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Abstract 

Kimberlite megacrysts are large (>1 cm diameter) crystals that are thought to have crystallized from sub-

lithospheric proto-kimberlite melts near the base of the subcontinental lithospheric mantle (SCLM) during 

complex melt-SCLM interactions. Thus, these megacrysts represent an excellent opportunity to constrain 

the effects of SCLM assimilation on the δ18O values of primary mantle-derived melts. Laser fluorination 

δ18O values for a well-characterized suite of megacrysts from the Monastery kimberlite, South Africa, are 

presented to: (1) constrain the δ18O value of the mantle source and (2) evaluate the effects of melt-SCLM 

interactions on the δ18O value of mantle-derived magmas.  

The Monastery kimberlite megacryst assemblages are as follows (in order of crystallization): (1) gt + cpx + 

opx + Fe-poor ol; (2) gt + cpx + opx + Group 1 ilm (Cr-, Mg-poor); (3) Group 2 ilm (Cr-rich, Mg-poor) + 

phlog; (4) Group 2 ilm + phlog + zir; (5) Group 2 ilm + phlog + zir + Fe-rich ol; and (6) Group 3 ilm (Cr- 

and Mg-rich) + calcic cpx. The δ18O values of the megacrysts from the initial assemblage are: δ18Ogt = 5.12 

and 5.25‰ (n = 2); δ18Ocpx = 4.72 and 5.02‰ (n = 2); δ18Oopx = 5.20 and 5.55‰ (n = 2); δ18OFe-poor ol = 5.43-

5.84‰ (x̄ = 5.23‰, σ = 0.10, n = 10), all showing no correlation between δ18O values and major element 

compositions. This implies that these megacrysts were in equilibrium with a melt of mantle-like δ18O values. 

The Group 1 ilmenites have δ18O values expected for mantle ilmenites, ranging from 3.88-4.35‰ (x̄ = 4.10‰, 

σ = 0.15, n = 8) (also in equilibrium with a melt of mantle-like δ18O values). They show a weak positive 

correlation between the δ18O value and Cr#, and no correlation with Mg#. In contrast, the δ18O values of the 

megacrysts from assemblages three to five implies that they were in equilibrium with a melt of δ18O values 

below the expected mantle-like range: δ18OGroup 2 ilm = 2.74-4.46‰ (x̄ = 3.56‰, σ = 0.45, n = 11); δ18Ophlog 

= 4.25-5.73‰ (x̄ = 5.08‰, σ = 0.48, n = 8); δ18Ozir = 4.87-5.09‰ (x̄ = 4.98‰, σ = 0.08, n = 6); and δ18OFe-

rich ol = 4.53-4.94‰ (x̄ = 4.75‰, σ = 0.15, n = 5). The Group 2 ilmenites show no correlations between the 

δ18O value and Mg# and Cr#. The Fe-rich olivines show positive correlations with Mg# and Ni. The 

phlogopites show no correlations with the major element compositions. The Group 3 ilmenites have δ18O 

values ranging from 2.93-4.05‰ (x̄ = 3.59‰, σ = 0.36, n = 7). These are below the δ18O values expected for 

mantle ilmenites, but are slightly higher than the Group 2 ilmenites. The Group 3 ilmenites show a positive 

correlation between the δ18O value and Mg# and no correlation of δ18O with Cr#. 

The δ18O values of primary mantle-derived magmas are ~5.7‰ (Eiler, 2001) unless recycled crust is present 

in the source or if the magma assimilates crustal material en route to the surface. The variations in the δ18O 

values throughout the megacryst suite suggest that the parent melt underwent open system evolution in the 

SCLM. It is proposed that the Monastery proto-kimberlite originated from a convecting mantle source with 

a mantle-like δ18O value of ~5.33‰, which experienced two stages of evolution involving fractional 

crystallization and assimilation/melt-wall rock interaction. The low δ18O values in the phlogopites, zircons, 

Fe-rich olivines, and especially the Group 2 ilmenites (as low as ~4.25‰) can be explained by the 

assimilation most likely of low-δ18O eclogite (first stage evolution). The increased Cr# in the melt marked 

by the Group 2 ilmenites suggests the assimilation of Cr-rich pyroxenite veins. The Group 3 ilmenites give 

increased equilibrium melt-δ18O values of up to ~5.56‰ and give increased Mg# relative to the Group 2 
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ilmenites, which may be explained by the assimilation of Mg-rich metasomatized peridotite (second stage 

evolution).  
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Chapter 1: Introduction 

Sub-lithospheric mantle melts, parental to Cr-poor megacrysts, that rise and interact with the base of the 

sub-continental lithospheric mantle (SCLM) are referred to as “proto-kimberlite” melts. It is important to 

note that there is a distinct difference between a “proto-kimberlite” and a kimberlite melt as there have been 

many debates over the years on how to define them. Essentially, proto-kimberlite melts rise from the sub-

lithospheric mantle, which then cools and crystallizes megacrysts as it reaches the base of the SCLM. Proto-

kimberlite melts change their chemical composition as they traverse and interact with the SCLM such that 

megacrysts forming at different stages of the crystallization sequence have variations in their chemistry 

(Gurney et al., 1979; Moore, 1986; Moore et al., 1992). Much like proto-kimberlites, kimberlite melts are 

separate pulses of magma derived from the sub-lithosphere that interact with the base of the SCLM, which 

instead entrains mantle xenocrysts and xenoliths along its pathway until eventually rising to the surface.  

Megacrysts are coarse (>1 cm) crystals with distinct chemistry relative to typical mantle peridotite. Their 

age is similar to that of the host kimberlite melt (Kamenetsky et al., 2014), and they are interpreted to 

represent an early stage of proto-kimberlite melt intrusion into the SCLM. They are abundant in kimberlite 

rocks as mantle-derived inclusions, and commonly include the minerals orthopyroxene, clinopyroxene, 

olivine, ilmenite, garnet, and rare instances of zircon and phlogopite (Eggler et al., 1979; Gurney et al., 1979; 

Moore et al., 1992; Moore and Belousova, 2005; Kopylova et al., 2009; Nkere et al., 2021). 

Kimberlite megacrysts can be separated into two populations, Cr-rich and Cr-poor. Cr-poor megacrysts, 

which are common in Group 1 kimberlites, are low in Cr and Mg while being rich in Fe and Ti relative to 

mantle peridotites (Eggler et al., 1979; Kopylova et al., 2009). The Cr-rich megacrysts tend to have 

compositions like those found in peridotites, and only occur with Cr-poor megacrysts in a few select 

locations (i.e. the State Line, USA; Orapa, Botswana; Veltevreden, South Africa and the Democratic 

Republic of Congo) (Eggler et al., 1979; Shee and Gurney, 1979; Moore and Belousova, 2005; Kopylova et 

al., 2009). The origin of Cr-poor and Cr-rich megacrysts has been debated over the years, leading to several 

different models. These models will be covered in Section 2.5, however, prevailing models suggest that Cr-

poor megacrysts form through fractional crystallization of high-volume primary sub-lithospheric melts that 

intruded the base of the SCLM, whereas Cr-rich megacrysts form through the crystallization of low-volume 

melts that interacted with and assimilated SCLM material (Moore et al., 1992; Bell, 2004; Nkere et al., 2021). 

If these models are correct, Cr-poor megacrysts should contain significant information on the composition 

of the primary proto-kimberlite melt since a large portion of these megacrysts would have formed without 

significant interaction between the melt and the SCLM causing little mineral-melt differentiation. Proto-

kimberlite melts are therefore interesting because the megacrysts that crystallized from them may help the 

composition of primary proto-kimberlite melts, and melt-SCLM interactions during evolution easier to 

understand.  

Based on the isotopic and trace element compositions of primary clinopyroxene megacrysts, it was 

proposed that in southern Africa, kimberlitic megacrysts are derived from a HIMU mantle reservoir (Janney 
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and Bell, 2017). A HIMU (high μ, 238U/204Pb) mantle end-member is generally associated with kimberlites, 

olivine melilitites, and ocean island basalts (OIBs). Several models have put worth on the origin of the HIMU 

mantle component. These include: 1) the subduction, recycling and storage of ancient basaltic oceanic crust 

(i.e., eclogite/pyroxenite) (Day et al., 2014; Janney and Bell, 2017); or 2) the release of hydrous- and/or 

carbonate-rich fluids from subducting slabs to produce a metasomatized peridotitic source of HIMU 

signatures (Weiss et al., 2016). 

Xu et al. (2021) determined the oxygen isotope (δ18O) variations in Cr-poor megacrysts from southern 

African kimberlites using SIMS analyses and found that olivine δ18O values decrease as temperature, Mg- 

and Ni-content decreases. They concluded that this decrease in δ18O can be explained by the assimilation of 

low-δ18O SCLM material within the magma. This study by Xu et al. (2021), however, analysed samples 

from multiple locations without a full suite of megacrysts representing a single evolutionary path. 

Megacrysts from the Monastery Group I kimberlites, South Africa (i.e., olivine, garnet, clinopyroxene, 

orthopyroxene, ilmenite, phlogopite and zircon), are one of the best studied suites which  provides an 

excellent opportunity to study megacrysts representing the evolution of a common parent magma derived 

from a sub-lithospheric mantle source. Although Monastery megacrysts have been extensively studied for 

their chemical composition, there is limited δ18O data. This allows the selection of samples across Mg# 

ranges (olivine), Cr# ranges (ilmenite), etc. to analyse the δ18O over a full representative suite of megacrysts 

throughout melt evolution. Samples were selected from the extensive mantle xenolith collection housed at 

UCT in the John J. Gurney Mantle Room.  

The aim of this study is to, therefore, determine the δ18O of Monastery kimberlite megacrysts across a full 

range of compositional variations representing the evolution of the proto-kimberlite magma from source to 

crystallization in the SCLM in order to: 

 Constrain the δ18O value of the Monastery parent melt;  

 Evaluate all open or closed system processes affecting the proto-kimberlite during its evolution; and 

 Test the hypothesis set forth about SCLM assimilation of a low-δ18O component during proto-

kimberlite evolution. 

This thesis incorporates geochemical data on the Monastery kimberlite megacrysts from Gurney et al. (1979), 

Moore (1986), Moore et al. (1992) and Howarth (2018), and new δ18O values for Monastery garnet (n = 2), 

clinopyroxene (n = 2), orthopyroxene (n  = 2), olivine (n = 15), ilmenite (n = 26), phlogopite (n = 8), and 

zircon megacrysts (n = 6) determined in this study. These data will be the first of its kind for Monastery 

kimberlite megacrysts and will contribute to the assessment of oxygen isotope variations within the mantle. 
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Chapter 2: Background 

2.1. Regional setting and mining history 

The Monastery diamond mine is a small mine situated within the Free State, South Africa, close to the 

north-western border of Lesotho (Figure 1a), which is also on the eastern part of the Kaapvaal craton with 

the exact coordinates of the mine being 28˚48’40” south and 27˚25’20” east (Moore, 1986). The Monastery 

kimberlite pipe (Figure 1b) was initially discovered in 1876 and attracted great interest due to its high 

concentration of diamonds but were already mined earlier by the Bashoto tribesmen for ilmenite. Despite 

the inferior quality of the Monastery diamonds (Wagner, 1914), large-scale mining initiated in 1886, when 

150 000 tonnes of the Quarry kimberlite were mined for its diamonds and ilmenite. Early mining operations 

(1886-1899) of the kimberlite pipe came to a halt due to the start of the Anglo-Boer War in 1899, with 

mining to resume only decades later (1965) (Whitelock, 1973; Field et al., 2008). The Monastery diamond 

mine is currently operating as of this year (2023). 

 

2.2. Geology of the Monastery kimberlite pipe 

The Monastery kimberlite is a diamondiferous Group I kimberlite, dated at ~90±4 Ma (Allsopp and Barrett, 

1975; Gurney et al., 1979) and known for its high abundance of Cr-poor megacrysts (Gurney et al., 1979, 

Moore, 1986; Moore et al., 1992; Nkere et al., 2021). The geology of the mine was initially described by 

Wagner (1914) to be two kimberlite bodies connected by a persistent dyke. Whitelock (1973) and Gurney et 

al., (1979) later described the geology in more detail. The outcrop pattern of the kimberlite pipe was 

described to be an elongated diatreme located along a dyke. The pipe is surrounded by country rocks that 

are near horizontal shales and mudstones alternating with feldspathic sandstones belonging to the Elliot 

Formation Red Beds of the Stormberg Group (Karoo Supergroup).  

Whitelock (1973) described five main kimberlite types (Figure 1c) that make up the Monastery kimberlite. 

The Quarry type kimberlite is the most dominant and diamondiferous (up to 50 carats per hundred tonnes) 

type of kimberlite, from which most of the Monastery megacrysts are derived. Dolerite is well-exposed at 

surface levels along the southern rim of the Quarry kimberlite, while also occurring as scattered crustal 

xenoliths throughout the intrusive structure. The Breccia type kimberlite is the second most dominant type 

of kimberlite occurring as a column within the central region of the diatreme. It consists of more than 80% 

medium-sized sedimentary xenoliths set in a serpentinized micaceous matrix in which garnet is a common 

phase. The East-end kimberlite, which as the name suggests, is only exposed within the eastern end of the 

diatreme and was noted to incline at shallow depths while narrowing to a dyke-like structure. This type is 

rich in carbonate xenoliths and contains dunite nodules and sporadic ilmenite xenocrysts. The fine-grained 

kimberlite is only exposed in the northern region of the diatreme and is noted to lack xenoliths. The south 

vent kimberlite occurs as a so called “blind” intrusion (Clement, 1982) in the southern region where it is 

overlain by ~15 m of Karoo sedimentary rocks.  
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Figure 1. a) Map showing the location of the southern African Monastery kimberlites to the Kaapvaal Craton and 
major mountain belts. b) Photograph of the Monastery kimberlite pipe. c) Schematic layout of the Monastery 
kimberlite types at different depths (Whitelock, 1973). 
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2.3. Kimberlites and their associated megacrysts 

Kimberlites are a group of highly volatile-rich (CO2-rich), potassic ultramafic igneous rocks exhibiting an 

inequigranular texture characterised by megacrysts (>1 cm) and macrocrysts (±0.5-10 mm) that are set in a 

fine-grained groundmass. Kimberlites can be separated into two groups based on their minerology and 

geochemistry. Past studies classified the two groups as: the “basaltic” (non-micaceous) Group I kimberlites 

and the “micaceous” Group II kimberlites (now referred to as orangeites/Kaapvaal lamproites) (Mitchell, 

1995). Group I kimberlites are usually dominated by primary forsteritic olivine, monticellite, spinel, 

perovskite, and carbonate minerals (±phlogopite), with a trace assemblage of xenocrystic ilmenite, garnet, 

chromite, zircon, and pyroxene. They are enriched in TiO2, CaO, and CO2 relative to Group II kimberlites, 

and are known to have high initial 143Nd/144Nd and low 87Sr/86Sr isotope ratios when compared to Bulk Earth 

at the time of emplacement and have compositional similarities to that of ocean island basalts (Smith, 1983; 

Becker and Roex, 2005). These kimberlites represent the classic diatreme filling diamond bearing rocks of 

South Africa and are much more common than Group II micaceous kimberlites (Mitchell, 1995). “Micaceous” 

or Group II kimberlites, now re-classified as carbonate-rich olivine lamproites (e.g., Pearson et al., 2019) are 

dominated by phlogopite macrocrysts set in a groundmass consisting of phlogopite, diopside, spinel 

(chromite to magnetite), apatite, perovskite, carbonates, and serpentine. These olivine lamproites are rich in 

Ni, SiO2, K2O, Rb, Ba and Pb and have low 143Nd/144Nd and high 87Sr/86Sr isotopic compositions when 

compared to present Bulk Earth composition and therefore shows compositional similarities to that of the 

SCLM (Smith, 1983; Becker and Roex, 2005).  

Kimberlites are volumetrically insignificant compared to other igneous rock types such as basalt but are 

important because: 

 They represent the deepest derived magmas that are emplaced at the Earth’s surface. Kimberlites can, 

therefore, reveal a lot about high-P melting and the composition of the mantle (Woodhead et al., 2019; 

Giuliani et al., 2021). 

 They transport mantle xenoliths and xenocrysts to the surface, which is fundamental in the understanding 

of the deep Earth (Gurney et al., 1979; Gurney and Harte, 1981; Moore, 1986; Valley et al., 1998; Moore 

et al., 1992; Nkere et al., 2021; Xu et al., 2021). 

 They are an excellent rock type to study how melts from the asthenosphere interact with the SCLM on 

their way to the surface (Giuliani et al., 2020; Howarth et al., 2022; Sarkar et al., 2022).  

 They contain diamonds causing them to attract great economic interest (Richardson et al., 1984; Sobolev 

et al., 1997; Field et al., 2008). 

As previously stated, megacrysts are coarse (>1 cm) crystals, which are thought to have crystallized from 

proto-kimberlite melts that originated from the asthenosphere and intruded the base of the SCLM. 

Macrocrysts are large, sub-angular to rounded crystals that exhibit characteristics that suggests an origin 

foreign to that of the kimberlite magma. The macrocryst population is predominantly composed of olivine, 

magnesian ilmenite, chrome-poor titanium diopside, pyrope garnet, phlogopite, enstatite and titanium-poor 

chromite. The groundmass consists of another generation of phenocrystic euhedral-to-subhedral olivine, 



6 
 

which commonly occurs together with groundmass phlogopite, monticellite, perovskite, spinel, apatite, or 

serpentine. Therefore, megacrysts are related to the proto-kimberlite melt; macrocrysts represent mantle 

xenocrysts; and the groundmass represents the kimberlite melt itself.   

 

2.4. Monastery kimberlite megacrysts 

Megacrysts from the Monastery Mine are very abundant and are one of the best studied megacryst suites 

in the world. Many key studies have been made on the Monastery kimberlite megacrysts where authors 

aimed to understand the chemical and physical aspects as well as the formation of the megacrysts (e.g., 

Jakob, 1977; Gurney et al., 1979; Moore, 1986; Moore et al., 1992; Gurney et al., 1998; Janney and Bell, 

2017; Howarth, 2018; Nkere et al., 2021). The relative abundance of the Monastery megacrysts were initially 

determined by Gurney et al. (1979) and later revised by Moore (1986) and Gurney et al. (1998) (Table 1). 

In all estimations, discrete ilmenite megacrysts are by far the most abundant, followed by olivine, garnet, 

phlogopite, diopside, orthopyroxene, and zircon megacrysts. 

Table 1. Relative abundance of Monastery megacrysts (decreasing order of abundance) 

Gurney et al. (1998) 

1. Ilmenite 
 

2. Olivine 
 

3. Diopside/ilmenite 
 

4. Garnet 
 

5. Phlogopite 
 

6. Diopside 
 

7. Opx 
 

8. Opx/ilmenite 
 

9. Ilmenite/garnet 
 

10. Opx/diopside 
 

11. Rare zircon, zircon/ilmenite, zircon/olivine, zircon/phlogopite, olivine/opx, 

olivine/garnet, olivine/diopside, olivine/ilmenite, phlogopite/ilmenite, garnet/diopside 

 

 

 

 

 

 

 

 

 

 



7 
 

2.4.1. Olivine 

Monastery olivine megacrysts are light brown in colour and occur mainly as discrete crystals and rarely 

coexists with other megacrysts; there are instances where olivine coexists with ilmenite, diopside, enstatite 

and garnet (Jakob, 1977, Gurney et al., 1979; Moore, 1986; Moore et al., 1992; Gurney et al., 1998; Howarth, 

2018). Gurney et al. (1979) identified two olivine megacryst populations at Monastery based on their FeO 

and NiO content. They named them the Fe-rich (Fo78-83) and Fe-poor (Fo83-88) olivine megacrysts. Using the 

data from Howarth (2018), the Ni content of Monastery olivine megacrysts has been plotted against selected 

major and minor elements (Figure 2).  

The Monastery Fe-poor olivines are high in Ni, Mg#, Ca, Cr, Al and Ti, and low in FeO, and coexist with 

garnet, clinopyroxene and orthopyroxene. They show a positive correlation of Ni with Mg#, Cr, Ca and Al 

(implying compatible behaviour) and a negative correlation of Ni with Ti and FeO (implying incompatible 

behaviour). The Fe-rich olivines are relatively low in Ni, Mg#, Ca, Cr, Al and Ti and rich in FeO, and coexist 

with Group 2 ilmenite, zircon and phlogopite (Jakob, 1977; Gurney et al., 1979; Moore, 1986; Moore et al., 

1992; Gurney et al., 1998; Howarth, 2018). They show the same Ni-trends as the Fe-poor olivines, with the 

exception that there is no clear correlation between Ni and Ca, and a positive correlation between Ni and Ti 

(implying compatible behaviour).  

The positive correlation of Ni with Mg# coupled with the negative correlation of Ni with FeO throughout 

the Monastery olivine suite implies that Ni behaved as a compatible element during the evolution of the 

proto-kimberlite and can be interpreted to represent an overall fractional crystallization trend. The negative 

and positive correlation of Ni with Ti in the Fe-poor and Fe-rich olivines, respectively, along with the sudden 

drop in Ti shown by the Fe-rich olivines, implies that the Fe-rich olivines co-crystallized with ilmenite 

megacrysts and that the Fe-poor olivines did not (Howarth, 2018). Gurney et al. (1979) interpreted that the 

Fe-poor olivines formed through fractional crystallization from a single parental melt at isobaric conditions. 

They further suggested that the Fe-rich olivines were of exotic origin from a different parent magma. 

However, more recent studies contradict the interpretation from Gurney et al. (1979) for the formation of the 

Fe-rich olivines. Moore et al. (1992) showed that the Fe-rich olivines crystallized during the same fractional 

crystallization as the Fe-poor olivines but required a stage of magma mixing and/or assimilation of Cr-rich 

lithospheric mantle rock. The overall fractional crystallization sequence and possible open and/or closed 

system processes causing the compositional variations in the Monastery olivines and associated megacrysts 

are discussed in Section 2.6 and Section 5.3, respectively.  
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Figure 2. Major and minor element variations in Monastery olivine megacrysts from Moore (1986) and Howarth (2018). 
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2.4.2. Ilmenite 

Ilmenites are the most abundant of the megacrysts present in the Monastery kimberlites (Gurney et al., 

1979; Moore, 1986; Gurney et al., 1998), and although ilmenite is not part of the earliest crystallizing 

megacryst assemblage, it crystallized over a wide range of temperatures and its crystallization overlaps with 

nearly all the other megacryst phases (Moore et al., 1992). Moore et al. (1992) showed that Monastery 

ilmenite megacrysts can be separated into three distinct groups based on their Cr2O3 and MgO content. They 

named these the Group 1, Group 2 and Group 3 ilmenites, all of which coexist with different mineral 

assemblages. 

Group 1 ilmenites are the most primitive ilmenites in the Monastery kimberlites, and coexist with garnet, 

clinopyroxene and orthopyroxene (Moore et al., 1992). They are low in Cr#, Mg#, Nb and Cr2O3, 

intermediate in TiO2 and FeO, and rich in Ni (Figure 3). They show a positive correlation between Cr# and 

Mg#, particularly at Mg# values above about 30, and relatively constant and very low Cr# values at lower 

Mg# values. They show a strong negative correlation of Nb with Mg#. Group 2 ilmenites show more evolved 

compositions relative to Group 1 and coexist with phlogopite, zircon and Fe-rich olivine. They are high in 

Mg#, Cr#, Cr2O3, Nb and FeO, and poor in Ni. They show poor correlations with of Cr# and Nb with Mg#, 

and a positive correlation between Nb and Cr# towards lower Cr2O3 concentrations. Moore et al. (1992) sub-

grouped Group 2 ilmenites, specifically those coexisting with zircon, into high-Al2O3 (>0.32 wt% Al2O3) 

and low-Al2O3 (<0.17 wt% Al2O3) populations. Group 3 ilmenites show a combination of relatively 

“primitive” compositions and evolved minor element signatures and coexist with phlogopite and calcic 

clinopyroxene (Moore et al., 1992). They are high in Cr#, Mg# and TiO2, intermediate in Nb, Cr2O3 and Ni, 

and low in FeO (Figure 3). They show a distinct drop in Cr2O3 and Nb, and a rise in MgO content from 

Group 2. There is a good negative correlation between Nb and Mg#, no clear correlation of Cr# with Mg# 

nor between Nb and Cr#. All ilmenite groups show a positive correlation of Ni and TiO2 with Mg#; and a 

negative correlation of FeO with Mg#. Nickel in the Group 1 ilmenites were noted to show the largest change 

in concentrations.  

A positive correlation between Ni and Mg# (due to Fe-enrichment) can imply the co-crystallization of 

ilmenites with silicates (Gurney et al., 1979; Moore, 1986; Moore et al., 1992). The positive correlation of 

Ni with Mg# in Group 1 ilmenites may therefore represent a fractional crystallization trend caused by the 

ilmenites having co-crystallized with megacrysts of garnet, clinopyroxene, orthopyroxene and olivine 

(Gurney et al., 1979; Moore, 1986; Moore et al., 1992). Moore (1986) suggested that the rapid rise in Cr2O3 

in the more evolved populations of ilmenite (Group 2 and possibly Group 3) can potentially be explained by 

the assimilation of Cr-rich SCLM material. Moore et al. (1992) proposed a model of formation for the 

Monastery ilmenite megacrysts where the Group 1 and Group 2 ilmenites can be explained by a fractional 

crystallization model, which requires an episode of magma mixing and/or wall rock assimilation to account 

for the rise in Cr and Ni from Group 1 to Group 2 ilmenites. The Group 3 ilmenites were proposed to have 

formed from a late-stage magma, which was separate from the Group 1 and Group 2 parent magma, and 

experienced magma mixing and/or assimilation of mantle wall rock. 
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Figure 3. Major and minor element variations in Monastery ilmenite megacrysts from Moore (1986) and Moore 
et al. (1992). 
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2.4.3. Garnet, clinopyroxene and orthopyroxene 

Jakob (1977) provides in-depth compositional analyses and mineral descriptions on the Monastery garnet, 

clinopyroxene and orthopyroxene megacrysts, and in this section, his data will be referred to when describing 

their compositional variations and mineral properties. 

The garnet megacrysts are red to orange in colour, highly fractured and most often show kelyphitic reaction 

rims where bordered by surrounding kimberlite. Monastery garnets occur mainly as discrete garnet 

megacrysts and garnet-ilmenite intergrowths and co-crystallized with clinopyroxene, Fe-poor olivine and 

Group 1 ilmenite megacrysts (Jakob, 1977; Gurney et al., 1979; Moore, 1986; Moore et al., 1992; Gurney et 

al., 1998; Howarth, 2018). The discrete garnets are high in Cr2O3, TiO2 and Mg# compared to the garnet-

ilmenite intergrowths. Both discrete garnet megacrysts and garnets in garnet-ilmenite intergrowths show a 

positive correlations between Cr2O3 and Mg# (Figure 4). The discrete garnets show a weak negative 

correlation between TiO2 and Mg# and the garnets coexisting with ilmenites show a strong positive 

correlation between TiO2 and Mg#. The garnet, cpx, and opx and Fe-poor olivine megacrysts were the first 

megacryst assemblage to have crystallized (Gurney et al., 1979; Moore, 1986; Moore et al., 1992). After 

garnet, cpx, opx, and Fe-poor olivine crystallized to a significant extent, ilmenite began to crystallize (Moore 

et al., 1992). The negative correlation between TiO2 and Mg# in the discrete garnets represents the co-

crystallization of garnet, cpx, opx and Fe-poor olivine. Due to the compatible nature of TiO2 in ilmenite, the 

positive correlation between TiO2 and Mg# in the garnet-ilmenite intergrowths represents the onset of 

ilmenite crystallization. As explained in Section 2.4.2, the garnet, opx and cpx megacrysts coexist with 

Group 1 ilmenites, which have low Cr# values compared to the Group 2 ilmenites. This implies that the 

garnet, cpx, opx megacrysts likely formed through fractional crystallization of the proto-kimberlite melt 

before the enrichment of Cr2O3. 

 

 

Figure 4. Major and minor element variations in Monastery garnet megacrysts from Jakob (1977). 
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The clinopyroxene (cpx) megacrysts are compositionally diopsides and augites, and are abundant in the 

Monastery kimberlites. They occur as pale-green, slightly serpentinised cpx megacrysts and cpx/ilmenite 

lamellar intergrowths and coexist with Fe-poor olivine, garnet, orthopyroxene and Group 1 ilmenite 

megacrysts (Jakob, 1977; Gurney et al., 1979; Moore, 1986; Moore et al., 1992; Gurney et al., 1998; 

Howarth, 2018). The lamellae often form long thin slabs at the centre and becomes more irregular towards 

the exterior of the intergrowth. The discrete clinopyroxene megacrysts are higher in Mg#, and lower in Ca#, 

Cr2O3 and TiO2 compared to the lamellar cpx intergrowths, and were therefore noted to be subcalcic (Jakob, 

1977). The clinopyroxenes in the cpx-ilmenite lamellar intergrowths are often altered, especially at the 

contact zones with the ilmenites. Furthermore, they are very low in Cr2O3, basically undetectable, whilst 

having slightly lower Mg# and higher Ca# than the discrete clinopyroxene megacrysts and TiO2 similar to 

them. Both the discrete clinopyroxene megacrysts and the cpx-ilmenite lamellar intergrowths shows a good 

positive correlation between Cr2O3 and Mg# (Figure 5). The Ca# in the discrete clinopyroxenes as well as 

the cpx/ilmenite intergrowths show a good negative correlation with Cr2O3 and Mg#. The discrete 

clinopyroxenes show a negative correlation between TiO2 and Mg# and those in the cpx-ilmenite 

intergrowths show a positive correlation between TiO2 and Mg#. The positive trend between TiO2 and Mg# 

is to be expected since the clinopyroxenes coexisted with ilmenite. 

 

Figure 5. Major and minor element variations in Monastery cpx megacrysts from Jakob (1977). 
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The orthopyroxenes are compositionally enstatites and coexist with Fe-poor olivine, clinopyroxene and 

Group 1 ilmenite megacrysts (Jakob, 1977; Gurney et al., 1979; Moore, 1986; Moore et al., 1992; Gurney et 

al., 1998; Howarth, 2018). They are noted to be mostly fresh and are the least abundant megacrysts in the 

Monastery kimberlite megacryst suite. There are 3 types of Monastery opx megacrysts (Jakob, 1977). The 

first type is a group of clear, vitreous lustre, discrete enstatite that shows cracks along cleavage planes and 

are sometimes intergrown with ilmenite (Gurney et al., 1979). They are high in CaO and Al2O3, intermediate 

in TiO2, and low in Mg# and Cr2O3 compared to the lamellar enstatites and enstatite-ilmenite intergrowths. 

They show a positive correlation of CaO with Mg# and Al2O3 (Figure 6), and a positive correlation of Cr2O3 

and TiO2 with Mg#. The vitreous lustre discrete variant is the sole type analysed in this study, and as such, 

the compositional trends for the other types will not be discussed. The second opx megacryst type includes 

coarse intergrowths of enstatite and ilmenite and are the second most abundant type of opx megacrysts 

occurring in Monastery kimberlites. They tend not to show cleavage fractures; are less transparent than the 

discrete enstatites, but are similar to the discrete enstatites in terms of their chemical composition, except 

that they have slightly higher TiO2 concentrations. The third and most abundant type of opx megacrysts are 

dull-coloured enstatites, termed “lamellar enstatites”, which contain bright green, altered Cr-diopside 

lamellae along cleavage planes that are similar to diopsides from mantle peridotites. They are low in CaO, 

Al2O3, and high in Mg# and Cr2O3 compared to the discrete enstatites and enstatite-ilmenite intergrowths.  

 

Figure 6. Major and minor element variations in Monastery opx megacrysts from Jakob (1977). 
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2.4.4. Phlogopite 

Monastery phlogopite megacrysts are generally fresh, however, some grains have alteration zones of fine 

grained spinel set in a groundmass of phlogopite laths and calcite along the margins. A few of the phlogopites 

display kink banding along the (001) plane (Moore, 1986). They are noted to coexist with two different 

assemblages (Moore et al., 1992). The first assemblage also includes Group 2 ilmenite, zircon, and Fe-rich 

olivine megacrysts, and forms part of the more evolved megacryst populations as shown by the Group 2 

ilmenites. The second assemblage also includes Group 3 ilmenite and calcic clinopyroxene, and forms part 

of the megacryst population that shows more evolved as well as “primitive” signatures as shown by the 

Group 3 ilmenites. 

The phlogopites are FeO-, Al2O3- and K2O-rich, and TiO2-, Cr2O3- and Na2O-poor and are restricted to 

Mg# values above 83 (Figure 7). They show a positive correlation between Al2O3 and TiO2. There is no 

correlation of Cr2O3 with FeO and Mg#, nor of Na2O and K2O with Mg#. The correlations between TiO2 

and Mg# are a bit more complex. The more primitive phlogopites (Mg# > 85) show a positive correlation 

between TiO2 and Mg#, while the less primitive phlogopites (Mg# < 85) show a negative correlation between 

TiO2 and Mg#. 

Moore (1986) plotted the Cr2O3 vs FeO compositional fields from Dawson and Smith (1975) for 

phlogopites from various associations (Figure 7a) and compared them to the composition of Monastery 

phlogopites. The majority of Monastery phlogopites plot outside the megacryst field and overlaps the 

MARID field as defined by Dawson and Smith (1975), and are noted to be compositionally distinct 

(relatively richer in FeO content) from primary and secondary peridotitic phlogopites as well metasomatized 

phlogopites. Moore (1986) suggested that Dawson and Smith (1975) may have mistaken phlogopite 

macrocrysts for Cr-poor megacrysts, which may have caused them to compile an inaccurate megacryst field 

occupying much higher Cr2O3 and lower FeO values than was appropriate. The negative correlation between 

TiO2 and Mg# shown by the less primitive phlogopites implies compatible behaviour of TiO2 and co-

crystallization of ilmenite megacrysts with phlogopite (Moore, 1986). The change from negative to positive 

correlation between TiO2 and Mg# is therefore noted to mark the point where ilmenite no longer crystallized 

with phlogopite.  

Moore (1986) proposed that the Monastery phlogopite megacrysts must have crystallized within the SCLM 

and that it is likely that the most primitive ones can be linked to the magma parental to the earliest-forming 

megacryst assemblage (Fe-poor olivine, Group 1 ilmenite, cpx, garnet and opx). However, the initial Sr 

isotope ratio of the phlogopites (0.7046 ± 0.0016; Allsopp and Barrett, 1975) is higher than that of the 

clinopyroxenes (0.7028-0.7030; Smith, 1983) and closer than that of the host kimberlite (0.7033; Smith, 

1983). This suggests that the phlogopite megacrysts likely crystallized after the melt assimilated crustal 

material or wall rock that had Sr isotope ratios higher than the parent magma. This supports the model 

proposed by Moore et al. (1992) for the formation of the Group 2 ilmenites in Section 2.4.2, which included 

a period of significant contamination of the melt prior to the crystallization of the chemically “evolved” 

megacrysts. 
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Figure 7. Major and minor element variations in Monastery phlogopite megacrysts from Moore (1986). 
Compositional fields such as MARID (mica-amphibole-rutile-ilmenite-diopside) determined by Dawson and 
Smith (1975). 
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2.4.5. Zircon 

Moore (1986) also describes the mineral associations and physical characteristics of the Monastery zircon 

megacrysts. The zircons are present in four different associations, which include discrete zircon megacrysts, 

and zircons intergrown with either phlogopite, olivine or ilmenite (Gurney et al., 1979; Moore, 1986; Moore 

et al., 1992). The discrete zircons are coarse-grained and average about 1 cm in diameter. They are 

dominantly pale brownish in colour, while a small proportion are clear to colourless. Zircon megacrysts that 

form through igneous processes are generally homogenous within a kimberlite pipe due to the large-scale 

mixing that occurs within the melt (Valley et al., 1998). As such, the major element variations in the 

Monastery zircons are not reported in this study since they are expected to be relatively uniform.  

 

2.5. Petrogenetic models for Cr-poor and Cr-rich megacrysts 

It is well-known that megacrysts are common components in kimberlites and are proposed to represent the 

crystallization products of proto-kimberlite melts that intruded the base of the SCLM. However, the origin 

and petrogenetic processes leading to the formation of these megacrysts are quite controversial. The 

Monastery kimberlite megacrysts are predominantly of the Cr-poor suite, however, it is important that the 

different petrogenetic models including both Cr-poor and Cr-rich suites are understood. 

Eggler et al. (1979) proposed a model for formation of the Cr-poor and Cr-rich megacrysts from the 

Colorado-Wyoming kimberlites. They suggested that the Cr-poor megacrysts crystallized from the partial 

melting of undepleted diapirs of peridotitic compositions. Furthermore, the assimilation of wall rocks 

(depleted mantle lherzolites and harzburgites) hybridized the diapir. The melting of these hybridized zones 

formed Mg-rich liquids from which the Cr-rich megacrysts crystallized. 

For the formation of the southern African kimberlite megacrysts, Gurney et al. (1979) and Gurney and 

Harte (1981) presented a magmatic model whereby large volumes of high-temperature melts that were in 

chemical equilibrium with Cr-poor megacrysts. These melts intruded the base of the SCLM, lost heat, and 

crystallized megacrysts when in contact with the cool SCLM wall rock while simultaneously assimilating 

metasomatized peridotite. Several different models have since been proposed that debate the sequence of 

formation of Cr-poor and Cr-rich kimberlitic megacrysts. Some models propose early formation of Cr-rich 

megacrysts followed by the Cr-poor megacrysts, while others suggest the exact opposite (i.e., Cr-poor first, 

Cr-rich second). 

Moore and Belousova (2005) suggested a magmatic model whereby Cr-rich megacrysts crystallized first 

from Cr- and Mg-rich kimberlitic melts. These melts were then modified by fractional crystallization and 

contaminated by the melting of carbonate phases (i.e., calcite) present within thermal aureoles surrounding 

the magma reservoir. This modification changed the melt composition, which resulted in the crystallization 

of Fe-rich, Ca- and Cr-poor megacrysts. Alternatively, Kopylova et al. (2009) proposed a metasomatic model 

whereby Cr-rich megacrysts form prior to Cr-poor megacrysts. The model by Kopylova et al. (2009) 

proposed that the megacrysts from the Jericho kimberlite (Nunavut, Canada) formed by the progressive 

interaction of small volumes of kimberlitic melts with the peridotite wall rock, which caused the replacement 
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of the peridotitic minerals by Cr-rich megacrysts. Continued wall rock interaction with increased volumes 

of melt results in complete replacement of the peridotite minerals and the formation of Cr-poor megacrysts. 

A similar model, was presented by Pivin et al. (2009), which included a metasomatic origin for Cr-rich and 

Cr-poor megacrysts from the DRC kimberlites (i.e. Mbuji-Mayi and Kundelungu kimberlites), however, 

they did not provide the order of crystallization regarding the Cr-rich and Cr-poor megacryst populations.  

Nkere et al. (2021) proposed a hybrid model for southern African proto-kimberlites in which the 

megacrysts formed through fractional crystallization, assimilation and melt-rock interaction. This formation 

occurred at a wide range of melt-rock ratios through stockwork-like, melt-filled chambers and associated 

melt-vein networks in the lower to mid-lithosphere that extended into the surrounding and overlying 

lithospheric mantle. They explained that Cr-poor megacrysts crystallized from high-temperature, proto-

kimberlite melts with low Cr# and moderate Mg# values. For kimberlites dominated by Cr-poor megacrysts, 

like Monastery, these proto-kimberlite melts would accumulate in large volumes of well-mixed magma that 

crystallized to form Cr-poor megacrysts that display well-defined fractional crystallization trends. The melts 

migrating into the more distal parts of the melt-vein networks surrounding the melt body would experience 

assimilation and melt-rock interaction at lower proto-kimberlite melt/peridotite wall rock ratios resulting in 

the formation of Cr-rich megacrysts. However, in kimberlites where Cr-rich megacrysts dominate, only 

relatively small melt bodies were inferred to form, where melt/wall rock ratios are low (e.g., Bellsbank), 

generating dominantly Cr-rich assemblages (Nkere et al., 2021).   

 

2.6. Formation of the Monastery kimberlite megacrysts 

Megacrysts from the Monastery kimberlites are proposed to have crystallized from a carbonate-rich silicate 

melt at high P-T conditions of ~1400 °C and ~5 GPa (Gurney et al., 1979). There have been a variety of 

studies in the past that discussed the formation of the Monastery kimberlite megacrysts in detail, which are 

summarised here. 

Jakob (1977) and Gurney et al. (1979) were some of the earliest to propose a model of formation for the 

Monastery kimberlite megacrysts. They proposed that the Monastery megacryst suite evolved within a 

closed system and related their formation to the melting events that gave rise to the Karoo volcanism. The 

increase in heat flow during the breakup of Gondwana was proposed to have produced a large partial melt 

which, when removed, may have left behind melts of slightly depleted upper mantle material. These partial 

melts were proposed to be under-saturated basaltic and alkaline in nature and rose and cooled while 

interacting with mantle wall-rock. This caused the formation of the chemically differentiated Cr-poor 

Monastery megacryst suite.  

Moore (1986) proposed that the megacrysts formed from melts derived from a diapir that originated in the 

deep asthenosphere from a plume or hot-spot source. He explained that as the diapir rose it was obstructed 

by the rigid lithosphere causing lateral divergence of the melt into areas between the diapir and the base of 

the lithosphere. As the earliest megacrysts formed (i.e. garnet, cpx, opx, Fe-poor olivine and Group 1 

ilmenite), the residual melt became more enriched in volatiles, which promoted crack propagation in 
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overlying regions. Small volumes of compositionally differentiated melts may have infiltrated these cracks, 

and rose within the lithosphere where it crystallized the late-stage megacryst assemblages (i.e. Group 2 

ilmenite, Fe-rich olivine, phlogopite and zircon). 

Moore et al. (1992) proposed a fractional crystallization sequence for the Monastery megacryst suite by 

comparing the compositional variations in Group 1 and 2 ilmenites (Figure 8). They used the composition 

of ilmenite because it is the most abundant of the Monastery megacryst assemblages and could, therefore, 

be the key component in understanding the fractional crystallization sequence. The first megacryst 

assemblage to have formed (prior to the onset of ilmenite crystallization) included garnet, cpx, opx and Fe-

poor olivine (Gurney et al., 1979; Moore, 1986; Moore et al., 1992). When the ilmenites first formed, the 

Fe-poor olivines were proposed to have ceased crystallization such that ilmenites only co-existed with garnet, 

cpx, and opx. This may have subsequently enriched the ilmenites in Zr and Nb due to these elements being 

incompatible in garnet and cpx. Moore et al. (1992) labelled the positive correlation between Zr and Nb at 

low concentrations (>800 ppm Zr, >800 ppm Nb) in the early forming (Group 1) ilmenites as the main 

silicate trend or “MST”.  

As the concentration of the melt exceeds ~800 ppm Zr and 800 ppm Nb, Moore et al. (1992) inferred that 

the melt began to precipitate phlogopite and a new population of ilmenites (Group 2) that are enriched in 

Cr# and Ni relative to the Group 1 ilmenites. They labelled the point just before the formation of the Group 

2 ilmenite + phlogopite assemblage as “S-” (“silicates-out”), representing the most Zr- and Nb-rich ilmenites 

known to coexist with garnet, cpx and opx. The Group 2 ilmenites show a general positive correlation of Zr 

with Nb until about 1100 ppm Zr, with a sharp decreases in Zr (to ~600 ppm) at a Nb concentration of ~1800 

ppm. Due to the highly compatible nature of Zr in zircon, the sharp decrease in Zr in the melt is inferred to 

represent the effect of zircon starting to crystallize from the melt. Point “Z+” (“zircon-in”) therefore 

represents the most Zr-rich Group 2 ilmenites coexisting with zircons, and marks the point at which zircon 

began crystallizing with Group 2 ilmenite and phlogopite.  

At ~700 ppm Zr, the Group 2 ilmenites increased in Nb to roughly 2500 ppm and decreased in Ni content. 

Moore et al. (1992) proposed that the decrease in NiO in the Group 2 ilmenites near the end of the 

crystallization sequence can be related to onset of the Fe-rich olivine crystallization due to the compatible 

nature of Ni in olivine. The onset of Fe-rich olivine is marked by “O2+” (“olivine-2 in”), and represents the 

lowest-Nb ilmenite coexisting with Fe-rich olivine. Moore et al. (1992) inferred that, with increasing Nb 

content above point “O2+”, the megacryst assemblage contained Group 2 ilmenite + phlogopite + zircon + 

Fe-rich olivine.  

A different population of ilmenites, termed Group 3, coexisted with phlogopite and calcic clinopyroxene. 

Moore et al. (1992) proposed that these formed from a late-stage magma distinctly separate from the 

Monastery proto-kimberlite and was therefore not linked to the fractional crystallization sequence that 

includes the Group 1 and 2 ilmenites. According to them, this late-forming assemblage may have 

experienced magma mixing and/or assimilation of mantle wall rock that led to a combination of relatively 

“primitive” compositions and evolved minor element signatures. The origin of the Group 3 ilmenites remains 
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under question, and it is difficult, therefore, to say for certain whether they crystallized from a completely 

separate magma or formed at the end of the Monastery kimberlite crystallization sequence after complex 

chemical modification of the proto-kimberlite melt due to melt-lithosphere interaction.  

Moore (1986) and Moore et al. (1992) linked the formation of the Monastery megacrysts to fractional 

crystallization involving a single batch of magma but this evolution required one or more episodes of magma 

mixing or wall rock assimilation of Cr2O3- and NiO-rich components to explain the rise in Cr2O3 and NiO 

content from the early-stage (Group 1) to late-stage (Group 2) ilmenites. However, they were unable to relate 

the origin of the Group 3 ilmenites to this process. The inferred crystallization sequence of the Monastery 

megacrysts proposed by Moore et al. (1992) was therefore as follows: (1) Fe-poor olv + garnet + opx + cpx; 

(2) garnet + opx + cpx + Group 1 ilm; (3) phlog + Group 2 ilm; (4) zircon + phlog + Group 2 ilm; (5) zircon 

+ Fe-rich olv + phlog + Group 2 ilm. 

 

Figure 8. Plot of Zr vs Nb in Group 1 and Group 2 ilmenites demonstrating the fractional crystallization sequence 
and evolution of the Monastery megacryst suite (Moore et al., 1992). Assemblages are labelled in the figure as 
follows: (1) Fe-poor olv + garnet + opx + cpx; (2) garnet + opx + cpx + Group 1 ilm; (3) phlog + Group 2 ilm; (4) 
zircon + phlog + Group 2 ilm; (5) zircon + Fe-rich olv + phlog + Group 2 ilm. The vectors indicate the inferred 
evolution of ilmenite composition with time and the labels “S-”, “Z+” and “O2+” are as described in the text. 

Kamenetsky et al. (2014) proposed that the Monastery proto-kimberlite is a silicate-carbonate melt that at 

some stage separated into immiscible silicate-oxide and carbonate melts. They explained that at some point 
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the silicate melt may have evolved and further separated into SiO2-rich and SiO2-poor, Fe- and Ti-rich melts 

(e.g., Charlier et al., 2012). The SiO2-rich melt is proposed to have crystallized the major silicates (garnet, 

cpx, opx, olivine, phlogopite and zircon) after significant interaction with SCLM material; whereas the SiO2-

poor, Fe- and Ti-rich melt may have crystallized the ilmenite megacrysts, rutile and other oxide minerals. 

Unlike the silicate-oxide melt, which crystallized the megacryst suite, the carbonate melt became the main 

component of the kimberlite and incorporated surrounding megacrysts and other mantle material during 

evolution and subsequent ascent to the surface. 

Many authors have suggested that there was extensive interaction between the Monastery proto-kimberlite 

melt and the SCLM during the evolution of the megacryst parent magma of the kimberlite, which may have 

resulted in the compositional variations of the megacryst suite (e.g., Gurney et al., 1979; Moore, 1986; Moore 

et al., 1992; Nkere et al. 2021). But is there any other evidence that confirms the role of melt-SCLM 

interactions that clarifies the nature of the material(s) mixing with the megacryst parent magmas? Using 

secondary ion mass spectrometry (SIMS) analysis, Xu et al. (2021) showed that Cr-poor olivine megacrysts, 

as Fe-rich (Mg# <89) xenocrystic cores in olivine macrocrysts, from southern African kimberlites (e.g., 

Karowe, Lethlakane and Damtshaa in Bostwana; Pipe 200 in Lesotho; and Dutoitspan and Kaalvallei in 

South Africa) have δ18O values that are lower than what is expected in the normal mantle. These low δ18O 

values were interpreted to represent the assimilation of low-δ18O, metasomatized SCLM material. The 

olivine rims that have mantle-like δ18O values were interpreted to represent the kimberlite melts that have 

not interacted with these low-δ18O metasomatic mantle lithologies. Therefore, by analysing the oxygen 

isotope ratios of the full Monastery megacryst suite, this idea that the proto-kimberlite may have evolved 

within an open system and experienced melt-SCLM interactions can be investigated in detail. 

 

2.7. δ18O variations in the mantle  

There are three stable isotopes of oxygen, 16O, 17O and 18O. These variation in oxygen isotope ratios are 

generally reported as δ18O, which is a measure of the ratio of 18O and 16O. The δ18O value is defined as δ18O 

= (Rsample/Rstandard-1)*1000; where R = 18O/16O (Harris and Vogeli, 2010) where values are in per mil (‰). 

Most mantle peridotites have typical δ18O values ranging between 5.2±0.2‰ (Mattey, 1994; Giuliani et al., 

2019). Whereas the mantle is relatively homogenous in terms of the oxygen isotope composition, there are 

some variabilities in δ18O that fall outside of normal mantle values. The difference in δ18O between peridotite 

and eclogite was determined through laser fluorination analyses by Mattey (1994). He found that minerals 

contained in peridotite xenoliths show homogenous δ18O values that fall in the range of normal mantle values 

(5.19±0.26‰ for olivine) and that minerals in eclogite xenoliths show more heterogeneity in δ18O values 

(2.4-7.4‰ for garnet) relative to peridotites and fall outside typical mantle δ18O values (similarly noted by 

MacGregor and Manton, 1986). Mantle eclogites typically have much larger variations in δ18O compared to 

peridotites and range from 2-12‰ (MacGregor and Manton, 1986; Mattey, 1994; Korolev et al., 2018). This 

suggests that peridotites are the predominant mantle lithology, and strengthens the theory that eclogites 

reflect the recycling and storage of crustal components within the mantle through the subduction of oceanic 

crust. Aulbach et al. (2020) separated eclogites into two distinct groups: MgO-poor and MgO-rich eclogites. 
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The MgO-poor eclogites are relatively low in Cr2O3 (0.06 wt%), and contained traces of diamonds, 

corundum and kyanite. This group showed REE patterns were consistent with interaction with dehydration 

fluids formed within subduction zones. The MgO-rich eclogites (and pyroxenites) were relatively enriched 

in Cr2O3 (0.25 wt%) and showed LREE and incompatible trace element signatures that suggested mantle 

metasomatism from ultramafic carbonate-rich melts.  

Instances where kimberlitic megacrysts have δ18O values outside of normal mantle values are interpreted 

to be a result of oxygen fractionation during open- and/or closed-system processes (Valley et al., 1998; 

Schulze et al., 2001; Giuliani et al. 2019; Xu et al. 2021). Generally elevated δ18O values distinct from the 

normal mantle range in these megacrysts can be attributed to crustal assimilation at late stages of magma 

evolution within the crust (Eiler, 2001; Harris et al., 2015). However, there have been cases where 

megacrysts and phenocrysts in mantle-derived magmas, with no significant evidence for crustal assimilation, 

deviate to values as low as 3.3‰ (e.g., Cr-poor megacrystic grains as cores in olivine macrocrysts from 

kimberlites; Xu et al., 2021) and as high as 6.7‰ (e.g., olivine in Karoo LIP picrites; Harris et al., 2015). A 

magma derived from a mantle source with a δ18O value of 5.4‰, if evolved in a closed system, should result 

in olivine with a δ18O value of ~5.6‰ (Giuliani et al., 2019; Xu et al., 2021). A decrease in δ18O in mantle-

derived magmas can be attributed to the removal of a phase with high δ18O (e.g., high-δ18O carbonate melts), 

the removal of CO2 from the melt (at pressures <3.0-3.5 GPa) or the assimilation of low-δ18O material such 

as hydrothermally altered oceanic crust (Wang and Eiler, 2008; Day et al., 2009; Wang et al., 2010; Giuliani 

et al., 2019). 

Schulze et al. (2001) showed that δ18O of garnet megacrysts in Group 1 kimberlites have a narrow range 

in δ18O values which averaged at 5.2‰, and proposed that there was no recycled crust in the source. Xu et 

al. (2021) provided an alternative hypothesis to explain the origin of δ18O values in carbonate-rich, proto-

kimberlite magmas with a study in which they analysed the δ18O values of southern African kimberlitic 

olivine megacrysts. They linked the low δ18O values (3.30-4.95‰) in the low-Mg# olivine macrocrysts cores 

(n = 63) to the interaction and assimilation of the proto-kimberlite melt with metasomatized, low-δ18O 

peridotite and eclogite xenoliths. 

Wang and Eiler (2008) showed that high-Mg# olivine phenocrysts (>2 mm crystals embedded in a finer-

grained groundmass) from Hawaiian magmas have δ18O values that are within the normal mantle range, 

while low-Mg# olivine phenocrysts have lower δ18O values (4.6‰) (Figure 9). They related these low δ18O 

values to the assimilation of up to 10% of low-δ18O (2.5‰) hydrothermally altered oceanic crust as the 

magma evolved. Similar conclusions were made Valley et al. (1998) who explained that low-δ18O southern 

African kimberlite zircon megacrysts (3.4-4.7‰) formed after the subduction of late Archean oceanic crust 

that exchanged with heated seawater (with values of 0‰) prior to underplating as eclogite. 

 



22 
 

 

Figure 9. The δ18O values vs a) Mg# and b) NiO (wt%) for Hawaiian olivine phenocrysts (Wang and Eiler, 2008). 
The dotted lines/curves represent the positive correlation between Mg# and Ni with δ18O in the phenocrysts.  The 
blue zone represent olivine mantle-like δ18O values.  
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Chapter 3: Sampling and analytical methods 

The sample preparation and O-isotope analysis was conducted using the labs and equipment in the 

Department of Geological Sciences at the University of Cape Town, South Africa (UCT). The Monastery 

megacrysts were obtained from the John J. Gurney mantle collection and formed part of the PhD study of 

Moore (1986) and includes the minerals ilmenite, olivine, garnet, clinopyroxene, orthopyroxene, phlogopite 

and zircon (Figure 10). The major and trace element compositions of the megacrysts were previously 

determined by Moore (1986) and Howarth (2018). The study of Moore (1986), which also includes data 

from Jakob (1977) and Mitchell (1977), provides well-characterized electron probe micro-analysis (EPMA) 

data for Monastery olivine (n = 173), ilmenite (n = 153), and phlogopite (n = 63) megacrysts.  

Samples were carefully selected over the range of major and trace element compositions for each mineral 

type to analyze for δ18O in order to get a full representation of megacryst compositions. A total of 26 ilmenite 

megacrysts from Group 1, 2 and 3 were selected over their respective Cr# and Mg# ranges (Table 2a). Eight 

Group 1 ilmenites were analysed, five of which are monomineralic, while three are associated with garnet, 

cpx and opx (Cr# = 1-19; Mg# = 23-36). Eleven Group 2 ilmenites were analysed, where three are 

monomineralic, one is associated with phlogopite and seven are associated with zircon megacrysts (Cr# = 

49-87; Mg# = 21-32). Seven Group 3 ilmenites were analysed, where four are monomineralic and three are 

associated with phlogopite megacrysts (Cr# = 31-72; Mg# = 37-47). It was crucial that sampled ilmenites 

were from each Group’s respective assemblages, giving the ability to track the δ18O variations throughout a 

large portion of the proto-kimberlite melt’s evolution. A similar selection method was also used for the rest 

of the Monastery megacrysts. A total of 15 monomineralic olivine megacrysts were selected over their entire 

Mg# ranging from 78-88 (Table 2b). Five olivine megacrysts are part to the Fe-rich variant (Mg# = 78-82) 

and ten are part of the Fe-poor (Mg# = 82-88) variant. A total of eight monomineralic phlogopites were 

selected over a range of Mg# ranging from 84-90 (Table 2c). Two of each garnet, cpx and opx megacrysts 

were selected, at random, for analyses (Table 2d). Each of these megacrysts analysed are monomineralic and 

they were randomly selected due to the lack of EPMA data during the selection phase. No EPMA data has 

been recorded for the Monastery zircon megacrysts. To compensate for this, seven zircons associated with 

various high- and low-Al Group 2 ilmenites with known EPMA data were analysed for δ18O (Table 2e).  

The garnet, cpx, opx megacrysts as well as one Group 1 ilmenite (ROM-270 CI-20), and seven Group 2 

ilmenites (ROM Z- and JVB-) from Moore (1986) and Moore et al. (1992) were analysed for major elements 

at the University of Johannesburg (UJ) electron probe microanalyzer (see Appendix 1c and Appendix 1f). 

The probe used was a Cameca SX100 electron microprobe. The first probe set-up used a voltage of 20 kV, 

a beam current of 20 nA, and a 2 µm beam, and was used to analyse the Group 1 ilmenite megacrysts. The 

second set-up used a voltage of 20 kV, a beam current of 40 nA, and a 2 µm beam, and was used to analyse 

the ilmenite megacrysts. The standards used for both probe set-ups were as follows: Na – jadeite; Al – 

almandine; Si – diopside; K – orthoclase feldspar; Ca – wollastonite; Mn – rhodonite; Mg – olivine; and Fe 

– hematite. Synthetic materials were used to calibrate for TiO2, Cr2O3, MgO, Nb, and NiO.  
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For O-isotope analyses, the megacrysts were disaggregated into fine grains (~200 microns) using a 

stainless-steel crusher and approximately 5 mg of fresh, unaltered grains were picked out using tweezers and 

placed into capsules for analysis. Great care was taken to avoid any grains that contained cracks, alterations 

and/or inclusions (Figure 10). This is because it was highly important that the megacrysts were pure and that 

their δ18O values represented primary signatures rather than secondary ones.  

The laser fluorination system at UCT was then used to analyze 2 to 4 mg of Monastery megacryst grains. 

This laser fluorination method is described in detail by Harris and Vogeli (2010) and the same method was 

used to obtain data for this project. The only difference was that ClF3 was used as the fluorinating agent and 

not BrF5. In short, the laser fluorination method allows for the trapping of purified O2 gas onto a 5 Å 

molecular sieve situated in glass storage bottles. The O-isotope ratios of the trapped O2 gas was then 

measured off-line using a Finnegan DeltaXP mass spectrometer, in dual inlet mode with the data being 

recorded in δ notation (δ18O), where δ18O = (Rsample/Rstandard – 1)*1000; R = 18O/16O and the standard being 

standard mean ocean water (SMOW). In each run, 10 unknowns and 2 standards were analysed. The in-

house standard MON GT was derived from a single garnet megacryst from the Monastery kimberlite. The 

long-term average difference in δ18O values of the two MON GT standards is 0.12‰ (n = 365), which 

corresponds to a 2σ value of 0.15‰. 

 

 

Figure 10. Fresh Monastery megacryst grains used for laser fluorination analyses (scale of 200μm). 
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Figure 10. Continued. 
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Table 2a. Electron microprobe data (Moore, 1986; Moore et al., 1992) of sampled ilmenites from Monastery. 

Group Assemblage Sample Mg# Cr# Nb (ppm) Ni (ppm) 

1 Mono ROM-238 36.7 7.10 285 1150 

1 Mono ROM-264 IL-42 23.3 9.58 1050 132 

1 Mono ROM-374 IL-01 27.8 6.74 643 231 

1 Mono ROM-40 28.3 1.11 1570 399 

1 Mono ROM-372 IL-08 26.3 6.84 758 160 

1 Ilm/Gt+Opx+Cpx ROM-270 CL-16 35.4 15.9 279 843 

1 Ilm/Gt+Opx+Cpx ROM-270 CL-20 31.7 12.6 333 193 

1 Ilm/Gt+Opx+Cpx ROM-424 24.8 1.05 865 173 

2 Mono ROM-308(A) 26.1 77.0 442 582 

2 Mono ROM-372 IL-07 21.5 61.2 1720 253 

2 Mono ROM-374 IL-09 24.8 80.9 1950 232 

2 Ilm/Phlog ROM-394 28.6 59.7 1340 222 

2 (High-Al) Ilm/Zircon ROM-121 Z-005 28.0 66.6 1690 478 

2 (High-Al) Ilm/Zircon ROM-121 Z-059 30.7 67.1 1570 254 

2 (Low-Al) Ilm/Zircon ROM-121 Z-001 26.1 79.5 1750 336 

2 (Low-Al) Ilm/Zircon ROM-121 Z-074 23.5 71.5 2320 132 

2 (High-Al) Ilm/Zircon JVB IL-001 22.8 69.9 340 195 

2 (Low-Al) Ilm/Zircon JVB IL-002 26.4 80.8 337 193 

2 (High-Al) Ilm/Zircon JVB IL-003 23.9 66.6 339 193 

3 Mono ROM-372 IL-09 46.6 48.9 712 841 

3 Mono ROM-292 39.9 31.3 978 620 

3 Mono ROM-234(A) 38.5 62.9 1020 612 

3 Mono ROM-375 IL-01 37.2 62.2 1140 581 

3 Ilm/Phlog ROM-316 PH-05 39.6 62.5 1100 653 

3 Ilm/Phlog ROM-316 PH-06 37.2 55.3 1050 608 

3 Ilm/Phlog ROM-36 38.8 72.0 1070 751 

Notes: Group 1 ilmenites have low Cr# (1.05-15.9), low to moderate Mg# (23.3-36.7) and low Nb 
concentrations (279-1570 ppm). Group 2 ilmenites have high Cr# (59.7-80.9), low to moderate Mg# (21.5-30.7) 
and high Nb concentrations (337-2320 ppm). Group 3 ilmenites have moderate to high Cr# (31.3-72.0), high 
Mg# (37.2-46.6) and moderate Nb concentrations (712-1140 ppm). 
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Table 2b. Electron microprobe data (Moore, 1986) of sampled olivines from Monastery. 

Type Sample Mg# Ni (ppm) Mn (ppm) Ca (ppm) 

Fe-poor Ol-41 87.8 3222 929 500 

Fe-poor Ol-71 87.4 2908 852 572 

Fe-poor Ol-62 87.3 3143 852 286 

Fe-poor Ol-42 87.0 3143 1084 429 

Fe-poor Ol-29 86.2 2986 929 500 

Fe-poor Ol-10 85.5 2829 1007 643 

Fe-poor Ol-52 85.5 2515 929 643 

Fe-poor Ol-50 84.8 2436 1007 572 

Fe-poor Ol-75 83.8 2436 1084 429 

Fe-poor Ol-16 83.1 2279 929 ND 

Fe-rich Ol-51 82.1 864 1626 286 

Fe-rich Ol-67 81.1 786 1704 ND 

Fe-rich Ol-28 79.9 1022 1394 ND 

Fe-rich Ol-79 79.2 707 1626 429 

Fe-rich Ol-76 78.6 472 1471 286 

 

Table 2c. Electron microprobe data (Moore, 1986) of sampled phlogopites from Monastery. 

Sample Mg# Cr# FeO (wt.%) TiO2 (wt.%) 

ROM-378 PH-01 89.9 1.11 4.87 1.50 

ROM-96(B) 89.4 1.01 4.96 1.52 

ROM-96(A) 89.0 0.97 5.29 1.45 

ROM-372 PH-09 86.8 0.44 6.58 5.60 

ROM-372 PH-02 86.4 0.69 6.66 0.94 

ROM-372 PH-08 85.9 0.63 6.92 0.94 

ROM-372 PH-03 84.6 0.45 7.32 1.06 

ROM-374 PH-07 84.5 1.00 7.39 1.09 
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Table 2d. Electron microprobe data (Moore, 1986) of sampled garnets, cpxs and opxs from Monastery. 

Mineral Sample Mg# Cr# SiO2 (wt.%) Al2O3 (wt.%) 

Garnet ROM-374 Gt-02 72.3 0.18 41.9 21.9 

Garnet ROM-78 74.5 1.71 42.2 21.4 

Cpx ROM-271 DI-04 82.7 12.5 55.0 1.26 

Cpx ROM-271 DI-14 85.8 6.24 55.5 2.52 

Opx ROM-273 OG-17 83.0 0.90 56.8 0.74 

Opx ROM-273 OG-20 86.3 3.27 57.0 1.12 

 

Table 2e. Sampled Monastery zircon megacrysts associated with Group 2 ilmenites. 

Type Association Sample 

1 High-Al Grp 2 ilmenite ROM-121 Z-059 

1 High-Al Grp 2 ilmenite JVB Z-01 

1 High-Al Grp 2 ilmenite JVB Z-03 

2 Low-Al Grp 2 ilmenite ROM-121 Z-001 

2 Low-Al Grp 2 ilmenite ROM-121 Z-074 

2 Low-Al Grp 2 ilmenite JVB Z-02 

Notes: Type 1: associated with high-Al Group 2 ilmenites; and Type 2: associated 
with low-Al Group 2 ilmenites. The EPMA data has not been recorded since the 
zircons are expected to remain relatively homogenous. 
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Chapter 4: Results 

4.1. The δ18O values of the Group 1, Group 2, and Group 3 ilmenites  

The δ18O values for the Monastery main megacryst suite are presented in Table 3. The δ18O ranges and 

trends for each ilmenite group (as defined by Moore et al., 1992) are reported, rather than focussing on 

ilmenites from different Monastery megacryst assemblages. 

The expected range of δ18O values for mantle ilmenites is 3.82-4.34‰ (using calculated oxygen Δilm-ol 

from Vho et al. 2019). The δ18O value of Group 1 ilmenites range from 3.88-4.35‰ (x̅ = 4.10, σ = 0.15, SE 

= 0.15, n = 8). The δ18O values show a weak positive correlation with Cr# (r2 = 0.391); a negative correlation 

with Nb (r2 = 0.743); and no correlation with Mg#, TiO2 and Ni (Figure 11). The δ18O values of Group 2 

ilmenites range from 2.74-4.46‰ (x̅ = 3.56, σ = 0.45, SE = 0.15, n = 11) and they show no correlation with 

Mg#, Cr#, TiO2, Al2O3, Ni or Nb. The δ18O of Group 3 ilmenites range from 2.93-4.05‰ (x̅ = 3.59, σ = 0.36, 

SE = 0.15, n = 7). They show a positive correlation with Mg# (r2 = 0.472), TiO2 (r2 = 0.403) and Ni (r2 = 

0.456); a negative correlation with Al2O3 (r2 = 0.238) and Nb (r2 = 0.489); and no correlation with Cr#. The 

δ18O values of the Group 2 and Group 3 ilmenites both extend below the expected lower bound of δ18O 

values for mantle ilmenites. 

It is apparent that each ilmenite group form distinct populations on a plot of δ18O value vs Cr#. Group 1 is 

isolated at low Cr# and higher δ18O values, while Group 2 and 3 slightly overlap at higher Cr# and lower 

δ18O values. However, Group 2 ilmenites generally have higher Cr# and lower δ18O on average than the 

Group 3 ilmenites. When plotting the δ18O value vs Mg#, all groups are isolated from one another with some 

of the Group 2 ilmenites overlapping Group 1.  

 

4.2. The δ18O values of the Fe-poor and Fe-rich olivines  

The δ18O of the Fe-poor olivines range from 5.05-5.42‰ (x̅ = 5.23, σ = 0.10, SE = 0.15, n = 10). They fall 

within the range of expected δ18O values for mantle olivines (4.93-5.45‰ – Mattey, 1994) and show no 

correlation of δ18O with Mg#, Ni, Mn or Ca (Figure 12). Unlike the Fe-poor olivines, the Fe-rich olivines 

range from 4.53-4.94‰ (x̅ = 4.75, σ = 0.15, SE = 0.15, n = 5), which fall below mantle olivine values. They 

show a positive correlation with Mg# (r2 = 0.911), Ni (r2 = 0.615) and Mn (r2 = 0.121).  

 

4.3. The δ18O values of the phlogopites 

The δ18O values of the phlogopites range from 4.25-5.73‰ (x̅ = 5.08, σ = 0.48, SE = 0.15, n = 8). Six 

phlogopite samples fall within the expected range of δ18O values for mantle phlogopites (5.74±0.53‰ – 

Mattey, 1994), whereas two samples fall below (Figure 13). Furthermore, the δ18O values of the phlogopites 

appear relatively scattered and show no correlation with Mg#, FeO, Ti or K. 
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4.4. The δ18O values of the garnets, clinopyroxenes and orthopyroxenes 

The δ18O values of the garnets range from 5.10-5.23‰ (x̅ = 5.17, σ = 0.07, SE = 0.15, n = 2). The δ18O 

values of the clinopyroxenes range from 5.15-5.45‰ (x̅ = 5.30, σ = 0.15, SE = 0.15, n = 2). Finally, the δ18O 

values of orthopyroxenes range from 5.43-5.78‰ (x̅ = 5.61, σ = 0.18, SE = 0.15, n = 2). All six samples 

show no correlation of δ18O with any major elements (Figure 14). The normal mantle range of δ18O values 

expected for all three of these minerals are 5.37±0.36‰ (garnet), 5.61±0.32‰ (cpx) and 5.73±0.32‰ (opx) 

(Mattey, 1994), which all respective samples fall within.  

 

4.5. The δ18O values of the zircons 

The δ18O of Type 1 zircons range from 4.97-5.09‰ (x̅ = 5.04, σ = 0.05, SE = 0.15, n = 3), and from 4.87-

4.96‰ for Type 2 zircons (x̅ = 4.91, σ = 0.04, SE = 0.15, n = 3). Both groups of zircons fall below the 

expected δ18O values for mantle zircons (5.3±0.3‰ – Valley et al., 1998). The correlations between the 

zircon δ18O values and major/trace element compositions have not been determined. 

 
Table 3. The δ18O values of megacrysts from the Monastery main megacryst suite. 

Mineral Group/Type Assemblage Sample δ18O (‰) 

Ilm 1 Mono ROM-238 4.35 

Ilm 1 Mono ROM-264 IL-42 4.06 

Ilm 1 Mono ROM-374 IL-01 4.14 

Ilm 1 Mono ROM-40 3.88 

Ilm 1 Mono ROM-372 IL-08 3.96 

Ilm 1 Ilm/ Gt+Opx+Cpx ROM-270 CL-16 4.20 

Ilm 1 Ilm/ Gt+Opx+Cpx ROM-270 CL-20 4.21 

Ilm 1 Ilm/ Gt+Opx+Cpx ROM-424 3.97 

Ilm 2 Mono ROM-308(A) 3.30 

Ilm 2 Mono ROM-372 IL-07 3.36 

Ilm 2 Mono ROM-374 IL-09 3.47 

Ilm 2 Ilm/Phlog ROM-394 3.17 

Ilm 2 (High-Al)  Ilm/Zircon ROM-121 Z-005 3.47 

Ilm 2 (High-Al) Ilm/Zircon ROM-121 Z-059 3.71 

Ilm 2 (Low-Al) Ilm/Zircon ROM-121 Z-001 3.40 

Ilm 2 (Low-Al) Ilm/Zircon ROM-121 Z-074 2.74 

Ilm 2 (High-Al) Ilm/Zircon JVB IL-001 4.46 

Ilm 2 (Low-Al) Ilm/Zircon JVB IL-002 3.98 

Ilm 2 (High-Al) Ilm/Zircon JVB IL-003 4.07 
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Table 3. Continued. 
Mineral Group/Type Assemblage Sample δ18O (‰) 

Ilm 3 Mono ROM-372 IL-09 4.05 

Ilm 3 Mono ROM-292 3.66 

Ilm 3 Mono ROM-234(A) 3.92 

Ilm 3 Mono ROM-375 IL-01 2.93 

Ilm 3 Ilm/Phlog ROM-316 PH-05 3.56 

Ilm 3 Ilm/Phlog ROM-316 PH-06 3.27 

Ilm 3 Ilm/Phlog ROM-36 3.74 

Ol Fe-poor – Ol-41 5.21 

Ol Fe-poor – Ol-71 5.14 

Ol Fe-poor – Ol-62 5.37 

Ol Fe-poor – Ol-42 5.20 

Ol Fe-poor – Ol-29 5.05 

Ol Fe-poor – Ol-10 5.42 

Ol Fe-poor – Ol-52 5.29 

Ol Fe-poor – Ol-50 5.22 

Ol Fe-poor – Ol-75 5.17 

Ol Fe-poor – Ol-16 5.23 

Ol Fe-rich – Ol-51 4.94 

Ol Fe-rich – Ol-67 4.86 

Ol Fe-rich – Ol-28 4.81 

Ol Fe-rich – Ol-79 4.63 

Ol Fe-rich – Ol-76 4.53 

Phlog – – ROM-378 PH-01 5.73 

Phlog – – ROM-96(B) 5.08 

Phlog – – ROM-96(A) 4.25 

Phlog – – ROM-372 PH-09 5.60 

Phlog – – ROM-372 PH-02 5.27 

Phlog – – ROM-372 PH-08 4.89 

Phlog – – ROM-372 PH-03 5.27 

Phlog – – ROM-374 PH-07 4.51 

Gt – – ROM-374 Gt-02 5.23 
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Table 3. Continued. 
Mineral Group/Type Assemblage Sample δ18O (‰) 

Gt – – ROM-78 5.10 

Cpx – – ROM-271 DI-04 5.15 

Cpx – – ROM-271 DI-14 5.45 

Opx – – ROM-273 OG-17 5.43 

Opx – – ROM-273 OG-20 5.78 

Zr Type 1 – ROM-121 Z-059 5.09 

Zr Type 1 – JVB Z-01 4.46 

Zr Type 1 – JVB Z-03 5.06 

Zr Type 2 – ROM-121 Z-001          4.87 

Zr Type 2 – ROM-121 Z-074 4.96 

Zr Type 2 – JVB Z-02 4.91 
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Figure 11. The δ18O values vs a) Mg#, b) Cr#, c) TiO2 (wt%), d) Al2O3 (wt%), e) Ni (ppm) and f) Nb (ppm) for 
the Monastery ilmenite megacrysts . The blue zone represents the mantle-like δ18O values of ilmenites (3.82-
4.34‰ – Vho et al., 2019).
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Figure 12. The δ18O values vs a) Mg#, b) Ni (ppm), c) Mn (ppm) and d) Ca (ppm) for the Monastery Fe-rich and 
Fe-poor olivine megacrysts. The blue zone represents the mantle-like δ18O values of olivines (4.93-5.45‰ –   
Mattey, 1994). 
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Figure 13. The δ18O values vs a) Mg#, b) FeO (wt%), c) TiO2 (wt%) and d) K2O (wt%) for the Monastery 
phlogopite megacrysts. The blue zone represents the mantle-like δ18O values of phlogopites (5.21-6.27‰ – Mattey, 
1994).
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Figure 14. The δ18O values vs a) Mg#, b) Cr#, c) FeO (wt%), d) MnO (wt%), e) SiO2 (wt%) and f) Al2O3 (wt%) 
for the Monastery garnet, cpx, and opx megacrysts. The blue, green and grey zones represent the mantle-like δ18O 
values of garnet, cpx and opx, respectively (5.37±0.36‰ garnet, 5.61±0.32‰ cpx and 5.73±0.32‰ opx – Mattey, 
1994). 
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Figure 15. Histogram of δ18O values recorded for all 
Monastery megacrysts: a) ilmenite, b) olivine, c) 
phlogopite, d) zircon and e) garnet, cpx and opx. 
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Chapter 5: Discussion 

5.1. Initial δ18O of the Monastery proto-kimberlite and constraints on the HIMU mantle source 

The Monastery proto-kimberlite is proposed to be a sub-lithospheric derived, carbonate-rich silicate melt 

that originated from a HIMU (high μ, 238U/204Pb) mantle source (Janney and Bell, 2017). In the past, a HIMU 

type source typically implied the subduction and storage of ancient oceanic crust (e.g., Chauvel et al., 1992; 

Kogiso et al., 1997). However, recent studies propose that HIMU sources may have formed from the partial 

melting/delamination of a carbonatite-metasomatized SCLM rather than the recycling and storage of basaltic 

oceanic crust (e.g., Weiss et al., 2016; Homrighausen et al., 2018). Peridotite, which is the most dominant 

lithology within the mantle, generally shows normal mantle oxygen isotope ratios (δ18O = 5.0-5.5‰), 

however, in HIMU mantle sources, efficient mixing and equilibration of the subducted lithologies (e.g., 

eclogite with δ18O = 2-12‰ – Mattey, 1994; Xu et al., 2021) with peridotite, coupled with melt-SCLM 

metasomatism, may result in oxygen isotope ratios that differ from normal mantle values. As such, by 

analysing the δ18O of the most primitive (highest Mg#) Monastery megacrysts (i.e., Fe-poor olivine, garnet, 

cpx and opx), the effect of the recycled component (if any) within the source on the δ18O of the proto-

kimberlite melt during its generation may be investigated. This is because these megacrysts were the first to 

crystallize and are the most likely to reflect the initial δ18O of the proto-kimberlite. 

Using the parameters from Vho et al. (2019) and a proposed oxygen Δol-melt value of -0.40‰ (Appora et 

al., 2003), the oxygen Δmin-ol for the Monastery main megacryst suite was calculated for a temperature of 

1400˚C. The Δmin-ol values for the primitive megacrysts are as follows: Δgt-ol = +0.38‰; Δcpx-ol = +0.83‰; 

and Δopx-ol = +0.63‰. The oxygen Δmin-melt values for each mineral by the sum of Δmin-ol and Δol-melt was 

then calculated. This gave Δmin-melt values for the primitive megacrysts of: Δgt-melt = -0.02‰; Δcpx-melt = 

+0.43‰; and Δopx-melt = +0.23‰. This method has been applied for each Monastery main megacryst. For 

the highest Mg# megacrysts analysed in this study, the δ18O is 5.21±0.15‰ for Fe-poor olivine, 5.10±0.15‰ 

for garnet, 5.45±0.15‰ for cpx, and 5.78±0.15‰ for opx (Figure 16a). When applying the Δmin-melt values 

to each of the most primitive megacrysts, melt-δ18O gives estimates of 5.61‰ (Fe-poor olivine), 5.12‰ 

(garnet), 5.02‰ (cpx) and 5.55‰ (opx) (Figure 16b). The average of these estimates implies that the 

Monastery proto-kimberlite parent melt had a δ18O value of ~5.33‰, which is within the range expected for 

primary mantle derived melts. 

Day et al. (2014) showed that olivines from South African olivine melilitites, whose formation is closely 

related to that of Group I kimberlites, have δ18O values restricted to the normal mantle range (δ18O = 4.99-

5.26‰) and have radiogenic isotope compositions suggesting a HIMU mantle source dominated by 

peridotitic lithologies. Day et al. (2014) concluded that these olivine melilitites may have formed through 

either: (1) intra-mantle differentiation processes causing fractionation of U and Th, while δ18O remained 

unchanged; or (2) a peridotite-dominated mantle, which inherited HIMU-like compositional signatures from 

the remixing and equilibration of ancient recycled oceanic lithosphere within the source (Janney et al., 2002; 

Day et al., 2014). Similar evidence provided by recent authors (e.g., Janney et al., 2002; Day et al., 2014; 
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Weiss et al., 2016), coupled with the similarities of the Monastery δ18O values and HIMU-like signatures to 

the South African olivine melilitites, suggests that the Monastery proto-kimberlite may have originated from 

a HIMU mantle of normal mantle δ18O (~5.2‰) that was most likely dominated by peridotitic and possibly 

minor Archean eclogitic lithologies, as envisioned for olivine melilitites (e.g., Day et al., 2014). 

 Eclogites typically have wider ranges in δ18O values from 2-12‰ (Korolev et al., 2018). Near the surface, 

the δ18O values of eclogites are typically modified after the interaction with seawater and alteration prior to 

subduction. The δ18O of a melt source may therefore increase, decrease or remain the same depending on 

the δ18O values of the eclogites being stored within the lithospheric mantle. If eclogites were recycled within 

the source, there are two possible scenarios. Either: a) the stored eclogites have δ18O values restricted to the 

normal mantle range; or b) if the δ18O of the eclogites fall outside the normal mantle range, the proportion 

of eclogites in the source was too low to cause any significant shift in the typical mantle-like δ18O of the 

proto-kimberlite generated by partial melting of the source. The primary Monastery proto-kimberlite magma 

parental to the garnet, orthopyroxene, clinopyroxene and Fe-poor olivine has normal mantle δ18O values 

(~5.33‰). This value implies that either the δ18O of the recycled component was not significantly modified 

during crustal alteration, or that there was no recycled crust within the source.  

 

5.2. The δ18O variations in Monastery megacrysts 

Proto-kimberlite melts crystallized megacrysts at the base of the SCLM, where the first forming 

megacrysts are most likely to reflect the initial δ18O value of melt. Thereafter, proto-kimberlites traverse and 

interact with the SCLM, where they experience open and/or closed system processes (i.e., wall rock 

assimilation, mineral-melt fractionation, CO2 exsolution, melt immiscibility, etc.) that may lead to a change 

in their chemical and isotopic compositions. Essentially, a closed system process occurs when a melt 

exchanges heat but not matter with its surroundings (where no new material is added or lost), and an open 

system process occurs when a melt exchanges both heat and matter with its surroundings (i.e. assimilation 

of wall rock, magma mixing, etc.) (Mattey, 1994; Bell, 2004; Wilson et al., 2007). It is proposed that 

megacrysts represent the composition of proto-kimberlite melts at the time of crystallization and are 

therefore useful in tracking stages of possible open/closed system processes during evolution.  

The crystallization sequence of the Monastery kimberlite megacrysts described by Moore et al. (1992) 

followed the crystallization order (in order of earliest to latest forming): (1) garnet + clinopyroxene + 

orthopyroxene + Fe-poor olivine; (2) garnet + clinopyroxene + orthopyroxene + Group 1 ilm; (3) phlog + 

Group 2 ilm; (4) zircon + phlog + Group 2 ilm; (5) zircon + Fe-rich olv + phlog + Group 2 ilm. An additional 

assemblage exists which includes the Group 3 ilmenites, phlogopite and calcic clinopyroxene. Moore et al. 

(1992) did not link this assemblage to the Monastery crystallization sequence, however, addressing the δ18O 

variations throughout all ilmenite groups may help in understanding whether this assemblage is in fact 

genetically linked to the main proto-kimberlite melt or not. 

In the previous section, it was shown that the most primitive megacrysts of the earliest assemblage to have 

crystallized (i.e., garnet, clinopyroxene, orthopyroxene, and Fe-poor olivine) represent normal mantle δ18O 
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values. This is not the case, however, for the ilmenites, Fe-rich olivines, phlogopites, and zircons of the later 

forming assemblages. Assemblage (2) includes Group 1 ilmenites intergrown with garnet, cpx and opx 

megacrysts. It has already been shown that the δ18O of the garnet, cpx and opx megacrysts are within their 

respective normal mantle range, which suggests that the Group 1 ilmenites should also represent their normal 

mantle δ18O values. However, the Group 1 ilmenites show δ18O values ranging from 3.88-4.35‰ (Table 4; 

Figure 16a). For the Group 1 ilmenites, an oxygen Δilm-melt value of -1.51‰ give melt-δ18O estimates ranging 

from of 5.39-5.86‰ (Figure 16b), confirming that the Group 1 ilmenites were in equilibrium with the latest 

forming garnet, cpx and opx megacrysts. Hence, the Group 1 ilmenites crystallized from the proto-kimberlite 

with normal mantle δ18O values.  

Assemblage (3) to (5) will be explained together since they are mostly similar in mineral populations and 

have similar melt-δ18O values. Overall, these assemblages consist of Group 2 ilmenite, Fe-rich olivine, 

phlogopite, and zircon megacrysts, and have been shown to have formed during fractional crystallization of 

the Monastery proto-kimberlite (e.g., Gurney et al., 1979; Moore et al., 1992). Throughout all ilmenite 

textural associations analysed in this study (i.e., Mono, Ilm/Zircon and Ilm/Phlog), the δ18O of the Group 2 

ilmenites ranges from 2.74-4.46‰ and give a melt-δ18O estimate of 4.25-5.97‰, which extends to values 

lower than the melt-δ18O when in equilibrium with the Group 1 ilmenite, garnet, cpx and opx megacrysts. 

The Fe-rich olivines have δ18O values ranging from 4.53-4.94‰ that have a positive correlation with Mg#, 

and give a melt-δ18O estimate of 4.93-5.34‰. The Fe-poor olivines, however, show constant δ18O values, 

restricted to normal mantle olivine values with melt-δ18O estimate of 5.43-5.84‰. The difference in δ18O 

between the Fe-rich and Fe-poor olivines suggests that they crystallized from a melt with different δ18O 

values. Furthermore, the estimated melt-δ18O using the Fe-rich olivines shows similarities to the estimations 

from the Group 2 ilmenites, confirming that the Fe-rich olivines were in equilibrium with the Group 2 

ilmenites. Much like the Group 2 ilmenites and Fe-rich olivines, the phlogopites range to δ18O values lower 

values from 4.25-5.73‰. An oxygen Δphlog-melt value of +0.35‰ give melt-δ18O values of 3.90-5.38‰. This 

range extends to values lower than the estimates made from the Group 1 ilmenites and Fe-rich olivines, but 

still averages at values lower than normal mantle. The Type 1 and Type 2 zircon megacrysts are associated 

with the high-Al and low-Al Group 2 ilmenites, respectively. The δ18O values of the Type 1 zircons range 

from 4.97-5.09‰, whereas Type 2 range from 4.87-4.96‰. The oxygen Δzr-melt value of +0.54‰ give melt-

δ18O estimates of 4.43-4.55‰ for Type 1 zircons and 4.33-4.42‰ for Type 2 zircons. These estimates 

overlap the range of melt-δ18O values from the Group 2 ilmenites, phlogopite and Fe-rich olivines, and 

implies that assemblages (3) to (5) (i.e. Group 2 ilmenite, zircon, phlogopite and Fe-rich olivine) crystallized 

from the proto-kimberlite melt with lower δ18O. It is likely that the low-δ18O nature of these assemblages 

may have been due to open system processes that shifted the melt-δ18O to values below the normal mantle 

range. 

The Group 3 ilmenites that coexists with phlogopite and calcic cpx, are proposed to have formed from a 

separate batch of magma from the Monastery proto-kimberlite (Gurney et al., 1979; Moore et al., 1992). 

However, the origin of the Group 3 ilmenites remains uncertain due to a lack of conclusive evidence.  It, 
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therefore, cannot be concluded whether they crystallized from a completely separate magma, or formed near 

the end of the Monastery crystallization sequence after complex chemical alteration of the proto-kimberlite 

melt. This makes it difficult to evaluate and relate the Group 3 ilmenites to the rest of the Monastery 

assemblage since they may not represent the δ18O of the same proto-kimberlite melt. It is, however, useful 

to discuss and evaluate the δ18O of the Group 3 ilmenites since they are a known ilmenite population in the 

Monastery kimberlite. The Group 3 ilmenites have δ18O values ranging from 2.93-4.05‰ and give melt-

δ18O estimates of 4.44-5.56‰, which averages slightly higher than the Group 2 ilmenites, and significantly 

lower than the Group 1 ilmenites. This suggests that the δ18O of the melt from which the Group 3 ilmenites 

formed was also lower than expected for typical mantle melts. If this ilmenite population does form part of 

the main Monastery megacryst suite, they may have likely crystallized after assemblage (5), following a 

process that increased the proto-kimberlite δ18O value, such that the melt showed higher values than 

assemblages (3) to (5), while remaining lower than the values given by the initial assemblages (i.e. garnet, 

cpx, opx, Fe-poor olivine and Group 1 ilmenite).  

 

Table 4. The oxygen Δmin-melt and estimated melt-δ18O values calculated for each Monastery megacryst group 

using Monastery megacryst δ18O values and respective oxygen Δmin-ol. Fractionation factors were calculated using 

Table 1 and Eq. 4 from Vho et al. (2019) with an assumed oxygen Δol-melt value of -0.4‰ at a temperature of 

1400˚C (Appora et al., 2003).  

Mineral δ18O range (‰) Δmin-ol (‰) Δmin-melt (‰) Melt-δ18O range (‰) 

Garnet 5.10-5.23 +0.38 -0.02 5.12-5.25 

Cpx 5.15-5.45 +0.83 +0.43 4.72-5.02 

Opx 5.43-5.78 +0.63 +0.23 5.20-5.55 

Fe-poor olivine 5.03-5.44 – -0.40 5.43-5.84 

Group 1 ilmenite 3.88-4.35 -1.11 -1.51 5.39-5.86 

Group 2 ilmenite 2.74-4.46 -1.11 -1.51 4.25-5.97 

Phlogopite 4.25-5.73 +0.75 +0.35 3.90-5.38 

Type 1 zircon 4.97-5.09 +0.94 +0.54 4.43-4.55 

Type 2 zircon 4.87-4.96 +0.94 +0.54 4.33-4.42 

Fe-rich olivine 4.53-4.94 – -0.40 4.93-5.34 

Group 3 ilmenite 2.93-4.05 -1.11 -1.51 4.44-5.56 
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Figure 16. Box and whisker plot showing: a) the δ18O values of the Monastery megacrysts; and b) the estimated 
melt-δ18O of the Monastery proto-kimberlite melt yielded from each megacryst group. Box plots of the same 
colour represent coexisting megacryst phases. 
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5.3. Possible processes affecting the δ18O of the Monastery proto-kimberlite during evolution 

The processes that may have caused the low-δ18O variations in the Monastery proto-kimberlite melt are 

evaluated here, including 1) fractional crystallization, (2) CO2 exsolution, (3) the separation of the proto-

kimberlite melt into immiscible melts, and (4) assimilation of low-δ18O SCLM components during proto-

kimberlite evolution. 

 

5.3.1.  Fractional crystallization 

The fractional crystallization of megacrysts may decrease or increase the δ18O value of a melt, depending 

on the oxygen Δmin-melt under various temperature conditions. For example, the oxygen Δilm-melt value equals 

-1.51‰ at a temperature of 1400˚C. This implies that the crystallization of ilmenite would increase melt-

δ18O values during evolution. Similarly, the crystallization of minerals with positive oxygen Δmin-melt (e.g., 

garnet, cpx, opx, etc.) would deplete the melt in 18O and enrich it in 16O, effectively lowering the δ18O of the 

melt over time.  

The δ18O of the Monastery proto-kimberlite melt decreased its δ18O value after the Group 1 ilmenites in 

equilibrium with garnet, cpx and opx stopped crystallizing. If fractional crystallization is assumed to be the 

only process that occurred during megacryst formation at Monastery, the decrease in δ18O would suggest 

that the overall oxygen Δmin-melt should be negative, resulting in an increase in the δ18O value of the melt 

over time. However, the Group 2 ilmenites and Fe-rich olivines that crystallized after the cessation of 

crystallization of the Group 1 ilmenites show a decrease in the δ18O value of the melt, rather than an increase. 

The Group 3 ilmenites show an increase in the δ18O value of the melt, after the Group 2 ilmenites and Fe-

rich olivines stopped crystallizing, suggesting fractional crystallization as the main process during 

crystallization of the Group 3 ilmenites. However, this process fails to explain the sudden rise in Mg# and 

drop in Nb content from the Group 2 to Group 3 ilmenites, and further implies that there was likely a separate 

process affecting the δ18O of the Monastery proto-kimberlite melt after the cessation of the Group 2 ilmenites 

and Fe-rich olivines.  

Therefore, fractional crystallization may have played a minor role in increasing the δ18O of the melt during 

evolution, but it was likely not a significant process leading to the low-δ18O values in the Group 2 ilmenites 

and Fe-rich olivines. Fractional crystallization may be the main process that caused the increase in the δ18O 

values shown by the Group 3 ilmenites but the rise in Mg# and drop in Nb content in the Group 3 ilmenites 

suggests the assimilation of a Mg-rich, Nb-poor lithology. This implies that an assimilation-fractional 

crystallization process most likely occurred after the cessation of crystallization of the Group 2 ilmenites and 

before the onset of crystallization of the Group 3 ilmenites. 

 

5.3.2.  The exsolution of CO2 from the proto-kimberlite melt 

Exsolution of CO2 from a melt occurs when pressures decreases and the solubility of CO2 decreases such 

that a separate carbon dioxide phase forms, affecting the δ18O value of the melt (Wilson et al., 2007). 
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Kavanagh and Sparks (2009) used experimental data (Brey et al., 1991; Brey and Ryabchikov, 1994; Brooker 

et al., 2001; Sparks et al., 2009) to constrain the solubility of CO2 in kimberlite melts. They found that the 

solubility of CO2 in silica-poor melts is highly dependent on pressure, where solubility of CO2 increases as 

pressures increases. CO2 solubility stabilizes at a fixed value around 3 GPa where it becomes pressure-

independent (the value being dependant mainly on the Ca/Mg ratio), and then continues to increase with 

pressures above roughly 4 GPa (Brey and Ryabchikov, 1994). Therefore, as pressure continues to increase 

above 4 GPa, the solubility of CO2 in kimberlite melts increases, lowering the likelihood of CO2 exsolution.   

The Monastery kimberlite megacrysts form deeper within the mantle at high pressures of approximately 5 

GPa (Gurney et al., 1979), implying that CO2 was likely soluble within the proto-kimberlite melt. Therefore, 

CO2 likely did not exsolve from the Monastery proto-kimberlite during megacryst crystallization, and 

therefore was probably not the process that caused the low-δ18O variations during melt evolution. 

 

5.3.3.  The separation of the proto-kimberlite melt into immiscible melts 

The Monastery proto-kimberlite melt was proposed by Kamenetsky et al. (2014) to have separated into 

two immiscible melts, namely a silicate-oxide melt and a carbonate melt where the silicate-oxide melt 

crystallized the megacryst suite, while the carbonate melt became a major liquid component of the kimberlite, 

incorporating megacrysts and mantle material. Whether this separation, if it indeed occurred, had any 

significant effect on the oxygen fractionation between the carbonate and the silicate melt is an important 

question. According to Kamenetsky et al. (2014), the silicate-oxide melt further separated into a Si-rich melt, 

which crystallized the garnet, cpx, opx, phlogopite and olivine megacrysts, and a Si-poor melt, which 

crystallized the ilmenite megacrysts. This implies melt immiscibility early in the evolution of the proto-

kimberlite, such that the earliest forming megacrysts crystallized at δ18O values distinct from the normal 

mantle. The constant normal mantle δ18O values in the garnet, cpx, opx, Fe-poor olivine and Group 1 ilmenite 

megacrysts, coupled with the distinct decrease in δ18O upon crystallization of the Group 2 ilmenites suggests 

two possibilities. Either: a) the timing of melt separation suggested by Kamenetsky et al. (2014) is inaccurate, 

and instead occurred just before the Group 2 ilmenites crystallized; or b) the effect of melt immiscibility on 

the δ18O of the silicate-oxide melt was negligible.   

If the hypothesis of Kamenetsky et al. (2014) is correct, the relative volumes of the carbonate and silicate 

melts remain unclear. In a scenario with a low proportion of carbonate melt relative to the silicate-oxide melt, 

mass balance should dictate that any oxygen isotope shift towards the silicate melt should be insignificant. 

The lack of concrete evidence on the volume of the carbonate and silicate melts at Monastery makes it 

difficult to assess the degree of oxygen isotope shift (if any) between the two melts during melt immiscibility. 

Additionally, Santos and Clayton (1995) suggested that magmatic processes such as fractional crystallization 

and melt immiscibility may not significantly affect the oxygen isotope compositions of carbonate melts 

relative to silicate melts. Finally, if melt-immiscibility did have a significant effect on the Monastery parent 

magma, the mantle-like δ18O values of the earliest forming megacryst assemblages contradicts the timing of 

immiscibility proposed by Kamenetsky et al. (2014). Therefore, it appears less likely that melt immiscibility 
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had affected the δ18O of the Monastery proto-kimberlite melt during evolution.  

 

5.3.4.  Assimilation of low-δ18O SCLM components during proto-kimberlite evolution 

Mantle-derived melts with δ18O values outside of the normal mantle range have commonly been linked to 

crustal assimilation or the assimilation of low/high-δ18O SCLM material (e.g., Valley et al., 1998; Wang and 

Eiler, 2008; Day et al., 2009; Wang et al., 2010; Xu et al., 2021). The contaminants, which typically have 

δ18O ranges of 2-12‰ may include: (1) altered oceanic crust that underplates continental lithosphere as 

eclogite, or (2) metasomatized lithologies (e.g., metasomatized peridotite, MARID and/or PIC lithologies). 

More recently, Xu et al. (2021) found that low-Mg olivine xenocrysts (Mg# <89), interpreted to be Cr-poor 

megacrysts, in southern African kimberlites have δ18O values lower than the normal mantle range. They 

proposed that the assimilation of low-δ18O SCLM material (eclogitic and/or metasomatic lithologies) in the 

kimberlite melts resulted in the formation of olivine xenocrysts with low δ18O.  

Eclogitic xenoliths in Monastery kimberlites are rare, and are present as two populations (Moore, 1986). 

Moore (1986) identified the presence of nine Group I, three Group II and five intermediate eclogitic xenoliths 

which are texturally similar to the Roberts Victor eclogites (defined by MacGregor and Carter, 1970). On 

the basis of xenolith data, eclogites are proposed to be the main SCLM lithology with δ18O values outside 

the normal mantle range, and could, therefore, be considered as an assimilant during melt-SCLM interactions 

of the proto-kimberlite melt for the low-δ18O values in the more evolved megacryst assemblages (i.e., most 

likely corundum-bearing eclogites like those from Roberts Victor – Radu, 2018). However, eclogites from 

the western Kaapvaal craton are relatively poor in Cr2O3 (e.g., eclogites from western Kaapvaal lamproites 

– Aulbach et al., 2020), which implies that while assimilation of these low-δ18O corundum-bearing eclogites 

could lower the melt-δ18O, they would not account for the increase in Cr# noted in the Group 2 ilmenites. 

This increase in Cr# can generally be associated with the assimilation of Cr-rich mantle lithologies (i.e., 

peridotites/metasomatized peridotite). Peridotites, however, typically have mantle-like δ18O values (δ18O = 

5.2 ± 0.2‰ – Mattey, 1994; Chazot et al., 1997) implying that although the assimilation of peridotite would 

have enriched the Monastery proto-kimberlite in Cr, it should have also restricted the melt to mantle-like 

δ18O. Perkins et al. (2006) proposed that the lower than expected δ18O values for pyroxenes in ultramafic 

rocks (e.g., δ18Ocpx = 5‰ in pyroxenite xenoliths from New Mexico) reflects mantle metasomatism by a Si-

rich melt derived from subducted oceanic slabs. This suggests that if the peridotite-dominated mantle beneath 

Monastery experienced metasomatism through slab-derived melts, it may have become metasomatized and 

enriched in Cr with lower δ18O values than expected under normal mantle conditions. Unfortunately there is 

little data available in the literature for the δ18O of metasomatized SCLM lithologies, so it cannot be assumed 

that the assimilation of such a lithology would decrease melt-δ18O. Two hypotheses are presented to explain 

the decrease in δ18O and increase in Cr# values in the Monastery proto-kimberlite melt: (1) the assimilation 

of low-δ18O corundum-bearing eclogite, and metasomatized peridotite with Cr-rich network-filled veins; or 

(2) the assimilation of a low-δ18O, Cr-rich mantle lithology. Unfortunately, although theoretically possible, 

the lack of data in the literature supporting low-δ18O, Cr-rich mantle lithologies questions the plausibility of 
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the latter hypothesis, and so will not be discussed further.  

Dallai et al. (2019) proposed that the veined peridotite xenoliths from the Tallante volcanoes, Spain, 

formed after the injection of Si-rich melts derived from subducted continental crust that ultimately formed a 

metasomatic aureole enriched in heavy oxygen (18O). They explained that the high δ18O values of these 

xenoliths may be due to the diffusion of oxygen isotopes due to source re-equilibration following mantle 

metasomatism. Dallai et al. (2019) therefore implied that exotic magmas that formed long after crustal 

collision may inherit high δ18O values solely from the metasomatized mantle. If this hypothesis is true, one 

can argue based on mass balance that low-δ18O components from the oceanic crust may also need to be 

recycled in such a way. It may, therefore, be possible that a subduction event, involving ancient oceanic crust 

led to the formation and emplacement of the low-δ18O corundum-bearing eclogites beneath the Kaapvaal 

craton. This event may have released high-temperature fluids which interacted with the surrounding 

peridotite lithologies in the deep mantle. Over time, an aureole of Mg-rich metasomatized peridotite 

consisting of Cr-rich network-filled veins (possibly Cr-rich pyroxenite) may have formed. The base of this 

aureole likely hosted remnants of low-δ18O eclogites like some of those from Roberts Victor (i.e., corundum-

bearing eclogites – Radu, 2018), such that when the proto-kimberlite melt interacted with this base, it would 

have assimilated the eclogites and Cr-rich pyroxenite veins, which lowered the δ18O value of the melt and 

enriched it in Cr, respectively. This process could explain the lowered δ18O values shown by the Group 2 

ilmenites, Fe-rich olivines and phlogopites. The slight increase in δ18O values and Mg# in the Group 3 

ilmenites suggests the assimilation of lithologies (i.e., Mg-rich metasomatized peridotite) with δ18O values 

possibly close to or just below the range expected for mantle peridotites. Therefore, the hypothesis, which 

included the assimilation of low-δ18O corundum-bearing eclogite, and metasomatized peridotite with Cr-

rich network-filled veins seems the most likely to explain the processes occurring under Monastery. 

The δ18O values of the proposed contaminants are poorly constrained, and as such, assumptions of their 

oxygen isotope composition need to be made. Using the initial and evolved δ18O values of the Monastery 

proto-kimberlite, and assumed δ18O of assimilated material, the percentage of mixing of eclogite and 

metasomatized peridotite required to explain the δ18O variations noted in the melt during the two stages of 

melt evolution (Table 5 and Figure 17) has been calculated. During first stage melt evolution, eclogite was 

likely assimilated at low to moderate proportions. If this is true, a 32% mixing of an eclogite with δ18O = 

2.0‰ could explain the decrease in δ18O of the melt to 4.25‰ during first stage melt evolution.  A minimum 

of 90% mixing of Mg-rich metasomatized peridotite with δ18O = 5.7‰ could explain the increase in δ18O of 

the melt to 5.56‰ during second stage melt evolution. During both stages of melt evolution, the assimilation 

of Cr-rich pyroxenite veins could explain the increase in Cr# values of the melt. It is, however, difficult to 

assume the δ18O values of these veins and how they may have affected the δ18O of the melt through 

assimilation. 
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Table 5. Minimum percentage of mixing required of eclogite and metasomatized peridotite to have caused the 
δ18O variations in the Monastery proto-kimberlite during first and second stage evolution, respectively. 
Assumptions: a) initial melt-δ18O of 5.33‰, b) first stage evolution decreased melt-δ18O to 4.25‰, and c) second 
stage evolution increased melt-δ18O to a maximum of 5.56‰. 

Contaminant Assumed δ18O (‰) % Contaminant Stage of evolution  

Eclogite 2.0 32 First 

Eclogite 3.0 46 First 

Eclogite 4.0 81 First 

Metasomatized peridotite 5.6 97 Second 

Metasomatized peridotite 5.7 90 Second 

 

 

Figure 17. Minimum percentage of eclogite required to explain the decreased melt-δ18O values during first stage 

melt evolution (δ18O = 4.25‰) and metasomatized peridotite to explain the increased melt-δ18O values during 

second stage melt evolution (δ18O = 5.56‰). Percentages are calculated based on assumed δ18O values for each 

contaminant. The blue bars represent eclogite and the green bars represent metasomatized peridotite. The δ18O 

values were not assumed for the Cr-rich pyroxenite veins. 
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5.4.  Proposed formation model for the Monastery kimberlite megacryst suite 

A schematic model of the formation of the Monastery kimberlite megacryst suite is shown in Figure 18. 

The Monastery proto-kimberlite is proposed to be carbonate-rich silicate melt (based on Moore et al., 1992; 

Kamenetsky et al., 2014; Xu et al., 2021) that likely originated from a convecting mantle source with an 

initial melt-δ18O value of ~5.33‰. Whether or not recycled oceanic crust was stored within this source is 

unknown. 

As the proto-kimberlite melt rose through the asthenosphere and reached the base of the SCLM, it cooled 

and began to crystallize megacrysts. The first and most primitive megacryst assemblage to have formed 

included (1) garnet + clinopyroxene + orthopyroxene + Fe-poor olivine. Thereafter, while traversing the 

SCLM, the melt crystallized (2) garnet + clinopyroxene + orthopyroxene + Group 1 ilmenite. These two 

assemblages show normal mantle δ18O values and therefore crystallized from the melt prior to any 

open/closed system processes that may have caused major shifts from the initial δ18O.  

Following the crystallization of assemblage (2), the proto-kimberlite continued traversing the SCLM, and 

reached the base of a metasomatized aureole, where it began interacting with and assimilating a combination 

of low-δ18O eclogite (assumed δ18O value of  2‰) and Cr-rich pyroxenite veins. This marks the first stage 

of evolution of the proto-kimberlite, which caused a decrease in the melt δ18O value, and enriched it in Cr#. 

During this evolution, the melt crystallized assemblages (3) Group 2 ilmenite + phlogopite; (4) Group 2 

ilmenite + phlogopite + zircon; and (5) Group 2 ilmenite + phlogopite + zircon + Fe-rich olivine at decreased 

δ18O values. Using a minimum δ18O value of 2.74‰ for Group 2 ilmenites, and an oxygen Δmin-melt of -

1.51‰, the melt should have decreased its initial δ18O values to as low as ~4.25‰.  

Once assemblage (5) stopped crystallizing, the proto-kimberlite continued its path through the aureole and 

stopped interacting with low-δ18O eclogite, and solely with Mg-rich metasomatized peridotite (assumed δ18O 

value of 5.7‰) and Cr-rich pyroxenite veins. This marks the second stage of evolution of the proto-

kimberlite, which caused an increase in the melt δ18O value to an estimated maximum of 5.56‰ and caused 

an enrichment in Mg content. The proto-kimberlite then proceeded to crystallize the final assemblage (6) 

Group 3 ilmenite + calcic clinopyroxene at these increased δ18O values. The decrease in Cr# in the Group 3 

ilmenites can be explained by the co-crystallization of calcic cpx and is therefore unrelated to any open 

system processes. 



 
 

49 
 

 

Figure 18.  Proposed model of formation for the Monastery kimberlite megacryst suite.
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Chapter 6: Conclusions and outlook 

1) The initial δ18O value of the Monastery plume source was ~5.33‰, implying that the parent melt was 

unaffected by the possible recycled crustal component in the source. 
 

2) Monastery garnet, clinopyroxene, orthopyroxene, Fe-poor olivine and Group 1 ilmenite megacrysts give 

melt-δ18O values restricted to the normal mantle range. These megacrysts crystallized before the proto-

kimberlite melt changed its initial δ18O values through open system processes. 
 

3) The Group 2 ilmenites, zircons, Fe-rich olivines, and phlogopites give decreased melt-δ18O values below 

the normal mantle range, and were the first megacrysts that show δ18O values different from the initial 

melt-δ18O. 
 

4) The Group 3 ilmenites were the last megacrysts to have crystallized. They give increased melt-δ18O 

values and increased Mg# relative to the Group 2 ilmenites. 
 

5) The subduction of ancient oceanic lithosphere under the Kaapvaal craton is proposed to have resulted in 

the release of fluids and eclogite formation through high P-T conditions, which formed a metasomatic 

aureole under Monastery that was dominated by metasomatized peridotite, Cr-rich pyroxenite veins and 

lenses of ancient low-δ18O corundum-bearing eclogites.  
 

6) The variations in melt-δ18O given by the Monastery megacrysts can therefore be explained by two stages 

of melt evolution through wall rock assimilation. The first stage of evolution of the Monastery proto-

kimberlite is marked by the onset of the Group 2 ilmenites, which included moderately high proportion 

assimilation of low-δ18O eclogite (likely 32% of 2‰ eclogite). This caused a decrease in the melt-δ18O 

values from ~5.33‰ to ~4.25‰. The second stage of evolution of the melt is marked by the onset of the 

Group 3 ilmenites, which included the assimilation of metasomatized peridotite (likely 90% of 5.7‰ 

metasomatized peridotite). This caused an increase in the melt-δ18O values from ~4.25‰ to ~5.56‰. 

 
7) The increase in Cr# of the melt, marked by the Group 2 ilmenites, could be explained by the assimilation 

of the Cr-rich pyroxenite veins. However, it is difficult to assess their effect on the δ18O values of the 

melt during evolution.  
 

8) This new model implies a system in which the Monastery proto-kimberlite compositionally and 

isotopically evolved and formed megacrysts through fractional crystallization following extensive melt-

wall rock interaction and assimilation of low-δ18O lithologies, as envisioned by Nkere et al. (2021) for 

southern African kimberlitic megacrysts. 
 

9) Eclogites, particularly of the corundum-bearing subgroup, are some of the few mantle lithologies 

consistently reported with low-δ18O values in the literature. As such, future analyses expanding the 

knowledge on other low-δ18O mantle lithologies, the δ18O values of metasomatized mantle lithologies, 

and xenoliths hosted within the Monastery kimberlite would aid in testing the validity of this model.  
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Appendices 

Appendix 1a. EPMA data (Moore, 1986; Moore et al. 1992) of Monastery ilmenite samples. 

Sample ROM-238 ROM-264 IL-42 ROM-374 IL-01 ROM-40 ROM-372 IL-08 ROM-308(A) ROM-372 IL-07 ROM-374 IL-09 

Group 1 1 1 1 1 2 2 2 

 Oxides (wt%) 

TiO2 50.65 46.71 48.90 49.45 48.89 48.14 46.62 48.68 

Al2O3 0.79 0.57 0.65 0.60 0.64 0.13 0.31 0.13 

Cr2O3 0.09 0.09 0.07 0.01 0.07 0.65 0.73 0.82 

FeO 36.64 42.41 40.42 40.25 41.13 41.03 43.99 40.92 

MnO 0.15 0.18 0.21 0.18 0.24 0.22 0.26 0.33 

MgO 10.43 7.22 8.72 8.90 8.24 8.11 6.75 7.58 

Total 98.75 97.18 98.97 99.39 99.21 98.28 98.66 98.46 

Mg# 33.66 23.28 27.78 28.27 26.32 26.05 21.48 24.82 

Cr# 7.10 9.58 6.74 1.11 6.84 77.03 61.24 80.88 

 Cations (ppm)  

Zr 326 874 645 740 695 489 1210 776 

Nb 285 1050 643 1570 758 442 1720 1950 

Ni 1150 132 231 399 190 582 253 232 

Zn 125 142 139 121 133 131 122 128 
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Appendix 1a. Continued. 

Sample ROM-372 IL-09 ROM-292 ROM-234(A) ROM-375 IL-01  

Group 3 3 3 3  

 Oxides (wt%) 

TiO2 55.99 52.88 53.37 52.82  

Al2O3 0.28 0.36 0.34 0.33  

Cr2O3 0.40 0.85 0.86 0.81  

FeO 29.15 32.61 33.58 34.25  

MnO 0.28 0.25 0.18 0.29  

MgO 14.24 12.14 11.78 11.37  

Total 100.34 99.09 100.11 99.87  

Mg# 46.55 39.89 38.47 37.18  

Cr# 48.94 31.30 62.92 62.22  

 Cations (ppm) 

Zr 253 382 375 421  

Nb 712 978 1020 1140  

Ni 841 620 612 581  

Zn 96 98 107 116  
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Appendix 1b. EPMA data (Moore, 1986; Moore et al. 1992) of Monastery ilmenite samples intergrown with garnet, cpx and opx minerals; and intergrown with phlogopite. 

Sample ROM-270 CI-16 ROM-270 CI-20 ROM-424 ROM-394 ROM-36 ROM-316 PH-05 ROM-316 PH-06 

Group 1 1 1 2 3 3 3 

 Oxides (wt%) 

TiO2 53.73 49.86 47.53 50.56 53.22 53.81 52.93 

Al2O3 0.32 0.65 0.63 0.19 0.31 0.33 0.38 

Cr2O3 0.09 0.14 0.01 0.42 1.19 0.82 0.70 

FeO 34.26 38.00 42.00 38.82 32.40 32.28 33.45 

MnO 0.21 0.19 0.21 0.25 0.32 0.25 0.22 

MgO 10.55 9.89 7.78 8.70 11.53 11.87 11.12 

Total 99.16 98.73 98.16 98.96 98.97 99.38 98.82 

Mg# 35.44 31.69 24.82 28.55 38.81 39.60 37.21 

Cr# 15.87 12.57 1.05 59.72 72.03 62.50 55.27 

 Cations (ppm) 

Zr 323 ND 759 626 413 390 404 

Nb 279 333 865 1340 1070 1100 1050 

Ni 843 193 137 222 751 653 608 

Zn 120 ND 145 134 117 113 109 

Notes: The EPMA data for sample ROM-270 CI-20 was determined using the electron probe microanalyzer from the University of Johannesburg. 
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Appendix 1c. EPMA data (UJ analyses) of Monastery ilmenite samples intergrown with zircon. 

Sample ROM-121 Z-059 ROM-121 Z-005 ROM-121 Z-001 ROM-121 Z-074 JVB IL-001 JVB IL-002 JVB IL-003 

Group 2 2 2 2 2 2 2 

 Oxides (wt%) 

TiO2 50.28 48.64 49.02 47.49 46.75 49.10 47.00 

Al2O3 0.30 0.31 0.14 0.19 0.24 0.14 0.31 

Cr2O3 0.91 0.92 0.81 0.71 0.83 0.88 0.92 

FeO 37.81 39.60 40.20 42.22 42.71 40.01 42.02 

MnO 0.24 0.29 0.30 0.25 0.24 0.27 0.21 

MgO 9.40 8.64 7.95 7.29 7.08 8.03 7.40 

Total 98.94 98.40 98.42 98.15 97.85 98.43 97.86 

Mg# 30.71 28.00 26.06 23.54 22.81 26.35 23.89 

Cr# 67.05 66.56 79.51 71.48 69.85 80.83 66.56 

 Cations (ppm) 

Zr 1080 1020 730 754 ND ND ND 

Nb 1570 1690 1750 2320 340 337 339 

Ni 254 478 336 132 195 193 193 

Zn 114 121 126 122 ND ND ND 
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Appendix 1d. EPMA data (Moore, 1986; Moore et al. 1992) of Monastery Fe-poor and Fe-rich olivine samples. 

Sample OL-10 OL-16 OL-29 OL-41 OL-42 OL-50 OL-52 OL-62 OL-71 OL-75 OL-28 OL-51 

Type Fe-poor Fe-poor Fe-poor Fe-poor Fe-poor Fe-poor Fe-poor Fe-poor Fe-poor Fe-poor Fe-rich Fe-rich 

 Oxides (wt%) 

SiO2 39.40 39.52 39.80 40.08 38.89 39.50 40.01 40.09 40.02 39.40 39.13 39.10 

TiO2 0.05 0.05 0.05 0.04 0.04 0.04 0.04 ND ND ND ND ND 

FeO 13.83 15.97 13.19 11.88 12.51 14.52 13.85 12.15 12.18 15.31 18.72 16.92 

MnO 0.12 0.14 0.13 0.12 0.13 0.12 0.14 0.11 0.11 0.12 0.19 0.21 

MgO 45.86 43.92 46.29 47.75 46.97 45.32 45.90 46.61 47.49 44.54 41.83 43.48 

CaO ND 0.06 0.08 0.09 0.09 0.07 0.06 0.04 0.08 0.07 0.04 0.06 

NiO 0.36 0.29 0.38 0.41 0.40 0.31 0.32 0.40 0.37 0.31 0.13 0.11 

Total 99.65 99.97 99.94 100.4 99.09 99.90 100.34 99.46 100.28 99.78 100.07 99.91 

Mg# 85.53 83.06 86.22 87.75 87.00 84.77 85.52 87.25 87.42 83.83 79.93 82.08 

 Cations (ppm) 

Ni 2829.02 2278.94 2986.19 3221.9 3143.36 2436.10 2514.69 3143.36 2907.61 2436.10 1021.59 864.42 

Mn 929.35 1084.24 1006.80 929.35 1006.80 929.35 1084.24 851.91 851.91 929.35 1471.47 1626.37 

Ca ND 428.82 571.76 643.23 643.23 500.29 428.82 285.88 571.76 500.29 285.88 428.82 

Ni/Mg 1.02 0.86 1.07 1.12 1.11 0.89 0.91 1.12 1.02 0.91 0.40 0.33 

Ca/Fe ND 0.35 0.56 0.70 0.66 0.44 0.40 0.30 0.60 0.42 0.20 0.33 
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Appendix 1d. Continued. 

Sample OL-67 OL-76 OL-79 

Type Fe-rich Fe-rich Fe-rich 

 Oxides (wt%) 

SiO2 38.92 38.55 38.46 

TiO2 ND ND ND 

FeO 17.91 19.95 19.47 

MnO 0.18 0.22 0.21 

MgO 43.05 41.13 41.48 

CaO ND ND 0.04 

NiO 0.10 0.06 0.09 

Total 100.20 99.95 99.78 

Mg# 81.08 78.61 79.16 

 Cations (ppm) 

Ni 785.84 471.50 707.26 

Mn 1394.03 1703.81 1626.37 

Ca ND ND 285.88 

Ni/Mg 0.30 0.19 0.28 

Ca/Fe ND ND 0.19 
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Appendix 1e. EPMA data (Moore, 1986; Moore et al. 1992) of Monastery phlogopite samples. 

Sample 
ROM-378 

PH-01 
ROM-96(A) ROM-96(B) 

ROM-374 

PH-07 

ROM-372 

PH-02 

ROM-372 

PH-03 

ROM-372 

PH-08 

ROM-372 

PH-09 

 Oxides (wt%) 

SiO2  41.65 41.46 40.82 40.94 41.66 41.22 41.53 42.94 

TiO2 1.50 1.45 1.52 1.09 0.94 1.06 0.94 0.98 

Al2O3 12.56 12.37 12.53 11.95 11.67 11.99 11.59 12.11 

Cr2O3 0.21 0.18 0.19 0.18 0.12 0.08 0.11 0.08 

FeO 4.87 5.29 4.93 7.39 6.66 7.32 6.92 6.58 

MnO 0.07 ND 0.06 0.10 ND ND ND ND 

MgO 24.38 23.91 23.51 22.60 23.63 22.63 23.66 24.28 

Na2O ND ND ND ND ND ND ND ND 

CaO  0.21 0.29 0.22 0.25 0.21 0.19 0.22 0.20 

K2O  10.20 10.20 10.23 10.12 10.08 10.10 10.08 9.97 

Total 98.65 95.15 94.04 94.62 94.97 94.59 95.05 97.14 

Mg# 89.92 88.96 89.42 84.50 86.35 84.64 85.91 86.80 

Cr# 1.11 0.97 1.01 1.00 0.69 0.45 0.63 0.44 
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Appendix 1f. EPMA data (UJ analyses) of Monastery garnet, cpx and opx samples. 

Sample 
ROM-374 

GT-02 ROM-78 
ROM-271 

DI-04 

ROM-271 

DI-14 

ROM-273 

OG-17 

ROM-273 

OG-20 

Mineral Garnet Garnet Diopside Diopside Enstatite Enstatite 

 Oxides (wt%) 

Na2O 0.10 0.12 1.54 1.58 0.18 0.29 

MgO 18.65 19.19 15.70 19.46 30.64 31.41 

SiO2 41.87 42.21 55.04 55.49 56.82 57.04 

K2O 0.00 0.01 0.01 0.03 0.01 0.01 

CaO 4.59 4.74 20.58 14.89 0.76 1.31 

TiO2 0.99 1.32 0.19 0.41 0.15 0.28 

FeO 12.76 11.69 5.85 5.72 11.19 8.91 

MnO 0.34 0.30 0.11 0.13 0.18 0.13 

Cr2O3 0.06 0.55 0.27 0.25 0.01 0.06 

Al2O3 21.91 21.37 1.26 2.52 0.74 1.12 

Total 101.28 101.50 100.55 100.49 100.67 100.56 

Mg# 72.26 74.54 82.72 85.84 82.99 86.27 

Cr# 0.18 1.71 12.51 6.24 0.90 3.27 
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