
Internal geology and emplacement processes 

of Kimberlites, Case Study from the 

Tsabong Kimberlite Field, Botswana

Mpho Ndebele

Geosciences, master's level (120 credits) 

2020

Luleå University of Technology 

Department of Civil, Environmental and Natural Resources Engineering



1 | P a g e  
 

Table of Contents 
Introduction ........................................................................................................................................... 6 

Aims and Objectives .......................................................................................................................... 7 

Background ........................................................................................................................................ 7 

Regional Geology of Southern Africa .............................................................................................. 7 

Kapvaal Craton ................................................................................................................................ 8 

Zimbabwe Craton ............................................................................................................................ 9 

Limpopo mobile belt ....................................................................................................................... 9 

Tsabong local Geology ...................................................................................................................... 9 

Tsabong stratigraphy ...................................................................................................................... 11 

Dwyka Group ................................................................................................................................. 12 

Malogong Formation ..................................................................................................................... 12 

Khuis Formation ............................................................................................................................ 13 

Middlepits Formation .................................................................................................................... 13 

Ecca Group ..................................................................................................................................... 13 

Kobe Formation ............................................................................................................................. 13 

Otshe Formation ........................................................................................................................... 13 

Botswana Kimberlites ..................................................................................................................... 13 

Botswana Kimberlite Fields ........................................................................................................... 14 

Orapa Kimberlite Field ................................................................................................................... 15 

Jwaneng Kimberlite Field .............................................................................................................. 15 

Tsabong Kimberlite Field ............................................................................................................... 16 

Kimberlite Pipe Classes .................................................................................................................. 17 

Class 1 ............................................................................................................................................ 17 

Class 2 ............................................................................................................................................ 17 

Class 1 (Classical Southern African Kimberlites) ........................................................................ 18 

Kimberlite Emplacement Models .................................................................................................. 19 

Hydrovolcanic (Phreatomagmatic) Model .................................................................................... 20 

Magmatic (Bottom up embryonic) model ..................................................................................... 20 

Application of Geophysical Methods in Kimberlite Exploration ................................................ 21 

Magnetic Susceptibility of Kimberlites ......................................................................................... 22 

Factors Affecting Kimberlite Magnetic Susceptibility (Local Scale) .......................................... 22 

Kimberlite Contamination (Country rock assimilation) ................................................................. 22 

Post Emplacement and Hydrothermal Alteration ......................................................................... 22 

Kimberlite Weathering .................................................................................................................. 23 



2 | P a g e  
 

Kimberlite Reintrusion................................................................................................................... 24 

Methodology ........................................................................................................................................ 25 

Sampling ........................................................................................................................................... 26 

Petrography ..................................................................................................................................... 26 

Section modelling ............................................................................................................................. 26 

Terminology and classification ....................................................................................................... 26 

Updated kimberlite terminology and classification ...................................................................... 27 

Kimberlite Textures ........................................................................................................................ 28 

Volcaniclastic Kimberlite (VK) ........................................................................................................ 28 

Resedimented volcaniclastic kimberlite (RVK) .............................................................................. 28 

Pyroclastic Kimberlite (PK) ............................................................................................................ 29 

Tuffistic kimberlite breccia (TKB) or Tuffistic kimberlite ............................................................... 29 

Hypabassal kimberlite (HK) ........................................................................................................... 29 

DeBeers internal kimberlite nomenclature and classification ..................................................... 29 

1) Resedimented volcaniclastic kimberlite ................................................................................ 29 

2) Pyroclastic kimberlite ............................................................................................................ 30 

Clast size and shape analysis .......................................................................................................... 30 

Magmaclasts analysis ...................................................................................................................... 31 

Magnetic susceptibility measurements .......................................................................................... 31 

Onsite data acquisition procedure ................................................................................................ 31 

Data visualization (Downhole magnetic susceptibility variations) .............................................. 31 

Results .................................................................................................................................................. 32 

Macroscopic Observations.............................................................................................................. 32 

Microscopic Observations .............................................................................................................. 32 

RVKA-Resedimented volcaniclastic kimberlite A ....................................................................... 32 

Macroscopic Analysis .................................................................................................................... 32 

Microscopic analysis ...................................................................................................................... 34 

𝐑𝐕𝐊𝐁𝒎-Resedimented volcaniclastic kimberlite B (matrix supported) .................................... 35 

Macroscopic Observations ............................................................................................................ 35 

𝐑𝐕𝐊𝐁𝑪-Resedimented volcaniclastic kimberlite B (Clast supported) ....................................... 37 

Macroscopic analysis ..................................................................................................................... 37 

Microscopic analysis........................................................................................................................ 38 

𝐑𝐕𝐊𝐁𝒎-Resedimented volcaniclastic kimberlite B (matrix supported) ...................................... 38 

𝐑𝐕𝐊𝐁𝑪-Resedimented volcaniclastic kimberlite B (Clast supported) ......................................... 39 

Pyroclastic Kimberlite .................................................................................................................... 40 

Macroscopic Analysis .................................................................................................................... 40 



3 | P a g e  
 

Microscopic analysis ...................................................................................................................... 41 

Crustal Components........................................................................................................................ 43 

Dilution ............................................................................................................................................. 44 

MK1 Magnetic Susceptibility Variations ...................................................................................... 45 

Low Magnetic Susceptibility .......................................................................................................... 45 

Medium Magnetic Susceptibility ................................................................................................... 46 

High Magnetic susceptibility ......................................................................................................... 46 

Maximum clast analysis .................................................................................................................. 47 

Magnetic susceptibility variations ................................................................................................. 48 

Olivine Replacement Reactions ...................................................................................................... 49 

Discussion ............................................................................................................................................. 50 

Provisional MK1 Pipe Emplacement Model ................................................................................. 50 

Stage 1 ........................................................................................................................................... 51 

Stage 2 ........................................................................................................................................... 51 

Stage 3 ........................................................................................................................................... 51 

Stage 4 ........................................................................................................................................... 51 

Stage 5 ........................................................................................................................................... 52 

Stage 6 ........................................................................................................................................... 52 

Conclusion ............................................................................................................................................ 53 

Acknowledgements .............................................................................................................................. 53 

References ............................................................................................................................................ 54 

 

 
 

 

 

 

 

 

 

 

 

 



4 | P a g e  
 

Abstract 

The Crateceous (85 Ma) MK1 pipe is part of the Tsabong kimberlite cluster located approximately 

550km south west of Gaborone and geologically found within the Kapvaal Craton. The Tsabong 

kimberlite field consists of 86 known kimberlites. The MK1 pipe is the largest of this cluster at 140ha, 

1.7km long axis and 750m short axis and it is considered the largest diamondiferous kimberlite pipe in 

the world. The kimberlite intrudes the Karoo supergroup that ranges in age from Late Carboniferous 

to Early Jurassic. The Karoo supergroup sequence is made of mostly glacial, siliciclastic rocks and 

recently unconsolidated to semi-consolidated material. The Tsabong area consists dominantly of 

tillites, mudstones, siltstones, sandstones and quartzites. Only limited geological information is 

available from MK1 since the kimberlite pipe is not exposed to the surface and the exploration project 

is not yet in the advanced. Because of this limited data available for understanding the morphology of 

the pipe an assumption has been made that the MK1 pipe belongs to the common type of Southern 

African pipes. The classical Southern African pipes consist of three pipe zones, the crater, diatreme and 

root zone. Furthermore, MK1 pipe displays minimal erosion and as such the current geology depicts 

the results of the processes during emplacement. This study involves the investigation of the MK1 

emplacement process by studying its internal geology based on four boreholes by detailed 

sedimentological and volcanological analysis of the volcaniclastic material filling the pipe. A downhole 

magnetic susceptibility measurement was also conducted from the four boreholes to further 

distinguish the internal lithofacies of the MK1 pipe. Three distinctive lithofacies have been identified, 

these principal lithofacies are: RVKA-resedimented volcanoclastic kimberlite A , RVKB-resedimented 

volcanoclastic kimberlite B that is divided into two sub-lithofacies 𝑅𝑉𝐾𝐵𝐶 (clast supported) and 

𝑅𝑉𝐾𝐵𝑚 (matrix supported) and finally the PVK-pyroclastic volcaniclastic kimberlite (lower most facie). 

The RVKA and RVKB are formed as crater infill by re-deposition of unconsolidated pyroclastic and other 

surface material. These mechanisms are normally dominated by lacustrine, fluvial and mass flows 

(talus and debris) processes. The post emplacement related hydrothermal alteration and 

metamorphism, mainly serpentinization forming secondary magnetite is believed to have been the 

largest contributor to high magnetic susceptibility readings of the MK1 facies. Contamination 

processes such as wall rock collapse also contributed to a wide variation within the different 

lithofacies. The PVK has higher average magnetic susceptibility and variation which is mostly attributed 

to high content of kimberlitic material and strong serpentinization of olivines resulting in high contents 

of magnetite. Most of the country rock within the Tsabong area are siliciclastic sediments and occur as 

an important component in the RVK-resedimented volcaniclastic kimberlite resulting in generally low 

magnetic susceptibility in the RVKA and more dynamic variations within the RVKB. The emplacement 

of the MK1 pipe is similar to the Class 1 kimberlites. The pipe excavation is related to the initial near 

surface emplacement process characterized by violent explosive activities caused by exsolution of 

juvenile volatiles from the uprising magma. The PVK of the MK1 pipe depicts the speedy primary 

pyroclastic deposition processes as a result of the explosive volcanic eruptions, the PVK is dominated 

by mostly pyroclastic fall material and to a lesser extent both flow and surge pyroclastic process. The 

PVK is mostly medium to coarse grained, massive and homogenous unit with poorly sorted material as 

a result of low energy settling during eruption. The RVKB represents the pipe wall collapse during 

subsequent crater enlargement stage. This unit is made up of two sub-lithofacies with different 

sedimentation processes. 𝑅𝑉𝐾𝐵𝐶 is related to gravitational sidewall failure producing high energy 

talus mass flow deposits of poorly consolidated angular macro-clasts of mainly Permian mudstone and 

siltstones of the Ecca group. The 𝑅𝑉𝐾𝐵𝑚 represents debris flow dominated mass flows and is 

characterized by normal grading and lacking large country rock clasts. The 𝑅𝑉𝐾𝐵𝑚 clasts are mostly 

sand sizes and well-rounded indicating longer transport and distal settling from the pipe wall. The RVKA 

consist of tuff ring material that was subsequently filled into the remaining crater space. The RVKA 
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represents fluvial and lacustrine depositional environments, as the unit is dominated by finer grained 

and bedded material of both juvenile kimberlitic material and country rock sediments. The bedded 

units indicate low energy sedimentation environments as they show normal grading of clasts. Some of 

the RVKA have laminated beds that show micro faulting which may be attributed to subsidence of the 

volcaniclastic infill related to gravity induced compaction of epiclastic sediments. A second eruption 

may have occurred that resulted in the displacement of the PVK unit found within the RVKA unit in 

borehole BH004.This also may be attributed to the characteristics of juvenile magma clasts found 

within the volcaniclastic kimberlites that suggests an earlier crystallization and devolatisation of 

primitive kimberlite magma at depth before the vigorous fragmentation of country rock (embryonic 

pipe development).The MK1 also shows that there must have been a phreatomagmatic eruption 

influence to a certain degree in the emplacement process. This is evident by the presence of some 

armoured lapilli and accretionary clasts within the RVKA and RVKB facies. These phreatic explosions 

may have been during initial magma eruption or maybe synchronous with RVK resulting from near 

surface interaction of magma with groundwater which are common within the Karoo sedimentary 

rocks. 
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Introduction 
Kimberlites are ultramafic, potassic, alkaline and volatile rich igneous rock of deep origin and can 

contain substantial quantities of diamonds but as a transporting medium and not the source rock 

(Skinner and Clement (1979). Kimberlites exist as pipes, dykes and sills resulting from volcanic 

processes during their emplacement as they result from a series of magmatic events of intrusive and 

extrusive nature (Skinner and Clement 1979).It is also considered to have an inequigranular texture 

resulting from the arrangement and occurrence of macrocrysts which belong to a distinctive suite of 

mantle derived ferromagnesian minerals set in a finer grained matrix. A classification was developed 

to describe prominent phenocrystal and/or groundmass minerals (Skinner et al, 1979). These 

kimberlitic phenocrysts include mainly olivines, ilmenites, garnets, perovskite, phlogopite, calcite, 

serpentine, diopside, spinel and monticellite. Kimberlites of Botswana just like any other kimberlites 

across the world have inclusions of upper mantle derived rocks and contain crustal xenoliths from the 

surrounding host rocks (Carney et al,1994). All natural diamonds are believed to have formed at 

depths below 100km to 200km within the diamond stability field as defined by the graphite diamond 

equilibrium boundary of the carbon system (Mitchell et al, 1977).Not all kimberlites are diamond 

bearing and those that contain diamond may not necessarily be economic because some portions of 

cratons they are found in do not have thick lithospheric keels submerged in this diamond stability field.  

Kimberlites are believed to form from partial melting of carbonated garnet Lherzolitic mineral 

assemblages under hydrous conditions at depth 150km-300 km, even though discoveries from 

diamond xenocrysts inclusions of garnet have suggested a deeper source and transitional zone origin 

(Ringwood et al., 1992). Diamond and Kimberlites are known to primarily occur in Precambrian cratons 

particularly those underlain by Archean age rocks, this is because they are thermally refractive, and 

cratons are very stable, so they prevent reheating and excessive tectonic reworking hence preserving 

both diamonds and kimberlites (Nowicki et al, 2007). The proportion of diamonds within a kimberlite 

magma is controlled by the magma ascension processes. The near surface emplacement processes 

influence the overall distribution of diamonds in a consolidated kimberlite body including 

resedimentation processes (Clement 1986). Different kimberlite pipe models have been developed 

over the years, initially by (Hawthorne 1975) then later by Clement (1986). These models were mainly 

focusing on a number of Southern African kimberlites of Cretaceous age and most of these kimberlites 

were exposed by extraction activities (Machin 2000).A general approach to understand these models 

was considered and regardless of the extent and the depth of erosion all these kimberlite pipes had 

similar morphology and distinct zones with peculiar textures to those specific kimberlite zones (Field 

et al, 1999).  

The near surface emplacement processes have been studied with varying approaches. Understanding 

both qualitative and quantitative analysis of macroscopic and microscopic characteristics of different 

kimberlite bodies has since proven to be a key component in evaluating the economic implications of 

these processes within individual kimberlite phases (Smith et al, 2009).The use of both geological 

models and macroscopic petrography studies of kimberlite bodies has proved to be effective in the 

assessment of newly found kimberlites and assisted in producing enhanced resource estimates and a 

higher confidence in determining if the diamonds present can be extracted economically (Smith et al, 

2009).  

The MK1 kimberlite which is the focus of this study is found within the Tsabong kimberlite field located 

in the South Eastern part of Botswana that was initially explored in a joint venture between 

Falconbridge and Superior Oil (p. 36, Brook 2012) but the exploration license of the area is owned by 

DeBeers Holdings Botswana at present. The Tsabong kimberlite field has around 86 kimberlites with 

20 known to be diamondiferous, making it one of the biggest diamondiferous kimberlite field in the 
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world (Pangolin Diamond Corpo, 2012). The MK1 was discovered in 1978 and has been thought to be 

the largest diamondiferous kimberlite pipe known and was the greatest breakthrough of the Tsabong 

Kimberlite field which raised interest from international explorers. The MK1 kimberlite pipe has an 

area of 140 ha, a 1.7 km long axis and 750m short axis and is 85 Ma based on U/Pb analyses of zircons 

(pers. comm. DeBeers Holdings Botswana). This age is within the range of most Southern African 

kimberlites which represents a “bloom” of Group 1 kimberlites at 90 ± 10 Ma (Griffin et al, 2014).Most 

Kimberlite of the Tsabong field are believed to have been due to the phreatomagmatic processes and 

little less of the magmatic processes including the kimberlite studied in this paper (pers. comm. Nomsa 

Mosupatsela). 

The MK1 kimberlite has since been identified as diamond bearing (Mike Roberts, DeBeers Holdings 

Botswana pers.comm) which corresponds with Clifford’s rule that most diamondiferous kimberlites 

are exclusively found within cratons (Mitchel 1991).The Tsabong kimberlite field is found in the Kapvaal 

craton that has an age range of 3.6 Ga-2.6 Ga (Carlson et al, 2000). 

 

Aims and Objectives 
This thesis is an initial study in understanding the volcanological and sedimentological processes 

associated with the emplacement of the MK1 kimberlite. This study provides a comprehensive 

investigation of the kimberlite pipe as there is limited literature on it and other pipes of the Tsabong 

kimberlite field. Therefore, this master thesis aims to provide knowledge on:  

1. Understanding the emplacement processes of one kimberlite pipe in the Tsabong kimberlite 

field (MK1) by studying the internal geology. 

2. Differentiating the kimberlite lithofacies using magnetic susceptibility measurements. 

3. Identifying the most volumetrically significant kimberlite lithofacies. 

Background 

Botswana is the current world leader in diamond production by value, with four active mines (p. 36, 

Brook 2012).The big challenge facing exploration companies in Botswana is the lack of exposure due 

to Kalahari sand which covers almost 80% of the country (Key et al, 1998). Diamond exploration and 

mining is such a highly confidential sector making it difficult to acquire internal documentation, so 

available information is mostly limited e.g. information of the 3 operating Debswana mines is mainly 

economical and less of research.  

The MK1 kimberlite is part of a large kimberlite cluster known as the Tsabong kimberlite field. There 

are limited publications on this kimberlite pipe due to limited surface exposure as the pipe has not 

been mined. DeBeers holdings Botswana are the current custodian of the prospecting licence of the 

MK1 pipe and are the joint stakeholders of this thesis project. After acquiring this license DeBeers 

holdings made a follow up core drilling campaign that included the four boreholes (BH001, BH002, 

BH003 and BH004) which were used for this project. The company carried out further investigations 

on the size and age of the pipe and the results were not so deviant from the initial Falconbridge 

findings.MK1 kimberlite pipe is 140 Ha, 1.7 km long axis and 750m short axis and is 85 Ma based on 

U/Pb analyses of zircons (pers. comm. DeBeers Holdings Botswana) and it is still considered diamond 

bearing and this information is beyond the scope of this project work. 

Regional Geology of Southern Africa 

Southern Africa is considered a complex geological province. (James et al, 2002). The Continental 

lithosphere of Southern Africa is believed to has formed during three different tectono-magmatic 
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events that lead to accretion of the arc crust which resulted in the thickening of the lithospheric mantle 

to form thick and stable continental lithosphere (Carlson et al, 2000). Southern African nucleus is made 

of the Kapvaal craton and Zimbabwe craton formerly known as the Kalahari Craton (McCourt et al, 

1998) as displayed in (Fig. 1).The Kalahari craton includes the two cratons and surrounding younger 

belts, these are the Limpopo belt, Paleoproterozoic Magondi-Gweta Belt, Rehoboth Block and the 

Mesoproterozoic Namaqua-Natal Belt. 

 

Figure 1. Reconstructed map of Southern Africa showing its Precambrian tectonic framework and 

dominant craton system associated with kimberlites. (Epc-Epupa Complex; Kal-Kamanjab Inler; KaB-

Kaoka Belt; GaB-Gariep Belt; KhB-Kheis Belt; OkT-Okwa terrane; MaB-Magondi-Gweta Belt; CKB-

Choma-Kaloma Block; BC-Barue Complex; UsB-Usagaran Belt (McCourt et al, 2013). 

Kapvaal Craton 

The Kapvaal is the most studied of the two cratons and it consist of varying geological terranes 

widespread over an area of 106 km2. The craton is made of older geological units towards the east 

while the youngest are in the opposite west side. (De wit et al, 1992). The geological age of these 

different terranes spans over a geological period of ~1 Ga between 3.6 Ga-2.6 Ga (Carlson et al, 

2000).The Kapvaal shield found in the furthest east of the craton (continental mass of 0.5 x 106 

km2) gives the craton its stability (De wit et al, 1992). The name shield was used to define the nature 

of formation and difference in geological character between the early Archaean regions from the late 

Archean stabilization (De wit et al, 1992). The oldest geological domains contained within this craton 

are situated in the north-eastern part. These domains are the Barberton greenstone belts and the 

Ancient Gneiss terranes. The origin and formation of these mafic and ultramafic rocks has been 

suggested to be products of mid oceanic ridge magmatism that are preserved on an arc like terrane by 

obduction (De wit et al, 1993). Others believe that they are a result of wet melting in an Archean 

subduction zone, a process that is believed to result in high degree of depletion in the upper mantle 

(Parman et al 1997). 

The later continental growth is believed to be as a result of tectonic accretion of other smaller crustal 

terranes subsequently accompanied by subduction related igneous and tectonic processes (De wit et 

al, 1992). This second period of cratonic development occurred at ~3.1 Ga and it reached the final 

stabilization at ~2.6 Ga (James et al, 2002). This cratonic growth was intense in the north including the 

N 
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Limpopo mobile belt while the western part of the craton was mostly made up of agglomerated 

granite-greenstone-fragments (James et al, 2002). This cratonic development phase was accompanied 

by widespread extensional volcanism that was later followed by sedimentary basin developments, 

notably the well-known Witwatersrand basin, with sediments from the northern province and the 

Pangola basin. This southern part of the basin was part of a passive continental margin facing the ocean 

(De wit et al, 1992). The Archean craton formation ended by a craton wide extensional cycle of 

Ventersdorp volcanism and sedimentation between ~2.7 -2.6 Ga (James et al, 2002). 

Zimbabwe Craton 

The Zimbabwe craton used to be known as “Rhodesian craton” is one of the most well-studied Archean 

granite-greenstone terranes. The Zimbabwe craton is believed to have formed as a result of generation 

of rift related greenstone belts and deformation mainly caused by of diapiric processes (Wilson 1979). 

The Zimbabwe craton constitutes of distinctive tectonostratigraphic terranes that resulted from plate 

tectonic processes. The oldest rocks in the Zimbabwe craton are found in the central Tokwe terrane 

(Kusky 1998). These rock units include tonalitic to granodioritic, locally migmatitic, gneissic rocks with 

U/Pb and Pb/Pb ages between 3.5 -2.96 Ga (Wilson 1990). There are structurally complex inliers in the 

Zvishane located in the north and eastern part of the Tokwe terrane with group age of 3.5 Ga. There 

are two distinctive mobile belts of the Upper greenstone assemblages (Upper Bulawayan Group). 

These mobile belts have a similar age (2.7 Ga) but have quite distinct rocks, chemical compositions and 

different rock unit relationship indicating different geological settings (Kusty 1998). 

One of the last magmatic events in the Zimbabwe craton is the Chilimanzi suite with age of 2.6 Ga 

(Kusky 1998). The suite is made up of K-rich granitoids which are related to an intracontinental shear 

zone that may have resulted in the positioning and nature of these intrusions (Treloar et al, 1995). 

Limpopo mobile belt 

The three internal zones of the Limpopo mobile belt, the Northern Marginal Zone, Central Zone and 
the Southern Marginal Zone are primarily metamorphic-structural entities (McCourt, 1998). The zones 
have different formation ages (between 3.2 - 2.6 Ga) and tectono-metamorphic histories (Maier et al., 
2008). These zones have been accreted to the Zimbabwe Craton and Kaapvaal Craton along wide, 
steeply dipping shear zones over a period of 700 Ma, from 2.7 to 2.04 Ga (Maier et al., 2008). The 
Northern Margin Zone comprises of granite-greenstone whereas the Southern Marginal Zone is 
dominated by enderbitic and charnokitic gneisses and has experienced a single metamorphic event at 
2.72 Ga – 2.65 Ga (Khoza et al., 2013). The Southern Marginal Zone and the Kaapvaal Craton show 
uniform levels and composition of the Pb isotope ratios in their granitoids suggesting that the Southern 
Marginal Zone and Kapvaal Craton are both high grade equivalents (Khoza et al., 2013). The Zimbabwe 
Craton, Northern Marginal Zone and the Central Zone at the age ~3.3-2.5 Ga show a high isotope ratio 

of 207Pb/204Pb and 206Pb/204Pb.These similar isotope ratios signify that these terranes were formed 
from the same source of equal U/Pb ratios (Khoza et al., 2013).  

Tsabong local Geology 

The formation of Gondwana supercontinent was a result of agglomeration of the Kalahari Craton with 

other old age crustal fragments. This took place during the Damaran and other Late Proterozoic 

orogens. The Gondwana supercontinent was later subjected to rifting and progressive break up at 140-

120 Ma. The Kalahari Karoo Basin of Botswana resulted from this rifting and covers more than half of 

the country (Modie 2000). The Kalahari Karoo basin of Botswana comprises of the Karoo supergroup 

siliciclastic rock units, which represents an extensive Carboniferous to Jurassic period of sedimentation 
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(Carney, 1994). A displacement of these rock units due to faulting or other tectonic activities resulted 

in a discontinuous pattern of the general strata within the basin resulting in inconsistencies of the 

stratigraphy e.g. Capetown Supergroup South Africa, which might be present in the deeper parts of 

the supergroup in South western Botswana but yet to be proved (Key et al. 1998). Kimberlites and 

other intrusive rock units followed during the Cretaceous age. The Kalahari basin was filled with thin 

but widespread Kalahari sediments/beds which are observed in other areas beyond Botswana. 

 

Figure 2. Regenerated map of the regional subdivision of the depositional provinces for the Karoo 

Super group in Botswana (Carney et al, 1994). 

The Karoo Supergroup is of economic significance as it hosts most coal deposits in Southern Africa. It 

is estimated that the combined reserves hosted in these rock units sums up to a total of 67 000 Mt 

which is roughly 10% of the world’s total (Johnson et al, 1996). But this estimate might have changed 

over the years due to further exploration and resource extensions for existing operational mines within 

the region. In South Africa there is not yet total consensus in respect of the tonnages that are currently 

economically and technologically recoverable even after intensive research (World Energy Council 

2009). 
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Figure 3. Geology of the Tsabong area (Botswana Geoscience Institute) 

Tsabong stratigraphy 

The Tsabong area is in the South western part of Botswana (Fig.3) which forms part of the wider 

Gemsbok Sub-basin that is extending further south and west into Namibia and South Africa 

respectively (Smith, 1984). The Karoo supergroup rock units of the Gemsbok Sub-Basin are constricted 

to the west of the longitude 22°E and running parallel to the geophysical Kalahari Line (Hutchins et al, 

1980) which is a north-south trending magnetic anomaly caused by mafic rocks in the Precambrian 

basement (Key et al, 1998). This indicates a continuous succession of the Karoo strata within the 

central Kalahari basin (Modie, 2000) which extends towards the North east of Botswana. 
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Figure 4. Recreated generalized stratigraphic sequence of the Tsabong area (Key et al, 1998) 

Dwyka Group 

This is the lowest rock unit of the Karoo supergroup in Southern Africa. The Dwyka group rock units 

are of glacial deposition accumulated between 300-290 Ma (Late Carboniferous - earliest Permian 

glaciation) (Catuneanu et al, 2005). This depositional period can be traced as far as western Sudan, 

Gabon and Somalia to the north of the main Karoo basin (Catuneanu et al, 2005). The Dwyka glacial 

deposition is quite widespread across different tectonic settings in the south-central Africa area 

including the main Karoo basin retroarc foreland system and the extensional basins in the north. 

(Catuneanu et al, 2005). The Dwyka group comprise of varying lithofacies, with a basal tillite dominated 

assemblage followed by glaciofluvial sandstones and then end with glaciolacustrine varieties. 

In the Tsabong area the Dwyka group is subdivided into three distinctive lithostratigraphic formations, 

those being the Malogong formation overlain by the Khuis and Middlepeits formations. 

Malogong Formation 

This is the basal formation of the lower Karoo supergroup, which is made up of stratified and massive 

tillites units. The stratified tillites contain rock fragments of quartzite pebbles grading up to dark grey 

fissile shale interbedded with grey-green sandy tillite and siltstone. The binding matrix is greyish green 

in colour and has a silty texture. It is overlain by a massive tillite rock unit with a siltier-sandier matrix 

and 15% total composition consists of quartzites, metaarkose, marble, ironstones and cherts rock 

fragments. 
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Khuis Formation 

The Khuis formation consists of four members. Firstly, the pebbly mudstones with a grey to dark grey 

colour and at the top is a pale grey green finely laminated calcareous siltstone. Secondly is the Black 

shale with paler siltstone laminae and pale olive green micritic limestone beds. Thirdly is the pebbly 

mudstone with calcareous sandstone that has dark grey sandy siltstone with sparsely distributed 

sandstone bolder, pebbly sandy siltstone and massive khakhi grey sandy limestone. Lastly pale grey 

sandy siltstone with dark grey mudstone top containing sporadic dropstones. The Khuis formation is 

generally glaciolacustrine or of quite marine deposition origin. 

Middlepits Formation 

The Middlepits is made of two members argillaceous sediments. The laminated siltstone at the base is 

characterised by mid to dark grey colour with irregular bands and irregular lenses of sandstones. The 

overlain lithological unit is the pebbly siltstone with a dark grey colour and scattered extra clasts and 

sand grains. At the top is a pale to dark grey varves with small drop stones overlain by fine grained 

sandstones. The Middlepits formation rock units are formed by deposition of waterlain sediments from 

melting ice flows. 

Ecca Group 

The Ecca name refers to argillaceous sedimentary strata that are extensively exposed in Ecca Pass, in 

the Eastern Cape Province, South Africa (Rubidge 1856). This Ecca group consist of clastic sequence of 

mudstone, siltstone, sandstone minor conglomerates and coal in some areas. These clastic sequences 

are found mainly in the main Karoo Basin in South Africa and other Southern African Karoo Basin 

Supergroup localities (Johnson et al, 1976). 

Kobe Formation  

The Kobe formation is a nonglacial shallow water rock units characterised by massive argillaceous dark 

grey siltstone with coarsening into grey sandstone including calcareous bands and quartzite pebbles. 

It is overlain by grey siltstone and fine grained light grey sandstone with carbonaceous mudstone 

stringers. The uppermost unit is dark grey silty mudstone with thin sandstone and siltstone lenses and 

bands of grey micaceous siltstone and coal are common. 

Otshe Formation 

The Otshe formation is fine grained micaceous yellow grey and brown sandstone with some mica rich 

siltstone bands. Sandstone fining upward and sequential interbeds of grey siltstone and mudstone and 

some intercalations of coal. 

Botswana Kimberlites 
In Botswana the Kimberlites occur within the Kalahari craton which is a favourable geological setting 

for economic kimberlites. Diamondiferous kimberlites are very rare because they occur within 

geological regions that have been stable since Archean times and has since been highlighted by Clifford 

(1966) that diamond bearing kimberlites always intrude into regions of Archean continental crust (≥2.5 

billion years old). Kimberlites are also susceptible to erosion and destruction by tectonic activities and 

as such the oldest intrusions are not well preserved. Even though this is the case there has been quite 
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a lot of research and wealth of literature carried out on their mode of occurrence, mineralogy, 

distribution and origin (Skinner et al, 2004). This was a result of immense interest in these deposits 

because of the economic value of diamonds furthermore the interest in studying deep mantle 

derivatives by petrologists and volcanologists.  

Botswana Kimberlite Fields 
KIMBERLITE FIELD TOTAL NUMBER OF KIMBERLITE PIPES 

DISCOVERED 

Kgatleng Field 11 

Orapa Field 81 

Jwaneng Field 28 

Kikao-Khutse Field 23 

Kokong Field 76 

Tshabong Field 86 

Lekgodu Field (Middlepits) 8 

Gope Field 9 

Mabuasehube Field 9 

Martins Drift Field 8 

Okwa Field 8 

Nxaunxau Field 27 
 

Table 1: kimberlites field arranged on how extensive they have been explored and the total 
number of kimberlite pipes discovered 
 

 

Figure 5. Botswana’s Kimberlite Fields and their geological setting (p. 36, Brook 2012). 
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Orapa Kimberlite Field 

The largest kimberlite pipe discovered in the area is the AK1 pipe at (110.6 ha), that was discovered in 

1967 by De Beers exploration geologists. This was after they embarked on a follow up sampling 

campaign along the Motloutse River which was motivated by the discovery of three small diamonds 

by the Central African Selection trust using gravel sampling techniques in the Motloutse River near 

Foley in 1959. During this survey 30 kimberlites discovered in the Orapa field. Apart from AK1 there 

are two other diamondiferous kimberlite pipes, those being the DK1 and DK2 pipes in the Letlhakane 

area but within the Orapa kimberlite field. 

Even though the Orapa field is found within the Kalahari basin where there is thick soil cover the 

kimberlite pipes typically have a thin cover with a pervasive calcrete cap. The kimberlite pipes depict 

a positive relief even though some parts of the field mostly towards the south have a thicker soil cover 

which generates a much lower relief. In some research of the AK1 it is suggested that the land surface 

of the pipe represents a close level of the original level of the surface of kimberlite emplacement 

(Hawthorne 1975). 

It is quite difficult to differentiate pyroclastic varieties of the crater facies from tuffisitic varieties of the 

diatreme facies observed on highly weathered and altered core. AK1, AK2 and AK3 show extensive 

crater facies type of kimberlite. A hypabassal facies is observed within the diatreme zone even though 

schematic model suggested this magmatic kimberlite to be restricted to the bottom of the stratigraphy 

(Hawthorne 1975). Within the AK1 pipe at 80m depth a sedimentary epiclastic facies is observed 

overlying pyroclastic and diatreme facies kimberlites and five different crater facies kimberlites are 

observed. The outermost crater zones (crater margin) towards the wall rock contain steeply dipping 

debris flow fragments, then a small volume of the gritty mudflows located within the coarse clastics 

together with sedimentary rocks as a result of fluvial activities within the crater. At the centre of the 

crater is a collection of debris flow playa lake facies composing of interbeds of fine grits and shale 

which are a result of a more sediment suspension depositional environment due to a less viscous 

media. The age of the AK1 kimberlite falls within the age range of most Southern African Kimberlites, 

the isotopic zircon age of the kimberlite is 93 Ma. The Orapa kimberlite is rich in fossil plants and insects 

that have been studied and were dated to Middle to upper cretaceous age and are believed to have 

been buried much later (18-20 Ma or Mid Miocene).The DK1 and DK2 kimberlite are hypabyssal 

whereas BK9 shows a complicated history with remnants of crater facies rocks in a kimberlite – basalt 

breccia grading through tuffistic kimberlite to a hypabyssal facies monticellite kimberlite. The Orapa 

kimberlite field is made of the Group 1 kimberlites with ultramafic xenoliths of eclogitic, megacrystic 

nature observed within the pipes, interestingly the diamond mineral inclusions of the Orapa 

kimberlites indicate a predominant eclogitic paragenesis for diamond formation and this is not so 

common amongst the Southern African kimberlites and do not show an obvious relation to diamond 

bearing eclogitic. 

Jwaneng Kimberlite Field 

The Jwaneng kimberlite cluster was discovered after a heavy mineral (indicator mineral) sampling 

campaign in the southern part of Botswana. This soil sampling campaign led to the location of three 

large kimberlitic anomalies around the Kukong, Tsabong and Jwana area. A total of 11 kimberlite pipes 

were discovered in the area but there were three significant pipes noted by virtue of their economic 

value. These pipes were the (2424 DK1, 2424 DK2 and the 2424 DK 7). The 2424 DK2 with a radiogenic 

age of 235 Ma held the most economic significance and is described as a 54-ha tri-lobate pipe which 

joins up to a singular crater at the surface. It is quite old as compared to the local kimberlites but is in 
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the same age range with one Dolowayo kimberlite in Swaziland. It was first drilled in 1973 and had a 

40-45 m thick Kalahari sand cover over it, underlain is a kimberlite of high constituents of fractured 

Transvaal supergroup shales with the northmost lobe is to a slight degree displaced by a later dolerite 

sill within the shales. The 2424 DK2 pipe surface is different from that of the AK1 in Orapa as it depicts 

a more positive relief due to updoming and calcretization as compared to the more volcanic depression 

cone in the Orapa pipe. The outer crater boundaries are made of the gravel talus flows and are overlain 

by thin bed of polymictic gravel flows which are thin downward the pipe and reworked. The reworked 

gravel is overlain by an unconformity of paleo soil and calcrete/silcrete which are overlain by semi 

consolidated aeolian sand. The Jwaneng 2424 DK2 pipe consist of crater facies with lesser epiclastic 

material as compared to those in Orapa are sparsely distributed as compared to the pyroclastic rocks. 

Tsabong Kimberlite Field 

The Tsabong kimberlites were located after an intensive regional heavy mineral soil sampling campaign 

and a follow up airborne magnetic survey. The results of the survey revealed positive anomalies within 

the magnetically quite Karoo strata (Carney et al, 1994). Tsabong kimberlite field consists of a total of 

40 kimberlites proven but still in counting with continuous exploration around the area. Most of these 

pipes are found in the southwest of Tsabong and some are spread to South Africa. The highlight of this 

discovery was the M1 kimberlite pipe, which is 200 ha and oval shape with a long axis of estimated 

1800m, a short axis of 850m and is probably the largest known kimberlite in the world. The M1 

kimberlite yielded an isotopic age of 77.5 Ma within the range of most Southern African kimberlites 

(Carney et al, 1994). The Tsabong kimberlites are located within the Kalahari basin and have a sand 

cover of 70 -140m made of unconsolidated sand, calcareous sandstone, calcrete/silcrete. These 

kimberlite pipes intrude the Karoo supergroup including shales, varved shales and minor glacial tillites 

of the Dwyka Group, which constitute most of the pipe infill material. The pipes generate a positive 

topographical relief even though M1 shows a lower relief generated by erosion of topmost part of the 

crater facies which are quite like crater infill characteristics observed in the Orapa pipe (Carney et al, 

1994). 

The M1 pipe contain intrusive facies which show characteristics of the diatreme facies tuffistic 

kimberlite breccia and are overlain by pyroclastic crater facies (tuffaceous facies). These tuffaceous 

facies have upward grading with the coarse lapilli tuff at the bottom to lithic tuffs and rarely fine ash 

at the top. Some of these tuffs are intruded by thin sills of approximately 0.5m which are limited across 

the pipe. (Carney et al, 1994). These tuffs are overlain by approximately 200m thick epiclastic rocks 

that widespread throughout the pipe and represent sediment type of deposition as those in Orapa. 

The M1 breccia mudstone also depict both talas and mud flows like Orapa while the mudstone 

phlogopite siltstone facies are believed to be of lake depositional environment as the playa sediments 

in Orapa. Most of the siltstones within the pipe have interchanging laminations and the gravel grit 

mudstones indicate a more fluvial deposition environment (Carney et al, 1994). From these fluvial 

observations a conclusion can be drown that the M1 pipe was subjected to a longer sedimentation 

process period that was followed by a crater degradation caused by a dry season/climate. Lastly the 

pipe is believed to have went through reworking and sedimentation that happened after the cone 

degradation and is represented by the epiclastic mudstone facies which gave the M1 pipe a bigger 

surface expression as the mudstones are spread as isolated pans and some are observed outward of 

the pipe itself (Carney et al, 1994). The mudstones have been subjected to high oxidation and they 

inconsistently occur within the surface of the pipe and such may suggest a decrease in rainfall in the 

region. The topmost part of the pipe is dominated by dark yellow coloured arenites with high heavy 

mineral content, the arenites contains mantle xenoliths, ilmenites and sporadically distributed shale 
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fragments that makes it easier to differentiate with the Kalahari beds. It is assumed that most of the 

kimberlites within this area are larger than normal and mostly made up of crater facies (Carney et al, 

1994). 

Kimberlite Pipe Classes 
Due to their contrasting geology and shapes that are caused by different near surface 
emplacement mechanisms involved in magma ascension, kimberlites have been grouped into three 
distinctive classes (Field et al, 1999).These three classes have been compared and described in 
different localities across the world, more especially the Canadian kimberlite clusters and the 
Southern African pipes (Skinner et al, 2004). 
 

 
 
Figure 6. Schematic diagram illustrating three classes of kimberlite pipes (after Field and Scott Smith, 
1999) a) Class 1 comprises of crater, diatreme and root zones b) Class 2 Kimberlite pipes are have 
shallow craters filled with pyroclastic material c) Class 3 are small steep sided pipes with dominant 
resedimented volcaniclastic material and dykes and sills occur in places (Walters et al, 2006) 
 

Class 1 

The first class was initially described by (Hawthorne 1975) as the classical three zoned pipe consisting 
of the uppermost volcaniclastic dominated material and commonly flared crater zone, the steep sided 
diatreme zone and finally the lowermost root zone which typically has an irregular shape (Skinner et 
al, 2004). The class 1 pipes have deep craters that maybe up to 680 m depth. Regardless of the 
properties and character of the host rocks these kimberlites have a commonly steep dipping diatreme 
wall of roughly 82 ° (Hawthorne 1975). The diatreme zone is unique to the first class of kimberlite pipes 
and is dominated by diatreme facies Clement et al. (1986) and Skinner et al. (2004) have provided 
petrographical evidence of a transitional zone (transitional facies kimberlite) between the diatreme 
facies and the hypabyssal facies. They suggest the zone occurs at the interface of these facies with 
similar characteristics as in many Class 1 pipes. The Class 1 pipes are typical of the Southern African 
region (Skinner et al, 2004) and their origin and emplacement processes are debated topics with 
different researchers advocating at the different end of both the phreatomagmatic (Lorenz 1993) and 
magmatic models (Field et al, 1999).  
 

Class 2 

Class 2 kimberlites have notable shallow saucer shaped crater zones of an average depth of ≥500.This 
class is typical of the Fort a la Corne kimberlite Angola clusters, north-eastern Angola and Siberia e.g. 
the jubilee pipe (Skinner et al, 2004). They are believed to be emplaced by phreatomagmatic activities 
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and later magmatic and sedimentary crater zone infill processes (Webb et al, 2004). The class 2 crater 
zone is mostly filled with pyroclastic kimberlite facies with distinct pyroclasts (Juvenile lapilli) material 
like those juvenile magmaclasts of Class 1 & 3  
 

Class 3 

Class 3 are steep sided and made up of mostly the resedimented volcaniclastic kimberlite and less of 
pyroclastic kimberlite. The Ekati pipes at Lac de Gras in Canada, northeastern Angolan pipes e.g. 162 
ha Camafuca Camazambo and the Jwaneng pipe in Botswana are members of this class and Machin 
(2000) suggested a magmatic model for the latter.  
 

Class 1 (Classical Southern African Kimberlites) 
The typical Southern African kimberlites show similar characteristics across the region with a few 
exceptions e.g Jwaneng pipe in Botswana. Most of these kimberlite pipes have steeply dipping sides 
and a typically carrot shape e.g Kimberly kimberlites. The Southern African kimberlite pipes portray a 
gradational mineralogical change and textural transition from top and downwards with partly bedded 
pyroclastic kimberlite (PK) moving into the more monotonous , intrusive tuffisitic kimberlite breccia 
(TKB) and into the more magmatic and uniform hypabyssal kimberlite (HK) (Machin 2000).Within the 
crater facies of the Southern African Kimberlite pipes is the resedimented volcaniclastic kimberlite 
(RVK) that normally exhibits a well bedded sequence of units and is generally overlying the pyroclastic 
kimberlite (PK).The tuffisitic kimberlite breccias (TKB) are located within the steep sided diatreme 
zones, whereas the hypabyssal kimberlites (HK) and the distinctive breccias occur at the lower irregular 
shaped root zone of these kimberlite pipes (Machin 2000). 
 
These textural distinctive domains are localized to specific zones within a pipe and generally represent 
a specific style of magmatic activity. Clement et al. (1986) and Field et al. (1999) have proposed a 
dynamic magmatic emplacement mechanism for Southern African Kimberlite pipes that involves 
complicated intrusive-extrusive magmatic eruptions from closed systems. This mechanism was 
described as a continuous development of an initial irregular embryonic pipe which grows vertically 
towards the surface from depths of close to 2-3km and sporadically reaching shallower depths of 
around 500m from the paleosurface (Clement et al 1986). The continuous development of this system 
involves a combination of many volcanic processes such as hydraulic wedging, fracturing and explosive 
brecciation as a result of gas caps within the embryonic magma that developed due to exsolution of 
juvenile volatiles caused by cooling, crystallization and decompression. Field et al. (1999) underlined 
the significance of lithological barriers in the process. The upward rising magma is said to meet a barrier 
such as Southern African known intrusive rocks e.g Karoo dolerite sills and Drakensberg (Stormberg) 
group basalts which generates a temporary pressure trap leading to an overwhelming pressure build 
up (Clement et al 1986). This will subsequently lead to internal pressure exceeding the overlaying 
pressure resulting in fracturing of the intrusive rock units and explosive brecciation occurs. The 
influence of these intrusive rocks have been observed in features such as the basalt breccias within 
kimberlite pipes and `blind´ intrusions/narrowing of pipes below or in the vicinity of dolerite sills e.g 
Drakensberg (Stormberg) group basalts in places (Clement et al 1986, Field et al 1999).These 
observations provide evidence of the impact these intrusive rocks have in the eruption process of the 
kimberlitic magmas. 
 
As the volatile pressure surpass the confining pressure, the explosive process is set off which leads to 
creation of the crater by excavation and rapid degassing of the magma that result in a temporary 
fluidization which together with in-situ brecciation causes a the downward modification of the 
embryonic pipe and formation of the diatreme zone. The temporary fluidization yields a peculiar 
textural variety of the diatreme facies TKB. With time this fluidization process subsides, and the lower 
magma will crystallize and form the HK. The first breakthrough causes a widespread pyroclastic 
eruption cloud to form and PK is deposited around and within the crater rim. The PK is typically made 
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of the same material as the lower bound TKB whilst the overlying RVK is a result of post eruptive 
redeposition processes of the extra crater deposits. 
 
A different mechanism was suggested by Lorenz et al. (1975, 1993), who suggested that instead of the 
continuous development of an embryonic magma, the Southern African Kimberlite pipes were formed 
by the phreatomagmatic maar-diatreme process. He stated that the kimberlite pipes are more of an 
explosion crater that were back filled by erosion of the crater rim deposits that are a result of 
continuously repeating hydrovolcanic explosions at deep depths below paleosurface. The authors that 
suggested the embryonic mechanism (Clement et al, 1986 and Field et al 1999) felt this mechanism is 
flawed more especially to the formation of the kimberlite diatremes they agree to a certain degree 
that the eruptive and vigorous eruptions of the phreatomagmatic method may highly likely be the 
cause of the large extent crater excavation and during the later stages of the embryonic pipe 
formation. Some observations such as the surge deposit at the base of the shale basin in Orapa suggest 
that there must have been some phreatomagmatic hydrovolcanic eruptions during the final stage of 
the pipe formation and infilling. 
 

 

 

Figure 7. Class 1 kimberlite crater formation model (Skinner 2008) 
 

Kimberlite Emplacement Models 
The emplacement of kimberlitic magmas into the earth’s surface is one of the most dynamic and 

somehow complicated volcanic process yet to be fully understood. These kimberlite magmas seem to 

have a dynamic volcanic process that enables their upward propagation and subsequent hydraulic 

fracturing of the lithosphere. Kimberlites travel to the surface from the deep mantle by relatively high 

velocity of around 4-20 m/s (Sparks et al, 2006) which enables them to carry, large volumes of 

xenolithic mantle material including diamonds (Smith 1999). The pressure drops with continuous 

movement to surface which leads to exsolution of the vapour phase from the magma. The penetrative 

magma forms a column filled with material that is supported by the vapour phase that keeps the 

components fluidized (Griffey 2018). The kimberlitic magma journey to the surface of the earth is 

complicated and goes through various stages. According to Shirey et al. (2013) the following changes 

are believed to occur within an ascending kimberlite magma: 
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1. Magma composition change – (Siliceous or Carbonaceous) 

2. The proportion of the system that is being condensed- (magma + rock and mineral fragments) 

versus gaseous (𝐻2𝑂 and 𝐶𝑂2) 

This understanding has led to the generation of a couple of emplacement models for kimberlite 

magmas that have been debated over time and researchers have continuously reviewed and updated 

old models. The two most debated models are the Phreatomagmatic and the Embryonic model. 

Hydrovolcanic (Phreatomagmatic) Model 

A five staged emplacement model was suggested by (Lorenz 1975), the model relates the interaction 

of the kimberlite magma with meteoric water during ascension. 

Stage 1. - Magma ascending to the surface of the earth through fissures interacts with groundwater 

resulting in water heating beyond boiling point. This result in conversion of water into steam that rises 

rapidly to surface and some of the water plus pyroclastic debris are ejected and a small crater is 

formed. 

Stage 2. - The crater becomes under pressurized at the deeper crater level and is enlarged by wall rock 

collapse (spalling and slumping). This zone is then choked with fragments from the wall rock collapse 

and is filled up with water initiating another explosive event while pyroclasts continue to eject forming 

a rim of pyroclastic debris. 

Stage 3. - During this process the instability of the walls of the crater increases causing an enlarged 

eruption channel because of large scale spalling and under mining and a ring fault form. The bedded 

pyroclastic and wall rocks within the ring fault collapse into the crater and are fractured resulting in 

another episode of eruption by magma and water interaction. 

Stage 4. - Subsidence, fragmentation and eruption continues as the material that subsided before 

including the country rock from the wall rock collapse and the pyroclastic rocks are then intermixed 

with ejected material and eliminates the bedding. 

Stage 5. - The overlying tuffs and faulted, fractured rocks are intruded by tuffisite. If the vent shifts it 

generates multiple columns of pyroclastic rocks showing a cross cutting relationships. After continuous 

eruptions the central column of ejecting material maybe lost due to excessive intermixing with 

subsided material. There is evidence of undermining and collapse of large blocks of earlier kimberlite 

deposits (e.g Jwaneng, Botswana) but that is evident in a certain portion of the kimberlite which might 

be due to other processes such as deeper magma withdrawal. 

Magmatic (Bottom up embryonic) model 

This model has gone through continuous modifications over the years but, Clement et al. (1986) and 

Field et al. (1999) proposed a three-step model based on South African Group I kimberlites. This 

“embryonic model” is mostly interpreted and based on many petrographic investigations but not 

model driven and specific to kimberlite emplacement. The developmental sequence is as follows: 

Stage 1. - Intrusion of a coherent/hypabyssal kimberlite in forms of dykes, sills or a small well-defined 

embryonic pipe. The kimberlitic intrusion may show morphological deformities due to wall rock 

structures which is evident as a result of rapid and abrupt structural changes and occurrence of a 

“blind” dome like structures 
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Stage 2. - Petrographical changes in the kimberlite magma due to gradual subvolcanic embryonic 

activity and the formation of subvolcanic contact breccias within the embryonic column. 

Stage 3. - This stage is characterised by initial explosive eruption of pipes to the surface through side 

wall brecciation that yields deeper subvolcanic breccias. These eruptions are coupled with degassing 

of volatiles from the magma. After some time, this eruption subsides and serpentine forms at relative 

low temperature (≤ 500°c) and very small microlitic diopside crystallizes as well. The fluidization forms 

breccias or tuffistic kimberlites within the conduit. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Steps describing an explosive eruptive kimberlite (Cas et al, 2008). 

Application of Geophysical Methods in Kimberlite Exploration 
The use of geophysical survey methods in kimberlite exploration has been utilized over the past 50 

years around the world. The initial methods used are the magnetic and gravity measurements then 

progressed to resistivity and later induced polarization (Reed et al, 2007). These methods have been 

used in a more regional scale to help define cratonic areas and on a local scale to detect anomalies 

associated with kimberlite intrusions (Unpublished DeBeers diamond geology). As technology and 

research development improved within the kimberlite exploration field, seismic surveys were 

incorporated to provide a vertical depth image of kimberlite intrusions, which has since proven to be 

effective even though it is quite expensive. Recently a new approach to mount a gravity gradiometry 

sensor on an aircraft to produce detailed density contrasts within a survey area has been applied and 

detects kimberlites (Reed et al, 2007). These developments have resulted in a more comprehensive 

approach of combining various geophysical methods to provide a more detailed and distinctive 

lithological contrasts by producing images of sub surface properties which subsequently increase 

confidence in exploration. Even though a wide spectrum of geophysical tools has been used in 
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kimberlite exploration the most plausible methods are gravity, magnetic and electromagnetic survey 

as they have shown a higher success in detecting and delineating kimberlite rocks. 

Magnetic Susceptibility of Kimberlites 
Kimberlites have a range of magnetic susceptibility from 125, 00 x 10−6 to 0 x 10−6 SI (Reed et al, 

2007). Kimberlites from all over the world show a distinctive variation of magnetic susceptibility data 

and this show a non-geographical bias to the strengths of the susceptibilities (Reed et al, 2007). These 

differences are a result of various factors including the fact that kimberlites are composed of distinctive 

geological zones and as well contain fragments of other rock units that generally affects the 

susceptibility of kimberlite (Reed et al, 2007). Some kimberlites contain more peridotite and eclogite 

rocks sampled from the mantle and others contain considerable country rock that is assimilated into 

the ascending magma. All these factors are affected by the buoyancy and sampling rate of the 

kimberlite magma. 

Factors Affecting Kimberlite Magnetic Susceptibility (Local Scale) 
Diamond survival depends on the condition of the kimberlite magma during their eruption to the 

surface of the earth. The kimberlite magma should have low viscosities and high buoyancy of ≥4 m/s 

(Wilson et al. 2007).Due to the violent fragmentation movement of kimberlite magmas coupled with 

gas driven exsolution, vesiculation and explosive growth, and bursting gas bubbles they are considered 

to be chaotic mixtures (Patterson et al. 2009) of both mantle and country rock xenoliths, phenocrystic 

and macrocrystic minerals, remnants of altered minerals, their secondary minerals and fragments of 

pre-existing kimberlite (Cas et al. 2008).Most Kimberlites are modified by syn and post magmatic 

modifications that change the alkali and volatile element contents (Kamenetsky et al. 2006). 

When kimberlite magma erupts it is subject to different mantle and lithospheric conditions that causes 

change in the mineralogy and subsequently affecting the magnetic susceptibility. These magnetic 

variations can be evident within one intrusion and are a result of late stage magmatic differentiation, 

hydrothermal metamorphism and post emplacement alteration due magmatism and serpentinization. 

This shows that the magnetic characteristics of the kimberlites and its oxides within the groundmass 

show difference in evolution of kimberlite melts as indicated by the chemical and phase compositions 

of these oxides (Maksimochkin et al. 2013). 

Kimberlite Contamination (Country rock assimilation) 

When kimberlite magma rises to the surface of the earth it intrudes the lithosphere and, on their way, 

they incorporate country rocks from overlying formations. This results in petrographical variations 

within a kimberlite and subsequently leading to magnetic susceptibility differences. The magnetic 

susceptibility is largely influenced by the composition of the rocks being incorporated, if the rocks have 

a high content of ferromagnetic minerals the chances are the average susceptibility would increase. 

When country rocks are assimilated into the kimberlite magma they increase the overall silica content 

of the magma which will favour crystallization of other minerals like diopside over monticellite 

(Mitchell, 1995) and in relation to magmatic processes, this may lead to the FeO and MgO being left 

and would enhance the magnetic susceptibility. 

Post Emplacement and Hydrothermal Alteration 

Due to their porosity kimberlites accommodate a substantial amount of magmatic volatiles during the 

waning stages of their eruptions (Stripp et al. 2006). Kimberlites normally occurs as moderately to 

highly serpentinized and olivines are more susceptible to this alteration as they make up most of the 
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macrocrysts. As the kimberlite magma settles and cools the meteoric water infiltrates the body that 

triggers a hydrothermal system that results in the pervasive serpentinization of phenocrysts, 

macrocrysts and xenocrysts (Stripp et al. 2006).This process will increase the magnetic susceptibility 

as the Fe rich Harzburgitic olivines will release the Fe that will result in the formation of the magnetite 

phase. Carbonatization reduces magnetic susceptibility by destruction of magnetite and formation of 

lesser magnetic susceptible such as carbonate minerals (Frantisek et al. 2009). These processes are 

illustrated in the graph below (Fig. 9). 

 

Figure 9. Susceptibility modifications caused by serpentinization and carbonatization in ultramafic 

rocks (Frantisek et al, 2009). 

Kimberlite Weathering 

Weathering is the breakdown or dissolution of rocks and minerals on the surface of the earth by agents 

of weathering. Due to their porosity and permeability kimberlites tend to weather easily (Macnae, 

1979). With respect to weathering, kimberlites are most of the time divided into two distinctive zones, 

weathered part-yellow ground, mostly made of friable material near surface, unweathered part- blue 

ground made of unoxidized part of the kimberlite and the unweathered hardebank lower part of the 

pipe generally undisturbed (Macnae 1979). The topmost weathered part of kimberlites is mostly made 

of clay minerals and have high content CaO, MgO and 𝐶𝑂2. The CaO and 𝐶𝑂2 remobilise to the lower 

blue ground which may cause the modification of magnetite into limonite and other Fe hydroxides 

which would reduce the magnetic susceptibility of kimberlites (Ruotsala, 1975). The lower hardebank 

has a higher magnetic susceptibility as this process of magnetite destruction is not intensive as 

compared to the upper zones of the kimberlite. 
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Kimberlite Reintrusion 

Kimberlites can represent a series of magma impulses that generally has different chemical and 

physical composition. These magmatic intrusions represent a different eruption with dissimilar 

conditions (Macnae 1979) such as amount of mantle rocks sampled, amount of country rock ingested 

and the rate of alteration. This would yield varying magnetic susceptibilities of the intruding body to 

the already intruded kimberlite body. 
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Methodology 
The main objective of this thesis is to understand the emplacement processes of the MK1 

kimberlite pipe by studying its internal geology. The data for this study was obtained from four 

diamond drill cores. During this study the focus was on core logging, optical microscopy 

analysis of thin sections and use of downhole magnetic susceptibility data of each borehole. 

The MK1 pipe has northwest-southeast strike (Figure 12). The four core boreholes used for this 

study were drilled by DeBeers Holdings Botswana between the years 2015-2017.The boreholes were 

aligned along the strike of the aeromagnetic anomaly. 

 

Figure 10. Aerial photograph showing drilled boreholes and their spatial difference as shown from 

Google Earth. 

DrillHole (ID) DrillHole Type X Y Z Azimuth Inclination EOH Depth 
(m) 

BH001 Core 617340,013 7100820,070 996,563 0 -90 701,5 

BH002 Core 616848,018 7101180,006 998,508 0 -90 434,54 

BH003 Core 616540,420 7101401,372 998,959 0 -90 731,4 

BH004 Core 617026,000 7100828,000 999,999 0 -90 677,4 

Table 2. Drill core information of depth, geographic location, elevation, azimuth and inclination. 

Core logging procedures was done following the DeBeers in house logging procedure and system, this 

structure was followed for all four boreholes to generate consistent data output. The following logging 

criteria and attributes was followed: 

• Depth-Lithofacies boundaries 

• Average grain size (all clasts in mm) 

• Maximum clast sizes 

• Lithofacies description (Grain size, Sorting, Packing, Fabric) 

• Nature of the juvenile constituents (Olivine and magma clasts) e.g shape, size and distribution 

• Nature of xenolithic components e.g clast types, shapes and distribution 

• Visual estimation of percentage composition of juvenile and lithic components 

• Magma clast (Juvinile + Autoliths) 
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• Nature of bedding and laminations 

• Description of matrix (colour, type) 

• Colour and competency 

• Nature of contacts and contact angles  

Sampling 
During core logging a careful selection of sampling zones on the core was carried out based on the 

mineralogy and core textures for further analysis hence representing different lithofacies. The sample 

length was approximately 20cm. The sampling intervals were random and based on areas of significant 

mineralogical interest. The information for this data was captured using the DeBeers Holdings 

Botswana data base management procedures. 

Petrography 
The core was split and prepared for thin sections at the University of Botswana geology laboratory. A 

total of 17 thin section samples were cut and used for this project. The thin sections were 

representative portions of the different lithofacies (Appendix B). The thin sections were analysed in 

the Luleå University of Technology petrographical laboratory (Department of Civil and Natural 

Resources) using the two microscopes, Nikon Eclipse LV 100 POL (1X, 5X, 10X, 20X and 50X objectives) 

and the Leica DM750 P (4X, 10X, 20X and 40X objectives) connected to a Nikon DS-Fil U2 colour camera 

with a resolution of 2560 x 1920). 

Section modelling 
To investigate which lithofacies is volumetrically significant within these four boreholes a section was 

modelled from the core logging information. Leapfrog modelling software was used for this 

application. A database creation (Excel file for Geology, collar and coordinates information). 

• Convert excel files to Csv file for compatibility to Leapfrog. 

• Importating data into software. 

• Modelling of geological boundaries using preferred nomenclature to distinguish between 

different lithofacies (RVKA, RVKB, PVK and Kalahari cover and Dwyka) (Appendix E) 

• Exporting the section model into adobe illustrator to digitize the boreholes. 

Terminology and classification 
Kimberlite geology is a highly debated and argued topic and has seen continuous development and 

modification of different kimberlite classification over the years. The textural and mineralogical 

variations of kimberlites is vital in distinguishing different kimberlite pipe zones and as such a 

standardized nomenclature is of paramount importance to ensure consistency and quality. 

Different classification schemes have been developed in the past to constrain the extensive 

mineralogical and textural variations exhibited by kimberlites by different authors (Wagner 1914, 

Dawson 1971, Clement and Skinner 1979, 1985, Clement 1986, Mitchell 1995), which has led to a 

confusing array of classification procedures. The foundation of all classification is the consideration 

that all the kimberlite textures are a result of near surface emplacement processes. Clement et al. 

(1979, 1986) suggested a broader textural genetic classification scheme that identifies three distinctive 

kimberlite groups related to a specific magmatic activity. This classification has since been objected on 

the basis of its genetic aspect. Field et al. (1998, 1999) highlighted the need of a more holistic step by 

step classification scheme. The classification focuses on establishing an initial non genetic descriptive 

classification of the rock and can subsequently be used to deduce a more genetic classification. The 

five textural categories are the juvenile magma texture, clast/grain size, xenolith/autolith content and 

type and cognate olivine content (Machin 2000). 
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Further contributions to the classification were made with relation to the pipe shape and pipe zone. 

Field et al. (1999) proposed that the word “kimberlite pipe” should be considered to be a non-genetic 

term defining a body that is not tabular or sheet like in shape and further suggested that “diatreme” 

could only be used if there is evidence that the diatreme zone was formed by the fluidisation process. 

This fluidisation process was described by Field et al. (1999), in the magmatic embryonic model of the 

Southern African Kimberlites. The textural variations of kimberlites however are common in specific 

zones but not exclusively constrained to those zones as such the terms crater, diatreme and hypabyssal 

facies may be permitted if the main fill of that specific zone is typical of the zone. 

Updated kimberlite terminology and classification 
Kimberlite terminology has been evolving over the years and Smith et al. (2013) developed a 

comprehensive approach to kimberlite description, recognition and understanding of complex and 

unusual rocks related to diamonds. They developed a practical and systematic framework that aims at 

incorporating kimberlite terms to mainstream geology language at the same time preserving the 

terminology used to describe and classify economics of primary diamond deposits and this 

classification was used for this thesis project. Smith et al. (2013) introduced a 5-step kimberlite 

terminology and Classification. The following steps were considered for this project: 

Stage 1: Rock Description 

This stage is concerned with the description of the rock, basically the alteration, structure, texture, 

components and it focusses mainly on observations with a limited genetic interpretation. 

Stage 2: Petrogenetic Classification 

This stage is concerned with the classification of the parental magma type and extensive subdivision 

basing on mineralogical types. 

Stage 3: Textural-Genetic Classification 

This stage focusses more on the textural classification of the parental magma type as a continuation 

for the earlier mineralogical descriptions. 

Stage 4: Intrusive/Volcanic Spatial Context 

This stage provides an assessment of the spatial variations and relationships and the morphology the 

kimberlite body which the rocks under investigation are taken from. 

Stage 5: Genetic/Process Interpretation  

This is the last stage that depends on the continuous contribution of assessment from stage 1-4 and 

mostly relies on increased sample density and level of investigation. 
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Figure 11. Summary of the classification workflow scheme by Smith et al. (2013) 

Kimberlite Textures 
Understanding the mode of emplacement for kimberlites requires a basic understanding of the texture 

of the juvenile kimberlite magma. The two distinctive kimberlites considered in this literature are the 

magmatic and magmaclastic (volcaniclastic) kimberlites. The magmatic kimberlite exhibits a 

crystallization on coherent magma, while the magmaclastic kimberlites display a texture of juvenile 

magma clasts which are set in a contrasting inter-clast matrix of either magmatic or non-magmatic 

origin. Below is a description of different kimberlite textures and pipe fills as described after (Field et 

al 1999) 

Volcaniclastic Kimberlite (VK) 

This refers to extrusively formed kimberlites, that subsequently forms fragment dominated bodies. 

Volcaniclastic is a non-genetic term to describe a clastic deposit of an unknown depositional origin 

(Machin 2000). 

Resedimented volcaniclastic kimberlite (RVK) 

This describes the type of volcaniclastic kimberlite with a known depositional process, mainly related 

to mass flow redeposition process that generally have a limited influence on the texture change. There 

are two distinctive depositional processes: the gravitational resedimentation and the tractional 
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reworking which can modify the roundness of clasts by abrasion. RVK was formerly recognized as 

epiclastic kimberlite by Clement et al. (1985). 

Pyroclastic Kimberlite (PK) 

This defines a volcaniclastic kimberlite that exhibits well defined evidence of direct deposition by 

explosive volcanic processes. Volcanic processes and standard pyroclastic nomenclature have been 

discussed further by Cas et al. (1987) and can be used to describe pyroclastic kimberlites. 

The VK, RVK and PVK are mostly found within the crater zone of most kimberlites around the world 

(Machin 2000) unless the pipe has been subjected to intensive erosion and some of these zones have 

not been preserved. 

Tuffistic kimberlite breccia (TKB) or Tuffistic kimberlite 

This describes a peculiar texture typical of the diatreme zone of many kimberlites. It is predominantly 

composed of rounded juvenile magma clasts termed pelletal lapilli with different crustal components 

and serpentinised macrocrysts and phenocrysts of olivine set in a fine grained interclast matrix (Machin 

2000). The TKB/TK typically have abundant diopside microlites and absence of matrix carbonate and 

the texture coincide with a transition from a magmatic to a pyroclastic kimberlite and are believed to 

form when low viscosity melts intrude into earlier volcaniclastic infill close to the diatreme zone 

(Gernon et al ,2012). 

Hypabassal kimberlite (HK) 

This defines a kimberlitic texture that forms by crystallization of coherent magma, which is free of any 

disruptive volcanic eruptive and fluidisation processes. The hypabyssal kimberlite typically displays a 

uniform texture even though segregation textures may be observed in places, furthermore the HK is 

limited to the root zone even though in special cases they can form tabular and sheet like bodies 

(Machin 2000). 

There are special cases where a kimberlite texture is not specific to one zone of the pipe. The Jwaneng 

tri lobate pipe in Botswana and a few Canadian occurrences have shown that a specific textural variety 

of kimberlite is not exclusive to the corresponding pipe zone and as such suggests a variety of 

emplacement processes to those of standard models (Hawthorne 1975). 

DeBeers internal kimberlite nomenclature and classification 
During this thesis project the DeBeers Holding Botswana internal nomenclature and classification was 

put to practice because of its simplicity and ability to be used with lesser data, the classification is 

summarised in a workflow chat in Fig. 12. The classification is divided into two main parts, volcaniclastic 

and magma/coherent kimberlites, the latter was not used since no coherent kimberlite was 

intercepted in any of the four boreholes. The volcaniclastic kimberlites (VK) are those rocks with any 

clastic volcanic materials formed by any processes of fragmentation, dispersed by any kind of 

transporting agent, deposited in any significant proportion with non-volcanic fragments. Volcaniclastic 

rocks are subdivided into two distinct groups: 

1) Resedimented volcaniclastic kimberlite – These kimberlites contain pyroclastic material 

that has been redeposited by a variety of processes which are mostly related to gravity or water 

induced. 
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a) RVKA – Represents shallow crater environment, caused by low energy material settling 

process (aeolian, lacustrine and fluvial environments). 

b) RVKB – Represents mass flows resulting from the wall rock collapse. The high energy 

generated from the collapse results in either talus deposits, debris flows, or mud flows. 

 

2) Pyroclastic kimberlite – These kimberlite rocks display that the material components of the 

unit are a result of direct fall, flow or surge volcanic deposit. 

 

Figure 12. Summarised workflow for DeBeers Holdings internal kimberlite nomenclature and 

classification. 

Clast size and shape analysis  
The analysis of maximum clast size for country rock xenoliths (CRX), magma clasts (MG) and olivine 

(OL) was carried out. Two boreholes were selected and sampled (BH003 and BH004 due to the 

consistency of occurrence of all the three selected components. These sampled zones within the two 

boreholes are assumed to represent the range of lithofacies and the clast sizes and shapes present in 

each. The clast sizes were measured using a 30 cm ruler and recorded per their respective identities 

and for CRX specific rock types were assigned to clasts. The size and roundness/angularity of clast 

particles is significant in this study as it reflects: 

1. The extent of deposition and transportation of the eruption material. 

2. Process of magma fragmentation and subsequent pyroclastic process associated with ejecta 

material e,g in vent milling (Cas et al, 1987) 
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Magmaclasts analysis 
Magma clasts are defined as physically distinctive and fluidal shaped solidified kimberlite magma 

bodies generated by magma eruption processes relating to near surface emplacement (Webb et al, 

2017). Magma clasts are of two forms (Smith et al, 2013). 

1. Melt segregations: They form by segregation of magma in both subvolcanic and non-volcanic 

hypabyssal intrusions 

2. Melt bearing pyroclasts: They result from fragmentation and subsequent rapid magma 

cooling when the kimberlitic magma erupts and is common amongst the volcaniclastic rocks 

above and below surface. 

To differentiate between these two processes in the initial broad scales of observation was difficult, 

which may be a result of high alteration common in kimberlites. 

Magnetic susceptibility measurements 
To measure the downhole magnetic susceptibility of the core a handheld KT-9 (Kappameter) was used. 

Onsite data acquisition procedure  

During core drilling, the core is released on a core stand where the magnetic susceptibility is measured. 

The KT-9 has a protruding pin from the measuring head that is pressed against the core surface which 

automatically displays the true measured susceptibility of the core in the SI unit. The KT-9 is advanced 

in measuring susceptibility as it measures the TRUE susceptibility as compared to some equipment 

that measures the APPARENT susceptibility and as such no manual correction is required to 

compensate for the difference between true and apparent susceptibility. Due to the uneven surface 

of the core some errors may occur due to air space gaps due to sensor sitting on either bumps or gaps. 

The benefit of using the KT-9 in overcoming this error is that it spaces the sensor a fixed distance away 

from the surface of the sample by the pin. 

Drill cores have varying curvatures and as such this results I geometrical errors, in some devices a 

manual correction must be done using corrective calculative tables with different drill-core diameters. 

The KT-9 is special as it automatically adjusts the susceptibility readings as the equipment has an option 

to set the specific core diameter one prefers. The KT-9 should be set to CORE mode (zero read zero 

method), summary of method below:  

• Taking a zero reading in free space. 

• Place the sensor head against the core sample and press the right button. 

• Remove the KT-9 after the beep (it is checking zero again). 

• The result is displayed after the second beep. 

Data visualization (Downhole magnetic susceptibility variations) 
To further distinguish the internal lithofacies downhole magnetic susceptibility was measured for the 

four boreholes. To display these susceptibility variations a line graph was used to show the different 

trends to be used in identifying these lithofacies. 
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Results  
The results of the project presented in this section include macroscopic observations (core log), 

microscopic observations (thin sections), maximum clast size analysis, dilution analysis and downhole 

geophysical variation analysis. 

Macroscopic Observations 
This section of results is a detailed description of observations made during detailed core logging of 

the four drill cores. The description is for the different lithofacies as described in the method section 

(Fig. 11).  

During core logging the RVKB was subdivided into the 𝑅𝑉𝐾𝐵𝑚 (matrix supported) and 𝑅𝑉𝐾𝐵𝑐 (clast 

supported), which are differentiated by the dominant components as either matrix or clast dominated. 

These rock units are observed to be alternating and in some instances are intermixed within one zone 

as such in the overall model they were considered as one. The detailed description of these lithofacies 

aimed at giving an overall differentiation of mineral textures and components (kimberlitic or crustal 

origin) contained within a unit and structures if any as they can show pipe disturbances by any tectonic 

event or compaction of pipe material. 

Microscopic Observations 
This section of results entails the detailed descriptions of the mineral textures and their relationships 

as observed from the thin section using a microscope. These minerals are used to further understand 

the different processes responsible for emplacement of these various lithofacies which the samples 

were selected from (Appendix B). 

RVKA-Resedimented volcaniclastic kimberlite A 

Macroscopic Analysis 

The RVKA dominates most of the upper zone of the section, just below the Kalahari overburden which 
is present in all the four boreholes and has an average thickness of 100m in the borehole intersection. 
Some zones of this facie show higher level of oxidation (highly red colour). For example, BH001 at 
128.50-140.20m has high moisture content and has deep red colour (Fig. 13a). At the top of this facie, 
there is rare occurrences of coarser grained interbeds containing sparsely concentrated juvenile 
constituents and the source of crustal material are quartz and mud. Most clasts are well sorted and 
rounded, very fine to fine laminations of silts and clays indicating low energy depositional 
environments (Fig. 13c and 13d). This facie has either sharp or gradational contacts with adjacent 
facies. Differences between coarser and finer grained material yields a sharp contact as well as 
variations between juvenile and crustal xenolith content. BH002 has some upward fining sequence 
with a coarse-grained base and abundant micaceous minerals (Fig. 13b). Some of the coarse-grained 
layers contain sub-rounded to sub-angular crustal xenolith fragments with serpentinized edges.BH002 
& BH003 shows low energy sedimentary structures such as ripple marks displayed in Fig. 13c that are 
generated by low speed water currents, microfolds and microfaults that occur due to permanent 
deformation of planar surfaces (sedimentary strata) and convoluted laminations that are confined to 
a single layer of sediment, resulting from subaqueous slumping.  

The lower RVKA is characterized by multiple silty to sandy beds dominated by fine and elongated 

country rock clasts ranging from 5 mm to 10mm and are typically horizontal to sub horizontal Fig 14a. 

Figs. 14a and 14b shows presence of these narrow clast supported laminations display an increase in 

mean grain size and lithic contents. Typically, an increase in the grain size of the juvenile material 
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results in differences of fines content of the inter clast matrix of beds, which gives a noticeable colour 

differences.  

Bedding in BH004 is oriented close to horizontal directions and allochtonous clay dominated layers 

indicating low energy environments (lacustrine). Layers indicate lesser amount of wave energy and 

somehow a closed depositional system thus having a higher sedimentation rate (Fig. 14b). Highly 

carbonaceous fine grained and thin laminated beds occur towards the bottom of the unit. The juvenile 

content ranges from 0-10% as the matrix is mostly of crustal composition. 

 

 

 

 

 

 

 

 

 

 

Figure 13. a) Upper RVKA with thick layers of close to 2-5cm representing the epilimnic facies. Reddish 

to pale yellow oxidized zone of the upper RVKA showing variations in bedding size and oxidation state. 

B) Distinctively bedded fine to medium grained facies with a colour contrast of the beds related to the 

difference in the inner clast matrix fines content of the individual beds. Contains micaceous fine matrix 

and traces of pale green olivine relics. C and D) highly laminated, country rock dominated with silty-

clay clasts, showing secondary sedimentary deformational structures. Ripple marks along the 

laminations and microfaults cross cutting the laminae creating displacement. Sparsely distributed 

micaceous minerals within the gritty lamination 

 

Figure 14. A) Elongated Lithic fragments with a NW-SE orientation along bedding orientation enclosed 

within a medium grained grey juvenile matrix. B) Randomly oriented rounded to subrounded altered 

country rock xenoliths within a fine-grained juvenile matrix with low serpentinization and calcite visible 

in places. Small cavities showing degassing during cooling. 
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A B 
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Microscopic analysis 

 

Figure 15. (A) Photomicrographs displaying highly ferruginous felsic dominated fine grained material, 
with abundant quartz, phlogopites flakes and dispersed opaque minerals. (B and C) Photomicrograph 
of alternating laminas within the RVKA of finer grained and coarser grained material and display 
varying colour intensity as a result of varying material of both country rock and juvenile material. (D) 
Phlogophite rich matrix with abundant small well rounded quartz and sparsely distributed opaque 
minerals. 

 

Figure 16. Photomicrographs of sample MK428 representing the RVKA. A) Sub rounded altered country 
rock xenoliths (Crx) and rounded magma clast (Mgc), the magma clast is (Regular uncored, crypto 
crystalline, poorly vesicular, sharp boundaries and clastic matrix) set in a fine grained sepentinized 
matrix. B) Partially solidified magma clasts with a lower relief and highly visible clastic and crystalline 
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intermagmaclast material. Top right corner is a rounded almost pseudomorphed rimmed olivine crystal 
and at the lower part of the image is an intact olivine with high interference colours, the interclast 
matrix is dominate by angular to sub angular quartz crystals (Sp). C) Partially solidified magma clast 
dominated by diopsides (Dp) and black crystals of spinels (metal oxides on isometric, or cubic crystal 
system, e.g magnetite, chromite, etc.) with a diffused margin. D) Larger crystals of quartz (Qtz) and 
magnetite (Mag) in the center of the thin section and on the lower right is a magma clast (MgC) high 
relief, uncored poorly crystalline, poorly vesicular set on a fine medium grained serpentinized interclast 
matrix. 

𝐑𝐕𝐊𝐁𝒎-Resedimented volcaniclastic kimberlite B (matrix supported) 

Macroscopic Observations 

The 𝑅𝑉𝐾𝐵𝑚 displays a fragmental, inequigranular and matrix supported texture, resulting from 
presence of loosely packed olivine, lithic clasts, quartz and feldspar, magma clasts and mantle 
xenocrysts which occur within a very fine grained serpentine rich matrix. The 𝑅𝑉𝐾𝐵𝑚 is dominated by 
debris flow with mostly olive green colour and made up of mostly volcaniclastic material within a 
suspension setting sequence with an intermix of fine to course textured crustal and juvenile material.  
 
BH001 contains blocks of dark grey mudstone fragments within the suspension setting sequence with 
no laminations (Fig. 17a) while other blocks fragments display convoluted laminations Fig. 18d. The 
alternating layers of debris flow periodically have more angular and larger lithic fragments of siltstones 
and quartzites (5mm) within layers of average thickness of 5 to 10 cm (Fig 18d).The angular country 
rock xenoliths enclosed within this facie have debris kind of matrix with alteration rims around the 
angular fragments (Fig 18. d). Fig. 17b and Fig. 18a shows distinctive planar bedding of varying textures 
(fine, fine medium, medium and coarse grained) and different interclast matrix materials (kimberlitic 
and carbonate) and an upward fining of particle sizes.  
 
BH002 and BH004 display normal graded, cyclic bedded units with varying thickness ranging between 
20cm-10 cm. The difference between these sublayers is defined by the presence of narrow clast 
supported layers displaying an increase in mean grain size and lithic and juvenile components (Fig 16. 
B). The bedding/laminations is at times caused by variations in the fines content of the inter-clast 
matrix of the beds, which produces a colour difference within this facie (Fig. 17b). It is common within 
this facie that elongated clasts display a preferred orientation parallel to the bedding plane even 
though there are instances of random clast setting within layered beds (Fig. 18b). BH003 and BH004 
have the largest visible magmaclasts in the range of size 50mm to 120mm (Fig. 19). 
 
The RVKB𝑚facies have been intersected in each of the four boreholes and is interchanging with the 
𝑅𝑉𝐾𝐵𝐶, the fine to coarse grained bedded zones range between 30cm to 5m in thickness. The contacts 
between the 𝑅𝑉𝐾𝐵𝑚 facies and 𝑅𝑉𝐾𝐵𝑐  facies are generally sharp. The grain size contrast within the 
RVKB, i.e. between the coarser-grained lithic-rich and the finer-grained lithic-poor beds, is variable, as 
is the sharpness of the bed contacts, although diffuse contacts tend to predominate.  
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Figure 17. a) Sharp margin between the fine grained kimberlite indicating magma contact with the 

country rock xenolith. There is calcite infills found within the kimberlite contact generated from the 

contact of the hot magma and the cooler country rock. b) Greyish green debris flow, fine grain matrix 

supported unit, coarser grained lithic rich beds bedded with finer lithic poor and thinner beds at the 

top. Small crustal xenolith fragments in places. 

 

Figure 18. A) Normal graded zone with angular coarse grained lithic fragments at base trasending 

into a finer textured zone. B) 𝑅𝑉𝐾𝐵𝑚 Sublayers defined by the presence of narrow clast C) Fine 

grained cyclic convoluted beds D) Country rock blocky fragments displaying convoluted laminations 

and shows debris kind of matrix with veinlets. 

 

Figure 19.  A) Macro-autolith clasts found within BH003 and BH004 displaying both sharp and diffused 

contacts set on a fine grained kimberlitic dominated matrix. Autoliths of varying colour and texture to 

the matrix believed to originate from a pre crystallized kimberlite magma intrusion. 

A 

B 

A B 

C D 
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𝐑𝐕𝐊𝐁𝑪-Resedimented volcaniclastic kimberlite B (Clast supported) 

Macroscopic analysis 

The 𝑅𝑉𝐾𝐵𝐶 facies displays a distinctly fragmental (brecciated), inequigranular texture resulting 

from the presence of angular to subrounded coarser constituents (olivine, country rock xenoliths, 

juvenile magma clasts, autoliths and xenocrysts) which are set in a very fine grained inter-clast 

matrix. This facie is characterised by closely packed lithic components and less juvenile material 

matrix hence considered a clast-supported texture. BH001 has massive mudstone and convoluted 

bedded siltstones observed towards bottom contact and Fig. 20a shows post emplacement carbonate 

veins visible infill within cavities which may be related to presence of 𝐶𝑂2 as a gaseous phase present 

during the brecciation of the 𝑅𝑉𝐾𝐵𝐶. Larger crustal xenoliths average of 1000 mm, predominantly 

siltstone are observed within this borehole (Fig. 21c). Some zones of this facie within BH001 contain 

abundant large boulders and cobbles of tillites of the Malogong formation.  

Some intense alteration is visible in places, with dispersed phlogopites and some opaque minerals (Fig. 

21c). BH002 has carbonated olivine with euhedral shape and varying sizes of subrounded elongated 

magmaclasts observed towards the bottom of this facie. Autoliths exists in most parts of the unit (Fig 

20. A). Juvenile material infill fractures in country rock clasts is observed within BH003 and is a sign of 

intense fragmentation (Fig. 21).  

Clast of coherent kimberlite with a vesicular and vuggy fractured structures observed with a relative 

abundance of phlogophite and sparcely distributed macrocrystic olivines) that may have originated 

from a pre-existing intrusive kimberlite magma that was disturbed by eruption (Fig. 20b). Highly 

carbonaceous and calcretized clasts are vesible but do not differ in textures and sizes (Fig. 20 a & b). 

 

Figure 20. A) Highly fragmented monolithic (mudstone xenolith) dominated with calcite infill in cracks 

B )Pale brown well rounded autolith set on coarse grained matrix C) Highly carbonaceous 𝑅𝑉𝐾𝐵𝐶  D) 

Highly calcretized 𝑅𝑉𝐾𝐵𝐶  

A B 

C D 
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Figure 21. A) Heterolithic brecciated zone with microfractures on country Rock xenoliths as an 

indication of less competence of mudstones. B) Closely packed angular country rock fragments typical 

of the 𝑅𝑉𝐾𝐵𝐶  C) Serpentinized angular country rock clast set in an inter clast kimberlitic matrix, small 

olivine and some opaque mineral fragments set on the siltstone fragmented large clast, clay rich 

juvenile rich matrix D) Convoluted laminated country rock which is kimberlite free and displays partial 

rotation due to extensive fragmentation.  

Microscopic analysis 

𝐑𝐕𝐊𝐁𝒎-Resedimented volcaniclastic kimberlite B (matrix supported) 

 

Figure 22 Microphotographs displaying typical high ferruginous 𝑅𝑉𝐾𝐵𝑚 A) Highly fragmented zone 
with olivine relics and angular country rock xenoliths, well-shaped magma clasts growth incorporated 
fragmented clasts. B) Garnet crystals with a kephylitc outer rim texture. C) Sample contains angular 
pyroxenes in places and some idiomorphic spinels in places. D) Well preserved pyroxene crystals with 
finely fragmented magnetite. 

A B 

C D 



39 | P a g e  
 

 

Figure 23. A) Sample dominated by highly serpentinized phenocrystic olivines, some of the olivines are 
angular and have an intergrowth of spinels along altered rims. B and C) Same picture plane polar and 
cross polar showing Idiomorphic macrocrysts of olivines with a thick rim and a ferruginous core set on 
a pervasive serpentine dominated matrix D) Magma clasts displaying ferruginous boundaries and 
calcite and quartz inclusions. Pseudomorphed olivines with magma clast core visible. 

𝐑𝐕𝐊𝐁𝑪-Resedimented volcaniclastic kimberlite B (Clast supported) 

 

Figure 24. Microphotographs displaying interlocking of highly brecciated country rock xenolith clasts. 
Clast set on a fine textured juvenile matrix. 
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Figure 25. Microphotographs showing typical 𝑅𝑉𝐾𝐵𝐶  interclast matrix mineral components. A) Highly 

pseudomorphed well-rounded olivine cryst with clay minerals on the rim and set on a quartz and 

phlogophite dominated matrix. B) Highly altered country rock xenolith dominated by plagioclase, 

phlogophite and some opaque minerals. C) Plain polarized section displaying two unequally 

pseudomorphed olivines, Ol represents a partially pseudomorphed olivine with preserved core and 

brownish-pale yellow rim of iddingsite while Ols shows a totally pseudomorphed olivine and matrix 

contains abundant ilmenite. D) Cross polar image of C displaying the colour intensity and colour 

differences of the two olivine crystals, also at the bottom is two country rock xenoliths of highly 

metamorphosed quartz (Quartzite of the Malogong formation). 

Pyroclastic Kimberlite 

Macroscopic Analysis 

The pyroclastic kimberlite facie represents the fall type of pyroclasts, with well sorted textures 
common as a result of deposition of material from convective clouds associated with pyroclastic flows 
or ejecta carried in gas streaming from a vent where by the ejected material is subjected to gravity will 
settle down from the eruption plume. The rocks of this facies are typically dark to medium olive 
greenish grey in colour (Figs. 20. a and b). Pyroclastic kimberlite is mostly massive and well sorted (Fig 
20. d), although friable zones do occur. The reduced competency tends to be associated with 
slickensided fracture planes. 
 
Some zones of this facie rocks display good textural preservation, despite a moderate to high degree 
of alteration example BH004 (207.8-213.2), which includes alteration to clay minerals, serpentine and 
carbonate. Within BH003 there is an array of magmaclasts with varying size and shapes angular to sub 
angular, some magma clasts have cored rims while some autoliths are observed with an intergranular 
matrix (Fig 20. B). Fig 20. d displays macrocrystic and phenocrystic olivines that are equally distributed 
across the unit and shape ranges from subrounded to angular and is totally altered to serpentine, 
carbonate and clay minerals.  
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Figure 26. A) Irregular and subangular country rock xenolith (mudstone) and magmaclast set in a 

coarse small fragmernted matrix.Magmaclast with an alteration rim. B) Magmaclasts with opaque 

mineral contents set on a fine juvenile matrix. C) Degassing structures around rounded-sub rounded 

calcite rimmed lithic fragments and a pelletal lapilli structures. D) Fine grained, poorly sorted units 

with black and cream coloured macrocryst of broken olivine, golden yellow olivines in places and 

accretionary lapilli and variably vesicular, irregularity shaped juvenile pyroclasts. 

Microscopic analysis 

 

Figure 27. Photomicrographs illustrating overall petrographic features of the main varieties of the PVK. 

A) Closely packed varying sizes of serpentinized olivine (phenocrystic (Olp) macrocrystic (Olm) sizes) 

with calcite inclusions within the centered almost well rounded olivine. Highly sepentinized (Sep) 

country rock xenolith (Crx) on the right with well-developed alteration rim. B) Serpentine dominated 

coarse grained interclast matrix made of predominantly phlogophite (Phl) grains and mixture of 

angular to subangular quartz and calcite, Rutile (Rut) grows near spinel crystals. C) Mixture of both 

kimberlitic and lithic components, different size and shape country rock xenolith (Crx), Magma clasts 

A B 

C D 
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(Mgc) to the almost top left corner low crystallinity and a thin cored membrane and elongated shape, 

(Mgc) toward the middle right shows a singular core, well rounded phenocrystic olivines (Olp) 

dominated and angular, well crystalline and highly vesicular magma clast (MgC) to the bottom. D) 

Magnified image of C showing detailed crystallinity of the elliptical magma clast (MgC) made of 

pseudomorphed olivines crysts and calcite crystals in a serpentinized intermatrix, on the lower left is 

well rounded olivine core set on a serpentinized and magnetite (Mag) crystals developed along rim. 

 

Figure 28 (A) Discrete highly altered pseudomorphed olivines (Ols) having relics of angular crysts 

observed with chilled margins forming a partial pelletal lapilli. Upper right corner shows a cored 

perovskite (Prv) with an alteration rim developed, an intensively altered country rock xenolith (Crx) and 

are set in a calcite rich matrix. (B and C) well developed magma clasts (Mgc) with dominant calcite 

crystals, some biotite, phlogophite and opaque grained minerals incorporated within the groundmass. 

(B) Shows a two phased solidification of the MgC forming a highly crystalline intermagmaclast material 

(calcite rich boundary). The bigger portion displays finer groundmass whereas the almost engulfed part 

displays a coarser groundmass. (d) photomicrograph displaying two distinct well rounded olivines with 

the one on the right displaying high pseudomorphism and the one on the right displays seperntinization 

and highly fractured and a mineral of high birefringence (presumed to be diopside in this case) 

developed within the fractures as a infill or replacement mineral. 

 

A B 
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Figure 29. Melt bearing pyroclasts of the PVK typical of the Kimberly type pyroclastic kimberlite A) 

Abundant magnetite cored olivines B) Sparsely distribution and poorly sorted multi component clast of 

lithic and kimberlitic material.  

Crustal Components 
The MK1 was a result of high intensity fragmentation of consolidated rocks at the bottom of the vent 

(Fig.21 c and d) to poorly consolidated sedimentary rocks at the top, that typically shows microfaults 

and microfolds (Fig. 13 c and d). The most abundantly distributed country rock xenoliths are the 

mudstone of the Khuis formation that are almost present within every zone of the pipe and are usually 

found in proximity to the laminated siltstones from the same formation (Fig. 21a). Around the Tsabong 

region, the Khuis formation is found at depths close to 800m below ground level and are found at 

shallower depth, 400m above their original stratigraphic position within the MK1 pipe, which may be 

attributed to the buoyancy and explosiveness of the intruding magma during ascension. Within 

borehole BH001 (Fig. 29) some granite relics were observed at the bottom zones of the pipe that are 

thought to originated from the deep crustal rocks in the basement of this stratigraphy. 

Calcrete clasts are intercepted in the top zones of the pipe (Fig. 24 H002 and H003). They are well 

known to occur in the topmost parts of most kimberlites and are a result of precipitation of calcium 

carbonate from weathered rocks. Kimberlites are highly susceptible to weathering and they normally 

contain pocket spaces that support calcrete formation which subsequently contributes to the dilution 

of the upper zones. 
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Figure 30. Country rock xenoliths percentage distribution, contributing to the overall pipe infill 

material 

Dilution 
To understand the extent of the dilution in the MK1 kimberlite pipe, a visual assessment of the 

contributing components of different facie intervals was done and this be used to differentiate these 

lithofacies. This visual assessment was divided into percentage distribution of either kimberlitic or 

crustal origin. The results from the four boreholes are presented in (Fig. 31). All the four boreholes are 

affected by dilution which differs in contributing constituents and percentage distribution with depth. 

BH002 shows the highest percentage distribution of the crustal material, mainly due to a deep RVKA 

facies that extent to depths of 256 m and it was terminated within the Dwyka group making it the 

shortest borehole (Figure 35).BH001 and BH003 show substantial dilution and maybe attributed 

mainly to the fact that they are located closely to the wall rock contact and as such most crustal rock 

material was incorporated to the nearest proximity. BH004 is the least diluted borehole and is the 

most central borehole of the pipe. 

Amongst the different lithofacies the PVK shows the most consistent high content of kimberlitic 

material because most of the material is made of debris fragments that were ejected and re deposited 

into the pipe with close to minimal contamination. The RVKB has a fluctuating ratio of kimberlitic 

material to crustal material with depth, this is because both 𝑅𝑉𝐾𝐵𝐶 and 𝑅𝑉𝐾𝐵𝑚 have varying country 

rock and kimberlitic material content. Some parts of the RVKB has larger blocks (~30 cm) of mudstones 

and siltstones (Fig.21 c and d) within a zone which increases the dilution percentage whereas others 

have larger blocks of autoliths (~15cm) that increases the kimberlitic material content (Fig. 19). The 

RVKA is the most highly diluted facie with an average percentage of ~90% crustal material content. 
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Figure 31. Borehole graphs displaying downhole ratio of kimberlitic material to crustal material as 

percentage distribution. (Dilution percentage per zone) 

 

MK1 Magnetic Susceptibility Variations 
Magnetic susceptibility of kimberlites is affected by an array of factors that are normally associated 

with the magma up rise to the surface of the earth. It shows that MK1 pipe is no exception of this 

phenomenon as it is evident from the macroscopic and microscopic observations that the pipe 

contains wide range of components, both from kimberlitic and crustal origin and to a significant extent 

it is influence by the mineralogical composition of these rocks found within the pipe. 

The magnetic susceptibility variations from all the four boreholes have a general increasing trend with 

an increasing depth (Fig. 33). The zones in the shallow depths of the boreholes have the lowest 

magnetic susceptibility of close to (0 𝑥10−3𝑆𝐼) which indicates the absence of magnetic minerals and 

is evident since the rock units contain mostly nonmagnetic minerals such as quartz and feldspars. 

Low Magnetic Susceptibility 

The Kalahari topsoil is made up of fine grained and well sorted unconsolidated sediments with the 

lower Kalahari consisting mostly of calcretized sandstone. The Kalahari cover has an average thickness 

of 90m across the four boreholes with BH001 having the deepest cover of 93m this is evident from the 

magnetic susceptibility variation (Fig. 33). 
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Medium Magnetic Susceptibility 

The resedimented volcaniclastic (A and B) display a wider range of magnetic susceptibility values. This 

is because this facie is affected by different magnetic susceptibility influencing factors such as 

kimberlite contamination, post emplacement and hydrothermal alteration and to some small degree 

weathering and kimberlite reintrusion as described in (Chapter 1 Introduction).The RVKA is the most 

diluted of the two, with crustal rock xenolith component average of 90% of the total it is made up of 

lacustrine/fluvial and aeolian environments. This material contains eroded tuff ring material that may 

contain magnetic minerals hence an increase in magnetic susceptibility from the Kalahari sand cover 

downwards, this is shown by well-developed magnetite and other smaller opaque grains found within 

these facies (Fig. 16 c and d). The RVKB has a varying susceptibility, this facie is characterized by high 

energy environments and contains angular to sub angular clasts of mudstone and siltstone with an 

average length of 500mm. Mudstones and siltstones have a low magnetic susceptibilities (Average 

susceptibility (0.9x10−3𝑆𝐼)  and as such this does not have much influence in magnetic susceptibility 

of the RVKB as seen in Fig. 32 (BH004 depth range 83.55-191.75m). There are zones within the RVKB 

with a higher magnetic susceptibility and this is due to a higher content of kimberlitic material as fine 

to coarse grained matrix supporting the larger angular mudstone and siltstone clasts. 

High Magnetic susceptibility 

The pyroclastic volcaniclastic kimberlite (PVK) has the highest magnetic susceptibility of the kimberlite 

facies, within BH004 depth range 616.39-677.4 m the magnetic susceptibility is at an average of 10 x 

10−3𝑆𝐼 .Within the same borehole there is an upper placed pyroclastic block from 207.8-213.2m with 

magnetic susceptibility average of 15 𝑥 10−3𝑆𝐼 (Fig. 33).This increase in susceptibility is due to the 

mineralogy and post emplacement and hydrothermal alteration. The pyroclastic kimberlite contains a 

high content of ferromagnetic minerals such as magnetite, spinel and perovskite (Fig. 29). The 

magnetite is due to intense to moderate alteration by serpentinization which results as fluids react 

with the olivines (fosterite) releasing the Fe which undergoes further oxidation and forming magnetite. 

This is shown in Fig. 34 where magnetite forms core replacement within an olivine. The magnetic 

susceptibility of the PVK is proportional to the relative abundance of these magnetic minerals and 

other opaque minerals. 

The base/end of hole for both BH001 and BH002 is the Dwyka group (figure BH001 588.09-701.5 m 

and BH002 358.52-434.54m with an average magnetic susceptibility of 10𝑥10−3𝑆𝐼 and 7𝑥10−3𝑆𝐼 

respectively).This group constitutes of stratified tillites with well-rounded quartzite pebbles and fissile 

shales. The tillites have a higher magnetic susceptibility mainly because of their varying lithic 

components. The lithic components may contain high abundance of ferromagnetic minerals which 

yields high magnetic susceptibility readings. This cannot be confirmed as this lower basal group was 

not considered for investigation in this project.
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Maximum clast analysis 
The clast size variations of both juvenile and lithic clasts sampled from the RVKB and PVK facies 

presented in Fig. 32 shows that the OL, CRX and MG clast sizes show relatively consistent variations 

within all sampled zones in both boreholes BH003 and BH004. The graphs below show that the 

maximum clast of both juvenile and lithic components is greater in the RVKB than the PVK and as such 

the PVK displays a finer clast size as compared to the RVKB. Despite these maximum clast size 

differences between the facies it is evident that both boreholes show a more consistent overall 

variation within each borehole and BH003 shows the least overall maximum clast variation. 

 

 

Figure 32. Graphs showing maximum clasts size analysis of (Olivines (Ol), Magma clasts (MG) and 

Country rock xenoliths (CRX) representing RVKB and PVK from two boreholes (BH003 and BH004). (A 

and B) shows olivine and magma clasts maximum sizes (C and D) shows country rock xenolith maximum 

clast sizes.
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Magnetic susceptibility variations 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 Line graphs displaying downhole magnetic susceptibility variations of the four boreholes 
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Olivine Replacement Reactions  
Olivines are the most abundantly distributed minerals within kimberlites as displayed by the melt 

bearing pyroclasts (Fig. 29a). Due to high alteration of kimberlites, the olivines have less preserved 

primary textures. Olivines within the PVK and RVKB of the MK1 pipe show signs of magmatic and 

metamorphic transformation which results in the replacement of most of the olivine cores. This 

process is believed to have an impact in the overall magnetic susceptibility measurements of the 

internal facies as it is higher where there are abundant olivines affected by this replacement reaction  

 

Figure 34. Sample MK43 (A and B) photomicrographs (transmitted and reflected light) representing 

highly serpentinized almost spherical olivines with a magnetite core and an extensive alteration rim set 

in a fine-grained serpentine matrix. They both have abundant smaller opaque minerals (presumed to 

be spinels in this context) that may be the reason for an elevated magnetic susceptibility (C and D) 

Photomicrographs (transmitted and reflected) of cored olivines with magnetite cores under reflected 

light and some smaller magnetite crystals visible within the matrix. 
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Discussion 
 

Provisional MK1 Pipe Emplacement Model  
Observations made from this study suggests the following possible emplacement model. This model is 

subject to change and scrutiny with further data acquisition and more exposure from mining 

operations if any in the future. Further studies may put much emphasis on pipe morphology and 

magma ascension to surface which might enlighten more on the exact emplacement model type 

(phreatomagmatic, embryonic magmatic or both). Even though there are observations for example 

accretionary lapilli and armoured lapilli found within the volcaniclastic fill suggest to some extent a 

hydro-influence during emplacement. Furthermore, the subsidence of the volcaniclastic fill suggests a 

more phreatomagmatic emplacement model but this as well can only be confidently confirmed by 

further detailed investigations. The obvious knowledge from the geology of the area and the 

conclusions gathered from the dilution logs and the country rock stratigraphy is that the magma did 

not encounter any lithostratigraphic barriers by any igneous intrusive. 

 

Figure 35. Cross section showing the interpreted distribution of internal geology of the MK1 pipe. The 

section displayed above shows the distribution of the dominant lithofacies of the pipe as discussed in 

the results section. The cross section above is based on the geology logged in the four boreholes as 

shown in Appendix E. 
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Stage 1 

During magma ascension to the surface the crystallization of the magma is controlled by the amount 

and composition of the juvenile volatiles within the magma. The juvenile volatiles content plays a 

pivotal role in the explosiveness and buoyancy of the magma subsequently influencing the extent of 

pipe excavation. The embryonic developing magma rich in 𝐻2O and 𝐶𝑂2 reaches ≤2 Km below surface. 

At this stage of magma development, the juvenile magma clasts solidify due to cooling at surface. As 

the magma reaches the surface of the earth the pressure built in the magma capsule overwhelms the 

overlying pressure exerted by the country rock. This leads to pressure release and excessive fracturing 

of the country rock that yields a continuous exsolution of juvenile volatiles. The continuous process of 

country rock fracturing reaches close to the paleosurface and produce a significant decompression 

that leads to a massive explosive volcanic eruption and formation of deep excavated pipe. This 

explosive eruption causes a fragmentation of the crystallized magma and the magma clast components 

formed are ejected with the pyroclastic material to the surface. Some properties of the magma clasts 

in the MK1 pipe shows well rounded magma clasts that may be caused by abrasion and rounding during 

resettlement back into the pipe after eruption. 

Stage 2 

Material ejected from the pipe during the initial explosive eruption is deposited around the pipe ring 

and form a massive/layered tuff ring. During eruption the lower Karoo super group mainly the (Ecca 

group) is affected by the eruption due to their poor consolidation state during eruption as depicted by 

the mudstone clasts both in the RVKA and RVKB showing secondary deformational structures as a 

result. This impact leads to abundance of sedimentary rock clasts of varying sizes and shapes as well 

as felsic minerals like quartz and feldspars. The influence of water from these unconsolidated rocks 

and sediments may have triggered a series of phreatic explosions of small scale impact as it interacted 

with the hot debris (pyroclastic tephra).These phreatic processes may have largely contributed to the 

formation of armoured and accretionary lapilli clasts found within the RVKA and RVKB as the water 

droplets condense and the fine ash/lapilli fragments form accretions. This assumption could only be 

proven further with the MK1 pipe by studying more exposure of the pipe during mining and better 

depth understanding of the evolution of the magma as this model is provisional and is subject to 

change with further investigation. 

Stage 3 

The resettling of pyroclastic debris material back into the pipe is mainly due to gravitational influence. 

The pyroclastic redeposition mass flows are dominated by the debris flows and are characterized by 

poorly sorted polythic components. Some of the pyroclastic tephra is redeposited into the pipe as a 

result of wall rock instabilities. Some of the country rock fine grained material is found within the 

interclast matrix of the PVK as they were assimilated during redeposition.  

Stage 4 

Due to the slope instability of the pipe/vent, a massive wall rock collapse occurs and highly fragmented, 

poorly sorted mega angular blocks of mudstones, siltstones and sandstones of the Ecca group are 

incorporated into the pipe. The RVKB consist of mostly highly altered country rock xenoliths that must 

have been influenced by the hot pyroclastic debris and interacting with water that might have been 

coming from underground aquifers that resulted in seperntinization and hydrothermal 
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metamorphism. This interaction with underground water might have caused some minor phreatic 

eruptions as described in (stage 3) and may have led to the displacement of the lithofacies zones that 

are seen to be present in different depths of the pipe and Fig. 35 shows intersected PVK in BH004. 

Formation of rare armoured and accretionary lapilli within the lower resedimented kimberlite may 

have been due to this later stage phreatic eruption. 

Stage 5 

Resedimentation of the RVKA involves the incorporation of the pyroclastic tephra material into the 

pipe. The process involves the transportation of this pyroclastic debris by surface water run off caused 

by rainstorms and wind transportation into the pipe. The RVKA is made up of mostly lacustrine 

depositional environment, as a result it is well bedded and laminated with well sorted mixture of both 

juvenile material and abundant crustal components from both the eruption and surface erosion 

remnants observed within the well graded beds displayed by this lithofacies. A crater lake is created 

and fine grained RVKA is observed at the topmost zone as a result and it generates an overall trend of 

upward fining. The phreatic eruption generated the pyroclastic ejecta on the pipe ring that is also 

incorporated into the RVKA and due to transportation and are well rounded.  

Stage 6 

Due to cavities at the lower zones of the volcaniclastic infill generated by slumping of the wall rock a 

gravitational collapse of the upper material is generated. This is observed by the periodical orientation 

change of the bedding within the RVKA. Some of the beds within RVKA show micro faults and micro 

folding that might have been a result of this gravity related compaction. Furthermore, this compaction 

may be a result of the small scale phreatic eruptions induced by late stage magma interaction with 

ground water or by the late stage epiclastic crater lake deposits (calcretized sandstone) found on top 

of the RVKA. 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 | P a g e  
 

 

 

 

Conclusion 
The emplacement of the MK1 pipe is assumed to be like the Class 1 kimberlites. The pipe excavation 

represents the initial near surface emplacement process caused by rapid explosive activities of the 

juvenile volatiles from the uprising magma. The PVK of the MK1 pipe depicts the initial speedy primary 

pyroclastic deposition processes as a result of the explosive volcanic eruptions, the PVK is dominated 

by mostly pyroclastic fall material and to a lesser extent both flow and surge pyroclastic process. The 

PVK is mostly medium to coarse grained, massive and homogenous unit with poor sorting of material 

as a result of high energy settling during eruption. The RVKB represents the pipe wall collapse within 

subsequent crater enlargement stage, this unit is made up of the two sub-lithofacies with different 

sedimentation processes. 𝑅𝑉𝐾𝐵𝐶 displays high energy gravitational sidewall failure of mass flow 

processes and yielded poorly consolidated angular mega-clasts of mainly Permian mudstone and 

siltstones of the Ecca group. The 𝑅𝑉𝐾𝐵𝑚 represents a debris flow dominated mass flows with loose 

grain flows and is characterized by normal grading and lacking large country rock clasts. The 𝑅𝑉𝐾𝐵𝑚 

clasts are mostly sand sizes and well-rounded indicating distal settling environment from the pipe wall. 

The RVKA consist of tuff ring material that was subsequently filled into the remaining crater space. The 

RVKA represents a fluvial and lacustrine depositional process, as the unit is dominated by finer grained 

and bedded material of both juvenile kimberlitic material and country rock sediments. The bedded 

units indicate low energy sedimentation environments as they show some normal grading of the clasts 

within them. Some of the RVKA laminated beds show some secondary faulting and folding which may 

be attributed to subsidence of the volcanoclastic infill related to gravity induced compaction. 

A second eruption may have occurred that resulted in the displacement of the PVK unit found within 

the RVKA intercept in borehole BH004.This also may be attributed to the characteristics of juvenile 

magma clasts found within the volcanoclastic kimberlites that suggests an earlier crystallization and 

devolatisation of a primitive kimberlite magma at depth before the vigorous fragmentation of country 

rock (embryonic pipe development).The second eruption episode must have led to the displacement 

of both Dwyka within the RVKB and the RVKB within the RVKA. 

The MK1 also shows to a certain degree there must have been a phreatomagmatic eruption influence 

in the emplacement process. This is evident by the presence of some armored lapilli and accretionary 

clasts common in phreatic eruption. 
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BH001 Mudstone (%) Quartzite (%) Siltstone (%) Sandstone (%) Tillites (%) Granite (%) Jasper(%) KIMBERLITE (%) CRUSTAL %

0-95

95-165.26

165.26-176.89 60 40 10 90

176.89-194.25 55 5 35 10 20 80

194.25-210.59 85 15 55 45

210.59-227.45 50 35 15 5 95

227.45-261.87 60 15 30 5 75 25

261.87-296.3 40 20 20 10 6 4 90 10

296.3-304 60 30 10 80 20

304-316.7 35 5 50 10 10 90

316.7-330.05 30 50 20 85 15

330.05-368.4 10 65 15 10 70 30

368.4-370.9 30 10 60 10 90

370.9-434.77 10 15 55 15 5 60 40

434.77-460.3 5 5 90 5 95

460.3-507.55 10 30 60 30 70

507.55-588.09 10 30 60 90 10

588.09-701.5 80 20 1 99

BH002 Mudstone (%) Siltstone (%) Sandstone (%) Tillites (%) Calcrete (%) Gravel (%) KIMBERLITE (%) CRUSTAL %

21-34.05 75 5 20 0 100

34.05-56.4 75 25 0 100

56.4-83.96 75 25 0 100

83.96-145.31 100 8 92

145.31-210.91 5 90 5 10 90

210.91-227.5 80 15 5 5 95

227.5-256.15 40 50 10 10 90

256.15-281.42 95 5 7 93

281.42-358.52 75 15 80 20

358.52-434.54 100 0 100

APPENDIX A 

Fig. Visual Average crustal rock xenolith and kimberlitic material distribution BH003 
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BH003 Mudstone (%) Quartzite (%) Siltstone (%) Sandstone (%) Tillites (%) Calcrete (%) Shale (%) Diamectites (%) Clay (%) KIMBERLITE CRUSTAL %

27-50.03 85 15 0 100

50.03-83.3 90 10 0 100

83.3-145.55 100 1 99

145.55-165.5 95 5 15 85

165.5-180.3 65 35 90 10

180.3-249.05 80 5 15 10 90

249.05-254.54 1 99 1 99

254.54-280.2 100 95 5

280.2-318.36 100 1 99

318.36-349.5 100 95 5

349.5-370.92 100 1 99

370.92-413.45 100 80 10

413.45-440 100 1 99

440-459.9 100 95 5

459.9-510.8 90 10 1 99

510.8-522.85 10 90 6 94

522.85-526.38 98 2 1 99

526.38-731.4 10 90 99 1

BH004 Mudstone Quartzite Siltstone Diamectites Kimberlite Crustal  (%)

83.55-162.3 100 0 100

162.3-173.83 75 25 20 80

173.83-179.01 30 70 14 86

179.01-182.85 100 0 100

182.85-191.75 40 60 0 100

191.75-207.8 20 80 55 45

207.8-213.2 100 99 1

213.2-243.9 100 80 10

243.9-247.6 100 2 98

247.6-252.8 100 88 12

252.8-275.67 100 70 30

275.67-324.5 30 5 65 70 30

324.5-336.35 100 5 95

336.35-366.25 20 80 60 40

366.25-395.07 40 60 80 20

395.07-427.23 70 30 60 40

427.23-453.25 60 40 80 20

453.25-478.95 30 60 2 98

478.95-523.5 25 15 65 65 35

523.5-525.6 10 90 1 99

525.9-557.06 30 20 30 20 90 10

557.06-619.39 30 30 40 1 99

619.39-677.44 100 97 3
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APPENDIX B 

TABLE ** Petrographic samples (Sample Id, Borehole Id, Representative Lithofacies, sampling zone) 

 

RVKA-Resedimented volcaniclastic kimberlite A 

𝐑𝐕𝐊𝐁𝒎-Resedimented volcaniclastic kimberlite B (matrix supported) 

𝐑𝐕𝐊𝐁𝑪-Resedimented volcaniclastic kimberlite B (clast supported) 

PVK-Pyroclastic kimberlite 

 

 

 

 

 

 

 

 

 

Thin Section 
Sample ID 

Borehole Id Lithofacies Zone  

MK1_418 BH001 RVKA 129.29-129.46 

MK1_437 BH004 RVKA 168.55-168.79 

MK1_433 BH003 RVKA 278.86-279.09 

MK1_428 BH003 RVKA 170.05-170.26 

MK1_422 BH001 𝐑𝐕𝐊𝐁𝒎 181.76-181.97 

MK1_440 BH004 𝐑𝐕𝐊𝐁𝒎 284.42-284.62 

MK1_423 BH001 𝐑𝐕𝐊𝐁𝒎 192.80-193.04 

MK1_436 BH002 𝐑𝐕𝐊𝐁𝒎 320.05-320.25 

MK1_429 BH003 𝐑𝐕𝐊𝐁𝒎 203.52-203.71 

MK1_434 BH002 𝐑𝐕𝐊𝐁𝑪 224.54-224.72 

MK1_441 BH004 𝐑𝐕𝐊𝐁𝑪 524.54-524.75 

MK1_430 BH003 𝐑𝐕𝐊𝐁𝑪 346.59-346.79 

MK1_435 BH002 𝐑𝐕𝐊𝐁𝑪 278.86-279.09 

MK1-431 BH003 PVK 577.93-578.08 

MK1_438 BH004 PVK 209.7-209.8 

MK1_432 BH003 PVK 649.86-650.08 

MK1_439 BH004 PVK 211.88-212.0 
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APPENDIX C 

Figure 11: An illustration of the application of the scheme showing detailed description of economically 

significant components used in the prediction of diamonds distribution (Smith et al, 2013) 
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APPENDIX D 

Table A and B Maximum sizes of Olivine, Magma clasts and country rock xenoliths from BH003 and 

BH004 respectively sampled from RVKB and PVK 
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APPENDIX E 

Figure Borehole logs from leapfrog displaying different lithofacies: Yellow – Kalahari cover, Lime – 

RVKA, Purple – RVKB, BLUE – PVK, Red - Dwyka 

 

 

Figure Section drawing used for digitizing on illustrator. 
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APPENDIX E 

Figure 13 Descriptive terminology for magmaclasts in kimberlites (Webb et al, 2017) 
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APPENDIX F 

 

Figure 5 Detailed description of the lower, upper karoo supergroup and Post Karoo intrusions 

(Debeers Holdings Botswana 


