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Pohlsepia mazonensis, from the late Carboniferous Mazon Creek Lagerstätte
(311–306 Ma), has been suggested to be the oldest fossil octopus. This
single specimen provides a key calibration point for molecular clock
studies, which estimated a Palaeozoic origin for octobrachians, pushing
the fossil record of crown octopuses back 150 million years. Despite
being a textbook ‘phylogenetic fuse’ example, the systematic position
of Pohlsepia is controversial and, consequently, our understanding of
cephalopod evolution remains in flux. We present the first comprehensive
reassessment of this enigmatic fossil, alongside multiple new specimens,
using a suite of advanced analytical techniques. Synchrotron micro-X-ray
fluorescence elemental mapping reveals a radula obscured by the matrix,
definitively confirming a molluscan affinity. Crucially, radular tooth count
and morphology indicate that Pohlsepia is not an early octobrachian but
rather a decomposed nautiloid. This reinterpretation refutes a Palaeozoic
origin for octobrachians and provides the only unequivocal evidence
of nautiloid soft tissue in the Palaeozoic fossil record. Our findings
demonstrate how advanced analytical methods can be used to resolve
the interpretive challenges posed by the exceptional but often ambiguous
soft tissue preservation in the Mazon Creek Lagerstätte, offering great
potential for the re-evaluation of other fossil specimens from this iconic
site.
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1. Introduction
Described in 2000 from a solitary siderite concretion, Pohlsepia mazonensis [1] (figure 1a,b) fundamentally challenged our
understanding of cephalopod evolution when it was interpreted as the oldest known octopus, predating previous estimates by
over 150 million years. This charismatic but contentious fossil from the late Carboniferous Mazon Creek Lagerstätte (311–306
Ma) [5] was described as possessing a distinctive ‘sac-like’ fused head and mantle, symmetrical fins, paired eyespots and
arm crown with both arms and specialized tentacles, while at the same time lacking any evidence of an internal or external
shell (figure 1c). Based on this combination of characteristics, Kluessendorf and Doyle [1] interpreted P. mazonensis as a cirrate
octopod, a member of a group of ‘primitive’ benthic octopods that inhabit present-day deep-water marine environments (e.g.
[6,7].

The identification of a crown cirrate octopod in the Carboniferous dramatically reconfigured the timeline of cephalopod
evolution. Prior to Kluessendorf & Doyle [1], crown coleoids (octopus, cuttlefish and squid) were thought to have diverged
in the Jurassic (e.g. [8]). However, the description of P. mazonensis pushed the origin of octobrachians—and by extension the
split between Octobrachia and Decabrachia—deep into the Palaeozoic [1,9] (figure 1g). This single fossil anchored subsequent
molecular divergence time estimates, serving as the primary calibration point in many of the first cephalopod phylogenetic
studies, all of which inferred Palaeozoic origins for major coleoid lineages (e.g. [10–12]). Building upon these findings, the
presence of a derived octopod in the Palaeozoic has been used as a textbook example of a ‘phylogenetic fuse’ (i.e. where a single
fossil implies a much longer evolutionary history than previously recognized; see [13,14]) and was evidenced as a justification
for a coleoid affinity for enigmatic Cambrian fossils, such as the highly controversial Nectocaris pteryx (e.g. [15,16]; see also [17]).

The placement of P. mazonensis as a crown cirrate octopus is, however, controversial. Many of the purported ‘octopode’
characters identified by Kluessendorf & Doyle [1]—including the arm crown, fins and funnel—are highly contentious [18,19],
and the fossil lacks key cirrate features such as an internal shell vestige, single row of suckers and arm cirri [20–22]. Even
seemingly unequivocal anatomical characters have come under scrutiny: Rogers et al. [23] examined the paired ‘eyespot’
structures, finding no evidence of melanosomes, the characteristic melanin synthesizing organelles observed in extant and
extinct coleoid eyes. This is unusual; melanosomes readily preserve in Mazon Creek fossils [24–27]. Additionally, Rogers et al.
[23] found that the chemical signatures of the paired structures do not resolve with the chemical signatures of other coleoid
cephalopod ocular pigments, further undermining their octopod affinity. Indeed, Sutton et al. [28] failed to phylogenetically
resolve P. mazonensis among crown octopodiformes, instead placing it as a basal coleoid with ‘uncertain affinities’, while the
morphological uncertainties have led other researchers to question whether P. mazonensis represents a cephalopod [2,29] or even
a mollusc [30,31]. Unsurprisingly, when P. mazonensis is excluded from molecular clock analyses, studies consistently support a
Mesozoic origin for crown Octobrachia [2–4,32]. This timing aligns well with the earliest unequivocal fossil evidence of crown
octopods from the late Jurassic ([33,34] see figure 1g) as well as the excellent fossil record documenting internal shell reduction
in stem-octopods, a process that ultimately led to the reduced shell character states observed in extant cirrates (e.g. [33,34]).

Comprehensive reassessment of P. mazonensis is of timely importance yet is a challenging prospect; our understanding of
soft-tissue preservation mechanisms in siderite concretions remains limited (e.g. [5]) making definitive morphological interpre-
tation from a single ambiguous soft tissue specimen particularly problematic without new anatomical character complexes
(e.g. [25]). Typically, soft tissues from the Mazon Creek Lagerstätte are preserved as 2D light-on-dark ‘stains’ associated with
minimal mouldic relief [5,35]. Kluessendorf & Doyle [1] acknowledged the difficulty interpreting the soft tissue anatomy of P.
mazonensis based on the colouration of the matrix—this challenge is typified by the cryptic light stains that protrude from the
main body of P. mazonensis, which were ultimately dismissed by Kluessendorf & Doyle [1] as non-biological ‘fluids expressed
from the animal after burial’. It is fair to say that the morphological ambiguity of P. mazonensis’ soft tissues clouds the systematic
placement of this iconic fossil.

In this study, we present a much-needed reassessment of P. mazonensis, alongside an investigation of several other previously
undescribed soft tissue Mazon Creek specimens that are visually similar to P. mazonensis, using a suite of analytical and imaging
techniques. By reevaluating this controversial fossil that has shaped cephalopod evolutionary timelines for over two decades
and presenting new anatomical characters, we contribute new perspectives to the ongoing discussion about the timing of major
cephalopod radiations and the reliability of evolutionary narratives based on ambiguous soft-bodied fossils.

2. Material and methods
(a) Fossil specimens and updated locality data
The focus of this study is the single specimen of P. mazonensis from the Mazon Creek Lagerstätte, consisting of a part (FMNH
PE51727a; figure 1a) and counterpart (FMNH PE51727b; figure 1b; a video of the specimen can be seen in the electronic
supplementary material). During the course of our investigations, we were made aware of several additional Mazon Creek
fossils that looked visually similar to P. mazonensis, which have been tentatively identified as cf. Paleocadmus? based on the
presence of mouthparts/radulae: FMNH PE29383 (figure 1d), FMNH PE32522 (figure 1e), FMNH PE88991 (figure 1f; part and
counterparts: electronic supplementary material, figure S1; mouthparts: electronic supplementary material, figure S6). These
fossils were also investigated. All specimens are accessioned at the Field Museum of Natural History, Chicago, USA (FMNH).

P. mazonensis, and the other specimens examined herein, are each preserved within a siderite (iron carbonate) concretion
found in the ex-coal strip mine, Pit 11 (Will and Kankakee counties, Illinois, USA [1]). Detailed geographic and stratigraphic
data are lacking for where P. mazonensis was found—an issue when considering that Pit 11 is geographically large, covering
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approximately 14 km2. We can deduce that P. mazonensis was extracted from the lower 3 to 8 m section of the Francis Creek Shale
Member, as this is the fossiliferous part of the section associated with the Mazon Creek Lagerstätte biota (see [5] for a review of
the Lagerstätte), although it is unclear whether P. mazonensis was found in situ or as part of the spoil heaps that were historically
picked over by collectors (e.g. [36]).

The fossiliferous sub-section of the Francis Creek Shale Member represents the voluminous deposition of terrestrially
derived, iron-rich, riverine muds and silts into a tidally influenced brackish marine basin [5,35]. This large discharge of water
and sediment transported allochthonous terrestrial plants and organisms into the bay, burying them and smothering native
marine organisms in an extensive sediment fan (although it is unclear if the high sedimentation rates or freshwater input
acted as the kill mechanism [5]). The inundating sediments, with their high iron content, created the geochemical conditions
required for the precipitation of authigenic siderite to form around the decaying soft tissues, geologically stabilizing them
within concretions. The exact controls and mechanisms of this type of soft tissue preservation are still being investigated (for
reviews see [5,35]). In the marine areas of the Mazon Creek Lagerstätte, such Pit 11, a diverse range of ecto- and endocochleate
cephalopods have been described although they are numerically rare compared to other animal groups [37,38].

Figure 1. The fossils and soft tissue anatomy of Pohlsepia mazonensis and cf. Paleocadmus sp. (a) Pohlsepia mazonensis PE51727a (part). (b) Pohlsepia mazonensis
PE51727b (counterpart). (c) The putative anatomy of Pohlsepia mazonensis (PE51727a). Dotted lines represent unresolved anatomical characters, and solid lines
represent unambiguous anatomical characters identified in this study. (d) cf. Paleocadmus sp. (PE29383). (e) cf. Paleocadmus sp. (PE32522). (f) cf. Paleocadmus
sp. (PE88991). Scales: 1 cm. All Paleocadmus samples (parts and counterparts) can be seen in electronic supplementary material, figure S1. (g) A schematic of a
molecularly calibrated time-tree of cephalopod evolution with solid lines indicating known fossil occurrences. Blue squares indicate molecular divergence data based
on Kröger et al. [2], Tanner et al. [3] and López-Córdova et al. [4]. The putative position of Pohlsepia as a cirrate is marked, demonstrating the conflict of a highly derived
crown-group octopus existing 150 million years before the transitional octopus fossils of the Mesozoic.
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(b) Scanning electron microscope energy dispersive spectroscopy
PE51727 was investigated using a Hitachi TM4000Plus scanning electron microscope (SEM), Imperial College, UK, with
backscattered electron images collected at an accelerating voltage of 15 kV. Energy dispersive spectroscopy (EDXS) was used for
semi-quantitative analyses using an Oxford Instruments AZtec series silicon drift detector with an energy resolution of 151 eV
(Cu-Ka; at an accelerating voltage of 15 kV with no gain calibration). Oxford instruments matrix corrections were used against
factory standards.

(c) Micro-CT scanning
PE51727 was micro-CT scanned using a Nikon XT H 225 cabinet scanner, University of Bristol, UK. The part was scanned with
a 1 mm thick copper filter, 222 kV voltage, 203 µA current and 3142 projections (each with an exposure time of 500 ms), while
the counterpart was scanned with a 1 mm thick copper filter, 222 kV voltage, 188 µA current and 3142 projections (each with
an exposure time of 708 ms). These scans were digitally reconstructed as three-dimensional computer models using the SPIERS
software suite [39].

(d) Synchrotron analysis
Synchrotron micro-X-ray fluorescence (µXRF) major-to-trace elemental mapping was performed on PE51727 and PE29383 at the
PUMA beamline of the SOLEIL synchrotron source, France [40], using a 18.5 keV monochromatic beam, which was selected
for excitation of K-lines from phosphorus to zirconium and L-lines from cadmium to uranium. The incoming X-ray beam was
focused using Kirkpatrick-Baez mirrors to a spot size of approximately 7 × 5 µm2 (H × V, full width at half maximum). The
sample was mounted on a scanner stage allowing 150 mm and 100 mm movements (in horizontal and vertical directions,
respectively) with sub-micrometre accuracy, and orientated at 45° to the incident beam, producing an effective beam size of
approximately 10 × 5 µm2 (H × V) on the sample. XRF was collected using a SiriusSD silicon drift detector (SGX Sensortech
Ltd, 100 mm2 active area) orientated at 90° to the incident beam, in the horizontal plane. Two-dimensional spectral images, i.e.
images for which each pixel is characterized by a full XRF spectrum, were collected on the fly [41] over the specimens at a 25–80
µm lateral resolution with a 40–50 ms dwell time (effective counting time was 90% of the dwell time) depending on the samples
(acquisition parameters are given in figure captions). All the elemental distributions presented herein correspond to integrated
intensities from the main XRF peaks, represented using logarithmic colour or linear grey scales that go from dark to light for
low to high intensities, respectively.

(e) Multispectral imaging
PE51727 and PE29383 were investigated using multispectral imaging at the IPANEMA laboratory, Gif-sur-Yvette, France.
Building on the concept of UV photography [42] and visible light fluorescence imaging [43–45], reflection and luminescence
images in various spectral ranges were collected using a setup consisting of a low-noise 4.2-megapixel CMOS camera (ORCA-
Flash4.0 LT PLUS, Hamamatsu) with high sensitivity from 350 to 900 nm, fitted with a UV–VIS–IR 60 mm 1 :  4 Apo Macro lens
(CoastalOptics), in front of which was positioned a filter wheel holding eight interference band-pass filters (Semrock) to collect
images in eight spectral ranges from 472 to 935 nm. Illumination was provided by 16 LED lights ranging from 365 to 700 nm
wavelength (CoolLED pE-4000), coupled to a liquid light-guide fitted with a fibre-optic ring light-guide. As such, more than 90
different illumination/detection couples were available, and the resulting greyscale images were combined into false colour RGB
images to enhance morphological contrasts or reveal details invisible in traditional photography using only visible light. Image
stacking, image registration of the different couples and production of false colour RGB composites were performed in ImageJ.
Acquisition parameters: lateral scanning step, 80 µm; dwell time, 40 ms (figure 2e,f).

3. Results and discussion
(a) Soft tissues and body outline
Synchrotron micro-X-ray fluorescence, SEM EDXS and multispectral imaging were used to re-investigate the contentious soft
tissue anatomical characters of P. mazonensis (figure 2). SEM EDXS mapping shows a slight elevation in the clay content,
especially kaolinite, in the white stain that represents the main body of the animal compared to the matrix (electronic supple-
mentary material, figures S2a–I and S3a–d). Similarly, synchrotron micro-X-ray fluorescence elemental mapping shows that
the body stain is enriched in copper and arsenic compared to the surrounding concretionary matrix. We did not observe any
elevation of clays, copper and arsenic, in the ‘expressed fluid’ (figure 2c,d). Despite looking visually similar to the body stain,
our data indicate that these discolorations of the matrix are unlikely to be a true soft tissue anatomical character—confirming
the original assessment of Kluessendorf and Doyle [1]. This structure could be taphonomic fluids that leaked from the carcass,
although we speculate that it could perhaps represent a burrow that was captured and preserved during the formation of the
siderite concretion, but we cannot confirm this. Regardless, our results here show that identifying enigmatic soft tissues via
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visual colour changes in the concretionary matrix alone is not advisable. We advise, where possible, using multiple lines of
analytical investigation to resolve enigmatic soft tissues in the exceptional fossils of the Mazon Creek Lagerstätte.

Our analyses of the putative soft tissue characters of P. mazonensis allow us to conclude the following. (i) We find no tissue
folds or a distinct funnel-like opening structure that confirms the presence of a siphon (electronic supplementary material,
figure S2I). (ii) While the elemental maps and multispectral images do show some poorly preserved appendage-like structures
(figure 2c–f; electronic supplementary material, figure S2g,i), we find limited evidence to support the presence of eight distinct
arms or any specialized tentacles, as previously inferred by Kluessendorf & Doyle [1]. Similarly, none of the cf. Paleocadmus
specimens we studied had distinguishable arm crowns or provided clear evidence of specialized armature. Moreover, micro-CT
scanning of the ‘arms’ reveals no evidence of biomineralized arm hooks (figure 2a,b), which are known to preserve in the Mazon
Creek [46]. (iii) Elemental maps confirm that the lobate ‘fins’ are part of the body outline (figure 2c,d; electronic supplementary
material, figure S2D). Neither the elemental maps, multispectral images, nor visual investigations revealed any clear indicators
of tissue folding or any definitive fin-like structures in P. mazonensis or any of the other Paleocadmus specimens. (iv) SEM EDXS
investigation of the ink sack/stomach/crop revealed a three-dimensional structure infilled with pyrite and enriched in clays
(figure 2c,d; electronic supplementary material, figure S2e,f). Importantly, no defining anatomical structures or evidence of
melanosomes were observed, casting serious doubts on the interpretation of this structure as an ink sack. None of the other cf.
Paleocadmus specimens we investigated have a similar structure (electronic supplementary material, figure S1). (v) The paired
‘eyespots’ consist of three-dimensional shallow bowl-like impressions infilled with a darker stained matrix. The dark stain is
characterized by elevated levels of pyrite and kaolinite (electronic supplementary material, figure S2b,c and S3b); however, we

Figure 2. Analytical investigations of Pohlsepia mazonensis (PE51727). (a) Virtual reconstruction based on micro-CT showing the external concretionary surface of
PE51727a. Mouthparts are highlighted in purple. (b) Virtual reconstruction based on micro-CT with the external surface of PE51727a partly transparent. Mouthparts
are highlighted in purple and the area of high X-ray attenuation is shown in blue. (c) Synchrotron micro-X-ray fluorescence (µXRF) elemental map of PE51727a showing
copper (red), arsenic (yellow) and iron (blue). (d) Synchrotron micro-X-ray fluorescence (µXRF) elemental map of PE51727b showing copper (red), arsenic (yellow) and
iron (blue). (e,f) Multispectral false colour RGB images of PE51727a (e) and PE51727b (f). Illumination/detection couples used: red—illum. 460 nm/det. 472 ± 15 nm
(reflection), green—illum. 385 nm/det. 708 ± 37 nm (luminescence), blue—illum. 660 nm/det. 835 ± 35 nm (lum.). Scales: 1 cm.
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could not identify any melanosomes or impressions of melanosomes. Eyespot-like structures are also present in cf. Paleocadmus;
they are visible in PE32522 (electronic supplementary material, figure S6d) and a singular ‘eyespot’ that is not visible to the
naked eye was detected in PE29383 with synchrotron mapping (electronic supplementary material, figure S5). These structures
are morphologically similar to the shallow bowl-like structures of P. mazonensis and, likewise, had no identifiable melanosomes;
their position and dimensions, however, coincide with where the animal’s eyes would be expected (compare [47]).

Micro-CT scanning did not reveal any evidence of shell material within or on the surface of the P. mazonensis. However,
a flattened circular area characterized by relatively high X-ray attenuation can be observed within the concretion (figure 2b).
Based on overall shape, the structure does not appear to be biological in origin. Dense minerals, such as sphalerite and pyrite,
are commonly known to form during late-stage concretion formation in the Mazon Creek Lagerstätte [5,35]. Interestingly, an
elongate ‘void’ in the dense material is visible below the mouthparts—this is not a true ‘void’ but rather the original siderite
matrix. This structure does not appear to be biological but occurs along a crack within the concretion. This could be a septarian
fracture (e.g. [5]), however, without sectioning the concretion, it is impossible to accurately determine either the dense material
or the void structure at this time.

(b) Radula
Synchrotron µ-XRF analysis revealed a previously undetected morphological character that represents the only unequivocal
anatomical character with systematic implications in P. mazonensis. When undertaking Fe mapping of the buccal area, no
elemental contrast was observed between the fossil remains and the siderite, but the high Fe content, together with the
sharpness of µ-XRF mapping and limited depth probed (attenuation length of Fe in siderite is ca. 30 µm), provided a high-reso-
lution surface scan of the fossil revealing the presence of a previously unobservable radula and beak-like mandibles in close
proximity to the presumed arm crown (figure 3). The presence of a radula confirms that P. mazonensis is a mollusc. Both upper
and lower beaks appear to be preserved in an anterior/posterior orientation. The beak elements are incomplete, with both
the rostrum tips and wings broken (possibly during splitting of the concretion). The radula is a shallow mouldic structure;
it is unclear if any original material persists due to the presence of overlying matrix but based on other cephalopod and
polyplacophoran radulae from the Mazon Creek, this is unlikely (e.g. [37,38,46,48,49]). The radula is incomplete; it is difficult
to discern if the radula folds ‘into’ the concretion matrix or if it disarticulated during decay. Synchrotron µ-XRF analysis allows
us to observe at least 11 distinct elements per transverse row: a central rachidian tooth (R), lateral teeth pairs (L1 and L2?), two
pairs of marginal teeth (M1 and M2), and at least one pair of smooth marginal plates with no noticeable grooves (MP2) (figure
3b–d; reconstruction: figure 4a). The combination of the radula being laterally compressed and the resolution limitations of the
scan meant that it was difficult to accurately resolve the morphology and exact size of each element, particularly the lateral teeth
pairs, however we can confidently state that (i) the central rachidian tooth appears to consist of a central mesocone without any
obvious flanking ectocones, (ii) the lateral teeth pairs are smaller in height than the central rachidian tooth but appear to have
wider bases, (iii) the marginal teeth are larger than the lateral teeth and are curved with a unicuspid morphology, and (iv) the
presence of at least one pair of marginal plates can be inferred based on the faint rectangular impressions observed on the right
side of the radula (figure 3c). Our analyses further identify that multiple cf. Paleocadmus specimens also preserve with a radula
and/or beaks (PE29383; PE32522; PE88991; electronic supplementary material, figures S1 and S5).

4. Pohlsepia is a nautiloid
The identification and configuration of the radula, alongside the general morphology of the teeth, unambiguously places P.
mazonensis within Cephalopoda. Our analysis reveals at least 11 elements in each radula row—more than the 7 or 9 elements
per transverse row seen in crown coleoids but less than the 13 elements seen in nautiloids [46,50]. Based on the number of
elements and their general morphology, we can definitively reject a cirrate cephalopod affinity: while many extant cirrates
have reduced or secondarily lost their radula as an adaptation to a deep-water habitats [7,54], genera including Grimpoteuthis
[53], Vampyroteuthis [55] and Luteuthis [52] have a well-developed radula, consisting of 9 elements that are morphologically
distinct from those seen P. mazonensis (figure 4d–k). This finding, alongside the clear morphological differences of the marginal
plates, also allows us to reject a close relationship between P. mazonensis and the Mazon Creek coleoid Saundersites illinoisiensis
(formerly Jeletzkya douglassae [46]; figure 4c; electronic supplementary material, figure S6).

Despite an incongruent element count, a nautiloid affinity for P. mazonensis is strongly supported by the following two lines
of evidence. (i) The number of elements present in the radula of P. mazonensis is likely to be a preservational artefact. Compared
to extant and extinct nautiloid radulae, P. mazonensis is missing a small pair of marginal plates (MP1) that typically sit behind
the M2 elements (figure 4; electronic supplementary material, figure S4). Typically, MP1 elements are infrequently observed
in Mazon Creek nautiloid radulae. The radulae of both Paleocadmus herdinae [48] and Paleocadmus pohli [37] are incompletely
preserved—their radulae either fold into the concretion or show evidence of taphonomically related disarticulation (e.g. [48]).
Typically, in these taxa MP1 are identified via composite reconstructions of the radula row by multiple specimens (e.g. [37]),
which is not possible for the singleton P. mazonensis. Our scan does not have the resolution to allow us to identify MP1 elements,
but we believe it is parsimonious that P. mazonensis did indeed have a pair of MP1 in vivo and, thus, a total of 13 elements.
(ii) Our scan demonstrates that the radula of P. mazonensis is morphologically similar to that of the Mazon Creek nautiloid P.
pohli. Both have a unicuspid central tooth, wide triangular lateral teeth and smooth elongate cresent-shaped marginal teeth
[37] (figure 4a). We can discount an affinity to the other Mazon Creek nautiloid Paleocadmus herdinae—this radula has a weakly
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Figure 3. The radula and beak of Pohlsepia mazonensis. (a) Synchrotron micro-X-ray fluorescence (µXRF) iron (Fe) elemental map of PE51727a—the radula and beak
region are marked by white box. Acquisition parameters: lateral scanning step, 80 µm; dwell time, 40 ms. (b) Increased magnification of the radula and beak region.
(c) Annotated radula anatomy of Pohlsepia mazonensis. (d) Annotated synchrotron micro-X-ray fluorescence (µXRF) elemental map of PE51727a showing copper (red),
arsenic (yellow) and iron (blue). Acquisition parameters: lateral scanning step, 25 µm; dwell time, 50 ms. Scales = 10 mm.

Figure 4. Radulae of extinct and extant cephalopods. (a) Composite reconstruction of Paleocadmus pohli‘s radula row (from both fossil material and modified from
[37,50]). The missing elements of PE51727 are marked in grey. (b) Paleocadmus herdinae (modified from [50]), (c) Saundersites ilinoissensis (modified from [46,50]),
(d) Vampyroteuthis infernalis (modified from [51]), (e) Luteuthis dentatus (modified from [52]) (f) Grimpoteuthis sp.? (modified from [53]) (g) Octopus vulgaris (modified
from [50]) and (h) Nautilus pompilius (modified from [50]). Abbreviations: R: rachidian tooth, L1: 1st lateral tooth, L2: 2nd lateral tooth, M1: 1st marginal tooth, M2: 1st
marginal tooth. MP1: 1st marginal plate, MP2: 2nd marginal plate. Scale bars: 1 mm (scale missing = data unavailable).
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tricuspid central tooth, elongated angular lateral teeth and marginal teeth with characteristic groove along the exterior [48]
(figure 4b).

We therefore conclude that P. mazonensis (referred to as PE51727 from here) is certainly Paleocadmus sp. and based on the
morphological evidence presented here, we determine that PE51727 is synonymous with, and by order of precedence should
be referred to as, P. pohli. This reinterpretation has important implications for coleoid evolution: PE51727 and the Paleocadmus
specimens represent the only unequivocal nautiloid soft tissue known from the Palaeozoic fossil record and thus the oldest by
approximately 220 million years (e.g. [47]). Furthermore, as PE51727 is not a cirrate octopus, it now no longer conflicts with the
body of evidence supporting the divergence of crown octopods during the late Jurassic (e.g. [2–4,33,34]). In turn, the lack of a
crown cirrate in the late Carboniferous places serious doubt over a Palaeozoic origin for the major crown coleoid lineages and,
in agreement with recent anatomical reassessments, demonstrates that a coleoid or even a cephalopod affinity for the highly
controversial Cambrian fossil N. pteryx is not credible (per [2,17,56,57]). Lastly, our results confirm that PE51727 should not be
used as a fossil calibration in studies investigating coleoid origins.

5. Systematics
Based on precedence, P. mazonensis (PE51727) is a junior synonym of P. pohli. We propose that, as the holotype of P. pohli
(PE25583) consists of only an isolated radula, PE51727, with its soft tissues, should be considered the paratype.

Phylum MOLLUSCA
Class CEPHALOPODA Cuvier, 1797
Subclass NAUTILOIDEA Agassiz, 1847
Family is uncertain
Genus Paleocadmus Solen & Richardson, 1975
Paleocadmus pohli Saunders & Richardson, 1979

Synonymy. 2000 Pohlsepia mazonensis Kluessendorf & Doyle: 920, fig. 1.
Revised diagnosis. Small, soft-bodied nautiloid identified via radula impression consisting of 13 distinct elements per row.

Teeth morphology: a relatively short, broadly triangular, unicuspid central rachidian tooth; wide triangular lateral teeth;
elongate smooth crescent-shaped marginal teeth. Other anatomical characters include round body outline enriched in clays,
incomplete beak, paired eye-like structures (shallow bowl-like impressions consisting of organic carbon and pyrite; possible
preservation of decayed pin-hole eyes?), and incomplete arm crown with some evidence of tentacles. Shell currently unknown.

Holotype. PE25583 (isolated radula impression)
Paratype. PE51727 (body outline, various ambiguous soft tissues, radula impression and beak)
Occurrence: Francis Creek Shale Member, Illinois, USA (Mazon Creek Lagerstätte). Exact type locality unknown.

6. Taphonomy of a fossil nautiloid
Despite using a suite of analytical techniques, we find that interpreting the soft tissue anatomy of PE51727 remains challenging.
We propose that the soft tissue anatomy of PE51727 and the Paleocadmus specimens are ambiguous because these organisms are
in an advanced state of decay. Often the fidelity of preservation of body outlines and soft tissue anatomy in Mazon Creek fossils
varies significantly within a single taxon, i.e. fossil specimens of the same taxon can be considered ‘taphomorphs’ (examples
can be seen in [58,59]). This taphonomic variance has been hypothesized to be due to the depositional environment: in the
ancient Mazon marine basin, recently deceased organisms were buried at varying rates depending on the sedimentary input,
primarily controlled by distance from the palaeocoast [5,60]. Once buried, the rate of entombment by siderite, which would
act to geologically stabilize the carcass, may have been variable due to environmental limiting variables, e.g. freshwater input,
bioturbation, sedimentary Fe+ content, etc. [5,35]. Despite soft tissue preservation being common in the Mazon Creek Lager-
stätte, these factors suggest that some carcasses may have undergone decay before becoming fossilized. The poor preservation
of PE51727’s key anatomical soft tissue characters, such as the arm crown, limbs and the paired eyespots, indicates that the
animal was in an advanced state of decay before geological stabilization. Determining how long PE51727 decayed for is difficult,
especially as there are limited studies investigating the decay and disarticulation of soft tissues in extant Nautilus for direct
comparison, however, based on the observation of beak/radula disarticulation during the decay of coleoid cephalopods, and
assuming no scavengers caused the carcass to disarticulate, it could occur somewhere between a few days to a couple of
weeks [61,62]. Regardless, the impact of decay makes interpretation of the body outline challenging, with one of the main
ambiguous structures being the ‘fins’. In the Paleocadmus sp. specimens investigated (PE29383, PE32522; figure 1d,e), the ‘fins’
appear to be much more lobate and less well defined than the same structures in PE51727. We believe that a plausible
alternative interpretation, based purely on visual morphology, is that the ‘fins’ could be decayed posterior cephalic retractor
muscles and/or the digestive gland lobe structures seen in the soft tissue anatomy of extant nautiloids (electronic supplementary
material, figure S4).

One interesting aspect of the Mazon Creek nautiloids is the lack of shell (conch); we are unable to ascertain whether PE51727
was buried with its shell. The flattened textural changes associated with the buccal mass of PE51727 suggest that the shell was
impressed into the sediment surface before being detached. However, if the shell had been buried with the soft tissues, then
it is likely that the shell, an impression, or a void left by shell dissolution, would have preserved (as seen in other nautiloid

8

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 293 : 20252369

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.2369/6130678/rspb.2025.2369.pdf
by Toulouse Mathematics Institute (Institut de Mathematiques) user
on 17 June 2026



and goniatitic ammonoid fossils described from the Mazon Creek Lagerstätte; see [38]). We found no direct evidence of shell
material within PE51727 or (visually) on any of the other Paleocadmus specimens. It is possible that the advanced state of
decay might provide the answer. Typically, the absence of preserved soft tissues in nautiloid fossils (and other ectocochleate
cephalopods such as the ammonoids) is primarily prescribed to postmortem floating (e.g. [61,63–65]). In this scenario, the
gas-filled chambered shell would float during decay, causing soft tissue fragments to disarticulate from the carcass, raining
from the water column to the sediment surface. As the body outlines of the Mazon Creek nautiloids are relatively consistent,
we deem this scenario unlikely. Recent investigations have shown that deceased modern Nautilus carcasses still associated
with their shells can sink postmortem—if decay of the mantle and musculature allows the body shell chamber to become
waterlogged [66]. Shell waterlogging neatly explains the presence of fossilized in situ jaws and stomach contents associated with
fossilized ectocochleate cephalopod shells [67,68], however, two recent examples of shelled cephalopod soft tissues that have
been identified without the corresponding shell [47,69] suggesting it is possible that the entire soft tissue anatomy could detach
from the shell during decay. Whether this occurred in the water column or on the seafloor remains uncertain as does the precise
timing of soft tissue separation from the shell; however, we believe that it is unlikely that soft tissues and the shells were buried
together in PE51727 and the other Paleocadmus specimens (reconstructed in figure 5).

It should be noted that the preservation of nautiloid soft tissues is taphonomically atypical. Most soft tissue-bearing fossil
coleoid cephalopods are preserved via the replacement of soft tissues by authigenic minerals such as apatite (calcium phos-
phate; phosphatization; [61,70,71]). In marine environments, apatite requires specific geochemical conditions to preferentially
precipitate (e.g. [72]) but experiments have shown that the decay of carcasses typically generates adequate localized geochemi-
cal gradients to trigger mineralization [26,61,73]. However, experimental decay studies on coleoid cephalopods demonstrate
that the use of ammonium-based buoyancy chemicals by Decabrachians reduces the intensity of the decay-induced geochemical
gradients—creating a taxonomic bias that limits the preservation potential of these groups [61]. Clements et al. [61] suggested
that the near absence of nautiloid, and ammonoid, soft tissues from the fossil record could be due to high levels of body
tissue ammonia that could act to prevent diagenetic authigenic mineral replacement. The Mazon Creek Lagerstätte, however,
does not preserve soft tissue directly via replacement by an authigenic mineral, but rather by the entombment of the carcass
by iron carbonate (siderite). Experiments investigating siderite precipitation show that the nucleation phase occurs at higher
pHs than phosphatization [74]. This may mitigate ammonia-related pH buffering that occurred during the decay of the
nautiloids. Despite being incredibly rare in the context of the vast number of fossiliferous concretions known, the presence
of multiple fossil nautiloids, as well as other soft-bodied cephalopods (e.g. Saundersites illinoisiensis), demonstrates that the
sideritic concretionary mode of preservation of the Mazon Creek Lagerstätte is unusually suited for preserving ectocochleate
cephalopods.

7. Conclusion
Our synchrotron micro-X-ray fluorescence elemental mapping analysis of P. mazonensis identified a previously unknown radula
obscured by the concretionary matrix. The presence and morphology of the radular elements indicates that P. mazonensis does
not represent a crown octobrachian but, in fact, represents the oldest known fossil soft tissue nautiloid (albeit without its
shell). The reclassification of this enigmatic cephalopod refutes a Palaeozoic origin for octobrachians, lending further support
to a mid/late Mesozoic origin for crown Octopoda, and further diminishing support for the dubious coleoid affinity of the
controversial Cambrian soft-bodied fossil N. pteryx. Our findings highlight the interpretive difficulties when assessing the

Figure 5. Reconstruction of a Paleocadmus decaying prior to burial in the Mazon Creek marine basin. The separated shell is visible in the background. Other Mazon
Creek fauna are visible, such as the polychaete Esconites zelus (foreground) and Bandringa rayi, an elasmobranch shark (back left). Palaeoart created by Franz Anthony.
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exceptional, yet occasionally ambiguous, soft tissue preservation seen in Mazon Creek Lagerstätte—emphasizing the need for
rigorous re-evaluation when investigating enigmatic concretionary soft-bodied fossil material.
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