finer-grained and rounded
plagioclase grains that are enclosed by orthopyroxene are
slightly more primitive (Ang;) than euhedral plagioclase
laths. FeO in plagioclase shows a gradual up-section enrich-
ment in interval 8 with an increase from 0.4 to 0.6 wt%
(Appendix 1). Euhedral plagioclase laths are typically nor-
mally zoned (becoming more evolved from core to rim)
with typical decreases of 1-2 mol% An at the rim. Reverse
zoning is also observed, in both euhedral plagioclase
laths and plagioclase grains that are enclosed by orthopy-
roxene. The average increase is 2 mol% An at the rims of
reversely zoned grains with local increases of up 10 mol%
An observed from core to rim (Fig. 5). Such extreme reverse
zoning has been reported in the Bushveld Complex and
other layered intrusions (Morse and Nolan 1984), and may
be interpreted as plagioclase crystallization in the presence
of minor H,O-bearing melt pockets (Boudreau 1988).

The Mg# [atomic Mg/(Mg + Fe +Mn) x 100] of orthopy-
roxene displays a gradual up-section increase in interval 8
(Fig. 4b). Representative analyses for orthopyroxene are
shown in Table 2. Orthopyroxene Mg# increases from 57
in the basal anorthosites to 63 in the upper gabbronorites.
Orthopyroxene is typically unzoned, with minimal Mg#
changes from the cores to rims of individual grains. For
instance, where zonation is present, it is generally char-
acterized by normal zoning with the largest core to rim
change in Mg# of ~2 mol%. Clinopyroxene Mg# also dis-
plays an up-section increase (Fig. 4c), with Mg# increasing
from 65 to 72. Clinopyroxene typically displays core to rim
zonation, with normal zoning most commonly observed

Fig. 4 Mineral compositional
profiles plotted as a function
of stratigraphic height through
interval 8. a Molar An content
of plagioclase (total number of
analyses =275). b Molar Mg#
of orthopyroxene (total number
of analyses=51). ¢ Molar Mg#
of clinopyroxene (total number
of analyses=81). Red dots are
the mean core value and the
black line denotes the range of
compositions analyzed at each
height (full database included
in Appendix 1). Also shown is
the modal proportion of phases
throughout Interval 8
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Table 1 Representative electron microprobe analyses of plagioclase from Interval 8 of the Main Zone

Depth (m) 2175.20 2175.20 2167.90 2167.90 2144.85 2144.85 2142.07 2142.07
Rock type Anorthosite Anorthosite Leuconorite Leuconorite Gabbronorite Gabbronorite Gabbronorite Gabbronorite
Morphology ~ Resorbed chad Resorbed chad Lath Lath Lath Lath Chad Chad
Crystal region Core Rim Core Rim Core Rim Core Rim
Sio, 51.56 48.08 52.55 51.37 52.76 52.04 51.62 51.4
TiO, 0.02 0.02 0.04 0.02 0.05 0.02 0.03 0.02

Al O, 30.25 32.64 29.84 30.54 29.69 30.4 29.86 30.04
MgO 0 0 0 0 0 0 0 0

CaO 12.8 15.33 12.16 12.54 12.04 12.32 12.54 12.66
MnO 0.04 0 0 0.02 0.01 0 0 0

FeO 0.3 0.37 04 0.38 0.42 0.38 0.41 0.5
Na,O 4.08 4.03 432 3.95 4.1 3.98 3.95 3.84
K,O 0.19 0.18 0.2 0.2 0.25 0.22 0.21 0.24
BaO 0.1 0 0.02 0.01 0.01 0.02 0 0.03
SrO 0 0 0 0 0 0 0 0

Total 99.25 100.65 99.53 99.03 99.33 99.38 98.62 98.71
An mol% 62.7 67.1 60.1 62.9 60.9 62.3 62.9 63.6

Core centre of crystal, Rim edge of crystal, Chad chadacryst enclosed by orthopyroxene

Fig. 5 Calcium element X-ray map of a reversely zoned plagioclase
lath from 2167.90 m depth (dashed white line indicates the margin of
the lath). The molar An content of the plagioclase lath increases from
Ang, in the core to An,, at its rim. Such extreme local An zonation
may be caused by the presence of H,O-bearing melt pockets during
crystallization. In addition, note the interstitial clinopyroxene grain
with orthopyroxene exsolution lamellae

(typically with shifts of 2 mol% in Mg#). Reverse zoning
in interstitial clinopyroxene is also observed, with shifts in
Mg# of up 4 mol% observed from core to rim. Representa-
tive clinopyroxene analyses are shown in Table 3. The pres-
ence of local reverse zoning in plagioclase and clinopyrox-
ene suggests that the interval did not crystallize as a closed
system from a single batch of magma.

Discussion
Previous crystallization models for the Main Zone

The Main Zone (and Upper Zone) of the BC is typically
regarded as being the result of closed-system fractional
crystallization (Wager and Brown 1968; von Gruenewaldt
1973; Molyneux 1974; Maier and Barnes 1998). Tegner
et al. (2006) proposed that the Main and Upper Zones were
the product of the crystallization of a huge sheet of initially
homogeneous magma that was >2 km in thickness. During
crystallization of this magma sheet, double-diffusive con-
vection operated with magnetitite—gabbronorite crystalliza-
tion driving the production of less dense melts, which led
to mixing between the basal layer and the top of the magma
chamber. Reversals in mineral compositions were attributed
to such a mixing process. The model of Tegner et al. (2006)
is reminiscent of that proposed by Reynolds (1985a) and
von Gruenewaldt (1973) for the formation of magnetitite
layers. Mixing events caused by double-diffusive convec-
tion would have occurred periodically during the crystal-
lization of the Main Zone (Tegner et al. 2006). Tegner et al.
(2006) also argue that their model is consistent with bulk
Sr initial isotopic ratios that show little up-section change
(Sr;=0.7071-0.7074) in the Main Zone. However, it is pos-
sible that multiple magmas with the same bulk isotopic sig-
nature were emplaced into the BC.

In opposition to closed-system crystallization mod-
els for the origin of the Main Zone, Mitchell et al. (1998)
provided textural and mineral compositional evidence for
periodic replenishment of the Main Zone in the Western
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Table 2 Representative electron microprobe analyses of orthopyroxene from Interval 8 of the Main Zone

Depth (m) 2175.20 2175.2 2165.45 2165.45 2165.45 2144.85 2144.85 2142.07 2142.07
Rock type Anorthosite Anorthosite Leuconorite Leuconorite Leuconorite Gabbronorite Gabbronorite Gabbronorite Gabbronorite
Morphology  Interstitial ~ Interstitial  Interstitial  Interstitial  Interstitial  Interstitial Interstitial Interstitial Interstitial
Crystal region Core Core Core Core Rim Core Core Core Rim

SiO, 50.90 51.19 51.3 51.52 51.12 52.25 52.03 50.1 50.54
Al,O4 0.59 0.57 0.76 0.74 0.7 0.9 0.77 0.88 0.69

FeO 27.39 28.53 26.27 26.25 27.19 24.13 23.74 23.11 24.1

TiO, 0.17 0.09 0.25 0.27 0.21 0.22 0.2 0.22 0.23
Cr,04 0.02 0.01 0.01 0.02 0 0.02 0.02 0.01 0.04
MgO 20.77 19.62 20.97 21.22 20.09 21.42 23.32 22.54 22.77
MnO 0.58 0.61 0.57 0.58 0.61 0.59 0.47 0.48 0.49

CaO 0.74 0.57 0.83 0.79 0.8 0.8 0.72 1.56 0.8

NiO 0 0 0 0 0 0 0 0 0

Na,O 0.02 0.03 0.02 0.02 0.01 0.04 0 0.02 0.1

K,O 0 0 0 0.01 0 0.04 0 0 0

Total 101.18 101.22 100.98 101.42 100.73 100.41 101.27 98.9 99.67
Mg# 57.5 55.1 58.7 59.0 56.8 61.3 63.6 63.5 62.7

Core centre of crystal, Rim edge of crystal

Table 3 Representative electron microprobe analyses of clinopyroxene from Interval 8 of the Main Zone

Depth (m) 2175.20 2175.20 2175.20 2167.90 2165.45 2165.45 2144.85 2144.85
Rock type Anorthosite  Anorthosite  Anorthosite  Leuconorite ~ Leuconorite ~ Leuconorite Gabbronorite ~ Gabbronorite
Morphology Interstitial Interstitial Interstitial Interstitial Interstitial Inclusion in opx  Interstitial Interstitial
Crystal region ~ Core Core Core Core Rim Core Core Core
Sio, 51.01 51.25 50.95 5231 51.06 51.24 51.21 51.08
AlLO, 1.52 1.19 1.9 0.73 1.84 1.47 1.67 1.89

FeO 10.77 10.31 10.47 11.03 10.95 10.5 10.63 9.7

TiO, 0.38 0.29 0.33 0.12 0.5 0.45 0.38 0.44
Cr,04 0 0 0.02 0 0 0.02 0.04 0.02
MgO 13.39 13.38 13.52 13.48 13.34 13.61 14.24 13.81
MnO 0.26 0.27 0.29 0.35 0.27 0.22 0.27 0.21

CaO 21.0 21.76 20.93 21.22 20.56 21.18 19.98 21.32
NiO 0 0 0 0 0 0 0 0

Na,O 0.21 0.18 0.25 0.18 0.27 0.23 0.23 0.28

K,O 0 0.01 0 0 0.01 0 0 0.1

Total 98.54 98.64 98.66 99.42 98.8 98.92 98.65 98.76
Mgt 68.9 69.8 69.7 68.5 68.5 69.8 70.5 71.7

Core centre of crystal, Rim edge of crystal, Opx orthopyroxene

Limb. They described corroded plagioclase inclusions
within orthopyroxene, as well as up-section increases in
orthopyroxene Mg# that they ascribed to the gradual mix-
ing of small influxes of fresh magma with a resident, more
evolved magma containing plagioclase. Sharpe (1981)
proposed that the Main Zone intruded as a crystal mush
between the Critical Zone and the upper region of the Main
Zone (above the Pyroxenite Marker), based on bulk Sr iso-
tope data. In this model, the upper Main Zone represents

@ Springer

the differentiated products of the Lower and Critical Zones.
A similar model involving crystal-rich or mushy mag-
mas was proposed by Roelofse and Ashwal (2012) for the
lower region of the Main Zone in the Northern Limb as
intersected by the Moordkopje drillcore. They envisioned
influxes of crustally contaminated plagioclase and orthopy-
roxene slurries from a deeper staging chamber.

There is further evidence for magma replenishment in
the Main Zone. For instance, the Pyroxenite Marker in the
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Western Limb provides compelling evidence for a major
influx of orthopyroxene-saturated magma into the Main
Zone (Cawthorn et al. 1991). Nex et al. (2002) provided a
detailed description of the style of magma replenishment at
the Pyroxenite Marker. They noted that plagioclase shows
an up-section increase towards more primitive An composi-
tions and orthopyroxene Mg# shows no up-section change.
This decoupling in mineral compositions was thought to
be caused by variations in the degree of mixing between
influxes of new melt with a more evolved resident pore melt
(Nex et al. 2002). Based on these decoupled mineral com-
positional trends, they suggested that magma replenishment
was a gradual process, with incremental magma addition
and mixing with resident magma in the chamber, culminat-
ing in a mass influx of orthopyroxene-saturated magma to
produce the Pyroxenite Marker. VanTongeren and Mathez
(2013) proposed a similar model for the formation of the
Pyroxenite Marker. They suggested that a series of small,
gradual magma influxes were emplaced into a chemically
homogeneous magma body. The rate of magma emplace-
ment was slow enough to allow the magma body to homog-
enize and partially crystallize between magma influxes.

In summary, there is abundant evidence to suggest that
magma replenishment was an important process during the
crystallization of the Main Zone. In the following discus-
sion, we will synthesize the textural and mineral composi-
tional constraints from interval 8 in the Bellevue drillcore
to test whether the various models described above could
account for the cycles showing upwardly increasing den-
sity. We will then provide an alternate model for the origin
of this cyclicity.

Textural constraints on the crystallization of interval 8

The textures observed in interval 8 provide important
insights into the nature of crystallization and the formation
of the upward increase in density. Plagioclase is the domi-
nant phase and it appears to be cumulus in nature, forming
euhedral laths throughout interval 8 (Fig. 3). In contrast,
plagioclase grains that are enclosed by orthopyroxene are
typically rounded. Both Eales et al. (1991) and Mitchell
et al. (1998) suggested that rounded or embayed plagio-
clase grains in BC cumulates were produced by the par-
tial dissolution of pre-existing plagioclase grains that were
exposed to a fresh influx of hotter magma. We also suggest
that rounded and embayed plagioclase grains enclosed by
orthopyroxene were partially dissolved and are, therefore,
not in equilibrium with their host orthopyroxene grain. This
suggests that the host orthopyroxene grains crystallized
from a discrete magma to that from which the enclosed pla-
gioclase crystallized.

Another important textural constraint on the crystal-
lization of interval 8 is that orthopyroxene is dominantly

interstitial in texture. Orthopyroxene is a major phase
throughout the BC, and it commonly forms euhedral pri-
mocrysts. However, the interstitial nature of orthopyroxene
in interval 8 suggests that it crystallized from pore melts
associated with the euhedral plagioclase laths. Orthopy-
roxene that encloses fine-grained and corroded plagioclase
grains would have crystallized from the pore melt during
crystallization of interval 8, arresting the growth of the
enclosed and resorbed plagioclase grains. Entrapment of
plagioclase by orthopyroxene appears to have taken place
relatively early in the development of the mush, because
some of the most primitive plagioclase compositions
are preserved in chadacrysts enclosed by orthopyroxene
oikocrysts. Clinopyroxene is anhedral and typically forms
triangular-shaped grains at triple-grain junctions, indicating
that it was the final phase to crystallize from the pore melt.
Locally, fine-grained, euhedral orthopyroxene grains may
represent primocrysts (Fig. 3f) that did not crystallize in
situ from the pore melt. These primocrystic orthopyroxene
grains have coronas of clinopyroxene, suggesting that they
interacted with a melt that was crystallizing clinopyroxene
at a later stage.

The corroded texture of the plagioclase grains enclosed
by orthopyroxene, combined with the dominantly intersti-
tial texture of orthopyroxene, suggests that interval 8 crys-
tallized from two main components: (1) an initial plagio-
clase-rich crystal mush and (2) a magma that crystallized
orthopyroxene (a minor component of which is primocrys-
tic and may have been entrained in this magma), as well as
late plagioclase and clinopyroxene.

Mineral compositions: trapped liquid shift effect
or decoupling?

The upward increase in molar Mg# of orthopyroxene and
clinopyroxene (Fig. 4b, c) in interval 8 suggests that both
these phases crystallized from increasingly more primitive
melt up-section. However, it could argued that this upward
increase in Mg# is a product of the trapped liquid shift
effect (TLSE; Barnes 1986; Cawthorn et al. 1992). Dur-
ing the TLSE, cumulus ferromagnesian phases exchange
Fe and Mg with trapped pore melt, increasing the Fe/Mg
ratio of the cumulus ferromagnesian phase. The TLSE is
proportional to the modal amount of the ferromagnesian
phase in the rock, such that when the ferromagnesian phase
is present in low modal abundances, the increase in Fe/Mg
of that phase is greater. The most evolved compositions of
orthopyroxene and clinopyroxene occur at the base of inter-
val 8, where the modal abundance of these phases is lowest,
consistent with that predicted by the TLSE. However, both
orthopyroxene and clinopyroxene are interstitial phases in
interval 8 and thus crystallized from pore melt; therefore,
they likely represent the composition of that pore melt
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at the time of crystallization. In addition, if the TLSE is
responsible for the mineral compositional trends observed
in both orthopyroxene and clinopyroxene, then this would
require that the original Mg# profile mirrored the composi-
tional trend shown by An in plagioclase, with no up-section
mineral composition evolution. This is a problem in itself,
as it is difficult to produce a 40 m thick package of cumu-
lates that shows no up-section compositional evolution for
multiple phases.

We calculated the proportion of trapped melt required
at the base of interval 8 to cause the shift from the most
primitive orthopyroxene core composition (Mg# 63) to the
average orthopyroxene core composition (Mg# 57) in the
basal region of interval 8 (schematically shown in Fig. 6).
Such a calculation assumes no melt migration during crys-
tallization. It is possible that compaction enabled minor
amounts of pore melt to escape (Meurer and Boudreau
1998). Bent twins in plagioclase (Fig. 3a) provide evidence
for compaction at the base of interval 8; however, it is dif-
ficult to quantify the exact proportions of melt lost. We
calculated an appropriate Fe/Mg exchange coefficient (Kd)
between orthopyroxene and melt using the method of Béd-
ard (2007). We used a Kd value of 0.25, consistent with a
melt containing ~6 wt% MgQO, which is appropriate for this
level of the Main Zone (VanTongeren and Mathez 2013).
Using the Fe/Mg ratio of orthopyroxene, combined with
the Kd value, we calculated the proportion of trapped melt
required to cause a shift from Mg# 63 to Mg# 57. A trapped
melt content of ~20% is required to be present at the base
of interval 8 (Fig. 6). However, <10% interstitial material,
which would have crystallized from trapped melt, is present
at the base of interval 8. In addition, no significant normal
zonation is observed in plagioclase at this level of interval
8 that would indicate it crystallized in the presence of an

Fig. 6 Schematic diagram
illustrating how the trapped
liquid shift effect (TLSE) would
have produced the mineral
compositions observed in
Interval 8. An initial profile
would show negligible up-
section change in plagioclase
(P1) An content and pyroxene
(Px) Mg#. The proportion of
trapped melt required to cause
a shift from the most primitive
Mg# to the most evolved Mg#
in interval 8 is ~19% (see text
for details of the calculation).
Such a proportion of trapped
melt would produce the final
profile showing an up-section

Modal pyroxene

evolved trapped melt whereas this has been observed in
other parts of the BC (Maier & Eales 1998; Ashwal et al.
2005).

Plagioclase faithfully preserves the melt composition at
the time of crystallization, because the diffusive exchange
of Ca-Al and Na-Si between crystal and melt is extremely
slow at magmatic temperatures (Morse 1984). The lack of
up-section evolution in plagioclase An content indicates
that there was no change in the composition of the melt
from which plagioclase crystallized. The minimal core to
rim zoning of Mg# in pyroxene suggests that there was par-
tial resetting and re-equilibration of pyroxene with trapped
melt, but only on a local grain scale, where grains were in
contact with pockets of late-stage pore melt. The overall
Mg# profile in pyroxene was not produced by interaction
with trapped melt, and is, therefore, decoupled from the
compositionally homogeneous plagioclase grains.

In summary, we posit that the up-section Mg# trends
observed in both orthopyroxene and clinopyroxene are pri-
mary magmatic compositions and are representative of the
melt composition at the time of crystallization. Melt com-
positions thus become more primitive up-section in interval
8. Plagioclase and pyroxene compositions are, therefore,
decoupled, a factor that must be considered when develop-
ing a model for the crystallization of interval 8.

A model for the formation of upward density increases
in the Main Zone

Initial injection of a plagioclase-rich crystal mush
In the study of Roelofse and Ashwal (2012), it was pro-

posed that the lowermost region of the Main Zone in the
Northern Limb of the BC was emplaced as a series of

increase in pyroxene Mg# and
its compositional decoupling
from plagioclase
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crystal mushes. This assertion was partly based on the lack
of An compositional evolution in plagioclase and Mg# of
pyroxene over >1 km of cumulate stratigraphy. We also
observe a lack of An compositional evolution in interval
8, and combined with the non-cotectic proportions of pla-
gioclase, we propose that a significant proportion of pla-
gioclase in interval 8 was emplaced as a crystal mush. A
similar style of emplacement was proposed for thick, dis-
crete layers of anorthosite in the Stillwater Complex. For
example, on the basis of (a) large plagioclase grain sizes,
(b) complex zoning, (c) lack of internal stratification/lay-
ering, and (d) the lack of An evolution up-section, it was
suggested that anorthosite layers in the Stillwater Complex
initially formed as thick plagioclase-liquid mushes (Cza-
manske and Bohlen 1990; McCallum 1996). Foose (1985)
noted that anorthosite layers in the Stillwater Complex
were transgressive and contained blocks of host troctolitic
rocks, supporting its emplacement as a plagioclase-rich
crystal mush. More recent evidence from the BC indi-
cates that transgressive anorthosite packages formed by
the mobilization of plagioclase slurries (Maier et al. 2016).
The emplacement of plagioclase-phyric magmas has also
been proposed for the Cuillin magma chamber on the Isle
of Skye (Brandriss et al. 2014). The remobilization of pla-
gioclase-rich crystal mushes and their subsequent injection
into higher-level magma chambers may, therefore, be a fun-
damental process during the construction of layered intru-
sions (Ashwal 1993).

In interval 8, an initial pulse of a plagioclase-rich crys-
tal mush, with an average composition of Ang,, would have
been emplaced into the resident magma chamber. It is not
possible for us to determine the exact plagioclase-melt ratio
of this mush, but experimental studies would suggest of
upper limit of 50% crystals (Marsh 1981). The injection of
a plagioclase crystal mush into the Main Zone of the BC
also implies that there was pre-modification of Main Zone
magmas deeper in the crust, beneath the level of the BC
magma chamber. Studies by Mondal and Mathez (2007)
and Eales and Costin (2012) have posited similar deeper
plumbing mechanics of magma for the origin of chromitite
layers in the Upper Critical Zone. In contrast, Maier et al.
(2013) proposed that within-chamber mobilization and
sorting of crystal mushes were responsible for the forma-
tion of cumulate layering. In either case, there exists ample
evidence that the emplacement of crystal mushes and slur-
ries was an important process during construction of the
BC.

Downward infiltration of noritic magma
The upwardly increasing modal pyroxene content (domi-

nantly orthopyroxene) of interval 8 can be best explained
by the downward infiltration of a fresh pulse of noritic

magma. An influx of noritic magma would have been rela-
tively denser than the earlier emplaced plagioclase-rich
crystal mush and would, therefore, have drained into the
resident mush (Fig. 7). We conducted a simple model to
determine the density relations between the anorthositic
mush and the noritic magma. Liquidus phase densities were
estimated from a MELTS run of the B3 melt composition,
thought to be a candidate for the parental melt of the Main
Zone (Barnes et al. 2010). The density of the melt phase in
the noritic magma was assumed to be basaltic in composi-
tion (2.7 g/em?), while a slightly denser melt composition
(2.9 g/em®) was estimated for the anorthositic mush due
to its iron-rich pore melt composition (Ashwal 1993). We
found that a noritic magma carrying an entrained cargo of
orthopyroxene crystals as low as 10-vol% would have been
more dense than a resident anorthositic mush containing
50-vol% plagioclase crystals (upper limit of crystallinity
for a flowing magma; Marsh (1981)).

As the infiltrating noritic magma propagated down-
wards, it would have mixed with iron-rich pore melt associ-
ated with the anorthositic mush. The mixed magma at the
leading edge of the infiltrating magma front would have
crystallized relatively evolved orthopyroxene (Mg# 57) and
clinopyroxene (Mg# 65) in the pore spaces between euhe-
dral plagioclase grains. The up-section increase in Mg# of
orthopyroxene and clinopyroxene is, therefore, a function
of a lesser component of resident iron-rich pore melt asso-
ciated with the anorthositic mush. Euhedral orthopyrox-
ene grains that are present in a low abundance in interval
8 may represent primocrystic phases that were delivered
into the chamber with the invading norite magma (e.g.,
Hatton 1988). Downward percolating magma may have
transported primocrystic orthopyroxene grains deeper into
the anorthosite mush. The mixing relations between the
noritic magma and the resident iron-rich pore melt would
have facilitated the downward propagation of magma by
increasing the density of the invading noritic magma. Com-
bined with the density relations, downward magma infiltra-
tion would have been promoted by chemical disequilibrium
between the noritic magma and the anorthositic mush.
The presence of corroded plagioclase grains enclosed by
orthopyroxene oikocrysts can be explained by dissolu-
tion of early formed plagioclase grains. Dissolution would
have been caused by a chemically discrete noritic magma
ingesting the resident anorthositic mush, further promoting
magma infiltration. Localized reverse zoning in plagioclase
can also be explained by plagioclase laths interacting with
a slightly more primitive magma having a slightly higher
Ca/Na ratio. Reversely zoned clinopyroxene grains may
also record this interaction. In both cases, the interaction of
relatively primitive melt with the resident pore melt would
have prevented the formation of normal zoning in plagio-
clase. More extreme examples of reverse zonation that we
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Fig. 7 Cartoon showing the magmatic development of the upward
density increase in Interval 8. a Emplacement of a plagioclase-rich
crystal mush that produces a proto-anorthosite layer. The pore melt
within this crystal mush starts to crystallize pigeonite (Ipx) as it pro-
jects towards iron-enrichment. b Influx of fresh noritic magma (pos-
sibly carrying minor amounts of primocrystic orthopyroxene). This
dense noritic magma infiltrates down (black arrows) into the resident
anorthositic crystal mush, ingesting the resident mush pore melt as it
soaks downward. ¢ A final solidified profile with a sequence of cumu-
lates that display upwardly increasing density caused by the upward
increase in modal pyroxene. Note the presence of corroded/resorbed
plagioclase grains (r-Pl) generated during interaction the resident
anorthositic mush and a fresh, hotter, invading noritic magma
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observe in interval 8, such as increases of up to 10 mol%
An at the margins of plagioclase, may be caused by local
variations in the abundance of volatiles. Previous work
indicates that the Main Zone was volatile-bearing (Will-
more et al. 2000). Margin crystallization from small pock-
ets of extreme-bearing pore melt may have produced some
of the local extreme zoning.

In summary, the dominantly interstitial texture of
orthopyroxene is a function of the pore space available in
the resident anorthositic mush into which invading noritic
magma crystallized. The lack of evidence to suggest that
orthopyroxene has texturally matured suggests that its
topology reflects the porosity of the anorthositic mush at
the time of magma infiltration, which was likely controlled
by the impingement of early-formed primocryst plagioclase
laths (Holness 2005). Therefore, although the density con-
trast and permeability of the resident mush are important,
downward infiltration would have also been facilitated by a
compositional gradient between the resident mush and the
hotter, more mafic, invading magma.

Episodic downward magma infiltration in the Main
Zone

Our textural and mineral chemical observations suggest
that the initial emplacement of a plagioclase-rich crys-
tal mush, followed by the downward infiltration of nor-
itic magma, can best explain the upward density increase
observed in interval 8. There are > 20 cycles in the Belle-
vue drillcore, throughout the Main and Upper Zones that
also show upwardly increasing bulk density. If these cycles
were formed by a similar mechanism to that observed in
interval 8, then this suggests that the downward infiltra-
tion of norite magma was an episodic process during crys-
tallization of the Main Zone. Upward increases in density
have also been reported in the Main Zone of the Eastern
Limb (Sepato 2014), and await further investigation. There
are also cycles in the Bellevue drillcore that show more
typical patterns associated with magma fractionation, with
cycles showing upwardly decreasing density. These cycles
are reminiscent of those produced by the gravitational set-
tling of denser mineral phases during magma crystalliza-
tion (Cawthorn 2002; Cawthorn and Ashwal 2009). Inter-
vals formed by crystal settling may have been interrupted
by cycles that were formed by the initial emplacement of a
plagioclase-rich crystal mush and downward magma infil-
tration. Such alternating differentiation mechanisms sug-
gest a dynamic emplacement environment for BC magmas,
regulated by deeper processes in the underlying plumbing
system. Upward increases in the primitiveness of min-
eral compositions similar to what we observe have been
documented elsewhere in the BC, including just below
the Pyroxenite Marker in the Main Zone (Cawthorn et al.
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1991; Nex et al. 2002; VanTongeren and Mathez 2013), as
well as in the Merensky Reef footwall unit in the Critical
Zone (Maier and Eales 1997). At localities, where upward
increases in the primitiveness of mineral compositions,
correspond to upward increases in the modal proportion
of mafic phases, such cycles may have been formed by the
downward infiltration of magma into a resident and semi-
consolidated crystal mush. Our model may also have impli-
cations for the formation of mineralized zones in this region
of the Bushveld Complex (e.g., McDonald et al. 2017)

Wider implications of downward magma infiltration

The downward migration of mafic magma in magma
chambers has not previously been proposed as a means
of producing cyclic/macro-rhythmic layering on the scale
(40-170 m) described in this study. Holness and Vernon
(2015) suggested that spontaneous melt infiltration might
occur in a melt-free cumulate. Mg-rich exsolution lamellae
transcending grain boundaries in Main Zone cumulates of
the BC have been documented, and it was suggested that
such features were indicative of primitive melt infiltrating
a nearly fully-consolidated crystal mush (Roelofse et al.
2009). The presence of reversely zoned plagioclase laths
in the uppermost few centimetres of layers in the Cuillin
intrusion has been attributed to the downward infiltration of
primitive melt (Brandriss et al. 2014). It was also suggested
by O’Driscoll et al. (2010) that picritic magmas infiltrated
downwards into a troctolite mush during crystallization of
the Rum intrusion. In contrast to these models, we observe
downward infiltration of magma on a larger scale (~40 m)
and mush porosities would have been higher (up to 60%)
compared to those suggested in other studies. The impor-
tance of downward melt flow has also been documented
in volcanic systems with downward melt flow recorded in
volcanic feeder dikes (Wadsworth et al. 2015) and in lava
lakes (Stovall et al. 2009).

Experimental work on dense fluid interactions with a
less dense solid matrix suggests that downward magma
infiltration may be an important process in magmatic sys-
tems. For example, Hallworth et al. (2005) showed that
the top part of an initially homogeneous porous layer of
solid crystals will begin to melt when subjected to a heat
flux from above, an observation that is consistent with our
microstructural evidence. Crystals at the top of this homo-
geneous layer dissolved, producing a concentrated liquid
that is denser than the interstitial liquid below. Convection
begins to operate, with denser liquid flowing downward and
crystallizing, releasing latent heat and raising the tempera-
ture of the lower layer. We envisage, based on our mineral
chemical and microstructural observations from interval 8
of the Bellevue drillcore, a similar process to that shown
in experiments (Sparks et al. 1985; Hallworth et al. 2005).

However, in our scenario, it is the mixing of different pore
melts that facilitates downward magma infiltration. These
experiments and our observations from interval 8 illustrate
the importance of understanding melt migration processes
in magma chambers that are periodically replenished and
the potential role of downward magma infiltration in pro-
ducing layering in large igneous intrusions elsewhere.

Conclusions

The Bellevue drillcore intersects Main and Upper Zone
cumulates that are part of the Northern Limb of the Bush-
veld Complex. Bulk rock density measurements throughout
the entire drillcore reveal a scale of layering not previously
described in the Bushveld Complex. Layering is charac-
terized by both upward decreases and upward increases
in bulk rock density, corresponding to the modal propor-
tion of pyroxene. Upward decreases in density may simply
be explained by crystal settling with segregation of dense
phases from less dense phases during magma crystalliza-
tion. However, upward increases in density are the opposite
of that predicted by crystal settling. We focused on a ~40 m
thick interval displaying an upward increase in density.
Textural observations indicate that plagioclase is typically
euhedral and appears to have been the main liquidus phase
throughout crystallization of the 40 m interval. In contrast,
orthopyroxene is dominantly interstitial in texture with
local occurrences of euhedral orthopyroxene that are par-
tially resorbed. Interstitial orthopyroxene partly encloses
corroded and embayed plagioclase grains. Clinopyroxene
is dominantly interstitial and appears to have been the final
phase to crystallize. Mineral compositional data indicate
that plagioclase and pyroxene compositions are decoupled,
with plagioclase molar An content showing no up-sec-
tion change, while both pyroxene phases show an upward
increase in molar Mg# content. Locally, plagioclase laths
are reversely zoned, suggesting that these crystals inter-
acted with a more primitive melt during its crystallization.
We argue that a significant proportion of plagioclase in the
40 m interval was emplaced as an initial plagioclase-rich
mush, explaining its dominantly euhedral lath habit and
homogeneous composition. An influx of noritic magma
then followed and infiltrated the crystallizing anorthositic
crystal mush. Noritic magma that soaked downward would
have assimilated increasing proportions of iron-rich pore
melt derived from the anorthositic crystal mush, explain-
ing the Mg# trends in pyroxene. Cycles showing upwardly
decreasing density that formed by crystal accumulation
by gravitational settling were episodically interrupted by
cycles of downward magma infiltration during crystal-
lization of the Main and Upper Zones of the Bushveld
Complex.
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