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ABSTRACT 

Peridotite xenoliths from the Olmani cinder cone, northern Tanzania, possess distinctive mineralogical and chemical 
features interpreted to result from interaction of ultra-refractory peridotite residues with carbonatite melts. Chief among 
these are as follows: (1) The presence of unusually low AI20 3 clinopyroxene and the lack enstatite in refractory dunites 
(with olivines up to Fo94). (2) The presence of monazite and F-rich apatite in refractory harzburgite and wehrlite xenoliths, 
respectively. (3) LREE enrichment and strong Ti depletion relative to Eu in all but one peridotite. Ca/AI ratios of the 
clinopyroxene-bearing dunites are some of the highest ever measured for peridotites (up to 10.8, relative to chondritic 
Ca/AI of 1.1). In addition, Z r /Hf  and Ca/Sc ratios correlate positively, increasing with greater influence of carbonatite on 
the whole rock. (4) Clinopyroxene-bearing samples have a restricted range of isotopic compositions (eNd = + 3.1 to + 3.9, 
S7Sr/S6Sr = 0.7034 to 0.7035), whereas the monazite-bearing harzburgite has lower end (+0.8) at similar SVSr/~6Sr. The 
isotopic compositions of the former are similar to young, isotopically primitive east African carbonatites and basalts, 
suggesting the metasomatism occurred recently and that the carbonatites responsible for the metasomatism were ultimately 
derived from the asthenosphere. 

Inferred trace element signatures of carbonatite melts responsible for modal metasomatism of these and other 
peridotites include: high La/Yb, Nb/La and Ca/AI, very high Z r / H f  and very low Ti/Eu;  features similar to those of 
erupted carbonatites and consistent with partition coefficients for silicates in equilibrium with carbonatite melts. These trace 
element systematics are used to illustrate that many LREE-enriched spinel peridotite xenoliths may have been affected by 
addition of very small amounts (~< 2%) of carbonatite. Such metasomatism will have small effects on major element 
compositions of peridotites (e.g., Mg#, Ca/AI) relative to their trace element compositions. Whereas most LREE-enriched 
peridotites from the literature can be modeled as mixtures between carbonatite and refractory peridotite, the modally ' 
metasomatized Olmani peridotites and SE Australian wehrlites require an open-system style of metasomatism, perhaps due 
to higher proportior/s of carbonatite melt. 

1. Introduction 

C a r b o n a t i t e  m e l t s  h a v e  ve ry  low viscos i t ies  [1] 

a n d  m a y  be  e f f ec t ive  a g e n t s  for  t r a n s p o r t i n g  in- 

c o m p a t i b l e  t r a ce  e l e m e n t s  in t h e  u p p e r  m a n t l e  

[2,3]. U n t i l  r e c e n t l y  [4,5], h o w e v e r ,  t he i r  i n t e r ac -  

t ion  p r o d u c t s  w i th  p e r i d o t i t e s  h a v e  r e m a i n e d  

la rge ly  u n d o c u m e n t e d .  I t  is thus  u n c e r t a i n  (1) 

w h a t  t he  t r ace  e l e m e n t  s i g n a t u r e s  o f  m a n t l e - d e -  

r ived  c a r b o n a t i t e s  a r e  and  (2) h o w  i m p o r t a n t  

c a r b o n a t i t e s  a r e  in c o n t r o l l i n g  the  i n c o m p a t i b l e  
t r a ce  e l e m e n t  b u d g e t  in t h e  l i t h o s p h e r i c  m a n t l e .  

H e r e  we  d e s c r i b e  r e f r a c t o r y  p e r i d o t i t e  x e n o -  

l i ths  f r o m  the  O l m a n i  c i n d e r  cone ,  n o r t h e r n  T a n -  

zania ,  t ha t  a p p e a r  to  be  p r o d u c t s  o f  m u l t i p l e  

i n t e r a c t i o n  o f  a s t h e n o s p h e r i c - d e r i v e d  c a r b o n a t i t e  

m e l t s  w i th  u l t r a - r e f r a c t o r y  l i t h o s p h e r i c  res idues .  

Th i s  i n t e r a c t i o n  has  r e s u l t e d  in d i s t inc t ive  m i n e r -  

a log ica l  a n d  t r ace  e l e m e n t  s i g n a t u r e s  as wel l  as 

u n i f o r m  i so top ic  c o m p o s i t i o n s  in t he  pe r ido t i t e s .  

T h e  c h e m i c a l  d a t a  a r e  u s e d  to in fe r  t he  t r ace  

e l e m e n t  s i gna tu r e s  o f  m a n t l e - d e r i v e d  ca rbon -  

a t i t es  and  to  e v a l u a t e  t h e  ove ra l l  i m p o r t a n c e  o f  

c a r b o n a t i t e  m e t a s o m a t i s m  in t he  l i t h o s p h e r i c  
m a n t l e .  

2. Geology and samples 

T h e  O l m a n i  c i n d e r  c o n e  is p a r t  o f  t he  N e o -  

g e n e  v o l c a n i s m  a s soc i a t ed  wi th  t he  s o u t h e r n  e n d  

0012-821X/93/$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved 



464 R . L .  R U D N I C K  E T  A L .  

Clinopyroxene Compositions 
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Fig. 1. MgO versus AlzO 3 for Olmani clinopyroxenes com- 
pared with those from spinel and garnet peridotites. Olmani 

data from [8], data for fields from literature. 

of the Gregory Rift Valley. These volcanics are 
comprised of basa l t -phonol i te-nephel in i te  lavas 
and, at some of the younger centers, carbonatite 
[6]. The Olmani cone is an ankaramite, similar in 
composition to the nearby Lashaine cinder cone 
and carries a variety of spinel-bearing peridotites 
[7,81. 

Separate suites of Olmani peridotites have 
been described by Jones et al. [7] and Rudnick et 
al. [8]. The latter, which form the basis of the 
current study, consist of dunites (5 in total), one 
wehrlite and one harzburgite. In comparison, the 
suite of Jones et al. consists mainly of harzbur- 
gites (7) and dunites (6); they also describe two 
lherzolites and a single wehrlite. The Olmani 
peridotites are fresh and have coarse-equant to 
mosaic porphyroclastic textures. A striking fea- 
ture of all of the dunites is the presence of 
clinopyroxene and absence of enstatite. Most Ol- 
mani peridotites are extremely refractory, con- 

taining chromites (Cr#  = 100R/(Cr  + AI) = 80 to 
90) and highly magnesian olivines (Fo = 
100g/(Mg + Fe) = 93 to 94) [7,8]. Exceptions are 
two Fe-rich clinopyroxene-bearing dunites from 
our collection that have Fo = 88 and 91, one of 
which, 89-778, is also unique in its trace element 
composition, described below. Clinopyroxenes are 
chrome diopsides with low AI contents compared 
with those from other spinel or garnet peridotite 
xenoliths (Fig. 1) [8]. The Olmani peridotites are 
generally free of hydrous phases, but contain 
variable amounts of alkali- and phosphorus-rich 
glass that may have formed by partial melting of 
apatite and hydrous phases in the presence of 
CO2-rich fluids [7]. In several dunites clinopyrox- 
ene is concentrated within patches or along veins, 
and it commonly rims chromite. In the wehrlite, 
fluorine-rich apatite occurs as elongate, euhedral 
crystals that cross-cut vugs that also contain 
minute euhedral olivines, larger clinopyroxenes 
and a milky yellow, vesicular material (glass) that 
exhibits desiccation-like cracks (Fig. 2A and [8]). 
The single harzburgite from our suite is free of 
clinopyroxene and contains monazite. The mon- 
azite (10 wt.% ThO, 25% LaO) occurs as oval 
inclusions within olivine (Fo94) near a grain 
boundary with enstatite (Fig. 2B). This is the first 
reported occurrence of monazite in a peridotite. 

3. Analytical techniques 

Major and trace element analyses are given in 
Table 1. Major and some trace element concen- 
trations (V, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr) were 
determined by XRF [9,10]. Na20,  Sc, Co, Cr and 
Ba were determined by INAA [11]. The remain- 

Fig. 2. (A) SEM image of vug in Olmani wehrlite (89-777) containing elongate apatite, clinopyroxene, euhedral olivine and cracked 
glass coating. (B) Plane polarized photomicrograph of monazite inclusions within olivine of Fo94 composition, near grain boundary 

with enstatite in Olmani harzburgite (89-773). 
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TABLE 1 

Major (wt.%) and trace element (ppm) concentrations of Olmani peridotite xenoliths 

Sample 89-772 89-773 89-774 89-776 89-777 89-778 89-780 

Rock type dunite harz dunite dunite wehrlite dunite dunite 
Modal O1 96.5 82.0 99.1 96.4 91.9 98.2 97.6 
Mg # O1 88 94 93 94 90-94 91 94 

SiO 2 40.60 44.01 41.30 41.79 41.35 41.03 41.47 

TiO 2 0.02 0.01 0.00 0.02 0.05 0.05 0.03 
AI20  3 0.11 0.39 0.10 0.09 0.17 0.22 0.12 
FeOt 12.47 5.97 6.26 5.87 8.52 8.85 6.72 

MnO 0.15 0.08 0.08 0.09 0.16 0.11 0.10 
MgO 46.06 49.12 51.88 51.65 48.20 49.69 50.98 
CaO 0.66 0.11 0.16 0.58 1.36 0.28 0.48 

N a 2 0  * 0.053 0.025 0.032 0.054 0.069 0.016 0.034 

K 2 ° - 0.03 0.02 - - 0.01 0.01 

P205 - 0.01 0.05 0.01 0.18 0.01 
S - 0.01 0.01 0.01 0.02 0.02 

Total 100.24 99.88 100.01 100.3 100.22 100.34 100.12 
Mg # 86.8 93.6 93.7 94.0 91.0 90.9 93.1 
C a / A I  8.10 0.38 2.16 8.69 10.8 1.71 5.40 

Sc * 4.9 4.1 1.6 1.7 2.9 3.3 2.1 

V 11 16 7 7 14 6 8 
Cr * 940 2500 1890 1920 2420 640 2020 
Co * 180 112 128 120 121 200 123 

Ni 3770 2480 2810 2890 2540 3930 2790 
Cu 19 2 - 2 10 4 
Zn 89 39 40 44 90 64 55 

Ga 0.4 0.3 0.2 0.2 0.6 0.5 0.6 
Rb SSMS 0.3 5.0 0.9 0.2 0.4 1.3 1.2 

Rb XRF 0.1 3.9 0.7 0.1 0.1 0.7 1.4 
Sr SSMS 10.8 17 6.8 9.9 32.7 43.8 12.8 

Sr XRF 7.7 15.6 5.1 8.3 29.5 32.5 12.6 
Y SSMS 0.50 0.39 0.30 0.68 3.10 0.47 0.81 
Y XRF 0.4 0.4 0.2 0.7 2.3 0.5 0.7 

Zr SSMS 1.3 1.0 0.9 7.9 13.4 4.1 6.1 
Zr XRF 1.2 0.7 0.8 7.4 10.5 3.0 6.6 

Nb 0.7 1.5 1.2 1.1 1.8 2.5 1.2 
Ba 4.0 110 7.0 3.2 6.2 29.0 17.3 
Ba * 10 116 10 - 10 30 20 

Cs 0.005 0.009 0.012 0.007 0.007 0.015 0.008 
La 0.36 7.39 0.13 0.40 3.45 1.09 0.43 
Ce 1.39 9.70 0.47 1.35 10.1 1.90 1.72 

Pr 0.17 0.73 0.056 0.20 1.51 0.19 0.25 
Nd 0.68 2.01 0.20 0.89 6.91 0.64 1.12 
Sm 0.13 0.19 0.041 0.21 1.31 0.099 0.27 
Eu 0.036 0.043 0.012 0.063 0.35 0.023 0.079 

Gd 0.09 0.11 0.038 0.16 0.87 0.061 0.21 
Tb 0.015 0.006 0.024 0.105 0.008 
Dy 0.092 0.153 0.191 

Ho 0.018 0.017 0.008 0.030 0.085 0.013 0.034 
Er  0.040 0.04 - 0.058 0.132 0.036 0.078 

Yb 0.034 0.04 * - 0.043 0.065 - 0.048 
Hf 0.029 0.040 0.021 0.076 0.135 0.078 0.091 
W 0.07 0.08 0.05 0.08 0.05 0.06 0.07 
Th 0.03 1.56 - 0.022 0.056 0.108 0.021 
U - 0.055 0.105 0.010 0.046 0.022 - 
Z r / H f  44.8 25.0 42.9 103.9 99.3 52.6 67.0 

* Data  from INAA, - = below detection limits, SSMS = spark source mass spectrometry, XRF = X-ray fluorescence. 
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ing trace elements (plus additional analyses of  
Rb, Sr, Y, Zr  and Ba) were analyzed by MS7 
spark-source mass spectrometry [8]. Improved  
resolution in the MS7 has allowed the deconvolu- 
tion of  Mg- a n d / o r  C-based molecular  interfer- 
ences from certain isotopes (i.e., 89y, 93Nb ' 133Cs). 
These interferences are only significant in sam- 
ples with low concentrat ions of  these elements,  
such as the peridotites reported here. Accuracy,  
as de termined by replicate analyses of  interna- 
tional standards, is bet ter  than 10%; precision is 
generally bet ter  than 5%. 

Sr and Nd isotopic analyses for clinopyroxene 
separates and whole rocks are given in Table 2. 
Clinopyroxenes were hand picked to optical pu- 
rity then acid leached. Procedures  for leaching 
and isotopic measurements  are given in [12]. 

4. Chemical and isotopic compositions 

Major and trace e lement  composit ions of  the 
Olmani  peridoti tes reflect refractory residues en- 
riched in CaO and incompatible trace elements 
(Table 1). MgO and Ni concentra t ions  are high 
and SiOe, A120 3, FeO  and TiO 2 contents  are low 
compared  with o ther  spinel peridoti te xenoliths 
f rom alkali basalts [9]. For  all but  the harzburgite,  
CaO concentra t ions  are markedly higher than 
other  peridotites of  similar MgO contents,  re- 
flecting the abundance  of  cl inopyroxene in these 
otherwise depleted samples. Ca /A1  ratios are 
thus high (1.75 to 10.8) relative to the primitive 
mantle  value of  1.1 [13] or the median spinel 
peridoti te value of  1.35 [14]. The  harzburgite  also 
has high MgO and Ni contents,  but  low CaO and 
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Fig. 3. REE and mantle-normalized trace element patterns 
for Olmani clinopyroxene-bearing dunites. Ordinary chondrite 

values from [41], and mantle normalizing values from [17]. 

Ca /A1,  reflecting its ul t ra-depleted character  and 
lack of  clinopyroxene. 

All samples are enriched in L R E E  with the 
nature and degree of  enr ichment  reflecting the 
m o d a l  m i n e r a l o g y .  C l i n o p y r o x e n e - b e a r i n g  
dunites, except for 89-778, exhibit a distinctive 
concave downward pat tern  in the lightest R E E  
(i.e., La n < Ce n) (Fig. 3). The  overall abundance  
of  the R E E  in these dunites correlate roughly 
with their Ca /A1  ratios (hence clinopyroxene 
content);  samples with lowest C a / A 1  have the 
lowest R E E  abundances.  The apati te-bearing 
wehrlite (89-777) has high R E E  concentrat ions 
and, compared  with the dunites, has a less con- 

TABLE 2 

Sr and Nd isotopic compositions of Olmani peridotites 

Rb Sr 87Rb/ S7Sr/ 2o- Nd Sm 147Sm/ 143Nd/ 2o- eNd 
(ppm) (ppm) 868r 86Sr (ppm) (ppm) 144Nd 144Nd 

89-772 cpx 0.096 145.7 0 .0019 0.70340 2 0.512822 20 3.6 
89-773 wr 15.0 0.703811 15 2.035 0.207 0 .0615 0.512680 16 0.8 
89-774 cpx 0.554 127.5 0 .0126 0.70347 1 13.97 0.512805 20 3.3 
89-777 wr 28.2 0.703502 18 6.412 0.512840 12 3.9 

cpx 0.068 360.5 0 .0005 0.703468 17 59.01 15.55 0 .1593  0.512798 10 3.1 
89-778 cpx 70.9 0.703875 16 5.039 0.512811 14 3.4 

cpx = clinopyroxene separate, wr = whole rock. Value for repeat analyses of NBS987 is 0.710229+_ 16, for n-Nd-1 is 0.512178+_8 
and for BCR-1 is 0.512649+_ 10. Errors reported as 2o-. 
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Fig. 5. REE  and mantle-normalized trace element patterns 
for Olmani clinopyroxene-bearing dunite 89-778. 

cave LREE pattern (Fig. 4). We believe this 
reflects the influence of apatite, in addition to 
clinopyroxene, on the bulk rock composition. The 
monazite-bearing harzburgite (89-773) shows ex- 
treme fractionation of light to heavy REE 
( (La/Yb)  N = 130) and strong enrichment of the 
REE (Fig. 4) and Th relative to other incompati- 
ble trace elements. These features reflect the 
influence of monazite on the whole rock composi- 
tion. 

On mantle-normalized diagrams, high field 
strength elements (HFSE) show variable deple- 
tions or enrichments relative to the REE (Figs. 3 
and 4) (with 89-778 again an exception, Fig. 5). Ti 
is depleted relative to Eu in all samples, whereas 
Zr and Hf may or may not be depleted compared 
with Sm. Nb is enriched compared to La in all 
dunites, but is depleted relative to La in the 
phosphate-bearing peridotites. Z r / H f  ratios vary 
from near chondritic (38) to very high values (up 
to 100), correlating with both Zr abundance and 
Ca /Sc  ratio (Fig. 6). 

Ratios of Zr /Hf ,  Y / H o  and N b / T a  are be- 
lieved to be chondritic in basalts, komatiites and 
peridotites from the Earth [15,16,17]. This is be- 
cause both elements (numerator and denomina- 
tor) show similar geochemical behavior as a result 
of their nearly identical ionic radii and charge. 
Thus, most geochemists are cautious about ac- 

cepting reports of marked fractionation in these 
element pairs. (There is evidence for Z r / H f  and 
N b / T a  fractionation in lunar rocks, although the 
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cause of this variation remains unclear; see 
Jochum et al [15].) The Olmani peridotites exhibit 
a wide range of Z r / H f  ratios, which is beyond 
analytical uncertainties. In contrast, Y / H o  ratios 
in the Olmani samples do not differ significantly 
from the chondritic value (Table 1), as is true for 
a large number of peridotites [14,16]. As of yet, 
we have no data of N b / T a  ratio in the Olmani 
peridotites. Large variations in Z r / H f  and N b / T a  
ratios in peridotites from the literature [14], may 
in part reflect errors in the analyses at these low 
concentrations. However it is possible that some 
of this variation is due to mantle processes. Re- 
cently, Dupuy et al. [18] have highlighted frac- 
tionated Z r / H f  ratios in intraplate basalts and 
carbonatites. 

There is marked homogeneity in the Sr and 
Nd isotopic compositions of the clinopyroxene- 
bearing Olmani peridotites, falling within the 
range S7Sr/S6Sr = 0.70340 to 0.70350 (excluding 
89-778) and end = + 3.1 to + 3.9 (Table 2). Such 
homogeneity contrasts with the large ~7Sr/86Sr 
and eNd ranges often found in peridotite xeno- 
liths from a single vent [e.g. 12,19]. The 
monazite-bearing harzburgite has similar 87Sr/ 
86Sr but significantly lower end compared to the 
clinopyroxene-bearing Olmani peridotites. Re- 
cent basalts and carbonatites from east Africa 
define two subparal[el fields on the Sr versus Nd 
isotope plot (Fig. 7) (the significance of the sepa- 
ration between these two rock types is, as of yet, 
not understood). The clinopyroxene-bearing peri- 
dotites fall near the boundary of these fields at 
ENd = +3,  whereas the monazite-bearing harz- 
burgite falls at lower ENd values, well within the 
carbonatite field. 

Clinopyroxene-bearing dunite 89-778 exhibits 
several unique chemical features: it has a lower 
Mg# than the majority of the dunites, it does not 
show the concave-downwards pattern in the 
LREE (typical of the other dunites), HFSE are 
not fractionated relative to the REE in this sam- 
ple and it has a slightly higher 87Sr/86Sr com- 
pared with the other samples (Figs. 5 and 7). In 
addition, the clinopyroxenes in this sample have 
considerably higher Ti and AI and lower Na20  
than those in the other dunites [8]. The mineral- 
ogy of 89-778 and its high Z r / H f  and Ca /Sc  
ratios are the only features it shares with the 
other dunites. Because of the inherent differ- 
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(T= 0) compared with fields of Cretaceous-Tertiary east 
African carbonatites [28,42] and Quaternary-Tertiary alkali 
basalts [43-47]. Inset shows isotopic data for mineral sepa- 
rates from Lashaine peridotites ([19] and McDonough, unpub- 

lished data). 

ences of this sample, it will not be included in the 
following discussion on the origin of the clinopy- 
roxene-bearing peridotites. This sample may have 
originated as the others, but subsequently inter- 
acted with a silicate melt. 

5. Discussion 

We envisage the Olmani peridotites to be the 
products of interaction of carbonatite melts with 
ultra-refractory residues. The latter may have 
been formed by extraction of large degree partial 
melts (e.g., komatiites) or by several stages of 
melting of a primitive mantle composition, leav- 
ing behind clinopyroxene-free harzburgites and 
dunites with high Mg numbers [8]. The timing of 
this depletion is unknown. These residues were 
subsequently modified by exchange and interac- 
tion with carbonatite melts, to produce their dis- 
tinctive mineralogy and chemistry. 

5.1 The case for carbonatite metasomatism 

The similarity in Sr and Nd isotopic composi- 
tions of the clinopyroxene-bearing Olmani peri- 
dotites suggests that they recently equilibrated 
with a single magma or several closely related 
magmas. The presence of clinopyroxene and ab- 
sence of enstatite in otherwise refractory dunites 
suggest that the clinopyroxene is a secondary 
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mineral formed at the expense of primary en- 
statite [4]. The low AI and high Mg#  of these 
clinopyroxenes relative to those in other metaso- 
matized peridotites suggests that the melt respon- 
sible for their crystallization carried little Fe or 
AI. Silicate melt metasomatism associated with 
pyroxenite veins is characterized by Fe-enrich- 
ment and a general addition of AI, Ca, and Ti 
[20,21]. In the Olmani clinopyroxene-bearing 
peridotites the only major element added in sig- 
nificant quantities as a result of the metasoma- 
tism is Ca. This melt also carried significant phos- 
phorus and REE, as evidenced by the inter- 
growth of apatite and clinopyroxene. The above 
features are consistent with carbonatite melt 
metasomatism [2]. 

Apatite mineral chemistry is also consistent 
with carbonatite metasomatism having occurred 
in these peridotites. Recent partitioning data for 
apatite in equilibrium with carbonate melt show 
that F is partitioned into apatite (K D ~ 1.1) 
whereas CI is not (K D ~ 0.1) [22]. If erupted 
carbonatites are used as analogs to primary car- 
bonatite melts from the mantle, then their F/C1 
ratios of ~ 1.0 to >> 1 [23] indicate that apatites 
precipitated from carbonatite melts will be F-rich 
and Cl-poor. This is true for apatites in erupted 
carbonatites [24] and also in the Olmani peri- 
dotites [8]. 

Monazite in the Olmani harzburgite is also 
best explained as being produced by carbonatite 
metasomatism. However in this case the lack of 
Ca in the resultant metasomatized peridotite (i.e. 
absence of clinopyroxene and formation of mon- 
azite rather than apatite) suggests that the car- 
bonatite was magnesitic. The reaction enstatite + 
magnesite = magnesian olivine ÷ CO 2 [25] and 
the presence of monazite in Fo94 olivine near a 
grain boundary with enstatite (Fig. 2) are consis- 
tent with monazite precipitation from a magne- 
site carbonatite melt as the melt reacted with the 
enstatite to form olivine. This, coupled with the 
distinctive isotopic composition of this sample 
relative to the other Olmani peridotites, suggests 
that at least two episodes of carbonatite metaso- 
matism occurred beneath Olmani. 

5.2 Chemical characteristics of the carbonatite 

The R EE compositions of these peridotites do 
not directly reflect the composition of the meta- 

somatizing melt if metasomatism occurred in an 
open system. The distinctive concave-downward 
LREE pattern of the clinopyroxene-bearing 
dunites suggests that it was open-system. How- 
ever, the carbonatite melt composition can be 
calculated using relevant partition coefficients 
[26,27] and the peridotites' modal mineralogies 
[8]. Since there are no partition coefficients avail- 
able for apatite or monazite in equilibrium with 
carbonatitic melts, our discussion is limited to the 
phosphate-flee peridotites. In these samples, 
clinopyroxene will be the main host of the REE 
and the bulk partition coefficient can be calcu- 
lated from the modal abundances. Our calcula- 
tions indicate that the coexisting melt was 
LREE-enriched with Ce equal to 250-600 times 
chondrite and Yb equal to 8-15 times chondrite, 
similar to a number of erupted east African car- 
bonatites [28]. In contrast, Ba and Cs concentra- 
tions in the coexisting melt calculated in a similar 
fashion are much higher than those found in 
carbonatite melts (13,000-83,000 ppm Ba and 
90-150 ppm Cs compared with < 3500 ppm Ba 
and < 7 ppm Cs in carbonatites [28]). This may 
indicate that significant alkali elements are con- 
centrated on grain boundaries [e.g., 29]. 

The distinctive HFSE fractionations relative to 
the REE in the Olmani peridotites may reflect 
the chemical characteristics of the carbonatites 
a n d / o r  the partitioning behavior of HFSE be- 
tween carbonatite melt and the reaction products 
of carbonatite metasomatism (clinopyroxene and 
phosphates). HFSE depletions in both phos- 
phate-bearing samples reflect the preferential 
partitioning of REE over HFSE into the phos- 
phates. In the phosphate-free samples the HFSE 
patterns probably reflect both clinopyroxene-melt 
partitioning and the characteristics of the metaso- 
matizing melt. Partition coefficients for Ti in 
clinopyroxene in equilibrium with basaltic melts 
are slightly lower than for Eu [30]. In contrast, Ti 
partition coefficients for clinopyroxene in equilib- 
rium with carbonatitic magmas show the opposite 
behavior relative to Eu, i.e., Ti enters the clinopy- 
roxene in preference to Eu [31]. Thus, if the 
liquid from which the Olmani clinopyroxenes pre- 
cipitated was carbonatite, it had and even greater 
Ti depletion relative to Eu than currently exhib- 
ited by the Olmani peridotites. 

Strong Zr, Hf and Ti depletions and Nb en- 
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richments relative to the REE, and high Z r / H f  
ratios, are characteristic of many erupted carbon- 
atites [18,28]. In addition, experimental partition- 
ing studies demonstrate that primary carbonatites 
will be depleted in Ti relative to the middle REE 
[31,32]. It is therefore likely that these HFSE 
fractionation patterns in the peridotites reflect 
the characteristics of the metasomatizing carbon- 
atite melt. The progressive increase of Z r / H f  
with Ca /Sc  in the Olmani peridotites (Fig. 6) 
reflects increasing influence of the carbonatite 
melt on the whole rock chemistry. This melt was 
strongly LREE-enriched, had low T i /Eu ,  high 
Nb /La ,  C a /S c  and very high Z r / H f .  

The H F S E / R E E  fractionations observed in 
carbonatites are generally attributed to late-stage 
crystal fractionation [28]. Their  presence in the 
Olmani peridotites suggests that if they are in- 
deed due to crystal fractionation, then this frac- 
tionation occurred within the mantle beneath 
northern Tanzania (requiring the precipitation of 
a HFSE-bearing, REE-poor  phase). Alterna- 
tively, recent partitioning data for silicate miner- 
als in equilibrium with carbonatite melt indicate 
that the H F S E / R E E  fractionations observed here 
(i.e., Ti depletion relative to Eu and Zr depletion 
relative to Sm) may be produced by residual 
garnet, clinopyroxene a n d / o r  amphibole in the 
source of carbonatite magmas [27,31,32]. In addi- 
tion, higher partition coefficients for Ta com- 
pared with Nb for silicates in equilibrium with 
carbonatite melt increase the N b / T a  ratios in the 
carbonatite relative to chondrite or primitive 
mantle [27,32]. A similar effect may explain the 
fractionation of Zr from Hf observed here. 

5.3 Timing of metasomatism and source of the 
carbonatite 

As demonstrated above, the REE budget of 
the Olmani peridotites is dominated by the car- 
bonatite component. Thus their present Nd iso- 
topic compositions reflect that of the carbonatite 
melt and the time since metasomatism. The Ol- 
mani peridotites are all strongly LREE-enriched, 
some extremely so. Their Nd isotopic composi- 
tions will therefore be retarded relative to a 
chondritic mantle with time. The similarity of Nd 
isotopic compositions between the clinopyroxene- 
bearing peridotites and some of the more isotopi- 

cally primitive east African carbonatites and 
basalts (Fig. 7) suggests that the metasomatism in 
these samples was associated with this Tertiary to 
Recent volcanism. The unequilibrated textures of 
many of the peridotites (e.g., clinopyroxene- and 
apatite-filled veins, Fig. 2) lend support to this. In 
contrast, the lower end of the monazite-bearing 
harzburgite may indicate recent metasomatism by 
a carbonatite derived from a different source, 
similar to that for some of the more isotopically 
evolved east African carbonatites (Fig. 7). 

These isotopic compositions may be used to 
make inferences on the source of the carbonatite. 
If the carbonatite melts were generated in the 
lithospheric mantle, their Nd isotopic composi- 
tions (and the composition of the metasomatized 
peridotites) should represent the average isotopic 
composition of that mantle source. LREE enrich- 
ment is ubiquitous in the east African litho- 
spheric mantle; peridotites from the nearby 
Lashaine cinder cone are all LREE-enriched 
([33]; Rudnick et al., unpubl, data) and have 
variably evolved Nd and Sr isotopic compositions 
of end = +3 to --22 and 87Sr/S6Sr = 0.7047 to 
0.8360 ([19]; McDonough, unpubl, data). None of 
these samples plot in the upper left quadrant of 
the 87Sr/86Sr vs. ENd diagram (Fig. 7). The uni- 
form isotopic compositions of the Olmani 
clinopyroxene-bearing peridotitcs at end = +3 
and 87Sr/86Sr = 0.7035, coupled with the absence 
of samples from the east African mantle with Nd 
values greater than + 3, is evidence in support of 
an asthenospheric origin for the carbonatite re- 
sponsible for the metasomatism. Two alternatives 
are therefore viable: (1) the carbonatite was gen- 
erated by melting lithosphere that had become 
recently carbonated (and completely overprinted 
in incompatible elements) by asthenosphere-de- 
rived intraplate melts [e.g., 5, 34] or (2) the car- 
bonatites themselves originated in the astheno- 
sphere either as discrete melts or possibly ex- 
solved from silica undersaturated intraplate mag- 
mas [e.g., 35]. 

5.4 Comparison with other areas 

Yaxley et al. [4] describe peridotite xenoliths 
from southeast Australia that they interpreted as 
having interacted with carbonatite melts. There 
are both similarities and differences between the 
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Olmani and Australian examples. In addition to 
clinopyroxene and apatite, pargasitic amphibole 
is associated with the metasomatism in the Aus- 
tralian case, and clinopyroxenes are rich in Na 
compared with the Olmani examples. These fea- 
tures suggest that the carbonatite responsible for 
metasomatism in the SE Australian mantle was 
hydrous and considerably more sodic than in the 
Olmani example. This illustrates that there are 
probably a spectrum of carbonatite melt composi- 
tions, which vary with pressure and temperature 
of melting and the composition of the source 
from which they were derived. In addition, the 
peridotite protoliths in Australia are not as de- 
pleted as are the Olmani peridotites, leading to 
higher Mg numbers and more extreme Ca /AI  
ratios in the latter. Features common to both 
peridotite suites include elevated Ca /AI  ratios 
relative to both primitive mantle or average spinel 
peridotites and extreme enrichments in REE and 
Nb, and relative depletion in Ti, Zr and Hf. Both 
suites also exhibit isotopic compositions similar to 
young volcanic activity in their respective areas. 

In addition to the above study, peridotite xeno- 
liths from Algeria and the Eifel, Germany, are 
interpreted to have experienced carbonatite 
metasomatism. Dautria et al. [5] describe dunites 
and harzburgites that contain Cr diopside-rich 
aggregates surrounding spinels that they interpret 
to have crystallized by reaction of carbonatitic 
liquids with harzburgites and dunites. Thibault et 
al. [34] suggested a similar interpretation for 
xenoliths from Gees crater, the Eifel, on the basis 
of increasing clinopyroxene contents in lherzo- 
lites and wehrlites at uniformly high Mg#.  

5.5 The importance of carbonatite metasomatism 

The recognition of carbonatite metasomatism 
in four regions of the lithospheric mantle with 
widely differing geologic histories leads to the 
question of how widespread such metasomatism 
may be. Baker and Wyllie [3] have recently sug- 
gested that carbonatite metasomatism may be 
responsible for the commonly observed LREE 
enrichment of refractory peridotites (i.e., carbon- 
ate melt may be component 'B' of Frey and 
Green [36]). They showed that addition of very 
small amounts of carbonatite melt will have a 

dramatic effect on both P2Os/TiO2 and LREE 
enrichment in peridotitic residues. 

This study and that of Yaxley et al. [35] have 
documented geochemical features characteristic 
of mantle-derived carbonatite melts. These in- 
clude high La /Yb ,  very high Z r / H f ,  very low 
T i / E u  and, of course, high Ca/A1. Although 
none of these features are individually unique to 
carbonatites (save, perhaps high Z r / H f ,  for which 
very few quality peridotite data are available in 
the literature), taken in concert, they provide a 
set of criteria which can be used to test the 
importance of carbonatite metasomatism in the 
upper mantle. 

The geochemical signature imparted to a peri- 
dotite by a carbonatite melt will depend upon 
whether the metasomatism is accomplished by 
closed-system addition of carbonatite into peri- 
dotite, or by open-system reaction between car- 
bonatite melt and peridotite. The former would 
impart carbonatite composition in relation to the 
proportion of melt added, and is easily modeled 
by bulk mixing. In contrast, the latter is more 
difficult to quantify as it depends upon the 
amount and nature of the phases formed during 
the metasomatism and the partition coefficients 
for trace elements between these phases and 
carbonatite melt. Bulk mixing has been advocated 
as likely on the basis of decarbonation reactions 
that occur when carbonatite melt enters a peri- 
dotite [3]; however, it is not clear that bulk mixing 
would still occur if the melt to rock ratio is high. 
To facilitate modeling, bulk mixing is assumed in 
the following discussion unless otherwise stated. 

Figure 8 plots the degree of Ti depletion 
against the degree of LREE enrichment in spinel 
peridotite xenoliths from the literature; peri- 
dotites interpreted as having experienced carbon- 
atite metasomatism are delineated separately. 
The Olmani peridotites and SE Australian 
wehrlites show the highest (La /Yb)  N and lowest 
T i / E u  of the data set. In addition, many SE 
Australian peridotites from the literature show 
similarly high (La /Yb)  N and low T i /Eu .  The 
entire data set exhibits a rough negative trend. 
This trend has been suggested by Kelemen et al. 
[30] to be due to reaction of primitive basaltic 
melt with lherzolite to form harzburgite. They 
attributed the low T i / E u  (or T i / T i *  in their 
paper) to crystallization of enstatite from a melt 
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already Ti-depleted due to previous precipitation 
of enstatite. 

We suggest an alternative interpretation: that 
the trend may be produced by mixing small 
amounts of carbonatite melt into refractory 
harzburgite. One possible model is illustrated in 
Fig. 8B. Harzburgite formed by extraction of large 
degrees of partial melt from a relatively primitive 
peridotite will have super-chondritic T i / E u ,  be- 
cause enstatite in equilibrium with basalt has a 
higher K d for Ti than for Eu [37]. For example, 
harzburgite D-50 of Stosch [38] has T i / E u  = 
20,000 and a uniformly low and flat REE pattern. 
Mixing only 0.5% carbonatite (here assumed to 
be equal to the average Ca-carbonatite of Wooley 
and Kempe [39]) into such a harzburgite can 
explain the T i - R E E  compositions of most spinel 
peridotite xenoliths from the literature. Only 
peridotites showing 'modal'  carbonatite metaso- 
matism from SE Australia and Olmani require 
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larger amounts of carbonatite (up to 5% addition, 
if formed by bulk mixing). Choosing a peridotite 
starting composition close to that of primitive 
mantle results in a mixing curve of the same 
general shape, but requires greater amounts of 
carbonatite to shift the trace element ratios to 
the same extent (Fig. 8B). 

A possible test of this model is to determine 
whether peridotites with low T i / E u  have higher 
modal clinopyroxene contents, which would be 
expected if these geochemical features are re- 
lated to addition of Ca-carbonatite magma. Here 
we will use Ca/A1 ratio as an indicator of the 
proportion of clinopyroxene to orthopyroxene in 
the whole rock. Figure 9 plots T i / E u  against 
Ca/A1 for the same peridotite data set; the Ol- 
mani peridotites and SE Australian wehrlites are 
shown as fields. There are two interesting obser- 
vations about this diagram: (1) many of the SE 
Australia peridotites fall along a carbonat i te-  
harzburgite mixing curve, with Ca/A1 only mod- 
erately increased as T i / E u  dramatically de- 
creases, and (2) the fields for peridotites showing 
modal carbonatite metasomatism from Olmani 
and SE Australia are not intersected by the curve. 
The position of the curve does not change signifi- 
cantly if a carbonatite end-member with higher 
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C a / A I  is used (similar to many of the carbon- 
atites reported in Nelson et al. [28]), or if a less 
refractory starting composition is used. 

The failure of the bulk mixing line to pass 
through the field of the 'modally '  carbonatite 
metasomatized peridotites from SE Australia and 
Olmani (Fig. 9) suggests that they did not form by 
simple mixing, but are more likely to represent 
reaction products of carbonatite melt with peri- 
dotite. Open system reaction between migrating 
carbonatite melt and peridotite matrix will result 
in the formation of clinopyroxene and olivine 
(_+amphibole), at the expense of enstatite 
(_+primary diopside and spinel) [4]. The Ca/A1 
of the reaction product will mainly reflect the 
clinopyroxene to orthopyroxene ratio of the 
metasomatized peridotite, whereas the T i / E u  ra- 
tio will reflect the partitioning behavior of these 
elements between the newly created phases and 
the carbonatite melt. Partition coefficients for Ti 
are high relative to those for middle REE in 
clinopyroxene and amphibole in equilibrium with 
carbonatite [31,32]. If carbonatite metasomatism 
occurred in an open system, the T i / E u  ratios of 
the peridotites thus formed would be higher than 
those in peridotites formed by simple bulk mixing 
at a given Ca/A1. This suggests that the amount 
of carbonatite melt responsible for the formation 
of the Australian wehrlites and Olmani dunites 
may be even greater  than 5%. This, in turn, may 
suggest a link between the style of carbonatite 
metasomatism and the amount of melt available: 
at very low melt fractions, bulk mixing is the 
physical mechanism of carbonatite metasomatism 
but at higher melt volumes (>~ 2%?) open-system 
reactions may predominate.  

This analysis of the literature data suggests 
that the L R E E  enrichment seen in peridotite 
xenoliths is consistent with addition of small 
amounts of carbonatite melt to partial melting 
residues. Such metasomatism may be manifested 
in the formation of new mineral assemblages 
(hydrous, as in the SE Australian case or anhy- 
drous as in the Tanzanian case) or, at very small 
melt fractions, may result in cryptic metasoma- 
tism. The latter will have enormous influence on 
the trace element compositions of peridotites, 
without significantly changing their major ele- 
ment  characteristics (i.e., M g #  will remain high 
and C a / A I  ratios only increase slowly). Thus 

carbonatite metasomatism, which can be accom- 
plished at exceedingly small melt fractions, should 
be considered in addition to silicate melt metaso- 
matism in evaluating the origins of incompatible 
element enrichments in the lithospheric mantle. 
The distinctive trace element signature of carbon- 
atites outlined here and in other  studies 
[3,4,18,27,32,35] will facilitate in this evaluation. 

5.6 Carbonatites in subduction settings? 

One final hypothesis that may be tested by the 
trace element systematics discussed above is the 
suggestion that carbonatite metasomatism may be 
important in the sources of island arc basalts [32]. 
The carbonatites responsible for metasomatizing 
the Olmani and other peridotites were depleted 
in some HFSE relative to R E E  (i.e., Ti _+ Zr  and 
Hf), but were not depleted in Nb relative to La. 
Thus, metasomatism of a depleted mantle wedge 
by such a carbonatite would result in Nb enrich- 
ment, in contrast to the Nb depletion that is 
ubiquitous in island arc basalts [40]. It would also 
lead to elevated Z r / H f  (and N b / T a )  in island 
arc basalts, in contrast to their observed chon- 
dritic ratios. We conclude that carbonatites of the 
type described above are unlikely to be important 
in the petrogenesis of convergent margin mag- 
mas. 
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