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The Cretaceous-Paleogene contact in the Tornillo Group of 
Big Bend National Park, West Texas, USA
Thomas M. Lehman, Jacob Cobb, Paul Sylvester, and A. Kate Souders*
Department of Geosciences, Texas Tech University, Lubbock, Texas 79409-1053, USA

ABSTRACT

The Cretaceous-Paleogene (K-Pg) contact interval is constrained by vertebrate fossil sites at seven 
sites in the Tornillo Group and lies within an 80–100-m stratigraphic section between the top of the 
Javelina Formation and the base of the “log jam sandstone” marker bed in the Black Peaks Formation. In 
western exposures of this interval, the highest occurrence of in situ dinosaur specimens and the lowest 
occurrence of Paleocene mammal specimens are separated by an unusual conglomerate bed. This thin 
conglomerate bed coincides with the contact between Cretaceous and Paleogene strata and contains 
reworked Cretaceous fossils. It is superficially similar to conglomerate beds elsewhere attributed to 
the effects of tsunamis generated by the Chicxulub impact; however, the maximum depositional age of 
ca. 63 Ma based on detrital zircons indicates that the conglomerate was deposited about three million 
years after the K-Pg boundary event. Paleocene mammalian fossils from immediately above the con-
glomerate bed represent a fauna that can be no older than the middle Torrejonian (To2 interval zone). 
The contact between Cretaceous and Paleocene strata is therefore disconformal and represents a hiatus 
of at least three million years. A condensed section occurs at the westernmost exposure of the K-Pg 
contact, where at least 80 m of strata are absent below the conglomerate bed; these strata are present 
in exposures farther east. This condensed section likely records an erosional event resulting from uplift 
and deformation of the nearby Terlingua monocline. Although the 80 m of strata below the conglomerate 
bed are poorly fossiliferous, several clearly in situ dinosaur specimens indicate that this entire interval 
is Late Cretaceous in age. There is no compelling evidence for preservation of the K-Pg boundary event 
horizon at any of the seven sites in the Tornillo Group, and so the hiatus represented at the Cretaceous/
Paleocene contact here likely also includes some part of latest Cretaceous time. Mammalian specimens 
from sites in the “log jam sandstone,” ~40 m above the middle Torrejonian sites, represent an early Tif-
fanian fauna (Ti1 interval zone). Latest Torrejonian (To3) sites have not been recognized, and therefore 
a second disconformity likely coincides with the base of the “log jam sandstone” marker horizon in the 
Black Peaks Formation.

 ■ INTRODUCTION

During the past several decades, many sites 
that preserve the Cretaceous- Paleogene (K-Pg) 
boundary horizon have been documented around 
the Gulf of Mexico and Caribbean (e.g., O’Campo 

et al., 1996; Lawton et al., 2005; Schulte et al., 
2010; Denne et al., 2013) within ~1000 km radius 
of the Chicxulub impact crater (e.g., Gulick et al., 
2019). These sites are all within marine strata. 
Fluvial deposits of the Tornillo Group in the Big 
Bend region of Texas provide the only nearby 
exposures of non-marine strata thought to span 
the K-Pg boundary in proximity to the Chicxulub 
impact site. Unlike well- documented sections that 

record the K-Pg boundary interval in continental 
strata within the interior in North America, however, 
such as in the Hell Creek and Fort Union formations 
in Montana and North Dakota (Hartman et al., 2002; 
Nichols and Johnson, 2008; Wilson et al., 2014), 
the Denver Basin in Colorado (Clyde et al., 2016; 
Fuentes et al., 2019; Lyson et al., 2019), or the San 
Juan Basin in New Mexico (Flynn et al., 2020). The 
Tornillo Group strata in the Big Bend region are 
folded, faulted, intruded by late Paleogene igneous 
rocks, and extensively covered by Neogene and 
Quaternary alluvium (Fig. 1; Lehman et al., 2018). 
As a result, stratigraphic relationships within the 
Tornillo Group are in many areas not easily deter-
mined. Moreover, the K-Pg contact interval in Big 
Bend is only sparsely fossiliferous. So, although the 
interval spanning the contact between Upper Creta-
ceous and Paleocene strata here has been studied 
since the 1960s, it remains unclear how complete 
the stratigraphic section may be, and whether or 
not the impact horizon itself is preserved.

The purpose of the present study is to document 
the nature of the contact between Cretaceous and 
Paleocene strata at all sites in the Tornillo Group 
where fossils allow this interval to be narrowly 
constrained stratigraphically. One of these sites, 
on Dawson Creek at the western edge of Big Bend 
National Park, has been a subject of intensive study 
for several decades, and so is already well docu-
mented. However, the section exposed on Dawson 
Creek is in many ways not typical of exposures 
found elsewhere in the Tornillo Group; therefore, 
it is useful to record the stratigraphic relationships 
found in other nearby areas as well.

In this study, the stratigraphic positions of all 
significant Cretaceous and Paleocene vertebrate 
fossil sites within the K-Pg contact interval are 
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documented for seven areas where this strati-
graphic interval is exposed. At several of these 
sites, the contact between Cretaceous and Paleo-
cene strata is found to coincide with an unusual thin 
conglomerate bed. This bed contains a reworked 
Upper Cretaceous charophyte algal flora, but it 
lacks exotic components such as microspherules 
elsewhere attributed to the K-Pg boundary impact 
event. An assemblage of detrital zircons obtained 
from the conglomerate bed is shown to yield a U/
Pb maximum depositional age (MDA) estimate of 
ca. 63 Ma. The mammalian fauna found in low-
ermost Paleocene strata at all sites is shown to 
be of middle Paleocene (Torrejonian) age, com-
patible with the MDA of ca. 63 Ma. Collectively, 
data presented in this study therefore indicate 

that the contact between Upper Cretaceous and 
Paleocene strata in the Tornillo Group is discon-
formal and represents a hiatus of at least 3 million 
years. Although the term “K-Pg contact interval” 
is used herein to denote the stratigraphic inter-
val that encompasses the contact between Upper 
Cretaceous and Paleocene strata, data presented 
herein indicate that the K-Pg event bed (impact 
horizon), and thus the actual K-Pg boundary itself, 
is not preserved in the Tornillo Group.

 ■ BACKGROUND

A historical account of the varied interpretations 
of the K-Pg contact in the Tornillo Group was given 

by Lehman et al. (2018) and is briefly summarized 
here. As part of the original mapping of the Tor-
nillo Group in Big Bend National Park (hereafter 

“the Park”) during the late 1950s to early 1960s, an 
attempt was made to locate the K-Pg contact on 
the basis of fossil content, and the formational 
contact between the Javelina and Black Peaks 
forma tions was placed so as to coincide with the 
K-Pg contact (Fig. 1). However, fossils are so scarce 
in these strata that it was not possible to locate the 
formation contact accurately on this basis in most 
exposures. Even so, it was believed that the Jave-
lina Formation was entirely Cretaceous in age, and 
the overlying Black Peaks Formation was entirely 
Paleocene in age, although there were no obvious 
lithologic criteria that allowed for identification of 
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Figure 1. Generalized geologic map of the Big Bend region in Texas (modified from Turner et al., 2011) showing regional extent of the Tornillo Group, its relationship to surrounding 
geologic features, and the location of exposures discussed in the text: (1) Dawson Creek; (2) Rough Run Creek; (3) Grapevine Hills; (4) McKinney Hills; (5) Robber’s Roost; and (6) Glenn 
Draw. Shown (right) is an index map with location of Big Bend National Park and a generalized stratigraphic section of the Tornillo Group showing contacts between its constituent 
formations given by Lehman et al. (2018) and the Cretaceous- Paleogene (K-Pg) contact interval described in the present study.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/18/6/1851/5737896/ges02519.1.pdf
by guest
on 28 September 2024

http://geosphere.gsapubs.org


1853Lehman et al. | The K-Pg contact in West TexasGEOSPHERE | Volume 18 | Number 6

Research Paper

the K-Pg contact. Because the lowermost Paleo-
cene vertebrate fossils recovered at that time from 
the Black Peaks Formation represented a Torrejo-
nian (North American Land Mammal Age) fauna of 
middle Paleocene age, the Javelina-Black Peaks for-
mational contact was thought to be unconformable 
(e.g., Maxwell et al., 1967). Up to the early 1970s, 
it was generally believed that earliest Paleocene 
(Puercan) strata were absent in the Tornillo Group 
and either never deposited or eroded away prior 
to middle Paleocene time.

During the 1970s and 1980s, however, it was 
found that the K-Pg contact does not coincide 
with the position of the Javelina–Black Peaks for-
mational contact as depicted on maps available at 
that time (Maxwell et al., 1967; Lehman, 1985). A 
Paleocene mammalian assemblage was discovered 

at a site (known as “Tom’s Top”) in strata mapped 
as the upper Javelina Formation on Dawson 
Creek (Lawson, 1972; Fig. 2). Another locality in 
the Javelina Formation (referred to as the “Dogie” 
site) nearby on Rough Run Creek also yielded a 
Paleocene mammalian fauna (Standhardt, 1986; 
Fig. 2). This suggested that the K-Pg contact was 
somewhere within the upper part of the Javelina 
Formation, at least as those strata were mapped on 
the western side of the Park. The fossil mammals 
collected at the “Tom’s Top” and “Dogie” sites were 
interpreted to be of late Puercan age (Standhardt, 
1986; Schiebout et al., 1987) but the sites are ~40–
80 m, respectively, above the highest occurrence 
of dinosaur bones in those areas, leaving open the 
possibility that undiscovered earlier Paleocene sites 
might exist in the intervening section.

In the 1990s, an attempt was made to locate 
the iridium abundance anomaly, tsunami bed, or 
any other physical or chemical evidence for the 
K-Pg impact event in the exposures on Dawson 
Creek. A very weak iridium abundance anomaly 
was detected, but no compelling evidence for the 
impact horizon was discovered (Lehman, 1990). 
Even so, throughout the 1990s, it was generally 
believed that no unconformity was present in the 
section, and that latest Cretaceous (Lancian) and 
early Paleocene (Puercan) vertebrate faunas are 
present within these strata, although no evidence 
for the K-Pg impact horizon was found (Standhardt, 
1986; Schiebout et al., 1987, 1988; Lehman, 1988).

During the 2000s, the formation contacts 
within the Tornillo Group were revised, and these 
strata were mapped more accurately throughout 

C
 3

2n
   

 C
 3

1r
   

 C
 3

1n
   

   
   

   
   

C
 2

9r
   

   
   

   
   

   
   

   
   

   
   

  C
 2

7r
   

   
   

   
   

   
 C

26
r

cl  si  ss  cg

* * * *

cl  si  ss  cg

cl  si  ss  cgcl  si  ss  cg

cl  si  ss  cg

cl  si  ss  cg

cl  si  ss  cg

cl  si  ss  cg

WEST    EAST

base of
    ‘log jam sandstone’

DAWSON CREEK        ROUGH RUN AMPHITHEATER                      ROUGH RUN EAST     ROBBER’S ROOST        GLENN DRAW                          GRAPEVINE HILLS      MCKINNEY HILLS
                                                 WEST                                       EAST

69.0 ± 0.9 Ma

TxVP 43090

TxVP 45890, 45891

TxVP 46033

TxVP 45888

TxVP 43598

TxVP 43599, 45600
TxVP 45616-1

TxVP 45616-2, -3

TxVP 43621

TxVP 44234

TxVP 43380

TxVP 45615

TxVP 42426

TxVP 42425

TxVP 41450
‘T10’

TxVP 43455

TxVP 44238

74 m to base of
‘log jam sandstone’
     at Peña Mt

TxVP 43387

‘Dogie’

‘Tom’s Top’

‘T2’TxVP 40147

TxVP 40151

TxVP 42327

TxVP 41400

‘Yellow Hill’

‘Hoplochelys Ridge’

‘Periptychus Site’
‘Glenn Eleven’

‘Cobb’s Knob’

upper Black Peaks 
       truncated

covered

  JAVELINA
FORMATION

BLACK PEAKS
  FORMATION

section #1       section #2         section #3    section #4        section #5          section #6     section #7         section #8

‘odd conglomerate’

?

?

??

covered
covered

  JAVELINA
FORMATION

top of
  Javelina Formation

TxVP 44218

80

0

100

10

20

40

60

meters
200

LSU VL-107

- permineralized logs

TTU 542

TTU 5-104-47

TxVP 40181

TxVP 45256

?

sedimentary facies and intepretation
 
 FACIES 1 - fluvial overbank deposits
   with paleosols
 
 FACIES 2 - fluvial channel deposits
 

 FACIES 3 - lacustrine floodbasin deposits

   
D

aw
so

n 
C

re
ek

(L
es

lie
 e

t a
l.,

 2
01

8a
)

   
   

   
To

rn
ill

o 
Fl

at
(S

ch
ie

bo
ut

 e
t a

l.,
 1

98
7)

- Cretaceous vertebrate fossil site

- Paleocene vertebrate fossil site

TERLINGUA
MONOCLINE

*
*

*

*
*
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the Big Bend region (Lehman, 2002, 2004, 2007). 
The Javelina- Black Peaks formational contact was 
revised to coincide with more easily recognizable 
lithologic criteria, rather than fossil content. The 
most recent geologic map of Big Bend Park (Turner 
et al., 2011) uses this revised contact, and where it 
is possible to identify the K-Pg contact interval, it is 
everywhere within the lowermost part of the Black 
Peaks Formation, at or just above its contact with the 
Javelina Formation, and below the “log jam sand-
stone,” a distinctive marker bed within the lower part 
of the Black Peaks Formation (Lehman et al., 2018).

Most recently, Cobb (2016) documented an 
unusual conglomerate bed at the K-Pg contact on 
Rough Run Creek; he interpreted this bed as a tsu-
nami deposit resulting from the Chicxulub impact, 
and Wiest et al. (2018) purported to identify the 
K-Pg boundary at the exposure on Dawson Creek 
on the basis of a stratigraphic change in the diam-
eter of burrows within the fluvial sediments. Leslie 
et al. (2018a) obtained a paleomagnetic polarity 
sequence for the section on Dawson Creek and 
provided 40Ar/39Ar ages for detrital sanidine from 
sandstone beds throughout the section there. They 
also determined that the mammalian fossils from 
both the “Tom’s Top” and “Dogie” localities are 
actually middle Torrejonian rather than late Puer-
can in age, and that at least on Dawson Creek, a 
disconformity separates middle Torrejonian strata 
from underlying strata thought to span the K-Pg 
boundary.

Altogether, there are seven localities within 
the Tornillo Group where the stratigraphic posi-
tion of the K-Pg contact can be constrained on the 
basis of vertebrate fossils (Figs. 1 and 2). At six of 
these seven localities, the geological setting and 
stratigraphic levels of key paleontological sites 
straddling the K-Pg contact interval have for the 
most part not been documented. Only the section 
on Dawson Creek has received detailed study. The 
present report provides an account of the geolog-
ical setting and stratigraphy at each of the seven 
sites, describes the Paleocene mammalian fossils 
recovered for those sites not already well docu-
mented, and presents additional age constraints 
based on 206Pb/238U ages for detrital zircons from 
several key beds within the K-Pg contact interval.

 ■ METHODS

Geologic maps were prepared to document each 
of the seven areas where Cretaceous and Paleocene 
vertebrate fossil sites constrain the position of the 
K-Pg contact interval to a relatively narrow strati-
graphic section (Lehman, 2002, 2004, 2007; Cobb, 
2016). Stratigraphic sections of the K-Pg contact 
interval were measured at each of the seven areas, 
and a series of detailed stratigraphic sections were 
taken in one area to document lateral variability in 
the “odd conglomerate” bed (Rough Run East local-
ity; Cobb, 2016). Mammalian fossils were collected 
by surface- picking during multiple visits to each of 
the sites; specimens were photographed using an 
AmScope MT Series microscope camera and Olym-
pus model SCXZ binocular microscope. A sample 
consisting of ~65 charophyte algal gyrogonites was 
collected by hand- picking a washed sand sample 
from the “odd conglomerate” bed and was photo-
graphed using the same camera and microscope.

Bulk sand samples from the matrix of the “odd 
conglomerate” and from the sandstone bed at its 
top were processed and examined to determine if 
components elsewhere associated with the K-Pg 
impact horizon (e.g., microspherules and “shocked” 
quartz grains) could be identified here. The bulk 
samples were disaggregated and dried, soaked in 
kerosene (K1), washed with hot water, and sieved 
using a 230 mesh (62 micron) sieve to remove silt 
and clay-sized particles. The resulting sand concen-
trate was examined using a binocular microscope 
to select grains with spherical form or with planar 
or lamellar surface micro- textures. Approximately 
122 grains were hand- picked for detailed examina-
tion using scanning electron microscopy (SEM) and 
energy- dispersive spectrum (EDS) analysis. The 
grains were mounted on an aluminum stub with 
double- coated carbon paper, and sputter coated 
with gold- palladium. The Hitachi S4300 SEM with 
tungsten filament was set at 15 kV accelerating 
potential, brightness value 1, and EDS to assess 
chemical composition of the grains (Cobb, 2016).

Samples of the “odd conglomerate” (JC 8) and 
two mudstone beds (KT4 and KTTb) within the K-Pg 
contact interval were collected to assess their max-
imum depositional ages based on 206Pb/238U age 

determination for detrital zircons. Zircons were sep-
arated from the three samples using heavy liquid 
methylene iodide (3.32 g/cm3) and hand- picking, 
mounted in epoxy, and imaged by SEM using back-
scattered electrons (BSE). Zircons in JC 8 were also 
imaged by SEM-based cathodoluminescence (CL). 
Small numbers of detrital zircons were dated for 
U/Pb age by laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS) for sam-
ples KT4 (n = 25) and KTTb (n = 41) at University 
of California, Santa Barbara, in 2013. Measure-
ments were made using a Nu Instruments HR Nu 
Plasma multicollector- ICP-MS coupled to a Photon 
Machines 193nm ArF excimer laser and a 24 μm 
ablation spot. Spots were placed near grain mar-
gins, where possible, in order to date the youngest 
magmatic age recorded by the zircon, but fractures 
and metamict damage were observed in the rims 
of many grains; therefore, in these cases, spots 
were placed somewhat toward the grain interiors.

For sample JC 8, a large number of detrital 
zircons (n = 133) were dated by LA-ICP-MS in the 
Mineral Isotope Laser Laboratory (MILL) at Texas 
Tech University in 2019. Measurements were made 
using a Nu Instruments AttoM single collector- 
ICP-MS coupled to an ESI NWR 193nm ArF excimer 
laser and a 20-μm ablation spot. Unlike samples 
KT4 and KTTb, zircon grain quality was good 
(fracture- poor) even in the rims of a large majority 
of grains; so ablation spots were placed at the rims 
for almost all analyses. LA-ICP-MS U-Pb data for 
all three samples and zircon standard reference 
materials (SRMs) are presented in Tables S1–S31 
in the Supplemental Material. Wetherill U/Pb con-
cordia diagrams for the three samples and zircon 
secondary SRMs are presented in Figures S1 and 
S2, respectively, of the Supplemental Material. Age 
distributions of the detrital zircons in each of the 
three samples are shown in combined histogram–
kernel density estimation (KDE) plots in Figure 16. 
Maximum depositional age (MDA) estimates were 

1 Supplemental Material. Table S1: LA-ICP-MS U-Pb zircon data. 
Figure S1: Wetherill U-Pb concordia diagrams for detrital zir-
cons. Figure S2: Wetherill U-Pb concordia diagrams for zircon 
standard reference materials. Please visit https://doi.org /10.1130 
/GEOS .S .20514117 to access the supplemental material, and 
contact editing@geosociety.org with any questions.
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obtained by two methods: using the age and uncer-
tainty of the youngest grain measured within the 
sample (e.g., Dickinson and Gehrels, 2009), and 
using the weighted average of the youngest three 
ages that overlap with 2σ uncertainty (e.g., Zhang 
et al., 2016).

Throughout the following text, for ease of com-
munication, the significant vertebrate fossil sites 
are referred to by names (e.g., “Tom’s Top” and 

“Dogie”) recorded in the Texas Vertebrate Paleon-
tology Collections register at the Jackson School 
Museum of Earth Sciences, as well as their corre-
sponding locality numbers (e.g., TxVP 41400 and 
TxVP 42327).

Abbreviations used in this paper: TxVP—Texas 
Vertebrate Paleontology Collections at the Jackson 
School Museum of Earth Sciences, University of 
Texas at Austin (formerly collections of the Texas 
Memorial Museum, and so the acronym TMM has 
previously been used for all of the same sites and 
specimens now identified with the TxVP acronym), 
LSU—Louisiana State University Museum of Geol-
ogy, Baton Rouge, Louisiana.

 ■ GEOLOGIC SETTING

In each of the seven areas where Cretaceous 
and Paleocene vertebrate fossil sites constrain the 
position of the K-Pg contact interval, it lies within 
or just above the boundary between the Javelina 
Formation and Black Peaks Formation (Figs. 3–5 
and Appendix).

The Javelina Formation includes a succession of 
prominent cliff- forming conglomeratic sandstone 
beds that weather to form erosionally resistant 
ridges (Turner et al., 2011; Lehman et al., 2018). The 
upper contact of the formation is placed at the top 
of the highest of these ridge-forming sandstone 
beds (Fig. 2). Because the individual sandstone 
beds are laterally discontinuous where traced over 
several kilometers, this contact is gradational and 
intertonguing over a stratigraphic interval of as 
much as 20 m.

The lower 80–100 m of the Black Peaks Forma-
tion consist primarily of slope-forming multicolored 
mudstone with lenticular sandstones that in most 

cases cannot be traced laterally beyond a kilome-
ter, and do not weather to form resistant ridges. 
The lowest prominent cliff-forming sandstone beds 
in the Black Peaks comprise a distinctive marker 
horizon referred to informally as the “log jam 
sandstone” (Lehman et al., 2018). This sandstone 
interval typically consists of two sandstone beds, 
both of which contain abundant large, perminer-
alized logs (Wheeler, 1991; Lehman and Busbey, 
2007); as a result this interval is readily recogniz-
able, and can be correlated throughout the Big 
Bend region (Fig. 2).

In all seven of the exposures described below, 
the K-Pg contact interval therefore lies within a 
slope- forming section composed predominantly 
of multicolored mudstone between the top of the 
Javelina Formation and the base of the “log jam 
sandstone” in the Black Peaks. This section varies 
from ~80–140 m in thickness, and within it, there are 
only a few key beds that can be traced beyond the 
limits of a given outcrop. One of the marker hori-
zons within the K-Pg contact interval is a peculiar 
bed referred to informally as the “odd conglomer-
ate” and described by Lehman and Busbey (2007) 
and Cobb (2016). A more detailed account of the 

“odd conglomerate” is given in the present report. 
It has thus far been recognized only in western 
exposures of the K-Pg contact interval in the Park, 
where it appears to coincide with a disconformity 
separating Cretaceous and Paleocene strata.

There are three broad sedimentary facies associ-
ations represented in these strata; referred to herein 
as Facies 1, 2, and 3 (in order of relative abundance 
from greatest to least; Fig. 2). These facies have 
been thoroughly described by previous authors 
cited below, and so a detailed account is unneces-
sary here. Facies 1 consists primarily of unstructured, 
multicolored mudstone with horizons of interstitial 
calcium carbonate nodules and subordinate lenses 
of thinly bedded siltstone and very fine- grained 
sandstone. These facies are interpreted to represent 
well- drained fluvial overbank flood-plain depos-
its with paleosol horizons (“overbank- association 
facies” of Atchley et al., 2004; see also Lehman, 1989, 
1990; Vines, 2000; Nordt et al., 2003, 2011; White and 
Schiebout, 2003, 2008; Schmidt, 2009; Bataille et 
al., 2016, 2019). Facies 2 consists of thickly bedded, 

cross- stratified, conglomeratic fine- to medium- 
grained sandstone in fining- upward successions. 
These facies are interpreted to represent fluvial chan-
nel deposits (“channel- association facies” of Atchley 
et al., 2004; see also Lawson, 1972; Lehman, 1985, 
1991, 2021; Straight, 1996; Bataille et al., 2019). Facies 
3 consists primarily of rhythmically bedded, biotur-
bated, calcareous siltstone and mudstone. These 
facies are interpreted to represent lacustrine flood- 
basin and abandoned channel deposits (Schmidt, 
2009; Lehman, 2021).

Dawson Creek

The best exposed and most thoroughly stud-
ied outcrop of the K-Pg contact interval is along 
the western edge of the Park, on the south side of 
Dawson Creek (Fig. 3). Of the seven areas where 
the K-Pg contact interval can be constrained with 
vertebrate fossil sites, the Dawson Creek area is 
the only one that has been well documented geo-
logically (Lawson, 1972; Standhardt, 1986; Lehman, 
1990; Leslie et al., 2018a). The section here spanning 
the K-Pg contact has been a subject of a variety of 
studies including fluvial sedimentology (Atchley et 
al., 2004), paleoclimatology (Nordt et al., 2003), and 
paleosol geochemistry (Nordt et al., 2011).

The Javelina Formation on Dawson Creek is very 
fossiliferous, and has yielded a variety of signifi-
cant Cretaceous vertebrate fossils, including the 
holotype specimen of the giant pterodactyl Quet-
zalcoatlus northropi (TxVP 41450-3; see Appendix; 
Fig. 2). Other sites have produced isolated limb 
bones and vertebrae of Alamosaurus sanjuanensis 
(TxVP 42425, 42426, and 43090). The highest Cre-
taceous vertebrate fossil specimen recovered here 
(TxVP 44219-1, a tyrannosaurid tooth) was collected 
~2 m below the “odd conglomerate” bed (Fig. 2), 
although its isolated occurrence and abraded con-
dition leave open a possibility that the specimen 
may have been exhumed and reworked prior to 
burial. Until recently, the “odd conglomerate” bed 
had been overlooked or not identified by previous 
workers in the Dawson Creek exposure. Although 
it is very thin, obscure, and mostly covered by col-
luvium (Fig. 6C), the “odd conglomerate” is present 
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Figure 6. Photographs showing the Cretaceous- 
Paleogene (K-Pg) contact interval on Rough Run 
Creek and Dawson Creek: (A) Rough Run Amphi-
theater East (section #3 of Fig. 2) showing two 
facies of “odd conglomerate” bed with Facies A—
thin bed with poorly sorted, matrix- supported 
texture and Facies B—thick lenticular bed with 
stratified, grain- supported texture; (B) view im-
mediately east of image A showing thin bed of 

“odd conglomerate” (white arrows) in relation-
ship to the “Dogie” locality; (C) Dawson Creek 
exposure (section #1 of Fig. 2) showing Facies A 
of “odd conglomerate” bed resting on irregular 
erosional surface (white arrows); (D) view imme-
diately west of image C showing large “outsized” 
clasts in “odd conglomerate” (white arrow); 
(E) detailed view of area in image D showing 
typical outcrop appearance of Facies A in the 
“odd conglomerate” bed; (F) Rough Run East 
exposure (section #4 of Fig. 2) showing north-
eastern margin of paleo- valley floored by “odd 
conglomerate” bed (white arrows); (G) detailed 
view of “odd conglomerate” (white arrows) Fa-
cies A with outsized clasts in area shown along 
left side of image F; (H) stratified Facies B of 

“odd conglomerate” at Rough Run East exposure 
(section #7 of Fig. 8).
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here just above the mudstone bed from which TxVP 
44219-1 (the isolated tyrannosaurid tooth) was col-
lected, and 15 m above the base of the sandstone 
bed from which the Quetzalcoatlus northropi holo-
type was recovered (Fig. 2).

The “Tom’s Top” site (TxVP 41400) is 40 m above 
the “odd conglomerate,” within the lowermost part 
of the Black Peaks Formation. The mammalian fauna 
recovered at Tom’s Top was initially interpreted to be 
late Puercan in age by Standhardt (1986) and Schie-
bout et al. (1987), but Leslie et al. (2018a) showed that 
it is instead middle Torrejonian (To2; see also William-
son, 1996; Lehman and Busbey, 2007). Although there 
are Paleocene vertebrate fossil sites both lower (TxVP 
44235) and higher (LSU VL-109) than Tom’s Top, these 
other sites have yet to yield biostratigraphically useful 
mammalian specimens. The 40 m interval between 
the highest in situ dinosaur bones and the Tom’s Top 
site on Dawson Creek has thus far yielded no useful 
fossils. The upper part of the Black Peaks Forma-
tion here was truncated by erosion prior to middle 
Eocene time, and is overlain by the Canoe Forma-
tion (Lehman et al., 2018). A section exposed nearby 
at Peña Mountain is, although unfossiliferous, more 
complete, and the thickness of the interval between 
the top of the Javelina Forma tion and base of the “log 
jam sandstone” there is 74 m (Lehman et al., 2018; 
their section #22). It is assumed that this interval 
would have been roughly comparable in thickness 
at Dawson Creek prior to Eocene erosion (Fig. 2).

Rough Run Amphitheater

The K-Pg contact interval is also exposed ~8 km 
east of Dawson Creek, in a broad amphitheater- 
like expansion on the southern side of the valley 
of Rough Run Creek (Fig. 3). This is where the 

“Dogie” locality (TxVP 42327) described by Stand-
hardt (1986), Schiebout et al. (1987), and Leslie et 
al. (2018a) is found, but the section here is more 
difficult to interpret. The Rough Run Amphitheater 
exposure is cut by at least one major north- trending 
fault, and interrupted by a dike along the east-
ern margin. Pleistocene pediment gravel covers 
much of the Javelina and Black Peaks formations, 
and vegetated Holocene stream terraces obscure 

relationships between adjacent exposures (Fig. 3). 
These complications make it difficult to confidently 
determine stratigraphic relationships in this area.

On the west side of the fault, only the lower part 
of the Black Peaks Forma tion is exposed (Fig. 2, 
section #2). An extensive sandstone bed here has 
yielded abundant specimens of the sauropod dino-
saur Alamosaurus sanjuanensis (e.g., TxVP 45890, 
45891; Fronimos and Lehman, 2014). The highest in 
situ dinosaur specimen collected here on the west 
side of the fault (TxVP 44218-1, an isolated tyranno-
saurid tooth) was found in a conglomerate bed just 
above the Alamosaurus-bearing interval, although 
its fragmentary condition suggests that the speci-
men may have been exhumed and reworked prior 
to burial (Fig. 2, section #2). Above this conglomer-
ate is a distinctive multicolored series of mudstone 
layers with alternating black, red, and light-gray 
bands. Such beds are only known to occur in 
the Paleocene part of the Black Peaks Formation 
in other areas of the Park. The K-Pg contact may 
therefore be at or near the base of the variegated 
mudstone interval here, but thus far no diagnostic 
Paleocene fossils have been found anywhere on the 
west side of the fault (Lehman and Busbey, 2007). 
The “log jam sandstone” bed is exposed nearby 
on the north bank of Rough Run Creek, and so the 
sites west of the fault can be placed in the section 
relative to this marker bed (Fig. 2, section #2).

In contrast, east of the fault, the upper part of the 
Javelina Formation is exposed up to its contact with 
the Black Peaks Formation, and a significant section 
of the lower Black Peaks Formation extends up to 
a north- trending dike (Fig. 3). The upper part of the 
Javelina Formation here has produced a wide vari-
ety of dinosaur specimens including the holotype 
of ?Gryposaurus alsatei (TxVP 46033-1, Lehman et 
al., 2016), as well as fishes, turtles, and crocodylians 
(TxVP 43678; the “Bowfin Beach” site described by 
Standhardt, 1986; Lehman and Busbey, 2007). The 
uppermost sandstone interval in the Javelina Forma-
tion here has thus far produced only a single isolated 
pterodactyl bone (TxVP 45256-1). The Javelina-Black 
Peaks formation contact is placed at the top of this 
sandstone interval. The “Dogie” site (TxVP 42327) is 
~110 m above the top of the Javelina Formation here 
(Fig. 2, section #3). This site has produced a middle 

Torrejonian (To2) mammalian fauna (Williamson, 
1996; Leslie et al., 2018a). The intervening part of the 
section has yielded no significant fossils but is marked 
here also by the unusual “odd conglomerate” bed.

In summary, the uppermost in situ Cretaceous 
fossil locality in the Rough Run Amphitheater 
area is found west of the fault, but the lowermost 
Paleocene fossil locality is found east of the fault, 
and correlation of key stratigraphic units on oppo-
site sides is uncertain (Fig. 2, sections #2 and #3). 
Although the peculiar “odd conglomerate” bed is 
well exposed east of the fault, the distinctive Ala-
mosaurus-bearing sandstone bed is not present 
here. Moreover, there are no nearby exposures of 
the “log jam sandstone” marker bed, and so the 
total thickness of the K-Pg contact interval east of 
the fault can only be estimated.

Rough Run East

About 3 km east of the Rough Run Amphitheater, 
the same stratigraphic interval is exposed, however, 
here dipping gently to the northwest with minimal 
structural complexity and with less extensive cover 
by Pleistocene and Holocene alluvium (Fig. 3). This 
exposure was referred to by Cobb (2016) as the 

“Rough Run East” outcrop. The “odd conglomerate” 
bed is much more laterally extensive here, widely 
exposed throughout this area, and its stratigraphic 
position within the K-Pg contact interval is clear 
(Fig. 2, section #4; see below). The highest in situ 
Cretaceous vertebrate fossil site here consists of 
a complete titanosaur limb bone (Fig. 2, section 
#4). This specimen remains in place. Parts of addi-
tional titanosaur bones exposed in the overlying 
sandstone unit (Fig. 2, section #4) also remain 
uncollected but may have been reworked. The 
lowest Paleocene vertebrate fossil site here, TxVP 
44238 (“Cobb’s Knob”), has thus far yielded two 
mammalian specimens (described below).

Grapevine Hills

The K-Pg contact interval northwest of Grape-
vine Hills is exposed along the east limb of the 
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“Grapevine anticline” and strata here dip steeply to 
the east (Fig. 4; Straight, 1996; Lehman et al., 2018). 
The stratigraphic succession here is uncomplicated 
(Fig. 2, section #7). This outcrop is the site of a tuff 
bed within the middle of the Javelina Formation that 
yielded a U/Pb age of 69.0 ± 0.9 Ma (Lehman et al., 
2006). Several fragmentary pterosaur specimens 
were recovered from the upper Javelina Formation 
here (e.g., TxVP 45616-2 and TxVP 45616-3), and the 
partial skeleton of a juvenile Alamosaurus sanjuan-
ensis (TxVP 43621-1; Lehman and Coulson, 2002) 
was collected from the Black Peaks Formation, 2 m 
below the lowest Paleocene vertebrate fossil site in 
this area (“Hoplochelys Ridge,” TxVP 44234). A sec-
ond, more fossiliferous Paleocene site (“Yellow Hill,” 
TxVP 43380) occurs 40 m higher in the section. Both 
Paleocene sites are substantially below the base of 
the “log jam sandstone” (Fig. 2, section #7).

McKinney Hills

Strata within the K-Pg contact interval north of 
McKinney Hills dip gently to the northwest, and 
although partly covered by alluvium and interrupted 
by several faults, the stratigraphic relationships here 
are straightforward (Fig. 4). This exposure was initially 
described by Wilson (in Maxwell et al., 1967), who 
documented what he interpreted as a Torrejonian 
mammalian fauna recovered from a site referred to 
as “T2” ( = TxVP 40147) in the Black Peaks Formation. 
This site is on the eastern side of Tornillo Flat near the 
actual Black Peaks from which the formation name is 
derived (Fig. 4). A second Paleocene site (TxVP 43455, 

“Periptychus Site”) ~70 m lower in the section here 
has thus far yielded a single mammalian specimen, 
and although the lowermost part of the Black Peaks 
Formation is partly covered by alluvium, this second 
site is 60 m above the top of the Javelina Formation. 
Several specimens of Alamosaurus sanjuanensis 
(TxVP 43598-1, 43599-1, and 43600-1) and Quetzal-
coatlus sp. (TxVP 45888-2) were collected from the 
upper Javelina in this area (Fig. 2, section #8).

Wilson (in Maxwell et al., 1967) indicated that 
the “T2” site was 43 m above the base of the Black 
Peaks Formation as it was mapped at that time. 
Using the current formation contacts shown by 

Turner et al. (2011) and described by Lehman et 
al. (2018), the “T2” site is 130 m above the base 
of the formation and lies between two sandstone 
beds in the “log jam sandstone” marker horizon. 
Exposures of the Black Peaks Formation on western 
Tornillo Flat (~7 km northwest of the McKinney Hills 
outcrop) are much more fossiliferous, yielded the 
bulk of the Tiffanian mammalian fauna described 
by Wilson (in Maxwell et al., 1967) and Schiebout 
(1974), and have been the subject of numerous 
other studies (Rapp et al., 1983; Schiebout et al., 
1987; Bataille et al., 2016); however, no fossil sites 
within the K-Pg contact interval have been discov-
ered in the western Tornillo Flat area.

Robber’s Roost

The exposure near Robber’s Roost (Fig. 5) was 
briefly discussed by Wilson (in Maxwell et al., 1967) 
who described a single Paleocene mammalian spec-
imen (TxVP 40151-1) recovered from a site there 
referred to as “T10” ( = TxVP 40151), estimated to 
be 23 m above the base of the Black Peaks Forma-
tion as it was mapped at that time. Schiebout (1974) 
and Standhardt (1986) also investigated the site, and 
although no additional specimens were collected, 
they concurred with Wilson that the site was of 
Torrejonian age. A ceratopsian cervical bar (TxVP 
45615-1) collected from the uppermost sandstone 
in the Javelina Formation is stratigraphically the 
highest Cretaceous specimen collected in this area. 
Using the formation contacts recognized by Turner 
et al. (2011) and Lehman et al. (2018, their section 
#16) the “T10” site (TMM 40151) is 75 m above the 
base of the Black Peaks Formation (Fig. 2, section #5).

Glenn Draw

Exposures in Glenn Draw, south of Glenn 
Spring, were initially studied by Langston in 1947 
(Langston et al., 1989), who collected a femur of 
Alamosaurus sanjuanensis (TTU 542; Wick and 
Lehman, 2014) from the Javelina Formation there 
and a baenid turtle shell (TTU 5-104-47; Lawson, 
1972; Tomlinson, 1997) from a Paleocene site in the 

lower Black Peaks Formation (Fig. 5). Standhardt 
(1986) later investigated the Paleocene site here 
(referred to as “Glenn Eleven” = LSU VL-107) and 
recovered fragments of two teeth (LSU V-1156 and 
-1157; referred to Triisodon quivirensis by Leslie et 
al., 2018a) indicative of Torrejonian age for this site. 
Extensive alluvial cover prevents measuring the full 
thickness of the lower Black Peaks Formation here 
(Fig. 5). It is possible, however, to determine that 
the “Glenn Eleven” site is ~37 m below the “log 
jam sandstone” (Fig. 2, section #6).

 ■ RESULTS

Contact between Cretaceous and 
Paleocene Strata

The “odd conglomerate” bed of Lehman and 
Busbey (2007) has thus far been identified only 
at the Dawson Creek and Rough Run Creek expo-
sures of the K-Pg contact interval (Fig. 2). No similar 
deposits have been recognized at any of the K-Pg 
contact exposures on the eastern side of the Park. 
Admittedly however, in most areas, the “odd con-
glomerate” is a thin, discontinuous, and obscure 
bed that is easily overlooked, particularly in areas 
where Quaternary alluvial cover is extensive. At 
Rough Run Amphitheater, there are two distinct 
beds of conglomerate separated by an interval of 
20 m (Fig. 2, section #3; Fig. 6A).

The “odd conglomerate” bed is regarded as 
odd because in most areas it is very thin, very 
coarse grained, and differs in texture and com-
position from typical fluvial conglomerate beds 
(basal part of Facies 2; Fig. 2) in the underlying 
Javelina Formation and overlying Black Peaks For-
mation. Fluvial channel deposits in these strata 
ordinarily range from 3 to 7 m in thickness (Facies 
2 in Fig. 2; Lehman, 1991; Lehman et al., 2018). In 
contrast, the “odd conglomerate” is generally no 
more than 20–50 cm thick, and only 1–2 m at its 
thickest points (Cobb, 2016). Typical fluvial channel 
deposits in the Javelina and Black Peaks forma-
tions also have only thin lenses of conglomerate 
at their base, usually less than 30 cm thick, and 
consist instead primarily of several meters of 
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cross- bedded, parallel- laminated, and ripple cross- 
laminated sandstone (facies 2 in Fig. 2). The “odd 
conglomerate” is in contrast composed almost 
entirely of gravel with little or no overlying sandy 
channel bar deposits (upper part of Facies 2; Fig. 2). 
Gravel in the “odd conglomerate” is also much 
coarser grained, including in many places large 
cobbles and a few isolated boulders up to 1 m in 
diameter (Cobb, 2016). In contrast, gravel in the 
base of fluvial channel deposits elsewhere in the 
Javelina and Black Peaks formations is no coarser 
than medium pebble size (<4 cm diameter; e.g., 
Lehman, 1991). Reworked pedogenic carbonate 
nodules, abraded petrified wood, bone, and chert 
comprise the usual gravel clast types in typical 
fluvial channel deposits (Lehman, 1991). Although 
some of the same clasts are also found in the “odd 
conglomerate,” it is instead composed predomi-
nantly of sandstone clasts and contains appreciable 
reworked charcoal (Cobb, 2016). Therefore, what-
ever process was responsible for deposition of the 

“odd conglomerate,” it appears to record an unusual 
sedimentation event that occurred at or around the 
end of Cretaceous time. A similar event of its kind 
had apparently not occurred prior to or following 
it during deposition of the Tornillo Group.

Cobb (2016) suggested that the “odd conglom-
erate” bed could be a deposit left by run-up or 
recession of the hypothesized tsunami generated 
by the Chicxulub impact at the K-Pg bound-
ary, based on the unusual attributes of the bed 
(reviewed below) and its position within the K-Pg 
contact interval, as well as its general similarity to 
conglomeratic deposits attributed to tsunami gen-
erated by the Chicxulub impact elsewhere around 
the Gulf of Mexico (e.g., Bourgeois et al., 1988; Stin-
nesbeck et al., 1993; Smit et al., 1996; Lawton et al., 
2005; Schulte et al., 2010). However, the maximum 
depositional age estimate of ca. 63 Ma (described 
below) indicates that this bed was deposited ~3 mil-
lion years after the K-Pg boundary impact event.

Features of the “Odd Conglomerate” Bed

The “odd conglomerate” exhibits two sedi-
mentary facies that differ primarily in texture and 

structure, referred to here as Facies A and B. In 
most areas, the conglomerate is a very thin (10–
50 cm) bed of poorly sorted, chaotically oriented, 
matrix- supported, pebble and/or cobble gravel with 
sparse “outsized” isolated boulders and a matrix 
of sandy mudstone (Facies A, Figs. 6 and 7). There 
is little or no grain-size segregation from base to 
top of the deposit, although in some areas, there 
is crude coarsening- upward grading with largest 
clasts at the top of the bed (Fig. 7). The gravel 
consists of subangular large clasts of sandstone, 
subrounded smaller clasts of mudstone, pedogenic 
carbonate nodules, bone, and charcoal.

In contrast, in a few areas, the “odd conglomerate” 
forms much thicker (1–2 m) lenses. In these areas, 
the conglomerate is well stratified and consists 
of moderately sorted and rounded, horizontally 
bedded, clast- supported, pebble and/or cobble con-
glomerate grading upward to parallel- laminated, 
coarse- or medium- grained sandstone (Facies B, 
Figs. 7 and 8). As many as three successive fining- 
upward graded beds are evident in some exposures 
(Fig. 8). The gravel clasts are of the same compo-
sition as in Facies A, although carbonate nodules 
are more abundant. Cobb (2016) found that Facies 
B lines the floor of a “paleo- valley” incised within 
the underlying Black Peaks Formation at the Rough 
Run East outcrop (Fig. 9). As exposed, this paleo- 
valley is ~800 m in width, and is filled with up to 
30 m of thinly bedded carbonaceous mudstone 
(unit 7 of Fig. 9; Cobb, 2016) that pinches out at 
the margins of the paleo- valley. Facies A of the 

“odd conglomerate” forms a thinner mantle on the 
flanks of the paleo- valley and is much more exten-
sive laterally beyond the valley- fill, resting on the 
correlative erosional surface in surrounding strata. 
At the Rough Run Amphitheater outcrop, there are 
two distinct beds of conglomerate (Fig. 2, section 
#3); the lower of these two beds is a thick lens that 
exhibits features of Facies B; the upper bed instead 
exhibits characteristics of Facies A.

All of the clasts in the conglomerate appear to be 
of local derivation. No extra- basinal or “exotic” clast 
types have been recognized. Sandstone clasts com-
prise the largest cobbles and boulders. Petrographic 
study of these indicates that they were probably 
derived from erosion of sandstones in the Javelina or 

Figure 7. Photographs showing features of the “odd con-
glomerate” at the Rough Run Creek exposure: (A) Facies 
A with typical poorly stratified, poorly sorted, matrix- 
supported texture; (B) Facies B with finer- grained, stratified, 
moderately sorted, grain- supported texture; (C) Facies B 
with grain- supported texture and fining- upward grain-size 
gradation; (D) Facies A showing matrix- supported texture 
and lack of vertical grain-size trend or crude inverse- grading; 
(E) Facies A showing matrix- supported texture; arrows in-
dicate examples of subangular outsized sandstone clasts.
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Figure 8. Correlation of detailed measured sections through the “odd conglomerate” bed at the Rough Run East exposure of the Cretaceous-Paleogene (K-Pg) contact interval (section 
#4 of Fig. 2; modified from Cobb, 2016) showing lateral variation in thickness between thick, finer grained, stratified, grain-supported Facies B (with multiple sedimentation units a, b, 
and c) and thin, coarser grained, matrix-supported Facies A. Top of “odd conglomerate” is chosen as the datum for correlation, however, both base and top of unit show substantial 
depositional relief (see Fig. 9).

Figure 9. Detailed geologic map of the Rough 
Run East exposure (modified from Cobb, 2016) 
showing extent of numbered stratigraphic units 
(section #4 of Fig. 2) above and below the paleo- 
valley floored by “odd conglomerate” bed, and 
southwestern (SW) to northeastern (NE) extent 
of stratigraphic cross- section shown in Figure 8. 
Unit 7 overlying the “odd conglomerate” (unit 6) 
thins and pinches out at margins of paleo- valley.
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Black Peaks formations, perhaps even from directly 
underlying sandstone beds in the immediate vicinity 
(Fig. 10; Cobb, 2016). Although the sandstone peb-
bles in the “odd conglomerate” tend to have fewer 
feldspar grains and more sedimentary lithic grains, 
they were derived from lithic to sublithic sandstones 
with abundant sedimentary and volcanic rock frag-
ments such as sandstones typical of the Javelina 
and Black Peaks formations (Fig. 10).

The mudstone “rip-up” clasts and carbonate 
rock fragments were also likely derived from ero-
sion of nearby mudstone beds with pedogenic 
carbonate nodules (e.g., Lehman, 1989). Although 
charcoal clasts occur sparingly in other Tornillo 
Group conglomerate beds, charcoal is a common 
constituent of the “odd conglomerate.” The charcoal 
clasts are rounded and must have been transported 
some distance prior to deposition, although likely 
not far given their softness compared to other clasts. 
The sandstone clasts are also slightly rounded, 
indicating that they were similarly subject to some 
transport prior to deposition. However, even today 
(after prolonged burial diagenesis and exhumation), 
sandstone beds in the Black Peaks Formation are 
only weakly indurated with clay and calcite cement, 
and clasts derived from them disintegrate in mod-
ern streams a short distance from the outcrop. The 
sandstone beds that were the source of the clasts 
in the “odd conglomerate” were likely even less 
indurated prior to burial diagenesis, and therefore, 
these clasts would similarly have rounded in a short 
time and not survived prolonged transport. In sum-
mary, all of the clast types represented in the “odd 
conglomerate” appear to reflect derivation from 
very nearby source areas.

Vertebrate bones and teeth are rare in the “odd 
conglomerate,” and all examples thus far observed 
are so fragmentary, isolated, and abraded that it 
seems reasonable to interpret them as having been 
exhumed and re-deposited from older strata (e.g., 
TxVP 44218-1, a broken tyrannosaurid tooth). All of the 
examples thus far discovered clearly pertain to dino-
saurs or other large Cretaceous vertebrates, but no 
convincing example of a whole in situ bone has been 
located or collected from the “odd conglomerate.”

Cobb (2016) selected sand grains from the 
matrix of the “odd conglomerate” and from the 

fine- grained layer at its top to determine if compo-
nents elsewhere associated with the K-Pg impact 
horizon (e.g., microspherules and “shocked” quartz 
grains) could be identified here. Of 122 grains that 
he examined using SEM-EDS, four quartz grains 
appear to show planar deformation features, and 
six are siliceous spherule- like grains with “splash” 
or “ablated” morphologies.

Of the four quartz grains with sets of planar 
micro- features, three grains show multiple prom-
inent sets of planar lamellae, and one shows sets 
on multiple faces (Figs. 11A–11C). The lamellae are 
parallel, with spacing between 5 and 20 microns, 
and with intersections in places showing “side- 
stepping” geometry (Fig. 11D). Parallel sets of 
micro- fractures, also with ~20 micron spacing, 

are present on another quartz grain; the fractures 
do not appear to extend across the entire grain, 
smaller fractures are evident between more promi-
nent ones, and some of the fractures have splays at 
their ends. These four grains exhibit at least some 
of the features reported in quartz grains subject to 

“shock” metamorphism, as is typically associated 
with bolide impact sites and ejecta (e.g., Stöffler 
and Langenhorst, 1994; Mahaney, 2002).

Many grains in the sample appear in reflected 
light to be clear glass spheres and are found to be 
composed primarily of SiO2 when examined using 
EDS under SEM (Figs. 11E–(11G). However, most of 
these grains can be arrayed along a morphologi-
cal spectrum from completely anhedral spherical 
grains to others that exhibit rounded subhedral or 

Qm

LtF

- Javelina Fm sandstones (n = 9)

- Black Peaks Fm sandstones (n = 8)

- Javelina Fm (unit 1 Rough Run East)

- Black Peaks Fm (unit 5 Rough Run East)

- sandstone pebbles from ‘odd conglomerate’ (n = 10)

Lv

LsLm

35    25      40

33    21      46

72      27         1

74      23         3

   mean
Qm   F  Lt

   mean
Qm   F  Lt

   mean
Lv  Ls  Lm

   mean
Lv  Ls  Lm

Javelina Fm

Black Peaks Fm

Javelina Fm

Black Peaks Fm

31     3        66

   mean
Qm   F  Lt

‘odd conglomerate’ pebbles

12      88         0

   mean
Lv  Ls  Lm

‘odd conglomerate’ pebbles

Figure 10. Mineralogical composition of sandstone clasts in the “odd conglomerate” compared with composition of 
sandstones in the Javelina Formation and lower Black Peaks Formation (data from Lehman, 1991) and sandstone beds 
exposed at the Rough Run East outcrop (data from Cobb, 2016; units 1 and 5 shown in Fig. 9); based on thin- section 
point counts of minimum 100 framework grains using methods given by Folk (1980); Qm—quartz (monocrystalline and 
polycrystalline grains); F—feldspar; Lt—total lithic grains (including chert); Lv—volcanic lithic grains; Lm—metamorphic 
lithic grains; Ls—sedimentary lithic grains.
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faceted euhedral, hexagonal bipyramidal (β quartz) 
form typical of quartz phenocrysts in volcanic and 
shallow intrusive rocks (e.g., Smyth et al., 2008). 
It seems likely that most of these spherule-like 
grains are actually varied volcanic quartz grains 
modified by partial resorption (e.g., Müller et al., 
2009) and derived from erosion of felsic pyroclas-
tic deposits.

Some spherule-like grains, however, are not 
readily interpreted as derived through resorption 
or modification of hexagonal bipyramidal form. 

There are “saucer- shaped” grains that exhibit a 
thick bulbous center and a thin external flange 
(Figs. 11H–11K). There are also “dumbbell- shaped” 
grains that resemble two spheres joined together 
and surrounded by a thin external flange (Fig. 11L). 
These grains are comparable in shape to “splash 
form” microtektites, which are known to result from 
impact events (Glass, 1990). Even so, the great bulk 
of sand in the “odd conglomerate” exhibits features 
typical for detrital quartz grains; these few unusual 
grains are quite rare.

Charophyte Flora

Charophyte algal gyrogonites are common 
throughout the uppermost sandy interval of the 

“odd conglomerate” at the Rough Run East expo-
sure, and at least four species are represented in 
this assemblage (Fig. 12; Cobb, 2016). The most 
abundant species is Platychara compressa (Peck 
and Reker, 1948), recognized primarily on the basis 
of its distinctive oblate- spheroidal shape; however, 
all of the specimens recovered have a slightly 

A B C D

E F G H

I J K L

Figure 11. Scanning electron microscopy (SEM) photographs showing features of selected quartz grains separated from the “odd conglomerate” bed at the Rough 
Run East exposure (modified from Cobb, 2016): (A) quartz grain showing planar micro- features; (B) detail of grain shown in image A; (C) multiple intersecting sets of 
planar lamellae; (D) detail of grain shown in image C highlighting “side stepping” intersections of planar lamellae; (E) grain showing well- faceted euhedral hexagonal 
bipyramidal (β quartz) form; (F) grain with modified rounded bipyramidal form; (G) grain showing subspherical form with projecting flanges; (H) “saucer- shaped” grain 
with bulbous center and external flange; (I) “saucer- shaped” grain; (J) “saucer- shaped” grain; (K) oblong subspherical grain; (L) “dumbbell- shaped” grain.
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smaller diameter than those measured by Peck 
and Forester (1979). Also abundant is Strobilochara 
sp., with pronounced tuberculate ornamentation 
(e.g., Mebrouk et al., 2009); although all of the speci-
mens recovered are incomplete, none preserves the 
apical part of the gyrogonite, and the species can-
not be identified with certainty. Small specimens 
referred to Microchara cf. M. leiocarpa (Grambast, 
1971) are also common, and these are relatively 
well preserved. A few specimens are referable 

to Porochara gildmeisteri (Koch and Blissenbach, 
1960), and several others remain unidentified.

This charophyte assemblage is very similar to 
one found in the Upper Cretaceous (Maastrichtian) 
part of the North Horn Formation in central Utah 
(Fouch et al., 1987). The North Horn charophyte 
flora includes Platychara compressa, Porochara 
gildmeisteri, Microchara cf. M. cristata, Microchara 
cf. M. leiocarpa, Strobilochara n. sp., and Retuso-
chara n. sp.

Platychara compressa is typical of Upper Creta-
ceous strata in North America, although Peck and 
Forester (1979) reported an occurrence also in the 
lower Paleocene of Alberta. Microchara cristata 
and M. leiocarpa are known from Maastrichtian 
strata of Europe (Grambast, 1971), but Microchara 
spp. extends through the Paleocene (Riveline et al., 
1996). Strobilochara spp. are typical of Maastrich-
tian strata in Europe and North Africa (Mebrouk et 
al., 2009). Porochara gildmeisteri is known from 
Maastrichtian strata of South America (Musac-
chio, 2000). Taken together, the charophyte species 
identified suggest a Maastrichtian age for the flora 
found in the upper part of the “odd conglomerate.”

At least two of the same charophyte taxa (Platy-
chara compressa and Porochara gildmeisteri) also 
occur at the Grapevine Hills exposure, in a thin 
gastropod- rich limestone bed that intervenes 
between the highest in situ dinosaur specimen 
(TxVP 43621-1, juvenile Alamosaurus sanjuanen-
sis; Lehman and Coulson, 2002) and the lowest 
Paleocene site (TxVP 44234 “Hoplochelys Ridge”; 
see Fig. 2). Here, and elsewhere, abundant aquatic 
invertebrates (gastropods, bivalves) are found in 
the uppermost Cretaceous strata immediately 
below the K-Pg contact interval, indicative of a 
widespread episode of freshwater subaqueous 
depositional conditions (e.g., Lehman, 2021).

Mammalian Fauna

Most of the Paleocene vertebrate fossil sites 
within the K-Pg contact interval have yielded a 
diverse but biostratigraphically non-diagnostic 
assemblage of fishes, turtles, and crocodylians. 
Although some of these non-mammalian taxa are 
typical of Paleocene faunas (e.g., the kinosternoid 
turtle Hoplochelys; but see Knauss et al., 2011), they 
have relatively long stratigraphic ranges and are 
of little use in constraining the age of these faunas. 
Mammalian fossils are rare and have only been 
recovered at eight of the sites, and of these, only 
the Dogie and Tom’s Top sites have been subjects of 
screen- washing efforts. Mammalian specimens at 
the other six sites were obtained entirely by surface 
collection. Although Standhardt (1986) and Leslie 

Figure 12. Examples of charophyte gyrogonites from the “odd conglomerate.” Platychara compressa 
(A) specimen #5 in basal and (B) apical view; (C) specimen #8 in basal view; (D) specimen #46 in lateral 
view; (E) specimen #1 in lateral view; Porochara gildmeisteri (F) specimen #31 in apical and (G) lateral 
view; Microchara cf. M. leiocarpa (H) specimen #43 in apical, (I) basal, and (J) lateral view; (K) specimen 
#12 in apical, (L) basal, and (M) lateral view; Strobilochara sp., (N) specimen #24 in basal, and (O) oblique 
lateral view; (P) specimen #60, basal view; (Q) specimen #27 in basal view; (R) specimen # 28 in lat-
eral view; indeterminate charophyte (S) specimen #11 in basal, (T) apical, and (U) oblique lateral view.
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et al. (2018a) provide a thorough account of mam-
malian taxa recovered at the Dogie (TxVP 42327) 
and Tom’s Top (TxVP 41400) localities, we report 
herein a few additional species also from those 
localities, and we describe the mammalian spec-
imens recovered at the other Paleocene localities 
known from immediately above the K-Pg contact 
(Table 1, Figs. 13–15). In the following descriptions 
for each of the mammalian taxa, the known biostra-
tigraphic range is shown in North American Land 
Mammal Age (NALMA) interval zones, as given by 
Williamson (1996), Archibald (1998), and Lofgren et 
al. (2004). Where sources differ, the longer range 
is shown.

Abbreviations: H—height, L—length, W—width, 
n—number of specimens measured, AW—anterior 
(trigonid) width, PW—posterior (talonid) width, *—an 
estimate based on incomplete specimen or photo-
graph. All measurements are given in millimeters.

Order Multituberculata Cope, 1884
Family Ptilodontidae Cope, 1887
Ptilodus mediaevus Cope, 1881
Range: Puercan (Pu2) through Tiffanian (?Ti5)

TxVP 41400-28 (Tom’s Top locality) is a large 
complete left p4 with long anterior edge, 12 ser-
rations on the labial side, and 11 on the lingual 
side (Fig. 13A). In size (L = 7.7, W = 2.8, H = 7.1), 
labial profile, and serration count, this specimen 

is comparable to those assigned to P. mediaevus 
by Simpson (1937; mean L = 8.3, n = 6) and Rigby 
(1980; L = 6.6–9.0, mean = 8.1, n = 54).

TxVP 41400-33 (Tom’s Top locality) is a right 
p4 missing part of the posterior edge, but of nearly 
identical size and form as TxVP 41400-28, and also 
referred herein to P. mediaevus. Schiebout (1974) 
assigned several similar specimens from higher 
in the Black Peaks (“T2” = TxVP 40147) also to 
P. mediaevus (see discussion by Standhardt, 1986). 
Ptilodus specimens from the Dogie locality were 
regarded by Standhardt (1986) as differing suffi-
ciently from P. mediaevus to recognize as a new 
species; however, the present specimens are within 
the range in size and labial profile for assignment 
to P. mediaevus.

Order Taeniodonta Cope, 1876
Family Stylinodontidae Marsh, 1876
Psittacotherium multifragum Cope, 1882
Range: Torrejonian (To2) through Tiffanian (?Ti5)

TxVP 44238-1 (Cobb’s Knob locality) is a worn 
right P1 or P2 (L = 6.2, W = 14); it is double- rooted 
with smooth enamel extending farther lingually 
than labially, bicuspid with a tall paracone, smaller 
protocone, little or no metacone, and a weak pos-
terior cingulum (Figs. 13B–13C). Although TxVP 
44238-1 is narrow as is P1 in P. multifragum, it is 
closer in size to P2 (e.g., mean L = 9.6, W = 15.3, 

n = 7; Schoch, 1986) and also double- rooted, while 
P1 has a single root. A specimen from higher in 
the Black Peaks Formation that Schiebout (1974) 
identified as P2 and attributed to either Psittaco-
therium or Lampadophorous (TxVP 40536-119; L = 
9.5, W = 13.4) is also significantly wider than the 
present specimen.

TxVP 42327-5 (Dogie locality) is a left ?p1 (L = 6.8, 
W = 11.9) with a single root and smooth enamel that 
extends much farther aborally on the labial side 
(Figs. 13D–13F). The crown is simple and bicuspid 
with a large, slightly worn labial paracone, and a 
much smaller unworn lingual protocone. There is 
a minutely cuspidate crest linking the two cusps 
along the posterior base of the crown. The lower 
premolars in P. multifragum are not very well known. 
There are no published descriptions of p1, although 
its alveolus indicates that it is much smaller than p2 
(e.g., Taylor, 1984). The present specimen is signifi-
cantly smaller than known examples of p2 (mean L 
= 8.8, W = 14.4, n = 3; Schoch, 1986).

TxVP 42327-13 (Dogie locality) is a worn right 
m2 (L = 9.5, AW = 10.2, PW = 8.5*) with slightly 
crenulated enamel, and the posterior and lingual 
edge partly broken (Figs. 13G–13I). This is a double- 
rooted, transversely bilophodont tooth with a wide 
trigonid, and a much lower, narrower, and shorter 
talonid that is inset along its labial margin. The 
talonid basin is very narrow but deep, and open 
lingually. Although worn, the protoconid and 
metaconid are of comparable size and height; the 
hypoconid is the largest and only prominent cusp 
on the talonid. The m2 in P. multifragum is only 
known in a few other specimens (n = 3, mean L = 
9.2, AW = 9.2; Schoch, 1986) but TxVP 42327-13 is 
closely comparable in form and size.

TxVP 42327-14 (Dogie locality) is a large taeni-
odont ungual “claw” also likely referable to 
P. multifragum. TxVP 40151-9 (“T10” = Robber’s 
Roost locality) is an incisor fragment that also 
probably pertains to P. multifragum. Although Wil-
son (in Maxwell et al., 1967) previously reported 
P. multifragum on the basis of an associated incisor 
fragment, canine, and ?P3 (TxVP 40147-3) from the 

“T2” locality, Schiebout (1974) considered this spec-
imen insufficient to adequately distinguish from 
Lampadophorous.

TABLE 1. MAMMALIAN TAXA REPORTED IN THIS STUDY

Taxon Locality

40151 40181 41400 42327 43380 43455 44234 44238

Ptilodus mediaevus X
Psittacotherium multifragum ? X X
Chriacus baldwini X
Chriacus cf. C. pelvidens X X
Deuterogonodon noletil X
Mimotricentes sp. X X
Periptychus carinidens X X X
Mioclaenus turgidus X X
Mioclaenus sp. X
Protoselene cf. P. griphus X
Tetraclaenodon puercensis X X
Phenacodus cf. P. grangeri X
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Figure 13. Selected mammal teeth from Torrejonian localities in the Black Peaks Formation. Ptilodus mediaevus (TxVP 41400-28) left p4 in (A) labial 
view; Psittacotherium multifragum (TxVP 44238-1) right P2 in (B) posterior and (C) occlusal view; (TxVP 42327-5) left ?p1 in (D) anterior, (E) occlusal, and 
(F) posterior views; (TxVP 42327-13) right m2 in (G) labial, (H) occlusal, and (I) lingual views; Chriacus baldwini (TxVP 42327-11) left m1 in (J) occlusal 
and (K) labial views; Chriacus cf. C. pelvidens (TxVP 41400-31) talonid of left ?m2 in (L) oblique anterior, (M) occlusal, and (N) posterior views; (TxVP 
42327-16) trigonid of right ?m1 in (O) oblique anterior, (P) labial, (Q) occlusal, and (R) lingual views; Deuterogonodon noletil (TxVP 40151-1) left m2 and 
talonid of m1 in (S) occlusal and (T) lingual views. Large 5 mm scale bar applies to images A and J–R; small 5 mm scale applies to all remaining images.
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Order Condylarthra Cope, 1881
Family Arctocyonidae Giebel, 1855
Chriacus baldwini (Cope, 1882)
Range: Torrejonian (To1) through Tiffanian (Ti4)

TxVP 42327-11 (Dogie locality) is an unworn 
left m1 (L = 4.9, W = 3.6) with smooth to slightly 
wrinkled enamel, a nearly flat lingual margin, and 
sharp conical cusps with flat internal surfaces. The 
trigonid is substantially taller than the talonid. The 
trigonid basin is small, deep, and enclosed, the pro-
toconid slightly taller than metaconid, paraconid 
small and directly anterior to the metaconid, and 
all connected by cristids (Figs. 13J and 13K). There 
is a small cuspule on the paracristid. The talonid 
is long and wide, the hypoconid much larger than 
the entoconid, small hypoconulid close to the ento-
conid, and all talonid cusps connected by cristids. 
There are no cuspules on the entocristid, and the 
talonid notch is relatively open along the lingual 
margin. The precingulum and labial cingulum are 
contiguous and well developed, extending from 
the anterior base of the protoconid along the 
labial margin and ascending the posterior side of 
hypoconulid.

The present specimen is similar in morphology, 
but slightly larger than an m1 described by Schie-
bout (1974; TxVP 40537-88 referred to Tricentes 
truncatus [ = C. baldwini] L = 4.6, W = 3.1), although 
it is slightly smaller than two also from higher in the 
Black Peaks (TxVP 41365; L = 5.2–5.3, W = 3.2–3.6), 
and one described by Taylor (1984; L = 5.5, W = 3.5) 
from the Nacimiento Formation.

Chriacus cf. C. pelvidens (Cope, 1881)
Range: Torrejonian (To2) through Tiffanian (Ti4)

TxVP 41400-31 (Tom’s Top locality) is the 
unworn talonid of a left lower molar, probably m2 
(Figs. 13L–13N). The talonid basin is deep, circu-
lar, and closed lingually. The hypoconid is larger 
and taller than the entoconid, and the hypoconulid 
is lingual to the midline. The entocristid is cuspi-
date, and there is a distinct entoconulid, as well 
as a small accessory cusp on the cristid obliqua. 
There is no lingual cingulid, but a labial cingulid 
extends to the base of the hypoconid, and there is 
a separate short postcingulid labial of the hypoco-
nulid. This specimen is much larger (PW = 5.1) and 

more cuspidate than TxVP 41365-616 (PW = 3.6; 
m2 referred to Tricentes truncatus [ = C. baldwini] 
by Schiebout, 1974), and is also beyond the upper 
end of the size reported for m2 in C. baldwini by 
Taylor (1984; PW = 4.1–4.7, n = 4). However, TxVP 
41400-31 is well within the size range that Taylor 
(1984; PW = 4.4–5.4, n = 6) and Rigby (1980; PW 
= 4.5–5.7, n = 15) reported for m2 in C. pelvidens, 
and is referred herein to Chriacus cf. C. pelvidens.

TxVP 42327-16 (Dogie locality) is the tri-
gonid of a right ?m1 (AW = 3.6), unworn, with 
smooth enamel referred here tentatively also to 
C. pelvidens (Figs. 13O–13R). The cusps are tall 
and conical, with sharp apices. The proto conid 
is slightly shorter and more anterior than the 
metaconid; the paraconid is well separated from 
the metaconid and slightly lingual to it. The tri-
gonid notch is deep and wide. The paracristid is 
narrow and blade-like, as is the premeta cristid, 
and together enclose a deep trigonid basin. The 
precingulid is short and restricted to the antero- 
labial margin. TxVP 42327-16 is within the reported 
size range for m1 in C. pelvidens (e.g., AW = 3.4–
4.2, n = 2; Taylor, 1984).

Deuterogonodon noletil Van Valen, 1978
Range: Torrejonian (To1 through To2)

TxVP 40151-1 (“T-10” Robber’s Roost locality) 
is a left mandible fragment preserving m2 and the 
talonid of m1 (Figs. 13S and 13T). The m2 (L = 10.1) 
has trigonid slightly higher than the talonid and 
of comparable width. Although the labial edge is 
damaged, the metaconid is slightly smaller but 
comparable in height to the protoconid, and slightly 
posterior to it. There is a small but distinct conical 
paraconid separated from and directly anterior to 
the metaconid. The talonid basin is open lingually, 
with high hypoconid linked to smaller hypoconulid 
and entoconid, and all cusps linked by cristids. The 
m2 is smaller than that in D. montanus (L = 12.6; 
Simpson, 1937) but comparable in size to that in D. 
noletil (Taylor, 1984; L = 9.3).

Wilson (in Maxwell et al., 1967) originally 
referred this specimen to ?Claenodon cf. C. pro-
cyonoides, but Schiebout (1974) subsequently 
recognized it instead as pertaining to ?Deutero-
gonodon sp. Taylor (1984) suggested that the 

specimen could represent D. noletil, and that 
assignment is supported here.

Mimotricentes sp.
Range: Torrejonian (To1) through Tiffanian (Ti6)

TxVP 42327-15 (Dogie locality) is a nearly 
unworn left M3 (L = 5.1, W = 7.0) with crenulated 
enamel and pustulate trigon basin (Figs. 15A–15C). 
A prominent cingulum almost completely encircles 
the tooth, but does not quite pass the base of the 
paracone, and merges with the posterior side of 
the metaconule. The crown is nearly oval in occlu-
sal view, with no ectoflexus. Both paracone and 
protocone are blunt, conical, and comparable in 
height, but the metacone is highly reduced and 
closely appressed to the posterolingual side of the 
paracone. The paraconule is prominent and nearly 
as large as the metacone. The metaconule is low; 
the postprotocrista is well developed and extends 
to the postcingulum.

The crenulated enamel, encircling cingulum, 
nearly oval crown with low cusps, and highly 
reduced metacone are much like that in Mimotri-
centes subtrigonus. However, the present specimen 
is slightly larger than the M3 specimens of M. sub-
trigonus measured by Taylor (1984; W = 6.1–6.7, 
n = 4) and also larger than any in the large sample 
studied by Rigby (1980; W = 5.4–6.75, n = 52).

TxVP 44238-2 (Cobb’s Knob locality) is a slightly 
worn right m3 (L = 7.4, AW = 5.4) with blunt conical 
cusps, crenulated enamel, and talonid basin also 
crenulated (Figs. 15D–15F). The crown is relatively 
wide and quadrangular, with talonid only slightly 
narrower than trigonid. The metaconid is slightly 
taller than the protoconid, and the two are closely 
situated. A continuous paracristid extends to the 
weak paraconid anterior and medial to the metaco-
nid. The precingulum is contiguous with the lingual 
cingulum. Talonid cusps are of comparable height, 
with the hypoconulid slightly taller than hypoconid 
and entoconid. There is a short postcingulid on the 
lingual side of the hypoconulid.

The highly crenulated enamel, low cusps with 
trigonid and talonid of comparable height, weak 
paraconid central on the paracristid, and lingually 
projecting entoconid are all like that in Mimotri-
centes subtrigonus. However, this specimen is 
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larger than those from the Nacimiento Formation 
measured by Taylor (1984; L = 6.1–6.9, n = 12) or any 
in the large sample from the Fort Union Formation 
measured by Rigby (1980; L = 5.7–7.2, n = 75).

Both TxVP 44238-2 and 42327-15 appear to per-
tain to the same taxon, similar to Mimotricentes 
subtrigonus, but both are slightly larger than other 
reported specimens. They are referred herein to 
Mimotricentes sp.

Family Periptychidae Cope, 1881
Periptychus carinidens Cope, 1881
Range: Torrejonian (To1) through Tiffanian (Ti4)

TxVP 43380-1 (Yellow Hill locality; see Straight, 
1996) is a partial right maxilla with slightly worn 
P4 to M2 (Figs. 14A–14B). Lengths and widths 
(in mm) are for P4 (13.3 and 13.9), P5 (11.9 and 
15.1), M1 (11.1 and 13.8), and M2 (10.9 and 13.3), 
respectively. All teeth have strongly corrugated 
enamel with ribs radiating from the crowns on 
both lingual and labial sides, and shallow (not 
expanded) lingual slopes. The premolars have 
tall, inflated paracones, slightly inclined poste-
riorly, with small parastyle and metastyle. The 
protocone on premolars have a marked series of 
cuspules that form a crescentic lingual shoulder. 
P5 is shorter and wider than P4, and has a more 
pronounced lingual lobe, skewed anteriorly. The 
molars are nearly quadrangular in occlusal view, 
with conical paracone and metacone of compara-
ble size, weak centrocrista, and weak parastyle but 
with metastyle forming a distinct small cusp. The 
protocone is low, with well- developed pre- and 
postprotocrista. Paraconule and metaconule are 
small and of comparable size. The hypocone is 
large, and on M2 extends lingually farther than 
the protocone. There is a small cuspule poste-
rior and labial of the hypocone on M2. Pre- and 
postcingulum are well developed, but ectocingu-
lum is very weak.

In size and morphology, the teeth in this spec-
imen are compatible with the revised diagnosis 
for P. carinidens given by Shelley et al. (2018). 
The present specimen is slightly larger than oth-
ers (TxVP 40147-4 and -17) from the Black Peaks 
referred to as P. carinidens by Wilson (in Maxwell 
et al., 1967); however, Taylor (1984) noted that 

Wilson’s specimens are also smaller than those 
pertaining to P. carinidens from the Nacimiento 
Formation (for M1 L = 8.8–13.8, mean = 9.7, W = 
10.7–12.3, mean = 11.5; for M2 L = 8.9–10.3, mean = 
9.4, W = 10.4–11.8, mean = 11.1; n = 5). In contrast, 
the present specimen is significantly smaller than 
others (TxVP 40537-59) that Wilson (in Maxwell et 
al., 1967) and Schiebout (1974) referred instead to P. 
superstes. Although Williamson (1996) and Shelley 
et al. (2018) subsequently considered P. superstes 
a junior synonym of P. carinidens, they also noted 
that some of the Black Peaks specimens fall out-
side the size range of those otherwise referred to 
P. carinidens.

TxVP 44234-1 (Hoplochelys Ridge locality) is a 
slightly worn right m2 (Figs. 14C–14E). The crown 
(L = 9.9, AW = 9.4, PW = 9.3) has strongly corru-
gated enamel, with trigonid wider and longer than 
the talonid. The protoconid is slightly taller than 
metaconid and linked by a strong protocristid; the 
paraconid is anterior to metaconid, and the post-
metacristid is strong, spanning the talonid notch. 
Entoconid and hypoconid are conical and of com-
parable height; the hypoconulid is small and closer 
to the hypoconid. There is a small accessory cusp 
on the cristid obliqua. There is a weak lingual cin-
gulum and postcingulum. The specimen agrees 
in size and morphology with m2 in Periptychus 
carinidens (e.g., Taylor, 1984; L = 8.7–10.8, mean 
= 9.76; AW = 7.2–10.0, mean = 8.4; PW = 6.7–9.7, 
mean = 8.5; n = 5) and is substantially smaller than 
specimens assigned to P. superstes by Schiebout 
(1974) from higher in the Black Peaks (e.g., TxVP 
40537-59; L = 13.2).

TxVP 43455-1 (Periptychus locality) is a frag-
mentary right P5 missing the entire lingual shoulder 
(Figs. 14F–14G). It is smaller (L = 10.4 mm) than in 
TxVP 43380-1. The enamel is strongly corrugated 
with ribs radiating from the crown. The paracone 
is tall and inflated, only slightly inclined posteriorly, 
with small parastyle and metastyle. The protocone 
is broken off.

This specimen is also at the low end of the 
typical size range for P5 in P. carinidens (e.g., L = 
10.6–12.4, mean = 11.2; Taylor, 1984, Ojo Encino 
sample). Although smaller, the specimen compares 
well in form with P5 in TxVP 43380-1.

Family Mioclaenidae Osborn and Earle, 1895
Mioclaenus turgidus Cope, 1881
Range: Torrejonian (To1 through To3)

TxVP 41400-29 (Tom’s Top locality) is a thor-
oughly worn right M1 (Figs. 14K–14N). The 
crown (L = 5.9, W = 8.4) has smooth to slightly 
crenulated enamel; protocone, metaconule, and 
paraconule are completely worn down to the tri-
gon basin. There is a pronounced ectoflexus, and 
the metacone is slightly more lingual than the 
paracone. The labial cingulum is continuous and 
well developed, and the precingulum extends from 
the base of the protocone to the parastyle, which 
forms a low round cusp.

The present specimen is at the upper end of the 
size range for M1 in M. turgidus. Taylor (1984) listed 
ten specimens (L = 5.0–6.1, W = 7.2–8.1) and Mat-
thew (1937) listed seven specimens (L = 5.5–6.5, W 
= 6.6–8.6), all from the Nacimiento Formation, and 
of these, only two are as large as TxVP 41400-29. 
All of these, as well as the present specimen, are 
substantially larger than an M1 from the Dogie 
locality (LSU V-891; L = 4.6, W = 5.9) referred to a 
new species of Mioclaenus by Leslie et al. (2018a; 
see also Standhardt, 1986).

TxVP 42327-12 (Dogie locality) is the posterior 
end of a right mandible with deeply worn m1, m2, 
and m3 (Figs. 14H–14J). A few associated fragments 
of mandible with roots of the premolars cannot be 
confidently reunited with the rest of the specimen. 
All of the molars are large, with bulbous crowns 
and smooth enamel; lengths and widths (in mm) 
are for m1 (7.4 and 6.5), m2 (7.5 and 7.0), and m3 
(7.0 and 5.5), respectively. The crown in m1 is rect-
angular, with trigonid and talonid of comparable 
size, but the entire occlusal surface is worn, and 
the form of cusps is no longer evident. The crown 
in m2 is larger and of similar rectangular form, but 
with the anterolingual side enlarged. It is not quite 
so worn; a remnant of the talonid notch suggests 
that the hypoconid was large. The m3 is smaller 
and narrower; the protoconid is large, paraconid 
small and directly appressed to the anterior side 
of the metaconid. The talonid notch is deep, and 
the hypoconid is large, but the posterior cristid is 
deeply worn, and the form of other talonid cusps 
is uncertain.
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Figure 14. Selected mammal teeth from Torrejonian localities in the Black Peaks Formation. Periptychus carinidens (TxVP 43380-1) partial right maxilla with 
P4 to M2 in (A) labial and (B) occlusal views; (TxVP 44234-1) right m2 in (C) labial, (D) occlusal, and (E) lingual views; (TxVP 43455-1) labial half of right P5 
in (F) occlusal and (G) labial views; Mioclaenus turgidus (TxVP 42327-12) posterior end of right mandible with m1, m2, and m3 in (H) labial, (I) occlusal, and 
(J) lingual views; (TxVP 41400-29) right M1 in (K) posterior, (L) occlusal, (M) anterior, and (N) labial view; (TxVP 42327-10) left m3 in (O) lingual (P) occlusal, 
and (Q) labial view; (TxVP 41400-35) right ?m2 trigonid in (R) occlusal and (S) lingual view; Mioclaenus sp. (TxVP 41400-32) trigonid of left lower molar 
(?m3) in (T) occlusal view. Lower molars are shown with anterior side to left, upper molars are shown with labial side toward top of page; 30 mm scale 
bar applies to images A and B; 5 mm scale bar applies to images C–T.
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Figure 15. Selected mammal teeth from Torrejonian localities in the Black Peaks Formation. Mimotricentes sp. (TxVP 42327-15) left M3 in (A) anterior, (B) occlusal, and 
(C) posterior view; (TxVP 44238-2) right m3 in (D) labial, (E) occlusal, and (F) lingual view; Protoselene cf. P. griphus (TxVP 43380-2) right P4 in (G) posterior,  (H) occlusal, 
(I) anterior, and (J) labial view; Tetraclaenodon puercensis (TxVP 42327-9) four associated teeth including right p3 in (K) labial, (L) occlusal, and (M) lingual view; heel of 
p4 in (N) occlusal view; right m1 in (O) labial, (P) occlusal, and (Q) lingual view; and right m2 in (R) labial, (S) occlusal, and (T) lingual view; (TxVP 41400-34) left M2 in 
(U) labial, (V) anterior, (W) occlusal, and (X) posterior view; (TxVP 41400-30) labial fragment of left M1 in (Y) occlusal and (above) labial views; Phenacodus cf. P. grangeri 
(TXVP 40181-1) fragment of right M2 in Z labial (above) and occlusal view. All lower molars are shown with anterior side to left; upper molars are shown with labial side 
toward top of page; 5 mm scale bar applies to all images.
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The size of these molars is at the upper limit of 
the distribution for M. turgidus from the Nacimiento 
Formation reported by Taylor (1984; lengths for m1 
= 6.1–6.9, m2 = 6.8–7.6, m3 = 5.7–7.1, n = 7), and Mat-
thew (1937; lengths for m1 = 6.1–6.9, m2 = 6.1–6.9, 
m3 = 5.7–6.7, n = 6), and all of these as well as the 
present specimen are substantially larger than in 
the new species of Mioclaenus recognized by Leslie 
et al. (2018a) also from the Dogie locality (see also 
Standhardt, 1986).

TxVP 42327-10 (Dogie locality) is a worn left m3 
(Figs. 14O–14Q) with smooth to slightly wrinkled 
enamel, and short stout cusps. It is very similar in 
form and size to the m3 in TxVP 42327-12 (described 
above) but not as deeply worn. The protoconid is 
large, paraconid is small and directly anterior to 
the metaconid. The talonid notch is deep, and the 
talonid basin is broad and shallow; the hypoco-
nid is large, but there is no entoconid, and only 
a very weak hypoconulid; instead there are three 
minute cuspules along the posterior cristid. There 
is a strong precingulid and short labial cingulid. The 
size of this specimen (L = 6.9, AW = 4.8, PW = 3.9) 
is also at the upper end of the distribution for M. 
turgidus from the Nacimiento Formation reported 
by Taylor (1984; L = 5.7–7.1, AW = 4.4–4.8, PW = 
3.5–4.0, n = 10) and Matthew (1937; L = 5.7–6.7, AW 
= 4.2–4.7, n = 5), and much larger than the m3 in the 
new species of Mioclaenus recognized by Leslie et 
al. (2018a) also from the Dogie locality (LSU V-881; 
for m3 L = 5.2, AW = 3.4; see Standhardt, 1986).

TxVP 41400-35 (Tom’s Top locality) is the trigo-
nid of a right ?m2 (AW = 6.5), unworn, with faintly 
wrinkled enamel referred here tentatively also to M. 
turgidus (Figs. 14R and 14S). The cusps are blunt 
and conical, with metaconid slightly taller than 
protoconid, paraconid only slightly shorter, and 
directly anterior to the metaconid from which it is 
separated by a narrow cleft. The paracristid is sharp, 
smooth, contiguous with the protoconid, and com-
pletely encircles the trigonid basin. There is a short 
metastylid. The precingulid extends completely 
around the anterior margin of the crown from the 
base of the paraconid to the base of the protoconid, 
and bears several small cuspules anterior to the 
paraconid. The crown is markedly constricted at 
the talonid notch. As with the specimens described 

above, TxVP 41400-35 is at the upper end of the 
reported size range for m2 in M. turgidus (e.g., AW 
= 6.0–6.6, n = 7; Taylor, 1984) and exceeds the sizes 
given for the other lower molars. Hence, if the refer-
ral to M. turgidus is correct, this specimen likely 
represents an m2.

Mioclaenus sp.
Range: Torrejonian (To1 through To3)

TxVP 41400-32 (Tom’s Top locality) is the trigonid 
of a left lower molar (?m3; AW = 4.2) with slightly 
wrinkled enamel, protoconid and metaconid sepa-
rate, blunt, conical, similar in height, and opposite 
one another, a large paraconid, distinct and directly 
anterior to the metaconid, and a strong paracris-
tid extending entirely across the anterior end of 
the trigonid basin to the protoconid (Fig. 14T). The 
paracristid is crenulated with distinct cuspules on 
the anterolabial side of the paraconid and anterior 
base of the protoconid. Although this specimen has 
a more markedly cuspate paracristid, it is similar in 
morphology, and only slightly larger than the m3 in 
the new species of Mioclaenus recognized by Leslie 
et al. (2018a) from the Dogie locality (LSU V-881; AW 
= 3.4; see Standhardt, 1986). The present specimen 
may record this species also at the Tom’s Top locality.

Protoselene cf. P. griphus (Gazin, 1939)
Range: Torrejonian (To1)

TxVP 43380-2 (Yellow Hill locality; Straight, 1996) 
is a right P4 (L = 6.2, W = 5.0), oval in occlusal 
view, with a stout blunt crown, wrinkled and cren-
ulated enamel, a bifurcated labial root, and single 
lingual root (Figs. 15G–15J). The prominent conical 
paracone and protocone are of comparable height; 
the metacone is much smaller. There are a small 
parastyle and metastyle and a weak precingulum 
and postcingulum.

This specimen is nearly oval in occlusal view, 
and has slightly weaker metastyle and parastyle, 
but is otherwise similar in form to P4 in P. griphus. 
It is quite a bit smaller than in the type specimen 
( = ‘Dracoclaenus’ griphus of Gazin, 1939; L = 8.3*, 
W = 5.7*) but about the same size as a referred 
specimen shown by Williamson and Lucas (1992; 
L = 6.3*, W = 5.2*). Very few specimens of P. gri-
phus are known; so slight variations such as in the 

present specimen are of uncertain significance. We 
refer the specimen here to Protoselene cf. P. griphus.

Family Phenacodontidae Cope, 1881
Tetraclaenodon puercensis Cope, 1881
Range: Torrejonian (To1) through Tiffanian (Ti1)

TxVP 42327-9 (Dogie locality) comprises four 
associated teeth that were recovered in series 
adjacent to one another, and certainly pertain to 
a single individual; these are a right p3, heel of p4, 
m1, and m2 (Figs. 15K–15T). The crowns are poorly 
preserved (m1 is fractured through the trigonid), 
but the morphology is clear, and the stout buno-
dont cusps are only slightly worn. The p3 (L = 7.3, 
W = 4.5) has a distinct precristid and small paraco-
nid anterior and lingual to the tall protoconid, and 
a basined heel with several weak cusplets along 
the posterior rim. Only the talonid heel of p4 is 
preserved (W = 5.3); it is bicuspid with a strong 
entoconid and hypoconid; the hypoconulid is very 
weak. The trigonid and talonid in both m1 (L = 8.6* 
AW = 6.6, PW = 6.8) and m2 (L = 9.5, AW = 7.3, PW 
= 7.0) are nearly the same height, with metaconid 
slightly taller than protoconid. Both molars have 
strong paracristids, but only m1 has a distinct 
paraconid. Both have small hypoconulids. Precin-
gulum and postcingulum are present, but better 
developed on m1 than on m2.

These teeth agree in morphology with those of 
T. puercensis and are at the upper end of the size dis-
tribution reported by West (1976) for the Rock Bench 
locality (m2 L = 7.1–8.5, mean = 8.0, n = 17), and 
by Taylor (1984) for the lower Nacimiento Forma-
tion (m2 L = 7.8–9.5, mean = 8.8, n = 28), but well 
within the size range Taylor reported for the upper 
Nacimiento (m2 L = 8.1–10.0, mean = 9.1, n = 7).

TxVP 41400-34 (Tom’s Top locality) is a left M2 
(L = 6.6, W = 8.4), complete and only slightly worn, 
with slightly corrugated enamel, particularly on the 
labial side of the crown and on the anterior face of 
the protocone (Figs. 15U–15X). The crown is rect-
angular, and the cusps are blunt and round, except 
for the protocone, which is crescentic with dis-
tinct pre- and postprotocristae. The paracone and 
metacone are connected by a distinct centrocrista, 
but paracrista and metacrista are weak. Paraconule 
and metaconule are large and distinct, as is the 
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hypocone, which is independent and slightly labial 
to the protocone. The parastyle is small but distinct. 
There is no metastyle or mesostyle, but the labial 
cingulum is minutely cuspidate. The cingulum is 
broad and almost completely encircles the crown 
labially from the anterior base of the protocone 
around to the posterior base of the hypocone. 
The metacone is slightly more lingual than the 
paracone, and the posterior part of the crown has 
slightly less labial extension; hence, TxVP 41400-34 
is identified as an M2 (e.g., Taylor, 1984).

TxVP 41400-34 is substantially smaller, but very 
similar in form to TxVP 40147-19, an M2 (L = 8.4, W 
= 10.3) from the “T2” locality that Wilson (in Max-
well et al., 1967) and Standhardt (1986) assigned 
to Tetraclaenodon puercensis, but that Schiebout 
(1974) instead referred to Phenacodus matthewi. 
TxVP 41400-34 is certainly smaller than most upper 
molars referred to Tetraclaenodon puercensis (e.g., 
Taylor, 1984; Thewissen, 1990); however, both West 
(1976) and Williamson (1996) discussed a group of 
similarly small specimens, and suggested that these 
might represent a small subspecies, T. puercensis 

‘pliciferus,’ rather than the larger and more wide-
spread T. puercensis ‘puercensis.’ The dimensions 
of TxVP 41400-34 are within the size limits of this 
smaller population (e.g., West, 1976, Nacimiento 
Formation “lower Torrejon” sample M2 L = 6.2 – 
8.8, n = 23).

TxVP 41400-30 (Tom’s Top locality) is a bro-
ken left M1 preserving only the labial half of the 
crown, tentatively here also referred to T. puercen-
sis (Fig. 15Y). The paracone and metacone are low 
and conical with weak paracristid and metacristid. 
The labial cingulum is pronounced, with a crenu-
lated border bearing several minute cuspules, a 
small mesostyle, and a prominent parastyle directly 
anterior to the paracone. There is also a tiny cusp 
lingual to the mesostyle on the centrocristid. This 
specimen (L = 7.0 mm) is at the low end of the 
size range for M1 in T. puercensis reported by West 
(1976; L = 5.9–9.3, n = 57) and Taylor (1984; L = 
7.0–9.0, n = 26) for multiple localities they studied.

Although some authors (e.g., Thewissen, 1990) 
indicate that upper molars of Tetraclaenodon lack a 
mesostyle, Taylor (1984) found that in the collection 
he studied nearly half (12 of 26 M1 and 9 of 19 M2) 

have a mesostyle. The small mesostyle on M2 in 
TxVP 40147-19, referred by Wilson (in Maxwell et al., 
1967) and Standhardt (1986) to T. puercensis, is much 
like that in TxVP 41400-30. Hence, although TxVP 
41400-34 lacks a mesostyle while TxVP 41400-30 
possesses one, their features are otherwise so sim-
ilar that the two are here referred to the same taxon.

Phenacodus cf. P. grangeri Simpson, 1935
Range: Tiffanian (Ti1 through Ti6)

TxVP 40181-1 (Rock Crusher locality) is a frag-
mentary worn right M2 missing the entire lingual 
part of the crown and parts of the anterior edge 
(Fig. 15Z). The crown is broad and quadrangular 
(L = 10.5+, if complete ~11 mm) with faintly wrinkled 
enamel and blunt bunodont cusps. The paracone 
is markedly taller than the metacone; both are only 
slightly worn. The protocone is mostly broken away, 
as is the hypocone, and both are worn down to 
their base. The paraconule is much larger and 
more severely worn than the metaconule, which 
lies directly between the metacone and hypocone. 
There is a very large parastyle; the mesostyle is 
also very strong and connects the postcingulum to 
the metacone. The postcingulum extends at least 
to the base of the hypocone, but its lingual end is 
broken. Only part of the precingulum is preserved 
along the base of the paraconule.

This specimen (TxVP 40181-1) is the only one 
known from the “Rock Crusher” locality (see dis-
cussion below). Wilson (p. 104 in Maxwell et al., 
1967) initially referred the specimen to Lambdoth-
erium sp.; however, subsequently he identified it 
as Phenacodus cf. P. primaevus (unpublished note 
left with specimen dated 1975; see discussion by 
Lehman et al., p. 27). The very strong parastyle and 
mesostyle are more like that in P. matthewi; however, 
this is an assessment made primarily on the basis of 
TxVP 40536-167 (Thewissen, 1990), a specimen that 
Schiebout (1974) had referred instead to Ectocion cf. 
E. montanensis. Although incomplete, 40181-1 is cer-
tainly larger than any M2 assigned to P. matthewi (L = 
7.8–9.3, n = 3; Schiebout, 1974). Its size is in low end 
of the range for M2 in P. grangeri (e.g., L = 10.8–13.3, 
n = 22; Thewissen, 1990, Cedar Point sample). Given 
its fragmentary condition, the specimen is assigned 
here to Phenacodus cf. P. grangeri.

Maximum Depositional Ages Based on 
Detrital Zircons

A sample (JC 8) was separated for detrital zircon 
U-Pb geochronology from the sandstone layer at 
the top of the “odd conglomerate” bed at the Rough 
Run East outcrop. This is the same sandstone 
layer that yielded the charophyte flora described 
above, and from which the spherule-like grains 
and quartz grains with planar deformation features 
also described were collected (Fig. 11; Cobb, 2016). 
The 206Pb/238U age distribution for this detrital zir-
con sample provides a maximum depositional age 
estimate for the “odd conglomerate.”

Much smaller samples of zircons were also 
obtained from two mudstone beds (samples KT4 
and KTTb) at the Dawson Creek outcrop. These 
mudstone beds were initially sampled because their 
low density and light color suggested these could 
be reworked or altered tuff beds, and the washed 
sand fraction contained altered glass shards and 
bipyramidal quartz grains. It is clear, however, from 
the age distribution of zircons separated from these 
samples, that these are also detrital assemblages, 
and therefore provide only estimated maximum 
depositional ages.

Sample JC 8 (“Odd Conglomerate”)

The large sample of zircons (n = 133) obtained 
from the “odd conglomerate” is remarkably concor-
dant (92%–104%) in the Wetherill U-Pb concordia 
plot (Table S1, see footnote 1). Thus, no analyses 
were excluded from the age histogram–KDE plot 
(Fig. 16) for this sample. Detrital zircons are domi-
nated by 206Pb/238U ages between ca. 62 and 97 Ma 
(114/133 or 86%) and particularly ca. 62 and 69 Ma 
(76/133 or 57%). Sparse older zircons extend in age 
to ca. 1680 Ma. The maximum depositional age 
(MDA) can be estimated from the zircon sample 
by various methods (Coutts et al., 2019). If the age 
and uncertainty of the youngest grain measured 
within the sample provides the MDA and its uncer-
tainty (e.g., Dickinson and Gehrels, 2009), then the 
206Pb/238U age = 61.9 ± 0.9 (2σprop) Ma (Table S1). If 
the weighted average of the youngest three ages 
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Figure 16. U-Pb detrital zircon age histogram–
kernel density estimation (KDE) plots for JC 8 
(n = 133 grains with analyses 105%–80% con-
cordant with respect to 206Pb/238U–207Pb/235U 
ratios), KT4 (n = 11 concordant analyses), and 
KTTb (n = 16 concordant analyses) samples from 
the Dawson Creek outcrop. Kernal and histo-
gram bandwidths are 20 Ma. Insets show the 
weighted average ages for the three youngest 
zircon grains for each sample, representing an 
estimate of the maximum depositional age 
(MDA). Plots and calculated means for each set 
of three ages are generated using the IsoplotR 
software (Vermeesch, 2018), where mean = 
weighted mean age (μ) ± standard error (σ) of μ| 
± width of the 100(1-α)% confidence interval for 
μ| ± approximate 100(1-α)% confidence interval 
for μ with overdispersion. MSWD—mean square 
of weighted deviates for age homogeneity; p(χ2) 
= Chi-squared p-value for the age homogeneity 
test. At the far right are backscattered electron 
(BSE) ± cathodoluminescence (CL) images of 
the three youngest zircon grains, with the laser 
spot analysis location within each grain indi-
cated by the red dot and associated analysis 
sequence number.
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that overlap with 2σ uncertainty is used (e.g., Zhang 
et al., 2016), then the 206Pb/238U age = 62.17 ± 0.66 
(2σ) Ma (Fig. 16).

A dominant mode in the detrital zircon age pop-
ulation falls between 65 and 67 Ma (25/133 or 19%), 
which generally coincides with the time of the K-Pg 
boundary event (66 Ma; Renne et al., 2013), and so 
a large fraction of the zircon population appears 
to have been reworked from deposits of that age. 
Lesser modes at ca. 75 Ma and ca. 83 Ma generally 
coincide with ages of volcanic activity in the Sierra 
Madre Occidental of western Mexico (e.g., McDow-
ell et al., 2001), a likely source area for sediments 
of the Tornillo Group (Lehman, 1991).

Sample KT4

Sample KT4 was collected from a mudstone bed 
14 m above the “odd conglomerate” at the Daw-
son Creek outcrop (Fig. 17). This sample, and KTTb 
discussed below, are dominated by grains >20% dis-
cordant with respect to 206Pb/238U–207Pb/235U ratios. The 
discordant analyses plot to the right of the Wetherill 
concordia (Fig. S1, see footnote 1) as positive arrays 
with low slopes, suggesting the incorporation of 
variable amounts of common Pb. Thus, for analy-
ses <20% discordant, common Pb corrections were 
made to the data using the 207Pb method assuming 
an age- appropriate Pb composition from the Stacey 
and Kramers (1975) two-stage Pb-evolution model.

For sample KT4, analyses for 11 common Pb–
corrected zircon grains were obtained and range in 
age from ca. 63–90 Ma (Table S2, see footnote 1). If, 
as above, the age and uncertainty of the youngest 
grain measured within the sample provide the MDA 
and its uncertainty, then the common Pb corrected 
206Pb/238U age = 62.7 ± 0.8 (2σprop) Ma. If the weighted 
average of the youngest three dates that overlap 
with 2σ uncertainty is used, then the 206Pb/238U age 
= 62.72 ± 0.46 (2σ) Ma (Fig. 16).

Sample KTTb

Sample KTTb was collected from a mud-
stone bed 1 m above the “Tom’s Top” site at the 

Dawson Creek outcrop (Fig. 17). Only 13 common 
Pb–corrected, concordant zircon grains were 
obtained from this sample. Their ages range from 
ca. 63–99 Ma, with outliers at 153 and 173 Ma 
(Table S2). If, as above, the age and uncertainty 
of the youngest grain measured within the sam-
ple provides the MDA and its uncertainty, then the 
common Pb–corrected 206Pb/238U age = 62.8 ± 0.7 
(2σprop) Ma. If the weighted average of the young-
est three ages that overlap with 2σ uncertainty is 
used, then the 206Pb/238U age = 63.13 ± 0.46 (2σ) Ma 
(Fig. 16).

 ■ DISCUSSION

The Cretaceous-Paleogene Contact

In all seven areas where the contact between 
Cretaceous and Paleocene strata can be con-
strained with biostratigraphically useful fossils, the 
K-Pg contact lies between the uppermost part of the 
Javelina Formation and the base of the “log jam 
sandstone” interval in the Black Peaks Formation, 
and generally less than 80 m above the top of the 
Javelina Formation.

In exposures on Dawson Creek and Rough Run 
Creek the K-Pg contact is marked by the peculiar 

“odd conglomerate”—a thin bed resting on an ero-
sional surface incised into the underlying strata. 
Although this bed coincides with the contact 
between Cretaceous and Paleocene strata, and is 
superficially similar to deposits elsewhere inter-
preted as a product of tsunami generated by the 
Chicxulub impact (e.g., Cobb, 2016), the MDA of ca. 
63 Ma reported herein for the “odd conglomerate” 
indicates that this deposit postdates the Chicxu-
lub impact by several million years. Sand in the 

“odd conglomerate” includes a few rare grains 
with planar deformation features and siliceous 
spherule-like grains with morphologies similar to 

“splash form” microtektites. While it is possible that 
these unusual grains were reworked from deposits 
that originated at the time of the K-Pg boundary 
impact, there is no compelling evidence for that, 
and a more mundane pyroclastic origin for these 
few unusual grains is just as likely.

The “odd conglomerate” appears to represent a 
thin residual veneer of alluvial deposits that accu-
mulated on the K-Pg disconformity. In most areas, 
the conglomerate bed is thin, matrix- supported, 
poorly sorted, weakly stratified, and with large 
subangular “outsized” clasts (Facies A). These are 
features commonly associated with deposits result-
ing from mass- gravity movement such as creep 
or debris flow (e.g., reviewed by Middleton and 
Hampton, 1973; Selby, 1993; Miller and Juilleret, 
2020). In a few areas, the conglomerate is thicker 
and is instead clast- supported, better sorted, with 
rounded clasts, and well stratified in fining- upward 
beds (Facies B). These are features typical of bed-
load deposits accumulated by traction transport in 
channelized watercourses (e.g., reviewed by Miall, 
1996). These thicker lenses may represent the fill 
of small channels cut on the disconformity surface.

In addition to fragmentary dinosaur bones 
and teeth, the “odd conglomerate” contains a 
charophyte flora indicative of Maastrichtian age; 
however, given the ca. 63 Ma MDA estimate, these 
fossil occurrences must all be a product of rework-
ing from underlying strata and do not convey the 
actual depositional age of the “odd conglomerate.” 
Occurrences of apparently reworked fossils in both 
marine and continental K-Pg boundary strata have 
been a subject of much interest and debate, with 
some workers arguing for a “conventional” inter-
pretation—that such fossils record exhumation and 
re-burial of remains derived from Cretaceous strata 
(e.g., Olsson and Liu, 1993; Arz et al., 2004; Sullivan 
et al., 2005); others argue, however, that such fos-
sils are not reworked and that the impact horizon 
therefore preceded the later extinction of Creta-
ceous taxa (e.g., Keller et al., 2004), or that such 
fossils record the survival of “Cretaceous” taxa 
into Paleocene time (e.g., Sloan et al., 1986; Fassett, 
2009; Fassett et al., 2010). The MDA assessment 
reported herein indicates that fossils found in the 

“odd conglomerate” must certainly be reworked, 
although the time span separating the original 
burial of the remains from their later exhumation 
and re-burial as fossils (~3 million years) seems 
extraordinary.

The magnitude of the disconformity at the 
K-Pg contact appears to vary, however, across the 
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Tornillo Basin from west to east. About 80 m of 
strata, between the top of the Javelina Formation 
and base of the “odd conglomerate” are present at 
Rough Run Creek and at all sites farther east, but 
these strata are absent at the Dawson Creek expo-
sure, where the “odd conglomerate” is 8 m below 
the top of the Javelina Formation (Fig. 2). In areas 
east of Dawson Creek where this intervening 80 m 
section is preserved, it is largely unfossiliferous; 
however, at several sites inarguably in situ dino-
saur specimens have been collected immediately 
below the “odd conglomerate” (e.g., TxVP 45891 
at Rough Run Amphitheater; see Fig. 2, section #2) 
or immediately below sites that preserve bonafide 
Torrejonian mammalian specimens (e.g., TxVP 
43621 at Grapevine Hills; see Fig. 2, section #7). 
These sites indicate that even outside of the Daw-
son Creek and Rough Run Creek areas, and perhaps 
everywhere in the Tornillo Basin, early Paleocene 
strata are absent. Strata of middle Torrejonian (To2) 
age rest directly on those of late Maastrichtian age. 
If the upper part of the Javelina Formation at Daw-
son Creek is correctly correlated with C29r (Leslie et 
al., 2018a), then the hiatus represented by this dis-
conformity includes the entire Puercan and earliest 
Torrejonian (To1) interval zones. Moreover, there is 
no compelling evidence to indicate that the K-Pg 
boundary event horizon itself is preserved at any 
of the seven sites, and so some part of latest Maas-
trichtian time is likely also included in this hiatus 
as well. The disconformity must therefore span at 
least 3 million years—from ca. 66–63 Ma.

Age Assessments Based on Mammalian Fauna

All eight of the Paleocene vertebrate fossil sites 
within the K-Pg contact interval yield mammalian 
fossils that are compatible with the Torrejonian age 
assessment that Leslie et al. (2018a) documented 
for the Tom’s Top and Dogie localities. Additional 
specimens from those localities described herein 
corroborate that assessment. On the basis of the 
presence of Mixodectes malaris and Plesiolestes 
nacimienti (Tom’s Top, TxVP 41400) and Ellipsodon 
inaequidens (Dogie, TxVP 42327), Leslie et al. (2018a) 
concluded that the Tom’s Top and Dogie faunas are 
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Figure 17. Detailed stratigraphic 
section of the K-Pg contact inter-
val at the Dawson Creek exposure 
(section #1 of Fig. 2) showing 
position of detrital zircon sam-
ples relative to sites that yielded 
uppermost dinosaur specimen con-
sidered in situ (not reworked) and 
sites yielding Paleocene mammals; 
dinosaur specimens that are prob-
ably reworked are indicated with 
question marks; on left is shown 
the preferred correlation of mag-
netic polarity zones for the Dawson 
Creek section given by Leslie et al. 
(2018a) with arrow indicating most 
likely position of disconformity at 
base of magnetic overprint inter-
val (cross- hatched) rather than top. 
MDA—maximum depositional age; 
cl—claystone; si—siltstone; ss—
sandstone; cg—conglomerate.
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correlative with the middle Torrejonian (To2 interval 
zone). Moreover, mammals recovered at other sites 
within this interval, Psittacotherium multifragum 
(Cobb’s Knob, TxVP 44238) and Dueterogonodon 
noletil (Robber’s Roost, TxVP 40151), have first 
appearances elsewhere also in the middle Torrejo-
nian (e.g., Lofgren et al., 2004), and so it seems likely 
that this entire stratigraphic interval pertains to the 
middle Torrejonian (To2 interval zone).

Of the additional taxa reported herein, only 
TxVP 43380-2 assigned to Protoselene cf. P. gri-
phus suggests possible correlation instead with the 
early Torrejonian (To1) inasmuch as this species is 
thought by some (e.g., Lofgren et al., 2004) to indi-
cate an early Torrejonian age. However, the referral 
here is a tentative one, and specimens attributed 
to this species are otherwise so rare that its use-
fulness for biostratigraphy may be dubious (e.g., 
Williamson and Lucas, 1992). Viewed collectively, 
the taxa known from all eight sites are compati-
ble with correlation to the middle Torrejonian (To2 
interval zone). All of these sites are from within the 
stratigraphic interval lying between the top of the 

“odd conglomerate” and the base of the “log jam 
sandstone” marker horizon.

The “T2” site (TxVP 40147) is, however, sub-
stantially higher (≈40–60 m) than the other eight 
sites described above, and it is one of only a few 
sites thus far known from the level of the “log jam 
sandstone” (Fig. 2, section #8). The “T2” site actu-
ally consists of two nearby sites (“Middle Peak” 
and “Alligator Alley”) within 3 m stratigraphically 
of one another, both within the “log jam sandstone” 
interval (Fig. 2, section #8). The mammalian fauna 
from “T2” has been variously interpreted. Wilson 
(in Maxwell et al., 1967) indicated that the fauna was 
Torrejonian in age, but Schiebout (1974) and Rapp 
et al. (1983) suggested a Tiffanian age. Schiebout 
et al. (1987, their table 1) listed the “T2” fauna as 
Torrejonian, but elsewhere (their figure 7) indicated 
a Tiffanian age. Lofgren et al. (2004) argued for a 
Torrejonian (To2?) age assessment.

Several taxa recorded from the “T2” site (TxVP 
40147-34, -64 Mimetodon silberlingi, 40147-6, -15, 
-38, -45, -46, -66, -68 Baiotomeus douglassi) make 
their first appearance in late Torrejonian (To3), oth-
ers (TxVP 40147-62 Navajovius kohlhaasae) a first 

appearance in early Tiffanian (Ti1; Lofgren et al., 
2004). If TxVP 40147-19 is correctly referred to Tetra-
claenodon puercensis (see Wilson, in Maxwell et 
al., 1967; Standhardt, 1986), then the site can likely 
be no younger than the Ti1 interval zone. The “T2” 
site is certainly higher stratigraphically than any of 
the sites within the K-Pg contact interval discussed 
above, and the mammalian fauna here is thus prob-
ably latest Torrejonian (To3) to early Tiffanian (Ti1) 
in age. Navajovius kohlhaasae is considered by 
some to be an index for the early Tiffanian (Ti1; 
Lofgren et al., 2004), and if so, the “T2” fauna is 
early Tiffanian (Ti1 interval zone).

Apart from the mammalian taxa represented 
in the “T2” fauna, confusion regarding this site 
derives, at least in part, from uncertainty about 
its stratigraphic position. The “T2” site is at the 
McKinney Hills outcrop on eastern Tornillo Flat 
(Fig. 4), ~7 km distant from the type section of the 
Black Peaks Formation on western Tornillo Flat 
where the well- studied stratigraphic succession 
of Tiffanian (Ti1 through Ti5) mammalian faunas 
described by Schiebout (1974) were collected. Wil-
son (in Maxwell et al., 1967) indicated that the “T2” 
site was 43 m above the base of the Black Peaks 
Formation, and this stratigraphic placement was 
accepted by Schiebout (1974) as well as subsequent 
workers. But the position of the lower contact (as 
it was mapped at that time) differed between the 
western and eastern sides of Tornillo Flat (see Leh-
man et al., 2018). The “T2” site is actually lower 
than all sites on western Tornillo Flat except TxVP 
41274 (“C-Con” site of Standhardt, 1986) and 41377 
(“Schiebout- Reeves Quarry” of Schiebout, 1974); 
these sites are not lower than “T2” but are instead 
at a comparable stratigraphic level (the “log jam 
sandstone” interval). These sites also yielded a 
fauna regarded as either latest Torrejonian or ear-
liest Tiffanian age (Schiebout, 1974; Standhardt, 
1986). In addition, the “Rock Crusher” site (TxVP 
40181), 4 km southwest of “T2” also in the “log 
jam sandstone,” produced a specimen referred 
here to Phenacodus cf. P. grangeri (see description 
above). Although the specimen is fragmentary, it 
also suggests that the age for this interval is likely 
Tiffanian, and can be no older than late Torrejonian 
(To3; Thewissen, 1990; Lofgren et al., 2004).

Collectively, all of the sites thus far known from 
within or around the “log jam sandstone” interval 
(TxVp 40147, 40181, 41274, and 41377) are most com-
patible with an early Tiffanian (Ti1) age assessment. 
If this is correct, then the latest Torrejonian (To3) 
interval could be entirely missing in the Black Peaks 
Formation, and the base of the “log jam sandstone” 
may coincide with a second intra–Black Peaks dis-
conformity (spanning ~500 k.y.) separating strata 
bearing a To2 fauna from those bearing a Ti1 fauna.

Moreover, the To2 interval zone occurs within 
reversed polarity chron C27r, while the To3 inter-
val zone occurs within normal polarity chron C27n 
(Leslie et al., 2018b; Flynn et al., 2020), and the Ti1 
interval zone occurs within reversed polarity chron 
C26r (Lofgren et al., 2004). The absence of an inter-
val with normal magnetic polarity between strata 
bearing a To2 fauna and those bearing a Ti1 fauna 
in either of the paleomagnetic polarity sequences 
documented for the Black Peaks Formation (Rapp et 
al., 1983; Leslie et al., 2018a) therefore also accords 
with the presence of this second intraformational 
disconformity (Fig. 2).

Maximum Depositional Age Estimates

Maximum depositional ages based on 206Pb/238U 
ages for detrital zircons in the “odd conglomerate” 
at Rough Run Creek, and for stratigraphic units 
below and above the Tom’s Top locality on Daw-
son Creek, indicate that the “odd conglomerate” 
and at least 40 m of overlying strata are no older 
than 63–62 Ma, an age compatible with the middle 
Torrejonian age assessment based on the mamma-
lian fauna discussed above (To2 interval zone, ca. 
63.5–62.5 Ma; Flynn et al., 2020; Fig. 17). Moreover, 
the most robust of the MDA determinations (for 
sample JC 8) also yields the youngest 206Pb/238U age 
of ca. 62 Ma, or considering uncertainty from 60.5 
to 62.8 Ma; and this suggests that the Black Peaks 
Torrejonian mammalian fauna may represent only 
the later part of the To2 interval zone instead of the 
earliest part (Flynn et al., 2020).

These MDA estimates indicate that the discon-
formity Leslie et al. (2018a) hypothesized at the 
base of the Tom’s Top sandstone (194 m level in 
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the section shown in their figure 2) must instead 
lie ~30 m lower in the section, at the base of the 

“odd conglomerate” (not shown in their section, but 
≈165 m level in their figure 2). Therefore, the entire 
magnetic overprint interval that they identify below 
Tom’s Top likely also pertains to C27r rather than 
C29r (Fig. 17).

Bataille et al. (2019; see also Colliver, 2017) also 
described two detrital zircon samples from the 
lower part of the type section of the Black Peaks 
Formation on western Tornillo Flat. The lowermost 
of their samples (#113015LC-02 of Colliver, 2017) 
is from a sandstone bed within the K-Pg contact 
interval. The youngest single zircon grain in this 
sample yielded a 206Pb/238U age of 62.8 ± 1.6 (2σ) 
Ma, and based on the youngest mode in the age 
histogram plot, Colliver (2017) estimated the MDA 
as ca. 64 Ma. This sandstone bed has not produced 
any diagnostic fossils, and its stratigraphic position 
relative to the K-Pg contact is uncertain. Its lithology 
and general stratigraphic level (~50 m above the 
top of the Javelina Formation) are, however, com-
parable to the sandstone at the “Hoplochelys Ridge” 
site nearby at Grapevine Hills (5 km southwest of 
Tornillo Flat; Fig. 2, section #7). Regardless of its 
precise correlation, the detrital zircon age distribu-
tion and estimated MDA given by Colliver (2017) for 
the sandstone on Tornillo Flat are quite similar to 
those reported here for the “odd conglomerate” on 
Rough Run Creek. Thus, the disconformable rela-
tionship between Upper Cretaceous and Paleocene 
strata documented for the western part of the Park 
likely applies to the eastern part of the Park as well.

A second detrital zircon sample described by 
Bataille et al. (2019) is from the “log jam sandstone” 
interval (sample # 113015LC-03 of Colliver, 2017). 
The youngest single zircon grain in this sample 
yielded a 206Pb/238U age of 60.6 ± 1.6 (2σ) Ma; how-
ever, the age determined for this grain is a distinct 
outlier in the age distribution. The youngest mode 
in the age histogram plot is markedly older (72–
82 Ma), and therefore, Colliver (2017) estimated 
the MDA as ca. 79 Ma. Nevertheless, the age of the 
youngest single grain in the sample is compatible 
with assessment of the mammalian fauna of the 

“log jam sandstone” as within the early Tiffanian 
(Ti1 interval zone; ca. 61–60 Ma, Lofgren et al., 2004) 

and substantially younger than the underlying part 
of the Black Peaks Formation (see above).

Origin of the “Odd Conglomerate”

The unusual attributes of the “odd conglomer-
ate” suggest that it records an unusual event that 
took place during the hiatus represented by the 
disconformity in the section between ca. 66 and 
63 Ma. And yet, this thin bed is so obscure that 
it has gone largely unnoticed prior to the present 
work. For example, in the alluvial sequence strati-
graphic model Atchley et al. (2004, their figure 3) 
presented for the Javelina–Black Peaks succession 
at Dawson Creek, they recognized two sequence 
boundaries—one within the middle of the Javelina 
Formation and the other within the middle of the 
Black Peaks Formation (at 127 and 215 m in their 
stratigraphic section). Neither of these sequence 
boundaries coincide with two unconformities that 
Leslie et al. (2018a; at 100 and 194 m in their fig-
ure 2) recognized on the basis of magnetic polarity 
stratigraphy in the same section. The “odd con-
glomerate” (not shown but at about the 165 m mark 
in their stratigraphic section) does not correspond 
to any of these hypothesized sequence boundaries 
or unconformities.

Although not recognized by either Atchley et 
al. (2004) or Leslie et al. (2018a), one plausible 
interpretation of the “odd conglomerate” is that 
it coincides with a major stratigraphic sequence 
boundary resulting from a eustatic fall in sea level. 
For example, the eustatic cycle chronology of Haq 
(2014) shows a major early Paleocene sequence 
boundary (“PaDa3” sea-level fall event) with an 
estimated peak age of 63.8 Ma. Sedimentation 
in the Tornillo Basin could have been affected 
by eustatic sea-level changes. The basin was not 
closed hydrologically; throughout deposition of the 
Javelina–Black Peaks succession stream flow was to 
the southeast, and this fluvial system is presumed 
to have reached an outlet at sea level, ~300 km 
away in northeastern Mexico (Lehman et al., 2018; 
Lehman, 2021).

If the disconformity at the base of the “odd con-
glomerate” does represent a major stratigraphic 

sequence boundary, the conglomerate itself could 
be interpreted as the basal lowstand systems tract 
(e.g., fluvial channel thalweg deposits of Allen and 
Posamentier, 1993) within an incised valley system. 
The “odd conglomerate” bed does occupy the floor 
of a paleo- valley at the Rough Run East outcrop, 
or a “paleo- gully,” given its small width (800 m, 
Fig. 9). Incised valley- fill deposits have been widely 
described in marginal marine settings where they 
are thought to record relative sea- level fall events 
and subsequent sea- level highstands that typically 
result in accumulation of estuarine sedimentary 
facies (e.g., Dalrymple, 2006 and references cited 
therein). In contrast, the “odd conglomerate” and 
overlying strata accumulated in a fully terrestrial 
environment and would have been entirely within 
the headward reaches of such an incised valley sys-
tem, its most landward extent or “segment 3” of 
Dalrymple et al. (1994).

There are sea-level lowstand deposits that 
immediately postdate the Chicxulub impact at ca. 
66 Ma in the Gulf Coastal Plain of Texas and Mexico 
(e.g., Keller et al., 2011). However, the eustatic cycle 
chronology of Haq (2014) indicates that sea-level 
lowstands of similar magnitude occurred multiple 
times during accumulation of the Javelina–Black 
Peaks succession, and if the disconformity at the 
base of the “odd conglomerate” records such an 
event, similar deposits should perhaps be more 
common in the Tornillo Group.

Buried paleo- valley and paleo- gully systems 
have also been attributed to base- level changes 
resulting from tectonism (e.g., Kraus and Middle-
ton, 1987; Hippolyte et al., 2011). The westernmost 
exposure of the K-Pg contact interval at Dawson 
Creek lies along the flank of a Laramide-age fold, 
the Terlingua monocline (Erdlac, 1990, 2002; Fig. 3). 
The “odd conglomerate” is 8 m below the top of 
the Javelina Formation at Dawson Creek, and 
~80 m of strata between the top of the Javelina 
Formation and base of the “odd conglomerate” are 
absent here but present at sites farther east (Fig. 2). 
This may indicate that initial uplift of the Terlin-
gua monocline occurred during early Paleocene 
time resulting in removal of a substantial section 
of pre-Torrejonian strata from the Dawson Creek 
area. Hence, an alternative interpretation is that the 
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disconformity overlain by the “odd conglomerate” 
resulted from local tectonism rather than eustatic 
sea-level change.

Relationship to the Terlingua Monocline

Strata along the south flank the Terlingua mono-
cline are deformed within the limb of the fold and 
dip steeply to the south (Fig. 3). Therefore, most 
of the deformation here must have taken place 
after deposition of the Tornillo Group. However, in 
addition to the relief on the “odd conglomerate” 
disconformity, several observations (enumerated 
below) suggest that this fold began to form earlier 
during deposition of the Tornillo Group.
(1) The Javelina Formation at Dawson Creek is thin-

ner than is typical of exposures farther east. For 
example, as these strata are currently mapped 
(Turner et al., 2011), the Javelina Formation at 
Dawson Creek is 123 m (Lehman et al., 2018) to 
133 m thick (Leslie et al., 2018a). In contrast, a 
typical section exposed farther east, on Tornillo 
Flat, has a thickness of 170–180 m (e.g., Lehman 
et al., 2018; their figure 6).

(2) The Javelina Formation at Dawson Creek 
exhibits sedimentary facies that differ from 
those typical of the formation farther east. For 
example, the section on northern Tornillo Flat 
(Lehman et al., 2018; their figure 6) includes 
significant lacustrine facies that are absent on 
Dawson Creek, as well as a greater proportion 
of mudstone, and fewer well- differentiated 
paleosols (see also Lehman, 2021).

(3) The middle and upper parts of the Black Peaks 
Formation are entirely missing along the Ter-
lingua monocline, truncated at the base of the 
overlying Canoe Formation. For example, on Tor-
nillo Flat, the Black Peaks Formation is in excess 
of 300 m thick, whereas on Dawson Creek, it is 
only ~70 m thick (Lehman et al., 2018). Only the 
lower part of the formation (below the level of 
the “log jam sandstone” marker bed of Lehman 
and Busbey, 2007) is present on Dawson Creek.
Collectively, these local differences in the Tor-

nillo Group section at Dawson Creek indicate that 
this was an area subject to uplift and erosion, or 

one that experienced lower sedimentation rates 
compared to nearby areas elsewhere in the Tor-
nillo Basin. Although the culmination of Laramide 
deformation must have occurred during early to 
middle Eocene time (Lehman et al., 2018), a plau-
sible explanation for the local peculiarities in the 
Tornillo Group section at Dawson Creek is that 
uplift of the Terlingua monocline began earlier 
during deposition of the Javelina and Black Peaks 
formations. The spatial association of the “odd con-
glomerate” with the Dawson and Rough Run Creek 
vicinity suggests that the disconformity at its base 
was a result of local tectonism. The disconformal 
relationship between Cretaceous and Paleocene 
strata throughout the Tornillo Basin may therefore 
reflect base- level change due to a tectonic rather 
than eustatic mechanism.

Terrestrial K-Pg Boundary Sites in North 
America

At multiple localities in the northern Great Plains 
and Rocky Mountains of western Canada, North 
Dakota, Montana, Wyoming, and Colorado, the 
K-Pg impact horizon has been identified and a rel-
atively complete and detailed record of terrestrial 
faunal turnover at the K-Pg boundary is preserved 
(e.g., reviewed by Lillegraven and Eberle, 1999; 
Lofgren et al., 2004; Dahlberg et al., 2016). In all of 
these areas, the latest Cretaceous (Lancian) ‘Tri-
cera tops fauna’ is succeeded by an earliest Puercan 
(Pu1 interval zone) mammalian fauna.

In contrast, at sites spanning the K-Pg contact 
interval throughout southwestern North Amer-
ica, the latest Cretaceous (Lancian) vertebrate 
assemblage is instead typified by the so-called ‘Ala-
mosaurus fauna’ (e.g., Lehman et al., 2006); and at 
these sites, in the Wasatch Basin of Utah (e.g., Cross 
and Yi, 1997) and in the San Juan Basin of New 
Mexico (e.g., Clemens and Williamson, 2005), the 
K-Pg impact horizon has not been identified, and 
an earliest Puercan (Pu1 interval zone) has not been 
documented (Lofgren et al., 2004; Flynn et al., 2020). 
It appears that the same is true in the Tornillo Basin 
of West Texas, where the magnitude of the dis-
conformity separating Cretaceous and Paleocene 

strata is even greater than in New Mexico and Utah. 
Hence, there is a hiatus that spans some part of lat-
est Cretaceous and earliest Paleocene time in the 
terrestrial stratigraphic record throughout part or 
all of southwestern North America. Consequently, 
there is thus far no way to know whether the terres-
trial extinction and recovery here was manifested 
in a way similar to that documented in the northern 
interior biome of North America.

 ■ CONCLUSIONS

The K-Pg contact interval in the Tornillo Group 
is constrained by vertebrate fossil sites at seven 
localities in Big Bend National Park and lies within 
an ~80–100 m stratigraphic section between the 
top of the Javelina Formation and the base of the 

“log jam sandstone” marker horizon in the Black 
Peaks Formation. In western exposures of this 
interval, the highest occurrence of in situ dinosaur 
specimens and the lowest occurrence of Paleocene 
mammal specimens are separated by an unusual 
conglomerate bed. This thin conglomerate bed rep-
resents a residual alluvial deposit that accumulated 
on an erosional surface. The “odd conglomerate” 
coincides with the contact between Cretaceous 
and Paleocene strata, contains Cretaceous fossils, 
and is superficially similar to conglomerate beds 
elsewhere attributed to the effects of tsunamis 
generated by the Chicxulub impact. However, the 
maximum depositional age of ca. 63 Ma estab-
lished on the basis of detrital zircons indicates that 
the “odd conglomerate” bed was deposited ~3 mil-
lion years after the K-Pg boundary event. Although 
occurrences elsewhere of Cretaceous fossils within 
what otherwise appear to be Paleocene strata have 
been a subject of varied interpretation and debate; 
in this case, the fossils are believed to have been 
exhumed from Cretaceous strata and reworked 
prior to preservation in Paleocene strata.

At all seven sites where the K-Pg contact inter-
val is documented, Paleocene mammalian fossils 
from immediately above the “odd conglomerate” 
represent a fauna of Torrejonian age, and most or 
all of these sites can be no older than the middle 
Torrejonian (To2 interval zone). No sites yielding a 
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Puercan or early Torrejonian fauna have been dis-
covered, and so the contact between Cretaceous 
and Paleocene strata is therefore disconformal and 
represents a hiatus of at least ~3 million years. The 
magnitude of this hiatus varies; in the westernmost 
exposure of the K-Pg boundary interval at Dawson 
Creek, at least ~80 m of strata are absent below 
the “odd conglomerate” that are present nearby 
to the east on Rough Run Creek. The condensed 
section at Dawson Creek likely records initial 
uplift and deformation of the Terlingua monocline. 
Although the ~80 m stratigraphic interval below the 
“odd conglomerate” east of Dawson Creek is poorly 
fossiliferous, it has yielded several clearly in situ 
dinosaur specimens that indicate the entire interval 
is likely Late Cretaceous in age. As a result, there 
is no compelling evidence for preservation of the 
K-Pg boundary event horizon at any of the sites in 
the Tornillo Group, and so the hiatus represented 
at the Cretaceous- Paleocene contact here likely 
includes some part of latest Cretaceous time as well.

Mammalian specimens from vertebrate fossil 
sites in the “log jam sandstone,”~40 m above the 
middle Torrejonian sites, instead represent an early 
Tiffanian fauna (Ti1 interval zone). Latest Torrejo-
nian (To3) sites have not been recognized, and the 
interval of normal magnetic polarity (chron C27n) 
that elsewhere in North America bears a latest 
Torrejonian (To3) fauna, has not been identified in 
either of the two paleomagnetic polarity sections 
thus far documented for the Black Peaks Formation. 
Therefore, a second disconformity likely coincides 
with the base of the “log jam sandstone” marker 
horizon in the Black Peaks Formation.
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APPENDIX. SITE NUMBERS AND STRATIGRAPHIC LEVELS

During the course of this investigation, an attempt was 
made to relocate many of the vertebrate fossil sites within the 
K-Pg contact interval described by previous workers, and to 
determine the stratigraphic positions of these sites as accurately 
as possible. Because the revised age constraints presented here 
and those given recently by Leslie et al. (2018a) will be useful 
in future biostratigraphic assessments of Upper Cretaceous 
and Paleocene terrestrial strata, the identity and stratigraphic 
positions of these sites may ultimately prove significant, and it 
is useful to note here several inaccuracies in previous reports 
and changes in site numbering.

Leslie et al. (2018a, their figure 2) identify and show the 
stratigraphic positions of important vertebrate fossil sites in 
the Dawson Creek section, several of which were first described 
by Lawson (1972). Most of these sites were initially assigned 
to a single locality number, but subsequently it was recognized 
that the sites occur at different stratigraphic levels and so were 
given different numbers.

Locality 6 shown by Leslie et al. (2018a; their figure 2) is 
identified as TMM ( = TxVP) 41501. This number was used in 
Lawson’s (1972) initial study of what would later be designated 
the holotype specimen of Quetzalcoatlus northropi, and the 
same number was subsequently repeated by Standhardt (1986) 
and Lehman (1990), but this number is invalid. The correct num-
ber for this site is TxVP 41450, and the holotype specimen is 
41450-3. The correct stratigraphic level of this site is slightly 
lower than what is shown by Leslie et al. (2018a; their figure 2), 
and should be near the base of the sandstone at the 163 m level. 
Lehman et al. (2018, their appendix I, section #1) also incorrectly 
showed TxVP 41450 at the base of unit 9 in their section; the 
site is actually lower—at the base of their unit 7.

Locality 3 shown by Leslie et al. (2018a; their figure 2) is 
identified as TMM 41450. Although the specimen from this site 
is a right ulna of Alamosaurus sanjuanensis initially described 
by Lawson (1972) using the number TMM 41450-2, the correct 
number for this site is TxVP 42426, and the specimen is 42426-1. 
The stratigraphic level for this site is at the top of the sandstone 
unit shown at the ~145 m level by Leslie et al. (2018a; their figure 
2). Another specimen described by Lawson (1972) from this area 
is a caudal vertebra assigned to Alamosaurus sanjuanensis and 
given the number TMM 41450-1. The correct number for this 
specimen is TxVP 42425-1, and its stratigraphic position is at 
the ~100 m level near locality 2 shown by Leslie et al. (2018a; 
their figure 2).

Lehman et al. (2018, their appendix I, section #14) identified 
the “Hoplochelys Ridge” site in the Grapevine Hills section using 
the number TxVP 43621-2 (the same site number assigned to 
the juvenile Alamosaurus specimen 43621-1, which is 2 m lower 
stratigraphically); however, the “Hoplochelys Ridge” site was 
subsequently given its own locality number, TxVP 44234. Lehman 
et al. (2018, their appendix I, section #16) also incorrectly located 
the “T-10” site (TxVP 40151) in unit 5 of their “Glenn Springs West” 
section, but this site is instead lower, within unit 2 of that section.
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