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I nt r o d u cti o n

P al a e a n o d o nt a  is  a  r el ati v el y  s m all,  e xti n ct  gr o u p  of  
f oss ori al, li k el y m yr m e c o p h a g o us m a m m als wit h str o n gl y 
r e d u c e d  d e ntiti o ns  ( R os e  2 0 0 6).  T h e y  ar e  r estri ct e d  
t e m p or all y t o t h e P al e o g e n e, a n d ar e k n o w n g e o gr a p hi c all y 
a cr oss  t h e  L a ur asi a n  c o nti n e nts,  t h o u g h  t h e  b est  r e c or ds  
d eri v e  fr o m  w est er n  N ort h  A m eri c a  ( R os e  2 0 0 6,  2 0 0 8).  
Pr e vi o us w or k v ari o usl y alli e d t his e xti n ct cl a d e wit h eit h er 
t h e  e xt a nt  pl a c e nt al  or d er  P h oli d ot a  (t h e  p a n g oli ns),  t h e  
e xt a nt  cl a d e  X e n art hr a  ( ar m a dill os,  a nt e at ers,  a n d  sl ot hs),  
or b ot h i n t h e n o w d ef u n ct “ E d e nt at a ”, b ut a c o ns e ns us h as 
e m er g e d  t h at  t h e y  ar e  m or e  cl os el y  r el at e d  t o  p a n g oli ns  
( R os e  et  al.  2 0 0 5,  G a u di n  et  al.  2 0 0 9).  T his  is  s u p p ort e d  

m ost  r e c e ntl y  b y  a  c o m pr e h e nsi v e  a n al ysis  of  pl a c e nt al  

p h yl o g e n y  b as e d  o n  m ol e c ul ar  a n d  m or p h ol o gi c al  d at a  

( O’ L e ar y et al. 2 0 1 3).

P arti all y d u e t o t h eir r e d u c e d d e ntiti o ns, p al a e a n o d o nts 

ar e u n c o m m o n f ossils, alt h o u g h m a n y of t h e t a x a ar e k n o w n 

fr o m s k ulls a n d p arti al s k el et o ns, p er h a ps b e c a us e of t h eir 

b urr o wi n g  h a bit us  ( R os e  2 0 0 8).  T h e  b est  k n o w n  t a x o n,  

t h e  mi d dl e  E o c e n e  m et a c h eir o m yi d  p al a e a n o d o nt  g e n us  

M et a c h eir o m ys , is r e pr es e nt e d b y t w o diff er e nt s p e ci es (M. 

m ars hi a n d  M.  d as y p us ;  R os e  2 0 0 8)  a n d  m ulti pl e,  w ell-

pr es er v e d  s k el et o ns  a n d  s k ulls.  T h e  cr a ni al  a n at o m y  w as  

d es cri b e d  i n  d et ail  i n  Si m ps o n’s  ( 1 9 3 1)  c o m pr e h e nsi v e  

m o n o gr a p h.  T h e  e ar  r e gi o n  a n d  b asi cr a ni al  a n at o m y  i n  

F O S SI L I M P RI N T • v ol. 7 5 • 2 0 1 9 • n o. 3 – 4 • p p. 4 8 4 – 5 0 3
(f o r m e rl y A C T A M U S EI N A TI O N A LI S P R A G A E, S e ri e s B – Hi s t o ri a N a t u r ali s)

S K E L E T A L A N A T O M Y O F T H E B A SI C R A NI U M A N D A U DI T O R Y R E GI O N I N 
T H E M E T A C H EI R O M YI D P A L A E A N O D O N T M E T A C H EI R O M Y S ( M A M M A LI A, 
P H O LI D O T A M O R P H A) B A S E D O N HI G H- R E S O L U TI O N C T S C A N S

TI M O T H Y J. G A U DI N 1, * , J O H N R. WI B L E2 , K E N N E T H D. R O S E3 , R O B E R T J. E M R Y4 , MI C H E L L E S P A U L DI N G5

1  D e p art m e nt of Bi ol o g y, G e ol o g y & E n vir o n m e nt al S ci e n c e, U ni v er sit y of T e n n e s s e e at C h att a n o o g a, 6 1 5 M c C alli e A v e, D e pt. 2 6 5 3, 
C h att a n o o g a, T N, 3 7 4 0 3- 2 5 9 8, U S A; e- m ail: Ti m ot h y- G a u di n @ ut c. e d u.

2  S e cti o n of M a m m al s,  C ar n e gi e M u s e u m of N at ur al Hi st or y, 5 8 0 0 B a u m B o ul e v ar d, Pitt s b ur g h, P A, 1 5 2 0 6, U S A;  
e- m ail: wi bl ej @ c ar n e gi e m n h. or g.

3  C e nt er f or F u n cti o n al A n at o m y a n d E v ol uti o n, T h e J o h n s H o p ki n s U ni v er sit y S c h o ol of M e di ci n e, B alti m or e, M D, 2 1 2 0 5, U S A;  
e- m ail: k dr o s e @j h mi. e d u.

4  D e p art m e nt of P al e o bi ol o g y, M R C 1 2 1, N ati o n al M u s e u m of N at ur al Hi st or y, S mit h s o ni a n I n stit uti o n, P. O. B o x 3 7 0 1 2, W a s hi n gt o n, D. C., 
2 0 0 1 3, U S A; e- m ail: e mr yr @ si. e d u.

5  P ur d u e N ort h w e st U ni v er sit y, S c h w ar z H all, 1 4 0 1 S. U. S. 4 2 1, W e st vill e, I N, 4 6 3 9 1, U S A; e- m ail: m s p a ul di @ p n w. e d u.
*  c or r e s p o n di n g  a ut h or

G a u di n, T. J., Wi bl e, J. R., R os e, K. D., E mr y, R. J., S p a ul di n g, M. ( 2 0 1 9): S k el et al a n at o m y of t h e b asi cr a ni u m a n d a u dit or y 
r e gi o n i n t h e m et a c h eir o m yi d p al a e a n o d o nt M et a c h eir o m ys ( M a m m ali a, P h oli d ot a m or p h a) b as e d o n hi g h-r es ol uti o n C T s c a ns 
– F ossil I m pri nt, 7 5( 3- 4): 4 8 4 – 5 0 3, Pr a h a. I S S N 2 5 3 3 – 4 0 5 0 ( pri nt), I S S N 2 5 3 3 – 4 0 6 9 ( o n-li n e).

A bst r a ct:  Cr a ni al s k el et al m at eri al of t h e E o c e n e p al a e a n o d o nt M et a c h eir o m ys m ars hi  w as e x a mi n e d usi n g hi g h-r es ol uti o n C T 
s c a ns. T h e pr es e nt st u d y r e pr es e nts t h e first ti m e t h at C T s c a ns h a v e b e e n c o n d u ct e d o n s k ulls of t his e xti n ct f oss ori al m a m m al. 
T h e b o n y ost e ol o g y of t h e a u dit or y r e gi o n is d es cri b e d i n d et ail, i n cl u di n g t h e e ct ot y m p a ni c a n d e nt ot y m p a ni c, t h e p etr os al 
i n  b ot h  t y m p a ni c  a n d  e n d o cr a ni al  vi e ws,  a n d  t h e  mi d dl e  e ar  ossi cl es. T h e  r es ults  of  t his  i n v esti g ati o n  c o n fir m  a  n u m b er  of 
d eri v e d r es e m bl a n c es b et w e e n p al a e a n o d o nts a n d x e n art hr a ns, i n cl u di n g a l ar g e e nt ot y m p a ni c el e m e nt i n t h e m e di al w all of t h e 
a u dit or y b ull a, t h e pr es e n c e of a n a nt er o v e ntr al pr o c ess of t h e t e g m e n t y m p a ni, a n d a p ostt e m p or al c a n al. H o w e v er, t h e pr es e nt 
st u d y als o pr o vi d es n o v el d eri v e d a u dit or y f e at ur es li n ki n g p al a e a n o d o nts a n d p a n g oli ns, c o nsist e nt wit h c urr e nt u n d erst a n di n g 
of  p al a e a n o d o nt  p h yl o g e n eti c  r el ati o ns hi ps,  i n cl u di n g  t h e  a bs e n c e  of  a n  e ct ot y m p a ni c  st ylif or m  pr o c ess,  a  p ost er ol at er all y  
ori e nt e d a p ert ur e t o t h e c o c hl e ar f oss ul a, a n d a c o n v e x m all e ar h e a d  / c o n c a v e i n c u d al h e a d. S e v er al a ut a p o m or p hi c f e at ur es 
c h ar a ct eri zi n g t h e a u dit or y ost e ol o g y of M et a c h eir o m ys  ar e als o n ot e d. T h e pr es e n c e of a l ar g e, s p h eri c al m all e ar h e a d, a n d of 
a c a p a ci o us t y m p a ni c c a vit y e xt e n d e d i nt o si n us es i n s urr o u n di n g b o n es, li k el y r e pr es e nt a d a pt ati o ns f or f oss ori alit y, c o nsist e nt 
wit h p al a e o bi ol o gi c al i nf er e n c es dr a w n fr o m t h e p ost cr a ni al a n at o m y of M et a c h eir o m ys .

K e y w o r ds: M et a c h eir o m ys , P al a e a n o d o nt a,  P h oli d ot a m or p h a, a u dit or y r e gi o n, ost e ol o g y, s k ull, mi d dl e e ar ossi cl es
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p arti c ul ar  w er e  als o  d es cri b e d  b y  P att ers o n  et  al.  ( 1 9 9 2),  
usi n g  Si m ps o n’s  s p e ci m e ns  a n d  a  n e w er  s p e ci m e n  fr o m  
t h e  U. S.  N ati o n al  M us e u m  t h at  r et ai n e d  pr es er v e d  e ar  
ossi cl es.  A d diti o n al,  a n d  i n  s o m e  c as es  m or e  c o m pl et e  
a n d b ett er pr es er v e d cr a ni al m at eri al of M et a c h eir o m ys  is 
h o us e d i n s e v er al m aj or U. S. m us e u m c oll e cti o ns, b ut m ost 
of t his m at eri al r e m ai ns u n d es cri b e d ( e. g. s k ull ill ustr at e d 

i n  R os e  a n d  E mr y  1 9 9 3:  fi g.  7. 1),  alt h o u g h  s o m e  of  t h es e 
n e w er s p e ci m e ns h a v e b e e n s c or e d i n p h yl o g e n eti c st u di es 
t h at dr a w o n d et ails fr o m t h e cr a ni al a n at o m y of t his t a x o n 
( e. g. G a u di n 1 9 9 5, G a u di n a n d Wi bl e 1 9 9 9, G a u di n et al. 
2 0 0 9, O’ L e ar y et al. 2 0 1 3). T h e pr es e nt st u d y will f o c us o n 
o n e s u c h s p e ci m e n, a n e arl y c o m pl et e s k ull a n d s k el et o n of 
M.  m ars hi  fr o m t h e A m eri c a n M us e u m of N at ur al Hist or y.

Te xt-fi g. 1. a, c – M et a c h eir o m ys m ars hi , A M N H 1 3 1 7 7 7, s k ull i n v e nt r al, ri g ht l at e r al vi e w; b – M et a c h eir o m ys m ars hi , U S N M- P 
4 5 2 3 4 9, s k ull i n v e nt r al vi e w. A b b r e vi ati o ns: p a – p o r us a c o usti c us, ptf – p ostt e m p o r al f o r a m e n.
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Alt h o u g h m u c h a n at o mi c al d et ail fr o m M et a c h eir o m ys  
h as b e e n r e c or d e d t hr o u g h tr a diti o n al m et h o ds of a n at o mi c al 
st u d y a n d d es cri pti o n, li k e a n y f ossil t a x o n, s o m e d at a r e m ai n 
i n a c c essi bl e t o s u c h m et h o ds, i n p art b e c a us e of i n c o m pl et e 
pr es er v ati o n  a n d  p ost m ort e m  dist orti o n,  b ut  als o  b e c a us e  
of  i n c o m pl et e  pr e p ar ati o n  a n d  t h e  dif fi c ult y  of  pr e p ari n g 
d eli c at e s k ull str u ct ur es a n d i nt eri or s k ull s p a c es. M o d er n 
C T-s c a n ni n g t e c h n ol o g y all o ws f or t h e e xtr a cti o n of d et ail e d 
i nf or m ati o n fr o m f ossils t h at is n ot t y pi c all y a v ail a bl e fr o m 
m or e tr a diti o n al m et h o ds of e x a mi n ati o n, i n cl u di n g t h e n as al 
c a vit y a n d its d eli c at e n as al t ur bi n at e b o n es ( e. g. F er ni c ol a 
et  al.  2 0 1 2,  Va n Val k e n b ur g h  et  al.  2 0 1 4),  br ai n c as e  a n d  
cr a ni al si n us es ( e. g. Bill et et al. 2 0 1 7, B os c ai ni et al. 2 0 1 8), 
a n d  t h e  i n n er  e ar  ( e. g.  Bill et  et  al.  2 0 1 5).  T h es e  d at a  c a n  
pr o vi d e n e w i nsi g hts n ot o nl y f or c o m p ar ati v e a n at o m y a n d 
p h yl o g e n y,  b ut  als o  t h e  f u n cti o n al  m or p h ol o g y  of  e xti n ct  
or g a nis ms. Pr e vi o usl y, n o C T s c a ns of p al a e a n o d o nt s k ulls 
h a v e  b e e n  p u blis h e d.  T h e  g o al  of  t h e  pr es e nt  st u d y  is  t o  
c oll e ct  a n d  a n al y z e  hi g h-r es ol uti o n  C T-s c a ns  of  s e v er al  
s k ulls of M et a c h eir o m ys , i n or d er t o b ett er ass ess t h e b o n y 
a n at o m y of its b asi cr a ni u m a n d a u dit or y r e gi o n, a n d t o b ett er 
u n d erst a n d  t h e  p h yl o g e n eti c,  e v ol uti o n ar y,  a n d  f u n cti o n al  
i m pli c ati o ns of t his a n at o m y.

M at e ri als a n d m et h o ds

T w o  s p e ci m e ns  of  M et a c h eir o m ys  w er e  mi cr o  C T-
s c a n n e d  a n d  di git all y  r e c o nstr u ct e d:  M et a c h eir o m ys 
m ars hi , A M N H 1 3 1 7 7 7, a n d M. m ars hi , U S N M- P 4 5 2 3 4 9 
( Te xt- fi g.  1).  T h es e  s k ulls  w er e  m a n u all y  c o m p ar e d  t o 
ot h er  w ell- pr es er v e d  M et a c h eir o m ys  s k ulls,  i n cl u di n g  M. 
m ars hi ,  U S N M- P  2 6 1 3 2,  M.  m ars hi ,  A M N H  1 2 5 6 0,  a n d  
M et a c h eir o m ys  s p., Y P M- P U 1 8 1 0 7. All fi v e s k ulls d eri v e 
fr o m  t h e  Bri d g er  F or m ati o n  of  W y o mi n g  ( Bri d g eri a n  
N A L M A, mi d dl e E o c e n e, 4 6 – 5 0 m y a).

T h e first s k ull, A M N H 1 3 1 7 7 7, w as C T-s c a n n e d wit h a 
2 0 1 0 G E p h o e ni x n a n o-f o c us v|t o m e| x s 2 4 0 at t h e A m eri c a n 
M us e u m  of  N at ur al  Hist or y’s  Mi cr os c o p y  a n d  I m a gi n g  
F a cilit y  ( MI F).  We  us e d  a  b e a m  v olt a g e  of  2 2 5 k V  a n d  
pr o d u c e d 1 5 5 9 1 6- bit TI F F i m a g es, e a c h r e pr es e nti n g 0. 0 4 
milli m et ers of s p e ci m e n t hi c k n ess.

T h e  s e c o n d  s p e ci m e n,  U S N M- P  4 5 2 3 4 9,  w as  C T-
s c a n n e d  at  t h e  U ni v ersit y  of  C hi c a g o  Mi cr os c o p y  a n d  
I m a gi n g  F a cilit y,  als o  usi n g  t h e  2 0 1 0  G E  p h o e ni x  n a n o-
f o c us v|t o m e| x s 2 4 0 k V s c a n n er. Volt a g e w as at 1 9 0 k V a n d 
2 0 2 1 1 6- bit TI F F i m a g es w er e g e n er at e d, e a c h r e pr es e nti n g 
0. 0 2 6 milli m et ers of t hi c k n ess.

All  sli c es  f or  b ot h  s p e ci m e ns  w er e  c o n v ert e d  t o  8- bit  
usi n g  A d o b e  P h ot os h o p,  cr o p p e d  a n d  f urt h er  pr o c ess e d  
( bri g ht n ess a n d c o ntr ast) wit h I M A G EJ, a n d t h e n i m p ort e d 
i nt o  A VI Z O  9. 0  f or  r e c o nstr u cti o n,  s e g m e nt ati o n,  a n d  
a n al ysis. All s e g m e nt ati o n w as d o n e b y h a n d, sli c e b y sli c e, 
e x a mi ni n g t h e m at eri al i n all t hr e e dir e cti o n al pl a n es, wit h 
n o i nt er p ol ati o n utili z e d.

A wi d e v ari et y of t a x a ar e e m pl o y e d h er e f or c o m p ar ati v e 
p ur p os es. T h er e is i nf or m ati o n o n t h e a u dit or y ost e ol o g y of 
a  s o m e w h at  ol d er  m et a c h eir o m yi d  p al a e a n o d o nt,  t h e  l at e  
P al e o c e n e t hr o u g h e arl y E o c e n e g e n us P al a e a n o d o n ( R os e 
2 0 0 8),  w hi c h  w as  d es cri b e d  a n d  ill ustr at e d  b y  M att h e w  
( 1 9 1 8)  a n d  P att ers o n  et  al.  ( 1 9 9 2),  alt h o u g h  t h e  a v ail a bl e  

m at eri al  is  l ess  c o m pl et e  t h a n  t h at  of  M et a c h eir o m ys . 
B e c a us e  of  t h e  h y p ot h esi z e d  sist er- gr o u p  r el ati o ns hi p  
b et w e e n  p al a e a n o d o nts  a n d  p a n g oli ns,  w e  h a v e  als o  us e d  
t h e  l att er  i n  o ur  c o m p aris o ns  b el o w,  b ot h  e xt a nt  t a x a  a n d  
t h e l at est E o c e n e p a n g oli n P atri o m a nis a m eri c a n a , w hi c h 
h as b e e n d es cri b e d i n d et ail b y G a u di n et al. ( 2 0 1 6), a n d 
is t h e o nl y f ossil p a n g oli n r e pr es e nt e d b y a w ell- d es cri b e d 
a n d ill ustr at e d a u dit or y a n d b asi cr a ni al r e gi o n. I n a d diti o n, 
b e c a us e  of  t h e  pr e vi o usl y  h y p ot h esi z e d  li n k  b et w e e n  
p al a e a n o d o nts  a n d  x e n art hr a ns  ( Si m ps o n  1 9 3 1),  a n d  i n  
p arti c ul ar  t h e  r es e m bl a n c es  n ot e d  b et w e e n  t h es e  f or ms  i n  
t h eir a u dit or y ost e ol o g y (s e e P att ers o n et al. 1 9 9 2, G a u di n 
1 9 9 5), w e h a v e als o e m pl o y e d x e n art hr a ns f or c o m p ar ati v e 
p ur p os es,  i n  p arti c ul ar  t h e  e xt a nt  ar m a dill os  D as y p us  a n d  
E u p hr a ct us ,  w h os e  a u dit or y  a n d  b asi cr a ni al  a n at o m y  is  
p arti c ul arl y  w ell  k n o w n  ( Wi bl e  a n d  G a u di n  2 0 0 4,  Wi bl e  
2 0 1 0), a n d is si mil ar t o t h at of p al a e a n o d o nts i n a n u m b er 
of r es p e cts.

I nstit uti o n al a b b r e vi ati o ns

A M N H  A m eri c a n  M us e u m  of  N at ur al  Hist or y,  N e w  
Y or k, N Y, U S A

C M  C ar n e gi e M us e u m of N at ur al Hist or y , Pitts b ur g h, 
P A, U S A

U S N M- P  P al e o m a m m al c oll e cti o n, U. S. N ati o n al M us e u m 
of  N at ur al  Hist or y,  S mit hs o ni a n  I nstit uti o n,  
Was hi n gt o n, D. C., U S A

U T C M  U ni v ersit y of Te n n ess e e at C h att a n o o g a N at ur al 
Hist or y M us e u m, C h att a n o o g a, T N, U S A

Y P M- P U  Pri n c et o n  U ni v ersit y  C oll e cti o n,  Yal e  P e a b o d y  
M us e u m, N e w H a v e n, C T, U S A

D es c ri pti o n

O v e r vi e w

M et a c h eir o m ys   h as  a  f ull y  ossi fi e d  a u dit or y  b ull a 
i n cl u di n g  a  t u b ul ar  e xt er n al  a c o usti c  m e at us  t h at  n e arl y  
r e a c h es t h e l at er al m ar gi n of t h e s k ull ( Te xt- fi gs 1, 2). T h e 
pri m ar y  el e m e nt  of  t h e  b ull a  a n d  t u b ul ar  m e at us  is  t h e  
e ct ot y m p a ni c. Si m ps o n ( 1 9 3 1) a n d P att ers o n et al. ( 1 9 9 2) 
a gr e e d t h at a n ot h er el e m e nt, t h e e nt ot y m p a ni c, c o ntri b ut e d 
t o t h e b ull a, b ut t h e y dis a gr e e d a b o ut t h e si z e of t h at el e m e nt. 
Si m ps o n ( 1 9 3 1) r estri ct e d t h e e nt ot y m p a ni c t o t h e m e di al 
a n d  a nt er o m e di al  w alls  of  t h e  b ull a,  w h er e as  P att ers o n  et  
al. ( 1 9 9 2: 5 8) e xt e n d e d t h e e nt ot y m p a ni c i nt o t h e p ost eri or 
w all, alt h o u g h n oti n g t h er e w er e o nl y “ v a g u e i n di c ati o ns of 
a di visi o n b et w e e n e nt ot y m p a ni c a n d m ast oi d i n t his ar e a ”. 
T h e diff er e n c e i n o pi ni o n hi g hli g hts t h e pr o bl e m t h at p arts 
of s e v er al b asi cr a ni al el e m e nts ar e f us e d i n M et a c h eir o m ys , 
as is oft e n t h e c as e a m o n g a d ult e xt a nt m a m m als.

Alt h o u g h C T d at a h a v e pr o vi d e d a n e w p ers p e cti v e o n 
t his pr o bl e m, t h e y h a v e n ot mir a c ul o usl y r es ol v e d t h e li mits 
of  t h e  b asi cr a ni al  b o n es  i n  t h e  ar e as  of  f usi o n  n ot e d  b y  
pr e vi o us a ut h ors. F or p ositi n g oss e o us b o u n d ari es b as e d o n 
t e xt ur al diff er e n c es a n d m or p h ol o g y i n t h e ar e as of f usi o n, 
w e  r el y  m or e  o n  t h e  st u d y  of  A M N H  1 3 1 7 7 7  u n d er  t h e 
mi cr os c o p e, a n d n ot t h e C T s c a ns. R e g ar di n g t h e a u dit or y 
b ull a, s ut ur es o n t h e ri g ht si d e of A M N H 1 3 1 7 7 7 c o n fir m t h e 
c o m p ositi o n of t h e b ull a i n t h e a nt eri or a n d n e arl y t h e e ntir e 
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m e di al w all; t h e pr o bl e m is t h e p ost eri or w all w h er e t h er e 

ar e ar e as of n o s ut ur es or o nl y p arti al s ut ur es t h at c a n n ot b e 

f ull y tr a c e d. T h e iss u es of f usi o n i n t h e b ull a als o c o nfr o nt 

t h e  pri m ar y  el e m e nts  of  t h e  t y m p a ni c  r o of,  t h e  p etr os al  

a n d  s q u a m os al,  m ai nl y  i n  t h e  p ost er ol at er al  c or n er  of  t h e  

b asi cr a ni u m. T w o ot h er iss u es c o m pli c at e o ur u n d erst a n di n g 

of t h e b asi cr a ni u m i n M et a c h eir o m ys . First, t h e p etr os al a n d 

s q u a m os al h a v e b e e n hi g hl y p n e u m ati z e d, r es ulti n g i n t h e 

f or m ati o n of l ar g e a c c ess or y air c h a m b ers i n b ot h b o n es, a 

s q u a m os al e pit y m p a ni c si n us ( Te xt- fi gs 2, 3) a n d a m ast oi d 

si n us. S e c o n d, t h er e ar e a n e x c essi v e n u m b er of f or a mi n a 

a n d c a n als i n t h e b asi cr a ni u m, m or e t h a n w e h a v e t y pi c all y 

e n c o u nt er e d i n ot h er m a m m als. I d e ntif yi n g all of t h es e h as 

b e e n c h all e n gi n g.

O n e  o bs er v ati o n  i n  A M N H  1 3 1 7 7 7  a n d  U S N M- P 

4 5 2 3 4 9  o utsi d e  t h e  e ar  r e gi o n  t h at  w e  w a nt  t o  r e c or d  

c o n c er ns a l o w mi dli n e cr est o n t h e a nt eri or as p e ct of t h e 

v e ntr al s urf a c e of t h e b asis p h e n oi d ( Te xt- fi g. 2). T his cr est 

w as als o ill ustr at e d o n t h e t y p e of M et a c h eir o m ys d as y p us , 

A M N H 1 1 7 1 8, b y Si m ps o n ( 1 9 3 1: fi g. 5), a n d is pr es e nt i n 

Te xt-fi g. 2. M et a c h eir o m ys m ars hii , A M N H 1 3 1 7 7 7, d r a wi n g of b asi c r a ni u m i n v e nt r al vi e w wit h is os u rf a c e f r o m C T s c a ns of 
l eft p et r os al i ns e rt e d ( c o m p a r e wit h Si m ps o n 1 9 3 1: fi g. 7). M u c h of t h e m ast oi d e x p os u r e o n t h e s p e ci m e n’s l eft si d e is d a m a g e d. 
N u m b e rs 1 t o 4 i n di c at e d e p r essi o ns t h at b as e d o n t h e ri g ht si d e i n cl u d e a t hi n l a y e r of e nt ot y m p a ni c; 1 t o 3 a r e b et w e e n p et r os al 
a n d b asi o c ci pit al a n d 4 is p et r os al o nl y. T h e w hit e a r r o w i n t h e l o w e r l eft p ass es t h r o u g h a c a n al b et w e e n t h e p et r os al a n d e x o c ci pit al 
f o r t h e a u ri c ul a r b r a n c h of t h e v a g us n e r v e. A b b r e vi ati o ns: a b X – g r o o v es a n d f o r a mi n a f o r a u ri c ul a r b r a n c h of v a g us n e r v e,  
as  –  alis p h e n oi d,  ast p  –  alis p h e n oi d  t y m p a ni c  p r o c ess,  b o  –  b asi o c ci pit al,  bs  –  b asis p h e n oi d,  e a m  –  r o of  of  e xt e r n al  a c o usti c  
m e at us, e c – e ct ot y m p a ni c, e n – e nt ot y m p a ni c, e o – e x o c ci pit al, es – e pit y m p a ni c si n us of s q u a m os al, f m – f o r a m e n m a g n u m, 
f o – f o r a m e n o v al e, gf – gl e n oi d f oss a, hf – h y p o gl oss al f o r a m e n, i ps – f o r a m e n f o r i nf e ri o r p et r os al si n us, ljf – l at e r al j u g ul a r 
f o r a m e n, m e – m ast oi d e x p os u r e of p et r os al, mjf – m e di al j u g ul a r f o r a m e n, mt – m us c ul a r t u b e r cl e, mt c – m us c ul ot u b al c a n al, 
o c – o c ci pit al c o n d yl e, p a – p o r us a c o usti c us ( hi d d e n), p as – p a r as p h e n oi d, p g p – p ost gl e n oi d p r o c ess, p r – p r o m o nt o ri u m of 
p et r os al, ps – p r es p h e n oi d, s mf – st yl o m ast oi d f o r a m e n, s of – s u p e ri o r o r bit al fiss u r e, s q – s q u a m os al, t c a – t y m p a ni c c a n ali c ul us, 
t h – t y m p a n o h y al, t m – t u b ul a r e xt e r n al a c o usti c m e at us.
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Te xt-fi g.  3.  M et a c h eir o m ys  m ars hi ,  U S N M- P  4 5 2 3 4 9,  c o r o n al  s e cti o ns  f r o m  C T  s c a ns.  a  –  s e cti o n  5 9 0  of  2 0 2 0  t h r o u g h  t h e  
a nt e ri o r m ost t y m p a ni c c a vit y s h o wi n g ai r s p a c es i n t h e e nt ot y m p a ni c a n d s q u a m os al; b – s e cti o n 8 9 8 of 2 0 2 0 at l e v el of t h e f e n est r a 
v esti b uli s h o wi n g t h e m ast oi d si n us. A b b r e vi ati o ns: b o – b asi o c ci pit al, bs – b asis p h e n oi d, c p – c rist a p a r oti c a, e c – e ct ot y m p a ni c, 
e n – e nt ot y m p a ni c, es – e pit y m p a ni c si n us of s q u a m os al, f v – f e n est r a v esti b uli, h yf – h y p o p h ys e al f oss a, m – m all e us, ms – m ast oi d 
si n us, p r – p r o m o nt o ri u m, s q – s q u a m os al, t c – t y m p a ni c c a vit y.
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M. m ars hi , U S N M- P 2 6 1 3 2. N ot hi n g i n t h e C T s c a ns of t h e 
t w o s p e ci m e ns st u di e d h er e s u g g ests t h at t his is a s e p ar at e 
el e m e nt.  N e v ert h el ess,  o n e  of  t h e  a ut h ors  of  t his  r e p ort  
h as r e c e ntl y p u blis h e d o n t h e o c c urr e n c e of a littl e k n o w n 
mi dli n e b o n e c all e d t h e p ar as p h e n oi d t h at o c c urs i n s o m e 
e xt a nt m a m m als a n d is t h o u g ht t o b e pr es e nt i n s o m e e xti n ct 
m a m m als ( Wi bl e et al. 2 0 1 8). We s u g g est t h at t his mi dli n e 
cr est i n M et a c h eir o m ys li k el y is a p ar as p h e n oi d f us e d t o t h e 
b asis p h e n oi d.

E ct ot y m p a ni c

T h e  ri g ht  a u dit or y  b ull a  is  w ell  pr es er v e d  i n  b ot h  
A M N H 1 3 1 7 7 7 a n d U S N M- P 4 5 2 3 4 9, b ut t h e l eft h as b e e n 
l ar g el y r e m o v e d i n b ot h s p e ci m e ns t o r e v e al t h e i nt eri or of 
t h e  t y m p a ni c  c a vit y  ( Te xt- fi g.  1).  R e g ar di n g  t h e  e xt eri or, 
Si m ps o n  ( 1 9 3 1)  n ot e d  t h e  “ fi as k-s h a p e d ”  a u dit or y  b ull a, 
r o u n d e d  a n d  i n fi at e d  m e di all y,  a n d  e xt e n di n g  l at er all y 
i nt o  a  l o n g,  t u b ul ar  e xt er n al  a c o usti c  m e at us.  T h e  i n fi at e d 
p orti o n of t h e b ull a is l o n g er t h a n it is wi d e, t h us diff eri n g 
fr o m  t h e  m or e  s p h eri c al  s h a p e  c o m m o n  a m o n g  m a n y  
ar m a dill os ( P att ers o n et al. 1 9 8 9)  a n d t h os e p a n g oli ns wit h 
a n i n fi at e d e ct ot y m p a ni c ( e. g. S m utsi a t e m mi n c kii ; G a u di n 
a n d  Wi bl e  1 9 9 9:  fi g.  4).  T h e  e ct ot y m p a ni c  is  t h e  pri m ar y 
el e m e nt  of  t h e  b ull a,  as  n ot e d  b y  Si m ps o n  ( 1 9 3 1)  a n d  
P att ers o n  et  al.  ( 1 9 9 2),  a n d  a c c o u nts  f or  n e arl y  all  of  t h e  
t y m p a ni c  fi o or  t h at  is  visi bl e  i n  v e ntr al  vi e w  ( Te xt- fi g. 2). 

Al o n g  its  a nt er i or  b or d er,  t h e  e ct ot y m p a ni c  i n  A M N H  
1 3 1 7 7 7 is d eli mit e d fr o m m e di al t o l at er al b y s ut ur es fr o m 
t h e  e nt ot y m p a ni c,  alis p h e n oi d,  a n d  s q u a m os al,  alt h o u g h  
i n t h e a nt er ol at er al c or n er t h e e ct ot y m p a ni c is f us e d t o t h e 
p ost gl e n oi d  pr o c ess  of  t h e  s q u a m os al.  T h e  a nt er o m e di al  
m ar gi n of t h e e ct ot y m p a ni c is r o u n d e d, wit h o ut a st ylif or m 
pr o c ess, a r es e m bl a n c e t o e xt a nt p a n g oli ns ( e. g. P h at a gi n us 
t etr a d a ct yl a,  C M  7 3 8 4; S m utsi a  t e m mi n c kii ;  G a u di n  a n d  
Wi bl e 1 9 9 9: fi g. 4) b ut u nli k e ar m a dill os (s e e Wi bl e 2 0 1 0: 
fi gs 8, 9) a n d ot h er x e n art hr a ns ( P att ers o n et al. 1 9 9 2). Al o n g 
its  m e di al  b or d er,  t h e  e ct ot y m p a ni c  i n  A M N H  1 3 1 7 7 7  is 
d eli mit e d  b y  a  r o u g hl y  h ori z o nt al  s ut ur e  fr o m  t h e  v e ntr al  
m ar gi n  of  t h e  e nt ot y m p a ni c  ( Te xt- fi g.  4),  e x c e pt  at  t h e 
p ost er o m e di al c or n er w h er e n o s ut ur e is e vi d e nt, alt h o u g h 
t e xt ur al diff er e n c es s u g g est t h e c o nti n u ati o n of t h e s ut ur e i n 
t h e s a m e h ori z o nt al pl a n e. I n t h e l at er al p art of t h e p ost eri or 
w all, p arti al s ut ur es a p p e ar t o d eli mit t h e r e ar of t h e m e at al 
t u b e  fr o m  el e m e nt(s)  t h at  eit h er  s u p p ort  it  or  a b ut  it;  t h e  
i d e ntit y of t h e el e m e nt(s) is c o nsi d er e d b el o w. I n t h e m e di al 
p art of t h e p ost eri or w all, s ut ur es ar e n ot e vi d e nt, a n d w e ar e 
u n c ert ai n if t h e e ct ot y m p a ni c h as a dir e ct c o nt a ct wit h t h e 
p etr os al or if a sli v er of e nt ot y m p a ni c i nt er v e n es.

T h e  l at er al  o p e ni n g  t o  t h e  t u b ul ar  e xt er n al  a u dit or y  
m e at us s e e ms r at h er s m all r el ati v e t o t h e si z e of t h e s k ull, 
b ut  it  is  a ct u all y  l ar g er  i n  pr o p orti o n  t h a n  i n  eit h er  t h e  
e xt a nt p a n g oli n P h at a gi n us tri c us pis  or t h e e xt a nt ar m a dill o 

Te xt-fi g. 4. M et a c h eir o m ys m ars hii , A M N H 1 3 1 7 7 7, b asi c r a ni al is os u rf a c e f r o m C T s c a ns i n o bli q u e p ost e r o v e nt r al vi e w: l eft 
p et r os al i n bl u e a n d s m all pi e c e of l eft e nt ot y m p a ni c i n r e d. T h e w hit e a r r o w o n t h e l eft p et r os al p ass es t h r o u g h a c a n al t r a v e rs e d 
b y t h e t y m p a ni c n e r v e. A b b r e vi ati o ns: a b X – f o r a m e n f o r a u ri c ul a r b r a n c h of v a g us n e r v e, a ptt – a nt e r o v e nt r al p r o c ess of t e g m e n 
t y m p a ni, as – alis p h e n oi d, b o – b asi o c ci pit al, bs – b asis p h e n oi d, ct p – c a u d al t y m p a ni c p r o c ess, e a m – s q u a m os al r o of of e xt e r n al 
a c o usti c m e at us, e c – e ct ot y m p a ni c, e n – e nt ot y m p a ni c, e o – e x o c ci pit al, hf – h y p o gl oss al f o r a m e n, i ps – f o r a m e n f o r i nf e ri o r 
p et r os al si n us, ljf – l at e r al j u g ul a r f o r a m e n, m e – m ast oi d e x p os u r e of p et r os al, mjf – m e di al j u g ul a r f o r a m e n, mt – m us c ul a r 
t u b e r cl e, o c – o c ci pit al c o n d yl e, p cf – p ost e ri o r c a r oti d f o r a m e n, p p – p a r o c ci pit al p r o c ess of p et r os al, p r – p r o m o nt o ri u m of 
p et r os al, pt p – p ostt y m p a ni c p r o c ess of s q u a m os al, s mf – st yl o m ast oi d f o r a m e n, s q – s q u a m os al, stf – st a p e di al a rt e r y f o r a m e n, 
t c a – t y m p a ni c c a n ali c ul us, t h – t y m p a n o h y al.
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E u p hr a ct us  s e x ci n ct us  ( Ta b.  1).  It  is  o v at e  i n  s h a p e,  
el o n g at e d  a nt er o p ost eri orl y  ( Te xt- fi g.  1),  as  i n  t h e  f or m er 
t a x o n a n d i n c o ntr ast t o t h e r o u n d o p e ni n g f o u n d i n t h e l att er. 
A d diti o n all y, it pr oj e cts f art h er l at er all y at its a nt eri or m ar gi n 
t h a n its p ost eri or o n e, gi vi n g it a sli g htl y o bli q u e ori e nt ati o n 
i n  v e ntr al  vi e w  ( Te xt- fi g.  2).  Fr o m  t h e  C T  s c a ns  of  b ot h 
A M N H 1 3 1 7 7 7 a n d U S N M- P 4 5 2 3 4 9, t h e b o n e i n t h e fi o or 
of t h e t u b ul ar m e at us is as m u c h as 4. 5 ti m es t hi c k er t h a n t h at 
i n t h e t y m p a ni c fi o or. Als o, t h e i nt er n al att a c h m e nts of t h e 
t y m p a n u m, t h e crist a a n d s ul c us t y m p a ni c a, ar e p ositi o n e d 
w h er e t h e t hi c k t u b e m e ets t h e l a mi n ar fi o or a n d r es ult i n a 
m e m br a n e wit h a n o bli q u e ori e nt ati o n, 5 0 ° t o t h e h ori z o nt al.

E nt ot y m p a ni c

P att ers o n et al. ( 1 9 9 2), G a u di n ( 1 9 9 5), a n d ot h ers ( e. g. 
G a u di n  et  al.  1 9 9 6,  G a u di n  2 0 0 4,  R os e  et  al.  2 0 0 5)  h a v e  
n ot e d t h e str o n g r es e m bl a n c e b et w e e n t h e e nt ot y m p a ni c of 
M et a c h eir o m ys  a n d m a n y li vi n g x e n art hr a ns, i n p arti c ul ar 
t h e  ar m a dill os  ( P att ers o n  et  al.  1 9 8 9,  Wi bl e  a n d  G a u di n  
2 0 0 4),  a n d  t h e  str o n gl y  c o ntr asti n g  m or p h ol o g y  of  t h e  
el e m e nt  w h e n  pr es e nt  i n  li vi n g  p a n g oli ns,  w hi c h  t e n ds  t o  
b e s m all a n d n o d ul ar ( G a u di n a n d Wi bl e 1 9 9 9). As i n s o m e 
ar m a dill os ( e. g. E u p hr a ct us s e x ci n ct us ; Wi bl e a n d G a u di n 
2 0 0 4), t h e e nt ot y m p a ni c is t h e m aj or el e m e nt i n t h e m e di al 
w all of t h e t y m p a ni c c a vit y of M et a c h eir o m ys  ( Te xt- fi gs 3, 
4), i n w hi c h t h e C T s c a ns of A M N H 1 3 1 7 7 7 a n d U S N M- P 
4 5 2 3 4 9 r e v e al it is a l a mi n ar str u ct ur e w e d g e d b et w e e n t h e 
e ct ot y m p a ni c  v e ntr all y  a n d  t h e  b asi o c ci pit al  a n d  p etr os al  
d ors all y.  T h e  e nt ot y m p a ni c  is  pri m aril y  c o n c a v e  m e di all y  
a n d  c o n v e x  l at er all y.  E u p hr a ct us  s e x ci n ct us  s h o ws  t h e  
r e v ers e. S ut ur es d eli mit t h e e nt ot y m p a ni c i n t h e m e di al w all 
i n A M N H  1 3 1 7 7 7  e x c e pt  p ost eri orl y,  w h er e  t h e  b o n e  li es 
b et w e e n t h e e ct ot y m p a ni c a n d p etr os al. I n t h e a bs e n c e of a 
s ut ur e h er e, w e disti n g uis h t h e e nt o- a n d e ct ot y m p a ni c b y t h eir 
diff er e nt s urf a c e t e xt ur es, r o u g h a n d s m o ot h, r es p e cti v el y. A 
c o m p ar a bl e s urf a c e t e xt ur al diff er e n c e d o es n ot disti n g uis h 
t h e e nt ot y m p a ni c a n d p etr os al, b ut t h er e is a n o bli q u e li n e 
of i n fi e cti o n b et w e e n w h at w e i d e ntif y as a d ors all y c o n v e x 
p etr os al  a n d  v e ntr all y  c o n c a v e  e nt ot y m p a ni c.  T his  li n e  
p ass es t hr o u g h a s m all a p ert ur e i n t h e b ull a i d e nti fi e d b el o w 
as  t h e  p ost eri or  c ar oti d  f or a m e n,  w hi c h  w e  r e c o nstr u ct  
b et w e e n  t h e  t w o  b o n es  ( Te xt- fi g.  4).  If  o ur  i nt er pr et ati o n 
of t h e p ost eri or p art of t h e m e di al b ull a w all is c orr e ct, t h e 
e nt ot y m p a ni c t a p ers i n h ei g ht p ost eri orl y a n d t h e p etr os al 
d o es t h e r e v ers e, t a p eri n g i n h ei g ht a nt eri orl y. T h e C T s c a ns 
of t h e t w o M et a c h eir o m ys  als o s h o w t h at t h e d ors al m ar gi n 
of t h e e nt ot y m p a ni c i n t h e m e di al w all is i nf ol d e d l at er all y 

( Te xt- fi g.  3 a),  a g ai n  as  i n E u p hr a ct us s e x ci n ct us , wit h t h e 
e nt ot y m p a ni c li ni n g f o ur cir c ul ar d e pr essi o ns i n t h e m e di al 
as p e ct  of  t h e  pr o m o nt ori u m  of  t h e  p etr os al  (s e e  p etr os al  
b el o w).

At t h e a nt er o m e di al as p e ct of t h e b ull a i n v e ntr al vi e w 
i n  A M N H  1 3 1 7 7 7  is  a  tri a n g ul ar  s h a p e d  e x p os ur e  of  t h e 
e nt ot y m p a ni c, w hi c h a b uts t h e b asis p h e n oi d a nt er o m e di all y 
a n d  t h e  alis p h e n oi d  a nt er ol at er all y  ( Te xt- fi g.  2). Alt h o u g h 
t h e b o n e a p p e ars t hi c k fr o m t h e e xt eri or, t h e C T s c a ns r e v e al 
t h at  t his  p art  of  t h e  e nt ot y m p a ni c  is  h oll o w  ( Te xt- fi g.  3 a), 
a c c o m m o d ati n g  a n  a c c ess or y  air  s p a c e  c o n fl u e nt  wit h  t h e 
t y m p a ni c  c a vit y  p ost eri orl y.  T h e  a nt er ol at er al  m ar gi n  of  
t h e  e nt ot y m p a ni c  h er e  sl o p es  d ors ol at er all y  a n d  e n ds  at  
a n  a p ert ur e  b et w e e n  t h e  e nt ot y m p a ni c,  e ct ot y m p a ni c,  a n d  
alis p h e n oi d.  T his  o p e ni n g  is  f or  t h e  m us c ul ot u b al  c a n al   
( = E ust a c hi a n or p h ar y n g ot y m p a ni c t u b e), w hi c h c o n n e ct e d 
wit h  t h e  n as o p h ar y n x  b y  e xt e n di n g  a nt er o v e ntr o m e di all y  
a cr oss t h e e nt ot y m p a ni c a n d alis p h e n oi d, t h e l att er s h o wi n g 
s o m e c o n c a vit y f or t h e t u b e ( Te xt- fi g. 2). It s h o ul d b e n ot e d 
h er e t h at G a u di n ( 1 9 9 5) mist a k e nl y c o d e d t h e m us c ul ot u b al 
c a n al  as  l yi n g  b et w e e n  e ct ot y m p a ni c,  e nt ot y m p a ni c  a n d  
pt er y g oi d i n M et a c h eir o m ys .

As  n ot e d  a b o v e,  it  is  t h e  c o m p ositi o n  of  t h e  p ost eri or  
b ull ar w all t h at w as c o nt e nti o us wit h pri or a ut h ors: Si m ps o n 
( 1 9 3 1) e x cl u d e d t h e e nt ot y m p a ni c fr o m t h e p ost eri or w all 
a n d P att ers o n et al. ( 1 9 9 2) e xt e n d e d t h e e nt ot y m p a ni c i nt o 
t h e p ost eri or w all as f ar as t h e t y m p a n o h y al, w hi c h is sit u at e d 
r o u g hl y i n t h e p ost eri or w all’s mi d p oi nt ( Te xt- fi gs 2, 4). We 
ar e n ot c o n vi n c e d t h at eit h er vi e w is c orr e ct, wit h t h e c a v e at 
t h at d u e t o t h e l a c k of c o m pl et e s ut ur es, o ur i nt er pr et ati o n 
b el o w  is  t a k e n  as  t e nt ati v e  u ntil  a d diti o n al  i nf or m ati o n  is  
f ort h c o mi n g.

F or d es cri pti v e p ur p os es, w e di vi d e t h e p ost eri or w all i n 
A M N H  1 3 1 7 7 7  i nt o  m e di al  a n d  l at er al  s e g m e nts  wit h  t h e 
t y m p a n o h y al  t h e  di vi d er.  I n  t h e  m e di al  s e g m e nt,  t h er e  is  
littl e t o p o gr a p h y t o disti n g uis h el e m e nts; a f ai nt, h ori z o nt al 
s e a m,  i n  t h e  s a m e  pl a n e  as  t h e  s ut ur e  b et w e e n  t h e  e ct o-  
a n d  e nt ot y m p a ni c  i n  t h e  m e di al  w all  o n  t h e  ri g ht  si d e,  
m a y  d eli mit  t w o  el e m e nts,  pr es u m a bl y  e ct ot y m p a ni c  a n d  
p etr os al, b ut w e c a n n ot r ul e o ut t h e p ossi bilit y t h at a sli v er of 
t h e e nt ot y m p a ni c i nt er v e n es b et w e e n t h e t w o. I n t h e l at er al 
s e g m e nt, as s e e n o n t h e ri g ht si d e, a s m all, di gitif or m pi e c e 
of b o n e of r o u g h er t e xt ur e t h a n its n ei g h b ors a b uts t h e b a c k 
of t h e t u b ul ar m e at us wit h s o m e str et c h es of p ot e nti al s ut ur es 
b et w e e n t h e t w o. T his di gitif or m pi e c e i n t ur n u n d erli es a 
br o a d er, s m o ot h er b o n e d ors all y t h at is c ert ai nl y p etr os al, 
a g ai n wit h f ai nt i n di c ati o ns of p ot e nti al s ut ur es b et w e e n t h e 

T a bl e 1. S el e ct s k ull m e as u r e m e nts ( m m) of M et a c h eir o m ys m ars hi  ( A M N H 1 3 1 7 7) a n d c o m p a r ati v e t a x a. A b b e r vi ati o ns: l n – 
a nt e r o p ost e ri o r l e n gt h, d p – v e rti c al d e pt h.

M e as u r e m e nts
M et a c h eir o m ys m ars hi

A M N H 1 3 1 7 7 7
P h at a gi n us tri c us pis

U T C M 1 6 9 5
E u p hr a ct us s e x ci n ct us

U T C M 1 4 9 1

S k ull

Gr e at est s k ull l e n gt h  6 4. 6 * 7 2. 1 1 1 9. 2

P o r us a c usti c us

m a xi m u m l n 3. 3 3. 8 4. 4

m a xi m u m d p                     2. 0 1. 7 4. 2

r ati o l n/ d p 1. 7 2. 2 1. 1

* missi n g pr e m a xill a
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Te xt-fi g. 5. M et a c h eir o m ys m ars hi , A M N H 1 3 1 7 7 7, l eft p et r os al is os u rf a c e f r o m C T s c a ns i n t y m p a ni c vi e w; t h e p ostt y m p a ni c 
p r o c ess of t h e s q u a m os al a n d s o m e p ossi bl e e nt ot y m p a ni c a r e als o i n cl u d e d. a – is os u rf a c e; b – li n e d r a wi n g wit h l a b els. N u m b e rs 
1 t o 4 i n di c at e d e p r essi o ns o n m e di al fl a n g e. A b b r e vi ati o ns: a ms – a nt e r o m e di al s e pt u m, a ptt – a nt e r o v e nt r al p r o c ess of t e g m e n 
t y m p a ni, c ct – c a n al f o r c h o r d a t y m p a ni n e r v e, ci – c rist a i nt e rf e n est r alis, c of – c o c hl e a r f oss ul a, c p – c rist a p a r oti c a, ct p – c a u d al 
t y m p a ni c p r o c ess, e n ? – p ossi bl e e nt ot y m p a ni c, e p c – e pit y m p a ni c c r est, e w – e pit y m p a ni c wi n g, f c – f a ci al c a n al, f v – f e n est r a 
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t w o. O n t h e l eft si d e w h er e m ost of t h e b ull a w as r e m o v e d, 
t his  sli v er  of  b o n e  is  e x p os e d  l at er al  t o  t h e  t y m p a n o h y al.  
Gi v e n t h e t e xt ur al diff er e n c es a n d t h e hi nts of s ut ur es, t his 
sli v er of b o n e is li k el y t h e e nt ot y m p a ni c. Alt h o u g h it s e e ms 
li k el y  t h at  t h e  e nt ot y m p a ni c  i n  t h e  l at er al  s e g m e nt  of  t h e  
p ost eri or w all c o n n e ct e d t o t h at i n t h e m e di al w all, w e ar e 
c urr e ntl y u n a bl e t o c o n fir m t h at. L at er al t o t h e st yl o m ast oi d 
f or a m e n  i n  t h e  l at er al  s e g m e nt  of  t h e  p ost eri or  w all  is  a  
s m all, a nt eri orl y dir e ct e d f or a m e n o n b ot h si d es of A M N H 
1 3 1 7 7 7. O n t h e l eft si d e, t his f or a m e n c a n b e tr a c e d i nt o a 
s h ort c a n al t h at w e i nt er pr et f or t h e c h or d a t y m p a ni n er v e 
( Te xt- fi g. 5). If t h e oss e o us el e m e nts ar e i d e nti fi e d c orr e ctl y 
h er e, t h e c o urs e of t his c a n al is f ull y or p arti all y i n t h e s e a m 
b et w e e n t h e e nt ot y m p a ni c a n d p etr os al.

P et r os al

Usi n g A M N H  1 3 1 7 7 7,  b ot h  t h e  a ct u al  a n d  virt u al  ( C T 
s c a ns)  f ossil,  w e  s e g m e nt e d  t h e  l eft  p etr os al  i n  A vi z o  f or  
d es cri pti v e a n d ill ustr ati v e p ur p os es; t his is t h e si d e w h er e 
m ost of t h e a u dit or y b ull a h a d b e e n r e m o v e d pri or t o o ur 
st u d y ( Te xt- fi gs 2, 4). T h e ar e as of gr e at est u n c ert ai nt y ( a n d 
t h er ef or e  l e ast  c o n fi d e n c e)  f or  d eli miti n g  t h e  p etr os al  ar e 
a nt er o m e di all y w h er e n u m er o us cr a c ks ar e pr es e nt, l at er all y 
w h er e m ost of t h e s ut ur es wit h t h e s q u a m os al ar e f us e d, a n d 
p ost er o v e ntr all y  w h er e  a n  e nt ot y m p a ni c  m a y  or  m a y  n ot  
h a v e b e e n pr es e nt.

T h e t h eri a n p etr os al is g e n er all y s u b di vi d e d i nt o t h e p ars 
c o c hl e aris (f or t h e c o c hl e ar d u ct a n d s a c c ul e) a n d t h e p ars 
c a n ali c ul aris  (f or  t h e  utri cl e  a n d  s e mi cir c ul ar  c a n als).  As  
us u al, t h e v e ntr al (t y m p a ni c) s urf a c e of t h e p ars c o c hl e aris 
i n A M N H  1 3 1 7 7 7  is  d o mi n at e d  b y  t h e  pr o m o nt ori u m,  t h e 
c o c hl e ar  h o usi n g  ( Te xt- fi g.  5).  Fr o m  t h e  C T  s c a ns,  t h e 
c o c hl e ar  d u ct  c oils  t hr o u g h  4 5 0 °  (f oll o wi n g  t h e  m et h o d  
i n  E k d al e  2 0 1 3).  Alt h o u g h  oft e n  i n  t h e  s a m e  h ori z o nt al  
pl a n e i n m a m m als, t h e pr o m o nt ori u m i n A M N H 1 3 1 7 7 7 is 
p ositi o n e d s u c h t h at its r e ar is v e ntr al t o t h e pl a n e of t h e 
b asi o c ci pit al w h er e as its a nt eri or p ol e is w ell d ors al t o t h at 
pl a n e. As n ot e d b y P att ers o n et al. ( 1 9 9 2), t h e pr o m o nt ori u m 
is r o u n d e d a n d gl o b os e, m u c h m or e s o t h a n t h at of t h e ol d er 
m et a c h eir o m yi d P al a e a n o d o n , b ut l ess t h a n t h at of t h e l at est 
E o c e n e p a n g oli n P atri o m a nis  ( G a u di n et al. 2 0 1 6). H o w e v er, 
t h e f or m er a ut h ors als o st at e d t h at “t h er e is n o i n di c ati o n of 
s h el vi n g ar o u n d t h e pr o m o nt ori u m, as o c c urs i n ar m a dill os ” 
( P att ers o n et al. 1 9 9 2: 5 8). T h e C T s c a ns r e v e al t h at t his is 
n ot e x a ctl y t h e c as e, as t h er e is b ot h a m e di al fi a n g e a n d a n 
e pit y m p a ni c wi n g.

T h e m e di al fi a n g e e xt e n ds t h e a nt er o p ost eri or l e n gt h of 
t h e p ars c o c hl e aris ( Te xt- fi g. 4) a n d is m or e d e v el o p e d t h a n 
t h at f o u n d i n t h e ar m a dill o D as y p us n o v e m ci n ct us  ( Wi bl e 
2 0 1 0), t h o u g h p er h a ps n ot q uit e as e xt e nsi v e as t h at of t h e 
gi a nt ar m a dill o Pri o d o nt es  m a xi m us  ( P att ers o n et al. 1 9 8 9) 
or t h at of P al a e a n o d o n ( P att ers o n et al. 1 9 9 2). P atri o m a nis  
a p p e ars  t o  l a c k  a  m e di al  fi a n g e  e ntir el y  ( G a u di n  et  al. 
2 0 1 6). T h e m e di al fi a n g e i n A M N H 1 3 1 7 7 7 is at its wi d est 

m e di ol at er all y  a n d  t hi c k est  d ors o v e ntr all y  at  t h e  p ost eri or  
e n d, a n d t a p ers i n b ot h di m e nsi o ns t o w ar ds t h e a nt eri or p ol e 
of  t h e  pr o m o nt ori u m.  U nli k e  P al a e a n o d o n  or  ar m a dill os,  
m ar ki n g t h e v e ntr al s urf a c e of t h e m e di al fi a n g e a n d m e di al 
s urf a c e of t h e pr o m o nt ori u m ar e f o ur l ar g e, r o u g hl y cir c ul ar 
d e pr essi o ns,  t h e  a nt eri or  t hr e e  of  w hi c h  e xt e n d  m e di all y  
o nt o t h e b asi o c ci pit al, t h e p ost eri or m ost b ei n g e ntir el y o n 
t h e p etr os al ( Te xt- fl gs 2, 5). B as e d o n t h e C T s c a ns of t h e 
ri g ht si d es of A M N H 1 3 1 7 7 7 a n d U S N M- P 4 5 2 3 4 9 w h er e 
t h e b ull a is i n pl a c e, t h es e f o ur d e pr essi o ns ar e li n e d b y a 
t hi n l a y er of e nt ot y m p a ni c, w hi c h i n t ur n r o ofs a c c ess or y air 
s p a c es of t h e t y m p a ni c c a vit y. At t h e a nt eri or a n d p ost eri or 
e n ds of t his r o w of f o ur d e pr essi o ns ar e n arr o w s e pt a. F or 
d es cri pti v e p ur p os es, b as e d o n t h eir p ositi o ns, w e i d e ntif y 
t h es e as t h e a nt er o m e di al a n d p ost er o m e di al s e pt a.

E xt e n di n g  f or w ar d  fr o m  t h e  a nt eri or  p ol e  of  t h e  
pr o m o nt ori u m a n d l at er al t o t h e a nt er o m e di al s e pt u m is t h e 
e pit y m p a ni c wi n g, w hi c h is n ot h ori z o nt al b ut d o w nt ur n e d 
a nt eri orl y ( Te xt- fi g. 5). T his ar e a is q uit e br o k e n i n A M N H 
1 3 1 7 7 7  a n d,  t h er ef or e,  w e  ar e  n ot  e ntir el y  c ert ai n  of  t h e 
a nt eri or li mit of t h e e pit y m p a ni c wi n g. I m m e di at el y l at er al 
t o  t h e  a nt er o m e di al  s e pt u m  is  a n  o v al  d e pr essi o n,  l o n g er  
t h a n  wi d e,  t h at  i n cl u d es  t h e  c ar oti d  f or a m e n  (s e e  b el o w).  
L at er al t o t h at is t h e a nt eri or e n d of a disti n ct gr o o v e t h at 
r u ns p ost er ol at er all y t o a f or a m e n, t h e hi at us F all o pii, f or t h e 
gr e at er p etr os al n er v e ( E v a ns 1 9 9 3, Wi bl e 2 0 1 0), a br a n c h 
of t h e f a ci al n er v e; t his n er v e l eft t h e t y m p a ni c c a vit y vi a t h e 
m us c ul ot u b al c a n al. P al a e a n o d o n  s p. h a d a m or e e xt e nsi v e 
e pit y m p a ni c wi n g t h a n M et a c h eir o m ys  (s e e P att ers o n et al. 
1 9 9 2: fi g. 1 8 A, B), w h er e as t h at i n P atri o m a nis  w as m u c h 
l ess e xt e nsi v e (s e e G a u di n et al. 2 0 1 6: fi g. 7). A d diti o n all y, 
i n b ot h M et a c h eir o m ys  a n d P al a e a n o d o n , t h e e pit y m p a ni c 
wi n g is c o nti n u o us l at er all y wit h t h e t e g m e n t y m p a ni (s e e 
b el o w); t his is n ot t h e c as e i n P atri o m a nis  or li vi n g p a n g oli ns 
( e. g. P h at a gi n us tri c us pis , C M 5 7 8 3 3, M a nis j a v a ni c a , C M 
4 0 5 9 7).

O n e of t h e m or e n ot e w ort h y dis c o v eri es of t h e pr es e nt 
st u d y is t h e pr es e n c e i n M et a c h eir o m ys  of a s m all gr o o v e 
o n  t h e  pr o m o nt ori u m  f or  t h e  i nt er n al  c ar oti d  art er y  a n d  
a c c o m p a n yi n g  n er v e  ( Te xt- fi g.  5).  P att ers o n  et  al.  ( 1 9 9 2) 
cl ai m e d t h at s u c h a gr o o v e w as missi n g, d es pit e t h e pr es e n c e 
of a str o n g tr a ns pr o m o nt ori al gr o o v e i n t h e g e n er all y m or e 
pl esi o m or p hi c a n d ol d er P al a e a n o d o n . T h e y li k el y miss e d 
t h e  pr es e n c e  of  t h e  gr o o v e  b e c a us e  it  is  v er y  s h all o w  f or  
m ost  of  its  l e n gt h,  o nl y  b e c o mi n g  b ett er  d e fi n e d  i n  its 
p ost eri or m ost r e a c h es, m e di al t o t h e c o c hl e ar f oss ul a. T his 
d e e p er  ar e a  w as  li k el y  eit h er  c o v er e d  b y  m atri x  or  t h e  
e nt ot y m p a ni c  i n  pr e vi o us  st u di es.  At  t h e  p ost er o m e di al  
c or n er of t h e pr o m o nt ori u m, t h e tr a ns pr o m o nt ori al gr o o v e 
r u ns o nt o t h e v e ntr al s urf a c e of t h e p ost er o m e di al s e pt u m, 
p arti all y a n d t h e n f ull y e n cl os e d i n a c a n al t h at o p e ns at a 
s m all  p ost eri or  c ar oti d  f or a m e n  i n  t h e  b ull a  w all,  w hi c h  
w e  i nt er pr et  as  b et w e e n  t h e  e nt ot y m p a ni c  a n d  p etr os al.  
A nt eri orl y, t h e tr a ns pr o m o nt ori al gr o o v e is m or e diff us e, b ut 

v esti b uli, gi c a – g r o o v e f o r t r a ns p r o m o nt o ri al i nt e r n al c a r oti d a rt e r y, gs a – g r o o v e f o r st a p e di al a rt e r y, h F – hi at us F all o pii,  
m e – m ast oi d e x p os u r e, mf – m e di al fl a n g e, p cf – p ost e ri o r c a r oti d f o r a m e n, p ms – p ost e r o m e di al s e pt u m, p p – p a r o c ci pit al 
p r o c ess,  p r –  p r o m o nt o ri u m,  pt p  –  p ostt y m p a ni c  p r o c ess  of  s q u a m os al,  sf  –  st a p e di us  f oss a,  sff  –  s e c o n d a r y  f a ci al  f o r a m e n,   
s mf – st yl o m ast oi d f o r a m e n, stf – st a p e di al a rt e r y f o r a m e n, t c a – t y m p a ni c c a n ali c ul us, t h – t y m p a n o h y al, t o cf – t o c a r oti d 
f o r a m e n, ttf – t e ns o r t y m p a ni f oss a.
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appears to pass lateral to the anteromedial septum towards 
the oval depression on the epitympanic wing. In the CT 
scans of both specimens, the bone in this oval depression is 
damaged, obscuring any evidence for the further course of 
the internal carotid on the petrosal. However, in the CT scans 
of USNM-P 452349, anterodorsal to this part of the petrosal, 
a small carotid foramen penetrates the basisphenoid and 
opens in the anterolateral aspect of the hypophyseal fossa.

Just lateral to the well-marked portion of the groove 
for the internal carotid is a second small groove, also well 
marked posteriorly but becoming shallower anteriorly. This 
groove is initially parallel to the transpromontorial groove 
but diverges toward the fenestra vestibuli, representing a 
groove for the stapedial artery (Text-fig. 5). It reaches the 
middle of the rim of the fenestra vestibuli and onto a small 
triangular prominence breaking the plane of the otherwise 
oval fenestra; this prominence is absent in USNM-P 452349. 
Posteromedially, the stapedial groove extends onto the 
posteromedial septum, posterodorsal to the internal carotid. 
The stapedial groove leads to a canal that opens dorsal to 
the posterior carotid foramen on the bulla wall at a stapedial 
foramen (Text-fig. 4), which we interpret as entirely within 
the petrosal. Given the presence of separate foramina for 
the internal carotid and stapedial arteries in the bulla wall, 
the bifurcation resulting in these vessels was outside of the 
tympanic cavity, an unusual condition in mammals (Wible 
1987). In Palaeanodon, the groove for the stapedial artery 
arises from the internal carotid on the promontorium and 
is deeper, shorter, and positioned more posteriorly and 
dorsally (Patterson et al. 1992: fig. 18), relative to that of 
Metacheiromys. None of the living xenarthrans or pangolins 
possess a stapedial artery, at least as adults (Guth 1961, 
Bugge 1979, Wible 1984, 1987), though a reduced artery 
may be present in juveniles or embyros (Schneider 1955, 
Wible 1984, Patterson et al. 1992) or in some fossil taxa 
(Gaudin et al. 2015). Regarding the internal carotid, only 
vermilinguan anteaters, among the living Xenarthra, possess 
a transpromontorial internal carotid artery (Guth 1961, 
Patterson et al. 1992, Gaudin 1995, 2004). In the sloths and 
cingulates, the artery runs along the ventromedial edge of 
the petrosal (Guth 1961, Patterson et al. 1989, 1992, Gaudin 
1995, 2004), as it does in pangolins (Kampen 1905, Gaudin 
and Wible 1999, Gaudin et al. 2009, 2016).

As usual, two large openings are present in the lateral and 
posterior aspects of the promontorium, the fenestra vestibuli 
and the aperture of the cochlear fossula, respectively (Text-
fig.  5). The larger fenestra vestibuli has a stapedial ratio  
(length to width; Segall 1970) of 1.99 (left side of AMNH 
131777) and 1.83 (left side of USNM-P 452349). In 
comparison, the stapedial ratio of living armadillos is quite 
similar (1.9–2.0; Wible and Gaudin 2004, Wible 2010), 
whereas that of sloths and pangolins is somewhat lower (1.5–
1.6; Gaudin 2011, Gaudin et al. 2016). The fenestra vestibuli 
is directed anteroventrolaterally; the rim accommodating 
the footplate of the stapes is recessed, producing a shallow 
vestibular fossula except at its posteriormost aspect. The long 
axis of the fenestra vestibuli is oblique, from posterodorsal to 
anteroventral. The other opening, the aperture of the cochlear 
fossula, is more irregular in shape, like a narrow dome with 
a straight dorsal side. The cochlear fossula itself is the 
space between the secondary typmanic membrane, covering 

the fenestra cochleae, and this aperture in the posterior 
wall of the promontorium. The aperture is positioned 
near the posterolateral corner of the promontorium and is 
directed posterolaterally, a resemblance to Palaeanodon sp. 
(Patterson et al. 1992: fig. 18), Patriomanis (Gaudin et al. 
2016: fig. 7), and living pangolins (e.g. Phataginus tricuspis, 
CM 57833, Manis javanica, CM 40597). In the dorsal 
roof of the aperture and extending posteriorly beyond the 
plane of the aperture is a triangular concavity, the cochlear 
fossula. The fossula is delimited posteriorly by a tall, thick 
medial wall and a short, narrow lateral wall. The medial 
wall is part of the caudal tympanic process described with 
the pars canalicularis below, which resembles the condition 
for this process in Smutsia gigantea (CM 5764) and Manis 
javanica (CM 40597), but not Dasypus (Wible 2010) where 
the process is broadly separated from the cochlear fossula. 
Separating the aperture of the cochlear fossula from the 
fenestra vestibuli in AMNH 131777 is the near vertical crista 
interfenestralis. The space posterior to the cochlear fossula 
and crista interfenestralis represents the postpromontorial 
tympanic sinus.

The parts of the petrosal lateral and posterior to the 
promontorium in ventral view represent the pars canalicularis, 
which has been greatly complicated by pneumatization. The 
course of the facial nerve on the pars canalicularis is a useful 
point of reference. Commencing at the anterolateral aspect 
of the fenestra vestibuli is a tubular facial canal (Text-fig. 5), 
directed posterolaterally, that transmitted the main trunk of 
the facial nerve from the cavum supracochleare housing the 
geniculate ganglion within the pars cochlearis. A facial canal 
is also known to occur in some extant pangolins (Manis 
javanica, M. crassicaudata, and variably present in M. 
pentadactyla and Phataginus tetradactyla; Gaudin and Wible 
1999), but is unknown in other pangolins, in armadillos or 
other xenarthrans, or in Palaeanodon (Patterson et al. 1992). 
After a 2 mm course the facial canal opens via the secondary 
facial foramen into a groove walled laterally by a prominent 
crest, the crista parotica (Text-fig. 5), most of which is hidden 
in ventral view on the left side of AMNH 131777 by the 
squamosal roof of the tubal meatus (Text-fig. 2). The facial 
groove bends posteroventrally and opens on the exterior at 
the stylomastoid foramen dorsolateral to the tympanohyal 
(Text-figs 2, 5). We interpret the stylomastoid foramen as 
entirely in the petrosal, as in Palaeanodon (Patterson et 
al. 1992), Patriomanis (Gaudin et al. 2016), and Dasypus 
(Wible 2010), but in contrast to Euphractus (Wible and 
Gaudin 2004) and extant pangolins (Jollie 1968), in which 
the ectotympanic forms a portion of the opening.

The part of the pars canalicularis extending anteriorly 
from the crista parotica in therians is the tegmen tympani 
(DeBeer 1929). In AMNH 131777, the posterior part of 
the tegmen tympani is represented by a low crest, the 
epitympanic crest (Text-fig. 5), originating from the facial 
canal, and a shelf anteromedial to it that is continuous with 
the epitympanic wing described above. Most of this surface 
is flat except for a small concavity anteromedial and parallel 
to the epitympanic crest. It is likely that the tensor tympani 
muscle arose from this entire surface, but the significance 
of the small concavity on it is enigmatic. A similar, but 
transversely much broader shelf appears in roughly the same 
position in Palaeanodon (Patterson et al. 1992). This shelf is 
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divided by a crest that runs anteriorly and ventrally. The area 
medial to this crest is identified by Patterson et al. (1992) 
as the fossa for the tensor tympani muscle. In Dasypus 
(Wible 2010), the tensor tympani attaches to the petrosal 
anterior to the anteroventral process of the tegmen tympani 
(aptt = processus crista facialis of Patterson et al. 1992, 
Gaudin 1995), rather than medially or posteromedially, as in 
palaeanodonts, whereas in Patriomanis, which lacks an aptt, 
the tensor tympani attaches to the small epitympanic wing 
of the petrosal and the lateral surface of the promontorium 
(Gaudin et al. 2016).

Anterior to the epitympanic crest, the tegmen tympani 
bears an elongate, more ventrally positioned platform 
(roughly 4 × 1.5 mm) that is obliquely oriented from 
posterolateral to anteromedial as well as downturned 
anteriorly (Text-fig. 5). The ventral surface of this platform 
has an oval depression with a much smaller round depression 
posterior to it. We identify this platform as the anteroventral 
process of the tegmen tympani (aptt), which is generally 
considered to be a synapomorphy of Xenarthra (Gaudin and 
McDonald 2008). The aptt of Metacheiromys resembles that 
of Priodontes (Patterson et al. 1989) in size and shape, with 
the giant armadillo having, proportionally, one of the largest 
aptt known among extant and extinct xenarthrans. An aptt is 
not known to occur among any living or extinct pangolins 
(Gaudin and Wible 1999, Gaudin et al. 2016). However, 
there is a distinction between the aptt of Metacheiromys 
and armadillos; in the latter, it provides a contact surface 
for the ectotympanic (Wible 2010), whereas in the CT scans 
of both Metacheiromys, the ectotympanic does not abut 
there. Palaeanodon has a ridge with no platform in the same 
position that the aptt occurs in Metacheiromys (Patterson et 
al. 1992).

Adjacent to the crista parotica, facial canal, and 
epitympanic crest is a large, oval opening between the 
petrosal and squamosal (Text-fig. 2). This opening, the 
foramen pneumaticum of Patterson et al. (1992), leads into 
a much larger space produced by pneumatization of the 
squamosal bone, including anteriorly over the glenoid fossa, 
to form an accessory middle ear chamber, an epitympanic 
sinus (Klaauw 1931). In addition to being a conduit to the 
epitympanic sinus, the foramen pneumaticum serves as 
the epitympanic recess, the location of the mallear-incudal 
articulation (Klaauw 1931). The pars canalicularis forms the 
anterior, medial, and posterior walls of the epitympanic recess 
and the medial wall of the dorsally contiguous epitympanic 
sinus. In the posterior aspect of the epitympanic recess is a 
small depression on the anterior surface of the crista parotica 
opposite the position of the secondary facial foramen that 
represents the fossa incudis, which accommodated the crus 
breve of the incus (the fossa is hidden by the crista parotica 
in Text-fig. 5). The dorsal margin of the fossa incudis is 
marked by a horizontal prominence, the anteriormost part 
of the gyrus for the lateral semicircular canal. Palaeanodon 
has a squamosal epitympanic sinus resembling that of 
Metacheiromys but differs in that the foramen pneumaticum 
is entirely in the squamosal and the epitympanic recess 
(labeled tegmen tympani? in Patterson et al. 1992: fig. 18C) 
is medial to it. An epitympanic sinus is well developed in 
all extant pangolins, though it tends to extend posteriorly 
rather than anteriorly into the squamosal (Gaudin 1995, 

Gaudin and Wible 1999). It may also be present in the 
middle Eocene pangolin Eomanis (Rose et al. 2005, Gaudin 
et al. 2009), but is clearly absent in the late Eocene pangolin 
Patriomanis (Gaudin et al. 2016). The sinus is variably 
present in Xenarthra, including euphractine armadillos, 
anteaters, and most sloths (Patterson et al. 1989, 1992, 
Gaudin 1995, 2004), where it tends to extend anteriorly over 
the glenoid, as in palaeanodonts.

Posterior to and smaller than the epitympanic recess is an 
oval depression bounded by the facial canal anteriorly, crista 
parotica laterally, pars cochlearis medially, and a low crest 
extending from the crista interfenestralis posteriorly (Text-
fig. 5). Dorsal to these structures, the remaining part of the 
gyrus of the lateral semicircular canal is visible bounding 
the depression. Where the gyrus disappears above the crista 
interfenestralis, it would have been joined by the gyrus for the 
posterior semicircular canal. This depression circumscribed 
by the lateral semicircular canal is subdivided into a larger, 
deeper posterior part and a smaller, shallower anterior part. 
The former is the fossa for the stapedius muscle, but we 
cannot account for the function of the smaller anterior part. 
The stapedius fossa is deeply impressed and opens almost 
directly ventrally. Patterson et al. (1992) did not describe 
the stapedius fossa in Palaeanodon, and from the stereopairs 
in their paper (fig. 8A-B) we are uncertain of its position. 
In Patriomanis, the stapedius fossa is very shallow and 
faces anterolaterally as well as ventrally. It is even more 
anteriorly oriented in extant pangolins (Gaudin et al. 2016). 
In xenarthrans, the fossa is also generally shallower with 
a more lateral orientation (see Gaudin 1995, Wible and 
Gaudin 2004).

Posterior to the stapedius fossa and the pars cochlearis 
is a large space produced by pneumatization of the pars 
canalicularis, the mastoid sinus. This space is not visible in 
our illustrations but is bounded posteriorly by the bullate 
mastoid exposure of the pars canalicularis, stretching 
between the posteromedial septum (and posterior carotid 
and stapedial foramina) and the roof of the tubal external 
acoustic meatus. The medial extent of the mastoid exposure 
is marked by a distinct suture with the exoccipital (Text-fig. 
2) that originates at the posterolateral margin of the medial 
jugular foramen (see description of foramen below). The 
lateral extent of the mastoid exposure is marked by a suture 
with the squamosal that follows the line of the nuchal crest 
but fuses before it reaches the basicranial surface. From 
the CT scans of both specimens, the mastoid sinus and the 
squamosal epitympanic sinus communicate broadly deep 
to the petrosquamous suture on the side of the braincase. 
According to Patterson et al. (1992), a smaller mastoid sinus 
is present in Palaeanodon, and it does not communicate 
with the epitympanic sinus.

Two knobby prominences project from the ventral aspect 
of the mastoid exposure, a smaller one near the midpoint and 
a larger one at the lateral extreme (Text-figs 4, 5). The smaller 
prominence, the tympanohyal (hyoid articulation of Simpson 
1931), is oval with two subequal ventral surfaces, a rounded 
anterolateral one and a flatter posteromedial one that lies in 
an oblique plane (Text-fig. 5); the latter surface has the facet 
that would have articulated with the stylohyal in life. The 
larger prominence is digitiform and curved posteroventrally 
with a small basal heel recessed from the ventral basicranial 
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surface. Sutures between the petrosal and squamosal could 
not be traced in relation to this larger prominence in AMNH 
131777. However, the CT scans of USNM-P 452349 reveal 
that the curved, digitiform process is on the squamosal 
(labeled as possible squamosal by Simpson 1931: fig. 7), 
whereas the basal heel is on the petrosal; consequently, 
we identify the former as the post-tympanic process of 
the squamosal and the latter as the paroccipital process of 
the petrosal (Text-figs 4, 5). The paroccipital process lies 
anterolateral to the distal end of tympanohyal, as is the case 
in the armadillo Euphractus (Wible and Gaudin 2004) and 
was probably also the case in Palaeanodon (based on fig. 
18 in Patterson et al. 1992, though the paroccipital process 
is not labeled). In Dasypus (Wible 2010) and Patriomanis 
(Gaudin et al. 2016), the paroccipital process is relatively far 
posterior or posterolateral to the tympanohyal. As discussed 
with the entotympanic above, we interpret most of the bone 
visible on the ventral surface of the mastoid exposure on the 
left petrosal of AMNH 131777 as petrosal, with the possible 
presence of some entotympanic posterolaterally. This part 
of the petrosal represents a greatly inflated caudal tympanic 
process (Text-figs 4, 5; MacPhee 1981).

Posterodorsal to the medial half of the mastoid exposure 
is the jugular foramen (posterior lacerate foramen of Simpson 
1931 and Patterson et al. 1992) between the petrosal and 
exoccipital. Although sutures do not delimit the components 
of the occipital bone, we identify this as exoccipital given its 
positional relationship to the adjacent hypoglossal foramen, 
which is generally enclosed in that bone. The jugular 
foramen on the right side of AMNH 131777 is divided into 
subequal-sized medial and lateral foramina by septa arising 
from both the petrosal and exoccipital (Text-fig. 2); the 
same likely occurred on the left side but there has been some 
damage. Based on the position of other nervous conduits 
discussed below, we reconstruct the medial foramen as 
nervous, transmitting the glossopharyngeal, vagus, and 
accessory nerves, and the lateral as venous, transmitting the 
internal jugular vein. Among extant mammals, some (e.g. 
Homo sapiens; Standring 2008) show a similar positional 
relationship of structures at the jugular foramen, while others 
(e.g. Pteropus; Giannini et al. 2006) show the reverse, with 
the vein anteromedial to the nerves. The jugular foramen in 
USNM-P 452349 differs in that the opening is only partially 
divided by a prominence on the petrosal. Simpson (1931: 
fig. 7) reconstructed only a single jugular foramen for 
Metacheiromys, and a single foramen is present in USNM-P 
26132, whereas in YPM-PU 18107, a single foramen is 
present on the right, but on the left side of the specimen the 
foramen is at least partially divided. Only a single foramen 
is present in Palaeanodon (Patterson et al. 1992), but it is 
proportionately much larger than that of Metacheiromys.

On the rear of the petrosal ventral and ventrolateral to the 
jugular foramen, Simpson (1931: fig. 7) noted the presence 
of four small foramina that he thought were probably 
vascular. The most medial of these is in the position of the 
two foramina that we identified above in AMNH 131777 as 
the posterior carotid and stapedial foramina. AMNH 131777 
has a third opening dorsal to these other two that we suggest 
is for the tympanic nerve, a branch of the glossopharyngeal 
nerve (Text-figs 2, 4). Whatever passed through this third 
opening came from the medial jugular foramen above and 

then went through a short, vertical canal in the petrosal 
before entering the opening next to the posterior carotid and 
stapedial foramina; the tympanic nerve is the only structure 
with this course in extant mammals (see Evans 1993: 
fig. 19–20).

Lateral to the posterior carotid, stapedial, and tympanic 
apertures, Simpson (1931: fig. 7) labeled another foramen 
posterodorsal to the tympanohyal; this is also present in AMNH 
131777 and is likely vascular. The remaining two foramina of 
Simpson’s four (1931: fig. 7) are also present on the right side 
of AMNH 131777 but are supplemented by six more. These 
are related to the convoluted course of the auricular branch 
of the vagus nerve and accompanying vessel (see Davis and 
Story 1943: fig. 2). In AMNH 131777, this nerve left the vagus 
at the medial of the two jugular foramina and ran laterally in 
a groove on the petrosal in the rim of that foramen. The nerve 
then went through a canal between the petrosal and exoccipital 
in the bony strut between the two jugular foramina (Text-fig. 
2). Lateral to the lateral jugular foramen are two foramina; 
we reconstruct the nerve in the larger of these two, while 
the smaller likely held an accompanying vessel. The lateral 
opening for this neurovascular bundle is immediately dorsal 
to the stylomastoid foramen where a small, dumb-bell shaped 
aperture opens into two grooves passing medial to the post-
tympanic process of the squamosal. The nerve likely occupied 
the larger medial groove and the accompanying vessel the 
smaller lateral groove. One more small foramen opens dorsal 
to the dumb-bell shaped one and was likely vascular.

The last basicranial foramen we consider lies anteromedial 
to the medial jugular foramen. It is largely hidden in ventral 
view, is directed anteriorly, and is bounded medially by the 
prominent muscular process of the basioccipital and laterally 
by the petrosal (Text-figs 2, 4). This opening corresponds 
to that described by Patterson et al. (1992: 58) as for the 
internal carotid artery based on YPM-PU 18107. Given the 
transpromontorial internal carotid course reported above, 
this foramen transmitted something other than the internal 
carotid. It is situated where many mammals have a separate 
opening for the inferior petrosal sinus (e.g. Monodelphis; 
Wible 2003; Euphractus; Wible and Gaudin 2004). We 
were able to trace a canal leading forward from this foramen 
in USNM-P 452349 initially between the basioccipital 
and petrosal and then between the basioccipital and 
entotympanic. However, we were unable to trace it further 
rostrally due to specimen incompleteness. Nevertheless, the 
most likely occupant of this foramen and canal is the inferior 
petrosal sinus. There is an aperture in a similar position in 
Patriomanis that has also been identified as a foramen for 
the inferior pertrosal sinus (Gaudin et al. 2016)

The endocranial surface of the petrosal is often 
overlooked because of accessibility issues and, consequently, 
is not as well studied as the tympanic surface. With access to 
the endocranium in the CT scans, we include a description 
of the endocranial petrosal surface of AMNH 131777 (see 
Text-fig. 6). The division between the pars cochlearis and 
pars canalicularis is not as striking in the endocranial view, 
with the former positioned anteroventromedially and the 
latter posterodorsolaterally.

The primary feature on the pars cochlearis is the internal 
acoustic meatus (Text-fig. 6), which is subcircular and 
deeper than wide, with the transverse crest deeply recessed, 
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as it is i n e xt a nt p a n g oli ns ( e. g. S m utsi a gi g a nt e a , C M 5 7 6 4), 

b ut n ot D as y p us  ( Wi bl e 2 0 1 0). D ors al t o t h e tr a ns v ers e cr est 

is t h e s m all er f or a m e n a c usti c u m s u p eri us, w hi c h i n cl u d es 

t h e f a ci al f or a m e n a nt er ol at er all y a n d t h e s u p eri or v esti b ul ar 

ar e a p ost er o m e di all y. Ve ntr al t o t h e tr a ns v ers e cr est is t h e 

l ar g er  f or a m e n  a c usti c u m  i nf eri us,  w hi c h  i n cl u d es  t h e  

s pir al cri brif or m tr a ct m e di all y a n d t h e i nf eri or v esti b ul ar 

ar e a p ost er ol at er all y; a s e p ar at e f or a m e n si n g ul ar e w as n ot 

dis c er ni bl e b ut t his m a y h a v e b e e n a n iss u e of s c a n r es ol uti o n. 

L at er al t o t h e f or a m e n a c usti c u m s u p eri us is t h e pr ef a ci al 

c o m miss ur e, w hi c h is t hi c k wit h a pr o mi n e nt crist a p etr os a. 

T h e crist a p etr os a d o es n ot c o nt a ct a n y b o n e d ors all y as it 

d o es i n P atri o m a nis  a n d e xt a nt p a n g oli ns w h er e it pr o vi d es 

t h e  b as e  f or  t h e  ossi fi e d  t e nt ori u m  ( G a u di n  et  al.  2 0 1 6). 

T h e  crist a  p etr os a  l e a ds  a nt eri orl y  t o  a  pr oj e cti o n  fr o m  

t h e  p ars  c o c hl e aris,  t h e  a p e x  p artis  p etr os a e,  as  o c c urs  i n  

S m utsi a gi g a nt e a  ( C M 5 7 6 4) b ut n ot D as y p us  ( Wi bl e 2 0 1 0). 

T h e br o a d s urf a c e l at er al t o t h e crist a p etr os a c o nt a cts t h e 

Te xt-fi g. 6. M et a c h eir o m ys m ars hi , A M N H 1 3 1 7 7 7, l eft p et r os al is os u rf a c e f r o m C T s c a ns i n e n d o c r a ni al vi e w. a – s h a d e d d r a wi n g; 
b – li n e d r a wi n g wit h l a b els. A b b r e vi ati o ns: a p p – a p e x p a rtis p et r os a e, c c – c o c hl e a r c a n ali c ul us, c r p – c rist a p et r os a, cs – c e r e b r al 
s u rf a c e,  i a m  –  i nt e r n al  a c o usti c  m e at us,  lji  –  l at e r al  j u g ul a r i n cis u r e,  m e  –  m ast oi d  e x p os u r e,  mji  –  m e di al  j u g ul a r i n cis u r e,   
s af – s u b a r c u at e f oss a, si ps – s ul c us f o r i nf e ri o r p et r os al si n us, s o e v – s ul c us f o r o c ci pit al e miss a r y v ei n, sss – s ul c us f o r si g m oi d 
si n us, t c – t r a ns v e rs e c r est, t o pt c – t o p ostt e m p o r al c a n al, v a – v esti b ul a r a q u e d u ct.
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c er e br u m a n d is f or m e d b y t h e r o of of t h e e pit y m p a ni c wi n g 
a nt eri orl y a n d t h e r o of of t h e t e g m e n t y m p a ni p ost eri orl y. 
P ost er o m e di al t o t h e i nt er n al a c o usti c m e at us is t h e c o c hl e ar 
c a n ali c ul us, b y w hi c h t h e p eril y m p h ati c d u ct g ai ns e ntr a n c e 
t o t h e i n n er e ar.

T h e  pri m ar y  f e at ur es  o n  t h e  p ars  c a n ali c ul aris  ar e  t h e  
s u b ar c u at e f oss a a nt eri orl y a n d t h e s ul c us f or t h e si g m oi d 
si n us p ost eri orl y, w hi c h t o g et h er o c c u p y m ost of t h e visi bl e 
s urf a c e ( Te xt- fi g. 6). We ar e n ot e ntir el y c ert ai n of t h e li mits of 
t h e s u b ar c u at e f oss a, t h e d e pr essi o n h o usi n g t h e p etr os al l o b e 
of t h e p ar a fi o c c ul us of t h e c er e b ell u m. If t h e f oss a is d e fi n e d 
as t h e d e pr essi o n cir c u ms cri b e d b y t h e a nt eri or s e mi cir c ul ar 
c a n al ( G a n n o n et al. 1 9 8 8), t h e n it is a s m all, s u b cir c ul ar 
d e pr essi o n s u b e q u al i n si z e t o t h e i nt er n al a c o usti c m e at us 
i n A M N H 1 3 1 7 7 7. H o w e v er, t his s m all d e pr essi o n is p art of 
a l ar g er r e nif or m-s h a p e d s p a c e, t h e b o u n d ari es of w hi c h ar e 
n ot w ell d e fi n e d e x c e pt al o n g its a nt er ol at er al m ar gi n, w hi c h 
is f or m e d b y t h e s h ar p crist a p etr os a. T h e a nt eri or m ar gi n of 

t his l ar g er s p a c e is t h e pr o mi n e n c e p ost eri or t o t h e i nt er n al 
a c o usti c m e at us a n d t h e p ost eri or m ar gi n is t h e s ul c us f or 
t h e si g m oi d si n us. T h e s u b ar c u at e f oss a i n S m utsi a gi g a nt e a  
( C M 5 7 6 4) a n d D as y p us  ( Wi bl e 2 0 1 0) is n ot cir c u ms cri b e d 
b y  t h e  a nt eri or  s e mi cir c ul ar  c a n al  a n d  e xt e n ds  o nt o  t h e  
n ei g h b ori n g e x o c ci pit al a n d s q u a m os al b o n es.

R u n ni n g v e ntr o m e di all y p ost eri or t o t h e s u b ar c u at e f oss a 
i n A M N H 1 3 1 7 7 7 is t h e br o a d s ul c us f or t h e si g m oi d si n us. 
E nt eri n g  t h e  s ul c us  f or  t h e  si g m oi d  si n us  fr o m  p ost eri orl y  
is  a  s m all er,  h ori z o nt al  s ul c us  tr a ns mitti n g  t h e  o c ci pit al  
e miss ar y  v ei n  ( Te xt- fi g.  6).  T his  o p e ns  o n  t h e  o c ci p ut  at 
t h e  m ast oi d  f or a m e n  b et w e e n  t h e  p ars  c a n ali c ul aris  a n d  
s u pr a o c ci pit al. At t h e l e v el of t h e i nt er n al a c o usti c m e at us, 
t h e  s ul c us  f or  t h e  si g m oi d  si n us  b e n ds  v e ntr all y  a n d  
c o nti n u es t o w ar ds t h e p ost eri or j u g ul ar f or a m e n i n a s ul c us 
j oi ntl y  f or m e d  b y  t h e  p ars  c a n ali c ul aris  a n d  e x o c ci pit al.  
T h e  si g m oi d  si n us  di vi d es  i nt o  s u b e q u al  distri b ut ari es:  t h e  
i nt er n al  j u g ul ar  v ei n  r u ns  v e ntr all y  o ut  t h e  l at er al  j u g ul ar  

Te xt-fi g. 7. M et a c h eir o m ys m ars hi , U S N M- P 4 5 2 3 4 9, b asi c r a ni u m is os u rf a c e f r o m C T s c a ns i n o bli q u e v e nt r al vi e w, s h o wi n g mi d dl e 
e a r ossi cl es as p r es e r v e d. O n t h e s p e ci m e n’s l eft si d e, t h e ossi cl es a r e ess e nti all y i n lif e p ositi o n, wit h t h e st a p es l a r g el y hi d d e n i n t h e 
f e n est r a v esti b uli; t h e l eft m all e us is b r o k e n a n d r e p r es e nt e d l a r g el y b y t h e m all e a r h e a d. O n t h e s p e ci m e n’s ri g ht si d e, m ost of t h e 
fl o o r of a u dit o r y b ull a h as b e e n r e m o v e d t o e x p os e t h e m all e us, w hi c h h as s hift e d p ost e ri o rl y f r o m t h e lif e p ositi o n. A b b r e vi ati o ns: 
a ptt – a nt e r o v e nt r al p r o c ess of t e g m e n t y m p a ni, b o – b asi o c ci pit al, bs – b asis p h e n oi d, e a m – s q u a m os al r o of of e xt e r n al a c o usti c 
m e at us, e o – e x o c ci pit al, gf – gl e n oi d f oss a, i – i n c us, m – m all e us, m h – m all e a r h e a d, o c – o c ci pit al c o n d yl e, p r – p r o m o nt o ri u m 
of p et r os al, s h – st a p e di al h e a d, t m – p a rt of t u b ul a r e xt e r n al a c o usti c m e at us.
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f or a m e n  a n d  t h e  c o n d yl oi d  v ei n  r u ns  p ost eri orl y  t hr o u g h   
t h e c o n d yl oi d c a n al i n t h e e x o c ci pit al (s e e E v a ns 1 9 9 3). I n t h e 
a nt eri or w all of t h e s ul c us f or t h e si g m oi d si n us at t h e l e v el of 
t h e i nt er n al a c o usti c m e at us is t h e v esti b ul ar a q u e d u ct f or t h e 
e n d ol y m p h ati c d u ct, hi d d e n b y a n irr e g ul ar pr o mi n e n c e.

At  t h e  t o p  of  t h e  s ul c us  f or  t h e  si g m oi d  si n us  is  a  
f or a m e n  t h at  l at er all y  c o n n e cts  wit h  t h e  p ostt e m p or al  
c a n al  ( Te xt- fi g.  6).  T h e  w ell- d e v el o p e d  p ostt e m p or al 
c a n al  r u ns  a nt er o p ost eri orl y  a n d  is  e n cl os e d  b et w e e n  t h e  
p ars  c a n ali c ul aris  a n d  s q u a m os al.  Tr a ns mitti n g  t h e  art eri a  
di pl o ëti c a  m a g n a  a n d  a c c o m p a n yi n g  v ei n  ( Wi bl e  1 9 8 4,  
1 9 8 7), t h e c a n al b e gi ns o n t h e o c ci p ut at t h e p ostt e m p or al 
f or a m e n  wit hi n  t h e  p ars  c a n ali c ul aris  ( Te xt- fi g.  1)  a n d 
c o nti n u es  f or w ar d  t o  t h e  or bit.  E n  r o ut e  t o  t h e  or bit,  t h e  
art er y a n d v ei n pr o vi d e r a mi t e m p or al es t h at e xit t h e s k ull 
t h at p erf us e t h e t e m p or alis m us cl e. A M N H 1 3 1 7 7 7 h as fi v e 
f or a mi n a f or r a mi t e m p or al es o n t h e ri g ht a n d f o ur o n t h e 
l eft,  t w o  i n  t h e  s q u a m os al  bil at er all y  a n d  t h e  r e m ai n d er  
i n  t h e  p ari et al.  A p ostt e m p or al  c a n al  is  pr es e nt  i n  e xt a nt  
x e n art hr a ns  b ut  l a c ki n g  i n  e xt a nt  p a n g oli ns  ( Wi bl e  1 9 8 4,  
1 9 8 7). A M N H  1 3 1 7 7 7  diff ers  fr o m  x e n art hr a ns  i n  t h at  its 
p ostt e m p or al  f or a m e n  is  wit hi n  t h e  p etr os al  r at h er  t h a n  
b et w e e n t h e p etr os al a n d s q u a m os al.

E a r Ossi cl es

M all e us 

T h e  ri g ht  m all e us  of  U S N M- P 4 5 2 3 4 9  is  al m ost  f ull y  

pr es er v e d, wit h d a m a g e t o t h e oss e o us l a mi n a a n d ass o ci at e d 

r ostr al  pr o c ess.  It  w as  f o u n d  i n  t h e  e pit y m p a ni c  r e c ess,   

r o u g hl y  i n  sit u  b ut  m ost  li k el y  r ot at e d  m e di all y  ( Te xt- fi gs 

7, 8). O nl y t h e h e a d of t h e l eft m all e us is pr es er v e d, still i n 

c o nt a ct wit h t h e i n c us. D es cri pti o ns will b e b as e d pri m aril y 

o n  t h e  ri g ht  m all e us,  as  t h e  l eft  pr es er v es  n o  a d diti o n al  

str u ct ur es. O n t h e l ar g e r o u n d e d h e a d of t h e m all e us t h er e ar e 

t w o f a c ets f or arti c ul ati o n wit h t h e i n c us – a l ar g er s u p eri or 

f a c et t h at is l o n g er t h a n it is wi d e a n d sli g htl y c o n c a v e, a n d 

a s m all er, r o u g hl y s q u ar e i nf eri or f a c et wit h sli g ht c o n v e xit y 

( Te xt- fi g. 8). T h e s u p eri or i n c u d al f a c et is als o l ar g er t h a n 

t h e  i nf eri or  f a c et  i n  ar m a dill os,  b ut  n ot  pil os a ns,  w h er e as  

t h e  c o n diti o n  is  v ari a bl e  i n  li vi n g  p a n g oli ns  ( S e g all  1 9 7 3, 

P att ers o n  et  al.  1 9 9 2,  G a u di n  1 9 9 5).  T h e  a n gl e  b et w e e n  

t h e  t w o  i n c u d al  f a c ets  i n  M et a c h eir o m ys  is  r o u g hl y  1 9 5 °   

( m e as ur e d  p ost eri orl y,  t a ki n g  t h e  s u p eri or  f a c et  as  t h e  

0 ° li n e), w hi c h is t o s a y, t h e t w o f or m a c o n v e x arti c ul ar 

s urf a c e, as i n e xt a nt p a n g oli ns, w h er e as i n x e n art hr a ns, as i n 

Te xt-fi g. 8. Mi d dl e- e a r ossi cl es of M et a c h eir o m ys m ars hi , U S N M- P 4 5 2 3 4 9. a – l eft m all e us ( p a rti al), i n c us, a n d st a p es i n v e nt r al 
vi e w; b – ri g ht m all e us i n o bli q u e a nt e ri o r vi e w (l eft) a n d o bli q u e p ost e ri o r vi e w ( ri g ht). A b b r e vi ati o ns: a c r – a nt e ri o r c r us,  
c b – c r us b r e v e, cl – c r us l o n g u m, f p – f o ot pl at e, i af – i nf e ri o r a rti c ul a r f a c et, i b – i n c u d al b o d y, l p – l at e r al p r o c ess, m h – m all e a r 
h e a d, m n – m a n u b ri u m, m p – m us c ul a r p r o c ess, n – n e c k, ol – oss e o us l a mi n a ( b r o k e n), p c r – p ost e ri o r c r us, s h – st a p e di al h e a d, 
stf – st a p e di al f o r a m e n, s u af – s u p e ri o r a rti c ul a r f a c et.
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ot h er m a m m als, t h e i n c u d al f a c ets f or m a c o n c a v e s urf a c e 
( S e g all 1 9 7 3, P att ers o n et al. 1 9 9 2, G a u di n a n d Wi bl e 1 9 9 9, 
Wi bl e a n d S p a ul di n g 2 0 1 2). T h e v ast m aj orit y of t h e m all e ar 
h e a d is n ot c o v er e d b y t h e i n c u d al f a c ets, b e c a us e t h e h e a d 
its elf is b ul b o us a n d s p h eri c al, a n d q uit e l ar g e i n pr o p orti o n 
t o t h e r e m ai n d er of t h e b o n e. I n f a ct, it is pr o p orti o n at el y 
s o m e w h at l ar g er t h a n t h e m all e ar h e a d i n li vi n g x e n art hr a ns 
a n d p a n g oli ns ( S e g all 1 9 7 3, P att ers o n et al. 1 9 9 2), t h o u g h n ot 
as l ar g e as t h at i n s e v er al t a x a of e p oi c ot h erii d p al a e a n o d o nts 
( R os e a n d E mr y 1 9 8 3), i n w hi c h t h e m all e ar h e a d is e nl ar g e d 
as m u c h as i n li vi n g g ol d e n m ol es ( c hr ys o c hl ori ds), w hi c h 
h a v e r el ati v e t o b o d y si z e t h e l ar g est m all e ar h e a ds a m o n g 
li vi n g m a m m als ( M as o n 2 0 1 3).

T h e  m a n u bri u m  of  t h e  m all e us  i n  M et a c h eir o m ys  is  
r el ati v el y l o n g a n d str o n gl y a nt er o p ost eri orl y c o m pr ess e d, 
t a p eri n g t o a p oi nt v e ntr all y, wit h a fi at m ar gi n o n its l at er al 
a p e x ( Te xt- fi g. 8). T h e s h a p e is q uit e si mil ar i n D as y p us  a n d 
S m utsi a  ( S e g all 1 9 7 3, P att ers o n et al. 1 9 9 2). T h e m us c ul ar 
pr o c ess  o n  t h e  m a n u bri u m  is  n ot  w ell  d e v el o p e d,  b ut  t h e  
l at er al pr o c ess is m u c h m or e pr o mi n e nt, e n di n g i n a bl u nt 
p oi nt. A si mil arl y l ar g e l at er al pr o c ess is pr es e nt i n p a n g oli ns 
a n d e u p hr a cti n e ar m a dill os, t h o u g h n ot i n D as y p us  ( S e g all 
1 9 7 3,  P att ers o n  et  al.  1 9 9 2).  O nl y  t h e  b as e  of  t h e  s m all, 
l at er all y c o n c a v e oss e o us l a mi n a is pr es e nt, as t h e r est of 
t his  t hi n  str u ct ur e,  al o n g  wit h  t h e  r ostr al  pr o c ess,  h as  n ot  
b e e n pr es er v e d.

I n c us 

T h e l eft i n c us of U S N M- P 4 5 2 3 4 9 is al m ost c o m pl et el y 
pr es er v e d, still i n arti c ul ati o n wit h t h e m all e us, wit h t h e b o d y 
of t h e el e m e nt h o us e d i n t h e e pit y m p a ni c r e c ess a n d t h e cr us 
br e v e r e a c hi n g i nt o t h e f oss a i n c u dis ( Te xt- fi gs 7, 8). T h er e is 
d a m a g e t o t h e cr us l o n g u m; it is br o k e n b ef or e t h e ass u m e d 
st art of t h e p e di cl e, t h e sit e of arti c ul ati o n wit h t h e h e a d of 
t h e st a p es. T h e e xtr e m e s h ort n ess of t h e cr us br e v e a p p e ars 
n at ur al, gi v e n its pr es er v e d p ositi o n i n t h e f oss a i n c u dis. T h e 
cr us br e v e is m u c h s h ort er t h a n t h e cr us l o n g u m i n ci n g ul at es, 
a n d is als o q uit e s h ort i n Asi a n p a n g oli ns, w h er e as t h e t w o 
pr o c ess es ar e n e arl y e q u al i n l e n gt h i n sl ot hs a n d Afri c a n 
p a n g oli ns ( S e g all 1 9 7 3, P att ers o n et al. 1 9 9 2). T h e b o d y of 
t h e i n c us h as t w o arti c ul ar f a c ets f or t h e h e a d of t h e m all e us. 
As  mi g ht  b e  e x p e ct e d  gi v e n  t h e  m all e ar  m or p h ol o g y,  t h e  
t w o f or m a c o n c a v e arti c ul ar s urf a c e as i n e xt a nt p a n g oli ns, 
w h er e as  i n  x e n art hr a ns  a n d  ot h er  m a m m als  t h e  arti c ul ar  
p orti o n of t h e i n c u d al h e a d is c o n v e x ( S e g all 1 9 7 3, P att ers o n 
et al. 1 9 9 2, G a u di n a n d Wi bl e 1 9 9 9). T h e l at er al arti c ul ar 
f a c et is r e ct a n g ul ar, c o n c a v e, a n d r o u g hl y h alf t h e si z e of t h e 
m e di al arti c ul ar f a c et. T his l att er f a c et is c o n v e x, f or mi n g 
a s m o ot h “ c ” s h a p e o v er t h e b o d y’s a nt eri or s urf a c e. T h e 
v er y s h ort cr us br e v e e xt e n ds p ost eri orl y a n d d ors all y fr o m 
t h e b o d y t o its bl u nt a p e x ( Te xt- fi g. 8). T h e b as e of t h e cr us 
l o n g u m is pr es er v e d a n d s h o ws t h e el e m e nt w as pr oj e ct e d 
str o n gl y a nt eri orl y wit h a v e ntr al c o m p o n e nt. It is br o k e n 
b ef or e a n y i n di c ati o n of n arr o wi n g f or t h e f or m ati o n of a 
p e di cl e.  T h e  a n gl e  b et w e e n  t h e  t w o  pr o c ess es  is  r o u g hl y  
1 3 0 °.

St a p es

T h e l eft st a p es of U S N M- P 4 5 2 3 4 9  is r o u g hl y i n sit u, 
t h o u g h  it  a p p e ars  t o  h a v e  f all e n  sli g htl y  i nt o  t h e  f e n estr a  

v esti b uli  ( Te xt- fi g.  7).  T his  ossi cl e  h as  b e e n  p arti all y 
d a m a g e d, wit h a n i n c o m pl et e a nt eri or cr us a n d a d a m a g e d 
f o ot pl at e.  It  w as  pr e vi o usl y  d es cri b e d  i n  s o m e  d et ail  b y  
P att ers o n et al. ( 1 9 9 2), w h o n ot e d t h e l o w pr o fil e of t h e b o n e, 
its wi dt h gr e at er t h a n its h ei g ht, as w ell as its w ell- d e v el o p e d 
st a p e di al  f or a m e n  fi a n k e d  b y  sli g htl y  b o w e d,  l at er all y 
c o n v e x cr ur a, wit h a n o v al, d ors o v e ntr all y c o m pr ess e d h e a d 
a n d f o ot pl at e ( Te xt- fi g. 8). It is r at h er si mil ar i n f or m t o t h e 
st a p es of m a n y li vi n g pl a c e nt al “i ns e cti v or es ” ( G a u di n et al. 
1 9 9 6),  l a c ki n g  t h e  d eri v e d  m o di fi c ati o ns  t h at  c h ar a ct eri z e 
t h e st a p es of e xt a nt p a n g oli ns a n d m a n y li vi n g a n d f ossil 
x e n art hr a ns. T h e s c a n s h o ws t h at t h e f o ot pl at e is b ull at e ( as 
i n gi b b o ns; s e e G a u di n et al. 1 9 9 6), w hi c h c o ntr asts wit h t h e 
fi at f o ot pl at e o c c urri n g i n e xt a nt x e n art hr a ns a n d p a n g oli ns 
( G a u di n et al. 1 9 9 6).

Dis c ussi o n

As n ot e d i n t h e I ntr o d u cti o n, t h e pr es e nt st u d y is t h e first 
p u bli c ati o n t o e m pl o y C T-s c a n ni n g t e c h n ol o g y i n t h e st u d y of 
cr a ni al ost e ol o g y i n P al a e a n o d o nt a, a n d as s u c h w e f o c us e d 
o n t h e b est k n o w n t a x o n r e pr es e nt e d b y t h e b est pr es er v e d 
cr a ni al  s k el et al  m at eri al,  t h e  e arl y  E o c e n e  ( Bri d g eri a n  
N A L M A) m et a c h eir o m yi d g e n us M et a c h eir o m ys . Alt h o u g h 
t h e  e ar  r e gi o n  a n d  b asi cr a ni u m  i n  t his  t a x o n  h a v e  b e e n  
d es cri b e d b y pr e vi o us a ut h ors, n ot a bl y Si m ps o n ( 1 9 3 1) a n d 
P att ers o n et al. ( 1 9 9 2), a n d f urt h er d et ail e d i nf or m ati o n is 
c o d e d i nt o a n u m b er of p h yl o g e n eti c a n al ys es ( e. g. G a u di n 
1 9 9 5, 2 0 0 4, G a u di n a n d Br a n h a m 1 9 9 8, G a u di n a n d Wi bl e 
1 9 9 9, G a u di n et al. 2 0 0 9, O’ L e ar y et al. 2 0 1 3), t h e pr es e nt 
st u d y h as r e v e al e d n e w d et ails u n a v ail a bl e t o pri or w or k ers, 
es p e ci all y  r e g ar di n g  t h e  m or p h ol o g y  of  t h e  e n d o cr a ni al  
s urf a c e of t h e p etr os al a n d t h e m or p h ol o g y of t h e e ar ossi cl es, 
a n d h as als o all o w e d us t o c orr e ct e arli er misi nt er pr et ati o ns 
of  t h e  a u dit or y  a n at o m y  of  M et a c h eir o m ys , n o w  e vi d e nt  
b e c a us e of t h e d et ails r e v e al e d b y t his st u d y.

A m o n g t h e m or e si g ni fi c a nt c orr e cti o ns pr o vi d e d b y t h e 
pr es e nt st u d y is t h e d o c u m e nt ati o n of a tr a ns pr o m o nt ori al 
s ul c us f or t h e i nt er n al c ar oti d art er y. P att ers o n et al. ( 1 9 9 2) 
ass ert e d t h at M et a c h eir o m ys  l a c k e d s u c h a s ul c us, i n c o ntr ast 
t o t h e ol d er m et a c h eir o m yi d P al a e a n o d o n , w h er e t h e gr o o v e 
is q uit e pr o mi n e nt. T h e C T s c a ns s h o w t h at M et a c h eir o m ys  
i n f a ct h as a s h all o w tr a ns pr o m o nt ori al s ul c us, al o n g wit h 
a  s h all o w  s ul c us  f or  t h e  st a p e di al  art er y  ( Te xt- fl g.  5). 
T h e  l att er  s ul c us  is  als o  m or e  pr o mi n e nt  i n  P al a e a n o d o n  
( P att ers o n et al. 1 9 9 2). T h e i nt er n al c ar oti d art er y e nt ers t h e 
t y m p a ni c  c a vit y  vi a  a  p ost eri or  c ar oti d  f or a m e n  b et w e e n  
t h e  e nt ot y m p a ni c  a n d  p etr os al  i n  t h e  p ost er o m e di al  b ull a  
w all  ( Te xt- fi g.  4).  P att ers o n  et  al.  ( 1 9 9 2)  cl ai m e d  t h at 
M et a c h eir o m ys  h as  a  p er b ull ar  i nt er n al  c ar oti d  p assi n g  
t hr o u g h a f or a m e n i n t h e m e di al w all of t h e e nt ot y m p a ni c. 
T h e s c a ns s h o w t h at t his o p e ni n g a ct u all y a c c o m m o d at e d 
t h e i nf eri or p etr os al si n us ( Te xt- fi gs 2, 4).

T h e  n e w  i nf or m ati o n  br o u g ht  t o  li g ht  b y  t h e  pr es e nt  
st u d y  als o  h as  i m p ort a nt  i m pli c ati o ns  f or  t h e  s yst e m ati c  
r el ati o ns hi ps of p al a e a n o d o nts, l o n g a c o ntr o v ersi al m att er. 
As  n ot e d  i n  t h e  I ntr o d u cti o n,  hist ori c all y  p al a e a n o d o nts  
h a v e  b e e n  v ari o usl y  alli e d  wit h  t h e  e xt a nt  m a m m ali a n  
or d ers X e n art hr a a n d P h oli d ot a ( R os e a n d E mr y 1 9 9 3, R os e 
et al. 2 0 0 5). M or e r e c e ntl y, a c o ns e ns us h as b e g u n t o e m er g e 
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f a v ori n g t h e f or m er o v er t h e l att er ( e. g. G a u di n et al. 2 0 0 9, 
O’ L e ar y et al. 2 0 1 3), b ut t h e m ost i m p ort a nt d at a li n ki n g 
p al a e a n o d o nts  t o  x e n art hr a ns  h a v e  c o m e  fr o m  s h ar e d  
r es e m bl a n c e i n t h eir a u dit or y a n at o m y ( P att ers o n et al. 1 9 9 2, 
G a u di n 1 9 9 5). O ur o bs er v ati o ns c o n fir m a n u m b er of u n us u al 
r es e m bl a n c es  i n  t h e  a u dit or y  ost e ol o g y  of M et a c h eir o m ys  
a n d x e n art hr a ns. T h es e i n cl u d e  a l ar g e e nt ot y m p a ni c el e m e nt 
of si mil ar c o nstr u cti o n (s e e G a u di n 1 9 9 5), a n e pit y m p a ni c 
si n us  i nsi d e  t h e  s q u a m os al  t h at  e xt e n ds  a nt eri orl y  t o w ar d  
t h e gl e n oi d, a disti n ct, tri a n g ul ar a nt er o v e ntr al pr o c ess of t h e 
t e g m e n t y m p a ni, a n d a l ar g e m e di al fi a n g e of t h e p etr os al. All 
b ut t h e l ast ar e q uit e li k el y d eri v e d r el ati v e t o t h e pri miti v e 
c o n diti o n f or Pl a c e nt ali a ( O’ L e ar y et al. 2 0 1 3). T h at s ai d, 
t h e pr es e nt st u d y h as als o u n c o v er e d a n u m b er of pr e vi o usl y 
u n k n o w n,  disti n cti v e  r es e m bl a n c es  b et w e e n  t h e  a u dit or y  
a n at o m y of M et a c h eir o m ys  a n d t h at of t h e li vi n g a n d e xti n ct 
p a n g oli ns,  c o nsist e nt  wit h  t h e  r e c e nt  c o ns e ns us  r e g ar di n g  
t h e  sist er- gr o u p  r el ati o ns hi p  b et w e e n  P al a e a n o d o nt a  a n d  
P h oli d ot a. T h es e n e w r es e m bl a n c es i n cl u d e t h e a bs e n c e of 
a st ylif or m pr o c ess of t h e e ct ot y m p a ni c ( c o m m o nl y pr es e nt 
i n  x e n art hr a ns),  a n  o v at e,  a nt er o p ost eri orl y  el o n g at e d  
p or us a c o usti c us, a p ost er ol at er all y ori e nt e d a p ert ur e t o t h e 
c o c hl e ar f oss ul a, t h e m e di al w all of w hi c h f or ms p art of t h e 
c a u d al t y m p a ni c pr o c ess of t h e p etr os al, a d e e pl y r e c ess e d 
i nt er n al  a c o usti c  m e at us,  a n  a p e x  p artis  p etr os a e,  a n d  a  
m all e ar/i n c u d al  arti c ul ati o n  t h at  is  c o n v e x  o n  t h e  m all e ar  
h e a d  a n d  c o n c a v e  o n  t h e  i n c u d al  h e a d.  O n c e  a g ai n,  m ost  
of t h es e f e at ur es ar e li k el y d eri v e d r el ati v e t o t h e pri miti v e 
pl a c e nt al  c o n diti o n  ( O’ L e ar y  et  al.  2 0 1 3;  t h e  e x c e pti o ns  
b ei n g t h e first a n d p e n ulti m at e f e at ur es). T his r e pr es e nts t h e 
first ti m e t h at a si g ni fi c a nt n u m b er of li k el y d eri v e d a u dit or y 
r es e m bl a n c es  b et w e e n  a  p al a e a n o d o nt  a n d  p a n g oli ns  h as  
b e e n  i d e nti fi e d,  c o nsist e nt  wit h  t h eir  p ut ati v e  sist er- gr o u p 
r el ati o ns hi p  ( G a u di n  et  al.  2 0 0 9,  O’ L e ar y  et  al.  2 0 1 3).  
W h et h er t h es e r es e m bl a n c es ar e a ct u al s y n a p o m or p hi es of 
t h es e t w o cl a d es a w aits p h yl o g e n eti c a n al ysis.

T h e pr es e nt st u d y als o hi g hli g hts t h e u ni q u el y d eri v e d 
n at ur e of t h e a u dit or y ost e ol o g y i n M et a c h eir o m ys . W h er e as 
s o m e u ni q u e f e at ur es of t his r e gi o n h a v e l o n g b e e n r e c o g ni z e d 
( e. g. Si m ps o n 1 9 3 1, P att ers o n et al. 1 9 9 2), m ost pr o mi n e ntl y, 
t h e  gr e atl y  i n fi at e d  m ast oi d  p orti o n  of  t h e  p etr os al,  m a n y 
a d diti o n al  p ot e nti al  a ut a p o m or p hi es  ar e  i d e nti fi e d  h er e 
f or  t h e  first  ti m e. T h es e  i n cl u d e  t h e  pr es e n c e  of  n u m er o us 
si n us es,  a m o n g  t h e m  n ot  j ust  t h e  s q u a m os al  e pit y m p a ni c  
a n d m ast oi d si n us es, b ut als o si n us es i n t h e d ors al p orti o n 
of  t h e  e nt ot y m p a ni c;  t h e  pr es e n c e  of  a  l ar g e  n u m b er  of  
f or a mi n a i n t h e b asi cr a ni u m ( e. g. ass o ci at e d wit h t h e c o urs e 
of t h e a uri c ul ar br a n c h of t h e v a g us n er v e); t h e pr es e n c e of 
a p ar as p h e n oi d el e m e nt f us e d t o t h e b asi cr a ni u m; a n i n fi at e d 
b ull a t h at is el o n g at e d a nt er o p ost eri orl y; t h e pr es e n c e of a 
t u b ul ar  e xt er n al  a u dit or y  m e at us;  a  gr e at er  p etr os al  n er v e  
t h at  e xits  t hr o u g h  t h e  m us c ul ot u b al  c a n al;  st a p e di al  a n d  
i nt er n al  c ar oti d  art eri es  t h at  s e p ar at e  pri or  t o  e nt eri n g  t h e  
a u dit or y  b ull a;  a n d,  a  v e ntr all y  dir e ct e d  st a p e di us  f oss a.  
T h e m or p h ol o g y of t h e st a p es, wit h its pr o mi n e nt st a p e di al 
f or a m e n, a n d t h e pr es e n c e of a tr a ns pr o m o nt ori al i nt er n al 
c ar oti d  art er y,  ar e  li k el y  pl esi o m or p hi c  as p e cts  of  t h e  
a u dit or y a n at o m y ( O’ L e ar y et al. 2 0 1 3).

I n a d diti o n t o t h e s yst e m ati c i m pli c ati o ns of t h e a u dit or y 
a n at o m y  i n  M et a c h eir o m ys , it  is  als o  t h e  c as e  t h at  s o m e  
f u n cti o n al  i nf er e n c es  c a n  b e  dr a w n  fr o m  t his  p orti o n  of  

t h e  s k ull. M et a c h eir o m ys , li k e  ot h er  p al a e a n o d o nts  ( R os e  
2 0 0 6),  h as  l o n g  b e e n  as cri b e d  a  f oss ori al  lif est yl e  b as e d  
o n  its  p ost cr a ni al  s k el et al  a n at o m y.  T h e  a u dit or y  r e gi o n  
w o ul d s e e m t o c o n fir m s u c h a n i nf er e n c e, e x hi biti n g si mil ar 
f oss ori all y-li n k e d  a d a pt ati o ns,  m ost  n ot a bl y  a n  i n fi at e d 
mi d dl e  e ar  a n d  a n  e nl ar g e d  m all e ar  h e a d  ( Te xt- fl g.  8). 
A  b ul b o us  m all e ar  h e a d  h as  b e e n  pr e vi o usl y  r e p ort e d  i n  
e p oi c ot h erii d p al a e a n o d o nts ( R os e a n d E mr y 1 9 8 3), w h er e 
it is gr ossl y e nl ar g e d as i n m ost g ol d e n m ol es ( M as o n 2 0 0 3, 
2 0 1 3) a n d s o m e t al pi ds ( M as o n 2 0 0 6). T h e e nl ar g e m e nt of 
t h e m all e us i n t h es e e xt a nt s u bt err a n e a n f or ms is c o nsi d er e d 
a n  a d a pt ati o n  f or  t h e  d et e cti o n  of  l o w-fr e q u e n c y  s eis mi c  
vi br ati o ns  ( M as o n  2 0 0 3).  T h e  gr e atl y  i n fi at e d  mi d dl e  e ar, 
i n cl u di n g  l ar g e  m ast oi d  a n d  e pit y m p a ni c  si n us es  a n d  a  
si z a bl e ossi fi e d a u dit or y b ull a, o c c urs i n ot h er s u bt err a n e a n 
t a x a,  e. g.  k a n g ar o o  r ats  a n d  t al pi d  m ol es  ( We bst er  a n d  
Pl ass m a n  1 9 9 2,  M as o n  2 0 0 6),  w h er e  it  t o o  h as  b e e n  
vi e w e d as a n a d a pt ati o n t o p er c ei vi n g l o w fr e q u e n c y s o u n d 
vi br ati o ns.

Alt h o u g h  m u c h  n e w  i nf or m ati o n  h as  b e e n  br o u g ht  t o  
li g ht  b y  t h e  r es ults  of  o ur  C T  s c a ns,  t h er e  r e m ai ns  m or e  
t o  l e ar n  a b o ut  t h e  a u dit or y  a n at o m y  of  p al a e a n o d o nts  i n  
g e n er al, a n d e v e n M et a c h eir o m ys  its elf. F or e x a m pl e, gi v e n 
ti m e a n d s p a c e li mit ati o ns, t h e a ut h ors c h os e n ot t o att e m pt a 
r e c o nstr u cti o n of t h e b o n y l a b yri nt h of t h e i n n er e ar, t h o u g h 
t h e s c a ns of t h e U S N M- P s p e ci m e n w o ul d p er mit us t o d o s o. 
Ot h er st u di es h a v e r e v e al e d t h e i m p ort a nt p al a e o bi ol o gi c al 
i nsi g hts t h at c a n b e gl e a n e d fr o m s u c h r e c o nstr u cti o ns ( e. g. 
Bill et et al. 2 0 1 5, R uf et al. 2 0 1 6, B os c ai ni et al. 2 0 1 8 – t h e 
l ast st u d y n ot e d i m p ort a nt li mit ati o ns of s u c h i nf er e n c es as 
w ell), b ut s u c h i nsi g hts m ust a w ait f ut ur e w or k. I n a d diti o n, 
t h e  s c a ns  d o  n ot  r es ol v e  all  u n c ert ai nti es  c o n c er ni n g  t h e  
ost e ol o g y of t h e e ar r e gi o n i n M et a c h eir o m ys . F or e x a m pl e, 
w e  w er e  u n a bl e  t o  r es ol v e  t h e  c o ntr asti n g  i nt er pr et ati o ns  
of  t h e  e nt ot y m p a ni c  b y  Si m ps o n  ( 1 9 3 1)  a n d  P att ers o n  et  
al.  ( 1 9 9 2),  r e g ar di n g  t h e  p ost eri or  e xt e nt  of  t h e  el e m e nt  
a n d  its  c o ntri b uti o n  t o  t h e  p ost eri or  b ull ar  w all.  T h er e  ar e  
a d diti o n al w ell- pr es er v e d s k ulls of M et a c h eir o m ys  t h at w er e 
i ns p e ct e d  vis u all y  f or  t h e  pr es e nt  st u d y,  b ut  n ot  s c a n n e d,  
a n d ot h er w ell- pr es er v e d s k ulls i n ot h er m us e u m c oll e cti o ns 
t h at w er e n ot e x a mi n e d at all. It m a y b e t h at f ut ur e d et ail e d 
st u di es of t his m at eri al m a y h el p r es ol v e s u c h u n c ert ai nti es. 
M or e o v er,  t h er e  is  l ess  w ell- pr es er v e d  b ut  n o n et h el ess  
i nt er esti n g  cr a ni al  m at eri al  of  e arli er  m et a c h eir o m yi ds,  
es p e ci all y  of  P al a e a n o d o n ,  a n d  g o o d  cr a ni al  m at eri al  as  
w ell  of  t h e  e p oi c ot h erii d  p al a e a n o d o nts  ( R os e  2 0 0 6).  C T  
s c a ns a n d d et ail e d a n at o mi c al a n al ysis of t h es e t a x a h a v e t h e 
p ot e nti al t o a d d gr e atl y t o o ur k n o wl e d g e of t h e s yst e m ati cs, 
p al a e o bi ol o g y, a n d e v ol uti o n of t h e p al a e a n o d o nts as a w h ol e.

A c k n o wl e d g m e nts

We  w o ul d  li k e  t o  t h a n k  t h e  e dit ors  f or  i n viti n g  us  
t o  p arti ci p at e  i n  t his  f ests c hrift.  G er h ar d  St or c h  w as  a n  
i m p ort a nt  a n d  a c c o m plis h e d  p al a e o nt ol o gist  a n d  a  v al u e d  
c oll e a g u e. S p e a ki n g as l e a d a ut h or ( TJ G), h e w as n ot o nl y 
tr e m e n d o usl y  h el pf ul  i n  t h e  d e v el o p m e nt  of  m y  r es e ar c h,  
b ut  als o  u nf aili n gl y  ki n d.  K D R  als o  a c k n o wl e d g es  wit h  
gr atit u d e t h e s u p p ort, e n c o ur a g e m e nt, a n d fri e n ds hi p of Dr. 
St or c h o v er t hr e e d e c a d es.
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We  t h a n k  Z.- X.  L u o  a n d  A.  Is c h  of  t h e  U ni v ersit y  of  
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R. O’ L e ar y a n d C. M e hli n g of t h e A M N H, a n d J. Str ot m a n 
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s killf ull y e x e c ut e d b y P a ul B o w d e n of t h e C ar n e gi e M us e u m 
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N ati o n al S ci e n c e F o u n d ati o n Gr a nt D E B 1 6 5 4 9 4 9 a n d t h e 
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Br a m bl ett Gift F u n d ( TJ G).
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