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Non-destructive analysis of in situ ammonoid jaws by 
synchrotron radiation X-ray micro-computed tomography
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ABSTRACT

We introduce high-resolution synchrotron radiation X-ray tomography for non-
destructive, three-dimensional reconstruction of the jaw apparatus preserved within the
body chamber of the Late Cretaceous phylloceratid ammonoid, Phyllopachyceras
ezoensis, for the first time. Analysis of the X-ray images using linear absorption coeffi-
cient estimation reveals that the upper jaw consisted mainly of inner and outer lamellae
composed of carbonate apatite, which originally might have been a chitin-protein com-
plex, with angulated rims of thick calcareous material. The morphological features indi-
cate that the jaw apparatus of this species is the rhynchaptychus-type. The three-
dimensional architecture of the jaw apparatus of these specimens is similar to that of
other ammonoids, except for the development of a thick calcified deposit in both upper
and lower jaws, which can be considered to support the predatory-scavenging feeding
habits of the species. The jaw features of this species appear to have been constrained
by both phylogenetic and functional morphological factors.
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INTRODUCTION

Virtually all modern cephalopod mollusks pos-
sess a well-developed jaw apparatus (synonymous
with beak and mandible and consisting of upper
and lower elements) and a radula as primary feed-
ing organs, although the radula is vestigial in the
pelagic spirulid Spirula (Kerr, 1931), and is reduced
or absent in some deep-sea octopods (Voss, 1988;
Nixon, 2015). These structures are housed in a
globular-shaped muscular buccal mass, in the
proximal portion of the digestive tract, and allow for
biting and shearing prey (Tanabe and Fukuda,
1999; Nixon, 2015). Both of the upper and lower
jaws are made predominantly of a chitin-protein
complex, in association with calcareous deposits
along the anterior rostral portion of upper and lower
jaws in nautilids (Nautilus and Allonautilus) (Saun-
ders et al., 1978; Hunt and Nixon, 1981; Lowens-
tam et al., 1984; Gupta et al., 2008).

Fossilized remains of ammonoid jaws and
radulae have been reported in marine deposits dat-
ing to the Paleozoic and Mesozoic eras (Tanabe et
al., 2015). They mostly occur individually, but are
rarely preserved in situ within the body chambers
(e.g., Lehmann, 1967, 1971, 1979; Doguzhaeva
and Mutvei, 1992, 1993; Tanabe and Landman,
2002; Kruta et al., 2010, 2011; Landman et al.,
2010; Tanabe et al., 2012, 2013; Klug and Jerjen,
2012). Especially when preserved in calcareous
and phosphate concretions, they generally retain
their original three-dimensional morphology,
although their primarily organic composition is
replaced by phosphate minerals during diagenesis
(Kanie, 1982; Tanabe and Fukuda, 1983; Tanabe
et al., 2012; Gupta et al., 2008). Even in such
cases, complete extraction of fossilized jaws and
radula is technically difficult, as they are embedded
in consolidated sedimentary matrices within the
body chambers.

To compensate for these technical difficulties,
non-destructive techniques, such as X-ray com-
puter tomographic (CT) scans and synchrotron X-
ray analyses, have been utilized to reconstruct the
overall morphology and structure of fossilized jaws
and radulae (Kruta et al., 2011, 2013, 2014;
Tanabe et al., 2013; see also Sutton et al., 2014,
for a recent review on non-destructive techniques
in paleontology). 

In this study, we attempted to reconstruct the
three-dimensional structure and determine the
composition of the jaw apparatus that is preserved
in situ within the body chamber of a Late Creta-
ceous phylloceratid ammonoid. The jaw apparatus
analyzed herein was previously studied by Tanabe

et al. (2013) by means of an industrial X-ray CT
scanning machine. For this study, synchrotron radi-
ation X-ray tomographic microscopy was used to
obtain better morphological and compositional
information. This method emits high flux density
monochromatic X-ray beams and allows for the
analysis of a small internal structure of specimens
with higher spatial resolution quantitatively compar-
ing to laboratory based X-ray micro-CT (e.g.,
Hagadorn et al., 2006; Donoghue et al., 2006;
Chaimanee et al., 2003; Friis et al., 2007; Kruta et
al., 2011, 2013, 2014; Han et al., 2016). On the
basis of X-ray absorption calculation of the
obtained tomographic images, the constituent
materials of the fossilized jaw lamellae can be esti-
mated and their original compositions discussed.
Then the three-dimensional architecture of the jaw
can be compared with other previously known
ammonoid and nautilid jaws, and their phylogenetic
and functional morphological significance dis-
cussed.

MATERIAL AND METHODS

Material

A specimen of Phyllopachyceras ezoensis
(Yokoyama, 1890) (Phylloceratidae, Phyllocera-
tina), UMUT MM 27831, with upper and lower jaws
preserved in situ within the body chamber (Figure
1) was collected from a float calcareous concretion
in the Nakakinenbetsu River, Obira area, northwest
Hokkaido, Japan. It was possibly derived from the
mid-Cretaceous (Turonian) deposits (Tanabe and
Landman, 2002; Tanabe et al., 2013). The lower
jaw is positioned within the posterior portion of the
incomplete body chamber and appears to have
retained its original orientation (Figure 1). Though a
structure similar to the upper jaw exists in the body
chamber, it is invisible to the naked eye (Tanabe et
al., 2013). The specimen is housed in the Univer-
sity Museum, the University of Tokyo (UMUT).

Methods

High-resolution X-ray tomography was per-
formed at SPring-8, a synchrotron radiation facility
in Hyogo, Japan. The specimen was placed in the
experimental hutch 3 of BL20B2 (Goto et al.,
2001), and was scanned by means of propagation-
based X-ray phase contrast tomography (Paganin
et al., 2002) with a spatial resolution of 26 μm/pixel
at an energy of 100 keV. The distance from the
sample to X-ray image detector was 5 m. The X-
ray transmission images were captured with a
sCMOS-based visible light conversion type X-ray
2
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image detector (Uesugi et al., 2011, 2012).
Because the height of the specimen was large rela-
tive to the X-ray beam and it was not possible to
scan the entire specimen at once, the specimen
was scanned in nine sections from the top to the
bottom, each with a vertical and horizontal image
size of 4.0 mm and 53.3 mm, respectively. In each
scan, a total of 900 projections with an exposure
time of 2 seconds per projection were obtained
while rotating the specimen through 180 degrees.
The images were then reconstructed into 16 bit

greyscale tomographic images using the convolu-
tion back projection method after the phase
retrieval (Paganin’s method).

The luminance of the tomographic images
was analyzed using a freeware Fiji (Schindelin et
al., 2012) to estimate the composition of the speci-
men based on the X-ray linear absorption coeffi-
cient. The segmentation and three-dimensional
reconstruction of the tomographic images were
performed using Amira 3.5.5 (Visage Imaging,
Inc.). The segmentation was performed using the
Magic Wand and Brush tools built into the soft-
ware. The morphological terms for ammonoid
upper and lower jaws are those found in Tanabe et
al. (2015, figure 10.4). 

RESULTS

Tomographic Images

The median section of the specimen was
reconstructed from the X-ray tomographic images
(Figure 2). Based on these images, orthogonal
cross sections were also reconstructed (Figure 3).
Based on the contrast luminance present in the
images, the internal state of the specimen could be
distinguished and several structural elements rec-
ognized (Figure 2.2).

The body chamber is filled with muddy sedi-
ments, as visible to the naked eye. Individual cam-
erae in the phragmocone are mostly filled with
aggregated, possibly carbonate material, though
several late-formed camerae are partially vacant
(Figure 2.2). Carbonate crystals within the cam-
erae appear to have precipitated from seawater
during fossilization, which is a common manner of
preservation for ammonoid fossils (e.g., Wani and
Gupta, 2015). The septa and outer shell wall are
composed of a darker colored material with a lower
luminance in comparison to the aggregated filling
within the camerae. The siphuncle is partially
observable in the X-ray CT images as a tube with a
lighter colored (i.e., a higher luminance value) wall.
The anterior and posterior portions of the lower
jaw, which are not visible to the naked eye, are
composed of lighter and darker materials with dif-
ferent luminance values (Figure 2.3). Similarly, on
the posterior side of the body chamber, the upper
jaw is distinguishable from the surrounding sedi-
ment matrix (Figure 2.4) and appears v-shaped in
the cross-sections (Figure 3). It is composed of
lighter and darker-colored materials with the
lighter-colored material appearing to be covered
with the darker one.

FIGURE 1. Left lateral (1), dorsal (2) and ventral (3)
views of Phyllopachyceras ezoensis with preserved
upper and lower jaws in situ within the body chamber.
UMUT MM 27831 (modified from Tanabe et al., 2013).
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TAKEDA ET AL.: ANALYSIS OF AMMONOID JAWS
Estimation of Constituent Materials of the 
Fossilized Jaw Lamellae

The nature of the light and dark-colored
regions of the X-ray tomographic images was eval-
uated on the basis of the linear absorption coeffi-
cient (LAC). In this synchrotron radiation
experiment, the luminance value of the tomo-
graphic images represents the LAC value of the
specimen. Because the LAC for a given material
can be calculated on the basis of its constituent
elements, density, and X-ray energy (Chantler et
al., 2005), the material shown on the tomographic
images was identified by comparing the luminance
value with the calculated LAC of the hypothesized
material composition. Figure 4 and Table 1 sum-
marize the LAC for each part of the specimen
determined by the luminance value. The linear
relationship between LAC and luminance value
relies upon the assumption of the presence of air
outside of the specimen and the presence of

aggregated carbonates (assumed to be calcite) in
the phragmocone. Based on this analysis, chitin
was ruled out as the material make-up of both the
dark and light-colored materials of the upper jaw.
Rather, the LAC for the light-colored material of the
upper jaw is quite similar to the calculated LAC for
fluorapatite (Ca5[PO4]3F). Previous authors
reported that black-colored jaw lamellae of Late
Cretaceous ammonoids from Hokkaido are made
of carbonate apatite, as determined by X-ray dif-
fraction (Kanie, 1982; Tanabe and Fukuda, 1983;
Tanabe et al., 2012). The rhychaptychus-type jaw
apparatuses of Lytoceratina and Phylloceratina
and the intermediate-type ones of Desmocera-
toidea from the Upper Cretaceous deposits of Hok-
kaido are composed mainly of carbonate apatite,
with a calcitic and/or aragonitic covering (Kanie,
1982; Tanabe et al., 2012, 2013). Judging from
these lines of evidence, the light-colored jaw mate-
rial observed in X-ray images of the P. ezoensis is

siphuncle

upper jaw
anterior 
portion 
of lower
jaw

carbonate
crystal

septa vacancy in
phragmocone1 2

muddy
sediments

0.5 cm

3 4

0.1 cm0.1 cm

FIGURE 2. Reconstructed tomographic images of the specimen (1) and its internal structure in median section (2).
The lower and upper jaws are enlarged in (3) and (4), respectively.
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presumed to be fluorapatite, whereas the darkly
colored material corresponds to the calcareous
covering. It can be interpret that the light-colored
jaw material was originally primarily composed of a
chitin-protein complex as in modern cephalopod
jaws, which during diagenesis changed into car-
bonate apatite. This material is described as “chi-
tinous” material hereafter. Although the LAC of the
dark-colored region differs from carbonates, this
might be the result of the dissolution of carbonates
during diagenesis. It is notable that the luminance
values of most septa are similar to those of the car-
bonate covering of the jaws, suggesting that the
primarily aragonitic shell portions of the specimen
have been entirely changed into calcite during dia-
genesis. This diagenetic replacement is also con-

firmed by the naked eye, because the outer shell
portion loses iridescence and is altered into brown-
ish material.

Segmentation and Three-Dimensional 
Reconstruction

Segmented tomographic images of upper and
lower jaw portions were compiled and their three-
dimensional shapes were created (Figure 5). The
segmentation of the lower jaw is incomplete, as
three-dimensional reconstruction was successful
only anteriorly and posteriorly (Figure 6.1). In the
anterior portion, calcareous material covers the
inner rim of the outer “chitinous” lamella, forming
the calcified rostrum (Figure 6.1, 6.2). The calcare-
ous material would have covered the entire outer

3 4

1 21 2

0.5 cm 0.5 cm

0.5 cm 0.5 cm

FIGURE 3. Serial cross-sections of the body chamber portion of the specimen cut from the venter (1) to the dorsum
(4), in which sectioned images of the upper jaw are shown. Note that the vertical stripes are due to the separated
scanning.
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surface of the rostrum at one point (Figure 6.3), but
it might have been removed during the preparation
of the specimen. The inner lamella of the lower jaw
is not distinct in this specimen. In the posterior por-
tion of the jaw, the outer surface of the “chitinous”
lamella was covered with a calcareous layer (Fig-
ure 6.1, 6.2).

The upper jaw has an angular, wing-like
shape (Figure 7.1-4). The light-colored “chitinous”
material composes the outer and inner lamellae,
which are joined in the anterior portion. The overall
shape of the outer lamella is not curved, but angu-
lar and shaped like an arrowhead. The anterior-
most portion of the outer lamella is sharply pointed,
forming the rostral tip (Figure 7.5). The calcareous
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FIGURE 4. Linear absorption coefficient (LAC) of the internal portions of the specimen estimated by their mean lumi-
nance values in the tomographic images. The numbers (1)-(10) correspond to the materials in Table 1. The dashed
lines indicate the known values for the materials (Chantler et al., 2005) that could be expected to be observed in the
specimen. Note that glycine is the most dominant amino acid in jaws of Octopus vulgaris (Hunt and Nixon, 1981). The
relationship between LAC values and luminance values is based on the assumption that the LAC values for the sur-
rounding air are zero and that the crystals precipitated in the phragmocone are calcite.

TABLE 1. Linear absorption coefficient (LAC) in the tomographic images of the Phyllopachyceras ezoensis. The num-

bers (1)-(10) correspond to plots in Figure 4.

mean minimum maximum standard deviation

air surronding the specimen (1) 0.000 -0.001 0.003 0.0015

phragmocone vacancy (2) 0.046 0.027 0.068 0.0123

septa (3) 0.251 0.199 0.343 0.0467

lower jaw (dark-colored part) (4) 0.337 0.317 0.351 0.0103

upper jaw (dark-colored part) (5) 0.356 0.333 0.384 0.0149

sediments in body chamber (6) 0.478 0.473 0.483 0.0040

carbonate crystal in phragmocone (7) 0.526 0.516 0.538 0.0067

siphuncle (8) 0.625 0.610 0.645 0.0136

upper jaw (light-colored part) (9) 0.635 0.581 0.708 0.0525

lower jaw (light-colored part) (10) 0.667 0.633 0.706 0.0262
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layer covers the entire outer lamella, but is thickly
deposited along its angular rims, as if it forms a
frame that encloses the “chitinous” outer lamella.
The “chitinous” inner lamella is longer than the
outer lamella and extends posteriorly, forming
paired lateral walls (Figure 7.5). Similar to the inner
lamella, the upper rims of these walls are covered
by a thick calcareous material. The transverse sec-
tion of the inner lamella just behind the rostrum
reveals that the lateral faces of the inner lamella
are folded inwardly at their enter (Figure 7.6), and
the inner surface of the inner lamella is thinly cov-
ered with a calcareous layer.

DISCUSSION

 Our analysis by synchrotron radiation X-ray
tomographic microscopy revealed the detailed
morphology of the upper and lower jaws of the
examined P. ezoensis. They are relatively large
compared to its conch (although the greater portion
of the body chamber was lost after fossil prepara-
tion), as briefly described by Tanabe and Landman
(2002). Our experiment confirms the observation
by Tanabe et al. (2013) that the upper jaw consists
of paired larger inner lamellae (lateral walls) and a
short outer lamella (hood), all of which are united in
the anterior portion, forming a thick and sharply
pointed rostral tip (Figure 7). X-ray tomographic
image analysis based on the linear absorption
coefficient (LAC) revealed that the lamellae of both
the upper and lower jaws are composed of carbon-

ate apatite and carbonate material, which are rep-
resented by higher and lower-LAC in the
tomographic images (Figures 5-7), respectively.
The former is covered by the latter (Figures 6, 7).
These morphological features indicate that the jaw
apparatus of the studied species can be classified
as the rhynchaptychus-type, as previously
described by Tanabe et al. (2013). However, our
observations suggest that the high and low-LAC
materials represent a “chitinous” substance and
calcareous deposit, respectively, as opposed to the
view of Tanabe et al. (2013) that the darker outer
lamella (hood) is wholly covered by paired lateral
walls that consisting of a dense and light material.

In the suborder Phylloceratina, in situ occur-
rences of upper and lower jaws is only known in
the Late Cretaceous Hypophylloceras subramo-
sum (Tanabe et al., 2013) and Phyllopachyceras
ezoensis (Tanabe et al., 2013; this study). In addi-
tion, Hauff (1953, pl. 75, figure F) described an
anaptychus, a wholly “chitinous” lower jaw pre-
served in situ within the body chamber of a Phyllo-
ceras heterophyllum from the Toarcian (Lower
Jurassic) Posidonia Shale of Holzmaden, southern
Germany. The Phylloceras specimen is, however,
flattened, and its aragonitic shell wall and septa
were dissolved during diagenesis; hence exact
morphological comparison with the lower jaw of the
Phyllopachyceras described herein is difficult.

Besides these in situ jaws, Bachmayer (1963)
reported lamellaptychi, a type of aptychus-type
lower jaw consisting of an inner “chitinous” lamella

1 2
carbonate
covering

chitinous 
lamella

anterior
part of
lower jaw

posterior
part of 

lower jaw

carbonate
covering

chitinous 
lamella upper

jaw

FIGURE 5. Three-dimensional reconstruction of the upper and lower jaws preserved in the body chamber of the spec-
imen. The reconstructed parts are inside the specimen (1). The jaws are preserved close to each other (2).
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and outer bi-valved calcitic plates, in the body
chambers of the Late Jurassic Calliphylloceras
from Austria. More recently, Mitta and Schweigert
(2016) described another kind of lower jaw consist-
ing of a “chitinous” outer lamella with a distinct
median depression forming paired wings in the
body chamber of a Calliphylloceras conch from the
Middle Jurassic of the northern Caucasus. How-
ever, the presence of two kinds of lower jaw in the
same ammonoid genus is unlikely (Tanabe et al.,

2015), and the lamellaptychus-lower jaw-upper jaw
conch association has been found in the Jurassic
Haploceratoidea of the suborder Ammonitina. For
these reasons, it can be concluded that the lower
jaws reported by Bachmayer (1963) have an
allochthonous origin and might have been trapped
within the empty body chambers of Calliphylloc-
eras during the biostratinomic process, as sug-
gested by Engeser and Keupp (2002) and Vašíček
(2010). We also doubt the autochthonous nature
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anterior posterior
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shoulder

cr
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developed
inner lamella

FIGURE 6. Result of segmentation of the lower jaw of the specimen, from lateral view which is restricted to its anterior
and posterior portion (1). Three-dimensional reconstruction (2) suggests a wide distribution of calcareous material.
The outer calcareous layer on the outer “chitinous” layer is partly taken off in (2). The transverse section of the area
indicated as a square in (1) shows that the calcareous covering of the lower jaw also covers the internal surface of the
“chitinous” lamella (3). The abbreviation is indicated in (2).
8



PALAEO-ELECTRONICA.ORG

9

1 2

3 4

5 6

calcified
rostrum
(cr)

thick calcareous covering

chitinous outer
lamella (ol) covered
with calcareous layer

chitinous 
inner lamella (il)

paired
lateral walls
(lw)

cr

lw

ol

il
lw

il

cr

ol

lw

cr

ol

ol

il

ol (chitinous)

il
(chitinous)

calcareous
covering

FIGURE 7. Result of segmentation of the upper jaw of the specimen, from frontal (1), rear (2), left-lateral (3) views
and the transverse section of the area (4) indicated as a square in (3). The three-dimensional reconstruction (5)
shows areal distributions of the “chitinous” lamellae and the calcareous covering. The reconstruction of the trans-
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cated in (5).
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for the lower jaw reported in the body chamber of
another Calliphylloceras specimen described by
Mitta and Schweigert (2016). Additional Calliphyllo-
ceras specimen with preserving upper and lower
jaws inside the body chamber is needed to confirm
the adequacy of their interpretation.

The gross morphology of the lower jaw of P.
ezoensis resembles that of H. subramosum
(Tanabe et al., 2013). The upper jaws of these spe-
cies are also similar, with the exception of two
major differences; namely, 1) the outer lamella of P.
ezoensis has much closer contact with the paired
inner lamellae than that of H. subramosum, and 2)
the paired inner lamellae of P. ezoensis are cov-
ered by a calcareous layer, unlike those of H. sub-
ramosum.

In the modern Nautilus, the chitinous lamellae
of the upper and lower jaw are covered with a thin
aragonitic layer upon which a thick calcitic deposit
overlays inward at the rostrum (Lowenstam et al.,
1984). Consequently, the calcareous covering is
the thickest at the anterior portion of the rostrum.
The distinction between aragonite and calcite is
impossible to determine in the examined specimen
of P. ezoensis, because the original aragonitic shell
mineralogy has not been preserved.

Arrowhead- and scallop-shaped calcareous
coverings of organisms are called rhyncholites and
conchorhynchs, respectively (Teichert et al., 1964).
They have been found from the Late Paleozoic and
younger marine deposits, and some of them from
the Jurassic and Cretaceous are interpreted to be
the calcified deposits of the upper and lower jaws
of either lytoceratid or phylloceratid ammonoids
(see review by Tanabe et al., 2015). The overall
morphology of the calcareous covering of the lower
jaw of the examined P. ezoensis could be compa-
rable to other known conchorhynchs (e.g., Teichert
et al., 1964; Saunders et al., 1978) and concho-
rhynch-like structures of Lytoceratina (Tanabe et
al., 1980; Kanie, 1982) and Phylloceratina (Tanabe
and Landman, 2002; Tanabe et al., 2013). How-
ever, that of the upper jaw of P. ezoensis is quite
different from other known rhyncholites. Although
the absence of a mid-dorsal projection from the
anterior calcareous portions in the examined speci-
men is a characteristic of Rhynchotuethis, a mor-
photype of rhyncholites (e.g., Teichert et al., 1964;
Teichert and Spinosa, 1971; Riegraf and Luter-
bacher, 1989; Nemoto and Tanabe, 2008; Riegraf
and Moosleitner, 2010), a shaft-like prolongation
that extends into the concave interior of the upper
jaw, which is the general characteristic of the
known rhyncholites (Teichert et al., 1964), is

absent in P. ezoensis. Such specific feature of the
calcareous deposits on P. ezoensis upper jaw
might be as a result of ecological-functional con-
straints (as discussed later).

The existence of a calcareous covering is a
characteristic feature of the jaw apparatuses of the
Cretaceous lytoceratid and phylloceratid
ammonoids (Tanabe et al., 2015) and modern and
fossil nautilids (Saunders et al., 1978; Klug, 2001).
Based on observations of feeding behaviors (e.g.,
Mikami et al., 1980) and investigations of the stom-
ach contents of modern nautilids (e.g., Saisho and
Tanabe, 1985), the calcareous covering has been
considered to aid in biting and shearing prey, so it
is presumed that it developed for predatory and/or
scavenging modes of feeding. The wide distribu-
tion of calcareous material on both the upper and
lower jaws of P. ezoensis might also have served
to reinforce the jaws, indicating relatively active
feeding habits (scavenging-predatory modes of
feeding) as postulated in previous studies (e.g.,
Tanabe et al., 2013, 2015).

Dagys et al. (1989) reconstructed by means of
serial sectioning and compared the overall mor-
phology and lamellar structure of the jaw appara-
tuses of Middle Triassic ceratitid ammonoids, Early
Jurassic ammonoid Hildaites levisoni, and
unknown Late Cretaceous ammonoids presumably
belonging to either Lytoceratina or Phylloceratina.
These three jaw types can be referred to respec-
tively as the normal, aptychus, and rhynchapty-
chus-types on the basis of the jaw morphotype
classification by Tanabe et al. (2015). According to
Dagys et al. (1989, figures 2, 4, 5), in both normal
and rhynchaptychus-type lower jaws, the inner and
outer lamellae are united in the dorsolateral portion
of the rostrum and are separated posteriorly.
Although the detailed structure is not distinct, this
condition appears to be observed in the lower jaw
of the P. ezoensis examined here (Figure 6.2). In
contrast, in the aptychus-type lower jaw of H. levi-
soni, the outer and inner lamellae are largely united
in the anterolateral portion of the rostrum and
shoulder (Dagys et al., 1989, figure 4a, c). 

As for the upper jaw, in normal-type of Triassic
ceratitids, the inner and outer lamellae are united in
the dorsolateral portion of the rostrum but are sep-
arated at its ventrolateral portion, whereas in apty-
chus-type of Early Jurassic Hildaites, the outer and
inner lamellae are united in the ventrolateral por-
tion of the rostrum (Dagys et al., 1989, figures 1b,
3). The transverse section of the upper jaw of the
examined P. ezoensis shows that the outer lamella
is distinctly folded inward at its venter to form the
10
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inner lamella (Figure 7.6), which has a shape simi-
lar to the normal-type upper jaw.

The rhynchaptychus, anaptychus, and apty-
chus-type jaw apparatuses of Mesozoic
Ammonoidea differ significantly in their overall
shape, the presence or absence of a calcified ele-
ment, and surface ornamentation (Tanabe et al.,
2015). It remains unclear whether or not the mor-
phological variability of the jaw apparatuses in
post-Jurassic Ammonoidea (Tanabe and Landman,
2002; Engeser and Keupp, 2002) was constrained
by phylogenetic factors, functional morphologic
factors, or both. However, this study and a previous
report (Dagys et al., 1989) reveal that they share
similar fundamental chitinous lamellar structures of
both the upper and lower jaw, suggesting phyloge-
netic control. Meanwhile, the development of a cal-
careous jaw element in various Jurassic and
Cretaceous ammonoids might have been con-
strained mainly by ecological-functional morpho-
logic factors, as discussed by Parent et al. (2014)
for bivalved calcitic plates of the lower jaw (aptychi
in a strict sense), and as discussed by Tanabe et
al. (1980, 2013, 2015) for the thick calcified rostral
tips of the rhynchaptychus-type jaw apparatus. The
fairly large variation in jaw morphology and the
variety of food remains in the crop/stomach and
buccal cavities known in Mesozoic ammonoids
may reflect diversity in dietary habits, ranging from
predatory-scavenging to microphagous (zooplank-
ton-feeding) habits. Future comparative morpho-
logical examinations of better-preserved jaw
remains and analyses of food remains found in the
crop/stomach and buccal cavities by means of syn-
chrotron radiation X-ray tomography could solve
these problems.

CONCLUSIONS

Synchrotron radiation X-ray tomographic anal-
ysis with linear absorption coefficient estimation
reveals the three-dimensional architecture and
compositions of the jaw apparatus of the Late Cre-
taceous phylloceratid ammonoid, Phyllopachyc-
eras ezoensis. The upper jaw consists mainly of
inner and outer lamellae composed of carbonate
apatite, which originally might have been a chitin-
protein complex, with angulated rims of a thick cal-
careous material. The lower jaw consists of widely
opened outer and highly reduced inner “chitinous”
lamellae, whose outer surfaces and anterior inner
portions are covered by a calcareous material.
These features indicate that the jaw apparatus of
the present species can be classified as the rhyn-
chaptychus-type.

The three-dimensional architecture of the jaw
apparatus of the examined species is essentially
similar to those of other ammonoid jaw types,
except for the development a thick calcified deposit
on both of the upper and lower jaws. A phyloge-
netic factor would have influenced the architecture
of the “chitinous” lamellae, whereas a functional
morphological factor is much more important for
the development of the calcareous covering.
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