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ABSTRACT 

Fe-Ti oxides, chromite and ilmenite, are common minerals in kimberlite diamond-bearing 

kimberlites. They are brought to the surface during the eruption of kimberlitic magmas that are 

derived from the upper mantle. Previous studies have shown that, similar to diamonds, partial 

dissolution and interaction of Fe-Ti oxides with the kimberlite magma results in complex 

reaction rims and dissolution patterns. The nature of this interaction reflects both the chemical 

composition of the magma and fluid phases present. The goal of this study is to investigate the 

reactions that occur between chromite and ilmenite grains and the kimberlite melt, their 

implications for diamond preservation. The possible connections between resorption features and 

chemical composition are also investigated.  

Chromite and ilmenite grains from two kimberlites in the Orapa cluster, Botswana, with different 

geological features were examined. Kimberlite A is a small pipe, filled with coherent kimberlite 

facies. Kimberlite B is larger and has two lobes filled with two different types of coherent 

kimberlite facies; the pipe also contains massive volcaniclastic and resedimented volcaniclastic 

facies. 75 grains were selected for examination of dissolution features under Scanning Electron 

Microscope: 20 chromites and 21 ilmenites from Kimberlite A and 10 chromites and 24 

ilmenites from Kimberlite B. After the grains were imaged, they were mounted and polished to 

investigate reaction textures, zoning and reaction phases using Back Scatter Electron imaging, X-

ray mapping and Wavelength Dispersive Spectroscopic analysis methods. Most of the chromite 

samples displayed rounded ovoid morphologies with oriented, euhedral, octahedral nodules. 

Very few of the imaged ilmenite grains display dissolution features, and most were surrounded 

with reaction phases such as perovskite and titanite. The results of the WDS analysis, BSE 

images and X-ray maps show that ilmenites from Kimberlite A show visible diffusive zonation 

and trending compositions. The grains have Mg-enriched, Fe-depleted rims indicative of a 

reduced kimberlite melt, with some reaction products (mostly perovskite) on the grain surface.  

Kimberlite B ilmenite grains have restricted compositions and are not visibly zoned. However, 

WDS analyses show a trend towards titanium-magnetite (depletion in Ti) around the rims of the 

ilmenite grains, as well as decreases of MgO and Cr2O3. This trend is more indicative of an 

oxidizing environment. Kimberlite B ilmenites also have large volumes of reaction products on 

the surface of the grains, both perovskite and titanite. In Kimberlite A, based on the volume of 

reaction products, ilmenite was likely closer to the liquidus composition than in Kimberlite B. 

Based on comparisons with experimentally produced surface features, Kimberlite A had a free 

fluid H2O phase, while Kimberlite B had less H2O, in a dissolved phase. Both kimberlites had 

low proportions of CO2 in a dissolved state. In both kimberlites there does not seem to be a 

correlation between the nature of dissolution features and the composition of the grains. The 

resorption features seen in Fe-Ti oxides are likely influenced by some other condition within the 

kimberlite, such as pressure, or temperature. It was determined that Kimberlite A, the simple 

kimberlite with free-fluid H2O and a reducing redox state, has a higher potential for diamond 

preservation than Kimberlite B.   
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1  

1.0 INTRODUCTION 

1.1  Kimberlite Geology 

1.1.1 Diamond Deposits and Kimberlite Occurrences 

Kimberlites are ultramafic, volatile-rich, extrusive igneous bodies that originate in the upper 

mantle (Dawson 1980). They are well known for containing diamonds and abundant xenoliths of 

upper mantle and crustal material. The xenoliths found in kimberlites have provided significant 

information on the mineralogy and petrology of the upper mantle. Other methods have been used 

to investigate the processes of the mantle; however none have produced the same volume or 

significance of results as studies of kimberlite rocks (Dawson 1980). First discovered in 

Kimberley, South Africa, kimberlites are emplaced into old continental cratons (Winter 2010). 

Kimberlites are most commonly 200 Ma or younger in age (Winter 2010), but the material they 

sample during their ascent is much older. Most diamonds formed between 900Ma and 3300Ma 

(dated from diamond inclusions) (Kirkley et al. 1992) and are stored at depths greater than 110km 

under continental cratons (Scott-Smith, 1995) where the lithospheric mantle is depressed beneath 

the diamond-graphite barrier (Winter, 2010).  Mitchell (1986) noted that kimberlites with 

economic value are found in cratons of at least 2.4 Ga age.   

Another primary source of diamond deposits is lamproites, a rock type similar to kimberlites. Both 

kimberlites and lamproites are rare, highly potassic rocks formed by explosive magmatic events 

with deep origins. They often carry diamonds to the surface (Winter 2010). These two types of 

deep crustal activity are differentiated by their chemical signatures and inferred tectonic settings. 

Lamproites occur predominantly in the areas with a deep subducted tectonic plate, with a 

composition specific to LREE-enriched fluids related to subduction magmatism. Kimberlites also 

have high LREE compositions, but are much more common in cratonic settings with thick 
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2 INTRODUCTION 

lithospheres (Winter 2010). Kimberlites and lamproites are both enriched in REEs, but lamproites 

slightly more than kimberlites. A major distinction between the two is the enrichment of CO2 in 

kimberlites which is absent in lamproites (Kirkley et al. 1992). 

There are two main classes of kimberlite: Group 1 and Group 2. Group 1 kimberlites are 

differentiated by their lower mica content than Group 2 kimberlites (Scott-Smith, 1995). Both can 

occur on- or off-craton (Becker and le Roex, 2006). Occasionally Group 2 kimberlites includes 

other classifications such as orangeites or lamproites because of their slightly differing mineralogy.  

1.1.2 Mineralogy 

There are four main sources of mineralogical material within a kimberlite: xenocrysts and 

xenoliths from the mantle and the crust, discrete nodule (or megacryst) crystallization, primary 

crystallization from the kimberlite melt (Mitchell 1986), and the crystallization of secondary 

material from interaction with fluids (Dawson 1980). The major minerals found in kimberlites 

include olivine, diopside, phlogopite, calcite, serpentine (secondary), and monticellite. 

The addition and assimilation of mantle and crustal xenoliths to the kimberlite pipe contribute to 

the fragmental, brecciated texture of the kimberlite rock. The composition and volume of foreign 

material found in a specific pipe can vary widely based on the type and structure of the rock 

formations near the surface of the kimberlite eruption, and in the mantle, where eruption begins. 

Dawson (1980) identified the main sources of xenolithic material that can be present in a 

kimberlite. This list includes rocks believed to have been derived from the upper mantle 

(peridotites and pyroxenites), rocks that have undergone deep-seated metamorphism, probably the 

result of subduction (eclogites and granulites), and rocks derived from formations located along 

the kimberlite path to the surface. The mantle xenoliths in particular can provide large amounts of 

information about the conditions and processes occurring in the mantle. It is the fragmentation of 
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3 INTRODUCTION 

xenoliths assimilated during kimberlite ascent that results in xenocrysts within the diatreme. 

Common xenocrysts include diamonds, ilmenite, olivine, garnet, clinopyroxene, orthopyroxene 

and chromite (Mitchell, 1986, Kirkley et al. 1992).  

The discrete nodule suite, also referred to as the megacryst suite, is somewhat of a mystery to 

kimberlite petrologists. Megacrysts are grains which are larger than the supposed phenocrysts of 

the kimberlite. As such, it is unclear whether megacrysts are cognate, or from an outside source.  

Most commonly magnesian ilmenite, titanian pyrope, diopside, enstatite, phlogopite, and zircon 

are the minerals identified as the discrete nodule suite. Because the precise petrogenesis of this 

suite is largely unknown, Dawson (1980) adapted the term “megacrysts”, to be used without 

connotations of a specific origin.   

Minerals crystallizing directly from the kimberlite melt make up the aphanitic groundmass, as well 

as the phenocrysts and microphenocrysts found within the pipe. The groundmass mineralogy is 

very complex, and includes olivine, phlogopite, spinel, ilmenite, perovskite, and calcite (Mitchell, 

1986, Roeder and Schulze, 2008). The phenocrysts and microphenocrysts of the primary 

kimberlite material are generally olivine, phlogopite and chromite  (Mitchell 1986). Often during 

ascent of the kimberlite magma, the primary constituents of the system will be altered chemically 

and physically due to metasomatism and exsolution of volatiles in the pipe (Becker and Roex 

2006). Late stage metasomatism and volatile exsolution (H2O and CO2 fluids) can also cause 

replacement of earlier crystallized minerals in the kimberlite pipe (Roeder and Schulze, 2008). 

Secondary exposure to meteoric water or groundwater often causes alteration of olivine to 

serpentine in-situ in the kimberlite pipe.  
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1.1.3 Kimberlite Facies 

The classic kimberlite model is divided into three main facies: hypabyssal facies, diatreme facies 

and crater facies (Mitchell 1986). Hypabyssal facies kimberlites crystallize from the kimberlite 

magma in dykes and sills. They include the base or root zone of the kimberlite, which marks the 

transition from the diatreme above (the explosive facies of the pipe). Hypabyssal dikes and sills 

are considered the most similar to classic representations of igneous intrusions in texture and 

evidence for magma differentiation (Mitchell 1986). They have a massive texture ranging from 

aphanitic to coarse and macrocrystaline. Hypabyssal regions of the kimberlite can also be 

brecciated, though the rock fragments found in hypabyssal facies show evidence of magmatic 

interaction, whereas rock fragments in brecciated diatremes do not appear to have been influenced 

by the kimberlite magma (Mitchell 1986). 

Diatreme facies is brecciated and makes up the primary pipe of the kimberlite. The diatreme facies 

is the expression of explosive kimberlite magmatism. It is composed primarily of a tuffistic breccia 

with an aphanitic groundmass, phenocrysts and microphenocrysts, as well as the discrete nodule 

suite (discussed in section 1.1.2) (Mitchell 1986). This tuff-breccia contains clasts from both the 

country rock and the kimberlite magma, in varying amounts. The inter-clast matrix of the diatreme 

is a uniform amalgamation of secondary hydrothermal minerals surrounding the primary and 

xenolithic clast material (Dawson 1980, Mitchell 1986). 

The crater facies of the kimberlite comprises a tuffistic ring around the kimberlite pipe, tuff cones, 

and occasionally a lava flow (Dawson 1980).  

Many kimberlite geologists have adapted a new terminology which groups the different kimberlite 

facies on their level of fragmentation. In this terminology, coherent, or hypabyssal, kimberlite 

(CK) would encompass dikes and sills. The diatreme and crater facies are termed volcaniclastic 
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kimberlite (VK) which includes the massive volcaniclastic kimberlite (MVK) in the bulk of the 

diatreme, pyroclastics (PK) and resedimented volcaniclastics (RVK) near the crater of the pipe  

(Kjarsgaard et al. 2009).  Figure 1 shows a classic kimberlite pipe model with both the facies and 

newer terminologies displayed.  

 

Figure 1.1 Classic kimberlite model depicting facies and newer kimberlite classifications. Modified from Kjarsgaard 

(2007) 

Three classes of kimberlite eruption have been described (Field and Scott-Smith, 1999, Skinner 

and Marsh, 2004). The classic model (Class 1) depicted in Figure 1.1 is characteristic of South 

African kimberlites and was the only known model for kimberlitic eruption for many years. This 

model describes a steep-sided and deep pipe which excavates and is infilled almost simultaneously 

(C
K

) 
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by the fluid-driven diatreme. There is still much discussion about the mechanisms behind 

formation of the diatreme.  

More recently, with discovery of kimberlites in North America, other types of kimberlitic eruptions 

have been identified. A Class 2 kimberlitic eruption is characteristic of the Prairies region of 

Canada, where only the crater facies of the pipe has formed in a shallow pipe (Field and Scott-

Smith, 1999). Field and Scott-Smith (1999) attribute the different eruption style to differences in 

country rock geology, stating that the Prairies kimberlites have an easier route to the surface 

through soft sediment. They also propose that interaction of the magma with an aquifer is what 

drives the explosive eruption. In contrast, Skinner and Marsh (2004) argue that because the 

petrography of coherent kimberlite (CK) in Class 2 kimberlites is so variable, Class 2 kimberlite 

eruption is more influenced by fluids in the melt, rather than the surrounding geology. They also 

noted that the three classes of kimberlite eruption can occur within the same field, something that 

was not previously verified.  

The third class of kimberlitic eruption, Class 3. The classic example of this eruption style is the 

Lac de Gras kimberlite in Northwest Territories, Canada. These pipes are shallow, similar to Class 

2 eruptions, but they have steep sides, resembling smaller versions of the Class 1 kimberlite (Field 

and Scott-Smith, 1999). Class 3 pipes contain both coherent kimberlite (CK) facies, and 

volcaniclastic kimberlite (VK) facies. Unlike the Class 1 eruption, however, the pipe is supposed 

to have remained empty an open for some time, evidenced by the sedimentary material present 

very deep in the pipe (Field and Scott-Smith, 1999). 

1.1.4 Primary Melt Compositions and Volatiles 

Because of their deep origin, the composition of rocks resulting from kimberlite melts is highly 

influenced by assimilation of crustal and mantle material and the alteration effects of exsolved 
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7 INTRODUCTION 

volatiles within the melt. This can make it difficult to discern the composition of primary 

kimberlite melt. Whole rock analysis of kimberlite is not useful because of the abundance of 

xenolithic and secondary alteration materials present in the fragmental bodies (Canil and Bellis 

2008). The most recent methods attempting to constrain initial kimberlite conditions have 

implemented precision trace-element measuring techniques on bulk samples of aphanitic portions 

of the pipe, what was considered low-contamination  kimberlite (Kjarsgaard et al. 2009, Kopylova 

et al. 2007). These analyses were taken to represent the primary kimberlite melt, but most resulted 

in a compositions that were likely too high in Mg to have been in equilibrium with the mantle 

(Kopylova et al. 2007). 

The high Mg content is attributed to the abundance of olivine in kimberlite rocks. Olivine is 

ubiquitous in all kimberlite classes and types, and so cannot be used to distinguish different magma 

sources (Scott-Smith, 1995). The unknown source of macrocrystal olivine in kimberlites, which 

are abundant, is also a problem to be considered. If the macrocrysts are cognate, then the primary 

crystallization fraction would be different than if the grains are of xenocrystic origin (Mitchell, 

1986). This problem also applies to the discrete nodule suite. The uncertain source of these 

macrocrysts makes the proportion of fractionation from the primary melt uncertain. 

1.2  Fe-Ti oxide Mineralogy and Chemistry 

1.2.1 Oxide Mineralogy and Occurrence within Kimberlite 

Chromite is part of the Spinel Group of minerals, which comprises three series: the spinel series, 

the magnetite series, and the chromite series. Each series is defined by the major trivalent cation 

present in the minerals of that series (Nesse, 1986). All of the spinel group are of the isometric 

octahedral crystal system. This crystal system becomes important when examining the surface 

dissolution on chromite grains. Chromite has the formula FeCr2O4 (Nesse, 1986). In the kimberlitic 
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system, chromite grains are particularly sensitive to changes in pressure (Gurney and Zweistra, 

1995). 

Ilmenite is an oxide mineral which follows the trigonal-hexagonal crystal system (Nesse, 1986). It 

very closely resembles magnetite in appearance and, though magnetite belongs to a different 

crystal system, it can be difficult to distinguish anhedral or very small grains of ilmenite from 

grains of magnetite. Ilmenite has the formula FeTiO3 (Nesse, 1986). In the kimberlitic system 

ilmenites are sensitive to changes in oxygen fugacity. This makes them particularly important for 

determining the redox state of a kimberlite system (Gurney and Zweistra, 1995). 

Fe-Ti oxides commonly occur as xenocrysts in kimberlites. Upon dissolution of the host xenolith, 

the oxide xenocryst becomes exposed to the kimberlite magma and reacts to establish equilibrium 

(Bearley and Scarfe, 1986). Chromite also precipitates from the kimberlite melt in the groundmass, 

as megacrysts and as phenocrysts. Chromite can be included in diamonds, and these chromites are 

considered important diamond indicators. Ilmenite occurs in kimberlites as megacrysts, but not as 

diamond inclusions (Gurney and Zweistra, 1995). 

1.2.2 Chemical Composition and Trends 

When examining oxide minerals, obtaining detailed compositional analyses can be hugely 

beneficial to understanding their petrogenesis (Wyatt et al. 2004). Particularly for oxides such as 

ilmenite. Kimberlitic and non-kimberlitic ilmenites are known to have a very similar appearance, 

so in the case of a secondary deposit of ilmenites, the chemical composition may be the best 

method to determine a grain’s source. Ilmenite grains have been shown to display a very specific 

kimberlitic trend in relation to non-kimberlitic ilmenites (particularly high Mg, termed picro-

ilmenites) (Wyatt et al. 2004). Chromites are less specific in their kimberlitic chemistry, showing 

a much wider range of compositions and variation within a single kimberlite. However, some 
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studies have attempted to use chemical analyses to constrain the petrogenesis of individual 

chromite grains within a kimberlite: xenocrystic, primary or metasomatised (Roeder and Schulze 

2008). They have identified xenocrystic chromites as containing a wider range of Al-Cr 

proportions and very low Fe. Primary kimberlitic chromites have high Cr with some Fe. 

Metasomatised chromites are constrained to the higher Fe zone in the primary chromite field. The 

compositional divisions proposed by Roeder and Schulze (2008) are shown in Figure 1.2.  

 

Figure 1.2 Composition of kimberlitic spinels with subdivisions: Cr = primary chromite, Xen = xenocrysts, Xen’ = 

metasomatised, Ple = pleonaste spinel, Mum = mangesio-ülvo-spinel, Mag = magnetite, from (Roeder and Schulze, 2008) 

1.2.3 Morphology and Surface Features 

Lee et al. 2004 definitively established that chromite grains develop distinct surface features and 

morphologies when subjected to resorption in a kimberlite melt, different from chromites of other 

sources. In particular, they defined several morphologies which display elongation, a result plastic 

deformation from high temperature and pressure in the kimberlite pipe. This study, however, did 

not delve into the specific nature and morphology of the features themselves, beyond mentioning 
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their uniqueness to kimberlitic chromites. Lee et al. (2004) suggest that identification of the surface 

features seen on chromites as either kimberlitic or non-kimberlitic would be the most effective 

way of determining the source of a chromite, because of the similar compositions found in 

kimberlitic chromites and those from other sources. 

Another study by LeBlanc (1980) began to establish a more comprehensive report of the surface 

features that occur on chromite grains, but from stratiform and podiform chromites. Part of the 

motivation for this current study of Orapa kimberlites is to classify the features seen on kimberlitic 

chromites and ilmenites, to determine how different or similar they are to surface features found 

on grains from other sources, and to investigate whether the composition of the kimberlite melt 

has an influence on the type of features seen on the grain surfaces. 

A recent work conducted by Fedortchouk and MacIsaac (2013) used experimental methods to 

make some initial constraints on the fluid conditions in a kimberlitic melt which result in the 

development of surface features on chromite and ilmenite grains from kimberlites. They compared 

natural surface features on these minerals to experimentally induced features on the same grains 

(same composition with varied melt and fluid conditions). While this paper made significant 

contributions to the understanding of what causes features on oxide grain surfaces, a more 

inclusive and thorough classification and definition of chromite and ilmenite surface features is 

crucial. 

1.2.4 Use of Fe-Ti Oxides in Kimberlite exploration 

Fe-Ti oxides are of interest when studying kimberlites because of their resilience to surface 

weathering within the kimberlite pipe. Many other macrocrystal indicator minerals found in 

kimberlites, such as olivine, pyrope, pyroxene or diopside, survive transportation to the surface in 

the kimberlite but are lost during surface weathering. Oxides can be abundant in heavy mineral 
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concentrate trails within the kimberlite rock (Lee et al. 2004). These oxides become more 

important for diamond exploration where the abundance of recovered indicator minerals is low, 

and chromite and ilmenite grains become one of the more important sources for information about 

the kimberlite processes (Wyatt et al. 2004).  

Chromite grains can also occur as inclusions within diamond. Chromite and garnet are considered 

the two most useful indicator minerals to be included in diamond (Gurney and Zweistra, 1995). 

This is because they reveal whether the diamond source for that kimberlite is peridotitic or 

eclogitic. The source of diamonds for a kimberlite can have a major impact on the economic value 

of a diamond deposit. Eclogitic diamond-bearing xenoliths are much more abundant in kimberlites 

than diamondiferous xenoliths of a peridotite source (Kirkley et al. 1992).  Kirkley et al. (1992) 

suggest that peridotite xenoliths are more readily disaggregated by some resorption process in the 

kimberlite than eclogitic xenoliths.  

Ilmenites do not occur as inclusions in diamond, but they are equally important for indicating the 

diamond potential of a kimberlite pipe. Gurney and Zweistra (1995) note that because diamonds 

and xenocrystal ilmenites do not have the same origin (i.e. composition of ilmenites is not affected 

by kimberlite conditions), their mutual occurrence or absence in a pipe must be due to late 

secondary processes, possibly resorption. Ilmenites have been known to reflect mantle conditions 

(Robles-Cruz et al. 2009) and, upon dissolution of the transport xenolith, react with the kimberlitic 

magma (Gurney and Zweistra, 1995). The change in ilmenite towards the rim of the grain therefore 

indicates how the grain adjusted to the conditions in the kimberlite pipe. In particular, changes in 

Mg and Fe3+ content distinguish the redox state of the kimberlite magma, which has implications 

for diamond resorption potential. Mg-rich ilmenites are indicators of a reduced kimberlite, which 

is more likely to preserve diamonds. Ilmenites rich in Fe3+ are characteristic of oxidized kimberlite 
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magmas, which have been correlated with higher grades of diamond resorption (Gurney and 

Zweistra, 1995, Robles-Cruz et al. 2009). 

1.3  Motivation and objectives 

There are several goals of this project, and several sources of motivation. One aim is to investigate 

the possibility of a connection between the dissolution features acquired by chromite and ilmenite 

grains during resorption and the composition of the kimberlitic melt. It is possible that specific 

chemical conditions will produce specific surface features during reaction between the grains and 

the kimberlitic melt. This kind of result could offer an explanation if, in fact, the surface features 

seen on kimberlitic oxides are specific to those from kimberlitic sources. Since Fe-Ti oxides in 

kimberlites are also diamond indicator minerals, the chemical composition of the grains will be 

used to infer the diamond preservation potential in the examined kimberlites. Using the 

experimental results from Fedortchouk and MacIsaac (2013) and the surface features observed on 

chromites and ilmenites, some inferences about the specific kimberlite conditions will be made, 

including constraining the fluid proportions and melt composition. Grains from two kimberlites in 

Botswana, supplied by De Beers Group, will be examined for surface dissolution features and 

chemical composition. The data will be examined in terms of reactions between the grain surface 

and the kimberlite melt. Information about the character of chromite and ilmenite resorption in 

kimberlites obtained from this project will aid in a better understanding of the processes that cause 

the dissolution of oxide minerals and the nature of their reactions with volatiles during a kimberlitic 

eruption.  
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2.0 GEOLOGICAL SETTING AND SAMPLES 

2.1  Geologic and Tectonic History of the Area 

The kimberlites chosen for this study are located in Botswana, Africa. The properties are owned 

by De Beers Group Exploration and they provided the mineral samples. These kimberlites are part 

of the Orapa kimberlite field of Cretaceous age, located in eastern Botswana, between the 

Zimbabwe craton and the Limpopo Belt (Archean) (Gernon et al. 2009). Both are diamond-bearing 

(Group 1) kimberlites (Chinn, 2013a, b). Due to issues of confidentiality with De Beers Group, 

specific information relating to the kimberlites and their locations is limited for disclosure in this 

study.  

The Zimbabwe Craton is bordered by the Limpopo Belt to the south and is of Archean age (>3.5 

Ga) (Khar’kiv, 2005). The Limpopo Belt was accreted during the Limpopo Orogeny, which 

occurred from 2.7-2.65 Ga (Barton and van Reenen, 1992). The Limpopo Belt comprises three 

zones of rocks which are much older than the orogen itself. The zones to the north and south are 

granite-greenstones metamorphosed to granulite facies. The Northern and Southern Zones are in 

contact with the Zimbabwe and Kapvaal cratons, respectively, and are each similar to the granulite 

facies of each adjacent cratonic terrane (van Reenen et al. 1992). The Central Zone of the Limpopo 

Belt comprises grey gneiss with an intrusive metagabbroic layered complex. The three zones are 

separated from each other and from the surrounding cratons by mylonitic shear zones (van Reenen 

et al. 1992). 

The region is overlain by sediments of the Karoo Supergroup, ranging from the Late Carboniferous 

to Early Jurassic (Smith, 1990). The basal portion of the Karoo Supergroup is made up of the 

Dwyka Formation, formed from glacial deposition as Southern Gondwana passed over the South 

Pole in the Late Carboniferous (~270 Ma) (Smith, 1990). Variations between glacial and inter-

glacial deposits (Ecca Group) followed to the beginning of the Permian, when the climate in now 



 

  

 Rachel S. Milligan 

 

14 GEOLOGICAL SETTING AND SAMPLES 

Southern Africa shifted to semi-arid. The Ecca Group includes the bulk of the peat deposition 

which is the source of major coal reserves in South Africa (Smith, 1990). The semi-arid 

environment through the Permian and Triassic saw the deposition of dune-dominated sandstones 

with strata-bound uranium preserves. The Karoo Supergroup is capped by the Drakensberg 

tholeiitic basalt complex in the Early Jurassic (Smith, 1990).  

The Orapa cluster of kimberlites was emplaced during the Cretaceous into the Limpopo mobile 

belt near the boundary to the Zimbabwe craton (Chinn, 2013b). 
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Figure 2.1 (a) Schematic of Zimbabwe craton showing boundaries with I-Limpopo Belt, Northern (Ia) and Central (Ib) 

zones, II-Mozambique Belt, and III-Zambezi Belt. Numbered points represent kimberlite belts. After (Khar'kiv, 

Roman'ko et al. 2005) (b) Diagram of the Republic of Botswana showing craton and mobile belt distribution through the 

country. Modified after (Daniels 2013) A red circle on each map highlights the location of the kimberlites used in this 

study. 

2.2  Kimberlite A 

Kimberlite A is a massive, uniform coherent kimberlite body partially overlain by Drakensberg 

Group basalt. The body is a sub-horizontal intrusive dyke which extends 160 metres beneath the 

surface and terminates in the Ntane Formation subarkosic sandstones. The contacts with the 

country rock are sharp with some minor brecciation. No volcaniclastic facies have been identified 

in association with this kimberlite. The coherent body has been classified as uniform in texture, 

(a) 

(b) 
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with xenolithic material ranging from 10-30 vol%, and mantle material constituting up to 70 vol% 

of the body. The olivine population in the kimberlite has been described as highly serpentinised 

along with other evidence of secondary alterations to the rock including the presence of segregated 

carbonate and some clay minerals (Chinn, 2013a). 

2.3  Kimberlite B 

Kimberlite B is a much more complex body than Kimberlite A. First identified by geophysical 

data, the kimberlite body has two main lobes that form adjacent coherent bodies located on a 

kimberlite root zone. One coherent lobe is confined to the north of the kimberlite area, and is the 

larger of the two lobes. The southern-most intrusive lobe has an associated and co-genetic massive 

volcaniclastic kimberlite (MVK) body. There is also a section of resedimented volcaniclastic 

kimberlite (RVK) material at the very south of the occurrence. In total, there are four phases of 

kimberlite facies identified in this kimberlite: the two coherent kimberlite (CK) facies, the MVK 

unit, and the RVK unit. The two coherent lobes as well as the MVK facies have altered or 

brecciated sub-units, most commonly in contact with the country rock. Geophysical information 

suggests that the southern portion of the kimberlite extends further to the south than is currently 

known (Chinn, 2013b). 

Both coherent lobes of Kimberlite B are massive with crustal xenoliths. The northern lobe is 

coarser and contains fewer crustal xenoliths and secondary alteration products than the southern 

portion. The south coherent lobe contains abundant xenoliths with calcite and serpentine veins 

common. The RVK portion of the kimberlite is a smaller constituent.  It has been described as a 

coarse-grained volcaniclastic kimberlite matrix with basalt clasts and a “reworked” texture. The 

MVK unit, located between the two coherent lobes, is a fragmental body with poor sorting and 

lithic clasts in a massive matrix. The composition of the whole kimberlite is stated to be uniform 
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within each unit (determined from magnetic susceptibility tests on the cores). Any chemical 

changes with depth are suggested to be due to variation in xenolith proportions (Chinn, 2013b). 

2.4  Samples 

These kimberlites are being used for this study because of their drastically different geological 

frameworks. The mineral samples sent to Dalhousie University from De Beers Group Exploration 

were extracted from additional screening of tailings at each site. The proportion of grains taken 

from different facies or locations in the kimberlite is unknown. Because of the lack of whole rock 

samples, further mineralogical assessment of these kimberlites cannot be commented on in this 

study. The number of samples sent of each mineral (chromite and ilmenite) from each kimberlite 

is annotated in Table 2.1. 

Table 2.1 Number of mineral samples sent from De Beers Group Exploration from each kimberlite in this study. 

 Kimberlite A 

“simple” single-facies kimberlite 

Kimberlite B 

“complex” multi-facies kimberlite 

Chromite 65 17 

Ilmenite 76 257 
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3.0 METHODS 

3.1  Sample Selection and Preparation 

Several methods were applied in order to complete a full and effective analysis of the spinel and 

ilmenite grains. They include Scanning Electron Microscopy, Energy Dispersive Spectroscopy 

(SEM), Backscatter Electron imaging (BSE), microprobe quantitative chemical analyses (EMP) 

using Wavelength Dispersive Spectroscopy (WDS), and Elemental X-ray Mapping. All of the 

analyses were completed on two of Dalhousie University’s Halifax campuses, the Sexton 

Engineering campus, which hosts a Hitachi S-4700 Field Emission Scanning Electron Microscope 

(FE-SEM), and the Studley campus, housing a JEOL 8200 Electron Microprobe (EMP). 

Chromite grains (82) and ilmenite grains (333) were separated from mineral concentrates from 

two kimberlite bodies (A and B) and were supplied by De Beers for this study (Table 3.1). An 

optical stereo-microscope was used to select 52 chromite grains and 45 ilmenite grains with 

preserved original surfaces. The grains were cleaned in a dilute alcohol solution, mounted on 

carbon tape, photographed, and carbon coated. 

Many ilmenite grains were covered with kimberlite groundmass and reaction material. Select 

grains were cleaned in a hydrochloric acid bath after the initial SEM examination in an attempt to 

partially remove any carbonaceous material from the grain surface. This process would have little 

to no effect on silicate groundmass and reaction material, or on oxide material. A solution of 10% 

hydrochloric acid was used and the grains were placed with the acid in a sonic bath for five 

minutes. These grains were then re-examined under the SEM. A fractured ilmenite surface with 

no features was used as a control in the acid bath to ensure the hydrochloric acid did not cause 

secondary etching or surface alteration on the ilmenite grains.  

 



 

  

 Rachel S. Milligan 

 

19 METHODS 

Table 3.1 Distribution of mineral grains from kimberlites and summary of methods applied. 

Kimberlite Mineral Total 
grains 

SEM Polished BSE  WDS X-ray 
Map 

Kimberlite A Chromite 65 42 35 10 28 -- 

Ilmenite 76 21 13 7 13 3 

Kimberlite B Chromite 17 10 8 3 8 -- 

Ilmenite 257 24 16 8 16 3 

Total Chromite 82 52 43 19 36 0 

Ilmenite 333 45 29 16 29 6 

 Total 415 97 72 35 65 6 

 

3.2  SEM imaging 

SEM involves the projection of electrons onto the sample being examined. An inelastic collision 

occurs with the sample, and excites electrons within the elements present (Swapp, 2013). As the 

excited electrons drop back to a lower energy state, they release secondary electrons, which are 

registered by a detector. SEM is not harmful to the sample, because there is minimal volume lost 

to the material during analysis. It is particularly useful for morphological and topographic analysis 

(Swapp, 2013). 

SEM at Dalhousie’s Sexton campus was used to catalogue the different surface features present 

upon the grain surfaces. Where a grain showed prominent surface features, several photographs 

were taken at magnifications ranging from x130 to x8000. SEM analyses were conducted with a 

10keV accelerating voltage and a 15uA beam current. 97 grains were photographed (Table 3.1). 

3.3  EDS analyses 

Energy Dispersive Spectroscopy (EDS) methods were applied for surface identification. EDS 

involves a similar electron excitation method to SEM analysis. EDS measures characteristic X-

rays that are emitted from the sample as the outer-shell electron drops an energy level. These X-

rays are separated by the detector on the basis of their energy along a spectrum (Goodge, 2013).  
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This method was conducted on Hitachi S-4700 FE-SEM at Sexton and JEOL 8200 EMP at Studley 

Dalhousie University. EDS is a quick method of gaining a chemical composition and is often used 

for identification of unknown mineral phases. This method is not as precise as Wavelength 

Dispersive Spectroscopy (described in section 3.5); however, it does provide reliable verification 

of a mineral. It was used to confirm the presence of reaction products on many of the grain surfaces, 

particularly the ilmenite grains. First, the oxide composition was examined on unpolished grains 

during SEM work. A fractured surface inside of the grain was chosen to ensure that the original 

grain composition was analyzed and not a reaction phase. This type of initial analysis was also 

conducted on kimberlite matrix material and reaction products present on the surface of unpolished 

grains. After initial examination the grains were mounted in epoxy and polished. This allowed for 

re-examination of the reaction phases and any compositional zoning. Collection time for EDS 

spectra in this study was 60 seconds. 

3.4  BSE imaging (from Goodge, 2012a) 

BSE images display significant compositional variations but, do not provide quantitative 

verification of the different minerals. An electron beam is accelerated onto the sample in the EMP. 

Back scatter electrons are emitted during an elastic collision with the materials in the sample. The 

number of emitted back scatter electrons is registered by the receiver in the EMP. This number is 

proportional to the atomic number of the primary element present in the sample. Heavier portions 

appear brighter than lighter portions. This gives an image of general compositional variations 

within a sample. 

Grains that had already been through the SEM process were selected for polishing to look for 

chemical zonation with back scatter electrons. A total of 43 chromites and 29 ilmenites were 

polished and examined for surface features and zonation. Some 19 chromites and 16 ilmenites 

showed these properties and were imaged in back scatter mode (See Table 3.1). 
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3.5  WDS analyses (from Henry, 2012) 

WDS is a quantitative method of chemical analysis that detects the same characteristic X-rays 

analyzed during EDS, but the technique has higher spectral resolution and is more quantifiable. 

The WDS analysis involves an analytical crystal, which is precisely oriented within the machinery. 

The crystal filters the emitted X-rays according to Bragg’s Law, and only lets past those which 

enter at a certain angle. The position of the crystal is adjusted for each element being analyzed, 

and in this way, the orientation allows for the entry of X-rays with the wavelength characteristic 

of the element being measured.  

Single point analyses of the cores of chromite and ilmenite grains were completed on all of the 

polished grains. Where zonation or reaction products were detected in BSE, additional analyses 

were conducted. This included point analyses of rims or zones within a mineral, point analyses of 

different reaction phases, and profile collections that tracked a line of analyses through the core to 

the rim of a grain. WDS analysis was conducted on 36 chromites (28 from Kimberlite A, eight 

from Kimberlite B) and 29 ilmenites (13 from A, 16 from B).  

The collection of quantitative analysis was conducted with a 20keV electron accelerating voltage, 

a 15uA probe current, and a beam width of 2um. The elemental standards run for these analyses 

were Ca, K, Nb, Mn, Fe, Nb, Zn, Mg, Na, Cr, V, Ti and Si.  

3.6  Elemental X-ray Maps 

The next method, applied to six ilmenite grains, was the acquiring of elemental X-ray maps. 

Several elements were chosen to show their trends through the grain: Ca, Fe, Mg, Si, Ti, Nb, Ni, 

V, Zn and Cr. The six grains used for this analysis were selected based on the presence of complex 

zoning and reaction phases (including perovskite and titanite, as well as kimberlitic groundmass 

material) occurring in the grains, determined from BSE images of the polished grains. X-ray maps 

provide a combined pictorial and quantitative representation of the chemical and elemental 
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interactions within the scale of a single grain. The technique was much more effective at 

demonstrating progressive and abrupt changes in composition than WDS or BSE alone. X-ray 

element maps are generated by completing a WDS analysis point-by-point over an area in a raster 

(Goodge, 2012b). These chemical results are then translated to the raster image in the form of a 

colour, representing concentration of the element measured. The resolution and time required for 

an X-ray map can be adjusted by changing the dwell time and strength of the beam, as well as the 

pixel size of the completed raster (Goodge, 2012b). The dwell time used for this study was 10 

seconds, and the beam width and pixel size were each 1um.  
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4.0 RESULTS 

This section will outline the major data collected during this study of kimberlitic oxides and detail 

the observations made regarding changes from the original grain morphology and composition. It 

will begin with grain composition and zonation toward the grain rims, then discuss dissolution and 

the related surface features, and will finish with a description of reaction phases present on the 

grain surface. 

4.1  Chemical composition of oxide minerals 

4.1.1 Composition of Chromian Spinel  

Most of the spinel compositions from Kimberlites A and B correspond to magnesian chromian 

spinel and follow the Cr-Al compositional trend defined by Barnes and Roeder (2001) (Fig. 4.1). 

On a binary plot diagram with Cr-no vs Mg-no and a ternary diagram Cr-Al-Fe3+, spinel 

compositions from this study plot within the xenolith, primary kimberlitic phenocrystal spinel, and 

pleonaste spinel groups defined by Roeder and Schulze (2008) for kimberlites (Figs. 4.1, 4.2). 

  

Figure 4.1 Composition of analyzed spinel grains (a) Cr-no showing chromite fields as defined in Roeder and Schulze 

(2008) compared to (b) Cr-Al and Fe-Ti trends described by Barnes and Roeder (2001). 

(a) 
(b) 
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The analyses of spinel grains (cores and rims) from Kimberlites A and B do not fit the magnesio-

ülvo-spinel-magnetite (MUM) compositions and Fe3+ increase trend defined by Roeder and 

Schulze (2008) (Fig 4.2a) as the most common evolutionary trend for kimberlitic spinel (shown as 

“Kimberlite Trend” in Fig. 4.2b from Barnes and Roeder, 2001). All of the compositions from this 

study plot in the Cr-rich corner of the Cr-Al-Fe3+ diagram in the fields for xenocrystic spinel and 

primary kimberlite phenocrystal spinel (two extraneous grains). Pleonaste spinel (found in 

Kimberlite B only) plot towards the Al-rich zone of the diagram in a separate cluster.  Looking at 

other variations in chemistry between the chromite grains reveals a slight negative trend. The 

chromites from Kimberlite B appear to have clustered Ti compositions, with mostly low Ti in all 

the chromites, excepting the two pleonaste spinel grains, which have high Ti. The chromites from 

Kimberlite A display a pattern much more akin to an evolutionary trend, with increasing Ti through 

crystallization, as can be seen in Figure 4.3.  

 

Figure 4.2 Composition of analyzed spinel grains (a) ternary Fe3+, Al3+, Cr3+ showing chromite fields as defined by Roeder 

and Schulze (2008) compared to (b) Cr-Al ad Kimberlite trends described by Barnes and Roeder (2001). 

Chromites from both kimberlite pipes show up to 2.7 wt% of TiO2 (Fig. 4.3). The highest Ti in 

Kimberlite B is recorded in the two pleonaste spinel grains. Chromian spinel from Kimberlite A 

(b) 
(a) 
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forms a continuous trend of Ti increase, whereas the limited number of analyses (eight grains) 

form a cluster at <0.5 wt% TiO2.  

 

Figure 4.3 Composition of analyzed chromites, TiO2 wt% vs. Mg-no. 

Both Kimberlites A and B show zonation in the chromite grains, with a slight increase in Cr and 

Ti toward the rim. Most of the zonation displayed on chromite grains seems to be associated with 

pitting around the edge of the grain (Figs. 4.4, 4.5). The grains in Kimberlite A show thicker rims 

(up to 50µm) than Kimberlite B (<10 µm).  
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Figure 4.4 Back scatter electron image of a chromite grain from Kimberlite A showing slight zonation around the grain 

edge. 

 

Figure 4.5 Back scatter electron image of a chromite grain from Kimberlite B showing a very thin zonation rim. 
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4.1.2 Composition of Ilmenites 

The ilmenites examined in this study are Mg-rich and plot within the kimberlite field, as defined 

by Wyatt et al. (2004) (Fig 4.6). Ilmenites from Kimberlite A consistently have higher MgO 

content (up to 16 wt%) and both cores and rims form a positive Mg vs Ti trend. Ilmenites from 

Kimberlite B have lower Mg (up to 10wt% MgO) and separate into more Ti-rich core and Ti-poor 

rim clusters (Fig. 4.6). Ilmenites from Kimberlite A also show significantly higher Cr content than 

ilmenites from Kimberlite B (Fig. 4.7a). Similar to the chromian spinel, ilmenites from Kimberlite 

A show evolutionary compositional trends, whereas ilmenite compositions from Kimberlite B are 

clustered (Figs. 4.6, 4.7). 

 

Figure 4.6 TiO2 vs MgO of the studied ilmenites compared to the “kimberlite field” defined by Wyatt et al. (2004) 
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Figure 4.7 Compositional plots of examined ilmenite grains (a) Cr2O3 vs. MgO (b) Fe3+ vs. Mg-no (c) Mn vs. Mg-no and(d) 

Nb2O5 vs. Mg-no 

There is apparent zonation in the ilmenite grains from both kimberlites. To examine compositional 

zonation, the cores and rims of 13 grains from Kimberlite A and 16 grains from Kimberlite B were 

analysed. Though it is not apparent in the plots, examination of individual grain compositions 

revealed some patterns. Both Kimberlite A and Kimberlite B have rims depleted in Nb and slightly 

enriched in Mn (see Tables A1 and A2). The ilmenite rims appear to be depleted in Ti and Cr, 

particularly those from Kimberlite B. In addition, ilmenites from both kimberlites have significant 

(a) (b) 

(c) (d) 
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reaction rims consisting of perovskite and titanite and occasionally Ti-magnetite (Fig. 4.8, 4.9). 

The reaction products are described further in section 4.2.3. 

 

Figure 4.8 Back scatter electron image of an ilmenite grain from Kimberlite A with visible grain zonation and some 

reaction phases on grain surface. 

 

Figure 4.9 Back scatter electron image of an ilmenite grain from Kimberlite B with no visible grain zonation and large 

volume of reaction phases on grain surface.  
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Visible zonation in BSE images was only observed on ilmenite grains from Kimberlite A (Fig. 

4.8) due to an increase in Mg/(Mg+Fe) in the rim of the grains, confirmed by elemental X-ray 

mapping. This trend was not evident in the ilmenites from Kimberlite B. 

4.1.3 Compositional Grain Profiles 

In order to gain a better understanding of the nature of the zonation occurring in the chromite and 

ilmenite grains, profiles were traced through three grains. WDS spectra were collected at every 10 

micrometres along the trace from the core to the rim of each grain. Elemental variations were 

plotted against distance from the core. This process was completed on one chromite grain from 

Kimberlite A, one ilmenite from Kimberlite A and one ilmenite from Kimberlite B. In Kimberlite 

B, the zonation seen in chromite grains is too thin to produce an effective profile. The profiles and 

plots are shown in Figs. 4.10-4.12. The WDS spectra for these profiles are given in Appendix C. 

The chemical profile from the chromite grain (Fig. 4.10b) shows that the compositional variations 

evident in back scatter images are the result of decreases in Mg and Al, and increases in Ti and Fe 

towards the rim of the grain. The variations do not appear in a uniform pattern around the grain 

rim, the zonation is patchy, and could be associated with the pitting and/or fracturing also present 

around the grain edge (Fig 4.10a).  

The compositional profile from the Kimberlite A ilmenite grain has a very complex signature. The 

core of the grain has a similar composition to other ilmenites from both kimberlites, with slightly 

higher Mg and Ti, and lower Fe. The next portion of the grain stands out very clearly in the back 

scatter image (Fig 4.11a) as a lighter coloured zone with a darker exsolution pattern. This distinct 

type of zonation has not been seen in any other grains from either kimberlite. This lighter zone has 

significant Ti and Nb (70 and 15 wt% TiO2 and Nb2O5 respectively) and increased Cr proportions 

(up to 6 wt% Cr2O3) (Fig 4.11b). This phase is likely leucoxene, a high titanium oxide mineral 
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mentioned by Mitchell (1986) as being a reaction phase with kimberlitic megacrystal ilmenites. 

Mitchell also mentions the occurrence of ilmenite exsolution within kimberlites. The exsolution 

seen in the leucoxene phase rim of this ilmenite grain could be lamellae of ilmenite, or another 

phase which contributes the unusually high Nb content.  

 

Figure 4.10 Chromite grain from Kimberlite A (a) WDS profile trace (b) elemental variation plots from core to rim. 
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Figure 4.11 Ilmenite grain from Kimberlite A (a) WDS profile trace (b) elemental variation plots from core to rim. 
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Figure 4.12 Ilmenite grain from Kimberlite B (a) WDS profile trace (b) elemental variation plots in ilmenite from core to 

titanite contact (c) elemental variation plots in titanite from ilmenite contact to core of titanite. 
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Another compositional profile transects both ilmenite and reaction phase titanite in a grain from 

Kimberlite B (Fig 4.12). The profile starts in the core of the ilmenite, moves to the rim, and then 

into the titanite rim to the margin of the grain (Fig 4.12a). The compositional profile within 

ilmenite reveals a slight depletion in Ti towards the titanite contact at the rim. The rest of the 

elements remain fairly constant through the grain profile (Fig 4.12b). The titanite shows variations 

in Ti and Fe away from the ilmenite contact (Fig 4.12c). 

4.2  Dissolution features and reaction products on Fe-Ti oxides 

4.2.1 Description of dissolution features on Chromian Spinel 

The chromian spinel group observed in this analysis consistently displayed regular and patterned 

dissolution features on the surface of the grains. The chromite grains in this study were categorised 

based on grain shape and dissolution type. The majority of the chromite grains had rounded ovoid 

shapes, an elongation of the chromite octahedral grain shape. Other grains had a more equant 

shape, though still some rounding of the corners and edges which gave the grain a truncated 

appearance and a few were too fractured to discern a shape. The categorical chromite grain shapes 

derived from these observations were octahedral, truncated, ovoid-elongate and grains that were 

fractured or indeterminate (Table 4.1). The main dissolution types seen were edge/corner 

dissolution, full grain dissolution, and grains that were fractured or the dissolution patterns were 

indeterminate (Table 4.1). Grains that displayed edge/corner dissolution had preserved {111} faces 

with minimal alteration, the majority of the resorption focused around the corners and edges. Full 

grain dissolution describes grains where the faces {111} were attacked equally to the edges and 

corners. Table 4.1 shows distribution of the different grain shapes and dissolution patterns between 

the two kimberlites. The majority of the population from Kimberlite A had an ovoid-elongate grain 

shape, and the most common dissolution style was edge-corner dissolution. In Kimberlite B, the 
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primary shape and dissolution styles were indeterminate because most of the grains were too 

fractured to identify a pattern. 

Table 4.1 Distribution of chromite grain shapes and dissolution styles in Kimberlites A and B, determined from SEM 

images. 

Kimberlite Dissolution style Total 
Grain Shape 

octahedral truncated ovoid-elongate fractured/indeterminate 

A edge/corner dissolution 21 3 9 8 1 

 full grain dissolution 17 -- 5 9 3 

 fractured/indeterminate 4 -- 1 3  

  Total 42 3 15 20 4 

B edge/corner dissolution 2 -- -- 2 -- 

 full grain dissolution 5 -- -- 3 2 

 fractured/indeterminate 3  -- --  -- 3 

  Total 10  --  -- 5 5 

 

Part of the aim of this project was to investigate a possible relationship between the surface features 

and compositions of grains found in kimberlites. To that affect, the chromite grain shape and 

dissolution style groups, as described above, were plotted against the chemical compositions. The 

result did not yield any particular pattern, in either the grain shape divisions or the dissolution style 

divisions. Figures 4.13 and 4.14 show the plots of Mg-no versus Cr-no. Mg-no versus TiO2wt% 

comparisons were also plotted, with a similar result. It is interesting to note, however, that only 

Kimberlite A has grains which display octahedral and truncated grain shapes. This could be a 

product of the much smaller sample size available for Kimberlite B. 
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Figure 4.13 Chromite grain shape group compositions 

 

 

Figure 4.14 Chromite dissolution style group compositions 
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The following sections will more completely depict the features seen on the {111} faces, on [100] 

vertices and along the edges perpendicular to the [110] direction of the chromite grains from both 

kimberlites.  

4.2.1.1 Resorption of {111} face 

The {111} faces have only been preserved on chromite grains from Kimberlite A. The grains of 

Kimberlite B are either too extensively fractured or too resorbed to identify any {111} faces. 

Dissolution of {111} results in pitting, most commonly forming triangular shapes (trigons). The 

trigons are consistent in size on all the studied grains, varying from 4-10 µm. Some pits are much 

deeper than the rest of the trigons (Fig. 4.15b). Back scatter images revealed kimberlitic 

groundmass material sitting in some of the pits on the grain surface (Fig. 4.15d). Overall, the {111} 

face showed much less resorption than the other faces of the grain, even in the case of the full grain 

dissolution style, where the trigons and pits extended across the whole face. 
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Figure 4.15 Examples of triangular dissolution pits on [111] face of chromite grains from Kimberlite A (a,c) shallow 

triangular pits, (b) deep triangular pits and (d) BSE image with kimberlite groundmass material filling pits on grain 

surface. 

4.2.1.2 Resorption along [110] edge  

Resorption of the [110] edge results in grain rounding. Many of the examined grains are almost 

fully rounded with very small {111} faces preserved. In cases where the edges are clear, 

dissolution produces a stepped pattern. This elongate feature appears to extend to the corners where 

the terminations of each step form the protruding nodules found on the [100] vertices. Grains from 

Kimberlite A typically show more rounded and thinner steps, approximately 1-2 µm (Fig. 4.16a). 

The steps seen on Kimberlite B are more protruding, sharper and wider, about 4 µm (Fig. 4.16b). 

In some cases on grains from Kimberlite B, the [100] direction was not preserved, and elongate 

steps covered the whole of the grain surface (Fig. 4.16c). Examples of elongate edge steps from 

each kimberlite are shown in Figure 4.16 (a,b). 

(a) (b) 

(c) (d) Groundmass 

material 
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Figure 4.16 Examples of {110} edge dissolution from (a) Kimberlite A, showing rounded, thin steps, (b) Kimberlite B, with 

sharper, wider steps and (c) showing a grain with complete dissolution of [100] direction. 

4.2.1.3 Resorption of [100] vertices  

The [100] direction of the chromite grains showed the most resorption. The corners of the grains 

consistently display the most regular features: protruding octahedral nodules, or pyramids (Fig 

4.17). These nodules are oriented on the corners of the grains similar to what has been observed in 

other studies (LeBlanc, 1980). The [100] corner direction of the chromite grains is less often 

preserved in Kimberlite B, however, where there is a preserved corner, the nodules are rounded, 

small and anhedral (Fig 4.17 c,d). There were two or three grains from Kimberlite A which 

presented a similar rounded quality to the nodules found on the resorbed corners; however, the 

most common corner resorption seen in Kimberlite A was very sharp and prominent (Fig 4.17 a,b).   

(a) (b) 

(c) 
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Figure 4.17 Examples of chromite dissolution in {100} direction (a,b) prominent octahedral dissolution of corners in 

Kimberlite A (c) less-common rounded corner dissolution of grains in Kimberlite A (d) rounded anhedral corner 

dissolution of chromites in Kimberlite B. 

A schematic representation of the resorption occurring on the octahedral chromite grain is shown 

in Figure 4.18. The [100] vertices develop pyramid nodules, the [110] edges develop elongate step 

patterns, and the {111} faces develop triangular pits around the edges and corners. 

(a) (b) 

(c) (d) 
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Figure 4.18 (a) Schematic of chromite grain showing primary directions of dissolution {111}, [110] and [100]. (b) 

Schematic representation of dissolution occurring in each direction on chromite grain undergoing edge-corner 

dissolution. 

4.2.2 Description of dissolution features on Ilmenite 

All of the examined ilmenite grains show only partial grain surfaces which were in contact with 

the kimberlite melt. Most of the grains were highly fractured or the original grain surface was 

covered with reaction products. Nor do the grains preserve any shape reflective of their hexagonal 

crystal system; they are predominantly anhedral. These observations were seen on the grains from 

both of the studied kimberlites (Fig 4.19). The most common interaction of the ilmenite grains 

with the kimberlite melt was the crystallization of reaction products. The main reaction products 

that were observed were titanite (CaTiSiO5) and perovskite (CaTiO3). This result will be discussed 

further in section 4.2.3.  
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Figure 4.19 (a) Ilmenite grain from Kimberlite A with anhedral shape and fractured surfaces. (b) Ilmenite grain from 

Kimberlite B with anhedral shape, fractured surfaces and reaction products. 

Fourteen grains do carry some dissolution features on ilmenite surface such as pitting, both 

triangular and circular. These pits were seen on both kimberlites, though there were some evident 

distinctions. The pits seen on four grains from Kimberlite A were usually smaller than the pits 

found on the 10 grains from Kimberlite B (ranging 1-3 µm and 5-20 µm, respectively). In 

Kimberlite A, circular and triangular pits could be found on the same grain (Fig 4.20 a,b), however, 

in Kimberlite B, where there was pitting of an ilmenite grain, it would be one shape or the other 

(Fig 4.20 c,d). The pitting on ilmenites from Kimberlite B was also much denser on the grain 

surface than those from Kimberlite A. In Kimberlite B ilmenites with circular or triangular pitting 

were often covered in the pits, whereas Kimberlite A ilmenites showed sporadic pitting clustered 

in small areas.  

Some ilmenite grains from Kimberlite B showed surface features which had more resemblance to 

the resorption observed on the chromite grains. Protruding nodules were found on some corners 

of ilmenite grains (Fig 4.20d), though the grains do not show the same octahedral shape, or their 

own regular crystal habit.  

(a) (b) 
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Figure 4.20 Examples of dissolution of ilmenite grains (a,b) small triangular and circular pitting from a single grain in 

Kimberlite A, (c) high density, large circular pitting on ilmenite grain surface from Kimberlite B and (d) high density 

triangular pitting and protruding nodules from ilmenite in Kimberlite B. 

4.2.3 Reaction products on Ilmenites 

Almost all of the studies ilmenite grains have a rim of reaction products, titanite and perovskite. 

These were identified on the grain surface with EDS during the SEM photographing process (Fig 

4.21a), and were later analyzed by EMP. Some ilmenites also have an outer rim of Ti-magnetite. 

The titanite displayed a rounded habit, while the perovskite appeared more angular and slightly 

tabular in shape. These reaction products were more easily distinguishable from the ilmenite when 

examined in back scatter images (Fig 4.21 b,c) and in the elemental X-ray maps (Figs 4.22-4.27), 

both of which clearly outline portions of different composition within the grain.  

(a) (b) 

(c) (d) 
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Figure 4.21 A single ilmenite grain from Kimberlite B with a large volume of reaction products shown (a) under SEM, (b) 

a back scatter image under SEM, and (c) a polished back scatter image showing ilmenite (Ilm), titanite (Ti) and 

perovskite (Pv).  

Polished sections through the grain surface and reaction products revealed a pattern of reaction 

sequences, particularly on grains from Kimberlite B. In Kimberlite A there is not much titanite; 

however, ilmenite zonation is obviously pronounced (as was mentioned in section 4.1.2), with 

minor perovskite on the grain surface. The reaction products are seen with some distinct shapes 

along the ilmenite grain boundary. In Kimberlite B, the titanite is often in direct contact with the 

grain surface, this is followed by an outward zone of perovskite, and finally, the groundmass 

aggregate sitting on the outermost surface. These observations are supported by the elemental X-

ray maps conducted on six ilmenite grains. The minor amounts of reaction products and obvious 

(a) (b) 

(c) 

Pv Ti 

Ilm 

Titanite 

Perovskite 

Ilmenite 
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zoning are exemplified in grains from Kimberlite A in Figures 4.23-4.25. The large volume of 

reaction products present on the surface of grains from Kimberlite B can be seen in Figures 4.26-

4.28. 

4.2.4 Volume Dissolution 

Several of the polished grains displayed a highly pitted habit when observed under the EMP. These 

coarse pits were very irregular and often covered a large portion of the grain. These pits could 

represent volume dissolution through whole grain, as opposed to only dissolution of the outer grain 

surface. This texture was confined to chromite grains from Kimberlite A (Fig. 4.22). These grains 

showed up to 25-30% volume dissolution through the polished section.  

        

Figure 4.22 Chromite grain from Kimberlite A with total volume dissolution. 
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Figure 4.23 Elemental X-ray maps and back scatter image of an ilmenite grain from Kimberlite A 



 

  

 Rachel S. Milligan 

 

47 RESULTS 

 

  

  

  

 

Figure 4.24 Elemental X-ray maps and back scatter image of an ilmenite grain from Kimberlite A. 
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Figure 4.25 Elemental X-ray maps and back scatter image of an ilmenite grain from Kimberlite A. 
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Figure 4.26 Elemental X-ray maps and back scatter image of an ilmenite grain from Kimberlite B. 
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Figure 4.27 Elemental X-ray maps and back scatter image of an ilmenite grain from Kimberlite B. 
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Figure 4.28 Elemental X-ray maps and back scatter image of an ilmenite grain from Kimberlite B  
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4.3  Summary of Results 

The results, as described in this section, are summarised in Table 4.2, comparing the two 

kimberlites based on compositional trends, presence of zonation, reaction products, and styles of 

dissolution.  

Table 4.2 Summary of results comparing Kimberlites A and B. 

Kimberlite A  

“simple” single-facies kimberlite 

Kimberlite B 

“complex” multi-facies kimberlite 

Chromite Ilmenite Chromite Ilmenite 

Trending 

compositions 

Trending 

compositions 

Clustered 

compositions 

Clustered 

compositions 

Patchy zonation Clear zonation rims Very thin zonation No visible zonation    

No reaction phases 
Minor reaction 

phases (perovskite) 
No reaction phases 

Large volume of 

reaction phases 

(perovskite and 

titanite) 

Ovoid-elongate 

morphology 

Irregular and some 

fracturing 
Highly fractured Highly fractured 

Well preserved {111} 

faces and regular 

surface features 

Small scale pitted 

surface features, two 

types of dissolution 

on one grain 

Few {111} faces 

preserved and 

varying surface 

features 

Inconsistent and 

varying surface 

features, only one 

type of dissolution on 

a single grain 
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5.0 DISCUSSION 

5.1  Comparison of resorption features on oxide minerals from South African 

kimberlites and oxide minerals from Ekati Mine kimberlites 

The chromite surface features observed in this study were compared to those observed on oxides 

from Ekati Mine kimberlites (Northwest Territories, Canada) (unpublished data from Kressall, 

2014a) and, the following scheme was proposed for the classification of the morphologies and 

features seen on kimberlitic chromites: 

1. The overall morphology of the grains can be classified as: 

- Octahedral (grains which maintain their chromite octahedral shape with minimal 

distortion 

-  Truncated (the octahedral shape is recognisable, but does not form a perfect 

octahedron 

- Elongate (have preserved {111} faces, but the octahedral shape is elongated or 

flattened, creating an ovoid morphology 

- Rounded (little to no identifiable octahedral shape because of excessive 

dissolution 

- Fractured (no specific morphological identification can be made) 

2. A subsection of the morphological classification allows for the adage of a fractured portion 

to the grain. “None”, “partially”, or “fully” are used to describe the amount of fracture 

eliminating grain surface.   

3. Focusing on resorption, the first step is to identify the type (or rather location), of 

resorption. Using the three main areas of the chromite grain, the edge, the corner, and the 

face, the specific directions of attack on the grain can be identified.  

- The most common dissolution combinations seen on kimberlitic chromite grains 

were Edge-Corner (EC) dissolution, and Edge-Corner-Face (ECF) dissolution.  
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- The degree of dissolution is described on a 0-3 scale as follows:  

 0 – shows no resorption on any grain surface 

 1 – has slight resorption, with the primary grain shape still identifiable 

 2 – grains with resorption which has distorted the primary grain shape 

 3 – grains with the most resorption, may have some {111} faces still 

preserved, but the majority of the grain has been resorbed. 

4. The classification scheme continues to describe specific features in each location (edge, 

corner, face) on the grain. The type case resorption style has been identified in each case 

and separated into a few descriptions.  

- On the grain edges, the characteristic stepping pattern can be classified as not 

present, wavy, smooth, sharp, or other, in the case where another type of 

resorption has occurred on the grain edge.  

- There is a further sub-description which identifies the relative size of the edge 

features as fine or coarse (this is somewhat subjective).  

5. A similar scheme has been applied to the classification of the commonly occurring 

pyramids on the corners of the grains. They are depicted as either not-present, bumpy, 

smooth, sharp, or possibly another type of resorption has occurred. Again, these are further 

described as being fine or coarse on the scale of the grain.  

6. Features on {111} faces have been identified as a few different types, in particular, trigons, 

polygons, pits, or lineations. Several sub-features have been noted (cracking, pitting) on 

the chromite grains in North American kimberlites, however none were observed in the 

South African chromites of this study. 
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Figure 5.1 (a) Classification scheme for resorption features of kimberlitic chromite grains (b) Break-down of morphology 

types and degrees of fracture and resorption (c) Break-down of resorption styles in specific locations.  

Using the classification provided above, the two Orapa kimberlites, A and B were compared to 

three kimberlites from the Ekati Mine in Northwest Territories, Canada (from Kressall, 2014a). 

Two of the kimberlites were of hypabyssal facies, and one was resedimented volcaniclastic (RVK). 

The two hypabyssal kimberlites from Ekati had chromites that were too resorbed to identify a 

particular morphology, and were classified as “rounded”. Where the morphology was discernable, 

the grains had a flattened/elongate shape. Most of the Ekati hypabyssal chromites were very 

irregular, with edge-corner-face dissolution, and most with a resorption degree of 3 (Kressall, 

2014a). This is somewhat different to what was observed on the South African kimberlitic 

chromites, where most of the grains had well preserved faces, and there was a bimodal distribution 

of the edge-corner and edge-corner-face resorption styles (see Table 4.1). The small scale features 

seem to be similar on chromites from Orapa and chromites from Ekati. Both sets of grains display 

wavy edge steps and bumpy corner pyramids, with trigon pitting/protrusion relief patterns on the 
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faces (where resorbed). The features on grains from Orapa, however, were often better defined 

than those from Ekati, where some trigons and pyramids, though present, might be described as 

globular in shape.  

The volcaniclastic Ekati kimberlite could not easily be compared to the two Orapa kimberlites 

from this study because the proportion of volcaniclastic facies was so low in Kimberlite B. Kressall 

(2014a) reported that the chromite grains from the volcaniclastic kimberlite were skewed towards 

octahedral and truncated morphologies, and nicely preserved grains. The resorption style was still 

predominantly edge-corner-face, however the degree of resorption was often lessened to 2. The 

corner pyramids on the volcaniclastic facies chromites were bumpy, however the edge steps were 

slightly more defined, and classified as smooth. One interesting feature seen on Ekati chromites 

was fine cracking on the grain faces in an irregular, sometimes triangular configuration (Kressall, 

2014a). This was also seen on chromites from Orapa, but much less abundant, only on one grain 

from Kimberlite A.  

The ilmenites from the Ekati kimberlites were largely lacking in surface features (Kressall, 2014b). 

Kressall (2014a) reported very fine circular pitting (<5 µm) with a vermicular texture surrounding 

the pits on one grain.  

Overall, the types of surface features (edge steps and corner pyramids) seen on kimberlitic 

chromites from Ekati and Orapa are similar. The variation between kimberlites lies in the degree 

of resorption, the definition of the small scale features and the consistency of one style of 

resorption within each kimberlite.  

Resorption features on chromites from Orapa kimberlites A and B were also compared to surface 

features reported on chromites from stratiform and podiform deposits, from (LeBlanc, 1980).  

Stratiform deposits are continental layered mafic and ultramafic intrusions, and podiform deposits 
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are massive nodular deposits found in ophiolite ultra-mafic complexes. Stratiform cumulate 

chromites were examined from two different deposits, and reported equant grains (average 200 

µm diameter) with clearly defined faces, and sharp edges. LeBlanc (1980) also noted two different 

dissolution styles, similar to what was observed in this study: dissolution on only the edges and 

corners with well-preserved faces, and dissolution on the faces, as well as the edges and corners, 

with the primary grain shape preserved. The podiform chromites are described as having a 

morphology more reminiscent of deformation, with elongate, or stretched, shapes (LeBlanc, 1980). 

They are also described as having rounded, rough surfaces, which appear similar to some of the 

grains seen in the current chromite examination. The study by LeBlanc (1980) principally 

highlights features caused by grain slip defects. There was, however, one noted surface feature on 

a podiform chromite which appeared similar to a feature seen on an ilmenite grain from the Orapa 

field kimberlites. LeBlanc (1980) describes this feature as pyramidal pitting (5 µm), and it was 

noticed on one ilmenite grain from Kimberlite A. 
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Figure 5.2 Comparison of kimberlitic chromite grains (a, c) and podiform deposit chromites (b, d) (from LeBlanc, 1980) 

showing (a, b) well rounded grains with rough surfaces and (c, d) pyramidal pitting described by LeBlanc on a kimberlitic 

ilmenite (c) and a podiform chromite (d). 

The morphologies observed on kimberlitic chromites are most similar to those from podiform 

deposits. The styles of dissolution seen on chromites from kimberlites most resembles the 

dissolution seen on chromites from stratiform deposits. 

Observed features on chromites from oxide study Observed results from (LeBlanc, 1980) 

(a) 

(d) 

(c) 

(b) 



 

  

 Rachel S. Milligan 

 

60 DISCUSSION 

5.2  Comparison of resorption features on natural kimberlitic oxides to 

experimentally induced features  

Some previous work has been conducted investigating the fluid composition effect on oxide 

dissolution features - (Fedortchouk and MacIsaac, 2013). In particular, they examined the 

differences resulting in variations in H2O-CO2 fluid proportions and compared the results to 

surface features found on natural kimberlites. For full details of experimental methods, see 

Fedortchouk and MacIsaac (2013). Looking at the experiments run where H2O content was varied 

in the melt, the compositions most congruent with the chromite dissolution seen in this study are 

the features produced on chromites in diopside melt with 5 wt%, 13 wt% and 15 wt% H2O content.  

Table 5.1 Summary of H2O experimental conditions from Fedortchouk and MacIsaac (2013). 

H2O fluid experiments 

5 wt% H2O H2O dissolved in diopside melt 

13 wt% H2O In diopside melt with free aqueous fluid phase 

15 wt% H2O In diopside melt with free aqueous fluid phase 

 

The experiments with 5 wt% H2O dissolved in diopside melt produced surface dissolution features 

very similar to those seen in Kimberlites A and B. The authors describe small nodular features on 

smooth surfaces which resemble the rounded nodules seen on the {100} corners of chromites from 

Kimberlite B (Figure 5.1a, b). This run also produced edge step patterns that were wavy, similar 

to some wavy edges seen on chromites from Kimberlite A. The 13 wt% H2O experiments in 

diopside melt with free aqueous fluid produced features which were typical of the most common 

features seen in Kimberlite A, namely the sharp, protuberant nodules on the corners of chromites 

(Figure 5.1c, d). The experiments conducted with 15 wt% H2O also produced a feature that was 

observed in Kimberlite A, but only on one grain (Figure 5.1 e, f). The resemblance of resorption 
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features on grains from Kimberlite A to the experimental products from the two runs with diopside 

melt equilibrated with aqueous fluid (runs with 13 and 15 wt% H2O), and the resemblance of 

features from Kimberlite B to those on the 5 wt% H2O run, undersaturated in H2O, may indicate 

higher content of aqueous fluid phase in Kimberlite A. The surface features produced in the 

experimental study by varying CO2 content were not congruent with any features found on the 

examined chromite grains form either kimberlite. The experiments with CO2 did produce some 

reaction around the grain, though the grains did not undergo any compositional changes with 

dissolution (Fedortchouk and MacIsaac, 2013).  

Similar experiments were conducted using ilmenite grains and varied volatile proportions 

(MacIsaac, 2009). The results of dissolution in H2O fluid produced a features described as 

“micropyramidal” protrusions on the grain surface. This feature is similar to features observed on 

a single ilmenite grain from Kimberlite B. The CO2 experiments did not yield any preserved 

ilmenite grains at higher concentrations, indicating complete resorption of the grains under these 

conditions. Because of the high preservation rate of ilmenite in both of the studied kimberlites, it 

is likely that the proportion of CO2 in both was relatively low.  
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Figure 5.3 Comparison of chromite dissolution features from experimental study (Fedortchouk and MacIsaac, 2013) with 

observed features on studied grains (a) rounded {100} direction nodules in Kimberlite B and (b) experimental result of 

5% H2O fluid, (c) sharp elongate steps on {110} in Kimberlite A and (d) experimental results of 13% H2O fluid (e) 

circular depressions in Kimberlite A and (f) experimental results of 15% H2O fluid 

 

Observed features on chromites from oxide study Experimental results from (Fedortchouk and MacIsaac, 

2013) 

(a) (b) 

(e) (f) 

(c) (d) 
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The absence of an apparent relationship between the surface features found on chromite grains in 

kimberlites and their compositions suggests that: 

1. The chemistry of the melt does not affect the reaction or mechanism of dissolution 

2. The resorption features mostly represent the late magmatic history of the kimberlite 

emplacement, when oxides entrained at various depths (from the mantle and the crust) are 

interacting with kimberlite magma in a similar fashion. 

5.3  Relationship between the characteristics of oxides and kimberlite geology 

The chemical composition of oxides can provide some insights into the conditions of kimberlite 

crystallization. From comparison with experimental results on chromite and ilmenite grains, it has 

already been inferred that both kimberlites likely had low proportions of CO2 fluid in the melt. It 

was also interpreted that Kimberlite A perhaps had a higher H2O content and presence of free 

aqueous fluid phase, compared to the lower H2O content and lack of free fluid phase interpreted 

in Kimberlite B. Because of the presence of titanite and perovskite (both Ca bearing phases) on 

the ilmenite grains, there would have been carbonaceous activity in both kimberlites (melt or 

fluid). In Kimberlite B, there must also have been an event of high siliceous activity, needed to 

crystallize titanite in reaction with the ilmenite grain surface.  

The ilmenite grains from Kimberlite A had clear visible zonation in both the back scatter images 

and the elemental x-ray maps, which show an Fe-depletion and Mg-enrichment in the rims of the 

grains. This description seems to fit an overprinting trend depicted by Haggerty et al. (1979) as a 

magmatic trend. This trend comprises an enrichment of MgO and Cr2O3 at the rims of the 

ilmenites, as well as trending towards a more reduced environment (decrease in Fe3+). Zoning in 

ilmenites from Kimberlite A suggests that they follow the magmatic trend - with slight increases 

in both Mg and Cr, and decreases in Fe3+ near the rims. The shift to a more reducing environment 
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(decrease in oxygen fugacity, fO2) is associated with pressure decrease within the system (Haggerty 

et al. 1979, Mitchell, 1986). 

 

 

Figure 5.4 (a) Schematic ilmenite grain developing diffusive zonation following the magmatic trend described by 

Haggerty et al. (1979). (b) Schematic ilmenite grain developing diffusive zonation following the kimberlite reaction trend 

described by Haggerty et al. (1979). 

The ilmenites from Kimberlite B seem to follow a trend called the kimberlite reaction trend 

(Haggerty et al. 1979). This trend is defined by decreases in MgO and Cr2O3 at the rims, and an 

increase in Mn. The decrease in Cr is clear on the compositional plots of ilmenites from Kimberlite 

(a) 

(b) 



 

  

 Rachel S. Milligan 

 

65 DISCUSSION 

B. The decrease in Mg is less apparent, though still present in the majority of grains when 

examining the data. The plots also show a slight increase in Mn near the rim of some of the grains. 

This change in Mn is specifically important to kimberlites because it signifies a carbonate fluid 

immiscibility in the kimberlite melt. Haggerty et al. (1979) have stated that the presence of a 

sudden increase in Mn in the rim of an ilmenite signifies the fluidization event within a kimberlite.  

The ilmenites from Kimberlite B show a slight increase in Fe2O3 near the rims, indicating 

movement towards a more oxidising environment. Gurney and Zweistra (1995) have determined 

that higher proportions of Fe2O3 in kimberlitic ilmenites is associated with increased diamond 

resorption. This could imply that Kimberlite A has a higher potential for diamond preservation; 

lower fO2 marked by lower Fe2O3 content of the ilmenite grains. The potential for diamond 

resorption in Kimberlite B could be higher than Kimberlite A because of the trend towards a more 

oxidised melt as seen in the ilmenites.  

Concerning the ilmenite grain described in the compositional profiles with high Nb and Ti 

zonation, the partitioning of Nb into the ilmenite could give an indication of the melt conditions. 

A study of compatibility of trace elements in carbonatite and kimberlitic melts with reference to 

perovskite (Beyer et al. 2012) states that the Nb partition coefficient in perovskite is higher in 

silicate than carbonate melts. Relating this paper to the high Nb zone in the ilmenite grain from 

Kimberlite A, the unusual Nb content could indicate a reaction with silicate melt.  

5.4  Processes affecting chromite and ilmenite grains during magma ascent 

There are a number of reactions that occur simultaneously with a mineral reacting with kimberlite 

magma: dissolution, diffusional exchange and development of zoning, reaction producing 

secondary mineral phases, and overgrowth with the same mineral of liquidus composition. The 
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rate of reaction and the resultant product is controlled by the relative rates of each of these 

processes.  

5.4.1 Dissolution 

Dissolution of minerals in a melt system is known to be a steady-state process which transports 

material away from the crystal-melt interface (Bearley and Scarfe, 1986). In a system where 

dissolution is occurring faster than diffusion of materials from the grain into the kimberlite melt, 

no zonational rim develops on the grain (see Figure 5.5).  

 

Figure 5.5 Diffusive zonation minimal to absent where dissolution (red arrows) is occurring faster than diffusion (blue 

dots).  

5.4.2 Diffusion 

When a xenocryst grain is exposed to the kimberlitic magma, the compositions are different and 

the system will try to equilibrate. The kimberlite magma will begin to have a diffusive reaction 

with the outer surface of the grain, creating a smooth zonational rim effect. Diffusion in the case 

of these two kimberlites has not been quantified, but a relative rate can be established with the 

grain dissolution. Where a diffusive zonation is present at the rim of the grain, it can be said that 

diffusion was occurring faster than dissolution in the kimberlite (see Figure 5.6). In the case of 
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Kimberlites A and B, diffusion was likely occurring at a fast rate relative to dissolution in 

Kimberlite A, where there were definitive zonational rims on the ilmenite grains, in particular. In 

Kimberlite B, diffusion occurs at a slower rate relative to dissolution, where there were no 

zonational rims 

 

 

Figure 5.6 Diffusive zonation developing where diffusion (blue dots) is occurring faster than dissolution (red arrows). 

 

5.4.3 Reaction 

Many of the grains observed in this study exhibited reaction textures and phases on the grain 

surface. These phases are a result of interaction with the grain surface and melt as it is exposed to 

the kimberlite. This is particularly apparent in ilmenite grains. Bearley and Scarfe (1986) 

conducted multiple experiments at different pressures with mafic basalt melts. They suggest that 

reaction of the grain surface with the melt occurs where the grain being resorbed is not of the melt 

liquidus composition. This means that the further from liquidus composition a grain is when it is 
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exposed to the kimberlite melt, the greater reaction it will have as the system attempts to equilibrate 

the two contrasting compositions.  

Using this supposition for the two kimberlites from the Orapa field, it can be inferred that the 

Kimberlite A melt was likely not crystallising a primary ilmenite phase because of the titanite 

reaction products on the grain surface. Because of the low volume of reaction products compared 

to the other kimberlite, the ilmenite composition may not have been far from the melt liquidus. 

Kimberlite B ilmenites display a large volume of reaction products on the grain surface. It is likely 

that this melt was not crystallizing any primary ilmenite, and that the xenocrystal ilmenite was far 

from the melt liquidus. Because neither kimberlite showed any reaction products on the chromite 

grain, it can be interpreted that both pipes were crystallising primary chromite grains of a similar 

composition. 

The specific sequence of reaction products seen on ilmenite grains is quite unusual, because of the 

variations in silicic activity which would have occurred in the kimberlite to produce this line of 

crystallization events. This odd progression of reactions became apparent from the chemical 

composition, and the elemental x-ray maps. Figure 4.17b, an increase in silica activity between the 

two zones of lower silica activity. This is a rather curious phenomenon which seems to be unique 

to Kimberlite B. After the introduction of a silicate fluid, the proportion of silicate would be 

expected to increase, but in this case, there is a dissipation of the silica activity where the perovskite 

(oxide CaTiO3) crystallizes, before a re-introduction of the silica fluid.  
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Figure 5.7 Ilmenite grain from Kimberlite B showing (a) BSE image of polished grain and (b) x-ray map of Si variations 

within the grain.  

 

5.4.4 Overgrowth of same mineral 

Overgrowth of the same mineral can occur where the grain composition is near to the melt liquidus, 

and the reaction between the melt and grain is minimal. Instead of causing a voluminous reaction 

texture, the kimberlite melt would crystallize the same mineral surrounding the original grain, 

perhaps of a slightly different composition. This could be the type of reaction occurring on the 

chromite grains from both kimberlites. Even though a rim or zonation is not apparent in the grain, 

diffusion between the two mineral compositions would have equilibrated any compositional 

variations between the two crystallizations. 
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6.0 CONCLUSIONS 

1. Kimberlite A is a small “simple” kimberlite, with only one facies (coherent kimberlite) 

which is relatively uniform in texture. This kimberlite housed chromite grains that were 

well preserved with minimal dissolution, mostly on the edges and corners of the grains. 

The chromites often displayed a deformational elongate morphology. The ilmenite grains 

had diffusional zonation and some minor reaction products on the grain surface (mostly 

perovskite). Diffusion through the grain-melt interface was likely occurring at a faster rate 

than dissolution of the grains. Xenocrystic ilmenite was not at liquidus composition of the 

kimberlite melt, however, the kimberlite was likely crystallizing primary chromite. It is 

interesting to note that this relatively uniform kimberlite body displayed more varied and 

trending compositions than Kimberlite B, which is a much more complex body. In this 

kimberlite, it was possibly a silicate magma with a low wt% of dissolved CO2 fluid and an 

H2O free fluid phase that reacted with the oxides. The reduced state of Kimberlite A implies 

that diamond resorption in this melt was low, and there is a high potential for diamond 

preservation. These conclusions are summarized in Table 6.1. 

2. Kimberlite B is a larger “complex” kimberlite, with several kimberlite facies present in the 

pipe (two coherent kimberlite lobes, a massive volcaniclastic facies, and a resedimented 

volcaniclastic facies). This kimberlite had few preserved chromites, and most were highly 

fractured. Where they were preserved, they showed highly resorbed textures, with very few 

{111} faces preserved. The ilmenite grains showed no diffusional zonation, and had large 

volumes of reaction products on the grain surface (perovskite and titanite). Dissolution was 

likely occurring faster than diffusion of material through the grain-melt interface. The 

ilmenite was possibly even further from liquidus composition than in Kimberlite A because 

of the large volume of reaction phases on the grain surfaces. Again, the kimberlite was 

likely crystallizing a primary chromite phase (lack of reaction products on chromite grains), 
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however, like the ilmenite grains, the resorption is more extensive than in Kimberlite A. 

Kimberlite B displayed two compositional populations of chromite and ilmenite, but no 

compositional trends as in Kimberlite A. This kimberlite probably had higher silica 

activity. It also had low wt% dissolved CO2 and H2O phases. The oxidizing state of 

Kimberlite B indicates that there was likely some diamond resorption occurring, and the 

potential for diamond preservation is lower than for Kimberlite A. These conclusions are 

summarized in Table 6.1. 

Table 6.1 Comparison of inferences made about Kimberlites A and B from examination of Fe-Ti oxide reaction with 

kimberlite magma.  

Kimberlite A 

“simple” single-facies kimberlite 

Kimberlite B 

“complex” multi-facies kimberlite 

Free fluid H2O phase Dissolved fluid H2O phase 

Low wt% dissolved CO2 phase Low wt% dissolved CO2 phase 

Possibly a silicate melt High intermittent silica fluid activity 

Reduced kimberlite melt – high diamond 

preservation potential 

Oxidized kimberlite melt – lower diamond 

preservation potential than Kimberlite A 

Diffusion through grain-melt boundary faster 

than grain dissolution 

Grain dissolution faster than diffusion 

through grain-melt boundary 

Ilmenite closer to liquidus composition than 

in Kimberlite B 

Ilmenite further from liquidus composition 

than in Kimberlite A 

Chromite close to liquidus composition Chromite close to liquidus composition 

 

3. Dissolution morphologies and features seen on kimberlitic chromites can be classified 

based on the style, or location (edge-corner or edge-corner-face), of dissolution attacking 

the grain, and further based on small-scale features developing in each location on the grain 

surface. Comparison with chromites from stratiform chromite deposits in ophiolites 

revealed similar dissolution features to those seen in kimberlitic chromites: edge-corner 
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dissolution, and edge-corner-face dissolution. This similarity could indicate similar 

chemical/fluid environments of dissolution Comparison with podiform chromites revealed 

a similar deformational morphologies to the elongate shapes seen in Kimberlite A, 

indicating notable deformation in both settings. 

4. There does not seem to be any definitive correlation between the composition of chromite 

and ilmenite grains and the particular dissolution style or features. This was examined 

primarily in the chromite grains, where the dissolution features were the most distinctive. 

This non-correlational inference is supported by the observation of similar dissolution 

attack styles occurring in stratiform and podiform chromites, namely, the edge-corner and 

edge-corner-face resorption patterns. The rounded, rough morphology of the chromites 

seen in podiform deposits was also very similar to some of the shapes observed on 

kimberlitic chromites. This suggests that the morphologies and resorption developed on 

chromite grains is not related to the composition of the dissolving oxide but to other factors 

such as temperature or composition of fluids. Based on comparison with North American 

kimberlitic chromites and discussion with Kressall (2014b), the saturation of fluids could 

be a factor influencing the type and degree of resorption observed on kimberlitic Fe-Ti 

oxides.  

5. Kimberlite emplacement with free-fluid phases, and well preserved chromites with edge-

corner dissolution could indicate a reduced kimberlite melt and higher diamond 

preservation potential.  

6. Fe-Ti oxides are important constituents in the kimberlitic system and are very useful 

indicators of processes occurring within the kimberlite magma during eruption. Because of 

their sensitivity to conditions in the melt such as oxygen fugacity, temperature, pressure, 

fluid phases and liquidus composition, the reactions that take place at the grain-melt 
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boundary are highly indicative of kimberlitic melt conditions. Fe-Ti oxides can also be 

useful for indirectly predicting diamond preservation potential from the redox state of the 

kimberlite.  

7. Further work examining the reaction of Fe-Ti oxides with kimberlite magma would help 

to establish the consistency of chromite surface features in kimberlite settings, as well as 

their occurrence on chromites of other sources. Some studies have compared the resorption 

of chromites to other kimberlitic indicator minerals such as olivine and pyroxene (Leblanc, 

1980, Gurney and Zweistra, 1995). Investigation of the resorption of these minerals along 

side Fe-Ti oxides would aid in further constraining the conditions and influences that cause 

resorption and affect the resultant surface features and reaction textures.  

The reaction products seen on the grain surfaces of ilmenite grains has also proved very 

useful for interpreting kimberlite magma conditions such as redox state, which is important 

for estimating diamond preservation, and liquidus composition. Future studies looking at 

the reaction of ilmenites with kimberlite magma could further the understanding of the 

reliability of ilmenites for interpreting the level of diamond resorption in kimberlites.  
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