- .,
AU BioOne DIGITAL LIBRARY

The Serrialis Bone, Interparietals, “X” Elements,
Entotympanics, and the Composition of the
Notoungulate Caudal Cranium

Author: MacPhee, R.D.E.

Source: Bulletin of the American Museum of Natural History, 2014(384)
- 1-69

Published By: American Museum of Natural History
URL: https://doi.org/10.1206/384.1

The BioOne Digital Library (https://bioone.org/) provides worldwide distribution for more than 580 journals
and eBooks from BioOne’s community of over 150 nonprofit societies, research institutions, and university
presses in the biological, ecological, and environmental sciences. The BioOne Digital Library encompasses
the flagship aggregation BioOne Complete (https://bioone.org/subscribe), the BioOne Complete Archive
(https://bioone.org/archive), and the BioOne eBooks program offerings ESA eBook Collection
(https://bioone.org/esa-ebooks) and CSIRO Publishing BioSelect Collection (https://bioone.org/csiro-
ebooks).

Your use of this PDF, the BioOne Digital Library, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Digital Library content is strictly limited to personal, educational, and non-commmercial
use. Commercial inquiries or rights and permissions requests should be directed to the individual publisher
as copyright holder.

BioOne is an innovative nonprofit that sees sustainable scholarly publishing as an inherently collaborative enterprise
connecting authors, nonprofit publishers, academic institutions, research libraries, and research funders in the common
goal of maximizing access to critical research.

Downloaded From: https://complete.bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 07 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



THE SERRIALIS BONE, INTERPARIETALS,
“X” ELEMENTS, ENTOTYMPANICS,
AND THE COMPOSITION OF THE

NOTOUNGULATE CAUDAL CRANIUM

R.D.E. MacPHEE

Division of Vertebrate Zoology (Mammalogy)
American Museum of Natural History

BULLETIN OF THE AMERICAN MUSEUM OF NATURAL HISTORY
Number 384, 69 pp., 20 figures, 2 tables
Issued January 6, 2014

Copyright © American Museum of Natural History 2014 ISSN 0003-0082

Downloaded From: https://complete.bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 07 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



2014 MacPHEE: NOTOUNGULATE CAUDAL CRANIUM 3

ABSTRACT

The composition of the caudal cranium in Notoungulata, an extinct group of endemic South
American “ungulates,” has never been properly clarified. Some investigators have claimed that so-
called “adventitious” elements, or elements not known to occur in other placentals, existed in the
auditory regions of certain typotheres and toxodontians. Others have disputed this, arguing that
sutures or other indicia that supposedly provide evidence of the developmentally independent
origins of these alleged ossifications are either misinterpreted or inconstant. This study attempts to
resolve the question of composition, as far as it is possible to do in the case of a wholly extinct
clade, with detailed micro-CT investigations of several key taxa, including Oldfieldthomasia (Old-
fieldthomasiidae), Paedotherium (Hegetotheriidae), and Cochilius (Interatheriidae). Results show
that Santiago Roth was incorrect in asserting that certain notoungulates, such as pachyrukhine
hegetotheres, possessed cranial elements (serrialis, posttympanicum, etc.) that are unrepresented in
other placentals. George Gaylord Simpson also thought Roth was wrong, but erred in claiming to
have discovered concrete evidence of two other ossifications, denoted by him as Xa and Xp, in the
auditory region of Oldfieldthomasia. In adult notoungulates the interparietal complex is usually fused
with the parietal, or supraoccipital, or both elements. As in certain other mammals, dorsal exposure
of the supraoccipital is limited in notoungulates because it is often overplated by the interparietal
complex, which thus provides a sort of “second” roof for the caudal cranium. However, there is no
interparietal involvement in the middle ear cavity. Finally, for the first time plausible grounds can
be offered for the existence of an entotympanic in a notoungulate (Cochilius). Evidence is increasing
for the proposition that entotympanics are much more widespread than previously thought, and may
in fact be present in most of the major groups of placentals. In summary, this study shows that in
terms of participating elements there is nothing unique about the notoungulate caudal cranium,
which was evidently as tightly constrained compositionally as it is in other placentals. Nevertheless,
this portion of the skull, still notably underutilized in notoungulate studies, could be a crucial source
of new characters for assessing higher-level relationships not only among notoungulates, but also
among South American ungulates and their possible relatives.

INTRODUCTION was thought to have been largely settled by com-
parative morphologists working during the past
century and a half (e.g., Parker, 1885; Flower,
1876; Gregory, 1910; Weber, 1927; van der
Klaauw, 1931; Goodrich, 1931; De Beer, 1937;
Starck, 1967; Romer and Parsons, 1977; Moore,

' A name-bearing cranial element may be characterized as 1981; Zeller, 1989; PreSICY> 1993; Mead and
any mineralized dense connective tissue that (1) primordially Fordyce, 2009; Koyabu et al., 2012; and many

arises from mesoderm (including pharyngeal arch mesoderm) thers). H f tainti
or neural crest, (2) terminally differentiates as a recognizably others). HOwever, lor some groups uncertainties

separate cartilage or bone, alone or in concert with enamel or still endure, usually because elements found in

enamellike tissues, (3) is consistently present during the devel- some taxa have eluded detection in others—due
opment of individuals in the target taxon, and, significantly,

(4) can be widely traced in other taxa within the same major to small size, for example, ora rapid loss of sepa-
grouping at the identical location on the skull (cf. Goodrich, rate identity because of early fusion with neigh-

1931; De Beer, 1937; Presley, 1993; Moriss-Kay, 2001; Koyabu : : :
et al., 2012). Whether explicitly stated or not, the homological borlng bones (for some instructive examples, see

criterion (no. 4) is the one most frequently used observation- Broom, 1916; Hunt, 1974; MacPhee, 1981; Bron-
ally, and essentially assumes knowledge of nos. 1-3, even if the ner et al., 1990; Novacek, 1993).

only specimen-based evidence is adult. If the course of devel- A . int is Not lat
opment (especially no. 2) is unknown, however, fusions may case in point 1s Notoungulata, conven-

not be detected. tionally regarded as an order of endemic South

For most mammalian groups, total cranial
composition—defined as the number, homology,
and spatial organization of elements' comprising
the dermato-, chondro-, and splanchnocranium—
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American “ungulates” (“meridiungulates” of
some authors) that radiated into a wide array of
niches over the course of the Cenozoic before the
last of them disappeared at the end of the Pleis-
tocene (McKenna and Bell, 1997; Cifelli, 1993;
Cassini et al., 2010; Vizcaino et al., 2012). As
might be expected, one outcome of this extensive
radiation was a substantial amount of morpho-
logical diversification, both cranially and post-
cranially (e.g., Billet, 2011; Shockey and Flynn,
2007). Of particular interest here is the uncon-
firmed claim, made on several occasions by dif-
ferent authors, that the skull of notoungulates
included additional or so-called adventitious
elements, as well as unexpected divisions within
conventional bone territories. To date, despite a
certain amount of commentary and speculation
on this point, there has been no final resolution
regarding the existence of such ossifications, let
alone their frequency or homology (see Roth,
1903; van Kampen, 1905; Sinclair, 1909; Scott
1912a, 1912b; van der Klauuw, 1931; Simpson,
1936, 1967; Patterson, 1932, 1977; Prothero, 1993;
Gabbert, 2004; Billet et al., 2009).

Given renewed interest in the wider relation-
ships of meridiungulates (e.g., Agnolin and Chi-
mento, 2011; O’Leary et al., 2013; but see Bond
et al., 2011; Billet and Martin, 2011; Billet and de
Muizon, 2013), this is an opportune time to criti-
cally review the evidence for novel or unexpected
elements in notoungulates, as well as to provide
new observations on the caudal cranium of this
group that may help in framing future character
analyses.

METHODS, SPECIMENS, TERMINOLOGY,
AND AGENDA

METHODS AND COMPARATIVE SET

The caudal cranium for present purposes may
be defined as that part of the skull lying caudal
to a semicoronal plane passing through the sphe-
nooccipital synchondrosis, including therewith
both the basicranium and the overlying part of
the cranial vault. Much of the anatomical discus-

NO. 384

sion in this paper concerns the proper identifica-
tion of indicia, or indicators, of true sutures vs.
breaks, cracks, fractures, and other misleading
signs of separate origin. Other features, particu-
larly those concerned with the passage of blood
vessels and nerves, are briefly noted where rele-
vant; a fuller presentation of cranial vasculature
and related structures in selected notoungulates
will appear elsewhere (MacPhee, in prep.).

Several core taxa, detailed further below, con-
stitute the comparative set for most of the ob-
servations made in this paper (see table 1). For
grouping purposes, parent (“family”) allocations
within the major clades Typotheria and Toxo-
dontia largely, but not exclusively, follow Billet
(2011) or Reguero and Prevosti (2010). Within
Typotheria, which is the focus of this paper, two
major subclades can be defined and reasonably
characterized cladistically (Billet, 2011): “Inter-
atheriidae + relatives,” and the “Archaeohyraci-
dae + Mesotheriidae + Hegetotheriidae” complex.
To simplify reference, however, these subclades
would benefit from having non-sesquipedalian
names; I use intheratherioids for the first group
and hegetotherioids for the second, more diverse
group of notoungulates.

My selection of taxa and specimens for study
was determined by the nature of the morpho-
logical problems that needed to be solved. Many
more might have been included, but it was nec-
essary to keep the study within manageable
limits. In addition to conventional macroscopic
examination of intact and broken specimens,
better preserved material was subjected to micro-
CT scanning using a GE eXplore Locus (at Ohio
University) or a GE Phoenix vtomex s240 (at
AMNH); 2D sections and rendered volumes were
visualized with Fiji (Image]) 1.47u software
(Schindelin et al., 2012) or VGStudio Max 2.1.
Thanks to digital reslicing options, one’s choice
of planes for visualization of specific features is
essentially limitless. However, as an aid to com-
prehension, with some exceptions virtual sec-
tions in this paper are presented in one or
another of the classical X-Y-Z axes (denoted as
coronal, parasagittal, and horizontal in figure
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legends). Virtual sections of paleontological
specimens rarely reproduce well as published
figures unless they are first cleared of obfuscat-
ing noise. Legibility of discontinuities (sutures
as well as fractures) was enhanced by carefully
increasing contrast, sharpening edges, and em-
phasizing lines during processing. Otherwise,
retouching has been kept to a minimum and ma-
trix, if present, has been left in situ if it does not
hamper identification of structures.

Although the convenience of micro-CT scan-
ning technology has improved markedly in the
last several years, the inherent limits of resolu-
tion with affordable, currently available instru-
ments, combined with the problem of properly
interpreting specimens inevitably compromised
by damage, precludes fine histological-scale
interpretation in most instances (although things
ought to improve in the near future, especially
for applications of interest to paleontologists;
Metscher, 2009). In any case, every effort has
been made to illustrate relevant morphological
points and anatomical bases for analyses con-
ducted in the text. For ease of reference, figures
1-20 are organized as far as possible in album
format, meaning that illustrations relating to a
single taxon are purposely grouped together
wherever possible.

Looking for sutures on the walls of paratym-
panic spaces in adult skulls is often frustrating,
because remodeling tends to obliterate external
traces of any sutures that might have existed ear-
lier in ontogeny. However, indicia may still exist
within the substance of the bones involved, and
these can sometimes be identified with CT visu-
alization. Taphonomically induced fracturing in
fossils is an added complication, although it is
usually possible to tell the difference between
breaks and real sutures from their appearance
and position.

Fortunately, some particularly informative
specimens were available for this study, espe-
cially the examples of Cochilius (representing
interatherioids) and Paedotherium (hegetothe-
rioids) given detailed treatment in following
sections. Less well-preserved specimens of sev-

eral other taxa (Notopithecus, Protypotherium,
Archaeophylus, and Hegetotherium) were also
examined and in some cases scanned, but be-
cause of their condition or other problems they
necessarily play a smaller role in the analyses. All
of the taxa mentioned so far are predominantly
or exclusively Neogene. Older “primitive typo-
theres” (a nonphylogenetic grouping that in-
cludes several, doubtlessly distinct clades such as
Colbertia and Campanorco, plus their relatives)
are represented, albeit inadequately, in this study
by Oldfieldthomasia. Sample sizes are admittedly
small, but this is due mostly to the paucity of
truly well-preserved fossils, even in collections
that are otherwise outstanding. Except where
recent revisions have required a change, species
names are those encountered on museum labels.
Many specimens used in this paper lacked age
assignments; rather than attempt to certify each
assignment made in table 1, I have generally
entered genus-level ages from the Paleontology
Database (http://paleodb.org) or McKenna and
Bell’s (1997) compendium. SALMAs, if available,
are copied under Remarks without comment as
to their accuracy.

Oldfieldthomasia
(Unnamed Basal Typothere Group,
Oldfieldthomasiidae)

Oldfieldthomasia has long been placed in
its own family (Simpson, 1967; Billet, 2011), to
which a handful of other Paleogene taxa of
debated affiliations (e.g., Acropithecus rigidus)
have gradually accreted, thus possibly rendering
the family paraphyletic (see Garcia Lopez, 2011;
Reguero and Prevosti, 2010; Billet, 2011). Avail-
able cranial material of this genus is decidedly
poor, but retains historical importance because
of Simpson’s (1936) study of Oldfieldthomasia cf.
debilitata AMNH-VP 26800, discussed here in
some detail (see figs. 1, 5-7, 20; appendix 1). This
specimen is (or was) a partial skull from the
locality of Cerro Blanco, now known to be of
Middle Eocene age (cf. Reguero and Prevosti,
2010). Virtual sections of the preserved left
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hemicranium are of limited use because so much
of the fossil has been lost or damaged (figs. 1, 7).
Indeed, Simpson may have chosen this particular
specimen to work on because it was already
much battered and destructive sampling could
be justified. This may have been the wrong choice
for experimentation, however, for his results
were predictably poor and he never attempted to
prepare another South American ungulate in
this manner.

OTHER SPECIMENS STUDIED. Also examined
were the holotype skull of Oldfieldthomasia debil-
itata (MACN 10376) and another cranial speci-
men in the AMNH-VP collection (AMNH-VP
28896), but because of their condition (which
Simpson [1932a: 7] unaccountably described as
“well preserved”) they supplied nothing of value
to the interpretation effort.

Paedotherium
(Hegetotherioidea, Hegetotheriidae,
Pachyrukhinae) and Relatives

The target genera Paedotherium and Pachyru-
khos (nec Pachyruc[h]us, Pachyrucos [McKenna
and Bell, 1997: 466]), which are morphologically
extremely similar, contain many named species.
As Cerdeno and Bond (1998) have shown, sort-
ing out which nominal species belongs to which
genus is not a straightforward matter, and in the
past generic assignment often seems to have been
based on age rather than morphology. In any
case, apart from the teeth, discernible differences
in the crania of these taxa are few and possibly
largely size related, with definite Pachyrukhos be-
ing somewhat more robust than definite Paedo-
therium. For the purposes of this study, little of
value is lost by frequently ganging them together
as “pachyrukhines”

Pachyrukhinae is an indisputably monophy-
letic clade of hegetotheres whose known range
extends from Deseadan or even Tinguirirican
to ?Ensenadan time (Cerdefio and Bond, 1998;
Reguero et al., 2007; Reguero and Prevosti, 2010;
Billet, 2011). Pachyrukhinae is invariably paired
with Hegetotheriinae to form Hegetotheriidae,

NO. 384

the sister group of which is the grouping of “late”
nominal archaeohyracids identified by Billet et
al. (2009; Billet, 2011). No cranial material of
earlier members of Pachyrukhinae (Deseadan
Prosotherium and allies; see Reguero and Pre-
vosti, 2010) has been described.

SPECIMENS STUDIED. Available specimens of
Paedotherium (figs. 8-12) were in much better
condition than those of Pachyrukhos. The sample
examined in this paper includes AMNH-VP
45914, an excellent skull of Paedotherium cha-
padmalense (probably a synonym of P. typicum)
and some good material of P. bonaerense (as
relimited by Cerdefio and Bond [1998], here
including MLP unnumberedl and P. insigne
MLP 99-X-2-1). A number of other Paedothe-
rium specimens in table 1 (e.g., MLP unnum-
bered2), mostly lacking dentitions, cannot be
validly referred to species and are thus listed
as “sp.” Other specimens: Pachyrukhos typicus
MACN 1251-52; Pachyrukhos sp. MACN 5886.
A representative of the related taxon Hegeto-
therium andinum (MLP 12-2914a) was examined
but not scanned. (This genus needs revision, and
this species name may not be valid; G. Billet,
personal commun.)

Mesotherium pachygnathum AMNH-VP
14509, representing a second family, Mesotheri-
idae, was only cursorily examined and was judged
a poor candidate for scanning. However, the late
survival of this genus suggests that good material
should exist and should be sought for future work.

Cochilius (Interatherioidea,
Interatheriidae, Interatheriinae)
and Relatives

Cochilius volvens, a moderately early member
of the Interatheriidae, is represented in the com-
parative set by AMNH-VP 29651 from a locality
“south of Lago Colhué-Huapi” (Simpson, 1932b:
1), not otherwise identified. Structural details are
well preserved at the microanatomical level, with
few seriously fragmented areas (figs. 13-15).
Other specimens examined: Cochilius volvens
MLP 2339 (ex coll. Lillo).
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2014 MacPHEE: NOTOUNGULATE CAUDAL CRANIUM 9

Protypotherium is common in Patagonian
Santacrucian localities and thus well represented
in museum collections. MLP 12-2780 is water-
worn and partly encased in matrix; although
damaged on exposed surfaces, scanning revealed
that matrix-covered areas were quite intact. A
mineral sinter, investing all surfaces, is partic-
ularly noticeable on trabeculae filling the epi-
tympanic sinus; digital removal did not provide
acceptable results, so images are presented as
they appear in the original scans (figs. 16-17).

Other specimens examined: Interatherium
(= Icochilius) extensum MACN 9738-39; Intera-
therium rodens MACN 9857-58.

Progaleopithecus tournoueri, which has a com-
plicated taxonomic history, is of interest because
it is part of a group standing as sister to Cochi-
lius, Protypotherium, and Interatherium (see Hitz
et al.,, 2006). Unfortunately, the only available
specimen with a caudal cranium (AMNH-VP
29603) turned out on scanning to be much bat-
tered and figures little in this account.

Notopithecus adapinus AMNH-VP 28949
and 28673, representing the earliest convention-
ally recognized interatheriid subfamily (Noto-
pithcinae), are very poorly preserved, although
virtual sections of the skull were of some use
in connection with gathering data on the pres-
ence of an entotympanic and septum bullae in
notoungulates.

Other Placental Taxa

Interpretation of the highly derived cranial
organization of pachyrukhine notoungulates was
aided to some degree by studying taxa to which
they have been historically and are still occasion-
ally compared, as examples of detailed conver-
gences among placentals arising from vastly
different phylogenetic progenitors (figs. 18, 19).
The list of useful comparisons could be long, but
as this is not a functional anatomical study,
attention was focused on examining selected
young and/or damaged specimens of a few infor-
mative taxa in the AMNH-M’s extensive hold-
ings of Glires.

Specimens studied (all AMNH-M): Lepori-
dae: jackrabbit, Lepus californicus 177068, 5887.
Dipodomyidae: Merriam’s kangaroo rat, Dipodo-
mys merriami 8598, 182081; Heermann’s kan-
garoo rat, D. heermanni 124172; painted spiny
pocket mouse, Liomys pictus annectens 190257;
long-tailed pocket mouse, Chaetodipus formosus
248737; Merriam’s pocket mouse, Perognathus
merriami 188632.

TERMINOLOGY

I have mostly used obvious English equiva-
lents of morphological nomina endorsed by the
fifth edition of Nomina Anatomica Veterinaria
(NAV), despite the fact that the NAV does not
adequately encompass conditions in groups
lacking economic significance for humans. With
regard to notoungulate anatomy, I did not hesi-
tate to use alternatives when NAV terms were
inapplicable for one reason or another, or to coin
my own where the NAV was silent (for glossaries,
imagery, and applications relating to anatomical
terminology, see http://www.morphobank.org;
among hardcopy resources, see MacPhee [1981],
Evans and de Lahunta [2012], Wible [2007, 2009],
and associated bibliographies). The following
paragraph summarizes, in no particular order,
various terminological decisions made in the
course of this study.

Reference to the serrialis bone, Roth’s name for
one of his novel cranial ossifications, is needed
for historical reasons; elementum serriale, also
Roths, refers to the same entity, with neuter noun
and adjective in agreement. For historical rea-
sons as well I retain epitympanic sinus, but replace
the cumbersone sheath of the styloid process (i.e.,
vagina processus styloidei) with the now more
widely used hyoid recess. The combination tym-
panostyloid is used to refer to the two, usually
fused, ossifications (tympanohyoid and stylo-
hyoid) that comprise the cranial end of the hyoid
apparatus in mammals (Starck, 1967) and as-
sumed to be present as two ontogenetically inde-
pendent elements in notoungulates. In a similar
vein, when needing to refer to bones that are
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compound in the adult due to fusion of ontoge-
netically separate elements, I use the convention
“bonel + bone2,” e.g., “parietal + interparietal”
An exception is the traditional and easily in-
terpreted compound petrotympanic (petrosal +
ectotympanic). Prior to fusion, or in cases in
which their separate natures can still be iden-
tified, petrosal and ectotympanic are distin-
guished as such. However, this is often difficult
to do, not only with regard to these two ele-
ments but also the squamosal, which often fuses
with them in complex ways. The parietals and
interparietals usually show complete fusion as
well (and for this reason are simply named “pa-
rietal” in figures).

Compared to many other placentals, the endo-
cranial petrosal crest is much enlarged in noto-
ungulates, and forms an expansive tentorium
osseum together with descending sheets from
both the supraoccipital (tentorial process of the
supraoccipital) and the parietal/interparietal (ten-
torial process of the parietal). These processes
wall off a major dehiscence, part of which accom-
modates a sulcus for a vascular channel appar-
ently identical to the transverse sinus of many
other placentals (MacPhee and Cartmill, 1986),
although in the notoungulate case the tributary
system for this channel is exceedingly complex.
This sinus is linked posteriorly to the large aper-
ture on the caudal surface of the cranium that is
traditionally named the mastoid foramen. Billet
and de Muizon (2013) have produced several
reasons for thinking that this aperture may be
better regarded as the homolog of the external
opening of the posttemporal canal of various
mammals (Wible, 1984). Since foramina are nor-
mally named after the structures they transmit,
this name change carries some implications. As
conventionally understood, in most mammals
possessing one the true mastoid foramen trans-
mits only an emissary vein related to the sigmoid
sinus, whereas the posttemporal canal houses the
arteria diploetica magna and a coaxial system of
veins linked to one or more major venous sinuses
in the lateral wall of the skull (Wible, 1984, 2010;

NO. 384

Gaudin, 2011). The arteria diploetica magna is
connected extracranially to the occipital artery
(of which it is a derivative) and intracranially to
the stapedial system (or remnants thereof). Its
area of supply varies across taxa, but would have
primitively included numerous structures in the
rostral end of the head normally subserved by
stapedial distributaries. At present, the published
evidence for the claim that the arteria diploetica
magna is present in notoungulates is based on
interpretation of an isolated petrosal (of probable
notoungulate affinity) from Itaborai. Billet and
de Muizon (2013; personal commun.) are cur-
rently investigating conditions in later, more
complete material that should further elucidate
vascular arrangements in this group.

As much of this paper is taken up with deter-
mining suture patterns, for clarity I have ad-
opted the simple expedient of naming most
sutures by reference to the bone territories in-
volved (e.g., petroso-exoccipital suture). How-
ever, in the case of the squamosal I have taken a
different course. This element is involved in su-
tural relationships, sometimes multiple, with
almost every other bone comprising the caudal
cranium. The sutures bounding the squamosal’s
contribution to the bony covering of the epitym-
panic sinus, the epitympanic theca (see The Ele-
ments), are the ones that have been in most
contention. I discriminate these as thecal sutures
(e.g., parieto-thecal suture), and show that most
are indeed faced by squamosal material, al-
though with contributions by the petrosal and
ectotympanic in circumscribed areas.

Apart from primates, the so-called petrotym-
panic fissure almost never exhibits that particu-
lar construction in mammals, and is better
named glaserian fissure despite use of an eponym.
In most notoungulates the “fissure” is simply a
site of sutural contact between the preotic ends
of the squamosal (and often the alisphenoid) and
the auditory bulla, hence the alternative squa-
moso-bullar or squamoso-ectotympanic suture.

Anatomical, institutional, and other abbrevia-
tions are defined in table 2.
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AGENDA

This study is one part of a much larger pro-
gram intended to place character analysis of the
cranial morphology of South American ungulates
on a firmer footing, for eventual integration with
other systematic data sets (e.g., Reguero and Pre-
vosti, 2010) to produce and test phylogenetic
hypotheses. Whether Xenungulata, Astrapothe-
ria, Notoungulata, Pyrotheria, and Litopterna can
be holophyletically gathered into a single super-
taxon (Meridiungulata) has long been argued.
But whether or not Meridiungulata eventually
proves to be a wastebasket, for present purposes
the adjective “meridiungulate” remains useful for
corporate reference to these traditional orders.

In principle, the best way to settle the cranial
composition of any taxon is through a com-
parative approach in which neontological, pale-
ontological, and ontogenetic, and comparative
evidence, if available and relevant, may play
mutually reinforcing roles (MacPhee, 1981; Koy-
abu et al., 2012). However, the situation in which
these various approaches can be brought together
for such a purpose is rarely encountered. Often,
one has only adult material to work with, and to
make developmental inferences therefrom one
must make judicious use of inferences based on
conditions in taxa that may be at various phylo-
genetic removes from the ones comprising the
target. This is a legitimate approach if the point
of doing so is to understand some relationship or
ontogenetic occurrence for which direct data are
otherwise unavailable (e.g., possible instances of
early fusions among elements in the target taxon).

As already noted, this study is concerned with
evaluating the evidence and interpretations mar-
shaled by previous investigators to support their
identification of what might be called “suspect
elements” in the notoungulate caudal cranium. I
have concentrated on typotherians because their
(generally) smaller size simplified both study and
scanning, and because they have been more cen-
tral to the composition debate than toxodontians
have been. Nevertheless, the findings presented

MacPHEE: NOTOUNGULATE CAUDAL CRANIUM 11

here are believed to apply to all notoungulates.
The most efficient way of presenting my observa-
tions and conclusions is to consider each element
of interest separately, under the following head-
ings: (1) serrialis and the bony covering of the
epitympanic sinus; (2) interparietal complex; (3)
the X elements; and (4) entotympanics and sep-
tum bullae.

Compositional questions of the sort presented
here have played only a minor role in notoungu-
late systematics in the past several decades, and it
might be asked why it is important to reevaluate
morphological debates that have long since dwin-
dled into insignificance. But this lack of atten-
tion mostly reflects the fact that some avenues
of paleontological investigation are much harder
to traverse than others, especially if they require
destructive sampling methods—as microana-
tomical studies traditionally do. The advent of
virtual sectioning has changed the landscape in
this regard, as I hope this paper illustrates.

THE ELEMENTS

SiMPsON, ROTH, AND THE
CAUDAL CRANIUM OF OLDFIELDTHOMASIA

My interest in reopening the question of
notoungulate cranial composition was stimu-
lated by examination of the original drawings
relating to Simpson’s (1936) description of cra-
nial composition in Oldfieldthomasia cf. debi-
litata AMNH 26800 (appendix 1). Simpson
thought that by studying the caudal cranium of
an ostensibly primitive notoungulate in great
detail he could determine once and for all
whether there was any substance to Roth’s
(1903) observations regarding “extra” elements
in the notoungulate caudal cranium. As he
pointed out with some asperity, Roth’s (1903)
descriptions were difficult to follow because of
his use of idiosyncratic, poorly defined morpho-
logical terms and meandering speculations re-
garding the homologies of the several novel
elements that he thought he had detected.

Downloaded From: https://complete.bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 07 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



12 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY NO. 384
TABLE 2
Abbreviations
INSTITUTIONAL
AMNH-M American Museum of Natural History, MACN Museo Argentino de Ciencias Naturales
Department of Mammalogy Bernardino Rivadavia, Seccién
AMNH-VP American Museum of Natural History, Paleontologia de Vertebrados
Department of Vertebrate Paleontology MLP Museo de La Plata, Departamento
Scientifico de Paleontologia de
Vertebrados

ANATOMICAL

adit epitym sin

aper aud tube
anul bridge

aper aqu vest
aper tub can
ASP

aud bulla
aud oss

aud tub

beap fen

BOC

br

BSP

can semic caud
can semic rost
caud car for
caud crus ect
caud pars canal

cerebl fos
coch
coch can
cran cav
cr lat

cr meat

cr pet

Cr transv

cr tym

crph can

crus com

div

dors hiat ridge
dors midcr hiat
dors vestib area

ECT

ect/ent sut
ect/theca sut
ENT

EOC

aditus to epitympanic sinus

(= pneumatic foramen)

aperture of the auditory tube
anular bridge (of crista tympani,
ectotympanic)

aperture of aqueductus vestibuli
aperture of tubal canal

alisphenoid bone

auditory bulla

auditory ossicle(s) (nonspecific)
auditory tube

basicapsular fenestra (= basisphenoid-
bulla suture)

basioccipital bone

broken, fracture(d)

basisphenoid bone

caudal (= posterior) semicircular canal
rostral (= anterior) semicircular canal
caudal (= posterior) carotid foramen
posterior crus of ectotympanic
caudal portion of pars canalicularis
(“mastoid”)

cerebellar fossa

cochlea

cochlear canaliculus

cranial cavity (fossa)

crista lateralis (of retrotympanic
process)

crista meatus (of ectotympanic)
petrosal crest

crista transversa

crista tympani

craniopharyngeal canal

crus commune

diverticulum (nonspecific)

dorsal hiatal ridge

dorsal midcranial hiatus

dorsal vestibular foramen

(for vestibular n., vestibular area

of internal acoustic meatus)
ectotympanic bone
ectotympano-entotympanic suture
ectotympano-thecal suture
entotympanic

exoccipital bone

eoc/bulla sut

epitym sin
epitym theca

ext acous can
ext acous meat
fac can

fac for

fac sulc

fen vest

for

for magn

for ovale

for ram temp
FRO

hyd rec
hypogl for
INC

inf petr sin
INP

inp/soc sut
inp/theca sut
jug for

lin temp
mast can

mand fos
mast for
MAX
med paratym cav
met sut
midcr hiat
nuch cr
occC

occ cond
PAL

PAR
PAR-INP

par/inp sut
par/soc sut

exoccipito-bullar suture
(between paroccipital process
and ectotympanic)
epitympanic sinus
epitympanic theca

(bony covering of epitympanic
sinus, regardless of construction)
external acoustic canal
external acoustic meatus
facial canal

facial foramen (for facial n.,
internal acoustic meatus)
facial sulcus

fenestra vestibule

foramen (nonspecific)
foramen magnum

foramen ovale

foramen for ramus temporalis
frontal bone

hyoid recess

hypoglossal foramen

incus bone

inferior petrosal sinus
interparietal
interparieto-supraoccipital suture
interparieto-thecal suture
jugular foramen

linea temporalis

mastoid canaliculus (for auricular ramus
of vagus n.)

mandibular fossa

mastoid foramen

maxillary bone

medial paratympanic cavity
metopic suture

midcranial hiatus

nuchal crest

occipital bone (nonspecific)
occipital condyle

palatine bone

parietal bone

parietal + interparietal bones
(when fused)
parieto-interparietal suture
parieto-supraoccipital suture

Downloaded From: https://complete.bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 07 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



2014 MacPHEE: NOTOUNGULATE CAUDAL CRANIUM 13
TABLE 2
(Continued)
par/theca sut parieto-thecal suture (= squamoso- squ pr processus squamosus (of lagomorphs)

parocc pr
PET

pet/bulla sut

pet/ect sut
pet/eoc sut

pet/theca sut
petmast can

pirif fen
posttemp can
preot fl

prom
PTE
ptm/eoc sut

ram temp
retroart for
retroart pr
retroart sin
retrotym fis
retrotym pr

rost crus ect
sag cr

sep

sep bulla
sigm sulc
sin

SOC
soc/theca sut

sphenorb for
sphocc syn
SQU

squ bar

OTHER

CONICET

CT
NAV

parietal suture; may also involve
interparietal)

paroccipital process

petrosal bone (when separable from
ectotympanic)

petroso-bullar suture (petroso-
ectotympanic or petroso-entotympanic)
petroso-ectotympanic suture
petroso-exoccipital suture

(on paroccipital process)
petroso-thecal suture

petromastoid canaliculus

(= subarcuate canaliculus)

piriform fenestra

posttemporal canal (= mastoid foramen)
preotic flange (of alisphenoid and
squamosal)

promontorium

pterygoid bone
petrotympano-exoccipital suture
(area of paroccipital process)

ramus temporalis (rami temporales)
retroarticular (= postglenoid) foramen
retroarticular (= postglenoid) process
retroarticular sinus

retrotympanic fissure
retrotympanic (= posttympanic)
process

rostral crus of ectotympanic

sagittal crest

septum (nonspecific)

septum bullae

sigmoid sulcus

vascular sinus (nonspecific)
supraoccipital bone
supraoccipito-thecal suture

(in pachyrukhines)

sphenorbital foramen
sphenooccipital synchondrosis
squamosal bone

squamosal bar

Consejo Nacional de Investigaciones
Cientificas y Técnicas (Argentina)
computed tomography

Nomina Anatomica Veterinaria, 5th ed.
(2012) (http://www.wava-amav.org/
nav_nev.htm)

squ/asp sut
squ/ect sut
squ/par sut

stylomast for
subarc fos
suprmeat sp squ

teg tym
temp ridge
temp fos
tent pr par

tent pr soc
theca

theca ala eoc
theca ala pet
theca ala soc
theca sp

to

tract spir for

transv sin
transv sulc

tub sulc

tym cav
tymstyld

vasc can

vasc for

vent vestib area

verm fos
Xa

Xp

ZYG

Zyg pr sqam

rev.

SALMA

squamoso-alisphenoid suture
squamoso-ectotympanic suture
squamoso-parietal suture (may also
involve interparietal)

stylomastoid foramen

subarcuate fossa

suprametal spine of the squamosal
(in Dipodomys)

tegmen tympani

temporal ridge (for temporalis m.)
temporal fossa (for temporalis m.)
tentorial process of parietal
(endocranial)

tentorial process of supraoccipital
(endocranial)

theca, thecal (in relation to bony
covering of epitympanic recess)
thecal ala of exoccipital

thecal ala of petrosal

thecal ala of supraoccipital

thecal spine

to, toward (used with other
abbreviations)

tractus spiralis foraminosus (for
cochlear n., cochlear area of internal
acoustic meatus)

transverse sinus

transverse sulcus

tubal sulcus

tympanic cavity

tympanostyloid (cranial end of hyoid)
vascular canal (nonspecific)
vascular foramen (-mina) (nonspecific)
ventral vestibular foramen

(for vestibular n., vestibular area of
internal acoustic meatus)
vermiform fossa

element Xa (of Simpson)

element Xp (of Simpson)
zygomatic bone

zygomatic process of squamosal

sides reversed (on images of specimens)
section
South American Land Mammal Age
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to ext
A acous meat
retroart pr (br)
retroart for stylomast for
mand fos
for ovale + er retrotym pr (br)
aper tub can meat (br) ymmipr 1y

fig. 6A epitym theca

fig. 6B

TANN
X \\\\
S0 \\ =
)\\)vt\n parocc pr (br)

) NN

D

7
/%/4/-:\\ ! occ cond (br)

fig. 6C =

W

sphenorb for ‘/ l \ \
A 6 5 4 jug for +
p hypogl for
BSP hyd rec

BOC

FIG. 1. Oldfieldthomasia cf. debilitata AMNH-VP 28600, left hemicranium in ventral (A; above), oblique
ventrolateral (B; opposite), and caudal (C; opposite) aspects (after Simpson [1936], slightly modified and
relabeled). Scale bar in C = 0.5 cm (all to same scale). Most but not all of the features identified in Simpson’s
(1936) original illustrations are included in the following key (updated with modern nomina where neces-
sary): 1, foramen; 2, part of (preotic) squamoso-alisphenoid suture; 3, apparent “suture” (in fact a fracture)
delimiting element Xa according to Simpson (see text); 4, exposed cellule (not stylomastoid foramen, contra
Simpson); 5, fractured area in tympanic roof; 6, broken edge of bulla; 7, retroarticular sinus, exposed by
breakage; 8, floor of epitympanic sinus (not posttemporal canal/“mastoid foramen,” contra Simpson). The
specimen is obviously in poor condition, with many broken (br) structures. In the drawings as originally
published, bone was not properly differentiated from matrix still adherent to inner walls of epitympanic sinus.
In C, Simpson evidently assumed that the matrix-filled area (asterisk, *) incorporated the actual caudal wall
of the theca, and that the declivity medial to it (8) was therefore the “mastoid foramen” (= posttemporal canal).
Declivity is in fact curved floor of epitympanic sinus, not an aperture; true posttemporal canal lies, as indi-
cated, more medially and dorsally within a groove appearing on original drawing but not called out as such.
Stylomastoid and hypoglossal foramina originally drawn slightly out of place (now corrected); hyoid recess
cannot be seen from this angle (thus omitted); and leader for Xp points to nothing interpretable as an inde-
pendent element (as in original drawing). In A, small arrows with italicized figure numbers indicate approxi-
mate planes of virtual sections (figs. 6, 7).
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B fig.7

epitym theca

for ram temp

retroart pr (br)
to adit epitym sin

retroart for

stylomast for

mand

fos retrotym pr (br)

aper aud parocc pr (br)

tube

sphenorb aud bulla
for cr meat
for ovale
to hyd rec
C . SOC
epitym theca

ext acous meat posttemp can

8

retroart pr to adit epitym sin

occ cond (br)

stylomast for
hypogl for

retrotym pr (br) .
jug for
parocc pr (br) aud bulla 5mm
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FIG. 2. Skull of a specimen of Toxodon, apparently juvenile (after Roth, 1903: text-fig. A; scale not provided),
showing extent of supposed serrialis (gray shading) and other novel ossifications according to boundaries
implied by Roth’s determinations of supposed sutures. In fact, none of the elements so delimited qualifies as
an independent ossification (see text). Abbreviations according to original caption: a, b, elementum serriale
= prosquamosum; ¢, elementum posttympanicum = quadratum; mae, external acoustic meatus; pa, parietale;
qui, elementum zygoma = quatrojugale; so, supraocipitale; sq, squamosum; ty, tympanicum; 1, sutura squa-
moso-parietalis; 2, sutura squamoso-serrialis; 3, sutura zygoma-serrialis; 4, [not provided in original]; 5,
sutura mastoideo-posttympanica; 6, incisura mastoidea; 7, fissura glaseri. Although this has yet to be dem-
onstrated for Toxodon, some of these alleged sutures could be the result of Roth’s misinterpreting borders
related to thecal alae—thin sheets of bone formed by the exoccipital, supraoccipital, and petrosal which
encroach onto the squamosal thecae and sometimes form self-sutures, to varying extents among notoungulate
taxa (cf. Paedotherium, fig. 12B-F).

To undertake his study, Simpson first divided
the Oldfieldthomasia skull midsagittally, reserv-
ing the left half for macroscopic study. He se-
cured the right half in a lapidary jig of his own
design (Simpson, 1933a) and “sectioned” it in 0.4
mm increments, recording surface details as the
specimen was incrementally ground down (for
additional information, see appendix 1). At some
stage needle preparation was begun on the unsec-
tioned left side but never completed, presumably
because the specimen’s poor overall condition
made it pointless (fig. 1A-C). Simpson undertook
this destructive-sampling approach for a specific

reason: Although notoungulate skulls were then
and even now are often found in reasonably
complete condition, diagenetically induced frac-
turing makes it difficult to identify, let alone fol-
low, fine sutural details. Simpson evidently hoped
to solve this problem by avoiding altogether the
ordinary preparation methods used in vertebrate
paleontology. Clearly, his idea was to have the
matrix adherent to the specimen (with an addi-
tional plaster coating) function in much the
same way that paraffin embedding does in histol-
ogy, i.e., by keeping structures intact and in their
original relationship during cutting operations.
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FIG. 3. Skull of an adult Pachyrukhos typicus, as illustrated and interpreted by Roth (1903: pl. I, fig. 6; original
magnification, cited as approximately natural size); oblique dorsolateral aspect. Roth’s key (translated), with
controversial names in quotation marks, preferred name following in parentheses: 1, supraoccipital; 4, par-

occipital process; 5, retrotympanic process; 6, “pars mastoidea”

= epitympanic theca); 6a, crista lateralis;

16, auditory bulla; 19, “sutura mastoideo-supraoccipitalis” (= supraoccipito-thecal suture); 21, external
acoustic meatus; 36, parietal; 37, squamosal; 38, squamoso-parietal suture; 41, “sutura squamoso-mastoidea
(escamo-serrial)” (= actually parieto-thecal suture in this specimen, as the squamosal bar has broken away;

see text).

In his paper Simpson (1936) dismissed Roth’s
(1903) contentions concerning extra cranial bones
in notoungulates as being either mistaken or
unverifiable, but in fact his own study of Old-
fieldthomasia AMNH 28600 cannot be regarded
as definitive. The skull was not as well preserved
as he had hoped, and he lacked similarly pre-
pared specimens of other taxa to which AMNH
28600 might have been profitably compared.
Because Simpson’s artist, Mildred Clemans, did
not (or could not) consistently distinguish be-
tween sutures and fractures seen on the surface
of the specimen as it underwent incremental
grinding, her pencil drawings are sometimes
hard to interpret at the very places where cer-
tainty is critical. In particular, when a line
(whether meant to represent a suture or a break)
that should be present in several section draw-
ings is absent in one or more, it is impossible to
say whether this was due to a lapsus, or due to
something else, such as fusion. This ambiguity
could sometimes be overcome by close examina-
tion of consecutive drawings, but it is clear that
small-scale features were often difficult for the

artist to follow across the relatively large (400
pum) gap between successive surfaces (see ap-
pendix 1).

In view of this, it is somewhat ironic to record
that Simpson himself claimed to have detected at
least one (“Xa”) and possibly two (“Xp”) suture-
delimited elements not identified (at least as
such) by any previous investigator (figs. 1, 5, 20),
adding a further note of complexity to the prob-
lem of defining the composition of the notoun-
gulate caudal cranjum. Simpson described these
X elements as “adventitious”—not the best choice
for a covering term, although also used by Pat-
terson (1932; Riggs and Patterson, 1935) in simi-
lar contexts. There are, of course, truly accidental
or sporadic ossifications, such as wormian bones,
that are presumably the result of idiopathic ge-
netic or developmental error (Steele and Bram-
blett, 1988). But there are also ossifications for
which this description does not apply, because
they are constantly present within a given taxon
and thus not at all “adventitious” in the sense of
randomly occurring. When such bones are de-
tected the usual question about them is whether

Downloaded From: https://complete.bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 07 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



18 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

NO. 384

FIG. 4. Caudal cranium of adult Nesodon ovinus, as illustrated and interpreted by Roth (1903: pl. III, fig. 2;
original magnification, cited as approximately one-third natural size); lateral aspect. The label “serrial” is
simply floated over the external acoustic meatus, with no bounding sutures indicated, making it impossible
to evaluate Roth’s (1903) reason for discriminating it as such. Roth’s key (terminology translated, updated,
and annotated as in fig. 3): 3, occipital condyle; 4, paroccipital process; 5, retrotympanic process; 6a, “pars
mastoidea” (= caudal section of pars canalicularis, exposed on margin of posttemporal canal); 7, crista
meatus; 9, glaserian fissure; 11, retroarticular process; 12, mandibular fossa; 13, articular tubercle; 14,
“incisura mastoidea” (= cleft between crista meatus and retrotympanic process); 21, external acoustic

meatus.

they represent either derepressed elements that
were phenotypically present in more primitive
relatives, or actual neomorphs (cf. De Beer, 1937;
Presley, 1993; Wible et al., 2008). This is doubt-
less the inquiry that Simpson would have liked
to have undertaken in connection with his X
elements, but, unsure of what they were or what
they meant, he quite properly avoided discussion
of their possible occurrence in other mammals.
Simpson’s study of Oldfieldthomasia is still
cited in the specialist literature for its anatomical

observations (e.g., Macrini et al., 2010; Billet,
2011), but his major arguments and inferences,
like those of Roth, Patterson, and others consid-
ered in following sections, need to be reviewed
in light of the new observations made here. Also,
Simpson’s (1936) paper is inadequately illus-
trated: he published only a small selection of the
complete drawings made by Clemans (appendix
1), and even these are not sufficiently interpreted
for one to make sense of three-dimensional
structural relationships. To assist the reader in
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this regard I include some previously unpublished
Oldfieldthomasia drawings from the AMNH-VP
archives (fig. 20) as well as a few virtual sections
through the preserved hemicranium (figs. 6, 7).

THE SERRIALIS AND THE BONY COVERING
OF THE EPITYMPANIC SINUS

Elementum serriale was Roth’s (1903) term for
the ostensibly independent ossification forming
the bony walls of the epitympanic sinus and
related areas in at least some meridiungulates
(figs. 2-4). As presented in further detail below,
his interpretation conflicted with the prevailing
assumption that the sinus was contained within
bone derived from the squamosal, as would be
expected on the basis of conditions in most other
mammals. Roth’s (1903) fundamental assertion
was that the established view could not be cor-
rect, for he believed that he had observed definite
sutures in several taxa that clearly defined the
true caudal limits of the squamosal and separated
it from the what actually composed the bony cov-
ering of the epitympanic sinus—the serrialis.

Simpson (1936) stated that he was unable to
identify any such suture or sutures in Oldfieldtho-
masia AMNH-VP 28600, or any other notoun-
gulate for that matter, but ultimately left it open
whether this was due to the absence of some-
thing at least occasionally present in this group,
wholesale error on Roth’s part, or the age and
condition of the specimens examined. This state
of affairs has persisted to the present, in part
because the osteological correlates of cranial
growth and pneumatization in Notoungulata have
never been adequately evaluated. As much re-
volves around a proper understanding of the
pneumatization of the epitympanic sinus, we
shall first consider this middle ear space from
developmental and comparative perspectives.

Epitympanic Theca:
Definition and Development

As Roth (1903) was the first to adequately
document, middle ear pneumatization is notably

extensive in notoungulates, and a capacious, dor-
sally prominent paratympanic space on the cau-
dal cranial sidewall has long been counted as a
derived character shared by all but the most
primitive members of this group (Roth, 1903;
Patterson, 1936; Cifelli, 1993; Gabbert, 2004;
Reguero and Prevosti, 2010; Billet, 2011). In
comparative morphology this space is regarded
as a derivative of the epitympanic recess, the exca-
vation that typically lodges the heads of the mal-
leus and incus as well as the dorsalmost part of
the membranous sac that fills the adult middle
ear, the cavum tympani (van der Klaauw, 1931;
Fleischer, 1973; MacPhee, 1981; Macrini et al.,
2010). The dorsal wall of the recess is normally,
but not always, formed by the petrosal (tegmen
tympani) and a shelf (or epitympanic wing) of
the squamosal, or both projections in propor-
tions that vary considerably among mammals
(van der Klaauw, 1931; MacPhee, 1981; Maier,
2013).

In the assumed primitive therian condition
(van Kampen, 1905; van der Klaauw, 1931;
Starck, 1967; Novacek, 1977, 1993; MacPhee,
1981; MacPhee and Cartmill, 1986), the recess is
merely a dimple in the tympanic roof, but in
many mammals it becomes a major paratym-
panic space under the pervasive influence of
middle ear pneumatization. Great expansion of
the recess is generally regarded as part of an
adaptation for low-frequency sensitivity (e.g.,
Fleischer, 1973, 1978; Webster, 1975; Webster
and Webster, 1975). Although at the cellular level
the remodeling process is fundamentally the
same wherever it occurs in the skull (Fawcett,
1997), the “same” paratympanic space may be
positioned in somewhat different locations in
different taxa, which has led, perhaps inevitably,
to the coining of a plethora of synonyms in the
mammalogical literature (e.g., “mastoid bullae”
in notoungulates [Sinclair, 1909]; “anterior mas-
toid sinus” in Dipodomys [Howell, 1932]; “dorsal
bulla” in Cavia [Gacek, 1975]).

In notoungulate studies the traditional term
for both the volume and its bony covering is epi-
tympanic sinus, but its use applied to the latter
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FIG. 5. Oldfieldthomasia cf. debilitata AMNH-VP 28600, right hemicranium, parasagittal sections (after Simp-
son, 1936: fig. 5; original magnification, cited as natural size); rostral to right. This plate includes the only
section illustrations of elements Xa and Xp in Simpson’s paper (ss. 10, 15, 20, and 23; cf. comparable virtual
parasagittal sections in fig. 6). Neither of these putative elements passes tests for recognizing independent
ossifications; see text and appendix 1. Key (Simpson’s nomina in parentheses, if different from usages preferred
here; periods in original omitted): caf, facial canal (canalis facialis); cpg, retroarticular canal/foramen (post-
glenoid canal); crty, crista tympanica; cty, tympanic cavity; ets, epitympanic sinus; fcbr, cerebral fossa; fsmp,
stylomastoid foramen (foramen stylomastoideum primitivum); fg, glaserian fissure (fissura glaseri); fpg, ret-
roarticular canal/foramen (postglenoid foramen); fpn, aditus of epitympanic sinus (foramen pneumaticum);
fsm, stylomastoid foramen; fv, venous foramen; fvpl, posterolateral cerebral venous foramen; mae, external
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element is objectionable because a sinus is by
definition a vacuity, not a solid structure. I there-
fore propose the alternative term “theca? epitym-
panica” to refer to the bony shell, of whatever
composition, that encloses the epitympanic sinus
and communicates with the tympanic cavity
proper by an aditus (= foramen pneumaticum).?
Billet and de Muizon (2013) identified a small
excavation in the tympanic roof of an isolated
notoungulate petrosal from Itaborai as the epi-
tympanic recess. There is no suggestion of an
aditus, suggesting that the epitympanic sinus as
a paratympanic space was primitively absent.

Epitympanic Theca:
The Question of Composition

In Roth’s (1903) opinion, the notoungulate
epitympanic sinus lay within, and was thus cov-
ered by the “pars mastoidea,” which he regarded
as homologous with the mastoid area of humans.
Although it had long since been accepted that
the human mastoid is simply an integral part of
the petrosal, and not a phylogenetically inde-

20nxn, Greek, “box;” “case,” “covering”

3Van Kampen (1905) maintained that an aditus to the epi-
tympanic sinus (aditus ad sinus epitympanicus, preferred to
nonspecific “pneumatic foramen”) had to be present to war-
rant distinguishing an epitympanic sinus from a simple epi-
tympanic recess. However, a neat funnel-shaped aperture is
not always present in mammals even when paratympanic
spaces are large. It should be noted that Simpson’s (1933b)
positioning of the entrance to the epitympanic sinus in the
astrapothere Trigonostylops AMNH 26800 is external to any
plausible location for the flaccid or dorsal part of the tympanic
membrane. This is morphologically impossible; paratympanic
spaces develop in relation to the membrane-lined cavum tym-
pani and remain spatially and functionally continuous with it.
The excavation he identified on the external margin of the
external acoustic meatus is probably a channel related to the
retroarticular system of veins.

<
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pendent ossification,* Roth (1903: 17) invited
much later confusion by asserting that, at least in
notoungulates, his pars mastoidea was part of
(?or incorporated) a distinct ossification that was
separated from the squamosal proper by features
that he named “sutura zygoma-serrialis” and
“sutura squamoso-mastoidea (escamo-serrial).”
Additionally, because Roth also claimed that
additional sutures (e.g., “sutura mastoideo-
petrosa”) separated the serrialis-mastoid from
the petrosal, it followed that much of the dorsal
sidewall of the notoungulate skull—including the
epitympanic theca, roof of the external acoustic
meatus, and nearby processes—had to be formed
by this unusual element, homologous in his view
with the prosquamosal (= supratemporal) of
anomodontian therapsids (fig. 2).

Roth’s claim to have discovered an element
heretofore undetected in the mammalian cra-
nium was a major challenge to conventional
morphological thinking, and it did not go un-
challenged. To be sure, some investigators work-
ing on notoungulates in the early part of the last
century, such as Sinclair (1909), Scott (1912a,
1912b), and Patterson (1932, 1936), accepted one
or another of Roth’s claims, albeit with reser-
vations. Sinclair (1909: 71), for example, thought
he had found one of Roth’s “extra” sutures in a

4Roth (1903) obviously thought (incorrectly) that the mas-
toid ossification center for the petrosal, as found in humans,
represented an element that was originally independent but
later suppressed in the course of evolution. In a further termi-
nological complication, Roth (1903) called the caudalmost
portion of the notoungulate petrosal the “protuberancia
petrosa” rather than “the mastoid,” as would have been ordi-
narily done at this time in (for example) large-animal veteri-
nary anatomy texts (e.g., Sisson, 1911). The unusual term
“serrialis” is based on an eponym (see Simpson, 1936) and to
my knowledge has never been discussed outside of notoungu-
late studies.

<

acoustic meatus; oc, occipital; pa, parietal; pae, porus acusticus externus; pe, petrosal (periotic); pet, squa-
mosal theca (pars epitympanica of squamosal); ppg, retroarticular process (postglenoid process); ppo, par-
occipital process; ppt, posttympanic process; ret, epitympanic recess; set, epitympanic sinus; sg, mandibular
fossa (glenoid surface); sq, squamosal; svpl, posterolateral venous sinus; ty, ectotympanic (tympanic); vph,
hyoid recess (vagina processus hyoidei); Xa, element Xa (anterior adventitious element); Xp, element Xp

(posterior adventitious element).
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retroart sin

epitym sin

squ/par sut
ext acous
meat

ECT
C mand fos

for ram temp

transv sin +

pet/theca sut tent pr par

rost crus ect
parocc pr

FIG. 6. Oldfieldthomasia cf. debilitata AMNH-VP 28600, left hemicranium, virtual parasagittal sections (for
approximate locations see fig. 1A); rostral to right. All to scale in C. A and B, sections through lateral cranial
wall and external acoustic meatus: single white asterisk, definite suture between rostral crus of ectotympanic
and alleged element Xa; double white asterisks, fracture zone (not a suture) passing through mandibular
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specimen of Hegetotherium, and also noted that
in Pachyrukhos “the greatly distended mastoid
bullafe] . . . . show but slight contact with the
squamosal,” thereby implying that the epitym-
panic thecae were largely enclosed by petrotym-
panic material, if not the serrialis per se. Scott
(1912b) was more dubious, although he utilized
the term “pars serrialis” (but “of the squamosal,”
he insisted, not “of the mastoid,” as Roth had as-
serted). Patterson (1932: 18-19) also spoke uncer-
tainly of “the pars serrialis of the squamosal, that
bone having retained the sutures [sic] between its
three centers of ossification in some of his [i.e.,
Roth’s] specimens. Between this pars serrialis and
the mastoid Roth never made a clear distinction”
Patterson kept looking for evidence, however (e.g.,
Riggs and Paterson, 1935: 190), concluding in the
case of one aged specimen of the isotemnid tox-
odontian Pleurostylodon (E. Eoc.) that, despite the
absence of any traces whatsoever, “[adventitious]
elements may be present”

Simpson (1936: 9) was more definitive in his
assessment:

Apparently he [Roth] only believed himself
actually to have observed this suture in two
cases, and these are open to question, since

suture is merely a crack. As far as I know, no
subsequent student has recorded a suture in
this region. . . . Without denying the possibil-
ity of sutural separation, it is fair to say that
none is demonstrated and the epitympanic
wall may at least provisionally be considered
as a part of the squamosal, for which I pro-
pose the name pars epitympanica.

For Simpson (1936: 8)—and, given his influ-
ence, for virtually every subsequent student of
the notoungulate cranium—the only plausible
conclusion was that “the epitympanic sinus is not
in the mastoid but in part of the squamosal”

The two specimens to which Simpson (1936)
referred in this quotation were not further iden-
tified; however, the examples reproduced in fig-
ures 2-4 are ones for which Roth specifically
identified bounding sutures (Toxodon, Pachyru-
khos) or the position of the serrialis (Nesodon).
With regard to Toxodon, Roth must have inves-
tigated material in which sutural markings were
(for that genus) remarkably clear, because basi-
cranial sutures on most toxodontian skulls tend
to be obliterated, or at least difficult to trace,
even in the rare event that the skull itself is well
preserved (cf. van Kampen, 1905: 617; Patterson,

there is a strong possibility that the supposed 1932).

<
<

fossa, same as feature 3 in figure 1A. C, section through lateral portion of tympanic cavity, tegmen tympani:
single black asterisk is adjacent to definite suture between caudal crus of ectotympanic and alleged element
Xp; dashed white arrow extends from facial canal into aperture of stylomastoid foramen, to mimic route of
cranial nerve VII; narrow dashed lines suggest trend of thecal walls, very little of which is left. All other
discontinuities are interpretable as fractures. As is evident, this side of the skull of AMNH-VP 28600 is in
worse condition than the side that Simpson (1936) prepared. Although Simpson stated that he could detect
sutures that completely, or almost completely, delimited his elements Xa and Xp from surrounding bones, he
failed to adequately label these sutures on section drawings. In this figure, the labels “Xa” and “Xp” are placed
approximately where Simpson situated them in his published drawings. Ignoring fractures, the area of Xa is
seen to be completely continuous with the preotic or retroarticular portion of the squamosal, of which it must
be considered an inherent part. Because of breakage, the precise relationships of Xp and the petrosal tegmen
tympani, caudal crus of the ectotympanic, and epitympanic theca are uncertain. The interpretation favored
here is that Xp is indistinguishable from (the rest of) the retrotympanic process and is therefore mostly or
entirely squamosal. Note that, as Simpson delimited it, Xp is not much more than a bony conduit for the
transiting facial nerve. Perhaps differences in bone density in this area contributed to Simpson’s belief that an
independent element was present (see fig. 20). He was, however, correct in concluding that the epitympanic
theca is mostly formed by the squamosal. The condition of the bulla in this specimen precludes identification
of an entotympanic, if any, in Oldfieldthomasia. A few of the many broken (br) areas are specially noted.
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By contrast, Paedotherium and its close rela-
tive Pachyrukhos are excellent candidates for the
present investigation. Key sutures on pachyru-
khine caudal crania are easily discerned, as they
evidently remained open over the entire life
span, and both genera are well represented in
major paleontological collections. Indeed, it is
to conditions in pachyrukhines rather than Old-
fieldthomasia that Simpson (1936) should have
turned when undertaking his investigation of
cranial composition in notoungulates, as they
unquestionably possess the most derived squa-
mosal seen in this group. If their thecal compo-
sition is nevertheless closely comparable to that
of the other notoungulates examined here, as I
maintain, then it is extremely unlikely that other,
unstudied taxa will radically differ.

Paedotherium

Despite the derived nature of Pachyrukhinae,
the three specimens (AMNH-VP 45914, MLP
52-1X-28-29, and MLP unnumbered2) on which
this section is chiefly based provide excellent
insights into the morphology of the hegetothe-
rioid caudal cranium. As in the case of the other
specimens reviewed in this paper, all are fully
adult.

The existence of unexpected elements cannot
be discounted merely because their distinctive-
ness is hard to establish in the adult stage. This is
particularly important to emphasize in the case
of pachyrukhines, because in these hegetothe-
rioids conditions are complicated. At first glance
the squamous portion of the squamosal appears
to be reduced to an insignificant rod, the squa-
mosal bar, and thus seems an unlikely source for
the thecal covering. In fact, the rostral part of the
squamosal is directly connected to the caudal
cranium at only one place, the tiny area of con-
tinuity between the squamosal bar and the ros-
tral thecal wall (fig. 8D). Sections support this
impression (fig. 12A, C). Although frequently
broken in specimens, this area of continuity is
not the site of a detectable suture (fused or oth-
erwise) and is no wider than the bar itself, i.e.,

NO. 384

~2 mm. To explain how such remarkably derived
conditions may nevertheless conform to those
found in other notoungulates requires consider-
able morphological exploration and comparisons
with other placentals with similarly modified
squamosals, provided in the rest of this section.

Pachyrukhine notoungulates are chiefly fa-
mous for their remarkable morphological and
presumed ecological convergence on certain
members of Glires, particularly certain leporids
and caviomorphs (Sinclair, 1909; Kraglievich,
1936; Scott, 1937; Cifelli, 1985; Dozo, 1996, 1997;
Reguero et al., 2007). Leporid similarities are
especially noteworthy and include such features
as the long, narrow rostrum bearing lateral rare-
factions, lengthy diastemata, markedly hypso-
dont/hypselodont cheek teeth, ever-growing
incisors, voluminous orbits, basicranial kyphosis,
persistent fontanelles or cranial hiatuses, deep
mandibular ascending rami, highly reduced and
barlike squamous portion of the squamosal, and
possible leaping adaptations (Sinclair, 1909; Scott,
1937; Cerdefio and Bond, 1998; Cassini et al.,
2010).

A previously unexplored example of leporid/
pachyrukhine convergence—the presence of a
potential intracranial joint (ICJ)—has, on inves-
tigation, turned out to be basic to the proper
interpretation of the pachyrukhine caudal cra-
nium. The existence of an ICJ in certain lago-
morphs (e.g., jackrabbit, Lepus californicus) was
first hypothesized by Bramble (1989), who
pointed out that, in the midcranial area, a com-
plex of aligned sutural and synchondrosial dense
connective tissues intervenes between bone ter-
ritories in such a way that bone-on-bone contact
within the joint is minimized. Providing a kind
of syndesmotic “O-ring” of soft tissues, this
arrangement divides the skull into two func-
tional moieties: the rostral, comprising all the
elements lying in advance of a semicoronal plane
through the sphenooccipital synchondrosis, and
the caudal, comprising the rear part of the cra-
nium together with the auditory regions. In L.
californicus there is probably very little actual
movement at the ICJ; its actual purpose, as
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adit epitym sin
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mand fos
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cr meat

FIG. 7. Oldfieldthomasia cf. debilitata AMNH-VP 28600, left hemicranium, virtual coronal section; for approx-
imate location see figure 1B; lateral to right. In this section, the only suture found on preserved part of lateral
wall of auditory region is the squamoso-ectotympanic suture; retroarticular process formed jointly by squa-
mosal and ectotympanic, with no evidence of additional element Xa. Petrosal material contributes modestly
to medial margin of aditus to epitympanic sinus and therefore to thecal wall. Matrix (see fig. 1) filling epi-
tympanic sinus has been partially removed to facilitate labeling. Auditory ossicles—fragments of malleus and
incus—are out of position in aditus to epitympanic sinus.

inferred by Bramble (1989), is to act as part of a
shock-absorbing apparatus to prevent deforma-
tion of the orbits (and therefore visual impair-
ment) during the strike phase of ballistic leaping
(see also Stott et al., 2010). On the other hand,
short-limbed, nonleaping Ochotona has some of
the osteological correlates noted above for Lepus

in even more exaggerated form (see Wible, 2007),
but with much larger paratympanic spaces, sug-
gesting isolation of the auditory apparatus may
also be significant for other reasons as well.
Regardless of putative IC] function, the align-
ment of relevant sutures, synchondroses, and
hiatuses in pachyrukhines is certainly similar
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NO. 384
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liritemp PAR-INP

tent pr soc FRO
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epitym theca preot fl

ASP
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mast can pirif fen +
for ovale

FIG. 8. Paedotherium sp. AMNH-VP 45914, stereopair views of caudal cranium (with keys) in ventral (A),
right lateral (B), right caudal (C), and dorsal (D) aspects, on this and subsequent pages. All to scale in A. In
key diagrams, squamosal (including external aspect of epitympanic theca) is white; other elements colored
differing shades of gray. Question marks indicate indistinct or inferred borders between squamosal theca and
some other element; hachure indicates major breakage. Delicate ventrocaudal extremity of paroccipital process
is usually broken off in pachyrukhine skulls (see Sinclair, 1909: pl. X, text-fig. 4). Key to A: 1, petroso-exocci-
pital suture; 2, basioccipito-bullar suture; 3, exoccipito-bullar suture (on paroccipital process); asterisk lies in
foramen sometimes identified as “foramen lacerum medium” or “carotid canal” in notoungulate studies
(but see Gabbert, 2004). Note small, cylindrical tympanostyloids situated within hyoid recesses. Unidentified
large basioccipital foramina (multiple on specimen’s left side) lying close to the midline are likely venous ports.
Key to B: asterisk in dorsal midcranial hiatus. Klinocrany is obvious in this aspect; compare less derived
Cochilius (fig. 13B). Note within dorsal hiatus the slight exposure of petrosal (question mark) and tentorial
processes of supraoccipital and parietal. Key to C: 1, supraoccipito-thecal suture; 2, petroso-exoccipital suture.
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FIG. 8. (Continued.) Precise positions of sutures on caudal aspect of skull notably vary among Paedotherium
specimens because overgrowths (alae) from surrounding elements may develop in such a way that they produce
internal or self-sutures, thereby falsely suggesting presence of separate elements (e.g., “mastoideo-posttympanic
suture” between theca and petrosal in Hegetotherium mirabile AMNH-VP 9223; Sinclair [1909: 71, text-fig.
14]). In this specimen, probable position of lines of fusion among elements indicated by question marks. Exter-
nally, aperture of posttemporal canal actually lies at junction of three bone territories (petrosal, squamosal, and
exoccipital), but how the aperture is framed in the adult varies. Petrosal also produces alae, which may over-
grow the posttemporal dehiscence in such a way that in some specimens (as here) the aperture appears to be
wholly encased by petrosal material. In pachyrukhines the paroccipital process is a broad flange that incorpo-
rates not only exoccipital material but also ectotympanic and petrosal. Size of individual contributions also varies
(cf. figs. 9B, 12F, G). In AMNH-VP 45914, both ectotympanic and petrosal appear on lateral side. As usual
there is no sutural or other identifiable boundary between supraoccipital and exoccipital. Key to D: 1, supra-
occipito-thecal suture; 2, parieto-thecal suture (along squamosal bar); asterisk, ?lateral interparietal (see text).
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FIG. 9. Paedotherium MLP unnumbered2, stereopair views of isolated left auditory region (with keys) in lateral
(A) and medial (B) aspects. Both to scale in A. Shading convention as in figure 8. Specimen not in life posi-
tion (see fig. 8B for proper orientation). This specimen, evidently adult, is relatively complete except for loss
of thecal spine (single asterisk in A) and damage to exoccipital. Many features can be identified that are
otherwise very difficult to see in intact skulls. Sutural divisions can be detected where expected in most areas;
however, squamosal and ectotympanic are smoothly continuous (probable position of boundary indicated by
question marks). Ectotympanic probably forms most or all of meatal roof; entotympanic participation has not

Downloaded From: https://complete.bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 07 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



2014 MacPHEE: NOTOUNGULATE CAUDAL CRANIUM 31

epitym theca

par/theca sut

soc/theca sut

squ bar

cr pet
can semic rost petmast can

aper aqu vest subarc fos

can semic caud crus com

fac for + dors

tract spir for + vestib area

vent vestib area

cr transv

occ cond

hypogl for jug for + mast can —

been confirmed in pachyrukhine bullae and is thus omitted (see text). Paroccipital process is largely missing;
reconstructed outline based on AMNH-VP 45914 (fig. 8B; note differences in position of petrotympano-
exoccipital suture in these two specimens). The numerous vascular foramina punctuating dorsal part of audi-
tory bulla are of uncertain homology. In B, double asterisks identify major vascular grooves. Note rugose
sutural surfaces for supraoccipital and parietal on medial aspect of theca. Large black arrow is situated in
transverse dehiscence between tentorium and medial thecal wall, connecting transverse sulcus with posttem-
poral canal (not preserved). Note large, pillarlike petrosal crest, which contributes to tentorium.
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FIG. 10. Paedotherium sp. MLP 52-1X-28-29. A is virtual coronal section through external auditory canal,
medial to right. B and C locate planes of sectioning for sections illustrated in figures 10-12 (exposed matrix
colored gray). On skulls, ectotympanic material appears to contribute to dorsal wall of external acoustic
meatus, although no suture between ectotympanic and squamosal theca can be identified in adult and actual
situation therefore uncertain. Note incus (out of position) and prominent anular bridge. Asterisk (*) below
bulla indicates fracture (not ectotympano-entotympanic suture).
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enough to their leporid counterparts to make
comparison worthwhile (cf. figs. 8-9 and fig. 18).
Sutures concerns us first. Immediately subjacent
to the mandibular fossa the squamosal and ali-
sphenoid form a delicate preotic flange of bone
(not to be confused with the preotic crest, a quite
different feature found in some placentals;
MacPhee, 1981). In well-preserved Paedotherium
fossils this flange touches, but is not fused to, the
surface of the auditory bulla. (The flange in the
specimen depicted in figure 8B is somewhat
damaged.) Although it barely qualifies as such,
topologically the contact between flange and
bulla can be described as comprising the glaser-
ian fissure in this taxon. Termination of the pre-
otic part of the squamosal at the glaserian fissure
would normally mean that the squamosal does
not contribute to structures lying directly caudal
to this point, such as the epitympanic theca.

In pachyrukhines the epitympanic sinus is
so large that it bulges caudally as well as dor-
sally, and this has several morphological con-
sequences. Virtual sections and microscopic
examination of specimens establish that no bones
other than the squamosal and petrotympanic
directly face onto the airspace within the theca.
However, the sutural picture is made complex by
the growth of wings or alae from various ele-
ments that slightly overlap the swollen thecal
walls as well as nearby structures (figs. 12B-E).
This is particularly evident in the case of alae
developed from the petrosal (or petrotympanic),
producing a far greater caudal exposure of this
element than is typical for notoungulates (cf.
Cochilius, fig. 13; Billet, 2011).

On the dorsal aspect of the skull (fig. 8C, D),
the theca enters into sutural relationships with
the other bones in the caudal cranium (supra-
occipital, parietal, and interparietal). As all rele-
vant sutures are patent in the available material,
it is certain that these other bones are separate
from, and therefore do not contribute to, the the-
cal walls. Sutural contacts continue onto the cau-
dal surface of the cranium, between the rear of
the auditory region and divisions of the occipital
(including the interparietal, which is partly fused
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to the supraoccipital; see Interparietal Complex).
Endocranially (fig. 9B), the exoccipital is in
lengthy sutural contact with the petrotympanic,
and the medial and lateral ends of the tentorial
process of the supraoccipital articulate with the
petrosal crest (figs. 11D, 12C). All of these ele-
ments are firmly locked together but only weakly
joined to the rest of the skull along the caudal
perimeter of the ICJ.

Returning to the midcranial region, it may be
noted that bone-to-bone contacts are interrupted
by two lengthy gaps, denoted here as the piriform
fenestra and the dorsal midcranial hiatus (fig. 8A,
B). The mammalian piriform fenestra as defined
by MacPhee (1981) is present in adult stages of
many groups, although it varies greatly in size
and conformation (Wible, 2007). In Paedothe-
rium the outlet for the mandibular nerve (fora-
men ovale) is not separable osteologically from
the larger piriform fenestra; this joint aperture
is sometimes identified as the sphenotympanic
fissure (Gabbert, 2004), but here their theoreti-
cally separate identities will be maintained. The
fenestra is typically positioned, i.e., on the basi-
cranial floor, lateral to the central stem and sand-
wiched between the auditory region caudally and
preotic portions of the alisphenoid and squamo-
sal rostrally.

The dorsal midcranial hiatus is the much
larger vacuity situated on the dorsolateral aspect
of the skull between the preotic flange and the
squamosal bar (fig. 8B, D). Roth (1903) did not
describe the hiatus as such, although it can be
clearly made out in his illustration of the skull of
Pachyrukhos (fig. 3). Significantly, he showed the
hiatus as bounded dorsomedially by his “sutura
squamoso-mastoidea,” the existence of which
comprises his principal evidence for inferring
that another, nonsquamosal element must cover
the epitympanic theca. Although Roth doubtless
had several pachyrukhines to examine, the one
depicted in his plate is misleading: as may be
seen by comparing figures 3 and 8D, the indi-
cated suture is actually the one between the
parietal and the theca, the squamosal bar having
been lost in his specimen. (This may or may not
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FIG. 11. Paedotherium sp. MLP 52-1X-28-29, four virtual parasagittal sections, left auditory region, rostral to
right. All to scale in B. Sections are in lateromedial sequence, beginning with slice through external acoustic
meatus and progressing through medialmost part of the tympanic cavity and bullar wall (see locator diagram,
fig. 10B). In A, single white asterisk, sulcus for transverse sinus, grooving medial aspect of theca; double white
asterisks, ?vascular conduit of uncertain homology, traveling within mastoid canaliculus. The dorsal hiatal
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ridge appears twice in this section, curving across rostrolateral aspect of theca. In B, single black asterisk identi-
fies adital margin of tegmen tympani. Tympanostyloid has retained ontogenetic connection with tegmen tym-
pani, despite sculpturing effects of massive middle ear pneumatization. In C, discontinuity seen in squamosal
bar is a fracture, not a suture. Note small vertical septum running between tympanic floor and cochlear prom-
ontorium. In D, white asterisks in transverse sinus and its tributaries. Note extensive fracturing of petrosal.
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FIG. 12. Paedotherium sp. MLP 52-1X-28-29, seven virtual horizontal sections on this and subsequent pages,
rostral to right. All to scale in A. For orientation, rostral portion of cranium is shown in A but cropped out
in succeeding sections. In A, note continuity between transverse sulcus and posttemporal canal (white aster-
isks) and fracture (br, not a suture) passing through squamosal bar. Sections B-G are in dorsoventral sequence,
beginning with a plane passing slightly beneath cranial roof and progressing through occipital condyles.
Contributions of major elements to tentorium osseum, thecal alae, and walls of the transverse sinus are easily
distinguished. Note extensive caudolateral exposure of petrosal material, unusual in a notoungulate.

be the same specimen as the one figured by
Lydekker [1893: pl. 1], who thought the squamo-
sal bar was part of the parietal. Simpson (1936)
probably could not have fathomed any of this
from the accounts of these authors, and these
misidentifications must have added to his overall
frustration.)

Despite Roth’s (1903) inadequate descriptions,
it is important to consider whether the dorsal
hiatus, given its very large size in pachyrukhines,
might have held an element, or part of an ele-
ment, during life. This possibility is nominally
suggested by the presence of the low, rugose, dor-
sal hiatal ridge on the rostral surface of the thecal
wall (figs. 8B, 9A). The ridge is denticulated like

a typical cranial sutural margin, although less so
than (for example) the suture formed between the
theca and supraoccipital (figs. 9B, 11D). It runs
in a tight, downturning arc from the position of
(and in the same convex plane as) the squamosal
bar and ends facing on (and in the same convex
plane as) the preotic ends of the alisphenoid
and squamosal. The fact that these features are
oriented in such a specific way strongly implies
that something stretched between them in life,
thereby shutting off the dorsal hiatus. There are
several possibilities:

1. Closure by bone originally present. There is
no indication in any of the pachyrukhine skulls
examined that an independent ossicle was ever
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FIG. 12. (Continued.)

present in the space occupied by the midcranial
hiatus, even though the caudal margin of the
preotic flange is probably not entirely complete
in any specimen examined. If during life the
flange made contact with the ventral section of
the hiatal ridge, the result would have been the
closing off of a part, but certainly not all, of the
hiatus.

In Lepus californicus the elongated caudo-
ventral end of the interparietal projects under
the squamosal bar and into the hiatus (fig. 18B),
where it freely inserts between the squamosal
and petrosal, effectively locking them together.
Bramble (1989) called this projection the hiatal
plate and interpreted it as another, albeit pas-
sive, component of the jackrabbit’s IC]: because
it does not articulate suturally with the petrosal,
it “does nothing to impede movement along the
intracranial joint” (Bramble, 1989: 307). In well-
preserved pachyrukhine skulls the shelflike ten-
torial processes of the supraoccipital and parietal/

NO. 384

parocc pr

occ cond

prom

aud bulla

interparietal can be seen through the hiatal
opening; they do not actually project into the lat-
ter, but do form a strong sutural bond with the
petrosal crest in the tentorium osseum (figs. 11D,
12C). Rather than having anything to do with
the hiatus as such, then, perhaps in both leporids
and pachyrukhines the arrangement of these
outgrowths acts to reinforce the bony framework
of the caudal cranium. This interpretation does
not, however, explain the presence or orientation
of the organized array of bony edges and spicules
that constitutes the dorsal hiatal ridge.

2. Undifferentiated dense connective tissue.
Rather than by bone, the midcranial hiatus might
have been closed by membrane, continuous with
the primitive ectomeninx (cf. MacPhee, 1981).
Such tissues cover the midcranial hiatus in lepo-
rids as well as the piriform fenestra in shrews and
some other eulipotyphlans (Gasc, 1963; MacPhee,
1981; personal obs.). The appearance and radial
disposition of the pachyrukhine dorsal hiatal
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ridge recalls the kind of marginal ectopic ossifi-
cation that may occur at bony attachment points
of dense connective tissues under significant,
repeated stress. Muscle attachment to such tis-
sues might produce sufficient stress to initiate the
ossification of the latter; this is often a pathologi-
cal process (Standring, 2009) but of course need
not be (e.g., production of sagittal crest for tem-
poralis m.).

A feature of possible relevance in this regard
is the stout projection (thecal spine) on the ros-
tral thecal wall, situated in an exposed position
just above the hiatal ridge (figs. 8B-D, 12A) and
often damaged or broken in fossils (fig. 9A). The
spine is in line with and appears to be function-
ally related to the linea temporalis for the ori-
gin of temporalis m. Alternatively, it may have
acted as an attachment for a well-developed pin-
nal extrinsic such as parietoauricularis m. or its
equivalent—an attractive argument if pachy-
rukhines possessed large, heavy external ears.
The spine’s prominence may have been due to
the large number of muscle fibers arising from it,
perhaps because there was insufficient area for
a more rostral attachment. This might have been
the case if the hiatus were exclusively covered by
membrane.

3. Membranous port for blood vessels. In all
notoungulates examined, the medial wall of the
theca is deeply incised by the large sulcus for the
transverse sinus (fig. 9B, 15B, 17C). This sinus
and its various tributaries presumably drained to
the jugular/occipital system of veins via several
ports, including the posttemporal, jugular, and
retroarticular foramina. In pachyrukhines, how-
ever, this last aperture is missing as such, because
the preotic portion of the cranial wall is largely
unossified. Apparently, the retroarticular sinus
simply passed through the midcranial hiatus in
order to join the jugular system, as suggested by
the presence of truncated sulci that suddenly end
on the immediately adjacent thecal wall. (Mis-
interpreting the relevant morphology, Sinclair
[1909: 89] stated that he was unable to find a
“postglenoid” foramen in Pachyrukhos, as all the
skulls he examined displayed a “fracture” in the

relevant area.) From one standpoint it could
be said that pachyrukhines differed from other
notoungulates in possessing a greatly enlarged,
membranous retroarticular foramen (which may
have carried an artery as well as a vein). How-
ever, hiatal width in pachyrukhines is surely
much larger than any plausible diameter for tran-
siting blood vessels, indicating that this cannot be
the complete explanation for the gap’s presence.

4. Rarefaction zone within the squamosal.
Whatever the functional reasons for their appear-
ance, the various fenestrations or rarefactions
characteristic of leporid crania are not random
in their disposition or patterning (Wible, 2007;
Moss and Feliciano, 1977). This point applies not
only to the specific elements affected, but also
to features consistently lying within their terri-
tories (such as the large dorsal foramen consis-
tently seen in the fenestrated nuchal area of Lepus
californicus; fig. 18B). Fenestration in pachyru-
khine cranial bones is more restrained, but it
exists (see Sinclair, 1909: pl. X, fig. 1) and is like-
wise patterned. This raises the question whether
the midcranial hiatus could be interpreted as a
particularly large and continuous zone of or-
chestrated bone loss within the territory of the
squamosal, without having to infer that its pres-
ence was due to the transmission of an outsized
vessel. In this argument, absent the hiatus and
with normal ossification patterns restored, the
pachyrukhine cranial sidewall—including the
epitympanic theca—would now be in seamless
continuity with other squamosally derived ma-
terial, just as in other notoungulates in which
the hiatal opening is lacking. This explanation is
attractive primarily because it solves the mor-
phological paradox of inflating a large epitym-
panic sinus entirely from within the confines of
a tiny bone territory (squamosal bar) situated far
from the primordial location of the competent
tissue apparently responsible for inducing mid-
dle ear expansion (epithelial lining of the devel-
oping cavum tympani; see Thompson and Tucker,
2013).

The first three interpretations of the morpho-
logical significance of the midcranial hiatus are
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FIG. 13. Cochilius volens AMNH-VP 29651, stereopairs of left side of caudal cranium (with keys) in ventral
(A), oblique ventrolateral (B), and dorsal (C) aspects, on this and subsequent pages. Shading convention as
in fig. 8. Key to A and B: 1, squamoso-alisphenoid suture (preotic area); 2a/2b, squamoso-ectotympanic
suture (incl. glaserian fissure; question mark indicates boundary in meatal area uncertain); 3, putative ecto-
tympano-entotympanic suture; 4, exoccipito-ectotympanic suture; 5, petrotympano-squamosal suture (ques-
tion mark indicates uncertain boundary); 6, squamoso-exoccipital suture (on paroccipital process). Key to C:
1, squamoso-parietal suture; 2, inferred squamoso-interparietal suture; 3, speculative reconstruction of pari-
eto-interparietal suture (externally obliterated, actual confirmation unknown); 4, supraoccipito-(inter)parietal
suture; 5, squamoso-zygomatic suture. In A, petrosal (asterisk) slightly exposed in basicapsular fissure due to
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deformation. Pars canalicularis of the petrosal contributes to floor of posttemporal canal, but as it is not
exposed externally to any significant extent (see fig. 15D) it is not colored as such in key diagrams. Although
entotympanic (ENT?) participation in bulla is considered highly likely, decisive evidence would have to come
from early stages (see text). This specimen is well preserved, but it nonetheless exhibits several fractures that
superficially mimic sutures. In C, feature a is situated in a location similar to the “sutura squamoso-serrialis”
in Roth’s (1903) illustration of a young Toxodon (fig. 2). Another break, nearly the mirror image of this one,
occurs in the same position on the right side (not shown). The explanation for their presence may be tapho-
nomic: large vascular channels (transverse sinus and tributaries, situated just beneath the cranial roof in this
area) may increase the likelihood of postmortem fracturing (e.g., fig. 14B).
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uncontroversial in the sense that they do not
require any unusual developmental processes,
whatever their likelihood may be on other
grounds. However, they presuppose a very small
squamosal component in the theca, perhaps no
larger than the area circumscribed by the hiatal
ridge (fig. 9B). By contrast, the fourth interpre-
tation asserts that the squamosal was actually of

sag cr

SOC 1cm

normal size and relations in pachyrukhines, but
for unknown reasons developed an extensive rar-
efaction zone within its caudal portion.
Another taxon that sheds light on the organi-
zation of the pachyrukhine caudal cranium is the
kangaroo rat Dipodomys, which exhibits hyper-
trophied paratympanic spaces in combination
with a highly reduced squamosal but lacks the
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morphological correlates of the ICJ. Thanks to
Webster’s (1975; see also Webster and Webster,
1975) exhaustive studies of ear region ontogeny
in this heteromyid, there is no question about the
individual contribution of bone territories to the
formation of the epitympanicum (= epitympanic
sinus/theca of this paper). In the kangaroo rat
this volume is exclusively covered by the petro-
tympanic (both elements participating); the squa-
mous squamosal is reduced to a bar (suprameatal
spine of the squamosal; fig. 19A), which is applied
against, but not fused to, the dorsal wall of the
external acoustic meatus. The parietals, interpa-
rietals, and supraoccipital make no contribution
to the walls of the epitympanicum (Beer, 1965).

The demonstrable separateness of the squa-
mosal throughout ontogeny in Dipodomys is a
key difference from Paedotherium, in which, as
virtual sectioning shows (figs. 10-12), most of
the theca is squamosally derived. This obser-
vation does not establish that the pachyrukhine
hiatus is therefore due to rarefaction in the man-
ner discussed above, but it does allow the pre-
sumption that this group differs from other no-
toungulates only in the degree of definitive
squamosal development, and that in no regard
is it necessary to invoke the existence of an in-
dependent serrialis to explain the origin of the
thecal covering.

On this point comparison to heteromyids is
again useful, for they likewise vary in the degree
of squamosal participation in the cranial sidewall
(Webster and Webster, 1975; Nikolai and Bram-
ble, 1983). In heteromyines (e.g., Liomys), the
squama of the squamosal is still small compared
to that of most eutherians, but it is large enough
to contribute to the cranial wall dorsal to the
meatus. In dipodomyines and also in perogna-
thines (Perognathus, Chaetodipus) this portion is
always small, never amounting to much more
than the tiny rod seen in Dipodomys. Interest-
ingly, this difference is correlated with the scale
of paratympanic pneumatization: in heteromy-
ines inflation is relatively conservative, but in
some dipodomyines, of which Dipodomys deserti
is the outstanding example (Webster, 1975; Best
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et al., 1989), pneumatization is so extensive that
the combined volume of the two middle ears
exceeds that of the braincase.

Cochilius

Of the three interatherioid skulls submitted
for CT scanning (Cochilius volvens AMNH-VP
29651, Progaleopithecus tournoueri AMNH-VP
29603, and Protypotherium sp. MLP 12-1280),
only the first produced good results and there-
fore comments will be largely limited to this
specimen.

Macroscopically, Cochilius volvens AMNH-VP
29651 (figs. 13-15) is solidly constructed and,
like other interatherioids (fig. 16), lacks the large
piriform fenestra and dorsal midcranial hiatus
seen in pachyrukhine hegetotherioids. In volume
the epitympanic sinuses are in fact quite large,
but the outline of their thecae on the caudal cra-
nium is subdued because of the extreme robust-
ness of the temporal ridges (fig. 13C).

A number of cranial sutures in AMNH-VP
29651 are either open, or, if fused, still identi-
fiable in section by indicia (fig. 14C). On the
dorsal surface of the skull, the external suture
between the squamous part of the squamosal and
the parieto-interparietal is apparent and punctu-
ated by large foramina for rami temporales (fig.
13C). Sutural relationships are as in notoungu-
lates generally, in that there is no evidence of any
atypical sutures or subdivisions of bone territo-
ries (but see Entotympanics and Septum Bullae).
The squamosal and the rostral crus of the ecto-
tympanic are fused, and the sutural line between
the bulla and the petrosal has largely disappeared
(although its trace is still identifiable; fig. 13A).

Virtual sectioning of the skull (figs. 14, 15)
reveals that the thecal covering is separate from
all other bone territories except the squamosal,
which unequivocally forms most of the theca;
and the petrotympanic, which is continuously
fused with the thecal wall in a small zone around
the aditus and along the medial wall of the nota-
bly inflated retrotympanic process (fig. 15B, C).
Roth (1903) claimed that the “protuberancia
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FIG. 14. Cochilius volens AMNH-VP 29651, three virtual parasagittal sections, left side, arranged in lateral to
medial order on this and subsequent pages; rostral to right. All sections to scale in C. Diagram A indicates
planes of sectioning in this figure and figure 15. B, section through external acoustic meatus; note incus in
epitympanic sinus, out of position post mortem (also seen in fig. 15B). Although remodeling has erased most
suture lines, still partly represented is suture between ectotympanic’s rostral crus and preotic portion of squa-
mosal (squamoso-ectotympanic suture, large white asterisk). Suture between caudal crus and retrotympanic
process is no longer identifiable. Upper leader to mand fos (mandibular fossa) points to damage comparable
to that seen in a similar place in Oldfieldthomasia AMNH-VP 28600 (feature 3 in fig. 1A); it is not evidence
of a suture. C, section through towered tip of cochlear promontory. Simpson (1936) thought the small septum
(small white asterisk) on rear wall of bulla conducted internal carotid in Oldfieldthomasia; in Cochilius this
feature is better interpreted as conduit for tympanic nerve. D, section through medial aspect of middle ear;
the part of the bulla articulating with petrosal is probably of entotympanic origin (see text). Rostralmost end
of septum bullae in this section is confluent with bullar wall; more caudally it is distinct and connects with
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promontorium, as in other notoungulates in which this feature has been detected. Note long tongue of tentorial
process of supraoccipital (tent pr soc) meeting tentorial process of parietal (tent pr par). Exoccipital and supra-
occipital are completely fused, but the division between parietal and interparietal can still be identified.
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pet/theca sut

fen vest + fac sulc
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FIG. 15. Cochilius volens AMNH-VP 29651, four virtual coronal sections, left side (rev.), arranged in rostral to
caudal order (for approximate locations of sectioning planes, see fig. 14A). All to scale in D. A, section through
rostralmost end of bulla. Note fracturing (br) on medial surface of squamosal, which mimics a true suture.
Arrow, discontinuity on rostral lip of bulla thought to represent nearly obliterated ectotympano-entotympanic
suture. B passes through external acoustic meatus (note incus in epitympanic sinus, out of position post mor-
tem). Arrow identifies caudal end of same groove seen in A. Except for petroso-bullar suture, other discontinui-
ties are fractures. Asterisk identifies the large longitudinal fracture, seen on dorsal aspect of skull and positioned

5«

in roughly the same place as Roth’s “sutura squamoso-serrialis” (see fig. 13C). Note that fracture intersects the
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very large transverse sinus, also longitudinally positioned. In C (section through caudal portion of epitympanic
sinus and retrotympanic process), it appears that rearmost part of petrosal was pneumatized in concert with
retrotympanic process; thus, sidewall of epitympanic sinus in this region is probably both squamosal and petrosal
in origin. This should be distinguished from conditions in D: here caudal portion of pars canalicularis helps to
frame part of posttemporal canal, but trabeculated space (asterisk) seen internally within “mastoid” is a marrow
cavity, unconnected to middle ear. Caudalmost part of epitympanic theca appears suspended in space, separated
from more medial parts of skull by relatively enormous posttemporal canal and sulcus for transverse sinus.
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FIG. 16. Protypotherium sp. MLP 12-2780, caudal cranium in left lateral (A), dorsal (B), and caudal (C)
aspects. All to scale in C. Caudal cranium of Protypotherium strongly resembles that of close relative Cochilius
(fig. 13). Both of these interatherioids possessed large epitympanic sinuses, although thecal prominence is
relatively less than in pachyrukhines. Few sutures can be identified on the caudal cranium of this particular
specimen, but there is no reason to think that it differed from other notoungulates in sutural content or ele-
ment composition. Note broken areas above posttemporal canal. Large size of foramina for rami temporales
is noteworthy (size varies within taxon; cf. Sinclair, 1909, pl. III, fig. 2).

mastoidea” was pneumatized in notoungulates,
but this is probably not correct judging from con-
ditions in Cochilius. In this taxon (fig. 15D) the
caudal end of pars canalicularis presents large,
trabeculated spaces, possibly for hematopoeic
tissue, but these lack a connection with either the
tympanic cavity or the epitympanic sinus. Unlike
Paedotherium (fig. 12), alae are not significant
and the petrotympanic has only limited exposure
on the caudal aspect of the skull, where it helps
to frame the aperture of the posttemporal canal.
Protypotherium sp. MLP 12-2780 is apparently
similar in these respects (fig. 17B, C).

In summary, the caudal cranium of adult Co-
chilius bears no evidence of a serrialis or unusual
sutural relationships suggestive of additional ele-
ments. The epitympanic theca is largely formed
by the squamosal, with small contributions from
the compound petrotympanic. Because of crush-
ing it is not clear whether the rostral crus of the
ectotympanic contributes to the lateral part of
the meatal roof. The caudal crus definitely does

not, as there is a marked fissure (retrotympanic
fissure; fig. 13B) between the two. As far as may
be ascertained this last statement applies to other
interatherioids as well.

Oldfieldthomasia

As already noted, Oldfieldthomasia AMNH-
VP 28600 was not a happy choice for Simpson’s
(1936) purpose, not only because of its general
condition, but because it was not one of the taxa
that Roth (1903) specifically noted as possessing
the serrialis. Despite its greater geological age
compared to that of most other notoungulates
known to Simpson in the early 20th century, in
its caudal cranial construction Oldfieldthomasia
cannot be described as especially primitive (as
compared, for example, to the definitely more
primitive henricosborniid Simpsonotus [Late Pa-
leocene; see Billet, 2011]).

Although Simpson (1936) maintained in his
text that the thecal walls (his “pars epitympan-
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ica”) of Oldfieldthomasia were squamosal, some
section drawings show apparent continuity be-
tween thecal walls and bone that is surely ecto-
tympanic in origin; others show a connection
with his putative adventitious elements (see The
X Elements). However, ignoring these, there is
no reason to doubt that the squamosal contrib-
uted most of the thecal covering in Oldfield-
thomasia, with the petrotympanic contributing
modestly to the adital area where bulla, theca,

MacPHEE: NOTOUNGULATE CAUDAL CRANIUM 49

ext acous meat

soc/theca sut

ext acous

occ cond

and tegmen tympani anatomically meet and
where intense remodeling probably first began
during ontogeny. Evidence for a serrialis is
accordingly completely lacking.

INTERPARIETAL COMPLEX

“The” interparietal bone (or, better, interpari-
etal complex, as now understood; see Koyabu et
al., 2012) has long been known as a participant
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FIG. 17. Protypotherium sp. MLP 12-2780, virtual coronal sections through caudal cranium, apparent right
side: rostral (A), middle (B), and caudal (C) portions of middle ear (A and C rev.). All to scale in C. For
approximate locations of sectioning planes, see fig. 16B. Although this matrix-embedded specimen is in good
condition overall except for damage to thecal walls, CT resolution is relatively poor and fine details cannot
be discriminated. Note well developed medial paratympanic cavity in A and B. In B, arrow identifies approxi-
mate position of suture between squamosally derived theca and caudal crus of ectotympanic, not evident in
this section but clearly present in others, confirming that squamosal contributes the most to epitympanic sinus
enclosure. In C, caudal part of highly trabeculated epitympanic sinus extends deep into retrotympanic process
(asterisk). Suture between supraoccipital and overplated interparietal is obvious.

in the mammalian caudal cranium, and in that
sense its occurrence in South American ungu-
lates is uncontroversial. However, it has relevance
here because Koyabu et al. (2012) have substan-
tially refined our understanding of the inter-
parietal complex by providing a wealth of new
observations, some of which bear on interpreting
conditions in notoungulates. Utilizing combi-
nations of paleontological, neontological, and
experimental evidence, these authors persua-
sively argue not only that most, and quite pos-
sibly all, major mammalian clades possess “the”
mammalian interparietal, but also that the struc-
ture as expressed in the adult stage is itself de-

velopmentally compound, consisting of four
subunits (two medial and two lateral interpari-
etals, in their terminology) that usually fuse, pair-
wise, very early in cranial ontogeny. The complex
may remain independent or, more often, fuse to
surrounding bones, particularly the supraocci-
pital and parietal. This helps to make sense of
what were often previously considered to be
anomalous observations regarding unexpected
sutures or evidence of subdivision in the more
limited set of elements traditionally thought to
make up the caudal part of the mammalian cra-
nium (e.g., Broom, 1916; MacPhee and Nova-
cek, 1993).
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FIG. 18. Lepus californicus AMNH-M 177068, left side (rev.) of caudal cranium in ventral (A) and oblique
rostrolateral (B) aspects, illustrating extent of rarefaction (fenestration) and several osteological features
related to intracranial “joint” (ICJ) between rostral and caudal parts of cranium. Both to scale in B. Only
features of direct relevance are labeled; for a detailed cranial osteology of lagomorphs, see Wible (2007). The
leporid IC], conceived by Bramble (1989) as a linked series of narrow gaps (sphenooccipital synchondrosis/
foramen ovale/piriform fenestra/midcranial hiatus), divides the skull into rostral and caudal moieties. In life
these gaps would be filled with dense connective tissues, including sutural soft tissues and, within spheno-
occipital synchondrosis only, cartilage. Hiatal plate (black asterisk), filling dorsal part of midcranial hiatus
in B, is a process of the interparietal; it projects under processus squamosus (squ pr), perhaps acting as a
strengthening member in absence of a caudally extensive squamous squamosal. Among cranial elements
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With regard to notoungulates, Koyabu et al.
(2012) reported on the basis of a literature
search that medial and lateral interparietals were
present in several taxa (Toxodon, Mesotherium
[= Typotherium], Nesodon, Pachyrukhos) but gave
no other details. A few additional features revealed
by CT scanning are presented here as they have
a bearing on the interpretation of the caudal cra-
nium in this group. One observation of interest
is the fact that, in Paedotherium, Cochilius, Pro-
typotherium, Progaleopithecus, Oldfieldthoma-
sia, and Notopithecus (this study) and thus very
probably typotheres in general, the bones com-
prising the caudalmost part of the cranial roof
exhibit a relationship similar to that described
for certain soricids (specifically Sorex araneus
and S. wunguiculatus) by Koyabu et al. (2012:
14076, captions to supplemental fig. S11-S12). In
these shrews, the caudalmost part of the roof is
double tiered, an arrangement in which the
interparietal complex largely covers the dorsal
exposure of the supraoccipital—effectively the
reverse of the expected in terms of traditional
identifications, in which any suture-delimited
element on the caudalmost margin of the cranial
dorsum is usually regarded as supraoccipital in
origin. How frequent the double-tiered arrange-
ment is in mammals is not known. Figures 14C
and 15C-D illustrate arrangements in Cochilius,
which are much like those seen in the other
taxa investigated. In Cochilius the (true) supra-
occipital makes up much of the caudal aspect of
the cranium, including the nuchal ridge. This
element also makes the expected unions with
the lower part of the occipital squama and exoc-
cipital. The interparietal complex lies relatively
more rostrally, where it is completely fused to the

<
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parietals (through not obvious externally in
AMNH-VP 29651, the remnant of the suture line
can be seen in sections; e.g., figs. 14C, 15C).
Interparietal material covers the endocranial
tentorial process of the supraoccipital, which
projects forward beneath the former (fig. 14C).

As Koyabu et al. (2012) also show, in certain
caviomorphs (e.g., Dolichotis) the lateral interpa-
rietals develop in close proximity to the auditory
capsule. In this position they could be invaded
by the expanding middle ear, although whether
that actually happens in any caviomorph is pres-
ently undocumented. The positioning of sutural
indicia in Cochilius AMNH-VP 29651 indicates
that the interparietal does not participate in the
ear region in this taxon, but there is another fea-
ture that requires explanation in this regard. On
both sides of the dorsal surface of this skull there
is a noticeable discontinuity that intersects the
line of the definite suture bordering the parietal/
interparietal (fig. 13C, feature a). It is situated in
essentially the same relative position as the dis-
tal part of the Roth’s (1903) “sutura squamoso-
serrialis” (fig. 2), and at one point in the present
investigation it seemed plausible that it might
mark a sutural boundary between the squamosal
and lateral interparietal, i.e., that the lateral pari-
etal was integrated into the epitympanic theca.
CT imagery indicates, however, that the apparent
suture is a fracture. As may be seen in figure 15B,
the (true) suture between the squamosal theca
and the parieto-interparietal possesses strongly
interdigitating margins, as is typical of vault su-
tures, while the discontinuity in question (double
asterisks) is straight edged and thus a break.
These images also make clear that the angle of
the break coincides with the trend of the trans-

<

showing significant rarefaction in jackrabbit are alisphenoid, supraoccipital, and noncapsular parts of petrosal
(white asterisks). Although small-scale features within rarefactions seem to be random in size and distribu-
tion, some apertures are constant (e.g., for, innominate foramen in supraoccipital). With regard to pachyru-
khine convergences, the most important difference from a constructional point of view is complete exclusion
of squamosal from middle ear in Lepus, whereas it forms almost all of epitympanic theca in investigated
notoungulates (fig. 8). Pachyrukhines exhibit limited areas of rarefaction in maxillae, but none in caudal
cranium unless the dorsal midcranial hiatus is considered an example (see text).
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FIG. 19. Dipodomys merriami AMNH-M 182081, caudal cranium in left lateral (rev.) (A) and dorsal (B)
aspects; certain sutures emphasized to improve visibility. Names for middle-ear spaces and sutural bounds
after Webster (1975). Insignificant rod (small black arrows in A, suprmeat sp squ in B) running across sur-
face of multipartite middle ear (hypotympanum, epitympanum, antrum) is all there is of squamous portion
of squamosal in this heteromyid. Rod ends freely over external acoustic meatus, and is nowhere fused to
cranial sidewall. In A, black asterisk lies on equally insignificant “body” of squamosal. Apparent suture (large
white arrows) crossing caudal bulge of immense middle ear in A and B marks track of an internal “mastoid”
septum, seen through translucent walls. Roof of external acoustic meatus is formed by ectotympanic, whose
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verse sinus, which as a large vacuity in the dry
skull might have suffered structural failure along
its walls as a result of postdepositional sediment
pressure. Whether this interpretation also applies
to cases such as Roth’s Toxodon specimen (fig. 2)
or Campanorco inauguralis MLP 79-1V-16-1
(personal obs.) is uncertain, but considering that
the transverse sinus is very large in all taxa inves-
tigated it seems distinctly plausible.

A final point of interest is an unusual feature
of Paedotherium AMNH-VP 45914: in this spec-
imen, what superficially appears to be a small,
independent structure is bilaterally exposed in
the region in which the supraoccipital, (inter)
parietal, and squamosal theca form a three-way
junction (asterisk, fig. 8D). Close inspection of
virtual sections of this clearly adult specimen
indicates that the structures in question are
continuous with the supraoccipital, without any
indication of sutural division or pneumatization.
If they are not simply rostrolateral parts of the
supraoccipital, it might be argued on the basis of
their position that they represent lateral inter-
parietals, fused not with the rest of the interpa-
rietal complex but instead with the supraoccipital.
Similar structures were not identifiable in other
pachyrukhine specimens available for study, so
their significance is currently uncertain.

THE X ELEMENTS

The history of Simpson’s (1936) elements Xa
and Xp is short: he described these putatively

<
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independent ossifications only once, and, as he
explained in a footnote, he chose not to give the
X elements formal names because he did not
want to have to commit himself to any specific
theory of their homologies. In his later sum-
mary monograph on meridiungulate system-
atics (Simpson, 1967), he simply quoted his
earlier paper without adding any updates or new
insights. Perhaps because of the tentative way in
which the X elements were thus characterized,
later investigators have largely ignored them.
This is unsurprising; if Simpson’s difficulties in
interpreting fine-scale features in Oldfieldtho-
masia are any guide, assembling evidence for
the occurrence of such minuscule elements in
other notoungulate taxa would likely be just as
discouraging.

Simpson’s (1936) descriptions of the X ele-
ments in Oldfieldthomasia AMNH-VP 28600
were reasonably detailed, but as already noted
his supporting visual documentation was lim-
ited to uninformative views of the damaged left
side and a few section drawings in which the ele-
ments were said to appear (figs. 1, 5). The case
for element Xp concerns us first. Simpson (1936)
labeled this feature in the diagrams of sections 20
and 23 as “Xp(ppt)” and “Xp,” respectively. In
both drawings the element is represented as a
thin-walled, irregular piece of bone, in very close
contact or actually continuous with the ectotym-
panic on the one hand, and close to or part of the
retrotympanic (= posttympanic) process on the
other. Simpson (1936: 10) allowed that Xp “shows

<

crura inscribe a complete ring on lateral cranial wall. Externally visible parts of comparatively tiny interpa-
rietals (white asterisk) are enclosed by rostral arms of supraoccipital (Beer, 1965; Koyabu et al., 2012), which
intervenes between the two thecae but does not contribute to their walls. Relatively well-developed tympano-
styloid (tymstyld) externally overlaps caudalmost part of ectotympanic bulla and thus contributes to wall of
the caudal cranium (Webster, 1975). Nondipodomyine heteromyids display similar, but relatively smaller,
paratympanic spaces; those with the smallest middle ears (Liomys) also exhibit larger squamosals, suggesting
an inverse correlation. Notoungulates resembled Dipodomys in possessing massively expanded epitym-
panic sinuses, but they expanded the true tympanic cavity only moderately and lacked altogether the
antrum as a separately identifiable space. Although epitympanic sinus expansion can be plausibly related
to enhancement of low-frequency audition in notoungulates, this has never been properly demonstrated (but
see Macrini et al., 2010).
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NO. 384

FIG. 20. Selection of section drawings of Oldfieldthomasia cf. debilitata AMNH-VP 28600, from AMNH-VP
archives; right side (ss. 8, 13, 17, 32, and ss. 19-22; approximately twice natural size). Drawings are presented
with original pencil shading, but gray tone has been added to each section to improve overall legibility. Anno-
tations are by G. G. Simpson; most are concerned with his efforts to locate possible or probable sutures (“s”)
bounding adventitious elements Xa and Xp. (Annotations have been repositioned to facilitate reading.) As
Simpson himself concluded, most candidate “sutures” turned out to better interpreted as breaks. Asterisk

some apparent tendency to fuse with the ecto-
tympanic in this skull, and in others studied
seems to be completely so fused . . . [but] there
is in several sections (e.g., [s.] 17) a clear suture
which cannot possibly be a crack” Simpson did
not identify the “others studied” for evidence of
Xp/ectotympanic fusion; the very poorly pre-

served specimen of the primitive toxodontian
Pleurostylodon (AMNH-VP 28878), discussed
in a sort of postscript to his 1936 paper, cannot
have been among them as it lacks almost all of
its auditory region.

In the section drawings of AMNH-VP 28600
the platelike feature disappears caudal to s. 24,
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added to s. 20 lies just beneath the darkly shaded structure that, in the published version of this section,
Simpson (1936; see also fig. 5) labeled as “Xp(p.pt.)”—that is, element Xp, including posttympanic (= retro-
tympanic) process. Separate structure immediately lateral to this feature is the rostralmost portion of paroc-
cipital process. Dense shading also occurs in some other sections reproduced here (including s. 17), but the
area of Simpson’s Xp does not appear to have been otherwise distinctive.

and its relative position is thereafter occupied, as
Simpson correctly noted, by pars canalicularis of
the petrosal (region of crista parotica) and the
paroccipital process of the exoccipital. Simpson’s
only other pictorial reference to Xp occurs on
one of the illustrations of the unsectioned left
half of the skull (fig. 1C). However, this drawing

lacks any indication of the sutures that suppos-
edly set this element off from its surroundings
(nor can any be seen today).

With regard to Simpson’s identification of pu-
tative sutures in this region, the drawing of s. 17
(fig. 20), previously unpublished, shows rostral and
caudal sutures bounding definite ectotympanic
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material; they are marked, in Simpson’s hand, as
“certainly sutural” The more rostral of the two is
simply the squamoso-ectotympanic suture. The
caudal suture is also certainly real, as it can be
continuously traced as far as s. 24 in the archived
drawings. Virtual imaging (fig. 6C) establishes
that this latter suture is the interface between the
caudal crus of the ectotympanic and the tegmen
tympani, i.e., the portion of the petrosal that sup-
ports the facial sulcus and articulates with the
tympanostyloid via the crista parotica.

This last is an important, constant relation-
ship in mammals (Howes, 1896; Starck, 1967;
MacPhee, 1981), and raises the question whether
the tympanostyloid itself could be element Xp.
Simpson (1936) did not discuss the hyoid appa-
ratus as such, but it seems doubtful that he would
have mistaken it for an adventitious element if it
were still housed in its recess. The specimen’s left
side is so badly damaged in the relevant area
that it is essentially uninterpretable (fig. 1B). In
Paedotherium the tympanostyloid is never more
than a simple, relatively unexpanded rod situated
deep within the hyoid recess (e.g., fig. 12E, F). In
mammals the more distal hyoid elements are
almost always lost postmortem because they are
usually separated from the tympanostyloid by
tracts of unossified cartilage (cf. MacPhee, 1981).
Notoungulates appear to be no different in this
regard.

The only other author to recognize the Xp as
an adventitious ossification was Patterson (1936:
fig. 52), who portrayed it as a vaguely defined
area on the lip of the stylomastoid foramen of the
toxodontian Homalodotherium cunninghami.
Unfortunately, other than denoting it as the
“posterior adventitious bone” in his table of
abbreviations, his text is completely silent on this
element.

My interpretation is that Xp is simply the
dorsal part of the (true) retrotympanic process
and thus an extension of the squamosal, or the
squamosal plus a small contribution from the
petrotympanic. Because of damage, unbroken
continuity of Simpson’s “Xp (p.pt.)” and the
squamosal cannot be directly demonstrated on
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the left side of AMNH-VP 28600 (fig. 1C), but
there is nothing in his section drawings that con-
flicts with the interpretation favored here. Simp-
son noted on the drawing of s. 20 (fig. 20B) that
the bone composing Xp appeared “cancellous,”
which I take to mean that it was slightly pneu-
matized, presumably from the epitympanic sinus,
as occurs (often to a much greater extent) in
some other notoungulates (e.g., figs. 15C, 17C).

Element Xa is more problematic to character-
ize. Simpson (1936: 10) represented this element
as a small, vaguely prismatic ossicle “in the post-
glenoid [= retroarticular] process” and thus actu-
ally forming part or even most of the latter. It
was distinct from the ectotympanic as well as
“pars epitympanica and the periotic, both of
which are in contact with it but without even a
sutural union” In the next sentence he stated,
confusingly, that “separation [of Xa] from the
inferolateral portion of the squamosal is not
clearly shown, because of cracks in this region
and, doubtfully, partial fusion, but laterally it has
a distinct suture against the pars glenoidea of the
squamosal” In virtual sections of the left side of
AMNH-VP 28600, the squamoso-ectotympanic
suture is indeed present, as it is universally in
mammals (as either the suture per se or as the
glaserian fissure). All other discontinuities in this
region are fractures (fig. 6A, B).

Simpson (1936: 11) maintained that his
squamoso-Xa suture was “clearly visible on the
other, unsectioned, half of the skull running
transversely across the glenoid surface to the
squamoso-tympanic suture anterior to the fissura
glaseri, exactly corresponding with its course as
shown in the sections.” This suture was not called
out in Simpson’s illustrations of the left half of
the skull, although there is a discontinuity cross-
ing the mandibular fossa that is quite clearly a
fracture line (feature 3, fig. 1A), as virtual sec-
tions confirm (fig. 6A, B). AMNH-VP 28896,
another example of O. debilitata and not illus-
trated here, exhibits a pattern of cracks on the
left mandibular fossa different from that seen on
AMNH-VP 26800. None corresponds to Simp-
son’s putative squamoso-Xa suture.
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A final complication is that Simpson (1936)
also thought that elements Xa and Xp were pri-
mordially independent of every other cranial
ossification except, interestingly, each other. They
were seemingly united, he maintained, by a con-
tinuous bony surface that crossed the meatal
roof; this raised the possibility in his mind that
they might be part of a single, morphologically
complex ossification consisting of rostral and
caudal sections. Nothing corresponding to Simp-
son’s conjoint Xa/Xp is known in other mam-
mals. In the drawings of sections 19-22 (fig. 20)
the meatal roof is shown as continuous with the
feature he designated as element Xa. At the end
of this series the aditus to the epitympanic sinus
appears, and thereafter only the petrosal is found
on the tympanic roof. The drawings, however,
are ambiguous because the meatal roof is itself
continuous with a complicated series of septa
and laminae that connect with (or at least are not
distinguishable from) the theca and even the
parietal (cf. fig. 6A, B).

Given all of these uncertainties it is not pos-
sible to argue convincingly for the presence of
independent elements in the auditory region of
Oldfieldthomasia, whether fused or separate, and
Simpson’s inferences to the contrary are there-
fore rejected. From a broader comparative per-
spective, it may be briefly noted that accessory
elements related to the external acoustic meatus
have been described for elephant shrews, the
armadillo Dasypus, and various rodents, accord-
ing to van der Klaauw (1931; see also MacPhee,
2011). Such features appear to be due, for the
most part, to calcification or ossification of por-
tions of the cartilaginous ring around the porus
meatus. In any case they have no relation to the
middle ear as such and would not serve to ex-
plain either Roth’s or Simpson’s observations
concerning adventitious elements.

ENTOTYMPANICS AND SEPTUM BULLAE

The independent bullar elements known as
entotympanics confirmably occur in a number of
extant and extinct placental groups (e.g., van der
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Klaauw, 1922, 1929; 1930; 1931; Spatz, 1966;
MacPhee, 1979; Hunt, 1974, 1989; Wible, 2009;
Gaudin and Wible, 1999; Maier et al., 2012;
Maier, 2013), and may even be primitive for Eu-
theria (MacPhee and Novacek, 1993). Although
much progress in understanding their compar-
ative morphology and development has been
made during the past century, there is no con-
sensus on entotympanic homologies, if any, with
structures in nonmammals (Moore, 1981; Presley,
1993; Maier, 2013). It is reasonably clear that the
rostral entotympanic is frequently and perhaps
always associated in a developmental sense with
the cartilage of the auditory tube (a constant ele-
ment in therian mammals, so far as is known,
that also lacks an obvious homolog in nonmam-
mals). The caudal entotympanic, when it can be
meaningfully distinguished as such from the ros-
tral, shows in some cases a developmental asso-
ciation with Reichert’s cartilage, but whether this
means it is in fact a second arch derivative is like-
wise uncertain. Pharyngeal arch mesoderm thus
remains a possible, but still undemonstrated,
source for entotympanic primordia.

The fundamental problem with identifying
entotympanics in any given taxon is that they
typically appear late in fetal life and very rapidly
fuse with their surroundings. Thus, the best
evidence for entotympanic presence is always
developmental, whether that emerges from an
ontogenetic series or a juvenile in which a patent
bullar suture can be given no other plausible
explanation. However, for fossil taxa such evi-
dence is usually unavailable; chiefly for this rea-
son, other means for hypothesizing entotympanic
presence are often utilized. Morphological corre-
lations constitute one such approach, as exempli-
fied by the feature known as the septum bullae.

Strictly speaking, identification of the septum
bullae should be restricted to cases in which the
articulating margins of the entotympanic and
some other bullar element (almost always the ec-
totympanic) are known to form a stable interface
during ontogeny. If there is significant middle-
ear pneumatization, the contact may become
markedly lamelliform as a result of coordinated
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osteoblastic/osteoclastic activity operating on
opposing surfaces of the interface, metaphor-
ically carving the septum out of the inflating
tympanic floor (MacPhee, 1981; MacPhee and
Cartmill, 1986). In some groups (e.g., carnivores;
Hunt, 1974, 1989) the correlation between sep-
tum presence and entotympanic occurrence is
high. However, as van der Klauuw (1931: 209)
warned, in other groups “[t]his septum resem-
bles very much the other septa which may occur
in the auditory bulla,” and one therefore has to
be careful not to misapply the name.

Following on from his identification of a
septum bullae in several notoungulates (Hegeto-
therium, Pachyrukhos, Archaeohyrax, Homa-
lodotherium), Patterson (1936) argued for the
existence of a compound bulla—and therefore
of an entotympanic—in these taxa. Although he
later retreated from this assertion, he continued
to make reference to the “likelihood” of entotym-
panic presence in at least some meridiungulate
taxa, claiming in particular that the “hegetothe-
riid septa and the very distinct hypotympanic
sinus of the Toxodonta [sic] nevertheless incline
me to believe that the bulla is compound” (Pat-
terson, 1936: 223; see also Patterson, 1977). As
the next section illustrates, Patterson’s inference,
although more hopeful than empirical, never-
theless requires that we take a new look at the
evidence.

Entotympanic Presence in
Cochilius volvens AMNH-VP 29651

I looked for signs of entotympanic participa-
tion in the best-preserved notoungulate skulls in
the AMNH, MLP, and MACN paleontological
collections but found only one specimen—Cochi-
lius volvens AMNH-VP 29651 —for which a rea-
sonably compelling argument can be made (figs.
13A, B). Interestingly, this specimen was appar-
ently fully mature at death according to Simpson
(1932b), who compared it to another specimen
(AMNH-VP 29657) of the same species in which
milk teeth were present.
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In Cochilius AMNH-VP 29651 the tympanic
floor in ventral aspect consists of three morpho-
logical portions: a rather flattened medial section,
a swollen central part, and, completing the lateral
region, the canal of the external acoustic meatus.
Emphasizing the division between the two first-
named portions is a shallow groove, running
more or less parasagittally (feature 3 in fig. 13A,
B). Externally, the groove extends from the rim
of the aperture for the auditory tube to the inter-
section of the bulla with the paroccipital process,
where it disappears from view. Grooves on the
right and left sides are symmetrically disposed,
unlike most of the small thrust fractures or hair-
line breaks seen elsewhere on the skull. Bullar
surface textures on either side of the groove dif-
fer slightly, and serve to divide the larger, rather
smooth-walled and well-inflated central portion
from the slightly rugose, less-inflated medial sec-
tion. Although the groove and surface texture dif-
ferences can scarcely be described as conspicuous,
they were evidently obvious enough to Simpson’s
artist, who suggested them with contour lines
on the ventral surface of the skull (cf. Simpson,
1932b: fig. 2). Simpson (1932b: 6) himself, how-
ever, noted only that “in this apparently fully
adult specimen all sutures are still open and the
bullae not fused with surrounding elements”

In coronal section (fig. 15B) the difference in
inflation between the medial and central por-
tions is quite noticeable, the changeover being
marked by a distinct “knee” or inflection on the
internal (tympanic) surface of the bulla. Here the
external groove, which follows the trend of the
inflection, is barely identifiable as a slight dimple
on the bullar wall except in relation to the par-
occipital process, near which it becomes more
prominent (arrow in fig. 15B). However, there is
only one place—the margin of the aperture for
the auditory tube—where a discontinuity inter-
pretable as an unfused sutural remnant can be
convincingly identified (fig. 15A). Small dis-
junctions in the caudal bullar wall also exist, but
all seem better interpreted as artificial breaks.
The only other suture related to the tympanic
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floor lies as expected between the bullar floor
and the otic capsule (figs. 15B, C). It is still patent
and can be continuously traced in virtual sec-
tions along the entire contact zone between these
bone territories.

A final point of interest is that Cochilius
AMNH-VP 29651 possessed a septum (fig. 14C)
that corresponds in location to the “vertical” sep-
tum bullae identified in hegetotherioids by Pat-
terson (1936; see also Billet, 2011). The septum
runs from the rostral pole of the promontory to
the bullar wall, creating thereby a small rostro-
medial diverticulum adjacent to the bony chan-
nel for the auditory tube. There is another,
smaller septum (fig. 14B) in the position of the
one that Simpson (1936) thought conducted the
internal carotid into the tympanic cavity in Old-
fieldthomasia, but in both taxa the structure in
question and its associated foramen (fig. 14C)
probably carried the tympanic nerve, not the
internal carotid (cf. inferences similar to Simp-
son’s by Garcia Lopez [2011] and Billet and de
Muizon [2013]).

Entotympanic Presence in
Other Notoungulates

Conditions in other well-preserved specimens
available for study were equivocal. The tympanic
floors of another specimen of Cochilius (MLP
2339, ex coll. Lillo) displayed slight textural differ-
ences, similar to that seen in AMNH 29651, but
clear evidence of the groove was lacking. Intera-
therium (= Icochilius) extensus MACN 9738-39
and Interatherium rodens MACN 9857-58 exhib-
ited bullae conformationally much like that of
Cochilius volvens, but no suture line or textural
difference was observable. In Progaleopithecus
AMNH-VP 29603 there is no evidence, in the
tubal region or elsewhere, of an entotympanic.
Scans of Notopithecus adapinus AMNH-VP
28949, despite the very poor preservation of cra-
nial architecture in this specimen, show a small
rostral septum like that of Cochilius but no un-
equivocal evidence of a suture.
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On relatively intact skulls of Mesotherium
pachygnathum (AMNH-VP 14509) and Hegeto-
therium andinum (MLP 12-2194a) there was
again a tiny fold on the rim of the tubal aperture,
suggestive of a suture, but the fold did not extend
caudally as a groove. Skulls of Pachyrukhos (e.g.,
MACN A1251-52) sometimes displayed surface
differences on their bullar walls, similar to those
observed in Cochilius AMNH-VP 29651, but
once again distinct grooves were not present.
Although in very good material sites of sus-
pected sutural fusion may be detected by refer-
ence to histological features of the bone matrix
(MacPhee and Cartmill, 1986), as already men-
tioned the resolution of conventional micro-CT
instruments is generally inadequate for such a
purpose.

With regard to the septum bullae, Patterson
(1936) stipulated that this structure was absent
in two interatherioids he studied (Interatherium
and Protypotherium), although “vestiges” might
remain. Although often discriminated in char-
acter analyses, I suspect that such “vestiges” are
probably universal within notoungulates, but
scored only when well developed. Protypothe-
rium MLP 12-2780 exhibits a double medial bul-
lar wall (fig. 17B), but this is not evidence of an
entotympanic as such. Instead, this appearance
is due to the expansion of a paratympanic space
(medial paratympanic cavity) that inflated the
entire medial bullar wall up to the point where
the bulla meets the paroccipital process (which
the cavity did not invade). Its aditus is a small
aperture on the medial wall of the bony channel
for the auditory tube (not shown). Extension of
the middle ear cavity into the substance of the
bulla in this manner is not rare in mammals
generally (MacPhee, 1981), although this ap-
pears to be the first example to be reported in
a meridiungulate.

Finally, as Billet (2011) has noted, the saliency
of the crista tympanica within the tympanic cav-
ity varies, projecting medially in some noto-
ungulates taxa as a wide, curved shelf (e.g.,
Paedotherium, fig. 10A). The presence of this
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shelf (anular bridge) has nothing to do with the
occurrence of an entotympanic, nor does it rep-
resent yet another novel element (a separately
ossified “anulus membrane”). Its form and
width are simply a function of the amount of
remodeling activity occurring in the subtym-
panic recess, as has been documented for vari-
ous primates and rodents in which a similar
feature occurs (MacPhee and Cartmill, 1986;
MacPhee, 2011).

In summary, the symmetrical, parasagittal
grooves on the bullar floors of Cochilius volvens
AMNH-VP 29651 can be plausibly interpreted as
marking the position of an ectotympano-ento-
tympanic suture in this taxon. In other speci-
mens such grooving is absent, possibly because
it was normally obliterated during ontogenetic
remodeling of the bullar wall. Symmetrical pres-
ence of grooves is not an absolute guarantee that
postmortem crushing can be excluded as an
explanation (cf. “symmetrical” cracks in dorsum
of caudal cranium of same specimen, fig. 13C),
but it seems unlikely in this case because virtual
sectioning shows that the grooves are just that,
rather than breaks passing entirely through the
bullar bone. Although AMNH-VP 29651 is but
a single example, it offers about as clear a case of
ectotympanic/entotympanic fusion in an adult
fossil eutherian as I have seen, and permits the
reasonable conclusion that Cochilius possessed a
compound bulla made up of both elements. In
this interpretation, the central and lateral por-
tions of the tympanic floor are certainly ectotym-
panic because they include the crista tympanica;
the striplike medial part of the bulla must be
derived from entotympanic material—practically
by definition, as all other basicranial constituents
can be accounted for.

DISCUSSION AND CONCLUSIONS

(1) Roth’s (1903) thesis that the notoungulate
caudal cranium exhibited extra elements, par-
ticularly the “elementum serriale,” was predicated
on what now seems a rather uncritical treatment
of the evidence available to him. While Simp-
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son’s (1936) rejection of Roth’s observations was
certainly warranted, his own study of Oldfield-
thomasia AMNH-VP 28600 was actually incon-
clusive. To settle the issue a more decisive
example is needed, and is supplied by conditions
in pachyrukhines. Roth (1903) believed that in
these hegetotherioids the reduced squamosal
could be conclusively eliminated as the source of
the bony covering (theca) of the epitympanic
sinus. Although some aspects of pachyrukhine
thecal development remain obscure (e.g., rela-
tionship of dorsal midcranial hiatus to ICJ devel-
opment), the only conclusions supported by the
available facts are that the theca is almost entirely
squamosal in origin, and that there is no evi-
dence at all for the participation of a novel ele-
ment. In all other taxa examined the thecal
covering is just as unquestionably derived from
the squamosal, with petrotympanic involvement
generally limited to the immediate area of the
aditus to the epitympanic sinus. Roth’s observa-
tions relating to “extra” sutures in one or another
notoungulate taxon seem to relate either to
incorrectly interpreted fractures or to unrecog-
nized self-sutures within bones forming thecal
alae. Whether the pachyrukhine ICJ functioned
as part of a shock-absorption apparatus in bal-
listic leaping is an interesting question requiring
additional investigation.

(2) A full suite of lateral and medial inter-
parietals are probably present in Notoungulata,
as Koyabu et al. (2012) contended, although
only “the” (fused) interparietal can ordinarily be
detected on adult skulls, if at all. It is possible
that interparietal units which failed to fuse com-
pletely with surrounding bones may have been
the basis for some of Roth’s sutural misidentifica-
tions, but in the specimens examined there is no
evidence for their participation in the thecal cov-
ering or other portions of the auditory region.
Apart from these issues, it is of interest that at
least some notoungulates possess the double-
tiered arrangement of the interparietal complex
and supraoccipital, heretofore described for only
a few placental taxa but probably much more
widespread within that group.

Downloaded From: https://complete.bioone.org/journals/Bulletin-of-the-American-Museum-of-Natural-History on 07 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



2014

(3) Simpson’s (1936) elements Xa and Xp,
identified by him on the hemisectioned skull of
Oldfieldthomasia AMNH-VP 26800, have not
been reported in recent years in this or any other
notoungulate. As far as may be gauged from
Simpson’s original drawings and the CT imagery
examined in this paper, element Xp is either the
same thing as, or is a pneumatized outgrowth
from, the retrotympanic process—which in noto-
ungulates is squamosal (or squamosal + petro-
tympanic) in origin and inflated more or less
extensively by the epitympanic sinus. The possibil-
ity that Xp is, or is derived from, the cranial end
of the hyoid apparatus can also be rejected; in CT
scans of well-preserved material the cranial end of
the hyoid can easily be recognized as a narrow bar
lodged within the hyoid recess, and therefore in
no position to contribute extensively to the lateral
wall of the auditory region and the meatal roof.
Element Xa could not be identified as a structure
separate from the retroarticular area of the squa-
mosal in any specimen, and Simpson’s identifica-
tion of it in Oldfieldthomasia appears to be the
result of misinterpretation of fractures.

(4) A partially obliterated apparent suture
on the external bullar wall of a well-preserved
example of the interatheriid Cochilius strongly
implies that this taxon possessed a compound
bulla composed of the ectotympanic and at least
one entotympanic. Conditions in other notoun-
gulates examined are inconclusive; the presence
of a septum within the middle ear of certain taxa
is not regarded as sufficient to assert that their
bullae are compound as well. Recent authors
studying other meridiungulates have also failed
to find any positive indications of an entotym-
panic (e.g., Billet, 2010). On the other hand,
given the fact that entotympanic elements seem
to occur in most of the extant major groups of
placentals according to recent investigations
(MacPhee and Novacek, 1993; Maier et al., 2012;
Maier, 2013), their presence would not be unex-
pected in notoungulates in particular or meridi-
ungulates in general.

(5) Although it cannot be argued that otic
characters have a privileged status when it comes
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to defining monophyletic groups, experience with
various mammalian clades teaches that, more
often than not, they can be very helpful in this
regard (MacPhee, 2011). Thus, Billet and de
Muizon (2013) have recently shown that a suite
of apparently derived features of Notoungulata
(bean-shaped promontorium, a laterally located
tensor tympani fossa, and merged stapedial fossa
and postpromontorial tympanic sinus) can be
used to conclusively attribute isolated petrosals
whose affinities were previously uncertain. This
is important, because it shows, as does the pres-
ent study, that there is still much to be learned
about the morphology of the caudal cranium in
South American ungulates.
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APPENDIX 1

THE SECTION DRAWINGS OF
AMNH-VP 26800 OLDFIELDTHOMASIA
CF. DEBILITATA (SIMPSON, 1936)

The AMNH-VP archives contain several
unaccessioned sets of drawings of the sectioned
half of AMNH-VP 26800, drawn by artist Mil-
dred Clemans and variously annotated by Simp-
son. Notes on this archive are presented here for
their historical interest. The archive consists of a
cover page and three sets of drawings:

CovER PaGE. “Sections of Oldfieldthomasia
skull, Amer. Mus. No. 28600, Parasagittal sec-
tions of right side of cranium. Interval—0.4 mm.
Sections—1-55 [55 not drawn;] #55 is ca. 30 mm
from the midline. Distance—21/6 mm (#1-#55).”
This information is followed by a table of mea-
surements listing all 54 sections seriatim, with
column headings “Sec. No.,” “From #1,” and
“From Mid?”

SET #1, ORIGINALS, WHOLE Brock. This is
a set of 54 drawings made with pencil on light
cardboard or bristol board, 14 x 14 cm. Camera
lucida equipment or perhaps an Edinger appara-
tus must have been used to make these originals,
which are about 2x life size and exquisitely
detailed. The accuracy of depiction appears to be
very high, in the sense that the illustrator was
careful to include small cellules and vacuities in
bones as well as their major outlines. These draw-
ings were obviously the basis for the later ink
versions (not found) that appeared in the pub-
lished paper. Each drawing has orientation marks
so that sections could be realigned for recon-
struction purposes. The marks seem to be the
result of scoring or drilling the top and bottom
of the gypsum block in which the specimen was
embedded.

On some drawings, short dashed lines appear
to indicate the location of small pieces of bone
that were lost during grinding, or were lost ear-
lier (during fossilization). Their outlines presum-
ably remained as divots on the block’s surface,
allowing their general contours to be included in
the diagrams.

NO. 384

In this set of drawings there are a few anno-
tations, in Simpson’s hand, regarding possible
sutures or character of the bone matrix. There
are no identifying morphological labels.

SET #2, TRACINGS, PETROSAL. In the pub-
lished paper Simpson (1936: figs. 8-9) included
a suite of sections presenting outlines of the
petrosal bone only. These are based on pencil
tracings made on pieces of onion skin, roughly
the same size as the bristol board squares used
for the originals, with the same orientation
marks. The set begins with s. 20, which carries
the label “Legends for periotic structures,” and
runs to s. 44. No tracing was found of s. 41.

In this set there are identifying labels for
structures: nomina were written out in full in
ordinary pencil, then were overwritten in red
pencil with the abbreviations Simpson adopted
for his paper.

SET #3, TRACINGS, WHOLE BLock. This is a
set of 14 tracings of the original drawings, on full
pages of onionskin, 21.5 x 27.5 cm. (8.5 x 11"),
corresponding to sections illustrated in Simp-
son’s (1936) figures 5-7. First section, s. 5, is
entitled “Legends for whole sections.” As with set
#2 tracings, structures are identified by their
names (complete or abbreviated) in ordinary
pencil, with final abbreviations superimposed or
placed nearby in red pencil. Outlines of certain
structures, such as the semicircular canals, were
colored with red, orange, or blue pencil on the
sections in which they appeared, evidently as a
means of quickly identifying complex features.

DiscussioN. In his paper Simpson expresses
uncertainty about the identity of several possible
sutures he encountered. These are marked as “s”
or “s?” on section drawings; in the end he seems
to have usually decided that he either couldn’t
tell for certain, or that the breaks were definitely
cracks and not sutures. Thus, on the tracing of
the original of section 10 there is a penciled note,
“Doubtful suture—prob. not??” with a leader
going to a wedge of bone (as seen in section)
defining both the dorsal rim of the external
acoustic meatus and the floor of the epitympanic
sinus. The rostral side of the wedge is bounded
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by a double line, which elsewhere signifies a
definite suture; the caudal side, which bears the
leader, is defined by only a single line. However,
in this case I believe Simpson’s original instinct
was correct—what he saw was suture-delimited
ectotympanic material. In the final paper, neither
suture is indicated as such, but the ectotympanic
appears immediately thereafter in sections (Simp-
son, 1936, fig. 5, s. 15). Whether Simpson used a
hand lens to examine each ground surface is not
stated but certainly likely.

Handwritten terms or explanations occur on
a number of the pages in set #3, most of them
illegible, as well as some notes evidently made to
serve as memory aids. These will not be repro-
duced here, but reference to a couple of examples
imparts some idea of his efforts to achieve accu-
racy. Thus on the drawing for s. 31 Simpson
recorded for one such structure that it was “prob-
ably ductus endolymphaticus”; underneath it
there is a second line, obviously written later, to
the effect that “no, open into fissure below epi-
tympanic sinus.” On s. 30 occurs the line “fora-
men caroticum anterius or foramen spinosum,’
with the latter having been crossed out at some
later point. Here he was wrestling with whether
there was any evidence for the passage of the
internal carotid, a matter that he never satisfac-
torily settled. His alternative—that the aperture
was foramen spinosum, or the aperture for the
homolog of the middle meningeal in human
anatomy, was actually an inspired guess, and is
much more likely to be correct than anterior
carotid foramen.

Here follows annotations on individual sec-
tions, with my comments in parentheses (vertical
divider line | indicates beginning or end of indi-
vidual lines in original):

ss. 8 and 13: | “s)” “?s” (fractures, not sutures,
in the squamosal theca; see also fig. 6A) |

s. 17: | “certainly sutural” (definite sutures;
leaders point to sutures between ectotympan-
ic’s rostral and caudal crura and squamosal and
petrosal, respectively) | “x Texture” | “?” (this
possible suture is in fact a fracture extending
through most of roof of epitympanic theca; also
noted in ss. 13, 17, 19) |

s. 32: | “x Prob not suture” (major fracture line
in petrosal) | “Dots are canals” (small vascular
channels in petrosal) |

s. 19: | “s” (definite suture between posterior
crus of ectotympanic and retrotympanic process,
probably exclusively squamosal) |

s. 20: | lefthand “s” (as in s. 19) | righthand “s”
(squamoso-parietal suture) |“x—Different texture
of bone—clearer, darker in section” (reference
to tip of petrosal apex, characteristically dark-
staining because of its density) | “o—Cancellous
bone, no clear separate canals” (probably an indi-
cation that the noted feature—in fact the retro-
tympanic process—was pneumatized) |

s. 21: | “x Perhaps merely broken here” (refers
to loss of bone composing cranial roof) |

s. 22: | “x Certainly natural opening” (refers to
limit of tentorium osseum or endocranial sulcus
of major venous sinus seen in section; adjacent
small drawing, presumably Simpson’s, may refer
to same feature) |
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