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ABSTRACT

We analyzed samples for paleomagnetism,
“Ar/Ar detrital sanidine ages, and mamma-
lian fauna to produce a precise chronostrati-
graphic framework for the Upper Cretaceous
to Lower Paleocene Dawson Creek section of
Big Bend National Park, west Texas. Prior to
this work, the absolute ages and durations
of the Upper Cretaceous Aguja and Javelina
Formations and Paleocene Black Peaks For-
mation were relatively poorly constrained.
The documented polarity zones can be cor-
related to C32n-C31n, C29r, and C27r of the
geomagnetic polarity time scale, with three
hiatuses spanning more than 1.5 m.y. each.
Rock magnetic analyses indicate that the
dominant magnetic carrier in the Aguja and
Black Peaks Formations is titanomagnetite,
while the Javelina Formation has varying
magnetic carriers, including hematite, mag-
netite, and maghemite. An overprint inter-
val surrounding the Cretaceous-Paleogene
boundary suggests the primary magnetic
carrier, titanohematite, was likely reset by
burial and/or overlying basaltic flows. These
are the first independent age constraints for
the Cretaceous—Paleocene strata at the Daw-
son Creek section that determine the age and
duration of deposition of each formation in
the section, as well as the age and duration of
multiple unconformities through the succes-
sion. As a result, these age constraints can be
used to reassess biostratigraphic and isotopic
correlations between the Big Bend area and
other Cretaceous—Paleogene basins across
North America. Based on this new data set,
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.edu.
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we reassign the age of the mammalian fauna
found in the Black Peaks Formation from
the Puercan to the Torrejonian North Ameri-
can Land Mammal age. Our age constraints
show that the dinosaur fauna in the Javelina
Formation in the Dawson Creek area is latest
Maastrichtian and restricted to chron C29r.
Thus, the Javelina dinosaur fauna is correla-
tive to the Hell Creek Formation dinosaur
fauna from the Northern Great Plains, in-
dicating differences between the faunas are
not due to differences in age, and providing
support for the hypothesis of provincial-
ity and endemism in dinosaur communi-
ties in the late Maastrichtian. Further, the
age constraints indicate that the previously
documented mid-Maastrichtian and late
Maastrichtian greenhouse events were rapid
(<200 k.y.) and correlate closely with climate
events documented in the marine record.

INTRODUCTION

The Dawson Creek section within Big Bend
National Park, Texas, documents a series of Cre-
taceous though Lower Paleocene alluvial depos-
its that accumulated along a passive continental
margin within the Tornillo Basin of west Texas
(Fig. 1). This coastal plain succession has been
the focus of several lithostratigraphic, cyclo-
stratigraphic, paleopedologic, magnetostrati-
graphic, and paleontologic studies (e.g., Law-
son, 1972; Standhardt, 1986; Lehman, 1989a,
1990; Nordt et al., 2003; Atchley et al., 2004).
The Cretaceous dinosaur and early Paleocene
mammalian faunas from Big Bend, and par-
ticularly from the Dawson Creek area, are key
elements for understanding regional patterns
in dinosaur and mammal community diversity
and biostratigraphy. Dawson Creek is the south-

ernmost latest Cretaceous (late Maastrichtian)
terrestrial vertebrate fossil site in North Amer-
ica. Therefore, it forms a critical data set that is
necessary for assessing patterns of endemism in
Campanian and Maastrichtian dinosaur faunas
across North America (e.g., Standhardt, 1986;
Lehman, 1997, 2001; Lofgren et al., 2004;
Sampson et al., 2010; Lucas et al., 2016). Ad-
ditionally, analyses of paleosols at the Dawson
Creek section have been interpreted to indicate
two short-lived greenhouse events during the
Maastrichtian (Nordt et al., 2003; Dworkin et al.,
2005). Despite the importance of the Dawson
Creek record for understanding Cretaceous and
Paleocene paleoclimate and the composition of
vertebrate communities, the absolute ages and
durations of the Upper Cretaceous Aguja and
Javelina Formations and Paleocene Black Peaks
Formation are relatively poorly constrained.

In this study, we developed a precise chrono-
stratigraphic framework for the Dawson Creek
section using magnetostratigraphy, “°Ar/*’Ar
detrital sanidine geochronology, and biostratig-
raphy based on a reevaluation of the vertebrate
fauna. From these analyses, we determined the
age and duration of deposition for each formation
in the section, as well as the age and duration of
multiple unconformities through the succession.
Finally, we used these new age constraints to as-
sess the implications for biostratigraphic and iso-
topic correlations between the Big Bend area and
other Cretaceous—Paleogene basins across North
America and the global marine record.

PREVIOUS WORK
Geochronology

Previous studies used a combination of bio-
stratigraphy, estimates of sedimentation rates
based on paleosol maturity, and correlations

https://doi.org/10.1130/B31785.1; 10 figures; 3 tables; Data Repository item 2018042.
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Figure 1. (A) Location of study area (highlighted with box) within Big Bend National Park
(N.P.), modified from Lehman (1991). K-Pg—Cretaceous-Paleogene. (B) Cross-section A-A"
through the Tornillo Basin, modified from Lehman (1986).

of local isotope stratigraphy to marine iso-
tope curves to produce a chronostratigraphic
framework for the Dawson Creek area (e.g.,
Lehman, 1990; Nordt et al., 2003; Atchley
et al., 2004). The existing age determinations
indicate that the section spans from the latest
Campanian through the early Paleocene (Nordt

et al., 2003), when adjusted to reflect the most
recent age of the Cretaceous-Paleogene bound-
ary (e.g., Renne et al., 2013; Clyde et al., 2016).
The Aguja Formation elsewhere in the park is
interpreted to be stratigraphically equivalent to
the base of the Dawson Creek section and con-
tains a late Campanian vertebrate fauna (Rowe
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et al., 1992; Lehman, 1985; Wick and Lehman,
2013). Based on this correlation, the base of
the Dawson Creek section has been interpreted
to be close to the Campanian-Maastrichtian
boundary (Lehman and Busbey, 2007). Based
on the last occurrence of dinosaur fossils and
the first occurrence of Paleocene mammals,
the Cretaceous-Paleogene boundary has tradi-
tionally been identified in the Dawson Creek
section to be at approximately the contact be-
tween the Javelina and Black Peaks Forma-
tions (Lehman, 1990). However, recent ichno-
logical work documented an abrupt decrease
in adhesive meniscate burrow diameter within
a sandstone channel of the Javelina Formation
at 172 m in the Dawson Creek section, which
was interpreted to represent the postextinction
recovery community, and thus the stratigraphic
position of the Cretaceous-Paleogene bound-
ary (Fig. 2; Wiest et al., 2018). Lehman (1990)
used preliminary magnetostratigraphy (Mac-
Fadden in Standhardt, 1986) to argue that the
Black Peaks Formation correlated to chrons
C29r-C28r, meaning that the top of the section
is older than 64.6 Ma, which is the end of C28r
(Ogg, 2012). Correlations between stable iso-
topic trends from pedogenic carbonate nodules
through the Dawson Creek section and carbon
isotopes from marine deposits, combined with
the location of cyclostratigraphic boundaries,
were used to indicate the presence of multi-
ple hiatuses in the section (Nordt et al., 2003;
Atchley et al., 2004). However, the durations
of these unconformities or their exact ages are
uncertain.

There was a preliminary attempt to use mag-
netostratigraphy at Dawson Creek by B.J. Mac-
Fadden (in Standhardt, 1986) to determine the
age of the section. In this work, the local polar-
ity stratigraphy that was developed was corre-
lated to C30n through C28r. However, MacFad-
den (in Standhardt, 1986) noted that large parts
of the section were overprinted, and as a result,
this magnetostratigraphic framework has not
been accepted, though it was used by Lehman
(1990) to estimate an approximate minimum
age for the top of the section.

In other areas of the park, volcanic deposits
within the upper portion of the Aguja Formation
have been dated to 76.9 + 1.2 Ma (Befus et al.,
2008) and 72.6 + 1.5 Ma (Breyer et al., 2007)
using U-Pb dating, suggesting the Aguja Forma-
tion is Campanian in age. A monazite U-Pb age
of 69.0 + 0.9 Ma for a tuff occurring within the
Javelina Formation, 90 m stratigraphically be-
low the Cretaceous-Paleogene boundary, from
the northern part of Big Bend National Park
indicates that all, or at least the majority, of
the Javelina Formation was deposited during the
Maastrichtian (Lehman et al., 2006).
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Figure 2. Virtual geomagnetic pole (VGP) latitude, interpreted polarity zonations, and primary (1°) and secondary (2°)
magnetic mineralogies for the section. Locations of detrital sanidine samples are shown. Faunal localities: 1—LSU VL-110;
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Paleoclimate and Depositional
Environments

Previous geochemical research that focused
on paleosols through the succession documented
two Late Cretaceous greenhouse events using
the isotopic composition of pedogenic carbon-
ate nodules, referred to as the mid-Maastrichtian
event and late Maastrichtian event (Nordt et al.,
2003). This work used correlations of the local
isotope stratigraphy with marine isotope curves
to adjust the ages of these events. When adjusted
to reflect the most recent age of the Cretaceous-
Paleogene boundary (Ogg, 2012; Renne et al.,
2013), the mid-Maastrichtian event occurred
from ca. 71 to 70 Ma, and the late Maastrichtian
event occurred from ca. 66.2 to 66.3 Ma. Work
done by Lehman (1990) on the Paleocene paleo-
sols found a transition toward increased rainfall
and cooler temperatures using paleosol macro-
morphology.

Alluvial stacking pattern analyses of the
Aguja, Javelina, and Black Peaks Formations
indicated that deposits in the Dawson Creek
area were deposited cyclically (Atchley et al.,
2004). Changes in stacking pattern thicknesses
were interpreted to represent the rate of change
of base-level rise and fall and to suggest that the
primary control on stratigraphic cyclicity in the
Dawson Creek section was eustatic sea-level
change, despite the succession being deposited
exclusively in the continental realm (Atchley
et al., 2004). Interestingly, despite evidence for
shifts in climate through the section, there does
not appear to be evidence for climate change
strongly influencing deposition (Atchley et al.,
2004), which differs from evidence from other
parts of the Big Bend area (Bataille et al., 2016).

Vertebrate Paleontology

Fossil vertebrates have been collected from
the Big Bend National Park area for over 70 yr,
and the Dawson Creek area contains a record of
terrestrial vertebrate fossil localities throughout
the Javelina and Black Peaks Formations. These
faunas are of particular interest because they
represent the southernmost latest Cretaceous
and early Paleocene faunas of North America,
and thus they are important for understanding
terrestrial vertebrate biogeographic patterns
across the Cretaceous-Paleogene boundary.

Disagreement on the placement of the for-
mational boundaries between these units has
resulted in differences in the taxa reported from
each of the formations (e.g., Standhardt, 1986;
Lehman, 1990; Rowe et al., 1992). For example,
Standhardt (1986) considered the Javelina and
Black Peaks units to be members of the Tornillo
Formation and placed the Javelina—Black Peaks
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boundary above the mammal-bearing localities
discussed here. Herein, we use the stratigraphic
nomenclature and position of formational con-
tacts of Lehman (1990), Nordt et al. (2003), and
Atchley et al. (2004). Thus, we place all Paleo-
cene mammal localities within the Black Peaks
Formation, and all dinosaur faunas within the
Javelina and Aguja Formations.

Aguja Formation

The Aguja Formation contains a rich verte-
brate fauna that includes microvertebrate fossils
collected through screen-washing techniques.
These include chondrichthyan and actinopteryg-
ian fish (Rowe et al., 1992; Sankey, 1998; Stand-
hardt, 1986), amphibians (Rowe et al., 1992;
Lehman, 1985; Sankey, 1998; Standhardt, 1986),
squamates (Rowe et al., 1992; Sankey, 1998;
Standhardt, 1986; Nydam et al., 2013), turtles
(Rowe et al., 1992; Sankey, 2008; Standhardt,
1986; Tomlinson, 1997), crocodylians (Colbert
and Bird, 1954; Lehman, 1985; Rowe et al.,
1992; Sankey, 2008; Standhardt, 1986), ptero-
saurs (Rowe et al., 1992), dinosaurs (Davies,
1983; Forster et al., 1993; Larson and Currie,
2013; Lehman, 1982, 1985, 1989b, 2010; Long-
rich et al., 2010, 2013; Prieto-Marquez, 2014;
Rivera-Sylva et al., 2016; Rowe et al., 1992;
Sankey, 1998, 2001, 2008; Sankey et al., 2005;
Standhardt, 1986; Wagner, 2001; Wagner and
Lehman, 2009; Wick et al., 2015), and mammals
(Cifelli, 1995; Rowe et al., 1992; Weil, 1992).

Nearly all the seemingly valid dinosaur taxa
identified from the Aguja Formation appear to
be endemic. Several of the taxa, such as Texace-
phale (see Jasinski and Sullivan, 2011), are prob-
ably not valid. Several small theropod taxa that
are based on isolated teeth (e.g., Saurornitho-
lestes langstoni, Richardoestesia gilmorei, and
Richardoestesia isosceles; Sankey, 2001, 2008)
have been identified in temporally and geograph-
ically wide-ranging faunas throughout western
North America, though it is likely that many, if
not most of these, are not correctly identified,
because small theropod taxa were probably ex-
clusive to discrete time intervals and geographic
areas (Larson and Currie, 2013).

Mammals from the Aguja Formation in-
clude several genera that are typical of Late
Cretaceous faunas of western North America
(e.g., Alphadon, Turgididon, Pediomys; Rowe
ct al., 1992). One species, the multitubercu-
late Cimolomys clarki, indicates that the Aguja
mammalian fauna correlates to the Judithian
North American Land Mammal age (NALMA;
Cifelli et al., 2004).

Javelina Formation

In the Dawson Creek area, a relatively small
vertebrate fauna has been reported from the
middle and upper Javelina Formation, and fos-
sil specimens tend to be fragmentary, though
bone beds containing multiple dinosaurs have
been documented within the Javelina Formation
in other areas of Big Bend National Park (Hunt
and Lehman, 2008). The Javelina fauna in-
cludes the giant pterosaur Quetzalcoatlus from
TMM 41501 in Dawson Creek (Table 1; Fig. 2;
Lawson, 1975), and a number of dinosaurs, de-
tailed next.

At least one chasmosaurine ceratopsian, Bra-
voceratops polyphemus, is present in the Jave-
lina Formation of the Big Bend area, based on
fragmentary specimens (Wick and Lehman,
2013), and this was regarded as being near in
age to the Edmontonian-Lancian boundary.
Fragmentary skulls and partial skeletons from
the middle and upper Javelina Formation have
been referred to, or tentatively referred to, Toro-
saurus utahensis (Lawson, 1976; Lehman, 1998;
Hunt and Lehman, 2008), a taxon originally de-
scribed from the North Horn Formation of Utah
(see Sullivan et al., 2005). At least one taxon of a
large titanosaurian sauropod has been identified
from the Javelina Formation. Many of the sauro-
pod specimens lack diagnostic characters to al-
low generic identification, but at least some can
be confidently referred to Alamosaurus sanjua-
nensis (Lehman and Coulson, 2002; Fronimos
and Lehman, 2014; Tykoski and Fiorillo, 2016).
Some specimens of a large titanosaurian sauro-
pod, probably representing Alamosaurus, have
been described from the TMM 41450 (LSU
VL-106) locality within the Javelina Formation

TABLE 1. DAWSON CREEK FOSSIL LOCALITIES

Locality Taxa Age
1. LSUVL-110 Odontaspis tooth, fish, crocodile, dinosaur Lancian
2. LSUVL-149 Tyrannosaurus femur Lancian
3. LSU VL-106, TMM 41450 Alamosaurus sanjuanensis Lancian
4. LSUVL-112 Fish, turtle, crocodile Lancian
5. LSU VL-145 Scraps of dinosaur bone Lancian
6. TMM 41501 Giant pterosaur, Quetzalcoatlus northropi Lancian
7. TMM 41400 “Tom’s Top” Bryanictis Torrejonian
(LSU VL-111)* Mixodectes malaris Torrejonian 2
Plesiolestes nacimienti Torrejonian
Promioclaenus cf. P. lemuroides Torrejonian
8. LSU VL-109 Turtle remains Torrejonian

*Taxa reclassified in this paper.
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in the Dawson Creek section (Table 1; Fig. 2;
Lawson, 1972; Standhardt, 1986), as well as
near the top of the Cretaceous part of the section
of the Rough Run area, which is near Dawson
Creek (Fronimos and Lehman, 2014). A large
tyrannosaurid, referred to Tyrannosaurus rex
(Carr and Williamson, 2000, 2004), is pres-
ent based on isolated postcranial bones (Wick,
2014) and on a partial maxilla (Lawson, 1975;
Wick, 2014). At least two small theropod dino-
saurs have been documented based on isolated
teeth: Saurornitholestes cf. S. langstoni and
Sauronitholestes n. sp.? (Sankey et al., 2005).
Other dinosaurs reported from the Javelina For-
mation, but not well documented, are indeter-
minate hadrosaurs, ankylosaurs, and ornithomi-
mids (Lawson, 1972; Lehman, 1985, 1990).

Several workers have reported that Lancian-
age mammals and herpetofaunas are present
in the Javelina Formation, citing Standhardt
(1986). Standhardt (1986) reported a small
microfauna from LSU locality VL-113 (“Run-
ning Lizard”) in the Dawson Creek area, which
she described as being from the upper Aguja
Formation; however, based on its stratigraphic
position, it is more likely from the Javelina
Formation. She indicated a Lancian age for the
fauna based on the presence of a fragmentary
tooth that she referred to Alphadon marshi, a
taxon restricted to the Lancian NALMA (Cifelli
et al., 2004). However, we find that the tooth
fragment is too incomplete to be diagnostic to
genus or species.

The Javelina dinosaur fauna has been in-
cluded in the latest Cretaceous “Alamosaurus
community” (Sloan, 1969) or “Alamosaurus
fauna” (Lehman, 1987), based primarily on
the presence of the titanosauriform sauropod
Alamosaurus, which is absent from contempo-
raneous latest Cretaceous faunas of the north-
ern Rocky Mountain region. Lehman (1987)
argued that Alamosaurus was confined to sea-
sonal, semiarid intermontane basins south of
~35°N latitude, unlike the contemporaneous
“Triceratops fauna,” which was not environ-
mentally restricted (Lehman, 1987). However,
other workers have argued that the distribu-
tion of Alamosaurus does not reflect latitudinal
faunal provinciality, but instead may be related
to differences in ages between the Alamosaurus
fauna of southern North America and the Tri-
ceratops fauna from the Northern Great Plains,
or due to other environmental factors such as
distance from the shoreline, with Alamosaurus
restricted to more “inland” environments (e.g.,
Mannion and Upchurch, 2011; Lucas et al.,
2016). Therefore, given the limited extent of
the Alamosaurus fauna, determining the pre-
cise age of the Javelina Formation is of inter-
est to further understanding possible latitu-

dinal faunal provinciality or environmental
heterogeneity during the latest Cretaceous of
North America.

Black Peaks Formation

The Black Peaks Formation contains a di-
verse vertebrate fauna that includes a ray,
a gar, amphibians, lizards, a champsosaur,
turtles, crocodiles, and mammals (Schiebout,
1974; Schiebout et al., 1987; Standhardt, 1986;
Brochu, 2000; Lehman and Barnes, 2010;
Cobb, 2016).

The mammalian fauna found in the Black
Peaks Formation has long been recognized as
being Paleocene in age (e.g., Schiebout, 1974;
Schiebout et al., 1987; Standhardt, 1986), based
on the presence of diagnostic Torrejonian, Tif-
fanian, and possibly Clarkforkian NALMA
taxa. In the Dawson Creek area, there are two
mammalian fauna localities within the Black
Peaks Formation: TMM 41400 (LSU VL-111;
“Tom’s Top”; Fig. 2) in Dawson Creek and
TMM 42327 (LSU VL-108; “Dogie”) from
nearby Rough Run Amphitheater ~5 mi (8 km)
east of the Dawson Creek section (Lehman
and Busbey, 2007; Cobb, 2016). TMM 41400
and TMM 42327 localities have both yielded
diverse microvertebrate assemblages that are
20 m and 80 m above the highest occurrence
of dinosaur bones in those areas, respectively
(see Lehman and Busbey, 2007; Cobb, 2016).
Standhardt (1986) and Schiebout et al. (1987)
described or provided a faunal list of several
mammalian taxa recovered from low in the
Black Peaks Formation that included a combi-
nation of Puercan and Torrejonian genera and
species, leading them to conclude that these
faunas are late Puercan. However, some work-
ers have argued that those faunas are not Puer-
can, but Torrejonian in age (Williamson, 1996;
Lehman and Busbey, 2007).

METHODOLOGY
Paleomagnetism

Four paleomagnetic block samples were col-
lected from paleosols and fine-grained sand-
stones at ~1 m intervals (0.3 m minimum and
2 m maximum sample spacing) through the sec-
tion. In total, 121 localities were sampled. A flat
face was shaved onto the samples in sifu using
a hand rasp, and the orientation was measured
using a Brunton compass. In the laboratory,
the samples were cut into ~2 cm?® cubes using a
diamond-bit saw.

In total, 360 samples were measured at Bay-
lor University using a 2G cryogenic DC-SQuID
magnetometer located in a two-layer magne-
tostatic shielded room with a background field
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typically less than 300 nT. A dip correction was
applied to the section based on field measure-
ments ranging from 14° to 36°. All samples
were demagnetized using a combined alternat-
ing field (AF) and thermal demagnetization
strategy following the methods of Peppe et al.
(2009). Samples were first given a low-AF pre-
treatment (50 and 100 MT steps) to remove
any low-coercivity viscous or isothermal re-
manence. Thermal demagnetization steps
were performed in 20°-50° increments up to
the maximum unblocking temperature or until
samples became erratic and unstable (between
250 °C and 600 °C). Thermal demagnetization
was performed using a nitrogen atmosphere
with an ASC (Carlsbad, California) controlled
atmosphere thermal demagnetizer to minimize
oxidation reactions.

The characteristic remanence for samples
was isolated using principal component analy-
sis (PCA; Kirschvink, 1980). A best-fit linec was
calculated from a minimum of three demagneti-
zation steps that trended toward the origin and
had a maximum angle of deviation (MAD) <20°
(Figs. 3A, 3B, and 3C). Specimens that were
analyzed by great circles were used if they had a
MAD <20° (Fig. 3D). Virtual geomagnetic pole
directions for circles were calculated using their
last stable end point used in the great circle cal-
culation. Data from specimens that had erratic
demagnetization behaviors were excluded from
analysis (Fig. 3E). A site mean direction was
calculated for all sites having three samples with
statistically significant directions using Fisher
statistics (Fisher, 1953). Only sites that passed
the Watson test for randomness (Watson, 1956)
were used. Reversal boundaries were placed at
the stratigraphic midpoints between samples of
opposing polarity. The local polarity stratigra-
phy was then correlated to the geomagnetic po-
larity time scale (GPTS; Ogg, 2012).

Rock Magnetism

Rock magnetic analyses were performed at
the Institute for Rock Magnetism at the Uni-
versity of Minnesota, Minneapolis, Minnesota.
High-temperature susceptibility measurements
were collected on eight rock samples using
a Geofyzika KLY-2 Kappabridge AC (Brno,
Czech Republic) susceptibility meter in air.
Measurements were recorded on warming from
room temperature to 650 °C and on cooling
back to room temperature. The first derivative
of the measurements was used to determine the
Curie temperatures. Hysteresis loops were mea-
sured on a MicroMag Princeton Measurements
(Princeton, New Jersey) vibrating sample mag-
netometer (VSM) on eight samples at tempera-
tures ranging from 30 °C to 600 °C.
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The Quantum Design Magnetic Properties
Measurement System (MPMS; San Diego,
California) was used for low-temperature rema-
nence measurements on eight samples. The
protocol included field-cooled (FC) remanence,
zero-field-cooled (ZFC) low-temperature satu-
ration isothermal remanent magnetization
(LTSIRM), and room-temperature saturation
isothermal remanent magnetization (RTSIRM)
following the methods of Sprain et al. (2016).
This method involves initially applying a sus-
tained direct current (DC) field of 2.5 T on a
sample as it cools from 300 K to 20 K (FC).
The field is then turned off, and remanence is
measured while the sample warms to 300 K.
The sample is cooled back down to 20 K with
no field applied (ZFC), after which a 2.5 T
LTSIRM is applied. Remanence is measured
while the sample warms back to 300 K. While at
300 K, a2.5 T SIRM (RTSIRM) is applied, and
the remanence is measured while cooling down
to 20 K and then warming to 300 K.

Detrital Sanidine Dating

Four samples were collected in the field
from channels within the Aguja, Javelina, and
Black Peaks Formations. Sample SS02 was
taken at the base of the channel above paleo-
sol 23 (Fig. 2). Samples SSO7 and SS08 were
taken within the Javelina Formation from the
top of the channel below P10 and from the base
of the channel below paleosol 19, respectively
(Fig. 2). Sample SS13, from the Black Peaks
Formation, was taken at the base of the channel
above paleosol 28.

All processing and mineral separations were
done at the New Mexico Geochronology Re-
search Laboratory (NMGRL), Socorro, New
Mexico. Sample separation included: crushing
and grinding whole rocks, cleaning with H,O and
HF acid, and sieving to appropriate grain size.
Magnetic and heavy liquid density separation
techniques were used to concentrate the K-feld-
spar grains. Sanidine was handpicked from the
bulk feldspar separate based on optical clarity as
viewed under a binocular microscope. As shown
later by the argon analyses, the picked clear grains
contained significant plagioclase and quartz.

The sample crystals were irradiated at the
TRIGA reactor in Denver, Colorado, for 16 h in
the NM-276 package along with Fish Canyon
sanidine interlaboratory standard FC-2, with an
assigned age of 28.201 Ma (Kuiper et al., 2008).
Ages were calculated with a total “°’K decay con-
stant of 5.463e™'%yr (Min et al., 2000).

After irradiation, six crystals of FC-2 from
each monitor hole and ~100 sample crystals were
loaded into copper trays, evacuated, and baked at
140 °C for 4 h. Sample crystals were fused with

a CO, laser, and the extracted gas was cleaned
with an NP 10 getter operated at 1.5 A for 30 s.
The gas was analyzed for argon isotopes using an
ARGUS VI (Breman, Germany) multicollector
mass spectrometer equipped with five Faraday
cups, and one ion counting multiplier (compact
discrete dynode [CDD]). The configuration had
YOAr, ¥Ar, 3Ar, Ar, and *°Ar on the H1, AX, L1,
L2, and CDD detectors, respectively. All data
acquisition was accomplished with New Mexico
Tech Pychron software, and data reduction used
Mass Spec (v. 7.875), written by Al Deino at the
Berkeley Geochronology Laboratory. Extraction
line blank plus mass spectrometer background
data are given in Table DR3.!

Minimum age populations were generally
defined by choosing the youngest dates that
formed a normal distribution as defined by the
mean square of weighted deviates (MSWD)
value of the distribution. The minimum age was
taken as the inverse variance weighted mean of
the selected crystals, and the error is given as
the square root of the sum of 1/6? values. The
error was also multiplied by the square root of
the MSWD for MSWD values greater than 1.
The J-error is included for all weighted mean
ages, and all errors are reported at 16 unless
otherwise noted.

Vertebrate Paleontology

A description and reevaluation of the therian
component of the mammalian faunas, which is
primarily based on isolated and often fragmen-
tary teeth, was undertaken by detailed examina-
tion of the specimens collected by Schiebout,
Standhardt, and collaborators from the TMM
41400 (LSU VL-111; Tom’s Top; Fig. 2), TMM
42327 (LSU VL-108; Dogie), and other locali-
ties from Big Bend (Schiebout, 1974; Schiebout
et al., 1987; Standhardt, 1986). We also reevalu-
ated the taxonomy of the Cretaceous dinosaur
faunas from the Javelina and Aguja Formations.

RESULTS
Magnetostratigraphy

In total, 360 samples were analyzed from
121 sampling horizons. The samples can be di-
vided into four subsets based on demagnetiza-
tion behavior. The demagnetization trajectory of
36% of samples began with a strong north and
moderately downward overprint that was mostly

'GSA Data Repository item 2018042, argon data,
line, circle, and site mean paleomagnetic data, and
additional figures and detailed descriptions of the-
rian mammals, is available at http://www.geosociety
.org/datarepository/2018 or by request to editing@
geosociety.org.
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removed by ~275 °C (Fig. 3A) up to 450 °C
(Figs. 3B and 3C), after which the stable end
point was reached. The second subset, encom-
passing 28% of samples, had a demagnetization
trajectory that was best characterized by a great
circle. For these samples, the latitude and lon-
gitude of the virtual geomagnetic pole (VGP)
were calculated using the last coherent direction
along a great circle trajectory (Fig. 3D), which
was usually not a stable end point, but which
was sufficient to define polarity. The third subset
of samples, 11% of samples, had an erratic de-
magnetization trajectory, from which a good di-
rection could not be calculated (Fig. 3E). These
samples were not used for polarity interpreta-
tion. The fourth subset, consisting of the re-
maining 25% of samples, had a stable direction
between 100 °C and 300 °C, which then became
erratic (Fig. 3F). The VGPs of these samples
consistently overlapped with the modern direc-
tion, and they were interpreted to be completely
overprinted. Consequently, these samples were
not used for polarity interpretation.

In total, 235 samples from 121 sampling
horizons composed the first and second subsets
and were used to calculate directions (Fig. 4;
Table 2; Tables DR4 and DRS5 [see footnote
1]). Site mean directions were calculated from
15 sample horizons that had three samples with
statistically significant directions and passed
the Watson test for randomness (Watson, 1956;
see also Table DR6 [see footnote 1]). The mean
VGP latitude and longitude for Late Cretaceous
reversed samples (local polarity B—) was —88°N,
274.7°E (n = 23; a,; = 12.1), and mean VGP
latitude and longitude for normal samples (local
polarity A+, C+) was 76.4°N, 26.7°E (n = 30,
ay5 = 7.3). The mean VGP latitude and longitude
for Cretaceous—Paleogene samples (D-.1) was
—79.5°N, 288.2°E (n = 57, ay5 = 6.3). The mean
VGP latitude and longitude for early Paleocene
samples (D-.2) was —=76.9 °N, 191.6°E (n = 21,
ay5 = 12.8). These pole locations are significantly
distinct from the Cretaceous and Paleocene ref-
erence paleomagnetic pole for North America
(Fig. 4; Torsvik et al., 2008). There was also a
small but consistent clockwise directional offset
from the expected direction, which had no effect
on our polarity interpretations. The origin of the
directional offset and the difference between our
calculated VGPs and the Cretaceous and Paleo-
cene reference poles are likely due to variability
in dip throughout the section, which may have
been overcorrected for, and syndepositional or
early postdeposition inclination shallowing,
with a flattening factor of ~10%.

The local polarity stratigraphy shows each
sample direction and site means (Fig. 2). Po-
larity zones A— through D-.2 are highlighted,
along with interpreted hiatuses. An overprint
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K-Pg boundary
(65 Ma) D
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Figure 4. Equal-area plot of characteristic magnetization directions calculated from: (A) all lines; (B) all lines from Late
Cretaceous interval; (C) all lines from Cretaceous-Paleogene (K-Pg) boundary interval; and (D) all lines from early Paleocene

interval.

interval is present at the top of the Javelina For-
mation and the base of the Black Peaks Forma-
tion from 177 to 194 m (Fig. 2). In this interval,
there is a high proportion of overprint line fits
and great circles where the direction was calcu-
lated from the last stable end point.

Detrital Sanidine Dating

The detrital sanidine dates in this study were
used to correlate the deposits to the GPTS and
to constrain the maximum deposition age. The
age probability plots for all samples and associ-
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ated analytical results are provided in Figure 5.
Figure 2 shows the stratigraphic position of each
detrital sanidine sample.

The Aguja Formation sample, SS02, has a
minimum age population (= maximum depo-
sitional age) of 76.28 + 0.06 Ma. Two samples



TABLE 2. MEAN PALEOMAGNETIC DIRECTION DATA FROM THE DAWSON CREEK SECTION

Revised age constraints from Dawson Creek, Big Bend National Park, Texas

D / a%s Pole Pole A95
Subset n ©) ©) k ©) (°N) (°E) K ©)
C32n-lines 3 13.3 315 96.2 12.6 72.9 28.4 107.2 12.0
C31r-lines 23 179.3 —46.0 7.3 121 87.6 226.2 5.6 14.0
C31n-lines 27 11.4 36.8 124 8.2 773 19.0 11.1 8.7
C31n-sites 3 358.4 29.5 27.5 24.0 76.5 83.2 241 25.7
C29r-lines 58 173.1 -36.6 9.5 6.4 80.8 118.4 8.2 7.0
C29r-sites 9 178.7 -30.8 23.2 10.9 777 81.7 242 10.7
C27r-lines 21 192.9 —40.6 7.2 12.8 78.4 354.1 6.0 14.2

Note: n—number of lines or sites included in the mean; D—declination; /—inclination; k—Fisher’s (1953)
precision parameter; ags—radius of 95% confidence cone around mean (Fisher, 1953); pole N and E—
mean of virtual geomagnetic poles calculated from each line or site mean; K and A95—Fisher statistics of

paleomagnetic pole.

were dated from the Javelina Formation, SSO7
and SS08. Sample SSO7 recorded a minimum
age population of 68.83 + 0.13 Ma, whereas,
sample SSO8 has a well-defined minimum age
population at 68.08 + 0.03 Ma. The sample from
the Black Peaks Formation, SS13, has a mini-
mum age population of 70.6 + 0.4 Ma. How-
ever, the maximum depositional age is defined
by a single grain dated to 65.9 + 0.4 Ma.

Rock Magnetism

The dominant magnetic mineralogy in the
Aguja Formation is a low-Ti titanomagnetite
indicated by a 525 °C Curie temperature in high-
temperature hysteresis loops and a Verwey transi-
tion at ~110 K, which is lower than expected for
pure magnetite (Figs. 6A and 6B). High-tempera-
ture hysteresis loops for a normal polarity sample
from the A+ interval of the Aguja Formation
show a 600 °C Curie temperature, suggesting the
presence of maghemite as well. FC/ZFC curves
from low-temperature rock magnetometry for a
reversed polarity sample from the B— interval of
the Aguja Formation converge at 300 K, suggest-
ing goethite is also a magnetic carrier.

Throughout the Javelina Formation, the
dominant magnetic mineralogy varies. For the
basal portion of the formation, samples with
statistically significant reversed directions (B—
interval) have >600 °C Curie temperatures mea-
sured from high-temperature susceptibility and

»
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Figure 5. Age probability diagrams for the
four analyzed samples: (A) SS02, (B) SS07,
(C) SS08, and (D) SS13. The plots show,
from bottom to top, the age probability dis-
tribution spectrum, where the dashed line
represents the probability curve for all of
the data, whereas the solid line is for the
data shown with solid circles; distribution
of individual single-crystal ages with 2¢
errors (N); K/Ca ratios; and percentage of
radiogenic “Ar. MSWD—mean square of
weighted deviates.

hysteresis loops, which indicate hematite is the
primary magnetic mineral (Figs. 6C and 6D). In
the overlying C+ interval, low-temperature rock
magnetometry measurements for a representa-
tive normal polarity sample show a pronounced
Verwey transition at 120 K, with My > My
(M is magnetization), suggesting single-domain
magnetite is the dominant magnetic carrier
(Figs. 6E and 6F). Both high-temperature sus-

ceptibility measurements and hysteresis loops
demonstrate a 600 °C Curie temperature, sig-
naling maghemite is the dominant magnetic
mineralogy over the D— interval of the Javelina
Formation (Figs. 6G and 6H).

Large numbers of samples are interpreted to
be overprinted in the upper portion of the Jave-
lina Formation and lower portion of the Black
Peaks Formation (Fig. 2). Rock magnetic analy-
ses for a representative overprinted sample and
representative reversed sample within this inter-
val indicate that titanohematite is the dominant
magnetic carrier, with minor amounts of mag-
netite. RTSIRM curves indicate an approximate
twofold increase in remanence, which could sug-
gest either goethite or titanohematite (Figs. 7A
and 7C; Dekkers, 1989; France and Oldfield,
2000). However, FC-ZFC-LTSIRM curves also
show little to no separation between FC and ZFC
curves, which would be expected with goethite
(Figs. 7B and 7D). Consequently, titano-
hematite is the most likely magnetic carrier.
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Figure 7. Rock magnetic analysis for the overprint interval in the upper Javelina and lower Black Peaks Forma-
tions indicating titanohematite. M—magnetization. (A) Room-temperature (RT) curves for an overprinted sample
in the overprint interval. (B) Field-cooled (FC) and zero field-cooled (ZRC) curves for an overprinted sample in
the overprint interval. (C) RT curves for a reversed sample in the overprint interval. (D) FC/ZFC curves for a
reversed sample in the overprint interval.

This interpretation is further supported by the
similar character of the curves to those inter-
preted as titanohematite by Sprain et al. (2016).
Overprinted samples were differentiated from
a Cretaceous-Paleogene normal polarity based
on the presence of titanohematite and VGPs that
overlapped with modern values.

Titanomagnetite is the dominant magnetic
carrier in the Black Peaks Formation above the
overprinted interval, as indicated by a 560 °C
Curie temperature and 110 K Verwey transition
in high-temperature susceptibility, low-temper-
ature magnetometry, and high-temperature hys-
teresis loops (Figs. 61 and 6J). Titanohematite
also appears to be a secondary magnetic carrier
in this interval.

Vertebrate Paleontology

The results of a reevaluation of the lower
Black Peaks Formation faunas of the Dawson
Creek, Rough Run, and possibly correlative
areas of Big Bend National Park are summa-
rized in Figures 8 and 9, Table 3, and the Ap-
pendix. Mammals originally identified as Puer-
can NALMA taxa (i.e., Eoconodon, Periptychus
coarctatus [= Carsioptychus coarctatus], and
Ellipsodon priscus) were misidentified and
instead represent typical and, in some cases,
defining Torrejonian taxa (Zriisodon corypha-
eus, Periptychus carinidens, and Ellipsodon cf.
E. inaequidens; Table 3). In addition, we de-
scribe two new species that are endemic to the

Black Peaks Formation of Big Bend National
Park (see Appendix).

The fauna from low in the Paleocene interval
of the Dawson Creek section (TMM locality
41400 [LSU VL-111]; Tom’s Top) can be con-
fidently placed within the Torrejonian NALMA
based on the presence of several characteristic
Torrejonian taxa (see Lofgren et al., 2004): the
genera Bryanictis, Mixodectes, Plesiolestes,
and Promioclaenus. Moreover, two of these
taxa are represented by species known only
from the middle Torrejonian (To2), Mixodectes
malaris and Plesiolestes nacimienti. M. malaris
is an index taxon for the middle Torrejonian and
is restricted to chron C27r of the Nacimiento
Formation (Williamson, 1996), and it is also
present in the Swain Quarry fauna of the Fort
Union Formation of Wyoming (Rigby, 1980).
Promioclaenus lemuroides is also tentatively
identified in the fauna and is restricted to the
Torrejonian of western North America, where
it is present in Montana, Wyoming, Utah, and
New Mexico.

The fauna from TMM 42327 (LSU VL-108;
Dogie) of Rough Run Amphitheater is also
firmly established to be Torrejonian because it
contains the defining taxon for the Torrejonian:
Periptychus carinidens. That fauna also contains
a number of other taxa, including Bryanictis,
Ellipsodon, and Mioclaenus, which are else-
where restricted to the Torrejonian. Ellipsodon is
from the middle Torrejonian (To2), and the spe-
cies Ellipsodon inaequidens, which is tentatively
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identified in the Dogie fauna, is restricted to the
lower part of chron C27r in the Nacimiento For-
mation, in the Protoselene opisthacus—Ellipso-
don granger [Tj2] and E. granger—Arctocyon
ferox [Tj3] zones (after Williamson, 1996).

Following the reevaluation of the Tom’s Top
and Dogie faunas, we find that no fossil therian
mammals that are restricted to the Puercan are
present in the Black Peaks Formation, and in-
stead the fauna is composed of Torrejonian taxa.
Thus, we can confidently correlate these fossil
localities to the Torrejonian NALMA (Table 3;
a complete description of the therian mammals
from these localities is contained in the Appen-
dix). Further, given the occurrence of taxa in
both localities that are restricted to the middle
Torrejonian in the San Juan Basin in New Mex-
ico, we tentatively correlate both TMM 41400
(Tom’s Top) and TMM 42327 (Dogie) to the
Torrejonian 2 NALMA.

The reidentification of taxa from localities
low in the Black Peaks Formation and reevalua-
tion of the resulting biochronology of the Aguja,
Javelina, and Black Peaks Formations indicate
that the Aguja fauna correlates to the Judithian
NALMA, the Javelina fauna correlates to the
Lancian NALMA, and the Black Peaks fauna
correlates to the Torrejonian. Therefore, there
is likely a significant hiatus between the verte-
brate localities in the Aguja Formation and the
Javelina Formation and another major hiatus be-
tween the vertebrate localities in Javelina For-
mation and the Black Peaks Formation.
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2 mm (N-R)

Figure 8. Metatheria, Cimolesta, Carnivoramorpha, and Euarchonta fossils from the Dawson Creek and Rough Run areas, Big Bend Na-
tional Park, Texas. (A-D) Peradectes sp.: (A) partial right M1 (LSU V-895) in occlusal view; (B-D) left m2 or m3 (LSU V-705), in occlusal
(B), buccal (C), and lingual (D) views; (E-G) Cimolestidae indeterminate: (E-F) left P3 (LSU V-708) in occlusal (E) and buccal (F) views;
(G) partial right M2 (LSU V-841) in occlusal view; (H-I) Bryanictis new sp.: (H-I) left P3 (LSU V-709) in occlusal (H) and buccal (I) views;
(J-L) left p4 (TMM 41400-10, holotype) in occlusal (J), buccal (K), and lingual (L) views; (M) Mixodectes malaris, partial left M3 (LSU
V-924) in occlusal view; (N=R) Plesiolestes nacimienti: (N) right P4 (LSU V-921) in occlusal view, (O) left M2 (TMM 41400-17) in occlusal
view, (P-R) partial right m3 (LSU V-923) in occlusal (P), buccal (Q), and lingual (R) views. Specimens have been dusted with magnesium
oxide to increase visibility of surface features.

DISCUSSION
Magnetic Mineralogy

The dominant magnetic mineralogy of the
Aguja and Black Peaks Formations is titano-
magnetite. The Javelina Formation contains
various magnetic mineralogies, including hema-
tite, single-domain magnetite, maghemite, and
titanohematite. The presence of titanohematite
as a magnetic carrier can explain much of the
overprint signal in the upper portion of the Jave-
lina Formation and lower portion of the Black
Peaks. Titanohematite is likely detrital and has a
relatively low Curie temperature, ranging from
150 °C to 200 °C; consequently, the grains could
easily be viscously reset with modest burial
heating. The Black Peaks Formation in the sec-
tion is overlain by basaltic flows, which plausi-
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Figure 9 (on following page). “Condylarthra” fossils from the Dawson Creek and Rough
Run areas, Big Bend National Park, Texas. (A-E) Haploconus sp.: (A) partial right M1 (LSU
V-711) in occlusal view, (B) partial right M2 (LSU V-710) in occlusal view, (C-E) partial left
m1 (LSU V-835) in occlusal (C), lingual (D), and buccal (E) views; (F-H) Periptychus carin-
idens: nearly complete m3 (LSU V-888) in occlusal (F), lingual (G), and buccal (H) views;
(I-J) Promioclaenus cf. P. lemuroides: (I) left P3 (LSU-875) in occlusal view, (J) partial left
M3 (LSU V-920) in occlusal view; (K-U) Mioclaenus new sp.: (K-L) left P4 (LSU V-833) in
occlusal (K) and buccal (L) views, (M-N) left M1 (LSU V-891) in occlusal (M) and buccal (N)
views, (O-P) left M2 (LSU V-890, holotype) in occlusal (O) and buccal (P) views, (Q-R) par-
tially erupted right m2 (LSU V-703) in occlusal (Q) and lingual (R) views, (S-U) left m3 (LSU
V-881) in occlusal (S), buccal (T), and lingual (U) views; (V-Z) Ellipsodon cf. E. inaequidens:
(V=W) left M1 (LSU V-706) in occlusal (V) and buccal (W) views, (X-Z) right m1 (LSU
V-701) in occlusal (X), buccal (Y), and lingual (Z) views; (AA-BB) cf. Goniacodon levisanus:
(AA-BB) left M3 (LSU V-704) in occlusal (AA) and buccal (BB) views. Specimens have been
dusted with magnesium oxide to increase visibility of surface features.
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TABLE 3. THERIAN MAMMALS

Standhardt (1986)

This paper

TMM locality 41400, “Tom’s Top”
Carnivora
Didymictidae
Bryanictis terlinguae new species
Insectivora
Mixodectidae
Mixodectes malaris
?Primates
Microsyopidae
Palaechthon nacimienti
“Condylarthra”
Mioclaenidae
Promioclaenus sp.

TMM locality 42327, “Dogie”
Marsupialia
Didelphidae
Peratherium sp.
Cimolesta
Palaeoryctidae
Gelastops sp.
Carnivora
Didymictidae
Bryanictis terlinguae new species
“Condylarthra”
Arctocyonidae
Eoconodon sp.
Periptychidae
Carsioptychus coarctatus
Haploconus inopinatus
Mioclaenidae
Ellipsodon priscus
Nexus plexus new genus and species

Carnivoramorpha
Viverravidae
Bryanictis new species
Euarchonta
Mixodectidae
Mixodectes malaris
Primates
“Palaechthonidae”
Plesiolestes nacimienti
“Condylarthra”
Mioclaenidae
Promioclaenus cf. P lemuroides

Metatheria
Peradectidae
Peradectes sp.
Cimolesta
Cimolestidae
Cimolestidae indeterminate
Carnivoramorpha
Viverravidae
Bryanictis new species
“Condylarthra”
“Triisodontidae”
cf. Goniacodon levisanus
Periptychidae
Periptychus carinidens
Haploconus sp.
Mioclaenidae
Ellipsodon cf. E. inaequidens
Mioclaenus new species

bly heated the underlying deposits above the
Curie temperature of titanohematite, causing
these grains to be reset, which could also have
resulted in the overprinted interval.

All reversed polarity samples in the section
have a natural remanent magnetization (NRM)
that overlaps with the modern direction, sug-
gesting all samples have a modern overprint.
In samples where titanohematite is the primary
magnetic carrier, remanence is lost at low tem-
peratures during the stepwise thermal demag-
netization process. In most of these samples,
low-temperature magnetometry curves also
indicate a minor presence of magnetite, which
could hold remanence beyond the Curie tem-
perature of titanohematite. The demagnetization
behavior of samples with titanohematite as the
primary magnetic carrier behaved in two ways.
The demagnetization behavior either (1) was
too erratic for a statistically significant reversed
direction to be calculated (Fig. 3F) or (2) was
measurable to ~300 °C, such that a reversed di-
rection could be calculated using a great circle
(Fig. 3D). We interpret samples for which we
were able to calculate a reversed direction to
have had a larger proportion of magnetite than
samples that behaved erratically. Given that we
calculated several lines and great circles indicat-
ing a reversed direction within this interval, we
interpret the entire interval to be reversed with a
strong normal overprint (Fig. 2).

Relationship of Polarity Stratigraphy
to GPTS

We correlated the local polarity stratigraphy
to the GPTS using a combination of vertebrate
paleontology, 8"*C values of carbonate nodules
(Nordt et al., 2003), detrital sanidine ages, and
stratigraphic thickness (Fig. 10). Using these
methods, we correlated our polarity stratig-
raphy to the GPTS as follows: A+ to >C32n,
B- to C31r, C+ to C31n, D-.1 to C29r, and
D-.2 to C27r.

The B- and C+ intervals were correlated
to C31r and C31n, respectively, based on the
presence of dinosaur faunas and stratigraphic
thickness. The change from reversed polarity to
normal polarity in the section was pinned to the
boundary between C31r and C31n (Ogg, 2012).
Given that the strata are a series of stacked
paleosols over this interval, there is assumed
to be no significant amount of time missing. It
is possible that the B— and C+ intervals could
correlate to C30r and C30n; however, C30r only
spans 173 k.y. (Ogg, 2012), and the B— interval
corresponds to 77 m of section. Deposition over
such a short time interval seems unlikely (see
discussion of sedimentation rates in the follow-
ing). The detrital age of 76.28 + 0.06 Ma from
SS02, near the base of the B— interval, suggests
the sandstone bodies represent reworked older
sediments.
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Because the B— interval was correlated to
C31r, the underlying A+ interval was corre-
lated to C32n. However, there is only one strati-
graphic locality associated with this interval and
no fossils from Dawson Creek to constrain its
age further. The mammalian fauna of the Aguja
Formation correlated to the Judithian, which oc-
curs from ca. 79 to 74 Ma (Cifelli et al., 2004),
suggesting the Aguja interval is likely older than
C32n. Additionally, geochronologic studies on
the Aguja Formation in other areas of the park
also have indicated that the age may be older
(Befus et al., 2008; Breyer et al., 2007). Thus,
correlation to C32n represents the minimum
age for the Aguja Formation. The detrital age
of 76.28 + 0.06 Ma in the overlying B— interval
also suggests that the A+ interval could be older.

We interpret the D—.1 interval to correlate to
C29r for two reasons. First, the detrital sani-
dine ages support correlation to C29r. At the
base of the D-.1 interval, the SSO7 detrital age
of 68.83 + 0.13 Ma corresponds to C31n, and
the SS08 detrital age of 68.08 + 0.03 Ma, from
the middle of the D-.1 interval, corresponds to
C30n. Since the deposits in this interval are re-
versed, these detrital ages constrain the interval
to either C29r or C30r. Second, the Cretaceous-
Paleogene boundary, which occurs within C29r
(Ogg, 2012), is within the D-.1 polarity interval
(Lehman, 1990; Wiest et al., 2018), indicating
D-.1 is correlative to C29r and not C30r.

There is a significant sandstone body with
an erosive base indicating an unconformity
between D—.1 and D-.2 (Fig. 2; Atchley et al.,
2004). The occurrence of Torrejonian mam-
mals, which first appear in C28n (Lofgren et al.,
2004), above this sandstone means that the D—.2
interval cannot correlate to C29r. The identifi-
cation of To2 mammals, which occur in C27r
in the San Juan Basin (Lofgren et al., 2004;
Williamson, 1996), allows us to correlate the
D-.2 interval to C27r (Fig. 10). The maximum
depositional age of sample SS13, located in the
sandstone overlying P28, is defined by a single
grain dated to 65.9 = 0.4 Ma, which supports
an early Paleocene age. Because we do not have
any other age constraints for this interval, we as-
sumed the base of the D-.2 interval starts at the
base of C27r, but we note that this is a maximum
age for this interval.

Sedimentation Rate Calculations

There are multiple chronostratigraphic tie
points within the D-.1 local polarity interval,
and therefore we used that interval to develop
a sedimentation rate model for the Dawson
Creek section. To determine the sedimentation
rates for C29r, we first used the Cretaceous-
Paleogene boundary (66.043 Ma; Renne et al.,
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Figure 10. Summary chart for the Dawson Creek section showing correlations among local polarity stratigraphy, geomagnetic polarity time
scale (GPTS; Ogg, 2012), North American Land Mammal Ages (NALMAs; Woodburne, 2004), time scale (Gradstein et al., 2012), and local fos-
sil localities. Fossil localities: 1—LSU VL-110; 2—LSU VL-149; 3—TMM 41450, LSU VL-106; 4—LSU VL-112; 5—LSU VL-145; 6—TMM
41501; 7—TMM 41400, “Tom’s Top”” (LSU VL-111); 8—LSU VL-109 (Lehman, 1990). Gray boxes highlight hiatuses in the record. KPB—
Cretaceous-Paleogene boundary; MME—mid-Maastrichtian event; LME—Ilate Maastrichtian event. 83C,,, isotopic values from pedogenic
carbonate are modified from Nordt et al. (2003), where PDB—Peedee belemnite. 6* Oy, isotopic values from benthic foraminifera are from
Deep Sea Drilling Project (DSDP) 1209 in the North Pacific (Westerhold et al., 2011), and DSDP 525A (Li and Keller, 1998a) and DSDP 525 (Li
and Keller, 1998b) in the South Atlantic. Corresponding marine temperatures were calculated from stable O isotopes using equation from Erez
and Luz (1983), assuming a —1.2%¢ ice-free standard mean ocean water (SMOW). Global sea-level curve is from Miller et al. (2005).
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2013), which occurs at 172 m in the section
(Wiest et al., 2018), and the late Maastrichtian
event, which occurs at 154 m in the section
(Nordt et al., 2003) as known tie points. The late
Maastrichtian event has been estimated to occur
~250 k.y. before the boundary (Li and Keller,
1998a, 1998b; Westerhold et al., 2011; Tobin
etal., 2012), and so we used an age of 66.25 Ma
(C29r) for it (Fig. 10). Using these tie points,
the resulting sedimentation rate is 87 m/m.y. Ex-
trapolation of this sedimentation rate throughout
the underlying portion of the reversed D-.1 in-
terval would put the base of the polarity zone
at 66.77 Ma, which is well within C30n (Ogg,
2012). Given that this interval is of reversed po-
larity, the age estimate is impossible, and so we
interpret the sedimentation rate of 87 m/m.y. to
be too slow.

Second, we assumed the maximum deposi-
tional age for the base of the D—.1 interval to
correlate to the base of C29r or 66.398 Ma (Ogg,
2012). A sedimentation rate was then calculated
from the base of the D-.1 local polarity zone to
the Cretaceous-Paleogene boundary at 172 m,
resulting in a rate of 203 m/m.y. This sedimen-
tation rate estimates an age of 66.157 Ma for the
onset of the late Maastrichtian event, which is
similar to age estimates from the marine record
(Li and Keller, 1998a, 1998b; Westerhold et al.,
2011; Tobin et al., 2012). Thus, we favor the
second interpreted sedimentation rate, and we
extrapolated it to the remainder of the section
to estimate the durations of deposition (Fig. 10).
The B- interval spans 379 k.y., the C+ interval
spans 54 k.y., the D—.1 interval spans 459 k.y.,
and the D—.2 interval spans 280 k.y.

Unconformities

The magnetostratigraphy from B.J. MacFad-
den (in Standhardt, 1986) correlated the section
to C30n to C28r with no recognized unconfor-
mities. Atchley et al. (2004) documented uncon-
formities in the section, but they concluded that
the unconformities did not span any significant
amount of time. Our new age constraints indi-
cate that the Dawson section spans from C32n
to C27r (71.6 Ma to 63.2 Ma) with significant
hiatuses (Fig. 10), which supports the sugges-
tion in Nordt et al. (2003) that considerable
time is missing from the section. The hiatuses
in the section correspond with amalgamated
sandstone channel complexes, suggesting in-
cision into the landscape. Based on our chron
assignments and sedimentation rate estimates,
the minimum duration for the hiatuses between
the A+ and B- intervals spans ~1.75 m.y., that
between C+ and D-.1 spans ~2.82 m.y., and
that between D-.1 and D-.2 spans ~2.4 m.y.
Mammalian biostratigraphy from the Javelina

Leslie et al.

and Black Peaks Formations supports the du-
ration of the unconformity between D—.1 and
D-.2, because the last occurrence of Lancian
dinosaurs near the top of the Javelina Formation
and the lowest occurrence of Torrejonian mam-
mals suggest a hiatus of ~2.5 m.y. (66.04 Ma for
the Cretaceous-Paleogene boundary to 64.49
for base of C27r; Ogg, 2012). The occurrence
of Judithian mammals in the Aguja Formation
(ca. 79=74 Ma; Cifelli et al., 2004) and the
Lancian dinosaur assemblage of the Javelina
Formation (ca. 69—66 Ma; Cifelli et al., 2004)
suggest that the unconformity between the A+
and B—intervals is likely longer than ~1.75 m.y.

The relationship between the section and asso-
ciated hiatuses and the global sea-level curve
from Miller et al. (2005) in Figure 10 demon-
strates that the hiatuses are associated with fall-
ing stage and lowstand tracts, while intervals of
deposition occurred during transgressive and
highstand tracts. Increases in accommodation
due to relative sea-level rise could have resulted
in deposition along the coastal plain, while rela-
tive sea-level fall resulted in loss of accommo-
dation and nondeposition and/or erosion (e.g.,
Wright and Marriott, 1993; Shanley and Mc-
Cabe, 1994). The detrital ages also suggest that
the sediment deposited in the section represents
recycled material from the missing time inter-
vals. These results support the conclusion in
Atchley et al. (2004), who argued that the depo-
sition of the section was controlled by eustatic
sea level—however, at a different time scale
than previously suggested. The trend of deposi-
tion during transgressive and highstand system
tracts and nondeposition/erosion during falling
stage and lowstand tracts provides an indepen-
dent check on the reasonability of the calculated
sedimentation rate, as deposition throughout the
section is internally consistent.

Biostratigraphic Implications

A Lancian biostratigraphic age for the mid-
dle and upper parts of the Javelina Formation
(which also includes the base of the Black Peaks
Formation of some workers; e.g., Lehman and
Busbey, 2007; Cobb, 2016) is based on the pres-
ence of three dinosaurs: Alamosaurus, Tyran-
nosaurus rex, and Torosaurus, which have been
regarded as part of its distinctive Alamosaurus
fauna (Lehman, 2001; Lehman et al., 2006).
Alamosaurus sanjuanensis has been reported
from several latest Cretaceous faunas restricted
to the American Southwest: the North Horn For-
mation of central Utah, the Naashoibito Member
of the Kirtland Formation of the San Juan Basin
of northwestern New Mexico, the McRae For-
mation of central New Mexico, and the Javelina
Formation of west Texas. Alamosaurus, Tyran-
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nosaurus rex or cf. T. rex, and the large cera-
topsian Torosaurus utahensis or a similar taxon
(identified as either Torosaurus cf. T. utahensis
[Big Bend National Park] or Ojoceratops, a
taxon considered by some workers to be synon-
ymous with Triceratops [e.g., Longrich, 2011]
or To. utahensis [see Wick and Lehman, 2013])
are present in all the faunas. None of these taxa
is known from pre-Lancian-age faunas, and
Tyrannosaurus is restricted to Lancian faunas of
the northern Rocky Mountain region, support-
ing a Lancian assignment for the faunas of the
Javelina Formation. Additionally, our age con-
straints indicate that the dinosaur fauna in the
Javelina Formation is confined to C29r. Thus,
it is contemporaneous with the dinosaur fauna
of the Hell Creek Formation in the Northern
Great Plains. The Hell Creek Formation dino-
saur fauna is the most complete, continuous
end-Cretaceous North American record and
has been well studied with respect to dinosaur
diversity prior to the boundary (e.g., Sheehan
et al., 1991; Pearson et al., 2002; Fastovsky and
Sheehan, 2005; Fastovsky and Bercovici, 2016).
Our age constraints for the Dawson Creek sec-
tion indicate that differences between the Jave-
lina and Hell Creek faunas are not the result of
the faunas being different ages, as suggested
by Lucas et al. (2016). Instead, the differences
in the faunas are likely driven by other factors,
such as isolation between populations and/or
environmental conditions, leading to endemism
and provinciality in the latest Cretaceous as sug-
gested by Lehman (1987, 2001). Additionally, it
suggests that the magnitude of extinction at the
Cretaceous-Paleogene boundary may have been
larger than previously suggested (e.g., Brusatte
etal., 2015), because these taxa, restricted to the
American Southwest, also likely went extinct
at the boundary. Future work comparing the
Javelina and Hell Creek dinosaur faunas will be
valuable for evaluation of dinosaur endemism,
provinciality, and extinction.

The mammalian fauna in the Black Peaks
Formation has been reassigned as age equiva-
lent to Torrejonian 2 faunas found elsewhere in
western North America. Any difference between
the mammals found in Dawson Creek and other
Torrejonian localities would reflect environmen-
tal or biogeographic variability rather than tem-
poral differences. Thus, the Black Peaks fauna
is an important addition with which to evaluate
North American early Paleocene mammalian di-
versity and biostratigraphy across other basins.

Paleoclimate Implications
Our age constraints suggest that the two

warming events presented in Nordt et al. (2003)
document rapid (<200 k.y.) changes in climate
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within the Maastrichtian. At the top of the B—
interval, the pedogenic carbonate 8'*C values
previously identified as the mid-Maastrichtian
event occur (Nordt et al., 2003). The age con-
straints in this paper assign the mid-Maastrich-
tian event an age between 69.35 and 69.30 Ma.
The mid-Maastrichtian event observed in the
marine record contains multiple peaks in iso-
topic values, one of which occurs from ca. 69.0
to 69.4 Ma (Li and Keller, 1998a, 1998b), sug-
gesting a possible correlation (Fig. 10). Using
the sedimentation rate that was calculated inde-
pendent of the marine record—late Maastrichtian
event chemostratigraphic correlation, the onset
of the late Maastrichtian event in paleosol 19
is at 66.157 Ma, with the peak excursion value
occurring at 66.092 Ma. These ages are in gen-
eral agreement with the marine record, where
the peak excursion values occur at 66.25 Ma
(Li and Keller, 1998a, 1998b; Westerhold
et al., 2011). However, it should be noted that
there was likely a sedimentation rate change
associated with the late Maastrichtian event
in the Dawson Creek section, as suggested by
the much lower sedimentation rate calculated
between the Cretaceous-Paleogene boundary
and the onset of the late Maastrichtian event
(87 m/m.y.) compared to the sedimentation rate
calculated for the entire D-.1 interval from the
Cretaceous-Paleogene boundary and the as-
sumed base of C29r at the base of the D-.1 zone
(203 m/m.y.). Thus, it is possible that the age
estimated here for the late Maastrichtian event
from the calculated sedimentation rate is too
young. Nonetheless, the age estimate supports
the correlation between the terrestrial late Maas-
trichtian greenhouse event (Nordt et al., 2003)
and the greenhouse event recorded in the marine
record (Li and Keller, 1998a, 1998b; Westerhold
et al., 2011; Tobin et al., 2012).

Our age constraints demonstrate that the
Dawson Creek section correlates differently to
strata in Big Bend National Park and western
North America than previously thought. The
Dawson Creek C27r strata correlate with the
lower portion of the west Tornillo Flat section in
the northern area of Big Bend, where pedogenic
carbonate carbon and oxygen isotopes have also
been characterized through the Eocene (Bataille
et al., 2016). Bataille et al. (2016) observed a
correlation between early Paleogene global tem-
perature trends and the sediment accumulation
rates and lithostratigraphy, concluding climate
was the dominant control on deposition rather
than global sea level, as we suggest. However,
the Tornillo Flats and Dawson Creek sections
are not age equivalent. The Dawson Creek sec-
tion is predominantly Cretaceous, while the
Tornillo Flat section is predominately Paleo-
gene, which suggests the primary controls on

deposition in the Big Bend region changed from
eustatic sea level in the Late Cretaceous and
early Paleocene to climate in the middle Paleo-
cene and Eocene, possibly reflecting the retreat
of the Western Interior Seaway in the Paleo-
gene (Davidoff and Yancey, 1993). The Dawson
Creek C27r strata also correlate to terrestrial
deposits of the San Juan Basin, New Mexico,
where work is ongoing to reconstruct paleo-
sol bulk carbon 8'*C values and climate trends
from paleosol geochemical proxies (e.g., Secord
et al., 2016; Leslie et al., 2016). The age model
for Dawson Creek presented here constrains the
timing of climate trends from the Late Creta-
ceous through early Paleocene, bolstering the
significance of the Dawson Creek section as part
of the North American terrestrial record.

CONCLUSIONS

Paleomagnetic analysis of the Dawson Creek
section in Big Bend National Park, west Texas,
combined with reexamination of the fauna, indi-
cates the section correlates to C32n-C31n, C29r,
and C27r of the GPTS, with three large hiatuses
that are longer than 1.5 m.y. each. These hia-
tuses correspond to falling stage and lowstand
tracts of the global sea-level curve, while depo-
sition correlates to transgressive and highstand
tracts (Miller et al., 2005), indicating that eu-
static sea-level change was the primary driver of
environments of deposition within the Dawson
Creek section. Rock magnetic analyses indicate
that the dominant magnetic carrier in the Aguja
and Black Peaks Formations is titanomagnetite,
while the Javelina Formation has varying mag-
netic carriers, including hematite, magnetite,
and maghemite. We conclude that the overprint
interval surrounding the Cretaceous-Paleogene
boundary was likely a result of titanohematite
that was reset by burial or overlying basal-
tic flows.

This new age model has implications for bio-
stratigraphic and isotopic correlations between
the Big Bend area and other Cretaceous—Paleo-
gene basins across North America.

The Javelina Formation dinosaur fauna is
limited to C29r, and it is age equivalent to the
dinosaur fauna of the Hell Creek Formation in
the Northern Great Plains, which supports the
concept of provinciality. Additionally, it im-
plies that the Cretaceous-Paleogene extinction
of non-avian dinosaurs was larger than previ-
ously suggested, because all nonavian dinosaur
taxa endemic to the Big Bend area also went
extinct at the boundary. The mammalian fauna
previously identified as Puercan by Standhardt
(1986) is reidentified as Torrejonian and allows
for future diversity comparisons to other basins.
This is one of only a few Torrejonian faunas in
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North America, which makes it important for
understanding mammalian evolution following
the Cretaceous-Paleogene boundary on both lo-
cal and regional scales. Last, our findings show
that the mid-Maastrichtian and late Maastrich-
tian greenhouse events documented by Nordt
et al. (2003) represent rapid (<200 k.y.) changes
in climate during the end-Cretaceous and cor-
relate closely with the marine record. This work
contributes to ongoing work in developing a
more complete Late Cretaceous through Paleo-
gene chronology for southern North America
through a combination of detrital sanidine dates,
magnetostratigraphy, and biostratigraphy, and it
suggests that the application of the method to
other areas in Big Bend would significantly im-
prove the chronology of this important region.

APPENDIX: THERIAN MAMMALS FROM
THE LOWER BLACK PEAKS FORMATION

Vertebrate fossils are found within the Javelina and
Black Peaks Formations in the Dawson Creek section
(Fig. 10). Fossil mammals from two localities, TMM
locality 41400 (LSU VL-111; Tom’s Top in Dawson
Creek), and TMM locality 42327 (LSU VL-108;
Dogie), were originally described by Schiebout
(1974). LSU VL-109 (“Hot White”; locality 8, Fig. 2)
yielded turtle, lizard, and crocodilian fossils (Stand-
hardt, 1986). Additional fossils were later collected by
Standhardt (1986) using screen-washing methods and
described in an unpublished dissertation (accessible
via Louisiana State University Digital Commons:
https://digitalcommons.lsu.edu/cgi/viewcontent.cgi
Ireferer=https://www.google.com/&httpsredir=1
&article=5208&context=gradschool_disstheses). The
fauna has appeared primarily in faunal lists (Schiebout
et al., 1987; Standhardt, 1995) and was briefly evalu-
ated by Williamson (1996). The only mammal previ-
ously described in the published literature is a single
specimen of a multituberculates mammal from Tom’s
Top, Stygimys vastus, described by Lofgren et al.
(2005). Stygimys is known from the Puercan through
the Torrejonian of western North America, and the
species S. vastus is endemic to the Tom’s Top local-
ity and therefore does not aid in refining its biostrati-
graphic correlation. The therian mammals from these
faunas are illustrated and briefly described here.

Standhardt (1986) reported the presence of Eocono-
don coryphaeus from locality LSU VL-107 (“Glen
Eleven”), a locality outside the study area, near Glen
Draw, 3.4 km southeast of Glenn Springs. Standhardt
(1986) was not able to precisely place this locality into
any regional stratigraphic section, because it is within
faulted sediments in a syncline. We included a re-
assessment of this specimen because it was identified
as amammal known elsewhere only from the Puercan.

Next, we present the systematic paleontology and
a brief description of the reidentified material. A more
complete description and discussions are available in
the supplemental files (see footnote 1).

SYSTEMATIC PALEONTOLOGY

Infraclass METATHERIA Huxley, 1880

Family PERADECTIDAE Trouessart, 1879

Genus PERADECTES Matthew and Granger, 1921
Peradectes sp.

(Figs. 8A-8D)



Peratherium sp. Standhardt, 1986, p. 210, fig. 68.

Material—LSU V-895, right partial M?; and LSU
V-705, left m? from TMM locality 42327.

Description—A small metatherian mammal rep-
resented by a partial upper molar (LSU V-895;
Fig. 8A) and a lower molar (LSU V-705;
Figs. 8B-8D).

Order CIMOLESTA McKenna, 1975

Family CIMOLESTIDAE Marsh, 1889

Genus and species indeterminate

(Figs. 8E-8G)

Gelastops sp. Standhardt, 1986, p. 213, fig. 69.

Material—LSU V-708, left P3; and LSU V-841, par-
tial right M2 from TMM locality 42327.

Description—A small cimolestid represented by a
complete crown of a poorly preserved and abraded
left P3 (LSU V-708; Figs. 8E-8F) and a partial
M2 (LSU V-841; Fig. 8G) that includes the mesial
and lingual portion of the tooth, including part of
the paracone and a complete parastylar lobe and the
protocone and talon basin.

Legion CARNIVORAMORPHA Wyss and Flynn,
1993

Family VIVERRAVIDAE Wortman and Matthew,
1899

Genus BRYANICTIS Maclntyre, 1966

Bryanictis new species

(Fig. 8H-8L)

Protictis (Bryanictis) terlinguae Standhardt, 1986,
p. 218, figs. 71, 72. [nomen nudum]

Material—TMM 41400-10, left p4 from TMM lo-
cality 41400, and LSU V-709, incomplete P3 from
TMM locality 42327.

Description—A small viverravid carnivoramorph rep-
resenting a new species of Bryanictis, represented
by at least two isolated teeth, an incomplete P3
(LSU V-709; Figs. 8H-8I) and a p4 (TMM 41400-
10; Figs. 8J-8L). Standhardt (1986) referred an
additional specimen to this taxon, consisting of an
isolated p2 (LSU V-960). However, this specimen
could not be located for this study.

Order DERMOPTERA TIlliger, 1811

Family MIXODECTIDAE Cope, 1883

Genus MIXODECTES Cope, 1883

Mixodectes malaris Cope, 1883

(Fig. 8M)

Indrodon malaris Cope, 1883, p. 60.

Mixodectes malaris Cope, 1883 [see Szalay, 1969 for
synonymy]; Rigby, 1980, p. 63, Table 16; Taylor,
1984, p. 147, Table 10; Standhardt, 1986, p. 222,
fig. 73; Williamson, 1996, p. 38.

Material —LSU V-924, partial left M3; and LSU
V-928, partial left M2 from TMM locality 41400.
Description—Mixodectid Mixodectes malaris, repre-
sented by two fragmentary upper molars, a partial
left M3 (LSU V-924; Fig. 8M) and a partial left M2
(LSU V-928). Unfortunately, the partial left M2 was
not available for this study. The partial left M3 con-

sists of the distal half of the crown.

Order PRIMATES Linnaeus, 1758

Family ‘PALAECHTHONIDAE’ Szalay, 1969

Genus PLESIOLESTES Jepsen, 1930

Plesiolestes nacimienti Wilson and Szalay, 1972

(Figs. 8N-8R)

Palaechthon nacimienti Wilson and Szalay, 1972, p. 5,
figs. 2-9; Taylor, 1984, p. 164, Table 13; Stand-
hardt, 1986, p. 225, fig. 74; Williamson and Lucas,
1993, p. 121; Williamson, 1996, p. 39.
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Plesiolestes nacimienti (Wilson and Szalay, 1972).
Gunnell, 1989, p. 24; Silcox and Williamson, 2012,
p- 810, fig. 4.

Material—LSU V-921, right P4; TMM 41400-17, left
M2; and LSU V-923, right m3 from TMM locality
41400.

Description—Plesiolestes nacimienti, represented by
three isolated teeth, including a right P4 (LSU
V-921; Fig. 8N), left M2 (LSU V-923; Fig. 80), and
right partial m3 (LSU V-923; Figs. 8P-8R).

Order ‘CONDYLARTHRA’ Cope, 1881b

Family PERIPTYCHIDAE Cope, 1882b

Genus HAPLOCONUS Cope, 1882a

Haploconus sp.

(Figs. 9A-9E)

Haploconus inopinatus Standhardt, 1986, p. 248,
fig. 82.

Material—LSU V-710, partial right M1; LSU V-711,
partial right M2; and LSU V-835, left m2 from
TMM locality 42327.

Description—The periptychids “condylarth” Haplo-
conus, represented by three partial teeth. Two
isolated teeth represent a partial M1 (LSU V-710;
Fig. 9A) and a partial M2 (LSU V-711; Fig. 9B) that
likely come from a single individual.

Genus PERIPTYCHUS Cope, 1881a

Periptychus carinidens Cope, 1881a

(Figs. 9F-9H)

Periptychus carinidens Cope, 1881a, p. 337 [see Tay-
lor, 1984 for synonymy]; Rigby, 1980, p. 111, pl.
X1V, figs. 7-9, Table 42; Archibald, 1998, p. 312,
fig. 20.3c; Williamson and Lucas, 1992, fig. 15i-k;
Williamson and Lucas, 1993, p. 125; Williamson,
1996, p. 45.

Periptychus gilmorei Gazin, 1939, p. 272, fig. 3;
Archibald, 1998, p. 313.

Carsioptychus coarctatus Standhardt, 1986, p. 243,
fig. 81.

Material—LSU V-888, right m3; LSU V-873, right
dentary fragment with partial m?; and LSU V-1554,
right partial M? from TMM locality 42327.

Description—Periptychus carinidens, represented by a
dentary fragment with a partial and highly abraded
lower molar, an isolated partial right upper molar
(LSU V-1554), and a nearly complete m3 (LSU
V-888; Figs. 9F—9H).

Family MIOCLAENIDAE Osborn and Earle, 1895

Genus PROMIOCLAENUS Trouessart, 1904

Promioclaenus cf. P. lemuroides Matthew, 1897

(Figs. 91-9J)

Promioclaenus sp. Standhardt, 1986, p. 256, fig. 84.

Ellipsodon priscus Standhardt, 1986 (in part), p. 251,
fig. 83a.

Material—LSU V-875, right P3; and LSU V-920, par-
tial left M3 from TMM locality 41400.

Description— Promioclaenus cf. P. lemuroides, repre-
sented by an isolated P3 (LSU V-875; Fig. 9]) and a
partial M3 (LSU V-920; Fig. 9J).

Genus MIOCLAENUS Cope, 1881d

Mioclaenus new species.

(Figs. 9K-9U)

Nexus plexus Standhardt, 1986, p. 258, fig. 85. [no-
men nudum]

Material—LSU V-890, left M2; LSU V-891, left M1;
LSU V-833, left P4; LSU V-703, right partial den-
tary with erupting m2; LSU V-839, V-840, partial
right m2; and LSU V-881, left m3 from TMM lo-
cality 42327.
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Description—A small mioclaenid “condylarth,” rep-
resenting a new species of Mioclaenus, which
represents the most complete taxon reported from
TMM locality 42327. The new species is repre-
sented by an isolated, poorly preserved P4 (LSU
V-833; Figs. 9K-9L), an isolated M1 (LSU V-891;
Figs. 9M-ON), an isolated left M2 (LSU V-890;
Figs. 90-9P), an m2 (LSU V-703; Figs. 9Q-9R), a
partial right m2 (LSU V-839, V840), and a left m3
(LSU V-881; Figs. 9S-9U).

Genus ELLIPSODON Scott, 1892

Ellipsodon cf. E. inaequidens Cope, 1884

(Figs. 9V-97)

Ellipsodon priscus Standhardt, 1986, p. 251 (in part),
fig. 83B-H.

Material—LSU V-706, left M 1; and LSU V-701, right
ml from TMM locality 42327.

Description—Ellipsodon inaequidens, represented by
two teeth: a left M1 (LSU V-706; Figs. 9V-9W),
and a right m1 (LSU V-701; Figs. 9X-97).

Family “TRIISODONTIDAE’ Scott, 1892

Genus GONIACODON Cope, 1888

cf. Goniacodon levisanus Cope, 1883

(Figs. 9AA-9BB)

Eoconodon sp. Standhardt, 1986, p. 238, fig. 84.

Material—LSU V-704, left M3 from TMM locality
42327.

Description—Cf. Goniacodon levisanus, repre-
sented by an isolated left M3 (LSU V-704;
Figs. 9AA-9BB).

Genus TRIISODON Cope, 1881c

Triisodon quivirensis Cope, 1881c

(Fig. DR1; see text footnote 1)

Triisodon quivirensis Cope, 1881c, p. 485; Van Valen,
1978, p. 58; Williamson and Lucas, 1993, p. 123;
Williamson, 1996, p. 41.

Triisodon antiquus Cope, 1882a, p. 193 [see Taylor,
1984 for synonymy]; Tomida, 1981, p. 230,
pl. 10.2, figs. 1-2.

Eoconodon coryphaeus Standhardt, 1986, p. 232,
fig. 77.

Material—LSU V-1156, partial right M2; and LSU
V-1157, partial left m1 or m2 from LSU locality
VL-107.

Description—Taxon Triisodon quivirensis, repre-
sented by fragments of two teeth (Fig. DR1 [see
footnote 1]), portions of a dentary, and postcranial
fragments. These were found in close association
and likely represent a single individual. However,
some of the individual fragments were given differ-
ent specimen numbers.
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