
for the largest tyrannosaur (1 38 cm and 120 cm; 
total, 258 cm). Skull length may thus be proporton- 
atey greater n carcharodontosaur~ds than n tyran- 
nosaurids, which appear to have longer ds ta  hnd  
Imbs segments. 

28. Dagnostc feat~~res for C, saharicus. Dental: Poster- 
or crown margin only slightly concave at mid-ength 
and convex dstaly; enamel ornamentaton, ncuding 
transverse bands and arcuate wr~nkles near crown 
margns. Cranial: Antorb~tal fenestra length 3096, and 
height 25%, of those of the cranum; ventral margin of 
antorbital fossa everted; prefrontal absent or co-oss- 
fled; postorb~tal venira ramus wlth robust lateral pro- 
cess with groove and p t :  postorbta-squamosa ar- 
ticuaton helical: and paroccpta processes and bas- 
al tubera postoned far ventral to occpital condyle. 
Postcranial: Postaxa cervca vertebrae w th  kdney- 
shaped posterior artcuar faces, short neural spnes. 
robust transverse processes, and strong ventral 
keels; anterior caudal vertebrae with pleurocoels: and 
distal caudal vertebrae with narrow anteroposteriorly 
compressed neural spnes. 

29. Stromer's skeleton 1922 X46 projides an assoca- 
t on  between crana and postcrania bones, n c u d -  
n g  an except~onaly broad cen/ca vertebra and a 
pleurocoelous anterior caudal vertebra (4), These 
vertebrae. n turn overlap with skeleton 1922 X45 
(Stromer's "Spinosaurus B"), which provides addi- 
tional nformat~on about the vertebral column and 
pedal phalanges (5). 

30. J. bIJ. Stova and bIJ. Langston Jr ,Am Mldl. Nat, 43, 
696 (1 950). 

31. R. A. Coria and L. Sagado, i\rature 377, 224 (1995). 
32. The hootypic specimen of 5, ingens comprises two 

dorsal vertebrae, a neural arch, three sacral verte- 
brae, a rib fragment, pubes, and the proximal porton 
of the schum (1922 X47) (5). U n k e  the Moroccan 
skeleton, the shaft of the pubis IS broader, the pubic 
foot IS divided In the midne, and the ilac peduncle of 
the schum is proportonatey narrower. 

33. Etymology: Delta, delta (Greek); dromeus, runner 
(Greek); agilis, quick (Latin). Named for the delta~c 
facies In wh~ch t was found and for the cursor~al 
proportions of its hnd  Imbs. The hootypc skeleton 
(SGM-Dn 2) is In the collect~ons of the Mnstere de 
'Energie et des Mnes, Rabat, Morocco Diagnosis. 
Anteror caudal vertebrae w t h  broad quadrangular 
neural spines; coraco~d and acromion broadly ex- 
panded anteroposteriorly; coraco~d w ~ t h  shallow 
notch In anter~or margin; ischal midshaft dorsoven- 
t r a y  co~iipressed: femur w~ th  accessory trochanter 
on d~stal shaft: femoral medial distal condyle w ~ t h  
anterior extension; metatarsal iV distal condyies re- 
duced. Referred material (existng as f~gures only): 
Left coracod, pubes, rghtfemur, proximal right tiba, 
and let: f~bula (1 91 2 V11) !5). Femoral length (1 22 cm) 
IS 1.5 times that of SGM-Din 2, indcatng that D. 
agilis grew to an adult body sze wlthin the range 
established for T. rex (40). 

34 H. F. Osborn, Bull. Am. ~Wus. /Vat. Hlst. 35, 733 
(1 91 6). 

35 J. F. Bonaparte and Z. Kiean-Jaworowska n Founl? 
Symposium on ivlesozoic Terrestrial Ecosystems, 
Shon Papers, P. J. Curr~e and E H. Koster, Eds 
(Occas~onal Paper 3. Royal Tyrrel Museum of Paae- 
ontology. Drumheler, Alberta, Canada, 1987), pp. 
24-29. 

36. R. Monar, ivlem. Soc. Geol. Fr. 139, 131 (1980); E. 
Buffetaut and J.-C Rage, in Ti?ePfnca-SouthPmer- 
lca Connection, W .  George and R. Lavocat, Eds. 
(Carendon, Oxford, 19931, pp. 87-99. 

37. J. F. Bonaparte. Mus. Argent. Cienc. Nat. Paleontol. 
4, 16!1991): 0. W. M. Rauhut and C. Werner. Palae- 
onto/. Z 69, 475 (1 995). 

38. J Calvo and L. Sagado, Gala, n press 
39 J. I K~rkland and D Burge, J. Veriebr. Paleontol 14, 

32A (1 994). 
40. P L. Larson, Paleoniol. Soc. Spec. Pub. 7, 139 

(1 995), 
41. A. G Sm~th, D. G. Sm~th. B M Funnell, Atlas of 

~Wesozolc and Cenozolc Coastlines (Cambr~dge 
Unlv Press, Carnbr~dge, 1994), p 38 

42. D. L Swofford, PAUP 3.1 (Illno~s Natural H~story 
Suwey. Champa~gn, L ,  1993) 

43. W. B. Harland et a / . ,  P Geologlc Time Scale 7989 
(Cambrdge Unv. Press, Cambrdge. 1990). 

44. C. W. G~lmore, Bull. U.S /Vat. ~Wus. 11 0, 1 (1 920). 
45 The folowng 63 synapomorphes correspond w~ th  

scored character states (Table 2) that were used in 
the anayss of basal tetanuran reatonshps present- 
ed in F I ~ .  4. Tetanurae: 1 ,  maxillary fenestra: 2, 
iacrmal pneumatic excavaton; 3, slot in ventral pro- 
cess of iacrmal for jugal; 4, lugal pneumatic excava- 
ton;  5, prefronta-frontal peg-in-socket artcuation; 
6, posterlormost maxlary tooth posit~oned anterlor 
to orbit; 7,  axla neural spne broadened distally: 8, 
chevron bases w ~ t h  palred anter~or and posterior 
processes; 9, semilunate carpal w~ th  transverse 
trochlea: 10, manual digt  Ill reduced (metacarpal Ill 
shaft d~ameter IS 50% or less that of metacarpal I ) ;  
11, lac-~sch ia  articulat~on smaller than iac-pub~c 
art~culaton; 12, ischal obturator notch: 13, femoral 
anter~or trochanter blade-shaped: 14, t ~b~a l  d~stal 
end backng cacaneum; 15, fbuar  d s t a  end re- 
duced (less than twce anteroposterior wd th  at mid- 
shaft); 16, astragalar ascend~ng process plate- 
shaped (state 1); 17, astragalar cup for f~bula re- 
duced; 18, astragalar d~stal condyles or~ented an- 
teroventray; 19, astragalar condyle w ~ t h  anter~or 
groove: 20, metatarsal I w~ th  hourglass-shaped 
prox~mal end; 21, metatarsal I w~ th  wedge-shaped 
m~dshaft Neotetanurae: 22, promaxillary recess 
extends n to  maxlary anterior ramus; 23, ectoptery- 
g o d  pneumatc excavaton nvagnated laterally: 24, 
spenia w t h  notched anteror margn of Internal man- 
dibular fenestra; 25, retroartcuar surface of articular 
facng posterory; 26, posteror chevrons L-shaped; 
27, furcua (fused cla~i~cles): 28, coracoid posteror 
process and fossa crescent-shaped; 29, liac preac- 
etabular fossa present. 30, l a c  pubic peduncle 
twce as long anteroposterory as broad transverse- 
ly; 31, pedal d ~ g ~ t  I-phalanges 1 + 2 subequa In 
length to pedal d ~ g ~ t  -phalanx 1 Spinosauroidea 
(plus Included node): 32, anterior ramus of max la  as 
long anteroposterlorly as tall; 33, lacrimal anterior 
ramus dorsoventrally narrow. 34, lacrimal foramen 
small, positioned at mid-heght along ventral ramus; 
35, postorbtal ventral process w th  U-shaped cross 
sect~on; 36, quadrate foramen reduced or absent; 
37, radius less than 50% of humera length; 38, man- 

ual digt  I ungua elongate (three times the height of 
prox~mal art~cular end) Allosauroidea (plus unre- 
solved subgroups): 39, nasal particpaton In antor- 
bital fossa: 40, excavated Internal carotid artery ca- 
nal; 41. bas~pterygo~d processes very short; 42, 
quadrate w th  broad artcuar flange for quadratoju- 
gal: 43, palatne w~ th  flange-shaped process for ac -  
rimal; 44. bas~occ~p~tal  excluded from the basal tu- 
bera; 45, articular with pendant medal process; 46, 
quadrate short, head near mid-orbit: 47. suranguar 
twce maxmum depth of angular (whch equals a 
reduced external ~nand~bular fenestra). Carchar- 
odontosauridae (plus Included node): 48, broad 
postorb~tal-lacr~mal contact; 49. postorbital with 
suborbta flange: 50, dentary w th  squared, expand- 
ed anterior end; 51. pubic boot 30% of pubc length; 
52, ventral extension of bassphenoid, 53, mdcen/ -  
c a  centra (posterior articular face) at least 20% 
broader than tall; 54, elevation of anterior face ab- 
sent In midcervical centra; 55, rudmentary caudal 
pleurocoels. Coelurosauria (plus included node): 
56. antorbta fossa anterlor margin 40 to 50% of the 
anteroposter~or w~dth  of fossa: 57, ectopterygo~d 
pneumatic excavation subc~rcular; 58, caudal 15 
and more posteror caudas w t h  elongate prezyg- 
apophyses; 59, coraco~d postroventral process 
length more than twice genod  dameter; 60, ischial 
obt~lrator flange tr~angular; 61, pub~c obturator 
notcii: 62, femoral fourth trochanter weak or absent: 
63, fbuar  fossa occupyng a of the medial aspet of 
the proximal end. 
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Lead and Helium Isotope Evidence from 
Oceanic Basalts for a Common 
Deep Source of Mantle Plumes 

B. B. Hanan and D. W. Graham 

Linear arrays in lead isotope space for mid-ocean ridge basalts (MORBs) converge on a 
single end-member component that has intermediate lead, strontium, and neodymium 
isotope ratios compared with the total database for oceanic island basalts (OIBs) and 
MORBs. The MORB data are consistent with the presence of a cornmon mantle source 
region for OlBs that is sampled by mantle plumes. 3He/4He ratios for MORBs show both 
positive and negative correlation with the 206PbP04Pb ratios, depending on the MORB 
suite. These data suggest that the common mantle source is located in the transition zone 
region. This region contains recycled, oceanic crustal protoliths that incorporated some 
continental lead before their subduction during the past 300 to 2000 million years. 

Earth's mantle is geochemically heteroge- 
neous, but the origin, scale, and distribution 
of chemical l~ar ia t io~ls  are uncertain. Anal- 
yses of oceanic basalt isotope co~npositiolls 

B B. Hanan, Department of Geoogca Scences, San 
D~ego State Un~vers~ty, San D~ego. CA 921 82-1 020. 
USA 
D. W. Graham. Coleue of Oceanic and Atmos~heric Sc -  
ences, Oregon State Unversty, C o w a s ,  OR 97331- 
5503, USA 

seen1 to indicate mixtures of at least four 
lnantle compo~lents ( I ) .  Recently, a~ lo the r  
mantle component located internal to these 
four was identified o n  the  basis of Sr-Nd- 
Pb-He isotope data (2-4). Tre~ lds  of Pb 
isotope data for h,lORB suites converge o n  a 
p o s i t i o ~ ~  internal to the global mantle com- 
ponents and define a common end-member 
for MORBs (5). Here, we show' that the 
h,lORB and OIB data define the same inter- 
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nal component. By restricting our initial 
analysis to MORBs, we avoided complica- 
tions from plume-lithosphere interactions. 
Trends in the MORB Pb and He data pro- 
vide information on the origin and location 
(depth) of this common source reservoir (6). 

There are about 900 Pb isotope analyses 
of MORBs (7). The Pb isotope data for 
Pacific, Indian, and Atlantic MORBs de- 
fine distinct trends that converge to a 
common Pb isotopic value (Table 1). The 
statistics of the fit for the data for each 
region are considerably more significant 
than for the whole data set, supporting the 
notion of separating the data into sub- 
populations. MORBs are generally consid- 
ered to derive from the large ion lithophile 
element-depleted asthenosphere. When 
the MORB data are filtered to exclude 
plume-related samples by using the criteria 
(La/Sm)N 5 0.75 (the ratio normalized to 
chondrites), convergence of the three 
trends is still observed (5). The conver- 
gence shown by the three arrays is not an 
artifact of recent plume-ridge interactions. 

The common Pb isotopic composition 
(8) at the point of convergence for the 
three MORB subpopulations lies in a posi- 
tion internal to the components DM (de- 
pleted mantle source for MORB), EM1 and 
EM2 (enriched mantle 1 and 2), and HIMU 

(high-U/Pb mantle). The component com- 
mon to all MORBs has 206Pb/Z04Pb - 19.2 
to 19.8, 207Pb/204Pb - 15.55 to 15.65, and 
Z0sPb/Z04Pb - 38.8 to 39.6; and for the 
same data, 87Sr /s6Sv 0.703 to 0.704 and 
E,, - 4 to 6 (9) (Fig. 1). We refer to this 
common component as C. The three 
MORB arrays are distinguished by differ- 
ences in the relative proportions of DM and 
EM1 components in the least radiogenic, 
binary-like end-member. The Indian Ocean 
MORBs define the most EM1-rich array, 
and the Pacific MORBs the least, with the 
Atlantic MORBs intermediate. 

In the ternary Pb isotope diagram many 
OIB arrays display a radial pattern, sweep- 
ing from the HIMU pole through EM2- 
EM1-DM, with C at the center (Fig. 1B). 
Basalts from Pitcairn, Heard, Galipagos, 
and Easter Island define arrays pointing to- 
ward C that can be described as having 
different proportions of Pb from DM and 
EM1, suggesting that material with EM1 
and DM compositions may have been inti- 
mately associated in some sources (10). The 
St. Helena, Guadalupe, and Sao Miguel 
arrays trend toward C and can be described 
as having fixed proportions of HIMU- and 
EM2-like Pb. The radial pattern converging 
at C suggests that different mantle materials 
were mixed systematically to produce the 

basalts. During the most recent mixing 
event, material having C composition in- 
teracted with multicomponent mixtures, re- 
sulting in the pseudobinary trends observed 
in the OIBs. The multicomponent mixtures 
are inferred to have formed during an ear- 
lier mixing event involving the more ex- 
treme Pb isotope compositions ( I  1). 

High 3He/4He ratios are a characteristic 
of OIBs lying between C and the DM-EM1 
poles (Fig. 1B). Basalts that plot near the 
HIMU-EM2 multicomponent mixtures have 
relatively low 3He/4He. Samoa is different 
and can be described as an EM2-EM1 mix- 
ture trend toward C with high jHe14He ra- 
tios. Because high 3He/4He ratios are not a 
characteristic of DM, the high jHe14He res- 
ervoir must have C or EM1-like Pb. In gen- 
eral, jHeI4He ratios increase in basalts trend- 
ing toward C (for example, Samoa, Galipa- 
gos, and Pitcairn), consistent with the no- 
tion that the C reservoir has a high 3He/4He 
ratio. However, in detail the relations be- 
tween Pb and He isotopes for OIBs are more 
complicated. For example, on Hawaii indi- 
vidual shield volcanoes follow two curved 
geographic trends, the Loa and Kea trends. 
Tholeiitic basalts along the Loa trend have 
higher relative 208Pb and lower relative 206Pb 
than those along the Kea trend (12). The 
tholeiites generally represent the volcanic 

Fig. 1. (A) 208Pb/206Pb versus 207Pb/206Pb covariation diagram showing 
the converging regression lines for the three MORB subpopulations (Atlan- 
tic, Pacific, and Indian) in relation to the OIB fields and the global isotopic 
end-member components HIMU, EM1 , EM2, and DM (7). The end-member 
components encompass the entire oceanic basalt database and plot in 
more extreme positions than the general positions shown in the diagrams. 
Lines and fields are based on published data (7 ) .  (B) Ternary plot of the 
relative abundances of 206Pb. 207Pb, and 208Pb for the same data as shown 
in (A). The 95% confidence curves ale shown for the converging regression 
lines of the three MORB S U ~ D O D U ~ ~ ~ ~ O ~ S .  The Northern Hemis~here refer- 
ence line (NHRL) (36) and the'4.57-bil1ion-~ear (Ga) geochron are shown for 
reference. Numbers in brown along the NHRL are corresponding values of 
206Pb/204Pb, and numbers along the geochron are corresponding values of 
p (238UP04Pb), with constant K (232Th/238U) = 4.2. The ternary grid spacing 

is 0.25%. The topology of the 208Pb/206Pb versus 207PbP06Pb covariation 
diagram and the ternary relative Pb isotope diagram are essentially identi- 
cal, but the latter diagram allows better visualization of mixing relations than 
the binary Pb/Pb diagram. The OIB fields are color coded for the highest 
3He/4He (RIR,) ratios (FUR, is the isotopic ratio expressed relative to the 
atmospheric 3He/4He ratio of 1.39 x fortheOIB suites with published 
He isotope data (7 ) .  The highest terrestrial volcanic 3He/4He ratios are found 
at the Hawaiian and Iceland hot spots. The relative Pb isotope fields for 
Iceland neovolcanics and Loihi tholeiites are shown; other Hawaiian volca- 
noes are omitted for clarity. The OIB arrays converge in an intermediate 
position relative to DM, EMI, EM2, and HlMU and help to constrain the 
composition of the internal component. The Tertiary Iceland volcanics (not 
shown on this diagram) also trend toward the internal component from the 
DM-EM1 region of the diagram (37). 
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atage J~ l r ing  which the plume material is 
~rlost exsily recognized (1 3 ) .  T h e  Ph isotope 
data for Lo;i and Ke;i tholeiites tri1111 Ha~vaii  
and fc>r tholeiites trom Loihi seamount iie- 
fine t\vo distinct geographic trenilh that 
point towaril (1. These patterns suggest that 
the lavas are ilerivecl trc>m ~nan t l e  represent- 
ing miwt~~res of C anil a heterogene~it~s 
sclurce having less railiogenic Ph that com- 
prises ilitterent proportions o t  DM-  nil 
EMI-like material. In  general, the 'He/'He 
ratios increase in lavas plotting towarcl (1, 
hut higher 'He/'He ratios are also ahsclciated 
~v i th  the  more EMI-rich Loa trend. Similar 
ci)mplexity is S ~ O M . I I  hy the MORR ilata. 

In P~icific MORBs the 'He14He ratios are 
high in hasalts with Ph isotopic values close 
to C. 'He/'He ratios increase with '"'Phi 
'Z4Ph r'itios for Pacific MORRs trom the 
Easter Microplate (14) anil ne;ir 17"s o n  the  
East Pacific Rise (15) (Fig. 2). However, in 
the Atlantic, at 14"N (16) and 33"s (17),  
the c x e  is reversed; 'He/'He ratios decrease 
with increilsing '""Ph/'"'Ph ratins (Fig. 2) .  
Further~nc>re, within the  Atl~intic and Inili- 
a n  Ocean MORR data there is also a hint of 
higher 'Hel4He ratios in hasalts that lie 
closer to EM1. In iletail; Atlantic MORB 
il'ita in Fig. I R  resenlhle ;I fanlike pattern 
r a i l~a t~ng  from C where the 'Hel'He ratlo 
appears to increase as the  proportion of EM1 
incre~ises at the expense o t  DM. Simil~irly, 
the  two h~ghest  'He/'He r'itios t;>r Incilan 
Ocean MORRs are fro111 hasalt glasses with 
higher proportions of EM 1. 

These Ph-He isotope observations fro111 
hot11 MORRs mil OIRs raise the  pc>ssih~lity 
that what 1s collect~vely reterreil to as EM1 
may actually represent t ~ v o  mantle reser- 
volrs, hot11 w ~ t h  long-term enrichment in 
U/Ph and Th/Ph relative to LIM. Perhaps 
one reservolr represents recycled crustal 
m~iterl~il  w ~ t h  low 'He/'He, and the  other, 

rel~itively primitive m~int le  nlaterial with 
high 'He/'He. 

H'irt et al. (2 )  ohserveil t h ~ t  the  OIR 
ilata plot within a tetraheciron in "Sr/"Sr- 
1''Nd/'ttNcl-Lo('Ph/2i14Ph space with 'ipices 
correspi)niling to  the  glohal rllantle compo- 
nents EM1, EM2, HIMU,  '11111 DM, and 
that most arrays converge o n  a volume near 
the tetr~iheilron's base, which they termed 
the " f ~ ~ c ~ i l  zone" (FOZO).  They also sug- 
gested that FOZO may he the  high 'He/'He 
lna~l t le  reservoir (2 ) .  Recause FOZO i h  corn- 
mon to  many hot spot lllantle sources, Hart 
anil co-workers ( 2 ,  3 )  reasoned that it rep- 
resents the  composition of the  l o ~ e r  mantle 
entr'iinecl by plumes rising fro111 the  cc>re- 
rllantle hounilary. Farley et al. (4 )  also cle- 
scriheil a component common to plumes 
that 11'1s high 'He/'He ratios, called the 
pri~nitive helium ~rlantle (PHEM).  In g e n  
eral, high 'He/'He ratios in OIRs are ass<,- 
ciatecl with intermeiliate Ncl, Sr,  r ~ ~ ~ i l  Ph 
isotope ratios relative to  the glohal mantle 
encl-members ( 18). These c~hserv~itions col- 
lectively suggest a co~nponen t  common t(> 
Inany plurlles that has inter~rleciiate Ph, Sr, 
anil Ncl isotope ratios and sometimes high 
'He/'He ratios. T h e  conlmon compi)nents 
FOZO and PHEM, iletineil o n  the  basis o t  
the OIR ilata, '111J C, Lietined solely o n  the 
hasis of MORR isotope varlatlons, have 
roughly si~rlilar Ph, Nd,  and Sr iscltope ch'ir- 
acteristics anil may therefore represent the  
same mantle reservolr (19).  

Carhi111 cannot represent an  extremely 
old reservoir, hecause ~t is too rich in "Vh 
re la t~ve to 'd7Ph, anil ~t plclts tilr helow the  
4.57-G;I geochron for the  hulk Earth (Fig. 
3) (211). It IS therefc>re unl~kely that (1 rep- 
resents a major p'irt of the mantle such as 
the  lower mantle, hecause the total conti- 
nental crust anil the  ilepleted mantle ,11so 
plot helow the  4.57-Ga gei)chron (21) ,  ;mil 

Table 1. Least squares llnear regression parameters for MORBs The ratlos l~sted for the Pb/Pb d~agram 
refer to the following covariatlon diagrams: 20iPb/2mPb = 20GPb/20Tb versus 207Pb/204Pb: 208Pb/206Pb 
- - 206pb/204pb 208pb/204pb; and 207Pb/208pb = 208Pb/i06pb versus 207pb/206pb, 

Pb/Pb dlagram Slope Intercept 

All MORBs combined (n = 866) 
0.08764 i 0 0021 1 
0.89652 i 0.01538 
0.56555 t 0.00656 

Atlantic MORB (n = 390) 
0.09228 i 0.00277 
0.98388 t 0.01542 
0.64565 -t 0 00875 

Pacific MORB (n = 267) 
0.12659 2 0.00440 
1.1 1465 2 0.02085 
0 68297 I 0.01 278 

Indian MORB (n = 209) 
0.07542 2 0.00473 
0.87407 i 0.03062 
0.57344 2 0.01223 
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mass halance would reilulre ;rn unidentif~ed 
reservoir above the geochron. It  the  start of 
terrestrial Ph isotope evolution i \  signiti- 
cantly younger than 4.57 G;I-ti)r ex;l~nple, 
4.46 Ga (22)-then we cilnnot rule out the 
possibility that C reprebent\ the lower Inkin- 
tle 011 the hasia of the Ph iaotol'es alone. 
T h e  i)hservation that Ce/Pl> ratio5 in 170th 
OIBs and MORRs ;ire uniform nr 25 i- 5 
anil significantly higher rhnn 130th cr~latal 
(Ce/Ph = 4)  and primitive lnantle (Ce/Ph 
= 1 I )  values (23)  !resents ;I aerious mass 
h~ilance problem it (, representj the  compo- 
sition of the  entire loiver m,~ntlc,  and ivc 
therek~re  consicier thih unlikelv. 

Mantle cont,~ining juhil~~cteil oceanic 
crust (24) ;rcleiluately :recounts t i ~ r  C. Recy- 
cled oceanic cruat, with i11i age of 300 to 
2000 million yeara ago (Ma) ,  i\ ;I viable 
source that satistiea the  Ph i.;otope con- 
straints (Fig. 3). For ex;lmple, the Ph ihotope 
co~nposition of C can he oht;~ineJ from 300- 
1ni1lii)n-year-olil oceanic crust with 21 ""U/ 
""Ph ( k )  = 30 ancl "'TII/"~U ( K )  = 2 to 
3, provicleil that some continent;rl crustal Ph 
was incorporated hefore suhiluction. 

T h e  C reservoir m ~ ~ h t  he Iocateil ileeper in 
the rnantle th;ln the upper mantle MORR 
sc>urce heca~lhe Inva s~lltes raci~ate trom C. It 
follows that other comnonents arc ~rliweci 
hefore there is mixi~lg ~v i th  material having 
the composition of C:. A phyj~cal moilel 
consistent ivith t h ~ a  chronology woulci place 
C in the lower mantle, perhaps ,it the core- 
~nan t l e  houncl'iry where plumea ;Ire t h o ~ ~ g h t  
to oriplnate, or alter~~ativelv at thi. 670-k~n 
hounilary layer het\veen the upper and lo\ver 
mantle. T h e  other components are therehre 
located h ~ g h e r  in Earth's 1n;rntle  hove the (: 

Fig. 2. 3He/4He and 20c'Pb/x'4Pb covarlation dla- 
gram for Paciflc and Atlantlc ridge segments (14- 
17). Note that the "He/4He ratlo 1s posltlvely cor- 
related with the 20GPb/2mPb ratio for Pacific 
MORBs from the west rlft of the Easter Microplate 
and near 17"s on the East Pacific Rise (EPR) 
where the Pb Isotope arrays point toward C. For 
ridge segments on the Mid-Atlantlc Rldge (MAR) 
near 14"N and 33"s. the trend is reversed and 
:'He/"He is negatively correlated wlth 21JbPb/20"Pb 
as the proportion of C increases 



reservoir. They are entrained as a plume rises 
and mix with each other before mixing wi th 
a plume core that is composed of C material 
(25). The observation that C can have both 
lower and higher 3He/4He ratios than nor- 
mal MORB suggests an origin from a thermal 
boundary layer, below which the high 3He/ 
4He reservoir i s  located. However, the pre- 
cise location of the C reservoir i s  difficult to 
constrain from this observation alone. Be- 
cause the lower mantle is usually considered 
to be a high 3He/4He reservoir (26), C may 
represent the average composition of the 

transition zone above the 670-km seismic 
discontinuity, which separates the upper and 
lower mantle. Carbon material with low 
3He/4He ratios may originate from regions of 
the transition where recycled or altered oce- 
anic crust has been stored (27). The entrain- 
ment of small plumes or diapirs of such ma- 
terial from the upper parts o f  the transition 
zone into the overlying convection scheme 
may account for the negative correlations of 
2ffiPb/204Pb and 3He/4He in some areas, such 
as at 14"N and 33"s on the Mid-Atlantic 
Ridge ( 16, 17). The occurrence of C mate- 

Fig. 3. 207PbP06Pb and - 
208PbP06Pb covanat~on 
d~agrams lllustratlng pos- 
s~ble models for the ongln 
of the Pb  soto ope compo- 
srtlon of C (I~ght blue box), 
by hydrothermal alterat~on 
(green arrows) and subse- 
quent aging (brown ar- 
rows) and recycling of 
oceanlc crust. Gnds ~llus- 
trate the fract~on of Pb 
exchanged dunng hydro- 
thermal alterat~on 300 mil- 
lion years ago (Ma) (t,), 
between the m~d-ocean 
ndge crust and contnen- 
tal crust or sed~ment hav- 
Ing Stacey-Kramers Pb 
lsotope composltlon (38). 
The thick, black, cuwed 
lhne represents the evolu- 
tion of Stacey-Kramers 
Pb; tlck marks [~ntewals 
of 250 mllllon years (My)] 
show Its Pb lsotope com- 
posltlon In the past. The 
4.57-Ga geochron IS 

shown for reference; tlck 
marks correspond to IL 
values The lnlt~al Pb ISO- 
tope composltlon of the 
unaltered m~d-ocean 
r~dge crust has been 
backtracked from the 
end-member Atlantic- 
Paclfic Pb lsotope com- 
posltlons (dark blue Ilne, 17 18 19 20 21 22 

lower left) glven by Al- 2a6PbPPb 
legre et a/. (22), assum- 
n g  a depleted mantle wlth IL = 5 and K = 2 5 [see (39)l. The proport~on of contlnental Pb lncorporated 
at that polnt In t~me speclfies the lnlt~al Pb Isotope composlt~on at the end of hydrothermal alterat~on 
before subduct~on The green and brown arrows track the evolut~onary trajectory for the speclfic case of 
50% exchange where p = 30 and K = 3 for t ,  = 300 My. Thls process may lnvolve med~at~on by 
metall~ferous sed~ments and hydrothermal sulfide deposlts (40). In the 208Pb/206Pb covar~at~on d~agram, 
the vertlcal gnd lhnes denote the Pb Isotope composltlons resulting from closed-system rad~oactlve decay 
for the spec~f~ed IL and the lnltlal Pb  soto ope composlt~ons produced durlng the hydrothermal alterat~on, 
the steep gr~d llnes correspond to constant values for the ratlo of MORB to contlnental Pb and for K . In 
the 207PbP06Pb covarlatlon d~agram, the steep gr~d llnes correspond to constant values of p w~th varylng 
proportlons of MORB to contlnental Pb, the less steep lhnes correspond to constant proportlons of MORB 
to contlnental Pb w~th varying values of p The Pb Isotope compos~t~onal range of C suggests an ongln 
from altered oceanlc crustal protollths that have lncorporated contlnental Pb before subduct~on and were 
recycled dunng the past 300 to 2000 My. Also note that the 207Pb/206Pb and 208Pb/2ffiPb slopes of the 
St Helena HIMU-l~ke array are slmllar to the model gr~ds If we took a more rad~ogenlc crustal Pb relatlve 
to Stacey-Kramers Pb, such as that for modern pelaglc sed~ments (41), St. Helena-l~ke Pb Isotope 
composlt~ons would be produced from a var~ably polluted, altered oceanlc crust In several hundred mllllon 
years, unl~ke the 1 to 2 bllllon years often c~ted 

rial wi th high 3He/4He ratios may be due to 
a relatively larger amount of mass transfer 
from the lower mantle and would account 
for positive correlations between 206Pb/204Pb 
and 3He/4He such as is observed in MORBs 
from the Easter Microplate and near 17% on 
the East Pacific Rise (14, 15). Episodes of 
high mass transfer may correlate wi th mantle 
overturn between the mesosphere and core- 
mantle boundary layers (28). The regional 
distribution of recycled crust at the base of 
the upper mantle may account for some of 
the contrasts in Pb-He isotope covariations 
for MORBs. 
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Pre-Main-Sequence Star Candidates in the 
Bar of the Large Magellanic Cloud 

J. P. Beaulieu," H. J. G. L. M. Lamers, P. Grison, R. Julien, 
C. Lanciaux, R. Ferlet, A. Vidal-Madjar, E. Bertin, E. Maurice, 

L. Prevot, C. Gry, J. Guibert, 0. Moreau, F. Tajhmady, 
E. Aubourg, P. Bareyre, J. de Kat, M. Gros, B. Laurent, 

M. Lachieze-Rey, E. Lesquoy, C. Magneville, A. Milsztajn, 
L. Moscoso, F. Queinnec, C. Renault, J. Rich, M. Spiro, 

L. Vigroux, S. Zylberajch, R. Ansari, F. Cavalier, M. Moniez 

Candidate pre-main-sequence stars were observed in the bar of the Large Magellanic 
Cloud during the search for dark matter in the galactic halo. Seven blue stars of apparent 
visual magnitude 15 to 17 had irregular photometric variations and hydrogen emission lines 
in their optical spectra, which suggested that these stars are pre-main-sequence stars of 
about 10 solar masses. These stars are slightly more massive and definitely more luminous 
than are Herbig AeBe pre-main-sequence stars in our own galaxy. Continued observations 
of these very young stars from another galaxy, which are probably at the pre-hydrogen- 
burning stage, should provide important clues about early stages of star formation. 

T h e  early stages of star formation are gen- 
erally hidden from optical observations be- 
cause the stars are embedded in their circum- 
stellar dust clouds. T h e  laver the mass of a 
star, the slower its contraction toivard the 
main sequence where H is ignited. There- 
fore, the only pre-main-sequence stars that 
are optically visible in the galaxy are the 
low-mass T Tauri stars (M = 1 to 5 Mc, 
where M, is solar mass) and the slightly 
more massive Herbig AeBe (HAeBe) stars of 
2 to 9 M,. 111 galaxies with a loiver metal- 
licity, the pre-main-sequence stars are ex- 
pected to have less d ~ ~ s t .  This attribute might 
enable us to observe and study the pre-main- 

sequence phase of Inore massive stars in oth- 
er galaxies, thereby extending our kno~vledge 
of the early evolution of stars to younger 
phases. Here, we report the serendipitous 
discovery of HAeBe stars in the Large Ma- 
gellanic Cloud (LMC) with the EROS ex- 
periment ( 1 ). 

The  EROS database was used to search for 
quasi-stellar objects (QSOs) behind the Lb?C 
for spectroscopic studies of the absorption 
components of gas in the Lb?C. About 10 to 
12 QSOs down to magnitude -20 were ex- 
pected in the field of the EROS charge-cou- 
pled device (CCD) camera. Because the 
EROS photometry has only two filters and it 
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