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On the Welding of Pyroclasts from Very Low-Viscosity Magmas: Examples from Kimberlite Volcanoes R. J. Brown,1 B. Buse, R. S. J. Sparks, and M. Field Department of Earth Sciences, Wills Memorial Building, University of Bristol, Queen’s Road, Bristol BS8 1RJ, United Kingdom (e-mail: [email protected])



ABSTRACT Lithofacies in kimberlite pipes in southern Africa exhibit features consistent with welded pyroclastic rocks. These include flared conduit-filling geometries, abundant lithic clasts, lithic clast layers, subhorizontal clast fabrics, gradational contacts with volcaniclastic rocks and sintered and coalesced globular ash, and lapilli and melt-coated particles. The welding dynamics of kimberlite pyroclasts differ from those of glassy, vesiculated pyroclasts in silicic volcanic systems. Low melt viscosity (∼0:1 Pa s) results in the efficient separation of volatiles and melt and the breakup of magma into nonvesicular spherical droplets. The glassy state is difficult to form in silica-deficient magmas because the crystallization kinetics are fast in low-viscosity melts. Three pyroclastic lithofacies are recognized that primarily relate to the state of the initial melt phase in the pyroclasts on deposition: (1) densely welded kimberlite forms where the initial melt phase in pyroclasts remains as pure melt, coalescing almost immediately to form a degassed homogeneous melt that subsequently crystallizes and may be texturally indistinguishable from igneous kimberlite; (2) incipiently welded kimberlite forms where the melt phase in pyroclasts is mostly crystalline with some residual melt (pyroclasts are resistant to deformation but are sticky and can sinter together); and (3) nonwelded kimberlite forms where the melt phase in pyroclasts is fully crystalline on deposition. Transitions between these pyroclast conditions may be abrupt. Gradations to nonwelded deposits and overlaps in their textural features in several kimberlite pipes suggest that welded rocks may be deposited from large-scale fluidized systems. The presence of crystals and lithic clasts may inhibit compaction deformation-welding textures by the formation of hard-particle percolation networks. Similar rocks in other kimberlite pipes may turn out to be welded rocks. The processes outlined here may be generally applicable to other low-viscosity magmas.



Introduction Welding of pyroclastic material comprises two different and independent processes, namely, sintering together of hot clasts at point contacts (Guest and Rogers 1967) and deformation of hot clasts accompanied by densification involving reduction of pore space (Smith 1960). It commonly results in increases in rock density and the progressive development of rock fabrics (Smith 1960; Peterson 1979; Quane and Russell 2005). Welded rocks are common in proximal volcanic environments because of the small heat loss experienced by the pyroclasts before deposition. Examples of welded pyroclastic rocks include ignimbrites (Smith 1960; Ross and



Smith 1961; Milner et al. 1992; Bachmann et al. 2000; Sumner and Branney 2002), welded fallout deposits (Sparks and Wright 1979; Soriano et al. 2002), and tuffs and lapilli tuffs infilling dykes and conduits (Almond 1971; Ekren and Byers 1976; Wolff 1986; Reedman et al. 1987; Sparks 1988; Kano et al. 1997; Soriano et al. 2006). Welded rocks can be difficult to interpret, and in some cases, it can be hard to discriminate between high-grade welded ignimbrites and coherent effusion-fed lavas (e.g., Branney et al. 1992; Henry and Wolff 1992; Le Pennec and Fernandez 1992; Green and Fitz 1993; Sumner 1998; Yasui and Koyaguchi 2004) and between welded fall deposits and welded ignimbrites (see differing interpretations of the Green Tuff, Pantelleria, in Borsi et al. 1963; Schmincke 1974; Wright 1980; Branney et al. 2004). Within a volcanic conduit, it may be difficult to distinguish between a welded tuff and an igneous intrusion (Sparks 1988;
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Sparks et al. 1999). There may also be a continuum between densely welded pyroclastic rocks and clastogenic fountain-fed lavas in terms of both processes and geological features. The distinction is important because the eruption dynamics that create welded rocks can be significantly different from those that produce lavas and intrusive rocks without an intervening pyroclastic stage. The processes may be much more hazardous: lavalike ignimbrites are deposited by widespread, fastmoving, very high-temperature pyroclastic density currents. Welded rocks are common products of explosive volcanism across a wide range of magma compositions, particularly low-viscosity peralkaline magmas (e.g., Schmincke 1974; Mahood 1984; Sumner 1998), but they have not been widely documented in the conduit-filling pyroclastic products of kimberlite magmas. Sparks et al. (2006) suggested that kimberlite rock types previously interpreted as hypabyssal intrusions in some kimberlite pipes might be welded pyroclastic rocks. These rock types, hereafter referred to as coherent kimberlite (CK; following Cas et al., forthcoming), can form large-volume bodies within kimberlite pipes (Nowicki et al. 2004; Field et al., forthcoming). Descriptions are given by Mitchell (1975, 1986), Clement (1982), Clement and Skinner (1985), Clement and Reid (1989), Field and Scott Smith (1999), Hetman et al. (2004), Skinner and Marsh (2004), and Downes et al. (2007). These rocks typically comprise fresh and pseudomorphed olivine macrocrysts and phenocrysts in a crystalline groundmass composed of primary minerals. The groundmass can contain irregular submillimetric domains of typically serpentine and/or calcite (“segregations”). Lithic inclusions can reach in excess of 20 vol%, many of which are highly altered and may be completely replaced mainly by serpentine and calcite. Bodies of CK can have horizontal, inclined, or vertical gradational contacts with clastic kimberlite rocks (e.g., Venetia K1 kimberlite pipe, South Africa [Kurszlaukis and Barnett 2003]; Koffiefontein, South Africa [Naidoo et al. 2004]; Leslie and Pigeon pipes, Canada [Nowicki et al. 2004]; and Victor kimberlite [Webb et al. 2004]). CK is commonly interpreted as an intrusive rock type and as being characteristic of, but not confined to, the “root zones” of kimberlite pipes (Hawthorne 1975; Mitchell 1986; Field and Scott Smith 1999). In this work, we detail compositional, structural, and petrographic evidence from two kimberlite fields in South Africa and Botswana that indicates that some CK rocks are welded deposits, as first raised by Sparks et al. (2006). We highlight key
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features that are consistent with known processes that occur during the welding of hot pyroclasts, and we draw attention to problems associated with interpreting these rocks as hypabyssal intrusions. The rocks in this study exhibit a range of textures that we interpret as reflecting varying degrees of welding intensity. We explore possible mechanisms of welding of kimberlite pyroclasts and discuss how the welding processes and, importantly, the resulting rock textures differ from those seen in welded rocks of silicic volcanic systems. While unambiguous intrusive kimberlite bodies are present in many kimberlite pipes and the crust (dykes and sills), we conclude that many occurrences of CK found within kimberlite pipes may be better interpreted as welded pyroclastic rocks. We adopt a modified version of the welding terminology summarized by Sumner et al. (2005). We define compactional welding as postdepositional sticking together at point contacts (sintering) and compaction of particles under the influence of a deposit’s in situ cooling rate and load pressure. We define agglutination as the sintering of particles on deposition, which may or may not be accompanied by deformation of the particles (Guest and Rogers 1967). Coalescence is used to describe a process whereby very low-viscosity pyroclasts rapidly form a homogeneous liquid on deposition and in which original particle outlines are lost.



Geological Observations Venetia K2 Kimberlite Pipe, South Africa. K2 is a steep-sided volcanic pipe, ∼250 × 300 m in diameter, with a known vertical extent of >900 m. It is the second-largest pipe in the 512-Ma Venetia kimberlite cluster, South Africa (fig. 1A; Phillips et al. 1999; Kurszlaukis and Barnett 2003). It is crudely pear shaped in plan view at the present surface and becomes elongated N-S at depth. Thin kimberlite dykes occur discontinuously around the margins (fig. 1B). K2 has a complex internal geology comprising layered and nested breccia units of varying grain size and composition and is divided into two lithofacies associations, K2 east and K2 west (fig. 1B; Brown et al., forthcoming). K2 east consists entirely of massive volcaniclastic kimberlite (MVK), a volcaniclastic rock that typically comprises ∼8– 20 vol% angular lithic lapilli supported in a matrix of poorly sorted crystal-lithic lapilli tuff. K2 west comprises a sequence of layered breccias with variable proportions of accidental lithic clasts. These breccias form inward-dipping lenses, layers, and pods defined by changes in lithic clast abundance
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Figure 1. Map and cross section of the K2 kimberlite pipe, Venetia Mine, South Africa. A, Location map of the Venetia and B/K9 kimberlite pipes. B, Simplified geological map of K2 showing the main geological units in the pipe. C, Schematic cross section as inferred from drill core. The upper half of the pipe comprises a series of gently dipping layered volcaniclastic breccias (VKBr) and country rock breccias (Br). The lower half comprises a complex layered sequence of VKBr, Br, and coherent kimberlite (CK). Drill core data indicate the continuation of the layered volcaniclastic sequence below 350 m below surface level, but data are insufficient to delineate geological units. Field of view for boreholes is ±25 m north and south of cross section.



and grain size (fig. 1C). Alteration is pervasive in rocks in K2, and all olivine crystals have been replaced by serpentine, talc, and carbonate. Layered with the breccias in deeper parts of K2 west (>350 m below surface; fig. 1C) are numerous horizons of competent CK (fig. 2A). These horizons can reach many tens of meters thick. CK is characterized by 2–20 vol% of accidental lithic lapilli and blocks, although it can contain up to 45 vol% lithic clasts. Lithic clast abundances commonly vary and can define sharp to diffuse layering (fig. 3). The exact geometry of units (whether sheetlike or podlike) cannot be fully constrained from the drill core, but comparisons with similar sequences in



outcrop at higher levels of the mine suggest that it comprises discontinuous sheets and lenses meters to tens of meters in lateral and vertical dimensions (fig. 1C). Lithic clasts are commonly completely replaced by serpentine, calcite, and phlogopite and may have highly irregular alteration halos (fig. 2B). Average maximum lithic clast size in most CK units is 20–30 cm (fig. 4). Typical lithic clast abundances and grain sizes are much lower than those of the adjacent units of volcaniclastic kimberlite breccia (see fig. 4). Most CK units have an inequigranular texture composed of 10–30 vol% pseudomorphed anhedral olivine mantle xenocrysts (fig. 2C) and euhedral and
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Figure 2. Coherent kimberlite (CK) in drill core in K2 west (500 m below surface; fig. 1). A, Characteristic dark gray homogeneous CK. Note uniform distribution of lithic clasts (light gray). B, Highly altered lithic clast that has been almost entirely replaced by calcite and serpentine. C, Polished slab showing abundant coarse olivine macrocrysts with a preferred orientation (30°–45° from horizontal).



subhedral pseudomorphed olivine phenocrysts in a variably altered crystalline groundmass composed of olivine, phlogopite, calcite, and spinel microcrysts (


Three main types of groundmass texture are apparent in thin section. The first is a patchy, globular texture consisting of framework-supported rounded and globular masses of groundmass (
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100 μm) irregular, pinched calcite and serpentine domains, similar to the interstices in the first textural type (fig. 6B–6D) that partially surround small blebs of groundmass or groundmass-coated grains (fig. 6C). Some blebs of groundmass appear to have been deformed between crystals and pelletal grains (fig. 6C, 6D). The third textural type is essentially holocrystalline and uniformly textured and lacks the serpentine-calcite domains (fig. 6E). Groundmass spinel microcrysts are ubiquitous and can be poikilitically enclosed by phlogopite. Weak textural heterogeneity is defined by small zones (


Figure 3. Graphic log of coherent kimberlite (CK) units in drill core in K2. CK occurs layered with volcaniclastic breccias and exhibits variations in the abundances of lithic clasts. Contacts between different lithofacies can be sharp or gradational. Depth plotted in meters below present surface. Borehole dipped 60° along an azimuth of 150°.
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Figure 4. Maximum lithic clast diameter plotted against lithic abundance for the major lithofacies in K2 from drill core data. The lithofacies (VKBr, CK, and MVK) are petrographically distinct. CK has a low maximum lithic clast size (


size (fig. 8B). Lithic clasts are typically 3∶1) in CK exhibit strong subhorizontal fabrics along faces that parallel the circumference of the pit (fig. 11), while moderate conjugate dips (35°W and 55°E) are present along exposures radial to the pipe. Radial exposures (locality D6; figs. 10, 11) commonly show a gradual transition from shallow inward dips to horizontal alignments toward the center (fig. 11). In thin section, CK consists of serpentinized anhedral olivine macrocrysts (20%–25%) and serpentinized subhedral to euhedral olivine phenocrysts (


(fig. 12B). The margins of these domains are crenulate and irregular. Oxide-rich groundmass commonly forms thin (tens of microns) rims around olivine phenocrysts (fig. 12C, 12D). Oxide-free domains (5–10 vol%) are highly irregular in shape, with pinched terminations between globular masses of oxide-rich groundmass. They comprise serpentine with marginal isopachous apatite or calcite rimmed by secondary serpentine. Some serpentine domains display zoning that is similar to that seen in serpentinized olivine phenocrysts and macrocrysts of lizardite-saponite rims with lizardite cores. Interpretation Macroscopic Features. The CK documented in K2 and B/K9 exhibits macroscopic features that together are consistent with a pyroclastic origin. These include (1) polymict crustal lithic clasts intimately mixed with juvenile kimberlite material; (2) variations in the abundance, composition, and grain size of lithic clasts, including the occurrence of internal lithic layers and fabrics within CK; (3) occurrence within layered sequences of volcaniclastic rocks and breccias; and (4) gradational contacts with adjacent volcaniclastic rocks. CK
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Figure 5. Centimeter-scale variations in olivine macrocryst abundance and grain-size distribution in coherent kimberlite in drill core (K2). Contacts between different zones are gradational. Note the macrocryst-free zone in the upper third.



shares these characteristics with other types of pyroclastic rocks in kimberlite pipes. MVK (see Sparks et al. 2006) commonly exhibits cryptic lithic clast layering and subtle variations in grain size, fabric, and lithic clast abundances (see Gernon et al., forthcoming b); a paucity of large lithic clasts (>10 cm), in contrast to adjacent breccias (fig. 4); and layering and clast fabrics that dip into the



interior of the pipe (fig. 9). In MVK, these features have been attributed to a pyroclastic mixture by gas fluidization (Walters et al. 2006; Gernon et al., forthcoming a). Gradational contacts between CK and MVK have been observed in other pipes (e.g., Clement and Skinner 1985; Clement and Reid 1989; Hetman et al. 2004; Skinner and Marsh 2004). Previous workers have suggested that the lithic clasts in CK-type rocks may have been incorporated during the percolation of low-viscosity magma into pore space in breccias (“kimberlite breccias” in Dawson and Hawthorne 1973; Clement and Skinner 1985). However, lithic clast abundances are generally too low for CK to have formed in this manner, and the grain size distribution of the lithic clasts should be similar to that of the putative host breccia (i.e., a mass movement–derived or explosion-derived breccia). This is not the case, and lithic clasts in CK typically have small maximum clast sizes (


Journal of Geology



WELDING OF PYROCLASTS



361



Figure 6. Photomicrographs of thin sections of coherent kimberlite (CK) in K2. A, CK comprising rounded ash-sized juvenile clasts of kimberlite groundmass and groundmass-coated olivine grains and lithic grains with interstices of serpentine and calcite. Individual juvenile clasts and coated clasts appear to be sintered at contacts. This rock is interpreted as an incipiently welded pyroclastic rock. B, Generally uniformly textured kimberlite with localized irregularly shaped calcite domains. This rock is interpreted as a densely welded rock. In C and D, calcite domains form the interstices between small plastically deformed juvenile ash grains (dashed line) and groundmass-coated pseudomorphs of olivine phenocrysts. E, Uniformly textured CK comprising pseudomorphs of olivine macrocrysts and phenocrysts in a finely crystalline groundmass of olivine, spinel, phlogopite, serpentine, and calcite. This is interpreted as a densely welded rock in which the original pyroclast outlines have been lost due to coalescence. O ¼ olivine macrocrysts and phenocrysts, s þ c ¼ serpentine and calcite, p ¼ phlogopite, c ¼ calcite domains.



ible with the absence of sharp, intrusive chilled contacts (e.g., Field and Scott Smith 1999; Hetman et al. 2004; Skinner and Marsh 2004). Most undis-



puted kimberlite intrusions in pipes are thin (centimeters to meters thick), sharp-sided dykes and sills (Dawson and Hawthorne 1973; Andrews and
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Figure 7. B/K9 kimberlite body in Orapa, Botswana. A, Simplified geological map of the B/K9 body. B, Cross section of the B/K9 body constructed from drill core data showing major units of coherent kimberlite.



Emeleus 1975; Clement 1982; Mitchell 1986). However, CK in B/K9 locally fills the pipe from wall to wall (fig. 7; see examples given in Nowicki et al. 2004), and it seems uncontroversial to interpret it as a pipe-filling pyroclastic deposit rather than a magmatic intrusion. The upward-flaring geometry of CK bodies in the B/K9 North Pipe (fig. 7) is consistent with the geometry of a filled conduit. Similar flared bodies of CK-like rocks are present in some Russian kimberlite pipes (e.g., Yubileinaya kimberlite, Yakutia; Mitchell 1995 and references therein). The geometries are similar to those created during analog sandbox experiments into fluidization in conduits (Walters et al. 2006). An additional concern is that the inferred low viscosities for kimberlite magma (0:1–1 Pa s; Sparks et al. 2006) would inhibit its emplacement as thick, pipe-filling intrusions (e.g., Bruce and Huppert 1989; Wada 1994). Microscopic Features. We interpret the globular and rounded masses of groundmass and groundmass-coated particles in some CK in K2 and B/K9 as juvenile ash grains (figs. 6A, 12), similar to those seen in volcaniclastic kimberlite rocks (“pelletal lapilli” in Mitchell 1986). The textural relationship between these juvenile grains and the serpentinecalcite domains, which terminate in pinched asymptotic spaces between groundmass regions, is consistent with the latter, representing filled porosity (e.g., fig. 6C, 6D). Similar textures occur in other kimberlite pipes and have been termed “segregationary” and “globular segregationary” textures (Dawson and Hawthorne 1973; Clement 1975, 1982; Mitchell



1975, 1984; Donaldson and Reid 1982; Armstrong et al. 2004; Hetman et al. 2004; Skinner and Marsh 2004). The calcite-serpentine domains (“segregations”) have been interpreted as (1) liquid immiscibility features of an early-crystallizing silicateoxide melt and a late-stage calcite phase (Mitchell 1975); (2) magmatic precipitates following the vesiculation of magma in closed systems at shallow levels (Clement 1975, 1982; Mitchell 1986; Field and Scott Smith 1999; Hetman et al. 2004; Skinner and Marsh 2004; Skinner, forthcoming); (3) amygdales (Dawson and Hawthorne 1970); and (4) pore space in welded rocks (Sparks et al. 2006). The interpretation of the calcite-serpentine domains in CK in K2 and B/K9 as liquid immiscibility features, magmatic precipitates, or filled vesicles is problematic, given the macroscopic evidence for a pyroclastic origin. The expected gas-melt textural relationship for vesicles within a melt is the opposite of that seen in the CK rocks (fig. 13). Similar particle-void textural relationships develop during the sintering of metal-ceramic powders (e.g., Liu et al. 1999; Lame et al. 2003; Zuo et al. 2003) and ceramic beads (Quane and Russell 2006). The rock textures outlined for CK in K2 and B/K9 form a continuum from a clastic framework of rounded and globular groundmass grains and groundmasscoated crystals with interstitial serpentine and calcite (fig. 6A) to uniform holocrystalline textures (fig. 6E). These textures are interpreted as the result of varying degrees of welding (e.g., Walker 1983; Quane and Russell 2005). CK units with abundant serpentine-calcite interstices represent incipiently welded rocks (fig. 6A) in which the pyroclasts have
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Figure 8. Coherent kimberlite (CK) in the North Pipe, B/ K9. A, CK showing near-homogeneous distribution of lithic clasts (light gray). B, Heterogeneous distribution of lithic clasts in CK with preferred alignment of platy clasts (l). Scale in centimeters; 25 cm on rule.



sintered at point contacts (e.g., Smith 1960), while uniformly textured CK units lacking calciteserpentine interstices are densely welded rocks (fig. 6E) in which fluidal pyroclasts have coalesced and lost their outlines. This is most clearly illustrated in figure 6B, where the original pyroclast outlines remain visible only in small zones (fig. 6C, 6D) within an otherwise uniformly textured crystalline rock. Discussion Welding Processes. Welding of pyroclastic rocks is complex and involves a number of different interacting, overlapping, and competing processes (Smith 1960; Guest and Rogers 1967; Riehle et al. 1995; Sparks et al. 1999). Sintering occurs by diffu-
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sion and viscoplastic flow at point contacts, while densification involves collapse of pores (both vesicles and interclast spaces), influence of load pressure, capillary-driven flow due to surface tension effects that strive to minimize surface energy, volatile escape by permeable flow, and possible dissolution of volatiles. Welding processes are counteracted by cooling that increases glass viscosity and decreases diffusion coefficients. They can also be stopped by crystallization of the glass (devitrification) and precipitation of vapor phase crystals in pore spaces. The presence of crystals (phenocrysts and xenocrysts) and lithic clasts in hot pyroclastic deposits also influences welding processes. Detailed studies of welded rocks have focused largely on glassy and vesicular silicic pyroclastic rocks (e.g., Smith 1960; Guest and Rogers 1967; Peterson 1979; Branney and Kokelaar 1992; Henry and Wolff 1992; Soriano et al. 2002; Grunder et al. 2005; Quane and Russell 2005; Russell and Quane 2005). Less attention has been given to more fluid magma types, such as basalt, although there are some valuable studies (e.g., Sumner et al. 2005). The problem here is that some features widely held to be diagnostic for welded pyroclastic rocks are the consequence of the very high viscosity of silicic glasses, the extreme sluggishness of the crystallization kinetics, and the vesicular character of the pyroclasts. It cannot be assumed that the same dominant characteristics of welded silicic pyroclasts will also be manifest in putative welded kimberlite pyroclasts. Many of the same generic processes might be expected to be very different because kimberlite magmas are likely to have differing physical properties and behaviors. In particular, it may be extremely difficult to form glasses from very silicapoor and probably carbonate-rich melts because the melt viscosities are very low. The crystallization kinetics are likely to be very fast, a corollary of the difficulty of forming glass in such melt compositions, even in laboratory experiments with quenching rates faster than typical in nature. A further difficulty is that the exact compositions, emplacement temperatures, and volatile contents are not well established in kimberlites. Another contrast with silicic pyroclasts is that unequivocal juvenile pyroclasts in kimberlites are typically nonvesicular to poorly vesicular (Mitchell 1986). Our discussion therefore will contrast the features of the proposed welded kimberlites with much better-known silicic welded rocks and will interpret the differences in terms of contrasting magma properties and consequent eruptive conditions of eruption and welding dynamics.



Figure 9. Layered coherent kimberlite (CK) and collapse basalt breccias at the margins of the South Pipe, B/K9. Layering within the upper unit of CK is parallel to the contact with the basalt breccia. Note the large, outsized boulders and megablocks of basalt in CK. This layered sequence is truncated by basalt breccias of the Center Pipe.
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Figure 10. Compositional variations in the lithic clast population within coherent kimberlite (CK) in the North Pipe, B/K9. The clast population is dominated by variously altered Karoo basalt and peridotite.



Here we discuss some of the properties of kimberlite magmas during eruptions that are pertinent to the occurrence of welded pyroclastic rocks. Establishing typical compositions and physical properties of kimberlite magmas is difficult because these rocks are almost always pervasively altered and because they commonly contain abundant xenocrysts. There is general agreement that they are Properties of Erupting Kimberlite Magmas.



silica-poor magnesian magmas with highly volatile contents (Mitchell 1986). Attempts to reconstruct their compositions have focused on aphanitic sills and dykes (e.g., Price et al. 2000; Le Roex et al. 2003), the freshest of which commonly contain significant amounts of igneous carbonate. The interest here is the compositions of the melt represented by the groundmass in CK rocks and as rims in groundmass-coated clasts. This remnant
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Figure 11. Clast fabrics in coherent kimberlite (CK) at the margins of the North Pipe, B/K9. A, Pronounced subhorizontal fabrics occur in circumferential sections of the pipe. B, Slightly steeper fabrics are present in radial sections. The fabrics are consistent with an inward-dipping layering similar to that seen in the South Pipe (fig. 9).



igneous mineralogy includes various combinations of spinel, perovskite, phologopite, apatite, monticellite, and sometimes igneous calcite. The pervasive serpentine in the groundmass of dykes, sills, and CK rocks limits the reconstruction of melt compositions because assumptions have to be made about whether the serpentine was formed by openor closed-system processes and about whether the serpentinization alteration involves isovolumetric or isochemical replacement of olivine, which is the main source of groundmass serpentine (Stripp et al. 2006). Kimberlite melts in eruption are assessed to have low SiO2 (estimated at 15%–25%), quite high CaO, MgO, and FeO and carbonate components, and some water to stabilize phlogopite. Emplacement temperatures are also poorly constrained,



except for those reported by Fedortchouk and Canil (2004), who estimated temperatures of 1070°–1130° C from olivine-ilmenite pairs. While alteration prevents exact calculation of melt compositions, the likely properties of erupting kimberlite melts can be evaluated. Their silicadeficient character allows high CO2 solubility, predominantly as CO2 3 (Brooker et al. 2001). The melt viscosity will be very low and has been estimated as ≪1 Pa s by Sparks et al. (2006). Very low melt viscosity is also indicated by the very thin rims (
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Figure 12. Petrography of coherent kimberlite (CK) in the North Pipe, B/K9. These rocks are interpreted as welded pyroclastic rocks. A, Globular-textured CK comprising olivine macrocrysts and phenocrysts in a patchy groundmass of oxide-rich and oxide-free zones. B, Close-up of groundmass. Irregularly shaped oxide-free calcite domains form the interstices between oxide-rich domains and groundmass-coated grains, both of which are interpreted as originally being pyroclasts. C, SEM backscatter image of CK showing the globular oxide-rich domains (light, speckled) and the irregularly shaped oxide-poor serpentine domains in the interstices (dark, uniform). D, SEM backscatter image showing detail of rock in C. Oxide-rich domains, which surround serpentinized olivine grains, are interpreted as pyroclasts that have sintered at point contacts. Irregular oxide-free serpentine domains are visible and represent the original porosity in the pyroclastic rock. O ¼ olivine macrocrysts and phenocrysts, C ¼ calcite domains, S ¼ serpentine domains.



pretations have been given for spherical juvenile pyroclasts (“globules”) in peralkaline pyroclastic deposits (Schmincke 1974; Hay et al. 1979), for basaltic achneliths (Walker and Croasdale 1971), and for lunar glassy spherical pyroclasts (Heiken et al. 1974). Another key property is that glasses are virtually impossible to form from low-silica, carbonate-rich melts in laboratory experiments (R. Brooker, pers. comm.), even under extreme quenching due to the very fast crystallization kinetics in very low-viscosity melt compositions. Thus, the welding processes in silicic pyroclasts that involve the long-lived existence of supercooled melt or glass are unlikely to occur in kimberlites.



Further, if kimberlite magma is broken up into droplets during explosive eruption, these droplets can be expected to flash-crystallize if cooling by degassing shifts the melt below the liquidus, and all melt will be eliminated if conditions shift below the solidus. We infer that the initial melt in erupting kimberlite magma can have three different forms in depositing pyroclasts: as pure melt (with suspended olivine phenocrysts and xenocrysts), as partially crystallized clasts with some interstitial melt, and in a completely crystalline state. However, the highly viscous glassy state will not occur. A final property of juvenile kimberlite pyroclasts is that vesicles are typically absent to low in
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Figure 13. Graphic illustrating possible melt-gas textural relationships. Sintered melt particles on the left. The gas phase occurs in void space between melt particles and forms interstices with thinned asymptotic terminations. This is the relationship seen in coherent kimberlite (CK) in figures 6A–6D and 12 and is interpreted to result from the sintering of melt particles. This is contrasted with the textural relationships of vesiculation, where the melt forms asymptotic bubble walls.



abundance: primary pyroclasts occur as pelletal clasts and poorly vesicular amoeboid lapilli (Mitchell 1986). Their poorly vesiculated character has been attributed to phreatomagmatic processes, with the magma being quenched before vesiculation takes place (Lorenz 1975, 1986; Lorenz and Kurzslaukis 2007). An alternative explanation is that erupting kimberlite melts have such low viscosities that the separation of gas and melt is very efficient due to very rapid coalescence of both bubbles and the melt phase into liquid drops. The timescale, τ , for such processes is approximately given by the ratio of surface tension to viscosity: τ¼



μr ; 2σ



(1)



where μ is the melt viscosity, r is the typical vesicle or drop dimension, and σ is the surface tension. For σ ¼ 0:05–0:17 Nm (surface tension of dacite and basalt magmas; Khitarov et al. 1979; Mangan and Sisson 2005), μ ¼ 0:1–1 Pa s (Sparks et al. 2006),



and r ¼ 1 mm, the timescale is 101 –104 s. This efficient separation process can be observed in the opening of a pressurized lemonade bottle, where the dissolved gas propels an exsolving gas-liquid mixture into the atmosphere and the liquid drops fall back to the ground and coalesce to form thoroughly degassed liquid. Emplacement of Welded Kimberlite Rocks. It is increasingly recognized that large-volume bodies of CK pass gradationally into volcaniclastic lithofacies (e.g., Clement and Skinner 1985; Clement and Reid 1989; Field and Scott Smith 1999; Hetman et al. 2004; Skinner and Marsh 2004). MVK comprises abundant fragmental olivine macrocrysts and phenocrysts, pelletal lapilli (consisting of a thin selvage of crystallized kimberlite groundmass around an olivine crystal), and variable abundances of lithic clasts. The interstices are typically filled with a serpentine-diopside cement (see Clement and Skinner 1985; Mitchell 1986; Skinner and Marsh 2004; Sparks et al. 2006). Lithofacies that share characteristics of both CK and MVK have been recognized at several pipes at the contact between these two rock types. Transitions from CK to MVK typically show (1) an increase in the abundance of olivine crystals and of interstitial microlitic diopside, (2) an increase in the abundance of discrete juvenile clasts, and (3) a decrease in the abundance of matrix calcite (e.g., Field and Scott Smith 1999; Hetman et al. 2004; Skinner and Marsh 2004). The gradation from CK into MVK suggests that the two rock types may have a similar genesis. Recent experimental and theoretical studies, along with particle size distribution studies, suggest that fluidization plays a major role in the formation of MVK (Sparks et al. 2006; Walters et al. 2006; Gernon et al., forthcoming a). It is envisaged that as the eruption starts to wane, pyroclasts start to accumulate in the pipe (Sparks et al. 2006). Proximal fallout of material from eruption jets is chaotic, and high rates of deposition are common (Sable et al. 2006). The deposits may not show the characteristic features of more distal fall deposits (e.g., well sorted, mantle bedded) and may be poorly sorted, chaotic, or massive to very poorly bedded. Pyroclasts accumulating in a pipe may become fluidized by streaming gases and explosive jets erupting into the base of the accumulating pile of material, which could result in the loss of fine ash by elutriation and the diminution of large lithic clasts. Transitions from MVK into CK (e.g., Field and Scott Smith 1999; Hetman et al. 2004; Skinner and Marsh 2004) suggest that CK is also deposited by fluidized systems. Experimental work indicates that particles fluidized at temperatures above their
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minimum sintering temperature (T s ), defined as the temperature at which the particle surface starts to soften, can rapidly defluidize by the sintering of particles (Gluckman et al. 1975). This occurs by viscoplastic flow between adjacent particles, and the efficacy of this is a balance between the time needed for growth of sinter necks and the characteristic times of quiescent motion of particles in a bed (Seville et al. 1998). Gas flow rates in excess of the minimum fluidization velocity (U mf ) are required to maintain fluidization at T > T s (Gluckman et al. 1975; Siegell 1984). Defluidization proceeds as particles aggregate along the base and margins of the bed. We suggest that hot pyroclasts in a kimberlite pipe, erupted at >T s , are capable of forming welded deposits from fluidized systems. Sintering of hot particles is aided by high temperatures and very low viscosities, which allow necks to form between adjacent particles by viscoplastic flow (Gluckman et al. 1975; Seville et al. 2000). In cases of extreme low viscosity, particles can almost instantaneously form a homogeneous liquid (“coalescence” in Branney and Kokelaar 1992). Coalescence generates spatter-fed lava flows and lava lakes at the base of Hawaiian fire fountains and can occur when accumulating particles have viscosities of 
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is seen in pyroclastic density currents, where the elutriation of fine vitric ash results in the bulk rock chemistry of the deposited ignimbrite being depleted in incompatible elements relative to the bulk rock chemistry of the parent magma (Horwell et al. 2001). Co-ignimbrite ash fall deposits are consequently enriched in incompatible elements. We suggest that rapid transitions between welded and nonwelded facies are probable during kimberlite eruptions. Three contrasted states of the initial melt phase in the magma are envisaged on deposition following magma fragmentation. Each results in distinct deposit types. The first is where the initial melt in the magma remains pure melt (above the liquidus temperature) through fragmentation. The depositing pyroclasts coalesce almost immediately to form a degassed homogeneous liquid. Ephemeral lava lakes and lava flows could develop within the conduit from this process. This results in the formation of uniformly textured CK (fig. 6E). The second state is where initial melt has largely but not completely crystallized during fragmentation, retaining some residual melt. The resulting pyroclasts are difficult to deform but are still sticky and are able to sinter at point contacts by viscoplastic flow. Pyroclasts are deposited at temperatures between the liquidus and the solidus, i.e., the sintering temperature of Gluckman et al. (1975). This results in incipiently welded, porous pyroclastic deposits (e.g., figs. 6A, 12). The final state is where the initial melt has fully crystallized during fragmentation (subsolidus). The pyroclasts form a porous, nonwelded granular deposit on deposition (e.g., MVK). Transitions between these states could result in rapid changes in deposit characteristics. The effects of these changes in a fluidized system remain to be explored: clasts start to sinter and aggregate above the solidus within fluidized systems if small volumes of melt are present (Gluckman et al. 1975; Siegell 1984; Seville et al. 1998). However, if clasts are erupted as liquid drops, fluidized systems cannot develop. Densification during Welding of Kimberlite Pyroclasts. The welded rocks in K2 and B/K9 do not



show the compactional welding textures and foliations of silicic welded rocks (e.g., eutaxitic textures, fiamme, and flattened spatter clasts in agglutinates). During postdeposition compactional welding, silicic pumice and scoria clasts deform principally by losing their porosity (e.g., Ragan and Sheridan 1972; Riehle et al. 1995). Typically, the aspect ratios of fiamme can be explained only by collapse of vesicles, and it is unnecessary to invoke additional pure shear compaction, although this cannot be excluded. Additional pure or simple shear
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can occur to form parataxitic rocks and lineations in the plane of the compactional foliation (Smith 1960). The strong foliations observed in silicic welded rocks are formed as a consequence of two main factors, namely, the porosity collapse of vesicular clasts and the existence of the glassy state. Neither of these factors occurs in kimberlite pyroclasts. Kimberlite pyroclasts generally comprise subspherical to amoeboid-dense fragments of magma and melt-coated grains (pelletal clasts) that are not capable of deforming by loss of internal porosity. Instead, any compaction during postdepositional welding must be accommodated by loss of interparticle (deposit) pore space and spreading. A situation may occur where the pores within a hot welded kimberlite pyroclastic deposit retain low pore pressures, perhaps by being connected to the atmosphere. The pressure difference between the load of the juvenile clasts (lithostatic pressure) and the pore pressure may induce rapid closing of the pores by the migration of remaining liquid melt under strong capillary and surface tension forces, and the rock becomes densely welded. This may be partly analogous to processes observed during the liquid phase sintering of metal alloys and ceramics (e.g., Park et al. 1984; German 1985) and is enhanced when the particle size is small (Hwang et al. 1987). Further investigation is required for volcanic systems. The high abundances of macrocrysts and phenocrysts in CK could inhibit compaction of CK because of the formation of percolation networks of solid particles. Experimental work on composite metal-ceramic powders indicates that their densification potential is strongly influenced by the characteristics of the particulate mixture (e.g., the nature of the phase fractions and the size, shape, and strength of the particles; Bouvard and Lange 1991; Bouvard 2000). Percolation networks of hard particles that can resist, wholly or partially, compactional loading can start to develop at relatively low-volume abundances of hard phases (e.g., 20%– 30%), depending on the size ratio of hard to soft particles (Bouvard and Lange 1991). CK in the studied rocks typically comprises 15–25 vol% of olivine phenocrysts and macrocrysts along with 2– 20 vol% lithic clasts. The total volume of hard particles in most CK units may well exceed the percolation threshold. The deformation potential of CK is therefore probably much less than, for example, a silicic pyroclastic deposit that comprises vesicular pumice clasts and ductile glass shards and that lacks abundant solid particles (lithic clasts and crystals). Strong welding-compaction folia-



tions, which are common in silicic welded rocks, seem unlikely to develop in CK. Implications for Models of Kimberlite Volcanism.



The features outlined here for CK in K2 and B/K9 that indicate a pyroclastic origin are shared by many other CK-type rocks in other kimberlite pipes. We would expect some of these other rocks to be welded pyroclastic rocks on further investigation. This has implications for models of kimberlite volcanism. Hetman et al. (2004) and Skinner and Marsh (2004) interpreted transitions between CK and MVK as the point of volatile exsolution within a frozen degassing front. Given the inherent dynamical difficulties of preserving such a feature as a deposit (Sparks et al. 2006), our alternative model in which these transitions represent changes between welding states seems appealing and has the benefit of satisfying both the microscopic and the macroscopic features of the two rock types. Such transitions are common in almost every other volcanic system, modern and ancient. What causes the transition from one state to the other remains to be constrained in kimberlite eruptions, but as in other volcanic systems, changes in eruptive temperature, mass flux, deposition rate, and volatile content of the erupting gas-particulate flows are likely to have profound effects on the nature of the deposits (e.g., Head and Wilson 1989). Conclusions Lithofacies occurring in two kimberlite pipes in South Africa (Venetia K2) and Botswana (Orapa B/K9) are here interpreted as welded pyroclastic rocks on the basis of geometry and composition, structural considerations, and macroscopic and microscopic textures. The rocks show a range of microscopic textures interpreted as densely welded to incipiently welded. We infer that the dynamics and mechanics of the welding of kimberlite pyroclasts are different from those that occur during the welding of glassy, vesiculated pyroclasts in silicic volcanic systems because of the low melt viscosity and the efficient separation of volatiles and melt, such that vesicular clasts are rarely preserved. Critically, the glassy state is difficult to form in silicadeficient magmas, and the crystallization kinetics is rapid. Three major types of deposits are recognized (densely welded, incipiently welded, and nonwelded), and we relate these to the state of the initial melt phase in the pyroclasts (molten, partially molten, and solid) on deposition in the pipe. Because of the absence of a glassy state, transitions between these pyroclast conditions and, consequently, between welding intensity may be
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rapid. Gradations between nonwelded deposits and welded deposits in several kimberlite pipes, together with overlapping in their macroscopic textural features, indicate that welded rocks can be deposited from large-scale fluidized systems within kimberlite pipes. The relatively high percentage of nondeformable particles (crystals and lithic clasts) in kimberlite pyroclastic deposits may inhibit the development of compaction deformation foliations through the formation of percolation networks of hard particles. CK-type rocks are common in many kimberlite pipes (hypabyssal kimberlites; e.g., Nowicki et al. 2004; Field et al., forthcoming), and we speculate that they may prove to be welded pyroclastic rocks
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on further investigation. The processes outlined here may be generally applicable to other lowviscosity magmas (e.g., basaltic, peralkaline, carbonatite, and melilitite magmas).
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