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Abstract: A fossil mysticete was discovered along the southwestern coast of Spain, occurring in a
block detached from the Neogene deposits exposed along a coastal cliff at the locality of Conil de
la Frontera (Cádiz, Spain). These deposits range from Pliocene to Pleistocene in age and include
shallow-marine, mixed carbonate–siliciclastic sediments, with the whale being found in occurrence
of a stratigraphic unconformity marked by Thalassinoides burrows. 87Sr/86Sr analyses on oyster
shells associated with the skeleton suggest an Early Pliocene age, in agreement with the age of
the lowermost unit cropping out at the study site. The studied cetacean specimen consists of an
articulated, almost complete balaenopteroid skeleton exposed in the field dorsal side up; being
contained in an upside-down block, however, it is preserved in ventral disposition. Bones exhibit a
low degree of preservation of the cortical bone tissue, which locally features shark bite marks and
Osedax traces as well as abundant encrustations of barnacles and ostreids. Two shark teeth were
also found near the skeleton. Bones have preserved their main histological features, even though
they locally exhibit microcracks, dissolution, substitution by Fe oxides, and microborings. Sediment
particles and late diagenetic cements fill the medullary cavities. We propose that the whale carcass
experienced refloating before sinking to the seafloor and that the skeleton was probably exposed on
the seafloor for some time before being eventually buried.

Keywords: cetacean; Balaenopteroidea; fossilization; biostratinomy; fossil diagenesis; bioencrustation;
whale-fall; Osedax; fossil traces; bones

1. Introduction

The preservation of cetacean carcasses involves a complex interplay of biological,
environmental, geological, and chemical factors. Understanding the taphonomic processes
that occur from the time of death to the eventual fossilization of these marine giants is
essential for understanding their preservation in the rock record and for reconstructing their
evolutionary history and paleoecology (e.g., [1–5]). Cetacean taphonomy encompasses
various stages, from the initial biostratinomic phases that start from the death of the
organism (e.g., [6–8]) to the late diagenetic phases involving the fossilization processes
and the recent exposure (e.g., [9,10]). Several studies have also focused on the whale-fall
communities that develop exclusively around cetacean carcasses in both recent and past
times (e.g., [4,11] and references therein). Factors such as scavenging by marine organisms,
transport by marine waves and currents, deposition on the seafloor, bacterial activity,
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encrustation, burial, sediment and bone diagenesis, and secondary mineral precipitation
all contribute to the eventual fossil preservation (e.g., [12–18]). By macroscopically and
microscopically examining the taphonomic signatures left on cetacean bones, we can gain
insights into the circumstances surrounding the whale death, the environment it inhabited,
and the taphonomic pathways leading to its fossilization. Regarding mysticetes, studies
have focused not only on exceptionally preserved single fossil specimens (e.g., [19–22]) but
also on larger datasets (e.g., [16,18,23–28]).

Although the fossil remains of marine vertebrates (e.g., fishes, crocodilians, sirenians,
and pinnipeds) are abundant in the Spanish Neogene (e.g., [29–34]), only a few cetacean
specimens have been formally described to date [35]. These are mostly scattered and
limited to small cranial, vertebral, and appendicular remains referred to the suborder Mys-
ticeti, although fairly complete specimens have also been reported occasionally. Findings
ascribed to the suborder Odontoceti have been reported in both the Miocene [29,32,36–43]
and Pliocene strata [44–46]. Equally, mysticete remains have been reported from both the
Miocene [37,47–49] and Pliocene strata [20,46,50–54]. These cetacean fossil specimens are
found from the Lower Miocene to Pliocene strata in different regions of Spain, spread-
ing across Galicia, Asturias, the Balearic Islands (Menorca), Catalonia (Tarragona and
Barcelona), and Andalusia (Huelva, Sevilla, Cádiz, and Almería). In the latter region,
cetacean remains are particularly abundant in the Vera and Guadalquivir basins.

The Neogene marine deposits of the western zone of the Guadalquivir Basin are very
rich in marine vertebrate remains from both the Miocene and Pliocene strata [55,56]. In
particular, records of fossil odontocetes come from the Upper Miocene of Sevilla [32,42], the
Upper Miocene of Huelva [42], and the Lower Pliocene of Cádiz [45]. Mysticetes have been
reported from the Upper Miocene of Sevilla [49], the Lower Pliocene of Huelva [20,52,53],
and the Lower Pliocene of Sevilla [50], even though some dating should be revised (I.B.-C.,
personal observation). Still, they are only cited within geological works of general scope
(see Table 1). In the study area, in the province of Cádiz, it is worth noting the presence
of a very well-preserved odontocete specimen from the Neogene of the El Manantial site,
located in Rota. This specimen is currently stored at the Municipal Museum of El Puerto
de Santa María [45].

Table 1. Findings of fossil mysticetes in the Guadalquivir Basin.

Formation/Period Locality
(Province) Suborder, Family Material References

Tortonian Burguillos (Seville) Mysticeti Neurocranium Sendra and Bajo
2013a [49]

Transitional Unit
Messinian

Alcalá de Guadaíra
(Seville) Mysticeti Cranium, vertebrae, ribs, scapulae,

tympanic bullae, jaws
Sendra et al.

1996 [50]

Lower Pliocene Lepe (Huelva) Mysticeti
(Cethoteridae)

Fragments of neurocranium, jaws,
tympanic bulla

Sendra et al.
1999, 2000

[52,53]
Lower Pliocene
Huelva Sands Bonares (Huelva) Mysticeti Fragments of neurocranium, jaws,

vertebrae
Esperante et al.

2009 [20]

With the aim of improving knowledge of the late Neogene record of cetaceans and
understanding the preservation processes that led to their fossilization, here we present a
new exceptional finding discovered in the Lower Pliocene strata of the province of Cádiz.

2. Geological and Stratigraphic Setting

The study area is located along the Atlantic coast of Andalusia (SW Spain) between the
Guadalquivir River mouth and the town of Conil de la Frontera (Figure 1). Geographically,
it belongs to the Gulf of Cádiz, whereas it is part of the Guadalquivir Foreland Basin
geologically. The sedimentary units exposed at the study site include (1) a stratigraphically
lower stratal package consisting of preorogenic materials from the Betic Mountain Range
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(Permian–Lower Miocene) and synorogenic deposits from the Guadalquivir Olistostrome
Complex (Lower–Middle Miocene) and (2) a stratigraphically higher succession of postoro-
genic materials (Upper Miocene–Quaternary) that were deposited after the Alpine Orogeny
in the marine environments of the Guadalquivir Basin [57,58].
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Figure 1. Geographical and geological setting of the study area. (A) Satellite image of the Iberian
Peninsula. (B) Satellite image of the Cádiz Gulf. The red star indicates the position of the fossil
remains. (C) Geological scheme of the southwestern part of the Iberian Peninsula. (D) Geological
map of the study area.

During the early Messinian, a compressional regime caused the uplift of the Betic and
Riff mountain ranges, resulting in a marine regression as well as an interruption of the
communications between the Atlantic Ocean and the Mediterranean Sea (one of the causes
of the Messinian Salinity Crisis) [59–62]. A later extensional phase caused the subsidence
of part of the Gibraltar Arch and the re-establishment of communications between the
Atlantic and Mediterranean [63]. Following a rapid sea-level rise, sedimentation began
again. During the Early Pliocene, the Guadalquivir Basin was occupied by a gulf that
opened southwards, i.e., onto the Atlantic Ocean, where sandstones were deposited in
shallow-marine environments. Later, between the Late Pliocene and the Pleistocene, gravel
and sands were deposited in coastal environments [64,65]. In the western sector of the
Guadalquivir Basin, north of the study area, the post-Messinian sedimentary fill comprises
fluvial and aeolian deposits.

The studied outcrop belongs to the post-Messinian deposits and is located along the
cliffs stretching northwest of Conil de la Frontera (Cádiz, Spain), between Cala del Aceite
and Cala del Puntalejo (Figure 1). From bottom to top, the exposed units are the following:
Unit I, Unit II, and Unit III (see Figure 2).
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Figure 2. Measured stratigraphic column of the Pliocene–Pleistocene studied outcrop and outcrop
field photo, with indication of the stratigraphic position of the cetacean remains.

Unit I begins with two meters of fine sand and grayish silt with interbeds of cemented
layers with normal grading, about 10 cm in thickness. These basal sediments are intensely
bioturbated (index 3–4 of [66]) and mainly characterized by the ichnotaxon Cylindrichnus
concentricus (see [67] for more details). Unit I features a dispersed fauna formed specifically
by pectinids such as Amussium cristatum and Chlamys multistriata, in addition to other
fossils such as Ostrea edulis and balanid barnacles, which are disarticulated and with
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the skeletal elements parallel to the stratification plane. The top of this unit is intensely
bioturbated and features the abundant presence of the ichnotaxon Thalassinoides isp. The
upper part of this bioturbated interval includes a hardground layer that runs continuously
throughout the outcrop with a thickness of 1–2 cm. This unit has been attributed to the
Lower Pliocene [65,68] and is the main subject of this study since it includes the analyzed
whale fossil.

Unit II begins with a layer of calcirudites that fill Thalassinoides burrows in the un-
derlying Unit I (Figure 2). This deposit passes upwards into a bioclastic rudstone with
abundant fossils such as Ostrea edulis, Pecten jacobaeus, Pecten benedictus, Chlamys multistriata,
Glycimeris sp., Mytilus sp., balanid barnacles, serpulids, and regular echinoid radioles, as
well as few selachian teeth belonging to broad-toothed members of Carcharhinus. Fossils
do not display a preferential orientation and are generally fragmented, bioeroded (mainly
by pervasive Entobia isp.), and encrusted (mainly by balanids). The upper part of this unit
consists of one meter of quartz-rich sand with large-scale cross-stratification. In the upper
part of the sandy stratum, centimeter-thick silt layers are interspersed with channeled
bodies with abundant bioclasts. The unit ends with a layer of barren cross-stratified fine
sand. Unit II is attributed to the Upper Pliocene [65,68].

Unit III rests through an angular and erosive unconformity on Unit II. It is formed by
an alternation of sands, grainstone, and rhodolithic grainstone with cross-stratification. The
rhodoliths of this unit are formed by coralline algae, serpulids, bryozoans, and vermetids.
Unit III has been attributed to the Upper Pliocene–Lower Pleistocene [65,67–69].

3. Data Gathering and Research Methods
3.1. Field Data Collection

The fossil whale dealt with in the present paper was found at the locality of Conil de
la Frontera (Cádiz, Spain) between Cala del Puntalejo and Cala del Aceite (Figure 1). The
taphonomic analysis was facilitated by the fossil skeleton being naturally exposed, although
the description was hampered by extensive weathering of the bones in the present-day
subaerial environment. For this reason, fossil bones were not excavated but only gently
cleaned with brushes and paleo-tools.

Macroscopic taphonomic data were collected in accordance with Bianucci et al. [26]
and Bosio et al. [18] using the taphonomic sheet reported in Figure 3. Taphonomic de-
scriptors include the degrees of skeletal articulation and completeness, the orientation
and disposition of the specimen, the presence of bioerosional features (e.g., bite marks on
bone), the associated fauna, the extent of recent erosion, and the sedimentary features of
the depositional environment. The collected data also include some measurements, such as
the total length of the skeleton. The degree of fusion of the vertebral epiphyses was also
evaluated (a proxy for physical maturity) [70,71]. Three bone samples were collected from
the ribs for microtaphonomic analyses, namely, CA-OS1, CA-OS2, and CA-OS3. The field
taphonomic data recorded for the fossil whale are shown in Figure 3.

A detailed sedimentary log was measured at the decimeter scale using a Jacob’s staff.
Sediment color, grain size, fossil content, and sedimentary structures were accurately
described. The studied whale was then positioned along the measured stratigraphic
section. Samples from the three different strata observed in the block where the fossil whale
occurred were sampled in the field. These samples are named, from oldest to youngest, as
CA-PE2, CA-PE1, and CA-PE3.
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Figure 3. Taphonomic sheet and field photos of the Cádiz fossil whale. (A) Taphonomic sheet with
field taphonomic observations. (B) Field photo of the block on which the skeleton occurs, taken from
the top of the nearby cliff. (C) Field photo of the fossil remains of the studied mysticete skeleton, with
researchers shown for scale.

3.2. Analytical Methods

Thin sections from bone fragments of the fossil mysticete and sediment samples from
the three strata were prepared at the laboratories of TS Lab & Geoservices in Cascina,
Pisa Province, after embedding them in epoxy resin. Two oyster samples were also pre-
pared for the diagenetic evaluation preliminary to the sample selection for SIS (Strontium
Isotope Stratigraphy) analyses. Thin sections were analyzed through a Nikon Eclipse
LV100N POL transmitted light optical polarizing microscope at the Università degli Studi di
Milano-Bicocca. Thin sections of sediment were analyzed in order to better define the sedi-
ment composition. The skeletal assemblages were assessed based on visual comparison
charts for percentage estimation [72,73]. Bone and oyster thin sections were also analyzed
via scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
using a Zeiss FEG Gemini 500 equipped with an EDS Bruker XFLASH 6/30 at the Univer-
sità degli Studi di Milano-Bicocca. Backscattered electron (BSE) images and compositional
analyses of major elements were realized in order to determine the chemical composition
of the bones and cements. The SEM–EDS analytical conditions were 15 kV accelerating
voltage, 5 pA beam current, and 8 mm working distance.

Oyster specimens were analyzed macroscopically and microscopically to evaluate
their preservation state and screened for diagenetic alteration. Five oyster specimens were
chosen for applying SIS. To better assess the contribution of diagenetic alteration, one
“control sample” was also collected from the bulk sediment. Following Bosio et al. [74],
oyster specimens were cleaned in distilled water in an ultrasonic bath to remove extraneous
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particles. After drying, the shells were pulverized using a Dremel microdrill equipped
with a 0.8 mm diamond tip. A few milligrams of powder were collected from each oyster,
avoiding contamination, and sent to the laboratories of the Ruhr-Universität Bochum.
Here, samples were firstly analyzed via ICP-OES (inductively coupled plasma optical
emission spectroscopy) through a Thermo Fisher Scientific iCAP 6500 DUO spectrometer
for measuring minor element concentrations. Then, samples were analyzed through a
TI-Box (Spectromat) thermal ionization mass spectrometer (TIMS) with seven collectors
for determining 87Sr/86Sr ratios using a dynamic (peak-hopping) mode of measurement.
The cut-off limit for a strontium run was an error of ±2σ ≤ 5 × 10−6 for the 87Sr/86Sr ratio,
with 100–200 ratios per run (typical duration: 110 ratios, lasting 2 h and 15 min, plus the
filament heating time). NIST NBS 987 and USGS EN-1 were employed in the analyses
as standards, with a long-term mean measured at Bochum of 0.710246 ± 0.000027 (2σ)
and 0.709163 ± 0.000037 (2σ), respectively. Rubidium abundances were monitored during
the entire run; when Rb levels surpassed the detection limit, the result was discarded.
87Sr/86Sr data were corrected for the difference between the USGS EN-1 value used for
the compilation of McArthur’s reference curve and the USGS EN-1 Bochum mean value.
87Sr/86Sr corrected values were converted into ages using the LOESS Table 6 calibrated to
the GTS2020 timescale [75]. To estimate the age of the stratigraphic layer, a mean 87Sr/86Sr
value was calculated from the better-preserved oysters and then converted to age [76,77].
The uncertainty was calculated as 2 s.e. (standard errors) from the standard deviation of
the mean value. For each estimation, a maximum age, a preferred age, and a minimum age
were obtained.

A system of 3D photogrammetry through the use of a drone was used as the method-
ology for the 3D documentation of the whale. The system used has different variables that
need to be controlled or at least be within acceptable ranges. In the first place, the aircraft
used should be adapted to this type of work with some minimum requirements with regard
to the quality of the image taken. In this case, we used equipment sold by the manufacturer
DJI, i.e., the PHANTOM 4PRO, which is equipped with a 20 MP camera. Meteorological
factors must also be taken into consideration given that the drone can operate within a tem-
perature range of 0 to 40 ◦C and with wind gusts of up to 10 m/s. Before the acquisition, the
planning of the flight took place on land, with authorization requested from the Ministry of
Defense to photograph part of the MTN page E: 1/25.000, number 1073-1. Subsequently,
and taking into account the relatively small surface, three flights were carried out at three
different heights, i.e., 5, 10, and 15 m, with a total of 150 photographs being taken at
different angles with respect to the fossil-bearing surface. These photographs overlapped
for more than 40% and less than 75%. Thanks to this overlap, a photogrammetric collage
could be made because the algorithm used by the software specializing in image treatment
carries out a search for equivalent points in the image to carry out a reconstruction of
the 3D scene. The most common algorithm to carry out this steep is the SIFT technique
(scale-invariant feature transform; [78]). In this case, and due to the flight surface, it was
not necessary to use support points. Each image has a center with known geographical
coordinates, which are taken by the very same aircraft, and after finding the coinciding
points, a tridimensional model can be built of the photographed surface, obtaining a cloud
of georeferenced points [79]. All this work of composing three-dimensional images was
carried out with the Agisoft Metashape (Photoscan) software (version 1.7.0.). The 3D
reconstruction of the fossil whale can be accessed through the Supplementary Material.

4. Results
4.1. Taxonomy and Ontogenetic Status

Characters such as a highly telescopic cranium, the narrow and elongated ascending
processes of the maxillae exposed at the cranium vertex, and an anteriorly extended
occipital shield that likely overhung the rest of the neurocranium indicate that the studied
skeleton belongs to the superfamily Balaenopteroidea of baleen-bearing whales (Mysticeti)
and possibly to the rorqual family Balaenopteridae. The specimen exhibits the complete
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fusion of all the vertebral epiphyses to the corresponding vertebral centra, which suggests
an adult mysticete.

4.2. Articulation and Completeness

The largest portion of the skeleton has undergone breakage after the detachment of the
block from the cliff as well as prolonged erosion in the present-day subaerial environment
(Figures 3 and 4). The fossil specimen has a total length of 335 cm and includes 7 cervical
vertebrae (Figure 5D) and ca. 12 thoracic vertebrae; ca. 10 left ribs (Figure 5G,H); both
the scapulae (Figure 5E,F) (the right one is ex situ); the left humerus, radius and ulna
(Figure 5E); and an essentially complete cranium, including the hyoid, maxilla, premaxilla,
nasal, frontal, occipital, squamosal, parietal, presphenoid, vomer, lacrimal, jugal, and
mandible (Figures 4 and 5A,B). The two tympanic bullae are also preserved. Considering
the five classes for the degree of skeletal completeness proposed by Bosio et al. [18] (i.e.,
4, 75–100% of the skeleton preserved; 3, 50–75% of the skeleton preserved; 2, 25–50% of
the skeleton preserved; 1, <25% of the skeleton preserved; 0, isolated bone or compound
skeletal element as the cranium), the examined specimen belongs to the completeness class
3. This value is most likely related also to the recent erosion and breakage of the skeleton. In
fact, part of the thoracic vertebrae and all the lumbar and caudal vertebrae were completely
lost due to the breakage of the block. In addition, the right ribs might be buried within
the sediment and, as such, completely hidden to surface prospecting. However, some lost
elements might be related to the gradual detachment of the skeletal parts fallen to the
seafloor, e.g., the forelimb bones; all the phalanges; and probably the right humerus, radius,
and ulna.
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Figure 4. Field photos and explanatory line drawing for the studied fossil whale. (A) Field photo
of the drone survey for the 3D reconstruction of the mysticete skeleton. (B) The main portion of the
fossil skeleton of the mysticete. (C) Explanatory line drawing of the anatomical parts from a direct
interpretation of the mysticete skeleton shown in panel B.
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Figure 5. Detailed field photos of the studied fossil remains. (A) Neurocranium and left mandible.
(B) Close-up of the skull vertex. (C) Close-up of the left mandible. (D) Close-up of the cervical
vertebrae. (E) Close-up of the left limb. (F) Close-up of the left scapula. (G) Thoracic vertebrae and
ribs. (H) Close-up of the thoracic vertebrae, exhibiting a disarticulated vertebra.
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Considering the articulation degree, the skeleton displays a complete articulation with
regard to the cranium and mandibles, most of the vertebrae, the ribs, and the forelimbs,
whereas the atlas and one thoracic vertebra are dislocated, lying dorsal side up. There-
fore, following the five classes describing the degree of skeletal articulation proposed by
Bosio et al. [18] (i.e., 4, 75–100% of the bones articulated; 3, 50–75% of the bones articu-
lated; 2, 25–50% of the bones articulated; 1, <25% of the bones articulated; 0, bones fully
disarticulated), the specimen can be attributed to the articulation class 4.

4.3. Disposition

The detachment of the block from the cliff makes any estimation of the original
orientation difficult. The skeleton is NW–SE oriented, which is substantially parallel to the
present-day coast. Paleo-storm currents are indeed reconstructed to hail from southeast
and southwest [67].

Although the skeleton is currently observed laying dorsal side up, the original
general disposition of the skeleton was belly-up (ventral side up) on the seafloor, which
suggests a reflotation of the carcass after death [8]. However, a slight degree of displace-
ment is observed. Behind the cervicals, the rest of the vertebral column is slightly later-
ally tilted, with the neural processes projecting horizontally and parallel to each other
(Figures 3, 4 and 5G,H).

4.4. Shark Tooth Marks and Associated Shark Teeth

The bones of the Cádiz whale do not usually preserve the cortical bone tissue (see
Section 4.6) except in a few areas, thus allowing the observation of some trace fossils.
In one of these cases, two shark tooth marks (sensu Zonneveld et al. [80]) are observed
on one rib fragment that was not found in situ. The two marks are roughly parallel
to the long axis of the bone and are referable to the morphological genetic types I or II
(sensu [81–83]). These traces are deep, elongated, relatively straight to broadly arched, and
up to 3 cm long (Figure 6A). The size and depth of the tooth marks are suggestive of a large
macrophagous shark.

Interestingly, two shark teeth were found near the whale skeleton. The first one was
found in situ, near the zygomatic process of squamosal, and is here identified as belonging
to Carcharhinus cf. leucas (Figure 6B,C); the second was found ex situ, fragmentary, and
recognized as belonging to a member of Carcharhiniformes.

4.5. Associated Macroinvertebrates and Macroinvertebrate Traces

Where the cortical bone tissue is preserved, some fossil invertebrate traces are ob-
served. Two overlapping rib fragments that were found ex situ display clustering, rounded
pits. These are roughly circular to somewhat elliptical pockmarks with a diameter ranging
from less than 1 mm to 1 cm (Figure 6D,E). These traces are interpreted herein as col-
lapsed boreholes of the siboglinid annelid Osedax sp., which is also known as the “zombie
worm” [84,85]. These traces are usually punctiform on the bone surface and expand into
the bones to form three-dimensional chambers with a typical broccoli-like morphology,
which goes under the ichnogeneric name Osspecus [86]. In some cases, as observed for the
Cádiz whale, the numerous boreholes can merge with each other and consequently lead
to the collapse of the surface layer of the cortical bone, resulting in a pitted texture of the
bone surface [87,88].

The skeleton is partly covered by the complete shells of different macroinvertebrates,
whereas in the surrounding sediment (i.e., both the Thalassinoides layer and the lower
sandstone layer), invertebrates are represented by shell fragments. This faunal assem-
blage mainly consists of balanid barnacles, bivalves such as ostreids and pectinids, and
brachyuran decapod crustaceans (Figure 6F,G). It is noteworthy that the encrusting bar-
nacles display considerable size range, from a few millimeters up to four centimeters in
diameter, thus indicating that the skeleton was exposed for quite a long time before burial.
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Likewise, a decapod chela (i.e., crab claw) was also found near the skeleton, possibly a
remain of the inhabitants of the Thalassinoides burrows (Figure 6H).
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Figure 6. Taphonomic features of the fossil whale. (A) Close-up of the two shark tooth marks on a rib.
(B) Tooth of Carcharhinus cf. leucas found near the zygomatic process of squamosal. (C) Close-up of
the tooth depicted in Figure 6B. (D) Clustering round pits that can be referred to collapsed holes of
Osedax sp. (E) Close-up of the boreholes depicted in Figure 6D. (F–H) Balanid barnacles encrusting
bones. (I) A decapod claw found in the vicinity of the skeleton.
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4.6. Bone Preservation and Mineralization

Bones are moderately preserved, with a high vertebral process preservation
(ca. 70–90%, see Figure 3) and no evidence of diagenetic compression. Fractures are
common but mostly attributable to erosion and breakage during the recent subaerial ex-
posure. The degree of cortical bone preservation is low (<30%, see Figure 3) and not only
where the recent erosion took place (Figures 5 and 6). Bones exhibited a pinkish color that
persists under the microscope, where the bone is was light brown with local reddish areas
(Figure 7A). The reddish color is related to the presence of abundant iron oxide or pyrite
particles (see below).

At the microscale (both optical microscope and SEM), bones preserve the origi-
nal microstructure with compact bone and cancellous bone tissues and their histolog-
ical features, such as primary and secondary osteons, osteocyte lacunae, and lamellae
(Figure 7A–E). Bones show a moderately mineralized bone tissue based on the average
atomic weight revealed by the grayscale of the BSE imaging [10,89]: some areas are lo-
cally fragile with a low to moderate mineralization degree (Figure 7B); others exhibit a
highly mineralized tissue with brighter areas, suggesting the presence of Fe oxide grains
in the bone tissue (Figure 7C). In particular, some osteocyte lacunae are occupied by Fe
oxides, which also fill the very thin canaliculi (Figure 7D,E). EDS analyses indicate that the
bone tissue composition is Ca phosphate, with an increase of Fe content in the brighter
zones (Table 2). In some cases, Fe oxides seem to also replace bone tissue concentrically
at the edge of the osteons, especially when the Haversian canal is filled by iron minerals
(Figure 7F). This type of replacement was reported by Pfretzschner [90,91] to happen during
late diagenesis, hence in a different time with respect to the early pyrite precipitation of
framboids. Iron minerals are also detected in the form of framboids lining or partially
filling the Haversian canals and intertrabecular medullary cavities, also being interspersed
in the sediment adjacent to the bone (Figure 8A–D). These opaque minerals, displaying
a high brightness in BSE imaging, are revealed to have a Fe oxide composition through
EDS analyses (Table 2). However, some framboidal Fe oxides probably represent relics of
original pyrite framboids.

Bone cavities, i.e., the Haversian canals of the compact bone and the intertrabecular
medullary cavities of the cancellous bone, exhibit a partial or complete filling by a carbonate
cement showing a mosaic texture (Figure 8E,F), which is typical of secondary minerals
precipitated during late diagenesis [10]. The EDS analyses confirm that the cement consists
of calcite (Table 2). In addition, intertrabecular medullary cavities are usually occupied
by sediment particles (mainly quartz grains), benthic and planktic foraminifera, and rare
echinoid radioles (Figure 9A). The interstitial fraction is formed by calcite cement close
to the bone tissue, whereas the matrix occurs further from the bone. Sediment particles
could have entered the bone cavities with seawater, likely due to being sucked in by
the escaping of gas bubbles (which in turn originates from the decomposition of organic
matter [92]) or by entering broken bone tissues exposed on the seafloor before burial. The
latter seems the case for some of the analyzed bones as the trabeculae display pervasive
cracks (Figure 9A). Microfractures are common but usually distributed regardless of the
histological microstructure and, as such, not related to early diagenesis (i.e., the radial
microcracks of Pfretzschner [93]).



J. Mar. Sci. Eng. 2024, 12, 17 13 of 28
J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 13 of 28 
 

 

 
Figure 7. Bone photomicrographs and SEM images showing histological features. (A) Compact bone 
under transmitted plane-polarized light. Note the histological features and the pink/light brown 
color of the bones with reddened portions. (B) BSE image of an osteon showing a low to moderate 
mineralization, a cement filling the Haversian canal, and Fe oxide framboids. (C) BSE image of an 
osteon showing a moderate to high mineralization and a cement filling the Haversian canal with Fe 
oxides. Note the brightness of the bone surrounding the Haversian canal enriched in Fe. (D) Close-
up of osteocyte lacunae under transmitted plane-polarized light. Note the Fe oxide filling of the 
lacunae and canaliculi. (E) Close-up of an osteocyte lacuna partially filled by Fe oxide. Black arrows 
indicate the Fe oxide filling of the canaliculi. (F) Close-up of an osteon under transmitted plane-
polarized light. Note the Fe oxide filling of the Haversian canal and the reddish color of the bone in 
the vicinity. 

Figure 7. Bone photomicrographs and SEM images showing histological features. (A) Compact bone
under transmitted plane-polarized light. Note the histological features and the pink/light brown
color of the bones with reddened portions. (B) BSE image of an osteon showing a low to moderate
mineralization, a cement filling the Haversian canal, and Fe oxide framboids. (C) BSE image of an
osteon showing a moderate to high mineralization and a cement filling the Haversian canal with Fe
oxides. Note the brightness of the bone surrounding the Haversian canal enriched in Fe. (D) Close-up
of osteocyte lacunae under transmitted plane-polarized light. Note the Fe oxide filling of the lacunae
and canaliculi. (E) Close-up of an osteocyte lacuna partially filled by Fe oxides. Black arrows indicate
the Fe oxide filling of the canaliculi. (F) Close-up of an osteon under transmitted plane-polarized
light. Note the Fe oxide filling of the Haversian canal and the reddish color of the bone in the vicinity.
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Figure 8. Bone photomicrographs and SEM images showing diagenetic minerals. (A) Compact bone
under transmitted plane-polarized light. Note the Fe oxide and calcite filling of the Haversian canal
as well as the reddish color of the surrounding bone tissue. (B) Fe oxide framboids aligned along the
boundary between the bone tissue and the sediment. (C) Close-up of Figure 8B showing Fe oxide
framboids. (D) Close-up of the Fe oxide framboids in a calcite cement. (E) Compact bone under
transmitted plane-polarized light, exhibiting Haversian canals filled by sparry calcite. (F) Same as
Figure 8E under transmitted cross-polarized light, exhibiting Haversian canals filled by sparry calcite.
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CA-OS1-1 cement - 68.17 0.53 - - - - - - 68.70 calcite 
CA-OS1-2 bone 24.82 42.84 - - 0.99 - - - 0.62 69.27 apatite 
CA-OS1-3 bone 23.84 45.13 - - 1.26 - - - 0.79 71.03 apatite 
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Figure 9. Bone photomicrographs and SEM images showing fractures, dissolution, and bioerosional
features. (A) Bone trabecula under transmitted plane-polarized light, showing several fractures.
Note the sediment that fills the intertrabecular cavities. (B) Compact bone under transmitted plane-
polarized light, exhibiting dissolution traces affecting the external portion of the compact bone in
contact with the sediment particles. (C) Close-up of the external portion of the compact bone under
transmitted cross-polarized light. Note the dissolution traces on the bone part in contact with the
sediment. (D) BSE image of type B microborings (sensu Gariboldi et al. [94] and Bosio et al. [18]).
(E) Close-up of Figure 9B showing type B microborings. Note the brighter rim and the apatite infill.
(F) Close-up of type B microborings. Note the brighter rim and the apatite infill.
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Table 2. Chemical composition of the major elements (wt%) by means of energy-dispersive X-ray
spectroscopy (EDS) of bone tissue, diagenetic cements, and iron minerals found in the bone cavities.

Sample Type P2O5 CaO MgO FeO Na2O SiO2 Al2O3 SO3 Cl Sum Mineral

CA-OS1-1 cement - 68.17 0.53 - - - - - - 68.70 calcite
CA-OS1-2 bone 24.82 42.84 - - 0.99 - - - 0.62 69.27 apatite
CA-OS1-3 bone 23.84 45.13 - - 1.26 - - - 0.79 71.03 apatite
CA-OS1-4 bone 25.45 47.49 - - 1.23 - - - - 74.16 apatite
CA-OS1-5 cement - 70.05 1.01 - - - - - - 71.06 calcite
CA-OS1-6 framboid - 1.33 - 70.24 - 4.35 0.98 - - 76.90 Fe oxides
CA-OS1-7 bright bone 19.05 39.96 - 18.66 - - - - - 77.68 apatite
CA-OS1-8 bone 21.25 46.81 0.73 - 0.90 - - - 0.59 70.28 apatite
CA-OS2-1 bone 25.79 44.07 0.76 - 1.31 - - 1.51 0.21 73.66 apatite
CA-OS2-2 bone 23.15 48.71 0.71 1.94 1.07 - - 0.46 - 76.04 apatite
CA-OS2-3 cement - 48.66 0.58 3.05 - 11.09 4.53 - - 68.73 calcite
CA-OS2-4 bone 25.68 52.19 - - 1.10 - - 0.85 - 79.82 apatite
CA-OS2-5 microboring infill 21.67 50.47 - 2.85 0.94 - - - - 75.94 apatite
CA-OS2-6 microboring infill 14.9 40.72 - 6.31 - - - - - 61.94 apatite
CA-OS2-7 microboring infill 24.44 38.82 - 5.40 - 0.46 0.73 0.56 0.86 73.44 apatite
CA-OS2-8 microboring infill 1.24 2.07 0.91 59.22 - 2.24 1.49 - 1.32 68.48 Fe oxides
CA-OS2-9 microboring infill 21.66 38.31 0.68 3.54 1.09 - - 0.89 0.88 67.06 apatite

CA-OS2-10 microboring infill 14.83 40.83 0.73 6.85 1.07 - 0.58 0.55 0.67 66.12 apatite
CA-OS2-11 cement - 76.33 - - - - - - - 76.33 calcite
CA-OS2-12 bone 22.60 51.68 0.78 - 2.67 - - - - 77.72 apatite
CA-OS2-13 bone 27.68 48.73 - - 0.91 - - 0.69 0.22 78.23 apatite
CA-OS2-14 bright bone 17.78 53.54 0.56 8.06 0.76 - - 0.53 - 81.21 apatite
CA-OS2-15 framboid - 1.59 - 65.96 - 4.86 1.64 - - 75.70 Fe oxides
CA-OS2-16 cement - 74.38 - - - - - - - 74.38 calcite
CA-OS3-1 cement - 75.38 - - - - - - - 75.38 calcite
CA-OS3-2 cement - 73.02 - - - - - - - 73.02 calcite

The external portion of the compact bone is very poorly preserved, confirming the
observations made at the macroscopic scale. In fact, under the microscope, the outer part
of the compact bone that is in contact with the surrounding sediment is darker or reddish
in color as well as irregular and pitted, indicating that it experienced dissolution and
bioerosion (Figure 9B,C). Moreover, in some areas, numerous microborings are observed,
both in the compact and cancellous bone tissue. Most microborings display a diameter
between 3 and 9 µm and a length of ca. 20 µm. They are usually empty or filled by apatite
or pyrite framboids and exhibit a slightly brighter rim in BSE images (Figure 9D–F). The
EDS analyses indicate that the microboring infill composition is Ca phosphate with a higher
Fe content with respect to the bone (Table 2). Given these characteristics, the studied
microborings can be attributed to the type B sensu Gariboldi et al. [94] and Bosio et al. [18],
which are interpreted as being related to bacterial sulfate-reduction activity [95]. The bone
characteristics come closest to the bone type 2 as defined by Bosio et al. [10], with the
exception of the bone color, which is not red but pinkish at the macroscale. However, under
the microscope, red areas are present due to the occurrence of Fe oxides.

4.7. Composition of the Whale-Embedding Block

The block on which the whale skeleton rests comprises three different strata. These
strata reflect, in an upside-down order, the succession exposed beneath the block itself
(Figure 10A). The stratigraphically lowest stratum is a well-sorted, fine- to medium-grained
sandstone (sample CA-PE2) with rare fossils (Figure 10B). The middle stratum is the
Thalassinoides-bearing layer, which consists of a coarse- to very-coarse-grained calcarenite to
calcirudite with an abundant fossil content (sample CA-PE1) consisting mostly of barnacles
and mollusks (Figure 10C,D). The stratigraphically highest stratum is a calcirudite with an
abundant fossil content (sample CA-PE3) consisting mostly of ostreids, pectinids, barnacles,
serpulids, and bryozoans, in addition to rounded crystalline clasts and isolated cetacean
bones (Figure 10E,F). The fossil whale is located in between the Thalassinoides-bearing layer
and the well-sorted, medium-grained sandstone.
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stratum). (C) Field photo of the calcarenite to calcirudite Thalassinoides-bearing layer (sample CA-
PE1 was collected from this stratum). (D) Close-up of the Thalassinoides-bearing layer (sample CA-
PE1 was collected from this stratum). (E) The three aforementioned layers occurring in an inverted 
order in another block that detached from the main outcrop. Note the occurrence of a cetacean bone 
(a tympanic bulla) in the stratigraphic higher calcirudite stratum (sample CA-PE3 was collected 
from this stratum). (F) Close-up of a fragmentary vertebrate bone in the calcirudite stratum (sample 
CA-PE3 was collected from this stratum). 

At the microscale, sample CA-PE2 was characterized by very-fine- to medium-
grained sand particles. It was clast-supported and comprised of well-sorted, angular to 
subrounded terrigenous clasts, mainly consisting of quartz and rare feldspars. The fossil 
content was low and consisted mainly of planktic foraminifera (including Orbulina uni-
versa) associated with rare benthic foraminifera (including Lenticulina). The interstitial 
fraction mainly consisted of micrite associated with small patches of microsparite (Figure 
11A). Sample CA-PE1 consisted of clast-supported, moderately sorted, subangular to 
rounded, very-fine- to medium-sized, terrigenous sand clasts (mainly quartz). The bio-
clastic fraction was more significant than in CA-PE2 and consisted mainly of mollusks, 
barnacles, and bryozoans associated with minor amounts of echinoids as well as planktic 
and benthic foraminifera. The interstitial fraction mainly comprised sparite (Figure 11B). 
Sample CA-PE3 was characterized by clast- to matrix-supported, mixed siliciclastic–

Figure 10. Field photos of the sediment associated to the studied fossil whale. (A) Outcrop view of
the succession from which the whale-bearing block detached. (B) Field photo of the fine- to medium-
grained sandstone hosting the studied cetacean skeleton (sample CA-PE2 was collected from this
stratum). (C) Field photo of the calcarenite to calcirudite Thalassinoides-bearing layer (sample CA-PE1
was collected from this stratum). (D) Close-up of the Thalassinoides-bearing layer (sample CA-PE1
was collected from this stratum). (E) The three aforementioned layers occurring in an inverted order
in another block that detached from the main outcrop. Note the occurrence of a cetacean bone
(a tympanic bulla) in the stratigraphic higher calcirudite stratum (sample CA-PE3 was collected
from this stratum). (F) Close-up of a fragmentary vertebrate bone in the calcirudite stratum (sample
CA-PE3 was collected from this stratum).

At the microscale, sample CA-PE2 is characterized by very-fine- to medium-grained
sand particles. It is clast-supported and comprises well-sorted, angular to subrounded
terrigenous clasts, mainly consisting of quartz and rare feldspars. The fossil content is low
and consists mainly of planktic foraminifera (including Orbulina universa) associated with
rare benthic foraminifera (including Lenticulina). The interstitial fraction mainly consists of
micrite associated with small patches of microsparite (Figure 11A). Sample CA-PE1 consists
of clast-supported, moderately sorted, subangular to rounded, very-fine- to medium-sized,
terrigenous sand clasts (mainly quartz). The bioclastic fraction is more significant than
in CA-PE2 and consists mainly of mollusks, barnacles, and bryozoans associated with
minor amounts of echinoids as well as planktic and benthic foraminifera. The interstitial
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fraction mainly comprises sparite (Figure 11B). Sample CA-PE3 is characterized by clast- to
matrix-supported, mixed siliciclastic–carbonate sediments with poorly sorted, subrounded
to well-rounded, terrigenous clasts, mainly consisting of quartz, with a very-fine- to coarse-
grained sand size. The bioclastic content is significant and consists mainly of mollusks,
barnacles, and echinoderms associated with rare benthic foraminifera. The interstitial
fraction is mainly micrite (Figure 11C).

The fossil whale is located in between the Thalassinoides-bearing layer (sample CA-PE1)
and the underlying well-sorted, medium-grained sandstone (sample CA-PE2). In fact, the
bone cavities are usually occupied by sediment particles mainly consisting of well-sorted
quartz grains and fossils such as benthic and planktic foraminifera and rare echinoid spines
(Figure 11D–F). The sediment surrounding the whale exhibited a high cementation degree
(ca. 70–90%, see Figure 3).
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Note the barnacle, mollusk and echinoid fragments, and a foraminifera. (D) The sediment surround-
ing bones under transmitted cross-polarized light exhibiting terrigenous particles and planktic 
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a planktic foraminifer showing Fe oxide framboids and calcite cement in the internal chambers. 

Figure 11. Photomicrographs of the sediment. (A) The CA-PE2 sandstone under transmitted cross-
polarized light exhibiting terrigenous particles and planktic foraminifera. (B) The CA-PE1 calcarenite
to calcirudite Thalassinoides-bearing layer under transmitted cross-polarized light. Note the barnacle
and mollusk fragments. (C) The CA-PE3 calcirudite under transmitted cross-polarized light. Note the
barnacle, mollusk and echinoid fragments, and a foraminifer. (D) The sediment surrounding bones
under transmitted cross-polarized light exhibiting terrigenous particles and planktic foraminifera.
(E) BSE image of planktic foraminifera cemented by calcite cement. (F) BSE image of a planktic
foraminifer showing Fe oxide framboids and calcite cement in the internal chambers.
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4.8. Strontium Isotope Stratigraphy

Fossil oysters from the same layer as the Cádiz whale are macroscopically well pre-
served, displaying unaltered nacreous layers and nor with macroscopic evidence of recrys-
tallization, nor bioerosional features such as borings. Microscopically, the best-preserved
samples, i.e., CA-OST2, CA-OST4, and CA-OST5, are characterized by calcite prismatic
shell layers, whereas CA-OST1 exhibites an alternation of prismatic and vesicular shell
structures (Figure 12A,B). The latter is diagnostic of the subfamily Pycnodonteinae and
can be completely filled by secondary crystalline calcite [96]. For this reason, the sample
CA-OST1 was excluded from the final age calculations. SEM–EDS maps confirm the calcite
composition of the shells and highlight their attachment to the mineralized bone tissues
(Figure 12C). Finally, the ICP-OES analyses reveal that three oyster specimens are diage-
netically unaltered and display concordant 87Sr/86Sr values as well as a similar Sr content
(Figure 12D).
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high 87Sr/86Sr values and a low Sr content, and the same could be said for CA-OST3, which 
was discarded. Three oyster samples displayed consistent 87Sr/86Sr values and, as such, 
were used for calculating the final SIS age of the horizon in which the whale was found. 
The 87Sr/86Sr corrected values of CA-OST2, CA-OST4, and CA-OST5 were 0.709032, 
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Figure 12. Diagenetic evaluation data for Strontium Isotope Stratigraphy. (A) Photomicrograph
of the well-preserved prismatic layers of one of the analyzed oyster specimens (CA-OST2) under
transmitted plane-polarized light. (B) Photomicrograph showing the alternation of prismatic and
vesicular shell structures in one of the analyzed oyster specimens (CA-OST1) under transmitted
cross-polarized light. (C) Compositional EDS map showing the Ca, P and Si distribution in the oyster
sample CA-OST1. Note the oyster growing directly on the mineralized bone tissue (i.e., apatite).
(D) Multi-component plot of 87Sr/86Sr vs. Sr concentration. The red ellipse indicates the concordant
samples used for calculating the age of the fossil whale.

Sample CA-BULK6, i.e., the cemented sediment associated with oysters, exhibits high
87Sr/86Sr values and a low Sr content, and the same can be said for CA-OST3, which was
discarded. Three oyster samples display consistent 87Sr/86Sr values and, as such, were
used for calculating the final SIS age of the horizon in which the whale was found. The
87Sr/86Sr corrected values of CA-OST2, CA-OST4, and CA-OST5 are 0.709032, 0.709023, and
0.709042, respectively. Using the LOESS 6 curve calibrated on GTS2020 [75], the analyzed
fossil oysters yield the preferred age values of 5.14 Ma, 5.40 Ma, and 4.79 Ma, respectively
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(Table 3). Calculating a mean 87Sr/86Sr value for the fossil whale horizon, a mean preferred
age of 5.11 Ma is obtained, with a maximum age of 5.59 Ma and a minimum age of 4.22 Ma
(Table 2). These results strengthen the notion that the studied whale belongs to the Lower
Pliocene Unit I and that its geological age was not younger than the middle Zanclean.

Table 3. Strontium isotope results reporting 87Sr/86Sr values, corrections based on the NIST NBS
987 and USGS EN-1 standards, and standard deviations, plus maximum ages, preferred ages, and
minimum ages obtained from the LOESS 6 [75] for each analyzed sample. The mean of the selected
87Sr/86Sr values is calculated, showing the maximum age, the preferred age, and the minimum age
of the fossil whale horizon.

Sample Measured 87Sr/86Sr Corrected 87Sr/86Sr ±2σmean
Max Age

(Ma)
Preferred Age

(Ma)
Min Age

(Ma)

CA-OST1 0.708931 0.708937 0.000005 8.26 7.62 7.19
CA-OST2 0.709026 0.709032 0.000004 5.38 5.14 4.86
CA-OST3 0.709122 0.709128 0.000006 1.29 1.16 1.03
CA-OST4 0.709017 0.709023 0.000005 5.61 5.40 5.13
CA-OST5 0.709036 0.709042 0.000005 5.11 4.79 4.01

CA-BULK6 0.709068 0.709074 0.000005 2.68 2.37 2.10

Mean values
of the horizon - 0.709033 0.000013 5.59 5.11 4.22

5. Taphonomic History
5.1. Transport and Deposition

The ventral disposition of the Cádiz whale suggests that, after sinking to the
seafloor for a first time, the cetacean carcass floated again to the surface before sinking
definitively [8,18,25]. The floating of a whale is usually attributed to the formation and
accumulation of putrefaction gases in the abdominal cavity during the decay process.
Consequently, the whale carcasses can bloat, float, and ultimately flip ([8] and references
therein). In the case of the studied whale, this hypothesis is supported by the observation
of two disarticulated vertebrae as well as by the rotation of the thoracic portion of the
vertebral column, which is usually either dorsally or ventrally disposed because the large
body size prevents most whale carcasses from rolling [18]. However, at some time, the
gases must have escaped, thus preventing a complete explosion of the rib cage [7], as the
ribs are fully articulated. Another explanation for the rotation of the vertebral column
involves a high-energy event at the seafloor that may have moved the whale skeleton
laterally before its final burial. Unfortunately, it is not possible to reconstruct the original
orientation of the carcass due to the detachment of the block from its original position.

The very high articulation degree (class 4) and the high completeness degree (at
least class 3) suggest that the carcass did not undergo a significant dismembering after
death and especially during refloating, which would have been limited in time and space.
As suggested by Bosio et al. [18], dismemberment during floating may lead to a loss of
completeness but not necessarily of articulation, which in turn can be lost for other reasons.

The Lower Pliocene depositional environment in which the whale sunk was a coastal,
shallow-marine environment. That said, the skeletal assemblage of the layer in which the
whale is preserved testifies to a deeper depositional environment compared to the over-
lying layers. The lowermost stratum (sample CA-PE2) is most likely related to a subtidal
environment located below the wave base, possibly around ca. 50 to 60 m water depth,
as also suggested by the abundance of planktic foraminifera and the presence of benthic
foraminifera such as Lenticulina [97,98]. The middle stratum (sample CA-PE1) is probably
related to a shallower setting, possibly less than 15 m water depth, given the presence of
widespread Thalassinoides [99,100] and the high abundance of barnacle fragments [101].
Thalassinoides-bearing layers are often related to erosional or non-depositional discontinu-
ities that usually correspond to sequence boundaries [102,103]. They typically result from
periods of erosion or hiatuses in sedimentation during which an incipient lithification of the
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sediment occurs, thus allowing the infaunal macroinvertebrates to burrow into a loose, fine-
grained sediment that otherwise would have been too soft to serve as a substrate for such
structures. When deposition starts again, all the burrows are filled by sediment [102,103].
The latter most likely deposited in a shallow-water setting at a few meters of water depth.

Given its skeletal assemblage, the uppermost stratum (sample CA-PE3) is probably
related to a shallow-water setting, most likely less than 15 m deep [104,105]. The abundance
of barnacles, mollusks, and bryozoans in the middle and upper strata also suggests a high
nutrient supply, supporting a high primary productivity to sustain an abundant community
of heterotrophs [104,106,107]. This interpretation is consistent with those proposed for
other Pliocene deposits of Spain characterized by a similar skeletal assemblage [108–110].
The overall abundant presence of micrite and bioturbations and the lack of cross-lamination
suggest a relatively protected setting with limited hydrodynamic energy. Overall, such a
hypothetical paleoenvironmental setting is consistent with that proposed by other authors
for the same deposits [67,111].

5.2. Permanence on the Seafloor

The degree of bone preservation and the associated faunal assemblage indicate that the
Cádiz whale remained exposed for a long time on the seafloor before finally being buried.
The low degree of bone cortical preservation, the occurrence of shark tooth marks, the
fossil traces assigned to Osedax, and the microscopic evidence of abrasion, dissolution, and
bioerosion of the compact bone tissue, together with the presence of encrusting organisms
that grew up to large body size values, suggest a prolonged exposition of the defleshed
skeleton on the seafloor.

A whale carcass on the seafloor constitutes a remarkable organic- and sulfide-rich
habitat island. According to the “whale-fall community” approach, a whale carcass usually
passes through four phases: (i) the mobile-scavenger stage, (ii) the enrichment-opportunist
stage, (iii) the sulfophilic stage, and (iv) the reef stage [11].

In the first stage, which can last months (up to five years), soft tissue is removed from
the carcass by aggregations of active necrophages. In our case, the discovery of as few
as two shark tooth marks on a whale rib as well as of a couple of shark teeth in the close
vicinity of the whale skeleton are suggestive of a scavenging action rather than of an active
shark attack (e.g., [17,112–114]). These necrophagous actions operated by sharks such as
Carcharhinus cf. leucas could contribute substantially to deflesh the carcass in a short time.
Other animals with soft bodies could have also taken part in scavenging without getting
preserved in the fossil record.

The second phase, the enrichment-opportunist stage, is here represented by pockmarks
that have been attributed herein to Osedax. Such pockmarks have only been reported for
two ribs, but recent erosion may have cancelled similar traces elsewhere. The enrichment-
opportunist stage may take a few months up to two years, during which dense assemblages
of heterotrophic macroinvertebrates, especially polychaetes and crustaceans, colonize the
bones and the organically enriched sediments surrounding the carcass [11]. Osedax is a
marine siboglinid annelid genus that has developed a unique metazoan–bacteria symbiosis
to convert the organic material sequestered within the bones of dead vertebrates into an
energy source [115], hence its vernacular name, “zombie worm”. The posterior part of
the zombie worm body penetrates into the bone tissue and features a root-like structure.
The root absorbs collagen and lipids from the surrounding bone, whereas the gills extend
into the surrounding seawater [54]. Fossil traces of Osedax are commonly found on fossil
bones of whales and other marine vertebrates starting from the Cretaceous (e.g., [54,84–88]).
Osedax bioerosion can lead to the complete destruction of whale skeletons [4,84]. In our
case, the whale skeleton was likely only partially colonized by these worms.

The sulfophilic stage is somewhat underrepresented in our case study. During this
phase, which may or may not occur and last up to 50 years, a chemolithoautotroph fauna
colonizes the bones and surrounding sediments due to the production of sulfide from the
anaerobic bacterial activity during the decomposition of bone lipids [11]. No sulphophilic
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bivalves, such as the genera Adipicola, Calyptogena, Conchocele, Idas, Solemya, and Vesicomya,
have been found at the site. However, microborings of the type B sensu Gariboldi et al. [94]
and Bosio et al. [18] are found in thin sections of the bone tissue. Features such as the
microboring infill of apatite enriched in Fe and framboidal Fe oxides associated with
the bones suggest that their production is related to a sulfate-reducing bacterial activity
responsible for the decay of the organic matter [10,18,94,95]. In addition, the presence of
opaque minerals lining the dissolved external bone tissue evokes the occurrence of bacterial
mats locally coating the bone surface. During lab-based experiments documenting the
formation of framboidal iron sulfide growth on decaying vertebrate material in simulated
marine settings, many framboids were indeed found on the bones, encapsulated in a biofilm
associated with bone-covering bacterial mats [116]. This bacterial activity may reflect the
sulfophilic stage of the Cádiz whale fall. The pyrite framboids may also have formed
during this stage.

Evidence for the final pre-burial stage, i.e., the reef stage, is actually abundant. This
stage is represented by suspension feeders colonizing the mineral parts and exploiting
flow enhancement and hard substrates after the decomposition of organic matter [11].
Encrustation by balanid barnacles and bivalves such as ostreids indicate that the bones
were bare before burial. Moreover, the fairly large dimensions reached by both the barnacle
and the bivalve shells suggest a prolonged period of exposition of the defleshed bones on
the seafloor. Balanid barnacle growth rates have been reported as ranging from 0.83 to
1.17 mm/day for the shell [117] or, more recently, from 1.0 to 1.5 ± 0.1 mm2/day for the
basal area [118]. Therefore, for reaching ca. 4 cm of height, at least ca. 40 days (and likely
many more) should have passed from the settling of the larvae on bones.

After a long exposition on the seafloor, probably lasting months (but not more than a
few years because the skeleton was still relatively intact; [119]), the whale was eventually
buried and the subsequent fossilization processes could start.

5.3. Diagenesis and Mineralization

Macroscopically, bones can acquire a reddish color due to their impregnation by Fe
hydroxides. The reddish color can be also observed microscopically through thin sections.
In the Cádiz whale, the pinkish color can be ascribed to the locally abundant presence of Fe
oxides in the bone cavities and within the bone microstructure.

For understanding the modes and timing of precipitation, it is important to focus on
the distribution of Fe oxides. Pfretzschner [90,91] described different mechanisms for the
formation of pyrite and iron oxides in fossil bones during diagenesis. In our case, fram-
boidal pyrite precipitated during the very early stages of diagenesis. Fe oxide framboids
are found in microborings and along the sediment–bone interface, probably as a result of
the oxidation of primary precipitated pyrite. Pyrite precipitation in bones can be produced
by two main mechanisms during two different stages of diagenesis: pyrite formation by
sulfide precipitation in early diagenesis and pyrite formation by pH-dependent precipi-
tation in late diagenesis [90]. In the first case, the one that is relevant to the Cádiz whale,
pyrite precipitated in the very first phase of diagenesis, when microbial activity rather
than environmental factors was the main influence on the chemical conditions within the
bone. In fact, during organic decomposition, the reducing conditions and high organic
matter content caused by the presence of the carcass itself could activate a process of Fe
and sulphate reduction [120]. Laboratory experiments indicate that once the bones are
defleshed by scavengers, pyrite framboids can precipitate within weeks of exposure [116].

On the other hand, in some cases, Fe oxides fill the osteocyte lacunae, canaliculi,
and partially the Haversian canals and microcracks; furthermore, the edge of the osteons
is characterized by a dark red color as the bone tissue has been substituted by Fe ox-
ides. This case, i.e., the presence of pervasive Fe oxides that do not completely fill the
Haversian canals, was interpreted by Pfretzschner [91] in terms of pH-dependent hematite
precipitation during late diagenesis. Fe oxide formation by pH-dependent precipitation
seems to have been rapid and restricted to the latest phases of apatite recrystallization,
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when the microcracks formed due to the loss of collagen, but before the closure of the
lacunae and canaliculi [91]. Finally, the bone apatite recrystallized, preserving all its
histological features.

The hardness of a fossil bone can be related to the mineralization degree, which in turn
depends on the processes that occurred during fossilization [10]. The moderate hardness of
bones from the Cádiz whale is consistent with the aforementioned microscopic observations.
The BSE images show poorly mineralized and fragile areas but also highly mineralized and
Fe-enriched portions, especially where the pyrite framboids are concentrated. Moreover,
several Haversian canals are filled by secondary calcite cement, which contributed to the
hardness and permineralization of the fossil bones. Carbonates can precipitate in the early
stages of diagenesis but usually retain evidence of this early precipitation (e.g., micro-
and cryptocrystalline texture adhering to bone tissue, see [94]). In the Cádiz whale, the
calcite cement is only present locally and displays a mosaic texture that typically indicates
a late precipitation from Ca-enriched diagenetic fluids. During late diagenesis, secondary
minerals such as sparry calcite can precipitate and fill the bone cavities, thus increasing the
hardness of the fossil bone [10].

In conclusion, an early mineralization is pivotal for preserving vertebrates in the fossil
record [120]. Early pyrite precipitation occurred within a few weeks of exposure, before
burial. Ca phosphate mineral recrystallization should have followed swiftly even during
the syn-burial stage, thanks to P availability due to phosphate liberation from the water
column through sulfate reduction and the lowering of pH induced by the first products
of organic matter decay [121,122]. During the late phases of recrystallization, Fe oxides
started to precipitate, filling the bone cavities and permeating the bone tissue. After burial,
bones experienced bioturbation by crustaceans that excavated the consolidated sediment to
eventually reach the whale-embedding layer before the final cementation could take place.
Finally, during late diagenesis, a calcite cement precipitated from circulating Ca-enriched
fluids to fill several of the remaining empty cavities, thus further mineralizing the bone.

6. Conclusions

A fossil balaenopteroid whale was discovered at the locality of Conil de la Frontera
(Cádiz, Spain) resting on an upside-down block detached from the nearby coastal cliff,
where a Pliocene to Pleistocene sedimentary succession is exposed. 87Sr/86Sr analyses
on three fossil oysters give an Early Pliocene age for the layer in which the fossil whale
occurs, which fits well with the age of the lowest unit exposed at this locality. During the
Early Pliocene, the paleoenvironment was a shallow-marine coastal setting. Taphonomic
observations allowed the reconstruction of the taphonomic history of this balaenopteroid,
which passed through all the whale-fall community stages: the mobile-scavenger stage,
the enrichment-opportunist stage, the sulfophilic stage, and the reef stage. After death, the
whale refloated again on the sea surface, where it lost some of the bones of the forelimbs
and then sank to the seafloor in a ventral disposition. It remained unburied for long enough
to be subject to scavenging, macro- and microbioerosion and to serve as a substrate for
encrusting organisms. After burial, diagenetic processes led to the early permineralization
of the bone tissue and the precipitation of secondary calcite cements, which contributed to
the eventual preservation of the whale skeleton.

Supplementary Materials: The following supporting information can be downloaded at https://
doi.org/10.6084/m9.figshare.24518479 (posted on 20 December 2023): 3D reconstruction of the
fossil whale.
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