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ABSTRACT

The deep mafic magmatic staging chambers of layered mafic intrusions have been conjectured but not imaged.
Their existence has long been postulated from geochemical models which require multiple magma injections
from staging chambers to account for their multi-scale igneous layering and variations in sources and degrees of
crustal contamination. For the Bushveld Complex of southern Africa, the world’s largest layered mafic intrusion,
seismic receiver functions identify a diffuse crust-mantle transition beneath the Complex that suggests high
velocity lower crust and/or uppermost lithospheric mantle. Here we present 3D gravity modelling of the
Bushveld Complex that includes dense material at the crust-mantle boundary, imaging for the first time, rem-
nants of magma staging chambers. They underlie the whole Bushveld Complex and extend westwards to the
Molopo Farms Complex in Botswana. Feeders to the Bushveld Complex coincide with intersections of major
faults like the Thabazimbi-Murchison Lineament and Sugarbush Fault with the staging chamber. This identifi-
cation of magmatic staging chambers beneath the Bushveld relates to similar geophysically imaged lower crustal
features beneath the Duluth and Stillwater Complexes. Comparison of seismic and gravity data with geochemical
models from other complexes aid in development of models for the magmatic architecture of layered mafic

intrusions in general.

1. Introduction

Magmatic systems consisting of transcrustal magma chambers
effectively explain the formation of volcanic arcs (Marsh, 2015; Cash-
man et al., 2017; Sparks et al., 2019). Similar models for layered mafic
intrusions are not widely accepted (Latypov et al., 2022b, 2022a). Based
on geochemical evidence, deep-seated crustal magma chambers explain
compositional changes in layered intrusions globally (Hanski et al.,
2001; Owen-Smith and Ashwal, 2015; Jenkins et al., 2021), including
the Bushveld Complex, the world’s largest layered igneous intrusion
(Ashwal et al., 2005; Eales and Costin, 2012; Maier et al., 2013;
McDonald and Holwell, 2007; Prevec et al., 2005; Roelofse and Ashwal,
2012; Wilson, 2012; Yao et al., 2021). However, these deep seated
chambers have not been imaged. Here, we combine seismic, geologic
and gravity data into a model that image, for the first time, a staging
chamber beneath the Bushveld Complex.

The Bushveld Complex crops out in four lobes in northern South
Africa, with a covered fifth lobe in the southeast (Fig. 1). It consists of
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the mafic/ultramafic Rustenburg Layered Suite (RLS, dated at 2055.91
=+ 0.26 Ma) and the contemporaneous acidic Rashoop Granophyre and
Lebowa Granite Suite (Scoates et al., 2021; Skursch et al., 2022; Mungall
etal., 2016; Zeh et al., 2015). The RLS is divided into five zones, each of
which displays substantial geochemical cyclic layering. The exception to
this is a thick succession of norite and gabbronorite of the Main Zone. An
extra layered unit, the Basal Ultramafic Sequence, was recently identi-
fied at the base of the RLS in the eastern lobe (Wilson, 2015). There
appears to be consensus that multiple magma injections account for
most of the layering, although the number of magma pulses and com-
positions of parental magmas and their sources are still hotly debated
(Cawthorn, 2007; Eales and Costin, 2012; Kruger, 2005; Tegner et al.,
2006; Wilson, 2012, 2015; Yao et al., 2021). The Bushveld Complex in
Botswana comprises the Molopo Farms Complex a mafic - ultramafic
layered intrusion dated at 2054 + 5 Ma (Beukes et al., 2019) and the
Moshaneng Complex composed of mafic and felsic rocks with the latter
dated at 2054 + 2 Ma®°. (Fig. 1).

Large ENE-striking faults coincide with boundaries in the Bushveld

E-mail addresses: jcole@geoscience.org.za (J. Cole), cfinn@usgs.gov (C.A. Finn), susan.webb@wits.ac.za (S. Jane Webb).

https://doi.org/10.1016/j.precamres.2024.107306

Received 7 September 2023; Received in revised form 23 December 2023; Accepted 22 January 2024

Available online 7 February 2024
0301-9268/© 2024 Elsevier B.V. All rights reserved.


mailto:jcole@geoscience.org.za
mailto:cfinn@usgs.gov
mailto:susan.webb@wits.ac.za
www.sciencedirect.com/science/journal/03019268
https://www.elsevier.com/locate/precamres
https://doi.org/10.1016/j.precamres.2024.107306
https://doi.org/10.1016/j.precamres.2024.107306
https://doi.org/10.1016/j.precamres.2024.107306

J. Cole et al.

Complex (Fig. 1). RLS rocks of the northern lobe crop out south of the
Palala Shear Zone which forms the boundary between the Kaapvaal
Craton the Limpopo Mobile Belt to the north which separates the
Kaapvaal and Zimbabwe Cratons that collided roughly 2.6 Ga (Geng
et al., 2014). The Palala Shear Zone underwent a phase of strike-slip
faulting between the time of the Bushveld Complex intrusion and later
sedimentary deposition between 1.95 and 1.85 Ga (Schaller et al.,
1999). The Thabazimbi-Murchison Lineament (TML) forms a litho-
spheric boundary between the northern and western and eastern lobes,
extending to the mantle and has been episodically reactivated since at
least 2.96 Ga (Good & De Wit, 1997). Because the TML represents a zone
of weakness, it localized feeders to the Bushveld Complex (Du Plessis
and Walraven, 1990; Good and De Wit, 1997; Kruger, 2005; Clarke et al.,
2009; Finn et al., 2015; Ozaydin et al., 2022). The Sugarbush Fault along
the southern margin of the south-eastern lobe is not well understood and
has been described as a left-lateral wrench fault, a normal fault and a
combination of normal and sinistral faulting, and pre-dates the Bushveld
(Dankert and Hein, 2010). The Inyoka Fault represents a suture zone
between Archaean blocks that amalgamated ~3 Ga (De Wit et al., 1992)
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and crops out in the Barberton Greenstone Belt roughly 100 km to the
east.

Gravity modelling shows that the lobes are interconnected at depth
(Webb et al., 2004; Cole et al., 2014; Finn et al., 2015). Seismic receiver
function data (Fouch et al., 2004) confirmed thick crust underneath the
Bushveld Complex and that the crust-mantle transition underneath the
Bushveld Complex was less defined than under the surrounding undis-
turbed Kaapvaal Craton (Nguuri et al., 2001; Nair et al., 2006; Kgaswane
et al., 2009, 2012; Youssof et al., 2013; Delph and Porter, 2015). Here
(Nguuri et al., 2001; Nair et al., 2006; Delph and Porter, 2015) and in
other parts of Southern Africa (e.g. under the Central Zone of the Lim-
popo Mobile Belt (Gore et al., 2009; Stankiewicz and De Wit, 2013),
under the Okwa/Magondi terranes to the west of the Limpopo Mobile
Belt and Zimbabwe Craton (Nguuri et al., 2001; Mapeo et al., 2004) (see
inset in Fig. 1) and under the Namaqua Metamorphic Province (Dur-
rheim and Green, 1992; Stankiewicz and De Wit, 2013), diffuse Moho
has generally been only attributed to mafic underplating of indetermi-
nate age and emplacement process, not as staging chambers.

Fig. 1. Simplified geological map of the Bushveld Complex. The dashed black line shows the extent inferred from geophysical data. Blue ellipses indicate feeders
inferred from gravity data. The dark red hatching is the Thabazimbi Murchison Lineament. Lower left inset: NL — Northern lobe, EL — Eastern lobe, SEL — South-
eastern lobe, WL — Western lobe, FWL - Far western lobe. SASE (Southern African Seismic Experiment data (Fouch et al., 2004). NARS (Network of Autono-

mously Recording Seismographs) (Fadel et al., 2018).
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2. Data and methods
2.1. Gravity data

Regional gravity data with a resolution of roughly one measurement
every 14 km? cover the Bushveld Complex. The data were collected
during the 1970s to the 1990s using LaCoste and Romberg gravimeters.
Elevations were determined using micro-barometers. Bouguer anomaly
values were calculated assuming a mean density of 2670 kg/m°. The
measurements were tied to the International Gravity Standardisation
Net values (Morelli et al., 1997) and referred to the gravity formula
based on the 1980 geodetic reference system (Moritz, 1992). The
maximum error (including reading, positional and elevation inaccura-
cies) in the Bouguer anomaly value was estimated to be within 2 mgal
(Stettler et al., 2000). The Botswana gravity data were collected during
the 1970 s and 1990 s at an average resolution of 7.5 km (Chisenga et al.,
2020). The gravity data were gridded at a 2 km cell size. The Bouguer
anomaly map (Fig. 2a) was produced using the standard latitude, free-
air correction and Bouguer slab correction.
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2.2. Broadband seismic data (SASE and NARS)

Between 1997 and 1999 an array of three-component seismometers
was deployed across Southern Africa to form the Southern African
Seismic Experiment (SASE). Data were recorded at a total of 79 tem-
porary stations, spaced ~ 100 km apart. and supplemented by data from
three permanent broadband stations (Fouch et al., 2004). Sixteen of the
stations were located on or in the vicinity of the Bushveld Complex
(Fig. 1). The Network of Autonomously Recording Seismographs in
Botswana (NARS-Botswana) consisted of 21 broadband seismic stations
deployed between November 2013 and February 2018 (Fig. 1) (Fadel
et al., 2018). The stations were spaced roughly 150 — 200 km apart.

2.3. Gravity modelling

GM-SYS 3D is a 3D gravity and magnetic modelling package for
surface-oriented models. A model is defined by a number of stacked
surface grids with density distributions specified for the layer below
each surface. Calculations are performed in the wave number domain
(Parker, 1972).

Fig. 2. Gravity data and results from seismic receiver function studies. The Northern Marginal Zone (NMZ), Central Zone (CZ) and Southern Marginal Zone (SMZ) of
the Limpopo Belt are outlined (Kgaswane et al., 2009). (a) Bouguer anomaly map; (b) Average crustal thickness of five different models (Nguuri et al., 2001; Nair
et al., 2006; Kgaswane et al., 2009, 2012; Youssof et al., 2013; Delph and Porter, 2015); (c) Apparent V,/V; calculated by Delph and Porter (2015); (d) Moho
sharpness determined by Youssof et al (2013). The Moho sharpness quantifies the quality of the P to S conversions. Higher values indicate sharper Moho.
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2.4. Crust-mantle transition

Seismic receiver function studies show weak P to S wave conversions
at the crust-mantle interface underneath the Bushveld Complex (Nguuri
et al., 2001; Nair et al., 2006; Youssof et al., 2013; Delph and Porter,
2015). These studies used H-k stacking (Zhu and Kanamori, 2000) to
determine the crustal thickness (H) and Vp/V (k) (where V), is the P-
wave velocity and Vj is the S-wave velocity) (Fig. 2b,c) and provide
valuable information regarding crustal composition (for example, a high
ratio reflect decreasing silica content as for mafic rocks) (Zandt and
Ammon, 1995). Vp/Vs higher than 1.77 (the average crustal ratio)
generally indicates more mafic material (Christensen, 1996; Delph and
Porter, 2015). Diffuse crust-mantle transitions can explain weak con-
versions. Magmatic underplating can cause these diffuse transitions or,
in the case of the Limpopo Belt, high metamorphic grade/velocity crust
related to shortening and crustal thickening during the collision of the
Kaapvaal and Zimbabwe cratons in the Archean (James et al., 2003).
Another explanation may be the lower velocity contrast between the
lower crust and a Mg-depleted upper mantle beneath the Bushveld
Complex. Low seismic velocities in the mantle under the Bushveld
Complex may result from an increase in Fe content due to refertilisation
(James et al., 2001). The Moho sharpness factor, calculated by
comparing the Pds (P to S conversion at a depth d) phase amplitude at a
receiver station to the average Pds amplitude for the entire SASE study
area, is generally low (<1.5) over the Bushveld Complex also indicating
a diffuse Moho (Youssof et al., 2013) (Fig. 2d). Application of a
Gaussian-weighting common conversion point stacking for each
receiver function to obtain better resolution variations in spatial
amplitude also encountered weak conversions for most of the Bushveld
Complex (Delph and Porter, 2015). In these instances H and k values
that gave the best stacking amplitudes were selected manually and not
through an automated iterative process.

The seismic receiver function studies (Fig. 2b-d) show the thickest,
most diffuse crust-mantle transitions under the centre of the Bushveld
Complex, extending to the far western lobe, and under the northern
lobe. The Molopo Farms Complex in the west (SA59) also correlates with
more diffuse Moho. The stations south of the western and south-eastern
lobes (SA 40 to SA 42) generally record high amplitude P to S
conversions.

The gradational transition underneath the Bushveld Complex is
generally attributed to mafic underplating (Nguuri et al., 2001; Youssof
et al., 2013) and mafic lower crust (Kgaswane et al., 2009, 2012; Delph
and Porter, 2015). Another possible explanation for underplating may
relate to the Karoo magmatic event that saw the eruption of basaltic lava
and the intrusion of dolerite sills throughout southern Africa and
Antarctica during the break-up of Gondwana around 180 Ma (Jourdan
et al., 2005). However, silicic crust (Vp/Vs < 1.77, Delph and Porter,
2015) and a sharp Moho (>2.0, Youssof et al., 2013) correlate with the
Karoo Dolerite Suite. Another possibility is that the Archean lower crust
was mafic prior to the intrusion of the Bushveld Complex, but results
from a dense seismic array near Kimberley, outside of the Bushveld
Complex, shows a lower crust of intermediate composition (Niu and
James, 2002). Similarly, seismic refraction studies over the Witwa-
tersrand Basin south of the Bushveld Complex produced Vj, of 6.5-6.8
km/s for the lower crust, described as felsic granulite (Durrheim and
Green, 1992).

2.5. Gravity inversion modelling

Refertilization increased the density of the upper mantle. To main-
tain the diffuse velocity contrast at the Moho higher densities are
necessary at the base of the lower crust. For modelling purposes we
averaged five different crustal thickness models (Nguuri et al., 2001;
Nair et al., 2006; Kgaswane et al., 2009, 2012; Youssof et al., 2013;
Delph and Porter, 2015) as done for the Northern Lobe (Finn et al.,
2015).The thicknesses vary in places but uncertainties in crustal
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thicknesses in areas with diffuse Moho are ~ 5 km (Kgaswane et al.,
2009). The maximum RLS thickness was conservatively limited to 10
km, although geologic outcrop, drilling (Teigler and Eales, 1996; Ashwal
et al., 2005; Roelofse and Ashwal, 2012) and seismic reflection data
(Odgers and Du Plessis, 1993; Odgers et al., 1993; Campbell, 2011) show
the intrusion to be roughly 7 km thick. These geological, borehole and
seismic data sets constrained the model of the Bushveld Complex.
Crustal thicknesses derived from the NARS-Botswana (Fadel et al., 2018)
supplemented the SASE data to allow for a westward extension of the
modelling.

Densities for the lower crust were derived from shear wave velocities
(Kgaswane et al., 2009, 2012). The velocities (4.0 to 4.3 km/s) translate
to densities between 3145 kg/m> and 3360 kg/m? (using the empirical
equation of Christensen and Stanley (2003), with an average of 3250 kg/
m?. Increasing the density to 3340 — 3350 kg/m? (Artemieva and Vinnik,
2016) did not change the inversion result, and a mantle density of 3330
kg/m> was used for the mantle underneath the Bushveld Complex. SASE
results also guided the densities used for the lower crust and mantle.
Detailed seismic tomography work on an undisturbed part of the
Kaapvaal Craton in South Africa revealed a lower crust with a density of
2860 kg/m3 overlying a dense mantle (3300 kg/ms) (Niu and James,
2002).

To test whether dense material can be modelled underneath the
Bushveld Complex, we used a commercial software package (GMSys3D)
to invert the gravity data (Fig. 2a) to 3D models of density (Parker,
1972) with and without dense lower crustal material. Both starting
models consisted of a 1 km thick layer of cover material (2500 kg/m>),
an 8 km layer representing the RLS (3010 kg/m®), and the Moho (3250
kg/m®) defined by the average thickness of the five different crustal
thickness models (Nair et al., 2006; Kgaswane et al., 2009, 2012;
Youssof et al., 2013; Delph and Porter, 2015). The middle crust was
given a density of 2700 kg/m> (Webb et al., 2004). The horizontal and
vertical resolutions of the model were both 5 km. In the first model,
dense lower crust was not added. The top of the RLS was allowed to vary
by 500 m but the variations of the bottom were unrestricted. The
resulting RLS thickness ranged between roughly 7 km and 20 km, with
thicknesses above 19 km for more than half of the Bushveld Complex
(Fig. 3). Borehole and seismic data refute this excessive thickness.

In the second model one dense (3020 kg/m3) lower crustal layer with
a starting thickness of 24 km was added above the Moho because the
seismic identification of high velocities is most reliable for the lower
crust. The top of this layer was allowed to vary, and the RLS thickness
was constrained to less than 10 km away from possible feeders (Fig. 4a).
Inversion resulted in a dense lower crust under the whole Bushveld
Complex (Fig. 4b). Under the western and northern lobes the thickness
varied between ~14 km and 22 km (Profiles 1, 3 and 4 in Figs. 4 and 5),
while under the eastern lobe it was ~14 km to 16 km thick (Profile 2 in
Figs. 4 and 5), The layer was thickest under the TML between the
northern and western lobes (Fig. 3b). Including a mid crustal (~15 km
depth) dense layer while reducing the thickness of the lower crustal
layer and/or the Bushveld Complex is consistent with, but not required
by, the gravity and seismic data. We focus on interpretation of the lower
crustal body.

Depths to the top of the dense lower crust were extracted at the SASE
stations and compared to depths where shear wave velocities were
greater than 4.0 km/s (defined as the threshold for dense lower crust by
Kgaswane et al., 2012) (Fig. 5e). The velocity models had a depth res-
olution of 5 km. Six of the inversion model depths fell within 5 km of the
velocity model depths. For the rest of the stations the inversion model
depths were shallower than the velocity model depths.

The seismic velocity models are inversion models themselves with
uncertainties of 0.1 to 0.2 km/s (Kgaswane et al., 2012). When
comparing velocity depths where Vs > 3.9 km/s with the inversion re-
sults, seven of the stations had depths within 5 km and SA51 was just
outside of 5 km (Fig. 5f). The gravity inversion and seismic velocity
models yielded comparable results within the resolutions and
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Fig. 3. (a) Thickness of the RLS from the inversion without dense lower crust included in the model; (b) Residual gravity.

uncertainties of the models.
3. Discussion

The regional gravity modelling requires dense material in the crust
below the RLS. The thickness of this layer depends on its density and the
thickness and density of the RLS in the upper crust. As the maximum
thickness of the RLS is constrained to ~ 7-8 km by seismic reflection and
borehole data (Cawthorn and Walraven, 1998) and its density has been
determined from laboratory and downhole measurements (Cole et al.,
2021), the deeper-seated dense material is required to model the
observed gravity data. Non-uniqueness in potential field modelling
means that other models can fit the data, but high seismic velocities, and
therefore high densities, are present in the lower crust, thereby con-
straining our model.

The dense lower crust spatially correlates with the large ENE-striking
faults, (Fig. 4b). Although co-location does not imply interaction be-
tween the faults and the dense material it does present the possibility of
at least some faults tapping into a deeper-seated source. Correlation
between two modelled feeders and two of the faults makes this possi-
bility more enticing.

The Mokopane feeder coincides with the intersection of north-
trending faults in the northern lobe, and NE and ENE striking faults
that form part of the TML (Finn et al., 2015). The inversion result shows
the feeder coinciding with thicker dense lower crust, raising the possi-
bility that they could have been connected at some stage. This may
actually still be the case, but the resolution of the model is too coarse to
constrain such a scenario (Fig. 5d). The dense lower crust is thickest
under the central part of the TML and thins to the east and west but
becomes thicker again along the northern boundary of the far western
lobe (Fig. 4b). The TML has been described as a large-scale relay
structure at the time of the Bushveld Complex intrusion (Good and De
Wit, 1997) %5, The structural complexity of relay structures makes them
ideal pathways for fluids, including magmas (Dankert and Hein, 2010).
Although our model is too regional to show complexity in the TML, it
coincides with thick upper and lower crustal dense material (Fig. 4).
Inverse modelling also showed dense material potentially related to
feeders (Finn et al., 2015) caught up in the TML.

The proposed southern feeder was best forward modelled with a
conduit extending down to 20 km (Cole et al., 2021). The inversion
results show a thinner feeder, ~5.5 km thick but underlain by thick
mafic lower crust, suggesting a possible trade-off between its thickness
and the lower crustal thickness (Fig. 4). Boreholes intersected only
Upper and Lower Zone rocks and on the basis of this it was interpreted as
a separate lobe with its own feeder (Buchanan, 1975). Later, Sr-isotope
studies of magma compositions suggested that a feeder at the south-
eastern lobe was the source of the Upper Zone in the south-eastern,
western and eastern lobes (Kruger, 2005). The Sugarbush Fault has
never been explicitly mentioned as a possible feeder zone for the
Bushveld Complex, however, its position along the southern margin of
the south-eastern lobe where both a feeder and staging chamber have
been modelled makes it a strong candidate. It was active prior to the
intrusion of the Bushveld Complex, but its tectonic history has not been
studied (Dankert and Hein, 2010) and it is also unknown whether the
fault extends down to the mantle. The Inyoka Fault represents a suture
zone of two Archaean blocks and likely extends to the mantle (Fig. 1).
However, its exact position is uncertain and the correlation with the
modelled staging chamber may be fortuitous.

Thickness of the dense lower crustal layer shows strong agreement
with areas of deep mafic material above a diffuse Moho (Fig. 2¢, d). The
thickest part of the dense lower crust corresponds toto diffuse Moho
(Youssof et al., 2013), high Vp/Vs is high, indicating mafic material
(Delph and Porter, 2015) and the thickest crust (Fig. 2b). Under the
outcropping eastern and western lobes, the dense lower crustal layer is
thinner. Under the Far Western lobe it becomes thicker over deeper
Moho. The thick mafic lower crust extends even further west to the
Molopo Farms Complex (MFC) where the NARS data also showed a high
Vp/Vs ratio of 1.81 at station NE 201 just north of the MFC which
corroborates the presence of mafic material at depth (Fig. 2¢). The dense
material therefore extends ~ 700 km in an east-west direction and ~
350 km in a north-south direction under the Bushveld Complex.

The link between layered igneous intrusions of Bushveld age and a
thick layer of dense lower crustal material is clear. The cause of the
dense material has in the past been described as mafic underplating with
no relation to shallower magmatism (Nguuri et al., 2001; Youssof et al.,
2013). We propose that it reflects the remnants of a deep-seated mush
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Fig. 4. (a) Thickness of the RLS from the inversion; (b) Thickness of the dense lower crust resulting from inversion; (c) Residual gravity. Thick blue lines are known
faults. The cross-hatched area indicates the TML; PSZ — Palala Shear Zone; StF — Steelpoort Fault; TML — Thabazimbi-Murchison Lineament; MFC — Molopo Farms
Complex; MC - Moshaneng Complex. Inversion results extracted along profile 1 to 4 are shown in Fig. 5.
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Fig. 5. Profiles extracted from the inversion results and comparisons with shear wave seismic velocity models. Profile localities are shown in Fig. 4. (a) — (d) Dashed

lines designate the rough extent of the TML, dash-dot-dot-dash lines indicate estim

ated lateral extents of the RLS and MFC, solid lines are faults from the geological

map and extended vertically down for illustration purposes. RLS — Rustenburg Layered Suite; MFC- Molopo Farms Complex; MC — Moshaneng Complex; TML —
Thabazimbi-Murchison-Lineaments; PSZ — Palala Shear Zone; (e) Depths to the top of the dense lower crust compared to the depth of a high Vs layer in the lower crust

(Vs > 4.0 km/s) The grey line is a 1:1 relation, dashed grey lines show 5 km on eith
to the depth of a high Vs layer in the lower crust (Vs > 3.9 km/s).

zone inferred from thermodynamic modelling that fed the RLS (e.g. Yao
etal., 2021). It is not possible to distinguish between remnants of staging
chambers and magmatic underplating from geophysical data alone, but
the presence of deeper-seated staging chambers explains geochemical
complexities in the RLS such as the chromium paradox. The extensive
chromite layers in the Lower Critical Zone require parental magmas
more enriched in chromium than is possible for the presumed parent
magmas (Eales and Costin, 2012). Mixing of komatiitic and crustal melts
in a staging chamber from which chromite-rich crystal slurries were
injected into the shallower intrusion can explain the high chromite
content (Eales and Costin, 2012) as can the injection of crystal mushes

er side of the 1:1 relation; (f) Depths to the top of the dense lower crust compared

enriched in chromite through batch crystallisation (Yao et al.,2021). The
remaining ultramafic material in the staging chamber causes the dense
lower crustal material. Crystal mushes with variable amounts of crustal
contamination in a lower crustal staging chamber were also proposed to
explain isotopically heterogeneous plagioclase in the Main Zone (Roe-
lofse et al., 2015). Thermodynamic models of middle crust assimilating
with mantle melts in a staging chamber at ~ 17 km depth (pressure of
0.45 Ga) explain the composition of the gabbronoritic part of the Lower
Main Zone and Upper Critical Zone. An estimated 90-97 % of the solids
crystallized at this depth, potentially leaving high density material at
mid-lower crustal depths. To model the generation of the Upper and
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Upper Main Zone magmas, an assimilation-fractional crystallization
model of lower crust at a pressure of 1 GPa would have left even more
high-density solids in the lower crust (Yao et al., 2021).

The relation between staging chambers and large structures has been
observed elsewhere. High-density 3D magnetotelluric data imaged a
lower-crustal mush zone from which melt ascends via pre-existing
structures beneath Mt. St. Helens (Bedrosian et al., 2018). Another
modern analogue is the Hawaiian volcanic system where microseis-
micity revealed the link between staging chambers (the Pahala sill
complex) at 36-43 km depth and the 2020 and 2021 eruption at Kilauea
(Wilding et al., 2022). Thus, the correlation of large fault structures and
modelled feeders with the dense material in the lower crust beneath the
Bushveld Complex and MFC, combined with geochemical arguments for
the existence of staging chambers from which the RLS was fed makes for
a compelling argument that the deep-seated dense material under the
Bushveld and Molopo Farms complexes are remnants of staging cham-
bers. Large faults that predate the intrusion of the Bushveld Complex
and intersect with the modelled staging chamber, form zones of weak-
ness ideally located to tap a magma staging chamber that formed at the
Moho. The exact thickness, and therefore shape of the staging chamber
cannot be constrained, but the seismic and gravity data show that they
extend well into the lower crust.

Our results have implications for linking the sources of magmatism
based on geochemistry in other intrusions with dense lower crust (e.g.,
Alghamdi et al., 2018; Finn et al., 2020). Imaging the location of magma
staging chambers is important for understanding the genesis of these
economically important intrusions which is hotly debated, especially in
the Bushveld (Latypov and Chistyakova, 2022; Latypov et al., 2022a,b;
Maghdour-Mashhour et al., 2021; Mungall et al., 2016; Yao et al., 2021).
Regional seismic networks image high velocities in the base of the crust
beneath the Duluth Complex where gravity modelling requires high
densities conjectured to relate to a staging chamber (Peterson and
Bedrosian, 2023). High seismic velocities (Schulte-Pelkum et al., 2017)
and densities near the Stillwater Complex (Finn et al., 2020) may indi-
cate a staging chamber that was dismembered from the Complex during
faulting. High density seismic networks would help image lower crustal
staging chambers beneath layered mafic intrusions, constraining gravity
modelling in other regions.
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