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Chapter 3 Petrography and mineralogy of the 

Udachnaya pipe kimberlite 

The four samples of kimberlite studied (YBK-0; YBK-1; YBK-2 and YBK-3), 

obtained from deep levels (~500 m) of the pipe, are exceptionally fresh, as their 

groundmass bears no secondary minerals such as chlorite and serpentine. According to 

existing classifications using petrographic features, mineralogy, chemical and isotopic 

compositions (see Chapters 1, 4 and 5), these kimberlites belong to most common type-I 

(Mitchell, 1989) or group-I (Smith, 1983; Smith et al., 1985) kimberlite class. 

Udachnaya-East kimberlites are dark massive rocks with porphyroclastic 

fragmental textures (Fig. 3.1). Porphyroclasts are represented by rounded and often 

corroded or fragmented crystals (up to 7 mm) of olivine (hereafter, “first generation 

olivine” or “olivine-I”), pyroxene, garnet, ilmenite and phlogopite, as well as mineral 

aggregates of different texture, shape, size and colour. A fine- to coarse-grained 

groundmass comprises an intimate mixture of euhedral silicates (olivine - hereafter, 

“second generation olivine” or “olivine-II”, phlogopite, monticellite, sodalite), oxides 

(perovskite, Cr-spinel, titanomagnetite, rutile), Na-K-Ca carbonates, Na-K chlorides, 

sulphates and sulphides (pyrrhotite, pentlandite and djerfisherite). Abundant chlorides are 

responsible for a salty taste of fresh surfaces. Three samples YBK-0; YBK-1 and YBK-3 

are almost identical to each other, but sample YBK-2 differs from other samples by 

having less euhedral olivine-II and chlorides in the groundmass. This sample lacks asalty 

taste on broken surfaces. 

3.1 Porphyroclastic assemblage 

It is widely accepted that xenolithic and porphyroclastic material in kimberlites 

belong to different, and in most cases, uncertain paragenesis (Davidson, 1967b; Dawson, 

1980; Mitchell, 1986; Mitchell, 1989; Sobolev, 1977). Because the main thrust of my 

work was focussed on compositions and evolutionary paths of the kimberlite magma 

itself, only a brief description of the porphyroclastic assemblage is given below. This 

information, nevertheless, has proved to be useful in that various, otherwise hidden,  
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Figure 3. 1. Hand specimen (A) and thick/thin sections (B) of Udachnaya 
kimberlite – rocks with fragmental and porphyroclastic texture: ol-olivine, 
ma – mineral aggregates, ilm- ilmenite, pl – plagioclase, cpx - high-Ca 
pyroxene, gr – garnet, phl - phlogopite
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genetic links and relationships to the transporting kimberlite magma were tentatively 

established. 

Porphyroclasts and mineral aggregates in the samples usually make up to 25 vol%. 

The mineral aggregates were not a specific objective at the beginning of this study, as all 

kimberlite literature considers them as an alien (country rock?) material. However, for 

many mineral aggregates I examined in the Udachnaya-East kimberlites, some textural 

and compositional features linking them to the groundmass and possibly to residual 

kimberlite melts were observed. Thus, they are brief described separately (Chapter 3.3) 

following a description of the groundmass. 

Porphyroclasts are distributed randomly and are represented mainly by olivine, 

pyroxene, garnet, ilmenite, and phlogopite. The most abundant mineral is a bottle-green or 

yellow olivine (>80%) present as rounded and oval crystals or angular fragments with 

smooth edges (Fig. 3.2A), from 1mm to 7-8 mm across. Olivine is magnesian with a 

forsterite content (Fo) varying (in mol%) from 85 to 94.1. Almost 90% of olivines are 

highly forsteritic (Fo>91), defining a population (hereafter, group A; Fig. 3.2B) distinct 

from relatively low-Fo olivine (Fo<90, group B). The compositional range for olivine-I is 

given in Table 3.1 #1, and all olivine-I analyses are given in Appendix, Table 1. 

Abundances of trace elements Ca, Ni, Cr and Mn in olivine-I (Fig. 3.2C) are highly 

variable, even within a given population. If both groups are considered together, trends 

resembling fractionation can be seen for NiO decreasing (0.43-0.13 wt%) and MnO 

increasing (0.07-0.17 wt%) as Fo decreases (Fig. 3.2C). However, it should be noted that 

NiO in the majority of Group A olivines is almost constant (0.35-0.39 wt%) over a range 

in Fo, which is not consistent with simple olivine fractionation. The trends of decreasing 

CaO (0.07-0.02 wt%) and Cr2O3 (0.03-0.0 wt%) can be tentatively implied for Group B 

olivine (Fig. 3.2C), but in this case the number of analyses is not sufficient for more 

definite conclusions. Strong variability of CaO and Cr2O3 at a given Fo in Group A 

olivines rules out a common origin for this olivine. 

Close observation of olivine crystals in the grain mounts and polished sections 

using optical microscope and back-scattered electron imaging show that most grains are 

homogeneous, at least in terms of their Fo content. The majority of olivine-I grains are  
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Figure 3. 2. Porphyroclastic olivine of the fist generation (ol-I). A –
separates of ol-I, one tickmark=1mm; B, C - compositions of ol-I; D, E –
plane of secondary melt and fluid inclusions and high-Ca pyroxene (cpx) 
inclusions in ol-I
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devoid of mineral, melt and fluid inclusions, especially those that can be unambiguously 

interpreted as primary. Importantly olivine-I, unlike other minerals in the porphyroclastic 

assemblage, never shows any alteration. Melt and fluid inclusions in “secondary” trails are 

present in some olivine-I grains (Fig. 3.2E), as well as euhedral inclusions of emerald-

green high-Ca pyroxene (Fig. 3.2D-E). The description of melt inclusions in olivine-I and 

results of heating stage experiments with melt inclusions are given in Chapter 6. 

Pyroxene is relatively rare and represented by both high- and low-Ca varieties. 

High-Ca pyroxene occurs as corroded emerald and dark-green monomineralic 

porphyrocrysts (Fig. 3.3.A). Emerald green grains are rich in magnesian (Mg# 94-95) and 

chromium (Cr2O3 content 1.27-1.57 wt%), whereas the dark-green variety of 

clinopyroxene is less magnesian (Mg# 57-65.6) and contains more aluminium (Al2O3 up 

to 4.15 wt%) and titanium (TiO2 up to 0.45 wt%) (Table 3.1 #2, 3). Most grains, 

regardless of colour, are highly resorbed and partly replaced with the alteration products 

(Table 3.1 #4). In the example shown on Fig. 3.4, the central part of the high-Ca pyroxene 

porphyrocryst has a sieve-like texture, and the “channels” are encrusted by a mixture of 

sodalite, phlogopite and K-Cl-bearing sulphides (djerfisherite). The replacement zones of 

pyroxene show relative depletion in Si, Na and Al, but enrichment in Ca. Thus, the 

presence of “sprinkled” Ca-carbonate cannot be excluded. 

Low-Ca pyroxene occurs as intensely resorbed fragments with very complex 

patterns of alteration. In the example shown on Fig. 3.5, a large crack going through the 

central part of the low-Ca pyroxene grain is filled mainly with sodalite, djerfisherite and 

phlogopite. This aggregate is rimmed by an unidentified silicate mineral rich in Ca, K, Na, 

S (sulphate) and Cl, and also probably containing CO2 and H2O. The same mineral 

develops along subparallel cracks and on the edges of the original grain.  

Plagioclase forms rare, mostly euhedral, polysynthetically twinned grains (up to 1 

mm) with the average composition An30-35 (Table 3.1 #5, Fig. 3.3.C). The rims of 

plagioclase are often altered, and sodalite and sodalite-group minerals dominate the 

alteration products (Table 3.1 #6). Plagioclase crystals frequently occur in association 

with high-Ca pyroxene (Fig. 3.3.B). Some plagioclase crystals contain euhedral apatite 

inclusions (Fig. 3.3.D). 
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Figure 3. 3. Minerals of porphyroclastic assemblage: A –dark green high-Ca 
pyroxene; B – high-Ca pyroxene in association with plagioclase (pl); C – plagioclase 
with a rim of alteration; D – inclusion of apatite in plagioclase; E –twisted plane of 
phlogopite; F – zoned phlogopite;  G - sulfide-chloride-carbonate segregations in 
phlogopite (phl); H – garnet with kelyphitic rim.
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Figure 3. 4. Back-scattered image and elemental maps (red outlined area) of 
dark-green high-Ca pyroxene porphyroclast with inclusions of djerfisherite
and sodalite development along the cracks
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Figure 3. 5. Back-scattered image and elemental maps (red outlined area) of 
low-Ca pyroxene (opx) porphyroclast with sodalite (sod) and phlogopite 
(phl) development along the cracks
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Garnet is represented by 1-2 mm fragments of purple or pale-orange crystals. 

Almost all grains are zoned (as a result of alteration?) and have well-developed kelyphitic 

rims of highly variable composition (Fig. 3.3.H). Kelyphitic rims (a microcrystalline 

mixture of mica, spinel, pyroxene, amphibole, and feldspar-like minerals) are believed to 

be a result of replacement reactions, and in this case are composed of intergrowths of Cl-

rich K-Na aluminosilicate (K-bearing sodalite-group mineral), phlogopite, Ca-rich garnet 

and zoned Cr-Al spinel (Fig. 3.6 and Table 3.1 #7,8).  

 

Table 3.1 Representative average compositions of typical minerals of the porphyroclastic 
assemblage and their alteration products. 

 1 2 3 4 5 6 7 8 9 10 11 

SiO2 40.1-42.1 54.2 50.3 39.4 60.2 50.3 42.4 36.0 39.8 47.1 0.3 

TiO2 n.d. 0.0 0.3 0.5 0.0 0.1 0.7 2.1 0.4 0.0 47.9 

Al2O3 0-0.018 2.3 3.8 12.1 25.3 24.0 21.8 10.8 14.0 15.8 0.6 
FeO 5.7-14.1 1.7 11.9 2.6 0.1 0.6 8.3 6.3 3.1 1.0 17.9 
MnO 0.1-0.2 0.1 0.3 0.0 0.0 0.0 0.3 0.1 0.1 0.0 0.3 
MgO 46.5-53.2 17.0 11.3 24.8 0.0 6.2 21.2 14.1 22.0 9.2 9.4 
CaO 0.0-0.1 22.8 21.7 0.6 6.5 4.9 4.2 14.5 1.8 14.2 0.0 

Na2O n.d. 1.2 0.9 0.8 7.4 7.8 0.1 0.2 1.1 11.0 n.d. 

K2O n.d. 0.1 0.0 10.5 0.6 3.0 0.0 5.6 8.8 0.1 n.d. 

P2O5 n.d. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 n.d. 
NiO 0.1-0.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.12 

Cr2O3 0.0-0.1 1.4 0.0 0.1 0.0 0.0 1.7 5.5 0.0 0.0 1.49 
Cl n.d. 0.0 0.0 0.8 0.0 2.0 0.0 0.0 0.6 3.4 n.d. 

SO3 n.d. 0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.1 0.1 n.d. 
Total   100.9 100.8 92.3 100.2 99.0 100.6 95.3 91.9 102.0 99.3 
Mg# 94.4-85.5 94.6 63.1                

Note to Table. 1. compositional range of Ol-I –first generation olivine, 2. emerald-green high-Ca pyroxene; 
3. dark-green high-Ca pyroxene; 5. plagioclase; 7. garnet; 9. phlogopite; 11. ilmenite; 4, 6, 8 and 10. - 
alteration products of high-Ca pyroxene, plagioclase, garnet and phlogopite respectively, n.d. – not 
determined. Note that many other varieties of alteration products are present in the form of single minerals 
and fine-grained mixtures, but their identification and presentation is beyond the scope of this work. 
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Ilmenite is present as rounded and broken macrocrysts, up to 1.5 mm in size. 

Ilmenite is characterised by high MgO content (MgO 8.3-9.5 wt%), and therefore 

corresponding to a picroilmenite endmember (Table 3.1 #11). Commonly, picroilmenite 

macrocrysts possess reaction rims with diffuse outlines, composed of spinel, pyrrhotite 

and perovskite (Fig. 3.7A,B). Contact zones (Fig. 3.7A,D) of picroilmenite and the 

kimberlite groundmass are lined with chloride and alkali-Ca carbonate (zemkorite-shortite 

group) crystals. Frequently, picroilmenite grains contain mineral inclusions of sulphides 

(pyrrhotite/ pentlandite/ djerfisherite) and trails of secondary melt and fluid inclusions 

(Fig. 3.7C,E) mostly composed of halite, sylvite, carbonates and sulphides. 

Phlogopite macrocrysts are very rare (<3%) among the porphyroclasts and form 

subhedral to ovoid grains (2-3 mm in length), frequently zoned and altered or abraded on 

the edges (Fig.3.3.E,F and Table 3.1 #9,10). Cleavage planes in phlogopite are often 

packed with various chlorides, carbonates and sulphides (Fig. 3.3.G). 
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Figure 3. 7. Perovskite pseudomorphs picroilmenite (A,B); C - alteration of 
picroilmenite along trapped inclusions (newly formed ilmenite – dark, 
perovskite- even darker); D - alteration of picroilmenite at contact with 
matrix (KCl-white, NaCl- grey, phlogopite- dark, “zemkorite”-black); E –
different types of secondary inclusions in the picroilmenite grains, ilm-
ilmenite, prv – perovskite, pyr – pyrrhotite, mt- magnetite, zem-
“zemkorite”, djer - djerfisherite
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3.1.1 Summary 

The porphyroclast assemblage in the Udachnaya-East kimberlite is typical of 

group-I kimberlites in having prevailing forsteritic olivine, magnesian low-Ca pyroxene, 

high-Ca pyroxene and garnet of variable composition, picroilmenite and rare phlogopite. 

To the best of my knowledge, the presence of plagioclase in the kimberlites is unusual. In 

this case it was tentatively ascribed to the porphyroclastic assemblage based on relatively 

large size of the grains and their alteration; however, the crystallisation of plagioclase 

from a kimberlitic magma cannot be ruled out. A “xenolithic” origin of other minerals is 

also questionable. 

The recorded alteration of the porphyroclastic assemblage in the uniquely fresh 

Udachnaya-East kimberlites is an important feature otherwise hidden in common (i.e. 

altered) kimberlites. In this case the alteration products are characteristically enriched in 

chlorine, sulphur, calcium, sodium and potassium, and thus can provide inferences on the 

chemical identity of the reactive environment in which the lithospheric minerals were 

entrapped and transported to the surface.  

3.2 Groundmass assemblage 

The studied samples are exceptionally fresh, showing no secondary serpentine 

and/or chlorite and thus mineralogical and chemical compositions, which are 

compromised or obliterated in altered kimberlites, were available for the detailed study. In 

order to study texture, the morphology of minerals, and interrelationships between 

porphyroclasts, phenocrysts and groundmass, both thin and thick sections have been 

made. To avoid damage to the soluble contents of groundmass, sample preparation was 

carried out using oil or kerosene as a lubricant at all stages (cutting samples, grinding and 

hand finishing the slide to correct thickness). Polishing was performed using oil-based 1 

and 3 µm diamond compounds on a silk-like surface. The groundmass mineralogy was 

studied on polished thin and thick sections. Individual olivine grains were mounted in 

epoxy and examined using an optical microscope with transmitted and reflected light 

fitted with digital camera and also via back-scattered electron images and compositional 

(element) maps. Mineral compositions were analysed by electron microprobes (JEOL 
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JXA-8200, Max Planck Institut für Chemie, Mainz; Cameca SX50, University of 

Tasmania). Individual olivine grains in epoxy mounts were exposed at the midplane 

parallel to the c-axis. 

The fine- to coarse-grained groundmass is formed by an intimate mixture of a 

large number of minerals, principally belonging to five chemical groups (silicates and 

aluminosilicates, carbonates, chlorides, oxides and sulphides).  

3.2.1 Silicate component 

3.2.1.1 Groundmass olivine-II 

As commonly pointed out in the kimberlite literature (Mitchell, 1989), 

porphyrocrystic olivine may have originated from various mantle and lithospheric sources. 

In contrast, groundmass olivine unambiguously crystallised from a melt, and thus it is a 

primary target of this study. 

Groundmass olivine (named second generation olivine or olivine-II) in my samples 

is very abundant (up to 30-40 vol%), exceptionally fresh, and represented by relatively 

small (0.2 – 0.8 mm) euhedral, usually flattened grains. Crystals display a tabular habit 

(tablet shape), and crystal growth was preferentially developed in the {100} and {001} 

directions. Olivine is colourless or slightly greenish, and in many cases a large amount of 

various types of inclusions are responsible for weak transparency of their host crystal. A 

few “olivine aggregates” up to 1.3 mm in size have been found in polished sections (Fig. 

3.9B). The outer contour of these aggregates seems to correspond to an olivine 

crystallographic shape. The aggregates have a mosaic-like structure and consist of small 

(50-70 µm) euhedral olivine grains with interstitial brine. Similar mosaic-textured 

selvages occur on the edges of some olivine porphyroclasts.  

3.2.1.1.1 Olivine zoning: qualitative Mg-Fe relationships 

Two hundred and ninety-six back-scattered electron images of individual olivine-II 

grains were collected using the JEOL JXA-8200 at the Max Planck Institut für Chemie, 

Mainz, Germany. Nearly all groundmass olivines, even the smallest, exhibit intra-grain 

compositional variability, which is most pronounced on the back-scattered electron 
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images in terms of Fe-Mg relationships (Fo content; higher and lower Fo correspond to 

darker and lighter areas, respectively). The commonly used term “zoning” is not quite 

appropriate in the case of the Udachnaya kimberlite olivine, as evident from the 

description below. To account for most typical Fo variations within single grains, the 

following types of olivine “structure” or “zoning” are recognised (Fig 3.8 and Table 3.2): 

1. A single core, euhedral-subhedral in shape, that can be more forsteritic (1a) or 

less forsteritic (1b) than the rim; 

2. A single resorbed core of variable shape, size and composition. The composition 

of resorbed cores can be more forsteritic (2a) or less forsteritic (2b) than the rim; 

3. A single core separated from rims by a thin layer of distinct composition; 

4. Two or more cores of different shape and composition; 

5. No distinct core – the grains are either compositionally uniform (5a) or have a 

mosaic-like structure (5b). 

All olivine crystals at the very edge of the grains (~5-10 µm) show abrupt change 

to extremely Mg-rich (Fo 96) compositions.  

The grains with a single core (types 1-3) are the most abundant (~80%); however, 

a single core of euhedral or subhedral shape (type 1) is very rare (5%). Some cores have 

almost perfect olivine crystal shapes (Fig. 3.8.1.A), and as a rule the crystallographic 

outlines of inner cores are parallel to the whole grain outlines (Fig. 3.8.1.A, C, D). The 

majority of olivine grains have corroded core edges (41%, Fig.3.8.1.B), and the degree of 

irregularity varies even within a single core. In other words, some outlines of the core can 

be straight and parallel to the crystal’s outer rims, whereas other boundaries of the same 

core appear highly diffuse (Fig. 3.8.1.C), as well asvariable in composition (see below). 

These are transitional between types 1 and 2, and are more abundant than type 1.  



Fig. 3. 8. 1. Types 1 (A, D) and 2 (B, C, D) zoning of groundmass olivine: A – type 1 
zoning with almost perfect crystal shape of core; B - type 2 zoning with corroded 
core edges; C – transitional between type 1 and 2 zoning where cores have partly 
perfect crystal shape and partly resorbed; D – types 1 and 2 zoning with the cores 
shape influenced by presence of melt, fluid and mineral inclusions.
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Fig. 3. 8. 2. Type 3 zoning of groundmass olivine: A - reverse zoning with 
“separating” layer between core and rim; B, C and D - normal zoning with 
“separating” layer B - Focore<Folayer<Forim, C - Focore<Folayer>Forim, D -
Focore>Folayer<Forim; E - seemingly homogeneous grains with a distinct layer; F – a 
distinct layer in the grains with heterogeneous, zoned core.
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Fig. 3. 8. 3. Type 4 (A, B, C) and 5 (D, E) zoning of groundmass olivine: A –
intergrowth of two distinct grains ; B - grains with separated cores; C – grains 
with partly attached cores; D - grains with homogeneous composition; E – grains 
with complex, mosaic-like structure
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Type 2 grains have a single core of very variable size (relatively to grain size) and 

state of resorption. The majority of the type 2 grains tend to have oval to very irregular 

outlines of cores (Fig.3.8.1.B), and in some cases the shape of outlines seems to be in 

accord with the shape and distribution of melt, fluid and mineral inclusions (Fig. 3.8.1.D). 

Some cores exhibit linear features (e.g. cracks) along which the composition changes to 

that similar to the composition of the rims. Types 1 and 2 are additionally subdivided into 

subtypes with normal (Focore>Forim) and reverse (Focore<Forim) “zoning”. It is worth 

mentioning that in the case of Focore<Forim the relatively larger number of euhedral-

subhedral cores is recorded compared to the population with Focore>Forim. 

Type 3 grains with a single core are characterised by presence of a compositionally 

distinct layer, separating cores and rims. These layers in different grains are variable in 

shape, continuity and width. Even within a single grain and within a single section, the 

“separating” layer shows significant variability in shape, width and composition. The 

composition of such layers in the grains with reverse “zoning” is always more Fo-rich 

than the composition of both cores and rims (subtype 3a, Fig.3.8.2.A). In the grains with 

normal “zoning”, the “separating” layer is assigned to three groups that reflect 

compositional relationships between this layer and the rest of the grain: 3b - 

Focore<Folayer<Forim (Fig. 3.8.2.B); 3c - Focore<Folayer>Forim (Fig. 3.8.2.C); 3d - 

Focore>Folayer<Forim (Fig. 3.8.2.D). Rarely a distinct layer is present in seemingly 

homogeneous crystals (subtype 3e, Fig. 3.8.2.E). Another subtype is represented by the 

grains with a thin crystal-shaped layer that encloses a zoned core (3f, Fig. 3.8.2.F). 

The grains belonging to type 4 with two or three cores are relatively rare (14%), 

but can be very important for genetic interpretations. One case within type 4 is clearly the 

intergrowth of two distinct grains, where the cores with different or similar Fo have the 

shape and orientation similar to those of the grain’s edges (Fig. 3.8.3A). In grains with 

two or more cores of different compositions, the cores are usually separated from each 

other (Fig. 3.8.3.B), although a few examples are noted where the cores are tightly 

attached (Fig. 3.8.3.C). In some crystals, the core has layers of different compositions, 

manifesting a gradual or abrupt zoning pattern across the olivine crystals. These layers 

frequently demonstrate well defined crystallographic shapes, parallel to the outer edge of 

olivine grains.  
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Figure 3. 9.  Composition of groundmass olivine of second generation (ol-II). A –
separates of ol-II, one tick mark =1mm; B - olivine aggregate with interstitial 
chloride; C – compositional variations of NiO, CaO, Cr2O3, MnO, Al2O3 and 
SiO2 contents vs Fo in the groundmass olivine, blue circles – olivine cores, red 
circles – olivine rims.
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Type 5 in this classification combines the grains that have no distinct core, or in 

other words, grains in which the cores are not readily distinguished from the rims. One 

subtype (5a) includes the grains with homogeneous (in terms of Fo content) composition 

(Fig. 3.8.3.D), another subtype (5b) is represented by the grains with complex, mosaic-

like structure, where layers/zones with variable Fo content are intermixed, and the 

appearance of the inner parts of grains gives the  impression of numerous cores being 

present (Fig. 3.8.3.E). 

The volume relationships between core and rim parts in olivine grains belonging to 

type 1-3 were calculated as 56 and 44 %, respectively.  

Composition of groundmass olivine – quantitative constraints 

The classification presented above is based on the qualitative recognition of the 

inner part (core) of the groundmass olivine as compositionally different from the outer 

parts (rims). This section describes compositional changes within single olivine grains 

(cores, rims and “separating” layers) in terms of Fo and trace element abundances (Ca, Ni, 

Al, Cr, Mn). Electron microprobe analyses of the olivine cores and rims are in Appendix 

Table 1. 

The inner parts of the groundmass olivine are strongly variable in Fo content (85.5 

- 93.5 mol%), although the compositions Fo 90.5-93 are most common (69%). The cores 

display relatively wide range of NiO (0.13-0.44 wt%), CaO (0-0.08 wt%), MnO (0-0.15 

wt%), Cr2O3 (0-0.09 wt%) and Al2O3 (0-0.04 wt%) contents (Fig. 3.9C). NiO contents are 

the highest and almost constant at Fo >89.5, and then gradually decrease in less 

magnesian olivine. MnO contents tend to increase with decreasing Fo. CaO abundances 

seem to increase (0 to 0.1 wt%) as Fo decreases to 89.5 mol%, and show no clear trend at 

less forsteritic compositions. Cr2O3 and Al2O3 concentrations are highly variable at a 

given Fo. 
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Table 3.2 Classification of the groundmass olivine based on qualitative Mg-Fe 
relationships between cores and rims, and relative abundances of grains representative of 
each type. 

Type of zoning N % 
1. –single euhedral-subhedral core 16 5 
1a. - core more forsteritic than rim 10  
1b. – core less forsteritic than rim 6  
2. - single resorbed core 121 41 
2a. - core more forsteritic than rim 98  
2b. - core less forsteritic than rim 23  
3. – single core with separating layer 98 33 
3a. - Folayer > Focore <Forim 35  
3b. – Focore<Folayer<Forim 10  
3c. - Focore<Folayer>Forim 18  
3d. - Focore>Folayer<Forim 14  
3e.- Focore=Forim with separating layer 8  
3f. – heterogeneous core with separating layer 13  
4. - two or three cores with various Fo content 41 14 
5. – no distinct core 20 7 
5a. – homogeneous composition 16  
5b. – mosaic-like structure 4  
���������	
�� ��� ����

 

The outer parts of the groundmass olivine, although representing significant 

volumes of the grains studied, have very constant Fo content 89.0 ± 0.2 mol% (Fig. 3.9C). 

However, the trace element abundances in the rims are highly variable (in wt%: NiO 0.15-

0.35 wt%), CaO 0.03-0.15, MnO 0.11-0.2, Cr2O3 0.01-0.11 and Al2O3 0-0.04). Note that 

the outmost forsteritic (up to Fo96) rims are very enriched in CaO (up to 1 wt%). A 

comparison of rim compositions and compositions of cores at Fo89 shows systematically 

higher MnO and lower NiO abundances in the rims. 

X-ray element maps (compositional patterns) for Fe, Ni, Ca, Al, and Cr were 

acquired for 55 groundmass olivine grains mounted individually in epoxy and exposed at 

the midplane parallel to the c-axis. In general, the distribution of elements and their 

relationships are very complex, but consideration of the distribution of Fo and Ni has 

permitted three main groups of compositional patterns to be identified.  
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Figure 3. 10.  X-Ray element maps of groundmass olivine grains. Pattern 1 –
coupled behaviour of Fe (Fo) and Ni contents in the olivine cores A, B – normal 
zoning; C – reverse zoning; D – grain with two cores
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Figure 3. 11.  X-Ray element maps of groundmass olivine grains. Pattern 2 –
clear visible in terms of Fe core cannot be confidently recognised on the Ni maps
. A– normal zoning; B – reverse zoning; C – grain with two cores. Scale  colour 
bar as on Fig. 3. 10
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Figure 3. 12.  X-Ray element maps of groundmass olivine grains. Pattern 3–
distribution of Ni has no resemblance to that of Fe . A, B– normal zoning; C, D –
reverse zoning; E – grain without zoning in terms of Fo content. Scale  colour bar 
as on Figure 3. 10
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Figure 3. 13. X-Ray element maps of groundmass olivine grains. Ni outline 
bypasses around the inclusions of phlogopite (A, B) and Cl-bearing high-silica 
phase (C); D – heterogeneous distribution of Ni content around Ni-rich sulphide 
inclusion. Scale  colour bar as on Fig. 3. 10
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Figure 3. 14. X-Ray element maps of groundmass olivine grains. Ca distribution. 
A – pattern 1; B – pattern 2; C, D – pattern 3. Scale  colour bar as on Fig. 3. 10
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Compositional Pattern 1, found in 23 grains, is characterised by coupled behaviour 

of Fe (Fo) and Ni contents in the olivine cores. In other words, a core, defined as having 

distinct Fe, is clearly visible on the Ni maps (Fig. 3.10), and in a given grain the higher Ni 

content corresponds to lower Fe.  

Compositional Pattern 2, found in 19 grains, still shows a “negative” correlation 

between Fe and Ni in the cores, but an obvious (in terms of Fe) core cannot be confidently 

recognised on the Ni maps (Fig. 3.11).  

Compositional Pattern 3, found in 13 grains, is different from the above two types 

in that the distribution of Ni bears no resemblance to that of Fe (Fig. 3.12). For example, 

the cores of different shape and size, well defined on Fe maps on Figs. 3.12 A-D are 

completely hidden if the Ni maps are considered. On the other hand, the distribution of Ni 

throughout a significant part of these grains (excluding outmost rims and their closest 

“neighbourhood”) is very homogeneous and defines shapes similar to the grains’ outlines. 

In other grains (e.g., Fig. 3.12E), a seemingly homogeneous distribution of Fe is in 

contrast with the distribution of Ni and Ca, showing good crystallographic contours, 

largely parallel to the grain’s outlines.  

Unlike Fe (Fo), in most cases the patterns of Ni are characterised by good 

crystallographic shape, similar to outer edges of the olivine grain, regardless of number, 

shape and composition of cores (in terms of Fo) present. This shape always includes the 

core (as defined by Fe (Fo)), and may have the highest Ni abundances in a thin outline 

(Fig. 3.10 A, C and Fig. 3.13A). Such a Ni-enriched layer has variable thickness, and its 

outer contour is always rectilinear, whereas the inner contour can be curved. In all grains 

with two or more cores, Ni defines a single zone combining all cores (Fig. 3.10D, 3.11C). 

In grains containing mineral or melt inclusions, the Ni-rich layer/zone bypasses 

inclusions, thus adopting its shape (Fig. 3.13 A-C). In one example, the distribution of Ni 

and Fe is clearly affected by the presence of Ni-sulphides inclusions (Fig. 3.13D).  

Distribution of Ca within the groundmass olivine, despite its very low abundances, 

can be also useful in recognising a transition from cores to rims, and thus be helpful in 

unravelling the genetic story. In all mapped grains Ca increases abruptly in very thin outer 

rims and along secondary fractures filled with mineral, fluid and melt inclusions. The 
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inner parts of most analysed grains show no significant gradient in Ca content (at given 

analytical conditions and detection limits), but in several grains, shown on Figs. 3.10D, 

3.11C, 3.12C, and 3.14, Ca is relatively enriched in the core parts (and “transitional” 

layer, where present). Importantly, such Ca enrichment is recorded for cores and 

transitional layers with variable Fo content. This is most pronounced in the grains with 

two cores of different (Figs. 3.10D, 3.12C) and similar (Fig. 3.11C) Fo composition. At 

the same time, Ca content is minimal in those parts of olivine grains that have a Ni-

enriched layer (Fig. 3.14). In grains with no core, as defined by Fo, minimal Ca 

abundances coincide with highest Ni (Fig. 3.12E). 

Compositional profiles. In addition to the element maps, 23 compositional 

profiles were recorded for selected, previously mapped grains. These quantitative analyses 

were made for better understanding of the trace element distribution, their actual 

concentrations and relationships with Fo content across zoned olivine crystals. 

1. In olivine grains with cores more forsteritic than rims, the distribution of Fo, 

NiO, and CaO in a core regions is more or less uniform (Fig. 3.15). At a core-rim 

boundary and especially in “transitional” layers, the concentrations change (Fig. 3.15). 

Whereas the Fo content in the core of analysed grains varies (89.4 to 93.9 mol% Fo), NiO 

is always high (0.30 – 0.38 wt%), and always higher than in the rims. In the rims of 

olivine crystals, Fo content is always homogeneous (89.0 ± 0.2 mol%). Unlike Fo content, 

NiO concentrations remain constant (~0.30 wt%) only in a thin layer (10-40µm) 

surrounding cores, and then declines sharply towards grain edges. CaO concentrations in 

the core regions of analysed olivines range from 0.09 to 0.05 wt%, and decreases to 0.03 

wt% at the core-rim boundary. This decrease in CaO is well correlated with the layer of 

constant NiO concentration. All analysed crystals show a sharp increase of CaO (up to 

0.17 wt%) and Fo (96 mol%) contents in the thin (10-20µm) outer coat of grains. 
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Figure 3. 15. Profiles of groundmass olivine grains with more forsteritic cores 
than rims  
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Figure 3. 16. Profiles of groundmass olivine grains of grains with less forsteritic
cores than rims  
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Figure 3. 17. Profiles of groundmass olivine grains. Grains with a several cores.  
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Figure 3. 18. Profiles of groundmass olivine grains. Grains with no distinct core.  
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2. Olivine crystals with cores less forsteritic than rims also demonstrate a fairly 

uniform distribution of Fo, NiO and CaO contents in the core (Fig. 3.16). In the analysed 

grains, core Fo contents vary insignificantly (87.2 to 87.9 mol%), and NiO and CaO are 

almost constant (0.24 wt% and 0.08 wt%, respectively). The profiles of NiO, CaO and Fo 

contents in olivine grain’s rims show the same characteristic features as the group above. 

These features include constant Fo content (~89 mol%); a thin layer (15-40µm) of 

constant NiO (0.30-0.32 wt%) concentration, followed by an abrupt drop towards grain 

edges; and constant (0.05 wt%) CaO concentration, followed by a sharp increase (to 0.28 

wt%) in the outer layer (Fig. 3.16). In grains with two or more cores, all the above features 

can be also recognised (Fig. 3.17). 

3. All analysed olivine grains with no visual zoning show homogeneous 

distribution of Fo (~89 mol%) and CaO (0.03 wt%) contents throughout the grain, except 

for outmost borders, where Fo and CaO contents abruptly increase to >92.2 mol% and 

>0.39-0.49 wt% respectively (Fig. 3.18). Unlike Fo and CaO distributions, NiO displays a 

contrasting behaviour. Its concentration remains constant and maximal (0.32-0.35 wt%) in 

the central part of the grains and decreases abruptly or gradually to 0.04-0.02 wt% 

towards crystal outlines. 

3.2.1.1.2 Summary of groundmass olivine composition data. 

The majority of groundmass olivines, which is believed to crystallise from a 

kimberlitic melt, are characterised by the tablet shape. According to experimental studies 

(Donaldson, 1976; Faure et al., 2003), this morphology is interpreted to be intermediate 

between the “steady state” growth shape (polyhedral crystals) and rapid growth textures 

(hopper and dendritic crystals), and results from small undercooling (difference between 

liquidus and growth temperatures). Another typical feature of almost all olivine-II is the 

presence of compositionally distinct core and rim zones. Rarely, a few cores that may be 

similar or different in composition coexist within a single grain.  

1. The cores and rims can be recognised on the basis of Fo and Ni contents. The 

shape of cores, defined by Fo content, can be euhedral or irregular to a variable extent. 

The cores are often surrounded by a “transitional” layer of distinct composition. In many 

cases, based on the distribution of Ni, an inner part of good crystallographic shape can be 
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recognised; however, this inner part does not always correspond to the core defined by Fo 

content. 

2. The major and trace element compositions of cores, although highly variable 

(e.g., Fo 85.5-93.5 mol%), correspond well to the composition of porphyroclastic olivine-I 

(Fig. 3.19). Also both populations are typically Fo-rich (90-93 mol%). This suggests a 

possible genetic link between two populations of olivine, and thus may point to a mantle 

or deep lithosphere origin of the olivine-II nucleii. The resorption or skeletal textures 

shown by central parts of many groundmass olivine grains are indicative of disequilibrium 

during growth or ascent. 

3. The inner rims of the groundmass olivine, in contrast to central parts, are very 

homogeneous in terms of Fo content (89.0 ± 0.2 mol%), whereas trace elements are 

strongly variable. Uniform Fo suggests crystallisation from a melt with rather constant 

Fe2+/Mg (Roeder and Emslie, 1970), which is hard to explain given the amount of olivine 

crystallised. Oxidation of the melt (Fe2+
� Fe3+), or some other buffering process was 

responsible for unchanging Fo compositions. Equilibrium (as opposed to fractional) 

crystallisation can be also a valid explanation, but requires supportive modelling of Ca 

and Ni diffusion in olivine. 

4. Thin outmost rims, present in all grains, are very distinct from the inner rims in 

having unusually forsteritic and Ca-enriched compositions. They reflect the abrupt change 

in the composition of residual kimberlite magma not long before the silicate component 

was exhausted.  

5. Very complex compositional relationships within the entire population of the 

groundmass olivine, as well as individual grains, suggest different sources and different 

fractionation paths for the origin of this most common kimberlite mineral. The 

implications for the kimberlite origin and compositions, drawn from the study of olivine 

and olivine-hosted inclusions (see Chapter 6), will be discussed later. 
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Figure 3. 19. Compositional relationships of porphyroclast olivine of first 
generation (olivine-I), and groundmass olivine of second generation (olivine-II) 
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3.2.1.2 Other groundmass silicate minerals 

All other common silicate minerals (phlogopite, monticellite, sodalite) that are 

present in the kimberlite groundmass are closely associated with the groundmass olivine-

II, with each other and other non-silicate minerals. Their distribution throughout the 

samples is largely uniform; however, in some places they are present in larger quantities. 

These minerals were not a specific objective of my study, and thus the information about 

them is limited. 

Phlogopite is the most abundant mineral in the kimberlite groundmass after 

olivine. It forms small (200 µm) often zoned single plates of brownish colour (Figs 3.20A 

and 3.21A) or needles combined in aggregates with a spinifex-like texture (Fig 3.20B). 

Larger phlogopite grains often have cleavage fractures commonly filled with sulphide-

chloride-carbonate minerals. Representative analyses of the groundmass phlogopite are 

given in Table 3.3, and Fig. 3.21B. Three compositional types of phlogopite can be 

recognised: 1. Relatively iron-rich phlogopite with Mg# (Mg/(Mg+Fe) 0.84-0.90, high 

TiO2 (2.7-3.5 wt%) and low Na2O (0.0-0.3 wt%) and chlorine (<0.1 wt%); 2. High 

magnesian phlogopite with Mg# =0.95-0.97, low TiO2 (0.3-0.6 wt%) and Cr2O3 (<0.2 

wt%) contents and variable elevated Na2O (0.1-1.7 wt%) and Cl (0.1-0.7 wt%); 3. Ba-rich 

phlogopite (BaO = 4.8-6.0 wt%), atypical for kimberlites, with high Mg# (0.95-0.96), low 

TiO2 (0.2-0.3 wt%) and moderate enrichment in Na2O (0.5-0.6 wt%) and Cl (0.1-04 wt%). 

Monticellite (CaMgSiO4) usually occurs as small (10-50 µm) individual flake-like 

or subhedral crystals (Fig 3.22A) or is present in rounded segregations together with 

calcite, phlogopite, and feldspar-like minerals with a mosaic texture (Fig. 3.22B). 

Occasionally, it develops clusters around olivine grains wherever olivine is surrounded by 

a carbonate-rich groundmass. Monticellite analyses are presented in Table 3.4. 

Sodalite (Na8Al6Si6O24Cl2 ) is very common in studied samples. It occurs as single 

skeletal or euhedral (~10 µm) crystals (Fig. 3.23), or as aggregates of grains, usually 

around chlorides, and interstitial masses (Fig. 3.YBK3-6b). Sodalite grains are often found 

in intimate association with alkali-rich carbonates (Fig. 3.23). Clearly, sodalite in the 

Udachanya-East kimberlite has genetic affinities with minerals typically absent in other 

kimberlites worldwide, - alkali chlorides and carbonates. Thus, it will be described in 
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more details later in this chapter, together with its paragenesis. Representative analyses of 

sodalite are given in Table 3.4. 

3.2.2 Carbonate component 

Carbonate in the Udachnaya-East kimberlite groundmass is represented by three 

main carbonate minerals: calcite, alkali-Ca carbonate, and Na-Ca carbonate. Rare grains 

of Fe-bearing carbonate are also present (Table 3.5). Alkali-rich Ca carbonates are soluble 

in water and represent about one third of all water-soluble material present in the 

Udachnaya-East kimberlite groundmass (see Chapter 4).  

Among carbonates, Sr-bearing (SrO 0.4-0.7 wt%) calcite is dominant and it 

displays a wide range of habits and forms: 1. euhedral to subhedral needle-like crystals up 

to 0.5 mm long, 2. rounded or plate-like crystals (Fig. 2.24A) and 3. large irregular 

patches with rounded sodalite inclusions (Fig. 3.23B). Sometimes the edges of crystals are 

smoothed. Calcite occurs intimately associated with olivine, phlogopite, sodalite, 

chlorides and all other carbonates. Different forms of calcite are not reflected in with 

variations in major element composition. 

Alkali-Ca carbonate, compositionally similar to zemkorite - shortite group (K, 

Na)2Ca(CO3)2) is closely associated with calcite, phlogopite and chlorides and present as 

irregular interstitial masses or plate-like elongated crystals up to 200 µm long. Major 

element compositions are variable and show chemical substitution in terms of CaO (32-45 

wt%), Na2O (10-21 wt%) and K2O (2-8 wt%) contents and significant enrichment in S (up 

to 6.41 wt % of SO3), F (up to 2 wt%) and P2O5 (up to 6 wt%) contents. 

Na-Ca carbonate usually occurs as discrete masses (irregular inclusions) in calcite 

patches or interstitial material interleaved with other carbonates. Compositionally it is 

relatively homogeneous, with insignificant variations in CaO (43-45 wt%) and Na2O (12-

16 wt%) contents, low K2O (0.7-4 wt%) and high chlorine (up to 2 wt%), sulphur (up to 1 

wt% of SO3), SrO (0.4-0.5 wt%) and P2O5 (0.4-0.6 wt%) abundances. 
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Figure 3. 20. Occurrence of phlogopite in the Udachnaya pipe kimberlite 
groundmass. A – euhedral single grains of phlogopite phenocrysts in association 
with calcite and olivine-II in chloride-carbonate matrix; B – spinifex-like 
phlogopite with apatite inclusions in associations with different carbonates, ol –
olivine, phl – phlogopite, clc – calcite and ha - halite
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Figure 3. 21. Groundmass phlogopite phenocrysts (A) and their compositional 
variations (B). 
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Figure 3. 22. Monticellite in the Udachnaya pipe groundmass. A – monticellite (mon), 
phlogopite (phl) and calcite (clc) intergrowth; B – segregation of  monticellite, 
phlogopite, calcite and feldspar-like mineral
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Figure 3. 23. Sodalite in the Udachnaya pipe groundmass. A, B – single grains of 
sodalite in association with olivine and different carbonates, ha – halite, ol – olivine, 
clc – calcite.

Na-Ca carbonate alkali-Ca carbonatesodalite apatite

ol

ol

clc

clc

ol

ol

ol

ol
ol

ol

cl
c

clc

ha

B

A

Na K Cl

Ca Al

Na K Cl

Ca Al



Chapter 3 Petrography and mineralogy 67

Figure 3. 24. Carbonates in the Udachnaya pipe groundmass. A – different forms of 
calcite– needle-like and rounded crystals; B  - olivine (ol) and phlogopite (phl) in 
calcite (clc)- halite (ha) matrix. 
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Figure 3. 24 (cont). Carbonates in the Udachnaya pipe groundmass. C – olivine, 
phlogopite and calcite phenocrists in Na-Ca and alkali-Ca carbonates matrix;. D –
mixture of different carbonates forming the groundmass matrix.
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Table 3.3 Representative analyses of groundmass phlogopite 

SiO2 41.6 38.5 38.6 37.5 37.8 36.4 37.1 41.2 
TiO2 3.1 3.2 3.2 3.0 2.8 3.5 2.7 0.3 
Al2O3 12.0 14.3 13.8 15.0 14.0 16.5 15.9 11.8 
FeO 4.9 5.1 4.9 7.3 6.2 5.0 4.9 1.8 
MnO 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 
MgO 24.0 22.8 22.9 20.7 21.6 21.7 21.6 26.5 
CaO 0.2 0.1 0.1 0.1 0.1 0.0 0.1 0.1 

Na2O 0.3 0.1 0.2 0.0 0.1 0.2 0.2 0.1 
K2O 9.5 10.2 9.8 10.0 10.1 9.8 10.3 10.3 
Cl 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
SO3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SrO 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.1 
BaO 0.2 0.5 0.4 0.3 0.5 0.7 0.5 0.7 
F 0.3 0.4 0.3 0.5 0.9 0.4 0.4 2.1 
P2O5 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 
Cr2O3 0.2 0.6 0.7 0.1 0.1 0.1 1.2 0.0 
Total 96.5 95.8 95.1 94.9 94.4 94.6 95.0 94.9 
Mg# 0.90 0.89 0.89 0.84 0.86 0.88 0.89 0.96 
         
SiO2 40.5 40.0 36.9 40.1 41.6 40.5 34.8 34.9 
TiO2 0.4 0.5 0.3 0.6 0.5 0.5 0.3 0.3 
Al2O3 13.2 12.6 12.9 14.5 11.7 12.4 17.0 15.9 
FeO 1.8 1.9 1.4 1.7 2.0 1.5 1.7 1.8 
MnO 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.1 
MgO 25.6 24.8 24.6 24.0 25.6 26.0 24.9 23.9 
CaO 0.4 1.3 3.2 0.3 2.1 1.5 0.1 0.1 

Na2O 0.9 0.7 1.3 1.7 0.4 0.4 0.5 0.6 
K2O 9.8 9.2 9.6 9.4 9.8 9.5 8.1 8.3 
Cl 0.4 0.3 0.0 0.7 0.3 0.1 0.1 0.4 

SO3 0.1 0.0 0.4 0.4 0.0 0.0 0.0 0.1 
SrO 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 
BaO 1.4 1.6 1.8 2.0 0.9 1.8 6.0 4.9 
F 1.9 1.8 2.2 1.7 1.8 1.8 1.4 1.9 
P2O5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cr2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total 96.4 95.0 94.7 97.0 96.7 96.3 95.4 93.2 
Mg# 0.96 0.96 0.97 0.96 0.96 0.97 0.96 0.96 
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Table 3.4 Representative analyses of groundmass sodalite and monticellite 

mineral sod sod sod sod sod sod sod sod montc montc 
SiO2 36.6 40.5 40.7 38.4 39.0 40.5 39.1 37.0 39.1 41.8 
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 
Al2O3 30.8 31.0 30.4 31.3 30.1 27.2 31.2 28.0 0.1 0.3 
FeO 0.4 0.3 0.3 1.0 0.3 0.4 0.5 0.3 4.0 3.6 
MnO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.4 
MgO 0.3 0.7 1.0 0.0 0.6 2.1 0.2 0.6 20.2 20.3 
CaO 0.4 1.1 1.7 0.1 1.0 3.8 0.3 0.9 31.5 31.8 

Na2O 23.0 20.2 20.4 21.7 21.4 20.2 21.3 22.2 0.6 0.3 
K2O 0.4 0.3 0.3 0.6 0.5 0.6 1.0 0.4 1.4 0.1 
Cl 7.6 7.2 7.1 7.3 7.2 6.6 7.7 10.5 1.2 0.0 

SO3 0.2 0.1 0.1 1.0 0.2 0.1 0.4 0.2 0.5 0.0 
SrO 0.2        0.2 0.1 
Total 99.8 101.5 101.9 101.6 100.3 101.7 101.9 100.1 99.3 99.0 

In the Udachnaya-East kimberlite groundmass all types of carbonates are closely 

associated with the silicate minerals (represented by olivine-II, phlogopite, sodalite and 

montichellite), chlorides and each other. Relationships between all these phases are 

different, but can be ascribed to three major types. The most common type of carbonate 

occurrence is shown on Fig. 3.24B, where the fine-grained chloride-calcite matrix 

cements euhedral crystals of olivine-II and phlogopite. The second type is represented by 

the alkali-Ca carbonate and Na-Ca carbonate intergrowths, sometimes with chlorides, 

filling interstitial spaces in between micro phenocrysts of calcite, olivine-II, phlogopite, 

and sodalite (Figs. 3.23B and 3.24C). Another type of the carbonate-rich matrix is 

typically an equigranular association of all carbonates, together with phlogopite, feldspar-

like minerals and apatite (Fig. 3.24D). 

Although carbonate-chloride intergrowths are widespread as a cementing material 

for the silicate-oxide constituents throughout the kimberlite groundmass, carbonates and 

chlorides also accumulated in large, rounded (up to 1 cm) segregations (ocelli). These 

aggregates have distinctive zoned distributions of mineral phases, and in some cases, 

specific textures, that can be interpreted as a result from crystallisation and/or liquid 

immiscibility. 
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Table 3.5 Representative analyses of the groundmass carbonates 

 

 

    FeO 
   

CaO   
   

Na2O   
   

K2O   BaO    Cl    SrO 
   

SO3   Total 
calcite (average) avg 0.1 58.8 0.0 0.1 0.0 0.0 0.5 0.0 59.5 
Na-Ca carbonate 1 0.3 46.1 9.6 0.3 0.1 0.2 0.5 0.2 57.3 

  2 0.3 47.9 10.8 0.3 0.0 0.1 0.5 0.2 60.1 
  3 0.2 49.2 9.6 0.3 0.0 0.1 0.6 0.1 60.1 
  4 0.4 47.3 12.6 0.6 0.0 0.2 0.5 0.7 62.3 
  5 2.9 41.8 16.0 0.6 0.0 0.1 0.5 0.7 62.6 
  6 0.3 45.4 12.6 0.8 0.1 0.1 0.5 1.0 60.8 

  7 0.3 44.1 13.8 1.1 0.0 0.7 0.5 0.6 61.1 
  8 0.1 43.7 12.7 1.9 0.1 0.3 0.5 3.3 62.5 
  9 0.2 43.7 14.1 1.2 0.0 1.3 0.4 0.8 61.7 
  10 0.1 44.4 12.1 2.0 0.0 0.6 0.4 3.7 63.2 
  11 0.1 41.3 14.5 1.9 0.0 0.0 0.4 2.8 61.0 
  avg 0.5 45.0 12.6 1.0 0.0 0.3 0.5 1.3 61.2 

alkali-Ca 
carbonate 1 0.1 32.3 16.9 6.1 0.0 0.0 0.3 4.6 60.3 

  2 0.0 43.0 13.2 5.9 0.1 0.1 0.5 4.5 67.2 
  3 0.1 37.6 16.0 6.5 0.0 0.1 0.4 4.0 64.8 
  4 0.1 39.2 15.0 6.9 0.0 0.0 0.5 4.2 65.8 
  5 0.0 34.2 15.8 7.2 0.1 0.0 0.4 4.5 62.2 
  6 0.0 34.0 16.1 7.1 0.0 0.0 0.5 4.2 61.9 
  7 0.1 38.6 13.8 6.7 0.0 0.0 0.4 4.5 64.0 
  8 0.0 35.1 17.3 7.5 0.2 0.1 0.5 6.4 67.0 
  9 0.0 31.5 17.5 7.5 0.1 0.0 0.4 3.9 61.0 
  10 0.2 31.1 19.9 7.4 0.0 0.0 0.4 4.4 63.4 
  11 0.2 32.7 20.5 8.0 0.1 0.0 0.3 4.5 66.3 
  12 0.4 31.4 16.9 6.4 0.0 0.0 0.2 0.0 55.3 
  13 0.2 32.3 17.2 7.8 0.1 0.0 0.4 4.6 62.6 
  14 0.2 39.8 10.9 6.4 0.1 0.0 0.4 6.6 64.4 
  avg 0.1 34.5 16.4 7.2 0.1 0.0 0.4 4.3 63.1 

Fe-rich carbonate 1 1.3 55.8 0.0 0.0 0.1 0.0 0.4 0.0 57.7 
  2 2.9 41.8 16.0 0.6 0.0 0.1 0.5 0.7 62.6 
  3 7.3 30.1 30.5 0.3 0.1 0.0 0.0 0.4 68.8 
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At least two types of segregations are found in the Udachnaya-East kimberlite 

groundmass. An example of the zoned carbonate-rich aggregate is shown in Fig. 3.25. It 

contains a lens-like halite core with blebs (~50 µm) of sylvite and calcite and tiny sodalite 

crystals. The core is surrounded symmetrically by fine-grained calcite with lentil shaped 

patches of Na-Ca carbonate (aligned parallel to the whole segregation) that have a 

distinctive peripheral boundary and contain numerous droplets of calcite and a few ovoids 

of nyerereite-like mineral Na2Ca(CO3)2 with elevated FeO (up to 7.3 wt%) content. Minor 

alkali-Ca carbonate is also present in calcite, but the majority of this mineral, together 

with calcite, envelopes the chloride-carbonate segregations, as well as typical groundmass 

olivine and phlogopite crystals. Carbonates are always sprinkled with minute chlorides. At 

higher magnification discrete rounded calcite blebs are clearly visible in the Na-Ca 

carbonate (Fig. 3.25B). Calcite is most likely to be represented by round crystals (I. 

Veksler, pers. comm., 2004); however, such texture is also reminiscent of liquid 

immiscibility between calcite and Na-rich carbonate melts. 

Another type of carbonate-rich segregations in the groundmass is characterised by 

a fine-grained mosaic texture (Fig. 3.22B), in which the dominant irregular calcite is 

intergrown with phlogopite, monticellite, and minor sodalite and chlorides. 

In addition, carbonates always occupy large volumes in the olivine-hosted melt 

inclusions (as daughter minerals) and are represented by calcite and Na-K-S-Ca-bearing 

minerals (see Chapter 6) 

3.2.3 Chloride-sulphate component 

Chloride minerals in the kimberlite groundmass, although previously reported in 

the Soviet literature in some Siberian pipes (Udachnaya and Mir; e.g., Pavlov and Ilupin, 

1973), are absent from descriptions of kimberlites worldwide. As will be shown below, 

chlorides are very common in the Udachnaya-East kimberlite, and thus I suspect that 

chlorides in other kimberlites are either absent because of pervasive alteration or present 

but lost during sample preparation because chlorides are highly soluble in water. My first 

polished section of the Udachnaya kimberlite, prepared using the usual technique (with 

water), shows no chlorides but a lot of voids. Only after sample preparation was 

performed using oil or kerosene, were chlorides found in the studied samples. Chlorides 
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react with atmospheric moisture within a few hours following thin section preparation, 

and either disintegrate, or recrystallise forming perfect cubic crystals (Figs. 3.26C, D and 

3.27). Two main types of groundmass chloride are recorded: 

1. Chlorides occur in the form of dispersed, interstitial masses that are 

homogeneously distributed throughout the samples (Figs. 3.20A and 3.24B, C) or as 

interstitial phases in different aggregates – carbonate (Fig. 3.26A), phlogopite-carbonate 

(Fig. 3.26B, C) and equigranular olivine (Figs. 3.9B and 3.26D). These masses are usually 

composed of sodium chloride (halite) with minor amount of potassium chloride (sylvite), 

and are responsible for the salty taste of the samples. It cannot be excluded that the 

interstitial chloride masses host Cl-bearing aqueous solutions as film on grain boundaries, 

that crystallise cubic salts when exposed (Figs. 3.26C, D and 3.27). 

2. Chlorides form segregations of different size and shape. All segregations are 

irregular in shape and composed of halite matrix with included subhedral to rounded 

sylvite “patches”.  

The mineral assemblages surrounding these segregations are variable (Fig. 3.28). 

A typical groundmass association of olivine, phlogopite and calcite is shown on Fig. 

3.28A. An aggregate of euhedral olivine and different carbonates (all three types), 

enveloping chloride segregations, is also common (Fig. 3.28B). Such aggregates around 

chloride segregations can include large quantities of fine-grained sodalite on the interface 

between chlorides and carbonate-silicate matrix (Fig. 3.28C). The envelope of essentially 

carbonate composition around chloride segregation (Fig. 3.25) is described above.  

A significant concentration of non-silicate minerals, including chlorides, can be 

also found inside cavities in the groundmass (Fig. 3.29). These cavities, sometimes 

resembling miaroles, are filled with large aggregates (0.5-1.5 cm) of chloride crystals set 

in a microcrystalline greyish mass of phlogopite, chlorides and alkali-rich Ca carbonate. 

Typical texture, mineral assemblage and relationships of the matrix are illustrated on Fig 

3.30. Usually, needle-like crystals of phlogopite form a very fine-grained matrix, which 

includes individual grains of calcite, sodalite, clinopyroxene and djerfisherite. Irregular 

patches of chlorides and alkali-Ca carbonate are interleaved with a phlogopite-rich matrix 

(Fig. 30). As a typical example of discrete patches, Fig. 3.30C shows a mass of Na-Ca  
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Figure 3. 25 Carbonates-chlorides segregations (ocelli) in the Udachnaya pipe 
groundmass. A – zoned whole segregation.
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Figure 3. 25 (cont). Carbonates-chlorides segregations (ocelli) in the Udachnaya pipe 
groundmass. B - details of carbonate-rich zone.
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Figure 3. 26. Interstitial chloride in different aggregates in the Udachnaya kimberlite 
pipe groundmass. A - calcite aggregate with interstitial chlorides (chl), insert –
rounded inclusion of calcite (clc) and sylvite (sy) in halite (ha);  B, C – phlogopite-
carbonate aggregate with interstitial chlorides; C – aggregate surrounded by 
precipitated halite
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Figure 3. 26 (cont). Interstitial chloride in different aggregates in the Udachnaya 
kimberlite pipe groundmass. D - olivine aggregate with interstitial chlorides, insert –
halite crystals grown on the polished surface.

Figure 3. 27. Interstitial chloride precipitates on the polished surface due to reaction 
with atmospheric moisture, ha- halite, sy-sylvite. 
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Figure 3. 28. Chloride segregations in the Udachnaya kimberlite pipe groundmass. A –
segregation, surrounded by olivine and calcite; B – segregation, surrounded by olivine 
and different carbonates, ol – olivine, ha – halite, sy – sylvite.
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Figure 3. 28 (cont). Chloride segregations in the Udachnaya kimberlite pipe 
groundmass. C – segregation, surrounded by intergrowths of different carbonates and 
sodalite
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Figure 3. 29. Chlorides  and carbonates  inside cavities, resembling miaroles. A –
chloride segregation in grayish microcrystalline matrix of alkali-rich Ca carbonates; B 
- aggregate of chloride crystals set in microcrystalline kimberlite matrix
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Figure 3. 30. Typical mineral assemblage of the matrix  inside cavities, resembling 
miaroles. A – intergrowth of alkali-Ca carbonate and phlogopite-like matrix with  
single grains of djerfisherite; B - single grains of sodalite and clinopyroxene, 
surrounded by phlogopite-like mixture.
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Figure 3. 30 (cont). Typical mineral assemblage of the matrix  inside cavities, 
resembling miaroles. C – single grains of phlogopite, halite and djerfisherite
surrounded by mixture of phlogopite and alkali –rich Ca carbonates.
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carbonate with single grains of phlogopite, halite and djerfisherite, surrounded by plate-

like crystals of alkali-Ca carbonate.  

Other non-silicate components in the kimberlite groundmass are represented by 

sulphates, some of which are water-soluble (see Chapter 4). Sulphates generally 

accompany chlorides, occur as interstitial phases in kimberlite groundmass and are 

represented by gypsum, barite (Fig. 3.31A), celestine (Fig. 3.31B) and alkali-bearing 

sulphate minerals (Fig. 3.32). Sulphates are also interspersed with other groundmass 

minerals, including olivine, phlogopite, calcite and alkali-rich carbonates (Fig. 3.32). The 

optical identification of sulphates was difficult, however, because original sulphates react 

with atmospheric moisture and recrystallise. They become very prominent on sample 

surfaces as acicular and radial crystal aggregates (20-50 µm in diameter; Fig. 3.31C). 

Apart from sulphates, groundmass of the studied samples also contains SO4–bearing 

aluminosilicates (Table 3.6), but they cannot be positively identified. 

In addition to chloride and sulphate minerals, another repository for chlorine and 

sulphur in the Udachnaya-East kimberlite is Cl-, S- and Cl-S-bearing minerals, such as 

sodalite (7 wt% Cl), alkali carbonates (up to 2.6 wt% S) and potassium-nickel-iron 

sulphide (djerfisherite, up to 1.5 wt% Cl), respectively.  

3.2.4 Sulphide component 

Sulphides (mostly pyrrhotite and very rare pentlandite) are present as: 1. single 

grains in the groundmass and 2. late developments along cleavage planes in phlogopite 

(Fig. 3.3G) and discrete grains (together with chlorides, carbonates, perovskite, and 

magnetite) in the alteration rims around ilmenite porphyroclasts (Fig. 3.7A, B). 

Groundmass sulphides are represented by interstitial grains, either as single crystals or 

aggregates (200-300 µm). Almost all occurrences of pyrrhotite show overgrowth by 

different K-Cl-bearing sulphides (Fig. 3.33), such as djerfisherite K6(Cu,Fe,Ni)25S26Cl, 

rasvumite (KFe2S3), bartonite and chlorbartonite K6Fe24S26(S,Cl), and possibly many 

other minerals that represent complex solid solutions involving KFe3S4, K2Fe3S4, and 

KFe2S3 (e.g., thalfenisite, thalcusite, murunite), as well as Na-bearing Fe-sulphides. 

Djerfisherite found in this study, appears to be much more common than previous reports 
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in the kimberlite literature (Clarke et al., 1994; Clarke et al., 1977; Sobolev et al., 1999) 

would suggest.  

In the Udachnaya-East kimberlite groundmass, K-Cl-bearing sulphides occur as 

spongy aggregates (up to 200 µm) with irregular edges, and they are easy distinguished 

from pyrrhotite, on which they develop, by uneven shape, brownish colour (in reflected 

light), duller reflection and scratches from polishing (Fig. 3.33). Possibly K-Cl-bearing 

sulphides replace earlier Fe-Ni sulphides. Individual grains of K-Cl-bearing sulphides in 

the groundmass are very rare, and commonly associated with chlorides, calcite and 

phlogopite (Figs. 3.34 and 3.35), often containing minute inclusions of these minerals. 

Aggregates of K-Cl-bearing sulphides are chemically heterogeneous; concentrations of 

Ni, Cu and Cl increase toward the edges of aggregates; however, the individual grains 

tend to be more Cu-rich.  

In addition to the groundmass pyrrhotite-djerfisherite intergrowths, K-Cl-Ni-Fe- 

sulphide is found interspersed with porous perovskite at the alteration rims of ilmenite 

porphyroclasts. In these aggregates, sulphides are more Cu- rich in compositions. 

Groundmass sulphide minerals, although very variable in terms of major 

components – Fe, S, Ni, Cu, K and Cl, can be grouped according to their dominant 

compositional features (Fig.3.36 and Table 3.7): 1 – sulphide end-member having highest 

Fe (~63-64 wt%) and negligible Ni, Cl and K contents, is represented by pyrrhotite; 2 – 

sulphides with lowest Fe (45-49 wt%) and highest S (36-39 wt%) and K (12-16 wt%) 

contents, and very low Ni and Cl (<1 wt%) belong to rasvumite end-member; 3 – sulphide 

compositions covering a wide range in Fe (starting from 64 wt% in a pyrrhotite end-

member down to 46-47 wt% in rasvumite); Fe is substituted by other elements that are 

also variable and correlate negatively with Fe (e.g., 1-12 wt% K, 0-6.5 wt% Ni and 0-2 

wt% Cl). All sulphides belonging to above three groups are depleted in Cu (<1 wt%), 

however, high-Cu (8.9-9.2 wt%) Cl-K-bearing iron sulphides are also present, but rare. 
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Figure 3. 31. Sulphates in the Udachnaya kimberlite pipe groundmass.  A – barite; B –
celestine; C –sulphate precipitates on the polished surface of the thin sections.
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Figure 3. 32. Sulphates in the Udachnaya kimberlite pipe groundmass – interstitial 
phase between olivine and Na-Ca carbonate, ol – olivine, clc – calcite, sy – sylvite.
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Figure 3. 33. K- and Cl-bearing Fe-Ni sulfide ( djerfisherite) as a pseudomorphs after 
pyrrhotite in the Udachnaya kimberlite pipe groundmass. A – different forms of 
djerfisherite occurrence, yellow – pyrrhotite, brownish irregular masses – djerfisherite; 
B – X-Ray elemental maps of djerfisherite.
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Figure 3. 34. X-Ray elemental maps of K- and Cl-bearing Fe-Ni sulfide (djerfisherite) 
segregation in calcite (clc)-phlogopite (phl) groundmass of the Udachnaya kimberlite 
pipe. Djerfisherite highlighted in drawn outline 
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Figure 3. 35. X-Ray elemental maps show mineral associations, surrounded pyrrhotite
(prh)-djerfisherite (highlighted in drawn outline) segregation in the Udachnaya 
kimberlite pipe groundmass, clc – calcite. 
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Figure 3.36. Compositional groups of K- and Cl-bearing iron sulphides.  All 
analyses recalculated to 100%

High-Cu sulphide (up to 9 wt% Cu)

group 1 - pyrrhotite

group 3 – clear trends in Fe vs K, Cl, Ni (negative)

group 2 – lowest Fe and highest K contents

Cl

S

K

Ni

Fe

group 3

group 2

group 1

0.5

1.0

1.5

2.0

2.5

2

6

10

14

18

32

34

36

38

40

40 45 50 55 60 65

1

3

5

7

40 45 50 55 60 65



Chapter 3 Petrography and mineralogy 

 

91 

Table 3.6 Composition of sulphate minerals and SO4-bering silicates in kimberlite 
groundmass 

  Barite Celestine 
   SiO2   0.9 0.2 0.2 0.2 0.2 0.2 0.3 0.2 

   FeO   0.2 0.1 0.1 0.0 0.3 0.1 0.1 0.1 

   MgO   0.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 

   CaO   0.0 1.0 0.5 0.6 1.4 0.6 1.0 0.7 

   SrO    0.0 57.2 56.9 53.4 53.2 57.4 57.6 56.5 

   BaO   67.5 0.2 1.3 2.1 0.4 0.1 0.5 1.0 

   SO3    29.3 40.9 39.0 42.2 42.7 41.8 40.4 39.8 

  Total   98.4 99.6 98.0 98.6 98.3 100.1 99.9 98.2 

  Gypsum  

   SiO2   0.1 0.1 0.2 0.2 0.2 0.1 0.1   

   FeO   0.0 0.0 0.1 0.1 0.0 0.1 0.0   

   MgO   0.0 0.0 0.0 0.0 0.0 0.0 0.0   

   CaO   40.9 41.7 41.5 39.7 40.7 42.1 42.6   

   SrO    0.1 0.0 0.0 0.0 0.1 0.0 0.0   

   BaO   0.0 0.0 0.1 0.0 0.1 0.0 0.0   

   SO3    48.2 46.6 50.2 48.1 48.6 47.5 48.7   

  Total   89.4 88.5 92.0 88.0 89.5 89.8 91.4   

  SO4-bearing silicates 
   SiO2   38.9 38.3 34.1 42.2 38.1 40.0 41.4 39.9 

   Al2O3  31.6 30.4 0.9 1.0 1.2 2.7 1.2 2.0 

   FeO   0.0 0.1 0.5 0.3 0.5 0.7 0.4 0.6 

   MnO   0.0 0.0 0.1 0.1 0.2 0.2 0.2 0.2 

   MgO   0.0 0.0 23.8 24.4 32.0 28.6 27.8 30.3 

   CaO   0.1 0.4 0.5 1.3 0.2 0.1 0.8 0.1 

   Na2O   9.4 10.8 0.5 0.2 0.1 0.2 0.2 0.2 

   K2O   11.2 10.1 0.6 0.9 0.5 0.5 0.7 0.4 

   Cl     0.1 0.7 1.9 1.0 1.4 1.4 1.2 1.2 

   SrO    0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 

   SO3    6.2 6.0 0.7 0.2 0.3 0.2 1.2 0.2 

   F      0.1 0.1 0.6 1.2 0.8 0.7 0.6 0.9 

  Total   97.8 97.2 64.5 73.1 75.5 75.6 75.8 76.5 
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3.3 Mineral aggregates 

Mineral aggregates of different size, shape and composition are common in all 

studied samples, and are distinct from the kimberlite groundmass in having reduced 

amount of silicate minerals (although dominantly olivine and phlogopite aggregates are 

also present). Small aggregates composed mostly of carbonates and chlorides are 

described above.  

At depth around 400-490 m, intensive mining of the Udachnaya-East pipe pit 

revealed the occurrence of abundant chloride-carbonate segregations (“nodules”) of 

different size and shape (from a few cm across to gigantic blocks, a few meters in 

diameter) (Figs. 2.3 and 3.37). The shapes are usually round and ellipsoidal, but angular 

nodules were also encountered. The nodules have very distinct contacts with the host 

kimberlite, but without any thermometamorphic effects. A few small fragments of these 

nodules were donated for this study by Dr. Victor Sharygin (Institute of Mineralogy and 

Petrography, Novosibirsk, Russia). However, these very important samples were received 

near the completion of the thesis, and thus the detailed analytical work is still in progress. 

Most fragments have textures resembling liquid immiscibility, in which at least 

two distinct assemblages are present (Fig. 3.37). One assemblage is represented by aligned 

white sheets of carbonates. Visually, the parallel sheets form packages with roughly 

similar spaces between sheets. Several intersecting packages can be recognised within 

each sample. Another assemblage is represented by greyish and bluish masses of chlorides 

(halite-sylvite) cementing carbonate sheets (Fig. 3.38). Backscattered electron imaging 

and EDS analysis of chloride masses showed the presence of rounded inclusions of halite 

in sylvite and vice versa and compositional (trace element?) heterogeneity of sylvite (Fig. 

3.39A, B). 
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Figure 3.37. Chloride-carbonate nodules with texture resembling those produced by 
liquid immiscibility. White zoned sheets are composed of carbonates (calcites-
shortite-northupite), greyish masses cementing sheets are chlorides (halite-sylvite). 
Scale: 1 tick mark = 1mm 
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Figure 3.38. Chloride-carbonate 
nodules. White-bluish chloride masses 
with inclusions of carbonates (yellow 
crystals –northupite and shortite (A, B) 
and unknown mineral (C).

A B

C

A B

C Figure 3. 39. Chloride segregations in 
the chloride-carbonate nodules: A -
halite with rounded (white) inclusions 
of sylvite and cavities from exposed 
aqueous fluid inclusions (black); B -
“zoned” sylvite with rounded  (black) 
inclusions of halite and fluid inclusion 
trails;  C - zoned (center - calcite, rims 
- shortite) carbonate sheet attached to 
chloride (halite with sylvite
inclusions). Scale: 1 graticule = 1mm 
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Table 3.7 Representative analyses of sulphide minerals in kimberlite groundmass. All 

analyses recalculated to 100%. 

 S  Cl  K   Fe  Ni  Cu  Total 
34.8 0.0 0.1 28.1 28.0 9.0 100 Cu-bearing pentlandite 
34.8 0.0 0.1 27.0 28.3 9.5 100 

pentlandite 36.0 0.0 0.0 27.0 36.9 0.0 100 
33.3 1.4 9.5 44.7 1.9 9.2 100 
33.3 1.5 9.9 44.4 2.0 9.0 100 high-Cu sulphide 
33.7 1.4 9.6 44.3 2.0 8.9 100 
36.7 0.0 0.1 63.3 0.0 0.0 100 
36.7 0.0 0.0 63.2 0.0 0.1 100 
36.9 0.0 0.0 63.0 0.0 0.0 100 

group 1 
pyrrhotite 

36.3 0.0 0.0 63.6 0.1 0.0 100 
38.7 0.1 15.4 45.7 0.0 0.0 100 
38.7 0.0 15.5 45.8 0.0 0.0 100 
39.2 0.2 15.5 45.1 0.0 0.0 100 
39.0 0.0 14.4 46.5 0.0 0.0 100 
38.4 0.0 14.5 47.0 0.0 0.1 100 
38.0 0.3 12.5 49.1 0.0 0.1 100 
37.2 0.6 12.7 48.0 1.2 0.2 100 
38.5 0.0 12.7 48.7 0.0 0.1 100 

group 2 

37.5 0.7 12.9 47.0 1.7 0.3 100 
33.8 1.6 12.0 46.5 5.8 0.4 100 
35.1 1.9 10.1 47.1 5.4 0.3 100 
33.4 2.2 10.4 47.2 6.4 0.4 100 
35.9 1.7 9.7 48.0 4.3 0.6 100 
34.7 1.7 9.8 47.6 5.9 0.3 100 
34.7 1.5 10.5 49.3 3.5 0.5 100 
33.5 1.5 9.2 51.5 4.0 0.3 100 
34.5 1.4 9.4 48.1 5.8 0.7 100 
34.6 1.1 9.0 51.2 3.8 0.3 100 
33.9 0.6 4.6 60.7 0.1 0.0 100 
34.7 0.7 5.2 56.3 1.9 1.2 100 
35.6 0.5 3.8 58.2 1.6 0.2 100 
33.9 0.6 4.6 60.7 0.1 0.0 100 
36.0 0.2 1.1 62.7 0.1 0.0 100 
35.8 0.4 1.3 62.3 0.1 0.0 100 
34.7 0.7 5.2 56.3 1.9 1.2 100 

group 3 

34.2 1.3 6.3 55.3 2.5 0.3 100 
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Kimberlite near the contact with chloride-carbonate nodules has large amount of 

irregular carbonate fragments (calcite, Na-Ca carbonate and northupite), euhedral zoned 

olivine-II, mineral aggregates, common for the studied samples of the Udachnaya-East 

kimberlite, and round void spaces encrusted with halite crystals (Fig. 3.40C). All these 

phases are cemented by fine-grained carbonate-chloride-sulphate crystalline masses (Fig. 

3.40A) showing relic textures reminiscent of liquid immiscibility. For example, on Fig 

3.40B what looks like “skeletal” crystal(s) of calcite texturally resembles the surface of 

nodules in which aligned carbonate sheets are set in a chloride matrix (Fig. 3.37). The 

second immiscible phase is considered to be a chloride melt; at present chlorides are 

largely missing from “intra-calcite” space, but can still be found as halite inclusions in 

“skeletal” calcite. Olivine grains present at the contact with nodules belong to two types: 

euhedral grains with distinct cores and rims, and grains with highly irregular shapes and 

strongly variable “mosaic-like” distributions of Fe-Mg (Fig. 3.40C). Later olivine is 

surrounded by fine-grained masses of Mg-rich (possibly H2O-bearing) minerals 

(serpentine, humite-clinohumite and brucite). Calcite in contact with olivine and 

serpentine-like masses is rimmed by a complex assemblage of other carbonates, chlorides, 

perovskite and phlogopite (Fig. 3.40C). 

Mineralogy of chloride-carbonate nodules 

The chloride component of the nodules is dominated by halite, whereas individual 

grains of sylvite are rare. Typically, sylvite is included in halite, making up to 30 vol% of 

the chloride assemblage, and in places halite is sprinkled with minute sylvite crystals. 

Sometimes sylvite inclusions in halite show crystallographic outlines, however, round, 

lens-shaped and ameboid-like blebs of sylvite with different sizes and orientations are a 

prominent feature of the chloride masses (Fig. 3.41). Sylvite domains are often extremely 

irregular in shape, with curved re-entrances and attenuated swellings. Some domains are 

thin and elongated, and they can be either subparallel or perpendicular to the contacts with 

the carbonate sheets (Fig. 3.41A-C). Chloride minerals also seal fractures in carbonates 

(Fig. 3.41).  

The carbonate sheets are very heterogeneous in texture and composition (Figs. 

3.41, 3.42). In some occurrences a patchy distribution of textures and compositions is 

observed, but commonly a symmetrical zoning across carbonate sheets exists (Fig. 3.41B). 
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The Na-Ca carbonate (shortite-like) at the rims, near contacts with chlorides forms 

intergrowths of acicular crystals. The interstitial space between these crystals (at polished 

surfaces) is either porous or filled with chlorides and Na-K sulphates. The transition from 

rims to cores is very distinct (Fig. 3.41B), as the cores do not show crystalline structure 

and are principally different in composition. On average the carbonate core is 

characterised by Na-Ca composition with significant K2O and SO3 (Figs. 3.42, 43, Table 

3.8). Highly variable, but with good correlation, amounts of SO3 (up to 13 wt%) and K2O 

(up to 14 wt%) in the individual analyses of core carbonates (Fig. 3.43) suggest that Na-

Ca carbonates are intermixed with tiny K-(Na) sulphate phases, the presence of which can 

be identified at high magnification (Fig. 3.41A, area 2). The Ca/Na in the core carbonate 

is higher than in the rim carbonate. Another Na-Ca carbonate with the highest Ca/Na is 

developed along the cleavage planes in the core and at the contacts with the rims. 

An alkali sulphate, aphthitalite (Na0.25K0.75)2SO4, is a minor but widespread 

component of the carbonate-chloride nodules. It is always associated with halite as 

irregular blebs, fringing the outmost rims of carbonate sheets (Fig. 3.41D), and filling 

fractures and interstitial spaces in carbonates (Fig. 3.41). As noted before, aphthitalite is 

also dispersed in the core parts of the carbonate sheets (Fig. 3.41A, area 2). 

Anhydrous and hydrated Na-Ca carbonates with variable Ca/Na ratios are typical 

in all nodules, but in one sample (UV-2-03) an end-member shortite composition 

Na2Ca2(CO3)3 was found in close association with Cl-bearing Na-Mg carbonate 

(northupite – Na3Mg(CO3)2Cl; Table 3.8). Unlike heterogeneous and thus barely 

transparent carbonates in other nodules, well-formed crystals of shortite and northupite are 

clear and can be used for the inclusion studies (see below). The mineral assemblage in this 

nodule is very complex (Fig. 3.44), and includes euhedral crystals of apatite and 

phlogopite, as well as tetraferriphlogopite, djerfisherite, K-Na and Na-Ca sulphates, Ba-, 

Ca- and Sr-Ca-Ba- sulphates and carbonates, calcite, perovskite, and bradleyite 

Na3Mg(PO4)(CO3). The above minerals are present in aggregates within the interstitial 

chloride cement (Fig. 3.44) and as inclusions in shortite (Fig. 3.45). 



br

clc

Figure 3.40. Contact 
between kimberlite and 
chloride-carbonate 
nodule. A - fragments of 
alkali carbonate and 
calcite crystals and zoned 
euhedral olivine 
cemented by chloride-
sulphate crystalline mass; 
B - crystalline relic of  at 
least two immiscible 
liquids represented by 
calcite (opparently
skeletal crystal); the 
second liquid was 
chloride (now washed 
out). Calcite contains 
inclusions of halite and 
strontianite, brucite (br) 
with phlogopite needles; 
C - compositionally 
heterogeneous skeletal 
olivine grains in 
serpentine (?) matrix, clc-
phl - phlogopite-calcite 
segregation, prv-
perovskite

A

clc-phl

B
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Figure 3.41. Sample UV-5a-03. The nodule texture is determined by a carbonate-chloride 
grid. Chloride minerals are represented by massive halite, hosting amoeboid blebs of sylvite. 
Halite away from large sylvite formations is sprinkled with minute sylvite grains. Sometimes 
sylvite forms streaks that show distinctive alignment. The overall texture of chloride layers, 
and shape and distribution of sylvite, are reminiscent of liquid immiscibility. Carbonate sheets 
are symmetrically zoned (A, B), and fine-scale heterogeneity is noted within zones (areas 1 on 
A and B). The outer carbonate zone is often porous. Irregular  aphthitalite is present in halite, 
always near contacts with carbonate (D) and in veinlets in carbonate (B, area 2, D). Fine-
grained aphthitalite is dispersed in inner parts of carbonate sheets (A, area 2). 
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Figure 3.42. Compositional variability (in wt%) across a carbonate sheet in sample UV-
5a-03.
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Figure 3.43. Covariation of potassium and sulphur abundances in Na-Ca carbonate 
minerals in sample UV-5a-03. Different symbols represent analytical points in 
individual sheets. 
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Figure 3.44. Euhedral apatite in a chloride-aphthitalite matrix cementing shortite
(shr) and nortupite (nort) crystals in sample UV-2-03. 1 – apatite; 2 – sylvite; 3 –
halite; 4 – phlogopite; 5 – aphthitalite
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Figure 3.45. Mineral and multiphase  melt inclusions in shortite (shr) in sample UV-2-03.  A –
twinned crystals of zoned apatite; B – zoned apatite (1) with inclusions of phlogopite (2), halite 
(4) and attached euhedral crystal of tetraferriphlogopite (3); C – euhedral apatite (1) associated 
with crystallised melt;  crystals are represented by phlogopite (2), tetraferriphlogopite (3), 
halite (4), and aphthitalite (5); note that apatite contains inclusions of phlogopite, chloride 
minerals and alkali-Ca-carbonate (6); D – inclusion of intergrown euhedral northupite (nort) 
and halite; E – melt inclusion composed of sulphate (slf) and chloride minerals;  F – euhedral
northupite inclusion associated with chloride and sulphate minerals
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A preliminary optical and EDS study of large (1-2 mm) individual grains of Na-Ca 

carbonate, making up one of the nodules, reveals a large number of entrapped mineral and 

melt and fluid inclusions. Mineral inclusions are represented by euhedral crystals of 

apatite (Fig. 3.45 A-C), zoned crystals of phlogopite, chlorides, Na-K-Ca-bearing 

sulphates and different carbonates. Among carbonates, idiomorphic grains of northupite 

(Fig. 3.45 D,F) are most common, but other unusual carbonates (Ca-Ba-Na carbonate and 

S-bearing alkali-Ca carbonate, similar to that in kimberlite groundmass) are also present. 

Description of alkali carbonate-hosted melt inclusions and heating stage experiments will 

be given in Chapter 6.  
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Table 3.8 Composition of chloride-carbonate nodule and average mineral composition of 
its constituents 

wt% 1 2 3 4 5 6 7 8 9 10 11 
NN  16 8 12 10 6 3 18 10 10 7 

SiO2 1.32  0.07 0.03 0.00 0.04 0.05 0.02 0.05 0.11  
FeO 0.41 0.02 0.04 0.01 0.00 0.02 0.00 0.03 21.35 0.01 0.01 
MgO 2.47  0.03 0.06 0.02 0.04 0.04 20.38 35.26 0.04 0.01 
CaO 31.4* 36.57 38.87 30.11 30.41 34.49 32.30 0.25 0.03 32.15 0.01 
Na2O 18.7* 19.46 19.48 20.01 20.77 21.02 20.42 35.34 0.05 19.19 9.43 
K2O 2.49 0.10 0.26 6.84 6.87 5.80 2.58 0.35 0.03 6.82 42.42 
P2O5 0.23 0.02 0.39 0.20 0.17 0.59 0.24 0.02  0.22 0.01 
SO3 0.71 0.02 0.09 6.64 7.05 2.15 2.28 0.05 0.02 6.14 43.81 
Cl 4.61* 0.01 0.10 0.03 0.04 0.09 0.46 13.19 0.43 0.52 0.01 

SrO n.d. 0.35 0.63 0.60 0.56 0.60 0.59 0.04 0.02 0.75 0.01 
BaO n.d. 0.06 0.10 0.13 0.14 0.15 0.10 0.08 0.06 0.14 0.04 
ZnO n.d. 0.01 0.00 0.02 0.02 0.01 0.01 0.00 0.02 0.03 0.01 
CO2 37.0* n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4.02 
Total 99.4 56.6 60.1 64.7 66.1 65.0 59.1 69.8 57.3 66.1 95.8 
ppm/NN 9 7 

Ni 54.3 n.d. n.d. 
Cu 10.8 n.d. n.d. 
Zn 3.61 n.d. n.d. 
Rb 12.58 1.65 119 
Sr 2399 2666 4507 
Y 11.2 14.9 1.15 
Zr 4.58 0.59 bdl 
Nb 7.96 n.d. n.d. 
Ba 695 4.22 538 
La 49.8 46.3 1.67 
Ce 74.0 74.3 0.97 
Pr 7.55 n.d. n.d. 
Nd 24.0 27.2 0.31 
Sm 3.46 4.06 0.08 
Eu 0.98 1.18 0.04 
Gd 2.60 3.04 0.14 
Dy 1.64 2.19 0.12 
Er 0.77 1.06 0.05 
Yb 0.57 0.82 0.03 
Lu 0.08 0.10 bdl 
W 0.86 0.04 0.63 
Pb 17.9 0.21 1.38 
Th 0.66 0.72 bdl 
U 0.17 0.01 bdl 
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Note to Table: (1) – bulk composition of chloride-carbonate nodule UV-2-03. Major element data by XRF 
on fused discs,* determinate by Analytical Services of Tasmania (see Analytical procedures); trace element 
data by solution-mode ICPMS; (2) - individual crystals of shortite (UV-2-03); (3-7) – heterogeneous 
carbonate sheets along profile (Fig. 3.42, UV-5a-03); (8) – individual crystals of northupite (UV-2-03); (9) – 
Fe-Mg-carbonates; (10) – S-bearing zemkorite-like carbonates; (11) - aphthitalite segregations fringing 
carbonate sheets; trace elements for minerals by LA ICPMS; NN – number of analyses. FeOt – total Fe; n.d. 
– not determined; bdl – below detection limit. 
______________________________________________________________________________________ 

 

3.4 Summary 

The studied samples of the Udachnaya-East kimberlites have very much in 

common with other kimberlites in Siberia and kimberlites worldwide. Typical features 

include porphyroclastic or breccia-like textures, a diverse assemblage of silicate and oxide 

minerals derived from the regional upper mantle and lithosphere, and a large amount of 

magmatic olivine and calcite in the groundmass. A unique characteristic of the 

Udachnaya-East samples is a absence of serpentine, a typical mineral in other kimberlites. 

Although in the earlier studies the origin of serpentine have often been attributed to be 

primary magmatic or/and autometasomatic due to inferred high H2O content in the 

kimberlite magma (Clarke and Mitchell, 1975; Clement, 1975; Dawson, 1967; Emeleus 

and Andrews, 1975; Mitchell, 1978), at present many researchers accept on the basis of 

hydrogen isotope studies (e.g., Sheppard and Dawson, 1975) that at least some serpentine 

can be secondary/postmagmatic in origin. Therefore, I conclude that the Udachnaya-East 

kimberlite is exceptional (see also Fedortchouk and Canil, 2004 for descriptions of the 

Lac de Gras, Canada fresh kimberlites) known that escaped petrographic and chemical 

effects of usual alteration, and in this case the primary magmatic minerals and 

compositions are fortuitously preserved for examination. The latter reveals that: 

 

1. Olivine is the most abundant mineral and is represented by two morphologically 

distinct populations. The origin of large fragmental olivine grains is debatable, but they 

are most likely derived from sources in the convecting mantle and lithosphere, as well as 

via crystallisation at depth in protokimberlitic magma. The second, groundmass 

generation of olivine is recognised by smaller grain sizes and perfect crystallographic 
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shapes that point to crystallisation during magma ascent and emplacement. However, a 

simple crystallisation story for idiomorphic crystals can be ruled out because of their 

complex zoning in terms of Fo and trace element contents. A clear distinction between 

olivine cores and rims, compositional variability among cores and compositional 

homogeneity among rims are suggestive of at least two stages in the formation of 

groundmass olivine – intratelluric and syn-emplacement. In brief, the cores of groundmass 

olivine may be representative of deep crystallisation or/and disintegration of olivine-rich 

mantle/lithospheric lithologies and their entrapment in ascending kimberlite magma, 

followed by dissolution and replacement reactions en route to the surface. Only the rims 

of the groundmass olivine are considered here to be unambiguously liquidus, i.e. formed 

from a melt. 

2. A previously unknown chloride component is present throughout the kimberlite 

groundmass in the form of widespread halite and sylvite. Significant abundance of 

chlorine in the kimberlite-forming magma is also recorded in Cl-bearing minerals, such as 

sodalite, rasvumite and djerfisherite in the groundmass and in the reaction rims around 

and within mantle porphyroclasts. 

3. A previously unknown component of alkali carbonate composition is pervasive 

in the studied kimberlite and represented by rare Na- and K-bearing mineral species. 

These unusual minerals associate closely with chlorides and common calcite, olivine and 

phlogopite. 

4. The component of the original kimberlite magma enriched in alkali chlorides 

and alkali carbonates was released at some late stage after emplacement to form 

segregations in the groundmass and larger enclaves. The latter are shown to have distinct 

“layered” textures with regular distribution of chloride and carbonate minerals that are 

assumed to represent crystallised, but previously unmixed liquids of their respective 

compositions. 

5. A possibility of post-emplacement ingress of chloride- and carbonate-bearing 

fluids can be confidently rejected on the basis of petrographic evidence. On the contrary, a 

unique occurrence of water-soluble chlorides and alkali carbonates in the Udachnaya-East 

kimberlite makes it possible to conclude that the rocks never experienced interaction with 
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aqueous solutions, and thus the kimberlite magma, or at least its residual batches, was an 

environment with high abundances of chlorine, sodium and potassium. 

 




