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Skeleton of the Oldest Known Pinniped, 
Enaliarctos mealsi 

ANNALISA BEKTA, CLAYTON K. WYSSE. KAY, AND& 

A nearly complete skeleton of the archaic pinniped Enaliarctos, found in late Oligocene 
or early Miocene rocks (approximately 23 million years old) of California, provides 
new evidence on the origin of pinnipeds. Enaliarctos retains many primitive features 
expected in the hypothesized conlmon ancestor of pinnipeds. Skeletal modifications 
seen in Enaliarctos document swimming adaptations and indicate that pinnipeds 
primitively used the axial skeleton and both fore and hindflippers as sources of 
propulsion. Elongate hindlimbs with prominent bony processes (reflecting powerfill 
musculature) suggest that Enaliarctos was more active on land than modern pinnipeds. 

D ISCOVEKY OF A S K ~ L E T O N01 THE 

oldest p~nniped, L nulraritoc mealtr, 
from late Ol~gocene or carly Mio- 

cene rocks of central Calitornia records an 
intermediate stage 111 the evolution of mod- 
ern plnn~peds Inlt~al study suggcsted this 
taxon as trans~tional between bear-like 
forms, ursoids and otar~olds [including otar- 
lids (sea I~ons), odobenids (walruses), and 
extlnct desmatophoc~ds] ( 1 )  This interpre- 

s~derable range of vertical and lateral move- 
ment, as evidenced by the~r  long transverse 
proccsses and largc metapophyses tor at-
taclment of epaxial and hyp,~uial muscles 
bia11~1uctotis charactenzed, as are extant pin-

n~peds, by 11mbs modified as fllppers with 
powerful musculature (9-12) The large su- 
praspmous fossa provldes an expanded area 
of ongin for the supraspinatus muscle, im- 
portant In antcrlor rotation of the scapula 

tation was couched within the dlphylet~c The htlrnerus bears enlarged tuberosities, 
view of plnnlped orlgins, which held that 
otarioids are derlved from ursids, whereas 
phoclds (true seals) originated from muste- 
lids (2) Rccently, compelling osteolog~cal 
cvldence was used to support a single, 
monophyletic origln of pinnipeds (3) ,  a 
vlew cons~stent w ~ t hcertaln cytogenetic and 
biornolecular evldence (4). btiulturctot, in this 
latter arrangement, 1s hypothes~zed as the 
sister taxon of all other plnnipeds, a key 
position In the higher level phylogeny ot  the 
group. 

Knowledge of rrzalravctot has prev~ously 
been I~mited to a tew partial skulls and 
15olated teeth ( 1 ,  5). The 5keleton of Etlu-

liurcto~ rw~a1~1 (6) collected from the l'yramld 
Hd1 sandstone member of the Jewett Sand 

Increasing the rnornent arm ot  the rotator 
cufi muscles, and a strong deltopectoral 
crest, enabling powerful flex1011 and adduc- 
tion of the humerus l'he olecranon process 
of En~iliuvrtocis broad and masslve but lacks 
the poster~orly expanded hook-shape typical 
of later plnn~peds. Thls suggests that the 
hrearm flexors and extensors in this anlmal 
had more extensive humeral origlns than 
later members of this group, in t h ~ s  feature 
Ettuliurctor resembles terrestr~al arcto~ds (11) 
The distal half of the radius of Evralti~r~to~is 
sl~ghtly expanded along the rad~al border. In 
the manus the digit5 of the rad~al 5ide are 
longest 2nd thox  ot the ulnar s ~ d e  are 
shortest. 'The terrn~nal phalanges are marked 
distally by a flat articular surface for attach- 

at l'yram~d H111, near Bakersfield, Cal~forn~a, ment ot cart~lag~nous extens~ons, a feature 
IS nearly complete ( k ~ g  1).Et~ulravctor was seen in other nonphoc~d p~nn~peds  (7) 
about the slze of a srnall male harbor seal, 
approximately 1.4 to 15 m In length and 
weighlng 73 to 88 kg (7, 8) 

Skeletal anatotny of btlalravctos docunlents 
a stage m the transltlon from latld to water 

S W I ~ ~ I I I ~adaptations are equally appar- 
ent in tile pelvic girdle and hlndllmb As In 
all p~nn~peds, the ilium of Etialzaritor IS short 
and heavv, the resulting increased pubo- 

isch~at~clength prov~ded a large surface area 
for origin of the leg adductors l'resente of a 
well-defined pit on the fe~noral head for the 
teres femor~s I~gnment prov~ded increased 
iixat~on ot  the head of the femur to the 
pelvis, which suggests that 1 nalt~vitoc was 
presumably more highly terrestr~al than later 
pinnlpeds. The t ib~a and fibula of Ltta lr~~rc~o~  
are long, which resulted In the hmdllmb 
being longer than the forel~mb, In thls fea- 
ture Enaliavrtor resen~bles terrestrial carnlvor- 
~ n sand phocids ( 8 )  The iricreased length of 
thcse elcments provlded a largc surface area 
for insertion of muscles that extend and flex 
the foot as well as those holding the leg close 
to the body (grac~lis, blceps fenloris, and 
semltendinosus) 'The hind toot of Et~alravc-

toc, l~kethe fore foot, is flattened and modl- 
fied into a flipper The tarsal jolnts rctain a 
primitive arrangement restrlctlng movernent 
In the hori~ontal plane and 111111t111glateral 
rotation. As on the foreflipper, flat distal 
terminations of the ungual phalanges lndi- 
cate probable development of cart~lagir~ous 
extensions 

Evrulravitot documents an early, yet com- 
plete, stage in the acqu~sition of teatures 
assoc~ated wltli aquatlc locomot~on in plnni- 
peds (1) The major groups of extant piml- 
peds have achleved d~stinctive methods of 
both aquatic and terrestr~al locomotion (9-
16) Otarlids swim prlnclpally by use of the 
forelimbs, the h~ndl~nlbs and axial skeleton 
playlng no role 111 the product~on ot thrust. 
In phocids and odoben~ds on the other 
hand, hlndl~mbs are the major source of 
propuls~ori In the water, forel~n~bsbeing 
used for rnaneuverlng On  land, the fore- 
llmbs In otaruds fully support the body and 
propel the anlrnal fonvard, movement of the 
axlal skeleton (espec~allj~ the head and neck), 
also contr~butes to production of forward 
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% %. 

-+ 

ancestry and prov~dcs evidence of swl~nmmg 
adaptat~ons anlong the earliest p~nnlpeds 
(1) Modlficatlons for a pelag~c existence are 
apparent In the ax1'11 skcleton and l~mbs of 
Erraltorctor. The lumbar vertebrae show con- 
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thrust. Pilocids are incapable of turning the 
hindlimbs forward, and consequently their 
hindlimbs are not used in terrestrial locomo- 
tion but are rather passively carried forward. 
Movement on land by phocids is accom-
plished generally by undulations of the 
trunk. Odobenids support the body by the 
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Fig. 2. Forelimb and hindlimb of representative 
pinnipcds and a gencralixd terrestrial carnivoran 
(A  and E) llvrirs anrc~ricanur, (B and F) tinnliarctos 
mralsi, (C and G) Zal~~pi~rrsra2{J~vtiianus, and (D 
and H) Morrachirr tropicillis. 

Fig. 3. A cladogram showing the relationship of 
tinuliarctos to othcr pinnipcds on the basis of 
postcranial characters (8, 12). The shared derived 
characters for each of the numbered groups. (1) 
Pinnipedimorpha (20): short, robust humerus 
with enlarged tuberosities; strongly developed 
dcltopcctoral crcst; loss of cntepicondylar fora- 
men (21); reduction of carpals; digit I manus and 
digits I and V pes elongated; dcvclopmcnt of 
cartilaginous cxtcnsions on digits (22); progrcs- 
sive decrease in size of digits I to V on manus; 
short ilium; and extremely short, antcropostcrior- 
ly flattened femur and laterally inclined condyles. 
(2) Pinnipcdia: five lumbar vertebrae (7, 23); 
radius with marked antcropostcrior Hattcning and 
expanded distal halt:, fifth intermediate phalanx on 
manus strongly reduced (21); largc, broadly de- 

venter, and the limbs serve to propel the 
animal forward during the fo&ard lunge 
phase. Movement of limbs at other times is 
only to position them for this lunge. 

The skeletal morphology of Bnaliavctos 
suggests that pinnipeds primitively swan 
using the axial skeleton as well as both fore 
and hind flippers. Features suggestive of this 
locomotor behavior include large supraspln- 
ous fossa, well-developed deltopectoral 
crest, enlarged hunleral tubcros~tes, and 
overall shortening of the I~mbs. The hind- 
limb of Evrallavctos, as in odobenids and 
otariids, was undoubtedly actively used in 
terrestrial locomotion. ~iescncc bf a lartre " 
lesser trochanter and deep trochanteric fossa 
suggest that Enaliavctos was able to rotate 
lat&allv and adduct the hindlimb. Canabili- 
ties for extension and flexion of the foot arc 
indicated by the elongated lower leg and 
keeled lateral Drocess of the fibula for nas- 
sage of peroneal muscles. 

It may be argued that many of these 
skeletal features are "aauaticallv related" and 
therefore of dubious phylogenetic signifi- 
cance (17). A large number of pinrlipcd 
skeletal specializations, however, do not re- 
semble those seen in other aquatic mammals 
and can only be reasonably interpreted as 
evidence of common ancestnl 112. 18)., , ,  r 

These specializations arc particularly marked 
in the morphology of the limbs. Unique 
modifications of the ninnived forelimb in- 

I , 

cludc (i) development of a short, robust, 
humerus with enlarged tuberosities and a 
strong deltopectoral crest, (ii) radius with 
marked antcroposterior flattening and distal 
expansion, and (iii) manus with elongation 
of digit I and decrease in length of successive 
digits (Fig. 2). Hindlimb modifications of 
pinnipeds include a short ilium, an extrcme- 
ly short, anteroposteriorly flattened femur, 
and elongated digits I and V in the pes (Fig. 

Plnnipedirnorpha 
.-.. 

veloped greater trochanter; capitulum inclined posteriorly and laterally on humcral shaft; olecranon 
process laterally flattened and posteriorly expanded; unkeelcd nlctapodiai heads; nontrochleatcd, hingc- 
like phalangcal articulations; flattened phalanges; strong reduction or loss of trochantcric fossa; conical 
patella; and reduced processus lateralis on fibula. (3) Allodcsmus, Odobenidae, and Phocidac (24): short 
calcancal tuber; presence of caudally lrcctcd process on the astragalus (intermcdiatcly derived in 
odobcnids and Allociesmus); and enlarged baculum. This arrangement is corroborated by numerous 
cranial features discussed in (3) and (8). 

7 Al'KI1, 1989 

2). It is highly implausible to attribute these 
resemblances to convergence, given the dif- 
ferences in locomotor behavior described 
above. 

In other respects Enaliavctos retains attri- 
butes that arc primitive relative to those of 
other pinnipeds. This is depicted in a phylo- 
genetic context in Fig. 3. Among terrestrial 
arctoid carnivorans it is the ursids that have 
received strongest support as the nearest 
relatives of pinnipeds. Osteological features 
uniquely shared by ursids and pinnipeds 
(including Enaliavctos) are a knob-like acro- 
mion process on the scapula, a lack of a 
muscular process on the malleus, and a shelf- 
like antcromedially placed P4 protocone (8,  
19). 

The following characters distinguish tila- 
liavctos from other pinnipeds. There arc six 
lumbar vertebrae in contrast to five in most 
other pinnipcds. The ulna lacks the postcri- 
orly expanded olecranon process and the 
radius lacks the strongly flattened and ex- 
panded distal end, features characteristic of 
more derived pinnipeds. The fifi-11 interme- 
diate phalanx of the manus is unrcduced, 
whereas this element is markedly reduced in 
other pinnipeds. The femur bears a distinct 
pit on the head for the tcrcs femoris liga- 
ment, a feature common also to terrestrial 
carnivorans. In other pinnipeds this pit is 
scarcely visible and the ligament is lost. The 
metapodial shafts are rounded in cross sec- 
tion, their heads are keeled, and the phalan- 
ges bear strongly trochleatcd articulations. 
Later pirmipeds (except phocine phocids) 
have unkeelcd metapodial heads, flattened 
phalanges, and hinge-like phalangeal articu- 
lations (12). Bmliavr-tos thus presents mor-
phologies intermediate between terrestrial 
arctoids and later pimlipeds, consistent with 
its phyletic position as the sister taxon of all 
othcr pinnipcds. 
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Anomalous Scattering Study of the Bi Distribution in 
the 2212 Superco~lductor: Implications for Cu Valency 

The distribution of the bismuth atoms over the cation sites in the 2212 Bi-Sr-Ca-Cu-0 
superconductor has been determined by anomalous scattering synchrotron crystallog- 
raphy. The analysis of reflection pairs measured at wavelengths of 0.9243 and 0.9600 
angstrom shows a delocalization of the bismuth atoms over the calcium and strontium 
sites. The "mixed" plane between the Cu02 layers contains 6.0(1.4) percent bismuth 
(where the number in brackets represents the statistical standard deviation derived 
from the least-squares refinement of the data), and a much smaller amount of 
strontium th'm often assumed. The strorltium deficiency is charge-con~pensated by the 
creation of electron holes in the Cu02 layer. The result supports the view that neither 
extra oxygen nor overlap of the bismuth 6p and copper 3d bands is needed to account 
for the holes, which are an essential feature of the superconductivity mechanism. 

THE BI-SR-CA-CU-0 SUPERCONDUC- complex crystals is hard t o  determine from 
tors contain C u 0 2  layers separated single wavelength x-ray diffraction data be- 
by a cation layer of mixed composi- cause the occ~~panciescorrelate with the 

tion, as well as layers consisting uf bismuth 
and oxygen and strontium and oxygen at- 
oms. The mixed layer has been described as 
containing Sr and Ca in about equal 
amounts (1-5), t h o ~ ~ g hother authors have 
described the layer's composition as either 
SrICa or  RiiCa (6 ) .and as containing 20% 
Ri (7).'The highest K i  percentage is listed by 
Sastrp et ul. ( 8 ) ,who estimate that there is a 
substantial amount (>SO%) of  RilSr at the 
Ca sites, in addition to  30% Bi at the Sr 
sites. The exdct composition of  a site in the 
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atomic temperature factors. Rut the chemi- 
cal occupancy is of  importance, as substitu- 
tion of a bivalent atom (Ca or  Sr) by a 
trivalent atom (Ri) changes the hole concen- 
tration in the CuOz planes, as does a dcfi- 
ciency in the occupancy of the cation layers 
(9). Cheetham ct  al. (10) propose that the 
oxidation of Cu is controlled by a depletion 
of the Sr content according t o  the general 
fornlula Ri2Sr2 -,CaC1i2O8. 

We report here the application of x-ray 
anomalous scattering techniques to  the 
snidy of the cation distribution in high 
transition temperature (T,)-, superconduc-, . 
tors, TIle method is applicable to  many 
elements and can provide cnlcial informa- 
tion not available with other techniques. 

Thc strong variation of the Bi scattering 
factor in the immediate vicinity of the Ri Llll 
edge at 0.024 A (13.42 keV) makes it 
possible t o  d o  Bi-specific diffraction experi- 
ments L7y means of tunable synchrotron 
radiation. The real part of the anomalous 
scattering factor f '  varies from -- 2 1.15 at 
0.924 A (the edge) to  -9.51 at 0.9600 A 

23. Thrs inturprct.~tion rcqwres acceptatire of a reversal 
of thls fcacurc alnorig walnrses. 

24. 'I'hc 	 extinct Dcsrnatophocidae include Alloducr~lro 

and ~e5nic l t~ I~~kom. 
Skclctal elcmcnts for D c ~ r n a r ~ ~ ~ i r t ~ ~ n  
arc known but undcscribcd; hou~cvcr, o n  the basis 
of  cranial charactcrs t h ~ s  tason IS rccognr7ed as a 
rncmbcr of this cl.~dc. 
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(Fig. 1).The variation of  the imaginary part 
f" is of less importance in this almost ccntro- 
svmmetric stnicture. which has commonlv 
been described in the space group i l ~ t 1 6 7 .  

The variation of f" can be minirnizecl bv a 
jud~crous tholce of vr~avelengths at the lower 
part of the edge and well below the edgc. 

Wlth a (220) perfect SI double-crystal 
monochromator at the SUNY X3 beamltne 
at the National Synchrotron I,1~11t Source 
an energy resolution of  about 5.4 eV was 
obtained. Using new software ( I  I )  and a 
single crystal described previously (2 ) ,we 
have collected 154 pairs of  reflections with 
sinH/X < 0.54 A ' and [(A2) - I ( h l )  > 3 
cr(Al), at wavelengths of 0.9243 and 0.9600 
A, where X, 8, and I are the wavelength, the 
Rragg angle, and the intensity of the dif- 
fracted beam, respectively. The two ref ec- 
tions of a wa\relength pair were measurcd 
sec~umtially to  reduce tile effect of  instabil- 
ities in the synchrotron source. Intensities 
were scaled with 'an incident bcam monitor 
count and the variation of two standard 
reflections rneasured at regular intervals ev- 
erv 30 reflections. 

Data were corrected for absorption by 
means of an an~lytltal tntegratton procedure 
(12),and values of the absorption coeffic~ent 
of 377.7 cm-' and 369.4 c m - '  ~t the two 
wavelengths, respectively. These values were 
obtained by calc~~lation (1.j) and subseq~~ent  
interpolation for tlic on-edge-vr~avelength, 
sing our experimental EXAFS cunre (Fig. 
1). X-ray scale factors at each wavelength 
were obtained by rcfining the scale factor for 
each of  the data sets, -keeptng the other 
parameters fixed. Scattering factors for lli at 
each of the wavelengths were averagcd over 
the experimental band width. Values uf f' 
of -18.56 and -9.51 for A = 0.9243 and 
0.9600 A, respectively, wcre obtained, while 
j" e q ~ ~ a l s3.96 and 4.21 at the two wave- 
lengths. 

After scaling AF = F(X2) - F(h l )  values 
were calculated. As the scatterma factors of " 
the other atoms show vely little variation 
(<0.15 electrons), the A!. values are only 
dependent on  the scattering of thc Bi atoms. 


