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Abstract. Rare earth element (REE) concentrations have 
been measured using instrumental neutron activation 
analysis on clean separates of primary minerals from 
t l  eclogite samples from the Bobbejaan and Roberts 
Victor kimberlites, South Africa. Samples were selected 
to reflect minimal secondary alteration and represent 
a broad range of eclogite compositions from coesite- 
and corundum-grospydites through magnesian biminer- 
alic eclogites. Correlations between REE concentrations 
and major-element compositions suggest that garnet and 
clinopyroxene crystal chemistry are the dominant con- 
trol on REE distribution and that these approach solid- 
state equilibrium distributions. Reconstructed whole- 
rock REE concentration variation with whole-rock ma- 
jor-element compositions are consistent with an origin 
by high-pressure igneous fractionation followed by re- 
equilibration to lower temperatures at pressures in excess 
of three GPa. 

Introduction 

The suite of xenoliths brought to the surface by kimber- 
lite from depths greater than 100 km is dominated by 
lherzolites which are olivine-rich rocks containing minor 
orthopyroxene, clinopyroxene, and garnet. Composi- 
tionally distinct from the lherzolite suite are mantle eclo- 
gites and associated grospydites which form a group of 
xenoliths of roughly basaltic composition and constitute 
somewhat less than 10% of all xenolith material brought 
to the surface by kimberlites (Dawson 1980). Mantle 
eclogites cover a more extended compositional range 
than low-pressure basalts, however, and include some 
very aluminous compositions that are not represented 
in low-pressure assemblages. 

Reviews of the various hypotheses for the origin of 
chemical variation in these rocks are given by MacGre- 
gor and Manton (1986) and Smyth et al. (1989). These 
hypotheses can be divided into two main groups: (1) 
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suggesting that eclogites are the prograde metamorphic 
products of seafloor basalts that had undergone igneous 
fractionation at low pressure and subsequent alteration 
at relatively low temperature prior to metamorphism 
(Helmstaedt et al. 1972; Smyth and Hatton 1977; Ja- 
goutz et al. 1984; MacGregor and Manton 1986; Ongley 
et al. 1987; Schulze and Helmstaedt 1988; Shervais et al. 
1988); (2) suggesting that eclogites are the result of ig- 
neous fractionation at high pressure and represent cu- 
mulates and evolved liquids (O'Hara andYoder 1967; 
Kushiro and Aoki 1968; Garlick et al. 1971 ; MacGregor 
and Carter 1971 ; Early 1971 ; Philpotts et al. 1972; Lap- 
pin and Dawson 1975; Harte and Gurney 1975; Hatton 
1978; Lappin 1978; Anderson 1984; Gasparik 1984; 
Smyth and Caporuscio 1984; Dawson and Gurney 1987; 
Caporuscio 1988; Smyth et al. 1989). 

The Cr-rich samples appear to form a chemically 
and perhaps genetically distinct group. Shervais et al. 
(1988) suggested that they, along with more Mg-rich 
and Cr-poor eclogites may be cumulates from a kimber- 
litic fluid. Haggerty and Sautter (1990) have observed 
pyroxene exsolution from garnet in the Cr-rich samples 
implying a super-silicious precursor garnet and sug- 
gested that they may have originated at depths greater 
than 300 kin. 

Previous studies of REE concentrations and distribu- 
tions in mantle eclogites have provided useful insight, 
but have not covered the full range of eclogite composi- 
tions. Early (1971) measured REE abundances in whole 
rocks and mineral separates of bimineralic eclogites, as 
did Philpotts et al. (1972). Other REE compositions 
have also been determined by Shervais et al. (1988) and 
Caporuscio and Smyth (1986). Shimizu (1980) per- 
formed an experimental study of the distribution of REE 
between garnet, clinopyroxene, and basaltic liquid at 
two and three GPa and found that clinopyroxene was 
the liquidus phase and that garnet was difficult to nuc- 
leate in many runs. 

McCormick (1984) analyzed several bimodal eclo- 
gites in which grospydites grade into bimineralic eclo- 
gites demonstrating that the two are co-genetic and inti- 
mately associated with each other. Smyth and Caporus- 
cio (1984) reported major element analyses of a suite 
of about 60 eclogites from Bellsbank (Bobbejaan Mine) 



and showed that the corundum grospydites appear to 
form a chemically continuous series with the bimineralic 
eclogites. Smyth et al. (1989) used a combination of  pe- 
trography, major element data, and some preliminary 
and previously published REE data to develop a model 
by which mantle eclogites evolve from grospydites to 
bimineralic eclogites at high pressure by igneous frac- 
tional crystallization. In order to refine and examine this 
model we have undertaken a careful study of  REE con- 
centrations in garnet and clinopyroxene as functions of  
major element compositions in these rocks. Samples se- 
lected for REE determinations in this study attempt to 
cover the full range of  the eclogite compositional field. 

It has~ widely recognized that there are late-stage 
metasomatic and metamorphic overprints on these sam- 
ples. Secondary phases (principally pyroxene, amphi- 
bole, phlogopite, spinel, and carbonates) are ubiquitous 
along cracks and grain boundaries of  samples in the 
present study, and have been documented in eclogite 
xenoliths found worldwide (Dawson 1980). These sec- 
ondary phases are considered by some authors (MacGre- 
gor and Manton 1986) to be an integral part of  eclogite 
bulk chemistry, whereas others (Early 1971 ; Caporuscio 
and Smyth 1987) have suggested that the secondary 
phases may be introduced from an external metasoma- 
tizing fluid. However, Caporuscio (1988) presented data 
consistent with the secondary phases being introduced 
by later, separate M A R I D ,  kimberlite, and deuteric 
fluids. Because we cannot evaluate the possible effects 
of secondary fluids on REE compositions, it is necessary 
to analyze REE on clean mineral separates and to recon- 
struct whole-rock compositions from these data and 
modal analyses. Special care was taken to obtain pure, 
unaltered mineral-grain cores without exsolution to 
avoid secondary effects. 

Sample selection and characterization 

Xenolith population 

Of some 150 samples from Bellsbank and Roberts Victor for which 
thin sections and major element analyses were available, 11 were 
chosen on the basis of minimal compositional zonation, minimal 
alteration, and largest variety of chemical compositions. Of the 
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11 samples, 2 are kyanite-bearing, and 9 are bimineralic samples 
spanning a range of chemical compositions (Fig. 1). One of the 
9 is a Cr-rich sample Modal phase proportions are reported in 
Table 1. Clinopyroxene and garnet major-element analyses are 
listed in Tables 2 and 3, respectively. 

Pyroxene 

Clinopyroxenes exhibit significant compositional variation (in- 
creased acmite and Ca-Tschermaks, and decreased jadeite compo- 
nents) only in clearly defined rim regions that appear to be affected 
by secondary alteration. Clinopyroxene major-element composi- 
tions (Table 2) were cast into pyroxene end-member proportions 
using the computer program PYROS (Smyth 1980). Alumina con- 
tents of pyroxenes range from 1.38 wt% (SRV-4) to 17.0 wt% 
(SRV-1). Titanium and chromium values for pyroxene are general- 
ly <0.5wt%, the exception being sample SBB-7P (Cr203= 
3.09 wt%). Potassium ranges from zero to 0.30 wt%, with no clear 
gap as suggested in the group I and II classification of MacGregor 
and Manton (1986). End-member pyroxene components show sig- 
nificant variations. Jadeite values range from 5% (SRV-4) to 50% 
(SBB-2H). Ca-Tschermaks end-member ranges from zero to 
6.8 tool% (SBB-2H), while Ca-Escola ranges from zero to 12.9% 
(SRV-1). 

Garnet 

Garnets analyzed in this study are unzoned. Garnet major-element 
compositions are listed in Table 3. End-member compositions 
range from Ca-rich (SRV-1, Pyr28Alm21Grss0 to Fe-rich (SBB-39, 
PyrsoAlm37Grsxz) to Mg-rich (SBB-37, Pyrv6Alml~Grslo). Garnet 
compositions show a continuous trend from grossular(Grs) to al- 
mandine(Alm) to pyrope(Pyr)-rich compositions. Minor elements 
of interest are P (Z site), Ti and Cr (Y site). Titanium (as TiO2) 
ranges from zero to 0.5 wt%. Chromium generally ranges 0.07- 
0.5 wt% oxide, the exception being sample SBB-7P with 5.50 wt% 
Cr203. Substitution of phosphorus for silicon (Bishop et al. 1976) 
is detectable (0.060.05 wt%) in the grossular-rich samples (SRV-1, 
SBB-2H), but negligible in most others. High values of spessartine 
end-member (3.5, 2.3 mole%) are present in samples SBB-39 and 
SBB-34, respectively. Garnet sodium contents range from zero to 
0.08 wt%. 

Other primary phases 

Other primary phases observed in the suite of eclogites are kyanite, 
corundum, coesite, sanidine and Nb-rutile. Kyanite and corundum 
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Fig. 1A, B. ACF plots of eclogite: 
A primary phases; B recalculated 
whole-rock compositions showing the 
range of compositions included in 
the sample suite 
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Table 1. Modal abundances of primary and secondary phases in eclogite samples selected for REE analysis 

Mineral SBB-2H SBB-3H SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61 SRV-1 SRV-4 XM-37 

Garnet  43 79 42 63 71 47 30 68 27 29 43 
Clinopyroxene 33 19 18 34 24 38 46 29 53 63 51 
Kyanite 17 . . . . . . .  9 -- -- 
Corundum 2 . . . . . . . . . .  
Coesite . . . . . . . .  5 - - 
Rutile . . . . . . . . . .  1 
Sanidine . . . . . . . .  0.6 - - 
Secondary 5 2 40 3 5 15 24 3 5 8 5 

phases 

Mg-number  76 63 85 69 64 85 64 70 72 83 62 

Ka 6.33 3.36 3.43 2.35 2.52 2.06 2.21 3.07 5.55 4.26 3.85 
T~C(3GPa) a 1030 936 934 1062 1040 1075 1083 1028 1087 992 1057 
T~C(4GPa) a 1059 971 968 1101 1078 1115 1123 1064 1117 1025 1090 

a By method of Ellis and Green (1979) 

Table 2. Electron microprobe analyses of pyroxenes in eclogites selected for REE analysis 

Sample SBB-2H SBB-3H SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61 SRV-1 SRV-4 XM-37 

SiO2 54.80 55.89 53,79 55.96 54.77 55.41 55.61 56.70 56.63 54.31 56.10 
TiO2 0.07 0.15 0.00 0.43 0.16 0.29 0.21 0.30 0.07 0.07 0.38 
A1203 16.10 6.39 2,54 7.49 5.39 4,55 6.18 12.42 17.04 1.38 14.10 
Cr203 0.03 0.05 3,09 0.19 0.09 0.18 0.10 0.09 0.04 0.00 0.15 
Fe203 1.06 0.00 1.92 0.00 1.09 1.15 0.00 0.00 0.00 0.11 0.00 
FeO 0.00 4.11 0,00 4.87 5.43 1,70 8.09 2.56 1.56 3.07 2.54 
MnO 0.02 0.02 0,07 0.10 0.26 0,01 0.45 0.04 0.00 0.07 0.02 
MgO 7.10 12.06 15,39 12.24 13.28 15,40 12.28 8.85 6.24 16.96 7.72 
CaO 12.20 16.65 19.99 14.23 15.84 18,48 13.34 12.43 11.57 23.29 11.86 
Na20  8.10 3.77 2.57 4.37 3.34 2.95 3.86 5.91 7.73 0.64 6.99 
K 2 0  0.00 0.00 0.01 0.08 0.16 0,00 0.11 0.07 0.20 0.11 0.29 

Total 99.50 99.09 99.37 99.96 99.81 100.12 100.23 99.37 100.59 100.01 100.15 

Atoms per 6 oxygens 

Si 1.924 2.017 1.958 1.999 1.985 1.981 2.008 1.997 2.011 1.969 1.966 
Ti 0.002 0.004 0.000 0.012 0.004 0.008 0.006 0.008 0.002 0.002 0.010 
A1 Iv 0.072 - 0 . 0 1 7  0.033 0.001 0.015 0.019 -0 .008  0.003 0.000 0.031 0.036 
A1 vl 0.594 0.288 0.076 0.314 0.216 0.172 0.271 0.512 0.713 0.028 0.546 
Cr 0.001 0.001 0.089 0.005 0.003 0,005 0.003 0.003 0.002 0.000 0.004 
Fe 3 + 0.028 0.000 0.052 0.000 0.030 0.031 0.000 0.000 0.000 0.049 0.000 
Fe z+ 0.000 0.124 0.000 0.145 0,165 0.051 0.244 0.075 0.045 0.047 0.074 
Mn 0.001 0.001 0.002 0.003 0.008 0.000 0.014 0.001 0.000 0.002 0.001 
Mg 0.372 0.649 0.835 0.652 0.718 0.821 0.661 0.465 0.329 0.917 0.403 
Ca 0.459 0.644 0.780 0.545 0.615 0,708 0.516 0.469 0.440 0.905 0.445 
Na 0.551 0.264 0.181 0.303 0.235 0.204 0.270 0.404 0.447 0,045 0.475 
K 0.000 0.000 0.000 0.004 0.007 0.000 0.005 0.003 0.011 0.005 0.013 
Vac 0.000 0.025 0.000 0.018 0.000 0.000 0.000 0.060 0.000 0.000 0.026 

of sample SBB-2H are very pure. Kyanite and coesite of sample 
SRV-1 are also pure; sanidine analysis indicates the highest K 
content for any natural  feldspar (Smyth and Hat ton  1977; Scambos 
et al. 1987). Rutile of sample XM-37 has appreciable Nb (3-5 wt%) 
but this element was not  quantitatively analyzed. 

Analytical  techniques 

Mineral separation 

A portion of each sample was coarse-crushed with a carbide steel 
piston sleeve assembly and then split into two fractions. The first 

split was set aside for future studies. The second sample split was 
then used to obtain pure mineral separates of kyanite, corundum, 
garnet, and clinopyroxene. The object of mineral separation was 
to obtain mineral-grain cores devoid of secondary alteration ef- 
fects. Hand-picking of separates using a binocular microscope ( 2  
30 x magnification) was used to avoid heavy liquid contamination.  
After coarse crush (20 mesh), grains picked were rinsed in pure 
H20,  immersed in warm HC1 to remove trace carbonates, and 
inspected for impurities at high magnification in oil immersion. 
Grains were then rinsed in reagent-grade acetone to remove oil, 
and then H20  to remove traces of acetone. Pure grains were then 
set aside, those with alteration were returned to the selection pile 
for further crushing. This process was repeated at 50, 75, 100 mesh 
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Table 3. Electron microprobe analyses of garnets in eclogites selected for REE analysis 

Sample SBB-2H SBB-3H SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61 SRV-1 SRV-4 XM-37 

SiOz 40.60 41.69 41.21 41.89 41.48 42.46 40.36 42.10 40.31 40.52 39.66 
TiO2 0.05 0.13 0.00 0.30 0.16 0.16 0.21 0.20 0.17 0.48 0.46 
AlzO3 22.50 22.86 19.47 22,63 22.18 23.36 21.37 22.77 21.94 21.48 22.48 
Cr20 a 0.07 0.10 5.50 0.16 0.14 0.23 0.14 0.06 0,14 0.53 0.00 
FeO 7.80 16.25 7.51 14.66 16.78 7.97 19.57 13.17 10.25 11.30 15.20 
MnO 0.18 0.28 0.58 0.40 1.12 0.47 1.67 0.30 0.29 0.30 0.52 
MgO 10.00 14.17 19.66 15.70 14.48 21.69 13.43 14.94 7.57 14.24 10.19 
CaO 18.30 4.91 5.32 3.92 4.32 3.62 3.64 7.17 18.90 10.88 11.72 
Na20 0.00 0.00 0.01 0.04 0.05 0.07 0.08 0.07 0.07 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
PzO5 0,06 0.00 0.01 0.00 0.00 0.00 0.00 0,05 0.05 0.02 0.00 

Total 99.56 100.39 99,27 99.70 1 0 0 . 7 1  1 0 0 . 0 3  100.47 100.84 99.69 99.75 100.27 

Atoms per 12 oxygens 

Si 2.998 3.044 2.994 3,053 3.038 2.996 3.013 3.039 3.016 2.986 2.962 
Ti 0.003 0.007 0.000 0.016 0.009 0.008 0.012 0.011 0.008 0.027 0.026 
A1 1.958 1.967 1.667 1,944 1.914 1.942 1.880 1.937 1.935 1.863 1.979 
Cr 0.004 0,006 0.316 0.009 0.008 0.013 0.008 0.003 0.008 0.031 0.000 
Fe 0.482 0.992 0.456 0.893 1.028 0.470 1.222 0.795 0.641 0.696 0.950 
Mn 0.011 0.017 0.036 0.025 0.070 0.028 0.106 0.018 0.017 0.019 0.033 
Mg 1.011 1.543 2.129 1.706 1.581 2.282 1.495 1.608 0.845 1.562 1.135 
Ca 1.448 0.384 0.414 0.306 0.339 0.274 0.291 0.554 0.516 0.858 0.938 
Na 0.000 0.000 0.001 0.006 0.007 0.010 0.012 0.010 0.013 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
P 0.005 0.000 0,001 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 

Total 7.985 7.962 8.014 7.957 7.995 8.023 8.037 7.980 7.999 8.042 8.023 

X c f  T 0.492 0.132 0.138 0.105 0.115 0.090 0.097 0.187 0.504 0.286 0.312 

until sufficient amounts were obtained for REE analyses. The rela- 
tively coarse grain-size facilitated transferal from sealed glass tubes 
to plastic vials without loss of fine material. 

Instrumental neutron activation analyses 

Garnet and clinopyroxene separates were analyzed along with two 
kyanite (SRV-1, SBB-2H) and one corundum (SBB-2H) separates. 
All samples were irradiated for 8 h at 10 MW in the University 
of Missouri (Columbia), Research Reactor facility. Use of a poly- 
ethylene lazy susan ensured uniform flux, equal to 4.9 x 1013 neu- 
trons/cm -2 s-1. Sample emissions were then counted 3 times for 
a period of 4 h each, using two detectors. A 30 cm 3 lithium-drifted 
germanium coaxial gamma-ray detector, was used first since sam- 
ples could be located from 1-35 cm away. Then, two count times 
were performed with the second detector, a Nal crystal and intrinsic 
Ge semiconductor. Natural rock standards (NBS basalt 688 and 
CRB-1 basalt glass) were used both for calibration and internal 
check of accuracy. 

Results 

Clmopyroxene 

R E E  values  for  c l i nopy roxene  are  l is ted in Table  4, and  
represen ta t ive  c h o n d r i t e - n o r m a l i z e d  values  are  p lo t t ed  
in Fig.  2. Pyroxenes  show L ( l i g h t ) - R E E  en r i chmen t  and  
H ( h e a v y ) - R E E  deple t ion .  Values o f  L a / Y b  range  f rom 

223 ( sample  SBB-7P) to 5.6 ( sample  SBB-34). There  is 
c o m m o n l y  an  increase  in c h o n d r i t e - n o r m a l i z e d  c o m p o -  
nents  f rom L a  to Ce a n d  N d  such tha t  the  t r end  f rom 
L R E E  to H R E E  is no t  s t r ic t ly  l inear .  The  overa l l  pa t -  
terns  a re  s imi lar  to c l i nopy roxe ne  R E E  t rends  desc r ibed  
for  o the r  h igh-pressure  eclogi t ic  py roxenes  (Shervais  
et al. 1988, Ear ly  1971). The  two g rospyd i t e  p y r o x e n e  
samples  have  s imi lar  pa t t e rn s  wi th  pecu l i a r  M ( m i d d l e ) -  
R E E  enr i chmen t s  (Nd,  Eu) a n d  a s l ight  Sm-dep le t ion .  
Some au thors  (Shervais  et al. 1988; M a c G r e g o r  a n d  
M a n t o n  1986) have  sugges ted  these M R E E  enr i chmen t s  
to be pos i t ive  Eu anomal ies ,  however ,  careful  in spec t ion  
indica tes  tha t  a t  least  fou r  o f  the R E E  are  a f fec ted  by  
this p h e n o m e n o n .  Fu r the r ,  there  is an  inverse  co r r e l a t i on  
be tween  j ade i t e  c o m p o n e n t  o f  the py roxenes  a n d  to ta l  
R E E  content .  Sample  SBB-37 has  the h ighes t  to t a l  R E E  
con ten t  and  is re la t ive ly  j a d e i t e - p o o r  (15 m o l % ) ,  where-  
as sample  SBB-2H wi th  46 t o o l %  j ade i t e  has  very  low 
to ta l  REE.  

Garnet 

G a r n e t  R E E  values  are  l is ted in Table  5. Three  represen-  
ta t ive ,  c h o n d r i t e - n o r m a l i z e d  ga rne t  R E E  pa t t e rn s  
(Fig.  2) do  no t  cons i s ten t ly  exhibi t  a l inear  t r end  f rom 
L R E E  dep le t ion  to H R E E  e n r i c hme n t  seen in Mg- r i ch  
garne ts  f rom pe r ido t i t i c  samples  ( D a w s o n  1980). Al l  L a /  
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Table 4. Neutron activation analyses (ppm) of pyroxenes in eclogites selected for REE analysis 

Sample SBB-2H SBB-3H SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61 SRV-1 SRV-4 XM-37 

La 0.835 3.37 7.96 2.06 1.44 9.62 1.13 2.12 0.477 4.55 0.684 
Ce 1.52 6.870 26.3 6.23 5.22 33.9 4.08 5.90 1.06 13.2 2.39 
Nd 0.585 2.34 18.5 5.07 4.83 24.9 3.58 4.15 1.05 8.94 2.09 
Sm 0.044 0.456 4.17 1.22 1.15 5.03 0.922 0.797 0.165 1.42 0.583 

Eu 0.030 0.232 0.955 0.372 0.373 1.44 0.266 0.232 0.085 0.272 0.151 
Tb 0.026 0.079 0.161 0.087 0.137 0.457 0.092 0.066 0.010 0.057 0.035 
Dy 0.233 0.469 1.61 0.733 0.661 3.39 0.797 0.598 0.390 0.329 0.210 
Yb 0.018 0.092 0.035 0.093 0.259 0.358 0.152 0.029 0.012 0.021 0.025 
Lu 0.003 0.011 0.006 0.010 0.034 0.035 0.018 0.005 0.003 0.004 0.002 

La/Yb 46.9 36.6 223 22.1 5.6 26.9 7.5 72.7 41.5 216.4 27.6 

SREE a 3.06 13.44 58.09 15.14 13.44 75.08 10.24 13.29 2.86 28.46 5.96 
SREE b 1.54 6.34 30.85 8.54 7.85 40.45 5.89 7.16 1.72 14.99 3.42 

a Sum of all REE analyzed; b Sum of all REE analyzed exclusive of Ce 

100- 

10- 

t_. 

0.10 

0.01 

La Ce Nd SmEu Tb Yb Lu 

Fig. 2. Chondrite-normalized REE concentrations of garnets (solid 
lines) and clinopyroxenes (dashed lines) from three representative 
eclogites: a grospydite, SRV-I(A) (GrssoAlm22Pyr28 and Jd46; 
XM-37(+) (Grs31Alm32Pyr37 and Jd39); SBB-37(• (Grso9- 
Alm12Pyr79 and Jd19). Note the shift in the shape of the garnet 
pattern with changing Ca-content and the declining total REE 
concentration of the pyroxene with increasing Na-content 

Y b  ra t ios  are  < 1, i nd ica t ing  re la t ive  H R E E  enr ichment .  
Values o f  this  ra t io  range  f r o m  0.027 (SBB-39) to  0.70 
(SBB-7P).  In  detai l ,  these eclogi t ic  garne ts  show signifi-  
can t  va r i a t ions  in R E E  t rends  a s soc ia t ed  wi th  m a j o r -  
e lement  c o m p o s i t i o n s  (Fig.  2). The  m o s t  p y r o p e - r i c h  
ga rne t  (SBB-37, Pyr76 ) is very s imi lar  in R E E  d i s t r ibu-  
t ion  to pe r ido t i t i c  garne ts  ( H R E E = 4 0 x c h o n d r i t e ,  
L R E E  = 1.5 x chondr i te ) .  As  ga rne t  c o m p o s i t i o n s  in- 
crease in Fe  and  Ca (XM-37) ,  there  is a f l a t t en ing  o f  
the H R E E  and  increase  o f  the  M R E E  p o r t i o n  o f  the  
pa t te rns .  Calc ic  ga rne t s  (SRV-1 Grsso)  exhib i t  m a r k e d  
M R E E  enr ichment ,  bu t  L R E E  a n d  H R E E  deple t ions .  
Sample  SBB-7P,  wi th  a h igh  p y r o p e  c on t e n t  (Pyr71) a n d  
equiva len t  a l m a n d i n e - g r o s s u l a r  c o m p o n e n t s  
(14.5 m o l % )  has  a chond r i t e  n o r m a l i z e d  R E E  p a t t e r n  
s imi lar  to  Fe- r ich  eclogi t ic  garnets .  Sample  SBB-3H has  
a s ignif icant  Fe  c o m p o n e n t  (Alto34), b u t  a still  g rea te r  
M g  c o m p o n e n t  (Pyr53) and  d i sp lays  an  M g- r i ch  ga rne t  
R E E  pa t t e rn .  

G a r n e t  crys ta ls  in the  eclogites  exhib i t  v i r tua l ly  no  
zon ing  o f  m a j o r  e lements  f rom core  to r im.  C l i n o p y r o x -  
enes are  also free o f  sys temat ic  zoning ,  exh ib i t ing  chemi-  
cal va r i a t ions  on ly  at  the very  r ims o f  the  crystals .  This  
va r i a t i on  in the  p y r o x e n e - r i m  chemis t ry  a p p e a r s  to  be 

Table 5. Neutron activation analyses (ppm) of garnets in selected eclogites 

Sample SBB-2H SBB-3H SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61 SRV-1 SRV-4 XM-37 

La 0.224 0.107 0.576 0.563 0.320 0.398 0.082 0.995 0.326 0.184 0.077 
Ce 0.644 0.381 2.05 1.26 0.895 0.827 0.360 1.85 1.42 2.015 0.759 
Nd 0.397 0.642 4.85 0.653 0.395 0.905 0.301 1.81 4.47 4.79 2.65 
Sm 0.179 0.215 1.88 0.580 0.461 0.854 0.409 1.42 2.63 2.94 2.62 

Eu 0.148 0.206 0.843 0.266 0.269 0.456 0.190 0.708 1.53 1.10 1.10 
Tb 0.090 0.291 0.418 0,233 0.299 0.521 0.275 0.461 0.252 0.613 0.632 
Dy 1.01 0.136 0.906 1.56 1.95 3.73 0.266 2.24 1.41 0.797 3.34 
Yb 0.522 2.71 0.824 1,80 4.88 6.55 3.07 1.66 0.715 1.812 2.00 
Lu 0.071 0.429 0.128 0,272 0.804 1.02 0.493 0.239 0.103 0.267 0.294 

La/Yb 0.430 0.040 0.700 0,310 0.066 0.061 0.027 0.600 0.460 0.100 0.039 
La/Yb, 0.28 0.03 0.45 0,21 0.04 0.04 0.02 0.39 0.30 0.07 0.02 
La/SMn 0.76 0.30 0.18 0,60 0.43 0.27 0.12 0.42 0.08 0.04 0.02 
Tb/Yb, 0.90 0.57 2.70 0,69 0.33 0.42 0.47 1.46 1.86 1.78 1.07 
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Fig. 3. Chondrite-normalized REE concentrations of five garnets, 
two coarse grains ( x ) ,  and three exsolution lameltae ( + )  from 
sample SBB-3H (GrssoAlm22Pyr28). Identical platterns indicate 
that equilibrium distributions have been attained 

due to reaction with external fluids (Early 1971; Erlank 
1970). Equilibration of maj or elements appears complete 
even down to the garnet lamellae in sample SBB-3H. 
This sample has large garnet crystals abutting pyroxenes 
and a few of the pyroxenes contain garnet lamellae. The 
major-element compositions of large garnet grains and 
physically separate garnet lamellae in pyroxene are 
identical within statistical error. In order to examine the 
extent of REE equilibration we examined these garnets 
in the ion microprobe. 

In collaboration with Dr. P. Bottazzi at the Universi- 
ty of Pavia we used the ion microprobe to measure REE 
concentrations of a large garnet grain and garnet lamel- 
lae within a clinopyroxene grain of sample SBB-3H. The 
concentrations are depicted in Fig. 3 and indicate that 
the REE values are identical. These REE values suggest 
that although the two types of garnet formed at different 
times and are physically separated within the sample, 
the REE have diffused and equilibrated under mantle 
conditions. The lack of significant major- or trace-ele- 
ment zoning even in exsolved samples indicates that 
these rocks have approached equilibrium distributions 
of these elements at mantle conditions. 

equilibrated at pressures 3-5 GPa and temperatures 
950-1250 ~ C. The temperatures of equilibration at arbi- 
trary pressures of 3 and 4 GPa based on the algorithm 
of Ellis and Green (1979) are presented in Table 1. These 
temperatures were computed assuming all iron to be fer- 
rous, which is clearly not the case for SBB-7 and SRV-4, 
but should be a reasonable assumption for most of the 
other samples. The 4 GPa temperatures range from 968 
to 1123 ~ C, within the range reported for a larger suite 
of Bellsbank eclogites (Smyth and Caporuscio 1984). 
These temperatures are 300-500 ~ C below the dry soli- 
dus temperatures estimated to be between 1450 and 
1550 ~ C at this pressure (Shimizu 1980). Smyth and Ca- 
poruscio (1984) observed no meaningful general correla- 
tions between major-element compositions and equili- 
bration temperatures. The pressures of equilibration are 
difficult to estimate for the bimineralic samples, but 
McCormick and Smyth (1986) have reported that if kya- 
nite is present, internally consistent estimates of pressure 
may be obtained from the distribution of A1 between 
pyroxene and garnet by the method outlined by Banno 
(1974) and Lappin (1978). This method results in a K 
(equilibration constant) of 1.94 and 2.51 for samples 
SBB-2H and SRV-1 respectively. These pressure-sensi- 
tive curves intersect the temperature curves of Ellis and 
Green (1979) at 3.9 GPa and 1057 ~ C for SBB-2H and 
4.5 GPa at 1130 ~ C for SRV-1. 

Pyroxene/Garnet REE Ratios. Values of clinopyroxene 
REE concentrations/garnet REE concentrations are 
plotted against REE atomic numbers in Fig. 4. Values 
of La range from 1.5 to 31, Yb values 0.008-0.05. A 
similar range of values was reported by Philpotts et al. 
(1972) for a suite of Roberts Victor eclogites. The pat- 
terns show similarities consistent with a common mode 
of equilibration. All samples in Fig. 4 have similar 
slopes, at least for Nd through Lu. There is also a posi- 
tive correlation between major-element compositions of 
the samples and clinopyroxene/garnet REE ratios. High 
values correlate with Mg-rich samples, whereas low ra- 
tios belong to Ca-rich eclogites. The smoothness of the 
patterns and their placement in Fig. 4, together with the 
lack of significant major-element zoning and trace-ele- 
ment zoning in at least one sample, all suggest that the 
REE approach their equilibrium distributions between 
garnet and clinopyroxene in these samples. 

Primary accessory phases 

The primary phases kyanite, corundum, and coesite con- 
tain insignificant amounts of REE and therefore are not 
listed. Sanidine could not be analyzed, since at less than 
1 modal percent of the rock, an amount of this phase 
sufficient for INAA could not be separated. 

Discussion 

Equilibration conditions and mineral-mineral distributions 

Equilibration conditions. Major-element data obtained in 
previous studies of these rocks indicate that they have 

Clinopyroxene crystal chemistry. Chondrite-normalized 
REE patterns of the 11 clinopyroxene samples show that 
the 9 bimineralic eclogites exhibit smoothly decreasing 
trends from the LREE to the HREE, consistent with 
the expected slope of partition coefficients reported by 
Irving and Frey (1978) and Green and Pearson (1985). 
Samples exhibiting exsolution (SBB-2H, SBB-3H) are 
both Ca-, Al-rich clinopyroxenes and display marked 
MREE enrichments. Experimental partition-coefficient 
determinations for sodic pyroxenes crystallizing alone 
from a basaltic melt at three GPa reflect a similar MREE 
enrichment (e.g., sample D-A-30-73, Shimizu 1980). 

In order to evaluate the various crystal-chemical fac- 
tors controlling trace-element distributions in these 
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Fig. 4. a Plot ofclinopyroxene-garnet distribution ratios for various 
lanthanides. Peak near Nd occurs for samples with high grossular 
garnets. Lowest ratios occur for samples with high jadeite-content 
pyroxenes. SBB-2H(x), SBB-3H(A), SBB-7P(+), SBB-25(O), 
SBB-34(e), SBB-37(m). b Plot of clinopyroxene-garnet distribution 
ratios for various lanthanides. Peak near Nd occurs for samples 
with high grossular garnets. Lowest ratios occur for samples with 
high jadeite-content pyroxenes. SBB-39( x ), SBB-61 (A), SRV-1 (+), 
SRV-4(II0, XM-37(e) 

rocks, we have characterized the various cation sites 
available in these phases. Cation-site radii and optimal 
cation charges for the three cation sites in clinopyroxenes 
of various compositions are presented in Table 7. The 
site radius is taken as mean cation-oxygen distance min- 
us the 0.14 nm assumed radius for oxygen. The optimal 
cation charge Qopt was computed by linear regression 
from the empirical relationship between site potential 
and nominal cation charge: 

Qopt=P/ll.6 

where P is the site electrostatic potential in volts (Smyth 
and Bish 1988). Over the composition range represented 
in the current suite of clinopyroxenes, the M2-site radius 
varies by less than 3%, whereas the optimal cation 

charge for this site varies by about 22%. The radii and 
optimal charges of the pyroxene M1 site varies by similar 
factors in both radius and charge, but the Si sites vary 
by much smaller amounts. Since M2 is the only site 
that can accept appreciable REE, we expect to see an 
inverse correlation of total REE concentrations in py- 
roxene with Na content but relatively little variation with 
composition in qualitative fractionation patterns of py- 
roxene relative to coexisting garnet. 

Figure 5 which plots S REE* (sum of analyzed triva- 
lent REE) vs jadeite content, confirms these trends. The 
most sodic pyroxenes (Ca, Al-rich grospyditic pyrox- 
enes) have very high jadeite content and low S REE*. 
The correlation of increasing Ca in M2 (lessening of 
jadeite component) and increase of S REE* (X REE* = 
-0 .3  Jd+16.88) is very good for 9 of the 11 samples. 
The total REE concentration in sample SBB-7 P is not 
consistent with these trends and may be related to the 
sample's extreme Cr203 content (3.09 wt%). Shervais 
et al. (1988) suggest that the Cr-rich and olivine-bearing 
samples may have a different origin from the rest of 
the suite, being igneous cumulates from a kimberlitic 
liquid. In summary, there is substantial geochemical evi- 
dence to suggest that the S REE* concentration of eclo- 
gitic pyroxenes is dependent on charge-balance consider- 
ations involving the Na-bearing component jadeite. 

Garnet crystal chemistry. Chondrite-normalized REE 
patterns of the garnets are shown in Fig. 2. Substitution 
of the REE occurs in the 8-coordinated X cation site 
in garnet (Meagher 1980). For the samples of this study, 
concentrations of the REE appear to vary with the domi- 
nant divalent cation (Ca, Mg, Fe) in the X site (Smyth 
1984). Figure2 shows that pyrope-rich garnets are 
HREE enriched and similar to lherzolitic garnets in both 
trend and magnitude. However, Fe- and Ca-rich garnets 
do not appear similar to any previously reported igenous 
samples (Irving and Frey 1978). As with previous results 
for major elements, the observed REE patterns do not 
appear consistent with simple fractionation of garnet 
from a MORB-like liquid, but rather reflect re-equilibra- 
tion at temperatures substantially below the solidus and 
are controlled by the competing crystal chemistries of 
the garnet and pyroxene. 

In order to evaluate the crystal-chemical control on 
REE distributions in garnet, cation-site radii and opti- 
mal cation charges for the three cation sites in garnets 
of various compositions were calculated and are pre- 
sented in Table 8. In contrast to the clinopyroxenes in 
these rocks, the radius appeared to have greater effect 
than the site potentials. Over the composition range rep- 
resented in the current suite of garnets, the X-site radius 
varies by more than 10%, whereas the optimal cation 
charge for this site varies by only about 6%. The radii 
and optimal charges of the other garnet sites vary by 
much smaller amounts. Based on these values we expect 
that the total REE values for the garnets should not 
show much variation with composition, but that the op- 
timum radius might show significant variation. 

Figure 6 a shows chondrite-normalized La/Sm ratios 
(La/Sm,) vs percent grossular component in garnet. 
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Table 6. Recalculated whole-rock major  (wt%) and trace (ppm) element compositions for eclogites selected for REE analysis 

Sample SBB-2H SBB-3H SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61 SRV-I SRV-4 XM-37 

S i O  2 44.0 44.5 45.0 46.8 44.8 48.3 49.5 46.5 52.7 49.9 48.9 
TiO2 0.05 0.13 0.00 0.35 0.16 0.22 0.21 0.23 0.09 0.20 0.45 
A1203 29.0 19.6 14.4 17.3 18.0 14.9 12.3 19.7 21.4 7.81 18.3 
Cr203 0.03 0.09 5.33 0.17 0.13 0.21 0.12 0.07 0.07 0.17 0.00 
FeO 3.88 13.8 5.80 11.2 14.2 5.64 12.7 9.99 3.77 5.77 8.33 
MnO 0.09 0.23 0.49 0.30 0.91 0.26 0.94 0.22 0.08 0.14 0.23 
MgO 6.99 13.8 18.4 14.5 14.2 18.9 12.7 13.1 5.62 16.1 8.40 
CaO 12.5 7.26 9.72 7.53 7.20 10.3 9.46 8.75 11.8 19.3 11.8 
Na20  2.84 0.75 0.78 1.56 0.87 1.37 2.35 1.82 4.35 0.44 3.34 
K20  0.00 0.00 0.00 0.03 0.04 0.00 0.07 0.02 0.21 0.07 0.20 

Total 99.4 100.1 99.9 99.9 100.5 100.1 100.3 100.4 100.1 99.9 99.9 

Sc 14.1 36.9 90.2 38.2 59.4 58.5 29.5 35.2 9.05 67.7 18.8 
Rb 1.00 0.88 2.08 1.95 2.50 0.88 0.67 2.26 2.54 0.78 0.66 
Sr 17.8 40.0 98.8 28.8 78.9 164.0 120.0 90.8 150.9 56.2 413.0 
Zr 5.54 23.2 101.0 24.8 15.6 49.1 15.4 36.2 17.5 28.3 56.3 
Cs 0.22 0.19 0.34 0.11 0.16 0.16 0.83 0.54 0.27 0.07 0.18 
Ba 519.0 12.6 33.3 117.0 15.3 25.9 13.4 192.0 1670.0 19.7 25.3 

La 0.393 0.759 2.79 1.09 0.600 4.55 0.713 1.33 0.358 3.15 0.411 
Ce 0.821 1.68 9.32 3.00 1.98 15.7 2.59 3.07 0.991 9.62 1.66 
Nd 0.383 0.982 8.95 2.20 1.50 11.7 2.27 1.24 1.84 7.61 2.34 
Sm 0.096 0.263 2.57 0.804 0.634 2.74 0:717 1.23 0.828 1.91 1.50 
Eu 0.077 0.211 0.877 0.303 0.295 0.899 0.235 0.565 0.477 0.537 0.578 
Tb 0.050 0.249 0.341 0.182 0.259 0.492 0.165 0.343 0.076 0.235 0.304 
Dy 0.537 0.203 1.12 1.27 1.63 3.58 0.585 1.75 0.614 0.479 1.62 
Yb 0.241 2.19 0.587 1.20 3.73 3.76 1.32 1.19 0.207 0.594 0.912 
Lu 0.451 0.345 0.091 0.180 0.611 0.578 0.208 0.169 0.031 0.088 0.134 
Hf  0.193 0.095 0.811 0.744 0.800 1.30 0.498 0.737 0.819 0.314 1.68 

Table 7. Characteristics of cation sites in clinopyroxene 

Pyroxenes Diopside" CaTs b Jd6oDi2o Jadeite a 
HdvCEs13 c 

M2 Site 

Radius (pm) 109.8 106.0 107.7 106.9 
Potential (v) - 2 0 . 7 7  - 2 1 . 1 4  - 1 6 . 9 6  - 1 3 . 5 7  
Ideal Chg. 1.79 1.83 1.46 1.17 

M1 Site 

Radius (pm) 67.7 54.7 56.3 52.9 
Potential (v) - 2 7 . 8 6  -37 .45  - 33.79 - 37.43 
Ideal Chg. 2.41 3.23 2.92 3.23 

Si Site 

Radius (pm) 23.5 28.5 23.0 22.5 
Potential (v) -47 .67  -42 .58  -47 .81  - 4 8 . 1 7  
Ideal Chg. 4.12 3.68 4.13 4.16 

a Cameron et al. (1973); b Okamura et al. (1974); c McCormick 
(1986) 

High-Mg garnets (SBB-25) have La/Smn values of 0.6, 
indicating small enrichment of the MREE. As one pro- 
gresses to more Ca-rich garnets, one sees a systematic 
enrichment in the MREE concentrations. This is in 
agreement with how the REE patterns change in Fig. 2. 
Figure 6 b is a plot of Tb/Yb, ratios vs grossular compo- 
nent. In this diagram, Mg-rich samples are HREE en- 
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Fig. 5. A plot of total (analyzed) REE (ppm) (s  vs mole 
fraction of jadeite in clinopyroxenes. A strong trend of decreasing 
s  with increasing jadeite above 20 mol% is evident. All but 
two of the data points lie close to the linear regression line; 
SREE* = 16.9-30 Jd 

05 0.6 

riched and MREE depleted. As Ca increases in the X 
site there is a corresponding increase in the MREE rela- 
tive to the HREE. This is also in agreement with the 
analytical results (Fig. 2). Preferential partitioning of 
larger-radius MREE into grossular garnets can thus be 
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Table 8. Character is t ics  o f  ca t ion  sites in ga rne t  

Ga rne t s  Pyrope  a A l m a n -  GrssoPyrzs  Gros -  
dine" Alm2 z b sular  ~ 

X Site 
Radius (pro) 97.0 89.9 95.9 100.5 
Potential (V) -24.43 -23.88 -22.84 22.17 
Ideal Chg. 2.11 2.06 1.97 i .91 

U'3 
Y Site 

_.A 
Radius (pm) 48.7 49.6 49.5 52.4 
Potential (V) -38 .56  -38 .40  -38 .80  -38.18 
Ideal Chg. 3.33 3.32 3.35 3.30 

Z Site 
Radius (pm) 23.5 22.8 23.7 24.5 
Potential -47.51 -47.87 -47.81 47.75 
Ideal Chg. 4.10 4.13 4.13 4.12 a 

a Novak and Gibbs (1971); b Smyth and Bish (unpublished) 

attributed to cation-site radius controls (Caporuscio and 
Smyth 1986). However, sample SBB-2H falls significant- 
ly off the trend in Fig. 6b. The cause of this is not readily 
apparent but there may have been some grain-boundary 
contamination or the compositions may have been af- 
fected by metasomatism prior to equilibration. 

Whole-rock compositions 

Modal analyses of primary phases (Table 1) were used 
to compute estimated whole-rock compositions of both 
major and trace elements (Table 6). In major elements, 
the bimineralic samples roughly resemble mid oceanic 
ridge basalts, except that the eclogites have much lower 
YiO2 and K20  contents. The coesite grospydite (SRV-1) 
resembles an anorthosite in bulk composition, whereas 
the corundum grospydite (SBB-2H) is too high in alu- 
mina and too low in K to resemble any crustal rock. 
Interestingly, the apparent Ti and K depletion of the 
bimineralic samples may disappear if the secondary as- 
semblage is included. Also, the secondary assemblages 
of the grospydites and the bimineralic eclogites are dis- 
tinct in both mineralogy and composition even when 
they occur juxtaposed in the same rock (McCormick 
et al. 1989; McCormick and Smyth 1990). 

As outlined earlier, two major hypotheses for the 
origin of  chemical variation in these rocks have been 
offered and discussed by numerous authors. One holds 
that the grospydites are the result of subduction of  low- 
pressure plagioclase cumulates and the bimineralic sam- 
ples result from subduction of oceanic basalts and gab- 
bros. The other (Smyth et al. 1989) suggests that the 
grospydites may represent high-pressure igenous accu- 
mulations of  liquidus hyper-aluminous pyroxenes that 
have undergone subsolidus re-equilibration and exsolu- 
tion of kyanite and garnet. Whole-rock trace-element 
patterns computed from the current trace-element com- 
positions and modal analyses (Table 6) may be able to 
shed some light on this question. 
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Fig. 6. a A plot of normalized La/Sm ratios vs mole fraction grossu- 
lar of garnets. The trend observed suggests that MREE are ac- 
cepted preferentially to LREE as the Ca content increases the radi- 
us of the X-site of garnet. The anomaly for sample SBB-2H is 
consistent with a small amount of contamination by LREE-rich 
metasomatic fluids, possibly prior to equilibration, b A plot of 
normalized Tb/Yb ratios vs mole fraction grossular of garnets. 
The trend observed suggests that MREE are accepted preferentially 
to HREE as the Ca content increases the radius of the X-site 
of garnet. The anomalies for sample SBB-2H and 7P are consistent 
with a small amount of contamination by LREE-rich metasomatic 
fluids, possibly prior to equilibration 

From this and previous studies we expect both major 
and trace elements to fractionate from a liquid similarly 
so that both are controlled by the radius and electrostat- 
ic potential of the available cation sites in the crystal 
in a consistent and qualitatively predictable manner. 
That is, the partition coefficient should be a smooth 
function of both radius and charge and maxima in the 
partition function vs cation-radius curves (Onuma dia- 
grams) should correspond to specific crystallographic 
sites. We therefore expect the composition of  the liquid 
to affect the absolute values of  the partition functions, 
but to have little effect on the relative values of  different 
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Fig. 7. a Radius vs charge plot for various lithophile cations in 
four (italic), six, and eight (bold) coordination. Also shown are 
the eight-fold sites in garnet ( • ) (Table 10), clinopyroxene (A) (Ta- 
ble 9), and plagioctase (ll,). b Radius vs charge plot for cations 
in reconstructed whole-rock average grospydite (samples SRV-1 
and SBB-2H) with abundances ratioed to MORB KD-11 (Kay 
et aL 1970). Values are the numeric ratios for the elements identified 
in a with italic, normal, and boM type indicating 4, 6, and 8 coordin- 
ation respectively. The partition-function surface has been roughly 
contoured 

elements and thus on the radius-position of the parti- 
tion-function maxima. We assume that crystal defects 
which are typically present at concentrations much less 
than I ppm are insignificant. If  we then assume that 
the crystal-liquid partition function for any lithophile, 
homovalent cation, in major or trace concentration, is 
a single-valued function smooth in both radius and 
charge, we can construct a model based on optimal 
charge and radii of fractionating crystal sites, whereby 
we may be able to test the various hypotheses for the 
origin of these rocks. That is, the fractionation (accumu- 
lation) of plagioclase should be qualitatively distinguish- 
able from that of clinopyroxene. 

Figure 7 a is a plot of radius vs charge for various 

lithophile elements in 4, 6, and 8 coordination. We have 
also plotted in this figure the radii and optimal charges 
of the various sites in clinopyroxene (Diloo-DisoJdso) 
(Table 7), garnet (Pyrloo-Pyr2sAlma2Grsso) (Table 8), 
and anorthite (Anloo) (Smyth and Bish 1988). If  we as- 
sume that in this figure, the partition function for each 
mineral is a smooth contoured surface with maxima (ide- 
ally) at the optimal charges and radii indicated, we can 
predict, consistent with observation, that garnet will pre- 
ferentially fractionate HREE relative to LREE and that 
this will change to favor lighter REE with grossular con- 
tent. We can also see that clinopyroxenes will exhibit 
a slight MREE enrichment with an optimal radius equal 
to that of Eu 3 +, and that total REE concentrations will 
fall off with increasing Na-contents. We can also see 
that plagioclase fractionation should result in slight 
LREE enrichments. Europium anomalies are caused by 
the presence of Eu 2 + (radius 11.7 pm) and will be strong- 
ly controlled by oxygen fugacities. With or without 
Eu z +, clinopyroxene is expected to exhibit slight Eu en- 
richment, but Eu enrichment would be greater in both 
cases under reducing conditions. 

Figure 7b is a plot of the concentration of major 
and trace elements for the average of the two grospydites 
(samples SRV-1 and SBB-2H) relative to a typical 
MORB (KD-11 Kay et al. 1970). We can see that there 
is a maximum in the divalent cations at Ca and the 
trivalents at Eu. If  the fractionation surface is contoured, 
the maximum is rather close to the optimal charge and 
radius of  clinopyroxene M2 and less consistent with the 
radii of  the divalent sites of anorthite. This is particularly 
true if we consider the strong depletion of Sr which shifts 
the maximum toward the smaller radius of M2 of pyrox- 
ene and away from the larger divalent sites of anorthite. 
In summary, if the grospydites were derived by plagio- 
clase accumulation, we would expect to see a LREE 
enrichment, strong Eu anomaly, and slight Sr enrich- 
ment relative to a MORB-like liquid. Whereas, if they 
were derived by accumulation of a hyperaluminous cli- 
nopyroxene, we would expect them to show slight deple- 
tions in both light and heavy REE and slight enrich- 
ments in the middle REE including Eu, and slight deple- 
tion of Sr, which is approximately what is observed. 

Further, the two grospydites, one coesite-bearing the 
other corundum-bearing, have very similar patterns 
showing much lower concentration of total REE, similar 
MREE enrichments, Sr depletions, and Ba enrichments. 
Even though they differ markedly in K and Si contents, 
these trace element data indicate that the two formed 
by a similar process. 

We conclude therefore that both the trace-element 
patterns and major-element compositions of the grosp- 
ydites are more consistent with an origin by accumula- 
tion of liquidus pyroxene at high pressures than by sub- 
duction of low-pressure accumulations of plagioclase 
from MORB-like basaltic liquids. The strong enrichment 
of the very-large-ion lithophiles, Ba and Cs, is very evi- 
dent in this plot and is somewhat puzzling particularly 
in light of the Sr depletion. These features may be due 
to metasomatism that affected these samples possibly 
prior to equilibration, i.e., cryptic metasomatism. How- 
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ever, the Sr depletion and Ba- and Cs-enr ichment  are 
c o m m o n  to bo th  c o r u n d u m -  and coesite-bearing grospy-  
dites f rom different localities. 

Conclusions 

Concent ra t ions  o f  major  and lanthanide  trace elements 
have been determined for  garnet -c l inopyroxene pairs o f  
nine bimineralic eclogites and  two grospydites  f rom 
South  Afr ican kimberlites. Care was taken to avoid con-  
t amina t ion  by late-stage al terat ion products  and metaso-  
mat ic  phases. The observed da ta  are consistent  with ef- 
fective avoidance  o f  con tamina t ion  in all cases except, 
possibly in samples SBB-2H garnet  and SBB-7P. Major -  
and trace-element distr ibutions are consistent  with com-  
plete equil ibrat ion at pressures 3-5 G P a  and tempera-  
tures 950-1150 ~ C. Ion  mic roprobe  results indicate com-  
plete R E E  equil ibration and  identical composi t ions  o f  
two different generat ions o f  garnet :  lamellae and large 
crystals. A l though  samples have equil ibrated at different 
temperatures  and pressures, the observed trace-element 
distributions s trongly reflect systematic differences in ra- 
dii and electrostatic potentials  o f  the X site o f  garnet  
and the M2 site o f  c l inopyroxene over the compos i t ion  
range studied. 

Both  c o r u n d u m -  and coesite-bearing grospydites  
have similar R E E  concent ra t ions  consistent  with a simi- 
lar m o d e  o f  origin. Recons t ruc ted  whole- rock major -  
and trace-element concent ra t ions  are consistent  with a 
derivat ion o f  the grospydites  by a high-pressure igneous 
accumula t ion  o f  hypera luminous  pyroxene  f rom a 
MORB-l ike  liquid fol lowed by exsolut ion o f  ma jo r  
amoun t s  o f  garnet  and kyanite.  The lack o f  l igh t -REE 
enr ichment  in these rocks makes  it unlikely that  they 
were derived by prograde  m e t a m o r p h i s m  of  plagioclase- 
rich cumulates.  
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