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MEMOIR ARTICLE
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ABSTRACT—Adalatherium hui is a latest Cretaceous (Maastrichtian) gondwanatherian mammal based on only a single
specimen, a virtually complete, articulated, and well-preserved skull and postcranial skeleton. The specimen is the most
complete and best preserved of any mammaliaform from the Mesozoic of the southern supercontinent Gondwana. It was
discovered in the Anembalemba Member of the Maevarano Formation in the Mahajanga Basin of northwestern
Madagascar. The holotype specimen includes the only complete lower jaw and the only postcranial remains known for
Gondwanatheria, which, other than the cranium of Vintana sertichi (also from the latest Cretaceous of Madagascar), are
represented only by isolated teeth and fragmentary dentaries. Despite being represented by an immature individual, A. hui
is third only to V. sertichi and Coloniatherium cilinskii as the largest Mesozoic mammaliaform (based on body fossils) from
Gondwana. Here, we (1) review the paucity of mammaliamorph skull and postcranial skeletal material from the Mesozoic
of Gondwana relative to the record from Laurasia; (2) review the systematic paleontology of A. hui; (3) provide an
overview of the history of discovery of the holotype specimen; (4) detail the preservation of the holotype, its preparation
history, and the imaging techniques used to study it; (5) provide an overview of the geological context of A. hui, which
indicates that the species lived close to the end-Cretaceous extinction event in a highly seasonal, semiarid climate; and (6)
estimate the body mass of A. hui in the context of other Mesozoic mammaliaforms.

Citation for this article: Krause, D. W., J. R. Groenke, S. Hoffmann, R. R. Rogers, and L. J. Rahantarisoa. 2020. Introduction to
Adalatherium hui (Gondwanatheria, Mammalia) from the Late Cretaceous of Madagascar; pp. 4–18 in D. W. Krause and
S. Hoffmann (eds.), Adalatherium hui (Mammalia, Gondwanatheria) from the Late Cretaceous of Madagascar. Society of
Vertebrate Paleontology Memoir 21. Journal of Vertebrate Paleontology 40(2, Supplement). DOI: 10.1080/
02724634.2020.1805455.

INTRODUCTION

The record of Mesozoic mammaliaforms from the southern
supercontinent Gondwana pales in comparison with that from
its northern counterpart, Laurasia. A survey of Mesozoic mam-
maliaform species, and the localities from which they are
known, extracted from the last major compendium on Mesozoic
mammaliaforms (Kielan-Jaworowska et al., 2004), underscores
this strong disparity (Table 1). For the Cretaceous, when
Pangaea was undergoing its greatest degree of fragmentation,
there are greater than eight times more mammaliaform species
and mammaliaform-producing localities known from Laurasia
(299 species from 156 localities) than from Gondwana (36
species from 18 localities). This imbalance between northern
and southern supercontinents is even greater for the Late Jurassic
(68 species from 19 Laurasian localities; four species from one
Gondwanan locality), roughly the same for the Middle Jurassic
(15 species from 14 Laurasian localities; two species from two
Gondwanan localities), but not nearly as great for the Late

Triassic–Early Jurassic (25 species from 22 Laurasian localities;
10 species from seven Gondwanan localities).

Although many additional Mesozoic mammaliaform taxa have
been described since Kielan-Jaworowska et al.’s (2004) compen-
dium, the majority have come from China; strikingly, the
number of new Mesozoic mammaliaform species (37) from
China named during the 2005–2014 decade is more than in all
prior decades combined (21; see Meng, 2014:fig. 1). During the
same decade (2005–2014), only 16 new Mesozoic mammaliaform
species from all Gondwanan landmasses combined were named,
and only two more have been added since 2014 (data from
Krause et al., 2019:supplemental table 4). As such, the prodigious
disparity in knowledge of the evolutionary history of Mesozoic
mammaliaforms between Laurasia and Gondwana has only
increased since the compendium by Kielan-Jaworowska et al.
(2004).

The imbalance in knowledge is exacerbated not only by the
relatively few species and localities but also by the relative incom-
pleteness of the specimens from Gondwana. Despite the fact that
the vast majority of the mammaliaform fossil record is composed
of isolated jaws and teeth, there is a considerable number of
important, relatively complete specimens (composed of skull*Corresponding author.
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and/or articulated postcranial skeletal material) of a broad taxo-
nomic range of taxa now known from the Mesozoic of Laurasian
landmasses. Most of these have been recovered during the past
three decades (see Kielan-Jaworowska et al., 2004, and references
therein, as well as Luo et al., 2003, 2007a, 2007b, 2011, 2015a,
2015b, 2017; Hu et al., 2005, 2010; Kielan-Jaworowska et al.,
2005; Luo and Ji, 2005; Luo and Wible, 2005; Martin, 2005, 2013;
Hu, 2006; Ji et al., 2006, 2009; Li and Luo, 2006; J. Meng et al.,
2006, 2011; Sereno, 2006; Wible et al., 2007, 2019; Bolortsetseg,
2008; Hurum and Kielan-Jaworowska, 2008; Kusuhashi et al.,
2009; Yuan et al., 2009, 2013; Gao et al., 2010; Ladevèze et al.,
2010; Zheng et al., 2013; Zhou et al., 2013, 2019; Bi et al., 2014,
2016, 2018; Hou and Meng, 2014; Martin et al., 2015; Q.-J.
Meng et al., 2015, 2017; Smith and Codrea, 2015; Xu et al.,
2015; Han and Meng, 2016; Rougier et al., 2016; Chen et al.,
2017; Han et al., 2017; Csiki-Sava et al., 2018; Huttenlocker
et al., 2018; Jäger et al., 2019; Mao and Meng, 2019; Wang
et al., 2019; Mao et al., 2020) and have come from the following
areas and horizons: (1) Late Triassic of Texas—partial skull of
the stem mammaliaform Adelobasileus; (2) Late Triassic of
Greenland—partial skull and postcranial skeleton of the hara-
miyid Haramiyavia; (3) Early Jurassic of Wales—associated
elements composed of almost every element of the skull and post-
cranium of the morganucodontan Morganucodon; (4) Early
Jurassic of China—several skulls of the stem mammaliaform
Sinoconodon and the mammaliaforms Morganucodon and
Hadrocodium; (5) Early Jurassic of Arizona—partial skull and
associated postcranial elements of the ‘triconodont’ Dinnetherium;
(6) Late Jurassic of Colorado—partial skull and postcranial skel-
eton of the basal mammaliaform Fruitafossor and partial skulls of
the multituberculate Glirodon and the triconodontid Priacodon;
(7) Late Jurassic of Portugal—partial skulls of a diversity of paul-
choffatiid multituberculates, skull and partial postcranial skeleton
of the docodontan Haldanodon, and fragmentary skulls and
postcranial skeletons of the cladotherians Dryolestes and
Henkelotherium; (8) Middle–Late Jurassic of China—partial
skull and postcranium of the enigmatic mammaliaform
Megaconus; partial to nearly complete skulls and postcrania
of the euharamiyidans Arboroharamiya, Maiopatagium,
Qishou, Shenshou, Vilevolodon, and Xianshou; nearly complete

skull and postcranium of the multituberculate Rugosodon;
partial skulls and postcrania of the docodontans Castorocauda,
Agilodocodon, Docofossor, and Microdocodon; skull and post-
cranium of the enigmatic gliding form Volaticotherium; partial
skull and postcranium of the shuotheridian Pseudotribos; and
partial skull and anterior part of postcranial skeleton of the
eutherian Juramaia; (9) Early Cretaceous of China—skulls and/
or postcranial skeletons of the multituberculates Jeholbaatar,
Liaobaatar, and Sinobaatar; the eutriconodontans Chaoyangodens,
Gobiconodon, Jeholodens, Juchilestes, Liaoconodon, Repenomamus,
and Yanoconodon; the ‘symmetrodontans’ Akidolestes, Anebodon,
Lactodens, Maotherium, and Zhangheotherium; the stem therian
Origolestes; and the eutherians Acristatherium, Ambolestes,
Eomaia, and Sinodelphys; (10) Early Cretaceous of Montana—
jaws and postcranial elements of the eutriconodontanGobiconodon;
(11) Early Cretaceous of Utah—cranium of the enigmatic
mammaliaform Cifelliodon; (12) Early Cretaceous of Spain—
nearly complete skull and postcranium of the eutriconodontan
Spinolestes; (13) Late Cretaceous of Romania—partial skulls of
the multituberculates Barbatodon, Kogaionon, and Litovoi;
(14) Late Cretaceous of Uzbekistan—nearly complete skull of
the eutherian Daulestes; (15) Late Cretaceous of Mongolia—
skulls (and partial skulls) and/or postcrania of the multitubercu-
lates Bulganbaatar, Catopsbaatar, Chulsanbaatar, Kamptobaatar,
Kryptobaatar, Mangasbaatar, Nemegtbaatar, Sloanbaatar, and
Tombaatar; the metatherians Asiatherium and Deltatheridium;
and the eutherians Asioryctes, Barunlestes, Kennalestes,
Ukhaatherium, and Zalambdalestes; and (16) Late Cretaceous
of China—skulls (and partial skulls) of the multituberculates
Guibaatar, Kryptobaatar, and cf. Tombaatar; skull and partial
postcranium of the multituberculate Yubaatar; and skull of the
eutherian Kennalestes.
Thus, there are approximately 75 mammaliaform genera

(uncertainty centers around the taxonomic status of several
forms, particularly paulchoffatiid multituberculates) represented
by skull and/or postcranial material from the Mesozoic of Laura-
sia. By extreme contrast, there are only five mammaliaform
genera from the entire Mesozoic of Gondwana that are rep-
resented by anything more than isolated elements (primarily
jaws and teeth). These include the nearly complete skulls and

TABLE 1. Number of mammaliaform-bearing localities or local faunas (numerator) and named species1 of mammaliaforms (denominator) based on
body fossils (i.e., not traces) fromMesozoic horizons on each of the major landmasses of the world. Compiled fromKielan-Jaworowska et al. (2004); see
discussion in text.

Epoch

Laurasia Gondwana

N. AM.2 EUR.3 ASIA4 S. AM. AFR. ANT. MAD. IND. AUST.

Late Cretaceous 81
156

12
6

21
55

8
14

1
0

0
0

1
1

2
2

0
0

Early Cretaceous 15
14

7
46

20
22

1
1

2
13

0
0

0
0

0
0

3
5

Late Jurassic 12
35

4
29

3
4

0
0

1
4

0
0

0
0

0
0

0
0

Middle Jurassic 0
0

8
12

75

2
1
1

0
0

0
0

1
1

0
0

0
0

Late Triassic – Early Jurassic 4
3

13
18

5
4

0
0

3
2

0
0

0
0

4
8

0
0

1“Named species” here is conservatively taken to mean any species (i.e., the second name in the Linnaean binomial) that is fully named but not qualified
with (usually preceded by) a question mark, aff., cf., or quotation marks. We do include species in which the generic name is qualified with a question
mark, aff., cf., or quotations marks. In other words, “cf. Genus species”, “aff. Genus species”, “?Genus species” , or ““Genus” species” are counted but
“Genus cf. species”, “Genus aff. species”, “Genus ?species”, or “Genus “species”” are not. Unnamed or indeterminate forms (e.g., “Gen. et sp. nov.”,
“Gen. et sp. indet.”, or “Genus sp.”) are not counted.
2For these purposes, Greenland is included in North America.
3It must be noted that there is increasing evidence that Cretaceous vertebrates of southern Europe had strong Gondwanan affinities (e.g., Krause et al.
[2019] and references therein).
4Asia, as used here, does not include the Indian subcontinent.
5One or more of these localities may be Late Jurassic.
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postcrania of the morganucodontans Megazostrodon and
Erythrotherium from the Early Jurassic (likely Hettangian–Sine-
murian) of southern Africa (Crompton and Jenkins, 1968;
Crompton, 1974; Jenkins and Parrington, 1976; Gow, 1986),
skulls and partially articulated postcranial skeletons of the stem
therian Vincelestes from the Early Cretaceous (Hauterivian–Bar-
remian) of Argentina (e.g., Bonaparte and Rougier, 1987;
Rougier et al., 1992; Rougier, 1993), partial crania and lower
jaws of the dryolestoid Cronopio from the earliest Late Cretac-
eous (early Cenomanian) of Argentina (Rougier et al., 2011),
and the cranium of the gondwanatherian Vintana from the
latest Late Cretaceous (Maastrichtian) of Madagascar (Krause,
2014; Krause et al., 2014). Among these, Vincelestes, Cronopio,
and Vintana are the only mammalian taxa occurring after the
beginning of Pangaean fragmentation (Vincelestes and Cronopio
from West Gondwana and Vintana from East Gondwana). Fur-
thermore, it is noteworthy that there are no mammaliaform
skulls or postcranial skeletons known from the ∼30 million
years of the post-early Cenomanian Late Cretaceous from all of
Gondwana other than the recently described cranium of
Vintana from the Maastrichtian of Madagascar (Krause, 2014;
Krause et al., 2014).

In this volume, we describe a mammalian specimen from the
Anembalemba Member (uppermost Cretaceous, Maastrichtian)
of the Maevarano Formation, Mahajanga Basin, northwestern
Madagascar (Fig. 1). This specimen, Université d’Antananarivo
(UA) 9030, is more complete than that of any previously known
mammaliaform from the Cretaceous and, indeed, the entire
Mesozoic of Gondwana. In addition to UA 9030, the entire
sample of mammalian specimens known from the Maevarano
Formation consists of nine isolated, mostly fragmentary teeth
representing five species (Lavanify miolaka [Gondwanatheria,

Sudamericidae; Krause et al., 1997]; Sudamericidae, gen. et sp.
indet. [Gondwanatheria; Krause, 2013]; ?Multituberculata, gen.
et sp. indet. [Krause, 2013]; Marsupialia, gen. et sp. indet.
[Krause, 2001], but see Averianov et al. [2003] and Archibald
and Averianov [2012]; and Mammalia, gen. et sp. indet. [Krause
et al., 1994]), a femur assigned to Multituberculata, gen. et sp.
indet. (Krause et al., 2017), and the cranium of Vintana sertichi
(Gondwanatheria, Sudamericidae; Krause, 2014; Krause et al.,
2014). Specimen UA 9030 was preliminarily described by
Krause, Hoffmann, et al. (2020) and assigned to a new genus
and species of gondwanatherian mammal, Adalatherium hui,
which was allocated to a new family, Adalatheriidae.

The holotype and only known specimen ofAdalatherium hui, UA
9030, is composed of a virtually complete, articulated, and well-pre-
served skull and postcranial skeleton (Fig. 2A) that allows for a full
skeletal reconstruction (Fig. 2B, C). The primary objectives of this
volume are to describe and illustrate, in detail, the anatomical struc-
ture of UA 9030 and to compare it with the known skull and post-
cranial skeletal material of other Mesozoic mammaliaforms. The
rest of this introductory chapter is focused on reviewing the systema-
tic paleontology ofA. hui, detailing the circumstances of discovery of
the holotype specimen, providing methodological information
related to the mechanical and digital preparation of the specimen,
placing the new taxon in geological context, and estimating the
body mass of UA 9030 and comparing it with the body masses of
other Mesozoic mammaliaforms.

SYSTEMATIC PALEONTOLOGY

MAMMALIA Linnaeus, 1758
ALLOTHERIA Marsh, 1880

GONDWANATHERIA Mones, 1987

FIGURE 1. Outcrop map of Upper Cretaceous
and Paleocene strata in the Mahajanga Basin
of northwestern Madagascar (see inset); the Ber-
ivotra Study Area is highlighted (rectangle). The
holotype specimen of Adalatherium hui (UA
9030) was recovered from locality MAD99-15
in the AnembalembaMember of the Maevarano
Formation, which is of latest Cretaceous (Maas-
trichtian) age.

Krause et al.—Introduction to Adalatherium6



ADALATHERIIDAE Krause, Hoffmann, Wible, and
Rougier, 2020 (in Krause, Hoffmann, et al., 2020)
ADALATHERIUM Krause, Hoffmann, Wible, and
Rougier, 2020 (in Krause, Hoffmann, et al., 2020)

Type Species—Adalatherium hui Krause, Hoffmann, Wible,
and Rougier, 2020 (in Krause, Hoffmann, et al., 2020).
Included Species—Type species only.
Etymology—Adala (Malagasy), meaning ‘crazy’; therium

(Latinized form of the Greek θηριον), meaning ‘beast.’ Together,
‘crazy beast,’ in reference to the many uniquemorphological attri-
butes of the new taxon.
Diagnosis—As for type and only known species.

ADALATHERIUM HUI Krause, Hoffmann, Wible, and
Rougier, 2020 (in Krause, Hoffmann, et al., 2020)

(Fig. 2A)

Holotype Specimen—UA (Université d’Antananarivo) 9030,
virtually complete, articulated, and well-preserved skull and post-
cranial skeleton.
Referred Specimens—None.
Etymology—In esteemed reference to Yaoming Hu, who

passed away on April 12, 2008, during the beginning phases of
research on this specimen while a postdoctoral associate at
Stony Brook University, and in recognition of his many contri-
butions to the knowledge of Mesozoic and Paleogene mammals.
Type Locality—Locality MAD99-15, Berivotra Study Area of

northwestern Madagascar, southeast of the port city of Maha-
janga (Fig. 1). Locality coordinates on file at the Denver
Museum of Nature & Science and the Université d’Antananarivo.
Age and Distribution—Known only from the Upper Cretac-

eous (Maastrichtian) Anembalemba Member, Maevarano For-
mation, Mahajanga Basin, northwestern Madagascar (Fig. 1;
Rogers et al., 2000, 2007; Krause et al., 2010).
Diagnosis—(Modified from Krause, Hoffmann, et al., 2020:

supplementary information.) Differs from all other Mesozoic
mammaliaforms (except, in some cases, Vintana, as noted) in pos-
sessing: (1) quadrangular upper postcanine tooth crowns with
four major cusps and three connecting perimetric ridges mesially,
lingually, and distally that border, on three sides, a central valley
that opens buccally; (2) lower postcanine tooth crowns with four
major cusps arranged in diamond pattern and connected by four
perimetric crests; (3) prominent mesiobuccal basin on two distal-
most lower postcanines; (4) two large, curved, open-rooted upper
incisors, each with buccally restricted enamel (there are indi-
cations from the alveoli that this feature is shared with
Vintana); (5) large internasal vacuity; (6) five large infraorbital
foramina (compared with three or fewer in other Mesozoic mam-
maliaforms, except Vincelestes, which also has five but they are
not uniformly large); (7) facial process of lacrimal extremely
large, contacting septomaxilla and excluding frontal and nasal
from contact with maxilla (shared with Vintana); (8) large
foramen in lacrimal (not related to nasolacrimal duct but possibly
for large ethmoidal neurovascular bundle); (9) extreme plethora
of nasal foramina, both large and small (some Mesozoic multitu-
berculates [e.g., Nemegtbaatar] approach this condition); (10)
relatively large intranarial process of septomaxilla (shared with
Vintana); (11) presence of septomaxillary canal; (12) large para-
nasal sinus arising from anterior vestibule of nasal cavity, anterior
to crista semicircularis; (13) very large, midline (seemingly
unpaired) incisive foramen; (14) extraordinarily deep zygomatic
arch; (15) secondary bony canal in inner ear that parallels
cochlear ganglion canal and likely enclosed network of vascula-
ture (shared with Vintana); (16) straight and distinctly separate
canal, presumably for lagenar nerve, between cochlear canal
apex and internal acoustic meatus; (17) thin, single-layered
primary osseous lamina in inner ear that lacked habenulae

perforatae, with cochlear nerve branches presumably passing
along surface of osseous lamina (possibly shared with Vintana);
(18) masseteric fossa positioned relatively high dorsally on ascend-
ing ramus of dentary; (19) at least 28 trunk vertebrae (with poten-
tially as many as 31), 12 of which are from lumbar region; (20) tail
short with almost all 24 caudal vertebrae (all except three distal-
most wider than long); (21) tibia strongly bowed anteroposteriorly
and compressed mediolaterally; and (22) trochleated facet on
distal end of astragalus for articulation with navicular.
Further differs from all gondwanatherians except Vintana in

being larger and in having molariform teeth that are approxi-
mately as wide as they are long. Further differs from the feru-
gliotheriids Ferugliotherium and Trapalcotherium in having
relatively high-crowned postcanine teeth. Differs from sudameri-
cids in lacking cementum-filled infundibula on postcanine teeth.
Further differs from Lavanify, Bharratherium, and Vintana in
not possessing modified radial enamel (prisms separated by pro-
minent interrow sheets of interprismatic matrix). Further differs
from Galulatherium in having stepped differential in height
between diastema and postcanine alveolar portion, in more
dorsal position of mental foramen on dentary, and in possessing
enamel on teeth. Further differs from Vintana in (1) exhibiting
lesser angle between floor of nasal cavity and nasopharynx; (2)
having relatively small orbits (relative to cranial size); (3)
having less prominent internarial process on premaxilla; (4) pos-
sessing premaxilla that is relatively short and does not contact
lacrimal, jugal, palatines, and vomer; (5) possessing single
(rather than paired) incisive foramen that is relatively large and
bounded by both premaxillae and maxillae (rather than lying
completely within premaxillae); (6) possessing an upper canine;
(7) possessing many more nasal foramina (Vintana has only a
single, very large foramen in each nasal); (8) lacking massive, ven-
trally directed flange on zygomatic process of jugal; (9) maxillae
meet in midline (palatines not intervening); (10) lacrimal
foramen in relatively lateral position on lacrimal (not inside
orbit); (11) lacking contact between vomer and palatines; and
(12) cochlear canal more strongly curved.

CIRCUMSTANCES OF DISCOVERY

UA 9030 was collected as part of the long-term and still ongoing
Mahajanga Basin Project. Although initiated by Stony Brook
University in 1993, the Mahajanga Basin Project has developed
into a large-scale collaborative project involving several U.S. insti-
tutions (Denver Museum of Nature & Science, Macalester
College, Ohio University, and Stony Brook University) and the
Université d’Antananarivo. The project has undertaken 13
expeditions in over 25 years and, recently, has expanded beyond
the Mahajanga Basin into the Ambilobe Basin to the north
(Farke and Sertich, 2013) and the Morondava Basin to the
south (Burch and Sertich, 2011; Marshall et al., 2015). These
expeditions have approximately septupled the previously known
species diversity of Late Cretaceous vertebrates fromMadagascar
and have resulted in the discovery of specimens of lungfish,
ray-finned fishes, frogs, turtles, snakes, non-ophidian squamates,
crocodyliforms, non-avian dinosaurs, birds, and mammals (see
faunal list in Krause, Hoffmann, et al., 2020:table S2).
The circumstances of discovery of UA 9030, the holotype and

only known specimen of Adalatherium hui, were unusual and,
in fact, serendipitous. The specimen was collected on July 15,
1999, from locality MAD99-15 in the Berivotra Study Area, in
a large plaster jacket originally thought to contain only the
partial, poorly preserved skeleton of a medium-sized crocodyli-
form, as field-identified on the basis of several osteoderms (Fig.
3). The crocodyliform was discovered by Joseph A. Rabarison,
then a graduate student at the Université d’Antananarivo, and
collected by him and Dr. Michael D. Gottfried of Michigan
State University. Preparation of the contents of the jacket,
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FIGURE 2. Adalatherium hui. A, photograph of skull and postcranial skeleton of holotype specimen (UA 9030). B, C, skeletal reconstructions in left
lateral and dorsal views, respectively.
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beginning in December 2002, by Virginia Heisey in the Stony
Brook University Vertebrate Fossil Preparation Laboratory,
unexpectedly revealed the presence of not only a crocodyliform
but the virtually complete skull and postcranial skeleton of the
mammalian specimen described herein. Further preparation
also revealed the presence of a skull and postcranial skeleton of
a hatchling crocodyliform (Whatley and Buckley, 2004), sub-
sequently identified by Joseph J.W. Sertich (pers. comm., Septem-
ber 2018) as referable to the notosuchian Miadanasuchus oblita,
lying some 5 cm beneath the mammalian specimen.

SPECIMEN PREPARATION AND SCANNING
METHODS

Mechanical Preparation

UA 9030 was manually prepared by V. Heisey in the Vertebrate
Fossil Preparation Laboratory at Stony Brook University (SBU),
beginning in December 2002. When it was first recognized that
the plaster jacket also contained the specimen of a mammal
(through exposure of the left humero-ulnar joint), a portable
X-ray unit from SBU Division of Laboratory Animal Resources
was employed to discover how much of the skeleton was
present and to guide further preparation.
The bone surfaces of the top side (as preserved in the sediment)

were prepared under magnification using steel insect pins and
carbide needles over the course of six months. Bulk matrix was
also removed from the periphery. The specimen was then radio-
graphically imaged in the SBU Medical Center Radiology Unit.
Digital photographs, including stereopairs, were also taken of
the exposed side of the skeleton. A supporting bed, composed
of commercially available urethane insulating spray foam, with
an aluminum foil separator, was then constructed to cradle the
exposed surface. The specimen was turned over onto the bed
and most of the remaining matrix prepared away, after which a
second bed of the same materials was created so that both sides
of the skeleton potentially could be viewed for study. Following
upon another session of photography, the skull was removed
and, prior to detailed preparation and removal of the dentaries
from the cranium, micro-computed tomography (μCT)-scanned
(see below).

In the first half of 2006, the left forelimb (except the
humerus), the left hind limb, a small block posterior to the
shoulder containing four anterior thoracic vertebrae, another
block containing 12 thoracic vertebrae, the pelvis, and the
series of caudal vertebrae were removed from the postcranial
skeleton. Postcranial materials were molded and cast by
J.R.G.; this was done to preserve and record spatial associations
(especially of the carpals and tarsals) at the time of burial. After
molding, the left antebrachium, carpus, and manus and the
entire left hind limb were disarticulated to the extent deemed
possible by V. Heisey, with all isolated elements again molded
and cast. Prior to molding, a number of more delicate and
highly trabeculated elements of the specimen were treated
with cyclododecane, which was liquefied and injected into
exposed trabecular areas to provide structural support; this
material subsequently sublimated. Specimens were mounted in
plasticine clay and block-molded with Silicones XT-475 RTV
silicone with GI-202A catalyst; this product was chosen
because it was marketed to be a low-durometer, low-oil, long-
lasting product. Vinac B-15 solubilized in acetone was applied
as a mold separator. To prevent potential loss of associations
among the disarticulated elements, particularly the carpals,
tarsals, and sesamoids, form-fit silicone mold storage mounting
bases were created by replicating half of each mold that had
been made of the separated elements. Because of the signifi-
cance of the specimen and the condition of preservation after
preparation, it was determined that the benefits of molding
additional portions of the skull and postcranium were out-
weighed by the high potential for irreparable damage.
In the spring of 2013, reassessment of materials used to house

UA 9030 occurred. The original foil-and-urethane beds used to
support the articulated portion of the postcranium had warped
and lost conformity to the specimen over time, putting the speci-
men at risk. After documenting positional information via
medical CT scan (see below), the specimen was transferred by
J.R.G. to a bed of generally established archival materials
(matte fiberglass impregnated with Epo-Tek 301 epoxy support,
with partially embedded polyester batting wrapped in an archival
polytetrafluoroethylene separator). During the same time frame,
the mechanically disarticulated postcranial remains were
removed from the form-fit silicone housings and placed in
acrylic boxes with polyethylene supports.

FIGURE 3. Locality MAD99-15, type locality ofAdalatherium hui, in the AnembalembaMember of the Maevarano Formation, Berivotra Study Area,
Mahajanga Basin, northwestern Madagascar. A, close-up view looking south-southwest, with site where holotype specimen, UA 9030, was discovered
indicated by white arrow. Also indicated are the two different facies, Facies 1 and Facies 2, constituting the AnembalembaMember.B, more distant view
of locality (indicated by white arrow), looking north, with plaster jacket (in foreground) containing crocodyliform specimens (see text) and UA 9030.
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In March 2016, the decision was made to deliberately separate
the articulated postcranium into anterior and posterior portions
in order to effectively µCT scan this portion of the skeleton
(see below). This also led to a more stable curation outcome for
the extremely fragile specimen. Two sets of ‘clamshell’ beds
were created for this purpose, using Specialist bandages for
support with polyester batting and polytetrafluoroethylene as
cushion and separator, respectively.

Computed Tomography

For both research and archival purposes, UA 9030 underwent
X-ray computed tomography a number of times at several facili-
ties between 2003 and 2019. Discovery of UA 9030 roughly
coincided with the beginning of widespread use of CT imaging
in paleontology (see Ketcham and Carlson, 2001; Carlson et al.,
2003; Sutton, 2008), and CT scan data have been integral to the
comprehensive study of various fossils, both large and small,
from the Mahajanga Basin (e.g., Sampson and Witmer, 2007;
Kley et al., 2010; Evans et al., 2014; Krause, 2014; Krause et al.,
2014). Some data sets are used in multiple chapters of this
volume, and, so as to avoid redundancy of description, these
are summarized below in this chapter. Scan description varies
because different facilities have preferences for how scan data
are reported. The data sets are presented chronologically; not
all were used for descriptive work.

In August 2003, a block of matrix containing the disarticulated
cranium and jaws was scanned at the High-Resolution X-ray
Computed Tomography Facility in the Department of Geological
Sciences at the University of Texas at Austin, Austin, Texas,
U.S.A. The Bio-Imaging Research scanning system used an
image intensifier detector and a 225 kV FeinFocus microfocal
X-ray source. The specimen was scanned at 120 kV, 0.2 μA. The
resulting data set preserves the association of the dentaries and
a hyoid element relative to the cranium. It was used in initial
descriptive work performed by D.W.K. and Y. Hu. The resultant
1024 × 1024 × 1404 voxel data set is composed of 0.063 mm ×
0.063 mm × 0.072 mm voxels.

In part owing to lag time following the untimely passing ofY.Hu
and in part because of work associated with the publication of
monographic works on Majungasaurus (Sampson and Krause,
2007), Simosuchus (Krause and Kley, 2010), and Vintana
(Krause, 2014), and other projects, research on UA 9030 was
delayed but resumed in 2013 and the specimen was scanned
several more times to target specific anatomical regions. In
March 2013, the isolated left forelimb (except the humerus) and
hind limb, the partial series of 12 thoracic vertebrae, as well as
the pelvis and caudal vertebrae, were µCT-scanned on the GE
eXplore Locus in vivo μCT scanner at the Ohio University µCT
Facility, Athens, Ohio, U.S.A. The ulna, radius, femur, tibia,
fibula, parafibula, calcaneus, and cuboid were scanned at 80 kV,
498 µA, and a size of 0.089564 mm × 0.089564 mm ×
0.089564 mm; the thoracic and caudal vertebrae, pelvis, metacar-
pals, metatarsals, remaining tarsals, all carpals, and pedal and
manual proximal and intermediate phalanges were also scanned
at 80 kV and 498 µA, but with a resultant voxel size of
0.044782 mm × 0.044782 mm × 0.044782 mm. One additional
scan was performed for the distal pedal and manual phalanges
at 70 kV, 114 µA, and a voxel size of 0.019927 mm ×
0.019927 mm × 0.019927 mm. MicroView and VFFtoRAW were
used to create 16-bit TIFF slices of the μCT data sets.

InMarch 2013, the remaining blocks of matrix from the original
preparation were scanned with a GE Lightspeed VCT 64-source
medical CT scanner in Stony Brook University Department of
Radiology, Stony Brook, New York, U.S.A. Two data sets (data
set 1: kV = 140, µA = 250, 512 × 512 × 669 voxels, voxel size =
0.3789 mm × 0.3789 mm × 0.625 mm; data set 2: kV = 140, µA =
250, 512 × 512 × 568 voxels, voxel size = 0.3789 mm ×

0.3789 mm × 0.625 mm) were generated to confirm that no
additional materials possibly related to UA 9030 remained to
be prepared. None were found.

Three different attempts were made to generate data for study
of the skull when later review of the 2003 data set found it
unsuitable for description in light of subsequent advances in
scan technology and output resolution. The first of these occurred
in November 2013 with the GE Phoenix v|tome|x s scanner at the
Microscopy and Imaging Facility at the American Museum of
Natural History, New York, New York, U.S.A. Two resultant
data sets of the dentaries (kV = 150; µA = 260; 990 × 990 × 1955
voxels; voxel size = 0.0447 mm × 0.0447 mm × 0.0447 mm) and
the cranium (kV = 150; µA = 260; 990 × 990 × 2403 voxels; voxel
size = 0.04629 mm × 0.04629 mm × 0.04629 mm) were produced
but not utilized for the study due to difficulties in determining
clear suture and fragment boundaries in some areas.

Another series of scans was performed at Avonix Imaging in
Plymouth, Minnesota, U.S.A., in July 2014. Scanning was per-
formed on a Nikon Metrology MCT225 industrial µCT scanner
(225 kV microfocus reflection target X-ray tube; Perkin Elmer
XRD 1621 AN3 ES detector panel). Raw scan data were con-
verted to 16-bit TIFF stacks using VG Studio Max (Volume
Graphics) for study. The cranium was scanned in two parts. The
first reconstructed scan volume encompassed the anterior part
of the cranium (kV = 160; µA = 58; 1491 × 1378 × 1890 voxels;
voxel size = 0.0362 mm × 0.0362 mm × 0.0362 mm); the second
included the posterior part of the cranium (kV = 160; µA = 58;
1652 × 1505 × 1605 voxels; voxel size = 0.0362 mm × 0.0362 mm
× 0.0362 mm). The scans were later stitched and cropped in Fiji
(U.S. National Institutes of Health, Bethesda, Maryland,
U.S.A.) into a single working volume (1286 × 1090 × 2840
voxels; voxel size = 0.0362 mm × 0.0362 mm × 0.0362 mm). Both
dentaries and one upper postcanine tooth (left PC5) constituted
a third scan (kV = 160; µA = 58; 915 × 818 × 1808 voxels; voxel
size = 0.0453 mm × 0.0453 mm × 0.0453 mm). These data sets
were originally intended to form the basis for all cranial segmen-
tations and descriptions. It was later determined that certain
aspects of the cranial morphology (sutures, petrosal) were insuffi-
ciently resolved to use the Avonix data as a basis for description
of the osseous portions of the cranium but were sufficiently
resolved for use in the lower jaw and dental reconstructions.

The data sets ultimately used to study craniofacial morphology
of UA 9030 were generated in April 2015 at the High-Resolution
X-ray Computed Tomography Facility in the Department of Geo-
logical Sciences at the University of Texas at Austin. The scanning
was performed on a North Star Imaging scanner with a 225 kV
FeinFocus microfocal X-ray source and Perkin Elmer detector.
The first scan (kV = 190; µA = 250; 1655 × 1821 × 4429 voxels;
voxel size = 0.0224 mm × 0.0224 mm × 0.0224 mm) was of the
entire cranium, whereas a second close-up scan (kV = 160; µA
= 150; 1621 × 1340 × 1308 voxels; voxel size = 0.00613 mm ×
0.00613 mm × 0.00613 mm) targeted the preserved ear region.

InMarch 2016, prior to the transfer of the postcranium onto the
present archival housings, the articulated specimen (excluding the
left antebrachium, carpus, and manus, left hind limb, thoracic ver-
tebrae 5–16, pelvis, and caudal vertebrae) was again scanned with
the GE Lightspeed VCT 64-source medical CT scanner in Stony
Brook University Department of Radiology (kV = 140; µA = 360;
512 × 512 × 1970 voxels; voxel size = 0.3457 mm × 0.3457 mm ×
0.2 mm). The purpose of this scan was to digitally preserve, to
the extent possible given the coarseness of the scan, the spatial
relationship between the areas that were to be separated (see
above). The specimen was subsequently split to facilitate µCT
scanning in October 2016, using the GE Phoenix v|tome|x s
scanner at the Microscopy and Imaging Facility at the American
Museum of Natural History, with the anterior part (kV = 200; µA
= 230; voxel size = 0.10828451 mm × 0.10828451 mm ×
0.10828451 mm) and posterior part (kV = 200; µA = 230; voxel
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size = 0.0890563 mm × 0.0890563 mm × 0.0890563 mm) scanned
separately. In addition, a focused scan of the pectoral region
(kV = 200; µA = 230; voxel size = 0.06523045 mm ×
0.06523045 mm × 0.06523045 mm) was conducted.
In May 2018, a small block containing disarticulated anterior

thoracic vertebrae was scanned on the Nikon XTek XT H 225
µCT scanner at Yale University, New Haven, Connecticut,
U.S.A. (voxel size = 0.02630699 mm × 0.02630699 mm ×
0.02630699 mm). In 2019, the pelvis was rescanned on a Bruker
SkyScan 1173 at the New York Institute of Technology Visualiza-
tion Center, Old Westbury, New York (kV = 130; µA = 61; voxel
size = 0.071 mm × 0.071 mm × 0.071 mm).

Digital Preparation

Data processing, digital segmentation of voxels, polygon gener-
ation, and imaging followed general Mahajanga Basin Project
protocols (e.g., Evans et al., 2014; Krause, 2014; Krause et al.,
2014). Avizo 7 (Visualization Sciences Group [VSG]), 8 (FEI),
and 9 (FEI/Thermo Fisher Scientific), Amira 6 (FEI/Thermo
Fisher Scientific), and Dragonfly 3.0 were used to generate sur-
faces. Additional details relevant to each study can be found in
the subsequent chapters.

GEOLOGICAL CONTEXT

Stratigraphy and Sedimentology

The skeleton of Adalatherium hui was recovered from locality
MAD99-15 in the Anembalemba Member of the Maevarano For-
mation (Rogers et al., 2000). Within the Berivotra Study Area, the
Anembalemba Member ranges in thickness from 10 to 15 m and
consists of two distinct sandstone facies, referred to as Facies 1
and Facies 2 (Rogers et al., 2000; Rogers, 2005). Both facies are
clearly present at locality MAD99-15 (Fig. 3A). Facies 1 consists
of fine- to coarse-grained, moderately sorted, light greenish gray
sandstones that exhibit high-angle trough and tabular cross-
bedding; this facies is interpreted to represent stream flow in an
aggrading channel setting. Facies 2, by contrast, is characterized
by very poorly sorted, fine- to coarse-grained sandstones that
are light olive gray in color, typically massive in structure, and
with a much higher clay fraction than Facies 1. Diverse and inde-
pendent lines of evidence indicate that Facies 2 was deposited as a
fine-grained debris flow initiated by surges of rainfall (Rogers,
2005). The vast majority of the well-preserved, articulated or
associated vertebrate remains from the Anembalemba Member,
and of the Maevarano Formation in general, has been recovered
from the debris-flow deposits of Facies 2.

Geochronology

Available data indicate that the Maevarano Formation is of
Maastrichtian age. This evidence is derived from various
sources. Most significantly, the Anembalemba and Miadana
members of the Maevarano Formation interfinger with lower
portions of the marine Berivotra Formation, which is known
to be Maastrichtian in age on the basis of invertebrate and
elasmobranch fish fossils (Besairie, 1972; Gottfried et al., 2001;
Abramovich et al., 2002; Rahantarisoa, 2007). Moreover,
magnetostratigraphic data identify a reversal near the top of the
Berivotra Formation (only 30 m above the top of the Anemba-
lembaMember in the Berivotra Study Area), which is interpreted
as the shift that occurred from Chron 30N to Chron 29R at
approximately 66.3 Ma (Casey et al., 2003; Dennis-Duke, 2005).
Finally, Cretaceous flood basalts overlying the Ankazomihaboka
sandstones but stratigraphically well below the Maevarano
Formation have been dated at between 92 (Turonian) and 84 (San-
tonian) Ma. The basalts appear to have been emplaced during a

period of extensive mafic magmatism on Madagascar associated
with rifting between the Indian subcontinent and the island that
opened the Mascarene Basin (e.g., Storey et al., 1995, 1997;
Melluso et al., 1997, 2001, 2009; Torsvik et al., 1998, 2000;
Yatheesh et al., 2006, 2013; Torsvik and Cocks, 2017). Concerted
and intensive efforts to further constrain the age of theMaevarano
Formation by dating materials within the unit using radioisotopic
approaches have so far been unsuccessful but are ongoing.

Taphonomy

The UA 9030 specimen was found at or very near the erosional
surface at localityMAD99-15. The anterior portion of the skeleton
was buried resting on its right side while the posterior portion was
buried from above; as such, the skeleton, as preserved, is twisted
some 90° along its longitudinal axis (Fig. 2A; Krause, Hoffmann,
et al., 2020:ED fig. 1). Although obviously compressed during
burial, the specimen is very well preserved, with the exception of
a few areas of both the skull and postcranial skeleton that were
damaged, presumably by the action of swelling clays (smectites)
that were hydrated by meteoric waters linked to modern-day
plant root infiltration (Odom, 1984; Francischini et al., 2020).
The damage caused by this process (the expansion and contraction
of entombing clay) is so severe in several small areas that little
remains but finely broken fragments. The contrast in preserva-
tional quality is particularly evident in the skull, the anterior
part of which is very well preserved but the posterior part of the
cranium (orbitotemporal, posterior palate, basicranial, and occipi-
tal regions), the distal cheek teeth, and the medial aspects of the
lower jaws are of relatively poor preservation quality, represented
in some areas only by finely comminuted bone.
Similarly, in the postcranial skeleton, preservation in most

areas is so exquisite that tiny elements such as the distal-most
caudal vertebrae, the smallest carpals and tarsals, phalangeal
sesamoids, and even non-osseous tissues (e.g., costal cartilages)
are preserved, largely in articular relationship. However, tapho-
nomic processes took their toll on preservation of the cervical
and anterior thoracic axial skeleton and parts of the pectoral
region, although some structure is preserved in these areas. The
sacrum and left os coxa are fragmented to the point of being
almost unrecognizable. The forelimbs (except for the right
humerus) are pristine, more or less side by side, in articulation.
Three distal phalanges of the left manus were not discovered in
articulation due to modern erosion but were recovered from
the surface during excavation. The intermediate phalanx of
digit IV and one distal phalanx (probably also of digit IV) have
not been recovered. Overall, however, the vast majority of the
postcranial axial skeleton is preserved in articulation; this
includes the vertebrae (except the four anterior-most thoracics),
ribs, sternum, and even costal cartilages. The tail, which was
quite short, was curled under the pelvis and between the legs;
as a result, the distal terminus is directed anteriorly. Although
the left hind limb is in articulation with the os coxa, twisting of
the postcranial skeleton along its longitudinal axis resulted in
the positioning of the right hind leg above the pelvis and thoracic
and lumbar vertebrae whereas the left hind leg lies below the
pelvis and the lumbar and caudal vertebrae. All of the elements
of both of these hind legs are preserved, most of them in excellent
condition. The left part of the pelvis suffered some damage (it was
at the edge of the plaster jacket) but was largely recovered and
repaired during preparation. The right part of the pelvis is
missing. One of the epipubic bones has not been identified, but
the other lies anterior to the left pubis and across the transverse
processes of the proximal caudal vertebrae (Fig. 2A).
It is clear from the completeness and generally exquisite pres-

ervation of UA 9030 that it had not been exposed to weathering
for a significant period of time, or perhaps even at all, prior to
burial. The individual represented by UA 9030 was likely
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buried soon after death or perhaps even while still alive (the same
holds true for the associated hatchling specimen of the crocodyli-
form Miadanasuchus buried only a few centimeters beneath UA
9030). This inference is based not only on the completeness and
excellent preservation of the skeleton, including the presence of
costal cartilages and tiny manual and pedal sesamoids, but also
on the observation that the interiors of the bones were not infilled
with sediment. This may be the result of the presence of soft
tissues covering the bones when the individual was buried in an
exceptionally thick deposit (>2 m) of Facies 2. The tightly articu-
lated nature of the specimen is consistent with this interpretation.

Paleoecology and Paleoclimatology

Interpretations of the paleoecology and paleoclimatology of
the Maevarano Formation are based on previous work and only
briefly summarized here. In essence, Adalatherium lived on a ter-
restrial alluvial floodplain in a highly seasonal (pronounced dry
and wet seasons), semiarid climate. The presence and abundance
of multitaxic vertebrate fossil bone beds in the Anembalemba
Member, the same rock unit from which UA 9030 was extracted,
are reflective of localized mortality in desiccating channel belts,
with burial of articulated and/or associated skeletons under
massive, recurrent debris flows (Rogers et al., 2000, 2007, 2013;
Rogers, 2005; Rogers and Krause, 2007; Krause et al., 2010). Cya-
nobacterial poisoning via toxic algal blooms in shrinking pools of
water during dry seasons may also at least partially explain the
mass mortality revealed by the repetitive bone beds (Rogers
and Krause, 2007; Rogers et al., 2017, 2018). Drought-adapted
species such as conchostracans (Stigall and Hartman, 2008) and
lungfish (Marshall and Rogers, 2012) have been recovered from
theAnembalembaMember, as have necrophagous and osteopha-
gous insect feeding traces (e.g., mandibular-carved borings and
puparial chambers) on vertebrate bone, all of which are
additional indications of prolonged dry seasons (Roberts et al.,
2007; Rogers and Krause, 2007). The varicolored (but mostly
red), oxidized paleosols of the immediately underlying rock
unit, the Masorobe Member, also reveal abundant evidence of
a parched, dryland environment (e.g., carbonate nodules; perva-
sive root mottling with long, vertically oriented traces). Employ-
ing ‘climofunctions’developed by Sheldon et al. (2002), Kast et al.
(2008) estimated that the Mahajanga Basin received anywhere
from 430 to 1100 mm of precipitation annually at the time that
Adalatherium lived, but it is likely that that precipitation fell in
a relatively short period of time, presumably triggering the afore-
mentioned debris flows. Finally, also consistent with an interpret-
ation of a highly seasonal, semiarid climate is the fact that,
paleogeographically, the Mahajanga Basin lay at approximately
30°S in the Maastrichtian, some 15° farther south than today, in
what has been interpreted to be the subtropical desert belt
(e.g., de Wit, 2003; Wells, 2003; Schettino and Scotese, 2005; Ali
and Krause, 2011:fig. 5b; Reeves, 2014; Torsvik and Cocks, 2017).

BODY MASS OF ADALATHERIUM HUI AND OTHER
MESOZOIC MAMMALIAFORMS

The estimated length (84 mm) and width (57 mm) of the
cranium of Adalatherium hui (UA 9030; cranial size (square
root of [cranial length × cranial width]) = 69.2 mm) are substan-
tially smaller than the 124.1 mm length and 83.4 mm width
measured for the holotype cranium of Vintana sertichi (UA
9972; cranial size = 101.7 mm; Kirk et al., 2014). These cranial
size metrics for UA 9030 of A. hui yield an estimated body mass
of 2.36 kg, with a 95% confidence interval of 1.53–3.64 kg
(Krause, Hoffmann, et al., 2020). Krause, Hoffmann, et al.
(2020) employed other measures (cranial length, cranial width,
humeral and femoral lengths, and diaphyseal circumferences)
and averaged them to yield an overall body mass estimate of

3.08 kg for UA 9030, spanning a range from 1.78 to 5.22 kg.
With an overall body mass estimate of 8.74 kg (spanning a
range from 6.65 to 10.83 kg based on cranial length, width, and
size estimates), V. sertichi is almost three times larger than
A. hui and is currently the largest Mesozoic mammaliaform
known from Gondwana (Krause, Hoffmann, et al., 2020; recalcu-
lated fromKirk et al., 2014). Among allMesozoicmammaliaforms
worldwide,V. sertichi is second in estimated body mass only to the
carnivorous Repenomamus giganticus from the Early Cretaceous
of China (skull length = 160 mm; estimated body mass = 12–14 kg;
Hu et al., 2005). Coloniatherium cilinskii, a mesungulatid dryoles-
toid from the Late Cretaceous of Argentina, could potentially be
larger than V. sertichi, but it is not known from sufficiently well-
preserved fossil material to derive a confident estimate of body
mass. At present, C. cilinskii is represented only by fragmentary
lower jaws, isolated teeth, and petrosals. Cranial length estimates
for C. cilinskii range from 87 to 161.5 mm depending upon the
comparative sample analyzed (Rougier et al., 2009). This range
of values brackets the known cranial length of V. sertichi
(101.7 mm) but exceeds the cranial length estimated here for
A. hui (84 mm). Further evidence that A. hui was smaller than
C. cilinskii is provided by estimates of dentary length (80 mm in
C. cilinskii according to Rougier et al., 2000; ∼65 mm in A. hui).
Despite being considerably smaller than R. giganticus,
V. sertichi, and probably C. cilinskii, A. hui is still very large com-
pared with other gondwanatherians (Gurovich, 2008), and Meso-
zoic mammaliaforms generally (Alroy, 1999; Kielan-Jaworowska
et al., 2004). It is also worth noting that the estimated body mass of
UA 9030 is almost certainly lower than would be typical of adult
specimens ofA. hui. SpecimenUA9030 clearly represents a subadult
individual, as indicated by its still not fully erupted distal postcanine
teeth (Krause,Hu, et al., 2020) and the presence of unfused epiphyses
on several long bones and metapodials (Hoffmann, Hu, et al., 2020).
Based on the stages of these parameters, however, Krause, Hoff-
mann, et al. (2020) concluded that UA 9030 was probably nearly
fully grown. Based on current knowledge, A. hui therefore appears
to be the third largest mammaliaform known on the basis of body
fossils from the Mesozoic of Gondwana.

The large size of Mesozoic mammaliaforms such as
R. giganticus, V. sertichi, C. cilinskii, and A. hui is of interest in
the context of what Clemens et al. (2003:236) succinctly described
as “common knowledge,” which “holds that Mesozoic mammals,
suffering under the tyranny of the dinosaurs, were very small crea-
tures.”Alroy (1999) estimated the average bodymass of mammals
at the end of the Cretaceous to have been only ∼80 g (range = 11–
590 g). In their compendium ofMesozoic mammaliaforms, Kielan-
Jaworowska et al. (2004:5) stated that “The vast majority of early
mammals…were shrew to mouse sized, a pattern that persisted
through the entire 155-Ma history of mammals in the Mesozoic.”
This “common knowledge” has recently been disputed for placen-
tal mammals on the basis of genomic evidence (Romiguier et al.,
2013). Nonetheless, small body size has been an important com-
ponent of some adaptive scenarios for mammaliaform evolution,
such as the nocturnal bottleneck hypothesis (e.g., Gerkema
et al., 2013). According to this scenario, small body size in Meso-
zoic mammaliaforms was accompanied by increased risk of preda-
tion, which in turn favored increased nocturnal activity as an anti-
predator strategy. Over macroevolutionary timescales, adaptation
for a nocturnal habitus led to a loss of some visual abilities (e.g.,
tetrachromatic vision) and a compensatory expansion in auditory,
olfactory, and somatosensory capabilities (Hall et al., 2012).
Although the ecological, behavioral, and physiological conse-
quences of small body size are too numerous to review here, it is
important to note how profoundly the received wisdom regarding
very small bodymass inMesozoic mammaliaforms has shaped our
current understanding of mammalian evolution and adaptations
(e.g., Walls, 1942; Crompton, 1980; Luo, 2007; Smith et al., 2010;
Hut et al., 2012; Maor et al., 2017; Grossnickle, 2020).
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In this context, it is worth noting that there is increasing evidence
that many other Mesozoic mammaliaforms were much larger than
shrews and mice, or even rats (Weil, 2005). Not all of the larger
Mesozoic taxa are represented by crania or even complete
dentaries, thus precluding precise comparisons, but even fairly
complete jaws are sufficient to reveal the presence of many
species larger than brown rats (Rattus norvegicus, average
∼400 g; Nowak, 1991) and, in some cases, even guinea pigs
(Cavia porcellus, average ∼1 kg; Nowak, 1991). These taxa
include, for instance, Steropodon galmani and Kollikodon ritchei
from the Early Cretaceous of Australia (Archer et al., 1985;
Flannery et al., 1995; Pian et al., 2016); Vincelestes neuquenianus
from the Early Cretaceous of Argentina (Rougier, 1993);
Repenomamus robustus andLaioconodon hui from the Early Cre-
taceous of China (Li et al., 2001; Hu et al., 2005; Meng et al., 2011);
Catopsbaatar catopsaloides and Mangasbaatar udanii from the
Late Cretaceous of Mongolia (Kielan-Jaworowska et al., 2005;
Rougier et al., 2016);Yubaatar zhongyuanensis from the Late Cre-
taceous of China (Xu et al., 2015); Gobiconodon ostromi and
Cifelliodon wahkarmoosuch from the Early Cretaceous of the
U.S.A. (Jenkins and Schaff, 1988; Huttenlocker et al., 2018);
Didelphodon vorax from the Late Cretaceous of Canada and the
U.S.A. (Gordon, 2003;Wilson et al., 2016); andSchowalteria clemensi
from the Late Cretaceous of Canada (Fox and Naylor, 2003).
Taxa represented exclusively or largely by dental remains

provide even less precise estimates of body size, varying greatly
depending upon energy demands and methods of food processing
(Copes and Schwartz, 2010; Hopkins, 2018). Nonetheless,
Clemens et al. (2003), employing an arbitrary boundary of
>5 mm in length or width of individual cheek teeth, listed a
number of taxa categorized as ‘large’ for Mesozoic mammalia-
forms. These included a possible new, unnamed dryolestid from
the Early Cretaceous of Australia (Clemens et al., 2003); the
multituberculates Meniscoessus robustus, Bubodens magnus,
Cimolodon nitidus, and Cimolomys gracilis (although subsequent
body mass estimates by Wilson et al. [2012] for C. nitidus and
C. gracilis of 179 and 287 g, respectively, put them below
average brown rat size) and the marsupial ‘Pediomys’ florencae
(now Protolambda florencae; see Davis, 2007), all from the
Late Cretaceous of North America; the mesungulatid
dryolestoids Coloniatherium cilinskii (discussed above) and
Mesungulatum houssayi, and Gondwanatherium patagonicum, a
gondwanatherian, from the Late Cretaceous of Argentina (Bona-
parte, 1990); and an indeterminate mammal from the Late Cre-
taceous of Madagascar (Krause et al., 1994). To this list can be
added the Late Cretaceous North American multituberculates
Essonodon browni and multiple species of Meniscoessus
(M. collomensis, M. conquistus, M. intermedius, M. major, and
M. seminoensis; see Lillegraven, 1987; Wilson et al., 2010,
2012); the marsupials Eodelphis browni, Eodelphis cutleri, and
Didelphodon coyi (see Fox and Naylor, 2006); and the eutherian
Altacreodus magnus (see Lillegraven, 1969; Fox, 2015).
Finally, it is also important to note that the large Mesozoic

mammaliaforms enumerated above are based on body fossils.
Recently discovered trackways suggest the presence of other
large Mesozoic mammaliamorphs, including on Gondwanan
landmasses. Tracks of Mesozoic mammaliaforms are, in general,
rare (see recent summaries in Lockley et al. [2017], Mateus
et al. [2017:fig. 8], and Stanford et al. [2018]), and many of them
“are of questionable value” because they are isolated, of med-
iocre preservation, and/or lack comparative material in the
form of skeletal remains (Lockley et al., 2017:221). Nonetheless,
if correctly attributed, some comparative statements can be
made about their size. The manus of A. hui measures roughly
5.0 cm in length and 3.3 cm in width, whereas the pes is approxi-
mately 7.3 cm long and 4.5 cm wide. Although tracks made by
A. hui would presumably have been slightly larger than these
dimensions due to the presence of soft tissues, the autopodia of

A. hui are substantially larger than those of most Mesozoic track-
makers thought to represent mammaliaforms. This conclusion
clearly relates to the various species of Ameghinichnus from the
Late Triassic/Early Jurassic of South Africa (Olsen and Galton,
1984) and the Jurassic of South America (Casamiquela, 1964;
de Valais, 2009), North America (Szajna and Silvestri, 1996),
and Europe (Gierlin ski et al., 2004); Ameghinichnus? ichnospe-
cies from the Jurassic of South America (de Valais, 2009);
Catocapes angolanus from the Early Cretaceous of Angola
(Marzola et al., 2014; Mateus et al., 2017);Brasilichnium elusivum
and Brasilichnium saltatorium from the Early Cretaceous of
Brazil (Leonardi, 1981; Buck et al., 2017b);Koreasaltipes jinjuensis
from the Early Cretaceous of Korea (Kim et al., 2017); Morpho-
type B from the Early Cretaceous of Maryland (Stanford et al.,
2018); Schadipes crypticus and Schadipes, ichnosp. indet., from
the Late Cretaceous of Colorado (Lockley and Foster, 2003); ich-
nogenus indet. from the Late Cretaceous (Cenomanian) of
Tunisia (Contessi, 2013); and ichnogenus indet. from the Early
Cretaceous of Morocco (Klein et al., 2018). A few recently
described tracks are generally larger; although their proportions
vary, they were made by animals that were likely also smaller
than A. hui. These include ichnogenus indet. from the Middle
Jurassic of Argentina (de Valais, 2009); Sederipes goddardensis
(Morphotype A) from the Early Cretaceous (Aptian) of Mary-
land (Stanford et al., 2018); Aracoaraichnium leonardii from the
Early Cretaceous of Brazil (Buck et al., 2017a); and ichnogenus
indet. from the Late Cretaceous of Colorado (Lockley et al.,
2017). One isolated track that represents an animal almost cer-
tainly larger than A. hui has been ascribed to Morphotype C
from the Early Cretaceous of Maryland; the track is ∼11.4 cm
long and ∼5.9 cm wide (Stanford et al., 2018:figs. 6j [not 6i as
stated], 7c).
The preservation of both the skull and feet of A. hui motivates

us to make additional observations about Mesozoic mammalia-
form trackmakers and their relative body sizes. Marzola et al.
(2014:181) estimated that the Early Cretaceous Angolan track-
maker, later named Catocapes angolanus, by Mateus et al.
(2017) (the validity of which has been questioned by Stanford
et al., 2018), represented an animal “as big as a modern raccoon
… comparable in size to Repenomamus.”Mateus et al. (2017:230)
reiterated the comparison with the extant raccoon
(Procyon lotor) but went further and identified C. angolanus as
the “largest known mammaliamorph from the Early Cretaceous
… unmatched in size by the coeval skeletal fossil record,” thus
implying that C. angolanus was larger than even R. giganticus.
The two isolated tracks of C. angolanus, not identifiable as
either manus or pes, average 2.7 cm in length and 3.2 cm in
width. Raccoon footprints, by contrast, are typically much
larger: manus 6.4–7.6 cm long, 6.4 cm wide; pes 6.4–10.2 cm
long, 5.7 cm wide (e.g., Shomon, 1953; Halfpenny and Biesiot,
1986). Furthermore, raccoons are notorious for being highly vari-
able in body mass (depending on gender, geography, and season);
they typically range from 8 to 26 kg, with the maximum recorded
weight being 29.4 kg (Zeveloff, 2002). Both R. giganticus (12–
14 kg) and V. sertichi (∼9 kg) fall within this range, but A. hui is
much smaller (∼3.1 kg). Nevertheless, both the manus and pes
of the subadult individual of A. hui appear to be considerably
larger than the tracks assigned to Catocapes angolanus. Within
the context of manual and pedal dimensions and body mass esti-
mated from skeletal dimensions for A. hui, C. angolanus was
smaller than A. hui, which, in turn, was much smaller than a
raccoon. Indeed, the footprints of C. angolanus appear to be
very similar in size to those of Mustela nigripes, the black-
footed ferret (both manus and pes tracks are 2.9 cm long and
3.2 cm wide; Halfpenny and Biesiot, 1986), which has a body
mass of only 645–1,125 g (Anderson et al., 1986). Furthermore,
as pointed out by Stanford et al. (2018), several other Early Cre-
taceous trackmakers were as large or larger than C. angolanus.
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We therefore support the conclusion of Stanford et al. (2018:10)
that “Catocapes is clearly not the largest Early Cretaceous mam-
malian track morphotype presently known.” Much work
obviously needs to be done and more discoveries of associated
or articulated skulls and postcranial skeletons need to be made
in order to reliably compare track size with body mass in Meso-
zoic mammaliaforms.

CONCLUSIONS

The holotype and only known specimen (UA 9030) of the
gondwanatherian Adalatherium hui is the most complete and
best preserved of any Mesozoic mammaliaform from Gondwana.
Details concerning the systematic paleontology of A. hui, the dis-
covery and preparation of UA 9030 and the digital imaging
methods used to study it, its geological context, and its body
size relative to other Mesozoic mammaliaforms from Gondwana
(third largest) are summarized in this chapter. The following
chapters in this volume provide detailed descriptions and
copious illustrations of the skeletal anatomy of A. hui, followed
by a concluding chapter on its phylogenetic relationships.
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