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Remingtonocetid cetaceans are a group of stem whales known from the Indo-Pakistan and North African Tethys Ocean.
An unusual tooth was discovered by Peter J. Harmatuk in 1973 in the middle Eocene Superior Stone Quarry (now the
Martin Marietta Quarry) near Castle Hayne, North Carolina, USA. Here we identify this tooth as a premolar of a possible
member of the Remingtonocetidae, which would extend the range of this family across the Atlantic to eastern North
America. This partial tooth includes most of the crown (missing the mesial end) and the posterior root. The tooth bears
a single central cusp and a worn accessory cusp on the posterior end. This tooth most closely resembles premolars of
Remingtonocetus and is rather dissimilar to premolars of other archaeocetes known from the middle Eocene of North
America, such as the families Protocetidae and Basilosauridae. This new record potentially expands the geographic
distribution of the amphibious cetacean family Remingtonocetidae across the Atlantic.
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Introduction
Remingtonocetidae are a family of stem cetaceans with
extremely long snouts and proportionally long mandibles
and mandibular symphyses (Kumar and Sahni 1986). This
family was originally described and known only from
Indo-Pakistan (Kumar and Sahni 1986; Gingerich et al.
1995; Thewissen and Hussain 2000; Bajpai and Thewissen
2000) until remingtonocetid remains were also reported
from North Africa (Bebej et al. 2015). Here we report a single tooth from the middle Eocene Castle Hayne Formation
of North Carolina that differs markedly in morphology
from the protocetids and basilosaurids previously described from the middle Eocene of North America. The
Castle Hayne Formation has produced Crenatocetus rayi
(McLeod and Barnes 1990, 1996, 2008); Pachycetus wardii
(Uhen 1999, 2001; Gol’din and Zvonok 2013; van Vliet et
al. 2020); Cynthiacetus maxwelli (Uhen 2005); and various specimens of indeterminate basilosaurids (Uhen 2013).
However, the morphology of this new specimen does not
match the features found in any of these taxa, nor any
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closely related taxa. Instead, it more closely resembles a
remingtonocetid, despite the family being known only
from the Tethys Ocean.
The biogeographic distribution of stem cetaceans has
been largely linked to their perceived locomotor capabilities.
Pakicetids, ambulocetids, and remingtonocetids have been
found only within the Tethys Ocean and have been perceived
as more terrestrial, whereas the more aquatic protocetids are
now known to have dispersed to the Americas (e.g., Hulbert
et al. 1998; Uhen 1998; Geisler et al. 2005; Uhen 2014; Lam
bert et al. 2019a) and the fully aquatic basilosaurids are cosmopolitan (e.g., Köhler and Fordyce 1997; Uhen and Tichy
2000; Martínez-Cáceres and de Muizon 2011; Uhen et al.
2011; Uhen 2013, 2018). The tooth described here is provisionally identified as the first known remingtonocetid
from the North America. This extends the range of remingtonocetids not only out of Indo-Pakistan, but out of the
Tethys and across the Atlantic, thus challenging perceived
limitations of remingtonocetid locomotion and habitat range.
Institutional abbreviations.—IITR-SB, Indian Institute of
Technology, Roorkee, Department of Geosciences, Uttaran
https://doi.org/10.4202/app.00799.2020
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chel, India; KPG-M, Université de Montpellier, Institut
des Sciences de l’Évolution, Montpellier, France; NHML,
Natural History Museum, London, UK; USNM, US National
Museum of Natural History, Washington, D.C., USA.
Other abbreviations.—dP/p, deciduous premolar upper/
lower; EFA, elliptic Fourier analysis; PCA, principal component analysis.

Material and methods
Whale teeth, particularly those of heterodont archaeocetes,
can vary widely in form even within an individual. Traditional
measures for analyzing shape, such as linear measurements
or geometric morphometrics, have proved difficult to apply
to whale teeth. Linear measurements often fail to capture
the complex forms of multi-cusped cheek teeth. Geometric
morphometrics work better, but ultimately still rely on landmarks and therefore lose some of the complexity of morphology (Crampton 1995). Other studies have attempted to quantify shape complexity using orientation patch count (OPC)
(Peredo et al. 2018), but this process measures overall complexity of the crown rather than differences in shape, and is
not useful for testing the identity of the North Carolina tooth.
In contrast to linear measurements and geometric morphometrics, elliptic Fourier analysis (EFA) creates a complete outline of the shape in question and therefore represents
a more accurate representation of the complex morphologies
observed (Bonhomme et al. 2014 and references therein).
Previous studies have used EFA to classify shape in other
taxa such as plants (Neto et al. 2006), bivalves (Ferson et al.
1985), fish otoliths (Tracey et al. 2006), pinniped whiskers
(Ginter et al. 2012), and shark teeth (Cullen and Marshall
2019). Here, we use EFA to compare the overall outline morphology of teeth from remingtonocetids, protocetids, and
basilosaurids as a means of testing the taxonomic identity
of USNM 449550.
Data collection.—We sampled 37 teeth spanning the
breadth of potential taxa for the North Carolina tooth. Our
sample includes nine remingtonocetid, 14 protocetid, and
13 basilosaurid teeth in addition to USNM 449550. Given
that the tooth originally bore 2 roots, USNM 449550 is
clearly a cheek tooth. Its morphology is inconsistent with
a first premolar or a molar and given that it has no lingual
expansion for any sort of protocone or protocone remnant,
it likely represents an upper premolar, although it could also
represent a lower premolar. Accordingly, we restricted our
dataset to only second through fourth premolars, and our
dataset does include both upper and lower teeth to make our
analysis more conservative.
Photographs of the teeth in our dataset were either taken by
the authors or were acquired from the literature (see Table 1
for specific sources). We cropped each photograph in Adobe
Photoshop to include only the crown of the tooth to exclude

Fig. 1. PCA ordinations of differences in tooth morphology for sampled
archaeocetes. This plot includes data from both adult and deciduous premolars. The numbers next to the axis labels indicate the percentage of explained variation in morphology for that axis. The tooth shapes around
each point represent the outline generated using the harmonic coefficients
produced by elliptic Fourier analysis to achieve 99.9% harmonic power.
See SOM: table 1 for a list of included specimens.

potential biases introduced by varying degrees of preservation of the dental roots. Because EFA is sensitive to orientation, each tooth was rotated such that the occlusal surface was
up and the anterior face was to the right (teeth were mirrored
if necessary). USNM 449550 preserves only the central cusp
and posterior end. Therefore, we conservatively estimated the
anterior end based on other archaeocete premolars to create
an acceptable reconstruction for this analysis.
EFA and PCA analyses.—We conducted an elliptic Fourier
analysis (EFA), and subsequently a principal component
analysis (PCA), using the R package Momocs (Bonhomme
et al. 2014). Following the methods of Cullen and Marshall
(2019), we centered and scaled the outlines of each tooth
to remove the effect of tooth size. Then, each tooth was
smoothed using a simple moving average with nine iterations
to reduce noise from the preparation process. To capture
as much morphological accuracy as possible, we chose the
number of harmonics to describe 99.9% of the total variation
in shape. We then evaluated the variation in tooth shapes
using a principal component analysis, which facilitates the
visualization of individual teeth within morphological space
(Fig. 1). In doing so, we directly tested the taxonomic identity
of the North Carolina tooth by plotting it in morphological
space alongside the teeth with certain taxonomic identity.

Systematic palaeontology
Cetacea Brisson, 1762
?Remingtonocetidae Kumar and Sahni, 1986
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Fig. 2. A. Remingtonocetus sp. (IITR-SB 2630) from Lutetian; Kachchh, India; right P4. B. ?Remingtonocetidae indet. (USNM 449550) from Lutetian–
Bartonian; Martin Marietta Quarry (formerly Superior Stone Quarry), near Castle Hayne, North Carolina, USA. Shown as if it were an upper premolar
for comparison, but it may also represent a lower premolar as well. Note the extreme narrowness of the tooth. In lateral (A2, B2), medial (A1, B1), and
occlusal (A3, B3) views.

?Remingtonocetidae indet.
Fig. 2.

Material.—USNM 449550, partial premolar (Fig. 2B) from
middle Eocene, Martin Marietta Quarry (formerly Superior
Stone Quarry), near Castle Hayne, North Carolina, USA
(34°21’30” N, 77°52’ W, Paleobiology Database collection
5459).
Description.— USNM 449550 includes portion of a tooth,
including the main central cusp, and the posterior portion
of the crown (Fig. 2B). The posterior root is also present,
and extends farther posterior than the posterior edge of the
crown. The enamel of the crown displays vertical rugosities.
There are small cingula on the medial, lateral, and posterior
edges. There is also a small secondary cusp on the posterior
heel of the tooth. The central cusp displays light apical wear,
and the posterior cusp displays heavy apical wear to the
point of being almost worn away. No lateral wear is evident
on the tooth. The tooth is also very narrow mediolaterally,
and long anteroposteriorly. The crown is 9.3 mm wide directly below the central cusp. The anteroposterior distance
from the central cusp to the posterior margin, measured
parallel to the cingulum is 27.5 mm.
Remarks.—Precise information on the horizon where the
tooth was collected is lacking. However, Kier (1980) states
that the rocks in the quarry are from the Castle Hayne
Formation, and that they are Bartonian (late middle Eocene)
in age. There is considerable debate in the literature about
the age and age range of the Castle Hayne Formation. Some
authors consider the Castle Hayne Formation to span from
the middle to late Eocene (Harris and Laws 1997). Others
restrict the Castle Hayne to the middle Eocene (Coffey and
Read 2004) or even some smaller portion of the middle
Eocene (Weems et al. 2004). This debate is in part due
to different opinions on what is part of the Castle Hayne

Formation versus an overlying formation, but is also due
to differing opinions on the ages of the rocks themselves.
Nevertheless, all parties agree that the rocks in the Superior
Stone Quarry are of middle Eocene age, most likely from
the Lutetian or early Bartonian.

Results
The only other cetaceans known from the Castle Hayne
Formation are protocetid Crenatocetus rayi (McLeod and
Barnes 1990, 1996, 2008); and basilosaurids Pachycetus
wardii (Uhen 1999, 2001; Gol’din and Zvonok 2013; van
Vliet et al. 2020); and Cynthiacetus maxwelli (Uhen 2005);
and various specimens of indeterminate basilosaurids
(Uhen 2013). Cheek teeth are not known from P. wardii,
but alveoli demonstrate that in general the teeth of P. wardii
would be much larger and transversely broader than this
specimen. The premolars of the Crenatocetus (which is
only known from a lower jaw with cheek teeth) are shorter
(anteroposteriorly) and broader (mediolaterally) than this
specimen. Basilosaurid premolars, both adult and deciduous, bear multiple accessory denticles (Uhen 2004), which
USNM 449550 lacks. This specimen is also much too small
to represent Cynthiacetus. Measurements of small to moderately sized remingtonocetids, protocetids, and basilosaurids
are listed in SOM: table 2 (Supplementary Online Material
available at app66-Uhen_Peredo_SOM.pdf).
USNM 449550 could possibly represent a premolar of
a protocetid, rather than a remingtonocetid. Upper premolars of protocetids have lingual expansions of the posterior
portion of the tooth, often bearing a protocone in more
apomorphic forms, but this structure is lacking in USNM
449550, as is the case in remingtonocetids (Thewissen and
Bajpai 2001). USNM 449550 might also represent a proto-
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cetid lower premolar, but it is very buccolingually narrow
when compared to the lower premolars of known protocetids. Only remingtonocetid premolars and deciduous protocetid lower premolars are buccolingually as narrow as
USNM 449550. See SOM: table 2.
USNM 449550 could also represent a deciduous premolar of a protocetid. One characteristic that is suggestive of
it being a deciduous tooth is the obtuse angle of the root to
the cingulum. Adult archaeocete teeth usually have roots
that angle in towards the center of the tooth while deciduous
teeth have roots that angle away from the center (Uhen and
Gingerich 2001). The root of USNM 449550 is angled slightly
away from the center, unlike either adult or deciduous teeth
previously described. However, the root is also closed, as
in adult teeth, and unlike deciduous teeth. The only known
protocetid deciduous teeth are those of Pappocetus lugardi
(Andrews 1920; McLeod and Barnes 2008), Indocetus ra
mani (Bajpai and Thewissen 2014), and Togocetus traversei
(Gingerich and Cappetta 2014), as listed in Table 1.
Both known specimens of Pappocetus lugardi (NHML
M11414, M11086) dentaries are in the process of erupting
their permanent molars (Andrews 1920), which indicates
that teeth in the premolar positions are still deciduous teeth
(Uhen 2004). The first lower deciduous premolar (dp1) is
missing in both specimens, but was clearly a single rooted
tooth based on the preserved alveolus in NHML M 11414.
The second deciduous lower premolar is present in NHML
M 11414, has 2 roots, but the crown is broken. From what is
preserved it is likely to have had a single, central cusp, but
that cannot be confirmed. Both dp3 and dp4 clearly bear
at least two if not more accessory denticles, like those of
basilosaurid deciduous and adult teeth, and unlike the permanent premolars of protocetids.
IITR-SB 2986 and IITR-SB 2000-33, Indocetus ramani,
both preserve portions of dp3 and complete dp4. Both are
similar to the morphology of Pappocetus in the presence of
accessory cusps (Bajpai and Thewissen 2014).
Both upper and lower deciduous premolars are known
from several isolated teeth of Togocetus traversei (see
Table 1). Crowns of dP3 and dP4 have two roots, and two
cusps each. They differ in that dP3 lacks any kind of a protocone, but dP4 has a lingual swelling over the posterior root
indicating a protocone remnant (Gingerich and Cappetta

2014). Isolated lower deciduous premolars from dp2 to dp4
have also been described. All have two roots. dp2 clearly
bears a single cusp and lacks accessory denticles. dp3 lacks
anterior accessory denticles, but is broken posteriorly so the
presence or absence of accessory denticles cannot be determined. dp4 bears three cusps, a large central cusp and one
smaller anterior accessory denticle and one larger posterior
accessory denticle, with the possibility of another smaller
one absent due to breakage (Gingerich and Cappetta 2014).
USNM 449550 bears a tiny, worn denticle on the posterior carina of the crown. This morphology makes it a poor
match for any of the adult protocetid premolars and for the
premolars of basilosaurids, which bear numerous accessory denticles. We therefore consider it unlikely that USNM
449550 belongs to either a protocetid or a basilosaurid adult
tooth. It could be a protocetid deciduous premolar, but it is
double rooted, ruling out identity as a dp1, and given the
lack of accessory denticles, it cannot be either an upper
deciduous premolar, nor a dp3 or dp4. If USNM 449550 is
from a protocetid, then it must be a dp2.
We compared USNM 449550 to the best remingtonocetid
dentition known, that of Remingtonocetus harudiensis,
IITR-SB 2630 (Thewissen and Bajpai 2001) (cast = USNM
533999, Fig. 2A1, A3). The tooth is most similar to the P4 of
R. harudiensis. The crown of this tooth is 8.6 mm wide directly below the central cusp, and the length from the central
cusp to the posterior margin is 29.8 mm, making it slightly
narrower than USNM 449550 when compared to the length.
Finally, our shape analysis of the tooth compared to the
cheek teeth of other archaeocetes places the shape of the
tooth in a morphospace with other remingtonocetid premolars, separate from those of both protocetids and basilosaurids. This further confirms the identity of this tooth as a
possible remingtonocetid cheek tooth, extending their range
across the Atlantic Ocean to the east coast of North America.

Discussion
The probable identification of a specimen from North
Carolina as a remingtonocetid, along with recent discovery of protocetid cetaceans in Peru (Lambert et al. 2019b)

Table 1. All known protocetid specimens that include deciduous premolars, with descriptions of those specimens.
Specimen

Taxon

Teeth

NHML M11414

Pappocetus lugardi

dp2–dp4

USNM 542448
IITR-SB 2986
IITR-SB 2000-33
KPG-M 10
KPG-M 133
KPG-M 23
KPG-M 16
KPG-M 15

Protocetidae indet.
Indocetus ramani
Indocetus ramani
Togocetus traversei
Togocetus traversei
Togocetus traversei
Togocetus traversei
Togocetus traversei

dp3?
dp3–dp4
dp3–dp4
dP4
dP3
dp4
dp2
dp3

Notes
both dp3 and dp4 have some accessory denticles, but dp2 appears to lack them;
based on alveoli, dp1 is single rooted
missing 2 roots, no accessory denticles; possibly a dp2 based on lack of denticles
dp3 is broken, dp4 has accessory denticles
dp3 is complete, but not described, dp4 has accessory denticles; not figured
2 roots, 2 cusps
2 roots, 2 cusps
3 cusps, 1 main, 1 anterior, 1 posterior
2 roots, no extra cusps, but anteroposteriorly short
2 roots, 1 main cusp missing posterior portion of crown and posterior root
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Fig. 3. Paleogeographic reconstructions and distributions of Eocene cetaceans. A. Ypresian, reconstructed at 52 Ma. B. Lutetian, reconstructed at
45 Ma. C. Bartonian, reconstructed at 40 Ma. D. Priabonian reconstructed at
36 Ma. Data are derived from occurrences in the Paleobiology Database and
includes every published occurrence of archaeocete cetaceans (Uhen 2020).

greatly alters previous notions of biogeography and locomotor abilities of early cetaceans. Previous distributions
of families of archaic whales were such that Pakicetidae
(Fig. 3A), Ambulocetidae (Fig. 3A), and Remingtonocetidae
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(Fig. 3B) were restricted to Indo-Pakistan; Protocetidae
(Fig. 3C) were known from Indo-Pakistan, north and west
Africa, and eastern North America; while Basilosauridae
(Fig. 3D) were globally distributed. Thus, Pakicetidae,
Ambulocetidae, and Remingtonocetidae were restricted to
the Tethys Ocean, while Protocetidae expanded into the
Atlantic and Basilosauridae were globally distributed.
This pattern of distribution fit well with hypotheses regarding locomotor capabilities. Pakicetids were quite terrestrial (Madar 2007), while ambulocetids and remingtonocetids
are thought to be convergent on crocodile morphology and
ecology (Thewissen et al. 1996; Bajpai and Thewissen 2000).
Neither family appeared to have ranged far from the IndoPakistan region of the Tethys. Protocetids, which were more
semi-aquatic like pinnipeds (Gingerich 2003), ranged into
and across the Atlantic to North America following prevailing currents at the time (Uhen 1999), while basilosaurids,
which were fully aquatic, could disperse across all of the
oceans to be found on virtually all continents (Uhen 1998).
However, recent discoveries reveal this narrative is inaccurate. Bebej et al. (2015) reported a remingtonocetid from
North Africa, demonstrating that they left Indo-Pakistan
into the broader Tethys. Lambert et al. (2019a, b) reported a
protocetid from Peru, indicating that protocetids did not just
cross the Atlantic but also dispersed into the Pacific. Now,
the potential discovery of a remingtonocetid from North
America extends a third family of archaeocetes across the
Atlantic and suggests that the aquatic locomotory abilities
of remingtonocetids may have been better developed than
previously thought.
A lack of previously discovered remingtonocetids
from North America is unsurprising given that the record
of protocetids is also sparse. Only 14 published fossil collections include protocetids from the Americas, with 13
from North America (Uhen 2014), one from South America
(Lambert et al. 2019a), and several with very limited material. Indeed, only four of these North American collections
are of Lutetian age, and all other known remingtonocetids
from the Afro-Eurasia are Lutetian (Uhen 2020). These
protocetid occurrences only represent five species in five
genera, the first of which were only named in 1998 (Hulbert
et al. 1998; Uhen 1998) although fragmentary protocetids
had been noted from North America by Kellogg (1936).
Thus, lack of previous discoveries of remingtonocetids in
North America is likely a problem of poor sampling. New
discovery of protocetids from Peru (Lambert et al. 2019a)
indicates that protocetids ranged much farther than previously thought, and perhaps, one should not be surprised by
a North American remingtonocetid.

Conclusions
The first phase of cetacean evolution is, for the most part,
the story of adaptation to the aquatic environment (Pyenson
2017). Changes in feeding, sensory systems, and locomotor
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systems are apparent in all of the lineages of middle Eocene
cetaceans (Uhen 2007). Remingtonocetids and protocetids
had been previously known to co-occur in Indo-Pakistan,
but the presence of protocetids in North America without
remingtonocetids, suggested that the swimming abilities of
remingtonocetids were perhaps somewhat more restricted
than those of protocetids. The discovery of a potential remingtonocetid in North America calls that interpretation into
question. Also, the discovery of protocetids in Peru suggests
that protocetids were also strong swimmers, able to cross
the Atlantic between Africa and the Americas. Continued
discovery of middle Eocene cetaceans in North America,
and the southern hemisphere will further test the hypothesized swimming abilities of these early cetaceans.
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