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Chapter 7 Identity of the Udachnaya-East kimberlite 

parental melt 

7.1 Constraints from olivine and olivine-hosted inclusions 

7.1.1 How unique is fresh olivine in kimberlites? 

The Udachnaya kimberlite is an olivine-rich porphyritic rock, and this feature is 

shared by the majority of known kimberlites, excluding rare aphanitic kimberlites, such 

as those from Kimberley, South Africa (Edgar et al., 1988; Edgar and Charbonneau, 

1993; le Roex et al., 2003; Shee, 1986), Jericho, Canada (Price et al., 2000). The 

abundance of olivine in kimberlites is reflected in the high MgO content of bulk rock 

compositions (> 20 wt%); however, some part of this enrichment in MgO is contributed 

by porphyroclastic/macrocrystic olivine-I, which is generally considered to represent 

crystallisation of a protokimberlite magma at depth, as well as mechanical entrapment 

of wall-rock olivine during the ascent of the kimberlite magma (e.g., Mitchell, 1973; 

Sobolev, 1977). In my analyses of the Udachnaya-East kimberlites, the input from the 

porphyroclasts was excluded (by careful hand-picking of the groundmass), and the 

recorded enrichment in MgO (28-30 wt%, Table 4.7) can be confidently attributed to 

the groundmass olivine-II, which is generally believed to originate from the melt (i.e., 

liquidus olivine; (e.g., Mitchell, 1973; Sobolev, 1977). The high amount of olivine (up 

to 50 vol%) reported in some porphyritic volcanic rocks (picrites), formed in different 

geodymanic environments (mid-ocean ridges, oceanic islands, intraoceanic island arcs, 

backarc basins, intracontinental rifts), and the significant compositional range 

demonstrated by olivine phenocrysts in a single picrite, argue for an accumulative 

nature of such rocks. In other words, most Phanerozoic picrities represent a mechanical 

mixture of one or more olivine populations and a melt (presently groundmass) that 

transported them to the surface. Similarly, the dominance of olivine-II in the 

groundmass of the Udachnaya kimberlite, as well as the variable olivine compositions, 

present a challenge in characterizing parental and primary melts of the kimberlite. Any 

solution to this problem is further complicated by complex compositional zoning and 

compositional diversity of the olivine-II cores. But the major obstacle to the quantitative 

insights into kimberlite origin and evolution is the fact that kimberlitic rocks throughout 
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the world and their olivine phenocrysts have been affected by the masking effects of 

syn- and post-magmatic alteration.  

Apart from the Udachnaya-East kimberlite (this work, and (Barashkov and 

Mahotko, 1977; Golovin et al., 2003; Kamenetsky et al., 2004; Maas et al., 2005; 

Marshintsev et al., 1976; Sobolev et al., 1989; Zinchuk et al., 1993), only a few clear 

claims of “extremely fresh kimberlites” (e.g., from Lac de Gras, Northwest Territories; 

Fedortchouk and Canil, 2004) and the Upper Canada Gold Mine, Ontario; Watkinson 

and Chao, 1973) exist. Do other fresh kimberlites containing unaltered olivine 

phenocrysts exist?  

Despite very limited availability of chemical analyses of olivine-II in the 

kimberlite literature, these olivine compositions have been either mentioned or 

discussed (e.g., Boyd and Clement, 1977; Mitchell, 1973; Moore, 1988; Reid et al., 

1975; Skinner, 1989), and reports of the isotopic composition of fresh olivine-II (e.g., 

Kirkley et al., 1989) and its photographs have been published. In many works, the 

authors indicate fresh olivine, if present; for example, “the Helpmekaar kimberlites 

differ from the other kimberlites in the Kuruman province in that the olivines are 

unaltered” (Shee et al., 1989); “the Igwisi volcanic rocks are grey-brown olivine 

porphyries with large green olivines set in a fine-grained carbonate-rich matrix…the 

large olivines are fresh and not serpentinized” (Reid et al., 1975). In the case of the 

Igwisi extrusive kimberlites the preservation of fresh olivine was explained by rapid 

upward transportation and rapid cooling of the magma, so “the matrix fluid did not react 

significantly with the olivine” (Reid et al., 1975). 

Thus, considering the evidence for fresh olivine in kimberlites, the common 

perception of kimberlites being universally serpentinised or/and altered rocks, is clearly 

unfounded. The difficulty of free access to kimberlites, and existing restrictions on 

release of information to the general public due to the exceptional commercial value of 

kimberlites, led to “kimberlites are regarded by …the geological and geochemical 

community within an aura of glamour and mystique” (Eggler, 1989). Moreover, even 

within a “kimberlite community” the confidentiality related to the kimberlite research 

limits exchange of facts about specific features of particular kimberlites. If kimberlites 
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are to be finally “freed from their aura of mystique” as D.H. Eggler suggested, their 

studies should be handled in open, and without predisposition. 

7.1.2 Two populations of olivine in kimberlites: fellow-travellers or 

close relatives? 

This work on the uniquely fresh Udachnaya-East kimberlite concurs with other 

mineralogical studies of kimberlites worldwide in demonstrating the presence of 

morphologically distinct populations of olivine. One population is represented by large 

rounded grains (olivine-I or macrocrysts), whereas a second type of olivine is typically 

smaller but better shaped crystals (olivine-II or groundmass phenocrysts). It has been 

long advocated in the literature that the morphology and compositional variations 

exhibited by olivine macrocrysts and phenocrysts may provide valuable clues to 

processes of kimberlite formation, transport and emplacement (e.g., Barashkov and 

Mahotko, 1977; Boyd and Clement, 1977; Mitchell, 1973; Moore, 1988; Skinner, 

1989).  

In the earlier work Mitchell (1973) considered olivine from both populations to 

be liquidus phases. Mitchell (1986) also proposed three main sources of the olivine 

macrocrysts population: 1. fragmented megacrysts and porphyroclastic dunites, 2. 

disaggregated lherzolite xenoliths, and 3. true phenocrysts. It has been emphasized that 

there was no a priori reason why large crystals should not have crystallized from 

kimberlite magma and formed cumulates. Furthermore, such an origin for olivine 

macrocrysts does not preclude “macrocrystic” olivine being overgrown by the 

“groundmass” olivine. Both populations of olivine are transported together, and thus all 

changes related to chemical and mechanical resorption should be equally imposed on 

both, making a morphological distinction subjective. 

Olivine crystallisation from a kimberlitic magma en route to the surface is 

supported by experimental evidence on olivine stability at the temperatures and 

pressures experienced by kimberlite magmas. Moreover, the expansion of the primary 

phase volume of olivine with decreasing pressure enhances olivine crystallisation. Both 

olivine populations in the studied samples, and in other kimberlites, demonstrate 

striking compositional similarity in the range of Fo contents. Trace element abundances 
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are also indistinguishable for the olivine macrocrysts and cores of groundmass olivine 

(Fig. 3.19). Moreover, in many cases the olivine-II cores have original crystal faces 

ground or resorbed away (Fig. 7.1), and thus their shapes are similar to those of round 

olivine macrocrysts. It is most likely that crystals now apparent as the olivine-II cores 

were formed deep in the system and transported upwards in a crystal mush. 

Crystallisation of olivine from a protokimberlite melt is an alternative to the 

mechanical entrapment of olivine from various mantle and lithospheric sources. Unlike 

olivine in kimberlites, xenogenic olivine in mantle-derived magmas (e.g., intraplate 

alkali basalts) does not show significant variations in composition. If olivine is derived 

from different sources then the relative contribution from these sources should be 

reflected in several modes (populations, clusters) of olivine composition. However, this 

has not been so far recorded among kimberlitic olivines (Fig. 3.19). Deep-seated 

crystallisation of olivine is further supported by the fact that most intraplate alkali 

basalts that contain peridotitic xenoliths and xenocrysts of olivine are not primary 

magmas and their olivine phenocrysts are not in equilibrium with the mantle. This 

means that depletion of the intraplate melts in the olivine component (as a result of 

olivine crystallisation) ordinarily occurs deeper than entrainment of xenoliths, possibly 

in the convecting mantle. 

In conclusion, chemical and morphological resemblance between olivine-I and 

cores of olivine-II can be related to similar chemical and physical conditions existing 

during olivine growth (or re-crystallisation) and transport to the surface. If both olivine 

populations are related, their common origin might be tracked down to the earliest and 

deepest stages of the kimberlite formation and crystallisation, i.e., when and where 

primary (protokimberlite) magma formed and fractionated. According to this viewpoint 

many of so-called olivine macrocrysts/porphyroclasts are “fragmented peridotite 

accumulates from the kimberlite magma itself”, and “in this case the olivines would be 

in a strict sense cognate” (Mitchell, 1973). 

 



Figure 7.1. Olivine-II cores with oval or rounded shapes (A) resemble those of 
olivine-I (B).
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7.1.3 Compositional structure of groundmass olivine: evolutionary 

storyline of the kimberlite parental melt. 

The overwhelming dominance of olivine in kimberlites is consistent with 

formation during an extended period of crystallisation and expansion of the olivine 

phase field with decreasing pressure (Wyllie and Huang, 1976) during magma ascent. 

The Udachnaya-East groundmass olivine has a clear compositional structure, where the 

cores with variable Fo can be distinguished from the rims, that show a limited range in 

Fo (Fig. 3.9C). It should be emphasised again that the olivine-II rim compositions are 

essentially uniform with respect to major elements, but minor element contents fluctuate 

strongly, especially Ni abundances (Fig. 3.10-18), which reach maximum values near 

the core-rim boundary, then decrease rapidly towards the outer rims. Broadly similar 

compositional features, namely two groups of olivine with normal and reversed core to 

rim zonation and similar ranges in Fo and trace element contents, have been previously 

described in the groundmass olivine in other kimberlites, both diamondiferous and 

barren (Fedortchouk and Canil, 2004; Moore, 1988; Skinner, 1989).  

Although the origin of olivine cores (cognate vs exotic) is still debatable, the 

overall compositional analogy between groundmass olivine from different pipes and 

different kimberlite provinces argue for that 1) the origins of both cores and rims of 

groundmass olivine are intimately linked to kimberlite genesis and evolution; 2) in all 

kimberlites, physical and chemical conditions of olivine formation are closely similar; 

3) olivine cores and rims crystallised under different conditions; and 4) variable Fo 

compositions of cores reflect changing conditions, whereas similar Fo compositions of 

rims reflect a major buffering event. Possible conditions of origin of the groundmass 

olivine are discussed below. 

7.1.3.1 High-pressure crystallisation of olivine cores. 

Cores of olivine-I are characterised by a range of Fo contents (85-93.3 mol%), 

and related variations in NiO (0.12-0.42 wt%), however, the covariation between Fo and 

NiO is not linear. High-Fo olivine cores (>90 mol%) have rather constant NiO, whereas 

NiO in less forsteritic olivine decreases with decreasing Fo (Fig. 7.2A). Modelling of 

Fo-Ni covariation is not possible in this case because experimental and thermodynamic 
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data for kimberlite melt compositions is not available. Modelling of Ni partitioning 

between melt and olivine during olivine crystallisation was performed using the 

analyses of Hawaiian picritic melt (A. Sobolev, pers. comm.), and results are shown on 

Fig. 7.2B. In high-Mg (picritic) melts, the presence of large amounts of olivine 

component makes the properties of the melt similar to those of pure olivine. Thus the 

partition coefficient of Ni is small (i.e., ~ 1), and olivine crystallisation does not change 

Ni abundances in the melt. The decrease in MgO content in the melt caused by olivine 

crystallisation increases the partition coefficient of Ni, and affects the rate of Ni 

incorporation into olivine and thus the slope of the Ni trend. Similar Ni trends 

demonstrated by the Udachnaya-East olivine-II cores and model olivine-saturated 

magma lead me to conclude that the olivine core compositions are related to each other 

by “normal” magmatic crystallisation. 

The presence of Na- and Cr-enriched high-Ca pyroxene inclusions in the cores 

of the groundmass olivine (Figs. 6.2 and 6.3, Table 6.1) can help in deciphering earlier 

stages of the kimberlite magma crystallisation. To the best of my knowledge, there 

exists only one report of such Cr-diopside inclusions in the spheroidal olivine cores, 

from the Igwisi Hills extrusive kimberlites (Reid et al., 1975). Their association with 

garnet and orthopyroxene inclusions was interpreted in terms of derivation from garnet 

peridotite at ~1000oC and 50-60 kb (Reid et al., 1975). Another occurrence of 

compositionally similar Cr-diopside was recorded as micro-inclusions in diamonds 

(Aulbach et al., 2002; Dobosi and Kurat, 2002; Stachel and Harris, 1997). Note that 

pyroxene is a relatively rare mineral in kimberlites; apart from high pressure megacrysts 

of uncertain origin, euhedral post-fluidisation liquidus clinopyroxene has been described 

only in kimberlites from West Greenland, Arkansas and South Africa (Mitchell, 1979). 

In the case of the Udachnaya-East kimberlites, high-Ca pyroxene inclusions are 

relatively common, and some olivine cores may contain several dozens of such 

inclusions, that are always in Fe-Mg equilibria with host olivine, and never occur in 

olivine rims (Figs. 6.2A and 6.3). 
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Figure 7.2. A – NiO (in wt%) vs Fo (in mol%) contents in olivine-II cores; B –
example of calculated distribution NiO in olivine during fractionation (% of olivine 
fractionation is shown). Calculation made using analyses of Hawaiian (Mauna Loa 
example) picritic melt (A.V.Sobolev, personal communication)
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The following evidence suggests that high-Ca pyroxene crystallised from a 

proto-kimberlite melt (together with olivine, and probably also phlogopite):  

-- high-Ca pyroxene contains primary melt inclusions that are compositionally 

similar to melt inclusions in the groundmass olivine. The same composition (rich in 

alkalies, Cl and C) is demonstrated by a film of material in which these pyroxene 

inclusions are enclosed (Figs. 6.2C and 6.3);  

-- high-Ca pyroxene also associates with phlogopite inclusions (Fig. 6.2C);  

-- high-Ca pyroxene shows pronounced fine-scale (down to 10 µm) 

compositional zoning, with a general pattern of Na and Cr decrease and Ca increase 

towards the rims (Figs. 6.2A, 6.3 and 6.5). Such small-scale compositional zoning 

testifies to changing conditions during formation of pyroxene crystals. The preservation 

of fine-scale zoning in the high-Ca pyroxene inclusions at mantle temperatures suggests 

their fast trapping by growing olivine cores and the absence of a significant time gap 

between this process and solidification of the kimberlitic magma. Zoning is not present 

in pyroxenes in the Udachnaya-East pipe xenoliths (Shimizu et al., 1997); 

-- high-Ca pyroxene inclusions are more enriched in all incompatible trace 

elements (in particular, Zr, Eu and Sm) than pyroxenes in mantle xenoliths from the 

Udachnaya-East pipe (Fig. 6.6A), and thus an origin from the disintegrated xenoliths is 

unlikely. On the other hand, they are compositionally similar to clinopyroxene from 

diamondites (Fig. 6.6A) which are thought to crystallise from a kimberlite melt or fluid 

(Dobosi and Kurat, 2002). 

--The cores of the pyroxene inclusions are highly enriched in most incompatible 

trace elements, but depleted in heavy rare-earth elements (Fig. 6.6A). The same trace 

element pattern is shown by the melt compositions calculated using partition 

coefficients for coexisting basaltic melt and clinopyroxene (the first experimental study 

devoted to the equilibrium of clinopyroxene with a model kimberlite-like melt (Keshav 

et al., 2005) was just published at the time of this thesis submission, and the new 

partition coefficients are not dissimilar to those used in this study). The inferred 

compositions of the melt parental to high-Ca pyroxene resemble those of the 

Udachnaya-East kimberlite groundmass (Fig. 6.6B). 
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Application of available single-pyroxene geothermobarometers (Nimis and 

Taylor, 2000) provides a minimum P-T estimate for crystallisation of olivine cores. The 

estimated pressure of 45-50 kb corresponds to the diamond stability field (>150 km), 

whereas the temperature of crystallisation 900-1100oC is relatively cold. These P-T 

conditions correspond to the lower part of lithosphere beneath the Siberian craton (Boyd 

et al., 1997). Furthermore, the elevated K abundances in clinopyroxene (360-600 ppm) 

also support inferred high-pressure crystallisation (Sobolev, 1977). Even higher 

pressures (80-100 kb) for the kimberlite melt segregation and “take-off” have been 

recently inferred based on the finding of nanocrystalline (Mg, Fe, Cr)TiO3 perovskite 

inclusions in olivine from an ilmenite–garnet–peridotite nodule in the Udachanya-East 

kimberlite (Wirth and Matsyuk, 2005).  

In the case of “normal” fractional crystallization of olivine, the range in Fo from 

93.5 to 85 mol% correspond to a maximum temperature drop of 250oC (Kamenetsky et 

al., 1995). Based on a final olivine crystallization temperature of 650oC at near-

atmospheric pressure (data from melt inclusions, Chapter 6) and the olivine liquidus 

slope ~5oC/kb (Takahashi and Kushiro, 1983), the starting crystallisation temperature at 

45-50 kb can be estimated as 1125-1150oC. 

It is tempting to provide additional support for high-pressure crystallisation from 

the very low CaO contents (< 0.1 wt%) in olivine using conclusions by (Simkin and 

Smith, 1970). However, the low Ca content throughout the whole olivine population in 

kimberlites (excluding outmost rims) may be a result of crystallisation from melts with 

significant calcite component, and thus abnormally low Ca partition coefficients. Low-

Ca olivine phenocrysts are well known in a number of extrusive rocks, namely 

continental carbonatites and several backarc and island arc suites, including low-Ca 

boninites (Kamenetsky et al., 2005). 

The cores of groundmass olivine are variable in shape and size. This suggests 

that their complex history reflects growth, recrystallisation, transport, dissolution and 

re-growth in different mantle-melt environments. Some of them may well have been 

xenocrystic seeds of mantle origin. Others, with smooth crystallographic shapes (Figs. 

3.8.1, 3.8.2, 3.8.3 and 7.1A) were individual magmatic phenocrysts that experienced 

abrasion during upward transport at extremely high speeds, as advocated for spheroidal 
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olivine of the Igwisi kimberlites (Reid et al., 1975). Partial resorption of olivine 

suggests that primary olivine crystallisation ceased and disequilibrium developed after 

initial crystallisation (Boyd and Clement, 1977; Skinner, 1989), but the causes of this 

are uncertain. Skinner (1989) proposed crystallisation of olivine-II at depth, in small 

melt pockets before magma “took off” to the surface. However, in such a scenario, the 

viscosity of magmas loaded with ~ 50 vol% olivine would be high enough to preclude 

very high speeds of ascent (several hours to several days; Canil and Fedortchouk, 1999; 

Eggler, 1989; Haggerty, 1999; Kelley and Wartho, 2000).  

In conclusion, many groundmass olivine cores either grew or reacted (re-

equilibrated) with melts, as evidenced by their shapes, compositions, and presence of 

magmatic inclusions. These melts, possibly compositionally distinct, went through 

crystallization, mixing and incorporation of olivine before the magma so-formed 

erupted as a kimberlite. The early stages of olivine crystallisation occurred in the deep 

mantle (~50 kb) at relatively low temperatures (<1200oC) from a protokimberlite melt 

enriched in alkali elements, carbon and chlorine.  

7.1.3.2 Low-pressure crystallisation of olivine rims 

Composition and zoning of the Udachnaya-East olivine-II grystals are not 

unique; similar principal compositional characteristics of groundmass olivine 

phenocrysts are described from a number of kimberlite suites (e.g., Fedortchouk and 

Canil, 2004; Kirkley et al., 1989; Mitchell, 1986; Moore, 1988; Skinner, 1989). Thus, 

the recorded wide compositional variations of olivine cores and constant Fo 

composition of olivine rims in the Udachnaya-East kimberlite are typical. As discussed 

above the interval of Fo shown by the cores of olivine-II is a reflection of crystallisation 

from different melt batches, that later mixed together. The presence of olivine 

phenocrysts of variable Fo in a single rock is also a common feature of olivine-phyric 

volcanic rocks (e.g., Danyushevsky et al., 2002). Such diversity of olivine compositions 

in a single rock is explained by entrapment of olivine crystals from a cumulus layer.  

The rims of olivine-II most certainly crystallised from a melt transporting these 

crystals to the surface. This melt is present as melt inclusions in the olivine rims, and 

heals fractures in the olivine cores. Its composition, as inferred from the composition of 



Chapter 7 Identity of the kimberlite parental melt 

 

223 

the melt inclusions, is low in aluminosilicate components, but high in alkali carbonates 

and chlorides. As indicated by mineral inclusions, olivine-II rims crystallised together 

with phlogopite, perovskite, Cr-spinel – Ti-magnetite, rutile and orthopyroxene, i.e. 

common groundmass minerals (except orthopyroxene).  

Olivine rims show only a limited range of compositions (Fo88.5-89.6, Fig. 3.9C), 

suggesting crystallisation over a small temperature range or buffering of the magma at 

constant Fe/Mg, and this process was operating in kimberlitic magmas worldwide. 

Furthermore, the uniform compositions of the rims imply that the groundmass olivine 

population is a result of mixing of batches of magma containing phenocrysts of different 

compositions (cores). The fact that olivine rims are more Fo-rich than the end-products 

of crystallisation of a protokimberlite melt (Fo85) supports the ideas that ”a decrease in 

Kd associated with decreasing pressure and CO2 loss during magma ascent would lead 

to crystallisation of more Mg-rich olivines” (Moore, 1988). 

At first glance, the uniform Fo in the rims reflect attempts by the crystals to 

equilibrate with the final hybrid magma (Mitchell, 1986) during growth. However, such 

re-equilibration requires longer crystallisation times, especially at low temperatures, and 

should affect the olivine cores as well. A more plausible explanation is that the Mg–Fe 

distribution coefficient between olivine and a carbonate-rich residual kimberlite melt is 

significantly higher than for a common basaltic melt (0.3±0.03; Roeder and Emslie, 

1970), possibly as a result of complexing between carbonate and Mg2+ ions (Green and 

Wallace, 1988; Moore, 1988). The implied higher olivine-melt Mg–Fe distribution 

coefficient (Kd) for carbonate-rich liquids was supported by experimental evidence 

presented by (Dalton and Wood, 1993). Additional experimental evidence was 

published recently by (Girnis et al., 2005), who showed that Kd(Fe-Mg) for equilibrium 

silicate minerals and melt increases with decreasing melt SiO2 content (e.g., from 0.45 

to 0.60 for orthopyroxene). Similarly, the Kd(Fe-Mg) between olivine and melt changes 

from 0.45 for the bulk “kimberlite” compositions to 0.6-0.8 for carbonate-rich melts 

(Girnis et al., 2005). On the basis of recorded residual melt compositions, strongly 

enriched in carbonate and depleted in silicate components (see Chapters 3 and 6 and 

Mitchell, 1973), I propose that the uniform Fo of groundmass olivine rims is explained 

by a relatively constant Fe/Mg of the crystallizing olivine-saturated, carbonate-rich 
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melt. This constancy of Fe/Mg is determined by a very high Kdol-liq
(Fe-Mg) ~ 1. The Mg# 

of the residual kimberlite melt prior to its solidification was fluctuating dramatically as 

evidenced by enormous variations in Fo within 10 µm at the olivine rims and around 

healed cracks in olivine (Fig. 7.3). These changes can be explained by replenishment of 

residual melt pockets surrounding groundmass olivine and rapid diffusion of Mg and Fe 

in the essentially non-silicate liquid. 

According to numerous studies, the most abundant xenoliths in kimberlites are 

garnet lherzolites, but the surprisingly low abundance of orthopyroxene among 

xenocrysts and macrocrysts has been intriguing (Mitchell, 1973; Skinner, 1989). Low 

silica activity in the kimberlite magma has been offered as an explanation for the 

apparent instability of orthopyroxene, especially at sub-surface pressures (Mitchell, 

1973). On the other hand, crystallising groundmass olivine rims and the presence of 

orthopyroxene inclusions in this olivine (Figs. 6.7A, 6.8 and 6.10) seems to be mutually 

inconsistent. One explanation is that orthopyroxene inclusions (often in groups) found 

in the rims of olivine-II may be remnants of dissolving orthopyroxene released from 

lherzolite xenoliths. Such local increase in the magma silicate component is partly 

supported by the presence of silicate melt with CO2 bubbles mantling orthopyroxene 

inclusions (Figs. 6.8 and 6.10). Another valid explanation may be a prolonged olivine 

crystallisation and saturation of the melt in CO2 fluid, leading to reactions such as: 

2SiO4
-4 + 2CO2 � Si2O6

-4 + 2CO3
-2. 

7.1.4 Parental melts of the groundmass olivine 

The melt from which the rims of Udachnaya-East groundmass olivine 

crystallised is best represented by the groundmass itself, but also by melt inclusions. 

Studied melt inclusions comprise an aggregate of two major components, Na-K chloride 

and Na-K-Ca carbonate. However, other components are also present. These 

components are 1) a Mg-Fe silicate component in the form of olivine on the inclusion 

walls; 2) K-aluminosilicate component in the form of daughter phlogopite; and 3) Fe-

Ti-Ca-Cr-Al-REE oxides in the form of daughter crystals of magnetite, rutile, spinel, 

ilmenite, and perovskite.  



Figure 7.3. Olivine-II rims show pronounced variations in Fo within 10-50 μm
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Figure 7.3 continued. Olivine-II rims show pronounced variations in Fo within 10-
50 μm (C, D); E - crack healed with high-Fo olivine, similar to thaton the outer rims.
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The extreme alkali chloride enrichment of kimberlitic melts is the principal 

discovery of my study. Trace element compositions of the multiphase melt inclusions 

are similar to that of the kimberlite groundmass (e.g., enriched LREE and depleted 

HREE; Fig. 6.28), providing additional evidence for the magmatic origin of Cl-rich melt 

inclusions. Independent support for high Cl contents in the kimberlite melt is provided 

by the discovery of hydrosaline melt inclusions in diamonds from kimberlites 

(Bulanova et al., 1998; Izraeli et al., 2001; Izraeli et al., 2004; Klein-BenDavid et al., 

2004; Navon et al., 1988), including the Udachnaya kimberlite (Bulanova et al., 1998).  

High K2O and mantle-normalised K/La = 1 in the kimberlitic magma (Fig. 4.3A) 

imply that the K depletions, so common in group-I kimberlites, may be caused by K 

loss at some late-magmatic stage (chloride immiscibility) or post-magmatic alteration. 

The well known CO2 enrichment of group-I kimberlites, and the Udachnaya pipe 

kimberlite in particular, is ascribed to the presence of Ca-carbonate in the source, during 

very low degrees of partial melting (Price et al., 2000). Similarly, the high enrichment 

of the Udachnaya pipe kimberlite in Cl may imply chloride phases in the mantle source 

region (Zolensky et al., 1999).  

The parental kimberlite melts, although high in MgO, may have reduced liquidus 

temperatures (possibly down to 900-1100oC), caused by the presence of Cl, CO2, 

alkalies and water. Furthermore, the known effects of the abovementioned components 

on melt viscosity and density account for the rapid ascent of kimberlite magmas (Canil 

and Fedortchouk, 1999; Haggerty, 1999; Kelley and Wartho, 2000). 

The successful homogenisation of some non-silicate inclusions points to the 

trapping of homogeneous liquid at temperatures of ~660-750oC (Figs. 6.21, 6.22). These 

temperatures can be considered as minimal estimates of the crystallisation temperature 

of groundmass olivine. The observed unmixing of carbonate and chloride components 

in the residual kimberlite magma at <600oC (Figs. 6.21, 6.22) may explain the fact that 

kimberlites typically have low Cl contents. An immiscible chloride melt is fluid enough 

to escape from most solidifying kimberlites. Additionally, in most cases post-magmatic 

processes may remove water-soluble chlorides. Similar processes may account for a 

possible chloride loss in carbonatites.  
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Another intriguing discovery of this inclusion study is the essentially dry nature 

of the Udachnaya-East kimberlite, unlike other kimberlites. H2O has not been found in 

olivine-hosted fluid inclusions in previous (Sobolev et al., 1989) and present studies, 

and phlogopite inclusions analysed in this study (except one associated with high-Ca 

pyroxene in olivine-II) show significant undersaturation in H2O. Low water content is 

also evident from the groundmass petrography and chemistry. Although this idea is not 

supported by most kimberlite researchers, Sheppard and Dawson (1975) and Deines and 

Harris (1995) also proposed that kimberlites have the relatively low H2O contents. 

Moreover, the low water content may be one of the reasons why diamonds survive 

during transport and emplacement.  

7.2 Constraints from the groundmass minerals and 

compositions 

7.2.1 Chloride-carbonate enrichment of residual kimberlite magma 

The mineralogy and petrography of the studied samples of the Udachnaya-East 

kimberlites have much in common with group-I kimberlites worldwide and other 

Siberian kimberlites. The most common features include macrocrysts of olivine, 

phlogopite, garnet, pyroxene and ilmenite and a groundmass assemblage of liquidus 

olivine, minor phlogopite, calcite, perovskite, Cr-spinel, titanomagnetite, rutile and 

sulphides.  

On Fig. 7.4A, compositions of the studied kimberlite samples are compared with 

those of other group-I fresh kimberlites (Fedortchouk and Canil, 2004; Harris et al., 

2004; Price et al., 2000) and Siberian kimberlites (Bogatikov et al., 2004; Vasilenko et 

al., 2002). Udachnaya-East kimberlites fall on the same trend as other group-I 

kimberlites on plots involving SiO2, CaO, and CO2 and MgO. Calcite, and sometimes 

dolomite, typically dominates the groundmass assemblage, and thus most kimberlite 

compositions belong to the trend controlled by forsteritic olivine (high MgO and 

relatively high SiO2) and calcite (high CaO and CO2). The latter is interpreted as a 

natural evolution of the kimberlite magma towards enrichment in the carbonate 

component (Clement, 1975; Haggerty, 1989; Mitchell, 1979; Watkinson and Chao, 

1973). 
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Trace element concentrations are also in good agreement with those of other 

group-I kimberlites worldwide (le Roex et al., 2003), in particular with allegedly fresh 

aphanitic kimberlite from the Jericho pipe, Canada (Price et al., 2000). The 

multielement diagrams (Fig.7.4B) of trace element abundances normalised to the model 

primitive mantle values (Sun and McDonough, 1989) show strong enrichment in highly 

incompatible elements, and equally strong depletion in the most compatible lithophile 

elements (e.g., HREE). Trace element patterns of the studied Udachnaya-East 

kimberlites are sub-parallel to those of other aphanitic kimberlites, but they show 

neither enrichment in Ba, nor depletion in Sr nor strong depletion in Ti, which are 

characteristic of other kimberlites. 

Despite strong similarities to other kimberlites, the Udachnaya-East kimberlites 

are unique, since they show no secondary serpentinisation either of olivine or 

groundmass. Also, they have uniquely low H2O abundances (<0.5 wt%) that are 

coupled with high concentrations of alkali elements (4.3-5.7 wt% Na+K) and chlorine 

(2.3-3.2 wt%) (Table 4.7). The groundmass minerals responsible for this enrichment are 

halite (NaCl), sylvite (KCl), Na-K-Ca carbonates belonging to the shortite 

Na2Ca2(CO3)3 and nyerereite-fairchildite (Na, K)2Ca(CO3)2 groups, and minor K-Na 

sulphates, sodalite (Na8Al6Si6O24Cl), djerfisherite (K6(Cu,Fe,Ni)25S26Cl) and rasvumite 

(KFe2S3). Chlorides, sulphates, and to some extent alkali carbonates comprise a 

significant (7.3-10.8 wt% of the kimberlite groundmass) water-soluble component of 

the Udachnaya-East kimberlite groundmass and their preservation testifies to the 

complete absence of syn- and postmagmatic flushing of aqueous fluids through those 

rocks. Given the large amount and intimate association of water-soluble phases with 

common groundmass olivine, phlogopite and calcite, the origin of these minerals from 

any unrelated to kimberlite magma fluid can be excluded. The presence of other Cl-

bearing minerals – sodalite and djerfisherite in the groundmass and alteration rims 

around porphyroclasts is also supportive of significant chlorine enrichment in the 

kimberlite melt. 

A large carbonate component in the studied samples and in kimberlites 

worldwide is reflected in a good correlation between CaO and MgO (Fig. 7.4A). This 

trend is defined by two end-members, magnesian silicate (olivine and serpentine) and a 
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carbonatitic (calcite) component. Several processes can account for this compositional 

array, but this trend to high Ca shows that the magmatic carbonate component is an 

integral part of all kimberlite rocks, and their parental magmas. 

The presence of chloride-carbonate nodules is another unique characteristic of 

the Udachnaya-East kimberlite. Such nodules have not been reported to date from any 

other kimberlite. The textural relationships between chloride-carbonate nodules and 

kimberlite groundmass show no evidence of chemical and/or thermometamorphic 

reactions on the contacts. Alkali carbonates and chlorides, comprising the kimberlite 

groundmass and melt inclusions in olivine are compositionally similar to the minerals in 

the nodules. During heating stage experiments, olivine-hosted melt inclusions at the 

onset of immiscibility demonstrated a remarkable textural similarity with chloride-

carbonate nodules (Fig.7.5A,B). Moreover, the C and O isotope compositions of 

carbonates from the chloride-carbonate nodules and carbonate fraction of three fresh 

studied samples of the Udachnaya-East kimberlite are also comparable to each other 

(Tables 5.3 and 5.5). Importantly, geochemistry of one nodule (UV-2-03) is similar to 

the famous Oldoinyo Lengai carbonatites in terms of bulk and mineral compositions 

(Fig. 7.5C). All the above facts and the unaltered nature of the host kimberlite argue 

against a xenogenic origin for the nodules (e.g. from country sedimentary rocks). 

Flushing of either magmatic or meteoric aqueous fluids through kimberlites can be also 

excluded as it should cause concomitant dissolution of chlorides and serpentinisation. 

The prolonged evolution of the kimberlite magma by olivine crystallisation is 

considered to be responsible for a build-up of significant concentrations of alkali 

chloride, carbonate, and sulphate components. As a result, the residual kimberlite 

magma acquires an essentially non-silicate composition that is represented by abundant 

chloride, carbonate and other Cl- and S-bearing minerals in the groundmass. 

As shown by this study of the Udachnaya-East melt inclusions, the non-silicate 

residual kimberlite magma crystallised at low temperatures (<660-750oC). These 

remarkably low temperatures are also supported by experimental studies on the 

fluorine-bearing Na2CO3-CaCO3 system (Jago and Gittins, 1991) and direct temperature 

measurements in the halogen-rich (up to 15 wt% F+Cl, Jago and Gittins, 1991) 

natrocarbonatite lava lakes and flows of the Oldoinyo Lengai volcano (576-593oC, 
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(Dawson et al., 1990; Keller and Krafft, 1990; Krafft and Keller, 1989). Even at these 

temperatures the residual kimberlite melt is highly fluid. This melt can percolate and 

aggregate within a solid aluminosilicate framework of the magma, forming melt pockets 

that are now seen in the kimberlite as chloride-carbonate nodules. 

Contrary to prevailing views on the H2O-enriched nature of kimberlitic melts 

(Mitchell, 1989; Price et al., 2000), the studied kimberlite samples are poor in H2O 

(~0.5 wt%), compared to the expected 2-5 wt% H2O estimated from high abundances of 

the lithophile elements of similar incompatibility (e.g. Ce; Dixon et al., 2002). Low 

water content is in concert with the lack of serpentine and absence of autometasomatic 

or post-emplacement changes in the rocks. The depletion in water contrasts markedly 

with relative Cl enrichment of the Udachnaya-East kimberlites, and the magnitudes of 

these two “anomalies” are comparable (Fig. 7.6). This can be explained by Cl- 

substituting for OH- in the structure of the primary melt, consistent with experimental 

studies. Chevychelov et al. (2003) suggest that chlorine is competing with water for 

similar structural positions in the melt at anomalously high chlorine contents. Chlorine 

and H2O show opposing solubilities in fluid-saturated silicate melts (Webster et al., 

1999). Carroll and Webster (1994) studied chlorine solubility in anhydrous and aqueous 

melts of granitic to basaltic compositions and concluded that Cl solubility increases with 

increasing concentrations of network-modifying cations, especially the alkali-metals Na 

and K. All the above experimental evidence and analogy of the studied samples with 

dry carbonatite magmas of Oldoinyo Lengai (Keller and Krafft, 1990; Keller and 

Spettel, 1995) is a good indication that Cl - H2O decoupling may be pronounced in the 

carbonate-rich kimberlite melt. This leads to the conclusion that the parental magma of 

the studied kimberlite was essentially anhydrous, and carbonate-rich. This conclusion is 

indirectly supported by the spectroscopic study of micro-inclusions in Udachnaya cubic 

diamonds that showned that their parental media was a H2O-poor carbonatitic melt 

(Zedgenizov et al., 2004). The essentially anhydrous composition of the kimberlite 

magma also concurs with insights into the secondary origin of H2O and survival of 

diamonds in kimberlite magmas (Sheppard and Dawson, 1975). 
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7.2.2 Liquid immiscibility and crystallisation of residual kimberlite 

magma 

Liquid immiscibility is observed in the olivine-hosted melt inclusions at ~600oC 

on cooling. The immiscible liquids are recognized as the carbonate and chloride 

components on the basis that these minerals dominate in the unheated melt inclusions. 

Remarkable textures, observed in melt inclusions at the exact moment of melt 

unmixing, are governed by the carbonate crystallographic properties. The presence of 

similar textures in the chloride-carbonate nodules is the first “snapshot” record of 

unambiguous chloride-carbonate melt immiscibility in rocks. The previous “natural 

evidence” was based on inferences from melt and fluid inclusions in skarn minerals 

from Mt Vesuvius (Fulignati et al., 2001) and kimberlitic diamonds (Bulanova et al., 

1998; Izraeli et al., 2001; Izraeli et al., 2004; Klein-BenDavid et al., 2004). However, an 

extensive review of experimental studies (Veksler, 2004) emphasised the lack of data 

for chloride–carbonate systems.  

Given the analogy with the texture of melt inclusions at the moment of 

immiscibility, the boudin-like shape of the carbonate sheets and their subparallel 

alignment argues for preservation of primary (instantaneous) immiscibility texture. This 

means that post-immiscibility (< 600oC) cooling and crystallisation were fast enough to 

prevent aggregation of one of the immiscible liquids into ovoid or spherical globules 

that are more typical of steady-state immiscibility. Occurrence of the chloride-rich 

veinlets in the carbonate sheets testifies to later solidification of the chloride liquid 

relative to carbonate crystallisation. The round and ameboid-like bleb textures of sylvite 

in halite are also reminiscent of liquid immiscibility. In theory this contradicts the 

previously proposed complete miscibility in the system NaCl-KCl above the eutectic 

point of ~660oC. However, separation of the Na-K chloride melt from the carbonatitic 

melt, in the case of Udachnaya-East residual melt pockets, occurred at temperatures 

below the eutectic, and thus the chloride liquid was supercooled. On the other hand, it 

was close to the point of solid solution unmixing in the system 75% NaCl – 25% KCl 

(543oC at 1 atm), and in this case unmixing of liquids rather than solids is more likely. 
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Crystallisation from a homogeneous chloride-carbonate liquid (i.e., prior to 

immiscibility) is possible, and very unusual Na-Mg carbonates containing a NaCl 

molecule (northupite NaCl∗Na2Mg(CO3)2), is an example. Disruption of the melt 

structure caused by chloride-carbonate immiscibility and followed by reduction in 

solubility of the phosphate and Fe-Mg aluminosilicate components, prompted rapid 

crystallisation of zoned and often skeletal micro-crystals of apatite and phlogopite-

tetraferriphlogopite. Fibrous aggregates of phlogopite in carbonates and sylvite are 

common and suggestive of incomplete extraction of the phlogopite component from 

carbonate and chloride melts by post-immiscibility crystallisation (Fig. 7.7) After 

chloride-carbonate liquid unmixing, the sulphate component of the original melt was 

largely accommodated within the carbonate melt. It was partially released as an 

aphthitalite melt at the chloride-carbonate interfaces (Fig.3.41D), leaving porous K- and 

S-free carbonate behind, and it was also partially exsolved and re-distributed within the 

carbonate at subsolidus temperatures. 

 

7.3 Enrichment in alkali carbonates and chlorides: mantle vs 

crustal origin  

7.3.1 Geological and mineralogical constraints 

Studied Udachnaya–East kimberlites, despite their similarity to Group I 

kimberlites worldwide, are unique in having high abundances of alkali elements and 

chlorine. All previous research attributed enrichment of the Udachnaya-East and other 

Siberian kimberlites (e.g., Mir, 1.58 wt% Cl, Pavlov and Ilupin, 1973) in chlorine and 

chloride minerals to the interaction of either kimberlite magma or rocks with platform 

sediments (evaporites) and highly concentrated brines widely distributed across the 

Siberian platform (Brasier and Sukhov, 1998; Petrychenko et al., 2005). 

Obviously, the difficulty in resolving this question using stable and radiogenic 

isotopes is that only a very small amount of evaporate-derived chloride (~ 5 wt%) can 

account for the Cl enrichment in the Udachnaya-East kimberlite and effects of isotope 

fractionation between magmatic minerals at low temperatures remain unknown.  
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A number of considerations, although speculative to some extent, allow me to 

argue against contamination in this case:  

-.The Udachanya pipes were emplaced through the Lower to Middle Cambrian 

sediments of the Anabar-Sinyaya transitional belt, separating the north-eastern Yudoma-

Olenek belt of normal marine carbonate facies and the south-western Turukhansk-

Irkutsk-Olekma belt of carbonate-evaporite facies (Brasier and Sukhov, 1998). The 

Anabar-Sinyaya transitional belt of archaeocyathan-microbial facies comprises shallow 

marine shoals with calcimicrobe bioherms, but no evaporates have been found in 

numerous boreholes (from 700 to 1700 m deep) around the Udachnaya pipes;  

- Extensive mining and drilling (~1000 m) of the Udachnaya pipe have not, to 

date, encountered evaporites within the country rocks, nor evaporite-related fragments 

or xenoliths in the kimberlite (Zinchuk et al., 1993); 

- The kimberlites studied herein are uniquely fresh (without any serpentinisation 

of olivine and groundmass) and widespread in the deep parts (>350 m) of the Eastern 

body. The fresh kimberlite occurs in the central part of the kimberlite pipe, linked to the 

latest phase of emplacement (Marshintsev et al., 1976; Zinchuk et al., 1993). Thus 

because of established magmatic conduits, any interaction of magmas en route to the 

surface with crustal sediments seems unlikely. In fact, chlorine in the form of halite is 

found in these rocks at depths >350 m and its concentration increases with depth 

(Pavlov and Ilupin, 1973). On the other hand, starting from the same depth, the degree 

of serpentinisation within the Udachnaya-East body gradually decreases, and finally 

serpentine disappears (Zinchuk et al., 1993). This is concomitant with an increase of 

amount of fresh olivine, carbonate in the groundmass, and increasing concentrations of 

K2O and Cl, and generally unaltered xenoliths (Marshintsev et al., 1976; Pavlov and 

Ilupin, 1973; Zinchuk et al., 1993); 

- The minerals present in the Udachnaya-East kimberlite that signify high 

concentrations of alkalies and chlorine in kimberlite magmas have been reported from 

other kimberlites. Halite is also present in the Mir pipe, Yakutia, (Pavlov and Ilupin, 

1973). Shortite (with ~20 wt% of Na2O) was reported in the hypabyssal-facies 

kimberlite from the Upper Canada Gold Mine (Watkinson and Chao, 1973), where it 
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occurs as irregular grains in the groundmass with “extensive preservation of fresh 

olivine”. Another alkali-rich carbonate (zemkorite (Na1.77K0.29)Ca1.08(CO3)1.95 with 25.4 

wt% Na2O and 6.4 wt% K2O) was found in the Venkatampalle kimberlite, India 

(Parthasarathy et al., 2002). These authors pointed out to the absence of any interaction 

of the kimberlite with brines, and suggested that zemkorite formed during the late stages 

of kimberlite genesis; 

- Other Cl- and alkali-bearing minerals in the studied groundmass are 

represented by sodalite and djerfisherite. Sodalite is believed to be a high-temperature 

and low-pressure phase, which is stable in silica-undersaturated magmas enriched in 

sodium and chlorine, and its presence may indicate high NaCl activities in magmas 

(Sharp et al., 1989). Djerfisherite, a K-Cl-bearing sulphide, was also reported in other 

pipes of the Yakutian kimberlite province (Dobrovol'skaya et al., 1975; Sharygin et al., 

2003), in the kimberlite groundmass from the Elwin Bay kimberlite, Canada (Clarke et 

al., 1994) and in xenoliths from the Frank Smith kimberlite, South Africa (Clarke et al., 

1977). According to Clarke et al. (1994), djerfisherite in kimberlitic groundmass 

appears to be a primary magmatic phase, belonging to the late stage of kimberlitic 

crystallization;  

- Discoveries of halite and sylvite (Zolensky et al., 1999) and djerfisherite 

(Fuchs, 1966) in chondrites reinforce the possibility of a primary origin for these 

minerals in Udachnaya and other kimberlites, from mantle-derived components; 

- Additionally, among the four studied samples, one sample (YBK-2), although 

undistinguishable from other “fresh” samples in terms of petrography and most major 

element abundances (i.e., similar amount of olivine and calcite components, Table 4.7), 

lacks enrichment in Cl (0.33 wt%). Of interest, this sample also has lower alkali 

contents (K2O+Na2O = 2.34 wt %), elevated H2O (2.25 wt%) and heavier oxygen 

isotope composition of the carbonate fraction (δ18O = +18 ‰) than the other three Cl-

rich, H2O-poor samples (δ18O = +13 ‰, Table 5.3). Moreover, YBK-2 has 

systematically lower abundances of lithophile trace elements than the other studied 

samples (Fig. 7.6), but higher Nb/La (cf 2.07 and 1.57-1.86) and Zr/Sm (cf 17.8 and 

14.8-16.7). The latter can be tentatively attributed to leaching of the alkali carbonates 

that are enriched in REE, but depleted in HFSE (Fig. 7.6). Therefore, it is reasonable to 



Chapter 7 Identity of the kimberlite parental melt 

 

239 

assume that YBK-2 kimberlite was originally similar to other studied samples, but later 

modified by post-magmatic alteration. The most pronounced changes include leaching 

of Cl (in the form of water-soluble groundmass chlorides), hydration, and oxygen 

isotopic exchange with meteoric waters. 

7.3.2 Constraints from radiogenic isotope studies 

This study of the Udachnaya-East kimberlite has demonstrated the presence of a 

significant water-soluble component in the groundmass, dominated by Rb-rich alkali 

chlorides and Sr-rich alkali carbonates. Siberian kimberlites were emplaced through 

Cambrian carbonate-evaporite platform sediments and thus, there is a possibility that the 

observed alkali carbonate-chloride enrichment could be interpreted as a result of 

contamination processes. Furthermore, Ca-Na-K-Mg-Sr-rich brines are also present at 

the pipes mine site. Possible contributions from such secondary sources were tested by 

comparing the radiogenic isotope ratios in different constituents of the kimberlite 

groundmass, the mine site brine and published isotopic data for Siberian carbonate-

evaporite sediments. 

7.3.2.1 Evaluation of a contribution from platform evaporites and 

carbonates.  

Initial Pb isotope ratios in the Cl-rich fraction (L1*), carbonate fractions (L2) 

and silicate fractions (res) of the kimberlite groundmass and in the salt aggregate are 

almost identical (Fig. 5.2). This fact and also high εNd value (+3) in the water leachate 

(L1*) demonstrate the co-magmatic mantle origin of these components of the 

Udachnaya-East kimberlite groundmass. Furthermore, even the present-day 87Sr/86Sr 

ratios in Cl-rich water extracts (L1, 87Sr/86S = 0.70698-0.70756) and in carbonate-rich 

HCl extracts (L2, 87Sr/86Sr = 0.70496-0.70538) from the kimberlite groundmass are 

lower than those of the Cambrian carbonate-platform sequences of Siberia (0.7082–

0.7088, Derry et al., 1994), which indicated that syn- or post-magmatic contamination 

with fluids derived from these sequences is unlikely. A similar argument applies to syn- 

or post-magmatic contamination by Cl-rich fluids derived from the Cambrian 

evaporites. Since the Cambrian, Sr influx from surrounding cratonic areas would have 

further raised 87Sr/86Sr of those fluids to values far exceeding those in the kimberlite 
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groundmass chlorides (<0.707). Thus, isotope data for water leachate (chloride- and 

alkali-rich soluble carbonates), delute acid leachate (other carbonates) and salt 

aggregate all preclude a significant contribution from the Cambrian carbonate and 

evaporite sequences source. 

7.3.2.2 Evaluation of a contribution from the Udachnaya mine pit 

brines. 

Crustal contributions could have come in the form of host rock–derived brines 

that form pools at the mine site. These brines are high in Mg, alkalies, and Cl and 

resemble typical cratonic shield brines (Table 5.1, Fritz and Frape, 1982). Three brine 

samples with Sr concentrations near 1000 ppm show a narrow range in 87Sr/86Sr 

(0.70885–0.70897). These values are higher than present-day 87Sr/86Sr values for Cl-

rich water extracts from the kimberlite groundmass (present-day 87Sr/86Sr=0.70698 in 

the water extract and �0.7050 in the HCl extract). The slightly radiogenic signature of 

the water leachate does not reflect a trend towards the contaminant but can be explained 

by the high Rb/Sr, (i.e. radiogenic ingrowth within the sample). Furthermore, the brines 

have very low Rb/Sr ratios (~0.01) compared to the L1 fractions (>0.8). The mine site 

brines, or similar fluids present in the past, are thus unlikely to have contributed Cl-rich 

soluble components to the kimberlite. 

7.3.2.3 How “closed” was the system ? 

The 347 Ma Rb-Sr age for the salt aggregate in YBK-3 clearly indicates that this 

chloride is genetically linked to the residual kimberlite melt and therefore unrelated to 

recent alteration. The preservation of highly soluble chlorides as well as alkali-rich 

carbonates is possible only if the system remains closed since emplacement. Moreover, 

the similarity of the age-corrected Sr and Pb isotopic compositions of different 

constituents of the Udachnaya-East kimberlite is also a strong indication that the 

kimberlite body was effectively closed to chemical exchange with crustal fluids during 

and after emplacement. 
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7.3.3 Constraints from stable isotope studies 

7.3.3.1 Carbon and oxygen isotopes 

Previous studies of carbon and oxygen isotope compositions of kimberlites 

established the mean and standard variation of δ13C and δ18O values mainly for 

hypabyssal kimberlites in South Africa. Kimberlite carbonates exhibit a large variation 

in the isotopic composition of both carbon δ13C (-1.6 to -10 ‰, with mean -5.9 ± 2.4 

‰) and oxygen δ18O (6.5 to 27‰, with mean 12.9 ± 3.2 ‰) (Deines, 1989; Kirkley et 

al., 1989; Kobelski et al., 1979; Mitchell, 1986). More recent studies of fresh aphanitic 

kimberlite from the Jericho pipe, Canada (Price et al., 2000) and “extremely fresh 

kimberlites” from the Lac de Gras kimberlite field (Leslie and Aaron pipes) in the 

Northwest Territories, Canada (Fedortchouk and Canil, 2004) show similar stable 

isotope compositions for kimberlite carbonate fractions. However, Kirkley et al. (1989) 

demonstrated that the isotopic composition of subspherical carbonate nodules from the 

Monastery kimberlite is more restricted (-1.4 to -3 ‰ for δ13C and 12.4 to 13.9 for 

δ18O). These nodules are believed to represent “miarolitic” cavities filled with 

crystallised residual carbonate fluid.  

The isotopic composition of the carbonate fraction of three fresh Udachnaya-

East groundmass samples (δ13C = -2.3 to -3.41 ‰ and δ18O = 12.73 to 14.4 ‰, Table 

5.3), as well as carbonates from chloride-carbonate nodules (δ13C = -2.68 to -3.73 ‰ 

and δ18O = 12.27 to 13.90 ‰, Table 5.5) is in good agreement with established values 

for kimberlite carbonates. In particular, they are comparable with carbonate nodules 

from the Monastery kimberlites (Kirkley et al., 1989) and carbonate inclusions in the 

Sloan diatreme, northern Colorado, United States (δ13C = -2.6 to -4 ‰ and δ18O = 10.7 

to 14.5 ‰, (Deines and Gold, 1973).  

The range of oxygen isotope compositions of both generation of olivine in the 

studied samples is very narrow (5.5-5.7 ‰) and consistent with accepted mantle values 

(Table 5.3). However, the carbonates have δ18O values higher than mantle values 5-6 

‰. If the observed δ18O enrichment in kimberlite carbonates is due to alteration and/or 

assimilation processes, then one could expect a large dispersion of data from different 
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fresh kimberlites. But the fascinating similarity of carbon and oxygen isotopic 

compositions of kimberlite carbonates from different locations questions the existence 

of any contamination or assimilation at low temperatures. This similarity is probably a 

reflection of some common process(es) applicable for all kimberlites. What are these 

processes that control the isotope fractionation between silicate (olivine) and carbonate 

fractions of the Udachanya-East and other kimberlites? 

Unfortunately, to date only a small number of experiments on isotope 

fractionation between silicates and carbonates are reported. Oxygen isotope 

fractionation between calcite and forsterite was studied by (Zheng et al., 1994). These 

experiments showed that oxygen isotope exchange between calcite and forsterite in the 

presence of CO2-H2O fluids depends not only on temperature and pressure, but also on 

H2O/CO2. For example, at 680oC and 5 kbar, �18O = 3.72 ‰ for H2O/CO2 = 0.1, but at 

the same temperature and 3 kbar, �18O = 4.16 ‰ for H2O/CO2 = 1. Furthermore, Deines 

(1989) demonstrated that different carbonate minerals in carbonatites have distinctive 

δ18O isotopes; calcite shows a range from 7 to 11.5 ‰ with maximum frequency at 7.5-

8 ‰, dolomite has wider range from 8 to 24.5 ‰ with three maxima at 8 ‰, 11.5 and 

22.5 ‰ and samples containing both carbonates have even stronger variations (6.5-24.4 

‰) with two maxima at 8-10 ‰ and 21-23 ‰. Based on these observations Deines 

(1989) concluded that oxygen isotope fractionation was possible between carbonate 

minerals. An additional complication can be introduced by the fact that carbonate 

components in kimberlites are more prone to modification of the oxygen isotope 

composition than any silicate component. The re-equilibration between carbonates and 

silicates at low temperatures would modify the carbonate isotopic composition toward 

higher δ18O, while the isotopic composition of silicate component would remain largely 

unaffected (Deines, 1989). The effects of fractionation between calcite and alkali-rich 

carbonates such as in the Udachnaya-East groundmass are largely unknown.  

Other causes of δ18O enrichment include loss of isotopically light water during 

emplacement, and oxygen isotope exchange of some carbonates with magmatic fluid at 

low temperature (Deines, 1989; Mitchell, 1986). The low temperature (~200-250oC) 

exchange with meteoric water that has negative δ18O would lead to a δ18O decrease in 

the carbonates (Deines, 1989). However, in the case of Udachanya-East samples 
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interaction with meteoric water or weathering are not likely, because water-soluble 

chlorides and carbonates can only be preserved in a closed system.  

7.3.3.2 Sulphur isotopes 

Published data on sulphur isotopes in kimberlites, especially for sulphate phases, 

is scarce. The existing data shows a wide range of δ34S values for kimberlites (Mitchell, 

1986). Most δ34S analyses were performed on sulphide inclusions in diamonds. For 

example, Eldridge et al. (1991) and Chaussidon et al. (1987) recognised significant 

variations in inclusions with nickel contents < 8 wt% (δ34S = - 11 to 14 ‰) and in 

inclusions of different crystal habit (δ34S = 2.3 ± 1.4 to 8.2 ± 0.9 ‰ for octahedral and 

platelet inclusions respectively).  

The sulphur isotope composition for the sulphide component of the studied 

groundmass samples is very close to mantle values (0 ± 2 ‰, Table 5.4), whereas 

sulphate components are characterised by much heavier isotope compositions. If the 

sulphate and sulphide were in isotope equilibrium, then the calculated isotopic 

fractionation factor (1000ln�sulphate-sulphide = 13.45, using the equation of (Ohmoto and 

Lasaga, 1982) suggests the formation temperature of sulphate of ~430oC. This 

temperature is quite realistic and consistent with petrographic and melt inclusion 

observations. Sulphur isotopes fractionation between sulphide and sulphate components 

similar to that observed in the Udachanya-East samples has also been noted in 

carbonatites (Deines, 1989). This possibly reflects similar processes involved in both 

kimberlite and carbonatite genesis. 

To the best of my knowledge, there exists only a single study of sulphur isotope 

data for sulphates from kimberlites. (Vinogradov and Ilupin, 1972) compared the 

sulphur isotopic composition of lower Paleozoic sedimentary rocks and sulphides and 

sulphates from kimberlite pipes of the Siberian platform. They showed comparable 

values for country rocks (26.1-48.8 and -16.7-39.7 ‰ for sulphate and sulphide 

respectively) and kimberlites (16.1-43.8 and -14.0-38.2 ‰ for sulphate and sulphide 

respectively) and concluded that such isotopic variations can be attributed to the 

assimilation of crustal sulphur. I assume that these data for kimberlite samples were 
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obtained on fragments/xenoliths of country sedimentary rocks, but not the groundmass 

of fresh samples. 

7.4 Concluding remarks  

The composition of the studied Udachnaya-East kimberlite melt, as inferred 

from the composition of the groundmass and melt segregations, is low in 

aluminosilicate components and water, but high in CO2, Cl, and alkalies. Its 

groundmass and residual melt pockets are dominated by minerals unknown elsewhere, 

or rarely found as magmatic minerals, but in paragenetic association with common 

silicates and oxides. The unusual mineralogy and compositions, together with the lowest 

temperatures and viscosities yet found for terrestrial melts, make a perfect analogy with 

the Oldoinyo Lengai carbonatites. The Udachnaya-East kimberlite (at least the central 

part of the pipe), for unknown reasons, luckily escaped post-magmatic alteration, and 

thus preserved the volatile-element signature of the original kimberlite magma. This 

leads me to suggest that all other kimberlites studied to date may have been similar to 

the Udachnaya-East kimberlite before alteration; e.g. enriched in chlorine and alkali 

components. The lack of these components in other kimberlites can be explained by 

their rapid loss during syn- and post-magmatic processes.  

The strong isotopic contrasts between potential contaminants 

(carbonate/evaporite sequences and mine site brines) and the soluble salts and 

carbonates, as well as the similarity of Nd and Pb isotope ratios in the water-soluble 

component and the silicate fraction in the kimberlite groundmass, lead me to conclude 

that the abundant Na- and K-chlorides and alkali-rich carbonates are inherited from the 

original Cl- and alkali enrichment of the deep kimberlite melt, and are therefore mantle-

derived. 

The Rb-Sr and U-Pb data obtained in this study can be interpreted in terms of an 

age near the younger end of the range suggested by earlier workers (341-389 Ma, 

(Agashev et al., 2004; Burgess et al., 1992; Kinny et al., 1997; Maslovskaja et al., 1983; 

Pearson et al., 1995b; Snyder et al., 1993; Sobolev, 1984). The unmixing lines for the 

studied samples yield apparent ages of 342 to 351 Ma, with an average near 347 Ma. A 

near-identical age (347 Ma Rb-Sr age) is provided by the large salt aggregate and shows 
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that this chloride is clearly old and unrelated to recent alteration. These apparent ages 

need to be treated with caution, as there is no a priori reason why such isotopic 

unmixing processes should have real age significance. Furthermore, halite is not known 

as a geochronometer; any age information based on halite would be considered less 

reliable than that provided by perovskite, a well-established kimberlite chronometer 

(Heaman et al., 2003; Smith et al., 1985). However, the “unmixing line ages” from two 

independent isotopic systems (Rb-Sr, U-Pb, Pb-Pb) are similar, as well as the Rb-Sr 

model age from the halite segregation. In isolation, each of these pieces of information 

may be weak, but in combination they provide a plausible alternative estimate of the 

pipe age. This is supported by the fact that the perovskite ages are sensitive to the 

common Pb correction, and thus may account for the large range of perovskite-derived 

ages (367-353 Ma, Griffin et al., 1999) for the Udachnaya pipes.  

The juxtaposition in the Udachnaya-East kimberlite of such extraordinary 

features as the absence of alteration, high abundances of Na, K and Cl, depletion in 

H2O, and preservation of water-soluble minerals and chloride-carbonate melt pockets 

cannot be coincidental. From analogy with the dry carbonatite magmas of Oldoinyo 

Lengai (Keller and Krafft, 1990; Keller and Spettel, 1995) and experimental evidence 

that alkali carbonatite magmas “will persist only if the magma is dry” (Cooper et al., 

1975), I conclude that the parental magma of the studied kimberlite was essentially 

anhydrous and carbonate-rich.  

Chlorine and H2O show opposing solubilities in fluid-saturated silicate melts, as 

they apparently compete for similar structural positions in the melt (Chevychelov et al., 

2003; Webster et al., 1999). Although Cl does not form complexes with Si in a melt, it 

may complex with network modifier cations, especially the alkalies, Ca and Mg (Carroll 

and Webster, 1994; Sandland et al., 2004). General “dryness” of carbonatites and 

enrichment of natrocarbonatites in halogens (Dawson et al., 1995; Gittins, 1989; Jago 

and Gittins, 1991; Keller and Krafft, 1990) suggest that Cl and H2O decouple, and this 

is likely to be an intrinsic feature of carbonate-rich kimberlite magmas. If this is the 

case, the conventional role of H2O in governing low temperatures and low viscosities of 

kimberlite magmas can be reassigned to Cl. Furthermore, the data on carbonate-chloride 

compositions of melt inclusions in diamonds (Bulanova et al., 1998; Izraeli et al., 2001; 
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Izraeli et al., 2004; Klein-BenDavid et al., 2004), nucleation and growth of diamonds in 

alkaline carbonate melts (Pal'yanov et al., 2002a), and catalytic effect of Cl on the 

growth of diamonds in the system C–K2CO3–KCl (Tomlinson et al., 2004), all concur 

with the proposed mantle origin of the chloride and alkali carbonate components in the 

Udachnaya-East kimberlite. Chlorides discovered in the Monahans (1998) chondrite 

immediately after its fall (Zolensky et al., 1999) suggest that the Cl content in the 

Earth’s undepleted mantle may be significally underestimated. 

Diamond preservation at crustal conditions (as metastable phase) requires fast 

ascent of kimberlitic melt from the deep mantle (Canil and Fedortchouk, 1999; Eggler, 

1989; Kelley and Wartho, 2000). This can be achieved if the viscosity and density of the 

melt are very low. Heating stage experiments with olivine-hosted melt inclusions have 

demonstrated very fast bubble movement just before homogenisation. This suggests low 

melt viscosity at the moment of olivine crystallisation. Furthermore, the close similarity 

of the mineralogy and chemical compositions of olivine-hosted melt inclusions and 

residual melt segregations (chloride-carbonate nodules) with the natrocarbonatites of 

Oldoinyo Lengai (Fig. 7.5C) implies a highly fluidal nature of the studied kimberlite 

melt. Thus, such melt ensures fast delivery for diamonds.  

Metasomatic modification of lithospheric mantle by carbon-bearing melts and 

fluids has been demonstrated in peridotite xenoliths (Dautria et al., 1992; Ionov et al., 

1996; Yaxley et al., 1998) and experimentally (Dalton and Wood, 1993; Green and 

Wallace, 1988; Thibault et al., 1992; Wallace and Green, 1988; Yaxley et al., 1991). 

Under mantle conditions, the carbonate-chloride-rich kimberlite, like that identified in 

my study, would be highly volatile, mobile, reactive and capable of pervasively 

percolating and wetting ambient peridotite (Hammouda and Laporte, 2000; Hunter and 

Mckenzie, 1989). I envisage that such kimberlites, exceptionally enriched in Cl, CO2 

and alkalies, and the kimberlite-derived chloride-carbonate fluids, may play a 

previously unrecognized role as a potent metasomatic agent in both the mantle and 

crust. 




