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Abstract Geological mapping has allowed constraints to be placed on the eruption mechanisms involved in the formation of the Late Permian–Early Triassic Jwaneng Centre kimberlite pipe, Botswana. Twelve lithofacies and three lithofacies associations (LFA 1–3) are recognised. LFA 1 comprises massive to bedded volcaniclastic kimberlite and marginal shale breccias and outcrops over 65% of the surface area of the pipe. It is characterised by a lithic population dominated by Transvaal shale clasts. LFA 1 grades into LFA 2, which comprises massive and bedded volcaniclastic kimberlite and volcaniclastic breccias and outcrops over 19% of the surface area of the pipe. The lithic population of LFA 2 is dominated by contorted and fluidal-outlined Karoo-age mudstones and siltstones. LFA 3 comprises a wedge-shaped unit in the north of the pipe and consists of a series of allochthonous megablocks of sedimentary and volcaniclastic strata. The juvenile clast type and matrix mineral assemblages of the volcaniclastic deposits in the Centre Pipe differ from those in many other southern African kimberlite pipes. Various emplacement models for kimberlite pipes are discussed and evaluated in the light of the new geological data. Both a maar–diatreme model and an explosive volatile-driven eruption model could account for much of the geology of the Centre Pipe and distinguishing between the two models based on deposits alone is difficult. There is strong circumstantial evidence for ambient conditions favourable to phreatomagmatism at the time of the eruption, and the influence of external water may explain the differences between the Jwaneng Centre Pipe and the Class 1 kimberlites common across Southern Africa in terms of both the juvenile clasts and of the inter-clast cement. However, low abundances of some types of lithic inclusions derived from major country rock units pose an unresolved problem for a classic maar–diatreme model of pipe formation. © 2008 Elsevier B.V. All rights reserved. Keywords: kimberlite; ultrabasic; explosive eruption; phreatomagmatism; fluidisation



1. Introduction The Jwaneng kimberlite cluster, Botswana (Fig. 1), comprises three large steep-sided kimberlite pipes that coalesce upwards (North, Centre and South Pipes), and several smaller satellite kimberlite bodies. They were emplaced during the Late Permian– Early Triassic (c. 235 Ma; Kinney et al., 1989). The nature of the material filling the pipes differs from that in other southern African kimberlite pipes (Field and Scott Smith, 1999; Webb et al., 2003; Skinner and Marsh, 2004). Distinguishing characteristics include: (1) a general absence of subspherical, thin-rimmed juvenile pelletal lapilli and instead juvenile lapilli typically ⁎ Corresponding author. Tel.: +44 117 954 5243; fax: +44 117 954 5400. E-mail address: [email protected] (R.J. Brown). 0377-0273/$ - see front matter © 2008 Elsevier B.V. All rights reserved. doi:10.1016/j.jvolgeores.2007.12.032



comprise irregular-outlined porphyritic clasts, some of which comprise micro-phenocrystic rims surrounding an olivine core; (2) an inter-clast clay matrix that lacks diopside microlites; (3) continuous and discontinuous layering in many of the pipe-filling deposits; and (4) common ash-coated clasts. They share some of these characteristics with kimberlite pipes in the Northwest Territories, Canada (Nowicki et al., 2004). Thus, the Jwaneng kimberlites have not been classified as true “diatreme facies” kimberlites (of Mitchell, 1986; Clement and Reid, 1989; Field and Scott Smith, 1999) and have instead been interpreted as being comprised of crater-facies deposits resulting from syn- and posteruption gravitational resedimentation by grain-flow and debris flow (Field and Scott Smith, 1999; Machin, 2001; Webb et al., 2003; Skinner and Marsh, 2004). They classify as Class 3 kimberlites under the scheme of Skinner and Marsh (2004).
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Fig. 1. Geological map of Botswana showing location of the Jwaneng kimberlite pipes. Right, simplified stratigraphic column showing the subsurface geology around the Jwaneng pipes. ULF — Upper Lephala Formation comprises laminated shales; LLF — Lower Lephala Formation comprises shales and quartzitic shales; TF — Taupone Formation dolomite. Modified after Carney et al. (1994).



Here we present the results of geological mapping and geological studies of the Jwaneng Centre Pipe. We demonstrate the complex nature of the constituent lithofacies and the internal structure. The data place constraints on the emplacement mechanisms of the pipe and provide insights into the origin of the differences between the Jwaneng kimberlite pipes and other southern African pipes (e.g., Class 1 kimberlites of Skinner and Marsh, 2004). We discuss the data within the context of published models for the eruption and emplacement of kimberlite pipes. 2. Geological setting The Jwaneng kimberlite cluster in southern Botswana is located on the south-eastern margin of the Central Kalahari



sub-basin in the north-western part of the Kaapvaal Craton (Fig. 1). The region is underlain by lithospheric crust up to 200 km thick (Simon et al., 2004). The Jwaneng kimberlites were emplaced into variably deformed meta-sediments of the Early to mid-Proterozoic Transvaal Supergroup that at the time were overlain by sedimentary rocks of the Lower Karoo Supergroup. The Transvaal sequence comprises dolomites of the Taupone Formation (Chuniespoort Group; Fig. 1; Eriksson and Altermann, 1998) that were deposited in a large marine basin during a period of tectonic stability (Catuneanu and Eriksson, 1999). The thickness of the dolomites at Jwaneng is not known, although drilling indicates a minimum thickness of 200 m. Formations within the Chuniespoort Group generally have sheet-like geometries
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Table 1 Summarised description and interpretation of lithofacies in the Centre Pipe. Abbreviations: VK — volcaniclastic kimberlite; VKB — volcaniclastic kimberlite breccia; BL — megablock; M — massive; B — bedded; s — shale-rich; m — mudstone-rich; ks — Karoo sediment; vs — volcaniclastic sediment. Mantle xenocrysts of garnet, ilmenite and clinopyroxene occur in trace quantities in all volcaniclastic lithofacies LFA



Lithofacies



Description



Composition: Matrix-supported lithic (b25 vol.%) and rare juvenile lapilli (b3 vol.%) in a crystal–lithic matrix; lithic lapilli dominated by shale+ subordinate mudstone, dolerite, dolomite, basement, quartzite and mantle nodules; maximum clast size 2–4 cm; rare contorted mudstone blocks up to 50 cm; matrix comprises clast-supported anhedral, euhedral and fragmented olivine macrocrysts and phenocrysts b2–10 mm in diameter, coarse-ash-grade lithic clasts in clay base. Structure: Massive with diffuse pod-like heterogeneities in clast grain size and abundance. Geometry/occurrence: Occurs in association with BVKs and Bs in southern and central parts of the pipe. LFA 1 Bedded shale-rich Composition: As MVKs. volcaniclastic kimberlite Structure: cm-scale diffuse stratification defined by variations in lithic-lapilli (BVKs) abundance and size; commonly comprises alternations of thin, clast-supported lithic-lapilli layers and finer-grained lithic-lapilli-tuff. Geometry/occurrence: Occurs as m–10's m-thick units within MVKs; discontinuous over 10's metres; volumetrically minor. LFA 1 Shale breccia (Bs) Composition: Clast-supported angular shale lapilli, blocks and scattered boulders in a locally sparse to absent MVKs matrix. Structure: Massive; jigsaw-fit textures common in clasts. Geometry/occurrence: Confined to S and SW pipe margins; forms irregular lenses and pods 10–15 m thick; sub-vertical, sharp contacts with MVKs. LFA 2 Massive mudstone-rich Composition: Abundant irregular, streaky, fluidal or rounded volcaniclastic kimberlite grey-green to red-brown mudstone, siltstone and tuff lapilli and (MVKm) rare blocks; minor shale, dolerite, basement and dolomite lithic lapilli; clay-rich matrix contains b15 vol.% olivine crystals along with scattered feldspar and quartz grains. Structure: Massive. Geometry/occurrence: Steeply-dipping lenticular unit 20 × 100 m wide within MVKBm. LFA 2 Massive mudstone-rich Composition: Abundant mudstone, siltstone and tuff lapilli, volcaniclastic breccia blocks and rare boulders in a poorly sorted, framework(MVKBm) supported olivine crystal matrix. Structure: Massive. Geometry/occurrence: Large sector in N of pipe; contacts poorly defined. LFA Shale and mudstone Composition: Clast-supported shale and Karoo mudstone 2 + 3 breccia (Bms) (b5–10 vol.%) lapilli, blocks and boulders. Structure: Internally sheared; contorted mudstone clasts are commonly wrapped around shale clasts. Geometry/occurrence: Discontinuous lenticular units on NW and N/NE margins; b10–50 m wide and b10 m thick. LFA Crudely bedded mudstone- Composition: As MVKBm. 2 + 3 rich volcaniclastic breccia Structure: Very crudely bedded on a cm-to-dm-scale; moderate to (BVKBm) steep bedding dips; discontinuous over metres. Geometry/occurrence: N/NE; contacts poorly defined. LFA 3 Crudely-bedded mudstone- Composition: As MVKm; rich volcaniclastic Structure: Crudely-bedded on a metre-scale; bedding defined by kimberlite (BVKm) variations in coarse lithic-lapilli and blocks abundance. Geometry/occurrence: b30 m wide lenticular unit. LFA 3 Bedded volcaniclastic Composition: Diffuse-bedded tuff and thin to thickly stratified tuff and lapilli-tuff. kimberlite megablock (BLbvk) Structure: Fining-upwards packages common; stratification defined by variations in lithic-lapilli abundance and grain size. Geometry/occurrence: 20–30 m wide zone in N of pipe. LFA 3 Massive kimberlite tuff Composition: Fine-grained kimberlite tuff with 2–5 vol.% olivine megablock (BLkt) macrocrysts and phenocrysts. Structure: Massive. Geometry/occurrence: 20–30 m wide zone in N of pipe; contacts poorly defined. LFA 1 Massive shale-rich volcaniclastic kimberlite (MVKs)



Interpretation Pyroclastic deposit; restricted grain size and mixed lithic population may result from fluidisation (e.g., Lorenz, 1975; White, 1991; Sparks et al., 2006).



Pyroclastic deposit; bedding may have developed within the pipe, or it represent slumped bedded pyroclastic material from the tephra ring (e.g., Lorenz, 1975).



Marginal location, local derivation of clasts and jigsaw-fit textures suggests formation by frictional drag during subsidence of pipe fill.



Pyroclastic deposit formed by interaction of eruption jets with sediment-laden slurries (e.g., White, 1996).



Disrupted bedded volcaniclastic strata.



As Bs; incorporation of mudstone from Karoo megablocks (BLks).



Disrupted bedded pyroclastic material.



Subsided and disrupted volcaniclastic megablock.



Subsided volcaniclastic strata.



Subsided kimberlite tuff.



(continued on next page)
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Table 1 (continued ) LFA



Lithofacies



Description



Interpretation



LFA Karoo sediment megablock Composition: Laminated, cross-laminated, flaser bedded and 1 + 3 (BLks) massive mudstone, siltstone and fine-grained sandstone. Structure: Common disturbed and contorted bedding; internally faulted. Geometry/occurrence: N5–100 m coherent lenticular blocks; N/NE margins of pipe; steep contacts. LFA 3 Volcaniclastic sediment Composition: Laminated, cross-laminated and crudely stratified megablock (BLvs) volcaniclastic siltstone, olivine-rich sandstone and gravel; subordinate coarse sandstones, pebbly sandstones and matrix- to clast-supported conglomerates with mudstone, rounded quartzite pebbles, shale, dolerite and basement clasts; rare coal fragments. Structure: 2–15 cm planar beds; internal soft-state deformation and shearing common. Geometry/occurrence: 5 m wide lenticular unit; occurs in association with BLks and Bms in the N.



across much of Botswana and South Africa and in the Kanye Basin immediately SE of Jwaneng, the dolomites are ∼ 1200 m thick (Eriksson and Reczko, 1995; Catuneanu and Eriksson, 1999). The Taupone Formation is overlain by up to 500 m of fine- and medium-grained shales of the Lower and Upper Lephala Formations (Segwagwa Group; Fig. 1). A suite of NE-SW-trending dolerite dykes cuts the Transvaal sequence and is probably linked to voluminous intraplate volcanism associated with the adjacent 1.1 Ga Umkondo Igneous Province (Hanson et al., 2004). Karoo strata have been eroded in the Jwaneng area (Fig. 1) and their thicknesses at the time of Jwaneng eruption are not well constrained. However, Karoo mudstones, sandstones and conglomerates belonging to the Ecca and Beaufort Groups (Lower Karoo Supergroup; Smith et al., 1993; Johnson et al., 1996) occur as inclusions in lithofacies in the Jwaneng pipes. Elsewhere in the Central and SW Kalahari basin, Lower Karoo Supergroup strata reach ∼ 800 m thick (Johnson et al., 1996; Key et al., 1998; Catuneanu et al., 2005). The amount of erosion since the emplacement of the Jwaneng kimberlites is not constrained. 3. Terminology We use the term macrocryst for crystals inferred to be derived from the mantle. These are commonly anhedral crystals, N 0.6 mm in diameter. The term phenocryst is used for euhedral–subhedral crystals, 0.6 to 0.03 mm in diameter, inferred to have crystallised from kimberlite melt during magma ascent. The term xenocryst is used for crystals liberated from the country rock. Alteration is pervasive and all olivine phenocrysts and macrocrysts have been replaced by serpentine, clays and/or carbonate. For brevity and unless stated otherwise, the term olivine refers to serpentinised olivine pseudomorphs; fresh olivine crystals are rare in the Centre Pipe. All depths are relative to the present surface (not mining level) at 1200 m altitude and are referred to as, for example, 500 m bps (metres below present surface). We use standard terminology for pyroclastic and volcaniclastic rocks (e.g., Cas and Wright, 1987; White and Houghton, 2006) throughout the following



Subsided Karoo country rock stratigraphy



Subsided country rock stratigraphy comprising reworked kimberlite pyroclastic sedimentary material.



description and discussion and we follow the terminology introduced for kimberlites by Sparks et al. (2006). 4. Methods The data were collected during several visits by the authors between 2004 and 2006. Mapping was undertaken on a 1:500 scale on all available mine faces (N 2.6 km cumulative length) over four benches (each 12 m deep; 252–300 mbps). This allowed part of the 3D structure of the pipe to be elucidated. Drillcore records at the mine indicate that the surface geology remains essentially consistent to a depth of c. 1150 mbps. A lithofacies-based approach has been adopted; lithofacies have been defined primarily with a three-tier framework utilising composition, structure and grain size. These are described and interpreted in Table 1. The relative abundances of lithic clast types were measured in the field by counting 200 lithic clasts N 1 cm in diameter at each of 15 locations around the pipe in different lithofacies. We chose to determine this by number of clasts rather than weight proportions because of practical considerations that required a minimum clast size for identification and because the deposits contain a range of clast sizes (e.g., Suzuki-Kamata et al., 1993). This number was sufficient to identify statistically reproducible variations in the lithic clast populations of different lithofacies (Fig. 2). The lithic populations of the lithofacies are typically dominated by either Transvaal shale or Karoo-age sedimentary clasts (mudstone, siltstone, or quartz pebbles) with subordinate quantities of dolerite, dolomite, granitic basement and mantle xenoliths. Karoo clasts and Transvaal shale clasts together account for N60% of the lithic populations and there are distinct variations in the distribution of these two lithic clast types around the pipe (Fig. 2). 5. Jwaneng Centre Pipe: internal geology The Centre Pipe is the largest pipe in the Jwaneng kimberlite cluster, with a present radius of ∼ 200 m, a surface area of 1.3 × 105 m2 and an estimated minimum volume of N 1 × 108 m3
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Fig. 2. A) Geological map of Jwaneng Centre Pipe projected onto a horizontal plane at 288 mbps. Data was collected from 4 benches at depths between 252 and 300 mbps. N/A signifies areas inaccessible due to mine workings. Pie charts illustrate composition of lithic population in lithofacies. B) Relative location of the three main Jwaneng kimberlite pipes (outline at 20 mbps). Note coalescence of upper parts of pipes. The Centre Pipe cuts through the South Pipe. C) Distribution of the three lithofacies associations. See Table 1 for lithofacies description.



(Fig. 2). The Jwaneng kimberlites were emplaced into a semiarid environment in a terrestrial sedimentary basin subject to deposition of fluvial mudstones, siltstones, sandstones and minor conglomerates (Beaufort Group; Keyser, 1966; Smith et al., 1993). These sediments occur as contorted and fluidalshaped inclusions in the Centre Pipe. The pipes are separated by septa of Transvaal shale country rock; between the South and Centre Pipes the septum is highly fractured. Observations by



mine staff of cross-cutting relationships exposed in upper mined-out levels of the mine indicate that the South Pipe is older than the Centre Pipe. The relative timing of the North and Centre Pipes is not known. The pipe walls dip steeply inwards at ∼80°. The deposits within the Centre Pipe have been divided into twelve lithofacies. Three spatially distinct lithofacies associations have been recognised (LFA 1–3; Fig. 2; summarised in Table 1). These are: 1) a shale-rich lithofacies
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association in southern parts of the pipe (LFA 1); 2) a mudstonerich lithofacies association confined to northern parts of the pipe (LFA 2); 3) a marginal country rock megablock lithofacies association (LFA 3).



rock. The breccia zones appear to inter-finger with MVKs and some extend for at least several 10 s of metres. The Transvaal shale country rock adjacent to the pipe is commonly intensely fractured to a depth of b1 m and sheared into dm-wide lenses.



5.1. Lithofacies association 1: shale-dominated volcaniclastic kimberlite and shale breccias (LFA 1)



5.2. Lithofacies association 2: mudstone-dominated volcaniclastic kimberlite (LFA 2)



This volumetrically important lithofacies association consists of three volcaniclastic lithofacies, each characterised by a lithic population dominated by Transvaal shale clasts. LFA 1 outcrops across the south, southwest and central parts of the Centre Pipe (65% of surface area) and dominates the pipe at depth. Most of this lithofacies association comprises shale-rich massive volcaniclastic kimberlite (MVKs; Table 1). Lithic clasts account for ∼20–25 vol.% of MVKs and they rarely exceed 5– 10 cm in diameter (Fig. 3A). The lithic population comprises Transvaal shales (50–85% of the lithic population), and subordinate Karoo sedimentary clasts (8–30%), dolerite (0– 15%), Transvaal dolomite (0–7%) and granitic basement (0– 13%; Fig. 2). Juvenile clasts are angular to rounded, dense and crystalline with abundant pseudomorphed micro-phenocrysts of olivine, monticellite, carbonate laths, fine spinel and perovskite. They account for 1–5% of the clast population greater than 1 cm (Fig. 4A). Much of MVKs comprises framework-supported rounded to angular free crystals of serpentinised olivine (N 30 vol. %). MVKs exhibits little large-scale compositional variation, but on a dm-to-m-scale, however, diffuse pod-like heterogeneities in lithic abundance and size are present, e.g., zones with elevated amounts (N 20 vol.%) of Karoo mudstone lithic lapilli and blocks up to 20 cm in diameter. Diffuse dm-to-m-scale regions of weakto-moderate sub-vertical alignment of platy clasts are present. Locally, distinct packages of diffuse-bedded and stratified shalerich volcaniclastic kimberlite are present (BVKs; Table 1 and Fig. 5A). These units are compositionally similar to the MVKs, up to 4.5 m thick, and pass upwards and downwards into MVKs. Bedding in these units typically dips into the pipe at 35–70° and taken together is broadly centroclinal, although data are sparse (Fig. 2). The lateral continuity of these units is not well constrained; most cannot be traced for distances of more than a few metres, although some units in higher levels (benches 15–16) have been traced for up to 40 m. Clast- to matrix-supported shale breccia (Bs; Fig. 5B and Table 1) occurs discontinuously around the south and southwest margins of the pipe. The breccias comprise angular Transvaal shale lapilli, blocks and rare boulders derived from the immediate country rock (Lower and Upper Lephala Formations, Fig. 1). They typically form lenticular bodies up to several metres wide along the pipe margin that are persistent for several tens-of-metres. Jigsaw-fit textures are present in some m-scale shale clasts within these breccias. Shale breccias are also present as irregular pods and sheet-like structures up to ∼ 60 m from the pipe margin (Fig. 6A). Contacts with MVKs are marked by rapid increases in the size and abundance of shale lapilli, blocks and boulders and the margins vary from gradational to sharp and slickensided. Some are associated with faults in the MVKs (Fig. 6A). None of the faults have been traced into the country



This lithofacies association is largely confined to a ∼200 m × 200 m zone in the NW sector and accounts for 19% of total surface area of the pipe (Fig. 2). It extends ∼100 m below the mined surface and then passes into lithofacies similar to those seen at the surface in LFA 1. LFA 2 comprises two main lithofacies: massive mudstone-bearing volcaniclastic kimberlite



Fig. 3. A) Maximum clast size data for the Centre Pipe (averaged long axis of 5 largest clasts/m2). B) Poles to bedding in the Centre Pipe, contoured at 1% area.
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BVKBm; LFA 2) to shale-rich volcaniclastic kimberlite (BVKs; LFA 1). The transition occurs over several dm-to-m and is marked by an increase in the abundance and size of Karoo sedimentary clasts (Fig. 6B). 5.3. Lithofacies association 3: marginal breccias and allochthonous megablocks (LFA 3)



Fig. 4. Juvenile pyroclasts in MVKs. A) Juvenile clast with micro-phenocrysts of pseudomorphed olivine. Groundmass comprises optically unresolvable clays. B) Olivine macrocryst with thin, irregular coating of fine kimberlite ash. Matrix in both photomicrographs comprises poorly-sorted ash-grade crystals and lithic fragments in irresolvable clays.



breccia (MVKBm; Fig. 5C and Table 1) and massive mudstonerich volcaniclastic kimberlite (MVKm; Fig. 5D and E; Table 1). Subordinate lithofacies include crude-bedded mudstone-rich volcaniclastic kimberlite breccia (BVKBm) and shale and mudstone breccia (Bms). The former accounts for ∼ 90% of LFA 2 while the latter occurs as a 10–20 m wide zone striking NNW-SSE in the western sector of the pipe. The lithofacies are characterised by abundant Karoo sediment either as discrete clasts (rounded and contorted lapilli, blocks and boulders of mudstone and siltstone), which make up 40–80% of the lithic population (Fig. 2), or dispersed in the matrix as clay and siltgrade sediment, or as individual sand-grade quartz and feldspar grains. Transvaal shale clasts account for 8–38% of the lithic population, while the other country rock types are present in similar proportions to those in LFA 1 (Fig. 2). Karoo-age sedimentary clasts reach several metres in diameter. Submillimetre-thick mud-coatings occur around some lithic clasts and olivine crystals (Fig. 4B). The contact between LFA 1 and LFA 2 is not well understood due to a lack of exposure in the centre of the pipe. The contact is defined in the west by a change from massive or bedded mudstone-rich volcaniclastic kimberlite (MVKm,



LFA 3 comprises allochthonous sedimentary and volcaniclastic megablocks (BLks, BLvs, BLbvk and BLkt; Table 1; Fig. 2), massive and crudely bedded volcaniclastic kimberlite and kimberlite breccias (MVKBm, BVKBm, BVKm) and shale and mudstone breccia (Bms; Fig. 2, Table 1). It is confined to the extreme western margin and the northern sector, where it makes up 15% of the surface area of the pipe (Fig. 2). In the north, it extends up to 100 m into the centre of the pipe (Figs. 2 and 6C and D). Here, the marginal lithofacies comprise sheared shale and mudstone breccia (Bms; Figs. 6A and C, 5F). Adjacent to these, and also in contact with the pipe wall, is a Karoo sediment megablock (BLks) comprising coarse sandstones, coal-bearing conglomerates and red and green mudstone and siltstone of the Beaufort Group. Bedding has been internally deformed. Adjacent to this is a 30 m-thick megablock of bedded volcaniclastic kimberlite (BLbvk) that comprises verticallyoriented diffuse stratified and normal graded tuffs and lapillituffs (Fig. 6C). Next to this, and extending inwards is a sequence of mudstone-rich volcaniclastic kimberlite lapilli-tuffs and breccias (BVKBm and BVKm; Table 1), which locally exhibits sub-vertical bedding planes (Fig. 5G). Fine-grained tuff is disrupted into discrete pods and patches. These units form a lenticular body that can be traced up the high wall of the pit for ∼70 m vertically and 100 m laterally. Individual units have crude, wedge-shaped geometries in vertical cross-section (Fig. 6B and C) and are laterally discontinuous over 10's of metres. Some pinch out, while others appear to have abrupt terminations (Fig. 2). Contacts between megablocks are generally sharp, dip ∼70–90° into the pipe, and are commonly faulted. Locally some contacts dip outwards (Fig. 6D). Steep sub-vertical faults within megablocks are common. Bedding and stratification within the megablocks dips vertically or sub-vertically (Fig. 6C) and is frequently disrupted. Karoo megablocks appear to have become less abundant with depth, based on observations by mine geologists from 1998–present day. The contact between LFA 3 and LFA 1 in central parts of the pipe is sharp. The continuity at depth of LFA 3 is not known, but limited drilling indicates that some of the Karoo sediment megablocks are continuous for ∼200 m below the present mining level. Along the western margin of the pipe and in contact with MVKs, there is a ∼50× 50 m megablock of Karoo siltstone and mudstone (BLks) and an adjacent ∼70 m wide lenticular unit of massive mudstone-rich volcaniclastic kimberlite (MVKm; Fig. 2). 6. Discussion Below we interpret the lithofacies associations separately and then discuss emplacement mechanisms for the Jwaneng Centre Pipe in the light of the new geological data.
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6.1. Interpretation of lithofacies associations 6.1.1. Interpretation of LFA 1 Much of the LFA 1 is dominated by massive shale-rich volcaniclastic kimberlite (MVKs) whose main characteristics, including a well-mixed clast population and a paucity of clasts N 10 cm, have, in other deposits elsewhere, been interpreted as the result of fluidisation induced by either steam-rich jets from phreatomagmatic explosions (e.g., White, 1991; Lorenz and Kurszlaukis, 2007) or by erupting gas-particulate flows during the waning stages of a volatile-driven eruption (Sparks et al., 2006; Walters et al., 2006). Bedded shale-rich volcaniclastic kimberlite (BVKs) could represent either primary depositional layering developed within the pipe during the eruption (e.g., Lorenz, 1975; 1986; Sparks et al., 2006), or megablocks of layered pyroclastic material that have slumped into the pipe (Machin, 2001; Webb et al., 2003). The vague pod-like lithological heterogeneity in MVKs can be interpreted as either disturbed layering or the result of incomplete mixing of different batches of fluidised tephra. The broad centroclinal dip of the layering (Fig. 3B) suggests that the pipe fill underwent subsidence. The shale breccias (Bs) in LFA 1 are derived from the country rock and mostly occur along the extreme margins of the pipe (Fig. 6A). Steep contacts with MVKs and the brecciated and sheared margins of the pipe suggest that the breccias developed as a result of the frictional drag exerted on the walls by a subsiding pipe fill. The Transvaal shale country rock is strongly jointed and readily separates into dm-to-m-scale blocks, particularly along the shattered septa between the Centre and South pipes. Jigsaw-fit textures in clasts in the marginal shale breccias (Bs) are similar to those seen in debris avalanche deposits (Reubi and Hernandez, 2000; Clavero et al., 2004). Many breccia bodies contain a MVKs matrix, suggesting that mixing has occurred between shale clasts and unconsolidated MVKs. We interpret the complex geometries of marginal shale breccias along the southern margin of the pipe (Figs. 2 and 6A) as the result of differential shearing and faulting of the pipe fill associated with subsidence. Subsidence may have continued after the eruption for up to ∼106 years (Lorenz, 2007). 6.1.2. Interpretation of LFA 2 LFA 2 forms a “transition zone” between the shale-rich lithofacies of LFA 1 and the Karoo and volcaniclastic megablock-dominated LFA 3 (BLks and BLvs; Table 1). Lithofacies in LFA 2 are characterised by the presence of abundant contorted sedimentary clasts (Karoo mudstone and siltstone), some up to boulder size, and sediment (quartz and feldspar grains, mud) mixed with a primary pyroclast population of olivine pseudomorphs and juvenile clasts (MVKBm, MVKm, BVKBm). Lithofacies containing an abundant intimately mixed muddy matrix (MVKm) are similar to those interpreted
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as the products of the explosive interaction of eruption jets with particle-laden slurries at other tuff rings and tuff cones (e.g., Kokelaar 1983; White, 1996). The occurrence of mud-coated clasts is also strongly suggestive of the presence of water and fine-ash in the eruptive environment (Houghton and Smith, 1993). We infer that this lithofacies association may have resulted largely from fluidisation-induced mixing (e.g., White, 1991; Sparks et al., 2006) between shale-rich deposits from LFA 1 and subsiding and disintegrating Karoo sediment megablocks and Karoo sediment-bearing volcaniclastic megablocks (BLks and BLvs). 6.1.3. Interpretation of LFA 3 We interpret LFA 3 primarily as surface and near-surface sedimentary and volcaniclastic strata (megablocks, Table 1) that have subsided into the pipe (Fig. 6E). The stratigraphy preserved in the package from the north margin-inwards (Figs. 2 and 6D) may represent remnant surface stratigraphy. Soft sediment deformation of these blocks is locally intense (Fig. 6C) and indicates that they were poorly consolidated at the time of the eruption, and we infer from their broad lenticular geometries that they have been sheared during subsidence. The steep contact between LFA 3 and LFA 1 (Fig. 6D) suggests that these megablocks did not collapse onto a free surface (i.e. a crater floor) in the pipe, and that much of the subsidence must have occurred syn-eruptively. It remains unclear how far this material has subsided within the pipe. The presence of Karoo megablocks to a depth of 500 m bps places a minimum limit on subsidence, but the amount of post-Cretaceous erosion at Jwaneng is not well constrained. The preferential location of country rock megablocks along the northern margin of the pipe probably reflects the local presence of surface Karoo stratigraphy in that area at the time of the eruption. Much of the surface stratigraphy to the south may have been removed by the earlier eruption of the South Pipe (Fig. 6E). 6.2. Emplacement mechanisms 6.2.1. Post-eruption filling of the pipe Previous workers have proposed that Class 3 kimberlite pipes, such as the Jwaneng pipes, are filled predominantly with gravitationally remobilised pyroclastic material from the surrounding tephra ring (Machin, 2001; Webb et al., 2003; Nowicki et al., 2004; Skinner and Marsh, 2004). Mass flow of tephra into a conduit is a common phenomenon during and after eruptions, and can result from gravitational collapse, grain-flow, undermining of the pipe walls, aqueous remobilisation of tephra and liquefaction of poorly consolidated substrates (e.g., Lorenz, 1986, 2007; Sachse, 2005; Sohn and Park, 2005). The presence



Fig. 5. Lithofacies in LFA 1. A) Bedded shale-rich volcaniclastic kimberlite (BVKs). B) Clast-supported shale breccia (Bs). 50 cm shown on rule. See Table 1 for lithofacies description and interpretation. Lithofacies in LFA 2. C) Massive mudstone-rich volcaniclastic kimberlite breccia (MVKBm). Lithofacies comprises large rounded and irregular-shaped lapilli, blocks and boulders of grey mudstone (m) in a clast-supported olivine-rich matrix. D) Massive mudstone-rich volcaniclastic kimberlite (MVKm). Lithofacies comprises abundant contorted Karoo mudstone and siltstone clasts in a muddy matrix with matrix-supported olivines. E). Contorted mudstone clasts (m) in MVKBm. Coin is 3 cm in diameter. Lithofacies in LFA 3. F) Close-up of sheared mudstone rags in marginal shale and mudstone breccia. Karoo mudstone clasts are commonly wrapped around shale clasts and squeezed into pore space between shale clasts. Scale in centimetres. G) Bedded volcaniclastic kimberlite (BLbvk). Bedding is vertical in photo (arrowed) and is defined by changes in the abundance and size of lithic lapilli.



204 R.J. Brown et al. / Journal of Volcanology and Geothermal Research 174 (2008) 195–208 Fig. 6. NNE-SSW oriented bench maps through key localities in the Centre Pipe (see Fig. 1 for location). A). Shale breccia (Bs) at southern margin of pipe in LFA 1. B) Contact between LFA 1 and LFA 2 in the centre of the pipe. C and D) North margin of pipe in LFA 3. Note steep contacts between adjacent megablocks and highly contorted shape of Karoo sediment megablocks. E) Cartoon illustrating a schematic reconstructed vertical N–S cross-section through the Centre Pipe and showing the inferred approximate positions of the major country rock units. Cross-cutting relationships in the upper mined levels of the Jwaneng pipes indicated that the South Pipe post-dated the centre pipe. The preferential occurrence of Karoo megablocks along the northern side of the Centre Pipe may result from the prior excavation of Karoo surface stratigraphy to the south by the South Pipe eruption. The presence of centroclinally-dipping bedding, surface megablocks and sheared marginal breccias indicates substantial syn-eruptive subsidence of the pipe fill.
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of country rock and volcaniclastic megablocks (BLks, BLvs, BLbvk, BLkt in LFA 3) indicates that some of the proximal tephra ring and surface stratigraphy did gravitationally collapse into the Centre Pipe during the eruption. However, we consider that it would require collapse of an unrealistically thick and large volume tephra ring to fill the Centre Pipe. Loose tephra remobilised after an eruption may enter a pipe as aqueous flows (e.g., debris flows or lahars; Lorenz, 1975; Webb et al., 2003). Tephra erosion rates on steep slopes peak in the range of 2 × 104 to 1.7 × 105 m3/km2-yr following explosive eruptions (Collins et al., 1983; Kadomura et al., 1983). Much of this erosion occurs in the first few years after an eruption and erosion rates decline rapidly afterward due to increased infiltration, the exposure of less erodible substrates and the development of stable rill networks (e.g., Collins and Dunne, 1986). The palaeoenvironment at the time of the Jwaneng eruption is inferred to have been one of predominantly aggradation on flat alluvial plains (Smith et al., 1993), and tephra erosion rates would have been much lower than those measured on steep slopes. Additionally, because tephra rings typically act as barriers to the flow of surface water into the conduit, remobilised tephra is generally transported away from volcanic craters by surface processes. To fill the Centre Pipe (N 1 × 108 m3) with aqueously remobilised tephra at a modest rate of 9 × 104 m3/km2-yr for 3 years after the eruption would require stripping of a catchment area of ∼370 km2. Both of the above processes probably occurred to a minor extent during and after the eruption, but it is considered unlikely that they could account for the majority of the pipe fill. Both hypotheses require a long-standing hole in the ground that would take many years-to-decades to fill with gravitationally and aqueously remobilised sediment and it is difficult to explain why the deposits of transient lakes (e.g., laminated sediments and turbidites) are not preserved at many levels within the pipe fill (cf. lacustrine deposits at Orapa A/K1 kimberlite, Field et al., 1997; lacustrine deposits described by Pirrung et al., 2003; Koala kimberlite, Nowicki et al., 2004). 6.2.2. The role of phreatomagmatism in the formation and filling of the Centre Pipe Lorenz (1975, 1986) considered the Jwaneng kimberlites to be the result of maar–diatreme phreatomagmatic explosivity. Groundwater to drive this explosivity would have been present in the Karoo basin sediments (e.g., sandstones of the Ecca Group) and in the underlying Transvaal shale and dolomite, all of which are important present-day aquifers (e.g., Cheney et al., 2006) and there is circumstantial evidence that the ambient conditions were suitable for the initiation and persistence of phreatomagmatic explosivity. In the maar–diatreme model, explosivity is driven by magma–water interactions in the root zone within saturated aquifers or hydraulically active zones of structural weakness. The locus of explosivity progressively mines downwards through the country rock beneath an accumulating and subsiding mass of tephra that has become trapped within the growing pipe (Lorenz, 1975, 1986; Lorenz and Kurszlaukis, 2007). Bedded tephra is deposited in the crater from tephra jets that erupt at the surface. At depth, these explosions may lead to mixing together
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of clast types in the lower pipe fill, the development of subvertical clast alignments and a loss of bedding (White, 1991; Ross and White, 2006). In order to create space, fragmented country rock and juvenile pyroclasts must be ejected from the pipe. At great depths, phreatomagmatic explosions are considered too weak to clear the pipe of accumulated material (Lorenz and Kurszlaukis, 2007). Instead, erupted material may be channelled up through the pipe fill via narrow debris jets (McClintock and White, 2006; Ross and White, 2006; Lorenz and Kurszlaukis, 2007). The passage of these debris jets through the diatreme-filling deposits may be recorded by cross-cutting vertical zones of lithologically distinct breccia (e.g., Ross and White, 2006). The Centre Pipe deposits share similarities with the lower diatreme deposits of phreatomagmatic maar–diatreme volcanoes (e.g., Lorenz, 1986; White, 1991; White and McClintock, 2001). These similarities include: an absence of vesicular juvenile lapilli; subsided country rock blocks along the pipe margins; discontinuous and locally chaotic zones of layered material (BVKs, BVKBm, BVKm; Table 1) occurring within a generally massive poorly-sorted volcaniclastic deposit (MVKs, MVKBm); thorough mixing of juvenile pyroclasts with lithic clasts from all stratigraphic levels; and lithofacies suggestive of interaction between eruption jets and sediment-laden slurries (MVKm; LFA 2). Mud-coated clasts indicate the presence of fine-ash and water during the eruption (e.g., Houghton and Smith, 1993). Lorenz (1975; 1986) noted bedded and dunecross-stratified pyroclastic sequences in the upper levels of the Jwaneng kimberlites. Therefore, the geology of the Centre Pipe is considered broadly compatible with maar–diatreme phreatomagmatic activity. However, certain aspects of the geology warrant further examination. In the Jwaneng Centre Pipe, accidental lithic clasts account for b20–30 vol.% of much of the pipe fill, and at least 70–80 vol.% of the original country rock must have been ejected from the pipe during the eruption. This figure is higher if the pipe-filling deposits did not completely fill the excavated pipe (i.e., there was a sunken crater after the eruption) and when the porosity of the deposits is accounted for. In a phreatomagmatic model, the Transvaal dolomite (Taupone Formation; Fig. 1) would have been fragmented later on in the eruption. At this stage, the thickness of overlying tephra trapped in the pipe could have exceeded 1 km (Fig. 1). Based on simple projections of the pipe walls, the Centre Pipe cut down through N500 m of dolomite (N 2.7 × 107 m3). The pipe could only have grown larger if fragmented dolomite was expelled from the pipe (i.e. if dolomite-laden tephra jets were able to puncture through the accumulated pipe fill). Vertical breccia zones, enriched in deepsourced lithic clasts have not been observed in the Centre Pipe. Indeed, dolomite (Fig. 1) is extremely scarce as an accidental clast type and constitutes b1.5 vol.% (∼ 2 × 105 m3) of the preserved pipe volume above the dolomite-shale contact at 500 m bps (inset, Fig. 1). Marginal dolomite breccias occur below the shale–dolomite contact, but cannot entirely account for this massive loss of material and they we interpret them primarily as subsidence features (Bs and Bms at higher levels; Table 1). Similar massive losses of Transvaal shale country rock
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have occurred from the pipe, because shale clasts account for only 8–18 vol.% of LFA 1 (Fig. 2). The paucity of certain country rock types as inclusions means that either: (1) the phreatomagmatic explosions were highly efficient at channelling fragmented country rock to the surface throughout the whole eruption, even when these explosions occurred at depths N1 km, and that they managed to do this without leaving any record in the pipe fill; (2) the eruption persisted for a long period in a ‘steady state’ introducing juvenile pyroclasts without explosively mining deeper into the country rock. Continued eruption of juvenile clasts coupled with ejection of a proportion of this material (including country rock clasts) out of the pipe led to a progressively more juvenile-enriched pipe fill (Lorenz, 1975); (3) that a large proportion of country rock was explosively excavated prior to the filling of the pipe (see below); or (4) that most of the fragmented dolomite country rock remains trapped at depth in the pipe. We note however, that brecciated country rock occupies a greater volume than intact rock, and that there is abundant evidence for subsidence, not uplift in the Centre Pipe. Drillcores indicate that the pipe fill down to ∼800 m bps remains largely similar to that of LFA 1. Therefore we can discount a model in which most country rock remains trapped in the pipe. Evidence is as yet sparse to distinguish between the remaining scenarios. 6.2.3. Volatile-driven explosive eruption Sparks et al. (2006) proposed that the growth of kimberlite pipes can be explained by volatile-driven explosive volcanism. In this model, conditions in the conduit during an eruption evolve from over-pressured to pressure-adjusted (Stages I through to III) as a function of increasing vent (pipe) radius, or waning magma supply (e.g., Wilson et al., 1980). The net effect is that the system moves from a highly explosive state in which nearly all pyroclasts are ejected from the pipe into one where pyroclasts are increasingly trapped within the pipe. The pipe is largely created prior to infill (e.g., Nowicki et al., 2004), in contrast to the phreatomagmatic model outlined above, in which the excavation of the pipe occurs in tandem with its filling. The pipe fills with tephra under a pressure-adjusted system and this tephra may become partially fluidised by erupting gas-particle jets (Stage III of Sparks et al., 2006; Walters et al., 2006). Experimental work on the gas fluidisation of particle beds in flared conduits (Gernon et al., 2008-this volume) suggests that fluidisation will be greatest in the central parts of a conduit and that subsidence will be focused along the margins in nonfluidised regions. Thus, not all the pipe may be fluidised at any one time. Layered deposits can develop at the surface from spouting of the fluidised bed. With time, this layered material is transported downwards along the margins, layering may be progressively lost as material is recycled by the gas streams. This model was largely based on evidence collected from Class 1 kimberlite bodies in Southern Africa, but it can also account for features seen in the Jwaneng Centre Pipe. The paucity of some types of country rock (e.g., dolomite) in the tephra fill can be accounted for in this model by the explosive excavation of the pipe during early over-pressured phases of the eruption (Stages I and II of Sparks et al., 2006). As the eruption wanes, the pipe fills



with pyroclastic material (LFA 1), which is dominated by juvenile clasts. The effects of explosive eruption-driven (gas) fluidisation on the accumulated tephra in the Centre Pipe would be largely similar to those of phreatomagmatic-driven tephra jets or steam fluidisation in a maar–diatreme phreatomagmatic model (Lorenz, 1986; White, 1991; Lorenz and Kurszlaukis, 2007) and distinguishing between the two causal mechanisms on deposit characteristics alone may prove difficult. The absence of vesicular juvenile clasts poses an unresolved problem for a magmatic model, particularly in the face of the strong circumstantial evidence for ambient conditions conducive to the initiation and persistence of phreatomagmatic explosivity. 7. Final remarks A new geological map has been produced for the Jwaneng Centre Kimberlite Pipe, Botswana. Twelve lithofacies have been recognised, which together make up three contrasting lithofacies associations and define a complicated geology. The geology is broadly comparable to that of other steep-sided kimberlite pipes and includes massive well-mixed, pipe-filling volcaniclastic deposits, marginal breccias and subsided megablocks of country rock stratigraphy (Mitchell, 1986; Field and Scott Smith, 1999; Sparks et al., 2006). However, the Jwaneng Centre Pipes are unusual amongst Southern African kimberlites (Class 1 kimberlite). Two key differences are the juvenile clast morphology and the absence of microlitic diopside in the matrix of the volcaniclastic deposits (Field and Scott Smith, 1999; Webb et al., 2003; Skinner and Marsh, 2004). The characteristic subspherical pelletal lapilli with quenched selvages found in southern African kimberlites (e.g., Mitchell, 1986) are not present in the Centre Pipe, and instead juvenile clasts are dense crystalline, nonvesicular, rounded to irregular-shaped, along with abundant free crystals of macrocrystic and phenocrystic olivine. Controls on the morphology of the pyroclasts during the Jwaneng Centre Pipe eruption need to be fully constrained and require further investigation: in other explosive volcanic systems, pyroclast morphology is dependent on many parameters, e.g., magma chemistry, crystalinity, temperature, viscosity and volatile content, mode of fragmentation and post-fragmentation modification. All these remain poorly constrained for kimberlite eruptions (Sparks et al., 2006). Stripp et al. (2006) demonstrate that the characteristic diopsideserpentine assemblage seen in deposits in many Southern African kimberlites is precipitated from post-eruption hydrothermal fluids circulating through the pipe at temperatures of 250–360 °C. We suggest that the absence of diopside in the Jwaneng pipes may be explained by variations in the temperature or chemistry of the circulating fluids, although this requires further work. Much of the geological evidence in the Centre Pipe is ambiguous with regard to the driving mechanisms for the eruption. Both the maar–diatreme model (of Lorenz, 1975; 1986) and the magmatic model of Sparks et al. (2006) could result in broadly similar pipe-filling deposits and distinguishing between the two would be difficult based on deposits alone. There is strong circumstantial evidence for a hydrologicallyfavourable setting for phreatomagmatism at the time of the Centre Pipe eruption and the geology of the pipe is broadly
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