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New dental elements of the oldest proviverrine mammal 
from the early Eocene of Southern France 
support possible African origin of the subfamily
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Here we describe and illustrate specimens of hyaenodont mammals from two early Eocene localities of Southern France: 
Fournes (Minervois) and Fordones (Corbières). Some of these specimens were previously described as cf. Hyracolestes 
sp. (Cimolesta, Sarcodontidae), a taxon only known from Asia, but new arguments allow their referring to the small 
proviverrine hyaenodont Parvagula palulae which was previously only recorded in Palette (Provence). The material 
notably includes the oldest p4 ever recorded for the European endemic subfamily Proviverrinae. This new material shows 
that, by the beginning of the early Eocene, proviverrines already displayed their typical combination of dental features 
characterized by the presence of a large paraconid and entoconid on p4. The comparison between the earliest European 
proviverrines and sinopines (a mostly North American radiation) supports the divergence of the two subfamilies by this 
time. Moreover, the early proviverrines are morphologically similar to the African hyaenodont Tinerhodon (late Paleo-
cene). Consequently, the history of the European proviverrines is likely rooted in Africa. Finally, the new specimens 
support a similar age for the localities of Palette and Fordones, and a younger age for Fournes. Due to the ages of these 
localities Parvagula palulae must be regarded as the oldest proviverrine.
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Introduction
For a long time, the Proviverrinae have been considered as 
a primitive stem-group of hyaenodonts (Polly 1996). Solé 
(2013) recently reviewed the early hyaenodonts and redefined 
the Proviverrinae, which are monophyletic, and defined two 
new subfamilies, the Sinopinae and Arfiinae. Although the 
two former subfamilies first occurred in Europe—they are 
notably recorded in the earliest Eocene (MP7 reference-lev-
el) localities of Dormaal and Erquelinnes (Belgium), and Le 
Quesnoy (France) (Smith and Smith 2001; Missiaen et al. 
2013; Solé et al. 2013) (Fig. 1), they mainly radiated in North 
America during Wasatchian and Bridgerian NALMAs (North 
American Land Mammal Ages) (Gingerich and Deutsch 1989; 
Gunnell 1998; Zack 2011). In contrast to these hyaenodonts, 
the proviverrines diversified in Europe (Solé et al. 2014a).

The oldest proviverrines were of small size and restricted 
to the Southern European (= Mesogean) Province during the 
early Eocene (Solé et al. 2014a). Two species are present-
ly recorded in the early Eocene of Provence: Eoproviverra 
eisenmanni (Godinot, 1981) from Rians (Var, France) and 
Parvagula palulae Lange-Badré in Godinot et al., 1987 from 
Palette (Bouches-du-Rhône, France; Fig. 1). Eoproviverra 
eisenmanni is represented by one m2, one m3, one frag-
mentary mandible bearing broken m2 and m3, one M1 and 
one M2. Parvagula palulae is represented by one mandible 
bearing p2, p3, p4, m1, and alveoli for p1, m2 and m3; un-
fortunately the enamel of the teeth has been worn out, which 
obscures the features of the species, notably the features of 
the p4 and m1, which are diagnostic for the proviverrines 
(Solé 2013). Due to this fragmentary fossil record, the origin 
of proviverrines is poorly known.
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The fossils here described are from the early Eocene 
French localities of Fournes (Minervois) and Fordones (Cor-
bières) (Fig. 1). The mammals, almost thirty species, have 
been described by Marandat (1991). These two localities 
were considered to be close in age, despite their few shared 
mammalian species; nonetheless, Marandat (1991) envis-
aged that Fournes could be slightly younger than Fordones. 
Fordones is considered to be close in age to Palette, while 
Fournes is probably close to Rians, these relative ages have 
been also proposed by Marandat et al. (2012). All these lo-
calities are, however, younger than the Belgian MP7 refer-
ence-locality of Dormaal as very recently demonstrated by 
Yans et al. (2014b) based on bio- and chemostratigraphy; 
the latter authors even hypothesized that the Clot could be 1 
million years younger than Dormaal.

No hyaenodont was described from the localities of the 
Corbières and Minervois before the present study; Eopro-
viverra and Parvagula are actually only known in Provence.

Institutional abbreviations.—IRSNB M, Institut Royal des 
Sciences Naturelles de Belgique, Palaeontological Mammal 
Collections, Brussels, Belgium; MNHN.F.RI, Muséum Na-
tional d’Histoire Naturelle, Rians Collection, Paris, France; 
UM/FDN, University of Montpellier 2, Fordones Collection, 
Montpellier, France; UM/FNR, University of Montpellier 2, 
Fournes Collection, Montpellier, France; UM/PAT, Universi-
ty of Montpellier 2, Palette Collection, Montpellier, France; 
PSS, Mongolian Academy of Sciences, Institute of Geology, 
Palaeontology and Stratigraphy Section, Ulan Baator, Mon-
golia; ZIN, Zoological Institute of the Russian Academy of 
Sciences, Saint Petersburg, Russia.

Other abbreviations.—DD, dentary depth; L, length; W, width.

Geological setting, material, 
and methods
The geological settings of Fournes and Fordones localities 
and their respective mammalian faunas have been extensive-
ly described and discussed by Marandat (1991). The fossils 
from these localities and those from Palette are housed in the 
collections of the University of Montpellier 2.

The measurements (length × width in mm) follow Gin-
gerich and Deutsch (1989).

Systematic palaeontology
Class Mammalia Linnaeus, 1758
Infraclass Placentalia Owen, 1837
Grand order Ferae Linnaeus, 1758
Order Hyaenodonta Van Valen, 1967

Family Proviverrinae Schlosser, 1886 sensu Solé 
2013
Genus Parvagula Lange-Badré in Godinot et al., 
1987
Type species: Parvagula palulae Lange-Badré in Godinot et al., 1987; 
Palette, early Eocene; Provence, Bouches-du-Rhône, France.

Parvagula palulae Lange-Badré in Godinot et al., 
1987
Figs. 2–5.

Holotype: UM/PAT 4, right dentary bearing p2–m1, and alveoli for p1, 
and m2–3.
Type locality: Palette, Provence, Bouches-du-Rhône, France.
Type horizon: Early Eocene.

Material.—UM/FNR 51, right m1?; UM/FNR 52, left trigo-
nid of m1?; UM/FNR 53, right fragmentary dentary bearing 

Fig. 1. Eocene palaeogeographic map showing the possible localisation 
of Rians, Palette, Fournes, Fordones, and Le Quesnoy (France), Dormaal 
and Erquelinnes (Belgium), Silveirinha (Portugal), and Abbey Wood (En-
gland). The earliest proviverrines are restricted to the Southern European 
Province, while the sinopines are mainly located in the Northern European 
Province. Redrawn from Marandat et al. (2012: fig. 1).
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p4; early Eocene; Fournes, Minervois, Hérault, France; UM/
FDN 153, left trigonid of m1?; early Eocene; Fordones, Cor-
bières, Aude, France.
Emended diagnosis (modified from Godinot et al. 1987).—
Small proviverrine characterized by the presence of a deep 
dentary and symphysis; four two-rooted and closely spaced 
premolars; p4 with large paraconid and entoconid; molars 
with short and wide talonid and lingually closed postfossid, 
large and bulbous entoconid, paraconid poorly developed, 
and a m3 smaller than m2.
Measurements.—UM/PAT 4: p1, 1.9*×0.8*; p2, 2.3×1.1; 
p3, 2.4×1.3; p4, 2.5×1.4; m1, 3.0×1.5; m2, 2.7*×1.15*; m3, 
2.1*×1.07*; DD, 4.5. Asterisked measurements are based on 
alveoli. UM/FNR 53: p4, 2.97×1.27; DD, 4.0. UM/FNR 51: 
m1?, 3.19×2.2.
Description.—The dentary (Fig. 2) found in Palette (UM/PAT 
4, holotype) is deep and displays an important dorso -ventrally 
elongated symphysis; the latter structure extends below the 
anterior root of p2. Two mental foramina are present respec-

tively below the p1 and p3. The coronoid crest is clearly 
vertical. The angular process is dorsally located compared 
to the body of the dentary; there is a concavity anteriorly to 
the process. The Computed Tomography (CT) reconstruction 
of UM/PAT 4 suggests that the mandibular condyle, which 
is unpreserved on the specimen, is dorsal to the tooth row. 
Based on the reconstruction, we also identified the mandib-
ular foramina. The morphology of the ascending ramus is 
reminiscent of that described for Boritia duffaudi from the 
early Eocene of La Borie (Aude, France) (Solé et al. 2014a).

The four premolars, which are all two-rooted, are closely 
located each other along the dentary on UM/PAT 4. The p2, 
p3 and p4 are symmetric in lateral view. Unfortunately, the 
premolars are strongly worn (Fig. 2), as is the sole molar 
(m1): we can, however, note that the talonid is short and 
wide and there is a large entoconid (Fig. 2). The m3 is clearly 
shorter than the m1 and m2 (Fig. 2A).

Three specimens have been collected at Fournes: one 
complete p4, one complete m1, and one trigonid of m1, while 
only one trigonid of m1 has been found in Fordones.

Fig. 2. CT-scan reconstructions of pro-
viverrine mammal Parvagula palulae 
Lange-Badré in Godinot et al., 1987 
from Palette, France, early Eocene; 
UM/PAT 4, holotype, dentary bearing 
p2–m1, and alveoli for p1, and m2–3. 
Occlusal close-up (A), occlusal (B), la-
bial (C), and lingual (D) views.
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The p4 (UM/FNR 53) is almost symmetric in lateral view 
(Fig. 3A1, A2). The paraconid is clearly individualized. The 
protoconid is elongated mesio-distally. The talonid is rela-
tively wide. Only two cusps are present on the talonid: the 
hypoconid and the entoconid. The hypoconid is high and larg-
er than the entoconid; the latter is well developed and is lin-
gually located. There is no crest joining the two cusps. There 
is only a weak postcingulid on the labial side of the tooth.

UM/FNR 51 (m1?) is almost complete: only the apex of 
the paraconid is broken (Fig. 3D1–D3); UM/FNR 52, how-
ever, provides additional information on the paraconid (Fig. 
3C1–C3). The trigonid is twice as high as the talonid. The 
paraconid is short and slightly mesially shifted. Moreover, 
it is distinctly lower than the metaconid and protoconid. The 
metaconid is robust, lower than the protoconid and its apex 
is tilted lingually. The talonid, which is short, displays a wide 
postfossid and bears distinct cusps. The latter are distally 
located. The hypoconulid appears slightly higher than the 
hypoconid and entoconid, but the apex of the hypoconid is 
broken. The entoconid is cuspate and bulbous. The postfos-
sid is enclosed lingually and the distance between the bases 
of metaconid and entoconid is short. The cristid obliqua is 
clearly oblique and climbs on the distal wall of the trigonid 
towards the protocristid notch. Only a precingulid is visible 
along the mesiolabial part of the paraconid.

The morphology of the only known specimen from For-
dones (UM/FDN 153) (Fig. 3B1–B3) fits with that of UM/
FNR 51 and UM/FNR 52. However, UM/FDN 153 is slightly 
smaller than the specimens from Fournes. Moreover, as not-
ed by Marandat (1991), the lingual opening of the prefossid 
on UM/FDN 153 is slightly higher located; this is a primitive 
condition.

The specimens UM/FNR 51 and UM/FNR 52 from 
Fournes are considered as possible m1 despite the fact that 
they are larger than the m1 present on UM/PAT 4, we indeed 
consider that the fossils from Fournes are younger than those 
from Palette (see below). However, it is worth keeping in 
mind that the variability is poorly known for the species due 
to its weak fossil record.

We estimated, after the methodology proposed by Morlo 
(1999), that Parvagula palulae probably weights close to 60 
g at most.

Remarks.—The lower molars described above (UM/FNR 51, 
UM/FNR 52, UM/FDN 153) have been described by Maran-
dat (1991) as cf. Hyracolestes sp. The small mammal Hyra-
colestes has been originally described as a primitive creodont 
by Matthew and Granger (1925). However, it is still a poorly 
known taxon, based only on very sparse material. Therefore, 
it has had a confusing taxonomic history. Based on similari-
ties with Sarcodon, Lopatin and Kondrashov (2004) referred 
this genus to the Sarcodontinae within the micropternodon-
tid soricomorphs, which are insectivorous mammals with 
well-expressed carnivorous adaptations. Missiaen and Smith 
(2008) elevated Sarcodontinae to family rank, but rather con-
sidered them as members of Cimolesta, with uncertain ordi-

nal affinities based on the presence of only two molars, the 
absence of hypoconal shelf on P4 and M2, and a different 
stratigraphic distribution.

Marandat’s (1991) hypothesis was supported by the close 
morphological resemblance between the French fossils and 
a fossil (PSS 20-124) from Tsagan Khushu (Mongolia, Ypre-
sian) referred to cf. Hyracolestes sp. by Russell and Dashze-
veg (1986). The similarities between the French and Mongo-
lian specimens are actually striking (see below). However, 
the similarities with specimens undoubtedly referred to Hy-
racolestes are less supported. The French and Mongolian 
specimens differ from Hyracolestes by the absence of trans-
versal alignment of the talonid cusps, the less mesially shift-
ed paraconid, the lingual closing of the postfossid, and the 
presence of a precingulid.

Lange-Badré in Godinot et al. (1987) created a new genus 
and new species for a dentary found in Palette: Parvagula 
palulae. Solé (2013) referred this taxon to the Proviverrinae; 
these hyaenodonts are endemic to Europe. The three lower 
molars from Fournes and Fordones are morphologically sim-
ilar to that of Parvagula palulae; they share with the molar 
of UM/PAT 4 the trigonid morphology characterized by a 
low paraconid, the short talonid, the circular alignment of the 
talonid cusps, and the presence of a precingulid.

The p4 from Fournes (UM/FNR 53) is also similar both in 
size and morphology to that of the holotype of Parvagula pa-
lulae. The p4 of UM/PAT 4 is, however, more oval in occlusal 
view than that of FNR 53, and the apex of the protoconid is 
slightly more mesially located. These features are similar to 
the p4 of Tinerhodon (late Paleocene of Morocco) (see Gheer-
brant et al. 2006: fig. 6a); the differences between the p4 from 
Palette and Fournes could be due to an older age of the fossil 
from Palette compared to that from Fournes (see below). The 
specimen from Fournes, which is less worn than that from Pal-
ette, also differs from the latter by the presence of a paraconid 
and by the presence of an entoconid. The presence of a space 
between the p3 and p4 on UM/PAT 4 implies that a paraconid 
was possibly present on p4. Based on personal observations of 
the p4 talonid of UM/PAT 4, Solé (2013) coded in his matrix 
the presence of the entoconid. He observed a small but worn 
crest on the lingual part of the talonid that could result from 
the presence of an entoconid. Despite a slightly more derived 
morphology, UM/FNR 53 does not really differ from the p4 
present on UM/PAT 4. These features, such as the presence of 
paraconid and entoconid, are important because the morphol-
ogy of the p4 is important for distinguishing the Proviverrinae 
from other subfamilies (see below).

The sole other early proviverrine recorded from the 
lower most Eocene is Eoproviverra eisenmanni from Rians 
(Godinot 1981; Solé et al. 2014a; Fig. 4). However, the wear 
of the teeth of UM/PAT 4 prevented detailed comparisons 
with Eoproviverra; this comparison is important because the 
specimens from Rians and Palette are the oldest proviver-
rine fossils. The specimens from Fordones and Fournes now 
allow a comparison between the two proviverrine species, 
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Fig. 3. Proviverrine mammal Parvagula palulae Lange-Badré in Godinot et al., 1987 from Fournes (A, C, D) and Fordones (B), France, early Eocene.  
A. UM/FNR 53, right fragmentary dentary bearing p4; labial (A1), lingual (A2), and occlusal (A3) views. B. UM/FDN 153, left trigonid of m1?; occlusal 
(B1), labial (B2), and lingual (B3) views. C. UM/FNR 52, left trigonid of m1?; occlusal (C1), labial (C2), and lingual (C3) views. D. UM/FNR 51, right m1?; 
labial (D1), occlusal (D2), and lingual (D3) views. The frame distinguishes the sole specimen from Fordones.
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although the comparison can be made only on the base of the 
lower molars.

The lower molars of the two proviverrine taxa display 
large and well individualized entoconid; this feature clearly 
distinguishes them from the molars of sinopines from Dor-
maal and Le Quesnoy (Prototomus and Galecyon) (Fig. 5). 
The presence of a large entoconid is also a feature of Ar-
fia, which is also recorded in Dormaal, Erquelinnes, and 
Le Quesnoy (Smith and Smith 2001; Missiaen et al. 2013; 
Solé et al. 2013), but the two proviverrines differ from Arfia 
(Arfiinae) by a narrower talonid, less developed cingulids 
and smooth enamel.

The molars from Fournes and Fordones are distinguished 
from those of Eoproviverra by a less mesially shifted paraco-
nid, a shorter paracristid, a lingually closed postfossid, and 
a shorter but wider talonid and postfossid (Figs. 3, 4). As a 
result, the molars of Parvagula appear less secant (e.g., less 
developed paraconid) but more robust (e.g., wider postfos-
sid) than those of Eoproviverra. These differences add to the 
distinction of the two taxa and their generic distinction thus 
should be maintained.

The p4 of Eoproviverra is presently unknown: only its 
upper and lower molars have been found (Godinot 1981). 
Consequently, the p4 present on UM/FNR 53 could be that 
of Eoproviverra. However, the p4 of UM/FNR 53 is slight-
ly larger than the molars of Eoproviverra (from Godinot 
1981: MNHN.F.RI400, m2, 2.8×1.7; MNHN.F.RI204, m1, 
2.1×0.8; m2, 2.4×1.6; MNHN.F.RI203, m3, 2.5×1.6). More-
over, because Parvagula is already recorded in Fournes, the 

reference of UM/FNR 53 to Parvagula is the most parsimo-
nious hypothesis.

Finally, it is worth mentioning that the overall robustness 
of the molars and the close spacing of the premolars recall 
that of early Eocene genera Morlodon Solé, 2013 and Bori-
tia Solé, Falconnet, and Laurent, 2014, which are possibly 
related to durophagous Matthodon. This would indicate that 
the development of the peculiar durophagy of Matthodon 
may have developed early in the history of the proviverrines. 
However, these relationships cannot be definitively estab-
lished based on the currently available material.

Stratigraphic and geographic range.—Early Eocene; Pal-
ette (Provence, Bouches-du-Rhône), Fournes (Minervois, 
Hérault) and Fordones (Corbières, Aude), France.

Discussion
Origin of the Proviverrinae and the early radiation of the 
Hyaenodonta.—As indicated above, the Proviverrinae is a 
monophyletic subfamily of Hyaenodonta, that is endemic to 
Europe (Solé 2013; Solé et al. 2014a). The proviverrines seem 
to have been confronted with a lesser competition than their 
North American relatives (sinopines and arfiines); indeed, 
Morlo et al. (2010) evidenced that the Lutetian sinopines and 
arfiines are ecologically much less diverse than the Lutetian 
proviverrines. The radiation of the proviverrines was notably 
favoured by the rapid disappearance from Europe of the Oxy-
aenodonta; the sinopines and arfiines and the largest carniv-
oraforms such as Vassacyon and Dormaalocyon (Solé et al. 
2011, 2013, 2014a; Solé 2014). As a result, the proviverrines 
adapted to numerous ecological niches, for instance, Quer-
cytherium was even considered as a possible molluscivorous 
taxon (Morlo 1999). However, the oldest proviverrines such 
as Eoproviverra and Parvagula are poorly known.

The p4 displays characters that distinguish the proviver-
rines and sinopines (Solé 2013). However, prior to this study, 
the sole p4 known for the oldest proviverrines was the worn 
tooth present on UM/PAT 4. The p4 from Fournes thus pro-
vides crucial new information. The features that distinguish 
the two subfamilies are the presence of an individualized 
paraconid and of a large entoconid (Fig. 5); the first structure 
is very small in sinopines, while the second is absent (Fig. 5); 
the absence of the entoconid on p4 is possibly a derived fea-
ture (Solé 2013). Consequently, the p4 discovered in Fournes 
shows that Parvagula already displays the features that dis-
tinguish the proviverrines from the sinopines recorded in 
Northern Europe such as Galecyon morloi and Prototomus 
minimus (Fig. 5): the p4 of the earliest proviverrines was 
already distinct from that of the earliest Eocene sinopines.

The proviverrines are also distinguished from the sin-
opines by a larger and more bulbous entoconid on lower 
molars; the entoconid is crestiform and tends to be reduced 
among sinopines, Solé (2013) envisaged that it is a derived 
feature. This distinction is clearly visible when comparing 

Fig. 4. Proviverrine mammal Eoproviverra eisenmanni Godinot, 1981 
from early Eocene, Rians, France; MNHN.F.RI 400, left m2; labial (A), 
occlusal (B), and lingual (C) views.

A B

C1 mm



SOLÉ ET AL.—A POSSIBLE AFRICAN ORIGIN OF THE PROVIVERRINES 533

the lower molars of the earliest representatives of Proviver-
rinae and Sinopinae (Fig. 5).

Following Morlo and Gunnell (2003) and Morlo and Hab-
ersetzer (1999), Solé (2013) also indicated that the oldest pro-
viverrines were characterized by the presence of a two-root-
ed p1, whereas the sinopines have a single-rooted one. UM/
PAT 4 (Fig. 2A) from Palette supports this distinction. The 
two-rooted p1 is possibly a derived feature (Solé 2013).

As a conclusion, the dentition of the early proviverrines 
and sinopines are clearly different. The dissimilarity between 
the proviverrines and sinopines suggests that the two sub-
families diverged prior to the Paleocene–Eocene boundary 
and is in accord with a Paleocene radiation of the Hyaeno-
donta as proposed by Solé et al. (2009).

The morphology of the p4 and lower molars of Parvagu-
la closely matches that known in Tinerhodon from the late 

Paleocene of Morocco in possessing a distinct entoconid on 
p4 and a bulbous entoconid on molars. The p4 of Parvagula, 
however, differs from that of Tinerhodon in having a larger 
paraconid (a synapomorphic feature of Proviverrinae) and 
the absence of the protostylid. The protostylid is present in 
early sinopines (Fig. 5C1) (see Gheerbrant et al. 2006: fig. 
7) and is probably a primitive structure among hyaenodonts 
(Solé 2013). The lower molars of Parvagula differ from 
those of Tinerhodon in having a lingually close postfossid 
and a wider and shorter talonid. It is important to note that 
Tinerhodon is both older and more primitive than Parvagula. 
However, despite these differences, the teeth of Parvagula 
are overall more similar to late Paleocene Tinerhodon than to 
those of the contemporaneous sinopines from Europe. How-
ever, Tinerhodon cannot be considered as a true proviverrine 
because it does not display the enlargement of the paraconid 
of the p4, which is a distinguishing feature of the subfamily 
(Solé 2013). Moreover, this genus has been often found as 
the most basal hyaenodont in phylogenetic analyses (Solé 
2013; Solé et al. 2014b).

A sister-group relationship between Proviverrinae and 
Tinerhodon has never been found by the cladistics analyses 
that focused on the relationships within Hyaenodonta (Solé 
2013; Solé et al. 2014b; Rana et al. 2015). One can note, 
however, that the relationships within hyaenodonts are par-
ticularly unstable. This is notably obvious for the higher level 
relationships (Fig. 6A1, B1, C1). This lack of resolution is 
possibly caused by the isolation of hyaenodont faunas on dif-
ferent continents during the early Eocene, the convergences 
in the dentition (e.g., simplification of the carnassial teeth), 
and the lack of non-dental material for several hyaenodont 
groups (Solé 2013; Rana et al. 2015).

Anyway, the close morphological resemblance between 
the material from Palette, Fournes, and Fordones with that 
from the Ouarzazate Basin is particularly striking. These new 
data also allow us to revisit the problem of the geographic 
origin of the Proviverrinae and Sinopinae. Three hypotheses 
concerning the origins of Hyaenodonta have been proposed, 
Fig. 6B1–B3 summarizes the hypotheses and their resulting 
dispersals:

(i) Emmanuel Gheerbrant (Gheerbrant 1995; Gheerbrant 
et al. 2006) and FS (Solé 2013; Solé and Smith 2013; Solé et 
al. 2009, 2014b), following Philip D. Gingerich (Gingerich 
1989; Gingerich and Deutsch 1989), have proposed an African 
origin for the hyaenodonts (Fig. 6A1, A2). This hypothesis is 
based on a combination of a very early record for the family 
in the middle Paleocene of Africa (Kocsis et al. 2014; Yans et 
al. 2014a) and a relatively high diversity of early and middle 
Eocene African hyaenodonts (Solé et al. 2014b).

(ii) An Asian origin for Hyaenodonta has been suggested 
by several authors (Beard 1998; Meng et al. 1998; Rana et al. 
2015) (Fig. 6B1, B2). This hypothesis is supported by a late 
Paleocene occurrence of Limnocyoninae in Inner Mongolia, 
China (Meng et al. 1998). Moreover, its supporters related 
this hypothesis with the Asian origin of other taxa such as 
Artiodactyla, Euprimates, and Perissodactyla that appeared 

Fig. 5. Comparison of the p4 (A, C) and m1 (B, D) of the early Eocene 
Proviverrinae and Sinopinae. A, B. Parvagula palulae Lange-Badré in Go-
dinot et al., 1987 from Fournes, France. A. UM/FNR 53, right p4; occlusal 
(A1) and lingual (A2) views. B. UM/FNR 51, right m1; occlusal (B1) and 
lingual (B2) views. C, D. Prototomus minimus Smith and Smith, 2001 from 
Dormaal, Belgium. C. IRSNB M1286, right p4; lingual (C1) and occlu-
sal (C2) views. D. IRSNB M1287, left m1; lingual (D1) and occlusal (D2) 
views, reversed. Not to scale.
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in North America and Europe also in the beginning of the ear-
ly Eocene, i.e., the East of Eden hypothesis of Beard (1998).

(iii) Morlo et al. (2009) have proposed a multiregional 
origin (Fig. 6C1, C2). This hypothesis, which is not supported 
by a cladistics analysis, implies that two distinct groups of 
Hyaenodonta originated in different landmasses: the Pro-
viverroidea (Proviverrinae and Tinerhodon) and Hyaeno-
dontida (Sinopinae, Limnocyoninae) appeared respectively 

in Africa and Asia. It does not imply a diphyletism of the 
Hyaenodonta but rather recognizes a wide distribution of this 
group very early in its history and before its diversification 
(i.e., before the Paleocene–Eocene boundary).

If the proviverrines and African Tinerhodon are not found 
as sister-groups in the cladistics analyses, a morphological 
similarity between the dentition of the proviverrines and 
African Tinerhodon makes, however, biogeographic sense. 

Fig. 6. Comparison of phylogenetic trees and of the three hypotheses of hyaenodont origin and dispersals with focus on the Sinopinae and Proviverri-
nae. A. African origin with subsequent dispersals of the Sinopinae and Proviverrinae into Europe, and of the Sinopinae from Europe to North America. 
A1. The phylogenetic tree based on the cladistics analysis of Solé et al. (2014b). A2. Faunal dispersals during the early Eocene based on the hypothesis of 
an African origin for the Hyaenodonta. B. Asian origin with subsequent dispersals of Sinopinae and Proviverrinae into Europe, and of Tinerhodon from 
Europe to Africa. B1. The phylogenetic tree based on the cladistics analysis of Rana et al. (in press); the position of the Group A is variable—we repre-
sent only two of the four possible positions: the basal position implies two dispersal events from Laurasia to Africa, while the more inclusive position 
implies one single event. B2. Faunal dispersals around the Paleocene–Eocene transition based on the hypothesis of an Asian origin for the Hyaenodonta. 
C. Multiregional origin with subsequent dispersals of the Sinopinae from Asia to North America through Europe, and of the Proviverrinae from Africa 
to Europe. C1. The phylogenetic tree based on the abstract of Morlo et al. (2010). C2. Faunal dispersals during the early Eocene based on the hypoth-
eses of an Asian origin for the Sinopinae (Hyaenodontida) and of an African one for the Proviverrinae (Proviverroidea). The phylogeny of Rana et al. 
(in press) is, however, consistent with either an African or an Asian origin for the Hyaenodonta; only the Asian origin is discussed here; the position of 
Tinerhodon in C1 is our hypothesis because this taxon is not discussed by Morlo et al. (2010). Abbreviations: A, Africa; L, Laurasia. Bolded, taxa that 
mainly radiated in Africa; asterisks, paraphyletic subfamilies in Rana et al. (in press). A2–C2 are adapted from Ron Blakey, Eocene, http://www2.nau.
edu/rcb7/050Marect.jpg.
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This supports faunal interchanges between Europe and Africa 
around the Paleocene–Eocene boundary as hypothesized by 
Gheerbrant and Rage (2006) based on several mammalian 
groups. The primitive morphology of Tinerhodon when com-
pared to the proviverrines disagrees with the hypothesis of an 
Asian origin (Figs. 6B). The similarity between the African 
genus and the endemic European subfamily better agrees with 
either the African (Fig. 6A) or multiregional origin (Fig. 6C).

A comparison between the p4 of Prototomus minimus 
(stem sinopine) with that of both Parvagula (stem proviver-
rine) and Tinerhodon provides interesting features for dis-
criminating between the two concurrent hypotheses. The p4s 
of Prototomus minimus and Tinerhodon share the presence of 
a protostylid and a low paraconid, but the former differs from 
the latter by the absence of an entoconid. The p4 of Prototo-
mus minimus species thus appears partially similar to that of 
Tinerhodon, as is the p4 of Parvagula , but for different fea-
tures. As a consequence, the p4 of Tinerhodon corresponds 
to a combination of the features visible on the p4 of both the 
sinopines and proviverrines, and represents a very pertinent 
morphological ancestor to the two subfamilies. This observa-
tion strengthen supports for an African origin not only of the 
Proviverrinae but also of Hyaenodonta (Fig. 6B).

Stratigraphic implications of Parvagula for the biochro-
nology of the early Eocene Southern Europe localities.—
Marandat et al. (2012) recently reviewed the biochronolog-
ical sequence for the earliest Eocene mammalian sites of 
Southern Europe. The sequence they established is the fol-
lowing from oldest to youngest: (i) Silveirinha (Portugal), 
(ii) Fordones/Palette/Le Clot, and (iii) Rians/Fournes. Do the 
proviverrines support this sequence?

Fordones could be close in age to Palette (Marandat 1991; 
Marandat et al. 2012). Six of the eighteen mammalian spe-
cies identified in the former locality are actually present or 
have closely related representatives in the latter one. The 
specimen UM/FDN 153 here presented allows recognizing a 
seventh species (Parvagula palulae).

The fossils from Fournes are distinctly larger than the 
holotype recorded in Palette. As discussed above, the former 
are also slightly more derived than the latter. These observa-
tions support a younger age of Fournes compared to Palette. 
Concerning the correlation between Fordones and Fournes, 
the specimen from Fordones (UM/FDN 153) is smaller and 
more primitive (see above) than those from Fournes. These 
observations agree with an older age for Fordones compared 
to Fournes. Consequently, the fossils here presented support 
the sequence of mammalian sites established by Marandat 
et al. (2012).

A comparison with Rians based on hyaenodonts is pres-
ently impossible because only Eoproviverra is present here. 
This genus probably belongs to a different lineage than Par-
vagula; Eoproviverra is characterized by more secant struc-
tures and does not show the typical reduction of the talonid 
observed in Parvagula. The sequence proposed by Marandat 
et al. (2012) implies that the two genera may have been 
contemporaneous: the proviverrines thus were diversified in 
Southern Europe during the early Eocene. Moreover, their 
diverging dental specializations indicate that the two taxa 
were probably separated prior to Rians/Fournes level.

The lower molar from Tsagan Khushu (Mongolia, Ypre-
sian): an intriguing specimen.—As indicated above, Ma-
randat (1991) originally referred UM/FNR 51, UM/FNR 52, 

Fig. 7. Geographic localisation of the Asian hyaenodonts mentioned in the text, and distributions of the Limnocyoninae and Indohyaenodontinae. Both 
the geographic distributions of the Limnocyoninae and Indohyaenodontinae include the Mongolian specimen PSS 20-124. Adapted from Ron Blakey, 
Eocene, http://www2.nau.edu/rcb7/050Marect.jpg.
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and UM/FDN 153 as cf. Hyracolestes sp. based on similar-
ities with a lower molar (PSS 20-124) from Tsagan Khu-
shu (Mongolia, Ypresian) referred as cf. Hyracolestes sp. by 
Russell and Dashzeveg (1986). We, however, demonstrated 
above that the French specimens actually correspond to mo-
lars of proviverrine hyaenodonts.

The Mongolian specimen differs from the lower molars of 
Hyracolestes by a smaller metaconid, the mesio-distal elon-
gation of the talonid, the presence of well-developed pre- and 
postcingulid, and the lingual closing of the postfossid. As 
a result, PSS 20-124 cannot be referred to Hyracolestes; 
Lopatin and Kondrashov (2004), who recently published the 
description of sarcodontines from Tsagan Khushu, have a 
similar opinion. The previously listed differences are shared 
with the lower molars of the proviverrines discussed in the 
present paper; moreover, several other shared features can 
be listed: the presence of a carnassial notch on the proto- and 
paracristid, a large and high paraconid, and a narrow talonid. 
Moreover, PSS 20-124 (L = 2.6; W = 1.5) is close in size to 
the molars of Eoproviverra and Parvagula.

The Mongolian locality shares with Palette and Le Clot 
the presence of the condylarth Lessnessina: L. praecipuus 
is recorded in Palette and Le Clot, while L. khushuensis is 
known from Tsagan Khushu (Marandat et al. 2012). As a re-
sult, the presence of a proviverrine in the Mongolian locality 
is not unexpected. PSS 20-124 however differs from the old-
est European proviverrines by the presence of a postcingulid 
and the reduction of the entoconid, which is crestiform. As 
noted by Russell and Dashzeveg (1986), the postcingulid 
even nearly meets the precingulid.

The sole Paleocene hyaenodont in Asia is Prolimnocy-
on chowi from Bayan Ulan (Mongolia) (Meng et al. 1998; 
Fig. 7); it corresponds to a limnocyonine, a subfamily that 
is characterized by the strong reduction or loss of M3/m3. 
The Asian hyaenodonts are more diverse in the early Eo-
cene: Indohyaenodon from Vastan Lignite Mine (Gujarat, 
India) (Bajpai et al. 2009; Rana et al. 2015); Arfia palustris 
from Wutu Basin (Shandong, China) (= “Anthracoxyaena” 
palustris Tong and Wang, 2006; reassigned to Arfia [Solé et 
al. 2013]); Isphanatherium and Neoparapterodon sp. from 
Andarak-2 locality (Fergana Basin, Kyrgystan) (Lavrov and 
Averianov 1998); and Arfia langebadreae and ?Prototomus 
sp. from Tsagan Khushu (Lavrov and Lopatin 2004) (Fig. 7).

Comparisons with ?Prototomus sp. from Tsagan Khushu 
is presently impossible because the specimens correspond 
to a toothless dentary and a maxillary bearing only a labial 
fragment of M2. PSS 20-124 shares with the two Asian Arfia 
species the presence of buccal cingulids, but it differs from 
the former by a distinctly narrower talonid, a less bulbous en-
toconid and the absence of crenulated enamel; the Mongolian 
specimen thus does not represent an arfiine.

It is difficult to compare PSS 20-124 with specimens of Is-
phanatherium and Neoparapterodon as those genera are only 
known from upper teeth. Nevertheless, Isphanatherium and 
Neoparapterodon display very secant specializations such as 
the reduction of the protocone, features not found in associ-

ation with labial cingulids like those of PSS 20-124. We thus 
think that PSS 20-124 cannot be assigned to any of these taxa.

Among the hyaenodonts present in the early Paleogene 
of Asia, the reduction of the entoconid is found in the lim-
nocyonines (Morlo and Gunnell 2003) and indohyaenodon-
tines (Solé et al. 2014b; Rana et al. 2015). The presence of 
postcingulids is common among indohyaenodontines (Indo-
hyaenodon, Kyawdawia, and Yarshea). However, the latter 
are considered to be geographically restricted to South and 
Southeast Asia (Solé et al. 2014b). If PSS 20-124 corresponds 
to the lower molar of an indohyaenodontine, it would repre-
sent the northernmost occurrence of this subfamily (Fig. 7).

Another relevant comparison is with the peculiar limnocy-
onine Thereutherium from the Rupelian (Oligocene; Mammal 
Paleogene, MP23–MP25) of Europe. This limnocyonine is 
interesting because it displays both labial cingulids and a re-
duction of the entoconid (Lange-Badré 1979). Lange-Badré 
(1979, 1995) hypothesized that this peculiar genus may have 
evolved in Asia and dispersed from this area to Europe during 
the Rupelian. However, the origin of this genus is presently 
unknown because no related or ancestral taxon is known in the 
fossil record. Lange-Badré (1995) highlighted that the limno-
cyonines seem to have been present in Asia during the entire 
Eocene, but that their evolution is only poorly studied due to 
the lack of fossils. Only Prolaena from Hetaoyuan Formation 
(Henan Province, middle Eocene) and ?Thinocyon sichowen-
sis from Guanzhuang Formation (Shandong Province, middle 
Eocene) (Fig. 7) are tentatively referred to Limnocyoninae at 
the present time (see Morlo and Gunnell 2003 for a discussion 
concerning the systematic position of these limnocyonines). 
One can remark that the locality where PSS 20-124 has been 
found is closer to those of the Asian limnocyonines than to 
those of the indohyaenodontines (Fig. 7). In conclusion, PSS 
20-124 is possibly related to the Indohyaenodontinae or to the 
Limnocyoninae rather than to the Proviverrinae.

Conclusions
New elements for the proviverrine hyaenodont Parvagula 
palulae from the early Eocene of Southern France illustrate 
the morphological differences between the sinopines and 
proviverrines and support the faunal differences between 
Northern and Southern Europe previously documented 
(Marandat 1997; Marandat et al. 2012). Moreover, the sim-
ilarities of the early Eocene French proviverrines to the Af-
rican genus Tinerhodon support the hypothesis of a north-
ward extension of this group around the Paleocene–Eocene 
boundary. This northward dispersal of the proviverrines 
expanded during the early Eocene; they probably dispersed 
into the Paris Basin during a time of faunal turnover (be-
tween 55 and 52 Myr) (Solé et al. 2014a). This dispersal 
is correlative with the reduction of the geographic range 
of Sinopinae, which thus was mainly confined to North 
America, except for a late middle Eocene dispersal into 
Asia (Morlo et al. 2014).



SOLÉ ET AL.—A POSSIBLE AFRICAN ORIGIN OF THE PROVIVERRINES 537

Acknowledgements
We thank Renaud Lebrun (Institut des Sciences de l’Evolution de 
Montpellier, France) for access to microCT facilities and his help in the 
acquisition of the CT scan data for UM/PAT 4. The SEM pictures were 
taken by Cillis Julien (IRSNB). We also thank the referees, Patricia 
Holroyd (University of California, Museum of Paleontology, Berkeley, 
USA), Emmanuel Gheerbrant (Muséum National d’Histoire Naturelle, 
Paris, France), and Michael Morlo (Forschungsinstitut Senckenberg, 
Frankfurt, Germany), for their very constructive comments that im-
proved the manuscript. This work was financially supported by project 
BR/121/A3/PALEURAFRICA of the Federal Science Policy Office 
of Belgium.

References
Bajpai, S., Kapur, V.V., and Thewissen, J.G.M. 2009. Creodont and con-

dylarth from Cambay Shale (early Eocene, 55–54 Ma), Vastan Lignite 
Mine, Gujarat, western India. Journal of the Palaeontological Society 
of India 54: 103–109.

Beard, K.C. 1998. East of Eden: Asia as an important center of taxonomic 
origination in mammalian evolution. Bulletin of the Carnegie Museum 
of Natural History 34: 5–39.

Gheerbrant, E. 1995. Les mammifères paléocènes du Bassin d’Ouarzazate 
(Maroc). III. Adapisoriculidae et autres mammifères (Carnivora,? Cre-
odonta, Condylarthra,? Ungulata et incertae sedis). Palaeontographi-
ca Abteilung A 237: 39–132.

Gheerbrant, E. and Rage, J.-C. 2006. Paleobiogeography of Africa: how 
distinct from Gondwana and Laurasia? Palaeogeography, Palaeocli-
matology, Palaeoecology 241: 224–246.

Gheerbrant, E., Iarochene, M., Amaghzaz, M., and Bouya, B. 2006. Early 
African hyaenodontid mammals and their bearing on the origin of the 
Creodonta. Geological Magazine 143: 475–489.

Gingerich, P.D. 1989. New earliest Wasatchian mammalian fauna from the 
Eocene of northwestern Wyoming: composition and diversity in a rarely 
sampled high-floodplain assemblage. University of Michigan, Papers on 
Paleontology 28: 1–97.

Gingerich, P.D. and Deutsch, H.A. 1989. Systematics and evolution of 
early Eocene Hyaenodontidae (Mammalia, Creodonta) in the Clarks 
Fork Basin, Wyoming. Contributions from the Museum of Paleonto-
logy, The University of Michigan 27: 327–391.

Godinot, M. 1981. Les mammifères de Rians (Eocène inférieur, Provence). 
Palaeovertebrata 10 : 43–126.

Godinot, M., Crochet, J.Y., Hartenberger, J.L., Lange-Badré, B., Russell, 
D.E., and Sigé, B. 1987. Nouvelles données sur les mammifères de 
Palette (Eocène inférieur, Provence). Münchner Geowissenschaftliche 
Abhandlungen A10: 273–288.

Gunnell, G.F. 1998. Creodonta. In: C.M. Janis, K.M. Scott, and L.L Jacobs 
(eds.), Evolution of Tertiary Mammals of North America. Volume 1: Ter-
restrial Carnivores, Ungulates, and Ungulatelike Mammals, 91–109. 
Cambridge University Press, Cambridge.

Kocsis, L., Gheerbrant, E., Mouflih, M., Cappetta, H., Yans, J., and Amagh-
zaz, M. 2014. Comprehensive stable isotope investigation of marine bio-
genic apatite from the late Cretaceous—early Eocene phosphate series 
of Morocco. Palaeogeography, Palaeoclimatology, Palaeoecology 394: 
74–88.

Lange-Badré, B. 1979. Les Créodontes (Mammalia) d’Europe occidentale 
de l’Eocène supérieur à l’Oligocène supérieur. Mémoires du Muséum 
National d’Histoire Naturelle. Muséum 42: 1–249.

Lange-Badré, B. 1995. Le Garouillas et les sites contemporains (Oligocène, 
MP 25) des phosphorites du Quercy (Lot, Tarn-et-Garonne, France) et 
leurs faunes de Vertébrés. 6. Créodontes. Palaeontographica, Section A 
236: 125–133.

Lavrov, A.V. and Averianov, A.O. 1998. The oldest Asiatic Hyaenodon-

tidae (Mammalia, Creodonta) from the early Eocene of the southern 
Fergana Basin (Andarak-2 locality). Paleontological Journal 32: 
200–205.

Lavrov, A.V. and Lopatin, A.V. 2004. A new species of Arfia (Hyaenodon-
tidae, Creodonta) from the basal Eocene of Mongolia. Paleontological 
Journal 38: 448–457.

Linnaeus, C. 1758. Systema Naturae per regnatria naturae, secundum class-
es, ordines, genera, species, cum characteribus, differentiis, synonymis, 
locis. ii+824 pp. Editio decima, reformata. Laurentius Salvius, Holmiae.

Lopatin, A.V. and Kondrashov, P.E. 2004. Sarcodontinae, a new subfamily 
of micropternodontid insectivores from the early Paleocene–middle 
Eocene of Asia. Paleogene Mammals. New Mexico Museum of Natural 
History and Science Bulletin 26: 185–193.

Marandat, B. 1991. Mammifères de l’Ilerdien moyen (Eocène inférieur) 
des Corbières et du Minervois (Bas-Languedoc, France). Systéma-
tique, Biostratigraphie, Corrélations. Palaeovertebrata 20: 55–144.

Marandat, B. 1997. La disparité des faunes mammaliennes du niveau MP 7 
(Eocène inférieur) des domaines péri-mésogéens et nordiques. Investi-
gation d’un provincialisme intra-européen. Newsletters on Stratigraphy 
35: 63–82.

Marandat, B., Adnet, S., Marivaux, L., Martinez, A., Vianey-Liaud, M., 
and Tabuce, R. 2012. A new mammalian fauna from the earliest Eo-
cene (Ilerdian) of the Corbières (Southern France): palaeobiogeo-
graphical implications. Swiss Journal of Geosciences 105: 417–434.

Matthew, W.D. and Granger, W. 1925, Fauna and correlation of the Gasha-
to Formation of Mongolia. American Museum Novitates 189: 1–12.

Meng, J., Zhai, R.-J., and Wyss, A.R. 1998. The late Paleocene Bayan Ulan 
fauna of Inner Mongolia, China. Bulletin of Carnegie Museum of Nat-
ural History 34: 148–185.

Missiaen, P. and Smith, T. 2008. The Gashatan (late Paleocene) mammal 
fauna from Subeng, Inner Mongolia, China. Acta Palaeontologica Po-
lonica 53: 357–378.

Missiaen, P., Quesnel, F., Dupuis, C., Storme, J.-Y., and Smith, T. 2013. 
The earliest Eocene mammal fauna of the Erquelinnes Sand Member 
near the French-Belgian border. Geologica Belgica 16: 262–273.

Morlo, M. 1999. Niche structure and evolutionin creodont (Mammalia) 
faunas of the European and North American Eocene. Geobios 32: 
297–305.

Morlo, M. and Gunnell, G.F. 2003. Small Limnocyonines (Hyaenodontidae, 
Mammalia) from the Bridgerian Middle Eocene of Wyoming–Thino-
cyon, Prolimnocyon, and Iridodon, New Genus. Contributions from the 
Museum of Paleontology, The University of Michigan 31: 43–78.

Morlo, M. and Habersetzer, J. 1999. The Hyaenodontidae (Creodonta, Mam-
malia) from the lower Middle Eocene (MP 11) of Messel (Germany) 
with special remarks on new x-ray methods. Courier Forschungsinstitut 
Senckenberg 216: 31–73

Morlo, M., Bastl, K., Wenhao, W., and Schaal, S.F.K. 2014. The first spe-
cies of Sinopa (Hyaenodontida, Mammalia) from outside of North 
America: implications for the history of the genus in the Eocene of 
Asia and North America. Palaeontology 57: 111–125.

Morlo, M., Gunnell, G.F., and Nagel, D. 2010. Ecomorphological analysis 
of carnivore guilds in the Eocene through Miocene of Laurasia. In: A. 
Goswami and A. Friscia (eds.), New Contributions to the Natural His-
tory of Carnivora, 269–310. Cambridge University Press, Cambridge.

Morlo, M., Gunnell, G.F., and Polly, P.D. 2009. What, if not nothing, is a cre-
odont? Phylogeny and classification of Hyaenodontida and other former 
creodonts. Journal of Vertebrate Paleontology 29 (Supplement): 152A.

Owen, R. 1837. Teeth. In: R.B. Todd (ed.), The Cyclopaedia of Anatomy 
and Physiology, Vol. 4, 864–935. Sherwood, Gilbert, and Piper, London.

Polly, P.D. 1996. The skeleton of Gazinocyon vulpeculus gen. et comb. 
nov. and the cladistic relationships of Hyaenodontidae (Eutheria, 
Mammalia). Journal of Vertebrate Paleontology 16: 303–319.

Rana, R.S., Kumar, K., Zack, P.S., Solé, F., Rose, K.D., Missiaen, P., Singh, 
L., Sahni, A., and Smith, T. 2015. Craniodental and postcranial mor-
phology of Indohyaenodon raoi from the early Eocene of India, and its 
implications for ecology, phylogeny, and biogeography of hyaenodontid 
mammals. Journal of Vertebrate Paleontology [published online].

http://dx.doi.org/10.1016/j.palaeo.2006.03.016
http://dx.doi.org/10.1017/S0016756806002032
http://dx.doi.org/10.1016/j.palaeo.2013.11.002
http://dx.doi.org/10.1007/s00015-012-0113-5
http://dx.doi.org/10.4202/app.2008.0301
http://dx.doi.org/10.1016/S0016-6995%2899%2980043-6
http://dx.doi.org/10.1111/pala.12052
http://dx.doi.org/10.1080/02724634.1996.10011318
http://dx.doi.org/10.1080/02724634.2015.965308


538 ACTA PALAEONTOLOGICA POLONICA 60 (3), 2015

Russell, D.E. and Dashzeveg, D. 1986. Early Eocene insectivores (Mam-
malia) from the People’s Republic of Mongolia. Palaeontology 29: 
269–291.

Schlosser, M. 1886. Paläontologische Notizen. Über das Verhältnis der 
Cope’schen Creodonta zu den übrigen Fleischfressern. Morpholo-
gische Jahrbuch 12: 287–294.

Smith, T. and Smith, R. 2001. The creodonts (Mammalia, Ferae) from the 
Paleocene–Eocene transition in Belgium (Tienen Formation, MP7). 
Belgian Journal of Zoology 131: 117–136.

Solé, F. 2013. New proviverrine genus from the Early Eocene of Europe and 
the first phylogeny of Late Palaeocene–Middle Eocene hyaenodontidans 
(Mammalia). Journal of Systematic Palaeontology 11: 375–398.

Solé, F. 2014. New carnivoraforms from the early Eocene of Europe and 
their bearing on the evolution of the Carnivoraformes. Palaeontology 
57: 963–978.

Solé, F. and Smith, T. 2013. Dispersals of placental carnivorous mammals 
(Carnivoramorpha, Oxyaenodonta and Hyaenodontida) near the Pa-
leocene–Eocene boundary: a climatic and almost worldwide story. 
Geologica Belgica 16: 254–261.

Solé, F., Falconnet, J., and Laurent, Y. 2014a. New proviverrines (Hyaeno-
dontida) from the early Eocene of Europe; phylogeny and ecological 
evolution of the Proviverrinae. Zoological Journal of the Linnean So-
ciety 171: 878–917.

Solé, F., Gheerbrant, E., Amaghzaz, M., and Bouya, B. 2009. Further evi-
dence of the African antiquity of hyaenodontid (“Creodonta”, Mamma-
lia) evolution. Zoological Journal of the Linnean Society 156: 827–846.

Solé, F., Gheerbrant, E., and Godinot, M. 2011. New data on the Oxyaenidae 
from the Early Eocene of Europe; biostratigraphic, paleobiogeographic 
and paleoecologic implications. Palaeontologia Electronica 14: 1–41.

Solé, F., Gheerbrant, E., and Godinot, M. 2013. Sinopaninae and Arfia-
ninae (Hyaenodontida, Mammalia) from the Early Eocene of Europe 
and Asia; evidence for dispersal in Laurasia around the Paleocene/
Eocene boundary and for an unnoticed faunal turnover in Europe. 
 Geobios 46: 313–327.

Solé, F., Lhuillier, J., Adaci, M., Bensalah, M., Mahboubi, M., and Tabuce, 
R. 2014b. The hyaenodontidans from the Gour Lazib area (? Early 
Eocene, Algeria): implications concerning the systematics and the or-
igin of the Hyainailourinae and Teratodontinae. Journal of Systematic 
Palaeontology 12: 303–322.

Tong, Y. and Wang, J. 2006. Fossil mammals from the Early Eocene Wutu 
Formation of Shandong Province [in Chinese, with English summary]. 
Palaeontologia Sinica, New Series C 192: 1–195.

Van Valen, L. 1967. New Paleocene insectivores and insectivore classifica-
tion. Bulletin of the American Museum of Natural History 135: 217–284.

Yans, J., Amaghzaz, M., Bouya, B., Cappetta, H., Iacumin, P., Kocsis, L., 
Mouflih, M., Selloum, O., Sen, S., Storme, J.-Y., and Gheerbrant, E. 
2014a. First carbon isotope chemostratigraphy of the Ouled Abdoun 
phosphate Basin, Morocco; implications for dating and evolution of 
earliest African placental mammals. Gondwana Research 25: 257–269.

Yans, J., Marandat, B., Masure, E., Serra-Kiel, J., Schnyder, J., Storme, J.-
Y., Marivaux, L., Adnet, S., Vianey-Liaud, M., and Tabuce, R. 2014b. 
Refined bio- (benthic foraminifera, dinoflagellate cysts) and chemo-
stratigraphy (δ13Corg) of the earliest Eocene at Albas-Le Clot (Cor-
bières, France): implications for mammalian biochronology in South-
ern Europe. Newsletters on Stratigraphy 47: 331–353.

Zack, S.P. 2011. New species of the rare early Eocene creodont Galecyon 
and the radiation of early Hyaenodontidae. Journal of Paleontology 
85: 315–336.

http://dx.doi.org/10.1080/14772019.2012.686927
http://dx.doi.org/10.1111/pala.12097
http://dx.doi.org/10.1111/zoj.12155
http://dx.doi.org/10.1111/j.1096-3642.2008.00501.x
http://dx.doi.org/10.1016/j.geobios.2013.02.003
http://dx.doi.org/10.1080/14772019.2013.795196
http://dx.doi.org/10.1016/j.gr.2013.04.004
http://dx.doi.org/10.1127/nos/2014/0050
http://dx.doi.org/10.1666/10-093.1



