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Abstract

The Lower Clayton Limestone Unit (LCLU) of the Midway Group (Paleocene) near Malvern, Arkansas, USA contains an
assemblage of chondrichthyans recently exposed by excavation for highway stabilization. Chondrichthyan teeth in this assem-
blage belong to at least 12 taxa including: Ginglymostoma subafricanum, Carcharias cf. whitei, Carcharias sp., Odontaspis
winkleri, Palaeohypotodus rutori, Palaeogaleus vincenti, Dasyatis cf. hexagonalis, Dasyatis sp., Hypolophites sp., Myliobatis
sp., Rhinoptera sp., and an indeterminate chimaerid. Locally, these chondrichthyans occur within a stratigraphic section
directly above the Cretaceous—Paleogene (K/Pg) boundary that also contains chondrichthyans. This occurrence is uncom-
mon in the global fossil record and provides an opportunity to (1) assess chondrichthyan diversity across the K/Pg boundary
in the Malvern region and Gulf Coastal Plain of southwestern Arkansas and (2) evaluate the timing of marginal to shallow
marine chondrichthyan faunal turnover and extinction at a proximal location =~ 1500 km from the Chicxulub, Mexico, K/Pg
impact site. Observed patterns within this K/Pg stratigraphic section indicate that changes in chondrichthyan assemblages

are primarily the result of sea-level cyclicity and habitat losses that occurred across several million years.

Keywords Paleocene - Chondrichthyans - K/Pg boundary - Arkansas

Introduction

In the global fossil record, outcrop exposures that preserve
chondrichthyan assemblages across both intervals of the K/
Pg mass extinction boundary remain uncommon. Examples
of this occurrence include (1) the New Egypt and Horners-
town Formations of Monmouth County, New Jersey (Case
1996; Case et al. 2001); (2) several phosphate basins in
Morocco (Noubhani and Cappetta 1997; Noubhani 2010;
Belben et al. 2017); (3) the Stevns Klint section in Denmark
(Adolfssen and Ward 2014, 2015); and (4) the El Kef sec-
tion in Tunisia (MacLeod et al. 2018). At these localities,
major changes in chondrichthyan diversity are observed,
although the exact magnitude and rate of recovery seen in
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these chondrichthyan assemblages differ below and above
the K/Pg boundary.

For more than a decade, similar details have begun to
emerge in a K/Pg boundary outcrop section near Malvern,
Arkansas (Becker et al. 2006, 2011; Becker and Chamber-
lain 2012). Exposures of this section are related to ongo-
ing river erosion as well as excavations for residential and
industrial buildings. Near Malvern, chondrichthyan species
found in the Maastrichtian Arkadelphia Formation are dif-
ferent from those in the overlying Paleocene Upper Clayton
Limestone Unit (UCLU) of the Midway Group, and there is
a noticeable reduction in species abundance and diversity
between these formations (Becker et al. 2011). Over the last
several years, an excavation for highway stabilization along
Interstate-30 (I-30) has exposed a previously covered and
unreported section of the Paleocene Lower Clayton Lime-
stone Unit (LCLU) of the Midway Group directly adjacent to
the Arkadelphia Formation and the Ouachita River. Recent
fieldwork along the I-30 excavation led to the discovery
and collection of fossil chondrichthyans concentrated into
lag deposits from this LCLU section. These LCLU chon-
drichthyans completely differ from any species previously
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reported from the Arkadelphia Formation, and only several
species are found higher in the section and UCLU within
the 1-30 field site.

In this study, we describe a new Paleocene chondrich-
thyan assemblage from an outcrop of the LCLU of the
Midway Group near Malvern, Arkansas. This assemblage
is composed primarily of small teeth (0.5 to 25 mm) from
chondrichthyans with marginal to shallow marine affinities
found in contemporaneous strata of the Atlantic Coastal
Plain of the United States, Western Europe, and northern
Africa (e.g., Cappetta 2012; Bazzi et al. 2018). The unique
stratigraphic occurrence of the LCLU chondrichthyans
offers the opportunity to further access the effects of the K/
Pg boundary mass extinction in the Gulf Coastal Plain of
Arkansas. Chondrichthyan assemblages found in this K/Pg
boundary section demonstrate extensive taxonomic turnover
and the destructive effects of this global mass extinction on
these highly mobile marine predators. Available evidence
based on stratigraphy, chronological ranges, and sea-level
cyclicity indicates that changes in these chondrichthyan
assemblages are related to habitat losses that occurred across
several million years.

Materials and methods

Regional geology, study location, and geologic age
interpretation

In southwestern Arkansas, the coastal plain physiographic
province is separated by the Ouachita Mountains to the north
and a prominent border fault related to the formation of the
Mississippi Embayment (Fig. 1; Haley et al. 1993, 2009;
McFarland 2004). This coastal plain consists predominantly
of Upper Cretaceous and Paleocene formations and is dis-
sected by the Red, Little, Cossatot, Saline, Little Missouri,
Ouachita, and Caddo rivers and their tributaries. Outcrops
of these formations are limited due to dense vegetation over-
growth, and the best exposures occur along the banks and
beds of these rivers and their tributaries.

Near the town of Malvern, Arkansas, the Arkadelphia
Formation and Midway Group are discontinuously exposed
and bisected by the Ouachita River. In this region, the
uppermost Arkadelphia Formation is dark gray, thinly bed-
ded micaceous marl with occasional lenses of glauconitic
sands, bivalve shells, and chondrichthyan and osteichthyan
teeth. A lithology change represented by a sharp and undu-
latory contact between the dark-colored micaceous marl of
the uppermost Arkadelphia Formation and a light-colored,
thick-bedded coquina lag with interbedded micrite and occa-
sional lenses of fine-grained, cross-bedded quartz sand and
rip-up clasts of Arkadelphia composition comprises the low-
ermost Midway Group (Figs. 2, 3, 4).
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The Arkadelphia Formation and Midway Group (K/
Pg boundary) contact is best exposed within the Ouachita
River during times of low water flow (Figs. 3, 4). Strati-
graphically, the coquina lag at this contact occurs within
the lowermost Midway Group and is laterally discontinu-
ous, varies in thickness from a few centimeters to over
30 cm thick in outcrops, and contains an upper surface
exposing well-rounded quartz and phosphate pebbles and
Late Cretaceous (Maastrichtian) vertebrate fossil assem-
blages. Large blocks of this coquina lag also occur scat-
tered in deeper pools of the Ouachita River and have bro-
ken off from steeply dipping, submerged outcrops (e.g.,
Becker et al. 2016). This lag deposit has been previously
interpreted to be part of a K/Pg boundary section and is
supported by various lines of field evidence including
(1) foraminifera (Cushman 1949); (2) palynology (Jones
1962); (3) magnetostratigraphy (Liddicoat et al. 1981);
(4) geologic mapping (Haley et al. 1993, 2009; McFarland
2004); (5) ostracods (Pitakpaivan and Hazel 1994); (6)
vertebrates (Becker et al. 2006, 2010a, 2013, 2016); and
(7) dinoflagellates (Dastas et al. 2010).

Approximately 2.7 km to the NE of the K/Pg boundary
lag deposit within Ouachita River, exposures of the Mid-
way Group and upper Clayton Limestone Unit (UCLU)
containing chondrichthyan and osteichthyan assemblages
were originally reported by Becker et al. (2011) and Becker
and Chamberlain (2012). This outcrop consists of nearly
horizontal beds of light gray-white fossiliferous limestone
as much as 0.5 m thick that are separated by thin sand and
clay units. An unconformity between the light-colored Clay-
ton Limestone Unit and red-brown sands and gravels of the
overlaying Wilcox Group is also exposed near the top of this
stratigraphic section.

More recently, excavations along I-30 have yielded an
exposure of the Midway Group and both the Lower and
Upper Clayton Limestone Units (LCLU-UCLU) directly
adjacent to the K/Pg boundary in the Ouachita River as
described above (Figs. 2, 3, 4). This outcrop is the source
of the LCLU chondrichthyan assemblage documented in
this study and consists of over 20 m of massive, dark gray
clays containing invertebrate casts and molds, thin inter-
bedded limestone units, and locally phosphatic, sand and
pebble lag deposits. Examples of non-chondrichthyan fos-
sils from the LCLU include shelled invertebrates, trace
fossils, and osteichthyan and crocodilian remains (Fig. 5).
The 12 chondrichthyan taxa described below can be found
throughout this entire LCLU section and are concentrated
within three lags deposits identified in Fig. 3c. Near the top
of this section, the contact between the LCLU and UCLU of
the Midway Group occurs, and approximately 5 m of light
gray-white fossiliferous limestone beds with thin sand and
clay units belonging to the UCLU are exposed (Figs. 3, 4).
Chondrichthyan species occurring in this exposure of the
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Fig. 1 Location maps for the
Arkadelphia Formation—-Mid-
way Group K/Pg boundary
section near Malvern, Hot
Spring County, Arkansas, USA.
a Reconstructed Late Creta-
ceous—Maastrichtian (1) and
Paleocene—Danian; (2) shore-
lines across the Atlantic and
Gulf Coastal Plains and Western
Interior Seaway indicated by
arrows (modified from Ken-
nedy et al. 1998; Scotese 2014;
Becker et al. 2016). b Physi-
ographic provinces in Arkansas

with field sites discussed in 0 500 km
this study indicated by (X). ¢ a °*
Geologic map of Upper Creta- ! ) Key
ceous and Paleocene formations ° 'WI|COX Group
within the Gulf Coastal Plain of e .

n -Midway Grou
southwestern Arkansas and the e !A o P

study area. Arrows and numbers

3-5 identify the Late Maastrich- ¢ — .
tian Arkadeylphia Formation U e acatoch Formation
documented by Becker et al. b s -Saratoga Formation
(2006); the Upper Clayton Pe

Limestone Unit of the Midway M

Group (UCLU) documented by
Becker et al. (2011), and the
Lower Clayton Limestone Unit
(LCLU) of the Midway Group
documented in this study,
respectively

——

———

—~—
Regional
Disconformity

UCLU are the same as those previously reported =~ 2.7 km
to the NE by Becker et al. (2011).

The LCLU-UCLU in this localized stratigraphic section
represents part of a large, rotational slide that occurs on both
sides of 1-30 (Fig. 2; also see Phillips et al. 2015; Hart 2017,
Stringer and Sloan 2018). Beds of the LCLU on the northern
side of the highway strike N 10°E and dip~25° to 30° to the
NW. At the top of this section and within the UCLU, a fis-
sure occurs as part of rotational sliding and loss of original

[E=]-Arkadelphia Formation

[E=]-Marlbrook Formation
[E&5-0zan Formation

]-Brownstone Formation

OZARK REGION

ARKANSAS RIVER VALLEY
MISSISSIPPI
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Friendship R
® ¢
o
......... S 30 km
) Arkadelphia
N

*
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horizontality (Fig. 3). On the southern side of the highway,
beds of the LCLU as well as the K/Pg boundary contact
and uppermost Arkadelphia Formation are exposed in the
Ouachita River, strike N 5°~10°E as seen in Fig. 3 and dip
between 50° and 75° to the NW.

Currently, the Midway Group in Arkansas has not
been formally divided into formations or assigned spe-
cific stage boundaries within the Paleocene as recognized
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Fig.2 Geologic map (a) and
corresponding cross-section (b)
of the I-30 rotational slide and
K/Pg boundary section near
Malvern, Hot Spring County,
Arkansas, USA. Numbers 1-9
in a correspond to specific
locations identified in outcrop
photos below. Note steeply
dipping beds of the Arkadelphia
Formation, coquina lag contain-
ing the K/Pg boundary, and
Arkadelphia Formation—Mid-
way Group contact in (1-3) of
the cross-section. Chondrichthy-
ans identified in the systematic
paleontology of this report were
collected from the Lower Clay-
ton Limestone Unit (LCLU)

of the Midway Group in (4-6)
of the geologic map. A fissure
related to rotational sliding
occurs within (6) of the LCLU;
the contact between the LCLU
and Upper Clayton Limestone
Unit (UCLU) occurs in (7); and
small outcrop exposures of the
UCLU and vegetative cover
occur in (8-9)

Fissure

in the eastern Mississippi Embayment (e.g., McFarland
2004; Mancini and Puckett 2005). Preliminary data from
dinoflagellates and otoliths indicate that the Midway
Group exposed in this K/Pg boundary section near Mal-
vern, Arkansas, is Paleocene (Danian) in age (Dastas et al.
2010; Stringer and Sloan 2018). Chondrichthyans found in
the LCLU in this K/Pg boundary section discussed below
have also been reported from the Danian of New Jersey,
Denmark, and Morocco and support this age assignment.
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Field and laboratory methods

LCLU chondrichthyans identified and described in this study
consist primarily of teeth recovered through a combination
of sieving sediment through 10.0-5.0-mm mesh in the field
and bulk sampling of over 500 kg of sediment for labora-
tory processing. In the laboratory, sediment was thoroughly
rinsed through 5.0-0.5 mm sieves, dried, and fossils were
recovered with forceps using both a magnifying glass and
an Olympus SZ61 binocular microscope attached to an
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Infinity-2 digital camera. Primary literature sources utilized
in taxonomic analysis of the LCLU chondrichthyans include
Noubhani and Cappetta (1997), Cappetta (2012), and Ado-
Ifssen and Ward (2014, 2015). Vertebrate and invertebrate
specimens identified and described in this study (Figs. 5,
6,7,38,9, 10, 11, 12) have been reposited in the Academy
of Natural Science (ANSP) of Drexel University, Philadel-
phia, Pennsylvania, USA under the catalog numbers ANSP:
VP25069-25147 and ANSP: IP81670-81677. Matrix speci-
mens included in Figs. 4, 5, and 13 from the coquina lag
at the Arkadelphia Formation—-Midway Group Contact in
the Ouachita River and from the LCLU exposed adjacent
to I-30 are included in the collections of the Department
of Environmental Science at William Paterson Univer-
sity, Wayne, New Jersey, USA, under the catalog numbers
WPU:AR:LCLU-1-3 and WPU:AR:MOR-1-4.

Systematic paleontology

Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Cohort Euselachii Hay, 1902

Subcohort Neoselachii Compagno, 1977
Order Orectolobiformes Applegate, 1972
Family Ginglymostomatidae Gill, 1862

Genus Ginglymostoma Miiller and Henle, 1837

Ginglymostoma subafricanum Arambourg, 1952
Figures 6a-h, 12n

Studied material. Four anterior teeth and four lateral teeth.
ANSP: VP25069-250717.

Description. Anterior teeth are symmetrical with an erect,
central main cusp that is flanked by one to three pairs of
lateral cusplets. Lateral teeth have narrower main cusps and
lateral cusplets that are distally inclined and angled in the
posterior direction. The primary cusplet in anterior and lat-
eral teeth is larger and more erect than secondary cusplets.
Anterior and lateral teeth generally have smooth lingual
and labial surfaces, although faint grooves emanating from
the intersection of the main cusp and lateral cusplets may
occur on the labial surface. The basal labial tooth surface
contains a rounded apron that extends below the crown—
root interface. In lateral view, the labial surface is nearly
flat while the lingual tooth surface appears concave. The
roots of anterior and lateral teeth are hemiaulacorhizous and
contain a well-developed lingual protuberance. The lingual
protuberance contains a well-defined, central foramen and
foramina on the mesial and distal margins. The basal root
surface is slightly concave, contains a channel-like furrow,
and central foramen.

Remarks. Teeth of G. subafricanum are distinct from those
of Palaeogaleus vincenti (Daimeries, 1888) that also occur
in the LCLU and Ginglymostoma lehneri (Leriche, 1938)
and Plicatoscyllium cf. derameei Case and Cappetta, 1997,
previously reported from the Maastrichtian near Malvern,
Arkansas, by Becker et al. (2006). Teeth of G. subafrica-
num are labiolingually thickened, have broader cusps with
erect cusplets, hemiaulacorhizous roots that contain several
well-developed foramina, and labial aprons that overhang
the crown-root interface which distinguishes them from
teeth belonging to similar K/Pg chondrichthyans in the
Malvern region. Teeth of Ginglymostoma species including
G. botmaense (Noubhani and Cappetta, 1997); G. chenanei
(Noubhani and Cappetta, 1997); G. erramii (Noubhani and
Cappetta, 1997); G. khouribgaense (Noubhani and Cappetta,
1997); and G. moroccanum (Noubhani and Cappetta, 1997)
are also similar to those of G. subafricanum. However, teeth
from these species contain one or more of the following
characteristics, which include greater numbers of lateral
cusplets, reduced lateral cusplet height, slender main cusps,
labial tooth surface furrows or ridges, well-developed bifid
aprons at the base of the labial enamel, and broader tooth
roots, making them distinct from those of G. subafricanum
(Noubhani and Cappetta, 1997; Cappetta 2012). Addition-
ally, teeth from genera including Pseudoginglymostoma,
Chiloscyllium, Hemiscyllium, Delpitoscyllium, and Plica-
toscyllium may appear similar to those of G. subafricanum.
However, in comparison, teeth from (1) Pseudoginglymos-
toma sp. have fewer lateral cusplets that are reduced in
height, contain labial tooth surface furrows or ridges, and
are primarily known from the Maastrichtian of Africa; (2)
Chiloscyllium sp. have lateral cusplets that are reduced in
size or are entirely absent, are mesiodistally elongate, lack
a distinct apron but contain enameloid that overhangs the
root on the labial surface; (3) Hemiscyllium sp. have a single
pair of well-developed lateral cusplets that either diverge
from the main cusp or are rounded and form broad mesial
and distal heels; (4) Delpitoscyllium sp. are dorsoventrally
compressed, contain main cusps and primary cusplets that
are nearly the same height and steeply inclined in the pos-
terior direction, do not have more than two pairs of lateral
cusplets, contain furrows or ridges on the labial tooth sur-
face, and have heart-shaped roots; and (5) Plicatoscyllium
sp. have well-developed labial surface furrows and ridges
and broad, bifid labial aprons (for additional discussion see
Noubhani and Cappetta 1997; Cappetta 2012; Adolfssen
and Ward 2015). Ginglymostoma and many of the similar
genera included in this summary are known from the Late
Cretaceous-present day and as a result have a diverse fos-
sil record (Cappetta 2012). However, differences in tooth
morphology in Ginglymostoma and similar genera are often
subtle, and as a result it is possible that earlier identifica-
tions may have been based on ontogenetic and intraspecific
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«Fig. 3 Stratigraphic column and outcrop photos of the K/Pg boundary
section near Malvern, Hot Spring County, Arkansas, USA. a Lithol-
ogy change across the contact between the Lower Clayton Limestone
Unit (LCLU) and Upper Clayton Limestone Unit (UCLU) of the
Midway Group. b Fissure within the LCLU. ¢ Exposure of the LCLU
containing three lag deposits indicated by arrows. d, e Outcrop expo-
sures of the Arkadelphia Formation, coquina lag containing the K/Pg
boundary, and Arkadelphia Formation-Midway Group contact within
the Ouachita River. Note steeply dipping beds as the result of rota-
tional sliding, coquina lag containing the K/Pg indicated by arrows,
and lithology change between Arkadelphia Formation marl and Mid-
way Group limestone. Numbers 1-4 on the stratigraphic column iden-
tify lag deposits in this K/Pg boundary section, and number 5 identi-
fies the contact between the LCLU and UCLU. Scale bars in a, b, e
30cm,and ¢, d I m

variations, biostratigraphic occurrence, and geographic loca-
tion (Noubhani and Cappetta 1997; Cappetta 2012). None-
theless, we identify these Malvern teeth as G. subafricanum
since they are identical to those reported in prior taxonomic
studies on K/Pg chondrichthyans in North America, Africa,
and Europe (e.g., Ward and Wiest 1990; Case 1994; Kent
1994; Noubhani and Cappetta 1997; Cappetta 2012; Ado-
Ifssen and Ward 2015). Ginglymostoma subafricanum has
previously been reported from the Paleocene of the Atlantic
Coastal Plain of the USA and Morocco (Arambourg 1952;
Ward and Wiest 1990; Noubhani and Cappetta 1997; Cap-
petta 2012); however, this study is the first to document this
taxon in the Gulf Coastal Plain of the USA.

Order Lamniformes Berg, 1958
Family Odontaspididae Miiller and Henle, 1839

Genus Carcharias Rafinesque, 1810

Carcharias cf. whitei (Arambourg, 1952)
Figure 7a—f

Studied material. Two anterior teeth and four lateral teeth.
ANSP: VP2578-25083.

Description. Anterior and lateral teeth have slender main
cusps with apices that are distally curved and a single pair
of small, triangular lateral cusplets. The lingual anterior
tooth surfaces are convex and may contain faint ridges near
the base of the cusp. Labial tooth surfaces are nearly flat
and smooth. The main cusps of lateral teeth are broader and
more triangular than those of anterior teeth, while lateral
tooth cusplets are rectangular and flattened. As seen on the
labial surface of anterior and lateral teeth, cusplets are con-
nected with the enameloid of the main cusp. Anterior and
lateral tooth roots are holaulacorhizous and those of anterior
teeth are rounded and slender, while those of lateral teeth are
labiolingually compressed. A lingual protuberance with a

nutritive groove is present on all teeth with fully developed
roots.

Remarks. Teeth of Carcharias cf. whitei are (1) identical
to those previously reported from the UCLU near Mal-
vern, Arkansas, by Becker et al. (2011); (2) distinct from
those of Carcharias sp., Odontaspis winkleri, and Pal-
aeohypotodus rutori that occur in the LCLU; (3) distinct
from those of Anomotodon novus (Winkler, 1876) previ-
ously reported from the UCLU near Malvern, Arkansas, by
Becker et al. (2011); and (4) distinct from those of Odon-
taspis aculeatus Case and Cappetta, 1997, and Carcha-
rias cf. holmdelensis Cappetta and Case, 1975, previously
reported from the Maastrichtian of Malvern, Arkansas,
by Becker et al. (2006) based on the presence of slender
main cusps, single, reduced, triangular lateral cusplets,
and nearly smooth tooth crowns. Over the last several dec-
ades, numerous taxonomic revisions have occurred within
the Odontaspididae to address newly described species, the
paleobiogeographical distributions and biostratigraphic
implications of certain species, and prior identification
issues resulting from dignathic heterodonty and ontoge-
netic and intraspecific variation (e.g., Compagno 1977,
Ward 1988; Siverson 1995; Purdy 1998; Cappetta and
Nolf 2005; Cappetta 1987, 2012 and references therein).
In regional and global K/Pg boundary chondrichthyan
assemblages, species with teeth that may appear similar
to those of Carcharias cf. whitei include Scapanorhyn-
chus texanus (Roemer, 1849); Scapanorhynchus raphi-
odon (Agassiz, 1843); Carcharias gracilis (Davis, 1890);
Odontaspis speyeri Dartville and Casier, 1943; Striato-
lamia cederstroemi Siverson, 1995; Striatolamia striata
(Winkler, 1876); Brachycarcharias lerichei (Casier, 1946);
and Sylvestrilamia teretidens (Cappetta and Nolf, 2005).
Teeth from these species frequently have one or more
characteristics that include well-defined lingual furrows
or striations, well-developed needle-like and broad lateral
cusplets in all tooth positions, and larger overall sizes that
distinguish them from Carcharias cf. whitei (Moreau and
Mathis 2000; Cappetta 2012; Adolfssen and Ward 2015).
Some of these species are known to go extinct at the end
of the Cretaceous (S. texanus, S. raphiodon), while others
are known from the late Paleocene—Eocene (S. striata, S.
teretidens, B. lerichei) or appear to be endemic to certain
regions during the Paleocene (S. cederstroemi, O. speyeri).
Although teeth of C. gracilis are known from the Pale-
ocene and have been poorly defined in prior studies, they
can be distinguished from teeth of Carcharias cf. whitei
teeth from the LCLU since they have larger lateral cus-
plets and completely lack lingual tooth surface ornamen-
tation (Siverson 1995; Adolfssen and Ward 2015). Due
to discrepancies in the taxonomic placement of certain
species (including Carcharias cf. whitei), dignathic and
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Fig.4 Chondrichthyan teeth from the K/Pg boundary outcrop expo-
sures near Malvern, Hot Spring County, Arkansas, USA. a Car-
charias sp. tooth in lingual view from the Upper Clayton Limestone
Unit (UCLU) of the Midway Group. b Thalassinoides isp. burrows
from the marginal to shallow marine shelf of the UCLU. ¢ Carcha-
rias sp. chondrichthyan tooth in labial view from the Lower Clayton
Limestone Unit (LCLU) of the Midway Group. d Coquina lag con-
taining phosphatic sand and pebbles within the LCLU indicated by
arrow. e Coquina lag matrix sample containing Squalicorax kaupi
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Arkadelphia
Formation Lag-

and Serratolamna serrata chondrichthyan teeth indicated by arrows
(WPU:AR:MOR:1) from the K/Pg boundary (Arkadelphia Forma-
tion-Midway Group Contact) within the Ouachita River. f Expo-
sure of the Arkadelphia Formation, coquina lag containing the K/Pg
boundary and Arkadelphia Formation—-Midway Group contact indi-
cated by arrow, and LCLU within the Ouachita River. Note steeply
dipping beds as the result of rotational sliding. Scale bars in a, c, e
2cmandb, d, f30 cm
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intraspecific variability of Carcharias sp. teeth, and the
global abundance of Carcharias species documented at
or near the K/Pg boundary, we follow Becker et al. (2011)
for consistency and tentatively identify these LCLU teeth
as Carcharias cf. whitei (Cappetta and Nolf 2005; Cap-
petta 1987, 2012; Adolfssen and Ward 2015). However,
we acknowledge that some researchers assign Paleocene
Carcharias sp. teeth, including Carcharias cf. whitei, to
Striatolamia and that the taxonomy of Paleocene Carcha-
rias-like taxa may be further revised in future studies. Car-
charias (Striatolamia) whitei has been previously reported
from the Atlantic and Gulf Coastal Plains of the USA and
northern Africa (Arambourg 1952; Ward and Wiest 1990;
Becker et al. 2011; Cappetta 2012).

Carcharias sp.
Figures 7g-1, 12k-1

Studied material. Two anterior teeth and four lateral teeth.
ANSP: VP25084-25091.

Description. Anterior and lateral teeth have main cusps
with apices that are nearly straight and a single pair of
well-developed, triangular lateral cusplets. The lingual
tooth surfaces are convex, labial tooth surfaces are nearly
flat, and both are smooth. The main cusps of anterior teeth
are narrower and more erect than those of lateral teeth
that are broader, more elongate, and triangular in shape.
As seen on the lingual and labial surfaces of anterior and
lateral teeth, cusplets are connected to the enameloid of
the main cusp. Anterior and lateral tooth roots are holaula-
corhizous, rounded, thicker in lateral teeth, and contain a
lingual protuberance with a nutritive groove.

Remarks. Teeth of Carcharias sp. are (1) identical to those
previously reported from the UCLU near Malvern, Arkan-
sas, by Becker et al. (2011); (2) distinct from those of
Carcharias cf. C. whitei, O. winkleri, and P. rutori that
occur in the LCLU; (3) distinct from those of Anomotodon
novus (Winkler, 1876) previously reported from the UCLU
near Malvern, Arkansas, by Becker et al. (2011); and (4)
distinct from those of Odontaspis aculeatus Case and Cap-
petta, 1997, and Carcharias cf. holmdelensis Cappetta and
Case, 1975, previously reported from the Maastrichtian
of Malvern, Arkansas, by Becker et al. (2006) based on
the presence of smooth and erect main cusps and well-
defined and triangular lateral cusplets. Teeth of Carcharias
sp. from the LCLU appear similar to those of Carcharias
samhammeri (Cappetta and Case, 1975); Carcharias gra-
cilis (Davis, 1890); and Odontaspis speyeri Dartville and
Casier, 1943. However, teeth from these species frequently
have larger, more robust main cusps and lateral cusplets
in all tooth positions, anterior teeth that are recurved and

sigmoidal, and restricted chronological ranges and geo-
graphic distributions that distinguish them from Carcha-
rias sp. from the LCLU near Malvern, Arkansas (Becker
et al. 2011; Cappetta 2012; Adolfssen and Ward 2015).
We follow Becker et al. (2011) and identify these teeth
as Carcharias sp. due to discrepancies in the taxonomic
placement of certain species, dignathic and intraspecific
variability of Carcharias teeth, and the global abundance
of Carcharias species documented at or near the K/Pg
boundary (Siverson 1995; Cappetta and Nolf 2005; Cap-
petta 1987, 2012; Adolfssen and Ward 2015; Belben et al.
2017).

Genus Odontaspis Agassiz, 1838

Odontaspis winkleri Leriche, 1905
Figure 8a—e

Studied material. Two anterior teeth and three lateral teeth.
ANSP: VP25092-25096.

Description. Anterior and lateral teeth have a slender main
cusp with two or more well-separated and pronounced lateral
cusplets that progressively decrease in size on both tooth
heels. The lingual surface of the main cusp and cusplets is
convex and may contain well-defined striations, whereas the
labial surface is smooth and nearly flat. In labial view, enam-
eloid from the main cusp is connected to the lateral cusplets
and may contain irregular furrows near the crown-root inter-
face. Anterior and lateral tooth roots are holaulacorhizous
with slender root lobes and contain a nutritive groove on the
lingual surface.

Remarks. Teeth of O. winkleri are identical to those previ-
ously reported from the UCLU near Malvern, Arkansas, by
Becker et al. (2011) and can be distinguished from those
of Carcharias cf. whitei, Carcharias sp., and P. rutori that
also occur in the LCLU by the presence of slender main
cusps, two or more well-defined, needle-like and progres-
sively smaller cusplets, striated lingual tooth surfaces, and
irregular furrows at the base of the enameloid on the labial
tooth surface. The similarity between teeth of Odontaspis
and Carcharias led many early researchers to group these
types of teeth in the genus Odontaspis (e.g., Agassiz 1837,
Winkler 1876; Welton 1974; Case 1981). However, more
recent taxonomic studies place teeth of Carcharias and
Odontaspis into separate genera and distinguish between the
two primarily on tooth size, lingual and labial tooth surface
ornamentation, cusplet development, and cusplet number
(Compagno 1977; Kent 1994; Cappetta 2012; Adolfssen and
Ward 2014). Additional species occurring at or near the K/
Pg boundary that have teeth similar to O. winkleri include
Odontaspis aculeatus, Odontaspis speyeri, and Striatolamia
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Chondrichthyans from the Paleocene Midway Group of Arkansas, USA

«Fig.5 Sedimentary features, invertebrate and vertebrate fossils
representing marginal to shallow marine depositional conditions
co-occurring with Lower Clayton Limestone Unit (LCLU) chon-
drichthyans adjacent to I-30 near Malvern, Hot Spring County,
Arkansas, USA. a Lithified gutter cast containing phosphatic peb-
bles, bivalve casts, crab carapace and claw elements, chondrich-
thyan teeth, osteichthyan bones and otoliths, and oyster shells
(WPU:AR:LCLU-1). b Concretion containing gastropods and oyster
growth (WPU:AR:LCLU-2). ¢ Rounded cobble with Gastrochae-
nolites isp. borings (WPU:AR:LCLU-3). d Juvenile oyster valve
(ANSP: 1P81670). e Lenticulina sp. Foraminifera (ANSP: IP81671).
f Crab carapace (ANSP: IP81672). g, h Crab claw elements (ANSP:
1P81673-81674). i Nuculana sp. nut clam cast with Entobia isp. bor-
ings (ANSP: 1P81675). j Ophiomorpha isp. burrow cast infilled with
callianasid crustacean microcoprolites (ANSP: IP81676). k Tur-
ritella sp. gastropod cast with Entobia isp. borings and microcopro-
litic sedimentary infill (ANSP: IP81677). 1, m Articular and lateral
views of indeterminate osteichthyan vertebrae (ANSP: VP25145). n
Osteichthyan otolith (ANSP: VP25146). o Crocodilian tooth (ANSP:
VP25147). Scale bars ina 10 cm; b, ¢ 5Scm; d, f, g, i, n 5 mm; e
1 mm; h, j-m, 0 2 mm

striata; however, these species have larger main cusps, fewer
cusplets, and lack irregular furrows at the base of the enam-
eloid on the labial tooth surface (Cappetta and Case 1975;
Ward and Wiest 1990; Becker et al. 2006; Cappetta 2012).
Odontaspis winkleri has previously been reported from the
Paleocene in the Atlantic and Gulf Coastal Plains of the
USA, Greenland, northern Africa, Europe, and New Zealand
(Arambourg 1952; Bendix-Almgreen 1969; Ward and Wiest
1990; Baut and Genault 1995; Mannering and Hiller 2008;
Becker et al. 2011; Cappetta 2012).

Genus Palaeohypotodus Glickman, 1964

Palaeohypotodus rutori (Winkler, 1876)
Figures 8f-n, 12m

Studied material. Three anterior teeth, three lateral teeth,
and three posterior teeth. ANSP: VP25097-25106.

Description. Anterior teeth are robust, contain erect main
cusps, and 1-2 conical lateral cusplets on both tooth heels
that progressively decrease in size and are inclined towards
the main cusp. Lateral teeth have wider main cusps that are
angled distally and have smaller cusplets than anterior teeth.
Posterior teeth have a greater distal inclination than lateral
teeth, frequently have either a single pair of reduced lateral
cusplets or only a single lateral cusplet on either the mesial
or distal tooth heel. Posteriormost teeth have a weakly devel-
oped, shovel-shaped crown and do not contain lateral cus-
plets. The lingual tooth surfaces of anterior, lateral, and pos-
terior teeth are smooth and convex, while the labial surface
is nearly flat and may contain distinct, longitudinal furrows
in the enameloid near the crown-root interface. Enameloid
on the labial surface of anterior and lateral teeth frequently

overhangs the root. Tooth roots of anterior, lateral, and pos-
terior teeth are robust, holaulacorhizous, and U-shaped. A
lingual protuberance containing a distinct nutritive groove
is present in all but posteriormost teeth.

Remarks. Teeth of P. rutori are distinct from those of (1)
Odontaspis winkleri, Carcharias cf. whitei, and Carcharias
sp. that also occur in the LCLU, (2) Cretalamna sp. and
Otodus obliquus Agassiz, 1843, that have previously been
reported from the UCLU by Becker et al. (2011), and (3)
Odontaspis aculeatus and Serratolamna serrata (Agassiz,
1843) previously reported from the Maastrichtian near Mal-
vern, Arkansas, by Becker et al. (2006), based on the pres-
ence of robust teeth containing 1-2 pairs of conical cusplets,
well-defined longitudinal furrows in the enameloid near the
crown—root interface and enameloid that overhangs the root
on the labial surface, and thick, U-shaped roots. In regional
and global K/Pg boundary chondrichthyan assemblages,
additional species with teeth similar to those of P. rutori
include Palaeohypotodus bronni (Agassiz, 1843), Odon-
taspis speyeri, Brachycarcharias lerichei, Glueckmanoto-
dus heinzelini (Casier, 1967), and Jaekelotodus trigonalis
(Jaekel, 1895). These teeth can be distinguished from those
of P. rutori by the presence of one or more of the following
characteristics: noticeably larger main cusps, sigmoidal main
cusps, lingual tooth surface ornamentation, lateral cusplets
that are reduced in size and frequency, labially—lingually
thinner teeth, and the occurrence of a concave, triangular
sulcus at the base of the main cusp on the labial surface (e.g.,
Purdy 1998; Cappetta 2012; Adolfssen and Ward 2014). Pal-
aeohypotodus rutori has been previously reported from the
Paleocene in the Atlantic Coastal Plain of the USA, north-
ern Africa, Greenland, Europe, and Asia (Glickman 1964;
Bendix-Almgreen 1969; Herman 1973; Ward and Wiest
1990; Baut and Genault 1995; Case 1996; Cappetta 2012);
however, this study is the first to document this taxon in the
Gulf Coastal Plain of the USA.

Order Carcharhiniformes Compagno, 1973
Family Triakidae Gray, 1851

Genus Palaeogaleus Gurr, 1962

Palaeogaleus vincenti (Daimeries, 1888)
Figure 9a—n

Studied material. Three anterior teeth and eleven lateral
teeth. ANSP: VP25107-25120.

Description. Anterior teeth have erect main cusps that are
labiolingually thickened in contrast to lateral teeth that are
labiolingually compressed and have distally inclined main
cusps. Anterior and lateral teeth contain two or more lateral
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«Fig. 6 Ginglymostoma subafricanum teeth (ANSP: VP25069-25076)
from the Lower Clayton Limestone Unit (Paleocene: Midway Group)
near Malvern, Arkansas, USA. Variations in anterior teeth=a,—ds
and variations in lateral teeth=e;~hs. Orientations: Lingual=a,,
b;. ¢;. dy, e, £}, g, h;. Labial=a,, b,, c,, d,, e,, f,, g,, h,. Lat-
eral=aj3, bs, ¢3, ds, €3, f3, g3, h;. Basal=a,, by, ¢4, d4, ey, £y, g4, hy.
Occlusal=as, bs, ¢s, ds, es, s, g5, hs. Scale bars in a, b, d-h 2 mm;
¢l mm

cusplets on the mesial and distal heels that become progres-
sively reduced and smooth in more posterior tooth positions.
In lateral and posterior teeth, the distal heel is frequently
shorter than the mesial heel, and the number of lateral cus-
plets on each side of the main cusp is frequently asymmetri-
cal. Some anterior and lateral teeth have smooth margins and
entirely lack cusplets. Anterior, lateral, and posterior teeth
have smooth, convex lingual surfaces and slightly convex
labial surfaces that overhang the root and contain longitudi-
nal furrows near the crown-root interface. The roots of ante-
rior, lateral, and posterior teeth are holaulacorhizous with a
flat basal surface and contain a lingual protuberance with a
nutritive groove and infrequent, small foramina.

Remarks. Teeth of P. vincenti can be distinguished from
those of (1) G. africanum and posterior teeth of P. rutori
that also occur in the LCLU and (2) Galeorhinus girardoti
Herman, 1977, that have previously been reported from
the Maastrichtian near Malvern, Arkansas, by Becker et al.
(2006) based on the presence of small teeth with slender
main cusps, lateral cusplets that become progressively
reduced or absent in posterior teeth, furrows at the base of
the enameloid on the labial tooth surface, a protuberance
containing a nutritive groove and foramina on the lingual
root surface, and flat basal root surfaces. Although numerous
Palaeogaleus species have been described in Late Creta-
ceous—Eocene chondrichthyan assemblages, those with teeth
that are most similar to P. vincenti include the Late Cre-
taceous and Paleocene species Palaeogaleus navarroensis
Case and Cappetta, 1997; Palaeogaleus brivesi (Arambourg,
1952); Palaeogaleus larachei Noubhani and Cappetta, 1997,
Palaeogaleus faujasi (Geyn, 1937); Palaeogaleus dahma-
nii Noubhani and Cappetta, 1997; and Palaeogaleus prior
(Arambourg, 1952). In addition to these species, those
within the genera Foumtizia, Danogaleus, Tingaleus, Gale-
orhinus, and Abdounia may also contain teeth similar to
those of P. vincenti. However, the morphological similari-
ties in teeth among these species differ by containing one
or more of the following characteristics: (1) teeth that are
nearly symmetrical in all tooth positions, (2) the retention
of lateral cusplets in all tooth positions, (3) well-defined,
triangular cusplets, (4) wider main cusps, (5) serrated mesial
or distal tooth heels, (6) longitudinal ridges on both lingual
and labial tooth surfaces, and (7) restricted paleogeographic
distributions (Noubhani and Cappetta 1997; Cappetta 2012;

Adolfssen and Ward 2014). We identify these LCLU teeth as
P. vincenti since they are distinct from those of similar spe-
cies and compare favorably with those previously reported
in North America (e.g., Noubhani and Cappetta 1997; Case
et al. 2001; Cappetta 2012; Adolfssen and Ward 2014). Due
to the variable degrees of sexual, ontogenetic, and dignathic
heterodonty that are known to occur in Triakid teeth, we also
identify Palaeogaleus teeth that have smooth margins and
lack lateral cusplets from the LCLU as P. vincenti. Palae-
ogaleus vincenti has been previously reported from the Pale-
ocene in the Atlantic Coastal Plain of the USA, Greenland,
and Europe (Gurr 1962; Bendix-Almgreen 1969; Ward and
Wiest 1990; Baut and Genault 1995; Case 1996; Cappetta
2012); however, this study is the first to document this taxon
in the Gulf Coastal Plain of the USA.

Order Myliobatiformes Compagno, 1973
Family Dasyatidae Jordan, 1888

Genus Dasyatis Rafinesque, 1810

Dasyatis cf. hexagonalis Arambourg, 1952
Figure 10a—d

Studied material. Five teeth. ANSP: VP25121-25125.

Description. Teeth of dasyatid species are known to exhibit
a marked degree of sexual dimorphism. In general, the tooth
crowns of females are globular-hexagonal in shape, and the
tooth crowns of males are smooth, elongated, and hook-like.
Using these general characteristics, we identify median and
lateral teeth from both female and male Dasyatis cf. hexago-
nalis in the LCLU. Female median teeth have slightly convex
occlusal surfaces that contain an abundance of fine surface
pits and a large U-shaped lingual visor that is subdivided
into two marginal faces by a dorsoventral ridge. Female lat-
eral teeth also have a pitted occlusal surface that is roughly
hexagonal in shape, contain a lingual visor that is not sub-
divided into two marginal faces, and a labial visor that is
reduced in size and contains a shallow, U-shaped concavity
rather than a uvula. The bilobate roots of female median
and lateral teeth extend slightly beyond the lingual visor and
have round, peg-like basal surfaces that are gently inclined
in the posterior direction. Male median teeth have elon-
gated, spine or hook-like crowns that are smooth, taper to
a rounded apex, and curve in the posterior direction. When
viewed laterally, the crowns of male teeth are noticeably
thicker in the anterior—posterior dimension in comparison to
the mesiodistal dimension. The crown—root interface of male
median teeth is generally ovular in shape and forms a smooth
apron. The labial surface of this apron is smooth, convex,
and is the origination point for the upper, hook-like crown.
The lingual surface of the apron is smooth, nearly flat, and
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Fig.7 Carcharias cf. whitei (a;—f,) (ANSP: VP25078-25083) and
Carcharias sp. (g;-1,) (ANSP: VP25084-25089) teeth from the
Lower Clayton Limestone Unit (Paleocene: Midway Group) near
Malvern, Arkansas, USA. Note the difference in lateral cusplet size

angled posteriorly. The roots of male median teeth begin
on the lingual-half of the crown base, are short and peg-
like, angled in the posterior direction, and protrude slightly
beyond the lingual apron. Male lateral teeth are similar to
male median teeth; however, the hook-like crown becomes
distally inclined and slightly reduced in height.
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and shape between both species. Anterior teeth=a,—b,; g,~h, and
lateral teeth=c;—f,; i;-1,. Orientations: Lingual=a,, by, ¢;, d;, e, f;,
g, hy, iy, ji, kg, 1. Labial =a,, by, ¢,, d,, €,, f,, 85, hy, iy, j5, Ky, 1. All
scale bars 5 mm

Remarks. Teeth of Dasyatis cf. hexagonalis can be distin-
guished from those of (1) Dasyatis sp. that also occur in the
LCLU and (2) Dasyatis sp. that has previously been reported
from the Maastrichtian near Malvern, Arkansas, by Becker
et al. (2006) based on the presence of teeth with rounded-
hexagonal, pitted occlusal surfaces and large lingual visors
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Fig.8 Odontaspis winkleri (a;—e,) (ANSP: VP25092-25096) and
Palaeohypotodus rutori (f;—n,) (ANSP: VP25097-25105) teeth from
the Lower Clayton Limestone Unit (Paleocene: Midway Group) near
Malvern, Arkansas, USA. Note the multiple pairs of narrow lateral
cusplets in O. winkerli teeth and the progressive loss of lateral cus-

and teeth that are smooth, elongated, and hook-like in shape.
Prior studies indicate that male Dasyatis sp. have hook-like
teeth that are similar to those of Raja sp.; however, they are
more elongated and posteriorly curved and contain peg-like,
rounded root lobes that are angled posteriorly in contrast

h

plets in posterior P. rutori teeth. Anterior teeth=a;—b,; f;~h, and
lateral teeth=c;—e,; i;—K,; posterior teeth=1;—n,. Orientations: Lin-
gual=a,, by, ¢;, dy, e, £, g, hy, i}, j;, k;, 1}, m;, n,. Labial=a,, b,,
¢,, dy, €,, f5, g5, hy, iy, 5, K;, 1, my, n,. Scale bars in a, g, h=5 mm;
b—f,i-1=2 mm; m, n=1 mm

to the more conical crowns and divergent, flattened roots
of Raja sp. The lack of triangular-conical teeth of female
Raja sp. in the LCLU, and the occurrence of rounded teeth
of Dasyatis sp. in the LCLU, further supports our identi-
fication. However, distinguishing between fossil species
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Fig.9 Palaeogaleus vincenti teeth (a;—n,) (ANSP: VP25107-25120)
from the Lower Clayton Limestone Unit (Paleocene: Midway Group)
near Malvern, Arkansas, USA. Note longitudinal furrows in the lower
labial enameloid surface and varying amount of lateral cusplets.

of Dasyatis based on isolated teeth can be difficult due to
dignathic, ontogenetic, and sexual heterodonty, seasonal
variations in tooth morphology, high degrees of intraspe-
cific variation, the lack of articulated fossil dentitions, and
poorly known dentitions of extant species (e.g., Kajiura and
Tricas 1996; Kajiura et al. 2000; Herman et al. 1998, 1999,
2000; Rangel et al. 2014; Cappetta 1987, 2012; Underwood
et al. 2015). As indicated by Cappetta (2012), the generic
placement of many fossil species with dasyatid-like teeth
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Anterior teeth=a;—c, and lateral teeth=d;—n,. Orientations: Lin-
gual=a,, b, ¢, d;, e, £}, g, hy, i, j;, ki, 1, my, n;. Labial=a,, b,,
¢,, dy, €5, f5, 85, hy, 15, j,. Ky, 1, m,, n,. All scale bars 1 mm

is suspect, and dozens of species have been identified since
the early Cretaceous from highly variable, isolated teeth and
assigned to Dasyatis.

Several species that have teeth similar to those of Dasya-
tis cf. hexagonalis include Dasyatis jaekeli (Leriche, 1905);
Dasyatis tricuspidatus Casier, 1946, Dasyatis newegypten-
sis Case et al. 2001, and Palaeodasyatis hermani Halter,
1989. However, teeth from these species differ from those
of Dasyatis cf. hexagonalis since they may contain (1)
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rounded-ovular occlusal surfaces with concave centers, (2)
elongated labial visors with distinct anteroposterior furrows,
(3) broad lingual visors that lack distinct uvulas, (4) roots
with flattened basal surfaces, (5) restricted chronological and
geographic ranges, and (6) the degree of intraspecific and
sexual variation in teeth from these species is uncertain (for
additional information see Halter 1989; Case 1994; Noubhani
and Cappetta 1997; Case et al. 2001; Cappetta 1987, 2012;
and references therein). We fully acknowledge these compli-
cations in identifying isolated fossil teeth of Dasyatis sp., and
as a result tentatively identify these LCLU teeth as Dasya-
tis cf. hexagonalis based on similarities in tooth structure
and chronological age with those originally reported from
Morocco (Arambourg 1952; Noubhani and Cappetta 1997).
Future studies on the taxonomy and distribution of dasyatid
species and the variation of their teeth are needed to confirm
the presence of D. hexagonalis in the LCLU or designate
these teeth as a separate, distinct species. Dasyatis hexagona-
lis has been previously reported from the Paleocene in north-
ern Africa (Arambourg 1952; Cappetta 2012). However, if
these LCLU teeth do in fact belong to D. hexagonalis, then
they would represent the westernmost occurrence of this spe-
cies and first report of D. hexagonalis in North America.

Dasyatis sp.
Figure 10f—g

Studied material. Two teeth. ANSP: VP25126-25127.

Description. As seen in labial, lingual, and lateral view,
these dasyatid-type teeth have a triangular-globular shape.
The labial surfaces have a roughly triangular cross-section,
and the lingual surfaces contain a large, wide, and smooth
visor, a conical posterior edge that forms two marginal
faces, and a globular and irregularly pitted occlusal sur-
face. In lateral view, the teeth have a triangular shape and
a bilobate root that does not protrude beyond the labial
crown surface and is located beneath the labial-most por-
tion of the tooth. In basal view, the exposed dentine sur-
face containing the root lobes is noticeably smaller than
the overlying crown base.

Remarks. Teeth of Dasyatis sp. can be distinguished from
those of (1) Dasyatis cf. hexagonalis that also occur in
the LCLU and (2) Dasyatis sp. that have previously been
reported from the Maastrichtian near Malvern, Arkansas,
by Becker et al. (2006) based on the presence of a trian-
gular-globular, irregularly pitted occlusal surface, triangu-
lar cross-section, large lingual visor, and reduced, bilobate
roots. As indicated in the Dasyatis cf. hexagonalis remarks
above, many complications exist when identifying isolated
fossil dasyatid-like teeth, and these LCLU specimens are
no exception. Although Dasyatis sp. from the LCLU shares

some similarities, including a triangular profile and cross-
section, and irregularly pitted occlusal surface, with Dasya-
tis tetraedra Arambourg, 1952, Dasyatis datasi Noubhani
and Cappetta, 1997, Viperecucullus kuehnei Case, 1996, and
other dasyatid species, we acknowledge that a high degree of
intraspecific and ontogenetic variation is present in dasyatid
teeth. As a result, we refrain from lower-level classification
of these two, isolated specimens.

Genus Hypolophites Stromer, 1910

Hypolophites sp.
Figure 11a—e

Studied material. One median pavement tooth and four lat-
eral pavement teeth. ANSP: VP25128-25132.

Description. Median and lateral teeth have hexagonal-like
occlusal surfaces containing minute enameloid pitting and
thick crowns that overhang the labial root surface. Edges of
the occlusal surface in median and lateral teeth may be (1)
rounded and form a trilobate shape on the labial crown edge
or (2) hexagonal and jagged. Median teeth are dorsoventrally
thickened and mesiodistally elongated, whereas lateral teeth
become progressively more compressed in the dorsoven-
tral and mesiodistal dimensions. As seen in lateral view,
the sides of median and lateral teeth contain well-defined,
vertical wrinkles or furrows that extend from the occlusal
surface to the crown—root interface. Median and lateral teeth
also contain an enameloid apron on the lingual surface that
slightly overhangs the crown-root interface. The roots of
median and lateral teeth are bilobate, pentagonal to peg-like
in shape, and have slightly convex, rounded basal surfaces.

Remarks. Pavement teeth of Hypolophites sp. from the
LCLU can be distinguished from those of (1) Dasyatis cf.
hexagonalis, Dasyatis sp., Myliobatis sp., and Rhinoptera
sp. that also occur in the LCLU, (2) Hypolophus sylvestris
White, 1931, and Myliobatis dixoni Agassiz, 1843, previ-
ously reported from the UCLU by Becker et al. (2011), and
(3) Rhombodus binkhorsti Dames, 1881, previously reported
from the Maastrichtian near Malvern, Arkansas, by Becker
et al. (2006) based on the presence of hexagonal to trilobate
occlusal surfaces, well-developed, vertical wrinkles on the
lateral tooth surfaces, and a bilobate root with rounded, basal
surfaces. Hypolophites sp. teeth from the LCLU are also
distinct from those of Hypsobatis weileri Cappetta, 1992 and
Mpyledaphus sp. since they do not have a two-tiered occlusal
surface, a transverse ridge and faint labiolingual folds on the
occlusal and lateral surfaces, smooth lateral crown surfaces,
and well-developed foramina near the crown—root interface,
and are not known from the Late Cretaceous (e.g., Cappetta
2012).
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«Fig. 10 Dasyatis cf. hexagonalis (a;—es) (ANSP: VP25121-25125)
and Dasyatis sp. (f;—gs) (ANSP: VP25126-25127) teeth from the
Lower Clayton Limestone Unit (Paleocene: Midway Group) near
Malvern, Arkansas, USA. Note hook-like Dasyatis cf. hexagona-
lis male teeth in d;—es (ANSP: VP25124-25125). Orientations:
Lingual=a,, b;, ¢;, d;, e, f;, g;. Labial=a,, b,, ¢,, d,, e,, f,, g,.
Lateral=a;, bs, ¢;, dj, e, f3, g;. Occlusal=ay, by, ¢4, dg, ey, £y, g4
Basal=as, bs, cs, ds, €5, f5, g5. All scale bars 1 mm

To date, only five species of Hypolophites are known
globally. Four of these species have been reported from
the Paleocene of western Africa (i.e., Hypolophites mylio-
batoides Stromer, 1910, Hypolophites mayumbensis Ler-
iche, 1913, Hypolophites thaleri Cappetta, 1972, and
Hypolophites sp.; Cappetta 1972), while the remaining spe-
cies, Hypolophites hutchinsi Case, 1996, was reported from
the Paleocene of New Jersey. Teeth of H. hutchinsi can be
distinguished from those of H. myliobatoides, H. mayum-
bensis, H. thaleri, and Hypolophites sp. since they have a
shorter overall height and have distinct labial and lingual
surface shelves. The isolated Hypolophites teeth from the
LCLU near Malvern, Arkansas, are most similar to those
of H. hutchinsi; however, H. hutchinsi teeth appear distinct
since they have a rhombohedral-hexagonal occlusal surface
that frequently contains irregular grooves along the edges,
wedge-shaped lateral teeth, and roots that are longer and
wider. Morphological differences between these species
may represent ontogenetic, sexual, or dignathic variability,
or the LCLU teeth may in fact derive from a distinct spe-
cies. As a result, we tentatively identify these LCLU teeth
as Hypolophites sp. until further study is conducted on these
isolated teeth (Maisch, in prep.). However, the identifica-
tion of Hypolophites sp. from the Paleocene of southwest-
ern Arkansas in this study extends the known distribution
of Hypolophites and indicates that this genus may be more
diverse and widespread than originally recognized. All pre-
viously identified Hypolophites species have been reported
from Paleocene stratigraphic sections in the Atlantic Coastal
Plain of the USA and Africa that are indicative of shallow
marine environments much like the LCLU near Malvern,
Arkansas (Stromer 1910; Leriche 1913; Cappetta 1972; Case
1996).

Family Myliobatidae Bonaparte, 1838
Genus Myliobatis Cuvier, 1816

Mpyliobatis sp.
Figure 11f

Studied material. One lateral pavement tooth. ANSP:
VP25133.

Description. The crown of the lateral tooth is mesiodistally
elongated, smooth, weakly convex, and roughly hexagonal in
occlusal view. The lateral edges of the crown are wrinkled,
and the crown is extremely thin relative to the root. The
crown overhangs all but the lingual surface that contains a
shallow shelf. The lateral tooth root is polyaulacorhizous and
contains seven narrow nutritive grooves.

Remarks. The lateral tooth of Myliobatis sp. from the LCLU
(1) can be distinguished from the lateral tooth of Rhinop-
tera sp. that was also recovered from the LCLU, (2) bears
some resemblance to the teeth of Myliobatis dixoni Agas-
siz, 1843, that have previously been reported from the
UCLU by Becker et al. (2011), and (3) can be distinguished
from Rhombodus binkhorsti Dames, 1881, that has previ-
ously been reported from the Maastrichtian near Malvern,
Arkansas, by Becker et al. (2006) based on the presence of
a mesiodistally elongated, hexagonally shaped crown that is
smooth and thinner than the root (e.g., Herman et al. 2000;
Cappetta 1987, 2012; Hovestadt and Hovestadt-Euler 2013).
The tooth of Myliobatis sp. from the LCLU is also distinct
from those of the Late Cretaceous species Brachyrhizodus
witchitaensis Romer, 1942, which contains far fewer nutri-
tive grooves and has not been reported from the Maastrich-
tian Arkadelphia Formation near Malvern, Arkansas (Becker
et al. 2006; Cappetta 2012). As indicated in prior studies,
the highly variable dental morphology of pavement teeth
belonging to extant genera including Myliobatis, Rhinoptera,
Aetomylaeus, and Pteromylaeus makes the identification of
isolated median and lateral pavement teeth extremely dif-
ficult (Nishida 1990; Herman et al. 2000; Cappetta 2012).
As such, we refrain from lower-level taxonomic classifica-
tion of the single, isolated Myliobatis sp. lateral tooth from
the LCLU until further studies are conducted on fossil and
extant specimens.

Family Rhinopteridae Jordan and Evermann, 1896
Genus Rhinoptera Cuvier, 1829

Rhinoptera sp.
Figure 11g

Studied material. One lateral pavement tooth. ANSP:
VP25134.

Description. The crown of the lateral pavement tooth has a
flat, regularly and deeply pitted enameloid, roughly hexago-
nal occlusal surface, and is uniform in thickness. In lateral
view, all crown edges are heavily wrinkled forming dors-
oventral furrows. The base of the crown overhangs the labial
root surface. The root is polyaulacorhizous and contains six
nutritive grooves.

@ Springer



H. M. Maisch IV et al.

Fig. 11 Hypolophites sp. (a;—es) (ANSP: VP25128-25132), Mylioba-
tis sp. (f;—f5) (ANSP: VP25133), and Rhinoptera sp. (g,—gs) (ANSP:
VP25134) teeth from the Lower Clayton Limestone Unit (Paleocene:
Midway Group) near Malvern, Arkansas, USA. Median teeth=a,—as
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and lateral teeth=Db,—gs. Orientations: Lingual=a,, by, ¢;, d;, e,,
f,. g;. Labial=a,, b,, ¢,, d,, e,, f,, g,. Lateral=a;, b;, c3, dj, e;, f3,
g3. Occlusal =as, by, ¢4, dy, €4, £y, g4. Basal=as, bs, ¢5, ds, es, fs, g5.
Scale bars in a—e 2 mm; f, g 5 mm
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Remarks. The lateral tooth of Rhinoptera sp. from the LCLU
(1) can be distinguished from the lateral tooth of Mylioba-
tis sp. that was also recovered from the LCLU, (2) bears
some resemblance to the teeth of Myliobatis dixoni Agassiz,
1843, that have previously been reported from the UCLU
by Becker et al. (2011), and (3) can also be distinguished
from Rhombodus binkhorsti Dames, 1881, that has previ-
ously been reported from the Maastrichtian near Malvern,
Arkansas, by Becker et al. (2006) based on the presence of
a mesiodistally elongated and hexagonally shaped crown,
flat occlusal surface with regularly pitted enameloid on the
occlusal surface, and a crown that is noticeably thicker than
the root (e.g., Herman et al. 2000; Cappetta 1987, 2012;
Hovestadt and Hovestadt-Euler 2013). This Rhinoptera sp.
lateral tooth may also resemble those of Rhinoptera prisca
Woodward, 1907, Apocopodon sericeus Cope, 1886, Gara-
batis atlasi Cappetta, 1993, and Igdabatis sigmodon Cap-
petta, 1972; however, teeth from these species have one or
more of the following characteristics: (1) more regular, hex-
agonal shapes, (2) smoother occlusal and lateral surfaces,
(3) fewer nutritive grooves and wider roots, (4) a greater
number of nutritive grooves, (5) sigmoidal shapes, and
(6) restricted chronological and geographic ranges (e.g.,
Silva 1994; Ribeiro de Santana et al. 2011; Cappetta 1987,
2012; Hovestadt and Hovestadt-Euler 2013). As noted in
the Myliobatis sp. remarks above, the highly variable dental
morphology of pavement teeth belonging to extant genera
including Myliobatis, Rhinoptera, Aetomylaeus, and Ptero-
mylaeus makes the identification of isolated median and lat-
eral pavement teeth extremely difficult (Nishida 1990; Her-
man et al. 2000; Cappetta 2012). As such, we refrain from
lower-level taxonomic classification of the single, isolated
lateral Rhinoptera sp. tooth from the LCLU until further
studies are conducted on fossil and extant specimens.

Myliobatiformes indet.
Figure 12a

Studied material. One fragmentary caudal spine. ANSP:
VP25135.

Description. The caudal spine is fragmentary and roughly
rectangular in shape. The ventral surface is smooth and con-
vex, while the dorsal surface contains faint, anteroposterior
furrows and slightly curved, triangular barbs on the lateral
edges.

Remarks. Prior research indicates that a high degree of
intraspecific variation occurs in the myliobatiform cau-
dal spines making identification at the genus and family
level difficult (Marmi et al. 2010; Bor et al. 2012; Cappetta
2012; Hovestadt and Hovestadt-Euler 2013). In the LCLU,
myliobatiform caudal spines are uncommon, and to date,

no complete caudal spines have been recovered. Until fur-
ther studies are conducted on myliobatiform caudal spines,
we refrain from higher-order classification of the LCLU
caudal spine fragments.

Chondrichthyes indet. 1
Figure 12c—e

Studied material. Three vertebral centra. ANSP:
VP25136-25138.

Description. The vertebral centra have circular—ovular
shapes with concave, circular—ovular articulation surfaces
that contain concentric lamella and a centrally located
birthmark. The edges of centra may contain radial lamella
or large foramina for basal cartilage attachment.

Remarks. Isolated vertebral centra were previously
reported from the UCLU by Becker et al. (2011) and
also occur with chondrichthyan teeth in the LCLU near
Malvern, Arkansas. In general, chondrichthyan vertebral
centra can be identified as (1) lamnoid-type centra with
many septa and large, paired basidorsal and basiventral
foramina; (2) carcharhinoid-type centra that lack abun-
dant septa and paired foramina; and (3) orectolobiform
and batoid-type centra that have ovular or dorsoventrally
compressed articulation surfaces with basidorsal and
basiventral foramina (Shimada 1997; Blanco Pifién et al.
2005; Becker et al. 2007). The abundance of teeth belong-
ing to lamniforms including Carcharias, Odontaspis, and
Palaeohypotodus in the LCLU suggests the lamnoid-type
vertebral centra may belong to these species. In contrast,
carcharhinoid-type vertebral centra in the LCLU may
belong to Palaeogaleus, while batoid-type centra likely
belong to Dasyatis, Hypolophites, Myliobatis, or Rhinop-
tera. Additionally, Ginglymostoma teeth are also abundant
in the LCLU, and their vertebrae may by dorsoventrally
compressed and resemble either carcharhinoid- or batoid-
type centra. We acknowledge that associating isolated
chondrichthyan vertebra with a particular genus or spe-
cies is problematic since some species (e.g., Squalicorax
sp.) may contain teeth and associated tooth tissues that
are indicative of a lamniform but vertebral centra that are
more similar to those of a carcharhiniform (e.g., Shimada
and Cicimurri 2005; Becker et al. 2007). In this regard, we
refrain from a more detailed analysis of the LCLU verte-
bral centra until more is known about the skeletal anatomy
of Paleocene chondrichthyans.

Chondrichthyes indet. 2
Figure 12b

Studied material. One dermal denticle. ANSP: VP25139.
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«Fig. 12 Additional chondrichthyan remains from the Lower Clayton
Limestone Unit (Paleocene: Midway Group) near Malvern, Arkansas,
USA. Myliobatiformes indet. caudal spine (a;—a,) (ANSP: VP25135),
Chondrichthyes indet. 2, dermal denticle (b;—b;) (ANSP: VP25136),
Chondrichthyes indet. 1, lamniform-type vertebral centrum (c;—c,)
(ANSP: VP25137), Chondrichthyes indet. 1, carcharhiniform-type
vertebral centrum (d,—d,) (ANSP: VP25138), Chondrichthyes indet.
1, batoid-type vertebral centrum (e;—e,) (ANSP: VP25139), inde-
terminate chimaerid jaw fragment (f,—f,) (ANSP: VP25140), spiral
chondrichthyan coprolite (g,—g,) (ANSP: VP25141), phosphatic nod-
ule development around LCLU chondrichthyan teeth (h,—j,) (ANSP:
VP25142-25144), Carcharias sp. tooth displaying extensive round-
ing and polishing (k,—k,) (ANSP: VP25090), pathological Carcha-
rias sp. tooth (I;-1,) (ANSP: VP25091), and Palaeohypotodus rutori
(m;—m,) (ANSP: VP25106) and Ginglymostoma subafricanum (n,—
n,) (ANSP: VP25077) teeth with feeding damage to the main cusp.
Orientations: Dorsal=a,;. Ventral=a,. Exterior=b,, f;, g;. Inte-
rior=f,. Lateral=b,, g,. Basal=bj3, c,, d,, e,. Lingual=hy, i}, j;, k;,
1;, my, n;. Labial =h,, iy, j,, K, 1, m,, n,. Scale bars in a, e 1 mm; b
0.5mm; ¢, d, h,I, m,n2 mm; f, g, i-k 5 mm

Description. The dermal denticle is complete and roughly
hexagonal in shape with a scallop-like edge. An enameloid
surface is present and contains four well-developed grooves,
while the opposing surface exposes a flat dentine base.

Remarks. This is the first report of a chondrichthyan dermal
denticle from the Malvern, Arkansas, region. Do to their
small size, dermal denticles are frequently winnowed away
or destroyed in (1) high-energy, shallow marine depositional
environments and (2) during lag deposit formation, (3) are
not recovered as a result of collecting biases, or (4) are col-
lected but not included in studies focusing on chondrich-
thyan teeth. Additionally, prior studies on dermal denticles
from deep-sea cores and extant chondrichthyans indicate
that denticle morphology is highly variable across the body
and within a single species, therefore eluding genus- and
species-level identification (e.g., Cappetta 2012; Sibert et al.
2016; Dillon et al. 2017; Ankhelyi et al. 2018).

Order Chimaeriformes Obruchev, 1953

gen. et sp. indet.
Figure 12f

Studied material. One jaw fragment. ANSP: VP25140.

Description. The jaw fragment has dark, osseous surfaces
and includes a portion of a tritor that is lighter in color and
regularly ornamented with small, rounded nodes.

Remarks. The fragmentary, indeterminate chimaerid
jaw fragment from the LCLU is generally similar to that
reported by Becker et al. (2011) from the UCLU near Mal-
vern, Arkansas. While the morphology of this jaw fragment
is characteristic of similar species including Ischyodus and

Edaphon, its small size and highly fragmentary condition
precludes lower-level taxonomic classification. Although
chimaerid remains have not been reported from the Maas-
trichtian Arkadelphia Formation near Malvern, Arkan-
sas, they are known to occur in other Late Cretaceous and
Paleogene chondrichthyan assemblages throughout North
America (e.g., Case 1978; Case and Schwimmer 1992; Man-
ning and Dockery 1992; Stahl and Parris 2004; Parmley and
Cicimurri 2005; Cicimurri et al. 2008; Becker et al. 2011;
Johnson-Ransom et al. 2018).

Discussion

Faunal turnover and extinction of chondrichthyans
at the K/Pg boundary near Malvern, Arkansas

As a framework for interpreting faunal turnover and extinc-
tion, our analysis utilizes prior studies of chondrichthyans
preserved across both intervals of the K/Pg mass extinction
boundary in the Atlantic Coastal Plain of the United States,
Western Europe, and northern Africa (Case 1996; Noubhani
and Cappetta 1997; Case et al. 2001; Becker et al. 2006,
2011; Adolfssen and Ward 2014, 2015). Principal features
identified in these studies to interpret the magnitude of this
global mass extinction event on chondrichthyans include (1)
taxonomic composition; (2) depositional environment and
bathymetry; (3), erosional hiatuses, reworking, and sea-level
cyclicity; and (4) the Chicxulub bolide impact.

Taxonomic composition of the LCLU and K/Pg
boundary section

The chondrichthyan assemblage described in this study
consists of species with grasping, clutching, and crushing
teeth utilized for consuming small chondrichthyans, osteich-
thyans, and shelled invertebrates that are also found in the
LCLU (Applegate 1965; Welton and Farish 1993; Cappetta
1987, 2012). More than half of all the teeth comprising
these dentitions recovered from the LCLU belong to lam-
niforms including Carcharias cf. whitei, Carcharias sp.,
Odontaspis winkleri, and Palaeohypotodus rutori, described
above. In the LCLU chondrichthyan assemblage, large teeth
(> 25 mm), serrated teeth that represent cutting or tearing
dentitions, and teeth from species with deep-water affinities
were not recovered (e.g., Mannering and Hiller 2008; Cap-
petta 2012; Adolfssen and Ward 2014, 2015; Bazzi et al.
2018).

Table 1 compares the chondrichthyan species occur-
ring in the K/Pg boundary section near Malvern, Arkansas.
This section consists of chondrichthyans found in the (1)
Arkadelphia Formation and coquina lag containing the K/
Pg boundary and Midway Group contact (Becker et al.
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Fig. 13 Ammonites from the
coquina lag containing the K/
Pg boundary (Arkadelphia
Formation—-Midway Group
Contact) near Malvern, Hot
Spring County, Arkansas,
USA. a Placenticeras sp. cast
with broken and infilled body
chamber, rounded phosphate
pebbles and fragmentary
osteichthyan remains indicated
by arrows (WPU:AR:MOR-2).
b Lateral view of a showing
ammonites in cross-section
indicated by arrows. ¢ Baculites
sp. exposed in transverse
section indicated by arrows
(WPU:AR:MOR-3). d Partial
Discoscaphites iris with shell
material (WPU:AR:MOR-4).
Scale bars in a and ¢ 5 cm, and
bandd?2cm

2006), (2) LCLU described in this study, and (3) UCLU
occurring =~ 2.75 km to the NE (Becker et al. 2011) that
is also exposed directly above the LCLU at the I-30 site.
In the LCLU chondrichthyan assemblage, (1) no teeth
belonging to pelagic species (e.g., Anomotodon, Otodus)
have been identified, (2) only three species identified and
described in this study are identical to those found in the
UCLU, (3) large myliobatiform pavement crushers are
scarce (e.g., Myliobatis dixoni, Myliobatis sp., Rhinoptera
sp.), and (4) pristiodontiform, rhinobatiform, and rajiform
teeth found in other parts of this K/Pg section have not
been identified.

The data in Table 1 also indicate that the most taxo-
nomically diverse chondrichthyan assemblage consists of
18 species and occurs in the Arkadelphia Formation and
coquina lag containing the K/Pg boundary and Midway
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Group contact. In this study, we report 12 chondrichthyan
species from the LCLU, whereas eight chondrichthyan
taxa have been previously reported from the UCLU by
Becker et al. (2011). All three chondrichthyan assemblages
in this the K/Pg boundary section contain the nektobenthic
genera Carcharias and Odontaspis. No distinctly Creta-
ceous genera common in the global stratigraphic record
including Squalicorax and Ischyrhiza are found in either
the LCLU or UCLU (e.g., Kriwet and Benton 2004; Cap-
petta 2012). Other large, apex predators found in the Arka-
delphia Formation and coquina lag containing the K/Pg
boundary including plesiosaurs and turtles parallel global
K/Pg trends and are either eliminated or reduced in num-
ber (Becker et al. 2013, 2016).
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Table 1 Chondrichthyan
assemblages from the K/Pg
boundary section near Malvern,
Hot Spring County, Arkansas,
USA, discussed in this study

Arkadelphia Formation—-Midway

Group

Lower Clayton Limestone Unit

Upper Clayton Limestone

Unit

Contact (K/Pg):

(LCLU: Paleocene Midway Group):

(UCLU: Paleocene Midway

Group):

Becker et al. (2006)

Maisch et al. (this study)

Becker et al. (2011)

Genus Species Genus Species Genus Species
Sharks Sharks Sharks

Squatina hassei Ginglymostoma subafricanum  Odontaspis winkleri
Ginglymostoma lehneri Odontaspis winkleri Carcharias cf. whitei
Plicatoscyllium derameei Carcharias cf. whitei Carcharias sp.
Odontaspis oculeatus Carcharias Sp. Cretalamna sp.
Carcharias cf. holmdelensis ~ Palaeohypotodus  rutori Otodus obliquus
Serratolamna serrata Palaeogaleus vincenti Anomotodon novas
Cretalamna appendiculata Rays Rays

Squalicorax kaupi Dasyatis cf. hexagonalis Hypolophodon  sylvestris
Galeorhinus girardoti Dasyatis sp. Myliobatis dixoni
Guitarfish/Sawfish/Skates/Rays Hypolophites sp. Ratfish

Rhinobatos casieri Mpyliobatis sp. Chimaerid indet.
Ptychotrygon cf. vermiculata Rhinoptera sp.

Ischyrhiza avonicola Ratfish

Ischyrhiza mira Chimaerid indet.

Sclerorhynchus sp.

Schizorhiza cf. stromeri

Raja farishi

Rhombodus binkhorsti

Dasyatis sp.

Depositional environment and bathymetry

Prior studies, geologic mapping, and paleogeographic
reconstructions of the Malvern, Arkansas, region indicate
that the K/Pg boundary section identified in this study
represents a marginal to shallow marine depositional
environment adjacent to a rocky coastline consisting of
the Paleozoic Ouachita Mountains and Mesozoic igneous
deposits of Magnet Cove (Haley et al. 1993, 2009; Ken-
nedy et al. 1998; McFarland 2004; Becker et al. 2010a;
Scotese 2014). In the LCLU, this interpretation is further
reinforced by the occurrence of sedimentary structures,
trace fossils (i.e., Thalassinoides isp., Gastrochaenolites
isp., and Entobia isp.), oysters, nut clams (i.e., Nuculana
sp.), and crocodilian teeth (Figs. 4, 5). Within this K/Pg
boundary section, localized differences in bathymetry are
indicated by deposition of light to dark gray, organic-rich
clay beds interspersed with limestone beds and concretions
(Figs. 3, 4). Nearby fluvial influences are also recorded
throughout this section as fragments of wood and plants
occur with osteichthyans and turtles that have brackish to
freshwater affinities (Becker et al. 2010a, 2016).

Erosional hiatuses, reworking of fossils,
and sea-level cyclicity

In the Gulf Coastal Plain of the United States, recent stud-
ies indicate that some of the shallow marine sections rep-
resenting the K/Pg boundary are relatively complete and
free from structural complexities (Larina et al. 2016; Witts
et al. 2018). A key feature identified in both these studies
is the occurrence of the latest Maastrichtian Discoscaph-
ites iris ammonite zone in Alabama, Mississippi, Missouri,
and Arkansas (also see Landman et al. 2004, 2012). In this
regard, reworked ammonites including Discoscaphites iris
are common in the coquina lag containing the K/Pg bound-
ary near Malvern, Arkansas, and occur on bedding surfaces
with shell material, in multiple orientations, and with broken
body chambers (Fig. 13).

The chondrichthyan assemblages found in the Arkadel-
phia Formation and coquina lag containing the K/Pg bound-
ary, and lags of the LCLU identified in his report, do not
occur within horizontal or slightly dipping beds like those
reported from contemporaneous strata on the eastern side of
the Mississippi Embayment (e.g., Larina et al. 2016; Witts
et al. 2018; Phillips and Case 2019) or further to the west
in the Brazos River region of Texas (e.g., Gale 2006; Hart

@ Springer



H. M. Maisch IV et al.

et al. 2012). This structural complexity and localized rota-
tional sliding discussed above has distorted bed orientation
and thickness, particularly on the southern side of the out-
crop exposure and within the Ouachita River (Figs. 2, 3).
Moreover, concentrations of vertebrate fossils in lag deposits
documented throughout this section indicate that (1) teeth
and bones as well as co-occurring shelled invertebrates and
sediments have experienced a degree of reworking, and (2)
these lag deposits represent erosional hiatuses and missing
time that are the products of sea-level changes (Figs. 3, 4,
14; Case and Schwimmer 1988; Becker et al. 1996, 1998,
2010b; Shimada et al. 2006; Otero et al. 2013; Boessenecker
et al. 2014; Maisch et al. 2014, 2015, 2018a, b). In fact, all
chondrichthyan teeth recovered from these lags show vari-
able stages of reworking and taphonomic wear including
phosphatization, abrasion, and polishing of cusp, cusplet,
and root elements and range from pristine condition to
highly fragmented (Fig. 12). These taphonomic conditions
as seen in chondrichthyan teeth, and the duration of miss-
ing time represented by these lag deposits, have important
implications to interpreting the nature of the end-Cretaceous
extinction event in the Malvern, Arkansas region.

The transition across the K/Pg boundary and Arkadel-
phia Formation—-Midway Group contact near Malvern,
Arkansas, occurs during multiple third-order eustatic
sea-level cycles of Haq (2014) including KMa5-PaDa3.
The bounding unconformities for these events represent
several million years and have relative sea-level fluctua-
tions of approximately 25-100 m, with cycle (KMa5)
occurring just below the K/Pg boundary (Haq 2014). In
the Gulf Coastal Plain, similar sea-level events across the
K/Pg boundary are recognized and include three deposi-
tional sequences also bounded by unconformities (Mancini
et al. 1989, 1995; Mancini and Puckett 2005). The first of
these Gulf Coastal Plain depositional sequences occurs
during the Maastrichtian below the K/Pg boundary, while
the other two depositional sequences occur in the Danian.
Both of these Gulf Coastal Plain studies acknowledged the
fact that the K/Pg boundary is disconformable and does
not record a continuous record of time.

Based on these global and regional studies, we inter-
pret the changes observed in the Maastrichtian—Paleocene
chondrichthyan assemblages identified in Table 1, includ-
ing the coquina lag containing the K/Pg boundary and
Midway Group contact, to have occurred across several
million years as constrained by the global third-order
eustatic sea-level and regional sea-level cycles identified
above. The coquina lag containing the K/Pg boundary and
Midway Group contact seen in Figs. 3 and 4 is a prominent
disconformity and strengthens the fact that this marginal to
shallow marine stratigraphic section is also incomplete. In
this regard, both sediments and fossils have been exhumed
and reworked across this K/Pg boundary and within the
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overlying Midway Group multiple times during these glob-
ally and regionally recognized sea-level cycles.

The Chicxulub impact site, Yucatan, Mexico

The chondrichthyan assemblage contained in the K/Pg sec-
tion near Malvern, Arkansas, resides ~ 1500 km north of the
Chicxulub, Mexico, bolide impact site. This bolide impact
represents the leading cause for the most intensely studied
global mass extinction event in Earth history (Alvarez et al.
1980; Hildebrand et al. 1991; D’Hondt 2005; Kring 2007,
Miller et al. 2010; Keller et al. 2013; Witts et al. 2016).
However, conflicting viewpoints exist as to whether or not
this single event accounts for observed patterns of extinc-
tion and survival in both land-based and marine organisms
and may actually represent multiple causes including impact,
marine regression, volcanic activity, and climatic changes
(e.g., Schulte et al. 2010; Archibald et al. 2010; Schoene
et al. 2019; Sprain et al. 2019).

In the Gulf Coastal Plain, an increasing body of evidence
identifies the occurrence of impact spherules as the result of
K/Pg bolide impact (e.g., Gale 2006; Campbell and Land-
man 2010; Adatte et al. 2011; Keller et al. 2013; Witts et al.
2018). In fact, Rovelli et al. (2014) and Larina et al. (2016)
have also reported impact spherules in the K/Pg section near
Malvern, Arkansas, discussed in this study. These studies
and others (e.g., Albertdo et al. 1994; Stinnesbeck and Kel-
ler 1995) in the Gulf Coastal Plain offer opposing data as
to whether these impact spherules represent a single event
horizon, at or above the K/Pg boundary, or multiple horizons
that have been subsequently eroded and redeposited by sea-
level cyclicity. Additional complications are also thought to
exist due to post-impact tsunamis, although these effects are
not recorded in all K/Pg stratigraphic sections of the Gulf
Coastal Plain (e.g., Savrda 1993; Smit et al. 1996; Campbell
et al. 2008; Oboh-Ikuenobe et al. 2012; Dastas et al. 2014,
Larina et al. 2016). Regardless of these different scenarios,
the proximity of the Malvern, Arkansas, region to the Chicx-
ulub, Mexico, impact site indicates that chondrichthyans and
other organisms living in this marginal to shallow marine
environment would have been exposed to the aftermath of
K/Pg bolide impact.

The chondrichthyans found in Table 1 are also known
from the shallow marine global record (see “Systematic
paleontology”), and in particular the Tethys Seaway of West-
ern Europe and northern Africa, where current evidence for
impact spherules and post-depositional tsunamis are few
(e.g., Korbar et al. 2015). Similar trends in faunal turnover
and extinction to those seen in chondrichthyans found in
Arkansas also occur throughout the Tethys Seaway and in
particular Morocco (Noubhani 2010; Adolfssen and Ward
2014, 2015; Belben et al. 2017; Bazzi et al. 2018). Accord-
ing to Adolfssen and Ward (2014), sea-level regression
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and losses of shallow marine habitat represents the most
plausible explanation for faunal turnover and extinction of
chondrichthyans in this region. In contrast, chondrichthyans
found in deeper water of the Tethys and the Pacific Ocean
were not subjected to these same habitat losses at the K/Pg
boundary and do not follow similar trends of faunal turnover
and extinction as observed in shallow marine assemblages
(Hallam and Wignall 1999; Mannering and Hiller 2008;
Adolfssen and Ward 2014; Sibert et al. 2014; Sibert and
Norris 2015; Belben et al. 2017).

Conclusions

What patterns can be observed in chondrichthyans
found across the K/Pg boundary section
near Malvern, Arkansas?

The chondrichthyans preserved across both intervals of a K/
Pg boundary section near Malvern, Arkansas, are globally
distributed with several species known to occur as far south
as Antarctica and in more remote locations to the north in
Greenland and to the west in New Zealand (Bendix-Alm-
green 1969; Zinsmeister 1998; Mannering and Hiller 2008;
Cappetta 2012; Otero et al. 2013). As highly mobile apex
predators, this distribution of chondrichthyans as well as
other marine vertebrates points to more uniform seawater
temperatures and the interconnected nature of the shallow
marine Tethys Seaway to the Mississippian Embayment,
Gulf of Mexico, South America, and elsewhere globally
(Moody and Sutcliffe 1993; Chumakov et al. 1995; Hooks
et al. 1999; Zakharov et al. 2006; Ribeiro de Santana et al.
2011; Cappetta 2012; Otero et al. 2013; Scotese 2014).
Chronological ranges of the three chondrichthyan assem-
blages identified in this study also confirm those found in
the global stratigraphic record where patterns of faunal
turnover and extinction occur within a relative narrow time
interval that traverses the K/Pg boundary (Gallo et al. 2001;
Cappetta 2012). During this time interval, large expanses
of shallow marine seaway including the Western Interior
Seaway, Atlantic and Gulf Coastal Plains, and the Tethys
Seaway continued to rapidly diminish as global regression
occurred throughout the Late Cretaceous and the beginning
of the Cenozoic (Haq et al. 1988; Savrda 1993; Li et al.
2000; Archibald et al. 2010; Boulila et al. 2011; Haq 2014,
Scotese 2014).

These conditions represent broad-scale shallow marine
habitat losses that we interpret as the primary cause respon-
sible for the differences found in the chondrichthyan assem-
blages identified in this study. This interpretation is further
reinforced by the chondrichthyan assemblages found in the
LCLU and UCLU that occur stratigraphically well above the
K/Pg boundary and into the Paleocene. In this regard, rapid

faunal turnover and extinction by K/Pg boundary bolide
impact is unlikely to account for the observed differences in
these Paleocene chondrichthyan assemblages. Moreover, in
the marginal to shallow marine environment near Malvern,
Arkansas, patterns of change in sedimentology and the lag
deposits containing chondrichthyans and shelly invertebrates
found throughout this entire K/Pg section are not derived
from any single erosional or depositional event and are
the products of sea-level cyclicity. The range of reworking
and taphonomic wear seen in chondrichthyan teeth and co-
occurring fossils found in these lags is additional evidence
of multiple stages of erosion and deposition as well as miss-
ing time.

While this does not rule out the combined effects of K/Pg
bolide impact and sea-level cyclicity acting in combination
on chondrichthyans across the Arkadelphia Formation—-Mid-
way Group contact, these conditions require further inves-
tigation throughout this entire stratigraphic section. In our
view, the chondrichthyan lag deposits identified in this study
are analogous to those found throughout the Late Mesozoic
and Cenozoic of North America in the aforementioned stud-
ies that occur at contacts between formations, members, or
units. These lag deposits are the result of sea-level cyclicity
and represent several million years of mixing of chondrich-
thyan teeth at stage and substage boundary levels. Conse-
quently, current evidence presented in this study favors a
more conventional view seen in the global stratigraphic
record at distant proximity to the Chicxulub Impact site
where the primary cause of faunal turnover and extinction
of K/Pg chondrichthyans is the result of sea-level cyclicity
and shallow marine habitat losses.
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