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The submerged continental shelf of Onslow Bay, North Carolina, preserves hardbottom limestone scarps with
underlying clays as small isolated exposures in progressively deeper water seaward from the modern-day shoreline.
These scarps formed as a result of wave- and current-driven erosion, transport, and redeposition of bottom sediments
due to glacioeustactic sea level cyclicity and the migration of the ancestral shoreline since the Pliocene. Fossiliferous lag
deposits containing an abundance of lamniform and carcharhiniform teeth, including those belonging to megatoothed
sharks, occur adjacent to these scarps. These specimens include teeth from: Alopias grandis, Carcharhinus falciformis,
Carcharhinus priscus, Carcharias cf. C. taurus, Carcharodon carcharias, Carcharodon hastalis, Galeocerdo aduncus, Galeocerdo
cuvier, Hemipristis serra, Isurus oxyrinchus, Negaprion brevirostris, Otodus chubutensis, Otodus megalodon, Parotodus benedinii,
Physogaleus contortus, and Rhizoprionodon sp. Comparison of biostratigraphically significant lamniform and carcharhini-
form taxa from the submerged shelf with those from land-based assemblages along the Atlantic Coastal Plain of the
USA indicates that the shallower shelf (’25 m deep) exposes the Miocene Pungo River Formation and intermediate and
deeper shelf (’30–35 m deep) expose the Pliocene Yorktown Formation. Many of the Onslow Bay lamniforms and
carcharhiniforms also occur in Miocene and Pliocene shallow marine assemblages around the world and reinforce the
migratory abilities of these chondrichthyans in the late Cenozoic and the utility of lamniform and carcharhiniform
teeth in biostratigraphic and chronostratigraphic analyses.

F
OR over 140 years, Cenozoic chondrichthyan teeth
have been recovered from land-based exposures of the
Miocene Pungo River and Pliocene Yorktown forma-

tions in North Carolina as a result of delineating and mining
phosphate deposits (e.g., Emmons, 1858; Cope, 1869). To
date, the occurrence of Miocene and Pliocene chon-
drichthyan remains in North Carolina is largely known from
deep mining operations at the Potash Corporation of
Saskatchewan (PCS) Phosphate Mine near Aurora, North
Carolina, as documented by Purdy et al. (2001). Chon-
drichthyan remains also occur in Onslow Bay but have gone
largely unreported except in a few core and dredge samples
(Pilkey and Luternauer, 1967; Roberts and Pierce, 1967).
These early Onslow Bay studies identified unworn Miocene
shark teeth as Carcharodon auriculatus, Hemipristis serra, and
Prionodon egertoni and also noted the occurrence of granule-
to pebble-sized, phosphatized shark teeth and bone frag-
ments within distinct subsurface horizons. In recent years,
recreational divers have discovered isolated hardbottom
exposures containing an abundance of Miocene and Pliocene
lamniform and carcharhiniform teeth, near Frying Pan
Shoals in southwestern Onslow Bay (Fig. 1).

This report is the first to document three submerged,
fossiliferous shelf localities that contain an abundance of
Miocene and Pliocene lamniform and carcharhiniform teeth
in Onslow Bay, North Carolina. At each of the submerged
shelf localities in Onslow Bay, the teeth of lamniforms and
carcharhiniforms are concentrated due to their larger overall
sizes and greater capability to withstand the effects of
taphonomic reworking and hydrodynamic sorting. Taxa in
the Onslow Bay assemblage are also known from land-based
exposures along the Atlantic Coastal Plain (ACP) of the

United States (e.g., Kent, 1994; Purdy et al., 2001; Maisch et
al., 2015; Hastings and Dooley, 2017) and from contempo-
raneous shallow marine strata elsewhere around the world
(e.g., Boessenecker, 2011; Reinecke et al., 2011; Bor et al.,
2012; Cappetta, 2012; Pimiento et al., 2013a, 2013b; Carrillo-
Briceño et al., 2015, 2016a, 2016b; Betancort et al., 2016;
Landini et al., 2017). The widespread geographic distribution
of the Onslow Bay taxa attests to the uniformity of Miocene
and Pliocene ocean conditions and migratory abilities of late
Cenozoic lamniform and carcharhiniform sharks. Moreover,
the abundance, global distribution, and extensive study of
many of the lamniform and carcharhiniform taxa found in
Onslow Bay demonstrate the utility of these fossil teeth in
regional and global biostratigraphic correlations.

MATERIALS AND METHODS

Geology of Onslow Bay.—The continental shelf of Onslow Bay
contains Cenozoic marine sediments that overlie high-relief
crystalline basement rocks of the Carolina Platform and the
mid-Carolina Platform High also known as the Cape Fear
Arch (Snyder et al., 1982; Soller, 1988; Riggs et al., 1992;
Horton et al., 2009; Harris et al., 2013). Structural features of
this underlying basement rock influenced the extent of
deposition and erosion of Cenozoic marine sediments that
has occurred in response to numerous transgressive-regres-
sive glacioeustactic sea level cyclicity events over the course
of approximately the last 18 million years (Soller, 1988;
Horton et al., 2009; Harris et al., 2013). In particular,
extensive deposition occurred in Onslow Bay during sea-
level highstand associated with the Mid-Miocene Climatic
Optimum, whereas extensive seafloor erosion and modifica-
tion occurred in response to the Pleistocene Last Glacial
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Maximum and Holocene transgression (Figs. 1, 2; Riggs et al.,

1995, 1996; Renaud et al., 1997; Ward, 2007; Horton et al.,

2009).

Over the last several decades, the depositional and post-

depositional histories of Cenozoic sediments in Onslow Bay

have been extensively studied in conjunction with numerous

seismic stratigraphic, SCUBA diving, and core and dredge

surveys. These reports have all identified sediments of the

Miocene Pungo River and Pliocene Yorktown formations

occurring at or just below the seafloor across Onslow Bay and

Fig. 1. Onslow Bay Study Area. (A) Inset map of the Atlantic Coastal Plain of the United States showing the Onslow Bay study region (star) and
maximum extent of marine inundation during the Middle Miocene ’18 Myr ago (red line) and sea level lowstand during the Last Glacial Maximum
’18 Kyr ago (black line). (B) Map of the Cape Fear Region of southwestern Onslow Bay showing bathymetric contours and the seismic stratigraphic
sediment divisions beneath Onslow Bay modified from Snyder et al. (1982) and Snyder et al. (1988, 1993). Letters a, b, and c show the locations of
our shallower (a), intermediate (b), and deeper (c) fossiliferous shelf localities discussed in this study.
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adjacent to the submerged ancestral Cape Fear River Valley
(Figs. 1, 2; Lewis et al., 1982; Snyder et al., 1982, 1990; Riggs
et al., 1985, 2000; Riggs and Mallette, 1990). Lithologic,
foraminiferal, strontium isotopic, and invertebrate and
vertebrate fossil analyses reinforce these formation assign-
ments and geologic ages of both land-based and submerged
exposures (Brown, 1958; Gibson, 1967; Pilkey and Luternau-
er, 1967; Riggs et al., 1982, 1985, 1995, 2000, 2011;
Scarborough et al., 1982; Riggs, 1984; Snyder, 1988, 1990;
Denison et al., 1993; Purdy et al., 2001; Ward, 2007).

Geology of the three submerged study localities.—The sub-
merged study localities described in this report occur on the
gently sloping continental shelf of southwestern Onslow Bay
at distances of approximately 30 km, 40 km, and 60 km from
the present shoreline, and at depths of approximately 25 m,
30 m, and 35 m, respectively (Fig. 1B). Each submerged study
area contains a localized (,1000 m2) hardbottom limestone

scarp that is underlain by clay. Immediately adjacent to these

scarps and clays is an unconsolidated, residual lag deposit of

fossiliferous sediment (Fig. 3). The shallower locality docu-

mented in this study exposes a scarp consisting of orange-

gray limestone that exhibits an extensively bioeroded and

encrusted surface and underlying brown-gray clay that

contains thin sand lenses and is frequently bioeroded (Fig.

3A, B). In contrast, the intermediate and deeper shelf

localities expose a scarp consisting of tan-gray sandy

limestone that is underlain by gray-blue clay that contains

a lesser amount of bioerosion (Fig. 3C, D). The residual lag

deposits that abut the limestone scarps in all three sub-

merged shelf localities consist of poorly sorted sand contain-

ing various amounts of well-rounded, poorly sorted, cobble

and pebble clasts of sandstone, limestone, microsphorite,

quartz, and an abundance of large megatoothed shark teeth,

including those of Otodus megalodon, and other marine

Fig. 2. Generalized stratigraphic column for the PCS Phosphate Mine (modified from Ward, 2007), and shallower, intermediate, and deeper Onslow
Bay study localities described in this report in relation to the Miocene–Holocene glacioeustactic sea level cyclicity curve of Riggs et al. (1985).
Formation abbreviations: FB¼ Flanner Beach; JC¼ James City; CR¼ Croatan; YT¼ Yorktown; EO¼ Eastover Formation; PR¼ Pungo River. Note the
absence of the Eastover Formation at the PCS Phosphate Mine and extensive amount of erosion in Onslow Bay.

Maisch et al.—Fossil sharks of Onslow Bay, North Carolina 355



vertebrate fossils. It is of additional importance to note that
this concentration of vertebrate fossils is not laterally
expansive and becomes impoverished with increasing dis-
tance from the scarps (Fig. 3A, C).

At the shallower shelf locality, mixing has occurred
between Miocene and Pliocene shark teeth, other marine
vertebrate fossils, and isolated Pleistocene terrestrial mammal
teeth (Figs. 3–6; Table 1). In contrast, the intermediate and
deeper shelf localities only contain the remains of Pliocene
marine vertebrates with a noticeable concentration of large
O. megalodon teeth (Figs. 3, 6; Table 1). Many of these
vertebrate fossils, including the lamniform and carcharhini-
form teeth described in this report, exhibit variable degrees of
taphonomic wear, carbonaceous encrustation, and bioero-
sion that attest to a complex taphonomic history associated
with both glacioeustactically driven sea level fluctuation and
the effects of modern coastal storm events (e.g., Riggs et al.,

1998; Wren and Leonard, 2005; Maisch et al., 2016). As a
result, the three submerged Onslow Bay shelf localities
contain assemblages of lamniform and carcharhiniform teeth
and other vertebrate fossils that have been reworked and
hydrodynamically sorted such that smaller, more delicate
fossil remains, including chondrichthyan microteeth, are
uncommon or absent. Comparison of substrate and fossil
samples, recovered over the course of multiple dives from
each of the three localities by the lead author (HM), to prior
research on land-based and submerged Miocene and Pliocene
exposures in North Carolina identifies the limestone scarp
and underlying brown-gray clay at the shallower shelf
locality as the Pungo River Formation and the limestone
scarp and underlying gray-blue clay present at the interme-
diate and deeper shelf localities as the Yorktown Formation
(Figs. 1, 2; Riggs et al., 1982; Purdy et al., 2001; Ward, 2007).
These identifications are also consistent with the stratigraph-

Fig. 3. Geology of the three submerged localities. (A) Cross-sectional diagram of the Pungo River Formation as exposed at the shallower shelf
locality. (B) Underwater image of large, abundant cobble clasts, designated by arrows, exposed on the seafloor at the shallower shelf locality. (C)
Cross-sectional diagram of the Yorktown Formation as exposed at the intermediate and deeper shelf localities. (D) Underwater image of Yorktown
Formation clay with bioerosion indicated by arrows. (E) Underwater image of large, encrusted Otodus megalodon tooth from the shallower shelf
locality (Image courtesy of Capt. Z. DeWitt).
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Fig. 4. Lamniform teeth in the Onslow Bay assemblage from the shallower, intermediate, and deeper shelf localities. (A, B) Carcharias cf. C. taurus
(ANSP 24151); (C–F) Isurus oxyrinchus (ANSP 24135–24136); (G–J) Otodus chubutensis (ANSP 24127–24128); (K, L) Otodus megalodon (ANSP
24110); (M, N) Carcharodon carcharias (ANSP 24129); (O–R) Carcharodon hastalis (ANSP 24132–24133); (S, T) Alopias grandis (ANSP 24138);
(U, V) Parotodus benedinii (ANSP 24139). Orientations: Lingual¼A, C, E, G, I, K, M, O, Q, S, U. Labial¼B, D, F, H, J, L, N, P, R, T, V. Scale bars: A–J, M–T
¼ 2 cm and K–L, U–V ¼ 5 cm.
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ic and formation boundaries of substrate sediments in

Onslow Bay constructed by Snyder et al. (1982) and Snyder

et al. (1988, 1993) as seen in Figure 1A. Furthermore,

additional studies indicate: 1) the Pliocene Yorktown Forma-

tion was originally deposited on the shallower shelf and has

been subsequently eroded away by sea level cyclicity (leaving

behind diagnostic vertebrate fossil bioclasts, including the

lamniform and carcharhiniform shark teeth discussed in this

study); 2) the Miocene Pungo River Formation is ’20 m

below the sea floor in the intermediate and deeper shelf

region; and 3) the intermediate and deeper shelf localities

contain localized outcrops of the Pliocene Yorktown Forma-

tion exposed on the seafloor (Roberts and Pierce, 1967;

Cleary and Pilkey, 1968; Meisberger, 1979; Blackwelder et al.,

1982; Lewis et al., 1982; Snyder et al., 1990, 1993; Riggs et al.,

1996, 1998; Schmid, 1996; Renaud et al., 1997). For

additional descriptions of the Pungo River and Yorktown

formations from land-based exposures, see Kimrey (1964),

Gibson (1967), Miller (1982), Riggs et al. (1982), Purdy et al.

(2001), and Ward (2007).

Fig. 5. Carcharhiniform teeth in the Onslow Bay assemblage from the shallower, intermediate, and deeper shelf localities. (A–D) Hemipristis serra
(ANSP 24140–24141); (E–H) Carcharhinus priscus (ANSP 24147–24148); (I, J) Carcharhinus falciformis (ANSP 24163); (K, L) Negaprion
brevirostris (ANSP 24150); (M, N) Physogaleus contortus (ANSP 24144); (O, P) Galeocerdo aduncus (ANSP 24145); (Q, R) Galeocerdo cuvier (ANSP
24146); (S, T) Rhizoprionodon sp. (ANSP 24149). Orientations: Lingual¼A, C, E, G, I, K, M, O, Q, S. Labial¼B, D, F, H, J, L, N, P, R, T. Scale bars: A–D,
Q–R¼ 2 cm and E–P, S–T ¼ 1 cm.
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Fig. 6. Additional, unique fossil remains from the Onslow Bay assemblage recovered from the shallower, intermediate, and deeper shelf localities.
(A) Large tooth of Otodus megalodon likely from an individual with a total length .12 m based on a crown height measurement of 14 cm (In the
private collection of B. Karasik). (B) Tooth of O. megalodon displaying angular cusp break that may have been caused by feeding damage as
described by Becker et al. (2000) and Becker and Chamberlain (2012) (In the private collection of B. Major). Evidence of bioerosion from endolithic
bivalves (e.g., Lithophaga sp.), indicated by arrows, in vertebrate fossils including (C) cetacean bone and (D) O. megalodon tooth. (E) Cetacean
phalange with traces of feeding damage, indicated by arrows, from a large chondrichthyan (e.g., O. megalodon) (In the private collection of Capt. S.
Jenkins). Pleistocene megafaunal remains recovered from the shallower shelf locality: (F) mastodon tooth and (G) mammoth tooth (Both teeth in
the private collection of Capt. S. Jenkins).
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Collecting methods and laboratory procedures.—The lamni-
form and carcharhiniform teeth featured in this report were
collected over a six-year period during multiple weeks of
SCUBA diving based in Carolina Beach, North Carolina.
Dives on the shallower, intermediate, and deeper shelf were
conducted utilizing NITROX breathing gas mixtures in an
effort to extend collecting time on the seafloor. The majority
of the fossil remains documented in this report were
collected from the unconsolidated sediments exposed on or
near the seafloor adjacent to the hardbottom limestone
scarps by surface collecting (Fig. 3E) and bulk sampling. Bulk
samples were recovered in both plastic buckets with lids and
fine mesh bags that were raised to the surface utilizing 100 lb
lift bags. These samples contained an abundance of smaller
carcharhiniform teeth in addition to fragmentary lamniform
teeth and unidentifiable bone fragments. Many of the
lamniform and carcharhiniform teeth reviewed during this
study were encrusted with corals, bryozoans, sponges, and
algae that required cleaning with dilute acetic acid and dental
picks. Smaller specimens were imaged using an Olympus
SZ61 Binocular Microscope attached to an Infinity-2 digital
camera, and larger specimens with a Canon EOS Rebel T5
digital camera. Representative lamniform and carcharhini-
form teeth from the three submerged shelf localities in
Onslow Bay included in Figures 4 and 5 were selected from
an assemblage of approximately 1500 specimens and
identified based on regional and global literature and
specifically Purdy et al. (2001) and Cappetta (2012). Only
the lamniform and carcharhiniform teeth figured in this
report have been reposited in the collections of The Academy
of Natural Sciences of Drexel University, Philadelphia,
Pennsylvania, USA, under the catalogue numbers ANSP
24110–24165.

SYSTEMATIC PALEONTOLOGY

Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Cohort Euselachii Hay, 1902
Subcohort Neoselachii Compagno, 1977
Order Lamniformes Berg, 1958
Family Odontaspididae Müller and Henle, 1838
Genus Carcharias Rafinesque, 1810

Type species: Carcharias taurus Rafinesque, 1810

Carcharias cf. C. taurus Rafinesque, 1810
Figure 4A, B; Tables 1, 2

Material examined.—One anterolateral tooth (ANSP 24151).

Description.—The main cusp of the anterolateral tooth is
erect, slender, widens towards the base, and contains a
smooth labial and a faintly striated lingual surface. A slender,
fragmentary, triangular cusplet is present on both the mesial
and distal sides of the main cusp. The root of the
anterolateral tooth is holaulacorhizous with well-defined,
broadly spaced root lobes.

Remarks.—The tooth of Carcharias cf. C. taurus in the
Onslow Bay assemblage is similar to those of Carcharias
cuspidata; however, C. cuspidata anterolateral teeth have
wider main cusps that lack lingual striations, have roots that
are more robust, and contain broad, flattened cusplets (e.g.,
Purdy et al., 2001; Maisch et al., 2015). Teeth assigned to

Carcharias acutissima are similar to, and may in fact belong
to, C. taurus (Reinecke et al., 2011). We currently identify
this tooth as Carcharias cf. C. taurus due to the analysis of
only a single, worn specimen from Onslow Bay. However, it
is likely this tooth does in fact belong to C. taurus based on
the presence of an erect, narrow main cusp and lateral
cusplets, faint lingual striations, and slender root. For
additional discussion on the classification of C. taurus, see
Suarez et al. (2006), Reinecke et al. (2011), and Cappetta
(2012).

Family Lamnidae Müller and Henle, 1838
Genus Isurus Rafinesque, 1810

Type species: Isurus oxyrinchus Rafinesque, 1810

Isurus oxyrinchus Rafinesque, 1810
Figure 4C–F; Tables 1, 2

Material examined.—One anterior tooth (ANSP 24135), one
lateral tooth (ANSP 24136), and 100 additional teeth.

Description.—The cusp of the anterior tooth has an apex that
is slightly recurved in the labial direction and is elongate,
robust, angled distally, and has smooth labial and lingual
surfaces (Fig. 4C, D). The cusp of the lateral tooth is broad,
labio-lingually compressed, angled distally, and has a
triangular shape (Fig. 4E, F). The cutting edges are complete
and no lateral cusplets or serrations are present. The anterior
and lateral tooth roots are holaulacorhizous, although the
root of the anterior tooth is lobate and robust, whereas the
root of the lateral tooth is labio-lingually compressed and has
a flat, angled basal surface. The lingual surface of the anterior
tooth is eroded; however, that of the lateral tooth root bears a
faint nutritive groove.

Remarks.—Despite mild heterodonty, I. oxyrinchus teeth lack
broad, triangular, blade-like anterior teeth, robust lower
anterior teeth, and lateral cusplets, which distinguishes them
from other similar chondrichthyan teeth also found in
Onslow Bay, including those belonging to Carcharodon
hastalis and Carcharias cf. C. taurus (Purdy et al., 2001; Bor
et al., 2012; Cappetta, 2012). Teeth of Isurus paucus are more
robust and exhibit less labial recurvature of the main cusp
than those of I. oxyrinchus. Additionally, teeth of Anotodus
(Isurus) retroflexus can be distinguished from those of I.
oxyrinchus due to the presence of callosities near the medial
and distal crown base that extend to the apical part of the
root lobes and labio-lingually thickened crowns in all tooth
positions (Bor et al., 2012). Teeth previously identified as
Isurus desori are now assigned to I. oxyrinchus after compar-
isons between composite dentitions and modern tooth sets
proved the fossil and modern teeth to be identical (e.g.,
Purdy et al., 2001; Reinecke et al., 2011; Bor et al., 2012).
Although some studies distinguish between large I. oxy-
rinchus teeth and those of C. hastalis, the teeth identified as I.
oxyrinchus from Onslow Bay are identical to those reported
by Purdy et al. (2001), Reinecke et al. (2011), and Bor et al.
(2012).

Family Otodontidae Glikman, 1964
Genus Otodus Agassiz, 1838

Type species: Otodus obliquus Agassiz, 1838
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Otodus chubutensis (Ameghino, 1906)
Figure 4G–J; Tables 1, 2

Material examined.—One anterior tooth (ANSP 24127), one
lateral tooth (ANSP 24128), and 200 additional teeth.

Description.—The main cusps of the anterior and lateral teeth
have regularly serrated tooth margins and are broad with
convex lingual and nearly flat labial surfaces. The anterior
tooth (Fig. 4G, H) is more erect than the shorter, distally
inclined lateral tooth (Fig. 4I, J). Lateral cusplets are broad,
triangular-arcuate, finely serrated, usually separated from the
main cusp by a notch, and are present on both anterior and
lateral teeth. The anterior and lateral tooth roots have
slightly convex lingual and slightly concave labial surfaces
and lack well-defined nutritive grooves.

Remarks.—The presence of regular serrations and occurrence
of triangular to arcuate lateral cusplets through ontogeny
distinguishes teeth of O. chubutensis from other similar
chondrichthyan teeth also found in Onslow Bay, including
O. megalodon and Carcharodon carcharias (e.g., Kent, 1994;
Purdy et al., 2001; Cappetta, 2012; Ehret et al., 2012). Otodus
chubutensis teeth are similar to those of Otodus angustidens
that were described from the Late Oligocene/Early Miocene
of North Carolina by Case (1980). However, O. angustidens
teeth have a narrower morphology with lateral cusplets that
are more developed than those of O. chubutensis (e.g., Kent,
1994; Applegate and Espinosa-Arrubarrena, 1996; Gottfried
and Fordyce, 2001; Hulbert, 2001; Purdy et al., 2001;
Cappetta, 2012). Additional studies have also documented
the presence of lateral cusplets on juvenile O. megalodon teeth
(Purdy, 1998; Purdy et al., 2001; Pimiento et al., 2010, 2013b;
Reinecke et al., 2011; Carrillo-Briceño et al., 2016a; Perez et
al., 2017). However, juvenile O. megalodon teeth differ from
those of O. chubutensis since they do not always contain

lateral cusplets (Purdy et al., 2001; Pimiento et al., 2010).
Additionally, juvenile O. megalodon teeth that do exhibit
lateral cusplets frequently lack a notch in tooth serrations
that separates lateral cusplets from the main cusp (e.g., Purdy
et al., 2001; Marsili et al., 2007; Pimiento et al., 2010, 2013a,
2013b; Reinecke et al., 2011; Cappetta, 2012; Maisch et al.,
2015). From the PCS Phosphate Mine near Aurora, North
Carolina, Purdy et al. (2001) identified teeth of O. chubutensis
as Carcharocles subauriculatus; however, the taxonomy of the
megatoothed sharks including ‘‘chubutensis’’ has since been
revised (e.g., see Discussion for O. megalodon; Ehret et al.,
2009; Cappetta, 2012; Shimada et al., 2016).

In Onslow Bay, the degree of taphonomic wear between
teeth of O. chubutensis and O. megalodon at the shallower
shelf locality is distinctly different (see Figs. 4G–J, 6A, B, D).
In this study, teeth of O. chubutensis were only recovered
from the shallower shelf locality where the Miocene Pungo
River Formation is exposed. Moreover, teeth identical to
those of O. chubutensis have not been recovered from the
intermediate and deeper shelf localities that expose the
Yorktown Formation and contain an abundance of O.
megalodon teeth. These observations are consistent with
seismic stratigraphic, foraminiferal, and strontium-isotopic
age dating analyses for southwestern Onslow Bay that
indicate the Pungo River Formation exposed at the shallower
shelf locality was deposited during the Aquitanian-Burdiga-
lian in the Early Miocene (Snyder, 1988, 1990; Snyder et al.,
1988, 1990, 1993; Riggs and Mallette, 1990; Riggs et al.,
2000). Additional discussions regarding the classification and
paleogeographic distribution of O. chubutensis and similar
related taxa can be found in Kent (1994), Zhelezko and
Kozlov (1999), Hulbert (2001), Purdy et al. (2001), Nyberg et
al. (2006), Cappetta (2012), Pimiento et al. (2013a, 2013b,
2016), Pimiento and Clements (2014), Pimiento and Balk
(2015), Carrillo-Briceño et al. (2016b), and Shimada et al.
(2016).

Table 2. Global occurrence of the Onslow Bay taxa. References Utilized: Western North America (Boessenecker, 2011, 2016; Boessenecker et al.,
2014); Central and South America (Applegate, 1986; Ehret et al., 2012; Pimiento et al., 2013a, 2013b; Carrillo-Briceño et al., 2016a, 2016b);
Caribbean (Iturralde-Vinent et al., 1996; Flemming and McFarlane, 1998; Portell et al., 2008); Africa (Cook et al., 2010; Ávila et al., 2012; Govender
and Chinsamy, 2013; Andrianavalona et al., 2015; Betancort et al., 2016); Europe (Carnevale et al., 2006; Kocsis, 2007; Marsili, 2007; Marsili et al.,
2007; Reinecke et al., 2011; Bor et al., 2012; Cappetta, 2012; Reinecke and Radwański, 2015; Szabó and Kocsis, 2016); Asia (Itoigawa and
Nishimoto, 1974; Shimada, 1987); Australia (Pledge, 1967; Kemp, 1991). Note: Alopias grandis was excluded from this table due to the lack of
global reports that include this taxon.

Global occurrence of the Onslow Bay shark taxa

Subcontinent/Continent WNA, CA, and SA Caribbean Africa Europe Asia Australia

Lamniforms
Otodus chubutensis X X X X X X
Otodus megalodon X X X X X X
Carcharodon carcharias X X X X X X
Carcharodon hastalis X X X X X X
Isurus oxyrinchus X X X X X X
Carcharias taurus X X X X X X
Parotodus benedinii X X X X X

Carcharhiniforms
Hemipristis serra X X X X X X
Galeocerdo cuvier X X X X
Galeocerdo aduncus X X X X X
Physogaleus contortus X X X X X
Carcharhinus priscus X X X X
Carcharhinus falciformis X X X
Negaprion brevirostris X X
Rhizoprionodon sp. X X X
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Otodus megalodon (Agassiz, 1835)
Figure 4K, L; Tables 1, 2

Material examined.—One upper anterior tooth (ANSP 24110)
and 400 additional teeth.

Description.—The upper anterior tooth is broad and triangu-
lar in shape. The main cusp has a regular and finely serrated
tooth margin with a concave labial and slightly convex
lingual surface. Lateral cusplets are absent. The anterior tooth
root has a slightly convex lingual and slightly concave labial
surface and lacks a nutritive groove.

Remarks.—Large teeth frequently exceeding 10 cm in crown
height that contain fine, regular serrations and lack lateral
cusplets distinguish teeth of Otodus megalodon from other
similar chondrichthyan teeth also found in Onslow Bay,
including those of O. chubutensis and Carcharodon carcharias
(e.g., Kent, 1994; Purdy et al., 2001; Bor et al., 2012;
Cappetta, 2012; Ehret et al., 2012). Over the last several
decades, numerous studies have sought to clarify the
problematic taxonomic placement of ‘‘megalodon’’ and in
the process assigned ‘‘megalodon’’ to a series of different
genera. Until recently, researchers were divided between two
classification schemes for the ‘‘megalodon’’ lineage. Studies
suggesting ‘‘megalodon’’ was closely related to modern
Carcharodon carcharias assigned this taxon to Carcharodon
(e.g., Gottfried et al., 1996; Purdy et al., 2001), whereas
studies suggesting ‘‘megalodon’’ was more closely related to
Otodus placed this taxon within Carcharocles (Cappetta,
1987; Ehret et al., 2009). A more recent phylogenetic
interpretation of ‘‘megalodon’’ assigns this taxon to Mega-
selachus, which is one of four subgenera of Otodus
(Cappetta, 2012). The discovery and description of the
Early Miocene taxon Megalolamna paradoxodon Shimada et
al., 2016 also advocates for the placement of ‘‘megalodon’’
within the genus Otodus although deems the utilization of
subgenera unnecessary. As such, we follow Shimada et al.
(2016) and identify these Onslow Bay teeth as Otodus
megalodon.

Globally, teeth belonging to O. megalodon are recognized
from Middle Miocene–Late Pliocene deposits (Cappetta,
2012; Pimiento and Balk, 2015; Pimiento et al., 2016; Perez
et al., 2017). However, studies on regional chondrichthyan
assemblages indicate O. megalodon may also be present in
Early Miocene deposits (e.g., Purdy et al., 2001; Pimiento et
al., 2010, 2013b; Carrillo-Briceño et al., 2016a). From the PCS
Mine, Purdy et al. (2001) documented O. megalodon teeth
from the Early Miocene (Burdigalian)–Late Pliocene (Piacen-
zian) and teeth of O. chubutensis from the Early Miocene
(Burdigalian)–Middle Miocene (Langhian). In Onslow Bay, O.
megalodon teeth occur at each of the three submerged shelf
localities, whereas O. chubutensis teeth only occur at the
shallower shelf locality where the Miocene Pungo River
Formation is exposed. At the shallower shelf locality, O.
megalodon teeth (Fig. 6A, B, D) that occur with those of O.
chubutensis (Fig. 4G–J) exhibit greater degrees of taphonomic
wear and indicate that they have been reworked from the
Pliocene Yorktown Formation. In addition to these tapho-
nomic observations, seismic stratigraphic, foraminiferal, and
strontium isotopic age dating analyses for southwestern
Onslow Bay, indicate the Miocene Pungo River Formation
exposed at the shallower shelf locality was deposited in the
Early Miocene: Aquitanian-Burdigalian (Snyder, 1988, 1990;
Snyder et al., 1988, 1990, 1993; Riggs and Mallette, 1990;

Riggs et al., 2000). This indicates that O. megalodon is absent
from the Pungo River Formation exposed at the shallower
shelf locality in Onslow Bay. Additional discussions regarding
the classification and paleogeographic distribution of O.
megalodon and similar related taxa can be found in Cappetta
(1987), Kent (1994), Zhelezko and Kozlov (1999), Hulbert
(2001), Purdy et al. (2001), Renz (2002), Nyberg et al. (2006),
Bor et al. (2012), Cappetta (2012), Ehret et al. (2012),
Pimiento et al. (2010, 2013a, 2013b, 2016), Pimiento and
Clements (2014), Pimiento and Balk (2015), Reinecke and
Radwański (2015), Carrillo-Briceño et al. (2016a, 2016b), and
Shimada et al. (2016).

Genus Carcharodon Müller and Henle, 1838

Type species: Squalus carcharias Linnaeus, 1758

Carcharodon carcharias (Linnaeus, 1758)
Figure 4M, N; Tables 1, 2

Material examined.—One upper lateral tooth (ANSP 24129)
and 100 additional teeth.

Description.—The main cusp of the upper lateral tooth is
thin with nearly flat lingual and labial surfaces, angled
distally, and has irregular and coarsely serrated tooth
margins. Lateral cusplets are absent. The upper lateral tooth
roots are rectilinear with nearly flat lingual and labial
surfaces and may contain nutritive foramina on the lingual
surface.

Remarks.—The thin, nearly flat, blade-like tooth morphology,
presence of irregular, coarse serrations, and thin, rectilinear
roots in upper lateral teeth distinguishes teeth of Carcharodon
carcharias from other similar chondrichthyan teeth also
found in Onslow Bay, including those of Carcharodon
hastalis, O. chubutensis, and O. megalodon. Although C.
hastalis teeth are similar in size and shape to those of C.
carcharias, C. hastalis teeth lack tooth serrations (e.g., Purdy
et al., 2001; Cappetta, 2012; Cione et al., 2012; Ehret et al.,
2012). At the PCS Mine, teeth previously identified as
Cosmopolitodus hastalis or Carcharomodus (Carcharodon) esch-
eri may represent a transitional form between Carcharodon
hastalis and Carcharodon carcharias or belong to a related
lamniform taxon (see Purdy et al., 2001: 118; Ehret et al.,
2009, 2012; Cappetta, 2012; Kriwet et al., 2015). To date,
teeth resembling those of Carcharomodus escheri have not
been found in Onslow Bay; however, they can be identified
based on the presence of broad, triangular crowns with faint,
irregular serrations (Purdy et al., 2001; Cappetta, 2012).
Numerous reports indicate that Carcharodon carcharias likely
evolved from Carcharodon hastalis; however, this view is not
followed by all researchers (e.g., Casier, 1954; De Muizon and
De Vries, 1985; Nyberg et al., 2006; Cappetta, 2012).
Additional discussions regarding the classification of Car-
charodon carcharias and similar related taxa can be found in
Kent (1994), Applegate and Espinosa-Arubarrena (1996),
Hulbert (2001), Purdy et al. (2001), Nyberg et al. (2006),
Cappetta (2012), Cione et al. (2012), Ehret et al. (2012),
Kriwet et al. (2015), Staig et al. (2015), Ebersole et al. (2017),
and Landini et al. (2017).

Carcharodon hastalis (Agassiz, 1838)
Figure 4O–R; Tables 1, 2

Maisch et al.—Fossil sharks of Onslow Bay, North Carolina 363



Material examined.—One upper anterior tooth (ANSP 24132),
one lower anterior tooth (ANSP 24133), and 200 additional
teeth.

Description.—The main cusp of the upper anterior tooth has a
labially recurved apex, is broad and triangular, has a convex
lingual and slightly convex-flat labial surface, and smooth
tooth margins (Fig. 4O, P). The lower anterior tooth has a
slender and antero-posteriorly thickened cusp with a convex
labial and nearly flat lingual surface (Fig. 4Q, R). Lateral
cusplets are absent in all tooth positions. The tooth roots are
holaulacorhizous and a nutritive groove with foramina may
be present.

Remarks.—The triangular, blade-like anterior tooth morphol-
ogy, labial recurvature of tooth apices, and absence of
serrations distinguishes teeth of Carcharodon hastalis from
other similar chondrichthyan teeth also found in Onslow
Bay, including those of Carcharodon carcharias and Isurus
oxyrinchus. Traditionally, these teeth were identified as Isurus
hastalis; however, some studies have recognized narrow and
broad-toothed forms and suggest they represent either: 1)
ontogenetic variation within one species (Leriche, 1926); 2)
sexual dimorphism within one species (Kent, 1994); 3) an
evolutionary change in tooth morphology and increase in
tooth size from the Middle Miocene–Pliocene (Van den
Bosch et al., 1975; Van den Bosch, 1978); or 4) two separate
species (Purdy al., 2001; Whitenack and Gottfried, 2010;
Cione et al., 2012; Landini et al., 2017).

Additional issues in the taxonomic classification of
‘‘hastalis’’ occur depending on how researchers view the
evolutionary relationship between this taxon and Carchar-
odon carcharias. As a result, studies have placed ‘‘hastalis’’
teeth within one of three genera that include Carcharodon,
Cosmopolitodus, or Isurus and as such, global reports have
identified ‘‘hastalis’’ teeth as Isurus hastalis (Uyeno et al.,
1990; Applegate and Espinosa-Arrubarrena, 1996; Purdy et
al., 2001; Nyberg et al., 2006; Takakuwa, 2014); Isurus
xiphodon (Purdy et al., 2001); Cosmopolitodus hastalis (Glick-
man, 1964; Ward and Bonavia, 2001; Bor et al., 2012;
Cappetta, 2012; Betancort et al., 2016; Ebersole et al., 2017;
Collaretta et al., 2017a; Landini et al., 2017); Cosmopolitodus
plicatilus (Landini et al., 2017); Carcharodon plicatilus (Cione
et al., 2012; Staig et al., 2015); or Carcharodon hastalis (Ehret
et al., 2009; 2012). Taxonomic assessments that separate
narrow and broad-toothed ‘‘hastalis’’ morphotypes into
different species associate the narrow-toothed form with
‘‘hastalis’’ and the broad-toothed form with ‘‘xiphodon/
plicatilus’’; however, in contrast, other studies that do not
support the separation of ‘‘hastalis’’ morphotypes into
separate species associate both narrow- and broad-toothed
forms with ‘‘hastalis’’ (see references listed above and in
particular: Purdy et al., 2001; Ehret et al., 2009, 2012;
Whitenack and Gottfried, 2010; Bor et al., 2012; Cappetta,
2012; Cione et al., 2012; Collareta et al., 2017a; Landini et al.,
2017).

Another complication in the proper taxonomic placement
of ‘‘hastalis’’ derives from weakly and irregularly serrated
teeth such as Carcharomodus (Carcharodon) escheri, Carchar-
odon hubbelli, and the teeth of other similar lamnid taxa
known from Late Miocene and Early Pliocene stratigraphic
horizons around the world. These species have been
interpreted to represent either closely related or transitional
taxa between ‘‘hastalis’’ and Carcharodon carcharias and
suggest lamniforms were more diverse during the Neogene

than previously thought (e.g., De Muizon and De Vries, 1985;
Nyberg et al., 2006; Ehret et al., 2009; 2012; Cappetta, 2012;
Cione et al., 2012; Kriwet et al., 2015). Interestingly, a faintly
serrated tooth figured and identified as Isurus xiphodon by
Purdy et al. (2001: 118) from the PCS Phosphate Mine may in
fact belong to a taxon that is endemic to the western Atlantic
and similar to Carcharomodus (Carcharodon) escheri (e.g.,
Kriwet et al., 2015).

As briefly addressed above, the taxonomic placement of
‘‘hastalis’’ has been revised multiple times and is still under
debate despite the globally ubiquitous occurrence of this
megatoothed taxon. Following current taxonomic designa-
tions, the Onslow Bay ‘‘hastalis’’ teeth can be identified as
either Cosmopolitodus hastalis, Cosmopolitodus plicatilus,
Carcharodon plicatilus, or Carcharodon hastalis. Until future
research and new discoveries elucidate the phylogeny of
‘‘hastalis,’’ we follow Ehret et al. (2012) and identify these
Onslow Bay teeth as Carcharodon hastalis. The documenta-
tion of Carcharodon hastalis from the Pliocene Yorktown
Formation of Onslow Bay in this report reinforces the known
distribution and stratigraphic occurrence of this taxon and
clarifying the phylogeny of ‘‘hastalis’’ is beyond the scope of
this paper. Additional discussions regarding the classification
and paleogeographic distribution of Carcharodon hastalis and
similar related taxa can be found in Uyeno et al. (1990), Kent
(1994), Hulbert (2001), Purdy et al. (2001), Nyberg et al.
(2006), Ehret et al. (2009, 2012), Bor et al. (2012), Cappetta
(2012), Kriwet et al. (2015), Staig et al. (2015), Shimada et al.
(2016), Collareta et al. (2017a), Ebersole et al. (2017), and
Landini et al. (2017).

Genus Parotodus Cappetta, 1980

Type species: Oxyrhina benedinii Le Hon, 1871

Parotodus benedinii (Le Hon, 1871)
Figure 4U, V; Tables 1, 2

Material examined.—One lateral tooth (ANSP 24139) and 15
additional teeth.

Description.—The cusp of the lateral tooth is robust, has a D-
shaped cross-section, hook-like distal curvature, smooth and
flat labial surface, and convex lingual surface. The cutting
edges are complete and no lateral cusplets or serrations are
present. The root of the lateral tooth is markedly robust with
basally oriented and rounded root lobes and contains a large
lingual protuberance lacking a nutritive groove.

Remarks.—The presence of thick and robust, non-serrated
teeth with a distinct hook-like distal curvature distinguishes
those of P. benedinii from other similar chondrichthyan teeth
also found in Onslow Bay, including Alopias grandis, C.
hastalis, and O. megalodon. To date, the most complete and
associated dentition of P. benedinii consists of 114 teeth and
was described by Kent and Powell (1999) from the Pliocene
Yorktown Formation at the PCS Phosphate Mine. Teeth from
this dentition were shown to exhibit unique morphology
and placement within the jaws, thereby reinforcing the
placement of this taxon within its own genus. Recent
interpretation also suggests Parotodus diverged from Otodus
and underwent increases in body size across the Cenozoic
(Cappetta, 2012). In comparison to teeth belonging to other
lamniforms, including O. megalodon, C. carcharias, and C.
hastalis, teeth of P. benedinii are infrequently recovered from
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the submerged shelf of Onslow Bay and contemporaneous
deposits from around the world (e.g., Bor et al., 2012;
Cappetta, 2012).

Family Alopiidae Bonaparte, 1838
Genus Alopias Rafinesque, 1810

Type species: Alopias macrourus Rafinesque, 1810

Alopias grandis (Leriche, 1942)
Figure 4S, T; Tables 1, 2

Material examined.—One lateral tooth (ANSP 24138).

Description.—The lateral tooth cusp is angled distally in a
hook-like shape, has a smooth tooth margin, and convex
lingual and nearly flat labial tooth surfaces. Tooth enamel
extends lower on the lingual surface relative to the labial
surface. The tooth root has well-defined root lobes separated
by a distinct U-shape, a convex lingual surface and near flat
labial surface. No nutritive groove is present.

Remarks.—The presence of a cusp with hook-like distal
curvature, a U-shaped separation between root lobes and
thinner, less robust lingual-labial thickness distinguishes
teeth of Alopias grandis from other similar chondrichthyan
teeth also found in Onslow Bay, including those of Parotodus
benedinii, C. hastalis, and I. oxyrinchus. Although teeth of P.
benedinii also have erect root lobes that are separated by a U-
shaped gap, they are much more robust and contain a well-
defined lingual protuberance (Cappetta, 2012). Teeth of
Miocene and Pliocene species of Alopias identified as Alopias
superciliosus and Alopias vulpinus from the PCS Phosphate
Mine can be distinguished from those of A. grandis based on
smaller overall sizes, pronounced lingual protuberances, and
labial surfaces with enamel extending towards the root base
(Purdy et al., 2001). Small-toothed taxa of Alopias were not
recovered from Onslow Bay during this study and in
contrast, Purdy et al. (2001) did not describe Alopias grandis
from the PCS Phosphate Mine. In comparison to teeth
belonging to other lamniforms, including C. carcharias, C.
hastalis, O. megalodon, and P. benedinii, those of A. grandis are
rarely recovered from the submerged shelf of Onslow Bay.
Ongoing study of Alopias grandis, along with a serrated
morphotype, by Ward and Kent (2015) may provide
additional details on this rare species.

Order Carcharhiniformes Compagno, 1973
Family Carcharhinidae Jordan and Evermann, 1896
Genus Hemipristis Agassiz, 1835

Type species: Hemipristis serra Agassiz, 1835

Hemipristis serra Agassiz, 1835
Figure 5A–D; Tables 1, 2

Material examined.—One upper lateral tooth (ANSP 24140),
one lower anterior tooth (ANSP 24141), and 100 additional
teeth.

Description.—The cusp of the upper lateral tooth (Fig. 5A, B)
is triangular, coarsely serrated, and angled distally. Serrations
increase in size toward the cusp apex but terminate slightly
below the apex. Serrations on the distal margin are larger
than those on the mesial margin. The root of the upper

lateral tooth is holaulacorhizous and has a well-developed
lingual protuberance containing a nutritive groove. The
mesial root branches are flatter and taper to a point, whereas
the distal branches have rounded lobes. The cusp of the
lower anterior tooth (Fig. 5C, D) is long, robust, sigmoidal,
and bent lingually. The cutting edge on the lower tooth is
limited to the apical portion of the cusp. A short, triangular
lateral cusplet is present on the distal and mesial tooth
shoulder. The root of the lower anterior tooth is holaulaco-
rhizous, mesio-distally compressed, and contains a robust
lingual protuberance.

Remarks.—The presence of flattened, distally hooked, coarse-
ly serrated upper lateral teeth with thin roots containing
robust lingual protuberances and lower anterior teeth that
have slender cusps with robust roots distinguishes H. serra
from other similar chondrichthyan teeth also found in
Onslow Bay, including Galeocerdo aduncus, Galeocerdo cuvier,
and Physogaleus contortus. Teeth of H. serra can be distin-
guished from the Eocene species, Hemipristis curvatus, due to
their larger overall size and the presence of serrations that
increase in size towards the cusp apex, on both the mesial
and distal tooth margins on upper teeth (Cappetta, 2012).
Teeth of H. serra display strong dignathic heterodonty
allowing distinction between upper and lower jaw positions
where upper teeth are broad, coarsely serrated, and distally
inclined, and lower teeth are narrow and erect, incompletely
serrated, and have a large lingual protuberance on the root
(Purdy et al., 2001; Cappetta, 2012). Additional research
indicates H. serra teeth increased in size between the Miocene
and Pliocene (e.g., Purdy et al., 2001; Chandler et al., 2006).

Genus Carcharhinus Blainville, 1816

Type species: Carcharias melanopterus Quoy and Gaimard,
1824

Carcharhinus priscus (Agassiz, 1843)
Figure 5E–H; Tables 1, 2

Material examined.—One upper anterolateral tooth (ANSP
24147), one lower lateral tooth (ANSP 24148), and 75
additional teeth.

Description.—The crown of the upper anterolateral tooth
contains an erect cusp, serrated cutting edge, and serrated
tooth shoulders (Fig. 5E, F). The labial tooth surface is nearly
flat, the lingual surface is convex, and both surfaces are
smooth. The crowns of some anterolateral teeth may only
have serrations on the tooth shoulders. Serrations on the
main cusp decrease in size towards the tooth apex. The lower
lateral tooth is thin, erect, and contains faint serrations on
the tooth shoulders that decrease in size and progress onto
the main cusp (Fig. 5G, H). The roots of upper anterolateral
and lower lateral teeth are holaulacorhizous and contain a
shallow nutritive groove on the lingual surface. The root of
the lower lateral tooth has a nearly flat basal surface, while
that of the anterolateral tooth is wider, thinner, and has a
more concave separation between root lobes.

Remarks.—The presence of serrations on the main cusps that
progress onto the tooth shoulders without being separated by
a distinct notch distinguishes C. priscus from other similar
chondrichthyan teeth also found in Onslow Bay, including
Carcharhinus falciformis and Negaprion brevirostris. Multiple
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Cenozoic species of Carcharhinus, including the seven
identified by Purdy et al. (2001) from the PCS Phosphate
Mine (i.e., Carcharhinus brachyurus, Carcharhinus falciformis,
Carcharhinus leucas, Carcharhinus macloti, Carcharhinus ob-
scurus, Carcharhinus perezi, and Carcharhinus plumbeus), are
similar to C. priscus described here. In particular, Purdy et al.
(2001) assigned teeth resembling those of C. priscus identified
in this report as C. perezii. However, comparison of modern C.
perezii teeth to isolated fossil teeth of C. priscus indicates that
C. perezii tooth serrations are coarser (Voigt and Weber,
2011). Additionally, teeth identified as Carcharhinus gibbesi
may appear similar to those of C. priscus; however, upper
teeth of C. gibbesi are known to have smooth main cusps and
coarsely serrated tooth shoulders, whereas lower teeth have
smooth main cusps and tooth shoulders (Cicimurri and
Knight, 2009). Our identification of these Onslow Bay teeth
to C. priscus compares favorably with those of C. priscus
identified by Reinecke et al. (2011) and Maisch et al. (2015)
and is based on the recovery of numerous similar specimens
from positions within the upper and lower jaws that exhibit:
1) partially serrated cusps that are continuous with the tooth
shoulders; 2) weakly serrated tooth shoulders; 3) thin roots
with widely spaced root lobes; and 4) the presence of a small
nutritive groove on the lingual root surface. As identified in
numerous studies, intraspecific variations such as ontoge-
netic heterodonty and sexual dimorphism present in teeth of
extant species of Carcharhinus makes identifying isolated
fossil teeth of Carcharhinus difficult since separate fossil taxa
may in fact represent intraspecific variations within the same
taxon (e.g., Garrick, 1982; Compagno, 1988; Grace, 2001;
Purdy et al., 2001; Voigt and Weber, 2011). Additional
comparison between C. priscus and similar, related Cenozoic
carcharhinids can be found in Naylor and Marcus (1994),
Purdy et al. (2001), Kocsis (2007), Marsili (2007), Reinecke et
al. (2011), Bor et al. (2012), and Cappetta (2012).

Carcharhinus falciformis (Bibron, 1839 in Müller and
Henle, 1838–1841)
Figure 5I, J; Tables 1, 2

Material examined.—One upper anterolateral tooth ANSP
(24163) and 20 additional teeth.

Description.—The crown of the anterolateral tooth is trian-
gular, erect, weakly serrated, and has coarsely serrated tooth
shoulders that are separated from the main cusp by a notch.
The labial tooth surface is nearly flat and the lingual surface
is slightly convex. The root of the upper anterolateral tooth is
holaulacorhizous, labio-lingually compressed, and contains a
shallow nutritive groove on the lingual surface.

Remarks.—The presence of coarser serrations on upper
anterior tooth shoulders that are separated from progressive-
ly finer serrations on the main cusp by a notch distinguishes
Carcharhinus falciformis from those of C. priscus and N.
brevirostris also found in Onslow Bay. Additional, similar
teeth belonging to C. leucas, C. obscurus, and C. plumbeus
were reported from the PCS Phosphate Mine by Purdy et al.
(2001); however, these teeth have tooth crowns that are
broader, more triangular and robust, and contain coarser
serrations (e.g., Purdy et al., 2001; Voigt and Weber, 2011).
For additional discussions on C. falciformis and related taxa,
see Garrick (1982), Compagno (1988), Naylor and Marcus
(1994), Grace (2001), Purdy et al. (2001), Carnevale et al.
(2006), Marsili (2007), Reinecke et al. (2011), Voigt and

Weber (2011), Cappetta (2012), and Carrillo-Briceño et al.
(2016a).

Genus Negaprion Whitley, 1940

Type species: Aprionodon acutidens subsp. queenslandicus
Whitley, 1939

Negaprion brevirostris (Poey, 1868)
Figure 5K, L; Tables 1, 2

Material examined.—One anterior tooth (ANSP 24150) and
five additional teeth.

Description.—The crown of the anterior tooth is erect, has
complete, smooth cutting edges, and well-developed tooth
shoulders that contain low, faint serrations separated from
the main cusp by notches. The root of the anterior tooth is
holaulachorhizous, widely divergent, and contains a faint
nutritive groove.

Remarks.—The presence of well-developed, serrated tooth
shoulders and a smooth main cusp distinguishes N. brevi-
rostris from other similar chondrichthyan teeth also found in
Onslow Bay, including C. falciformis and C. priscus. Negaprion
brevirostris teeth differ from those of Negaprion eurybathrodon
that were identified at the PCS Phosphate Mine by Purdy et
al. (2001), because anterior teeth display larger, more erect
crowns and contain well-developed, partially serrated tooth
shoulders. Additional discussions regarding the classification
of N. brevirostris can be found in White (1955), Antunes and
Jonet (1970), Longbottom (1979), Purdy et al. (2001), Ward
and Bonavia (2001), Kocsis (2007), and Bor et al. (2012).

Genus Physogaleus Cappetta, 1980

Type species: Trigonodus secundus Winkler, 1876

Physogaleus contortus (Gibbes, 1849)
Figure 5M, N; Tables 1, 2

Material examined.—One lateral tooth (ANSP 24144) and 75
additional teeth.

Description.—The crown of the lateral tooth is smooth with a
flat labial surface and convex lingual surface. The cusp is
angled distally and becomes more acute further from the
symphysis, is dorso-ventrally elongated, and has a sigmoidal
profile. The distal tooth margins contain a weakly developed
distal notch and serrated shoulder. Serrations on the distal
tooth shoulder are coarse, those on the apical and mesial
tooth margins are fine, and compound serrations are not
present. The root of the lateral tooth is holaulacorhizous and
contains a nutritive groove in the center of a robust lingual
protuberance. Greater root surface area is exposed on the
lingual surface.

Remarks.—The presence of elongated cusps with sigmoidal
profiles, finely serrated tooth margins except on the distal
heels, and robust roots bearing lingual protuberances with
nutritive grooves distinguish teeth of P. contortus from other
similar chondrichthyan teeth also found in Onslow Bay,
including G. aduncus and G. cuvier. Taxonomic reassessment
placed this species in the genus Physogaleus rather than
Galeocerdo based on shared characteristics, including robust
roots, narrow, erect, and sigmoidal cusps, and finely serrated
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tooth margins (e.g., Ward and Bonavia, 2001; Reinecke et al.,

2011; Bor et al., 2012; Cappetta, 2012).

Genus Galeocerdo Müller and Henle, 1838

Type species: Squalus cuvier Perón and Lesueur, 1822

Galeocerdo aduncus Agassiz, 1843
Figure 5O, P; Tables 1, 2

Material examined.—One lateral tooth (ANSP 24145) and 50

additional teeth.

Description.—The crown of the lateral tooth is smooth with a

flat labial surface and slightly convex lingual surface. The
cusp is angled distally and a distinct distal notch separates
the main cusp from the distal heel. The distal heel contains

well-developed, coarse serrations which decrease in size
towards the cusp apex; however, compound serrations are

not present. The mesial tooth margin contains fine serrations
that are present from the base of the enamel to the cusp apex.
The root of the lateral tooth is holaulacorhizous, thin, and

contains a short, shallow nutritive groove on the lingual
surface. Greater root surface area is exposed on the lingual
surface and the basal, lingual root surface is slightly concave.

Remarks.—The presence of coarsely serrated distal heels,
finely serrated mesial and apical tooth margins, lack of

sigmoidal crown profiles, and thin roots lacking lingual
protuberances with small, shallow nutritive grooves distin-
guishes teeth of G. aduncus from other similar chon-

drichthyan teeth also found in Onslow Bay, including G.
cuvier and P. contortus (Bor et al., 2012; Cappetta, 2012). Teeth
of G. aduncus also differ from those of G. cuvier since they lack

compound serrations, have a smaller overall size, and do not
occur in the Pliocene. Similar teeth found at the PCS

Phosphate Mine were identified as Galeocerdo sp. by Purdy
et al. (2001) since the type specimen of G. aduncus was
unable to be examined. Some researchers have also suggested

that the teeth of G. aduncus and P. contortus may represent
sexual dimorphism or upper and lower jaw teeth of the same
species (Ward and Bonavia, 2001). However, some European

Miocene localities are known to contain an abundance of G.
aduncus teeth and lack or infrequently contain teeth
identified as P. contortus (Reinecke et al., 2011; Bor et al.,

2012; Cappetta, 2012). We follow the traditional taxonomic
assignment of these Miocene teeth and identify them as
Galeocerdo aduncus.

Galeocerdo cuvier (Perón and Lesueur, 1822)
Figure 5Q, R; Tables 1, 2

Material examined.—One lateral tooth (ANSP 24146) and 25
additional teeth.

Description.—The crown of the lateral tooth is smooth with a
flat labial surface and convex lingual surface. The cusp is
angled distally and contains a distinct distal notch that

separates the main cusp from the distal heel. The distal heel
and mesial tooth margin contain well-developed, compound,
coarse serrations that decrease in size towards the cusp apex.

The lateral tooth root is holaulacorhizous, robust, and more
exposed on the lingual surface where a short, nutritive
groove is present.

Remarks.—The presence of coarse, compound serrations,
thick roots with lingual protuberances containing shallow
nutritive grooves, and a larger overall size distinguishes teeth
of G. cuvier from other similar chondrichthyan teeth also
found in Onslow Bay, including those of G. aduncus and P.
contortus (Bor et al., 2012; Cappetta, 2012). At the PCS
Phosphate Mine, Purdy et al. (2001) identified similar teeth
as Galeocerdo cf. G. cuvier on the basis that some basal and
apical mesial cutting edges are straight, creating an obtuse
angle that is usually only seen in juveniles and not adults of
the modern species. We follow Cappetta (2012) and identify
these large, Pliocene teeth containing compound serrations
as Galeocerdo cuvier.

Genus Rhizoprionodon Whitley, 1929

Type species: Scoliodon crenidens Klunzinger, 1880

Rhizoprionodon sp.
Figure 5S, T; Tables 1, 2

Material examined.—One lateral tooth (ANSP 24149) and
three additional teeth.

Description.—The crown of the lateral tooth contains a
slender, needle-like, and distally inclined main cusp that
contains a complete cutting edge and pronounced, unser-
rated, distal heel. The labial tooth face overhangs the root
and displays a convex ridge parallel to the root base while the
lingual face is nearly flat. The root is holauchorhizous,
rectilinear, and contains a nutritive groove.

Remarks.—The presence of slender main cusps, well-defined
distal heels, and absence of serrations distinguishes teeth of
Rhizoprionodon sp. from other similar chondrichthyan teeth
also found in Onslow Bay, including C. falciformis, C. priscus,
and P. contortus. Rhizoprionodon sp. teeth can also be
distinguished from those of Scoliodon sp. by the lack of labial
tooth enamel overhanging the root and from those of
Sphyrna sp. due to the presence of tall, slender, and sigmoidal
main cusps. Tooth morphologies of extant genera including
Loxodon, Rhizoprionodon, and Scoliodon are very similar and
distinctions are further complicated due to sexual dimor-
phism and ontogenetic heterodonty that also occurs among
these genera (Springer, 1964; Cappetta, 2012). As such, we
refrain from lower level taxonomic classification until further
studies are conducted on the teeth of Rhizoprionodon sp.

DISCUSSION

Composition of the Onslow Bay assemblage.—The Onslow Bay
assemblage described in this report consists of eight lamni-
form and eight carcharhiniform taxa (Figs. 4, 5; Tables 1, 2).
These taxa include a mixture of six megatoothed species and
globally ubiquitous pelagic and migratory lamniforms and
carcharhiniforms (e.g., Compagno et al., 2005; Jorgensen et
al., 2010; Cappetta, 2012). Teeth from this assemblage
exhibit morphologies that are indicative of grasping/clutch-
ing and cutting/slicing dentitions that are well suited for
feeding on fishes, marine mammals, and a variety of other
prey items (e.g., Purdy et al., 2001; Compagno et al., 2005;
Cappetta, 2012). The feeding preferences of fossil and extant
lamniforms and carcharhiniforms have also been interpreted
through bite marks on skeletal elements of marine verte-
brates, calcium-isotopic signatures, and shark tooth perfor-
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mance tests in different prey items and feeding strategies
(e.g., Wilga et al., 2007; Whitenack and Motta, 2010; Martin
et al., 2015; Corn et al., 2016; Collareta et al., 2017b). Many
of the Onslow Bay lamniforms and carcharhiniforms are also
indicative of nutrient-rich, nearshore marine environments;
however, the availability of deeper water to the east is
supported by the occurrence of taxa including C. carcharias,
C. hastalis, I. oxyrinchus, O. chubutensis, and O. megalodon
(Purdy et al., 2001; Compagno et al., 2005). These taxa are
known to frequent nearshore and pelagic habitats and are
capable of large-scale, open-ocean migrations (e.g., Purdy,
1998; Purdy et al., 2001; Compagno et al., 2005; Cappetta,
2012). Noticeably absent from the Onslow Bay assemblage
are chondrichthyans with distinct, deep-water affinities such
as Hexanchus and Megachasma (e.g., Compagno et al., 2005;
Cappetta, 2012).

Teeth from the Onslow Bay lamniforms and carcharhini-
forms range in size from ’0.5 cm to .10 cm in crown height
and large teeth of O. megalodon are abundant. The largest O.
megalodon tooth observed during this study (Fig. 6A) was an
anterior tooth measuring 14 cm in crown height that likely
belonged to a shark .12 m in total length (e.g., Gottfried et
al., 1996; Shimada, 2002; Pimiento et al., 2010; Pimiento and
Balk, 2015). Teeth measuring ,0.5 cm within surface and
bulk sampled sediments from the submerged localities in
Onslow Bay have not been recovered. We attribute the lack of
microteeth and abundance of megateeth, from sharks
including O. chubutensis and O. megalodon, to be a tapho-
nomic and hydrodynamic bias since active physical and
chemical erosion has been occurring on the seafloor in
Onslow Bay since the Late Pliocene–present day.

Shark teeth in the Onslow Bay assemblage also co-occur
with the bones and teeth of Miocene and Pliocene marine
mammals (whales, seals, porpoises, dugongs) and teeth of
Pleistocene terrestrial mammals (mastodons and mammoths;
Fig. 6F, G). Some of these co-occurring marine mammal
bones also infrequently exhibit evidence of predation or
scavenging that can be attributed to large lamniform shark
teeth such as those belonging to O. megalodon (Fig. 6E).
Additionally, accumulations of lamniform and carcharhini-
form teeth and marine mammal remains adjacent to the
submerged limestone scarps frequently contain borings
created by endolithic bivalves such as Lithophaga sp. (Fig.
6C, D).

Biostratigraphy and correlative properties of the Onslow Bay
assemblage.—A comparison of the 16 lamniforms and
carcharhiniforms in the Onslow Bay assemblage with other
assemblages in North Carolina and along the ACP can be
seen in Table 1. These assemblages occur across 1600 km of
the ACP, and the data in Table 1 indicate that six Onslow Bay
species occur in all of the Miocene assemblages whereas ten
species occur in all of the Pliocene assemblages. This
comparison reinforces the chronological age assignments
and biostratigraphic implications of the Onslow Bay lamni-
forms and carcharhiniforms where specifically G. aduncus, O.
chubutensis, and P. contortus occur in the Miocene, while C.
carcharias, G. cuvier, large O. megalodon, and P. benedinii occur
in the Pliocene (Purdy et al., 2001; Cappetta, 2012). The
chronological ages of the Miocene and Pliocene Onslow Bay
taxa in Onslow Bay are also reinforced by prior seismic
stratigraphic studies that indicate the Pungo River Formation
is exposed at the shallower shelf locality and is Early Miocene
(Aquitanian–Burdigalian) in age and the Yorktown Forma-
tion is exposed at the intermediate and deeper shelf localities

and is Early–Late Pliocene (Zanclean–Piacenzian) in age (e.g.,
Snyder et al., 1982, 1988, 1993; Riggs, 1984; Riggs et al.,
1995, 2000; Purdy et al., 2001).

These correlations are especially unique for the submerged
Onslow Bay shelf region since the nearest land-based
exposures of the Pungo River and Yorktown formations are
present in the Aurora Embayment at the PCS Phosphate
Mine which is located ’190 km north-northeast of our
Onslow Bay study region (i.e., Onslow Embayment) and ’70
km north-northwest of the nearest modern shoreline. The
geographic separation of the land-based exposures from our
submerged study region indicates that the Pungo River and
Yorktown formations in Onslow Bay are diachronous with
those at the PCS Phosphate Mine and across the coastal plain
of North Carolina (Snyder et al., 1982). During the late
Cenozoic, the Onslow and Aurora Embayments were sub-
jected to varying effects of maximum marine inundation
that occurred across two large-scale transgressions associated
with the Mid-Miocene Climatic Optimum ’18–15 Ma (’4
Myr duration) and the Early Pliocene ’4–2.5 Ma (’2.5 Myr
duration; Riggs, 1984; Haq et al., 1988). We infer that these
inundations enabled the lamniforms and carcharhiniforms
identified in this report to move landward and inhabit areas
between the Onslow and Aurora embayments in North
Carolina as well as in other embayments along the ACP
(Gibson, 1983; Riggs, 1984; Poag, 1985).

Moreover, many of the Onslow Bay lamniform and
carcharhiniform taxa also occur in land-based shallow
marine strata around the world (Table 2; Cappetta, 2012).
Data from Table 2 indicate that the most common and
globally widespread Miocene and Pliocene taxa in the
Onslow Bay assemblage include C. carcharias, C. hastalis, H.
serra, I. oxyrinchus, and O. megalodon. Of these species, C.
carcharias and I. oxyrinchus have been well documented to
migrate across ocean basins and are globally ubiquitous in
the modern oceans (e.g., Kohler et al., 1998; Bonfil et al.,
2005; Compagno et al., 2005; Block et al., 2011; Del Raye et
al., 2013; Kneebone et al., 2014). Interestingly, the Earth’s
current geographic landmass distribution has existed essen-
tially unchanged since the Middle Miocene (Potter and
Szatmari, 2009; Herold et al., 2011). Consequently, similar
geographic, temperature, and dietary restrictions imposed by
this configuration in the modern oceans likely also existed
since the Miocene (e.g., Lear et al., 2000; Allmon, 2001;
Purdy et al., 2001; Compagno et al., 2005; Potter and
Szatmari, 2009; Herold et al., 2011; Cappetta, 2012; Del Raye
et al., 2013; Norris et al., 2013; Kneebone et al., 2014; Maisch
et al., 2015). As such, the wide-ranging distribution of the
Onslow Bay lamniforms and carcharhiniforms serves to
reinforce the utility of chondrichthyan teeth in regional
and global biostratigraphic and chronostratigraphic interpre-
tations.

In addition to the shallow Onslow Bay shelf localities
described in this report, deep marine deposits containing
Cenozoic chondrichthyan teeth have been identified in
various global locations (Turner, 1880; Belyaev and Glikman,
1970; Mullins and Neumann, 1979; Seret, 1987; Antunes et
al., 2015). These deposits contain some of the same
chondrichthyan taxa that occur in Onslow Bay and other
localities identified in Tables 1 and 2. As demonstrated by the
Onslow Bay assemblage, consisting of an abundance of large
lamniform and carcharhiniform teeth, geologic age and
stratigraphic interpretations are still possible despite the
absence of smaller chondrichthyan teeth. Based on the
global occurrence of many of the lamniforms and carcharhi-
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niforms discussed in this report, future opportunity exists to
extend these biostratigraphic correlative properties between
land-based, shallow, and deep marine shelf exposures.

Conclusions.—The discovery of submerged fossiliferous hard-
bottom exposures in Onslow Bay, North Carolina, contain-
ing an abundance of lamniform and carcharhiniform teeth,
and in particular large teeth belonging to O. megalodon,
provide a unique means to correlate land-based exposures
with those locally exposed in progressively deeper water on
the North Carolina continental shelf. Unlike the land-based
exposures at the PCS Phosphate Mine, those submerged in
Onslow Bay have been continuously subjected to transgres-
sive-regressive glacioeustactic sea level cyclicity events over
the course of approximately the last 18 million years and up
to the present day (Riggs et al., 2011). These dynamic sea
level events not only shaped the coastal plain and continen-
tal shelf of North Carolina, but also eroded and concentrated
Miocene and Pliocene shark teeth in localized areas in
southwestern Onslow Bay. The submerged Onslow Bay shelf
localities and concentrations of Miocene and Pliocene
lamniform and carcharhiniform teeth described in this report
are unique in that they are still being subjected to the erosive
effects of modern ocean dynamics, including bottom
currents and large coastal storm events. The capability of
larger Miocene and Pliocene lamniform and carcharhiniform
teeth, such as those documented in this report, to withstand
the effects of taphonomic reworking and hydrodynamic
sorting reinforces the ability of fossil shark teeth to serve in
correlative studies between land-based exposures in North
Carolina, the ACP, and other localities around the world. In
summation:

1. This report documents a previously unreported assem-
blage of Miocene and Pliocene lamniforms and carcharhini-
forms from the continental shelf of southwestern Onslow
Bay, North Carolina. 2. Prior core and dredge data and
seismic stratigraphic studies indicate the submerged shelf of
southwestern Onslow Bay exposes the Miocene Pungo River
and Pliocene Yorktown formations. 3. Comparison of lamni-
form and carcharhiniform teeth and submerged Onslow Bay
outcrops with those from land-based exposures at the PCS
Phosphate Mine reinforces the occurrence of sediments of
the Miocene Pungo River and Pliocene Yorktown formations
in Onslow Bay. 4. In Onslow Bay, G. aduncus, O. chubutensis,
and P. contortus only occur in the Miocene Pungo River
Formation, whereas A. grandis, C. carcharias, large C. hastalis,
G. cuvier, large O. megalodon, and P. benedinii teeth occur in
the Pliocene Yorktown Formation. 5. The Onslow Bay
lamniforms and carcharhiniforms are also known from
contemporaneous regional and global, land-based Miocene
and Pliocene formation exposures and indicates these sharks
were capable of transoceanic migrations.
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entre leurs faunes mammalogiques et celles de l’ancien
continent. Anales del Museo Nacional de Buenos Aires
(tercera serie) 8:1–568.

Andrianavalona, T., T. Ramihangihajason, A. Rasoamiar-
amanana, D. Ward, J. Ali, and K. Samonds. 2015.
Miocene shark and batoid fauna from Nosy Makamby
(Mahajanga Basin, Northwestern Madagascar). PLoS ONE
10:e0129444.

Antunes, M., and S. Jonet. 1970. Requins de l’Helvétien
superieur et du Tortonien de Lisbonne. Revista da Facul-
dade de Ciências, Universidade de Lisboa 2. Série C 16:119–
280.

Antunes, M., P. Legoinha, and A. Balbino. 2015. Mega-
lodon, mako shark and planktonic foraminifera from the
continental shelf off Portugal and their age. Geologica Acta
13:181–190.

Applegate, S. 1986. The El Cien Formation, strata of
Oligocene and Early Miocene age in Baja California Sur.
Universidad Nacional Autonoma de Mexico, Instituto de
Geologia, Revista 6:145–162.

Applegate, S., and L. Espinosa-Arrubarrena. 1996. The
fossil history of Carcharodon and its possible ancestor,
Cretolamna: a study in tooth identification, p. 19–36. In:
Great White Sharks: The Biology of Carcharodon carcharias.
A. Klimley and D. Ainley (eds.). Academic Press, San Diego.
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