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Abstract

Tetralophodont gomphotheres, i.e., Tetralophodon, Paratetralophodon, and Anancus, show significant morphological diversity and are of great
importance for the biostratigraphy of the Upper Miocene. However, material of this group from the Upper Miocene of northern China is rare
and easily to be confused with the similar taxa such as Konobelodon and Stegolophodon. The stratigraphy of this group is also unclear in
China. Here we described the first mandible from northern China that can be definitely attributed to Tetralophodon, and erected a new species
Tetralophodon euryrostris n. sp. Furthermore, we amended the previously reported tetralophodont gomphotheres from northern China. We attributed
the type material of “Tefralophodon exoletus™ to Paratetralophodon exoletus, the material from Lantian region (“Tetralophodon exoletus”) to
Paratetralophodon sp., and the material from the Qaidam Basin (Tetralophodon sp.) to Tetralophodon aff. xiaolongtanensis. We also discussed the
stratigraphic ranges of the tetralophodont proboscideans from the Upper Miocene of China, that is, Tetralophodon aff. xiaolongtanensis from MN9,
Tetralophodon cf. euryrostris from MN10, Konobelodon robustus from MN9-MN 10, Paratetralophodon sp. from MN11, ?Paratetralophodon
exoletus from MN12, and Stegolophodon licenti from MN13. This work is important for the study of the taxonomy and biostratigraphy of
tetralophodont gomphotheres from the Upper Miocene of northern China.
© 2017 Elsevier Ireland Ltd Elsevier B.V. and Nanjing Institute of Geology and Palacontology, CAS. Published by Elsevier B.V. All rights reserved.
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1. Introduction elephants (Tassy, 1985, 1988, 1996: Shoshani, 1996). Because
tetralophodont gomphotheres are a paraphyletic group, the fam-
ily hierarchy of this group is undetermined (Shoshani and
Tassy. 2005) or they are attributed to the paraphyletic Gom-
photheriidae (Gheerbrant and Tassy, 2009). They were dominant
proboscideans in the Late Miocene of Eurasia (Gohlich, 1999).

However, fossil records of tetralophodont gomphotheres from

Tetralophodont gomphotheres are an important group in the
evolution of proboscideans, and proximally related to the true
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the Upper Miocene of northern China are rare, relatively to
Western Europe and southern Asia, and the taxonomy of
these specimens is controversial. For example, the classical
taxon “Tetralophodon exoletus Hopwood, 1935 was erected
based on the type material from the Baode region (Hopwood,
1935) (Fig. 1), and Liu et al. (1978) reported other speci-

1871-174X/© 2017 Elsevier Ireland Ltd Elsevier B.V. and Nanjing Institute of Geology and Palacontology, CAS. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Map showing the fossil localities in China bearing tetralophodont proboscideans mentioned in the present article.

mens from the Lantian region (Fig. 1). However, Tobien et al.
(1988) attributed the hypodigm to “Stegotetrabelodon exoletus™
and referred the Lantian material to “Tetralophodon (Parate-
tralophodon) cf. hasnotensis”. Other researchers debated on the
occurrence of Stegotetrabelodon in eastern Asia (Tassy, 1999:
Ferreti et al., 2003). Recently recognized tetralophodont ame-
belodontid Konobelodon robustus from the Upper Miocene of
the Linxia Basin (Wang et al., 2016a), which had been identi-
fied as “Tetralophodon sp.” and “Tetralophodon exoletus™ (Deng
etal., 2004, 2013), further complicated this problem (Fig. 1). For
example, can Konobelodon be used to name other material of
Tetralophodon from northern China? And if so, is Tetralophodon
really present in northern China? These questions remain to be
resolved.

Besides the above material, there are other two records of
tetralophodont gomphotheres from the Upper Miocene of north-
ern China with known horizon: Tetralophodon sp. from the
Qaidam Basin (Bohlin, 1937), Tetralophodon cf. exoletus from
Wuzhong (Qiu et al., 1987) (Fig. 1). The remaining speci-
mens of tetralophodont gomphotheres, i.e., “Gomphotherium
watzeensis” (Hu, 1962) and “Gomphotherium quinanensis”
(Chow and Chang, 1961) (attributed to “Tetralophodon (Parate-
tralophodon) cf. hasnotensis” and “Stegotetrabelodon exoletus™
by Tobien et al. (1988), respectively), are represented only by
molar fragments, and their precise localities and horizons are
unknown.

In the Hezheng Palaeozoological Museum, there is a com-
plete mandible of a tetralophodont gomphothere (HMV 1427).
Itis the first complete mandible of a tetralophodont gomphothere
from China, and is clearly distinguishable from K. robustus
from the Liushu Formation of the Linxia Basin. On the basis
of the morphology of the mandible, we attributed this speci-
men to Tetralophodon and erected a new species Tetralophodon
euryrostris n. sp. This is definitive evidence for the occurrence
of the genus Tetralophodon in northern China. Furthermore,
we amended the other material of tetralophodont gomphotheres
from northern China, compared their tooth morphology with the
related taxa such as Konobelodon and Stegolophodon. The strati-
graphic occurrences of the tetralophodont proboscideans were
also discussed based on the newly established Asian biochrono-
logical framework (Qiu et al., 2013; Wang et al., 2013). Hence
this work improves the study of systematic evolution and bios-
tratigraphy of tetralophodont gomphotheres, an important group
of proboscideans, from the Upper Miocene of northern China.

2. Material and methods

2.1. Institutional abbreviations

GPAHLD: Geologisch-Paldontologische Abteilung des Hessis-
chen Landesmuseums, Darmstadt, Germany.
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HMV: Hezheng Paleozoological Museum, Hezheng, China.

IVPP: Institute of Vertebrate Paleontology and Paleoanthropol-
ogy, Beijing, China.

NMHW: Naturhistorisches Museum, Vienna, Austria.
MSB: Museo del Seminario, Barcelona, Spain.
MNM: Naturhistorisches Museum, Mainz, Germany.
PMU: Palaeontological Museum, Uppsala.

UZ: Palaeontological collection in the Zoology Department,
University of the Panjab, Lahore, Pakistan.

2.2. Material

The material with respect to T. euryrostris n. sp. is housed in
HMV. It was collected by a local villager, and the precise locality
cannot be traced. Judged from the sediments attached to the spec-
imen, it was possibly excavated from the lower part of the Upper
Miocene Liushu Formation of the Linxia Basin (Deng et al.,
2013; Fig. 1). The material with respect to Tetralophodon cf.
euryrostris and Tetralophodon aff. xiaolongtanensis is housed
in IVPP. The comparative material of ?Paratetralophodon exo-
letus and Paratetralophodon sp. is housed in IVPP; and the other
material is from previously publications (Schlesinger, 1917;
Klihn, 1931; Hopwood, 1935; Osborn, 1936: Alberdi, 1971:
Tobien, 1976; Sarwar, 1977; Tobien, 1978, 1980; Dong, 1987,
Wang et al., 2016a).

2.3. Measurements and terminology

The terminology of the occlusal structures of bunodont
molars followed Tassy (2014) (Fig. 2), and the measurements
and terminology of cranium and mandible followed Tassy
(2013). All measurements were taken using calipers (in mm).

3. Systematic paleontology

Order Proboscidea Illiger, 1811

Family Gomphotheriidae Hay, 1922

Genus Tetralophodon Falconer, 1857

Type species: Tetralophodon longirostris (Kaup, 1832).

Type locality and horizon: Eppelsheim of the “Deinotherium”
sand, Germany, Vallesian (early Late Miocene) (Tassy, 1985).

Tetralophodon euryrostris n. sp.

(Figs. 3 and 4)

Etymology: eury-, wide; rostris, mouth or nose that is anteriorly
protruded. The name indicates the wide mandibular symph-

ysis and mandibular tusks relative to the other species of
Tetralophodon.

Holotype: HMV 1427, a complete mandible, from the Late
Miocene of the Linxia Basin, the precise locality is unknown.
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Occurrences: ? early Late Miocene,? MN 10 (reasons see below,
Section 4.3), northern China.

Diagnosis: medium-sized Tetralophodon; mandibular symph-
ysis and mandibular tusks relatively wide and long with a
marked symphyseal groove; mandibular symphysis moderately
ventrally deflected; mandibular tusks dorsally concave, oval
cross-sectioned, and with a faint dorsal groove; exposed length
of mandibular tusks subequal to symphyseal length; mandibular
angular process blunt, slightly higher than the occlusal plane;
ascending ramus perpendicular to the occlusal plane; cheek
teeth showing convergent features with Stegolophodon, i.e.,
lophid straight, anterior pretrite central conules (except in the
first lophids) nearly absent, posterior central conule small and
low, and mesoconelets enlarged. Differing from Tetralophodon
longirostris in wider, stronger, and more ventrally defected
mandibular symphysis, and in thicker and longer mandibular
tusks; differing from Tetralophodon curvirostris in less ven-
trally defected mandibular symphysis and in thicker and longer
mandibular tusks; differing from Tetralophodon gigantorostris
in shorter and thicker mandibular tusks; differing from all other
species of Tetralophodon (the former three plus Tetralophodon
xitaolongtanensis) and Paratetralophodon in the presence of
convergent features of cheek teeth with Stegolophodon; differing
from species of Konobelodon in shorter and suboval cross-
sectioned lower tusks, in the presence of convergent features of
cheek teeth with Stegolophodon; differing from species of Ste-
golophodon in the strong mandibular symphysis and mandibular
tusks.

Description:

HMYV 1427 is a complete mandible. In lateral view (Fig. 3a),
the ascending ramus is low and posteriorly elongated. The coro-
noid process is strongly upwardly protruded and the madibular
condyle is small in this view. The mandibular notch is relatively
shallow. The angular process is highly positioned at the level
that is slightly higher than the occlusal surface. The masseteric
fossa is deep with a triangular contour. The anterior and pos-
terior ramal borders are perpendicular to the occlusal surface.
The corpus is relatively high, especially at the anterior end. The
posterior mental foramen is big and oval, and is positioned at
the level of the anterior end of the m2. The anterior mental fora-
men is small, and is anterior to the m1 alveolus. The rostrum is
moderately ventrally deflected.

Indorsal view (Fig. 3b), the madibular condyle is transversely
oval. The ascending ramus is thin in this view. The corpus is
thick at the base part where the ascending ramus rises and tapers
anteriorly. The retromolar trigon is prominent. The m1 has been
shed, leaving a vacancy of the alveolus. The m2 is deeply worn
of the four lophids. The right m3 has been erupted from the
fourth lophid with slight wear of the first one. However, the
left m3 is absent, possibly due to heteroplasia. The posterior
border of the symphysis is almost in line with the anterior ends
of the tooth rows. The mandibular symphysis is narrow and
elongated. The interalveolar crest initials from the anterior point
of the m| alveolus, runs along the rostrum, and ends at the lateral
edge of the mandibular tusk. The two interalveolar crests slightly
converge in the middle part and the rostrum between the two
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posttrite main cusp
posttrite mesoconelet(s)

vestibular crest

anterior cingulum

mesial

lingual
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Fig. 2. Terminology used to describe a proboscidean bunodont teeth, a left moderately worn M2 of Sinomastedon praeintemedius.
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pretrite main cusp

posterior
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Table 1
Mandibular measurements of Tetralophodon euryrostris n. sp. (HMV 1427, the holotype, in mm), after Tassy (2013).
Measurement (mm)
Maximum length 1362
Symphyseal length 450
Alveolar distance (from the most salient point of the trigonum retromolare to the symphyseal border of the 361
corpus)
Ventral length measured from the gonion (angulus mandibular) to the tip of the symphysis 999
Maximum width 402
Mandibular width measured at the root of the rami 424
Width of corpus measured at the root of the ramus 147
Width of corpus measured at the anterioralveolus (or the grinding tooth if the alveolus is entirely resorbed) 109
Posterior symphyseal width 218
Anterior symphyseal width 177
Maximum symphyseal width 186
Minimum symphyseal width 162
Maximum width of rostral trough 114
Minimum width of rostral trough 57
Internal width between anterior alveoli (or grinding teeth if the alveoli are resorbed) 78
Maximum height of corpus (measurement taken perpendicular to the ventral border of the corpus) 157
Height of corpus measured at the root of the ramus (measurement as above) 127
Rostral height measured at the symphyseal border (measurement taken perpendicular to the ventral border of the 122
symphyseal rostrum)
Rostral height measured at the tip of rostrum (measurement as above) 65
Maximum mandibular height measured at the condyle perpendicular to the ventral border of the corpus 295
Maximum depth of ramus 234
Depth between gonion and coronoid processes 255
Height between gonion and condyle 182
Mid-alveolar length measured on the buccal side between the anterior alveolus (or grinding tooth if the alveolus 355

is resorbed) and the root of the ramus

crests is markedly concave, forming a symphyseal groove. The straight, showing a slightly concave dorsal surface. The anterior
anterior edge of the symphysis is anteriorly convex (Table 1). edge of the tusks is rounded without medial and lateral angles

The lower tusks (Fig. 3) are relatively robust. The lower tusks and the dorsal tip is polished by wear. Therefore, in apical view,
are slightly shorter than the symphyseal length. In lateral view the anterior end of the tusks is somewhat flattened (Fig. 3c). The
(Fig. 3a), it is dorsally concave. In dorsal view (Fig. 3b), it is cross-section of the tusks (Fig. 3d and e) is sub-oval. The medial
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/
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(©)
symphyseal groove

(e)

mandibular symphysis

mandibular tusk

symphyseal groove

interalveolar crest

200 mm (a—c)
100 mm (d, e)

Fig. 3. Mandible with lower tusks of Tetralophodon euryrostris n. sp. (HMV 1427, the holotype); (a) in lateral view: (b) in dorsal view; (c) in anterior view: (d and
e) cross-section of the right (d) and left (e) lower tusks at the level of the opening of the alveoli, both in anterior view.

Table 2

Measurements of mandibular tusks of Tetralophodon euryrostris n. sp. (HMV 1427, the holotype, in mm).

Locus Lateral length Medial length Maximal diameter at Minimal diameter at Length of the
the level of the alveoli the level of the alveoli dorsal wear facet

Left 317 300 83.27 58.19 95.28

Right 345 285 84.67 58.14 99.25

side is thick and the lateral side is thin. A shallow dorsal groove
is present, but ventral groove is almost absent (Table 2).

The m2 (Fig. 4a) is a typical tetralophodont bunodont molar
with a wide contour. The wear of the right one is relatively
low. It is rectangular and is composed of four lophids and a
strong posterior cingulid. A little cementum (or dental calculus,
see Asevedo et al., 2012) seems to be deposited in the inter-
lophids. The first lophid has been worn out, only the posterior
enamel wall remaining, with a posteriorly oriented apex indi-
cating the posterior pretrite central conule. The second lophid
is deeply worn, the wear figure of the pretrite and posttrite
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half-lophids are interconnected with each other. This lophid is
transversely straight (no anancoidy being present). Both pretrite
and posttrite half-lophids are relatively antero-posteriorly com-
pressed and the posterior pretrite central conule is pronounced.
The third and fourth lophids are moderately worn. The pre-
trite half-lophids are antero-posteriorly compressed, showing
relatively quadrate patterns, and with relatively prominent pos-
terior pretrite central conules. The posttrite half-lophids are also
antero-posteriorly compressed showing quadrate patterns, but
with slightly postero-lingual orientation. Wear figures can also
be observed on the posterior cingulid. It shows two compressed
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mesial

G

lingual

mesial
R —

mesial
-~
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Fig. 4. Cheek teeth of Tetralophodon from northern China; (a) right m2 and m3 of Tetralophodon euryrostris n. sp., HMV 1427, the holotype, in occlusal view, from
Linxia Basin; (b) left M1 of Tetralophodon cf. euryrostris, INPP V7161, in occlusal view, from Wuzhong; (c) the same specimen as (b), in buccal view; (d) right M3
of Tetralophodon aff. xiaolongtenensis, IVPP RV37091, from Tossun Nor, Qaidam Basin, this specimen was published by Bohlin (1937, pl. 1. figs. 8. 9) as an m3

of Tetralophodon sp., with the original number No. 487: (e) the same specimen as (d), in lingual view.

Table 3
Measurements of cheek teeth of species of Tetralophodon from northern China (in mm).
Taxa Specimen Locus Length Width at Width at Width at Width at Width at Height
the Ist the 2nd the 3rd the 4th the 5th
loph(id) loph(id) loph(id) loph(id) loph(id)
Tetralophodon HMV 1427 left m2 147.01 68.48+ 74.91 76.44 80.29 32.5+%
euryrostris n. sp. right m2 142.37 71.05 7235 78.85 81.12 38.26+"
right m3 78.64 79.35 69.75+ 58.29"
Tetralophodon cf. IVPPV left M1 105.86 62.59 64.62 64.61 64.07 36.96+
euryrostris 7161
Tetralophodon aff. IVPP right 161.48 61.8 69.79 67.78 60.20 52.06 47.99¢
xiaolongtanensis RV M3
37091

# Measured at the buccal side of the 4th lophid.
® Measured at the lingual side of the 1th lophid.
¢ Measured at the buccal side of the 4th loph.
4 Measured at the lingual side of the 3th loph.

319



8.0Q. Wang et al. / Palaecoworld 26 (2017) 703-717

and contacted enamel loops. The left m2 is more deeply worn
than the right one because of lacking left m3 (Table 3).

The right m3 (Fig. 4a) has four erupted lophids. Cingulids
are slightly developed on the anterior and the labial margin
of the first lophids and cementum not only is deposited in
the intelophids but also covers the basal part of lophids. The
first pretrite half-lophid is completely trifoliate. The anterior
pretrite central conule is subdivided into two conules. Itis antero-
lingually extended to link the anterior cingulid. The posterior
pretrite central conule is large and isolated, linked with the
main conelet by a small conule. The pretrite mesoconelet is
subdivided into two conelets. The first posttrite half-lophid is
composed of a main conelet and a mesoconelet. The posttrite
mesoconelet is large, shows a tendency of subdivision, and is
slightly anterolingually oriented. The second lophid is almost
straight. Both pretrite and posttrite half-lophids are composed
of a main conelet and a bisubdivided mesoconelet that is lower
than the main conelet (in buccal view). The anterior pretrite
central conule is almost absent, and the posterior pretrite cen-
tral conule is isolated and very low (in buccal view). The third
lophid is also straight. Both pretrite and posttrite half-lophids are
composed of a main conelet and a relatively small mesoconelet
that is lower than the main conelet. The anterior pretrite central
conule is missing and the posterior one has not been erupted.
Only the summits of conelets of the fourth lophid have been
erupted.

Tetralophodon cf. euryrostris

(Fig. 4)

1987  Tetralophodon cf. exoletus Hopwood — Qiu et al., p. 48, fig. 1.
Referred material: IVPP V 7161, a deeply worn left M1, from
the Jiancaicheng locality, Wuzhong, Ningxia, the early Late
Miocene Ganhegou Formation (MN10) (Shen et al., 2001;
Wang, W.T. etal., 2011).

Description:

This tooth is a deeply worn left M2 with a wide contour. The
four lophs, except the third and fourth posttrite half-lophs, are
almost completely worn. Cingula are developed on the lingual
and posterior margins and surround the first posttrite half-loph.
The lophs are straight and anteroposteriorly compressed, and the
interlophs are anteroposteriorly narrow. Pretrite central conules
appear to be relatively weak and mesoconelets are relatively
strong. This tooth shows some convergent features with Ste-
golophodon, but the tooth is potentially slightly high crowned
observing from the remaining last two lophs might reject its
attribution to Stegolophodon (Fig. 4c; Table 3).

Tetralophodon aff. xiaolongtanensis (Chow and Chang, 1974)
(Fig. 4)

1937  Tetralophodon sp. — Bohlin, pl. 1, figs. 8, 9.

Referred material: IVPP RV37091, a right M3, partially broken
and repaired by plaster, from Tossun Nor of the Qaidam Basin
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(MN9) (Wang, X.M. et al., 2011). The original number is No.
437.

Description:

The tooth is slightly worn. It is long and narrow, and is com-
posed of five lophs. There is an unusual feature that the contour
of the tooth is slightly lingually convex. Cingula are developed
on the anterior and posterior ends of the tooth and no cemen-
tum is developed. The first loph is partly broken and the pretrite
half-loph shows a trifoliate pattern. The second pretrite trefoil is
well developed. The pretrite mesoconelet is subdivided into two
strong conelets. The anterior central conule is larger than the pos-
terior one and both of them are subdivided into two elements. The
second posttrite half-loph is composed of a large main conelet
and a slightly smaller mesoconelet. A very small posttrite poste-
rior central conule is observed. The third and the fourth lophs are
almost in the same pattern. The lophs are cheveroned; the pretrite
mesoconelet is fused with the pretrite anterior central conule; the
posterior pretrite central conule is small and subdivided; and the
posttrite main conelet and mesoconelet are subequal in size and
a very weak posttrite posterior central conule is likewise devel-
oped. The fifth loph is repaired by plaster. There are two large
conelets developed on the posterior cingulum, as if a subdevel-
oped sixty loph. No tendency of anancoidy is displayed on this
tooth (Table 3).

4. Comparisons and discussion
4.1. Comparison of mandibles and tusks

Mandibles of tetralophodont proboscideans (including Kono-
belodon and Stegolophodon) are rarely discovered from northern
China. Wang et al. (2016a) reported K. robustus from the early
Late Miocene of the Linxia Basin, which seems to be contempo-
rary with the new material. The mandibular tusks of K. robustus
(Fig. 5cand 1) having a dorsally concave cross-section are signif-
icantly flatter and wider than those of 7. euryrostris. The exposed
length of the tusks is much longer than the symphyseal length
in adults, and the two tusks are somewhat twisted and divergent.
These features are clearly distinct from those in T. euryrostris
(Fig. 5e and j). Furthermore, T. euryrostris seems not to be a
female individual of K. robustus, because in the young indi-
vidual of K. robustus, the lower tusks have been flattened and
strongly divergent (generally, morphology of juveniles is closer
to that of females rather than males) (Wang et al., 2016a).

Stegolophodon is an important genus in the Miocene of East
and Southeast Asia. In this genus, mandibular symphysis had
been significantly reduced and is acutely ventrally deflected.
For example, “Stegotetrabelodon maluvalensis” described by
Sarwar (1977) (Fig. 5m) should be attributed to Stegolophodon,
because of the brachyodont molars, the enlargement of meso-
conelets, the parallel placement of lophids, and the reduction
of central conules. The symphysis of the Maluval specimen is
considerably regressed with only two small sockets for mandibu-
lar tusks that should be very weak. Even in the most primitive
form, such as in Stegolophodon nasaiensis (Tassy et al., 1992)
and Stegolophodon hueiheensis (Chow, 1959), rostrum had been
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Fig. 5. Comparison of mandibles of various tetralophodont proboscideans: (a-g) in lateral view, the angle and the number near each mandible indicate the angle
between the occlusal surface and the mid-symphyseal axis; (h-m) in dorsal view. (a and i) Tetralophodon longirostris, GPAHLD Din 111, the holotype, from
Eppelsheim, Germany, reprinted from Tobien (1976. fig. 29); (b and k) Tetralophodon longirostris, in NMHW, from Laaerberg, Austria, reprinted from Schlesinger
(1917, pl.9. fig. 4and pl. 10, fig. 3); (c and 1) Konobelodon robustus, HMV 0004, the holotype, from Zhongmajia (Linxia Basin), China; (d) Tetralophodon longirostris,
in MSB, from Polinyd, Spain, reprinted from Alberdi (1971. pl. 1. fig. 2); (e and j) Tetralophodon euryrostris n. sp.. HMV 1427, the holotype; (f) Tetralophodon
curvirostris, GPAHLD Din 1087, from Esselborn, Germany, reprinted from Tobien (1980, fig. 8); (g and h) Tetralophodon gig is, MNM 1945/235, from
Bermersheim, Germany, reprinted from Tobien (1980, fig. 9); (m) Stegolophodon maluvalensis, UZ 70/22, from Maluval (Dhok Pathan), Pakistan, reprinted from
Sarwar (1977, fig. 54).
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significantly reduced and is acutely ventrally deflected (the
mandibular symphysis of S. hueiheensis is damaged, but the
remaining basal part is rather small; and the mandible of S.
nasaiensis was destroyed, but it is really rather reduced and
acutely ventrally deflected). Although the morphology of the
molars of the Linxia specimen is somewhat convergent with Ste-
golophodon (see below, Section 4.2.), this specimen cannot be
grouped with Stegolophodon because of the strong mandibular
symphysis and lower tusks.

Tetralophodon is the primary genus of tetralophodont gom-
photheres in the Late Miocene of Eurasia (Gohlich, 1999).
Firstly, “Mastodon” grandincisivus and Tetralophodon atticus
have been synonymized by Konidaris et al. (2014) as the ame-
belodontid Konobelodon atticus. Like the Asian K. robustus,
K. atticus also has flattened lower tusks, which differs from
the Linxia specimen. Based on Konidaris et al. (2014), all of
the tetralophodont specimens from Turolian of Eastern Europe
and western Asia should be attributed to K. atticus. Excluding
“Mastodon” grandincisivus and T. atticus, the remaining taxa
are species of Tetralophodon that were widely distributed from
MN8-MN11 in Europe (Gaohlich, 1999). It has been noticed
that Tetralophodon consists of polymorphic types observed in
mandibles (and in teeth) (Tobien, 1976, 1978, 1980; Tassy, 1985;
Ferretti et al., 2003).

The type specimen of T. longirostris is a right hemimandible
with the m2—-m3 tooth row and the symphysis, lacking lower
tusks. It was discovered from Eppelsheim of the “Deinotherium”
sand, Germany, and was first described by Kaup (1832) as
“Mastodon™ longirostris. The symphyseal ventral deflection is
similar to that of the Linxia specimen, but the symphysis is
shorter and narrower with a very deep symphyseal trough. The
mandibular tusks are rather thin, with a diameter ~45 mm esti-
mated from the alveoli (Tobien, 1978) (Fig. 6). The corpus is
also lower than that of the Linxia specimen.

Schlesinger (1917) described a mandible of “Mastodon
(Bunolophodon)” longirostris from Laaerberg, Austria (Fig. 5b
and k). The mandibular symphysis is considerably destroyed.
However, the right mandibular tusk is almost complete. The
remaining symphysis is less downwardly deflected than that of
the new specimen and the symphysis is likewise narrow. The
mandibular tusk is likewise thin (with the diameters 43 x 55 mm,
Fig. 6) as that of the type specimen of T. longirostris. These
features are different from those of the Linxia specimen.

Alberdi (1971) reported a partial skeleton of T. longirostris
from Polinyd, Spain (Fig. 5d). The symphysis shows the similar
ventral deflection to that of the Linxia specimen, and the sym-
physeal length index (ratio of symphyseal length to total length
of mandible, excluding the length of tusks) of the two specimens
is very close (0.433 of the Polinyd specimen and 0.424 of the
Linxia specimen). However, the symphysis of the Poliny4 spec-
imen is narrow with a V-shaped symphyseal groove (Alberdi,
1971). The tusks are relatively straight, and the exposed length
is short in the Polinyd specimen, in contrast with the dorsal

after Wang et al. (2016a); Stegolophodon maluvalensis, after Sarwar (1977); the
other taxa measured by our own.



712

curvature and the long exposed part of the tusk in the Linxia
specimen.

Klihn (1931) reported “Mastodon™ longirostris forma gran-
dis from Esselborn of the “Deinotherium” sand, Germany,
and this specimen has been referred to as T. curvirostris by
Bergounioux and Crouzel (1960) and as T longirostris by Tobien
(1978, 1980), Tassy (1985), and Ferretti et al. (2003) (Fig. 5f).
The Esselborn specimen possesses a thin and strongly deflected
mandibular symphysis and thin, strongly divergent mandibular
tusks (the right tusk is damaged) (Fig. 6) of which the exposed
length is much shorter than the symphysis. These features are
distinct from those of the Linxia specimen. Possibly, the species
name “curvirostris” can be revived because the ventral deflec-
tion of the mandibular symphysis is marked relative to the other
specimens of T. longirostris.

Another mandible reported by Klihn (1931), “Mastodon”
longirostris forma gigantoristris from Bermersheim of the
“Deinotherium” sand, Germany (Fig. 5g and h), is also an
extreme case. The symphysis is moderately deflected as that
of the Linxia specimen, and the symphyseal length index is
0.444, close to the Linxia specimen. However, the mandibu-
lar tusk is very thin with a diameter of 61 mm (Fig. 6), and
the exposed length of the tusk is even longer than the symphy-
seal length. The two tusks seem to run parallel with a retentive
distance (the right tusk is reconstructed). These features are
distinct from the Linxia specimen. Furthermore, the symph-
ysis of the Bermersheim specimen is somewhat narrower than
that of the Linxia specimen. Tobien (1978, 1980) attributed this
specimen to Stegotetrabelodon, a primitive elephantids. How-
ever, as Gohlich (1999) and Ferretti et al. (2003) proposed, this
specimen should be referred as Tetralophodon gigantoristris. A
similar specimen is “Mastodon (Bunolophodon)” longirostris
from Kornberg, Austria that was described by Mottl (1969,
figs. 24-26). This specimen likewise has a moderately down-
wardly deflected mandibular symphysis and has a symphyseal
length index of 0.440. However, the mandibular tusks are bro-
ken and we do not know the exposed length of this specimen.
The estimated diameter of the mandibular tusks is ~50 x 75 mm
(Fig. 6). Like T gigantorostris from Bermersheim, the Kornberg
specimen possesses a narrower symphysis than the Linxia spec-
imen. Considering all of the above specimens, these species of
Tetralophodon from western and central Europe (T. longirostris,
T. curvirostris, and T. gigantorostris) possess relatively narrower
symphysis and thinner mandibular tusks, which differs from the
Linxia specimen, T. euryrostris.

4.2. Comparison of cheek teeth

Firstly, the subject that should be compared is the only
known but debated Tetralophodon species from northern China,
“Tetralophodon exoletus” Hopwood, 1935, This species has
been reported from three regions of the northern China, Baode,
Lantian, and Linxia (Hopwood, 1935: Liu et al., 1978; Deng
etal., 2004, 2013). Since Tetralophodon exoletus from the Linxia
Basin has been identified as K. robustus (Wang et al., 2016a),
here we will further discuss “Tetralophodon exoletus’™ only from
the other two regions.
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The material of “Tetralophodon exoletus” from two horizons
of the Shuijiazui locality, Lantian region (Fig. 7) comprises “the
most complete set of a tetralophodont mastodont in the Palaearc-
tis” (Tobien et al., 1988, p. 114). Tobien et al. (1988) attributed
these specimens to “Tetralophodon (Paratetralophodon) cf. has-
notensis” because of the ventral convexity of the upper cheek
tooth rows (Fig. 7b), the relatively high crowns (Fig. 7e), the
weak posttrite central conules, and the strong cementodonty,
which is similar to that of Paratetralophodon hasnotensis from
the Dhok Pathan Formation of Siwalik. It is interesting that there
are two fragments of upper tusks, a right and a left one, and
both possess a lateral enamel band (Fig. 7f). The enamel is
very thin in cross-section view and relatively broad in lateral
view. At least, enamel band is found in the tusk of P. hasnoten-
sis from Dhok Pathan (Osborn. 1936, p. 364, fig. 324). We also
attributed the Lantian specimens to the genus Paratetralophodon
here. However, the Lantian specimens are distinguished from P.
hasnotensis in lacking posterior pretrite central conule of the
third loph of the intermediate cheek teeth. Therefore, the Lan-
tian specimens might represent a separated species. The Lantian
specimens also differ from the type material of “Tetralophodon
exoletus” from Baode (Tobien et al., 1988). Here, we refer to it
as Paratetralophodon sp. Formal naming of the Lantian speci-
mens awaits more complete material, especially adult cranium
and mandible. T. euryrostris differs from Paratetralophodon sp.
in linear arrangement of conelets in lophids (no cheveron) and in
the reduction of prettrite central conules. The age of the two hori-
zons of the Shuijiazui is 8.21 and 8.07 Ma (Zhang et al., 2013),
respectively, younger than the type locality of “Tetralophodon
exoletus” (see below, Section 4.3.).

It is from Baode that yielded the type material of
“Tetralophodon exoletus” (Hopwood, 1935) (Fig. 8). The holo-
type (Fig. 8a) is a right m3 with 7 lophids, and the hypodigm
includes a juvenile hemimandible with p3, dp4, and ml
(Fig. 8b—d), the paratype, and some other isolated premo-
lars and deciduous teeth. Attribution of this taxon is really
a problem. On one hand, Hopwood (1935) stated that the
m3 of T. exoletus shows similarity to “Mastodon perimensis”
from South Asia, which was attributed to Anancus by Osborn
(1936). However, compared with the primitive Anancus, Anan-
cus kenyensis from Africa (Tassy, 1986; Saegusa and Hlusko,
2007), “Tetralophodon exoletus™ has more lophids and the anan-
coidy of the tooth is less developed (less developed in “Mastodon
perimensis”, too). In this respect, “Mastodon perimensis” also
differs from the African “true Anancus’ and whether “Mastodon
perimensis” can be really allocated to Anancus should be further
studied. Considering the paratype, the juvenile hemimandible
(Fig. 8b—d), although the symphysis is broken, there is a consid-
erable length anterior to the tooth row. There is also an alveolar
socket situated at the anterior end of the hemimandible (Fig. 8b);
thus, lower tusks are present at least in this ontogenetic age.
The m1 shows no tendency of anancoidy but shows a strong
tendency of subdivision of conelets. Therefore, attributing this
taxon to Anancus is difficult. On the other hand, the teeth of
the paratype are similar to those of Paratetralophodon sp. from
the Shuijiazui locality, Lantian Region (see above, the last para-
graph). However, no material of mandible and lower dentition
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of P. hasnotensis from Siwalik (the only known species) have
been reported, and we cannot directly compare the hypodigm
of “Tetralophodon exoletus” with P. hasnotensis. The age of
the type locality, Sangjialianggou of Jijiagou (=Chi Chia Kou,
Sang Chia Liang Kai, see Hopwood, 1935, loc. 43) is about
7.2Ma (estimated based on Kaakinen et al., 2013, and Yue
etal., 2004), which is later than Paratetralophodon sp. from the
Shuijiazui Locality. Supposing that Tetralophodon might have
been replaced with more derived Paratetralophodon in this age,
here we temporarily refer to the hipodigm of “Tetralophodon
exoletus™ as ?Paratetralophodon exoletus, and further precise
identification requires more discoveries of complete material
from the type locality. Nevertheless, the attribution to Stegote-
trabelodon by Tobien et al. (1988) is rejected here because no
true-elephantid like features are displayed on the m3. 7. eury-
rostris differs from ?Paratetralophodon exoletus in the relatively
wide molar contour (Fig. 6), in the reduction of pretrite trefoils,
and in the straight arrangement of conelets in lophids.
Secondly, the comparison of teeth morphology of 7. eury-
rostris with T. longirostris and Stegolophodon is extremely
important to this discussion. Saegusa et al. (2005) summarized
morphotypes of the last two taxa and emphasized the differences
between the two groups (Saegusa et al., 2005, fig. 2). Gener-
ally, the loph(id)s in Stegolophodon are straighter (absence of
anancoidy and obliquity) than those in T. longirostris, especially
for the lower molars; the pretrite conelets of 7. longirostris are
significantly oblique to the mid-axis. The mesoconelets of Ste-
golophodon are larger than those of 7. longirostris, especially
for the upper molars. The anterior pretrite central conules are
greatly reduced as to nearly or entirely absent and the poste-
rior pretrite central conules are also small (also see Tassy et al.,
1992). From this view, T. euryrostris shows tooth morphology
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closer to Stegolophodon than to T. longirostris, especially on the
slightly worn m3. Although the pretrite trefoil is well developed
on the first lophid (the morphology of the first loph is conser-
vative and often shows plesiomorphies only, see Sacgusa et al.
(2005)), the second and third lophids are rightly straight, and
the posterior pretrite central conules of the second lophid are
small and low. The mesoconelets are also relatively large, being
subdivided. There are also some distinguishable features of the
two. The crown height of 7. euryrostris is larger than that of
Stegolophodon, in Stegolophodon, the mesoconelet is as tall as
or taller than the main conelet, whereas in 7. euryrostris, the
mesoconelet is lower than the main conelet; and rudimentary
anterior pretrite central conules are present in 7. euryrostris, but
they are absent in Stegolophodon.

Thirdly, we will compare the new material with 7. xiaolongta-
nensis from Kaiyuan, southern China, which is represented only
by isolated teeth (Chow et al., 1978; Dong, 1987; Tobien et al.,
1988). Relative to T. euryrostris, teeth of T. xiaolongtanensis are
considerably small in size and low in crow height. The pretrite
central conules are well developed, and mesoconelets are small.
The loph(id)s show cheveroned structure and small conules are
sparsely developed on the interloph(id)s. Cingula or cingulids
are relatively marked. However, no mandibles and lower tusks
are known. As Tobien et al. (1988) stated, 7. xiaolongtanensis is
possibly close to the early European 7. longirostris, although a
large geographic gap exists between Eastern Europe and south-
ern China. It should be mentioned that Bohlin (1937) reported
Tetralophodon sp. from Tossun Nor of the Qaidam Basin. The
only complete tooth is actually an M3 rather than an m3, in
contrast to Bohlin (1937), because the first and second pre-
trite half-lophs are slightly more mesial than the corresponding
posttrite half-lophs. The crown is likewise low and the ante-
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Fig. 8. Cheek teeth and jaw fragment of ?Paratetralophodon exoletus from Baode region. (a) Right m3, PMU M3661, the holotype, in occlusal view, from
Sangjialianggou of Jijiagou (loc. 43), reprinted from Hopwood (1935, pl. 6, fig. 3); (b) right hemimandible, IVPP RV 35021, the cast of the paratype PUM M3660
of “Tetralophodon exoletus”, in anterior view, indicating the presence of the mandibular tusks: (c) the same specimen as (b), in dorsal view; (d) the same specimen

as (b), in medial view.

rior and posterior central conules are not reduced. Therefore,
Tetralophodon sp. from the Qaidam Basin shows more simi-
larity with T. xiaolongtanensis from Kaiyuan. The fossiliferous
horizon of T. xiaolongtanensis in the Xiaolongtan Basin has been
recently dated to ~12 Ma, correlated to MN8 (Li et al., 2015).
The age is slightly earlier than that of the Tossun Nor of the
Qaidam Basin (Wang, X.M. etal..2011). As T. xiaolongtanensis
is the first and the only East Asian tetralophodont gomphothere
that occurred in the Middle Miocene, Tetralophodon sp. from
the Qaidam Basin might migrate from southern China at the
boundary of the Middle and Late Miocene. Here we attribute
the Qaidam Tetralophodon as Tetralophodon aff. xiaolongta-
nensis. Nevertheless, 7. xiaolongtanensis shows morphological
divergence from T. euryrostris.

Finally, we will briefly discuss “Tetralophodon cf. exole-
tus” from Wuzhong (Qiu et al., 1987). It is a deeply worn
MI. The lophs are straight and the crown is low. The width
index is considerably wider than ?Paratetralophodon exoletus
and Paratetralophodon sp. (Qiu et al., 1987). Like T. euryrostris
from the Linxia Basin, this specimen shows a morphological
convergence with Stegolophodon. Therefore, here we provision-
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ally attributed this specimen to Tetralophodon cf. euryrostris. It
occurs from the lower part of the Ganhegou Formation, which
begins at ~10Ma (Shen et al., 2001; Wang, W.T. et al., 2011).

4.3. Biostratigraphy of the Upper Miocene tetralophodont
proboscideans in Northern China

Up to today, we recognized six species of tetralophodont pro-
boscideans in the Upper Miocene of northern China, i.e., K.
robustus, Tetralophodon aff. xiaolongtanensis, T. euryrostris,
Paratetralophodon sp., ?Paratetralophodon exoletus, and Ste-
golophodon licenti. Unlike in the Middle Miocene, fossil records
of proboscideans in the Upper Miocene of northern China
are relatively sparse and dominated by tetralophodont rather
than trilophodont proboscideans. Besides tetralophodont pro-
boscideans, only Predeinotherium sinese (MN9, Linxia Basin;
see Qiuetal. (2007)), Mammut sp. (MN11-MN12, Linxia Basin
and Baode; see Hopwood (1935) and Wang et al. (2017)), and
Sinomastodon praeintermedius (MN13, Yushe Basin; see Wang
etal. (2016b)) have been discovered from the Upper Miocene of
northern China. Here we will briefly summarize the occurrence
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and living range of tetralophodont proboscideans in northern
China and a complete biostratigraphic column of proboscideans
in the Late Miocene of northern China requires more material.

In northern China, there is no remain of tetralophodont pro-
boscideans from the strata lower than the Upper Miocene, except
S. hueiheensis from the Lower Miocene (~MN4) of Sihong,
which is just located at the boundary between northern and
southern China (Fig. 1). In the Upper Miocene, the lowest
tetralophodont taxon is K. rebustus from the Linxia Basin,
occurring with Hipparion dongxiangensis, one of the earli-
est hipparionine taxa in China, and ranging across MN9 and
MNI0 (corresponding to 11.6-8.7 Ma, see Deng et al. (2015)).
It has been noticed that K. robustus from MN9 (Guonigou
Fauna of the Linxia Basin) possesses an oval p3, and that
from MNI10 (Dashenggou Fauna of the Linxia Basin) pos-
sesses a sub-triangular p3. Although the difference is minor, it
divides K. robustus into distinct morphological groups, maybe
at subspecies level, which shows biostratigraphical significance
(Wang et al., 2016a).

Tetralophodon aff. xiaolongtanensis occurs in the Tossun
Nor fauna of the Qaidam Basin. This fauna has been dated to
~11-10Ma (Wang, X.M. et al., 2011), correlated to MN9, with
another one of the earliest occurrences of Hipparion in China.
Therefore, Tetralophodon aff. xiaolongtanensis is the earliest
tetralophodont gomphothere occurred in northern China.

The precise horizon of T. euryrostris cannot be traced. We
postulated that this specimen is probably from the early Late
Miocene, because the attached sediments from the specimen are
kinds of fine, brownish silt stones that resemble the red Hippar-
ion clay from the lower horizons of the Upper Miocene Liushu
Formation in the Linxia Basin. In addition, Tetralophodon cf.
euryrostris from Wuzhong occurs in the lower part of the Gan-
hegou Formation, which begins at ~10Ma (Shen et al., 2001;
Wang, W.T. et al., 201 1), correlated to MN10. Therefore, if our
taxonomical assessment is right, 7. euryrostris from the Linxia
Basin possibly has similar stratigraphyical range, that is, MN10.

Paratetralophodon sp. is from two horizons (S5 and S6) of
the Shuijiazui locality, Lantian region. The two horizons have
been dated to 8.21 and 8.07 Ma, respectively (Zhangetal., 2013),
correlated to MN11.

The type locality of ?Paratetralophodon exoletus is
Sangjialianggou of Jijiagou (loc. 43) of the Baode region, near
the Jijiagou drainage. Based on Kaakinen et al. (2013), the
fossiliferous horizon of Sangjialianggou is almost the same as
Yangmugou of Jijiagou (loc. 49), which has been dated to C3Bn
(Yueetal., 2004; Kaakinen etal., 2013), about 7.2 Ma, correlated
to MN12.

S. licenti (the generic attribution after Saegusa et al. (2005);
some researchers referred it to Stegodon licenti, e.g., Chen
(2011)) occurs from the Hahui Formation of the Yushe Basin,
which ranges from 6.5-5.9 Ma (Opdyke et al., 2013), correlated
to MN13.

5. Conclusions

In this article we reported a new species of T. eury-
rostris from the Upper Miocene of the Linxia Basin. This
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is the only unequivocal record of Tetralophodon in north-
ern China. The new species is characterized by an elongated
and wide mandibular symphysis within Tetralophodon and
by its convergence with Stegolophodon in tooth morphol-
ogy. The age of T. euryrostris is postulated to be the early
Late Miocene (MN10); however, the precise locality can-
not be traced. Besides 7. ewryrostris, there are relatively
sparse records of tetralophodont proboscideans from the Upper
Miocene of the northern China, including K. robustus (Amebe-
lodontidae, MN9-MN10), Tetralophodon aff. xiaolongtanensis
(tetralophodont gomphothere, MN9) Paratetralophodon sp.
(tetralophodont gomphothere, MN11), ?Paratetralophodon exo-
letus (tetralophodont gomphothere, MN12), and S. licenti
(Stegodontidae, MN13). These taxa distinguish from each other
in their mandibular and tooth morphology, and bear important
biostratigraphic significance for the Upper Miocene of northern
China.
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Amebelodontidae is the most taxonomically and morphologically diverse group of proboscideans. However, relative to the
morphological variation of the mandible and mandibular tusks, ecological and phylogenetic differentiations within
Amebelodontidae have been largely debated. Here we evaluate a middle Miocene fossil accumulation of a new
amebelodontid, Aphanobelodon zhaoi gen. et sp. nov. This species lacks upper tusks, which is unique in elephantiforms.
The mandible and mandibular tusk morphologies of A. zhaoi are similar to those of the genus Platybelodon, which is the
typical representative of one of the two main amebelodontid branches (the other branch is represented by Amebelodon).
We suggest that Amebelodon potentially used its mandible and mandibular tusks to dig for food in relatively hard
substrates; whereas Platybelodon is more specialized and possibly used its mandibular tusks for cutting soft vegetation.
Aphanobelodon zhaoi morphology indicates that it is an offshoot of the platybelodont clade within Amebelodontidae,
because it has primitive undifferentiated states of the mandible and mandibular tusks. Cladistic analysis indicates that
Aphanobelodon, Platybelodon and Toryvnobelodon comprise a monophyletic group within Amebelodontidae. This study
enhances our knowledge regarding proboscidean evolutionary history in terms of morphology, taxonomy and biology.
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Introduction

The family Amebelodontidae is a group of peculiar probo-
scideans that possess an extremely elongated mandibular
symphysis and flattened mandibular tusks (Barbour 1927,
Borissiak 1929; Osborn 1936). It is also the most diverse
proboscidean family, and nine genera have been estab-
lished (Gheerbrant & Tassy 2009; Sanders et al. 2010).
Amebelodontids vary in mandibular symphysis and man-
dibular tusk morphology, and also in the inner structure of
the mandibular tusks (i.e. dentinal tubulars in Platybelo-
don and Torynobelodon, compared with concentric lami-
nations in other genera) (S.-Q. Wang er al. 2015). It has
been debated why amebelodontids developed various
types of mandibular symphysis and mandibular tusks,
how these extinct proboscideans used their shovel-like
mandible and tusks, and whether they show distinct eco-
logical positions (Barbour 1927; Borissiak 1929; Osborn
1936; Lambert 1992; Semprebon et al. 2011; S.-Q. Wang
et al. 2015). Furthermore, amebelodontid phylogeny has

also debated, because strong parallel evolution appears to
be present (Shoshani 1996; Prado & Alberdi 2008; S.-Q.
Wang et al. 2015).

Here, we report on a fossil accumulation of a new pro-
boscidean taxon. This accumulation (Fig. 1, Supplemental
Fig. S1), containing a single species, includes an adult
male, two adult females, four subadults and three juve-
niles (Supplemental Table S1). Most of the individuals
are completely preserved and all of the bones are articu-
lated (Fig. 1, Supplemental Fig. S2). Thus, this material
provides complete osteological and anatomical informa-
tion for the new taxon, and also provides insights into var-
ious aspects of biology, such as sexual dimorphism,
ontogeny and dietary preference. Although most of these
skeletons have not been prepared except for a female skull
(HMV1880), this material provides sufficient information
for anatomical and taxonomic evaluation of the taxon.
Here, our description and discussion are mainly based on
the one prepared skull. Analysis of the entire skeleton will
be performed in the future.

*Corresponding author. Email: wangshiqi@ivpp.ac.cn
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Figure 1. Selected individuals from the fossil accumulation of Aphanobelodon zhaoi gen. et sp. nov. showing the age-sex structure and
burial state, all in lateral view. A, skeleton of HMV 1916, baby; B, skull of HMV 1912, juvenile; C, skull of HMV 1918, subadult ?male;
D, skull of HMV 1920, subadult ?female; E, cranium and mandible of HMV 1880, adult female, the holotype (horizontally reversed); F,
skull of HMV1919, adult male.

Abbreviations

Institutional abbreviation: HMV, Hezheng Paleozoologi-
cal Museum, Hezheng, China. Other abbreviations:
CI, consistency index; MN, European Mammal Neogene-
Zone; MPT, most parsimonious tree; RI, retention index.

Geological setting

The material of the new taxon was discovered in the Zhan-
genbao Formation exposed in Maerzuizigou quarry, north-
ern China (Fig. 2A). Sediments of the Zhangenbao
Formation are dominated by sandstones and siltstones
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Figure 2. Geographical and geological information on the study material. A, location of the Maerzuizigou quarry B, the Jinggou section
of the Miocene Zhangenbao Formation (for a detailed description, see Supplemental data). The star in panel B indicates the horizon
(No. 19) of the Maerzuizigou quarry that yielded Aphanobelodon zhaoi gen. et sp. nov. The faunal list is revised from Guan (1988) and
Qiu et al. (1999).
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Miocene upper-tuskless proboscidean accumulation

Key to the fauna:

1, Aphanobelodon zhaoi

2, Platybelodon tongxinensis
3, Caementodon tongxinensis
4, Chalicotherium sp.

5, Kubanochoerus lantianensis
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6, Bunolistriodon intermedius

7, Hispanomeryx sp.

8, Amphicyon sp.

9, Tongxinictis primordialis
10, Gobicyon sp

11, Sansanosmilus sp.

12, Pliopithecus zhanxiangi

Figure 3. Habitat reconstruction of Aphanobelodon zhaoi gen. et sp. nov. of the Dingjiaergou Fauna during the early middle Miocene,
by Yu Chen (the artist has granted permission to use the illustration).

punctuated by mudstones (Fig. 2B). The fossil accumula-
tion was discovered in horizon 19 of the Zhangenbao For-
mation. Detailed description of the sedimentology is given
in the Supplemental data (after S.-Q. Wang et al. 2016b).
The lithofacies of the Zhangenbao Formation comprise
blocky or tabular organic-rich sandstones and siltstones,
which potentially indicates marshy floodplain or lake-mar-
gin wetland deposits (Allen & Collinson 1986). Only one
species, Aphanobelodon zhaoi gen. et sp. nov., has been
identified from this fossil accumulation. In the adjacent
area (Tongxin), more than 10 quarries yielding 27 mamma-
lian taxa have been reported (Guan 1988; Qiu et al. 1999;
S.-Q. Wang & Ye 2015; S.-Q. Wang et al. 2015) (Fig. 3).
These taxa constitute the Dingjiaergou fauna that is corre-
lated with MN6 (Qiu et al. 1999). Three proboscidean taxa
have been discovered previously in this fauna: Platybelo-
don tongxinensis, Protanancus tobieni and Gomphotherium
sp. (Ye & Jia 1986; Guan 1988; S.-Q. Wang ef al. 2015).

Material and methods
Material

All of the material of Aphanobelodon zhaoi gen. et sp.
nov. is housed in the HMV (Supplemental Table S1). The
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comparative taxa included Phiomia serridens, Serbelodon
barbourensis, Archaeobelodon  filholi, Protanancus
tobieni, Pr. chinjiensis, Amebelodon fricki, Platybelodon
danovi, Pl. tongxinensis, Pl. grangeri, Torynobelodon
dangheensis and Torynobelodon barnumbrowni; these
species cover all shovel-tusker morphotypes (Matsumoto
1922, 1924; Barbour 1927, 1932; Borissiak 1929; Osborn
& Granger 1932; Frick 1933; Osborn 1936; Tobien 1973;
Tassy 1983, 1984; Ye & Jia 1986; Guan 1988, 1991,
1996; Ye et al. 1989; S.-Q. Wang et al. 2013, 2015; S.-Q.
Wang & Ye 2015). It should be noted that ‘Pl grangeri’
from the Moergen Fauna of Tunggur, China, shows a
higher evolutionary grade than the PI. grangeri type spec-
imen from the Tairum Nor Fauna (S.-Q. Wang et al.
2013). The ‘Pl grangeri’ from the Moergen fauna pos-
sesses a complete fourth lophid in m2 and displays a
stronger (and relatively shorter) mandibular symphysis;
therefore, in the present paper, we refer to it as tetralopho-
dont Platybelodon (a new species). Moreover, Pl tongxi-
nensis from the Tongxin area, China, has often been
assigned as Pl danovi in recent publications (Ye & Jia
1986; Guan 1988, 1991, 1996; Qiu et al. 1999; S.-Q.
Wang et al. 2013), and Torynobelodon dangheensis was
considered a Platybelodon species by B.-Y. Wang & Qiu
(2002).
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Measurements and terminology

Cranial and mandibular measurements follow Tassy
(2013). All measurements were taken using calipers. The
terminology of occlusal structures of gomphotheriid
cheek teeth follows Tassy (2014), and the terminology of
the cranium and mandible follows Tassy (2013) and Fer-
retti (2010). Rock colour description follows the Munsell
colour chart (Landa & Fairchild 2005), and the grain size
subdivision is based on the Wentworth grain size chart
(Krumbein & Aberdeen 1937).

Microwear study

The feeding preference of the new taxon was deter-
mined by microwear analyses, with the main proce-
dures based on those described in Calandra et al.
(2010). Shearing facet casts of the second loph of the
M3 in HMVI1919, HMVI1880 and HMV1921 were
made, and digital microphotographs were taken. In
each 0.4 mm x 0.4 mm digital microphotograph, the
scratches and pits were quantified, and results were com-
pared to extant proboscidean and ungulate microwear
databases to determine the dietary categories of browser
versus grazer (Solounias & Semprebon 2002). The cast-
making protocol was based on that of Solounias & Moel-
leken (1992). The microwear data of Platybelodon gran-
geri and extant elephants is from Semprebon et al.
(2016, fig. 3B).

Cladistic analysis

A cladistic analysis was performed to investigate the pos-
sible phylogenetic interrelationships of our new taxon and
shovel-tusked elephantiforms. The data matrix contains
38 unordered characters and 18 taxa, in which Deinothe-
rium was the outgroup (see Supplemental appendices S1
and S2). In particular, characters 0, 6—11, 14, 23, 29, 30,
31, 32, 35 and 37 were included, because they represent
known morphological variations among gomphothere
taxa. The remaining characters were chosen based on their
previously suggested importance in gomphotheriid and
elephantid phylogenetics (Shoshani 1996; Tassy 1996;
Prado & Alberdi 2008). Cladograms were obtained from a
parsimony analysis carried out using the TNT 1.1 program
(Goloboff et al. 2003). The reported results were based on
MPTs and a strict consensus rule tree. Node support was
calculated by a bootstrap analysis (1000 replicates). Data
for the examined taxa were obtained from previous publi-
cations (Andrews 1906; Matsumoto 1924; Barbour 1927,
1929; Borissiak 1929; Osborn & Granger 1932; Frick
1933; Mottl 1969; Tobien 1973; Tassy 1983, 1986; Lam-
bert 1990; Guan 1991; B.-Y. Wang & Qiu 2002; S.-Q.
Wang et al. 2013, 2015; Konidaris ef al. 2014).
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Body mass estimation

We estimated the body masses of individuals of Aphano-
belodon zhaoi based on their humerus lengths (when the
humeral length of the individual could be measured). The
equation is a linear regression function with the formula
logo(mass in kg) = —4.145 + 2.635 (log;¢X), where X
(in mm) is the length of the humerus (Christiansen 2004).
The body mass data of extant elephants were taken from
Nowak (1999), and other estimates of body masses of fos-
sil elephantiforms were from Christiansen (2004) using
the same method.

Systematic palaeontology

Order Proboscidea Illiger, 1811
Family Amebelodontidae Barbour, 1927
Genus Aphanobelodon gen. nov.

Type species. Aphanobelodon zhaoi sp. nov.

Etymology. Aphano-, invisible, indicating lack of upper
tusks; belodon, front tooth, a masculine root typical of
longirostrine elephantiforms.

Diagnosis. Upper permanent tusks always absent in
every ontogenetic age and both sexes. Rostrum slender,
elongated. Mandible extremely elongated and expanded
in the distal part; lower tusks flattened as in Platybelodon,
however with internal concentric lamination; Dp4, M1,
and M2 bunodont and trilophodont; molars with incipient
secondary trefoils, incipient pseudo-anancoidy, strong
choerodonty and heavy cementodonty.

Aphanobelodon zhaoi sp. nov.
(Figs 4, 5)

Etymology. Dedicated to Mr Rong Zhao who discovered
and excavated the material.

Diagnosis. As for the genus.

Type locality and horizon. Maerzuizigou quarry
(37°05'21.8"N’, 106°00'58.4"E, Fig. 2A), horizon 19 of
the Zhangenbao Formation (previously named the Hon-
gliugou Formation, but renamed because of synonymy)
(Fig. 2B), middle Miocene, MN6 (Qiu et al. 1999; S.-Q.
Wang & Ye 2015; S.-Q. Wang et al. 2015, 2016b).

Occurrence. Early middle Miocene, MN6, East Asia.

Holotype. HMV1880: a complete cranium with associ-
ated mandible and partial skeleton, adult female, dental
age XX (Tassy 2013).

Paratypes. See Supplemental Table S1; all of the mate-
rial is from the same locality and horizon as the holotype.
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Figure 4. Crania of Aphanobelodon zhaoi gen. et sp. nov. (all parts show HMV1880, the type specimen, except K, which shows
HMV1916, a juvenile). A, dorsal view; B, sketch and annotations of A; C, anterodorsal view; D, sketch and annotations of C; E, ventral
view; F, sketch and annotations of E; G, lateral view; H, sketch and annotations of G; I, posterior view; J, sketch and annotations of I;
K, skull of HMV 1916, showing the small transitory upper tusk; L, apical view of the tip of the premaxillae showing the closed incisive
alveolar sockets.
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Description

Cranium. See Figure 4, Supplemental Table S2. In dor-
sal view (Fig. 4A, B), the cranium is anteroposteriorly
elongated and laterally compressed with little lateral
expansion of zygomatic arches. The occipital crest is
almost straight, not anteriorly concave. The two temporal
lines converge from the posterolateral flanges of the two
temporal fossae, run parallel along the lateral edges of the
nearly rectangular braincase, and diverge before they
reach the postorbital processes. The sutures of the anterior

F cutting edge

posterior mental foramen

anterior mental foramen
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Figure 5. Mandibles, cheek teeth and stylohyoid of Aphanobelodon zhaoi gen. et sp. nov. (all parts show HMV 1880, the type specimen,
except E, which shows HMV1918, a subadult). A, mandible, in dorsal view; B, sketch and annotations of A; C, mandible, in lateral view
(lateral side is covered by plaster); D, sketch and annotations of C (the masseter fossa is reconstructed); E, HMV1918, apical view of the
lower tusks, showing the concentric lamination in the cross section of the left lower tusk; F, apical view of the lower tusks, showing the
sharp cutting edge of the lower tusks; G, right M3, in occlusal view; H, left M3, in occlusal view; I, left m3, in occlusal view; J, right
m3, in occlusal view; K, left stylohyoid, in lateral view; L, left stylohyoid, in medial view.

edge of the frontal bones are visible, and the frontal is in
contact with the nasal, premaxillary and maxilla bones
from medial to lateral. The nasal bone extends laterally
along the superior rim of the nasal aperture, and possesses
a strongly protruded nasal process. The contour of the
nasal aperture forms two anterolaterally expanded lateral
wings, and the superior rim of the nasal aperture reaches
the level of the two postorbital processes. The two pre-
maxillae anterior to the nasal aperture are very broad at
first, enclosing a large incisive fossa. Then, the two pre-
maxillae steeply taper and prominently protrude, forming
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a slender rostrum. The incisive fossa also tapers and runs
through the entire length of the rostrum.

In anterodorsal view (Fig. 4C, D), the nasal aperture is
fabaceous. Although the opening is broad, no clear step-
like perinasal fossae (Tassy 1994, 2014) are visible. In the
type specimen, although deformed by vertical pressure,
there is a crest in the middle line of the base part of the
incisive fossa (Ferretti 2010). This crest may be bifurcated
at the ventral border of the nasal aperture, enclosing a
small subnasal fossa. To our knowledge, this crest is not
observed in other elephantiforms. The infraorbital foram-
ina are duplicated — there is a large, subcircular ventral
opening and a small, slit-like dorsal one. In the long and
narrow rostrum, the distal part of the incisive fossa is rela-
tively wide, and is bordered by two crest-like bony walls.
These two walls are homologous to the incisive sockets of
the other elephantiforms. From the apical view of the ros-
trum (Fig. 4L), the incisive fossa is deep and V-shaped,
and the bones (premaxillae at dorsal part and maxillae at
ventral part) are very thin. No openings for tusks are
developed.

In ventral view (Fig. 4E, F), the occipital condyle is
sub-triangular. The two condyles are divergent, forming a
sharp intercondyloid notch. The basioccipital tapers ante-
riorly and is fused with the basisphenoid by a tough basal
tuberosity. The tympanic bulla is not laterally expanded;
is irregular shaped with a prominent anteromedial angle;
and is surrounded by foramina: a posterior, triangular pos-
terior lacerate foramen (foramen metoticum), and a lateral,
large and rounded stylomastoid foramen. The middle lac-
erate foramen and oval foramen (foramen ovale) are con-
fluent and located beneath the anterior margin of the
bulla. A rounded posterior opening of the alisphenoid
canal is anterior to the anterior edge of the bulla and links
the confluent opening of the middle lacerate and oval
foramina by a shallow groove. The glenoid fossa is large,
with an anterior slop that is inclined dorsally. The exocci-
pital is strong, anterolaterally elongated. Between the gle-
noid fossa and the exoccipital, there is a broad and
shallow groove for the external auditory channel. The
choanae are narrow with a sharp apex on the anterior rim.
Lateral to the choanae, a strong pterygoid process is lat-
erally hooked, and the pterygoid crest extends posteriorly
to the tympanic bulla. The palate is deformed by trans-
verse pressure. The palatine foramen is slit-like. The
zygomatic process of the maxilla is not strong. Two inter-
alveolar crests extend anteriorly along the narrow rostrum,
and slightly converge in the middle. The anterior palatine
fissure is weak.

In lateral view (Fig. 4G, H), the braincase is low. How-
ever, in the presumed male specimen HMV1919, the
braincase is relatively raised (Fig. 1F). The temporal fossa
is anteroposteriorly expanded. The basicranium is almost
not erected, the occipital condyle does not posteroven-
trally protrude, and a notch for the external auditory
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meatus is posterior to the zygomatic arch. The orbitotem-
poral crest extends posteroventrally to reach the anterior
edge of the alisphenoid. A large fissure is located beneath
the anterior margin of the alisphenoid, in which the optic
foramen, the anterior lacerate foramen (foramen orbitale)
and the round foramen (foramen rotundum) are present.
The anterior edge of the alisphenoid turns anteroinferiorly
to the pterygoid process and wraps up the posterior end of
the maxillary process. The orbit is relatively small and the
anterior rim is located at the level of the anterior part of
the M3, and the postorbital process is just at the level of
the posterior end of the tooth row. In the orbit, the trans-
verse suture between the frontal and the maxilla clearly
runs from the anterior rim to the anterior margin of the
orbitotemporal crest. The facial part of the maxilla is ante-
riorly elongated, and that ventral to the zygomatic process
is low. The infraorbital foramina are just anterior to the
zygomatic process of the maxilla, and they are relatively
distant from the anterior rim of the orbit. The rostrum is
slim and slightly downwardly inclined.

In posterior view (Fig. 41, J), the occipital surface is
subcircular. The foramen magnum is also subcircular and
surrounded by two fabaceous occipital condyles. The liga-
mentum nuchae fossa is dorsoventrally oval and divided
into two parts by a thin crest in the middle.

Mandible. See Figure SA—D, Supplemental Table S3. In
dorsal view (Fig. 5A, B), the left hemimandible is slightly
deformed by the transverse pressure, and the right one is
not deformed. The madibular condyle forms a trans-
versely cylindrical bar. The corpus is narrow and tapers
anteriorly. The retromolar trigone is prominent. The pos-
terior border of the symphysis is distant from the anterior
end of the tooth row. The symphysis is elongated and
trough-shaped. The basal part of the symphysis is narrow
and steeply widens distally. No transverse ledge is present
at the narrowest part of the symphysis. The two interal-
veolar crests run along the lateral margins of the deep
symphyseal trough. The anterior edge of the symphysis is
only slightly anteriorly convex. This is intermediate
between Platybelodon, in which this edge is almost
straight, and Amebelodon, in which this edge forms an
anteriorly oriented apex.

In lateral view (Fig. 5C, D), in order to protect the spec-
imen, plaster has not been removed; therefore, the masse-
ter fossa in Figure 5D is reconstructed. The ramus of the
mandible is long and low. The coronoid process is blunt,
and the mandibular condyle is small. The mandibular
notch is shallow. The angular process is slightly pro-
truded, and is at the level of the occlusal surface. The
anterior and posterior ramal borders are perpendicular to
the occlusal surface and less posteriorly inclined. The cor-
pus is relatively high. The posterior mental foramen is rel-
atively big, and is positioned at the level of the anterior
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end of the tooth row. The anterior mental foramen is
small. The symphysis is moderately ventrally deflected.

Teeth. See Figures 1, 4 and 5. The upper tusks are absent
in all specimens except the newborn HMV1917, in which
the left tusk is tiny, ventrally bent and covered by enamel
(Fig. 4K). It is identified as a transitory upper tusk. All the
rostria of all crania are slender with a relatively wide inci-
sive fossa that cannot support tusks (Figs 1, 3). The sock-
ets for upper tusks are closed (Fig. 4L). Thus, upper tusks
were evidently not developed in this taxon, rather than
shed or not exposed to the alveoli. This feature is unique
not only in Amebelodontidae but also in Elephantiformes
(tuskless males have also been reported in some popula-
tions of Elephas maximus, but it is not a stable character
in Elephas maximus; see Kurt et al. 1995).

The lower tusk (Fig. SA—F) is broad and flattened, as in
Platybelodon. No tubular structures but concentric lami-
nation is present on the cross section, as observed from
the anterior breakage of the lower tusk in HMV1918
(Fig. 5E). The exposed length is much smaller than the
length of the symphysis. The lower tusk is slightly dor-
sally curved in lateral view. In basal view, the left tusk is
slightly left-handedly twisted, and mirrors the right one.
In dorsal view, the two tusks are slightly convergent with
both nearly orthogonal anteromedial and anterolateral
angles. The anterior edge of the tusk is slightly concave.
In apical view, the tusk is very thin, forming a sharp cut-
ting edge (Fig. 5F). The wear facet is present on both dor-
sal and ventral sides of the tusk. The dorsal facet is long,
and the ventral one short (both in the distal-apical direc-
tion) (Fig. SA—D, F). Measurements of HMV1880 (left/
right, in mm): lateral exposed length, 146/150; medial
exposed length, 111/100; maximal width (at alveolus),
114/111; height, 24/25; length of the wear facet on the
dorsal surface, 65.5/64.5.

Both M2 and m2 are worn to the roots without any
remains of enamel. Both are rectangular and presumably
have three loph(id)s.

The M3 (Fig. 5G, H) is anteroposteriorly rectangular
and composed of five lophs. Chevroning and pseudo-
anancoidy are present on the second to fourth lophs, and
the last loph is much incipient. Pretrite trefoils are present
on the first two lophs with symmetrical anterior and poste-
rior central conules. The third and fouth pretrite half-lophs
only have a mesoconelet and an anterior central conule.
Posttrite half-lophs are relatively simple. The first three
posttrite half-lophs have incipient posterior posttrite cen-
tral conules, and the second loph also has a small anterior
posttrite central conule. The third posttrite half-loph is
subdivided into three main cusps. Cementum is very
heavy, and small conules are developed in the interlophs,
thus showing strong cementodonty and choerodonty. Cin-
gula are present on the anterior, lingual and posterior mar-
gins of the tooth. Measurements (left/right, in mm):
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length, 155/163; width at loph 1, 67/71.5; loph 2, 65.5/66;
loph 3, 61.5/63.5; loph 4, 59/57; height at the posttrite
side of loph 3, 48/51.5.

The m3 (Fig. 51, J) is anteroposteriorly oval and com-
posed of five lophids plus a strong posterior cingulid. The
first two lophids are deeply worn. The third pretrite half-
lophid is trifoliate, and the posterior central conule is also
present on the third posttrite half lophid. The fourth and
fifth pretrite and posttrite half-lophids are rather simple,
and only have a main cuspid with somewhat subdivision
on its summit. Cementum is very heavy (cementodonty),
and small conules are developed in the interlophids
(choerodonty), similar to those in the M3. Cingulid is
prominent on the posterior end, which is composed of a
strong cuspid, and absent on the other margins of the
tooth. Measurements (left/right, in mm): length, 185/184;
width at lophid 1, 59/59; lophid 2, 61.5/58.5; lophid 3, 60/
58.5; lophid 4, 57/58.5; height at the posttrite side of
lophid 4, 47/50.

Stylohyoid. The left stylohyoid (Fig. 5K, L), the only
remainder of the hyoid apparatus, looks like a bifurcated
antler. The superior and the posterior rami are nearly
arranged in line with one another. Both rami are strong
and rod-like. The proximal end of the superior ramus is
oval, and is connected to the tympanohyal cartilage. The
posterior ramus is longer than the superior one, and has a
groove on its lateral side. The distal end of the posterior
ramus is flat, where the m. digastricus posterior is
attached. The inferior ramus is hook-like with a tapering
and slightly medially oblique tip. It is slender relative to
the other two rami. The morphology of the stylohyoid is
typical of gomphotheres (Shoshani & Tassy 2005).

Comparisons and discussion

Comparison of cranium
The cranium of Aphanobelodon zhaoi displays some ple-
siomorphies. The braincase is relatively low; the basicra-
nium is not or only slightly erect. These features are
common in trilophodont amebelodontids and trilophodont
gomphotheres. In Serbelodon barbourensis, the basicra-
nium is somewhat more erect, which is a slightly derived
feature (Frick 1933). We do not know this feature in Ame-
belodon, in which a cranium has not been explicitly
assigned. However, in Konobelodon from China (S.-Q.
Wang et al. 2016a), the braincase is clearly moderately
domed and the basicranium is clearly moderately erected.
Therefore, these common eclephantiform traits were also
present in the lineage of Amebelodontidae (considered a
monophyletic group).

The facial part of Aphanobelodon zhaoi is very devel-
oped, showing an anteriorly elongated face and a basally
expanded incisive fossa. These features are also observed
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in Platvbelodon grangeri (S.-Q. Wang et al. 2013). In
Archaeobelodon aff. filholi, the facial part is also anteri-
orly elongated, but the incisive fossa is not basally
expanded. Sanders ef al. (2010) considered an anteriorly
elongated facial part to be a diagnostic character of Ame-
belodontidae. Based on this feature, they put Progompho-
therium into Amebelodontidae. However, a relatively
anteriorly elongated facial part is also observed in Gom-
photherium annectens, a primitive species in Gompho-
theriidae (Tassy 1994). In Konobelodon from China (S.-
Q. Wang ef al. 2016a), the facial part is substantially
shortened, similar to that of Tetralophodon longirostris.
Therefore, we consider the shortening of the facial part to
be a common elephantiform trend that also occurred in
Amebelodontidae.

A step-like perinasal fossa is described in Gomphothe-
rium angustidens (Tassy 1994, 2013) and considered an
important nasal modification in elephantiforms. This fea-
ture appears also to be present in some amebelodontids
such as Archaeobelodon aff. filholi (Tassy 1986) and in
Konobelodon from China (S.-Q. Wang et al. 2016a). In
Aphanobelodon zhaoi, the nasal aperture is laterally
enlarged, but no clear step-like perinasal fossa can be
observed. A similar morphology is also seen in Platybelo-
don grangeri (5.-Q. Wang et al. 2013). The perinasal
fossa may be secondarily lost with the development of the
enlarged basal part of the incisive fossa.

The tympanic bulla of Aphanobelodon zhaoi is not lat-
erally expanded, similar to that of Phiomia (Andrews
1906). This feature is also observed in Platybelodon gran-
geri (S.-Q. Wang et al. 2013). Except for the absence of
upper tusks and the slenderness of the rostrum, the cra-
nium of Aphanobelodon zhaoi resembles Platybelodon in
all aspects.

Comparison of mandible

As a typical amebelodontid, the mandible of Aphanobelo-
don zhaoi resembles that of Platybelodon more than any
other. In dorsal view, the mandibular symphysis of Apha-
nobelodon zhaoi strongly expands laterally in the distal
part, which is similar to that of Platybelodon (Osborn &
Granger 1932; S.-Q. Wang et al. 2013), in contrast to the
not or slightly laterally expanded mandibular symphysis
in Archaeobelodon, Serbelodon, Protanancus, Amebelo-
don and Konobelodon (Barbour 1927; Frick 1933; Tobien
1973; Tassy 1986; S.-Q. Wang et al. 2015, 2016a). Fur-
thermore, in Aphanobelodon zhaoi, the anterior edge of
the mandibular symphysis is slightly anteriorly convex.
This feature is more similar to the straight anterior end of
the mandibular symphysis in Platybelodon and Torynobe-
lodon (Barbour 1932; Osborn & Granger 1932; S.-Q.
Wang et al. 2013) than to that of the other amebelodontids
displaying an anterior apex (Barbour 1927). In lateral
view, the mandibular symphysis of Aphanobelodon zhaoi

337

609

is deflected moderately downward, like that in Platybelo-
don; this shows a contrast to the strongly downward-
deflected mandibular symphysis in Amebelodon and
Konobelodon (Barbour 1927; Lambert 1990; S.-Q. Wang
et al. 2016a). The mandibular resemblance between Apha-
nobelodon and Platvbelodon reflects the close phyloge-
netic relationship of the two genera and will be further
discussed below.

In Aphanobelodon zhaoi, there are also some mandibu-
lar features that are distinct from those of Platybelodon.
For example, the ascending ramus of Aphanobelodon
zhaoi is vertical to the occlusal plan, and this feature is
shared widely among other amebelodontids. However, in
Platybelodon (except Platvbelodon danovi from the Cau-
casus), the ramus is strongly posteriorly inclined (Borri-
siak 1929; S.-Q. Wang et al. 2013). Furthermore, in
Platybelodon grangeri and the tetralophodont Platybelo-
don, there is a strong transverse ledge at the base of the
mandibular symphysis (S.-Q. Wang ef al. 2013). How-
ever, this ledge is likewise missing in Aphanobelodon
zhaoi and the other amebelodontids.

Comparison of lower tusks

In Aphanobelodon zhaoi, the lower tusks are extremely
wide and thin. Wear facets are distributed on both dorsal
and ventral sides of the tusks. The dorsal facet is long, and
the ventral one short. The anterior edge of the lower tusks
is sharp, forming a cutting edge, and the anteromedial and
anterolateral angles are sharp, forming two nearly right
angles (Fig. 5A—F). These morphologies are similar to
those of Platybeldon and Torynobelodon barnumbrowni.
The dimensions of the lower tusk of Ap. zhaoi are smaller
than those of Platybelodon tongxinensis and Pl. grangeri,
and similar to those of Pl. danovi (Fig. 6A). However, the
internal structure of Aphanobelodon zhaoi displays con-
centric lamination, which is also observed in Archaeobe-
lodon, Serbelodon, Protanancus and Amebelodon, and
distinct from the tubular structure in Platybeldon and Tor-
ynobelodon (Osborn & Granger 1932; Tassy 1986; Ye &
Jia 1986; Lambert 1990; S.-Q. Wang et al. 2013, 2015;
Konidaris et al. 2014).

Comparison of cheek teeth

The cheek tooth morphology of Aphanobelodon zhaoi is
typical amebelodontid. The contours of M3 and m3 are
narrow and long. Posttrite central conules and pseudo-
anancoidy are developed. The cheek teeth of Ap. zhaoi
resemble those of Platybeldon more than those of the
other amebelodontids, because of the strong cemento-
donty and choerodonty. The dimensions of M3 and m3
are also in the ranges of PI. tongxinensis and PI. grangeri
(Fig. 6B, C). In the teeth sample of Platybeldon we
obtained, the anterior posttrite central conule is always



S.-Q. Wang et al.

610
1 -
A 00 i2 v
v
E 80
E
o)
5 60 4 5
: J :
° = 1 "
E ] b/ ‘pir.;, o. ¢ ATRY
A/ |
E ov % ° " ! II¢‘|=FI 1
o= % " | &
= 20 4 o
(s B .
0 20 40 60 80 100 120 140 160 180 200
Maximal diameter (mm)
120
B M3
v
110 4 v?
100 4 .
E
£ 901 o« ve ¥ '
= . ' e ;
£ v i 1 li )
T 804
4 () 1 1 1
= © - Lo
1 e e o
60 4 & n' ’
50 g T r r r r r
100 120 140 160 180 200 220 240 260
Length (mm)
100
C m3 w
=]
90 4 o]
:@,
T 801 . ¥
E 4 ..‘J S
= ¥ Xhe YN ¢ 0 !
% 70 1 L <:_-_ I|'I'I|'I |
§ SE N Pl |
- A 1] L1 I
60 1 < Ill
=
50 - y

100 120 140 160 180 200 220 240 260 280 300
Length (mm)

Q

o]

cf. Archaeobelodon
Serbelodon barbourensis
Protanancus brevirostris
Protanancus macinnesi
Amebelodon fricki
Torynobelodon dangheensis
Platybelodon tongxinensis

O Konobelodon britti

“Torynobelodon loomisi™

@

& Archaeobelodon filholi

v Afromastodon coppensi

+ Protanancus tobieni

® Protanancus chinjiensis

A Aphanobelodon zhaoi

= Platybelodon danovi

1 Platybelodon grangeri

v Konobelodon artticus
Torynobelodon barnumbrowni

Figure 6. Bivariate plots for various amebelodontid teeth meas-
urements. A, cross-section measurements of lower tusks; B,
occlusal measurements of M3; C, occlusal measurements of m3.
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absent in the second loph of upper molars (S.-Q. Wang
et al. 2013). However, it is present in M3 of Ap. zhaoi.
This element is also often present in Protanancus and
Amebelodon (Barbour 1927; Lambert 1990; S.-Q. Wang
et al. 2015). This was the only difference that we could
find between the cheek teeth of Platybeldon and Ap.
zhaoi; however, this difference seems not to be an impor-
tant feature.

Feeding behaviour and ecological differentiation
of Amebelodontidae

Research using various approaches has been carried out to
infer the feeding behaviour of shovel-tuskers. Barbour
(1927), Borissiak (1929) and Osborn (1936) hypothesized
that shovel-tuskers (i.e. Amebelodon, Platybelodon and
Torynobelodon) were marsh dwellers that scooped up
aquatic plants using their shovel-like tusks. Lambert
(1992) opposed this hypothesis based on morphology and
microwear studies of upper and lower tusks of shovel-
tuskers; he considered that Amebelodon used its upper and
lower tusks in various ways, whereas Platvbelodon and
Torynobelodon barnumbrowni had lower tusks that were
specialized for cutting vegetation. Semprebon ef al.
(2016) reconstructed the dietary habit of Pl grangeri
from the Linxia Basin, China based on microwear analysis
and confirmed that Platybelodon was generally a browser.
S.-Q. Wang et al. (2015) discussed the competition and
replacement between Protanancus and Platybelodon in
East Asia, from which evidence was partly based on
microwear study.

Although the sample size is limited (most specimens
are not prepared), we studied the microwear of shearing
surfaces of the M3 of the three adult Aphanobelodon
zhaoi. The result showed that the diet of Ap. zhaoi is in
the range of browsers and close to mix-feeders. However,
Platybelodon grangeri appears to be slightly more spe-
cialized as a browser than Ap. zhaoi (Fig. 7).

This result can be further confirmed from the analyses
of morphology of lower tusks and mandible. In Aphano-
belodon zhaoi, the lower tusks are extremely wide and
thin. The anterior edge of the lower tusks is sharp, forming

Data sources: Aphanobelodon zhaoi gen. et sp. nov., present
paper; cf. Archaeobelodon, from Tassy (1986); Ar. filholi, from
Tobien (1973); Serbelodon barbourensis, from Frick (1933);
Afromastodon coppensi, from Pickford (2003); Protanancus bre-
virostris and Pr. tobieni, from S.-Q. Wang et al. (2015); Pr. mac-
innesi, from Tassy (1986); Pr. chinjiensis, from Tassy (1983);
Amebelodon fricki, from Barbour (1927); Torynobelodon dan-
gheensis, from B.-Y. Wang & Qiu (2002); PI. danovi, from Bor-
issiak 1929; Pl tonxingensis and Pl. grangeri (including the
tetralophodon Platybelodon) from S.-Q. Wang et al. (2013);
Konobelodon britti, from Lambert (1990); K. atticus, from
Schlesinger (1917, 1922) and Konidaris et al. (2014); Toryvnobe-
lodon barnumbrowni, from Barbour (1932); 7. loomisi’, from
Barbour (1929).
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Figure 7. Bivariate plot of the average scratch versus average
pit results of extant elephants, Platvbelodon grangeri and Apha-
nobelodon zhaoi gen. et sp. nov., redrawn after Semprebon et al.
(2016, fig. 3B). Oval outlines = Gaussian confidence ellipses (p
= 0.95) on the centroid of the comparative extant grazer (G) and
browser (B) samples adjusted by sample size. The insert is a pho-
tomicrograph of an enamel surface in HMV1921.

a cutting edge, and the anteromedial and anterolateral
angles are sharp, forming two nearly right angles
(Fig. 5A, B, F). This morphology is similar to those of
Platybeldon and Torynobelodon barnumbrowni, which
indicates vegetation-cutting behaviour, as Lambert (1992)
stated. However, in Amebelodon, Serbelodon and Prota-
nancus, the lower tusks are not as wide and thin as those
in Ap. zhaoi. The anterior edge is blunt without sharp
anteromedial and anterolateral angles. This morphology
indicates that the tusks are attrited on hard substrate, pos-
sibly for digging.

Phylogenetic position of Aphanobelodon zhaoi in
Amebelodontidae

It is easy to attribute Aphanobelodon zhaoi to Amebelo-
dontidae based on its flattened lower tusks. Thus far, nine
genera have been attributed to the family, including seven
shovel-tuskers, Archaeobelodon, Serbelodon, Protanan-
cus, Amebelodon, Platybelodon, Torynobelodon and
Konobelodon (Shoshani 1996; Tassy 1996; Prado &
Alberdi 2008; Konidaris er al. 2014; S.-Q. Wang et al.
2015), and, controversially, two non-shovel-tuskers, Pro-
gomphotherium and Afromastodon (Sanders et al. 2010).
Here we confine our discussion to the shovel-tuskers.
Among these taxa, Platvbelodon, Torvnobelodon and
Konobelodon have tubular structure in their low tusks
(Osborn & Granger 1932; Ye & Jia 1986, Tassy 1986;
Lambert 1990; Konidaris et al. 2014; §.-Q. Wang et al.
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2015), and the others have concentric lamination. Apha-
nobelodon zhaoi has concentric lamination in its lower
tusks. However, its lower tusk is more flattened than that
of any members of Archaeobelodon, Serbelodon, Prota-
nancus and Amebelodon. The width-height ratio of its
lower tusk falls into the variation range of Platybelodon
(Fig. 6A), and the mandibular shape is more similar to
that of Platybelodon than any other genus. This makes it
difficult to determine the phylogenetic relationship within
Amebelodontidae.

A cladistic analysis was carried out to determine the
phylogenetic position of Aphanobelodon zhaoi within
Amebelodontidae. Two MPTs were obtained (Fig. 8A,
B). The topologies of the two MPTs yielded different
positions of Protanancus chinjiensis (as the sister group
of Amebelodon or Amebelodon + Konobelodon). In both
MPTs, the position of Aphanobelodon zhaoi was stable;
however, it was nested into species of Platybelodon.
‘Platvbelodon’ dangheensis, an isolated species in the
early Miocene, MN3 (B.-Y. Wang & Qiu 2002), was sta-
bly clustered with the American late Miocene Torynobe-
lodon barnumbrowni, sharing two synapomorphies — the
incipient posttrite trefoils and the very short and broad
symphysis. Therefore, we suggest that the genus name
Torynobelodon is valid, and only includes two species, T.
barnumbrowni and T. dangheensis.

Excluding Torynobelodon, Aphanobelodon zhaoi con-
stitutes the sister group of Platybelodon. Guan (1991)
considered Pl. tongxinensis from the Dingjiaergou fauna
(Ye & Jia 1986; Ye er al. 1989, 1990; Guan 1988) as a
junior synonym of Pl danovi, and this view was accepted
by subsequent researchers (Qiu ez al. 1999; S.-Q. Wang
et al. 2013). However, based on our comparison, there are
two important differences between the type mandible of
Pl. danovi and PI. tongxinensis. First, the cross section of
type material is relatively narrow in Pl danovi (Fig. 6A);
second, the mandibular ramus of PI. danovi is not posteri-
orly inclined (Borissiak 1929, pl. 4, fig. 3). Furthermore,
the presence of tubular structure in the type specimen of
Pl. danovi is questionable (Tobien 1973, p. 252). There-
fore, it is better to revive PL tongxinensis as a valid
species.

S.-Q. Wang ef al. (2013) demonstrated the morphologi-
cal differences between Platybelodon grangeri from the
Tairum Nor Fauna (from lower horizons in the Tunggur
Formation) and the Moergen Fauna (from upper horizons
in the Tunggur Formation). Platybelodon from the Moer-
gen Fauna differs from other species of Platybelodon
because it possesses complete tetralophont M2 and m2. It
is also distinct from other species of Platybelodon because
it possesses a wider symphysis that is closer to the tooth
rows (Osborn & Granger 1932, fig. 5). Therefore, we sug-
gest establishing a new species for Platybelodon from the
Moergen Fauna of Tunggur, and here we have temporarily
referred to it as tetralophodont Platybelodon.
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Figure 8. Phylogenetic reconstruction of shovel-tusked elephantiforms. A, B, MPTs from cladistic analysis of the proboscideans, based
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Figure 9. Body mass estimation of Aphanobelodon zhaoi gen. et
sp. nov. and comparison with extant elephants. A, body mass
data of extant elephants from Norwak (1999); B, body mass esti-
mation of Aphanobelodon zhaoi gen. et sp. nov., based on Chris-
tiansen (2004).

Konobelodon was first established as a subgenus of
Amebelodon that contained shovel-tuskers with tetralo-
phodont intermediate cheek teeth and tubular structures in
the mandibular tusks (Lambert 1990), but recently was
upgraded to genus level, with the taxon enlarged to
include the Eurasian ‘Mastodon’ grandincisivus (Konida-
ris et al. 2014; S.-Q. Wang et al. 2016a). Konobelodon
was thought to be derived from Platybelodon by some
researchers (Konidaris et al. 2014) because of the pres-
ence of tubular structures in the mandibular tusks. How-
ever, the mandibular morphology does not support a close
relationship between Konobelodon and Platybelodon. In
Konobelodon, the ramus is not posteriorly inclined and
the symphysis is strongly downwardly deflected. These
features are similar to those of Amebelodon, and our phy-
logenetic reconstruction also supports the close relation-
ship of the two genera. However, it should be noted that
in our phylogeny, the presence of tubular structures in the
mandibular tusks is no longer regarded as a synapomor-
phy. S.-Q. Wang et al. (2015) demonstrated biomechani-
cal advantages of the tubular structures in Platybeldon.
Therefore, the occurrence of the tubular structure is poten-
tially due to parallel evolution (having evolved three
times, in Torynobelodon, Platybelodon and Konobelodon,
in our phylogenetic reconstruction) induced by competi-
tion and selection pressure.

To summarize, based on our phylogenetic reconstruc-
tion, we recognized two monophyletic groups in Amebe-
lodontidae  (Fig. 8C): one includes Protanancus,
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Amebelodon and Konobelodon; and the other includes
Torynobelodon, Aphanobelodon and Platybelodon. The
former can be referred to as Amebelodontinae and the lat-
ter as Platybelodontinae; Archaeobelodon and Serbelodon
are plesions.

Sexual dimorphism and body mass estimation

The size distribution of the three adult individuals of
Aphanobelodon zhaoi is notably bimodal. The length
of the cranium of HMV1919 is 1016 mm and those of
HMV1880 and HMV1921 are 895 mm and 808 mm,
respectively. The mandible length of HMVI1919 is
1550 mm and those of HMVI1880 and HMV1921 are
1127 mm and 1201mm, respectively. This is easily inter-
preted as sexual dimorphism. The braincase of HMV 1880
(and of HMV1921) is low, and the superior rim of the
nasal aperture is at the level of the two postorbital pro-
cesses (Fig. 1E). However, in HMV1919, the braincase is
relatively domed and the superior rim of the nasal aperture
is clearly posterior to the postorbital process (Fig. 1F).
Similar sexual dimorphism was also observed in Platybe-
lodon grangeri (5.-Q. Wang et al. 2013, fig. 3; S.-Q.
Wang & Deng 2016), and possibly also Gomphotherium
angustidens (Tassy 2013, fig. 15A, D; S.-Q. Wang &
Deng 2016).

The body mass of the adult male (HMV1919) was esti-
mated to be 2066.76 kg and that of the adult female
(HMV1921) to be 1302.33 kg, only 63% that of the adult
male, which indicates strong sexual dimorphism (Supple-
mental Table S1; Fig. 9). Two subadults very close to the
adult dental age arc estimated to be 95098 kg and
1278.34 kg, respectively, and were identified as two females
(Supplemental Table S1; Fig. 9). However, a subadult with
younger dental age was estimated at 1162.53 kg, which is
close to the adult female, and thus was identified as a
young male (Supplemental Table S1; Fig. 9). The baby
is only estimated to be 112.98 kg (Supplemental Table S1;
Fig. 9). The estimated body masses of Aphanobelodon
zhaoi are much smaller than the lower limit of extant
elephants (Fig. 9). Furthermore, they are also smaller
than estimated body masses of the fossil elephantiform taxa
(i.e. Mammuthus primigenius 3179.50—9837.41 kg,
Elephas antiquus 5762.53—12266.55 kg, Mammut ameri-
canum 4004.44—5390.60 kg and Serbelodon barbourensis
3211.10 kg); and are similar to those of Archaeobelodon fil-
holi 2029.45 kg, Gomphotherium angustidens 2069.42 kg
and G. productum 1309.98—1874.35 kg (Christiansen
2004).

Conclusions

In the present study, we report an interesting proboscidean
taxon, Aphanobelodon zhaoi, that possessed a shovel-
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tusked mandible and lacked permanent upper tusks. This
is a unique feature combination — like a combination of
Deinotherium and Platybelodon. Based on our cladistic
analysis, Aphanobelodon zhaoi is the sister group of Pla-
tvbelodon and, along with Torynobelodon, constitutes a
monophyletic group in Amebelodontidae. The mandible
of Aphanobelodon is not as specialized as that of Platybe-
lodon, which is more suitable for cutting vegetation. This
study enhances our knowledge regarding the evolutionary
diversification of proboscideans in terms of morphology,
taxonomy and biology.
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New Olonbulukia material and its related assemblage reveal an early
radiation of stem Caprini along the north of the Tibetan Plateau
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Abstract.—Living Caprini are dominant bovids in the pan-Tibetan area that are strongly adapted to dry steppe and high-
mountain meadow habitats. Some taxa with Holarctic distributions, e.g., Ovis Linnaeus, 1758, were thought to originate
on the Tibetan Plateau and subsequently dispersed elsewhere, which was depicted as an ‘out of Tibet’ story. However,
except for some information on a stem caprine assemblage from the Qaidam Basin, the early evolution of Caprini around
the Tibetan Plateau is poorly known. Here, we report new material of Olonbulukia tsaidamensis Bohlin, 1937, which was
a member of this stem caprine assemblage, from the Wuzhong region, northern China, confirming the similarity of the
Wuzhong Fauna and ‘Qaidam Fauna.” Based on a biometric study of horncores from the “Qaidam’ and Wuzhong faunas,
we recognize six taxa from this stem caprine assemblage: O. tsaidamensis, O. sp., Qurlignoria cheni Bohlin, 1937, Tos-
sunnoria pseudibex Bohlin, 1937, ?Protoryx cf. P. enanus Kohler, 1987, and cf. Pachytragus sp. Among these taxa, Q.
cheni and T. pseudibex are probably related to some extant Tibetan endemic species, e.g., the Tibetan antelope, Pantho-
lops hodgsonii (Abel, 1826), and the Himalayan tahr, Hemitragus jemlahicus (Smith, 1826). Others might be ancestral to
the Turolian caprine assemblages and even possibly gave rise to the extant Caprina. This work reveals an early radiation
of stem caprines along the northern side of the rising Tibetan Plateau and indicates a mixed pattern of pan-Tibetan stem

caprine evolution prior to their dispersal out of the Tibetan Plateau.

Introduction

Bohlin (1937) reported the ‘Qaidam (= Tsaidam) Fauna’ from
the Qaidam Basin (Fig. 1) in the northern part of the Tibetan
Plateau. Among the fossil assemblages in the early paleonto-
logical history of China, this fauna is distinctive in the occur-
rence of various specialized bovids that are seldom recovered
elsewhere (i.e., Olonbulukia Bohlin, 1937, Qurlignoria Bohlin,
1937, Tossunnoria Bohlin, 1937, and Tsaidamotherium Bohlin,
1935a). The most specialized bovid, Tsaidamotherium, which
has a very odd horncores (Bohlin, 1935a; Shi, 2014), was attrib-
uted to Ovibovinae or Urmiatheriinae, and its phylogenetic pos-
ition has been substantially debated (Kohler, 1987; Gentry,
1992; Bibi et al., 2009; Chen and Zhang, 2009). Other taxa
were grouped as presumed with Caprinae (Gentry, 2000), and
were recently changed to Caprini based on both morphological
and molecular evidence (Bibi et al., 2009; Hassanin et al., 2012).
Qurlignoria is hypothesized to be the ancestor of the extant
Tibetan antelope or chiru, Pantholops hodgsonii (Abel, 1826)
(Gentry, 1968, 2000; Deng et al., 2011). Tossunnoria pseudibex
Bohlin, 1937 seems to be related to the extant Himalayan tahr,
Hemitragus jemlahicus (Smith, 1826), or goats (Capra spp.)
(Bohlin, 1937; Gentry, 1971, 2000). Therefore, ‘Qaidam
Fauna’ bovids could represent an early radiation of endemic

stem Caprini on the Tibetan Plateau. Except for the above-
named taxa, there are still several types of horncores with rela-
tively unspecialized morphology, which Bohlin (1937) referred
to as ‘Antilope gen. et sp. indet.” I-IV. However, these unnamed
taxa have been inadequately noticed by subsequent researchers
(but see Bibi and Giileg, 2008).

The ‘Qaidam Fauna’ was considered the earliest Hipparion
fauna in northern China, because of the occurrence of early hip-
parions, early tetralophodont gomphotheres, an early Acerorhinus,
and some primitive cervids (i.e., Lagomeryx Roger, 1904 and
Dicrocerus Lartet, 1837) that were thought to be middle Mio-
cene relicts (Qiu et al., 1987). Recently, Wang et al. (2011) stud-
ied Bohlin’s field records and investigated the stratigraphy of the
fossiliferous region; consequently, they recognized two fossil
assemblages in the ‘Qaidam Fauna,’ the late middle Miocene
Olongbuluk Fauna (ca. 15-12.5 Myr) and early late Miocene
Tuosu Fauna (ca. 12-10.5 Myr). Therefore, the ‘Qaidam
Fauna® was a fossil assemblage complex, and we refer to the
‘Qaidam Fauna’ using quotation marks.

Recently, we discovered a horncore of Qlonbulukia tsai-
damensis Bohlin, 1937 and possibly stem Caprini dental
material from the Wuzhong Building Material Plant (Jiancai-
chang locality, Wuzhong), Ningxia Province, China (Fig. 1)
from the early late Miocene Ganhegou Formation. This is
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Figure 1.
source, General Bathynetric Chart of the Oceans (https:/www.gebco.net/).

the first report of Olonbulukia outside of the Qaidam Basin.
This locality was previously reported by Qiu et al. (1987),
with the discovery of Qurlignoria cheni Bohlin, 1937. The
occurrence of O. tsaidamensis and Q. cheni, with recent
palaeomagnetic data of the Ganhegou Formation (ca. 10 Ma,
see Shen et al., 2001), proves that the fossil assemblage
from the Jiancaichang locality (denoted herein as the Wuz-
hong Fauna) is comparable to the classic Tuosu Fauna. In
the same period, fossils were rarely discovered from northern
China. Therefore, an in-depth study of the bovid assemblages
of these two faunas is helpful in understanding the radiation of
caprines, which are very important members of today’s dry
and cold Holarctic habitats (Geist, 1987).

Materials and methods

Horncore biometric study and 3D models—We used three
biometric parameters to characterize horncore morphology. (1)
Mediolateral compression was inferred by basal anteroposterior
diameter (DAP)/transverse diameter (DT); data were measured
using calipers. (2) Curvature (unit / mm) was represented by the
mean curvature of horncore anterior and posterior edges; to
obtain these data, we took photographs of the direct lateral view
of the horncore (Fig. 2.1) and extracted the outlines of the
anterior and posterior edges (Fig. 2.2); then, we used the
least-squares method to fit a circle by the sample points of the
outlines, and calculated the curvature of the regressed circle
(Fig. 2.3, 2.4). Calculation was performed using a set of
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Topology of eastern Asia with related fossil localities in the present article, emphasizing the Tibetan Plateau. The map was downloaded from the public

self-programmed MATLAB (MathWorks, Inc.; ver. R2016a)
codes. (3) Oblique angle was represented by the angle between
the medial sagittal plane and the vertical plane that passes
through the long axis of the pedicle; to obtain these data, we
acquired the 3D surface digital models of the horncores using
an Artec 3D Spider scanner and measured the angle on the 3D
models using the Materialise 3-matic program (ver. 9.0)
(Fig. 2.5, 2.6). All of the 3D models (see Supplemental data SI
1-17) are available in the public online repository Dryad.
Other biometric data were measured using calipers.

One-way ANOVA.—Student’s t-tests were performed to test
the statistical significance of differences in horncore curvature
and oblique angle between Olonbulukia and Qurlignoria,
and mediolateral compression between O. tsaidamensis and
Olonbulukia sp. Equal variance was hypothesized, and
differences were considered significant if the double-tailed test
was < 0.05.

Repositories and institutional abbreviations.—IVPP = Institute
of Vertebrate Paleontology and Paleoanthropology, Chinese
Academy of Sciences, Beijing (IVPP RV is the prefix for the
specimens that were previously published under informal
numbering systems); NGM = Ningxia Geological Museum,
Yinchuan, Ningxia, China. All of the specimens examined
here are housed in IVPP, except one from NGM. Comparative
materials were from previous publications. Ruminant tooth
terminology follows that used by Birmann and Réssner (2011).

: icle-pdf/93/2/385/4652578/s0022336018000653a.pdf
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Figure 2. Horncore biometric data acquisition: (1) photo of a horncore (Olonbulukia tsaidamensis, INPP RV37008, taken from 3D digital model) in lateral view;
(2) outlines of the horncore in Figure 2.1; the green lines denote the sections of anterior and posterior edges: (3, 4) circle fitting of the anterior (3) and posterior (4)
edges of the horncore; the blue lines denote the horncore ontlines and the red lines denote the fitted circles; (5) sectioning plane on the 3D digital horncore model
(Qurlignoria cheni, IVPP RV37100); a = horizon plane, b = vertical plane through the pedicle long axis, ¢ = medial sagittal plane; (6) oblique angle measurement, or
the angle between the b and ¢ planes. The red, blue, and yellow arrows represent the X, Y, and Z coordinates that were arbitrarily generated by the 3-matic program: the
arrowhead of the blue arrow is hidden by the 3D model of the horncore body.
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Systematic paleontology

Order Artiodactyla Owen, 1848
Family Bovidae Gray, 1821
Subfamily Antilopinae Gray, 1821 (sensu Kingdon, 1982)
Genus Olonbulukia Bohlin, 1937

Type species.—Olonbulukia tsaidamensis Bohlin, 1937.

Diagnosis.—Medium-sized bovid with  mediolaterally
compressed horncore that possesses an anterior keel. The
horncore has a weak spiral structure with strong posterior
bending (curvature 0.04—0.10/mm). The oblique angle of the
pedicle is small (15-30°). The top of the cranium is vaulted,
and the profile of the dorsal cranium is curved dorsally instead
of straight, resembling that of Protoryx Major, 1891. (Revised
from Bohlin, 1937.)

Occurrence.—Qaidam Basin and Wuzhong regions, China;
middle Miocene and early late Miocene (late Tunggurian and
early Bahean, Chinese Land Mammal Age), which were
correlated to MN 6-9.

Olonbulukia tsaidamensis Bohlin, 1937
Figure 3.1-3.3; Table 1

Holotype.—IVPP RV37008 [Bohlin’s (1937) field no. 356], a
brain case with both horncores; the ventral surface is deeply
weathered.

Diagnosis.—The homcore is strongly compressed with DAP/
DT 1.6-1.9 (at the horncore base). Otherwise as for the genus.

Occurrence.—Bohlin Camp (BB, 165), Qaidam Basin, basal
red beds (Olongbuluk Fauna), middle Miocene, ca. 15 Ma
(Wang et al., 2011).

Description.—The right horncore (Fig. 3.1-3.3) is strongly
lateromedially compressed. The horncore cross section at the
base is a compressed oval. This shape is retained throughout
the preserved length, and only becomes slightly smaller
distally (Fig. 3.1.1-3.1.3). The long axis of the cross section
at the right horncore base is slightly oblique to the midsuture
of the frontal bone by an angle of 19.7°, suggesting that the
two long axes of horncore cross sections posteriorly diverge
by ~40°, No less than 1/3 of the distal part of the horncore is
broken. In lateral and medial views, the preserved horncore
portion shows a posterior curvature. In anterior and posterior
views, the horncore is slightly laterally oblique. The horncore
is slightly homonymous. Strong furrows are present along the
entire length of the horncore. An anterior keel is present, but
is not as sharp as that of the type specimen. The pedicle is
moderately long, with the anterior edge longer than the
posterior edge. The anterior opening of the supraorbital
channel is small and located at the proximal base slightly
lateral to the anterior edge of the pedicle, which is relatively
close to the midsuture of the frontal bone. No groove
surrounds the supraorbital foramen. The postcornual fossa is
weak and close to the horncore base.
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The remaining frontal bone can be subdivided into three
surfaces. (1) The cerebral surface is anterodorsally bordered
by the midsuture of the frontal bone and posterodorsally bor-
dered by the frontal-parietal suture; it is triangular and deeply
concave with many digital impressions. The midsuture of the
frontal bone is half-crescent-shaped. The anterior part is strongly
thickened, extends posterodorsally, and thins. The frontal-
parietal suture forms a right angle. (2) The orbital surface is
located laterally. However, the thin orbital rim was broken.
This surface is smoothly concave. The posterior opening of
the supraorbital channel is located at the deepest point of the
orbital surface and is almost at the same level as the anterior
opening. (3) The frontal sinus surface is small; it is located at
the anteroventral part of the bone. The frontal sinus is irregular
and shallow on the surface. However, we do not know whether
the excavation of the frontal sinus in the horncore is present.

Materials.—IVPP V23373, a right horncore with partial frontal
bone; the distal part of the horncore is broken.

Locality and age of the new material.—The Wuzhong Building
Material Plant (Jiancaichang locality), Northeast Quarry
(IVPP no. NXWZ201502), 37°49°50.46”N, 106°07°12.08"E,
1169.0H (Fig. 1), early late Miocene Ganhegou Formation,
Bahean, correlated to ~MN 9.

Remarks.—Qlonbulukia tsaidamensis is a stem caprine species
with relatively specialized horncores for its age. The horncore is
remarkably laterally compressed with strong posterior curvature.
The holotype is from the Bohlin Camp (BB, 165) of the
Olongbuluk Fauna, Qaidam Basin, ca. 15 Ma of the middle
Miocene (Wang et al., 2011). This age is very early, even for
stem caprines. Olonbulukia tsaidamensis also occurred in the
early late Miocene Tuosu Fauna but was never found outside
of the Qaidam Basin prior to this study. The newly discovered
horncore from the Wuzhong Fauna displays almost identical
morphology with the holotype, except for smaller dimensions,
possibly due to a younger ontogenetic stage. The Jancaicheng
site of the Wuzhong Fauna is ca. 10 Ma, very close to and
probably slightly later than the Tuosu Fauna of the Qaidam
Basin. The new horncore is the first report of O. fsaidamensis
outside of the Qaidam Basin.

Antilopinae gen. indet. sp. indet.
Figure 3.4-3.9; Table 2

Description.—The P3 and P4 (Fig. 3.4-3.6) are moderately
worn. In occlusal view (Fig. 3.4), the P3 is semicircular with a
straight labial wall and a rounded lingual wall. The labial cone
is relatively anteriorly positioned. The anterior style is also
strong, labially protruded. The posterior style is relatively
blunt. The fossa is strongly anteriorly positioned. It is
fabaceous with a small central fold on the posterolingual
crista. The dentinal area of posterolabial and posterolingual
cristac is very large, and a shallow posterior fossa is
developed on the posterolingual crista. This fossa is narrow
and cuts through the posterior wall of the tooth enamel at the
lingual side of the posterior style. In buccal view (Fig. 3.5),
the labial cone is high and sharp. The ribs of the labial cone
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Figure 3.  Stem caprines from the Jiancaichang locality, Wuzhong (Wuzhong Buliding Material Plant), China, Bahean age (ca. 10 Ma), late Miocene: (1-3) Olon-
bulukia tsaidamensis, IVPP V23373, right horncore with fragmentary frontal bone remains, in medial (1), lateral (2), and anterior (3) views (anterior at left and lateral
at top), with cross sections at 0 (1.1), 37.8 (1.2), and 59.1 (1.3) mm distal to the pedicle; (4-6) Antilopinae gen. indet. sp. indet., NGM WJCCD-10-N-006, right P3
and P4, in occlusal (4), buccal (5), and lingual (6) views; (7-9) Antilopinae gen. indet. sp. indet., IVPP V23374, right hemimandible with p2-m3 tooth row, in occlu-
sal (7), lingual (8), and buccal (9) views. Notes: M/m = upper/lower molar; P/p = upper/lower premolar.
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Table 1. Information and biometric data of the horncores discussed in this study. * =type specimen; ** = both horncores preserved.

Anterior Posterior Long Short  Oblique
Bolin Age curvilr curvity  axis  axis angle
Taxon Number Bohlin taxonomy field no. (Miocene) Locus (mm ') (mm-1) (mm) (mm) (®)
Qlonbulukia V23373 (SI 1) (Wuzhong specimen) - late right 0.0693 0.0543 45.3 26.5 19.7
tsaidamensis
RV37008* (S14)  O. tsaidamensis 356 middle right**  0.0691 0.794 554 323 16.0
RV37093 (S15) O. tsaidamensis 429 late left 0.0918 00705 486 27.1 226
RV37094 (S1 6) Antilope gen. et sp. indet. III 514 late left 0.0665  0.0476 464 277 253
Olonbulukia sp. RV37095 (SI7) P0lonbulukia sp. 423 late right 0.0795 0.0699 54.1 368 26.6
RV37096 (SI 8) Antilope gen. et sp. indet. Il 479 late left 0.0658  0.0840  38.1 25.7 -
RV37097 (S19) Antilope gen. et sp. indet. IT 486 late right 0.0751 0.0598 402 289 278
RV37098 (SI 10)  Antilope gen. et sp. indet. II 499 late left 0.0424 00623  38.1 259 277
Querlignoria cheni RV37100% (S1 11)  Qurlignoria cheni 441 late right**  0.0336 0.0208 484 300 44.2
RV37101 (SL12)  Qurlignoria cheni 491 late right 0.0469 00217 430 315 53.8
RV37102 (SL 13)  Qurlignoria sp. 508 late left** 0.0362  0.0245  39.1 275 56.4
RV37103 Qurlignoria sp. 531 late left 0.0227 00164 420 27.1 -
Tussunnoria pseudibex  RV3T7086* (SI 14)  Tussunnoria pseudibex 481 late right 0.1022 0.0643 754 433 32.0
RV37087 (SI 15) Tussunnoria pseudibex 449 late right 0.0543 0.0602 69.0 36.7 338
cf. Pachytragus sp. RV37104 (SI 16)  Antilope gen. et sp. indet. I 492 late left** 0.0667 0.0752 374 290 45.2
?Protoryx cf. P. enanus  RV37099 (SI 17)  Antilope gen. et sp. indet. IV 451 middle right 0.0987  0.0881 409 307 19.4

and anterior style are strong and columnar-like, and are close to
each other. The rib of the posterior style is weak.

In occlusal view (Fig. 3.4), the P4 is shorter and wider than
the P3, and its width is greater than the length. The labial cone is
medially positioned. The anterior and posterior styles are
equally developed, and both labially protrude. The fossa is
also anteriorly positioned like that of P3, and the shape of the
fossa is inverted trapezoid. The lingual cone is relatively anteri-
orly positioned and displays a strong posterolingual crista. A
small, shallow posterior fossa that cuts through the posterior
enamel wall is also present, but this fossa is much smaller
than that of the P3. In buccal view (Fig. 3.5), the buccal cone
is also high and sharp, as is the posterior style (the top of the
anterior style is broken). The ribs of the anterior and posterior
styles are strong and columnar-like. The rib of the labial cone
is also columnar-like, but it is relatively weak.

The left hemimandible is deeply weathered (Fig. 3.7-3.9).
The tooth row is almost complete except regarding the third lobe
of the m3. However, the tooth row is deeply worn. The premolar
row is moderately long relative to the molar row (Table 2). The
p2 is small. The anterolabial cristid is hook-like and extends
from the mesolabial conid. The mesolingual conid is juxtaposed
with the mesolabial conid, and a thin posterolingual cristid
extends from the mesolingual conid. The posterolabial and pos-
terolingual conids are interconnected.

The p3 is longer than the p2. The anterior conid and anterior
stylid are fork-like, and link to the mesolabial conid by the ante-
rolabial cristid. The transverse cristid is posteriorly oblique and
connected to a slightly inflated mesolingual conid. A thin poster-
olingual cristid is also present. There is a groove between the
mesolabial and posterolabial conids. The posterolabial and pos-
terolingual conids are deeply worn and interconnected.

The p4 is much larger than the p3. However, morphology of
the two teeth is very similar, except for the stronger mesolingual
and posterolingual conids of the p4.

The m1 is so deeply worn that nearly all of the enamel is
worn down. The shape is relatively quadrate, which is the only
character that can be observed.

The two m2 lobes are of equal dimensions. The metaconid
is more lingually prominent than the entoconid. The mesostylid
and metastylid are weak, but this feature might be due to the
deep wear. The entoconid protrudes posteriorly. The protoconid
and hypoconid show rounded labial walls. A small ectostylid is
present. The anterior cingulid (goat fold) is absent. No ribs can
be seen on the lingual wall.

The third m3 lobe is broken. The anterior two lobes are nar-
rower than the two lobes of the m2. Both metaconid and entoco-
nid are slightly inflated. The mesostylid and metastylid are
slightly protruded. The protoconid and hypoconid also have
rounded labial walls, and a very small ectostylid occurs between

Table 2. Tooth measurements of Antilopinae gen. indet. sp. indet. from the Jiangeaichang locality. Measured at: * = lingual cone; ** = mesolabial cone; *** =

mesolingual cone; **¥#* = anterior cone; ***** = metaconid cone.

Number Locus Length (mm) Width (mm) Height (mm)
NGM WICCD-10-N-006 (SI 1) P3 12.72 11.33 13.50*
P4 11.58 13.75 13.13%
IVPP V23373 (SI 3) p2 7.7 4.55 5.334%%
p3 9.95 10.64 6.344%5%
p4 12.33 6.62 5.904w#E*
ml 11.99 9.24 4,434 HHw
m2 16.13 10.54 7334k
m3 ~20 10.03 Q.37 4w
Premolar length (mm) 27.56 - -
Molar length (mm) ~45 - -
Tooth row length (mm) ~74.5 - -
Premolar/molar length ratio 0.612 - -
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the two conids. The anterior cingulid cannot be observed. As in
the m2, no lingual ribs can be observed.

Materials.—INPP V23374, a left cheek tooth row (p2-m3) with
broken hemimandible, from the Jiancaichang locality, Northeast
Quarry (IVPP no. NXWZ201502, coordinates as above); NGM
WIJCCD-10-N-006, right P3 and P4 with partial bone of the
upper jaw, also from the Jiancaichang locality, coordinates not
recorded.

Remarks.—The teeth remains from the Jancaicheng site,
Wuzhong Fauna, coincide in morphology with Miocene stem
caprines (Bohlin, 1935b). At this site, two stem caprines have
been reported, Olonbulukia tsaidamensis and Qurlignoria
cheni (Qiu et al., 1987). However, teeth of these two species
are yet unknown to us. The new material might belong to
either of the two species, or another uncovered one. Here we
refer these teeth to Antilopinae gen. indet. sp. indet.

Results

Comparisons.—The newly discovered horncore from the
Jiancaichang locality (Wuzhong Fauna) shows great similarity
to that of the type specimen of Qlonbulukia tsaidamensis from
the Qaidam Basin (Bohlin, 1937). Previous studies showed
that horncore growth generates at the tip (Dove, 1935; Janis
and Scott, 1987). It seems that a constant development
velocity is retained and maintains a constant horncore
curvature. The horncore body is vertically erect, and the
vertical plane that passes through the long axis of the pedicle
is close to the medial sagittal plane with an angle between the
two planes (oblique angle of the pedicle) of 19.7° (16.0° in
the type specimen) (Fig. 4.2). The pedicle is moderately long,
and the supraorbital foramen is close to the elongation line of
the anterior edge of the horncore body. These features are
distinct from those of other stem caprine genera. For example, in
Qurlignoria, the DAP/DT ranges 1.364—1.616, curvature ranges
0.020-0.034/mm, and the oblique angle of the pedicle ranges
44.2-56.4° (Table ). These biometrics are greatly distinct from
Olonbulukia. Furthermore, in Qurlignoria, the pedicle is
relatively low, and the supraorbital foramen is more laterally
remote to the horncore elongation line. In Tossunnoria, the
horncore is very short and thick, and the two horncores greatly
diverge, which substantially differs from that of Olonbulukia.

One difference between the Wuzhong specimen and the type
specimen is that the Wuzhong specimen is smaller. All of the bio-
metric differences are proportional, which is easily interpreted as a
result of ontogeny. The Wuzhong specimen is comparable in size
to some referred specimens from the ‘Qaidam Fauna,” as described
below. Furthermore, the postcornual fossa in the Wuzhong speci-
men is smaller and less clear than that of the Qaidam specimens.
As a result, we are confident that the Wuzhong specimen belongs
to Olonbulukia tsaidamensis.

Biometric study of horncores from the ‘Qaidam Fauna’.—Stem
caprine remains from the ‘Qaidam Fauna’ reported by Bohlin
(1937) (Fig. 5) represent the most abundant material from this
group during the middle and early late Miocene of northern
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China. Bohlin (1937) reported a total of nine taxa based on the
horncores. Except for the named Olonbulukia tsaidamensis
(Fig. 5.1, 5.2, 5.13), ?0lonbulukia sp. (Fig. 5.14), Qurlignoria
cheni (Fig. 5.3, 5.4, 5.18), Qurlignoria sp. (Fig. 5.5, 5.6), and
Tossunnoria  pseudibex (Fig. 5.19-5.22) with relatively
specialized horncore morphology, other unnamed taxa (ie.,
“Antilope gen. et sp. indet.” I [Fig. 5.9-5.11], II [Fig. 5.15—
5.17], II [Fig. 5.12], and IV [Fig. 5.7, 5.8]) have relatively
unspecialized homcores. This rigorous classification seems to
inadequately account for individual variation, especially for
elucidating ontogeny. Qiu et al. (1987) considered Qurlignoria
cheni, and Qurlignoria sp. to be the same species.

We further studied the taxonomy of all groups in this fauna
based on biometric analyses. In curvature vs. mediolateral com-
pression plane (Fig. 4.1), the sample points are distributed in
three regions. Qurlignoria samples cluster at the left half of
the plane, which indicates straighter horncores in Qurlignoria
than in other taxa. In the upper right part of the plane are the
Olonbulukia tsaidamensis samples, which include the Wuzhong
specimen and Antilope gen. et sp. indet. III., and the Tossun-
noria pseudibex samples, indicating that these taxa have curved
and strongly compressed horncores. In the lower right part of the
plane are samples of the other taxa. It is noticeable that Antilope
gen. et sp. indet. | and IV are located at the lowest right part of
the plane, which indicates relatively rounded horncores with
strong curvatures.

In oblique angle vs. mediolateral compression plane
(Fig. 4.2), the Qurlignoria samples cluster in the right half
with Antilope gen. et sp. indet. I, which indicates strongly
oblique horncores. Tossunnoria pseudibex samples are located
al the middle-upper part of the plane, indicating that the
horncore oblique angle of Tessunnoria is intermediate between
those of Qurlignoria and Olonbulukia. Other samples are in the
right part of the plane and are separated into the upper O. tsaida-
mensis and Antilope gen. et sp. indet. III, and lower O. sp. and
Antilope gen. et sp. indet. II, which is like curvature vs. medio-
lateral compression plane. Also as in curvature vs. mediolateral
compression plane, Antilope gen. et sp. indet. IV is in the lower
left corner of the plane and is relatively distant from the Olonbu-
lukia sp. and Antilope gen. et sp. indet. II samples.

Based on the biometric analysis and morphological com-
parison of stem caprine horncores from the ‘Qaidam’ and Wuz-
hong faunas, we recognize the following groups:

(1) Tossunnoria pseudibex (Fig. 5.19-5.23; SI 14, 15) shows
the most specialized horncore morphology. The horncore
is very short and thick (this feature is not reflected in our
biometric analysis) with strong mediolateral compression.

(2) All Qurlignoria specimens (Fig. 5.3-5.6, 5.18; SI 11-13)
had straight horncores that are very oblique to the middle
sagittal plane, which differs substantially from the other
groups. We agree with the assertion of Qiu et al. (1987)
that Bohlin’s Q. cheni and Q. sp. represent ontogenetic or
individual variation and belong to one species.

(3) Bohlin’s Antilope gen. et sp. indet. II1, acomplete left horn-
core (Fig. 5.12; SI 6), can be grouped with Olonbulukia
tsaidamensis (Fig. 5.1, 5.2, 5.13; SI 4, 5). Bohlin (1937)
also stated that this horncore is very similar to that of Olon-
bulukia, and might be a young individual. This horncore
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Olonbulukia tsaidamensis (pink color): @, Wuzhong specimen; A, Bohlin's O. tsaidamensis; ll , Bohlin's Antilope indet. III;
Olonbulukia sp. (red color): @ , Bohlin's ? Olonbulukia sp.; A , Bohlin’s Antilope indet. II;
Quirlignoria cheni (purpal color): @, Bohlin's Q. cheni; &, Bohlin's Qurlignoria sp.; @ ,Tussonnoria pseudibex (green color);

[, ? Protoryx cf. enanus (brown color) = Bohlin’s Antilope indet. IV; @, cf. Pachytragus sp. (cyan color) = Bohlin's Antilope indet. |.

“@" denotes the type specimen and “*” indicates statistic significance (significance level = 0.05)

Figured. Biometric data and statistics of stem caprine horncores from Wuzhong and Qaidam Basin: (1) bivariate plot of curvature (average curvature of the anterior
and posterior edges of horncore) vs. mediolateral compression (DAP/DT); (2) bivariate plot of oblique angle (angle between the medial sagittal plane and the vertical
plane passing through the long axis of the pedicle) vs. mediolateral compression; (3-5) arithmetic mean (bars) and standard deviation (errors) of curvature (3), oblique
angle (4), and mediolateral compression (5) between two groups: in addition, student’s t-tests were performed on each pair.

“
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differs from the type specimen based on the more rapid
tapering and shorter pedicle. As we discussed above, the
horncore elongates from the bone tissue at the tip. In this
process, curvature is maintained. The shorter pedicle can
also be interpreted as a younger ontogenetic stage.

Bohlin’s ?Olonbulukia sp. (Fig. 5.14; SI 7) and Antilope
gen. et sp. indet. II (Fig. 5.15-5.17; SI 8-10) are similar
based on biometric analysis. This group has similarly
curved but less laterally compressed horncores than Olon-
bulukia tsaidamensis. The anterior keel of these horncores
is relatively blunt relative to O. tsaidamensis. Bohlin’s ?
Olonbulukia sp. is larger than Antilope gen. et sp. indet.
II. However, this difference can be interpreted as a result
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of ontogeny. In the present paper, we refer to this group
as Olonbulukia sp.

Bohlin’s Antilope gen. et sp. indet. I (Fig. 5.9-5.11; SI 16)
shows clearly distinct morphology from Olonbulukia
and Qurlignoria. The horncore oblique angle is large,
close to that of Q. cheni, and the horncore curvature is
strong and like that of Olonbulukia. The cross section
displays an  approximate round-cornered triangle
(Fig. 5.11.1). A deep groove runs longitudinally along the
posterior surface of the horncore. The morphology seems
consistent with the diagnosis of Pachytragus Schlosser,
1904 from Samos, Greece (Schlosser, 1904) and is very
similar to that of P. crassicornis Schlosser, 1904 (Schlosser,
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Figure 5. Stem caprines published by Bohlin (1937), from the Qaidam Basin (photos taken on 3D digital models): (1, 2) Olonbulukia tsaidamensis, IVPP
RV37008 (type specimen), brain case with both horncores, Bohlin’s field no. 356 (also below), middle Miocene Olongbuluk Fauna (MMOF), in anterior (1) and
lateral views (2): (3, 4) Qurlignoria cheni, IVPP RV37100 (type specimen), both horncores with frontal remains, no. 441, late Miocene Tuosu Fauna (LMTF), in
anterior (3) and lateral views (4) (the distal part of both horncores has been lost, but were figured by Bohlin, 1937, pl. 3, figs. 6, 7); (5, 6) Q. cheni, IVPP
RV37102, both horncores with frontal remains, no. 508, LMTEF, in anterior (5) and lateral (6) views; (7, 8) ?Protoryx cf. P. enanus, IVPP RV37099, right horncore
with frontal remains, no. 451, MMOF, in lateral (7) and anterior (8) views, with cross section at the base (8.1) (anterior at top, lateral at right); (9-11) cf. Pachytragus
sp.. IVPP RV37104, both horncores with frontal remains, no. 492, LMTF, in anterior (9), lateral (10), and dorsal (11) views, with cross section at the base (11.1)
(anterior at top, lateral at left); (12) O. tsaidamensis, IVPP RV37094, left horncore with frontal remains, no. 514, in lateral view, LMTF; (13) O. tsaidamensis,
IVPP RV37093, left horncore with frontal remains, no. 429, in lateral view, LMTF; (14) O. sp., IVPP RV37095, right horncore with frontal remains, no. 423, in
lateral view, LMTF; (15) O. sp., IVPP RV37096, right horncore, no. 479, in lateral view, LMTF; (16) O. sp., IVPP RV37097, right horncore with frontal remains,
no. 486, in lateral view, LMTF; (17) O. sp., IVPP RV37098, left horncore with frontal remains, no. 499, in lateral view, LMTF; (18) Q. cheni, IVPP RV37101, right
horncore with frontal remains, no. 491, in lateral view, LMTF: (19-22) Tossunnoria pseudibex, IVPP RV37086 (type specimen), brain case with both horncores, no.
481, in dorsal (19), lateroventral (20), ventral (21), and anterior (22) views, LMTF: (23) T. pseudibex, IVPP RV37087, fragmentary brain case with both horncores, no.
449, in anterior view, LMTF.

from https://pub: i i 3/, 36018000653a.pdf
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1904; Kostopoulos, 2005), but the specimen is smaller. Bibi
and Giileg (2008) suggested that this specimen might belong
to Caprotragoides Thenius, 1979 or Tethytragus Azanza and
Morales, 1994. In our opinion, although the dimensions of
the cross section fall into the range of the Caprotragoides-
Tethytragus-Gentrytragus group (Bibi and Giileg, 2008,
fig. 8), the subtriangular shape of the cross section and strong
obliquity of horn pedicle differ from those in Caprotragoides
and its affinities with an oval cross section and less obliquity
(Kohler, 1987; Azanza and Morales, 1994; Bibi and Giileg,
2008). Because of the incompleteness of the specimen, we
prefer to assign this specimen to cf. Pachyfragus sp. rather
than to Caprotragoides or Tethytragus.

(6) Bohlin’s Antilope gen. et sp. indet. IV (Fig. 5.7, 5.8; SI 17),
an incomplete right horncore, also displays morphology
distinct from Olonbulukia and Qurlignoria. The horncore
cross section is oval (Fig. 5.8.1) and more rounded than
any Olonbulukia and Qurlignoria specimen and have
more backward bending. It is also anteriorly positioned rela-
tive to the orbit. This specimen occurred in the middle Mio-
cene Olongbuluk Fauna, which is geologically older than
most of the other Olonbulukia samples, except for the
type specimen (Fig. 6). The horncore morphology is like
that of the middle Miocene Proforyx enanus Kohler, 1987
from western Turk (Kohler, 1987), although the generic
attribution of the P. enanus sample has been questioned
(Gentry, 2000). The cross-sectional dimensions of Bohlin’s
Antilope gen. et sp. indet. IV also fall into the ranges for
P. enanus (see Kohler, 1987). Alternatively, this specimen
is also like Caprotragoides and Tethytragus, but is larger.
Nevertheless, Kohler (1987) considered that T. langai
Azanza and Morales, 1994=C. potwaricus (Kohler,
1987), P. enanus, and P. solignaci (Robinson, 1972) belong
to the same lineage. Here, we refer this specimen to ?P. cf.
P. enanus because of the sample limitations.

We performed one-way ANOVAS to test if there are statis-
tically significant differences in the biometric data between
Olonbulukia and Qurlignoria, and species within Qlonbulukia.
The results showed that the horncore curvature and the pedicle
oblique angle differed strongly and significantly between the
two genera (p < 0.05 for both traits; Fig. 4.3, 4.4). Therefore,
these two characters efficiently discriminate these two genera.
Horncore mediolateral compression also strongly significantly
differed between O. tsaidamensis and O. sp. (p<0.05; Fig. 4.5).

Discussion

The Wuzhong specimen is the only Qlonbulukia record aside
from specimens from the type locality, the Qaidam Basin
(Fig. 1). In the Qaidam Basin, the type specimen is from the
middle Miocene Olongbuluk Fauna (ca. 15-12.5 Myr, see
Wang et al., 2011; Fig. 6); whereas most of the other specimens
are from the early late Miocene Tuosu Fauna (ca. 11-10 My,
see Wang et al., 2011). The age of the Wuzhong Fauna is ca.
10 Ma, which corresponds to the beginning of the Ganhegou
Formation (Shen et al., 2001; S.Q. Wang et al., 2016) (Fig. 6).
Therefore, O. isaidamensis is probably one of the earliest stem
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caprines (if both the attribution and dating are correct) and
crossed the middle/late Miocene boundary. Another stem cap-
rine, Qurlignoria cheni, was also reported in the Wuzhong
Fauna (Qiu et al., 1987). However, we did not see this specimen.
The sympatry of Olonbulukia tsaidamensis and Qurlignoria
cheni indicates a close relationship of the Tuosu and Wuzhong
faunas, and the age of the two faunas should be very similar.
Nevertheless, mammalian fauna from ca. 10 Ma is rare in nor-
thern China (Qiu et al., 1987). Another very specialized genus
from the Tuosu Fauna, Tsaidamotherium, was also reported
from the Yangcaiping locality, Linxia Basin (Shi, 2014)
(Fig. 1). This locality was attributed to the Dashenggou
Fauna. Therefore, further studies should be carried out to exam-
ine whether Olonbulukia and/or other stem caprine genera also
existed in the Wuzhong and Dashenggou faunas.

The stem caprine assemblage from the ‘Qaidam’ and Wuz-
hong faunas displays a mixed appearance. Although Olonbulu-
kia seems to have no modern descendants, Gentry (2000)
proposed that Olonbulukia could be related to Protoryx carolinae
Major, 1891 from the Pikemi fauna (Turolian) of Greece. Proto-
ryx is an unspecialized Turolian caprine that is widely distributed
across eastern Europe, northern Africa, western and central Asia,
and even China (Bohlin, 1935b; Gentry, 1971, 2000; Koéhler,
1987, Dmitrieva and Serdyuk, 2011). Two other taxa—cf.
Pachytragus sp. and ?Protoryx cf. P. enanus—display strong
morphological similarity to the western analogues Pachytragus
crassicornis and Protoryx enanus from the late and middle Mio-
cene of the Mediterranean region (Schlosser, 1904; Kohler,
1987), which also indicates an exchange of caprine related
groups between the Mediterranean and eastern Asian regions
during this period. ?Protoryx cf. P. enanus might be very closely
related to the ancestor of the Caprini-Hippotragini-Alcelaphini
clade, because it is very similar to Tetrytragus and Caprotra-
goides, as discussed by Gentry (2000) and Bibi et al. (2009).

Alternatively, Qurlignoria survived longer, as was reported
from Kyzyl, Tuva (MN 11, 12; Dmitrieva and Serdyuk, 2011)
and the Zanda Basin (MN 13-15; Deng et al., 2011; Wang
et al., 2013) (Fig. 1). This genus was considered the ancestor of
the extant Tibetan antelope (Pantholops hodgsonii) (Gentry,
1968, 2000; Deng et al., 2011). Tossunnoria pseudibex was
also thought to be related to the extant Himalayan tahr (Hemitra-
gus jemlahicus) or goats (Capra spp.) (Bohlin, 1937; Gentry,
2000). Qurlignoria and Tossunnoria records are restricted to east-
ern Asia and the Tibetan Plateau, Therefore, the presence of Qur-
lignoria and Tossunnoria from the Tuosu Fauna might indicate an
early endemic radiation of stem caprines that eventually adapted
the cold and dry habitats induced by the rising Tibetan Plateau.

Deng et al. (2011) demonstrated a scenario in which the
Pliocene Zanda fauna on the Tibetan Plateau (Zanda Basin,
Figs. 1, 6) had pre-emptively adapted to cold weather, and
then expanded to the northern tundra during the Pleistocene
Ice Ages. In this fauna, one taxon—~Protovis himalayensis
Wang, Xie, and Takeuchi, 2016 (5.24-3.10 Myr)—was shown
to be a direct ancestor of worldwide species of Ovis Linnaeus,
1758 (X.M. Wang et al., 2016) (Fig. 6). Based on a calibrated
molecular phylogeny, Ovis is the most basal taxon in the clade
Caprina, which consists of at least Ovis, Ammotragus Blyth,
1840, Pseudois Hodgson, 1846, Hemitragus Hodgson, 1841,
and Capra Linnaeus, 1758. The occurrence age of Caprina is
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ca. 8 Ma (Bibi, 2013). Ropiquet and Hassanin (2004) demon-
strated that caprines might have originated in the isolated
mountains of the Mediterranean mega-archipelago; however,
this is somewhat debatable. In our opinion, the Tibetan Plateau,
with the formation of isolated mountainous terrains, is a more
likely area for caprine origin than the Mediterranean mega-
archipelago. Based on the occurrence of Protovis Wang, Xie,
and Takeuchi, 2016 on the Tibetan Plateau, the common ances-
tor of Caprina could have evolved ca. 8 Ma on and/or around the
rising Tibetan Plateau (except for the Indian subcontinent). The
stem caprines in the Tuosu and Wuzhong faunas ca. 10 Ma pro-
vide ideal precursors of Caprina, because there are both small
temporal and spatial gaps (Fig. 6). Olonbulukia tsaidamensis
seems a bit too specialized to be the ancestor of Caprina because
of the substantially compressed horncore. Although Tossun-
noria was thought to be related to Hemitragus and/or Capra,
it also displayed a specialized horncore, which weakened its
potential as an ancestor of Caprina. Alternatively, nonspecia-
lized horncores (e.g., ?Protoryx cf. P. enanus, cf. Pachytragus
sp., and Olonbulukia sp. in the present study) are ideal candi-
dates for elucidating the origin of Caprina.

According to Deng and Ding (2015), the Tibetan Plateau
reached a relatively high elevation during the middle Miocene,
which hindered megamammalian faunal exchange between south-
ern and northern sides along the Tibetan Plateau. Simultaneously,
a stem caprine assemblage (as we see in the ‘Qaidam’ and Wuz-
hong faunas) was shaped along the northern Tibetan Plateau and
lasted until at least the early late Miocene. This stem caprine
assemblage shows a composite appearance of two groups. One
relatively specialized group includes at least Qurlignoria cheni
and Tossunnoria pseudibex, which are related to some endemic
Tibetan taxa; the other even group perhaps includes ?Protoryx
cf. P. enanus and cf. Pachytragus sp., possibly with Olonbulukia
sp., pertaining to the common caprines that spread across Eurasia
and Mediterranean regions in the Turolian. In particular, certain
members might have given rise to the extant Caprina, which is
an interesting issue and should be studied further.

Conclusions

(1) The new horncore from liancaichang locality, Wuzhong,
northern China is similar to Olonbulukia tsaidamensis
that also occurred in the ‘Qaidam Fauna.” With the occur-
rence of Qurlignoria cheni, the Wuzhong Fauna shows
high similarity to the Tuosu Fauna and is similar in age.

(2) The stem caprine horncores from the ‘Qaidam Fauna’ can
be divided into the following groups based on biometric
analyses. Tossunnoria pseudibex is the same as Bohlin’s
definition; Qurlignoria cheni includes Bohlin’s Q. cheni
and Q. sp.; Olonbulukia tsaidamensis consists of Bohlin’s
O. tsaidamensis and Antilope gen. et sp. indet. I1I; Olonbu-
lukia sp. includes Bohlin’s ?0. sp. and Antilope gen. et sp.
indet. II; Bohlin’s Antilope gen. et sp. indet. IV can be
attributed to ?Protoryx cf. P. enanus; and Bohlin’s Antilope
gen. et sp. indet. [ can be attributed to cf. Pachytragus sp.

(3) The stem caprine assemblages from the ‘Qaidam Fauna’
show a combined appearance. Qurlignoria and Tossunnoria
are probably related to some extant Tibetan endemic caprine
species. Other taxa belong to other Turolian caprine species
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and might have given rise to the extant Caprina. These
results indicate a pan-Tibetan origin of Caprina and indicate
a pan-Tibetan evolutionary pattern of some megafaunas
prior to dispersal from Tibet.
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SI 1. Olonbulukia tsaidamensis, INPP V23373, right horn-
core with fragmentary frontal bone remains.

SI 2. Antilopinae gen. indet. sp. indet.,, NGM WICCD-10-
N-006, right P3 and P4.

SI 3. Antilopinae gen. indet. sp. indet., IVPP V23374, right
hemimandible with p2-m3 tooth row.

ST 4. Olonbulukia tsaidamensis, INPP RV37008 (type spe-
cimen, Bolin’s field number [same below], no. 356), brain case
with both horncores.

SI 5. Olonbulukia tsaidamensis, INPP RV37093 (no. 429),
left horncore with frontal remains.

S1 6. Olonbulukia tsaidamensis, IVPP RV37094 (no. 514),
left horncore.

SI 7. Olonbulukia sp., IVPP RV37095 (no. 423), right
horncore with frontal remains.

SI 8. Olonbulukia sp., IVPP RV37096 (no. 479), right
horncore.

SI 9. Olonbulukia sp., IVPP RV37097 (no. 486), right
horncore with frontal remains.

SI 10. Olonbulukia sp., IVPP RV37098 (no. 499), left
horncore with frontal remains.

SI 11. Qurlignoria cheni, IVPP RV37100 (type specimen,
no. 441), both horncores with frontal remains.

SI 12. Qurlignoria cheni, IVPP RV37101 (no. 491), right
horncore with frontal remains.

SI 13. Qurlignoria cheni, INPP RV37102 (no. 508), both
horncores with frontal remains.

SI 14. Tossunnoria pseudibex, INPP RV37086 (type speci-
men, no. 481), brain case with both horncores.

SI 15. Tossunnoria pseudibex, INPP RV37087 (no. 449),
fragmentary brain case with both horncores.

SI 16. cf. Pachytragus sp, IVPP RV37099 (no. 492), right
horncore with frontal remains.
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SI 17. ?Protoryx cf. P. enanus, INPP RV37104 (no. 451),
both horncores with frontal remains.
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Fossil elephantimorph proboscideans are very common in Miocene faunas of East Asia. However, their evolution
and migration associated with ecological pressure have been studied little, especially in China. In the present ar-
ticle, analyses of the dynamics of the elephantimorph genera of northern and southern China were performed.
The results indicate considerable depression of elephantimorph proboscidean diversity in northern China and
continuous success of this group in the Yunnan region (southern China) during the late Miocene. Notably, all
trilophodont elephantimorph proboscideans were extinct by the end of the middle Miocene in northern China
and did not recover until the latest Miocene. However, trilophodont and tetralophodont elephantimorph probos-
cideans coexisted throughout the late Miocene in the Yunnan region. Therefore, we interpret the Yunnan region
as a late Miocene refuge for proboscideans, especially trilophodonts, from severe aridity in northern China caused
by uplift of the Tibetan Plateau and retreat of the Paratethys Sea. Further analysis of the dynamics of coexisting
genera indicates that the components of elephantimorph proboscidean assemblages in northern China display
patterns distinct from those of Yunnan/Southeast Asia and Siwalik. Therefore, ecological barriers between north-
ern China and Siwalik and between northern China and Yunnan/Southeast Asia are hypothesized to have existed
by as early as the middle Miocene. The latter barrier occasionally opened, e.g. at the boundary between the mid-
dle and late Miocene, and thus provided a pathway for the survival of trilophodont proboscideans escaping from

ecological pressures in northern China.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The rapid elevation of the Tibetan Plateau and the retreat of the
Paratethys Sea caused by the convergence of the Indian and Eurasia
plates in the Cenozoic greatly affected the climate of the Central and
East Asia during the late Miocene and Pliocene, with inland desertifica-
tion and establishment of the monsoon-dominated climate system (Fig.
1A) (Harrison et al., 1992; Ramstein et al., 1997; An et al., 2001; Guo et
al., 2001, 2002, 2008; Zheng et al., 2004; Molnar, 2005; Zhang et al.,
2007; Ge et al.,, 2012; Liu and Dong, 2013). As a result, continuous
cooling and aridification occurred in northern China (An et al., 2001;
Guoetal, 2001, 2004, 2008; Liu and Dong, 2013; Zhang et al., 2013). De-
position of loess—paleosol successions as early as ~22 Ma represents the

* Corresponding author at: Institute of Vertebrate Paleontology and Paleoanthropology,
Chinese Academy of Sciences, Beijing 100044, China.
E-mail address: wangshigi@ivpp.ac.cn (S.-Q. Wang).
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initial stages of this change (Guo et al., 2001, 2008); while the appear-
ance of the “Hipparion red clay” aged ~11 Ma (Xu et al., 2009; Deng et
al., 2015a) and the prevalence of such strata from ~8 Ma (Guo et al.,
2001, 2004; Zheng et al., 2004; Yue et al., 2004; Molnar, 2005) suggest
the amplification of aridity in northern China. Correspondingly, biogeo-
graphic differentiation between northern and southern China began in
the early Miocene, and by the late Miocene, a distinct biogeographic
contrast between northern and southern China (Fig. 1A) had been
established (Qiu and Li, 2005; Deng et al., 2015b). However, detailed
studies of the biogeographic evolution of individual taxa, especially pro-
boscideans, have not previously been reported.

In the late Miocene of northern China, mammalian faunas
underwent dramatic turnovers. The most important faunal turnover oc-
curred at ~11 Ma, the beginning of the late Miocene (Qiu and Qiu, 1995;
Z.-X.Qiu et al., 1999, 2013; Deng, 2006; Wang et al., 2011; Deng et al.,
2013). Low-crowned and short-legged middle Miocene herbivores, pre-
sumed to have lived in dense forest, were largely replaced with high-
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Fig. 1. Maps showing fossil localities and geographic and geoclimatic factors relevant to the present study. A, topological map of East Asia with the locations of the Tibetan Plateau and the
Paratethys Sea, the relevant fossil localities (except those in Yunnan), and the major orientations of monsoons; B, map of Yunnan Province with Miocene elephantimorph fossil localities.

crowned and long-legged late Miocene members of the “Hipparion
fauna”, which indicate a savannah woodland environment, similar to
that of current East Africa. For proboscideans, in this faunal turnover,
tetralophodonts replaced trilophodonts in northern China (Liu et al.,
1978; Deng et al., 2013; Wang et al., 2016b). As far as we know, all
trilophodont  taxa, including mammutids (Zygolophodon),
gomphotheres (Gomphotherium), amebelodontids (Platybelodon), and
choerolophodontids (Choerolophodon), were entirely extinct by the
end of the middle Miocene, and two tetralophodont taxa, Tetralophodon
aff. xiaolongtanensis (tetralophodont gomphotheres) from the Tsaidam
Basin (Bohlin, 1937; Wang et al., 2011) and Konobelodon robustus
(tetralophodont amebelodontids) from the Linxia Basin (Wang et al.,
2016b), occurred at the beginning of the late Miocene. Trilophodont
proboscideans did not recover in northern China until ~7 Ma, when
Mammut cf. obliquelophus occurred at ~7 Ma (Baode and Linxia basins)
(Hopwood, 1935) and Sinomastodon praeintermedius at ~6 Ma (Yushe
Basin) (Hopwood, 1935; Flynn et al.,, 1991; Tedford et al., 1991;
Opdyke et al., 2013; Wang et al., 2016a).

The terrestrial mammalian faunal turnover at ~11 Ma was not re-
stricted to northern China but was a global event (Janis, 1982;
MacFadden, 1992). This event seems to have been caused by a combina-
tion of both intrinsic evolutionary factors and global environmental
change. For proboscideans, the replacement of trilophodonts with
tetralophodonts (in gomphotheres and amebelodontids) occurred in
western, central and eastern Europe, western Asia (Tassy, 1990;
Gohlich, 1999), and in the Indian subcontinent (Tassy, 1983). However,
only in northern China did no trilophodonts persist across the boundary
between the middle and late Miocene.

For this study, we analyzed and compared the dynamics of the
elephantimorph genera of northern China with those of Yunnan and
the adjacent areas during the Miocene. The results indicate considerable
depression of elephantimorph proboscidean diversity in northern China
and continuous success of this group in the Yunnan region (Fig. 1B) dur-
ing the late Miocene. Therefore, Yunnan and Southeast Asia (e.g. Thai-
land and Myanmar) were found to have been a refuge for
proboscideans from northern China during the late Miocene
aridification. Further studies should expand this analysis to other
groups of mammals. However, from this study, we can infer that Yun-
nan and Southeast Asia played an important role as a refuge maintain-
ing mammal diversity with continuous cooling and aridification in
northern China during the late Miocene, and this strongly affected the
faunal assemblage of the Pliocene.
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2. Material and methods
2.1. Abbreviations

AMNH, American Museum of Natural History, New York, USA; CX,
Museum of Chuxiong Yi Nationality Autonomous Prefecture, Chuxiong,
China; IVPP, Institute of Vertebrate Paleontology and Paleoanthropol-
ogy, Beijing, China; MN, the European Mammal Neogene-Zone;
NHMW, Naturhistorisches Museum Wien, Vienna, Austria; YV, Yunnan
Institute of Cultural Relics and Archaeology, Kunming, China.

2.2. Terminology and classification

The terminology of the occlusal elements of gomphotheriid cheek
teeth follows Tassy (1996). The classification of elephantimorph pro-
boscideans (Fig. 2) is mainly after Gheerbrant and Tassy (2009).
Trilophodonts and tetralophodonts represent evolutionary grades, but
are not formal taxonomic categories in phylogenetic meaning.

2.3. Biochronology and dynamics of genera

The biochronology of proboscideans from northern China and Yun-
nan were studied based on both previous data (Hopwood, 1935;
Bohlin, 1937; Teilhard and Trassaert, 1937; Chow, 1959; Liu et al.,
1978; Yan et al., 1983; Tobien et al., 1988; Deng et al., 2003; Wang et
al., 2003, 2011) and our own researches (Wang and Deng, 2011;
Wang, 2014; Wang et al., 2013, 20153, b, ¢, 20164, b, ¢, 20173, b, ¢, d).
However, several results have not yet been published. Previously pub-
lished data were used for the corresponding biochronology of Southeast
Asia (von Koenigswald, 1959; Chow and Zhai, 1962; Tobien, 1975;
Dong, 1987; Tassy et al., 1992; Saegusa et al., 2005; Ji and Zhang,
2006; Chavasseau et al., 2009; Chavasseau et al., 2013; Ji et al., 2013;
Li et al., 2015; Duangkrayom et al., 2017), and the biochronology of
Siwalik is after Tassy (1983). To establish a common temporal scale
with relatively high resolution, the European Mammal Neogene (MN)
system was used. The starting point ages and the durations of MN inter-
vals are after Steininger (1999). However, one change should be noted
here: we subdivided the MN7/8 age into an early period and a later pe-
riod, denoted “MN7" and “MN8" respectively. The approximate bound-
ary between these intervals is at ~12.5 Ma. No mammalian fossil records
from earlier than ~12.5 Ma are known from the middle Miocene of
southern China (Li et al., 2015). Tetralophodon xiaolongtanensis, the
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Fig. 2. Abbreviated classification of elephantimorphs, mainly after (Gheerbrant and Tassy, 2009), slightly revised.

earliest tetralophodont gomphotheres from East and Southeast Asia, oc-
curred after ~12.5 Ma (Chavasseau et al., 2009; Li et al., 2015). There-
fore, separation of MN7 and MN8 is meaningful. Results are shown in
Table 1, in which the detailed explanations for each taxon in each MN
are provided in on-line Supplementary material 1.

Based on the information in Table 1, we calculated the numbers of
genera of elephantimorphs present in each MN unit in three areas:
northern China, Yunnan/Southeast Asia, and Siwalik. The dynamics of
the genera present in each area from MN4 to MN13 were then plotted.
In particular, we calculated the numbers of trilophodonts and the ratios
of trilophodonts to total elephantimorphs for each MN unit in each area.
Furthermore, we determined which genera were common to any two
areas, calculated the rates of common genera to total genera of
elephantimorphs (coexistence rate) between any two areas, and plot-
ted coexistence rate curves (to indicate the dynamics of the common
genera) from MN6 to MN13.

Table 1

3. Results

The elephantimorph genera in each MN unit from MN4 to MN13
were determined (Table 1) in northern China, Yunnan and Southeast
Asia, and Siwalik. The Arabian-African continent was the evolutionary
and spreading center of proboscideans (Kappelman et al., 2003;
Sanders et al., 2004). Because of the relative proximity of Siwalik to Ara-
bia, this area was populated by proboscideans earlier and more easily
than were other areas of Eurasia. Therefore, the elephantimorphs of
Siwalik were introduced as a control. However, it should be noted that
the taxa listed in Table 1 do not necessarily constitute a complete list;
these results are strongly affected by the precision of taxonomic identi-
fication and stratigraphic correlation, as well as by the incidence of find-
ings. However, with the error balanced statistically, these results
provide an overall view of the faunal turnover of elephantimorph pro-
boscideans in these regions.

Elephantimorph genera of each MN unit in northern China, Yunnan/Southeast Asia, and Siwalik. The detailed explanations for each taxon in each MN are provided in on-line Supplemen-

tary material 1.

MN4 MN5 MNG6 MN7 MN8 MN9 MN10 MN11 MN12 MN13
Northern China C C C C C
Pr Pr Ap To? K K K
Pl Pl Pl Pl
G G G G G Te Te Pa ?Pa An
Sl St
Si Si Si Si
Y 4 A Z M M
Yunnan and Southeast Asia Pr? Pr?
G G Te Te Te Te Te
NI Sl Sl Sl SI Sl 7Sl Sl Sl St
?Si ?Si Si Si Si
Z Z 7 ™M? ™ ™
Sm? Sm?
Siwalik C C C C C C C C C «
Pr Pr Pr K? K? K
G G G G G ?Te Te Pa Pa Pa?
An An An?
N Sl Sl ?S1 7Sl Sl Sl St
Si Si Si
74 z z z 2z m? m? ™M?
E
Abbreviations: An, Anancus; Ap, Aphanobelodon; C, Choerolopodon; E, Elephantidae, indet.; G, Gomphotherium; K, Konobelodon; M, M ; Pa, Paratetraloph Pl, Platybelodon; Pr,
Protanancus; Si, Sinomastodon or sinomastodontines; Sl, Stegolophodon; Sm, Si St, Stegodon; Te, Tetralophodon; To, Torynobelodon. Bold fonts represent trilophodont taxa.

The front “?" indicates that the presence of this taxon is postulated (i.e. the same taxon or a director ancestor/descendant is present in both the preceding and subsequent ages), or indicates
that this taxon is undetermined. The hind “?” indicates that the age of this taxon is postulated.
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Based on the information in Table 1, we plotted the numbers of gen-
era present from MN4 to MN13 in these three areas (Fig. 3A). The diver-
sity (in terms of the number of genera) dramatically increased between
MN5 and MNG6 in all three areas (Fig. 3A). In this period, all of these pro-
boscideans except for  Stegolophodon were trilophodont
elephantimorphs. Across the boundary between the middle and late
Miocene, the diversity (number of genera) in Siwalik, used as a control,
was almost invariable (although genus compositions changed dramati-
cally). The diversity of elephantimorphs in northern China declined dra-
matically, however. It is notable that elephantimorph diversity
increased in Southeast Asia; this phenomenon indicates a continuously
warm and humid environment and also suggests inflow of
elephantimorphs into this area, as discussed below.

The fate of trilophodont elephantimorphs was also evaluated (Fig.
3C-E). Prior to MN9, trilophodont elephantimorphs comprised almost
100% of elephantimorphs in northern China, except for the occasional
occurrence of Stegolophodon in MN4 in Sihong (migrated from southern
China). However, after MN9, the percentage of trilophodont
elephantimorphs dropped to zero. As mentioned above, the
trilophodont/tetralophodont replacement event occurred at the bound-
ary of the middle and late Miocene. Only after MN12 did the
trilophodont component of the elephantimorph assemblage partially
recover (Fig. 3C). In Siwalik, the percentage of trilophodont
elephantimorphs declined continuously. Replacement of trilophodonts
with tetralophodonts also occurred in this region between MN8 and
MN9 but not as suddenly as in northern China (Fig. 3E). However, in
Yunnan/Southeast Asia, the ratio of trilophodont elephantimorphs did
not decline greatly at this boundary and increased slightly during the
late Miocene until it reached the same level as that of the middle Mio-
cene (Fig. 3D).

To further investigate the migration of elephantimorphs between
northern China and Southeast Asia, we enumerated the genera from
MNG6 to MN13 that coexisted in any two of the three areas. The results
are provided in Table 2. Based on these results, we calculated the
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coexistence rate of elephantimorph genera between regions (Fig. 3B).
Interestingly, the resemblance of elephantimorph assemblages between
Siwalik and Yunnan (Southeast Asia) indicated by the coexistence rate
curve maintains a high level throughout the entire Miocene, which indi-
cates intensive faunal exchange between these two regions. The resem-
blance of these faunal components between Siwalik and northern China
is high in the middle Miocene but drops dramatically after MN9 and
does not recover until the latest Miocene (MN13), However, the resem-
blance between elephantimorph genera of northern China and Yunnan
remains very low, except in the latest Miocene.

4. Discussion

4.1. Trilophodonts and tetralophodonts, evolutionary grades and their eco-
logical adaptations

In the present paper, we use the terms trilophodonts (
trilophodont elephantimorphs) and tetralophodonts (= tetralophodont
elephantimorphs) (Fig. 2). These terms only indicate the evolutionary
grades, rather than natural groups. In Eurasia, most of the early
elephantimorphs are trilophodonts, including Mammutidae,
Choerlophodontidae, Gomphotheriidae, and Amebelodontidae. These
trilophodonts were presumably forests dwellers and feed as browsers
or, at most, mixed feeders (Fox and Fisher, 2004; Calandra et al., 2010;
Semprebon et al, 2016). Tetralophodonts evolved within
Amebelodontidae, Gomphotheriidae, and Stegodontidae. In the former
two groups, tetralphodonts largerly or totally replaced trilophodonts
mainly by the end of middle Miocene in Eurasia, although the earliest
tetralophodont gomphothere might appear as early as in MNG6 (Tassy,
1985). Here we denote tri—/tetralophodont (in amebelodontids and
gomphotheres) replacement event. This replacement event may be
urged by the ecological pressure induced by the global climate change
as continuous colding and drying beginning at the late middle Miocene
(~14 Ma) (Zachos et al., 2001). Tetralophodonts seems to possess better
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Fig. 3. Histograms for comparisons of elephantimorph turnover throughout the Miocene in northern China, Yunnan/Southeast Asia, and Siwalik. A, numbers of elephantimorphs genera
present from MN4 to MN13; B, coexistence rates between regions from MN6 to MN13; C-E, dynamics of trilophodont genera present compared with total genera and percentage of

trilophodonts from MN4 ta MN13.
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Table 2

Coexisting genera of elephantimorphs from MN6 to MN13 between northern China, Yun-
nan/Southeast Asia, and Siwalik.

MN6 MN7 MN8 MN9 MNI10 MN11 MN12 MNI13
Northern Chinaand G G /4 Te Te ™ ™
Yunnan (Southeast Si
Asia) St
Yunnan (Southeast G G e ?Te
Asia) and Siwalik  Pr? Pr? Z z ?7Z m? m? m?
Sl N M| ?s1 281 Sl Sl St
Northern Chinaand € C C K? K? K
Siwalik G G G e ?Te Pa ?Pa ?An
Si Si Si St
Z z z m? Mm?

Abbreviations: see Table 1.

adaptability for more hash and more abrasive foods than trilophodonts.
Logically, one more loph(id) in each cheech teeth withstands more
weathering of the teeth. Furthermore, the true elephantids, which
shows great adaptability for cold and dry environments in the Ice Age,
were derived from tetralophodont gomphotheres (Maglio, 1973). The
opposite case is Stegolophodon, the tetralophodont stegodonts, which
occurred earlier (early Miocene in Southeast Asia) than the other
tetralophodonts (Saegusa, 1996). However, it might only live in warm
and humid environments, as the tooth crowns are pronounced
brachyodont (Tassy et al, 1992). Finally, mammutids and
choerolophodontids never evolved to the tetralophodont grade. They
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were never very aboundant in species and population, and may live in
forests or even have semi-aquatic habits (Saunders, 1996; Pickford,
2005).

4.2. Role of Serridentinus gobiensis Osborn and Granger, 1932 and its
relatives

Serridentinus gobiensis was first described by Osborn and Granger
(1932) based on a right dentary with complete symphysis and mandib-
ular tusks (Fig. 4A, B, E, S1A, B, E). The type locality is the middle Mio-
cene Tunggur Formation of Zhuwuguer, Tunggur, northern China,
which has been dated at ~12.4-11.6 Ma (Wang et al., 2003). Tobien
(1972) attributed this specimen to the genus Zygolophodon. In the
type specimen of “Serridentinus gobiensis”, the straight ventral border
and ventrally bulging mandibular angle (Fig. 4A) look more like those
of a mammutid (Tobien, 1972). However, the anterior and posterior
pretrite central conules of the molars (Fig. 4E) are not thin-crest-like,
as is typical of Zygolophodon turicensis, and the posttrite half-lophids
are not greatly anteroposteriorly compressed to show a cutting edge.
Therefore, attribution of “Serridentinus gobiensis” to Zygolophodon is in
doubt. For similar reasons, attribution of “Serridentinus metachinjiensis
Osborn, 1929” from Siwalik to Zygolophodon (Tassy, 1983), and more
broadly, “the robust type of Zygolophodon turicensis”, is likewise in
doubt. Detail comparison of “the robust type of Zygolophodon turicensis”
and the “true Zygolophodon™ are provided in on-line Supplementary
material 2.

B

100 mm (A-D)
40 mm (E-G)

D

Fig. 4. Mandibles and teeth of sinomastodontines. A, B, and E, AMNH 26461, the type specimen of “Seridentinus gobiensis”, from the Zhunwuguer locality, Tunggur region, the mandible in
lateral (A) and dorsal (B) views, and the right m3 in occlusal view (E); C, D, and F, CX C1134ZA94, mandible of “Zygolophodon gobiensis” from the Huiwoqing locality, Yuanmou Basin, in
lateral (C) and dorsal (D) views, and the left m3 (horizontally reversed) in occlusal view (F); G, YV ZY-00025, Sinomastodon praeintermedius, right m3 in occlusal view, from the Shuitangba

locality, Zhaotong Basin.
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Zong (1997) described “Zygolophodon gobiensis” from the
Huiwoqing locality (possibly correlated to ~MN11) (Fig. 4C, D, F) of
the late Miocene Yuanmou Basin, Yunnan (southern China), based on
a nearly complete mandible. This mandible is very similar to the type
mandible of “Serridentinus gobiensis”, especially its moderately elon-
gated symphysis and the closely apposed pair of mandibular tusks
with a subcircular cross-section (Fig. 4B, D). The tooth morphology of
the Huiwoging specimen is very similar to the type specimen of
“Serridentinus gobiensis", except the tendency of increasing lophid num-
ber in m3. We suggest that the Huiwoging specimen can be attributed
to the same genus as the type mandible of “Serridentinus gobiensis”
(and “Serridentinus metachinjiensis™) but not necessarily to the same
species.

Wang et al. (2016a) described the cranium of Sinomastodon
praeintermedius from the Shuitangba locality of the late Miocene
Zhaotong Basin, Yunnan, with an age ~ 6.5-6.0 Ma. In comparing the
morphology of the lower cheek teeth, we observe strong similarity be-
tween the Huiwoqing “Zygolophodon gobiensis” and Sinomastodon
praeintermedius (Fig. 4F, G). The teeth of both specimens show interme-
diate morphology between zygodonty and bunodonty. The anterior and
posterior pretrite central conules are thick-crest-like, and the posttrite
half-lophids are moderately subdivided. Only is the crown hight of the
latter slightly higher. Therefore, Sinomastodon praeintermedius may
have evolved directly from the form of “Zygelophodon gobiensis” from
the Huiwoqing locality. All of these taxa should be ascribed to
Sinomastodontinae Wang et al., 2012, but further study of this problem
exceeds the scope of this article. Nevertheless, we identified a unique
pattern of migration and evolution for this elephantimorph probos-
cidean group, from the middle Miocene “Serridentinus gobiensis" of
northern China to the late Miocene “Zygolophodon gobiensis” of
southern China, and finally to the latest Miocene Sinomastodon
praeintermedius and early Pliocene Sinomastodon intermedius of
northern and southern China. In this article, we simply use the
term sinomastodontines to denote “Serridentinus gobiensis”,
“Serridentinus metachinjiensis”, and “Zygolophodon gobiensis” from
the Huiwogqing locality.

4.3. Turnover of elephantimorphs in the Miocene of northern China

Both the rapid elevation of the Tibetan Plateau and the retreat of the
Paratethys Sea contributed to aridification and the establishment of the
monsoon-dominated climate system in East Asia during the Miocene-
Pliocene (Harrison et al., 1992; Ramstein et al., 1997; An et al., 2001;
Molnar, 2005; Zhang et al., 2007; Guo et al., 2008; Sun et al., 2010; Liu
and Dong, 2013). Three temporal points in the Miocene are notable:
~22Ma, ~11 Ma, and ~8 Ma. The date ~22 Ma represents the emergence
of the East Asian monsoon and the beginning of aridification, as revealed
by the loess—paleosol succession of the Qinan section (Guo et al., 2002,
2008). The date ~11 Ma, which approximately corresponds to the
boundary between the middle and late Miocene, represents the en-
hancement of the aridification and monsoon system, as reflected by
the occurrence of the aeolian records of the Hipparion red clay in several
localities of northern China (Xu et al., 2009), and by records from the
North Pacific (Rea et al., 1998). The date ~8 Ma represents the intensity
of the monsoon system, which corresponds to extensive occurrences of
the Hipparion red clay in northern China (Guo et al., 2001, 2004; Zheng
et al,, 2004; Yue et al., 2004; Molnar, 2005).

Determining the extent to which climate evolution affects faunal
turnover is an interesting problem. During the Miocene in northern
China, these two elements did not fully match. Based on precisely
dated events, the proboscideans reached northern China around
21 Ma, as represented by cf. Gomphotherium from the Nanyu section,
Wushan region (unpublished data), which is located very close to the
Qinan section. This invasion event was followed by occurrences of
Choerolophodon and Protanancus (Wang and Deng, 2011; Wang et al.,
2015a) recorded from ~MN4 in the Dalonggou section. Zygolophodon
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and sinomastodontines of the same age may occur in northern China,
but proboscidean records from the early Miocene are rare in any region.
All of these taxa are trilophodonts. However, one tetralophodont taxon,
Stegolophodon hueiheensis, occurred in MN4 in Sihong (Chow, 1959).
This taxon may have migrated from southern China, because records
of Stegolophodon are abundant in Southeast Asia throughout MN3 to
MNT13 of the Miocene (von Koenigswald, 1959; Tobien, 1975; Tassy et
al., 1992; Chavasseau et al., 2009; Chavasseau et al., 2013; Wang et al.,
2015c). This occurrence also represents the first exchange of
elephantimorphs between northern and southern China. During the
middle Miocene, the diversity of elephantimorphs increased dramati-
cally, especially for amebelodontids, with the occurrences of
Platybelodon, Aphanobelodon, and Torynobelodon (Wang et al., 2013,
2017a). This radiation was not confined to elephantimorph probosci-
deans; it also occurred among other large mammalian groups. Evidence
of this event can be observed in outcrops of many regions of northern
China, e.g. in the Junggar, Tunggur, Tongxin, Linxia, and Tintong areas
(Qiu and Qiu, 1995; Qiu et al.,, 1999; Ye et al., 2012; Deng et al., 2013;
Deng, 2016; Wang et al., 2016c). This event clearly corresponded to
the Mid-Miocene Optimum (Zachos et al., 2001; Deng, 2016). The
warm and humid environment of this interval promoted the rapid radi-
ation of proboscideans. In this period, trilophodont elephantimorphs
were dominant, and no tetralophodont taxa of this age have been re-
ported from northern China.

A dramatic faunal change occurred at the boundary between the
middle and late Miocene (Qiu and Qiu, 1995; Z.-X. Qiu et al. 1999,
2013; Deng, 2006; Wang et al., 2011; Deng et al., 2013). This change is
herein denoted the tri—/tetralophodont replacement event. Three
trilophodont  taxa, Choerolophodon,  Zygolophodon,  and
sinomastodontines, became extinct, and two trilophodont genera,
Platybelodon and Gomphotherium, were replaced with corresponding
tetralophodont taxa, Konobelodon and Tetralophodon, respectively. The
latter is represented by T. aff. xiaolongtanensis from the Tsaidam Basin
(Bohlin, 1937; Wang et al., 2011). This species is probably migrated
from Yunnan, as T. xiaolongtanensis occurred at the latest middle Mio-
cene in Yunnan (Dong, 1987; Li et al., 2015). The tri —/tetralophodonts
replacement event also occurred in other areas of Eurasia (Tassy, 1983,
1990; Gohlich, 1999), therefore, this event may have been driven by in-
trinsic evolutionary causes. However, the amplification of aridification
at ~11.6 Ma in northern China (Rea et al., 1998) may have severely af-
fected the local elephantimorphs and enhanced the effect of the tri—/
tetralophodonts replacement event. None of the trilophodont genera
persisted across the middle/late Miocene boundary, as far as we know.

The aeolian Hipparion red clay was widespread in northern China by
~8 Ma, which has led to the conclusion that the aridification of northern
China strengthened dramatically at this time (Guo et al.,, 2001, 2004;
Zheng et al., 2004; Yue et al., 2004; Molnar, 2005). However, the evi-
dence of faunal turnover in northern China does not seem to support
this conclusion. Abundant murids from Lingtai, as well as deer and
moschids from Baode, Yushe, and Huade indicate a relatively humid en-
vironment (Qiu, 1979; Flynn et al., 1991; Tedford et al., 1991; Zheng and
Zhang, 2000; Yue et al., 2004). For elephantimorphs, a pronounced
event is the recovery of trilophodonts: the occurrence of Mammut and
Sinomostodon. Recent studies indicate that the East Asian summer mon-
soon strengthened at ~8-7 Ma in northern China, which resulted in a
relatively humid steppe-forest environment (Li et al., 2008). The
strengthening of the Indian summer monsoon may also have contrib-
uted to this climatic change (Zheng et al., 2004). Wang et al. (2016a)
demonstrated the northward migration of Sinomostodon and
stegodontids from Yunnan to northern China in the latest Miocene.
Mammut may have migrated into northern China (Hopwood, 1935;
Tobien et al., 1988) via paths along the northern side of the Tibetan Pla-
teau, along with Paratetralophodon and Anancus, as indicated by the oc-
currence of M. obliquelophus at several ~MN11-MN12 localities in
Eurasia (Markov, 2008). However, the possibility that Mammut mi-
grated from Yunnan/Southeast Asia cannot be excluded.
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4.4. Turnover of elephantimorphs in the Miocene of Yunnan/Southeast Asia

In southern China, the climate remained warm and humid through-
out the entire Miocene because of the dominant summer monsoon pro-
duced by the elevation of the Tibetan Plateau (Zheng et al., 2004).
However, Tertiary deposits are rare in southern China, except in Yunnan
Province. Even in Yunnan, fossil records of the early and middle Mio-
cene are absent, except for the Xiaolongtan Formation, of which the de-
position began in the latest middle Miocene (Li et al., 2015). In the
adjacent areas of Southeast Asia, e.g. Thailand and Myanmar, fossil re-
cords from the early and middle Miocene are also sparse (Chavasseau
et al.,, 2009; Chavasseau et al., 2013). Therefore, we know little about
early and middle Miocene elephantimorphs in this region. Nevertheless,
Stegolophodon nasaiensis, the most primitive Stegolophodon, has been
reported from the early Miocene of Thailand (Tassy et al., 1992).
Stegolophodon is the earliest known tetralophodont and is believed to
have originated from this area and spread to other regions (Saegusa,
1996; Wang et al., 2015c). Records from the middle Miocene of Thailand
indicate the existence of Protanancus, which may have migrated directly
from Siwalik (Saegusa et al., 2005). Gomphotherium cf. browni has also
been recorded from strata that may have been deposited at the same
time (Chavasseau et al., 2009). In MN8 of the latest middle Miocene, a
true tetralophodont, Tetralophodon xiaolongtanensis, occurred in
Xiaolongtan (Dong, 1987; Tobien et al., 1988; Li et al,, 2015), and T. cf.
xiaolongtanensis also occurred in Thailand (Chavasseau et al., 2009).
The presence of Zygolophodon in Xiaolongtan (Chow et al., 1978) is
the earliest record of a mammutid in this region. Zygolophodon of
Xiaolongtan may have migrated from northern China, because both
the Xiaolongtan specimens and the northern Chinese Zygolophodon
have relatively small pretrite mesoconelets, which may represent inher-
ent morphological similarity (Tobien et al., 1988). Duangkrayom et al.
(2017) reported Zygolophodon from Thailand, which may represent
the southernmost distribution of Zygolophodon in Eurasia. The morphol-
ogy of Zygelophodon from Thailand is very similar to that of
Zygolophodon from Xiaolongtan.

Sinomastodontines may also occur in this region by the end of mid-
dle Miocene, although explicit fossil records of this arrival have not been
discovered. There are several hypotheses on the occurrence of
sinomastodontines in Yunnan region. One is that they immigrated
from northern China, as descendants of “Serridentinus gobiensis". Alter-
natively, sinomastodontines immigrated from Siwalik, derived from
“Serridentinus metachinjiensis”. Or more extendedly, sinomastodontines
may has a pan-Asian distribution during MN6-MN8 and persisted in
Yunnan area during the Late Miocene. However, “Serridentinus
metachinjiensis” shows less similarity to “Serridentinus gobiensis” and
the Huiwoqing specimen than that between the latter two, because
the distal ends of the posterior pretrite central conules are more
inflated, and the posttrite half lophids are more subdivided in
both “Serridentinus gobiensis” and the Huiwoqing specimen than
those in the Siwalik “Serridentinus metachinjiensis”. Furthermore,
sinomastodontines have also not been discovered from the middle Mio-
cene of Yunnan and Southeast Asia. For these two reasons, we preferred
the assumption that sinomastodontines in the late Miocene of Yunnan
were migrated from northern China. If this hypothesis is true, the south-
ward migrations of Zygelophodon and sinomastodontines may have
been affected by the ecological pressure of aridification in northern
China.

In the late Miocene of Yunnan, although fossil records remain in-
complete (with MN10 missing and MN11 rare), elephantimorphs
were very abundant. In the Xiaohe Formation of the Yuanmou Basin
(~MN12), Tetralophodon xiaclongtanensis was replaced with T.
xiaoheensis, a more derived taxon (Ji and Zhang, 2006). A highly derived
Stegolophodon, S. stegodontoides, has also been reported (Wang et al.,
2015¢). These two taxa may also occur in the slightly higher Shihuiba
Formation of the Lufeng region. Another taxon of interest from the
Xiaohe Formation is “Zygolophodon gobiensis”, which has been ascribed
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to Sinomastodontinae in the present article, Compared with the con-
temporary Mammut obliquelophus from the north, “Zygolophodon
gobiensis” is characterized by rather bunodont cheek teeth and longer
mandibular symphysis. Meanwhile, Sinomammut, a very rare and pecu-
liar mammutids (Mothé et al., 2016) discovered from the boundary of
northern and southern China (Yanghecun locality), may exist in Bahean
age of MN11 or MN12 (Wang et al., 2014). Furthermore, in the Zhaotong
Formation (MN13), “Zygolophodon gobiensis” was replaced with the
presumed brevirostine  Sinomastodon  praeintermedius, and
Stegolophodon stegodontoides with the true stegodont Stegodon
zhaotongensis (Saegusa, 1996; Saegusa et al., 2005; Ji et al,, 2013;
Jablonski et al., 2014; Wang et al., 2016a). These two groups also in-
vaded northern China in this interval and continued to flourish in the
Pliocene of Yunnan. Mammut was also present in the Shihuiba Forma-
tion to the Zhaotong Formation (Wang et al., 2016a), but these fossils
are very rare. Records of Mammut from the Pliocene have not yet been
discovered.

4.5. Migration of elephantimorphs between northern China, Yunnan/South-
east Asia, and other regions

A rather isolated pattern of elephantimorph components in
northern China compared with the two adjacent areas is indicated
by the coexistence curves (Fig. 3B). Here, we hypothesize the exis-
tence of barriers between northern China and Southeast Asia, and
between northern China and Siwalik, which obstructed probosci-
dean migration (Fig. 5).

Two types of barriers, geographical and environmental barriers, con-
tributed to faunal isolation (MacFadden, 1992). Both types were absent
between Siwalik and Southeast Asia, where elephantimorph resem-
blance persisted continuously between the two areas (Fig. 5). The ex-
change of elephantimorph proboscideans between Siwalik and
northern China is unclear because relevant fossil records are sparse
(Fig. 5A). However, the elevation of the Tibetan Plateau between these
two areas strongly affected faunal exchange. Evidence has been re-
ported that at least in the middle Miocene, the Tibetan Plateau had
reached a relatively high level, which prevented faunal exchange be-
tween these two regions (Deng et al., 2015b; Deng and Ding, 2015).
Choerolophodon, Gomphotherium, Zygolophoden, and
sinomastodontines may have arrived in these two regions in the early
Miocene, and then evolved independently (Fig. 5A). It is notable that
Platybelodon, which flourished in the middle Miocene of northern
China and fully replaced the native Protanancus (Wang et al., 2015a),
never reached Siwalik (Deng and Ding, 2015) (Fig. 5B). Therefore the
barrier between northern China and Siwalik was established by the
middle Miocene (Fig. 5B). In the late Miocene, because the Tibetan Pla-
teau had reached a high latitude, the exchange of elephantimorph pro-
boscideans was entirely blocked, and the occurrences of
Paratetralophodon, Anancus and Mammut in northern China may have
migrated via paths along the northern Tibetan Plateau (Fig. 5C).

Although no geographic blockage existed between northern and
southern China, the resemblance of elephantimorph genera between
these two areas remained low (Fig. 3B). An environmental barrier
seems to have persisted throughout most of the Miocene but opened
occasionally. It is unknown if this barrier was already established in
the early Miocene. However, Stegolophodon, at least, is known to have
entered northern China (Fig. 5A) and reached Japan (Saegusa, 1996;
Saegusa et al., 2005). Stegolophodon was soon extinct in northern
China as the barrier became established during the middle Miocene.
The first opening of this barrier may have occurred in MN8-MN9;
sinomastodontines and Zygolophodon may have migrated from north-
ern China (Fig. 5B), as discussed above. It should be noted that
Tetralophodon aff. xiaolongtanensis occurred in the Tsaidam Basin of
northern China and may have migrated directly from Yunnan (Fig.
5B). The unexpected occurrence of the only deinothere from the earliest
late Miocene of the Linxia Basin of northern China (Qiu et al., 2007),
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Fig. 5. Schematic maps showing the migrations of elephantimorphs between northern
China, Southeast Asia, and other regions in the early (A), middle (B), and late (C)
Miocene. Hypothetical barriers between northern China and Southeast Asia (barrier 1)
and between northern China and Siwalik (barrier 2) are marked on panels B and C. Note
the discontinuous opening of barrier 2.
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Prodeinotherium sinense, may also have migrated this way, but this hy-
pothesis should be investigated further. The second opening of this bar-
rier may have occurred in MN13 of the latest Miocene, as discussed by
Wang et al. (2016a). As the summer monsoon strengthened, northern
China became more humid than it was throughout most of the late Mio-
cene (Li et al., 2008), and Stegodon and Sinomastodon invaded northern
China during this time (Fig. 5C). However there seems to have been no
southward migration of elephantimorphs, because Anancus has not yet
been discovered in the latest Miocene or early Pliocene of Yunnan. Over-
all, Yunnan (and Southeast Asia) functioned as a refuge for
elephantimorphs from northern China. It accommodated relict
trilophodont elephantimorphs, ie. Zygolophodon and
sinomastodontines, during the severe aridification that occurred in the
late Miocene in northern China, and from there, Stegodon and
Sinomastodon migrated to northern China. In the early Pleistocene,
with the onset of glaciation, this refuge again enabled the survival of
Stegodon and Sinomastodon (Wang et al., 2016a).

5. Conclusions

In this study, we interpreted that Yunnan and Southeast Asia
played a role as a refuge for elephantimorphs from northern China
during aridification in the late Miocene. Because of the severe
aridification of northern China that began in the late Miocene, all
trilophodont proboscideans were extinct in this region by the end
of the late Miocene, and tetralophodont proboscideans dominated
for most of the late Miocene. However, trilophodont proboscideans
coexisted with tetralophodonts throughout the late Miocene in
southern China, where the environment remained warm and
humid. Therefore, we proposed that an environmental barrier was
present between northern and southern China and resulted in low
resemblance of genus compositions between the two regions during
the entire Miocene. This barrier opened at least twice in the Miocene,
which enabled exchange of taxa between northern China and Yun-
nan, such as the migration of Zygolophodon and sinomastodontines
to the south and of Tetralophodon to the north at the boundary be-
tween the middle and late Miocene, and of Stegodon and
Sinomastodon to the north in the latest Miocene.
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A NEW SPECIES OF GOMPHOTHERIUM (PROBOSCIDEA, MAMMALIA) FROM CHINA
AND THE EVOLUTION OF GOMPHOTHERIUM IN EURASIA

SHI-QI WANG,*'? YU LI,'? JAROON DUANGKRAYOM,"* XIANG-WEN YANG,'? WEN HE,® and SHAN-QIN CHEN?
'Key Laboratory of Vertebrate Evolution and Human Origins of Chinese Academy of Sciences, Institute of Vertebrate Paleontology

and Paleoanthropology, Chinese Academy of Sciences, Beijing 100044, China, wangshiqi@ivpp.ac.cn;
’Chinese Academy of Sciences Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China;
s University of Chinese Academy of Sciences, Beijing 100049, China;

“Northeastern Research Institute of Petrified Wood and Mineral Resources, Nakhon Ratchasima Rajabhat University, Nakhon

Ratchasima 30000, Thailand;
SHezheng Paleozoological Museum, Hezheng, Gansu Province 731200, China

ABSTRACT—Gomphotherium is a stem taxon of Elephantida that was widespread in Africa, Eurasia, and North America
during the Miocene. However, the evolution of this genus is greatly debated because of morphological variation among the
species of Gomphotherium. In the present work, we describe a cranium and accompanying material of Gomphotherium from
the late middle Miocene Hujialiang Formation of Linxia Basin, China. The new material shows dental similarities to G.
subtapiroideum from the middle Miocene of Europe; however, it displays some cranial, mandibular, and dental feature
combinations that are distinct from the known species of Gomphotherium. Therefore, a new species, G. tassyi, is established.
We further study the phylogeny of Gomphotherium by cladistic analysis and recognize four groups. The most basal ‘G.
annectens group’ is a paraphyletic group that includes G. annectens, G. cooperi, G. sylvaticum, and G. hannibali. The African
taxa, G. libycum and G. pygmaeus, constitute a monophyletic group that has not been named. The ‘G. angustidens group’ is a
monophyletic group that includes G. inopi , G. mongoliense, G. connexum, and G. angustidens. In addition, the ‘derived
Gomphotherium group,” which includes G. subtapiroideum, G. tassyi, G. wimani, G. browni, G. productum, and G.
steinheimense, was widely distributed in Eurasia and North America during the middle and late Miocene.

http://zoobank.org/urn:lsid:zoobank.org:act:28B89A74-7FF6-41DB-BA3C-C4CDD200A30F
SUPPLEMENTAL DATA—Supplemental materials are available for this article for free at www.tandfonline.com/UJVP
Citation for this article: Wang, S.-Q., Y. Li, J. Duangkrayom, X.-W. Yang, W. He, and S.-Q. Chen. 2017. A new species of

Gomphotherium (Proboscidea, Mammalia) from China and the evolution of Gomphotherium in Eurasia. Journal of
Vertebrate Paleontology. DOI: 10.1080/02724634.2017.1318284.

INTRODUCTION

Gomphotherium is a long-lived and widely distributed probos-
cidean genus. It existed for at least 15.0 Ma, from the early Mio-
cene (ca. 19.5 Ma) of Africa (Sanders et al., 2010) to the end of
the Hemphillian (ca. 4.5 Ma) of North America (Fisher, 1996).
Gomphotherium is also a morphologically diverse genus. More
than a dozen species are considered valid, and more than 30
junior synonyms of those species have been proposed (Shoshani
and Tassy, 1996). However, Shoshani (1996) and Tassy (1996a)
indicated that Gomphotherium is a paraphyletic group; thus,
from a phylogenetic perspective, ‘Gomphotherium’ appears to
be an artificial taxon.

Many previous studies, mainly based on evolutionary grade
but also on cladistics, have provided a framework for designating
subgroups of Gomphotherium (Osborn, 1936; Tobien, 1973;
Tassy, 1985; Shoshani and Tassy, 1996; Sanders et al., 2010).
According to Tassy (1985), the ‘G. annectens group’
(i.e., G. annectens, G. cooperi, G. sylvaticum, and G. hannibali)

*Corresponding author.
Color versions of one or more of the figures in the article can be found
online at www.tandfonline.com/ujvp
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includes the stem taxa of this genus. The ‘G. angustidens group’
(i.e., G. inopinatum, G. angustidens, G. connexum, and G. subta-
piroideum) is an important group of Eurasian Gomphotherium;
however, whether G. subtapiroideum can be placed in this group
is questionable based on newly discovered material (Gohlich,
2010; Wang etal, 2015). Sanders etal. (2010)
proposed the ‘pygmy Gomphotherium group’ as a grade (not a
clade) including G. pygmaeus and some other small specimens
that occurred in Afro-Arabia. However, the validity of G. pyg-
maeus was questioned by Tassy et al. (2013). Wang (2014) pro-
posed that the ‘G. productum group’ contained G. productum,
G. steinheimense, and G. wimani, but whether it is a natural
group should be tested.

At Hezheng Paleozoological Museum, there is an almost com-
plete cranium with associated remains that can be attributed to
Gomphotherium. These specimens were discovered from the
late middle Miocene Hujialiang Formation (MN7/8) of Linxia
Basin, China (Fig. 1). The cranium shows some derived features
within Gomphotherium. The new material contributes to
elucidating the evolution and phylogeny of Gomphotherium,
especially for the Old World species.

Institutional Abbreviations—AMNH, American Museum of
Natural History, New York, U.S.A.; HMYV, Hezheng
Paleozoological Museum, Hezheng, China; IVPP, Institute of
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FIGURE 1. Geographic map indicating the fossil sites yielding Gomphotherium tassyi, sp. nov., in the Linxia Basin. Globe image from www.wikipe

dia.com.

Vertebrate Paleontology and Paleoanthropology, Chinese Acad-
emy of Sciences, Beijing, China; MNHN, Muséum National
d’Histoire Naturelle, Paris, France; NHMW, Naturhistorisches
Museum Wien, Vienna, Austria.

Other Abbreviations—ClI, consistency index; MN, the Euro-
pean Mammal Neogene zone; MPT, the most parsimonious tree;
RI, retention index.

MATERIALS AND METHODS
Materials

The material of the new species is housed in HMV. The com-
parative materials of G. mongoliense, G. browni, and G. produc-
tum are housed in AMNH; of G. annectens, G. sylvaticum, and
G. angustidens in MNHN; of G. subtapiroideum in NHMW; and
of G. connexum, G. wimani, and G. cf. subtapiroideum in IVPP.
Information regarding other material was obtained from previ-
ous publications (Andrews, 1906; Schlesinger, 1917; Osborn,
1924, 1926, 1932; Borissiak and Belyaeva, 1928; Hopwood, 1935;
Tassy, 1977a, 1985, 1986, 1994, 2013, 2014; Welcomme, 1994;
Gohlich, 1998, 2007, 2010; Shoshani et al., 2006; Wang et al.,
2013b, 2015; Wang, 2014; Yang et al., in press; for details, see
Appendix 1).

Measurements, Terminology, and Explanation of Some Tooth
Characters

Cranial and mandibular measurements follow Tassy (2013).
All measurements were taken using calipers (in mm). The termi-
nology used to describe the occlusal structures of gomphotheriid
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cheek teeth follows Tassy (1996b) (Fig. 2A), whereas cranial and
mandibular terminology is after Tassy (2013) and Ferretti
(2010). Dental age determination of Gomphotherium follows
Tassy (2013).

It has long been known that some gomphotheriid taxa, such as
G. subtapiroideum, show combined characters of bunodont and
zygodont teeth (Schlesinger, 1917; Mazo, 1996; Gohlich, 2010);
this is also the case for the new species. Wang et al. (2016)
defined four levels to semiquantify the degree of tooth zygo-
donty (levels 0-3, for which larger numbers indicate higher
degrees of zygodonty). For example, G. subtapiroideum was
scored as level 1, characterized by moderate subdivision and
anteroposterior compression of posttrite half-loph(id)s, moder-
ate subdivision and alignment of the anterior and posterior pre-
trite central conules, and wide anteroposterior interloph(id)s.
The new species has similar tooth morphology to G. subtapiroi-
deum. Therefore, it was also scored as zygodont degree level 1.
The detailed morphological features of each crown element for
the four levels of semiquantification are shown in Wang et al.
(2016).

Some tooth features should be further explained: (1) The ante-
rior convexity of the first posttrite half-loph in occlusal view is
clearly present in the new species. The wear figure of this loph
shows a clear crescentic pattern that is anteriorly convex
(Fig. 2B). This feature is also present in some taxa such as
Sinomastodon praeintermedium (Fig. 2A; see also Wang et al.,
2016). In most other gomphotheriid taxa, such as G. subtapiroi-
deum, this loph is straight and the wear figure has a simple ring
pattern (Fig. 2C). (2) There is anteroposterior compression of
the interloph(id)s. Generally, a tooth with a higher degree of
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FIGURE 2. Tooth nomenclature and some important tooth features of Gomphotherium. A, nomenclature of a proboscidean tooth (Sinomastodon
praeintermedius). After Wang et al. (2016:fig. 2). B, the anterior convex first loph in HMV 0028 - type specimen of Gomphotherium tassyi, sp. nov.,
from Zhujiachuan, China. C, the straight first loph in the type spec1men of Gomphotherium ideurn, NHMW 3870 ex 1882 (A4135) from Vor-
dersdorf near Eibiswald, Austria. Note the crescentic wear ﬁgure inB/, compared with the rmg-shaped wear figure in C’ D-I, comparison of features
of D-F, upper and G-I, lower molars among G. sub , and G. sylvaticum. D, G, G. sub ideum, from Sandelzh
Germany:; after Gohlich (2010:figs. 8e, 10f). E, H, G. angusndens from En Péjouan, France; after Tassy (2014, ﬁgs 39g, 54a) F, L, G. sylvaticum,
MNHN Ar 1487 and 1491, Artenay, France. Note the wide interloph in D’ (‘V’-shaped entoflexus), compared with the compressed interloph in E’ and
F' (“Y -shaped entoflexus); the wide interlophid in G’ and I' (‘U’-shaped ectoflexid), compared with the compressed interlophid in H' (‘V’-shaped ecto-
flexid); the compressed posttrite half-loph(id) in D” (narrow ring wear figure), compared with bulky posttrite half-loph(id) in E” (pear-shaped wear
figure with a constriction); and the crest-like anterior and posterior central conules in G”, compared with the inflated anterior and posterior central
conules in H”. J, K, m3 in Gomphotherium tassyi, sp. nov., and G. wimani in lingual view. J, low crowned m3 in G. tassyi, sp. nov. (HMV 1810, Laogou,
China), compared with K, relatively high crowned m3 in G. wimani (IVPP V18795, Daoheigou, China). Not to scale.
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zygodonty tends to display anteroposteriorly wide interloph(id)s.
However, the upper and lower molars show distinct patterns.
The upper molars of G. subtapiroideum possess wide anteropos-
terior interlophs and the first entoflexus shows a clear ‘V’ shape
(Fig. 2D). In contrast, in upper molars of G. angustidens, the
interlophs are compressed and the first entoflexus shows a clear
‘Y’ shape (Fig. 2E). Note that we only compared the first ento-
flexus, which is the most typical of all interlophs. In lower molars,
the first ectoflexid in G. subtapiroideum (wide interlophid) is
‘U’-shaped (Fig. 2G), and that in G. angustidens (compressed
interlophid) is ‘V’-shaped (Fig. 2H). It can be seen that the inter-
lophs of upper molars are usually more compressed than the
interlophids of lower molars in the same taxon. It should also be
noted that in some taxa, such as G. sylvaticum, the interloph of
upper molars is “Y’-shaped (anteroposteriorly compressed)
(Fig. 2F), whereas the interlophid of lower molars is ‘U’-shaped
(anteroposteriorly wide) (Fig. 2I). (3) In taxa with a high degree
of zygodonty, such as G. subtapiroideum, the posttrite half-loph
(id)s are anteroposteriorly compressed, showing an oval ring
figure (Fig. 2D). Alternatively, in taxa with a low degree of zygo-
donty, such as G. angustidens, the posttrite half-loph(id)s are
bulky and pear-shaped, with a constriction in the middle that
separates into the main conelet and mesoconelet (Fig. 2E).
(4) As in feature 3, crest-like pretrite central conules are usually
observed in taxa with a high degree of zygodonty, such as G. sub-
tapiroideum; this feature is caused by the slight wear on the
subdivided and aligned central conules in these taxa (Fig. 2G).
However, inflated pretrite central conules are usually displayed
in taxa with a low degree of zygodonty, such as G. angustidens
(Fig. 2H). In some cases, the central conules of the taxa with a
low degree of zygodonty, such as G. angustidens and G. con-
nexum (Tassy, 2014; Wang et al., 2015), are also subdivided, but
they are seldom subdivided into more than two small conules,
and each element is inflated and not crest-like. (5) Most
Gomphotherium species typically have low crowns, including
G. tassyi (Fig. 2J). However, some Gomphotherium species also
develop relatively higher tooth crowns, such as G. wimani
(Fig. 2K).

Cladistic Analysis

A cladistic analysis was performed to investigate the possible
phylogenetic relationships among Gomphotherium species. The
data matrix contains 50 binary characters and 19 taxa, including
three outgroups (Appendices 1 and 2). The three outgroups are
Phiomia serridens from the early Oligocene of Fayum, Egypt
(Andrews, 1906), Eritreum melakeghebrekristosi from the late
Oligocene of Dogali, Eritrea (Shoshani et al., 2006), and Gom-
photherium sp. from the early Miocene of Mwiti, Kenya (Tassy,
1986). Some characters used follow those of Tassy (1985), and
some were unique for this study. Cladograms were obtained
from a parsimony analysis carried out using the program TNT
1.1 with the ‘traditional search’ option (Goloboff et al., 2003).
The reported results were based on a strict consensus tree. Node
supports were calculated from a bootstrap analysis (10,000
replicates).

SYSTEMATIC PALEONTOLOGY

Order PROBOSCIDEA Illiger, 1811
Family GOMPHOTHERIIDAE Hay, 1922
Genus GOMPHOTHERIUM Burmeister, 1837

Type Species—Gomphotherium angustidens (Cuvier, 1817).
Type Locality and Horizon—Simorre, France, middle Mio-
cene (Tassy and Gohlich, 2012).

GOMPHOTHERIUM TASSYI, sp. nov.
(Figs. 3-5; Tables 1,2, S1, S2)
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Gomphotherium subtapiroideum Schlesinger, 1917:
Wang et al., 2013a.
Gomphotherium subtapiroideum Schlesinger, 1917: Wang, 2014.

Etymology—Dedicated to Professor Pascal Tassy, who has
greatly contributed to the study of fossil proboscideans, espe-
cially Gomphotherium.

Holotype—HMYV 0028, a complete cranium with functional
M1 and M2, and erupting M3.

Type Locality—Zhujiachuan (LX 200023; Fig. 1), Hujialiang
Formation, Linxia Basin, China; MN7/8 (Deng et al., 2013).

Paratypes—HMYV 1805 and 1376, middle segments of right 12,
Zhujiachuan; HMV 1375 and 1806, anterior segment of right i2,
Zhujiachuan.

Referred Material—HMYV 1824, an incomplete mandible with
functional m2 and m3, and broken anterior part of the symphy-
sis, Zengjia (LX 200002) (Fig. 1); HMV 1807, right dentary with
m2 and m3, Laogou (LX 200003) (Fig. 1); HMV 1810, left den-
tary with m2 and m3, Laogou; HMV 1867, 1868, and 1869, ante-
rior segments of right i2, Laogou; HMV 1947, right dp4; HMV
1948, left m2; HMV 1940, right m2; HMV 1949, left M3; HMV
1945, right m3; HMV 1944-1, segment of right i2; HMV 1944-2,
tip of right i2 (the precise localities of the latter seven specimens
are unknown, but they are all from the Hujialiang Formation of
Linxia Basin).

Occurrences—Late middle Miocene, MN7/8, China.

Diagnosis—Medium- to large-sized Gomphotherium; brain
case moderately arched, and, consequently, basicranium slightly
erect; facial part short; perinasal fossa moderately broad; man-
dibular symphysis distant from the anterior end of the cheek
tooth row; angular process moderately positioned; loph(id)s of
cheek teeth anteroposteriorly compressed and, consequently,
interloph(id)s anteroposteriorly wide; anterior and posterior pre-
trite central conules subdivided and linearly aligned (crest-like);
the first posttrite half-lophs of the upper molar anteriorly convex
in occlusal view.

Differential Diagnosis—Differs from the members of the ‘G.
annectens group’ (G. annectens, G. cooperi, G. sylvaticum, and
G. hannibali) and G. mongoliense in the anteroposteriorly com-
pressed loph(id)s, the crest-like pretrite central conules, and the
complete fourth loph in M3; differs additionally from G. annect-
ens in the presence of a perinasal fossa and the higher position of
the mandibular angular process; differs from G. inopinatum in
the anteroposteriorly compressed loph(id)s, the crest-like pre-
trite central conules, and the higher position of the mandibular
angular process; differs from G. angustidens and G. connexum in
the anteroposteriorly compressed loph(id)s, the crest-like pre-
trite central conules, the shorter facial part, the lower position of
the mandibular angular process, and the flat dorsal wear facet of
the lower tusks; differs from G. steinheimense, G. browni, and G.
productum in the anteroposteriorly compressed loph(id)s, the
crest-like pretrite central conules, and the curved, twisted, and
pyriform— or semipyriform—cross-sectioned mandibular tusks;
differs from G. wimani in the absence of posttrite central con-
ules; differs from G. subtapiroideum in the larger size, the ante-
rior convexity of the first posttrite half-loph of upper molars in
occlusal view, and the higher position of the mandibular angular
process; differs from G. cf. subtapiroideum ( = G. shensiensis) in
the anterior convexity of the first posttrite half-loph of upper
molars in occlusal view, the more domed brain case, and the
shorter facial part.

DESCRIPTION

Holotype

The type cranium, HMV 0028 (Fig. 3A-D), is almost complete
except that it lacks both zygomatic processes. However, this
specimen is mounted on an iron frame that cannot be taken
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FIGURE 3. Gomphotherium tassyi, sp. nov., cranial skeleton. Cranium, HMV 0028 (holotype, Zhujiachuan, China), in A, dorsal, B, anterodorsal,
C, lateral, and D, occipital views. Mandible, HMV 1824 (Zengjia, China), in E, dorsal and F, lateral views.

down, so that the ventral view cannot be observed. The M3 with
erupted first loph indicates a nearly adult ontogenetic age (dental
age XVII).

In dorsal view (Fig. 3A), the cranium is slightly deformed,
showing a slightly rightward bent brain case. The occipital part is
as wide as the orbital part. The occipital crest is almost straight,
not anteriorly concave. The two temporal lines converge from
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the posterolateral flanges of the two temporal fossae, then turn
anteriorly and extend parallel along both sides of the brain case,
and gradually diverge until they reach the postorbital processes.
The distance between the two temporal lines is relatively small,
resulting in a narrow and quadratic brain case (partly due to lat-
eral compression). The nasal process is strongly protruded. The
nasal aperture is relatively wide, with two laterally extending
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perinasal fossae. The superior-most rim of the nasal aperture
posteriorly slightly exceeds the level of the two postorbital pro-
cesses. The two postorbital processes are moderately laterally
protruded. The rostrum is strongly anteriorly elongated, and it
has almost equal width throughout its length. In the basal part,
the incisive fossa has a deep median part and two shallow lateral
steps, and it then extends anteriorly along the rostrum, resulting
in a median trough. However, no constriction is present in the
basal part of the incisive fossa. At the distal edge of the rostrum,
the distance between the two alveolar sockets is relatively small.

In anterodorsal view (Fig. 3B), the right side of the specimen
is deformed. The dorsal plate of the brain case is flat without
bulges. The nasal aperture is transversely oval. The midline
suture of the two premaxillae is clear, and the subnasal fossa
seems to be absent. The rostrum is well developed in this view
and shows two strong alveolar sockets. The incisive fossa is nar-
row and deep, especially in the basal part.

In lateral view (Fig. 3C), the brain case is strongly arched. The
nasal process is greatly protruded in this view. The temporal
fossa is almost circular, and the dorsal-ventral dimension of the
fossa is large. The frontal and parietal crests ( = temporal line)
dorsally, occipital crest posteriorly, and temporal crest ventrally
enclose the temporal fossa. The large and circular external audi-
tory meatus is just posterior to the zygomatic process of the squa-
mosal bone, and the ventral border of the external auditory
meatus is closed by a bony plate. The occipital condyle is
rounded and moderately protruded. The orbitotemporal crest,
which is derived from the postorbital process, extends postero-
ventrally to reach the anterior edge of the alisphenoid. The ante-
rior edge of the alisphenoid extends ventrally and wraps around
the posterior end of the bulged maxillary process. The orbit is
relatively small, and the anterior rim is located at the level of the
middle part of the M2, The postorbital process is just at the level
of the boundary of M2 and M3. The jugal bone of the zygomatic
arch is broken. The facial part of the maxilla is not anteriorly
elongated, and the area ventral to the zygomatic process is low.
The lower infraorbital foramen is large and just anterior to the
zygomatic process of the maxilla, and the upper infraorbital fora-
men is small and anterior to the orbit. The rostrum is thick; it is
strongly anteriorly elongated and slightly ventrally bent.

In occipital view (Fig. 3D), despite the deformation, the brain
case is relatively strongly arched. The ligamentum nuchae fossa
is very deep, and the median crest is thick. Each half of the fossa
is relatively rounded. The occipital condyle is bean-shaped and
strongly extends ventrally, producing a relatively rounded
(although deformed) foramen magnum.

The upper tusks are very strong. In anterior view (Fig. 3B), the
two tusks extend almost parallel at the base, then moderately
diverge in the middle (the left tusk is somewhat deformed; we
can only observe this feature from the right tusk), and finally
converge distally. In lateral view (Fig. 3C), the tusk bends ven-
trally. An enamel band is present on the lateroventral surface of
the tusk and forms a ventral cutting edge. This enamel band
turns slightly more ventrally where it extends apically, but it is
not strongly helical as in G. angustidens (Tassy, 2014). Measure-
ments (in mm, left/right): exposed length, 587/684; dorsoventral
diameter at the opening of the alveolus, 103/107; transverse
diameter at the opening of the alveolus, 91/91.

The deeply worn M1 (Fig. 4A) is composed of three lophs.
The pretrite and posttrite half-lophs are connected to each other,
producing three diamond-shaped wear figures.

The M2 (Fig. 4A) is moderately worn with three lophs. The
tooth is bunodont with slightly anteroposterior compression of
each loph. Furrows are developed on the walls of the lophs. Cin-
gula are relatively strong and surround the anterior, posterior,
and lingual sides of the tooth. Cementum is weak. The first pre-
trite half-loph is trifoliate with symmetric anterior and posterior
central conules. The central conules are anteroposteriorly

373

elongated and therefore somewhat crest-like. The first interloph
is entirely blocked by the first posterior and the second anterior
pretrite central conule; this interloph is anteroposteriorly wide,
producing a ‘V’-shaped entoflexus. The first posttrite half-loph is
crescentic; it is anteroposteriorly compressed and anteriorly con-
vex. Two grooves extend along the posterior wall of the first
posttrite half-loph and divide this enamel wall into three crests.
The buccal crest corresponds to the vestibular crest. The second
pretrite half-loph is likewise trifoliate with slightly weaker ante-
rior and posterior central conules than those of the first loph.
The second interloph is also blocked by adjacent pretrite central
conules. The second posttrite half-loph is also anteroposteriorly
compressed, but anteriorly concave. A weak vestibular crest is
present on the posterior wall. The third pretrite half-loph has
only an enlarged mesoconelet and a single anterior central con-
ule and lacks the posterior central conule. The third posttrite
half-loph is anteroposteriorly compressed; it is subdivided into
three conelets. A weak vestibular crest is present on the anterior
wall. A series of enamel conelets composes the posterior cingu-
lum that gradually rises in the lingual direction and attaches the
posterior wall of the third pretrite half-loph.

Only the first posttrite half-loph of the M3 (Fig. 4A) can be
observed; it is composed of four or five conelets that are
arranged in an anteriorly convex arch. The buccal two larger
conelets represent the main conelet, and the lingual small cone-
lets represent the mesoconelet(s).

Referred Tusks

Specimen HMV 1376 (Fig. SA, B) is a middle segment of a
right upper tusk from the type locality. This segment shows an
obviously ventral bend in lateral view. There is a wide enamel
band present on the lateroventral surface of the tusk. The cross-
section of the tusk (Fig. 5B) is oval, composed of approximately
six to seven dentine layers that enclose the pulp cavity. This tusk
is very similar to that of the type specimen; we therefore identi-
fied it as belonging to the same species.

Specimen HMYV 1805 (Fig. 5C) is a short segment of a right
upper tusk from the type locality; it also shows a ventral bend in
lateral view. The enamel band is relatively narrow and posi-
tioned higher than that of the type specimen and HMV 1376.
Because the formation of the enamel band decreases when the
animal ages and finally ceases (Tassy, 2014), this tusk segment
probably corresponds to a posterior tusk part and potentially
belonged to an old animal. We tentatively attribute this to G. fas-
syi, because no other proboscidean taxa have been discovered so
far from this locality.

Specimen HMV 1375 (Fig. 5D, E) is an anterior segment of a
right lower tusk from the type locality. It is slightly right twisted
(clockwise twisted in basal view) and tapers anteriorly, produc-
ing a sharp anteromedial angle. The dorsal wear facet is broad
and long and is almost flat and not concave. A shallow dorsal
groove runs throughout the tooth, but a ventral groove is not
clear; thus, the cross-section is semipyriform.

Specimen HMV 1806 (Fig. 5F, G) is another anterior segment
of a right lower tusk from the type locality. This tusk is smaller
than HMYV 1375 (Table 2), which indicates a younger ontoge-
netic age than HMV 1375, but has an identical morphology, such
as slight right-hand twisting, anterior tapering, possessing a dor-
sal groove, and the flat dorsal wear facet. The ventral groove is
not clear. The morphology of these lower tusks is typical for
Gomphotherium. It should be noted that no other proboscidean
taxa have been discovered so far from the type locality, Zhujia-
chuan; therefore, their attribution to G. fassyi is plausible.

There are some tusk fragments from other sites of the Hujia-
liang Formation other than the type locality. For example, HMV
1867, 1868, and 1869 are three anterior segments of right i2 that
originated from the Laogou locality; HMV 1944-1 (Fig. 5H, I)
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FIGURE 4. Gomphotherium tassyi, sp. nov., cheek teeth in occlusal view. A, right M1-M3 tooth row, HMV 0028 (holotype, Zhujiachuan); B, right
dp4, HMV 1947 (unknown locality); C, left m2, HMV 1948, horizontally reversed (unknown locality): D, right m2 and m3, HMV 1807 (Laogou); E,

right m3, HMV 1945 (unknown locality); mesial side to right.

and 1944-2 are segments of right i2 and a tip of right i2, respec-
tively, but are from an unknown locality. These segments have
almost identical morphology to those from the type locality. The
dimensions of these tusks are similar to those of HMV 1375 and
smaller than those of HMV 1806 (Table 1). All these tusks show

enamel band

dorsal groove

a flat dorsal wear facet (if present), a gradually tapering distal
end, slightly right-hand-twisted shaft, and a dorsal groove.
Except for HMV 1944-1, which has a clear ventral groove
(Fig. 5H), other specimens show a faint ventral groove; this is
also a variable feature in Gomphotherium (Tobien, 1973; Tassy,

enamel band

100 mm

ventral groove

FIGURE 5. Gomphotherium tassyi, sp. nov., tusks. A-B, right upper tusk, HMV 1376 (Zhujiachuan), in lateral view and B, distal cross-section. C,
right upper tusk, HMV 1805 (Zhujiachuan), in lateral view. D-E, right lower tusk, HMV 1375 (Zhujiachuan), in D, proximal cross-section and E, in
dorsal view. F-G, right lower tusk, HMV 1806 (Zhujiachuan), in F, proximal cross-section and G, in dorsal view; H-I, right lower tusk, HMV 1944-1

(unknown locality), in H, proximal cross-section and I, in dorsal view.
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TABLE 1. Cheek tooth measurements (in mm) of Gomphotherium tassyi, sp. nov., from the Linxia Basin.

Specimen Locus L w Wi w2 W3 w4 Hpo I=W/L
HMYV 0028 1. M1 103 73 63.5 67 73 — — 0.71
HMYV 0028 r. Ml 100 755 61 67 755 — — 0.76
HMYV 0028 1. M2 130.5 87 84.5 87 86 — 50+ 0.67
HMYV 0028 r. M2 134 89 83 83 89 — 50+ 0.66
HMYV 1949 1. M3 151 83 83 80 79 60 45543 0.55
HMYV 1947 r. dp4 69.5 405 34 405 39 — 27 0.58
HMV 1807 r.m2 114.5 69.5 575 615 69.5 — — 0.61
HMYV 1940 r.m2 114 71 555 61.5 71 — 475 0.62
HMYV 1948 1. m2 120 735 57 66 735 — 50 0.61
HMYV 1824 1. m2 116 66 56 60 66 — — 0.57
HMYV 1945 r.m3 188.5 86 77 86 82 66 65 0.46
HMYV 1807 r.m3 165 755 71 745 755 55 622 0.46
HMYV 1810 1. m3 171 80 75 80 80 70 64+ 0.47

Parameters after Tassy (2014). Abbreviations: Hpe, height of the posttrite side (numbers in parentheses indicate the loph(id) from which the measure-
ment was made); I, index; L, length; W, maximal width; W1, W2, W3, and W4, width at the first, second, third, and fourth loph(id)s.

2014). Because no other Gomphotherium species has been iden-
tified from the Hujialiang Formation, we tentatively attribute all
these tusks to G. tassyi.

Mandibles and Lower Cheek Teeth

Mandibles and lower cheek teeth are unknown to date from
the type locality Zhujiachuan. However, we found mandibular
and lower cheek tooth remains of Gomphotherium from other
localities of the Hujialiang Formation. The dimensions of these
remains are very similar to those of the type material (Tables 1,
S1, S2; also see below). The lower molars share important
morphological features with the upper ones, including antero-
posterior compression of posttrite half-loph(id)s, anteroposter-
iorly wide interloph(id)s, and subdivision of the posttrite
half-loph(id)s and the pretrite central conules. Therefore, we
attribute these mandibular and lower cheek tooth remains to
G. tassyi (for details, see below).

Specimen HMV 1824 (Fig. 3E, F) is an incomplete mandible
(dental age XVIII) from the Zengjia locality. The anterior part
of the symphysis, the right ramus, and the left coronoid process
are missing. The right mandibular condyloid process is present.
In lateral view (Fig. 3F), the symphysis is not strongly ventrally
inclined, and the angular process reaches nearly the level of the
occlusal surface. The condyloid process is small. In dorsal view
(Fig. 3E), there is a considerable distance between the posterior
end of the symphysis and the anterior end of the tooth row. The
tooth row is approximately 290 mm in length, which is close to
the tooth row length of the type cranium (ca. 295 mm).

The dp4 (Fig. 4C) is composed of three lophids, with a con-
striction at the first interlophid. The interlophids are anteropos-
teriorly open with a ‘U’-shaped ectoflexid. Furrows are
developed on the enamel walls, and tiny conules are present in
the interlophids. Cingulids are developed on the anterior and
posterior ends, and cementum is absent. The first pretrite trefoil
is complete; however, the anterior and posterior central conules

are isolated. The posterior conule is distant from the main cone-
let and connected to it by a weak enamel crest. The first posttrite
half-lophid has a large, anterobuccally—posterolingually oblique
main conelet, and a small mesoconelet. The main conelet shows
a tendency to subdivide as in deciduous premolars in many other
proboscidean taxa. The second pretrite trefoil has two low ante-
rior and posterior central conules; however, they are anteropos-
teriorly elongated (crest-like) and are in line with the median
axis of the tooth. The third pretrite half-lophid has an anteriorly
displaced mesoconelet and an anteriorly elongated anterior pre-
trite central conule, but the posterior central conule is almost
absent. The second and third posttrite half-lophids are simply
composed of a main conelet and a mesoconelet. The third lophid
is slightly chevroned. Attribution of this tooth to G. tassyi is ten-
tative because of the anteroposteriorly narrow molar crown api-
ces and the elongation of the accessory conules.

The m2 (Fig. 4C, D) is composed of three lophids, of which
the third is the widest. Cingulids are developed on the anterior
and posterior ends of the tooth. The elements are clearly
bunodont; however, the posttrite half-lophids are somewhat
anteroposteriorly compressed, and the interlophids are antero-
posteriorly wide. The first pretrite half-lophid is trifoliate. The
pretrite mesoconelet is small and divided into two conelets. The
first anterior pretrite central conule is subdivided into small con-
ules that are arranged in line. The first posterior pretrite central
conule is also subdivided and arranged in a line: however, the
distal conule is inflated. The first posttrite half-lophid is com-
posed of a large main conelet and a mesoconelet; additionally,
the middle of the half-lophid is anteriorly convex, which means
that this lophid is somewhat triangular in crown view. The first
interlophid is blocked by adjacent pretrite central conules, and
the first extoflexid is ‘U’-shaped. The second pretrite half-lophid
also has a crest-like anterior central conule; a small, undivided
mesoconelet; and a crest-like posterior central conule with distal
inflation. The second posttrite half-lophid is also composed of a
large main conelet and a small mesoconelet, but it is slightly sub-

TABLE 2. Lower tusk measurements (in mm) of Gomphotherium tassyi, sp. nov., from the Linxia Basin.

Specimen Locus Remaining length Width Median thickness Lateral thickness Length of wear facet Width of wear facet
HMV 1375 Right 562 80.94 55.47 34,66 102.18 45.97

HMV 1944-1 Left 179 57.00 37.00 28.50 — —

HMV 1806 Right 260 57.12 28.74 19.60 89.46 47.36

HMV 1869 Right 309 54.85 31.58 17.18 93.49 42.11

HMV 1867 Right 210 43.10 33.69 22,57 63.69 40.37

HMV 1868 Right 204 50.814 33.47 23.65 — —

Width and thickness are taken at the posterior end of the tusk fragments.
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divided. The second interlophid is blocked by the adjacent pre-
trite central conules. The third pretrite half-lophid has a rela-
tively large and undivided anterior central conule and
mesoconelet, but the posterior pretrite central conule is weak
and crest-like. The third posttrite half-lophid is also simple and
shows a slight tendency to subdivision.

The m3 (Fig. 4D, E) is composed of four lophids, and the ante-
rior two lophids are of equal width. Cingulids are developed on
the anterior and posterior ends of the tooth. The elements are
basically bunodont with somewhat anteroposteriorly compressed
posttrite half-lophids and anteroposteriorly wide interlophids
(‘U’-shaped first extoflexid). In the first two lophids, the anterior
and posterior central conules are subdivided into a line of con-
ules, and the posterior central conule is larger than the anterior
central conule. The distal ends of the posterior central conules
are somewhat inflated. The first and second posttrite half-lophids
are composed of a large main conelet and a small mesoconelet,
with tendency to subdivide. The third pretrite mesoconelet is
anteriorly located, and the anterior pretrite central conule is
anterior to the mesoconelet, but not connected to the main cone-
let. The posterior pretrite central conule is small. The third post-
trite half-lophid is indistinctly subdivided into three conelets.
This lophid is slightly chevroned. The chevroned fourth lophid is
composed of a tri-subdivided pretrite half-lophid and a single
posttrite half-lophid. Cementum is weak in some cases (Fig. 4E),
but relatively strong in other cases (Fig. 4D).

COMPARISONS AND DISCUSSION
Attribution of the New Material to Gomphotherium

The material from the late middle Miocene Hujialiang Forma-
tion of Linxia Basin undoubtedly belongs to a Gomphotherium
species. We recognized several gomphotheriid features in the
cranium, the mandibles, and the teeth: (1) The brain case is
domed (although somewhat exaggerated in the type cranium
because of lateral compression), which is also observed in other
derived species of Gomphotherium. (2) The facial part of the cra-
nium is greatly retreated so that the anterior end of the tooth row
is only slightly anterior to the orbit. This feature clearly differs
from that of members of the Amebelodontidae (except Konobe-
lodon). (3) A step-like perinasal fossa is clearly developed. This
feature is characteristic of the ‘G. angustidens group’ but is miss-
ing in G. annectens. (4) In the Linxia specimens, the mandibular
angular process is moderately elevated. The elevated angular
process is common in Gomphotherium; in Zygelophodon, the
mandibular angular process is rather low. (5) In the Linxia speci-
mens, as in most other Gomphotherium species (except G.
annectens), the posterior edge of the mandibular symphysis is
distant from the tooth row. By contrast, in Zygolophodon
gobiensis, the posterior edge of the mandibular symphysis and
the anterior end of the tooth row (including the alveolus if it was
not resorbed) are almost at the same level (Tobien et al., 1988:
fig. 39). (6) The presence of a lateral enamel band on the upper
tusks of the Linxia specimens is a common feature of Elephanti-
formes. The two upper tusks diverge more in the middle; this fea-
ture is also observed in G. angustidens (Tassy, 1977b), but with
variation. (7) In the Linxia specimens, the lower tusks are peg-
like with a semipyriform (ventral groove is not well developed)
or pyriform cross-section. This morphology is typical of Gom-
photherium and shared with the early Miocene mammutid Eozy-
godon morotoensis (Tassy and Pickford, 1983), but it differs
from the flattened cross-sections of amebelodontids and distally
flattened cross-sections of Phiomia. (8) Although the cheek teeth
have compressed posttrite half-loph(id)s (Wang et al., 2016),
they are mainly bunodont with clear boundaries between crown
elements. The cheek teeth also do not display amebelodontid
or choerolophodont features, such as narrowness of the
contour, secondary trefoils, pseudoanancoidy, choerodonty, and
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ptychodonty. Based on this information, attribution of the mate-
rial to Gomphotherium is warranted.

Comparisons of the New Material with Other Gomphotherium
Species

Crania of Gomphotherium are relatively rare. The cranium of
the primitive G. annectens from the early Miocene of Banjoburo,
Japan, is incomplete; however, this is the only known cranium in
which the perinasal fossa is not developed (Tassy, 1994). On the
other hand, G. tassyi displays a well-developed perinasal fossa.
Tassy (2013) reported G. angustidens from the middle Miocene
of En Péjouan, France. In these specimens, the perinasal fossa is
well developed as in G. tassyi, and the braincase is likewise
arched (Tassy, 2013:figs. 12B, 15A); however, the facial part is
more anteriorly elongated than that of G. tassyi.

The North American G. productum should be further divided
because there are distinguishable morphotypes. Nevertheless, G.
productum (e.g., AMNH 10582, from the late Miocene of Clar-
endon, U.S.A.; see Osborn, 1936:fig. 370) possesses a slightly
anteriorly elongated facial part and a relatively short rostrum,
which differ from the significantly retreated facial part and rela-
tively long rostrum of G. tassyi.

Chang and Zhai (1978) reported a gomphotheriid cranium
from the middle Miocene of Lengshuigou, China, under the
name ‘G. shensiensis,” which has been attributed to G. cf. subta-
piroideum by Wang et al. (2015). This specimen also has an ante-
riorly elongated facial part relative to G. tassyi. Therefore, a
shortened facial segment appears to represent an advanced fea-
ture of G. tassyi in this genus. Furthermore, G. cf. subtapiroi-
deum shows a less arched braincase than that of G. tassyi. It is
possible that G. tassyi (MN7/8) directly evolved from G. cf. sub-
tapiroideum (MNG6), and that both belong to the same lineage of
G. subtapiroideum.

None of the mandibles of G. ftassyi are complete. We found
that the angular process of G. tassyi is relatively prominent and
moderately elevated. In G. angustidens, the angular process is
even higher and reaches the occlusal surface (Tassy, 2013); con-
versely, in G. subtapiroideum, G. inopinatum, G. aff. steinhei-
mense, and G. productum, the angular process is low (Borissiak
and Belyaeva, 1928; Osborn, 1936; Tassy, 1985; Gohlich, 1998,
2010; Wang, 2014). Furthermore, the mandibular corpus of G.
tassyi is relatively low and the ramus is relatively posteriorly obli-
que, as in G. angustidens. However, in G. subtapiroideum, G.
inopinatum, G. aff. steinheimense, and G. productum, the man-
dibular corpus is relatively high and the anterior and posterior
borders of the ramus are nearly perpendicular to the occlusal
surface (Borissiak and Belyaeva, 1928; Osborn, 1936; Tassy,
1985; Gohlich, 1998, 2010).

The lower tusks of G. tassyi are typical of Gomphotherium.
The paratype shows a semipyriform cross-section without a
ventral groove, but a ventral groove was present in some of
the referred material. Lower tusk ventral grooves are present
in G. inopinatum, G. angustidens, and G. subtapiroideum
(Tassy, 1985; Gohlich, 2010) and absent in the more primitive
G. sylvaticum and more derived G. productum, G. browni,
and G. steinheimense (Tassy, 1985). However, the presence of
a ventral groove on lower tusks is highly variable (Tobien,
1973; Tassy, 2014). The dorsal wear facet on the tip is polished
and almost flat, which is distinct from the concave facet in
G. angustidens (Tassy, 2014).

The dimensions of the G. tassyi cheek teeth are medium to
large (Fig. 6). The M2 and m2 are larger than in most of the
other species and have the same dimensions or are slightly
smaller than those of G. steinheimense. The M3 and m3 are
smaller than those of G. steinheimense; however, the dimensions
of all teeth are larger than those of the type specimen of G. sub-
tapiroideurn (Vordersdorf near Eibiswald, Austria) and G.



Downloaded by [Institute of Vertebrate Paleontology and Paleoanthropology] at 22:36 12 August 2017

Wang et al.—Evolution of Gomphotherium (e1318284-10)

110 110
M3 m3 ¢
- 100
100 - Pa— .
*
c R g ®7 L v
£ 90 4 N . £ . T
E=s * o0 Y £ *
b=} Ty v £ 80 R o
2 80 3 2 R b4
g ge . VX g 701 e, x
5 g : o* e T
£ 70 £ e @
+ 60 +0 0
A X x
v o at
60 1 * 50 v
50 : ; : : : 40 : - - : : :
100 120 140 160 180 200 220 100 120 140 160 180 200 220 240
length mm length mm
100 90
M2 m2
*
90 - x 80
+* =
E e b3
E E v " I ®
£ 80 A £ 701 x
k=l i
= = * X 8
= . 2 L] ® L
£ 70 . . O ' £ 0 : ® xox
3 o . ] x
E - Q{ S vy £ . ®
60 1 N I 50 t ud
. XX
® v
XX x
50 : - . , . 40 : ; ; :
80 90 100 110 120 130 140 80 90 100 110 120 130
length mm length mm
o G. hannibali 4 G. annectens @ G. cooperi * G. sylvaticum
@ G. inopinatum o G. mongoliense x G. angustidens v G. connexum
+ G. subtapiroideum a G, cf. subtapiroideum (Lengshuigou, China) x G. tassyi
v G. wimani u G. browni + G. steinheimense + G. productum

FIGURE 6. Bivariate plots of cheek tooth measurements of Gomphotherium. Data source: G. hannibali, Le Mazet, France (Welcomme, 1994);
G. annectens, Banjoburo, Japan (cast in MNHN); G. cooperi, Dera Bugti, Pakistan (Osborn, 1932); G. mongoliense, Loh, Mongolia (AMNH and
Gohlich, 2007); G. sylvaticum, Artenay, France (AMNH); G. angustidens, En Péjouan, France (Tassy, 2014); G. connexum, Diaogou and Junggar Basin,
China (Hopwood, 1935; Wang et al., 2015); G. inopinatum, Turgai, Kazakhstan, and Ganchiliang, China (Borissiak and Belyaeva, 1928; Wang, 2014);
G. subtapiroideum, Vordersdorf near Eibiswald, Austria, and Sandelzhausen, Germany (Schlesinger, 1917; Géhlich, 2010); G. cf. subtapiroideum,
Lengshuigou, China (Wang et al., 2015); G. wimani, Bapanshan, Quantougou, and Zhengjiaping, China (Hopwood, 1935; Yang et al., in press); G.
browni, Chinji Bungalow, Pakistan (AMNH); G. steinheimense, Massenhausen, Germany (Gohlich, 1999); G. productum, Clarendon, U.S.A. (AMNH).

subtapiroideum from Sandelzhausen, Germany (Schlesinger,
1917; Gohlich, 2010). The teeth of G. tassyi are also wider than
those of G. angustidens and G. connexum (Fig. 6).

The cheek teeth of G. rassyi are subtapiroid-like; that is,
they have zygodont-like features (Wang et al., 2016) that are
similar to those of G. subtapiroideum from Europe and G. cf.
subtapiroideum from Lengshuigou, China (Wang et al., 2015).
Therefore, we did not compare the cheek teeth of G. tassyi
with those of species for which the teeth only display buno-
dont features, such as G. annectens, G. cooperi, G. sylvaticum,
G. hannibali, G. mongoliense, G. angustidens, G. connexum,
G. browni, G. productum, and G. steinheimense. In G.
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inopinatum, although the interlophids are anteroposteriorly
wide, the posttrite loph(id)s and pretrite central conules are
almost undivided (Borissiak and Belyaeva, 1928; Wang, 2014),
which is distinct from the strongly subdivided crown elements
in G. tassyi. In G. wimani (Hopwood, 1935; Wang et al.,
2013b), although the crown elements are subdivided, the con-
tour of the teeth is narrower than that of G. fassyi and poste-
rior posttrite central conules are present, which are never
observed in G. tassyi. Furthermore, the tooth morphology of
G. tassyi is very similar to that of G. subtapiroideum from
Europe and G. cf. subtapiroideum from China, except that the
first posttrite lophs of the upper molars are unchangeably
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anteriorly convex. This feature has never been observed in G.
subtapiroideum (Schlesinger, 1917, Gohlich, 1998, 2010) and is
absent from G. cf. subtapiroideum (Wang et al., 2015).

Phylogeny of Gomphotherium

A cladistic analysis was carried out to elucidate the phy-
logeny within Gemphotherium. Three MPTs were obtained,
and the topologies of the three MPTs differ with regard to
the positions of G. browni, G. productum, and G. steinhei-
mense: (G. browni (G. productum, G. steinheimense)), (G.
productum (G. browni, G. steinheimense)), and (G. steinhei-
mense (G. productum, G. browni)). The three species form

a terminal trichotomy (Node M) in the strict consensus tree
(Fig. 7).

There are three major monophyletic groups in the strict consen-
sus tree. One group, (G. libycum, G. pygmaeus), includes the Afri-
can species. The second group, (G. inopinatum (G. mongoliense
(G. connexum, G. angustidens))), corresponds to the ‘G. angusti-
dens group.” Gomphotherium subtapiroideum is not clustered
within the ‘G. angustidens group,’ as was proposed by Tassy
(1985), but in the third group: ((G. subtapiroideum, G. tassyi) (G.
wimani (G. browni, G. productum, G. steinheimense))), which is
hereafter referred to as the ‘derived Gomphotheriam group.” This
group appears to correspond to ‘Serridentinus Osborn, 1923." The
‘G. annectens group’ is a paraphyletic group and includes the other
species that are stem taxa of Gomphotherium: G. hannibali, G.
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annectens, G. cooperi, and G. sylvaticum. Detailed explanations of
the important nodes are as follows.

Node A—This node represents the divergence of the most
primitive known Eurasian Gomphotherium, G. hannibali. The
type locality of this species is Le Mazet, France, and is correlated
with the beginning of MN4 (Welcomme, 1994). Unfortunately,
the tooth rows are so deeply worn that the molar pattern is
unclear. This node is supported by one synapomorphy: presence
of an incomplete fourth loph in the M3 (Character 26 in
Appendix 1, CI = 1, RI = 1; simplified as 26 [1, 1]). Gomphothe-
rium hannibali had a primitive feature of Elephantiformes: pres-
ence of the postpalatine spine. This feature is observed in
Mammutidae but is not seen in any other species of
Gomphotherium.

Node B—Gomphotherium annectens from Hiramaki Forma-
tion, Banjoburo, Japan (mainly MN4) (Tomida et al., 2013), dis-
plays numerous plesiomorphies of Gomphotherium. This node is
supported by one synapomorphy: loss of the postpalatine spine
(511,1]).

Node C—Gomphotherium cooperi occurs in Dera Bugti, Paki-
stan. Based on the updated chronostratigraphy, the first local
appearance of Gomphotherium was in horizon ‘Q = 4’ of the
upper member of the Chitarwata Formation (Antoine et al.,
2013), which is correlated with the early Burdigalian (MN4)
(Welcomme et al., 2001). One synapomorphy, anteroposterior
enlargement of the interlophids of the lower molars (37 [0.333,
0.667]), supports this node. However, this character state is
reversed several times in the more derived groups (e.g., in G.
angustidens and G. steinheimense).

Node D—This node shows a trichotomy that indicates mono-
phyly of the other Gomphotherium species. The supporting syn-
apomorphy is the development of an individualized anterior
pretrite central conule in the second lophid of the lower molars
(24 [1, 1]). The most basal taxon on this node, G. sylvaticum,
occurs in Artenay, France (MN4) (Gohlich, 2010).

Node E—This node indicates the sister relationship between
the African G. libycum and G. pygmaeus. Originally, Gompho-
therium libycum was referred to as G. angustidens libycum, and
the type material of G. angustidens libycum comes from the early
Miocene (ca. 18.0-17.0 Ma) Moghara Formation, Egypt (Sanders
and Miller, 2002). Similar to G. angustidens s.s. from Europe, G.
libycum has relatively narrow molar contours (34 [0.5, 0.5]).
However, in the upper molars, the posterior pretrite central con-
ules are smaller than the corresponding anterior pretrite central
conules; this feature is distinct from that of G. angustidens s.s.
Furthermore, as Tassy (2013, 2014) demonstrated, the specific
epithet ‘angustidens’ was overused, and it is reasonable to change
G. angustidens libycum to G. libycum. The validity of G. pyg-
maeus is still debated (Sanders et al., 2010; Tassy et al., 2013).
As Sanders et al. (2010) demonstrated, small species of Gom-
photherium (the ‘pygmy Gomphotherium group’) were widely
distributed during the early to middle Miocene in Afro-Arabian
areas and the small size is likely a homoplastic character. At the
present stage, we follow Sanders et al. (2010) and regard G. pyg-
maeus as a valid species that includes, for example, the Kabylie
and Ngenyin specimens (Depéret, 1897; Pickford, 2004; Sanders
et al., 2010). This node is supported by one synapomorphy: nar-
rowness of the interlophs of upper molars (38 [0.333, 0.714]).
This character state is repeated at Node L; therefore, this node
seems not to be very strong. Possibly, discovery of more material,
especially cranial and mandibular material, would be helpful for
resolving this problem.

Node F—This node indicates the sister relationship between
the ‘G. angustidens group’ and the ‘derived Gomphotherium
group.” This node is supported by two synapomorphies: develop-
ment of an individualized posterior pretrite central conule in the
second loph of the upper molars (23 [1, 1]) and reduction and
erection of the median flange of the astragalus (tarsus) (43 [1, 1]).
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Node G—This node indicates monophyly of the ‘G. angusti-
dens group’ and is supported by three synapomorphies: strong
torsion of the upper tusks (12 [1, 1]), spiral of the enamel band
on the upper tusks (13 [1, 1]), and narrowness of the interlophids
of lower molars (37 [0.33, 0.5]). As mentioned in the discussion
of Node C, this character is reversed in the ‘G. angustidens
group,’ because interlophid enlargement is observed in G. coop-
eri and G. sylvaticum. The most basal taxon, G. inopinatum,
occurs in the Jilancik Beds, Turgai, Kazakhstan, and in the
Dongxiang Formation, Linxia, China (MN5) (Wang, 2014).

Node H—This node indicates monophyly of G. mongoliense,
G. connexum, and G. angustidens. The supporting synapomor-
phies include the posterior pretrite central conule larger than the
corresponding anterior pretrite central conule in the second loph
of the upper molars (31 [1, 1]) and the narrowness of the inter-
lophs of upper molars (38 [0.5, 0.8]). Gomphotherium mongol-
iense occurs in biozone D1/2 of the Loh Formation, Mongolia
(MN5) (Daxner-Hock et al., 2013); this taxon has one autapo-
morphy: very large anterior pretrite central conules in the first
lophs (32)

Node I—This node represents a sister relationship between G.
angustidens s.s. and G. connexwm and is supported by two synap-
omorphies: narrowness of the contour of the molars (29 [1, 1])
and reduction of cingulum(id) (31 [0.39, 0.44]). The latter charac-
ter is also convergent with G. browni and G. steinheimense.
Gomphotherium connexum occurs in Diaogou (possibly MN5)
and the Halamagai Formation (MN6), China (Wang et al.,
2015). Gomphotherium angustidens s.s. occurs from MN6 to
MN7/8 in Europe (Tassy, 1985).

Node J—This node represents divergence within the ‘derived
Gomphotherium group,” which is supported by three synapomor-
phies: four or more lophs of M3 (27 [0.5, 0.833]), subdivision of
posttrite half-loph(id)s (40 [1, 1]), and subdivision of pretrite
central conules (41 [1, 1]). The species of this group are generally
medium to large species that were distributed throughout Eura-
sia and North America during the middle to late Miocene.

Node K—This node indicates the close relationship between
G. subtapiroideum and G. tassyi. This node is supported by one
synapomorphy: anteroposteriorly compressed posttrite half-loph
(id)s (35 [1, 1]). We noted several dental and mandibular differ-
ences between the two species, and several cranial differences
between G. cf. subtapiroideum and G. tassyi. However, no cra-
nium of G. subtapiroideum has been reported so far. Gompho-
therium subtapiroideum occurs in several localities of Central
Europe from MN5 to MN8/9 (Gohlich, 2010).

Node L—This node represents divergence of the ‘G. produc-
fum group’ (Wang, 2014) and is supported by one synapomor-
phy: relatively high molar crown (39 [1, 1]). As the most
primitive member in this group, G. wimani is from several locali-
ties of northern China during the MN6 biozone (Wang et al.,
2013b).

Node M—This node represents a trichotomy between G.
browni, G. productum, and G. steinheimense and is supported by
two synapomorphies: narrowness of interlophs of upper molars
(37 [0.5, 0.8]) and of interlophids of lower molars (38 [0.33, 0.5]).
Gomphotherium browni occurs in the Lower Chinji horizon
(locality B 51), Pakistan (mainly MN6) (Barry et al., 2013), and
G. steinheimense is from several localities of Central Europe
(MN7/8-MN9) (Gdohlich, 1999). Gomphotherium productum
represents the complex of North American species; further sub-
division of this complex should be carried out.

CONCLUSIONS

In this work, we described a new Gomphotherium species, G.
tassyi, from the late middle Miocene Hujialiang Formation, Lin-
xia Basin, China. The molar morphology shows a slightly zygo-
dont-like pattern, which is very similar to that of G.
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subtapiroidewm. The cranium and mandible of G. tassyi display
some derived features of Gomphotherium, such as a domed and
slightly erect braincase and retreated facial part. Based on a cla-
distic analysis of Gomphotherium species, four groups were rec-
ognized: the most basal ‘G. annectens group’ is a paraphyletic
group that includes G. annectens, G. cooperi, G. sylvaticum, and
G. hannibali; G. libyeum and G. pygmaeus composed an
unnamed monophyletic group that is distributed in Afro-Arabia;
the ‘G. angustidens group’ is a monophyletic group that includes
G. inopinatum, G. mongoliense, G. connexum, and G. angusti-
dens; G. subtapiroideum, G. tassyi, G. wimani, G. browni, G. pro-
ductum, and G. steinheimense constitute the ‘derived
Gomphotherium group’ that was widely distributed in the middle
to late Miocene of Eurasia and North America. This work is an
updated synthesized study of the genus Gomphotherium, which
played an important role in the evolution of Elephantida.
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APPENDIX 1. Characters used in the cladistic analysis of
Gomphotherium.

(1) Cranium, lateral view: flat (0); slightly arched (1).
(2) Basicranium: not erected (0); slightly erected (1).
(3) Facial part, in lateral view: relatively long (anteriorly
extended) (0); relatively short (posteriorly retreated) (1).
(4) Rostrum (alveolar socket): relatively short (0); relatively
long (1).
(5) Nasal aperture, perinasal fossa: absent (0); present (1).
(6) Palate, postpalatal spine: present (0); absent (1).
(7) Mandibular symphysis, posterior border: close to the ante-
rior end of the cheek tooth row (0); distant from the ante-
rior end of the cheek tooth row (1).
(8) Angular process, position: low (0); high (1).
(9) Symphysis: elongated (0); relatively short (retreated) (1).
(10) Symphysis, degree of ventral deflection: relatively small
(0); relatively large (1).
(11) Symphysis, anterior border in dorsal view: anteriorly obli-
que from both lateral sides to median axis (showing an
anteriorly apex) (0); almost straight (1).
Ascending ramus, posterior inclination: almost vertical
(0); posteriorly inclined (1).
Upper tusks: without torsion (0); with torsion (1).
Upper tusks, enamel band: not helical (0); helical (1).
Upper tusks, lateral view: strongly bent ventrally (0); rela-
tively straight (1).
Lower tusks, shape of cross-section: flattened (0); not flat-
tened (1).
Lower tusks, shape of cross-section: pyriform or semipyri-
form (0); oval or subcircular (1).
Lower tusks, dorsal wear facet: flat (0); concave (1).
Lower tusks, lateral view: dorsally bent (0); almost straight (1).
Lower tusks, ventral groove along the tooth: present (0);
absent (1).
Cheek teeth, succession: P4/p4 present when M3/m3 in
function (0); P4/p4 absent when M3/m3 in function (1).
Cheek teeth: entirely bunodont (0); showing slight zygo-
dont-like pattern (1).
Molar size: relatively large (i.e., M3 and m3 larger than
~100 mm in length and ~80 mm in width) (0); very small

(12)
(13)
(14)
(1s)
(16)
a7
(18)
(19)
(20)
21)
(22)

(23)
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(i.e., M3 and m3 smaller than ~100 mm in length and
~80 mm in width) (Sanders et al., 2010:fig. 15.7) (1).

(41) Molars, posttrite half-loph(id)s: not subdivided (0); subdi-
vided (1).

(24) Upper molars, posterior pretrite central conule (in the second  (42) Molars, pretrite central conules in the first two loph(id)s:
lophs): absent or very weak (0); at least individualized (1). not subdivided in most cases (0); subdivided (1).
(25) Lower molars, anterior pretrite central conule (in the (43) Molars, posttrite central conules: absent (0); slightly devel-
second lophids): absent or very weak (0); at least individu- oped (1).
alized (1). (44) Molars, posttrite half-lophs in the first lophs of
(26) Molars, M2/m2: third loph(id) incomplete (0); third loph upper molars: not anteriorly convex (0); anteriorly convex
(id) complete (1). (1).
(27) Upper molars, M3: fourth loph not present (0); fourth loph ~ (45) Upper molars, M3: widest part at the first loph (0); widest
developed (1). part moved posteriorly (1).
(28) Upper molars, M3: fourth loph incomplete in most cases  (46) Upper premolars, P4: with two roots (0); with three roots
(0); fourth loph complete in most cases (1).
(29) Upper molars, M3: fifth loph not developed (0); fifth loph ~ (47) Upper deciduous premolars, DP3: central conules not
developed (1). enlarged (0); central conule enlarged (1).
(30) Lower molars, m3: fourth lophid incomplete (0); fourth  (48) Deciduous premolars, DP3/dp3: central conules without
lophid complete (1). alternated contact (0); central conules with alternated con-
(31) Lower molars, m3: fifth lophid incomplete in most cases tact (1).
(0); fifth loph complete in most cases (1). (49) Astragulus, trochlea: median flange strong and inclined
(32) Upper molars, pretrite central conules in the second lophs: (0); median ledge reduced and erected (1).
posterior one equivalent to or smaller than the anterior (50) Tarsus, articulation between calcaneum and navicular:
one (0); posterior one larger than the anterior one (1). present (0); absent (1).
(33) Upper molars, anterior pretrite central conule in the first
lophs: not very large (0); very large (1). APPENDIX 2. Character states used in the cladistic analysis
(34) Lower molars, posttrite mesoconelet in the second of Gomphotherium. Data source: Phiomia serridens
lophids: present (0); nearly absent (1). (Andrews, 1906); Erifreum melakeghebrekristosi (Shoshani
(35) Molars, contour: relatively wide (0); relatively narrow (1). et al., 2006); Gomphotherium sp. from Mwiti (Tassy, 1986);
(36) Molars, posttrite half-loph(id)s: not compressed (0); ante- ~ G. hannibali (Welcomme, 1994); G. annectens (Tassy, 1994);
roposteriorly compressed (1). G. cooperi (Osborn, 1932); G. sylvaticum (Tassy, 1977a): G.
(37) Upper molars, cingulum: relatively developed (0); rela- libycum (Sanders and Miller, 2002); G. pygmaeus (Depéret,
tively reduced in most individuals (1). 1897; Pickford, 2004; Sanders et al., 2010); G. inopinatum
(38) Lower molars, interlophids: moderate wide (‘V’-shaped (Borissiak and Belyaeva, 1928; Wang, 2014); G. mongoliense
first ectoflexid) (0); anteroposteriorly widened (‘U’-shaped  (Osborn, 1924; Gohlich, 2007); G. angustidens s.s. (Tassy,
first ectoflexid) (1). 2013, 2014); G. connexum (Hopwood, 1935; Wang et al.,
(39) Upper molars, interlophs: moderately wide (‘“V’-shaped 2015); G. subtapiroideum (Schlesinger, 1917; Gdohlich, 2010;
first entoflexus) (0); anteroposteriorly compressed (‘Y- Wang et al., 2015); G. wimani (Hopwood, 1935; Wang et al.,
shaped first entoflexus) (1). 2013b); G. browni (Osborn, 1926); G. steinheimense (Gohlich,
(40) Molars, crown: low crowned (0); relatively high crowned (1).  1999); G. productum (AMNH).
Taxon 0 10 20 30 40
Phiomia 0000000000 0000000000 0000000000 0000000000 0000007200
Eritreum 2777777200 27277710207 00070172771 0720000070 00002272772
Mwiti Gomphotherium 7777707772 7M1 0000710007 2000000700 0000027277
G. hannibali 7700707277 771NN 0000711001 7000000000 0000077772
G. annectens 2707010000 107?710000 0000011001 0000000000 0000007277
G. cooperi 7117277 17NN 0000011001 0000000100 0000077772
G. sylvaticum 2700110010 2000111001 0000000100 0000000000
G. libycum 11NN 7000111001 0000100110 0000077272
G. pygmaeus nnnnmn 2010111001 0000000110 0000027227
G. inopinatum 2011110001 7001111001 0000000000 0000077272
G. mongoliense 2727710277 0001111001 0110000010 00001272272
G. angustidens s.s. 1111010101 1001111101 0100101010 0000111111
G. connexum 2727111772 1001111001 0101101010 00000?777?
G. subtapiroideum 0001111000 1000110001 1101111101 0000010100 11000017227
G. tassyi 1111111100 2100010001 1101111101 0000010100
G. wimani 2222712772 1101111101 0000000101
G. browni 1700111010 1001111101 2000001011 g
G. steinheimense 0000111010 1001111111 1000000011 11101277710
G. productum 1100111001 0000011000 1001111101 0000001011 11001072777
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Abstract

Fossil blister pearls attached to the shells of an Anodonta mollusk from China, early Early
Pleistocene, are reported here for the first time. The pearls were investigated in detail using
a variety of methods. Micro-CT scanning of the fossil pearls was carried out to discover the
inner structure and the pearl nucleus. Using CTAn software, changes in the gray levels of
the biggest pearl, which reflect the changing density of the material, were investigated. The
results provide us with some clues on how these pearls were formed. Sand grains, shell
debris or material with a similar density could have stimulated the development of these
pearls. X-ray diffraction analysis of one fossil pearl and the shell to which it was attached
reveals that only aragonite exists in both samples. The internal structures of our fossil shells
and pearls were investigated using a Scanning Electron Microscope. These investigations
throw some light on pearl development in the past.

Introduction

The Nihewan beds, located in Hebei Province, northern China, are famous for their continuous
deposition and complete set of Quaternary strata. Numerous studies were carried out after the
“Nihewan Layer” was chosen as the Standard Stratum for the early Pleistocene of northern
China (e.g. [1-4]). Fossils excavated in the Nihewan area are both numerous and highly
diverse, including human remains (e.g. [1], [4], [5]), pollen and spores (e.g. [6-7]), mammalian
fossils (e.g. [8-10]) and mollusks [11]. In the course of collecting mollusk fossils in the Taier-
gou section, Nihewan area, the fossil pearls studied in this contribution were found by chance.
Pearl is traditionally and commonly used as a decorative element in jewelry. We are familiar
with pearls extracted from living mollusks, but fossil pearls are seldom encountered. Various
studies on mollusk fossils, as the producers of pearls, have been carried out in the past few
years (e.g. [12-14]). However, reports on fossil pearls are comparatively rare. Some occurrences
of fossil pearls have been reported since the first mention of them by Woodward in 1723 [15].
Boucotand Poinar Jr [16] have provided us with a comprehensive survey of most of the
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previously published records of fossil pearls. The oldest structures that are possible blister pearls
occur in some Silurian Nuculodonta from Gotland [17], while similar “pearl-like” structures were
also discovered in a Late Silurian cardiolid bivalve [18]. In addition, pearl pits from early Devo-
nian ammonoids were reported by De Baets et al. [19]. The oldest free pearls of bivalves are from
the Late Triassic [20]. The richest findings of fossil pearls are from the Cretaceous, with most of
the shells to which they were attached being identified as Inoceramus (e.g. [21-24];). Cenozoic
occurrences of fossil pearls are also common, except for the Paleocene (e.g. [22], [23], [25-32]).
The youngest findings of fossil peatls are from the Pleistocene. According to Boucot and Poinar
Jr [16], five occurrences of fossil pearls in the Pleistocene have been published: “Modiolus modio-
lus, Scotland [29]; Mytilus edulis, Sweden [29], Anadara transversa, Maryland [33]; Arca trans-
versa, Maryland [34] and Volsella modiolus, Scotland [25]”. Actually, Modiolus mediolus (Syn.
Volsella modiolus) mentioned in [29] is just referring to [25], and Anadara transversa (Syn. Arca
transversa) in [33] is referring to [34]. The first description of Pleistocene pearls from Mytilus
edulis in Scotland was by Jackson [22]. In addition, there are two records of Pleistocene Mytilus
edulis from Ontario, Canada [30], which were missed by Boucot and Poinar Jr [16]. To conclude,
Pleistocene pearls have so far only been found in Europe and North America from three mollusk
species, viz.: Modiolus modiolus, Scotland [25]; Mytilus edulis, Sweden [22] and Canada [30];
Anadara transversa, Maryland [34]. The present paper reports the first occurrence of fossil pearls
from the Pleistocene of Asia. Although ancient freshwater mollusks also produced pearls, most
fossil pearls come from saltwater species of mollusks.

Because fossil pearls, especially those from freshwater, are rare, any new discovery deserves
to be made public. The present material provides us with an opportunity to study the micro-
structure of the fossil pearls in detail.

Locality, Material and Methods

No permits were required for the described study, which complied with all relevant regulations.
Our fossil site is not a protected area and the collections are considered to be sporadic collec-
tions. Based on relevant legislation in China, no administrative approval is necessary for spo-
radic collections of fossils. Sporadic collections refer to activities using hand-held rather than
mechanical tools to excavate a small number of fossils at the surface, involving no changes to
the earth’s surface or other resources.

The fossil material was collected in the east of the Taiergou Section, Nihewan Basin (Fig 1).
The latitude and longitude of the sampling site are N40°12/24.46" and E114°38'11.35" respec-
tively. The geological age of the Taiergou Section ranges from 3.6 Ma to 0.11 Ma based on
paleomagnetic and thermoluminescence studies [35], and is further divided into three forma-
tions including the Pliocene Yuxian Formation, the Pleistocene Nihewan Formation and the
Xiaodukou Formation [35-36]. Our fossil site is located at the bottom of the Nihewan Forma-
tion, i.e. early Early Pleistocene. The Nihewan Formation is mainly composed by yellowish
sand, silty sand and clayey silt of fluvio-lacustrine origin. The outcrop near our fossil site is rich
in sand (Fig 2). The underlying stratum, the Yuxian Formation, lies in conformable contact
with the Nihewan Formation.

In total 18 pieces of mollusk fossils were collected, 3 of which are whole shells (Fig 3A-3C).
Fossil pearls were found on 6 pieces of fragments (Fig 4). However, some of the tiny bumps,
which might be pearls, are difficult to recognize. Therefore, the number of pearls is somewhat
uncertain, about sixty grains. Of these, the biggest one (red arrow in Fig 4E) measured 3.06
mmx4.11 mm. Another five pearls have diameters between 1 mm to 2 mm. The diameters of
all the remaining pearls are less than or about 1 mm. All the measurements of fossil mollusks
(length, height and width) and pearls (diameter) were obtained using a vernier caliper.
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Fig 1. Sketch map showing the location of the fossil site. Map of the People’s Republic of China (No. GS(2008)1826)

downloaded from the website of the National Administration of Surveying, Mapping and Geoinformation (http://219.238.166.
215/mep/Default.html).

doi:10.1371/journal.pone.0164083.g001

The photographs of our specimens were taken with a Nikon D300s. One shell specimen
with fossil pearls was scanned under a Sky scan 1172 X-Ray micro-CT machine (source voltage
80 kV, source current 112 microamperes). Analyses of these CT photos, such as measuring the
size of the nucleus, the curve of gray levels, were carried out using a CTAn program. One pearl
was manually detached from the shell and together with some pieces of the shell, was milled
into a fine powder for X-ray diffraction (XRD) (Y2000 machine, Cu-Ni, 30kV, 20 mA, 0.1°/S).
Using a tweezer, another grain of pearl was broken into small pieces, some of which were
picked out and observed under a JEOL 6701F Scanning Electron Microscope (SEM), after they
had been coated with white gold. All the remaining specimens (identification numbers:
NHW16-01~NHW16-24) are deposited in the Institute of Geology, Chinese Academy of Geo-

logical Sciences, No. 26 Baiwanzhuang Road, Xicheng District, Beijing, P. R. China. All these
specimens are accessible in a permanent repository.

Results and Discussion
The fossil mollusks

Photographs of the fossil shells are shown in Fig 3. Based on the features below, we assign our

fossil mollusk to Anodonta sp., Unionidae.

Outline is oval or rounded rectangular. The shell is thin and fragile with a relatively smooth
surface. The length ranges from 8.7 cm to 11.4 cm based on three well-preserved specimens,
and the height and width vary from 6.9 cm to 8.8 cm and 3.1 cm to 4.8 cm respectively. Umbo
is slightly projecting beyond the hinge margin and lies at slightly less than 1/3 of the valve
length close to the anterior end. The maximum convexity is not within the umbonal region.
The posteroventral angle is distinct. Concentric rings are obvious on the shell surface, being
stronger near the valve margin. The hinge margin is narrow and the hinge teeth are weak on

the hinge plate (see Fig 3D and 3E).
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Fig 2. Sedimentary succession at the fossil site (Based on [35]). The red arrow indicates the fossil horizon.

d0i:10.1371/journal.pone.0164083.9g002

Although many other species of living pelecypods produce pearls, the ones for commercial
use are taken almost entirely from bivalve mollusks of which the most important families are
Pteriidae, Aviculidae, Mytilidae and Unionidae [27]. Our mollusk fossils with their numerous
pearls belong to the Unionidae.

Fossil pearls

About sixty blister pearls were found on six shell fragments (Fig 4). They are solidly attached to
the inner surface of the shells. The pearls are almost spherical or flattened spherical with a
well-developed pearly lustre. The biggest pearl is about 3.06 mmx4.11 mm.
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Fig 3. Photographs of mollusk fossils found in the Nihewan Basin. Fig 3a-1, 3a-2, 3a-3 and 3a-4 show the
same specimen from different angles, as do Fig 3b-1, 3b-2 and 3b-3. Fig 3d-1 and 3e-1 display the morphology of
the left valve and the right valve of different specimens, while Fig 3d-2 and 3e-2 are of their inner surface.

doi:10.1371/journal.pone.0164083.g003

How the fossil pearls formed. In response to an injury or stimulation of the mantle tissue,
mollusks can secrete shelly material and pearls to protect the soft body tissues. The process of
pearl development has been termed biomineralization [37-39]. It is commonly considered that

Fig 4. Photographs of fossil pearls found in the Nihewan Basin. The red arrow points to the biggest pearl we
found.
doi:10.1371/journal.pone.0164083.9004
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Fig 5. Photographs showing the pearls under micro-CT scan machine. Fig 5a to 5d are scanning photos,
while Fig 5e to 5g are shadow projections. Four pearls on one specimen were scanned, among which the pearl of
No. 2 is the biggest. Fig 5b, 5d and 5f also show this pearl. The red arrows point to the nucleus.

doi:10.1371/journal.pone.0164083.9005

foreign objects, such as sand grains or parasites etc., which invade between the mantle and the
shell, can cause the secretion of shelly material which encapsulates the irritant in a cyst to pro-
tect the soft body tissues of the mantle. In due course, a pearl sac is formed. Some evidence also
suggests that natural pearls are the result of an oyster’s response to mantle tissue injury only.
But, in this case, there is no pearl nucleus.

As the development of pearls can have different causes, it is necessary to find some evidence
as to how our pearls were formed. The shell with fossil pearls in Fig 4E was scanned under the
micro-CT (Fig 5). For the convenience of scanning, the original shell was cut to a smaller piece
to fit the specimen chamber, as shown with the dashed line in Fig 5H. In Fig 5A to 5D, changes
in the gray level reflect differences in the density of the material, a lighter color, reflectsa
greater density. Only in the biggest pearl, a nucleus was found as shown by the red arrows in
Fig 5A, 5B, 5D, 5E and 5F. It was found to measure about 0.3 mmx0.8 mm using the CTAn
program.

The curve on the right hand side of Fig 6 shows the gray level changes of the biggest pearl
along the red line on the left. Abrupt decreases in gray level (getting darker) at a and b indicate
the low density of material at these two points. Based on the structure of pearls, the thin layer

120
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Fig 6. Changing curve showing the gray levels of each pixel along the red line on the left. Labels aand b
show the amorphous matrix layer.
doi:10.1371/journal.pone.0164083.g006
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should be an amorphous matrix layer (mainly organic matter). The thickness of the amorphous
matrix layer varies greatly among different species. In our specimen, the maximum thickness is
about 1 mm. The gray intensities of the pear] nucleus and the nacreous layer, based on the
curvein Fig 6, are comparable. That is, the densities of the material from the nacreous layer
and the nucleus are similar. In this case, we assume that materials with a density close to that of
the pearl, such as sand grains or small pieces of broken shell, stimulated the development of
these pearls.

The formation of a pearl is the result of a rather accidental occurrence within the normal
life cycle of a mollusk [40] and Anodonta is a genus with a strong tendency to produce pearls.
But why should so many pearls be formed in the shell? It must have some connection with the
environment in which the mollusk lived. A flowing, turbid waterbody, even of limited duration,
might have caused a single formation of so many pearls, because in this way, more alien matter
such as sand grains will enter the mollusks in the course of feeding.

Analysis of XRD patterns. No matter whether one is dealing with freshwater or seawater,
natural or cultured pearls, CaCOj is the main constituent. But different kinds of pearls possess
different crystalline phases of CaCOj;. The earliest study on pearl structure stated that only cal-
cite and aragonite exist in pearls and shells [41]. Calcite constitutes the prismatic layer while
the nacreous layer is composed of aragonite and sometimes a little calcite. In recent years, it
has become apparent that the calcium carbonate can occur as aragonite, calcite and vaterite or
mixtures of two of these components, depending on differences in the pearl’s texture and living
environment [42-43]. Vaterite is rare in nature because it is an unstable crystalline form of cal-
cium carbonate, which is only found in cultured pearls [44]. In most of the mollusk shells, the
main CaCOj; configuration existing in the shell is aragonite. This crystalline phase is also com-
monly encountered in pearls. Aragonite is known to be less stable than calcite. During diagene-
sis, the aragonite is converted into calcite. Fossil shells composed of aragonite become
increasingly rare in successively older geological deposits [45]. Therefore, it is necessary to
investigate the exact composition of our fossils.

X-ray diffraction (XRD) is usually used to distinguish the crystal polymorphs and it was
applied to our fossil samples to check their composition. For comparison, the XRD patterns of
the fossil pearl and the shell to which it was attached are shown in Fig 7, while the detailed dif-
fraction data are shown in Table 1. XRD patterns of the fossil pearl (CT-1) and shell (CT-2) are
quite similar. All the standard X-ray diftraction peaks of calcite, aragonite and vaterite are
taken from GDNU [46]. No diffraction peaks of either calcite (3.030) or vaterite (3.289, 2.732
and 1.821) were detected in these two patterns, which indicate that calcite and vaterite are both
absent in our fossil samples. The five strongest peaks in the fossil sample (3.382, 3.261, 2.694,
2.365 and 1.973) approximate the standard XRD spectra for aragonite (3.396, 3.273, 2.700,
2.372 and 1.977). The XRD results reveal that our fossils have undergone little diagenesis.

Microstructures under SEM. During diagenesis the pearl’s mineral components may
change, but the fossil pearl should retain its original concentric layering. In modern pearls,
there are two essential layers, viz. the nacreous layer and the prismatic layer. In order to study
the internal structure of our fossil pearl and shell in detail, some broken pieces were investi-
gated under a Scanning Electron Microscope (Fig 8). Their microstructures show great differ-
ences, with only nacreous layers being observed in the shell while more complicated structures
were encountered in the pearl.

Studies on modern shells of Anodonta cygnea and A. anatina show great differences in
microstructure [47-48], especially in the ratios of prism to nacre thickness in these two species.
The prism to nacre ratios values in the A. anatina shell are: 0.7:3.8 mm in the marginal region
and 1.1:3.9 mm in the central part. In the species A. cygnea, these ratios are 0.23:0.14 mm in
the marginal region and 0.22:0.85 mm near the central part. The dominance of prism at the
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Fig 7. XRD patterns of one fossil pearl and the shell to which it was attached.
doi:10.1371/journal.pone.0164083.9007

margin of A. cygnea might explain the apparent fragility at the gape where pieces are easily bro-
ken from this very thin area [47]. In addition, nacre is considered to withstand compression
and bending (e.g. [49-51]). These microstructure features of the two species are presumed to
be results of their adaptation to the habitats in which they live: A. cygnea prefers quiet water
bodies with muddy but not oozy bottoms, while A. anatina is commonly observed in flowing
water with a sandy substrate [47]. In our mollusk fossils, only nacreous layers can be found in
specimens from both central and marginal parts as shown in Fig 8A-8C. Although the pris-
matic layer must have been present, we assume that our fossil shell belonged to the thin outer
prismatic layer type. Undoubtedly, a thick organic interprismatic envelope completely covered
the external surface of the prisms [47]. With the decomposition of the organic material, the
thin prismatic layer might flake off during fossilization. The presence of short prisms growing
in a dense organic matrix was also observed in the shell of modern Entodesma navicula [52].
Although somewhat speculative, the microstructure of our mollusk fossils suggests that the
waterbody in which our mollusks lived was flowing and turbid during early Early Pleistocene.
This paleoecological interpretation confirms the sedimentological interpretation.

On the pearl surface shown in Fig 8D, irregular polygonal shapes can be observed. These
should represent the single lamella of aragonite tablets. We measured the thickness of the ara-
gonite tablets based on the two detached pieces (labels 1 and 2) in Fig 8E. These are 0.34 um
and 0.37 pm respectively with an average of 0.36 um. In Fig 8F the growing surface of the ara-
gonite crystal layer is shown. The spherical structures shown in Fig 8G and 8H seem to be
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Table 1. X-ray powder diffraction data of fossil pearl and shell and calcium carbonate minerals.

CT-1 (pearl) CT-2 (shell) Standard X-ray powder diffraction data of calcium carbonate minerals [46]
Vaterite 33-268 Aragonite 5-0453 Calcite 24-27
d 1o d 1no d 1o d 1o d 1110
- - - - 4.219 25 4.212 2 -
3.382 90 3.382 73 3.571 60 3.396 100 3.582 29
3.261 56 3.261 46 3.289 100 3.273 52 - -
- - - - - - - 3.03 100
2.862 12 2.862 14 - - 2.871 4 2.834 2
- - - - - - 2.73 9 - -
2.694 100 2.694 100 2.732 90 2.7 46 -
2.478 46 2.478 50 - - 2.481 33 2.495 7
2.404 15 2.404 15 = - 2.409 14 -
2.365 53 2.365 50 - - 2.372 38 - -
- - - - - - 2.341 31 -
2.324 29 2.326 28 2.32 5 2.328 6 2.284 18
2.186 11 2.183 12 - - 2.188 11 -
2.101 15 2.099 15 2.061 60 2.106 23 2.094 27
1.978 45 1.973 48 - - 1.977 65 1.926 4
1.877 31 1.875 30 1.855 30 1.877 25 1.907 17
1.812 25 1.812 23 1.821 70 1.814 23 1.872 34
1.757 6 - - - - - - - -
1.74 40 1.738 42 - - 1.742 25 - -
1.723 25 1.723 23 - - 1.728 15 -
1.694 4 1.695 3 - - - - - -
1.635 4 1.635 3 1.644 30 - - 1.625 2
1.557 5 1.657 5 - - 1.657 4 1.604 15
- - 1.532 4 - - - -
1.499 5 1.498 6 - - - - -
1.473 4 - - 1.477 10 - - -
1.465 5 1.464 5 - - - - - -
1.41 7 1.412 9 - - 1.411 5 - -
1.358 7 1.357 9 1.366 10 1.358 3 - -
1.261 5 1.258 4 - - - - - -
1.24 7 - - - - - - - -
1.236 10 1.236 9 - - - - - -
1.224 6 1.223 8 - - - - -
1.205 6 1.206 7 - - - - - -

doi:10.1371/journal.pone.0164083.t001

attached to the fibrous prism of the outer layer. Fig 81 shows the junction area of the sperulitic
structures. They are also composed of fibrous aragonite with concentric growth. Perhaps,

because of the competitive growth of the fibrous aragonite or deformation during fossilization,

the shapes shown in Fig 8G are not all spherical. The nature of the outer prismatic layer has
been slightly altered during fossilization, since some of the individual prisms are no longer easy
to distinguish (Fig 8]). The structure of the prismatic layer is not simple as in modern pearls

[43]. Aragonite tablets exist not only in the nacreous layer, but also in the prismatic layer.
Banding can be observed because of the interlacing and parallel distribution of prisms and tab-
let zones (Fig 8] and 8K). However, the thickness of the tablets in Fig 81 (label 5) is about

0.31 um thicker (with a mean thickness of 0.67 pm) than that of the nacreous layer. Two

PLOS ONE | DOI:10.1371/journal.pone.0164083 October 19, 2016
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Fig 8. SEM photographs showing the internal structure of the fossil shells (a-c) and pearls (d-o). (Fig 8a-8c) Nacreous layers of the
fossil shell. (Fig 8d) The pearl surface. (Fig 8e) Nacreous layer of the fossil pearl. (Fig 8f) Growing surface of the aragonite crystals. (Fig 8g
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and 8h) Spherulitic structure formed by fibrous aragonite. (Fig 8i) Junction area of the spherulitic structures. (Fig 8j and 8k) Interlacing
aragonitic prisms and tablets. (Fig 8l) Thickness variations of different layers among the tablets interlayer. (Fig 8m and 80) Longitudinal and
transverse sections of the fibrous aragonite crystals. (Fig 8n) Junction between two fibrous prisms. Labels 1-4 indicate the thicknesses of
each layer, 1=0.34 pm; 2 =0.37 pm; 3 = 3.23 pm; 4 = 2.3 pm; 5, the thickness of the 11 tablet layers is 7.32 pm (0.67 pm on average). P
and T in Fig 8j indicate prism layers and tablet layers respectively.

doi:10.1371/journal.pone.0164083.g008

abnormally thick layers (labels 3 and 4) are also observed among the tablet layers as shown in
Fig 81. These are much thicker (with thicknesses of about 3.23 um and 2.3 um respectively)
than those of the tablets. How these were formed is unclear. The prisms in the prismatic layer
are composed of long and thin aragonitic fibers as shown in Fig 8M, 8N and 80. The diameters
of these fibers range from 0.08 pm to 0.29 um. The junction between two fibrous prisms, with a
typical structure of diverging fibers, is shown in Fig 8N.

Conclusions

1. Fossil pearls, dating from the early Early Pleistocene, were found attached to shells of Ano-
donta in the Nihewan Basin, northern China. Although a few fossil pearls have been
reported from other parts of the world, this is the first record from the Pleistocene of Asia.

2. CT scans indicate the presence of a pearl nucleus. The density of the nucleus is similar to
that of the nacreous and prismatic layers, which indicates that sand grains, shell debris or
material with a similar density caused the fossil pearls to develop.

3. X-ray Diffraction analysis reveals that the fossil shells and peatls are aragonitic.

4. Microstructures of fossil shell and pearl were observed under a Scanning Electron Micro-
scope. Only nacreous layers were found in the fossil shell, while both prismatic and nacreous
layers are present in the fossil pearl.

5. The results shown here represent essential and critical information for a proper understand-
ing of the development of pearls.
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Abstract Mammut is the terminal taxon of the proboscidean group Mammutidae, which survived
to the Late Pleistocene. Although this genus was widely distributed in the Pliocene of Eurasia
and the Pleistocene of North America, little is known about its early evolution. Here, we report
on Mammut cf. M. obliquelophus from the Upper Miocene of northern China based on new fossil
material, including an almost complete juvenile cranium and other remains, which show many
primitive features within Mammutidae and clearly demonstrate the morphological evolution of
Mammut. The strongly laterally expanded lateral wing of the occiput and the presence of basal
constriction of the incisive fossa display cranial similarity between Mammut cf. M. obliquelophus
and both Eozygodon morotoensis and Choerolophodon guangheensis, early representatives of the
Mammutidae and Choerolophodontidae, respectively, indicating the close relationship between
these two groups: both of them are located at the basal phylogenetic positions in Elephantimorpha.
This result is further confirmed by a cladistic analysis.

Key words northern China, Upper Miocene, Mammutidae, Choerolophodontidae,

Elephantimorpha

Citation Wang S Q, Li Y, Duangkrayom J et al., 2017. Early Mammut from the Upper Miocene
of northern China, and its implications for the evolution and differentiation of
Mammutidae. Vertebrata PalAsiatica, 55(3): 233-256

Since Vacek (1877) divided mastodont molars into “bunodont” and “zygodont” patterns,
this guiding concept has remained prominent in the minds of researchers for almost 150 years.
In the current phylogenetic taxonomy system, the two patterns correspond to Elephantida and
Mammutida, respectively, which constitute the two basic branches of Elephantimorpha during
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the entire Neogene (Tassy, 1982, 1994a; Shoshani and Tassy, 2005; Gheerbrant and Tassy,
2009). The earliest recognized member of Mammutidae is Losodokodon losodokius from
Losodok, Kenya, in the Late Oligocene, dated to ~27.0-24.0 Ma (Rasmussen and Gutierrez,
2009), followed by the Early Miocene Eozygodon morotoensis from Meswa Bridge, dated to
~22.0 Ma (Tassy and Pickford, 1983; Tassy, 1986). The earliest example of Zygolophodon (Z.
aegyptensis) was found in Wadi Moghara, Egypt, from the Early Miocene, dated to ~18.0-17.0
Ma (Sanders and Miller, 2002). Possibly during the same period, Zygolophodon invaded
Eurasia, accompanied by the early Gomphotherium (Tassy, 1990a), represented by members of
the “Zygolophodon turicensis group” (i.e., Z. turicensis, Z. metachinjiensis, Z. atavus, and Z.
gobiensis; see Tassy, 1996a, and Tobien, 1996). In Europe, Mammut appeared during the early
Turolian (~8 Ma), in the form of the species M. obliquelophus (= M. praetypicum) (Gohlich,
1999; Markov, 2008). M. obliquelophus has a longer mandibular symphysis than the subsequent
widely known species, M. borsoni from the Pliocene of Eurasia and M. americanum from the
Pleistocene of North America. Unlike the abundant and diverse material from gomphotheres
(including Gomphotheriidae, Choerolophodontidae, and Amebelodontidae), unfortunately,
material from mammutids is relatively rare and less differentiated during the entire Miocene.
This has led to uncertainty among researchers over the evolution of Mammutidae.

In China, Hopwood (1935) reported Mastodon americanus from the Baode region (e.g.,
Jijiagou = Chi Chia Kou, Loc. 49), including a juvenile mandible; these remains were later
attributed to Mammut borsoni by Tobien et al. (1988). This locality is correlated to MN12 (e.g.,
~7.2 Ma of Loc. 49; see Kaakinen et al., 2013, and Yue et al., 2004). Markov (2008) compared
this juvenile mandible with two known juvenile Mammut mandibles from Pikermi, which he
referred to as M. obliquelophus (but see Konidaris and Koufos, 2013; in the current paper, we
refer to the Pikermi material as Mammut sp.), and proposed that the mammutids from the Baode
region could represent a new species due to their more primitive features. Recently, a complete
mammutid cranium was discovered in the Hualinsanshe locality of the Upper Miocene
Liushu Formation in the Linxia Basin (Fig. 1). This new cranium is slightly ontogenetically
older than the cranium of Mammut sp. from Pikermi, and possesses some more primitive
features. However, this new specimen shows an evolutionary grade similar to that of Mammut
obliquelophus, and thus here we attribute the new specimen and the juvenile mandible from
Baode to Mammut cf. M. obliquelophus. The accompanying fauna includes Struthio linxiaensis,
Plesiogulo brachygnathus, Adcrocuta eximia, Ictitherium sp., Metailurus minor, Hipparion sp.,
Chilotherium sp., Chleuastochoerus stehlini, C. linxiaensis, and Samotherium sp., indicating
a correlation to MN12 (Deng et al., 2013; Hou, 2012; Hou and Deng, 2014). This is a critical
time in the evolution of Mammut, so the new material provides us with substantial information
on the cranial anatomy and transition from Zyvgolophodon to Mammut. Furthermore, because
this cranium retains some primitive features of Elephantimorpha, it is also an important
specimen to discuss the early differentiation of the following main families of Elephantimorpha:

Mammutidae, Gomphotheriidae, Choerolophodontidae, and Amebelodontidae.
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Fig. 1 Map indicating fossil sites yielding Mammut ct. M. obliquelophus in the Linxia Basin
The insert panel is the satellite map showing the type locality and the Hualin on site Fossil Protection Building
(taken from Google Earth)

Abbreviations AMNH, American Museum of Natural History, New York, USA; HMV,
Hezheng Paleozoological Museum, Hezheng, China; IVPP, Institute of Vertebrate Paleontology
and Paleoanthropology, Chinese Academy of Sciences, Beijing, China; MN, European Neogene
mammal zone; MNHN, Muséum National d'Histoire Naturelle, Paris, France; MPT, the most
parsimonious tree; NHMUK, the Natural History Museum of London, United Kingdom.

| Materials and methods

Materials The materials of Mammut cf. M. obliquelophus and Platybelodon grangeri
are housed in HMV. The comparative materials of Mammut americanum is housed in
AMNH, and that of Gomphotherium annectens in MNHN. The comparative material of
Gomphotherium cf. G. subtapiroideum, Choerolophodon guangheensis, and Protanancus
brevirostris are housed in IVPP. For the other materials, images and data were obtained from
previous publications (Andrews, 1906; Matsumoto, 1925; Osborn, 1929; Tassy, 1977, 1982,
1983, 1986, 1994a,b, 1996a, 2013, 2014; Tassy and Pickford, 1983; Shoshani, 1996; Tobien,
1996; Pickford, 2003; Prado and Alberdi, 2008; Sanders et al., 2010; Wang and Deng, 2011;
Wang et al., 2013, 2015a,b; Konidaris et al., 2016; for details, see Appendix 1).

Measurements and terminology Cranial and mandibular measurements follow Tassy
(2013). All measurements were performed using calipers (in mm). The terminology of the
occlusal structures of mammutid cheek teeth follows Tassy (1996b) (Fig. 2), and the dental age of
trilophodont proboscideans follows Tassy (2013). The terminology of the cranium and mandible
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vestibular crests follows Tassy (2013) and Ferretti (2010).

posttrite main cusp osttrite Cladisti Ivsi A cladisti
. i
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A lingual
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2). Characters selected are explained in
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central conule pretrite mesoconelet(s) obtained from a parsimony analysis

Fig. 2 Terminology used to describe zygodont teeth carried out using the TNT1.1 program
(a right M2 of Mammut americanum) (Goloboff et al., 2003). The reported

results were based on MPTs.

2 Systematic paleontology

Order Proboscidea Illiger, 1811
Unranked group Elephantimorpha Tassy & Shoshani, 1997
Family Mammutidae Hay, 1922
Genus Mammut Blumenbach, 1799
Type species Mammut americanum (Kerr, 1792)
Mammut cf. M. obliquelophus (Mucha, 1980)
(Figs. 3-5; Tables 1-3)
Mastodon americanus (Kerr, 1792): Hopwood, 1935, p. 43-46, pl. 6.5
pr. min. p. Mammut borsoni (Hays, 1834): Tobien et al., 1988, p. 165-168, figs. 57, 58

Referred material HMYV 1428, an almost complete cranium of a juvenile with deeply
worn DP3, slight worn DP4, and erupting M1, dental age V, locality Hualinsanshe (= LX
200045, 35°23'37.2"N, 103°25'47.3"E, Fig. 1). HMV 0009, a fragmentary facial part and left
upper palate of a juvenile with deeply worn DP2 and DP3, and slightly worn DP4, dental age
I11, locality Moshigou (= LX 200013, Fig. 1). Both fossiliferous horizons belong to the Upper
Miocene Liushu Formation of the Linxia Basin, MN12. Teeth and mandible remains reported
by Hopwood (1935:43-46, pl. 6.5). A cast of a left hemimandible (NHMUK-M14825) is
stored at NHMUK and another cast (IVPP RV 35020) of the same specimen is housed in IVPP,
locality Jijiagou = Chi Chia Kou, Loc. 49, Baode region.

Occurrence Late Miocene, ~ MN12, China.

Description The cranium of HMV 1428 (Fig. 3) is almost complete except for breakage
of the left one-third of the occipital surface and two occipital condyles, as well as the middle
part of both zygomatic arches (these parts are reconstructed using plaster in the specimen and
shaded in Fig. 3).
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In dorsal view (Fig. 3A), the cranium is characterized by its wide occipital part relative
to the orbital part. The occipital crest is almost straight, not anteriorly concave. The temporal
fossa is strongly posterolaterally expanded, which can be observed in the dorsal view. The two
temporal lines converge from the posterolateral flanges of the two temporal fossae, and diverge
until reach the postorbital processes. The two temporal lines are far apart, resulting in a wide

temporal lines  occipital crest

tympanic bulla

temporal fossa
. posterior lacerate foramem

exoccipital > _
external auditory channel _ g - . " MR glenoid

stylomastoid foramen

\ middle lacerate foramen
\ + foramen ovale

alisphenoid canal

nasal aperture p

postorbital process

constriction infraorbital foramina

interalveolar crest

10 cm

nasal aperture

fissure
?lacrimal foramen

foramen
constriction

ligamentum nuchae fossa

Fd

i ——— enamel — \§

Fig. 3 Cranium of Mammut cf. M. obliquelophus (HMV 1428) in dorsal (A), anterodorsal (B),
ventral (C), lateral (D) and occipital (E) views
Shadowed parts are reconstructed by plaster
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brain case. The nasal process is relatively blunt and the median suture between the two nasal
bones is clear. The nasal aperture is relatively narrow, and the superior-most rim of the nasal
aperture slightly posteriorly exceeds the level of the two postorbital processes. In this view, the
tip of the nasal bones and the prominent symphysis of the two premaxillae are close to each
other in the middle, forming a dumbbell-shaped nasal aperture. The two postorbital processes
are not strongly laterally protruded, leaving a relatively narrow orbital part; however, the
zygomatic arch is relatively laterally expanded, mainly contributed to by the laterally expanded
zygomatic process of the squamosal bone. Both the dorsal infraorbital foramen and the ventral
infraorbital foramen can be observed in dorsal view, and they are close to each other. The
former is small and slit-like, and the latter is large. The rostrum is narrow at the base (between
the left and right ventral infraorbital foramina) and largely expanded at the distal part. The
incisive fossa is distinct and strongly constricted at the proximal one-quarter, dividing the
incisive fossa into a small basal subnasal fossa and a tubaeform distal part. At the distal edge
of the rostrum, the distance between the two alveolar sockets is large.

In anterodorsal view (Fig. 3B), the dorsal plate of the brain case forms a flat surface that
is oblique anteroventrally, without bulges. The nasal aperture is invertedly trapezoidal with two
rounded dorsolateral angles. The subnasal fossa that excavates the proximal end of the incisive
fossa is invertedly triangular and is dorsally separated by a thin bony plate of the symphysis
of the two premaxillae (Ferretti, 2010). The nasal aperture is narrow and no step-like perinasal
fossa is present. The zygomatic process of the maxilla is huge and strongly laterally expanded,
forming a prominent notch between the zygomatic arch and the orbital part of the frontal bone.
The ventral infraorbital foramen anterior to the zygomatic arch is very large, dorsoventrally
elongated, and has a sharp dorsal angle that turns slightly medially.

In ventral view (Fig. 3C), the cranium is tightly locked on an iron frame so that some
critical features are invisible, including the post-palatine spine. The tympanic bulla is laterally
expanded. It is triangular with a prominent anteromedial angle. A fossa lateral to the tympanic
bulla represents the channel for stylomastoid foramen and the tympanohyal, and another fossa
posterior to the tympanic bulla represents the posterior lacerate foramen (foramen metoticum).
The middle lacerate foramen and foramen ovale are confluent and located beneath the
anterolateral margin of the bulla. A rounded posterior opening of the alisphenoid canal is anterior
to the anterior edge of the bulla. The glenoid area is transversely elongated and is composed of
an anterior ventrally convex temporal condyle for the normal position of the mandibular condyle,
and a posteriorly dorsally concave groove for containing the posteriorly shifted mandibular
condyle when the mouth is open. The exoccipital bone is crest-like; it is laterally and slightly
anteriorly elongated. The lateral part of the occipital plane turns slightly anteroventrally, which
can be seen in the ventral view. Between the glenoid area and the exoccipital bone, there is
a long slit in which the external auditory channel is concealed. The zygomatic process of the
maxilla is strongly expanded from the brain case. The pterygoid process lateral to the choanae
is enlarged and the pterygoid crest extends posteriorly to the tympanic bulla. The palate is
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Table 1 Cranial measurements of Mammut cf. M. obliquelophus (HMV 1428) (mm)

Maximal length measured from the occipital border 618
Length of cerebral part 260
Length of premaxilla 331
Length of incisive fossa 294
Length of nasal bones from the tip to the upper border of the nasal fossa 39
Maximal supraorbital width 347
Posterior rostral width (as measured between the infraorbital foramina) 197
Anterior rostral width 237
Width of nasal bones at the upper border of the nasal fossa 92
Width of nasal fossa 186
Minimal cerebral width between temporal lines 196

Length of zygomatic arch measured from the processus zygomaticus of the maxilla to the posterior

Border of the glenoid fossa 085
Length of orbitotemporal fossa measured at the level of the zygomatic arch 180
Palatal length from the anterior grinding tooth to the choanae 345
Thickness of processus zygomaticus of the maxilla 101
Maximal cranial width across the zygomatic arches 475
Width of basicranium between the lateral borders of the glenoid fossae 389
Maximal width of choanae 63
Internal maximal width of the palate 70
External maximal width of the palate 216
Internal width of the palate measured at the anterior grinding teeth 85
Minimal palatal width between the inter-alveolar cristae (maxillary ridges) 71
Occipital width ca. 436
Height of premaxilla 63
Facial height measured at the anterior grinding tooth 96
Height of the maxilla ventral to the processus zygomaticus ca. 40
Height of the orbit 90
Cranial height measured from the top of the cranium to the pterygoid process 344
Facial length measured from the tip of the rostrum to the pterygoid process 382
Length of the orbitotemporal fossa measured from the squamosal to the anterior border of the orbit 212
Mid-cranial length measured from the external auditory meatus to the ventral border of the orbit 262
Mid-cranial height measured from the pterygoid process to the dorsal border of the orbit 255

Note: measures after Tassy (2013).

relatively wide and the tooth rows are laterally convex. The zygomatic process of the maxilla
is triangular, slightly dorsally concave, and not strongly laterally expanded. The interalveolar
crest extends anteriorly along the rostrum. The two crests converge in the middle. At the anterior
margin of the rostrum, there is a palatine fissure (= anterior palatine foramina).

In lateral view (Fig. 3D), the braincase is very low, flat, and anteroposteriorly elongated
with an anteroposteriorly expanded temporal fossa. The occipital surface is posteriorly convex
with a strongly anteriorly extending temporal crest. The basicranium is slightly erected. A notch
for the external auditory meatus is posterior to the zygomatic arch. The orbitotemporal crest
originates from the postorbital process; it first extends ventrally and then runs posteroventrally
to reach the anterior edge of the alisphenoid. A large fissure is located beneath the anterior
margin of the alisphenoid, in which the optic foramen, the anterior lacerate foramen (foramen
orbitale), and the foramen rotundum are present. The anterior edge of the alisphenoid turns
anteroinferiorly, reaches the pterygoid process, and wraps around the posterior end of the
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bulged maxillary process. The orbit is large and the anterior rim is located at the level of the
middle part of the DP4, and the postorbital process is just at the level of the pterygoid process.
A lacrimal foramen may be present, although the finding is ambiguous. The facial part of the
maxilla is slightly anteriorly elongated and that ventral to the zygomatic process is shallow.
The rostrum is anteriorly elongated and slightly ventrally bent.

In occipital view (Fig. 3E), the left one-third of the occipital bone is broken, and the
occipital condyles are reconstructed using plaster. Nevertheless, the brain case in this view
appears very compressed. The ligamentum nuchae fossa is dorsoventrally elongated and
divided into two parts by a thin crest in the middle. The ventrolateral part of the occipital bone
is anteriorly inclined.

The upper tusk of HMV 1428 (Fig. 3A-D) appears relatively slender and short. The
tusk is circular in the basal cross section and tapers apically. Enamel covers the distal part
of the tusks. In anterior view of the cranium, the two tusks are divergent; in the lateral view,
they bend ventrally. Measurements (exposed length/maximal diameter/minimal diameter at
alveolus, in mm): 176/42/36 (left); 196/46/31 (right).

The right DP3 has been shed and the left DP3 is deeply worn (Fig. 4A). The latter is
rectangular and composed of two lophs, with the posterior one being slightly wider.

Table 2 Cheek teeth measurements of Mammut cf. M. obliquelophus (mm)
No. Locus L W Wi w2 W3 Hpo I=W/L
HMV 0009 1. DP2 28 26 25 26 — — 0.929
HMV 1428 1. DP3 48 52.5 48 45 - - 1.094
HMV 1428 . DP4 82 65 56.5 65 63 38" 0.793
HMV 1428 1. DP4 79.5 65 60 63.5 65 39 0.818
HMV 0009 1. DP4 75 61.5 53 61.5 59.5 379 0.820
IVPP RV 35020 r. dp2 22.89 16.89 16.89 - - - 0.738

IVPP RV 35020 r. dp3 55.65 - 36.38 — — 24,58 —

Abbreviations: L. length; W. maximal width; W1, 2, and 3. width at the first, second, and third loph(id); Hpo. height
of the posttrite side; I. index. Numbers in parentheses indicate the loph(id) from which the measurement was made.

DP4 is moderately worn in the first loph and slightly worn in the posterior two lophs (Fig.
4A). The tooth is typically zygodont with a high degree of zygodonty (level 3; see Wang et al.,
2016). Furrows have developed on the anterior and posterior walls of the lophs and the cingula
are relatively strong, surrounding the entire tooth. Cementum is not present. The first pretrite
half-loph is trifoliate, with crest-like anterior and posterior central conules. The first posttrite
half-loph is transversely elongated and the dentinal figures of the first pre- and posttrites are
in connection with each other. A vestibular crest (zygodont crest) is present on the posterior
wall of the first posterior halt-loph. The second pretrite half-loph is trifoliate with sharp, crest-
like anterior and posterior central conules and mesoconelet. The second posttrite half-loph is
transversely elongated, especially for the posttrite mesoconelet. The second pre- and posttrite
half-lophs are well separated by a median sulcus. Vestibular crests are present on both anterior
and posterior walls of the second half-loph. The third pretrite half-loph is also trifoliate with
relatively slim and crest-like, anterior and posterior central conules. The mesoconelet is
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also crest-like, but with a slightly inflated distal end. The second posttrite half-loph is also
transversely elongated, without a definite boundary between the main cusp and the mesoconelet.
The third pre- and posttrite half-lophs are well separated by a median sulcus. A vestibular crest
is not clearly present on the third half-loph; however, a small crest is present on the posterior
wall of the posttrite mesoconelet, the homologue of the third posterior posttrite central conule.

Only the first loph of M1 has erupted (Fig. 4A). The first pretrite half-loph is trifoliate with
sharp, crest-like anterior and posterior central conules and mesoconelet. The first posttrite half-
loph is transversely elongated. The posttrite main cusp is relatively inflated with a subdivided
summit. It is slightly posterolaterally positioned. The posttrite mesoconelet is subdivided into
a row (4-5) of conelets. The first pre- and posttrite half-lophs are well separated by a median
sulcus and a weak vestibular crest is present on the posterior wall of the posttrite half-loph.
Cingula are present on the anterior end and buccal and lingual sides of the first loph.

HMYV 0009 (Fig. 4B-D) is the left palate and facial part of a juvenile individual. DP2 and
DP3 are deeply worn and DP4 is moderately worn. The upper tusk is present.

In the anterior view (Fig. 4C), the upper tusk runs ventrally and slightly laterally. Enamel
covers the entire tooth. There are clearly two infraorbital foramina that are close to each other.
The dorsal one is small and the ventral one is large; however, both are rounded. In the lateral
view (Fig. 4D), the facial part is relatively developed. The premaxilla is ventrally inclined,
but the alveolar socket is broken. The upper tusk is straight. The zygomatic arch begins at the

vestibular crests

infraorbital foramina
facial part

10cm

Fig. 4 Teeth and cranial fragment of Mammut cf. M. obliquelophus
A. DP3-M1 tooth row of HMV 1428 in crown view; B. DP2-DP4 tooth row of HMV 0009 in crown view;
C. anterior view of HMV 0009; D. lateral view of HMV 0009
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level of the boundary between DP3 and DP4, and the anterior rim of the orbit is at the level of
the middle part of DP4. The lophs of DP4 are somehow anteriorly oblique. In the ventral view,
the tooth row is laterally convex with a relatively wide half-palate. The zygomatic process is
triangular. Measurements of the tusk (exposed length/maximal diameter/minimal diameter at
alveolus, in mm): 151/41.5/36.

DP2 (Fig. 4B) is small and sub-oval. There is a large anterior cusp representing the fused
protocone and paracone. The hypocone and the metacone are deeply worn, and clearly distinct.
Except for the buccal margin, most of DP3 is broken. It appears to be composed of two lophs.

DP4 is quadrate and composed of three lophs (Fig. 4B). It is partially damaged and shows
a zygodont pattern. The component elements are crest-like and furrows have developed on the
anterior and posterior walls of the lophs. The cingula surround the entire tooth, and cementum
is not developed. The first pretrite half-loph is moderately worn. This loph is compressed by
DP3, and the anterior pretrite central conule and mesoconelet pretrite are broken. The posterior
central conule seems to be crest-like. The first half-loph is relatively narrow. The posttrite
mesoconelet and the main cusp are separated by a shallow groove and the median sulcus is
clear. A vestibular crest is present on the posterior wall of the first posttrite half-loph. The
second pretrite trefoil is incomplete, in which the anterior pretrite central conule is missing and
the posterior central conule and mesoconelet are small and nodule-like. The main cusp of the
second posttrite half-loph is broken and the second posttrite mesoconelet is crest-like with a
crest-like posterior posttrite central conule. The third loph is narrower and less well developed
than the former two lophs and the second interloph is anteroposteriorly narrow. The third
anterior pretrite central conule is almost completely missing and the mesoconelet and posterior
central conule are weak and crest-like. The third posttrite half-loph is crest-like and is slightly
posteriorly convex. The main posttrite cusp and mesoconelet are not separated and a crest-like
posterior central conule is present.

IVPP RV 35020 (Fig. 5; Table 2, 3) is a left hemimandible preserving the mandibular
symphysis. Most of the left ascending ramus is missing, as well as the right hemimandible.
The mandibular corpus is relatively narrow in dorsal view and relatively low in lateral view.
Although considerably broken, the ascending ramus appears to be very low, with a strongly
posteriorly oblique anterior ramal border. The position of the mandibular angular process is
relatively high.

The mandibular symphysis is distant from the tooth row, despite the anterior part of the
mandibular corpus being broken and reconstructed. The mandibular symphysis is triangular in
the dorsal view. There is a posterior spine at the posterior edge of the symphysis. This feature
is rarely found in Elephantida, but is observed in Phiomia (Andrews, 1906). Both lateral
sides of the alveolar sheath are broken and the right mandibular tusk is absent, so the deeply
excavated alveolus can be clearly observed. The proximal end of the left incisive alveolus
extends to the level of dp2. At the anterior end of the mandibular symphysis, the two alveoli
are only separated by a thin bony plate.
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Fig. 5 Left hemimandible of Mammut cf. M. obliquelophus from Baode (IVPP RV 35020)
in lateral (A) and dorsal (B) views, a cast
The original specimen was published by Hopwood (1935: pl. 6.5)

The left mandibular tusk is long and cylindrical (Fig. 5). It is strongly medially bent and
the two tusks must have been convergent anterior to the symphysis. The tip of the left tusk is
reconstructed using plaster and the shape of the wear facet is unknown.

Most of the crown of dp2 (Fig. 5) is broken. The dp2 is oval with a relatively strong
posterior cingulid.

Table 3 Mandibular measurements of Mammut cf. M. obliquelophus (IVPP RV 35020) (mm)

Symphyseal length 68
Alveolar distance (from the most salient point of the trigonum retromolare to the symphyseal border of the corpus) ca. 166
Ventral length measured from the gonion (angulus mandibular) to the tip of the symphysis 292
Width of corpus measured at the root of the ramus 61.5
Width of corpus measured at the anterior alveolus (or the grinding tooth if the alveolus is entirely resorbed) 33
Posterior symphyseal width 61.5
Maximum symphyseal width 61.5

Height of corpus measured at the anterior end of the cheek tooth alveolus (measurement taken perpendicular to the

ventral border of the corpus) 4l
Height of corpus measured at the root of the ramus (measurement as above) 50
Rostral height measured at the symphyseal border (measurement taken perpendicular to the ventral border of the 31

symphyseal rostrum)

Mid-alveolar length measured on the buccal side between the anterior alveolus (or grinding tooth if the alveolus is 90

resorbed) and the root of the ramus

Note: measures after Tassy (2013).

The dp3 (Fig. 5) is quadrate and composed of two lophids. The interlophid is wide
and open, and the anterior and posterior cingulids are strong. The first pretrite half-lophid
(protoconid) is broken, and the posterior pretrite central conule is thin and crest-like. The
summit of the first posttrite half-lophid is also broken. It is strongly anteroposteriorly
compressed and shows clear anterior and posterior vestibular crests. The second lophid is
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transversely wider than the first one. The summit of the pretrite half-lophid is composed of fine
conelets. The anterior and posterior central conules are thin and crest-like, and they run from
the pretrite mesoconelet to the valley. The second posttrite half-lophid is also anteroposteriorly
compressed; however, the main cuspid and the mesoconelets are distinguishable. Vestibular
crests are not developed on this half-lophid, but a small, crest-like anterior posttrite central
conule is developed.

The dp4 (Fig. 5B) has not erupted yet. However, some of the bones on the medial side
of the mandibule ramus are removed. The dp4 is composed of three lophids with very wide
interlophids. Most features of the pretrite half-lophids cannot be observed, except the crest-like
pretrite central conules on the first and second half-lophids. The three posttrite half-lophids are
strongly anteroposteriorly compressed. The main cuspid and the mesoconelets of the posttrite
half-lophids are distinguishable. However, vestibular crests are weak or absent.

3 Comparisons and discussion

Generic assignment of the new material The new material is undoubtedly a member
of the Mammutidae because of the clear zygodonty of the cheek teeth. These teeth show
high zygodonty with sharp and highly crest-like pretrite central conules and posttrite half-
lophs (zygodont degree 3 in Wang et al., 2016). Except for Mammut, other mammutids (i.e.,
Losodokodon, Eozygodon, and Zygolophodon) show a somewhat lower degree of zygodonty
(zygodont degree 2 in Wang et al., 2016); that is, posttrite half-lophs are divided into main cusps
and mesoconelets (although each of them is crest-like), and pretrite mesoconelets and central
conules are sometimes not very crest-like, especially in lower molars. Therefore, the new material
can be attributed to the genus Mammut. However, as asserted by Tobien (1996), Mammut differs
from the other mammutids (especially Zygolophodon) in having either straight or upturned tusks
(see also Kubiak, 1972), but the new material contradicts this by showing upper tusks that are
downwardly oriented. Here, we believe that the direction of the upper tusks is due to the young
ontogenetic age (dental ages V and III). The tusks are even covered by enamel. If this is true, the
upper tusks would eventually curve upwards once the animal reaches adulthood.

Comparison of the mandible of Mammut cf. M. obliquelophus with those of the other
species of Mammut As has been demonstrated, Mammut obliquelophus is a primitive Turolian
Mammut that differs from the other two species in this genus, M. borsoni and M. americanum,
in possessing a longer mandibular symphysis and mandibular tusks. Markov (2008) stated that
the juvenile mandible from Jijiagou of Baode (Mammut cf. M. obliquelophus, Fig. 5) represents
a different taxon based on a comparison with the juvenile mandible of Mammut sp. from Pikermi
(see Tassy, 1985: fig. 216). Here, we further emphasize these differences. The mandibular corpus
of the Baode material is narrower (indicating a possibly more elongated symphysis). The two
tusk alveoli are closer to each other. It should also be noted that there is a small spine posterior
to the mandibular symphysis (a plesiomorphy inherited from Phiomia) and the symphysis is
distant from the anterior end of the cheek teeth row. However, the Baode material is from a
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juvenile individual and these features might not be very stable. Therefore, here, we refer to the
Baode material as Mammut ctf. M. obliquelophus. 1t is clearly the case that the Baode material
is more primitive than M. borsoni and M. americanum. Moveover, Mothé et al. (2016) reported
Sinomammut tobieni (Mammutidae) based on a specimen that Wang et al. (2014) attributed
to Sinomastodontinae. The age of S. fobieni is postulated to be Baodean, possibly the same as
Mammut cf. M. obliquelophus. S. tobieni possesses a relatively long symphysis, but lacks lower
tusks. It shows a distinct course of evolution compared with Mammui.

Comparison of the cranium of Mammut cf. M. obliquelophus with other mammutids
Mammut americanum is very common in the Pleistocene of North America. From this
cranium (HMV 1428), we can observe that many of the plesiomorphies in M. americanum
are also preserved in the present material, including the low and flat brain case, the slightly
erected basicranium, the narrow nasal aperture without step-like perinasal fossa, and the
presence of the dorsal infraorbital foramen (Fig. 3). Unfortunately, the presence of lacrimal
foramen and post-palatine spine is not clear in this specimen. These two features are important
plesiomorphies in M. americanum that are inherited from the ancestral Phiomia (Andrews,
1906; Tassy, 1994b). In the cranium of Mammut cf. M. obliquelophus, the brain case is lower,
the nasal aperture is narrower, and the facial part is lower and more anteriorly elongated than
those of M. americanum (Figs. 3, 6A, B), indicating a more primitive evolutionary stage.

There are two particular features of the cranium of Mammut cf. M. obliguelophus. First,
the contour of the nasal aperture is invertedly trapezoidal. In contrast, in M. americanum,
the nasal aperture is simply oval (Fig. 6A). Second, the basal end of the incisive fossa shows
a pronounced constriction. In M. americanum, although the basal end of the incisive fossa
is also deeply excavated in the rostrum, no strong proximal constriction is present (Fig. 6A,
B). However, these two features appear to be present in the more primitive species Mammut
sp. from Pikermi and even to be traced back to the Early Miocene Eozygodon morotoensis
(Pickford, 2003; see below). Therefore, they are possibly plesiomorphies of Mammutidae.

Crania of Mammut from Eurasia have rarely been discovered. The cranium of Mammut
sp. from Pikermi (see Tassy, 1985: fig. 215) provides perfect material for comparison with the
Hualin material (HMV 1428). DP2 of the Pikermi cranium is present, indicating a younger
ontogenetic age than that of the cranium HMV 1428 (and the same as HMV 0009). As we
mentioned above, in anterior view, the Pikermi Mammut sp. possesses a nearly invertedly
trapezoidal nasal aperture and a basal constriction in the incisive fossa, although these two
features in Mammut sp. are not as conspicuous as those in the Hualin material. In dorsal
view, the occipital part is almost equal in width to the orbital part. However, in the Hualin
material, the occipital part is strongly laterally expanded, being much wider than the orbital
part. The strongly laterally expanded occipital part is also observed in the primitive Eozygodon
morotoensis (see below). All of these cranial features indicate that the Hualin material well
demonstrates the early evolution of the cranial features within the genus Mammut. As with the
Baode material (RV 35020), the Hualin material is a juvenile cranium and its features might not
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wide occipital part narrow occipital part

basal
constriction

basal

strong developed
prenasal area

Fig. 6 Cranial comparison of Mammut americanum AMNH 14535 (A, B), Choerolophodon guangheensis
IVPP V 17685 (C, D), Platybelodon grangeri HMV 0023 (E) and HMV 0024 (F)
A, C, and E are in dorsal view; B, D, and F are in anterodorsal view. Not to Scale

be very stable. However, both the Hualin and the Baode materials show slightly more primitive
features than the Pikermi material. At least these features represent the primitive stage in
Mammut (juvenile individuals often show primitive features (Gould, 1977)). Considering the
high morphological conservation of Mammutidae in its evolution, we attributed the Hualin and
the Baode materials to Mammut cf. M. obliquelophus.

Zygolophodon represents the intermediate evolutionary stage between Eozygodon
and Mammut during the late Early to early Late Miocene (Gohlich, 1999). The only known
cranium of Zygolophodon is possibly Z. turicensis from Villafranche d’Astarac, France (see
Tassy, 1985: fig. 208). However, only the lateral view can be observed in this figure. Although
the occipital part of the specimen is broken, the cranium is low and the basicranium does
not seem to be erected, which is similar to the Hualin specimen. However, the orbit is very
anteriorly positioned (even the posterior edge of the orbit is anterior to the tooth row) and the
facial part is very anteriorly elongated. This morphology, as primitive features preserved in
Zygolophodon, is distinct from Mammut cf. M. obliquelophus from Hualin.

409



Wang et al. — Early Mammut from the Upper Miocene of northern China 247

Eozygodon morotoensis from the Early Miocene of Africa is an early representative
of mammutids. Pickford (2003) reported two adult crania of E. morotoensis from the lower
Orange River Valley, Namibia. In the dorsal view, the cranium of E. morotoensis shows
a significantly wide occipital part (wider than that of Mammut cf. M. obliquelophus), and
the remaining left zygomatic arch is strongly laterally expanded. In anterior view, the basal
constriction in the incisive fossa also appears to be present (Pickford, 2003: fig. 4.2); however,
this is not very clear. The two lateral wings of the nasal aperture extend slightly dorsally.
This feature is also comparable to that of Mammut cf. M. obliquelophus. The above cranial
features are similar to those of Mammut cf. M. obliquelophus and also indicate a common
cranial morphology of Mammutidae. However, the nasal aperture is low and wide, distinct
from the high and narrow nasal aperture in Mammut cf. M. obliguelophus. The cranium of E.
morotoensis is highly arched and the basicranium is strongly erected (Pickford, 2003). The
latter two features are often expressed in derived taxa, such as Anancus. It is possible that
Eozygodon was an early offshoot of Mammutidae.

Comparisons of crania of Mammut cf. M. obliquelophus with other crania of
Elephantimorpha and implications for early phylogenetic differentiation and evolution
in Elephantimorpha Choerolophodon guangheensis (Fig. 6C, D) from the Early Miocene of
the Linxia Basin is the earliest complete cranium known in this genus. Konidaris et al. (2016)
mentioned that C. guangheensis presents a combination of primitive and more advanced
features; we consider this species to be a very primitive representative of Choerolophodontidae
based on the very low brain case, the very anteriorly positioned orbit, and the presence of P4.
In C. guangheensis, although the nasal aperture is broad, no step-like perinasal fossa is present.
This feature persists in the Middle Miocene C. chioticus and the Late Miocene C. pentelici and
C. corrugatus. This character state is also very similar to that of Zygolophodon and Mammut.
In C. guangheensis, the incisive fossa has a basal constriction and the distal part of the incisive
fossa is tubaeform (Fig. 6C, D). These features are very similar to that of Mammut cf. M.
obliguelophus and even developed in the Late Miocene Choerolophodon corrugatus (but seem
to have been lost in C. pentelici; see Schlesinger, 1917: pls. 24, 27). In C. guangheensis, the
occipital part is strongly laterally expanded in a character state similar to that in Mammut cf.
M. obliguelophus (Fig. 6C, D). In Mammut americanum, the lateral expansion of the occiput is
not pronounced as in Mammut cf. M. obliquelophus, but is still more pronounced than in extant
elephants. Therefore, Choerolophodontidae and Mammutidae may have a closer phylogenetic
relationship than we previously thought.

Gomphotherium angustidens, a representative of Gomphotheriidae, is a common species
in the Middle Miocene of Western Europe, for which several crania have been reported (Tassy,
2013) and can be compared with Mammut ct. M. obliquelophus. In G. angustidens, a step-
like perinasal fossa is well developed (Tassy, 1994b, 2013). This feature is also considered
a synapomorphy of higher Elephantida (Tassy, 1994b) including Gomphotherim cf. G.
subtapiroideum, but is missing in primitive G. annectens. We have already mentioned that
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this structure is also missing in Mammutidae and Choerolophodontidae. In G. angustidens,
especially in males (Tassy, 2013: fig. 9), no strong constriction is developed in the proximal part
of the incisive fossa, in contrast to the presence of a strong proximal constriction in the incisive
fossa of Mammut cf. M. obliquelophus. Furthermore, in G. angustidens, the lateral expansion of
the occiput is weaker than that in Mammut cf. M. obliquelophus (Tassy, 2013: figs. 13, 14).

The cranium of Archaeobelodon aff. A. filholi from Buluk, Kenya, is a typical primitive
cranium of Amebelodontidae (Tassy, 1986: pls. 3, 4). The facial part is strongly anteriorly
elongated, regarded as a synapomorphy of Amebelodontidae (Sanders et al., 2010). The
step-like perinasal fossa is developed and no strong proximal constriction in the incisive
fossa is present. These features are closer to Gomphotheriidae than to Mammutidae and
Choerolophodontidae. However, in the specialized amebelodontid, Platybelodon grangeri (Fig.
6E, F), the proximal constriction in the incisive fossa is also absent, but the perinasal fossa is
not developed. Alternatively, there are two enlarged slopes between the nasal aperture and the
rostrum along the lateral side of the incisive fossa; here, we describe this feature as “broad
prenasal area.” This feature also appears to be present in Protanancus brevirostris (Wang et al.,
2015b: fig. 4a), a primitive member of Profanancus. It seems that the loss of perinasal fossa
and alternatively developed prenasal area is a synapomorphy of Amebelodontidae above the
level of Protanancus and Platybelodon. Otherwise, we have to consider the polyphyletic state
of Amebelodontidae.

Phylogeny Phylogenetic analyses of proboscideans based on cladistic analysis have been
carried out by Tassy (1990b, 1996a) and Shoshani (1996), further developed by Shoshani et al.
(2006), and modified and extended by Cozzuol et al. (2012). In these analyses, Mammutidae
and Amebelodontidae were identified as monophyletic groups and Choerolophodon as a sister
group of the other Elephantida. However, there are also some debates among these groups. For
example, Shoshani (1996) stated that the phylogenetic position of Choerolophodon is possibly
inserted within gomphotheres and that the monophyletic state of Mammutidae is not supported
by the parsimony rule. In addition, Tassy (1996a) considered that the monophyletic state of
Amebelodontidae is one of the least robust among the elephantoid groups. One important
reason for this is the incompleteness of the data on the early members of Mammutidae,
Choerolophodontidae, and Amebelodontidae.

A cladistic analysis was carried out to clarify the phylogenetic positions of the early
branches of Elephantimorpha, since our knowledge of cranial and mandibular features of the early
members of Elephantimorpha has increased. For simplicity, we only include the most typical
representatives of Mammutidae, Choerolophodontidae, Gomphotheriidae, and Amebelodontidae,
because the purpose of this cladistic analysis is to test the mono- or paraphyletic states of these
groups and to search for the differentiation sequence of these main groups in Elephantimorpha.
The most crown groups, such as Stegodontidae, Elephantidae, and some taxa of Gomphotheriidae
and Amebelodontidae, are not included in this analysis. We either do not include the genera

Eritreum, Hemimastodon, and Losodokodon because only dental remains are known from
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these taxa. The representative taxa and characters are given in Appendices 1 and 2. Two
MPTs were obtained (Fig. 7A, B). Both of them (Fig. 7A, B) support the monophyly of
Mammutidae and Choerolophodontidae, and the differentiation of Choerolophodontidae is
prior to that of Amebelodontidae and Gomphotheriidae, indicating the more stem position of
Choerolophodontidae, as we hypothesized. However, the topologies of the two MPTs conflict
in terms of the differentiation of Amebelodontidae and Gomphotheriidae. In one MPT (Fig.
7A), the Amebelodontidae is a monophyletic group that differentiated from Gomphotherium in
a fairly distal position, whereas Gomphotherium cf. G. subtapiroideum and G. angustidens are
sequentially differentiated after G. annectens, and the Gomphotheriidae is a paraphyletic group. In
the other MPT (Fig. 7B), Gomphotherium annectens constitutes the sister group of the others, and
Archaeobelodon serves as the sister group of Gomphotherium angustidens and Gomphotherium
cf. G. subtapiroideum; in this case, neither Amebelodontidae nor Gomphotheriidae is
monophyletic. Although a more detailed discussion of this issue is beyond the scope of this
work, it should be noted that the early differentiation of Elephantida may be much more

complex than we ever considered. Although [ R

Eozygodon morotoensis
Zygolophodon turicensis

Mammut cf. M. obliguelophus
Mammut americanum

disagreements persist, we confirm a certain
close relationship between Mammutidae and
Choerolophodontidae in Elephantimorpha,
which was not well resolved prior to this G A AR

work. A

Choerolophodon pentelici
Choerolophodon corrugatus
Gomphotherium annectens
Gomphotherium cf. G. subtapiroideum
Gomphotherium angustidens

Archaeobelodon aff. A filholi
Protanancus brevirostris

Platybelodon grangeri

4  Conclusions

In this work, we describe a primitive
cranium and other remains of Mammut from

Phiomia servidens
the Upper Miocene of the Linxia Basin and — Eozygodon morotoensis
. . . Zygolophodon turicensis
the Baode region, China, which roughly M F M obllgueliphus
corresponds to MN12. The new material Mammut americanum
. . . Choerolophodon guangheensis
displays derived dental features like the other _E‘: Choerolophodon penelici
members of Mammut, and possesses many B Choerolophodon corrugatus
. c g . Gomphotherium annectens
primitive features within Mammutidae, ’ —
Protanancus brevirostris

which provides substantial new information Platybelodon grangeri
. Archaeobelodon aff. A filholi
about the morphological development of Gomphotherism of. G. sublapiroidesm
Mammut. We attributed the new material Gomphotherium angustidens
to Mammut cf. M. obliquelophus. Mammut Fig. 7 The phylogeny of the Elephantimorpha

cf. M. obliguelophus also provides Twomost parsimony trees calculated from the cladistic
analysis of the proboscideans, based on the characters
provided in Appendix 1 (A) and the data matrix in
Appendix 2 (B). Tree length = 59, CI (consistency
Elephantimorpha. The cranial features also index) = 0.644; RI (retention index) = 0.767

important information on the differentiation
of Mammutidae from the primitive

suggest a certain close relationship between
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the primitive members of Mammutidae and Choerolophodontidae, indicating the early
differentiation of Choerolophodontidae from the basal Elephantida.
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Appendix 1 Characters in Elephantimorpha

In this study, for simplicity, we only include the most typical representatives of Mammutidae, Choerolophodontidae,
Gomphotheriidae, and Amebelodontidae, because the purpose of this cladistic analysis is to test the mono- or paraphyletic
states and to search for the sequence of differentiation of these main groups in Elephantimorpha. The most crown groups,
such as Stegodontidae, Elephantidae, and some taxa of Gomphotheriidae and Amebelodontidae, are not included in this
analysis (see Appendix 2). The selected characters are mainly related to the cranial features, which can be well extracted
based on previous and newly discovered specimens. We also do not include some stem taxa only represented by teeth or
mandible fragments, namely, Eritreum, Hemimastodon and Losodokodon. Phiomia serridens was served as the outgroup. All

characters are treated as unordered.

Characters:
0. Brain case: lateral view. States: 0 = low and flat; 1 = relatively domed. Interpretation: in primitive Elephantimorpha,

the brain case is very low and flat and, in almost all derived taxa in various clades, the brain case rises (even in
Mammut americanum, the brain case shows a slightly domed appearance) (Prado and Alberdi, 2008).

1. Basicranium: States: 0 = not erected; 1 = slightly erected. Interpretation: accompanied by character 0, the erected
basicranium is observed in almost all derived taxa in various clades of Elephantimorpha, except in Mammutidae
(Tassy, 1996a; Shoshani, 1996).

2. Facial part: lateral view. States: 0 = in the primitive position (as in Phiomia); 1 = anteriorly elongated (as in
amebelodontids); 2 = anteriorly and ventrally elongated (as in choerolophodontids); 3 = retreated to some degree
(as in derived gomphotheres and Mammut). Interpretation: anterior elongation of the facial part is regarded as a
synapomorphy of Amebelodontidae (Sanders et al., 2010). In derived taxa of Choerolophodontidae, the facial part is
strongly ventrally extended, but this feature is not observed in C. guangheensis. In the derived groups, namely, taxa
of Stegodontidae, Elephantidae, and Mammut americanum, the facial part is strongly retreated (the anterior end of the
cheek tooth row and the anterior rim of the orbit are on the same level).

Incisive fossa: dorsal view. States: 0 = without strong constriction; 1 = with strong constriction. Interpretation: see the text.

4. Palate: post-palatal spine. States: 0 = present; 1 = absent. Interpretation: as a plesiomorphy seen in Phiomia, the

post-palatal spine is also retained in Mammut americanum (more tuberosity-like rather than spine-like in Mammut

americanum), but is absent in the taxa of Elephantida.

Nasal aperture: perinasal fossa. States: 0 = absent; 1 = present. Interpretation: see the text.

Nasal aperture: broad prenasal area. States: 0 = absent; 1 = present. Interpretation: see the text.

Occipital part: dorsal view. States: 0 = narrow; 1 = wide. Interpretation: see the text.

e N W

Orbit: lateral view. States: 0 = low position; 1 = high position. In derived taxa of Choerolophodontidae, the orbit is strongly

dorsally moved to near the roof of the cranium, but this feature is not observed in C. guangheensis (Wang and Deng, 2011).

9. Orbit: lacrimal foramen. States: 0 = present; 1 = absent. Interpretation: as in character 4, lacrimal foramen is present in
Phiomia and in Mammut americanum, but is absent in the other Elephantidae (Tassy, 1994b).

10.  Mandibular symphysis: posterior border. States: 0 = close to the anterior end of the cheek tooth row; 1 = distant from
the anterior end of the cheek tooth row. Interpretation: except in typical longirostrine taxa such as Gomphotherium
and members of Amebelodontidae, the posterior mandibular symphyseal border is distant from the anterior end of the
cheek tooth row. Otherwise, they are close together, as in Phiomia.

11.  Angular process: position. States: 0 = low; | = high. Interpretation: the mandibular angular process has a low position
in Phiomia and is also observed in Mammut (Tassy, 1994a; Tobien, 1996), but it has a high position in the taxa of
Elephantida (Tassy, 1994a).

12, Symphysis: States: 0 = elongated; 1 = relatively short. Interpretation: elongated symphysis is a plesiomorphy of
Elephantimorpha, but it has been largely reduced in all of the derived groups (Tassy, 1996a; Shoshani, 1996).

13.  Symphyseal trough: States: 0 = shallow; 1 = deep. Interpretation: deep symphyseal trough is considered a

synapomorphy of Choerolophodontidae (accompanied by the loss of lower tusks) (Tassy, 1996a; Shoshani, 1996).

14.  Ascending ramus: posterior inclination. States: 0 = almost vertical; 1 = posteriorly inclined. Interpretation: posteriorly
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20.

21

22.

23.

24.

25.

26.
27.

28.

29.

inclined ascending ramus is observed in some longirostrine taxa such as in Gomphotherium and in Platybelodon, and
is possibly functionally related.

Upper tusks: lateral view. States: 0 = ventrally bent; 1 = dorsally bent. Interpretation: the plesiomorphy of upper tusks
is ventrally bent; however, they are dorsally bent in all derived groups, accompanied by the loss of lower tusks (Tassy,
1996a; Shoshani, 1996).

Upper tusks: enamel band. States: 0 = present; 1 = absent. Interpretation: the presence of enamel bands is a plesiomorphy
of Elephantimorpha; however, enamel bands are lost in most derived taxa (Tassy, 1996a; Shoshani, 1996).

Upper tusks: anterodorsal view. States: 0 = simply divergent; 1 = secondarily divergent in the medial part.
Interpretation: secondary divergence in the medial part of the upper tusks is considered a feature distinguishing
Gomphotherium and Zygolophodon (Tassy, 1977). Secondary divergence of the upper tusks is also observed in
Choerolophodontidae, which might have developed independently from Gomphotheriidae

Lower tusks: States: 0 = present; 1 = absent. Interpretation: the absence of lower tusks is common in all derived taxa
of Elephantimorpha (Tassy, 1996a; Shoshani, 1996).

Lower tusks: cross section: States: 0 = flattish pyriform; 1 = pyriform; 2 = rounded; 3 = flattened. Interpretation: the
term flattish pyriform is particularly used to describe the shape of the lower tusk cross section of Phiomia. A similar
shape is also observed in Archaeobelodon filholi. In other members of Amebelodontidae, the cross section is even
more flattened. In primitive Gomphotherium and Eozygodon, the lower tusk cross section is pyriform, whereas in
derived members of Gomphotherium and Mammutidae, this cross section is rounded.

Lower tusks: lateral view. States: 0 = dorsally bent; 1 = almost straight. Interpretation: straight lower tusks are
common in those derived taxa including Mammut, if present. However, in primitive forms, lower tusks are always
slightly dorsally bent (Tassy, 1996a; Shoshani, 1996).

Lower tusks: dorsal wear facet. States: 0 = flat; 1 = concave. Interpretation: a concave dorsal wear facet of lower tusks
is characteristic of Gomphotherium angustidens (Tassy, 2014).

Lower tusks: inner structure. States: 0 = concentric lamination; 1 = dentinal tubules. Interpretation: dentinal tubules
are found in the cross section of the lower tusks in some amebelodontid taxa, for example, Platybelodon, in contrast
to normally concentric lamination (Wang et al., 2013, 2015a).

Lower tusks: basal end. States: 0 = separated; 1 = close to each other. Interpretation: in those forms with regressive
lower tusks, for example, Mammut, lower tusks are close to each other in their basal part. In contrast, in forms having
developed lower tusks, alveoli of lower tusks are separated basally.

Cheek teeth succession: degree of horizontal succession. States: 0 = vertical succession; 1 = partially horizontal succession;
2 = entirely horizontal succession (premolar absent). Interpretation: vertical succession as in most other mammals
occurs in the outgroup Phiomia. Partially horizontal succession is represented by primitive Elephantimorpha, such as
Gomphotherium, Zygolophodon, and members of Amebelodontidae, in which premolars, although highly regressive, are
not missing; this contrasts with the complete loss of premolars in the derived taxa (Tassy, 1996a; Shoshani, 1996).

Cheek teeth: cingulum/cingulid. States: 0 = strong; 1 = weak. Interpretation: strong cingulum/cingulid is a
plesiomorphy still preserved in Mammutidae (Tassy, 1996a; Shoshani, 1996).

Cheek teeth: pattern. States: 0 = bunodont; 1 = zygodont. Interpretation: see the text.

Cheek teeth: bunodont pattern. States: 0 = typical bunodont; 1 = bunodont with strong development of posterior
pretrite central conules; 2 = bunodont with rudimentary anancoidy and rudimentary secondary trefoils; 3 =
choerolophodonty. Interpretation: state 1 is characteristic of Gomphotherium angustidens (Tassy, 2014). States 2 and
3 are synapomorphies of amebelodontids and choerolopodontids (Tassy, 1983, 1986), respectively.

Cheek teeth: cementum. States: 0 = weak; 2 = heavy. Interpretation: heavy cementum is developed in some taxa, such
as in Platybelodon, and members of Choerolophodontidae (Tassy, 1996a; Shoshani, 1996).

Molars: States: 0 = moderate; 1 = relatively wide; 2 = relatively narrow. Interpretation: relatively wide molar is a

synapomorphy of Mammutidae, whereas relatively narrow molar is a synapomorphy of Amebelodontidae (Tassy,

1982).
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Appendix 2 Data matrix for cladistic analysis

1 2
Taxon 0 0 0
Phiomia serridens" 0000000000 0000000000 0000000000
Gomphotherium annectens” ?20010070? 1100100201 0000100010
Gomphotherium cf. G. subtapiroideun” 1030110001 1100100101 0000100010
Gomphotherium angustidens” 1030110001 1100100101 0100110112
FEozygodon morotoensis” 1101100107 ?2?200?00001 000?201-01
Zygolophodon turicensis® 0017222207 0000000002 1001101-01
Mammut cf. M. obliquelophus 0001000100 0010012002 2000?01-01
Mammut americanum’’ 0031000100 0010011002 1001201-01
Choerolophodon guangheensis® 0001100101 0?20101111- ----110310
Choerolophodon pentelici” 0120100111 011111111~ ----210310
Choerolophodon corrugatus' 1121100111 010101111~ ----210310
Archaeobelodon aff. A. filholi' 1010110001 1100100100 0000110012
Protanancus brevirostris'” 0010101001 1100100003 0000110012
Platybelodon grangeri"” 0010101001 1100101003 0010110212

1) Scoring of the outgroup Phiomia serridens is based on the complete cranium and mandibles reported by Andrews (1906:
figs. 48-50, 53, 54). 2) Gomphotherium annectens is from the Early Miocene of Japan (Matsumoto, 1925), represented by a palate
and the associated mandible. Scoring of this taxon is based on a cast of the holotype preserved in MNHN; see also Tassy (1994b).
3) Gomphotherium cf. G. subtapiroideum is from Lengshuigou, China (= G. shensiensis, Wang et al., 2015b), represented by an
incomplete cranium. The tooth morphology is similar to that of the holotype of Gomphotherium subtapiroideum from Austria; in
contrast, no cranium of the latter has been discovered. In the type locality of Gomphotherium cf. G. subtapiroideum, no material
of the mandible has been discovered. Scoring of the mandible is based on unpublished material from two other localities, Linxia
and Zhongning. It should be noted that the cranium of Gomphotherium cf. G. subtapiroideum from the Lengshuigou locality
shows some primitive features; for example, the facial part of the Lengshuigou specimen is to some extent anteriorly elongated
(Wang et al., 2015b: fig. 5), but the new materials from Linxia and Zhongning show a relatively retreated facial part, and character
2 is scored as “3” in our matrix. It is possible that the new materials from Linxia and Zhongning represent a more derived
species than Gomphotherium cf. G. subtapiroideum from the Lengshuigou, and they are closely related to G. subtapiroideum. 4)
Gomphotherium angustidens s.s. is from Simorre and En Péjouan, France. Scoring of this taxon is based on crania and mandibles
reported by Tassy (2013: figs. 5-12, 21-24). 5) Eozygodon morotoensis is from Meswa Bridge, Kenya, and lower Orange River
Valley, Namibia. Scoring of this taxon is based on crania reported by Pickford (2003: pls. 2-5) and teeth reported by Tassy and
Pickford (1983: figs. 4-9, 14-16). 6) Scoring of Zygolophodon turicensis is based on the cranium from Villafranche d’Astarac,
which was reported by Tassy (1985: fig. 208), and mandibles reported by Osborn (1936: fig. 657), Lehmann (1950: pl. 14, fig. 26),
and Tassy (1985: fig. 210). 7) Scoring of Mammut americanum is based on complete crania and mandibles housed in AMNH, for
example, AM 2595, 14535, 17727, and 17771A. 8) Choerolophodon guangheensis is from the Linxia Basin, China, represented
by a nearly complete cranium (Wang and Deng, 2011, see Fig. 6C, D). Although some researchers considered the evolutionary
state of this species to be intermediate, showing a mixture of primitive and more advanced features (Konidaris et al., 2016), we
believe that this species is a typical primitive form of the genus. Scoring of mandibular features is based on unpublished new
material from the same locality. 9) Scoring of Choerolophodon pentelici is based on the material reported by Konidaris and
Koufos (2013: figs. 2, 3) and Konidaris et al. (2016: fig. 6). 10) Choerolophodon corrugatus is from Siwalik, Pakistan. Scoring of
this taxon is based on the complete cranium and mandible reported by Osborn (1929: figs. 10-13), and Tassy (1983: figs. 13-16).
11) Scoring of Archaeobelodon aft. A. filholi, from Buluk, Kenya, is based on the nearly complete cranium with the associated
mandible reported by Tassy (1986: pls 2, 3). 12) Protanancus brevirostris is from the Linxia Basin, China, represented by a nearly
complete cranium with an associated mandible (Wang et al., 2015a: fig. 4). It is the most primitive species of this genus. However,
this specimen is badly preserved. Scoring of this taxon is further based on unpublished new material from the same locality. 13)
Scoring of Platybelodon grangeri is based on the crania and mandibles from the Linxia Basin reported by Wang et al. (2013).
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Abstract
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1. Introduction During the last couple of decades, several integrated stud-

ies of Cambrian-Ordovician boundary sections from different

Recognition of the boundary between the Cambrian and  regions were published with the objective to show the pres-

Ordovician systems is a matter of global scale discussions. ence of the chosen biological marker in these sections and the

potential for correlation of the Cambrian—Ordovician bound-

ary (e.g., Albanesi et al., 2015; Zhen et al., 2017). The latest
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1986, 1988), Dayangcha, North China. In comparison with
coeval successions from Europe and Asia, the stratigraphically
continuous Cambrian—Ordovician limestone-shale succession at
the Xiaoyanggiao section offers one of the best possibilities
to document the Cambrian—Ordovician transition over a wide
area and on a global scale. The Xiaoyanggiao section, close
to the township Dayangcha (Fig. 1), is here recommended as
a global Auxiliary Boundary Stratigraphic Section and Point
(ASSP) because it comprises a complete conodont, graptolite,
acritarch and trilobite succession; moreover, the 813Ceyy, iso-
tope data, the sequence stratigraphy, and magnetostratigraphy
provide additional and important results, enabling precise com-
parison with known key and widely separated sections spanning
the Cambrian—Ordovician boundary in the world.

This paper discusses the results of the new integrated study
using two macrofossil groups (graptolites, trilobites) and two
microfossil groups, i.e., conodonts and acritarchs, as well as
stable isotope data (3'3Ceqp, 8'%0), sea-level changes and
sequence stratigraphy in the Xiaoyangqiao section and the com-
parison with the Green Point GSSP section in Newfoundland,
Canada.

1.1. The Cambrian—Ordovician line: a historical review

The International Working Group on the Cambrian—
Ordovician Boundary (COBWG 1) was established in 1974.
In this period, members of the Working Group visited sev-
eral proposed candidate boundary sections, which were widely
distributed in the world (Australia, China, Great Britain, Kaza-
khstan, North America and Scandinavia). The Working Group
arranged many workshops, field meetings and conferences that
all were devoted towards the Cambrian-Ordovician boundary.
The working group documented these activities, discussions and
the decisions/results in numerous reports and publications (e.g.,
Norford, 1991).

The extensive list of publications includes the volumes of
papers on candidate boundary sections published in Bassett
and Dean (1982) and Norford and Webby (1988). Chen et al.
(1985) and Chen (1986) published two special volumes of
papers, specifically on the Dayangcha section, covering a wide
range of disciplines. Additional papers concerning issues on
the Cambrian—Ordovician boundary appeared in Barnes and
Williams (1991) and Webby and Laurie (1992).

The first working group also discussed the principles, proce-
dures, candidate sections, and discussed the boundary definition,
and various potential levels for the boundary. One main activ-
ity of the Working Group was the selection of the level for
the boundary and subsequently, the choice of the marker taxon
became important. After 19 years and replacement of three chair-
mens, this first working group and the executive and voting
members stepped down in 1993. The second working group
(COBWG II) was established in 1993. In this period, the mem-
bers visited and investigated in detail the Dayangcha, Green
Point, and Lawson Cove candidate sections.

At the working meeting held in Canada in 1985 the COBWG
I proposed that the Cambrian—Ordovician boundary should be
drawn at the level below but close to the appearance of first

3

planktic graptolites and marked by the FAD (First Appearance
Datum) of a species of the complete evolutionary succession of
the conodont genus Cordylodus Pander (Barnes, 1988: Nicoll,
1990, 1992).

However, due to systematic problems with the originally
proposed conodont marker Cordylodus lindstromi (i.e., Barnes,
1988) this taxon was abandoned and instead the conodont
species lapetognathus fluctivagus Nicoll et al., 1999 was intro-
duced as the primary marker for the Cambrian—Ordovician
boundary (Nicoll et al., 1999). Accordingly, the Green Point
section, Newfoundland, Canada, became the only candidate for
the GSSP section for the base of the Ordovician System, because
both the marker species and planktic graptolites are present in
the section.

Succeeding the selection of Green Point as the GSSP sec-
tion several problems remained and new ones arose. One of
the remaining problems is the difficulty in correlating shallow-
water deposits to the deep-water Green Point section. A second
problem was the assumption that the conodont succession at
the Green Point section was dominated by reworked taxa (e.g.,
Miller and Flokstra, 1999; Miller et al., 2003). An additional
problem arose when Terfelt et al. (2012) demonstrated that the
selected biomarker lapetognathus fluctivagus appeared higher
in the Green Point section and above the appearance of planktic
graptolites. Terfelt et al. (2012) also proposed additional hori-
zons that could serve as boundary levels, but did point out that
currently, the Cambrian—Ordovician boundary is fixed by the
first appearance of lapetognathus preaengensis. Miller et al.
(2014) however rejected this interpretation and maintained that
lapetognathuis fluctivagus is the correct marker species for the
base of the Ordovician.

Zhou et al. (1984) were the first to propose the Xiaoyanggiao
section, Dayangcha, as stratotype section for the Cambrian—
Ordovician system boundary. It was recommended as a GSSP
candidate for the base of the Ordovician System at the Calgary
Plenary Session (Chen et al., 1985). At the Sixth International
Symposium on the Ordovician System held in Sydney, Australia,
in 1991, the Xiaoyangqiao section was accepted as the only
candidate section for Global Cambrian—Ordovician Boundary
Stratotype by the International Cambrian—-Ordovician Working
Group (ICOBWG I). However, the selection of lapetognathus

Jluctivagus as marker for the base of Ordovician by the Working

Group became crucial, because the taxon has not been recorded
from the Xiaoyanggiao section and the ICOBWG II selected the
Green Point section, Newfoundland, Canada, as the Global Stra-
totype Section and Point (GSSP) for the base of the Ordovician
System in January 1999. The decision was approved by the Inter-
national Subcommission on Ordovician Stratigraphy (ISOS) in
September 1999 and the Commission on Stratigraphy (ICS) in
November 1999, and finally ratified by the International Union
of Geological Sciences (IUGS) in January 2000 (Cooper et al.,
2001).

2. The Xiaoyanggiao section

The Xiaoyanggiao section (42°3'24"N, 126°42'21"E),
Dayangcha, Hunjiang, Jilin Province, NE China s situated along

https://doi.org/10.1016/j.palwor.2019.01.003
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Fig. 2. Photos from the Xiaoyanggiao section (persons for scale). (A) Top of lithological units I and II. The base of lithological unit I is at BD 7a. Lithological unit
IT comprises BD 7a and extends to just above BD 14. The higher beds belong to lithological unit III. (B) Upper part of lithological unit ITI. The FAD of planktic

graptolites is just above BD 26a at 20.9 m (to the right on the photo).

the NW side of a small rivulet — a tributary of the Hunjiang
River — 2.5 km NNE of the town of Dayangcha (Fig. 1). Access
by car is approximately 40 min from Baishan, and ca. 10 min
from Jiangyuan, and 5 min drive from the town of Dayangcha;
alternatively, the train from Baishan takes about 30 min.

The lithology, fossil record and stratigraphy of the upper
Cambrian (Stage 10, Furongian Series) and Lower Ordovician
(Tremadocian) succession of the Xiaoyangqiao section were
studied by Kuoetal. (1982), Zhouetal. (1984), Chenetal. (1983,
1985, 1988, 1995), Chen (1986), and Zhang et al. (1996). The
fauna comprises acritarchs, conodonts, graptolites and trilobites
in high variety and abundance. Erdtmann (1986), Lin (1986),
Wang and Erdtmann (1987), and Zhang and Erdtmann (2004)
studied the graptolites from the section. The conodonts have
been documented by Chen et al. (1985) followed by Chen
and Gong (1986) with additional information by Nowlan and
Nicoll (1995) and Nicoll et al. (1999). Yin (1985, 1986, 1995)
described the acritarch assemblages, and Qian (1986) described
the trilobite fauna. Chen and Zhang (1986), Zhang (1986), and
Zhang and Chen (1986) provided details on the succession
and the depositional environment and Wang and Yang (1986)
investigated the clay composition of the sediments. Chen et al.
(1986) described the distribution of rare earth elements in the
succession. Yang et al. (1986) estimated an uppermost Cam-
brian horizon (HBA 9B1) within the section to 500.7 £ 7.4 Ma
based on Rb-Sr method. Ripperdan and Kirschvink (1992),
Ripperdan et al. (1992), and Chen et al. (1995), indepen-
dently, presented quite similar 3'3C-isotope curves from the
Xiaoyanggiao section. Ripperdan and Kirschvink (1992) and
Ripperdan et al. (1992, 1993) introduced the magnetostratig-
raphy of the Cambrian-Ordovician beds and correlated the
magnetostratigraphy to the biostratigraphy data.

2.1. Restudy of the Xiaoyangqiao section

In the past four years an international research group, con-
sisting of seven geologists from China, Denmark and Germany
re-sampled and re-studied the Xiaoyangqgiao section and other
relevant sections in the Dayangcha area. Three additional partic-
ipants joined the project and expanded the international working

group with one geologist from China and two geologists from
Italy and Russia, respectively.

2.2. Material and methods

The Xiaoyanggiao section was measured between 2014
and 2016. Bed thicknesses (terminology after Tucker, 2003),
colours, lithologies, textures, sedimentary structures, macro-
fossils and the stacking pattern of the strata were recorded in
the field. Carbonates are described according to the classifica-
tion scheme of Dunham (1962), mixed siliciclastic-carbonate
deposits are classified after Mount (1985) and siliciclastic sed-
iments are classified after Wentworth (1922). The section was
studied using an integrated litho-, bio-, sequence- and isotope
stratigraphy approach.

The upper Cambrian—lowermost Ordovician succession
(Fig. 2) was collected in detail or nearly bed-by-bed for con-
odont research. Two sample series (BH and DC) were collected,
giving a total of 115 conodont-yielding samples. In addition, the
original material described and published by Chen and Gong
(1986) has been inspected and used for this investigation. The
conodonts were studied under light stereomicroscope and some
specimens are documented using the light microscope and Scan-
ning Electron Microscope (SEM).

The new palynological data are obtained from 46 new sam-
ples (series DA) collected from either the same beds as for the
conodonts, close to them, or just in-between the levels collected
by Yin (1986). Some of the additional sampled levels yielded
rich acritarch assemblages, allowing for the expansion of the
previously known palynological characteristics of the studied
strata.

Graptolite faunas are known from three levels/intervals in
the Xiaoyanggiao section. In connection with the investigation
of the faunas from the Xiaoyangqiao section, material from
various localities (e.g., Quebec, Canada; western Newfound-
land, Canada; Victoria, Australia) have been investigated and
biostratigraphically compared with the Chinese faunas. This
provided a better understanding of the preservation aspects and
led to more precise biostratigraphical correlation of the earliest
planktic graptolite faunas worldwide.
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Carbon isotope analysis was carried out on the bulk carbon-
ate fraction of 96 samples in the Cambrian—Ordovician interval
from the Xiaoyanggiao section. The geochemical analysis was
prepared and analyzed at the Isotopic Geochemistry Laboratory
of the Wuhan Center of China Geological Survey, Wuhan, China.
The carbon isotope ratios were measured using Gasbench II and
ThermoFisher MAT253 mass spectrometer. The C-isotope val-
ues are reported in the standard & notation in per mil (%o) relative
to the PDB standard with a precision of 0.1%c.

The transgressive-regressive (T-R) sequence approach intro-
duced by Embry and Johannessen (1992) is adopted here for the
sequence stratigraphy approach. The transgressive-regressive
approach uses the subaerial unconformity as the unconformable
portion of the boundary, and the maximum regressive sur-
face (MRS) as the correlative conformity. The T-R sequence
approach is used due to the absence of subaerial unconformi-
ties in the section, which might otherwise be used as sequence
boundaries. The individual T-R sequences are bound by MRSs,
not sequence boundaries of the traditional Exxon sequence
stratigraphic model (cf. Catuneanu et al., 2009, 201 1).

A single T-R sequence can be further divided into a
fining-upward transgressive systems tract (TST) below, and a
coarsening-upward regressive systems tract (RST) above, with
the maximum flooding surface (MFS) being the mutual bound-
ary. These are distinctive surfaces of non-deposition, sediment
starvation and condensation that tend to cap the finest grained
sediments of the TSTs and precede the onset of coarsening-
upward cycles (RSTs).

All data provide the basis for the sequence stratigraphic
arrangement introduced here and the T-R approach works well
in more distal sections, which lack a subaerial erosional uncon-
formity.

3. Geological context of the Xiaoyangqiao section of
Dayangcha, Hunjiang, Jilin Province

3.1. Geological setting

The upper Cambrian-Lower Ordovician sedimentary succes-
sions accumulated on the stable North China Craton (NCC or
Sino—Korean Craton, SKC; Fig. 1), which comprises most of
North China and parts of the Korean Peninsula (Fig. 1; Zhu
et al., 2012). The craton forms the core of the North China
plate, which is one of the three Chinese peri-Gondwana terranes
(i.e., North China, South China, and Tarim blocks; Meyerhoff
etal., 1991; Torsvik and Cocks, 2016). Today, the North China
Craton is bounded to the north by the Central Asian Orogenic
belt (Altaids) (Meng et al., 1997; Zheng et al., 2013), to the
west by the western Tethyan subdomain, and to the south by the
Qinling-Tongbai—-Hong”an-Dabie—Sulu Orogenic Belt (i and
Powell, 2001; Kusky et al., 2007; Xiao et al., 2009; Zhai and
Santosh, 2013). The eastern margin is delineated by the Pacific
subduction zone, which was formed by the collision with South
China (Lee and Chough, 2011). Thus today, the North China
block covers an area of about 1500 km from east to west and
1000 km from north to south (Meng et al., 1997).

5

The basement of the North China Craton is composed of
Archean (Eastern block), with the oldest dated at 3800 Ma, and
Palaeoproterozoic rocks (Western Block). A thick succession
of Neoproterozoic to Palacozoic sedimentary deposits uncon-
formably overlies the basement (Zhao and Zhai, 2013; Zheng
et al., 2013). The Cambrian—Ordovician platform succession,
about 500-1000m thick, is composed of carbonate shallow
marine water deposits with intervals of extensive biostromal
microbialites (Lee et al., 2012), some mixed carbonate and
siliciclastic and evaporites (gypsum), oolites and lime breccias
that accumulated on the craton (Feng and Jin, 1994). A thicker
package composed of mixed carbonates and siliciclastics was
deposited in the median to outer shelf to slope setting of the
southeastern margin of the North China (Fig. 1). The carbonate
platform of eastern North China settled on a ramp-like margin
during the late Cambrian—Early Ordovician. The median shelf
siliciclastic-carbonate belt was in places rimmed seaward by a
low stromatolite reef and the outer shelf carbonate platform was
flanked seaward by a shale-rich outer detrital belt of the platform
margin.

During the late Cambrian and Early Ordovician the North
China plate occupied a tropical position and the sedimentary
succession was deposited in an extensive epeiric sea (Meyerhoff
etal., 1991; Fu, 1996, pp. 37-38; Fu and Lai, 1996, pp. 37-40;
Meng et al., 1997). The North China Block drifted northward
and was situated near the equator during the early Palaeozoic
(Fu, 1996; Fu and Lai, 1996; Li and Powell, 2001; Burrett et al.,
2014; Torsvik and Cocks, 2016). In the late Cambrian the palaeo-
geographical position of the North China block was within 10°
of the equator, but in the latest Cambrian to earliest Ordovi-
cian it changed to the subaequatorial belt with hurricanes. This
is seen in the increase of storm deposits, evaporites (gypsum),
oolites and lime breccias in the uppermost Cambrian to low-
ermost Ordovician successions of the North China block (Liu
and Zheng, 1998; Kwon et al., 2006). It was tectonically stable
during most of the Cambrian, but a hiatus of variable magni-
tude across the Cambrian—Ordovician boundary is developed at
many sites on the North China platform, which is interpreted as
being caused by an uplift that occurred on the western margin of
the North China plate. The Ordovician succession is interrupted
due to the “Huaiyuan Movement” forming a hiatus extending
from the mid-late Floian (Early Ordovician) into the early Dar-
riwilian (Liu et al., 1997; Wang et al., 2016; Zhen et al., 2016).
Sedimentation on the North China plate returned in the Middle
Ordovician and persisted into the early Late Ordovician. A sec-
ond uplift caused the formation of a great hiatus and lower Upper
Ordovician sedimentary rocks are disconformably overlain by
an upper Carboniferous to lower Permian succession composed
of marine and terrestrial deposits (Zheng et al., 2013).

3.2. Stratigraphy and succession

The Ordovician sedimentary rocks of the Dayangcha area
form a succession characterized by marine mixed siliciclastic-
carbonate, upward-deepening and upward shallowing cyclic
sedimentation. These upper Cambrian to Lower Ordovician sed-
imentary rocks, very well exposed at the Xiaoyangqiao section,
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are here referred — informally — to the Dayangcha beds (cf.
Erdtmann, 1986; Fig. 1B). The underlying, mainly sedimentary
carbonates and subordinate shales, exposed along the road in the
Xiaoyanggiao lower section (XLS), immediately to the south
of the Xiaoyanggiao composite section (XCS) (Fig. |B), are
referred to the Furongian Fengshan Formation (Zhang, 1962).
The Lower Ordovician (Tremadocian) strata of the Yeli (or
Yehli) Formation (Grabau, 1922) overlie the Dayangcha beds
(Zhang, 1962; Wang et al.. 1996). The Yeli strata are composed
mainly of carbonate sedimentary rocks with only subordinate
calcareous shale. The Yeli Formation is exposed in the other
small rivulet immediately to the south of the Xiaoyanggiao sec-
tion and along the new main road (Zhang and Erdtmann, 2004;
Fig. 1B). The Xiaoyanggiao section and the westerly facing sec-
tion with exposures of the Yeli Formation and situated just to
the south of the Xiaoyanggiao section are together named the
Xiaoyangqiao composite section (XCS) (Chen, 1986; Zhang,
1986; Fig. 1B).

3.2.1. Lithostratigraphy

The Dayangcha beds exposed at the Xiaoyanggiao section
consist of mixed carbonate-siliciclastic sedimentary rocks, com-
posed primarily of limestone, siltstone and shale, subordinate
conglomerates and strata bound breccias that dip evenly from
21° to 487 to the northeast (Fig. 2).

The Dayangcha beds can be subdivided into four lithostrati-
graphic informal units (I-I1V; Fig. 3).

3.2.1.1. Unitl

Unit I is composed of mixed shale, shale with thin limestone
lenses and limestone beds. Unit I, ca. 11 m thick, comprises a
series of upward deepening one metre-scale cycles but shows
an increasing abundance of siltstone in the uppermost part of
the unit and just below the capping limestone. In the unit the
ratio carbonate: siliciclastic is about 1:1 with an increase up-
section of the siliciclastic content. Unit I starts from middle of
the Xiaoyanggiao low section (XLS), exposed along the road
to Dayangcha (Fig. 1), and continues upwards from the base of
the Xiaoyanggiao section; it terminates just below the reference
level of the Xiaoyanggiao section (i.e., at 0.0 on Fig. 3). Trilo-
bites, associated with some brachiopods, are present to common
in the shale.

3.2.1.2. Unitll

This unit is dominated by carbonate deposition starting with
shallow water carbonate into gradually increasing deeper water
carbonates, commonly nodular, and minor interbedded shale
(parted and ribbon limestone). This unit includes the promi-
nent columnar stromatolite marker bed (1.4—1.6 m thick) slightly
above the reference level. Unit I begins at —0.2 m and extends
up to +7.1 m in the section (Figs. 2, 3). Trilobites are present in
the unit.

Unit IT represents a brief recovery of the carbonate factory
on the platform with little input of siliciclastic material.

X.F. Wang et al. / Palacoworld xxx (2019) xxx—xxx

3.2.1.3. Unit HI

Unit IIT is predominantly siliciclastic shale and siltstone
interbedded with minor thin argillaceous, commonly nodular,
limestone beds. Input of carbonate conglomerate and imbricated
limebreccia horizons is recorded in the middle of the unit and
a series of strata bound limebreccia beds characterizes the top
of the unit. Glauconite becomes a characteristic component in
the middle to upper part of unit III. Trilobites are frequent in
unit IIT and the first planktic graptolite appears at the top of the
unit (Figs. 2, 3). Unit IIT starts at +7.1 m and extends to +21.4 m
and thus it is 14.3 m thick. Sponge spicules are common in the
limestone.

The limebreccias are interpreted as storm generated deposits
or tempestites produced by hurricanes (e.g., Kwon et al., 2006;
Chen and Lee, 2013; Chen, 2014). The conglomerate bed proba-
bly was deposited by a debris flow. The presence of glauconite in
the upper unit 111 signifies a depth of 150-200 m (e.g., Porrenga,
1967) and low deposition rate (Odin, 1988).

3.2.1.4. UnitIV

Unit IV comprises almost exclusively siliciclastic sedimen-
tary rocks, composed of green, light grey shale to black shale,
and grey to light grey siltstone and few fine-grained sandstone
beds. Thin, flat lenticular carbonate beds may occur in the dark
grey to black shale; a few beds of limestone are recorded at
the top of the unit. Except for the black shale, glauconite is a
common mineral in this member. The most significant macro-
fossils in unit I'V are planktic graptolite assemblages. This unit
extends from +21.4 m and up to the top of the exposed section
(Fig. 3). Unit IV is at least 9.8 m thick: it is most likely thicker
as the upper boundary of the unit has not been reached in the
Xiaoyanggiao section.

3.2.2. Biostratigraphy

The biostratigraphy of conodonts and graptolites from the
Xiaoyanggqiao section is outlined below. The acritarchs are in an
early stage of revision and biostratigraphic units are presented
informally. The trilobite succession, described by Chen et al.
(1983, 1985, 1986, 1988), is presented here in abbreviated form.

3.2.3. Conodonts

The conodont fauna comprises eu- and paraconodonts, which
are moderately to relatively abundant and the fauna is moderately
diverse. In this investigation only the euconodonts are discussed.
The specimens are only mildly altered showing a CAI of 1.5-2
suggesting that the host rocks were heated to a maximum of
140 °C (Epstein et al., 1977). The specimens are generally well
preserved, but at times the specimens have broken cups and some
are preserved with silt attached to the specimens.

3.2.3.1. Conodont evolutionary lineages

The investigated Cambrian—Ordovician interval in the
Xiaoyangqiao section preserves the evolutionary succession
of the conodont genus Cordylodus Pander, 1856 that derived
from Eoconodontus notchpeakensis (Miller, 1969) (Figs. 4A,
5A). The Cordylodus lineage starts with Cordylodus primitivus
Bagnoli, Barnes and Stevens, 1987 (Figs. 4B, 5B) succeeded
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Fig. 3. Upper Cambrian to Lower Ordovician (Tremadocian) stratigraphy of the Xiaoyanggiao section and ranges of selected conodont and graptolite species. For
legend, see Fig. 10. Abbreviations used for grainsize: sh = shale; si =siltstone; br =breccia; w = wackestone; g = grainstone; b =boundsione; ¢ = conglomerate.

by C. proavus Miiller, 1959 (Figs. 4C, D, 5C, D), C. caboti
Bagnoli, Barnes and Stevens, 1987 (Figs. 4E, F, 5E, F), C. inter-
medius Furnish, 1938 (Figs. 41, J, 51, J) and C. lindstromi Druce
and Jones, 1971 (Figs. 4K-M, 5K-M). ‘Cordylodus’ andresi
Viira and Sergeeva in Kaljo et al., 1986 (see Viira et al., 1987)
is recorded first at —2.4m in the section and just below the

appearance of C. primitivus. However, *Cordylodus’ andresi is
not phylogenetically connected with the genus Cordylodus s.s.
(Bagnoli and Stouge, 2014).

In the Xiaoyanggiao section lapetognathus jilinensis Nicoll,
Miller, Nowlan, Repetski and Ethington, 1999 (Fig. 40, P) rep-
resents a segment of the evolutionary lineage that yet has to be
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Fig. 4. Representative conodont species from the Xiaoyangqiao section. (A) Eoconodontus notchpeakensis (Miller, 1969), lateral view, BD 15, NIGP 174030. (B)
Cordylodus primitivus Bagnoli, Barnes and Stevens, 1987, lateral view, BD 15, NIGP 174044. (C, D) Cordylodus proavus Miiller, 1959, rounded elements, lateral
view, BD 8B, NIGP 8B001 and, BD 15, NIGP 174034. (E, F) Cordylodus caboti Bagnoli, Barnes and Stevens, 1987, rounded elements, lateral view; (E) BD 23A,
NIGP 23A001; (F) BD 22, NIGP 174017. (G, H) Cordylodus drucei Miller, 1980, outer lateral view, BD 22; (G) NIGP 174015; (H) NIGP 174016. (1, J) Cordylodus
intermedius Furnish, 1938, lateral view; (I) compressed element, BD 23A, NIGP 23A002; (J) rounded element, BD 24, NIGP 174011. (K-M) Cordylodus lindstromi
Druce and Jones, 1971, lateral view: (K) compressed element, BD 30, NIGP 182033; (L) rounded element, BD 30, NIGP 182032; (M) rounded element, BD 28B,
NIGP 182030. (N) Utahconus beimadaoensis Chui and Zhang in An et al., 1983, lateral view, BD 30A, NIGP 30A002. (O, P) lapetognathus jilinensis Nicoll, Miller,
Nowlan, Repetski and Ethington, 1999, left and right elements, upper view, BD 29, NIGP 173046 and NIGP 29002. (Q) Cordylodus prion Lindstrom, 1955, sensu
Nicoll (1991), rounded element, outer lateral view, BD 19, NGIP 19001. Scale bars represent 200 wm. All figured specimens are housed in Nanjing Institute of
Geology and Palacontology, Chinese Academy of Sciences, Nanjing, China (acronym: NIGP).

fully documented. It represents a derived taxon from its possible exposed at top of the Xiaoyangqiao section, but these authors
ancestor lapetognathus preaengensis Landing in Fortey et al., did not elaborate further on this occurrence. Here specimens of
1982, which is the oldest known representative of the genus. lapetognathus have not been recorded from above the horizon
Nowlan and Nicoll (1995) recorded ‘an advanced species of  with lapetognathus jilinensis.

lapetognathus’, from limestone beds in the upper Unit IV and

Please cite this article in press as: Wang, X.E, et al., Correlating the global Cambrian-Ordovician boundary: Precise comparison of
the Xiaoyanggiao section, Dayangcha, North China with the Green Point GSSP section, Newfoundland, Canada. Palacoworld (2019),
https://doi.org/10.1016/j.palwor.2019.01.003

427



+Model
PALWOR-488: No.of Pages33

%
ot
<

X.F. Wang et al. / Palaecoworld xxx (2019) xxx—xxx 9

)
(=)
(b o

>

s

M N

Fig. 5. Linedrawings of selected conodont species from Fig. 4 showing the outline of the basal cavity. (A) Eoconodontus notchpeakensis (Miller, 1969), lateral
view, BD 15, NIGP 174030 (same specimen as Fig. 4A). (B) Cordylodus primitivus Bagnoli, Barnes and Stevens, 1987, lateral view, BD 15, NIGP 174044 (same
specimen as Fig. 4B). (C, D) Cordylodus proavus Miiller, 1959, rounded elements, lateral view, BD 8B, NIGP 8B001 and, BD 15, NIGP 174034 (same specimens
as Fig. 4C, D). (E, F) Cordylodus caboti Bagnoli, Barnes and Stevens, 1987, rounded elements, lateral view; (E) BD 23A, NIGP 23A001; (F) BD 22, NIGP 174017
(same specimens as Fig. 4E, F). (G, H) Cordylodus drucei Miller, 1980, outer lateral view, BD 22; (G) NIGP 174015, (H) NIGP 174016 (same specimens as Fig. 4G,
H). (I, J) Cordylodus intermedius Furnish, 1938, lateral view; (I) compressed element, BD 23A, NIGP 23A002; (J) rounded element, BD 24, NIGP 174011 (same
specimens as Fig. 41, J). (K-M) Cordylodus lindstromi Druce and Jones, 1971, lateral view; (K) compressed element, BD 30, NIGP 182033; (L) rounded element,
BD 30, NIGP 182032: (M) rounded element, BD 28B, NIGP 182030 (same specimens as Fig. 4K-M). (N) Cordylodus prion Lindstrom, 1955, sensu Nicoll (1991),
rounded element, outer lateral view, BD 19, NGIP 19001 (same specimen as Fig. 4Q). Scale bars represent 200 pum.
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3.2.3.2. Conodont zonation

The complete evolutionary succession of Eoconodontus—
Cordylodus allows for a precise biozonation in ascending
order: the Eoconodontus notchpeakensis, Cordylodus proavus,
Cordylodus caboti, Cordylodus intermedius, and Cordylodus
lindstromi bio (lineage) zones (Fig. 3). The overlying Cordy-
lodus angulatus Zone has not been reached in the investigated
section, but has been recorded from a closely located succession
(Chen and Gong, 1986). The lineage zones used here are briefly
outlined:

Eoconodontus notchpeakensis Zone is based on the FAD of
the nominate species and ranges upward to the FAD of Cordy-
lodus proavus. Cambroistodus cambricus (Miller, 1969) and C.
minutus (Miller, 1969) are characteristic and common associ-
ated species. The long-ranging Teridontus nakamurai (Nogami.
1967) is present throughout the zone. Proconodontus muelleri
Miller, 1969 and P. serratus Miller, 1969 from below extend high
into the zone. Cordylodus primitivus and ‘Cordylodus’ andresi
both appear in the upper to uppermost part of the zone; both
range into the next zone.

The Eoconodontus notchpeakensis Zone is not completely
developed in the Xiaoyangqiao section as the nominate taxon
is already present in the basal beds of the section (Chen and
Gong, 1986; this study). Chen and Gong (1986) defined the
Cambrooistodus Zone for the same interval. Cordylodus primi-
tivus is a potential taxon for the establishment of an additional
zone or subzone (cf. Barnes, 1988) but is not introduced here.

The FAD of Cordvlodus proavus defines the base of the
Cordylodus proavis Zone in the Xiaoyanggiao section. Cordy-
lodus proavus first appears in samples BD 8A/DC 32 at 0.6 m,
i.e., alevel, which is just below the prominent and characteristic
stromatolite marker bed in the lower part of the Xiaoyangqiao
section (Fig. 3). The upper boundary is at the FAD of Cordy-
lodus caboti. Associated species include Teridontus nakamurai
and Fryxellodontus inornatus Miller, 1969, The C. proavis Zone
is 4.1 m thick in the Xiaoyanggiao section.

The Cordylodus caboti Zone is marked by the FAD of Cordy-
lodus caboti and the top of the zone is at the FAD of Cordylodus
intermedius. In the Xiaoyanggiao section Cordylodus caboti
is first recorded in sample BD 11 at +4.6 m above the refer-
ence level. The associated fauna includes the species known
from the C. proavus Zone and with the presence of Cordy-
lodus prion Lindstrom, 1955 sensu Nicoll (1991) (Figs. 4Q,
5N). New taxa appearing in the very top of the zone include
Monocostodus  sevierensis (Miller, 1969), Semiacontiodus
lavadamensis (Miller, 1969), Hirsutodontus simplex (Druce and
Jones, 1971) and Cordylodus drucei, Miller, 1980 (Figs. 4G, H,
5G, H). The C. caboti Zone is 13.8 m thick in the Xiaoyangqgiao
section,

The Cordylodus intermedius Zone is defined by the FAD of
the nominate species. The top is at the base of the overlying
zone. The first record of C. intermedius in the Xiaoyangqiao
section is in samples BH 23/DC 61; both samples were collected
at +18.4 m. The top of the zone is represented by sample, BD
28 at +21.4m above the reference level and the zone is 3.0m
thick in the Xiaoyanggiao section. The zone includes several

of the taxa from below, i.e., Cordylodus drucei, Monocosto-
dus sevierensis, Semiacontiodus spp. and Utahconus utahensis
(Miller, 1969). Cordylodus prolindstromi Nicoll, 1991 appears
at +20.6 m (sample BD 26A) and is present with a short range
within the uppermost part of the C. intermedius Zone (Fig. 3).

The Cordylodus lindstromi Zone is marked by the FAD of the
eponymous species in sample BH 28 at +21.4 m above the refer-
ence level, which is ca. 50 cm above the FAD of Rhabdinopora
proparabola (at+20.9 m). The upper boundary of the zone is not
defined in the section as the marker species for the next zone,
i.e., Cordylodus angulatus, has not been recorded in the sec-
tion. Cordylodus proavus, Cordylodus caboti, and Cordylodus
intermedius from below range into the zone.

In addition to the Cordylodus zonal species mentioned above
the long-ranging Teridontus nakamurai is present; the charac-
teristic lapetognathus jilinensis appears in the lower part of the
zone (in sample BD 29 at +21.7 m) and is present with a short
range. Utahconus beimadaoensis Chui and Zhang in An et al.,
1983 sensu Chen and Gong (1986) is a newcomer and appears
in the uppermost part of the zone (i.e., at +30.2 m and within
the Anisograptus matanensis graptolite Zone). This relatively
unknown taxon may be useful for long distance correlation, as
it has also been recorded from Laurentia (Landing et al., 1996;
Landing and Westrop, 2006).

3.2.4. Graptolites
3.2.4.1. Graptolite evolutionary lineages

Rhabdinopora proparabola (Lin, 1986) (Fig. 6A-C) is the
first planktic graptolite appearing in the succession of the
Xiaoyanggiao section. It is recorded at +20.9 m above the base
level (Fig. 3). This first planktic graptolite of the Rhabdinopora
graptolite lineage appeared in the earliest Ordovician. Lin (1986)
for the first time described the fauna of this level and differen-
tiated nine species included in the three genera Dictyonema,
Heterograptus and Staurograptus. All taxa are now interpreted
to represent different growth stages and preservational aspects
of a single species, Rhabdinopora proparabola. The species can
be recognized by its three-vaned structure with an angle about
120° between them at the proximal end (Lin, 1986; Fig. 6A-C).
None of the specimens can be shown to possess a nema and
the three-vaned construction is directly attached to the tip of the
sicula. The origin of this feature is unclear, but R. proparabola
might not be termed a nematophorous graptolite (cf. Koztowski,
1971; Erdtmann, 1982), but it was likely a planktic taxon. There
is no indication of an attachment disc and the peculiar three-
vaned feature cannot have served as one, as it is too regularly
developed. These vanes show a fusellar construction that starts
at the tip of the sicula and later encroaches onto the sides of the
sicula, covering it in part (Fig. 6A—C).

The next representative of the graptolite lineage is the
revised Rhabdinopora parabola (Bulman, 1954) (Fig. 6D-G).
Rhabdinopora praeparabola Erdtmann, 1982 is interpreted to
represent juveniles of R. parabola and thus regarded as a
junior synonym. R. parabola has a well-developed nema starting
from the tip of the sicula. All more complete specimens from
the Xiaoyanggiao section show that this nema shows multiple
branching divisions (Fig. 6E, F) and is not comparable in con-
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Fig. 6. (A—C) Rhabdinopora proparabola (Lin, 1986); (A) NIGP 98646, larger specimen with fragmented proximal structure showing colony shape: (B, C) NIGP
98605, small specimen showing three-vaned proximal structure, note fusellar construction in (C). (D-G) Rhabdinopora parabola (Bulman, 1954); (D) NIGP 168426,
dorsal view showing quadriradiate development; (E, F) NIGP 168427 and NIGP 164496, laterally preserved specimens showing colony shape and branched nemata;
(G) NIGP 168428, stipe fragment in relief, coated with ammonium chlorite. (H) Anisograptus matanensis Ruedemann, 1937, NIGP 168429, several small specimens
showing sicula (arrows). Scale bars represent 1 mm. All figured specimens are housed in Nanjing Institute of Geology and Palacontology. Chinese Academy of

Sciences, Nanjing, China (acronym: NIGP).

struction to the vanes of R. proparabola. A number of taxa with
branched nemata have been described from the Early Ordovician
strata worldwide. As examples are here indicated R. campanu-
latum (Harris and Keble, 1928), R. enigma (Cooper and Stewart,
1979) and R. scitulum (Harris and Keble, 1928) from Australia
and R. flabelliformis belgica (Bulman, 1970) from Belgium. It
is currently unclear, whether these forms might be synonymous
to R. parabola and a revision of these taxa is in progress. Pre-
viously, the density of stipes and dissepiments in the various
species of the genus Rhabdinopora has been used to differenti-
ate individual species statistically (Cooper et al., 1998), but this
approach is problematic, because distortion and varying preser-
vational aspects (Maletz et al., 2017). Thus, the identity of these,
presumably earliest planktic graptoloids, has to be questioned
in many cases.

3.2.4.2. Graptolite zonation

The Rhabdinopora proparabola, R. parabola and Anisograp-
tus matanensis graptolite biozones are all well represented in
the Xiaoyangqiao section.

The R. proparabola Zone is recorded at the appearance of
R. proparabola, +20.9 m above the reference level. This is the
only level at which the species has been recorded. All taxa
described by Lin (1986) can be included in this single species
as astogenetic variants or preservational aspects.

The R. parabola Zone is recorded 5.8 m above the appear-
ance of R. proparabola. R. parabola is a common species in a
short interval of about 10cm in the Xiaoyangqiao section. All
astogenetic stages from juveniles to mature and gerontic spec-
imens have been described (Lin, 1986), but often specimens
are fragmented. A number of specimens show enough relief to
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investigate the thecal and proximal end construction of this taxon
including the quadriradiate proximal development suggested by
Cooper et al. (1998).

The Anisograptus matanensis Zone is marked by the appear-
ance of the nominate species at +29.8 m (Figs. 3, 6H). A number
of closely spaced horizons occur in which largely fragments of
Anisograptus matanensis can be found. Specimens of Rhabdino-
pora have not been discovered in this interval. The top of the
zone has not been recorded in the section.

3.2.5. Acritarchs

Early studies of acritarchs from the Xiaoyanggiao section
demonstrated the occurrence of remarkably diverse and well-
preserved palynomorphs of varying abundance throughout the
sampled sedimentary succession (Yin, 1986). The palynologi-
cal material was well described and illustrated and five acritarch
assemblages were proposed from the latest Cambrian to earliest
Ordovician (Yin, 1985, 1986, 1995). However, since 1995 signif-
icant taxonomical revisions and/or reconsiderations in acritarch
taxonomy — especially of the Cambrian acritarch taxa — have
been made. Therefore, comparison and correlation of the paly-
nofloras described from the Xiaoyanggiao section with coeval
assemblages from outside North China remained difficult.

This review revises some of taxonomical problems of the
acritarch assemblages and also improves their distribution in
the Cambrian—Ordovician interval recorded at the Xiaoyanggiao
section (Fig. 7). The new study confirms that the distribution of
acritarchs through the section is not homogeneous. Highly fos-
siliferous levels are followed by intervals with a gradual decrease
in abundance and taxonomical diversity of the acritarchs. At
some levels the acritarch assemblages are almost monospe-
cific and represented predominantly by simple sphaeromorphs
(Leiosphaeridia, Granomarginata (= Annulum), etc.). Probably
the cyclic pattern, from favorable to poor, is one response to the
repetitive changes of the depositional environment.

Three acritarch assemblages are distinguished in the upper
Cambrian—Lower Ordovician succession of the Dayangcha beds
(Fig. 7). Their correlation with the microflora described by Yin
(1986) is shown in Fig. 9. Some of the suggested taxonomi-
cal changes concerning acanthomorph and diacrodian acritarchs
(i.e., Dean and Martin, 1982; Moczydtowska, 1991; Raevskaya
and Servais, 2009, with references) are adopted here.

3.2.5.1. Assemblage 1 (Timofeevia
phosphoritica—Polygonium—Solisphaeridium)

Assemblage 1 is recorded in the lower part of the studied sec-
tion, i.e., from —10.7m to ca. —5.8 m (samples DA 1-DA 8)
(Fig. 7). Itis characterized by the association of simple acantho-
morph acritarchs belonging to the Polygonium—Solisphaeridium
(Fig. 80) plexus together with Timofeevia phosphoritica
Vanguestaine, 1978 (Fig. 8N) and less numerous representa-
tives of the galeate taxa Cymatiogalea sp. and Stelliferidium
sp. Some specimens of Cristallinium, Multiplicisphaeridium
sp., ?Comasphaeridium sp., and Granomarginata squamacea
Volkova, 1968 (= Annulum squamaceum (Volkova) Martin and
Dean, 1983) are present in subordinate amount. Single fragments
of ?Retisphaeridium sp., and possible Eliasum sp. are found

X.F. Wang et al. / Palaeoworld xxx (2019) xxx—xxx

in the sample DA 2, whereas representatives of?Tectitheca are
present in samples DA 3 and DA 4. The latter sample is charac-
terized by a sharp increase in number of acritarchs, especially of
the two genera Timofeevia and Polygonium. The occurrence here
of some rare diacrodians, such as Actinotodissus, is considered
to be stratigraphically important, confirming a late Furongian
age (Volkova, 1990; Volkova and Kir’janov, 1995; Raevskaya
and Servais, 2009). Similarly, the appearance of Cymatiogalea
and Stelliferidium is confined to the Furongian Series (Volkova,
1990; Volkova and Kir'janov, 1995), whereas Retisphaeridium,
Eliasum, Comasphaeridium, Cristallinium, Timofeevia and Gra-
nomarginata range from strata below. The gradual decrease in
the acritarch abundance, in the samples DA 5-DA 8, is replaced
by a new peak in sample DA 9 at —5.6m, in which the next
assemblages can be distinguished.

3.2.5.2. Assemblage 2 (Vulcanisphaera
africana—Ninadiacrodium)

Assemblage 2 comprises almost all of the previous listed taxa
but in varying quantities at different levels (i.e., samples DA
9-DA 24), however diacrodian acritarchs become remarkably
more diverse and numerous. Apart from Actinotodissus, other
genera occur, including Acanthodiacrodium, Dasydiacrodium,
Ninadiacrodium, and Trunculumarium. The most important
late Furongian index species are Ninadiacrodium caudatum
(Vanguestaine, 1973) Raevskaya and Servais, 2009 (Fig. 8I),
Dasydiacrodium obsonum Martin in Martin and Dean, 1988 (in
samples DA 11, DA 15, DA 15-1; Fig. 8L, M), Ninadiacrodium
dumontii (Vanguestaine, 1973) Raevskaya and Servais, 2009
(samples DA 12 and DA 15; Fig. 8K), and Trunculumarium
sp. (sample DA 14).

Acritarch diversity of the assemblage 2 is comple-
mented by occurrence in the sample DA15 of some rare
Vulcanisphaera africana (Deunff, 1961) Rasul, 1976 (Fig. 8H)
and various galeates such as Cymatiogalea aff. C. bouvardii
Martin, 1973 (Fig. 8E), C. columellifera (Deunff, 1961) Deunff
et al., 1974, C. eylindrata Rasul, 1974, Priscogalea sp.,
Stelliferidium stelligerum (Gorka, 1967) Deunff et al., 1974
(Fig. 8D), and Stelliferidium sp. In addition, Globosphaeridium,
Micrhystridium, ?Priscoteca sp., and Tasmanites sp. are also
present. The very rich interval, from —1.3 to —0.5 m (samples
DA 15 and DA 16), is followed by almost barren strata. This
change is associated with the transition from lithological unit
I (mainly shale) to unit II (mainly carbonates) and evidently,
environmental and/or preservational conditions favourable for
acritarchs changed. Only rare small acanthomorphs and simple
sphaeromorphs are still present. Timaofeevia has its upper range
within this assemblage.

3.2.5.3. Assemblage 3 (Corollasphaeridium wilcoxianum)
Assemblage 3 is recognized from the sample DA 25
by the appearance of the very distinctive palynomorph
Corollasphaeridium wilcoxianum Martin in Dean and Martin,
1982 (Fig. 8A—C). This taxon is accompanied by Acantho-
diacrodium, Actinotodissus, Cymatiogalea, Globosphaeridium,
Polygonium and Solisphaeridium. The change in composition is
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Fig. 7. Upper Cambrian to Lower Ordovician (Tremadocian) acritarch and trilobite biostratigraphy of the Xiaoyanggiao section. For legend, see Fig. 10. Abbreviations
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Fig. 8. Representative late Cambrian (Furongian) to Lower Ordovician acritarchs species from the Xiaoyanggiao section. The sample/slide number and England
Finder coordinates are indicated for all specimens. (A-C) Corollasphaeridium wilcoxianum Martin in Martin and Dean, 1982; (A) specimen in lateral view, sample
DA 36. E31/3; (B, C) specimens in compressed transverse view, sample DA 36, B51/1 (B), P55/1 (C). (D) Stelliferidium stelligerum (Gorka. 1967) Deunff et al..
1974, sample DA 15, T42/2. (E) Cymatiogalea aff. C. bouvardii Martin, 1973, sample DA 15, H27/1. (F) Cymatiogalea cuvillieri (Deunff, 1961) Deunff, 1964,
sample DA 37, V39/2. (G) Actinotodissus achrasi (Martin, 1983) Martin and Dean, 1988, sample DA 15, F31/1,3. (H) Vulcanisphaera africana (Deunff, 1961)
Rasul, 1976, sample DA 15, 1.23/3,4. (1) Ninadiacrodium caudatum (Vanguestaine, 1973) Raevskaya and Servais, 2009, sample DA 15, C42. (J) Ninadiacrodium
sp. A, sample DA 15, F29/2,4. (K) Ninadiacrodium dumontii (Vanguestaine, 1973) Raevskaya and Servais, 2009, sample DA 15, S51/3. (L, M) Dasydiacrodium
obsonum Martin in Martin and Dean, 1988: (L) sample DA 15, L47/3; (M) sample DA 15-1, L46/2. (N) Timofeevia phosphoritica Vanguestaine, 1978, sample DA
4, H34/2. (O) Acritarch ex. gr. Polygonium-Solisphaeridium, sample DA 4, K48. Scale bars represent 20 pum.
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Fig. 9. Comparison between the integrated zonation systems of Chen (1986) and Chen et al. (1988) and this study. The trilobite zonation is the same for both studies.

clearly associated with the lithological change from unit II to
unit 1.

Several horizons within assemblage 3 are dominated by
mainly one acritarch genus. Granomarginata is present in high
numbers in samples DA 27, DA 30, DA 34, and DA 36;
Cymatiosphaera in sample DA 28 and Leiosphaeridia is the
predominant taxon in sample DA 39. The occurrence of Cyma-
tiogalea cuvillieri (Deunft, 1961) Deunff, 1964 (Fig. 8F) in
sample DA 37 confirms a proximity to the base of the Tremado-
cian (Raevskaya, 2000),

From sample DA 39 and to the top of the studied inter-
val palynomorphs become very rare. Different morphotypes of
Corollasphaeridium and related unidentified fragments occur
together with few long-ranging taxa mentioned above (Section
3.2.5).

3.2.6. Trilobites

Trilobites in the Xiaoyanggiao section are present through-
out the succession and found commonly in the shales (Fig. 7).
Trilobites of the Dayangcha beds are of Asian—Australian affin-
ity, but the fauna does share taxa with Laurentia. Among the taxa
in the trilobite assemblage is the genus Mictosaukia, which is
applied as zonal taxon in North, Northeast, and South China, and
Western Australia for the uppermost Cambrian. Leiostegium is
another widely distributed trilobite genus, which is known from
Australia and North America and also useful for intercontinental
correlation.

The biostratigraphic subdivision of the Dayangcha succes-
sion using trilobites is based on the zonation of Qian (1986)
and summarized by Chen et al. (1988). Most of the zones
were termed assemblage zones, but they are based on the first
appearance and co-occurrences of several taxa (Fig. 7). Qian
(1986) introduced three zones and seven subzones. According
to this, the association of trilobites is referred to the Furongian
Mictosaukia—Fatocephalus and Richardsonella—Platypeltoides
zones and the Yosimuraspis Zone spanning the uppermost Furon-
gian and lowermost Tremadocian (Fig. 7).

4. Integration of biozones and acritarch assemblages

In the Xiaoyanggiao succession the Cordylodus lineage is
recorded mostly from units I, Il and 111, and the graptolite fauna
mostly from unit IV. However, representatives of the two fos-
sil groups overlap in upper unit III and the zonal conodont
index Cordylodus lindstromi almost coincides with Rhabdino-
pora proparabola in the top of unit III. The appearance of
Rhabdinopora proparabola is recorded in a thin green shale
horizon at +20.9 m and Cordylodus lindstromi first appears at
+21.4m, i.e., 0.5m above the first graptolite horizon. The fact
that the appearances of these two important species are very
close provides a significant tie for zonal integration of these two
important fossil groups and for intercontinental correlation. The
R. parabola Zone is constrained to the Cordylodus lindstromi
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Zone, and the Anisograptus matanensis Zone begins within the
Cordylodus lindstromi Zone.

Acritarch assemblage | is constrained to the Eoconodontus
notchpeakensis Zone. Acritarch assemblage 2 initiates in the E.
notchpeakensis Zone and extends upwards into the Cordylodus
caboti Zone. Assemblage 3 from unit III coincides largely with
the upper Cordvlodus caboti Zone and all of the C. intermedius
Zone.

The Mictosaukia angustilimbata and Mictosaukia striata
trilobite subzones of the Mictosaukia—Fatocephalus Zone are
recorded from the Eoconodontus notchpeakensis Zone. The
Alloleiostegium latilum—Pseudokoldiniodia perpetis Subzone
of the Mictosaukia—Fatocephalus Zone comprises all of the
Cordylodus proavus Zone and extends into the lower C.
caboti Zone. The Richardsonella—Platypeltoides Assemblage
Zone is constrained to the upper Cordylodus caboti Zone.
The following Leiostegium (Manitouella) Subzone of the
Yosimuraspis Zone correlates clearly to the Cordylodus inter-
medius Zone and thus represents the top Cambrian. The
Yosimuraspis (Eoyosimuraspis) and Y. (Yosimuraspis) subzones
of the Yosimuraspis Zone are coeval to the Cordvlodus lind-
stromi Zone, where the former is contained in the R. proparabola
Zone and the latter is coeval to the R. parabola Zone. The base
of the top Yosimuraspis (Metayosimuraspis) Subzone coincides
closely with the appearance of Utahconus beimadaoensis, which
is from the basal part of the A. matanensis graptolite Zone.

The integration of the biozones and acritarch assemblages is
summarized in Fig. 9.

5. Sequence stratigraphy

The succession exposed at the Xiaoyanggiao section was
deposited on a calm terrigenous-dominated mid to outer shelf
of the ramp. The shallow to deep water marine sediments accu-
mulated on the mid shelf to the margin and edge of the shelf,
which is indicated by the sedimentary rocks and the diverse
macroinvertebrate and conodont faunas, and acritarch microflo-
ras. The mid shelf facies association includes wackestone and
locally authochthonous buildups. With increasing water depth
the trilobite constituents gradually increase in abundance and
siliceous sponge spicules become more numerous. The car-
bonate content decreases upward and fine-grained siliciclastic
sedimentary rocks dominate the upper part of the succession,
suggesting a progressive uplift of the source area and decrease
of the carbonate factory activity.

Occasionally intercalated, thin- to medium-bedded lime-
stones (wackestones to grainstones, limebreccias) marked by
coarse-grained debris from the middle and inner shelf zones are
interpreted as debris flows (tempestites), reflecting the storm-
related export of shallow-marine material into the most distal
and deepest shelf zones.

5.1. Sequence analysis
The succession exposed at the Xiaoyanggiao section is

composed of meter-scale ‘parasequences’ deposited in marine
subtidal to deeper water marine settings. The Xiaoyangqiao
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sequence is here arranged into five low frequency (3rd or higher
order) cycles expressed by an alternation of (1) shale-limestone,
(2) limestone, (3) shale, limestone and lime breccias and (4)
siltstone-shale. Each of the five depositional sequences rec-
ognized in the whole exposed succession is bounded by the
MRS that caps a succession of regressive sediments that coarsen
upward as a result of decreasing accommodation space. The
lower and upper sequences are not fully developed in the section
whereas the middle sequences are fully preserved.

The biostratigraphic zonal boundaries usually are recorded
within the lower transgressive parts of the sequences, close to
but clearly above the MRS surfaces. Some biozones (i.e., grapto-
lite biozones) are established immediately above the maximum
flooding surface in the sequence.

5.1.1. Sequence A

Sequence A comprises lithological unit 1. This lower deposi-
tional sequence is represented by the cyclically developed beds
from the base of the section and up to the first limestone bed just
above the siltstone bed at the top of unit I. Sequence A includes
all the lower parasequences (Fig. 10). It consists of cyclic depo-
sition composed of grey to dark grey shale and limestone. Basal
portions of the parasequences are typically shale although some
sequence bases are nodular to lenticular shale in outcrop. Middle
portion of the parasequences is typically shale with nodular to
lenticular limestone and shale grading upwards into fine-bedded
shale. The upper portion of the parasequences is composed of
wavy bedded argillaceous wackestone. The upper surface of the
limestone is sometimes developed as a discontinuity surface with
burrows.

Unit I represents a deepening-upward succession and is part
of the transgressive system tract of sequence A. The MFS is
displayed in the thickest shale layer with minor intervals of thin
elongated limestone and shale (Fig. 10), which represents the
regressive system tract of sequence A. The maximum regressive
surface is just above the top siltstone bed (at —0.2 m).

Sequence A comprises the upper Eoconodontus notchpeak-
ensis conodont Zone.

5.1.2. Sequence B

The second depositional sequence is represented by all the
carbonate beds of unit IT and includes the lower grey to dark grey
shales of unit ITI. It is composed mainly of increasing deepening
carbonate deposits in the lower half with an upward increase of
the siliciclastic component. The prominent stromatolite marker
horizon near the base is contained in the sequence. The trans-
gressive system tract of sequence B is composed of carbonates
with the maximum flooding surface within the upper shale unit
(Fig. 10). The regressive system tract is composed of stacks of
upwards coarsening shale to silt deposits. The maximum regres-
sive surface is placed at the top of the cyclic siliciclastic facies
and above the siltstone horizon at +15.1 m.

Sequence B comprises the Cordylodus proavus Zone and the
lower to middle part of the Cordylodus caboti Zone.

https://doi.org/10.1016/j.palwor.2019.01.003
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5.1.3. Sequence C

Sequence C comprises the upper part of unit III. The basal
part, composed of glauconite limemudstone and shale followed
by increasing deepening deposits of shale-limestone, represents
the trangressive system tract. The position of the MFS is here
placed within the shale (ca. at +19.3 m) (Fig. 10). The following
series of limebreccias (tempestites) in the shale dominated facies
(i.e., the background deposition) marks the RST. The MRS is
placed at ca. +20.4 m, which is near the top of the brecciated
beds. Internally, sequence C is composed of two parasequences:
the lower parasequence comprises the strata from +15.1 m to
+18.1 m and is capped by a debris flow, and the second parase-
quence comprises the strata from +18.1 m to +20.4 m.

Sequence C comprises the top of the Cordylodus caboti Zone
and most of the Cordylodus intermedius Zone.

5.1.4. Sequence D

Sequence D consists of cycles composed of dark grey shale,
black shale with thin flat lenses of limestone and dull grey, light
grey to green siltstone.

The transgressive system tract is characterized by cycles of
black shale and black shale with one cm or less thin lenses of
limestone. The maximum flooding surface is recorded ca. at
+23.0 m within an interval of black shale. The following regres-
sive system tract is composed of cyclic wavy bedded siltstone to
fine-grained sandstone interbedded with grey, green shale and
minor black shale and shale with thin and flat limestone lenses.

In the Xiaoyanggiao section, the first planktic graptolite hori-
zon and the appearance of Cordylodus lindstromi are recorded
near the base of the transgressive system tract. Sequence D
comprises the Cordylodus lindstromi conodont Zone (pars),
Rhabdinopora proparabola and R. parabola graptolite zones.

5.1.5. Sequence E

This sequence is composed of limestone beds, some with rip-
ple marks, interbedded with light grey shale/siltstone. Sequence
E is not completely preserved in the Xiaoyangqiao section and
only the TST is exposed in the top of the section. The base is
placed on the top of the uppermost siltstone of sequence D, i.e.,
at+28.9 m.

Sequence E is contained within the uppermost part of the
Cordylodus lindstromi conodont Zone and closely associated
with the base of the Anisograptus matanensis Zone. Utah-
conus beimadaoensis is also a good marker for the beginning
of sequence E.

6. Sea-level changes

The deposits of the Xiaoyanggiao section display a series
of sea-level changes, which are reflected in significant regres-
sive events of global significance (cf. Haq and Schutter, 2008).
Palaeoclimate played a significant role for the sea-level changes
in the late Cambrian to Early Ordovician and a cooling stage
interrupted the warm water carbonate deposition in the latest
Cambrian (Stage 10, Furongian) (Frakes et al., 2005; Trotter
et al., 2008; Runkel et al., 2010; Hearing et al., 2018). This
caused a drop in the sea level, promoting a predominance
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of siliciclastic deposition in the latest Cambrian and earliest
Ordovician.

The first significant sea-level lowstand or regressive event
is recognized at the top of lithological unit I and just beneath
the base of lithological unit I in the Xiaoyanggiao section. The
top of unit I is upward coarsening from shale to siltstone and
then changing into the overlying unit Il composed of carbonate
sedimentary rocks. Faunally, this regressive event corresponds to
the end of the Eoconodontus notchpeakensis Zone and acritarch
assemblage 3 followed by the Cordylodus proavus Zone.

The second regressive-transgressive transition is recognized
within the lithological unit III. It is marked by the transition from
the upward coarsening shale to siltstone regressive succession
into the transgressive shale-limestone-conglomerate succession.
This second regressive event occurs in the uppermost part of
the C. caboti Zone preceeding the beginning of the Cordylodus
intermedius conodont Zone.

The third regressive event in the section is seen in the
upper unit IIL. It is marked by the upwards shallowing succes-
sion and characterized by condensed deposition. The regression
event is displayed by a series of intraformational breccia beds,
interpreted as tempestites, in the section. The regression event
corresponds to the top of the Cordylodus intermedius (conodont)
Zone.

The fourth regressive event is less prominent. It is seen in
the higher part of unit IV. It is marked by the change from
the upwards coarsening succession composed of the interbed-
ded shale, shale with platey limestone and siltstone of the T-R
sequence D and into the transgressive interbedded silt/shale and
limestone beds of T-R sequence E. It is recorded within the
upper Cordylodus lindstromi Zone, and contained within the
lower Anisograptus matanensis Zone.

Internationally, the prominent regressive-transgressive sea-
level change recorded at the top of unit I is coeval to the
Lange Ranch lowstand or the global Lange Ranch Eustatic Event
(LREE) of Miller (1992). The following regressive-transgressive
event recognized in the section and found within unit III, cor-
relates with the Basal House Lowstand of Miller (1984). The
third regressive-transgressive event in the Xiaoyangqiao section
corresponds to the ‘Acerocare Regressive Event’ of Erdtmann
(1982, 1986) that is abbreviated ARE (cf. Cooper et al., 2001
Nicoll et al., 1992). The fourth regressive event recorded in the
top of the Xiaoyangqiao section probably represents the Black
Mountain Eustatic Event (BMEE) of Miller (1984) followed by
the Stonehenge Transgression of Taylor et al. (1992); i.e., the
T-R sequence E; but today most of these transgressive strata are
covered at the Xiaoyanggiao section.

7. Chemostratigraphy

Three 3'*C-isotope curves have been prepared from the
Xiaoyanggiao section (Ripperdan et al., 1993; Chen etal., 1995;
this study, Fig. 11). Largely, the C-isotope curves resemble each
other, although they diverge in detail (Fig. 11). Here the newly
prepared C-isotope curve is used as reference.
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7.1. 8'3C, carb-ISotope curves

The C-isotope curve shows three prominent and two smaller
positive peaks. The most prominent negative-positive shift is
recorded at the base of lithological unit 11, i.e., from —1.4 m to
+0.5 min the section, where the values from +0.60 abruptly drop
to +0.01, and then shifts to above +1.50 (Fig. 11). Chen et al.
(1995) named this prominent negative-positive excursion ‘Pre-
Cambroistodus minimum” (TCM), but this name is abandoned
because the genus Cambroistodus ranges across the excursion.
The prominent excursion is characterized by the FAD of Cordy-
lodus proavus, and is here assigned to the *Cordvlodus proavus
spike’ (CPS) (Figs. 3, 11).

The following upward trend from +0.6 m and up to +14.0m
is generally negative; this trend was named the ‘Cordylodus
proavus decline’ (CPD) by Chen et al. (1995). A negative-
positive excursion from +4.9m to +7.1 m coincides with the
gradual facies change from limestone to shale within unit II.

The following long negative trend from above the ‘Cordylo-
dus proavus spike’ (CPS) positive spike extends up to ca. 14 m
where a shift towards the positive at ca. +14.0 m coincides with
the MRS surface of sequence B. The prominent positive rise
from ca. +16.3m to ca. +17.3m is very characteristic as also
observed by Ripperdan et al. (1993) and Chen et al. (1995); the
latter authors named this positive peak ‘the Hirsutodontus sim-
plex spike’ (HSS). This name is maintained and applied here,
because the positive excursion is clearly associated with the
presence of Hirsutodontus simplex in the section (Figs. 3, 11).

The 8'3Cyp-isotope curve changes sharply towards the neg-
ative, forming a negative peak at ca. +18.4m (=no. 1, Fig. 1)
above which a series of closely spaced negative-positive C-
isotope excursions is recorded (Fig. 11). Chen et al. (1995)
named the short interval from +19.0m to +19.7m the ‘Basal
Cordylodus lindstromi fluctuations’ (BCLF), a term that is aban-
doned here because the FAD of C. lindstromi is recorded above
this excursion in the section (Figs. 3, 11). The negative termi-
nation of the ‘zig-zag’ pattern (no. 2, Fig. | 1) is characteristic;
it is followed by a positive trend culminating in the large pos-
itive spike above the first planktic graptolite at +21.30m (no.
3, Fig. 11) and within the TST of sequence C. This positive
spike represents the first large, positive C-isotope excursion in
the Early Ordovician that corresponds to the ‘Rise of Planktic
Graptolites’ (see Section 8.1.2). In the Xiaoyangqiao section,
Rhabdinopora proparabola occurs at the positive rise towards
the first large, positive C-isotope excursion (no. 3, Fig. 11) and
the peak nearly coincides with the FAD of Cordylodus lind-
stromi. Upsection, the C-isotope curve displays a second but
slightly smaller positive peak at +22.9 m (no. 4, Fig. 1 1), coincid-
ing with the MFS of sequence D. A gentle positive trend is noted
upwards with a culmination peak at ca. +27.6 m (no. 5, Fig. 1 1).
This broad positive culmination is followed by the appearance
of Anisograptus matanensis in the Xiaoyanggiao section.

7.2. REE geochemical anomaly

The analysis for REE and other trace elements using brachio-
pod apatite in the section recorded a prominent REE anomaly
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or positive spike peaking at +19.5m (Chen et al., 1986). This
peak is recorded in the upper part of lithological unit I1I slightly
above the MFS of sequence C in the section. It also coincides
with the characteristic ‘zig-zag’ pattern of the C-isotope curve
recorded within the Cordylodus intermedius Zone (Chen et al.,
1995; this study; Fig. 11).

7.3. Magnetostratigraphy

The magnetic polarity pattern for the Cambrian—Ordovician
transition has been documented for the entire Xiaoyanggiao
section (Fig. 11; Ripperdan and Kirschvink, 1992; Ripperdan
et al.. 1992, 1993; Chen et al., 1995). Two normal-polarity
zones and one reversed-polarity zone are identified in the sec-
tion. The lower period of normal polarity is represented by the
strata referred to lithologic unit I, with one single short reversal-
polarity at —6.1 m (Fig. 11). This period of normal polarity is
assigned to the Eoconodontus notchpeakensis Zone although the
interval from the base of the section to —6.2 m is mainly without
data (cf. Ripperdan et al., 1993; Chen et al., 1995, table 2). A
shift from the normal- to reversed-polarity zone is recorded at
—5.9 mand the period with the reverse-polarity is represented by
the strata of the lithologic units I1 and I11. This reverse period cor-
responds to the Cordylodus caboti and Cordylodus intermedius
zones. The return to a period with normal polarity at ca. +20.6 m
in the Xiaoyangqiao section is abrupt and the shift to the normal
polarity zone coincides closely with the sequence D boundary
followed by the appearance of Rhabdinopora proparabola (i.e.,
at +20.9 m). The normal-polarity zone comprises the strata of
lithologic unit IV and up to the top of the exposed strata in the
Xiaoyanggiao section. This period comprises the Cordylodus
lindstromi conodont Zone and the Rhabdinopora proparabola,
R. parabola and Anisograptus matanensis graptolite zones (Figs.
3, 11; Chen et al., 1995, table 2).

8. Correlation with the Green Point GSSP section

One purpose here is to demonstrate that the detailed data
obtained from the Xiaoyanggiao section allow for precise cor-
relation, using multidisciplinary approach, with the Green Point
GSSP section, Newfoundland, Canada.

8.1. The Green Point GSSP section

The information from Green Point GSSP section for the
global Cambrian—Ordovician boundary includes biostratigra-
phy and geochemical data. The Green Point GSSP section was
logged in detail by James and Stevens (1986), who referred
the succession to the Green Point Formation (with two mem-
bers) of the Cow Head Group (Figs. 12, 13). Smaller lithological
units were referred to units 19-28 (also labelled ‘beds’ by some
authors) in the section (Figs. 12, 13). Tripathy et al. (2014)
provided a radiometric age at 484 £ 16 Ma, based on Re-Os iso-
topes, for the Green Point GSSP horizon, which is within unit
23.

The conodonts have been studied in great detail and fully
described by Bagnolietal. (1987) and Barnes (1988); additional

https://doi.org/10.1016/j.palwor.2019.01.003
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Fig. 12. Upper Cambrian to Lower Ordovician stratigraphy of the Green Point GSSP section with conodont and graptolite ranges and zones. The GSSP horizon is
marked by a ‘golden spike’ in unit 23. The samples are from Barnes (1988, CB), (Bagnoli et al., 1987, GB) and own collection (GS, GN). For legend, see Fig. 10.

Abbreviations used for grainsize: sh =shale: si =siltstone; m = mudstone: gn = grainstone:; cg = conglomerate.
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Fig. 13. Upper Cambrian to Lower Ordovician radiolarian biostratigraphy at Green Point (Parechidina nevadensis level of Kozur et al., 1996, Cordylodus angulatus
conodont zone) from Nevada is added. The Ramuspiculum assemblage(?) from unit 18 correlates with the C. caboti Zone. The Protoentactinia kozuriana and
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information is provided by Terfelt et al. (2012) and Stouge et al.
(2017). The graptolites in the Green Point section were described
by Erdtmann (1988) and Cooper et al. (1998) and summarized
by Cooper et al. (2001).

8.1.1. Biostratigraphy and correlation

Here, the conodonts and graptolites are used for the bios-
tratigraphical correlation of the Xiaoyanggiao section with the
Green Point GSSP section. The Cordylodus caboti, Cordylo-
dus intermedius and Cordylodus angulatus conodont zones are
well constrained in the Cambrian—Ordovician transitional beds,
exposed at the Green Point GSSP section (Bagnoli et al., 1987;
Barnes, 1988; Cooper et al., 2001; Terfelt et al., 2012; Fig. 12),
The base of the upper Cambrian C. caboti Zone at Green Point
has not yet been defined in the section, whereas Cordylodus
intermedius, i.e., the nominate species for the uppermost Cam-
brian conodont zone, is first recorded from unit 22. The C.
intermedius Zone extends to the FAD of lapetognathus preaen-
gensis in unit 23. lapetognathus preaengensis (previously I.
fuctivagus in Cooper et al., 2001; cf. Terfelt et al., 2012) is
the biomarker for the GSSP and its FAD defines the base of the
Ordovician System (Terfelt et al., 2012). The Cordylodus angu-
latus conodont Zone is recorded from unit 27, ca. 11 m above the
GSSP. Cordylodus lindstromi has not been positively identified
from the Green Point GSSP section.

In the Green Point section the first record of planktic grapto-
lites is from unit 25, where Rhabdinopora parabola is recorded,
associated with Staurograptus dichotomus Emmons, 1855. Pre-
viously, the beds of unit 25 were subdivided into the R.
praeparabola and R. parabola zones (Erdtmann, 1986; Cooper
etal., 1998, 2001), but the two biozones are here reduced to one
zone. The Anisograptus matanensis Zone is present in the upper
part of unit 26 and the base of this zone is below the base of
the Cordylodus angulatus conodont Zone (Bagnoli et al., 1987;
Barnes, 1988; Cooper et al., 2001).

New biostratigraphical information from the Green Point
GSSP section includes three radiolarian assemblages, which are
recorded from the units 18, 23, 25 and 26 (Won et al., 2005;
Maletz, 2011; Pouille et al., 2014) (Figs. 13, 14). The late Cam-
brian radiolarian assemblage recorded from unit 18 is referred
to the Ramuspiculum? assemblage. The next Protoentactinia
kozuriana assemblage appears high in unit 23 and extends into
unit 25, thus marking the base of the Ordovician System (Pouille
etal.,2014), New taxa appear in unit 26 and this fauna is referred
to the Paraechidnina nevadensis assemblage, which extends into
the C. angulatus Zone according to Kozur et al. (1996). The
radiolarian assemblages can be tied to the conodont and grap-
tolite zonation (Fig. 13). The characteristic distribution of the
radiolarian assemblages in the Cambrian—Ordovician boundary
interval shows that this microfossil group has a great potential
for identification of the Cambrian—-Ordovician boundary and for
intercontinental correlation.

Trilobites and brachiopods are rare but occur in the con-
glomerate layers (i.e., Symphysurina cleora and Nanorhis
hamburgensis in unit 19 and Symphysurina cf. brevis in unit
25; James and Stevens, 1986).

23

The interval from unit 18 and up to the upper unit 22 correlates
with the C. caboti Zone of the Xiaoyanggiao section. The upper
unit 22 to the lower part of unit 23 correlates with the Cordylodus
intermedius Zone in the Xiaoyangqiao section. The graptolite
zones including the revised Rhabdinopora parabola Zone in
unit 25 and Anisograptus matanensis Zone in the uppermost
part of unit 26 correlates with the two graptolite zones of the
same names in the Xiaoyanggiao section.

The GSSP and the FAD of lapetognatus preaengensis cannot
be correlated biostratigraphically to the Xiaoyanggiao section
due to the absence of the marker species in the Xiaoyangqiao
section. The characteristic species lapetognathus jilinensis from
the Xiaoyanggiao section, occurring above the appearance of
Rhabdinopora proparabola and in the Cordviodus lindstromi
Zone, has not been recorded from Green Point section. Barnes
(1988) and Cooper et al. (2001) noted that the GSSP level should
be marked by the appearance of Cordylodus lindstromi s.l., but
this taxon has not been well documented and the presence of C.
lindstromi (or C. lindstromi s.1.) at this level still awaits to be
confirmed.

8.1.2. Chemostratigraphy and matching of the isotope
chemostratigraphy

Three C-isotope curves have been prepared from the Green
Point section (Magaritz, 1991; Nowlan, 1995; Azmy etal., 2014,
Stouge et al., 2017). The C-isotope curve shown by Cooper et al.
(2001, fig. 4) is a general curve that is not derived from the Green
Point section.

The precise and high-resolution 313 Ceurb profile of the Green
Point Section (Azmy et al., 2014; Stouge et al., 2017) is in detail
very similar to that recorded from the Xiaoyanggiao section
(Chen et al., 1995; this study) and the succession of spikes can
be identified (Fig. 15). Among the most prominent common fea-
tures of the two 8'3leJ profiles is the positive trend from unit 21
with a broad positive peak in unit 22 in the Green Point section.
This same trend and positive peak matches precisely the positive
excursion recorded in the Xiaoyanggiao section and annotated
HSS (i.e., ‘Hirsutodontus simplex spike’ of Chen et al., 1995).
The succeeding strong negative shift in the lower part of the over-
lying unit 23 and ca. 1.8 m below the GSSP level (no. 1, Fig. 15)
matches the similar negative shift recognized at +18.4 m in the
Xiaoyanggiao section (no. 1, Fig. 11; see also Chen et al., 1995).
The ‘zig-zag’ pattern that characterizes the overlying interval
from the lower to middle part of unit 23 and immediately below
the GSSP horizon (Azmy et al., 2014; Stouge et al., 2017) also
provides a precise match to the similar ‘zig-zag’ development
observed in the Xiaoyangqiao section. In both sections this ‘zig-
zag’ pattern is recognized from within the C. intermedius Zone.
The maximum negative peak (no. 2, Figs. 11, 15) is the same
for the two sections and characterizes the top of the Cambrian
System in the Green Point GSSP section (Cooper et al., 2001;
Azmy et al., 2014: Stouge et al., 2017) and accordingly also in
the Xiaoyanggiao section.

In the Green Point section, the most prominent C-isotope
positive peak, representing the largest positive isotope 8'3Cearpy
isotope excursion in the earliest Ordovician, is identified from
the lower part of unit 25, at 4.5 m above the GSSP horizon (no. 3,
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Fig. 14. Representative lowermost Ordovician radiolarian species from the Protoentactinia kozuriana assemblage, basal Tremadocian, Green Point GSSP section.
(A, D) Protoentactinia gracilispinosa, GSC 140463 and GSC 140464. (B, C) Protoentactinia kozuriana, GSC 140465 and GSC 140466. (E, F) Echidnina conexa,
GSC 140467 and GSC 139213 (Subechidnina sp. in Maletz, 2017, fig. 2.6). Scale bars represent 20 pm.

Fig. 15). It coincides precisely with the base of the revised Rbab-
dinopora parabola Zone (i.e., R. praeparabola Zone of Cooper
et al., 2001) in the Green Point section. In the Xiaoyanggiao
section, and above the appearance of R. proparabola, the match-
ing C-isotope maximum peak is barren of graptolites. The next
higher C-isotope positive peak marks the R. parabola Zone in
the Green Point section (no. 4, Figs. 12, 15). Upsection follows
the positive peak that appears below the base of the Anisograptus
matanensis Zone (no. 5, Figs. 12, 15).

8.1.3. Geochemical anomalies

A geochemical REE anomaly has been detected in the Green
Point GSSP section low within the ‘zig-zag’ excursions in unit 23
of the Cordylodus intermedius Zone (Azmy et al., 2014, fig. 6).
This is identical and coeval to the Xiaoyanggiao section, where
the REE geochemical anomaly is recorded from the Cordylodus
intermedius Zone, as described above (Section 7.2). This REE
geochemical anomaly, first recognized in the Xiaoyanggiao sec-
tion (Chenetal., 1986), is similar and coeval to the REE anomaly
documented from the Green Point section (Azmy et al., 2014).
The REE anomaly of Green Point section is recorded below the
GSSP in the Green Point section.

8.1.4. Sea-level changes

The interval preserving the GSSP horizon is contained
between the Basal House lowstand, the base of which is marked
by the prominent conglomerate named unit 19 (Figs. 12, 15)
and the ‘Acerocare Regressive Event’, which is expressed by
the prominent brown-weathering dolomitic siltstone/limestone
of unit 24. Like in the Xiaoyanggiao section, the shift is from a

broad negative C-isotope excursion to the initiation of the largest
C-isotope positive excursion.

The precise correlation and matching between the two sec-
tions is shown in Fig. 16.

8.1.5. The Cambrian—Ordovician boundary in the
Xiaoyangqiao section

The similarity between the 8'3erb curves from the two
sections, and constrained by the precise biozonal correlation,
demonstrates — with confidence — that these curves provide
strong correlative potential. Based on the precise match of the
pattern of the 313Cearb isotope curves between the Green Point
GSSP section and the Xiaoyanggiao section it is possible to
determine the precise level for the FAD of the planktic grapto-
lite in the former and to identify the level equivalent to the Green
Point GSSP horizon in the latter.

In the Green Point section, the first planktic graptolite species
Rhabdinopora proparabola has not been recorded or positively
identified. However, the first planktic graptolite R. proparabola
should be found from the top of unit 24 extending into the base
of unit 25 in the Green Point section, i.e., from the transgres-
sive part of the prominent brown weathering siltstone horizon
(= unit 24) that represents the ‘Acerocare Regressive Event” and
at the initiation of the largest positive 3BCearb isotope excur-
sion. A further implication of this match is that unit 25, i.e., a
level ca. 5 m above the GSSP horizon, represents the Cordylodus
lindstromi conodont Zone as it is identified in the Xiaoyangqiao
section. Cordylodus lindstromi, as mentioned above (Section
8.1.2), has not been recorded from the Green Point section. The
genus is represented mainly by Cordylodus proavus, Cordylodus
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Fig. 15. Detailed sequence stratigraphy, C-isotope curve and geochemical anomaly of the Green Point GSSP Section. The numbered spikes are interpreted to
represent the same spikes as for the Xiaoyanggiao section shown in Fig. 10. The GSSP horizon lies within the Regressive System Tract (Rc). The large C-isotope
peak (3) coincides with the base of the R. parabola Zone in the Green Point section, (4) corresponds to the Rhabdinopora parabola Zone sensu Cooper et al. (2001),
and the broad spike (5) is below the Anisograptus matanensis graptolite Zone. For legend, see Fig. 10. Abbreviations used for grainsize: sh =shale: si =siltstone:
m = mudstone; gn = grainstone; cg = conglomerate.
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Fig. 17. Summary of the precise correlation and match of the Xiaoyangqiao section, North China and the Green Point GSSP section, western Newfoundland, Canada.
The GSSP horizon lies within the upper Cordylodus intermedius conodont Zone and below the first appearance of planktic graptolites. The GSSP horizon is above
the Lower House lowstand and below the ‘Acerocare Regressive Event’ in the Green Point succession.

caboti and Cordylodus intermedius, which all are long-ranging
conodont species that have been recorded from unit 25 in the
Green Point section (Fig. 12; Bagnolietal., [987; Barnes, 1988:
Cooper et al., 2001; this study).

The position of the GSSP horizon in unit 23 is situated just
above the prominent negative excursion (no. 2, Fig. 15) in the
Green Point Section and above the REE geochemical anomaly
in the Cordylodus intermedius Zone. In the Xiaoyanggiao sec-
tion the Cambrian—Ordovician boundary horizon can be placed
at ca. +19.9m (£0.2m), which is approximately 1 m below
the appearance of the first planktic graptolite at +20.9 m in
Xiaoyanggqiao section (Fig. 3).

9. Proposal of the Xiaoyanggiao section as an ASSP
section for the base of the Ordovician System

The correlation and precise match of C-isotope curves
between the Xiaoyanggiao section and the Green Point GSSP

section presented here demonstrates — for the first time
— that accurate correlation and match of the GSSP hori-
zon for the global Cambrian—Ordovician boundary outside the
Green Point section, western Newfoundland, Canada is indeed
possible. This fact alone strongly justifies the recommenda-
tion of the Xiaoyanggiao section as AASP for the global
Cambrian—Ordovician boundary.

The Xiaoyanggiao section fully satisfies the requirements for
a GSSP/ASSP section set out in the revised Guidelines for the
establishment of global chronostratigraphic standards (Salvador,
1994; Remane et al., 1996).

9.1. The following requirements are fulfilled

1. The Xiaoyangqiao section is easily accessible.

2. The succession is well-exposed: it displays a continuous
sedimentation, and the sedimentary rocks are nonmetamor-
phic and not affected by strong diagenesis.
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Fig. 18. Succession of events in the late Cambrian and earliest Ordovician. All
System.

3:

The  Xiaoyanggiao  section  lies  within  the
Cambrian—Ordovician boundary protection zone, 2km to
NEE of the town of Dayangcha, 25 km northeast of Baishan
City (Hunjiang), and 7-8 km east of Jiangyuan County.

. The upper Cambrian to Lower Ordovician succession, 32 m

of which are exposed at the Xiaoyanggiao section, preserves
the complete Cambrian—Ordovician transition (e.g., Chen,
1986 this study).

. The succession is richly fossiliferous including benthos,

nekton, phyto- and zooplankton.

. All conodont and graptolite species that are important and

used for long-distance or intercontinental correlation across
different facies, are well displayed in the section.

. Numerous trilobites and prolific acritarch assemblages are

recorded from the Xiaoyanggiao section (Yin, 1985, 1986,
1995; Qian, 1986; Chen et al., 1988; Zhang et al., 1996;
Wang et al., 2016; this study).

. The investigated Cambrian—Ordovician interval in the

Xiaoyanggiao section preserves a complete evolutionary
succession from Eoconodontus notchpeakensis to the con-
odont genus Cordylodus Pander, via Cordylodus primitivus.
This evolutionary lineage allows for the establishment of
a series of conodont lineage zones in ascending order:
the Eoconodontus notchpeakensis, Cordylodus proavus,
Cordylodus caboti, C. intermedius and C. lindstromi
biozones. The overlying Cordylodus angulatus Zone is

events are useful as proxies for the recognition of the base of the global Ordovician

recorded from the closely located exposures just to the east
of the Xiaoyanggqiao section (Chen, 1986).

. The planktic Ordovician graptolites preserved in the section

are referred to the Rhabdinopora proparapola, Rhabdino-
pora parabola and Anisograptus matanensis biozones.

. The species Rhabdinopora proparabola (Lin, 1986) in the

Xiaoyanggiao section represents the first representative of
the Rhabdinopora lineage and is not known with certainty
from other regions, except from perhaps Argentina (Zeballo
etal., 2005).

. The data mentioned above are directly comparable with the

faunal succession at Green Point GSSP section and solve the
correlation problems of the Cambrian-Ordovician bound-
ary as it is fixed in the Green Point GSSP section.

. The Xiaoyangqiao section is suitable for chemostrati-

graphic and magnetostratigraphic dating and provides the
precise match with the Green Point GSSP section.

. The geochemical REE anomaly first recorded in the

Xiaoyanggiao section (Chen et al., 1986) from the Cordylo-
dus intermedius Zone has been identified also in the Green
Point section (Azmy et al., 2014). Like in the Xiaoyanggiao
section, the REE anomaly is recorded above the HSS and
below the GSSP horizon within the Cordylodus intermedius
Zone in the Green Point GSSP section.
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10. Conclusions

This contribution presents and summarizes new data on
the Cambrian-Ordovician boundary interval obtained from the
important Xiaoyangqiao section in North China and combined
with the information from the Green Point section, i.e., the
global GSSP section for the Cambrian—Ordovician boundary.
This interdisciplinary study clearly demonstrates the strengths
of the Xiaoyangqiao section for intercontinental correlation. We
therefore recommend the section as a global ASSP section for
the Cambrian—Ordovician boundary in order to provide a robust
basis for the identification of the global Cambrian-Ordovician
boundary level (Fig. 17).

The new results from this study — using integrated
bio-, sequence-, chemo- and magnetostratigraphy from the
Xiaoyanggiao section, Dayangcha, China, allowing for detailed
comparison with the Green Point GSSP section — demonstrate
that (1) the first planktic graptolite, Rhabdinopora proparabola,
is recorded from the Xiaoyangqiao section; (2) the FAD of
Cordylodus lindstromi is just above the appearance of the ear-
liest planktic graptolite Rhabdinopora proparabola; (3) the
Cambrian—Ordovician boundary is situated between the eustatic
global Basal House Lowstand and the eustatic global ‘Acero-
care Regressive Event’; (4) the earliest Ordovician maximum
positive §'2Cey, isotope peak is recorded at the base of the
Rhabdinopora parabola graptolite Zone; (5) the GSSP hori-
zon representing the global Cambrian—Ordovician boundary lies
immediately above a distinct negative excursion in the two inves-
tigated sections; (6) the prominent positive d”CcaﬂJ excursion
named Hirsutodontus simplex spike (=HSS; i.e., Chen et al..
1995) and the REE anomaly, within the Cordylodits intermedius
Zone, lie immediately below the Cambrian—Ordovician bound-
ary in both sections.

All the points mentioned above can be applied as proxies —
globally — for the identification of the Cambrian—-Ordovician
boundary (Fig. 18).

Problems concerning the Cambrian—Ordovician boundary
remain to be solved. The first problem is when Cooper et al.
(2001) fixed the position and placed the *Golden Spike’ for the
Cambrian—-Ordovician boundary in unit 23 in the Green Point
section, they also assigned lapetognathus fluctivagus Nicoll
et al., 1999 as the biomarker for the Cambrian-Ordovician
boundary. However, this chosen biomarker for the GSSP horizon
is not present at the GSSP horizon, but instead the horizon is rep-
resented by lapetognathus preaengensis Landing in Fortey et al.,
1982 as correctly identified by Barnes (1988) in the proposal for
the GSSP of the Cambrian-Ordovician boundary. The genus
as defined by Nicoll et al. (1999) is probably polyphyletic and
the chosen biomarker is not as widely distributed as previously
thought.

The second problem is that the first planktic graptolite, Rhab-
dinopora proparabola, is recorded only from the Xiaoyangqiao
section, and not observed from the Green Point GSSP section.
The equivalent position for this first graptolite horizon, using
high-resolution carbon isotope stratigraphy, is here estimated to
be represented by the top bed of unit 24 into lowermost beds of
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unit 25 (Figs. 12, 15) — a level that is below the first appear-
ance of R. parabola and above the global ‘Acerocare Regressive
Event’ (=unit 24 in the Green Point section). In the Green
Point section this interval only yields graptolite fragments and
long-ranging conodonts. The estimated R. proparabola level
is ca. 4m above the GSSP horizon in the Green Point sec-
tion and ca. 1 m above the estimated level representing the
Cambrian—-Ordovician boundary in the Xiaoyanggiao section.
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