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Abstract
We report on an aturiid (Cephalopoda: Nautiloidea) shell from the Pisco Formation, a Neogene marine sedimentary unit of the East Pisco Basin (southern Peru) that is widely known for its rich and exquisitely preserved marine vertebrate fossil content, including an outstanding cetacean assemblage. The studied specimen was collected from Middle Miocene strata exposed in the vicinity of Cerro Submarino. It consists of an internal mould of a phragmocone and is tentatively identified herein as belonging to the widespread, long-ranging species Aturia cubaensis. This fossil represents the first occurrence of Aturia in the Middle Miocene of the Pacific margin of South America; as such, it fills a gap in the chronostratigraphic distribution of the Southeastern Pacific finds of this genus, helping to bridge the Lower and Upper Miocene segments of its regional fossil record. The rarity of Aturia in the shelfal Cenozoic deposits of the East Pisco Basin may reflect the palaeoenvironmental habits of this extinct cephalopod genus, which may have lived in the upper bathyal zone, at about 250–350 m water depth. Despite recent suggestions that some extinct and extant marine mammal ecomorphotypes (including some odontocetes) were likely predators of nautiloids, there is no indication that any member of the diverse and abundant toothed whale faunas of the Pisco Formation exploited these shelled cephalopods as a relevant food source.
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1. Introduction
Aturia is a genus of nautiloid cephalopods that appeared in the Palaeocene (or latest Cretaceous) and became extinct around the end of the Miocene (e.g., Beu 1973; Chirat 2000; Nielsen et al. 2009; Goedert & Kiel 2016; Kurihara 2019). The only genus in the family Aturiidae, Aturia is represented in the fossil record by smooth, compressed, involute, somewhat ammonoid-like shells with a relatively complex suture pattern (Ward 1980; Laptikhovsky et al. 2013; Carlton 2019), which on the whole suggest fast swimming capabilities (Kiel et al. 2022). Like the extant nautiloids Nautilus and Allonautilus, Aturia is currently reconstructed as an upper bathyal carnivore that swam above the seafloor and was able to tolerate/exploit oxygen-depleted waters (Beu & Raine 2009; Schlögl et al. 2011). Fossils of Aturia are broadly distributed globally, hinting either to a quasi-cosmopolitan original distribution pattern or to post-mortem drift from a relatively restricted biogegraphic range located somewhere in the Central American region (Chirat 2000). Now however, evidence has been provided that various autochtonous or parautochtonous occurrences of Aturia exist worldwide, thus suggesting that different species may have had distinct geographic ranges in different quarters of the global ocean (Mikuž 2009; Nielsen et al. 2009; Schlögl et al. 2011; Goedert & Kiel 2016). 
The Middle Miocene to ?Pliocene Pisco Formation of southern Peru is a shallow-marine sedimentary unit consisting of conglomerates, sandstones, diatomites, diatomaceous siltstones, volcanic ash beds and dolomite horizons, which on the whole reflect deposition in coastal and shelfal settings as well as high oceanic productivity conditions (Suess et al. 1988; Dunbar et al. 1990; Brand et al. 2004; Bosio et al. 2020; Kiel et al. 2023). The Pisco Formation is known to palaeontologists worldwide for its exceptional fossil record of marine vertebrates: this is possibly the most significant record worldwide for the Neogene, due to the excellent quality of preservation, the high concentration of fossils and their remarkable diversity, which includes sharks and rays, bony fishes, marine turtles and crocodiles, seabirds, seals and – above all – cetaceans (both baleen-bearing and echolocating toothed whales) (e.g., Muizon 1988; Bianucci et al. 2010, 2016a, b, 2019; Lambert et al. 2010, 2015, 2016, 2021; Collareta et al. 2015, 2020, 2021a, b, 2023; Esperante et al. 2015; Gariboldi et al. 2015; Stucchi et al. 2016; Gioncada et al. 2016; Marx et al. 2017; Ramassamy et al. 2018; Bosio et al. 2020, 2021b; Boskovic et al. 2021; Benites-Palomino et al. 2022; Bianucci & Collareta 2022). Besides this extraordinary vertebrate record, fossil invertebrates such as molluscs have also been reported (Muizon & DeVries 1985; DeVries 1988, 1997, 2007, 2016; DeVries & Frassinetti 2003; DeVries et al. 2006; Di Celma et al. 2017; Bosio et al. 2020, 2021a; Sanfilippo et al. 2021), though not specifically cephalopods.

Nautiloids, including Aturia, are rather rarely recorded as fossils in the late Cenozoic of the Americas (Portell et al. 2004). Here, we report on the find of a specimen of Aturia from the Middle Miocene portion of the Pisco Formation and investigate its implications for the fossil record of this genus along the Southeastern Pacific margin. Then, we briefly discuss the hypothesis that some of the Pisco marine mammals relied on aturiids as a relevant source of food.

2. 3D methods
Photographs of the studied fossil were taken using a Nikon D5200 digital camera equipped with a Sigma 50 mm F2.8 macro lens. A 3D model of the specimen was created by aligning 55 photos through the photogrammetric software Agisoft Metashape v1.70. The 3D model is freely available via Figshare at the following internet address: https://figshare.com/s/d8bc2b7825e49d0c580f. 
3. Stratigraphic and palaeoenvironmental framework
Extending along the southern Peruvian coast, the East Pisco Basin is an Andean forearc basin whose sedimentary infill is broadly exposed in the coastal desert of the present-day Ica Region (Fig. 1a). The East Pisco Basin is formed by a larger onshore portion and a smaller submerged northern part; it is separated from the offshore West Pisco Basin by the Coastal Cordillera, a NW-trending structural high (Outer Shelf High) of the Precambrian-Palaeozoic basement (Thornburg & Kulm 1981; Di Celma et al. 2022). From the middle Eocene to the ?Pliocene, the East Pisco Basin recorded marine sedimentation through the deposition of two megasequences, namely, Megasequence P (which deposited in the Palaeogene) and Megasequence N (which deposited in the Neogene) (Di Celma et al. 2022). The former megasequence includes the Eocene Paracas Formation and the Eo-Oligocene Otuma Formation, whereas the latter comprises the largely Miocene Chilcatay and Pisco formations (Dunbar et al. 1990; DeVries 1998; DeVries et al. 2017; Di Celma et al. 2017, 2022; DeVries & Jud 2018). Nowadays, this stratigraphic succession is exposed in the coastal Ica desert thanks to the Plio-Pleistocene uplift of the area, which in turn was caused by the subduction of the aseismic Nazca Ridge beneath the South American plate (Fig. 1a) (Macharé & Ortlieb 1992).

Based on the distribution of pre-Cenozoic rocks, during most of the Miocene our study area was a protected embayment (Fig. 1b) (DeVries & Schrader 1997). In that epoch, the Pisco Formation deposited during three transgressive cycles to form three different unconformity-bounded, high-order sequences or allomembers, namely, the Middle Miocene P0 sequence, the Upper Miocene P1 sequence and the Upper Miocene to ?Pliocene P2 sequence (Fig. 1c). What is known about the stratigraphic origin of the fossil nautiloid specimen described herein is its provenance from the P0 sequence, which is Langhian to Serravallian in age: strontium-isotope analyses on calcite samples from barnacle and oyster shells as well as on shark tooth apatite reveal an age comprised between 14.7 and 12.6 Ma (Bosio et al. 2020, 2022). In the vicinity of Cerro Submarino, which represents our find locality, P0 displays a maximum thickness of ca. 40 m and is comprised of sandstones at the base and siltstones at the top, reflecting a deepening-upward, shoreface and offshore sedimentary succession (Fig. 1c) (Di Celma et al. 2017). The P0 strata host a remarkable palaeontological content, especially the basal sandstones, which have yielded cetaceans (both baleen-bearing and toothed whales), crocodilians, turtles, seabirds, bony and cartilaginous fishes, and marine invertebrates (Marx et al. 2017; Bianucci et al. 2019; Collareta et al. 2021a). 
The taxonomic composition of the P0 fossil fauna is consistent with a warm-water, coastal-marine setting featuring strong connections with the open ocean. In particular, the warm-water character of the elasmobranch assemblage (featuring tropical genera such as Hemipristis) is confirmed by that of the invertebrate fossil fauna, which includes architectonicid, conid, cypraeid and ficid gastropods, and the only coral (rhizangiid) colony that has ever been described from the East Pisco Basin (Devries et al. 2006; Bosio et al. 2020; Collareta et al. 2021a). Taphonomic considerations on the P0 fossil cetaceans suggest that at least some of them may have accumulated ashore as a consequence of stranding and subsequently re-deposited in a shallow-marine setting (Bosio et al. 2021b).
4. Systematic Palaeontology
Class Cephalopoda Cuvier, 1797 

Superfamily Nautiloidea Blainville, 1825 
Family Aturiidae Chapman, 1857 

Genus Aturia Bronn, 1838 
Remarks: We are aware of only a single previous report of Aturia in the sedimentary fill of the East Pisco Basin, namely, that by Dunbar et al. (1990), in which abundant shells of Aturia alabamensis were mentioned to occur in strata of the lower Paracas Formation (Los Choros Member) exposed at Quebrada Huaricangana, in the southern part of the basin. Regarded by Dunbar et al. (1990) as late Eocene in age, the Los Choros strata have been more recently referred to the middle Eocene (Coletti et al. 2019).
Aturia cf. cubaensis (Lea, 1841)

(Fig. 2)

Material: An internal mould of a phragmocone stored in the vertebrate palaeontology collection of the Museo de Historia Natural de la Universidad Nacional Mayor de San Marcos (=MUSM, Jesús María, Lima, Peru) with catalogue number MUSM INV 297.
Occurrence: P0 strata of the Pisco Formation (Serravallian–Langhian, 14.7–12.6 Ma) exposed in the vicinity of Cerro Submarino (Ica desert, Peru).
Remarks: MUSM INV 297 lacks the body chamber and may represent the partial phragmocone of a significantly larger shell. 

The compressed, involute shell morphology of MUSM INV 297, coupled with its relatively complex suture pattern (Fig. 2), leave little doubt about the genus-level identification of this nautiloid specimen. 

MUSM INV 297 differs from mature specimens of the Indo-Pacific species Aturia coxi by the absence of a deep V-shaped lobe at the summit of the ventral saddle (Fig. 2a) (Beu 1973; Beu & Raine 2009). The marked concavity displayed by the last preserved septum above the siphonal aperture (Fig. 2c) may further distinguish MUSM INV 297 from the widespread Miocene species Aturia aturi (Jung 1966; Beu & Raine 2009). In turn, MUSM INV 297 appears as indistinguishable from many published examples of Aturia cubaensis, including some from Pacific South America (e.g., Nielsen et al. 2009). That said, considering its fragmentary preservation state, MUSM INV 297 is here hesitantly assigned to Aturia cf. cubaensis.
5. Discussion and conclusions
A review of the (palaeo)geographic and chronostratigraphic distribution of Aturia has recently been provided by Kiel et al. (2022). With respect to the Neogene of the Southeastern Pacific margin (from Ecuador to Chile), these authors mentioned occurrences of Aturia from the Lower Miocene of Chile and Ecuador (Miller 1947; Covacevich & Frassinetti 1986; Frassinetti 2004; Nielsen et al. 2004, 2009) as well as from the Upper Miocene of Chile (Covacevich & Frassinetti 1986). Therefore, to our knowledge, MUSM INV 297 represents the first record of Aturia from the Middle Miocene of this broad region (Fig. 3). As such, it fills a gap in the chronostratigraphic distribution of the Southeastern Pacific finds of Aturia, helping to bridge the Lower and Upper Miocene segments of the fossil record of this genus along the Pacific coast of South America. Furthermore, it brings additional support to Nielsen et al.'s (2009) hypothesis that Aturia inhabited the Southeastern Pacific margin through the Miocene.

Why are remains of Aturia so rare in the East Pisco Basin? An explanation could involve the poor preservation of biogenic calcium carbonates (both aragonite and calcite) in the sedimentary fill of this basin, and especially in the Pisco Formation. Although preservation of calcareous shells is sometimes observed in the P0 sequence, it very rarely occurs in P1 and P2. In particular, foraminifera are only preserved in those taphonomic settings in which dolomitization happened during the early diagenesis, and macro-invertebrates are usually found as dolomite or gypsum/anhydrite moulds, as well as recrystallised shells or casts thereof (Di Celma et al. 2017; Gioncada et al. 2018b; Bosio et al. 2021a). Being preserved as an internal mould, MUSM INV 297 makes no exception. That said, palaeoenvironmental and palaeoecological observations may also be relevant here. According to Schlögl et al. (2011), the oxygen isotope ratios of an autochtonous accumulation of Aturia shells from the Lower Miocene of Slovakia (corresponding to the Central Paratethys) show that this extinct cephalopod lived like Nautilus, being nektobenthic at all stages of its development. Unlike Nautilus, however, both newly hatched and adult individuals of Aturia lived at the same upper bathyal water depths (about 250–350 m) in which the eggs were laid (Schlögl et al. 2011). More recent investigations on an impressive accumulation of Aturia shells from the Serravallian/Tortonian of southern Italy (central Mediterranean Basin) have suggested that such a depth range is an overall reliable estimate of the palaeobathymetric preferences of this extinct nautiloid genus (Vescogni et al. 2018). Considering the shelfal depths prevailing in the East Pisco Basin throughout its depositional history (Di Celma et al. 2022), it is thus conceivable that the populations of Aturia living off the coastline of present-day Peru did not reside within the basin itself, but rather inhabited about and outside its seaward borders. If our inference is correct, the Aturia specimen MUSM INV 297 may have been washed by currents into the coastal P0 palaeoenvironment. Possibly supporting this hypothesis, shoreward transport has also been evoked for at least some of the P0 fossil cetaceans (Bosio et al. 2021b); on the other hand, advection of Aturia shells from the offshore may have been somewhat unlikely if the P0 depositional setting was a semi-enclosed embayment.
The (palaeo)ecological relationship between the Cenozoic nautiloids and marine mammals has been the focus of some recent studies (Lindberg & Pyenson 2007; Kiel et al. 2022). Building upon Monks' (2002) suggestion that the hollow, gas-filled, external shells of nautiloids produced stronger echoes than soft-bodied cephalopods, Lindberg & Pyenson (2007) proposed that the origin of echolocation in odontocetes (the so-called “toothed whales”) was initially an adaptation for nocturnal epipelagic feeding – primarily on diel-migrating cephalopods (among which the authors included all the nautiloids). In turn, Kiel et al. (2022) observed that a major role of cetaceans in the Cenozoic demise of nautiloids is not apparent, except maybe for a few brevirostrine odontocete taxa from the Oligocene of the North American Atlantic and Pacific coasts (which appeared in those areas at the same time as nautilids disappeared). Kiel et al.'s (2022) results are broadly consistent with the neontological data, according to which cetaceans do not feature among the predators of extant nautilids (Saunders et al. 2010). As for the pinnipeds, Kiel et al. (2022) proposed that the radiation and dispersion of these amphibious mammals resulted in the progressive extirpation of nautilids outside the Indo-Pacific realm, and maybe also in controlling the shell size of Aturia as well as leading this genus to extinction at the end of the Miocene. Considering that Aturia populations have likely been present along the Southeastern Pacific margin through the Miocene, did these extinct cephalopods represent a relevant food item for one or more members of the diverse and abundant Miocene marine mammal faunas of the Pisco Formation? Testing this hypothesis for the pinnipeds is complicated by the fact that seals colonised the Pacific coast of South America (including the East Pisco Basin of Peru; Bianucci et al. 2016a; Di Celma et al. 2017; Bosio et al. 2021b; Collareta et al. 2021b; Viglino et al. 2023) in the midst of the Late Miocene, i.e., at the eve of the worldwide extinction of the latest aturiids. As for the toothed whales, although some of them may have fed on Aturia occasionally, there is no indication whatever that any of the Pisco odontocetes relied on nautiloids and/or other deep-water prey as relevant sources of food (Collareta et al. 2021b). In particular, even those toothed whale lineages whose present-day members ordinarily feed by sucking soft-bodied cephalopods at bathyal depths (i.e., the beaked and sperm whales; Stewart 2018, and the many references therein) are chiefly represented in the Pisco fossil assemblages by forms of fish- and/or mammal-eating predators that likely foraged along the water column by grasping/biting their prey items in the coastal to shelfal settings of the East Pisco Basin proper (Lambert et al. 2009, 2015, 2017; Collareta et al. 2020; Bianucci et al. 2016b) as well as by presumably coastal taxa of highly idiosyncratic benthic foragers (Collareta et al. 2017, 2020). That said, the odontocete diversity of the Pisco Formation is as yet only partly understood (Bianucci & Collareta 2022), and future research may further broaden our knowledge of the spectrum of trophic specializations developed by the Pisco cetaceans.
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Fig. 1. Geographic and geological setting. a – Map of the major Cenozoic sedimentary basins along the coast of Peru. Major structural highs are the Coastal Batholith, the Outer Shelf High and the Upper Slope Ridge. Redrawn and modified after Travis et al. (1976) and Thornburg & Kulm (1981). b – Schematic geological map of the East Pisco Basin, showing the areas of Cenozoic outcrop, the distribution of pre-Cenozoic rocks, and the location of the study area. The star indicates the study site, in the vicinity of Cerro Submarino (Collareta et al. 2021a). Redrawn and modified after DeVries & Schrader (1997). c – Schematic stratigraphic column of the Pisco Formation and its internal subdivisions in allomembers, with the P0 strata highlighted. Modified after Di Celma et al. (2018).
Fig. 2. Photographs of the Aturia cf. cubaensis specimen MUSM INV 297, an internal mould of a phragmocone from the Middle Miocene portion of the Pisco Formation (Peru). a – Posterior view. b – Right lateral view. c – Apertural view. d – Left lateral view. Scale bar equals 10 mm.
Fig. 3. Neogene records of Aturia along the Southeastern Pacific margin (from Ecuador to Chile). Occurrence data and species-level identifications after Kiel et al. (2022) and the present work. Base map after wikimedia.org.
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