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ABSTRACT

Andinodelphys cochabambensis Marshall & Muizon, 1988 is one of the best preserved metatherian
species from the early Palacocene fauna of Tiupampa (Bolivia). It is represented by five almost
complete skulls, three of them being securely associated to sub-complete to partial skeleton. Four
skulls could be extracted from a block including several intermingled skeletons. The present paper
provides a thorough description of the dental, cranial, and dentary anatomy of A. cochabambensis.
The cranial anatomy of A. cochabambensis is similar to that of Pucadelphys andinus. The skull of
Andinodelphys however differs from that of Pucadelphys in its larger size and proportionally longer
rostrum. Other differences include the presence, in Andinodelphys, of large anteriorly protruding
I1s, small palatal vacuities, a transverse canal, and a small hypotympanic sinus. Andinodelphys has
the same dental formula as Pucadelphys (15/4, C 1/1, P 3/3, M4/4), the plesiomorphic condition
for metatherians. Furthermore, both genera share the lack a tympanic process of the alisphenoid,
a deep groove for the internal carotid artery at the anterior apex of the promontorium, a small
prootic canal perforating the lateral edge of the petrosal and opening laterally in the deep sul-
cus for the prootic sinus, and a vestigial anterior lamina of the petrosal. Dentally Andinodelphys
closely resembles Pucadelphys, the two genera differing in the larger size of the former and in
the inconstant presence in the former of a twinned stylar cusp C. Although 25% smaller, the
cheek teeth of Andinodelphys closely resemble those of lraboraidelphys camposi from the early
Eocene of Itaborai (Brazil). As far as dental morphology is concerned, both genera are likely to
have diverged from a direct common ancestor, probably Andinodelphys-like, with Itaboraidelphys
displaying more derived dental structures. Two isolated petrosal from Itaborai (Type 2 petrosals)
are morphologically close to those of Andinodelphys but distinctly larger. In this paper, a previous
interpretation including the teeth of Jraboraidelphys and these petrosals in the same taxon is fol-
lowed. A phylogenetic analysis retrieved ltaboraidelphys as a sister taxon of the clade Pucadelphys +
Andinodelphys, thus lending support to inclusion of the former in the Pucadelphyidae. Three sets
of parsimony analyses were performed. A first set of analyses (with all characters) retrieved a strict
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consensus tree with a clade as follows: (pucadelphyids, (deltatheroidans (stagodontids, Gurlin Tsav
skull-GTS), sparassodonts)). An implied weighting analysis with the same data matrix placed the
stagodontids in an early diverging position but retained a clade (pucadelphyids, (deltatheroidans,
(GTS, sparassodonts))), the deltatheroidans, being therefore inserted in the pucadelphydans.
This result implies an independent arrival of pucadelphyids and sparassodonts to South America,
which consequently must have been present in North America in the Late Cretaceous. Possible
North American sparassodonts could be the poorly known genera Arokatheridium and Olklath-
eridium (currently referred to deltatheroidans) and the pucadelphyids may have been present in
the Late Cretaceous of North America with the genus Aenigmadelphys. However, this hypothesis
is less parsimonious (with regard to palacobiogeography) than a single southward migration of an
ancestral Pucadelphyda (Pucadelphyidae + Sparassodonta). Because the result of this first set of
analyses may have been induced by heavily homoplastic dental characters related to hypercarnivory,
a second set of analyses was performed excluding all the dental characters. The strict consensus
is poorly resolved but retains monophyletic Marsupialia and Sparassodonta. An implied weight-
ing analysis retrieved a monophyletic Pucadelphyda but split the deltatheroidans, the polyphyly
of which is regarded as a possible artefact related to the lack of dental characters. The GTS is
sister taxon to Pucadelphyda. Because the polyphyly of deltatheroidans contradicts all previous
hypotheses, a third set of analyses has been performed excluding only those molar characters that
supported the close relationships of the hypercarnivorous clades (deltatheroids, stagodontids, and
sparassodonts). The strict consensus tree retrieved monophyletic deltatheroidans, Marsupialia and
KEY WORDS  sparassodonts. An implied weighting analysis resulted in deltatheroidans forming a paraphyletic

Mzgg:ﬁi’ stem assemblage of Metatheria and monophyletic Pucadelphyda. The GTS was no longer related
Pucadelphyidae: to sparassodonts but was the sister taxon of a clade including the North American taxa of the data
cranial anatomy,  matrix, Asiatherium, and Marsupialia. This topology, which is favoured here, supports (as well

Phylogeny, hat of the second set of analyses) a single pucadelphydan southward migrati bably i

Early Palaeocene, as that of the second set of analyses) a single pucadelphydan southward migration, probably in
Bolivia. the Late Cretaceous, with a Tiupampian radiation of South American carnivorous metatherians.
RESUME
Anatomie cranienne d’Andinodelphys cochabambensis, un stem-métathérien du Paléocéne inférieur
de Bolivie.

Andinodelphys cochabambensis Marshall & Muizon, 1988 est 'une des espéces de métathériens les
mieux conservées de la faune du Paléoceéne inférieur de Tiupampa (Bolivie). Elle est représentée
par cinq crines presque complets, trois d’entre eux étant associés & des squelettes sub-complets
ou partiels. Le présent travail fournit une description détaillée de 'anatomie des dents, du crine
et du dentaire d’Andinodelphys cochabambensis. Lanatomie crinienne d’A. cochabambensis est
semblable & celle de Pucadelphys andinus. Toutefois, le crAne d’Andinodelphys differe de celui de
Pucadelphys par sa taille plus grande et son rostre proportionnellement plus long. D’autre dif-
férences incluent la présence, chez Andinodelphys, de I1s plus grandes que les autres incisives et
projetées antérieurement, de petites fenétres maxillopalatines, d’un canal transverse et d’un sinus
hypotympanique. Andinodelphys a la méme formule dentaire que Pucadelphys (1 5/4, C 1/1, P
3/3, M4/4), qui constitue la condition plésiomorphe pour les métathériens. De plus, les deux
genres partagent I'absence de processus tympanique de I'alisphénoide, un profond sillon pour la
carotide interne 4 I'apex antérieur du promontoire, un petit canal prootique perforant le bord
latéral du pétreux et s'ouvrant latéralement dans le profond sillon pour le sinus prootique et une
lame antérieure vestigiale du pétreux. Sur le plan dentaire Andinodelphys ressemble étroitement
a Pucadelphys, les deux genres différant par la taille plus grande du premier et par la présence
inconstante, chez le premier, d’une cuspide stylaire C dédoublée. Bien que 25% plus petites, les
dents jugales d’Andinodelphys ressemblent beaucoup a celles d’ ltaboraidelphys camposi de 'Eocene
inférieur d’Traborai (Brésil). Du point de vue de leur morphologie dentaire, les deux genres ont
trés probablement divergé d’un morphotype ancestral de type Andinodelphys, avec Itaboraidelphys
présentant une condition plus dérivée. Deux pétreux isolés d’Itaborai (pétreux de type 2) sont
morphologiquement tres semblables & ceux d’Andinodelphys, mais nettement plus grands. Dans
ce travail, une interprétation suggérée antérieurement, incluant les dents d’Jtaboraidelphys et ces
deux pétreux dans le méme taxon, est entérinée. Une analyse phylogénétique résulte en un place-
ment d’ltaboraidelphys comme taxon frere du clade Andinodelphys + Pucadelphys, supportant de
ce fait le placement du premier parmi les Pucadelphyidae. Trois séries d’analyses de parcimonie
ont été réalisées. Une premicre série d’analyses (avec tous les caractéres) a produit un consensus
strict avec un clade comme suit : (pucadelphyidés (deltathéroides (stagodontidés, crine de Gur-
lin Tsav — GTYS) sparassodontes)). Une analyse avec pondération implicite (Implied Wheighting)
des caractéres utilisant la méme matrice de données a fait diverger les stagodontidés plus tot sur
'arbre mais a maintenu le clade (pucadelphyidés, (deltathéroides (GTS, (sparassodontes))), les
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deltathéroides étant donc insérés dans les Pucadelphyda (Pucadelphyidae + Sparassodonta). Ce
résultat implique une arrivée en Amérique du Sud, indépendante, des pucadelphyidés et des
sparassodontes qui, en conséquence, doivent avoir été présent en Amérique du Nord au Crétacé
supérieur. De possible sparassodontes nord-américains pourraient étre les genres mal connus
que sont Atokatheridium et Oklatheridium (actuellement rapportés aux deltathéroides) et les
pucadelphyidés éraient peut-étre représentés dans le Crétacé supérieur nord-américain par le
genre Aenigmadelphys. Toutefois, cette hypothese est paléobiogéographiquement moins parcimo-
nieuse qu'une seule migration vers le sud d’'un Pucadelphyda ancestral. Comme le résultat de ce
premier jeu d’analyse a peut-étre été induit par des caractéres dentaires liés a ’hypercarnivorie,
bien connus pour étre fortement homoplastiques, une deuxiéme série d’analyses a été réalisée en
excluant tous les caractéres dentaires. Le consensus strict obtenu est mal résolu, mais conserve la
monophylie des Marsupialia et des Sparassodonta. Une analyse avec pondération implicite des
caractéres a produit des Pucadelphyda monophylétiques mais a éclaté les deltathéroides dont la
polyphylie est considérée comme un artéfact probable di a I'absence de caracteres dentaires. La
polyphylie des deltathéroides étant en contradiction avec toutes les hypotheses antérieures, une
troisi¢me série d’analyses a été réalisée en excluant seulement les caractéres des molaires qui sou-
tenaient les relations étroites des clades hypercarnivores (deltathéroides, GTS, stagodontidés et
sparassodontes). Larbre de consensus strict obtenu soutient la monophylie des deltathéroides, des
Marsupialia et des sparassodontes. Une analyse avec pondération implicite résulte en une position
des deltathéroides en groupe paraphylétique basal aux métathériens et soutient la monophylie des
Pucadelphyda. Le GTS n’est plus apparenté aux sparassodontes mais constitue le taxon frére d’un
clade incluant les taxons nord-américains de la matrice de données, Asiatherium et les Marsupialia.
Cette topologie, qui est privilégiée ici, soutient (tout comme celle résultant de la deuxi¢me série
d’analyses) la possibilité d’'une migration unique vers le sud des Pucadelphyda, probablement au
Crétacé supérieur, avec une radiation tiupampienne de métathériens carnivores sud-américains.

INTRODUCTION

The early evolutionary history of metatherians is poorly known,
especially because most of the taxa in the Cretaceous and early
Tertiary are represented by isolated teeth or, at the best, by
jaws. Skulls and skeletons are extremely rare and the few ones
known are generally badly crushed or very incomplete. Until
recently Sinodelphys szalayi from the Early Cretaceous of the
Yixian Formation of China (Luo er a/. 2003) was regarded
as the oldest metatherian. However, the recent analysis by
Bi ez al. (2018) resulted in including Sinodelphys within the
Eutheria. Be that as it may, it is noteworthy that, although
remarkably complete, the holotype and single known speci-
men of S. szalayi is extremely crushed and does not provide
information on its cranial anatomy and little on its dental
anatomy. Asiatherium reshetovi Trofimov & Szalay, 1994 and
Deltatheridium pretrituberculare Gregory & Simpson, 1926
from the late Cretaceous of Mongolia are more informative
but are known from specimens whose skulls are either crushed
(the former, Szalay & Trofimov 1996) or very incomplete (the
latter, Rougier ez al. 1998). In their description of Asiathe-
rium, Szalay & Trofimov (1996: fig. 22) illustrate the remark-
ably well-preserved undistorted skull of a metatherian from
Mongolia. Although still undescribed, this skull is clearly the
best-preserved and most complete metatherian skull from the
Cretaceous. As a matter of fact, it is commonly included in
metatherian phylogenies and is currently referred to as “the
Gurlin Tsav skull”. Recently, two remarkable discoveries have
been published, which provide a welcome information on the
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cranial evolution of Late Cretaceous metatherians. The first
specimen is a complete skull of a new deltatheroidan from
the Henan province of China (Bi et al. 2015) referred to a
new taxon, Lotheridium mengi. The second discovery concerns
sub-complete and partial skulls of the North American Late
Cretaceous stagodontid Didelphodon vorax (Wilson et al.
2016). So far, no other metatherian skull has been described
from the Late Cretaceous, but it is noteworthy that the dis-
covery of skulls of Alphadon halleyi from the late Cretaceous
of Montana has been mentioned by Brannick et a/. (2016),
although their description is still in progress. Well-preserved
and complete metatherian remains from the early Tertiary
are not common either. The oldest known metatherian skulls
and skeleton from the Cenozoic are from the basal Palaeo-
cene (¢. 65 Ma, see Muizon et al. 2015, 2018, and below) of
Tiupampa (Bolivia). The Tiupampa metatherian skulls and
skeletons are the only ones known in Palacocene deposits;
partial metatherian skulls are known in the early Eocene of
Brazil (Paula Couto 1952a; Beck 2017) and Argentina (Pascual
1980, 1981). The locality of Tiupampa has yielded at least 15
species of metatherians among which three are represented
by uniquely complete skulls and skeletons. The most abun-
dant taxon is by far Pucadelphys andinus, a Dromiciops-sized
metatherian, which is known by 35 complete or partial skulls
and skeletons (Marshall & Muizon 1988, Marshall ez 2/ 1995;
Ladeveze ez al. 2011), some of them exceptionally preserved.
The second most abundant taxon represented by skulls and
skeletons is Andinodelphys cochabambensis. This taxon was
first described on the basis of an upper molar (holotype) and
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a referred lower molar (Marshall & Muizon 1988) (Fig. 1),
but during the 1996 field season at Tiupampa, five partial or
sub-complete skulls and skeletons have been recovered (Mui-
zon et al. 1997) (Figs 2, 3). A third taxon, Mayulestes ferox,
is an early sparassodont known by an almost complete (but
dorsoventrally crushed) skull associated to a partial skeleton
(Muizon 1994, 1998). Some other taxa are known by nearly
complete or partial skulls such as the sparassodont Allgoki-
rus australis, that has been recently described (Muizon et al.
2018), and five other specimens referred to Mizquedelphys
pilpinensis Marshall & Muizon, 1988 (two sub-complete skulls
and two partial skulls) and Incadelphys antiquus Marshall &
Muizon, 1988 (one partial skull) currently under study by
the authors. The other metatherians of Tiupampa are known
by jaws and teeth only (Muizon 1992). The anatomy of the
skull and postcranial skeleton of Pucadelphys andinus, May-
ulestes ferox, as well as that of the skull of Allgokirus australis
have been thoroughly described in earlier works (Marshall &
Muizon 1995; Muizon 1998; Muizon et 2/ 2018). In con-
trast, only a preliminary description of the skulls of Andino-
delphys cochabambensis has been provided by Muizon ez al.
(1997), although isolated petrosals have been described by
Ladeveze & Muizon (2007). In the present paper, we intend
to comprehensively describe the skull and dentition of Andi-
nodelphys cochabambensis and to perform parsimony analyses
in order to evaluate its phylogenetic aflinities and to address
the relationships of the major groups of American carnivorous
metatherians. In particular, potential close relationships of
Andinodelphys with the Itaboraian genus ltaboraidelphys, as
suggested by Marshall & Muizon (1988) and Muizon ez 4.
(2018), will be investigated.

AGE OF THE TTUPAMPA MAMMAL FAUNA

The Tiupampa fauna was discovered in 1982 by a French-US-
Bolivian paleontological expedition in the Vila-Vila outcrop, a
large exposure of red-beds in Mizque Province (Cochabamba
Department, Bolivia). These red beds were initially referred
to the El Molino Formation, which was correlated to the
Late Cretaceous (Marshall ez a/. 1983; Muizon et al. 1983).
Consequently, the mammals collected at Tiupampa were
initially given a Late Cretaceous age (Maastrichtian) (Mar-
shall et al. 1983, 1985; Marshall & Muizon 1988; Muizon
eral. 1984). Subsequent studies brought to light the fact that
the Vila Vila outcrop also included beds of the Santa Lucia
Formation, which are considered to be Palacocene (Sempere
eral. 1997) and which yielded the Tiupampa mammal fauna.
Although a Palacocene age is now commonly accepted for
the Tiupampa fauna, interpretations diverge on the age of
the fauna within the Palacocene. Marshall ez 2/. (1997) and
Sempere et al. (1997), on the basis of sedimentological and
palaeontological (but see below) arguments, concluded that
the Tiupampa mammal bearing beds correspond to the middle
to late Santa Lucifa Formation, and are included in a single
reversed magnetostratigraphic series, which they correlated
to Chron 26r. This Chron corresponds to the early Selandian
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(¢. 58 Ma to 60 Ma), i.e. the early middle Palaecocene. Sem-
pere ez al. (1997) also reported the mammal fauna of Punta
Peligro (Chubut Province, Patagonia, Argentina) to be older
than that of Tiupampa and referred the former to the earliest
Selandian or latest Danian (c. 62 to 60 Ma). This interpretation
was followed by Pascual & Ortiz-Jaureguizar (2007: table 1),
although these authors implicitly concluded that the Punta
Peligro therians feature a South American cachet, whereas the
Tiupampa fauna mainly retains a North American hallmark.

A different interpretation was given by Gelfo ez /. (2009),
Woodburne ez al. (2014a, b), and Muizon et al. (2015,
2018), who considered the Tiupampa mammal fauna to be
early Palacocene (Danian) and older than the Punta Peligro
fauna. Gelfo et al. (2009) employed two different meth-
ods, a cluster analysis and a parsimony analysis based on
the Parsimony Analysis of Endemicity (PAE; Rosen 1988)
and the Cladistics Analysis of Distribution and Endemism
(CADE; Porzecanski & Cracraft 2005). Gelfo ez 2/ (2009)
concluded that the Tiupampa mammal fauna predated the
Punta Peligro assemblage. Because the Tiupampa beds are
included in a single reversed magnetostratigraphic series (fol-
lowing Sempere ez al. 1997), Gelfo ez al. (2009) correlated
the Tiupampa beds with polarity Chron 28r, equivalent to
the Puercan 3 (c. 64 to 64.5 Ma) of North America at that
time (see Gelfo et 2/ [2009] and below for discussion on the
referral of the Tiupampa mammal-bearing beds to Chron
28r rather than to Chron 26r as suggested by Sempere er .
[1997]). However, new calibration of the early Palacocene
NALMAs (Sprain ez l. 2015, 2018) modified the age and
position of Chron 28r relative to the NALMAs. According
to Sprain ez al. (2018: fig. 12) the lower limit of Chron 28t
is bracketed between 65.075 Ma and 64.868 Ma (Fig. 4).
The Torrejonian 1 spans the period from 65.041 Ma (Sprain
et al. 2018) to ¢. 63.5 Ma (Vandenberghe ez a/. 2012; Flynn
et al. 2020). On the basis of the calibrations of Sprain ez /.
(2015), which are very similar to those of Sprain ez /. (2018),
Muizon et al. (2015) correlated the mammal-bearing beds
at Tiupampa, to the base of Torrejonian 1 and evaluated an
age of approximately 65 Ma for the Tiupampa mammals,
an interpretation followed here. Therefore, the longevity of
the Tiupampa mammals probably does not exceed 0.2 Ma
(the approximate duration of Chron 28r according to Sprain
et al. 2018; see Fig. 4). Consequently, the time span of the
Tiupampan in Woodburne ez a/. (2014a and b: fig. 2) and in
Goin ez al. (2016: fig. 7.2) should be significantly shortened.

Nevertheless, the age of the Tiupampa mammal fauna is
still considered to be controversial by Eldridge ez a/. (2019),
although these authors do not provide arguments in sup-
port of their conclusion. Eldridge ez al. (2019) accepted the
Danian age of the Punta Peligro fauna (Argentina) suggested
by Sempere et al. (1997) but did not discuss the evidence
provided by others (Gelfo ez al. 2009; Muizon et al. 2015,
2018), who consider that the Tiupampa mammal fauna is
older than that of Punta Peligro (therefore, early Danian
in age). It is noteworthy that the latter interpretation is
now commonly accepted by most authors (e.g., Rose 2010;
Goin et al. 2012; Oliveira & Goin 2012; Woodburne et 4.
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Fic. 1. — Andinodelphys cochabambensis (YPFB Pal 6192). SEM stereophotograph of the holotype: a right M2. Scale bar: 1 mm.

2014a, b; Reguero ez al. 2014; Forasiepi et al. 2015; Goin
et al. 2016; Babot et al. 2017; Carneiro 2018; Carneiro ez al.
2018; Bauzd ez al. 2019), who were not cited, however, by
Eldridge ez al. (2019). Croft et al. (2020) also followed the
same interpretation.

Recently, Zimicz ez al. (2020) went back to the paleo-
magnetic correlation arguments of Sempere ez al. (1997),
whom they followed, considering that the Tiupampa beds
and fauna correlate with Chron 26r. Moreover, Zimicz ez al.
(2020: 8) further stated that there is a “[...] large amount of
recent geological evidence reinforcing the Sempere’s correla-
tion of Santa Lucfa beds with Chron 26r (e.g. Horton ez 4.
2001; DeCelles & Horton 2003; Demouy ez a/. 2012; Rak
et al. 2017; Calle ez al. 2018).” However, it is noteworthy
that, most of these papers did not discuss directly the age of
the Tiupampa fauna. Horton et a/. (2001) and DeCelles &
Horton (2003) mentioned the age of the Santa Lucia For-
mation, but without a critical reconsideration. Horton et 4.
(2001) did not provide new data on the problem or did
not present arguments different from those of Gelfo er .
(2009). They simply cited Sempere ez al. (1997) as the source
of the referral of the Santa Lucfa Formation to Chron 26r.
Furthermore, considering the lithostratigraphic correlations
established by Sempere ez al. (1997) to justify their interpre-
tation of the age of the Santa Lucia Formation at Tiupampa,
Horton ez al. (2001: 1389) stated that: “Despite successful
dating of the Santa Lucfa in several Bolivian locales, regional
lithostratigraphic correlations over hundreds of kilometers
remain tentative”. DeCelles & Horton (2003) do not provide
cither new evidence concerning the age of the Santa Lucia
Formation and its referral to Chron 26r, but only refer, in
this respect, to Sempere ez al. (1997). However, interestingly
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DeCelles & Horton (2003: fig. 13) illustrate the stratigraphic
extension of the Santa Lucia Formation as approximately
spanning the period 59 to 65 Ma, thereby, extending the
lower limit of the formation to the lower Danian. Demouy
et al. (2012) did not even mention the Santa Lucia Forma-
tion nor any polarity Chron for it and Rak ez /. (2017) and
Calle ez al. (2018), did not comment on the correlation of
Santa Lucia beds to Chron 26r. In fact, the “large amount
of geological evidences” mentioned by Zimicz er al. (2020)
are simply references to the interpretation of Sempere et 4.
(1997) with no critical discussion or new data. Therefore, in
essence, the new interpretation of Zimicz et al. (2020) is based
only on the argument of Sempere ez al. (1997) to suggest a
younger age for the Tiupampa beds, because the five geologi-
cal references they mentioned are inappropriate to support
their argument. Furthermore, Zimicz ez al. (2020) provided
neither new geological data nor critical discussion based on
new paleontological arguments (see below for comments
on their interpretation of the presence of Peradectes at Tiu-
pampa and on the primitive morphologies that characterize
the Tiupampa fauna). In this context, it is worth recalling
that Sempere ez l. (1997) based the main evidence justifying
their assignment and their conclusions on: 1) paleontological
arguments and 2) correlation of the Tiupampa profile to the
one at La Palca, where the El Molino and Santa Lucfa units
are better exposed. However, as is concluded by Sempere
et al. (1997: 718, 719): “A simple one-to-one correlation of
the La Palca polarity zonation to the geomagnetic polarity
time scale is not evident (Fig. 10). The correlation shown in
Figures 10 and 11 is our preferred interpretation because it
is corroborated by the paleontologic data and agrees with a
number of facts discussed below.” Therefore, Sempere et al.
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Fic. 2. — Andinodelphys cochabambensis. Block containing intermingled bones referred at least to six individuals.

(1997) implicitly admitted that there are alternative inter-
pretations. It is therefore unclear why Zimicz ez al. (2020)
dismissed most of the paleontological evidence provided by
Gelfo et al. (2009) (but see comments below), which was,
in fact, the same kind of evidence (but with a larger faunal
sample per locality) that led Sempere ez al. (1997), in partial
view of the knowledge of the Tiupampa fauna by that time,
to assign Santa Lucia and the upper part of the El Molino
Formation to Chron 26r.
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To conclude, because of the controversy mentioned by Eldridge
et al. (2019) and the comments of Zimicz ez 2/ (2020), and
because paleontological data were regarded by Sempere ez 4.
(1997) as partly supporting their interpretation, we consider it
useful to review here the paleontological data that can, in the
light of the new paleontological discoveries and studies since the
publication of the Sempere ez al. (1997) paper, support the ante-
riority of the Tiupampa mammal fauna relative to that of Punta
Peligro and its correlation to the early Danian as advocated here.
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Fic. 3. — Andinodelphys cochabambensis. The same specimen as on Fig. 2 highlighting four major sets of bones (yellow, pink, purple, and green) probably re-

ferred each one to the same partial skeleton. Scale bar: 5 cm.

Because no direct radiometric dates are available at Tiu-
pampa or at Punta Peligro and because magnetostratigraphic
studies are inconclusive (Tiupampa beds are included in a
single reversed magnetostratigraphic series), comparison of
the evolutionary grades of the two faunas is the only criterion
on which to base their relative ages and provide informa-
tion on their absolute age (Gelfo ez al. 2009). It is clear that
the conclusions of such a comparison in the case of a small
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number of taxa could be questioned. However, in the case of
taxonomically abundant faunas, if all (or most of) the species
provide the same convergent information, the conclusions are
obviously more reliable. Therefore, the Tiupampa mammal
fauna (exclusively therians) with 22 described species (plus
two undescribed ones) and the Punta Peligro fauna, which
includes at least 9 therian species, can be compared with some
degree of confidence.
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Fic. 4. — A, Reproduction of figure 12 of Sprain et al. (2018), modified, showing the calibration and correlations of Chrons 30n to 28n with NALMAs from Lancian
to Torrejonian 1, to which have been superimposed (pink) the probable age span of the Tiupampa mammal-bearing beds relative to the early Palacocene NALMAs.

The comments by Zimicz ez al. (2020: 8) employed to refute
such an analysis are discussed here. Concerning the primi-
tive morphologies that characterize the Tiupampa mammal
fauna, these authors expressed that: “the ‘primitiveness’ of
the taxa present in the Tiupampan fauna could be explained
by ecological factors, latitudinal effects or insularity (Ortiz-
Jaureguizar et al., 1999; Pascual and Ortiz-Jaureguizar, 2007;
Ortiz-Jaureguizar and Pascual, 2011), without the necessity to
invoke the ‘evolutionary state of taxa”. They may be correct. ..
or not. Nevertheless, given the dramatically poor record of the
therian mammal faunas securely referred to the Palacocene
in South America (five localities/faunas [Grenier Farm tooth,
Tiupampa, Punta Peligro, and Mealla Formation faunas and
Carodnia faunal zone] and approximately 38 species [of which
22 are from Tiupampa] spanning 10 million years), the state-
ment by Zimicz ez al. (2020) is highly speculative and cannot
be taken seriously especially given that these authors do not
provide any factual element to support their suggestion. Fur-
thermore, concerning the ecological factors that could explain
the faunistic differences between Tiupampa and the higher
latitudes of Punta Peligro, the paleoclimatic interpretations
are noteworthy. At Punta Peligro, the alligatorids and chelids
associated with the mammal fauna (Bonaparte ez a/. 1993)
indicate a warm, probably subtropical climate, since the pres-
ence of crocodiles indicated a mean annual temperature equal
to or higher than 14.2°C (Markwick 1998). This estimation
is reinforced by the mean annual temperature estimation of
14.1 + 2.6°C, based on the leaf analyses of the megaflora,
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which underlies the BNI (“Banco Negro Inferior”) (Iglesias
et al. 2007). These paleoclimatic conditions are not so differ-
ent from those present in Tiupampa, where the occurrence of
dyrosaurids is an indication of warm intertropical conditions
(Jouve ez al. 2020). Therefore, because, the paleoclimatic
environments at Punta Peligro and Tiupampa were probably
similar, they are inadequate to explain the “primitiveness” of
the Tiupampa fauna as compared to that of Punta Peligro.
Now, the critical issue of the present discussion is to deter-
mine whether the Tiupampa beds are included in Chron
26r (as concluded by Sempere et al. 1997) or in Chron 28r
(following Gelfo ez al. 2009). In this debate, it is essential to
evaluate the relative age of the Tiupampa and Punta Peligro
faunas, since the latter is apparently now well-calibrated.
Punta Peligro is located in San Jorge Gulf, 40 km northeast
of Comodoro Rivadavia city, Chubut Province, Argentina.
The faunistic assemblage came from the so-called “Banco
Negro Inferior” (BNI) i.e. lower black level, of the marine
Salamanca Formation. The first estimation suggested an age
of 62.6 + 5.0 Ma for a tuff at the top of the Salamanca For-
mation (Andreis 1977, and recalculated following Dalrymple
1979, sensu Iglesias et al. 2007). On the basis of paleomagnetic
evidence, Marshall ez 2/. (1981) estimated an age of 62 Ma for
the BNIL. A reinterpretation of this data led Bonaparte ez al.
(1993) to suggest an age between 63 and 61.8 Ma for the
BNI. Other attempts to interpret paleomagnetic information
of the BNI in order to infer the age of the fauinistic assem-
blage were carried out by Somoza ez al. (1995) who proposed
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Fic. 4. — B, Chronostratigraphic diagram showing the correlation between the Tiupampa fauna and the absolute and magnetostratigraphic calibration, the
general stratigraphic timetable, the North American Land Mammal Ages (NALMA) and the South American Land Mammal Ages (SALMA) (Modified from Gelfo
et al. [2009], taking into account the new calibration of the Chron 28r in Gradstein et al. [2012] and Sprain et al. [2018], the new radiometric dating of Clyde et al.

[2014] and Woodburne et al. [2014a]).

an age between 61.9 and 61.5 Ma; and lastly by Gelfo ez 4.
(2009) and Woodburne e# al. (2014a) who suggested a span
between 61.7 to 60.8 Ma.

According to Clyde ez al. (2014), the BNI, which has
yielded the Punta Peligro fauna, is referred to Chrons 27r
and 28n. More precisely, Clyde er a/. (2014: 301 and fig 10)
concluded that the BNI “is progradational from West to East
and correlates to the top of Chron C28n near Sarmiento [in
Ormaechea] and to the base of Chron C27r (63.49 Ma) along
the coast”, i.e. at Punta Peligro. Therefore, the Punta Peligro
mammal fauna is Danian (¢. “middle” Danian) in age.

Furthermore, another indication of the age of the Tiu-
pampa beds can be obtained in the light of the undeniable
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North American affinities of the Tiupampa fauna. Therefore,
an attempt to correlate the Tiupampan SALMA with the
very precisely calibrated Palaecocene NALMAs must also be
considered on the basis of a careful comparison of the Tiu-
pampa mammal fauna with those of the Late Cretaceous and
Palaeocene of North America.

The Punta Peligro fauna includes metatherian taxa such as
Derorhynchus and Didelphopsis, which are also present in the
early Eocene of Trabora{ and in the middle Eocene of Antarctica
(Derorbynchus) (Marshall 1987; Goin et al. 1999; Oliveira &
Goin 2012; Gelfo ez al. 2007, 2019). In this respect, it is worth
noting that the specimen DGM 803-M (a maxillary fragment
with M1-M2 from Itaborai), referred by Marshall (1987) to
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Carolopaulacoutoia itaboraiensis, has been referred by Oliveira &
Goin (2012) to Derorbynchus singularis, an interpretation fol-
lowed here. Furthermore, bonapartheriid polydolopimorphs
are present at Punta Peligro and are also recorded in the early
Eocene of the Lumbrera Formation and in the middle Eocene
of the Geste Formation of Northwestern Argentina (Pascual
1980, 1981; Goin ez al. 1998; Pascual & Ortiz-Jaureguizar
2007; Gelfo et al. 2007; Woodburne et al. 2014a; Babot ez al.
2017) as well as in the early Eocene of Brazil at Itaborai (Beck
2017). These taxa from Punta Peligro (Derorhynchus, Didel-
phopsis, Bonapartheriidae) are relevant to the debate because
the groups to which they belong (“Didelphimorphia” and
Polydolopimorphia) are represented at Tiupampa by species
that clearly exhibit more plesiomorphic features. The derived
robust crushing molars, the large P3 (based on alveoli) and
the large and inflated p3 of Didelphopsis are absent in any
of the Tiupampa metatherians. Furthermore, several dental
characters of Derorhynchus are more derived than in any of
the Tiupampa “didelphimorphs”. They are, for instance, in
Derorhynchus, the greater size difference between the paracone
and metacone, the lack of ectoflexus, the greater size of the
stylar cusp C, the lower trigonid, the talonid of M2-3 wider
than the trigonid and the larger entoconid, which is higher
than the hypoconid. Furthermore, it is noteworthy that Gelfo
et al. (2007) referred the Derorhynchidae recorded at Punta
Peligro to Derorhynchus aff. D. minutus, a species present in
the middle Eocene of Antarctica (Goin et al. 1999; Gelfo
et al. 2019).

Polydolopimorphians are represented at Tiupampa by the
basal polydolopiform Roberthoffstetteria, which is unknown
in any other faunal assemblage. As noted by Goin ez al.
(2003) and Case ez al. (2005), Roberthoffstetteria more closely
resembles Ectocentrocristus from the Late Cretaceous of North
America than any other South American polydolopimorphians.
However, Chornogubsky & Goin (2015) have re-evaluated
this statement providing a new interpretation of the molar
morphology of the polydolopimorph Sillustania quechuense,
from the late Palacocene-carly Eocene of Laguna Umayo
(Peru). The holotype of S. guechuense (UMC-CHU33) is an
isolated, incomplete, heavily worn, and somewhat eroded
left M2. We can agree with their new interpretation of the
identification of the cusps of S. quechuense, which follows
that of Goin ez al. (2003) concerning Roberthoffstetteria. In
their phylogenetic analysis, Chornogubsky & Goin (2015)
retrieved a sister group relationship of Sillustania and Rob-
erthoffstreteria, which we provisionally accept. However, given
these relationships we question the attribution to Sillustania
of the m1 (UMC-CHU34) described by Crochet & Sigé
(1996) because of the position of the paraconid, anteriorly
projected and well-separated from the metaconid, which differs
strongly from the condition in Robersthoffsterteria, in which
these cusps are closely appressed one against the other and the
paraconid does not project anteriorly. The morphology of the
paraconid of UMC-CHU34 is also barely compatible with
the very large metaconule, which has the size and position
of a pseudohypocone, since, as stated by Jernvall (1995), the
presence of well-developed hypocone or pseudohypocone is
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generally concomitant with a reduced paraconid appressed
against the metaconid or a totally absent paraconid. Therefore,
we consider here that the hypodigm of Sillustania quechuense
should restricted to its holotype only (the M2). The similari-
ties between the M2 of Sillustania and Roberthoffstetteria are
noteworthy, but do not favour the possible contemporane-
ity of these taxa. On the contrary, as far as can be observed
on the poorly preserved holotype of Sillustania, this taxon
appears more derived than Roberthoffstetteria in, for instance,
the larger stylar cusp C, the straight labial edge of the tooth
(lack of ectoflexus), the much smaller paraconule, and the
functional pseudohypocone (i.e. the metaconule) larger and
more distinctly separated from the protocone, a condition that
indicates an increased specialization in the crushing function
of the cusp. In other respects, given the large dimensions and
position of the metaconule, conspicuously separated from the
protocone, relationships with the Caenolestoidea should be
investigated. Furthermore, it is noteworthy that the holotype
of Sillustania does not feature the labiolingual compression of
the protocone observed in Roberthoffstetteria and Ectocentroc-
ristus. Unfortunately, Roberthoffstetteria-like or Sillustania-like
species are absent at Punta Peligro, which prevents compari-
son with these taxa. To conclude, even if similarities exist
between Roberthoffstetteria and Sillustania, it is noteworthy
that the poor preservation of the single upper molar known
of Sillustania (the holotype) requires extreme caution in any
character comparison with other morphologically similar
taxa and casts doubts on any conclusion retrieved from such
a comparison. The discovery of more complete and better
preserved specimens of Si/lustania (especially with premolars)
is required to establish a reliable comparison. Considering the
presence of enlarged sectorial premolars in polidolopimorphs
(except Roberthoffstetteria), the discovery of such teeth in
Sillustania is a critical issue. Be that as it may, Roberthoffstet-
teria, the single polydolopimorphian known at Tiupampa,
retains more plesiomorphic dental characters than all other
South American polydolopimorphs and in particular, does
not present the enlarged sectorial P2 and/or P3-p3 observed
in all the other taxa of the order. Furthermore, because of the
transverse compression of its protocone combined with an
alignment of this cusp with the conules, it strongly resembles
Ectocentrocristus of North America, although it is more derived
in the bunoid morphology of its cusps (Case ez al. 2005). It is
noteworthy that other studies (Williamson ez a/. 2012, 2014
and Eberle ez al. 2019) recovered a sister group relationship
of Roberhoffstetteria with Glasbius, whereas Ectocentrocris-
tus is included in the Herpetotheriidae (but see Goin et al.
2016: 215). The results of Williamson ez 2/. (2012, 2014 and
Eberle ez al. 2019) would therefore support a close relation-
ship between Glasbius and Roberthoffstetteria as suggested by
Goin et al. (2003). Therefore, both interpretations (Case ez al.
[2005] on the one hand and Williamson ez 2/. [2012, 2014]
and Eberle ez al. [2019] on the other) suggest close affinities
between Roberthoffstetteria and some North American taxa.
Polydolopimorphians recorded at Punta Peligro are referred
to a new genus and species of Bonapartheriidae and to a new
genus and species of an indeterminate polydolopimorphian
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(Gelfo et al. 2007; Woodburne et al. 2014a; Babot ez 2/ 2017).
Bonapartheriidae are much more derived than the Tiupampa
polydolopimorph, Roberthoffstetteria, from which they differ,
for example, in the remarkable increase in size of the P3 and or
P2 and p3 (which are sectorial), in the loss of the plesiomorphic
metatherian molars pattern (which is clearly recognizable in
Roberthoffstetteria in spite of the bunoid morphology of the
cusps), and in the extreme reduction of P2 and p2 (absent
in Bonapartherium) as well as M4 and m4. Bonapartheriidae
are absent at Tiupampa but are present (in addition to Punta
Peligro) in the early Eocene of Itaborai (Beck 2017), and in
Eocene Formations of Argentina (Lumbrera, Mealla, and
Geste formations) (Goin et al. 1998; Woodburne ez 2/. 2014a).
Although pucadelphyids are unknown at Punta Peligro,
the Tiupampa pucadelphyids provide interesting elements
for this debate because, as stated by Case er a/. (2005), they
represent an excellent morphological intermediate between
a basal Late Cretaceous North American “peradectoid” stock
and the more advanced Itaborai opossum-like metatherians.
The problem of the origin of the Tiupampa pucadelphyids
is discussed below and we suggest that the North American
Aenigmadelphys archeri from the Campanian of the Kaiparow-
its Formation is probably morphologically the closest North
American metatherian to Pucadelphys and Andinodelphys (see
below — p. 694 — for characters that support this statement).
Furthermore, in our phylogenetic analyses below, the Tiu-
pampa pucadelphyids (e.g., Pucadelphys, Andinodelphys) have
been regarded as closely related to the Itaboraian pucadel-
phyid, ltaboraidelphys camposi (as suggested by Muizon ez al.
2018). However, Pucadelphys and Andinodelphys are more
plesiomorphic than ltaboraidelphys in, for instance, the more
pronounced ectoflexus (almost absent in Jtaboraidelphys), the
shorter labial edge of M2-3 as related to labiolingual width,
the smaller size difference (in volume and height) between
paracone and metacone, the less V-shaped centrocrista, the
larger stylar cusp C, the mesiodistally broader protocone, the
much smaller size (in length and height) of p3 as compared to
ml, the slightly more mesially projected trigonid, the smaller
size difference (in volume and height) between paraconid and
metaconid, the slightly shorter talonid as compared to trigonid,
especially on m4, the smaller entoconid, and possibly their
much smaller size. Therefore, the Tiupampa pucadelphyids are
morphologically intermediate between the North American
Aenigmadelphys and the Itaboraian Iltaboraidelphys.
Furthermore, the discovery of a partial skull of Jncadelphys
antiquus (currently under study by the authors) has revealed the
complete dental anatomy of this taxon. It appears that /. antiquus
features remarkable similarities with pucadelphyids but also with
Aenigmadelphys archeri from which it differs significantly only
in the relative size of the paracone and metacone. The paracone
is larger than the metacone in Aenigmadelphys and the condi-
tion is reversed in fncadelphys. The notable similarity between
the two taxa is probably related to close phylogenetic affinities.
Zimicz et al. (2020: 8) have questioned that the presence
of Peradectes (a genus also present in the NALMA Puercan3,
included in Chrons 29n and 28r) at Tiupampa could be an
argument to support correlation of the Tiupampa beds to the
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Chron28r (as advocated by Gelfo ez a/. [2009]), since, as sug-
gested by Williamson ez al. (2012), this genus is likely para-
phyletic. Therefore, Zimicz ez al. (2020) regard the aflinities
of the Tiupampa “Peradectes” as uncertain. Given the result of
Williamson ez al. (2012), we agree that the single upper molar
from Tiupampa referred to Peradectes cf. austrinum may not
belong to the genus Peradectes. However, as expressed below
(p. 693), paraphyly is a very unstable condition especially in
morphological matrices including a majority of taxa known
only by dental characters, which are well-known to be highly
homoplastic, because of strong selective pressures for feeding
(Muizon & Lange-Badré 1997; Springer ez al. 2007; Solé &
Ladevéze 2017). As a matter of fact, Williamson ez a/. (2012:
632) mention that the paraphyly of Peradectidae retrieved in
the strict consensus of their analysis is “a labile result” and
state that “future studies may likely recover a more inclu-
sive phylogenetically-defined Peradectidae (which may also
include many of the species that fall into the polytomy in our
strict consensus, many of which do group with P elegans and
P californicus in many of the individual most parsimonious
trees)”. Be that as it may, the tooth from Tiupampa referred
to Peradectes cf. austrinum by Muizon (1992) presents greater
similarities with many of the paraphyletic peradectids of
Williamson et al. (2012) (e.g., P elegans and P californicus)
than with any other South American metatherian except the
holotype of Peradectes austrinum from Laguna Umayo (Peru).
Similarities between the Tiupampa and Laguna Umayo speci-
mens strongly suggest that they belong to the same genus,
but because of the size and age difference existing between
the Tiupampa specimen and the holotype from Laguna
Umayo, Muizon (1992) considered that the two specimens
may belong to different species. However, because of the
poor preservation of the two specimens and the scarcity of
the material (two incomplete upper molars), Muizon (1992:
580), expressed reluctance to refer the Tiupampa specimen to
a new species based on a single incomplete molar. Therefore,
Muizon (1992) cautiously referred the Peradectes tooth from
Tiupampa to P cf. austrinum (contra Marshall & Muizon
1988), stating that the affinities of the two specimens had to
be confirmed by the discovery of better preserved and more
complete fossils.

The Tiupampa fauna includes a microbiotherian, Khasia
cordillerensis, which is known from upper and lower molars
and partial upper jaws. Khasia presents characteristic features
of the Microbiotheriidae such as a reduced stylar shelf, stylar
cusps B, C, and D very reduced to absent, a straight centro-
crista, a preparacrista that ends at the anterolabial angle of
the tooth, reaching stylar cusp A, and very reduced to absent
cingula/cingulids (Marshall & Muizon 1988; Muizon 1992).
It is noteworthy that Khasia has been referred by Goin ez al.
(2016) to the North American family Pediomyidae. However,
pediomyids differ from Khasia in having: 1) well-developed
cingulids and a precingulum, whereas they are reduced to
almost absent in Khasia; 2) a trigon basin that is generally
larger and more broadly excavated than in Khasia; 3) a well-
developed posterior part of the stylar shelf (the anterior is
absent) with large styles (especially StD), whereas Khasia
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has a very narrow posterior stylar shelf, if any (the anterior
is absent) and is lacking StB, C and D; 4) a postprotocrista
and a postmetaconule crista that extend labial to the meta-
cone and reach the posterolabial angle of the molar forming
a true metacingulum, whereas in Khasia the postmetaconule
crista remains above the lingual edge of the metacone. The
condition of these four characters in Khasia is similar to that
observed in microbiotherians. As a matter of fact, it is note-
worthy that the upper molars of Khasia are more similar to
those of Dromiciops than to those of the other fossil micro-
biotherians known by upper molars (e.g. Microbiotherium,
Woodburnodon). Therefore, we do not fully endorse the inter-
pretation of Goin ez a/l. (2016) and rather suggest that Khasia
should probably be retained as an early member of the South
American family Microbiotheriidae. However, as expressed
below, (p. 703) this debate may simply reveal an indication
of close relationships (even possibly sister group relationships)
between microbiotherians and pediomyoids (as suggested by
Marshall 1987 and Muizon 1992). However, the latter are
unknown in the Punta Peligro fauna and, therefore, do not
provide an indication on the relative age of the Peligran and
Tiupampan faunas. In other respect, although Carneiro ez al.
(2018) have recently described a pediomyoid from Brazil, we
do not follow their interpretation and consider that, so far,
representatives of this superfamily are absent in South America
(see comments in Appendix 1). Therefore, if our interpreta-
tion is correct, the fact that the Tiupampa microbiotherian,
Khasia, presents similarities with pediomyids (and possibly
close phylogenetic relationships) could indicate that mico-
biotherians may have originated in North America from a
pediomyid stock and recently (i. e. early in the Palacocene)
dispersed to South America. This hypothesis however appears
plausible only if microbiotherians are sister group to all Aus-
tralasian marsupials (= Eomarsupialia), following the latest
robust molecular analysis of Duchéne ez /. (2018), (see also
Mitchell ez al. 2014 and Nilsson ¢t /. 2010), a hypothesis
which implies one single dispersal event of australidelphian
marsupials from western Gondwana to Australasia.

Therefore, as already stated by Gelfo ¢z 4/. (2009) and Goin
et al. (2016: 219), the metatherian fauna of Punta Peligro
exhibits clearly more derived morphologies than the Tiu-
pampa fauna, and “compare(s) well with Eocene taxa even at
generic level”. Furthermore, although inconclusive as far as
the relatives ages of the Tiupampa and Punta Peligro faunas
are concerned, the fact that several metatherians from Tiu-
pampa (pucadelphyids, Incadelphys, Roberthoffstetteria, Khasia)
feature morphological similarities with North American taxa
from the Late Cretaceous is probably an indication of a short
period of differentiation in South America due to the recent
arrival in the subcontinent, thus suggesting a relatively basal
age within the Palacocene for these taxa.

The “condylarths” of Tiupampa (the Kollpaniinae) are related
to the North American mioclaenid stock and differ from the
endemic South American didolodontids and Notonychopidae,
which are present at Punta Peligro. Although the mioclaenid
affinities of the kollpaniines have been questioned by William-
son & Carr (2007), it is noteworthy that the strict consensus
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trees in their phylogenetic analyses are strongly unresolved and
provide little information about the phylogenetic affinities of
the kollpaniines. Similatly, the position of Molinodus retrieved
by Halliday ez /. (2017) is irrelevant to the mioclaenid affini-
ties of Molinodus, since no other mioclaenid is considered
in their analysis. In contrast, the Peligran “condylarths” are
related to the South American family didolodontids and are
represented by the genera Escribania and Raulvacia (Bonaparte
etal. 1993; Gelfo 2007; Gelfo ez al. 2007). Much smaller than
the latter, the Tiupampa kollpaniines retain a more primitive
morphology than the Punta Peligro didolodontids in lacking
a conspicuous hypocone, a structure well-developed in the
latter. However, as brought to light by Muizon ez 4l. (2019),
in Molinodus, a pseudohypocone is clearly in process of indi-
vidualization by duplication of the protocone, a process also
present in Raulcaccia but at a more advanced stage.

The endemic South American order Litopterna has not been
discovered at Tiupampa but is undoubtedly represented at
Punta Peligro by the notonychopid Requisia vidmari (Bona-
parte & Morales 1997).

The orders “Proteutheria” and Pantodonta are abundant in
North America and have not been recorded elsewhere than
Tiupampa in South America.

The “proteutherian” Cimolestes is represented at Tiupampa
by alower m2 or m3 and is recorded in North America from
the Maastrichtian to the late Puercan NALMA (Pu3) (Lof-
gren et al. 2004). “Proteutherians” have not been recorded
elsewhere in South America.

Comparison of the Tiupampa pantodont, Alcidedorbignya
inopinata, to North American taxa allows better estimation
of the absolute age of the Tiupampa fauna. As mentioned by
Gelfo ez al. (2009) and Muizon ez al. (2015), the morphology
of A. inopinata is compatible with an evolutionary grade that
clearly predates Pantolambda bathmodon from the Torrejonian
2 of New Mexico (Lofgren ez al. 2004). A. inopinata is approxi-
mately 60% smaller than P bathmodon and is, with Crustulus
Jfontanus, from the Puercan 3 of Montana (Clemens 2017),
the smallest American pantodont. A. inopinata is dentally less
derived than 2 bathmodon in lacking a mesostyle (formed by
a marked labial inflexion of the centrocrista), a structure pre-
sent in all the post-Puercan North American pantodonts. The
description of the remarkably complete pantodont specimens
from Tiupampa (Muizon & Marshall 1992; Muizon et al. 2015)
clearly indicates that the entire skeletal and dental anatomy
of A. inopinata more closely resembles that of P bathmodon
than that of any other North American pantodont (but see
below for comparison with the recently described upper molar
of Crustulus). However, it is distinctly more generalized than
Pantolambda in all its cranial and postcranial morphology
and could represent an almost perfect morphological ances-
tor for this taxon. The skull of Alcidedorbignya shows a set
of primitive characters with respect to Pantolambda, such
as the presence of a lower dorsal edge of the narial opening,
posteriorly wider nasals bones, and angular process smaller
and hook-like. Furthermore, in contrast to Pantolambda and
all other North American pantodonts, Alcidedorbignya shows
a primitive postcranial skeleton with no trace of graviportal
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tendencies. This could be inferred, among others, from the
morphology of the astragalus which has a strong condyloid
head with a well-defined neck and from the gracility of its
limb bones. In fact, the general morphology of the limbs of
Alcidedorbignya is more similar to that of the mioclaenid con-
dylarths of Tiupampa than to those of the other pantodonts
(Muizon ez al. 1998 and unpublished data from posterior limb
bones referred to Tiuclaenus). Therefore, the morphology of
Alcidedorbignya, which is considerably more primitive than
that of Pantolambda (see Muizon et al. [2015] for a thorough
comparison), except for the presence of single rooted P2 and
p2, an autapomorphy of Alcidedorbignya, is likely to predate
that of Pantolambda. In other words, an Alcidedorbignya-
like morphological ancestor of Pantolambda is likely to have
existed in North America, in beds older than Pantolambda
bathmodon. This latter species is from the medial Torrejonian
NALMA (=To2), which is correlated with Chron 27r (Leslie
et al. 2018; Flynn et al. 2020). Because the beds of the Santa
Lucia Formation at Tiupampa were referred to a single reversed
Chron by Marshall ez a/. (1997) and because comparison of
Alcidedorbignya with Pantolalmba suggests an older age for the
former, the Tiupampa beds yielding Alcidedorbignya should
be correlated to Chron 28r, which approximately corresponds
to Tol (see above). This age is approximately 2 to 3 million
years older than the Pantolambda bearing beds (To2) as sug-
gested by Muizon (1998) and Muizon & Cifelli (2000). It is
noteworthy that the To2, which corresponds to the Chron
271, is similar in age to the Punta Peligro beds, which are
referred to the same Chron (Clyde ez a/. 2014).

Interestingly, a recent study (Clemens 2017) described an
isolated M2 referred to a new pantodont (Crustulus fontanus)
from the latest Puercan (Pu3) of North America. The specimen
(M1 or M2) is very similar to Alcidedorbignya but differs in
the narrower stylar shelf (possibly plesiomorphic?), the larger
conules (plesiomorphic), the convex labial edge of the para-,
meta-, and protocone (whereas it is flat to concave in Alcide-
dorbignya) (plesiomorphic), the larger parastyle (plesiomor-
phic), and the slightly more developed postcingulum with a
distinct medial cuspule (apomorphic). Given the scarcity of
the material (a single upper molar) it is difficult to evaluate
whether Crustulus could represent a potential morphologi-
cal ancestor for Alcidedorbignya (probably not, as stated by
Clemens 2017), but it clearly brings to light that a dental
pattern remarkably close to that of Alcidedorbignya existed
in North America in pre-Torrejonian beds. This occurrence
reinforces the suggestion that the Alcidedorbignya morphology
should predate that of Pantolambda and lends support to a
Tol-equivalent age for the former, i.e. between To2 (Pantol-
ambda) and Pu3 (Crustulus).

The Tiupampa beds have yielded a single upper molar
referred to the order Notoungulata (Muizon ez al. 1984; Mar-
shall & Muizon 1988, Muizon 1992; Muizon et al. 2019).
This molar is poorly preserved since it is relatively worn and
missing most of its ectoloph. In a recent analysis of some
Tiupampa eutherians, it has been referred to cf. Henricos-
borniidae (Muizon et al. 1984; Muizon 1992; Muizon et al,
2019). However, similarities of the Tiupampa notoungulate to
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Henricosborniidae probably represent plesiomorphic features
and, given its state of preservation, this single tooth may be
too incomplete to be identified at a level lower than ordinal.
As stated by Bauzd er al. (2019: 597) the phylogenetic rela-
tionships of this specimen need to be confirmed. Therefore,
the Tiupampa notoungulate should probably be referred
to Notoungulata indet. The Tiupampa notoungulate is the
only evidence of the presence at Tiupampa of a typical South
American Native Ungulate. However, the discovery of better
preserved remains (at least a complete upper or lower molar)
is required to establish its presence more securely.

The faunal comparison presented here has listed a set of
paleontological data, which, taken jointly, clearly suggest
(or are neutral in the case of the notoungulate) that: 1) the
Tiupampa mammal fauna displays more plesiomorphic
characters than that of Punta Peligro and appears to be less
clearly specialised toward the South American mammalian
faunal endemism pattern than that of Punta Peligro, 2) the
Tiupampa mammal fauna still retains numerous remarkable
morphological affinities with the North American faunas of the
Late Cretaceous and early Palacocene, and 3) the Tiupampa
mammal fauna is likely to be anterior to the Torrejonian 2
NALMA. In brief, the Tiupampa mammal fauna exhibits
an evolutionary grade that is intermediate between those
of the North American Late Cretaceous-earliest Palaeocene
(Puercan) faunas and the Punta Peligro fauna, the lacter
already being distinctly characterized by a conspicuous South
American mammalian endemism. Furthermore, comparison
with North American earliest pantodonts (Pantolambda and
Crustulus) suggests that the Tiupampa pantodont is prob-
ably no older (but no younger either) than the Tol, which
is approximately correlated with Chron 28r and the base
of Chron 28n. To conclude, the Tiupampa fauna (which is
correlated to a single reversed magnetostratigraphic Chron)
is referred to Chron 28r as demonstrated by Gelfo ez 4.
(2009). Taking into account the new calibration of Chron
28r (Sprain ez al. 2015, 2018), the Tiupampa mammal fauna
is early Paleocene, probably early Danian and its absolute
age is likely to be close to 65 Ma (Fig. 4). The Punta Peligro
fauna is correlated to Chron 27r and is therefore no more
than 2 to 3 million years younger than that of Tiupampa. It
is noteworthy however that the Tiupampa beds do not con-
tain the earliest Tertiary mammals of South America because
the polydolopimorphian Cocatherium lefipanum, from the
Lefipan Formation at the Grenier Farm (Chubut, Argentina)
is regarded by Goin ez al. (2006) to be earliest Danian in
age. This taxon is known from a single lower molar, which
was discovered a few metres above the K-T boundary and is
probably older than the Tiupampa fauna.

Finally, although we definitely favor an early Danian age for
the Tiupampa mammal fauna on the basis of the combination
of the paleontological arguments expounded above, it is clear
that only radiometric dating at Tiupampa would provide a
definitive answer to the question of the age of the Tiupampa
mammal-bearing beds. Unfortunately, so far, numerous field
seasons at Tiupampa seem to indicate that no tuff or volcanic
ashes are present in the Santa Lucia beds on this site.
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MATERIAL AND METHODS

SPECIMENS, DESCRIPTION, AND COMPARISON

Andinodelphys cochabambensis was named on the basis of
a single upper molar (right ?M2) (Fig. 1) to which was
referred a lower molar (left m3) (Marshall & Muizon
1988). The skulls described below bear well-preserved
teeth, mostly complete dental series, and four of the five
skulls known are associated to their mandibles. Therefore,
their referral to the holotype and referred lower molar is
securely established (Muizon ez al. 1997).

The specimens described below have been discovered as
a tangle of bones including at least seven individuals. In
the block illustrated by Muizon & Argot (2003), which
is part of the skeleton association (Figs 2, 3), at least five
specimens are recognizable, three of them being still partially
articulated skeletons. One specimen is especially complete
with most of the bones, including sub-complete foot and
hand. This specimen (MHNC 8308, yellow on Fig. 3), is
that of an adult with almost fully ossified bones, while the
other two are sub-adult individuals (pink and purple on
Fig. 3) and their postcranial bones are often missing their
epiphyses although the pink specimen (MHNC 8370) has
fully erupted M4s. One specimen (the green one MHNC
13933) is notably disarticulated but still preserves complete
skull and mandibles. Of the five skulls available, two are
almost complete and preserve the basicranium with the
two petrosals, the basioccipital and exoccipitals (MHNC
8264 and 8308). MHNC 8264 (which was found close to
the block but not in it) is almost undistorted but is missing
the right premaxilla and MHNC 8308 (yellow specimen
on Fig. 3) has suffered some transverse distortion and the
left side of the dorsal face of the braincase is crushed and
smashed. The skull of one specimen (pink specimen, MHNC
8370) is seriously distorted transversely and preserves dis-
articulated basioccipital + exoccipitals and left petrosal, but
is missing the right petrosal; this specimen lacks the right
mandible. MHNC 13847 (orange specimen) is lacking
elements of the basicranium (right petrosal, basioccipital
and, exoccipitals) and its left maxilla is disarticulated; both
mandibles are missing. The fifth skull (green specimen on
Fig. 3) is not convenient for description because it is still
on the block and extremely difficult to extract because
several bones are closely appressed against it, especially the
left hind limb of MHNC 8308. CT scanning is not easy
either because of the size of the block and the fragility of
the fossil bones. However, if technically possible, a scan-
ning of the block presented on Fig. 2 will be undertaken
in the future at the ESRF (European Synchrotron Radia-
tion Facilities, Grenoble, France) in order to perform a
virtual preparation of one the skeletons presented below
(Fig. 3, yellow specimen MHNC 8308). This project is
in progress by the authors and F. Goussard.

Therefore, the following description will refer almost
exclusively to the four isolated skulls (MHNC 8264
8308, 8370, and 13847). The petrosal of Andinodelphys
has been described by Ladevéze & Muizon (2007) and
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the description of this bone will concern other specimens
but, when necessary, will refer to this paper. Comparisons
will be made with the closely related Tiupampian genus
Pucadelphys and, if useful, to Mayulestes and Allgokirus
(in Appendix 2 we provide photos of the upper and lower
premolars and molars of Mayulestes, which are of better
quality than figures 2-4 in Muizon [1998]). Compari-
sons with Pucadelphys will be based on the description
by Marshall & Muizon (1995) but also on the numerous
specimens discovered since this publication (see Ladeveze
et al. 2011). Comparisons with Mayulestes and Allgoki-
rus will be based on the original specimens (respectively
MHNC 1249 and 8267). Some comparisons will be made
with the undescribed skulls from Tiupampa referred to
Mizquedelphys pilpinensis MHNC 13917). These skulls
are approximately 50% smaller than Andinodelphys and
30% smaller than Pucadelphys and coincides in dental
morphology and size to the holotype of M. pilpinensis
(a maxilla bearing P3-M3). Following the description, a
comparison section will consider some dental and cranial
characters of Andinodelphys differing from Pucadelphys (or
not considered by Marshall & Muizon 1995) and discuss
their distribution and, when relevant, the state present in
Andinodelphys. The comparison presented below does not
pretend to represent an exhaustive study of all metatherians
characters but rather to intend to make a survey of some
interesting features found in basal metatherians and to
briefly discuss their potential distribution within Theria.

PHYLOGENETIC ANALYSIS
The phylogenetic analysis performed here used the data
matrix of Muizon ez al. (2018). Comments on and jus-
tification of the construction of this data matrix (which
originated from that of Forasiepi 2009) are presented in
Muizon et al. (2018: 366, 367). The character list is a slightly
revised version of that of Muizon et a/. (2018: 439-455).
Our dataset comprises a total of 364 osteological char-
acters (102 dental, 16 mandibular, 124 cranial, 122 post-
cranial), examined in six outgroup and 45 ingroup taxa
(fossil and extant metatherians). The revised character
list is given in Appendix 3. The outgroup includes three
more taxa than in Muizon ez a/. (2018). The outgroup
taxa include one stem therian (the zatherian Vincelestes)
and five fossil eutherians, the sister group to Metatheria.
The outgroup eutherians include Prokennalestes from the
Early Cretaceous of Mongolia, which is known from upper
and lower postcanine teeth, dentaries, and one petrosal
(Kielan-Jaworowska & Dashzeveg 1989; Sigogneau-Russell
et al. 1992; Wible et al. 2001). Furthermore, in a recent
monograph Lopatin & Averianov (2017) described and
illustrated a remarkably abundant new material of Proken-
nalestes including several hundreds of upper and lower jaws
and teeth from the locality of Khovoor in the Gobi Desert
of Mongolia. Other outgroup eutherian taxa are Maelestes,
represented by the skull, mandible, anterior vertebrae,
and partial left forelimb, Zalambdalestes, and Asioryctes,
both represented by several complete skulls and skeletons
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from the Late Cretaceous of Mongolia (Wible ez al. 2004,
2009; Kielan-Jaworowska 1977, 1981). Another outgroup
eutherian taxon is Leptictis represented by very complete
cranial and post cranial material (Butler 1956; Novacek
1986; Rose 2006) from the early Oligocene of Wyoming.
Ingroup taxa include metatherians that belong to different
lineages. They include 17 sparassodonts, mostly represented
by well-preserved material, and other, well-preserved fossil
metatherians (pucadelphyids, stagodontids, peradectids,
alphadontids, Pediomys, herpetotheriids, deltatheroidans,
Kokopellia, and Asiatherium). Because it shares many
similarities with Andinodelphys we included the Itaboraian
genus [taboraidelphys represented by dental remains (Mar-
shall & Muizon 1984) and two petrosals (Type II petrosal
of Ladevéze 2004) that Muizon et al. (2018) referred to
this taxon (see below). We also added to Muizon et al.
(2018)’s matrix the so called “Gurlin Tsav Skull” (GTS),
a remarkably complete (but undescribed yet) metatherian
skull from the Late Cretaceous of Mongolia (Szalay &
Trofimov 1996). Varalphadon, an early Cretaceous genus
of North America, which has been regarded by Carneiro
(2018) as the earliest sparassodont, has also been included
in our ingroup. Selected extant marsupials amongst the
least derived clades (didelphids, Dromiciops, dasyurids,
and 7hylacinus) are also included in the matrix.

The taxon/character states matrix was analysed using
heuristic parsimony searches implemented by PAUP*
(Swofford 2002). Each heuristic parsimony search employed
100 replicates of random taxon addition with TBR branch
swapping, saving up to 10 trees. The phylogenetic tree with
morphological character state optimisations was gener-
ated by PAUP* (Swofford 2002) and Winclada v.1.00.08
(Nixon 2008). Polymorphic taxa were coded with multiple
character state entries. Most multistate characters were
treated as unordered, but 57 of them were considered as
additive because previous studies have assumed they are
morphoclines or because we suspected them to be (see list
of characters, Appendix 3). Branch support was assessed by
calculating the Bremer index (Bremer 1988) with PAUP*
(Swofford 2002) (heuristic searches with 100 replications,
saving up to 10 trees, TBR branch swapping). The results
of the parsimony analysis will be presented and discussed.

TERMINOLOGY, MEASUREMENTS, AND TAXON LIST AND
MATERIAL

Anatomical terminology for the skull essentially follows
Wible (2003, 2008, 2011) and Wible & Spaulding (2013)
unless specified. Vessels and nerves terminology and pas-
sageways refer to MacPhee (1981), Wible (1990, 1993,
2008, 2009,2010,2011, 2012), Wible & Spaulding (2013),
and Evans & de Lahunta (2013). Most of this terminology
corresponds to anglicized terms of NAV (2005). Dental
terminology follows Marshall & Muizon (1995). Lower
incisor homology follows Hershkovitz (1982, 1995). Dental
measurements follow Gheerbrant (1992: fig. 4). Internal
edge of the teeth (i.c. on the side of the mouth and tongue)
will be designated as lingual and external edge (i.e. on the
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side of the vestibulum, lips or cheeks), will be designated
as labial, although the last molars are generally bordered
by the cheek rather than the lip.

Appendix 4 provides a list of the taxa and material avail-
able to us (original specimen with catalogue numbers, casts,
photos, CT data, publications). The list of generic and specific
taxa cited in the text with authorship and date of publication
is given on Appendix 5.

INSTITUTIONAL ABBREVIATIONS

AMNH American Museum of Natural History, New York;

BMNH Beijing Museum of Natural History, Beijing;

DGM Divisao de Geologia e Mineralogia do Departamento
Nacional da Producio Mineral , Rio de Janeiro;

UMC Palacontological collections of the Université Mont-
pellier 2, Montpellier;

FMNH Field Museum of Natural History, Chicago, Illinois;

IEEUACG Instituto de Ecologfa y Evolucién, Universidad Austral
de Chile, Valdivia;

MACN Museo Argentino de Ciencias Naturales “Bernardino
Rivadavia’, Buenos Aires;

MB.Ma Museum fiir Naturkunde, Berlin, Berlin;

MHNC Museo de Historia Natural “Alcide d’Orbigny”,
Cochabamba;

MNHN Muséum national d’Histoire naturelle, Paris;

MNRJ Museu Nacional e Universidade Federal do Rio de
Janeiro, Rio de Janeiro;

NDGS North Dakota Geological Survey, State Fossil Col-
lection at the North Dakota Heritage Center State
Museum, Bismarck, North Dakota;

OMNH Oklahoma Museum of Natural History, Norman,
Oklahoma;

PIMUZ Paliontologisches Institute und Museum Ziirich;

PIN Paleontological Institute of the Russian Academy of
Sciences, Moscow;

PSS-MAE  Paleontological and stratigraphy Section (Geological
Institute), Mongolian Academy of Sciences, Ulaan
Baatar, Mongolia;

RH Robert Hoffstetter collection of Recent vertebrates,
in the MNHN;

SC Sierra CollegeNatural History Museum; Rocklin,
California;

SMF Senckenberg, Museum of Natural History, Frankfurt;

SMP-SMU  Shuler Museum of Paleontology, Southern Methodist
University, Dallas;

STM Tianyu Museum of Nature, Linyi, Shandong Province,
China;

UCMP Museum of Paleontology, University of California,
Berkeley;

USNM United States National Museum, Smithsonian Insti-
tution, Washington;

UWBM University of Washington, Burke Museum of natural
history and Culture, Seatle, Washington;

YPFB Yacimientos Petroliferos Fiscales de Bolivia, Santa Cruz;

YPM-PU  Princeton University collection housed in the Yale
Peabody Museum, Yale University, New Haven, Con-
necticut;

ZPAL Paleontological Institute of the Polish Academy of
Sciences, Warsaw.

SUPPLEMENTARY DATA

Supplementary data are available at the following address:
NEXUS file of the data matrix: hetp://sciencepress.mnhn.fr/
sites/default/files/documents/fr/andinodelphys-data-matrix.nex
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SYSTEMATIC PALAEONTOLOGY
Infraclass METATHERIA Huxley, 1880

Superorder PUCADELPHYDA
Muizon, Ladeveze, Selva, Vignaud, Goussard, 2018

REMARK
The Pucadelphyda includes the order Sparassodonta and the
family Pucadelphyidae (see Muizon ez 2/ 2018).

Order indet.

Family PUCADELPHYIDAE Muizon, 1998

INCLUDED GENERA. — Pucadelphys Marshall & Muizon, 1988; An-
dinodelphys Marshall & Muizon, 1988; Mizquedelphys Marshall &
Muizon, 1988, ltaboraidelphys Marshall & Muizon, 1984.

Genus Andinodelphys Marshall & Muizon, 1988

‘TYPE SPECIES. — Andinodelphys cochabambensis Marshall & Muizon,
1988 by original designation.

DIAGNOSIS. — Because the genus is monospecific, its diagnosis is
that of the type species.

Andinodelphys cochabambensis
Marshall & Muizon, 1988

HOLOTYPE. — An isolated right M2 (YPFB Pal 6192)

HyropiGM. — Holotype. YPFB Pal 6194, isolated m3 (Marshall &
Muizon 1988: fig. 6 A and B); MHNC 8264: sub-complete cra-
nium (missing right premaxilla and anterior part of right nasal)
bearing all teeth except incisors, with mandibles bearing all teeth
except left i3-1 and crown of left canine; MHNC 8300: isolated
right mandible with p1 isolated and p2-m4 in situ; MHNC 8308:
sub-complete skeleton with slightly transversely distorted cranium
with posterior left part of the roof crushed and smashed; all upper
teeth are preserved except right 12, 14-5 and crowns of left I3 and
15, both mandibles, all lower teeth are preserved except right i1-4
and crown of left i2 (Fig. 3 yellow elements); MHNC 8370: partial
skeleton including sub-complete skull, transversely distorted, with
disarticulated basioccipital and exoccipitals (bones are fused) and left
petrosal, most of teeth are preserved except right I3-1, left I1, I3-5
right P2-3, left mandible with 11, P2-M4, and partial postcranial
skeleton (Fig. 3 pink elements); MHNC 8371: isolated right pet-
rosal; MHNC 13847: partial cranium lacking most of basicranium
but the left petrosal; the specimen is transversely compressed and
the right maxilla is detached, canines and incisors are missing and
three premolars and a pterygoid are free; a left scapula found in
close contact with the left maxilla is also referred to this specimen;
furthermore, a set of six cervical vertebrae (atlas-C6) and an isolated
right jugal are possibly part of the same individual (Fig. 3 orange
elements); MHNC 13912: left distal humerus; MHNC 13925: set
of bones possible referred to the same individual and including right
mandible, right petrosal and most of postcranial skeleton (Fig. 3
purple elements); MHNC 13926: isolated left humerus; MHNC
13933: sub-complete cranium and mandibles still imbedded on
the large block of Fig. 2, and lacking exoccipitals, upper incisors,
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right canine, M3-4, the left P3, probably associated with a set of
non-articulated bones (Fig. 3, green elements); MHNC 13934:
14 caudal vertebrae almost all of them being articulated; MHNC
13935: isolated left femur lacking the epiphyses of the head and
distal extremity; MHNC 13936: left femur lacking proximal epi-
physes and distal extremity; MHNC 13937: left ulna lacking distal
epiphysis and radius lacking both epiphyses; MHNC 13938: right
fibula; MHNC 13939: left calcaneus; MHNC 13940: right calcaneus
lacking extremity of the tuber; MHNC 13941: right metacarpus
(MclII-V); MHNC 13942: right radius lacking epiphyses; MHNC
13943: right astragalus; MHNC 13944: left metacarpus (McI-1V)
with first phalanges; MHNC 13945: axis lacking atlas intercentrum;
MHNC 13946: left illium; MHNC 13947: right ischiopubis;
MHNC 13948: right humerus lacking proximal epiphysis; MHNC
13949: left humerus lacking epiphyses.

EMENDED DIAGNOSIS. — Dental formula 15/i4, C/c, P3/p3, M4/
m4. Large Pucadelphyidae approximately 35% larger in skull length
and 20% in bizygomatic width than Pucadelphys andinus, and 60%
larger than Mizquedelphys pilpinensis in skull length; approximately
10% smaller than Mayulestes ferox, and approaching the size of
Allgokirus australis in skull length.

Andinodelphys cochabambensis differs from Pucadelphys andinus in
the following characters: I1 larger and ventrally projecting below
the other incisors; stylar cusp C on the upper molars conspicuously
smaller and variably twined (always single in Pucadelphys); rostrum
and (correlatively) dentary proportionally longer; small palatal va-
cuity in the maxilla (lacking in Pucadelphys); small transverse canal
(absent in Pucadelphys); hypotympanic sinus present posterolateral
to the foramen ovale (absent in Pucadelphhys).

Andinodelphys cochabambensis differs from Itaboraidelphys camposi
in the following characters: size 25% smaller in comparable linear
tooth dimensions; molars less bulbous in overall appearance; less
V-shaped centrocrista; p2 distinctly smaller than p3; protoconid of
p2-3 more asymmetrical in lateral view; trigonid higher as compared
to talonid; narrower talonid; smaller entoconid.

Andinodelphys cochabambensis differs from Mayulestes ferox and
Allgokirus australis in the following characters: larger and mesiodis-
tally longer protocone; paracone and metacone separated at base;
slightly V-shaped centrocrista; preparacrista of M4 forms an angle
close to 90° with the para-metacone axis; lateral edge of protoconid
not inflated and strongly convex at mid-height; metaconid much
larger in height and volume than paraconid; metaconid and paraconid
adjoined at base; paracristid lacking a carnassial notch; moderate
increase in size of molars (m1-m3) posteriorly (great in Mayulestes
and Allgokirus); dentary shallower below molars and more slender;
lower incisors more procumbent and mandibular symphysis more
slanted; small palatal vacuity present on maxilla; transverse canal;
frontal-maxilla articulation on the dorsolateral aspect of the rostrum;
distinct and sharp supraorbital process of the frontal.
Andinodelphys cochabambensis differs from deltatheroidans in the
following characters: larger and mesiodistally longer protocone,
paracone smaller than metacone (paracone larger than metacone
in deltatheroidans), paracone and metacone separated at base;
slightly V-shaped centrocrista; preparacrista of M3 slightly shorter
than postmetacrista (much longer in deltatheroidans); metaconid
much larger in height and volume than paraconid; metaconid and
paraconid adjoined at base; paracristid lacking a carnassial notch;
larger entoconid; m4 not significantly reduced as compared to m3;
moderate increase in size of molars (m1-m3) posteriorly (marked
in deltatheroidans); dentary lower, below molars and more slender;
lower incisors more procumbent and mandibular symphysis more
slanted; longer and narrower rostrum; small palatal vacuity present
on maxilla; frontal-maxilla articulation on the dorsolateral aspect
of the rostrum.

GEOLOGICAL SETTING AND AGE. — The Andinodelphys skulls and
skeletons are from beds of the Santa Lucia Formation at Tiupampa
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and have been discovered in 1996 in the locality called “the Quarry”
by Gayet ez al. (1992) and Marshall & Muizon (1995). As discussed
above (p. 600-609) and elsewhere (Gelfo ez al. 2009; Muizon ez al.
2015, 2018), the age of the Tiupampa beds is regarded as early
Danian in age (c. 65 Ma).

COMPARATIVE DESCRIPTION

The description below is based on the skulls of the specimens
included in the block of intermingled skeletons illustrated in
Figures 2 and 3. All the specimens included in the hypodigm,
except the holotype, the referred m3 (YPFB Pal 6194), and
MHNC 13912, have been discovered in, or close to, this
block. These individuals were probably buried in a single
catastrophic event as has also been suggested in the case of
the accumulation of nearly complete skulls and skeletons of
Pucadelphys andinus from the same locality, which have been
regarded as belonging to the same population (Ladeveéze ez 4.
2011). Consequently, because the specimens described here
have undergone similar taphonomic conditions, they are also
regarded as belonging to the same population of Andinodel-
phys cochabambensis. Therefore, the morphological differences
observed between the specimens, especially concerning dental
morphology, are regarded here as related to individual varia-
tion within the species A. cochabambensis. They could also be
related to sexual dimorphism, although our sample does not
present morphological arguments favouring this hypothesis.

DENTITION

As mentioned above two almost complete skulls are known
(Figs 5, 6), but all the teeth of Andinodelphys are well preserved
on the four prepared skulls and the two isolated mandibles,
which provides an excellent knowledge of the dental anatomy.
The dental formula is the plesiomorphic pattern for metathe-
rians: 15/i4, C1/cl, P3/p3, M4/m4 (Kielan-Jaworowska ez al.
2004). Upper dentition will be described first, followed by

lower dentition.

Upper dentition

Upper Incisors. (Fig. 7) Both I1 are preserved on MHNC
8308. They are relatively slender with a conical crown, which
is at least twice as high as wide, although it may be more
because the boundary between enamel and dentine is dif-
ficult to observe precisely. The crown is elevated relative to
the other upper incisors and the part of the root external to
the alveolus is approximately 50% to 100% higher than on
the other teeth. As a consequence, the I1 projects farther
ventrally than the other incisors. The I1s are closely appressed
one against each other at their apices and diverge at their
base. Because of this layout, they appear slightly oriented
medially. The relative proportion and layout of the I1 clearly
resemble the condition observed in Recent didelphids but
also in Mayulestes as mentioned by Muizon et al. (1997). As
observed on MHNC 8308, 12 is much smaller than I1 and
approaches the size of I5 (preserved only on the right premax-
illa of MHNC 8370). The crown of 12 is much lower than
that of I1. It is triangular, approximately as wide as high and
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slightly compressed labiolingually. I3 and 14 are morphologi-
cally similar to 12 but are larger, I3 being in turn larger than
14. The three teeth have a clearly lower crown than that of
I1. I5 is not preserved on MHNC 8308. On MHNC 8370,
I5 is a tiny tooth with a peg-like crown that is not distinctly
triangular as on 12-4 and not compressed labiolingually. The
edges of the alveoli of I1-3 are on the same level, while that
of I4 is slightly more dorsal. The alveolus of I5 is much more
dorsal, facing distinctly posteroventrally at the anterior edge
of the paracanine fossa for the lower canine. A small diastema
separates I1 and 12 as is observed in Recent didelphids and a
large one separates I5 from the canine.

Upper Canine. (Figs 7-10) The upper canine is a large tooth
similar in size (as compared to the skull length) to the con-
dition observed in Didelphis and Caluromys. It is slightly
larger proportionally than in Philander and Marmosa and
much larger than in 7hylamys and Metachirus (Table 1). As
compared to the other Tiupampa metatherians, the upper
canine of Andinodelphys is slightly smaller than that of the
only known specimen of Mayulestes but falls within the range
of the variation observed in Pucadelphys. In the latter genus,
the wide range of variation of the size of the upper canine
(Table 1) is related to sexual dimorphism (Ladeveze ez al.
2011). In the available sample for Andinodelphys (3 specimens)
no such variation is observed since the maximum variation
of the ratio canine height/skull length is 0.006 whereas in
Pucadelphys it is eight times as much (0.048). Therefore, the
size variation of the upper canine, which has been regarded
as related to sexual dimorphism in Pucadelphys, may be only
related to individual variation in Andinodelphys. However,
it is also possible that, because of its small size, our sample
of Andinodelphys skulls may not include specimens allowing
identification of sexual dimorphism. The upper canine of
Andinodelphys is pointed and arcs posteriorly so that the apex
of the crown is approximately ventral to the posterior edge of
the crown base. The cross section of the canine is oval-shaped
without anterior or posterior carina and the edges of the tooth
are slightly flactened transversely. At the base of the crown
the section of the tooth is more than twice longer than wide
(2.93 mm x 1.28 mm on MHNC 8308).

Upper Premolars. (Figs 8-11) The three upper premolars
are double-rooted and distinctly increase in size from P1 to
P3. The crown of P2 is distinctly higher than that of P1 but
is only slightly lower than that of P3. The same observation
is made for the mesiodistal length and transverse width as
observed on the means calculated on Table 2 for the three
measurements. The three premolars are single cusped with
anterior and posterior heels. P1 is closely appressed against
the canine. On the four skulls, the anterior root is distinctly
lateral to the posterolateral edge of the canine. As a conse-
quence, the tooth is set obliquely in the tooth row its axis
being oriented anterolaterally-posteromedially. The crown of
P1 is lower than long and its apex is ventral to the posterior
edge of the anterior root. As a consequence, the anterior keel
of the main cusp is much shorter than the posterior one. The
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Fic. 5. — A, B, Andinodelphys cochabambensis (MHNC 8264) stereophotos of the cranium: A, dorsal view; B, ventral view. Scale bar: 10 mm.

anterior base of the crown bears a small heel, which is lower  convex than the labial one. P2 is approximately twice as large
than that observable at the posterior angle of the crown. In  as P1 but morphologically similar. Its crown is higher and its
occlusal view the crown is ovoid, the lingual edge being more  apex is less anterior than that of P1. In labial view the crown
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Fic. 5. — C, D, Andinodelphys cochabambensis (MHNC 8264) stereophotos of the cranium: C, lateral view; D, occipital view. Scale bar: 10 mm.

appears less asymmetrical than P1 and the anterior edge of
the main cusp is only slightly shorter than the posterior one.
The crown is roughly triangular and slightly lower than long.
Mesially, a small cuspule is present at the base of the crown
and distally a significant heel extends the tooth posteriorly.
In occlusal view the lingual edge of the crown is inflated
above the anterior edge of the posterior root. Consequently,
in occlusal view the crown forms a low triangle with the apex
in a distolingual position. The P3 is elevated and robust being
much larger than P2. It is only slightly longer than P2 but
33% higher (mean in Table 2). It is approximately 50% higher
than long. In labial view the tooth is slightly asymmetrical and
the apex of the main cusp is shifted posteriorly being ventral
to the anterior edge of the posterior root. As a consequence,
the mesial edge of the crown is longer than the distal one in
contrast with the condition on P1 and P2. At the mesial base
of the crown the condition varies. On MHNC 8370 a small
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cuspule, larger than on P2, is present. On MHNC 8264, there
is no real cuspule as on P2 but a small cingulum surrounds
the mesial edge of the crown base and on MHNC 8308 the
mesial edge of the crown passes smoothly to the mesial root.
Lingually the distolingual inflation is more accentuated than
on P2 and is ventral to the whole length of the distal root. At
the distal base of the crown a well-cuspated heel is present.
Distally this cusp closely contacts the stylar cusp A of MI.
The mesial edge of the main cusp is a thick and rounded ridge
from base to apex, whereas the distal edge of the main cusp
is a relatively sharp crista, straight or slightly concave distally.

Upper Molars. (Figs 8-11) The upper molar anatomy of Andi-
nodelphys has been described by Marshall & Muizon (1988)
on the basis of the holotype of A. cochabambensis, an M2 or
M3 (more likely an M2). The measurements of the holotype
(L =2.9 mm; W = 3.2 mm) better fit the measurements range
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TaBLE 1. — Size of the upper canine as compared to the length of the cranium (ratio canine height/cranium length) in pucadelphydans and didelphids. Abbrevia-
tions: Cah, canine height; Ski, cranium length (condylobasal). Allgokirus australis, the other sparassodont from Tiupampa, has not been included in this table
because the only skull known of this species is that of a sub-adult individual with a canine that is not fully erupted.

Taxon Cah Skl Cah/Skl
Andinodelphys cochabambensis (MHNC 8264) 6.94 47.99 0.144
Andinodelphys cochabambensis (MHNC 8308) 6.74 47.30 0.142
Andinodelphys cochabambensis (MHNC 8370) 5.83 42.2 0.138
Andinodelphys cochabambensis (mean) 0.141
Pucadelphys andinus (MHNC 8266) 4.54 33.34¢ 0.136
Pucadelphys andinus (MHNC 8381) 5.12 31.73e 0.161
Pucadelphys andinus (MHNC 8382) 5.40e 34.29e 0.157
Pucadelphys andinus (MHNC 8378) 3.12 27.65e 0.113
Pucadelphys andinus (mean) 0.142
Mayulestes ferox (MHNC 1249) 8.15 53.12 0.153
Didelphis virginiana MNHN-ZM-2007-7 20.55 115.65 0.177
Didelphis virginiana (Coll SL uncat.) 18.66 118 0.158
Didelphis albiventris (MNHN-RH 120) 12.78 99.17 0.129
Didelphis pernigra MNHN-ZM-MO-1920-250 14.3 95.9 0.149
Didelphis marsupialis MNHN-ZM-2007-8 12.15 101.10 0.12
Didelphis marsupialis MNHN-ZM-MO-1900-581 16.3 105.75 0.154
Didelphis marsupialis MNHN-ZM-MO-1932-3003 10.11 100.63 0.100
Didelphis marsupialis MNHN-ZM-MO-1900-583 16.21 110.1 0.147
Caluromys philander (MNHN uncat — 15J) 8.6 57.41 0.150
Caluromys philander (MNHN uncat — 17L) 8.00 56.13 0.133
Caluromys philander (MNHN uncat — 17F) 7.67 57.58 0.133
Caluromys lanatus MNHN-ZM-MO-1929-651 7.75 57.21 0.135
Caluromys lanatus MNHN-ZM-MO-1929-652 8.29 56.21 0.147
Caluromys lanatus MNHN-ZM-MO-1929-650 7.75 55.78 0.139
Philander opossum (MNHN-ZM-2012-21) 8.74 87.96 0.099
Philander opossum (MNHN-ZM-MO-2000-215) 9.46 7414 0.127
Philander opossum (MNHN-ZM-MO-1998-2264) 7.42 73.76 0.100
Philander opossum (MNHN-ZM-2003-153) 7.44 73.63 0.101
Marmosa murina (MNHN-RH 82) 4.45 41.36 0.107
Metachirus nudicaudatus MNHN-ZM-MO-1985-1803 3.17 57.22 0.055
Metachirus nudicaudatus MNHN-ZM-2004-316 3.02 56.02 0.054
Metachirus nudicaudatus (MNHN-RH 81) ) 54.61 0.091
Metachirus nudicaudatus (Coll CM uncat) 4.85 63.94 0.076
Metachirus nudicaudatus (MNHN-Coll Filhol uncat) 3.59 47.89 0.075
Thylamys sp. (Coll CM uncat) 2.29 27.21 0.084

obtained for the M2 (2.45 mm < L < 3.06 mm; 3.03 mm <
W < 3.56 mm) than for the M3 (2.62 mm < L < 3.19 mm;
3.25 mm < W < 3.84 mm) as well as the means for M2 (L=
2.82 mm; W = 3.29 mm) and M3 (L = 2.85 mm; W = 3.57
mm) obtained from the four skulls described here (Table 2).
Furthermore, the morphology of the six M2s described
from the new sample presented here closely matches that of
the holotype. Therefore, there is no doubt that these cranial
remains belong to the same taxon as the holotype and can be
safely referred to Andinodelphys cochabambensis.

However, on the five new specimens described here, the four
molars are preserved on both sides, which provide a much more
complete knowledge of Andinodelphys upper molar anatomy
and variation. In length and width (see Table 2 for definition
of Length and Width of upper molars) M1<M2<M3>M4.
This comparison is based on four specimens, which preserve
both right and left molars, giving 8 values per tooth and per
measurements. The first three molars are slightly wider than
long. This condition is more pronounced on M4, which is
mesiodistally shorter than the other molars. The mesial edge
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of the first three molars is roughly perpendicular to the mesio-
distal axis of the molar row (i.e. approximately the paracone-
metacone axis), while the distal edge is distinctly oblique.
Because the first three molars more resemble each other than
the last one, they will be first described jointly before M4.
Upper M1-3 (Figs 8-11). On the labial border of M1-3, the
stylar cusp A- stylar cusp E axis is approximately parallel to
the mesiodistal axis of the tooth row whereas it is oblique on
M4, being mesiolabially-distolingually oriented. On M1-3
the protocone is the largest cusp of the tooth. It is a large
and massive cusp, triangular in occlusal view. On M1-2 it is
as long as wide, while on M3 it is slightly shorter than wide.
It is moderately elevated being as high as the paracone but
clearly lower than the metacone. In occlusal view, the apex of
the protocone is shifted mesially; in other words, the mesial
face of the protocone is subvertical and the distal face slopes
distally. Similarly, the lingual rounded keel of the protocone
is deflected mesially so that the mesial face of the protocone
is roughly transverse and the distal face is distinctly oblique.
As a consequence of its asymmetry, the protocone appears
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TABLE 2. — Measurements of the teeth of Andinodelphys cochabambensis. Abbreviations: L (for canines and premolars), maximum length of the tooth; W (for
canines and premolars), maximum width of the tooth; L (for molars), maximum length of the tooth measured parallel to the paracone-metacone axis; W (for
molars), maximum width of the tooth perpendicular to length; Lab, length of the tooth along the labial alveolar border; Ltr, length of the trigonid; Ltl, length of
the talonid; Wtr, maximum width of the trigonid; Wtl, maximum width of the talonid; H, height of the tooth; Htr, height of the trigonid; Htl, height of the talonid.
Measurements are in mm.

MHNC 8264 MHNC 8308 MHNC 8370 MHNC 13847

MHNC MHNC
specimen L R L R L R L R 8306 13925 Mean
LC 3.05 2.88 2.93 2.93 2.37 2.32 - - - - 2.74
W C 1.52 1.34 1.29 1.25 1.39 1.43 - - - - 1.37
HC 6.49 6.39 6.4 6e 5.88 5.62 - - - - 6.13
L P1 1.27 1.53 1.33 1.44 1.55 1.32 1.30 1.35 - - 1.38
L P2 2.27 2.12 2.10 2.04 2.13 - 2.46 2.34 - - 2.21
L P3 2.21 2.21 2.25 2.68 2.38 - 2.58 2.46 - - 2.39
W P1 0.59 0.69 0.65 0.60 0.74 0.69 0.66 0.61 - - 0.65
W P2 0.95 1.02 0.95 1.01 0.97 - 0.93 1.09 - - 0.99
W P3 1.18 1.42 1.44 1.41 1.30 - 1.18 1.13 - - 1.29
H P1 0.69 0.76 1.00 0.84 0.74 1.04 0.86 1.02 - - 0.87
H P2 1.52 1.74 1.7e 1.82 1.68 - 1.76 1.66 - - 1.70
HP3 217 2.10 2.12 2.22e 2.27 - 2.69 2.27 - - 2.26
L M1 2.81 2.81 2.73 2.79 2.53 2.54 2.83 2.70 - - 2.71
L M2 3.06 2.80e 3.00 2.94 2.45 2.68 2.85 2.79 - - 2.82
L M3 3.09 3.19 2.95 2.83 2.62 2.63 2.75 2.78 - - 2.85
L M4 2.54 2.57 2.47 2.53 2.02 2.04 2.22 1.95 - - 2.29
Lab M1 2.85 2.91 2.71 2.78 2.50 2.60 2.89 2.76 - - 2.75
Lab M2 3.08 2.88e 3.08 2.94 2.54 2.70 2.75 2.66 - - 2.82
Lab M3 3.09 3.21 2.92 2.81 2.72 2.69 2.76 2.77 - - 2.87
Lab M4 2.79 2.78 2.83 2.59 2.27 217 2.48 2.40 - - 2.53
W M1 2.72 3.14 3.01 2.62 2.78 2.80 2.86 3.19 - - 2.89
W M2 3.30 3.50 3.37 3.1 3.38 3.10 3.038 3.56 - - 3.29
W M3 3.73 3.71 3.50 3.38 3.52 3.25 3.64 3.84 - - 3.57
W M4 3.45 3.42 3.47 3.13 3.35 3.27 3.26 3.62 - - 3.37
Lc - 2.88 2.83 2.49 - - - - - - 2.73
Wec - 1.16 1.01 1.31 - - - - - - 1.16
Hc - 5.28 4.71e - - - - - - - 4.99
L p1 1.57 1.14 1.59 1.60 - - - - 1.36 1.38 1.44
L p2 2.21 2.23 2.25 2.26 2.16 - - - 2.30 1.92 2.23
L p3 2.53 2.35 2.58 2.38 2.32 - - - 2.44 2.48 2.44
W p1 0.68 0.59 0.55 0.60 - - - - 0.72 0.62 0.63
W p2 0.88 0.94 0.92 0.96 0.93 - - - 1.00 0.95 0.94
W p3 0.88 1.00 1.13 1.14 1.00 - - - 1.09 1.00 1.03
Hp1 0.98 0.92 1.02 1.01 - - - - 0.96 1.08 0.99
H p2 1.71 1.87 1.84 1.66 1.76 - - - 2 1.94 1.82
Hp3 2.20e 2.30e 2.33 2.89 2.30 - - - 2.2 2.54 2.39
L m1 2.72 2.64 2.69 2.64 2.74 - - - 2.62 2.36 2.63
L m2 2.94 2.77 2.87 3.05 3.00 - - - 2.89 2.76 2.89
L m3 3.04 2.92 2.91 3.20 3.05 - - - 2.97 2.92 3.00
L m4 3.20 2.93 3.08 3.11 3.06 - - - 2.91 3.12 3.05
Ltr m1 1.80 1.60 1.79 1.62 1.81 - - - 1.50 1.35 1.64
Ltrm2 1.96 1.75 1.92 1.72 1.90 - - - 1.74 1.55 1.79
Ltr m3 1.96 1.70 1.97 2.00 1.93 - - - 1.74 1.59 1.84
Ltr m4 1.96 1.65 1.89 1.84 1.95 - - - 1.71 1.60 1.80
Ltl m1 1.24 1.10 1.20 1.03 1.03 - - - 0.89 1.00 1.07
Ltl m2 1.31 1.18 1.38 1.18 1.22 - - - 1.08 1.05 1.20
Ltl m3 1.29 1.16 1.20 1.09 1.14 - - - 1.23 1.14 1.18
Ltlm4 1.33 - 1.25 1.12 1.16 - - - 1.16 1.39 1.23
Wir m1 1.29 1.30 1.28 1.42 1.39 - - - 1.46 1.39 1.36
Witr m2 1.60 1.77 1.37 1.79 1.63 - - - 1.67 1.52 1.62
Witr m3 1.79 1.80 1.80 1.75 1.81 - - - 1.83 1.68 1.78
Witr m4 1.72 1.81e 1.62 1.76 1.75 - - - 1.78 1.68 1.72
Wil m1 1.34 1.03 1.34 1.31 1.31 - - - 1.28 1.26 1.26
Wil m2 1.61 1.41 1.52 1.44 1.43 - - - 1.51 1.33 1.46
Wil m3 1.56 1.50 1.51 1.44 1.41 - - - 1.53 1.39 1.48
Wil m4 1.23 1.22 1.37 1.30 1.08 - - - 1.12 1.17 1.21
Htr m1 2.23 - 2.18 - - - - - 2.09 2.21 217
Htr m2 2.23 2.41 2.22 2.23 2.45 - - - 2.32 2.35 2.31
Htr m3 2.31 2.50 2.22 2.30 2.61 - - - 2.60 2.43 2.42
Htr m4 2.35 - 2.35 2.51 2.52 - - - 2.72 - 2.49
Htl m1 1.22 1.11 1.24 - - - - - 1.23 1.35 1.23
Htl m2 1.32 - 1.29 1.36 1.15 - - - 1.44 1.51 1.34
Htl m3 1.41 - 1.33 1.38 1.35 - - - 1.50 1.37 1.39
Htl m4 1.09 - 1.11 1.01 1.17 - - - 1.13 1.10 1.10

GEODIVERSITAS 2020 42 (30) 617



» Muizon C. de & Ladeveze S.

Fic. 6. — Andinodelphys cochabambensis (MHNC 8308) stereophotos of the cranium: A, dorsal view; B, ventral view. Scale bar: 10 mm.

inflated on its distobasal edge. The asymmetry of the proto-  labial extremity, the protocristae bear well-developed para- and
cone is also present in the relative size of the protocristae, the  metaconules, which are subequal in size. When present the
preprotocrista being shorter than the postprotocrista. At their  postparaconule and premetaconule cristae are very weak and
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Fic. 7. — Andinodelphys cochabambensis (MHNC 8308), A, right lateral view of the anterior region of the rostrum; B, left lateral view of the anterior region of the
rostrum; C, upper incisors and canines in anterior view; D, upper incisors and canines in ventral view; E, upper incisors and canines in anteroventrolateral view;

Scale bar: 5 mm.

low. In contrast, the conules extend disto- and mesio-dorsally
in well-developed preparaconule and postmetaconule cris-
tae. The preparaconule crista extends labially along the base
of the paracone and form a well-developed paracingulum,
which reaches the stylar cusp A. The postmetaconule crista
extends distodorsally but remains at the mesiolingual base of
the metacone and does not extend labially towards the stylar
cusp E. The trigon basin is deep and wide and extends labi-
ally between the para- and metacone. These cusps are widely
separated at their bases as is observed in Pucadelphys. They
are not adjoined at their bases in contrast to the condition
observed in the basal sparassodonts, Mayulestes, Allgokirus
or Patene. The paracone is distinctly lower and subequal to
slightly less voluminous (in occlusal view) than the meta-
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cone. The postparacrista and premetacrista are moderately
developed. They extend from the apices of their respective
cusp dorsally and labially. As a consequence, their point of
contact is located more labial than the apices of the cusps
so that, in occlusal view, the centrocrista (postparacrista +
premetacrista) is slightly V-shaped with the apex of the V
pointing labially. In labial view the centrocrista is V- shaped
to U-shaped and wide open as is observed in Pucadelphys.
It differs from the condition in Mayulestes, Allgokirus, and
Patene, in which the V- shaped angle formed by the centro-
crista in labial view is narrower and more closed. The part
of the cusps lingual to the centrocrista is voluminous and
strongly convex, while the labial part is reduced and only
slightly convex. The preparacrista and postmetacrista are also
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Fic. 8. — Andinodelphys cochabambensis (MHNC 8370), upper canine and cheek teeth series: A, ventromedial view of left canine and cheek teeth (C-M4); B, oc-
clusal view of left canine and cheek teeth (C-M4); C, ventrolateral view of right molars. Scale bar: 5 mm.

in a slightly labial position as is the centrocrista. As a con-
sequence, in occlusal view the paracone and metacone have
a roughly triangular section. However, because of the slight
inflation of the labial aspect of the paracone and metacone,
this condition is not as marked as in extant didelphids. Lin-
gually, the bases of the paracone and metacone are just labial
to the conules. Labially, the slightly convex ridge of the cusps
is more developed on the metacone than on the paracone.
Both ridges cross the stylar shelf and converge labially toward
the stylar cusp C. The stylar shelf is large, wide and deep. It
occupies approximately the labial 40% of the tooth in width
and occlusal area. Its morphology varies from M1 to M3. On
M1 it is distinctly narrower mesially than distally, a condition
that reduces on M2 and even more on M3, on which this
width difference is less pronounced. From M1 to M3 the

620

stylar shelf is roughly constant in length but it increases in
width. The stylar cusps are large and massive. Stylar cusp A
is well developed and extends mesially in a salient parastylar
lobe, which overlaps the distolabial angle of the preceding
tooth being closely appressed against it and generally labial
to it. Stylar cusp B is voluminous being almost as large as
the paracone on M1-2. It is connected to the paracone by a
salient preparacrista, which increases in length from M1 to
M3. The preparacrista attaches to the mesiolingual region of
the stylar cusp B. In occlusal view stylar cusp B is oval shaped,
being longer than wide. Stylar cusp C is located in the mid-
dle region of the labial edge of the tooth in the ectoflexus.
The morphology, size and number of this cusp are extremely
variable on our sample. On MHNC 8370 and 13847 sty-
lar cusp C is a single well-developed, transversely flattened
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Fic. 9. — Andinodelphys cochabambensis (MHNC 8308) upper canine and cheek teeth series: A, ventromedial view of left and labial view of right tooth row;
B, occlusal view of right and ventromedial view of left tooth row. Scale bar: 5 mm.
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Fic. 10. — Andinodelphys cochabambensis (MHNC 8264) upper canine and cheek teeth series (C-M4): A, occlusal view of left and labial view of right tooth row;
B, labial view of left and occlusal view of right tooth row. Scale bar: 5 mm.

cusp, which approximates the size of the stylar cusp Aand is  thickened cingulum on M3. On MHNC 8308, it is a small
much smaller than stylar cusps B and D. On MHNC 8264  cusp on M1, and a thickened cingulum on left M2 and M3.
stylar cusp C is a single cusp on M1-2 but is reduced to a ~ On right M2 it is twinned in a pair of two small cusps as is
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Fic. 11. — Andinodelphys cochabambensis (MHNC 13847): stereophotographs of the left upper premolar (P1-P2) and molar (M1-M4) series. Scale bar: 5 mm.

observed on the holotype (YPFB Pal 6192). Furthermore,
on MHNC 8370 stylar cusp C is twinned on the right M2
but is single cusp on the left M2. The same condition is also
present on MHNC 13847 but reversed (left stylar cusp C
of M2 only is twinned). Therefore, the twinned nature of
stylar cusp C observed on the holotype is apparently highly
variable within our sample. Stylar cusp D is slightly smaller
than stylar cusp B (but sometimes subequal to it) and trans-
versely compressed. Stylar cusp D is slightly posterolabial
to the metacone. Stylar cusp E is distinctly present but is
the smallest cusp of the tooth. It is sometimes connate to
stylar cusp D and linked to the metacone by a long mesially
concave postmetacrista. The ectoflexus is very shallow to
absent on M1 but increase in depth from M1 to M3. The
first three upper molars have a similar pattern but differ in
their proportions and relative size of some of their elements.
From M1 to M3 they increase in overall size and width. The
preparacrista increases in length correlatively to the increase
in width of the stylar shelf. Stylar cusp A, B, and D slightly
increase in size from M1 to M3. The ectoflexus deepens from
M1 to M3. No pre- or postcingula are present.
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Upper M4 (Figs 8-11). The M4 is significantly different
from the other three anterior molars, which justifies a separate
description. The major differences of M4 relatively to M1-3
result from the strong reduction of the metacone, which is
much lower and less voluminous. The metacone is also clearly
smaller in height and volume than the paracone. As a conse-
quence, the premetacrista is almost sub-horizontal in some
specimens and the postmetacrista is greatly shortened. The
paracone is similar in size to that of M3 and the preparacrista
is longer. The protocone and conules are slightly smaller than
on the preceding molars. The stylar cusp A is slightly larger
than on M3. In contrast, stylar cusp B is much smaller to
barely present. Stylar cusp C is tiny (sometimes twinned) and
stylar cusps D and E are absent. As a consequence, the dis-
tolabial angle of the tooth is greatly reduced, the stylar shelf
strongly narrows distally and the labial alveolar edge of M4 is
strongly oblique being oriented distolingually-mesiolabially. In
contrast, the parastylar lobe is greatly developed being slightly
larger than on M3. As on the other molars, the preparacrista
is markedly transverse and forms an angle close to 90°-100°
with the centrocrista (or paracone-metacone axis). This con-
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Fic. 12. — Andinodelphys cochabambensis, lower incisors and canine: A, right anterolabial view of MHNC 8264; B, right anterolingual view of MHNC 8264; C, left
anterolingual view of MHNC 8308; D, left anterolabial view of MHNC 8308. Scale bar: 5 mm.

dition is also observed on the M4 of Pucadelphys and in most
extant didelphids (in which the M4 is not drastically reduced).
This condition differs from that observed in Mayulestes and
Allgokirus, in which the cristae are at an angle of ¢. 130°. A
similar angle is observed in Patene simpsoni and is even greater
in later sparassodonts in which the cristae are still observable
(e.g. Sallacyon, Sipalocyon) (see discussion below). As a whole,
the M4 is mesiodistally shorter than the other molars.

Lower dentition

Lower incisors. (Figs 12, 13) Four incisors are present. In the
description below, we follow the interpretation of Hershkovitz
(1982, 1995), that the four lower incisors of metatherians are
serially homologous to i2-i5. The crowns of i2, i3, and i5 are
preserved on MHNC 8264 and the crowns of i2, i4, and i5
are preserved on MHNC 8308. The i2-4 are roughly subequal
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in size and i5 is slightly smaller than the other incisors. The
i3 is distinctly staggered as indicated by the buttress visible
on the anterolabial edge of the dentary just ventral to the
labial aspect of the tooth on MHNC 8308. In dorsal view
the dorsal shift of the root of i3 is clearly visible between the
roots of i2 and i4. The crowns of i2 and i3 are spatulate and
slightly compressed labiolingually. They are roughly triangular
being only slightly higher than long. The i4 of MHNC 8308,
which is unworn is pointed apically and its root is slightly
thicker than those of i2-3. The i5 is distinctly smaller with a
lower crown, approximately as long as high.

Lower canine. (Figs 12, 13) The lower canine is a large tooth,
although consistently smaller than the upper canine. It is pointed
atapex and curved (from the alveolar border) dorsally but not
posteriorly. In other words, the apex of the tooth does not
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Fic. 13. — Andinodelphys cochabambensis anterior part of the dentary with i1-p3: A, right labial view of MHNC 8264; B, right lingual view of MHNC 8264; C, left

labial view of MHNC 8308; D, left lingual view of MHNC 8308. Scale bar: 5 mm.

overhang the distal edge of the crown (Fig. 13). In cross-section
the canine is oval-shaped, with the lingual face of the crown
being slightly flattened or less convex than the labial face. At
the alveolar border the section of the tooth is more than two
times longer than wide (1.22 x 3.03 on MHNC 8264). The
axis of the canine is set at a slightly oblique angle relative to the
cheek tooth series, being mesiolabially-distolingually oriented.

Lower premolars. (Figs 13-Fig. 16) As observed on the upper
premolars, p2 and p3 are closer to each other in the values of
the three measurements presented in Table 2 (length, width
and height) than are pl and p2. In other words, the size
difference between the p1 and p2 is more pronounced than
between p2 and p3. All three lower premolars are double-
rooted. They are distinctly premolariform and are composed
of one single cusp. The p1 is very small and adjacent to the
distal edge of the canine. In contrast, it is separated from p2
by a small diastema (c. 0.6 mm). In occlusal view p1 is ovoid
and strongly compressed transversely. The p1 is set obliquely
in the tooth row and its mesial root is distinctly distolabial
to the distal edge of the canine. In labial view, the whole
tooth is tilted anteriorly so that the alveolar border of the
mesial root is ventral to that of the distal root. In labial view
pl is strongly asymmetrical and the apex of the crown is set
above the mesial edge of the mesial root. In MHNC 8264
the mesial edge of the crown is even mesial to the mesial edge
of the mesial root. As a consequence, the distal edge of the
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crown is at least three times longer than the mesial one. At the
distal base of the crown is a tiny cuspule. The p2 is twice as
large as p1. In occlusal view the crown is oval-shaped (wider
posteriorly than anteriorly) with a lingual face less convex
(almost flat or even slightly concave as in MHNC 8264 and
8370) than the labial one. The mesial edge of the crown is
subvertical and slightly convex mesially. The apex of the crown
is mesially placed above the mesial root. The distal ridge of
the crown is two times longer than the mesial ridge, slightly
concave distodorsally and gently sloping distoventrally. At
the distal base of the crown is a small but distinct distal heel.
The p3 is very similar to the P3. It is distinctly larger than p2,
being slightly longer and much higher. It is set in an upright
position to a greater extent than p2. Consequently, the apex
of the crown is in a slightly more distal position than on p2,
being dorsal to the distal edge of the mesial root (Fig. 13).
In labial view, the mesial edge of the crown is convex but
slightly sloping mesially (i.e. the apex of the crown is distal
to its mesial base). The distal edge of the crown is straight to
slightly concave. It is longer than the mesial edge although
to a lesser extent than on p2. The distal base of the crown
bears a well-developed heel. The apex of this small talon is
in a lingual position so that its labial face is more extended
and more sloping than its lingual side. None of the lower
premolars bears any kind of cingulum. From p1 to p3 the
lower premolars of Andinodelphys conspicuously shift from a
mesially tilted to an upright position.
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Fic. 14. — Andinodelphys cochabambensis (MHNC 8264) left lower premolars (p2-p3) and molars: A, labial view; B, occlusal view (stereophotos); C, lingual view.
Scale bar: 5 mm.
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Fic. 15. — Andinodelphys cochabambensis (MHNC 8308) left lower premolars and molars: A, labial view; B, occlusal view (stereophotos); C, lingual view. Scale
bar: 5 mm.
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Lower molars. (Figs 14-16) The four lower molars slightly
increase in length distally (m1<m2<m3<m4). This comparison
is based on the mean of five specimens, two of them includ-
ing right and left molars (MHNC 8264, 8308), and therefore
seven measurements. The trigonid of m1 is slightly lower
than on the other molars but m2-m4 are subequal in trigo-
nid height. The trigonid is slightly narrower than the talonid
on ml, subequal on m2-3, and the trigonid is consistently
wider than the talonid on m4. The trigonid of m1 is relatively
long with a paraconid set mesiolabially (as compared to the
other molars) so that the angle between the paracristid and
protocristid is more open lingually. As a consequence, if the
length of the trigonid is measured at the apices of paraconid
and metaconid, the trigonid of m1 is distinctly longer than
wide, while it is wider than long on m2-4. In contrast, if the
length of the trigonid is measured from mesialmost point of
the molar to distobasalmost point of the metaconid, the trigo-
nid is longer than wide on the four molars. The protoconid is
the highest of the trigonid cusps, but it is only slightly higher
than the metaconid. In width, it occupies approximately half
of the talonid width. In occlusal view, the protoconid is tri-
angular in section, while the metaconid is roughly ovoid and
less voluminous. In lingual view, the metaconid is subvertical
and slightly increases in height distally. The paraconid is the
smallest cusp of the trigonid. In lingual view, it is consistently
tilted mesially and also increases in height distally. Paraconid
and metaconid are connate at base and the vallid between them
is higher than half of the metaconid height (measured from the
lingual alveolar border). Because of this condition, the trigo-
nid basin is elevated, well-excavated, and well-circumscribed
lingually at least on m2-4. On these molars, the deepest point
of the basin is at the level of, or lower than the uppermost
point of the paraconid-metaconid vallid. This condition is
similar to that observed in Pucadelphys but differs distinctly
from that observed in the Tiupampa sparassodonts, Mayulestes
and Allgokirus. In these taxa, the paraconid and metaconid
are broadly separated and the vallid between them is wider
and extends almost as far as the base of the crown lingually.
As a consequence, the trigonid basin is broadly open lingually
and is more a slope on the lingual side of the protoconid than
a true depression. The paraconid of Andinodelphys is roughly
triangular in occlusal section and its mesiolingual angle bears
a salient paraconid ridge, which projects mesially. Labial to
this ridge the mesial face of the paraconid is excavated by a
shallow hypoconulid notch. The ridge and notch interlock
with the hypoconulid of the preceding molar. When unworn,
paracristid and protocristid are sharp but no carnassial notch
is present on the paracristid, whereas a weak notch is present
on the protocristid. The median point of the cristids (point of
contact of the cusps) is slightly lower on the paracristid than
on the protocristid, this condition being more marked on the
anterior molars. The paracristid is strongly oblique relative to
the axis of the tooth row, whereas the protocristid is distinctly
transverse. The angle of the paracristid with the axis of the
tooth row increases from m1 to m4 (Figs 14B-16B).

The talonid is distinctly basined. On m1-3, the hypoconid is
the largest cusp in height and volume; the entoconid and the
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hypoconulid are subequal in height and volume. On m4 the
hypoconulid is the highest cusp of the talonid. The hypoconid
is large and occupies approximately half of the talonid volume
on m1-2 and slightly less on m3-4. It is conspicuously larger
than the other cusps of the talonid. In occusal view, it is tri-
angular to V-shaped in appearance. At the mesial edge of the
hypoconid, the cristid obliqua is well-developed and sharp.
It extends mesiolingually and connects to the trigonid at the
distolingual edge of the protoconid (i.e. slightly labial to the
protocristid notch). On the distolingual edge of the hypoco-
nid a strong posthypocristid connects to the hypoconulid. It
is distolabially concave and deeply notched between the two
cusps. The posthypocristid notch is located approximately at
midline of the talonid. At the distolingual angle of the talonid
the hypoconulid and entoconid are clearly approximated and
twinned (i.e. set closer to each other than to the hypoconid).
They are not distinctly connate. The hypoconulid is lingual
to the midline of the talonid. The entoconid is a small but
well-individualized cusp. It is somehow compressed trans-
versely and bears, on its mesial edge, a marked entocristid,
which connects the distal base of the metaconid. Therefore,
the talonid is relatively well enclosed lingually. On m4 the
hypoconulid is enlarged and elevated above the other talonid
cusps. The entoconid is reduced and partially fused at base of
the hypoconulid. A well-developed precingulid is present at the
mesial base of the protoconid and extends on the mesiolabial
base of the paraconid. A thick postcingulid is present on distal
edge of m1-3 as a shelf extending ventrolabially from the apex
of the hypoconulid to the distal edge of the hypoconid as far
as its labial side. A postcingulid is absent on m4.

BONY SKULL
General features (Figs 6, 17-20)
Three complete skulls of Andinodelphys are known. MHNC
8264 is little distorted and measurements of the skull provide
an acceptable approximation of its proportions. MHNC 8308
is slightly compressed transversely and the left side of the skull
appears to have been more affected by transverse distortion
than the right. Therefore, the measurement of the bizygomatic
width of the skull can be estimated in multiplying by 2 the
measurement taken for the right half of the skull width (see
table below). MHNC 8370 is strongly distorted, with the right
side more affected by the distortion and the right zygomatic
arch completely crushed. The deformation of this specimen
is severe and prevents to estimate rigorously its dimensions.
In general size and when compared to the length of the five
Pucadelphys skulls measured in Table 3, the skull length of
Andinodelphys is 28% (minimum length of Andinodelphys vs.
maximum length of Pucadelphys) to 42% (maximum length of
Andinodelphys vs. minimum length of Pucadelphys) larger (in
absolute value) than that of Pucadelphys. Therefore, the skull of
Andinodelphys is approximately one third longer than that of
Pucadelphys (28 + 42/2 = 35). When comparing the means of
the bizygomatic width of the two genera, the skull of Andino-
delphys is 19.6% wider than that of Pucadelphys. Therefore, the
significant difference observed in the two measurements shows
that the skull of Andinodelphys is proportionally longer than
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Fic. 16. — Andinodelphys cochabambensis (MHNC 8370) left lower premolars (p2-p3) and molars: A, labial view; B, occlusal view; C, lingual view. Scale bar: 5 mm.

that of Pucadelphys. Comparison of the mean of the width/  that of the latter. Comparison of the relative length of the
length ratio obtained from the two complete skulls of Andi-  palate and rostrum indicates that it is proportionally slightly
nodelphys (0.520 + 0.497/2 = 0.508) with the mean obtained  longer in Andinodelphys than in Pucadelphys. In contrast, the
with 5 skulls of Pucadelphys (X= 0.632) clearly indicates that  relative length of the orbitotemporal fossa of Andinodelphys is
the skull of the former is proportionally ¢. 24% longer than  not significantly larger (proportionally) than in Pucadelphys.
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Fic. 17. — A, B, Andinodelphys cochabambensis (MHNC 8370), cranium: A, dorsal view; B, lateral view. Scale bar: 10 mm.
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Fic. 17. — C-E, Andinodelphys cochabambensis (MHNC 8370), cranium: C, ventral view; D, basioccipital and exoccipitals in ventral view; E, basioccipital and
exoccipitals in dorsal view. Scale bar: 10 mm.
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TasLE 3. — Skull proportions in two specimens of Andinodelphys cochabambensis and five specimens of Pucadelphys andinus. Abbreviations: Lft, length of the
orbitotemporal fossa measured dorsally; Lpl, length of the palate from the median palatine spine to the anterior end of the premaxilla; Lr, length of the rostrum
from the anterior edge of the orbit to the anterior end of the premaxilla; Lt, condylobasal length; Wbz, bizygomatic width. Measurements are in mm.

Lt Wbz L pl Lr Lft Wbz/Lt Lpl/Lt  Lr/Lt Lft/Lt
Andinodelphys cochabambensis
MHNC 8264 48.2 25.08 275 19.32 23.79 0520 0.570 0.400 0.493
MHNC 8308 47.14 11.72x2= 27.45 20.75+19.31/2 2213 0.497 0582 0.424 0.469
23.44e =20.03e
Mean Andinodelphys 47.67 24.26 27.47 19.67 2296 0508 0.576 0412  0.481
Pucadelphys andinus
MHNC 8266 33.03 18.30 17.9 12.47 15.68 0.554 0542 0.377 0.474
MHNC 8278 28.2e 18.72 15.83 10.89 + 11.02/2  13.02 0.664  0.561 0.388  0.462
=10.95e
MHNC 8382 34.01 19.61 18.17 12.92 16.56 0.576 0.534 0.380 0.487
MHNC 8381 31.61 20.69 17.30 12.61 1438 0.654 0.547 0.399 0.455
YPFB Pal 6105 Holotype 28.32 10.09x2=  15.6 10.08 + 11.89/2 18.22 0.712 0.550 0.384  0.466
20.18 =10.90
Mean Pucadelphys 31.02 19.5 16.96 11.97 1457 0.632 0546 0.385 0.469

In general aspect, the skull of Andinodelphys is similar to that
of the Recent didelphid Metachirus, although 15% to 30%
smaller. Furthermore, the braincase of Andinodelphys is smaller
than that of Metachirus, which is demonstrated by the fact
that the anterior region of the braincase (the narrowest point
of the skull) is posterior to the apex of the zygomatic process
of the squamosal in Andinodelphys, whereas it is at the same
level in Metachirus (i.e. more anterior than in Andinodelphys).

In dorsal view the zygomatic arches are not regularly and
strongly convex as in the Recent didelphids. They diverge
evenly from their anterior root, being only slightly convex
and, at the level of the lateral edge of the glenoid fossa, they
rapidly bend medially at an angle of almost 90° as is observed
(generally) in Pucadelphys (Ladeveze er al. 2011) and Mayulestes
(Muizon 1998). Posteriorly, the glenoid fossae, at the posterior
roots of the zygomatic arches, project laterally in contrast to
the condition observed in extant didelphids but resembling
Pucadelphys in this respect. This condition is related to the
morphology of the zygomatic arches exposed above.

A small but conspicuous sagittal crest is present, formed by
the posterior junction of the weak temporal lines (= orbital
crests). It starts at the posterior edge of the frontals, runs along
the parietal and connects to the nuchal crest posteriorly. It
is low and has the same elevation all along the parietal. It
resembles the sagittal crest observed in Pucadelphys and Mono-
delphis, but is much lower than in Didelphis. It clearly differs
from the condition observed in Caluromys and Metachirus, in
which the temporal lines do not meet posteriorly (or join very
posteriorly) and form two parasagittal crests, which extend
almost until the nuchal crest or which join ata short distance
beyond it. The nuchal crest of Andinodelphys is well developed
and projects posteriorly above the occipital condyles. On the
ventral side of the skull, the palate is long and narrow. The
dental rows are rectilinear and diverge only slightly posteriorly.

As a whole, the general morphology of the skull of Andino-
delphys is roughly similar (with the small differences mentioned
above) to that of the extant didelphids especially Metachirus
and Monodelphis.
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In order to predict the body mass of Andinodelphys, we chose to
follow the same equation as that used for Pucadelphys (Ladeveze
et al. 2011). From the study of Myers (2001), we selected the
dasyuromorphian model and, as tested on the Didelphis virgini-
ana pigra specimens of known body mass, the most accurate
equation is that based on the total skull length given in Myers
(2001: 105). We therefore calculated the body masses for three
specimens of Andinodelphys cochabambensis, in which the skull
length can be measured (MHNC 8264, 3308, and 8370) from
Myers’ equation: log y = —3.465 + 3.436(log TSL), where TLS
is the total length of the skull. We found a mean of 177 grams
for Andinodelphys (Table 4), which is much more than the
bodymass estimated for Pucadelphys (20 grams).

Premaxilla (Figs 7, 17-20)

In lateral view the premaxilla presents a long and narrow pos-
terodorsal process (facial process), which is wedged between
the nasal and the maxilla. The apex of the process extends pos-
teriorly as far as approximately one third (MHNC 8308) to
mid-length of the parallel-sided anterior portion of the nasal
(MHNC 8264, 8370). On the lateral aspect of the rostrum,
the premaxilla-maxilla suture is roughly sigmoid, being antero-
dorsally concave in its anterior portion and convex in its pos-
terior portion. Anteroventrally the suture reaches the alveolar
border between 14 and I5. In other words, a small anterolateral
process of the maxilla covers the premaxilla in the area of the
lateral alveolar border of I5 (see below). The dorsal edge of the
premaxilla, viewed laterally, is also sigmoid being convex in its
posterodorsal portion and concave in its anteroventral region. In
its posterodorsal region the dorsal edge of the premaxilla articu-
lates with the nasal. Anteriorly the dorsal edge bends ventrally,
leaves the nasal and forms the lateral edge of the narial opening,.
In dorsal view, the anterior edge of the two premaxillac have
a strongly convex shape (parabolic), with a small premaxillary
tubercle at their anteromedial tip. This structure is consistently
present on the specimens, which have a fully preserved anterior
tip of the premaxillae (MHNC 8308, 8370, 13847). In ven-
tral view, the premaxilla bears the five incisors anteriorly. The
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TaBLE 4. — Estimations of the body mass for the three skulls of Andinodelphys, in which the total length of the skull can be measured, from Myers’ equation:

log y = -3.465 + 3.436(log TSL).

Taxon

Total skull length

Body mass from Myers’equation:
log y =-3.465 + 3.436(log TSL)

Andinodelphys cochabambensis (MHNC 8264) 47.99
Andinodelphys cochabambensis (MHNC 8308) 47.3
Andinodelphys cochabambensis (MHNC 8370) 42.2

204.8490606
194.9049547
131.6963024

Mean

177.1501059

two premaxillae form approximately the portion of the palate
anterior to the anterior alveolar border of the canines with a
small contribution of the anterolateral processes of the maxillae.
On the palate, the premaxillae are pierced by the anterior two
thirds of the elongated incisive foramina. The ventral view of
the premaxilla shows two posteriorly oriented branches, which
form the lateral and medial edges of the incisive foramina. These
branches articulate posteriotly with the maxilla on the palate.
The lateral branch of the premaxilla, which borders the incisive
foramen laterally, has approximately the same width from I1
to the canine. It is approximately twice as wide (on MHNC
8264) as the incisive foramen. Its posterior extremity is located
between the anterolateral and the anteromedian process of the
maxilla (the latter being located between the anteromedial and
anterolateral processes); (see above and below) (Figs 18B; 19B).
The posterolateral branch of the premaxilla bears the medial
two thirds of the paracanine fossa for the lower canine, which is
located just anterior to the upper canine. This branch is rounded
posteriorly and almost contacts the anteromedial edge of the
alveolus of the canine, leaving only a very narrow strip of maxilla
between it and the tooth posteriorly. In the antetior region of
the paracanine fossa is the alveolus of the I5, while the fossa
extends anteriorly as a narrow sulcus on the medial edge of the
alveolar border of I5. In the posterior region of the paracanine
fossa, the premaxilla-maxilla suture is U-shaped to V-shaped
anteriorly. It enters the palate at the level of the posterolabial
alveolar border of I5 (between the apex of the anterolateral
process of the maxilla and the premaxilla), runs posteromedi-
ally from the lateral aspect of the rostrum, almost reaches the
anteromedial edge of the canine alveolus, makes a U to V-turn,
and extends further anteromedially as far as approximately the
posterior third of the lateral edge of the incisive foramen. The
medial branch of the premaxilla forms the medial edge of the
incisive foramen for approximately 80% of its length anteri-
orly. Both medial branches of the premaxillae form the median
bar, which separates the incisive foramina. This medial branch
articulates posteriorly with a small anteromedial process of the
maxilla and both structures slightly overlap anteroposteriorly.
The medial branch is much narrower than the lateral one as the
bar separating the incisive foramina (formed by the two medial
branches) is two times narrower than the lateral branch. The
incisive foramina are anteroposteriorly elongated and narrow.
They are approximately five times narrower than long. They
extend from a point medial to I3 anteriotly to a point medial
to or slightly posterior to the anterior edge of the alveolus of
the canine posteriorly.
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Maxilla (Figs 17-24, 27)

The maxilla forms the lateral wall of the rostrum between
the posterodorsal process of the premaxilla and the lacri-
mal (which represents the facial process). Ventrally, it forms
most of the palate between the premaxilla anteriorly and the
palatines posteriorly (which represents the palatal process).
Anteriorly, the maxilla presents an anterolateral process, which
forms the lateral wall of the paracanine fossa between I5 and
the canine. Its medial edge is excavated and forms the lateral
third part of the fossa. The anterolateral process of the maxilla
overlaps the posterolateral edge of the premaxilla to a point
labial to I5. Posterodorsally, the facial process of the maxilla
is wedged between the lacrimal and the nasal and forms a
narrow posterodorsal process, which has a short suture with
the frontal. Ventral to the maxilla-frontal suture, the maxilla
articulates with the lacrimal. From the maxilla-frontal suture
the maxilla-lacrimal suture runs in an anterior direction and
turns anteroventrally along the anterior rim of the orbit to
contact the jugal at the lower edge of the orbit, just ventral
to the ventral lacrimal foramen. This triple point, which con-
nects the maxilla, the lacrimal and the jugal is dorsal to the
posterior edge of M1 or anterior edge of M2. Posterior to
this point the maxilla has a long suture with the jugal, which
extends posteriorly along the ventral edge of the jugal on the
lateral face of the skull. At the level of the anterior end of
the orbitotemporal fossa the suture passes on the medial side
of the zygomatic arch and delimitates a short and rounded
zygomatic process of the maxilla. On the dorsal edge of the
process the maxilla-jugal suture runs anteriorly slightly ventral
to the ventral border of the orbit.

On the lateral aspect of the rostrum is a large anterior fora-
men of the infraorbital canal. It opens dorsal to P3 (dorsal to
anterior edge of P3 on MHNC 8370 and 13847) and is at
the level of the ventral lacrimal foramen dorsoventrally. The
infraorbital foramen is dorsoventrally elongated, approxi-
mately three times higher than wide (height = 2.32 mm and
width = 0.7 mm on MHNC 8264, left side) and its height
approaches the length of the alveolar border of M1 (Table 2)
as is observed in some didelphids (e.g. Merachirus, Marmosa,
Monodelphis); this feature however is absent in other didel-
phids such as Didelphis, Thylamys, and Caluromys, in which
the foramen is distinctly smaller. The posterior opening of the
infraorbital canal, the maxillary foramen, opens in the orbit.
It is large and transversely elongate. Its dorsal rim is formed
by the lacrimal, its ventral and lateral rim by the maxilla and
its ventromedial rim is formed by a narrow strip of the pala-
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Fic. 18. — A, Andinodelphys cochabambensis (MHNC 8264), cranium, dorsal view. Scale bar: 10 mm.

tine, which penetrates the infraorbital canal (Figs 21-23). This
condition is remarkably similar to that observed in Pucadelphys
(Marshall & Muizon 1995: fig. 15). It is also present in most
Recent didelphids (e.g. Monodelphis, Metachirus, Caluromys,
Philander). The infraorbital canal transmits the infraorbital
nerve (a branch of the V2) and the infraorbital artery, which
innervate and supplies blood to the face respectively.

On the lateral aspect of the rostrum ventral to the maxilla-
jugal suture and dorsal to the alveolar border of M1-M3 is an
elongated fossa formed by two anteroposteriorly set depres-
sions (Fig. 24). A similar fossa has been observed in Allgokirus
australis (Muizon et al. 2018) and has been interpreted as the
origin of the levator labii superioris muscle. Such a fossa is also
present in Mayulestes and Pucadelphys. In extant didelphids, the
fossa for the zygomaticus and levator labii superioris is generally
deep and well developed on the anterolateral region of the
jugal but does not excavate the maxilla anterior to the jugal-
maxilla suture, although the muscles also originate in part on
the maxilla (Turnbull 1970). Because the origin of the levator
labii superioris in Didelphis is ventral to that of the zygomati-
cus, it is likely that the fossa observed in Andinodelphys and
the other Tiupampa metatherians corresponds to the origin
of the levaror labii superioris, while the zygomaticus probably

634

originated on the jugal as in Didelphis, although no fossa for
this muscle is observed on the jugal of Andinodelphys.

Within the orbitotemporal fossa the maxilla forms the floor
of the orbit (Figs 21-23). In the four specimens in which
they are visible (MHNC 8264, 8308, 8370, and 13847),
the roots of the molars are exposed on the floor of the orbit.
The medial and posterolateral root of M4 are exposed on all
specimens. The anterolateral root of M4, those of M3, and,
in one case (MHNC 8370), those of M2 are variably exposed.
The maxilla does not have an ascending process in the medial
wall of the orbit. It has a long suture with the palatine, which
runs along the ventromedial edge of the orbit and reaches
the minor palatine foramen posteriorly. The maxilla has a
very small participation to this foramen, barely forming its
anterolateral quarter (Fig. 17B, C).

Ventrally the maxilla forms most of the palate from the
incisive foramen anteriorly to the maxilla-palatine suture
posteriorly. The anterior suture of the maxilla with the pre-
maxilla has been treated in the premaxilla section. The suture
with the palatine is a rough parabola, the apex of which is at
the level of M2. Its branches diverge posteriotly, approach
the alveolar border of posterior molars, and reach the anterior
edge of the minor palatine foramen posteromedial to M4.
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Perforation of the palate varies. In MHNC 8264 a large
major palatine foramen is present at the maxilla-palatine
suture. This foramen is oval-shaped being slightly elongated
anteroposteriorly. It is located at the level of the embrasure
between M2 and M3 on the medial third of the palate width.
On the right palatal process of the maxilla, well anterior to
the major palatine foramen (at the level of the posterior edge
of M1), is a small circular foramen approximately three times
smaller than major palatine foramen. This foramen is present
on the left side at the level of the embrasure between M1
and M2, but it is slightly compressed transversely because
of post-mortem distortion. The anteroposterior position of
this foramen corresponds to that of the anterior end of the
maxillopalatal fenestra of the other specimens; it is labelled
“foramen” on Fig. 18B. In MHNC 13847, the major pala-
tine foramen is an elongated slit approximately four times
longer than wide and which extends from the level of the
metacone of M2 posteriorly to the level of the protocone of
M1 anteriorly (Fig. 11). The foramen notches the palatine
posteriorly along less than one fifth of its length, and the
maxilla anteriorly on most of its length. A similar condition
is observed in MHNC 8308 (Fig. 19B) and on MHNC
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13933 (the partially unprepared skull on the block of Fig. 3).
In MHNC 8370 although the palate is partly damaged it is
possible to observe the lateral edge of an elongated palatine
foramen on the left maxilla (Fig. 17C), and it is therefore
likely that it was similar to the condition observed in MHNC
13847, and 8308. It is unclear whether or not this elongated
major palatine foramen should be regarded as an incipiently
developed palatal vacuity. The condition in MHNC 8264, in
which the major palatine foramen is not strongly elongated
but in which another small foramen is present in a position
similar to the anterior end of the elongated palatine foramen
in the other two specimens is noteworthy. It could represent
a morphological stage leading from a single major palatine
foramen to an elongated foramen, which in turn could rep-
resent a step toward a larger palatal vacuity as observed in
some extant didelphids. In fact, the condition observed in
Andinodelphys is reminiscent of the condition observed in some
extant didelphids. However, it is noteworthy that the presence
and morphology of the palatal vacuities are extremely variable
in extant didelphids (Voss & Jansa 2009). They are gener-
ally absent in Caluromys and Caluromysiops (but see Voss &
Jansa 2009: 94). They form an elongated slit at the maxilla-
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palatine suture as is observed on MHNC 13847 and 8308,
but more elongated, in Hyladelphys, Lutreolina, Lestodelphys,
Philander, Marmosa, Marmosops, and Monodelphis (although
they are very small in Monodelphis dimidiata as noted by Pine
eral. [1985: fig. 4] and Chemisquy [2015: fig. 1¢]). They are
longer and wider in Mezachirus, Chironectes, Didelphis, Gracili-
nanus than in Andinodelphys. In Andinodelphys the elongated
major palatine foramina are the only small palatal vacuities
observed in our sample, whereas in some extant didelphids
additional vacuities are present on the palatine or lateral
to the major palatine foramina (e.g., Didelphis, Philander,
Thylamys, Lutreolina, Tlacuatzin, Cryptonanus, Gracilinanus)
(Voss & Jansa 2009). It is noteworthy that small elongated
palatal vacuities, similar to those of Andinodelphys are present
in Sparassocynus derivatus (Beck & Taglioretti 2019). The
major palatine foramen transmits the major palatine artery
and nerve to the ventral region of the secondary palate. On
the posterolateral region of the palate, the maxilla meets the
minor palatine foramen.
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Lacrimal (Figs 17-24)

The lacrimal is relatively large. It forms the anterior edge of
the orbit, although it is mainly internal to it. The facial process
is crescent-like and narrow. It does not strongly extend on
the face as it does in the basal metatherians, deltatheroidans
and sparassodonts (including Mayulestes). It resembles the
condition in Pucadelphys and extant didelphids. The inter-
nal portion of the lacrimal is three to four times larger than
the facial process. As exposed above, the lacrimal has a long
suture with the maxilla anteriorly, with the frontal dorsally
and posterodorsally, with the palatine posteroventrally and
ventrally, and a small one with the jugal ventrolaterally. On
the anterior edge of the orbit, but internal to it, two lacrimal
foramina open posteriorly. They are subequal in size and
roughly circular to oval-shaped. They are positioned one
above the other along a dorsomedial-ventrolateral axis; in
other words, the ventral lacrimal foramen is ventrolateral
to the dorsal one. Between the two lacrimal foramina is a
circular thickening of the bone, which we regard as a small
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lacrimal tubercle. This tubercle is clearly present on the two
skulls of fully adult individuals (MHNC 8264 and 8308),
while it is not really developed on the other two skulls of
young adults (MHNC 8370 and 13847). A lacrimal tubercle
similar to that of Andinodelphys is variably present in some
extant didelphids (e.g., Caluromys, Thylamys — personal
observations). It is absent in Pucadelphys and Mayulestes.
Within the orbit, the lacrimal forms the dorsal edge of the
maxillary foramen.

Nasal (Figs 17-Fig. 19)

The nasals are elongated bones, which are approximately 45%
the condylobasal length. They are narrow with sub-parallel
edges in their anterior two thirds and strongly widen in their
posterior third. The anterior apices of the nasals are preserved
on the four fully prepared skulls (the left only on MHNC
8264). The anterior edge of the two nasals protrudes anteri-
orly being distinctly rounded (semicircular to parabolic) and
strongly convex anteriorly. Therefore, the medial side of the
apex of each nasal is well anterior to its lateral side. Anteriorly,
the nasals extend beyond the anteriormost point of the nasal-
premaxilla suture and overhang the narial opening on more
than half of its length: on MHNC 8308 the anteriormost
point of the nasal is at the level of the posterior edge of I3.
The nasal-maxilla suture is anteroposteriorly oriented up to
the level of the infraorbital foramen. There, it turns laterally
atapproximately 45° and turns posteriorly just before contact-
ing the maxilla-frontal small suture. Posterior to this suture
the nasal contacts the frontal and the nasal-frontal suture
turns medially at approximately 45° and meets the sagittal
plane. The posterior suture of the nasals, with the frontals,
is markedly convex posteriorly. It is not distinctly W-shaped
as in Pucadelphys and in most didelphids (e.g., Hyladelphys,
Marmosa, Monodelphis, Metachirus, Didelphis, Lutreolina,
Cryptonanus, Lestodelphys, Thylamys). This posterior flared
portion of the nasals is roughly square to diamond-shaped
with one of the diagonals oriented anteroposteriorly. It is
roughly as long as wide and differs from the condition in
extant didelphids, in which this part of the nasals is distinctly
longer than wide. Interestingly, this region of the nasals is
conspicuously wider than long in Deltatheridium, alate Cre-
taceous metatherian from Mongolia (Rougier ez a/. 1998).
In its lateralmost region the nasal is closely approximated
to the lacrimal but does not contact it, in contrast to the
condition in sparassodonts and deltatheroidans, in which the
bones have a distinct suture. Posteriorly, the nasals extend
approximately as far as mid-length of the orbit and remain
well anterior to the supraorbital processes.

Jugal (Figs 20, 21)

Complete jugals are preserved on the four prepared skulls.
It is a relatively slender bone as compared to extant didel-
phids but similar in this respect to that of Pucadelphys. In
lateral view, it is consistently convex laterally and concave
medially. It is gently sigmoid being dorsally concave ante-
riorly and convex posteriorly. Its anterior dorsally concave
part forms the ventral edge of the orbit. In lateral view at
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its anterodorsal apex it has a short anterior suture with the
lacrimal and a long (c. one third of its total length) and
oblique anterior suture with the maxilla along its ventral
edge as far as the anterior edge of the orbitotemporal fossa
(in ventral view). As mentioned above, it receives the short
zygomatic process of the maxilla on the medial aspect of its
anterior region. The posterior dorsally convex portion of the
jugal has a long dorsal suture with the zygomatic process of
the squamosal on approximately 45% of its total length. In
lateral view, the free part of the jugal (i.e. with no suture with
the maxilla nor with the squamosal) is approximately 25%
of the length of the bone. It very slightly increases in height
posteriorly, the bone having its greatest depth just anterior
to the jugal-squamosal suture. However, in this region of
the jugal of Andinodelphys there is no conspicuous frontal
process of the jugal as is observed in Recent didelphids and
dasyurids, in which it marks the posterior limit of the orbit
(Wible 2003; Voss & Jansa 2009). However, a very small
elevation of the dorsal edge of the jugal, posterior to the
concave anterior part, demarcates the posterior limit of the
orbit and could be regarded as an incipient frontal process.
The condition of Andinodelphys is apparently intermediate
between that of extant didelphids and that of Pucadelphys,
Allgokirus and Mayulestes, in which the transition between
the ventral edge of the orbit and the posterior part of the
jugal is notably smooth. This incipient frontal process of
Andinodelphys is slightly posterior to level of the postorbi-
tal process and well anterior to the narrowest part of the
intertemporal constriction. In extant didelphids the most
elevated region of the jugal (the frontal process) is generally
at the level of the postorbital process or slightly posterior
to it. In some taxa, however, it is more posteriorly located,
at the level of the intertemporal constriction (e.g. Lestodel-
phys, Thylamys).

However, the condition of Andinodelphys differs strongly
from that in extant didelphids and dasyurids, in which the
posterodorsal angle of the jugal extends posteriorly above the
zygomatic process of the squamosal. As a consequence, the
jugal-squamosal suture is bifurcated, a condition which is
never observed in Andinodelphys nor in the other Tiupampa
pucadelphydans (Pucadelphys and Mizquedelphys). The
conditions observed in Figures 21-23 are artefacts due to a
slight displacement of the two bones, which has modified
the external aspect of the jugal-squamosal suture, a condi-
tion that has been enhanced by the oblique nature of the
photographs. Figures 18C and 20 provide a better render-
ing of the actual jugal-squamosal suture in Andinodelphys.

From the anterior end of the jugal-squamosal suture, the
jugal underlaps the zygomatic process of the squamosal,
reducing in height posteriorly and thickening again at its
posterior extremity. The posterior end of the jugal bears a
conspicuous glenoid process, which articulates with the
anterolateral edge of the glenoid fossa. This process bears a
small ovoid articular facet for the mandibular condyle. It
faces posteroventrally and its transverse width is approxi-
mately one third to one fourth the total width of the glenoid
fossa of the squamosal.
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Palatine (Figs 17-24)

The palatine occupies the posterior third to quarter of the
length of the palate. In this region, the two bones form a
parabolic suture, which penetrates the posterior edges of the
palatal processes of the maxillae. The palatines do not contact
the medial edge of the last molars posterolaterally, although
they are very close to it. Such a contact has been observed in
Allgokirus, but is apparently absent in Mayulestes and Puca-
delphys. The palatines form the posterior region of the palate,
which is distinctly deflected ventrally being concave and fac-
ing anteroventrally. In other words, the posterior end of the
palate is in a much more ventral position than the anterior
edge of the palatines.
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On the ventral aspect of each palatine the medial edge
of the bone bears a sharp ventrally projecting ridge, which
borders the suture between the two bones. Just lateral to the
medial crest is a narrow groove (palatine sulcus) running
anteriorly on more than half of the palatine sagittal length
in MHNC8308 and less in MHNC 8264. In MHNC 8308
in its anterior third, the palatine sulcus turns laterally on a
very short distance and penetrates a small foramen, probably
the accessory palatine foramen (= middle palatine foramen).
This condition is especially clear on the left palatine. On the
right palatine, the foramen is partly squashed (Fig. 19B).
Palatine vacuities, posterior to the major palatine foramen,
are absent on the four prepared specimens. Anterior palatal
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vacuities resulting from the enlargement of the major palatine
foramina have been discussed above in the maxilla section.
The posterior edge of the palatine is a thickened bar, the
postpalatine torus, which forms the ventral edge of the choanae.
The torus is posterior to the M4. It bears three spines on its
posterior surface, a medial one at the point of contact of the
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two palatines and two lateral ones on the medial edge of the
minor palatine foramina. The medial spine is formed by the
junction of the contribution of each palatine. The torus has
its maximum thickness at the level of the lateral spine, just
posterior to the minor palatine foramen, which it encloses
almost totally (see above). Because the medial palatine spine
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is relatively well developed and protrudes posteriorly and
posterodorsally, the posterior edge of each palatine is dis-
tinctly concave. Therefore, the ventral border of the choanae
is markedly biconcave and has a rough m-shaped aspect (on
MHNC 8264) as is observed in Pucadelphys (Marshall &
Muizon 1995; Ladeveze et al. 2011, and personal observa-
tions). The minor palatine foramen is large and oval-shaped
with its main axis oriented posteromedially-anterolaterally.
The posterolateral edge of the foramen forms a thickened bar
of bone, which extends from the lateral postpalatine spine
to the posteromedial edge of M4. This bar is formed by the
palatine posteromedially and by the maxilla anterolaterally.
Because this bar and the postpalatine torus extend ventrally
relative to the plane of the posterior region of the palate, the
plane of the minor palatine foramen is subvertical and the
foramen faces anteromedially. This condition is identical to
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that observed in Pucadelphys. The minor palatine foramen
transmits the minor palatine artery and nerve to the ventral
region of the secondary palate.

In the orbit the palatine has a long ventromedial suture
with the maxilla, an anterodorsal suture with the lacrimal,
and a long dorsal suture with the frontal (Figs 21-24). The
anterior part of the palatine-frontal suture corresponds to a
large roughly semicircular perpendicular process (also named,
orbital, ascending or vertical process), which extends as far
as mid-height of the orbit. At the base of the perpendicular
process, slightly medial to the palatine-maxilla suture, in the
ventromedial angle of the orbit, is a large sphenopalatine fora-
men. The foramen is elliptical, being at least twice as wide as
high, and has a posterolaterally directed opening. It is located
approximately at the anteroposterior level of the medial root
of M4, thus well anterior to the minor palatine foramen. This
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condition is similar to that observed in Pucadelphys. Anterior
to the perpendicular process, the palatine extends as a narrow
strip of bone wedged between the lacrimal dorsally and the
maxilla ventrally. This small anterior extension of the palatine
enters the maxillary foramen, of which it forms part of the
medial border. Posteroventrally, the palatine forms the lateral
wall of the basipharyngeal groove and is overlapped by the
anterior process of the alisphenoid (Figs 19B; 24). Dorsal to
this process the palatine borders the ventral edge of the orbi-
tosphenoid. In the basipharyngeal groove (= nasopharyngeal
passage), the palatine has an oblique suture with the ptery-
goid (Fig. 17C). The palatine forms the anterior part of the
wall of the groove and the pterygoid the posterior part. The
palatine extends posteriorly as far as the anterior edge of the
Basisphenoid.

Prerygoid (Figs 18, 19, 24)

The pterygoids are preserved on the four skulls available but
lack the hamular process in MHNC 8308. They are well
developed relative to the condition in extant didelphids.
The pterygoid forms most of the ventral edge of the wall of
the basipharyngeal groove, from which it extends ventrally
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in a well-developed triangular blade. From this blade, a long
finger-like hamular process projects posteriorly.

Internal to the basipharyngeal groove, the pterygoid forms
most of the medial aspect of the wall. On this side, anteriorly,
it forms a thin triangular blade of bone, which articulates with
the palatine anteriorly and dorsally. Within the basipharyn-
geal groove the pterygoids expand dorsally and medially and
contact in the sagittal plane, forming the roof of the groove.
This dorsal blade of the pterygoid extends posteriorly as far
as the anterior region of the basisphenoid, at the level of the
rod-shaped eminence observed in the anterior midline of
this bone.

From this point the pterygoids diverge from each other and
extend on the lateral sides of the basipharyngeal groove form-
ing a narrow posterior process that is slightly concave laterally
(complete on MHNC 8264, but almost completely missing
on the left side of MHNC 8308). This process underlies the
basisphenoid but its lateral edge contacts the alisphenoid. Its
dorsal face is relatively flat but its ventral aspect bears a sharp
crest. The process extends posteriorly as far as the dorsal edge
of the carotid foramen as clearly observed on the complete
right pterygoid of MHNC 8264 (Figs 18B; 19B). The condi-

643



» Muizon C. de & Ladevéze S.

nuchal crest
B (Interparietal)

posttemporal
foramen

Squamosal

postglenoid
process

intercondylar
notch

mastoid foramen

mastoid exposure
of Petrosal

A\ zygomatic process
of Squamosal

postzygomatic
foramen

mastoid process

Exoccipital

Fic. 25. — Andinodelphys cochabambensis (MHNC 8264): A, stereophotos of the cranium in occipital view; B, occipital view of the cranium showing the sutures

of the bone of the occiput. Scale bar: 10 mm.

tion of the pterygoid of Andinodelphys shows the same pattern
as in Pucadelphys and Mayulestes.

On the lateral side of the wall of the basipharyngeal groove,
the pterygoid is partially covered by the palatine and the over-
lying anterior process of the alisphenoid (see below). Dorsal
to this process, the pterygoid is still visible as a narrow strip
of bone, which articulates with the presphenoid dorsally and
with the palatine anteriorly (Figs 21, 23, 24). This lateral
exposure of the pterygoid is present in extant didelphids and
corresponds the “flat trapezoidal sliver of bone” described by
Wible (2003: 149) in Monodelphis.

On the lateral edge of the posterior process of the pterygoid
is a tiny slit and foramen in the suture between the ptery-
goid and the alisphenoid just anterior to the transverse canal
foramen (see below in the alisphenoid section). This fora-
men is interpreted as the posterior opening of the pterygoid
canal. It is observed on both sides of MHNC 8264 and on
the right side of 8308. This position exactly corresponds to
the observation of Wible (2003: fig. 6) in Monodelphis. The
anterior opening of the pterygoid canal is probably the little
slit observable in the suture between the dorsal edge of the
dorsolateral exposure of the pterygoid mentioned above and
the presphenoid on the anteroventral region of the optic-
sphenorbital fissure on MHNC 8264. If this observation is
correct, it has a similar position to that described by Wible
(2003) in Monodelphis. In this genus, the anterior open-
ing is in the suture between the pterygoid and the anterior
process of the alisphenoid on the ventral edge of the optic-
sphenorbital fissure; the dorsal edge of the anterior process
of the alisphenoid bears a notch that forms the posterior and
lateral rims of the opening.
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Frontal (Figs 17-24)

In dorsal view, the frontal forms the interorbitotemporal bridge
between the rostrum and the braincase. Its anteroposterior
extension in the sagittal plane is short and represents only 15%
to 20% of the total length of the skull. It articulates anteriorly
with the nasal, the lacrimal and the maxilla and posteriorly
with the parietal. Anterolaterally it has a large process wedged
between the nasal and the lacrimal, which articulates with the
narrow posterodorsal process of the maxilla. The anterior suture
with the nasal is regularly convex posteriorly and no anterior
process of the frontals is wedged between the nasals. At the
widest region of the interorbitotemporal bridge, each frontal
bears a small but distinct postorbital process. It is sharp and
triangular and projects laterally. Anteroventral to the process is
asmall anteriorly-opening frontal diploic foramen (Figs 17B;
20). This foramen likely conveyed the frontal diploic vein, an
emissary of the dorsal cerebral vein/dorsal sagittal sinus or a
vein issued from the frontal diploe (Thewissen 1989; Evans &
de Lahunta 2013; Wible ez 2/ 2004). This foramen is called
supraorbital foramen by Novacek (1986) and Marshall &
Muizon (1995), the frontal foramen by Evans & de Lahunta
(2013), the foramen for the frontal diploic vein by Wible &
Rougier (2000), Wible (2003), Wible ez a/. (2009) and Wible
(2011), and the frontal diploic foramen by Thewissen (1989).
In this paper, we retain the terminology “frontal diploic fora-
men”. Such a foramen is present in Pucadelphys and generally
in Recent didelphids. From the supraorbital processes, low
temporal lines (= orbital crest or temporal crests) converge
posteriorly. They form laterally concave curves, which meet
at the level of the frontal-parietal suture. At this point, they
merge to form the sagittal crest. Posteriorly the two frontals

GEODIVERSITAS ¢ 2020 * 42 (30)



Cranial anatomy of Andinodelphys cochabambensis, a stem metatherian from the early Palacocene of Bolivia 4

optic-sphenoidal
fissure

foramen
rotundum

Alisphenoid

postglenoid
process
of Jugal

carotid foramen

external acoustic meatus
nuchal crest

Supraoccipital-Interparietal suture
Supraoccipital

Parasphenoid

Pterygoid

hamular process
of Pterygoid

Basisphenoid

Jugal

glenoid process
of Alisphenoid

medial process
of Squamosal

postglenoid process

posttympanic process

anterior part of
foramen ovale

sutural contact of
Supraoccipital
with Exoccipital

dorsal edge of
foramen magnum

Fic. 26. — Andinodelphys cochabambensis (MHNC 8370): ventral view of the posterior region of the cranium showing the posterodorsal region of the endocranial

cavity. Scale bar: 10 mm.

form a small spur-like sagittal process, which wedges between
the parietals. From this point the frontal-parietal suture
extends posteroventrally and meets the alisphenoid at the
triple contact frontal-parietal-alisphenoid, approximately at
mid-height of the braincase.

In the orbitotemporal fossa, the frontal forms most of
the dorsomedial wall of the orbit. It has a large descending
orbital process, which articulates with the lacrimal antero-
dorsally and with the palatine anteroventrally and ventrally.
It reaches the level of the sphenopalatine foramen ventrally.
From its ventralmost point, the frontal-palatine suture turns
posterodorsally and has a short suture with the orbitosphe-
noid. An oval-shaped ethmoidal foramen is present in the
suture. It opens ventrally to posteroventrally. The frontal
forms its lateral wall (dorsally and anteriorly), and the orbi-
tosphenoid, its medial wall, ventrally. The alisphenoid does
not reach the posterior edge of the ethmoidal foramen, but
is close to it. The condition of Andinodelphys closely resem-
bles that observed in didelphids and dasyurids. There is no
participation by the basisphenoid to the ethmoidal foramen
as observed (erroneously) by Marshall & Muizon (1995) in
Pucadelphys. From the posterodorsal edge of the ethmoidal
foramen the frontal-alisphenoid suture runs posterodorsally
until the triple contact with the parietal.

Parietal and Interparietal (Figs 17-27)

The two parietals form most of the roof of the braincase. They
are roughly rectangular and articulate anteriorly with the
frontal, anteroventrally with the alisphenoid, posteroventrally
with the squamosal and posteriorly with the interparietal.
The parietal is strongly convex reflecting the morphology
of the underlying cerebral hemispheres. They bear various
irregularities and scars for attachment of the temporalis mus-
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cle, especially on the left parietal of MHNC 13847. In the
sagittal region both parietal unite and rise vertically forming
a low but consistent sagittal crest, which does not extend on
the frontals anteriorly.

Because of early fusion of the parietals with the interpa-
rietal, the bones are completely fused on the four available
specimens and their suture is hardly discernible. However,
on MHNC 8370 a thickened oblique irregular line in the
posterior region of the left parietal may reveal a probable
suture with the interparietal (Fig. 17A). Based on this indi-
cation the interparietal was probably roughly triangular with
a conspicuous contact with the squamosals posterolaterally.
A low interparietal sagittal crest is present medially, which
extends the parietal sagittal crest as far as the nuchal crest.
The latter is likely formed by the interparietal as is observed
in Monodelphis and Didelphis (Toeplitz 1920; Clark & Smith
1993; Wible 2003). In occipital view the interparietal is clearly
separated from the underlying supraoccipital by a distinct
suture (Fig. 25). This suture is at the posterior base of the
nuchal crest, a condition which corroborates the interpretation
that it is completely formed by the interparietal. The suture
extends laterally and contacts the squamosal and the mastoid
exposure of the petrosal. Intracranially, as is observed on the
two skulls that have lost their exoccipitals and basioccipital
(MHNC 8370 and 13847), the suture runs along the pos-
terior wall of the braincase and remains distinctly posterior
to the vermis fossa on the skull roof (Figs 26, 27). Because
of this position, it cannot be the parietal-interparietal suture
which, in extant didelphids, is always located anterior to the
vermis fossa. In these skulls, no suture is observed anterior
to the vermis fossa, which indicates that the interparietal-
parietal suture is totally fused. Therefore, the condition of
Andinodelphys differs from that in most extant didelphids
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(e.g. Didelphis, Metachirus, Marmosa, Philander, Thylamys), in
which the supraoccipital-interparietal suture fuses very early
in ontogeny (Clark & Smith 1993; Nesslinger 1956, Voss &
Jansa 2009), whereas the interparietal-parietal suture remains
unfused in adults. The condition is reversed in Andinodelphys.
In contrast, the condition of Andinodelphys resembles that
of Allgokirus (Muizon et al. 2018), and Pucadelphys (pers.
observations on MHNC 8378, 8380, 8381).

The nuchal crest is extremely developed and extends pos-
terodorsally overhanging the supraoccipital. However, it does
not extend further posteriorly than the level of the occipital
condyles. The size of the nuchal crest accommodates large
temporal fossae on the roof of the skull for attachment of the
temporalis muscle and a large occipital fossa for attachment of
the nuchal muscles (e.g., longissimus capitis, longissimus thora-
cis, obliquuus capitis, spinalis and semispinalis capitis, splenius,
biventer, complexus). The condition of Andinodelphys is very
similar to that of Pucadelphys.

The parietals and interparietal bear small temporal foramina,
which are variable in number and position. The foramina
are generally associated to an elongated narrow groove. On
MHNC 13847 four temporal foramina are present. Two are
located posteriorly, close to the nuchal crest, at the base of
the sagittal crest, and posteromedially-anterolaterally oriented,
with the foramen located at the anterolateral extremity of the
groove. The left foramen and groove are anterior to the right
one. Anteriorly to those foramina are two other foramina and
grooves, slightly posterior to the mid-length of the braincase,
close to the sagittal crest and roughly transverse. The left fora-
men is located at the lateral extremity of the groove, while
the right is at the medial end of the groove at the base of the
sagittal crest. In this case, the left foramen and groove are
posterior to the right one. On the right parietal in the ante-
rolateral region of the braincase, are another foramen and a
groove that is posterolaterally-anteromedially oriented. The
foramen is at the posterolateral end of the groove.

The number of anterior parietal foramina are variable, since
they are apparently absent in MHNC 8370. In contrast, this
specimen bears two posterior foramina, the right foramen
being anterior to the left one. A distinct oblique groove is
present on the left side, with the foramen at the anterolateral
end of the groove. No groove accompanies the foramen on
the right side. In MHNC 8264, on the posterior region of the
skull roof, are two posteromedially-anterolaterally oriented
grooves, which bear at their anterolateral extremity a small
temporal foramen. These grooves are posteriorly situated on
the braincase and are at a distance of less than 3 mm from
the nuchal crest. Their posteromedial end starts high on the
braincase, just at the base of the sagittal crest. The left fora-
men is slightly anterior to the right one. Slightly posterior to
mid-length of the braincase, probably on the right parietal (the
parietal-interparietal suture is obliterated) is a small temporal
foramen, located very close to the sagittal crest and associated
with a very short groove that is almost transversely oriented.
Anterior to this foramen on the left parietal, and very close
to the sagittal crest, are two tiny foramina, which could also
be temporal foramina although because of their small size
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they could also represent nutrient foramina. Foramina are
not observable in MHNC 8308 because of the collapse of
the roof of the braincase.

Thus, it appears that the anterior or parietal temporal foram-
ina are quite variable in number and position. In contrast,
the two posterior foramina with a posteromedially oriented
groove are present in the three crania in which this region
is well preserved. Although not mentioned by Marshall &
Muizon (1995), similar foramina are constantly present in
Pucadelphys. Such foramina are generally present in Didelphis
and, when observed, they open cither in the interparietal or in
the interparietal-parietal suture. It is therefore likely that the
posterior foramina perforate the interparietal and their position
in Andinodelphys may represent an indication of the anterior
extension of the interparietal and parietal-interparietal suture.

Alisphenoid (Figs 17-35)

The alisphenoid forms the ventrolateral wall of the braincase
from the anterior edge of the posterior root of the zygomatic
arch to the level of the interorbitotemporal constriction. It
has a long dorsal subvertical suture with the squamosal pos-
teriorly, a sub-horizontal one with the parietal dorsally, and
an oblique suture with the frontal anteriorly. Anteriorly, the
alisphenoid approaches the posterior edge of the ethmoidal
foramen but does not reach it (Figs 21, 23, 24, 27). Posteri-
otly, the alisphenoid forms the medial angle of the posterior
root of the zygomatic arch. There, the alisphenoid-squamosal
suture passes ventrally and delimits a small glenoid process of
the alisphenoid. From this process, on the ventral face of the
skull, the alisphenoid-squamosal suture runs posteromedially
and reaches the lateral edge of the large foramen ovale. The
anterior half of this foramen is formed by the alisphenoid. As
in Pucadelphys and Mayulestes, there is no tympanic process of
the alisphenoid and the foramen ovale is a true primary fora-
men ovale (i.e. not a foramen pseudovale as in most Recent
didelphids, in which the external exit of the mandibular
nerve is fully enclosed in the alisphenoid), which transmits
the mandibular branch of the trigeminal nerve (V3). On
the anteromedial region of the rim of the foramen ovale, the
alisphenoid bears a posteriorly directed short process, which
defines medially a small notch separating the alisphenoid
anteriorly and the petrosal posteriorly, with a possible par-
ticipation of the basisphenoid medially. This structure was
clearly described and figured in Monodelphis by Wible (2003:
fig.6), who interpreted it as the exit of the greater petrosal
nerve (foramen for the greater petrosal nerve) from the hia-
tus Fallopii on its way to the pterygoid canal (Figs 28-31).
This condition is observed on MHNC 8264 and 8308 and
is consistently present in the new specimens of Pucadelphys
figured by Ladeveze ez al. (2011), (see below).

From the medial edge of the foramen ovale, the alisphenoid
extends anteriorly along the basisphenoid, to which it is tightly
fused. However, most of the line of junction of the alisphe-
noid and the basisphenoid is hidden by the large underlying
posterior process of the pterygoid (Fig. 28). Therefore, from
the carotid foramen (see basisphenoid section below) the ali-
sphenoid has a long contact with the posterior process of the
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Fic. 27. — Andinodelphys cochabambensis (MHNC 13847): ventrolateral view of the left orbitotemporal fossa. Scale bar: 10 mm.

pterygoid. Slightly anterior to the foramen of the transverse
canal sinus (see basisphenoid section below), it totally encloses
a large, anteriorly opening foramen rotundum, which trans-
mits the maxillary branch of the trigeminal nerve (V2). The
lateral edge of the foramen is strongly convex laterally and
presents a marked bulge on its lateral wall. Some scars and
small fossae are observed around this bulge, and we interpret
this area as the origin of the muscle pterygoideus externus as it
is observed in a similar place in Didelphis (Hiiemae & Jenkins
1969). The dorsal edge of the foramen rotundum forms a
sharp anterodorsally directed crest, which extends anteriorly
and joins the dorsal edge of the optic-sphenorbital fissure
(Fig. 24), (see below).

Between the foramen rotundum and the carotid foramen
(see basisphenoid section below) is a lateral foramen for the
transverse canal sinus (Figs 28-31). A transverse canal foramen
is observable on both sides of the skull in MHNC 8308. In
MHNC 8262 it is large on the right side but the condition is
unclear on the left side and we suspect that it may have been
obliterated by compression due to fossilisation. It is present
but very small in MHNC 8370 and 13847, a possible con-
sequence of the post-mortem distortion of the specimens. In
the four specimens, the transverse canal foramina are located
approximately halfway between the carotid foramen and rotun-
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dum foramen and slightly lateral to the former. According to
Wible (2003) the transverse canal is ontogenetically entirely
within the basisphenoid. However, the lateral foramina of
the transverse canal are lateral to the posterior process of
the pterygoid, which according to Wible (2003) covers the
basisphenoid-alisphenoid boundary. Therefore, the lateral
foramina of the transverse canal should pierce in the alisphe-
noid. In fact, in extant didelphids, if the transverse canal itself
is obviously in the basisphenoid, its lateral foramina clearly
appear to be in the alisphenoid and we tentatively interpret
such a position in Andinodelphys.

The transverse canal foramen “transmits an extracranial vein
or a pterygoid plexus that communicates with the cavernous
sinus. In some species, this bilateral vein also communicates
with its antimere” (Sdnchez-Villagra 8 Wible 2002: 28). This
vein is a major sinus of the external jugular vein (Archer 1976a).
These authors have revised the endocranial configuration of the
transverse canal vein, which, in some marsupials, perforates the
basisphenoid transversely, thus creating an intramural connec-
tion between the two foramina. In extant didelphids, when
present, this canal is parabolic, with its branches diverging
posteriotly (e. g. Didelphis, Marmosa, Metachirus, Thylamys).
In relation to this morphology the foramen for the transverse
canal is posterolaterally oriented in didelphids. In dasyuroids,
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Fic. 28. — Andinodelphys cochabambensis (MHNC 8264): ventral view of the basicranium. Blue dotted line circle on the left side of the skull indicates the exca-
vation of the dorsal part of the hypotympanic sinus in the basicranium. Scale bar: 5 mm.

(e. g. Dasyurus, Sminthopsis, Sarcophilus, Thylacinus) the canal  vein of the transverse canal foramen either communicates with
is roughly transverse, almost straight, and the foramen opens  its antimere or directly connects independently to the cavern-
laterally. In marsupials lacking an intramural connection, the  ous sinus. In Andinodelphys, on the sections of the CTscan of
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Fic. 29. — Andinodelphys cochabambensis (MHNC 8264): A, stereophotos of the right auditory region; B, stereophotos of the left auditory region. Scale bar: 5 mm.

MHNC 82064 (Fig. 32), an intramural canal pierces the basis-
phenoid from right to left foramina of the transverse canal. It is
better observed on the right side of the skull since the left trans-
verse canal has likely suffered some post-mortem compression.
The foramina open posteriorly and the canal extends anteriorly,
thus being parabolic as is observed in Didelphis. A different
condition is observed on MHNC 8308. In this specimen, the
foramen of the transverse canal opens within the braincase on
the lateral wall of the internal sulcus for the internal carotid,
on the lateral edges of the pituitary fossa. There is no intramu-
ral canal within the basisphenoid. This condition is observed
in the CTscan sections (Fig. 33). An intramural connection
between the transverse canal foramina is present in most, but
not all, dasyurids since Snchez-Villagra & Wible (2002: 30)
observed that “in three specimens of Dasyurus viverrinus the
foramen simply opens endocranially”. Variation is also observed
in Thylacinus (Archer 1976a). Therefore, the variation observed
in Andinodelphys is also present in extant marsupials.

GEODIVERSITAS 2020 * 42 (30)

Anteromedial to the foramen rotundum, the alisphenoid
has an elongated anterior process, which is anteroposteriorly
subhorizontal and slightly sloping laterally. This process is
a narrow and thin blade of bone, which extends anteriorly
as far as the level of the hamular process of the pterygoid as
observed on MHNC 8264. It does not reach the minor pala-
tine foramen anteriorly but it is slightly anterior to the level
of the ethmoidal foramen. A similar condition is observed in
Recent didelphids. In its posterior part the anterior process
overlies the part of the pterygoid that forms the lateral wall of
the basipharyngeal groove. Because the anterior process of the
alisphenoid is narrower than this wall, the pterygoid is visible
on the dorsal and ventral edges of the process, as is clearly
observed in Monodelphis (Wible 2003: fig. 4) (Figs 21-24).
In its anterior region, the anterior process of the alisphenoid
contacts the posterior blade of the palatine, which forms the
lateral wall of the basipharyngeal groove. The alisphenoid
forms the lateral wall of the optic-sphenorbital fissure. The
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Fic. 30. — Andinodelphys cochabambensis (MHNC 8308): ventral view of the basicranium. Scale bar: 5 mm.
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Fic. 31. — Andinodelphys cochabambensis (MHNC 8308): A, stereophotos of the right auditory region; B, stereophotos of the left auditory region. Scale bar: 5 mm.

ventrolateral edge of the optic-sphenorbital fissure is formed
by the anterior process of the alisphenoid and its ventromedial
edge is formed by the basisphenoid posteriorly and the pres-
phenoid anteriorly. Its dorsal edge is also formed by a small
anteriorly directed dorsal process of the alisphenoid, which
contacts the orbitosphenoid and the frontal anteriorly, and
reaches or almost reaches the ethmoid foramen.

On both sides of MHNC 8264, on the dorsal edge of the
optic-sphenorbital fissure just medial to the dorsolateral crest
of the groove extending anteriorly from the foramen rotun-
dum, in the alisphenoid, is a small anteriorly-opening fora-
men (Fig. 34). This foramen is not observed in MHNC 8308,
8370, and 13847. It can be followed on the CTscan slices of
MHNC 8264, and enters the anteroventral region of the brain
cavity after a short intramural course in the alisphenoid lateral
edge of the optic-sphenorbital fissure (Fig. 35). This foramen
is probably not the anterior opening of the pterygoid canal,
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which, as observed by Wible (2003) in Monodelphis, is on the
ventrolateral edge of the optic-sphenorbital fissure in the suture
between the alisphenoid and the pterygoid. We have observed
the anterior opening of the pterygoid canal in a similar posi-
tion in Didelphis (SL and CM personal collections), Marmosa
(MNHN-RHS2), and Caluromys MNHN uncatalogued). On
a juvenile specimen of Didelphis albiventris (M3 and M4 still
in crypt and P3 barely erupting), (CM personal collection), a
similar foramen to that observed in MHNC 8264 is observed in
asimilar location (on the dorsal edge of the optic-sphenorbital
fissure) but forming an incompletely closed groove (probably
because of the young ontogenetic age of the specimen) rather
than a proper foramen. This groove extends in the braincase on
the dorsal aspect of the dorsal wall of the foramen rotundum,
formed by the alisphenoid. We have not observed such a fora-
men in adult specimens of Didelphis or other didelphids (e.g.
Marmosa, Metachirus, Thylamys, Caluromys). Such a foramen
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has been observed by Archer (1976a) in Dasyurus, Dasycercus,
and Dasyuroides, but this author regards the homology of this
foramen as uncertain. Archer (1976a) did not observe the fora-
men either in Marmosa, but did not mention the condition
in Monodelphis, Caluromys and Metachirus.

Orbitosphenoid. (Figs 21-24, 25, 27, 29)

As is typical in metatherians, the orbitosphenoid is not perfo-
rated by an optic foramen (Rougier ez al. 1998; Wible 2003).
Anteroventrally, the orbitosphenoid has a sub-horizontal suture
with the palatine and is fused to the presphenoid posteroven-
trally. Anterodorsally, a long suture with the frontal extends
obliquely as far as the ethmoidal foramen. The latter is ventrally
directed and enclosed in the orbitosphenoid-frontal suture,
with the orbitosphenoid forming its posteroventral edge and
the frontal forming its anterodorsal edge. The alisphenoid is
close to its posterodorsal edge but does not reach it (Fig. 24),
thus resembling the condition observed in didelphids (except,
for example, Didelphis and Metachirus, in which the alisphe-
noid overlaps the orbitosphenoid and frequently forms the
lateral wall of the foramen). Between the ethmoidal foramen
and the alisphenoid, the orbitosphenoid forms a small part
of the lateral wall of the braincase. More ventrally, it forms
the dorsal edge of the optic-sphenorbital fissure. The medial
edge of the fissure is formed by the orbitosphenoid anteriorly,
by the basisphenoid posteroventrally and by the presphenoid
ventrally between the basisphenoid and the orbitosphenoids.
Its dorsal and lateral edges are formed by the alisphenoid.
Posteroventrally, at their junction with the presphenoid, the
orbitosphenoids are fused in the sagittal plane and have a sad-
dle-shaped posterior border. At this point is a large transverse
vacuity in the base of the skull, which marks the confluence
of the left and right optic-sphenorbital fissures. This vacuity
is the interorbital fenestra, which was probably filled by a
membrane during life, as is observed in many Recent didel-
phids (e.g., Monodelphis, Marmosa, Caluromys, Metachirus).
A large interorbital fenestra is also present in Pucadelphys.

Basisphenoid and parasphenoid (Figs 18-21, 24, 26, 30)

The basisphenoid is a trapezoid bone, which is broadest pos-
teriorly at its suture with the basioccipital. It narrows ante-
riorly toward the presphenoid. The anterior suture between
the basisphenoid and the presphenoid is not observable in
the basipharyngeal groove, which is totally roofed by the
dorsomedial expansions of the pterygoids. However, on the
medial wall of the optic-sphenorbital fissure, in the interor-
bital fenestra, the limit between the two bones is distinct.
The length of the basisphenoid is approximately 60% the
length between the posterior edge of the choanae and the
basisphenoid-basioccipital suture. In other words, the ante-
rior limit of the basisphenoid is approximately at the level of
the posterior edge of the free vertical blade of the pterygoid.
The posterior suture with the basioccipital is transverse and

straight. It is located at the level of the foramen for the greater
petrosal nerve and the postglenoid processes. On the ventral
aspect of the basisphenoid is a median marked rod-shaped
crest. This crest is present on the anterior region of the vis-
ible (i.e. not covered by the pterygoid) part of the basisphe-
noid but clearly extends anteriorly below the pterygoids as
observed on MHNC 8264 and 8308 (Figs 18B; 19B). This
structure is apparently absent in Recent didelphids but it is
present in Pucadelphys, Allgokirus, and Mayulestes. It prob-
ably represents a remnant of the parasphenoid as observed
by Wible e al. (2018) in several extant didelphids and in
the microbiothere Dromiciops. In the posterior region of the
basisphenoid of MHNC 8308, in the midline, is a small
but distinct foramen, which could represent the posterior
opening of the craniopharyngeal canal (Figs 19B; 30). When
present, the craniopharyngeal canal houses a remnant of the
pharyngeal diverticulum, from which the pars glandularis
of the hypophysis develops (Wible 2008, 2011; Evans &
de Lahunta 2013). It is commonly present in juveniles but
generally obliterates in adults. On the posterolateral region
of the basisphenoid is a large carotid foramen, which opens
just posterior to the posterior end of the posterior process of
the pterygoid. The foramen is circular and has a posteriorly
concave ventral border. The carotid foramen extends poste-
riorly in a deep groove, which is just anterior to the carotid
sulcus of the petrosal (see below). As stated by Wible (2003),
but contra Marshall & Muizon (1995), the carotid is ontoge-
netically entirely within the basisphenoid.

Presphenoid (Figs 19, 20)

This bone is observed in the basipharyngeal groove of MHNC
8308, on which the ventromedial blades of the pterygoid
roofing the groove are not fully preserved. It is a rod-shaped
bone, which is tightly fused to the orbitosphenoids. It extends
anteriorly into the nasal cavity. Posteriorly, the presphe-
noid contacts the basisphenoid in the midline of the skull
and anteriorly, in the basipharyngeal groove, it contacts the
undetlying pterygoids and more anteriorly the palatines. In
the orbitotemporal fossa, the presphenoid forms part of the
ventromedial wall of the optic-sphenorbital fissure. It also
forms the floor of the interorbital fenestra.

Squamosal (Figs 17-31)

The squamosal has a moderately developed squama on the
posterolateral region of the braincase. It has a long dorsally
convex suture with the parietal and interparietal dorsally.
Posteriorly, the squamosal forms the lateral portion of the
nuchal crest and has a suture with the pars mastoidea of the
petrosal. This suture is visible in occipital view of the skull
because the squamosal portion of the nuchal crest overhangs
the occipital aspect of the petrosal (Fig. 25). The squamosal-
petrosal suture runs ventrally on the occipital face of the skull
and reaches the mastoid process ventrally.

»

Fic. 32. — CT-slices through the skull of MHNC 8264. The numbers for each illustrated slice refer to the position of the slice within the sequence of 1751 im-
ages (resolution binned images, voxel size = 0.02781 mm). Dorsal side of the skull toward the top of slices, right side of the skull toward the right. A, is the most
posterior slice toward occiput (1359) and H, is the most anterior one, toward snout (1303). Scale bar: 5 mm.
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Anteriorly, on the roof of the braincase, the squamosal
meets the alisphenoid at the level of the anterior edge of the
posterior root of the zygoma and the suture turns ventrally
at almost right angle. The squamosal-alisphenoid suture
enters the dorsal face of the posterior zygomatic root in its
anteromedial angle, where it delimitates a small glenoid
process of the alisphenoid. On the anteromedial angle of the
glenoid fossa the squamosal-alisphenoid suture runs medially
towards the lateral edge of the foramen ovale. In this area,
the relationships of the squamosal, alisphenoid and petrosal
vary, but in all specimens the squamosal presents a medial
process, which reaches or almost reaches the lateral rim of the
foramen ovale. In MHNC 8308, this medial process of the
squamosal is wedged between the alisphenoid anteriorly and
the petrosal posteriorly (Fig. 30). It is triangular and its medial
apex is pointed and forms a tiny portion of the lateral rim of
the foramen ovale. In MHNC 8264, the medial process of
the squamosal does not reach the lateral edge of the foramen
ovale (Fig. 28). On this specimen, medial to the process, the
rim of the foramen ovale is formed by a posterior extension
of the alisphenoid, which wedges between the medial process
of the squamosal anteriorly and the petrosal posteriorly. Both
conditions are present in MHNC 8370. Apparently, on the left
side of the skull the squamosal reaches the rim of the foramen
ovale, while on the right side it does not and the alisphenoid
forms the anterolateral rim of the foramen ovale (Fig. 26).
The condition of MHNC 8308 is similar to that observed
in Pucadelphys and that of MHNC 8264 resembles that of
Mayulestes. The posteromedial edge of the medial process of
the squamosal slopes posteromedially toward a small cupula.
This shallow depression in the roof of the anterior region of
the middle ear is posterolateral to the foramen ovale. It is
formed posteromedially by the petrosal, anterolaterally by the
medial process of the squamosal, and posterolaterally by the
anteromedial face of the petrosal crest (see petrosal section
below), which is distinctly concave (Fig. 28). The constitution
of this depression is identical to that observed in Mayulestes
(Muizon 1998) and forms what is regarded as an incipiently
developed hypotympanic sinus (sezzs# Klaauw 1931: 19 and
Archer 1976a: 227). The suture posterior to the medial
process of the squamosal, is with the petrosal. It runs along
the lateral border of the petrosal portion of the epitympanic
recess and fossa incudis. In fact, the squamosal-petrosal suture
passes within the epitympanic recess, which is divided into
a medial petrosal portion (see petrosal section below) and a
lateral squamosal portion. As is observed in MHNC 8308,
in which this region is well-preserved, the two portions of the
epitympanic recess are roughly similar in size and the medial
wall of the squamosal in this region is slightly excavated. At
the posterior end of the epitympanic recess, the squamosal
also participates in the formation of the lateral part of the fossa
incudis (see petrosal section below). The crest, which forms
the ventral edge of the squamosal portion of the epitympanic
recess, is the dorsal edge of the external acoustic meatus. Dorsal
to it and on the lateral side of the squamosal is a subvertical
area, which is ventral to the suprameatal crest (see below) and
posterodorsal to the posterior face of the postglenoid process
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(Fig. 24). This area corresponds to the suprameatal surface of
the squamosal (Novacek 1986). Posterior to the fossa incudis
the squamosal laterally borders the crista parotica and the
tympanohyal of the petrosal, and reaches the lateral edge of
the mastoid process, from where it runs dorsally along the
anterodorsal edge of the pars mastoidea of the petrosal and
forms the ventrolateral portion of the nuchal crest (see above).
Between the fossa incudis anteriorly and the lateral edge of the
mastoid process, the ventral rim of the squamosal protrudes
ventrally in a rounded to V-shaped (in lateral view) but flat
(in ventral view) process, which extends the dorsal rim of
the external acoustic meatus (Fig. 24). This process laterally
borders the tympanohyal and is slightly anterior to the mas-
toid process. This structure corresponds to the posttympanic
crest as defined by Wible (2003) and Wible ez al. (2004).
Lateral to the posttympanic crest and posteriorly bordering
the suprameatal surface is the posttympanic process, which is
weakly developed in Andinodelphys. In fact, the posttympanic
process of Andinodelphys corresponds to the posterior edge of
the suprameatal surface, which is slightly bent laterally at its
contact with the pars mastoidea of the petrosal. In Andinodel-
phys, the distinction between posttympanic crest and process
is subtle, a condition that is also present in Pucadelphys and
Mayulestes. As a matter of fact, the posttympanic crest (sensu
Wible 2003) of Pucadelphys and Mayulestes has been identi-
fied as posttympanic process by Marshall & Muizon (1995)
and Muizon (1998) respectively.

Lateral to the medial process of the squamosal is the trans-
versely elongated glenoid fossa for articulation of the dentary.
The main axes of the two fossae are not exactly parallel and
transverse. They are slightly oblique being oriented on an
anterolateral-posteromedial axis. The glenoid fossa is approxi-
mately two times wider than long, and deeply concave. In
lateral view, it has a section forming approximately a quarter
of circle, the dorsal part of the fossa being sub-horizontal and
the posterior wall being sub-vertical. The anterior edge of the
cavity is roughly straight being distinctly oblique in dorsal
view and oriented posteromedially-anterolaterally (especially
in MHNC 8264 and 13847). The postglenoid process is wide
and high. In posterior view, it is roughly semicircular and
extends transversely for the whole width of the glenoid fossa.
In posterior view, it is weakly asymmetrical, its ventralmost
point being slightly shifted medially to the middle of the gle-
noid fossa. In MHNC 8308 the glenoid fossa and postglenoid
process are slightly less expanded transversely than in the other
three specimens. However, this condition could be the result
of the post-mortem transverse compression, which affected
this specimen. The preglenoid process of the jugal is small but
distinct and located at the anterolateral angle of the glenoid
fossa. On the posterolateral aspect of the postglenoid process is
asmall postzygomatic foramen (Fig. 25). According to Archer
(19764a), in dasyurids, this foramen transmits a vein from the
posterior root of the zygomatic arch to the postglenoid vein.
This foramen is present in Pucadelphys but apparently absent
in Mayulestes. Posterior to the medial edge of the postglenoid
process is a large postglenoid foramen. This foramen transmits
the sphenoparietal emissary vein (which externally becomes
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Fic. 33. — CT-slices through the skull of MHNC 8308. The numbers for each illustrated slice refer to the position of the slice within the sequence of 2069 im-
ages (resolution binned images, voxel size = 0.02543 mm). Dorsal side of the skull toward the top of slices, right side of the skull toward the left. A, is the most
posterior slice, toward occiput (1560) and H, is the most anterior one, toward snout (1493). Scale bar: 5 mm.
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Fic. 34. — Andinodelphys cochabambensis (MHNC 8264): ventrolateral view of the left side of the skull showing the undetermined foramen described in text

(p. 651) located on the dorsal edge of the optic-sphenorbital fissure.

the postglenoid vein) from the prootic sinus (Wible 1990),
and the postglenoid artery (Archer 1976a; Wible 1987, 1990).
The posteromedial side of the foramen forms the anterolateral
edge of the epitympanic recess. From the postglenoid fora-
men, a deep groove excavates the ventromedial edge of the
postglenoid process for the exit of the postglenoid vein. This
groove fades ventrally but extends almost up to the ventral
rim of the process. Externally the foramen is totally enclosed
in the squamosal, while internally, the medial wall of the canal
conveying the sphenoparietal emissary vein (or prootic sinus,
more proximally) is formed by the lateral side of the petrosal,
the medial wall being formed by the squamosal. On MHNC
13487, in which the petrosal and occipital bones are missing,
the medial aspect of the squamosal is clearly exposed. On the
roof of the braincase, a deep groove runs posterolaterally from
the sagittal plane and descends towards the postglenoid fora-
men (Fig. 27). This groove transmitted the transverse sinus,
which divides into three major vessels at the dorsal apex of
the petrosal: the sigmoid sinus posteromedially, the superior
sinus anteromedially and the prootic sinus anterolaterally.
The prootic sinus becomes the sphenoparietal emissary vein
after emitting the vein of the prootic canal within the petrosal
(Wible 1990). The postglenoid foramen of Andinodelphys dif-
fers from that of Pucadelphys, in which it is not totally enclosed
in the squamosal, even externally contra Marshall & Muizon
(1995), a condition, which has been distinctly observed on
7 specimens.

The zygomatic process of the squamosal is narrow, slightly
curved ventrally, and regularly tapers anteriorly. It is shorter than
half of the total length of the orbitotemporal fossa (c. 40%),
being proportionally shorter than in Pucadelphys. Its dorsal edge
is slightly convex, while its ventral side is concave. The apex
is very narrow. The dorsal edge of the process forms the most
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elevated point of the zygomatic arch. It extends posteriorly as
the postzygomatic crest, which borders the posterior edge of
the squamosal fossa. Further posteriotly, the crest reaches the
posterolateral region of the braincase and forms, above the
external acoustic meatus, a low and rounded posterodorsally
oriented suprameatal crest (in fact, more a ridge than a crest),
which connects to the nuchal crest posteriorly (Wible 2008)
above the ventral limit of the latter (Figs 23, 24). Ventral to
the suprameatal crest and dorsal to the dorsal rim of the exter-
nal acoustic meatus is the suprameatal surface, which bears
the small suprameatal foramen (Wible 2003) (Fig. 24). This
foramen has been referred to as the subsquamosal foramen by
Archer (1976a), Marshall & Muizon (1995), and Pavan & Voss
(2016), but we follow here Wible (2003), Wible ez /. (2004),
and Muizon et al. (2018) because, according to these authors,
the subsquamosal foramen is located above the suprameatal crest
on the lateral wall of the braincase. The suprameatal foramen is
defined as a medium-sized to small opening perforated in the
suprameatal surface of the squamosal, below the suprameatal
crest as is observed in Andinodelphys. It communicates with the
postglenoid foramen and, in eutherians, conveys a branch of the
ramus posterior of the stapedial artery into the substance of the
squamosal (Wible 2008, 2011). In the xenarthran Euphractus
and likely in Zalambdalestes and Maelestes, the suprameatal fora-
men may also transmit temporal rami from the ramus superior
to the temporalis muscle (Wible 2003; Wible & Gaudin 2004;
Wible ef al. 2004, 2009). In Didelphis, the postglenoid artery
(an offshoot of the external carotid artery) enters the skull via
the postglenoid foramen and divides into a meningeal ramus,
which extends dorsally within the braincase and a ramus tem-
poralis, which exits the skull via the suprameatal foramen and
supplies the temporalis muscle. (Wible 1987, 2003; Wible ez a/.
2004: 95). According to Archer (1976a: 223) the suprameatal
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Fic. 35. — CT-slices through the skull of MHNC 8264. The numbers for each illustrated slice refer to the position of the slice within the sequence of 1751 images
(resolution binned images, voxel size = 0.02781 mm). Occiput of the skull toward the slice 1178, left side of the skull toward the right; the skull is upside down,
with pterygoids dorsally and sagittal crest ventrally. A, is the most anterior slice (1163) and H, is the most anterior one (1178). Scale bar: 3 mm.
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foramen (his subsquamosal foramen) “carries postglenoid artery
out onto parictal area of cranium from postglenoid foramen.
Also carries vein from parietal area to postglenoid foramen”.
The suprameatal foramen of Andinodelphys varies in position,
number and size in the four skulls available. In MHNC 8264
there is one single, medium-sized, and posteriorly located fora-
men on the right side, whereas there are two foramina on the
left side, one large and posterior (just anterior to nuchal crest)
and another small, slightly anterior to it. In MHNC 8308 a
single medium-sized foramen is present, located in the anterior
part of the suprameatal surface on both sides. In MHNC 8370
two foramina are present; one, large, in the posterior region of
the surface and the other, medium-sized in the anterior half
of the surface (observation of the two foramina is possible on
the right side only). In MHNC 13847, two small foramina
are observed on the left side (one anterior and one posterior),
whereas two posteriorly located foramina are present on the
right side, one ventral and small and the other dorsally placed
(on the suprameatal crest) and medium-sized. The significant
variation observed in Andinodelphys differs from the condition
in most Pucadelphys specimens and in most Recent didelphids
(e.g., Didelphis, Monodelphis, Marmosa, Philander, Metachirus,
Thylamys), in which the suprameatal foramen is consistently
single, distinctly larger than the large foramen in Andinodel-
phys and in a median to anterior location on the suprameatal
surface. In Andinodelphys, the suprameatal foramen (foramina)
is (are) located more posteriorly than in Pucadelphys and the
Recent didelphids mentioned above. Interestingly, however, in
two specimens of Pucadelphys (MHNC 8266 and 8379, two
out of ten specimens in which this character can be observed),
two foramina are present. One is anterior and has the large
size and the anterior position of the suprameatal foramen of
the didelphid genera mentioned above, and the other is small
and posterior as is generally observed in Andinodelphys. Fur-
thermore, variation also exists within Recent didelphids since
a single, small and posteriorly located foramen is present in
Caluromys, thus resembling the condition of Andinodelphys. A
similar condition is observed in Allgokirus, while in Mayulestes
a small foramen is present but anteriorly situated.

On the squama of the squamosal, just above the posterior
root of the zygoma, is a small foramen; another smaller fora-
men is observed at the same dorsoventral level, slightly anterior
to it. This condition is observed on MHNC 8264, 8308, and
13847.In MHNC 8370, observation of a foramen is uncertain
due to the preservation of the specimen. This (these) foramen
(foramina) is (are) likely to represent the subsquamosal fora-
men (foramina) (Figs 21, 23). They convey the temporal rami
emitted by the arteria diploética magna (Wible ez a/. 2004) to
the temporalis muscles. Subsquamosal foramina are absent in
Pucadelphys (10 specimens), Mayulestes (one specimen) and
Allgokirus (one specimen). They are either absent or tiny in
didelphids. Wible (2003) observed subsquamosal foramina in
most specimens of Monodelphis studied and in one specimen
of Didelphis. We have not observed subsquamosal foramina
on the squama of the squamosal of five specimens of Didelphis
(out of six), five Metachirus, Seven Caluromys, four Marmosa,
and two Thylamys.
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Petrosal and auditory region (Figs 28-31, 36-39).

Although the petrosal of Andinodelphys has been described
by Ladevéze & Muizon (2007), we consider useful to pro-
vide a further description of the auditory region of the skulls
MHNC 8264 and 8308 in order to rectify some anatomical
and nomenclatural errors of the description in Ladeveéze &
Muizon (2007). Furthermore, some newly discovered petrosals
in the skeleton block (Fig. 3) belonging to the unprepared
specimen MHNC 13933 and to MHNC 13847 (Figs 36-39)
provide a useful complement to Ladevéze & Muizon (2007)’s
description. The best-preserved auditory region of Andino-
delphys is the left side of MHNC 8308 (Fig. 31A), which has
suffered only a slight transversal compression. The right side of
this specimen is also reasonably preserved, but the squamosal
is slightly separated from the petrosal, and the petrosal is dis-
placed dorsomedially against the basioccipital and, so, does
not articulate correctly with the basisphenoid anteriorly, being
slightly dorsal to it (Fig. 31B). On MHNC 8264, the lateral
side of the left promontorium has been severely distorted in
the region of the fenestra vestibuli by the articular condyle of
the left dentary, but the lateral region of the tympanic cavity
is still quite informative (Fig. 29B). On the right side of the
specimen, in contrast, the promontorium is well-preserved
but lateral part of the bone in the region of the epitympanic
recess and fossa incudis is damaged (Fig. 29A). Therefore,
the description below will essentially refer to the left side of
MHNC 8308 but will be complemented, when necessary,
with the well-preserved parts of the other auditory regions.
In other respect, because the petrosal shares structures with
most of its surrounding bone, for a better understanding of
the whole auditory region, its description will refer to these
structures as such and, therefore, will have to consider these
other bones in spite of some redundancy with parts of the
description above.

Tympanic view. (Figs 28-31; 36A) The petrosal of Andino-
delphys is tightly articulated to the surrounding bones (squa-
mosal, basisphenoid, basioccipital, exoccipital). No vacuity
is observed in the auditory region except the large foramen
ovale in the anterolateral region of the petrosal. This foramen
is an oval-shaped to triangular vacuity limited posteriorly by
the anterolateral region of the petrosal (see below) and ante-
riotly by the alisphenoid (see above). This vacuity presents
on its anteromedial edge at the anteroposterior level of the
basisphenoid-basioccipital suture, a small diverticulum (in
fact an opened foramen), partly separated from the foramen
ovale. This foramen is for the passage of the greater petrosal
nerve (which exits the petrosal from the hiatus Fallopii on the
dorsal face of the bone) on its way to the posterior opening of
the pterygoid canal (Wible 2003). On the lateral side of the
foramen ovale, the medial process of the squamosal may also
provide a very small contribution to the foramen (see above).

The petrosal is composed of two major divisions, the pars
cochlearis, which consists of the promontorium and the
pars canalicularis consisting of the rest of the petrosal. The
pars cochlearis houses the cochlear duct and saccule of the
inner ear, and the pars canalicularis houses the semicircular
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FiG. 36. — Right petrosal of Andinodelphys cochabambensis (MHNC 13933): A, tympanic view; B, cerebellar (dorsal) view. Scale bar: 2 mm.

canals and utricle. The pyriform promontorium is inflated
posteriorly. It is oriented anteromedially-posterolaterally, and
its ventral surface slopes anterolaterally. Its apex is excavated
by a deep sulcus for the internal carotid artery on its way to
the carotid foramen. This sulcus is roughly parallel to the
petrosal-basioccipital suture. It extends anteriorly on the
basisphenoid as the sulcus posterior to the carotid foramen
(see above). This sulcus is present in Pucadelphys, Allgokirus,
and Mayulestes. It is also present in several other sparassodonts
(e.g., Notogale, Sallacyon, Sipalocyon, Cladosictis, Prothylaci-
nus, Borhyaena, Paraborhyaena, Arctodictis). It is also present
in several Petrosal types (Type I, I, III, and VI) from the
early Eocene of Itaborai (Ladeveze & Muizon 2010) and
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the so-called Gurlin Tsav Skull from the Late Cretaceous
of Mongolia as scored by Rougier ez al. (2015). It is appar-
ently absent in all other metatherians. The promontorium
fenestrae (fenestra vestibuli and external opening of the coch-
lear fossula), as preserved, are poorly developed. The fenestra
vestibuli opens almost laterally. On the left side of MHNC
8308, it is at the anteroposterior level of the fossa incudis. It
is roughly oval-shaped as preserved. However, this morphol-
ogy may have been altered by the post-mortem distortion of
the specimens, which makes inaccurate the measurement of
the stapedial ratio (Ladeveze & Muizon 2007). The external
opening of the cochlear fossula is posterolaterally oriented,
facing the mastoid process. Its morphology has probably
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also been altered by distortion. The promontorium does not
present a well-developed rostral tympanic process in contrast
to the condition observed in the Recent didelphids, but
resembles Pucadelphys in this respect. However, as mentioned
by Ladeveze & Muizon (2007) a distinct swelling is present
ventral to the external opening of the cochlear fossula in the
same place as the rostral process of Recent didelphids. It may
represent an incipient development of a rostral process in
Andinodelphys. A similar condition is observed in Allgokirus
and Mayulestes, although more developed in this latter taxon.
The portion of the petrosal lateral to the promontorium is a
wide area extending from the posterior edge of the foramen
ovale to the mastoid process. This region houses the hypo-
tympanic sinus (sezzsu Klaauw 1931 and Archer 1976a), the
facial nerve, the auditory ossicles, and the stapedial muscle.
The anterior region of this area is as wide as the anterior
aspect of the promontorium. Anteriorly, on the posterolateral
edge of the foramen ovale, the hypotympanic sinus is a small
cupula described above in the squamosal section (Fig. 28:
blue dotted circle). It is roughly circular and composed of the
petrosal posteromedially and the squamosal anterolaterally
with a variable participation of the alisphenoid. A distinct
hypotympanic sinus is absent in Pucadelphys but it is present
in Mayulestes and Allgokirus.

The posterolateral edge of the hypotympanic sinus is formed
by a robust but short, rounded ridge (Fig. 36A). This ridge is
oblique being oriented anterolaterally-posteromedially. The
anteromedial face of this ridge is strongly concave and forms
part of the hypotympanic sinus. The posterolateral face is also
concave and forms the anteromedial limit of the epitympanic
recess (see below). The lateral extremity of the ridge is just
medial to the postglenoid foramen and its medial extremity is
lateral to the secondary facial foramen (see below) (Figs 28, 30).
Following Archer (1976a), Muizon (1998) called a similar
ridge in Mayulestes the petrosal crest. However, because this
term could be confused with the crista petrosa a structure
of the dorsal aspect of the petrosal (Fig. 36B), Ladeveze &
Muizon (2010) proposed the term tympanic petrosal crest for
this structure. A similar short and rounded tympanic petrosal
crest is present in Pucadelphys and Mayulestes. It is also pre-
sent, but much sharper, in most sparassodonts (e.g. Notogale,
Sipalocyon), in didelphids, and in dasyurids. In Recent didel-
phids, the lateral extremity of the tympanic petrosal crest is
greatly enlarged and forms a prominent spur-like process, the
tuberculum tympani (Wible 2003), which projects ventrally
and abuts against the medial edge of the postglenoid fora-
men. According to Toeplitz (1920), the tuberculum tympani
could be regarded as homologous to the tegmen tympani
of eutherians (see also Wible 2003), a statement that could
perhaps be extended to the whole tympanic petrosal crest.
In Andinodelphys, the lateral edge of the petrosal tympanic
crest forms a small knob-like tuberculum tympani, which is
barely more salient than the medial edge. A similar condi-
tion is observed in Pucadelphys, Allgokirus, and Mayulestes. In
contrast, the tuberculum tympani is large and spur-like also
in several other sparassodonts such as Norogale and Sipalocyon
(Muizon ez al. 2018: 369, supplementary data, files 6 and 7).
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It is noteworthy that the spur-like tympanohyal identified by
Forasiepi et al. (2019: fig. 20A) in Sipalocyon is in fact the
tuberculum tympani; the tympanohyal is located on the crista
parotica, posteromedially to the fossa incudis, as in observed,
for instance, in didelphids (Wible 1990, 2003) and Allgokirus
(Muizon et al. 2018: fig. 24A); see also Fig. 36A. The medial
edge of the tympanic petrosal crest of Andinodelphys is con-
spicuously ventral to the facial sulcus and is excavated by a
deep recess, which is regarded here as probably homologous
to the lateral trough of the non-therian mammals (Fig. 36A).
This recess has been formally termed the prootic recess by
Muizon ez al. (2018: 406 and fig. 24A). In this trough is the
tympanic aperture of the prootic canal (see below). A deep
prootic recess is also present in Pucadelphys (Marshall & Mui-
zon 1995), and Allgokirus (Muizon et al. 2018).

Bordering the posterior rim of the foramen ovale, between
the carotid sulcus medially and the hypotympanic sinus later-
ally, is an elongated shallow fossa for the origin of the tensor
tympani muscle. It is oriented roughly in an anteromedial-
posterolateral direction. On the posterior border of this fossa
is a marked pit, which is likely to be also part of the origin
of the tensor tympani muscle. This pit is present on all the
petrosals known and is therefore unlikely to be the result of
distortion. As usual in therians, this fossa is on the lateral edge
of the anterior region of the promontorium, but extends later-
ally on the ventral aspect of what we interpret as the vestigial
anterior lamina of the petrosal.

In Andinodelphys, the anterior lamina of the petrosal is a
blade-like anterior extension of the bone, which forms a sig-
nificant part of the posteroventral lateral wall of the braincase
(Figs 36B; 37A; 38). Part of the anterior lamina is appressed
against the internal side of the squamosal, posterior to the
alisphenoid. In non-therian mammals, the anterior lamina
forms part of the lateral wall of the braincase between the ali-
sphenoid anteriorly and the squamosal posteriorly. It encloses
the foramen for the mandibular branch (V3) of the trigeminal
nerve and in some cases the maxillary branch (V2) (see Wible
[1990]; Hopson & Rougier [1993], and Rougier & Wible
[2000] for a review). The anterior lamina greatly reduces in
metatherians and eutherians (Wible 1990: 200) and disappears
in most extant taxa; the mandibular branch of the trigeminal
nerve exits the skull either between the alisphenoid and the
petrosal (foramen ovale of metatherians) or the foramen is
totally enclosed in the alisphenoid (eutherians). However, in
basal metatherians and eutherians, a vestigial anterior lamina
is still present although the pattern of exit of the V3 is that
discussed above. This anterior lamina is partly ventral (i.e. the
posterior rim of the foramen ovale) and partly lateral, this por-
tion being covered by the squamosal laterally. In dorsal view
of the petrosal both ventral and lateral parts of the anterior
lamina are clearly visible (Ladeveze & Muizon 2007) and
form a deep basin which houses the trigeminal ganglion, the
trigeminal fossa (Muizon e a/. 2018) (Fig. 38). It is notewor-
thy that the trigeminal ganglion is also housed in the medial
face of the anterior lamina of non-therian mammals. The
structure designated here and elsewhere (Muizon ez a/. 2018)
as trigeminal fossa is the petrosal contribution to the cavum
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epiptericum (Wilson ez al. 2016). A vestigial anterior lamina  and Allgokirus (Muizon et al. 2018), in some herpetotheriids

has been described in the metatherians Pucadelphys (Marshall & (Peratherium cuvieri, P elegans [very reduced], Amphiperath-
Muizon 1995), Andinodelphys (Ladeveze & Muizon 2007),  erium minutum [more expanded but in a juvenile individual],
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see (Selva & Ladeveze 2017; Ladevéze et al. 2020). It has also
been decribed in the eutherians Alcidedorbignya (Muizon
etal. 2015), Prokennalestes (Wible ez al. 2001), and in isolated
“zhelestid” petrosals (Ekdale ez /. 2004). This interpretation
of the occurrence of a vestigial anterior lamina in metatheri-
ans confirms Wible’s suggestions that “the anterior lamina ...
may not be totally absent in all marsupials” and that “a greatly
reduced anterior lamina is a synapomorphy of marsupials and
eutherians” (Wible 1990: 200 L and R). This vestigial ante-
rior lamina of Pucadelphys and Andinodelphys is not exposed
on the lateral wall of the braincase, as is the case, for instance,
in Vincelestes (Hopson & Rougier 1993). In this genus, the
anterior lamina separates the alisphenoid anteriorly and the
squamosal posteriorly and the two bones have no contact. In
therians, the anterior lamina has reduced and is overlapped
laterally by the squamosal, which extends anteriorly, contacts
the alisphenoid, and excludes internally the anterior lamina
from the lateral wall of the braincase. A condition similar to
that of Pucadelphys and Andinodelphys is also present in Didel-
phodon as observed on Supplementary fig. 8b of Wilson ez al.
(2016); see comment to character 168 in Appendix 3.

Rougier & Wible (2006: 277) have refuted the interpreta-
tion of a vestigial anterior lamina in Pucadelphys. In order to
avoid duplication, we simply refer here to Marshall & Muizon
(1995: 78-82) and Muizon ez al. (2018: 408) for a discus-
sion on the occurrence of an anterior lamina in Pucadelphys
and Allgokirus respectively. Following these discussions, we
persist in our interpretation of the structure described above,
which houses the trigeminal ganglion in Andinodelphys, as
a vestigial anterior lamina, and confirm our interpretation
in Pucadelphys (Ladeveze & Muizon 2007) and Allgokirus
(Muizon et al. 2018).

Posterior to the hypotympanic sinus and medial to the
tympanic petrosal crest is the secondary facial foramen, which
conveys the hyomandibular ramus of the facial nerve poste-
riorly. This foramen is distinctly anterolateral to the fenestra
vestibuli. On the posterolateral edge of the tympanic petrosal
crest is an elongated cavity located lateral to the fenestra ves-
tibuli and separated from it by the facial sulcus. This cavity
is the petrosal part of the epitympanic recess. It is bordered
laterally by the squamosal, which forms its lateral half (see
above), the petrosal-squamosal suture passing in the middle of
the recess. On the posterior region of the epitympanic recess is
a deep pit, the fossa incudis, which receives the crus breve of
the incus. The epitympanic recess is the cavity, which receives
the articulation between the incus and the malleus. Because
the epitympanic recess is posterior to the ventral petrosal crest,
itis also posterior to the prootic canal, which pierces the crest
dorsally. This condition is present in Pucadelphys, Mayulestes,
Allgokirus, and all Recent didelphids. Therefore, the depression
designated by Wible (1990: fig. 2F and fig. 4C) as the epit-
ympanic recess, which is anterior to the ventral petrosal crest
cannot be this structure. As a matter of fact, it is too anterior
to the fenestra vestibuli to possibly receive the malleus-incus
articulation. As stated by Muizon (1998), it is the posterior
periotic portion of the hypotympanic sinus. Furthermore,
the ventrally directed trihedron identified by Wible as the
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lateral wall of the epitympanic recess (Wible 1990: fig. 4C,
lw) is the lateral extremity of the ventral petrosal crest, which
separates the epitympanic recess posteriorly from the hypo-
tympanic sinus anteriorly. This trihedron corresponds to the
tuberculum tympani, a term, which we retain here following
Wible (2003). We prefer not to use the term “lateral wall of
the epitympanic recess” because, strictly speaking, the lateral
wall of the epitympanic recess, in early therians is formed by
the squamosal. The epitympanic recess is a structure, which
is carried by both the petrosal and the squamosal and what
is generally called epitympanic recess on the petrosal is in
fact the “petrosal part of the epitympanic recess”. The same
is true for the fossa incudis.

The medial edge of the epitympanic recess is a thin crest,
which almost reaches the level of the facial sulcus dorsally:
it is the crista parotica. In the posterior region of the epit-
ympanic recess and medial to the fossa incudis, the crista
parotica extends ventrally and slightly thickens. In this area,
it contacts the posttympanic process of the squamosal and is
fused to the tympanohyal. The tympanohyal is an ossification
of Reichert’s cartilage, which fuses to the petrosal at the crista
parotica. This is why it is considered that the crista parotica
also extends posterior to the tympanohyal (MacPhee 1981;
Wible 2008, 2012). The portion of the crista parotica pos-
terior to the tympanohyal is short and forms the lateral edge
of the stylomastoid notch. The latter forms a saddle-shaped
sulcus for the exit of the facial nerve from the middle ear on
the anteromedial edge of the mastoid process. The latter is
moderately developed but distinct and forms a small elon-
gated knob at the ventral extremity of the nuchal crest in the
posterior region of the external acoustic meatus.

On the medial wall of the stylomastoid notch and extending
posteromedioventrally from the mastoid process is a conspicu-
ous caudal tympanic process. It is a relatively thick ridge,
markedly convex anteriorly, which projects anteromedially
towards the external aperture of the cochlear fossula. This
process has been interpreted by Muizon ez al. (2015: fig. 36,
38) as homologous to the lateral caudal tympanic process of
early eutherians. Medially the lateral caudal tympanic pro-
cess bears a faint saddle-shaped notch with a tiny tubercle
medial to this notch (Figs 30; 36A). This tubercle is limited
medially by the petrosal-exoccipital suture and is facing (but
not adjoined to) another small tubercle on the exoccipital.
This medial tubercle of the petrosal of Andinodelphys is in
the position of a medial caudal tympanic process (= “cym-
panic process” of Wible ez al. 2004, 2009) as is observed in
early eutherians (Muizon et a/. 2015). This tubercle could
tentatively be interpreted as a small medial caudal tympanic
process. This process is present on the three skulls of Andino-
delphys (although weakly developed on MHNC 8264) that
preserve a petrosal and, apparently, on the isolated petrosal
MHNC 8371. We have observed this process and notch is
some Recent didelphids (e.g. Didelphis, Philander, Marmosa).
It is noteworthy however that the position of this possible
medial tympanic process is unusual since in eutherians
it generally faces the lateral caudal tympanic process and
tympanohyal; furthermore, according to MacPhee (1981:
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solateral view. For other anatomical features of the petrosal see figs 36 and 37. Scale bar: 2 mm.
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17), the medial section of the caudal tympanic process arises
from the the medial wall of the cochlear fossula, which may
contradict our interpretation. Nevertheless, MacPhee’s state-
ment refers to eutherians and homologies with the condi-
tion in metatherians are not easy to establish. Be that as it
may, this possible medial tympanic process forms the medial
part of the caudal tympanic process and is clearly approxi-
mated to the medial wall of the cochlear fossula. The notch
between the medial and lateral caudal tympanic processes
has been interpreted by Muizon ez al. (2015) as a possible
passage for the posterior ramus of the stapedial artery in
the pantodont Alcidedorbignya inopinata. This could not be
the case of Andinodelphys because the stapedial artery is lost
in adult marsupials and we hypothesize that it was also lost
in the Bolivian genus. The notch between the medial and
lateral caudal tympanic processes has also been regarded
as a possible passage for the auricular branch of the vagus
nerve (X) toward the facial nerve (VII). However, we have
no indication on the condition of the passage of this nerve
in Recent marsupials.

Dorsal and anterior to the caudal tympanic process is a
deep fossa, which extends the facial sulcus posteromedially.
It is the stapedius fossa for the origin of the stapedius muscle.
The stapedius fossa is dorsal and posterolateral to the external
aperture of the cochlear fossula. It strongly narrows medially
and reaches a deep and elongated notch, through which it
communicates with the jugular foramen (posterior lacerate
foramen). This notch is the passage for the lateral head vein,
which joins the inferior petrosal sinus to form the internal

jugular vein (Ladeveze & Muizon 2007; Wible ez al. 2009).

Occipital view. On the occiput, the petrosal presents a
widely-exposed pars mastoidea (Figs 25; 37C). This expo-
sure is dorsoventrally elongated and arched medially. It is
wedged between the squamosal ventrolaterally, the inter-
parietal dorsolaterally, the supraoccipital dorsally, and the
exoccipital medially. A large slit-like posttemporal foramen
is present at approximately mid-height of the lateral edge of
the exposure. It is located in the suture between the squa-
mosal and the pars mastoidea of the petrosal. This foramen
is also present in Pucadelphys and in many extant didelphids
but higher in the latter. The posttemporal foramen connects
the vena and arteria diploética magna to the occipital vein
and artery. The vena diploética magna is an offshoot of the
sphenoparietal emissary vein, which supplies the occipital
vein posteriorly. The arteria diploética magna is a branch
of the occipital artery. In eutherians, it is connected to the
ramus superior of the stapedial artery. Because this vessel is
absent in adult marsupials, the arteria diploética magna is
likely to be connected to the postglenoid artery (an offshoot
of the external carotid artery) or (more likely) to the ramus
temporalis (emitted by the postglenoid artery just dorsal to
its entrance in the postglenoid foramen) before it exits the
skull through the suprameatal foramen.

A single small mastoid foramen is present in the dorsal
region of the mastoid exposure in the vicinity of the triple
point petrosal-exoccipital-supraoccipital. In MHNC 8308 it
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is located in the middle of the dorsal region of the mastoid
exposure, whereas in MHNC 8264, 13847, and 13933 it is
located dorsally to or within the petrosal-exoccipital suture
(Figs 25; 37C). On the ventrolateral angle of the mastoid
exposure is the mastoid process, which extends dorsally along
the petrosal-squamosal suture in a thick crest on the lateral
edge of the exposure. The medial side of the exposure, on
the petrosal-exoccipital suture, also forms an elevated crest,
which abuts a similar crest on the exoccipital (Fig. 25). The
salient ridge formed by the two bones is lateral to the dorsal
occipital condyle and extends slightly dorsal to it. It is present
in Pucadelphys and corresponds to what Marshall & Muizon
(1995) designated the exoccipital process. No such elevated
double crestis observed in the Recent didelphids. In Mayulestes
and in Allgokirus the medial edge of the mastoid exposure
of the petrosal presents a distinct elevated crest similar to
the condition observed in Andinodelphys and Pucadelphys.

The posteromedial angle of the promontorium forms
the anterior third of the edge of the jugular foramen. The
foramen is large and distinctly more than three times larger
than the external aperture of the cochlear fossula. On the
medial edge of the promontorium is a deep anteroposterior
sulcus for the inferior petrosal sinus (Ladeveze & Muizon
2007). This vessel merges posteriorly with the lateral head
vein, which exits the facial sulcus medially reaching the lat-
eral edge of the jugular foramen. The confluence of the two
vessels forms the internal jugular vein, which exits the skull
at the posteromedial angle of the petrosal.

Dorsal view. In dorsal view, the most conspicuous feature
of the petrosal of Andinodelphys is the large trigeminal fossa
which is excavated in the vestigial anterior lamina (see
above). The trigeminal fossa is the petrosal contribution
of the cavum epiptericum and receives during life, at least
part of the trigeminal ganglion. On the specimens MHNC
8370 and 13847, the anterior lamina is completely preserved
(Fig. 38), whereas on MHNC 13933, a small fragment of
its anterolateral edge is missing (Fig. 36). A large trigeminal
fossa is also present in Didelphodon, a structure designated
as “petrosal contribution of the cavum epiptericum” by Wil-
son et al. (2016: supplementary figure 8). The presence of a
large trigeminal fossa in Didelphodon suggest that a reduced
anterior lamina was also present in this taxon (see comment
on character 168 in character list below; Appendix 3). The
rest of the anatomy of the cerebellar view of the petrosal of
Andinodelphys has been abundantly described by Ladeveze
& Muizon (2007) on the basis of MHNC 8370. The new
petrosal of MHNC 13847 does not provide significant
additional data, but is illustrated on Fig. 36B. We therefore
refer to Ladevéze & Muizon (2007) for the description of
the dorsal view of the petrosal.

Lateral view. The lateral view of the petrosal is covered by
the squamosal and forms the petrosal-squamosal suture. In
this area, a major characteristic is the presence of a large
dorsoventrally oriented groove, the sulcus for the prootic
sinus (Figs 37A; 39). It is located in the anterior region of the
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Fic. 39. — Reconstruction of the major vessels of the auditory region of Andinodelphys cochabambensis: A, tympanic view; B, cerebellar (dorsal) view. Scale

bar: 5 mm.

suture, just posterior to the posterior edge of the trigeminal
fossa. The sulcus is slightly concave posteriorly and widens
ventrally. In its ventral end is a small foramen, which rep-
resents the lateral opening of the prootic canal, which runs
in the substance of the petrosal above the petrosal tympanic
crest and reaches the facial sulcus medially. The prootic canal
conveys the prootic canal vein, which becomes the lateral
head vein in the facial sulcus, and merge to the inferior
petrosal sinus at the posteromedial angle of the petrosal.
In the ventral part of the sulcus for the prootic sinus, on
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its posterior edge, at the level of the lateral foramen of the
prootic canal, is a small notch from which a faint groove
extends posteriorly. This groove is twice narrower than the
prootic sulcus and slightly sinuous. It is subhorizontal and
ends posteriorly at the level of the notch for the posttemporal
foramen (Fig. 37A). This sulcus likely represents the passage
of the diploic vessels, the arteria diploética magna and vena
diploética magna, which respectively enter and exit the skull
via the posttemporal foramen from the occipital artery and
to the occipital vein respectively.
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TaBLE 5. — Measurements of various semicircular canals aspects of the bony labyrinth of Andinodelphys cochabambensis (MHNC 8370), as compared to selected
metatherians. For each semicircular canal (ASC, PSC, LSC), height (H), width (W) and diameter (D) were measured, as well as the angles between each other.
The inner ear height (IEH) was measured after Billet et al. (2013). The radius of curvature for each semicircular canal was calculated following Spoor et al. (2007).
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Collection number I 3 axxrx3aczxx3acll Exxzx < < < ooo0oaooan
Andinodelphys MHNC 8370 1.53 1.68 0.91 1.47 1.3 1.13 1.02 1.3 0.78 3.78 0.25 1.04 1.5 1.44 88 71 90 0.21 0.05 0.22 0.06 0.26 0.07
cochabambensis
Pucadelphys andinus MHNC 8266 1.5 1.68 0.8 1.29 1.47 0.69 1.06 1.2 0.57 3.21 0.21 1.16 1.42 1.22 101.95 97.75 83.94 0.15 0.05 0.21 0.07 0.17 0.05
Allqokirus australis  MHNC 8267 2,01 2.43 0.831.8 1.6 1.12 1.26 1.54 0.82 4.75 0.19 1.12 1.6 1.43 8257 84.69 8519 0.2 0.04 0.18 0.04 0.2 0.04
Amphiperatherium ~ MNHN-GY-682 1.5 1.4 0.73 1.19 1.09 0.57 0.97 1.09 0.52 3.33 0.18 1.26 1.55 1.23 93.98 87.06  87.02 0.17 0.05 0.17 0.05 0.17 0.05
minutum
Peratherium elegans PAR 39.22 214 1.91 1.01 1.48 1.72 0.80 0.95 1.68 0.66 3.86 0.21 1.45 2.25 1.56 112.11  89.04 9049 - - - - - -
Peratherium cuvieri MNHN-GY-679 218 2.31 1.121.75 1.9 0.91 1.23 1.57 0.7 4.07 0.22 1.25 1.77 1.42 105.72 109.07 98.94 0.1 0.02 0.22 0.05 0.11 0.03
Herpetotherium cf.  ZMB 50672 1.34 1.39 0.68 0.94 1.12 0.52 0.68 0.99 0.42 2.43 0.22 1.43 1.97 1.38 87 91.87 94 0.1 0.04 0.12 0.05 0.11 0.05
fugax
Didelphis marsupialis MNHN RH61 2.94 3.02 1.492.4 248 1.22 1.56 1.74 0.83 5.32 0.22 1.23 1.88 1.54 98.96 80.29  94.41 0.19 0.04 0.21 0.04 0.24 0.05
Marmosa murina ~ MHNH. 1.9 1.86 0.94 1.2 1.26 0.62 0.88 1.1 0.5 3.59 0.19 1.58 2.16 1.36 98.7 83.59  94.43 0.21 0.06 0.18 0.05 0.21 0.06
ZM.M0.2001.2239
Caluromys philander MNHN. 2,66 2.53 1.3 1.77 1.96 0.93 1.55 1.87 0.86 52 0.2 1.5 1.72 1.14 93 88.28  88.74 0.11 0.02 0.2 0.04 0.15 0.03
ZM.MO0.1987.234
Dromiciops gliroides |IEEUACH 2162 1.83 2 0.96 1.35 1.28 0.66 0.95 1.27 0.56 4.02 0.18 1.36 1.93 1.42 113.35 81.41 947 0.12 0.03 0.15 0.04 0.14 0.03
Caenolestes MNHN. 1.82 1.73 0.89 1.53 1.28 0.7 0.95 1.25 0.55 3.85 0.19 1.19 1.92 1.61 93.17 86.87 99.8 0.19 0.05 0.15 0.04 0.17 0.04
fuliginosus ZM.MO.1982.2587
Perameles nasuta  MNHN.ZM.AC. 3.06 2.91 1.492.21 2,27 1.12 1.67 2.02 0.92 6.15 0.19 1.38 1.83 1.32 93.96 84.79  90.7 0.19 0.03 0.23 0.04 0.24 0.04
A12417
Phascogale MNHN. 218 2.3 1.121.85 1.73 0.9 1.65 1.92 0.89 4.78 0.2 1.18 1.32 1.12 9486 78.45 7855 0.15 0.03 0.13 0.03 0.14 0.03
tapoatafa ZM.M0.2007.18

Bony labyrinth endocast. (Fig. 40). The bony labyrinth of
the inner ear consists of a set of interconnected spaces within
the petrosal bone. It contained in life the perilymph, in which
the membranous labyrinth was suspended. The inferior part
of the membranous labyrinth includes the cochlear duct,
containing the spiral organ of hearing, and the saccule of
the vestibule, housing receptors sensitive to linear motion.
The superior part of the membranous labyrinth is involved
in detecting rotational movement of the head. It includes the
utricle of the vestibule, the semicircular ducts and ampullae,
and the common crus between the anterior and posterior
ducts. The bony semicircular and cochlear canals of the bony
labyrinth are usually considered as closely following the path
and shape of the inner membranous ducts (e.g., Blanks ez 4/.
1975; Spoor 2003; David ez al. 2010).

The general aspect of the bony labyrinth of Andinodelphys is
quite similar to that reconstructed for Pucadelphys (Ladevéze
et al. 2020), and the recently published sparassodont Allgokirus
(Muizon et al. 2018).

The complete turns of the cochlea of the bony labyrinth of
Andinodelphys are difficult to calculate because the segmenta-
tion of this part was difficult and the resulting 3D rendering is
incomplete, but they were likely approaching those observed
in Pucadelphys (approximately 1.8 turns).

The semicircular canals of the bony labyrinth of Andino-
delphys are very similar in shape and diameter than those
observed in Pucadelphys and Allgokirus. The anterior semi-
circular canal (PSC) has the widest area (explained by the
radius of curvature), followed by the anterior semicircular
canal (ASC®, and then the lateral (LSC) (Fig. 40; Table 5).
The same is observed in Allgokirus, but in Pucadelphys the
ASC exhibits the widest area. The LSC plan is perpendicular
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or approaching perpendicular to the plans of the two other
canals (71° to ASC and 90° to PSC). The plans of the PSC
and ASC also form a perpendicular angle (88°). Both these
canals meet at the crus commune. The LSC and PSC meet
at the second crus commune.

The vestibule, the central area of the bony labyrinth, is
located between the cochlea anteriorly and the semicircular
canals posteriorly. The vestibule of Andinodelphys is small and
exhibits three ampullae located at the junction between it and
the canals. The spherical and elliptical recesses of the vestibule
are distinguished by a constriction of the vestibule lateral to
the fenestra vestibuli: the swelling of the spherical recess (for
the saccule) is visible in anterior view of the labyrinth and
the elliptical recess (for the utricle and semicircular ducts) is
bowed slightly medially to it (Fig. 40).

The anterior ampulla is dorsolateral to the vestibule and
connects the ASC to the vestibule. The lateral ampulla is
ventrolateral to the vestibule and connects the LSC to the ves-
tibule. The posterior ampulla is ventromedial to the vestibule
and connects the crus commune to the vestibule.

Basioccipital and exoccipital (Figs 25, 28-31)

The basioccipital is well preserved on MHNC 8308, while
it is slightly sunk on MHNC 8264 relative to the presphe-
noid as a result of some post-mortem distortion. It is regu-
larly hexagonal. Its anterior suture with the presphenoid is
relatively straight and transverse. The anterolateral sutures
with the petrosals are oblique, being oriented anteromedi-
ally-posterolaterally. The posterolateral sutures are almost
symmetrical to the anterolateral and are for the exoccipitals.
They extend form the posterior region of the medial edge of
the promontorium to the ventrolateral edge of the foramen
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Fic. 40. — Andinodelphys cochabambensis (MHNC 8370), digital rendering of the left bony labyrinth of the inner ear: A, tympanic view; B, dorsal view and C,
lateral view. Scale bar: 2 mm.

magnum, where they cross the ventral occipital condyles. The  closely appressed against the medial edge of the petrosal and
basioccipital-exoccipital sutures are distinct and the basioc-  closes the groove (on the petrosal) for the inferior petrosal
cipital is not fully fused to the exoccipital on MHNC 8308  sinus medially and ventrally. On MHNC 8370, on the dorsal
and 8264. In contrast, on MHNC 8370 the suture is totally  face of the basioccipital, the groove for the inferior petrosal
obliterated. The anterolateral edge of the basioccipital is  sinus is well-marked and slightly concave laterally (Fig. 17E).
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The canal for the inferior petrosal sinus opens posteriorly at
the level of the posterior edge of the promontorium, just
anterior to the jugular foramen and is fully separated from
it. The posterior opening of the canal, the foramen for the
inferior petrosal sinus, is well posterior to the basioccipital-
exoccipital suture and is formed dorsolaterally (c. one third)
by the petrosal and ventromedially (c. two thirds) by the exoc-
cipital. The jugular foramen is much larger than the foramen
for the inferior petrosal sinus. It is limited anterolaterally by
the posteromedial angle of the promontorium (. one third)
and posteromedially (c. two thirds) by the exoccipital. It is
distinctly larger than the external aperture of the cochlear
fossula. The jugular foramen transmits nerves IX, X, and
XI and “occasionally conducts very small branch of sigmoid
sinus of transverse venous system to internal jugular vein”
(Archer 1976a: 221).

On MHNC 8308, at the lateral end of the left basioccip-
ital-exoccipital suture is a triangular opening located at the
basioccipital-exoccipital-petrosal triple point (Fig. 30). This
fenestra opens dorsally in the canal for the inferior petrosal
sinus. Itis present on both sides of the specimen. It was prob-
ably present on the right side of MHNC 8264 but it is not
observed on the left side because of the preservation of the
specimen. It was probably present also in MHNC 8370, as
distinct notches are observed on the anterolateral edges of the
basioccipital of this specimen (Fig. 17D). A similar condition
may be present in four specimens of Pucadelphys (MHNC
8377, 8378, 8379, 8380), but it is apparently absent in
other specimens (MHNC 8266, 8376, 8381). We have not
observed this foramen in other metatherians, fossil or extant.
In Andinodelphys we hypothesize that it may have permit-
ted exit of a branch of the inferior petrosal sinus. The latter
would have had two branches exiting the skull, the posterior
one forming the internal jugular vein with the sigmoid sinus,
and the anterior one joining the vertebral vein. This possible
interpretation is based on comparison with the condition in
the dog (Evans & de Lahunta 2013).

The ventral surface of the basioccipital bears an elevated
medial keel, which extends from the middle of the intercon-
dylar fossa to the anterior suture with the basisphenoid. The
lateral edge of the basioccipital bears a conspicuous cylindrical
elevation, parallel to the medial edge of the petrosal, which
corresponds to the floor of the canal of the inferior petrosal
sinus. Between the median keel and the lateral elevation is a
deep fossa for the rectus capitis muscle.

On the ventral side of the exoccipital posteromedial to
the basioccipital-exoccipital suture, posterolateral to the
jugular foramen and anteromedial to the dorsal occipital
condyle, are two well-developed hypoglossal foramina.
The posterior one is the smaller and is located close to the
anteroventral edge of the dorsal occipital condyle. The
anterior one is anterior to anteromedial to the other and
is close to the basioccipital-exoccipital suture. It is one
third (in MHNC 8264) to two times larger (in MHNC
8308) than the posterior one. In MHNC 8308 the anterior
foramen is in fact a fossa, which receives two foramina a
small anterior one and a larger posterior one. In MHNC
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8370, three foramina are observed on the left side with one
of them being placed very close to the medial edge of the
jugular foramen. On the internal face of this exoccipital
two foramina only are observed. The external condition
of the right exoccipital of MHNC 8370 is very similar to
that observed in some specimens of Pucadelphys (MHNC
8380). Therefore, some variation exists in the number of
hypoglossal foramina. A similar variation is also observed
in Pucadelphys, as three foramina are observed in MHNC
8266, 8377, and 8380, while two are present in MHNC
8379, 8381, and 8382. In Didelphis virginiana and Monodel-
phis domestica (Wible 2003: 175) “these foramina transmit
parts of the hypoglossal nerve and accompanying arteries
and veins with the arteries ultimately being branches of
the vertebral artery”. The hypoglossal foramina may also
transmit branches of the sigmoid sinus to the internal
jugular vein (Archer 1976a: fig. 2B).

The posterior edge of the basioccipital forms the ventral
border of the foramen magnum. It presents a deep U-shaped
intercondylar fossa, bordered laterally by the ventral occipital
condyles. These condyles extend posterolaterally on the pos-
teromedial edge of the exoccipitals, and are therefore crossed
by the basioccipital-exoccipital suture. The ventral occipital
condyles are elongated and oval-shaped. They are oriented
anteromedially-posterolaterally, and form the ventral edge of
the foramen magnum, being separated by the intercondylar
fossa. Posterodorsolateral to the ventral exoccipital condyles
are the large dorsal exoccipital condyles, which form the lat-
eral edges of the foramen magnum. They contact the ventral
condyles ventrally and extend dorsally onto the occiput. They
are sub-circular to roughly quadrate in posterolateral view,
being approximately as long as wide in contrast to Pucadel-
phys, in which they are distinctly ovoid and elongate. They
project posteriorly forming the posteriormost point of the
skull. They bear the atlantal articular surface. In lateral view
the anterior edge of this surface is distinctly concave. Dorsal
to the dorsal occipital condyles, no conspicuous dorsal atlan-
tal facets are observed as described by Marshall & Muizon
(1995) in Pucadelphys.

In posterior view, the exoccipital encloses the foramen
magnum, being separated dorsally by a short notch of
the supraoccipital and ventrally by the narrow intercon-
dylar notch of the basioccipital (Fig. 25). The foramen
magnum carries the vertebral arteries into the skull, all or
part of the sigmoid sinus to the vertebral sinus and cranial
nerves, which are likely the spinal roots of the accessory
nerves (Archer 1976a; Wible 2003). The dorsal suture
with the supraoccipital is distinctly observed on the three
specimens, which preserve the exoccipital. It is smoothly
convex dorsally and extends laterally to the dorsal region
of the mastoid exposure of the petrosal, but not to its top.
There, the suture is with the petrosal and turns regularly
ventrally. The whole lateral edge of the exoccipital forms a
roughly semi-circular suture from its intersection with the
dorsal edge of the foramen magnum to the ventralmost
point on the lateral edge of the jugular foramen. There, the
paroccipital process of the exoccipital is poorly developed
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Fic. 41. — Andinodelphys cochabambensis (MHNC 8264): digital rendering of the cranial endocast; A, dorsal view; B, ventral view; C, left lateral view; D, right
lateral view. Scale bar: 5 mm.

and forms a small knob on the posterolateral edge of the  process as is observed in Pucadelphys. As in this genus, the
jugular foramen. Apparently, the petrosal does not bear  paroccipital process of Andinodelphys is separated from the
a symmetrical tubercle appressed against the paroccipital — dorsal occipital condyle by a distinct trough.
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TaBLE 6. — Endocast measurements for Andinodelphys cochabambensis (MHNC
8264) and Pucadelphys andinus (MHNC 8266).

Andinodelphys Pucadelphys
cochabambensis andinus
Specimen number MHNC 8264 MHNC 8266
Source This study This study and
Macrini et al.
(2007b)
Endocast flexure (°) 27 26
Endocast anteroposterior length 20.9 16.04
(mm)
Endocast maximum width (mm) 12.3 9.32
Endocast maximim height (mm) 7.6 7.0
Cerebrum anteroposterior 10.3 8.11
length (mm)
Cerebrum maximal width (mm) 12.3 9.06
Olfactory bulbs cast 6.3 3.98
anteroposterior length (mm)
Olfactory bulbs cast maximum 8.9 4.94
width (mm)
Olfactory bulbs cast maximum 3.6 3.7
height (mm)
Cerebellum anteroposterior 71 3.6
length (mm)
Cerebellum maximal width (mm) 121 6.6
Cerebellum maximal height (mm) 7.7 3.9
Hypophyseal fossa cast 2.8 2.67
anteroposterior length (mm)
Hypophyseal fossa cast 3.1 2.95
maximum width (mm)
Hypophyseal fossa cast 0.23 0.7
maximum height (mm)
Total endocast volume (mm3) 758.301 311.506
Olfactory bulb volume (mm3) 91.61 36.41
Olfactory bulbs/endocast 12% 11.7
volume (%)
Skull maximal length (mm) 48.9 32.28
Endocast length/skull length 43% 49%
Overall skull volume (mma3) 2524.04 921,95
Endocast vol./Skull vol. 30% 34%

Supraoccipital (Fig. 25)

This bone occupies the central dorsal surface of the occiput
between the nuchal crest dorsally and the exoccipitals ven-
trally. It forms the median region of the dorsal edge of the
foramen magnum, where it is distinctly notched. Lateral
to this notch, it has a dorsally convex suture with the exoc-
cipital and laterally with the dorsal region of the mastoid
exposure of the petrosal. Dorsally, it has a suture with the
interparietal at the posterior base of the nuchal crest (the
interparietal). The surface of the supraoccipital shield is
smooth and no vertical ridge or crest is observed medially.
Above the foramen magnum, medially the bone is flat and
no bulge is observed as that present in Monodelphis for the
vermis of the cerebellum (Wible 2003). A small foramen is
present dorsomedially, between the supraoccipital and the
interparietal, below the nuchal crest at its point of contact
with the sagittal crest. A pair of small foramina is also pre-
sent on the dorsolateral regions of the supraoccipital, as is
observed in Pucadelphys (Marshall & Muizon 1995). These
foramina are not clearly observed on MHNC 8370 and
13847, a condition which may be due to the distortion of
the specimens.
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Cranial endocast (Fig. 41)
Only one specimen (MHNC 8264) of our set of Andinodelphys
skulls is well preserved enough to allow a poorly distorted digital
reconstruction of the cranial endocast. Comparisons with Recent
didelphids were possible thanks to published descriptions of
metatherian brains (e.g., Owen 1837; Haight 1988; Macrini ez /.
2007a). We also used the measurements of the proportions of
endocranial casts of several Recent didelphids and australidelphian
marsupials provided by Macrini ez al. (2007b), (e.g., Monodelphis
domestica, Didelphis virginiana, Dasyurus hallucatus, Dromiciops
gliroides, Vombatus ursinus, Phascolarctos cinereus). Comparisons
with fossil south american metatherians were limited to the descrip-
tion of the Pucadelphys andinus endocast (Macrini ez al. 2007b).

The overall morphology of the cranial endocast of Andinodelphys
cochabambensis (Fig. 41) is very similar to that of Pucadelphys
andinus (Macrini et al. 2007b) and to the Recent didelphid
marsupials Monodelphis domestica (Macrini et al. 2007a) and
Didelphis marsupialis (Dom et al. 1970; Macrini ez al. 2007a).
It is elongate and narrow with large, spherical olfactory bulb
casts on its anterior terminus (Fig. 41). In length, the braincase
occupies almost half of the length of the skull, as it is the case in
Pucadelphys (43 vs 49%). In lateral view, the endocast displays a
flexure of 27° around the hypophyseal cast, which is very similar
to the 26° flexure observed in Pucadelphys (Table 6). The width/
length endocast aspect ratio is 0.59, the height/length ratio is
0.36, and the height/width ratio is 0.62. The endocast of the
brain of Andinodelphys and Pucadelphys extend rather anteriorly,
its anteriormost end reaching the orbit at the level of M3.

All the measurements and volumes are provided in Table 6

for Andinodelphys and Pucadelphys.

Olfactory bulbs. The olfactory bulb casts are elliptical and
relatively large (Fig. 41), together composing about 12% of
the total endocranial space. They are very similar to those of
Pucadelphys, which represent 11.69% of the total endocranial
space. The olfactory bulb casts of both Andinodelphys and
Pucadelphys are relatively larger than those of the Recent mar-
supials for which this structure is published (see Macrini ez 4.
2007b for the compared taxa and measurements). However,
they are quite similar in relative volume than those of Didlel-
phis virginiana (approximately 11%). The olfactory bulb casts
of both Andinodelphys and Pucadelphys are are much larger
than in the other marsupials of comparison (Monodelphis
domestica, Dasyurus hallucatus, Dromiciops gliroides, Vomba-
tus ursinus, Phascolarctos cinereus) (Macrini et al. 2007b). The
large relative size of the olfactory bulb casts in Andinodelphys
and Pucadelphys suggests that these animals displayed a large
endoturbinal area and an acute sense of olfaction, similar to
that observed in Recent opossums (Rowe e al. 2005).

The olfactory bulb casts are separated from the rest of the
endocranial cast by a well-developed circular fissure (sezsz Loo
1930; Rowe 1996a, b; transverse fissure of Krause & Kielan-
Jaworowska 1993), as in Pucadelphys. Such a deep and well-
developed circular fissure is found in the extant marsupials
considered here except for Phascolarctos (Macrini ez al. 2007b).

On the ventral surface of the endocast, there is no trace of
olfactory tracts from the bulbs to the telencephalon (Fig. 41).
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Cerebrum and midbrain. Immediately posterior to the circular
fissure, in dorsal view, are cast of the cerebral hemispheres.
They are elongated and ovoid in shape. The surface of the
cerebral hemispheres is smooth with no gyri and no sulci
(= lissencephalic). The relatively small endocranial cavity of
Andinodelphys suggests that the lissencephalic endocast had
contained a lissencephalic brain because the latter was less
likely to have been convoluted (see Edinger 1955; Tobias
1971; Holloway et al. 2004).

The two cerebral hemispheres are separated by the median
or sagittal sinus, which is only slightly marked, as compared
to the deep sinus observed on the endocast of Pucadelphys
(Macrini ez al. 2007b). In dorsal view, the two hemispheres
are very similar to those of the endocast of Pucadelphys: they
are triangular in shape and they do not expand much later-
ally, clearly less so than Monodelphis, in which they extend
beyond the lateral extent of the parafloccular casts of the cer-
ebellum. At their posterior end, the two cerebral hemispheres
diverge from each other in the part anterior to the cast of the
vermis. In lateral view (Fig. 41), the cerebral hemispheres
are more elevated than the olfactory bulbs, and their ventral
part is expanded in a piriform lobe, which does not protrude
strongly ventrally.

The height/length aspect ratio of the cerebral hemisphere
casts of Andinodelphys is 0.74, which is closer to the values
obtained for Monodelphis (range 0.74-0.86) than that obtained
for Pucadelphys (0.62). The width/length ratio of the cerebral
hemisphere casts of Andinodelphysis 1.19, which is just between
the ratios calculated for Pucadelphys (1.12) and Monodelphis
(range 1.24-1.38; mean 1.29). The cerebral hemisphere cast
length/total endocast length ratios are quite similar between
Andinodelphys (0.49), Pucadelphys (0.51) and Monodelphis
(range 0.42-0.50; mean 0.47).

The posterior portion of the rhinal fissure is visible on
the lateral surface of the endocast, and is very similar to the
rhinal fissure observed in Didelphis virginiana (Macrini et al.
2007a). However, a rhinal fissure is nowhere visible on the
cerebral hemispheres of Pucadelphys (Macrini ez al. 2007b). In
Monodelphis domestica, the rhinal fissure is not visible on any
of the endocasts, but it is clearly visible on dissected brains
(Macrini et al. 2007a). The rhinal fissure marks the boundary
between the isocortex (=neocortex) and the piriform lobe of
the cerebrum (Jerison 1991).

Cerebellum. The midbrain of the endocast of Andinodelphys
does not show dorsal exposure. It is the same in Pucadelphys
and other marsupial endocasts used here as comparison.
Lack of midbrain exposure in mammals can be explained by
a cover by blood sinus, posterior expansion of the cerebral
hemispheres, anterior expansion of the cerebellum, or any
combination of these (Edinger 1964). It has been shown that
the venous sinus system covers the midbrain in Monodelphis,
Didelphis, Dromiciops, Dasyurus, and Phascolarctos (Macrini
etal. 2007a), and the same can be assumed for Andinodelphys.

On the posterodorsal surface of the endocast, a large bulge,
interpreted as the cast of the vermis of the cerebellum, covers
the midbrain (Fig. 41). As in Pucadelphys, the vermis cast of
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Andinodelphys extends anterior to the casts of the paraflocculi.
Cerebellar hemisphere casts are also visible on the endocast,
but the imprints of the superior (dorsal) sagittal, transverse,
and sigmoid sinuses are not visible. The parafloccular casts of
the cerebellum are as prominent as those of the cerebellum
of Pucadelphys and also Didelphis, Monodelphis, and Phasco-
larctos, but clearly less than those observed in Dromiciops and
Dasyurus (Macrini ez al. 2007a). The paired paraflocculi are a
lateral extension of the cerebellum housed in the subarcuate
fossa of the petrosal bone, and are involved with coordination,
balance, and vestibular sensory acquisition.

At the ventro-central surface of the endocast of Andinodelphys,
a conspicuous, circular, shallow hypophyseal cast contained in
life the pituitary gland. It is very difficult to provide reliable
measurements of the hypophyseal cast (especially its depth)
but it is estimated as having a width/length aspect ratio of
1.11, as in Pucadelphys. Here, the hypophyseal fossa of Andi-
nodelphys is quite small as compared to the values calculated
for Pucadelphys (Macrini et al. 2007b), but its height may
well be underestimated.

The pons and medulla oblongata are not visible on the
ventral surface of Andinodelphys. They are not visible either
on the endocasts of Pucadelphys and the extant marsupials
of comparison. These structures may have been obscured by
meninges of the brain and/ or blood sinuses.

Cranial nerves and blood vessels. Anterior to the hypophy-
seal cast are the paired casts of the canals that transmitted the
maxillary branches of the trigeminal nerve (V2) (Fig. 41B).
The paired canals for the V2 are more posterior and lateral to
the hypophyseal cast in Pucadelphys. The right and left casts
for the exit of the V2, the foramen rotundum, are widely
separated from each other. The optic-sphenorbital fissure
(optic-orbital foramen) is located anteromedial to the fora-
men rotundum and transmitted the cranial nerves II, III,
IV, V1, VI, the ophthalmic artery, and a vein (Marshall &
Muizon 1995). The right and left casts for the exit of these
nerves in the endocast are close to each other but are not
confluent. Posterolateral to the hypophyseal cast and antero-
medial to the internal auditory meatus is the foramen ovale
for the mandibular branch of the trigeminal nerve (V3). As
in Pucadelphys and most metatherians (Wible 1990; Macrini
et al. 2007b), the cavum epyptericum, the space at the level
with the sphenoparietal fenestra which houses the trigeminal
ganglion (V), is not confluent with the cavum supracochle-
are for the geniculate ganglion (VII). The cast of the internal
auditory meatus for passage of cranial nerves VII and VIII is
visible on the right side of the endocast.

On the dorsal and right lateral surface of the endocast
(Fig. 41A, D), the pathway and ramification of the transverse
sinus is well visible. The transverse sinus sulcus runs just
between the cerebral hemisphere and the vermis and then
divides into three branches: superior petrosal sinus, sigmoid
sinus, and prootic sinus, the latter anastomoses with the sphe-
noparietal emissary vein, the cast of which is visible on the
endocranial cast and exits the skull through the postglenoid
foramen (Wible 1990, 2003).
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DENTARY (Figs 42, 43)

The corpus mandibularis is long and slender, and its
anterior (symphyseal) extremity, tappers strongly dors-
oventrally. In this respect, it clearly resembles, the con-
dition observed in Pucadelphys, although slightly longer.
The ventral margin of the dentary is slightly convex,
and the deepest point of the bone is below m2-m3. It is
less convex than in the extant didelphids Didelphis and
Caluromys, in which the corpus is generally deeper, with
the deepest point located more posteriorly, below m3-m4.
The condition of Andinodelphys more resembles, in this
respect, that of the extant Metachirus, Monodelphis, and
Marmosa. The symphysis is unfused, and the development
of salient crests and rugosities indicate a robust symphy-
seal ligament. Dorsal to the symphysis, between its dorsal
border and the medial alveolar border of the canine, is
a distinct anteroposteriorly elongated nutrient foramen
(Figs 12B; 13B; 42B). Such a foramen is also present in
Pucadelphys, Mayulestes, and Allqokirus, but slightly smaller
and more anterior in these taxa. It is apparently absent
in extant didelphids and most dasyuroids (except Dasyu-
rus and Pseudantechinus). Furthermore, a conspicuous
nutrient foramen is observed in the same position as in
Andinodelphys, in Deltatheridium, Lotheridium, Eodelphis,
?Protalphadon lulli (Clemens 1966: fig. 58), and Pera-
therium spp. (MNHN.EAU2370, QU8061.R, QU8062.R,
QUB063.R, QU8214, QU13371). The symphysis extends
posteriorly below the posterior root of p2, in contrast to
the condition in Pucadelphys, Mayulestes, Allgokirus, Del-
tatheridium, and most extant didelphids, in which it does
not extend further posteriorly than the anterior root of
p2. In dasyuroids (e.g., Dasyurus, Phascogale, Dasycercus,
Sminthopsis, Sarcophilus, and Thylacinus), the symphysis
extends even more posteriorly than in Andinodelphys, as
far as p3 or anterior root of m1.

The long axis of the symphysis lies at an angle of approxi-
mately 18° to the horizontal axis of the tooth row (the
alveolar border) (Table 7). This condition is probably
related to the length and anterior tapering of the rostrum
of Andinodelphys. It contrasts with the shorter rostrum of
Pucadelphys (c. 22.4° — not 40° as stated by Marshall &
Muizon 1995) and especially of Mayulestes (29°) and
Allgokirus (30°). Among extant didelphids, the condition
of Andinodelphys resembles that of Metachirus, but differs
from Didelphis and Caluromys, in which the symphysis is
slightly less slanted.

There are three mental foramina. A small one below i3,
a large one below p1, and another large one below m1
(usually below anterior root of m1). On the right mandible
of MHNC 8308 there is another large foramen below p2.
On the medial surface of the dentary, on the lower third of
the mandibular body, is a wide and shallow groove, which
extends from the anterior root of the angular process to
almost the posterior angle of the mandibular symphysis.
This structure represents the mylohyoid groove (Bensley
1902), which marks the course of a neurovascular bundle,
which probably included the mylohyoid artery and nerve.
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In Didelphis, the mylohyoid groove receives, in its poste-
rior part, below m3-4, and as far as the anterior root of the
angular process, the mylohyoid muscle, which is involved
in mastication and acts as an elevator of the tongue (Hiie-
mae & Jenkins 1969). Therefore, it is likely that the pos-
terior part of the mylohyoid groove of Andinodelphys also
received the insertion of the mylohyoid muscle. Posterior
to the hypoconulid of m4 is a notable retromolar space,
which is approximately 70% the length of m4.

On the ramus, the coronoid process is large but proportion-
ally smaller than in Didelphis, shorter (proximodistally) than
in Caluromys, and approaches the size observed in Metachirus.
Its apex is wide and quadrate and extends posterodorsally.
The dorsal half of the process is slightly (as compared to
didelphids) recurved posteriorly, and the posterior edge of
the coronoid process is short and markedly concave. The
concave border resembles the condition generally observed
in didelphids, but differs from the straight posterior border
of the coronoid process in Dasyurus. The coronoid crest,
which forms the anterior edge of the process is straight
and thick, especially towards its base. Its ventral extremity
extends on the lateral aspect of the body, but remains on
its dorsal half and is posterior to the posterior root of m4.
In this region, the coronoid crest is very salient laterally
and may even be distinctly convex as in MHNC 8308. The
masseteric fossa is remarkably deep, especially posteroven-
trally, in the region anteroventral to the condyloid process,
and anteroventrally, posterior to the coronoid crest. In the
posteroventral region of the masseteric fossa, the posterior
shelf fossa is sub-horizontal and strongly projects laterally,
being distinctly convex. The maximum lateral extension
of this shelf is just ventral to the anteriormost point of the
posterior edge of the coronoid process. The medial surface
of the coronoid process is smooth and flat to slightly convex
medially and bears no anterior crest.

In Didelphis (Turnbull 1970), the masseteric fossa receives
the temporalis (pars superficialis) muscle in its dorsal and
anterior region (on the coronoid crest); the rest of the fossa
is occupied by the zygomaticomandibularis in its median
region below the remporalis insertion and between the condyle
and the anterior base of the coronoid process. The masseter
pars profunda inserts in the ventral region of the masseteric
fossa. The medial aspect of the coronoid process receives
the insertion of the remporalis pars profunda. Muscle scars
for the insertion of these muscles are difficult to observe in
the six available specimens of mandibles of Andinodelphys
(four individuals). However, given the similarity in the
general morphology of the dentary of the two genera, we
suspect that Andinodelphys had a pattern of the masticatory
musculature similar to that of Didelphis.

Ventrally, the posterior crest of the coronoid process
turns posteriorly and joins the articular condyle. In some
specimens, the crest descends more ventral than the con-
dyle before reaching it, as is observed in MHNC 8264, and
form a distinct notch between the two processes (Fig. 42).
This crest reaches the condylar process in its medial third
and is approximately posterior to the m4 in the axis of the
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FiG. 42. — Andinodelphys cochabambensis (MHNC 8264): right dentary: A, lateral view; B, medial view; C, left dentary in ventral view. Scale bar: 5 mm.

Fic. 43. — Andinodelphys cochabambensis (MHNC 8308): left dentary: A, lateral view; B, medial view. Scale bar: 5 mm.
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TaBLE 7. — Comparative measurements of the symphyseal angle between the long axis of the symphysis and the horizontal axis of the tooth row in several fossil

and extant metatherians.

Andinodelphys cochabambensis MHNC MHNC MHNC - - - -

specimens 8264 8308 8370 Mean
angle 17° 18° 19° - - - - 18°
Pucadelphys andinus MHNC MHNC MHNC MHNC MHNC MHNC MHNC

specimens 8266 8376 8377 8378 8380 8381 8382 Mean
angle 23° 23° 21° 22° 24° 24° 20° 22.4°
Mayulestes ferox MHNC 1249 29° - - - - - - 29°
Allgokirus australis MHNC 8267 30° - - - - - - 30°
Kokopellia juddi OMNH OMNH - - - - -

specimens 26361 34200 Mean
angle 21.5° 18.9° - - - - - 20.2°
Protalphadon ?lulli 18° - - - - - -
UCMP 46882
Didelphis marsupialis 1932-3003 1900-581 2007-8 2007-7 - - -

specimens Mean
angle 23.5° 25.5° 27.3 26.4 - - - 25.7°
Monodelphis brevicaudata MNHN- MNHN- MNHN- - - - -

specimens ZM-2004-317 ZM-MO- ZM-MO-

2003-762 1967-330 Mean
angle 20.5° 22° 19° - - - - 20.5°
Metachirus nudicaudatus CM uncat RH81 MNHN- - MNHN- - -

specimens ZM-MO- ZM-MO-

1985-1803 2001-1422 Mean
angle 18.5° 20.5° 17.5° 19.5° 18° - - 18.8°
Caluromys lanatus MNHN- MNHN- MNHN- MNHN- - - -

specimens ZM-MO- ZM-MO- ZM-MO- ZM-MO-

1992-2999 1929-651 1929-650 1929-652 Mean
angle 27° 27.5° 29.2° 32.2 - - - 29°
Dasyurus viverrinus MNHN-ZM- - - - - - -

specimen AC-A.2627
angle 28° - - - - - - 28°
Dasyurus maculatus MNHN- 1865-32 - - - - -
specimens ZM-MO-

1994-2140 Mean

angle 39° 36° - - - - - 37.5°

tooth row. Therefore, the lateral two thirds of the condyle
are lateral to the tooth row and overhang the posteroven-
tral region of the masseteric fossa. Only one third of the
transverse length of the condyle is medial to the tooth
row. The condyle is strongly elongated transversely and
cylindrical. Its articular surface is posterodorsally oriented.
In MHNC 8264 and 8306 its anteroposterior length is
roughly constant, while in MHNC 8308 the condyle is
transversely narrower and anteroposteriorly longer in its
medial portion. The lateral part of the condyle is buttressed
by the ascending posterior end of the posterior shelf of the
masseteric fossa. On the posteromedial edge of the condylar
process, just ventral to the point of junction between the
coronoid and condylar processes, a robust ridge descends
towards the posteromedial edge of the angular process. In
lateral view, the articular surface of the condyle is located
above the apex of the protoconid of m4, at a distance of
approximately the height of the talonid of m4.

The angular process is shelf-like and inflected medially,
as in most metatherians. It is triangular in ventral view and
approximately twice as long as wide posteriorly. Its posterior
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edge is slightly concave and its medial angle is a short trian-
gular process differing from the sharp, posteriorly-projecting
spur-like process observed in didelphids and, to a greater
extent, in dasyuroids. In Didelphis, the dorsal surface of
the angular process receives the insertion of the internal
pterygoid and its ventral aspect supports the superficial
masseter (Hiiemae & Jenkins 1969). Sdnchez-Villagra &
Smith (1997) have established categories of the diversity
of the angular process in marsupials based on the ratio of
“angular process length to angular process shelf length”.
In Andinodelphys this ratio is 6.5/7.63 = 0.852 (MHNC
8308);5.70/6.39 = 0.892 (MHNC 8264); and 5.76/6.22
=0.926 (MHNC 8370). The mean of the three specimens
is ¢. 0.89, which places Andinodelphys in the “shelf-like”
category (Ratio > 0.81). Slightly posterior to the point
of departure of the angular process, on its lateral side, is
a small mandibular foramen. It is circular to oval-shaped
and extends posteriorly in a short sulcus on the lateral edge
of the angular process, at its junction with the remaining
part of the mandibular ramus. It is located ventral to the
middle of the apex of the coronoid process.

GEODIVERSITAS ¢ 2020 * 42 (30)



Cranial anatomy of Andinodelphys cochabambensis, a stem metatherian from the early Palacocene of Bolivia 4

COMPARISON AND DISCUSSION

In the following discussion, because Andinodelphys is morpho-
logically very similar to Pucadelphys, concerning the characters
that are identical in the two genera, we refer to discussion of
Pucadelphys characters in Marshall & Muizon (1995), except
when new discoveries, observations, or publications require
further discussion on a given feature.

GGENERAL CRANIAL MORPHOLOGY

The general morphology of the skull of Andinodelphys cocha-
bambensis is similar to that of Pucadelphys andinus from the
same locality but significantly larger. The skull of Andinodelphys
is approximately 35% longer (in absolute value) than that
of Pucadelphys with a rostrum proportionally 24% longer.
Andinodelphys approaches the size of Mayulestes and Allgokirus
(although slightly smaller) and is among the largest known
metatherian taxa of the Tiupampa fauna. Beside these size
and skull proportion differences and a few cranial features
discussed below, most of the cranial anatomy of Andinodel-
phys does not significantly depart from that of Pucadelphys.
The comparative life reconstructions of Andinodelphys and
Pucadelphys presented in Fig. 44 intent to bring to light over-
all resemblance existing between the two Tiupampan taxa.

DENTAL ANATOMY

The dental anatomy of Andinodelphys is also quite similar to
that of Pucadelphys. Both genera have the same dental formula.
In both genera, P3 is the highest tooth of the upper cheek
tooth series, the protocone is massive and anteroposteriorly
expanded, the centrocrista is slightly V-shaped, the stylar shelf
is transversely narrower than half of the width of the molars
(M1-3), the stylar cusps B and D are the largest of the sty-
lar shelf, the metaconid is large, being conspicuously larger
than the paraconid and barely smaller than the protoconid,
and the paraconid and metaconid are adjoined at their bases.
Dentally, except for its larger size, Andinodelphys differs from
Pucadelphys in minor features such as the enlarged I1 and the
smaller stylar cusp C. As in Pucadelphys, Andinodelphys dif-
fers from Mayulestes and Allgokirus in the following features:
paracone and metacone well separated at their base (fused at
their bases in the latter two); postmetacrista on upper molars
(especially M3) not extended distolabially and not significantly
more expanded than the mesiolabial angle of the tooth; angle
between the paracone-metacone axis and the preparacrista on
M4 not widely open and close to 90° (= to 130° in the latter
two); metaconid on m3, twice as large in height and volume
than the paraconid (subequal in size to smaller in the two
latter), paraconid and metaconid adjoined at base (widely
separated in the latter two); paracristid lacking a carnassial
notch (conspicuous in the latter two); relatively straight labial
edge of the protoconid in anterior view, (expanded labially at
mid-height in the latter two).

Size and position of the 11

As is observed in didelphids, the I1 of Andinodelphys is larger
and extends further ventrally than the other upper incisors,
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because a larger part of the root (as compared to other inci-
sors) is external to the alveolus. Furthermore, 11 is separated
from 12 by a small but distinct diastema, whereas the other
incisors are not separated by diastemara. In anterior view,
the crowns of the I1 converge one toward the other and are
in contact medially, whereas their roots diverge dorsally. A
similar condition is present in Mayulestes. In Pucadelphys, 11
is smaller than the other incisors and does not protrude ven-
trally more than the other incisors, as is observed in MHNC
8378, the only specimen that preserves all the upper incisors
(Fig. 45). However, in this specimen the extra-alveolar portion
of the root is proportionally larger than in the other incisors.
Comparison with other fossil taxa is difficult because the pre-
maxillae and incisors are almost never preserved. A similar
condition, however, is present in Didelphodon, although in
this taxon, both I1 “do not clearly angle each other or make
contact with each other at their crown apices” (Wilson ez al.
2016, supplementary notes: 56). Furthermore, in Didelpho-
don no diastema separates I1 and 12. As observed from the
size and position of the upper incisors alveoli, the condition
in the Gurlin Tsav skull resembles that of Andinodelphys in
the larger size of the alveolus of I1 as compared to that of 12,
but it differs in the probable absence of diastema. Apparently
Lotheridium, a deltatheroidan from the Late Cretaceous of
China, lacks an enlarged I1 (Bi ez 2. 2015). The I1 condition
of Andinodelphys and didelphids is present in Dromiciops and
in several dasyurids (e.g. Barinya, Sminthopsis, Dasycercus,
Phascogale). In sparassodonts other than Mayulestes (in the
latter the condition is similar to that of Andinodelphys) the
I1 is not enlarged in the very few specimens preserving all
the upper incisors (e.g., Prothylacynus, Borhyaena, Cladosictis,
Arctodictis), as well as in thylacinids (e.g. Thylacinus, Nimbaci-
nus). However, the condition in these taxa may be derived as
possibly related to hypercarnivory.

Morphology of the M4.

As discussed in the description above, the M4 of Andino-
delphys and Pucadelphys differs from that of Mayulestes and
Allgokirus in the angle formed by the preparacrista and the
centrocrista (or the paracone-metacone axis if the centrocrista
is strongly V-shaped), which is close to ¢. 90°-100° in the
former two genera and ¢. 130° in the latter two genera. The
Mayulestes and Allgokirus condition is even more pronounced
(approaching in some case 180°) in later sparassodonts, in
which cristae can still be observed and have not been oblit-
erated by the reduction of the M4 (Fig. 46). In sparassodonts,
the opening of the angle is related to the labiolingual posi-
tion of the metacone (more labial than in Pucadelphys and
Andinodelphys) and to the length of the labial edge of the
tooth (in the case of the M4 it is the posterolateral maxillary
alveolar border), which on the M4 is not strictly speaking
labial, but corresponds to the labial edge in anterior molars.
Because of this lingual displacement of the metacone, the
posterior edge of the protocone (i.e. from the posterolingual
edge of the metacone to the lingual side of the protocone)
is shortened, and is generally shorter than the labial edge of
the tooth. The condition is reversed in Andinodelphys and
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FiG. 44. — Life reconstructions of pucadelphyids: A, Andinodelphys cochabambensis (Charléne Letenneur); on the left is a complete animal (natural size) grasping
on a branch and on the right, on the foreground, is a lateral view of the head (c. x 2).

Pucadelphys, in which the posterior edge of the protocone is 13917 and 13906 respectively, two undescribed specimens from
longer than the labial edge of the tooth. Tiupampa under study by the authors) and in an isolated right

The condition of Andinodelphys and Pucadelphys (angle close M4 (DGM, uncat) from Itaborai referred to lmboraidelphys
to 90°) is present in Mizquedelphys and Incadelphys  MHNC  (Fig. 46C). It is also present in most extant didelphids (but
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Fic. 44. — Life reconstructions of pucadelphyids: B, positioning of the silhouette of 3D digital rendering of the skull (MHNC 8264), on which the life reconstruc-
tions have been based; on the right is the head of the complete animal of fig. A and on the right is the head of the foregroung of fig. A (drawings of A and B are
at the same scale); C, Pucadelphys andinus (Sophie Fernandez), scene of several individuals (natural size) on the ground. Scale bars: 1 cm.
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Fic. 45. — Pucadelphys andinus (MHNC 8378), upper incisors: A, anteroventrolateral view; B, anteroventral view. Scale bar: 5 mm.

absent in Glironiinae and Caluromyinae), Peradectes, Perath-
erium, Amphiperatherium (Muizon 1992; Crochet 1980), and
Herpetotherium (Horovitz et al. 2008; Korth & Cavin 2016;
Korth 2018). We have observed a condition close to Andinodel-
physand Pucadelphys in Pappotherium, Holoclemensia (Turnbull
1971; Fox 1975), Aenigmadelphys (OMNH 23475; Cifelli &
Johanson 1994), Turgidodon (AMNH 77342, UCMP 32413,
Cifelli 1990), and Alphadon (Lillegraven & McKenna 1986;
Lillegraven 1969; Storer 1991). The condition in Asiatherium
(with an angle of ¢. 110°) is intermediate between the right
angle of Andinodelphys and the wide-open angle of Sparas-
sodonts (Szalay & Trofimov 1996). However, it is noteworthy
that some variation exists, in didelphids for instance, which
may feature an angle significantly greater than 90°.

The condition of sparassodonts is present in the so-called
Gurlin Tsav Skull (GTYS), and the condition of the stagodontids
Didelphodon and Eodelphis is close to that of Mayulestes and
Allgokirus, although with a less open angle. In deltatheroidans,
the condition varies since in Lotheridium the angle is almost
180° (Bi et al. 2015) whereas in Deltatheroides it is close to 90°
(Rougier et al. 2004). Although the M4 of Deltatheridium is
strongly reduced, it clearly presents the sparassodont condi-
tion (PSS-MAE 133). A wide-open angle is also present in
pediomyids (Clemens 1966; Davis 2007).

In extant dasyurids and thylacinids, the angle is generally
wide-open as in sparassodonts. However, this condition is not
present in most fossil dasyurids and thylacinids, in which the
angle is much less opened and approaches 90° as in Andino-
delphys and Pucadelphys (e.g., Wroe 1996, 1999; Muirhead &
Wroe 1998; Murray & Megirian 2006; Wroe & Musser 2001;
Yates 2014). This record suggests that a wide-open angle of
the centrocrista-preparacrista (or para-metacone axis — pre-
paracrista) was independently acquired in sparassodonts and
dasyuroids.

Therefore, the distribution of the character in metatherians
suggests that: 1) the plesiomorphic condition is probably a
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small angle (close to 90°); and 2) the apomorphic state of
a wide open-angle has evolved several times independently
within metatherians.

The condition in Late Cretaceous eutherians varies. A wide-
open angle is present in Zalambdalestes, Maelestes, Kennalestes,
but an angle close to 90° is present in Asioryctes. Furthermore,
the Palacogene leptictids also feature a wide-open angle. How-
ever, noteworthy is the occurrence of an angle close to 90°
on the last molar in the oldest eutherians, the Late Jurassic
Juramaia (Luo et al. 2011), the Early Cretaceous eutherians
Ambolestes (Bi et al. 2018), and Prokennalestes (Lopatin &
Averianov 2017). Therefore, in the case of eutherians, the
fossil record would also suggest that an angle close to 90° is
the plesiomorphic condition.

Paraconid-metaconid relative arrangement on m3-m4

As described above, the paraconid and metaconid of Andino-
delphys are adjoined at their base, as is observed in Pucadelphys,
a condition more distinct on m3-m4 (Fig. 47). This condi-
tion differs from that in Mayulestes and Allgokirus, as well as
in the other sparassodonts that retain a metaconid (i.e. Par-
ene, Nemolestes). In these taxa, paraconid and metaconid are
widely separated at their base. A similar condition is observed
in Deltatheridium and Sulestes, but is absent in Lotheridium,
which resembles pucadelphyids in this respect. Paraconid
and metaconid adjoined at base are present, among others,
in Asiatherium, Aenigmadelphys (OMNH 20531, 20612),
stagodontids (e.g. Eodelphis, Didelphodon), some pediomy-
ids (e.g. Pediomys, Protolambda), some species of Alphadon
(e.g., A. attaragos), and Iraboraidelphys (Marshall & Muizon
1984; Szalay & Trofimov 1996; Cifelli 1990; Davis 2007;
Scott & Fox 2015).

A separated paraconid and metaconid at base is also present
in Turgidodon, Peradectes, Peratherium, Herpetotherium, Dro-
miciops, dasyurids, and in the fossil thylacinids (e.g., NVimbaci-
nus, Mutpuracinus, Badjcinus). Thylacinus lacks a metaconid.
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Andinodelphys Pucadelphys Itaboraidelphys
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Patene
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Turgidodon
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Sipalocyon

Prothylacynus
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Gurlin Tsav Skull  Didelphodon
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Prokennalestes Juramaia Ambolestes

Fic. 46. — Occlusal view of the last upper molar of several metatherians (M4) and some early eutherians (M3): A, Andinodelphys cochabambensis (MHNC 8264);
B, Pucadelphys andinus (MHNC 8266); C, Itaboraidelphys camposi (cast of DMG uncatalogued specimen, reversed), D, Turgidodon rhaister (cast of UCMP
52413, reversed); E, Peratherium elegans (cast of UM PFY 2001); F, Didelphis albiventris (MNHN RH 120); G, Philander opossum MNHN-ZM-MO-1998-2264;
H, Allqokirus australis (MHNC 8267, reversed); I, Mayulestes ferox (MHNC 1249); J, Patene simpsoni (cast of MNRJ 1331-V, reversed); K, P. coluapiensis (cast of
AMNH 28448, reversed); L, Sallacyon hoffstetteri MNHN SAL 92); M, Sipalocyon gracilis (cast of MACN 692); N, Prothylacynus patagonicus (cast of MACN 707);
O, Gurlin Tsav Skull (cast, reversed); P, Didelphodon vorax (cast of UCMP 48581); Q, Asiatherium reshetovi (cast of PIN 3907, reversed); R, Pappotherium pat-
tersoni (SMP-SMU 61725) from Davis & Cifelli (2011: fig. 5 D1); S, Prokennalestes minor (PIN 3101/115) from Lopatin & Averianov (2017: pl. 3, fig. 4b, reversed);

T, Juramaia sinensis (BMNH PM1343), from Luo et al. (2011: fig. 2g); U, Ambolestes zhoui (STM 33-5) from Bi et al. (2018: fig. 2a). Not to scale.

In extant didelphids the relationships of the para- and meta-
conid vary from one condition to the other (i. e. separated or
adjoined), but it is never clear-cut and is generally somewhat
intermediate. Similarly, in many taxa of early metatherians, the
condition is not distinctly referable to any of the two character
states and is also regarded as intermediate (e.g., Adelodelphys,
Simbadelphys, Kokopellia, Oklatheridium, Atokatheridium,
Varalphadon, Protalphadon, [Cifelli & Muizon 1997; Cifelli
2004; Davis & Cifelli 2011]). Given this distribution, the
plesiomorphic condition of this character is difficult to deter-
mine; nevertheless, it clearly separates Pucadelphidae from
early sparassodonts.
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Carnassial notch on trigonid (Fig. 48)

Andinodelphys has no carnassial notch on the paracristid and
a weak one on the protocristid. This condition is similar to
that of Pucadelphys. A paracristid carnassial notch is also
absent in Jraboraidelphys, which has been regarded as related
to Andinodelphys (Marshall & Muizon 1988; Muizon ez 4.
2018, and see below). In contrast, well-developed carnassial
notches are present on both cristids in Mayulestes and Allgoki-
rus. In these taxa, the carnassial notch is more pronounced
on the paracristid and extends as a deep groove or elongated
fossa on the mesial flank of the trigonid. A similar condition
is observed in Patene. In the other sparassodonts that have
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lost the metaconid, there is no protocristid, but the paracris-
tid is strongly developed and also features a deep paracristid
carnassial notch (Fig. 48). Among marsupials, the paracristid
carnassial notch is well developed in dasyuroids and weak in
extant didelphids and Dromiciops. A conspicuous paracristid
carnassial notch is also present in several stem metatherians,
such as Kokopellia, Asiatherium, deltatheroidans, stagodontids,
Varalphadon, Turgidodon, Protalphadon, Alphadon, pediomy-
ids, Peratherium, Herpetotherium, and peradectids, although,
in some cases, it is variably developed.

Therefore, the distribution of a paracristid carnassial notch
among metatherians suggests that it likely represents a plesio-
morphic condition. Here again, the distribution of the states
of this character within the Tiupampa metatherian fauna
separates Pucadelphyidae and sparassodonts.

BoNY SKULL

Lacrimal

The lacrimal of Andinodelphys has a small facial process external
to the orbit, which extends on the dorsal base of the rostrum.
It is moderately expanded and does not form a large facial
wing as observed, for instance, in cynodonts, morganucodonts
(Kermack et al. 1981), deltatheroidans (Kielan-Jaworowska
1975b; Bi ez al. 2015); the Gurlin Tsav skull (Szalay & Tro-
fimov 1996) and sparassodonts (Muizon ez a/. 2018). The
facial process of Andinodelphys is crescent-like, as is observed
in Pucadelphys (contra Marshall & Muizon 1995) and extant
didelphids, rather than wing-like. However, some variation
is worth mentioning in Pucadelphys since one specimen
(MHNC 8381) has a facial process significantly larger than
in didelphids and other pucadelphyids, and approaches the
wing morphology of deltatheroidans and sparassodonts. Be
that as it may, Andinodelphys and Pucadelphys exhibit a derived
condition within metatherians.

As in Pucadelphys and extant didelphids, the lacrimal of
Andinodelphys has no contact with the nasal which is a derived
character state. A broad lacrimal-nasal contact is a plesiomorphic
condition within mammals and is present in multitubercu-
lates (Wible & Rougier 2000), Morganucodon (Kermack ez al.
1981), Vincelestes (Bonaparte & Rougier 1987), deltatheroidans
(Rougier ez al. 1998; Bi ez al. 2015), sparassodonts (Muizon
1999), and Wynyardia (Gregory 1920; Jones 1930). This
characteristic is also commonly present as an individual vari-
ation in Trichosurus and Phalanger (Jones 1930) and given
the fact that Wynyardia bassiana is apparently known by a
single specimen, this condition may possible also represent
an individual variation in this taxon. As in Pucadelphys, the
condition of Andinodelphys is apomorphic within Metatheria.

Maxillopalatine vacuity

On the bony skull, one notable difference between Andino-
delphys and Pucadelphys lies in the size of the major palatine
foramen of the former, which is anteroposteriorly elongated
and extends on the maxilla, forming a small maxillopalatine
vacuity. However, this feature is not constant, since it is present
in only three of the four skulls, on which it can be observed.
On the fourth one (MHNC 8264), the major palatine fora-

680

men is large but not anteroposteriorly elongated; however,
on this specimen a supplementary foramen perforates the
maxilla anterior to the major palatine foramen (Fig. 18C). In
the other three specimens, the anteroposterior enlargement of
the major palatine foramen of Andinodelphys creates a small
palatal vacuity in the maxilla. Palatal vacuities are absent in
all the Pucadelphys skulls of our sample.

Palatal vacuities are present in the great majority of metathe-
rians, in which they can perforate the palatine (palatine
vacuities), and/or the maxillary (maxillary vacuities) or both
(maxillopalatine vacuities). Palatal vacuities are absent in very
few metatherian taxa. Among didelphids, they are totally
missing in Caluromys and Caluromysiops, whereas they are
present in all the other members of the family (Voss & Jansa
2009). They are poorly developed in Marmosa and Micoureus,
in which they have the size observed in Andinodelphys. In
Didelphis and Philander, maxillopalatine vacuities are large and
are associated with more rounded posterior palatal (palatine)
vacuities which pierce the palatine only. In other taxa, such
as Metachirus and Chironectes, the maxillopalatine vacuities
extend posteriorly and pierces a large part of the palatine.

Almost all Recent australidelphians have maxillopalatine
vacuities. In dasyuroids, small anteroposteriorly elongate
maxillopalatine vacuities are generally present in Dasyurus,
but a double set of fenestrae is also present with greatly
enlarged maxillopalatine fenestra in, for instance, Phascogale,
Sminthopsis, Dasyuroides, Pseudantechinus, and Thylacinus.
Maxillopalatine fenestrae are vestigial or absent, for instance,
in Myrmecobius and Notoryctes (Marshall 1979a). In Myr-
mecobius, we have observed a small but distinct elongated
maxillary vacuity anterior to the major palatine foramen in
AMNH 155328, but in MNHN-ZM-AC-A2564 this fora-
men is absent. In Nororycres, (MNHN-ZM-AC-1931-717,
MNHN-ZM-1892.1243A, AMNH 202107), a palatal
foramen is observed in the maxilla anterior to and similar in
size to the major palatine foramen, a condition resembling
that of Andinodelphys in MHNC 8264. Therefore, palatal
vacuities in these two genera are reduced or vestigial in some
individuals. They are absent in the petaurids Dactylopsila and
Petaurus. In the latter, however, they are vestigial in some
individuals, being present as anteroposteriorly enlarged major
palatine foramina. Furthermore, it is noteworthy that intra-
and interspecific variation exists in the size and number of
the vacuities as observed, for instance, in Planigale (Archer
1976b) and Sminthopsis (Archer 1981).

Among fossil metatherians, palatal vacuities are present in
most Late Cretaceous metatherian taxa in which they can
be observed: Eodelphis (Fox 1981), Didelphodon (Wilson
etal. 2016), Pediomys (Rougier et al. 1998, Luo et al. 2003,
Forasiepi 2009), Alphadon (Rougier er al. 1998; Forasiepi
2009). They are large (c. 42% the palate length) in the
?deltatheroidan commonly referred to as the Gurlin Tsav
skull from the Late Cretaceous of Mongolia (Szalay & Tro-
fimov 1996). In Asiatherium, although Szalay & Trofimov
(1996) regard the presence of maxillopalatal vacuities as
uncertain, they have been coded as present in data matrices
by Rougier ez al. (1998), Luo et al. (2003), and Forasiepi
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Fic. 47. — Medial view of the lower molars in several metatherian. A, Andinodelphys cochabambensis (m3-m4, MHNC 8264); B, Pucadelphys andinus (m2-m4 MHNC
8266, reversed); C, Aenigmadelphys archeri (m3, cast of OMNH 20531, reversed); D, ltaboraidelphys camposi (m2-3, cast of, DGM 804-M, reversed); E, Allqgoki-
rus australis (m2-m3, MHNC 8267); F, Mayulestes ferox (m3-m4, MHNC 1249, reversed); G, Patene simpsoni (m3 cast of DGM 798-M); H, Dasyurus hallucatus
(m2-m4, MNHN-ZM-AC-1871-284); 1, Didelphis albiventris (m2-m4, MNHN-RH 161); J, Philander opossum (m2-m4, MNHN-ZM-MO-1998-2264). Not to scale.
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(2009). Palatal vacuities are absent in the deltatheroidans
Deltatheridium and Lotheridium (in the latter, absence is
definitive on the palatine, but probable only on the max-
illa), (Bi ez al. 2015). They are present in Herpetotherium
(Sdnchez-Villagra er al. 2007; Horovitz et al. 2008), but the
condition in Peradectes, Mimoperadectes, and Peratherium is
unknown. Within the Tiupampa metatherian fauna, they
are absent in Pucadelphys, Mayulestes, Allqokirus, Szalinia,
and Mizquedelphys. They are present (with the variation
described above) in Andinodelphys and, when present, they
are small. Small slot-like maxillopalatine fenestrae are pre-
sent in Sparassocynus, a carnivorous didelphoid from the
Plio-Pleistocene of Argentina (Beck & Taglioretti 2019)
and they appear to have been probably also present, but
small, in Epidolops (Beck 2017). They are absent in sparas-
sodonts, which have been regarded as the sister group of
the Pucadelphyidae by Muizon ez al. (2018).

The absence of maxillopalatal fenestrae in Pucadelphys has
been regarded by Muizon (1992) and Marshall & Muizon
(1995) as a plesiomorphic feature. This interpretation was
based on the fact that ontogenetic studies (Parker 1886: 260)
have shown that the palatal plates of the maxillae and palatines
of the marsupial skull are solid in early stages of development
and become fenestrated in later stages by bone resorption (see
also Marshall 1979a; Marshall & Muizon 1995). Interestingly,
observations in Dromiciops confirm Parker’s studies. In this taxon,
the maxillopalatine vacuities are very large in adults but they
are barely more developed than the major palatine foramina
in a juvenile skull, as figured by Giannini ez /. (2004: fig. 2).
Similar observations have been made on skulls of juvenile and
adult Lutreolina and Didelphis (Flores et al. 2003).

Palatal vacuities are not common in non-metatherian mam-
mals. They are present only in some multituberculates, and in
some eutherians (e.g., rabbits, some rodents, macroscelidans,
hedgehogs), (Marshall 1979a and references therein). It is
therefore tempting to follow Marshall (1979a) in considering
that a solid palate is likely to be the plesiomorphic condition
among therians and that palatal vacuities were independently
acquired in several lineages of multituberculates and eutherians
as well as in metatherians.

However, the distribution of this character in Late Cretaceous
metatherians, would suggests that the presence of maxillopala-
tine vacuities may rather be the plesiomorphic character state
for metatherians. Furthermore, their absence in a few taxa of
didelphids and dasyurids while they are present in most others
would confirm this interpretation being an indication that
they probably disappeared in some lineages of these families.
Be thatas it may, considering the great variability of the pres-
ence (and absence) and number of palatal fenestrae observed
in the metatherian fossil record as early as the Late Cretaceous
in North America and Asia, it is likely that this this feature
had a complex evolution within metatherians with multiple
disappearances and/or appearances.

Given the diverse distribution of palatal vacuities within
Metatheria, their absence in some taxa and clades may be
interpreted as a derived condition, which independently
occurred in several lineages probably by paedomorphic reten-
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tion of the unperforated condition of the palate in later
developmental stages. In this study, we therefore rather favour
the hypothesis that the lack of maxillopalatine vacuities in
Pucadelphyda might be a synapomorphous loss, the condi-
tion of Andinodelphys rather indicating a vestigial condition
than an incipient development.

Transverse canal

Andinodelphys possesses a transverse canal (Figs 28, 30, 32,
33). This structure has been recorded as absent in Pucadel-
phys by Marshall & Muizon (1995), a statement based on
the observation of one specimen only (the three other speci-
mens described by these authors are either not fully prepared
or not well preserved enough to allow observation). In the
large sample of Pucadelphys skulls reported by Ladeveze ez al.
(2011), six skulls are well preserved enough to undoubtedly
allow observation of this region and, among them, two speci-
mens clearly present a small transverse canal (MHNC 8377
and 8380). Therefore, this character is clearly polymorphic
in Pucadelphys.

A transverse canal is variably present in mammals. It is absent
in monotremes (Luo ez al. 2007), Morganucodon (Kermack
et al. 1981), Megazostrodon (Gow 1986; Luo et al. 2007),
Haldanodon (Lillagraven & Krusat 1991), Gobiconodon (Luo
et al. 2003), and Repenomanus (Hu et al. 2005). It is absent
in most multituberculates (Kielan-Jaworowska et 2/. 1986)
but present in Kyroptobaatar (Wible & Rougier 2000). It is
absent in the symmetrodont Zhangheotherium (Hu et al. 1997)
and in the zatherian Vincelestes (Hopson & Rougier 1993).
A transverse canal is generally absent in eutherians but it has
been observed in Solenodon, Dasypus, Rattus, Nandinia, Gen-
etta, and Felis (Wible & Gaudin 2004; Wible 2012; O’Leary
er al. 2013; Wible & Spaulding 2013).

In contrast, a transverse canal is present in most metatheri-
ans: Asiatherium, Andinodelphys, Mizquedelphys (undescribed
specimen MHNC 13917), some specimens of Pucadelphys,
some sparassodonts (e.g., Sipalocyon, Notogale, Prothyla-
cynus, Lycopsis — Forasiepi 2009), (but see Archer 1976a
who regards the transverse canal of sparassodonts — when
present — as not clearly homologous with the transverse
canal of didelphids), most didelphids, Mimoperadectes,
Peratherium, caenolestids, most dasyurids, thylacinids,
microbitheres, peramelemorphians, macropodoids, acro-
batids, petaurids, phascolarctids and vombatids (Sdnchez-
Villagra & Wible 2002; Horovitz ez al. 2009). However,
some extinct metatherians lack a transverse canal such as
the Gurlin Tsav skull (personal observation), some speci-
mens of Pucadelphys (Marshall & Muizon 1995), and most
sparassodonts (Muizon ez al. 2018). Among the latter, the
canal is absent for example in early taxa such as Mayulestes,
Allgokirus, and Callistoe, but also in Neogene taxa such as
Borhyaena, Arctodictis, Australohyaena, Hondadelphis, and
Thylacosmilus. The transverse canal is exceptionally absent
in some didelphids (e.g., Caluromys) and some dasyurids
(e.g., Planigale) (Archer 1976a). The condition in Del-
tatheridium and Didelphodon is unknown (Forasiepi 2009;
Wilson ez al. 2016) and uncertain in Epidolops (Beck 2017).
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Fic. 48. — Mesiolabial view of posterior lower molars in several metatherians. A, Andinodelphys cochabambensis (m2-m4, MHNC 83086, reversed); B, Andino-
delphys cochabambensis (m4, cast of MHNC 8307); C, Pucadelphys andinus (m2-m3, MHNC 8384); D, /taboraidelphys camposi (m3-m4, cast of DGM 817-M,
reversed); E, Philander opossum (m3-m4, MNHN-ZM-MO-1998-2264) Aenigmadelphys archeri (m3, cast of OMNH 20531, reversed); F, Allqokirus australis (M2-
m3, MHNC 8267); G, Mayulestes ferox (m2-m3, MHNC 1249, reversed), H, Patene simpsoni (m3, cast of DGM 798-M); I, Sipalocyon gracilis (m3-m4, cast of

YPM-PU 15375, reversed). Not to scale.

Therefore, it appears that a transverse canal is generally
absent in non-metatherian mammals (with some exceptions,
cited above), whereas its presence is the most common state
in metatherians. We therefore follow Marshall & Muizon
(1995), who stated that the absence of a transverse canal is
probably the plesiomorphic state for mammals. Because of
the distribution of this character among metatherians, we also
agree with these authors that this structure is likely to have
evolved multiple times within metatherians. The distribu-
tion of this character among Pucadelphyda (Pucadelphyidae
+ Sparassodonta) would lend support to this interpretation.
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Tympanic process of alisphenoid

A characteristic feature of most metatherians is the presence
of large posteriorly projected wing of the alisphenoid, which
borders part of the middle ear anteriorly and/or ventrally.
This tympanic process of the alisphenoid forms an alisphe-
noid bulla, which is present, but more or less developed, in
all extant marsupials (except in some vombatids [Vombatus
and Lasiorhinus] and some acrobatids [Acrobates and Distoe-
churus]) and in many fossil taxa. Andinodelphys lacks a tym-
panic process of the alisphenoid, a condition observed in all
the other Tiupampa metatherians for which this part of the
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skull is known (i.e. Pucadelphys, Mizquedelphys, Mayulestes,
and Allgokirus).

Marshall & Muizon (1995) and Muizon (1994, 1998)
regarded this condition as plesiomorphic in Pucadelphys
and Mayulestes respectively. However, a tympanic process
of the alisphenoid has been observed in several Cretaceous
metatherians. It is present in Asiatherium and in the Gurlin
Tsav skull (Szalay & Trofimov 1996), and in Didelphodon
(Wilson ez al. 2016). The fact that it is present in several
Late Cretaceous taxa in which it can be observed, would
suggest that a tympanic process of the alisphenoid is the
plesiomorphic condition for metatherians. A tympanic pro-
cess of the alisphenoid has also been observed in the early
Eocene metatherians, Peratherium cuvieri (Selva & Ladevéze
2017), Herpetotherium and Mimoperadectes (Horovitz et al.
[2009]; but see Jansa et al. [2014] for a different interpre-
tation), but it is absent in the Tiupampa taxa mentioned
above. It is absent in most sparassodonts (including the
early Palacocene Mayulestes and Allgokirus and the early
Eocene Callistoe) except in hathliacynids (e.g., Nozogale,
Sipalocyon, Cladosictis) and thylacosmilids, in which it prob-
ably represents a derived condition (reversal?) (Marshall &
Muizon 1995). This feature is also apparently absent in
the early Eocene Epidolops (Beck 2017) and in the Late
Cretaceous Deltatheridium (Forasiepi 2009: 143; personal
communication of G. Rougier to A. Forasiepi); condition
in Lotheridium is unclear because of the poor preservation
of the alisphenoid in the holotype of L. mengi (ZMNH
M9032), (Bi personal communication to CM). Therefore,
the distribution of this character in early metatherians is
variable and diverse, suggesting that it may have appeared
and disappeared several times during early metatherian
evolution. Therefore, it is difficult to know if the absence
of a tympanic process of the alisphenoid in the Tiupampa
metatherians is apomorphic or plesiomorphic within
metatherians. However, it likely represents a plesiomorphic
condition within Pucadelphyda (Pucadelphyidae + Spar-
assodonta), since the five Tiupampa pucadelphydans for
which the basicranium is known lack a tympanic process
of the alisphenoid.

Hypotympanic sinus

Andinodelphys features a small circular cavity in the roof of
the middle ear, located between the foramen ovale antero-
medially and the tympanic petrosal crest posterolaterally
(Fig. 28). This depression excavates the petrosal posterome-
dially and the squamosal and alisphenoid anterolaterally. As
pointed out by Beck (2017: 391), this structure, houses the
dorsal part of the hypotympanic sinus (contra Ladeveze &
Muizon 2007), an interpretatation that we follow here. In
Andinodelphys, it is similar to that observed in Mayulestes.
It is absent in Pucadelphys. Auditory sinuses are common
in extant therians. They are air cavities (other than the
epitympanic recess) within or between bones of the middle
ear. Within metatherians, the most common sinuses are
the hypotympanic and epitympanic sinuses. The former
is located anterior to the epitympanic recess, anterolateral
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to the petrosal and medial to the glenoid fossa. In most
extant taxa, it excavates the alisphenoid only, most of it
being housed in the tympanic process of the alisphenoid,
which project ventrally below the tympanum. Therefore,
most of the sinus is actually ventral to the tympanum and,
hence, hypotympanic. However, the dorsal part of the sinus
excavates the roof of the middle ear cavity, which is slightly
dorsal to the tympanum. In Andinodelphys and Mayulestes,
which lack a tympanic process of the alisphenoid, the small
cavity in the roof of the middle ear is the bony materializa-
tion of the hypotympanic sinus, which represent the part
of the sinus located above the tympanum. The remaining
part of the sinus is likely to have extended ventrally below
the tympanum during life being limited ventrally by the
fibrous membrane of the tympanic cavity (in the absence
of any kind of bony tympanic bulla) (MacPhee 1981). To
conclude, although what is referred to, here, (in Andinodel-
phys and Mayulestes) as the hypotympanic sinus is actually
dorsal to the tympanum it corresponds to part of a sinus
that was during life mainly ventral to the tympanum: the
hypotympanic sinus (see Beck & Taglioretti [2019] for dis-
cussion on the position of the hypotympanic sinus relative
to the tympanum). In taxa that lack a tympanic process
of the alisphenoid, the hypotympanic sinus is excavated
mostly in the petrosal and squamosal, with, in some taxa
(e.g., Mayulestes), a small participation of the alisphenoid
between them. The epitympanic sinus is located postero-
laterally to the epitympanic recess and excavates the squa-
mosal and/or the pars mastoidea of the petrosal. Because
this sinus extends mostly dorsally, it is generally almost
totally dorsal to the tympanum, thus epitympanic. Such
a sinus is absent in Andinodelphys. The fossa erroneously
identified by Muizon (1999) as the mastoid epitympanic
sinus in the posterior region of the petrosal of Nozogale, is
in fact the stapedial fossa.

Auditory sinuses in general are absent in Morganucodon
(Kermack ez al. 1981); Gobiconodon, Sinoconodon (Cromp-
ton & Sun 1985; Crompton & Luo 1993), Repenomanus
(Hu et al. 2005), monotremes (Watson 1916), Vincelestes
(Rougier er al. 1992), Late Cretaceous eutherians (Asioryctes,
Barunlestes, Kennalestes, Zalambdalestes, Maelestes; Kielan-
Jaworowska 1981, 1984; Kielan-Jaworowska & Trofimov
1980; Wible ez al. 2004; Wible ez al. 2009) and generalized
extant eutherians (Van Kampen 1905; Novacek 1977). A
hypotympanic sinus occurs in the great majority of extinct
and extant metatherians except Deltatheridium (Rougier
et al. 1998) Pucadelphys (Marshall & Muizon 1995), and
Mizquedelphys  MHNC 13917). Condition in Lotheridium
is unknown (Bi ez a/. 2015). In regard of the distribution,
the absence of auditory sinuses likely represents the plesio-
morphic condition for mammals. Therefore, Andinodelphys
is more derived than Pucadelphys in this respect.

Inferior petrosal sinus and foramen

As mentioned above a conspicuous foramen is observed at
the junction of the basioccipital, exoccipital and petrosal
(Fig. 30). This foramen opens the canal for the inferior
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petrosal sinus ventrally, anterior to its posterior end. This
foramen may have conveyed a branch of the inferior pet-
rosal sinus which may have joined the vertebral vein. A
similar condition may have been present in some specimens
of Pucadelphys, although it cannot be ascertained because
of the preservation of the specimens. The condition in
Mayulestes and Allgokirus is unknown. The condition of
Andinodelphys appears to be unique among metatherian
(apart from a possible presence in Pucadelphys).

The other characters discussed by Marshall & Muizon
(1995: 64-82) are identical in Pucadelphys and Andinodelphys
and will not be further discussed here. They are: number
of incisors, structure of lower incisors, number of molar
and premolars, inflected angular process of the dentary,
mylohyoid groove, labial mandibular foramen, orbit large
and confluent with temporal fossa, nasal-lacrimal contact,
alisphenoid-parietal contact, preglenoid process of the
jugal, foramen ovale, subsquamosal foramen (= suprameatal
foramen, in this paper), Orientation of ectotympanic
and tympanic membrane, pars mastoidea contribution to
occiput, mastoid and paroccipital process, shape of fenestra
vestibuli and stapedial footplate, stapedial artery, course
of internal carotid artery, sulcus for facial nerve, anterior
lamina of petrosal.

Characters of dentition of Andinodelphys are very similar
to those of Pucadelphys except the size and relative posi-
tion of the I1

Specific comparison with Itaboraidelphys and phylogenetic
analysis
Marshall & Muizon (1988) and Muizon (1992) have
regarded the molars of Andinodelphys cochabambensis as
representing an adequate dental structural ancestor for
Itaboraidelphys camposi from the late Palacocene-early
Eocene of Itaborai (Brazil). However, Andinodelphys dif-
fers from lraboraidelphys in its smaller size (25% smaller in
linear tooth dimensions), more gracile molars with sharper
crests and cusps and deeper basins, upper molars with a
less V-shaped centrocrista, paracone and metacone with a
distinct vertical ridge on their labial edges, p2 distinctly
smaller than p3 (subequal in size to p2 slightly larger than
p3 in ltaboraidelphys) lower molars with a higher trigonid
and smaller entoconid, and trigonid of m3 slightly wider
than talonid (slightly narrower in ltaboraidelphys). Andi-
nodelphys and Itaboraidelphys share the same large size of
stylar cusps B and D, with a small stylar cusp C, the latter
being twinned in some specimens, the posterior edge of
the protocone distolingually expanded, which displaces its
apex anteriorly, the paracone conspicuously smaller than
the metacone, the angle para-metacone axis-preparacrista
on M4 close to 90°, and the adjoined paraconid and meta-
conid. In spite of the small differences mentioned above,
which are likely to represent plesiomorphic conditions in
Andinodelphys, the latter compares best with ltaboraidelphys
among the metatherian taxa of the Iraboraf fauna.
Ladevéze & Muizon (2010) have performed a parsi-
mony analysis including several isolated petrosals from
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the late Palacocene-early Eocene of Itaborai. This analysis
resulted in a sister group relationship of Type II petrosals
(MNR] 6728-V and MNR] 6729-V) with pucadelphy-
ids (Pucadelphys and Andinodelphys). In order to test this
relationship, Muizon ez al. (2018: 422-423) compared
the area of the promontorium relative to the molar size
in Andinodelphys and Itaboraidelphys. Assuming that the
promontorium area relative to the length of the molars was
similar in both taxa these authors calculated an estima-
tion of the promontorium area in lraboraidelphys on the
basis of the upper and lower molar proportions. The two
calculated estimated values (12.1 mm?2 and 12.9 mm?2)
felt seemed perfectly within the range of the promonto-
rium area measured on the two Type II petrosals (11.1
mm?2 and 13.96 mm?2). Their result provided a mean
promontorium area of Andinodelphys (9.42 mm?2) 24,8%
smaller than in Jraboraidelphys (12.53 mm?2), a difference
that matches the size difference evaluated by Marshall &
Muizon (1988) between the teeth of Andinodelphys and
Itaboraidelphys, the former being approximately 25%
smaller than the latter. Consequently, Muizon ez a/. (2018)
concluded that, on the basis of both dental and petrosal
anatomy, the Type II petrosals of Itaborai could plausibly
be referred to ltaboraidelphys. As a consequence, in the
parsimony analysis below we tentatively referred dental
remains of ltaboraidelphys camposi and Type 11 petrosals
to the same taxon (contra Beck [2017], who referred the
Type II petrosal to Epidolops, a hypothesis that has been
challenged by Muizon ez /. [2018]). The phylogenetic
analysis presented here uses the data matrix of Muizon
et al. (2018). However, after re-examination of casts,
specimens, and literature we changed the scorings of some
characters for some taxa. These changes are mentioned
in the character list below (Appendix 3). Furthermore,
in order to complement the data on deltatheroidans we
added two Asiatic taxa of this group of metatherians (Su/-
estes and Lotheridium) and three North American ones
(Atokatheridium, Oklatheridium, and Nanocuris). Scor-
ing of these taxa in our matrix is respectively based on
the descriptions, illustrations, and scorings of Averianov
et al. (2010) and Bi ez a/. (2015) on the one hand and
Kielan-Jaworowska & Cifelli (2001), Fox et al. (2007),
Davis et al. (2008), Wilson & Riedel (2010), Davis &
Cifelli (2011) on the other hand. Because of the condi-
tion of the stylar shelf of upper molars and postglenoid
foramen in Lotheridium, we added a fifth state to character
35 (4, width of stylar shelf reduced labial to metacone
on penultimate molar) and a third state to character 177
(2, postglenoid foramen located anterior to postglenoid
process). Three other characters of Lotheridium were
coded thanks to personal communication of Bi to one
of us (CM); they are characters 71, 185, and 210. Four
other in-group taxa (Alphadon-Turgidodon-Protalphadon,
Varalphadon, Pediomys, and the so-called Gurlin Tsav
skull (GTS) figured by Szalay & Trofimov 1996) were
also added. Furthermore, we added three supplementary
out-group taxa: Vincelestes, Zalambdalestes, and Leptictis.
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RESULTS OF THE PHYLOGENETIC ANALYSES

We have performed three sets of parsimony analyses, each
set including one analysis with unweighted characters and one
analysis with implied weighting (Goloboff k = 3). The first set
of analyses takes into account the whole of our character list
(364). Then, given the possible bias related to dental charac-
ters (e.g. related to hypercarnivory), which are well known to
be strongly homoplastic (e.g. Muizon & Lange-Badré 1997;
Ladeveze et al. 2011; Sansom ez al. 2017; Solé & Ladevéze
2017), we have performed a second set of analyses excluding
all dental characters and, consequently, excluding the taxa
known by teeth only or teeth and partial jaws. The third set
of analyses was performed with the exclusion of some dental
characters only, which are regarded more specifically related
to hypercarnivory (see p. 695), in the light of the preceding
analyses.

RESULTS OF THE FIRST ANALYSES WITH ALL CHARACTERS
The analysis of this significantly modified matrix (as a conse-
quence of the additional taxa and changes mentioned above
and in the character list and scorings; 364 characters and 51
taxa) with PAUP* resulted in 6 shortest trees (L = 1577, CI
=0.305, RI = 0.667). As seen in the strict consensus tree (L =
1584, CI=0.306, RI = 0.665) (Fig. 49A) the relationships of
Itaboraidelphys are the same as those retrieved by Ladeveze &
Muizon (2010). lraboraidelphys is the sister group of the clade
Pucadelphys + Andinodelphys and, as such, is included here in
Pucadelphyidae.

The relationships of Stagodontidae and Deltatheroida
resulting from this analysis are different from those retrieved
by Muizon ez al. (2018). The Gurlin Tsav Skull (GTS) forms
a clade with Stagodontidae (Eodelphis and Didelphodon) and
this clade is sister-group to Sparassodonta. Deltatheroida
and Pucadelphyidae are successive sister groups to this (Sta-
godontidae-GTS + Sparassodonta) clade. This result signifi-
cantly differs from that of Muizon ez /. (2018), in which the
deltatheroidans and stagodontids were early diverging groups
in the metatherian clade. The present result also differs from
most other studies, in which deltatheroidans are almost always
in a basal position in the Metatheria tree (e. g. Averianov ez 4.
2010; Rougier ez al. 2015; Bi et al. 2015; Forasiepi ez al. 2015;
Wilson ez al. 2016; Beck 2017). Moreover, stagodontids,
although generally less basal than deltatheroidans, are, in
these analyses, generally retrieved closer to North American
metatherians than to sparassodont, with one exception how-
ever (Engleman & Croft 2014), in which they were also the
sister group of sparassodonts. As mentioned by these authors,
although stagodontids have been regarded as closely related
to sparassodonts by Marshall ez 2/. (1990), this interpretation
has been seriously questioned by Fox & Naylor (1995), but
also by Muizon & Lange-Badré (1997), and Muizon (1999)
because it is based almost exclusively on heavily homoplastic
dental characters related to hypercarnivory. This statement
may also apply in the case of this analysis. Therefore, this
statement essentially concerns the dental synapomorphies
(non-ambiguous and ambiguous) supporting 1) the clade
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(deltatheroidans (GTS, stagodontids) sparassodonts)): 33(1),
48(1),57(1),70(0), 71(0), 80(1), 84(2), 85(2), 43(0), 47(0),
50(0), 95(1), 96(0); and 2) those supporting the clade ((GTS,
stagodontids) sparassodonts): 6(1), 12(1), 23(0), 24(0), 30(1),
38(1), 46 (2), 50(0), 55(1), 64(1), 72(1).

In order to overcome this bias, we have performed a new
analysis with downweighted homoplastic characters with
Goloboff constant value = 3. The use of higher Goloboff
constant values (as recommended by Goloboff ez al. 2017)
retrieved consensus trees almost identical to the strict con-
sensus and did not downwheight homoplastic characters,
which justifies the selection of a low value of the Goloboff
constant (3) in the present study. In the single tree obtained
(CI=0.303, RI = 0.6637; Fig. 49B), stagodontids are placed
in a more basal position, similar to that retrieved in the tree
provided by Muizon ez al. (2018: fig. 29B) after an analy-
sis with downweighted homoplastic characters. However,
the GTS and deltatheroidans remain closely related, basal
to sparassodonts. The change in the position of the stago-
dontids in our new tree likely reveals the elevated degree
of homoplasy of the characters (mostly dental) that placed
them in a sister group relationship to the sparassodonts,
and therefore the weakness of this topology. The position of
GTS, which is now a direct sister-group of sparassodonts,
approaches the results of Rougier ez /. (2015) and Wilson
etal. (2016: fig. 3), and the position of the deltatheroidans
as the sister-group of the GTS + sparassodonts is not so
discrepant with that retrieved by these authors, in which
deltatheroidans are only one node more basal to their clade
including GTS + pucadelphydans (i.e. the first diverging
clade of Marsupialiaformes) (see below p. 693). The analy-
ses of Rougier ez al. (2015) and Wilson ez al. (2016) also
resulted in a position of the stagodontids more closely nested
within North American taxa but not in a basal position
in the tree as in Forasiepi ez al. (2015) and Muizon ez al.
(2018). Furthermore, it is noteworthy that the topologies
obtained here and those retrieved by Rougier ez al. (2015)
and Wilson ez 2. (2016) resulted from different character lists
(although most of characters of these authors are included
in our list) and in the fact that two ingroup Operational
Taxonomic Units (OTU) are considered by these authors
at family level (borhyaenoids, and dasyurids) in contrast to
ours, what may explain the slight differences in our results
concerning the deltatheroidans and GTS + pucadelphydans
relationships. In our new analysis, the clade Pucadelphyda
is retained, but according to this topology, should now
include deltatheroidans and the GTS. In this context, our
discussion below will focus on the new tree obtained with
downweighted homoplastic characters (Fig. 49B).

Another interesting result is the position of Varalphadon,
a North American genus that has been regarded as a sparas-
sodont by Carneiro (2018). Although the position of Varal-
phadon as a sister group of Pediomys could perhaps be argued,
it confirms Muizon et al. (2018: 430)’s conclusions that this
taxon is very probably not closely related to sparassodonts.

Below we provide the unambiguous synapomorphies of the
following clades resulting from the implied weighted analy-
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sis (Fig. 46B): 1) Pucadelphyda (as retrieved in the present
result), 2) Deltatheroidans + GTS + sparassodonts, 3) GTS
+ sparassodonts, and 4) Pucadelphyidae. We also provide
the ambiguous synapomorphies with delayed (Deltran) and
accelerated (Acctran) optimisations. The strict synapomorphies
are in bold. Only the unambiguous synapomorphies are fully
detailed. For the ambiguous synapomorphies we only indicate
the subsequent reversals and convergences.

1) PUCADELPHYDA AS IN Fig. 49B (= CLADE
PUCADELPHYIDS, DELTATHEROIDANS, GTS,
SPARASSODONTS)

Unambiguous synapomorphies of the clade pucadelphyids,
deltatheroidans, GTS, sparassodonts

20 (1).  First upper and lower premolars oblique relative
to tooth row [reversal in (Deltatheridium, Del-
tatheroides), and sparassodonts excluding (Parene
(Mayulestes, Allgokirus))];

Angled ventral margin of the dentary behind last
molar continuous to condyle (reversal in borhyae-
noids without Lycopsis; straight in deltatheroidans);
Flaring of maxillary cheek posterior to infraorbital
foramen present (reversal in Sulestes, Hondadelphys,
Lycopsis);

Fossa for the levator labii muscle in the anterior
end of the jugal, present mainly in the maxilla;
Posterior process of pterygoid, which covers the
alisphenoid-basisphenoid suture, present (conver-
gent with Zhylacinus);

Hypotympanic sinus formed by squamosal, alis-
phenoid and petrosal [absent in Pucadelphys, and
(Sulestes (Deltatheridium, Deltatheroides))];
Medial process of the squamosal, which extends
into the middle ear and forms part of the roof of
the tympanic cavity, present.

Cavum epiptericum floored by petrosal and alis-
phenoid [reversal in sparassodonts without (Patene
(Mayulestes, Allgokirus)); convergent with stagodon-
tids];

Foramen on dorsal arch of last lumbar vertebra,
present (reversal in borhyaenids; convergent with
dasyuromorphs);

Extension of the deltoid crest reaches distal half of
the humerus (convergent with didelphids);
Lateral extension of capitulum, present and straight
with a flat shelf and/or a salient crest [convergent
with 7hylacinus and (Didelphis, Metachirus));
Astragalus, dorso-distal tuber of the head, present;
Spatial relationship between navicular and entocu-
neiform: entocuneiform distal to navicular (con-
vergent with dasyuromorphs).

104 (2).

145 (0).

147 (2).

161 (0).

183 (1).

185 (1).

205 (1).

260 (1).

282 (1).

287 (1).

331 (1).
353 (0).

Fourteen ambiguous synapomorphies (Acctran, fast)

may also support this clade

150 (0). Palatal vacuities absent (reversal in GTS);

156 (1). Morphology of the postpalatine torus foramen,
wide-open groove (the section is approximately
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half a circle or less) (reversal in Andinodelphys;
convergent with dasyuromorphians);

Proportions of the postglenoid process, higher than
wide and roughly parabolic (very low and wider
than high in (GTS, Sparassodonta); convergent
with didelphids and Sminthopsis);

Transverse canal absent [reversal in Andinodelphys
and (Notogale ((Sipalocyon, Cladosictis), borhyae-
noids))];

Deep groove for internal carotid artery excavated
in medial side of promontorium apex ventrally
present (reversal in deltatheroidans);

Rostral tympanic process of petrosal, absent or low
ridge or smooth tubercle (tall ridge reaching apex
of promontorium in (Notogale ((Sipalocyon, Clad-
osictis), borhyaenoids)) but restricted to posterior
half of promontorium in borhyaenoids];

Ventral median keel on anterior lumbar vertebrae
present (reversal in Prothylacinus; convergent with
Metachirus, Dromiciops, and Thylacinus);
Infraspinous/supraspinous fossa width at the level
of the neck, supraspinous fossa narrower (reversal in
Sipalocyon and in ((Borhyaena, Arcrodictis) (Australo-
hyaena (Thylacosmilus (Callistoe, Paraborhyaena))));
convergent with Dromz'cz'ops] ;

Distal end of deltoid crest, forming a distinct angle
or process [reversal in sparassodonts without (Pazene
(Mayulestes, Allqokirus)); convergent with (Didelphis,
Metachirus), Dromiciops, and Dasyurus];

Iliac and gluteus fossae: gluteus fossa larger (con-
vergent with Metachirus and dasyuromorphians);
Tibia straight [reversal in (Patene (Mayulestes,
Allgokirus)) and Thylacosmilus; convergent with
Thylacinus);

Astragalus, astragalonavicular facet extends onto
ventromedial side of head, absent [reversal in sparas-
sodonts without (Patene (Mayulestes, Allqokirus))];
Angle between navicular and distal metatarsal facets
of ectocuneiform, parallel to the distal facet [reversal
in ((Borhyaena, Arctodictis) (Australohyaena (1hyla-
cosmilus (Callistoe, Paraborhyaena)))), convergent
with dasyuromorphians except 7hylacinus;

Mt III thickness relative to that of Mt I, Mt III
thinner than Mt I (convergent with dasyuromor-
phians).

175 (0).

181 (0).

210 (1).

213 (0).

262 (1).

272 (1).

283 (1).

303 (2).

315 (1).

323 (0).

354 (1).

360 (1).

Six ambiguous synapomorphies (Deltran, slow)

may also support the clade Pucadelphyda

223 (0). Hiatus Fallopii on dorsal (cerebellar) face of petrosal
[reversal in sparassodonts without (Patene (May-
ulestes, Allqokirus)) and Hondadelphys; convergent
with Herpetotheriuml;

Shape of the cranial facets of atlas: dorsal third of
the facet much more concave than the ventral two
thirds and strongly inflected medially (reversal in
Prothylacynus, borhyaenids; convergent with didel-
phids, Dasyurus, Thylacinus);

248 (1).
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Metatheria 8/62

Ul

212

4/47

Australidelphia 21/50 |>6
Dasyuromorphia 27/65

>6
20/47

4

2

Pucadelphyidae 4/39 | 4 I:
4/32

3

Pucadelphyda 11/40

Deltatheroidea 6/30

1
4/25( 1

2/13] 1
1/1_2[

1

3/37 [>6
Stagodontidae 8/46

2

Fic. 49. — Phylogenetic relationships of Andinodelphys and ltaboraidelphys,
among other metatherians: A, Strict consensus tree of six equally parsimoni-
ous trees resulting from the analysis of the data matrix of 364 characters and
51 taxa with equally weighted homoplastic characters (L = 1584, Cl = 0.306, RI
= 0.665); the Bremer index is given at branches in red numbers above nodes;
black numbers below nodes indicate the minimum and maximum numbers of
synapomorphies.
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Mayulestidae 3/39 | 2 I:
2/34

2/29

15/48| 1
4/43

Vincelestes
Prokennalestes
Maelestes
Asioryctes
Zalambdalestes
Leptictis
Kokopellia

Asiatherium

Alphadon-Turgidodon-Protalphadon

Pediomys
Varalphadon

Mimoperadectes-Peradectes

Amphiperatherium-Peratherium

Herpetotherium
Monodelphis
Didelphis
Metachirus
Dromiciops
Sminthopsis
Dasyurus
Thylacinus
Itaboraidelphys
Pucadelphys
Andinodelphys
Atokatheridium
Oklatheridium
Nanocuris
Lotheridium
Sulestes
Deltatheridium
Deltatheroides
Gurlin Tsav Skull
Eodelphis
Didelphodon
Patene
Mayulestes
Allgokirus
Hondadelphys
Sallacyon
Notogale
Sipalocyon
Cladosictis
Lycopsis
Pharsophorus
Prothylacynus
Australohyaena
Borhyaena tuberata
Arctodictis sinclairi
Callistoe
Paraborhyaena

Thylacosmilus
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Fia. 49. — Phylogenetic relationships of Andinodelphys and Itaboraidelphys,
among other metatherians: B, Single tree resulting from the analysis with down-
weighted homoplastic characters (k = 3); black numbers below nodes indicate
the minimum and maximum numbers of synapomorphies.
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262 (1).

272 (1).

303 (2).
360 (1).

Ventral median keel on anterior lumbar vertebrae,
present (reversal in Prothylacynus; convergent with
Metachirus, Dromiciops, and Thylacinus);
Infraspinous/supraspinous fossa width at the level
of the neck: supraspinous fossa narrower (reversal
in Sipalocyon, Arctodictis, Callistoe; convergent with
Dromiciops);

Iliac and gluteus fossae: gluteus fossa larger;

Mt III chickness relative to that of Mt I: Mt I1I thin-
ner than Mt I (convergent with dasyuromorphs).

2) CLADE DELTATHEROIDA + GTS + SPARASSODONTA
Unambiguous synapomorphies supporting the clade
Deltatheroida + GTS + Sparassodonta:

33 (1).

48 (1).

57 (1).

70 (0).

71 (0).

80 (1).

84 (2).

85 (2).

139 (0).

149 (2).

Size of molars (upper and lower) increases posteriorly:
marked [convergent with (Dasyurus, Thylacinus)];
Metacone and paracone adjoined at base (on, at
least, half of their height) (adjoined on most of
their height; apices of cusps only are separated in
borhyaenoids but Lycopsis; convergent with 7hyl-
acinus);

Protocone size (on penultimate or antepenultimate
molar): small and anteroposteriorly narrow (reversal
in Hondadelphys, absent or very small in borhyae-
noids but Lycopsis; convergent with Thylacinus);
Trigonid vs talonid width (on penultimate or ante-
penultimate molar): wider than talonid (reversal in
Nanocuris; convergent with Andinodelphys);
Protoconid labial expansion; the labial edge of
the protoconid at mid-height is strongly convex,
protruding labially and overhangs the base of the
crown: present (reversal in Lotheridium);
Paraconid elongated with anterior projection of the
paraconid keel (ridge) mostly in the ventral half of
the cusp: present [reversal in Lotheridium, (Callistoe,
Paraborhyaena); convergent with Thylacinus);
Height of metaconid vs paraconid (on penultimate
molar): lower [subequal in (Patene (Mayulestes,
Allgokirus)); convergent with stagodontids];
Volume of the metaconid vs paraconid (on penulti-
mate molar), in occlusal and lingual views: smaller
[convergent with (Dasyurus, Thylacinus), and sta-
godontids];

Naso-lacrimal contact, present (reversal in 7hyla-
cosmilus);

Number of palatal pits independently of their size:
two between ultimate, penultimate and antepenul-
timate molars [two pits between first, antepenulti-
mate, and penultimate molars in Deltatheriidae-but
reversal in Deltatheroides, one pit in borhyaenids;
convergent with (Dasyurus, Thylacinus)].

Thirty-one ambiguous synapomorphies (Acctran, fast) may also
support the clade Deltatheroida + GTS + Sparassodonta

1(1).
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Number of upper incisors: four [reversal in (Patene
(Mayulestes, Allgokirus)); convergent with dasyuro-
morphians];

2 (1).

10 (1).

43 (0).
47 (0).
50 (0).
95 (1).

96 (0).

106 (1).

118 (0).

120 (0).

141 (0).
154 (0).

159 (0).

228 (2).

251 (1).

252 (1).

256 (1).

258 (2).

Size of extra-alveolar portion of root of I1 as long
as on other incisors and as long as crown [reversal
in (Patene (Mayulestes, Allgokirus)); convergent with
Australidelphia];

Implantation of the first upper incisors in anterior
view: incisors parallel [reversal in (Patene (Mayul-
estes, Allgokirus))];

Number of lower incisors: three (reversal in May-
ulestidae, Hondadelphys; convergent with dasyuro-
morphians and stagodontids);

Stylar cusp C, absent or tiny (convergent with
Australidelphia);

Shape of paracone and metacone: conical (conver-
gent with 7hylacinus);

Centrocrista, straight (convergent with Dromiciops,
Thylacinus);

Shape of entoconid: transversely compressed (con-
vergent with didelphids and dasyuromorphians);
Relative height of entoconid: lower than hypoconid
[reversal in Patene, Hondadelphys, (Sipalocyon, Clad-
osictis); convergent with Herpetotherium, Thylacinus,
and stagodontids];

Anteroventral edge of mandibular symphysis: less
slanting, forming an angle > 25° (reversal in Nano-
curis; convergent with 7hylacinus, and stagodontids);
Condyle vertical position vs tooth row: approxi-
mately at the same level or slightly below [reversal
in (Patene (Mayulestes, Allgokirus)), Sipalocyon;
convergent with 7hylacinus);

Length of the rostrum: less than (or equal to) %5
total length of the skull (reversal in sparassodonts;
convergent with Dromiciops, Dasyurus, Thylacinus);
Lacrimal tubercle: present, knob-like (reversal in
Allgokirus; convergent with Herperotherium);
Posterior palatine spine: weak or absent and pos-
terior edge of the palate concave posteriorly;
Anteroposterior position of the sphenopalatine
foramen relatively to the molars: above penultimate
or antepenultimate molar [reversal in ((Borhyaena,
Arcrodictis) (Australohyaena (Thylacosmilus (Callistoe,
Paraborhyaena)))); convergent with Monodelphis
and (Dasyurus, Thylacinus)];

Tuberculum tympani: expanded in a sharp anter-
oventrally directed process (triangular in lateral
view) [reversal in (Patene (Mayulestes, Allgokirus));
convergent with (Herpetotherium, Marsupialia)];
Axis, posterior extension of the neural process: dis-
tinctly longer than anterior extension [convergent
with (Dasyurus, Thylacinus)];

Ventral sagittal crest of axis: distinctly concave
because of the development of a robust ventral
process posteriorly (convergent with dasyuromor-
phians);

C6 spinous process: lamina [convergent with (Didel-
phis, Metachirus), and (Dasyurus, Thylacinus)];
First thoracic vertebra with a (relative to other
vertebrae) tall spinous process: T3;
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273 (1).

274 (1).

293 (0).

301 (1).

304 (1).
306 (1).

310 (1).

320 (0).

327 (1).

329 (1).

334 (1).
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Scapular notch: between 90 and 130° (convergent
with Metachirus, and dasyuromorphians);
Clavicle: absent;

Shape of articular facet for the humerus on the
radius: anteroposteriorly compressed (convergent
with Sminthopsis, and Asiatherium);

Length of the iliac neck: short, less than 15% the
total pelvis length;

Epipubic bones: absent (convergent with 7hylacinus);
Torsion between proximal and distal epiphyses of
femur: absent [reversal in Lycopsis, and (Australo-
hyaena (Thylacosmilus (Callistoe, Paraborhyaena)));
convergent with didelphids];

Ossified patella: present (convergent with Amphi-
peratherium-Peratherium); (personal observation of
SL in Peratherium cuvieriy MNHN.EGY679A);
Anteroposterior length of the of the medial malleolus
of the tibia at base relative to the greatest anteropos-
terior length of the distal epiphysis (as seen in distal
view): subequal (convergent with Sminthopsis);
Astragalus, medial extent of sustentacular facet: reaches
the medial edge of the neck (reversal in Borhyaenoidea);
Astragalus, width of astragalar neck: neck narrower
or as wide as head;

Calcaneus, longest dimension of ectal facet: anter-
oposterior.

One ambiguous synapomorphies (Deltran, slow) may also
support the Deltatheroida + GTS + Sparassodonta clade

178 (2).

Suprameatal foramen: at the same level or above
postzygomatic crest (reversal in Mayulestidae, Cal-
listoe; convergent with Dromiciops, Sminthopsis).

3) CLADE GTS + SPARASSODONTA
Unambiguous synapomorphies of the GTS + Sparassodonta clade:

38 (1).

54 (0).

167 (1).

170 (0).

175 (2).

Postmetacrista (on antepenultimate or penultimate
molar): distinctly longer than preparacrista [conver-
gent with Delratheridium, Nanocuris, didelphids,
(Dasyurus, Thylacinus), Amphiperatherium-Perath-
erium, stagodontids, (Pediomys, Varalphadon)];
Conules wing-like cristae: present [convergent with
(Dasyurus, Thylacinus)];

Foramina for temporal rami: absent [reversal in
Mayulestes, Notogale, (Thylacosmilus (Callistoe,
Paraborhyaena)); convergent with (herpetoriids,
Marsupialia), and stagodontids];

Sagittal crest: extending to frontals (convergent
with Didelphis);

Proportions of the postglenoid process: very low

and wider than high.

Twenty-two ambiguous synapomorphies may also support the
clade GTS + Sparassodonta (Acctran, fast):

6 (1).

Size of I3 vs 12: 13=12 [reversal in (Patene (May-
ulestes, Allgokirus)), in (Thylacosmilus (Callistoe,
Paraborhyaena))); convergent with Australidelphia
and stagodontids];
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24 (0).

45 (0).

55 (1).

64 (1).

66 (0).

67 (1).
68 (2).
72 (1).

82 (1).

89 (1).

93 (1).

102 (1).

103 (1).

130 (1).

160 (1).

Lower incisors procumbent: absent [convergent
with (Dasyurus, Thylacinus), and Didelphodon];
Diastema posterior to first upper premolar: absent
[reversal in sparassodonts excluding (Patene (Mayul-
estes, Allgokirus)) but diastema lost in borhyaenoids
excluding Lycopsis and reacquired in Prothylacinus);
Diastema posterior to first lower premolar: absent
(reversal in sparassodonts excluding (Patene (May-
ulestes, Allqokirus)) and Hondadelphys but diastema
lost in borhyaenoids without Lycopsis; convergent
with Sulestes);

Stylar cusp E: present and distinct [reversal in sparas-
sodonts excluding (Patene (Mayulestes, Allqokirus));
convergent with pucadelphyids and Alphadon-
Turgidodon-Protalphadon;

Conules labiolingual position (on penultimate or
antepenultimate molar): closer to para/metacone
[reversal in sparassodonts excluding (Patene (May-
ulestes, Allqokirus)); convergent with stagodontids];
Size of ultimate lower molar: larger in height and/
or length than penultimate molar [convergent with
(Dasyurus, Thylacinus), and stagodontids];
Lingual opening of trigonid basin on penultimate
molar when possible: wide open: angle between
protocristid (or postprotocristid when metaconid
is lost) and paracristid more than 45° (convergent
with Nanocuris and Thylacinus);

Trigonid basin floor: sloping lingually;

Trigonid proportions: longer than wide;

Trigonid vs talonid length (on penultimate or ante-
penultimate molar): longer than talonid [convergent
with (Sulestes (Deltatheridium, Deltatheroides)),
(Dasyurus, Thylacinus), and stagodontids];
Height of protoconid (Hpo) relative to length of
ultimate or penultimate lower molar (Lm): Hpo/
Lm > 0.9 [reversal in Hondadelphys; convergent with
(Deltatheridium, Deltatheroides), and Dasyurus);
Relative lengths of para- and protocristid: paracristid
> protocristid (convergent with (Nanocuris (Lother-
idium (Sulestes (Deltatheridium, Deltatheroides)))),
and (herpetotheriids, Marsupialia)];
Hypoconulid of last molar: taller than other talonid
cusps [convergent with (Pucadelphys, Andinodelphys),
and Sminthopsis];

Postcingulid on last molar: absent [reversal in
Australohyaena; convergent with (Deltatheridium,
Deltatheroides), and (herpetotheriids, Marsupialia)];
Depth/length of the dentary below molars: inter-
mediate (between 1,5 and 2) (convergent with
Didelphodon);

Dorsoventral position of the medial palatal process
of the premaxilla: with posterior end shifted dorsally,
forming an incisive fossa (reversal in Sipalocyon,
Thylacosmilus; convergent with dasyuromorphians);
Development of pterygoids: well developed and
expanded on medial side but no midline contact
(reversal in Mayulestes, Arctodictis);
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221 (1). Diameter of stapedius fossa: distinctly less than
twice the size of that of the fenestra vestibuli (=small
and shallow) [convergent with (Herpetotherium,
Marsupialia) and stagodontids];

234 (1). Posttemporal sulcus on squamosal surface of pet-

rosal: absent [reversal in Sipalocyon; convergent

with (herpetotheriids, Marsupialia)].

Four ambiguous synapomorphies may also support the GTS +
Sparassodonta clade (Deltran, slow):

159 (0). Anteroposterior position of the sphenopalatine
foramen relative to the molars: above penultimate
or antepenultimate molar [reversal in ((Borhyaena,
Aretodictis) (Australohyaena (Thylacosmilus (Callistoe,
Paraborhyaena)))); convergent with Monodelphis
and Thylacinus;

Transverse canal: absent [reversal in (Nozogale ((Sipalocyon,
Cladosictis), borhyaenoids)), but lost in ((Borhyaena,
Arctodictis) (Australohyaena (Thylacosmilus (Callistoe,
Paraborhyaena)))); convergent with Pucadelphys];
Deep groove for internal carotid artery excavated
in medial side of promontorium apex ventrally:
present (convergent with pucadelphyids);
Tuberculum tympani: moderately developed (lateral
end of tympanic petrosal crest larger than medial
one) (reversal in Mayulestes).

181 (0).

210 (1).

228 (1).

4) PUCADELPHYIDAE

Unambiguous synapomorphies supporting Pucadelphyidae:

41 (1).  Stylar cusp B subequal to or approaching the size
of the paracone (convergent with GTS and stago-
dontids);

Protocone size (on penultimate or antepenultimate
molar), expanded posteriorly with posterolingual
projection (convergent with Marsupialia);
Metaconid larger than paraconid (on penultimate
molar), in occlusal and lingual views;

Tensor tympani fossa: distinct elongated fossa at
anterolateral edge of promontorium (convergent
with sparassodonts and 7hylacinus).

57 (3).

85 (0).

214 (1).

Fifteen ambiguous synapomorphies (Acctran, fast) may also
support the Pucadelphyidae

137 (2). Postorbital process: conspicuous protruding pro-
cess [convergent with Lotheridium, sparassodonts
(excluding Patene (Mayulestes, Allqokirus)), Didelphis,
Mimoperadectes-Peradectes];

Facial process of the lacrimal, large triangular and
pointed anteriorly (convergent with GTS);
Suprameatal foramen below postzygomatic crest
[convergent with (Patene (Mayulestes, Allgokirus)),
Callistoe, didelphids, (Dasyurus, Thylacinus)];
Tympanic process of the alisphenoid, absent [con-
vergent with (Patene (Mayulestes, Allgokirus)) and
borhyaenoids];

Secondary foramen ovale totally enclosed in the alis-
phenoid, absent [convergent with (Patene (Mayulestes,

148 (0).

178 (1).

182 (0).

193 (0).
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Allgokirus)), (Borhyaena, Arctodictis) (Australohy-
aena (Thylacosmilus (Callistoe, Paraborhyaena)))),
Monodelphis, Dromiciops, and Dasyurus];
Tuberculum tympani: Absent (medial and lateral
ends of tympanic petrosal crest equally developed)
(convergent with Mayulestes);

Ventral foramen at the base of the transverse process
of the atlas, absent (convergent with dasyuromor-
phians);

228 (0).

245 (0).

263 (1). Mammillary processes (metapophyses) in third
lumbar vertebra anterior to the last lumbar, present
(convergent with dasyuromorphs);

296 (0). Distolateral process of scaphoid, absent;

311 (1). Parafibula, absent (convergent with didelphids);

314 (1). Proximal dimensions of tibia, subequal mesdi-
olaterally than anteroposteriorly (convergent with
dasyuromorphs);

325 (1). Astragalus, visibility of medial plantar tuberosity

of the astragalus in dorsal view, visible [convergent
with Marsupialia, (Callistoe, Paraborhyaena), and
Eodelphis);

Ventral curvature of the tuber calcis, absent (con-
vergent with Sipalocyon, and Marsupialia);

350 (1).

357 (1). Proximal ends of metatarsal IT and III, Mt IT extends
more proximally than Mt III (convergent with
dasyuromorphs);

363 (1). Ungual phalange, cleft [convergent with (Borhyaena,
Arctodictis)].

Five ambiguous synapomorphies (Deltran, slow) may also

support Pucadelphyidae (Deltran, slow)

43 (1).  Stylar cusp C present [convergent with (herpeto-
theriids, Marsupialia), and Alphadon- Turgidodon-
Protalphadon];

47 (1).  Shape of paracone and metacone, triangular (flat
labial face) [convergent with (herpetotheriids, Mar-
supialia)];

50 (1).  Centrocrista V-shaped [convergent with (herpeto-
theriids, Marsupialia)];

95 (0). Entoconid conical (convergent with Dromiciops,
and Amphiperatherium-Peratherium);

210 (1). Deep groove for internal carotid artery excavated

in medial side of promontorium apex ventrally:
absent [convergent with (GTS, sparassodonts)].

DISCUSSION ON THE FIRST SET OF ANALYSES

The close relationships of deltatheroidans with sparassodonts,
retrieved in this analysis (Fig. 49B, analysis with implied
weighting), is not a true novelty, since Marshall & Kielan-
Jaworowska (1992) proposed a phylogeny of metatherians,
in which the deltatheroidans are the sister-group to all the
other metatherians (i.e. the clade “c” on their figure 4 group-
ing Borhyaenoidea, Stagodontidae, and other Marsupialia).
This result is similar to that of Wilson ez a/. (2016: fig. 3), in
which the clade grouping deltatheroidans and Pappotherium
is the sister-group of the Marsupialiaformes, the latter corre-
sponding to the clade “f” of Marshall & Kielan-Jaworowska
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(1992: fig. 4). Given the taxa taken into account by Marshall &
Kielan-Jaworowska (1992), their hand-generated tree is almost
identical to that of Wilson ez 2/ (2016) retrieved with TNT.

However, the result retrieved here (Fig. 49B) differs from
all other hypotheses in placing the deltatheroidans as a sister-
group of a GTS + Sparassodonta clade. This new position of
the deltatheroidans has been induced by the inclusion of new
taxa in the original matrix of Muizon e# a/. (2018) such as
Iraboraidelphys and several taxa of Asiatic and North American
deltatheroidans. In contrast, the addition of the Operational
Taxonomic Unit (OTU), Alphadon- Turgidodon-Protalphadon
and Pediomys likely had little effect on the topology of our
strict consensus tree. The difference between our tree and that
of Wilson et al. (2016) probably results from our character
list, which, following Forasiepi ez al. (2015), is “sparassodont
oriented” (with 17 sparassodont taxa and characters more
representative of the order), whereas Wilson ez a/. (2016),
following Rougier ¢z al. (2015), treated the order as a single
OTU, “borhyaenids”. This choice probably created a bias in
their analysis at the level of the relationships of various taxa
or clades close to the sparassodonts. Be that as it may, the
close relationships of deltatheroidans (retrieved by Wilson
et al. 2016) with a clade placing the GTS as a sister group
of the sparassodonts and Pucadelphyidae — i.e. their clade
(GTS (borhyaenoids (Mayulestes (Jaskhadelphys (Andinodelphys
Pucadelphys))))) — is not so far from an alternative grouping
in which deltatheroidans would be included in the Puca-
delphyda, as it is the case in our analysis (see above p. 686).
In other words, the group including deltatheroidans and
GTS + pucadelphydans retrieved by Wilson ez al. (2016) is
only paraphyletic, not polyphyletic and given the numerous
biases (character definition, scoring, missing data, functional
complexes and associated characters, homoplasies...) of phy-
logenetic analyses, in some cases, one single modification in
character scoring or addition of a new character may induce
displacement of loss of one node, a modification which may
turn paraphyly into monophyly.

The new position of the deltatheroidans, and the direct
sister-group relationship of the GTS (from the Late Creta-
ceous of Mongolia) and the South American sparassodonts
brings strong support to Forasiepi (2009)’s hypothesis that
sparassodonts may have their origin in the Late Cretaceous.
Furthermore, the Laurasian nature of the deltatheroidans (Asia
and North America) and GTS (Mongolia), implies that the
Pucadelphyidae and Sparassodonta appeared either in Asia or
in North America and migrated separately to South America.
Although perfectly possible, this alternative is clearly less par-
simonious than a single southward migration of a common
ancestor of the clade Pucadelphyidae + Sparassodonta ( =
Pucadelphyda) and a South American radiation of the Puca-
delphyda as proposed previously by Muizon ez 4. (2018). If
the palacobiogeographical scenario resulting from this analysis
is correct (although less parsimonious), then Pucadelphyi-
dae and Sparassodonta were very probably present in North
America at least during the Late Cretaceous. So far, none of
them have been recognized yet in this subcontinent. An intent
of identifying sparassodonts in North America has been pro-
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posed by Carneiro (2018), who described Varalphadon janetae
from the early Late Cretaceous of Utah and suggested that the
genus Varalphadon could be included in the order. However,
and unfortunately, because neither V. janetae, nor the other
species of Varalphadon (V. creber, V. wahweapensis) exhibit
any of the sparassodont dental features (the three species are
known by dental remains only), this hypothesis was regarded
as doubtful by Muizon ez al. (2018: 430). As discussed above,
our present analysis confirms this interpretation.

It is noteworthy, however, that deltatheroidans are present in
North America. Deltatheroides is possibly present in the Late
Cretaceous of Alberta (Fox 1974), and several taxa referred to
deltatheroidans have been recently recorded in North Amer-
ica, such as Atokatheridium, Oklatheridium, and Nanocuris
(Kielan-Jaworowska & Cifelli 2001; Fox et a/. 2007; Davis
et al. 2008; Wilson & Riedel 2010). They are represented
by fragmentary and scarce dental remains and have been
included in our data matrix in spite of their incompleteness.
However, they present characters shared by deltatheroidans
and sparassodonts such as the reduced metaconid, the labi-
ally expanded (strongly convex at mid-height) protoconid,
the para- and metaconid widely separated and not adjoined
at base, the paracone and metacone adjoined at base, and
the well-developed postmetacrista. Nevertheless, because of
the available material (teeth only), no cranial characters are
taken into account to support their inclusion within the del-
tatheroidans or their non-inclusion within the sparassodonts.
Therefore, given the poor data available for these taxa, it is
perfectly conceivable that, if some more complete specimens
were discovered (especially including some cranial remains),
they may very well prove to be referable to sparassodonts
rather than deltatheroidans. In the case of Nanocuris, the
reduction of the last lower molar (Wilson & Riedel 2010: fig.
2) is shared with deltatheroidans but not with sparassodonts,
which would preclude this taxon from being included in
sparassodonts, but Atokatheridium and Oklatheridinm, which
feature dental characters shared by deltatheroidans and sparas-
sodonts are potential candidate for being regarded as North
American early derived sparassodonts. As a matter of fact,
the basal position of these two genera in the deltatheroidan
clade of our tree, could be an indication that they may not be
so distant from the sparassodonts. The position of the GTS,
placed between deltatheroidans and sparassodonts, is also
significant. This remarkably preserved skull is probably one
of the best-preserved therian skull ever discovered in the Late
Cretaceous and, even though, still remains to be thoroughly
described. Therefore, a better knowledge of the anatomy of
this specimen may either confirm its sister-group relationship
with the sparassodonts or may result in a capture of its branch
by the deltatheroidans. In this context, we are reluctant to
take a formal decision on the taxonomic position of the GTS
although its upper molars morphology certainly better fits
that of sparassodonts than that of deltatheroidans. Neverthe-
less, it is noteworthy that the sister group relationship of the
GTS with stagodontids retrieved in the strict consensus tree
(although poorly supported here) is that recovered by Rougier
et al. (1998 and 2004).
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The search for Pucadelphyidae (or pucadelphyid relatives)
in North America is not simple, but a potential candidate
exists in the Campanian genus Aenigmadelphys. A. archeri
is known by isolated upper (M1, M2, M3, and M4) and
lower (m3 and m4) molars from the Kaiparowits Formation
of Utah (Cifelli & Johanson 1994). Although it exhibits
more primitive dental features than the Tiupampa Pucadel-
phyidae, Aenigmadelphys matches relatively well a possible
pucadelphyid ancestral morphotype. It is clearly smaller
than Pucadelphys and Andinodelphys but approaches the
size (although still slightly smaller) of Mizquedelphys. In
general shape, the teeth of Aenigmadelphys are more gracile
than the robust teeth of Pucadelphys and Andinodelphys,
but approach the slenderness of those of Mizquedelphys.
The upper molars differ from pucadelphyids in having a
paracone larger than the metacone (it is smaller in pucadel-
phyids), a mesiodistally shorter protocone, and a slightly
deeper ectoflexus. The upper molars resemble each other
in the stylar cusp C absent or small (although more devel-
oped in pucadelphyids) and the generally well-developed
stylar cusps B and D, the former being always larger than
the latter. They also resemble each other in their slightly
V-shaped centrocrista (a feature slightly more pronounced,
however, in pucadelphyids) and in the lingually placed
conules (i.e. in occlusal, view placed closer to the apex of
the protocone than to those of the paracone and metacone).
On the lower molars (referred specimens OMNH 20531,
20612, Cifelli 1990: fig. 2H-M, see Kielan-Jaworowska ez 4.
2004: 454L), the major difference between Aenigmadelphys
and pucadelphyids is the smaller size difference between the
paraconid and the metaconid, in the former than in than in
the laceer (i.e. the paraconid is much smaller relative to the
metaconid in pucadelphyids than in Aenigmadelphys). This
possible relationship will be analized in a work in progress
by the authors on the partial skull of Incadelphys MHNC
13906) mentioned above.

RESULTS OF SECOND SET OF ANALYSES

EXCLUDING DENTAL CHARACTERS

As mentioned above, because several clades considered in
this study include highly carnivorous taxa (sparassodont,
stagodontids, deltatheroidans, and dasyuroids) it is possi-
ble that the results of our analyses with all characters may
be partly forced by the dental characters related to this
ecology, which are well known to be highly homoplastic
(e.g., Muizon & Lange-Badré 1997; Ladeveze ez al. 2011;
Sansom et al. 2017; Solé & Ladevéze 2017). For instance,
some of the synapomorphies shared by deltatheroidans,
GTS, and sparassodonts are actually dental convergences
with stagodontids. These are linked to carnivorous adapta-
tions: metaconid lower than paraconid [84 (2)], metaconid
smaller in volume than paraconid [85 (2)]. Likewise, the
GTS shares dental features with sparassodonts, which are
convergences with stagodontids: postmetacrista distinctly
longer than preparacrista [38 (1)], ultimate lower molar
larger in height and/or length than penultimate molar

(64 (1)], trigonid longer than talonid [72 (1)].
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Furthermore, studies of Sansom ez /. (2017: 819) have
shown that “dental morphology is found to convey a phylo-
genetic signal that is different to that derived from osteology
and is comparatively less consistent with molecular data”.
These authors concluded that dental data alone are generally
found to be less likely to reconstruct phylogenetic relation-
ships accurately given their incongruence with osteological
and molecular characters.

In our present case, we suspect that dental characters
conveyed a misleading phylogenetical signal in our first set
of analyses (combining dental and osteological characters).
It is however difficult to securely evaluate all those that are
clearly related to hypercarnivory, because dental characters
are diverse and many of them probably interrelated. There-
fore, in a second set of analyses, we decided, in a first step,
to remove all our dental characters (1-102), retaining only
the dentary, cranial, and postcranial characters, and thus not
following recommendation by Sansom ez al. (2017: 819)
(but see below our third set of analyses). Consequently, we
also had to remove all the taxa known by teeth only or teeth
with incomplete dentaries (i.e. Kokopellia, Deltatheroides,
Arokatheridium, Oklatheridium, Nanocuris, “Alphadon-
Turgidodon-Protalphadon”, Varalphadon, and Patene).

A heuristic analysis of the 262 remaining characters and
the 37 ingroup taxa resulted in 2181 equally parsimoni-
ous trees with the following indices: L = 999, CI = 0.331,
RI = 0.645 and a strict consensus tree (Fig. 50A) with the
following indices: L = 1131, CI = 0.293, RI = 0.575. This
tree is poorly resolved, but two major clades are preserved,
the sparassodonts and the clade (Amphiperatherium-Per-
atherium (Herpetotherium, Marsupialia)). These two clades
have unresolved relationships with the other ingroup taxa.

In order to obtained a better resolution of our tree we
performed another analysis with downweighted homoplas-
tic characters (Goloboff k = 3). The consensus tree (CI =
0.331, RI = 0.644) of the nine equally parsimonious trees
obtained is provided in Fig. 50B. The clade Pucadelphyda
sensu Muizon et al. (2018) is retrieved, and Deltatheridium
and Asiatherium are basal within Metatheria. The stagodon-
tids (Didelphodon + Eodelphis) are sister group of Pediomys,
and this clade is part of a larger clade including the marsu-
pials, Mimoperadectes, Amphiperatherium-Peratherium, and
Herpetotherium. Interesting novelty (as compared to the
first analyses) is the presence of the GTS as a sister group
of the Pucadelphyda (not of the sparassodonts as in the first
analysis of Fig. 49B). A clade comprising Lotheridium and
Sulestes is separate from Deltatheridium (i.e. not included
in deltatheroidans) and is the sister group of the GTS +
Pucadelphyda clade. However, we suspect that the polyphyly
of deltatheroidans, retrieved in this analysis, could be an
artefact because most of the deltatheroidan synapomorphies
are dental, and therefore not taken into account here. As
in the previous analyses with the complete character set,
Itaboraidelphys is included in Pucadelphyidae, although
its relationships with Andinodelphys and Pucadelphys are
unresolved. Hathliacynidae is monophyletic, whereas it was
paraphyletic in the previous analyses with all characters.
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In spite of the splitting of deltatheroidans (probably an
artefact), which represents a small incongruence with most
carlier phylogenies, this analysis sheds light on the results of
the first analyses. The position of Stagodontidae retrieved in
the second analyses (Fig. 50A, B) indicates that its position in
the consensus of the first set of analyses (Fig. 49A), as a sister
group (with the GTS) of the sparassodonts, was controlled
by dental (molar) characters (38, 46, 54, 55, 64, 72) prob-
ably (or possibly) related to hypercarnivory, which are well
known to be highly homoplastic. Similarly, deltatheroidans
(Deltatheridium on the one hand and Lotheridium-Sulestes
on the other) and the GTS, which are now successive sister
groups of Pucadelphyda were, in the first set of analyses,
retrieved placed between the Pucadelphyidae and Sparas-
sodonta (thus splitting Pucadelphyda sensu Muizon ez al.
2018) (Fig. 49A). This topology was also induced by dental
(molar) characters (33, 39, 47, 48, 50, 57, 70, 71, 80, 84,
85, 95, 97), which are also probably or possibly related to
hypercarnivory. Here (Fig. 50B), the position of the stago-
dontids and that of the GTS and deltatheroidans are sup-
ported by cranial, dentary, and postcranial characters only.
It is noteworthy that the branching of the GTS, as the sister
group of Pucadelphyda, is congruent with that retrieved by
Wilson ez al. (2016).

Below we provide the unambiguous synapomorphies of the
following clades resulting from the second analysis (without
dental characters, implied weighting, Fig. 50B): 1) GTS +
Pucadelphyda, and 2) Pucadelphyda (as retrieved in this sec-
ond analysis), We also provide the ambiguous synapomorphies
with both Acctran and Deltran optimisations. The strict syna-
pomorphies are in bold. Only the unambiguous synapomor-
phies are fully detailed. For the ambiguous synapomorphies
we only indicate the subsequent reversals and convergences.

Unambiguous synapomorphies supporting the GTS +

Pucadelphyda clade:

210 (1). Deep groove for internal carotid artery excavated
in medial side of promontorium apex ventrally:
present.

Three ambiguous synapomorphies (Acctran, fast)

also support the GTS + Pucadelphyda clade

104 (2). Ventral margin of the dentary behind last molar
continuous to condyle, straight;

148 (0). Anterior medial and lateral palatal processes of the

maxilla approximately of the same size (reversal in

sparassodonts);

Sagittal crest extending to frontals [reversal in

pucadelphyids; convergent with (Pediomys, stago-

dontids), and Didelphis).

170 (0).

One ambiguous synapomorphy (Deltran, slow) also supports

the GTS + Pucadelphyda clade:

135 (0). Naso-frontal suture, acute W- or V-shaped [reversal
in sparassodonts without Allgokirus and Mayulestes;
convergent with ((Pediomys, stagodontids), (herpe-
totheriids, Marsupialia))].
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Unambiguous synapomorphies supporting Pucadelphyda:

120 (1). Length of the rostrum between %5 and V2 total length
of the skull [reversal in borhyaenoids but reversed
back in Lycospis and (Callistoe (Paraborhyaena,
Thylacosmilus)); convergent with (herpetotheriids,
Marsupialia)];

Suprameatal foramen at the same level or above
postzygomatic crest [reversal in sparassodonts with-
out Allgokirus and Mayulestes, but reverse in Cal-
listoe; convergent with didelphids, and (Dasyurus,
Thylacinus));

Tympanic process of the alisphenoid, absent [reversal
in (Hondadelphys (Sallacyon (Notogale, Sipalocton,
Cladosictis)))];

Secondary foramen ovale totally enclosed in the
alisphenoid, absent [reversal in sparassodonts with-
out Allgokirus and Mayulestes, but reversed back in
((Borhyaena, Arctodictis), (Australohyaena (Callistoe
(Paraborhyaena, Thylacosmilus)))); convergent with
Monodelphis, Dromiciops, and Dasyurus];

Tensor tympani fossa distinct elongated at ante-
rolateral edge of promontorium (convergent with

Thylacinus).

178 (2).

182 (0).

193 (0).

214 (1).

No ambiguous synapomorphy (Acctran, fast) supports
Pucadelphyda but fifieen ambiguous synapomorphies

(Deltran, slow) may also support Pucadelphyda:

104 (2). Ventral margin of the dentary behind last molar
continuous to condyle, straight [reversal in ((Borhy-
aena, Arctodictis), (Australohyaena (Callistoe (Parabo-
rhyaena, Thylacosmilus))))];

Size of foramen or groove in lateral edge of post-
palatine torus, present and small (less than half the
diameter of the minor palatine foramen or groove)
[convergent with ((Pediomys, stagodontids), (her-
petotheriids, Marsupialia))];

Posterior process of pterygoids, which covers the
alisphenoid-basisphenoid suture: present (conver-
gent with Zhylacinus);

Size of jugular foramen relative to fenestra coch-
leae: at least three times larger (convergent with
Herpetotherium, Didelphis, and dasyuromorphs);
Shape of the cranial facets of atlas: dorsal third of
the facet much more concave than the ventral two
thirds and strongly inflected medially [reversal in
(Borhyaena, Arctodictis), Prothylacinus; convergent
with didelphids and (Dasyurus, Thylacinus)];
Foramen on dorsal arch of last lumbar vertebra,
present [reversal in Arctodictis; convergent with
(Dasyurus, Thylacinus)];

Ventral median keel on anterior lumbar vertebrae,
present (reversal in Prothylacinus; convergent with
Metachirus, Dromiciops, Thylacinus);
Infraspinous/supraspinous fossa width at the level
of the neck: supraspinous fossa narrower reversal
in Sipalocyon, Arcrodictis, Callistoe; convergent with
Dromiciops);

155 (1).

161 (0).

198 (1).

248 (1).

260 (1).

262 (1).

272 (1).
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282 (1). Extension of the deltoid crest: reaches distal half
of the humerus (convergent with didelphids);

287 (1). Lateral extension of capitulum, present: straight
with a flat shelf and/or a salient crest [convergent
with (Didelphis, Metachirus) and Thylacinusl;

303 (2). Iliac and gluteus fossae: gluteus fossa larger;

331 (1). Astragalus: dorso-distal tuber of the head, present;

353 (0). Spatial relationship between navicular and entocu-
neiform: entocuneiform distal to navicular (con-
vergent with dasyuromorphs);

360 (1). Mzt III thickness relative to that of Mt I: Mt III

thinner than Mt I (convergent with dasyuromor-
phians).

DISCUSSION ON THE SECOND SET OF ANALYSES

The present topology resulting from the analysis of dentary,
cranial and postcranial characters only (Fig. 50B) sustains
monophyly of the South American metatherian carnivorous
radiation (Pucadelphyda) suggested by Muizon ez a/. (2018)
and concur with the close relationships of the Pucadelphyda
with the GTS retrieved by Wilson ez al. (2016). Given the
great overall similarity existing between the Tiupampa puca-
delphyids and mayulestids, this hypothesis appears more
likely than the surprising result obtained with the full set of
characters (Fig. 49B). It suggests that the pucadelphydans
may have had their origin in a GTS-like or Lotheridium-like
metatherian ancestral group in the Late Cretaceous of Asia
and/or North America (although as yet unknown in North
America) with no close relationships with Deltatheridium (as
well as, possibly, Deltatheroides). In contrast to the analysis
with the whole set of characters, this analysis is, therefore,
biogeographically more parsimonious, since a single southward
migration of an ancestral pucadelphydan is possible with a
local radiation in South America.

RESULTS OF THE THIRD ANALYSES EXCLUDING

SOME DENTAL CHARACTERS

The second set of analyses has resolved some surprising results
found in the first set of analyses but supported polyphyly of
Deltatheroida, which contradicts all previous studies (e.g.
Rougier ez al. 1998, 2004, 2015; Luo ez al. 2003; Williamson
etal 2014; Bi et al. 2015; Wilson ez al. 2016). As mentioned
above, this result is a probable artefact related to the lack of
dental characters, considering that deltatheroidans are essen-
tially defined by dental characters (see above).

Therefore, in order to minimize the impact of a drastic
exclusion of all the dental characters, we have performed a
third set of analyses excluding only the dental characters men-
tioned above (p. 695) that support the close relationships of
stagodontids, deltatheroidans and sparassodonts and which
are possibly or probably related to hypercarnivory. Because
dental carnivorous adaptations of metatherians are generally
focused on molars, we excluded only the 19 molars charac-
ters supporting these close relationships (i.e. 33, 38, 39, 46,
47, 48, 50, 54, 55, 57, 64, 70, 71, 72, 80, 84, 85, 95, 97).
As in the second set of analyses, we have excluded the taxa
(or OTU) represented solely (or essentially solely) by dental
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remains, i.e. Atokatheridium, Oklatheridium, Deltatheroides,
Nanocuris, Kokopellia, Varalphadon, and Alphadon- Turgidodon-
Protalphadon. However, we have retained Patene, which is
known, besides teeth, by a complete dentary (2 coloradensis).
A heuristic analysis of the 345 remaining characters and the
38 ingroup taxa resulted in 12 equally parsimonious trees with
the following indices: L = 1436, CI = 0.316, RI = 0.649 and
a strict consensus tree (Fig. 51A) with the following indices:
L = 1525, CI = 0.298, RI = 0.618. This tree is still poorly
resolved but retains the clades (Amphiperatherium-Peratherium
(Herpetotherium, Marsupialia)) and Sparassodonta. Further-
more, deltatheroidans are monophyletic.

The analysis with downweighted homoplastic characters
(Goloboff 'k = 3) resulted in one single tree (CI = 0.315, RI
= 0.647), in which the pucadelphydans are monophyletic
(Fig. 51B). In this hypothesis, deltatheroidans are placed in a
paraphyletic stem assemblage of the clade Metatheria. Lother-
idium is sister group to a clade that comprises Pucadelphyda
(sensu Muizon e al. 2018) and a clade including Marsupialia
and their stem fossil relatives. In the latter, peradectids are
sister group of a clade including stagodontids and (Pediomys,
Asiatherium). This clade is the sister group of (herpetotheriids,
Marsupialia), this assemblage being closely related to the GTS.
The main differences with the preceding analysis are the basal
position of the deltatheroidans (even if paraphyletic) and the
position of the GTS, sister group of a clade of Laurasiatian
taxa, with no close relationships with the South American
clade Pucadelphyda.

Below we provide the unambiguous synapomorphies of
the following clade Pucadelphyda resulting from the implied
weighting analysis (Fig. 51B). We also provide the ambiguous
synapomorphies with accelerated (Acctran) and delayed (Del-
tran) optimisations. The strict synapomorphies are in bold.
Only the unambiguous synapomorphies are fully detailed.
For the ambiguous synapomorphies we only indicate the
subsequent reversals and convergences.

Unambiguous synapomorphies supporting the Pucadelphyda in
this analysis:

104 (2). Ventral margin of the dentary behind last molar
continuous to condyle, straight [reversal in borhy-
aenoids excluding Lycopsis; convergent with Didel-
phodon and Australidelphial;

Length of the rostrum between %5 and ¥ total length
of the skull [reversal in borhyaenoids excluding
Lycopsis, but then reversed back in (Thylacosmi-
lus (Callistoe, Paraborhyaena)); convergent with
(herpetotheriids, Marsupialia)];

Posterior process of pterygoids, which covers the
alisphenoid-basisphenoid suture: present (conver-
gent with Thylacinus);

Size of jugular foramen relative to fenestra cochleae:
at least three times larger (convergent with Herpe-
totherium, Didelphis, and dasyuromorphs);
Tensor tympani fossa distinct elongated at antero-
lateral edge of promontorium ((convergent with

Thylacinus and didelphids);

120 (1).

161 (0).

198 (1).

214 (1).
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260 (1). Foramen on dorsal arch of last lumbar vertebra,
present [reversal in (Callistoe, Paraborhyaena);
convergent with dasyuromorphs];

Ventral median keel on anterior lumbar vertebrae,
present (reversal in Prothylacinus; convergent with
Metachirus, Dromiciops, and Thylacinus);
Supraspinous fossa narrower than infraspinatus fossa
at the level of the scapular neck [reversal in Sipalo-
cyon and ((Borhyaena, Arctodictis), (Australohy-
aena (Thylacosmilus (Callistoe, Paraborhyaena))));
convergent with Dromiciops];

Extension of the deltoid crest: reaches distal half
of the humerus (convergent with didelphids);
Lateral extension of capitulum, present: straight
with a flat shelf and/or a salient crest [convergent
with (Didelphis, Metachirus) and Thylacinus];
Iliac and gluteal fossae: gluteal fossa larger (conver-
gent with Metachirus and dasyuromorphians);
Astragalus: dorso-distal tuber of the head, present;
Spatial relationship between navicular and entocu-
neiform: entocuneiform distal to navicular (con-
vergent with dasyuromorphs);

Mt II1 thickness relative to that of Mt I: Mt II1 thin-
ner than Mt I (convergent with dasyuromorphs).

262 (1).

272 (1).

282 (1).

287 (1).

303 (2).

331 (1).
353 (0).

360 (1).

Ten ambiguous synapomorphies (Acctran, fast)

may also support the Pucadelphyda in this analysis:

1(0).  Number of upper incisors, five [reversal in Sparas-
sodonta excluding Mayulestidae; convergent with
(herpetotheriids, Marsupialia)];

I1s roots diverging dorsally [reversal in Sparas-
sodonta excluding Mayulestidae; convergent with
(herpetotheriids, Marsupialia)];

Posterior palatine spine, absent and posterior edge
of the palate straight [reversal in Mayulestidae;
convergent with (herpetotheriids, Marsupialia)];
Morphology of the postpalatine torus foramen,
wide-open groove (the section is approximately
half a circle or less) (reversal in Andinodelphys;
convergent with dasyuromorphs);

Suprameatal foramen, below postzygomatic crest
[reversal in Sparassodonta excluding Mayulestidae;
convergent with didelphids and (Dasyurus, Thyl-
acinus)];

Distal end of deltoid crest, forming a distinct angle
or process [reversal in Sparassodonta excluding May-
ulestidae; convergent with Dromiciops, Dasyurus,
and (Didelphis, Metachirus)];

Tibia shape, straight (reversal in Mayulestidae;
convergent with Thylacinus);

Astragalus: dorso-distal tuber of the head, present;
Entocuneiform distal to navicular (convergent with
dasyuromorphs);

Navicular facet of ectocuneiform parallel to the
distal metatarsal facet [reversal in ((Borhyaena,
Arcrodictis), (Australohyaena (Thylacosmilus (Cal-
listoe, Paraborhyaena))))];

3 (1).

154 (1).

156 (1).

178 (1).

283 (1).

315 (1).

331 (1).
353 (0).

354 (1).
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Four ambiguous synapomorphies (Deltran, slow)

may also support Pucadelphyda in this analysis:

155 (1). Size of foramen or groove in lateral edge of post-
palatine torus, present and small (less than half the
diameter of the minor palatine foramen or groove)
[convergent with ((peradectids (((Asiatherium,
Pediomys), stagodontids)), (herpetotheriids, Mar-
supialia)))];

210 (1). Deep groove for internal carotid artery excavated
in medial side of promontorium apex ventrally,
present (convergent with GTS)

248 (1). Shape of the cranial facets of atlas: dorsal third of

the facet much more concave than the ventral two
thirds and strongly inflected medially [reversal in
Prothylacinus, and (Borhyaena, Arctodictis); conver-
gent with didelphids and (Thylacinus, Dasyurus)];

300 (1). Tuberosity for the rectus femoris muscle, protuber-
ance (convergent with dasyuromorphs);

DISCUSSION ON THE THIRD SET OF ANALYSES

The result of the third set of analyses (implied weighting
analysis — Figs 51B; 52) is favoured here. They concord
with those of Rangel ez 2/. (2019) as far as the Tiupampian
taxa are concerned. Andinodelphys and Pucadelphys are sister
taxa and both are included in a clade (Pucadelphyidae)
that is sister to Sparassodonta. Mayulestes and Allgokirus
are the earliest known sparassodonts. The relationships
within the sparassodonts retrieved by Rangel ez al. (2019)
is very similar to those of Muizon ez 2/. (2018) and to
those obtained in this paper. Several minor discrepancies
still remain however. The Itaboraian genus ltaboraidelphys
is included by Rangel ez a/. (2019) in Notometatheria,
as the sister taxon of Didelphopsis, both taxa forming
the sister group of Herpetotheriidae. Our analyses place
Itaboraidelphys within Pucadelphyidae as the sister taxon
to the clade (Andinodelphys, Pucadelphys). In fact, this
difference is obviously related to our hypothesis to refer
the two Type II Itaborai petrosals to Jraboraidelphys (fol-
lowing Muizon er al. [2018]), what Rangel ez a/. (2019)
did not. Another difference is in the non-recognition of
the taxon Mayulestidae sezsu Muizon ez al. (2018) that is
including Allgokirus, Mayulestes, and Patene. However, it
is noteworthy that Rangel ez a/. (2019) retrieved a para-
phyletic Mayulestidae, which, in our point of view, is not
drastically different from a monophyletic family. In fact,
given the elevated number of dental characters of their
data matrix and the total absence of cranial characters for
Patene, it is possible that, if relevant cranial remains of
Patene (or a closely related taxon) are discovered, given the
phylogenetic closeness of the three genera, they could very
well provide essential data in favour of a monophyletic
Mayulestidae sensu Muizon et al. (2018). Furthermore,
surprisingly, Rangel ez al. (2019) restricted the family
Mayulestidae to the genus Mayulestes, instead of retaining
a paraphyletic “Mayulestidae” including the three genera
as defined by Muizon ez /. (2018), whereas they retained
a paraphyletic family “Hathliacynidae” (represented in
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their matrix by the genera Sipalocyon, Notogale, Acyon, and
Cladosictis). Because Hathliacynus is a junior synonym of
Cladosictis (Marshall 1981), following the treatment of
the Mayulestidae by Rangel ez /. (2019) and according to
their result, the family Hathlyacynidae should be restricted
to the clade (Acyon, Cladosictis), which they retrieved in
their fig. 12. Be that as it may, it is noteworthy that the
paraphyly of “Hathliacynidae” is another similarity of our
analysis to that of Rangel ez a/. (2019).

The superorder Pucadelphyda was erected by Muizon
et al. (2018) to include Pucadelphyidae and Sparassodonta,
but it is noteworthy that the only non-sparassodont taxa
they included in the superorder are Pucadelphys and Andi-
nodelphys. The analysis performed by Rangel ez al. (2019)
also included in the Pucadelphyda a clade comprising two
other Tiupampian taxa (Jaskhadelphys and Szalinia) as
well as Minusculodelphys (from Itaborai) and Kiruwamaq
(from Santa Rosa, Peru). Jaskhadelphys and Szalinia, which
were not included in Muizon et /. (2018)’s analysis,
since it was essentially focussed on sparassodonts, will
be considered in a work in progress by the authors on a
skull of Mizquedelphys and a partial skull of Incadelphys.
Furthermore, Rangel er al. (2019: 286) also included in
the Pucadelphyda, the Tiupampian genera Mizquedelphys,
Tiulordia, and Incadelphys (not included in their analy-
sis). Muizon ez al. (2018) have included Mizquedelphys
in Pucadelphyidae, and, therefore, in Pucadelphyda; 77u-
lordia and Incadelphys were regarded by these authors as
“‘Ameridelphia” incertae sedis together with jaskhadelphys
and Szalinia. Pending further discoveries and studies based
on osteological remains (and/or more complete dental
remains), we can provisionally accept the hypothesis of
Rangel ez al. (2019) to include these four genera within
the Pucadelphyda. It is noteworthy, however, that the
consensus tree of Rangel ez a/. (2019: fig. 12) indicates a
Bremer value of 3 for the clade (Pucadelphyidae, Sparas-
sodonta), whereas it is only of 1 for their Pucadelphyda.
This means that their clade Pucadelphyda ((Szalinia,
Jaskhadelphydae), (Pucadelphyidae, Sparassodonta)) is not
strongly supported and, because Jaskhadelphys minutus,
the only known jaskhadelphyid species is very incom-
pletely known, (two upper molars only), the discovery of
some new character or better preserved specimens, could
easily significantly modify their topology concerning
the (Szalinia, Jaskhadelphyidae) clade. To conclude, we
consider, nevertheless, that the decision of Rangel ez al.
(2019) to include in the Pucadelphyda nine out of the
twelve metatherian genera recorded at Tiupampa as well
as Kiruwamaq (one single isolated 2M3) and Minusculo-
delphis (dental remains only) is to be taken with caution
concerning the taxa represented by dental remains only
(or almost exclusively).

Another interesting concordant result with Rangel ez /.
(2019), obtained in our first set of analyses (analysis with
all characters and implied weighting Fig. 49B), is the posi-
tion of Varalphadon, which, as evidenced by Muizon ez al.
(2018), has no close relationships with the Sparassodonta.
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CONCLUSIONS

Two hypotheses are here advanced as regard to the palacobio-
geographic history of the Sparassodonta. In a first scenario,
based on a complete set of morphological characters, sparas-
sodonts probably originated outside South America and not
as an endemic carnivorous radiation including pucadelphy-
ids and sparassodonts, as suggested by Muizon et a/. (2018).
In this hypothesis (resulting from the first set of analyses),
sparassodonts may have originated from basal taxa of the
still poorly known North American deltatheroidan radiation
(e.g. Atokatheridium or Oklatheridium), but are unlikely to
have been related to the Cenomanian North American genus
Varalphadon as shown by the result of this analysis (Fig. 49).

An alternate scenario, resulting from the second and third
sets of analyses, the former excluding all dental characters,
and the latter excluding selected dental characters possibly
or probably related to hypercarnivory, supported the mono-
phyly of Pucadelphyda (Pucadelphyidae and Sparassodonta)
and therefore advocates for a common biogeographic and
phylogenetic origin of the two pucadelphydan clades. If an
independent southward migration of pucadelphyids and
sparassodonts is required by the first analysis (which renders
the evolutionary history of the Pucadelphyda more complex
buc still quite possible) it is unlikely, unnecessary, and more
parsimonious, as far as palacobiogeography is concerned, in
the case of the second and third ones.

This result also raises the problem of the North American
origin of the Pucadelphyda in the case of a single southward
dispersal of this clade. As discussed above (p. 694), great
dental similarities exist between pucadelphyids and the late
Campanian (Judithian) North American genus Aenigmadel-
phys. Striking similarities also exist between this latter taxon
and the Tiupampian Incadelphys, Jaskhadelphys, and Szalinia,
which would lend support to Rangel ez a/’s (2019) hypothesis
for their inclusion in the Pucadelphyda. Such a similarity is
especially true for Incadelphys and Mizquedelphys, for which
the teeth of the partial skulls mentioned in this study are so
similar to the teeth Aenigmadelphys that, if found in North
America, they could easily have been referred to a species of
this genus. Nevertheless, further study is needed to address
this problem in detail. Be that as it may, it is therefore pos-
sible that Aenigmadelphys could represent an ancestral North
American morphotype for the South American pucadelphy-
dan radiation.

Furthermore, as exposed by Goin ez al. (20106), the great
diversity of the Tiupampa mammalian fauna and its early
Palacocene age, as well as the absence of therians in the
diverse and slightly older Campanian fauna of Los Alamitos
(Argentina), strongly supports the independent southward
migration of several groups of metatherians and eutherians,
which already encompassed a radiation in North America
and further diversified or became extinct in South America
(e.g., Muizon & Cifelli 2000; Case ez a/. 2005, Muizon et al.
2015; Clemens 2017). As far as metatherians are concerned,
this hypothesis is well established in the case of the Polydolopi-
morphia which are present in the Late Cretaceous of North
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America. (Glasbius, [see Williamson ez al. 2012, 2014, who
placed Glasbius and Roberthoffstertteria in the same clade, but
see Wilson er al. 2016, who suggested instead convergent
dental evolution and Davis 2007, who included Glasbius in
the Pediomyoidea], Ectocentrocristus, and Hatchitherium [Case
et al. 2005]) and at Tiupampa (Roberthoffstetteria; Goin et al.
2003) as well as in the slightly older Grenier Farm locality
of Argentina (Cocatheriums; Goin et al. 2006). Furthermore,
Peradectia occur in the early Palaeocene (Puercan3) of North
America (Peradectes; Clemens 2006; Williamson ez /. 2012)
and, slightly later, at Tiupampa (Peradectes; Muizon 1992),
and, even later, in the early Eocene beds of Laguna Umayo,
Peru (Crochet 1980). Similarly, pantodonts and mioclaenids
are known in North America prior those found at Tiupampa
(Clemens 2017; Lofgren ez al. 2004). Therefore, most of the
mammal groups known at Tiupampa very likely dispersed
from North America during the latest Cretaceous or the
earliest Palacocene (Puercan). Finally, the Tiupampan micro-
biotherian Khasia (Muizon 1992) has been referred (on the
basis of dental remains only) to the North American Late
Cretaceous pediomyids (Woodburne ez a/. 2014a; Goin et 4.
2016; Carneiro ez al. 2018). Although we do not endorse this
interpretation (see above and Muizon ez 4/ in press), it may
simply reveal an indication of close relationships of the two
families as suggested by Muizon (1992) and probably advo-
cates for an origin of microbiotherians within pediomyids
(or pediomyoids). Because we consider that pediomyoids
are absent in South America (contra Carneiro et al. 2018;
see below, Appendix 1) and because microbiotherians are
unknown in North America, geographical origin of the lat-
ter (i.e. of australidelphians) could have taken place either in
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North or South America. Furthermore, stagodontids have
been tentatively identified at Itaborai with the referral of the
genus Eobrasilia to this family of North American carnivorous
metatherians by Carneiro & Oliveira (2017a). However, it
has also been suggested that the resemblance of the poorly
known genus Eobrasilia with North American stagodontids
may simply reflect convergent evolution of durophagous
craniodental features (Eldridge ez a/. 2019: 815).

As shown by Carneiro ef a/. (2018) and others (e.g., Case
et al. 2005; Forasiepi 2009; Goin et al. 2016; Carneiro &
Oliveira 2017a, b), the South American Palacocene therian
mammal fauna is not the result of a single radiation but
instead that of multiple southward migrations of elements of
North American lineages, which diversified or went extinct in
South America. This major dispersal event, the First American
Biotic Interchange or FABI (Goin ez al. 2012; Carneiro et al.
2018), likely occurred during the latest Cretaceous, probably
via the Aves Ridge, an island chain related to the volcanic
activity of the Caribbean and Central America (Pindell &
Kennan 2009). As stated by Goin ez al. (2012), at the end
of the Cretaceous, an intermittent land connection existed
between the Americas, which permitted faunal dispersal. In
the absence of a continuous land connection, the therian
dispersals between the Americas (so far only recorded from
North to South America) may have been possible through
“island hopping”. In any case, the strong regression and sea
level drop that characterises the Late Cretaceous likely permit-
ted multiple therian dispersal event. Nevertheless, although
some of them are now well established, understanding of
these events is still very poor and highly speculative because
of the scarcity of solid fossil record other than dental in the
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Late Cretaceous of North America and in the early Palacocene
of South America. Establishing phylogenetic affinities based
almost exclusively on dental remains (in some cases fragmen-
tary) is extremely questionable since dental characters have
been shown to be strongly homoplastic and subject to major
individual variation (e.g., Muizon & Lange-Badré 1997;
Ladeveze et al 2011; Sansom ez al. 2017; Solé & Ladevéze
2017). In fact, given the poorness of the fossil record, the
discovery of well-preserved therian cranial remains in the
Late Cretaceous of North America may drastically modify
(or corroborate) the current hypotheses on the evolutionary
histories of South American Palacogene metatherians and
eutherians. A similar major migratory event occurred much
later between the Americas in the late Cenozoic-early Pleis-
tocene (the GABI or Great American Biotic Interchange) and
was also characterised by multiple individual migrations of
different groups (Stehli & Webb 1985). However, study of
the GABI is much easier than in the case of the FABI since,
in the late Cenozoic, the fossil record is much better in terms
of abundance and completeness and, since the groups have
encompassed a long evolutionary history, they are therefore
more easily recognizable.
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ArPENDIX 1. — Comments on the affinities of Austropediomys marshalli from the early Eocene of Brazil.

Paula couto (1952b) described a mandible fragment (with
p2-m1) from the Palacocene (now regarded as early Eocene —
Woodburne e al. 2014a, b; Goin ez al. 2016; Carneiro et al.
2018; Rangel ez al. 2019) of Itaborai (Brazil), which he
referred to a new genus and species of Didelphidae, Mondel-
phopsis travassosi. Marshall (1987) referred to the holotype
of M. travassosi a partial mandible (with m1-4) and maxilla
(with M2-4) and referred the species to the Microbiotherii-
dae. Recently, Carneiro ez al. (2018) retrieved the maxilla
from the hypodigm of M. travassosi and referred it to a new
genus and species of Pediomyoidea, Austropediomys marshalli.
This interpretation could indicate that representatives of this
superfamily were present in South America and, therefore,
could have been present at Tiupampa and possibly gave rise
to Microbiotherians (likely closely related to Pediomyioidea)
in South America. However, the holotype of A. marshalli, (the
maxilla with M2-4) bears little similarities with pediomyoids
and we do not endorse the interpretation of Carneiro ez 4.
(2018). Austropediomys differs from pediomyoids in the eight
following characters: 1) paracone much smaller in high and
volume than metacone (sub-equal in pediomyoids — personal
observation); 2) labial edge of paracone distinctly less con-
vex than on metacone on M3 and flat on M2 and M4 with
labial edge of metacone convex (in pediomyoids paracone
is sub-conical with labial edge much more convex than on
metacone [Davis 2007]); 3) para- and metacingulum absent;
(always present in pediomyoids — personal observation); 4)
internal conular cristae lacking (always present in pediomy-
oids [Davis 2007]); 5) anterior stylar shelf sub-equal in width
to posterior on M3 and only slightly narrower on M2; (in
pediomyoids, anterior stylar shelf is absent [Davis 2007] or,
if present on M3 it is extremely narrow — personal observa-
tion); 6) stylar cusp B largest cusp of molars (generally absent
to small in pediomyoids; when present, it is smaller than St
C — personal observation); 7) stylar cusp D small (generally
large in pediomyoids — personal observation); 8) ectoflexus
relatively deep (as in Kokopellia and alphadontid species) on
M3-4 and symmetrical (anteroposteriorly) on M3; (generally
shallow to absent in pediomyoids [Davis 2007], although, in
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some cases, it can approach the condition of Austropediomys
[personal observation]).

Nevertheless, similarities exist between Austropediomys
and pediomyoids, as previously evidenced by Carneiro
et al. (2018). We have observed the five following features:
1) straight centrocrista (plesiomorphic condition); 2) basal
posterior projection of the protocone (a feature present in
several other groups of metatherians not closely related to
pediomyoids: e.g., pucadelphyids, herpetotheriids, didelphids,
dasyurids); 3) thickening of the protocristae (“conuloids” of
Carneiro ez al. 2018); however, this feature is variably present
in other taxa with crushing adaptation — but not all of them:
e.g., Dakotadens, Turgidodon (Carneiro er al. 2018). Note-
worthy, this feature shows notable intra- and interspecific
variation among pediomyoids and is even absent in some
species (e.g., Protolambda hatcheri); 4) preparacrista contacts
stylar cusp A (not stylar cusp B, which is the plesiomorphic
pattern): this feature is absent in the pediomyoids, Aquila-
delphis and Iqualadelphis (in which the preparacrista contact
StB [Davis 2007]), but present in pediomyids, which do not
have a stylar cusp B. As a matter of fact, this condition is also
present in microbiotheres, which are lacking a stylar cusp B
cither; furthermore, this character is present in other taxa
with a well-developed StB such as Albertatherium (Fox 1971,
1987); 5) angle between preparacrista and centrocrista of
M4 wide open (greater than 90° and close to 130°, personal
observation, see discussion above p. 675-678); however, it
is worth noting that this feature is present in many other
groups of metatherians especially, for example, in those
showing carnivorous adaptations (e.g., stagodontids and
sparassodonts). Therefore, we consider that Austropediomys
is not a pediomyoid and that this superfamily is absent
so far in South America. We however acknowledge that
microbiotheres bear strong similarities with pediomyids
(see above p. 703), which may indicate close phylogenetic
affinities (an assertion that should be tested with parsimony
analyses). Consequently, because microbiotheres have not
been recovered so far in North America their geographic
origin is unknown.
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APPENDIX 2. — Additional illustrations of the premolars and molars of the holotype of Mayulestes ferox. Figures 53 to 58.

Fic. 53. — Mayulestes ferox Holotype MHNC 1249. Stereophotos of the left upper premolars and molars in occulsal view. Scale bar: 5 mm.
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APPENDIX 2. — Continuation.

Fic. 54. — Mayulestes ferox Holotype MHNC 1249. Stereophotos of the right upper premolars and molars in occulsal view. Scale bar: 5 mm.
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APPENDIX 2. — Continuation.

Fic. 55. — Mayulestes ferox Holotype MHNC 1249. A, right upper premolars and molars in ventrolabial view; B, left upper premolars and molars in labial view.
Scale bar: 5 mm.
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APPENDIX 2. — Continuation.

FiG. 56. — Mayulestes ferox Holotype MHNC 1249. Stereophotos of the right lower premolars and molars in occulsal view. Scale bar: 5 mm.
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APPENDIX 2. — Continuation.

Fig. 57. — Mayulestes ferox Holotype MHNC 1249. Stereophotos of the left lower p3 and molars in occulsal view. Scale bar: 5 mm.
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APPENDIX 2. — Continuation.

Fic. 58. — Mayulestes ferox Holotype MHNC 1249. A, right lower molars in lingual view; B, right lower molars in labial view; C, left p3 and lower molars in lingual
view; D, left p3 and lower molars in labial view. Scale bar: 5 mm.
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APPENDIX 3. — CHARACTER LIST: This character list is that of Muizon et al. (2018) indicating the changes in some scorings and characters definitions as compared
to the earlier version of this matrix provided by those authors. The data matrix and character list of Muizon et al. (2018: 439-455) has been established mainly
on the basis of that of Forasiepi et al. (2015) which was significantly modified with scoring changes and modification and addition of characters. Therefore, this
character list is significantly different from that of Forasiepi et al. (2015) that was used as a starting point. When a character is identical to that of Forasiepi et al.
(2015), it bears the number of Forasiepi et al.’s list as follows: (FO00). When the character states have been modified or when some rewording has been neces-
sary, it is indicated as follows: (FO00, modified). We refer to Forasiepi et al. (2015) and to Forasiepi (2009) for the credit on the original mention of these characters.
Scoring changes (from Forasiepi et al. 2015) mentioned in Muizon et al. (2018) are not reproduced here.

Dental characters 1 to 102

Mandibular characters 103 to118

Cranial characters: 119 to 242

Post-cranial characters: 243 to 364

Dental characters

1. Number of upper incisors (F108): five (0); four (1);

three (2); two or less (3). Changes in scorings of Muizon
et al. (2018): Deltatheridium: ? > 1. Ordered.

Comment: in sparassodonts and dasyuromorphians with four
incisors, it is probable that the I5 has been lost (Forasiepi 2009;
Hershkovitz 1995). Sparassodonts with three upper incisors
probably also lost the 11 (see Forasiepi 2009: 149, 150 and ref-
erences therein for a discussion on the homologies of metatherian
upper incisors).

2. Size of extra-alveolar portion of root of I1 (F109, modi-
fied): longer than on others incisors and longer than
crown; (the length of the extra-alveolar root is greater
than that of the crown) (0); as long as on other incisors
and as long as crown (1).

Comment: This character corresponds in part to the character
Jormulated by several authors as “size (or shape) of first upper
incisor” (Muizon et al. 1997; Rougier et al. 1998; Wroe et al.

2000; Luo et al. 2003.). However, we consider that this formu-

lation is imprecise and often erroneous in stating that the 11 is

enlarged. In fact, in most cases the crown of I1 is not significantly
larger than that of the other incisors, but in some cases, it is only
slightly longer. The most characteristic feature is the length of
the extra-alveolar portion of the roor which is notably long. The
sparassodonts with three incisors are scored inapplicable because
the 11 is assumed to be missing (see character 1).

3. Implantation of the first upper incisors in anterior
view: incisors parallel (0); roots diverging dorsally (1).
4. Diastema between 11 and 12: Absent (0); Present (1).
5. Size of 14 vs I3 (F110): 14 subequal to smaller than I3
(0); 14 larger (1).
. Size of 13 vs 12: 13512 (0); I3=12 (1); 13<I12 (2). Ordered.
7. Size of I5 vs I4 (F111): I5 subequal to or larger than
I4 (0); I5 smaller than 14 (1); I5 lost (2). Ordered.
. Shape of upper incisors: peg-shaped (0); spatulate (1).
9. Upper incisor arcade (F112 modified): parabolic (0);
slightly convex anteriorly (1); transverse (2); not an
arcade, compressed transversely with incisors telescoped
(3). Ordered.
10. Number of lower incisors (F113): four (0); three (1);
less than three (2). Changes in scorings of Muizon ez al.
(2018): Deltatheridium, Deltatheroides: ? > 1. Ordered.

(=)}
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11. Staggered i3 (F114): absent (0); present (1). Changes
in scorings of Muizon ez al. (2018): Deltatheridium: ?
> 1.

12. Lower incisors procumbent: present (0); absent (1)

13. Lower canine procumbent: absent (0); present (1).

14. Shape of canines (F115): small: upper canine lower
than twice the height of P3, lower canine same height or
lower than apex of molars protoconid (0); large: upper
canine as high as or taller than twice the height of P3,
lower canine taller than apex of molars protoconid (1);
saber-like upper canines (2). Ordered.

15. Pulp cavity of canines (F116): closed in adults (0);
open in upper canines only (1); open in upper and
lower canines (2). Ordered.

16. Roots of canine (F117): smooth (0); corrugated (1).

17. Number of roots of upper canine: two (0); one (1)
(Rougier ez al. 1998).

18. Number of postcanine tooth family: eight or more
(0); seven or fewer (1) (Rougier ez /. 1998, modi-
fied). Changes in scorings of Muizon er al. (2018):
Deltatheroides: 2 > 1.

19. Number of premolars (F118): five (0); four (1); three
(2), two or fewer (3) (Rougier ef al. 1998). Changes
in scorings of Muizon ez al. (2018): Deltatheroides: ? >
2. .Ordered.

20. Orientation of first upper and lower premolars relative
to tooth row (F119, modified): parallel (0); oblique
(1); transverse (2). Changes in scorings of Muizon
et al. (2018): Eodelphis: 0 > 35 Pucadelphys: 0&1 > 0.
Ordered.

21. First upper premolar strongly asymmetrical in lateral
view: absent or weak (0); distinctly present (1). Changes
in scorings of Muizon et al. (2018): Deltatheridium: 0
> 1; Eodelphis: ? > 1.

Comment: in state (0), the apex of the tooth is roughly above the
space between the two roots, or the middle of the crown when the
tooth is single-rooted. In state (1), the apex of the tooth is above
the anterior root, or above anterior edge of the crown when the
tooth is single-rooted.

22. Diastema anterior to first upper premolar (F120):
absent (0); present (1). Changes in scorings of Muizon
et al. (2018): Delratheridium: 0 > 081; Eodelphis: ? >
0; Didelphis, Monodelphis, Metachirus: 1 > 0.

23. Diastema posterior to first upper premolar (F121):
absent (0); present (1). Changes in scorings of Muizon
et al. (2018): Eodelphis: 2 > 0;

24. Diastema posterior to first lower premolar (F122):
absent (0); present (1).
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ArPENDIX 3. — Continuation.

25. Shape of premolars (F123): transversely compressed
and uninflated (0); bulbous (1)

26. Ultimate premolar protocone: absent (0); small pos-
terolingual bulge or cusp (1); distinct protocone with
basin (2). Ordered.

27. Size of penultimate lower premolar (F125 modified):
smaller than ultimate premolar (0); subequal to ultimate
premolar (1); larger than ultimate premolar (2). Ordered.

28. Change in height of the lower premolars (F126): abrupt
change in size between antepenultimate premolar and
penultimate-ultimate premolar (0); abrupt change in
size between antepenultimate-penultimate premolar
and ultimate premolar (1).

29. Roots of lower premolars (F127): not inflated, as wide
as crown (0); bulbous on only one premolar (1); bulbous
on all premolars and some molars (2). Ordered.

30. Anterobasal cusp or cingulid on penultimate premolar
(F128 modified): absent (0); present (1). Changes in
scorings of Muizon et al. (2018): Deltatheroides: ? > 0;
Eodelphis 0 > 1.

31. Ultimate lower premolar symmetry of main cusp
(F129): absent: anterior edge of cusp more convex than
posterior edge (0); present: both edges similar in curva-
ture (1). Changes in scorings of Muizon et al. (2018):
Deltatheroides: ? > 0.

32. Timing of eruption of ultimate upper and lower premo-
lars relative to ultimate or penultimate upper and lower
molars (F130): ultimate upper and lower premolars with
penultimate or antepenultimate upper and lower molars
(0); ultimate upper and lower premolars with ultimate
upper and lower molars (1).

33. Size of molars (upper and lower) increases posteriorly
(F132): moderate (0); marked (1). Changes in scorings
of Muizon ez al. (2018): Mayulestes, Allgokirus, Patene,
Hondadelphys: 0 > 1.

Comment: concerning the upper molars, the ultimate molar is
not considered in the size increase. Furthermore, in the case of
deltatheroidans, the last lower molar is not considered either. The
changes in the scorings of the four sparassodont genera above is
Justified by the fact that their posterior molar increase is at the
least as pronounced as in deltatheroidans, which are scored 1.

34. Width (labiolingual) of ultimate relative to penultimate
upper molar (F133 modified): narrower (0); subequal or
wider (1). Changes in scorings of Muizon ez al. (2018):
Mayulestes: 1 > 0.

Comment: Contra Muizon et al. (2018) the M4 of Mayulestes
is in fact slightly narrower than the M3 and therefore this taxon
is scored O for this character.

35. Width of stylar shelf (on penultimate molar), (F151,
modified): uniform in width (0); slightly reduced labial
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to paracone (1); strongly reduced labial to paracone (2);
vestigial to absent (3); reduced labial to metacone (4).
Changes in scorings of Muizon et al. (2018): Deltather-
idium, Deltatheroides: 0 > 4. Ordered.

Comment: a fifth state has been added to this character to take
into account the condition in deltatheroidans, in which the stylar
shelf of penultimate molar is distinctly reduced labial to metacone.

36. Stylar shelf vs tooth width (on penultimate or antepe-
nultimate molar), (F151, modified): 50% of transverse
width or more (0); less than 50% of transverse width
(1).

37. Deep ectoflexus (F152, modified): present on one or
more teeth (0); absent on any tooth (1). See Ladeveze &
Muizon (2007 ch. 20) for comments on the definition
of this character as defined here vs. that of Rougier ez al.
(1998) and Forasiepi ez al. (2015).

Comment: the depth of the ectoflexus has been shown to be highly
variable for the same dental locus in some fossil and extant

metatherians (e.g., Pucadelphys andinus, Peratherium elegans,
Marmosa murina; see Ladevéze et al. 2011, 2012).

38. Postmetacrista (on antepenultimate or penultimate
molar), (F148 modified): subequal or shorter than
preparacrista (0); distinctly longer than preparacrista
(1).

39. Carnassial notch in postmetacrista at posterolabial
base of metacone: Absent (0); Present (1).

40. Stylar cusp A (F153): distinct but smaller than B (0);
subequal to larger than B (1).

41. Stylar cusp B (F154, modified): present but smaller
than paracone (0); subequal to or approaching the size
of the paracone (1); Vestigial to absent (2).

42. Anterolabial cingulum on upper molars: absent (0);
present (1).

Comment: stylar cusps A and B are present but poorly individual-
ized and integrated in a variably developed anterolabial cingulum.

43. Stylar cusp C (F155): absent or tiny (0); present (1).

Comment: this feature has been evidenced as highly variable in
some fossil and extant metatherians (e.g., Pucadelphys andinus,
Peratherium elegans, Marmosa murina; see Ladevéze et al.
2011, 2012).

44. Relative size of Stylar cusp B and D: B smaller or sub-
equal to D (0); B larger than D (1). Changes in scorings
of Muizon et al. (2018): Deltatheroides: 0 > 1.

45. Stylar cusp E (F157): present and distinct (0); indis-
tinct or tiny (1). Changes in scorings of Muizon ez al.
(2018): Deltatheroides: ? > 1.
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ArPENDIX 3. — Continuation.

Relative size of paracone vs metacone (on penultimate
or antepenultimate molar), (F134 modified): subequal
or slightly larger (0); slightly smaller in volume and height
(c. 10%) (1); distinctly smaller in volume and height
(c. 30% smaller); (2); much smaller (¢. 50% or less) (3);
absent or simple bulge on the anterior edge of metacone
(4). Ordered.

Shape of paracone and metacone (F136): conical (0);
triangular (flat labial face) (1).

Metacone and paracone contact (F137 modified):
separated — i.e. point of junction of premetacrista and
postparacrista approximately at the level of the floor of
trigon and/or stylar shelf basin (0); adjoined at base (on,
at least, half of their height) — i.e. point of junction of
premetacrista and postparacrista well below the level of
the floor of the trigon and stylar shelf basin (1); adjoined
on most of their height; apices of cusps only are separated
(2). Ordered.

Metacone on last molar (F139): present and distinct (0);
extremely reduced (1), absent (2). Changes in scorings of
Muizon et al. (2018): Deltatheridium: 0 > 1. Ordered.
Centrocrista (F138): straight (0); V-shaped (1).
Relative lengths of preparacristae of penultimate and
ultimate molars (F147): preparacrista of ultimate molar
shorter than that of penultimate molar (0); preparacrista
of ultimate molar subequal to longer than that of penul-
timate molar (1).

Orientation of preparacrista (on penultimate or ante-
penultimate molar), (F146 modified): transverse (0);
anterolabial (1).

Conules (F143): present (0); absent (1).

Conules wing-like cristae (F144): present (0); absent
(1).

Conules labiolingual position (on penultimate or ante-
penultimate molar), (F145): at or lingual to mid-point
between protocone and para/metacone (0); closer to para/
metacone (1).

Trigon basin: absent (0); present (1).

Protocone size (on penultimate or antepenultimate molar),
(F 141, modified): absent or very small (0); small and
anteroposteriorly narrow (1); anteroposteriorly expanded
(2); with posterolingual projection (3). Ordered.
Protocone height (F142, modified): approximately half
the height of metacone or less (0); only slightly lower than
metacone (1); almost the size of metacone or higher (2).
ordered

Roots on ultimate molar (F140): 3 (0); 2 or 1 (1).
Paracingulum (on penultimate or antepenultimate
molar), (F149): continuous between stylar margin and
paraconule (0); interrupted between stylar margin and
paraconule (1); absent (2). Ordered

Postprotocrista labial extension: does not extend labi-
ally past the base of the metacone (0); extends labially
past the base of metacone (1).
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62. Precingulum (on penultimate or antepenultimate
molar): absent or weak (0); present (1).

63. Postcingulum (on penultimate or antepenultimate
molar), (F150): absent or weak (0); present (1).

64. Size of ultimate lower molar (F158): subequal or smaller
in height and/or length than penultimate molar (0);
larger in height and/or length than penultimate molar
(1).

65. Ventral extent of the enamel above posterior root lower
than above anterior root on labial side of the crown of
lower molars (F159): absent (0); present only on firstand
second molars and weakly developed (1); on the first three
molars and strongly developed (2). Changes in scorings
of Muizon et al. (2018): Deltatheroides: ? > 0.

66. Lingual opening of trigonid basin on penultimate
molar when possible (162, modified): wide open:
angle between protocristid (or postprotocristid when
metaconid is lost) and paracristid more than 45°% (0);
less open: angle proto-paracristid between ¢. 45° and
15° (1); anteroposteriorly compressed: cristids subpar-
allel (2). Changes in scorings of Muizon et al. (2018):
Deltatheroides: 0 > 1. Ordered.

67. Trigonid basin floor: sub-horizontal (0); sloping lingually

(1); lost (2).

68. Trigonid proportions: wider than long (0); as wide as
long (1); longer than wide (2). Changes in scorings of
Muizon et al. (2018): Deltatheroides: ? > 1. Ordered.

69. Trigonid height (on penultimate or antepenultimate
molar), (F167, modified): much higher than talonid
(more than twice), (0); moderately higher than talonid
(twice or less), (1).

Comment: When the talonid is extremely reduced or lost, this
character is scored as inapplicable.

70. Trigonid vs talonid width (on penultimate or antepe-
nultimate molar), (F166): wider than talonid (0); as
wide as talonid (1); narrower than talonid (2).

Comment: taxa with incomplete trigonid (lack of metaconid)
are scored as inapplicable.

71. Protoconid labial expansion: the labial edge of the
protoconid at mid-height is strongly convex, protrud-
ing labially and overhangs the base of the crown; as a
consequence, the apex and base of the trigonid are more
lingual than the mid-height region of the cusp and the
trigonid is therefore wider at mid-height than at its base
(see Fig. 14); present (0); absent (1). Changes in scorings
of Muizon et al. (2018): Deltatheroides: ? > 0.

Comments: state (1) corresponds to a protoconid regularly widen-

ing rowards the base of the cusp, which is therefore wider at its
base than ar mid-height.
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Lotheridium is scored absent for this character, contra Bi et al.
(2015) on the basis of a personal communication of Shundong
Bi to one of us (CM).

72. Trigonid vs talonid length (on penultimate or antepe-
nultimate molar), (F165): subequal in length to talonid
(0); longer than talonid (1); shorter than talonid (2).
Changes in scorings of Muizon ez al. (2018): Del-
tatheroides: ? > 1. Ordered.
73. Talonid: small heel (0); multicusped basin (1). Changes
in scorings of Muizon et al. (2018): Deltatheroides: ? >
1.
74. Proportions of talonid basin (F175): longer than wide
(0); as long as wide (1); wider than long (2). Ordered.
75. Relative size and shape of talonid of ultimate vs penul-
timate molar (F160): talonid of ultimate molar similar
to anterior tooth (0); talonid of ultimate molar reduced
and narrower than on anterior tooth (1). Changes in
scorings of Muizon et al. (2018): Deltatheroides: ? > 0.
Paraconid position (on penultimate or antepenulti-
mate molar), (F163, modified): at anterior edge of the
trigonid (0); at anterolingual angle of trigonid (1).

76.

Comment: the wording of this character considers the position of
the paraconid on the trigonid rather than the metaconid as in
Character 163 of Forasiepi et al. (2015). Because, implicitly, it
is the relative position of the two cusps, which is considered, this
Jformulation gives identical results in term of scoring. We prefer
to refer to the paraconid because the transverse position of this
cusp varies considerably in therian lower molar evolution, while
that of the metaconid is less variable. Furthermore, the position
of the lingual edge of the metaconid is displaced labially when
the metaconid is reduced, a bias which is avoided if considering
the paraconid.

77. number of cusps on last molar talonid: three (0); two
(1); one (2). Ordered.
Vertical keel (ridge) at anterolingual angle of paraco-
nid labially bordered by hypoconulid notch (vertical
sulcus at lingual end of precingulid) (F172): absent
(0); present (1).
Orientation of protocristid (or postprotocristid) vs
anteroposterior axis of the molar (on penultimate or
antepenultimate molar), (F164, modified): transverse or
slightly oblique (i.e., less than 45°) (0); strongly oblique
(i.e., more than 45°) or parallel (1).
80. Paraconid elongated with anterior projection of the
paraconid keel (ridge) mostly in the ventral half of
the cusp: absent (0); present (1); (Marshall ez /. 1990,
modified).
Comment: as a consequence of the anterior projection of the
paraconid keel, the anterior edge of the cusp is markedly convex.
81. Precingulid (F173): on protoconid and paraconid (0);
on paraconid (1); absent (2). Ordered

78.

79.
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82. Height of protoconid (Hpo) relative to length of ulti-
mate or penultimate lower molar (Lm): Hpo/Lm < 0.9
(0); Hpo/Lm > 0.9 (1). Changes in scorings of Muizon
et al. (2018): Deltatheroides: ? > 1.

83. Protoconid height in trigonid (F171): tallest cusp of

trigonid (0); sub-equal to para- and/or metaconid (1).

Height of metaconid vs paraconid (on penultimate

molar) (F170, modified): higher (0); subequal (1);

lower (2). Ordered.

84.

Comment: taxa in which the metaconid is lost are scored inap-

plicable.

85. Volume of the metaconid vs paraconid (on penulti-
mate molar), in occlusal and lingual views: larger (0);
subequal (1); smaller (2).

Comment: taxa in which the metaconid is lost are scored inap-
plicable.

86. Metaconid on first molar (F168): present (0); absent
(1).

87. Metaconid on molars between the first and last molar
(F169 modified): Present (0); Present, but extremely
reduced as a tiny cuspule at the posterior base of the
protoconid (1); Absent (2).

88. Metaconid on ultimate lower molar: present (0); ves-
tigial or absent (1) Changes in scorings of Muizon ez al.
(2018): Deltatheroides: 2 > 0.

89. Relative lengths of para- and protocristid: subequal (0);
paracristid > protocristid (1); protocristid > paracristid
().

90. Anterior end of cristid obliqua (F184): beneath car-
nassial notch (0); lingual to carnassial notch (1); labial
to carnassial notch (2). Changes in scorings of Muizon
et al. (2018): Deltatheroides: ? > 1.

Comment: taxa which lack a metaconid also lack a carnassial
notch and are scored as inapplicable.

91. Carnassial notch in cristid obliqua (F186): absent (0);
present (1).

92. Hypoconulid position (F180, modified): in median
position (0); shifted lingually, close to entoconid (1);
absent (2).

93. Hypoconulid of last molar (F181, modified): as tall as
or lower than other talonid cusps (0); taller than other
talonid cusps (1); absent (2).

94. Hypoconid position (F176): middle of labial margin
of tooth (0); posterolabial angle of tooth (1); absent
(2). Changes in scorings of Muizon ez al. (2018): Del-
tatheroides: ? > 0.

95. Shape of entoconid (F177): conical (0); transversely
compressed (1); vestigial to absent (2).

96. Relative height of entoconid (F178): lower than hypoco-
nid (0); subequal to taller than hypoconid (1); absent (2).

97. Position of entoconid relative to trigonid (on antepe-
nultimate or penultimate molar) (F179, modified):
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at posterolingual corner of tooth (in posterior half of
the distance between the posterior base of trigonid and
posterior margin of tooth) (0); between posterior edge
of trigonid and posterior margin of tooth (mid-way or
in anterior half of the distance between the posterior
base of trigonid and posterior margin of tooth) (1).
98. Entocristid (F182, modified): absent or weakly devel-
oped (0); well-developed and sharp (1).
99. Posthypocristid: oblique relative to long axis of tooth
(0); transverse relative to long axis of tooth (1).
Hypoflexid (F185): deep (c. 40-50% of talonid width)
(0); shallow or absent (less than 40% of talonid width)
(1).
101. Labial postcingulid (F187): absent (0); present (1).
102. Postcingulid on last molar: present (0); absent (1).

100.

Mandibular characters

103. Depth/length of the dentary below molars (F97): shal-
low (Iess than 0,15) (0); intermediate (between 1,5 and
2) (1); elevated (more than 2) (2). Ordered.

Comment: In the case of Mayulestes, because the ramus man-
dibularis (vertical ramus) is missing in the only specimen known,
the length of the dentary has been estimated on the basis of the
position of the postglenoid process and articular condyle, when
the lower tooth row of the dentary is in occlusion with the upper
tooth row.

104. Ventral margin of the dentary behind last molar con-
tinuous to condyle (F98): straight (0) or gently curved
(1); angled (2).

105. Mandibular symphysis (F99): unfused (0); fused (1).

106. Anteroventral edge of mandibular symphysis: slanting

and forming a small angle with tooth row (< 25°) (0);

less slanting, forming an angle > 25° (1).

Posteriormost mental foramen (F100): below last pre-

molar or anterior (0); at last premolar/m1 embrasure

(1); below first molar (2); posterior to first molar (3).

Ordered.

Masseteric fossa: restricted dorsally by crest reaching

condyle (0); extended ventral to lower margin of dentary

(1), (Rougier ez al. 1998: ch. 67).

Posterior shelf of masseteric fossa: absent (0); present

(1), (Rougier ez al. 1998: ch. 68).

Labial mandibular foramen (F102): present (0); absent

(1).

“Coronoid” facet: present (0); absent (1), (Rougier

et al. 1998: ch. 76).

Angle between coronoid process and tooth row (F104):

subvertical between 95° and 105° (0); Between 106°

and 125° (1); more than 125° (2). Ordered.

107.

108.

109.
110.
111.

112.

Comment: The condition in Patene has been measured on the left
mandible of IML-PV 2618, in which the ramus mandibularis
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is in correct position relative to the corpus mandibularis. On
the right dentary, the ramus is not in anatomical position and,
in medial view, it is slightly rotated clockwise. Because of this
incorrect position of the ramus, the angle of the coronoid process

of the right dentary is distinctly greater than on the left dentary.

113. Retromolar space (F101): absent (0); present (1).
114. Angular process medially inflected: absent (0); present
(1), (Rougier ez al. 1998: ch. 73, modified).
Morphology of medially inflected angular process
(F103): shelf-like (ASL/AL>0.81) (0); intermediate
(0.72<ASL/AL <0.81) (1); rod-like (ASL/AL < 0.72)
(2). ASL: angular process shelf length, AL: angular
process length. Ordered

116. Anteroposterior position of mandibular foramen
(F105): posterior to mid-point of coronoid process
(0); at mid-point of coronoid process (1); anterior to
mid-point of coronoid process (2). Ordered.
Morphology of mandibular condyle (F106): sub-
spherical (0); cylindrical (1).

Condyle vertical position vs tooth row (F107): approxi-
mately at the same level or slightly below (0); above (1).

115.

117.

118.

Comment: The condition in Patene has been scored on the lefi
mandible of IML-PV 2618, in which the ramus mandibularis
is in correct position relative to the corpus mandibularis. On
the right dentary, the ramus is not in anatomical position and,
in medial view, it is slightly rotated clockwise. Because of this
incorrect position of the ramus, the condyle appears to be almost
at the level of the tooth row, as stated by Goin et al. (1986). On
the left dentary, in which the position of the ramus is correct, the
condyle is located well above the tooth row.

Cranial characters

119. Length of the skull (F1): short (less than twice width
at the level of zygomatic arch), (0); long (more than
twice width at level of zygomatic arch), (1).

120. Length of the rostrum (F2): less than (or equal to) ¥5 total
length of the skull (0); between %5 and ¥2 total length of
the skull (1); more than ¥ total length of the skull (2).

Comment: The length of the rostrum of Allqokirus has been
estimated because the only skull known (MHNC 8267) is that
of a subadult individual in which the M4 and m 4 are not fully
erupted. The correction applied is the length of the m4 (c. 3.5
mm,). With this correction, Allqokirus is scored 1 for this character.

121. Expanded apex of the rostrum with concave tooth
rows and lateral edges of the rostrum between canine
and infraorbital foramen: absent (0); present (1).
Width of the braincase versus maximum postorbital
width (F3): braincase at base of zygomatic arches wider
than maximum postorbital width (0); braincase nar-
rower than maximum postorbital width (1).

122.
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123. Proportions of the braincase (F4 modified): almost as
wide as long (0); distinctly wider than long (1); longer
than wide (2).

Level of the palate relative to basicranium (F 5): palate
lower than basicranium (0); palate and basicranium at
the same level (1).

Anterolateral process of the maxilla in the paracanine
fossa (F6 modified): present: the anterolateral process
of the maxilla closes the fossa laterally; the paracanine
fossa is composed of the maxilla and premaxilla (0);
absent: the fossa is opened laterally; the paracanine
fossa is composed of the premaxilla only (1).
Paracanine fossa morphology: not extended dorsally:
longer (anteroposteriorly) than high (dorsoventrally)
(0); extended dorsally: higher dorsoventrally than (or
as high as) long (anteroposteriorly) (1).

127. Precanine notch (F7): absent (0); present (1).

124.

125.

126.

Comment: in dorsal or ventral view, the presence of a precanine

notch results in a transverse constriction of the rostrum just anterior

to the canine. The precanine notch is scored present in Allqokirus

and Mayulestes because the weak but distinct concavity observed
anterior to the canine is regarded as an incipient development of
this character (see Figs 3 and 4).

128. Lateral palatal process of the premaxilla (F8 modified):
anterior to anterior border of canine alveolus (0); just
reaches anterior border of canine alveolus (1); posterior
to anterior border of canine alveolus (2). Ordered.
Posterior border of incisive foramen (F9): anterior to
or just reaches anterior border of canine alveolus (0);
posterior to anterior border of canine alveolus (1).
Dorsoventral position of the medial palatal process
of the premaxilla (F10): horizontal (0); with posterior
end shifted dorsally, forming an incisive fossa (1).
Distinct narial tubercle or process at the anterodor-
somedial angle of the premaxilla (F11): absent (0);
present and small (narrower than I1) (1); present and
very large (wider than I1) (2). Changes in scorings of
Muizon ez al. (2018): Didelphodon 1 > 2; Pharsophorus
2> 15 Australohyaena: 1 > 0;

Posterior end of the facial (posterodorsal) process of
the premaxilla (F12 Modified): above canine or anterior
(0); above P1 or P2 (1); posterior to P2 (2). Ordered.
Anterior parabolic protrusion of nasals, which over-
hangs nasal aperture (F13): present (anterior protru-
sion is approximately as long as width of the nasal at
the level of anteriormost point of the nasal-premaxilla
suture) (0); absent (1).

129.

130.

131.

132.

133.

Comment: Mayulestes has been scored 1 for this character
in spite of statement by Muizon (1998: 34) that these “bones
extend anteriorly beyond the anteriormost point of the nasal-
premaxilla suture”. In fact, this statement is biased by the distor-
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tion (dorsoventral compression) of the specimen. The distortion

has pushed the nasal ventrally and the maxillae dorsally. More
important, the distortion also shows a slight anteroposterior
component, which has pushed the maxillae and premaxillae
posteriorly. This condition is evidenced on the posterior part of
the Na-Mx suture, where the maxillae clearly overlap the nasals
(in the anterolateral portion of the posterior expanded region of
the nasals). In this respect, the reconstruction of Muizon (1998:

Jfig 6A) is clearly inaccurate. Given that, although the anterior
edge of the nasals of Mayulestes is slightly convex anteriorly,

their condition is clearly more similar to those of Thylacinus

and Arctodictis than to those of Didelphis and Pucadelphys.

In these taxa, the anterior extension of the nasal is at least as

large as the width of the nasal at the level of the anterior end
of the nasal-premaxilla suture. This is certainly not the case in

Mayulestes. In contrast, Callistoe, in which the nasals distinctly
protrude anteriorly, has been scored 0.

134. Anterior end of the nasals: V-shaped (or parabolic) (0);
transverse or slightly convex anteriorly (1); notched
(V-shaped posteriorly) (2). Ordered.

135. Shape of naso-frontal suture (F14, modified): acute

W- or V-shaped (0); wide open W or posteriorly convex

(1).

Nasofrontal suture with medial process of the frontals

wedged between the nasals: Present (0); Absent (1),

(Rougier ez al. 1998: ch. 84).

Postorbital process (F15, modified): absent (0); weak

tuberosity (1); conspicuous protruding process (2).

Ordered.

Orbital crests (F35): absent (0); present (1).

Naso-lacrimal contact (F16): present (0); absent (1).

136.

137.

138.
139.
140. Facial process of the lacrimal (F30, modified): large
triangular and pointed anteriorly (0); small crescentic
and rounded anteriorly (1).

Lacrimal tubercle (F31 modified): present, knob-like
(0); present, crest-like (1); absent (2).

Lateral wall of ventral or lateral lacrimal foramen (F32,
modified): distinctly anterior to medial wall (foramen
exposed on face and faces laterally or posterolaterally)
(0); at the same anteroposterior level as the medial wall
(foramen not exposed on face and faces posteriorly)
(1); intermediate (one foramen on face, the other in
the orbit) (2).

Number of lacrimal foramina (F33): two (0); one (1).
Infraorbital foramen position (F18, modified): above
penultimate premolar (0); above ultimate premolar
(1); above M1 or posterior (2). Changes in scorings of
Muizon ez al. (2018): Eodelphis: ? > 1. Ordered.
Flaring of maxillary cheek posterior to infraorbital
foramen (F19): present (0); absent (1).

141.

142.

143.
144.

145.
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Comment: Callistoe has been scored 0 contra Forasiepi et al.
(2015), because the holotype in ventral view presents a small but
distinct flaring of the maxillae behind the infraorbital foramina.
Furthermore, it is noteworthy that the skull has suffered some
transverse (mediolateral) compression, which suggests that the
Sflaring was even more pronounced than the condition actually

observed on the holotype.

146. Angle (posterior angle) between maxilla-jugal suture
and plane of the tooth row in lateral view (F17): more
than 140° (0); between 140° and 95° (1).

Fossa for the levator labii muscle in the anterior end
of the jugal: absent (0); present mainly in the jugal (1);
present mainly in the maxilla (2).

Anterior medial and lateral palatal processes of the
maxilla: both processes approximately of the same size
(0); medial process much smaller than the lateral or
absent (1).

Number of palatal pits independently of their size
(F21, modified): none (0); one (between ultimate and
penultimate molar) (1); two between ultimate, penulti-
mate and antepenultimate molars (2); two pits between
first, antepenultimate, and penultimate molars. (3),
three between each molar (4). Changes in scorings of
Muizon ez al. (2018): Eodelphis: ? > 4. Unordered.
Palatal vacuities (F22): absent (0); present (1). Changes
in scorings of Muizon ez al. (2018): Eodelphis: ? > 1;
Major palatine foramen (F23): well individualied, within
maxilla and/or palatine (0); multiple small foramina in
palatine and/or maxilla (1).

Minor palatine foramen (F24, modified): present and
complete (closed posteriorly) (0); incomplete (open
posteriorly) or absent (1).

Palatal expansion with regard to ultimate molar (F25,
modified): posterior (0); even with (1); anterior (2).
Ordered.

Posterior palatine spine (F26, modified): weak or absent
and posterior edge of the palate concave posteriorly
(0); absent and posterior edge of the palate straight
(1); prominent and posterior edge of the palate double-
arched (2), (see Wible ez 2/ 2009: ch. 192).

Size of foramen or groove in lateral edge of postpala-
tine torus: absent (0); present and small (less than half
the diameter of the minor palatine foramen or groove),
(1); present and large (approximately half the diameter
of the minor palatine foramen or more (2). ordered

147.

148.

149.

150.

151.

152.

153.

154.

155.

Comment: state (1) present in didelphids corresponds to the post-
palatine torus foramen of Wible (2003: fig. 9 p. 144).

156. Morphology of the postpalatine torus foramen: totally
or almost totally enclosed in the palatine (0); wide-open
groove (the section is approximately half a circle or less)

(D).
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157. Palatine enters the posterior opening of the infraorbital
canal (maxillary foramen) (F27): present (0); absent
(1).

Position of sphenopalatine foramen (F28): posterior to
the level of the posterior border of lacrimal (0); anterior
to the level of the posterior border of lacrimal (1).
Anteroposterior position of the sphenopalatine fora-
men relatively to the molars: above penultimate or
antepenultimate molar (0); above ultimate molar or
posterior (1).

Development of pterygoids (F29): well-developed and
expanded on medial side with midline contact (0); well
developed and expanded on medial side but no midline
contact (1); reduced, not expanded on medial side (2).
Ordered.

Posterior process of pterygoids, which covers the
alisphenoid-basisphenoid suture: present (0); absent
(1).

Orbitotemporal canal: present (0); absent (1), (Rougier
et al. 1998: ch. 103).

Optic foramen (F48): well separated from sphenorbital
fissure (0); confluent with sphenorbital fissure (1).
Interparietal (F36): present (0); absent (or fused to
parietals) (1).

Frontoparietal suture (F37): with posterior wedge of
the frontals (0); with anterior wedge of the parietals
(1); no wedge, roughly straight (2).
Parietal-alisphenoid or fronto-squamosal contact (F38):
parietal-alisphenoid (0); fronto-squamosal (1).
Foramina for temporal rami (F95 modified): present
(0); absent (1).

Anterior lamina of the petrosal: present with large expo-
sure on lateral braincase wall to (0); rudimentary with
small exposure on lateral braincase wall (1); rudimentary
without exposure on lateral braincase wall (2); absent
and totally lost (Marshall & Muizon, 1995; Ladeveze &
Muizon, 2007: ch. 123; Rougier ¢z al. 2015). Changes
in scorings of Wilson ez al. (2016): Didelphodon: 2 >
1. Ordered.

158.

159.

160.

161.

162.
163.
164.

165.

166.
167.

168.

Comments: The addition of Vincelestes, which has a well-developed
anterior lamina exposed on the lateral braincase wall required
the addition of an additionalcharacter state. Furthermore, we
reconsidered this character to take into account not only the size
of the anterior lamina but also its participation to the braincase
wall as discussed in the formulation of this character in Rougier
etal. (2015) marrix (Character 108: Anterior lamina exposure
on lateral braincase wall). Vincelestes and Prokennalestes are
respectively scored O and Ifor this character.

On the digital rendering of the petrosal of Didelphodon pro-
vided by Wilson et al. (2016: supplementary figure 8 a, b) the
Jfossa on the dorsolateral aspect of the petrosal, labelled “petrosal
contribution to cavum epiptericum” (cep) (named trigeminal
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Jossa in Muizon et al. 2018 and in this paper) is identical
to the condition observed in Allqokirus and Andinodelphys
and is regarded here as a rudimentary anterior lamina. Fur-
thermore, on supplementary fig 8 b of Wilson et al. (2016)
the dorsal edge of the figure is totally straight, thus indicating
some missing part of the lamina probably due to difficulty in
the segmentation of the petrosal. We estimate that the rudimen-
tary anterior lamina of Didelphodon was probably at least
as large as in Allqokirus and Andinodelphys. Therefore, in
our matrix, we scored this character 2 (rudimentary without
exposure on lateral braincase wall) rather than ‘absent” as in
Wilson et al. (2016).

The scoring of Pediomys follows here thar of Rougier et al.
(2015), because we have not seen the specimen FMINH PM
53907, on which it is based. However, because this isolated
petrosal is very slightly damaged, we strongly suspect that the
anterior region of the ‘part of petrosal in middle cranial fossa”
(mcf) of Wible (1990), which we regard as an equivalent of the
“petrosal contribution to cavum epiptericum” (cep) of Wilson
et al. (2016: suppl. fig. 8 a, b) and of our trigeminal fossa
(Muizon et al. 2018 and this paper) bore a vestigial anterior
lamina as is observed in the Tiupampan fossils and that such
a delicate structure has been broken off during fossilisation.
169. Nuchal crest (F73): at or posterior to the level of the
condyles (0); anterior to condyles (1).
Sagittal crest (F72): extending to frontals (0); restricted
to parietals (1); absent (2). Ordered.
Glenoid process of the jugal (F34): with articular facet
(0); without articular facet (1).
Postorbital (frontal) process of the jugal: absent (0);
present (1).
Width of the glenoid fossa (F39): less than twice anter-
oposterior length (0); more than twice anteroposterior
length (1), (Rougier ez al. 1998: ch. 115, modified).
Preglenoid process of the squamosal (F40): absent (0);
present (1).
Proportions of the postglenoid process (F41, modified):
higher than wide and roughly parabolic (0); as wide as
high (1); very low and wider than high (2). Ordered
Width of the postglenoid process: as wide as glenoid
fossa (0); narrower than glenoid fossa (1).
Location of postglenoid foramen (F42): posterior to
postglenoid process (0); medial to postglenoid process
(1); anterior to postglenoid process (2); absent (3).

170.
171.
172.

173.

174.

175.

176.

177.

Comment: because of the condition in Vincelestes, which lacks
a postglenoid foramen, we added a new state ro this character:
absent (2).

178. Suprameatal foramen (F43 modified): absent (0);

below postzygomatic crest (1); at the same level or above
postzygomatic crest (2).
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Comment: Dromiciops is scored as “non-applicable” because the
postzygomatic crest does not reach the level of the suprameatal
Jforamen posteriorly.

179. Paroccipital process of exoccipital: low tubercle or
absent (0); long process with diameter at apex smaller
than proximodistal length (1).

Glenoid process of alisphenoid (F47): absent (0); pre-
sent, does not contribute to glenoid fossa (1); present,
contributes to glenoid fossa.

180.

Comment: A conspicuous glenoid process is generally absent in
sparassodonts other than Mayulestes and Allqokirus, although
a small projection of the alisphenoid roward the glenoid fossa is
observed in Prothylacynus, Arctodictis, Borhyaena, and Lycop-
sis. This condition is interpreted here as a vestigial (or incipiently

developed) glenoid process of the alisphenoid.

181. Transverse canal (F49): absent (0); present (1).
182. Tympanic process of the alisphenoid (F50): absent (0);
present (1).
183. Hypotympanic sinus (F51): absent (0); formed by
squamosal, alisphenoid and petrosal (1); formed by
alisphenoid alone or alisphenoid and petrosal (2).

Comment: The Gurlin Tsav Skull is scored 1 for this character
Jollowing Rougier et al. (2015).

184. Dorsal epitympanic expansion of the hypotympanic
sinus above the glenoid fossa: absent (0); present (1).
Medial process of the squamosal, which extends into
the middle ear and forms part of the roof of the tym-
panic cavity (F52): absent (0); present (1). Changes in
scorings of Muizon ez al. (2018): Eodelphis: ? > 0.

185.

Comments:

1) When a hypotympanic sinus is present, the medial process of
the squamosal is part of the cavity (generally with the alisphenoid
and the petrosal).

2) In the data matrix, we have changed the scoring of Forasiepi

etal. (2015) for Prothylacinus, Arctodictis, and Australohyaena,

because in these three taxa the squamosal-petrosal suture distinctly

enters the hypotympanic sinus. Therefore, the squamosal is part

of the sinus (with the petrosal and alisphenoid) and consequently

projects medially within the middle ear cavity. As a matter of
Jact, this condition is clearly mentioned by Forasiepi el al (2015:

510) in Australohyaena, although the authors scored the medial
process of the squamosal absent in this genus.

3) We also observed a medial process of the squamosal in

Borhyaena (YPM-PU 15120). However, because we have not
observed all the available skulls of this genus, we cautiously
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Jollow Forasiepi et al. (2015), who scored this character as
polymorphic for this taxon.

4) Lotheridium is scored present for this character, contra Bi et al.
(2015) on the basis of a personal communication of Shundong
Bi to one of us (CM).

5) The Gurlin Tsav Skull is scored 1 for this character following
Rougier et al. (2015).

186. Intratympanic sinus excavated in the exoccipital: absent
(0); present (1).

187. Intratympanic sinus in the pars mastoidea: Absent (0);
present (1)

188. Anterior expansion of the middle ear sinus within the
lateral wall of the braincase: absent (0); present (1),
(Muizon 1999: ch. 14; Babot ez 2/ 2002: ch. 13).

Comment: in Paraborhyaena, Thylacosmilus and Callistoe,
in addition to the spherical dorsal expansion, the hypotympanic
sinus has a narrow and pointed anterior extension (not dorsal as
stated by Muizon 1999), which inserts in the lateral wall of the
braincase, affecting the squamosal and alisphenoid.

189. Squamosal extratympanic sinus excavated in the roof
of the external acoustic meatus: absent (0); present
(1).

190. Pneumatization of the squamosal with air cells present
at the posterior base of the zygomatic process (F55):
absent (0); present (1).

191. Notch or foramen in alisphenoid for greater petrosal

nerve (F59): present (0); absent (1).

Primary foramen ovale (F57, modified): between pet-

rosal and alisphenoid (0); In alisphenoid or between

alisphenoid and squamosal (1); in petrosal (2). Ordered

192.

Comment: Didelphodon is coded (?) contra Wilson et al. (2016)
because the foramen ovale coded by Wilson is in fact a second-
ary foramen ovale, which is bordered ventrally by the tympanic
process of the alisphenoid. The primary foramen ovale is hidden
by the tympanic process of alisphenoid and is not observable on
Wilson’s digital renderings.

Because of the condition in Vincelestes we added a new state to

this character: “in petrosal (2)”.

193. Secondary foramen ovale totally enclosed in the alis-
phenoid (F58): absent (0); present (1).

Comment: Didelphodon s coded present

194. Carotid foramen position (F60): well anterior to
basioccipital-basisphenoid suture (0); in basisphenoid
at the level of basioccipital-basisphenoid suture (1).

195. Hypoglossal foramen number (F61, modified): con-
fluent with jugular foramen (0); two or more (1); one

(2). Ordered.
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196. Groove between hypoglossal foramina and foramen
for inferior petrosal sinus (F62): absent or faint (0);
present and deep (1).

Jugular foramen vs inferior petrosal sinus: separated
from foramen for inferior petrosal sinus (0); confluent
with foramen for inferior petrosal sinus, (Rougier ez 4.
1998: ch. 150).

Size of jugular foramen relative to fenestra cochleae:
subequal or slightly larger (0); much larger, at least three
times larger (1). (Ladevéze & Muizon 2007).

Median keel on basioccipital (F65): absent (0); present
(1).

Midline rod-shaped eminence on basisphenoid (F66,
modified): absent (0); present (1), (Wible ez a/. 2009:
ch. 240).

Dorsoventral position of petrosal (F76): at the level
of the basioccipital (0); distinctly dorsal to the basioc-
cipital (1).

Orientation of the pars cochlearis of the petrosal: plane
defined by the apex of the promontorium-fenestra
vestibuli-fenestra cochleae: sub-horizontal or slightly
oblique (0); sub-vertical (1), (Muizon 1999: ch. 20,
modified; Babot ez 2/ 2002: ch. 18, modified).

197.

198.

199.

200.

201.

202.

Comment: In this character, the axis of rotation of the pars coch-
learis is oriented anteromedially-posterolaterally but remains in a
roughly horizontal plane. The rotation is clockwise on the left side.

203. Orientation of the major axis of the petrosal (axis sub-
arcuate fossa- internal acoustic meatus): subhorizontal
to slightly oblique (0); oblique to subvertical (1); verti-
cal (2), Muizon 1999: ch. 20, modified; Babot et al.
2002: ch. 18, modified). ordered

Comment: in this character, the axis of rotation is oriented
anterolaterally-posteromedially, approximately horizontal, i.c. ar
90° to the axis of rotation of character 202.

204. Anteromedial flange (= epitympanic wing) (F83):
present (0); absent (1).

Comment: the epitympanic wing, or anteromedial flange of Wible
(2003), is a medially expanded crest which borders the anterior
and anteromedial edge of the promontorium and which contacts
the basioccipital medially. It forms the floor of the groove for the
inferior petrosal sinus.

205. Cavum epiptericum (F79, modified): floored by pet-
rosal alone (0); floored by petrosal and alisphenoid (1);
floored primarily or exclusively by alisphenoid (2); Open
as a pyriform fenestra (3). Ordered.

Comment: Didelphodon s coded (1) taking into account thar
the petrosal contributes to the floor of the cavum epiptericum,
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as indicated in the supplementary figures 8 a and b of Wilson
et al. (2016).

Regarding Pediomys it is noteworthy that, in Wible (1990:
fig 2E, G), the region labelled mcf (part of petrosal in middle
cranial fossa) is likely an equivalent of our trigeminal fossa or of
the cep (petrosal contribution ro cavum epiptericum) of Wilson
etal. (2016: suppl. fig. 8 a, b). Therefore, it is probable that the
cavum epiptericum of the petrosal described by Wible (1990)
and commonly accepted to be referred to Pediomys, was actually
Sfloored by, both, the petrosal and the alisphenoid. We therefore
question the scoring of Rougier et al. (2015) (2, floored primarily
or exclusively by the alisphenoid). However, because we have not
seen the specimen FMINH PM 53907, we follow their scoring here.

Furthermore, because this petrosal is very slightly damaged, it is
likely that the anterior region of the “mcf-cep-trigeminal fossa”
bore a vestigial anterior lamina as in observed in Tiupampa fos-
sils, and that such a delicate structure has been broken off during
Jossilisation. See comment above on character 168.

206. Medial expansion of the crista petrosa that forms a
thin and straight lamina covering the anterolateral
part of the fossa subarcuata: absent (0); present (1),
(Ladevéze & Muizon 2007: ch. 122)

Internal acoustic meatus (F80): deep with thick prefacial
commissure (0); shallow with thin prefacial commissure
(1).

Internal acoustic meatus (IAM) and subarcuate fossa:
subequal and separated by sharp wall (0); IAM narrower
than the opening of the subarcuate fossa and separated
by a thick wall (1) (Ladeveze & Muizon 2007: ch. 125).
Fossa subarcuata (F81, modified): deep: greatest diam-
eter larger than aperture (spherical) (0); intermediate:
greatest diameter subequal to aperture (cylindrical) (1);
wide open: greatest diameter is the aperture (conical) (2);
very shallow or absent: just a depression (3). Ordered.
Deep groove for internal carotid artery excavated in
medial side of promontorium apex ventrally (F82):
absent (0); present (1).

207.

208.

209.

210.

Comment: in some taxa with a subvertical promontorium, the
groove is located at the anterior end of the apex of the promon-

torium (i.e. Borhyaena, Pharsophorus, Arctodictis,) rather
than on the ventral aspect of the apex as in taxa in which the
promontorium is not subvertical (i.e. Notogale, Cladosictis,

Sipalocyon). In Arcrodictis, the structure referred by Forasiepi

(2009) as a possible fossa for the tensor tympani muscle is iden-

tified here as the carotid groove. Because of the function of the
tensor tympani muscle, this fossa is generally located on the lat-

eral edge of the promontorium, anterior to the secondary facial
Jforamen. Given the morphology of the petrosal of Arctodictis, a
position of the tensor tympani fossa ar the anteromedial apex of
the promontorium is unlikely.
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4) Lotheridium is scored absent for this character contra Bi et al.
(2015) on the basis of a personal communication of Shundong
Bi to one of us (CM).

211. Prootic canal (F84): present (0); absent (1). Changes
in scorings of Muizon ez al. (2018): Herpetotherium: 1
> 0.

Comment: the prootic canal of Mayulestes, Notogale, Siplaocyon
and Borhyaena has been observed on CT data (see Muizon et al.
2018). The scoring of Thylacinus and Sminthopsis follows Archer
(1976a) and Wroe et al. (2000: 1024, see comment on character 77).

A careful re-examination of the CT data of Herpetotherium has
allowed to observed a small prootic canal in Herpetotherium,
contra Horovitz et al. (2008)

212. Prootic canal morphology: large with endocranial
opening (0); reduced with intramural opening (1),
(Ladevéze & Muizon 2007: ch. 148). Changes in scor-
ings of Muizon et al. (2018): Herpetotherium: 1 > 0.
Rostral tympanic process of petrosal (F85, modified):
absent or low ridge of smooth tubercle (0); erected
process (1); distinct ridge restricted to posterior half of
promontorium (2); tall ridge reaching apex of prom-
ontorium (3).

213.

Comment: two supplementary states have been added to this
character following states 1 and 2 of character 85 of Forasiepi
et al. (2015).

214. Tensor tympani fossa: smooth and shallow area (0);
distinct elongated fossa at anterolateral edge of prom-
ontorium (1); long and narrow groove bordering the
anterolateral edge of promontorium (2) (Geisler 2001:
ch 14; Ladevéze & Muizon 2007: ch. 128).

215. Eustachian foramen in posteroventromedial petrosal

sinus (F56, modified): absent (0); present (1).

Comment: This foramen is observed at the junction of the rostral
tympanic process and the tympanic process of the alisphenoid. The
rostral tympanic process greatly develops, ventrally and laterally
and floors the whole promontorium (e.g., in Dasyurus) anter-
oventrally and forms a ventromedial sinus, closed ventrally by its
contact with the alisphenoid process. The exit of the Eustachian
tube from the middle ear is through a foramen anteriorly at the
Jjunction of the alisphenoid and rostral tympanic processes.

216. Rostral tympanic process anterolaterally directed
wing: absent (0); wing restricted to posterior region of
promontorium (1); wing extend over the whole length
of promontorium and contacts the alisphenoid tympanic
process anteriorly (2), (Ladevéze & Muizon 2007: ch.
134). Ordered.
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217. Petrosal plate: absent (0); present (1), (MacPhee 1981;
Ladevéze & Muizon 2007: ch. 142).

Comment: The petrosal plate is formed by the ventral junction of

the rostral and caudal tympanic processes of the petrosal.

218. Caudal tympanic process anterior extension: absent
(0); present (1), (Ladevéze & Muizon 2007: ch. 141).

Comment: In state 1, the caudal tympanic process extends ante-
riorly and totally floors the postpromontorial sinus.

219. Relative size of posttympanic and paroccipital processes
(F45): paroccipital process longer (0); both processes
are similar in size (1).

220. Orientation of the posttympanic and/or paroccipital
processes (F46): ventrally projected (0); anteroventrally
projected (1).

Comment: when the processes are anteroventrally projected, they tend
either to contact the tympanic process of the alisphenoid when present
(Notogale, Cladosictis, and Sipalocyon) or to contact the medial
region of the posterior wall of the postglenoid process or the anterior
wall of the external auditory meatus (Lycopsis, Paraborhyaena).
An extreme condition is found in Thylacosmilus, in which the
postmeatal and paroccipital processes contact the alisphenoid and
squamosal anteriorly, medial to the glenoid fossa. Since Thylacosmi-
lus has no tympanic process of the alisphenoid, the tympanic cavity
is floored ventrally by the postmeatal and paroccipital processes only.

221. Diameter of stapedius fossa (F94): approximately

twice the size of that of fenestra vestibuli (0); distinctly

less than twice the size of that of the fenestra vestibuli

(=small and shallow) (1).

Mastoid process (= paroccipital process of Rougier

etal. 1998); (F86, modified): proximodistally long and

vertical (0); small nodular tubercle on posterolateral

border of stylomastoid notch (1); indistinct or absent

(2), (Ladevéze & Muizon 2007: ch. 139).

Hiatus Fallopii (F87, modified): on dorsal (cerebellar)

face of petrosal (0); intermediary (i.e. neither visible in

dorsal nor in ventral views) (1); ventral (tympanic) face

of petrosal (2). Ordered.

Exit of facial nerve (F88): stylomastoid notch (0); sty-

lomastoid foramen (1).

Floor of cavum supracochleare (F89): absent (0); pre-

sent (1).

Roof of cavum supracochleare: Open dorsally in cavum

epiptericum (0); Closed (1), (Rougier ez al. 1998: ch.

128).

227. Tympanic petrosal crest (= petrosal crest of Archer,
1976 and Muizon, 1999), (F93): absent (0); present
(1). Changes in scorings of Muizon ez al. (2018): Didel-
phodon: ? > 1.

222.

223.

224.

225.

226.
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228. Tuberculum tympani: Absent (medial and lateral ends
of tympanic petrosal crest equally developed) (0); Mod-
erately developed (lateral end of tympanic petrosal crest
larger than medial one) (1); expanded in a sharp anter-
oventrally directed process (triangular in lateral view (2).

Comment: an additional state has been added in order to better
define this character and to better exemplify the development of
the lateral end of the tympanic petrosal crest, which forms the
tuberculum tympani.

229 — Contribution of squamosal to epitympanic recess
(F91, modified): squamosal part as large as petrosal one (0);
squamosal part distinctly smaller than petrosal one (1); squa-
mosal part distinctly larger than petrosal one (2); squamosal
contribution absent (3).

Comment: an additional state (absent) has been added to take
into account the condition of Vincelestes.

230. Fossa incudis and epitympanic recess (F92): continu-
ous (0); separated by distinct ridge (1).

231. Stapedial ratio (F90): subcircular (less than 1.8) (0);
elliptical (more than 1.8) (1).

Comment: Measurements taken in extant marsupials (Segall
1970; Horovitz et al. 2008) show very variable values within
a genus or even a species. For instance, Monodelphis exhibits
values of stapedial ratio from 1.25 ro 2.00 and Philander from
1.23 10 1.88 (Horovitz etal. 2008). The stapedial ratio in Andi-
nodelphys and Mayulestes are scored “?” because the fenestra
vestibuli has suffered post-mortem distortion, being generally
dorsoventrally compressed.

232. Mastoid exposure (F77, modified): large on occiput
(0); narrow (1); mastoid internal, wedged between the
squamosal and exoccipital (2). Ordered.
Posttemporal notch or foramen (F96): present (0);
absent (1).

Posttemporal sulcus on squamosal surface of petrosal:
present (0); absent (1), (Ladeveze & Muizon 2007: ch.
152). Changes in the scorings of Muizon ez a/. (2018):
Pucadelphys and Andinodelphys: 1 > 0 & 1.

Stapes (F74): collumelliform (not perforated) (0);
bicrurate (perforated) (1).

Ectotympanic shape (F75): ring-shaped (0); transversely
expanded (1)

Ectotympanic attachment to the skull: loose connection
(no marked ridges and grooves on the skull) (0); tight
attachment with marked ridges and grooves (1); fused
to rostral tympanic process of petrosal (2), (Muizon,
1999: ch. 4; Babot ez al. 2002: ch. 3). Ordered.
Squamosal at external acoustic meatus: squamosal not
thickened at meatus (0); squamosal thickened at mea-

233.

234.

235.
236.

237.

238.
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tus with mediolateral width mediolateral width shorter
than anteroposterior length (1); squamosal thickened
at meatus with mediolateral width mediolateral width
longer than anteroposterior length (2), (Muizon, 1999:
ch. 16; Babot ez 2/ 2002: ch. 15). Ordered.

239. Ascending canal: present (0); absent (1), (Rougier ez 4/.
1998: ch. 152).

240. Contribution of squamosal to occiput: absent or small
(0); large (1), (Muizon 1999: ch. 21; Babot ez al. 2002
ch. 19).

241. Dorsal margin of the foramen magnum (F67): formed
by exoccipitals, which contact medially (0); formed by
the supraoccipital medially and exoccipitals, which do
not contact medially (1).

242. Connection between condylar articular facets on ventral
edge of foramen magnum (FG69): absent (0); present

(D).

Post-cranial characters:

243. Atantal foramen (F188): absent (0); present (1).

244. Atlas transverse foramen (F189): absent (0); present
(1).

245. Ventral foramen at the base of the transverse process
of the atlas (F190): absent (0); present (1).

246. Posterior extent of transverse processes of the atlas
(F191): anterior or just reach caudal facets for axis (0);
extend caudally beyond level of caudal facet for axis (1).

247. Shape of the transverse processes of the atlas: proxi-
modistaly short and roughly circular or quadrate (0);
distinctly elongated (proximodistal length longer than
transverse width) (1).

248. Shape of the cranial facets of atlas (F193): concavity
is roughly constant along the whole height of the facet
(0); dorsal third of the facet much more concave than
the ventral two thirds and strongly inflected medially
(1).

249. Atlas and intercentrum (F194): unfused (0); fused (1).

250. Axis transverse foramen (F195): absent represented by
a notch (0); present, enclosed (1).

251. Axis, posterior extension of the neural process (F196):
shorter or subequal than anterior extension (0); distinctly
longer than anterior extension (1).

Comment: in state (1) the spinous process bears a sharp finger-

like posterior process, which overhangs the C3 posteriorly and in

some cases almost reaches the posterior edge of the centrum of C3.

252. Ventral sagittal crest of axis: roughly straight (0); dis-

tinctly concave because of the development of a robust

ventral process posteriorly (1).

C3-C4 ventral sagittal process (F197): absent (0);

present (1).

C5 transverse process heads in lateral view (F198 modi-

fied): ventral head enlarged in a ventral lamina with the

dorsal head as a tubercle, dorsal to the posterior part
of the ventral lamina (0); ventral (anteroventral) head

253.

254,
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triangular to rod-like and anteriorly projected with the
dorsal (posterodorsal), head rod-like, posteriorly elon-
gated, and widely separated from the anterior head; the
posterodorsal head is either almost at the same level as
the anteroventral one or slightly dorsal (in lateral view)
and never overhangs the ventral head (1).

Comment: The two states of this character, as reformulated,
more clearly describe the states originally defined by Horovitz &
Sdnchez-Villagra (2003). Note that state 0 is state 1 of Horo-
vitz & Sdnchez-Villagra (2003) and vice versa.

255. C5 and T1 body length (F199): C5 subequal or longer

than T1 (0); C5 shorter than T1.

C6 spinous process (F200): absent or protuberance

(0); lamina (1).

C7 transverse foramen (F201): absent (0); represented

by a notch (1); complete foramen (2). Ordered.

First thoracic vertebra with a (relative to other verte-

brae) tall spinous process (F203): T1 (0); T2 (1); T3

(2).

259. Anticlinal vertebra (F204): on lumbar (0); on thoracic

(1); no anticlinal vertebra (2).

Foramen on dorsal arch of last lumbar vertebra (F205):

absent (0); present (1).

Mammillary processes (metapophyses) in third lumbar

vertebra anterior to the last lumbar (F206): absent or

weak (0); present (1).

262. Ventral median keel on anterior lumbar vertebrae
(F207, modified): absent (0); present (1).

263. Auricular process of the sacrum (F208): developed

on two sacral vertebrae (0); developed on one sacral

vertebra (1).

Size of sacral spinous process (F209): shorter than last

lumbar (0); taller than last lumbar (1).

Length of the tail (F210): shorter than twice the length

of the precaudal vertebral column (0); longer than twice

the length of the precaudal vertebral column (1).

266. Angle between scapular spine and dorsal border of

infraspinatus fossa (F211): acute or almost right (between

80° and 95°) (0); obtuse (more than 95°) (1).

Coracoid process (F212): large (extends beyond medial

border of glenoid fossa) (0); small (just reaches medial

border of glenoid fossa) (1).

Distal extension of acromion process (F213): extends

distally beyond glenoid fossa (0); does not extend dis-

tally beyond glenoid fossa (1).

269. Anterior extension of the acromion process: posterior
to anterior edge of glenoid fossa (0); anterior or just
lateral to anterior edge of glenoid fossa (1).

270. Width of infraspinatus fossa (F214): less than % its

length (0); more than % its length (1).

Width of the acromion process at the level of the neck

(F215): wider than infraspinatus fossa (0); narrower (1).

256.

257.

258.

260.

261.

264.

265.

267.

268.

271.
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272. Infraspinous/supraspinous fossa width at the level of
the neck (F216): supraspinous fossa subequal of wider
(0); supraspinous fossa narrower (1).

Scapular notch (F217): more than 130° (0); between

90 and 130° (1).

274. Clavicle (F218): present (0); absent (1).

275. Medial process or rugosity for the teres major on
humeral diaphysis (F219): absent (0); present (1).
Tricipital line of humerus (F220): absent (0); ridge or

small crest (1); massive crest continuous with deltopec-
toral crest (2).
277. Capitulum for radius on humerus (F221): spherical
(0); cylindrical (1).

278. Entepicondylar foramen (F222): present (0); absent
(1).

279. Laminar supinator crest (ectepicondylar crest) (F224):
large: proximolateral angle expanded (0); intermediate:
proximolateral angle not expanded (1); absent (2).

273.

276.

Comment: In state 0, the angle between the proximal and lateral
margins of the supinator crest is subequal or inferior to 130°. In
state 1, the angle is superior to 130°.

280. Greater tuberosity height relative to humeral head
height (F225): subequal or lower (0); higher (1).
Development of greater tuberosity in proximal view
(F226): small (less than half the anteroposterior length
of head) (0); large (greater than or equal to half the
anteroposterior length of the head) (1).

Extension of the deltoid crest (F227): restricted to
proximal half of the humerus (0); reaches distal half of
the humerus (1).

Distal end of deltoid crest (F228): merging with dia-
physis (0); forming a distinct angle or process (1).
Relative heights of the trochlea and capitulum in
anterior view (F229, modified): proximal extension of
capitulum longer (0); subequal (1); proximal extension
of trochlea longer (2).

Humerus medial epicondyle size (F230): large (0);
small (1).

286. Humerus distal end size (F231): large (0); small (1).

281.

282.

283.

284.

285.

Comment: this character is based on the ratio of transverse width of
distal epiphysis without entepicondyle/transverse width of proximal
epiphysis. A ratio > 0.9 is large (state 0); a ratio < 0.9 is small
(state 1) (Horovitz & Sinchez-Villagra, 2003; Forasiepi, 2009).

287. Lateral extension of capitulum (F232, modified): absent:
capitulum rounded and regularly sloping laterally (0);
present: straight with a flat shelf and/or a salient crest
(1).

Depth of humeral trochlea (intercondylar notch)
(F233): wide and relatively shallow concave (0); narrow
and concave posteriorly (1).

288.
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289. Curvature of posterior border of the humeral shaft
(F234): curved (0); straight (1).
Medial development of ulnar anconeal process (F235):
does not protrude beyond medial border of olecranon
process (0); medially protruding (1).
Medial curvature of the ulna (F236, modified): present
(0); absent (1).
Posterior border of the proximal half of the ulna (F237):
convex posteriorly (0); straight or concave posteriorly
(1).
Shape of articular facet for the humerus on the radius
(F238): anteroposteriotly compressed (0); circular (1).
Distal shaft of the radius (F239): oval (wider than long)
(0); rounded (almost as wide as long) (1).
Prepollex (F240): absent (0); present (1).
Distolateral process of scaphoid (F241): absent (0);
present but does not separate lunate from magnum
(1); present but separates lunate from magnum (2).
Number of plantar tubercles (distal heads) on trape-
zium (F242): two (0); one (1).
Angle between transverse axis of proximal and distal
epiphyses of metacarpal V (F243): absent (0); present
(1).
Orientation of ilium relative to ischium in lateral view
(F244): deflected dorsally (0); aligned with ischium (1).
300. Tuberosity for the rectus femoris muscle (F245): absent
(0); protuberance (1); depression (2).
301. Length of the iliac neck (F246): long, 15% or more
the total pelvis length (0); short, less than 15% the total
pelvis length (1).
Greater sciatic notch (F247): obtuse angle (0); right
or acute angle (1).
Iliac and gluteus fossae (F248): no fossa (0); two fossae
subequal in size (1); gluteous fossa larger (2).
304. Epipubic bones (F249): present (0); absent (1).
305. Proximal size of epipubic bones (F250): short (0); long
(1).
Torsion between proximal and distal epiphyses of femur
(F251): present (0); absent (1).

290.

291.

292.

293.
294.

295.
296.

297.

298.

299.

302.

303.

3006.

Comment: The scoring of Mayulestes is not simple because the distal
epiphysis of the left femur is incomplete and the right is known by

its distal epiphysis only. Furthermore, in distal view, the elevation of
the lateral trochlear crest is misleading because it is distinctly higher

than the medial one. Therefore, a reference line for the distal epiphy-

sis could be the line joining the attachment area of the lateral and
medial femorotibial ligaments. The attachment of the femorotibial
ligament is not preserved on the left femur of the holotype, bur it

is present on the distal extremity of the right bone. Is position can

thus be estimated on the left femur. Given that, there is apparently

no significant torsion in Mayulestes, which is scored 1.

307. Height of greater trochanter relative to femoral head
(F252): lower or subequal in height (0); higher (1).
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308. Lesser trochanter of femur (F253): present, large and
blade-like (0); knob-like or absent (1).
Femoral condyles (F254): Lateral condyle wider than
medial (0); subequal (1); medial condyle wider than
lateral (2). Ordered
Ossified patella (F255): absent (0); present (1).
Parafibula (F256): present (0); absent (1).
Femorofibular articulation (F257): present (0); absent
(1).
Tibial length relative to femur length (F258): subequal
to longer (0); shorter (1).
Proximal dimensions of tibia (F259): larger mesdiolat-
erally than anteroposteriorly (0); subequal (1); larger
anteroposteriorly than mediolaterally (2). Ordered.
Tibia shape (F260): sigmoid (0); straight (1).
Torsion between proximal and distal epiphyses of tibia
(F261): present (0); absent (1).
317. Tibia, distal articulation type (F 262): sagittal (0); spiral
(1).

309.

310.
311.
312.

313.

314.

315.
316.

Comments: in state 0, the lateral tibioastragalar facet is curved medi-
ally and turns around the medial malleolus. Such a condition allows
Jfor some rotation of the pes during flexion-extension movements of the
ankle, which tend 1o give a medial orientation of the plantar face of
the pes. In state 1, the lateral tibioastraglar facet is anteroposteriorly
oriented and allows for flexion-extension movements in sagittal plane
only and the plantar face of the pes faces plantarly or posteroplantarly.
318. Posterior extension of the lateral astragalotibial facet
of tibia in distal view (F263): does not extend posteri-
orly beyond the medial astragalotibial articulation (0);
extends posteriorly beyond the medial astragalotibial
articulation (1).

Orientation of the lateral edge of the lateral astra-
galotibial articular facet (in lateral view): parallel to
epiphyseal suture of the tibia (0); oblique to epiphyseal
suture of the tibia (1).
Anteroposterior length of the of the medial malleolus
of the tibia at base relative to the greatest anteropos-
terior length of the distal epiphysis (as seen in distal
view): subequal (0); medial malleolus much shorter (1).
Distal malleolus of tibia (F264): absent or weak (0);
distinct (1).
Astragalus, angle between medial and lateral astraga-
lotibial facets (F265): 90° (0); intermediate (1); 180°
(2). Ordered.
Astragalus, astragalonavicular facet extends onto ven-
tromedial side of head (F266): absent (0); present (1).
Astragalus, width and height of navicular facet in distal
view (F267): transverse diameter > dorsoplantar diameter
(0); transverse diameter < dorsoplantar diameter (1).
Astragalus, visibility of medial plantar tuberosity of
the astragalus in dorsal view (F268): not visible (0);
visible (1).

319.

320.

321.

322.

323.

324.

325.
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326. Astragalus, angle between lateral tibial and fibular
facets (F269): no angle (0); with angle (1).
Astragalus, medial extent of sustentacular facet (F270):
does not reach the medial edge of the neck (0); reaches
the medial edge of the neck (1).

Astragalus, astragalar canal (F271): present (0); absent
(1).

Astragalus, width of astragalar neck (F272): neck wider
than head (0); neck narrower or as wide as head (1).
Malleolar shelf of the astragalus (F274): absent (0);
present (1).

Astragalus, dorso-distal tuber of the head (F275):
absent (0); present (1).

327.

328.
329.
330.

331.

Comments: this structure was termed “astragalo-distal tuber”
by Forasiepi (2009). We instead use here the term “dorso-distal
tuber of the head”, which we regard as more descriptive. A dor-
sal tuber is present on an astragalus MHNC 8398) referred
to Mayulestes ferox because its size and articular calcanear
Jacets perfectly fit the condition oberved on the calcaneus of
the holotype (CM, personal observations). Furthermore, a
distinct dorsal tuber is also observed in Pucadelphys and
Andinodelphys.

332. Astragalus, connection between astragalo-navicular (or
cuboid) facet and sustentacular facet (F276): present
(0); absent (1).

Astragalo-cuboid facet on astragalar head: present (0);
absent (1).

Calcaneus, longest dimension of ectal facet (F277,
modified): anteromedial-posterolateral (0); anteropos-
terior (1); transverse (2); anterolateral-posteromedial
(3).

Calcaneus, orientation of the calcaneoastragalar (ectal)
facet (F278): mostly medial (0); Intermediate (1); mostly
dorsal (2). Ordered.

Calcaneal peroneal process (F279, modified): present
as a salient and dorsoplantarly thick protuberance (0);
present but reduced to a thin crest (1) absent or faint
(2). Ordered.

Calcaneus, position of the peroneal process (F280): at
the level of the edge of the cuboid facet (0); proximal
to the level of the edge of the cuboid facet (1).
Calcaneal peroneal groove for the peroneous longus
(F281): indistinct or weakly developed (0); distinct and
deeply grooved (1).

Calcaneus, position of the sustentaculum (F282):
reaches anterior end of calcaneus (0); subterminal (1).
Calcaneus, outline of sustentacular process (F283):
triangular or rounded (0); rectangular (1).

Calcaneus, orientation of sustentacular facet in distal
view (F284): mostly medial (0); mostly dorsal (1).
Calcaneus, orientation of sustentacular facet in medial
view (F285): fully dorsal (0); ¢. 45° dorsodistally (1).

333.

334.

335.

3306.

337.

338.

339.
340.
341.

342.
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Comment: Contra Horovitz & Sdnchez-Villagra (2003), we
consider that taxa scored with a medial orientation of the sus-
tentacular facet (state 0) can be scored on the anteroposterior
orientation of the sustentacular facet.

343.
344.
345.

346.
347.

348.
349.
350.
351.

352.

353.

Calcaneus, sustentacular facet morphology (F286):
slightly concave or flat (0); posteriorly convex (1).
Calcaneus, secondary distal calcaneoastragalar facet
(F287): absent (0); present (1).

Calcaneus, sustentacular and posterior calcaneoastra-
galar facets (F288): separated (0); merged (1).
Calcaneal facet for fibula (F289): present (0); absent (1).
Orientation of the calcaneal facet for the fibula (F290):
dorsal (0); lateral (1).

Length of the tuber calcis (F291): longer than the body
(0); as long as or shorter than the body (1).

Medial curvature of the tuber calci (F292): present (0);
absent (1).

Ventral curvature of the tuber calcis (F293): present
(0); absent (1).

Calcaneus, Notch for cuboid pivot on calcaneocuboid
facet (F294): absent (0); present (1).

Calcaneus, angle between proximal and distal areas
of calcaneocuboid facet (F295): no angle (0); oblique
facet (1).

Spatial relationship between navicular and entocu-
neiform (F296): entocuneiform distal to navicular (0);
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354.
355.
356.

357.

358.

359.

360.

361.

362.

363.
364.

entocuneiform extends proximally and medial to the
distal area of the navicular (1).

Angle between navicular and distal metatarsal facets
of ectocuneiform (F297): oblique (0); parallel to the
distal facet (1).

Prehallux (F298): absent (0); present (1).
Metatarsal V proximal process (F299): does not extend
ventral to cuboid (0); extends ventral to cuboid (1).
Proximal ends of metatarsal IT and III (F300): subequal
in length (0); Mt II extends more proximally than Mt
11 (1).

Ridge on proximal articular facet of metatarsal I (F301):
absent (0); present (1).

Mt III thickness relative to that of Mt IV (F302): Mt
III thicker or subequal to Mt IV (0); Mt III thinner
(1).

Mt III thickness relative to that of Mt I (F303): Mt
I thicker or subequal than Mt IIT (0); Mt III chinner
than Mt I (1).

Median keel on palmar/plantar surface of metapodials
(F304): sharp (0); blunt (1).

Foot ungual phalanx of digit IV in proximal view
(F305): larger dorsoventrally than mediolaterally (0);
larger mediolaterally than dorsoventrally (1).

Ungual phalange (F306): uncleft (0); cleft (1).
Dorsal border of ungual phalanges (F307): crest-like
(0); rounded (1).
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APPENDIX 4. — Taxon list, references, and specimens

Aenigmadelphys archeri; casts of OMNH 20120, 20160,
20531, 20612, 22898, 23321, 23375, 23460, 26169;
Cifelli & Johanson (1994);

Alcidedorbignya inopinata: MHNC 1210, 8282, 8287, 8290,
8295, 8298, 8300, 8315, 8359-8363, 8371, 8372, 8373,
8399-8463, 13830-13845;

Allgokirus australis: YPFB pal 6188, 6189, 6190, MHNC
8267; Marshall & Muizon (1988), Muizon (1992);

Alphadon spp: Eaton (1993);

Alphadon: A. eatoni: Cifelli & Muizon 1998; A. marshi (casts
of UCMP 47464, 47497, 51385, 51428, 51585, 52502,
525006); A. wilsoni (casts of UCMP 46403, 46885, 52767);

Andinodelphys cochabambensis: MHNC 8264, 83006, 8308,
8370, 13847, 13925 13927, 13928 (Five sub-complete
skulls and four subcomplete to partial skeletons); Mar-
shall & Muizon (1988), Muizon (1992), Muizon et 4l.
(1997), Muizon & Argot (2003).

Arctodictis sinclairi: MLP 85-VII-3-1; Forasiepi (2009);

Asiatherium reshetovi: cast and original specimen of PIN 3907;
Szalay & Trofimov (1996);

Asioryctes nemegtensis: cast of ZPAL MgM-1/56 and 1/98;
Kielan-Jaworowska (1975a, 1977, 1981, 1984); Horovitz &
Sénchez-Villagra (2003); Wible ez a/. (2004, 2009);

Atokatheridium boreni: Kielan-Jaworowska & Cifelli (2001);
Davis et al. (2008); Davis & Cifelli (2011);

Australohyaena antiqua: Forasiepi er al. (2015);

Austropediomys marshalli : Cast of DGM 808-M; Carneiro
et al. (2018);

Barinya wangala: Wroe (1999);

Barunlestes butleri: Kielan-Jaworowska & Trofimov (1980);

Borhyaena tuberata: YPM-PU 15120, 15701, MACN 2074;
Sinclair (1906) Cabrera (1927), Marshall (1981);

Callistoe vincei: PVL 4187; Babot et al. (2002);

Caluromys lanatus: MNHN-ZM-MO-1929-650; MNHN-
ZM-MO-1929-651; MNHN-ZM-MO-1929-652; MNHN-
ZM-MO-1932-2999;

Caluromys philander- MNHN-ZM-MO-1986-140; MNHN-
ZM-MO-1986-142; MNHN-ZM-MO-1986-143;

Caluromysiops irrupta: Voss & Jansa (2009);

Chironectes minimus: MNHN-ZM-MO-1995-202, MNHN-
ZM-MO-1932-2860; Voss & Jansa (2009);

Cladosictis patagonica: MNHN.ESCZ143, SCZ146, YPM-
PU15170, YPM-PU15702, YPM-PU15705, YPM-
PU15046. Sinclair (1906), Cabrera (1927), Patterson
(1965), Marshall (1981), Argot (2003);

Cryptonanus spp: Voss & Jansa (2009);

Dasycercus byrnei: MNHN-ZM-MO-1897-1489;

Dasyurus hallucatus: MNHN-ZO-MO-1854-99, ZO-MO-
1880-1019, ZO-MO-1871-84;

Dasyurus maculatus: MNHN-ZO-AC-A3295, ZM-MO-
1994-2140, ZM-MO-1865-32; FMHN 119806, 119805,
119804, 119803;

Dasyurus viverrinus: MNHN-ZM-AC-A2626, ZM-AC-A2627,
ZM-AC-A3315, ZM-MO-1882-563, ZM-MO-1883-1537;
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Deltatheridium praetrituberculare: casts of ZPAL MgM-
1/102, ZPAL MgM-1/91, PSS-MAE 132 and 133; Kielan-
Jaworowska (1975b); Kielan-Jaworowska & Nessov (1990);
Marshall & Kielan-Jaworowska (1992); Rougier et a/. (1998);

Delratheroides cretacicus: Gregory & Simpson (1926); Kielan-
Jaworowska (1975b), Rougier ez al. (2004);

Didelphis albiventris: MNHN-RH24, RH120, RH161,
MNHN-RH uncat.;

Didelphis virginiana SL uncat., MNHN-ZM-2007-7, MNHN-
ZM-2007-12;

Didelphis marsupialis. MNHN-ZM-MO-1900-581, MNHN-
ZM-MO-1900-583, MNHN-ZM-MO-1932-3003,
MNHN-ZM-2007-8;

Didelphodon vorax: cast of USNM 2136, UCMP 52326,
46946, 52342, 51419, 46962, 48189, 48581, 52290,
47304, 53181, 52289. CT data of NDGS 431; UWBM
94500, 94084; SCNHM VMMa 20. Clemens (1966, 1968),
Fox & Naylor (1986); Wilson ez al. (2016);

Dromiciops gliroides: IEEUACG 2162, IEEUACG 2167;
FMNH 22675, FMNH 134556;

Eodelphis browni: cast of AMNH 14169; Matthew (1916),
Fox (1981); Fox & Naylor (2006); Scott & Fox (2015);

Epidolops ameghinoi: Beck (2017);

Gobiconodon ostromi: Luo et al. (2003);

Gracilinanus spp: Voss & Jansa (2009);

Haldanodon: Lillegraven & Krusat (1991);

Herpetotherium cf. fugax: PIMUZ 2613, MB.Ma 50671,
50672; SMF 2000/168, 2000/169; Gabbert (1998); Horo-
vitz et al. (2008, 2009);

Herpetotherium fugax: AMNH 5254; FMNH P25654, P25653,
P15329; Fox (1983), Gabbert (1998);

Hondadelphys fieldsi: Photos of UCMP 37960; Marshall (1976b);

Hyladelphys kalinowskii: Voss & Jansa (2009);

Incadelphys antiquus: YPFB Pal 6251;

Iraboraidelphys camposi: casts of DGM 804-M, 814-M, 817-
M, 923-M, 926-M; MNR] 2878-V a and b; Marshall &
Muizon (1984);

Kennalestes gobiensis: Kielan-Jaworowska (1969, 1977, 1981);
Wible ez al. (2009), casts of ZPALMgM-1/2 and 1/3;

Kokopellia juddi: OMNH 26361, 34200, 33248, 33243,
27639. Cifelli (1993); Cifelli & Muizon (1997);

Kyrprobaarar dashzevegi: Wible & Rougier (2000);

Leptictis dakotensis: AMNH 80213; AMNH FAM 87458;
cast of AMNH 108194; Novacek (1986); Rose (1999);
Rose (2006); Wible ez al. (2009);

Lestodelphys halli: Voss & Jansa (2009);

Lotheridium mengi: Bi et al. (2015); Bi, personnal commu-
nications to CM

Lutreolina crassicaudata: Voss & Jansa (2009);

Lycopsis longirostris: Photos of UCMP 38061; Marshall (1977);

Maelestes gobiensis: PPS-MAE-607, Wible ez al. (2009);

Marmosa murina: MNHN-ZM-MO-2001-1428, MNHN-
ZM-MO-2001-1464, MNHN-ZM-MO-2001-1966,
MNHN-ZM-MO-2001-1967;
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Marmosops spp: Voss & Jansa (2009);

Mayulestes ferox: MHNC 1249 (holotype);

Megazostrodon rudnerae: Gow (1986), Luo ez al. (2007);

Metachirus nudicaudarus: MNHN-RH16, RHS81,
MNHN-RH uncat., MNHN-ZM-AC-2175, MNHN-
7ZM-2004-316, MNHN-ZM-MO-2001-1422, MNHN-
ZM-MO-1985-1803;

Micoureus demerarae: MNHN-ZM-MO-2001-1481;

Mimoperadectes houdei: USNM 482355. Horovitz et al. (2009);
M. labros: UM 66144

Mizquedelphys pilpinensis: YPFB Pal 6196, MHNC 13917;

Monodelphis brevicaudata: MNHN-ZM-AC-258-M, MNHN-
7ZM-2004-317, MNHN-ZM-MO-1995-3216, ZM-MO-
1967-330. Wible (2003);

Monodelphopsis travassosi: casts of M.N.R.J. No. 1365-V and
DGM 807-M;

Morganucodon spp: Kermack ez al. (1981);

Myrmecobius fasciatus: AMNH 155328, MNHN-ZM-AC-
A2564;

Nanocuris improvida: Fox et al. (2007), Wilson & Riedel (2010);

Nimbacinus dicksoni: stl files of QMF36357; Wroe & Musser (2001);

Notogale mitis: MNHN.ESAL94, SAL95, SAL97, SAL271;
Petter & Hoffstetter (1983), Muizon (1999);

Notoryctes spp: MNHN-ZM-MO-1962-2587, MNHN-
ZM-AC-1931-717; AMNH 202107;

Oklatheridium szalayi: Davis et al. (2008), Davis & Cifelli
(2011);

Paraborhyaena boliviana: MNHN.ESAL51. Petter & Hoft-
stetter (1983);

Patene simpsoni: MNHN.EITB1, cast of AMNH 49805,
DGM 324-M, DGM 654-M, DGM 655-M, 657-M,
DGM 659-M, 656-M, MNR] 1331-V, MNR]J 1332-V,
MNRJ 1341-V, MNRJ 1351-V, photos of PVL 2618.
Casts of uncatalogued Itaborai specimens of DGM, with
MNHN catalogue numbers: MNHN.EITBS8, ITB9, ITB11,
ITB63, ITB64. Paula Couto (1952a), Marshall (1981),
Goin et al. (1986);

Patene coloradensis: Photos of PLV 2618, Goin ez al. (1986);
Rangel ez al. (2019);

Patene coluapiensis: cast of AMNH 28448; Marshall (1981);

Pediomys spp: Rougier et al. (1998), Luo ez al. (2003), Forasiepi
(2009);

Pediomyids: Pediomys elegans: cast of UCMP 51406, 47049,
47527, 52719, 47478, 47035, 50293; cast of AMNH
58809, 58768, 58748; Protolambda hatcheri: cast of UCMP
46881, 48157, 46847, 53205, 532065 Protolambda floren-
cae: cast of UCMP 48384, 47283, 47433, 46344, 51440;
Leptalestes krejeii: UCMP 47039, 46412, 51390, 51368,
51373; Leptalestes cooki: cast of UCMP 47738, 46400,
51613, 51434, AMNH 58756;

Peradectes elegans: cast of AMNH17383; P chesteri: cast of
UM71663; Crochet 1980;

Peratherium spp: MNHN.EAU2370, QU8061.R, QU8062.R,
QUBS063.R, QU8214, QU13371; Crochet (1980);
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Philander opossum: MNHN-ZM-MO-1986-485, MNHN-
ZM-MO-2000-215, MNHN-ZM-MO-1998-2264 MNHN-
ZM-2012-21;

Planigale spp: Archer (1976b);

Prokennalestes trofimovi: PSS-MAE 136; Kielan-Jaworowska &
Dashzeveg (1989); Sigogneau-Russell ez al. (1992); Wible
et al. (2001); Lopatin & Averianov (2017)

Protaplphadon lulli: (casts of UCMP 46882, 47047, 47475;
AMNH 58758); Clemens (1966);

Prothylacynus patagonicus: MACN 705, 707 (same individual),
MACN 642, YPM-PU 15700, MACN 5931; Sinclair
(1906), Cabrera (1927), Marshall (1979b);

DPseudantechinus macdonnelensis: MNHN-ZM-MO-1897-1492;

Pucadelphys andinus: MHNC 8265, 8266, 8365, 8376-8395
(all specimens are complete or partial skulls and mandible);

Repenomanus robustus: Hu et al. (2005);

Sallacyon hoffsterteri: MNHN.ESAL92, 93. Petter & Hofl-
stetter (1983);

Sarcophilus spp: MNHN-ZM-MO-1874-291, MNHN-
ZM-2007-15;

Sillustania quechuense: cast of CHU 33, 34;

Sipalocyon gracilis: YPM PU 15373, 15154, 15029, AMNH
9254, MACN 691, 692, Sinclair (1906), Cabrera (1927),
Marshall (1981);

Sminthopsis crassicaudata: MNHN-ZM-2007-18, FMNH
60116; FMNH 104788;

Sminthopsis sp.. MNHN-ZO-AC-1919-30, 1892-660;

Sparassocynus heterotopicus: Reig & Simpson (1972);

Sulestes karakshi and Sulestes sp.: Kielan-Jaworowska & Nessov
(1990), Averianov et al. (2010);

Szalinia graciliss: MHNC 8350;

Thylacinus cynocephalus: MNHN-ZM-AC-A2620, ZM-AC-
A2621, ZM-AC-A3299, ZM-AC-A3298, ZM-AC-A12413;

Thylacosmilus atrox: cast of FMNH P 14531. Riggs (1934),
Turnbull & Segall (1984), Goin & Pascual (1987);

Thylamys elegans: MNHN-ZM-MO-1971-1040, MNHN-
ZM-MO-1971-1041, MNHN-ZM-MO-1971-1042,
MNHN-ZM-MO-1971-1043;

Tlacuatzin canescens: Voss & Jansa (2009);

Turgidodon spp: T. rhaister (casts of UCMP 48221, 50282,
521346, 52413, 52461, 52483); 1. madseni (casts of
OMNH 20538, 20589); 1. lillegraveni (casts of OMNH
20530, 20540); Cifelli (1990);

Varalphadon spp: V. wahweapensis (casts of OMNH 20109,
20115, 20123, 20536, 20587, V4516, V4574); V. janetae:
Carneiro (2018);

Vincelestes neuquenianus: Cast of MACN-NO04; photographs
the ear region of this specimen, MACN-NO5, and MACN-
NO09 kindly provided by G. Rougier; Rougier ez al. (1992);
Bonaparte & Rougier (1987);

Wynyardia bassiana: Jones (1930);

Zalambdalestes lechei: PSS-MAE 108, 130, Kielan-Jaworowska
(1984); Kielan-Jaworowska & Trofimov (1980); Wible
et al. (2004, 2009).
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APPENDIX 5. — List of genus and species names cited in the text with authorship and year.

Zhangheotherium quinquecuspidens: Hu ez al. (1997).
Aenigmadelphys Cifelli & Johanson, 1994
Aenigmadelphys archeri Cifelli & Johanson, 1994
Alcidedorbignya Muizon & Marshall, 1987
Alcidedorbignya inopinata Muizon & Marshall, 1987
Allgokirus Marshall & Muizon, 1988

Allgokirus australis Marshall & Muizon, 1988
Alphadon Simpson, 1927

Alphadon lulli Clemens, 1966

Alphadon eatoni Cifelli & Muizon, 1998

Ambolestes Bi, Zheng, Cignetti, Yang, & Wible, 2018
Amphiperatherium Filhol, 1879

Andinodelphys Marshall & Muizon, 1988
Andinodelphys cochabambensis Marshall & Muizon, 1988
Agquiladelphis Fox, 1971

Arctodictis Mercerat, 1891

Arctodictis sinclairi Marshall, 1978

Asiatherium Trofimov & Szalay, 1994

Asiatherium reshetovi Trofimov & Szalay, 1994
Asioryctes Kielan-Jaworowska, 1975

Asioryctes nemegtensis Kielan-Jaworowska, 1975
Atokatheridium Kielan-Jaworowska & Cifelli, 2001
Australohyaena Forasiepi, Babot, & Zimicz, 2015
Australohyaena antiqua Forasiepi, Babot, & Zimicz, 2015
Austropediomys Carneiro, Oliveira & Goin, 2018
Austropediomys marshalli Carneiro, Oliveira & Goin, 2018
Barinya Wroe, 1999

Barinya wangala Wroe, 1999

Borhyaena Ameghino, 1887

Borhyaena tuberata Ameghino, 1887

Callistoe Babot, Powell & Muizon, 2002

Caluromys Allen, 1900

Caluromys lanatus Olfers, 1818

Caluromys philander Linnacus, 1758

Caluromysiops Sanborn, 1951

Chironectes Illiger, 1811

Chironectes minimus (Zimmermann, 1780)
Cladosictis Ameghino, 1887

Cryptonanus Voss, Lunde & Jansa, 2005

Dakotadens Eaton, 1993

Dasycercus Petters, 1875

Dasyuroides Spencer, 1896

Dasyuroides byrnei Spencer, 1896

Dasyurus Geoffroy Saint-Hilaire, 1796

Dasyurus hallucatus Gould, 1842

Dasyurus maculatus (Kerr, 1792)

Dasyurus viverrinus (Shaw, 1800)

Deltatheridium Gregory & Simpson, 1926
Deltatheridium pretrituberculare Gregory & Simpson, 1926
Deltatheroides Gregory & Simpson, 1926
Deltatheroides cretacicus Gregory & Simpson, 1926
Didelphis Linnaeus, 1758

Didelphis albiventris Lund, 1840

Didelphis marsupialis Linnaeus, 1753
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Didelphis virginiana Kerr, 1792

Didelphodon Marsh, 1899

Didelphodon vorax Marsh, 1899

Dromiciops Thomas, 1894

Dromiciops gliroides Thomas, 1894

Eodelphis Matthew, 1916

Eodelphis browni Matthew, 1916

Epidolops Paula Couto, 1952a

Epidolops ameghinoi Paula Couto, 1952a

Gobiconodon Trofimov, 1978

Haldanodon Kithne & Krusat, 1972

Herpetotherium Cope, 1873

Herpetotherium fugax Cope, 1873

Hondadelphys Marshall, 1976

Hyladelphys Voss, Lunde & Simmons, 2001

Iqualadelphis Fox, 1987

Incadelphys antiquus Marshall & Muizon, 1988

Iraboraidelphys Marshall & Muizon, 1984

Iraboraidelphys camposi Marshall & Muizon, 1984

Juramaia Luo, Yuan, Meng, & Ji, 2011

Kennalestes Kielan-Jaworowska, 1968

Kennalestes gobiensis Kielan-Jaworowska, 1968

Kokopellia Cifelli, 1993

Kokopellia juddi Cifelli, 1993

Kryprobaatar Kielan-Jaworowska, 1969

Lestodelphys Tate, 1934

Leptictis Leidy, 1868

Lotheridium Bi, Jin, LI & Du, 2015

Lotheridium mengi Bi, Jin, LI & Du, 2015

Lutreolina Thomas, 1910

Lycopsis Cabrera, 1927

Lycopsis longirostris Marshall, 1976

Maelestes Wible, Rougier, Novacek, & Asher, 2007

Maelestes gobiensis Wible, Rougier, Novacek, & Asher, 2007

Marmosa Gray, 1821

Marmosa murina Linnaeus, 1758

Marmosops Matschie, 1916

Mayulestes Muizon, 1994

Mayulestes ferox Muizon, 1994

Megazostrodon Crompton & Jenkins, 1968

Metachirus Burmeister, 1854

Metachirus nudicaudatus Geoffroy Saint-Hilaire, 1803

Micoureus Lesson, 1842

Micoureus demerarae (Thomas, 1905)

Mimoperadectes Bown & Rose, 1979

Mimoperadectes houdei Horovitz, Martin, Bloch, Ladeveze,
Kurz & Sénchez-Villagra, 2009

Mimoperadectes labrus Bown & Rose, 1979

Mizquedelphys Marshall & Muizon, 1988

Mizquedelphys pilpinensis Marshall & Muizon, 1988

Monodelphis Burnett, 1830

Monodelphis brevicaudata (Erxleben, 1777)

Monodelphopsis, Paula Couto, 1952

Monodelphopsis travassosi, Paula, Couto 1952
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APPENDIX 5. — Continuation.

Morganucodon Kithne, 1949

Myrmecobius Waterhouse, 1836

Myrmecobius fasciatus Waterhouse, 1836

Nanocuris Fox, Scott & Bryant, 2007

Nimbacinus Muirhead & Archer, 1990
Nimbacinus dicksoni Muirhead & Archer, 1990
Notogale Loomis, 1914

Notogale mitis (Ameghino, 1897)

Notoryctes Stirling, 1891

Otlatheridium Davis, Cifelli & Kielan-Jaworowska, 2008
Pappotherium Slaughter, 1965

Paraborhyaena Hoflstetter & Petter, 1983
Paraborhyaena boliviana Hofstetter & Petter, 1983
Patene Simpson, 1935

Patene coluapiensis Simpson, 1935

Patene simpsoni Paula Couto, 1952a

Pediomys Marsh, 1889

Peradectes Matthew & Granger, 1921

Peratherium Aymard, 1850

Philander Brisson, 1762

Philander opossum (Linnaeus, 1758)

Planigale Troughton, 1928

Prokennalestes Kielan-Jaworowska & Dashzeveg, 1989
Prokennalestes trofimovi Kielan-Jaworowska & Dashzeveg, 1989
Prothylacynus Ameghino, 1891

Prothylacynus patagonicus Ameghino, 1891
Protolambda Davis, 2007

Protolambda hatcheri (Osborn, 1898)
Pseudantechinus Spencer, 1896

Pseudantechinus macdonnelensis Spencer, 1896
Pucadelphys Marshall & Muizon, 1988

Pucadelphys andinus Marshall & Muizon, 1988
Repenomanus Hu, Meng & Li, 2005

Sallacyon Villarroel & Marshall, 1982
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Sallacyon hoffsteteri Villarroel & Marshall, 1982
Sarcophilus Geoffroy Saint-Hilaire & Cuvier, 1837
Sipalocyon Ameghino, 1887

Sipalocyon gracilis Ameghino, 1887
Sminthopsis Thomas, 1887

Sminthopsis crassicaudata (Gould, 1844)
Solenodon Brandt, 1833

Solenodon paradoxus Brandt, 1833

Sulestes Nessov, 1985

Sulestes karakshi Nessov, 1985

Sparassocynus Reig & Simpson, 1972
Swaindelphys: Johanson, 1996

Swaindelphys cifellii: Johanson, 1996

Szalinia Muizon & Cifelli, 2001

Szalinia gracilis Muizon & Cifelli, 2001
Thylacinus Temminck, 1824

Thylacinus cynocephalus (Harris, 1808)
Thylacosmilus Riggs, 1934

Thylacosmilus atrox Riggs, 1934

Thylamys Gray, 1843

Thylamys elegans Waterhouse, 1839
Tlacuatzin Voss & Jansa, 2003

Turgidodon Cifelli, 1990

Varalphadon Johanson, 1996

Varalphadon creber Fox, 1971

Varalphadon janetae Carniero, 2018
Varalphadon wahweapensis

Vincelestes Bonaparte, 1986

Vincelestes neuquenianus Bonaparte, 1986
Wynyardia Spencer, 1901

Wynyardia bassiana Spencer, 1901
Zalambdalestes Gregory & Simpson, 1926
Zalambdalestes lechei Gregory & Simpson, 1926
Zhangheotherium Hu, Wang, Luo & Li, 1997
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