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Chapter 4 Geochemistry of the Udachnaya-East 

kimberlite groundmass 

4.1 Sample preparation 

Sufficient amounts (~10 g) of four available for this study samples were crushed 

by hand in a steel mortar with a steel pestle, and sieved. Then a 0.3-0.5 mm size fraction 

was used for hand picking under binocular microscope of fine-grained material that was 

considered representing the groundmass. Fragments of olivine, ilmenite, and garnet 

belonging to xenocryst and macrocryst assemblage were specifically excluded. The 

groundmass was mechanically ground to a very fine powder in a ceramic mill. These 

powders were subsequently used for all analyses described below. 

4.2 Measurements and calculations 

While studying kimberlites by using conventional methods I noticed several 

discrepancies and mismatches in the mass balance calculations involving the data from 

different analyses. This gave me an idea about very complex chemical nature of studied 

kimberlites, and called for non-traditional analytical approaches to obtaining their true 

chemical composition. Below I described the results in the sequence of their appearance 

and related interpretations, that led to another type of analysis, and finally to a 

“combined” composition. The latter is considered here as the most representative of the 

studied groundmass. During the first analytical step I noticed that the composition of the 

sample YBK-2 was considerably different from other three studied samples (YBK-0, 1, 

and 3). Although I applied the same approach to the study of all samples, the 

descriptions below are related to similar samples only, whereas YBK-2 is described 

separately. 

Step 1. The abundances of major and some trace elements were determined by 

X-ray fluorescence analyses (XRF, Table 4.1; see Appendix Methods for details). At the 

same time, the samples were ignited for 24 hours at 1000oC to determine the total 

amount of volatile elements (“loss on ignition”, LOI). The concentrations of common 

magmatic volatiles, CO2 and H2O, were analysed (see Appendix Methods for details). 

The total of CO2 and H2O abundances (10.3-11.3 wt%) are significantly lower than LOI 
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(14.2-16.6 wt%) by 3.9-5.3 wt%. This suggested the presence of components other than 

CO2 and H2O, which are volatile during ignition. 

Table 4.1 Compositions of original samples of the Udachnaya kimberlite groundmass 

Sample YBK-0 YBK-1 YBK-2 YBK-3 
SiO2 27.06 26.08 28.86 25.24 
TiO2 1.23 1.12 1.06 1.40 
Al2O3 2.13 1.74 2.30 2.11 
FeO 7.63 7.16 7.09 6.92 
MnO 0.15 0.13 0.13 0.13 
MgO 29.41 29.59 29.68 27.79 
CaO 12.70 12.04 13.72 12.41 
Na2O 3.47 4.33 0.42 5.06 
K2O 1.85 2.17 1.85 2.23 
P2O5 0.49 0.42 0.31 0.41 
SO3 0.55 0.67 1.00 0.82 
NiO 0.14 0.14 0.14 0.13 

Cr2O3 0.16 0.13 0.11 0.23 
BaO 0.15 0.16 0.09 0.15 
CO2 9.83 10.27 9.94 10.71 
H2O 0.45 0.45 2.25 0.63 
Total 97.39 96.60 98.93 96.35 

     
LOI 14.17 16.01 12.89 16.64 

CO2+H2O 10.28 10.72 12.19 11.34 
 

Step 2. In attempt to determine the elements that “evaporate” together with 

common volatile species during heating to 1000oC, the samples residual after ignition 

were powdered and analysed by XRF for major and some trace elements (Table 4.2). As 

was expected, the concentrations of most major oxides increased to the same extent (by 

18-22 rel%) compared to the unignited samples (c.f. Table 4.1). The exceptions are 

Na2O and K2O, that decreased by 19-26 and 83-87 rel%, respectively, and SO3 that 

increased by 25 – 27 rel%. In terms of absolute abundances the recorded loss of Na 

(0.80 – 1.26 wt%) and K (1.32 – 1.60 wt%) is quite significant (total 2.12 – 2.86 wt%), 

but does not fully account for the difference between (CO2+H2O) and LOI (see Step 1). 

I also noticed that ignited samples lacked the “salty” taste, typical of the studied 
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samples enriched in chlorides (see Chapter 3). Therefore, it was concluded that the loss 

of alkalies was related to breakdown of salts, and concomitant volatility of chlorine. If 

the total loss of alkalies is related to the abovementioned process, then the Cl 

abundances in the samples are 2.44 – 3.40 wt% (based on the assumption of 

stoichiometric halite and sylvite). The increase in SO3 remains unexplained, but one 

thing is clear - sulphur was not volatile during ignition. 

Table 4.2 Compositions of ignited samples of the Udachnaya kimberlite groundmass 

Sample YBK-0 R YBK-1 R    YBK-2 R    YBK-3 R    
SiO2 31.85 1.18 31.36 1.20 33.12 1.15 30.51 1.21 
TiO2 1.47 1.19 1.36 1.21 1.21 1.14 1.71 1.23 
Al2O3 2.50 1.18 2.08 1.20 2.63 1.14 2.54 1.20 
FeO 9.08 1.19 8.69 1.21 8.11 1.14 8.52 1.23 
MnO 0.18 1.19 0.16 1.24 0.15 1.15 0.17 1.23 
MgO 34.34 1.17 35.23 1.19 34.05 1.15 33.41 1.20 
CaO 15.06 1.19 14.61 1.21 15.75 1.2 15.25 1.23 
Na2O 2.81 0.81 3.21 0.74 0.39 0.93 4.08 0.08 
K2O 0.31 0.17 0.29 0.13 1.54 0.83 0.37 0.17 
P2O5 0.58 1.16 0.51 1.19 0.36 1.17 0.50 1.21 
SO3 0.70 1.27 0.85 1.27 1.12 1.12 1.02 1.25 
NiO 0.16 1.16 0.18 1.29 0.18 1.29 0.16 1.23 

Cr2O3 0.18 1.14 0.17 1.31 0.13 1.18 0.29 1.26 
BaO 0.19 1.26 0.19 1.21 0.13 1.50 0.20 1.39 
Cl 0.03  0.03  0.01  0.06  

Total 99.41  98.89  98.87  98.73  

         

Na loss 0.80  1.24  0.06  1.26  

K loss 1.32  1.60  0.42  1.59  

Cl calcul. 2.44  3.37  0.47  3.40  

Note to Table: R -ratio between ignited and original samples 

 

Step 3. To independently confirm the results on abundances of “volatile” 

alkalies associated with Cl and/or other anions, the weighted samples were washed in 

hot (100oC) double-distilled water, centrifuged, dried, and weighted again. The H2O-

leachate was kept for further studies. The calculated amount of H2O-soluble material in 



Chapter 4 Geochemistry 

 

111 

the kimberlite groundmass (7.3 – 10.8 wt%) was confirmed (within 5 rel%) by direct 

weighting of residual material precipitated from evaporated H2O-leachates.  

Step 4. Dry residue (assuming no soluble components left) was analysed by 

XRF for major and some trace elements (Table 4.3). After losing soluble components, 

the analysed dry residues showed a proportional increase of the concentrations of most 

major oxides by 8-13 rel% compared to the original samples (c.f. Table 4.1). Depletions 

were recorded only for Na2O, K2O and SO3 (80 – 91; 43 – 54; and 80-91 rel%, 

respectively). Therefore, these elements were considered to be present in the 

component(s) soluble in hot water as chlorides and sulphates. The total loss of Na, K 

and SO4 from the kimberlite groundmass into the H2O-leachates was estimated as 2.1 – 

3.3, 0.73 – 1.09, and 0.55 – 0.90 wt%, respectively.  

Step 5. The soluble component(s) were directly measured in solutions (prepared 

as described above in Step 3) by ICPMS and ICP-AES for cations, and ion 

chromatography with electronic suppression and conductivity detection (Dionex 

DX100) for anions (see Appendix Methods). The absolute concentrations in the soluble 

component and in the groundmass were calculated based on previously determined 

amounts of soluble component and the weight of H2O-leached groundmass (see Step 3). 

Table 4.4 shows that the total abundance of detected trace elements in the soluble 

component is negligible (30 – 38 ppm), and this is very important for further 

discussions (see Chapter 7). The major constituents determined by chemical analyses of 

cations and anions are present in Table 4.5 in mg or µg per litre of prepared solution. 

Simple mass balance calculation demonstrates significant disproportion between 

measured cations (Na+, K+) and anions (Cl-, SO4
2-). In other words, cations are in excess 

over anions by ~35 %. The reliability of these analyses was checked by doing repeats 

and tests on standard Na-K-Cl solutions. Accordingly, I concluded that the deficit in 

anions was possibly an analytical artefact, related to inability of measuring CO3
2- by the 

method employed. 
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Table 4.3 Compositions of H2O-leached samples of the Udachnaya kimberlite 
groundmass 

Sample YBK-0 R YBK-1 R    YBK-2 R    YBK-3 R    
SiO2 28.58 1.06 28.78 1.10 29.50 1.02 28.22 1.12 
TiO2 1.33 1.09 1.26 1.12 1.08 1.02 1.59 1.14 
Al2O3 2.38 1.12 2.01 1.16 2.38 1.03 2.44 1.16 
FeO 8.16 1.07 7.99 1.12 7.23 1.02 7.89 1.14 
MnO 0.16 1.08 0.15 1.13 0.13 1.02 0.15 1.14 
MgO 30.80 1.05 32.22 1.09 30.16 1.02 30.68 1.10 
CaO 14.32 1.13 13.71 1.14 13.42 0.98 14.29 1.15 
Na2O 0.69 0.20 0.37 0.09 0.34 0.81 0.64 0.13 
K2O 1.06 0.57 1.12 0.52 1.72 0.93 1.03 0.46 
P2O5 0.54 1.10 0.47 1.11 0.31 1.01 0.46 1.12 
SO3 0.10 0.18 0.08 0.11 0.20 0.20 0.08 0.09 
NiO 0.14 1.02 0.15 1.07 0.18 1.29 0.15 1.15 

Cr2O3 0.17 1.08 0.15 1.15 0.14 1.27 0.27 1.17 
BaO 0.18 1.19 0.18 1.14 0.09 1.00 0.17 1.16 
Cl 0.15  0.06  0.05  0.14  

Total 88.77  88.69  86.93  88.20  

H2O-soluble 7.30  9.70  2.40  10.77  

         

Na in soluble 2.10  2.97  0.06  3.33  

K in soluble 0.73  0.97  0.13  1.09  

SO4 in soluble 0.55  0.72  0.96  0.90  

Note to Table: R -ratio between H2O-leached and original samples 

Step 6. In order to obtain measurements of carbon in the soluble component of 

the kimberlite groundmass the H2O-leachate was dried in a Petri-dish, and the 

precipitates were collected and thoroughly mixed. Their carbon content was 4.06 – 4.34 

wt%, and thus quite significant carbonate (20.3 – 21.7 wt% CO3) was added to chloride 

and sulphate ions to recover mass balance (Table 4.5). Although I found it impossible to 

measure or calculate precisely the amounts of sodium and potassium chlorides, 

sulphates and carbonates among H2O-soluble material in the kimberlite groundmass, 

relative proportions of cations and anions (in different combinations) are nearly constant 

in all three samples (Table 4.5). This allowed a rough estimate of alkali chloride, 

sulphate and carbonate mineral species in a proportion of 5:1:3.  
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Table 4.4 Trace element concentrations in H2O – leachate part of Udachnaya kimberlite 
groundmass. bdl- below detection limit 

ppm YBK-0 YBK-1 YBK-2 YBK-3 
Li 0.232 0.462 4.046 0.293 
Be 0.002 0.001 0.002 0.000 
Sc 0.055 0.040 0.088 0.037 
V 1.394 1.389 0.153 1.573 
Cr 0.429 0.309 0.246 0.270 
Co 0.014 0.011 0.074 0.005 
Ni 0.108 0.007 0.926 bdl 
Cu 0.578 1.303 bdl 1.491 
Zn bdl bdl bdl bdl 
Ga 0.018 0.011 0.009 0.013 
Rb 17.132 16.319 3.689 17.385 
Sr 12.721 9.171 421.549 5.318 
Y 0.005 0.001 0.012 bdl 
Zr 0.021 0.005 0.038 0.003 
Nb 0.027 0.008 0.017 0.007 
Mo 2.336 2.133 0.216 2.677 
Ag bdl bdl bdl bdl 
Cd 0.007 0.007 bdl 0.008 
Sn 0.007 0.025 bdl 0.005 
Sb 0.053 0.050 0.029 0.050 
Te bdl 0.019 bdl 0.035 
Cs 0.114 0.151 0.011 0.162 
Ba 1.853 1.438 35.414 1.010 
La 0.015 0.001 0.018 bdl 
Ce 0.014 0.001 0.024 bdl 
Pr 0.002 bdl 0.003 bdl 
Nd 0.005 bdl 0.009 bdl 
Sm 0.001 bdl bdl bdl 
Eu 0.000 bdl 0.001 bdl 
Gd bdl bdl bdl bdl 
Tb 0.000 bdl bdl 0.000 
Dy 0.001 bdl bdl bdl 
Ho 0.000 bdl bdl bdl 
Er bdl bdl bdl bdl 
Tm bdl bdl bdl bdl 
Yb bdl bdl bdl bdl 
Lu bdl bdl bdl bdl 
Hf bdl bdl 0.004 bdl 
Ta bdl bdl 0.005 bdl 
W 0.529 0.404 0.181 bdl 
Tl bdl bdl bdl bdl 
Pb bdl bdl bdl bdl 
Bi bdl 0.000 bdl bdl 
Th 0.001 bdl 0.005 bdl 
U 0.005 0.023 0.001 0.005 

Total 37.68 33.29 466.77 30.35 
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Table 4.5 Concentrations of cations and anions in H2O – leachate part of Udachnaya 
kimberlite groundmass 

 unit YBK-0 YBK-1 YBK-2 YBK-3 
Cl- mg/l 260 380 29 510 

SO4
2- mg/l 60 82 110 140 

Br- mg/l 1.1 1.4 0.5 1.9 
CO3

2- mg/l 166.5 246 n.d. 363 
Ca2+ mg/l 2.37 1.65 48.9 0.98 
K+ mg/l 89 126 14 181 
Na+ mg/l 241 337 9.46 477 

Mg2+ mg/l 1.27 0.7 5.08 0.87 
Al3+ µg/l 417 260 45 231 
Ba2+ µg/l 14 13 110 10 
Cr3+ µg/l 2 2 <1 2 
Cu2+ µg/l 19 5 7 42 

Fe total µg/l 242 135 122 175 
Ni2+ µg/l 8 4 6 7 
Zn2+ µg/l 3 2 2 7 
Sr2+ µg/l 60 52 2140 35 

Total mg/l 821.24 1174.75 219.08 1674.75 
Note to Table: n.d.- not detected 

Table 4.6 Recalculated concentrations of major elements, based on chemical analysis of 
H2O – leachate component of the kimberlite groundmass in comparison with their 
concentrations, obtained by other methods. 

 YBK-0 YBK-1 YBK-2 YBK-3 
Cl 2.31 3.13 0.32 3.28 

SO4 0.53 0.67 1.21 0.90 
K 0.79 1.04 0.15 1.16 
Na 2.14 2.77 0.10 3.07 
Br 0.01 0.01 0.01 0.01 

CO3 1.48 2.02 n.d 2.33 
Ca 0.02 0.01 0.54 0.01 
Mg 0.01 0.01 0.06 0.01 

Total 7.30 9.67 2.38 10.77 
 

Cl XRF original sam. 2.24 2.97 0.34 3.11 
Cl calculated* 2.44 3.37 0.47 3.4 

SO4 in soluble ** 0.55 0.72 0.96 0.90 
K in soluble ** 0.73 0.97 0.13 1.09 
Na in soluble ** 2.10 2.97 0.06 3.33 

Note to Table: n.d.- not detected ; * - see Table 4. 2; ** - see Table 4. 3 
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Table 4.7  Major and trace elements concentrations of Udachnaya pipe kimberlite 
groundmass. Major element in wt%, trace element in ppm 

Sample YBK-0 YBK-1 YBK-2 YBK-3 
SiO2 27.06 26.08 28.86 25.24 
TiO2 1.23 1.12 1.06 1.4 
Al2O3 2.13 1.74 2.3 2.11 
FeO 7.63 7.16 7.09 6.92 
MnO 0.15 0.13 0.13 0.13 
MgO 29.41 29.59 29.68 27.79 
CaO 12.7 12.04 13.72 12.41 
Na2O 0.69 0.37 0.34 0.64 
K2O 1.06 1.12 1.72 1.03 

Na in soluble 2.12 2.87 0.08 3.2 
K in soluble 0.76 1.01 0.14 1.13 

P2O5 0.49 0.42 0.31 0.41 
S 0.04 0.03 0.08 0.03 

SO4 in soluble 0.54 0.7 1.09 0.9 
NiO 0.14 0.14 0.14 0.13 

Cr2O3 0.16 0.13 0.11 0.23 
BaO 0.15 0.16 0.09 0.15 

CO2 total 9.83 10.27 9.94 10.71 
H2O 0.45 0.45 2.25 0.63 
Cl 2.28 3.05 0.33 3.2 

Total 99.01 98.57 99.46 98.38 
H2O-leachate 7.3 9.67 2.41 10.77 

Mg# 87.3 88.05 88.19 87.75 
C I 0.98 0.94 0.94 0.99 

Si/Mg 0.71 0.68 0.75 0.7 
     

Li 13.95 12.18 16.65 13.34 
Be 1.33 0.98 1.18 1.41 
Sc 12.85 11.41 9.44 13.14 
V 101.8 93.1 86.3 114.3 
Cr 1167.2 1001.6 824.3 1754.7 
Co 78.52 76.99 76.87 72.37 
Ni 1053 1102 1139 995 
Cu 64.21 54.94 43.88 54.87 
Zn 61.42 59.01 59.23 57.96 
Ga 5.61 4.68 4.58 5.25 
As <3 <3 <3 <3 
Se <2 <2 <2 <2 
Rb 72.60 84.92 70.22 86.47 
Sr 892 838 1079 897 
Y 10.25 7.73 6.86 7.75 
Zr 115 98 75 101 
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Nb 153 131 95 139 
Mo 1.21 1.14 2.41 1.61 
Ag <0.1 <0.1 <0.1 <0.1 
Cd 0.12 0.16 0.13 0.14 
Sn 1.52 4.52 1.55 2.69 
Sb 0.13 0.14 0.08 0.18 
Te <0.05 <0.05 <0.05 <0.05 
Cs 0.90 0.99 0.98 1.13 
Ba 1130 1173 765 1211 
La 97 81 46 75 
Ce 167 140 79 129 
Pr 17.5 14.7 8.4 13.5 
Nd 58.2 48.9 28.8 44.8 
Sm 7.80 6.53 4.24 6.03 
Eu 2.03 1.73 1.12 1.58 
Gd 4.90 4.04 2.85 3.78 
Tb 0.56 0.46 0.34 0.43 
Dy 2.51 2.02 1.55 1.94 
Ho 0.39 0.32 0.27 0.30 
Er 0.93 0.73 0.63 0.72 
Tm 0.10 0.08 0.07 0.08 
Yb 0.56 0.44 0.45 0.48 
Lu 0.08 0.06 0.05 0.06 
Hf 2.49 2.18 1.72 2.25 
Ta 8.17 7.14 6.31 8.23 
W 0.97 1.02 1.29 1.41 
Tl 0.08 0.08 0.07 0.10 
Pb 3.53 5.35 5.61 6.98 
Bi 0.02 0.08 0.04 0.05 
Th 11.69 10.71 5.36 9.14 
U 2.80 4.19 2.22 2.25 

Note to Table: C I – contamination index 

 

Step 7. The measured cations and anions were recalculated to the whole 

groundmass compositions based on the proportion of H2O-soluble material (Step 3), and 

then compared to values obtained by the XRF analysis of dry residues (Step 4; Table 

4.6). The same samples used for the major element analysis in Step 1, 2 and 4 (original, 

ignited and H2O- washed) were additionally analysed for Cl by XRF together with a 

standard specifically prepared for this purpose (see Appendix Methods). Table 4.6 

shows a good match between the concentrations of alkalies, sulphate and chloride in the 
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H2O-soluble components obtained by both methods. As both results only slightly 

deviate from their average (< 8.3 %), the latter is used in further discussions (Table 4.7). 

Step 8. Finally, a comprehensive set of trace elements (Table 4.7) was obtained 

for original samples (unignited and unleached) by ICPMS (see Appendix Methods). 

 

4.3 Major element composition 

Major and trace element compositions for all four samples are combined in 

Table 4.7. 

Concentrations of most major element are in good agreement with previously 

analysed samples of the Udachnaya pipe (Ilupin et al., 1974; Vasilenko et al., 2002) and 

typical group-I kimberlites (Price et al., 2000). All samples lie near the olivine-control 

line (Fig. 4.1A) and within the contamination-free field on the MgO vs Al2O3 diagram 

(Fig. 4.1B), which is commonly used to distinguish contamination of kimberlites by 

siliceous crustal components (Mitchell, 1986). Furthermore, the Contamination Index 

(C I = (SiO2 + Al2O3 + Na2O)/(MgO + 2K2O)) for all studied samples is less than 1 

(0.94-0.99) and Si/Mg ratios are less than 0.88. All these values are characteristic of 

uncontaminated “fresh” kimberlites (Ilupin and Lutz, 1971; Mitchell, 1986). The 

extremely low H2O (~0.5 wt%) content is also consistent with the latter statement.  

All samples are characterised by silica undersaturation (25.2-27.1 wt% SiO2), 

relatively low FeOt (6.92-7.63 wt%), exceptionally low Al2O3 (1.74-2.13 wt%), high 

CaO (12.04-12.70 wt%), TiO2 (1.06-1.40 wt%) and P2O5 (0.41-0.49 wt%), and very 

high CO2 (9.83-10.71 wt%) contents. All these compositional parameters are virtually 

indistinguishable from the compositions of so-called “fresh” kimberlites (Fig. 4.2 

(Fedortchouk and Canil, 2004; Price et al., 2000). However, the alkali element 

enrichment (5.53-7.35 wt%) and depletion in H2O (< 0.5 wt%) are uniquely 

characteristic of the Udachnaya-East rocks. The ultramafic composition of the studied 

samples, expressed in high MgO (27.79-29.59 wt%) contents, is controlled by large 

proportions of olivine phenocrysts (52-58 %), whereas low SiO2 and Al2O3 and high 

CaO contents reflect significant quantities of the alumosilicate-free components 
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(carbonates, chlorides, sulphates and oxides), as well as Si-poor chemistry of the main 

kimberlite silicates - olivine and phlogopite.  

High “loss on ignition” values (LOI =14.17-16.64 wt%) are largely due to 

volatilisation of abundant carbonates, chlorides and sulphates, whereas the input from 

H2O-bearing minerals to the LOI is minimal. The high proportion of H2O–soluble 

component (7.3-10.77 wt%) in the groundmass is the most significant result of this 

study, which reveals the presence of previously unknown constituents in kimberlite 

groundmass, such as Na-K-chlorides, Na-K-Ca-carbonates and Na-K-sulphates.  

The estimate of minor components of the kimberlitic melt (~ 15%) was 

performed by subtracting the dominant olivine (~55%), calcite (~20%) and H2O-soluble 

components (~9%) from the whole groundmass analyses. The result of this calculation 

shows that the cementing fine-grained kimberlite matrix consists of three principal 

components – phlogopite (~79%), oxides (~ 13%, magnetite and perovskite) and apatite 

(~8%). The calculated mineral proportions are in agreement with petrographic 

observations. Therefore, it can be concluded that despite of widespread carbonate and 

chloride mineralisation, the groundmass still contains a significant Mg-Fe-bearing 

aluminosilicate melt component enriched in TiO2 (~9.2 wt%) and P2O5 (~3.3 wt%). 

Three samples analysed in this study have very similar major element 

concentrations for most elements, but the fourth sample YBK-2 is an outlier. This 

sample is distinguished from other samples by having the lowest Na2O (0.42 wt%) 

content, negligible amount of the H2O-soluble component (2.41 wt%) and highest H2O 

(2.25 wt%). It is characterised very similar values of LOI and CO2+H2O (12.9 and 12.2 

wt%, respectively). Chlorine content, calculated as described above, is an order of 

magnitude lower (0.3 wt%) than in other samples. This is in perfect agreement with the 

fact that YBK-2 has no or little “salty” taste, and that chlorides are not prominent in the 

groundmass. This is confirmed by the fact that Na2O content in YBK-2 mimics low Cl 

abundances. Based on petrographic grounds the sample YBK-2 can be considered to be 

unaltered (absence of serpentine), but the difference with the other studied samples in 

H2O content and abundance of H2O-soluble components (alkali carbonates and 

chlorides) suggests some degree of syn- or/and postmagmatic changes (e.g., leaching).  
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Figure 4.1 Composition of Udachnaya-East groundmass in comparison with 
other fresh kimberlites from the  Jericho (Price et al., 2000) and Leslie and 
Aaron pipes (Fedortchouk et al., 2004). A – SiO2 vs MgO (mol%) diagram 
with ol (constant olivine compositions for Fo92)- and serpentine (Mitchell, 
1986)- controle lines 
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Figure 4.2 Composition of Udachnaya-East groundmass in comparison with 
other fresh kimberlites from the Jericho (Price et al., 2000) and Leslie and 
Aaron pipes (Fedortchouk et al., 2004). Symbols as in Fig. 4.2, concentrations 
in wt%
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4.4 Trace element composition 

Trace element concentrations of studied samples show little variations. Most 

compatible element abundances (Sc, V and Co) are in good agreement with those 

established for kimberlites worldwide (Mitchell, 1986); however some element 

concentrations deviate from mean abundances in other kimberlites. For example, Cr and 

Ni contents (1002-1755 and 995-1102 ppm, respectively) are higher than mean numbers 

for kimberlites (893 and 965 ppm respectively), but well within the established ranges 

(430-2554 and 471-1800 ppm respectively). On the other hand, the abundances of Cu 

and Zn (55-64 and 58-61 ppm, respectively) are lower than mean values for kimberlites 

(93 and 63 ppm, respectively). 

The multielement diagrams of trace element abundances (spidegram) normalised 

to the model primitive mantle values (Sun and McDonough, 1989) show little variation 

between samples, excluding partly “altered” YBK-2 (Fig. 4.3A and Table 4.7). In 

general, the geochemistry of the studied samples is characterised by strong enrichment 

in the most incompatible elements and depletion in heavy rare-earth elements and Y 

(Fig. 4.3A), resulting in very steep slopes on the spidegrams. All three “fresh” samples 

have trace element patterns parallel each other and are characterised by negative 

anomalies in large-ion lithophile elements (LILE), phosphorus and titanium, and small 

positive anomaly in lead. Fig. 4.3A shows that the REE concentrations of the studied 

samples are lower compared to other kimberlites (Mitchell, 1986; Price et al., 2000). 

The enrichment in lithophile trace elements increases progressively towards the most 

incompatible REE (La and Ce), and is seen in even more incompatible Nb and Ta (Fig. 

4.3A), but for the most incompatible Rb, Ba, Th and U the relative enrichment slightly 

decreases (e.g., (Th/Nb)n = 0.55-0.69; (Rb/Ba)n = 0.71-0.80). 

The REE abundances, normalised to the model primitive mantle (Sun and 

McDonough, 1989), are characterised by almost linear distribution patterns with strong 

enrichment in LREE (Fig. 4.3B). (La/Yb)n is 123 ± 11, with is consistent with the range 

for the majority of kimberlites (80-200), but less than (La/Yb)n values (230-344) for the 

Jericho kimberlites (Price et al., 2000). In contrast, the pattern for the heavy REE 

(HREE) shows depletion and intra-element fractionation with (Tb/Lu)n = 5.0 ± 0.4, 
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reflecting the presence of residual garnet in the mantle source. The fractionation among 

most incompatible REE is even stronger and similar in three samples – (La/Sm)n = 8.0.  

The normalised trace element pattern of sample YBK-2 is sub-parallel to those 

of other samples, but shows relative depletion in all elements, except Sr. When 

compared to the “fresh” samples, YBK-2 shows much lower concentrations of LREE 

(factor 2) than HREE (factor 1.4). 



Chapter 4 Geochemistry 123

Figure 4.3. Primitive mantle (Sun & McDonough, 1989) normalized multielement
diagrams. A – trace element concentrations of Udachnaya-East kimberlite 
groundmass compared to other kimberlites (gray field from Price, 2000 and 
Mitchell, 1986); B - REE abundances of Udachnaya-East kimberlite groundmass.
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4.5 Summary 

The results of the petrochemical and geochemical studies of the Udachnaya-East 

kimberlite groundmass are consistent with the petrographic and mineralogical features 

of these rocks (Chapter 3): 

1. Major and trace element compositions are typical of group-I kimberlites 

worldwide. The studied kimberlites are Si-undersatured ultramafic rocks with very 

strong enrichment in highly incompatible elements, including potassium, and equally 

strong depletion in the most compatible lithophile elements (e.g., HREE). Enrichment in 

the incompatible elements is a result of either enrichment of the mantle source, or 

exceptionally low degrees of partial melting, or both. The low concentrations and strong 

fractionation among HREE, as well as very low Al and Ga, point unequivocally to 

residual garnet in the source. 

2. The presence of calcite and other carbonates is reflected in high CaO and CO2 

abundances, whereas groundmass chlorides and perovskite contribute to high alkalies 

and REE, respectively.  

3. Virtually H2O-free compositions of the Udachnaya-East rocks, consistent with 

the absence of serpentine and chlorite, is a unique feature among all other kimberlites 

studied to date. Although magmatic hydrogen is stored in groundmass phlogopite and 

present in carbonate- and chloride-hosted fluid inclusions, its exceptionally low amount 

in the bulk kimberlite magma brings in the question just when and where hydrogen was 

lost. Low H2O at the final magmatic stages of the Udachnaya-East pipe (at depth 

>350m) is a viable explanation for its serpentine-free compositions, which is in strong 

contrast with other kimberlites where magmatic and autometasomatic origins of 

serpentine are implied. It is worth emphasising here that a high-pressure (50-70 atm) 

flux of pristine magmatic gases (H2 and CH4) was measured from the borehole drilled 

through the studied unaltered block of the Udachnaya-East kimberlite. Thus, it is 

possible that high H2O abundances and related serpentine in the upper horizons of the 

Udachnaya pipes and other kimberlites worldwide result from near-surface oxidation of 

hydrogen-bearing gases, released from kimberlitic magmas upon solidification.  
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4. The presence of H2O-soluble common chlorides and alkali carbonates and 

sulphates in the groundmass is another distinctive quality of the Udachnaya-East 

kimberlite. This enrichment is interpreted to be primary magmatic, and thus the 

observed “freshness” of the rocks, coupled with exceptionally low and presumably all 

magmatic H2O, is a good explanation for its preservation. On the other hand, the 

absence of this component in other kimberlites can be related to alteration (i.e., leaching 

out by hydrothermal or meteoric waters), and thus the proposed magmatic origin of 

H2O, advocated in numerous studies of kimberlites globally, can be seriously 

questioned.  
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Chapter 5 Isotope characteristics of Udachnaya-

East pipe kimberlite 

Our understanding of the evolutionary history and melting processes of the 

mantle sources of terrestrial magmas relies heavily on studies of radiogenic and stable 

isotopes (e.g., Deines, 1989; Deines, 2002; Deines and Gold, 1973; Hofmann, 1988; 

Hofmann, 1997; Kyser, 1986; Taylor, 1986; Zindler and Hart, 1986). Recent advances 

in theoretical, experimental and melt inclusion studies (e.g., Hirschmann and Stolper, 

1996; Hofmann, 2003; Kamenetsky et al., 2001b; Prinzhofer et al., 1989; Sleep, 1984; 

Sobolev et al., 2000; Sobolev et al., 2005; Stracke et al., 2003) make it possible to 

conclude that the mantle is highly heterogeneous on a small scale, but this heterogeneity 

is effectively obscured by the blended nature of most erupted magmas. Thus, the 

original isotopic compositions of individual mantle-derived melt batches that 

supposedly mirror the isotope ratios in the respective mantle sources are averaged, 

owing to mixing of melts en route to the surface. The exception may be low degree 

partial melts that are the first to be extracted from fertile mantle, establish a plumbing 

system towards the surface and then erupt with little or no mixing with subsequent melt 

fractions. However, such melts are most prone to reaction with country rocks in the 

pathways on ascent. Furthermore they are volumetrically insignificante among igneous 

rocks. 

Among all known erupted mantle-derived magmas, kimberlites are the deepest 

probes into convecting subcontinental mantle, derived from the lowest possible degrees 

of melting (Gudfinnsson and Presnall, 2003; Hirose, 1997; Price et al., 2000). Such an 

origin makes kimberlites most suitable for evaluating isotope compositions of the most 

primitive (undepleted by previous melting) mantle assemblages with the likely 

enrichment in the volatile elements, and thus with the lowest solidus temperatures. On 

the other hand, a large amount of lithospheric and crustal xenoliths in kimberlites and 

their typically high degree of alteration can significantly affect any interpretations 

drawn from bulk rock analyses. The studied samples of the uniquely fresh kimberlites of 

the Udachnaya-East pipe in Siberia have made it possible to describe all pristine 

magmatic components of the kimberlite magma, including significant amounts of 
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ephemeral alkali chlorides and carbonates that are otherwise destroyed by normal 

pervasive alteration. 

5.1 Radiogenic isotopes 

It is well known that kimberlites of the Siberian Craton were emplaced through 

an extensive platform sequence of Cambrian carbonates and evaporites which could be 

a source of alkalis and chlorine in the kimberlites. Furthermore, the open pit at 

Udachnaya pipe is filled with Mg-Na-Cl-rich brine of a composition that is typical of 

crystalline shield brines, and represents another potential Cl-rich contaminant. Quite 

clearly, any attempts to argue for Cl-rich kimberlite melt compositions must be 

accompanied by evidence supportive of a mantle rather than crustal origin of these 

phases. To check the possibility of contributions from such crustal sources, radiogenic 

isotope and chemical analyses of different fractions of kimberlite groundmass, large salt 

aggregate and samples of mine brine have been carried out. Isotope data for the 

Cambrian platform carbonates are available from the literature (Nicholas, 1996). 

5.1.1 Analytical method 

5.1.1.1 Sample preparation 

Kimberlite samples were crushed and sieved using a carefully cleaned steel 

mortar and sieves.  From the fraction <1mm, groundmass fragments were handpicked 

with new steel and plastic tools to avoid contamination of fragment surfaces. In contrast 

to most other isotopic studies, samples with a large amount of soluble component in the 

groundmass of this study could not be cleaned to remove laboratory contamination at 

any stage prior to isotopic analyses. In order to estimate the likely extent of 

contamination, a Pb-Sr blank was determined for the stainless steel spatula used to 

remove parts of the salt segregation. This was done by collecting repeated dilute HCl 

rinses from the tip of the (previously acid cleaned) spatula. This “smear” blank, 

representing �2 cm2 of the spatula’s surface contained �0.3 ng of Pb, with a 206Pb/204Pb 

near 17, and �30 pg of Sr. As only the very tip of the spatula, with an area of �0.5 cm2, 

came in contact with the sample, the contribution from “smear” blank is unlikely to 
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exceed 100 pg of Pb and 10 pg of Sr. These blank levels are small compared to the total 

amount of Pb and Sr within the analysed salt sample (�240 ng Pb, 20.5 ng Sr). 

5.1.1.2 Sample dissolution and leaching 

Groundmass fragments weighing � 100 mg were leached with (L1) cold distilled 

water for 20 minutes to extract water-soluble alkali-chloride and alkali-carbonate 

components in the groundmass. Then, the remainder of the samples were treated with 

(L2) cold 1M HCl to remove the carbonate component of the groundmass. The residues, 

which represent the silicate component of the groundmass, were dissolved. After each 

leach step, leachates were pipetted off, combined with a water rinse, and the respective 

residues were dried and re-weighed to determine mass loss. The HCl-residues (“res”), as 

well as separate samples of unleached “bulk” groundmass, were dissolved with HF-

HNO3 for 48 hrs and 6M HCl for12 hrs in Krogh-type high-pressure bombs inside an 

oven set at 160oC. The sample solutions were then split for separate analysis: 1. trace 

elements, 2. U-Pb isotope dilution, 3. Pb isotope composition, and 4. Sm-Nd and Rb-Sr 

isotopes. The water leachates (L1) were analysed for trace elements and Rb-Sr isotopes 

only; U-Pb and Sm-Nd isotope data were obtained on a separate water leach for sample 

YBK-0 (L1*) after trace element data for L1 indicated Pb-LREE levels sufficient for 

isotopic work. The 12 × 5 mm salt aggregate found in YBK-3 was dissolved in cold 

water and, following determination of approximate trace element contents on a small 

test aliquot, was split for separate determination of 1. U-Pb isotope dilution, 2. Pb 

isotopic composition, 3. Rb-Sr isotope dilution, and 4. Sr isotopic composition.  

All isotopic analyses were done on a NU Instruments multi-collector ICP-MS at 

the University of Melbourne using methods adapted from (Vance and Thirlwall, 2002; 

Waight et al., 2002a; Waight et al., 2002b; Woodhead, 2002). More detailed description 

of technique used for isotope analyses is given in Appendix Methods. 

5.1.2 Results 

Two representative, truly “fresh” samples, YBK-0 and YBK-3 (see Table 4.7  

for major and trace element compositions) were leached. Bulk samples, their water 

leachate, dilute HCl leachate and residues were analysed for chemical and isotopic 
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composition. Isotopic data were also obtained for a cold-water leachate (L1) of a large 

salt aggregate in YBK-3 (Fig. 3.29B) and of the three brine samples collected from the 

Udachnaya mine pit. 

Strontium, Nd and Pb isotope data for two kimberlite groundmass samples and 

salt aggregate are given in Table 5.1, together with Rb/Sr, Sm/Nd, U/Pb and Th/Pb 

ratios derived from solution mode ICPMS analyses of aliquots taken from the samples 

used for isotopic analysis. Average Sr isotope data for three mine brine samples are 

presented in Table 5.1  

5.1.2.1 Trace element data 

Trace element data, normalised to primitive mantle values (Sun and 

McDonough, 1989), are plotted on a standard multi-element diagram (Fig. 5.1). 

Water leachate (L1) of the groundmass samples removed a component 

(equivalent to 7.3-10.8 wt% of original bulk samples) enriched in alkalies, Cl, sulfate 

and carbonate (L1, Table 5.2). Trace element levels for water leachates (L1) are low 

(Fig. 5.1), show relatively high LILE contents in comparison to High-Field Strength 

Elements (HFSE) and Th. On the other hand, the Rb content is anomalously high. 

Further leaching with dilute hydrochloric acid produced mass losses of 24-32%. Active 

CO2-degassing suggests that mostly carbonate component (calcite) was dissolved in this 

stage of leaching. Trace element patterns for HCl leachate (L2) resemble those for the 

L1 fractions but show greater extremes, most notably for Sr (Fig. 5.1). Unlike HCl 

leachates from some other kimberlites (e.g., Alibert and Albarede, 1988), the leachates 

from the studied samples have low REE contents. Transition metals are also low but, 

with the exception of low Cr, high Mo (in L1) and high As and Se, they resemble the 

abundances in the bulk groundmass samples. As expected, the residues have broadly 

complementary trace element patterns (Fig. 5.1). Overall, leaching had only minor 

effects on bulk trace element budgets, which explains the similarity of the residue and 

bulk groundmass patterns.  



Figure 5.1. Primitive mantle–normalized (Sun & McDonough, 1989) multielement
diagram showing patterns for two samples (YBK-0 and YBK-3) unleached
groundmass (bulk), HCl residues (residue), water (L1), and HCl (L2) leachates
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Figure 5.2. Initial isotope compositions, calculated at 367 Ma. A: 206Pb/204Pb vs εNd. B: Pb
isotope diagram. Note close coincidence of points for water leachate L1*, large salt 
aggregate and unleached (bulk) and leached groundmass samples (points for L1* and bulk 
groundmass overlap). Fields for group-I and group-II kimberlites era from (Smith, 1983; 
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5.1.2.2 Isotope data 

Present-day Sr and Pb isotope values for the leachates and residue pairs show 

considerable dispersion (87Sr/86Sr 0.70538-0.72956; 206Pb/204Pb = 18.8-26.4; 208Pb/204Pb 

= 38.4-49.4), correlated with variations in Sr-Pb elemental and parent/daughter element 

ratios In contrast, Nd isotope data shows much more limited variations (143Nd/144Nd 

0.512561-0.512628). 

The L1 fractions have moderate Rb/Sr ratios, as well as low U/Pb and Sm/Nd 

ratios; measured 87Sr/86Sr is ~0.707 (Table 5.1). The L2 fractions contain the bulk of the 

Sr but only minor proportions of the Nd and Pb; Rb/Sr and U-Th/Pb ratios are low, 

consistent with the trace element patterns. Measured 87Sr/86Sr ratios (0.7005–0.7054) 

are lower than those in L1. The residues have complementary Rb-Sr and U-Pb 

elemental and isotopic signatures. 

Initial 87Sr/86Sr (at 367 Ma, <0.700, Table 5.1) in the L1 fractions are unrealistic, 

possibly owing to excessive release of Rb into the water solution, producing spurious 

age corrections. However, initial εNd values for L1*, the two L2 fractions, the HCl 

residues, and the unleached groundmass samples are comparable (εNd � +4). In detail, 

minor isotopic disequilibrium is apparent between the leachates (L1*, L2) and the 

respective residues; the latter have very low 87Sr/86Sr ratios (<0.7037) relative to their 

εNd values. Residue-leachate Pb isotope disequilibrium is observed for YBK-0 but not 

for YBK-3. Initial Pb isotope ratios for the salt aggregate age correction was minimal 

because of very low U and Pb are within the range shown by the groundmass fractions 

(Table 5.1). 

Initial isotope ratios for the two unleached groundmass samples (87Sr/86Sr � 

0.7047, εNd � +4, 206Pb/204Pb � 18.7, 207Pb/204Pb = 15.53, 208Pb/204Pb = 35.5–38.9, t = 

367 Ma, Table 5.1) are comparable to Sr-Nd isotope data reported for another 

Udachnaya-East groundmass sample (Pearson et al., 1995a). 

Thus, age corrected Sr, Nd and Pb isotope compositions, as well as other 

chemical parameters and petrographic features, are characteristic of typical group-I 

kimberlites (as defined in (Mitchell, 1989; Smith, 1983). 
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Table 5.1 Radiogenic isotope compositions of representative samples of the groundmass 
and brine from the Udachnaya-East kimberlite 

 YBK-0 

 bulk res L1 L1* L2 

Rb 88.0 110.2 232.7  10.99 

Sr 1122 64.4 146.7  4375 

Sm 10.57 12.77  0.15 2.45 

Nd 79.85 98.56  0.65 12.22 
87Rb/86Sr 0.227 4.951 4.587  0.0073 

147Sm/144Nd 0.0800 0.0783  0.1278 0.1212 
87Sr/86Sr 0.70588 0.72956 0.70698  0.70496 

143Nd/144Nd 0.512561 0.512591  0.512628 0.512618 
87Sr/86Sri 0.70469 0.70369 <0.700  0.70492 

143Nd/144Ndi 0.512369 0.512403  0.512321 0.512327 

εεεεNdi +4.0 +4.6  +3.0 +3.2 

U 3.32 4.52  0.041 0.275 

Pb 2.97 2.69  1.083 3.80 
238U/204Pb 82.1 134.9  2.405 4.64 

232Th/204Pb 356 484  12.2 19.2 
206Pb/204Pb 23.533 26.442  18.833 19.249 
207Pb/204Pb 15.794 15.946  15.540 15.566 
208Pb/204Pb 44.983 49.442  38.437 38.583 
206Pb/204Pbi 18.71 18.55  18.69 18.98 
207Pb/204Pbi 15.53 15.52  15.53 15.55 
208Pb/204Pbi 38.5 40.6  38.2 38.2 
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Table 5.1 continue 

 YBK-3 

 bulk res L1 L2 salt 

Mine 
brine 

(average) 
Rb 85.21 93.9 183.5 69.2 93.3 10 

Sr 933 55.4 226.4 3137 1.207 1020 

Sm 11.58 10.52  1.04   

Nd 80.62 82.11  5.51   
87Rb/86Sr 0.265 4.92 2.347 0.064 250.7  

147Sm/144Nd 0.0869 0.0775  0.1143   
87Sr/86Sr 0.70626 0.72907 0.70756 0.70538 1.94046 0.7089 

143Nd/144Nd 0.512596 0.512568  0.512585   
87Sr/86Sri 0.70488 0.70336 <0.700 0.70505   

143Nd/144Ndi 0.512387 0.512382  0.512311   

εεεεNdi +4.3 +4.2  +2.8   

U 2.37 3.78  0.112 <0.01  

Pb 4.39 12.57  7.49 22.89  
238U/204Pb 37.1 19.9  0.96 <0.001  

232Th/204Pb 158 96  0.9 <0.01  
206Pb/204Pb 20.867 19.942  18.905 18.795  
207Pb/204Pb 15.645 15.594  15.544 15.530  
208Pb/204Pb 41.812 40.302  38.545 38.513  
206Pb/204Pbi 18.70 18.77  18.85 18.79  
207Pb/204Pbi 15.53 15.53  15.54 15.53  
208Pb/204Pbi 38.9 38.6  38.5 38.5  

 

Overall, the isotope data for both the silicate-rich residues and the soluble 

components (which collectively comprise the groundmass) fall within the field defined 

by most group-I kimberlites from several cratons (Fig. 5.2; Agashev et al., 2004; Alibert 

and Albarede, 1988; Beard et al., 1998; Davies et al., 2001; Fraser et al., 1985; Pearson 

et al., 1995a; Schmidberger et al., 2001; Smith, 1983; Taylor et al., 1994; Weis and 
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Demaiffe, 1985; Hofmann, 1997; Hofmann, 2003) including those from Yakutia 

(Kostrovitskii et al., 2004). This conclusion does not change if our ca. 347 Ma age (see 

below) rather than the 367 Ma perovskite age (Kinny et al., 1997) is used for age 

corrections; the younger age merely produces more homogeneous Sr and Pb initial 

isotope ratios while barely changing the εNd values. Although the data (corrected to 367 

Ma) do show some minor isotopic disequilibrium (Fig. 5.2), there is no obvious 

evidence for a crustal contribution to the Cl-rich soluble groundmass components. 

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 (Fritz and Frape, 1982). Three brine samples 

(Table 5.2) with Sr concentrations near 1000 ppm show a narrow range in 87Sr/86Sr 

(0.70885–0.70897). This is higher than present-day 87Sr/86Sr ratios in Cl-rich water 

extracts from the kimberlite groundmass (L1, <0.707). Furthermore, the brines have 

very low Rb/Sr (~0.01) compare 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. This assertion is also supported by the 347 Ma Rb-Sr age 

for the salt aggregate in YBK-3 (see below); this chloride is clearly old and unrelated to 

recent alteration. 

5.1.3 Pipe age 

Prior to 1997, ages ranging from 389 to 335 Ma had been published for the 

Udachnaya pipes. This interpretation was based on Rb-Sr data for carbonates and 

phlogopites (Maslovskaja et al., 1983), U-Pb zircon ages for nearby diamondiferous 

kimberlites (Sobolev, 1984), stratigraphic relationships (Pearson et al., 1995a), Sm-Nd 

mineral ages for eclogitic xenoliths (Snyder et al., 1993), and K-Ar age constraints for 

clinopyroxene inclusions in Udachnaya diamonds (Burgess et al., 1992). Kinny et al. 

(1997), and later Griffin et al. (1999) reported SHRIMP (sensitive, high-resolution ion-

microprobe) U-Pb perovskite ages of 367 ± 5 Ma (Udachnaya-East) and 361 ± 4 and 

353 ± 5 Ma (Udachnaya-West), as well as similar perovskite ages (362–355 Ma) for 

other kimberlites in the Daldyn field. 
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In a Rb-Sr isochron plot (Fig. 5.3), the data for bulk, L2, and residue of both 

samples define straight unmixing arrays that, if interpreted as isochrons, yield apparent 

ages of 351 ± 30 and 343 ± 20 Ma; pooling all six data points yields 347 ± 6 Ma 

(MSWD (mean square of weighted deviates) = 12, 0.7049 ± 0.0002). This apparent age 

is not changed if a small correction is applied to the L2 Rb/Sr ratios to account for 

possible leaching artefacts, i.e., excess of Rb in L1. The large salt aggregate (Fig. 

3.29B), with Rb-Sr characteristics reminiscent of mica, yields a model age near 350 Ma 

for all likely initial 87Sr/86Sr values. Regression of the halite data with those for the 

bulk-L2-residue triples from both samples produces ages of 346 ± 2 Ma. Very similar 

apparent ages are obtained from U-Pb isotope unmixing arrays for the same fractions: 

347 ± 2 (MSWD = 0.047, YBK-0) and 342 ± 2 (MSWD = 0.65, YBK-3). U-Pb data for 

the salt aggregate do not change these apparent ages. The significance of these ca. 347 

Ma “ages” is unclear in view of the ca. 20 Ma older perovskite U-Pb age for the 

Udachnaya pipes. However, given the absence of alteration (which makes ca. 347 Ma 

metasomatic alteration event seem unlikely) and possible weaknesses in the U-Pb 

perovskite data (high common Pb contents, total 14 ± 10 Ma range in reported ages for 

the two Udachnaya pipes, (Griffin et al., 1999; Kinny et al., 1997), ca. 347 Ma age (with 

a likely nominal error of ± 5 Ma) is considered a plausible alternative estimate of the 

pipe age. 

5.2 Stable isotopes 

The complication for recognition of mantle stable isotope compositions is 

represented by isotopic variations between different phases within a single rock sample 

(Deines, 1989; Kobelski et al., 1979; Maruoka et al., 2004), and even within a single 

crystal (Boyd et al., 1987; Gurenko and Chaussidon, 2002). Significant influence on the 

primary magmatic isotope ratios of the magmas and related rocks is imposed by 

processes of crustal assimilation and post-magmatic alteration. Moreover, stable isotope 

ratios are known to fractionate during mantle melting, and crystallisation and degassing 

of mantle-derived melts. The factors influencing stable isotope fractionation are 

numerous and include, for example, composition of coexisting phases, pressure and 

temperature (Deines, 1989); however, our understanding of their cumulative impact on 

the whole system and individual phases is limited. 
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Table 5.2 Trace element compositions of water (L1), dilute acid (L2) leachate, residue 
of groundmass and brine from Udachnaya-East pit 

 YBK-0 YBK-3 Brines 
ppm res L1 L2 res L1 L2 1- 155 2-9796 3-250 

Li 19.1 27.7 7.6 20.2 3.6 5.0 117.9 95.6 125.9 
Be 1.0 0.1 3.4 0.8 0.1 1.4 bdl bdl bdl 
Cr 2571 44 97 1667 57 25 2.2 2.3 2.7 
Ni 1141 56 80 1559 26 63 1.5 0.8 1.5 
Co 90 1.9 10.0 111 2.8 7.0 0.1 0.1 0.1 
Cu 85 30.8 100 73 31.4 35.3 0.6 0.6 0.5 
Zn 90 11.0 10.6 96 10.4 5.1 bdl 0.7 bdl 
V 143 20.5 149 132 33.3 83 0.6 0.7 0.8 
Sc 9.1 1.9 5.9 17.0 2.0 3.9 0.1 0.1 0.0 
Mo 0.4 16.7 0.7 0.4 10.3 1.1 0.2 0.1 0.1 
Sn 1.1 0.4 0.4 1.0 0.6 0.3 bdl bdl bdl 
Sb 0.2 0.3 0.2 0.2 0.2 0.1 0.0 bdl bdl 
Cs 0.8 3.0 1.2 0.7 2.6 1.0 0.3 0.1 0.3 
Ba 2071 140 1179 1717 293 413 0.9 0.6 0.8 
Ga 8.8 0.4 3.5 7.8 0.9 1.2 0.0 0.0 0.0 
Rb 109 245 43 95 185 34 11.6 7.1 11.3 
Sr 65 156 4257 57 225 3222 1093.8 877.2 1088.4 
Y 8.6 0.7 20.1 7.8 1.3 7.8 0.01 0.02 0.01 
Zr 172 5.3 45 164 19.7 9.8 bdl bdl bdl 
Nb 273 3.7 27.3 241 24.8 3.4 bdl bdl 0.00 
La 151 3.1 59 130 11.8 19.0 0.01 0.00 0.00 
Ce 270 4.0 65 240 19.8 18.0 0.00 bdl bdl 
Pr 28.2 0.4 5.8 25.3 1.9 1.5 bdl bdl bdl 
Nd 97.5 1.3 20.1 88.2 6.8 5.3 bdl bdl 0.0 
Sm 12.6 0.2 3.5 11.1 1.1 1.0 bdl bdl bdl 
Eu 3.2 0.1 1.2 2.8 0.3 0.4 bdl 0.00 bdl 
Gd 7.5 0.2 3.5 6.5 0.7 1.3 bdl bdl bdl 
Tb 0.8 n.d. 0.5 0.7 0.1 0.2 bdl bdl bdl 
Dy 3.4 0.1 3.1 2.9 0.4 1.0 bdl bdl bdl 
Ho 0.5 n.d. 0.6 0.4 n.d. 0.2 bdl bdl bdl 
Er 1.1 0.1 1.5 1.0 0.1 0.6 bdl 0.00 bdl 
Tm 0.1 n.d. 0.2 0.1 n.d. 0.1 bdl bdl bdl 
Yb 0.5 n.d. 1.1 0.5 0.1 0.3 bdl 0.01 bdl 
Lu 0.1 n.d. 0.1 0.1 n.d. 0.1 bdl bdl bdl 
Hf 3.9 0.1 0.6 3.6 0.3 0.1 bdl 0.00 bdl 
Ta 16.3 0.1 0.1 13.4 1.1 n.d. 0.00 0.01 0.01 
Pb 2.5 0.5 3.6 11.8 1.9 7.5 0.09 bdl 0.03 
Th 15.7 0.2 1.1 17.5 0.3 0.1 0.01 0.00 0.00 
U 4.3 0.1 1.2 3.7 0.4 0.2 0.00 bdl 0.00 
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5.2.1 Method 

Oxygen and carbon isotope ratios were determined at the Central Science 

Laboratory, University of Tasmania and at the Rafter Research Centre, Institute of 

Geological and Nuclear Sciences (New Zealand) using a VG Optima Mass 

Spectrometer equipped with Multiprep system and a Europa GEO 20-20 Mass 

Spectrometer, equipped with CAPS (automated carbonate machine) respectively. 

Sulphur isotope compositions were analysed at the Central Science Laboratory, 

University of Tasmania using a VG Micromass SIRA Series II Mass Spectrometer. The 

isotope analyses are reported in the conventional delta notation as per mil deviations 

(‰). All measurements are normalised to reference samples: the Pee Dee Belemnite 

(PDB) for carbon; Vienna-Standard Mean Ocean Water (V-SMOW) for oxygen and 

Canyon Diablo Troilite (CTD) for sulphur. 

5.2.1.1 Method for oxygen isotope measurement in silicates.  

Oxygen from the olivine grains and kimberlite groundmass was extracted by 

heating the samples with a CO2-laser in a fluorine-rich atmosphere of BrF5, using well-

established analytical methods, described by (Sharp, 1990). The evolved O2 was then 

converted to CO2 and analysed by mass spectrometer. Along with samples, the 

international quartz standard NBS-28 (using accepted value of +9.6‰) was analysed. 

Values for six NBS-28 analysed with the samples varied by less than 0.1‰ from each 

other.  

5.2.1.2 Method for oxygen and carbon isotope measurement in 

carbonate.  

Carbonate isotope data was obtained at the Rafter Research Centre, Institute of 

Geological and Nuclear Sciences (New Zealand) using a CAPS carbonate device 

attached to a GEO 20-20 mass spectrometer. The automated CAPS machine is used for 

generating CO2 gas from inorganic material such as carbonates, foraminifera, corals, 

shells etc. The appropriate CO2-phosphoric acid fractionation factor was applied to all 

measurements (Sharma and Clayton, 1965). Reproducibility of analysed NBS-19 calcite 

standard for δ13C and δ18O values is better than 0.1‰. Internal standards (GNS Marble 
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and Lincoln Marble) were also analysed with the samples to ensure that normalisation is 

correct.  

At the Central Science Laboratory, University of Tasmania, carbonate isotope 

data was obtained using a modification of the method of McCrea (1950). Samples were 

reacted in sealed, evacuated Pyrex glass tubes with 93% H3PO4 at a controlled 

temperature of 50o C in a water bath for 24 hours. The generated CO2 was separated 

from any traces of water vapour by passing it through a trap at the freezing point of 

acetone (- 95o C), before collection under liquid nitrogen. The CO2 was analysed on a 

Micromass Optima Stable Isotope mass spectrometer using a reference gas calibrated 

against NBS-19. Results are expressed relative to V-SMOW (for oxygen) and PDB (for 

carbon). Analyses of the ANU-M1 calcite, used as a working standard for several years 

in this laboratory, show standard errors of δ13C = +/-0.06‰, and +/-0.1‰ for δ18O. 

5.2.1.3 Method for sulphur isotope measurements. 

The method of Canfield et al. (1986) as modified by Alt (1994) was used to 

chemically extract the sulphide and sulphate components from each sample. Broadly, 

the method involved initial reaction of each sample with hot 6M HCl at 80°C for a 

minimum of one hour, dissolving all carbonate and any monosulphide (the latter was 

precipitated as Ag2S). The residues were then reacted with chromic chloride to dissolve 

disulphides, again with resulting H2S precipitated as Ag2S. A preliminary step 

recommended by Burdett et al. (1989) for limestone, reaction with NaOCl to remove 

organically bound and elemental sulphur, was not included because these components 

are absent. Following sulphide precipitation, remaining slimes were separated, and 

sulphate was precipitated as barite from the near-boiling solution by addition of barium 

chloride, and removed by filtering. The sulphide (consisting of sulphur from both 

dissolved pyrite and chalcopyrite) and sulphate fractions were weighed to permit later 

calculation of abundance and then analysed by standard methods (Robinson and 

Kusakabe, 1975; Yanagasiwa and Sakai, 1983; Kampschulte et al., 2001) at the Central 

Science Laboratory, University of Tasmania, on a Finnigan Isogas 2000 mass 

spectrometer. Precision on internal CSL isotopic laboratory standards was better than ± 

0.3‰. Analysis of internal laboratory pyrite and gypsum standards during our chemical 

separations indicated that line corrections of –0.46 ± 0.23‰ (sulphide) and +2.68 ± 
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0.28‰ (sulphate) were required, as well as the normal corrections for mass 

spectrometer drift.  

5.2.2 Results 

Groundmass separates of all four samples (aliquots of same separates were used 

for major and trace element, and radiogenic isotope analyses) were analysed for oxygen, 

carbon and sulphur isotope ratios. In addition, both generations of olivine were analysed 

for oxygen isotope composition. Results are presented in Table 5.3 and 5.4. 

5.2.2.1 Carbon isotope compositions 

Studied samples of the Udachnaya-East kimberlite contain several types of 

carbonates, responsible for the carbon isotope budget, e.g., calcite, Na-Ca-carbonate, 

and alkali-Ca-carbonate. Carbon isotope ratios (δ13CPDB) for the carbonate vary 

insignificantly, from –2.3‰ to – 3.3‰ and are consistent with carbon isotope variations 

observed in carbonatites (δ13C = - 2.6 to – 7.1‰), diamonds (δ13C = - 1.9 to – 8.8‰) 

and carbonates from kimberlitic rocks (δ13C = - 3.3 to – 5.7‰; Deines, 1989; Deines 

and Gold, 1973; Sheppard and Dawson, 1975; Fig. 5.4B) 

5.2.2.2 Oxygen isotope compositions 

Oxygen isotopic ratios (δ18OSMOW) were measured for carbonate and silicate-

oxide (only for two representative samples: “fresh” YBK-0 and “partly altered” YBK-2) 

components of the groundmass samples and two generations of olivine. 

Oxygen isotopic compositions of the carbonate fraction in “fresh” Udachnaya-

East kimberlite (YBK-0 and YBK-3) are +12.73 and +14.40 ‰. These numbers are in 

the middle of the range demonstrated by carbonates in group-I kimberlites (δ18O = 6.5 

to 18.5‰ with a strong maximum at about 12‰; Deines, 1989; Deines and Gold, 1973; 

Fedortchouk and Canil, 2004; Kobelski et al., 1979; Price et al., 2000) and carbonates 

from magmatic carbonatites (δ18O = 4.5 to 28 ‰; Deines and Gold, 1973). Sample 

YBK-2, which is systematically different from other three studied samples in most 

major and trace elements, has a much higher oxygen isotopic ratio (+17.9 ‰), although 
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this value is still within the field established for kimberlite and carbonatite carbonates 

worldwide (Fig. 5.4A). 

The oxygen isotope values of the silicate-oxide component (excluding 

carbonate) of the YBK-0 groundmass (+6.5 - +6.7‰, two measurements) are slightly 

higher than the oxygen isotope ratios of mantle silicates (+5.7‰; Deines and Gold, 

1973) but they are similar to the oxygen isotopic composition for silicate fraction of the 

Jericho aphanitic kimberlite (+6.2-+8.2‰; Price et al., 2000). The silicate-oxide 

groundmass of YBK-2 has heavier oxygen isotope composition than YBK-0 (+7.1 and 

+7.2‰, based on two measurements), but still within the range of the Jericho kimberlite 

samples. 

Both generations of olivine crystals in all four studied samples show similar and 

restricted oxygen isotopic values (+5.5 - +5.7‰), that are typical of normal mantle 

values of +5.3 ± 0.3‰ (Mattey et al., 1994).  

5.2.2.3 Sulphur isotope compositions  

Sulphur isotopic compositions (δ34SCDT) were determined separately for sulphide 

and sulphate constituents of the kimberlite groundmass (Table 5.4). Sulphides are 

represented by pyrrhotite and djerfisherite (Ni < 6.5 wt%), and sulphates comprise 

gypsum, barite, celestine and SO4-bearing silicates and carbonates.  

The sulphur isotope compositions of three “fresh” samples (YBK-0, YBK-1 and 

YBK-3) are very similar for each S species analysed (e.g., sulphate, monosulphide and 

disulphide). The uniform sulphur isotope compositions of the sulphide components 

(0.73-0.83‰ for disulphide and 1.24-2.24‰ for monosulphide) and total sulphide 

(0.96-0.97‰) are very close to the mantle values (0 ± 2‰). “Partly altered” sample 

YBK-2 has distinctly higher δ34S (4.20‰ for disulphide and 4.84‰ for monosulphude). 

The sulphate fraction of the “fresh” kimberlite groundmass is characterised by much 

heavier sulphur isotope composition (on average 14.4‰) than sulphide components. An 

even higher δ34S value (19.7‰) is again demonstrated by odd sample YBK-2, and this 

more closely resembles previous measurements of sulphates in the Udachnaya pipe 

kimberlites (17.5 to 43.8‰; Vinogradov and Ilupin, 1972). 



Figure 5.4. Oxygen (A) and carbon (B) isotope compositions of different kimberlites 
and carbonatites. Isotope data for carbonate component of the Udachnaya-East 
kimberlite groundmass are indicated by red star
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Figure 5.5. 18O vs13C plot shows fields of kimberlite (Deines & Gold, 1973; 
Sheppard et al., 1975; Kirkley et al., 1989; Price et al., 2000; Fedortchouk et al., 
2004 ); carbonatites (Deines & Gold, 1973), carbonate nodules or inclusions in 
kimberlites (Kirkley et al., 1989) and Cambrian carbonates of the Siberian platform 
(Nicholas, 1996)
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5.2.2.4 Isotope compositions of the chloride-carbonate nodules 

The carbonates from three chloride-carbonate nodules (Chapter 3.3) were 

analysed for carbon and oxygen isotopes (Table 5.5) at the University of Tasmania. The 

values of δ13C (-2.67 to -3.73‰) and δ18O (12.27 – 13.90‰) vary insignificantly 

between the samples analysed, and are consistent with those of the carbonate 

component of the “fresh” kimberlite groundmass (Fig. 5.5). Furthermore, these data 

match the data, reported for kimberlites worldwide (Deines, 1989; Deines and Gold, 

1973; Fedortchouk and Canil, 2004; Kobelski et al., 1979; Mitchell, 1986; Price et al., 

2000). 

5.3 Summary 

The measured radiogenic and stable isotopes provide additional information on 

the origin of the Udachnaya-East kimberlite and its unusual H2O-soluble components 

enriched in chlorides and alkali-carbonates. 

1. The isotope characteristics of the studied groundmass samples and chloride-

carbonate nodules are typical of the group-I kimberlites, and thus represent the isotope 

composition of the convecting subcratonic mantle. This composition is very close to so-

called “bulk Earth” Sr-Nd isotope composition. 

2. The radiogenic isotope compositions suggest that the Udachnaya-East 

kimberlite has remained a closed system since its emplacement ca. 350 Ma, and thus 

confirm unique freshness of these rocks. In other words, there is no evidence 

whatsoever that crustal contaminants influenced the isotope compositions of the 

samples studied. 

3. Three kimberlite samples with very similar major and trace elements also 

show a very restricted range of carbon, oxygen and sulphur isotopic ratios. The C-O 

isotope ratios are consistent with the fields established for kimberlites and carbonatites 

worldwide and with values analysed for carbonates from the chloride-carbonate nodules 

of the Udachnaya-East kimberlite pipe. 
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Table 5.3 Oxygen and carbon isotope compositions of different components of the 
kimberlite groundmass 

 δδδδ18O ‰ 
SMOW 

δδδδ13C ‰ 
PDB 

δδδδ18O ‰ 
SMOW 

δδδδ13C ‰ 
PDB 

carbonate component 
Rafter Research Centre 

(NZ) University of Tasmania 
 

  
2002 
run 

2005 
run 

2002 
run 

2005 
run 

YBK-0 13.30 -2.3 12.73 13.02 -3.41 -3.29 
YBK-1   17.41 13.78 -3.21 -3.35 
YBK-2 17.9 -2.6 17.38 18.21 -2.69 -2.68 
YBK-3   12.97 14.40 -3.33 -3.11 

olivine-I 
YBK-0 5.6 
YBK-1 5.7 
YBK-2 5.7 
YBK-3 5.5 

olivine-II 
YBK-0 5.5 
YBK-1 5.6 
YBK-2 5.6 
YBK-3 5.6 

silicate-oxide component 
6.5 

YBK-0 
6.7 
7.2 

YBK-2 
7.1 

 

 

Table 5.4 Sulphur isotope compositions of different components of the kimberlite 
groundmass 

 δδδδ34S ‰ CTD 
components YBK-0 YBK-1 YBK-2 YBK-3 

sulphate 14.49 14.30 19.74 14.43 
disulphide 0.83 0.73 4.20  

monosulphide 2.04 1.24 4.84 2.24 
total sulphide* 0.96 0.97 4.49  

Note to Table: * recalculated total sulphide composition, using the weights of monosulphide and 

disulphide fractions 
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Table 5.5 Carbon and oxygen isotope compositions of carbonates from chloride-
carbonate nodules 

Sample 
Name 

δδδδ13C 
‰ 

PDB  

δδδδ18O  
‰ 

SMOW 
UV-1-03 -3.73 12.47 
UV-2-03 -2.68 13.90 
UV-5-03 -3.72 12.27 

 

4. Stable isotope ratios show significant fractionation between different phases 

(e.g., olivine – silicate/oxide – carbonate for oxygen isotopes; sulphide – sulphates for 

sulphur isotopes), but such fractionation is expected at the low temperatures of 

kimberlite emplacement and crystallisation and is commonly reported in kimberlites and 

carbonatites (Chaussidon et al., 1987; Deines, 1989; Deines and Gold, 1973; Eldridge et 

al., 1991; Kobelski et al., 1979; Mitchell, 1986). Importantly, one endmember (olivine, 

sulphide) of each isotope fractionating series always has mantle isotope composition.  




