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Abstract. The Miocene mica clay locality of Gro3 Pampau,
known for numerous and partly spectacular finds of marine
mammals is becoming more and more a prominent site
that bears the potential to resolve questions regarding
taphonomic relationships and to interpret life communities
of the ancient North Sea because of its rich faunal
assemblage including invertebrates and other remains of
various vertebrate organisms. In the present work we
describe a right periotic of Physeteroidea with morphological
characters so far unknown from other sperm whales. The
periotics of the middle Miocene Aulophyseter morricei
demonstrate the closest resemblance to the Grof8 Pampau
specimen in their overall appearance and in the general
arrangement and proportions of single structures, particularly
of the anterior process and pars cochlearis. A great similarity
is also documented with periotics of the living sperm whale,
Physeter macrocephalus, especially regarding the shape and
disposition of the anterior process and the bony element
located dorsally to the accessory ossicle. Kogiid periotics
differ strongly from that of the Grof3 Pampau specimen by
having an inflated and short anterior process and, typically,
three well-defined spines on it. A new taxonomic naming of
the Gro3 Pampau periotic is not appropriate at this stage,
although it might demonstrate the existence of a so-far
undescribed physeteroid species. Additionally, its systematic
position remains yet unclear and it is unknown at this point
if it could belong to Hoplocetus ritzi, another physeterid,
whose fragments were discovered in the same locality, or to
another, already-described taxon, of which the periotic is still
unknown.

1 Introduction

A well-preserved but incomplete physeteroid periotic was
recovered in May 2014 from the late Miocene mica clay
deposits in a volume of clay of about 1 m?> in the eastern
part of the commercial gravel pit of the Kieswerke Ohle
& Lau company (dot number 8 in Fig. 1), located near
the village Gro3 Pampau in Schleswig-Holstein, northern
Germany. The periotic was found together with a part of a
cranial bone (possibly a piece of a left paroccipital process
of the exoccipital), a fragmentary bulla, about 25 small
pieces of bone, one eroded centrum of a vertebra from
the posteriormost vertebral column, and one distal phalanx.
It remains unclear whether all discovered bone fragments
belong to the same fossil specimen or not. They are too
fragmentarily preserved to provide a sufficient description.
For at least 3.5 decades, skeletal elements and teeth
of marine mammals have been excavated from the Grof
Pampau pit. The findings have been related to Mysticeti,
Delphinoidea, and Pinnipedia (Hopfner, 1991; Spaeth and
Lehmann, 1992a, b; Moths and Hopfner, 1993; Behrmann,
1995; Lierl, 1995; Hampe, 1999; Moths, 2003; Kazar
and Hampe, 2014). Additionally, Hampe (2006) described
Hoplocetus ritzi, a new hoplocetine physeterid from Grof3
Pampau. This and specimens that are no longer verifiable
(whereabouts unknown) of Scaldicetus (Abel, 1905; Gripp,
1964) are so far the only fossil remains of physeteroids
found in northern Germany. The right periotic of Grof3
Pampau either might belong to H. ritzi or represents a so-
far undescribed species of Physeteroidea found in this pit

(Fig. 1).
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Figure 1. Map of the Kieswerke Ohle & Lau company gravel pit. The dots represent significant marine mammal findings that are
already published, currently being studied or were mentioned in local media after discovery. (1) Mysticete, found 1984, partial skeleton.
(2) Kentriodon hoepfneri Kazar and Hampe, 2014, found in two parts in 1984 and 1989, partial skeleton with nearly complete vertebral
column. (3) Praemegaptera pampauensis Behrmann, 1995, found 1989, nearly complete specimen. (4) Praemegaptera pampauensis, found
1993, partial skeleton. (5) Hoplocetus ritzi Hampe, 2006; found 1997, teeth, vertebrae, and bone fragments from a single dislocated skeleton.
(6) Kentriodon hoepfneri, found 2000, partial skeleton. (7) Mysticete, found 2012, partial skeleton. (8) Physeteroidea indet., this paper, found
2014, right periotic accompanied by diverse isolated bone fragments. (9) Mysticete, found 2016, partial skeleton. (10) Otariid pinniped;
found 2016; =+ complete hind limb, bone fragments, teeth. (11) Ziphiidae indet., found 2017, skull. (12) Mysticete, found 2019, partial
skeleton. Extract of the “DigitalerAtlasNord” (ETRS89/UTM zone 32N), State Office for Surveying and Geoinformation of Schleswig-

Holstein (LVermGeo SH).

The extant diversity of physeteroids comprises three
species: Physeter macrocephalus Linnaeus, 1758; Kogia
breviceps Blainville, 1838; and Kogia sima Owen, 1866.
A higher number of extinct taxa extend through the
Neogene and even occur already in the late Oligocene
of Azerbaijan, from where the oldest physeteroid and
presumably one of the oldest cetaceans, Ferecetotherium
kelloggi Mchedlidze, 1970, is known. The large fossil record
with significant cranial material indicates that Physeteroidea
widely diversified during the Miocene (Fordyce and Muizon,
2001; Bianucci and Landini, 2002). Nonetheless, the also-
abundant fragmentary or isolated material containing less
diagnostic information suggests that the diversity might be
even greater than so far considered (e.g. Pilleri, 1986a; Pilleri
et al., 1989; Luo and Marsh, 1996; Peters and Monteiro,
2005; Whitmore and Kaltenbach, 2008; Bianucci et al., 2011;
Vélez-Juarbe et al., 2016).

The anatomy of extant and extinct odontocetes as currently
understood is defined by several combined characters of the
skull, mandibles, and ear bones (Fordyce, 1994; Bianucci
and Landini, 2006). The tympanic and periotic bones of
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the odontocete ear form a highly modified complex that is
specialized in underwater acoustics and echolocation (e.g.
Ketten, 1992, 2000; Luo and Eastman, 1995; Luo and Marsh,
1996; Nummela et al., 2007; Gutstein et al., 2014), with
relatively large morphological variability between taxa. This
variability in morphological characters and dimensions is
often used in the identification of the taxonomic family,
genus, and even species of Odontoceti, with preserved ear
bones (Yamada, 1953; Kasuya, 1973).

Here, we analyse morphological characteristics that
attribute the Grofl Pampau periotic to the Physeteroidea
yet notably distinguish it from all hitherto-described
physeteroid periotic bones, thus suggesting the existence of
an undescribed species with a so-far uncertain position in the
physeteroid phylogeny.

2 Materials and methods

The bone reported in this work was found by Andreas
Malchow, a member of the successful “Grabungsteam”, a
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group of skilled erratic boulders collectors. These highly
motivated self-educated palacoenthusiasts cooperate closely
with the Museum fiir Natur und Umwelt in Liibeck and
the Museum fiir Naturkunde Berlin and are responsible
for most of the discoveries in the Grofl Pampau gravel
pit. After preparation the bone was measured with an
electronic digital Kraftixx caliper, kwb Germany GmbH,
Stuhr, and digitally photographed with a Nikon D810, Nikon
Corporation, Tokyo, Japan.

The qualitative comparisons of physeteroid periotics
undertaken in this work are based on relevant morphological
characters obtained from their descriptions and existing
photographs, images, or drawn illustrations. As a benchmark,
the tympanoperiotic complex of Physeter macrocephalus
ZMB_MAM_45194 from the collection of the Museum fiir
Naturkunde Berlin was used for morphological evaluation.

The terminology used here to describe the periotic bone
follows Mead and Fordyce (2009) unless otherwise stated.

Among extant and extinct physeteroids relevant and
suitable for comparison with the Grofl Pampau periotic,
the following taxa with sufficiently well-preserved periotic
bones have been identified (see collection numbers in
Table 2): the macroraptorial physeteroids Acrophyseter
deinodon, Acrophyseter aff. A. deinodon, and Acrophyseter
robustus (Lambert et al., 2008, 2016); Brygmophyseter
shigensis (Hirota and Barnes, 1994; Kimura et al., 2006); and
Zygophyseter varolai (Bianucci and Landini, 2006). There
are also known several specimens of Physeteroidea indet.
from the late Burdigalian of Piedmont and the Burdigalian or
Langhian and early Tortonian of the Maltese Islands (Pilleri
et al., 1989; Bianucci et al., 2011).

Among Physeteridae, periotics have been described
for Aulophyseter morricei (Kellogg, 1927), Orycterocetus
crocodilinus Cope, 1867 (Kellogg, 1965), Orycterocetus sp.
(Bianucci et al., 2011), Preaulophyseter gualichensis (Cav-
iglia and Jorge, 1980), Physeter macrocephalus (Yamada,
1953; Kasuya, 1973), and a number of Physeterinae gen.
et spec. indet. specimens from the Miocene of Antwerp
and from the early Pliocene of North Carolina (Peters and
Monteiro, 2005; Whitmore and Kaltenbach, 2008), as well as
a Physeteridae gen. et spec. indet. specimens from the early
Miocene of Baltringen, S Germany (Pilleri, 1986a).

Regarding the family of the Kogiidae, records of periotics
exist for the extant Kogia breviceps (Schulte, 1917; Kasuya,
1973) and Kogia sima (Nagorsen, 1985; Kasuya, 1973);
Kogia cf. breviceps and Kogia cf. sima (Pilleri, 1986b);
Kogia sp. indet. (Vélez-Juarbe et al., 2016); Scaphokogia
cochlearis (Muizon, 1988a); specimens of Kogiinae gen. et
sp. indet. from the early Miocene of Baltringen and early
Pliocene of North Carolina (Pilleri, 1986a; Luo and Marsh,
1996; Whitmore and Kaltenbach, 2008); and specimens of
Kogiidae gen. et sp. indet. from the late Burdigalian of
Piedmont, the middle Tortonian of the Maltese Islands, the
early Pliocene of Florida and the early to late Pliocene of
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North Carolina (Pilleri et al., 1989; Bianucci et al., 2011;
Vélez-Juarbe et al., 2016).

The above-mentioned material was used for the purpose
of comparison, except for the cases of A. robustus and the
Physeterinae gen. et spec. indet. specimen from the Miocene
of Antwerp, which are insufficiently described and thus will
not be taken into consideration in this work.

Institutional abbreviations

AMNH - American Museum of Natural History,
New York, NY, USA

CAS - California Academy of Sciences,
San Francisco, CA, USA

ChM - The Charleston Museum, Charleston, SC, USA

IGF — Museo di Storia Naturale, Geologia e Paleontolo-
gia, Universita degli Studi di Firenze, Florence, Italy

LACM - Natural History Museum of Los Angeles
County, Los Angeles, CA, USA

MAUL — Museo dell’ Ambiente, Universita del Salento,
Lecce, Italy

MGPT - Sezione di Paleontologia del Museo Regionale
di Scienze Naturali, Turin, Italy

MLP — Museo de La Plata, La Plata, Argentina

NMNH - National Museum of Natural History,
Mdina, Malta

MNHN - Muséum National d’Histoire Naturelle,
Paris, France

MNUL — Museum fiir Natur und Umwelt,
Liibeck, Germany

NUMS - Faculty of Medical Sciences, Nagasaki
University, Nagasaki, Japan

ORI — Atmosphere and Ocean Research Institute,
University of Tokyo, Tokyo, Japan

SIO — Scripps Institution of Oceanography, University
of San Diego, La Jolla, CA, USA

SFM - Shiga Fossil Museum, Nagano Prefecture,
Matsumoto, Japan

SMNS - Staatliches Museum fiir Naturkunde,
Stuttgart, Germany

USNM - United States National Museum of Natural
History, Smithsonian Institution, Washington, DC, USA

ZMB - Zoological Collection, Museum fiir Naturkunde
Berlin, Berlin, Germany
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3 Systematic palaeontology

Class Mammalia Linnaeus, 1758
Order Cetacea Brisson, 1762
Suborder Odontoceti Flower, 1867
Superfamily Physeteroidea Gray, 1821

Physeteroidea, indet.
(Figs. 2, 3, 4)

Material

One incomplete right periotic (MNUL.Pal.100.755a), one
bullar fragment (MNUL.Pal.100.755b; see also comments in
the Introduction).

Locality
Grof3 Pampau, Schleswig-Holstein, northern Germany.
Age

Miocene mica clay deposits underneath Pleistocene gravel,;
Bolboforma fragori—subfragoris Zone, upper Langenfeldian,
about Serravallian—Tortonian boundary, ca. 10.6-11.8 Ma
(see Spiegler and Giirs, 1996).

Description

Only the recovered periotic is described in detail here due
to the poor preservational status of the other fragmentary
bones. The bullar fragment consists of a lower part of the
involucrum presenting the spoonlike depressed tympanic
cavity. The inner posterior prominence is also determinable
— all other parts are broken away (Fig. 2).

The current condition of the periotic bone is incomplete
but well preserved (Fig. 3a—h). The bone is composed of a
large pars cochlearis and a relatively large body and anterior
process. A small posterior portion of the body and the
posterior process are lost due to a breakage (indicated by
crosshatched area in Fig. 3e, f). The bone tissue is in general
compact and dense, although fragile in thin portions.

Measurements of the periotic are shown in Table 1 and
Fig. 4a-g.

Dorsal view of the periotic (Fig. 3a, b). The large pars
cochlearis displays the following shape: the posterior and
medial surfaces are flattened; the latter ascends anteriorly;
the anterior surface is markedly vaulted. A prominence on
the anteromedial edge arises dorsally as the highest point on
the dorsal surface.

The internal auditory meatus has a wide ovate shape and is
located nearly in the middle of the dorsal surface of the pars
cochlearis. It contains, in a funnel-like hollow, the tractus
spiralis foraminosus, the foramen singulare, and the area
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vestibularis inferior. Furthermore, it encloses the small area
vestibularis superior and the oval and larger dorsal opening
of the facial canal. Both are located in this order laterally to
the transverse crest. A septum, the Bill’s bar (see definition
in Reiss, 2003; Ritsche, 2018), is mediolaterally tilted and
separates the area vestibularis superior and the foramen of
the facial canal. Both the transverse crest and the Bill’s bar
are distinctly below the outside rim of the meatus.

While the medial rim is somewhat elevated, the lateral
does not protrude noticeably from surrounding bone. The
elliptic aperture for the endolymphatic duct lies obliquely
on the dorsal surface of the pars cochlearis posterior but
very close to the internal auditory meatus. It is separated
by a thin bony septum from the smaller and more rounded
perilymphatic foramen that lies medially.

Lateral to the aperture for the endolymphatic duct is
a rounded protuberance, the dorsal tuberosity, delimited
anteriorly by the slightly pronounced posterior rim of the
internal auditory meatus.

The suprameatal fossa forms an elongated but shallow
depression that is wider posteriorly than anteriorly. It extends
laterally to the dorsal tuberosity and internal auditory meatus
and medially to the dorsal crest. The latter is a pronounced
elevation stretched from a point posterolateral to the dorsal
tuberosity towards the anterior. At the level of the area
vestibularis superior, the slender crest is oriented more
medially and reaches almost the anterior incisure.

An elongated prominence extends laterally from a point
posterior to the perilymphatic foramen until it joins the dorsal
crest at nearly a right angle forming a small peak. The
posterior surface of the periotic body is flattened.

In dorsal view, the rugose tegmen tympani is convex and
merges anteriorly into the anterior process. The anterior
process is elongated, markedly longer than wide, thin, and
shows a slightly pronounced keel as the anterior continuation
of the dorsal crest. The lateral part of the anterior process
forms a diagonal that rises anteriorly and bends in the ventral
direction towards the apex, making the anterior portion of
the process rounded. The surface of the anterior process is
wrinkled. Prominent dorsal and anterodorsal spines (Muizon,
1988a) are absent, as well as an anteroexternal sulcus.

The pars cochlearis and anterior process meet at nearly
a right angle. Two bony elements coalesce to the medial
surface of the anterior process. The larger element, the
accessory ossicle, is placed more ventrally and has a vaulted
shape and an anteriorly pointed edge. The second is a smaller
element placed dorsally with an oval but less uniform shape
and small protuberances. It covers a large part of the medial
surface of the anterior process and a suture between both is
visible. Posterior to and at the level of this small element the
surface shows a series of grooves that extend ventrally.

Lateral view of the periotic (Fig. 3d). The lateral surface
of the tegmen tympani and of the anterior process is slightly
rugose and of convex shape. The dorsal margin is delimited
by the dorsal crest and its anterior continuation.

https://doi.org/10.5194/fr-23-151-2020
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Figure 2. Physeteroidea indet., MNUL.Pal.100.755a, fragment of the right tympanic bulla from the upper Langenfeldian (Serravallian—
Tortonian boundary) of Grofl Pampau. (a) Lateral, (b) medial, (¢) dorsal, and (d) ventral view.

The dorsal tuberosity and the pars cochlearis protrude
dorsally, the latter with an anteriorly tilted pyramidal shape
exposing partially the internal auditory meatus.

The anterior process is thick at the base and tapers
anteriorly. Spines on the anterior process are not pronounced;
only a very slight protuberance is present and marks the
point from where the process narrows out more rapidly in the
anterior direction. The ventral outline of the anterior process
is a marked concave curvature that accentuates the ventrally
pointed apex. Due to the ventral bend of the apex, the anterior
margin of the process is rather truncated. The breakage of the
outer lip of the tympanic bulla and its suture to the periotic
are ventrally visible.

The ventrolateral tuberosity (Luo and Gingerich, 1999)
also protrudes ventrally, posterior to the base of the anterior
process. From this view, it has a subtriangular outline and an
erratically rugose surface. Due to the thinness and curvature
of the anterior process, its apex and the ventrolateral
tuberosity do not lie on the same horizontal level.

Posterior to the ventrolateral tuberosity, a diagonal edge
marks the breakage of the posterior process and a part of the
caudal tympanic process remains exposed.

The posterior margin of the periotic body is slightly
concave.

Ventral view of the periotic (Fig. 3e, f). The pars cochlearis
is slightly anteriorly inclined, and its medial surface is
flattened, demonstrating a rectangular outline. The ventral

https://doi.org/10.5194/fr-23-151-2020

surface is the most convex part of the pars cochlearis, of
which the midpoint is flattened at the same time.

The fenestra rotunda is large and almost circular in frontal
view. A fissure extends dorsally from its dorsomedial margin
towards the most lateral point of the perilymphatic foramen.

Lateral to the fenestra rotunda is the origin of the slightly
pronounced, keel-like caudal tympanic process that extends
posteriorly and sharpens at the point of breakage.

The fenestra ovalis and laterally the ventral opening of
the facial canal are situated posteriorly to the level of the
midpoint of the pars cochlearis. The long axis of the fenestra
ovalis is oriented anteromedially to posterolaterally. The
ventral opening of the facial canal is nearly circular and
flows into a shallow depression that extends posteromedially
towards the also shallow fossa for the stapedius muscle. This
is situated posteriorly to the fenestra ovalis and is flanked
medially by the caudal tympanic process. The fossa for the
stapedius muscle is also affected by the breakage.

On a keel lateral to the ventral opening of the facial canal
rises the circular profile of the incudal process (Luo and
Marsh, 1996). Anterior to the incudal process is the mallear
fossa, a large circular, shallow depression. The pyramidal
ventrolateral tuberosity is elevated laterally between the
mallear fossa and incudal process. In this view, its surface
and the surface of the periotic body are smooth. A hiatus
epitympanicus is not visible due to the breakage posterior
to the ventrolateral tuberosity.

Foss. Rec., 23, 151-168, 2020
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Figure 3. Physeteroidea indet., MNUL.Pal.100.755a, right periotic from the upper Langenfeldian (Serravallian—Tortonian boundary) of Grof3
Pampau. (a, b) Dorsal, (¢) medial, (d) lateral, (e, f) ventral, (g) anterior, and (h) posterior view.
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Figure 4. Physeteroidea indet., MNUL.Pal.100.755a, measurements of the periotic bone applied in this paper (see Table 1). (a, b) Ventral,

(c) medial, (d, e) dorsal, (f) lateral, and (g) posterior view.

The anterior process is thin and tapers towards its apex that
forms the anteroventral spine, which is partially damaged.
A groove with a medially elevated rim, possibly for the
tensor tympani muscle, extends dorsoventrally between the
pars cochlearis and accessory ossicle along the anterior
incisure towards the ventral opening of the facial canal. The
accessory ossicle is vaulted and lies medially to the broken
lip of the tympanic bulla. Both cover the anterior process

https://doi.org/10.5194/fr-23-151-2020

almost entirely, except for a small anterior part that remains
uncovered likely due to the breakage of the tympanic bulla.
The lateral outline of the anterior process rises anteriorly,
is in the beginning concave, and then becomes slightly
convex. The anteroventral spine reaches about the same
horizontal level as the ventral opening of the facial canal.
Medial view of the periotic (Fig. 3c). The pars cochlearis
has a somewhat triangular outline ventrally rounded. Its

Foss. Rec., 23, 151-168, 2020
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Table 1. Measurements (mm) of Physeteroidea indet., MNUL.Pal.100.755a (building upon Kasuya, 1973, and Vélez-Juarbe et al., 2016).

Entire periotic 1

Maximum length of periotic as preserved (from tip of anterior process to posterior tip, measured  40.6

on a straight line parallel with cerebral border)

2 Maximum thickness of the body of the periotic (dorsoventral, from highest point of dorsal crest  18.4
to highest point of ventrolateral tuberosity)

3 Maximum width of periotic (mediolateral, from pars cochlearis to highest point of ventrolateral = 27.8

tuberosity)
Pars cochlearis 4 Length of pars cochlearis (anteroposteriorly) 22.1
5 Thickness of pars cochlearis (dorsoventrally) 16.9
6 Width of pars cochlearis (ventral side) 13.5
Anterior process 7 Length of anterior process (dorsally, from apex to level of junction with pars cochlearis) 17.2
8 Proximal thickness of anterior process 10.2
9 Width of anterior bullar facet 4.2
10 Length of diagonal of accessory ossicle (from anterodorsal to posteroventral) 13.2
11 Thickness of accessory ossicle 8.2
12 Length of small element on anterior process 11.0
Ventral side 13 Diameter of mallear fossa 4.7
14 Length of fenestra ovalis 35
15  Diameter of fenestra rotunda 55
16  Width of ventrolateral tuberosity 9.1
Posteromedial side 17  Least distance between fenestra rotunda and perilymphatic foramen 7.6
Dorsal side 18  Width of internal auditory meatus 12.2
19  Least distance between margin of fundus of internal auditory meatus to perilymphatic foramen 3.8
20 Least distance between aperture for the endolymphatic duct and perilymphatic foramen 1.4
21 Length of aperture for the endolymphatic duct 5.8
22 Width of aperture for the endolymphatic duct 2.8
23 Length of perilymphatic foramen 3.0
24 Width of perilymphatic foramen 1.9
25  Diameter of fundus of internal auditory meatus 4.8
26  Length of dorsal opening of the facial canal 39

ventral protrusion obscures a portion of the fenestra rotunda,
and its dorsal protrusion on the anterior edge has an
anteriorly tilted pyramidal shape. The opening of the internal
auditory meatus, the aperture for the endolymphatic duct, the
perilymphatic foramen, and the dorsal crest are only partially
visible in this view.

The posterior margin of the pars cochlearis merges into the
body of the periotic bone. This surface forms an obtuse angle
with the medial surface of the pars cochlearis.

The length of the anterior process comprises more than
one-third of the length of the broken periotic bone. The
dorsal outline of the anterior process is convex. The small

Foss. Rec., 23, 151-168, 2020

element coalesced to the medial surface is thin and slightly
shorter than the accessory ossicle. These have only a little
contact with each other at the anterior incisure. The accessory
ossicle displays a trapezoid shape and covers the medial
surface of the anterior process almost completely. Lateral to
this is the broken area of the fused tympanic bulla.

The anteroventral spine of the anterior process is situated
dorsally to the ventral edge of the pars cochlearis and is bent
so that the anterior bullar facet is facing ventrally and slightly
medially.
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4 Comparisons

The aim of this assessment of morphological characters
is to comparatively elucidate the relation of the Grof
Pampau periotic and other previously described periotics
of Physeteroidea, rather than to carry out phylogenetic or
functional analyses. The first are impeded by the unclear
taxonomic determination of some specimens included in this
work, and the second are impeded due to the lack of essential
CT-scan data on the internal morphology of the periotic.

4.1 Periotic length

The total length of the periotic as preserved is the measure
most frequently reported and is available only for some
specimens (see Table 2).

With regard to the compared macroraptorial physeteroids,
the GroB Pampau periotic lacking its posterior process
approaches the size of Acrophyseter (Lambert et al., 2016),
and considering the Physeteridae, it approaches the higher
values reported for medium-sized physeterid periotics.

The periotic of Physeter macrocephalus (the largest
physeterid) has been described as massive and one of
the largest among all odontocete species (Yamada, 1953;
Kasuya, 1973). Both P. macrocephalus and one Physeter-
like Physeterinae specimen from North Carolina (USNM
183014) exceed the length of the Grof3 Pampau periotic; this
would most likely remain the case even if the periotic were
intact. This is also reflected by the maximal dorsoventral
height of USNM 183014 (27mm) in contrast to that of
the periotic from Grof Pampau (18.4 mm; Whitmore and
Kaltenbach, 2008).

4.2 Dorsal view of the periotic
4.2.1 Pars cochlearis

While the medial surface of the pars cochlearis of the Grof3
Pampau periotic is rather flattened, the shape of the pars
cochlearis has been generally described for macroraptorial
physeteroids as raised medially or even showing an almost
spherical shape (e.g. Acrophyseter and Zygophyseter varolai,
Bianucci and Landini, 2006; Lambert et al., 2016). This
is true for Brygmophyseter shigensis only in ventral view,
while dorsally, the medial surface of the periotic of this
macroraptorial is less flattened than that of the Gross Pampau
specimen (Kimura et al., 2006). Periotics of Orycterocetus
from the Maltese Islands display a rather high pars cochlearis
and Preaulophyseter gualichensis a more globular shape of
the pars cochlearis and body of the periotic (Kellogg, 1965;
Caviglia and Jorge, 1980). P. macrocephalus has an almost
spherically shaped pars cochlearis and thus differs from the
condition of the Grof3 Pampau periotic.
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4.2.2 Anterior process

The anterior processes of the periotics of macroraptorial
physeteroids, except for Z. varolai (25.3 mm), tend to be
shorter (ranging from 6.7 to 11.2 mm) than that of the Grof3
Pampau periotic (17.2mm), and some appear to surround
the anterior part of the pars cochlearis (e.g. Acrophyseter, Z.
varolai, and the physeterid P. gualichensis). In these cases
the angle formed by the pars cochlearis and the anterior
process at the anterior incisure is highly acute (e.g. Caviglia
and Jorge, 1980; Bianucci and Landini, 2006; Lambert et al.,
2016). In Z. varolai, a remainder of the anteroexternal sulcus
is present in the lateral surface of the anterior process, which
is lacking in the Grof3 Pampau periotic.

Several of the physeteroid periotics display a voluminous
and prominent tubercle on the dorsomedial region of the
anterior process, often near to the pars cochlearis, which in
some cases (e.g. A. deinodon, Acrophyseter aff. A. deinodon)
is somewhat longer than the accessory ossicle. As part of
the anterior process, the tubercle has a similar surface and
influences the overall shape of this structure. The shape
and degree of protrusion of the tubercle varies among the
specimens, from rounded to more pointy and from small to
majorly robust. It is especially developed in the periotics of
Acrophyseter aff. A. deinodon, Z. varolai, and B. shigensis
(Bianucci and Landini, 2006; Kimura et al., 2006; Lambert
etal., 2016), but it is also present in P. gualichensis (Caviglia
and Jorge, 1980). This strongly contrasts with the flattened
medial and dorsal surfaces of the anterior process of the Grof3
Pampau periotic, which lacks such a protuberance.

The dorsal surface of the anterior process is wider
and flatter in P. macrocephalus than in the Grofl Pampau
periotic. However, the anterior processes of both periotics
do not feature prominent characteristic dorsal or anterodorsal
spines. Dorsally to the accessory ossicle in P. macrocephalus,
an elongated structure emerges from the anterior process
and fuses with the ossicle. Sutures are present between this
element and both the anterior process and the ossicle. Its
position resembles that of the small element in the Grof3
Pampau periotic; however, it is less detached from the
surrounding structures.

4.2.3 Internal auditory meatus

The relative position of the internal auditory meatus on the
pars cochlearis varies among specimens. In the Grof3 Pampau
periotic, as well as in other specimens such as Z. varolai
and A. deinodon, the internal auditory meatus is located
approximately in the centre (Bianucci and Landini, 2006;
Lambert et al., 2016). In the Physeteroidea from the Maltese
Islands (NMNH-TF-01165 and 01187), Acrophyseter aff. A.
deinodon, and B. shigensis (Kimura et al., 2006; Bianucci et
al., 2011; Lambert et al., 2016) the internal auditory meatus is
positioned notably more anteriorly, and in one Physeteroidea
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Table 2. Details of all physeteroid taxa mentioned in the text, arranged by epoch.

Taxon Collection numbers Length of pe-  Occurrence Locality Age or epoch (val-  References
riotics as pre- ues in Ma)
served (mm)
Physeter macro- ORI TK 301-304, three 57 to 69 all marine regions extant Kasuya (1973),
cephalus NUMS specimens, USNM from Equator to Yamada (1953)
49488, ZMB_MAM_45194, high latitudes
one uncatalogued from
Akkeshi, Hokkaido
Kogia breviceps LACM RLB145, ORI TK 24 to 31 tropical and warm extant Schulte (1917),
244, SDNHM 20139 plus temperate zones of Kasuya (1973)
one without #, one SIO spec- all oceans
imen, one AMNH specimen
Kogia sima LACM RLB240, ORI TK 22to 30 tropical and warm extant Kasuya (1973)
47, ORI TK 49, plus one temperate zones of
specimen without #, USNM all oceans
22015
Kogia cf. brevi- 1GF 1529a, ¢ 34.7 Mediterranean Sea  Italy (Tuscany) middle Pliocene Pilleri (1986b)
ceps
Kogia cf. sima IGF 1529b 28.2 Mediterranean Sea  Italy (Tuscany) middle Pliocene Pilleri (1986b)
aff. Kogia sp. in- ChM VP4994, USNM 25.5t031.5 Atlantic Ocean North Carolina early Pliocene Vélez-Juarbe et al. (2016)

det.

251148, USNM 328315,
USNM 364172, USNM
364173, USNM 364175-
364177, USNM 364179,
USNM 457197, USNM
457198

(4.8-3.1)

Kogiidae gen. et
sp. indet.

174 specimens (for numbers,
see Vélez-Juarbe et al., 2016)

39.45t045.62

Atlantic Ocean

central Florida

early Pliocene
(54.7)

Vélez-Juarbe et al. (2016)

34 to 49 Atlantic Ocean North Carolina early to late Vélez-Juarbe et al. (2016)

Pliocene (4.8-3.1)

Kogiinae gen. et ChM VP4994, 71 periotics 29 to 46 Atlantic Ocean North Carolina early Pliocene Luo and Marsh (1996),

sp. indet. (for numbers, see Whitmore ‘Whitmore and Kaltenbach

and Kaltenbach, 2008) (2008)

Physeterinae, in- USNM 183014, USNM 55 (USNM Atlantic Ocean North Carolina early Pliocene Whitmore and Kaltenbach

certae sedis 25044, USNM 25346 183014) (2008)

Acrophyseter MNHN SAS 1626 42.5 Pacific Ocean Peru latest Miocene Lambert et al. (2016)

deinodon (ca. 6.0)

Acrophyseter aff. ~MNHN F-PPI 272 50.3 Pacific Ocean Peru latest Miocene Lambert et al. (2016)

A. deinodon (ca. 6.0)

Zygophyseter MAUL 229/1 NA Mediterranean Sea S Italy (Apulia) Tortonian, Bianucci and Landini

varolai late Miocene (2006)

Physeteroidea in- NMNHTF-01165 NA Mediterranean Sea  Maltese Islands early Tortonian, Bianucci et al. (2011)

det. late Miocene

Kogiidae indet. NMNH-TF-01157 NA Mediterranean Sea  Maltese Islands middle Tortonian, Bianucci et al. (2011)
late Miocene

Scaphokogia MNHN PPI 240 37 Pacific Ocean Peru late Miocene Muizon (1988a)

cochlearis

Physeteroidea in- MNUL.Pal.100.755a 40.6 North Sea basin N Germany middle-late this paper

det. (Atlantic Ocean) Miocene boundary
(ca. 10.6-11.8)

Brygmophyseter ~ SFM 00001 NA Pacific Ocean Nagano middle to late Kimura et al. (2006),

shigensis Prefecture, Miocene Hirota and Barnes (1994)

Japan
Orycterocetus USNM 11234, USNM 33.6t043.8 Atlantic Ocean Maryland middle Miocene Kellogg (1965)

crocodilinus

22926, USNM 22952,
USNM 22953
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Table 2. Continued.
Taxon Collection numbers Length of pe-  Occurrence Locality Age or epoch References
riotics as pre-
served (mm)
Aulophyseter CAS 2795, CAS 2795, CAS  36.7t042.5 Pacific Ocean California middle Miocene Kellogg (1927)
morricei 2797-2801, USNM 10853,
USNM 11230

Preaulophyseter ~ MLP 76-1X-5-1 39.2 South Atlantic Provincia de Rio  early to middle Caviglia and Jorge (1980)

gualichensis Negro, Argentina ~ Miocene

Orycterocetus sp. ~NMNH-TF-01175 38.5 Mediterranean Sea  Maltese Islands Langhian, Bianucci et al. (2011)
early Miocene

Physeteroidea in- NMNH-TF-01187 NA Mediterranean Sea  Maltese Islands late Burdigalian Bianucci et al. (2011)

det. to Langhian,
early Miocene

Physeteroidea MGPT 13907a, MGPT 33 to 34.6 Mediterranean Sea  Italy (Piedmont)  Burdigalian, Pilleri et al. (1989)

fam., gen. et sp. 13909, MGPT 13911 early Miocene

indet.

Kogiidae gen. et MGPT 13904c, MGPT 33 to 44 Mediterranean Sea  Italy (Piedmont)  Burdigalian, Pilleri et al. (1989)

sp. indet. 13907, MGPT 13907e, (13904c and early Miocene

MGPT 13908 13908)

Physeteridae SMNS 43528 37 Mediterranean Sea S Germany (Bal-  early Miocene Pilleri (1986a)

gen. et.sp. indet. tringen)

Kogiinae gen. et SNMS 44337a— ca. 30 Mediterranean Sea S Germany early Miocene Pilleri (1986a)

sp. indet. (SieBen)

NA - not available.

from Piedmont (MGTP 13907a; Pilleri et al., 1989) it is
shifted to a more medial position.

4.2.4 Foramina

In most macroraptorial physeteroid periotics, Aulophyseter,
and Orycterocetus (Kellogg, 1927, 1965; Bianucci et al.,
2011), as in the Gro3 Pampau periotic, the aperture for
the endolymphatic duct is located externally to the internal
auditory meatus.

The condition of the dorsal opening of the facial canal
within the internal auditory meatus has been described for
Acrophyseter and Z. varolai, P. gualichensis, and for most
of the Physeterinae periotics from North Carolina (USNM
183014, USNM 25044, USNM 25346) and coincides with
what is observed in the periotic of Gro Pampau. In B.
shigensis the dorsal opening of the facial canal is excluded
from the meatus (Caviglia and Jorge, 1980; Bianucci
and Landini, 2006; Kimura et al., 2006; Whitmore and
Kaltenbach, 2008; Lambert et al., 2016).

On the dorsal pars cochlearis of O. crocodilinus and
A. morricei periotics, the most anteriorly located opening
is the dorsal opening of the facial canal. In contrast, in
Orycterocetus sp. as in the Grof3 Pampau periotic, this
foramen is located more centrally and within the internal
auditory meatus (Kellogg, 1927, 1965; Bianucci et al., 2011).

P. macrocephalus shows a more laterally located internal
auditory meatus in the pars cochlearis, instead of centred
as in the Grofl Pampau periotic. This peculiarly lodges the
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aperture for the endolymphatic duct (which is also the case
in USNM 183014 from North Carolina; Yamada, 1953;
Whitmore and Kaltenbach, 2008), as well as the dorsal
opening of the facial canal. The fissure that extends from
the fenestra rotunda in the dorsal direction towards the
perilymphatic foramen is much deeper in P. macrocephalus
than in the Grof3 Pampau specimen.

4.2.5 Dorsal crest and tegmen tympani

Among physeteroid periotics the dorsal crest is differentiated
to a varying extent: low in Acrophyseter and Z. varolai,
more pointed in A. morricei and O. crocodilinus, and
longer but more massive in Physeter. In some specimens
a massive (e.g. Z. varolai), prominent (A. morricei, some
O. crocodilinus), or less massive but evident (NMNHTF-
01165 from the Maltese Islands) pyramidal process is located
posterolaterally to the aperture for the endolymphatic duct
(Kellogg, 1927, 1965; Bianucci and Landini, 2006; Bianucci
et al., 2011; Lambert et al., 2016). The pyramidal process is
a structure initially identified by Luo and Gingerich (1999)
in archaeocetes. In contrast, the Gro3 Pampau periotic
displays a particular character combination of a modest
dorsal tuberosity and a large suprameatal fossa laterally
delimited by a strongly developed dorsal crest pointed at its
posterior end.

Periotics of both Orycterocetus and Aulophyseter share
with that of Grof3 Pampau a convex-shaped tegmen tympani
(Kellogg, 1927, 1965; Bianucci et al., 2011). In contrast, P.
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macrocephalus lacks a convex tegmen tympani but displays
a remarkably large pyramidal process adjacent to a massive
posterior part of the periotic body. A clear separation
between pyramidal and superior processes and a well-defined
suprameatal fossa as developed in the Grofl Pampau periotic
are absent here.

4.3 Lateral view of the periotic
4.3.1 Anterior process

A striking difference between the periotic of Grof Pampau
and those of macroraptorial physeteroids is evident in
lateral and medial views: in Acrophyseter, Z. varolai, and
Physeteroidea from the Maltese Islands (NMNHTF-01165
and 01187) and from Piedmont (MGPT 13909) the apex of
the anterior process is almost on the same ventral level as
or even exceeds the height of the ventrolateral tuberosity
(Pilleri et al., 1989; Bianucci and Landini, 2006; Bianucci
etal., 2011; Lambert et al., 2016). In B. shigensis the apex of
the anterior process does not seem to reach the ventrolateral
tuberosity, but the flexure of the anterior process in the
ventral direction is considerably stronger than in the Grof3
Pampau periotic (Kimura et al., 2006).

The anterior process of the periotic of Grofl Pampau is
strikingly similar to that of P. macrocephalus in its overall
shape and disposition to other structures. In this view, in
the P. macrocephalus periotic like in that of Grof3 Pampau,
the process emerges from the wide body of the periotic and
stretches anteriorly, the dorsal surface remaining straight.
A protuberance extending from the ventrolateral tuberosity
towards the apex forms the lateral surface of the anterior
process of the P. macrocephalus periotic. This crest widens
the ventral surface of the process, which is not a condition in
the Grof3 Pampau periotic.

The pars cochlearis of the periotic of P. macrocephalus is
dorsally barely exposed when viewed from the lateral plane,
due to the larger proportions of the tegmen tympani.

4.3.2 Tegmen tympani

The periotic of P. macrocephalus has in lateral view
a “helmet-like” shape (Yamada, 1953), which refers to
the semi-triangular shape of the tegmen tympani formed
by the configuration of superior, anterior, and posterior
processes. The last is strongly bent posteroventrally and
forms a right angle with the superior process. The tegmen
tympani of the Grofl Pampau periotic (lacking the posterior
process) displays in this view a similar shape to that of P.
macrocephalus.
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4.4 Ventral view of the periotic
4.4.1 Pars cochlearis

Specimens of Acrophyseter and Z. varolai share with the
one of Gro3 Pampau a remarkable inclination of the pars
cochlearis towards the anterior process, a feature that is
also highly pronounced in P. gualichensis, A. morricei,
Orycterocetus, and the Baltringen Physeteridae (SMNS
43528; Kellogg, 1927, 1965; Caviglia and Jorge, 1980;
Pilleri, 1986a; Bianucci and Landini, 2006; Bianucci et al.,
2011; Lambert et al., 2016). In P. macrocephalus the anterior
inclination is much stronger than in the Grofl Pampau
periotic.

The periotics of Acrophyseter and Aulophyseter morricei
are similar to the Grof3 Pampau periotic in that the outline of
the pars cochlearis in ventral view presents a posteromedial
angulation (Kellogg, 1927; Lambert et al., 2016). This is less
pronounced in Oryctocetus crocodilinus (Kellogg, 1965) and
Physeter.

Orycterocetus periotics display distinctive characters
which are lacking in that of Grof3 Pampau, for instance, a
depressed area near the middle of the ventral pars cochlearis
(Kellogg, 1965; Bianucci et al., 2011).

Differences between the periotic of A. morricei and the
Grof3 Pampau specimen include the presence of a nodosity
or crest in the middle of the ventromedial face of the first, its
fenestra ovalis presenting a crescentic shape and a nodosity
partly closing this opening (Kellogg, 1927).

4.4.2 Anterior process

The shapes of macroraptorial physeteroid anterior processes
vary between short and pointed (in Acrophyseter), robust
and rectangular (e.g. in the Physeteroidea NMNH-TF-01165
from the Maltese Islands), short and blunt or elongated and
pointed, and extremely ventrally inclined surrounding the
pars cochlearis (in B. shigensis and all three MGTP periotics
from Piedmont; Pilleri et al., 1989; Kimura et al., 2006;
Bianucci et al., 2011; Lambert et al., 2016). These are all
major differences to the elongated anterior process of the
Grof3 Pampau periotic that is here slim, tapers towards the
apex, and forms a nearly 90° angle at the anterior incisure.
The anterior process in O. crocodilinus periotics is more
robust than in the Grofl Pampau periotic and more similar in
ventral view to A. morricei. Its shape, length, and the angle
of the anterior incisure vary notably between specimens,
but those showing higher similarity to the Gro3 Pampau
periotic also have a dorsal groove on the anterior process
that is absent in the latter. The ventral face of this process
in O. crocodilinus is deeply concave like in the Grof
Pampau periotic but less flattened from side to side; in some
specimens the medial face is also concave (Kellogg, 1927,
1965). The Orycterocetus specimens of the Maltese Islands
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display a very short anterior process compared to that of the
Grof} Pampau periotic (Bianucci et al., 2011).

Orycterocetus specimens have in general a less convex
lateral face of the anterior process than the Grofl Pampau
periotic (this is even rectilinear in Orycterocetus of the
Maltese Islands; Kellogg, 1965; Bianucci et al., 2011).

The anterior processes of A. morricei and the Grof3
Pampau periotic differ as the former’s exhibits a more
massive and globose shape, which can be identified, among
other indicators, by the rounded-off lateral face between
the ventrolateral tuberosity and apex. The process has been
described as the “handle end of a crutch when viewed from in
front” (Kellogg, 1927, p. 19), which most likely refers to the
presence of a dorsal spine that together with the apex confers
to the anterior process such a shape. This condition is not
present in the in the Grof3 Pampau periotic. The ventral face
of the anterior process in A. morricei is deeply concave like
in the Gro3 Pampau periotic but less flattened from side to
side.

The anterior process of SMNS 43528 from Baltringen is
similarly ventrally bent, yet more robust, short, and rounded
in than in that of the Grofl Pampau specimen.

P. gualichensis also displays a robust anterior process with
a strongly convex lateral face (Caviglia and Jorge, 1980).

The angle of the anterior incisure is slightly more acute in
P. macrocephalus, and the process thins out in a more gradual
way, ending in a more pointed and medially directed apex
than in the Grofl Pampau periotic, but the arrangement of
the anterior process and pars cochlearis is similar in both.
Striking is that almost the entire medial length of the anterior
process of the periotic of P. macrocephalus is occupied by
the large and voluminous accessory ossicle that is strongly
fused with the process. Similar to the Grof3 Pampau periotic,
the ossicle in P. macrocephalus is ventrally inclined and
is delineated ventrolaterally by a broad contact area of the
tympanoperiotic components. In contrast to the ossicle on the
periotic of Grofl Pampau, in P. macrocephalus it is in close
contact over a large area with the globose pars cochlearis,
even covering it ventrally.

4.4.3 Ventrolateral tuberosity

In the A. morricei periotic the ventrolateral tuberosity on the
base of the anterior process that is more prominent than in the
Grof} Pampau periotic protrudes laterally and is well visible
in dorsal view (Kellogg, 1927). While in Orycterocetus
sp. from the Maltese Islands the ventrolateral tuberosity
protrudes ventrally more strongly, in other Orycterocetus
periotics the ventrolateral tuberosity is even less prominent
than in the one of Grofl Pampau (Kellogg, 1965; Bianucci
et al., 2011). In both Gro3 Pampau and O. crocodilinus
periotics the ventrolateral tuberosity is not visible in dorsal
view due to the massive tegmen tympani. This is in some O.
crocodilinus specimens more similar in shape to that of the
Grof3 Pampau periotic than in others.
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4.4.4 Mallear fossa

The Grofl Pampau and other physeteroid periotics display
round mallear fossae of different depths, a condition that
differs in SMNS 43528 from Baltringen, which has a
triangular mallear fossa.

4.4.5 Articulation for the incus

In physeteroids, the articulation for the incus on the ventral
body of the periotic displays two different conditions.
A fossa is present in Acrophyseter, A. morricei, and O.
crocodilinus, while a process can be found in B. shigensis,
P. macrocephalus, and the Grofl Pampau periotic (Kellogg,
1927, 1965; Yamada, 1953; Kimura et al., 2006; Lambert et
al., 2016).

4.5 Medial view of the periotic
4.5.1 Pars cochlearis

The pars cochlearis in Acrophyseter and Z. varolai is
dorsoventrally compressed and thus shorter than the body
of the periotic, which differs from the condition in the Grof3
Pampau periotic (Bianucci and Landini, 2006; Lambert et al.,
2016).

In specimens of Orycterocetus the ventral face and in
A. morricei and SMNS 43528 the posterior face of the
pars cochlearis are flattened as in the Grofl Pampau periotic
(Kellogg, 1927, 1965; Pilleri, 1986a; Bianucci et al., 2011).

4.5.2 Anterior process

The medial surface of the anterior process of Z. varolai
is dorsoventrally much larger than the height of its pars
cochlearis, which is a major difference from the elongated
anterior process of the Grof3 Pampau periotic.

Like in the Grof3 Pampau periotic, A. morricei exhibits
an irregular groove with small nodosities that traverses the
medial face of the anterior process.

5 Discussion
5.1 Relation to Physeteroidea

The tympanoperiotic complex of odontocetes is, like in
all cetaceans, an exceptionally dense and compact bone
(Fleischer, 1975; Ketten, 2000). Although the odontocete
ear bones bear a high degree of morphological variability,
all characters of the tympanoperiotic complex are derived
from an ancestral type (Kasuya, 1973). One of the most
striking and distinctive characters, recognized by Luo (1998)
as one of two conspicuous bullar apomorphies of the
Odontoceti, is the presence of an anteroposteriorly elongated
accessory ossicle. This accessory ossicle derives from
the anterior process of the tympanic bulla and inserts
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into the tympanic cavity, making contact with the large
and rectangular fovea epitubaria on the anterior process
of the periotic bone (Luo, 1998; Bianucci and Landini,
2006; Mead and Fordyce, 2009). The accessory ossicle
is developed in early ontogenetic stages and maintains
a spherical shape in the adult stages (Luo, 1998). In
all physeterids; kogiids; almost all ziphiids; and some
specimens of Schizodelphis, platanistids and delphinids, the
accessory ossicle is secondarily attached or even fused in
real synostosis to the anterior process of the periotic bone
(Yamada, 1953; Luo and Marsh, 1996; Luo, 1998; Muizon,
1988b; Mead and Fordyce, 2009). This anterior contact and
a posterior syndesmosis are the connective points between
the tympanic bulla and periotic bone in Odontoceti (Yamada,
1953). The prominent accessory ossicle that remains strongly
fused to the anterior process of the here-described Grof3
Pampau periotic, despite the breakage of the tympanic bulla,
is robust evidence for its relation to the Odontoceti.

We associate the Grofl Pampau periotic with the
Physeteroidea due to the presence of the following
characters: partial fusion of the large accessory ossicle of the
tympanic bulla with the anterior process of the periotic that
is moved towards the tympanic cavity and covers almost the
entire ventral surface of the anterior process of the periotic,
resulting in a large, rectangular fovea epitubaria (visible only
if the ossicle is separated; elliptical in most other odontocetes
and anteroposteriorly compressed in ziphiids), and a very
reduced anterior bullar facet near the apex. Additionally,
the cochlear portion in the Grofl Pampau periotic, as in all
physeteroids, is anteriorly inclined (Kasuya, 1973; Bianucci
and Landini, 2006; Bianucci et al., 2011). The character
described by Kasuya (1973) as “the most conspicuous” of
physeteroid ear bones is the large and laminated posterior
process of the tympanic bulla that forms a synostosis with
the posterior process of the periotic bone, while in other
odontocetes the suture remains less firm. A real synostosis
attaching firmly the posterior processes of the tympanic bulla
and perotic might have been the cause of damage and loss
of the posterior process in the Grofl Pampau periotic at the
time of breakage and separation from the tympanic bulla.
The two characters shared by the Gro3 Pampau specimen and
the periotics of the Physeteroidea are the real synostosis by
which the accessory ossicle is fused to the anterior process
and the lack of an anteroexternal sulcus on its lateral aspect
(Luo and Marsh, 1996).

Inconsistencies in the use of technical terminology
throughout the literature and in the documentation of
measurements of morphological structures and several other
characters of the periotic bone that are regarded as diagnostic
or bear this potential prevent comparisons that might
reveal taxonomically important information and hinder more
precise quantitative analyses of size and shape. Since several
periotics are damaged to different degrees, we take into
account that their measurements do not reflect the real values.
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Thus, we only cautiously suggest that the Gro3 Pampau
periotic most likely belonged to a medium-sized physeteroid.

In most descriptions of physeteroid periotics the shape of
the anterior process and the reciprocal disposition with the
pars cochlearis seem to bear a great diagnostic signal. Their
particular condition in the Grof3 Pampau periotic differs
substantially from every other described periotic, except
for the living P. macrocephalus and A. morricei. However,
the combination of morphological characters as a whole is
unique in the Grofl Pampau periotic and there is no evidence
that conclusively associates this specimen with previously
described physeteroids.

Kellogg (1927, 1965) made almost identical descriptions
of the periotics of A. morricei and O. crocodilinus and
highlighted their resemblance to periotics of living sperm
whales. Although the occurrence of a high degree of
intraspecific variation in periotic morphology is likely
(“in some cases very notable”; see Caviglia and Jorge,
1980, p. 366), Luo and Marsh (1996) indicate that
Kellogg (1965) misidentified at least two periotics as
belonging to Orycterocetus, e.g. USNM 22952, which
displays high disparity with the rest and has rather
monodontid diagnostic characters. This periotic was hence
not taken into consideration in our work.

The differences between Orycterocetus and A. morricei
most likely go beyond the ones stated by Kellogg (1927,
1965), and interestingly, of both genera, periotics of A.
morricei most closely resemble that of Gro3 Pampau in
their overall appearance and in the general arrangement
and proportions of single structures, particularly that of the
anterior process and pars cochlearis in relation to each other.
However, the most remarkable differences between the A.
morricei specimen and the Grof3 Pampau periotic might
constitute the differing shape of their anterior processes.

While Kasuya (1973, p. 64) questionably described the
position of the dorsal opening of the facial canal in A.
morricei and O. crocodilinus as independent from the
internal auditory meatus, Kellogg (1927, 1965) presented
two character states: in some specimens, the transverse
crest that separates this opening and the tractus spiralis
foraminosus is lower than the rim of the internal auditory
meatus, while in others the crest is as high as the meatus.
In both cases it remains unclear whether the dorsal opening
of the facial canal is considered to be part of the meatus
or not. However, in the first case, the pyriform rim of the
meatus suggests that the dorsal opening of the facial canal is
embedded in the internal auditory meatus. In the last case,
the shape of the internal auditory meatus remains oviform
likely due to the exclusion of the dorsal opening of the facial
canal. Based on this we suggest that the degree of similarity
between periotics of A. morricei and O. crocodilinus to that
of Grofl Pampau regarding this character varies between
specimens.

In general, the periotic of P. macrocephalus has more
pronounced and coarse features and a strikingly larger
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accessory ossicle than that of Gro3 Pampau. Despite
the enormous difference in size, both periotics show
a compelling degree of similarity in several relevant
characters. According to Kasuya (1973), the anterior process
of the periotic of P. macrocephalus displays the primitive rod
shape of odontocetes. Based on their similarity, the anterior
process of the Grofl Pampau periotic might also fall into this
shape category.

Regarding the bony element with an unknown function
located dorsally to the accessory ossicle in the Grof3 Pampau,
the condition of P. macrocephalus shows the highest degree
of similarity among all other physeteroids included in this
comparison. The origin and function of the small bony
element of irregular shape and surface that is sutured to
the medial surface of the anterior process of the Grof3
Pampau periotic are uncertain, and only P. macrocephalus
shows a slightly similar condition. However, this condition
in Physeter has not gained sufficient attention throughout the
literature.

The type of breakage on the posteroventral part of the
Grofl Pampau periotic and the shape of the almost-intact
posterior and posterodorsal parts of the body suggest the
possibility of a similar posterior process to that of P
macrocephalus that projects ventrally, which would confer
to the body of the Gro3 Pampau periotic a comparable
helmetlike shape.

5.2 Relation to Hoplocetus ritzi

The remains of the Hoplocetus ritzi (Hampe, 2006) were
discovered in the Bolboforma fragori—subfragoris Zone of
the upper Langenfeldian (middle-late Miocene) in Grof3
Pampau and comprise 13 teeth, eight vertebrae, two pieces
of ribs, an acromion, and a phalanx from a single dislocated
skeleton. No tympanoperiotic complexes are associated with
H. ritzi. This specimen is interpreted as belonging to the
macroraptorial non-crown physeteroids, albeit a smaller
representative, based on its tooth morphology. The locality
of discovery, age, and presumed size of the Grof3 Pampau
periotic coincide with those of H. ritzi, which raises the
possibility of their affiliation.

5.3 Relation to Kogiidae

It has been proposed that kogiids and physeterids share
two characters of periotic morphology (Luo and Marsh,
1996). Firstly, the articulation of the incus with the periotic
bone is via a small incudal process that is an area elevated
from the surrounding bone. The validity of this first
character, however, is questioned by evidence suggesting
that some physeterids have a fossa and some macroraptorial
physeteroids have a process for the articulation with the incus
(e.g. A. morricei and B. shigensis respectively; see above).
The second character is the large size of the accessory
ossicle. Personal observations and the lack of consistent data
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on the relative size of the accessory ossicle do not support the
theory that the macroraptorial physeteroids have significantly
smaller ossicles. These characters are not reliable to draw
conclusions regarding the relation of the Grof3 Pampau
periotic to Kogiidae. There is a certain similarity between
some kogiids and the Grof Pampau periotic in regard to
the proportion of some structures (e.g. anterior and pars
cochlearis in kogiids from Florida and North Carolina; see
Vélez-Juarbe et al., 2016). Also, the length of the Grof
Pampau periotic falls within the ranges reported for other
extinct kogiids. However, due to the following morphological
differences we consider it unlikely, that the specimen should
be referred to the family Kogiidae, and therefore we do not
provide more detailed and thorough comparisons of the Grof3
Pampau periotic with each of the available kogiid periotics.

Morphological characteristics that have been defined as
diagnostic for kogiid periotics include an inflated and
rounded apex of the short anterior process and the presence
of three well-defined spines on it: anterodorsal, anteroventral,
and dorsal (Muizon, 1988a; Luo and Marsh, 1996). These
occur in different shapes and magnitudes (for example, see
Muizon, 1988a, and Vélez-Juarbe et al., 2016), but when
seen as corners, they confer to the anterior process its typical
outline of an equilateral triangle (Pilleri et al., 1989). The
dorsal face of the anterior process of kogiids is convex and
bulbous (Luo and Marsh, 1996), and the process is turned
against the pars cochlearis. In regard to these conditions,
the Gro Pampau periotic strongly differs from kogiid
periotics by having a slender anterior process with less lateral
curvature and only one well-defined spine or apex located
anteroventrally. The orientation of the posterior process,
posteriorly along the long axis of the bone, is a diagnostic
character for the Kogiidae (Muizon, 1988a; Luo and Marsh,
1996). This contributes to the typical kogiid condition, in
which the posterior bullar facet, the anteroventral spine of
the anterior process, and the ventrolateral tuberosity all lie on
the same ventral level when observed from lateral view. The
massive dorsal tuberosity, which is the highest point on the
dorsal surface, together with the dorsal spine of the anterior
process, which in some kogiids might reach almost the same
height as the dorsal tuberosity, confer to the dorsal face of
a kogiid periotic’s body a remarkably concave shape. This
particular arrangement and shape of structures is lacking in
the periotic of Grofl Pampau and presumably constitutes the
greatest difference from kogiid periotics.

6 Conclusions

The degree of resemblance with P. macrocephalus and shared
characters with A. morricei periotics support our association
of the periotic of Gro3 Pampau with Physeteroidea. All
previously described periotics share with the Grol Pampau
periotic single morphological characters or a combination
of these, yet none of them utterly resembles that of Grof3
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Pampau. Its unique combination of characters suggests
three plausible scenarios. Firstly, the possible existence of
a so-far undescribed physeteroid species, whose position
within the phylogeny of Physeteroidea remains at this point
unclear. Secondly, the periotic might also be associated with
Hoplocetus ritzi, whose fragments were found in the same
depositional area of Grof3 Pampau years before (Hampe,
2006). And thirdly, the specimen might belong to another,
already-described taxon, of which the periotic is currently
unknown (see Lambert, 2008).

Our observations revealed that in physeteroid periotics, the
shape of the anterior process and the reciprocal disposition
with the pars cochlearis are characters that largely vary
between taxa and thus bear great diagnostic information.

Functional conclusions, for example, about hearing
capabilities, cannot be drawn at this stage. Therefore,
comprehensive CT-scan data of the cochlea are one of the
essential basics (see Ekdale and Racicot, 2015; Ritsche et
al., 2018) and are available so far in detail only for the living
sperm whale (Davids et al., 2011) and, very recently, for
Acrophyseter deinodon (Galatius et al., 2019).
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