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a b s t r a c t 

The Bushveld Complex in South Africa shows spectacular examples of regional and local magmatic ero- 

sion of the floor cumulates by new melt batches that replenished the evolving magma chamber. Field ob- 

servations indicate that, at some stratigraphic levels, at least, 15–20 m of pre-existing floor cumulates, of- 

ten nearly monomineralic in composition (e.g., anorthosite or orthopyroxenite) were completely removed 

on a regional scale. What was the major agent of this erosion – (partial) melting or dissolution of the 

floor cumulates – remains poorly understood. Thermal melting appears to be a poor candidate because 

normal basaltic melts ( ∼1220–1260 °C) cannot heat up the cumulates up to their melting temperature 

( ∼140 0–150 0 °C). We explored, therefore, the possibility of dissolution of these high-temperature-melting 

cumulates by slightly superheated (15 °C above the liquidus) basaltic-andesitic melts that recharged the 

chamber and spread out laterally along its floor as basal flows. This was done using a freely available 

thermodynamic tool for phase equilibria modeling of open magmatic systems – the Magma Chamber 

Simulator. Our thermodynamic modeling shows that the superheated melts can digest up to 4.5–8.0 wt% 

of the bulk floor cumulates without inducing crystallization of the melts, despite them being much colder 

than the liquidus temperatures of these cumulates. This is equivalent to regional erosion of 15–24 m of 

the floor cumulates, given a basal melt layer of about 350 m thick. We conclude that the regional erosion 

of the high-temperature-melting floor cumulates in the Bushveld chamber has been mostly controlled by 

their chemical dissolution by replenishing superheated melts. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

One of the most remarkable features of the Bushveld Com- 

lex in South Africa ( Fig. 1 a) – the largest basaltic intrusive com- 

lex in Earth’s crust ( Eales and Cawthorn, 1996 ; Kruger, 2005 ; 

awthorn, 2015 ; Latypov et al., 2022 ) – is abundant field evidence 

or intensive removal of the pre-existing cumulates from the in- 

tantaneous floor of the magma chamber. The removal is evident 

t nearly all stratigraphic levels of the complex but is particu- 

arly well developed at the level of the Merensky Reef (MR) and 

G2 chromitite ( Schmidt, 1952 ; Irvine et al., 1983 ; Viljoen and 

ieber, 1986 ; Viljoen et al., 1986 ; Campbell, 1986 ; Eales et al.,

988 ; Boudreau, 1992 , 2019 ; Viljoen, 1999 ; Hornsey, 2004 ; Van der

erwe and Cawthorn, 2005 ; Latypov et al., 2015 ; Mukherjee et al., 

017 ; Chistyakova et al., 2019a , 2019 b) which are mined for plat-

num group elements ( Eales and Cawthorn, 1996 ; Naldrett et al., 
∗ Corresponding author. 
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012 ; Cawthorn, 2015 ). The removal at these levels is seen on both 

he regional scale, where, at least, 10–20 m of cumulates vary- 

ng in composition from anorthosites to orthopyroxenites appear 

o have been eliminated ( Fig. 1 b) and, on a local scale, where

n nearly circular excavations, generally known as potholes, foot- 

all cumulates have been eliminated to depths of a few me- 

ers to several dozens of meters ( Figs. 2 and 3 ). Although there

re concepts that deny the removal of pre-existing cumulates by 

ttributing the field observations to non-deposition of crystals 

 Ballhaus, 1988 ), slumping ( Leeb-Du Toit, 1986 ; Hahn and Oven- 

ale, 1994 ; Carr et al., 1994 , 1999 ) or step-and-stair-type intru- 

ion of syn-magmatic sills ( Mitchell et al., 2019b ), there seems 

o be a consensus among most researchers that the missing 

oor rocks have been eroded away mechanically and/or thermo- 

hemically ( Schmidt, 1952 ; Irvine et al., 1983 ; Campbell, 1986 ; 

ales et al., 1988 ; Boudreau, 1992 , 2019 ; Viring and Cowell, 1999 ;

omberg et al., 1999 ; Viljoen, 1999 ; Hornsey, 2004 ; Smith et al.,

0 04 ; Kruger, 20 05 ; Smith and Basson, 2006 ; Roberts et al.,

007 ; Maier et al., 2013 ; Latypov et al., 2015 , 2017c , 2017b , 2019 ;

ebane and Latypov, 2017 ; Hunt et al., 2018 ). This magmatic ero- 
 of China. This is an open access article under the CC BY license 
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Fig. 1. Geological map and magmatic erosion of floor cumulates in the Bushveld Igneous Complex, South Africa. (a) Location and schematic geological map of the Bushveld 

Complex (Rustenburg Layered Suite) indicating the location of two mines where most observations reported in this study were made (modified from Latypov et al., 2015 ). (b) 

Generalized stratigraphic section illustrating the transgressive relationship of the Merensky Reef (MR) to its footwall. The MR (shown out of scale) overlies relatively planar 

sections of the temporary floor that have experienced rather uniform erosion, covers near-circular depressions (potholes) that are produced by localized erosion of the floor 

and drapes over mounds (antipotholes) representing parts of the floor that resisted erosion. The height of antipotholes suggests that, at least, 15–20 m of cumulates could 

have been eroded away on a regional scale in the Bushveld Complex prior to deposition of the MR. Similar degree of erosion of the floor cumulates has been documented 

at the level of the UG2 chromitite of the Bushveld Complex ( Latypov et al., 2017b ). This figure is modified from Latypov et al. (2015) . 
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ion of the pre-existing floor cumulates was commonly attributed 

o new magma pulses that replenished the evolving chamber 

 Irvine et al., 1983 ; Campbell, 1986 ; Eales et al., 1988 ; Viring and

owell, 1999 ; Lomberg et al., 1999 ; Viljoen, 1999 ; Hornsey, 2004 ;

oberts et al., 2007 ) – a concept that finds a strong support from 

 large body of recent field, textural and chemical observations 

rom various parts of the Bushveld Complex ( Latypov et al., 2015 , 

017a , 2017c , 2017b , 2018a , 2019 , 2020a ; Mukherjee et al., 2017 ;

ebane and Latypov, 2017 ; Hunt et al., 2018 ; Chistyakova et al., 

019b , 2019a , 2021 ; Kruger and Latypov, 2020 , 2021 ; Hasch and

atypov, 2021 ; Latypov et al., 2022 ). Despite these observational 

ndings, the exact mechanism of the magmatic erosion – e.g., me- 
2 
hanical, thermal or chemical – remains controversial (see discus- 

ion in Latypov et al., 2017a , 2019 ). Although mechanical disrup- 

ion of cumulates by crystal-rich slurries has been likely involved 

n the erosional process (e.g., Maier et al., 2016 ; Latypov et al., 

017b ), this process is unlikely to be a major agent because the 

mount of xenoliths is small to non-existent in most places (e.g., 

atypov et al., 2015 , 2017a , 2017c , 2019 ). Therefore, it seems more

ikely that the missing floor cumulates in the Bushveld Com- 

lex have either been melted thermally or dissolved chemically 

y melts replenishing the evolving magma chamber. Both pro- 

esses have some inherent limitations which are in the focus of 

ur current study. A key finding of our thermodynamic analysis 
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Fig. 2. Magmatic erosion of floor cumulates in the Bushveld Complex. Photograph 

(a) and sketch (b) of a cross-section through the part of the Upper Critical Zone in 

the open pit of the Pilanesberg Platinum Mine, Western Bushveld Complex. Note 

one large pothole developed in the mottled anorthosite underlying the Merensky 

Reef. Location of the mine on a schematic map of the Bushveld Complex is shown 

in Fig. 1 . This figure is modified from Latypov et al. (2019) . 
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Fig. 3. Magmatic erosion of floor cumulates in the Bushveld Complex. Photograph 

(a) and sketch (b) showing a large anorthosite pothole that transgresses mostly 

orthopyroxenitic footwall rocks of the Upper Critical Zone in the open pit of the 

Smokey Hills mine, Eastern Bushveld Complex. Note one large pothole developed in 

the mottled anorthosite underlying the Merensky Reef. Location of the mine on a 

schematic map of the Bushveld Complex is shown in Fig. 1 . This figure is modified 

from Latypov et al. (2020) . 
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ased on the Magma Chamber Simulator (MCS) – a new thermo- 

ynamic tool for phase equilibria modeling of open magmatic sys- 

ems ( Bohrson et al., 2014 , 2020 ) – is that chemical dissolution is

ikely the most viable mechanism for the intensive magmatic ero- 

ion of the pre-existing floor cumulates in the Bushveld Complex. 

. Geological and petrological background 

The 2.05 billion-years-old Bushveld Complex in South Africa 

 Fig. 1 a) occupies an area that most likely exceeds 10 0,0 0 0

m 

2 and extends ∼450 km East-West and ∼350 km North- 

outh ( Cawthorn and Walraven, 1998 ; Naldrett et al., 2012 ; 

awthorn, 2015 ; Finn et al., 2015 ). The complex consists of sev- 

ral parts, the western, eastern and northern limbs being the 

argest, and is subdivided stratigraphically into five major units 

the Marginal, Lower, Critical, Main, and Upper Zones, com- 

rising a total thickness of about 7 to 9 km ( Cawthorn, 2015 ).

he Bushveld Complex is widely considered as a typical exam- 

le of an open-system magma chamber ( Kruger, 2005 ). Apart 

rom the marginal rocks, its four principal zones are attributed 

o major replenishment events, with numerous smaller magmatic 

echarges contributing to the formation of these zones. During 

his process, the magma chamber was incrementally increasing 

n size by inflation both vertically and laterally ( Willemse, 1959 ; 

ales, 2002 ; Kruger, 2005 ). All major replenishment events are 

arked by regionally extensive magmatic disconformities, local 

nconformities with erosion of previous strata, significant isotopic 

hifts, and notable changes in whole-rock and mineral composi- 

ions ( Kruger, 2005 ). In this study we concentrate our thermody- 
3 
amic modeling on two reported occurrences of floor cumulate 

rosion related to the Upper Critical Zone (UCZ) of the Bushveld 

omplex. These are: (1) the magmatic erosion of anorthosites ob- 

erved in the open pit of the Pilanesberg Platinum Mine (PPM), 

orth-Western Bushveld Complex (Case 1; Fig. 2 ; Latypov et al., 

019 ) and (2) the magmatic erosion of orthopyroxenites observed 

t the Smokey Hills Mine (SHM), Eastern Bushveld Complex (Case 

; Fig. 3 ; Latypov et al., 2020a ). 

In Case 1, the stratigraphic sequence at the PPM open pit from 

he base upwards consists of five major units including the UG1 

nit, the UG2 Unit, the Pseudo Reef Unit, the Merensky Unit 

nd the Bastard Unit, along with the intervening leuconorite to 

northosite layers ( Fig. 2 ; Viljoen et al., 1986 ; Mitchell et al., 2019b ,

019a ; Latypov et al., 2019 ). One impressive outcrop of this se- 

uence in the PPM open pit comprises a ∼55 m thick continu- 

us and undisturbed section from the UG2 chromitite layer up to 

astard Unit norite ( Fig. 2 ). A layer of mottled anorthosite that 

nderlies the Merensky Unit is of most interest here because it 

hows one large and two small transgressive potholes filled in 

y the Merensky Unit orthopyroxenite. The magmatic erosion of 

he anorthosites results in contrasting morphology of the upper 

nd lower contacts of this layer with the host rocks, with the 

ower contact being flat and planar whereas the upper contact is 

ighly scalloped and irregular. The irregularities of the upper con- 

act result in notable variations in the anorthosite thickness in- 

luding its almost complete disappearance at the base of a large 

othole ( Fig. 2 ). Despite the intensive potholing of this layer of 

ootwall anorthosite, no deformation/disruption is observed in ei- 

her the underlying Pseudo Reef Unit or the overlying layers of 
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he Merensky and Bastard Units. Also, no xenoliths of footwall 

northosite are observed within potholes of the Merensky Unit 

 Fig. 2 ; Latypov et al., 2019 ). 

In Case 2, the stratigraphic sequence at the SHM open pit from 

he base upwards consists of three major units including the UG2 

nit, the UG3 Unit and the Merensky Unit ( Fig. 3 ; Gain, 1985 ;

aier et al., 2016 ). One outcrop of this sequence comprises a 

25 m thick section from the UG2 chromitite layer up to mot- 

led anorthosite footwall of the Merensky Unit ( Fig. 3 ) and is re-

arkable in showing a pothole that cuts down up to a dozen 

f metres through the underlying stratigraphy. This pothole is 

lled with the MR footwall layer of anorthosite/leuconorite that 

verlies a sequence of UG2/UG3/UG3a mafic-ultramafic units. The 

G2 unit is composed of a thick chromitite layer overlain by or- 

hopyroxenite with some norites and anorthosite sublayers. The 

G3/UG3a units comprise thinner chromitite layers mostly over- 

ain by orthopyroxenite. The pothole cuts through the entire under- 

ying sequence down to the UG2 chromitite. The transgression is 

ell seen from the discordant relationships of UG3/UG3a chromi- 

ite and anorthosite with the sub-vertical margins of the pothole 

 Fig. 3 ). In the pothole, the cross-cutting relationships are particu- 

arly evident from the occurrence of angular to sub-rounded blocks 

f footwall rocks within anorthosite/leuconorite, from the highly 

ndulating and scalloped nature of the basal contact of the pot- 

oled anorthosites and from the local invasion of thin offshoots of 

northosite from steeply-inclined sidewalls into adjacent footwall 

rthopyroxenite ( Maier et al., 2016 ; Latypov et al., 2020a , 2020b ). 

. Thermodynamic modeling 

.1. Background 

.1.1. Melting vs. dissolution in igneous systems 

The distinction between a substance melting and dissolution is 

ot always clear in literature. In terms of thermodynamics, the is- 

ue is semantic. For example, does an ice cube melt or dissolve 

n a glass of water at room temperature (20 °C)? It could be ar- 

ued that the process is melting, since there really is no solvent or 

olute in a system composed of a single component (H 2 O). Ther- 

odynamically, it can be stated that an ice cube of a given mass 

nd temperature (and thus of enthalpy) mixes with a given mass 

nd temperature of water; when the mixture equilibrates at the 

mbient room temperature, the system arrives at a final state of a 

ingle-phase liquid. This thermodynamic statement does not differ- 

ntiate between the two processes, the distinction of which could 

hen be considered semantic. 

A look into a two-component two-phase system gives more in- 

ight into the subject. A useful analogue is pouring a spoonful 

f table salt (halite, NaCl) in a glass of water at room tempera- 

ure. Melting point of pure halite is 801 °C at atmospheric pres- 

ure ( Robie and Waldbaum, 1968 ) Nevertheless, if water is not 

aturated in halite, halite disintegrates, and a homogeneous solu- 

ion is generated. Therefore, it could be argued that halite must 

ave dissolved in water. A simple example relevant to magmas, 

s illustrated for the binary system An-Di ( Fig. 4 a; Bowen, 1915 ;

oder, 1976 ). Although anorthite may crystallize in this system 

rom melt X at 1300 °C, the cumulates composed of the anorthite 

i.e., anorthosite), if isolated from the system, may melt only at 

553 °C (at point X’). This is 253 °C higher than the temperature at 

hich anorthite originally crystallized. However, if these anorthite 

rystals are then put into a melt that is undersaturated in anor- 

hite (for example, at point Z), they start dissolving regardless of 

he relatively low temperature of the melt. 

Following Kerr (1995) , we treat melting and dissolution in an 

gneous system in this study as follows. Melting takes place when 

he temperature of a crystal (or a rock) is above its melting tem- 
4 
erature (or solidus temperature). This requires only diffusion of 

eat, although assimilation of the formed melt by another (resi- 

ent) melt also requires mass to be transported. Dissolution re- 

ults from a chemical disequilibrium between a crystal and melt 

nd may occur even when they are at the same temperature or if 

he crystal has a higher melting temperature than that of the melt. 

or the case of a magma chamber, this means that dissolution hap- 

ens directly at the melt-solid interface whereas thermal melting 

ay also take place beyond this interface in the country rock. Al- 

hough in the case of dissolution only diffusion of mass through 

he crystal-melt interface is required, in magmatic systems thermal 

isequilibrium and thus diffusion of heat almost always take place. 

e emphasize again that purely thermodynamic models, such as 

CS, do not consider kinetic factors, such as thermal or chemical 

iffusion. 

The binary example in Fig. 4 a stresses the fundamental differ- 

nce between parental liquids and cumulates with regards to their 

iquidus and solidus temperatures (e.g., Morse, 1980 ). In contrast to 

imple melt-crystal systems or other such binary analogues given 

bove and as modeled by Kerr (1995) , however, magmas are usu- 

lly composed of plethora of chemical components, and can simul- 

aneously host various different solid, liquid, and gaseous phases. 

nstead of a single crystallization or melting temperature, the dif- 

erence between the solidus and liquidus temperatures of rocks 

nd magmas may thus be hundreds of degrees °C ( Fig. 4 b, c). 

Textural, experimental and modeling evidence indicate that, un- 

er favorable conditions, differentiating magmas are able to digest 

ignificant amounts of solid phases – having high melting temper- 

tures – that are not saturated in them (e.g., Müller et al., 2005 ; 

ungall, 2007 ; Iacono-Marziano et al., 2017 ). To evaluate the rela- 

ive roles of dissolution and melting in assimilating magmatic sys- 

ems by modeling, a thorough treatment of the associated energet- 

cs and phase equilibria is required. 

.1.2. The utilization of the Magma Chamber Simulator 

The issue of melting versus dissolution in the formation of 

he regional and local erosional features of the Bushveld Complex 

 Figs. 1-3 ) are examined here using the Magma Chamber Simu- 

ator (MCS) – a thermodynamic model that can be used to com- 

ute the phase, thermal, and compositional evolution of a multi- 

hase – multicomponent system of a fractionally crystallizing res- 

dent body of magma, linked wallrock, and recharge reservoirs 

 Bohrson et al., 2014 , 2020 ). The thermodynamic engine of the 

CS is built on MELTS-family of algorithms (either rhyolite-MELTS 

r pMELTS; Ghiorso et al., 2002 ; Gualda et al., 2012 ; Ghiorso and

ualda, 2015 ). 

Assimilation and concurrent crystallization can be modeled in 

wo different ways in the MCS ( Fig. 5 ). The first is progressive as-

imilation of wallrock anatectic melts − fractional crystallization 

MCS-AFC), where the wallrock melts are formed by enthalpy re- 

eased by sensible and latent heat derived from the cooling and 

rystallization of magma. A wallrock melt formed above a user- 

efined percolation threshold value (fmZero), is mixed and homog- 

nized with the resident magma. MCS-AFC modeling can be used 

o estimate the effective maximum limit of wallrock assimilation 

y (partial) melting ( Heinonen et al., 2021 ). 

In bulk assimilation of stoped blocks-fractional crystallization 

MCS-SFC), a user-input mass of stoped wallrock is forced to ho- 

ogenize and equilibrate with the resident melt during one sim- 

lation step ( Fig. 5 ). MCS-SFC does not consider the actual pro- 

ess of homogenization, or the scale of it (e.g., whether the block 

ass is composed of a single block or a collection of infinitesimally 

mall blocks), but provides thermodynamic consequences of forced 

omogenization and thus a valuable comparison to MCS-AFC mod- 

ling results ( Bohrson et al., 2020 ; Heinonen et al., 2021 ). 
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Fig. 4. Liquidus phase diagram of the binary anorthite-diopside (An-Di) system at 1 atm (a; modified from Presnall et al., 1978 ) and temperature versus solid/melt fraction 

relationships for the floor cumulates of Case 1 (b) and Case 2 (c). The phase diagram (a) illustrates that melting of anorthite cumulates (point X’) isolated from the system 

would require a temperature of 253 °C higher than the temperature at which anorthite originally formed in the mixture (point X). Yet, anorthite would begin dissolving 

if introduced in a melt at point Z. The temperature versus melt fraction diagrams (b and c) indicate the relative amounts of melt and solid in the floor cumulates at 1) 

case-specific recharge melt temperatures, 2) initial cumulate temperature of 1200 °C (Case 1A) and 1175 °C (Case 2A), and 3) initial cumulate temperature of 1100 °C (Cases 1B 

and 2B). Note that the curves do not take account phase changes caused by assimilation of the formed partial melts in the floor cumulate, which takes place in the MCS-AFC 

models. These curves are shown just to highlight the state of the bulk cumulate at relevant model temperatures. See Supplementary Data and Table 3 for more details. 
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In both models (MCS-AFC and MCS-SFC), the contaminated resi- 

ent magma system – and residual wallrock in the former – comes 

o a new equilibrium state at a new temperature ( Fig. 5 ). Crystal-

ization and/or separation of a fluid phase can occur due to the 

ssimilation events and the resident melt composition records the 

esulting compositional changes. If a stoping event does not result 

n crystallization in the resident magma, the magma remains un- 

ersaturated in solid phases and is thus able to completely digest 

he stoped block, regardless of whether this would occur by partial 

elting or dissolution or both. 

For a more thorough explanation of how the software and MCS- 

FC and MCS-SFC work, the reader is referred to Bohrson et al. 

2014 , 2020 ). 

.2. Modeling input and procedure 

The erosion (assimilation) of anorthosites at the PPM (Case 

) and orthopyroxenites at the SHM (Case 2) by recharge melts 

f basaltic-andesitic composition ( Latypov et al., 2018b , 2020a ) 

ere modeled by both MCS-AFC and MCS-SFC and using rhyolite- 
5

ELTS v.1.2.0 as the thermodynamic engine ( Gualda et al., 

012 ; Ghiorso and Gualda, 2015 ; see http://melts.ofm-research.org/ 

ELTS- decision- tree.html ). In the MCS-SFC simulations, we tested 

he maximum mass of a floor cumulate block which the melt could 

ssimilate without inducing crystallization. These results were then 

ompared to those of the MCS-AFC simulations, in which the 

quivalent mass of floor cumulate was heated and partially melted 

y the parental melt. In addition to MCS, we used stand-alone 

hyolite-MELTS v.1.2.0 to study the phase equilibria and melt frac- 

ion of the floor cumulates (in isolation from the magma) at vary- 

ng temperature (see Fig. 4 b, c). 

The compositional parameters are based on earlier work on the 

elevant melt and cumulate compositions of both cases and are 

isted in Table 1 . Note that the replenishing melts that reacted with 

he floor cumulates are defined as the parental melts in the MCS 

odel setting. This is because we are interested in starting the 

odels at the exact moment of when the reactions with the re- 

lenishing melt begin. The parental melt for Case 1 is a basaltic- 

ndesitic melt composition reported in Latypov et al. (2018b) . The 

ssociated floor cumulate, i.e., wallrock, is average of anorthosite 

http://melts.ofm-research.org/MELTS-decision-tree.html
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Fig. 5. A schematic presentation of the thermodynamic modeling and the differences between the MCS-SFC and MCS-AFC simulations. We consider an isolated system 

(indicated by a blue line) where a block of floor cumulate, here consisting of two mineral phases, is introduced and becomes part of an isolated system that comprises 

the block and superheated melt (a). The changing color of the resident melt in (c), (d), and (f) indicates its differentiation to more evolved composition. In MCS-SFC, the 

block is homogenized with the resident melt within one simulation step (b). We focus our attention on two possible outcomes of this forced and thorough reaction: after 

homogenization, the system may remain undersaturated in solid phases (c) or crystals may form in the resident melt (d). In the latter case, the wholesale assimilation of the 

block could be considered improbable, especially if the crystals are of the same phase than in the floor cumulate. In MCS-AFC, the superheated melt heats the wallrock block 

(e). If its solidus temperature is surpassed, it starts to partially melt as illustrated here in the vicinity of the original phase contacts. When the percolation threshold (fmZero) 

of the cumulate block has been surpassed, the partial melts are introduced in the resident melt (f). Note that in the case of superheated melt, latent heat of crystallization is 

not required in order for the floor cumulate to partially melt and get assimilated in the MCS-AFC models (see Supplementary Data). Since the heat released by the magma 

would also be conducted in the remaining cumulates (here illustrated outside of the isolated system) and not only in the separated block in nature, the degree of melting 

of the given block as suggested by the MCS-AFC modeling could be considered as absolute maximum. Abbreviations: F = degree of melting, WR = wallrock. 
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ompositions reported by Chistyakova et al. (2019a) . The parental 

elt for Case 2 is also a basaltic-andesitic melt, but of slightly 

ifferent com position reported in Latypov et al. (2020). The asso- 

iated floor cumulate, i.e., wallrock, is average of orthopyroxenite 

ompositions reported by Chistyakova et al. (2019a) . The oxidation 

tate of the floor cumulates is unknown, but Fe 3 + is assumed to 

ehave incompatibly during fractionation, however, and thus a low 

alue of Fe 3 + /Fe tot (0.05) has been used for the cumulates in the 

odels. The choice of this value is expected to have no meaning- 

ul effect on the results of the modeling (see Heinonen et al., 2019 ).

or the parental melts, Fe 2 O 3 and FeO contents were given in the 

riginal sources. 

Studies have shown that for chemical dissolution to work in 

ayered intrusions, the replenishing melt (solvent) must be in 

hemical disequilibrium with the floor cumulates (solute) and it 

eeds to be somewhat superheated relative to its liquidus tem- 
6 
erature (e.g., Irvine et al., 1983 ; Campbell, 1986 ; Latypov et al., 

017a , 2017c ). Superheating of the replenishing melt is required 

ecause melts at liquidus temperature may start crystallizing soon 

fter their arrival into the chamber and will therefore form a new 

ayer of cumulates covering the pre-existing floor cumulates and 

hus inhibiting the dissolution process. The superheating may re- 

ult from the rapid ascent of a large volume of hot melt from the 

eep-seated reservoir so that little cooling happened against the 

old crustal rocks (e.g., Latypov et al., 2018b , 2020a ) and/or mix- 

ng of new magma with the resident melt upon entry into the 

hamber ( Irvine et al., 1983 ; Campbell, 1986 ; Latypov et al., 2015 ).

uring ascent the melt superheating arises owing to the differ- 

nce in slope between the adiabatic gradient and the liquidus and 

ts degree can be up to 90 °C for magma ascending from a stor- 

ge region located at a depth corresponding to a pressure differ- 

nce of about 10 kbar (an assumed position of a Bushveld staging 
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Table 1 

Selected input for the MCS modeling. 

Case 1 Case 2 

Parental melt Floor cumulate Parental melt Floor cumulate 

Type basaltic andesite anorthosite basaltic andesite orthopyroxenite 

SiO 2 (wt%) 55.05 49.34 54.16 52.93 

TiO 2 0.11 0.07 0.13 0.22 

Al 2 O 3 17.41 30.10 20.00 8.96 

Fe 2 O 3 0.90 0.08 0.63 0.58 

Cr 2 O 3 0.10 0.03 0.00 0.32 

FeO 7.91 1.29 4.89 9.98 

MnO 0.00 0.03 0.00 0.19 

MgO 6.69 1.49 7.00 20.04 

NiO 0.00 0.00 0.00 0.00 

CoO 0.00 0.00 0.00 0.00 

CaO 9.83 14.92 10.00 5.79 

Na 2 O 1.44 2.46 2.50 0.79 

K 2 O 0.11 0.19 0.14 0.18 

P 2 O 5 0.00 0.00 0.00 0.00 

H 2 O 0.45 0.00 0.55 0.00 

CO 2 0.00 0.00 0.00 0.00 

Liquidus T ( °C) 1256 1390 1224 1485 

Initial T ( °C) 1271 1100 or 1200 1239 1100 or 1175 

Sources: see Section 3.2 . 
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Table 2 

Equilibrium phase states of the floor cumulates at the model initial temperatures. 

Case 1 anorthosite 

melt ol opx cpx plag spl 

wt% at 1200 °C 7.47 – – 4.69 87.76 0.08 

wt% at 1100 °C 0.47 0.12 – 7.9 91.4 0.11 

Case 2 orthopyroxenite 

melt ol opx cpx plag spl 

wt% at 1175 °C 8.99 0.47 41.01 31.72 16.9 0.91 

wt% at 1100 °C 2.51 1.07 67.77 5.75 21.98 0.92 

Abbreviations: ol = olivine, opx = orthopyroxene, cpx = clinopyroxene, plag = pla- 

gioclase, spl = spinel. Note that this information is not directly minable from the 

MCS output, but was gathered from EQ runs using standalone rhyolite-MELTS v.1.2.0 

( Gualda et al., 2012 ; Ghiorso and Gualda, 2015 ). 
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hamber at the Moho; Latypov et al., 2020a ). In reality, some cool- 

ng of rising melts still inevitably occurs so that upon arrival into 

 shallow-level Bushveld chamber they may be much less super- 

eated. The exact degree of superheating is not possible to predict 

ut 5–15 °C above liquidus was considered as a reasonable estima- 

ion ( Latypov et al., 2017b , 2017c , 2020a ) . 

The initial parental melt mass in MCS is always 100 units. The 

uperheating of the parental melt in our modeling is taken at 15 °C 

bove liquidus. The MCS does not allow parental melt to be in 

 superheated state, however: if the initial temperature is higher 

han the respective liquidus temperature, MCS automatically de- 

reases the temperature to the liquidus temperature upon model 

nitiation. We circumvented this internal limitation by introducing 

 second batch of superheated parental melt (100 units) as early 

s possible, i.e., after the first temperature decrement and mini- 

al amount ( < 0.5 wt%) of crystallization. The temperature of the 

econd batch was iterated so that the magma chamber had a melt 

ass of ∼200 units and temperature ∼15 °C above liquidus of the 

arental melt composition before any assimilation took place. In 

ddition to the superliquidus models, we also ran some secondary 

odels using the liquidus temperature as the initial temperature. 

hese simulations were performed only to test whether bulk diges- 

ion of a small cumulate block is possible without inducing crys- 

allization in the parental melt at its initial liquidus. 

The temperature decrement step in the models was set to 1 °C. 

ithin this step, and if subsolidus, the system crystallizes in equi- 

ibrium after which the formed crystals ± fluids are fractionated 

way from the system. A low value was chosen because we wanted 

o minimize the amount of system cooling and crystallization pre- 

eding any other events in the modeling. Using a larger decrement 

tep, like 2 or 5 °C, would not be expected to have any other ma-

or effect on the outcomes of the models. The pressure was set to 

00 MPa (2 kbar) which corresponds to the depth at which cumu- 

ate reaction with magma took place (e.g., Latypov et al., 2020a ). 

In the MCS-SFC simulations, the stoped floor cumulate block 

as introduced in the resident magma as early as possible (af- 

er 1 °C decrement following the superliquidus treatment of the 

arental melt as described above). The mass of the stoped block 

as iterated so that it was the maximum amount allowed in the 

imulation without inducing crystallization in the resident melt 

fter the following temperature decrement step. In the MCS-AFC 

imulations, the melt percolation threshold value of the wall- 

ock (fmZero) was selected to be 0.1, which is relevant for non- 
e

7 
exturally equilibrated rocks ( Cheadle et al., 2004 ) such as cumu- 

ates. This means that before any assimilation of the wallrock par- 

ial melt takes place, the floor cumulate must be 10 wt% molten. 

he mass of the wallrock was varied according to the results of the 

CS-SFC simulations and is discussed in the results section. 

We varied the initial temperatures of the floor cumulates in 

CS-AFC and MCS-SFC simulations and used end-member values 

f 1200 °C (Case 1A) and 1100 °C (Case 1B) for Case 1 and 1175 °C
Case 2A) and 1100 °C (Case 2B) for Case 2 ( Fig. 4 b, c). This range

s relevant to the modeled environment, where the floor cumu- 

ates were unlikely to have been fully crystalline before the em- 

lacement of the replenishment magma. The lower maximum ini- 

ial temperature for Case 2 is because at temperatures higher than 

175 °C, the melt fraction of the orthopyroxenite cumulate was 

bove the percolation threshold of 10 wt% melt ( Fig. 4 c). 

For a more detailed description of the modeling appended with 

creenshots from the MCS files, see Supplementary Data. 

.3. Results of the MCS modeling 

The results of our MCS and rhyolite-MELTS modeling are pre- 

ented in Tables 2 and 3 and in Fig. 6 . Full output in the form of

he primary MCS-generated Microsoft Excel files is included in the 

upplementary Data. 

Table 2 illustrates the strength of using multiphase- 

ulticomponent tools in thermodynamic modeling of igneous 

ystems. Although the floor cumulates are probably not in internal 

quilibrium in nature like they are in the models, it is clear 
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Table 3 

Results of the MCS modeling. 

Model # PM T liq ; T ini ( °C) WR T liq ; T ini ( °C) WR F ini (wt%) WR m ini / PM m ini (wt%) A MAX / PM m ini (wt%) A MAX / WR m ini (wt%) ρ after A MAX (kg/m 

3 ) 

MCS-SFC results 

Case 1: Pilanesburg mine anorthosites PM ini : 2614 

1A 1256; 1271 1390; 1200 7.5 4.5 4.5 100.0 2614 

1B 1256; 1271 1390; 1100 0.5 3.5 3.5 100.0 2615 

Case 2: Smokey Hills mine orthopyroxenites PM ini : 2576 

2A 1224; 1239 1485; 1175 9.0 8.0 8.0 100.0 2591 

2B 1224; 1239 1485; 1100 2.5 7.0 7.0 100.0 2590 

MCS-AFC results 

Case 1: Pilanesburg mine anorthosites PM ini : 2614 

1A 1256; 1271 1390; 1200 7.5 4.5 0.5 11.4 2614 

1B 1256; 1271 1390; 1100 0.5 3.5 0.5 12.9 2615 

Case 2: Smokey Hills mine orthopyroxenites PM ini : 2576 

2A 1224; 1239 1485; 1175 9.0 8.0 2.4 30.5 2579 

2B 1224; 1239 1485; 1100 2.5 7.0 1.6 23.0 2579 

Abbreviations: PM = parental melt, WR = wallrock, T = temperature, F = degree of interstitial melt, m = mass, A = assimilation, liq = liquidus, ini = initial, MAX = maxi- 

mum. 
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hat neither of the floor cumulates are purely monomineralic at 

10 0–120 0 °C but are composed of several solid phases. This is 

ecause our modeling is based on actual measured compositions 

f the floor cumulates and not idealized compositions of pure solid 

hases like in simple models of binary systems (cf. Fig. 4 a; see 

ection 3.1.1 ). Mixtures of substances always have lower melting 

oints than pure substances: for example, Case 1 anorthosite with 

n 76 plagioclase is 7.5 wt% molten already at 120 0 °C (at 20 0 MPa;

able 2 ; Fig. 4 b), although pure anorthite has a melting point of

553 °C (at atmospheric pressure; Fig. 4 a). 

The first question to answer was that what is the maximum 

ass of floor cumulates that the superliquidus melts can assimi- 

ate without inducing crystallization in the MCS-SFC simulations. 

nly the final iterated model result is displayed in Table 3 and in- 

luded in the Supplementary Data. In Case 1, the MCS-SFC sim- 

lations suggest that the basaltic-andesitic melt can absorb 3.5–

.5 wt% (relative to the mass of the parental melt) of anorthosite 

umulate without inducing crystallization ( Fig. 6 b). In Case 2, the 

asaltic-andesitic melt can absorb 7.0–8.0 wt% of orthopyroxenite 

umulate without inducing crystallization ( Fig. 6 d). Such masses 

re able to explain the scale of magmatic erosion of the floor cu- 

ulates in the Bushveld Complex (see next section). 

Using the above masses of floor cumulate in the MCS-AFC sim- 

lations enables us to study the potential of partial melting in floor 

umulate assimilation ( Table 3 ). If subjected to heating and partial 

elting, the floor cumulate masses that are equal to the masses of 

he fully digested stoped blocks in the MCS-SFC models can par- 

ially melt in amounts of 11–13 wt% (Case 1) and 23–30 wt% (Case 

), which results in degrees of assimilation of only ∼0.5 wt% and 

.6–2.4 wt% relative to the parental melt, respectively. Even at the 

espective superheated recharge melt temperatures, the melt frac- 

ions of the floor cumulates would only be 26 and 45 wt%, respec- 

ively ( Fig. 4 b, c). Such degrees of melting would require constant 

ddition of recharge melts to prevent cooling of the system below 

he superliquidus temperatures of the parental melts. Collectively, 

he results show that in the case of bulk assimilation, chemical 

issolution must dominate over thermal melting as the primary 

ssimilation process in the modeled scenarios – this will be dis- 

ussed in more detail in the next section. 

. Discussion and implications 

Our modeling indicates that a reaction of inflowing superheated 

elt with pre-existing floor cumulates (anorthosite or orthopy- 

oxenite) results in a mass loss of solidified rocks ( Fig. 6 ). The

hermodynamic models do not directly assess whether this loss 

f mass takes place by partial melting or dissolution or both, 
8

ut modeling suggests that dissolution must dominate the pro- 

ess of bulk assimilation. The floor cumulate masses that can be 

bsorbed by basaltic-andesitic melts in our MCS-SFC simulations 

3.5–4.5 wt% for Case 1 and 7.0–8.0 wt% for Case 2) are more than 

nough to explain the estimated relative masses of the magma 

nd eroded cumulates based on field observations of the Bushveld 

omplex. As an illustration, this means that a 350 m thick basal 

ayer of superheated melt would be able to fully digest about 12–

5 m and 20–24 m of the high-temperature-melting floor cumu- 

ates of anorthositic and orthopyroxenitic composition, respectively 

 Fig. 6 a-d). It is important to note that the amount of intersti- 

ial melt in the cumulates at the modelled temperatures (1100–

200 °C) is taken relatively small: 0.5–7.5 wt% in Case 1 and 2.5–

.0 wt% in Case 2. The choice is governed by field and textural data 

ndicating that a mushy zone in the Bushveld Complex and other 

ayered intrusions is, at best, only a few meters thick ( Hess, 1960 ;

rvine et al., 1998 ; Latypov et al., 2015 , 2020b ; Holness et al., 2017 )

nd, in some cases, can be even close to zero ( Kruger and Laty- 

ov, 2020 , 2021 ). In essence, we consider here a case of chemi-

al dissolution of the chamber floor that is nearly completely solid 

e.g., Latypov et al., 2020b ), as opposed to other extreme where 

he floor is a partially molten mush with variable proportion of in- 

erstitial liquid ( Marsh, 1996 , 2006 , 2013 ). In the latter case, the

egree of assimilation would be expected to be even higher. 

Is it really necessary for the replenishing melts to be super- 

eated to be able to dissolve the pre-existing cumulates? The 

uestion is quite relevant because the modeling of binary systems 

hows that the net dissolution of solid phases is actually possi- 

le even if the parental melt is initially at its liquidus tempera- 

ure (see Kerr, 1995 ; Spera et al., 2016 ). We tested this by running

dditional simulations at liquidus T of the parental melts: bulk as- 

imilation of even 0.5 wt% of floor cumulate is not possible in ei- 

her such case without inducing crystallization (see Supplemen- 

ary Data). Yet, in the field, textural and chemical evidence indi- 

ate that both melt crystallization and dissolution of cumulates in 

he Bushveld Complex occur at the same place, i.e., at the floor 

f a magma chamber ( Latypov et al., 2015 , 2017c , 2017b , 2019 ;

ebane and Latypov, 2017 ; Hunt et al., 2018 ; Chistyakova et al., 

019a ; Kruger and Latypov, 2020 , 2021 ). The logic suggests that 

hese two events must be separated in time – e.g., first, to dissolve 

he floor cumulates by replenishing melt and only then crystallize 

he new cumulates from this melt (or new one) at the erosional 

urface of the chamber floor. To have these two processes work- 

ng at the same time and at the same place is physically impos- 

ible (see more discussion of this issue in Latypov et al., 2017a ). 

his means that effective bulk assimilation as observed in the two 

xamined cases ( Figs. 2-3 ) requires the presence of superheated 
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Fig. 6. A model for the maximum erosion of the floor cumulates in the Bushveld Complex observed in Cases 1A and 2A in Table 3 . (a and b) A dense superheated melt 

entered the chamber and spread across the floor of the chamber as a 350 m thick basal layer beneath a resident melt. The superheated melt caused regional erosion of about 

15 m thick anorthosites at the temporary floor of the chamber by chemical dissolution, developing in addition potholes and antipotholes within the footwall rocks (shown 

out of scale). (c and d) A dense superheated melt entered the chamber and spread across the floor of the chamber as a 350 m thick basal layer beneath a resident melt. 

The superheated melt caused regional erosion of about 24 m thick orthocumulates at the temporary floor of the chamber by chemical dissolution, developing in addition 

potholes and antipotholes within the footwall rocks (shown out of scale). T - temperature. 
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elts (e.g., Latypov et al., 2015 , 2017a , 2017c , 2020a ), which is

ompatible with our modeling. 

One aspect to consider on top of purely thermodynamic model- 

ng, as presented here, is whether there is enough time to form re- 

ional erosional disconformities and local unconformities by chem- 

cal dissolution. The answer is most certainly ‘yes’, because the 

ooling of a melt layer in a closed system is expected to be ex- 

remely slow, approximately 0.013 °C/year for a 1 km thick col- 

mn of melt ( Kerr, 1994 ), allowing the melt layer to remain su-

erheated for centuries. It is important to note that the presented 

odeling is sensitive to input parameters and by increasing the 

egree of magma superheating we can, for example, substantially 

ecrease the column of magma needed to melt the rocks and vice 

ersa. What is even more important for the time scale issue is 

hat the Bushveld chamber has been operating as an open system, 

ith a continuous supply of new replenishing melts. Cawthorn and 

alraven (1998) modelled the Bushveld chamber as a long-lived 

ow-through system ( ∼75,0 0 0 years life-time) that developed via 

 large number of injection events, partial crystallization of these 

agma batches, and removal of their residual liquids from the 

hamber by the succeeding magma batches. They concluded that 

he total volume of basaltic magma involved was 740–1200 × 10 3 

m 

3 , with only ∼50% of this being represented by the cumulates 
9 
ow seen within the Bushveld Complex. The excess magma has 

ikely escaped from the chamber laterally ( Naldrett et al., 2012 ) to 

orm mafic intrusions, such as the Molopo Farms Complex located 

bout 200 km west of the Bushveld Complex ( Prendergast, 2012 ; 

aavera et al., 2018 ). 

One needs to keep in mind that the limiting factor in the 

issolution process is not entirely thermodynamic, but rather ki- 

etic and/or mechanical. Effective dissolution requires the melt 

esidue from dissolution (i.e., a liquid boundary layer) to convect 

way from the surface where dissolution of floor cumulate occurs 

 Kerr, 1994 , 1995 ). Convection of the contaminated melt away from 

he floor anorthosite contact may be possible in Case 1 – although 

he contaminated melts have very similar densities to those of the 

eplenishment melt in the rhyolite-MELTS model results ( Table 3 ), 

he model uncertainties leave room for convection to take place. 

owever, during the dissolution of floor orthopyroxenite (Case 2) 

he contaminated melt is notably denser than the overlying pris- 

ine replenishment melt ( Table 3 ) and it may therefore pond to 

he bottom and stop further dissolution. Hence the only way for 

issolution to continue is if the floor was inclined so that the re- 

eased melt may flow away downslope. The study by Carr et al. 

1994 , 1999 ) on the Merensky Reef potholes indicates that a tem- 

orary floor to the chamber has indeed a slope of several degrees 
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t the time of the formation of the Upper Critical Zone. In addition, 

he melt residue from dissolution can be swept away from even 

rom the horizontal floor by the input magma, but this requires in- 

ut to be continuous until dissolution is complete. In order for the 

hemical dissolution to take place effectively, the superheated melt 

ust have continuous access to fresh floor cumulates, which would 

equire effective convection in the magma body and/or assistance 

rom some kind of mechanical removal of partly dissolved mate- 

ial. The destruction of the cumulates can be, perhaps, enhanced 

y mechanical erosion in which the dissolved material that became 

oose can be mobilized and physically removed by flowing mag- 

as (e.g., Greeley et al., 1998 ; Williams et al., 1998 ). In any case,

heoretical and experimental treatment of binary systems shows 

hat chemical dissolution is expected to be most effective in large 

asaltic magma chambers ( Kerr, 1994 , 1995 ). 

Although we are stressing here the importance of chemical dis- 

olution, it should be noted that our thermodynamic modeling 

oes not rule out partial melting from taking place within the 

oor cumulates. Rather, they just confirm that the dominant pro- 

ess in the formation of regionally extensive magmatic disconfor- 

ities and local unconformities (i.e., potholes) must have been dis- 

olution, not melting and that the high melting temperature of the 

nearly) monomineralic cumulates is not an obstacle for their ero- 

ion as it is commonly believed. The chemical dissolution is pos- 

ible and effective as far as the melts are not saturated in the liq-

idus phases, i.e., they do not start crystallizing from the melts. For 

his reason, the assimilating melts cannot be residual after frac- 

ionation of the underlying cumulates of the complex itself, but 

ust have a distinct origin, i.e., come from outside the chamber, 

or instance, from a deep staging Bushveld chamber (e.g., Latypov 

t al., 2018, 2020a ). 

Finally, it should be noted that the melt that erodes the foot- 

all rocks may be subsequently flushed away by new batches en- 

ering the chamber so that the cumulates covering the erosional 

urface may crystallize from the fresh melts rather than the con- 

aminated ones ( Latypov et al., 2015 ). If the erosion process exam- 

ned in this study is a common phenomenon, then rigorous de- 

iphering the magmatic evolution from a cumulate stratigraphy of 

ayered intrusions may be seriously complicated by gaps caused by 

echarge magma cannibalization of the cumulate layers. The pre- 

ented conclusions can, perhaps, be extended to other layered in- 

rusions in which similar pothole-like erosional features have been 

ocumented (e.g., Ferguson and Pulvertatt, 1963 ; Halkoaho et al., 

990 ; Nebel et al., 2013 ; Boudreau, 2016 ). 

. Conclusions 

Thermodynamic modeling using the Magma Chamber Simula- 

or ( Bohrson et al., 2014 , 2020 ) provides some useful insights into

he processes that resulted in large-scale magmatic erosion of pre- 

xisting floor cumulates in the Bushveld Complex, South Africa. 

rom our analysis of two spectacular occurrences of floor cumulate 

rosion in this plutonic body ( Figs. 2-3 ), we can draw the following

onclusions: 

(1) The Bushveld chamber was growing incrementally via nu- 

merous magma replenishment events that caused, at some 

stratigraphic levels, magmatic erosion of, at least, 15–20 m 

of pre-existing floor cumulates most of which were (nearly) 

monomineralic in composition (anorthosites or orthopyrox- 

enites). 

(2) Thermal melting of such monomineralic cumulates is prob- 

lematic because their melting temperatures are very high 

(140 0–150 0 °C) so that the actual temperature of replenish- 

ing basaltic-andesitic melts ( ∼1220–1260 °C) is simply not 
10 
high enough to increase the temperature of these cumulates 

up to their melting point. 

(3) The erosion of such high-temperature-melting cumulates 

can, however, be accomplished via chemical dissolution by 

slightly superheated (15 °C above the liquidus) replenishing 

melts that are undersaturated in the cumulus phases. The 

superheating may arise from the rapid ascent of a large vol- 

ume of hot melt from the deep-seated reservoir with little 

cooling against the cold crustal rocks. 

(4) Such superheated melts may enter into the chamber as 

basal flows along the temporary floor and can dissolve up 

to 4.5–8.0 wt% (relative to the mass of the melt) of the un- 

derlying cumulates of anorthositic/orthopyroxenitic compo- 

sition without inducing crystallization of these melts. 

(5) This mass of dissolved rocks is equivalent to re- 

gional erosion of 15–24 m of floor cumulates of 

anorthositic/orthopyroxenitic composition, given a basal 

layer of the replenishing superheated melt of about 350 m 

thick. The scale of erosion is sufficient to explain the relative 

masses of the magma and eroded cumulates in the Bushveld 

Complex. 

(6) The regional erosion of the high-temperature-melting floor 

cumulates in the Bushveld chamber has thus been mostly 

controlled by their chemical dissolution by replenishing su- 

perheated melts. Thermal melting and mechanical disrup- 

tion may also have been involved in the erosion but likely 

played a minor contributing role in this process. 

upplementary data 

MCS model output files (Microsoft Excel files) and their sum- 

ary (Microsoft Word Document) in a single zip file. 
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