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Abstract. We report on remains of the buccal apparatus and possible associated structures for the Late Cretaceous ammonite Maorites
seymourianus from the Lopez de Bertodano Formation (Antarctic Peninsula). This is the first description of these structures for the family
Kossmaticeratidae. Further, we discuss the most likely taphonomic processes taking place that allowed this exceptional preservation.
Reflectance Transformation Imaging (RTI) technique was employed in this work to better document the faint structures. We briefly provide a
review of this method and its potential importance for paleontological studies because it seems that this powerful technique has been largely

overlooked by paleontologists.

Key words. Ammonoid. Jaw Apparatus. RTIl. Kossmaticeratidae. Maorites seymourianus. Antarctica.

Resumen. DESCUBRIMIENTO DE MANDIBULAS DE AMONITES Y POSIBLES ESTRUCTURAS ASOCIADAS USANDO REFLECTANCE
TRANSFORMATION IMAGING (RTI). En este trabajo se reporta la presencia de elementos del aparato bucal y posibles estructuras asociadas en
un amonite de la especie Maorites seymourianus de la Formacion Lopez de Bertodano (Cretacico Tardio, Peninsula Antartica), y se discuten los
procesos tafonémicos que habrian permitido esta preservacion excepcional. Esta es la primera descripcion de estas estructuras para la familia
Kossmaticeratidae. Para este estudio se empled una técnica denominada Reflectance Transformation Imaging (RTI) relativamente poco aplicada
en estudios paleontologicos, por lo que se provee una breve revision del método y se indica su potencial importancia para estos estudios.

Palabras Clave. Ammonoida. Aparato Bucal. RTI. Kossmaticeratidae. Maorites seymourianus. Antartida.

THE LAST decade has shown several technological break-
throughs that have led to original discoveries in paleontology
and related sciences, particularly by the use of new imaging,
isotopic, and virtual techniques, driven by the increase in
resolution and processing computational power (Cunningham
etal, 2014; Giovannetti et al, 2016; Sutton et al, 2016; Pan
et al, 2019; Pérez-Ramos & Figueirido, 2020). Specifically
for extinct cephalopods like the ammonoids, this kind of
technical innovations have been key to the description of
structures which would have been rarely found in this group
otherwise. Examples include the employment of a wide va-
riety of tomographic techniques such as grinding tomogra-
phy, X-ray microtomography, synchrotron tomography, and

neutron tomography (e.g, Hoffmann et al, 2013; Tajika et al,
2015; Takeda et al, 2016; Kruta et al, 2020; Cherns et al,
2021; Smith et al, 2021; Tanabe et al, 2021), laser-induced
fluorescence (Barlow et al, 2021), and digitization tech-
nigues such as surface or 3D scanning and photogramme-
try (Peterman et al, 2019, 2020). Ammonoids are extinct
cephalopods that appeared during the Early Devonian and
went extinct at the Cretaceous/Paleogene boundary, with a
few members eventually surviving into the earliest Paleo-
gene (Landman et al, 2015). These organisms shared an ex-
ternal aragonitic shell similar to the modern Nautilus Linnaeus,
1758, but are phylogenetically closer to coleoids (Kréger et
al, 2011; Klug et al, 2015). The ammonoid shell is divided
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internally by the phragmocone and the body chamber. The
former is subdivided in itself by usually complex septa that
limit chambers (likely filled with gas or a low-density fluid;
Klug & Hoffmann, 2015), which are connected through a
generally ventral organic tube known as the siphuncle (Tanabe
et al, 2015b). This tube connects all chambers of the phrag-
mocone, including its initial chamber, and reaches the body
chamber that allocates most of the soft parts of the or-
ganism including all the organs and muscular tissues (Klug
& Lehmann, 2015). As follows, the phragmocone was the
principal buoyancy device of the organism and the body
chamber contained and protected the soft parts of the body.

Reflectance Transformation Imaging (RTI; Schroer,
2012) is a technique based on the fundamental principles
of Polynomial Texture Mapping (PTM; Hammer et al, 2002).
It is widely used in computer-generated imagery (CGl), and
has been successfully applied to document minute surface
features (<1 pm) principally in archeological objects of cul-
tural and heritage value (e.g, Palma et al, 2010; Boute et dl,
2018; Morita et al, 2019; Min et al, 2021). In contrast to the
power of the method to depict minute surface details use-
ful for fossil identification, RTI has been rarely applied to
study fossil material (e.g, Van Bocxlaer & Schultheif3, 2010;
Hammer & Spocova, 2013; Klug et al, 2019; Guo et al,
2022). That comes as a surprise, but it is likely because the
original technique, PTM, required complex hardware, im-

Posterior

Ventral

practical to adapt to different fossil samples (e.g, Hammer
et al, 2002; Béthoux et al, 2016; Klug et al, 2019). This
limitation has been overcome with a more advanced RTI
technique, allowing its implementation in variable condi-
tions (Schroer, 2012). Here, we apply RTI to report for the
first time organic remains found within the body chamber
of an exceptionally well-preserved Maastrichtian Maorites
seymourianus (Kilian & Reboul, 1909). Findings include ele-
ments of the jaw apparatus and structures that are poten-
tially related to the buccal mass but difficult to identify.
Further, we provide a summary of the RTI technique and
discuss the possible advantages of the method.

MATERIAL AND METHODS

The herein-described Maorites seymourianus specimen
(Fig. 1) was collected ex-situ by Dr Andrea Concheyro during
the summer Antarctic campaign of 1990 and 1991, from the
upper deposits (“Molluscan units”) of the Lopez de Bertodano
Formation that outcrop in the Vicecomodoro Marambio Island
(Seymour Island in English literature), Antarctic Peninsula
(Macellari, 1986, 1988). The Molluscan units (Units 7 to 9,
Macellari, 1988; Montes et al, 2019) are a thick sequence
of generally monotonous sandy siltstone that contains a
rich and very abundant molluscan fauna. The dominant
lithology is a dark, friable, bioturbated silty sandstone with
minor intercalations of fine-grained glauconitic sandstone.

Figure 1. Maorites seymourianus, CPBA-16835 in lateral view. 1, default view; 2, specular enhanced view (Supplementary material 1, RTI file A,
light coordinates: X = -0.20, Y = 0.53, parameters: dc = 72, sp =72, hs = 80). The red square indicates the region of interest where the fea-
tures were found. The white one is the location of the pathology. The white arrow indicates the end of the phragmocone; 3, normal map of the
specimen showing the position of jaw elements as black dotted lines. Scale bar= 10 mm.
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Itis inferred to have been deposited in middle-shelf to shelf-
slope break environments (Macellari, 1988; Olivero, 2012).

According to the age model proposed by Tobin et al.
(2012) and Witts et al. (2015), M. seymourianus is recorded in
the late Maastrichtian, ranging from 69 Ma to 68.3 Ma, and
would have inhabited a shallow marine to transitional envi-
ronment (Macellari, 1988; Olivero, 2012; Morén-Alfonso,
2019; Scasso et al, 2020). The specimen is housed at the
Coleccion Paleontolégica de Buenos Aires (CPBA) of the
Facultad de Ciencias Exactas y Naturales, Universidad de
Buenos Aires (Argentina), under the number CPBA-16835.
This specimen is a three-dimensionally preserved conch
with a maximum diameter of 147 mm consisting of a com-
plete phragmocone and body chamber. The body chamber is
naturally fractured following an approximate longitudinal
section where the structures were found. Most of the original
aragonitic shell material is preserved but partially embedded
in a carbonate concretion with dimensions of 156 x 61 x 135

mm; the counterpart of this concretion is missing (Fig. 1).

Reflectance Transformation Imaging

Reflectance Transformation Imaging is a computational
photographic technique used in the examination of surfaces
providing enhanced visualization of their color and/or relief
using multi-lighting conditions (Hammer & Spocova, 2013).
RTI files are generated from a set of images captured with
the camera in a fixed position. In the next step, the software
calculates a normal map based on the incident angles in
which the light bounces from the studied surface (Fig. 1.3).
In this work, we used the procedure described by Schroer
(2012) in which black spheres replace the light dome used in
previous applications of this method (Hammer & Spocova,
2013). Detailed guides and tutorials can be found at
http://culturalheritageimaging.org/. The CPBA-16835 speci-
men was placed onto a non-reflective surface under different
lighting orientations and potential output (1W and 3W, re-
spectively). We used the open-source software RTIBuilder
2.0.2 and RTlviewer 1.0.1 for image processing and visualiza-
tion (Boute et al, 2018). Four RTI files were generated for
this study, two of the complete specimen and two of the
body chamber. Each RTI file was composed of around 50
images (some were manually removed due to errors). Addi-

tionally, complementary photos with a higher resolution

were taken emulating the light coordinates based on the RTI
files. Focus stacking and image stitching were also used to
generate detailed images and 3D models of smaller features
using Helicon Focus 8.0.4 (Kozub et al, 2022) and the Image
Composite Editor 2.0.3.0 (Microsoft-Corporation, 2015),
respectively. Lastly, virtual models of the lower and upper
jaw were generated using Blender 3.1.2 (Blender Online
Community, 2022) to test different possible jaw move-
ments. The models were generated based on the normal
maps obtained from the RTI files. Normal maps are images
that store the direction at each pixel in a RGB color model.
These normal maps were translated into surfaces, and then
digitally sculpted into models.

X-Ray Diffraction (XRD), Scanning Electron Microscope
(SEM), and Energy Dispersive Spectroscopy (EDS)
Analyses

Four regions from the body chamber’s specimen were
analyzed using a Panalytical Empyrean Powder Diffrac-
tometer located in the INQUIMAE (Instituto de Quimica, Fisica
de Materiales, Medio Ambiente y Energia, Universidad de
Buenos Aires) facility. For this, it was employed a Cu radiation
of K., =1.54 A and the device was equipped with a PIXcel3D
area detector in the range of 10—-120 degrees in a theta/2
theta configuration. The step was set up to 0.026 degrees
and the count time to 200 seconds. The device was cali-
brated with a Silicon standard with a detection limit ranging
from 0.5-2%. For the resulting diffractograms, a search was
performed using the COD (Crystallography Open Database)
database in the HighScorePlus V5.1 (Degen et al, 2014) to
identify the elemental composition of the selected area.

Additionally, to screen for diagenetic alteration, two
shell fragments of the studied specimen were examined
under SEM Philips 505 located at the Instituto Nacional de
Tecnologia Industrial (INTI, Argentina) with an acceleration
voltage of 15 kV, and a probe current of 36-54 pA. The
working distance was approximately 10 mm. Further, their
chemical composition was identified using an energy-dis-
persive X-ray spectroscopy system attached to the SEM in
combination with EDAX analytical software.
Anatomical abbreviations. ap, aptychus; ¢, crest; ct, calcified
tip; dt, denticle; gv, groove; il, inner lamella; ma, muscular

attachment site; lo, lanceolate object; lw, lateral wall; ol,
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outer lamella; r, rostrum; t,, trace n.

Other abbreviations. CGI, computer-generated imagery; dc,
diffuse color; ds, dark/dim surface; EDS, Energy Dispersive
Spectroscopy; hs, highlight size; ms, mineral surface layer;
pr, positive relief; PTM, polynomial texture mapping; RTI,
reflectance transformation imaging; SEM, scanning electron

microscope; sp, specularity; XRD, X-ray diffraction.

RESULTS

The resulting RTI files and additional images can be
found in Supplementary material 1 and visualized using the
RTlviewer 1.0.1 software. To replicate the images in this
paper, we also provide the light position (x and y coordi-
nates) and the values for the specular enhancement view:
dc, sp, and hs. We encourage the reader to vary these pa-
rameters as several of the structures described below are
highlighted under different lighting conditions.

Structures observed within the body chamber of
Maorites seymourianus (CPBA-16835) are interpreted as
remnants of the buccal mass, and most of them are pre-
served as imprints, barely visible to the naked eye (Figs. 1-2).
Jaw elements are identified and will be described in detail
below. All other features poorly preserved will be tentatively
interpreted using the nomenclature provided by Tanabe et
al.(2015a).

@ Ventral

Jouajuy

Lower jaw

The most noticeable structure observed is a flattened
cast of the left lateral side of an ap of the lower jaw (Figs. 2—
4). The structure would have been lying upside down, pro-
viding an internal view showing a possible ¢, the lw, and the r
(Figs. 2—-4). XRD analysis reveals that most of this structure
(a1in Fig. 2) was diagenetically altered to amorphous silica
and silicate minerals, it seems that only the ct of the r kept
its original composition. The flattened cast of the elongated
pear-shaped ap is around 25 x 13 mm in size. It is slightly
tilted adorally with its narrow section pointing forward
(Fig. 3). The anterior region of this lower jaw is delimited by
an irregular thickening marking a possible c with a couple of
sharp indentations, possibly signalling the presence of dt
(Figs. 3, 5; Tanabe et al, 2015a: fig. 10.4). The c extends in
an arc towards the anterodorsal region turning into a sharp
subtriangular depression marking the r and ending up in a
sharp tip (Figs. 3, 5). The ventral posterior section of the lw
shows an irregular topography and is apparently attached
to a soft pr discussed below (Figs. 3—4). The anterodorsal
area of the lower jaw is well-defined by an almost straight
furrow, interpreted here as a possible muscle attachment site
(Figs. 3-4). This furrow disappears under the il of the upper
jaw. Depending on the lighting conditions, growth lines can
be observed in the cast of the Iw (Fig. 3.1-2).

@ ) Ventral

Joleuy

Figure 2. Body chamber indicating the spatial distribution of the structures found in Maorites seymourianus, CPBA-16835. 1, body chamber
showing the four areas studied using x-ray diffraction (XRD) analysis; 2, highlight of the structures observed on the body chamber. Scale

bar= 10 mm.
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Upper jaw

XRD analysis (a2 in Fig. 2) found on the studied speci-
men indicates the presence of calcite, showing that despite
being less evident than the elements of the lower jaw, its
original carbonatic composition remains. Parts of the upper
jaw can only be observed using particular RTI parameters
and light orientations (indicated in Figs. 3-4). The first com-
ponent is a cast of the subtriangular il with a soft ridge in
the posterior margin (Figs. 3—4). This structure is about 10
X 7 mm in size and seems to be overlapped (indicated by a
gv) by the darker beak-shaped ol (Fig. 5). The latter is 15 x
7 mm in size and seems to overlay the r of the lower jaw.
The tip of the ol seems blunt, but this could be just an effect
of the slight decoloration of the surrounding area (Fig. 5). It

is unclear if these components correspond to both paired

elements deformed and flattened, or if it is just one of these

elements in lateral view.

Additional structures

Several enigmatic structures were observed in the studied
specimen. One of them is a smooth pr around the anterior
region of the body chamber and seems to be connected to
the posterior margin of the lw in the lower jaw (Figs. 2-4).
This structure is around 26 x 7.5 mm in size (Figs. 2-4). It is
irregular in shape and shows a deep prolongation towards
the c (Fig. 3). Contrary, the posterior margin of this pr is uni-
form and follows an almost straight line towards the dorsum
of the whorl, fainting behind the ma in the lower jaw. This
elevated surface has a smooth outlook, showing several minor

linear depressions, and a couple of deep crevasses (Fig. 3).

Figure 3. Specular enhanced images of the lower jaw in RTI files of the body chamber of Maorites seymourianus, CPBA-16835. 1-2, highlight
of the lower jaw components showing the growth lines (Supplementary material 1, RTI file B, light coordinates: X = —0.33, Y = 0.69, pa-
rameters: dc = 37, sp = 70, hs = 75); 3-4, different orientation of the specimen underlining the denticles and the sharp tip of the rostrum
(Supplementary material 1, RTI file C, light coordinates: X = 0.99, Y = 0.11, parameters: dc = 1, sp = 93, hs = 64). Scale bar= 10 mm.
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At the posterior margin of the pr, a relatively thick layer
of a white mineral is present (ms; Fig. 4; Supplementary
material 2). XRD analysis of this surface (a3 in Fig. 2)
indicates that it is likely composed of periclase associated
with ferropericlase, magnesiowustite, and fluorite. This
feature is characterized by a smoother texture compared to
the surrounding matrix (Fig. 4; Supplementary material 2).
The ventral area of this surface is well-defined near the

buccal mass and towards its distal area, but it is interrupted
by an engulfed section and a ds around its center (Fig. 4, 6).

The ds is 14 x 19 mm in size. It corresponds to the sec-
ond enigmatic structure present in the specimen, which also
connects to a lo (preserved as a cast) at the bottom (Fig. 6).
When the effect of the color is removed (using dc), both

structures (ds, lo) are accentuated revealing noticeable

textural variations. In these conditions, the ds shows small

Figure 4. Composite image of the region of interest highlighting the mineral surface and the buccal apparatus components of Maorites
seymourianus, CPBA-16835. 1, clean view of the structures observed on the specimen; 2, highlight of the structures observed with respective
labels (Image based on Supplementary material 1, RTI file B, light coordinates: X = 0.46, Y = 0.51, parameters: dc = 0, sp = 69, hs = 43). Scale

bar=5 mm.

Figure 5. Close-up of the ol in life position, showing the elements of the rostrum of Maorites seymourianus, CPBA-16835. 1, clean view of the
structures observed in this region; 2, highlight of the structures with respective labels. Scale bar='5 mm.
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traces observed as bright irregular marks, and a prominent
translucent fragment around its center (Figs. 6—8). This con-

vex fragment is 3.2 x 3.8 mm in size and has an irregular

Figure 6. Maorites seymourianus, CPBA-16835. 1-2, detail of ds and
lo indicated in Figure 2. The red square marks the position of the or-
ganic fragment; 3-4, specular enhanced image with color completely
diffused, only textural levels are highlighted. Note that both features
are accentuated with respect to the surrounding matrix, and the
traces in the dim area (Supplementary material 1, RTI file C, light
coordinates: X =0.70, Y =-0.71, parameters: dc = 0, sp = 92, hs = 93).
Scale bar= 10 mm.

outline (Fig. 7.1). It also has an oval white mark, and when
illuminated with low light, concentric lines can be observed
on its surface (Fig. 7.2). Further, the lo located just under ds
is 12.8x 9.8 mm in size and is separated from the contiguous
feature by a gv (Fig. 6; Supplementary material 2). The lo has
a ridge in its center that curves anteriorly and flattens lat-
erally. XRD analysis of the ds (a% in Fig. 2) showed that this
region has a complex composition, signalling the possible
presence of manganese, silica, molybdenum, nickel, hydro-
gen, carbon, and phosphorus. However, due to the irregular
concave topography of this surface in the body chamber,
there is considerable noise present on the diffractograms,
so results are unreliable. Due to this difficult topography,
we were unable to identify the composition of the translu-
cent fragment as well.

Adjacent to the ds there are a few additional delicate
traces named here as t, and t, (Fig. 8.2). The former is
around 17 mm in length and seems to form an arc towards
the ventral region. The latter is 12 mm at its maximum
length, and it appears to be a pair of concentric lines nearby
the lower jaw (Fig. 8). Lastly, around the middle of the whorl
and located near the end of the phragmocone, thereisa 9.8
mm long and 6 mm wide ellipsoidal perforation in the shell
wall partially filled partially with sediment (pointed with
white arrows in Fig. 9.1-9.2).

SEM and EDAX results showed that the shell preserved

its original structure and composition, conserving the pris-

Figure 7. Maorites seymourianus, CPBA-16835, detail of the concave organic translucent fragment using different light conditions. 1, the translu-
cent fragment under direct light. Note that the matrix can be seen through the material; 2, the same translucent fragment with a different
orientation and under a tangent light showing the concentric lines. Scale bar= 1 mm.
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Figure 8. Maorites seymourianus, CPBA-16835. Faint traces found in the body chamber of the specimen. 1, clean view of the region of interest;
2, highlight of the traces observed. The red square indicates the location of the organic fragment for orientation. Scale bar= 10 mm.

Figure 9. Highlight of the phragmocone of Maorites seymourianus, CPBA-16835, showing the elliptical mark interpreted as a pathology (red
arrow). 1, default view; 2, specular enhanced view. Scale bar= 5 mm. (Supplementary material 1, RTl file B, light coordinates: X = -0.47,Y = 0.10,
parameters: dc = 32, sp = 43, hs = 139).

matic and nacreous layers (Fig. 10, Supplementary material
2). Therefore, diagenetic alteration of the shell is not recog-

nized in the studied specimen.

DISCUSSION

Here, we provide the first report of a jaw apparatus for
Kossmaticeratidae. Moreover, our finding represents the
youngest occurrence of ammonoid jaws based on current
age models (Tanabe et al, 2015a; Witts et al, 2015). This
observation implies that most of the structures conforming
the jaw apparatus previously reported for ammonoids (Tanabe
et al, 2015a) persisted into the late Maastrichtian without

1M

significant morphological changes (Witts et al, 2015). Due
to the lack of hard parts of the jaw elements, it is difficult
to assign the herein-described jaw apparatus to a specific
type following the classification presented in Tanabe et al.
(2015a). Previous reports for Desmoceratoidea suggest that
the lower jaws are weakly calcified and principally com-
posed of chitinous elements (Tanabe et al, 2015a). Circum-
stantial support for the poorly calcified jaw structures
comes from the fact that they have not been reported be-
fore, even as isolated fossils, which comes as a surprise
considering the high abundance of ammonites reported for
the Lopez de Bertodano Formation (Macellari, 1986; Witts et
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al, 2015). Given the presence of transitional features from
the anaptychus-type to the aptychus-type, and the variable
mineralogy and microstructure of the jaw components,
Tanabe et al. (2015a) determined an “Intermediate Type” for
the desmoceratoid jaw apparatuses so Maorites seymourianus
(CPBA-16835) may belong to this category as well. The lower
jaw found in the studied specimen also resembles the re-
cently reported jaws for boreal Valanginian ammonites of
the family Polyptychitidae (Mironenko & Mitta, 2023),
specifically in the acute apical angle and the sharp rostra
rarely found in Cretaceous ammonites. The upper jaw also
exhibits specific characteristics showing an ol with a slender
profile, and a relatively small il. Nonetheless, the latter could
be caused by the overlap of the ol covering the anterior re-
gion of the il giving the impression of being smaller or lack
of preservation.

An important remark regarding the anatomy of the jaw
components reported in this work is that supposing that
they preserved their original location and orientation (ie, an
unlikely assumption as both usually change due to tissue
degradation and other processes that cause displacement),
the lower jaw has its major axis parallel to the apical-antapi-
cal axis of the whorl (Figs. 2—4, 10). This contrasts with oc-
currences in other specimens in which the lower jaw tends
to be horizontal following the oral-apical axis parallel to the

whorl (e.g, Tanabe et al, 2015a: fig. 10.6). The upper jaw is

LY

CPBA 16835 A 15.0kV x150 100um —

long reaching the dorsum of the whorl, which constraints
the possible vertical movements that both components (the
upper and lower jaw) could perform. The interesting ques-
tion is, how did this buccal apparatus function based on the
shape of both jaws? A plausible solution would be a rota-
tion following the longitudinal axis. The latter function could
be tested experimentally using a virtual model of the jaw
apparatus (Fig. 11). If we suppose the jaw apparatus com-
ponents preserved their original orientation, the only possi-
ble movement is a rotation in the longitudinal plane. As
follows, several pivot points located in the lower jaw can be
tested to infer a viable performance. If the pivot point is near
the dorsal area, the rotation does not allow the full aperture
of the jaws, also generating an ineffective occlusion (Fig.
11.3). If the pivot point is around the ventral region of the
lower jaw, the rostrum collides with the ol, hindering the
aperture of the jaws (Fig. 11.4). Actually, due to the particular
morphology and the size of the lower jaw, the position of
the pivot point is very constrained. Based on the geometry
of both jaws, it was found that the optimal position for the
pivot point is in the ventral limit of the furrow in the lower
jaw, interpreted here as a muscle attachment site (Fig. 11.5).
Moreover, if the lower jaw is rotated to an almost horizon-
tal position around this point, the r is positioned forward in
a suitable orientation for feeding, resembling previous find-

ings of ap as well (Fig. 11.6). In extant cephalopod species

Figure 10. SEM images of a shell sample extracted from the Maorites seymourianus, CPBA-16835. 1, margin of the shell fragment showing the
nacreous and prismatic layers. Note the columnar disposition of the carbonatic prisms; 2, close up of the nacreous layer showing the charac-
teristic brick wall-like structure found in mollusks. This nacreous layer is composed of polygonal aragonite crystals that are 5-15 pm in diam-
eter and separated by sheets of an interlamellar organic matrix (Nudelman et al, 2008).
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the Ilw of the upper and lower jaw do not articulate with
each other. Instead, the upper and lower jaws (i.e, ol) slide
by each other, and the lw are embedded in muscular mass
(see Tanabe et al, 2015a: figs. 10.1, 10.3). The only points at
which the jaws make contact are at the occlusion of the ros-
traand jaw angles (Uyeno & Kier, 2005). Further, in modern
coleoids, jaw occlusion is principally executed by the upper
jaw, associated with potent muscles attached to its lw
(Uyeno & Kier, 2005). Hence, the upper jaw tends to be big-
ger than the lower jaw. An opposite pattern is observed in
ammonoids, where the lower jaw is the largest component
and its lw is more prominent in comparison. If these obser-
vations can be applied to ammonoids, then the position of
the jaw components and the described functional morphol-
ogy should be fairly accurate. Alternative possible jaw rota-
tion movements performed either by the upper jaw or both
jaws are presented in Supplementary material 3. For these
simulations, the assumption that the structures preserved
their original location and orientation is not fulfilled and the
functionality is based uniquely on the geometry of both
structures.

Regarding the enigmatic structures found in specimen
CPBA-16835, a possibility is that some of them are just
artefacts produced during the fossilization process or errors
during the visualization of the RTI files. The latter can hap-
pen in the specular enhancement view due to the “face on
mars effect”, in which specific shadows in digital imagery
could lead to the misinterpretation of topographical fea-
tures (Carlotto, 1988). This is conceivable, especially for the
delicate traces found nearby the jaw apparatus. So, con-
sidering that at least some of these features correspond to
remains of actual structures, we compared them to X-ray
tomographic datasets from extant coleoids provided by
Ziegler et al. (2018) and the anatomy of Nautilus pompilius
(Linnaeus, 1758) described by Sasaki et al. (2010) to suggest
possible interpretations.

The first structure interpreted was a smooth pr or ele-
vation that seems to be attached to the posterior area of
the lower jaw (Figs. 3—4). As mentioned previously, in extant
cephalopods the buccal mass is principally articulated by a
muscular system. These muscle fibres are tightly packed in
a three-dimensional array forming a muscular hydrostat,
firmly attached to the surrounding connective tissue and/or
the buccal sheath (Uyeno & Kier, 2005; Tanabe, 2012; Tanabe
et al, 2012). Additionally, in N. pompilius, the jaws are tied
with thick muscles connecting the inner surface of the lower
jaw and the outer surface of the upper jaw (Sasaki et al,
2010: fig. 5). It is unlikely that these soft tissues are pre-
served in the studied specimen. However, if these muscles
were prominent and resistant enough, they might have left
a mark on the fossil. Particularly, some features of the pr are
consistent with this hypothesis, such as the prolongation
towards the crest and the straight posterior margin, which
may be signalling the attachment sites of a similar muscu-
lature to N. pompilius. Contrary, elements within the buccal
cavity, such as the lateral buccal palps, salivary papilla, sali-
vary glands, radula, and radular support system (Nixon &
Young, 2003), would not have been preserved, at least in
this section of the concretion.

The remaining structures, including the ds, the lo, and
the organic fragment, are still under evaluation. However,
XRD results indicate the presence of carbon and phospho-
rous suggesting the possible existence of organic remains
in the ds. Complementary analyses (besides finding more
complete specimens) will be required to identify these
structures. The composition and origin of the organic
translucent fragment are still uncertain and require further
investigation (Fig. 7).

An oval mark on the phragmocone of the specimen
CPBA-16835 (Fig. 9) is tentatively regarded as a lethal pa-
leopathology, which may help to better understand the rare
conditions which enabled this exceptional preservation.

Figure 11. Virtual models of the jaw apparatus of Maorites seymourianus, CPBA-16835, and inferred functional morphology assuming that the
original position of the structures is preserved. 1, reconstruction of chitinous jaws with mirrored complementary parts of the lower jaw (inferred
complete structure); 2, components of the jaw apparatus in their original position, in yellow the plate (lower jaw), in purple the inner lamella,
and in red the outer lamella of the upper jaw; 3-6, rotation of the lower jaw based on different pivot points (black circle). Note the jaw elements
are large relative to the height of the whorl, restricting their possible movements; 3, rotation with respect to a pivot point around the dorsal
area; &4, rotation relative to a pivot point around the ventral area; 5, optimal position of the pivot point based on the morphology and geome-
try of the jaw components; 6, same than 11.5 but the lower jaw was rotated horizontally parallel to the whorl. Scale bar= 10 mm.
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Usually, shell perforations of the body chamber are not
lethal for modern Nautilus, causing just a brief loss of buoy-
ancy, and healing rapidly by the adjacent epithelium. The
same is inferred for ammonoids (Keupp, 2012; Tsujino &
Shigeta, 2012). However, in this case, the perforation was
relatively large and long (around one-fifth of the whorl
height) and encompassed at least two phragmocone cham-
bers near the body chamber. Therefore, the functionality of
the buoyancy apparatus might be more affected or com-
pletely lost as shown by Tsujino & Shigeta (2012). So, in a
hypothetic scenario, the phragmocone was perforated and
filled with seawater; in this state, the organism could not
have retained its neutral buoyancy (Maeda & Seilacher,
1996; Tsujino & Shigeta, 2012; Wani & Gupta, 2015) and
eventually succumbed (ie, by starvation, hypoxia, or ther-
mal and/or osmotic shock). The ballasting would not have
allowed postmortem transport enabling the retention of the
structures observed on the specimen (Yacobucci, 2018).
Burial after this event might have been rapid or under
anoxic/euxinic conditions to preserve most of the observed
structures (Parry et al, 2018). Such conditions were possi-
ble due to the relatively high sedimentation rate estimated
for the Lopez de Bertodano Formation, around 4.7 cm/ky
(Tobin et al, 2012), and reported occurrences of intermit-
tent euxinic conditions (Schoepfer et al, 2017). Further, the
large carbonate concretions, similar to where the fossil was
found, are common in shallow marine sediments and can
form early after burial preserving its original three-dimen-
sional structure (Yoshida et al, 2015). Carbonate concre-
tions, contrary to sandstone concretions, tend to form small
crystals and, under the right circumstances, can preserve
even small details of the original organism, a process occa-
sionally mediated by microbial mats and/or the decaying
soft tissue (Marshall & Pirrie, 2013). An additional observa-
tion may have contributed to the discovery of the observed
structures involving the presence of an ms layer (Fig. 4). The
composition of the ms indicates the presence of chemically
active fluids (probably from the nearby volcanic arc; Olivero,
2012). These active fluids percolated into the concretion,
creating a weak point (ie, cleavage plain) in which it even-
tually naturally fractured.

The RTI technique used in this work allowed the recog-

nition of the structures in CPBA-16835 during a regular re-
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vision of the material, searching for alternative methods to
replace ammonium chloride as a contrast agent given its toxic
properties (ie, reported as a mucosal irritant; Feldmann,
1989; National Center for Biotechnology Information, 2022).
Besides the enhanced visualization of surface features, this
particular RTI technique can also be performed in the field,
it does not require expensive surface scanning equipment,
and the observations can be replicated relatively easily,
making it valuable for research and teaching. RTl is particu-
larly effective in depicting the ammonoid ornamentation,
shell pathologies, and, in some cases, the sutural/septal
elements, especially from the normal maps obtained from
this process. Furthermore, the resolution of the resulting
data largely depends on the camera specifications (ie, the
number of megapixels). Some constraints of the method in-
volve stable camera support to avoid movement during data
acquisition, a reduced resolution due to the compression of
the original images (and the space required for the black
spheres), and minor considerations during data processing.
There are also limitations related to the studied material.
For example, in the studied specimen, the preservation of
the previous whorl did not allow casting specific low light
angles in the region of interest. However, despite these
constraints, the RTI technique has the potential to become
a standard complementary procedure in paleontological

studies.

CONCLUSIONS

In this work, using a Reflectance Transformation Imaging
(RTI) technique, we report the presence of the buccal appa-
ratus and associated structures for a Maorites seymourianus
specimen from the Lépez de Bertodano Formation in Antarc-
tica (Late Maastrichtian, latest Cretaceous). This is the first
report of these components for the Kossmaticeratidae and
the youngest report for ammonoids. Further, findings may
encompass additional features, including evidence of possi-
ble muscular traces and other unidentified structures. We
infer a sudden lethal event followed by rapid sedimentation
in a shallow marine environment, based on a perforation
found in the phragmocone. An ms in the body chamber
would have prompted the cleavage plain allowing this spe-
cial preservation. We concluded that the RTI technique

used in this work is a practical and compelling technique for
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paleontological studies, solving many of the limitations of
similar methods based on the same principles presented

before.
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