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ABSTRACT

In recent years, global research on soft-tissue preservation in fossils has grown significantly, offering
insights into the biology, taphonomy, and diagenesis of extinct organisms. However, studies from low-
latitude regions, particularly northern South America, remain limited, and this gap, together with the
Lower Cretaceous Gap, restricts our understanding of the processes that enable soft-tissue preservation
in these regions. The Paja Formation is a Lower Cretaceous (Hauterivian to Aptian) marine sequence
located in central Colombia, notable for its abundant and well-preserved fossils, including vertebrates,
invertebrates, and plants. In this study, we analyzed a Barremian-Aptian ichthyosaur from the Paja
Formation to investigate soft-tissue preservation. We applied various analytical techniques, including
EDTA demineralization, thin-sectioning, transmitted and cross-polarized light microscopy, SEM-EDS,
ATR-FTIR spectroscopy, and Raman microspectroscopy. Our findings reveal net-like structures inter-
preted as fragments of the stratum spinosum layer of the epidermis, composed of N-heterocyclic
polymers. We identified laminar and flexible structures defined as the skin-like layer of preserved
integumentary tissue, with original proteins transformed into geochemically stable components,
including N-heterocyclic polymers and kerogen-like materials. This study reports the first known case of
preserved integument in a marine reptile from northern South America. We propose a taphonomic and
preservational model based on rapid burial in soft sediment, persistent dysoxic-anoxic regional con-
ditions, microbial biofilm activity, and the formation of early diagenetic carbonate concretions that
influenced soft-tissue preservation in this specimen.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Martill, 1988; Signore et al., 2005; Lingham-Soliar and Plodowski,
2010; Paik et al., 2010; Martin et al., 2015; Brown et al., 2017;

Numerous Lower Cretaceous Konservat-Lagerstatte worldwide Alfonso-Rojas and Cadena, 2020; Xu et al., 2020). However, most
have yielded fossils with exceptional soft-tissue preservation (e.g., of these are restricted to temperate or subtropical regions (Fig. 1C).

The fossil record from low-latitude settings, particularly northern
South America, remains limited, especially with respect to soft-
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Fig. 1. Locality of ichthyosaur CIP-0107 and other reported exceptionally preserved soft-tissues on vertebrates from the Early Cretaceous. A, geographical location of the Alto Ricaurte
region, Boyaca Department, within Colombia. B, generalized geological and stratigraphic context for the Paja Formation showing the location of CIP-0107 (5°38'N, 73°35'W; complete
coordinates are available upon request from the CIP), modified from Etayo-Serna (1965) and Benavides-Cabra et al. (2023). C, paleogeographic map during the Aptian (~121 Ma) (from
Scotese, 2021), showing localities with exceptionally preserved fossils from the Early Cretaceous: 1, Barremian-Aptian, Paja Fm., Colombia (Alfonso-Rojas and Cadena, 2020; this study); 2,
Barremian, Calizas de la Huérgina Fm., Spain (Martin et al., 2015); 3, Barremian-Aptian, Huajiying and Yixian formations (Xu et al., 2020) and Yixian Fm., China (Lingham-Soliar and
Plodowski, 2010); 4, Aptian, Clearwater Fm., Canada (Brown et al., 2017); 5, Aptian-Albian, Romulado Fm., Brazil (Martill, 1988); 6, Aptian-Albian, Haman Fm., South Korea (Paik et al.,
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& Gomez-Pérez, 2020). Among marine vertebrate fossils world-
wide, ichthyosaurs are notable for their exceptional, frequently
documented preservation of soft tissues, such as skin (integu-
ment), muscles, and possibly internal organs (Eriksson et al.,
2022).

Ichthyosaurs with preserved soft-tissue remains have been
described from various regions, mainly the Jurassic of Europe,
including the Lower to Upper Jurassic of southern England (e.g.,
Delair, 1966; Martill, 1987a; Martill, 1995; Lingham-Soliar, 1999;
Jacobs and Martill, 2020), the Lower and Upper Jurassic of south-
ern Germany (e.g., Bardet and Fernandez, 2000; Lingham-Soliar,
2001; Lindgren et al., 2018, 2025; Delsett et al., 2022; De La
Garza et al., 2023), and the Lower Jurassic of Luxembourg
(Bonnevier-Wallstedt et al., 2024). This exceptional preservation
has also been documented in Triassic ichthyosaurs from China and
Italy (Motani et al., 1996; Renesto et al., 2020). These studies have
provided valuable insights into the anatomy, physiology, and
behavior of these ichthyosaurs, while offering a window into the
mechanisms of exceptional preservation. The investigation of soft
tissues in ichthyosaurs also potentially offers insights into
pigmentation, integumentary structure, and environmental ad-
aptations (Eriksson et al., 2022).

The exact nature of these soft-tissue remains has been the
subject of considerable debate (Martill, 1993; Schweitzer, 2011;
Senter, 2022, and references therein). Even when researchers
agree that vertebrate soft tissues are indeed preserved, the inter-
pretation of such remains is often controversial and demands in-
depth, multiproxy analyses. For instance, a long-standing discus-
sion involves the fibrous textures described in a small ichthyosaur
from the Lower Jurassic of the UK (Delair, 1966), later regarded as
fossilized dermal collagen fibers (Lingham-Soliar, 1999), and sub-
sequently reinterpreted as sedimentary features and the result of
specimen preparation (Smithwick et al., 2017). These early studies
relied exclusively on morphological observations (Delair, 1966;
Lingham-Soliar, 1999), and therefore their interpretations lacked
sufficient evidence to distinguish soft-tissue remains from other
possible origins (Smithwick et al., 2017). However, recent studies
have demonstrated how multiproxy analytical approaches can
effectively discriminate soft-tissue preservation from sedimentary
features (Lindgren et al., 2018, 2025; Marx et al., 2025). These
controversies highlight the importance of integrating macro-
scopic, microstructural, and analytical evidence to interpret fossil
soft tissues.

In contrast to well-documented Jurassic sites, Early Cretaceous
biotas, particularly those from northern South America remain
poorly understood. Recently, however, the Paja Formation in cen-
tral Colombia has garnered increased scientific attention. A
particularly notable region is the Alto Ricaurte Marine Reptile
Lagerstatte (Noe and Gomez-Pérez, 2020), situated around the
municipalities of Villa de Leyva, Sachica, and Sutamarchan in the
Department of Boyacd (Figs. 1A and 1B). The Paja Formation was
also recently included in a list of important Geological Heritage
Sites (International Union of Geological Sciences, 2022).

Despite the Paja Formation's rich vertebrate fossil record, its
potential for exceptional soft-tissue preservation, a biogenic and
taphonomic characteristic of Konservat-Lagerstatten (Kimmig and
Schiffbauer, 2024) is only just beginning to be explored and fully
understood. Currently documented examples include chemically
characterized fossilized turtle eggs (Cadena et al., 2019; Noe and
Gomez-Pérez, 2020), potential buccal connective tissue in an
ichthyosaur (Cortés et al., 2021), although lacking detailed
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analysis, and hatchling turtles (Palma-Castro et al., 2023). These
finds are typically preserved in early diagenetic concretions, which
are likely to enhance soft-tissue preservation (Noe and Gomez-
Pérez, 2020; Martin et al., 2021; Dhami et al.,, 2023). Another
example is the ‘skin’ reported in a fish from the Paja Formation of
Zapatoca, Santander (Alfonso-Rojas and Cadena, 2020).

Given this context, the present study aims to identify and
characterize potential soft-tissue preservation in an ichthyosaur
(CIP-0107) from the Lower Cretaceous Paja Formation of Colombia,
housed in the vertebrate collection of the Centro de Inves-
tigaciones Paleontoldgicas (CIP) in Villa de Leyva. We applied
advanced analytical techniques to evaluate the presence and
composition of preserved soft tissues in CIP-0107. Furthermore, we
analyzed the microstructural and geochemical composition to
detect ichthyosaurian biomolecular residues and to evaluate the
preservation pathway of these tissues. Our study also examined
the sedimentological and geochemical context, as well as the
depositional environment, which may have contributed to the
exceptional preservation of soft tissues in this Early Cretaceous
ichthyosaur. These findings thereby enhance our understanding of
the mechanisms driving exceptional fossil preservation in Kon-
servat-Lagerstatten, particularly those located in low-latitude
settings such as the Cretaceous Paja Formation in the Alto
Ricaurte region of South America.

Institutional Abbreviations: CIP, Centro de Investigaciones
Paleontolégicas, Villa de Leyva, Boyaca, Colombia; InClay, InClay
S.A.S Geologia Especializada, Bogota, Colombia; MicroCore, Mi-
croscopy Core Facility, Universidad de los Andes, Bogot4, Colombia.

2. Geological background and fossil assemblage

The Paja Formation of central Colombia is a well-exposed Lower
Cretaceous (Hauterivian to Aptian) sedimentary sequence, with an
estimated thickness of 900-940 m (Etayo-Serna, 1968, 1979;
Patarroyo, 2020). The Paja Formation is divided into three mem-
bers, in ascending order: Lutitas Negras Inferiores, Arcillolitas
Abigarradas, and Arcillolitas con Nédulos Huecos (Etayo-Serna,
1968, 1979; Benavides-Cabra et al., 2023) (Fig. 1B). The deposi-
tional environment is interpreted as part of an epicontinental sea
lying over an extensional back-arc basin, resulting in the deposi-
tion of finely laminated mudrocks, particularly shales, alongside
claystones, argillaceous limestones, fine-grained sandstones, and
incorporating abundant calcareous concretions (Etayo-Serna,
1968, 1979; Montoya-Arenas and Etayo-Serna, 2019; Noe and
Gomez-Pérez, 2020).

Most of the fossil vertebrates from the Alto Ricaurte assemblage
of the Paja Formation have been recovered from the Arcillolitas
Abigarradas Member, which is constrained to the Barremian-
Aptian based on detailed lithostratigraphic and biostratigraphic
work in the Villa de Leyva region (Benavides-Cabra et al., 2023).
Fossil finds include ichthyosaurs (Paramo-Fonseca, 1997; Maxwell
et al., 2016, 2019; Cortés and Paramo-Fonseca, 2018; Cortés et al.,
2021; Paramo-Fonseca et al., 2021, 2024), pliosaurids (Hampe,
1992; Paramo-Fonseca et al., 2016, 2018, 2019a, 2023; Gémez-
Pérez and Noe, 2017; Noeé and GOmez-Pérez, 2022; Benavides-
Cabra et al., 2025a), elasmosaurid plesiosaurs (Welles, 1962;
Paramo-Fonseca et al., 2019b), turtles (Cadena, 2015; Cadena and
Parham, 2015; Cadena et al., 2019; Palma-Castro et al., 2023),
fishes (Schultze and Stohr, 1996; Carrillo-Briceno et al., 2019; Noe
and Gomez-Pérez, 2020; Benavides-Cabra et al., 2025b), a croc-
odylomorph (Cortés et al., 2019), dinosaur remains and footprints

2010); 7, Albian, Pietraroja Plattenkalk, Italy (Signore et al., 2005). Abbreviations: A, Loma La Asomada; AA, Arcillolitas Abigarradas; AcNH, Arcillolitas con Nédulos Huecos; B, Loma
Blanca; Cb, Loma La Cabrera; Ct, Loma La Catalina; Fm., Formation; LNI, Lutitas Negras Inferiores; M, Loma Monsalve; Ma, Millions of years ago; P, Loma Pedro Luis; Y, Loma La Yesera.
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(Carballido et al., 2015; Cortés et al., 2023), abundant invertebrates
(Etayo-Serna, 1979; Luque et al., 2020; Patarroyo, 2020), and plants
(Palma-Castro, 2024).

3. Material and methods
3.1. Fossil ichthyosaur

The ichthyosaur, cataloged as CIP-0107, was discovered by F.H.
Parra-Ruge during a field expedition organized by the CIP in 2018.
Excavation efforts were led by FH. Parra-Ruge, D. Cortés, E.E.
Maxwell, J. Pardo-Pérez, M.L. Parra-Ruge, ].D.D. Parra-Ruge, and LS.
Lorentz. CIP-0107 was recovered from the Barremian-Aptian
Arcillolitas Abigarradas Member of the Paja Formation between
Loma Monsalve and Loma La Catalina, Villa de Leyva (Boyaca,
Colombia) (Fig. 1B). During preparation, a waxy texture was noted
in the posterior skull region, covering some bones. E.E. Maxwell
and D. Cortés suspected this to be preserved soft tissue and con-
sulted E.A. Cadena regarding further analysis. The specimen was
mechanically prepared by F.H. Parra-Ruge and Y.C. Parra-Lamus,
with minimal intervention in regions suspected to preserve soft-
tissue remains. No chemical treatments or consolidants were
applied to these delicate areas. The specimen has subsequently
been stored under controlled conditions, including dry and dark
cabinets, and in isolation from other specimens in the collection to
ensure the conservation of its integrity prior to analysis.

CIP-0107 represents a brachypterygiid ichthyosaur with a pre-
sacral length of 185 cm and a total preserved length of 217 cm, and
is preserved in several calcareous concretions (see Fig. 2A; pre-
served elements shaded in green-gray). The skull and presacral
vertebral column are preserved in a single elongate concretion,
although there are several cracks, most notably in the region be-
tween the posterior skull and anterior vertebral column/pectoral
girdle, indicating minimal surface weathering prior to collection.
Two smaller concretions at the posterior of the ichthyosaur pre-
serve the caudal vertebral centra. A comprehensive anatomical
and osteological description is currently underway by D. Cortés
and E.E. Maxwell. Based on initial examination, the specimen has
been preliminarily identified as Muiscasaurus sp., and it might
correspond to Muiscasaurus catheti Maxwell et al., (2016), due to
the slender rostrum and narial shape (Maxwell et al., 2016). CIP-
0107 differs anatomically from the Paja Formation ichthyosaur
Kyhytysuka sachicarum Paramo-Fonseca, (1997); Cortés et al.,
(2021), which exhibits a considerably more robust jaw, differen-
tiated teeth, and a broader postorbital region (Paramo-Fonseca,
1997; Cortés et al., 2021). CIP-0107 also differs from the recently
described ‘Platypterygius’ elsuntuoso Paramo-Fonseca et al., (2024),
which exhibits unique features of the basioccipital, quadrate, and
tooth root morphology (Paramo-Fonseca et al., 2024).

3.2. Sampling for soft tissue analyses

Samples (each 1 cm>-3 cm?®) showing preservation of soft tis-
sue were collected from different areas of the postorbital region of
the right lateral side of the skull using a Dremel rotary tool
equipped with a fine, pointed bit. This allowed precise extraction
of areas containing soft-tissue preservation while minimizing
contamination from the surrounding matrix. Sample CIP-0107-A
derives from the posterior cranial region interpreted as the exoc-
cipital region, whereas samples B, C, and D were taken from
adjacent areas interpreted as part of the supratemporal region
(Figs. 2B and 2C). These samples therefore represent soft-tissue
remains directly associated with cranial elements of the spec-
imen, rather than postcranial material. To facilitate identification
and tracking, samples were labeled with an alphabetical suffix
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appended to the specimen reference code, ensuring systematic
documentation throughout the analysis (Fig. 2D). Strict handling
protocols were followed to minimize contamination at each stage
including the use of nitrile gloves and face masks, cleaning work
surfaces and tools with 70 % ethanol, wrapping samples in steril-
ized aluminum foil, and storing them in clean plastic bags with
silica gel capsules to minimize humidity during transport from the
CIP to the Paleontological Laboratories of the Universidad del
Rosario and Universidad de los Andes. Additionally, a fragment of
the rock matrix from the concretion, and lacking soft tissue pres-
ervation, was collected as a control sample.

The samples underwent detailed analysis, including high-
resolution photography using a Nikon Eclipse SMZ1270 stereo-
microscope to document any soft-tissue remains and guide
appropriate treatment. The analytical protocols adhered are those
outlined in Schweitzer et al. (2013), Alfonso-Rojas and Cadena
(2020), and references therein.

3.3. Bone demineralization

A fraction of samples of approximately 5 mm> with a high
potential for soft-tissue preservation were taken from CIP-0107-A,
and each treated with disodium ethylenediaminetetraacetic acid
(EDTA) (0.5M, pH 8.0) for about ten days. To prevent contamina-
tion, the treatment was conducted in sterile glass beakers covered
with paraffin paper lips in an isolated part of the laboratory
(Figs. 3A and 3B). Subsequently, a sample of the supernatant from
each treatment was mounted on clean glass slides for observation
under transmitted and polarized light microscopy. The remaining
sample was returned to fresh EDTA for an additional five days to
three weeks until fully demineralized. A sample of the supernatant
was centrifuged at 3000 RPM for 2 min in a 1.5 ml Eppendorf tube
to concentrate any soft tissue remnants. After removing the su-
pernatant, 1.5 ml of E-pure water was added, and the sample was
centrifuged again. This process was repeated three times with a
gentle vortex to fully remove the EDTA both from the supernatant
and several laminar and flexible structures obtained from the
demineralization process defined here as the skin-like layer. After
the final centrifuge, the precipitate containing the soft tissue was
resuspended in a small volume of E-pure water to preserve it for
further analysis. This protocol is outlined in Cadena (2020), and
references therein.

3.4. Thin section preparation

A portion of CIP-0107-A (corresponding to the exoccipital re-
gion) without the demineralization treatments was embedded in
epoxy resin, cut transversely through the soft tissue, and polished
using a Struers Accutom-100 precision cutter and polisher at the
Geological Sample Preparation Laboratory of the Universidad de
los Andes to produce a standard thin section (Fig. 4A) with a
thickness of 30 um following the protocols outlined in Rossi et al.
(2024), and Yang et al. (2024).

3.5. Transmitted and polarized light microscopy

The EDTA supernatant from the treatment in fractions of CIP-
0107-A was mounted onto clean glass slides, and potential soft-
tissue structures were photographed using transmitted and
polarized light on a Leica DM750P microscope at the Paleonto-
logical Laboratory of the Universidad del Rosario. Additionally, the
CIP-0107-A thin section was examined under the same microscope
setting to document comparable structures in situ. The protocols
followed those of Schweitzer et al. (2019), Cadena (2020), and
Alfonso-Rojas and Cadena (2020).
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Fig. 2. Ichthyosaur CIP-0107 and the areas of soft-tissue preservation. A, generalized body plan of an ichthyosaur highlighting the preserved elements of CIP-0107 (shaded in
green-gray). B, C, skull and generalized osteological interpretation of the right lateral view of the skull of CIP-0107. D, E, close-up and interpretation of the region with preservation
of soft tissue. Sample locations based on alphabetical suffixes are indicated in (E). F, G, close-up and interpretation of one region with soft-tissue preservation (CIP-0107-C),
highlighting tissue alignment. Abbreviations: a, angular; d, dentary; ex, exoccipital; j, jugal; 1, lacrimal; mx, maxilla; n, nasal; po, postorbital; pmx, premaxilla; prf, prefrontal;
pof, postfrontal; qj, quadratojugal; sa, surangular; st, supratemporal; ta, tissue alignment or striations.
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Fig. 3. Soft-tissue remains from CIP-0107 after bone demineralization. A, portion of CIP-0107-A before EDTA treatment. B, same sample after ~20 days of demineralization,
showing the recovery of a flexible, laminar structure identified as a fragment of the skin-like layer. C, interpretative diagram of the epidermis-dermis interface of CIP-0107,
highlighting morphological subdivisions including the stratum corneum, stratum spinosum, and stratum basale, along with the dermal chromatophore unit. Possible regions
of origin for the soft-tissue remains are indicated. D-G, photographs under transmitted light microscopy of soft-tissue remains showing net-like structures, with their hollows
highlighted in pink, and their corresponding measurements. H-K, photographs under cross-polarized light microscopy of soft-tissue remains showing net-like structures. L, close-
up of (G) showing an interpretation of a net-like structure and their measurements. M-N, approximately star-shaped structure embedded in the mineralized integumentary
component (mic) in transmitted and cross-polarized light with a Lambda (1) filter. Abbreviation: EDTA, disodium ethylenediaminetetraacetic acid; Ss, star-shaped structure.

The soft-tissue remains were identified based on their
morphology and optical properties through the presence or
absence of birefringence under polarized light microscopy. Some
remains exhibited a fibrous net-like structure, which was
captured in high-resolution images using the Leica LAS-X system
software. These images were processed into composite (all-in-

focus) images using Helicon Focus software (version 8.0)
(Cremona, 2014).

High-resolution images of the net-like structures were
analyzed using Image] (version 1.52a) (Schroeder et al., 2021).
Measurement tools in Image] were used to quantify the linear
dimensions and areas of the organic material. The averages and
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Fig. 4. Thin section of CIP-0107-A under transmitted and cross-polarized light microscopy. A-B, complete thin section of CIP-0107-A under transmitted and polarized light
respectively. C, interpretation of the thin section showing the presence of trabecular bone (spongy bone) in blue, characterized by a crystallization in the porous structure;
parallel-fibered bone in yellow, indicative of preserved microstructural details consistent with bone tissue; and mineralized integumentary component (mic) in purple, distin-
guished by its laminated texture, anatomical position adjacent to the bone, and the presence of internal features suggestive of tissue-level organization. D-E, close-up of the
transition zone between parallel-fibered bone and mineralized integumentary component, in transmitted and polarized light with a Lambda (1) filter. Abbreviations: mic,

mineralized integumentary component; pfb, parallel-fibered bone; sb, spongy bone.

standard deviations were calculated to assess the central tendency
and variability of the measurements.

3.6. Scanning electron microscopy coupled with energy dispersive
spectroscopy (SEM-EDS)

A drop of the suspended soft-tissue structures was mounted in
E-Pure water, along with a fragment of the skin-like layer (~5 mm)
extracted from the EDTA demineralization process performed on
fractions of CIP-0107-A (section 3.3). These structures were
mounted onto a sterile carbon SEM stub and dried at room tem-
perature in a closed SEM-stub box to prevent contamination.
Portions of CIP-0107-A, B, C, and D (~5 mm? each) were also
mounted using sterile tweezers onto carbon stubs and stored in a
SEM-stub box until analysis (Figs. 5A and 6F).

The mounted samples were analyzed at MicroCore, using a
Tescan Vega SEM-EDS system without a conductive coating. Im-
aging and elemental composition mapping were conducted at
voltages ranging from 10 to 20 kV in low-vacuum conditions. A
second analysis was conducted at InClay following the same SEM-
EDS setup to ensure consistency across analytical facilities. This
comparative approach followed protocols in Cleland et al. (2015),

Schweitzer et al. (2019), Alfonso-Rojas and Cadena (2020), and
Cadena (2020).

3.7. Fourier transform infrared spectroscopy (FTIR)

Small fractions (~2 mm? each) of CIP-0107-A, including samples
with soft-tissue preservation untreated, rock matrix (control), and
a fragment of the skin-like layer resulting from EDTA treatment
performed on fractions of CIP-0107-A, were analyzed using an
IRTracer-100 spectrometer at the Laboratorio de Andlisis 1 in the
Chemistry Department, Universidad de los Andes. The untreated
samples were macerated into a fine powder using a sterilized
agate mortar, whereas the skin-like layer after being washed with
E-pure water was left to dry for about 3 days. To ensure accurate
data with reduced noise, the crystal and sample holder of the
spectrometer were cleaned with isopropyl alcohol, and the spec-
trometer was standardized with an “air” measurement to mini-
mize interference from ambient carbon dioxide. The powdered
samples were applied to an ATR crystal for mid-infrared range
analysis (4,000-400 cm~!), with each measurement repeated
twice per sample to ensure consistency. This process followed
guidelines established by Lee et al. (2017), Schweitzer et al. (2019),
and Alfonso-Rojas and Cadena (2020).
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Fig. 5. SEM-EDS analysis and general elemental composition of uncoated fragments of CIP-0107-C. A, samples A, B, and C mounted on the SEM-stub. B, backscattered electron
(BSE) image acquired at 302x magnification and 10 keV of CIP-0107-C. C, point elemental analysis marked in (B), revealing a dominance of O, C, and Ca (Atomic %).

3.8. Raman microspectroscopy

A fragment of the skin-like layer obtained from the EDTA
demineralization of fractions of CIP-0107-A, after being washed
with E-pure water, was analyzed using a Horiba Scientific XploRA
confocal Raman microscope at the Laboratorio de Analisis 1 in the
Chemistry Department, Universidad de los Andes. The analysis was
performed with a 532 nm excitation laser, a 1200 gr/mm diffraction
grating, and a 100 x objective lens. The confocal hole and slit width
were set to 300 pm and 100 pm, respectively. Spectra were acquired
with an integration time of 5 s and 15 accumulations per point, with
laser power adjusted between 10 and 25% to avoid sample degra-
dation. The spectral acquisition targeted visually distinct regions of
the skin-like layer, including black and brown-stained structures,
and a translucent area. No baseline correction or fluorescence
filtering was applied to the raw spectra. These protocols followed
methodological standards established by Wiemann et al. (2018),
Wiemann and Briggs (2022), and references therein.

4. Results

4.1. Macroscopic description of CIP-0107 and potential soft-tissue
preservation

The ichthyosaur CIP-0107 consists of an incomplete, three-
dimensionally preserved skull that is laterally compressed and

observable in right lateral view (Figs. 2B and 2C). The presence of
the effects of compression, as a result of fossil diagenesis, has not
significantly disrupted the overall anatomical surface of the skull
and rostrum in contact with the sediment. However, on the surface
of the skull that was in contact with the water column, disartic-
ulation is more pronounced, with braincase elements scattered
around the posterior skull, the left parietal is exposed in dorsal
view above the right lateral surface of the skull, and some palatal
elements are displaced posteriorly into the region of the pectoral
girdle.

In addition to the excellent preservation of osteological ele-
ments, specific cranial areas of the fossil were identified during
preparation as having a high potential for the preservation of soft
tissues (see section 3.1). These regions are located in the posterior
portion of the skull, near the supratemporal, jugal, and the lower
jaw (Figs. 2B and 2C). The identification of these areas was initially
based on their waxy appearance, distinctive coloration, as well as
on macroscopic observations of aligned patterns visible on the
fossil surface as elongated strips of potential soft tissue
(Figs. 2D—G). These alignment patterns appear on the surface as a
wrinkled texture.

4.2. Transmitted and polarized light microscopy

After about 20 days of EDTA treatment in fractions of CIP-0107-
A, the glass slides mounted with the EDTA supernatant revealed
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200 pm

Fig. 6. SEM micrographs and EDS elemental composition analyses of untreated and uncoated fragments of CIP-0107. A, samples A, B, and C mounted on the SEM-stub. B,
backscattered electron (BSE) image acquired at 799x magnification and 20 keV of CIP-0107-A. C, same micrograph as in (B) after EDS analysis, showing the extremely wrinkled
(burned) organic surface of the skin-like layer in contact with the remaining infilling rock matrix region. D, interpretation of (B) showing the skin-like layer in contact with the
infilling rock matrix. Colors correspond to elements in (E). E, elemental mapping of (B) showing carbon, calcium, and oxygen distributions. F, CIP-0107-D displaying high potential
for soft-tissue preservation mounted on the SEM-stub. G, backscattered electron (BSE) image acquired at 799x magnification and 20 keV of F. H, interpretation of (G) showing the
‘skin’ organic layer in contact with bone tissue. Colors correspond to elements in (I). I, elemental mapping of (G) showing carbon, calcium, oxygen, and phosphorus distributions.

the presence of reticulated, net-like structures (Figs. 3D—L). These
structures, identified under transmitted light microscopy, exhibit
reticulated patterns that, in some cases, converge toward a central
point (Fig. 3F). These net-like structures are brown-stained, and
optically isotropic, showing no birefringence under cross-
polarized light, consistent with the absence of double refraction
which is typical of organic matter (Frandsen, 2016). Area mea-
surements of the hollow regions of these structures range from
4.04 pm? to 64.44 pm?, with a relatively high standard deviation
(Figs. 3E, 3F and 3L), whereas the surrounding walls (‘muri’)
measure an average width of 2.97 ym (range 1.19 pm-5.52 pm)
with a low standard deviation (Fig. 3L). Additionally, fragments of

the laminar, flexible, skin-like layer (~5 mm) were found in the
beaker following EDTA treatment (Figs. 3B and Supplementary
Material 1). Under the optical microscope, the skin-like layer
shows dark, translucent zones, and some net-like brown-stained
structures embedded in the layer (Figs. 9C-E).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.cretres.2025.106305

Examination of the CIP-0107-A thin section revealed detailed
features of the hard tissues of the exoccipital, soft-tissues, and
matrix. This bone has not been previously examined histologically
in ichthyosaurs, so no comparative data are available. Conse-
quently, the interpretation presented here relies on the
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microstructural organization observed in the CIP-0107-A thin
section, and on general histological criteria applied from previous
ichthyosaur studies (Anderson et al., 2019). Laminations were
observed in the area identified and designated in this study as the
mineralized integumentary component ‘mic’ (Figs. 4A-D), while
the underlying bone exhibited a clear transition from an inner
trabecular region to an outer compact layer of parallel-fibered
bone (pfb). The CIP-0107-A thin section exhibits trabecular
spaces infilled whit calcium carbonate (CaCOs), which shows
strong birefringence under cross-polarized light (Figs. 4B and 4E)
(Frandsen, 2016). The microstructural organization of the pfb re-
gion, characterized by subparallel alignment of lamellae
(Figs. 4D-E), confirms that this corresponds to bone tissue. Addi-
tionally, two small star-shaped structures were identified within
the ‘mic’ (Fig. 3M). These structures exhibit a distinctive
morphology, each with an approximate diameter of 5 um, and no
birefringence under cross-polarized light using a Lambda (1) filter
(Fig. 3N).

4.3. SEM-EDS

The SEM backscattered electron image of CIP-0107-C reveals
superficial alignment patterns as a folded or undulating surface in
the central region (Fig. 5B), which is an area that corresponds to
the ‘mic’ described from CIP-0107-A thin section observations
(Fig. 4C). Point elemental analysis in this area indicates a compo-
sition dominated by oxygen (48.17 %), carbon (39.90 %), and cal-
cium (10.68 %), consistent with calcium carbonate composition
(Fig. 5C). Trace amounts of silicon, magnesium, sulfur, phosphorus,
and aluminum were also detected.

A portion of CIP-0107-A revealed two distinct regions (Fig. 6B):
a thin, homogeneous dark layer interpreted as part of the skin-like
layer, and a lighter region corresponding to the rock matrix
(Fig. 6D). EDS analysis of the dark region showed significant
wrinkling due to the burn effect associated with EDS application to
uncoated organic materials, similar to degradation of non-
conductive materials under high voltage in SEM (Thermo Fisher
Scientific, n.d.) (Fig. 6C), and revealed enrichment in carbon and
oxygen, with no detectable calcium present. In contrast, the rock
matrix showed high calcium enrichment, consistent with a cal-
cium carbonate composition (Fig. 6E).

CIP-0107-D exhibited an organic region and underlying
mineralized bone tissue (Figs. 6F—H). EDS analysis of the bone
tissue showed enrichment in calcium and phosphorus, consistent
with calcium phosphate, while the adjacent organic layer exhibi-
ted carbon enrichment (Fig. 61). This contrasts with the mineral-
ized region in CIP-0107-A (Figs. 6C-E), where EDS revealed calcium
carbonate composition in the surrounding matrix, indicating
variation in mineral composition across distinct parts of the
specimen.

A fragment of the laminar, flexible, skin-like layer (~5 mm)
resulting from EDTA demineralization of a fraction of CIP-0107-A
(Fig. 7A and Supplementary Material 1) is predominantly organic
in nature, with carbon and oxygen accounting for 99.67 % of its
elemental composition (Figs. 7C and 7E). This composition is
consistent with fossilized organic matter, which typically shows
elevated C and O proportions, and lacks detectable calcium, dis-
tinguishing it from carbonate-based mineral phases (Cadena,
2020). Also, as seen in the SEM analysis of CIP-0107-A (Fig. 6C),
the skin-like layer (Fig. 7B) also transformed into a wrinkled sur-
face texture resulting from EDS analysis burn effect (Fig. 7D)
(Thermo Fisher Scientific, n.d.).

The SEM-EDS analysis of the ‘mic’ observed in the CIP-0107-A
thin section (Figs. 7F-H), revealed delicate, elongate structures
embedded within a mineralized matrix, predominantly composed
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of calcite, as indicated by their exfoliation and the presence of
calcium (Fig. 5C). EDS analysis of the embedded structures showed
enrichment in carbon and oxygen, with an absence of calcium,
confirming their organic composition (Figs. 7G—H). The elongate
and tubular organic structures have an average width of 12.30 pm
(ranging from 9.11 to 15.86 pm), with a relatively low standard
deviation.

4.4. ATR-FTIR

The FTIR spectrum for the untreated CIP-0107-A fragment
(Figs. 8E and 8F) exhibited characteristic absorption bands
consistent with a carbonate-rich composition, at 1446, 1381, 871,
and 713 cm~! (Fig. 8A). The control matrix displayed a nearly
identical profile, confirming a composition dominated by calcium
carbonate (CaCOs). Both samples also showed a band near
1022 cm™!, which is not typically associated with the standard
spectral profile of pure calcium carbonate (NIST). Although this
band is located in the spectral region that typically corresponds to
polysaccharides (Helm et al., 1991), it could be also related to
phosphates (Schmitt and Flemming, 1998).

In contrast, a fraction of the skin-like layer, obtained from
demineralization of a fraction of CIP-0107-A (Figs. 8C and 8D),
displayed additional absorption bands that are not present in the
untreated sample or control matrix. These include peaks at 2970,
1724,1589, and 1234 cm™~ !, as well as a band at 1141 cm™~! (Fig. 8B).
Comparative spectra reported from modern algae and biofilms
(Lindgren et al., 2011; Ammari et al., 2017; Lee et al., 2017)
exhibited peaks at 1625, 1405, 1045, and 1022 cm™!, with a partial
to almost no overlap with the EDTA-treated sample spectra. Bands
at 2970, 1724, 1589, and 1234 cm™ ! were absent in these biological
controls, underscoring spectral differences between modern algae,
biofilms, and the skin-like layer.

4.5. Raman microspectroscopy

The Raman spectra obtained from different regions of a frag-
ment of the skin-like layer, obtained from demineralization of a
fraction of CIP-0107-A, revealed multiple distinct peaks particu-
larly between 1000 and 1800 cm™~' (Fig. 9A). The brown-stained
structure (Fig. 9D) exhibited the most complex spectrum, with
well-defined peaks at approximately 1345 cm~! and 1595 cm™,
along with additional bands near 1260 cm~!, 1450 cm™ Y, and a
weaker signal around 1700 cm™. Although affected by elevated
baseline fluorescence, these bands were consistently observed
only in this structure and not in other areas of the skin-like layer.
The translucent area (Fig. 9C) showed a comparatively simpler
spectrum, with peaks at 1345 cm~! and 1595 cm™!, and a mod-
erate signal near 1260 cm~', while other bands were less well
defined or absent. In contrast, the black structure (Fig. 9E) dis-
played a markedly simplified spectrum, with prominent peaks
restricted to 1345 cm~! and 1595 cm~!, and no additional bands
distinguishable from background levels. These two peaks were
consistently present across all spectra from the structures and
zones of the CIP-0107-A skin-like layer, and correspond to regions
commonly identified as the disordered (D) and graphitic (G) bands
in Raman analyses of carbon-rich materials (Tuinstra and Koenig,
1970; Beyssac et al., 2002; Brolly et al., 2016).

Comparative reference spectra included Allosaurus fragilis
Marsh, 1877 bone tissue (Wiemann et al., 2018), eumelanin in
fossil epidermis of a hadrosaur (Fabbri et al., 2020), a melanin film
extracted from the Rana esculenta Linnaeus, 1758 liver (Capozzi
et al., 2005), and a simulated kerogen spectrum based on peak
positions from Brolly et al. (2016). Among these, the spectrum
from the Allosaurus fragilis bone tissue (Fig. 9B) showed partial
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Fig. 7. SEM micrographs and EDS elemental composition analyses of CIP-0107-A skin-like layer and thin section. A, portion of CIP-0107-A after approximately 20 days of EDTA
treatment, showing preservation of the skin-like layer. B, backscattered electron (BSE) image of (A) acquired at 7.05x magnification and 10 keV. C, elemental mapping of (B). D,
same micrograph as in (B) after EDS analysis, showing the wrinkled (burned) organic surface of the skin-like layer. E, elemental composition of (A) indicating dominance of carbon
and oxygen (Atomic %). F, thin section of CIP-0107-A. G, backscattered electron (BSE) image of (F) acquired at 10 keV and elemental mapping of an elongated, tubular, organic
structure present in the upper mineralized integumentary component (mic) area of the thin section showing carbon, calcium, and oxygen distributions. H, backscattered electron
(BSE) image acquired at 10 keV and elemental mapping of an elongated organic structure present in the lower mineralized integumentary component (mic) area of the thin

section showing carbon, calcium, and oxygen.

resemblance to the brown-stained structure from CIP-0107-A,
particularly in the presence of a prominent peak near ~1600 cm ™,
which was also the most intense feature in both spectra. Addi-
tional similarities include a band near ~1375 cm~! (1345 cm~! in
skin-like layer), a feature near ~1260 cm™, and a subtle signal
around ~1700 cm~L The eumelanin in epidermis spectrum
exhibited peaks near 1275 cm~!, ~1450 cm~!, 1600 cm~!, and
1690 cm™! overlapping in position with some of the bands
observed in the brown-stained structure, except for the pro-
nounced peak at 1350 cm™~ . The melanin film spectrum showed a
smoother profile with limited peak definition, but with a general
shape closely resembling that of the simulated kerogen spectrum,
characterized by dominant intensity around 1350 and 1600 cm .
Unlike these simpler profiles, the brown-stained region of CIP-

1

0107-A displayed a more complex set of peaks particularly
distributed across the 1200-1700 cm™~' range.

5. Discussion
5.1. Macroscopic morphology of the soft-tissue

Various studies have advanced our understanding of ichthyo-
saur soft tissues. Early interpretations proposed that fibrous tex-
tures represented fossilized collagen fibers (Lingham-Soliar, 1999),
but given that this study relied exclusively on morphological ob-
servations, these structures were later reinterpreted as sedimen-
tary structures and preparation marks (Smithwick et al., 2017).
Nevertheless, post-mortem degradation of integumentary layers



M.E Martinez-Motta, D. Cortés, E.E. Maxwell et al.

Cretaceous Research xxx (XXxx) XXX

|

o]
I
i @
o 2
m
5 2 - B
< ] - = >
o ] Sowo © 5
h=] f8B8 B g
A £ I SEE E &
o Z < < Q
T T T T
| | | |
Algal tissue | | | |
| |
|

I
|
|
|

Propionibacteriunt acnes bighilm

Saccharomyces cerevisiae Hiofilm

CIP-0107-EDTA treated

7

Amide Il

1234

Amide |*
1663

(PO,

1141, 1022

(C=0) \ ACO.%)
1724 | 1448 '1 381
| 1

Y .

T T
1700 1000

|
|
|
|
|

Transmittance

|
|
I
|
|

Calcium Carbonate

CIP-0107-Control Matrix

CIP-D107-Untreatad

1000

Wavenumber (cm™1)

Fig. 8. FTIR spectra of CIP-0107 compared to mineral and biological controls. A, composite FTIR spectra (transmittance on the vertical axis, wavenumber on the horizontal axis)
obtained from the analysis of different samples: Algal tissue (gray line) corresponding to Hydrodictyon reticulatum redrawn from Ammari et al. (2017); extant bacteria biofilms
(purple, red and black lines) redrawn from Lee et al. (2017) and Lindgren et al. (2011); CIP-0107-A skin-like layer after treatment with EDTA (light blue line); calcium carbonate
(CaC0s) spectra (light green line) from NIST,; CIP-0107 control matrix (orange); and CIP-0107-A untreated (dark olive green). Gray bands show potential ranges of typical
compounds based on Schmitt and Flemming (1998); Kong and Yu. (2007); Lee et al. (2017); Boatman et al. (2019); and Alfonso-Rojas and Cadena (2020). B, close-up of CIP-0107
untreated spectra, highlighting key peaks and functional group assignments. Interpreted bands include carbonate (vCO32~ at 1446 and 1381 cm™!), phosphate (vPO, >~ at 1141 and
1022 cm™ "), non-peptide C=0 (1724 cm '), Amide 1l (1234 cm™"), and a shifted (*) Amide I band (1589 cm ™). C, skin-like layer coming from the CIP-0107-A-EDTA treated sample.
D, portion of CIP-0107-A before EDTA treatment. E, powder of a portion of CIP-0107-A. F, portion of CIP-0107-A before being macerated in a sterilized agate mortar.

can generate undulating morphologies due to decay processes
(Lingham-Soliar, 2015), and thus the wrinkles and ripples struc-
tures observed in some specimens could be interpreted as dis-
tortions of decaying integument caused by the loss of structural
integrity, comparable to post-mortem deformation of skin in
Delphinus delphis Linnaeus, 1758, and as interpreted in a specimen
of Stenopterygius sp. (Lindgren et al., 2018). These morphologies
closely resemble the alignment patterns observed in the soft-
tissue areas preserved over the right lateral side of the CIP-0107
skull (Figs. 2D—G). Moreover, these alignment patterns are
similar to soft tissue structures reported in European ichthyosaurs
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(e.g., Keller, 1992; Lindgren et al., 2018; Renesto et al., 2020),
supporting the presence of soft-tissue preservation in this
specimen.

5.2. Microscopic structural characterization of the soft-tissue

In well-preserved ichthyosaur specimens from better-known
European deposits, distinct skin layers, such as epidermis,
dermis, and the interface between them, have been observed
(Lindgren et al., 2018, 2025; Bonnevier-Wallstedt et al., 2024).
Additionally, star-shaped cells, likely melanophores, are frequently
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Fig. 9. Raman spectra of CIP-0107-A skin-like layer compared to organic and fossil reference materials. A, composite Raman spectra (intensity on the vertical axis, Raman shift on
the horizontal axis) obtained from the analysis of different samples: Allosaurus fragilis bone tissue (150 Ma, USA) (yellow line, redrawn from Wiemann et al., 2018); eumelanin in
fossil epidermis of an hadrosaur (dark red line, redrawn from Fabbri et al., 2020); melanin film extracted from the liver of Rana esculenta (dark brown, redrawn from Capozzi et al.,
2005); simulated kerogen spectrum (red line, based on peak positions described in Brolly et al., 2016); and three spectra collected from CIP-0107-A skin-like layer: translucent
region (blue line), brown-stained structure (golden brown line), and black structure (black line). Gray shaded bands indicate typical Raman shift ranges associated with Amide III,
disordered (D) band, CH, scissoring, graphitic (G) band, and Amide [ (based on Pawlak et al., 2008; Brolly et al., 2016; Wiemann et al., 2018). B, micrograph of formerly pro-
teinaceous matrix with embedded melanocytes from a hadrosaur (taken from Fabbri et al., 2020). C, translucent region from the skin-like layer of CIP-0107-A. D, brown-stained
structure from the skin-like layer of CIP-0107-A. E, black structure from the skin-like layer of CIP-0107-A. Abbreviations: Ma, Millions of years ago.

13



M.E Martinez-Motta, D. Cortés, E.E. Maxwell et al.

identified within the epidermis (Lindgren et al., 2018, 2025;
Smithwick, 2019; De La Garza et al., 2023; Bonnevier-Wallstedt
et al., 2024, and references therein). Laminations observed in the
‘mic’ of the CIP-0107-A thin section (Fig. 4D) are interpreted as
original integumentary layering that was secondarily mineralized
in calcium carbonate, and the trabecular spaces showing strong
birefringence under cross-polarized light were infilled with cal-
cium carbonate (Figs. 4B and 4E) despite the composition of bone
tissue in calcium phosphate (Fig. 6I). This mineralization must
have occurred early during diagenesis under localized geochem-
ical conditions that favored rapid precipitation of calcite, poten-
tially mediated by anaerobic microbial activity (see section 5.4.
below). Moreover, within this ‘mic’ two approximately star-shaped
structures, possibly melanophores (Figs. 3M—N), and thin elon-
gated organic structures (Figs. 7G-H) are preserved offering addi-
tional evidence that the ‘mic’ may represent a structurally
replaced integumentary zone.

The soft and flexible nature of the skin-like layer fragments
remaining after EDTA demineralization of fractions of CIP-0107-A
(Fig. 3B and Supplementary Material 1) bears a striking resem-
blance to the pliable remnants of the scaleless skin documented in
an Early Jurassic ichthyosaur from Germany (Lindgren et al., 2018)
and an Early Cretaceous fish from Colombia (Alfonso-Rojas and
Cadena, 2020). Additionally, smooth, and homogeneous non-
crystalline structures observed adjacent to the infilling rock ma-
trix of CIP-0107-A (Figs. 6A-E), and in association with bone tissue
of CIP-0107-D (Figs. 6F-I) are here interpreted as part of the skin-
like layer. Although these samples were not treated with EDTA,
the structures observed during the SEM wrinkled under EDS
analysis (Figs. 6C and 7D), a response consistent with known en-
ergy effects on uncoated organic material (Thermo Fisher Scien-
tific, n.d) during elemental mapping, and also observed in other
specimens documented from the Paja Formation (Alfonso-Rojas
and Cadena, 2020).

The net-like structures recovered from the supernatant
following demineralization of CIP-0107-A fragments lack bire-
fringence under cross-polarized light and exhibit a complex
reticular morphology (Figs. 3D-L). Lack of birefringence is a
feature typically related to crystalline structures found in aniso-
tropic inorganic materials, and indicates a potential organic
composition (Frandsen, 2016). A particular observation of the net-
like structures is the brown-stained coloration. Although this
coloration aligns with observations of amorphous organic matter
(AOM), where coloration can range from translucent beige to
brown depending on factors such as degree of agglomeration,
preservation state, and material thickness (Pacton et al., 2011), the
structures described here are not amorphous, since these exhibit a
complex, highly organized morphology with well-defined ‘muri’
and hollows (Figs. 3E-G). Furthermore, this coloration contrasts
with the expected black color of thermally altered organic matter
from the Paja Formation, as this area is suggested to have a history
of high thermal maturation (Gaona-Narvaez et al., 2013). Thus, the
dark coloration likely reflects more than just optical artifacts.
Brown-stained coloration of the net-like structures suggest the
presence of N-heterocyclic polymers, such as melanoidins, formed
through Maillard-type reactions as indicated by both experimental
and fossil evidence (Hayase et al., 2008; Vistoli et al., 2013;
Wiemann et al., 2018). The presence of this kind of pigment in
the structures results in a yellowish-brown appearance, and it
could be identified by Raman bands of advanced glycoxidation
end-products (AGEs) (Pawlak et al., 2008; Wiemann and Briggs,
2022). Therefore, these organic net-like structures are regarded
as fragments of keratinized stratified squamous epithelium, for
instance from the stratum spinosum of the epidermis. The
observed morphology, including the width of the ‘muri’ and
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dimensions of the hollow areas (Figs. 3E—G), is consistent with
similar structures found in modern whales and dolphins, taxa with
a gross anatomy comparable to ichthyosaurs (Reeb et al., 2007;
Morales-Guerrero et al., 2017; Cozzi et al., 2017). Other net-like
morphologies of comparable dimensions have been described in
the fossil record, including specimens from the Posidonienschiefer
Formation (Martill, 1987b), although early interpretations often
attributed such patterns to microbial mats or biofilms. However,
microbial biofilms typically produce amorphous networks with
diffuse boundaries, and algae typically have hexagonal coenobium
(Chou et al., 2006). In contrast, the net-like structures in CIP-0107
exhibit consistent wall thickness and boundary definition, with
cylindrical rather than polygonal hollows.

Moreover, structures described in the epidermis of an
ichthyosaur (Lindgren et al., 2018, fig. 2k) and a plesiosaur (Marx
et al.,, 2025, fig. 2A) exhibit comparable net-like morphologies,
which are homologous to the net-like structures observed in CIP-
0107. These features represent remnants of the stratum spinosum
or a structurally equivalent epidermal layer. This interpretation is
consistent with experimental data showing that epidermal tissues
from extant organisms can persist under simulated diagenetic
conditions with minimal morphological deformation (Lindgren
et al,, 2018, fig. 9).

5.3. Elemental and chemical characterization of the soft-tissue

The skin-like layer fragments, obtained from the demineral-
ization of fractions of CIP-0107-A, show distinct FTIR absorption
bands not observed in the matrix or untreated fossil sample
(Fig. 8), including peaks at 1234, 1589, and 1724 cm~!, which
correspond to Amide III, a potential shifted Amide I, and non-
peptide carbonyl (C=0), respectively (Kong and Yu, 2007;
Boatman et al., 2019; Alfonso-Rojas and Cadena, 2020). Addi-
tional peaks at 2970 cm~' (attributed to CH3/CH, asymmetric
stretching; Lee et al., 2017; Boatman et al., 2019; Alfonso-Rojas and
Cadena, 2020) and 1141-1022 cm ™! (located within a spectral re-
gion commonly associated with polysaccharide ring vibrations,
but more consistent with phosphate based on peak position; Helm
et al.,, 1991; Schmitt and Flemming, 1998) further distinguish this
material from mineral or exogenous organic sources, such as
bacterial biofilms or algal remains.

The possibility that this layer originates from a bacterial biofilm
or algal mat is excluded based on the absence of strong hydroxyl
group (-OH) absorption bands between 3700 and 3100 cm™},
which are characteristic of polysaccharides commonly found in
the cell walls of bacteria and algae (Ammari et al., 2017; Lee et al.,
2017; Alfonso-Rojas and Cadena, 2020). Considering their organic
composition (Figs. 6E, 61, and 7E), the wrinkling pattern observed
during EDS elemental analysis (Figs. 6C and 7D), and the unique
FTIR absorption profile (Fig. 8B), this layer is strongly indicative of
preserved epidermal tissue in CIP-0107.

Raman spectroscopy of the skin-like layer reveals a spectrum
from a heterogeneous mixture of diagenetically altered organic
residues (Figs. 9C-E), where the darkest particles (Fig. 9E) within
the layer show intense bands at ~1345 cm~! and ~1595 cm™,
corresponding to the disordered (D) and graphitic (G) bands, a
signature typical of thermally mature carbonaceous compounds or
kerogen (Tuinstra and Koenig, 1970; Beyssac et al., 2002; Brolly
et al., 2016). In contrast, the brown-stained structure (Fig. 9D)
and the translucent region (Fig. 9C) in the skin-like layer display
additional peaks at ~1260 cm ™!, ~1450 cm ™, and ~1700 cm~ .. The
peak at ~1260 cm~! is consistent with Amide I1I, associated with
C-N stretching and N-H bending (Pawlak et al., 2008; Wiemann
et al., 2018). The peak at ~1450 cm™~' can be attributed to CH;
scissoring or deformation vibrations, which are typical of amino
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acid side chains and lipoxidation products (Pawlak et al., 2008).
Finally, the peak at ~1700 cm™! is assigned either to Amide I or to
non-peptidic carbonyl (C=0) stretching arising from aldehydes or
crosslinked AGE-related residues (Brolly et al., 2016; Wiemann
et al., 2018).

Raman spectra with D and G bands could be interpreted in
different ways, such as eumelanin pigments in extant tissues,
carbon-based manufactured pigment, kerogen, or even fossilized
melanosome-rich tissues (Rossi et al., 2024). The distribution of
the heterogeneous mixture present in the skin-like layer of CIP-
0107 suggests a gradient of molecular preservation, in which
different zones or structures represent distinct stages of organic
transformation. The translucent areas, exhibiting weak but
detectable amide and CH-related bands, likely correspond to re-
gions where original proteinaceous compounds have only under-
gone partial degradation, consistent with early-stage
glycoxidation and lipoxidation products (Pawlak et al., 2008). The
brown-stained structure (Fig. 9D) displays a richer molecular
profile, including Amide III, CHy deformation, and non-peptidic
carbonyl signals, consistent with the presence of crosslinked
nitrogenous polymers such as advanced glycoxidation (AGEs) and
advanced lipoxidation end-products (ALEs) (Pawlak et al., 2008;
Wiemann et al., 2018). The black regions show exclusively the D
and G bands characteristic of disordered and graphitic carbon,
indicating that these zones have undergone more advanced
diagenetic alteration, with full aromatization and kerogenization
of the original organic matter. This spatial heterogeneity supports
a model in which soft-tissue proteins are progressively trans-
formed into increasingly recalcitrant carbonaceous compounds
under varying microenvironmental conditions (Vistoli et al., 2013).

The Raman spectrum of the brown-stained structures (such as
the net-like structures) closely resembles that of preserved bone
organic component in Allosaurus fragilis (Wiemann et al., 2018),
and of dermal structures in a non-avian dinosaur (Fabbri et al.,
2020). These spectra are marked by a dominant intensity peak
around ~1600 cm ™! and additional peaks absent in the spectra of
pure kerogen, further supporting the presence of crosslinked res-
idues derived from original proteins. Therefore, the net-like
structures are interpreted as fragments of preserved epidermal
tissue with a composition of N-heterocyclic polymers, such as
melanoidins (causing the yellowish-brown coloration), which in
fact increase their formation with time and temperature (Vistoli
et al., 2013), consistent with diagenetic processes altering the
original proteins, as mentioned above.

However, the model of the formation of AGEs/ALEs via oxida-
tive polymerization catalyzed by iron and reactive oxygen species,
leading to the transformation of amino acids into stable hetero-
cycles (Wiemann et al., 2018) is inconsistent with the dysoxic to
anoxic depositional environment of the Paja Formation, where no
iron was detected in FTIR or EDS analyses. Instead, the mildly
alkaline, microbially mediated conditions inferred from the
concretionary carbonate context, combined with phosphate
availability (see 5.4. section below), point toward a non-oxidative
Maillard-type mechanism (Vistoli et al., 2013), capable of pro-
ducing similar N-heterocyclic compounds in the absence of oxy-
gen. This model could be supported by the presence of phosphate
peaks in FTIR and the molecular complexity revealed by Raman
spectra, particularly in the brown-stained structures.

The elongate organic structures observed in the CIP-0107-A
thin section (Figs. 7G-H) present interpretative challenges.
Although their morphology and size are comparable to blood
vessels documented in modern dolphins (Cozzi et al., 2017, fig.
2.9), these structures lack key preservational features typically
associated with fossilized vascular tissues. Notably, they do not
exhibit iron enrichment, which is commonly detected in fossil
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blood vessels due to hemoglobin breakdown (Schweitzer et al.,
2014; Cadena, 2016; Ullmann et al., 2019). This absence raises
doubts as to their vascular origin. These structures are relatively
thin (approximately less than a 1 pm), which may account for the
attenuated carbon signal observed during SEM-EDS analysis. As
EDS relies on the detection of characteristic X-rays emitted from a
specimen upon electron bombardment, the strength of the
detected signal is proportional to the volume and exposed surface
area of the target material (Goldstein et al., 2018). Alternatively,
their size and morphology are consistent with microbial or fungal
channels, as previously suggested for similar structures in fossil
contexts (Martill, 1987b). However, definitive identification re-
quires further investigation.

5.4. Taphonomic and paleoenvironmental implications of
soft-tissue preservation

The taphonomic processes observed in the Paja Formation
exemplify those found in Konservat-Lagerstatten environments,
where unique depositional and diagenetic conditions promote
exceptional fossil preservation (Seilacher et al., 1985). The articu-
lated nature of many Paja Formation fossil specimens, including
nearly complete and articulated marine reptile skeletons, turtles
with eggs, turtle hatchlings, and potential lower jaw buccal con-
nective tissue in an ichthyosaur (Cadena et al., 2019; Alfonso-Rojas
and Cadena, 2020; Cortés et al., 2021; Palma-Castro et al., 2023),
strongly supports rapid burial in anoxic conditions with minimal
disturbance and an absence of benthic bioturbation (Noe and
Gomez-Pérez, 2020).

The paleoenvironment of the Paja Formation reflects a rela-
tively deep (~60-130 m) epicontinental sea characterized by dys-
oxic to anoxic bottom waters, low-energy sedimentation, and
highly water-saturated sediments (Noe and Gomez-Pérez, 2020).
The burial of CIP-0107 likely occurred as it sank into these soft
sediments, paralleling mechanisms hypothesized for the Pos-
idonienschiefer Formation (Martill, 1993; Nichols, 2023). However,
differing from that case, where soft-tissue preservation is linked to
phosphatization near a fluctuating redox boundary (Sinha et al,,
2021; De La Garza et al., 2023; Muscente et al., 2023; Marx et al.,
2025), the persistent anoxic conditions of the Paja Formation,
lack of benthic fauna, and sedimentological features suggest a
distinct taphonomic model from the Posidonienschiefer Forma-
tion. While the soft substrate likely prevented disarticulation of
the CIP-0107 elements embedded in the sediment, partial degra-
dation of the exposed upper surface of the specimen may account
for the loss of skeletal components prior to final burial (Fig. 10).
This preservational scenario, driven by in situ sinking and rapid
burial, contrasts with the widely cited “bloat and float” model,
which is unlikely in settings deeper than 50 m (Etayo-Serna, 1968;
Schafer, 1972; Reisdorf et al., 2012), such as the estimated depths of
the Paja Sea (Noe and Gomez-Pérez, 2020).

Beyond rapid burial, the preservation of CIP-0107 is best
explained by involving oxygen starved microbial activity and the
formation of early diagenetic carbonate concretions. The partial
three-dimensional preservation of the skull, partial articulation of
the bones, and presence of soft-tissue traces suggest that anaer-
obic microbial communities greatly influenced fossil preservation.
In dysoxic-anoxic conditions, microbial biofilms, especially those
formed by sulfate-reducing bacteria, create localized microenvi-
ronments that stabilize decaying tissues, trap ions, and elevate pH,
thereby initiating early mineralization (Dhami et al., 2023;
Bonnevier-Wallstedt et al.,, 2024). These biofilms facilitate the
precipitation of authigenic carbonate (CaCOs) within hours, days
or weeks of burial, encapsulating the organism and shielding it
from further decay, compaction, and destruction. This process
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Fig. 10. Taphonomic model for the fossilization of CIP-0107. After death, the ichthyosaur carcass sank to the seafloor, where soft, water-saturated muds allowed partial burial and
limited disturbance. An anoxic water column and the presence of a chemocline-pycnocline transition zone at depth prevented bioturbation and the settlement of encrusting
organisms. Anaerobic microbial mats, potentially dominated by sulfate-reducing bacteria, developed between the carcass and the sediment creating a localized alkaline
microenvironment that promoted early soft-tissue stabilization through the precipitation of calcium carbonate (CaCOs3). These microenvironmental conditions, particularly the
elevated alkalinity and availability of phosphate, may have further favored molecular preservation via the formation of AGEs and ALEs. The result was the formation of a carbonate
concretion that encapsulated the remains, shielding them from further decay and diagenetic alteration. Oxic-anoxic waters and chemocline-pycnocline transition zone indicated;

water depths not to scale.

leads to the production of carbonate concretions that function as a
geochemical capsule, preserving both morphological and molec-
ular features.

The persistent bottom-water anoxia of the Paja Formation was
likely caused by a combination of regional transgressive events
and local paleoceanographic conditions. These included strong
water column stratification separating oxygenated surface waters
from dysoxic—anoxic bottom water layers, a tectonically restricted
epicontinental basin that limited deep-water circulation, high
global temperatures that enhanced nutrient recycling, and
reduced oxygen solubility under greenhouse conditions (Meyer &
Kump, 2008; Gaona-Narvaez et al., 2013; Noe & Goémez-Pérez,
2020). Together, these factors contributed to optimal conditions
for fossil preservation in the Paja Formation sediments. This
microbially mediated carbonate pathway differs from phosphati-
zation models typical of other marine Konservat-Lagerstatten,
highlighting the underexplored scientific potential of the Paja
Formation to yield exceptionally preserved soft tissues in low-
latitude marine settings that remain poorly represented in
studies of soft-tissue fossilization. Moreover, its significance ex-
tends beyond latitude: the Paja Formation provides a window into
the Lower Cretaceous Gap, a critical interval lacking well-
preserved marine vertebrate Lagerstatten globally (Gomez-Pérez
and Noe, 2017; Noe & Gomez-Pérez, 2020).

Future research should include SEM-EDS analyses at lower
beam energies (2-5 keV) to enhance the detection of potential
melanosomes in the skin-like layer (J. Lindgren, pers. comm.),
transmission electron microscopy (TEM), and advanced molecular
techniques like time-of-flight secondary ion mass spectrometry
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(ToF-SIMS) to provide more conclusive insights into the compo-
sition and origin of the preserved tissues.

6. Conclusions

This study is the first to characterize the morphology and
composition of preserved soft-tissues in an ichthyosaur from the
Lower Cretaceous (Barremian-Aptian) of Colombia. It also repre-
sents the first documented report of integumentary tissue pres-
ervation in a Cretaceous marine reptile from northern South
America. Through the application of multiple analytical techniques
including transmitted and polarized light microscopy, SEM-EDS,
ATR-FTIR spectroscopy, and Raman microspectroscopy, our find-
ings indicate that the ichthyosaur CIP-0107 exhibits exceptional
soft-tissue preservation. Net-like structures identified in the
specimen are interpreted as fragments of the stratified squamous
epithelium, from the stratum spinosum layer of the epidermis of
the ichthyosaur with a composition of N-heterocyclic polymers.
The skin-like layer corresponds to preserved integumentary tis-
sues, wherein original proteins have undergone diagenetic trans-
formation into geochemically stable polymers, including N-
heterocyclic polymers and kerogen-like substances.

The remarkable preservation of CIP-0107 is best explained by a
taphonomic model involving rapid burial in soft, ion-rich sedi-
ments (particularly calcium, carbonate, and phosphate), persistent
dysoxic to anoxic bottom-water conditions, and microbial biofilm
activity that created localized alkaline geochemical microenvi-
ronments. These processes led to the formation of early diagenetic
carbonate concretions that preserved the ichthyosaur in
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exceptional fidelity. This model contrasts with soft-tissue preser-
vation based on phosphatization under a sediment-water interface
with a fluctuating redox boundary. This study thereby expands our
understanding of soft-tissue preservation in marine vertebrates
from low-latitude settings and underscores the scientific potential
of the Paja Formation as a key source of paleobiological and
taphonomic information from the Lower Cretaceous Gap. Finally,
this study contributes to the field of molecular paleontology as it
adds to the record of localities, specimens, and preservational
environments that enhance our understanding of exceptional soft
tissue preservation in the fossil record.
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