
natural mechanism of aggregation. 
T h e  problem of the optimal path, for 

which C,,, is a minimum, has been solved 
exactly In two dimensions in  the  context of 
dolnain walls in  randon1 ferromagnets and 
dlrected polynlers In a rand0111 medlum 
(16).  T h e  Hurst exponent H = Vi. For 
directed, self-affine river haslns, the  values 
of .r and 11 can readily be deduced to be '/j 

and %, resnectivelv. These values are robust 
and do not change even ~f the mi l l~~n i i a t ion  
of the energy functional ~ncludes both dl- 
rected and und~rected networks (16) .  

For 1/2 5 Y < 1, heterogeneities in the 
u 

erosional properties are ~rrelevant, and the 
exponent values are the same as t h e ~ r  homo- 
geneous counterparts. Our  proof rel~es o n  
first observing that Mln E 5 L1+" (Mln E 
5 Z,li,s;Y for the tree for whlch 2,s: 1s a 
m~nimum,  but Z,k,sy 5 k X Z , s Y  - 
v"'L'+2', where k?' IS the largest of the k, 
values) and then using Eq. 9 in conjunctlo11 
with Eo. 3 to show that H 2 1. Because H > 
1 IS not phys~cally rueaningful, the Hurst 
exponent relnains unchanged a t  H = 1. 

W e  have thus shown that O C N s  with '/r 
I y I 1 show three classes of behawor 
(Table 1) .  Our  results lnd~ca te  that the  
O C N ,  in  its present form, does not  describe 
the behamor of river basins. Rulaldo and 
co-workers (6 )  have carried out numer~cal  
s tud~es  of the  Y = I/L case. Their work. 
which was restricted to the  statistics of local 
minima (and not the  global r n ~ n ~ m u m ,  as 111 

our analysis), yielded exponents different 
from our results but in  good accord with 
observational data. 
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Predatory Dinosaurs from the Sahara and 
Late Cretaceous Faunal Differentiation 

Paul C. Sereno," Didier B. Dutheil, M. larochene, 
Hans C. E. Larsson, Gabrielle H. Lyon, Paul M. Magwene, 
Christian A. Sidor, David J. Varricchio, Jeffrey A. Wilson 

Late Cretaceous (Cenomanian) fossils discovered in the Kem Kem region of Morocco 
include large predatory dinosaurs that inhabited Africa as it drifted into geographic 
isolation. One, represented by a skull approximately 1.6 meters in length, is an advanced 
allosauroid referable to the African genus Carcharodontosaurus. Another, represented by 
a partial skeleton with slender proportions, is a new basal coelurosaur closely resembling 
the Egyptian genus Bahariasaurus. Comparisons with Cretaceous theropods from other 
continents reveal a previously unrecognized global radiation of carcharodontosaurid 
predators. Substantial geographic differentiation of dinosaurian faunas in response to 
continental drift appears to have arisen abruptly at the beginning of the Late Cretaceous. 

M a j o r  continental areas becalile increas- 
ingly isolated during the  Late Cretaceous as 
non-av~an  dinosaurs underwent their final 
rad~atlon. T h e  influence of contlnental 
fraglnelltation o n  dinosaur evolution during 
t h ~ s  interval has relnained uncertain be- 
cause of uneven sampling of the  fossll 
record. Late Cretaceous dinosaurian re- 
mains have been recovered principally from 
Asla and western North  America and con- 
s ~ s t  largely of coelurosaurian predators and 
orllithisch~all herbivores ( 1  ). Although di- 
nosaur bones of Late Cretaceous aee have 

P. C. Sereno, H. C. E. Larsson, P. M ivlagwene C. A 
Sidor, J. A. Wilson, Department of Orqansma Booqy  
and Anatomy University of Chicago, -1027 East 57th 
Street, Chicago, IL 60637, USA. 
D. B Duthe 48 rue de la Rochefoucaud, 75009 Parls. 
France 
M. Iarochene, ivlnstere de 'Energe et des ivlines, Rabat, 
Morocco 
G H Lyon, 3551 Carter HI I  Road, Montgomery, AL 
361 1 I ,  USA 
D J. Varricchio, Old TraI ivluseum Post Office Box 919, 
Choteau. ivlT 59422. USA 

been reported from all major s o ~ ~ t h e r n  land 
areas including Anta rc t~ca  (2-1 2 ) ,  reason- 
ably complete skeletons have been recov- 
ered only from South America (1 3 ) ,  where 
abelisaur~d predators and titanosaurian her- 
bivores flourished. 

O n  contlnental Africa, the most com- 
plete relnalns of Late Cretaceous dinosaurs 
were discovered in  Egypt and include the  
lower jaw and vertebrae of a n  unusual fin- 
backed theropod, Spinosa~trus (3) ;  skull frag- 
ments and bones of another large theropod, 
Ca~charodontosa~t?.1~s 14): isolated bones of a , , ,  

thlrd predator, Bahariasa~trus (5); and bones 
of a large tl tanosaur~an sauropod, Aegypto- 
saurus (6) .  In  beds of sllnllar age 111 Moroc- 
co, several bones of a n  enlg~ilatic sauropod 
Rebbachlsaurus were d~scovered (7 ) .  Phylo- 
genetic lnterpretatlon of these remains 
(14-1 7)  has been difficult because lnally of 
the bones are fragmentary and because the 
Egyptlan collection was destroyed during 
World War  I1 (18) .  

-To whom correspondence should be addressed C o  We describe here 'Iew vertebrate re- 
authors are s t e d  alphabet~cally mains from Late Cretaceous beds 111 the  
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Kern Ken1 reglon of southeastern Morocco 
(Flg. 1. A a ~ l d  B).  T h e  fossll~ferous 11orl:ons 
are exposed along the  face of a n  e.;carpinent 
forrued by a carbonate platforin of Late 
Cenornanian through Turonlan age ( 19).  
T h e  beds beneath the platform have heen 
divided informally into a lower red sand- 
stone unit  ( p i s  rouges infracino~nanlens) and 
an  upper inarly unlt (~narne  tjersicolores ii 
gypse) (22) .  This general description, how- 
ever, only characterlres the underlying l3ecis 
i n  the  Kein Ken1 reeion 121 ) .  

u , ,  

W e  informally recognize this distmct, 
nonmarine cleltalc facles as the Keln Kern 
beds, n.hicl1 can be dlvided equally into two 
unlts that together attain a maximum 
thickness of approx~mately 222 m (Fig. 1 C )  
122). Nonvertebrate and vertebrate remains 
have been recol-ered, the latter preserved 
larcelv as disartlculated elelnents 123). Nine , , 
elasmohranch specles strongly support a 
Cenonlanian age for the deposit [circa (ca . )  
9 1  lnillion years ago (Ma)]  (24) .  Dinoiaurs 
are represented by several theropods, at 
least two sauropods, and a large iguanodon- 
tian (25) .  

These fossils inclucle a r e l a t ~ \ ~ e l u  com- 
plete t l ~ e r o p o ~ l  skull lacklng the  lonier j a , s  
(Fig. 2 ,  A and B) (26 )  and a partial skel- 
e ton  of a second theropoil (Fig. 3) .  A p -  
proximately 1.6 111 i n  length,  t he  skull 
equals or exceeds the  l e n g t l ~  o t  t he  1arge.t 
k n o n n  .kull o t  Tyi-nnnosau~~is Y?.Y ( 27 ) .  
T h e  m a x ~ l l a  has 5ocltets tor 14 l~lacle- 
shaped teeth,  the  crowns of which are 
cliagno.tic in A a p e  anii ornamentat ion 
(Fig. 2 C ) .  T h e  posterior lnargin of the  
crown 1s only .lightly recurl-ed ancl be- 
comes convex toward the  crown tip. O n  
130th sides of the  crown. arcuate enamel 
wr~nltles curve toward the  illarginal serra- 
tions and often extend acr(3.s t he  cron.11 as 
loni 1iands (Fig. 2C).  These  denta l  features 
allow reference of the  .kull to Cnrchnr- 
odontosa~irus siti~itricus ( 2 8 ) ,  a specie. ba.ecl 
orig~nall\-  011 isolated tee th  from western 
Algeria ( 7 )  and later represented by cra- 
nial fragment. and postcranlal bone. fl-om 
Egypt (4 ,  5) and tee th  train Niger ( 9 ) ,  
Tunisia ( I ? ) ,  and Suclan ( 1  1 ) .  

T h e  cranium tapers anterior1)- in side 
I-iew and is narroxv in dorsal view (Fig. 2, A 
and B). T h e  antorbital fenestra is escep- 
tionally large (309; of sk~rll  length),  and 
oneumatlc extens~on. of the antorbital fossa 
open into the s~rrrounding bones (max~l l a ,  
nasal, lacrimal, and jugal). T h e  protruding 
ventral lnargin of the fos.a, the sculptured 
surface o t  the masilla, and the rugose namls 
also cl1aracterl:e the Egyptian cranial ele- 
ments, which are associated with postcra- 
Ilia1 hones (4,  29) .  T h e  .tout, .trongl~- opis- 
thocoeloui. cervical vertebrae of C. sahnii- 
clis are diaonostic and ha\-e low neural 

u 

spines, robust transverse 'roces.es, and es-  
ceptionally broad, keeled centra (Fig. 2D) .  

Cladistlc analys~s of basal tetanurans 
places Crncharotlorztosci~i~~is ivltl1111 the allo- 
saurotd clade (Fig. 4 A )  as recently suggested 
( 1  7 ) ,  allying it closely a l t h  Acrocni~thosiltl- 
rlis froin the Alhlan of North  ,4merica (32)  
and Glganotosau~us from the Alblan or 
Ceno~liall ian of South  i i inerlca ( 3  1 ). Char-  
acters that unite these taxa as carcharodon- 
tosaurids ~nc lude  a 'road orbital shelf 
(formed by the  lacr~mal  and postorhital 
l~ones )  and the  sil~rared anterior end of the 

Outcrop 
nf tho 

Erfoud 

Taouz f 

rocanthosntirtu, the cervlcal centra are par- 
ticularlv broad, and the a n t e r m  caudal ver- 
tebrae have small pleurocoels. 

T h e  new fossils also include a vartial 
skeleton, several hones of which ( the  cora- 
cold, femur, ancl fibula) are identical to 
bones referred to the Egyptian species Ba- 
harinsatirus lntens (51. These Egyptian 
bones, however, are not  part of the  holo- 
t \ - p ~ c  specnuen of B. ingens, which is based 
o n  other fragmentary postcranial elements 
(32) .  Therefore, we ileslgnate the ?L,loroc- 
can slteleton as the  holotvue of a new thero- . L 
pod, Deltadromeus ag~ l~s ,  gen. nov.,  sp. nov., 
to which we refer several of the Egyptian 
bones (33) .  . 

T h e  liinb hones 111 Deitadromeus are re- 
~liarkably slender. Length/dlaineter ratlos 
are similar to those ln the smaller cursorial 
coelurosaur Ornitiloml~niis and are only 52 
t o  6PU6 of the diameter of those in the 
equal-sceil allosauroid ?Illosnur.us (Table 1) .  
T h e  plate-shaped coracoid and proximal 
scapula in Deitadrometis are broader than In 
other theropods that also show expansion of 
the acromial regLon (theriiinosaurtds, tyran- 
nosaurids, and cie~nonychosaurs). O n  the 
basls of the r.resen.ed oortlons of the hu- 
merus, radius, and ulna, the forelilnb is not  
substantiallv reduced 111 lencth.  T h e  curso- 

u 

rial proportlolls of the hind lllllb bone. lie 
bet\\-eel1 those tor i?llosnu~tis and Ornitho- 
min~us (Table 1 ) . 

T h e  p l~y loge l~e t i c  analysis suggest. tha t  
De1tadrorni.u~ is an  earlv Jerlvatlve of the  
coelurosaur radiation ( ~ i g .  4A) and lnost 
closelv re.e~nbles the  smaller Late Jurassic 
taxon O~nrtholestes ( 3 4 ) .  Its status as a 

Fig. 1. Late Cretaceous paleogeograptiy and 
prlnc~pal exposures of the Keln Keln beds, (A) 
Late Cretaceous (Cenomanan. 90 to 97 Ma) pa- 
eogeograph~c map (Mollve~de project~on) lvith 
lat~tude and ongitcrde lnes spaced at 30" intewas 
(long~tude greater than 120' not shown) (47).  
Wh~te cross indicates f o s s  ocallly, iB) Maps 
shol/?i~ng Morocco and ttie locat~on of r~bbon- 
shaped exposures of ttie Ke~n Kern beds in south- 
eastern Morocco, iC) Sect~on of the Kern Kern 
beds at Gara es  Sbaa showing the erosional con- 
tact below w~th Ordovic~an and Devonan strata 
and a conformable contact above l/?ith the Ceno- 
man~an-Turon~an limestone platforln (br~ck pat- 
tern). Sandstone (st~pple) ciorn~nates ttie Iol/?ier 
unt, whereas mudstone (solid) increases wittin 
the upper un~t. Measurements are n meters. S -  
houettes sholv the principal kinds of footprnts n 
the footpr~nt zone (upper right) and the strati- 
graphic level of ttie skcr of Carcharodontosaurus 
and skeleton of Delrauromeus ( m d d e  r~gtit). Pa- 
eoccrrrent rose dagraln (lower right) shows strong 
nocherly orlentailon of cross-stratification withln 
the lower unit of the Kern Kern beds in = 43 mean 
= N13'E). CT. Cenomanian-Turonian; P, Paeo- 
roc :  S F M C, silt, frne-, medium-, and coarse- 
grained sandstone; , fossiliferous zone; I ,  foot- 
print zone. 
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coelurosaur is based on the expansion of 
the coracoid, the reduction of the femoral 
fourth trochanter to a low ridge, and the 
presence of a large deep fossa on the prox- 
imal end of the fibula (Fig. 3, E, G, and 
H). 

Late Cretaceous fossils from Africa are 
critical for the establishment of biogeograph- 
ic patterns toward the end of the Mesozoic. 
During this time, an endemic fauna had 
arisen in Asiamerica (central Asia and west- 
em North America) that consisted almost 
entirely of coelurosaurian predators and or- 
nithischian herbivores ( I  ). A complementa- 
ry Gondwanan dinosaurian fauna composed 
of abelisaurid and spinosaurid predators and 
titanosaurian sauropods has been described 
(35) but has yet to be clearly established on, 
and restricted to, southern continents other 
than South America (15, 36). 

The dinosaur remains from Morocco 
support the following biogeographic con- 
clusions: 

1) During the Late Cretaceous, several 
large theropods achieved a trans-African dis- 
tribution. The Moroccan material indicates 
that at least three large predators (Spinosau- 
rus, Carcharodontosaurus, and Deltadromew) 
ranged across north Africa during the Late 
Cretaceous (Cenomanian). 

2) During the Early Cretaceous, large 
carcharodontosaurid predators underwent a 
global radiation. The close relations be- 
tween Carcharodontosaurus (African), Acro- 
canthosaurus (North American), and Gi- 
ganotosaurus (South American) identify a 
carcharodontosaurid radiation that had 
achieved a transcontinental distribution be- 
fore the end of the Early Cretaceous (ca. 
100 Ma) (Fig. 4B). Carcharodontosaurus 
may have been isolated on Africa during 
the Cenomanian (ca. 90 Ma), as paleogeo- 
graphic reconstructions suggest, but its car- 
charodontosaurid progenitors were able to 
colonize northern and southern landmasses 
during the Early Cretaceous. 

3) By the Late Jurassic, basal coeluro- 
saurs had achieved a global distribution. 
Deltadromeus and recent discoveries of ma- 
niraptoran bones in Sudan and Argentina 
(37) document the presence of coelurosaurs 
on southern continents during the Late 
Cretaceous. The early divergence of a lin- 
eage that gave rise to Deltadromew suggests 
that primitive coelurosaurs were present on 
southern continents before the close of the 
Jurassic. 

4) At the beginning of the Late Cre- 
taceous (Cenomanian), a distinctive dino- 
saurian fauna was present in Africa. Thus 
far, only Africa has yielded Late Creta- 
ceous spinosaurids, primitive coelurosaurs 
like Deltadromew, abundant small thero- 
pods with simple blade-shaped teeth, and 
a large iguanodontoid (25). Although 
the sauropod Rebbachisaurus may share its 

closest relations with a South American nental areas, where abelisaurids and tit- 
form (38), the Moroccan dinosaurian fau- anosaurs (South America) and hadrosaurs, 
na is distinct from Cenomanian faunas ankylosaurs, and deinonychosaurs (north- 
on South America and northern conti- ern continents) are dominant (39). It 

nfo \ 
\ 

Fig. 2. Cranium and maxillary tooth (SGM-Din 1) and postaxial cervical vertebra (SGM-Din 3) of C. 
saharicus. Cranial reconstruction is shown in (A) left lateral and (B) dorsal views. Stippling indicates bone 
preserved on at least one side of the cranium. (C) Maxillary tooth from cranium in left lateral view, with 
magnified views of the posterior margin (right) and lateral surface (below). (D) Midcervical vertebra in (top) 
left lateral and (bottom) posterior views. Scale bar in (A) and (B), 50 cm; in (C), 5 mm (above) and 1 cm 
(below); in (D), 5 cm. Abbreviations: antfo, antorbital fossa; apo, accessory pneumatic opening; di, 
diapophysis; f, frontal; j, jugal; I, lacrimal; lfo, lacrimalfossa; m, maxilla; mf, maxillaryfenestra; n, nasal; nfo, 
narial fossa; p, parietal; pa, parapophysis; pl, pleurocoel; po, postorbiial; por, postorbital rugosity; poz, 
postzygapophysis; and so, supraoccipital. 

Table 1. Length and minimum diameter measurements (in millimeters) and ratios in 0. agilis (SGM-Din 2), 
Allosaun~s fragilis (44 ,  and Omithomimus sp. (Royal Tyrrell Museum of Palaeontology, Drumheller, 
Alberta, Canada, uncataloged). Parentheses indicate estimation; dashes indicate missing information. 

Bone Deltadromeus Allosaurus Ornithomimus 

Length, diameter 
Midcaudal centrum 130,70 - - 
Distal caudal centrum 130,35 90,28 - 
Humerus (328), 22 310,38 - 
Femur 740,53 850,95 418, (46) 
Tibia (7001, - 690,72 485, (35) 
Metatarsal II 417,20 270,42 300,25 
Metatarsal Ill 450,22 327,40 332, (1 6) 
Metatarsal IV 400,20 275,36 311,25 
Metatarsal V 100,8 - 120,7 
Digit Il-phalanx 1 140 120 68 
Digit Il-ungual 80 80 52 
Digit Ill-phalanx 1 1 40 110 - 
Digit IV-phalanx 1 98 75 40 
Digit IV-phalanx 1 98 75 40 
Digit IV-phalanx 3 52 30 22 
Digit IV-phalanx 4 37 29 21 

Ratios 
Humerudfemur (0.44) 0.36 - 
Tibialfemur (0.95) 0.73 1.16 
Metatarsal Ill/femur 0.61 0.52 0.79 
Metatarsal Ill/tibia (0.64) 0.47 0.69 
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remains to be determined whetherAfrica's clusion, that substantial faunal exchange Nor th  America, South America, and Af- 
Cenomanian dinosaurian fauna persisted to between major land areas may have contin- rica appears to  have abruptly arisen early 
the end of the Cretaceous. ued well into the Early Cretaceous. Marked in the Late Cretaceous, when dispersal 

5) The Moroccan fossils suggest, in con- provincialism of  dinosaurian faunas in routes between northern and southern 

Fig. 3. Skeletal anatomy of D. agilis (SGM-Din 2). A 
(A) Neural spines of anterior caudal vertebrae in B C 
left lateral view. (B) Midcaudal vertebra in left lat- .P- PP 
era1 view. (C) Midcaudal chevron in left lateral 
view. (D) Skeletal reconstruction showing pre- 
sewed bones (length of 0. agilis approximately 9 
m). (E) Scapulocoracoid and forelimb (composite - '. . \ . 
left and right) in left lateral view. (F) Pubic foot in left D . - \ b . . \ I - 
lateral view. IG) Proximal left fibula in medial view. - . \ I 

(H) Proximalfe;nur (reversed from right) in left lat- 
eral view. (I) Tibia (reversed from right) in proximal 
view (anterior toward top). (J) Distal tibia, astraga- 
lus, and calcaneum (reversed from right) in ante- 
rior view. (K) Left metatarsals II to IV in anterior 
view. (L) Left metatarsals II to V in proximal view 
(anterior toward bottom). Scale bar in (A), 5 cm 
[also for (F), (G), (H), and (K)]; in (B), 5 cm [also for 
(I), (J), and (L)]; in (D), 1 m; in (E), 10 cm. Abbrevi- 
ations: ac, acromion; ap, anterior process; as, 
astragalus; asp, ascending process; at, anterior 
trochanter; ca, calcaneum; cc, cnemial crest; 
dpc, deltopectoral crest; ff, fibular fossa; ft, fourth 
trochanter; pp, posterior process; ra, radius; and 
uI, ulna. 

A B E 

Neotheropoda 
Fig. 4. Phylogenetic and temporal relationships among basal tetanurans. 
(A) Strict consensus cladogram of eight minimum-length trees based on 
phylogenetic analysis of 63 characters in 14 terminal taxa (Table 2), with 
outgroup states based on Eoraptor and Herrerasauridae. The data are 
generally congruent (consistency index. 0.81 ; retention index, 0.84); more 
incomplete terminal taxa are less stable when trees several steps longer 
than the minimum are sampled (42). (B) Phylogram based on the cladogram and recorded temporal ranges as calibrated on a recent time scale (43). Error bars 
indicate age uncertainty. 1, Neotheropoda; 2, Tetanurae; 3, Neotetanurae; 4, Spinosauroidea; 5, Allosauroidea; 6, Carcharodontosauridae; 7, Coelurosauria. 
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Table 2. Character state lnatrix for an outgroup (based on Eora,otor and Herrerasaurdae), 14 Ingro,!ps, and 63 characters (65) used in a phylogenetic analyss 
of basal tetanurans ~Flg. 4) (42). 

Characters 
Taxa 

10 20 30 a0 30 60 

outgroup 00000 00000 00000 00000 0?000 00?00 00000 00000 00000 00000 00000 00000 000 
Ceratosaur~a I O C O O  00000 00000 00000 0?000 00000 00000 0000? 00000 00000 00000 00000 000 
kfrovet?ator 11111 11111 11111 11111 lo??? 0??00 ?0111 l?O?? OO??? 0?000 0?000 O?O?O ?OO 
Tonlosaur~dae O l l ? l  ??I?? 10?11 111 11 lo???  0?000 111 11 11 l?O ?0?0? 0?00? 00000 0?000 O?O 
Spinosaaridae ????I ????? I l ? ? ?  ????? ????? ?? I??  ? I  I ? ?  ? I  I ? ?  ????? ?20?0 ?101? 0??0? ??? 
Snraptorldae 11111 11??1 11111 llill 11111 ??011 10000 0??11 11111 00000 00000 00000 000 
C!:colophosaurus ? I???  I???? ???01 ????? ????I ????? ??0?0 ??? I?  1??11 01000 ?0?0? O???? ?O? 
fv7oi?olopnosaui-us 11?1? I I ? ? ?  I I ? ? ?  ????? ?1?1? ???I 1 ?1??0 0??1? l ? ? l ?  11000 COO00 0?0?0 0?? 
A!!osaur~is I I I I ?  11111 11111 11111 11111 11111 I0000 00011 11111 11000 10000 OOO?O 100 
G~ganotosaurus I I ? ? ?  ????? I l l ? ?  1???1 ? I???  ??I11 ?0000 0???1 ?O??? 0?111 1?0?? 0?000 l o ?  
Acrocarlthosaui-us Ill I ?  11?11 ? I  Ill 11??1 11 l ? l  ?? I??  ?00?0 ?0?11 0??0? 01111 I 1111 00000 ??0 
Carchai-odoi?rosaiiius 11 1 I ?  1?1??  ??1?1 ????? ? I ? ? ?  ????? ?0000 ???I 1 0??0? ??I  I? ? I  11 1 0?0?? ?OO 
Ort~it!?o!estes l l l l ?  1?1?1 111?1 ????I 11111 1??11 ?OOOO 0000? 0?0?0 00000 00000 111?1 110 
Del iad-on?eus ????? ?? I??  ??I1 I 1111 1 I????  1?1?? ????? ????? O???? ????? ????? ??? I?  ? I 1  
Other coelurosaurs 11 1?1 11 11 11 11 21 102 11 I I I 11 I I 10000 00000 00000 01000 10000 11 I 11 I I I 

land areas were finally severed and when  Sanr an5 A. D. B~rscal~on, Eds. ~ l n s t ~ t ~ ~ t c  J ~ , a n  cle basal 15 m: and s o t  sed!me,lt cleforrnat!cn, r n~c l -  
Valdes Cuenca Spa~ti. 19921, pp 165-230 stone lenses, ancl prmar:, or secondab~ gcj:l;sun are ocennic barriers haci arisen between sc7utk- phyogenetic posl:,cn of So!,losau,.L,s a,,:ong rare The upper unit flnes upward ans IS conposes 
basal tetani~rans i:51 :Fig 4) IS baseci largely on mare 3f recl tc tan, coarse- tc f~tie-glaned sanclstones 
co1'1pete s111n3saurd remains cl~scovered rece,itI:. n ntercaated v!itn varleyateri mucistones in rcb~yhly 
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a ? 

5 - :iJld. 22, 1 (1 934) 
6 - :brd. 9, 1 (1932) 
7 C Deperet and J. Savornin C R. Acao'. Sc;, Parrs 

181, 11 38 (1 925). 6~11. Soc. Geoi. Fr 27 257 (1 927). 
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moska Eds. (Unv o'Ca'orna Press Berkeley. CA 
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21. TiPe ~~nder lyny beds west o'Gou11nma [P. GautiPier 
Notes :Len7. S e i ~ ~ .  Geo! Maroc 11 9 1 (195711 ancl 
north of Anoua iour secrion data) n conrrast con- 
ssr of a margnai marns-evaporte faces character- 
zeci by aternatng  marl, itnestone and gypsul-I thar 
do not comnose rwo distinct, subequa subunits 

22 Tiie Kem Kem beds vihich t i i~n  to about 103 m 
toward the south inear Hassi Zguima) and east (near 
Taouz), are a nonmarine deltaic faces, as shah.? by 
ilcluded foss~ls (decapods, shrimn. and dl\!erse 
shark teerh), sedmentary structures ( l ~ u d  dranes 
and f l a w  ced-~ng), and consistent notti-t.*endmg 
pa1eocur.-ents toward contenporaneous marginal 
riarine 'aces fFg. IC ) .  Footprnt horzons an3 other 
~ u b a e ~ l a l  trace 'oss~ls occLlr within 7 m o'the Ceno- 
nanan-Turonian catfolm sLlggestng that the over- 
ylng marine transgression was abrup-. Tiie lower 
unit IS composed almost exclus~vely oZre3dsh fine- 
-0 coarse-gra~ned, planar and trough cross-stretifie3 
sandstone, with lateral accretlan deposirs. Pebble 
channels, vertcal kurrows, and rolied vertebrate fos- 
sils (bone scales and teeth) are colnmon above :he 

large croccdian c f  Sarcos~,ci '~is i  darancl I zarcls a 
~:alaeol;h~cl snake, a d~pnoan IC'. Ceia?oobsi, a 
cceacarirli (cf ,"Xa~?so~-:al bol~; f~slies !~;clyptercls 
e n  soste ds, arn ds ,  and pycn.,clcnts) ancl eastno- 
brancns 
Seven of the n ne elasmcbranci-s n the Kern Yem 
beds also occLlr n the Cenamanan Banar~ya Fcrma- 
t on  [B, i-l Slaughter and J T Tnurmond,Aon. Geo! 
S~ i ry  Ecr!!~? 4 25 il 974)' L",' Dr:lnnk Bet-i Geoih,/iss. 
Ab!? A62. 173 (1 985)  C.  \!I!erner, Paiaeorciltiljo- 
bg;ca 5 1 (198911, ncud rig four sl;eces I mtecl to 
these famat 3ns (DrstobaSs ni,trae, Lrssoo~is' 
oa~' iel : ,  idafiz,ig:af;a ;rbjca, an$ Dej.e~ra !raycar, anti 
3ne sl;eces wti- a braacl dstrbat en Piat s resirlet- 
ecl 13 the Cencmanan [Ser~a?o/an?na a:no~;ers:s; H 
Cappetta and G R .  Case Gesbros 8, 303 (1 97511. 
Saurapod re[-la ns nclude \vertebrae of Yeobacni- 
sabn,s gawsbae and narr3~~i-cr3v!necl t tanasaur 
teeth w'th hgh-angle weas faceis A Iaqe oSnlthcp3d 
s kn3v;n f.-ol?i a clo,fer-leaf-shaped footprnt I-lea- 
suVlng approx~nateI,g 53 cm n I e n ~ t h  and wdth  !Fg. 
1C) T Thuborn, Droosa~ii- Trac~s (Chapman and 
H a  London, 1993), cp. 193-1 911. Sp:rosabrbs cf. 
S, aegyot:acbs IS represented by law fraglnents and 
teeth, and small theropods are known from teeth 
and a nair of fused nasals v ~ ~ i l i  a medan crest. Other 
dsarticuated dinosaurian remans have been report- 
ed recen-ly from the Yem Kelr beds [D. A. Russell 
Bbl! Mus. Na?. Hist, A M  (Paris), In nress]. 

26. The sku11 lSC;l\A-Dln 1 I is In tile collections o+ the M n -  
stere de 'Energie er des Mnes. Rabat Morocco 

27. C, sahanc~is, Gigarotosat,rus carolrrri i37), and T, 
rex grew to s~milar adult slzes The reconstructed 
cranurn of C, saha:.icbs (SGM-Din I) has a length of 
about 160 cm (measureu as a straght n e  from -he 
anteror end of the premaxla ro the posteror margin 
of the c~uadra-e) and IS acout l5Oh larger than the 
Egiptran s~ec i lnen $1.  The largest cranium of T :-ex 
is soriswhat shorter (1 53 cm: So~l th  Dakota speci- 
men), i*!~tli average skull length about I r o 4  shorter 
(40) Skull size in G, carolini,' IS s imar  to that of C 
sa/?ar:c~.s (SGM-Dn 1) where they overlap. Available 
m b  bone lengths for C sa/?aricbs are ml ted to the 
felnur End fibula of the smaller Egyptian specimen 
( A ) ,  wl i~ch (scaled up 15%) y e 3 s  a 'emora length 
estmate of 145 cm for SGM-91n 1. Combined fem- 
oral and t~bial lengths In G ~ a ! c J i ~ i i  i l b 3  ern and 112 
cm: ro-a 255 cm) are approxmatey equal to those 
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for the largest tyrannosaur (138 cm and 120 cm; 
total, 258 cm). Skull length may thus be proporton- 
atey greater In carcharodontosaur~ds than In tyran- 
nosaurids, which appear to have longer ds ta  hnd  
limbs segments. 

28. Dagnostc feat~~res for C. sahar~cus. Dental: Poster- 
or crown margin only slightly concave at midlength 
and convex distally: enamel ornamentaton, Including 
transverse bands and arcuate wrlnkles near crown 
margns. Cranial: Antorbtal fenestra length 30% and 
height 259.0, of those of the cranum, ventral margin of 
antorbital fossa everted: prefrontal absent or co-ossl- 
fied; postorbita venira ramus with robust lateral pro- 
cess with groove and pit: postorbta-squamosa ar- 
ticuaton helical: and paroccpta processes and bas- 
al tubera postoned far ventral to occpital condyle. 
Postcranial: Postaxial cervca vertebrae w th  kidney- 
shaped posterior articular 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 pro\ides an assoca- 
tion between cranial and postcrania bones, incud- 
n g  an except~onaly broad cen~ical vertebra and a 
pleurocoelous anterior caudal vertebra (A). These 
vertebrae. In turn overlap with skeleton 1922 X45 
(Stromer's "Spinosaur~s B"), which provides addi- 
tional Information about the vertebral column and 
pedal phalanges (5) 

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

31. R. A. Coria and L. Sagado, i\ratoi-e 377, 224 (1995). 
32. The hootypic specimen of 6. :PgePs comprises two 

dorsal vertebrae, a neural arch, three sacral verte- 
brae, a rib fragment, pubes, and the proximal portion 
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 iliac peduncle of 
the schium is proportonatey narrower. 

33. Etymology: Delta, delta (Greek): dumebs, runner 
(Greek); ag;!is, quck (Latin) Named for the deltac 
facies In which t was found and for the cursorla1 
proportions of its hnd  limbs. The hootypc skeleton 
(SGM-Din 2) is In the collect~ons of the Mnstere de 
'Energe et des Mnes, Rabat, Morocco Diagnosis. 
Anteror caudal vertebrae w t h  broad quadrangular 
neural spnes; coracod and acromion broadly ex- 
panded anteroposter~orly: coracold with shallow 
notch in anterlor margin, schal midshaft dorsoven- 
t r a y  coli7pressed: femur w~ th  accessory trochanter 
on dlstal shaft: femoral medial distal condyle w ~ t h  
anterior extension: metatarsal iV distal condyies re- 
duced Referred material (existing as flgures only): 
Left coracoid, pubes, rightfemur, 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. indicatng that D. 
agiihs grew to an adult body sze wlthin the range 
established for T .  rex PO) 

34 H. F. Osborn, Bbi!. Am. XLS. /Vat. HIS?. 35, 733 
(1 91 6). 

35 J. F. Bonaparte and 2. Yiean-Jaworowska In Fo~r i l?  
Symposrum or: ,"desoz~;c Tei?-esiirai E 'z~s~stems,  
Shon Papeis, P. J. Currle and E H. Koster, Eds 
(Occasional Paper 3. Royal Tyrrel Museum of Paae- 
ontology. Drumheler, Aberta, Canada. 1987), pp. 
24-29. 

36. R. Monar. ,"dem. SGC. Geo!. Fr. 139, 131 (1980): E 
Buffetaut and J.-C Rage, In Ti?eAfr~ca-So~thAmer- 
rca Con~ection, W .  George and R. Lavocat. Eds. 
(Carendon. Oxford. 1993). pp. 87-99. 

37. J. F. Bonaparte. Xos. Arge~t .  Cienc. Nat. Paleor:td. 
4, 16!1991): 0. W M. Rauhut and C. Werner. Palae- 
oniol. Z. 69. 475 (1995) 

38. J Calvo and L. Sagado. Gaia, In press 
39 J. I Klrkland and D Burge, J. Verieoi: Pa!eonto! 14, 

32A (1 994). 
40. P L. Larson. Pa ie~r : t~ ! .  Soc. Spec. Pub. 7. 139 

(1995). 
41. A. G Smlrh. D. G. Smlrh. B M Funnell. Atlas of 

~"Xesozoic ar:d Cer:~zorc Coastli~es (Cambridge 
Unlv Press, Calnbridge, 1994), p 38 

42. D L Swofford, PAUP 3.1 il inois Narura HIS-ory 
Suwey. Champaign. L .  1993) 

43. W. B. Harland et a!.. A Geo!ogrc T~me Scale 7989 
(Cambridge Univ. Press, Cambridge. 1990). 

44. C. W. Gllmore, Bbii. U.S /Vat. Xus. 11 0. 1 i1920). 
45 The folowng 63 synapomorphes correspond w~ th  

scored character states (Table 2) that were used in 
the analysis of basal tetanuran reatonshps present- 
ed in Fig. 4. Tetanurae: 1 ,  maxillary fenestra: 2, 
Iacrma pneumatic excavaton: 3, slot in ventral pro- 
cess of lacrmal for juga; 4, jugal pneumatic e x c a w  
ton:  5, prefronta-frontal peg-in-socket artcuation; 
6, posteriormost maxlary tooth positioned anterlor 
to orblt; 7,  axial neural spne broadened distally: 8. 
chevron bases w ~ t h  palred anterlor and posterior 
processes, 9, semilunate carpal w~ th  transverse 
trochlea: 10, manual digit Ill reduced (metacarpal Ill 
shaft dlameter IS 50% or less that of metacarpal I ) :  
11, iac-~schial articulat~on smaller than i ac -pub~c  
art~culaton; 12, ischal obturator notch: 13, femoral 
anterlor trochanter blade-shaped: 14, tlblal distal 
end backng cacaneum: 15, fbuar  d s t a  end re- 
duced iless than twice anteroposterior wd th  at mid- 
shaft); 16, astragalar ascend~ng process plate- 
shaped (state 1): 17, astragalar cup for flbula re- 
duced: 18, astragalar dlstal condyles orlented an- 
teroventraly: 19, astragalar condyle w ~ t h  anterlor 
groove: 20, metatarsal I w~ th  hourglass-shaped 
proxlmal end: 21. metatarsal I w~ th  wedge-shaped 
mldshaft Neotetanurae: 22, promaxillary recess 
extends Into maxlary anterior ramus; 23, ectoptery- 
goid pneumatc excavaton nvagnated laterally. 24, 
spenia w t h  notched anteror margin of Internal man- 
dibular fenestra; 25, retroartcuar surface of artcuar 
facng posterory. 26, posteror chevrons L-shaped. 
27, furcua ifused cla~i~cles): 28, coracoid posteror 
process and fossa crescent-shaped: 29, llac preac- 
etabular fossa present. 30, l a c  pubic peduncle 
twce as long anteroposterory as broad transverse- 
ly; 31. pedal diglt 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 anteroposter~orly as tall. 33, lacrimal anterior 
ramus dorsoventrally narrow. 34, lacrimal foramen 
small, positioned at mid-heght along ventral ramus. 
35, postorbtal ventral process with 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 
proxlma art~cular end) Allosauroidea iplus unre- 
solved subgroups): 39, nasal particpaton In antor- 
bital fossa: 40, excavated Internal carotid artery ca- 
nal: 41. bas~pterygoid 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 
twlce maxmum depth of angular (which equals a 
reduced external ~nandlbular fenestra). Carchar- 
odontosauridae (plus Included node), 48. broad 
postorb~tal-lacr~mal contact: 49. postorbita 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/l- 
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. antorbital fossa anterior margin 40 to 50% of the 
anteroposter~or width of fossa: 57, ectopterygold 
pneumatic excavation subcircular. 58, caudal 15 
and more posteror caudas with elongate prezyg- 
apophyses; 59, co!aco~d postroventral process 
length more than twice genod  dalneter; 60, ischal 
obt~lrator flange triangular, 61, pub~c obturator 
notch: 62, femoral fourth trochanter weak or absent. 
63, fbuar  fossa occupyng a of the medial aspet of 
the proximal end. 
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of the paper, and M Bensad and M. Dahmani (Min- 
stere de 'Energe et des Mnes, Rabat, Morocco) for 
ther support of this research. 
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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 \.ariations are uncertain. Anal- 
yses of oceanic basalt isotope co~npositions 
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seen1 to indlcate mixtures of at least four 
lnantle components ( I ) .  Recently, another 
mantle component located internal to these 
four was identified o n  the  basis of Sr-Nd- 
Pb-He isotope data (2-4). Trends of Pb 
isotope data for h,lORB suites converge o n  a 
position 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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