
occur as isolated individuals. n o  vreferred 
orientation is observed with respect to crys- 
tallographic directions of the substrate car- 
bonate (Fig. 1B) or pyroxene (Fig. 3B). 
Moreover, changing the viewing angle 
shows that they are not rooted in specific 
planes of the substrate minerals. 

Further information on  the rod-shaped 
forms can be inferred from EDS chemical 
analysis. The chemical composition of an 
individual rod cannot be determined directly 
because it is too small for EDS techniques. 
However, for the clusters with sizes of a few 
micrometers. a aualitative analvsis is made 
possible. T6e iiferred composikon of the 
clusters is indistinrmishable from that of the - 
substrate calcite. The  rods are thus either 
purely inorganic calcite-rich precipitates or 
mineralized organisms. Chemical analyses 
confirm that thev cannot be mametite or 
other iron oxides', iron hydroxideus, or sili- 
cates. Similar forms 5 to 10 times larger are 
conventionally interpreted to  be bacterial 
relicts (1 1 ). Although, there is n o  direct 
evidence for bacterial activity, we note that, 
in  addition to the rod-shaped forms and their 
surface textures (Fig. ID), there is a n  inti- 
mate association between the saucer-shaped 

Fig. 3. Comparison of high-magnification FEG- 
SEM images of two pyroxene surfaces from the 
same Tatahouine sample. They were coated to- 
gether on the same mount (6) to check for potential 
artifacts related to the coating procedures. (A) This 
surface was created by breaking the sample far 
away from any observed preexisting fractures. (6) 
This surface was near a rosette in a filled fracture. In 
both (A) and (B), the cleavages are observed. The 
rod-shaped forms are observed only in (B), ruling 
out a coating artifact for these features. Note also in 
(B) the random orientations of the rods. 

depression in the pyroxene and the carbon- 
ates. The observed depressions could result 
from bacteria exploiting the immediate pres- 
ence of chemical elements-carbon and cal- 
cium from the carbonates, and iron, silicon, 
and so forth from the orthopyroxenes. 

W e  propose the following scenario for 
Tatahouine's residence o n  Earth. In 193 1, 
the meteorite fell and was found with un- 
filled fractures. During the 63-year history 
of the meteorite in the desert soil, fluids 
transferred carbonates from the local sedi- 
ments or soil to  the meteorite, filling the 
preexisting fractures and locally coating the 
fragment surfaces. This demonstrates that 
meteorites can acquire terrestrial minerals 
in a very short time. 
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Oxygen lsotopic Abundances in Calcium- 
Aluminum-Rich Inclusions from Ordinary 

Chondrites: Implications for Nebular Heterogeneity 
Kevin D. McKeegan,* Laurie A. Leshin, Sara S. Russell, 

Glenn J. MacPherson 

The oxygen isotopic compositions of two calcium-aluminum-rich inclusions (CAls) from 
the unequilibrated ordinary chondrite meteorites Quinyambie and Semarkona are en- 
riched in 160 by an amount similar to that in CAls from carbonaceous chondrites. This 
may indicate that most CAls formed in a restricted region of the solar nebula and were 
then unevenly distributed throughout the various chondrite accretion regions. The Se- 
markona CAI is isotopically homogeneous and contains highly 160-enriched melilite, 
supporting the hypothesis that all CAI minerals were originally 160-rich, but that in most 
carbonaceous chondrite inclusions some minerals exchanged oxygen isotopes with an 
external reservoir following crystallization. 

CAI~  in primitive chondrite meteorites are 
the oldest solid materials believed to have 
formed in the solar system (1, 2). Studies of 
their mineralogy, chemical composition, 
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and isotopic abundances have provided 
unique information regarding the thermal 
and chemical processing of materials during 
the earliest epoch of solar system formation 
(3). However, most previous studies exam- 
ined CAIs from a relatively small group of 
meteorites (4) ,  the carbonaceous chondrites 
(CCs). and most 0 isotovic measurements . . ,  
were restricted to only a few CCs that con- 
tain laree and abundant CAIs. Thus. the 
extent ;o which inferences based on 'data  
from these CAIs can be generalized to the 

:E VOL. 280 17 APRIL 1998 www.sciencemae.org 



solar nebula as a whole is not clear, 
The genetic relationship, if any, be- 

tween rare CAIs in the ordinary chondrites 
(OCs) and the more common CAIs in CCs 
will help elucidate chemical and isotopic 
distributions in the solar nebula and, by 
extension, thermal regimes and time scales 
of nebular processes. For example, Russell et 
al. (5) showed that the short-lived radionu- 
clide 26Al was incorporated into two O C  
CAIs during their crystallization at -5 x 
l V 5  times the abundance of stable 27Al, 
the same level of enrichment of 26Al as 
found in most CAIs from CCs (6). Because 
the CCs and OCs are thought to have 
formed on planetesimals accreted at differ- 
ent heliocentric distances (7),  this can be 
considered evidence that 26Al was original- 
ly present at this high initial abundance 
throughout extensive regions of the solar 
nebula (5). An alternative possibility is that 
most CAIs formed in a restricted region of 
the solar nebula, characterized by this high 
26Al/2'Al ratio, and were subsequently dis- 
persed throughout wide nebular regions in- 
cluding the O C  and CC accretion zones. 
Oxygen isotopes can help resolve this issue. 

The 0 isotopic compositions of solar sys- 
tem materials are unequilibrated on size 
scales ranging from microscopic to planetary 
[for review, see (a)]. The latter observation 
has served as a criterion for classifying mete- 
orites into groups that each presumably orig- 
inated on a separate asteroidal "parent body" 
(9,  10). On a three-isotope plot of S1'O 
versus S180 (1 1 ), O C  materials are charac- 
terized by 0 isotope compositions that lie 
above the slope 'A mass-dependent fraction- 
ation line defined by terrestrial and lunar 
samples (Fig. I ) ,  whereas most CCs and their 
constituent phases (for example, CAIs, 
chondrules, and matrix) plot below the ter- 
restrial fractionation (TF) line (8, 12).  In 
particular, CAIs from CCs show variable 
degrees of '%-enrichment (8, 13), extend- 
ing to compositions with S180 = SliO = 
-40%, and define a line with a slope close to 
unity [termed the carbonaceous chondrite 
anhydrous minerals line, or CCAM (Fig. 1) 
( 1  3)]. The CCAM line cannot be produced 
by mass-dependent fractionation processes 
and has been explained as resulting from 
isotopic exchange between a reservoir of 
'"-rich refractoq dust and a second reser- 
voir of more "normal" isotopic composition, 
most probably nebular gas (13-15). The 0 
isotopic compositions of whole-rock OCs 
and their chondrules also define a slope -1 
mixing line, extending above the TF line 
(that is, A " 0  > 0) by a few per mil (1  0,  16). 
Like the CCAM line, this line represents 
mixtures of materials with different relative 
'Q abundances ( lo) ,  but the degree of iso- 
topic heterogeneity is less than that seen in 
CC minerals. 

Because the 0 isotope compositions of 
the nebular accretion regions of the OCs 
and CCs are distinct (Fig. I ) ,  the 0 isotopic 
compositions of CAIs from OCs could pro- 
vide a means for assessing the provenance 
of these objects. CAIs from OCs are not 
only rare but also too small (3,  5 )  to be 
analyzed by conventional methods. The 
high sensitivity and localized analysis capa- 
bility of the ion microprobe allowed us to 
measure the 0 isotopic composition in 
- 10- to 12-p,m diameter spots of two CAIs 
from unequilibrated OCs (1 7). 

The CAIs analyzed are the same two that 
were studied by Russell et al. (5): USNM 
1805-2-1 from LL3,0 Semarkona and 
USNM 6076-5-1 from L3.4 Quinya~nbie 
(1 8). Semarkona 1805-2-1 is a lens-shaped 
inclusion, -480 pm in longest dimension, 
that consists predominantly of densely inter- 
grown crystals (mostly <40 pm in size) of 
spinel, blue hibonite, and aluminum-rich 
melilite, with perovskite as a minor phase (3, 
19). The inclusion is partially rimmed by a 
layered sequence of melilite surrounded by 
anorthite and then fassaite (3). Rare earth 
element (REE) abundances show a volatili- 
ty-fractionated (group 11) pattern (20) indic- 
ative of condensation from a gaseous reser- 
voir that was depleted of the most refractory 
REEs (21 ). Melilite contains "Mg excesses 
(5) at a level indicating (26Al/27Al)o = 

(4.72 1.5) X lop5. Quinyambie 6076-5-1 is 
a melilite-rich inclusion -150-kin long, 
consisting of several discontinuous nodules 
separated by Fe-rich fine-grained matrix ma- 
terial (5). Some of the nodules are rimmed 

with Al-rich diopside, and grains of perov- 
skite, hibonite, and spinel are enclosed with- 
in the melilite. Magnesium isotopic measure- 
ments (5) indicate (2"1/2iA1),, = (4.9 ? 
1.4) X of melilite and spinei. 

Because both CAIs are fine-grained and 
had been extensively sputtered in previous 
ion probe studies (meaning that the choic- 
est target areas were already destroyed), it 
was not possible to avoid analyzing mixtures 
of mineral phases even with a spatial reso- 
lution of -10 pm. Therefore, following 
isotopic analysis, each sputtered crater was 
imaged in an electron lnicroscope to deter- 
mine the proportions of minerals sampled 
in the analysis (Table 1) (22). Two sets of 
0 isotopic measurements were made on 
Quinyambie 6076-5-1 in order to assess re- 
producibility. The second ("B") set of mea- 
surements were intended to analyze materi- 
al from the same craters as the first set, but 
some misalignment of the sample relative to 
the sputtering beam resulted in a slight 
enlargement of the crater (by <5 pin). 
Although the mixture of minerals analvzed 
in the second set may not be the same is  in 
the first analysis, the data agree within an- 
alytical uncertainty in most cases. 

Semarkona 1805-2-1 and Quinyambie 
6076-5-1 are both enriched in 1 6 0  (Fig. 1) 
with 0 isotopic compositions that lie far 
from the fields previously defined by whole- 
rock OCs and their individual components 
such as chondrules (8, 10, 23). Semarkona 
1805-2-1 shows the highest "0-enrich- 
ments, with all five analysis spots plotting 
within error of the CCAM line in a region 

Fig. 1. Oxygen isotopic 10 
compositions of compo- 
nents from primitive me- 
teorites. Ferromagne- 0 
sian chondrules from or- 
dinary chondrites (cross- 
es) plot in a relatively -1 0 
small field above the TF 9 
line, but data for whole 
CAls from CCs (open tri- 2 -20 
angles) show large ex- 5 
cesses of 160 and fall p 
along the slope -1 -, 
CCAM line. Whole chon- -30 

drules from CCs (open 
circles) also plot below 
the TF line on a mixing -40 

line approximately paral- 
lel to the CCAM line (in- 
set). Data for chondrules -50 
and CC CAIs are from -40 -30 -20 -10 0 10 
analyses by Clayton and 6'80,,0, (%.) 
co-workers, using fluori- 
nation/gas-phase mass spectrometry methods, of approximately milligram-sized samples (70, 14, 76, 
39), on microprobe measurements of the 0 isotopic compositions of two CAls from OCs that we 
analyzed are shown as filled symbols. Plotted are 6180 and 6170 values (with 1 u error bars) measured 
in individual spots of Semarkona 1805-2-1 (circles) and Quinyambie 6076-5-1 (squares, spot 1; dia- 
monds, spot 2; triangles, spot 3). The OC CAI dataexhibit large l" enrichments and plot approximately 
along the CCAM line and are thus isotopically similar to CAIs from CCs. 
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characteristic of the maxiini~m '60-euces~es 
measured in lnany CAIs from CCs  ( 8 ,  14). 
I11 contrast to CAIs from type-3 CCs, 111 

which O isotope cornpositiona are correlateJ 
~81th mineralogy (8 ,  14, 24),  the different 
lninerals In Selnarkona 1SL15-2-1 ha1.e the 
same isotopic colnposltioi~s ~\- l th in  our an,l- 
lytical uncertainties. Thus, the mineral ills- 
tribution and isotoplc data indicate that all 
minerals, incluc1iny ~nelillte, 111 this CAI  
must be 'Q-enrlcheil. Oxyyen isotopic com- 
positions of rnelllite mlneral separates from 
CC CAIs in\-ariahly plot near the 'Q-poor 
end of the C C A h I  line ( I S ,  24, 25). HOLY- 
ever, '"-rich lnellllte has been b11ni1 hy 1011 

lnlcroprobe measurements of a C A I  ln the 
unyrouped chondrite ALH85L185 (26) allil ln 
a lnlcrolneteorite collected fro111 Antarctic 
ice (27).  

Whlle ilistinct from O C  compositions. 
the data for QuinyainFle 6L176-5-1 are not as 
"0-enriched as Semarkoi~a 1805-2-1 and 
plot slightly to the high 8 l5O side of the 
C C A M  llne (Flg. 1).  T h e  presence of Fe-rlch 
matrix material, ~vhlch has an  0 isotoplc 
cornposltlon in the O C  fleld above the T F  
line (Flg. I ) ,  in each analyzed spot of Qum-  
!amble 6076-5-1 (Table 1 )  makes ~t difficult 
to accurately assess the llulk composition of 
the unaltered CAI  and to dlstlny~lish the 0 
isotoplc compositioi~s of indiviclllal mmerals. 
Ho~vever,  because each spot analyzed 111 

Qumyamble 6076-5-1 coi~sists mostly of me- 
lillte plus thls matrls material, in this sample 
the inelilite must also be '"-enriched. Fi- 
nally, the  posltlon of the ilata to the high 
61'0 slile of the  C C A M  lline could be a n  
instrl~mental artifact caused by the inc l~~s ion  
of Fe-rich materlal in the analysis ( I  7).  

T h e  O isotope data have mportant  im- 
pllcations for unclerst,inding the origins anil 
subsecluent processing of CAIs. T h e  tn-o or- 

Table 1. Oxygen lsotopc compostons of ordlnarj 

clinary chondrite CAIs so far analyreil yielil 
levels of ('%l/';Al), of -5 x 10-' (5)  anil 
large 'Q-excesses-both of ~vh ich  are typi- 
cal properties of CAIs from CCs. Thus, bear- 
lny in lnind the liinited statistics, ~t appears 
that CAIs from OCs anil CCs ha1.e the s ~ m e  
ilistinctlr-e isotoplc characteristics, impll-lng 
that they are yenetically relateil. 

T h e  01-servatlon that the 0 isotopic 
coinpositions of tn.o O C  CAIs iall approx- 
imately alony the CCALI line, ,lnd not on 
an  extension of the  line defined hy other 
unequilibrated O C  ilata (1 O), ~nilicates that 
rare CAIs  do not represent the '"0-rich 
end-memher o t  the OC mixing line. Rath- 
er, CAIs  from both CCs  a n J  OCa salnplecl 
a n  O isotope reservoir 111 the solar neb~l la  
that Ivas i l~stinct from that of tl-pica1 OC 
materlals. 

If   no st CAIs crystal1i:ed nearly contem- 
poraneously over a wide nebular volume (3,  
5, 6) ,  then our Jata inilicate that the dust 
from nhlch CAIs formed \\-as approximately 
uniformly enr~cheil  in "0 in addltlon to 
'"A1 111 the accretion regions of CCs and 
OCs. In tlus case, the chfference in inferred 
lnitlal '"A1 abunclances hetween CAIs ancl 
choniirulea in OCs  n-oulcl incilcate clii'ferent 
formation times, with CAIs crvstall~:ing ar 
least - 2  lllillion years before Al-rich anil 
(presumal~1:-) ferromay~~esian chonilrl~les 
(5).  However, the chondrules anil other 
colnponents that ultimately forlneil the OCs 
had ilifkrent O isotopic colnposltions trom 
not only the CAIs we analyzed, liut also from 
their counterparts in  the CC regions (10, 
16).  Thus, if the CAIs ,Ire representative of 
those nel~ular zilnes, then the O isotopic 
composition of these reglolls must ha1.e 
evolved subsequent to C A I  fi~rmatlon. T h e  
clifierences hetn-een CC , ~ n d  OC cho~lcirules 
(Flg. 1)  ~ rou ld  then require that the O ISO- 

Location ~ I Q ( O  ,OO I 6 ' -0 1O6,1 

Spot 1 
Spot 2 
Spot 3 
Spot 4 
Spot 5.:- 

Spot 1 
Spot 1 B 
Spot 2 
Spot 2B 
Spot 3 
Spot 3B 

Sernarkma 1805-2- 7 
-45 8 -+ 1.8  -24 0 -+ 2.1 Sp (741, lvle (16), Pv 110) 
-41.9 I 1 8 2 1  1 I 2.0 Sp (39). Hlb (391, Mel (1 81 - , -  Pv 
-43 0 = 1.6  -21.4 = 1.9 Sp (57) M e  143) 
-45 2 t 2.0 -23.4 t 2.2 Sp (93), lvle (7) 
-44.1 I 2.1 -23.5 I 2 .3  M e  (551, Hti (271, Sp (18) 

Q ~ i i n y a ~ r b ~ e  6076-5- 1 
-22.7 -t I I -13.9 -t 1.2 lvle (77), lvlx (18). - , -  Sp, Pv 
-23.0 t 1.5  1 4 . 8  I 1.6  
-25.9 = 0.8 -1 6 3 I . O  Mel (69). Mx (271, Sp Pv 
2 5 . 9  I 1 .3  1 5 . 4  -+ 1 4 
-28.9 I 0 9 -18.6 t 1 1 M e  (691, Sp (161, MX (121, - , -  P \ j  
-30.7 I 1 . 3  -1 8 6 t 1 . 3  

'Ap8:roxmate m neraoc: c a  conpost  0.1 of each analyzed soot s s ted  i.1 terms o'decreas ny abuidance The :.oIL~l-rle 
" O  o- each mneral's con t r~b~~ ton  to the sotopc anays s ;vas estlrated by electron mcroscooe ,-rlac:Ifig or po ,it coufit 
analys~s o- the s,:uttered crater, assumny comoarazle soLltter rates for eac i  n~tieral Fhases detected at Innor 
abundafice iK5'6) are  st noted: Qunyamze spot 3 also conta ned <S i'olame 'a of cracks Accuracy of est ,-rlate s 
prozazY --2096 reatwe. An anorihte, Pib, h:orite: Mel. f-rlel~l~te, F ,  perovskte Ss:. sp nel; M x  matrx '~Senarkona 
spot 5 ;vas located near the r m o- the ,icIuson, a ot l~er analysis ponts ?/ere 'rofli t i e  nilusion nteror. Spot ocatons 
n Qunyam:ie '),ere 'ro,-rl nteror ponts on dferent nodules seoarated by '~ne-yraned Fe-r ch i ia t rx  

topic co~npos~t ioi l  of the nebula became 111- 
creasingll- 1~-terogeneixls with time, which 1s 
contrarl- to the expectation that progres>i\-e 
neb~llar evolution should tend to homoge- 
nl:e laoto~ic  differences. O n e  variant of the 
nebular e1-olution moilel postulates that the 
O isotopic com~osi t ion of the nebula be- 
calne Inore "0 ilepletecl with tilne by incre- 
mental additlo11 of relatlvell- '"0-poor mate- 
rials (28);  ho~vever,  thls wo~lld imply that 
C C  choi~ilrules are oliler than OC chon- 
drules, ~vh ich  is not supporteil hl- the '"A1 
data (5 ,  29). 

Alternativell-, if the nebula \\.as 1sotop1- 
callv heteroneneous on a laroe scale and on a 
graln-to-yraln scale, then CAIs co~l ld  have 
fc)rmeil from a LlnleILle '('0-rich variety of 
precursor Just that was wiilely ilistributed 
throuchout lllailv neliular zones, while other 
colllpclllellta (for example, chonilr~lle precur- 
sors) varleii   so topically froin :one to zone. In  
this case, it 1s difficult to  unilerstand how 
CAIs e ~ e r y ~ ~ h e r e  could malntaln tllelr 
unlilue O isotopic signatures since trace ele- 
ment fractionation patterns suggest that 
m m y  CAIs [~ncludlng Sem,~rl;ona 1805-3-1 
(LO.  21 \ ]  are the result of a complex history 
of \-olatil~zation and recondensation 13) 

\ ,  

~\ -h ich  n~ iu l i j  result in isc>toplc ecluilil~ratlon 
with surround in^ materlals. 

Althollgh none of the  above lnodels in 
w h ~ c h  CAIs  are made over \vide nehlllar 
reyions can be ruleil out, the  0 isotoplc data 
are suooestive of a ilifferent scenarlo in  -- 
~ v h l c h  all CAIs  n.ere formed 111 the  salne 
restrictecl neliular locale ailel were later dis- 
tributed ( in  ~ rneq~la l  abundances) to the  
neliular reelona where the  different chon-  
drite groups eventualll- accreted. This gen- 
eral approach is capahle of explaininy \why 
( X I S  from OCs  are isotoplcalll- similar to 
CAIs  from CCs,  hut are so different in  0 
isotopic coluposition trom other phases 111 

O C  meteorites. 
O n e  recently proposed moilel for local 

torination of CAIs (32)  11nk> the petrogen- 
csis of CAIs anil cl~onclrules to 1ocali:ecl 
h1.h-enercl- environments near the I-irotosun - 
(-2.06 astronomical units) a i d  simulta- 
neously provides a nxtural transport mecha- 
nism, 111 the form ot blpolar outtlows, for 
scattering these in,lterials out to large railial 
dist,lnces 111 the accretion disk \vhere they 
111,ly later be incorporateil into parent aster- 
olcls of chonilrites. T h e  moilel ,~lso suygests 
that "'A1 may have heen produced in the 
same near-solar region by particle irrailia- 
tloin, although this aspect has 'een criticized 
because of probleills of over-production of 
other  short-1lr.ed nucliiles (3 1 ) .  Al tho~igh  
the  data presented here are generally sup- 
por t~ \ -e  of thls type of lnociel hecause of its 
spatially restricted formation region for all 
CAIs ,  there are other  prohlems \\-it11 this 
particlllar moilel 111 terlns of e x p l a i n ~ ~ ~ y  
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many of the characteristics of chondrules. 
For example, it is not clear how the model 
can account for the O isotopic differences 
between chondrules in OCs and CCs. Ad­
ditionally, some Al-rich chondrules in OC 
contain detectable excesses of 26Mg attrib­
utable to decay of 26A1 (5), yet they have 
O isotope signatures related to those of 
their host parent meteorites and different 
from those of CAIs (32). In summary, we 
conclude that some variant of the local 
formation model for CAIs is most appeal­
ing for explaining their O isotopic compo­
sitions because it is the simplest and re­
quires the fewest ad hoc assumptions. 
However, it remains to be seen if further 
development of the specific model dis­
cussed above (30) can address all the rel­
evant observations of chondrules and 
CAIs, or if some other scenario for forma­
tion of CAIs in a restricted nebular locale 
can better explain the data. 

If correct, a scenario in which CAIs are 
produced in a restricted region of the ac­
cretion disk conceivably weakens the ar­
gument that the initial 26A1/27A1 values of 
refractory inclusions are representative of 
the isotopic composition of the entire 
nebula. Thus, it may not be warranted to 
infer relative chronologies of CAIs and 
chondrules based on relative abundances 
of initial 26A1, although the implications 
derived from the distribution of initial 
26A1 in CAIs for duration of the solar 
nebula could still be valid (5, 6, 33). 
However, because the processes and loca­
tions of CAI and chondrule formation are 
still poorly constrained, it may be prema­
ture to conclude that CAIs, even if locally 
produced, are not representative of the 
nebular isotopic composition of aluminum 
at the time of their formation (5, 6). 

In type B CAIs from CCs, O isotopes are 
heterogeneously distributed on a microscop­
ic scale such that spinel and pyroxene are 
1 6 0 enriched compared to melilite and an-
orthite (14, 24, 25). The gas-solid isotopic 
exchange model explains this by postulating 
that CAIs first solidified with a uniform 
enrichment of 1 6 0 in all mineral phases, and 
some inclusions then partially exchanged 
their initial O with that of nebular gas (15). 
In this model, the extent of isotopic ex­
change is dependent on the O diffusivity in 
each mineral phase and the temperature his­
tory of the CAI. Difficulties with this general 
model have been in quantitatively reconcil­
ing laboratory-measured diffusion rates with 
meteoritic compositions (34) and the ab­
sence of direct observations of the postulated 
unexchanged CAIs. The isotopic homoge­
neity of Semarkona 1805-2-1 resolves the 
latter problem and thus supports the hypoth­
esis that all CAI minerals were originally 
1 6 0 enriched. 
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Osmium Isotopic Evidence for Ancient 
Subcontinental Lithospheric Mantle Beneath the 

Kerguelen Islands, Southern Indian Ocean 
Deborah R. Hassler and Nobumichi Shimizu 

Upper mantle xenoliths found in ocean island basalts are an important window through 
which the oceanic mantle lithosphere may be viewed directly. Osmium isotopic data on 
peridotite xenoliths from the Kerguelen Islands, an archipelago that is located on the 
northern Kerguelen Plateau in the southern Indian Ocean, demonstrate that pieces of 
mantle of diverse provenance are present beneath the Islands. In particular, peridotites 
with unradiogenic osmium and ancient rhenium-depletion ages (to 1.36 x 109 years old) 
may be pieces of the Gondwanaland subcontinental lithosphere that were incorporated 
into the Indian Ocean lithosphere as a result of the rifting process. 

sample localities that are less than 10 km 
apart (Lac Superieur and Mont Trapeze) in 
the Courbet Peninsula, northeastern Ker­
guelen Islands (Fig. 1, inset). The xenoliths 
are abundant in alkaline basaltic dikes that 
cross-cut "plateau basalt" lavas that comprise 
the Courbet Peninsula and formed 23 to 25 
million years ago (Ma) (11). 

The samples are predominantly refractory 
coarse granular harzburgites [olivine: —60% 
(forsterite content = 90 to 92%); orthopy-
roxene: ~35%; clinopyroxene: 1 to 5%; and 
trace amounts of spinel], but also include 
more clinopyroxene-rich lherzolites and 
wehrlitic-dunites. The rocks are fresh and 
do not contain any secondary alteration 
minerals. Many of the peridotites (from 
both localities) reacted with melts that 
percolated through them. For example, 
some harzburgites contain newly formed 
clinopyroxene crystals that are enriched in 
incompatible trace elements (for example, 
chondrite normalized LaK 100), where-

1 he Kerguelen hotspot became active at 
least 115 million years ago (Ma) (I), and 
possibly as long as 130 Ma, when India 
separated from Australia-Antarctica (2). 
The Kerguelen mantle plume is considered 
to be responsible for extensive hotspot vol-
canism in the Indian Ocean basin (3), in­
cluding the Ninetyeast Ridge, Broken 
Ridge, and the Kerguelen Plateau, the sec­
ond largest of the oceanic plateaus (Fig. 1). 
Moreover, the Kerguelen plume is a carrier 
of the DUPAL isotopic anomaly (4), a 
characteristic of basalts erupted in the 
Southern Hemisphere. The interaction of 
this plume with the Indian Ocean litho­
sphere has potentially affected the geo-
chemical and tectonic evolution of the en­
tire Indian Ocean basin (2, 5). 

One notion for the origin of the Ker­
guelen Plateau and the Kerguelen Islands is 
that their lithospheric basement contains a 
continental fragment left behind from the 
breakup of Gondwanaland (6). Basalts from 
the southern Kerguelen Plateau (Ocean 
Drilling Project drill site 738) do have trace 
element and isotopic signatures indicative of 
a continental component in their source (7), 
and recent seismic experiments showed that 
the southern Kerguelen Plateau has a struc­
ture similar to that of a continental passive 
margin (8). However, a seismic refraction 
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study, as well as early isotopic work on ba­
salts from the archipelago, established an 
apparent oceanic origin (6, 9). Here we 
present Os isotopic data that establish the 
presence of continental lithosphere in the 
northern Kerguelen Plateau and the involve­
ment of continental materials in the forma­
tion of the Kerguelen Islands. 

We examined the Re-Os isotopic system-
atics in peridotite xenoliths (10) from two 

as coexisting original clinopyroxene grains 
occur as symplectite intergrowths with 
both orthopyroxene and spinel and have 
depleted incompatible trace element 
abundances (for example, LaN = 3). Some 
peridotites at more advanced stages of re­
action have trace element-enriched cli-
nopyroxenes (for example, LaN = 300) 
that are intergrown with phlogopite (12). 

During interactions with percolating 
metasomatic melts, the Sr and Nd isotopic 
characteristics of the original peridotites are 
likely to be replaced by those of the melt, 
because the concentrations of these incom-

Table 1. Rhenium and osmium isotopic results from Kerguelen Islands peridotite xenoliths. All samples 
are spinel harzburgites except as noted. ND, not determined. 

Sample 

OB93-51* 
OB93-52I 
OB93-64t 
OB93-77 
OB93-78 
OB93-80 
OB93-82t 
OB93-83*§ 

OB93-280 
OB93-284 
OB93284b|| 
OB93-287 
OB93-289 
OB93-291 
OB93-297 
OB93-305 
OB93-305r|| 
OB93-306 
OB93-307 
OB93-314 
OB93-317 

1 8 7 0 s / 1 8 8 0 s 

0.1262 
0.1286 
0.1300 
0.1263 
0.1266 
0.1252 
0.1287 
0.1257 

0.1189 
0.1236 
0.1229 
0.1239 
0.1224 
0.1205 
0.1228 
0.1211 
0.1202 
0.1276 
0.1229 
0.1383 
0.1196 

± 2 
± 3 
± 2 
± 3 
± 6 
± 2 
± 2 
± 4 

± 2 
± 1 
± 3 
± 3 
± 3 
± 4 
± 3 
± 3 
± 4 
± 5 
± 3 
± 6 
± 4 

Os {33) 
(ppt) 

Lac Superieur 
87 

4218 
968 

3199 
2888 
1727 
6999 

44 
Mont Trapeze 

3067 
6652 
6645 
1267 
3411 
2157 
2409 
2012 
2179 

516 
5605 
3281 
2652 

Re 
(ppt) 

ND 
ND 
ND 

5 
ND 
ND 
ND 
ND 

6 
29 
ND 
49 
12 
11 
31 
72 
ND 
41 
49 
9 

11 

Re/Os 
(X10-3) 

2 

2 
4 

39 
4 
5 

13 
36 

80 
9 
3 
4 

7RD (25) 
(Ga) 

1.36 
0.63 
0.74 
0.58 
0.81 
1.11 
0.75 
1.02 
1.16 

0.74 

1.25 

^Olivine separate. fSpinel Iherzolte. $Wehrlitic dunite. §Phologpite-bearing spinel Iherzolite. ||Replicate. 
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