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ABSTRACT —The holotype and only known specimen of Adalatherium hui from the Late Cretaceous of Madagascar
preserves the first postcranial skeleton for the Gondwanatheria. It represents only the fourth Mesozoic mammaliaform
described from articulated postcranial material from Gondwana (the others being the morganucodontans Megazostrodon
and Erythrotherium and the stem therian Vincelestes). The postcranial skeleton of Adalatherium is virtually complete, and
its preservation is exceptional; even costal cartilages and manual and pedal sesamoids are preserved. Adalatherium exhibits
a variety of derived and plesiomorphic traits, probably reflective of a long evolutionary history in geographic isolation on
Madagascar. Among the bizarre features are a mediolaterally compressed and anteroposteriorly bowed tibia, an unusually
high number of trunk vertebrae (at least 16 thoracic and 12 lumbar vertebrae), a short tail, and a trochleated navicular
facet on the astragalus. Aside from these features, Adalatherium displays derived and plesiomorphic characteristics in its
pectoral girdle: the coracoid is well developed and contributes to half of the glenoid fossa, a separate procoracoid is absent,
and the sternoclavicular joint appears to have been mobile. A ventrally facing scapular glenoid and the well-developed
humeral trochlea suggest a relatively parasagittal forelimb posture. Notable features of the hind limb and pelvic girdle
include a large obturator foramen similar in size to that of therians, a large parafibula, and the presence of epipubic bones.
Articulation between the pelvic girdle and hind limb is in contrast to that between the pectoral girdle and the forelimb in
that it is indicative of a sprawling posture.
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INTRODUCTION

The fossil record of Mesozoic mammaliaforms has benefited
from a relatively recent increase in postcranial diversity, mainly
driven by the discovery of complete skeletons from the Northern
Hemisphere, in particular from Asia (see Meng [2014] for a
review of the Chinese Mesozoic mammaliaform record). In con-
trast, associated postcranial specimens are extremely rare from
the southern supercontinent Gondwana. To date, only five mam-
maliaform taxa that are represented by more than isolated
elements have been described from the entire Mesozoic of Gond-
wana. Of these five taxa, only three are known from articulated
postcranial material: the morganucodontans Megazostrodon
and Erythrotherium from the Early Jurassic of southern Africa
(Crompton and Jenkins, 1968; Crompton, 1974; Jenkins and Par-
rington, 1976) and the stem therian Vincelestes from the Early
Cretaceous of Argentina (Bonaparte, 1986; Rougier et al., 1992;
Rougier, 1993). In addition to these three taxa, a partial skeleton
is known, but has yet to be described or figured, for the eutrico-
nodontan Argentoconodon from the Jurassic of Argentina
(Gaetano and Rougier, 2011).

*Corresponding author.
"Deceased April 12, 2008.

Published online 18 Dec 2020

The paucity of the Gondwanan fossil record is striking in at
least two ways. First, relatively complete mammaliaform
specimens are lacking for long geological time intervals.
Megazostrodon and Erythrotherium are known from the Lower
Jurassic Upper Member of the Elliot Formation (likely Hettan-
gian-Sinemurian [201.3-190.8 Ma]; Kitching and Raath, 1984;
Bordy et al., 2004; Bordy and Eriksson, 2015), whereas Vincelestes
is known from the Lower Cretaceous La Amarga Formation
(Hauterivian—-Barremian [132.9-125.0 Ma]; Rougier et al.,
2011). Not a single associated or articulated postcranial specimen
of a mammaliaform is therefore known from the ~60 myr time
interval of the Cretaceous after the occurrence of Vincelestes.
Second, the preserved specimens come from distantly related
clades. Megazostrodon and Erythrotherium belong to the basal-
most mammaliaforms, the Morganucodonta, whereas Vincelestes
is regarded as a stem therian (Kielan-Jaworowska et al., 2004).
In stark contrast, the Mesozoic fossil record of the Northern
Hemisphere preserves postcranial specimens from all major
mammaliaform clades, including docodontans, eutriconodontans,
multituberculates, shuotheriids, haramiyidans, euharamiyidans,
spalacotherioids, and several stem and basal therians (see
Krause, Groenke, et al., 2020, for a complete list of postcranial
specimens). Based on more fragmentary evidence, at least some
of these major clades—multituberculates, eutriconodontans, and
haramiyidans—are also known to have been present on Gond-
wana (e.g., Kielan-Jaworowska et al., 2004, 2007; Anantharaman
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et al., 2006; Rougier et al., 2011; Gaetano et al., 2013; Krause,
2013; Krause et al., 2017, 2019, and references therein).

The skeleton of Adalatherium hui, Université d’Antananarivo
(UA) specimen number 9030, from the Anembalemba Member
of the Maevarano Formation (uppermost Cretaceous, Maastrich-
tian), northwestern Madagascar, which was preliminary
described and analyzed by Krause, Hoffmann, et al. (2020), fills
some of these large gaps: (1) geographically, because it is the
first associated or articulated skeleton for a mammaliaform
from the Mesozoic of Madagascar; (2) temporally, because it is
the first mammaliaform skeleton from the post-Barremian Cre-
taceous (~60 myr) of Gondwana; and (3) systematically,
because it belongs to the Gondwanatheria, an extinct group
that is neither particularly basal to nor deeply nested within Mam-
malia (Krause et al., 2014b; Hoffmann, Beck, et al., 2020; Krause,
Hoffmann, et al., 2020). It is noteworthy that the skeleton of
Adalatherium also represents the first postcranial evidence for
the Gondwanatheria. The Late Cretaceous to Paleogene Gond-
wanatheria were, until recently, only known from isolated teeth
and fragmentary lower jaws (see Gurovich, 2006, 2008; Krause,
2013; Krause et al., 2014a). The first cranial specimen, rep-
resented by Vintana sertichi, was only described in 2014
(Krause et al., 2014b). The skeleton of A. hui adds substantially
to the fossil record of this enigmatic group of early mammals
and offers new insights into the phylogenetic position and paleo-
biology of Gondwanatheria, as did the cranium of Vintana (Kirk
et al., 2014; Krause et al., 2014b).

Lastly, the quality of preservation of UA 9030 is remarkable.
The specimen is essentially complete, and the individual
elements are preserved in three dimensions (Figs. 1-2; Krause,
Groenke, et al., 2020). Within Mesozoic mammaliaforms, such
exceptional preservation is rarely matched. Despite the fact that
fairly complete skeletons are known for several Mesozoic mam-
maliaforms, in particular those from China (e.g., Ji et al., 2006,
2009; Li and Luo, 2006; Meng et al., 2006, 2011; Yuan et al.,
2013; Zheng et al., 2013; Zhou et al., 2013, 2019; Bi et al., 2014,
2018; Meng et al., 2015, 2017; Han and Meng, 2016; Chen et al.,
2017; Han et al., 2017; Luo et al., 2017; Mao and Meng, 2019;
Wang et al., 2019), they are often strongly compressed and do
not allow for observation of their skeletal morphology in multiple
views. Postcrania that are largely three-dimensionally preserved
and essentially complete are known for the following Meso-
zoic mammaliaforms: the morganucodontans Erythrotherium,
Megazostrodon, and Morganucodon (Jenkins and Parrington,
1976); the docodontan Haldanodon (Martin, 2005); the eutricono-
dontans Gobiconodon (Jenkins and Schaff, 1988), Repenomamus
(Hu, 2006), and Spinolestes (Martin et al., 2015); the basal
mammaliaform Fruitafossor (Luo and Wible, 2005); the multitu-
berculates Catopsbaatar (Kielan-Jaworowska et al., 2002;
Hurum and Kielan-Jaworowska, 2008), Chulsanbaatar (Kielan-
Jaworowska and Gambaryan, 1994), Kryptobaatar (Kielan-Jawor-
owska and Gambaryan, 1994; Sereno and McKenna, 1995;
Sereno, 2006; Bolortsetseg, 2008), Mangasbaatar (originally
referred to as the ‘Udan multi’; Bolortsetseg, 2008), Nemegtbaatar
(Kielan-Jaworowska and Gambaryan, 1994), and Yubaatar (Xu
et al., 2015); the dryolestoid Henkelotherium (Krebs, 1991; Jager
et al., 2019); and the stem therian Vincelestes (Rougier, 1993).
The postcranial skeleton of UA 9030, which preserves nearly
every bone, is thus truly exceptional.

Here, we document the morphology of the postcranial skeleton
of Adalatherium through detailed description and illustration and
compare it with those of other Mesozoic mammaliaforms. The
phylogenetic context of Adalatherium is provided in Hoffmann,
Beck, et al. (2020) and Krause, Hoffmann, et al. (2020). The geo-
logical context and information on preservation and preparation,
both mechanical and digital, are presented in Krause, Hoffmann,
et al. (2020) and Krause, Groenke, et al. (2020). The cranium,
inner ear, mandible, and dentition of UA 9030 are described in
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individual chapters in this volume. Functional interpretation of
locomotor mode and posture of Adalatherium will be published
separately.

Institutional Abbreviations—BMNHC, Beijing Museum of
Natural History, Beijing, China; CAGS, Chinese Academy of
Geological Science, Beijing, China; GI PST (= GISPS PST),
Paleontological and Stratigraphic Section of the Geological Insti-
tute, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia;
HG-M, Han Gang collection, housed in the Paleontology
Center, Bohai University, Jinzhou, China; IVPP, Institute of Ver-
tebrate Paleontology and Paleoanthropology, Chinese Academy
of Sciences, Beijing, China; JZT, Jizantang Paleontological
Museum, Chaoyang, China; LDNHMF, Lande Museum of
Natural History, Tangshan, China; NGMC (GMYV in Ji et al.,
1999), National Geological Museum of China, Beijing, China;
NHMUK, Natural History Museum, London, UK.; NIGAPS,
Nanjing Institute of Geology and Palacontology, Academia
Sinica, Nanjing, China; NJU, Nanjing University, Nanjing,
China; PM, Paleontological Center of the Mongolian Academy
of Sciences, Ulaanbaatar, Mongolia; PMOL, Paleontological
Museum of Liaoning at Shenyang Normal University, Shenyang,
China; PSS-MAE, Collections of Joint Paleontological and Strati-
graphic Section of the Geological Institute, Mongolian Academy
of Science, Ulaanbaatar, Mongolia—American Museum of
Natural History, New York, New York, U.S.A.; UA, Université
d’Antananarivo, Antananarivo, Madagascar; URBAC, Uzbek-
Russian-British-American-Canadian ~ Joint  Paleontological
Expedition (specimens currently housed at San Diego State Uni-
versity, San Diego, California, US.A.); WGMY, Museum of
Wuyishan Mountain, Wuyishan, China; ZPAL, Institute of
Palaeobiology, Polish Academy of Sciences, Warsaw, Poland.

Anatomical Abbreviations—ace, acetabulum; acf anterior
costal facet; acm, acetabular notch; afi, astragalofibular facet;
afo, astragalar foramen; anc, anconeal process; ar, anterior
ridge; as, astragalus; av, anticlinal vertebra; C, cervical vertebra;
Ca, caudal vertebra; ca, calcaneus; caa, calcaneoastragalar facet;
cacu, calcaneocuboid facet; caf, cranial articular facet for occipital
condyle; cafi, calcaneofibular facet; cap, capitate; capr, calcaneal
protuberance; cas, calcaneal sulcus; CC, costal cartilage; ccap,
contact with capitate; ce, centrale; cl, clavicle; cla, clavicle acro-
mial end; cls, clavicle sternal end; cop, coronoid process; cor, cor-
acoid; ctzd, contact with trapezoid; cu, cuboid; cus, cuboid sulcus;
cvt, ventral tubercle on caudal vertebra; DMP, distal manual
phalanx; dpe, deltopectoral crest; dpg, distal phalangeal groove;
DPP, distal pedal phalanx; dr, dorsal ridge of transverse
process; ect, ectocuneiform; ectp, ectepicondyle; ent, entocunei-
form; entf, entepicondylar foramen; entp, entepicondyle; ents,
entocuneiform sulcus; epb, epipubic bone; exp, extensor
process; fai, facet for intercentrum; fas, facet for astragalus; fbr,
fossa for brachialis muscle; fea, facet for calcaneus; fecap, facet
for capitate; fce, facet for centrale; feu, facet for cuboid; fdmp,
facet for distal manual phalanx; fdpp, facet for distal pedal
phalanx; fect, facet for ectocuneiform; fent, facet for entocunei-
form; ffi, facet for fibula; ffid, distal facet for fibula; ffip, proximal
facet for fibula; fh, femoral head; fhl, facet articulating with
humerus lateral to radial condyle; fhm, facet for hamate; fhtr,
facet for humeral trochlea; fi, fibula; fif, fossa on proximal
aspect of fibula; fimp, facet for intermediate manual phalanx;
fimr, fibular medial ridge; fios, fibular oblique sulcus; fipp, facet
for intermediate pedal phalanx; flu, facet for lunate; fixt, flexor
tubercle; fme, facet for metacarpal; fimes, facet for mesocunei-
form; fmt, facet for metatarsal; fn, femoral neck; fna, facet for
navicular; foe, fovea capitis; fome, fossa on metacarpal; fomt,
fossa on metatarsal; fosd, facet for os Daubentonii; fpfi, facet
for parafibula; fpi, facet for pisiform; fpmp, facet for proximal
manual phalanx; fppp, facet for proximal pedal phalanx; fr,
facet for radius; fre, facet for radial condyle; frd, facet for distal
radius; fsca, facet for scaphoid; fses, facet for sesamoid; ft, facet
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FIGURE 1. Skeleton of Adalatherium hui, holotype (UA 9030), in top view as preserved (‘side A’), anterior is to left. A, photograph; B, interpretive

drawing. Gray shading in interpretive drawing indicates matrix.

for tibia; ftrq, facet for triquetrum; ftzd, facet for trapezoid; ftzm,
facet for trapezium; fu, facet for ulna; glf, glenoid fossa; gluf,
gluteal fossa; gra, groove for radial artery; gtr, greater trochanter;
gtu, greater tubercle; hae, hemal arch; hh, head of humerus; hm,
hamate; htr, humeral trochlea; htrr, humeral trochlea radial
condyle; htru, humeral trochlea ulnar condyle; hu, humerus; icf,
intercondylar fossa; icg, intercondylar groove; ifo, infraspinous
fossa; il, ilium; ilf, iliac fossa; IMP, intermediate manual

phalanx; ipe, iliopubic eminence; IPP, intermediate pedal
phalanx; is, ischium; isd, ischial dorsal margin; isg, ischial
groove; isr, ischial ridge; iss, ischial spine; ist, ischial tuberosity;
itf, intertubercular fossa; itg, intertubercular groove; itre, intertro-
chanteric crest; itrf, intertrochanteric fossa; L, lumbar vertebra; la,
lamina; lac, lateral astragalar condyle; laf, lateral astragalar facet;
lat, lateral astragalotibial facet; lep, lateral epicondyle; Ife, lateral
femoral condyle; Iml, lateral malleolus; ltc, lateral tibial condyle;
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FIGURE 2. Skeleton of Adalatherium hui, holotype (UA 9030), in bottom view as preserved (‘side B’), anterior is to right. A, photograph; B, inter-

pretive drawing. Gray shading in interpretive drawing indicates matrix.

Itr, lesser trochanter; Itu, lesser tubercle; lu, lunate; lus, sulcus on
lunate; ma, manubrium; mac, medial astragalar condyle; maf,
medial astragalar facet; mat, medial astragalotibial facet; Mc,
metacarpal; mes, mesocuneiform; mfe, medial femoral condyle;
mml, medial malleolus; mp, mammillary process; mr, median

ridge; Mt, metatarsal; mtc, medial tibial condyle; na, navicular;
nar, navicular ridge; nas, navicular sulcus; nat, navicular tuberos-
ity; ne, nuchal crest; nf, nutrient foramen; obf, obturator foramen;
odp, odontoid process; olp, olecranon process; osc, os calcaris;
osd, os Daubentonii; paf, posterior articular facet for axis; pef,
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posterior costal facet; pe, pedicle; pfb, parafibular base; pfm, par-
afibular muscular process; pfn, parafibular neck; pfo, palmar
fossa; pft, parafibular tuberosity; pg, peroneal groove; pi, pisi-
form; pib, pisiform base; pih, pisiform head; pin, pisiform neck;
pir, pisiform ridge; pit, pisiform tubercle; pk, palmar/plantar
keel; pli, plantar lip; PMP, proximal manual phalanx; poz, postzy-
gapophysis; pp, peroneal process; PPP, proximal pedal phalanx;
pr, posterior ridge; prz, prezygapophysis; ps, pubis; pss, pubic
symphysis; pt, palmar/plantar tuberosity; ptg, patellar groove;
R, rib; r, radius; rar, radial anterior ridge; rft, rectus femoris tuber-
osity; rh, head of rib; rmr, radial median ridge; rn, neck of rib; rnt,
radial notch; rp, posterior process of rib; rt, tubercle of rib; s,
sulcus; sc, scapula; sca, scaphoid; scag, scaphoid groove; sce, scap-
ular concavity; sen, scapular neck; scs, scapular spine; ses, sesa-
moid; sfo, supraspinous fossa; sgt, supraglenoid tubercle; sp,
spinous process; spf, spinous process fossa; spme, spinous
process median crest; spt, spinous process table; stb, sternebrae;
stp, styloid process; strf, supratrochlear foramen; sua, sustentacu-
lar facet; suf, subscapular fossa; supel, lateral supracondylar crest
(= supinator crest); supem, medial supracondylar crest; sut, sus-
tentaculum tali; T, thoracic vertebra; tb, tibia; tc, tuber calcanei;
ter, tibial crest; tmt, tubercle for teres major attachment; tref,
transverse costal facet; trm, trochlear notch; trp, transverse
process; trpf, transverse process foramen; trpn, transverse
process notch; trq, triquetrum; trt, transverse tubercle; tt, tibial
tuberosity; tzd, trapezoid; tzm, trapezium; uar, ulnar anterior
ridge; warm, ulnar anterior ridge medial crest; ul, ulna; ule,
ulnar crest; uls, ulnar longitudinal sulcus; vb, vertebral body;
vfo, vertebral foramen.

MATERIALS AND METHODS

A detailed account of the discovery, preparation, and com-
puted tomography (CT) scanning of UA 9030 is given by
Krause, Groenke, et al. (2020). Only aspects that specifically
pertain to the description of the postcranial skeleton are dis-
cussed here.

Specimen

The postcranial skeleton of UA 9030 is in articulation, and most
of it is exquisitely preserved (Figs. 1, 2); even the tiniest elements
such as the distal-most caudal vertebrae and phalangeal sesa-
moids are present, as is nonosseous tissue (e.g., costal cartilages).
However, some areas suffered damage during or after fossiliza-
tion. The cervical vertebrae are only partly preserved; the
anterior thoracic vertebrae are fragmented and disarticulated
and were found in a block that was removed from posterior to
the shoulder region during preparation. The right scapulocora-
coid is entirely missing and might have eroded before discovery.
The proximal aspect of the right humerus is preserved at the
edge of the jacket; as such, it is possible, although unlikely, that
the scapulacoracoid was not jacketed. Three distal phalanges of
the left manus were not discovered in articulation due to
modern erosion but were recovered from the surface during exca-
vation. The left intermediate phalanx of digit IV and one left
distal phalanx (probably also of digit IV) have not been recov-
ered. Lastly, although the left hind limb is in articulation with
the pelvis, the hind limbs and pelvis were contorted and are pre-
served twisted underneath the trunk so that the posterior part of
the pelvis points anteriorly. This twisting appears to have contrib-
uted to severe damage of the sacral region. The sacral vertebrae
and most of the left ilium are comminuted. In addition, the right
epipubic bone and os coxa (aside from a possible fragment of the
right ilium) are missing.
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Mechanical Preparation

Both sides of UA 9030 were mechanically prepared in the Ver-
tebrate Fossil Preparation Laboratory at Stony Brook University
(SBU) and exposed for study (Figs. 1, 2). Photographic images of
UA 9030 were taken at different stages of preparation. Figure 1
shows the ‘top view’ (as preserved) of the specimen at an early
stage of preparation (note that a loose section of thoracic ver-
tebrae between T5 and T16 was already removed from the speci-
men). The ‘top view’ will be referred to here as side A. The
specimen was later flipped to prepare the ‘bottom view’ (side
B) shown in Figure 2. The left forelimb (except the humerus)
and left hind limb were later removed from the specimen and dis-
articulated for more detailed description and higher resolution
scanning. The pelvis and all caudal vertebrae were also separated
from the specimen but were kept partially articulated. In 2016,
the articulated postcranium was deliberately separated into
anterior and posterior portions to facilitate micro-CT (pCT)
imaging.

Computed Tomography

The postcranial skeleton of UA 9030 was scanned at various
facilities. The articulated specimen (excluding the left antebra-
chium, carpus, and manus; left hind limb; pelvis; and caudal ver-
tebrae) was scanned at the GE Lightspeed VCT 64-source
medical CT scanner in the Stony Brook University Department
of Radiology (kV =140; pA =360; voxel size =0.3457 mm x
0.3457 mm x 0.2mm). The disarticulated left antebrachium,
carpus, manus, and hind limb, as well as a partial series of thoracic
vertebrae (T5-T16), the pelvis, and articulated caudal vertebral
series were later scanned on the GE eXplore Locus in vivo
MCT scanner at The Ohio University uCT Facility. The ulna,
radius, femur, tibia, fibula, parafibula, calcaneus, and cuboid
were scanned at 80kV, 498 pA, and a voxel size of
0.089564 mm x 0.089564 mm x 0.089564 mm. The thoracic and
caudal vertebrae, pelvis, metacarpals, metatarsals, remaining
tarsals, all carpals, and pedal and manual proximal and intermedi-
ate phalanges were also scanned at 80 kV and 498 pA, but with a
resultant voxel size of 0.044782mm x 0.044782 mm x
0.044782 mm. Finally, the distal pedal and manual phalanges
were scanned at kV=70, nA=114, and a voxel size of
0.019927 mm x 0.019927 mm x 0.019927 mm. The pelvis was
rescanned at the New York Institute of Technology Visualization
Center at kV =130, pA =61, and a voxel size of 0.071 mm x
0.071 mm x 0.071 mm. A small block that was removed posterior
to the pectoral girdle during preparation and which contained
fragments of thoracic vertebrae T1-T4 was scanned on the
Nikon XTek XT H 225 pCT scanner at Yale University (voxel
size =0.02630699 mm x 0.02630699 mm x 0.02630699 mm). The
separated anterior and posterior parts of the articulated specimen
were scanned using the GE Phoenix V|tome|x s pCT scanner at
the Microscopy and Imaging Facility at the American Museum
of Natural History (anterior part at kV =200, pA =230, and
voxel size = 0.10828451 mm x 0.10828451 mm x 0.10828451 mm,;
posterior part at kV =200, pA =230, and voxel size=
0.0890563 mm x 0.0890563 mm x 0.0890563 mm). In addition, a
focused scan of the pectoral region (kV =200; pA =230; voxel
size =0.06523045 mm x 0.06523045 mm x 0.06523045 mm) was
conducted at the same facility. The atlas was reconstructed
based on a scan of the cranium at the High-Resolution X-ray
Computed Tomography Facility in the Department of Geological
Sciences at the University of Texas at Austin (kV =190; pA = 250;
voxel size =0.0224 mm x 0.0224 mm x 0.0224 mm). A complete
list of all scans of postcranial elements is included in Supplemen-
tal Data (Table S1).
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Digital Preparation

Segmentation—DICOM and TIFF stacks were rendered into
polygonal surface models using Avizo 8.1 and Amira 6.5 ‘Isosur-
face’ and ‘Volume Rendering’ options, as well as through labeling
individual voxels in the Label Field Editor and extracting polygon
surface files of labeled materials. These surface files were used to
digitally rearticulate the skeleton as well as virtually reconstruct
fragmentary elements (e.g., atlas, thoracic vertebrae, astragalus).
Surface files of all elements were saved as .obj files in Amira 6.5
and imported into Geomagic Wrap for postprocessing.

Surface Smoothing and Reconstruction—Surfaces were
imported into Geomagic Wrap for smoothing and repair. In Geo-
magic Wrap, we first applied the ‘Mesh Doctor’ function. To
smooth and further clean surfaces, we applied the ‘Reduced
Spikes’ filter and the ‘Reduce Noise’ function. We deleted uncon-
nected faces and wrapped the surface using the ‘Rewrap’ func-
tion. A final application of ‘Mesh Doctor’ was performed
before saving the surface files. We generally used surface files
from isolated elements of the left side that were scanned at
higher resolution. In cases where left elements were missing
(intermediate manual phalanx IV, distal manual phalanx IV) or
incomplete (intermediate manual phalanx III, tibia, astragalus,
calcaneus, entocuneiform, mesocuneiform, ectocuneiform, meta-
carpal IIT), we mirrored the surface files of the right elements in
Geomagic Wrap and either used these files exclusively or substi-
tuted missing parts of individual bones. A similar protocol was
used to reconstruct the atlas and selected thoracic and lumbar
vertebrae. Preserved and sometimes displaced parts of each ver-
tebra (e.g., vertebral body, transverse process, spinous process)
were loaded into Geomagic Wrap and manually moved and
assembled. The final surfaces were mirrored to substitute
missing parts of each vertebra. High-resolution surface files of
all elements were saved as .ply files and are available on
MorphoSource.

Skeletal Reconstruction—Surface files that were used in the
skeletal reconstruction needed to be further simplified in Geoma-
gic Wrap using the ‘Decimate Faces’ function. We used a 90%
reduction with subsequent smoothing through the ‘Reduce
Noise’ function. Final files were saved in .stl format and imported
into Autodesk 3ds Max. We first assembled the left forelimb and
left hind limb and then mirrored the limbs to represent the right
forelimb and right hind limb. Similarly, the left ribs, left clavicle,
left scapulocoracoid, and left os coxa were mirrored to produce
the rib cage, pectoral girdle, and pelvic girdle. Lastly, the left
halves of the cervical vertebrae were mirrored to present more
complete cervicals. The full skeletal reconstruction is available
on MorphoSource.

Imaging

Images of isolated elements were taken in Amira 6.5 using the
‘Snapshot’ tool. Surface files were displayed in Amira using the
following ‘Surface View’ options: ‘Specular’ off, ‘Opaque,” ‘Both
Faces,” and either ‘Vertex normals’ or “Triangle normal.” For iso-
lated elements or the vertebral series, standard light and dark
gray values were chosen. Photographic images of the specimen
were taken at different stages of preparation.

Measurements

Linear measurements of skeletal elements were taken either on
the original specimen using a handheld Mitutoyo CD-8"C digital
caliper or on reconstructed surfaces using the Avizo 8.1 or Amira
6.5 ‘3D Length’ tool. Angular measurements were extracted from
digital surfaces using the Avizo 8.1 3D Angle’ tool. Humeral
torsion was measured as the angle between the distal epicondyles
and the deflection of the head following Kielan-Jaworowska and
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Gambaryan (1994). The latter is represented by a line that is
orthogonal to a line through the middle of the intertubercular
groove and the middle of the posterior surface of the head. In
UA 9030, the intertubercular groove is damaged proximally on
both sides. Its position was approximated by extending the inter-
tubercular groove proximally to a point midway between the
greater and lesser tubercles. Measurements and ratios of the post-
cranial skeletal elements of UA 9030 are provided in the data
tables listed below.

Comparative Material

In addition to UA 9030, the following mammaliaform taxa
(and specimens) were examined for comparison: Agilodocodon
scansorius (BMNHC 001138), Arboroharamiya allinhopsoni
(HG-MO017, HG-MO018), Catopsbaatar catopsaloides (PM 120/
107), Chulsanbaatar vulgaris (ZPAL MgM-1/61, ZPAL MgM-I/
83, ZPAL MgM-1/84, ZPAL MgM-1/85, ZPAL MgM- 1/99b,
ZPAL MgM-1/140, ZPAL MgM-I/151, ZPAL MgM-1/170a),
Docofossor brachydactylus (BMNHC 131735), Eomaia scansoria
(BMNHC  1140), Juramaia sinensis (BMNHC 1143),
Kryptobaatar dashzevegi (ZPAL MgM-1/41, GI PST 8-2),
Liaoconodon hui (IVPP 16051), Maiopatagium furculiferum
(BMNHC  2940), Megaconus mammaliaformis (PMOL
AMO00007), Megazostrodon rudnerae (NHMUK M26407),
Morganucodon watsoni (Welsh material in the collections of
Cambridge University [Eozostrodon postcrania (Eo. PC) 1-100]
and NHMUK), Nemegtbaatar gobiensis (ZPAL MgM-1/81,
ZPAL MgM-1/82, ZPAL MgM-1/110), Qishou jizantang
(JZT-D061), Qishou sp. (JZT-CK005), Repenomamus giganticus
(IVPP  14155), Repenomamus robustus (IVPP 12728),
Rugosodon eurasiaticus (BMNHC 1142), Shenshou lui (WGMV-
001, LDNHMF 2001), Sinobaatar lingyuanensis (IVPP 12517),
Vilevolodon diplomylos (BMNHC 2942), Xianshou linglong
(IVPP  16707), Xianshou songae (BMNHC 003253),
Zhangheotherium quinquecuspidens (IVPP 7466), and an uniden-
tified taeniolabidoid multituberculate (ZPAL MgM-I/165; see
Kielan-Jaworowska, 1989). In addition, casts of the following
species were observed: Akidolestes cifellii (NIGAPS 139381),
Eomaia scansoria (CAGS 01/G1), Jeholodens jenkinsi (GMV
2139), Sinodelphys szalayi (CAGS 00-1G-03), Yanoconodon allini
(NJU-P06001), and Zhangheotherium quinquecuspidens (CAGS-
1G99-07352). Only direct observations of specimens or casts are
listed here. Specimens for which only published illustrations and
descriptions were utilized are cited accordingly in the text. Taxa
listed in the text without citation of the literature indicates personal
observation of specimens.

DESCRIPTION
Postcranial Axial Skeleton

The postcranial axial skeleton comprises the vertebral column,
ribs, and sternal apparatus, which are generally well preserved in
UA 9030; only the cervical and sacral regions suffered consider-
able damage (Figs. 1, 2). Typical vertebrae from each of the
four different regions (excluding the sacral) are easily distinguish-
able from one another. Transitions between neighboring regions
(e.g., between cervical and thoracic, lumbar and sacral, or sacral
and caudal vertebrae), however, with the exception of the thora-
columbar transition, are difficult to discern in UA 9030 due to
damage. As will be discussed in the following sections, the ver-
tebral formula for Adalatherium was likely as follows: seven cer-
vical (C), at least 16 thoracic (T), at least 12 lumbar (L), an
unknown number of sacral, and at least 24 caudal (Ca) vertebrae.

Atlas—Both halves of the atlantal neural arch are preserved in
UA 9030 but are displaced and disarticulated. The better-
preserved right half can be seen posterior to the nuchal crest
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(Fig. 3A). The left half of the neural arch is fragmented into
several pieces and obscured from view by sediment, but uCT
images clearly reveal its presence (Fig. 3). Due to the fragmentary
nature of this left half, the right half was mirrored for reconstruc-
tion of the atlas in Figure 4. The preserved portion of the atlas
indicates that it is a robust element with an anteroposteriorly
long lamina and a large vertebral foramen. In lateral view, the
lamina of the neural arch is roughly triangular in shape, narrower

A

T~ trp

paf %

FIGURE 3. Atlas and cranium of Adalatherium hui, holotype (UA 9030),
based on pCT reconstruction, in A, A’, right lateral; and B, B’, ventral
views. A, B, cranium and atlas; A’, B’, isolated atlas (enlarged 2x size of
A and B). Right neural half of atlas rendered in medium gray; left
neural half of atlas rendered in dark gray. Abbreviations: fai, facet for
intercentrum; la, lamina; ne, nuchal crest; paf, posterior articular facet
for axis; trp, transverse process.
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ventrally and expanded dorsally. At its base, the lamina is robust
and transversely wide but thins dorsomedially. The dorsal-most
part of the lamina is damaged, leaving it uncertain whether the
left and right halves of the neural arch were fused along the
midline in life. The anterior and posterior edges of the lamina
are smooth, and there is neither a facet for a proatlas on the
anterior edge nor a postzygapophysis for the axis on the posterior
edge, as is typical for mammals (Jenkins, 1970, 1971). The pedicle
is completely preserved, as are the facet for the occipital condyle
anteriorly and the facet for the axis posteriorly (Fig. 4). The
cranial articular facet for the occipital condyle is large, concave,
and elliptical in outline (with its long axis oriented in a ventrolat-
eral to dorsomedial direction). Based on the reconstructed atlas,
it appears that the occipital facet likely faced anteromedially, but
the exact orientation of the facet is difficult to establish due to
poor preservation of the atlas. The posterior articular facet for
the axis is slightly concave and faces posteroventromedially. It
has a stout base protruding posteromedially from the pedicle.
The base of a ventrolaterally directed transverse process is pre-
served along the lateral aspect of the pedicle. Compared with
the width of the lamina and pedicle, the base of the transverse
process is relatively slender. It is unclear whether an atlantal rib
articulated with this process in life. The intercentrum is not pre-
served in UA 9030; however, a flat but rough area on the
ventral side of the pedicle indicates its presence (Figs. 3B’, 4E).
The rough texture of the surface suggests that the intercentrum
may not have been completely fused to the neural arch in life.

Axis—The right half of the neural arch, including part of the
pedicle, and possibly part of the odontoid process (= dens) and
postzygapophysis of the axis (C2) are preserved in UA 9030
(Fig. 5). The lamina is dorsoventrally tall and anteroposteriorly
expanded. The anterior and posterior edges of the lamina are
straight, and the lateral surface is almost flat. The preserved
portion of the pedicle has a flat lateral surface and is anteropos-
teriorly much shorter than the lamina. A short and stout trans-
verse process projects posteroventrally from the pedicle. The
uCT images reveal a cylindrical structure deep and anterior to
the lamina of the axis that resembles the shape of an odontoid
process (Fig. 5).

Postaxial Cervical Vertebrae —The postaxial cervical vertebrae
(C3-C7) are only partially preserved (Fig. 5). The transition
between the cervical and thoracic vertebrae is not preserved in
UA 9030. It therefore remains possible, although unlikely, that
additional cervical vertebrae were present in Adalatherium.
However, mammals are very conservative in the number of cervi-
cal vertebrae in that nearly all mammals have seven (Galis, 1999;
Narita and Kuratani, 2005), as do most other synapsids

trp

FIGURE 4. Atlas of Adalatherium hui, holotype (UA 9030), reconstruction based on uCT images, in A, anterior; B, left lateral; C, posterior; D, dorsal;
and E, ventral views. Dorsal to top in A, B, C; anterior to left in B, D, E. Right neural arch mirrored from left side. Abbreviations: caf, cranial articular
facet for occipital condyle; fai, facet for intercentrum; la, lamina; paf, posterior articular facet for axis; pe, pedicle; trp, transverse process, vfo, vertebral

foramen.
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FIGURE 5. Cervical region of Adalatherium hui,
holotype (UA 9030), in A, A’, top (side A); and
B, B’, bottom (side B) views. A, B, photographs
of original specimen; A’, B’ reconstruction
based on pCT images, with cervical vertebrae in
gray tones, right humerus in orange, and left
scapula in purple. Light and dark gray shades
are used to distinguish between adjacent ver-
tebrae, or parts thereof. Arrows point anteriorly.
Abbreviations: C, cervical vertebra; hu r, right
humerus; la, lamina; odp, odontoid process;
poz, postzygapophysis; prz, prezygapophysis; sc,
scapula; tref, transverse costal facet; trp, trans-
Verse process.

(Crompton and Jenkins, 1973). It is likely that UA 9030 is no
exception, and we assume a cervical vertebral count of seven
for Adalatherium as well.

The preservation of the postaxial vertebrae is inconsistent
across the cervical series. C3 preserves only part of the left
lamina, whereas C4-C6 each preserves the left lamina, pre-
and postzygapophyses, pedicle, and transverse process. C7 pre-
serves only the left prezygapophysis and partial lamina. The
laminae of the postaxial cervical vertebrae are anteroposteriorly
short and dorsoventrally tall, indicative of large vertebral fora-
mina. The bases of the laminae are anteroposteriorly expanded
and gently narrow dorsally. The anteroventral parts of the
laminae are deeply excavated on C5 and C6 to accommodate
the postzygapophyses of preceding vertebrae. The prezygapo-
physes on these same vertebrae are large and protrude ante-
riorly beyond the anterior margins of the neural arches. The
articular facets of the prezygapophyses on C5 and C6 are flat
and face dorsally, almost in a horizontal plane (nearly perpen-
dicular to the direction of the laminae), whereas the articular
facet of the preserved prezygapophysis on C7 is rounded and
its anterior tip gently bends ventrally. The postzygapophyses of
C4-C6 extend posteriorly beyond the margin of the neural
arch, but to a lesser degree than the prezygapophyses extend
anteriorly (Fig. 5).

The left pedicles of C4-C6 are only partially preserved. The
preserved dorsal portion of each pedicle is anteroposteriorly
broad. The dorsal roots of the transverse processes emerge
ventral to the posterior aspects of the prezygapophyses of C4—
C6. They are slender and project ventrolaterally, each ending in

a distinct, rounded costal facet for a cervical rib (Fig. 5). On C7,
the dorsal root of the transverse process is much shorter and
stouter, resulting in a costal facet for the cervical rib that is
immediately ventral to the prezygapophysis. The costal facet for
the cervical rib is larger in diameter on C7 than those on C4-
C6. The ventral roots of the transverse processes as well as the
vertebral bodies are not preserved on any of the postaxial cervical
vertebrae. Together with the cervical rib, the dorsal and ventral
roots of the transverse process of each vertebra would have
enclosed a transverse foramen in life. The medial sides of the
neural arches can be seen in the reconstructed surfaces
(Fig. 5B’), but their poor preservation obscures considerable mor-
phological detail. Additional unidentifiable fragments of cervical
vertebrae are present next to the broken right humerus as well as
surrounding the more intact parts of the cervical series.

Thoracic Vertebrae—In Adalatherium, we identify thoracic
vertebrae as those dorsal vertebrae with free ribs, similar to the
condition in extant mammals. This definition, however, is not
applicable to all mammaliaforms. Several Mesozoic mammalia-
forms retain mobile lumbar ribs and the thoracolumbar transition
is defined by other morphological characteristics (e.g., orientation
of zygapophyses, shape of vertebral body, shape and size of ribs).
In Adalatherium, the orientation of the zygapophyses does not
change much along the dorsal vertebral series and the shape of
the vertebral bodies changes gradually; a clear transition is not
noticeable in either zygapophyses or vertebral bodies. Of those
characteristics used to distinguish thoracic and lumbar vertebrae
in mammaliaforms, presence of mobile ribs can be most clearly
recognized in Adalatherium.
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The thoracic vertebral series of UA 9030 is mediolaterally com-
pressed, and each individual vertebra suffered some damage,
albeit to varying degrees. However, the preserved parts are suffi-
cient to reconstruct the general morphology of the series and of
most individual vertebrae (Figs. 6, 7). Adalatherium had at least
16 thoracic vertebrae (T). An already loose section of 12 articu-
lated thoracic vertebrae (identified as T5-T16) was detached
from the specimen during preparation, with the exception of
the right halves of the four posterior-most vertebrae of this

acf
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section, which remain in articulation with the rest of the specimen
(Fig. 8). In addition to this articulated series of 12 vertebrae, there
are parts of at least four thoracic vertebrae preserved in another
block that was removed posterior to the shoulder region. The
space between the last cervical and first articulated thoracic ver-
tebra (TS) is large enough to accommodate at least these four
thoracic vertebrae. Hence, we conclude that Adalatherium had
at least 16 thoracic vertebrae. Because the cervicothoracic tran-
sition is not preserved in articulation in UA 9030, it is possible

FIGURE 6. Thoracic vertebrae (T1-T16) of Adalatherium hui, holotype (UA 9030), in A, left lateral, B, right lateral, C, dorsal, and D, ventral views.
Light and dark gray shades are used to distinguish between adjacent vertebrae, or parts thereof. Abbreviations: acf, anterior costal facet; dr, dorsal ridge
of transverse process; la, lamina; mp, mammillary process; pef, posterior costal facet; pe, pedicle; poz, postzygapophysis; prz, prezygapophysis; sp,
spinous process; spt, spine process table; T, thoracic vertebra; tref, transverse costal facet; trt, transverse tubercle; vb, vertebral body.
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prz

FIGURE 7. Reconstruction of selected thoracic vertebrae of Adalatherium hui, holotype (UA 9030), in A, anterior, B, left lateral, C, posterior, D,
dorsal, and E, ventral views. Rows from top to bottom: T6, T12, and T16. Preserved elements are rendered as solid; mirrored elements are semitran-
sparent. Dorsal to top in A, B, C; anterior to left in B, D, E. Abbreviations: acf, anterior costal facet; dr, dorsal ridge of transverse process; la, lamina; mp,
mammillary process; pef, posterior costal facet; pe, pedicle; poz, postzygapophysis; prz, prezygapophysis; sp, spinous process; spf, spinous process fossa;
spmc, spinous process median crest; spt, spinous process table; T, thoracic vertebra; tref, transverse costal facet; trt, transverse tubercle; vb, vertebral

body; vfo, vertebral foramen.

that some anterior thoracic vertebrae are missing and that the
number of thoracic vertebrae was even higher. However, based
on the available space between the preserved cervicals and thor-
acics, we doubt that the number of thoracic vertebrae was much
higher than 16. For the purposes of this study and to be able to
refer to specific thoracic vertebrae, we will adopt the hypothesis
that Adalatherium had 16 thoracic vertebrae: T1-T4 are disarticu-
lated and preserved in a small block posterior to the scapula, T5-
T12 as well as the left halves of T13-T16 were removed during
preparation, and the right halves of T13-T16 remain in articula-
tion anterior to the lumbar vertebrae (Figs. 8, 9).

Each thoracic vertebra has an anteroposteriorly stout body
(centrum), which is platycoelous and roughly kidney-shaped in
cross-section, mediolaterally wider than dorsoventrally deep
(Fig. 7). In ventral view, the vertebral body is constricted at
mid-length; it is concave transversely and anteroposteriorly. A
mid-ventral keel along the ventral aspect of the vertebral body
is absent in Adalatherium. The anteroventral corner of each ver-
tebral body bears a concave anterior costal facet. The posterior
costal facets are slightly smaller than the anterior costal facets
and articulate with the heads of the following ribs. Both the
anterior and posterior costal facets decrease in size relative to
the vertebral body on more posterior vertebrae. Whereas the
anterior costal facets are present on all thoracic vertebrae, the

posterior costal facets are barely visible on T12-T15 and are
absent on T16.

The pedicles contact the dorsolateral edges of each vertebral
body and are obliquely oriented (anterodorsally to posteroven-
trally) in T1-T4 and almost vertically oriented from TS5 on.
They are indented both anteriorly and posteriorly, with the
anterior margins being more concave than the posterior
margins. The pedicles of neighboring vertebrae enclose a
sizable intervertebral foramen. The lateral aspects of the pedicles
in anterior thoracic vertebrae bear a distinct transverse process
that is directed ventrolaterally (Fig. 6). On T1-T7, the transverse
processes are prominent and arise along the full height of the
pedicles. The facets for the tubercles of the ribs are large and
concave and separated from the anterior costal facets on the
body by distinct notches (Figs. 6, 7). On T8-T10, the transverse
processes are more anteroposteriorly slender and mediolaterally
shorter and gradually shift anteroventrally. The transverse costal
facets are smaller and less separated from the anterior costal
facets for the heads of the ribs (Fig. 6). From T11 on, the trans-
verse processes are indistinct and the facets for the tubercle and
head converge. A small ridge (dorsal ridge of transverse
process) extends posterodorsally from each transverse process
or tubercle and terminates posteroventral to the prezygapophysis
in posterior thoracic vertebrae (Figs. 6, 7). On T1-T7, the dorsal
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FIGURE 8. Ribs, costal cartilages, and sternebrae of Adalatherium hui, holotype (UA 9030),in A, A’, top (side A); and B, B/, bottom (side B) views. A,
B, photographs of original specimen; A’, B’, rendering based on pCT images. All labeled ribs belong to left side, whereas costal cartilages belong to right
side, except third costal cartilage (CC3), which is labeled on left side. Light and dark gray shades are used to distinguish between adjacent ribs, or parts
thereof. Costal cartilages rendered in light blue; sternebrae rendered in turquoise. Arrows point anteriorly. Abbreviations: CC, costal cartilage; R, rib;
rh, head of rib; rn, neck of rib; rp, posterior process of rib; rt, tubercle of rib; stb, sternebrae; T, thoracic vertebra.

ridges of the transverse processes are indistinct from the trans-
verse processes. From T8 on, the dorsal ridges are slender and
sharper (Fig. 6). The dorsal ridges gradually change direction
from more vertical to oblique between T8 and T14. On T14
and T15, the dorsal ridges are fine crests extending from the trans-
verse tubercles posterdorsally. The dorsal ridges appear indistinct
on T16. Posteroventral to each dorsal ridge and posterior to each
transverse tubercle on T12-T14 is a small but distinct mammillary
process (Figs. 6, 7). The process is separated from the transverse
tubercle by a shallow notch.

The pre- and postzygapophyses extend farther anteriorly and
posteriorly, respectively, than the body or the pedicle. The articu-
lar facet of each prezygapophysis is flat, facing dorsally and
slightly anterolaterally. Each postzygapophysis completely over-
hangs the posterior end of its corresponding vertebral body. Its
articular surface faces ventrally and slightly posteromedially.
There are no anapophyses below the postzygapophyses. Interest-
ingly, the orientation of the pre- and postzygapophyses does not
change much along the thoracic series.

The left and right laminae of each vertebra converge dorsome-
dially and support a dorsoventrally tall spinous process. The
spinous processes of T1-T4 are separated from, but preserved
in association with, the vertebral bodies of T1-T4 and are tenta-
tively assigned to these vertebrae (Fig. 6). The dorsal half of the
spinous process of TS5 is preserved separate from the removed
section. Spinous processes of T6-T15 are preserved in close

association with their respective vertebrae. Each spinous
process arises along the length of the laminae, is inclined poster-
iorly, and is nearly flat laterally (Fig. 6). The spinous processes of
the anterior-most thoracic vertebrae (T1-T9) are slender and dor-
soventrally tall. These processes are compressed transversely and
not expanded posteriorly. The posterior margin is slightly blunter
than the anterior margin. The apex of each process is convex in
lateral view. A spinous process table or apical expansion is
absent until at least T9. From T10 on, the spinous processes are
relatively deep anteroposteriorly and dorsoventrally shorter
and are triangular in cross-section, with sharp anterior margins
and increasing in width posteriorly. Starting at T10, the apex of
each spinous process is mediolaterally flat and expanded,
forming a spinous process table (Fig. 6). The size of each table
increases in more posterior vertebrae. Low ridges are present
along the posterolateral margins of each spinous process. The
left and right ridges diverge ventrolaterally toward the tips of
the postzygapophyses. A fine median crest is present in the
lower part of the spinous process. The median crest and the pos-
terolateral ridges surround two small fossae along the posterior
aspect of the spinous processes. The lateral ridges, median crest,
and fossae are well preserved in T1, T2, T4, and T10-T12. They
are most prominent on T11 and T12. This part of the spinous
process is not preserved in T3 and T5-T9, but we suspect that
the lateral ridges, median crest, and fossae were present in
these vertebrae as well.



144

Hoffmann et al. —Postcranial morphology of Adalatherium hui

FIGURE 9. Posterior thoracic and anterior lumbar vertebrae (T15-L12) of Adalatherium hui, holotype (UA 9030), in A, A’, top (side A) and B, B/,
bottom (side B) views. A, B, photographs of original specimen; A’, B’, reconstruction based on uCT images. Light and dark gray shades are used to
distinguish between adjacent vertebrae, or parts thereof. Arrows point anteriorly. Abbreviations: av, anticlinal vertebra (L4); L, lumbar vertebra;
poz, postzygapophysis; prz, prezygapophysis; sp, spinous process; spt, spinous process table; T, thoracic vertebra; trp, transverse process.

Thoracic Ribs (Including Costal Cartilages) —The ribs (R) are
generally better preserved on the left side of UA 9030, whereas
only ribs 3-10 are clearly visible on the right side (Fig. 8).
Based on the better-preserved left side, 16 thoracic ribs, and
therefore at least 16 thoracic vertebrae, are present. In addition,
several fragments of ribs are present anterior to the first articu-
lated rib in a block with the disarticulated T1-T4. At least one
of the fragments is found in close association with T1 and likely
represents the tubercle of the first rib. The other fragments
likely belonged to R1-R4 but cannot be assigned with confidence.

A typical mammalian thoracic rib is composed of a dorsal
osseous portion articulating with the vertebral column and a
ventral cartilaginous portion articulating with the sternal appar-
atus (e.g., Evans, 1993). This is demonstrable for Adalatherium
because both the osseous and cartilaginous parts of several ribs
are preserved in UA 9030. The cartilaginous portion of the rib
is rarely preserved in fossils; hence, the osseous portion alone is
often referred to as the rib in the paleontological literature.
Here, we follow this convention and call the dorsal osseous
portion ‘rib’ and the fossilized cartilaginous portion ‘costal
cartilage.’

In general, the thoracic ribs of Adalatherium have an expanded
proximal end that is divided into a tubercle and a head to articu-
late with the vertebrae (Fig. 8). The head of each rib is wedge-
shaped, with two facets articulating with the costal foveae on
the bodies of two successive vertebrae, whereas the tubercle
articulates with the transverse process of the vertebra of the
same number. The tubercles are larger in anterior ribs and gradu-
ally decrease in size between R5 and R9. The distal aspect of each
tubercle is circular in cross-section on R6 and more anterior ribs
(Fig. 8). The tubercles of R9-R11 are short and diverge from their
corresponding heads dorsally and slightly posteriorly. An

anteroposteriorly compressed neck separates the head from the
tubercle. The dorsal margin of the neck has a rough texture
that extends distally and ends at the junction between the neck
and the shaft. The rough area marks the insertion of epaxial mus-
culature. On more posterior ribs, the tubercles diminish in size
and shift anteroventrally toward the heads. Starting at R12, the
tubercles are confluent with the corresponding neck and head.
Although the proximal ends of R13-R16 are not preserved in
UA 9030, it is evident from the costal facets on the thoracic ver-
tebrae that the heads each retain two articular facets for the
bodies of successive vertebrae throughout the thoracic series.
However, based on the facets on the thoracic vertebrae, the pos-
terior facets, which articulate with the same vertebrae, are more
developed than the anterior facets (which articulate with the pre-
ceding vertebrae). The last rib (R16) largely articulates with T16
and probably would have only slightly contacted the posterolat-
eral margin of the body of T15 in life.

The anterior ribs (R5-R9) are more strongly curved than the
posterior ribs. This might also be true for R1-R4, but the proxi-
mal aspects of those ribs are too fragmentary to estimate curva-
ture. Ribs 10 and 11 are only gently curved. The shaft first
curves ventrolaterally (and probably slightly posteriorly) for a
short distance and then, for most of its length, is directed ven-
trally. Starting at R11, the curvature of the ribs is less pronounced
and the angle between the neck and the shaft becomes indistinct.
In all ribs, the main part of the shaft is moderately compressed
anteroposteriorly and bears a longitudinal groove on its anterior
and posterior aspects, resulting in a figure-eight cross-section at
mid-length of the shaft. The distal-most portion of the shaft is
elliptical in cross-section, (mediolaterally) wider than long. The
distal extremity of the shaft bears a flat and elliptical facet for
articulation with the corresponding costal cartilage. The ribs
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articulate with their respective costal cartilages at least up to R13.
The shaft of R14 is similar in size to that of more anterior ribs, but
the distal end is not preserved and it remains uncertain whether it
would have articulated with a costal cartilage in life. Ribs 15 and
16 are substantially more slender and shorter than more anterior
ribs. It is likely that R15 and R16 were floating ribs that did not
articulate with the sternum through costal cartilages.

Specimen UA 9030 is exceptional in having large and well-pre-
served costal cartilages (CC) of thoracic ribs. The fossilized carti-
lages in UA 9030 are distinctly different from osseous elements in
surface texture (much rougher) and density (Fig. 8B, B). On the
right side, at least seven costal cartilages are clearly visible, six of
which contact the sternum. The contact between these seven
costal cartilages and ribs are not preserved but, based on proxi-
mity, they were likely associated with R3-R9. It appears that at
least some posterior cartilages (possibly from CC8 on) were
each fused with the preceding costal cartilages and did not indivi-
dually articulate with the sternal elements directly, thus creating a
costal margin.

Owing to its relatively good preservation, the left CC3 is
singled out here for detailed description. The ventral part of the
cartilage is dorsoventrally compressed and anteroposteriorly
long, articulating with two adjacent sternal elements at their junc-
tion. Most of the shaft of CC3 remains dorsoventrally compressed
and anteroposteriorly long. The shaft turns dorsolaterally to align
with the distal end of the rib. Costal cartilages of the other true
ribs probably retain a similar morphology, with a dorsoventrally
compressed and anteroposteriorly long shaft that twists near
the dorsolateral end. However, the lengths of the cartilages
change greatly along the thoracic series; the posterior costal car-
tilages are almost twice as long as CC3.

Lumbar Vertebrae—There are at least 12 lumbar vertebrae
(L1-L12) preserved in UA 9030 (Figs. 9, 10). The sacral region
is damaged, and it is not possible to determine conclusively
whether Adalatherium possessed more than 12 lumbar vertebrae.
As mentioned above, the morphological transition from the thor-
acic to the lumbar series is gradual. We identify the transition
between thoracic and lumbar vertebrae based on the absence of
mobile ribs. The L1 has short and triangular transverse processes
that are distinct from the mobile ribs of T16. In UA 9030, which
represents a subadult individual, the suture between the trans-
verse processes and the vertebral bodies of L1 and several
other lumbars were still open and likely closed later in life. Never-
theless, the contact between the processes and the vertebral body
was probably not mobile in life. On L1, a broad base of the trans-
verse process is preserved along the lateral aspects of the ver-
tebral body. The transverse processes of L1 taper distally and
point anterolaterally. They are dorsoventrally compressed, with
a convex anterior margin and a gently concave posterior
margin. The transverse processes of L1 are much shorter than
those of more posterior lumbar vertebrae. The lateral aspects of
the vertebral body and pedicles are smooth and featureless.
Each pedicle is indented both anteriorly and posteriorly, the pos-
terior edge being more concave than the anterior edge. The mor-
phology of the zygapophyses of L1 is quite similar to the
condition in the posterior thoracic vertebrae. The articular
facets of the zygapophyses do not change their orientation from
those on the posterior thoracics; the prezygapophyseal facets
face dorsally and slightly anterolaterally, whereas the postzygapo-
physeal facets face ventrally and slightly posteromedially (Fig. 9).
The spinous process is also similar to those on posterior thoracics,
but less inclined posteriorly.

Along the lumbar series, the vertebral morphology changes
gradually. The vertebral bodies vary only slightly in length
among L1-1.9 (L10-L12 are not well enough preserved to accu-
rately measure anteroposterior length of the vertebral bodies).
The width of the vertebral bodies increases from L1 to L8
(Table 1). Starting at L1, the transverse processes increase in
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transverse width posteriorly. Maximum width is reached at L11.
The transverse processes of L12 are slightly shorter than those
on L11. The transverse processes are distally less pointed from
L3 on. The orientation of the transverse process changes from
lateral on L1-L2 to anterolateral on L3-L10 to lateral on L11
and L12. The pedicles do not change very much along the
lumbar series; only their size increases posteriorly to some
degree. There are no mammillary processes, nor anapophyses.
Interestingly, the morphology and orientation of the zygapo-
physes are also relatively invariant. The spinous processes
change gradually in orientation, size, and shape. The spinous pro-
cesses of L1-L3 are posteriorly inclined, but the process is nearly
vertical on L4, indicating that L4 is the anticlinal vertebra. Start-
ing at L5, the spinous processes are more anteriorly inclined and
slender. The spinous process tables appear to diminish in size, are
less triangular in dorsal view, and are more rounded in lateral
view from T7 on (Fig. 9A).

Sacral Vertebrae—There are many, finely comminuted frag-
ments preserved posterior to L12, most of which are probably
remains of the sacral series. However, none of the fragments is
large enough or well enough preserved to be positively assigned
to the sacral series and thereby to merit description.

Caudal Vertebrae—Specimen UA 9030 preserves 24 caudal
vertebrae (Ca) largely in articulation, including the ultimate
(i.e., distal-most) vertebra (Figs. 11, 12). Because the sacrum
(including the transition between the sacral and caudal vertebrae)
is crushed (Figs. 1, 2), it is unclear whether additional anterior
caudal vertebrae were present. We estimate that if any anterior
caudal vertebrae were missing at all, it is only one or two. For
descriptive purposes, we will assume that Adalatherium had 24
caudal vertebrae and identify them as Cal-Ca24.

A distinctive feature of the caudal series is that there is no
lengthening of individual vertebrae in the middle of the series
or at any other point along the caudal vertebral column (Fig.
11). Overall, the caudal series is short, being only about half as
long as the thoracic and lumbar series combined (Figs. 1, 2;
Table 1). The morphology of the caudal vertebrae gradually
changes posteriorly. Vertebrae Cal-Ca3 are only partially pre-
served and thus do not show the morphological gradient as well
as the other vertebrae in the series. For that reason, they are
described individually.

The Cal preserves only the right postzygapophysis, anterior to
Ca2. Similar to Ca2, the postzygapophyseal facet appears to face
ventrolaterally. The Ca2 preserves most of the left and right
laminae, both postzygapophyses, the spinous process, and part
of the right side of the vertebral body. The prezygapophyses are
not preserved, but the postzygapophyses extend posterolaterally
and slightly dorsally from the laminae. The postzygapophyseal
facets face ventrolaterally. The spinous process is dorsoventrally
tall and lenticular in cross-section. The Ca3 preserves the
neural arch, the right prezygapophysis, left and right postzygapo-
physes, the left and right transverse processes, the base of the
spinous process, and the right side of the vertebral body. The
right aspect of Ca3 is better preserved than the left aspect; there-
fore, the description below focuses mainly on the right lamina,
pedicle, and transverse process. The preserved part of the ver-
tebral body does not provide much information about the mor-
phology of the body itself, except (based on the position of the
pedicles) that the body was large and probably elliptical in
cross-section, as seen in more posterior vertebrae. The transverse
process arises along the anterolateral aspect of the vertebral body.
It is mediolaterally elongate, dorsoventrally compressed, antero-
posteriorly broad, and slightly expanded distally. The process
extends horizontally and points laterally and slightly anteriorly.
The right pedicle arises from the anterior two-thirds of the dorso-
lateral edge of the body and is slightly inclined medially. It is ante-
roposteriorly narrower than the body and dorsoventrally short.
The right lamina is about as broad (anteroposteriorly) as the



146

Hoffmann et al. —Postcranial morphology of Adalatherium hui

FIGURE 10. Reconstruction of selected lumbar vertebrae of Adalatherium hui, holotype (UA 9030), in A, anterior, B, left lateral, C, posterior, D,
dorsal, and E, ventral views. Rows from top to bottom: L1, L7, and L11. Preserved elements are rendered as solid; mirrored elements are semitran-
sparent. Dorsal to top in A, B, C; anterior to left in B, D, E. Abbreviations: L, lumbar vertebra; la, lamina; pe, pedicle; poz, postzygapophysis; prz, pre-
zygapophysis; sp, spinous process; spf, spinous process fossa; spme, spinous process median crest; spt, spinous process table; trp, transverse process; vb,

vertebral body; vfo, vertebral foramen.

pedicle. The transverse width of the left and right laminae com-
bined appears to be smaller than that of the vertebral body.
The right prezygapophysis projects anteriorly well beyond the
anterior edge of the neural arch and vertebral body. The right
postzygapophysis extends posteriorly well beyond the posterior
edge of the pedicle, and slightly over the edge of the vertebral
body. The postzygapophyseal facet faces ventrolaterally.
Judging by its preserved base, the spinous process is probably
smaller than that on Ca2.

Vertebrae Ca4-Ca7 are better preserved than Cal-Ca3; only
the ventral portions of the vertebral bodies are missing. The
transverse processes of Ca4—Ca7 are similar to that of Ca3 in
orientation and size, but they arise from the lateral sides of the
vertebral bodies rather than from the anterolateral aspect. On

Ca8-Cal0, the transverse processes point posterolaterally
rather than anterolaterally as in Ca4—Ca7. On Call, the trans-
verse processes are small, posterolaterally directed projections
that are separated from the posterior end of the vertebral body
by a small notch. From Cal2 on, the transverse processes are
reduced to thin lateral ridges along the vertebral bodies (Figs.
11, 12). On Cal5-Cal9, the notches posterior to the transverse
processes are each enclosed and thus form a foramen (Fig. 12D).

The neural arches gradually diminish in size relative to the ver-
tebral bodies. The spinous processes are short and posteriorly
inclined in anterior caudal vertebrae (best seen in Ca 9). The
spinous processes become smaller posteriorly but are still
present until Cal0 (Fig. 11). Starting from Call, the neural
arches fail to fully enclose vertebral foramina and the spinous
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TABLE 1. Basic metrics of the vertebrae of Adalatherium hui, holotype
(UA 9030).

Vertebrano. VBL VBW VBH TRPW SPL ZYGL
T1 — — — — ~13 ~8
T2 — — — — ~15 ~7
T3 ~5.5 — 32 — — —
T4 ~5.5 — 3.7 — — 10.5
TS 5.3 — 4.1 — — —
T6 6.9 — 52 — 15.6 ~7.0
T7 7.0 — 5.9 — ~16.0 —
T8 7.8 — — — — —
T9 7.2 — 4.6 — — —
T10 7.5 — ~5 — 14.0 11.1
T11 7.2 — — — 13.1 10.5
T12 6.8 — ~5 — 12.8 12.0
T13 6.9 — ~4.5 — 11.8 11.8
T14 6.8 — 4.6 — ~10 10.4
T15 6.9 — 5.0 — — 11.5
T16 6.4 — 4.5 — — 11.9
L1 6.4 ~10.5 4.9 7.4 12.5 11.5
L2 7.3 ~10.0 6.5 6.7 13.2 13.7
L3 7.2 ~13.0 ~6 8.5 15.1 ~12.5
L4 7.1 13.9 5.6 11 14.9 13.8
L5 7.3 14.0 4.0 135 15.1 13.6
L6 ~6.5 14.2 4.9 14.8 15.7 14.2
L7 7.6 15.6 4.8 154 ~12.0 14.1
L8 7.9 15.8 4.7 ~14.0 — 14.1
L9 ~7.0 15.3 5.9 ~13.0 — 14.1
L10 — — — ~14.0 — ~13.0
L11 — ~14.0 ~3.5 15.8 20.4 ~14.5
L12 — — — 13.2 14.7 15.8
Ca4 — 11.8 — — — 13.0
Ca5 7.2 — — — — —
Cab 7.2 12.2 ~10.5 9.5 — 12.1
Ca7 6.7 12.4 83 8.1 — 12.2
Ca8 7.4 11.6 8.1 7.8 6.1 11.9
Ca9 7.8 10.4 82 — 5.7 11.3
Cal0 7.5 122 7.7 6.5 — 8.8
Call 7.5 11.4 ~8.5 5.6 — —
Cal2 7.6 13.4 7.7 3.0 — —
Cal3 7.4 11.9 7.1 1.8 — —
Cal4 7.0 12.7 5.8 — — —
Cal5 6.6 10.1 52 — — —
Calé6 6.4 8.4 5.0 — — —
Cal7 6.5 72 3.0 — — —
Cal8 54 5.8 2.5 — — —
Cal9 4.7 4.9 2.6 — — —
Ca20 38 4.0 1.9 — — —
Ca2l 32 33 1.9 — — —
Ca22 2.6 2.6 1.6 — — —
Ca23 24 2.0 1.1 — — —
Ca24 23 1.5 1.0 — — —

C1-C7, the sacral vertebrae, and Cal—-Ca3 were not included because they
are too poorly preserved for measurement. ‘~’ indicates estimates based on
fragmentary elements. ‘—’ indicates an accurate measurement could not be
taken due to poor preservation. All linear measurements in mm.
Abbreviations: Ca, caudal vertebra, L, lumbar vertebra, T, thoracic vertebra;
SPL, spinous process proximodistal length; TRPW, transverse process
transverse (mediolateral) width; VBH, vertebral body dorsoventral height;
VBL, vertebral body anteroposterior length; VBW, vertebral body
transverse (mediolateral) width; ZYGL, zygapophyseal proximodistal length
(measured from anterior end of prezygapophysis to posterior end of

postzygapophysis).

processes are absent. The homologous area forms a longitudinal
sulcus between the reduced left and right halves of each neural
arch. This sulcus is present up to at least Cal6; unfortunately,
the dorsal aspect of Cal7 is damaged. Starting from Cal8 (or
17), the longitudinal sulcus disappears; the remnant of the
neural arch appears as a longitudinal ridge, which progressively
diminishes in size on more posterior vertebrae and is absent on
Ca22. The articular facets on the zygapophyses gradually
change their orientation, from dorsomedial to medial for the
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prezygapophyses and from ventrolateral to lateral for the postzy-
gapophyses in anterior caudal vertebrae. The transverse distance
between the prezygapophyses, and even more so that between
the postzygapophyses, diminishes progressively between Ca4
and Ca7. The pre- and postzygapophyses are gradually reduced
between Ca8 and Cal0. The right postzygapophysis is absent in
Ca8, the right prezygapophysis is reduced and the right postzyga-
pophysis is absent in Ca9, and both the right pre- and postzygapo-
physes are absent in Cal0 (Fig. 12). The pre- and
postzygapophyses are absent from Call on.

The ventral aspects of the vertebral bodies of Ca8-Ca22 are
deeply concave anteroposteriorly, with hypertrophic anterior
and posterior lips. The ventral aspects of more anterior caudal
vertebrae are not well enough preserved to describe the mor-
phology. A longitudinal median sulcus separates both lips into
left and right halves in Cal1-Cal9 (Fig. 12). The hemal arches
are well developed on most caudal vertebrae with the exception
of Ca4-Ca7, either because they are not preserved or because
they were truly absent. Each hemal arch forms a deep, V’-
shaped trough and articulates with the posterior lip of the ver-
tebral body and anterior lip of the following vertebra. The
hemal arches and vertebral bodies of Ca8-Cal2 together form
a canal, which is progressively reduced in diameter posteriorly.
The canal may extend anteriorly to include at least Ca7. Hemal
arches on Cal3-Ca2l are ‘U’-shaped, much smaller and shal-
lower than the more anterior ones. Starting at Cal4, the size of
the vertebrae is quickly reduced; the ultimate vertebra (Ca24)
is a tiny bone tapering distally (Figs. 11, 12).

Manubrium—Several sternal elements are preserved and
exposed on side B, including an anterior sternal element here
identified as the manubrium (Figs. 13, 14). Several Mesozoic
mammaliaforms have an additional element, the interclavicle,
which is positioned between the two clavicles and connects the
pectoral girdle to the manubrium. A separate interclavicle is
retained in monotremes but lost in adult therians, where the man-
ubrium contacts the left and right clavicles directly (Klima 1973,
1987; Vickaryous and Hall, 2006). As such, for our purposes
here, it is crucial to outline the rationale for homologizing the
interclavicle in fossil mammaliaforms.

In monotremes, the interclavicle and manubrium can be distin-
guished based on embryological as well as topographic relation-
ships (e.g., Luo, 2015; see ‘Comparisons’ below for a broader
discussion on identification of the interclavicle). In extinct mam-
maliaforms, the interclavicle and manubrium are primarily distin-
guished based on topographic relationships. First, the manubrium
always contacts the first rib, whereas the interclavicle seldom does
and, if so, only in conjunction with the manubrium. Second, the
interclavicle can overlap the manubrium, as is the case in
several extinct mammaliaforms (e.g., Luo, 2015).

In general, the area between the right humerus and the left sca-
pulocoracoid, which contains the clavicles and manubrium, is
poorly preserved in UA 9030 (Figs. 2, 13). The position of the
first rib is uncertain; only two small fragments of the left first
rib are preserved: one medial to the left ulna, the other a trans-
verse tubercle and neck next to T1 (see ‘Thoracic Ribs’ above).
The anterior sternal elements (including the possible manubrium)
in UA 9030 are fragmented, crushed, and flattened and do not
preserve their original topographic relationships (Fig. 13). In par-
ticular, the anterior-most sternal element is displaced and does
not articulate with any other sternal element, although it is at
least in association with both clavicles. The element in question
is preserved anterior to the right humerus and is broken into
several pieces (Fig. 13). Based on its shape, we tentatively identify
this anterior-most element as the manubrium. Note that neither
the contact relationship with the next sternal element nor the pos-
ition of the first rib can aid in this identification. Therefore, it
cannot be ruled out that the element represents an interclavicle.
However, there is no additional bony element preserved in this



148

poz

Ca3 ca10

trp

Hoffmann et al. —Postcranial morphology of Adalatherium hui

/ Ca24

Ca21

1cm

FIGURE 11. Caudal vertebrae of Adalatherium hui, holotype (UA 9030), in A, left lateral, B, right lateral, C, dorsal, and D, ventral views. Light and
dark gray shades are used to distinguish between adjacent vertebrae, or parts thereof. Abbreviations: Ca, caudal vertebra; cvt, ventral tubercle on caudal
vertebra; hae, hemal arch; poz, postzygapophysis; prz, prezygapophysis; sp, spinous process; trp, transverse process; trpn, transverse process notch.

region and the element in question generally resembles the
winged manubrium of mammals; thus, we find identification as
a manubrium to be the most plausible.

The tentatively identified manubrium is mediolaterally broad and
anteroposteriorly short (Figs. 13, 14). It is mediolaterally wider ante-
riorly than posteriorly, with two broad lateral wings. The lateral
wings are concave ventrally and would have received the proximal
ends of the clavicles in life (Fig. 14D). The surface of the shallow
ventral concavities is smooth. The anterior margin of the manu-
brium between the two wings is indented, whereas the posterior
margin, for articulation with the first sternebra, is straight.

Sternebrae —Several sternebrae are preserved in articulation
with the costal cartilages of R2-R8 posterior to the manubrium
(Fig. 8). A typical sternebra is narrow, thick, and moderately
long. The lateral margin of the bone bears a large costal facet
on its posterior half, whereas the anterolateral corner of the
element may contact the costal cartilage of the preceding rib. In
other words, each costal cartilage articulates with two succeeding
sternal elements. The ventral surface of the sternebra is concave.
The individual sternal elements slightly increase in anteroposter-
ior length and decrease in mediolateral width posteriorly. Overall,
the sternum is much shorter than the thoracic series of vertebrae,
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FIGURE 12. Selected caudal vertebrae of Adalatherium hui, holotype (UA 9030), in A, anterior; B, left lateral; C, posterior; D, dorsal; and E, ventral
views. Rows from top to bottom: Ca8, Cal0, Cal$5, Cal8, Ca2l, and Ca24. Dorsal to top in A, B, C; anterior to left in B, D, E. Abbreviations: Ca, caudal
vertebra; cvt, ventral tubercle on caudal vertebra; hae, hemal arch; la, lamina; pe, pedicle; poz, postzygapophysis; prz, prezygapophysis; sp, spinous
process; trp, transverse process; trpf, transverse process foramen; trpn, transverse process notch; vb, vertebral body; vfo, vertebral foramen.

thus confirming the likely presence of floating ribs and a costal UA 9030 (Figs. 13, 14). It is broken into a dorsal portion contain-
margin or arch that swept up in a posterolateral to anteromedial ing most of the scapular blade and a ventral portion containing
direction, as is typical of mammals (e.g., Evans, 1993). the scapular neck, glenoid, and coracoid. The left clavicle is
almost intact and well preserved, whereas the right clavicle is
Pectoral Girdle broken and folded on itself (Fig. 14).
Scapulocoracoid—Because the right scapulocoracoid is missing
The pectoral girdle comprises the scapulocoracoid and clavicle in UA 9030, this description is solely based on the left scapulocor-
in Adalatherium. Only the left scapulocoracoid is preserved in  acoid, which is fragmented but reasonably well preserved (Figs.
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FIGURE 13. Pectoral region of Adalatherium
hui, holotype (UA 9030), in A, A/, top (side A);
and B, B/, bottom (side B) views. A, B, photo-
graphs of original specimen; A’, B’, reconstruc-
tion based on uCT images, with clavicles in
dark blue, left coracoid in yellow, humeri in
orange, manubrium in light blue, and Ileft
scapula in purple. Left and right humeri and cla-
vicles indicated by letters ‘I’ and ‘r’. Manubrium
is displaced and rotated so that posterior end
points anteriorly. Dorsal aspect of manubrium
is visible in A’, ventral aspect in B’. Arrows
point anteriorly. Abbreviations: cl, clavicle; cor,
coracoid; glf, glenoid fossa; hu, humerus; ifo,
infraspinous fossa; ma, manubrium; sc, scapula;
sen, scapular neck; ses, scapular spine; sfo, supras-
pinous fossa.

13, 14). In addition to being broken into dorsal and ventral seg-
ments, the posterodorsal corner of the scapulocoracoid is separ-
ated from the rest of the dorsal portion and can be seen
posterior to the right humerus (Fig. 13). The scapular blade is tri-
angular in shape, expanding dorsally. The anterior border of the
blade is straight, which is probably the case for the posterior
border as well, but the latter is largely damaged. The preserved
posterodorsal corner of the blade is rounded and not expanded.
A small tuberosity along the posterodorsal aspect of the scapular
blade probably represents the attachment site for the teres major
muscle (Fig. 14). The preserved part of the dorsal margin of the
scapulocoracoid suggests that it was straight and sharp. The
puCT images reveal that the medial surface was smooth and
gently concave, suggestive of a very shallow subscapular fossa
(Fig. 14). The lateral aspect of the scapula presents a spine that
we identify as the scapular spine. The ventral aspect of the
spine is broken, and the acromion is not preserved. The acromion
usually defines the position of the scapular spine in fossil
mammals, either along the anterior border of the scapula (with

a reduced supraspinous fossa) or in the center of the blade
(with a sizable supraspinous fossa) (e.g., Luo, 2015). Although
the acromion is not preserved in UA 9030, the anterior border
of the scapula is reasonably well preserved and does not bear
any indications of a broken acromion. The ventral aspect of the
spine is clearly broken and could have extended into an acromion
in life. The robust lateral end of the clavicle (see below) suggests
the presence of a sizable acromion. Only a small section of the
spine is present dorsal to the neck of the scapula. The preserved
part of the spine is mediolaterally tall, indicating that the spine
would have been prominent in life. The base of the spine
divides the lateral aspect of the scapular blade almost evenly
into a slightly more slender supraspinous fossa and a slightly
wider infraspinous fossa. Both fossae are gently concave to
almost flat in anteroposterior section. Despite the fact that the
posterior margin of the scapular blade is poorly preserved, it
seems unlikely that a prominent posterior crest (‘inferior lateral
crest’ in Chen and Luo, 2013) was present. Although crushed,
the scapular neck can be distinguished from the blade and
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FIGURE 14. Pectoral girdle of Adalatherium hui, holotype (UA 9030), in
A, anterior, B, posterior, C, medial, and D, lateral views based on recon-
struction of uCT images, with clavicles in dark blue, left coracoid in yellow,
manubrium in light blue, and left scapula in purple. Mainly showing
elements from left side; left and right clavicles indicated by letters I’
and ‘r’. Note that manubrium is displaced and rotated so that posterior
end points anteriorly. Ventral aspect of manubrium is visible in C,
dorsal aspect in D. Abbreviations: cl, clavicle; cla, clavicle acromial end;
cls, clavicle sternal end; cor, coracoid; glf, glenoid fossa; ifo, infraspinous
fossa; ma, manubrium; scec, scapular concavity; sen, scapular neck; scs,
scapular spine; sfo, supraspinous fossa; sgt, supraglenoid tubercle; suf, sub-
scapular fossa; tmt, tubercle for teres major attachment.

forms the base for the glenoid fossa. The scapular neck is elliptical
in cross-section, longer anteroposteriorly than mediolaterally
wide.

The coracoid contacts the anteroventral margin of the scapula.
The unfused suture between the scapula and the coracoid is recog-
nizable in uCT images and extends along the anterior part of the
glenoid fossa of the scapula to roughly mid-length (Fig. 14). The
contact is broad anteroventrally and tapers posterodorsally. The
coracoid is long, robust, and curved. It first extends ventrally and
then recurves medially, with a blunt tip pointing ventromedially.
Both the scapula and the coracoid contribute almost equally to
the glenoid fossa. The scapular part of the glenoid is oriented
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roughly perpendicular to the long axis of the scapular blade,
whereas the coracoid part of the glenoid fossa extends ventrally
at a 100° angle. The coracoid part of the glenoid fossa is mediolat-
erally narrow and dorsoventrally deep, facing posteriorly and
slightly laterally. A supraglenoid tubercle buttresses the glenoid,
and a large concavity is present on its medial aspect, at the junction
of the coracoid and scapula (Fig. 14).

Clavicle —The left clavicle of UA 9030 is completely preserved,
whereas the right clavicle is broken at mid-length and folded on
itself (Figs. 13, 14). The clavicle is long and gently expands later-
ally. The lateral end is dorsoventrally tall and slightly thinner
anteroposteriorly than the shaft at mid-length. The exposed (non-
articular) ventrolateral surface of the lateral end is smooth. Gen-
erally, the shaft is gently curved rather than sigmoid or
boomerang-shaped. The cross-section at mid-length is elliptical,
dorsoventrally taller than mediolaterally wide. Overall, the
medial end is small and less expanded than the lateral end. The
small articular facet for the manubrium might indicate a mobile
sternoclavicular joint (more similar to that of therians than to
that of monotremes; Luo, 2015).

Humerus

The right humerus is fractured into numerous pieces and is
relatively poorly preserved (Fig. 13). The left humerus is in
much better condition, preserving most of its original morphology
in three dimensions, and serves as the primary basis for the
description below (Figs. 15, 16). In UA 9030, consistent with its
subadult status, the humerus has a distinct proximal epiphysis,
which is partially sutured to the diaphysis. In contrast, the
suture between the distal epiphysis and the diaphysis is not dis-
cernible. The humerus is described with the intertubercular
groove facing anteriorly.

The humerus of Adalatherium is a robust element that is sub-
stantially shorter (71.5 mm; see Table 2 for other measure-
ments) than the femur (90.8 mm). The proximal and distal
ends of the humerus are twisted relative to each other (~25°),
but the exact extent is difficult to measure because the intertu-
bercular groove is damaged proximally (see ‘Materials and
Methods’). The bulbous humeral head overhangs the shaft pos-
teriorly. The articular surface of the head is hemispherical,
facing dorsally and posteriorly. Its curvature is greater than
that of the scapular glenoid fossa, in both mediolateral and
anteroposterior directions. The humeral head is separated
from the greater and lesser tubercles by shallow but distinct
notches. Both tubercles are prominent, projecting proximally
to just slightly beyond the proximal level of the humeral head
(Fig. 16). The greater tubercle is large, anteroposteriorly
longer than mediolaterally wide. The lesser tubercle is similar
in size to the greater tubercle, equal in width, but probably
slightly shorter anteroposteriorly. The deltopectoral crest
extends distally from the greater tubercle. It is blunt and low
at its origin and becomes more prominent as it extends distally.
The length of the deltopectoral crest (35 mm) is about half that
of the humerus (71.5 mm). The attachment site for the teres
major muscle is not well developed. The intertubercular
groove is very shallow and mediolaterally wide; it is well
defined along and immediately lateral to the deltopectoral
crest but fades laterally. As preserved, the proximal portion
of the intertubercular groove presents a large concavity, here
termed the intertubercular fossa. A shallow concave depression
was probably present in life, but its size has been exaggerated
by the displacement of the proximal epiphysis.

The proximal two-thirds of the humeral shaft gradually
diminishes in diameter distally. The humerus reaches its narrow-
est point distal to the distal end of the deltopectoral crest, where
the shaft is approximately circular in cross-section. The distal one-
third of the humeral shaft expands mediolaterally. A medial
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FIGURE 15. Forelimbs of Adalatherium hui, holotype (UA 9030), in A,
top (side A) and B, bottom (side B) views. A is at early stage of mechan-
ical preparation with both forelimbs in articulation; left side in fore-
ground, right side deep to it. In B, left radius, ulna, and manus have
been removed; right forelimb in foreground. Left and right humeri,
radii, and ulnae indicated by letters ‘I’ and ‘r’. Arrows point anteriorly.
Abbreviations: cap, capitate; ce, centrale; cor, coracoid; entp, entepicon-
dyle; gtu, greater tubercle; hh, head of humerus; hm, hamate; htr,
humeral trochlea; hu, humerus; itf, intertubercular fossa; Itu, lesser tuber-
cle; ln, lunate; Mc, metacarpal; osd, os Daubentonii; pi, pisiform; r, radius;
sca, scaphoid; strf, supratrochlear foramen; trq, triquetrum; tzd, trapezoid;
tzm, trapezium,; ul, ulna.

supracondylar crest is present as an extension of the oblique ridge
from the distal end of the deltopectoral crest. It encloses a mod-
erately large, elliptical entepicondylar foramen before terminat-
ing lateral to the entepicondyle. A more prominent lateral
supracondylar crest (= supinator crest) is developed along the
posterolateral edge of the shaft. The crest arises roughly at mid-
length of the shaft along the midline of the posterior aspect and
ends proximal to the ectepicondyle. The posteromedial margin
of the distal shaft is low and rounded, much less prominent
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FIGURE 16. Left humerus of Adalatherium hui, holotype (UA 9030), in
A, anterior, B, posterior, C, medial, D, lateral, E, proximal, and F, distal
views based on uCT images. Abbreviations: dpc, deltopectoral crest;
ectp, ectepicondyle; entf, entepicondylar foramen; entp, entepicondyle;
gtu, greater tubercle; hh, head of humerus; htr, humeral trochlea; htrr,
humeral trochlea radial condyle; htru, humeral trochlea ulnar condyle;
itf, intertubercular fossa; itg, intertubercular groove; ltu, lesser tubercle;
strf, supratrochlear foramen; supcl, lateral supracondylar crest (= supina-
tor crest); supem, medial supracondylar crest.

than the lateral supracondylar crest along the posterolateral
margin or the medial supracondylar crest along the anteromedial
margin (Fig. 16). An ectepicondylar foramen is not present.
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TABLE 2. Basic metrics of the left forelimb elements of Adalatherium
hui, holotype (UA 9030).

Humerus
Length 71.5
Midshaft width 132
Deltopectoral crest length 35.0
Trochlea width 14.9
Epicondylar width 20.9
Humeral torsion 25°
Radius
Length 46.4
Midshaft depth 4.6
Midshaft width 39
Ulna
Length 69.5
Midshaft depth 72
Midshaft width 4.8
Olecranon length 16.5

Length measured in proximodistal direction, width in mediolateral
direction, and depth in anteroposterior direction. All linear
measurements in mm.

The distal end of the humerus is approximately as mediolater-
ally wide as the proximal end. The articular area occupies more
than half the mediolateral width of the distal epiphysis. It com-
prises a shallow radial condyle (= capitulum) and a deep trochlea.
The gently convex radial condyle is more prominently developed
along the anterior aspect of the distal articular facet but does not
extend onto the posterior surface. A smooth and concave area
between the radial condyle and the ectepicondyle articulates
with the external lip of the head of the radius. Anteriorly, the
radial condyle forms the lateral wall of the trochlea. The ulnar
condyle and intercondylar groove are modified to form a tro-
chlea. The trochlea is well developed and wraps around the
distal end of the humerus onto the posterior aspect of the epiphy-
sis. Posteriorly, the trochlea occupies the whole width of the
articular facet, with sharp medial and lateral borders. The
lateral border becomes less distinct anteriorly as it wraps
around the distal end of the trochlea. The medial border of the
trochlea maintains its sharpness all around the distal end.

The entepicondyle is distinct and protuberant. It is less than
half as mediolaterally wide as the distal articular surface. On
the anterior aspect of the entepicondyle, a well-defined groove
extends distally from the entepicondylar foramen. The ectepicon-
dyle is much smaller than the entepicondyle. It is a rugose protu-
berance lateral to the distal articular surface. A large fossa is
visible on the anterior aspect proximal to the trochlea that prob-
ably encompassed the radial fossa, which accommodates the
radial head, and the coronoid fossa, which accommodates the cor-
onoid process of the ulna. In posterior view, a large and promi-
nent olecranon fossa is present. The supratrochlear septum
between the olecranon fossa (posteriorly) and the combined
radial and coronoid fossae (anteriorly) is perforated, thus
forming a large supratrochlear foramen.

Ulna

The ulna is a robust element in Adalatherium that is well pre-
served on both sides (Fig. 15); that from the left side was phys-
ically separated from the rest of the skeleton for study (Fig. 17).
The proximal and distal epiphyses of the ulna are attached to,
but not fully fused with, the diaphysis. The ulna is described
with its trochlear notch facing anteriorly.

The ulna is only slightly shorter than the humerus (Table 2). It
is only gently sigmoid in anterior view and bowed (convex ante-
riorly) in side view. The proximal epiphysis is large, covering
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FIGURE 17. Left ulna of Adalatherium hui, holotype (UA 9030), in A,
anterior, B, posterior, C, medial, D, lateral, E, proximal, and F, distal
views. Abbreviations: anc, anconeal process; cop, coronoid process; fbr,
fossa for brachalis muscle; fosd, facet for os Daubentonii; frd, facet for
distal radius; ftrq, facet for triquetrum; mr, median ridge; olp, olecranon
process; rnt, radial notch; stp, styloid process; trn, trochlear notch; uar,
ulnar anterior ridge; uarm, ulnar anterior ridge medial crest; ule, ulnar
crest; uls, ulnar longitudinal sulcus.

the entire proximal end. Its surface is rough and faces dorsolater-
ally in anterior or posterior view and posterodorsally in medial or
lateral view. The olecranon process is massive, occupying the
proximal one-fourth of the bone. The process is rectangular in
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cross-section, being anteroposteriorly longer than mediolaterally
wide. It projects proximally and slightly posteriorly and is not
curved anteriorly (Fig. 17C, D). In anterior view, the olecranon
is nearly symmetrical (the medial edge is slightly more elevated
than the lateral edge) but there is no sign of medial deflection.
The anterior aspect of the olecranon is proximodistally flat and
gently convex transversely. A distinct anconeal process arises
along the anterior aspect of the olecranon process. The medial
aspect of the olecranon process presents a large and shallow
longitudinal fossa that extends distally to the level of the coronoid
process (Fig. 17C). A round but robust posteromedial edge separ-
ates the medial aspect of the olecranon from its flat posterior
aspect. The lateral side of the olecranon process is slightly
concave (Fig. 17A, D). The posterolateral edge, which separates
the lateral and posterior sides of the olecranon, is slightly less dis-
tinct than the posteromedial edge. It forms a fine edge extending
distally from the proximal edge of the olecranon.

The trochlear notch is anteroposteriorly deep and proximodis-
tally long. Both the anconeal and coronoid processes are promi-
nent (Fig. 17). The anconeal process forms the proximal lip of
the trochlear notch, which protrudes farther laterally than medi-
ally. In anterior view, the process is thus slightly asymmetrical,
with the lateral edge being slightly longer and extending nearly
horizontally, whereas the medial edge is shorter and extends
proximomedially. The trochlear notch is overall saddle-shaped,
concave anteroposteriorly and convex transversely. In anterior
view, the trochlear notch is constricted in the middle and
expands transversely at its proximal and distal ends. The
median ridge of the trochlear notch (the ulnar guiding ridge of
Szalay and Sargis, 2001), which fits into the deepest part of the
trochlea on the humerus, is low and indistinct. The median
ridge begins (proximally) at the tip of the anconeal process,
extending distally and slightly medially. The distal portion of
the ridge does not continue onto the coronoid process. The
median ridge divides the trochlear notch into medial and lateral
portions (Fig. 17A). A fine crest delimits the distal extension of
the lateral portion. The facet on the medial portion continues dis-
tally onto the coronoid process. The humeral articular facet on the
coronoid process faces proximomedially, sloping about 40° from a
plane perpendicular to the long axis of the ulna. In medial or
lateral view, the coronoid process protrudes farther anteriorly
than the anconeal process. It has a semicircular outline, being
convex medially and straight laterally. The lateral aspect of the
coronoid process faces laterally and slightly anteriorly. It bears
a shallowly concave and roughly triangular facet for the radial
head. The facet extends laterally into a narrow, convex radial
notch that is positioned just distal to the lateral portion of the tro-
chlear notch and would have articulated with the radius in life.
The trochlear and radial facets on the coronoid process form an
angle of about 90°.

The ulnar shaft distal to the trochlear and radial notches gently
curves posteriorly. A rounded ridge arises distal to the radial
notch and extends toward the distal end of the ulna and defines
the anterior border of the ulnar shaft, here termed the ulnar
anterior ridge (Fig. 17A). The distal one-third of the ridge gradu-
ally expands mediolaterally and forms a longitudinal triangular
area. The area has a posteriorly recurved medial border and a
blunt lateral border. The lateral border is rounded and smoothly
turns into the lateral aspect of the shaft, whereas the medial
border is a well-defined crest (termed ulnar anterior ridge
medial crest in Fig. 17). The distal-most portion of the triangular
area articulates with the distal end of the radius. The articular
facet is small and barely distinguishable (Fig. 17D).

The ulnar shaft just medial to the ulnar anterior ridge and distal
to the coronoid process bears a longitudinal fossa, which probably
represents the fossa for the brachialis muscle, as seen in extant
therian mammals (Fig. 17A). The length of the fossa is about
one-sixth of the ulnar length. The medial border of the fossa is
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much less salient than the ulnar anterior ridge. Nevertheless,
the bone that demarcates the medial border of the brachialis
fossa extends distally well beyond the fossa and forms a sharp
crest along the distomedial aspect of the ulna (ulnar crest). The
ulnar crest and the ulnar anterior ridge, particularly the fine
medial crest of the ulnar anterior ridge, define a deep
longitudinal sulcus (ulnar longitudinal sulcus). The sulcus and
the crests diminish just proximal to the distal epiphysis
(Fig. 17A). This morphology is suggestive of a well-developed
interosseous ligament. The medial aspect of the ulnar shaft is
smooth and flat. The posterior aspect of the ulnar shaft is gently
convex and narrows distally only to expand again toward the epi-
physis. The distal third of the ulnar shaft is roughly triangular in
cross-section.

The distal epiphysis of the ulna has an elliptical base. The
styloid process is prominent, arising posterolaterally from the
base (Fig. 17). In lateral view, the distal epiphysis is triangular
in shape, with proximal, posterior, and anteroventral sides, and
a blunt apex that is directed posterodistally. There are two articu-
lar facets along the anteromedial edge of the process: a proximal
one for the os Daubentonii (see below) and a distal one for the
triquetrum (Fig. 17F). The facet for the os Daubentonii is
smaller, gently convex, and almost square in outline. The facet
for the triquetrum is larger, elliptical, and gently convex.

Radius

The radius is well preserved on both sides (Fig. 15), and, as for
the ulna, the one from the left side was physically isolated for
study (Fig. 18). The radius is described in the same orientation
as the ulna, with its head fitting anterolaterally into the radial
notch of the ulna.

The radius of Adalatherium is much shorter than the ulna,
taking up two-thirds of the length of the ulna. Its proximal part
is more slender than the ulnar shaft at the same level (Figs. 15,
17, 18). The radius gradually expands distally and, at the distal
end, becomes more robust than the ulna. The radius is gently
sigmoid in anterior view, with the proximal end slightly curved lat-
erally and the distal end slightly curved medially. In UA 9030, the
distal epiphysis of the radius is incompletely sutured with the dia-
physis, whereas the proximal epiphysis is completely fused to the
shaft.

In proximal view, the radial head is elliptical, mediolaterally
wider than anteroposteriorly long. Both the medial and lateral
ends gently taper transversely (Fig. 18E). The proximal articular
facet is much larger than the proximal part of the radial shaft,
overhanging the shaft in all directions, most prominently medially
and laterally and less pronounced anteriorly. The proximal articu-
lar surface can be roughly divided into three parts (Fig. 18E). A
large and almost circular concavity occupies the center. This
portion articulates with the radial condyle of the humerus. The
facet for the radial condyle is moderately deep, slightly longer
in an anteromedial to posterolateral direction than transversely
wide. A low and rounded ridge separates the radial condyle
facet medially from a gently sloping facet for the humeral tro-
chlea. The ridge and the facet for the humeral trochlea occupy
the medial third of the articular surface. The humeral trochlea
facet is flat and faces proximomedially and slightly posteriorly.
When in articulation the facet is continuous, with the articular
surface on the coronoid process of the ulna. Together they articu-
late with the medial aspect of the humeral trochlea. The low ridge
is aligned with the median ridge of the ulnar trochlear notch.
Lateral to the radial condyle facet is another convex area,
which occupies the lateral fifth of the whole articular surface. In
life, this area would have probably articulated with a concave
facet lateral to the radial condyle on the distal humerus. The
ulnar facet (articulating with the radial notch of the ulna) is
well developed along the posterior aspect of the radial head
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FIGURE 18. Left radius of Adalatherium hui, holotype (UA 9030), in A,
anterior; B, posterior; C, medial; D, lateral; E, proximal; and F, distal
views. Abbreviations: fhl, facet articulating with humerus lateral to
radial condyle; fhtr, facet for humeral trochlea; flu, facet for lunate;
fosd, facet for os Daubentonii; fre, facet for radial condyle; fsca, facet
for scaphoid; fu, facet for ulna; gra, groove for radial artery; rar, radial
anterior ridge; rmr, radial median ridge; stp, styloid process.

(Fig. 18B). The facet is lenticular; tapering medially and laterally,
with the widest portion being located posterior to a low ridge.
The shaft of the radius gradually expands its diameter and
changes its shape distally. The shaft can be roughly divided into
three segments based on cross-sectional shape. The proximal
one-third of the radial shaft is elliptical in cross-section and
narrows distally to an almost circular outline. The anterior
aspect is smooth and does not bear a distinct bicipital tuberosity.
The middle third of the radial shaft is roughly triangular in cross-
section. A conspicuous ridge is present along the anterior edge,
dividing the anterior aspect into featureless anteromedial and
anterolateral sides (Fig. 18A). The anterolateral side is gently
convex, whereas the anteromedial side is flat. The posterior
aspect of the middle part of the shaft is flat and narrower than
the anteromedial aspect. A shallow groove is visible, traversing
the shaft from proximomedial to distolateral, possibly tracking
the path of the radial artery in life (Fig. 18B). A fine posterome-
dial ridge separates the posterior and anteromedial sides. The
distal third of the shaft greatly expands mediolaterally and
slightly posteriorly, leading to a roughly quadrangular cross-
section. The anterior ridge and anteromedial aspect of the
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middle third of the shaft shift medially and become the anterome-
dial edge and medial aspect in the distal third of the shaft, respect-
ively. The anterior aspect of the distal shaft is flat, whereas the
lateral and posterior aspects are gently convex. The borders
between the anterior, lateral, and posterior sides are indistinct.

The distal epiphysis is robust and has an elliptical outline, being
transversely wide and anteroposteriorly short (Fig. 18F). The pos-
terolateral corner of the epiphysis probably contacted the ulna in
life, but a clear articular facet is not visible. The anteromedial
corner bears a small styloid process, which is much less prominent
than that of the ulna. The distal articular facet of the radius is
slightly smaller than the distal epiphysis and not strictly perpen-
dicular to the long axis of the radius. Instead, it faces distally
and slightly posteriorly. The anterior lip of the articular facet is
raised and more prominent than the posterior edge. The distal
surface comprises the articular facets for the scaphoid medially
and the lunate laterally (Fig. 18F). In addition, the radius articu-
lated with the os Daubentonii along the lateral aspect of the epi-
physis. The large facet for the scaphoid occupies the medial half of
the distal surface. It is triangular and concave. The posteromedial
border of the facet is convex and forms a blunt ridge. The facet for
the lunate is positioned lateral to the scaphoid facet. It is smaller
than the scaphoid facet, elliptical, concave, and surrounded by
fine crests (Fig. 18F). A small tubercle in the middle of the
anterior border of the distal surface marks the boundary
between two facets. The facet for the os Daubentonii, on the
lateral side of the distal epiphysis, faces distolaterally, is triangular
in outline, and is about half as wide mediolaterally as the lunate
facet.

Manus

Both manus are exceptionally well preserved. The right manus
of UA 9030 is completely preserved in articulation (Fig. 15),
whereas the left manus is missing several phalanges. Of these,
three distal phalanges were recovered from the surface during
excavation but the intermediate phalanx of digit IV and one
distal phalanx were not found. The left manus was disarticulated
for study and forms the basis for this description unless otherwise
stated.

The carpus of UA 9030 comprises 10 elements (Fig. 19;
Table 3): four proximal carpals (scaphoid, lunate, triquetrum, pisi-
form), one centrale, four distal carpals (trapezium, trapezoid,
capitate, hamate), and an additional sesamoid bone called the
os Daubentonii (Lessertisseur and Saban, 1967, in Kielan-Jawor-
owska, 1978). In life, the os Daubentonii would have fit into the
gap between the distal epiphyses of the radius and ulna and the
triquetrum; it may have also contacted the lunate. The individual
carpal elements will be described in an order that is generally
from proximal to distal and from medial to lateral (scaphoid,
lunate, os Daubentonii, triquetrum, pisiform, centrale, trapezium,
trapezoid, capitate, hamate) and illustrated in six views: dorsal,
palmar (ventral), lateral (ulnar), medial (radial), proximal, and
distal.

Scaphoid—The scaphoid is mediopalmarly to dorsolaterally
long and proximodistally short (Figs. 15, 19, 20). In proximal
view, the scaphoid forms an arch that is convex medially (Fig.
20E). A deep groove, termed scaphoid groove here (Fig. 20), sep-
arates the dorsolateral end, which articulates with the radius,
from the mediopalmar end, which bears a robust palmar tuberos-
ity. The scaphoid groove extends in a dorsomedial to lateropal-
mar direction and is visible on the medial aspect of the
scaphoid as a sizable notch. The convex radial facet is triangular
in shape and extends onto the dorsal aspect of the scaphoid. The
dorsal and medial aspects of the bone are convex. A nutrient
foramen is present just distal to the radial facet (Fig. 20A). The
medial aspect is uneven and bears several pits and notches.
Most prominently, a deeply incised notch is present along the
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FIGURE 19. Reconstruction of left carpals and metacarpals of Adalatherium hui, holotype (UA 9030), based on uCT images, in A, dorsal, B, medial, C,
palmar (= ventral), D, lateral E, proximal, and F, distal views. Abbreviations: cap, capitate; ce, centrale; hm, hamate; lu, lunate; Mc, metacarpal; osd, os
Daubentonii; pi, pisiform; sca, scaphoid; trq, triquetrum; tzd, trapezoid; tzm, trapezium.

distal edge of the scaphoid. Laterally, the scaphoid articulates
with the lunate (Fig. 19). The lunate facet is flat, elliptical, and
faces lateropalmarly (Fig. 20D). The distal aspect bears articular
facets for the trapezium and centrale (Fig. 20F). The trapezium
facet is located on the palmar tuberosity; it is convex and elliptical
in outline. The centrale facet occupies the dorsal aspect of the
distal portion of the scaphoid. The facet is triangular in outline,
concave medially, and flat laterally.

Lunate—The lunate is a proximodistally long, dorsopalmarly
deep, and mediolaterally narrow bone (Figs. 15, 19, 21). The

longitudinal axis of the bone was oriented in a proximolateral
to distomedial direction in life. The lunate is centrally positioned
in the manus and articulates with the radius dorsoproximally, the
scaphoid medially, the capitate distally, the hamate distolaterally,
the triquetrum laterally, and possibly the os Daubentonii proxi-
molaterally (Figs. 15, 19). The radial facet is large and occupies
the dorsoproximal aspect of the lunate. The convex facet is ellip-
tical, extending in a proximolateral to distomedial direction. A
small facet is present proximolateral to the radial facet, which
might have contacted the os Daubentonii in life (Fig. 21A). In
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TABLE 3. Basic metrics of the left carpals of Adalatherium hui,
holotype (UA 9030).

Element Length Width Depth
Scaphoid 6.5 4.6 10.4
Lunate 7.4 4.5 7.0
Os Daubentonii 4.6 5.0 3.8
Triquetrum 9.0 7.3 5.6
Pisiform 8.4 7.1 6.3
Centrale 32 59 5.1
Trapezium 42 4.5 6.1
Trapezoid 22 24 5.4
Capitate 5.8 4.5 6.0
Hamate 5.9 6.9 5.0

Length measured in proximodistal direction, width in mediolateral
direction, and depth in dorsopalmar direction. All linear measurements in
mm.

dorsal view, a prominent, narrow sulcus bounds the distolateral
aspect of the radial facet. This sulcus separates the facets
for the radius (and possibly the facet for the os Daubentonii)
from the facets for the hamate and triquetrum distolaterally
(Fig. 21A). A small nutrient foramen opens at the proximal termi-
nus of the sulcus. The medial aspect of the lunate is triangular in
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outline, with convex proximodorsal and proximopalmar sides and
a concave distal side. Two small facets, dorsal and palmar, indicate
articulation with the scaphoid. The dorsal facet is proximodistally
tall and dorsopalmarly narrow. The smaller palmar facet is rec-
tangular in outline. Both facets are flat and, rather than strictly
facing medially, are slightly tilted toward the center of the sca-
phoid, thereby somewhat facing each other (Fig. 21B). A
convex and ‘U’-shaped nonarticular area is located between the
two facets. The lateral aspect bears the articular facets for the tri-
quetrum proximally and the hamate distally (Fig. 21D). The
facets for the hamate and triquetrum are nearly continuous.
Only a swelling at the middle of the dorsolateral edge of the
bone and a slight change in orientation of the facets mark the
boundary between them. The facet for the triquetrum is rather
small, triangular in outline, and flat. The proximopalmar aspect
of the lunate, however, is not as well preserved, and it is entirely
possible that the facet continued farther palmarly. The facet for
the hamate is much larger, flat, and faces distolaterally. The
distal aspect is not strictly perpendicular to the longitudinal axis
of the bone but rather faces mediodistally. The facet for the capi-
tate is convex and somewhat hourglass-shaped, expanded dor-
sally and palmarly but constricted in the middle.

Os Daubentonii—The os Daubentonii is a small carpal sesa-
moid bone rarely found in the mammalian skeleton

FIGURE 20. Left scaphoid of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and F,
distal views. Abbreviations: fce, facet for centrale; flu, facet for lunate; fr,
facet for radius; ftzm, facet for trapezium; nf, nutrient foramen; pt, palmar
tuberosity; scag, scaphoid groove.

FIGURE 21. Left lunate of Adalatherium hui, holotype (UA 9030), in A,
dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and F,
distal views. Abbreviations: fcap, facet for capitate; fce, facet for centrale;
fhm, facet for hamate; fosd, facet for os Daubentonii; fr, facet for radius;
fsca, facet for scaphoid,; ftrq, facet for triquetrum; lus, sulcus on lunate; nf,
nutrient foramen; pt, palmar tuberosity.
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(Lessertisseur and Saban, 1967, in Kielan-Jaworowska, 1978). In
Adalatherium, the sesamoid is tetrahedral in shape, with dorsal,
proximomedial, proximolateral, and distolateral sides (Figs. 15,
19, 22). The os Daubentonii fits into the gap between the distal
epiphyses of the radius and ulna (Fig. 15), with facets for those
elements on the proximomedial and proximolateral aspects,
respectively (Fig. 22E). The radial facet is gently convex, and
the ulnar facet is triangular in outline and flat. A deep sulcus is
developed at the intersection of the proximomedial and distolat-
eral aspects (Fig. 22C, F). It opens as a notch at the distodorsome-
dial corner, where the bone may have contacted the lunate in life.
The sulcus appears to be aligned with that on the dorsal aspect of
the lunate (see above). The distolateral aspect bears a small and
gently concave facet for the triquetrum (Fig. 22).

Triquetrum —The triquetrum is roughly pentagonal in outline
in dorsal view, with proximolateral, proximomedial, distomedial,
distal, and lateral margins (Figs. 15, 19, 23). The margins form
elevated ridges that surround the concave dorsal surface. The tri-
quetrum articulates with the ulna proximolaterally, the lunate and
os Daubentonii proximomedially, the hamate distomedially, the
pisiform palmarly, and metacarpal V distally. The proximomedial
aspect of the bone is gently convex and bears a large and continu-
ous facet for the lunate and os Daubentonii. In medial view, a
small sulcus divides the lunate facet into a dorsally and palmarly
positioned facet (Fig. 23B). This palmar facet is elliptical and
gently convex. The proximolateral aspect of the triquetrum com-
prises a convex facet for the ulna (Fig. 23D, E). The distomedial
aspect bears a large concave facet for the hamate (Fig. 23F). A
sturdy process protrudes distally from the distolateral part of
the triquetrum. The process is gently convex dorsally and bears
a facet for metacarpal V (Fig. 23A, F). A deep and sizable fossa
is present at the junction of the distal process and the body of
the triquetrum. The distinct feature on the palmar aspect is a
slightly raised facet for the pisiform (Fig. 23C). The facet is proxi-
mally located and extends distally onto the palmar side of the
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FIGURE 22. Left os Daubentonii of Adalatherium hui, holotype (UA
9030), in A, dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proxi-
mal, and F, distal views. Abbreviations: flu, facet for lunate; fr, facet for
radius; ftrq, facet for triquetrum; fu, facet for ulna; s, sulcus.
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FIGURE 23. Left triquetrum of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and F,
distal views. Abbreviations: fhm, facet for hamate; flu, facet for lunate;
fmc, facet for metacarpal; fosd, facet for os Daubentonii; fpi, facet for pisi-
form; fu, facet for ulna.

distal process. The surface of the facet is slightly convex and,
overall, faces palmarly and slightly laterally.

Pisiform—The pisiform is a robust element equivalent in
height and length to the triquetrum (Figs. 15, 19, 24). It contacts
only the triquetrum and would have pointed palmarly and slightly
laterally in life. The pisiform can be divided into a proximal base
and a distal head, with a constricted neck between them (Fig. 24).
Both the base and head are elongated, but in opposite directions.
The base extends in a proximomedial to distolateral direction,
whereas the head is expanded transversely. The base gently
tapers dorsally, with an elliptical and concave facet for the trique-
trum (Fig. 24B, D, E). A distinct tubercle is present just distal to
the facet for the triquetrum on the medial aspect of the pisiform
(Fig. 24B). The head is bigger than the base in dorsal and palmar
views; it is bulbous in shape and curved medially. A sharp crest
surrounds the head and separates it from the neck.

Centrale —The centrale is a small and plate-like bone (Figs. 15,
19, 25). The proximal aspect has a heart-shaped outline (Fig. 25E)
and bears a gently convex medial facet and a smaller and flat
lateral facet, matching the distal aspect of the scaphoid. In
dorsal view, the centrale is proximodistally slender, tapering
toward the medial and lateral ends (Fig. 25A). It has a rugose
surface with a distinct depression in the middle. The lateral
surface of the centrale bears a large and flat to slightly concave
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FIGURE 24. Left pisiform of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and
F, distal views. Abbreviations: ftrq, facet for triquetrum; pib, pisiform
base; pih, pisiform head; pin, pisiform neck; pir, pisiform ridge; pit, pisi-
form tubercle.

facet for the capitate (Fig. 25D). The surface is broken, and only
the dorsal aspect of the facet is preserved. Medially, the facet for
the scaphoid and trapezium converge such that the medial aspect
of the centrale forms a wedge (Fig. 25B, C). The medial edge of
the centrale is concave, which is best seen in proximal or distal
view (Fig. 25E, F). Distally, the centrale articulates with the trape-
zium, trapezoid, and metacarpal II. The facet for the trapezium is
narrow and concave and extends along the medial margin of the
distal part of the centrale. The trapezoid facet is likewise narrow
and extends along the midline of the centrale. The metacarpal II
facet is restricted to the dorsolateral aspect of the distal centrale.
Most of the flat metacarpal II facet is preserved on the left cen-
trale; only the palmar-most aspect is missing (Fig. 25F).
Trapezium — The trapezium articulates with the scaphoid proxi-
mally, the centrale proximolaterally, the trapezoid and metacar-
pal II laterally, and metacarpal I distally (Figs. 15, 19, 26). In
proximal view, the facets for the scaphoid and centrale meet at
an obtuse angle, thereby forming a low ridge that extends in a dor-
sopalmar direction (Fig. 26E). The scaphoid facet is large, ellipti-
cal, and concave. The flat facet for the centrale is dorsopalmarly
long and mediolaterally compressed. The dorsal aspect of the
bone has a rugose texture and is triangular in outline, with its
proximal and distal aspects converging medially (Fig. 26A). In
lateral view, a small semilunar facet for the trapezoid is visible
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FIGURE 25. Left centrale of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and
F, distal views. Abbreviations: fcap, facet for capitate; fme, facet for meta-
carpal; fsca, facet for scaphoid; ftzd, facet for trapezoid; ftzm, facet for
trapezium.

along the proximodorsal border (Fig. 26D). The facet is gently
convex and slightly raised. The distal surface is fully occupied
by the facet for metacarpal I (Fig. 26F). The facet is elliptical
and saddle-shaped, concave dorsopalmarly and slightly convex
mediolaterally. The trapezium does not possess a distinct
palmar tubercle; the palmar aspect is convex with a smooth
surface (Fig. 26C). A sizable sesamoid bone articulated with the
trapezium palmarly (Fig. 26C).

Trapezoid —The trapezoid is the smallest of the carpal bones
(Figs. 15, 19, 27). It is dorsopalmarly deep, and equal in length
and width in dorsal view. The distal and lateral sides of the trape-
zoid form one continuous surface palmarly, and the cross-section
of the bone changes from quadrangular dorsally to triangular pal-
marly (Fig. 27). In life, this distolateral surface would have per-
fectly fit into the notch at the proximomedial corner of
metacarpal II. In proximal view, the trapezoid bears a flat facet
for the centrale (Fig. 27E). The medial aspect is slightly
concave and articulates with the trapezium. The palmar aspect
of the trapezoid is poorly preserved in the disarticulated left fore-
foot and blocked from view by the trapezium in the right forefoot
(Fig. 15). In the left forefoot, the trapezoid is pushed against the
capitate palmarly. The contact area is not well preserved; there-
fore, the boundary between the two elements is unclear and
cannot be traced in the scans of the left carpals. The uCT
images of the right forefoot, however, reveal the morphology of
the trapezoid deep to the trapezium. The trapezoid gently
tapers palmarly and, if at all, only contacted the capitate along
its palmar-most aspect.

Capitate —The capitate articulates with the hamate, the lunate,
the centrale, and metacarpals II, III, and IV (Figs. 15, 19, 28). In
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FIGURE 26. Left trapezium of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and F,
distal views. Abbreviations: fce, facet for centrale; fme, facet for metacar-
pal; fsca, facet for scaphoid; fses, facet for sesamoid; ftzd, facet for
trapezoid.

FIGURE 27. Left trapezoid of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and F,
distal views. Abbreviations: ccap, contact with capitate; fce, facet for cen-
trale; fme, facet for metacarpal; ftzm, facet for trapezium.
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FIGURE 28. Left capitate of Adalatherium hui, holotype (UA 9030),1in A,
dorsal, B, medial, C, palmar (= ventral), D, lateral, E, proximal, and F,
distal views. Abbreviations: ctzd, contact with trapezoid; fce, facet for cen-
trale; fhm, facet for hamate; flu, facet for lunate; fmc, facet for metacarpal;
pt, palmar tuberosity.

dorsal view, the capitate has the shape of a mediolaterally
elongate hexagon with proximomedial, proximal, proximolateral,
distomedial, distal, and distolateral sides (Fig. 28A). Each side
corresponds to an articular facet for its neighboring bones. The
proximal aspect is flat and slopes proximopalmarly, ending in a
small and bulbous proximal tubercle. The facet for the lunate
extends to the proximal palmar tubercle. Given the convex articu-
lar facet on the lunate, both bones probably would have articu-
lated along the dorsal and palmar aspects (Fig. 28B). The
proximolateral surface bears a gently convex facet for the
hamate. A narrow facet for the proximomedial aspect of metacar-
pal 1V is present distolaterally (Fig. 28E). Distally, the concave
facet for metacarpal III slightly narrows palmarly. Most of the
medial aspect of the capitate is occupied by the gently concave
facet for metacarpal II (Fig. 28B). A narrow proximomedial
portion bears a gently convex facet for the centrale. The palmar
aspect is dominated by a rounded tuberosity. The proximal tuber-
cle is only about half the size of the distal tuberosity (Fig. 28C).

Hamate —The hamate articulates with the lunate proximome-
dially, the triquetrum proximolaterally, the capitate medially,
and metacarpals IV and V distally (Figs. 15, 19, 29). The dorsal
aspect is pentagonal in outline, with medial, proximomedial,
proximolateral, distolateral, and distal sides that are surrounded
by sharp edges (Fig. 29A). The proximomedial aspect of the
bone slopes proximopalmarly and bears a gently convex facet
for the lunate. The facet is dorsopalmarly deeper than mediolat-
erally wide and narrows palmarly. The facet for the triquetrum is
gently convex and occupies the dorsal portion of the proximolat-
eral aspect (Fig. 29A, E). The facet is triangular in outline,
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tapering distolaterally. The medial aspect of the bone bears the
facet for the capitate, which is gently concave and slightly
widens palmarly (Fig. 29B). The distal aspect of the bone is trape-
zoidal in outline, with a long dorsal margin, a straight medial
margin, a proximally curved lateropalmar margin, and a small
palmar margin (Fig. 29F). The facet for metacarpal IV occupies
the medial portion, whereas the facet for metacarpal V occupies
the lateral portion of the distal surface. Both facets are concave
dorsopalmarly; a low ridge and a swelling in the middle of the
dorsal margin mark the boundary between the two facets. The
palmar aspect of the bone is irregular, bearing several pits and
grooves along the proximal and lateral margins (Fig. 29C). The
most prominent feature of the palmar surface is an elliptical,
slightly raised palmar tuberosity located in the distomedial
corner (Fig. 29B-E).

Metacarpals—The metacarpals (Mc) of both manus in UA
9030 are well preserved (Fig. 15). Mc I-Mc V of the left manus,
which provide the focus for the description below (Figs. 19, 30),
form a gentle arch, convex dorsally. They also form an arch, in
dorsal or ventral view, distally as well as proximally, although
Mc II is displaced proximally compared with the other metacar-
pals and Mc I is shifted distally. The metacarpals are more
slender and proximodistally shorter than their corresponding
metatarsals. The first metacarpal is the most robust and shortest
of the metacarpals. The robustness (ratio of midshaft mediolat-
eral width/proximodistal length) decreases in the order Mc I>
Mc V >Mc IV > Mc Il = Mc 111, whereas the length increases in
the order Mc I <Mc V <Mc II < Mc IIT ~ Mc IV (Table 4).

fmc IV  fmcV

fmec V

FIGURE 29. Left hamate of Adalatherium hui, holotype (UA 9030), in A,
dorsal, B, medial C, palmar (= ventral), D, lateral, E, proximal, and F,
distal views. Abbreviations: fcap, facet for capitate; flu, facet for lunate;
fmc, facet for metacarpal; ftrq, facet for triquetrum; pt, palmar tuberosity.

161

The first metacarpal is short and robust and slightly constricted
at mid-length (Figs. 19, 30A). The proximal margin of Mc I lies
oblique to the shaft such that the medial side is longer than the
lateral. The proximal aspect is completely occupied by the articu-
lar facet for the trapezium. The facet is rhomboid in outline,
gently slopes toward the mediopalmar corner, and is slightly
saddle-shaped, convex dorsolaterally to mediopalmarly and
gently concave perpendicular to this axis, perfectly matching its
counterpart on the trapezium. Dorsally, a sizable fossa sur-
rounded by an elevated rim is present that matches a small tuber-
osity on the distodorsal aspect of the trapezium (Fig. 30A, E).
Laterally, Mc I bears a large and flat facet for Mc II (Fig. 30D).
Just dorsal to the facet is a small quadrangular tuberosity that is
continuous with a small ridge on the trapezium. A prominent
palmar tuberosity is present along the proximal margin of the
shaft (Fig. 30B, C). The distal end is asymmetrical. In dorsal
view, the medial and lateral sides of the distal end are tilted medi-
ally, the lateral more so than the medial (Fig. 30A). The facet for
the first proximal manual phalanx is convex, extending well onto
the dorsal and palmar aspects of the bone. A single sesamoid
bone is present palmar to the distal end of the bone.

The second metacarpal is twice the length of Mc I and is much
more slender (Fig. 30). The proximal morphology of Mc II is
unique and clearly distinguishes it from the remaining metacar-
pals. The lateral part of the proximal surfaces is proximolaterally
expanded into a block-like structure that overhangs the shaft lat-
erally (Fig. 30A). It forms a deep notch laterally for Mc III and
one medially for the trapezoid. The facet for the trapezoid can
be divided into a medial part, which articulates with the distal
surface of the trapezoid, and a lateral part, which articulates
with the lateral aspect of the trapezoid. The two parts of the tra-
pezoid facet join at an angle of almost 90° dorsally. The medial
part is gently convex dorsopalmarly; the lateral part is flat (Fig.
30A, B). The most proximal part of the proximal surface,
lateral to the trapezoid facet, articulates with the centrale (Fig.
30A). The flat centrale facet is roughly triangular and faces proxi-
mally. The capitate also articulates with the expanded proximal
surface of Mc II (Figs. 19A, 30A). A small facet is visible lateral
to the facet for the centrale. The capitate facet is gently convex
and faces proximolaterally. Distal to the capitate facet, Mc 111
articulates with the distolateral aspect of the overhanging proxi-
mal surface of Mc II (Fig. 19A). In medial view, Mc II bears a
gently convex facet for Mc I that is positioned slightly distal to
the proximal margin of Mc II. The facet for the trapezium is
not discernible but, based on our reconstruction (Fig. 19), the tra-
pezium might have contacted Mc II along the proximomedial
margin. A small but distinct palmar tuberosity is present on the
proximopalmar aspect of Mc II. The dorsal aspect of the shaft
is gently convex transversely; the palmar aspect is concave prox-
imodistally. The cross-section of the bone at mid-length is squar-
ish. The distal epiphysis is not completely fused to the shaft; a fine
suture separating the two is still present. The facet for the second
proximal manual phalanx is convex and extends palmarly and
dorsally. The palmar aspect bears a fine ridge in the center of
the facet separating the articulation for the two sesamoid bones
(Fig. 30B, F).

The third metacarpal is slender (Fig. 30). Whereas the other
metacarpals have transversely expanded proximal and distal
ends, Mc III is narrow proximally and only gently expanded dis-
tally. The proximal facet is gently convex, roughly quadrangular
in outline, dorsopalmarly deeper than mediolaterally wide (Fig.
30E). The facet gently tapers palmarly into a flat palmar tuberos-
ity (Fig. 30B, C). The medial and lateral sides are slightly bowed
inward. Most of the proximal aspect articulates with the capitate.
Just a narrow medial portion of the proximal surface is in contact
with Mc II (Fig. 30A-C, E). However, the facet is not preserved
well enough on the left manus to definitively determine whether
there was a morphological boundary between the two facets or
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FIGURE 30. Left metacarpals (Mc) I-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, palmar (= ventral), C, medial, D, lateral, E, proximal,
and F, distal views. Rows from top to bottom: Mc I, Mc II, Mc III, Mc IV, and Mc V. Abbreviations: fcap, facet for capitate; fce, facet for centrale; fhm,
facet for hamate; fme, facet for metacarpal; fome, fossa on metacarpal; fpmp, facet for proximal manual phalanx; fses, facet for sesamoid; ftrq, facet for
triquetrum; ftzd, facet for trapezoid; ftzm, facet for trapezium; pk, palmar keel; pt, palmar tuberosity.
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TABLE 4. Basic metrics of the manus of Adalatherium hui, holotype (UA 9030).
Element PDL MLWP DPDP MLWM DPDM MLWD DPDD ROB
Mc1 8.8 5.6 4.6 4.6 2.6 4.9 31 0.52
Mc II 17.6 5.8 52 33 2.6 5.0 33 0.19
Mc IIT 18.0 4.1 5.8 34 2.6 4.9 33 0.19
Mc IV 182 54 5.1 3.8 22 5.4 35 0.21
Mc V 14.7 8.0 4.5 4.7 2.1 6.5 31 0.32
PMP 1 9.8 52 4.1 3.6 25 38 31 0.37
PMP II 10.2 52 3.7 33 2.6 4.0 2.8 0.32
PMP 111 9.9 4.9 3.6 32 22 4.1 2.7 0.32
PMP IV 8.9 53 3.5 34 22 42 2.7 0.38
PMP V 7.0 5.4 32 3.9 1.8 43 23 0.56
IMP II ~6.8 4.4 3.0 2.9 1.8 32 23 0.43
IMP V 59 4.2 3.0 2.9 1.8 33 24 0.49
IMP IT* 6.7 44 2.7 2.9 1.7 3.0 2.1 0.43
IMP IIT* 6.7 4.4 2.8 2.6 1.7 2.8 23 0.38
IMP IV* 6.5 4.0 3.0 2.6 1.4 2.7 22 0.40
IMP V* 5.7 43 2.6 2.9 14 31 23 0.51
DMP I 9.9 3.1 3.6 . — — . —
DMP 11 8.0 2.7 32 — - — — -
DMP II1 8.0 2.6 2.9 - - — -
DMP IV* 7.3 2.5 2.8 — — - — —
DMP V 6.5 22 3.0 - — — - -

Length measured in proximodistal direction, width in mediolateral direction, and depth in dorsopalmar direction. Most elements from left side; asterisks
indicate elements from right side. ‘—’ indicates an accurate measurement could not be taken due to poor preservation. All linear measurements in mm.
Abbreviations: DMP, distal manual phalanx; DPDD, dorsopalmar depth distal; DPDM, dorsopalmar depth midshaft; DPDP, dorsopalmar depth
proximal; IMP, intermediate manual phalanx; Mc, metacarpal; MLWD, mediolateral width distal; MLWM, mediolateral width midshaft; MLWP,
mediolateral width proximal; PMP, proximal manual phalanx; PDL, proximodistal length; ROB, robustness (calculated as the ratio of midshaft

mediolateral width/proximodistal length).

whether they are completely confluent. The proximomedial
aspect of Mc III is gently convex and expands palmarly in
medial view (Fig. 30C). The facet for Mc II on the medial
aspect of the left Mc I1I is not well preserved. The proximolateral
surface of the bone is concave and articulates with Mc IV (Fig.
30D). The distal articular facet is well preserved and can clearly
be separated into a facet for the sesamoid bones and the proximal
phalanx. A fine, proximally convex line marks the dorsal exten-
sion of the articular facet for the proximal phalanx. The phalan-
geal facet is evenly convex. Palmarly, a fine ridge separates the
phalangeal facet from the sesamoid facet. The palmar facet
bears a shallow palmar keel that separates the two gently
concave facets for the paired sesamoid bones (Fig. 30B, F).

The fourth metacarpal is expanded both proximally and dis-
tally (Fig. 30). The shaft is slightly compressed dorsopalmarly
and elliptical in cross-section. The proximal articular facet is
roughly triangular in outline (Fig. 30E). The lateral aspect is
convex and articulates with the hamate, whereas the medial
aspect is concave and articulates with the capitate. A small
raised tuberosity along the dorsomedial border indicates the
articular facet for Mc III (Fig. 30A, C). The facet is slightly
convex and extends along the proximal border of the medial
aspect. A blunt and bulbous proximal palmar tubercle is
present. The distal aspect resembles that on Mc III but is slightly
shallower (i.e., dorsopalmarly lower relative to mediolateral
width).

The fifth metacarpal is robust and dorsopalmarly flat (Fig. 30).
It possesses a large palmar tuberosity, which protrudes proximally
and bears a convex facet for the distal process of the triquetrum
(Fig. 30B, D). The lateral aspect of the tuberosity is rugose. The
remaining proximal surface is triangular in outline, bearing a
convex facet for the hamate (Fig. 30A-E). In medial view, a dor-
sopalmarly long facet for Mc IV is visible (Fig. 30C). The facet is
triangular in outline and flat. The distal end of Mc V is rotated
medially relative to the proximal end. The morphology of the
distal end is similar to those of Mc II-Mc IV (Fig. 30E). Mc V
has a pair of sesamoids associated with its palmar aspect.

Proximal Manual Phalanges — The proximal manual phalanges
(PMP) I-V are about half as long as the corresponding metacar-
pals except PMP I, which is subequal in length to Mc I. Among
the proximal manual phalanges, the length decreases in the
order PMP II ~ PMP III ~ PMP I>PMP IV > PMP V (Table
4). PMP II, PMP III, and PMP IV are very similar in morphology
(Fig. 31). The proximal articular facet in all three is convex, with
sharp medial and lateral edges that protrude proximally. The
facet is elliptical in proximal view, with a slightly rounder dorsal
than palmar edge (Fig. 31E). Two distinct tubercles are located
just distal to the proximal facet on the palmar aspect (Fig. 31B).
In articulation, these tubercles align with the sesamoids of the
respective metacarpals. The shaft is semicircular in cross-section
at mid-length, convex dorsally and flat plantarly. In side view,
the shaft of the bone narrows distally but then expands again
transversely and dorsopalmarly at the distal end (Fig. 31A, C,
D). The distal articular facet is divided into an evenly convex
facet for the intermediate phalanx and a palmar part that articu-
lates with the sesamoid (Fig. 31F). The palmar part is gently
convex to accommodate the single, large sesamoid. The facet
for the intermediate phalanx extends onto the dorsal and
palmar aspects of the distal end, respectively. The medial and
lateral aspects of the distal end are disc-like and slightly converge
dorsally.

PMP I diverges from this pattern, because it articulates with the
distal (rather than intermediate) phalanx. As such, the distal facet
forms a distinct trochlea and the shaft is more nearly circular in
outline than in PMP II-PMP IV. In addition, PMP I has a
shallow fossa on the palmar aspect just distal to the proximal
articular facet (Fig. 31B).

PMP V also differs substantially from the other phalanges. It is
shorter and more robust, and the proximal articular facet is trans-
versely expanded compared with the distal facet, much more so
than those in PMP I-PMP III; PMP 1V is somewhat intermediate
between PMP III and PMP V in this regard. PMP V has two very
prominent tubercles on the palmar lip of the proximal facet, of
which the lateral one is larger (Fig. 31B). The shaft of PMP V is
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FIGURE 31. Left proximal manual phalanges (PMP) I-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, palmar (= ventral), C, medial, D,
lateral, E, proximal, and F, distal views. Rows from top to bottom: PMP I, PMP II, PMP III, PMP IV, and PMP V. Abbreviations: fdmp, facet for distal
manual phalanx; fimp, facet for intermediate manual phalanx; fme, facet for metacarpal; fses, facet for sesamoid; pfo, palmar fossa; pt, palmar tuberosity.

dorsopalmarly compressed. In dorsal view, the lateral side of the
distal articular facet is oblique, in contrast to the more vertically
oriented medial side (Fig. 31A).

Intermediate Manual Phalanges—The intermediate manual
phalanges (IMP) II-V are shorter than the proximal ones (Fig.
32). IMP II-IMP IV are subequal in length, with IMP V being
slightly shorter (Table 4). A similar patterncan be seenin the robust-
ness of the intermediate phalanges, with IMP II-IMP IV being
roughly equivalent and IMP V being more robust. Generally, the
morphology of the intermediate phalanges is uniform. They differ
from the proximal phalanges in that their proximal ends are dorso-
palmarly more compressed, leading to straighter dorsal and palmar
marginsin medial orlateral view (Fig. 32C, D). In contrast, the prox-
imal ends are dorsopalmarly expanded in the proximal phalanges,
leading to a more triangular outline in medial or lateral view (Fig.

31C, D). Furthermore, the distal articular facet of each IMP forms
atrochlea that is better developed than on the proximal phalanges.

Distal Manual Phalanges—The distal manual phalanges
(DMP) I-V are similar to, but much smaller than, the correspond-
ing distal phalanges of the pes. The first digit possesses the largest
distal phalanx. DMP II and DMP III are subequal in length, with
DMP IV being slightly shorter and DMP V shorter still (Table 4).
All distal manual phalanges are slightly curved distally, DMP I
more so than the other phalanges. None of the phalanges are par-
ticularly compressed or expanded mediolaterally nor deep dorso-
palmarly. The extensor process is very prominent and is directed
proximally (Fig. 33C, D). The articular facet is strongly concave in
side view, forming a trochlear notch, with a shallow median ridge
(Fig. 33E). The palmar lip is prominent and protrudes palmarly
and proximally. A small fossa is present on the palmar aspect of
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FIGURE 32. Left intermediate manual phalanges (IMP) II-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, palmar (= ventral), C, medial,
D, lateral, E, proximal, and F, distal views. IMP III and IMP IV reversed from right side. Rows from top to bottom: IMP II, IMP III, IMP IV, and IMP
V. Abbreviations: fdmp, facet for distal manual phalanx; fimp, facet for intermediate manual phalanx; pt, palmar tuberosity; ses, sesamoid.

the phalanges just distal to the articular facet. A minute nutrient
foramen opens into this fossa. The flexor process is not well devel-
oped, and the insertion of the flexor tendon, other than the
palmar lip of the trochlear notch, is indistinct. This is one of the
major morphological differences between the manual and pedal
distal phalanges (see ‘Pes’ below).

Manual Sesamoid Bones — In addition to the os Daubentonii and
the sesamoid associated with the trapezium, paired sesamoid bones
are associated with the distal ends of Mc II-Mc V and single sesa-
moid bones with the distal ends of Mc I, all PMPs, and IMP V. The
morphology of the sesamoid bones is generally similar to that of
the pedal sesamoids. The sesamoids at the distal ends of Mc II-
Mc V are elliptical, proximodistally longer than either mediolater-
ally wide or dorsopalmarly deep. These sesamoids are convex pal-
marly and gently concave to flat dorsally. The sesamoids of Mc V
are proximodistally shorter and thus rounder in outline than
those of Mc II-Mc IV. The single sesamoid of Mc I is larger than
those of Mc II-Mc V, covering the whole mediolateral width of its
metacarpal. It is convex palmarly and irregular in shape. The
single sesamoids of PMP I-PMP V are compressed and squarish,
but notched at the distal edge. The sesamoid of PMP I is smaller
than those of PMP II-PMP Vand more bean-shaped than squarish.
The single sesamoid bones of IMP II-IMP Vare irregular in shape,
although somewhat elliptical in outline, and relatively smaller than
those of the proximal phalanges.

Pelvic Girdle

The pelvic girdle consists of the left and right halves of the
pelvis, here referred to as os coxae, as well as the epipubic

bones. The two os coxae are separated and displaced in UA
9030. The right os coxa is largely missing; only the posterior por-
tions of the ischium and pubis are preserved. The description will
thus be based on the more complete left os coxa, which includes
the ischium, pubis, and posterior portion of the ilium (Fig. 34).
The left os coxa, as well as the caudal vertebrae, were rotated
and curled under the lumbar vertebral column prior to or
during burial, so that the posterior part of the left ox coxa
points anteriorly in UA 9030 (Figs. 1, 2). This twisting severely
damaged the sacroiliac joint. As such, the orientation of the
pelvic girdle relative to the vertebral column cannot be described
precisely. However, if the dorsal edge of the ischium is held hori-
zontally, the ilium extends in a posteroventral to anterodorsal
direction, whereas the blade of the pubis is directed ventrome-
dially. In posterior view, the ischia would have probably formed
a wide and shallow ‘U’-shaped arc in life. The ischium, ilium,
and pubis appear to have been fused in UA 9030. The acetabulum
is incompletely preserved, and numerous cracks pass through the
acetabulum that might obscure possible sutures. However, no
suture is clearly discernible on the specimen or in the pCT images.

The acetabulum is large and round; it is almost equal in antero-
posterior length and dorsoventral height. The central aspect of
the acetabulum does not preserve any detailed morphology in
the available left os coxa. It is fractured into numerous fragments.
None of these fragments show sutures between the ischium, ilium,
and pubis. The rim of the acetabulum is well developed, more
salient along the iliac and ischial portions than the pubic
portion (Fig. 34A, A’). The dorsal margin would have likely
enclosed the femoral head and does not appear to be
emarginated. A low eminence, which might represent an
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FIGURE 33. Left distal manual phalanges (DMP) I-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, palmar (= ventral), C, medial, D,
lateral, E, proximal, and F, distal views. DMP IV reversed from right side. Rows from top to bottom: DMP I, DMP II, DMP III, DMP IV, and
DMP V. Abbreviations: exp, extensor process; fimp, facet for intermediate manual phalanx; fpmp, facet for proximal manual phalanx; mr, median
ridge; nf, nutrient foramen; pli, plantar lip.
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underdeveloped ischial spine, is present along the acetabular rim,
roughly where the ilium and ischium meet. A small acetabular
notch appears to be present near the ischiopubic junction. But
the area is poorly preserved in UA 9030, and it is possible that
the notch might just be an artifact.

The obturator foramen opens ventrolaterally and is massive,
much larger than the acetabulum. It has the shape of a somewhat
rounded trapezoid, with the anterior margin being shorter than
the posterior, dorsal, and ventral boundaries. Because of frac-
tures, the shape of the anterior boundary is not clear, but the
ventral boundary is almost straight, whereas the dorsal and pos-
terior boundaries are curved.

Ilium — The ilium is a stout element. In life, it would have been
divided into the acetabular facet, the body, and the wing, which
bears the articular facet for the sacrum; however, the wing and
the anterior portion of the body are missing on both ilia. The pre-
served portion of the iliac body is more robust than the ischium
and pubis. The dorsal edge of the body is straight, suggesting

that the greater sciatic notch may have been very shallow. The
ventral edge of the ilium is also straight. The medial aspect of
the iliac body is gently concave, but otherwise featureless. On
the lateral aspect of the iliac body, about 10 mm anterior to the
rim of the acetabular facet, is a distinct tuberosity for the rectus
femoris muscle (Fig. 34A, A’). A rounded ridge extends ante-
riorly (but oblique to the long axis of the ilium) from the tuberos-
ity and divides the lateral aspect of the iliac body into a gluteal
fossa dorsally and an iliac fossa ventrally (Fig. 34A, A’).
Ischium—The ischium consists of a body supporting the acet-
abular facet, a blade (or table), and an indistinctly restricted
neck between them. The body is much thicker than the rest of
the bone. The neck is only restricted along the ventral edge,
which forms the dorsal border of the obturator foramen. The
dorsal edge of the ischium is largely straight except for a possible
ischial spine dorsal to the acetabulum and the prominent, laterally
flaring, dorsoventrally tall ischial tuberosity at the posterodorsal
end of the bone (Fig. 34). The dorsal portion of the ischial
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FIGURE 34. Left os coxa of Adalatherium hui, holotype (UA 9030), in A, A’, lateral and B, B’, medial views. A, B, original specimen including several
caudal vertebrae and slightly displaced epipubis; A’, B’, reconstruction based on uCT images, with caudal vertebrae removed; os coxa in light gray,
epipubis in dark gray. Abbreviations: ace, acetabulum; acn, acetabular notch; Ca, caudal vertebra; epb, epipubic bone; gluf, gluteal fossa; il, ilium;
ilf, iliac fossa; ipe, iliopubic eminence; is, ischium; isd, ischial dorsal margin; isg, ischial groove; isr, ischial ridge; iss, ischial spine; ist, ischial tuberosity;
obf, obturator foramen; ps, pubis; pss, pubic symphysis; rft, rectus femoris tuberosity.

blade, next to the neck and dorsal to the obturator foramen, is
dorsoventrally deep and slightly bends laterally in a posterior
direction. The medial aspect of the blade is gently convex ante-
riorly but becomes concave posteriorly. The lateral aspect of
the blade bears a shallow, rounded ridge in the midline, termed
the ischial ridge here (Fig. 34A, A’). It extends from the posterior
margin of the acetabulum to roughly mid-length of the obturator
foramen. The ridge is accompanied by a distinct groove dorsal to
it. The groove is more prominent and wider anteriorly and gradu-
ally becomes indistinct posteriorly. The posterior portion of the
ischial blade, which forms the posterior boundary of the obturator
foramen, turns medially while extending ventrally. The two por-
tions (dorsal and posterior) of the ischial blade form an acute
angle in lateral view. It is uncertain how far the ischium extends
ventrally; a suture between the pubis and ischium is not visible.
As such, the bone or bones that form the posterior border of
the obturator foramen are here described together. The ischial
blade gradually decreases in width ventrally and then more

drastically to form a narrow constriction at about mid-height of
the obturator foramen. At its narrowest, the ischial blade is
only 3 mm thick anteroposteriorly, compared with 12.3 mm at
the dorsal edge of the obturator foramen. The posterior edge of
the ischial blade is convex. Ventral to its narrowest point, the
ischial blade (or pubis) expands gradually.

Pubis—The pubis can be divided into a body supporting the
acetabular facet and a ramus extending posteroventrally and
turning medially. The pubic body is dorsoventrally tall but
appears thinner mediolaterally than those of the ilium and
ischium. A low iliopubic eminence is present near the junction
of the ilium and pubis and ventral to the acetabulum. The pubic
ramus is very broad at its base, next to the body, but it narrows
slightly as it extends posteriorly toward the pubic symphysis.
The posterodorsal edge of the pubic ramus is essentially straight
and forms the anteroventral boundary of the obturator foramen.
The anteroventral border of the pubic ramus is gently concave.
Only the posteroventral portion of the pubic ramus contributed
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to the pubic symphysis. The symphysis itself is poorly preserved
and can only be seen in the reconstructed surface (Fig. 34B’). A
roughened area on the medial aspect of the pubic ramus indicates
the extent of the pubic symphysis. It is narrow anteriorly and
slightly expands posteriorly, occupying the dorsoventral height
of the ramus. A ventrally protruding keel is not preserved in
UA 9030 and was likely not present in Adalatherium.

Epipubis— A small, rod-like bone is preserved next to the pos-
teromedial corner of the left ischium (Fig. 34). The fragment
probably represents an epipubic bone with the base, which
would have contacted the pubis in life, missing. This fragment
has been displaced relative to the os coxae and would have
been directed anteriorly, rather than posteriorly as it is now in
UA 9030. It is about 15 mm long, less than 1 mm in thick, and
its width decreases distally, from 3 mm anteriorly to 1 mm. Its
contralateral counterpart was not preserved.

Femur

Both femora are preserved in UA 9030, but both have suffered
some degree of deformation and damage (Figs. 1, 2, 35). The
femur will be described as having proximal and distal ends and
as being oriented vertically, with anterior, posterior, medial, and
lateral aspects.

The femur is the longest element in the skeleton (Figs. 1,2). Itis
about 35% longer than the humerus (Tables 2, 5). The femoral
head is large, bulbous, and proximomedially oriented. Despite
some deformation of its anterolateral region (Fig. 35E), the
head is nearly hemispherical. A fovea capitis is present on the
proximomedial aspect of the articular surface of the femoral
head (Fig. 35C). The femoral neck is short and almost indistinct.
Only in medial view is the neck distinctly smaller than the head
(Fig. 35C). The bone lateral to the head is crushed and com-
pressed anteroposteriorly; as such, it is uncertain how slender
or robust the most proximal aspect of the shaft was in life.

The greater trochanter is subequal to the head in height and
anteroposterior depth (Fig. 35A). In proximal view, the greater
trochanter extends in an anterolateral to posteromedial direction
(Fig. 35E). The greater trochanter is inclined toward the head,
with a shallow notch between them. The extent of the notch is
uncertain due to crushing of the anterior surfaces of the shaft.

TABLE 5. Basic metrics of the left hind limb elements of Adalatherium
hui, holotype (UA 9030).

Femur
Length 90.8
Midshaft depth 9.9
Midshaft width 9.6
Greater trochanter height 22.7
Head diameter 15.8
Epicondylar width 20.1
Tibia
Length 79.1
Midshaft depth 122
Midshaft width 5.5
Fibula
Length 70.8
Midshaft depth 5.7
Midshaft width 4.4
Parafibula
Length 14.8
Midshaft depth 43
Midshaft width 33

Length measured in proximodistal direction, width in mediolateral
direction, and depth in anteroposterior direction. All linear
measurements in mm.
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FIGURE 35. Left femur of Adalatherium hui, holotype (UA 9030), in A,
anterior, B, posterior, C, medial, D, lateral, E, proximal, and F, distal
views. Abbreviations: fh, femoral head; fn, femoral neck; foc, fovea
capitis; gtr, greater trochanter; icf, intercondylar fossa; itre, intertrochan-
teric crest; itrf, intertrochanteric fossa; lep, lateral epicondyle; Ife, lateral
femoral condyle; Itr, lesser trochanter; mfe, medial femoral condyle; ptg,
patellar groove.
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The lateral aspect of the greater trochanter is convex and rough in
texture (Fig. 35D). It is oriented posterolaterally rather than lat-
erally. The lesser trochanter is located on the posterior aspect of
the femur, medial to the (longitudinal) midline of the shaft and
distolateral to the head (Fig. 35B, C). The lesser trochanter is
small and bulbous, and its apex is curved medially. The base of
the lesser trochanter extends distally on the shaft for a very
short distance. In posterior view, the two trochanters and the
femoral head define a deep concavity, the intertrochanteric
fossa (Fig. 35B). The intertrochanteric crest (connecting the
greater and lesser trochanters) is low and broad. The surface
distal to the lateral aspect of the greater trochanter is rounded
and featureless. A third trochanter is absent.

The femoral shaft distal to the lesser trochanter is straight. It is
only slightly constricted at mid-length and gently expands medio-
laterally near the distal end. The shaft is almost circular in cross-
section at mid-length. The left shaft is damaged and the bone col-
lapsed into the marrow cavity anteriorly, thereby obscuring the
true outline of the shaft. The right shaft is, however, well preserved
and clearly demonstrates a cylindrical shape. Near the distal end,
the shaft expands slightly mediolaterally and anteroposteriorly.

The distal end of the bone comprises the distal epiphysis, which
articulates with the tibia and fibula. The two condyles for the tibia
probably differ in shape and orientation, but the poor preser-
vation of the knee joint on both sides of the skeleton precludes
accurate description of the morphology. The lateral condyle
appears to protrude posteriorly and slightly laterally (Fig. 35B,
D, F). A fine ridge delimits the tibial facet laterally from the
lateral aspect of the distal epiphysis. In the center of the lateral
aspect is a slightly elevated lateral epicondyle. The epicondyle
is formed by a low ridge with a shallow depression in the center
(Fig. 35D). A facet for the fibula is not preserved in UA 9030.
The medial condyle extends posteromedially and does not pro-
trude as far distally as the lateral condyle. It bears a broad facet
for the medial condyle of the tibia, which extends along the pos-
teromedial aspect of the distal epiphysis (Fig. 35C). The facet is
convex and smooth. The medial epicondyle is not preserved on
either femur. Likewise, the intercondylar region on the posterior
aspect of the femur is damaged and poorly preserved. A deep
depression on the posterior aspect of the shaft of the left femur
represents the proximal extension of an intercondylar fossa,
although the deformation probably exaggerates the size of the
depression (Fig. 35B). The anterior aspect of the distal epiphysis
is only partially preserved on either femur. Nevertheless, it is suf-
ficient to show that it is flat in a mediolateral direction and slightly
convex in a proximodistal direction. The anterior surface is tri-
angular in outline, well defined by two fine ridges that separate
it from the medial and lateral condyles, respectively. This
surface likely would have articulated with a patella in life and is
thus termed a shallow but distinct patellar groove (Fig. 35). A
patellar bone is, however, not preserved in UA 9030.

Tibia

The tibiae of UA 9030 are generally well preserved; only the
proximal ends are significantly damaged on both tibiae. In the fol-
lowing description, the tibia is oriented vertically, with the tibial
crest directed anteriorly.

The tibia of Adalatherium is highly unusual (Figs. 1, 2, 36). It is
mediolaterally compressed and bends anteriorly to a considerable
degree. The proximal end articulates with the femur proximally
and the fibula laterally. The tibial plateau, the most proximal
part of the tibia and including the proximal articular facets,
appears asymmetrical, with three sides that face roughly antero-
medially, anterolaterally, and posterolaterally (Fig. 36E). Much
of the proximal articular facet is damaged on both the left and

FIGURE 36. Left tibia of Adalatherium hui, holotype (UA 9030), in A,
anterior, B, posterior, C, medial, D, lateral, E, proximal, and F, distal
views. Abbreviations: ffid, distal facet for fibula; ffip, proximal facet for
fibula; icf, intercondylar fossa; lat, lateral astragalotibial facet; ltc, lateral
tibial condyle; mat, medial astragalotibial facet; mml, medial malleolus;
mtc, medial tibial condyle; pr, posterior ridge; ter, tibial crest; tt, tibial
tuberosity.
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right tibiae; only the most medial aspect of the medial condyle is
preserved on the right tibia. The preserved fragment indicates
that the medial condyle was concave and faced proximoposter-
iorly and that its facet slightly extends medially. Based on the
shape of the medial condyle on the distal end of the femur, the
facet must have been mediolaterally broad. The lateral aspect
of the tibial plateau contains the lateral condyle, but neither the
left nor the right tibia preserves the articular facet. Based on
the lateral femoral condyle, the lateral tibial condyle was likely
anteroposteriorly shorter than the medial condyle. A flat and
elliptical facet on the lateral aspect of the tibial plateau represents
the proximal facet for the fibula. The posterior aspect of the prox-
imal tibia presents a deeply excavated intercondylar fossa. The
depth of the fossa is likely exaggerated on the left tibia by post-
mortem deformation (Fig. 36B).

In anterior view, the slightly sigmoidal tibial shaft expands
proximally and distally and is narrowest at mid-length (Fig.
36A). In medial (or lateral) view, the tibial shaft dramatically
bends anteriorly and gradually tapers distally (Fig. 36C, D). The
proximal portion of the shaft largely follows the triangular
shape of the proximal end, with a long and convex medial side
and concave and shorter anterolateral and posterolateral sides.
The tibial crest is well defined and prominent, extending distally
along the complete length of the shaft (Fig. 36A). The crest
arises at the medial edge of the tibial tuberosity and wraps
around the anterior surface of the shaft to end just proximal to
the medial malleolus. Along its proximal half, the tibial crest
extends laterally, slightly overhanging the anterolateral aspect.
The posterior edge of the shaft forms a distinct posterior ridge
(Fig. 36B) extending from the posterior corner of the medial
condyle to the posterior part of the medial malleolus. The pos-
terior ridge also bends anteriorly, with a curvature roughly paral-
leling that of the tibial crest (Fig. 36C). The medial surface
changes from convex and anteromedially oriented proximally to
flat and medially oriented distally. The lateral edge is a low but
distinct ridge separating the anterolateral and posterolateral
aspects of the shaft. It extends from the posterior aspect of the
lateral condyle to the posterolateral aspect of the distal articular
facet (Fig. 36D). The ridge fades toward mid-length of the bone
but does not completely disappear. It emerges again as a distinct
crest distally. The posterolateral surface of the tibia distal to the
intercondylar fossa quickly flattens toward the midshaft. The
distal half of the posterior aspect presents a shallow depression,
which is exaggerated on the left tibia by postmortem deformation
(Fig. 36B).

The distal end of the tibia is rotated medially about 55° com-
pared with the proximal end. It is characterized by a large
medial malleolus, which bears the medial astragalotibial facet
on its anterolateral aspect (Fig. 36A, D, F). The medial aspect
of the malleolus is rugose, possibly for attachment of the medial
collateral ligament (Kielan-Jaworowska and Gambaryan, 1994).
The lateral astragalotibial facet is elliptical and flat, facing distally
and slightly posteriorly (Fig. 36A, B, D, F). The posterior portion
of the facet is in contact with the os calcaris. A small and convex
facet on the lateral side of the epiphysis is for the distal part of the
fibula (Fig. 36D).

Fibula

In the following description, the fibula is oriented vertically.
The fibula is essentially a straight, rod-shaped element that is
slightly compressed mediolaterally (Fig. 37). It is shorter than
the tibia (Table 5). The proximal end is anteroposteriorly
expanded, mediolaterally compressed, and convex proximally in
medial or lateral view (Fig. 37C, D). Posteriorly, the proximal epi-
physis bears an elliptical, convex, smooth facet for the parafibula
that faces posterolaterally (Fig. 37B, D, F). Proximally, the fibula
articulated with the tibia and in life probably would have
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FIGURE 37. Left fibula of Adalatherium hui, holotype (UA 9030), in A,
anterior, B, posterior, C, medial, D, lateral, E, proximal, and F, distal
views. Abbreviations: fca, facet for calcaneus; fif, fossa on proximal
aspect of fibula; fimr, fibular medial ridge; fios, fibular oblique sulcus;
fpfi, facet for parafibula; ft, facet for tibia; Iml, lateral malleolus.

contacted the distal end of the femur to a minor degree. The
articulation with the femur likely occurred along the anterior
half of the proximal edge, whereas that with the tibia was along
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the proximomedial part of the fibula. The medial aspect is,
however, damaged and crushed on both fibulae, obscuring the
femoral and tibial facets.

The cross-section of the fibula changes from concavo-convex
proximally, to teardrop-shaped at mid-length, to quadrangular
distally. In lateral view, the proximal fibular shaft bears a triangu-
lar fibular fossa that is bordered posteriorly by a fine and laterally
reflected crest (Fig. 37D). The fossa and crest gradually fade dis-
tally. A blunt ridge is present along the medial aspect of the
fibular shaft (Fig. 37C). The ridge diminishes distally to a point
where the medial surface of the shaft, which is rough in texture,
is essentially flat. An oblique sulcus is visible proximal to the
distal epiphysis, extending in an anterodistal to posteroproximal
direction (Fig. 37C).

Distally, the fibula gently expands in an anteroposterior direc-
tion. The distal epiphysis is partially damaged on both fibulae.
Only the lateral aspect of the distal articular facet is preserved.
This part of the facet is concave, faces mediodistally, and articu-
lates with the calcaneus (Fig. 37F). The lateral malleolus is
robust and positioned at the anterolateral corner of the distal epi-
physis. A small but distinct groove and ridge is visible posterior to
the lateral malleolus. The distal articulation with the tibia or astra-
galus is not preserved in UA 9030.

Parafibula

The parafibula of Adalatherium is a small, rod-like, and medio-
laterally compressed element bridging the femur and fibula at the
knee joint (Figs. 1, 2, 38). In the following description, the paraf-
ibula is oriented vertically, with the parafibular tuberosity
directed posteriorly. The bone is composed of base, neck, and
muscular process. The base articulates with the proximoposterior
part of the fibula. The muscular process extends lateral to the
distal end of the femur. The base of the parafibula bears the
articular facet for the fibula, which is elliptical in outline,
convex, and faces distomedially. The slightly constricted neck sep-
arates the muscular process and base. Viewed laterally, the mus-
cular process is divided into two raised areas, one proximally and
one distally (Fig. 38D). The proximal portion extends posteriorly
(and slightly laterally) and the distal one posterodistally. The
medial aspect of the muscular process is convex.

Pes

Both pedes of UA 9030 are preserved in articulation (Figs. 1, 2,
39-41; Tables 6, 7). Elements of the left pes were physically sep-
arated for reconstruction and descriptive purposes (Figs. 42-53).
The individual tarsals are described in the order of astragalus, cal-
caneus, navicular, cuboid, entocuneiform, mesocuneiform, ecto-
cuneiform, and os calcaris and illustrated in dorsal, medial,
plantar (= ventral), lateral, proximal, and distal views.

Astragalus — Both astragali are only partially preserved in UA
9030 (Figs. 39-42). The left astragalus was disarticulated from the
rest of the tarsus but is still in association with the os calcaris. It
preserves the proximal and distal articular facets, the dorsal
surface, as well as part of the proximal aspects of the lateral
and plantar surfaces. The right astragalus is still articulated with
the remainder of the hind foot and can be examined in dorsal
and medial views (Figs. 39, 41). It preserves the medial surface
(including the medial part of the distal articular facet) and the
proximal articular facet. Neither of the astragali preserves the
distal articular facets with the calcaneus. Based on uCT
imaging, both astragali were digitally segmented. The surface of
the better-preserved right astragalus was mirrored and is depicted
in Figure 43. The description is based on the original specimen as
well as the segmented right astragalus.

The astragalus is highly unusual in several respects; most pro-
minently, it preserves a trochleated navicular facet, consisting of
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FIGURE 38. Left parafibula of Adalatherium hui, holotype (UA 9030), in
A, anterior, B, posterior, C, medial, D, lateral, E, proximal, and F, distal
views. Abbreviations: ffi, facet for fibula; ptb, parafibular base; pfm, paraf-
ibular muscular process; pfn, parafibular neck; pft, parafibular tuberosity.

medial and lateral astragalar condyles and an intercondylar
groove (Fig. 43A, F). The astragalus is irregular in shape (but
resembles the Greek capital letter gamma, I'), being longer prox-
imodistally than mediolaterally wide. Its margins in dorsal view
are proximomedially, distolaterally, proximolaterally, and disto-
medially positioned (Fig. 43A). Proximally, the astragalus articu-
lates with the tibia medially and proximomedially and the fibula
proximolaterally. The lateral astragalotibial facet is triangular in
shape, flat, and faces proximally and somewhat medially. A
sharp crest defines the distal border of the facet (Fig. 43A),
whereas it gently slopes into the astragalofibular facet proximo-
laterally. The astragalus also articulates with the prominent
medial malleolus of the tibia along its medial border. The
medial astragalotibial facet is bean-shaped, concave dorsally
and convex plantarly. It is proximodistally long and dorsoplan-
tarly narrow. The center of the facet is deeply excavated (Fig.
43B). The astragalofibular facet is smaller than either of the astra-
galotibial facets. It is gently convex and irregular in shape. The
facet expands plantarly and narrows dorsally (Fig. 43E). Dorsally,
the facet terminates in a distinctly rounded margin that slightly
overhangs the dorsal aspect of the astragalus (Fig. 43A, E). The
facet is slightly elevated, and a fine but distinct crest borders it
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FIGURE 39. Right pes of Adalatherium hui, holotype (UA 9030), in A,
dorsal and B, plantar (= ventral) views. Arrows point anteriorly. Abbrevi-
ations: as, astragalus; ca, calcaneus; cu, cuboid; DPP, distal pedal phalanx;
ect, ectocuneiform; ent, entocuneiform; fi, fibula; IPP, intermediate pedal
phalanx; mes, mesocuneiform; Mt, metatarsal; na, navicular; PPP, proxi-
mal pedal phalanx; ses, sesamoid; tb, tibia.

FIGURE 40. Left pes of Adalatherium hui, holotype (UA 9030), in dorsal
view. Arrow points anteriorly. Abbreviations: ca, calcaneus; cu, cuboid,;
DPP, distal pedal phalanx; ect, ectocuneiform; ent, entocuneiform; fi,
fibula; Mt, metatarsal; na, navicular; osc, os calcaris; PPP, proximal
pedal phalanx; tb, tibia.
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FIGURE 41. Tarsals of right pes of Adalatherium hui, holotype (UA
9030), in A, dorsal and B, plantar (= ventral) views. Arrows point ante-
riorly. Abbreviations: afi, astragalofibular facet; caa, calcaneoastragalar
facet; cafi, calcaneofibular facet; capr, calcaneal protuberance; cas, calca-
neal sulcus; cu, cuboid; ect, ectocuneiform; ent, entocuneiform; lac,
lateral astragalar condyle (displaced); lat, lateral astragalotibial facet;
mac, medial astragalar condyle; mes, mesocuneiform; Mt, metatarsal;
na, navicular; pp, peroneal process; pt, plantar tuberosity; ses, sesamoid;
sua, sustentacular facet; tc, tuber calcanei.

TABLE 6. Basic metrics of the tarsals of Adalatherium hui, holotype
(UA 9030).

Element Length Width Depth
Astragalus 16.6 11.6 8.9
Calcaneus 29.1 10.9 11.3
Navicular 54 7.6 15.7
Cuboid 9.1 7.0 7.1
Entocuneiform* 5.0 4.9 12.5
Mesocuneiform®* 3.5 2.7 4.1
Ectocuneiform 6.4 33 6.5

Length measured in proximodistal direction, width in mediolateral
direction, and depth in dorsoplantar direction. Most elements from left
side; asterisks indicate elements from right side. All linear measurements
in mm.

laterally (Fig. 43D). The area lateral to the astragalofibular facet
is mediolaterally narrow and does not extend as far dorsally (Fig.
43E). This part of the astragalus does not appear to contact the
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TABLE 7. Basic metrics of the left pes of Adalatherium hui, holotype (UA 9030).

Element PDL MLWP DPDP MLWM DPDM MLWD DPDD ROB
Mt I 9.4 8.8 4.4 7.5 34 7.4 4.5 0.79
Mt II 17.9 4.7 4.7 4.5 2.9 6.6 43 0.25
Mt IIT 20.8 3.9 — 44 3.0 5.6 4.1 0.21
Mt IV 22.0 5.3 5.9 42 3.0 6.2 4.5 0.19
MtV 16.4 9.4 5.0 53 2.3 6.5 3.8 0.32
PPP I 13.1 7.9 5.8 5.1 4.0 5.5 4.7 0.39
PPP II 12.6 6.3 5.1 42 3.6 54 3.9 0.33
PPP III 11.7 5.9 4.4 39 2.9 — 3.7 0.33
PPP IV 11.9 5.5 3.6 4.1 2.9 5.5 3.9 0.35
PPPV 8.0 6.5 4.1 4.6 2.4 54 33 0.58
IPP II 10.3 5.7 4.1 3.8 2.6 43 38 0.37
IPP IIT 9.2 — — 32 2.1 3.8 2.9 0.34
IPP IV 9.3 52 3.6 32 2.2 3.9 2.9 0.34
IPP V 7.0 52 35 3.8 24 3.9 3.0 0.54
DPP 1 16.8 4.6 6.9 — - — — -
DPP II 12.9 4.0 43 — — — — —
DPP III 11.1 34 3.7 — — — — —
DPP 1V 11.0 34 3.7 — — — — —
DPP V 10.3 3.6 3.6 — — — — —

Length measured in proximodistal direction, width in mediolateral direction, and depth in dorsoplantar direction. ‘—’ indicates an accurate
measurement could not be taken due to poor preservation. All linear measurements in mm. Abbreviations: DPDD, dorsoplantar depth distal; DPDM,
dorsoplantar depth midshaft; DPDP, dorsoplantar depth proximal; DPP, distal pedal phalanx; IPP, intermediate pedal phalanx; MLWD, mediolateral
width distal; MLWM, mediolateral width midshaft; MLWP, mediolateral width proximal; Mt, metatarsal; PDL, proximodistal length; PPP, proximal

pedal phalanx; ROB, robustness (calculated as the ratio of midshaft mediolateral width/proximodistal length).

fibula, but the fibula is damaged along its distomedial margin and
thus it is uncertain whether the proximolateral margin of the
astragalus would have articulated with the fibula in life. The
most prominent feature on the proximodorsal part of the astraga-
lus is the rounded edge of the proximal aspect of the astragalar
foramen (Fig. 43A, F). In both astragali, the distal part of the
canal is broken and not preserved. The astragalar foramen is posi-
tioned distolateral to the astragalofibular facet.

The plantar surface of the astragalus, in particular the distal
part, is poorly preserved in UA 9030. Only the proximal aspect
of the plantar surface, which is bulbous and rough in texture, is
preserved on the right astragalus. A relatively smooth and slightly
raised area in the center of the plantar aspect likely articulated
with the os calcaris in life (Fig. 43). On the right pes, a rounded
and bulbous fragment is preserved mediodistal to the astragalus
(Fig. 39B). This fragment is here tentatively identified as a large
sesamoid that would have been positioned plantar to the astraga-
lus in life.

The distal articular facet is distinctly more slender than the
proximal part of the astragalus in mediolateral width, but there
is no constricted part (neck) between the proximal and distal
ends of the astragalus. In other words, the astragalar head
typical of extant therian mammals (Szalay, 1994, and references
therein) does not exist in Adalatherium. The trochlear-shaped
astragalonavicular facet occupies the distal aspects of the astraga-
lus (Fig. 43A, F). The facet consists of two prominent and distinct
ridges, here termed the medial and lateral astragalar condyles,
which are separated by a deeply excavated intercondylar
groove to form a half-pulley-like structure. The intercondylar
groove tightly articulates with the medial ridge of the navicular
(Fig. 42A). The lateral astragalar condyle is mediolaterally nar-
rower and dorsoplantarly deeper than the medial astragalar
condyle and tightly fits into the groove on the navicular (Fig.
42A). The medial astragalar condyle is broader and shallower
than the lateral condyle. Only the lateral and distal aspects of
the medial astragalar condyle articulate with the medial aspect
of the navicular. In the articulated hind foot, the astragalar con-
dyles would have been oriented in a proximolateral to distome-
dial direction (Fig. 42A).

The proximolateral aspect of the astragalus bears a flat facet for
the calcaneus (Fig. 43D). Only the proximal part of the

calcaneoastragalar facet is preserved and appears to articulate
with two facets on the calcaneus. The calcaneoastragalar facet is
gently convex and meets with the proximal aspect of the astraga-
lus at a right angle. Much of the morphology of the sustentacular
facet and the distal aspect of the calcaneoastragalar facet can only
be deduced from their counterparts on the calcaneus. The astra-
galus shows no clear facet for the cuboid, and based on the recon-
structed hind foot, it seems unlikely that the two bones articulated
in life (Fig. 42).

Calcaneus — Both calcanei of UA 9030 are well preserved and
almost complete (Figs. 39-42). Most of the description is based
on the disarticulated left calcaneus. However, the proximomedial
part, including the sustentaculum tali, is damaged on the left cal-
caneus. Thus, this part of the right calcaneus was used to comp-
lement the description and was incorporated to make a
composite calcaneus in Figure 44.

The calcaneus is the longest element (29.1 mm) of the tarsus
in Adalatherium, being almost twice as long as the astragalus
(Table 6). The calcaneal tuber is large and elongate, comprising
more than half of the total calcaneal length (Fig. 44A-D). The
tuber gradually expands distally and is reflected dorsally. A
suture between the distal-most part of the tuber and the
remainder of the calcaneus is still visible. The distal end of
the tuber is rugose and bulbous, with a maximal convexity dor-
somedial to the center. In distal view, the tuber is triangular in
outline, with dorsal, lateroplantar, and medioplantar corners
(Fig. 44F). From these corners, three rounded edges extend
proximally along the shaft of the tuber. The dorsomedial side
of the tuber is flat and featureless, whereas the dorsolateral
side contains a very shallow longitudinal sulcus in the midline
(Fig. 44D). This sulcus is dorsolaterally oriented distally and
twists to face laterally farther proximally. The plantar aspect
of the tuber is gently concave proximodistally and convex med-
iolaterally (Fig. 44C). Its boundaries with the medial and lateral
sides of the tuber are indistinct. The dorsoplantar height of
the tuber does not change much along its length, but the
mediolateral width of the tuber is reduced proximally. At mid-
shaft, the tuber is little more than half as wide as at its distal
end (Fig. 44A).

The calcaneus articulates with the fibula dorsally, the astragalus
medially, and the cuboid plantarly. The calcaneofibular facet is
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FIGURE 42. Reconstruction of left tarsals and metatarsals of Adalatherium hui, holotype (UA 9030), based on digital surfaces derived from pCT scans,
in A, dorsal, B, medial, C, plantar (= ventral), D, lateral E, proximal, and F, distal views. Astragalus, mesocuneiform, and ectocuneiform reversed from
right side; calcaneus and entocuneiform composite reconstructions of left and right elements. Abbreviations: as, astragalus; ca, calcaneus; cu, cuboid; ect,
ectocuneiform; ent, entocuneiform; mes, mesocuneiform; Mt, metatarsal; na, navicular, osc, os calcaris.
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FIGURE 43. Left astragalus (reversed from right side) of Adalatherium
hui, holotype (UA 9030), in A, dorsal, B, medial, C, plantar (= ventral),
D, lateral, E, proximal, and F, distal views. Abbreviations: afi, astragalofib-
ular facet; afo, astragalar foramen; caa, calcaneoastragalar facet; icg, inter-
condylar groove; lac, lateral astragalar condyle; lat, lateral astragalotibial
facet; mac, medial astragalar condyle; mat, medial astragalotibial facet; pt,
plantar tubercle.

situated on the calcaneal protuberance on the dorsal aspect of the
calcaneus, proximal to and in line with the dorsal ridge of the
tuber (Fig. 44A). In dorsal view, the calcaneofibular facet is
roughly rectangular in shape, being considerably longer proximo-
distally than mediolaterally wide. The facet is strongly curved in
lateral (or medial) view, being strongly convex proximodorsally
and gently so mediolaterally (Fig. 44B, D). The lateral border
of the calcaneofibular facet forms a fine crest overhanging the cal-
caneal protuberance. Medially, the calcaneofibular facet is con-
tinuous with one of the calcaneoastragalar facets. This facet is
the more slender of the two calcaneoastragalar facets and
extends along the posteromedial margin of the calcaneal protu-
berance. Medially, the calcaneal protuberance slopes into a
broad, medially projecting sustentacular process. A second,
more robust, calcaneoastragalar facet is positioned on the susten-
taculum tali. The second calcaneoastragalar facet is convex,
facing distomedially and slightly dorsally. The facet is mediolater-
ally wider than dorsoplantarly deep. The two calcaneoastragalar
facets are not continuous, although they appear to articulate
with a single facet on the astragalus.
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FIGURE 44. Left calcaneus of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, plantar (= ventral), D, lateral, E, proximal, and F,
distal views. Composite reconstruction based on right (dark gray) and left
(light gray) elements. Abbreviations: ar, anterior ridge; caa, calcaneoas-
tragalar facet; cacu, calcaneocuboid facet; cafi, calcaneofibular facet;
capr, calcaneal protuberance; cas, calcaneal sulcus; pg, peroneal groove;
pp, peroneal process; sua, sustentacular facet; sut, sustentaculum tali; tc,
tuber calcanei.

The sustentacular facet is preserved on the right calcaneus
(Figs. 41A, 44) but is fragmentary on the left. The facet is slightly
convex and faces proximomedially (Fig. 41A, B, F). A distinct
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sulcus, here identified as the calcaneal sulcus, separates the calca-
neoastragalar facet from the more anteriorly positioned sustenta-
cular facet (Fig. 41A, B, F). It should be noted that two separate
calcaneoastragalar facets have not been described for Mesozoic
mammaliaforms. Most Mesozoic mammaliaforms have one
calcaneoastragalar facet, which is usually more posteriorly posi-
tioned (close to the calcaneofibular facet), and an anteriorly
positioned sustentacular facet. It is possible that the three facets
in Adalatherium are more appropriately homologized with the
posterior calcaneoastragalar facet, sustentacular facet, and
anterior calcaneoastragalar facet (from posterior to anterior), as
seen in some extant therians. The partial preservation of the
astragalus hinders a definite assessment. The calcaneocuboid
facet forms a large, triangular, and slightly concave surface, situ-
ated plantar to the sustentaculum tali (Fig. 44C, E). The distal
border of the calcaneocuboid facet forms a lip that borders a
deep concavity on the medioplantar aspect of the bone and
plantar to the sustentaculum tali.

The peroneal process protrudes proximolaterally from the
lateroplantar edge of the calcaneus (Fig. 44A, C-E). It is small
and bulbous. A peroneal groove separates the peroneal process
from the proximal end of the calcaneus. In proximal view, a
ridge extends along the proximal surface of the calcaneus, bound-
ing the calcaneocuboid facet dorsolaterally (Fig. 44E). The
texture of this anterior ridge is smooth, but none of the tarsals
articulate with it. The anterior ridge is convex and ends at the
proximomedial extension of the calcaneofibular facet.

Navicular—The navicular articulates with the astragalus
proximally, the cuboid and ectocuneiform distolaterally, the
mesocuneiform distally, and the entocuneiform distomedially
(Figs. 39-42, 45). The long axis of the navicular is oriented
dorsolateral to medioplantar and is 15.7 mm in length along
this axis (Table 6). In proximal (or distal) view, the navicular
tapers plantarly (Fig. 45E, F). This tapering is exaggerated in
the left navicular, where the lateral aspect of the plantar tuber-
osity is missing. In the right navicular, the dorsal aspect is still
mediolaterally wider than the plantar aspect but the difference
is less extreme. Proximally, the navicular articulates with the
astragalus (Fig. 42). The astragalar articulation consists of
two deeply excavated and asymmetrical facets that receive
the trochleated navicular facet of the astragalus (Fig. 45E).
The lateral astragalar facet is dorsoplantarly deeper and med-
iolaterally wider than the medial astragalar facet. The medial
and lateral facets are separated by a well-defined midline
ridge here termed the navicular ridge (Fig. 45E). The navicular
ridge is more prominent on the dorsoproximal aspect of the
navicular and becomes shallower medioplantarly. The medial
astragalar facet gently slopes into the medial aspect of the
bone.

The dorsal aspect of the navicular is mediolaterally wider than
proximodistally tall. There is a shallow but large tuberosity in the
middle that is laterally bounded by a proximodistally oriented
sulcus, here termed the navicular sulcus (Fig. 45A). Lateral to
the navicular sulcus is the facet for the cuboid. The cuboid facet
is rectangular and slightly convex laterally (Fig. 45A), thus match-
ing its slightly concave counterpart on the cuboid. The distal
aspect of the navicular forms a small arc to articulate with the
entocuneiform and the mesocuneiform and distolaterally with
the ectocuneiform (Fig. 45A, F). The boundaries between the
facets are hardly discernible. The facet for the entocuneiform is
by far the largest cuneiform facet. It is triangular in shape and
extends medioplantarly along most of the length of the navicular.
Dorsally, the entocuneiform facet terminates at the medial end of
the dorsal tuberosity. The facet for the mesocuneiform is distally
oriented, slightly convex, and dorsoplantarly longer than medio-
laterally wide. The facet for the ectocuneiform is slightly convex
and distolaterally oriented. The plantar aspect of the navicular
bears a plantar tuberosity. The tuberosity is not as well preserved
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FIGURE 45. Left navicular of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, plantar (= ventral), D, lateral E, proximal, and F,
distal views. Abbreviations: fcu, facet for cuboid; fect, facet for ectocunei-
form; fent, facet for entocuneiform; fmes, facet for mesocuneiform; laf,
lateral astragalar facet; maf, medial astragalar facet; mar, navicular
ridge; mas, navicular sulcus; mnat, navicular tuberosity; pt, plantar
tuberosity.

in the left navicular, but the right navicular shows a sizable plantar
tuberosity (Figs. 39B, 41B, 45C).

Cuboid —The cuboid (Figs. 39-42, 46) articulates with the cal-
caneus proximolaterally, the navicular proximomedially, the ecto-
cuneiform medially, and the fourth and fifth metatarsals distally.
In dorsal view, the cuboid is roughly triangular in outline and
forms a wedge fitting between the calcaneus and the navicular
plus ectocuneiform (Fig. 42A). The dorsal surface is gently
concave and bears several small ridges that are associated with
articular facets for neighboring bones (Fig. 46A). The ridge
along the proximolateral edge represents the dorsal extent of
the calcaneocuboid facet. This ridge terminates at the dorsal
end of a sulcus that extends along the lateral aspect of the bone
(Fig. 46A, D). Medially, the ectocuneiform facet and the navicular
facet form two fine ridges on the dorsal surface of the cuboid (Fig.
46B). The proximal ridge is associated with the navicular facet
and ends roughly at mid-length of the cuboid. The distal ridge
curves laterally and is associated with the facet for the
ectocuneiform.

Laterally, the cuboid bears two facets, separated by the cuboid
sulcus in the middle, which is deeply excavated on the plantar side
and extends along the lateral aspect (Fig. 46D). Only a shallow
extension of the sulcus reaches the dorsal side of the bone. The
proximal facet, the facet for the calcaneus, is proximolaterally
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FIGURE 46. Left cuboid of Adalatherium hui, holotype (UA 9030), in A,
dorsal, B, medial, C, plantar (= ventral), D, lateral E, proximal, and F,
distal views. Abbreviations: cus, cuboid sulcus; fca, facet for calcaneus;
fect, facet for ectocuneiform; fmt, facet for metatarsal; fna, facet for
navicular.

oriented and extends along the dorsoplantar depth of the bone.
The facet is convex transversely and moderately convex dorsally.
Proximally, there is a fine ridge that separates the facet for the cal-
caneus from the facet for the navicular medially (Fig. 46E). Distal
to the calcaneal facet appears to be another facet (labeled ‘?fca’ in
Fig. 46A, D) that is approximately half as deep (dorsoplantarly)
as the facet for the calcaneus. It too probably articulated with
the calcaneus but is oriented dorsolaterally rather than strictly
laterally.

In medial view, the cuboid bears the navicular facet and the
ectocuneiform facet (Fig. 46B). The facet for the navicular is
concave laterally and faces proximomedially. It extends along
the dorsoplantar depth of the bone. The facet for the ectocunei-
form is damaged on the left bone and only partially exposed on
the right cuboid. It is divided into two parts: the proximal part
is flat and positioned distal to the navicular facet, whereas the
distal part is slightly concave and wraps around the medial
border of the cuboid onto its dorsal surface. The distal aspect of
the cuboid is roughly trapezoidal in outline and is almost as med-
iolaterally wide as it is dorsoplantarly deep (Fig. 46F). Its concave
surface presents facets for metatarsals IV and V. The two facets
are largely indistinguishable, except for a very shallow ridge
extending plantarly from the middle of the dorsal edge of the
cuboid (Fig. 46F). In plantar view, the cuboid sulcus, on the
lateral side of the bone, extends onto the plantar aspect,
forming a deep notch (Fig. 46C).
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Entocuneiform—The entocuneiform is damaged on the left
side but is well preserved on the right (Figs. 39-42); as such,
Figure 47 illustrates the mirrored right entocuneiform. The
bone is large and roughly rectangular in shape in medial or
lateral view (Fig. 47B, D). The long axis of the entocuneiform is
oriented dorsolateral to medioplantar; it is 12.5 mm dorsoplan-
tarly deep (Table 6).

The entocuneiform articulates with the navicular proximally,
the mesocuneiform laterally, metatarsal II distolaterally, and
metatarsal I distally (Fig. 42). The proximal aspect of the entocu-
neiform bears the concave articular facet for the navicular (Fig.
47E). The facet extends onto the base of the large plantar tuber-
osity. The medial aspect of the entocuneiform is convex and bears
a distinct concavity, here termed the entocuneiform sulcus, which
opens distally (Fig. 47B). The lateral aspect is concave dorsally
and convex plantarly, leading into the plantar tuberosity. On
the right pes, a shallow sulcus is visible on the lateral aspect of
the plantar tuberosity (Fig. 47D). The facet for the mesocunei-
form occupies the dorsolateral aspect of the entocuneiform;
only a small distal portion articulates with the proximomedial
corner of metatarsal II (Fig. 47A). The distal surface of the ento-
cuneiform articulates with metatarsal I. The lateral half of the
facet is convex, but the medial half is flat and would have accom-
modated the tuberosity at the proximomedial corner of metatar-
sal I in life.

Mesocuneiform —The mesocuneiform is damaged on the left
pes but is well preserved on the right pes (Figs. 39-42); as such,
Figure 48 shows the mirrored right mesocuneiform. The mesocu-
neiform is the smallest element of the tarsus; it is only 3.5 mm in
proximodistal length and 2.7 mm in mediolateral width (Table 6).

fmes B

FIGURE 47. Left entocuneiform (reversed from right side) of Adalather-
ium hui, holotype (UA 9030), in A, dorsal, B, medial, C, plantar (=
ventral), D, lateral E, proximal, and F, distal views. Abbreviations: ents,
entocuneiform sulcus; fmes, facet for mesocuneiform; fmt, facet for meta-
tarsal; fna, facet for navicular; pt, plantar tuberosity.



178

The mesocuneiform articulates with the navicular proximally, the
ectocuneiform laterally, the entocuneiform medially, and metatar-
sal II distally. The dorsal aspect of the bone is gently concave and
surrounded by fine lips (Fig. 48A). In the right pes, the mesocu-
neiform is not aligned distally with the ectocuneiform but is
more proximally positioned (Fig. 41A). The gently concave
facet for the navicular occupies the proximal aspect (Fig. 48E).
The facets for the neighboring cuneiforms on the lateral (for
the ectocuneiform) and medial (for the entocuneiform) aspects
are flat to gently convex. The facet for metatarsal II on the
distal aspect is deeply excavated and almost semicircular in
medial view (Fig. 48B). The plantar aspect of the bone is domi-
nated by a small plantar tuberosity (Fig. 48B-D).

Ectocuneiform—The ectocuneiform articulates with the navi-
cular proximally, the cuboid laterally, metatarsal III distally, and
the mesocuneiform medially. It is mediolaterally compressed
and proximodistally tall in dorsal (or plantar) view (Figs. 39-42,
49A, C). The dorsal surface is mediolaterally constricted at
mid-length, roughly resembling the shape of an hourglass (Fig.
49A). In proximal view, the navicular facet is gently concave
and faces slightly medially (Fig. 49E). On the lateral aspect, the
facet for the cuboid can be divided into a small and gently
convex proximal portion and a large and slightly concave distal
portion, which match its counterparts on the cuboid (Fig. 49D).
The medial aspect of the ectocuneiform is concave and bears
the facet for the mesocuneiform along its proximal margin (Fig.
49B). The distal aspect of the ectocuneiform presents the
concave facet for metatarsal III, which slightly narrows plantarly
(Fig. 49F). A large plantar tuberosity is visible in plantar view of
the right pes (Figs. 39B, 49C, D). It extends along the proximodis-
tal length of the plantar surface of the ectocuneiform.

Os Calcaris—The os calcaris is an element not commonly
present in the mammalian tarsus. The os calcaris is well preserved
in both tarsi of UA 9030 (Figs. 40, 42, 50). As preserved, it is
located distal to the posterior edge of the tibia and contacts the
astragalus anteriorly. In plantar view, the bone tapers distally,
with a blunt apex that is located laterally (Fig. S0C). Proximally,

FIGURE 48. Left mesocuneiform (reversed from right side) of Adalather-
ium hui, holotype (UA 9030), in A, dorsal, B, medial, C, plantar (=
ventral), D, lateral E, proximal, and F, distal views. Abbreviations: fect,
facet for ectocuneiform; fent, facet for entocuneiform; fmt, facet for meta-
tarsal; fna, facet for navicular; pt, plantar tuberosity.
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FIGURE 49. Left ectocuneiform (reversed from right side) of Adalather-
ium hui, holotype (UA 9030), in A, dorsal, B, medial, C, plantar (=
ventral), D, lateral E, proximal, and F, distal views. Abbreviations: fcu,
facet for cuboid; fmes, facet for mesocuneiform; fmt, facet for metatarsal,;
fna, facet for navicular; pt, plantar tuberosity.

the os calcaris expands into a comma-shaped process. The
rugose plantar aspect is convex. In dorsal view, the os calcaris is
gently concave, bearing articular facets for the astragalus (medi-
ally) and possibly for the fibula (laterally) (Fig. SOA). An ossified
cornu calcaris, the ossified core of the extratarsal spur, is not pre-
served in UA 9030; as such, it remains uncertain whether an
extratarsal spur was present in Adalatherium.

Metatarsals —Metatarsals (Mt) I-V of UA 9030 are well pre-
served on both sides, except for the proximal aspect of the left
Mt IIT (Figs. 39, 40, 42). Those of the left side were disarticulated
and are illustrated in Figure 51. The lengths of the metatarsals are
in the order Mt I <Mt V<Mt II < Mt III < Mt IV; conversely,
their robustness is in the opposite order (Table 7). Metatarsals
II, III, and IV are more similar to one another than each is to
Mt I or Mt V. The metatarsals form a moderate arch that is
convex dorsally when all the elements are articulated with their
facets tightly approximated, as shown for the left pes in Figure
42. They also form an arch proximally and distally, in dorsal or
ventral view (Figs. 39A, 42A).

The first metatarsal is a broad and somewhat dorsoventrally
compressed element (Fig. 51, top row). Its length is only about
half that of Mt II. The proximal facet for the entocuneiform is
asymmetrical, with the lateral half being gently concave and the
medial half being flat (Fig. 51E). Two tuberosities extend plan-
tarly from the articular facet for the entocuneiform (Fig. 51B).
The lateral tuberosity is dorsoplantarly long and mediolaterally
narrow, whereas the medial tuberosity is mediolaterally wide
and flat. The lateral tuberosity protrudes farther plantarly than
the medial tuberosity. Due to the presence of these prominent
tuberosities, the proximal end of Mt I expands plantarly and is
mediolaterally wider than the remainder of the bone. The
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FIGURE 50. Left os calcaris of Adalatherium hui, holotype (UA 9030), in
A, dorsal, B, medial, C, plantar (= ventral), D, lateral E, proximal, and F,
distal views. Abbreviations: fas, facet for astragalus; ffi, facet for fibula.

lateral aspect of the proximal end bears a small and flat facet for
Mt II. Both the medial and lateral edges of the bone are straight,
but they are not strictly parallel to one another. A small concavity
is present on the dorsomedial aspect of the proximal end (Fig.
S51A, B). In the articulated pes, this small concavity is aligned
with the fossa on the dorsodistal aspect of the entocuneiform
(Fig. 42A). The dorsal aspect of Mt I is concave near the distal
end before leading into the distal articular facet. The ventral
aspect of the bone is even more concave, delimited proximally
by the plantar tuberosities and distally by the distal articular
facet. The distal end is slightly narrower mediolaterally than the
shaft. Both the medial and lateral sides of the distal end are ellip-
tical in outline, with a shallow rugosity and depression in the
center. The distal articular facet is convex, extending onto the
dorsal and plantar aspects of the distal end, respectively. A
large sesamoid bone is preserved on the plantar aspect of the
distal end (Fig. 39B).

Metatarsals II to IV are slightly bowed dorsally, and markedly
more slender than Mt I (Fig. 51). The second and third metatar-
sals are slightly bent medially, whereas the shaft of Mt IV is
straight (Fig. 51B). The proximal facet on Mt II is almost
square in proximal view, and shallowly convex (Fig. 51E). A
slight groove extends dorsoplantarly in the center of the facet.
The proximal facets on Mt III and Mt IV are gently convex and
taper plantarly, particularly that on Mt IV (Fig. 51E). The
medial and lateral aspects of the proximal ends of all three
central metatarsals bear facets for intermetatarsal articulation
(Fig. 51C, D). The articular facet on Mt II for Mt I is gently
convex and faces medioplantarly. The proximomedial end of Mt
IT is notched to accommodate the distolateral corner of the ento-
cuneiform (Fig. 51A). Laterally, the articular facet on Mt II for Mt
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III is flat and semilunar in outline. Mt III is mediolaterally nar-
rower proximally than either Mt IT or Mt IV (Fig. 51A). The
medial and lateral intermetatarsal facets are only partly pre-
served on the left Mt III. Its narrow width is, however, confirmed
in its counterpart on the right side. Both intermetatarsal facets
appear to be flat and are either semilunar or triangular in
shape. On Mt IV, the medial facet for Mt III is small, triangular,
and flat, whereas the articular facet for Mt V is large, slightly
concave, and faces lateroplantarly. The distal ends of Mt II-Mt
IV are generally similar to that of Mt I. They differ, however, in
that they are wider mediolaterally than the shaft. A plantar tuber-
osity is present on the plantar aspects of the proximal ends of Mt
II-Mt IV.

Mt V has a dorsoplantarly compressed shaft and, compared
with those of Mt II-Mt IV, its proximal end is much more
expanded mediolaterally. Unlike the shafts of Mt I and Mt IV,
which are straight, and Mt II and Mt III, which are bowed medi-
ally, the shaft of Mt V is bowed laterally. The proximal aspect is
triangular in outline, having a large nonarticular surface lateral
to the facet for the cuboid (Fig. S1E). It is similar to Mt I in
having two proximal plantar tuberosities. However, it differs
from Mt I in that the lateral tuberosity, rather than the medial,
is expanded and protrudes laterally, forming a distinct process,
probably for attachment of the peroneus tendon. The medial
tuberosity is separated from the lateral tuberosity by a deep
notch on the plantar aspect (Fig. 51B). The distal end of Mt V
is similar to those of Mt II-Mt IV. Unique among the metatarsals,
the distal end of Mt V is rotated medially relative to the proximal
end. A pair of sesamoid bones is present on the plantar aspect of
the distal ends of Mt II-Mt V (Fig. 39B). Accordingly, a plantar
keel is present along the midline of the distal articular facet of
these metatarsals but is absent in Mt I (Fig. 51F).

Proximal Pedal Phalanges—The proximal pedal phalanges
(PPP) I-V of Adalatherium are well preserved on both pedes
(Figs. 39, 40), and their detailed morphology is depicted in the
disarticulated left side (Fig. 42). They are short and robust
elements. This is particularly true for PPP V, which is much
shorter and, because of that, relatively more robust than those
of digits I to IV. Overall, the proximal phalanges decrease in
length and increase in robustness from PPP I to PPP V, with
PPP III and PPP IV being approximately equal (Table 7; Fig.
52A). The proximal articular facets of all proximal phalanges
are concave, slightly slanted dorsally, and dorsoplantarly com-
pressed (Fig. 52). Small tuberosities are present along the later-
oplantar and medioplantar aspects of the proximal articular
facets (Fig. 52B). The shafts of the proximal phalanges are semi-
circular to bell-shaped in cross-section, being flat plantarly and
convex dorsally. The dorsal doming of the shaft decreases from
PPP 1I to PPP V; the shaft of PPP II is more circular, whereas
the shaft of PPP V is dorsoplantarly compressed and mediolater-
ally broad. In lateral (or medial) view, the shafts decrease in
dorsoplantar depth distally, leading to a triangular appearance
(Fig. 52C, D). In dorsal (or plantar) view, the shafts expand
toward the proximal and distal ends and are gently constricted
at mid-length (Fig. 52A, B). A depression is visible on the dor-
somedial (PPP II, PPP III) and dorsolateral (PPP III-PPP V)
aspects of the shafts just distal to the proximal articular facets.
The dorsomedial aspect of PPP III is damaged, and it is uncer-
tain whether a depression was present or not. The distal articular
facets are similar to each other in PPP II-PPP V, whereas the
distal facet of PPP I is naturally more similar to the distal articu-
lar facets of the intermediate phalanges. PPP I has a trochlea-
like distal facet, with more distinct medial and lateral ridges
and a central groove. A small nutrient foramen is present on
the plantar aspect of the shaft proximal to the distal facet. The
distal facets in PPP II-PPP V are dorsoplantarly convex and
extend onto the dorsal and plantar aspects of the phalanges
(Fig. 52F). In lateral view, the distal ends are elliptical in
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FIGURE 51. Left metatarsals (Mt) I-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, plantar (= ventral), C, medial, D, lateral E, proximal,
and F, distal views. Mt III is a composite reconstruction of left and right elements. Rows from top to bottom: Mt I, Mt II, Mt III, Mt IV, and Mt
V. Abbreviations: fcu, facet for cuboid; fect, facet for ectocuneiform; fent, facet for entocuneiform; fmes, facet for mesocuneiform; fmt, facet for meta-
tarsal; fomt, fossa on metatarsal; fppp, facet for proximal pedal phalanx; fses, facet for sesamoid; pk, plantar keel; pt, plantar tuberosity; ses, sesamoid.
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outline, with the long axis oriented dorsodistally to proximoplan-
tarly. The medial and lateral aspects of the distal ends slant
slightly toward the midline dorsally (Fig. 52A). Thus, the articu-
lar facets are narrower dorsally and wider plantarly in distal view
(Fig. 52F). A single large sesamoid bone is present on the
plantar aspects of the distal ends of PPP II-PPP V (Fig. 39B).
Two small sesamoid bones are present on the plantar aspect of
PPP I (Fig. 52A-D, F).

PPP II

PPP 1l

ses
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PPP IV

PPPV
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Intermediate Pedal Phalanges —The four intermediate pedal
phalanges (IPP) II-V are well preserved on both pedes (Figs.
39, 40). The disarticulated elements from the left side are depicted
in Figure 53. They are more than two-thirds of the length of the
corresponding proximal phalanges (Table 7). IPP II-IPP IV are
similar in appearance, whereas IPP V is proximodistally shorter.
The intermediate phalanges are generally similar to the proximal
phalanges in their overall gestalt. They differ from the proximal
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FIGURE 52. Left proximal pedal phalanges (PPP) I-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, plantar (= ventral), C, medial, D,
lateral, E, proximal, and F, distal views. Rows from top to bottom: PPP I, PPP II, PPP III, PPP IV, and PPP V. Abbreviations: fdpp, facet for distal
pedal phalanx; fipp, facet for intermediate pedal phalanx; fmt, facet for metatarsal; fses, facet for sesamoid; nf, nutrient foramen; pt, plantar tuberosity;

ses, sesamoid.
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FIGURE 53. Left intermediate pedal phalanges (IPP) II-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, plantar (= ventral), C, medial, D,
lateral, E, proximal, and F, distal views. Rows from top to bottom: IPP II, IPP III, IPP IV, and IPP V. Abbreviations: fdpp, facet for distal pedal phalanx;
fppp, facet for proximal pedal phalanx; nf, nutrient foramen; pt, plantar tuberosity.

phalanges, however, in that the distal articular facet on each forms
a trochlea, plantar sesamoid bones are absent, and there is a
nutrient foramen present on the plantar aspect just proximal to
the groove of the trochlea.

Distal Pedal Phalanges —The distal pedal phalanges (DPP) I-
V are well preserved on both pedes (Figs. 39, 40). Those from
the left side are disarticulated and shown in Figure 54. They are
more robust and longer (approximately 140-170%) than the
distal manual phalanges (Tables 7, 8; Figs. 33, 54). The extreme
length of the distal pedal phalanges is particularly evident in
the first digit. The distal phalanges are generally longer than
their respective proximal and intermediate phalanges, except
for DPP IIT and DPP IV, which are exceeded slightly in length
by PPP III and PPP IV (Table 7). The length of the distal pha-
langes decreases from medial to lateral, with DPP III and DPP
IV being subequal in length.

Generally, the distal pedal phalanges are similar in morphology
(Fig. 54). They are moderately curved, DPP I more so than the
others, and dorsoplantarly taller than mediolaterally wide. The
proximal facets are bell-shaped, with a nearly flat plantar base
(Fig. 54E). The medial and lateral facets form a trochlear notch
with a strong median ridge and surrounding raised lips. In
close-packed position (maximum articulation), the distal pha-
langes assume a position that is strongly flexed. The intermediate
and distal phalanges form an angle of almost 90° in flexion. The

extensor process on the dorsal aspect of the articular facet is mod-
erately developed and is directed proximally, preventing strong
hyperextension at the distal interphalangeal joint. The flexor
tubercle has a triangular outline and forms a rugose and slightly
raised surface distal to the plantar lip of the proximal facet (Fig.
54B). A fossa is developed in the middle of the tubercle and
just distal to the proximal lip. It contains a nutrient foramen
that is directed plantarly. The plantar aspect of the bone distal
to the flexor tubercle is gently convex. Fine ridges separate
the plantar aspect from the dorsolateral and dorsomedial
sides, respectively. There is a fine groove accompanying each
ridge on the dorsolateral and dorsomedial aspects of the pha-
langes (Fig. 54). The distal tip is sharp and slightly curved.
The cross-section of the DPPs at mid-length is bell-shaped,
with height subequal to width. The distal parts of the dorsal
aspects of the phalanges are rugose, indicating the attachment
of keratinous claws.

Pedal Sesamoid Bones—The locations of the pedal sesamoid
bones in UA 9030 are as follows: two sesamoid bones on the dis-
toplantar aspects of Mt II-Mt V and one sesamoid bone on the
distoplantar articulations of PPP II-PPP V (Fig. 39B). The first
digit diverges from this pattern, having one sesamoid for the
metatarsal and probably two smaller sesamoid bones for the
proximal phalanx (Figs. 39B, 41B). The paired sesamoids at the
distal ends of Mt II-Mt V are similar in morphology. Each
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FIGURE 54. Left distal pedal phalanges (DPP) I-V of Adalatherium hui, holotype (UA 9030), in A, dorsal, B, plantar (= ventral), C, medial, D, lateral,
E, proximal; and F, distal views. Rows from top to bottom: DPP I, DPP II, DPP I1I, DPP IV, and DPP V. Abbreviations: dpg, distal phalangeal groove;
exp, extensor process; fipp, facet for intermediate pedal phalanx; flxt, flexor tubercle; mr, median ridge; nf, nutrient foramen; pli, plantar lip.

individual bone is elliptical, proximodistally longer than either
mediolaterally wide or dorsoplantarly deep (Fig. 39B). The sesa-
moid of Mt I is the largest of all pedal sesamoids, covering the
whole width of its metatarsal (Figs. 39B, 41B). The sesamoid is
crescent-shaped in plantar view and convex plantarly. The
single sesamoids of PPP II-PPP V are compressed and squarish,
but notched at the distal edge (Fig. 39B). The sesamoid of PPP

I is somewhat ambiguous; two small sesamoid bones are visible
on the disarticulated left pes. They are elliptical and contact
each other in the midline of the articular facet. It is, however,
possible that the sesamoids were initially connected and formed
one sesamoid similar to the ones in the other digits. In either
case, the sesamoids of PPP I are smaller than the other single
sesamoids (Fig. 39B). Neither the left nor the right pes preserves
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TABLE 8. Limb indices of Adalatherium hui, holotype (UA 9030).

Brachial index RL/HL 0.65
Humeral robustness HMLW/HL 0.18
Humeral epicondylar breadth HEW/HL 0.29
Ulnar robustness UMLW/FUL 0.09
Olecranon length UOL/FUL 0.31
Manus proportions PMP3L/MC3L 0.55
Claw length index DMP3L/DPP3L 0.72
Crural index TL/FL 0.87
Femoral robustness FAPD/FL 0.11
Gluteal index FGT/FL 0.25
Femoral epicondylar breadth FEW/FL 0.22
Tibial robustness TMLW/TL 0.07
Tibial spine TSL/TL 0.18
Pes length index MT3L/FL 0.23
Intermembral index HL + RL/FL+TL 0.69

Abbreviations: DMP3L, distal manual phalanx III length; DPP3L, distal
pedal phalanx III length; FAPD, femur anteroposterior depth; FEW,
femur epicondylar width; FGT, femur greater trochanter height; FL,
femur length; FUL, functional ulnar length (ulnar length excluding
olecranon); HEW, humerus epicondyle width; HL, humerus length;
HMLW, humerus mediolateral width; MC3L, metacarpal III length;
MT3L, metatarsal I1I length; PMP3L, proximal manual phalanx III
length; RL, radius length; TL, tibia length; TMLW, tibia mediolateral
width; TSL, tibial tuberosity length; UMLW, ulna mediolateral width;
UOL, ulna olecranon length.

any sesamoids on the distoplantar aspect of the intermediate pha-
langes (Fig. 39B).

COMPARISONS
Postcranial Axial Skeleton

Atlas—Three-dimensionally preserved atlantes are only
known from a handful of early mammaliaforms, including the
morganucodontans  Morganucodon and  Megazostrodon
(Jenkins and Parrington, 1976; Gow, 1986); the eutriconodontan
Repenomamus (Hu, 2006); the multituberculates Nemegtbaatar,
Chulsanbaatar, and Kryptobaatar (Kielan-Jaworowska and
Gambaryan, 1994; Wible and Rougier, 2000); the stem therian
Vincelestes (Rougier, 1993); the eutherians Asioryctes, Kennalestes,
and Maelestes (Kielan-Jaworowska, 1977); and the metatherian
Pucadelphys (Marshall and Sigogneau-Russell, 1995). Several
other mammaliaforms preserve compressed and distorted
atlantes and are scored in the recent phylogenetic analyses
of Huttenlocker et al. (2018). These include Agilodocodon,
Megaconus, Maiopatagium, Vilevolodon, Rugosodon, Sinobaatar,
Yanoconodon, Jeholodens, Zhangheotherium, Maotherium,
Eomaia, and Juramaia. Furthermore, Jenkins et al. (1997)
indicated that the structure of the atlas arch in Haramiyavia
is similar to that of morganucodontids, but no illustrations
or further descriptions were presented, neither is the other
postcranial material scored in the most recent assessment of
Haramiyavia (Luo et al.,, 2015a). The well-preserved neural
arches of the atlas of Adalatherium therefore add significantly
to the limited sample of early mammaliaform atlantes.

Generally, the mammaliaform atlas is composed of four
elements: the left and right halves of the neural arch (including
the lamina and the pedicle), the intercentrum, and the centrum.
Within cynodonts, the four different parts of the atlas fuse to
varying degrees (Jenkins, 1969, 1971; Kemp, 1969). In the basal
cynodont Thrinaxodon, the four components are still completely
separate, whereas the atlantal centrum sutures with the axis to
form the odontoid process in Cynognathus, Diademodon,
Gomphognathus, Massetognathus, and Tritylodon (Broom, 1903;
Jenkins, 1971; Gaetano et al., 2017, 2018). The suture between
the atlantal centrum and the axis is, however, still visible in
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some of these forms. This incomplete fusion is also present in
Sinoconodon, Morganucodon, and Megazostrodon, as well as in
the eutriconodontan Jeholodens (Huttenlocker et al., 2018:char.
225). Huttenlocker et al. (2018) scored the odontoid process
(atlantal centrum) as completely fused with the axis in Xianshou,
Rugosodon, cimolodontans, Gobiconodon, Repenomamus,
Yanoconodon, and Zhangheotherium, among others. In addition,
Han et al. (2017:char. 217) provided evidence that the odontoid
process is fused with the axis in Shenshou (scored ‘?” in Hutten-
locker et al., 2018) and Arboroharamiya allinhopsoni (not
included in Huttenlocker et al., 2018). In Adalatherium, the odon-
toid process is not well preserved but appears to be at least par-
tially fused with the axis.

In extant mammals, the intercentrum fuses with the neural arch
to form a ring-like structure (Lessertisseur and Saban, 1967,
Kemp, 1969; Jenkins, 1971). This fusion is present in a few early
mammaliaforms, including Rugosodon (Huttenlocker et al.,
2018:char. 222), Zhangheotherium (Bi et al., 2018:char. 338),
Eomaia (Bi et al., 2018:char. 338), and Juramaia (Bi et al., 2018:
char. 338), but is absent in Morganucodon, Megazostrodon,
eutriconodontans, Adalatherium, Maiopatagium, Vilevolodon,
Vincelestes, Kennalestes, Asioryctes, and Pucadelphys (O’Leary
et al., 2013:char. 2743; Bi et al., 2018:char. 338; Huttenlocker
et al., 2018:char. 222; note that Pucadelphys is scored as fused
in Huttenlocker et al. [2018] but as unfused in O’Leary et al.
[2013] and Bi et al. [2018]). As is the case in UA 9030, in most
of these taxa the intercentrum itself is not preserved, but rather
assumed to have been present based on the attachment scars on
the neural arches of the atlas.

In addition, the two halves of the neural arch fuse in extant
mammals (O’Leary et al., 2013:char. 2745). Jenkins and Parring-
ton (1976) argued that the neural hemiarches were likely unfused
in Morganucodon and Megazostrodon, which was later supported
by the description of unfused hemiarches in Megazostrodon by
Gow (1986). The two halves of the neural arch appear to be
unfused in Chulsanbaatar (ZPAL MgM-1/111; Kielan-Jawor-
owska and Gambaryan, 1994:fig. 20c), and only one half of the
neural arch is preserved in Nemegtbaatar (ZPAL MgM-1/81,
ZPAL MgM-1/82; Kielan-Jaworowska and Gambaryan, 1994:fig.
8b-d) and Kryptobaatar (PSS-MAE 101; Wible and Rougier,
2000:fig.16), suggesting that the hemiarches remained unfused
in multituberculates. In the eutriconodontan Yanoconodon, the
neural hemiarches are unfused (Chen et al., 2017), whereas
they are fused in adult Repenomamus (Hu, 2006). Note that Hu
(2006) described the neural arches as separated in a juvenile
specimen of Repenomamus. The halves of the neural arches are
fused in Zhangheotherium and in stem and early therians with
the exception of Vincelestes (Rougier, 1993), Maelestes, and
Pucadelphys (O’Leary et al., 2013:char. 2745). In the subadult
holotype (UA 9030) of Adalatherium hui, it is uncertain
whether the neural arches were fused. The dorsal margins of
both halves are not preserved, and the remaining parts were sep-
arated and dislocated. It is possible that the neural halves were
unfused and would have synostosed completely only later in
life, similar to the pattern seen in Repenomamus (Hu, 2006).

The lamina of the neural arch of Adalatherium is broad,
similar to that of Morganucodon (Jenkins and Parrington,
1976), whereas the lamina is more slender in Repenomamus
(Hu, 2006). In both Morganucodon (Jenkins and Parrington,
1976) and Repenomamus (Hu, 2006), a distinct groove separates
the lamina from the cranial articular facet, whereas the groove is
much more shallow in Adalatherium.

Axis—The axis is poorly preserved in UA 9030 and only
allows for limited comparison. Parts of the spinous process and
lamina, as well as a questionable odontoid process, are present
in UA 9030. In general, three-dimensionally preserved axes
are rare in non-therian mammaliaforms, only being present in
Morganucodon (centra of C1 and C2; Jenkins and Parrington,
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1976), Megazostrodon (Gow, 1986), Repenomamus (Hu, 2006),
Gobiconodon (centrum of CIl; Jenkins and Schaff, 1988),
Nemegtbaatar (Kielan-Jaworowska and Gambaryan, 1994),
Chulsanbaatar (Kielan-Jaworowska and Gambaryan, 1994),
Kryptobaatar (Kielan-Jaworowska and Gambaryan, 1994;
Sereno and McKenna, 1995; Wible and Rougier, 2000),
?Lambdopsalis (centra of C1 and C2; Kielan-Jaworowska and
Qi, 1990), an unidentified taeniolabidoid (Kielan-Jaworowska,
1989), Litovoi (centrum of C2; Csiki-Sava et al., 2018), and
Vincelestes (Rougier, 1993). Compressed and partially preserved
axes are known for Megaconus (Zhou et al., 2013); the euhara-
miyidans Arboroharamiya allinhopsoni, Maiopatagium, Qishou,
Shenshou, Vilevolodon, and Xianshou (Bi et al., 2014; Han et al.,
2017; Luo et al., 2017; Meng et al., 2017, Mao and Meng, 2019);
the multituberculates Sinobaatar, Rugosodon, and Jeholbaatar
(Hu and Wang, 2002; Yuan et al., 2013, Wang et al., 2019); the
eutriconodontans Yanoconodon, Liaoconodon, Jeholodens, and
Spinolestes (Ji et al., 1999; Meng et al., 2011; Martin et al., 2015;
Chen et al., 2017); and the spalacotherioids Zhangheotherium
and Maotherium (Hu et al., 1997; Rougier et al., 2003).

The axis of Adalatherium generally appears more robust than
the axes of Nemegtbaatar and Chulsanbaatar (Kielan-Jawor-
owska and Gambaryan, 1994) and is more similar in shape to
that of Kryptobaatar (Sereno, 2006), but less robust than that of
Repenomamus (Hu, 2006). The spinous process is short and
stout in Nemegtbaatar and Chulsanbaatar, but greatly expanded
in Repenomamus and Vincelestes. It is uncertain whether a
large, expanded spinous process was present in Adalatherium.
The odontoid process appears long and slender in Adalatherium,
whereas it is short and more bulbous in Morganucodon (Jenkins
and Parrington, 1976:fig. 1g) and the multituberculates
Kryptobaatar (Sereno, 2006:fig. 10.3), Nemegtbaatar (Kielan-
Jaworowska and Gambaryan, 1994:fig. 9), Chulsanbaatar
(Kielan-Jaworowska and Gambaryan, 1994:fig. 20), and an
unidentified taeniolabidoid (Kielan-Jaworowska, 1989:fig. 1).
The odontoid process appears slightly longer in Repenomamus
(Hu, 2006:figs. 3.1-3.5).

It is uncertain whether axial ribs are present in Adalatherium.
Axial ribs are scored as present in Morganucodon, Megazostrodon,
monotremes,  Repenomamus,  Yanoconodon,  Jeholodens,
Zhangheotherium, and  Maotherium  and  absent in
Arboroharamiya allinhopsoni, Maiopatagium, Shenshou (scored
‘? in Huttenlocker et al.,, 2018), Vilevolodon, Xianshou,
Rugosodon, Sinobaatar,cimolodontan multituberculates, and ther-
ians (Han etal.,2017:char. 218; Huttenlocker et al.,2018:char. 226).
However, Kielan-Jaworowska and Gambaryan (1994) noted the
presence of axial ribs in Chulsanbaatar and Nemegtbaatar,
whereas they appear to be absent or fused to the transverse pro-
cesses in an unidentified taeniolabidoid.

Postaxial Cervical Vertebrae—The postaxial cervical vertebrae
are only partially preserved in UA 9030 and are of limited use
for comparison. Most interestingly, Adalatherium possesses ribs
on at least the posterior cervical vertebrae. Facets on the transverse
processes of C4-C7 indicate that the ribs remained unfused in
Adalatherium. Postaxial cervical ribs are scored by Huttenlocker
et al. (2018:char. 228) as present and separate in Morganucodon,
Megazostrodon,  Megaconus,  Maiopatagium, Vilevolodon,
Gobiconodon,  Repenomamus, Yanoconodon, Jeholodens,
Zhangheotherium (scored as fused in O’Leary et al. [2013:char.
2785] but unfused in Bi et al. [2018:char. 342]), and Maotherium.
In contrast, cervical ribs are scored as fused in Xianshou (Han
et al. [2017] and Luo et al. [2017]; but ‘?” in Huttenlocker et al.
[2018]), Shenshou (Han et al. [2017]; but *?” in Luo et al. [2017]
and Huttenlocker et al. [2018]), Arboroharamiya allinhopsoni
(Han et al., 2017), Jeholbaatar (Wang et al., 2019), Rugosodon,
Sinobaatar, cimolodontans, Vincelestes (note that the rib of C7
seems incompletely fused in Rougier, 1993:fig. 67), and therians.
However, Kielan-Jaworowska and Gambaryan (1994) reported
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the presence of cervical ribs in the multituberculates Nemegtbaatar
and Chulsanbaatar but concluded that they were likely absent
or fused to the transverse process in an unidentified taeniolabidoid.
Bolortsetseg (2008) described fused cervical ribs for Mangasbaatar
(= Udan multituberculate). Similar to Nemegtbaatar and
Repenomamus, Adalatherium exhibits a robust and cylindrical
dorsal root of the transverse process that extends ventrolaterally
and posteriorly. In all three taxa, the dorsal root of C7 is larger
and shorter than those of more anterior cervicals. A robust
ventral root arising from the vertebral body, as seen in
Nemegtbaatar and Repenomamus, was possibly also present in
Adalatherium but is not preserved in UA 9030.

The laminae of the cervical vertebrae in Adalatherium are dor-
soventrally tall and decrease in width posteriorly, similar to those
of Nemegtbaatar, whereas the laminae appear more robust in
Repenomamus (Hu, 2006:fig. 3.5). Similar to multituberculates
and Repenomamus, the prezygapophyses are large and extend
much farther anteriorly in Adalatherium than those of Vincelestes
(Rougier, 1993:figs. 65-67).

Thoracolumbar Vertebrae —The thoracic and lumbar vertebrae
are compared here as one unit because the regions are not clearly
differentiated in all Mammaliaformes. Different studies have used
different characteristics to identify thoracic versus lumbar ver-
tebrae (e.g., orientation of zygapophyses, mobile ribs, shape and
size of ribs, or shape and size of vertebral bodies), thus making
it difficult to compare counts in these regions. Furthermore,
several Mesozoic mammaliaforms are characterized as retaining
mobile lumbar ribs, as is the case in Megaconus; the docodontans
Microdocodon, Agilodocodon, and Docofossor; the eutri-
conodontans Gobiconodon, Repenomamus, Yanoconodon,
Liaoconodon, and Spinolestes (but not in Jeholodens and
Chaoyangodens); and the spalacotherioid Akidolestes (Jenkins
and Schaff, 1988; Hu et al., 1997; Ji et al., 1999; Rougier et al.,
2003; Hu, 2006; Meng et al., 2011; Chen and Luo, 2013; Zhou
et al., 2013, 2019; Hou and Meng, 2014; Luo et al., 2015b;
Martin et al., 2015; Meng et al., 2015; Chen et al., 2017). The
lumbar ribs are fused to the vertebrae to form transverse
processes in Arboroharamiya, Qishou, Shenshou, Vilevolodon,
Xianshou, multituberculates, Zhangheotherium, Maotherium,
and cladotherians (Huttenlocker et al., 2018:char. 234; Mao
and Meng, 2019; Wang et al., 2019). Huttenlocker et al. (2018)
also scored the lumbar ribs as fused in Morganucodon,
Megazostrodon, and Maiopatagium. Jenkins and Parrington
(1976) mention short transverse processes on the vertebrae
of Morganucodon and Megazostrodon that they identify as
possibly lumbar but also state that the area is poorly preserved.
As such, the condition in morganucodontans is here regarded
as unknown. Furthermore, Meng et al. (2017:S9) identify
15 dorsal vertebrae with mobile ribs in Maiopatagium but
placed the thoracolumbar transition at dorsal vertebra 13 based
on “vertebral body and neural arch features” and at dorsal ver-
tebrae 12-13 based on zygapophyseal orientation (the diaphrag-
matic vertebra). Hence, at least the anterior two lumbar
vertebrae would have had mobile ribs in Maiopatagium.
Clearly, scoring the presence or absence of lumbar ribs is
influenced by the criteria used to define the thoracolumbar
transition. If thoracic vertebrae are identified based on the
presence of mobile ribs, as is the case for many Mesozoic
mammaliaforms (see below), then, by default, all dorsal vertebrae
that have ribs are thoracic and all dorsal vertebrae without ribs
are lumbar.

The number of thoracolumbar vertebrae varies greatly among
Mesozoic mammaliaforms. However, no Mesozoic mammalia-
form known to date reaches a count as high as in Adalatherium,
which has at least 28 dorsal vertebrae, divided into 16 thoracics
and 12 lumbars based on rib morphology. A high number of thor-
acolumbar vertebrae is otherwise known for eutriconodontans,
with 26 vertebrae in Repenomamus (20+6, based on rib
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morphology; Hu, 2006), 26 in Liaoconodon (18 + 8, criterion not
specified; Meng et al., 2011), 25 in Yanoconodon (14 + 11, based
on zygapophyses; Chen et al., 2017), 23 in Spinolestes (16 +7,
based on zygapophyses; Martin et al., 2015), and 22 in Jeholodens
(15 +7, criterion not specified; Ji et al., 1999:fig. 1). Megaconus
likewise exhibits a high thoracolumbar count of 24 vertebrae
(15 +9, criterion not specified; Zhou et al., 2013), whereas the
count is lower in the docodontan Microdocodon with 20 ver-
tebrae (13 +7, based on fossae around intervertebral foramina;
Zhou et al., 2019); the shuotheriid Pseudotribos with 22 vertebrae
(16 + 6, based on zygapophyses; Luo et al., 2007); the euharamiyi-
dans Vilevolodon with 22 (15+7, based on rib morphology;
Luo et al., 2017), Maiopatagium with 21 (13+8, based on
neural arch/lamina; Meng et al., 2017), Arboroharamiya with 19
(13+6, based on rib morphology; Han et al., 2017), and
Qishou, Shenshou, and Xianshou with 19 (13+6, based on
zygapophyses and rib morphology; Bi et al., 2014; note that
JZT-CKO05 [Qishou sp.] possibly has as many as 14 ribs); the spa-
lacotherioids Maotherium with 22 (15 + 7, criterion not specified
but likely rib morphology; Rougier et al., 2003), Akidolestes
with 19 (13 +6, based on zygapophyseal orientation, vertebral
body and rib shape; Chen and Luo, 2013), and Zhangheotherium
with 18 (13 + 5, criterion not specified but likely rib morphology;
Hu et al., 1997:fig. 1); and the eutherian Eomaia with 19 vertebrae
(13 + 6, criterion not specified but likely rib morphology; Ji et al.,
2002:fig. 1). The docodontan Castorocauda was originally esti-
mated to have only 20 or 21 (14+6 [Ji et al., 2006:1126] or 7
[1126]), based on rib and vertebral body morphology) thoraco-
lumbar vertebrae, but this was revised by Chen and Luo (2013)
to 23 (17 + 6, criterion not specified). To date, Rugosodon pro-
vides the only exact count for multituberculates with 19 dorsal
vertebrae (13 +6, criterion not specified but likely rib mor-
phology; Yuan et al., 2013:fig. 1). The number of dorsal vertebrae
is uncertain in other well-preserved multituberculates such as
Kryptobaatar, Chulsanbaatar, Nemegtbaatar, and Ptilodus.
Kielan-Jaworowska and Gambaryan (1994) suggested a count
of 19 dorsal vertebrae (12 + 7, criterion not specified but likely
rib morphology) for Chulsanbaatar. At least six lumbar vertebrae
are known for Nemegtbaatar (Kielan-Jaworowska and Gambar-
yan, 1994; note that the authors assigned these to L2-L7),
seven for Ptilodus (Krause and Jenkins, 1983), and eight for
Kryptobaatar (Bolortsetseg, 2008).

Sénchez-Villagra et al. (2007) reconstructed the ancestral thor-
acolumbar count for the Mammalia and Theria nodes as 19. Many
extant mammals indeed have 19 thoracolumbar vertebrae,
although Afrotheria (20-31), Xenarthra (14-29), and Perissodac-
tyla (22-24) provide some of the most notable exceptions (e.g.,
Narita and Kuratani, 2005; Sanchez-Villagra et al., 2007). The
thoracolumbar vertebral counts tend, on average, to be higher
in extinct non-therian mammaliaforms (ranging from 18 to 28)
than the reconstructed ancestral state of 19 based on extant
mammals. In any case, Adalatherium is exceptional in not only
having more thoracolumbar vertebrae than in any known Meso-
zoic mammaliaform but also in being equaled or exceeded among
Recent mammals by only the hyracoids Dendrohyrax (three
species; 29-31 in Sdnchez-Villagra et al., 2007:appendix; 27-30
in Asher et al., 2011:appendix) and Procavia (one species; 27—
32 in Asher et al., 2011:appendix) and the sloth Choloepus (two
species; 26-28 in Hautier et al., 2010:data set S04; 24-27 in
Asher et al.,, 2011:appendix). Furthermore, Adalatherium is
unique in having a lumbar vertebral count of 12, which exceeds
that of any other mammaliaform, extinct or extant (Schultz,
1961; Narita and Kuratani, 2005; Sanchez-Villagra et al., 2007;
Hautier et al., 2010; Asher et al., 2011; Galis et al., 2014; Kawa-
shima et al., 2018).

Adalatherium further differs from many Mesozoic mammalia-
forms in that the thoracic and lumbar vertebrae are very distinct
in morphology and size. Even though the changes occur gradually
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along the thoracolumbar vertebral column, the morphological
disparity is impressive. The bodies of the posterior lumbar ver-
tebrae are ~1.5 times wider transversely than posterior thoracic
or anterior lumbar vertebrae (e.g., L1=~10.5mm vs. L8=
15.8 mm). The vertebral bodies barely change in size and
are only slightly enlarged in the lumbar regions of the doco-
dontan Microdocodon (Zhou et al., 2019); the eutriconodontans
Jeholodens, Yanoconodon (posterior dorsal vertebrae are slightly
larger), Liaoconodon, and Repenomamus (Ji et al., 1999; Hu,
2006; Meng et al., 2011; Chen et al., 2017); the euharamiyidans
Qishou, Shenshou, and Xianshou (Bi et al., 2014; Mao and
Meng, 2019); the spalacotherioid Akidolestes (Chen and Luo,
2013); the multituberculate Rugosodon (Yuan et al., 2013); and
the basal therians FEomaia, Ukhaatherium, and Asiatherium
(Szalay and Trofimov, 1996; Ji et al., 2002; Horovitz, 2003).
Slightly more differentiated dorsal vertebrae can be seen in
Megaconus (Zhou et al., 2013), and even more so in the multitu-
berculates Kryptobaatar and Ptilodus (Krause and Jenkins, 1983;
Bolortsetseg, 2008) and the spalacotherioids Zhangheotherium
and Maotherium (Hu et al., 1997; Rougier et al., 2003).

The spinous processes are dorsoventrally tall for all dorsal
vertebrae in Adalatherium, but they are more slender and
pointed in anterior thoracic vertebrae and robust and dorsally
expanded in lumbar vertebrae. Few Mesozoic mammaliaforms
preserve the spinous processes as pristinely as in UA 9030. In
particular, for the flattened specimens, the dorsal aspect of the
vertebral column is often exposed only in certain sections, and
even if the spinous processes are visible they might only be
partially interpretable (e.g., exposed in direct dorsal view,
which preserves the outline of the spinous process but not
the height or orientation). Even when preserved in lateral
view, favorable for documenting the height and orientation
of the spinous process, they are oftentimes too damaged to
evaluate details of morphology. This disparity in preservation
limits meaningful comparison.

The spinous processes are well preserved in Repenomamus;
they are similar to those of Adalatherium in being dorsoventrally
tall and anteroposteriorly more slender in anterior thoracic ver-
tebrae and robust in more posterior thoracolumbar vertebrae
(Hu, 2006). A similar pattern can be seen in Gobiconodon;
Jenkins and Schaff (1988) reconstructed the anterior spinous pro-
cesses as slender and tall, whereas the posterior processes are
anteroposteriorly long and robust. The thoracic spinous processes
appear low and broad in the eutriconodontans Yanoconodon
(Chen et al., 2017) and Liaoconodon (Meng et al., 2011); the mul-
tituberculates Rugosodon (Yuan et al., 2013) and Ptilodus (Krause
and Jenkins, 1983); the spalacotherioids Zhangheotherium (in the
last thoracic vertebra; Luo and Ji, 2005) and Akidolestes (Chen
and Luo, 2013); and the therians Eomaia (Ji et al., 2002) and
Asiatherium (Szalay and Trofimov, 1996). The spinous processes
are dorsoventrally tall and slender in the anterior thoracic
region of Ukhaatherium but are described as short and low in
the posterior thoracic vertebrae (Horovitz, 2003).

The spinous processes of lumbar vertebrae are uniformly
low and anteroposteriorly long in Megaconus; the docodontan
Microdocodon (Zhou et al., 2019); the euharamiyidans Qishou,
Shenshou, and Maiopatagium; the eutriconodontans Jeholodens
(Ji et al., 1999:fig. 1) and Yanoconodon (Chen et al., 2017); and
the therians Eomaia (Ji et al., 2002:fig. 1) and Asiatherium
(Szalay and Trofimov, 1996), whereas a steady increase in size
posteriorly can be observed in Zhangheotherium (Hu et al.,
1997). The spinous processes are also dorsoventrally tall and
slender in posterior lumbar vertebrae of Ukhaatherium (Horo-
vitz, 2003) and Zalambdalestes (Novacek et al., 1997). In multitu-
berculates, the spinous processes remain low and uniform in
Rugosodon (Yuan et al., 2013) but become slender and more
erect in more posterior vertebrae in Ptilodus (Krause and
Jenkins, 1983). In Kryptobaatar, at least the last lumbar vertebra
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bears a long spinous process; unfortunately, the anterior ones are
broken (Bolortsetseg, 2008).

The orientation of the spinous processes remains approxi-
mately the same along the thoracolumbar column in the eutrico-
nodontans Gobiconodon and Repenomamus (Jenkins and Schaff,
1988; Hu, 2006). In Adalatherium, as well as in most other Meso-
zoic mammaliaforms that preserve substantial parts of the thora-
columbar column, the orientation of the spinous processes
changes from posteriorly inclined to anteriorly inclined at the
anticlinal vertebra. In Adalatherium, the anticlinal vertebra is
positioned at L4 (or dorsal vertebra 20 of 28), posterior to the
thoracolumbar transition. The anticlinal vertebra is also more
posteriorly positioned in Megaconus (dorsal vertebra 21 of 24;
Zhou et al., 2013), Microdocodon (dorsal vertebra 18 of 20;
Zhou et al., 2019), Shenshou (dorsal vertebra 17 of 19; Bi et al.,
2014), Maiopatagium (dorsal vertebra 19 or 20 of 21; Meng
et al., 2017), and Pucadelphys (dorsal vertebra 15 of 19; Marshall
and Sigogneau-Russell, 1995). A lumbar anticlinal vertebra might
also occur in Zalambdalestes; even though the number of lumbar
vertebrae, and thus the exact position of the anticlinal vertebra, is
uncertain, a clear change in orientation of the spinous processes
can be seen in the lumbar region (Novacek et al., 1997:fig. 3).
In contrast, Huttenlocker et al. (2018:char. 233) scored the anticli-
nal vertebra as more anteriorly positioned relative to the thoraco-
lumbar transition in Rugosodon (dorsal vertebra 10 of 19; Yuan
et al., 2013), Sinobaatar, cimolodontans, Zhangheotherium,
Eomaia (scored as not presently available in O’Leary et al,,
2013:char. 2838), Sinodelphys, and Asiatherium. Furthermore,
Krause and Jenkins (1983) concluded that the anticlinal vertebra
must have been anterior to the penultimate thoracic in the Paleo-
cene multituberculate Ptilodus, which is consistent with the con-
dition reconstructed for Nemegtbaatar (Kielan-Jaworowska and
Gambaryan, 1994:fig. 45)

The transverse processes in the lumbar series are extremely
long and anterolaterally directed in Adalatherium, and distinct
from the short processes of anterior thoracics. Long and antero-
laterally directed lumbar transverse processes are also known for
several multituberculates, namely, Kryptobaatar, Nemegtbaatar,
and Ptilodus (Krause and Jenkins, 1983; Kielan-Jaworowska
and Gambaryan, 1994; Bolortsetseg, 2008). However, these
differ from Adalatherium in that they are much broader at the
base and gradually increase in length posteriorly. The transverse
processes of Adalatherium are slender and already very long at
L3; only the first two lumbar vertebrae bear shorter transverse
processes. In contrast, in taxa that retain mobile lumbar ribs,
the ribs generally decrease in size posteriorly and are often
absent in the most posterior vertebrae. This is the case for the
docodontans Microdocodon and Docofossor; the eutriconodon-
tans Yanoconodon, Liaoconodon, and Repenomamus; and the
spalacotherioid Akidolestes (Hu, 2006; Meng et al., 2011; Chen
and Luo, 2013; Luo et al., 2015b; Chen et al., 2017; Zhou et al.,
2019). The transverse processes are short and posteriorly directed
in the eutriconodontan Jeholodens (Ji et al., 1999) and the euhar-
amiyidans Qishou, Shenshou, and Maiopatagium, slightly longer
and laterally directed in Maotherium, Zhangheotherium, and
Eomaia (Ji et al., 2002; Rougier et al., 2003; Luo and Ji, 2005),
and long and slender in Zalambdalestes (Novacek et al., 1997).

Caudal Vertebrae— Among Mesozoic mammaliaforms, com-
plete tails are only preserved in the docodontan Castorocauda
(Ji et al., 2006); the eutriconodontans Jeholodens, Spinolestes,
and Liaoconodon (Ji et al., 1999; Meng et al., 2011; Martin et al.,
2015); the euharamiyidans Qishou and Arboroharamiya
allinhopsoni (Han et al., 2017; Mao and Meng, 2019); the spala-
cotherioid Maotherium (Rougier et al., 2003); and the eutherian
Eomaia (Ji et al., 2002). Nearly complete tail skeletons are
known for the docodontan Microdocodon (Zhou et al., 2019);
the euharamiyidans Arboroharamiya jenkinsi, Shenshou, and
Xianshou songae (Zheng et al., 2013; Bi et al., 2014); the
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eutriconodontan Repenomamus (Hu, 2006); the multituberculate
Ptilodus (Krause and Jenkins, 1983; Jenkins and Krause, 1983);
and the spalacotherioid Akidolestes (Li and Luo, 2006; Chen and
Luo, 2013).

Adalatherium has atleast 24 caudal vertebrae; the sacral region is
poorly preserved, and it is uncertain whether any caudal vertebrae
were present anterior to the preserved vertebrae in the caudal
series. With at least 24 caudal vertebrae, Adalatherium is similar
to other Mesozoic mammaliaforms that preserve complete tail skel-
etons, such as Qishou with 22 caudal vertebraec (Mao and Meng,
2019), Arboroharamiya allinhopsoni with at least 22 (Han et al.,
2017), Maotherium with 22 (Rougier et al., 2003), Spinolestes with
22 (Martin et al., 2015), Liaoconodon with 23 (Meng et al., 2011),
Eomaia with 25 (Ji et al., 2002), and Castorocauda with 25 (Ji
et al., 2006). Jeholodens, with 30, has a considerably higher count
of caudal vertebrae (Ji et al., 1999). Based on an almost complete
tail skeleton in the multituberculate Ptilodus, Krause and Jenkins
(1983) estimated the number of caudal vertebrae at 24-28. The
tail is much shorter in extant monotremes, with 13-20 vertebrae.

Despite the similar caudal vertebral count, the tail in
Adalatherium is unusual relative to those of other early mamma-
liaforms in being extremely short, only about half of the length of
the thoracolumbar series and thus much shorter than its body
length (from tip of snout to sacrum). In contrast, the tail is
longer than the body in Jeholodens, Qishou, Shenshou, Xianshou,
Eomaia, and likely Ptilodus (Krause and Jenkins, 1983; Jenkins
and Krause, 1983; Ji et al., 1999, 2002; Bi et al., 2014). Even the
partially preserved tails of Microdocodon and Arboroharamiya
are longer than their bodies (Zheng et al., 2013; Zhou et al.,
2019). The tail is similar in length to the body in Castorocauda,
Liaoconodon, Maotherium, and probably Repenomamus and
Akidolestes, despite the fact that the tails in the latter two taxa
might be missing several distal caudal vertebrae (Rougier et al.,
2003; Hu, 2006; Ji et al., 2006; Meng et al., 2011; Chen and Luo,
2013).

Adalatherium is unique among these early mammaliaforms in
that almost all of the caudal vertebrae are transversely wider
than anteroposteriorly long; only the three distal-most caudals
differ. In many early mammaliaforms, the first few vertebrae
are wider than long but the more posterior vertebrae are cylind-
rical, narrow, and elongate. Longer than wide bodies of the caudal
vertebrae can be seen from Ca3 onward in Qishou (Bi et al., 2014:
ED fig. 4, Mao and Meng, 2019:fig. 1); from Ca4 onward in
Arboroharamiya allinhopsoni (Han et al., 2017:fig. 1); from Ca6
onward in Arboroharamiya jenkinsi, Maotherium, FEomaia,
Jeholodens, and Liaoconodon (Ji et al., 1999:fig. 1, 2002:fig. 1;
Rougier et al., 2003:pl. I; Meng et al., 2011:fig. 1; Zheng et al.,
2013:fig. 1); and from Ca8 onward in Repenomamus and
Castorocauda (Hu, 2006:fig. 3.16; Ji et al., 2006:fig. 1). In Ptilodus
and Akidolestes, all preserved caudal vertebrae appear antero-
posteriorly longer than they are transversely wide (Krause and
Jenkins, 1983:figs. 1, 2; Chen and Luo, 2013:fig. 2).

In Adalatherium, the transverse processes are transversely
wide and relatively slender in the anterior caudals (up to Ca9)
and gradually decrease in transverse width but become
anteroposteriorly longer until Cal2. A faint double transverse
process is developed on Cal4 and more posterior vertebrae in
Adalatherium. Prominent double transverse processes are also
present in Castorocauda (Ji et al., 2006), but these are well
defined and differ greatly from the condition in Adalatherium.
Definitive transverse processes are present in the first nine
caudal vertebrae of Repenomamus (Hu, 2006), the first six
caudal vertebrae of Arboroharamiya jenkinsi (Zheng et al.,
2013:fig. 1), the first five caudal vertebrae of Ptilodus (Krause
and Jenkins, 1983), the first five caudal vertebrae of Akidolestes
(Chen and Luo, 2013:fig. 2), likely present in the first three
caudal vertebrae of Maotherium (Rougier et al., 2003:pl. I), and
at least in some anterior caudal vertebrae in Arboroharamiya
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allinhopsoni, Maiopatagium, and Qishou. Caudal transverse pro-
cesses appear less developed in Xianshou songae (Bi et al., 2014:
ED fig. 1) and are certainly absent posterior to Ca6 in Eomaia (Ji
et al., 2002:fig. 1).

Sternal Apparatus and Interclavicle—The anterior-most
sternal element (manubrium) and the interclavicle will be dis-
cussed together because identification of these elements is not
always obvious in fossil taxa. Among extant mammals, only
monotremes retain the interclavicle as a separate bone, whereas
parts of the interclavicle fuse with the manubrium in therians
(Klima 1973, 1987; Vickaryous and Hall, 2006). Klima (1973,
1987) detailed homologies of the interclavicle and manubrium,
and his nomenclature and identification are followed here. We
do, however, note that homologies might need to be revised in
the future based on recent, still unpublished studies by Buchholtz
et al. (2018). Understanding the developmental history of the
interclavicle can aid in identification of homologous structures
in the fossil record. In short, in monotremes, the interclavicle
develops from an unpaired endochondral condensation (pars
chondralis interclaviculae) and a paired intramembranous con-
densation (pars dermalis interclaviculae). The paired intramem-
branous condensations fuse early in embryogenesis to form a
‘V’-shaped element dorsal to the clavicles. This element later
fuses with the unpaired endochondral condensation to form the
interclavicle. The manubrium of monotremes is formed solely by
the fusion of the two sternal bands (Sternalleiste). Furthermore,
monotremes retain ossification centers for the procoracoid and
metacoracoid that contact the interclavicle and manubrium,
respectively. Therians do not have a separate interclavicle in the
adult. Whereas the intramembranous condensation of the intercla-
vicle is completely lost in therians, the unpaired pars chondralis
interclaviculae fuses with the sternal bands to form the manu-
brium. In addition, the medial aspects of the metacoracoid join
the manubrium to form the lateral wings of the manubrium. The
manubrium of therians is formed by the fusion of the pars chondra-
lis interclaviculae, the two sternal bands, and the metacoracoids.

Regarding homologous elements, the unpaired endochondral
condensation forms the posterior process of the interclavicle in
monotremes, the anterior median process of the manubrium in
marsupials, and the center of the manubrium in placentals
(Klima 1973, 1987). The paired intramembranous condensations
form the lateral processes of the interclavicle in monotremes
but are lost in therians. The lateral wings of the therian manu-
brium are formed by the medial part of the metacoracoid,
which is part of the coracoid in monotremes. Clearly identifying
these homologous structures is particularly important for phylo-
genetic analyses. Several characters in recent Mesozoic mammal
matrices treat aspects of the interclavicle and manubrium as the
same. For example, Huttenlocker et al. (2018:char. 241; as well
as previous and subsequent iterations of this matrix) homologize
the cranial margin of the interclavicle and manubrium and score
it either as (0) emarginated or flat or (1) with a median process.
The cranial margin of the interclavicle and manubrium are, follow-
ing Klima (1973, 1987), not homologous as they are formed from
different condensations. Likewise, Huttenlocker et al. (2018:S63,
char. 243) treat the contact between the clavicle and the interclavi-
cle/manubrium as the same with the explicit assumption “that
homologous elements of the interclavicle and the manubrium
are fused to each other in therians.” However, the part of the inter-
clavicle that articulates with the clavicle in monotremes (paired
intramembranous condensations) is lost in therians (Klima, 1987).

In addition to their utility in character scorings, topographic
relationships of these homologous elements might aid in identifi-
cation of the interclavicle and manubrium in fossil taxa. The inter-
clavicle should be anterior to the manubrium, in contact with the
clavicle and manubrium, and should seldom contact the first rib
(if so, only in conjunction with the manubrium). The manubrium
always contacts the first rib.
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In order to assess the condition in Adalatherium, we attempt
to provide a detailed account of the occurrence and morphology
of interclavicles in Mesozoic cynodonts. An interclavicle has
been unambiguously identified in non-mammaliaform cyno-
donts, Morganucodon, Microdocodon, several eutriconodontans,
Kryptobaatar, and Zhangheotherium (Jenkins and Parrington,
1976; Hu et al., 1997; Hu, 2006; Sereno, 2006; Chen et al.,
2017; Zhou et al., 2019). Interestingly, the interclavicle shows a
fair degree of variability in non-mammaliaform cynodonts. It is
cruciform, with short lateral processes, in Thrinaxodon
(Jenkins, 1971), Diademodon (Gaetano et al., 2018), and
Pachygenelus (Gow, 2001). In the derived traversodontid
Exaeretodon, the interclavicle is short and triangular (Bona-
parte, 1963). In the tritylodontid Bienotheroides, the interclavicle
is identical to the mammaliaform ‘T’-shaped pattern (Sun and
Li, 1985), whereas the interclavicle is stout, with short lateral
processes in Oligokyphus (Kiihne, 1956). In Morganucodon,
Sinoconodon, and monotremes, the interclavicle is large and
“T’-shaped, with long lateral processes that broadly contact the
clavicle (Fig. 55D; Jenkins and Parrington, 1976; Luo et al.,
2007; Luo, 2015). In Microdocodon, the interclavicle is preserved
in situ and has a distinct posterior process overlapping the man-
ubrium and slender lateral processes that contact the clavicles
(Fig. 55B; Zhou et al., 2019:fig. S10).

Presence of the interclavicle is ambiguous in several Mesozoic
mammaliaforms, where contact with the first rib, manubrium, and
clavicle is only partially preserved or not at all. In Megaconus, a
small rectangular element posterior to the glenohumeral joint
has been identified as the interclavicle by Zhou et al. (2013:fig.
1), but it is not in contact with either the sternebrae or the clavicle.
A possible first rib was found along the posterior edge of the
element, but it does not clearly articulate with the fragment in
question. An interclavicle has been identified in several euhara-
miyidans. Neither Arboroharamiya nor Xianshou linglong
preserves the sternal region, and presence of the interclavicle is,
as such, uncertain (Zheng et al., 2013:fig. 1; Bi et al., 2014:fig.
1b). In contrast, the pectoral region and rib cage are well
preserved in Xianshou songae (Bi et al., 2014:figs. 1c, ED1); the
manubrium, sternebrae, and most costal cartilages remain in
articulation and in association with the clavicles. The manubrium
of Xianshou songae is larger than the other sternebrae and has
two rounded anterolateral wings. It is not clear whether an
interclavicle is present anterior to the manubrium; some broken
fragments can be seen just anterior and dorsal to the manubrium,
but whether these belong to an interclavicle is questionable.
Although an interclavicle is scored as present in Xianshou
songae by Bi et al. (2014), Han et al. (2017), and Huttenlocker
et al. (2018), we find the evidence based on BMNHC 3253
ambiguous.

The interclavicle is reconstructed deep to the clavicle and
hidden from view by the clavicle in Vilevolodon (Meng et al.,
2017:ED fig. 5c). Although it is possible that Vilevolodon had a
separate ‘V’-shaped interclavicle, it is not visible on the actual
specimen (Meng et al, 2017:ED fig. 5d). In the holotype
(BMNHC 2940) of Maiopatagium furculiferum, the interclavicle
is reconstructed as a small, ‘V’-shaped element (Meng et al.,
2017:ED fig. 5a, b). Based on published images and observing
the specimen itself, we believe that an interclavicle is not visible
in BMNHC 2940 and, if present, must have been completely
hidden from view by the clavicle. The CT images of a juvenile
euharamiyidan (BMNHC 3258; Meng et al., 2017:ED fig. 6a),
possibly closely related to Vilevolodon and Maiopatagium, do
not show an interclavicle (Fig. 55C). Meng et al. (2017) argued
that the interclavicle is not fully ossified in this young individual.
The specimen clearly represents a young individual because the
manubrium and at least one other sternebra are not fully fused
(Meng et al., 2017:ED fig. 4). At least in monotremes, however,
the interclavicle contains intramembranous condensations (pars
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FIGURE 55. Comparison of pectoral girdle in mammaliaforms in ventral view. A, Adalatherium; B, the docodontan Microdocodon (after Zhou et al.,
2019:fig. S10a); C, unnamed euharamiyidan (after Meng et al., 2015:ED fig. 6a); D, the monotreme Tachyglossus (after Luo, 2015:fig. 10.4); E, the pla-
cental Mus (after Luo, 2015:fig. 10.4); and F, the marsupial Didelphis (after Luo, 2015:fig. 10.4). Scapulocoracoid indicated in dark gray; manubrium in
light gray; clavicle, interclavicle (B and D only), sternebrae, and ribs in white.

dermalis interclaviculae in Klima, 1973), which directly ossify
during embryogenesis. Klima (1973) recorded ossification of the
pars dermalis interclaviculae during the same stage as ossification
of the clavicle in monotremes. In BMNHC 3258, the clavicles are
fully ossified and the manubrium and all sternebrae are pre-
served. As such, one would expect to see at least the ossified
lateral processes of the interclavicle if an interclavicle was
present in this unnamed euharamiyidan.

The most compelling evidence for the presence of an intercla-
vicle among euharamiyidans is in Shenshou and Qishou. Whereas
the anterior aspect of the pectoral girdle is not exposed in para-
type 1 of Shenshou lui (WGMV-001), the sternal region is pre-
served in association in the holotype (LDNHMF 2001), in
which a small triangular fragment has been identified as the inter-
clavicle (Bi et al., 2014:ED figs. 1, 7f). The element is positioned
close to the manubrium but does not articulate with it or with
the clavicles. Alternatively, this element could be part of the left
coracoid. The left scapula is pushed underneath the sternum
and clavicles, and the element in question is close to the expected
position of a coracoid. Neither the contact relationship between
the interclavicle and the manubrium nor that of the first rib and
the manubrium is preserved in the holotype. In Qishou (JZT-
CKO005), the manubrium, sternebrae, clavicles, most ribs, and
the possible interclavicle are preserved in articulation. The man-
ubrium is large and has two laterally projecting anterior wings.
Anterior to the manubrium, the clavicles contact each other in
the midline. Bi et al. (2014) identified 13 ribs in Qishou, with
the anterior-most rib articulating between the manubrium and

the next sternebra. There appears to be a more anterior and
smaller rib close to the clavicle. This rib likely articulated with
the anterolateral wing of the manubrium, but the articulation is
not preserved. A somewhat triangular bony element is present
anterior to the midline contact of the clavicles. The impression
of the element is visible on side B, whereas the actual bone is pre-
served on side A (Bi et al., 2014:ED fig. 3b). The element is
incomplete and broken along the lateral and posterior margins.
The bony fragment differs in shape and size from the interclavicle
identified in the holotype of Shensou lui; it is transversely wider
and overall larger. The contact between the possible interclavicle
and the clavicle appears much more extensive in Qishou than in
Shenshou, covering about one-fourth to one-fifth of the clavicle.
If correctly identified as interclavicles, then the two elements sub-
stantially differ in size and morphology in the two
euharamiyidans.

In multituberculates, interclavicles are reported for Kryptobaa-
tar (Sereno and McKenna, 1995; Sereno, 2006; Bolortsetseg,
2008), Rugosodon (Yuan et al., 2013), and Sinobaatar (Hutten-
locker et al., 2018:char. 238). Sereno and McKenna (1995) were
the first to note the presence of an interclavicle in multitubercu-
lates. Sereno (2006:figs. 10.3-10.5, 10.7) described the interclavi-
cle as a small triangular element with two shallow fossae for
articulation with the clavicles in Kryptobaatar (PSS-MAE 103)
and reconstructed the clavicles as not touching in the midline
and the interclavicle-clavicle joint as mobile. In contrast, Bolort-
setseg (2008) suggested that the interclavicle is cruciform in
Kryptobaatar (PSS-MAE 00-22) and that the lateral processes
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form wing-like expansions. The ventral surface of the interclavi-
cle is obscured from view in PSS-MAE 00-22, leaving the extent
of the interclavicle-clavicle joint uncertain in this specimen
(Bolortsetseg, 2008:figs. 23, 24). In Rugosodon, a triangular
element has been identified as an interclavicle that is possibly
fused with the manubrium (Yuan et al., 2013:fig. 1). The
contact relationships with the clavicle, first rib, or other sterneb-
rae are not preserved (indeed, sternebrae and costal cartilages
are not preserved at all in Rugosodon). The interclavicle has
been scored as present in Sinobaatar (Huttenlocker et al.,
2018:char. 238), but the specimen described by Hu and Wang
(2002) does not preserve the sternal region; we must therefore
assume that undescribed specimens of Sinobaatar preserve the
interclavicle.

Questionable records of interclavicles, scored as present by
Huttenlocker et al. (2018:char. 238), have been reported for the
stem therians Akidolestes and Maotherium. Chen and Luo
(2013:fig. 5) described and imaged a large element next to the
humeral head as the interclavicle of Akidolestes. The sternebrae
are disarticulated in Akidolestes, and the relationships with
the ribs or clavicles are not preserved. The sternal region of
Maotherium asiaticus does not seem to be preserved, and an inter-
clavicle is not labeled in Ji et al. (2009:fig. 1). The interclavicle is
not mentioned in the description of Maotherium sinensis, and it is
not apparent in the illustrations (Rougier et al., 2003:pl. 1, 2).
Based on the published specimen (NGMC-97-4-15), we interpret
the condition in Maotherium as unknown, although it is plausible
that the scoring in Huttenlocker et al. (2018) is based on
additional unpublished specimens that preserve an interclavicle.
Given the fragmentary record, it is uncertain how common loss
of the interclavicle (and fusion of the endochondral part of the
interclavicle with the manubrium) was among early mammalia-
forms. Whether the interclavicle was present in Adalatherium
and just not preserved in UA 9030 or indeed absent in life
cannot be fully resolved. Limited in our knowledge to only UA
9030, we tentatively conclude that the interclavicle is absent in
Adalatherium (Fig. 55A).

The shape of the manubrium varies among Mesozoic mamma-
liaforms. It is large, with broad anterolateral wings and a distinct
anterior notch in Maiopatagium, Qishou, Shenshou, Vilevolodon,
and Xianshou (Bi et al., 2014:ED figs. 1, 3, 7; Meng et al., 2017:
ED figs. 4, 5); quadrangular in outline with gently expanded
anterolateral wings in Adalatherium and Vincelestes (Rougier,
1993); long and transversely constricted at mid-length in the
eutriconodontan Repenomamus (Hu, 2006:fig. 3.17); cruciform
to pentagonal in Kryptobaatar, Zhangheotherium, and some
marsupials (Klima, 1987; Hu et al., 1997:fig. 1; Sereno, 2006:
figs. 10.3-10.5); and small and roughly heart-shaped in Eomaia
(Ji et al., 2002:fig. 1).

The remaining sternebrae in Adalatherium are unfused, as is
the case in most Mesozoic mammaliaforms, including the doco-
dontans Agilodocodon (Meng et al., 2015) and Microdocodon
(Zhou et al., 2019); the eutriconodontans Jeholodens (Ji et al.,
1999), Repenomamus (Hu, 2006), Spinolestes (Martin et al.,
2015), and Yanoconodon (Chen et al., 2017); the shuotheriid
Pseudotribos (Luo et al., 2007); an unidentified taeniolabidoid
multituberculate (Kielan-Jaworowska, 1989; Kielan-Jaworowska
and Gambaryan, 1994); the euharamiyidans Maiopatagium,
Qishou, Shenshou, Vilevolodon, and Xianshou (Bi et al., 2014;
Luo et al., 2017; Meng et al., 2017; Mao and Meng, 2019); the
spalacotherioids Maotherium (Rougier et al., 2003) and Akido-
lestes (Chen and Luo, 2013); and the therians Eomaia (Ji
et al., 2002), Ambolestes (Bi et al., 2018), and Sinodelphys
(Luo et al., 2003; Bi et al., 2018). Fusion of the postmanubrial
elements is a derived feature in mammals and, among extinct
non-therian mammals, only occurs in Zhangheotherium (Hu
et al., 1997).
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Pectoral Girdle

The evolutionary history of the mammalian pectoral girdle
is reasonably well documented (e.g., Jenkins and Weijs, 1979;
Luo, 2015). The pectoral girdle of Adalatherium reflects a
mosaic of plesiomorphic and derived features. The scapular
blade is surprisingly therian-like, but the large coracoid is
reminiscent of a more plesiomorphic condition in
mammaliaforms.

The scapulocoracoid of Adalatherium is derived in several
respects: (1) presence of a large supraspinous fossa, (2)
gently convex infraspinous fossa, (3) absence of separate pro-
coracoid, and (4) ventrally facing glenoid fossa. In Adalather-
ium, the scapular spine divides the lateral aspect of the
scapular blade into almost equally sized supraspinous and
infraspinous fossae. In this regard, Adalatherium is similar to
cladotherians (Krebs, 1991; Luo, 2015) and spalacotherioids
(Hu et al., 1997; Ji et al., 2009; Chen and Luo, 2013), but this
condition is also present in eutriconodontans (Jenkins and
Schaff, 1988; Ji et al., 1999; Hu, 2006; Meng et al., 2011; Hou
and Meng, 2014; Chen et al., 2017). In contrast, the scapular
spine is positioned along the anterior border of the scapular
blade, the supraspinous fossa is either absent or incipient,
and the infraspinous fossa takes up most of the lateral aspect
of the scapular blade in non-mammaliaform cynodonts (e.g.,
Bonaparte, 1963; Jenkins, 1971; Jenkins and Weijs, 1979; Kam-
merer, 2008; Pavanatto et al., 2016; Gaetano et al., 2017, 2018;
Butler et al., 2019; Guignard et al., 2019); the basal mammalia-
forms Morganucodon and Megazostrodon (Jenkins and
Parrington, 1976), Haldanodon (Martin, 2005), Microdocodon
(Zhou et al., 2019), Agilodocodon (Meng et al.,, 2015),
and Megaconus (Zhou et al., 2013); the multituberculates
Ectypodus, Kryptobaatar, Mangasbaatar, ?Mesodma, Nemegt-
baatar, Rugosodon, and an unidentified taeniolabidoid
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambar-
yan, 1994; Sereno and McKenna, 1995; Bolortsetseg, 2008;
Yuan et al., 2013); the euharamiyidans Arboroharamiya,
Maiopatagium, and Shenshou (Bi et al.,, 2014; Han et al,
2017; Meng et al., 2017); and extant monotremes (Gambaryan
et al., 2015; Luo, 2015).

Despite the fact that the posterior margin of the scapular
blade is only partly preserved in UA 9030, the infraspinous
fossa is gently concave and is neither trough-shaped nor
bounded by a posterior spine. In contrast, a trough-shaped
infraspinous fossa is common in morganucodontans (Jenkins
and Parrington, 1976), Haldanodon (Martin, 2005),
Microdocodon (Zhou et al.,, 2019), Agilodocodon (Meng
et al., 2015), Repenomamus (Hu, 2006), Chaoyangodens
(Hou and Meng, 2014), Zhangheotherium (Hu et al., 1997),
Akidolestes (Chen and Luo, 2013), Shenshou (Bi et al,
2014), Maiopatagium (Meng et al., 2017), and multitubercu-
lates (Krause and Jenkins, 1983; Kielan-Jaworowska and
Gambaryan, 1994; Sereno, 2006; Bolortsetseg, 2008; Wang
et al., 2019). The posterodorsal aspect of the scapular blade
is relatively featureless in Adalatherium; only a slightly
raised tuberosity is present along the posterodorsal margin
that probably served as the attachment site for the teres
major muscle. In several Mesozoic mammaliaforms, the attach-
ment site for the teres major muscle is greatly enlarged, either
as an expansion of the caudal angle of the scapular blade, as in
Repenomamus (Hu, 2006) and Akidolestes (Chen and Luo,
2013), or as a sizable fossa posterior to the infraspinous
fossa, as in Haldanodon (Martin, 2005), Fruitafossor (Luo
and Wible, 2005), and monotremes (Gambaryan et al., 2015). In
Jeholodens (Ji et al., 1999), a small crest within the infraspinous
fossa possibly separates the former from the teres major fossa.
It is uncertain whether a prominent attachment site is present
in early-branching mammaliaforms. The posterodorsal margin is
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not preserved in either Morganucodon or Megazostrodon
(Jenkins and Parrington, 1976), and a distinct teres major fossa
is lacking in Shenshou (Bi et al., 2014) and multituberculates
(Sereno, 2006; Yuan et al., 2013). The greatly enlarged fossa
in Haldanodon, Fruitafossor, and monotremes is likely a
derived adaptation to powerful forelimb motion during swimming
and digging. The expansion of the caudal angle of the scapular
blade is not consistently present in eutriconodontans or
spalacotherioids, being only slightly expanded in Yanoconodon,
Liaoconodon, and Zhangheotherium (contrary to scoring in
Huttenlocker et al., 2018:char. 251).

The acromion itself is not preserved in UA 9030, but the
large articular facet on the clavicle suggests that a sizable
acromion was present. A prominent and ventrally projecting
acromion is preserved in the multituberculates Chulsanbaatar
(Kielan-Jaworowska and Gambaryan, 1994), Jeholbaatar
(Wang et al., 2019), Kryptobaatar (Sereno, 2006), Mangasbaatar
(Bolorsetseg, 2008), and Nemegtbaatar (Kielan-Jaworowska and
Gambaryan, 1994); the eutriconodontans Jeholodens (Ji et al.,
1999), Repenomamus (Hu, 2006), Yanoconodon (Chen et al.,
2017), and Liaoconodon (Meng et al., 2011); the spalacother-
ioids Akidolestes (Chen and Luo, 2013) and Maotherium
(Ji et al.,, 2009); as well as in several therians (O’Leary et al.,
2013:char. 2964). In contrast, the acromion is scored as
short and level with or dorsal to the glenoid in the morganuco-
dontans Morganucodon and Megazostrodon; the docodontans
Haldanodon and Agilodocodon; and the euharamiyidans
Shenshou, Maiopatagium, and Vilevolodon by Huttenlocker
et al. (2018:char. 250).

Adalatherium is also derived in possessing a ventrally facing
glenoid fossa. In Morganucodon, Megazostrodon (Jenkins and
Parrington, 1976), Haldanodon (Martin, 2005), Microdocodon
(Zhou et al., 2019), and Fruitafossor (Luo and Wible, 2005),
the glenoid faces laterally and is aligned with the long axis of
the blade, indicating a relatively sprawling posture. In many
Mesozoic mammals, the glenoid is positioned oblique to the
long axis of the scapular blade and faces more posteriorly. This
intermediate condition can be seen in the eutriconodontans
Gobiconodon (Jenkins and Schaff, 1988), Jeholodens (Ji et al.,
1999), Repenomamus (Hu, 2006), and Liaoconodon (Meng
et al., 2011); the euharamiyidans Arboroharamiya (Han et al.,
2017) and Shenshou (Bi et al., 2014); and the spalacotherioids
Akidolestes (Chen and Luo, 2013) and Maotherium (Ji et al.,
2009). Cimolodontan multituberculates have long been known
to possess a ventrally facing glenoid perpendicular to the long
axis of the scapular blade (Krause and Jenkins, 1983; Kielan-
Jaworowska and Gambaryan, 1994; Sereno and McKenna,
1995) but are scored in Huttenlocker et al. (2018) as obliquely
oriented, which appears to be an error. The relatively complete
scapulocoracoids of Ectypodus (Bolortsetseg, 2008:fig. 8) and
Kryptobaatar (Sereno, 2006:figs. 10.3, 10.7) confirm the perpen-
dicular orientation. The euharamiyidans Maiopatagium,
Shenshou, Vilevolodon, and Xianshou are scored as aligned
with the long axis of the scapular blade by Huttenlocker et al.
(2018:char. 258), but as obliquely oriented by Han et al. (2017:
char. 247; note that Maiopatagium and Vilevolodon are not
included in their analysis). Due to the flattened preservation of
the specimens, the orientation of the glenoid fossa is difficult to
characterize in Maiopatagium, Vilevolodon, and Xianshou, but
it appears to be oblique in Shenshou (Han et al., 2017:S87).

In contrast to these derived scapulocoracoid traits,
Adalatherium possesses a coracoid that is very large and forms
half of the glenohumeral joint. The suture between the coracoid
and the scapula is still unfused in UA 9030. In extant therians
and monotremes, the suture between the coracoid and the
scapula fuses during development (Klima, 1973, 1987). In
various extinct mammaliaforms, a suture is still visible in
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specimens of Morganucodon, Megazostrodon, Haldanodon,
Microdocodon, Fruitafossor, Repenomamus, Maiopatagium,
Shenshou, Vilevolodon, Xianshou, and Nemegtbaatar (Jenkins
and Parrington, 1976; Kielan-Jaworowska and Gambaryan,
1994; Luo and Wible, 2005; Martin, 2005; Hu, 2006; Bi et al.,
2014; Luo et al., 2017; Meng et al., 2017; Zhou et al., 2019),
whereas it is indiscernible in most multituberculates (Krause
and Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994;
Bolortsetseg, 2008; Wang et al., 2019). Specimen UA 9030 rep-
resents a subadult individual; it is therefore entirely possible
that the suture would have fused later in life in Adalatherium.
The shape of the coracoid-scapula suture is quite unusual in
Adalatherium (Fig. 14). The coracoid forms the anterior half of
the glenoid fossa, but it tapers posterodorsally. At mid-length of
the glenoid fossa, the coracoid only forms the medial margin
and the suture extends roughly in parallel to the long axis of the
glenoid fossa. This is in stark contrast to the morphology in
other early mammaliaforms. In Morganucodon, Megazostrodon
(Jenkins and Parrington, 1976), Haldanodon (Martin, 2005),
Microdocodon (Zhou et al., 2019), Fruitafossor (Luo and Wible,
2005), and Repenomamus (Hu, 2006), the suture between the cor-
acoid and the scapula crosses the glenoid fossa at mid-length,
roughly perpendicular to the long axis of the fossa. The coracoid
and scapula contribute equally to the glenoid fossa in length and
width. In these taxa, the coracoid also extends beyond the glenoid
fossa, forming a pointed muscular process (Jenkins and Parring-
ton, 1976; Luo and Wible, 2005; Martin, 2005; Hu, 2006),
whereas the glenoid fossa extends most of the length of the cora-
coid in Adalatherium. This is also the condition in various multi-
tuberculates (e.g., ?Mesodma: Krause and Jenkins, 1983:fig. 10;
Kryptobaatar: Kielan-Jaworowska and Gambaryan, 1994:fig. 5b,
c; Nemegtbaatar: Kielan-Jaworowska and Gambaryan, 1994:fig.
13g—j; Ectypodus: Bolortsetseg, 2008:fig. 8), all of which show an
articular surface to the tip of the coracoid process. Mangasbaatar
is unusual in possessing a greater mediolateral flare of the distal
end of the coracoid process, but it still retains an articular
surface that extends to the tip (Bolortsetseg, 2008:fig. 41). Luo
(2015:fig. 10.3) depicted the glenoid fossa as more restricted to
the proximal aspect of the coracoid process in multituberculates,
similar to the condition seen in Morganucodon, Haldanodon,
Fruitafossor, and Repenomamus, but this is incorrect.

The coracoid completely fuses with the scapula and does not
contribute to the glenohumeral articulation in therians (Luo,
2015). A separate procoracoid is absent in Adalatherium, as is
the case in most mammaliaforms. A separate procoracoid is
only present in monotremes, Megazostrodon, Morganucodon,
and possibly some euharamiyidans (Jenkins and Parrington,
1976; Luo et al., 2017; Meng et al., 2017). Among mammalia-
forms, a separate procoracoid has been documented in an
unnamed juvenile euharamiyidan (BMNHC 3258; Meng et al.,
2017:ED fig. 4), but whether the procoracoid would have been
fused to the scapula in the adult is uncertain. Meng et al. (2017:
ED fig. 5) also identified a procoracoid in Maiopatagium and
Vilevolodon, but the elements in question appear fragmentary
and it is uncertain whether they are broken or unfused. A separ-
ate procoracoid is also scored as present in Shenshou by Hutten-
locker et al. (2018:char. 252) but as fused to the scapula in Han
et al. (2017:char. 241).

Humerus

Proximal End—The head of the humerus is spherical and
strongly inflected in Adalatherium (Fig. 56), as is the case in multi-
tuberculates (Krause and Jenkins, 1983; Kielan-Jaworowska and
Qi, 1990; Kielan-Jaworowska and Gambaryan, 1994; Sereno
and McKenna, 1995; Sereno, 2006; Bolortsetseg, 2008; Yuan
et al., 2013; Wang et al., 2019), Zhangheotherium (Hu et al.,
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FIGURE 56. Comparison of left humerus (top row), ulna (middle row), and radius (bottom row) in five Mesozoic mammaliaforms. Humeri in anterior
view; ulnae and radii in lateral view. All humeri at same length; ulnae and radii at lengths relative to humeri. A, Adalatherium; B, the morganucodo-
dontan Morganucodon (after Jenkins and Parrington, 1976:figs. 5, 10); C, the eutriconodontan Repenomamus (after Hu, 2006:figs. 3-22, 3-23); D, the
multituberculates Nemegtbaatar (humerus) and Kryptobaatar (radius and ulna) (after Bolortsertseg, 2008:fig. 32); and E, the stem therian Vincelestes
(after Rougier, 1993:figs. 84, 87, 88).

1997), Maotherium (Ji et al., 2009), and cladotherians (Hutten- partly, but not fully, exposed in specimens of these taxa. In con-
locker et al., 2018:char. 262). A spherical head is likely also trast, morganucodontans (Jenkins and Parrington, 1976), doco-
present in Akidolestes, Eomaia, and Juramaia (Ji et al., 2002; dontans (Martin, 2005; Zhou et al., 2019), eutriconodontans
Luo et al, 2011; Chen and Luo, 2013). The humeral head is (Jenkins and Schaff, 1988; Ji et al., 1999; Hu, 2006; Chen et al.,
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2017), and monotremes possess a spindle-shaped humeral head.
The humeral head appears to be relatively wide mediolaterally
in the euharamiyidans Maiopatagium, Qishou, Shenshou,
Vilevolodon, and Xianshou (Bi et al., 2014; Meng et al., 2017,
Mao and Meng, 2019) and is scored as hemispherical in Hutten-
locker et al. (2018:char. 262); unfortunately, however, the heads
are only partially exposed or incompletely preserved and do
not allow a confident determination of shape. This has also
been noted by Han et al. (2017), who scored the humeral heads
of Arboroharamiya allinhopsoni, Shenshou, and both species of
Xianshou as both hemispherical and spherical.

The greater tubercle is distinct from the humeral head and sep-
arated by a small notch in Adalatherium. This contrasts with the
condition in morganucodontans (Jenkins and Parrington, 1976)
and docodontans (Martin, 2005; Zhou et al., 2019), in which the
greater tubercle is confluent with the head. In multituberculates,
the greater tubercle is distinct (Krause and Jenkins, 1983; Kielan-
Jaworowska and Qi, 1990:fig. 2; Kielan-Jaworowska and Gambar-
yan, 1994:figs. 13, 22, 23; Wang et al., 2019), but not as separated
from the head as in Adalatherium. The greater and lesser tuber-
cles are equal in height in Adalatherium and do not protrude
much farther proximally than the head of the humerus. This is
the case for most Mesozoic mammaliaforms. The proximal
aspect of the intertubercular groove, between the greater and
lesser tubercles, bears a prominent and ‘U’-shaped intertubercular
fossa in Adalatherium. The intertubercular fossa is also present,
albeit with a more circular distal edge, in Morganucodon. A dis-
tinct intertubercular fossa is absent in humeri of Haldanodon
(Martin, 2005:fig. 8), Microdocodon (Zhou et al., 2019:fig. S10c),
and Repenomamus (Hu, 2006:fig. 3.22) and appears also to be
lacking in Gobiconodon (Jenkins and Schaff, 1988:fig. 14). The
tubercles are not preserved in Gobiconodon, but the proximal
part of the shaft does not seem to exhibit a deep fossa. The proxi-
mal aspect of the humerus is not well enough preserved in
Yanoconodon,  Arboroharamiya, Maiopatagium, Qishou,
Shenshou, Vilevolodon, Xianshou, Akidolestes, or Dryolestes to
unambiguously determine whether such a fossa was present. The
evidence from multituberculates is also ambiguous. The fossa is
clearly absent in Nemegtbaatar (Kielan-Jaworowska and Gambar-
yan, 1994:fig. 13) and Kryptobaatar (Sereno, 2006:fig. 10.7) but
seems to be present in Chulsanbaatar (Kielan-Jaworowska and
Gambaryan, 1994:fig. 23) and Lambdopsalis (Kielan-Jaworowska
and Qi, 1990:fig. 2; Gambaryan and Kielan-Jaworowska, 1997:fig.
9). It is unclear whether an intertubercular fossa was present in
Ptilodus (Krause and Jenkins, 1983:fig. 11). The intertubercular
groove is shallow in Adalatherium, as is the case in most Mesozoic
mammaliaforms. In contrast, the intertubercular groove is scored
asnarrow and deep in Zhangheotherium, Maotherium, Akidolestes,
and several therians by Huttenlocker et al. (2018:char. 263).

Humeral Shaft—The greater tubercle gives rise to a well-devel-
oped deltopectoral crest that extends about half the length of the
humeral shaft in Adalatherium. A prominent deltopectoral crest
is also present in morganucodontans (Jenkins and Parrington,
1976), eutriconodontans (Jenkins and Schaff, 1988; Hu, 2006;
Chen et al., 2017), some docodontans (Martin, 2005; Meng
etal., 2015), Zhangheotherium (Hu et al., 1997), and monotremes.
The deltopectoral crest does not extend as far distally in the multi-
tuberculates Rugosodon, Sinobaatar, Nemegtbaatar, Ptilodus,
Kryptobaatar, Jeholbaatar, and Mangasbaatar (Krause and
Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994;
Sereno and McKenna, 1995; Sereno, 2006; Bolortsetseg, 2008;
Huttenlocker et al., 2018; Wang et al., 2019) as in other early
mammals. Lambdopsalis is exceptional in having a more promi-
nent deltopectoral crest (Kielan-Jaworowska and Qi, 1990). The
deltopectoral crest in Arboroharamiya, Maiopatagium, Shenshou,
Vilevolodon, and Xianshou extends distally about one-third of the
humeral shaft (Huttenlocker et al., 2018:char. 266) and is there-
fore much shorter than in Adalatherium.
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The tuberosity for the teres major muscle is indistinct and
cannot be identified in Adalatherium. Mesozoic mammaliaforms
show a variety of shapes for the teres major tuberosity; it is a
small but distinct crest in morganucodontans (Jenkins and Par-
rington, 1976) but a large and prominent tuberosity in the doco-
dontan Haldanodon (Martin, 2005), the eutriconodontans
Repenomamus and Gobiconodon (Jenkins and Schaff, 1988;
Hu, 2006), and the spalacotherioid Akidolestes (Chen and Luo,
2013). It is present as a gentle elevation in the eutriconodontan
Yanoconodon (Chen et al., 2017), the stem therian Vincelestes
(Rougier, 1993), and multituberculates (in particular in
Lambdopsalis; Kielan-Jaworowska and Gambaryan, 1994). The
teres major tuberosity is scored as absent in the euharamiyidans
Maiopatagium, Shenshou, Vilevolodon, and Xianshou; the spala-
cotherioid Zhangheotherium; and many cladotherians (Hutten-
locker et al., 2018:char. 267).

The lateral supracondylar crest (= supinator crest) is sharp but not
expanded in Adalatherium. A well-developed and expanded lateral
supracondylar crest can be seen in morganucodontans, Haldanodon,
and Repenomamus (Jenkins and Parrington, 1976; Martin, 2005; Hu,
2006). It is slightly less expanded but still prominent in Gobiconodon
(Jenkins and Schaff, 1988), Agilodocodon (Meng et al., 2015), and
Liaoconodon (Meng et al., 2011). The size of the lateral supracon-
dylar crest is more similar to that of Adalatherium in Yanoconodon
(Chen et al., 2017), Jeholodens (Ji et al., 1999), Maiopatagium
(Meng et al., 2017), Qishou (Mao and Meng, 2019), Shenshou (Bi
et al., 2014), Akidolestes (Chen and Luo, 2013), Zhangheotherium
(Hu et al., 1997), Dryolestes (Martin, 2013), and Henkelotherium
(Krebs, 1991; Jdger et al., 2019). In most multituberculates, the
lateral supracondylar crest forms a gently raised crest, with the
exception of Lambdopsalis, where the crest is more rounded and
prominent (Kielan-Jaworowska and Gambaryan, 1994).

The degree of humeral torsion has been reported and scored
for many Mesozoic mammals (Luo et al.,, 2015a:char. 254).
Although approximate values can be obtained from compressed
specimens, measuring the degree of torsion following Kielan-
Jaworowska and Gambaryan (1994) can only be done on three-
dimensionally preserved specimens in which the proximal articu-
lation is exposed and well preserved. Relatively complete humeri
are known for Morganucodon, Megazostrodon, Haldanodon,
several multituberculates, Repenomamus, Gobiconodon,
Priacodon, Dryolestes, Henkelotherium, Vincelestes, and several
extinct therians (Jenkins and Parrington, 1976; Krause and
Jenkins, 1983; Jenkins and Schaff, 1988; Kielan-Jaworowska and
Qi, 1990; Krebs, 1991; Rougier, 1993; Kielan-Jaworowska
and Gambaryan, 1994; Sereno and McKenna, 1995; Engelmann
and Callison, 1998; Kielan-Jaworowska, 1998; Vazquez-Molinero
et al., 2001; Martin, 2005, 2013; Hu, 2006; Sereno, 2006; Bolortset-
seg, 2008; Chester et al., 2010).

Jenkins and Parrington (1976) list the humeral torsion in mor-
ganucodontans as 50°. This represents the angle between an ima-
ginary plane through the tubercles and the epicondyles, which is
similar to but not exactly the same as the measurement used by
Kielan-Jaworowska and Gambaryan (1994). Martin (2005)
reported an extreme degree of humeral torsion in the fossorial
Haldanodon (60°). The degree of torsion varies between 15°
and 38° in multituberculates (Kielan-Jaworowska and Qi, 1990;
Kielan-Jaworowska and Gambaryan, 1994; Sereno and
McKenna, 1995; Kielan-Jaworowska, 1998; Bolortsetseg, 2008).
Some of the variation might be attributable to slightly different
methods in measuring the angle but, overall, multituberculates
seem to vary considerably. The humerus is moderately twisted in
the eutriconodontan Repenomamus (25°; Hu, 2006), and slightly
more strongly in Gobiconodon (33°; Jenkins and Schaff, 1988).
In cladotherians, the degree of torsion is considerably lower
(e.g., Dryolestes: 15-20°; Martin, 2013). The degree of torsion in
Adalatherium (25°) is comparable to that in Repenomamus and
slightly higher than in cladotherians.
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Distal End—The distal end of the humerus is comparatively
slender in Adalatherium. The entepicondyle is pointed, antero-
posteriorly flat, projects medially, and is larger than the ectepicon-
dyle. Both the ectepicondyle and entepicondyle are well
developed in morganucodontans (Jenkins and Parrington,
1976), Haldanodon (Martin, 2005), Microdocodon (Zhou et al.,
2019), Repenomamus (Hu, 2006), Gobiconodon (Jenkins and
Schaff, 1988), Qishou (Mao and Meng, 2019), Shenshou (Bi
et al., 2014), and Xianshou (Bi et al., 2014). In these taxa, the
entepicondyle expands distally to the level of the distal end of
the ulnar condyle, whereas in Adalatherium it ends proximal to
the distal margin of the trochlea. The entepicondyle is well devel-
oped and bulbous in multituberculates (Krause and Jenkins, 1983;
Kielan-Jaworowska and Qi, 1990; Kielan-Jaworowska and Gam-
baryan, 1994; Sereno and McKenna, 1995; Hu and Wang, 2002;
Sereno, 2006; Bolortsetseg, 2008; Hurum and Kielan-Jawor-
owska, 2008; Wang et al., 2019). The ectepicondyle is generally
less well developed than the entepicondyle in multituberculates
(Kielan-Jaworowska and Gambaryan, 1994). Slightly less pro-
nounced epicondyles are present in the arboreal docodontan
Agilodocodon (Meng et al., 2015), the eutriconodontans
Yanoconodon (Chen et al., 2017) and Jeholodens (Ji et al.,
1999), and the spalacotherioid Zhangheotherium (Hu et al.,
1997).

Most Mesozoic mammaliaforms bear an entepicondylar
foramen; it varies in size and shape, however. The entepicondylar
foramen is long and narrow in Adalatherium as well as in morga-
nucodontans (Jenkins and Parrington, 1976), Gobiconodon
(Jenkins and Schaff, 1988), Liaoconodon (Meng et al., 2011),
Yanoconodon (Chen et al., 2017), Qishou (Mao and Meng,
2019), Shenshou (Bi et al., 2014), Xianshou (Bi et al., 2014), Maio-
patagium (Meng et al., 2017), Zhangheotherium (Hu et al., 1997),
and Dryolestes (Martin, 2013). It is smaller and rounder in
Repenomamus (Hu, 2006), and round and large in Haldanodon
(Martin, 2005). In contrast, it is a fairly small and circular
foramen in multituberculates (Krause and Jenkins, 1983;
Kielan-Jaworowska and Qi, 1990; Kielan-Jaworowska and Gam-
baryan, 1994; Sereno, 2006; Bolortsetseg, 2008; Hurum and
Kielan-Jaworowska, 2008).

Adalatherium is unique among non-therian mammaliaforms in
possessing a large supratrochlear foramen (Fig. 56). Generally,
supratrochlear foramina are extremely rare in early mammalia-
forms; the only other non-therian mammaliaforms possibly pos-
sessing a supratrochlear foramen are multituberculates. In most
multituberculates, the radial and olecranon fossae are deep, but
still separated by a bony sheath. This bony lamina is pierced in
a few specimens of the following taxa: Lambdopsalis (IVPP
8408), Kryptobaatar (G1 PST 8-2), Catopsbaatar (PM 120/07),
and an unidentified multituberculate from Bissekty (URBAC
03-076; Chester et al., 2010). It is uncertain, however, whether
these foramina were present in life or represent postmortem
breakage. The first definitive supratrochlear foramina are
known in Zalambdalestes, Barunlestes, zhelestids, and early
metatherians (Gambaryan and Kielan-Jaworowska, 1997;
Chester et al., 2010). Even in these taxa, the size and presence
of the supratrochlear foramen is variable and, with the exception
of Barunlestes, does not reach the extent of the foramen in
Adalatherium.

The most intriguing feature of the humerus in Adalatherium
is the fully developed trochlea, which stands in strong contrast to
the distal humeral articulation of most non-therian
mammaliaforms (Fig. 56). The presence of this unusually derived
feature in Adalatherium warrants a detailed review of the distal
articular facet in Mesozoic mammaliaforms. Typically, basal
mammaliaforms possess radial and ulnar condyles that both are
well rounded (Jenkins, 1973). This condition can be seen in
Morganucodon and was likely present in Megazostrodon as well
(Jenkins and Parrington, 1976). The distal part of the humerus of
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Megazostrodon is poorly preserved, indicating the positions of
the condyles but not their full shape. In Morganucodon, the
radial condyle is almost perfectly spherical anteriorly and slightly
flatter, but still convex, posteriorly. The ulnar condyle is narrower
mediolaterally and wraps around the distal end of the humerus,
starting in a more medial position on the anterior aspect of the
humerus and ending slightly more laterally on the posterior
aspect. The intercondylar groove between the radial and ulnar
condyles is narrow. This configuration of the ulnar condyle is
here referred to as ‘spiral,” following the terminology of Jenkins
(1973). In most Mesozoic mammaliaform phylogenies, this con-
dition is referred to as ‘bulbous ulnar condyle’ (see, for example,
Han et al., 2017:char. 257; Luo et al., 2017:char. 257; Huttenlocker
et al., 2018:char. 268). We find the descriptor ‘bulbous, meaning fat
and round, not as fitting to describe the generally mediolaterally
narrow condyle of most basal mammaliaforms and therefore
prefer Jenkins’ earlier ‘spiral’ descriptor.

A prominent spiral ulnar condyle is also described for mono-
tremes (Jenkins, 1973), the haramiyidan Haramiyavia (Jenkins
et al., 1997), the docodontans Haldanodon (Martin, 2005) and
Microdocodon (Zhou et al., 2019), and the euharamiyidans
Shenshou and Xianshou songae (see Bi et al., 2014:fig. 1c), and
at least the anterior aspect of the ulnar condyle is spiral in the doc-
odontan Agilodocodon (Meng et al., 2015:fig. 3a, b) and the mul-
tituberculate Rugosodon (Yuan et al., 2013:fig. S1). The ulnar
condyle has further been scored as ‘bulbous’ (here considered
‘spiral’) in the enigmatic Megaconus, the shuotheriid Pseudotribos,
and the euharamiyidans Maiopatagium and Vilevolodon by
Huttenlocker et al. (2018:char. 268). Even though it may be
reasonable to assume that a spiral ulnar condyle is retained in
these taxa, the specimens do not preserve the detailed morphology
necessary to unambiguously determine the size of the intercondy-
lar groove, the shape and extent of the ulnar condyle, or the pres-
ence or absence of an incipient trochlea on the posterior aspect. A
spiral ulnar condyle is unambiguously present in the multitubercu-
lates Nemegtbaatar (Kielan-Jaworowska and Gambaryan, 1994),
Catopsbaatar (Hurum and Kielan-Jaworowska, 2008), Sinobaatar
(Hu and Wang, 2002), Lambdopsalis (Kielan-Jaworowska and Qi,
1990; Kielan-Jaworowska and Gambaryan, 1994), ?Stygimys
(Krause and Jenkins, 1983), Ptilodus (Krause and Jenkins, 1983),
?Mesodma (Krause and Jenkins, 1983), Mangasbaatar (Bolortset-
seg, 2008), and Jeholbaatar (Wang et al., 2019) and an unidentified
multituberculate from the Bissekty Formation (Chester et al.,
2010). The presence of an incipient trochlea has been discussed
for Kryptobaatar. Sereno and McKenna (1995:146) described the
ulnar condyle as hinge-like and narrow and the intercondylar
groove as broad and “approaching the form of the therian tro-
chlear joint.” Sereno reanalyzed the specimen in 2006, and the
depicted ventral view of the humerus (fig. 10.6) clearly shows a
spiral ulnar condyle that extends onto the distal surface of the
articulation, similar to the spiral ulnar condyle in other multituber-
culates. The presence of a spiral ulnar condyle in Kryptobaatar is
further corroborated by the distal epiphysis of PSS-MAE 00-22
described by Bolortsetseg (2008) and the humerus of GI PST 8-2
(initially described as Tugrigbaatar by Kielan-Jaworowska and
Dashzeveg [1978] but later assigned to Kryptobaatar by Gambar-
yan and Kielan-Jaworowska [1997]). We follow Gambaryan and
Kielan-Jaworowska (1997) and Kielan-Jaworowska and Hurum
(2006) in their assessments that there is no incipient trochlea in
multituberculates.

Presence of an incipient trochlea with a vestigial ulnar condyle
anteriorly has been suggested for eutriconodontans. Hutten-
locker et al. (2018:char. 268) defined the incipient state as a
“cylindrical trochlea in posterior view with a vestigial ulnar
condyle in anterior view.” The only complete and three-dimen-
sionally preserved and described eutriconodontan humeri
belong to Repenomamus (Hu, 2006) and Priacodon (Engelmann
and Callison, 1998). Both preserve a spherical radial condyle and
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a narrower ulnar condyle in anterior view. The ulnar condyle
seems less pronounced than in multituberculates and Morganuco-
don, but nevertheless wraps around the distal surface of the
humerus. The intercondylar groove of Repenomamus still
appears to be narrow, particularly in distal view (Hu, 2006:fig.
3.22). However, Hu (2006) described the presence of a shallow
and wide trochlea between the condyles that wraps around the
distal aspect of the humerus and extends onto the dorsal
surface. In anterior and distal views (Hu, 2006:fig. 3.22a, f),
the groove appears as narrow as in multituberculates, but the
width of the groove cannot be clearly determined based on the
images of the posterior view (Hu, 2006:fig. 3.22d). It is possible
that the posterior aspect of the distal articulation is indeed
more trochlea-like than in multituberculates. Jenkins and Schaff
(1988) further mentioned, but did not depict, two partial tro-
chleae and a radial condyle that were found in association with,
but could not be precisely fitted to, the humerus of Gobiconodon.
Jenkins and Schaff (1988:15) described the trochleae as “grooved,
as in advanced mammals, rather than bulbous as in monotremes,
morganucodontids, and multituberculates” and the isolated radial
condyle as “circular in outline and hemispherical.” If the frag-
ments indeed belong to Gobiconodon, then an incipient trochlea
might already be present in some eutriconodontans. Further
support for an early incipient trochlea in eutriconodontans is pro-
vided by Ji et al. (1999:328), who identified “radial and ulnar con-
dyles on its anterior aspect” and “an incipient ulnar trochlea on its
posteroventral aspect” in Jeholodens. For this study, only a cast of
the holotype specimen of Jeholodens jenkinsi was available, in
which the posterior aspect of the humerus is not well shown.
The anterior and posterior surfaces of the humerus seem to be
preserved in Liaoconodon (Meng et al., 2011:fig. 1), but the
images presented do not allow unambiguous identification of
the presence of a trochlea. Lastly, Yanoconodon appears to
only preserve the anterior aspect of the distal articulation,
which presents two low condyles (Chen et al., 2017:fig. 8c). It is
thus inconclusive whether an incipient trochlea was present in
eutriconodontans. The general morphology of a spherical radial
condyle and a narrower ulnar condyle is similar to the condition
in morganucodontans and multituberculates, but the ulnar
condyle was likely less exaggerated in eutriconodontans.

An incipient trochlea is also scored as present in Akidolestes,
Zhangheotherium, Maotherium, Henkelotherium, and Vincelestes
(Huttenlocker et al., 2018:char. 268). Chen and Luo (2013:fig. 4)
illustrated the posterior surface of the distal humerus of
Akidolestes. The distal articular facet seems to be largely
damaged, and the images do not convey the presence of an incipi-
ent trochlea, but it is entirely possible that a trochlea can be ident-
ified more clearly in the original specimen. Zhangheotherium
quinquecuspidens more clearly shows an incipient trochlea (Hu
et al.,, 1997, 1998:fig. 3b). The radial condyle is prominent, and a
shallow intercondylar groove is present medial to it. The ulnar
condyle is vestigial. The posterior aspect of the humerus is not pre-
served in the holotype, but Luo and Ji (2005:344) described the
posterior aspect as “trochlea-like” in CAGS97-07352. An incipi-
ent trochlea cannot be confirmed in Maotherium because the
distal articular facet is blocked from view in Ji et al. (2009:fig. 1).

The distal humeral articulation in dryolestoids has been a point
of contention. In Henkelotherium guimarotae, the right distal
humerus is obscured from view and has undergone considerable
postmortem compression, to the point that Krebs (1991), in the
description of the holotype, considered it impossible to decide
whether a trochlea was present. Vazquez-Molinero et al
(2001:210) stated that the radial and ulnar condyles “are clearly
separated by a wide intercondylar groove.” As such, a bulbous
ulnar condyle is scored for Henkelotherium in O’Leary et al.
(2013:char. 3056). However, new specimens of Dryolestes
(Martin, 2013:fig. 4) reveal that the ulnar condyle is spiral and
the intercondylar groove is narrow along the anterior aspect.
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This is more similar to the condition in multituberculates.
However, the posterior aspect of the humerus is gently
concave; thus, neither the radial nor the ulnar condyle extends
onto the posterior side. In this respect, the articular facet is remi-
niscent of an incipient, therian-like trochlea. Jager et al. (2019)
confirmed the presence of a radial and ulnar condyle on the
anterior surface and an incipient trochlea on the posterior
aspect in Henkelotherium similar to that of Dryolestes, based on
CT data. A fully developed trochlea and absence of an ulnar
condyle is scored for FEomaia, Juramaia, Ukhaatherium,
Zalambdalestes, Asiatherium, and Pucadelphys, as well as for
extant therians, by Huttenlocker et al. (2018:char. 268; note that
Zalambdalestes is scored as unknown in Bi et al., 2018); these
scorings were corroborated by Chester et al. (2010). Despite
the uncertainty surrounding the presence of an incipient trochlea
in several early mammalian lineages, it is obvious from this discus-
sion that Adalatherium is unique among non-therian mammalia-
forms in possessing a fully developed trochlea, a feature that is
associated with a parasagittal forelimb stance (e.g., Gambaryan
and Kielan-Jaworowska, 1997).

Ulna

Adalatherium shares several ulnar characteristics with derived
therians that are not present in any other Mesozoic mammalia-
form. One of the more prominent features, aside from the prox-
imal articular facet for the humeral trochlea, is the shape of the
shaft. In lateral view, the ulnar shaft is concave posteriorly and
the large olecranon is directed posteriorly (Fig. 56). In this
respect, the ulna is markedly different from those of early mam-
maliaforms in which the olecranon bends anteriorly and the shaft
is sigmoid in lateral view, as in Morganucodon (Jenkins and
Parrington, 1976); the docodontans Haldanodon (Martin, 2005),
Agilodocodon (Meng et al., 2015), and Microdocodon (Zhou
et al., 2019); the eutriconodontans Repenomamus (Hu, 2000),
Gobiconodon (Jenkins and Schaff, 1988), Yanoconodon (slightly
less so; Chen et al., 2017), and Liaoconodon (Meng et al.,
2011); the euharamiyidans Arboroharamiya (Han et al., 2017),
Maiopatagium (Meng et al., 2017), Vilevolodon (Luo et al.,
2017), Qishou (Mao and Meng, 2019), Shenshou (Bi et al.,
2014), and Xianshou (Bi et al., 2014); the spalacotherioids
Akidolestes (Chen and Luo, 2013) and Maotherium (Ji et al.,
2009); the multituberculates ?Mesodma (Krause and Jenkins,
1983), Sinobaatar (Hu and Wang, 2002), Kryptobaatar (Sereno,
2006; Bolortsetseg, 2008), Catopsbaatar (Hurum and Kielan-
Jaworowska, 2008), Litovoi (Csiki-Sava et al., 2018), Jeholbaatar
(Wang et al., 2019), and possibly also Nemegtbaatar (Kielan-
Jaworowska and Gambaryan, 1994; the preserved fragment
indicates that the shaft was convex; however, the distal aspect
is missing); and the cladotherians Vincelestes (Rougier, 1993),
Dryolestes (Martin, 2013), Henkelotherium (Krebs, 1991; Jager
et al., 2019), Fomaia (Ji et al., 2002), Ambolestes (Bi et al.,
2018), Deltatheridium (O’Leary et al., 2013), and Ukhaatherium
(Horovitz, 2003). The olecranon is still bent anteriorly, but the
shaft is straight distal to the ulnar notch in the multituberculates
Yubaatar (Xu et al., 2015) and an unidentified paulchoffatiid from
Guimarota (Martin, 2013), the eutriconodontan Jeholodens (Ji
et al., 1999), and the spalacotherioid Zhangheotherium (Hu
etal., 1997,1998; Luo and Ji, 2005). Among extant therians, a pos-
teriorly bent ulnar shaft and a posteriorly inflected olecranon are
present in several artiodactyls and perissodactyls (O’Leary et al.,
2013:chars. 3091, 3081). A posteriorly bent ulna, but straight ole-
cranon, can also be seen in the hyrax Procavia, as well as in the
lagomorph Oryctolagus (O’Leary et al., 2013:chars. 3091, 3081).

The olecranon process in Adalatherium is long (31% of the
ulnar portion distal to the pivot of the semilunar notch) and
straight in posterior view, neither medially nor laterally inflected.
In many Mesozoic mammaliaforms, the olecranon process is
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short, rounded, and gently bent medially, as is the case in
Morganucodon (Jenkins and Parrington, 1976), several
multituberculates (Krause and Jenkins, 1983; Kielan-Jaworowska
and Gambaryan, 1994), Dryolestes (Martin, 2013), and
Henkelotherium (Krebs, 1991; Jager et al., 2019). In particular,
the medial inflection is difficult to recognize in compressed speci-
mens because it can only be seen clearly in posterior or anterior
view. A similarly short and rounded olecranon (that might or
might not be medially inflected) is additionally present in doco-
dontans (Meng et al., 2015; Zhou et al., 2019), several eutricono-
dontans (Ji et al., 1999; Meng et al., 2011; Chen et al., 2017),
spalacotherioids (Hu et al., 1997; Ji et al., 2009; Chen and Luo,
2013), euharamiyidans (Zheng et al., 2013; Bi et al., 2014; Han
et al., 2017; Luo et al., 2017; Meng et al., 2017), multituberculates
(Sereno and McKenna, 1995; Sereno, 2006; Bolortsetseg, 2008;
Yuan et al., 2013; Csiki-Sava et al., 2018; Wang et al., 2019),
Ambolestes (Bi et al., 2018), and Ukhaatherium (Horovitz,
2003). The olecranon is greatly enlarged and medially inflected
in the fossorial Fruitafossor (66%; Luo and Wible, 2005) and
the docodontans Haldanodon (47 %; Martin, 2005) and Docofos-
sor (47%; Luo et al., 2015b). The olecranon in Adalatherium is
more similar in size to those of the eutriconodontans
Repenomamus (30%; Hu, 2006:fig. 3.23) and Gobiconodon
(26%; Jenkins and Schaff, 1988:fig. 15), and this also appears to
be the case, but could not be precisely measured, in the multitu-
berculate Yubaatar (Xu et al., 2015). It may be of relevance
to note that Repenomamus, Gobiconodon, Yubaatar, and
Adalatherium are among the largest Mesozoic mammaliaforms
known from postcranial material.

Several changes to the proximal articular facet can be noted in
Adalatherium that relate to the development of a trochlea. The cor-
onoid process is prominent, projecting anteriorly and medially to
articulate with the medial aspect of the trochlea. The coronoid
process is absent in Morganucodon (Jenkins and Parrington,
1976), Erythrotherium (Jenkins and Parrington, 1976), and
Haldanodon (Martin, 2005) and is only developed as a slightly
raised crest in several euharamiyidans and multituberculates
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Martin, 2013; Bi et al., 2014; Han et al., 2017; Csiki-Sava
et al., 2018; Wang et al., 2019). It appears that Yubaatar has a
more prominent coronoid process, but the extent is difficult to
evaluate based on Xu et al. (2015:fig. 1). The coronoid process is
well developed and anteriorly projecting in the eutriconodontans
Repenomamus (Hu, 2006) and Gobiconodon (Jenkins and
Schaff, 1988), whereas only a small crest indicates its presence in
Yanoconodon (Chen et al., 2017). The coronoid process is
shallow in Akidolestes (Chen and Luo, 2013), Zhangheotherium
(Hu et al., 1997), Vincelestes (Rougier, 1993), Dryolestes (Martin,
2013), and Henkelotherium (Krebs, 1991; Jager et al., 2019).

Adalatherium retains a distinct ulnar crest along the distal
aspect of the shaft. The ulnar crest or ‘ulnar flange’ is prominently
developed in the non-mammaliaform cynodonts Thrinaxodon
(Jenkins, 1971), Massetognathus (Jenkins, 1971), Galeosaurus
(Butler et al., 2019), Trucidocynodon (Oliveira et al., 2010; Oli-
veira and Schultz, 2015), and Diademodon (Gaetano et al.,
2018). Haines (1946) proposed that the crest served as the
attachment of the interosseous membrane. The ulnar crest in
Adalatherium is less prominent than that in basal cynodonts; it
is mediolaterally narrower and does not extend as far anteriorly
and proximally. A narrower and lower ulnar crest has also been
described for the basal mammaliaform Morganucodon (Jenkins
and Parrington, 1976) and is depicted for the eutriconodontan
Repenomamus (Hu, 2006:fig. 3.23)

A prominent ulnar styloid process is present in Adalatherium but
absent in  Morganucodon, Haldanodon, Microdocodon,
Agilodocodon,  Arboroharamiya,  Maiopatagium,  Qishou,
Shenshou, Xianshou, Repenomamus, Gobiconodon, Yanoconodon,
Liaoconodon, and Vincelestes (Jenkins and Parrington, 1976;
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Jenkins and Schaff, 1988; Rougier, 1993; Martin, 2005; Hu, 2006;
Meng et al., 2011; Zheng et al., 2013; Bi et al., 2014; Meng et al.,
2015, 2017; Chen et al., 2017; Han et al., 2017; Mao and Meng,
2019; Zhou et al., 2019). A styloid process is present in Fruitafossor
(Luo and Wible, 2005) and Akidolestes (Chen and Luo, 2013), well
developed in Ectypodus (Bolortsetseg, 2008), and short and blunt
in Kryptobaatar (Bolortsetseg, 2008).

Radius

The radius varies considerably in length and diameter among
Mesozoic mammaliaforms, ranging from slender and gracile
to robust and stout (Fig. 56). More substantial variation is
evident in the proximal articular facet, which reflects shape
changes previously discussed for the radial condyle of the
humerus. Taxa with a spherical and large radial condyle tend
to have circular proximal facets (e.g., Morganucodon, multi-
tuberculates), whereas the outline is elliptical in Adalatherium,
Repenomamus (Hu, 2006), Gobiconodon (Jenkins and Schaff,
1988), Haldanodon (Martin, 2005), Agilodocodon (Meng et al.,
2015), and possibly Docofossor (Luo et al., 2015b). Due to the
compressed preservation of most of the Chinese specimens, it is
difficult to evaluate the exact outline of the proximal facet;
it appears to be circular in Sinobaatar (Hu and Wang, 2002),
Arboroharamiya (Zheng et al, 2013, Han et al, 2017),
Maiopatagium (Meng et al., 2017), Vilevolodon (Luo et al.,
2017), Qishou (Mao and Meng, 2019), Shenshou (Bi et al.,
2014), and Xianshou (Bi et al., 2014).

The bicipital tuberosity is rarely preserved in Mesozoic mam-
maliaforms; therefore, comparison is limited to only a few taxa.
The tuberosity is indistinct in Adalatherium. 1t is slightly raised
in Morganucodon (Jenkins and Parrington, 1976), prominent in
Repenomamus (Hu, 2006) but not in Gobiconodon (Jenkins
and Schaff, 1988), and enlarged in Vincelestes (Rougier, 1993)
and the multituberculates Ptilodus (Krause and Jenkins, 1983)
and Yubaatar (Xu et al., 2015), whereas it is only a low tuberosity
in Kryptobaatar (Bolortsetseg, 2008).

The distal articular facets for the carpals on the ulna and
radius are subequal in size in Morganucodon (Jenkins and Par-
rington, 1976), Gobiconodon (Jenkins and Schaff, 1988), and
Arboroharamiya (Zheng et al., 2013), whereas the distal articu-
lar facet on the radius is substantially larger than the distal
articular facet on the ulna in Adalatherium, Haldanodon
(Martin, 2005), Repenomamus (Hu, 2006), Liaoconodon
(Meng et al., 2011), Maiopatagium (Meng et al., 2017), Qishou
(Mao and Meng, 2019), Shenshou (Bi et al., 2014), Xianshou
(Bi et al., 2014), Catopsbaatar (Hurum and Kielan-Jaworowska,
2008), Kryptobaatar (Sereno, 2006), Jeholbaatar (Wang et al.,
2019), and Sinobaatar (Hu and Wang, 2002).

Adalatherium has a small but distinct radial styloid process that
is relatively larger than the process in Haldanodon (Martin,
2005), Kryptobaatar (Bolortsetseg, 2008), Nemegtbaatar
(Kielan-Jaworowska and Gambaryan, 1994), Vincelestes
(Rougier, 1993), and Akidolestes (Chen and Luo, 2013). The
styloid process is very weak or absent in Morganucodon
(Jenkins and Parrington, 1976), Repenomamus (Hu, 2006),
Gobiconodon (Jenkins and Schaff, 1988), Yanoconodon (Chen
et al., 2017), Liaoconodon (Meng et al., 2011), Arboroharamiya
(Zheng et al., 2013; Han et al., 2017); Maiopatagium (Meng
et al.,, 2017), Qishou (Mao and Meng, 2019), Shenshou (Bi
et al., 2014), Vilevolodon (Luo et al., 2017), Xianshou (Bi et al.,
2014), and Zhangheotherium (Hu et al., 1997).

Carpus

The manus of Adalatherium is among the best-preserved
manual remains for any Mesozoic mammaliaform. Very limited
information is available on the carpals of Mesozoic
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mammaliaforms. Carpals are unknown for otherwise well-known
taxa such as Morganucodon, Megazostrodon, Haldanodon,
Gobiconodon, Vilevolodon, paulchoffatiids, Catopsbaatar, and
Dryolestes and are only illustrated or reconstructed, but not
specifically described, in Agilodocodon (Meng et al., 2015:fig.
3c, e), Yubaatar (Xu et al., 2015:fig. 2), Rugosodon (Yuan et al.,
2013:fig. 1d), Jeholbaatar (Wang et al., 2019:fig. 7c), Arborohara-
miya (Han et al., 2017:ED fig. 7), Shenshou (Bi et al., 2014fig. 3f),
Xianshou (Bi et al., 2014:ED fig. 1), Qishou (Bi et al., 2014:
ED figs. 3b, 4a), Fruitafossor (Luo and Wible, 2005:fig. 21i),
Chaoyangodens (Hou and Meng, 2014:fig. 1), Liaoconodon
(Meng et al., 2011:fig. 1), Jeholodens (Ji et al., 1999:fig. 1), and
Juramaia (Luo et al., 2011:fig. 1d). Brief descriptions mainly
focusing on the relative size of the different carpals as well as
contact relationships are provided for Docofossor (Luo et al.,
2015b), Maiopatagium (Meng et al., 2017), Ptilodus (Krause
and Jenkins, 1983; Bolortsetseg, 2008), Sinobaatar (Hu and
Wang, 2002), Zhangheotherium (Hu et al., 1998), Sinodelphys
(Luo et al., 2003), Eomaia (Ji et al., 2002), Ambolestes (Bi
et al., 2018), Asioryctes (Kielan-Jaworowska, 1977), Barunlestes
(Kielan-Jaworowska, 1978), and Asiatherium (Trofimov and
Szalay, 1994; Szalay and Trofimov, 1996). Isolated carpals have
been described in greater detail for Repenomamus (trapezium,
?trapezoid; Hu, 2006), Nemegtbaatar (scaphoid, lunate, ?trique-
trum, ?pisiform; Kielan-Jaworowska and Gambaryan, 1994),
Ectypodus (scaphoid, hamate; Bolortsetseg, 2008), Mangasbaatar
(trapezoid; Bolortsetseg, 2008), Henkelotherium (lunate, sca-
phoid, triquetrum; Krebs, 1991; Jiger et al, 2019), and
Ukhaatherium (hamate; Horovitz, 2003). But the identification
of isolated elements often remains tentative and ambiguous,
because carpal morphology is unknown for many early
mammaliaforms.

Detailed descriptions of associated carpals are limited to
Yanoconodon (Chen et al., 2017), Kryptobaatar (Bolortsetseg,
2008), Vincelestes (Rougier, 1993), and Akidolestes (Chen and
Luo, 2013). But even in these cases carpal identification remains
ambiguous and problematic. Chen and Luo (2013:fig. 9), for
instance, interpreted the carpal that articulates with Mc IV as
the capitate and the carpal that articulates with Mc III as the tra-
pezoid. Following, among others, Holmgren (1952), Romer
(1966), Yalden (1966), and Lewis (1989), the carpal in articulation
with Mc IIT should be the capitate (= magnum). As such, we
suggest revising Chen and Luo’s (2013) interpretation as follows
(former/new): hamate/pisiform, unlabeled fragment proximal to
Mc Il/trapezoid, trapezoid/capitate, and capitate/hamate.

Given the dearth of comparative material, this section mainly
focuses on size and position of the carpals, and less on detailed
morphology. General trends within carpal evolution previously
focused on distinguishing metatherians and eutherians (Trofimov
and Szalay, 1994; Szalay and Trofimov, 1996; Ji et al., 2002; Luo
et al., 2003). Metatherians are characterized by a hypertrophied
hamate (relative to the triquetrum), large scaphoid (relative to
the lunate), large triquetrum (relative to the lunate and distal
ulna), and a small, bean-shaped trapezium (e.g., Trofimov and
Szalay, 1994; Szalay and Trofimov, 1996). The hamate is also
large, but not hypertrophied, in Zhangheotherium (Hu et al.,
1998), Eomaia (Ji et al., 2002), Barunlestes (Kielan-Jaworowska,
1978), and Asioryctes (Kielan-Jaworowska, 1977). As such, an
enlarged hamate might have evolved earlier within mammals
and only later hypertrophied in metatherians. In addition, Bi
et al. (2018) recently placed Sinodelphys, which also bears a
large scaphoid, triquetrum, and hamate, within eutherians, indi-
cating that carpal size and shape might have been more plastic
at the base of Theria.

The scaphoid is clearly larger than the lunate in Adalatherium;
the euharamiyidans Shenshou and possibly Arboroharamiya (Bi
et al., 2014; Han et al., 2017; but scored as not hypertrophied in
Huttenlocker et al., 2018:char. 274); the multituberculate Ptilodus
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(Bolortsetseg, 2008); and the therians Sinodelphys (Luo et al.,
2003), Ambolestes (Bi et al., 2018), Asiatherium (Trofimov and
Szalay, 1994; Szalay and Trofimov, 1996), and Asioryctes
(Kielan-Jaworowska, 1977:fig. 3a; note that this is scored as
unknown in Bi et al., 2018:char. 361). It is similar in size or only
slightly larger than the Ilunate in most other Mesozoic
mammaliaforms.

The hamate is similar in size to the triquetrum in Adalatherium,
but it is large relative to the capitate and trapezoid. The hamate is
smaller or similar in size to the triquetrum in the docodontan
Agilodocodon (Meng et al., 2015); the eutriconodontans
Jeholodens (Ji et al., 1999) and Yanoconodon (Chen et al.,
2017); and the multituberculates Sinobaatar (Hu and Wang,
2002), Ptilodus (Bolortsetseg, 2008), and Kryptobaatar (Bolort-
setseg, 2008). The hamate is larger than the triquetrum in the doc-
odontan Docofossor (Luo et al., 2015b); in the euharamiyidans
Arboroharamiya (Han et al., 2017), Xianshou linglong (Bi
et al., 2014), and Shenshou (Bi et al., 2014); as well as in several
therians (Bi et al., 2018:char. 362). The triquetrum is similar in
size to the lunate or the distal ulna in Adalatherium; the docodon-
tan Agilodocodon (Meng et al., 2015); the eutriconodontans
Yanoconodon (Chen et al., 2017) and Jeholodens (Ji et al.,
1999); the euharamiyidan Arboroharamiya (Han et al., 2017);
the multituberculates Kryptobaatar (Bolortsetseg, 2008) and
Jeholbaatar (Wang et al., 2019); the stem therian Vincelestes
(Rougier, 1993); and the eutherians Eomaia (Ji et al., 2002),
Barunlestes (Kielan-Jaworowska, 1978), and Asioryctes (Kielan-
Jaworowska, 1977). In contrast, the triquetrum is enlarged rela-
tive to the lunate in Shenshou and Xianshou (Bi et al., 2014), as
well as in Zhangheotherium, Sinodelphys, Ambolestes, and
several metatherians (Bi et al., 2018:char. 364). The trapezium
is well developed and larger than the trapezoid in Adalatherium,
as is the case in most Mesozoic mammaliaforms with the excep-
tion of Vincelestes, Sinodelphys, and Asiatherium (Bi et al.,
2018:char. 363; Huttenlocker et al., 2018:char. 276).

The number of carpals varies in extant therians. Fusion of
several carpals (centrale, scaphoid, or lunate) or loss of elements
(trapezium) is common (Holmgren, 1952; Lewis, 1989; Stafford
and Thorington, 1998; O’Leary et al., 2013). It appears that the
number of carpals is more consistent in Mesozoic mammalia-
forms, being either eight or nine. Eight carpals consisting of
four proximal carpals (scaphoid, lunate, triquetrum, pisiform)
and four distal carpals (trapezium, trapezoid, capitate, hamate)
are known for Agilodocodon (Meng et al., 2015), Jeholodens (Ji
et al.,, 1999), Sinodelphys (Luo et al., 2003), Ambolestes (Bi
et al., 2018), and Eomaia (Ji et al., 2002). In several early
mammals, a centrale is retained between the proximal and
distal rows, as is the case in Arboroharamiya (not labeled in
Han et al., 2017:ED fig. 7), Shenshou (Bi et al., 2014), Sinobaatar
(Hu and Wang, 2002), Kryptobaatar (Bolortsetseg, 2008),
Zhangheotherium (Hu et al., 1998), Akidolestes (Chen and Luo,
2013), Vincelestes (Rougier, 1993), Asioryctes (Kielan-Jawor-
owska, 1977), and Barunlestes (Kielan-Jaworowska, 1978).
Adalatherium further possesses an additional sesamoid, the os
Daubentonii, which is positioned between the ulna, radius,
lunate, and triquetrum. The os Daubentonii is known in several
primates (Lewis et al., 1970), and has been described in the
eutherian Barunlestes (Kielan-Jaworowska, 1978). A small
element also appears to be present between the radius and ulna
in Arboroharamiya (Han et al., 2017:ED fig. 7). The element is
not labeled but, at least in palmar view, appears to be a separate
element that could represent an os Daubentonii.

Metacarpals and Manual Phalanges

Detailed descriptions of the metacarpals and phalanges are
rare for Mesozoic mammaliaforms. Most studies focus on the pro-
portion of the elements, which is most commonly assessed by
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calculating the phalangeal index (lengths of the proximal and
intermediate phalanges x 100 divided by the length of the meta-
podial of the third digit). The phalangeal index has been widely
used to estimate the degree of prehensility for the forefoot and
hind foot in extant mammals (Lemelin and Grafton, 1998;
Lemelin, 1999; Weisbecker and Warton, 2006; Weisbecker and
Schmid, 2007; Kirk et al., 2008) and has been more recently
applied in Mesozoic mammaliaforms (e.g., Chen and Luo, 2013;
Zheng et al., 2013; Bi et al., 2014; Meng et al., 2015, 2017; Han
et al., 2017). Here, the phalangeal index is used to quantitatively
compare manual proportions in Mesozoic mammaliaforms.

The metacarpals (Mc), except Mc I, are long compared with the
phalanges in Adalatherium. As such, the phalangeal index for the
third digit is low (93%). This is comparable to or higher than the
phalangeal index of Kryptobaatar (92% in Bolortsetseg, 2008:fig.
42; 81% in Wang et al., 2019), and higher than in the spalacother-
ioids Zhangheotherium (83% in Chen and Luo, 2013) and poss-
ibly Maotherium (83% in Chen and Luo, 2013; 95% in Zheng
et al., 2013, and Wang et al., 2019). The phalangeal index is
much higher in the multituberculates Sinobaatar (108% in Chen
and Luo, 2013:ED7a, and Wang et al., 2019; 102% in Zheng
et al., 2013), Rugosodon (117% in Yuan et al., 2013, and Wang
et al., 2019), Ptilodus (118% in Wang et al., 2019), ? Eucosmodon
(119% in Wang et al., 2019), and Jeholbaatar (126% in Wang
et al., 2019); the eutriconodontans Yanoconodon (103% in
Chen and Luo, 2013, and 113% in Chen et al., 2017:table 1), Jeho-
lodens (113% in Chen and Luo, 2013; 111% in Zheng et al., 2013),
and Spinolestes (121% in Martin et al., 2015); the spalacotherioid
Akidolestes (105-111% in Chen and Luo, 2013); and the therians
Sinodelphys (137% in Chen and Luo, 2013), Ambolestes (111% in
Bietal.,2018:table S2), Eomaia (130% in Chen and Luo, 2013, and
Wang et al., 2019), and Juramaia (121% in Luo et al., 2011). By far
the greatest elongation of the phalanges compared with the
metacarpals is present in the euharamiyidans Arboroharamiya,
Maiopatagium, Shenshou, Vilevolodon, and Xianshou. All of
these forms have phalangeal indices above 200% (Meng et al.,
2017:ED fig. 7a; Wang et al., 2019:ED table 1). Several taxa, includ-
ing Repenomamus, Liaoconodon, Chaoyangodens, Fruitafossor,
and Docofossor, which appear to have manual proportions
shorter or more similar to Adalatherium, could not be included
because measurements were not given in the descriptions of the
specimens or the third digit was not completely preserved.

Comparing digit length in Adalatherium overall, digits I and V
are similar in length and both are shorter than digits II-I'V. These
relative proportions are also seen in the docodontans Docofossor
and Agilodocodon (Luo et al., 2015b; Meng et al., 2015), the eutri-
conodontans Spinolestes and Yanoconodon (Martin et al., 2015;
Chen et al., 2017), the multituberculate Sinobaatar (Hu and
Wang, 2002), and the spalacotherioid Akidolestes (Chen and
Luo, 2013). In contrast, digit I is much shorter than digits II-V
in the euharamiyidans Arboroharamiya, Maiopatagium, and
Shenshou (Bi et al., 2014; Han et al., 2017; Meng et al., 2017);
the eutriconodontan Jeholodens (Ji et al., 2002); the spalacother-
ioid Zhangheotherium (Hu et al., 1998); and the therians
Sinodelphys (Luo et al., 2003), Eomaia (Ji et al., 2002),
Ambolestes (Bi et al., 2018), and Juramaia (Luo et al., 2011).

Interestingly, the comparable lengths of digits I and V are
the result of different patterns in the taxa listed above. In
Adalatherium, Mc 1 is short and robust, but the proximal
phalanx of digit I is relatively long, whereas Mc V is relatively
long (only slightly shorter than Mc II-1IV), and the proximal
and intermediate phalanges of digit V are short. In Agilodocodon,
Spinolestes, Yanoconodon, Sinobaatar, and Akidolestes, Mc V is
shorter and more robust than Mc I, but the phalanges are compar-
able in length to the other digits (Chen and Luo, 2013; Martin
et al., 2015; Meng et al., 2015; Chen et al., 2017). Docofossor is
excluded here because the proximal and intermediate phalanges
are fused in all digits (Luo et al., 2015b).
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The metacarpals and phalanges are neither very stout nor
very slender in Adalatherium, but comparable to those in
mammals of a generalized terrestrial habitus. Similarly, the meta-
carpals are intermediate in robustness in the eutriconodontans
Chaoyangodens (Hou and Meng, 2014), Yanoconodon
(Chen et al., 2017), and Jeholodens (Ji et al., 2002:fig. 3); the mul-
tituberculates Rugosodon (Yuan et al., 2013) and Sinobaatar
(Hu and Wang, 2002); and the spalacotherioid Zhangheotherium
(Hu et al., 1998). The metacarpals are more robust than in
Adalatherium in the eutriconodontans Spinolestes, Liaoconodon,
and Repenomamus (Hu, 2006; Meng et al., 2011; Martin et al.,
2015), whereas the euharamiyidans Arboroharamiya,
Maiopatagium, and Shenshou (Bi et al., 2014; Han et al., 2017,
Meng et al., 2017) exhibit short metacarpals but extremely
long and slender proximal and intermediate phalanges. The
metacarpals and phalanges are relatively long and slender in
Agilodocodon, Akidolestes, Sinodelphys, Ambolestes, Eomaia,
and Juramaia (Ji et al., 2002; Luo et al., 2003, 2011; Chen and
Luo, 2013; Meng et al., 2015; Bi et al., 2018) and appear to be
slender in the preserved digits of Megaconus (Zhou et al.,
2013) and Kryptobaatar (Bolortsetseg, 2008).

The proximal alignment of the metacarpals differs within early
mammals. The positions of Mc I and Mc V are of particular inter-
est. In Adalatherium, the proximal end of Mc I is not aligned with
that of Mc II but is more distally positioned to accommodate the
trapezium. A similar arrangement has also been reconstructed for
Agilodocodon (Meng et al., 2015), Docofossor (Luo et al., 2015b),
Arboroharamiya (Han et al., 2017), Maiopatagium (Meng et al.,
2017), Shenshou (Bi et al., 2014:fig. 1), Qishou (Bi et al., 2014:
ED fig. 4a), Sinobaatar (Hu and Wang, 2002), Zhangheotherium
(Hu et al., 1998), Akidolestes (Chen and Luo, 2013), Ambolestes
(Bi et al., 2018), and Eomaia (Ji et al., 2002). By contrast, Mc I
is proximally aligned with Mc II in Chaoyangodens (Hou and
Meng, 2014), Spinolestes (Martin et al., 2015), Rugosodon
(Yuan et al., 2013), Barunlestes (Kielan-Jaworowska, 1978),
Sinodelphys (Luo et al., 2003), and Asiatherium (Trofimov and
Szalay, 1994; Szalay and Trofimov, 1996). Furthermore, Mc V is
in line with Mc IV and is positioned distal to the hamate in
Adalatherium, as is the case in Docofossor (Luo et al., 2015b),
Chaoyangodens (Hou and Meng, 2014), Yanoconodon (Chen
et al., 2017), Spinolestes (Martin et al., 2015), Arboroharamiya
(Han et al., 2017), Maiopatagium (Meng et al., 2017), Sinobaatar
(Hu and Wang, 2002), Sinodelphys (Luo et al., 2003), Ambolestes
(Bietal., 2018), Eomaia (Ji et al., 2002), and Barunlestes (Kielan-
Jaworowska, 1978). Metacarpal V is more proximally positioned
than Mc IV in Agilodocodon (Meng et al., 2015), Jeholodens
(Ji et al, 2002:fig. 3), Liaoconodon (Meng et al., 2011),
Zhangheotherium (Hu et al., 1998), and monotremes (Ji et al.,
2002:fig. 3).

The distal phalanges are uniform in Adalatherium, similar in
length to the intermediate phalanges, and only gently curved.
This is similar to the condition reconstructed for Spinolestes
(Martin et al., 2015:fig. 1d) and Kryptobaatar (Bolortsetseg, 2008:
fig. 34). In the eutriconodontans Chaoyangodens, Yanoconodon,
and Jeholodens (Ji et al., 1999; Hou and Meng, 2014; Chen et al.,
2017), the euharamiyidans Arboroharamiya, Maiopatagium,
Xianshou, and Shenshou (Bi et al., 2014; Han et al., 2017; Meng
et al., 2017), and the spalacotherioids Zhangheotherium and
Akidolestes (Hu et al., 1998; Chen and Luo, 2013), the distal pha-
langes are gently curved but shorter than the intermediate pha-
langes, whereas the distal phalanges are curved, much shorter
than the intermediate phalanges, and dorsopalmarly tall in
Eomaia and Sinodelphys (Ji et al., 2002; Luo et al., 2003).

Pelvic Girdle

The most prominent feature of the pelvis of Adalatherium is the
large size of the obturator foramen. It is more than twice as large
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as the acetabulum. Such an enlarged obturator foramen is only
known for cladotherians such as Vincelestes, Henkelotherium,
Eomaia, Ukhaatherium, Zalambdalestes, Barunlestes, and
Pucadelphys (Kielan-Jaworowska, 1978; Krebs, 1991; Rougier,
1993; Novacek et al., 1997; Ji et al., 2002; Horovitz, 2003; Jager
et al., 2019). The obturator foramen is intermediate in size
(larger than, but not more than twice the size of, the acetabulum)
in Morganucodon, Repenomamus, Gobiconodon, Maiopatagium,
Zhangheotherium, and Akidolestes (Jenkins and Parrington, 1976;
Jenkins and Schaff, 1988; Luo and Ji, 2005; Hu, 2006; Chen and
Luo, 2013; Meng et al., 2017). The obturator foramen appears
slightly larger than the acetabulum in Xianshou (Bi et al., 2014:
ED fig. 1), but it is reconstructed as equivalent in size to the acet-
abulum by Bi et al. (2014:fig. 3a). The obturator foramen is much
smaller and similar in size to the acetabulum in multituberculates
and monotremes (Krause and Jenkins, 1983; Kielan-Jaworowska
and Gambaryan, 1994; Bolortsetseg, 2008; Xu et al., 2015). It is
also described as small in the eutriconodontan Yanoconodon
(Chen et al., 2017).

Adalatherium also seems derived in having a straight dorsal
edge of the ischium, a feature that is known in some euharamiyi-
dans (Bi et al., 2014; Meng et al., 2017) and the cladotherians
Henkelotherium, Vincelestes, Eomaia, Ukhaatherium,
Zalambdalestes, Barunlestes, and Pucadelphys (Kielan-Jawor-
owska, 1978; Krebs, 1991; Rougier, 1993; Novacek et al., 1997; Ji
et al., 2002; Horovitz, 2003; Jager et al., 2019). The dorsal edge
of the ischium is gently concave in eutriconodontans and Arboro-
haramiya (Jenkins and Schaff, 1988; Hu, 2006; Meng et al., 2011,
Hou and Meng, 2014; Chen et al., 2017; Han et al., 2017) and
greatly curved into a prominent, posterodorsally directed ischial
tuberosity in Morganucodon, Erythrotherium, Akidolestes, multi-
tuberculates, and monotremes (Jenkins and Parrington, 1976;
Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Bolortsetseg, 2008; Chen and Luo, 2013; Yuan et al., 2013;
Xu et al., 2015). The ischial tuberosity is also well developed in
Adalatherium; it is laterally reflected but not posteriorly expanded
as in multituberculates.

The ilium, ischium, and pubis appear to be fused in Adalatherium,
a feature that is shared with most multituberculates, monotremes,
Akidolestes, Zhangheotherium, Maotherium, Vincelestes, and ther-
ians (Huttenlocker et al., 2018:char. 282). The pelvic bones
remain unfused in morganucodontans, docodontans, euharamiyi-
dans, Rugosodon, Sinobaatar, Jeholbaatar, and eutriconodontans
(Huttenlocker et al., 2018:char. 281; Wang et al., 2019; Zhou et al.,
2019). Huttenlocker et al. (2018) also scored the pelvis as
unfused in Megaconus, but the region does not seem to be
well enough preserved to make such a determination
unambiguously.

The dorsal margin of the acetabulum does not appear to be
emarginated in Adalatherium. The femoral head is enclosed by
the acetabulum, whereas in many early mammaliaforms the
dorsal margin of the acetabulum is concave and the femoral
head is exposed in dorsal view. An open and emarginated
dorsal aspect of the acetabulum has been scored as present in
morganucodontans, euharamiyidans, multituberculates, eutrico-
nodontans, Vincelestes, Ukhaatherium, and Asiatherium by Hut-
tenlocker et al. (2018:char. 281), whereas it is closed in
spalacotherioids and most therians.

A small acetabular notch appears to be present in Adalatherium,
but the posterior aspect of the acetabulum is poorly preserved
and it is possible that the notch might just be an artifact. An acet-
abular notch is present in most mammaliaforms and is absent in
monotremes (Jenkins and Parrington, 1976). A tuberosity for
the lesser psoas muscle is absent in Adalatherium, as is the case
in most mammaliaforms (Huttenlocker et al., 2018:char. 291). A
prominent and well-developed, ventrally directed tuberosity is
only present in monotremes and Akidolestes (Chen and Luo,
2013).
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A postobturator notch (or possibly foramen), which has been
identified in all multituberculates that preserve this region
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Bolortsetseg, 2008), is absent in Adalatherium. 1t is,
however, interesting to note that the postobturator notch in multi-
tuberculates lies posterior to the obturator foramen in roughly
the same position as the narrow constriction along the ischial
blade extending from the ischium to the pubis in UA 9030.

The epipubis is present in Adalatherium, as is the case in mor-
ganucodontans, multituberculates, eutriconodontans, spala-
cotherioids, and early therians (Huttenlocker et al., 2018:char.
285). The only Mesozoic mammals reported to lack an epipubic
bone are euharamiyidans (Bi et al., 2014; Han et al., 2017; Luo
et al., 2017; Meng et al., 2017; Huttenlocker et al., 2018:char.
285; Mao and Meng, 2019).

Femur

The femur of Adalatherium is generally more similar to that of
trechnotherians than to that of basal mammaliaforms (Fig. 57).
For a detailed comparison of multituberculate, euharamiyidan,
and gondwanatherian femoral morphology, see Krause et al.
(2017). In Adalatherium, the femoral head is separated from the
shaft by a short but distinct neck, a feature that is scored as
present in Zhangheotherium, Maotherium, Henkelotherium,
Vincelestes, Eomaia, Ukhaatherium, Zalambdalestes, Sinodelphys,
Asiatherium, Pucadelphys, and multituberculates by Huttenlocker
et al. (2018:char. 292). The femoral neck in multituberculates
differs greatly from the short and broad morphology of
the femoral neck in Adalatherium (Krause and Jenkins, 1983;
Kielan-Jaworowska and Gambaryan, 1994; Hu and Wang,
2002; Bolortsetseg, 2008; Yuan et al., 2013; DeBey and Wilson,
2014; Xu et al., 2015; Mao et al., 2016; Krause et al., 2017; Csiki-
Sava et al., 2018). In particular, in Sinobaatar (IVPP 12517),
?Mesodma, ?Eucosmodon, Ptilodus, Kryptobaatar, Nemegtbaatar,
Chulsanbaatar, and Litovoi (Krause and Jenkins, 1983; Kielan-
Jaworowska and Gambaryan, 1994; Bolortsetseg, 2008; Csiki-
Sava et al., 2018), the femoral neck is long and slender and
clearly separated from the greater trochanter proximolaterally by
a deep incision. In Adalatherium, only a shallow indentation separ-
ates the greater trochanter from the femoral neck proximally. A
similarly broad and short neck has also been described and
imaged for the euharamiyidans Arboroharamiya, Qishou,
Shenshou, and Xianshou (Bi et al., 2014; Han et al., 2017:S95)
and has been scored as present in these forms by Han et al.
(2017:char. 281). A broad and short neck is also present in Maiopa-
tagium (Meng et al., 2017:ED fig. 1, contra scoring in Huttenlocker
et al., 2018:char. 292), the eutriconodontans Repenomamus (Hu,
2006:fig. 3.31), Gobiconodon (Jenkins and Schaff, 1988), and poss-
ibly Jeholodens (Ji et al., 1999:fig. 1), and Vincelestes (Rougier,
1993:fig. 98). The femoral neck is also described as “short and indis-
tinctive” in the spalacotherioid Akidolestes (Chen and Luo,
2013:173), but it is scored as present in Huttenlocker et al. (2018:
char. 292). The femoral neck is absent in morganucodontans, doc-
odontans, and monotremes (Huttenlocker et al., 2018:char. 292). It
also appears to be absent in Volaticotherium (Meng et al., 2006),
Yanoconodon (Chen et al., 2017:fig. 14), and Liaoconodon
(Meng et al., 2011:fig. 1).

A small fovea capitis is preserved close to the center of the
femoral head in Adalatherium, which is also present in morganu-
codontans, multituberculates, Henkelotherium, Vincelestes, and
therians (Huttenlocker et al., 2018:char. 293). Monotremes, the
docodontan Haldanodon (Martin, 2005), and the eutriconodon-
tans Gobiconodon (Jenkins and Schaff, 1988) and Repenomamus
(Hu, 20006) clearly lack a fovea on the femoral head.

The shape of the greater trochanter of Adalatherium, which is
anteroposteriorly broad, obliquely oriented, and expands proxi-
mally, is markedly different from the condition seen in other
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FIGURE 57. Comparison of left femur (top row), tibia (middle row), and fibula (bottom row) in five Mesozoic mammaliaforms. Femora in anterior
view; tibiae and fibulae in lateral view. All femora at same length; tibiae and fibulae at lengths relative to femora. A, Adalatherium; B, the morganu-
cododontan Morganucodon (after Jenkins and Parrington, 1976:figs. 12, 15, 16); C, the eutriconodontan Repenomamus (after Hu, 2006:figs. 3-31, 3-32);

D, the multituberculate Nemegtbaatar (after Kielan-Jaworowska and Hurum, 2004:figs. 16, 17); and E, the stem therian Vincelestes (after Rougier, 1993:
figs. 98-101).
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Mesozoic mammaliaforms. In many non-therian mammaliaforms,
the greater trochanter is flange-like, mediolaterally expanded,
and tapers proximally, as is the case in morganucodontans
(Jenkins and Parrington, 1976); docodontans (Martin, 2005;
Meng et al., 2015; Zhou et al., 2019); euharamiyidans
(Zheng et al., 2013; Bi et al., 2014; Han et al., 2017; Meng et al.,
2017); monotremes; the shuotheriid Pseudotribos (Luo et al.,
2007); the eutriconodontans Repenomamus, Yanoconodon,
Volaticotherium, and Liaconodon (Hu, 2006; Meng et al., 2006,
2011; Chen et al., 2017); and the stem therian Akidolestes (Li
and Luo, 2006:fig. 4d). The greater trochanter is rod-like and is
directed proximally in multituberculates (e.g., Krause and
Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994; Bolort-
setseg, 2008; DeBey and Wilson, 2014; Krause et al., 2017; Csiki-
Sava et al., 2018) and the spalacotherioids Zhangheotherium
(Hu et al., 1997) and Maotherium (Rougier et al., 2003; Ji et al.,
2009). The greater trochanter of Adalatherium is most similar to
that of Pucadelphys in being anteroposteriorly broad (Marshall
and Sigogneau-Russell, 1995). Adalatherium is also similar to
Pucadelphys in that the greater trochanter is level with the prox-
imal extent of the femoral head. This is also the case in the eutri-
conodontans Jeholodens, Yanoconodon, Volaticotherium, and
Liaoconodon (Ji et al., 1999; Meng et al., 2006, 2011; Chen
et al., 2017). In most Mesozoic mammaliaforms, the greater tro-
chanter is much shorter than the femoral head, as seen in morga-
nucodontans, Haldanodon, Microdocodon, Repenomamus,
Arboroharamiya, Maiopatagium, Qishou, Shenshou, Xianshou,
Vincelestes, and Akidolestes (Jenkins and Parrington, 1976;
Rougier, 1993; Martin, 2005; Hu, 2006; Li and Luo, 2006;
Chen and Luo, 2013; Zheng et al., 2013; Bi et al., 2014; Han
et al., 2017; Meng et al., 2017; Mao and Meng, 2019; Zhou
et al, 2019). Multituberculates and the spalacotherioids
Zhangheotherium and Maotherium are exceptional; the greater
trochanter projects even farther proximally beyond the proximal
extent of the femoral head (Krause and Jenkins, 1983; Kielan-
Jaworowska and Gambaryan, 1994; Hu et al., 1997; Rougier
et al., 2003; Bolortsetseg, 2008; Ji et al., 2009; Csiki-Sava et al.,
2018).

Adalatherium further differs from basal mammaliaforms in
possessing a small lesser trochanter that is positioned along the
posterior margin of the femur. A posteriorly positioned lesser tro-
chanter is also present in multituberculates (e.g., Krause and
Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994; Bolort-
setseg, 2008; Krause et al., 2017; Csiki-Sava et al., 2018), but the
posteromedially pointing flange is much larger than the small,
knob-like process in Adalatherium. The lesser trochanter is also
positioned on the posterior or posteromedial aspect of the
femur in the spalacotherioids Zhangheotherium and Maotherium,
as well as in therians, and is scored as such by Huttenlocker et al.
(2018:char. 296). In contrast, the lesser trochanter is large, flange-
like, and medially directed in morganucodontans, Haldanodon,
Microdocodon, monotremes, Pseudotribos, Gobiconodon,
Repenomamus, Akidolestes, Vincelestes, and Henkelotherium
(Huttenlocker et al., 2018:char. 296; Zhou et al., 2019). The pos-
ition of the lesser trochanter in euharamiyidans is contentious.
Huttenlocker et al. (2018) scored the lesser trochanter as
large and medially positioned in Xianshou linglong, Xianshou
songae, Shenshou, Maiopatagium, and Vilevolodon, whereas
Han et al. (2017) scored the trochanter as posteriorly positioned
in Shenshou and Xianshou linglong and unknown in Xianshou
songae. The compressed preservation of Xianshou linglong,
Xianshou songae, and Vilevolodon seems to prevent an accurate
assessment of the position, and it is here regarded as unknown.
The lesser trochanter seems to be medially positioned in
Qishou (Bi et al., 2014:ED fig. 4) and Maiopatagium (Meng
et al., 2017:ED fig. 1).

A third trochanter is absent in Adalatherium, as is the case in
most Mesozoic mammaliaforms. A third trochanter has only
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been described for the eutriconodontans Repenomamus and
Gobiconodon (Jenkins and Schaff, 1988; Hu, 2006) and the doco-
dontan Haldanodon (Martin, 2005). The compressed preser-
vation of many early mammaliaforms might prevent the
accurate identification of a third trochanter, in particular if it is
only developed as a gentle ridge or a small and posteriorly
directed process.

The presence and depth of the patellar groove have been var-
iously identified in early mammaliaforms (see, for example, scor-
ings by Huttenlocker et al. [2018] or O’Leary et al. [2013]). Here,
a patellar groove is assumed to be present only if a distinct and
smooth articular surface is preserved. Under this definition, a
patellar groove is absent in Morganucodon, Megazostrodon,
Erythrotherium, Haldanodon, Repenomamus, and Gobiconodon.
Hu (2006:140) described the patellar groove as “broad and
shallow” in Repenomamus but scored the patella as absent in
that taxon. Hu (2006:fig. 3.31) illustrated a shallow concavity
along the anterodistal margin of the femur, but the area is
similar in texture to the shaft; as such, the patellar groove is
treated as absent. A similar situation occurs in Gobiconodon;
Jenkins and Schaff (1988:17) described a “broad, shallow patellar
groove,” but it cannot be clearly identified in their figures. A
patellar groove was also likely absent in Yanoconodon (Chen
et al., 2017:fig. 14) and Jeholodens; Ji et al. (1999:329) described
it as “far less developed than in monotremes, multituberculates,
and therians” in Jeholodens. A distinct and smooth patellar
groove is present in Adalatherium, monotremes, multitubercu-
lates, Zhangheotherium, Maotherium, and therians (Krause
and Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994;
Bolortsetseg, 2008; O’Leary et al., 2013; Mao et al., 2016; Wang
et al., 2019). The patellar groove is shallow in Adalatherium and
monotremes, but distinctly concave in Maotherium (Ji et al.,
2009), Pucadelphys (Marshall and Sigogneau-Russell, 1995),
Ukhaatherium (Horovitz, 2003), and the multituberculates
Ectypodus, ?Eucosomodon, ?Mesodma, Ptilodus, Sphenopsalis,
Mangasbaatar, Kryptobaatar, Nemegtbaatar, and Chulsanbaatar
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Bolortsetseg, 2008; Mao et al., 2016).

Tibia

The most prominent feature of the tibia in Adalatherium is its
strong curvature (convex anteriorly, concave posteriorly) in side
view. Among early mammaliaforms, curved tibiae, albeit less
prominently curved, are only described for the metatherians
Mayulestes and Pucadelphys (Argot, 2002). In both taxa,
however, the tibia is not as compressed mediolaterally and
expanded anteroposteriorly as in Adalatherium. In most Meso-
zoic mammaliaforms, the tibia is sigmoid in anterior view but rela-
tively straight in side view, as seen in morganucodontans (Jenkins
and Parrington, 1976), the docodontans Agilodocodon, Haldano-
don, and Microdocodon (Martin, 2005; Meng et al., 2015; Zhou
et al., 2019), monotremes, the eutriconodontans Gobiconodon
and Repenomamus (Jenkins and Schaff, 1988; Hu, 2006), multitu-
berculates (Krause and Jenkins, 1983; Kielan-Jaworowska
and Gambaryan, 1994), the euharamiyidan Arboroharamiya
(Han et al., 2017), the spalacotherioid Akidolestes (Chen and
Luo, 2013), and many basal therians (Novacek et al., 1997,
Szalay and Sargis, 2001; Horovitz, 2003; Bi et al., 2018). Presence
of a sigmoid shaft might be obscured by the compressed preser-
vation of some specimens. However, the tibia appears to be
only gently curved to relatively straight in anterior view in the
euharamiyidans Qishou, Shenshou, Xianshou, Maiopatagium,
and Vilevolodon (Bi et al., 2014; Luo et al., 2017; Meng et al.,
2017); the eutriconodontans Jeholodens, Liaoconodon, and
Yanoconodon (Ji et al., 1999; Meng et al., 2011; Chen et al.,
2017); and the spalacotherioids Zhangheotherium and
Maotherium (Luo and Ji, 2005; Ji et al., 2009).
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In Adalatherium, the tibia is gently sigmoid in anterior view,
which is accentuated by the presence of a sharp, sinuous tibial
crest (= anterior crest; cranial crest in Kielan-Jaworowska and
Gambaryan, 1994; cnemial crest in Jenkins and Parrington,
1976) that extends along the entire length of the tibia. A short
and rounded crest is present in morganucodontans (Jenkins and
Parrington, 1976), the docodontans Haldanodon (Martin, 2005)
and Microdocodon (Zhou et al., 2019), eutriconodontans
(Jenkins and Schaff, 1988; Hu, 2006), and some multituberculates
(Kielan-Jaworowska and Gambaryan, 1994), whereas it is indis-
tinct in others (Krause and Jenkins, 1983). In none of these mam-
maliaforms does the tibial crest extend farther distally than mid-
length of the tibia and nor is it as sharp or well defined as in
Adalatherium.

The tibia is shorter than the femur (crural index [tibial length/
femoral length] =87%) in Adalatherium. Similarly, a relatively
short tibia is known in Haldanodon (80% in Martin, 2005), Repe-
nomamus (71-78% in Hu, 2006), Yanoconodon (87% in Chen
et al., 2017), Shenshou (84% in Meng et al., 2017), and several
multituberculates (71-79% in Krause and Jenkins, 1983; Kielan-
Jaworowska and Gambaryan, 1994; Bolortsetseg, 2008; Meng
et al., 2017). In contrast, the tibia is longer than the femur in
the euharamiyidans Arboroharamiya jenkinsi (110% in Meng
et al., 2017) and Xianshou songae (108% in Meng et al., 2017);
the docodontans Agilodocodon (106% in Meng et al., 2017)
and Microdocodon (116% in Zhou et al., 2019); the spalacother-
ioids Akidolestes and Zhangheotherium (107% in Meng et al.,
2017); the monotreme Ornithorhynchus (150%); and the therians
Eomaia (125% in Meng et al., 2017), Sinodelphys (122% in Meng
et al., 2017), Ambolestes (120% in Bi et al., 2018), Ukhaatherium
(~116% in Horovitz, 2003), and Pucadelphys (107% in Argot,
2002). The tibia is roughly comparable in length to the femur in
Jeholodens (100% in Meng et al., 2017), Maiopatagium (104%
in Meng et al., 2017), Vilevolodon (104% in Meng et al., 2017),
Maotherium (95% in Meng et al., 2017), and Henkelotherium
(90% in Molinero, 2003).

The tibia is slender and gracile in morganucodontans, euhara-
miyidans, the multituberculates Ptilodus and ?Eucosmodon, the
spalacotherioid Akidolestes, and several Mesozoic therians
(Jenkins and Parrington, 1976; Krause and Jenkins, 1983;
Novacek et al., 1997; Ji et al., 2002; Horovitz, 2003; Chen and
Luo, 2013; Bi et al., 2014; Han et al., 2017; Meng et al., 2017).
By contrast, the tibia is remarkably robust in Adalatherium
(Fig. 57). It is also robust in the docodontans Haldanodon and
Docofossor; the eutriconodontans Repenomamus, Jeholodens,
Yanoconodon, Liaoconodon, and Spinolestes; and the multituber-
culates Yubaatar and Sphenopsalis (Ji et al., 1999; Martin, 2005;
Hu, 2006; Meng et al., 2011, 2015; Martin et al., 2015; Xu et al.,
2015; Mao et al., 2016; Chen et al., 2017). The tibia is more inter-
mediate in morphology, neither particularly robust nor slender, in
the multituberculates Rugosodon, Sinobaatar, Jeholbaatar,
Nemegtbaatar, Kryptobaatar, and Catopsbaatar, as well as the
spalacotherioids Zhangheotherium and Maotherium (Kielan-
Jaworowska and Gambaryan, 1994; Hu et al., 1997; Hu and
Wang, 2002; Hurum and Kielan-Jaworowska, 2008; Ji et al.,
2009; Yuan et al., 2013; Wang et al., 2019).

The proximal end of the tibia is poorly preserved in
Adalatherium, but a laterally projecting tubercle for articulation
with the fibula does not seem to be present. Such a hook-like
proximolateral tubercle is a plesiomorphic feature within mam-
maliaforms and has been scored as present in morganucodontans,
docodontans, euharamiyidans, multituberculates, Pseudotribos,
and monotremes by Huttenlocker et al. (2018:char. 300). The
hook-like process is particularly well developed in multitubercu-
lates (Krause and Jenkins, 1983; Kielan-Jaworowska and Gam-
baryan, 1994; Bolortsetseg, 2008, Csiki-Sava et al., 2018; Wang
et al., 2019) but is less prominent in morganucodontans
(Jenkins and Parrington, 1976). The process is indistinct in
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spalacotherioids, Henkelotherium, Vincelestes, and many basal
therians (Huttenlocker et al., 2018:char. 300).

The distal articular facet on the tibia of Adalatherium bears a
large medial malleolus that articulates with the medial aspect of
the astragalus, as is the case in many cladotherians (Huttenlocker
et al., 2018:char. 301). A small and bulbous medial malleolus
is present in monotremes; the docodontans Agilodocodon,
Microdocodon, and Docofossor; and the multituberculates
Rugosodon, Sinobaatar, Kryptobaatar, Ptilodus, and ? Eucosmodon
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Hu and Wang, 2002; Yuan et al., 2013; Luo et al., 2015b;
Meng et al., 2015; Zhou et al., 2019), but it is entirely absent
or weakly developed in morganucodontans, euharamiyidans,
eutriconodontans, spalacotherioids, and the multituberculate
Nemegtbaatar ~ (Kielan-Jaworowska and Gambaryan, 1994;
Huttenlocker et al., 2018:char. 301), thus differing greatly from
the condition in Adalatherium.

Fibula

The fibula is robust and large in Adalatherium, which is in stark
contrast to the slender and gracile fibulae of most multitubercu-
lates, euharamiyidans, spalacotherioids, and basal therians
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Ji et al., 2002; Horovitz, 2003; Luo and Ji, 2005; Ji et al.,
2009; Bi et al., 2014; Chen and Wilson, 2015; Han et al., 2017,
Meng et al., 2017). The fibula of Adalatherium is similar in
general appearance and robustness to those of morganucodon-
tans; the eutriconodontans Repenomamus, Gobiconodon, and
Yanoconodon; and the multituberculate Yubaatar (Jenkins and
Parrington, 1976; Jenkins and Schaff, 1988; Hu, 2006; Xu et al.,
2015; Chen et al., 2017). The proximal end of the fibula in
Adalatherium is anteroposteriorly long and gently narrows dis-
tally, as it does in morganucodontans (Jenkins and Parrington,
1976), eutriconodontans (Jenkins and Schaff, 1988; Hu, 2006;
Chen et al., 2017), docodontans (Meng et al., 2015; Zhou et al.,
2019), and the eutherians Eomaia and Ukhaatherium (Ji et al.,
2002; Horovitz, 2003). The proximal end is bulbous and not as
anteroposteriorly expanded in the multituberculates Nemegtbaatar,
Kryptobaatar, Chulsanbaatar, Ptilodus, Rugosodon, and Sinobaatar
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Hu and Wang, 2002; Yuan et al., 2013); the euharamiyidans
Arboroharamiya, Maiopatagium, Qishou, Shenshou, Vilevolodon,
and Xianshou (Bi et al., 2014; Han et al., 2017; Luo et al., 2017,
Meng et al., 2017; Mao and Meng, 2019); and the spalacotherioid
Zhangheotherium (based on the reconstruction of Luo and Ji,
2005:fig. 5). Multituberculates further differ from Adalatherium in
possessing a hook-like process that extends posteriorly and bears
the articular facet for the parafibula (Krause and Jenkins, 1983;
Kielan-Jaworowska and Gambaryan, 1994; Hu and Wang, 2002;
Yuan et al., 2013). The parafibular facet is also well developed in
Adalatherium but, in contrast to multituberculates, it is positioned
along the proximoposterior margin of the fibula and does not
project any farther posteriorly or overhang the posterior margin.
Horovitz (2000) described a similar facet for the eutherian
Ukhaatherium.

Adalatherium is derived in possessing a large lateral malleolus
(= styloid process), which is scored as weak or absent in all non-
cladotherian mammaliaforms by Huttenlocker et al. (2018:char.
307). It is scored as present and distinct in Henkelotherium,
Vincelestes, and several extant placentals. Adalatherium retains
an extensive contact between the fibula and the calcaneus,
which is reduced in many therians (Huttenlocker et al., 2018:
char. 308). An extensive contact between the fibula and the calca-
neus (relative to the extreme reduction seen in extant therians) is
present in morganucodontans, monotremes, eutriconodontans,
euharamiyidans, multituberculates, spalacotherioids, and several
stem therians (Huttenlocker et al., 2018:char. 308). But even in
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taxa that are scored as having an extensive contact between the
fibula and the calcaneus, the facets vary in size and shape. In mul-
tituberculates and morganucodontans, the calcaneofibular facet is
small and circular in outline, whereas it is large and elongate in
Adalatherium.

Parafibula

Presence of a separate parafibula is shared by Adalatherium,
multituberculates, Ukhaatherium, Ambolestes, and several
extant therians (Krause and Jenkins, 1983; Kielan-Jaworowska
and Gambaryan, 1994; Horovitz, 2000, 2003; Hu and Wang,
2002; Hurum and Kielan-Jaworowska, 2008; O’Leary et al.,
2013; Yuan et al., 2013; Bi et al., 2018; Wang et al., 2019). To
date, Adalatherium and multituberculates represent the only
records of a separate parafibula in non-therian mammaliaforms.
In multituberculates, the parafibula is large and ellipsoid in
Sinobaatar (Hu and Wang, 2002; Hu, 2006), Jeholbaatar (Wang
et al., 2019), and Rugosodon (Yuan et al., 2013; Luo et al,,
2016) and elongate and slender in Ptilodus (Krause and
Jenkins, 1983), Ectypodus (Bolortsetseg, 2008), Kryptobaatar,
and Chulsanbaatar (Kielan-Jaworowska and Gambaryan, 1994).
The preserved fragments in Nemegtbaatar (Kielan-Jaworowska
and Gambaryan, 1994) and Catopsbaatar (Hurum and Kielan-
Jaworowska, 2008) do not allow reconstruction of the size and
shape of the parafibula. In placentals and most marsupials, the
parafibula is generally a small and elliptical sesamoid bone that
articulates with the proximal end of the fibula and ligamentously
connects to the lateral femoral condyle. A sizable parafibula
is known for the wombat Vombatus (= Phascolomys), the
Tasmanian devil Sarcophilus, the brushtail possum Trichosurus
(= Phalangista), the wallaby Macropus, and the bandicoot
Macrotis (= Perameles) (Pearson and Davin, 1921). In these
taxa, it is elongate and more similar in shape to that of
Adalatherium, but still not quite as robust.

In extant therians, the parafibula provides the origin for the
plantarflexors of the hind foot, gastrocnemius and plantaris
(Vickaryous and Olson, 2007). The parafibula was first described
in marsupials and was later homologized with the sesamoids of
placentals, either as a complex of the placental cyamella (the sesa-
moid in the popliteus tendon) and lateral fabella (the sesamoid in
the lateral head of gastrocnemius or plantaris) (Pearson and
Davin, 1921) or as the lateral fabella alone (Haines, 1942).
Detailed morphological descriptions by Pearson and Davin
(1921), Haines (1942), and Lewis (1962) documented the pres-
ence of the parafibula in numerous placental and marsupial
genera; as such, a parafibula is scored as present in Didelphis,
Tamandua, Solenodon, Echinops, Galeopterus, Ptilocerus,
Tupaia, and Tarsius (O’Leary et al., 2013). In monotremes and
some marsupials, the parafibula is fused with the fibula, forming
a distinct process (Pearson and Davin, 1921; Barnett and Lewis,
1958). Gambaryan et al. (2002) indicated that the parafibular
process in monotremes serves as the attachment for an array of
lower limb muscles, including extensors (extensor digitorum pro-
fundus, extensor hallucis longus, peroneus digiti quinti, peroneus
longus, tibialis cranialis) and flexors (flexor digitorum fibularis,
flexor digitorum tibialis, tibialis caudalis) of the hind foot and
toes, thus exceeding the function of the parafibula in extant ther-
ians. Luo et al. (2016:160) speculated that the presence of a par-
afibula would provide for “a greater volume of muscles for
plantarflexion, eversion and dorsiflexion of the ankle” during
locomotion.

Itis impossible to know whether the parafibula in Adalatherium
and multituberculates served solely as the attachment for the
lateral head of the gastrocnemius as in therians or whether it
was functionally more diverse, as is the case in monotremes.
Among Mesozoic mammaliaforms, a more prominent parafibular
process similar to that in monotremes is known for the
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spalacotherioid Akidolestes (Li and Luo, 2006; Chen and Luo,
2013) and the docodontans Docofossor and Microdocodon (Luo
etal.,2015b; Zhou et al., 2019). Despite the fact that the parafibula
is fused to the fibula in monotremes and even in non-mammalian
mammaliaforms, Lewis (1989) argued that a mobile parafibula is
the plesiomorphic condition for mammals and that the prominent
parafibular process is apomorphic.

Tarsus

The ankle joint has undergone remarkable changes in mamma-
liaform evolution, including superposition of the astragalus over
the calcaneus (e.g., Jenkins, 1971; Szalay, 1993, 1994; Horovitz,
2000). In basal mammaliaforms, the two tarsals remain side by
side and equally transmitted weight to the ground. A side-by-
side configuration with little overlap is scored as present in mor-
ganucodontans, docodonts, monotremes, and eutriconodontans
by Huttenlocker et al. (2018:char. 309). The astragalus partially
overlaps the calcaneus in Adalatherium, the multituberculates
Rugosodon, Sinobaatar, Jeholbaatar, Kryptobaatar, Chulsanbaatar,
Ptilodus, and ?Eucosmodon, and the spalacotherioids Akidolestes,
Zhangheotherium, and Maotherium (Krause and Jenkins, 1983;
Kielan-Jaworowska and Gambaryan, 1994; Hu and Wang, 2002;
Kielan-Jaworowska et al., 2004; Luo and Ji, 2005; Ji et al., 2009;
Chen and Luo, 2013; Yuan et al., 2013; Luo et al., 2016; Wang
et al., 2019), whereas complete superposition is only seen in
Vincelestes and therians (Huttenlocker et al., 2018:char. 309). The
degree of overlap is more contentious in euharamiyidans. The
ankle joint of Arboroharamiya jenkinsi was originally scored as
unknown for this feature by Zheng et al. (2013:char. 243) and Bi
et al. (2014:char. 298). The scoring for astragalar superposition
was changed to absent by Luo et al. (2015a:char. 298) and to
unknown by Luo et al. (2017:char. 298). Han et al. (2017) con-
firmed that the hind foot of Arboroharamiya jenkinsi is too
poorly preserved to assign a state. However, the ventral side of
the hind foot is exposed in Arboroharamiya allinhopsoni, and
the calcaneus appears large. Han et al. (2017) suggested that the
astragalus would have partially or even completely overlapped
the calcaneus. The scorings also differ between different matrices
for Shenshou and Xianshou. Whereas Huttenlocker et al. (2018:
char. 309) scored superposition as slight or absent in Shenshou
and Xianshou songae, Han et al. (2017:char. 298) scored it as par-
tially overlapping. Several morphological changes are associated
with this transformation, including the size of the sustentacular
process on the calcaneus, as well as the orientation, size, and pos-
ition of the facets between the two bones (e.g., Jenkins, 1971;
Szalay, 1993, 1994; Horovitz, 2000), which are discussed in detail
below with the calcaneus.

Astragalus — The astragalus of Adalatherium is positioned obli-
quely within the hind foot and bears a well-developed trochlear
facet distally to articulate with the navicular. An obliquely posi-
tioned astragalus and grooved navicular joint is also known for
multituberculates (Krause and Jenkins, 1983; Kielan-Jaworowska
and Gambaryan, 1994; Kielan-Jaworowska et al., 2004; Bolortset-
seg, 2008; Yuan et al., 2013). In most Mesozoic mammaliaforms,
the astragalus bears either a flat (Morganucodon, Megazostrodon,
Microdocodon, Agilodocodon, Yanoconodon, Jeholodens,
Maiopatagium, Vincelestes) or a convex navicular facet
(Repenomamus, Zhangheotherium, Akidolestes), which, evolu-
tionarily, expands into the convex head of the astragalus in ther-
ians (Jenkins and Parrington, 1976; Ji et al., 1999; Horovitz, 2000;
Hu, 2006; Li and Luo, 2006; Chen and Luo, 2013; Zhou et al.,
2013; Chen et al., 2017; Meng et al., 2017). In Adalatherium
and multituberculates, the navicular possesses a well-defined
ridge that glides in between two condyles on the astragalus.
However, the astragalonavicular joint in Adalatherium differs
from that of multituberculates in several respects. Most promi-
nently, in Adalatherium the navicular not only articulates with
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the groove but also completely encloses the lateral condyle
(forming a trochlea), whereas in multituberculates the articula-
tion appears to be limited to the groove itself, leading to a
more saddle-shaped facet (Krause and Jenkins, 1983; Kielan-
Jaworowska and Gambaryan, 1994; Bolortsetseg, 2008; Yuan
etal.,2013; Luo et al., 2016). In other words, in multituberculates
and Adalatherium, the distal articular facet bears medial and
lateral condyles and a groove between the two. In multitubercu-
lates, the navicular facet extends from the center of the lateral
condyle to the center of the medial condyle, whereas in
Adalatherium it ranges from the center of the medial condyle
to and including the lateral surfaces of the lateral condyle. As
such, the medial and lateral condyles in Adalatherium enclose
a narrow groove, whereas in Rugosodon (Yuan et al., 2013;
Luo et al., 2016), Sinobaatar (Luo et al., 2016), Kryptobaatar
(Kielan-Jaworowska and Gambaryan, 1994), ?Eucosmodon
(Szalay, 1994), and Ectypodus (Bolortsetseg, 2008) the groove
appears wider. In Adalatherium, the lateral condyle (which
would have fully articulated with the navicular) is narrower
and rounder and the medial condyle is more bulbous. The
ridges appear similar in size in Kryptobaatar, Rugosodon,
Sinobaatar, and ?Eucosmodon, whereas the medial ridge is
narrower and the lateral ridge wider in Ectypodus (Kielan-
Jaworowska and Gambaryan, 1994; Szalay 1994; Bolortsetseg,
2008; Yuan et al., 2013; Luo et al., 2016).

Compared with those of multituberculates, the astragalus of
Adalatherium is more elongate and nearly square, whereas it
tapers proximally in multituberculates, more so in Rugosodon
and ?Eucosmodon and less so in Kryptobaatar, Sinobaatar, and
Ectypodus (Krause and Jenkins, 1983; Kielan-Jaworowska and
Gambaryan, 1994; Hu and Wang, 2002; Bolortsetseg, 2008;
Yuan et al., 2013; Luo et al., 2016). In general, the astragalus is
elongate in both multituberculates and Adalatherium, whereas
it is round and kidney-shaped in Morganucodon, Megazostrodon,
Megaconus and the -eutriconodontans Repenomamus and
Yanoconodon (Jenkins and Parrington, 1976; Hu, 2006; Zhou
et al., 2013; Chen et al., 2017).

Proximally, the astragalofibular and lateral astragalotibial facets
are distinct and separated in Adalatherium and multituberculates.
The two facets meet at an angle of ~110° in Adalatherium, which
appears to be similar in multituberculates but could not be pre-
cisely measured based on published images (Krause and Jenkins,
1983; Kielan-Jaworowska and Gambaryan, 1994; Bolortsetseg,
2008; Yuan et al., 2013; Luo et al., 2016). The lateral astragalotibial
facet is flat and almost triangular in shape in Adalatherium. It most
closely resembles the condition in the multituberculates
Kryptobaatar (Kielan-Jaworowska and Gambaryan, 1994) and
likely Sinobaatar (Luo et al., 2016:fig. 10) but differs from the
concave and irregularly shaped articular facets in ? Eucosmodon
(Szalay, 1994:fig. 5.9) and Ectypodus (Bolortsetseg, 2008:fig. 17).
In morganucodontans, Repenomamus, and Vincelestes, the astraga-
lotibial and astragalofibular facets are convex, almost confluent,
and separated only by a fine crest (Jenkins and Parrington, 1976;
Hu, 2006). The astragalotibial and astragalofibular facets also
appear to be continuous in the reconstruction of the astragalus in
Yanoconodon and Jeholodens (Chen et al., 2017:fig. 16c, e), but
the poor preservation of their astragali precludes definite assess-
ment of the proximal articular facet. In monotremes and the
docodontans Docofossor, Microdocodon, and Agilodocodon
(Luo et al., 2015b; Meng et al., 2015; Zhou et al., 2019), the astra-
galotibial and astragalofibular facets develop into two distinct
condyles, resembling a trochlea (note that the trochlea of mono-
tremes differs substantially and is not homologous with the
therian trochlea). In therians, only the lateral astragalotibial facet
develops into a pulley-shaped trochlea, and the astragalofibular
facet faces laterally and the medial astragalotibial facet medially,
almost in parallel to the former (Horovitz, 2000).
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The medial astragalotibial facet is large and concave in
Adalatherium, reflective of the large, convex medial malleolus
of the tibia (Fig. 43B, C). A medial malleolus is absent or weak
in morganucodontans, euharamiyidans, eutriconodontans, and
spalacotherioids (Huttenlocker et al., 2018:char. 301); as such, a
medial astragalotibial facet is small and indistinct in these taxa.
A small medial malleolus is present in multituberculates, and
a distinct, corresponding medial facet has been described for
Ectypodus (Bolortsetseg, 2008:figs. 16, 17), ?Eucosmodon
(Szalay, 1994:fig. 5.9), and Rugosodon (Yuan et al., 2013; Luo
et al., 2016). In these multituberculates, the medial and lateral
astragalotibial facets seem to be more aligned, whereas the
medial astragalotibial facet is more medioplantarly positioned
in Adalatherium and cannot be seen in dorsal view.

An astragalar neck, separating the body from the head, is
absent in Adalatherium, as is the case in most non-therian mamma-
liaforms, including Morganucodon, Megazostrodon, Megaconus,
monotremes, Docofossor,  Microdocodon,  Repenomamus,
Yanoconodon, multituberculates, and Zhangheotherium (Jenkins
and Parrington, 1976; Krause and Jenkins, 1983; Kielan-
Jaworowska and Gambaryan, 1994; Luo and Ji, 2005; Hu, 2006;
Bolortsetseg, 2008; Zhou et al., 2013, 2019; Luo et al., 2015b,
2016; Chen et al., 2017, Wang et al., 2019). It is uncertain
whether an astragalar neck was present in the eutriconodontan
Jeholodens. Jeholodens is reconstructed as having a constricted
neck distal to the body of the astragalus (Ji et al., 1999);
however, the distal articular facet is not expanded into a head
and therefore differs from the condition seen in therians. Further-
more, Chen and Luo (2013:178) described the neck in Akidolestes
as “more distinctive and longer than that of Zhangheotherium.”
Despite the fact that the neck is absent in Zhangheotherium
and thus not a good qualifier to describe the length in Akidolestes,
the figures provided by Chen and Luo (2013:fig. 17) support
the presence of a short neck that separates the head from the
body of the astragalus. A distinct astragalar neck is present in
the therians Ukhaatherium, Asioryctes, Zalambdalestes, Eomaia,
Sinodelphys, and Pucadelphys (Kielan-Jaworowska, 1977, 1978;
Horovitz, 2000; Ji et al., 2002; Luo et al., 2003).

Calcaneus—The calcaneus of Adalatherium has a mediolater-
ally compressed and long tuber calcanei (56% of calcaneal
length, measured in dorsal or side view from the posterior aspect
of the calcaneofibular or calcaneoastragalar facets to the terminus
of the tubercle). A long calcaneal tuber is a derived feature in
mammals and is present in the multituberculates Kryptobaatar
(48%; Bolortsetseg, 2008:figs. 39, 40), Mangasbaatar (56%;
Bolortsetseg, 2008:figs. 47, 49), Rugosodon (42%; Luo et al.,
2016:fig. 6¢), ?Eucosmodon (46%; Szalay, 1994:fig. 5.9a), Ptilodus
(51%; Krause and Jenkins, 1983:fig. 26a), ?Stygimys (48 %; Krause
and Jenkins, 1983:fig. 26¢), and ?Mesodma (41%; Krause and
Jenkins, 1983:fig. 26b) and the therians Zalambdalestes (46%;
Kielan-Jaworowska, 1978:fig. 15b), Pucadelphys (51%; Muizon,
1998:table 11), and Asioryctes (46%; Kielan-Jaworowska, 1977:
fig. a2). Based on ventral views, the tuber calcanei also appears
long in Sinodelphys and Eomaia and is scored as elongate by
Bi et al. (2018:char. 386). In contrast, the tuber is short in morga-
nucodontans (33%; Szalay, 1994:fig. 5.5b); the eutriconodontans
Repenomamus (34%; Hu, 2006:fig. 3.35a), Jeholodens (18%;
Chen et al., 2017:fig. 16e), and Yanoconodon (18%; Chen et al.,
2017:fig. 16b); the spalacotherioid Zhangheotherium (35%; Luo
and Ji, 2005:fig. 7e); and monotremes (30%; Szalay, 1994:fig.
5.2a). The tuber calcanei is also scored as short in Maiopatagium,
Vilevolodon, Arboroharamiya allinhopsoni, Shenshou, and
Xianshou by Han et al. (2017:char. 307) and Huttenlocker et al.
(2018:char. 318). Only the ventral view of the calcaneus is
exposed in these taxa; indeed, the tuber does appear short but
cannot be precisely measured in relationship to the proximal
articular facets.
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The tuber calcanei has a distinct swelling at its terminus in
Adalatherium, docodontans, multituberculates, spalacotherioids,
and cladotherians (Huttenlocker et al., 2018:char. 318). The term-
inal swelling is absent in morganucodontans and the euharamiyi-
dans Maiopatagium, Vilevolodon, Arboroharamiya allinhopsoni,
Qishou, Shenshou, and Xianshou songae. The ventral surface of
the calcaneal tuber is straight in Adalatherium, as is the case in
multituberculates, Zhangheotherium, Vincelestes, Pucadelphys,
Eomaia, Zalambdalestes, and several extant therians (Krause
and Jenkins, 1983; Rougier, 1993; Kielan-Jaworowska and Gam-
baryan, 1994; Szalay, 1994; O’Leary et al., 2013:char. 3527;
Wang et al., 2019). In contrast, the tuber calcanei is ventrally
curved in morganucodontans, docodontans, eutriconodontans,
Ukhaatherium, and Asioryctes (Kielan-Jaworowska, 1977,
Szalay, 1994; Jenkins and Schaff, 1988; Horovitz, 2000; Hu,
2006; Meng et al., 2015; Chen et al., 2017; Zhou et al., 2019). It
should be noted that these character assignments more closely
follow O’Leary et al. (2013:char. 3527), whereas Bi et al. (2018:
char. 396) and Huttenlocker et al. (2018:char. 337) scored the
ventral curvature as present in Zhangheotherium, Vincelestes,
Eomaia, Asioryctes, Ukhaatherium, Zalambdalestes, and
Sinodelphys, and absent in only a few therians.

Adalatherium and some multituberculates are derived in
possessing a small and distinct peroneal process. In basal mamma-
liaforms, the peroneal process forms a large shelf that extends
from the tuber calcanei to the calcaneocuboid facet. Such
a process is present in morganucodontans, docodontans,
Arboroharamiya,  Maiopatagium,  Shenshou,  Rugosodon,
Gobiconodon, Repenomamus, Yanoconodon, Jeholodens, and
Akidolestes. Note that a large peroneal process is also scored as
present in Sinobaatar, Xianshou, and Vilevolodon, but the
process appears to be more restricted in Sinobaatar (Luo et al.,
2016:fig. 8) and the preservation and views of the calcaneus in
Xianshou and Vilevolodon do not allow for an accurate assessment
of their morphology. The peroneal shelf is much smaller and
does not extend anteriorly to the calcaneocuboid facet in
Zhangheotherium, Maotherium, Vincelestes, Eomaia, Asioryctes,
Ukhaatherium, and several therians (Huttenlocker et al., 2018:
char. 320).

A small but distinct peroneal groove separates the peroneal
process from the rest of the calcaneus anteriorly in Adalatherium.
A shallow peroneal groove is also scored for Zhangheotherium,
Akidolestes, Maotherium, Vincelestes, Eomaia, Ukhaatherium,
Asioryctes, Zalambdalestes, Sinodelphys, and Pucadelphys
(Huttenlocker et al., 2018:char. 322). In contrast, the peroneal
groove is deep in the derived multituberculates ?Eucosmodon,
Kryptobaatar, Mangasbaatar, Ptilodus, ?Mesodma, and ?Stygimys
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994; Bolortsetseg, 2008). In addition, Huttenlocker et al. (2018:
char. 322) scored the peroneal groove as indistinct in
Arboroharamiya, Maiopatagium, Vilevolodon, and Xianshou, but
the poor preservation of the calcaneus prohibits assessment for
Arboroharamiya and Xianshou (which was also noted by Han
et al., 2017).

Compared with these derived features, Adalatherium is plesio-
morphic in retaining a large articular facet for the fibula. Most of
the proximal aspect of the calcaneal protuberance articulated
with the fibula in Adalatherium. The astragalus would have articu-
lated only along the medial margin of the protuberance. Similarly,
the calcaneofibular facet occupies most of the calcanel protuber-
ance in morganucodontans, docodontans, monotremes, and eutri-
conodontans (Jenkins and Parrington, 1976; Szalay, 1994; Hu,
2006; Zhou et al., 2013, 2019; Meng et al., 2015), whereas the cal-
caneoastragalar facet is similar in size to, or larger than, the calca-
neofibular facet in multituberculates, spalacotherioids, and basal
therians (Krause and Jenkins, 1983; Szalay, 1994; Horovitz,
2000; Bolortsetseg, 2008; Chen and Luo, 2013).
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The sustentaculum tali is a medially directed shelf in
Adalatherium that is positioned along the anterior one-third
of the calcaneus. This is similar to the condition in cimolodon-
tans, Asioryctes, Ukhaatherium, Zalambdalestes, Sinodelphys,
Deltatheridium, and Pucadelphys. The sustentaculum tali is
positioned farther posteriorly, near the midpoint of the calca-
neus, in morganucodontans, docodontans, the multituberculates
Rugosodon and Sinobaatar, monotremes, eutriconodontans,
and spalacotherioids (Huttenlocker et al., 2018:char. 330).
The sustentacular facet is vertically oriented and placed
anterior to the calcaneoastragalar facet along the anteromedial
edge of the calcaneus in Adalatherium. This is presumably the
plesiomorphic condition among mammaliaforms, being present
in Morganucodon, Megazostrodon, monotremes, Gobiconodon,
Repenomamus, Yanoconodon, and Jeholodens. Note that Hut-
tenlocker et al. (2018:char. 326, 327) also scored the sustenta-
cular facet as vertical and placed along the medial edge in
Maiopatagium, Shenshou, Vilevolodon, and Xianshou. Unfortu-
nately, however, the calcanei are only preserved in ventral or
partial side view in these taxa and do not allow for accurate
assessment of the sustentacular facet. The position of the sus-
tentacular facet is often used as an indicator for the degree of
superposition in early mammaliaforms. The sustentacular facet
is scored as anteromedially positioned with respect to the cal-
caneoastragalar facet in multituberculates, spalacotherioids,
Vincelestes, Sinodelphys, Deltatheridium, and Pucadelphys,
whereas it is strictly anteriorly positioned in Fomaia,
Asioryctes, Ukhaatherium, and Zalambdalestes (Huttenlocker
et al., 2018:char. 327).

Similar to the condition in multituberculates, the calcaneocuboid
facet is ventromedially oriented in Adalatherium, whereas it is
scored as ventrally oriented in Morganucodon, Megazostrodon,
monotremes, Agilodocodon, Docofossor, Gobiconodon (note
that Jenkins and Schaff [1988] described the facet as distally
oriented), Repenomamus, Yanoconodon, and Jeholodens (Hutten-
locker et al., 2018:char. 324). Huttenlocker et al. (2018) scored the
calcaneocuboid facet of Shenshou, Vilevolodon, and Xianshou as
ventrally oriented, but Han et al. (2017) described and scored the
facet as ventromedially oriented in Shenshou, Xianshou and
Arboroharamiya allinhopsoni, similar to the condition in multitu-
berculates and Adalatherium. Although the cuboid appears to be
more medially positioned relative to the calcaneus in Shenshou
lui (paratype 1) and Xianshou songae, the joints are too poorly pre-
served to assess the orientation of the facet. Neither the position of
the cuboid relative to the calcaneus nor the joint surface of the cal-
caneus is well enough preserved to describe the orientation of the
facet in Xianshou linglong, Vilevolodon, or Arboroharamiya. In
spalacotherioids, Vincelestes, and extant therians, the calcaneocu-
boid facet is distally oriented (Huttenlocker et al., 2018:char. 324).

Navicular, Cuboid, Cuneiforms—Detailed descriptions of the
remaining tarsals (those other than the astragalus and calcaneus)
that go beyond noting relative proportions and contact relationships
are rare for non-therian mammaliaforms. For instance, although
these remaining tarsals are preserved in several taxa, including
the docodontans Agilodocodon, Microdocodon, and Docofossor;
the eutriconodontans Chaoyangodens, Jeholodens, Yanoconodon,
and Liaoconodon; the euharamiyidans Arboroharamiya,
Maiopatagium, Qishou, Shenshou, and Xianshou; the multitubercu-
lates Chulsanbaatar, Catopsbaatar, Jeholbaatar, and Yubaatar; and
the spalacotherioid Maotherium (Ji et al., 1999; Rougier et al.,
2003; Hurum and Kielan-Jaworowska, 2008; Ji et al., 2009; Meng
et al., 2011; Bi et al., 2014; Hou and Meng, 2014; Luo et al,
2015b; Meng et al., 2015, 2017; Xu et al., 2015; Chen et al., 2017,
Han et al., 2017; Mao and Meng, 2019; Wang et al., 2019; Zhou
et al., 2019), they have not been described in any significant detail
and knowledge is frequently limited to the coarseness of scorings
in phylogenetic matrices. Detailed understanding of tarsal
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morphology other than the astragalus and calcaneus among
early mammaliaforms is essentially limited to the morganucodon-
tans Morganucodon and Megazostrodon; the eutriconodontan
Repenomamus and  Yanoconodon; the multituberculates
Rugosodon, Sinobaatar, Kryptobaatar, Ectypodus (navicular),
Ptilodus, and ?Eucosmodon; the spalacotherioids Akidolestes and
Zhangheotherium; and the stem therian Vincelestes (Jenkins and
Parrington, 1976; Krause and Jenkins, 1983; Rougier, 1993;
Kielan-Jaworowska and Gambaryan, 1994; Luo and Ji, 2005; Hu,
2006; Bolortsetseg, 2008; Chen and Luo, 2013; Luo et al., 2016;
Chen et al., 2017).

In dorsal view, the navicular is approximately equal in width to
the cuboid in Adalatherium, a feature that it shares with multituber-
culates; the eutriconodontans Repenomamus, Yanoconodon, and
Jeholodens; and several therians (Huttenlocker et al., 2018:char.
338). Huttenlocker et al. (2018) also scored the navicular as more
slender in the euharamiyidans Maiopatagium, Vilevolodon,
Shenshou, and Xianshou, but it is scored as unknown in Xianshou
and Shenshou in the original descriptions by Bi et al. (2014) and as
mediolaterally wider than the cuboid in at least Xianshou linglong
and Shenshou by Han et al. (2017). The navicular is mediolaterally
wider than the cuboid in Megazostrodon, docodontans,
monotremes, Akidolestes, Zhangheotherium, Maotherium, and
Sinodelphys (Huttenlocker et al., 2018:char. 338).

The articular facet for the astragalus on the navicular varies in
how far it encloses medial or lateral aspects of the astragalus
(Szalay, 1994; Horovitz, 2000; Luo et al., 2003). In most Mesozoic
mammaliaforms, the proximal articular facet for the astragalus is
gently concave or convex, matching its counterpart on the astra-
galus. The articular facet of Adalatherium and multituberculates
differs from this pattern. The two dorsoplantarly elongate facets
for the saddle-shaped astragalus are more gently concave in
Kryptobaatar (Bolortsetseg, 2008:fig. 18), whereas, in particular,
the lateral facet is deeply excavated in Adalatherium to accommo-
date the lateral condyle of the astragalus. The general shape of
the navicular is similar in Adalatherium and multituberculates
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
1994:figs. 7, 25; Bolortsetseg, 2008:fig. 18; Yuan et al., 2013) in
being roughly rectangular, dorsoplantarly deep, and mediolater-
ally short. Adalatherium and at least the multituberculates
Kryptobaatar and Ectypodus bear a sizable plantar tuberosity
(Kielan-Jaworowska and Gambaryan, 1994; Bolortsetseg, 2008).
The navicular of Repenomamus resembles the shape of a cube,
being almost equal in length, width, and height (Hu, 2006:fig.
3.36). It also bears a plantar tuberosity, but the bulbous tubercle
is much smaller than that of Adalatherium.

The cuboid and navicular contact each other broadly in
Adalatherium, the convex articular facet on the navicular match-
ing the large and concave facet on the cuboid. In the eutricono-
dontan Repenomamus, the navicular appears to barely contact
the cuboid in the articulated hind foot and a navicular facet is
not described for the cuboid (Hu, 2006). Similarly, the contact
appears limited in Kryptobaatar (ZPAL MgM-1/41; Kielan-Jawor-
owska and Gambaryan, 1994:fig. 7), whereas Bolortsetseg (2008)
described the cuboid facet on the navicular of Kryptobaatar and
Ectypodus as long and convex. It is likely that the cuboid and
navicular are only displaced in ZPAL MgM-I/41 and would
have broadly articulated in life. A large and convex articular
facet is also described for ?Eucosmodon and Ptilodus (Krause
and Jenkins, 1983).

The entocuneiform (proximodistally short, mediolaterally
compressed, and dorsoplantarly long) of Adalatherium differs
in shape from that of most Mesozoic mammaliaforms. Among
multituberculates, it is most similar to those of Rugosodon and
Ectypodus (Bolortsetseg, 2008; Yuan et al., 2013), whereas it
appears proximodistally longer and dorsoplantarly shorter in
Kryptobaatar, Chulsanbaatar, ?Eucosmodon, and Ptilodus
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan,
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1994). In most early mammaliaforms, the entocuneiform is prox-
imodistally longer than mediolaterally wide. In extreme cases
such as Zalambdalestes, it is slender and comparable to the meta-
tarsals in proportions (Kielan-Jaworowska, 1978). A long and
narrow entocuneiform is also present in the basal mammalia-
forms Megazostrodon and Megaconus (Jenkins and Parrington,
1976; Zhou et al., 2013); the euharamiyidans Xianshou and poss-
ibly Qishou (Bi et al., 2014:fig. 3g) and Maiopatagium (Meng
et al., 2017); the spalacotherioid Akidolestes (Chen and Luo,
2013); and the therians Sinodelphys, Eomaia, Zalambdalestes,
and Asioryctes (Kielan-Jaworowska, 1977, 1978; Ji et al., 2002;
Luo et al., 2003). The entocuneiform is slightly more squarish
but still longer than mediolaterally wide in the eutriconodontans
Jeholodens, Yanoconodon, and Repenomamus (Ji et al., 1999; Hu,
2006; Chen et al., 2017).

Adalatherium differs from all multituberculates in that the
distal facet of the entocuneiform is concave, whereas it is dis-
tinctly saddle-shaped in multituberculates (Huttenlocker et al.,
2018:char. 340). The saddle-shaped distal facet of the entocunei-
form is an autapomorphic feature of multituberculates not seen
in any other Mesozoic mammaliaform. It should be noted that a
saddle-shaped articulation is also scored as present for Shenshou
and Xianshou in the original description of Bi et al. (2014) and in
Han et al. (2017), but as absent in Huttenlocker et al. (2018). In
this case, the scorings for Shenshou, if solely reliant on JTZ-
D061, should now pertain to the morphology of Qishou. Based
on the published figures in Bi et al. (2014:fig. 1, ED fig. 8b), it is
difficult to determine whether a prominent saddle-shaped articu-
lation was present in Qishou, but it appears to be more concave
and similar to Adalatherium than to multituberculates.

The ectocuneiform and mesocuneiform are slender and small in
most mammaliaforms, as is the case in Adalatherium. In contrast,
the combined mediolateral width of the mesocuneiform and
ectocuneiform is scored as wider than that of the entocuneiform
in Sinobaatar, Rugosodon, cimolodontans, Sinodelphys, and
Pucadelphys by Huttenlocker et al. (2018:char. 339). The mesocu-
neiform and ectocuneiform also seem to be equal in size to,
or larger than, the entocuneiform in Qishou, Jeholodens,
Yanoconodon, Repenomamus, Zhangheotherium, Zalambdalestes,
and Asioryctes (Kielan-Jaworowska, 1977, 1978; Hu et al., 1997,
Ji et al., 1999; Hu, 2006; Bi et al., 2014; Chen et al., 2017).

Os Calcaris— The os calcaris, which provides the base of the extra-
tarsal spur in some mammaliaforms, is preserved in Adalatherium
(Figs. 40, 42, 50). In monotremes, the tarsal spur consists of the os
calcaris, which articulates with the distal end of the astragalus and
tibia, and the ossified cornu calcaris, the bony core of the keratinous
spur (Lewis, 1963, 1964; Hurum et al., 2006). An os calcaris is
preserved in the multituberculates Catopsbaatar, Kryptobaatar,
Chulsanbaatar, and Rugosodon (Hurum et al., 2006; Bolortsetseg,
2008; Hurum and Kielan-Jaworowska, 2008; Luo et al., 2016) but
is absent in preserved specimens of Sinobaatar and Ptilodus
(Krause and Jenkins, 1983; Hu and Wang, 2002). An os calcaris is
also preserved in the euharamiyidans Shenshou and Xianshou
songae (Bi et al., 2014). A similarly shaped element is also
present in Maiopatagium and an unnamed juvenile euharamiyidan
but is identified as a calcar because of its articular relationship with
the calcaneus (Meng et al., 2017:ED fig. 7). Ossified calcaria are
known in some bats and are associated with the uropatagium.
Jenkins and Schaff (1988) first described the presence of an extra-
tarsal spur in the eutriconodontan Gobiconodon, which preserves
the co-ossified os calcaris and ossified cornu calcaris. The extratarsal
spur is, however, missing in other well-preserved eutriconodontans
such as Jeholodens, Repenomamus, and Yanoconodon (Ji et al.,
1999; Hu, 2006; Chen et al., 2017). A partial extratarsal spur (co-
ossified os calcaris and part of the ossified cornu calcaris) is also pre-
served in Megaconus (Zhou et al., 2013), Zhangheotherium (Hu
et al., 1997; Hurum et al., 2006), Akidolestes (Li and Luo, 2006;
Chen and Luo, 2013), and Maotherium (Ji et al., 2009).
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FIGURE 58. Skeletal recon-
struction of Adalatherium hui,
holotype (UA 9030), in A,
left lateral and B, dorsal views
based on three-dimensional
surface files of elements.

5cm

Metatarsals and Pedal Phalanges

The first pedal digit is particularly prominent in Adalatherium.
The first metatarsal is broad and short, the proximal phalanx is
long and robust, and the first distal phalanx is larger than any
other distal phalanx in the fore- or hind foot. Such prominence
is not known for any other early mammaliaform. The metatarsals
are generally slender and more uniform in Megazostrodon, the
multituberculate Kryptobaatar, the spalacotherioids
Zhangheotherium and Maotherium, and the cladotherians
Henkelotherium, Sinodelphys, Pucadelphys, Eomaia, Asioryctes,
and Zalambdalestes (Jenkins and Parrington, 1976; Kielan-Jawor-
owska, 1977, 1978; Krebs, 1991; Argot, 2002; Ji et al., 2002; Luo
et al., 2003; Rougier et al., 2003; Luo and Ji, 2005; Bolortsetseg,
2008; Ji et al., 2009), whereas they are intermediate, not slender
but also not robust (as is the case for metatarsals II-IV in
Adalatherium), in the multituberculates Sinobaatar, Rugosodon,
Jeholbaatar, Catopsbaatar, and ?Eucosmodon; the docodontan
Agilodocodon; and the eutriconodontans Jeholodens,
Yanoconodon, and Chaoyangodens (Krause and Jenkins, 1983;
Ji et al,, 1999; Hu and Wang, 2002; Hurum and Kielan-Jawor-
owska, 2008; Yuan et al., 2013; Hou and Meng, 2014; Meng
et al., 2015; Luo et al., 2016; Chen et al., 2017; Wang et al,,
2019). The metatarsals are stouter, but still relatively uniform in
size and shape, in the eutriconodontan Repenomamus (Hu,
2006) and the spalacotherioid Akidolestes (Chen and Luo,

2013). In Arboroharamiya, Maiopatagium, Qishou, Shenshou,
Vilevolodon, and Xianshou, the metatarsals are very short and
almost stout compared with the long and slender phalanges
(Zheng et al., 2013; Bi et al., 2014; Han et al., 2017; Luo et al.,
2017; Meng et al., 2017; Mao and Meng, 2019).

Mt V is shorter and slightly broader than Mt II-Mt IV in
Adalatherium. It bears a prominent ventrolateral tubercle at the
proximal end, a feature that is also known for cimolodontans,
Sinobaatar,  Rugosodon,  Repenomamus, Yanoconodon,
Akidolestes, Vincelestes, Eomaia, Sinodelphys, and Pucadelphys
(Huttenlocker et al., 2018:char. 345). In contrast, the tubercle is
scored as indistinct or absent in Megazostrodon, Jeholodens,
Maiopatagium, Shenshou, Vilevolodon, Xianshou, monotremes,
Zhangheotherium, Henkelotherium, Asioryctes, Ukhaatherium,
and Zalambdalestes (Huttenlocker et al., 2018:char. 345).

The distal phalanges are similar in size across digits in the
euharamiyidans Agilodocodon, Arboroharamiya, Maiopatagium,
Qishou, Shenshou, Vilevolodon, and Xianshou; the multitubercu-
lates Sinobaatar, Jeholbaatar, ?Eucosmodon, and Kryptobaatar;
the eutriconodontans Jeholodens and Chaoyangodens; and the
spalacotherioids Zhangheotherium and Maotherium (Krause
and Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994; Ji
et al., 1999; Hu and Wang, 2002; Rougier et al., 2003; Luo and
Ji, 2005; Ji et al., 2009; Zheng et al., 2013; Bi et al., 2014; Hou
and Meng, 2014; Meng et al., 2015, 2017; Han et al., 2017; Luo
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et al., 2017; Wang et al., 2019). The first distal phalanx is even
shorter than the distal phalanges of digits II-V in Akidolestes
(Chen and Luo, 2013).

CONCLUSIONS

Adalatherium hui is the first gondwanatherian and only the
fourth Mesozoic mammaliaform from the entire supercontinent
Gondwana that is represented by articulated postcranial material.
The skeleton of the holotype and only known specimen, UA 9030,
is exceptionally complete and well preserved, including manual
and pedal sesamoid bones and costal cartilages. As such, it
ranks among the most outstanding Mesozoic mammaliaform
specimens and substantially expands knowledge of the mamma-
lian fossil record of Gondwana.

The postcranial remains of Adalatherium reveal a unique
mosaic of plesiomorphic and derived traits. Adalatherium pos-
sesses numerous features that are highly derived and even
unique among Mesozoic mammaliaforms, including an unu-
sually high number of trunk vertebrae (at least 16 thoracic
and 12 lumbar vertebrae), a short tail with almost all 24
caudal vertebrae (all except the three distal-most) wider than
long, a trochleated navicular facet on the astragalus, and a
mediolaterally compressed and anteroposteriorly bowed tibia.
Of the unusually derived postcranial features of Adalatherium,
several resemble those found in cladotherians. Considering the
deeply nested position of Adalatherium (and other gondwa-
natherians) within Allotheria (Hoffmann, Beck, et al., 2020;
Krause, Hoffmann, et al., 2020), we tentatively conclude that
these features evolved convergently or in parallel. For
instance, the scapula of Adalatherium has a fully developed
spine dividing the lateral surface into supraspinous and infra-
spinous fossae, thus resembling the condition in cladotherians.
The os coxa bears an exceptionally large obturator foramen
much like that seen in some cladotherians, and the calcaneus
has a long, mediolaterally compressed, and dorsoventrally
deep tuber, a feature that is otherwise found in various ther-
ians. Most prominently, Adalatherium possesses a fully devel-
oped humeral trochlea, a feature that is not seen in any
other non-therian mammaliaform. Accordingly, the mor-
phology of the proximal aspect of the radius and ulna is
more similar to that of extant therians than to that of more
basal mammaliaforms.

In conjunction with a ventrally facing glenoid fossa of the sca-
pulocoracoid and a mobile sternoclavicular joint, the above-listed
features of the brachium and antebrachium indicate a parasagittal
forelimb posture in Adalatherium (Fig. 58), similar to that of ther-
ians and different from the relatively sprawling posture recon-
structed for morganucodontans, docodontans, multituberculates,
eutriconodontans, and some spalacotherioids (Jenkins, 1973;
Kielan-Jaworowska and Gambaryan, 1994; Gambaryan and
Kielan-Jaworowska, 1997; Hu et al., 1997; Ji et al., 1999; Kielan-
Jaworowska et al., 2004; Kielan-Jaworowska and Hurum, 2006).
Surprisingly, the dorsoventral depth of the pelvis, the asymmetri-
cal distal articular facets of the femur, and the torsion of the tibia
indicate a relatively abducted, ‘sprawling’ posture of the femur
(Fig. 58). The femur was likely less abducted than in, for
example, docodontans, multituberculates, or monotremes. In con-
trast to these taxa, Adalatherium lacks several of the features
identified in Kielan-Jaworowska and Hurum (2006) as indicative
of a sprawling stance in multituberculates, such as diameter of the
tibia larger in a mediolateral than in an anteroposterior direction
and metatarsal III abducted relative to the calcaneus. As such, the
locomotion of Adalatherium appears to have been distinctly
different from that of early mammaliaforms with a sprawling
gait, but also different from that of most extant therians that
place both the forelimb and hind limb more directly underneath
the body.

Hoffmann et al. —Postcranial morphology of Adalatherium hui

In contrast to these derived features, some aspects of the post-
cranial morphology of Adalatherium are plesiomorphic, such as
the large unfused coracoid, the separate parafibula, and the
extensive contact between the calcaneus and the fibula. This com-
bination of plesiomorphic and derived traits is likely reflective of
the long evolutionary history in geographic isolation on Madagas-
car. This pattern is not only evident in Adalatherium but has also
been documented for numerous other Late Cretaceous ver-
tebrates from Madagascar, including another gondwanatherian
mammal, Vintana (Krause, 2014; Krause et al., 2014b).
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