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peridotite massifs (7). The isotope geochemis
try of Hf (2) and Th (3) seems to require the 
presence of residual garnet in the melting zone, 
even beneath the mid-ocean ridges (4). The 
compositional variability of oceanic basalts 
from mid-ocean ridge basalts (MORBs) to 
ocean island basalts could reflect either variable 
contributions of garnet pyroxenites to their 
source (5-8) or a broad pressure range of melt
ing in a relatively homogeneous mantle (9, 10). 
The Nd-Hf isotopic properties of peridotite in
clusions from the western United States have 
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Six garnet pyroxenites from Beni Bousera, Morocco, yield a mean lutetium-
hafnium age of 25 ± 1 million years ago and show a wide range in hafnium 
isotope compositions (eHf = - 9 to +42 25 million years ago), which exceeds 
that of known basalts (0 to +25). Therefore, primary melts of garnet pyrox
enites cannot be the source of basalts. The upper mantle may be an aggregate 
of pyroxenites that were left by the melting of oceanic crust at subduction zones 
and peridotites that were contaminated by the percolation of melts from these 
pyroxenites. As a consequence, the concept of geochemical heterogeneities as 
passive tracers is inadequate. Measured lutetium-hafnium partitioning of nat
ural minerals requires a reassessment of some experimental work relevant to 
mantle melting in the presence of garnet. 
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been found to be consistent with a zone of Lu-Hf ages are older but not inconsistent with Mirdita garnet pyroxenite went through a stage 
melting in the mantle that produces the Nd-Hf 
isotopic compositions measured in MORBs 
(11). By contrast, spinel-lherzolite samples 
from the suboceanic lithospheric mantle be- 
neath Hawaii contain highly radiogenic Hf that 
has been interpreted as signaling metasomatic 
processes in the upper mantle (11). Our work 
complements these results with Lu-Hf isotope 
analyses of garnet pyroxenites and individual 
minerals from these rocks from high-tempera- 
ture peridotite massifs. The rocks we focused 
on occur as layers (1 to 250 cm thick) that are 
intercalated (3 to 5% of the whole) within the 
mantle spinel-peridotites at Beni Bousera. Su- 
perimposed mineral assemblages in peridotites 
and in pyroxenites, from the diamond facies 
(12) down to the plagioclase-lherzolite facies, 
indicate that this piece of mantle experienced 
fast decompression and cooling before and dur- 
ing its hot emplacement within the granulitic 
metapelites (the so-called "kinzigites") of the 
lower continental crust, in whch garnet pyrox- 
enite intercalations also occur (13, 14). A geo- 
chemical comparison is introduced with 
eclogites from the ultramafic breccia that is 
associated with the metamorphic basal contact 
of the ophlolite pile of Mirdita, Albania ( l j ) ,  
with the underlying counhy rocks. 

Three of the clinopyroxene-garnet pairs and 
one whole-rock-garnet pair (sample M5-99), 
for which the Lu concentration of the clinopy- 
roxene is not available, yield isochron ages of 
variable precision, although they are all consis- 
tent within error ranges (Table I and Fig. I), 
with a weighted mean age of 25.0 2 0.9 million 
years ago (Ma). Except for M5-99, where the 
whole-rock was included in the age calculation 
because of the lack of a complete Lu-Hf cli- 
nopyroxene analysis for this sample, whole 
rocks were excluded from age calculations on 
the grounds that they are more prone to grain 
boundary contamination by exotic phases. The 

Sm-Nd clinopyroxene-garnet ages of 23.6 i 
4.3 Ma (Table 1, M5-101) and 23.0 + 7.3 and 
20.1 i 6.9 Ma (16). The K-Ar and 39Ar-40Ar 
ages for mica and K feldspar of surrounding 
metapelites tend to cluster around 21 Ma (1 7, 
18). Cooling from a temperature that is com- 
patible with the blocking of cation exchange 
between garnet and clinopyroxene (>700°C) 
(19) [from a depth of at least 45 km (1.5 GPa) 
(13) and possibly fiom the diamond stability 
field at 150 km (5 GPa)] to a temperature of 
300" to 400°C (at which mica and K feldspar 
start retaining Ar) should therefore have been 
taking place within 4 i 2 million years. This 
supports a decompression rate of the rising 
peridotite on the order of 10 cmlyear, which is 
indicative of a nearly adiabatic ascent and is 
consistent with the range of velocities associat- 
ed with models of mantle convection and plate 
tectonics (20). Sample M5-15 gives an older 
Lu-Hf age of 66.4 + 1.5 Ma, whereas the 
clinopyroxene-garnet pair from M6-214, em- 
placed into the surrounding kinzigites, gives an 
age of 30.6 i 3 Ma. Such discrepancies may 
indicate that the Beni Bousera intrusion is a 
composite aggregate of rocks from different 
sources with a complicated ascent history that 
culminated at -25 Ma. 

The clinopyroxene-garnet age of sample 
K-398 from Mirdita, Albania, is 203.0 + 3.4 
Ma with the plotting of the whole-rock on the 
mineral isochron (Table 1 and Fig. 2). This age 
is older than the Sm-Nd age (166 i 2 Ma) of 
the amphibole-clinopyroxene-garnet-whole- 
rock isochron reported for the same sample (15) 
and the 39Ar-40Ar age interval (1 63 to 174 Ma) 
for various amphibolites beneath the obduction 
thrust of Albanian ophiolites (21). Such a dis- 
cordance may indicate that the garnet closure 
temperature to Lu and Hf diffusion is higher 
than that for Sm and Nd. The presence of 
amphibole in K-398 also suggests that the 

of interaction with percolating fluids during the 
emplacement of the overlying ophiolite nappe 
that may have preferentially perturbed the Sm- 
Nd chronometric system, further contributing to 
its younger age. 

Pyroxenites, viewed as a paticularly fertile 
mantle component that could contribute to ba- 
salt genesis, have been associated so often with 
the chemical variability (5) and isotopic heter- 
ogeneities ( 6 )  of basalts that the concept of a 
mantle consisting of pyroxenite layers in a pe- 
ridotite matrix ("marble cake") has become a 
popular paradigm of mantle geochemistry and 
basalt origin (1). The 176Hf/177Hf ratios of the 
whole-rock samples from the main intrusion of 
Beni Bousera at the time of emplacement 
[sHf(T) = 9 to +42] display a large isotopic 
range, from values that are less radiogenic than 
bulk silicate earth (s,, = 0 for all T) to values 
that are more radiogenic than any known mod- 
em oceanic basalt [sHf(T) = 0 to +25] (22). 
The least radiogenic Hf of the analyzed garnet 
pyroxenites is indistinguishable from that of the 
host kinzigite, which emphasizes that values 
typical of the continental crust may occur in 
ultramafic rocks. The variability of sHf(T) of 
the Beni Bousera and Mirdita samples parallels 
the variability of Nd isotopes of Ronda and 
Beni Bousera samples (16, 17, 23, 24) with 
sNd(T) = 0 to +26. Such a heterogeneous 
signature rules out the possibility that the Beni 
Bousera intrusion represents a single piece of 
coherent oceanic lithosphere that was extracted 
from the asthenosphere within a short time 
interval. The Hf isotopic range of the garnet 
pyroxenites from Beni Bousera does not fit any 
known basaltic group, making this intrusion an 
unlikely potential source for mantle liquids. 

The misfit between the Hf and Nd isotopic 
ranges of oceanic basalts and the garnet py- 
roxenites of this study cannot be reduced by 
subtracting the radiogenic growth within the 

Fig. 1 ( le f t ) .  Lu-Hf isochron p lo t  o f  f ive garnet pyroxenites f r o m  t h e  f rom t h e  2u errors in  Table 1. Fig. 2 ( r ight) .  Lu-Hf isochron p lo t  
Beni Bousera orogenic peridoti te, Morocco. K 1  is t h e  host  felsic o f  one garnet pyroxenite f r o m  t h e  ultramafic breccia beneath t h e  
granuli te (kinzigite), and M6-214  is t h e  associated garnet pyroxenite. Mird i ta  ophio l i t ic  complex, Albania. The age refers t o  t h e  cl inopyrox- 
Ages (T) refer t o  cl inopyroxene-garnet pairs. Errors are propagated ene-garnet pair. Errors are as i n  Fig. 1. 
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rocks after crystallization. Even when whole- The whole-rock LuiHf ratios of the present cursors, which were fractionated at low pres- 
sure, should be dominated by olivine or plagio- 
clase, which, upon melting, would give rise to 
Ni- and Al-rich garnet pyroxenites, respectively 
[the latter being characterized by positive Eu 
anomalies (30)l. The Hf isotope systematics 
and the sharp S180 transition between pyrox- 
enite layers and ambient peridotite indicate that 
the refolding and melting events (and associat- 
ed Lw'Hf and S d d  fractionation) would have 
to have been recent and might have coincided 
with the nearly adiabatic ascent that occurred 
just before emplacement. 

In addition, some type of open system be- 
havior with metasomatic transport is needed to 
account for the presence of radiogenic Hf in 
peridotite xenoliths from Salt Lake crater, Ha- 
waii, with no corresponding excess radiogenic 
Nd (11). Although the garnet pyroxenites, 
which are similar to those investigated in our 
work, are residual, they can still produce melts 
at temperatures -100°C below the peridotite 
solidus (31). These melts would have high L d  
Hf ratios and would preserve the anomalous 
S180 of their oceanic crust protolith. Because 
they are undersaturated in olivine, the melts are 
expected to react with the ambient mantle pe- 
ridotite and to produce, over short distances, a 
broad variety of metasomatized peridotites (32) 

rock sample M5-106, whose mineralogy is 
biased by abundant garnet, is disregarded, the 
high '76L~/"77Hf ratios of the other samples 
indicate that parent;daughter fractionation oc- 

samples, which are all superchondritic, mirror 
the depletion of light rare-earth elements in 
pyroxenite (29) and suggest that these rocks 
represent either cumulates or residues from 

curred recently, possibly just before emplace- 
ment. The same conclusion holds true for the 
Sm-Nd data (16) and is also consistent with 
the recent age of cooling deduced from the 

melting events in the presence of garnet. Pear- 
son et al. (25) argued that the large range of Ni 
and Cr contents of these rocks requires mineral 
accumulation in magma conduits and that their 
high 6180 values point to the source of these 
magmas as having been exposed to low-tem- 

coexistence of oxygen isotope heterogene- 
ities over scales on the order of centimeters 
(25). 

The Hf isotopic compositions of the gar- 
perature interaction with seawater or hydrother- 
mal fluids. Difficulties associated with this 

net pyroxenites that we measured from Beni 
Bousera and Mirdita are inconsistent with a 
specific ~ a n t l e  component, such as EM I, 
EM 11, or HIMU (26), that is identifiable in 
oceanic basalts. The S180 values (25, 27) 
signal that Beni Bousera garnet pyroxenites 
are not related to the source of MORBs. Their 
isotopically heavy oxygen (S180 > 6) and 
radiogenic 0 s  (16) are more reminiscent of 
the Koolau-type component that has been 
described for Hawaiian basalts and interpret- 
ed as reflecting the involvement of upper 
oceanic crust in the mantle source (28). By 
contrast, the low S180 value ($2.3) of 
Mirdita K-398 minerals may indicate recy- 

model are given as follows: (i) basalts that have 
high S1*O values are uncommon; (ii) for a 
strong Ni enrichment in the cumulate, more 
olivine than that present in pyroxenites is re- 
quired, implying that contents high in Ni must 
be inherited from parent melts; and (iii) the 
brittle regime required by magma conduit in- 
jection contrasts with the high temperature and 
pressure conditions of mineral equilibration at 
Beni Bousera (13). 

We propose, in agreement with previous 
suggestions (1, 29), that pyroxenites primarily 
represent residues that were left by the melting 
of subducted oceanic crust and that these resi- 
dues were subsequently refolded plastically 

cling of the deeper parts of oceanic crust ( I  5) with the enclosing peridotite. The oceanic pre- 

Table 1. Lu-Hf and Sm-Nd isotope data for six garnet pyroxenites and the host steel-jacketed teflon bombs for sample dissolution. The uncertainties reported on 
felsic granulite (kinzigite) f rom the Beni Bousera orogenic peridotite, Morocco, H f  and N d  measured isotope ratios are 2 a / 6  analytical errors in the last 
and one garnet pyroxenite from the Mirdita ophiolite complex, Albania. Lu-Hf decimal place; n is the number o f  measured isotopic ratios; ppm, parts per million; 
chemistry and isotope measurements were carried out as described in (34) using gt, garnet; cpx, clinopyroxene; wr, whole-rock. Dashes indicate data not  available. 

Beni Bousera orogenic peridotite 
0 .283187t10  +7.1 - 

0.282576 t 7 -6.4 - 

0.282537 t 14 -8.7 - 
0.282596 t 10 -6.6 - 
0.282794 t 33 -9.0 - 
0.282594 t 49 - - 

0.282595 t 45 - - 
0.283120 t 10 +11.7 1.25 
0.283505 i 14 + 12.0 0.34 
0.283107 t 13 +12.2 0.62 
0.283912 t 27 +29.7 - 

0.283983 t 19 +29.1 - 

0.283571 t 27 +28.7 - 
0.284014t  5 +41.8 - 
0.283978 t 17 +40.5 - 

0.284322 t 81 +43.7 - 
0.284009 t 18 +44.1 - 

0.283159 t 4 +13.6 2.58 
0.283257 t 11 + 13.8 2.22 
0.283124 2 10 + 13.0 3.05 
0 .283122t28  +12.9 - 
0.282690 t 6 -3.6 - 

Mirdi ta ophiolite c o m p l e q  
0.283830 t 13 + 19.6 0.64 
0.286925 t 13 +20.4 0.49 
0.283366 t 45 +21.2 0.98 

M5-15 g t  
M5-15 cpx 
M5-99 w r  
M5-99 w r  
M5-99 g t  
M5-99 cpx 
M5-99 CPX 

M5-101 w r  
M5-101 g t  
M5-101 CPX 

M5-106 w r  
M5-106 g t  
M5-106 CPX 

M5-367 w r  
M5-367 w r  
M5-367 g t  
M5-367 cpx 
M6-214 w r  
M6-214 g t  
M6-214 cpx 
M6-214 CPX 

K1 (kinzigite) w r  

*2u  errors for Lu concentration and for 176Lu/'77Hf are <1.0%. t 2 u  errors for Sm, Nd, and Hf concentrations and for 147Sm/144Nd are <0.5%. gNormalized for mass 
fractionation t o  179Hf/177Hf = 0.7325. 176Hf/177Hf of JMC-475 Hf standard = 0.28216 -t 1. SeHt and E,, values were calculated at 25 Ma for Beni Bousera and at 203 
Ma for Mirdita with 176Hf/177Hf,HuR(o) = 0.282772 and '76Lu/177Hf,H,R(o) = 0.0332 and with 143Nd/'44Ndc,uR(,l = 0.512638 and 147Sm/ 144NdcHu,(01 = 0.1967, 
respectively. Normalized for mass fractionation t o  '46Nd/144Nd = 0.7219. 143Nd/144Nd of La Jolla Nd standard = 0.51 1826 i 13 (M5-101 and M6-214) and 0.51 1835 1 
10 (K-398). 7Sm and Nd isotope data are from (15). 
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before freezing on their way to the surface. The 
symmetrical mineralogical layering of the py- 
roxenite layers, which has been taken as indi- 
cating a magmatic fractionation sequence (25), 
is also consistent with melt-mediated mineral 
reactions at length scales of tens of centimeters. 
For small fractions of melt, the oxygen isotope 
composition of the peridotite would be pre- 
served, but the Hf isotopic signature would not. 
It would instead be dominated by the radiogen- 
ic melt component. The extreme Nd and Hf 
isotopic properties of many peridotites and py- 
roxenites require that truly primary melts never 
get sampled as basalts. 

The solution to the origin-of-basalt dilemma 
(10, 31), which suggests either isobaric melting 
of a heterogeneous pyroxenitelperidotite source 
or polybaric melting of a more homogeneous 
peridotite source, may rather be a combination 
of these two scenarios. A "normal" piece of 
mantle may be dominated by coexisting pyrox- 
enite residues and peridotites that were contam- 
inated by the pervasive circulation of pyroxen- 
ite melts. Although the "marble cake" mantle is 
a seminal concept, the present isotopic evidence 
suggests that the original ingredients became 
somewhat mixed up, or even preferentially lost, 
to the point that the original recipe has become 
difficult to decipher. Geochemical heterogene- 
ities therefore should be handled as active rath- 
er than as passive Lagrangian tracers by con- 
vection models. 

The lower LdHf ratio of oceanic basalts 
with respect to the time-integrated ratio de- 
duced for the mantle source of the basalts from 
their Hf isotope systematics is an apparent in- 
consistency (dubbed the "Hf paradox"), which 
Salters and Hart (2) explained by the presence 
of garnet during melting. This model has re- 
cently been challenged by Blundy et al. (4),  
who redetermined the partition coefficients of 
clinopyroxene and melt and found that, at 1.5 
GPa and for small degrees of melting (I%), Lu, 
Hf, Sm, and Nd are five times more compatible 
than currently thought. They combined these 
data with results on garnet (33) to create a 
critical partitioning parameter (CPP) (D,,l 
DNd)l(DLU/DHf), where D stands for the miner- 
al/melt partition coefficients, which they use to 
argue that the Nd-Hf isotope systematics of 
MORBs do not require residual garnet during 
melting. Although garnet pyroxenites cannot be 
used to infer the CPP of each mineral, ratios of 
CPP for garnet and clinopyroxene at mantle 
conditions may be inferred from mineraumin- 
era1 partitioning, provided that subsolidus re- 
equilibration is not extreme. In our samples, 
which were equilibrated at pressures of at least 
1.5 GPa (13), which is close to the experimental 
conditions of Blundy et al. (4), the Lu/Hf frac- 
tionation between garnet (ga) and clinopyrox- 
ene (cpx) is strong with (DL,/D,f)gJ(D,ll/ 
D,,),,, in the range of 55 to 150. These values 
can be combined with the (D,,lDNd)gJ(D,,l 
DNd)cp, value of -5, which was observed in 

Our study and in (16'). to produce a CPP__/ 14. , N o t e s  Sew. Ceol. Maroc 251, 1 (1974). 

cppcpx ratio that is in the of 0.03 to 06f, 15. K. Gjata, J. Kornprobst, A. Kodra, D. Briot, F. Pineau, 
Bull. Soc. Ceol. Fr. 163, 469 (1992). 

which is the range 0.8 2.1 16. N. Kumar, L. Reisberg, A Zindler, Ceochim. Cosmo- 
deduced from the experimental data (4, 33). chim. Acta 60, 1429 (1996). 

Part of the reason for &,is inconsistency may be 1 7  D. G. Pearson, G. R. Davies, P. H. Nixon, J. Petrol. 34, 
125 (1993). that the experimental partition coefficients have 18, T, P, Loomis, Am, Sci, 27s, (1975), 

not been obtained on a molten assemblage with 19. s. Duchene et a/., Nature 387, 586 (1997). 
garnet and clinopyroxene coexisting in the res- 20. Y. Ricard and C. Vigny, J. Ceophys. Res. 94, 17543 

(1989). We consider that 'Ompat- 21, p, VergeIy, A, Dime, p Monie, C, R, ACad SCi Pais 
ibility of Sm, Nd, Lu, and Hf in clinopyroxene 326. 717 119981. 

\ ~~ ~, 
may have been overestimated by previous ex- 22. References for Hf isotope data in oceanic basalts can . . 
periments and that residual garnet in the source 
of basalts still represents the best answer to the 
Hf paradox. 
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Seismic Evidence for a Detached 
Indian Lithospheric Mantle 

Beneath Tibet 
C. Kosarev,' R. Kind,'s3* S. V. Sobolev,' X, Yuan,' 

W. Hanka,' S. Oreshin1 

P-to-S converted teleseismic waves recorded by temporary broadband net- 
works across Tibet show a north-dipping interface that begins 50 kilometers 
north of the Zangbo suture at  the depth of the Moho (80 kilometers) and 
extends t o  a depth of 200 kilometers beneath the Bangong suture. Under 
northern Tibet a segmented south-dipping structure was imaged. These ob- 
servations suggest a different form of detachment of the Indian and Asian 
lithospheric mantles caused by differences in their composition and buoyancy. 

Although the altitude of the Tibetan Plateau 
is uniform, physical properties of the litho- 
sphere (crust and upper mantle) such as 
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*To whom correspondence should be addressed. E- 
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velocity and density are different in north- 
em and southern Tibet (1-16), suggesting 
fundamental differences in the origin of the 
lithosphere in these two regions. In the 
upper mantle in northern Tibet, the propa- 
gation of Sn waves is inefficient (8, 9), P,, 
velocities are slow (5), and there exists a 
low-velocity body (16). Together with ev- 
idence for a higher Poisson ratio in the 
crust of northern Tibet (2) and the presence 
of volcanic activity (1 7), these data suggest 
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