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1. Statement of Research & Questions Addressed 
 

The late Paleozoic Cutler Group of southern Utah is key to understanding the ecological 
impacts of Earth’s last pre-Quaternary icehouse-hothouse transition ca. 298.9 million years ago, 
the Carboniferous-Permian (C-P) transition (Montañez et al., 2007, 2016). However, the age 
and the paleoenvironmental context of vertebrate fossils from the late Paleozoic Halgaito 
Formation (Cutler Group) are poorly known in the Bears Ears National Monument (BENM), San 
Juan County. Arranging these fossils in their proper rock sequence and determining their ages 
is important, because these fossils include some of the first diverse tetrapod communities to 
pioneer land—including charismatic sail-backed mammal ancestors (Dimetrodon) and the first 
large-bodied vertebrate herbivores (diadectids)—and they likely spanned the boundary between 
the Carboniferous and Permian geologic periods which coincided with the peak Late Paleozoic 
Ice Age. Moreover, with the high-profile debate around the future of Utah’s public lands, there is 
increasing interest in documenting paleontological and other scientifically important sites in the 
BENM.   

Our research team proposed to address several questions in relation to this system of 
fossil-bearing rocks: What types of vertebrate animals lived in Utah during the Late 
Paleozoic Ice Age? How many fossil assemblages are documented in the Cutler Group 
rocks? Does the Halgaito Formation preserve the C-P geologic boundary? Funding by the 
CNHA supported two field seasons in the Paleozoic Cutler Group in the southern portion of 
BENM to identify the location of the C-P geologic boundary and to study the impacts of late 
Paleozoic climate change on early land vertebrates. We proposed to measure several sections 
across the proposed C-P boundary in the Halgaito Formation of the BENM where these rocks 
are best exposed, and to sample rocks for vertebrate fossils and microfossils (and ultimately 
geochemical signatures) that can tie these local rock units to the global geologic time scale. 

 
COVID-19 Statement—Due to the early COVID-19 pandemic, fieldwork in 2020 was 

postponed until 2021 and the total duration of the grant was extended by the CNHA through 
August 2022. A short reconnaissance trip was conducted over one weekend in 2020 to identify 
the best sampling sites in the southern portion of the BENM. Two subsequent field trips were 
planned: A small-scale crew was assembled in 2021 (four personnel) for collecting fossils and 
geologic data, and additional collections were made to complete our sampling in 2022 (eight 
personnel). 
 
 
2. Methodology 
 
 Fossil collections were made possible by paleontological permits from Utah’s BLM and a 
repository agreement with the Carnegie Museum of Natural History (where the PI is a research 
associate). Two stratigraphic sections were measured vertically from below the base of the 
Halgaito Formation to the base of the Cedar Mesa Sandstone and sampled for vertebrate 
fossils, microfossils (for biostratigraphy and Sr-isotope stratigraphy), and paleomagnetic 
samples. Condont microfossils—the gold standard for late Paleozoic biostratigraphy—were 
sampled from interbedded marine limestones that represent sea level fluctuations in the lower 
portions of the Halgaito Formation. These sea level fluctuations are thought to coincide with the 
waxing and waning of polar glaciers (Soreghan et al., 2020). Conodonts were mailed to Charles 
Henderson at the University of Calgary to be identified and prepped for later geochemical 
analysis (Sr-isotope stratigraphy). Paleomagnetic samples, collected by graduate student 
Jonathan Stine, were collected for orientation analysis and iron mineral analysis which, based 
on the relative abundance of hematite and magnetite, can provide a signature for climate drying 
through time. 
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 From 2021-2022, 19 localities were logged, GPS'd, and rock samples bagged for 
microfossil separation and Sr-isotope analysis from these locations. Of these sites, 28 
vertebrate fossil “lots” (clusters of fossils) were collected (under BLM paleontology permit 
#UT17-001S). Vertebrate fossils are being prepared at the PI's institution (USC) and microfossil 
samples were shipped and are being analyzed at University of Utah and University of Calgary. 
Subsequent Sr isotope analysis will be conducted University of Utah (on bulk carbonate 
samples) and at University of Calgary (on conodonts). When complete, vertebrate fossils will be 
reposited at the Carnegie Museum and microfossils and associated thin-sections will be housed 
at the Natural History Museum of Utah, Salt Lake City. This CNHA grant facilitated sample 
collection by supporting lodging and subsistence while in the field, as well as travel costs, field 
supplies, and shipping of samples. 
 
 
3. Project Personnel 
 
Dates: Year 1: 30 May – 6 June, 2021 
 Year 2: 2 June – 10 June, 2022 
Total Number of Field Days Worked: 18 
Time Allocation: 104 person days 
   (person day = 1 person working one full 8 hr day) 
 
Personnel involved during fieldwork: 
Adam Huttenlocker, PhD, PI/lead scientist, University of Southern California (USC) (PI) 
Neven Bowler, USC (undergraduate student) * (Year 2-only) 
Paul Byrne, USC (graduate student) * (Year 2-only) 
Rob Gay, Idaho State University, Pocatello (vertebrate paleontologist) (Year 2-only) 
Amy Henrici, Carnegie Museum, Pittsburgh (vertebrate paleontologist) (Year 2-only) 
Xavier Jenkins, Idaho State University, Pocatello (graduate student) * 
Bryan Small, Texas Tech University, Lubbock (vertebrate paleontologist) 
Jonathan Stine, University of Texas, Dallas * (graduate student, now postdoc) * 
 
* students denoted by asterisks 
 
Other personnel/coauthors: 
David S Berman, Carnegie Museum of Natural History (vertebrate paleontology) 
Charles Henderson, University of Calgary (conodont biostratigraphy) 
Randall Irmis, Natural History Museum of Utah (vertebrate taphonomy and geochronology) 
Stuart S. Sumida, California State University, San Bernardino (vertebrate paleontology) 
 
 
4. Anticipated Results 
 
We anticipated that vertebrate fossils would be found throughout the Halgaito Formation 
sequence, but that these would likely represent different assemblages (different types of fossils) 
through time. For example, whereas aquatic vertebrates (sagenodontid lungfish, xenacanth 
sharks) are common in the lower parts of the formation, the upper parts include “dryland” 
elements, including large amniote herbivores (diadectids) and the synapsid Dimetrodon. We 
suggested that this switch coincides approximately with the C-P geologic boundary, and that the 
boundary could be identified by finding key microfossil index taxa (conodont species including 
Adetognathus sp. B) and geochemical signatures still being analyzed in the laboratory. 
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5. Final Results 
 

Overall, vertebrate fossils were collected from 19 localities over 18 days in the summers 
of 2021 and 2022. These included a total of 28 specimen lots, including: teeth of 
chondrichthyans (sharks) and possible lungfish from the Valley of the Gods, tetrapod fossils 
collected at multiple levels at the Platyhystrix Pocket, and a partial xenacanthid chondrocranium 
and teeth at Three Buttes (Lime Ridge) associated with a sphenacodont bonebed. Fewer 
aquatic elements were found in the upper parts of the formation and two types of 
diadectomorphs were recovered (still under preparation): (i) primitive ‘limnoscelids’ from near 
the Birthday bonbed in the lower part of the Halgaito Formation in Valley of the Gods and (ii) 
derived diadectid herbivores in the upper part of the formation at the Platyhystrix Pocket, which 
we can now correlate due to our two stratigraphic sections measured on either side of the basin 
(Valley of the Gods area) (see Figure 1). This indicates two separate vertebrate assemblages in 
the lower and upper parts of the formation. A limestone in the middle of the formation produced 
the conodont microfossil Adetognathus sp. B which is known to be a C-P boundary-crossing 
taxon in the Canadian Arctic and Siberia (Huttenlocker et al., 2021a). Detailed locality data, 
GPS coordinates, and lists of specimens are on file with Utah State’s U.S. Bureau of Land 
Management (Monticello Field Office). 

 
 Publications and media reports—In 2021, in addition to the new collections listed 
above, we described from Valley of the Gods a jaw of a sphenacodontian synapsid (Royal 
Society Open Science; Huttenlocker et al., 2021b) named as a new genus and species: 
Shashajaia bermani. Our preliminary report on the conodont microfossils used to constrain the 
position of the C-P geologic boundary was also published in 2021 in the journal Lethaia. 

During 2020-2022, a total of four conference abstracts and six peer-reviewed papers 
were either submitted or published. Additionally, nine media reports resulted either in the form of 
talks for the general public or as press articles. Our work has been covered widely by online 
media outlets and science & natural history blogs. Highlights included a March 2021, Science 
Magazine editorial piece that featured our paleontological work in the Bears Ears National 
Monument. During December 2021 and January 2022, our publication on Shashajaia bermani 
also received considerable media attention. Copies of all published papers and media 
reports are attached as supplemental documents: 
 
 Submitted papers (2) 

• Henrici, A., D. S Berman, S. S. Sumida, and A. K. Huttenlocker. In review. 
Halgaitosaurus gregarious, a new Upper Carboniferous araeoscelidian (Reptilia: 
Diapsida) from the Halgaito Formation, Bears Ears National Monument, Utah, 
USA. Annals of Carnegie Museum. 

• Bowler, N., S. S. Sumida, and A. K. Huttenlocker. In review. Histological 
evidence for dermal-endochondral co-ossification of the dorsal blades in the 
amphibian Platyhystrix rugosus (Temnospondyli: Dissorophidae). Journal of 
Vertebrate Paleontology.  
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Figure 1. Hypothesis of the taxon ranges and geologic boundaries, including the C-P boundary (red 
dotted line), in the lower Cutler Group based on fossil sampling to date. 



Huttenlocker Final Report—08/19/2022 

	 6	

 
 Published papers (4) 

• Huttenlocker, A. K., S. Singh, A. C. Henrici, and S. S. Sumida. 2021. A 
Carboniferous synapsid with caniniform teeth and a reappraisal of mandibular 
size-shape heterodonty in the origin of mammals. Royal Society Open Science 
8:211237. doi: https://doi.org/10.1098/rsos.211237  

• Huttenlocker, A. K., Henderson, C. M., Berman, D. S., Elrick, S. D., Henrici, A. 
C., and Nelson, W. J. 2021. Carboniferous–Permian conodonts and the age of 
the lower Cutler Group in the Bears Ears National Monument and vicinity, Utah, 
USA. Lethaia 54(3):330-340. doi: https://doi.org/10.1111/let.12405 

• Soreghan, G.S., Beccaletto, L., Benison, K.C., Bourquin, S., Feulner, G., 
Hamamura, N., Hamilton, M., Heavens, N.G., Hinnov, L., A. K. Huttenlocker, and 
Looy, C. 2020. Report on ICDP Deep Dust workshops: probing continental 
climate of the late Paleozoic icehouse–greenhouse transition and beyond. 
Scientific Drilling 28: 93-112. doi: https://doi.org/10.5194/sd-28-93-2020 

• Gay, R. J., Huttenlocker, A. K., Irmis, R. B., Stegner, M. A., and Uglesich, J. 
2020. Paleontology of Bears Ears National Monument (Utah, USA). Geology of 
the Intermountain West 7: 205-241. 
 

Conference Talks/Abstracts (4) 
• Stine, J., J. Feinberg, A. Huttenlocker, and R. Irmis. 2022. An environmental 

magnetic study of the Carboniferous-Permian Lower lower Cutler Beds, San 
Juan County, Utah: Loess-paleosol couplets in the central western Pangean 
paleotropics. American Geophysical Union (AGU) Fall Meeting, Chicago. 

• Henrici, A., D. S Berman, A. K. Huttenlocker, and S. S. Sumida. 2022. A New 
Late Carboniferous (Gzhelian) Araeoscelidian (Reptilia, Diapsida) from the 
Birthday bonebed, Halgaito Formation, Bears Ears National Monument, Utah, 
USA. Society of Vertebrate Paleontology Annual Meeting 2022, Toronto.  

• Huttenlocker, A. K., S. Singh, A. C. Henrici, and S. S. Sumida. 2021. A 
Carboniferous synapsid jaw with caniniform teeth and a reappraisal of 
mandibular size-shape heterodonty in the origin of mammals. Society of 
Vertebrate Paleontology Virtual Conference 2021. 

• Huttenlocker, A. K. 2020. Progress toward constraining Carboniferous-Permian 
vertebrate biochronology in westernmost Pangea. Geological Society of America 
South-Central Section Meeting, Fort Worth. 

 
 Publicity/Media Reports (9) 

• 1 new paleontology exhibit for the Friends of Cedar Mesa Bears Ears Education 
Center, Bluff (opening in 2022).  

• 2 museum outreach events: 
Natural History Museum of Los Angeles County ‘Dino Fest’ (26 September, 

2021) (~3,000 visitors) 
Raymond Alf Museum, Claremont ‘Fossil Fest’ (9 April, 2022) (~500 visitors) 

• 2 public talks: 
Friends of Cedar Mesa Public Seminar—Adam Huttenlocker: “Finbacks, 

Giant Amphibians, and Weird Fishes: Unearthing Utah’s Oldest 
Terrestrial Fossil Assemblages in the Bears Ears National Monument” (4 
June, 2022) 

Prehistoric Museum, Price Virtual Talk—Adam Huttenlocker: “Beneath the 
Dinosaurs’ Feet: How Our Extinct Mammalian Forebears Laid the 
Foundations of the Modern World” (28 July, 2020) 
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• 4 media reports:  
March 2021: Science Magazine 'Science and Policy' by April Reese 

https://www.science.org/news/2021/03/biden-mulls-reversing-trump-s-
monument-cuts-researchers-urge-him-go-big 

December 2021: Press release: ‘Origins of human teeth found in extinct 
reptile’ 

 Pittsburgh Post-Gazette, Medscape, Tribune Review, Newsweek, 
ScienceDaily, CTV News, Phys.org, Euronews (multiple others) 

September 2020: Natural History Museum of Utah Blog by Beth Mitchell 
 Fossils at Bears Ears: https://nhmu.utah.edu/blog/2020/fossils-bears-ears 
February 2020: The Times-Independent, Moab 
 CNHA awards nearly $66,000 in research grants by Doug McMurdo 
 

 
6. Conclusions  
 
 The conclusions drawn from our fieldwork support several of our predictions: (i) multiple 
vertebrate assemblages are preserved within the Cutler Group of Utah; (ii) vertebrate turnover 
reflects environmental change through time archived in Cutler Group rocks; and (iii) 
juxtaposition of terrestrial and marine rocks preserving marine index microfossils (conodonts) 
makes possible precise correlations to the global geologic time scale (including the position of 
the C-P boundary). Our work forms the beginnings of a geochronological framework that can be 
used to investigate the sensitivity of Earth’s oldest land vertebrates to climate change, a theme 
that dovetails with broad public interest in our changing planet and protecting its precious 
resources (both scientific and cultural). 
 With respect to future educational and interpretive efforts, there is potential to continue 
educating the local community about these fossil resources and to involve the BENM 
management in their protection and interpretation. We currently envision future field trips with 
local residents and native students, interpretive materials and visitations for classrooms and 
community centers, and have worked with the Friends of Cedar Mesa in their development of a 
new paleontology exhibit at the Bears Ears Education Center in Bluff (expected to launch in late 
2022).  
  
 
7. Future Research Needs 
 
 Support from CNHA has promoted the importance of paleontology in the public sphere 
within the BENM region, and the pilot data collected has leveraged our research team to 
successfully receive a NSF collaborative grant from 2022-2025 (collaborating institutions: USC, 
University of Minnesota, and the Natural History Museum of Utah). The next phase of research 
funding will support students and outreach efforts in San Juan County, and will bolster 
collaborations between USC, the Natural History Museum of Utah, and local land managers. 
We will continue to work with the BLM to document these important sites and investigate their 
relevance to important events in Earth history. 

In re-establishing historic vertebrate sites and discovering and excavating new ones we 
have better confidence in the stratigraphic ranges of vertebrate taxa throughout the Cutler 
sequence. Ongoing work will continue to (1) record stratigraphic data at fossil-bearing sites to 
establish a Carboniferous-Permian vertebrate biochronology through San Juan County 
(including in the vicinity of Canyonlands/Indian Creek); and (2) collect microfossil and carbonate 
samples from marine marker beds and increase paleomagnetic and isotopic sampling. In late 
2022, we will refocus efforts on important bonebeds in Indian Creek and Three Buttes (Lime 
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Ridge) and will analyze geochemical and geomagnetic data from a core taken from Elk Ridge 
(located in the center of the paleobasin, thus linking the southern and northern fossil-rich 
portions of the BENM). 

Notable threats—A few vulnerable sites have been observed by our crew and require 
future monitoring by cooperating scientists and land managers. In terms of protecting rare fossil 
sites, two vertebrate-bearing localities are particularly exposed and are potentially vulnerable to 
theft or damage, including: (1) the Birthday Bonebed discovered in 1989 on the northwest 
stretch of the Valley of the Gods Loop Road, and (2) the Three Buttes Bonebed on Lime Ridge 
recently discovered and reported by our team in 2017 (permits #UT17-001S and UT18-008E). 
The first site is vulnerable due to its accessibility, only a few meters from the main loop road, 
and due to the exponential increase in Monument visitorship over recent years. Although this 
productive bonebed mudstone has been mostly excavated and reburied, the conglomerate that 
produced the Shashajaia jaw (Huttenlocker et al., 2021b) is completely exposed, frequently 
contains bones, and could be easily damaged by recreational visitors or pilfered by casual fossil 
collectors. The second site, the Three Buttes Bone Bed, has been targeted for salvage before it 
is lost to weathering or vandalism. The site is particularly threatened because it is highly 
exposed near the surface—protected by only a few centimeters of soil crust—and it is easily 
accessible from a nearby major highway via the Lime Creek jeep road. 

Other vulnerable resources include sites of cultural significance. Many areas in Valley of 
the Gods and vicinity are rich with scientifically-important paleontological sites as well as 
culturally- and scientifically-important archaeological sites, many of them currently under study. 
These include (but are not limited to) ancestral Pueblo villages along the Moki Dugway, and 
petroglyphs around the VOG area and in the vicinity of John’s Canyon. 

No additional threatened resources were identified during 2021 and 2022. 
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ABSTRACT
Bears Ears National Monument (BENM) is a new landscape-scale national monument in southeastern 

Utah, jointly administered by the Bureau of Land Management and the U.S. Forest Service as part of the 
National Conservation Lands system. As initially designated in 2016, BENM encompassed 1.3 million 
acres of land with exceptionally fossiliferous rock units. Subsequently, in December 2017, presidential 
action reduced BENM to two smaller management units (Indian Creek and Shash Jáá). Although the pa-
leontological resources of BENM are extensive and abundant, they have historically been under-studied. 
Herein we summarize prior paleontological work within the original BENM boundaries to provide a more 
comprehensive picture of the known paleontological resources, which are used to support paleontological 
resource protection. The fossil-bearing units in BENM comprise a nearly continuous depositional record 
from aproximately the Middle Pennsylvanian Period (about 310 Ma) through the middle of the Cretaceous 
Period (about 115 Ma). Pleistocene and Holocene deposits are known from unconsolidated fluvial terraces 
and cave deposits. The fossil record from BENM provides unique insights into several important pale-
ontological intervals of time including the Carboniferous-Permian icehouse-greenhouse transition and 
evolution of fully terrestrial tetrapods, the rise of the dinosaurs following the end-Triassic mass extinction, 
and the response of ecosystems in dry climates to sudden temperature increases at the end of the last glacial 
maximum.
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INTRODUCTION

Southeastern Utah has a diverse and significant 
paleontological record of the late Paleozoic through 
mid-Mesozoic eras. The first published paleontological 
work in the region dates to the 1870s, based on fieldwork 

by the 1859 Macomb Expedition (Newberry, 1876), but 
interest and exploration among local native communi-
ties predates the late 19th century and extends to An-
cestral Puebloan communities (Mayor 2005; Smith and 
others, 2016; W. Greyeyes, Navajo Nation, verbal com-
munication, 2017). In a remarkable union of archaeol-
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ogy and paleontology, there is evidence in Bears Ears 
National Monument that Ancestral Puebloans inten-
tionally utilizing fossils in pueblo construction (Smith 
and others, 2016). Today, paleontological research in 
the region is advancing our understanding of critical 
evolutionary events, major extinctions, biogeography 
and ecology of extinct and extant organisms, and the 
morphologic and taxonomic diversity of life on Earth 
through time. Specific high-priority research objec-
tives in BENM include deepening our understanding of 
the evolution of fully terrestrial ecosystems during the 
icehouse-hothouse transition preserved in the Upper 
Pennsylvanian-Lower Permian Cutler Group, generat-
ing a comprehensive unified stratigraphy and invento-
ry across the Triassic Chinle Formation, and invento-
ry and study of the Quaternary fossil resources of the 
monument to elucidate post-glacial diversity change.

Illegal excavations and collections in this region 
have been problematic for at least the past several de-
cades, and likely longer (R. Gay, J. Uglesich, R.B. Irmis, 
and M.A., Stegner., personal observations; R. Hunt-Fos-
ter, National Park Service (formerly BLM), verbal com-
munication, 2017). Despite stronger enforcement and 
education of paleontological laws over the past sever-
al decades (United States v. Peter Larson, 1997; Public 
Law 111-11, Title VI, Subtitle D; 16 U.S.C. §§ 470aaa – 
470aaa-11), looting and vandalization of paleontological 
resources remains a prevalent problem in southeastern 
Utah. Looting hinders resource preservation and past, 
present, and future geoscience research. In December 
2016, President Barack Obama, in an executive order, 
proclaimed 1.35 million acres of southeastern Utah as 
BENM (Obama, 2016), under authority delegated by 
the Antiquities Act of 1906 (figure 1). The monument is 
named for two resistant sandstone-capped buttes, which 
are sacred to the Navajo, Hopi, Ute, and New Mexico 
Pueblo peoples. BENM’s natural beauty provides the 
backdrop to lands incredibly rich in paleontological and 
cultural resources, both of which are explicitly protected 
in the monument proclamation (Obama, 2016). As not-
ed in the proclamation: “The paleontological resources 
in the Bears Ears area are among the richest and most 
significant in the United States, and protection of this 
area will provide important opportunities for further ar-
chaeological and paleontological study (Obama, 2016).”

INSTITUTIONAL ABBREVIATIONS
BENM, Bears Ears National Monument; BLM, 

Bureau of Land Management; GSENM, Grand Stair-
case-Escalante National Monument; SGDDS, St. George 
Dinosaur Discovery Site at Johnson Farm; UCMP, Uni-
versity of California Museum of Paleontology; UMNH, 
Natural History Museum of Utah; USGS, United States 
Geological Survey; USC, University of Southern Cali-
fornia.

HISTORY OF MONUMENT DESIGNATION
The idea of federal protection for the region now 

known as BENM was conceived as early as 1936. At that 
time, a proposed “Escalante National Monument” in-
cluded what is now Grand Staircase-Escalante Nation-
al Monument, Glen Canyon National Recreation Area, 
Natural Bridges National Monument, and the majori-
ty of Canyonlands National Park (Davidson, 1991). As 
awareness of the conservation value of the region in-
creased, so too did scientific data on the fossils of the 
region, further supporting preservation. Heightened 
federal protection of this overall region has been piece-
meal, with BENM the last major unit to receive special 
designation. By 2016, public support for the idea of a 
national monument or national conservation area in 
southeastern Utah was gaining momentum. This was 
due in large part to the immense numbers of archaeo-
logical sites documented across the region. At the time, 
most of support regarding monument designation and 
conservation was centered on these archaeological re-
sources. However, two alternative proposals both rec-
ognized the significance of paleontology within the 
area. One plan put forward by Utah’s congressional 
delegation, known as “Utah’s Public Lands Initiative” 
(or PLI) included a broad-reaching rearrangement of 
public lands in the state of Utah, including the creation 
of a 1.4-million-acre Bears Ears National Conservation 
Area (Bishop, 2016). The second proposal, put forward 
by a coalition of five Native American tribes with his-
toric and prehistoric connections to the region, called 
for the creation of a 1.9-million-acre Bears Ears Nation-
al Monument (Bears Ears Intertribal Coalition, 2016). 
In late December of 2016, BENM was established by a 
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Figure 1. The boundaries of Bears Ears National Monument (BENM) as established by Proclamation 9558 (Obama, 2016), 
as modified by Proclamation 9681 (Trump, 2017), and its location within the state of Utah. The Indian Creek unit is labeled 
1 and the Shash Jáá unit is labeled 2.
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presidential proclamation which incorporated language 
that explicitly protected known paleontological re-
sources and the localities in which those resources have 
potential to be found (Obama, 2016).

At the recommendation of Secretary of the Interi-
or Zinke, following lengthy public discourse and a for-
mal public comment period, President Trump issued a 
new proclamation in December 2017, greatly reducing 
BENM to two management units—Indian Creek and 
Shash Jáá (Trump, 2017) (figure 1). This reduced the size 
of the national monument by 85%, and thus excluded 
lands containing paleontology resources from the Val-
ley of the Gods, Cedar Mesa, White and Fry Canyons, 
the northern portion of Indian Creek, and Black Mesa. 
Also excluded were Beef and Lockhart basins (Trump, 
2017), which remain largely un-prospected despite no-
table fossil-bearing potential (see discussion below). 
This executive order is currently the subject of ongoing 
litigation. The Monument Management Plan (MMP) 
for the Indian Creek and Shash Jáá units was released 
in July 2019 but has not yet been implemented. For the 
purposes of the following discussion, BENM refers to 
the original boundaries of the monument.

GEOGRAPHICAL AND GEOLOGICAL 
SETTING

Bears Ears National Monument lies in the heart of 
what is known as Utah’s Canyon Country (figure 1). It 
is bounded by Canyonlands National Park to the north 
and west, Glen Canyon National Recreation Area to the 
west, the San Juan River to the south, and Highway 191 
to the east. It is part of the large Colorado Plateau uplift 
deformed internally by anticlines related to salt tecton-
ics (e.g., Doelling and others, 1988) and mid-Cenozoic 
laccolith intrusions (e.g., Abajo Mountains; Witkind, 
1964). A prominent structural feature is the Monument 
upwarp, a broad north-south-trending anticline, 177 
km long and 64 to 97 km wide, containing secondary 
anticlines and synclines, expressed most prominently at 
Comb and Elk Ridges (Sears, 1956). Uplift events, mil-
lions of years of river incision, and erosion have carved 
the landscape into the visually stunning, desolate ter-
rain we see today (e.g., Barnes, 1993; Baars, 2000). 
Within the last two millennia this land was the home of 

the Ancestral Puebloan people, whose remaining stone 
structures and artifacts were driving forces behind the 
creation of BENM (Obama, 2016).

Erosion across the BENM exposed flat-lying to 
low-dipping, virtually continuous sedimentary strata 
spanning over 150 million years of geologic time, from 
the Pennsylvanian Paradox Formation to the Lower 
Cretaceous Burro Canyon Formation (Lewis and oth-
ers, 2011) (figure 2). Vertebrate, invertebrate, plant, and 
trace fossils are found throughout most of the geologic 
formations within BENM.

LATE PALEOZOIC

Geology and Paleontology
The oldest rocks exposed in BENM are the middle 

to upper Pennsylvanian Hermosa Group, known for 
extensive potash and oil deposits in the Four Corners 
region (Stokes, 1986; Hintze and Kowallis, 2009). Lo-
cally, the group includes the Paradox and Honaker Trail 
Formations (Baker and others, 1933; Wengerd, 1958). 
During most of Pennsylvanian time, present-day Utah 
was close to the paleoequator and covered by a shallow 
tropical ocean. Sediments deposited during that time 
are primarily marine and highly fossiliferous. During 
the Pennsylvanian and early Permian, the uplift of the 
Ancestral Rocky Mountains was marked in Utah by the 
rising Uncompahgre highlands along the northeastern 
margin of the actively subsiding Paradox Basin (Stokes, 
1986; Hintze and Kowallis, 2009), near what is today 
the Colorado-Utah border. This north-northwest- to 
south-southeast-trending uplift was relatively rapid, 
with high erosion rates of sediment that were subse-
quently deposited in the Paradox Basin to the west. In 
the BENM region, the oldest exposed strata of these 
synorogenic sediments are the Paradox Formation 
(mid-Pennsylvanian), which comprises cycles of lime-
stone, dolomite, sandstone, shale, and anhydtrite beds 
capped by halite (Stokes, 1986; Condon, 1997). Though 
poorly fossiliferous, a borehole in the Indian Creek area 
of BENM produced important palynomorphs (Rueger, 
1996). The overlying Honaker Trail Formation (cycli-
cally bedded limestone, sandstone, and shale) is known 
for its diversity of invertebrate marine fossils (Melton, 
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1972; Condon, 1997; Lewis and others, 2011). These 
include multiple species of fusulinaceans, brachiopods, 
rugose corals, bryozoans, and conodonts, among oth-
er marine invertebrates (Williams, 1949; Melton, 1972; 
Condon, 1997; Ritter and others, 2002). Using cono-
dont faunas in the Hermosa Group outcropping along 
the San Juan River, Ritter and others (2002) pioneered 
conodont biostratigraphy for regional correlation of cy-
cles in the Paradox Basin with the better-studied cycles 
in the Midcontinent. Based on conodonts, the top of the 

Honaker Trail Formation near the Valley of the Gods 
and the Glen Canyon Recreation Area correlates to the 
South Bend cycle (Lansing Group) at the top of the 
Missourian Midcontinental cyclothem sequence (Ritter 
and others, 2002).

Overlying the Hermosa Group is the Cutler Group 
(figure 3), which was originally named by Cross and 
Howe (1905) and assigned formation status by Sears 
(1956). These strata preserve a near continuous record 
of nearshore to nonmarine rocks that provide a window 
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Figure 2. Stratigraphic column of rocks exposed within Bears Ears National Monument.
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into early terrestrial life in western Pangea and the late 
Paleozoic icehouse-greenhouse transition (e.g., Mon-
tañez and others, 2007; Montañez and Poulsen, 2013). 
Most early authors subdivided the Cutler into four ma-
jor subunits (bottom to top)—Halgaito tongue, Cedar 
Mesa Sandstone, Organ Rock tongue, and De Chelly 
Sandstone (Baker and Reeside, 1929; Baker, 1936; Ork-
ild, 1955; Sears, 1956; Baars, 1962; O’Sullivan, 1965). 
Orkild (1955) and Sears (1956) redefined these units 
in the vicinity of Mexican Hat and Valley of the Gods 
where the De Chelly Sandstone is absent. Wengerd 
(1958) further revised the nomenclature, elevating the 
Cutler to group status and subsuming the transitional 
beds of the Pennsylvanian Rico Formation into the Cut-
ler Group. Farther north, along the eastern and north-
ern margins of Canyonlands National Park, these lower 
strata were initially assigned to both the Rico (Loope, 
1984) and Elephant Canyon Formations (Baars, 1962, 
1975, 1987; Terrell, 1972; Campbell, 1987), but we fol-
low the recommendation of Loope and others (1990) 
and Condon (1997) in using the informal name ‘lower 
Cutler beds.’

In addition to a diverse invertebrate assemblage, 
rocks of the lower Cutler beds (including the Halgai-
to Formation) record the rise of amniotes, egg-laying 
limbed vertebrates with internal fertilization. This clade 
includes the common ancestor of modern reptiles and 
mammals, and all of their descendants. Also present are 
some of the first terrestrial vertebrate herbivores. The 
geology of the Cutler Group and its fossil assemblages 
reveal a complex ecosystem of coastal wetlands and es-
tuaries, seasonal and perennial lakes, alluvial fans, and 
shifting dune fields (e.g., Mountney and Jagger, 2004; 
Cain and Mountney, 2009, 2011; Jordan and Mountney, 
2010, 2012; Wakefield and Mountney, 2013). During 
this time, repeated brief marine incursions from the 
west covered large portions of present-day Utah depos-
iting thin marine carbonates, beach sands, and coastal 
dune strata in BENM (Jordan and Mountney, 2010). 
Though paleosols and fossil plants in the lower Cutler 
beds suggest a cool, dry climate with some seasonal pre-
cipitation, the early Permian environment became in-
creasingly warm and arid through time (Soreghan and 
others, 2002a, 2002b; DiMichele and others, 2014). The 
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principal Cutler dune fields are preserved as the Ce-
dar Mesa Sandstone in BENM (figure 3) (e.g., Condon, 
1997; Mountney and Jagger, 2004; Mountney, 2006). 
Though additional erg deposits exist higher in the Cut-
ler Group in the northwestern portions of BENM and 
Canyonlands National Park, such as the White Rim 
Sandstone, very little of these units are present within 
the monument boundaries.

Resulting from early geological surveys of the Mon-
ument Valley area, collections of Cutler vertebrates in 
the vicinity of BENM were known to paleontologists 
for decades before their first descriptions (Baker, 1936). 
In 1954, the Museum of Comparative Zoology and the 
USGS made brief collecting trips in the red beds near 
the Utah-Arizona border. The University of California, 
Los Angeles, added to these collections in the 1960s 
and 1970s. Vaughn (1962, 1973) described many fossils 
from nonmarine strata of the Halgaito Formation in the 
Mexican Hat and Valley of the Gods areas, including 
the first Utah records of Paleozoic xenacanth sharks, 
actinopterygians, osteolepiforms, temnospondyl am-
phibians (such as Eryops and the sail-backed dissoro-
phoid Platyhystrix), a possible nectridean lepospondyl, 
stem amniote diadectomorphs, and the non-mammali-
an synapsids Ophiacodon and Sphenacodon. Addition-
ally, this unit contains plant macrofossils (leaves and 
stems) of walchian conifers, calamitaleans, cordaital-
eans, marattialean ferns, and lycopsids (Vaughn, 1962; 
Berman and others, 1981; Lockley and Madsen, 1993; 
Sumida and others, 1999a, 1999b, 1999c; Hasiotis and 
Rasmussen, 2010; DiMichele and others, 2014).

During the 1990s and 2000s, work was conducted 
in the vicinity of Valley of the Gods by California State 
University at San Bernardino and the Carnegie Muse-
um of Natural History. These studies focused on the 
latest Pennsylvanian vertebrates of the Halgaito For-
mation, prompting taxonomic revisions and produc-
ing additional new records that included dipnoans, the 
osteolepiform Lohsania, limnoscelid diadectomorphs, 
Edaphosaurus, and an araeoscelid reptile (Frede and 
others, 1993; Sumida and others, 1999a, 1999b, 1999c, 
2005; Scott and Sumida, 2004; Scott, 2005, 2013; Hut-
tenlocker and others, 2018). Chondrichthyans, acti-
nopterygians, osteolepiforms (Lohsania?), and possible 
aïstopod (Phlegethontia?) fossils have also been reported 

from lateral equivalents of the upper Halgaito in the low-
er Cutler beds of the Arch Canyon area, approximately 
27 km northeast of Valley of the Gods (Vaughn, 1967; 
Sumida and others, 1999a, 1999b, 2005). Nearshore and 
marine strata here also preserve abundant marine in-
vertebrates and conodont elements (A.K. Huttenlocker, 
in preparation), making these time-transgressive facies 
of the lower Cutler beds in Arch Canyon an ideal lo-
cation to precisely identify the Carboniferous-Permian 
(C-P) boundary in Utah. In nearby Monument Valley, 
vertebrate records from the Organ Rock Formation in-
clude numerous large-bodied Diadectes, Tseajaia, Sey-
mouria, and the sphenacodontid Ctenospondylus. Their 
presence suggests that multiple assemblages may be dis-
tributed stratigraphically throughout the Cutler Group 
of Utah, some likely correlative to parts of the Permian 
Wichita Group in north-central Texas (Vaughn, 1964, 
1966a, 1966b, 1967, 1973; Sumida and others, 1999a, 
1999b, 1999c). Vaughn (1962, p. 530) remarked, “It 
may be possible to build up in the Four Corners re-
gion a broad paleozoogeographic picture of faunas, at 
the same horizons, spread across several wide belts of 
different environmental conditions … San Juan County 
would occupy a central part of such a picture.” However, 
unlike in Monument Valley, the truncated Organ Rock 
Formation sequence in Comb Wash (BENM) appears 
to preserve only some well-developed paleosols and 
rhizoliths; it is apparently largely devoid of body fossils.

Farther to the north, in the northeastern part of 
BENM, rare fossil localities have been reported from 
the Cutler Group. Vaughn (1967, p. 153) first reported, 
but did not describe, “shark teeth, marine invertebrates, 
and small vertebrae” from the lower Cutler beds of Indi-
an Creek. Subsequently, Stanesco and Campbell (1989, 
p. F8–F9) reported the first fossils from the Cedar Mesa 
Sandstone at Indian Creek, including plant leaf and 
stem impressions in fluvial facies, and permineralized 
logs and associated tetrapod bones in a fluvio-lacus-
trine interdunal setting. In the early 1990s, the Dinosaur 
Museum (Blanding, Utah) collected vertebrate material 
and a large permineralized log from the same site. Al-
though the log is currently on display in the museum’s 
exhibits, these specimens were never published. Teams 
from the Smithsonian Institution’s National Museum of 
Natural History collected leaf and stem fossils from a 
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dozen different sites in the lower Cedar Mesa Sandstone 
in Indian Creek, describing marattialean pteridophytes 
(Pecopteris and Asterotheca), sphenophyllaleans, and 
conifers (Walchia) from these assemblages (DiMichele 
and others, 2014).

Carboniferous-Permian strata west-southwest of 
Moab and adjacent to the northern boundary of Can-
yonlands National Park are continuous with those in the 
northernmost tip of the Monument. Here, where these 
units are bisected by the Colorado River, abundant and 
diverse marine invertebrates have been reported from 
the Honaker Trail Formation (Melton, 1972). In the 
overlying transitional lower Cutler beds, marine inver-
tebrates, chondrichthyan teeth, and osteichthyan verte-
brae have been described or reported (Vaughn, 1967; 
Terrell, 1972; Carpenter and Ottinger, 2018). Close to 
the boundary of the Honaker Trail Formation and low-
er Cutler beds, Tidwell (1988) described a diverse latest 
Pennsylvanian floral assemblage containing nearly 20 
taxa, including leaf and stem impressions of lycopodi-
opsids, sphenophyllaleans, equisetaleans, marattialean 
pteridophytes, medullosalean pteridosperms, and cor-
daitaleans. Although these localities are outside BENM, 
they nevertheless indicate potential paleontological re-
sources that are likely present in Lockhart Basin at the 
northernmost portion of the monument.

 Ongoing Work
Relatively few continuous stratigraphic records of 

this time interval and paleoenvironment exist in oth-
er parts of North America, so BENM rocks continue to 
provide a rare and relatively complete picture of eco-
systems that developed during the late Paleozoic prior 
to the devastating end-Permian mass extinction. The 
oldest rocks of the Paradox Formation, though poor-
ly fossiliferous, contain biohermal dolomitic limestone 
and a diverse assemblage of microfossils important for 
biostratigraphy (Wengerd, 1955). Most recently, Ritter 
and others (2016) reported conodont assemblages just 
north of BENM that promise to provide new age con-
trols on the Desmoinesian (mid-Pennsylvanian) marine 
assemblages of the Paradox Formation in southeastern 
Utah.

The Carboniferous-Permian transition and the lo-

cation of the C-P boundary in Utah continues to be of 
considerable interest in documenting the key evolution-
ary innovations evident in animals and plants during 
this time. Ongoing field investigations by the University 
of Southern California, California State University at 
San Bernardino, and Carnegie Museum of Natural His-
tory are focusing on correlating old and new vertebrate 
sites in San Juan County, including those in the Hal-
gaito Formation at the Valley of the Gods, to the lower 
Cutler beds in the north (Arch Canyon, Dark Canyon, 
and Canyonlands areas). This work has resulted in dis-
covery of several new localities and specimens that are 
currently under study by two of us (A.K. Huttenlocker 
and R.B. Irmis). Along with USC-UMNH collabora-
tive fieldwork at latest Carboniferous-Permian locali-
ties exposed in northern San Juan County just north of 
BENM, the ongoing studies fill substantial spatial and 
temporal gaps between the Carboniferous and Perm-
ian vertebrate assemblages of Utah. For example, new 
work at the “birthday bonebed” in the upper Halgaito 
Formation in Valley of the Gods has revealed a diverse 
vertebrate assemblage preserved in a slackwater depos-
it of a nonmarine channel tributary, providing critical 
new data for the latest Carboniferous on the Colorado 
Plateau (Huttenlocker and others, 2018).

Investigations into the sedimentary environment, 
flora, and invertebrate fauna by teams from the Nation-
al Museum of Natural History and Illinois State Geo-
logical Survey reveal the seasonally fluctuating riparian 
environments. Discoveries include lycopsids, walchian 
conifer branches, calamitalean and cordaitalean foliage, 
and myriapod invertebrate trackways in the Valley of 
the Gods, Lime Ridge, and Indian Creek areas, where 
work is still ongoing (DiMichele and others, 2011, 
2014; Chaney and others, 2013). Additional work on 
trace fossils led by University of Kansas has discovered 
large-diameter burrows of possible vertebrate origin in 
the Cedar Mesa Sandstone (Hasiotis and Rasmussen, 
2010), research that is ongoing. This and other stud-
ies of trace fossils are contributing to a more complete 
understanding of the record of early terrestrial life and 
environments in the Cutler Group (Dzenowski and oth-
ers, 2013), and by extension early tetrapod life globally.

In 2009, UMNH began long-term excavation of the 
Indian Creek bonebed in the Cedar Mesa Sandstone 
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that was first mentioned by Stanesco and Campbell 
(1989). This interdunal site has revealed in situ permin-
eralized logs and hundreds of tetrapod bones from the 
interface between pond and fluvial deposits, as well as 
permineralized logs, conifer foliage, and osteichthyan 
and small tetrapod bones from the immediately over-
lying  lacustrine limestone. The specimens are currently 
being studied by A.K. Huttenlocker, R.B. Irmis, and col-
leagues. Preliminary results show that tetrapod assem-
blage is dominated by the early synapsid Sphenacodon, 
including a new species of the temnospondyl amphibi-
an Eryops (Rasmussen and others, 2016). Elsewhere in 
the area, the USC-UMNH team has discovered plant 
and vertebrate material from both marine and nonma-
rine horizons in the lower Cutler beds. This research 
group is collaborating on several other important sites 
in northern San Juan County relevant to BENM, and 
though this work is in its earliest stages, a faunal assem-
blage broadly consistent with other late Paleozoic local-
ities in North America is emerging, although with some 
significant taxonomic differences.
 

EARLY-MIDDLE TRIASSIC

Geology and Paleontology
During the Triassic Period, southwestern North 

America was located between the equator and approx-
imately 15°N (Kent and Irving, 2010; Torsvik and oth-
ers, 2012). At this time, western Utah was situated on 
the coast and shallow marine shelf along the eastern 
margin of the Panthalassic Ocean. During the Early and 
Middle Triassic, central and eastern Utah comprised 
the coastal and nonmarine fluvial siliciclastic deposits 
of the Moenkopi Formation (McKee, 1954; Stewart and 
others, 1972b; Blakey, 1974). Outcrops of the Moenko-
pi Formation are widespread in BENM (figure 4A), in-
cluding the Indian Creek area, Dark Canyon Wilderness 
and farther west, and Comb Ridge. None of the carbon-
ate-bearing units (e.g., Black Dragon and Sinbad Lime-
stone Members) of the Moenkopi extend far enough 
east to reach BENM (Blakey, 1974). Consequently, ex-
act correlation of BENM Moenkopi strata to the marine 
stages of the geologic time scale is poorly constrained. 
Within BENM, the Moenkopi Formation contains the 

Hoskininni, Torrey, and Moody Canyon Members, in 
ascending order. The base of the Hoskininni Member is 
coarse grained, but the rest of the Moenkopi in BENM 
comprises reddish deltaic and fluvial mudstone, silt-
stone, and fine-grained sandstone that are slope and 
ledge-forming units (McKee, 1954; Stewart and others, 
1972b; Blakey, 1974). To the west and north of BENM, 
the Torrey Member overlies the marine Sinbad Mem-
ber, which preserves an ammonoid assemblage charac-
terized by Anasibirites kingianus (Stewart and others, 
1972b; Blakey, 1974; Lucas and others, 2007; Brayard 
and others, 2013), suggesting a latest Spathian (mid-
dle Olenekian) age (e.g., Balini and others, 2010; Ogg, 
2012). This implies that the greater part of the Moen-
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kopi Formation, the Torrey and Moody Canyon Mem-
bers, are Spathian (middle-upper Olenekian) in age or 
younger (i.e., Anisian).

Published reports of fossils from the Moenkopi 
Formation within the BENM are rare. McKee (1954) 
noted “plant fragments” and “good fish remains” from 
the upper Moenkopi Formation (about 40 m below the 
top of the unit) near Bears Ears proper; but did not il-
lustrate or describe any specimens. Stewart and others 
(1972b, p. 68) briefly described actinopterygian scales, 
vertebrae, and teeth from the upper Moenkopi Forma-
tion (8 m below the top of the unit) in Fry Canyon, but 
failed to illustrate the specimens or mention repository/
specimen numbers. Nearby in White Canyon, just out-
side of the western boundary of BENM, McKee (1954, 
figure 9) noted a bone-bearing conglomerate just above 
the base of the formation, but again no details were pro-
vided. McKee (1954, p. 69) also mentioned “amphibian 
bones” from Bears Ears (about 15 m below fish-bearing 
unit mentioned above) and “vertebrate remains” from 
the Indian Creek area. McKee (1954, p. 71) noted rep-
tile tracks in the measured sections from Bears Ears and 
the Indian Creek area, but did not provide any further 
details. More recently, Thomson and Lovelace (2014) 
described archosauriform reptile swim tracks from the 
Torrey Member just inside the western boundary of 
BENM along Highway 95, as well as a number of simi-
lar sites just outside the western boundary of the mon-
ument. 

Perhaps the most important fossil locality in the 
Moenkopi Formation within BENM is a site discovered 
in 1945 by University of California-Berkeley paleon-
tologist Samuel P. Welles and colleagues in the Indian 
Creek area. Here, the Berkeley team discovered and ex-
cavated the complete skull and lower jaws of a capito-
saurian temnospondyl amphibian in the upper Moen-
kopi Formation. Although Welles (1967, 1969) failed to 
describe the specimen, it was twice mentioned and once 
illustrated (Welles, 1967, p. 14), noting its striking simi-
larity to Parotosuchus helgolandicus (Welles, 1967, p. 13) 
from the lower Middle Buntsandstein of northern Ger-
many, which is Smithian/lower Olenekian in age (see 
Szurlies, 2007; Hounslow and Muttoni, 2010). Morales 
(1987, p. 6) also mentioned the specimen and stated, 
without further explanation, that it was from the Torrey 

Member. Despite a lack of detailed description, formal 
taxonomic assignment, or stratigraphic data, Lucas and 
Schoch (2002, p 101) asserted that the specimen was 
assignable to Parotosuchus helgolandicus and repeated 
Morales’ statement that it was from the Torrey Member. 
Lucas and Schoch (2002) also incorrectly described the 
specimen as being found near Hite. These authors then 
used the specimen to correlate the Moenkopi Forma-
tion with the Buntsandstein in Germany. 

Ongoing Work
Work on new Moenkopi Formation track sites from 

the White Canyon region is in its nascent stages but the 
assemblage of invertebrate burrows and surface tracks 
indicates a diverse fauna that requires full description. 
These track sites were discovered in the 2016 and 2017 
field seasons by one of us (R.J. Gay). Additionally, R.B. 
Irmis has recently relocated the site of Welles’ Paroto-
suchus-like temnospondyl in the Indian Creek area, as 
part of work to describe the specimen and place it in a 
precise geologic context. Although the Moenkopi For-
mation in BENM has historically been poorly surveyed, 
these discoveries suggest that systematic prospecting of 
the unit may reveal significant fossil localities.

LATE TRIASSIC

Stratigraphy and Depositional Environments
During the Late Triassic, Pangaea began to drift 

northward (Kent and Tauxe, 2005; Kent and Irving, 
2010). What is now the southwestern United States 
changed from having a semi-humid to a semi-arid 
climate (Kent and Tauxe, 2005; Whiteside and others, 
2011, 2015). No strata are preserved in this region that 
record the late Middle Triassic and early Late Triassic 
environment. Base-level change near the end of the Car-
nian (about 228 Ma) (Atchley and others, 2013) initiat-
ed deposition of the fluvially dominated sediments of 
the Chinle Formation (e.g., Blakey and Gubitosa, 1983; 
Dubiel, 1994; Riggs and others, 1996). As the climate of 
the region became progressively more arid toward the 
end of the Triassic Period, the northwest-flowing rivers 
and floodplains depositing the Chinle Formation were 
increasingly better drained (e.g., Dubiel and Hasiotis, 
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2011; Martz and others, 2014). Ultimately, during the 
latest Triassic, fluvial deposition became ephemeral and 
sand dunes gradually encroached upon the eastern half 
of the state (Martz and others, 2014; Irmis and others, 
2015; Britt and others, 2016). By the beginning of the 
Jurassic, dune fields extended across large portions of 
the Colorado Plateau. The dunes are preserved as the 
Wingate Sandstone (Stokes, 1986; Peterson, 1988, 1994; 
Blakey, 1994), which directly overlies the Chinle For-
mation.

No other geologic formation in BENM has attracted 
more paleontological research than the Upper Triassic 
Chinle Formation (e.g., Parrish and Good, 1987; Par-
rish, 1999; Fraser and others, 2005; Gay and St. Aude, 
2015, Martz and others, 2014, 2017; figures 4A and 4B). 
The lithostratigraphy of the Chinle is complex with a 
high degree of lateral facies variability. Within the 
southern BENM, the Chinle Formation can be divided 
into six members, from oldest to youngest—Shinarump, 
Monitor Butte, Moss Back, Petrified Forest, Owl Rock, 
and Church Rock (Stewart, 1957; Stewart and others, 
1972a; Blakey and Gubitosa, 1983; Dubiel, 1994; Lewis 
and others, 2011) (figure 4B). In the south-central and 
southeastern parts of BENM, near Bears Ears proper and 
Comb Ridge, the Monitor Butte and Moss Back Mem-
bers interfinger (Stewart and others, 1972a; Blakey and 
Gubitosa, 1983; Dubiel, 1994), making them difficult to 
differentiate (Lewis and others, 2011). For stratigraphic 
convenience the interfingered parts of the formation is 
referred to simply as the Monitor Butte Member (Gay 
and St. Aude, 2015). In the Abajo Mountains and Indian 
Creek areas to the north, the lower part of the Chinle 
Formation is absent. The base of the formation is equiv-
alent to the Petrified Forest Member (Blakey and Gu-
bitosa, 1983; Martz and others, 2014, 2017). Here the 
Chinle subdivisions are, from oldest to youngest—Kane 
Springs beds, Owl Rock Member, and Church Rock 
Member (Witkind, 1964; Blakey and Gubitosa, 1983, 
1984; Martz and others, 2014, 2017) (figure 4A).

The Shinarump Member fills paleovalleys incised 
into the underlying Moenkopi Formation. This mem-
ber is dominated by coarse-grained braided stream de-
posits laid down by large river systems flowing to the 
northwest (Blakey and Gubitosa, 1983, 1984; Dubiel, 
1983, 1987, 1994). The coarse-grained sediments pass 

upward with an interfingering relationship into fin-
er-grained floodplain sediments of the Monitor Butte 
Member that preserve marsh, pond, and small stream 
environments having a fluctuating water table (Blakey 
and Gubitosa, 1983; Dubiel, 1983, 1987, 1994; Dubiel 
and Hasiotis, 2011). Laterally the Monitor Butte strata 
grade into and are overlain by braided stream deposits 
of the Moss Back Member, which represent the larger 
trunk streams of the same fluvial system (Blakey and 
Gubitosa, 1983, 1984; Dubiel, 1983, 1987, 1994). In the 
southern BENM, the Moss Back is overlain by the well-
drained paleosols and meandering stream deposits of 
the Petrified Forest Member, which record increasingly 
arid and seasonal conditions during the Norian (Blakey 
and Gubitosa, 1983; Dubiel, 1987, 1994; Dubiel and Ha-
siotis, 2011; Martz and others, 2017). 

In the northern BENM and vicinity, the Kane 
Springs beds are in part correlative to the Petrified For-
est Member. These beds are the lowest Chinle strata in 
this area (Blakey and Gubitosa, 1983, 1984; Martz and 
others, 2014, 2017). This unit represents an assemblage 
of fine-grained floodplain and meandering stream de-
posits that locally fill paleovalleys in the underlying 
Moenkopi Formation (Blakey, 1978; Blakey and Gubi-
tosa, 1983, 1984; Martz and others, 2014; Hartley and 
Evenstar, 2018). The Owl Rock Member rests on both 
the Petrified Forest Member and Kane Springs strata 
throughout BENM (figure 4A). This member is char-
acterized by fine-grained overbank and minor chan-
nel deposits (Blakey and Gubitosa, 1983; Dubiel, 1994; 
Dubiel and Hasiotis, 2011). Crayfish burrows extend-
ing from channel and levee facies down into underly-
ing fine-grained paleosols are common (Hasiotis and 
Mitchell, 1989, 1993; Hasiotis and others, 1993; Hasi-
otis, 1995). Descriptions of widespread lacustine envi-
ronments in the Owl Rock Member are a consequence 
of misinterpretation of the carbonate-rich pedogenic 
horizons and the coarse-grained layers with both dia-
genetic carbonate cement and intraformational carbon-
ate nodule clasts (Tanner, 2000, 2003). The uppermost 
unit of the Chinle Formation across all the BENM is the 
Church Rock Member having coarse-grained overbank 
and ephemeral channel deposits indicating a distinctly 
seasonal paleoclimate (Blakey and Gubitosa, 1983; Du-
biel, 1987, 1994; Martz and others, 2014). Locally at the 
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boundary between the top of the Church Rock Member 
and the overlying Wingate Sandstone, there are fluvi-
al sandstone and conglomerate beds named Big Indi-
an Rock beds by Martz and others (2014). These beds 
indicate that the Chinle-Wingate transition was vari-
able and not correlative strictly with the onset of eolian 
deposition. As in northeastern Utah (cf. Irmis and oth-
ers, 2015), the fossils in these beds indicate that the base 
of the Wingate Sandstone is still Triassic in age (Martz 
and others, 2014).

History of Geological and 
Paleontological Exploration

The earliest publication of vertebrate fossils from the 
BENM region described the first occurrence of a phyto-
saur from Utah. This specimen was collected from the 
Clay Hills area, south of Fry Canyon and east of what is 
now Lake Powell (Lucas, 1898). Phytosaurs are perhaps 
the most common vertebrate fossil from the Chinle For-
mation in BENM (Martz and others, 2014; McCormack 
and Parker, 2017; authors personal observations). These 
semi-aquatic, archosauriform reptiles superficially re-
semble modern crocodylians. They were globally dis-
tributed and abundant during the Late Triassic (Stocker 
and Butler, 2013). During the early part of the 20th cen-
tury geologic exploration in BENM focused principally 
on mineral and oil exploration along the San Juan River 
(e.g., Baker, 1933, 1936; Wengerd, 1951). As part of this 
work, a 1926 USGS geological field party collected frag-
mentary phytosaur bones from Moab (Camp, 1930, p. 
12; Baker, 1933, p. 41). Charles Camp of the University 
of California, Berkeley, conducted additional fieldwork 
in the Chinle Formation of southeastern Utah in 1927, 
discovering localities near Moab (UCMP A280), Indian 
Creek (UCMP A281), and Bears Ears (UCMP A277). 
Camp (1930, p. 13) briefly mentioned fragmentary phy-
tosaur material, as well as other bone fragments, from 
these sites.

In the 1950s, exploration in the Chinle Formation 
shifted away from fossils and toward another resource. 
The post-World War II uranium boom resulted in min-
ing claims throughout southeastern Utah. The Chinle 
Formation became one of the country’s most produc-
tive formations for uranium (Isachsen and Evensen, 

1956; Ringholz, 1989). This explosion of mineral ex-
ploration and extraction also promoted renewed in-
terested in Triassic stratigraphy on the Colorado Pla-
teau. During the 1950s and 1960s, the Atomic Energy 
Commission funded a large-scale study of nonmarine 
Triassic lithostratigraphy by a USGS team resulting in 
two comprehensive monographs (Stewart and others, 
1972a, 1972b). Not only did this work provide fun-
damental insights into the stratigraphy and sedimen-
tology of the Chinle Formation (Stewart, 1956, 1957; 
Stewart and others, 1959, 1972a; Stewart and Wilson, 
1960), but additional paleontological sites were discov-
ered. These include sites from BENM and surrounding 
areas, such as molluscs from Fry Canyon, White Can-
yon, the Clay Hills, and Lisbon Valley (Stewart and oth-
ers, 1972a, p. 78–79); crustaceans from White Canyon 
and Lisbon Valley (Stewart and others, 1972a, p. 79); 
temnospondyl amphibians from Fry Canyon (Stewart 
and others, 1972a, p. 80); and phytosaurs from White 
Canyon and Deer Flat (Stewart and others, 1972a, p. 
82). A diversity of fossil leaf localities were reported, 
including sites preserving ferns, bennettitaleans, and 
conifers in the Shinarump and Monitor Butte Members 
at Elk Ridge, Deer Flat, White Canyon, and Monitor 
Butte (Stewart and others, 1972a, p. 85–86). Many of 
these specimens subsequently were described in more 
detail by Ash (1975a, 1975b, 1977, 2001; Ash and oth-
ers, 1982; Ash and Litwin, 1996). Mullens (1960, p. 287–
288) mentioned gastropods, teeth, and bone fragments 
from the Clay Hills area and O’Sullivan (1965, p. 62) 
reported fragmentary phytosaur remains from Comb 
Ridge. Just east of BENM, in the Lisbon Valley area, 
geologists conducting uranium exploration (Isachsen, 
1954; Isachsen and others, 1955; Isachsen and Evensen, 
1956; Weir and Puffett, 1960) discovered several sites in 
the Church Rock Member (see Martz and others, 2014) 
that preserve articulated skeletons of multiple species of 
actinopterygian fish and the coelacanth Chinlea. These 
specimens were described by Schaeffer (1967).

Though the uranium boom ended in the late 1960s 
with falling commodity prices, its effects can still be felt 
in unexpected ways by modern paleontologists who 
work in BENM. For example, old uranium roads pro-
vide access to sites that would otherwise be inaccessi-
ble, because the Chinle Formation forms impenetrable 
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badlands within BENM. Uranium readily replaces cal-
cium in bone (Neuman and others, 1949) and often pre-
cipitates in association with organic material (Spirakis, 
1996). In areas with high concentrations of uranium 
minerals, radioactive fossilized bone and wood are 
common (Steen and others, 1953; Gross, 1956; Isachsen 
and Evensen, 1956; Trites and others, 1956; Weir and 
Puffett, 1960; Johnson and Thordarson, 1966; R. Gay, 
personal observation). Historical archaeological arti-
facts of the uranium boom, including mine shafts and 
assorted machinery, core holes and discarded core, 
and mining haul roads are common across the region. 
Abandoned camps can be found across BENM wherev-
er Triassic strata are well exposed.

Following the seminal work on Chinle stratigraphy 
by Stewart and others (1972a), paleontological recon-
naissance of the Chinle Formation across southeastern 
Utah was performed during the mid-1980s by Michael 
Parrish, Steven Good, and Russell Dubiel. Prior to field 
campaigns by Parrish, Good, and Dubiel, fossil occur-
rences in the Chinle Formation within BENM had been 
limited due to the rough terrain and lack of systematic 
prospecting, and were largely restricted to finds made 
by the geologic studies cited above. Parrish and Good 
(1987) and Parrish (1999) had discovered vertebrate 
fossils in the Shinarump, Monitor Butte, Moss Back, 
and Petrified Forest Members of the Chinle Formation, 
including metoposaurid temnospondyls, phytosaurs, 
and aetosaurs. The discovery of the phytosaur ‘Rutiodon 
tenuis’ (= Machaeroprosopus pristinus—see Long and 
Murry, 1995) and a partial osteoderm of the aetosaur 
Typothorax lead Parrish and Good (1987) to correlate 
the Petrified Forest Member in the White Canyon re-
gion of BENM with the Petrified Forest Member in Ar-
izona and New Mexico. This correlation is consistent 
with lithostratigraphic correlations by Stewart and oth-
ers (1972a), Blakey and Gubitosa (1983), and Martz and 
others (2017). Parrish and Good (1987) also discovered 
numerous invertebrate fossils, including bivalves, gas-
tropods, ostracods, and conchostracans. In addition, 
they reported the occurrence of the molluscs Triasam-
nicola assiminoides, Diplodon gregori, Antediplodon sp., 
and Unio sp.

The most significant discoveries from the 1980s sur-
veys were two separate sites that preserve small verte-

brates, both of which are adjacent to uranium mines. 
The first was discovered in the Monitor Butte Member 
of the Red Canyon area. From this site Parrish (1999) 
described several vertebrae, limb elements, and ar-
mor plates of at least two individual diminutive croc-
odylomorphs belonging to the same taxon, as well as 
three additional armor plates from crocodylomorphs 
assigned to Archosauriformes. None of the ‘crocodylo-
morph’ material is actually assignable to that clade. The 
osteoderms (Parrish, 1999; figure 1) and possibly some 
of the postcrania (figures 2 and 3 of Parrish, 1999) ap-
pear to be referable to the early suchian Revueltosaurus 
(cf. Parker and others, 2005; R.B. Irmis., personal ob-
servation). Similarly, the indeterminate archosauriform 
osteoderms are nearly identical to those of the suchian 
archosaur Acaenasuchus from the Blue Mesa Member 
of the Chinle Formation of eastern Arizona (cf. see fig-
ures 117 and 118 of Long and Murry, 1995; figure 6d 
of Irmis, 2005a; Marsh and others, in press). This site, 
including Parrish’s finds, was included in the original 
monument proposal (Bears Ears Intertribal Coalition, 
2016) but omitted in the final declaration (Obama, 
2016). The second site, in the Petrified Forest Member 
in White Canyon, produced vertebrae and claws from 
a possible theropod dinosaur and a fragmentary right 
mandible from a possible ornithischian dinosaur (Par-
rish, 1999). For nearly two decades these represented 
the only published occurrence of dinosaur body fos-
sils from the Triassic of Utah. Although the discovery 
appeared to be highly significant, recent work has cast 
doubt on their assignment to Dinosauria (Jenkins and 
others, 2017). This site is within the original boundaries 
of BENM (Obama, 2016), but it is excluded from the 
revised monument boundaries (Trump, 2017).

Another notable discovery was a skull of a procolo-
phonid parareptile from the Owl Rock or Church Rock 
Members in the Abajo Mountains area (Fraser and oth-
ers, 2005). This unnamed leptopleuronine is the only 
described associated skull of a procolophonid from the 
Chinle Formation. Procolophonid remains of any kind 
are very rare from the unit (Martz and others, 2017). 
This specimen appears to be taxonomically distinct 
from Hypsognathus and other leptopleuronines known 
from the Late Triassic of North America (Fraser and 
others, 2005).
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Other paleontological work in the area occurred 
sporadically throughout the 1980s and 1990s. Litwin 
(1986), Litwin and Skog (1991), and Litwin and oth-
ers (1991) described diverse palynological assemblages 
from the Shinarump Member at Kigalia Point, north of 
Bears Ears Buttes, and from the Petrified Forest Mem-
ber at Copper Point, east of White Canyon. The palyno-
morphs supported regional biostratigraphic correlation 
of the Chinle Formation (Litwin and others, 1991). Just 
east of BENM, Ash (1982, 1987) described specimens of 
petrified wood, casts of Neocalamites, leaves of Pelourdea 
poleoensis, and leaves of Sanmiguelia lewisi from the 
Church Rock Member in Lisbon Valley. Dubiel and oth-
ers (1987, 1988, 1989) described lungfish burrows from 
the Monitor Butte and Owl Rock Members in the White 
Canyon area. However, it was quickly noted by other 
researchers that these were crayfish burrows identical 
to those containing rare crayfish body fossils in the Owl 
Rock Member at Indian Creek (McAllister, 1988; Hasi-
otis and Mitchell, 1989, 1993; Hasiotis and others, 1993; 
Hasiotis, 1995). These ichnofossils provide evidence for 
a fluctuating water table during the Norian in this area. 
Also at Indian Creek is the Shay Canyon track site de-
scribed in Lockley (1986) and Lockley and Hunt (1995). 
This important site preserves over 250 footprints on a 
single horizon in the Church Rock Member. It is dom-
inated by tracks of Brachychirotherium, thought to be 
made by aetosaurs (refer to Heckert and others, 2010; 
Lucas and Heckert, 2011). Atreipus-like tridactyl prints 
are also preserved (Lockley and Hunt 1995; Hunt-Fos-
ter and others, 2016).

Ongoing Work
Parrish and Good (1987) and Parrish (1999) were 

the first researchers to demonstrate the potential for 
significant Chinle sites in the area designated as BENM. 
Three decades later the list of institutions engaged in ac-
tive Chinle research in BENM has grown significantly 
to include Museums of Western Colorado, the Natural 
History Museum of Utah, the St. George Dinosaur Dis-
covery Site, the Natural History Museum of Los An-
geles County, Petrified Forest National Park, Appala-
chian State University, and the University of California, 
Berkeley. In a large collaborative effort that has become 

the norm for paleontological research, scientists from 
these institutions are working to fill gaps in our under-
standing of the Late Triassic Period (Martz and others, 
2014; Delgado and others, 2017; Gay and others, 2017).

Recent and ongoing efforts by teams have assembled 
substantial collections from BENM and the surrounding 
region, much of which awaits preparation and research. 
Work in the southern area has recovered a diverse mi-
crovertebrate assemblage from the base of the Chinle 
Formation at Comb Ridge (Gay and others, 2016). This 
site has already produced hundreds of specimens from 
surface collection alone, with screen washing done in 
2018. The taxonomic diversity is greater than any pub-
lished Upper Triassic microvertebrate site in Utah. As 
of 2017, the recovered diversity (293 specimens com-
prising 14 clades) is similar to other North American 
sites of the same age. Gay and others (2017) report a 
bonebed in the Chinle Formation in Red Canyon that 
had previously produced a skull and partial skeleton of 
the phytosaur Pravusuchus (McCormack and Parker, 
2017). Preliminary fieldwork conducted at this site in 
September of 2017 indicated that the bonebed is a later-
ally extensive assemblage unlike any previously discov-
ered in BENM or elsewhere in the Chinle Formation 
of Utah. It is apparent that over the past two decades 
illegal collecting had been done at this site, highlighting 
the fragility of this extremely significant paleontologic 
resource and others like it (Gay and others, 2018).

In the northern part of BENM, particularly in the In-
dian Creek area, joint fieldwork from 2013 to the present 
by the SGDDS and UMNH has identified over 200 new 
fossil localities in the Chinle Formation that preserve a 
record of Late Triassic plants, molluscs, and vertebrates. 
These sites occur throughout formation with fossils in 
the Kane Springs beds, Owl Rock Member, and Church 
Rock Member (see figure 12 of Martz and others, 2014, 
p. 426–428). Discoveries include multiple taxa of leaves, 
a quarry containing many articulated actinopterygian 
fish, metoposaurid temnospondyls, phytosaur skulls 
and associated skeletons, aetosaurs, “rauisuchians,” 
skeletal remains of small as-yet unidentified tetrapods, 
and a diversity of tetrapod footprints (e.g., Brachychi-
rotherium, Rhynchosauroides, Evazoum, and Gwyned-
dichnium; see Hunt-Foster and others, 2016). To the 
east, just outside of BENM, the same team encountered 
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a similar fossil assemblage in the Kane Springs beds and 
Church Rock Member in Lisbon Valley. Fossils found 
include leaves of ferns, bennettitaleans, and Sanmigue-
lia; conchostracans; ostracods; molluscs; multiple taxa 
of actinopterygian fish; coelacanths; metoposaurid am-
phibians; the phytosaur Redondasaurus, the aetosaur 
Typothorax; paracrocodylomorphs; and footprints from 
the ichnotaxa Grallator, Brachychirotherium, Apatopus, 
and Rhynchosauroides (Milner, 2006; Milner and oth-
ers, 2006, 2011; Gibson, 2013a, 2013b, 2015; Ash and 
others, 2014; Martz and others, 2014; see figures 6 to 
12 and table 1 of Hunt-Foster and others, 2016). The 
specimens in the Indian Creek area and Lisbon Valley 
comprise the most abundant fossil assemblages in Utah 
from the Chinle Formation and are among the richest 
assemblages from the Church Rock Member anywhere 
on the Colorado Plateau.

THE TRIASSIC-JURASSIC BOUNDARY
The end of the Triassic Period is marked by one of 

the five largest mass extinctions in Earth’s history, the 
end-Triassic mass extinction (e.g., Raup, 1994; Bam-
bach, 2006; Alroy and others, 2008). This biotic crisis 
at 201.6 Ma is thought to have been caused by eruption 
of the Central Atlantic Magmatic Province (CAMP) 
flood basalts. These were extruded on land as the Atlan-
tic margins of North America, South America, Europe, 
and Africa began to rift apart (e.g., Schoene and others, 
2010; Whiteside and others, 2010; Blackburn and oth-
ers, 2013; Percival and others, 2017). Although the ex-
tinction event is relatively well characterized in marine 
ecosystems, its severity and timing in nonmarine envi-
ronments remains controversial (e.g., Pálfy and others, 
2000; Olsen and others, 2002; Tanner and others, 2004; 
Whiteside and others, 2007, 2010; Lindström and oth-
ers, 2017). The difficulty with nonmarine records is that 
age dating is poorly constrained (e.g., Irmis and others, 
2010; Mundil and others, 2010). In North America the 
sole exception is the tetrapod footprint record from the 
Newark Supergroup along the east coast (Olsen and 
others, 2002), which is tied to the Newark-Harford As-
trochronostratigraphic Time-Scale (Kent and others, 
2017) and now verified by high-precision U-Pb ages 
from the Chinle Formation (Kent and others, 2018).

The uppermost Chinle Formation and Glen Can-
yon Group on the Colorado Plateau has potential to 
complement the Newark Supergroup record because it 
preserves an abundant footprint and body fossil record 
(e.g., Sues and others, 1994; Irmis, 2005b; Lucas and 
others, 2005; Tykoski, 2005; Milner and others, 2012) 
and contains a much longer post-extinction record (cf. 
Marsh and others, 2014; Marsh, 2015). However, the 
principal limitation of the Colorado Plateau record is 
the absence of precise geochronologic age constraints. 
There is even debate over the stratigraphic placement 
of the Triassic-Jurassic boundary (Lucas and others, 
2005, 2006b, 2006c, 2011; Kirkland and Milner, 2006; 
Lucas and Tanner, 2007; Donohoo-Hurley and others, 
2010; Milner and others, 2012; Kirkland and others, 
2014; Suarez and others, 2017). Nonetheless, evidence is 
strong that the Triassic-Jurassic transition is preserved 
without significant gaps in deposition across the Col-
orado Plateau (Lucas and others, 2006c; Sprinkel and 
others, 2011a; Martz and others, 2014; Irmis and others, 
2015; Britt and others, 2016; Suarez and others, 2017), 
and specifically in BENM (Molina-Garza and others, 
2003; Lewis and others, 2011). Therefore the Glen Can-
yon Group within and adjacent to BENM can provide 
important insights into the end-Triassic extinction on 
land, the subsequent ecological recovery of non-marine 
ecosystems, and the final stages of the emergence of 
dinosaurs (e.g., Brusatte and others, 2010; Langer and 
others, 2010; Irmis, 2011).

Geology and Paleontology
In BENM, the Chinle Formation is overlain by 

the Upper Triassic-Lower Jurassic Wingate Sandstone 
of the Glen Canyon Group, which acts as a resistant 
cliff-forming “cap” (Baker, 1936; Sears, 1956; Stewart, 
1957; Witkind and others, 1963; Witkind, 1964; O’Sul-
livan and MacLachlan, 1975; Martz and others, 2014, 
2017). Although predominantly an eolian sandstone, 
the base of this unit locally preserves fluvially depos-
ited sands (e.g., Martz and others, 2014). The Wingate 
Sandstone represents the onset of the Early Jurassic 
continental erg (e.g., Blakey, 1994; Blakey and others, 
1988; Peterson, 1988, 1994; Sprinkel and others, 2011a; 
Irmis and others, 2015; Britt and others, 2016), a pro-
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found and sustained desertification of western North 
American driven in part by the breakup of Pangea and 
the northward drift of the continent (Kent and Irving, 
2010). Paleontologic (Lockley and others, 2004; Lucas 
and others, 2006c; Martz and others, 2014; Hunt-Foster 
and others, 2016), geochronologic (Molina-Garza and 
others, 2003), and lithostratigraphically correlative stra-
ta (Sprinkel and others, 2011a; Irmis and others, 2015; 
Britt and others, 2016; Suarez and others, 2017) all in-
dicate that the Triassic-Jurassic boundary is preserved 
within the Wingate Sandstone.

Except for vertebrate body fossils found at the Chin-
le-Wingate contact in the aforementioned fluvial sand-
stones (Morales and Ash, 1993; Martz and others, 2014), 
the Wingate Sandstone has yet to produce diagnostic 
body fossils. No Wingate fossil sites within BENM have 
been published. However, numerous Wingate track sites 
have been found north and west of BENM, as well as in 
northeastern Arizona (Longwell and others, 1925, p. 13; 
Baker, 1936, p. 50; Lockley and Hunt, 1995; Schults-Pit-
tman and others, 1996; Lockley and others, 2004; Smith 
and Foster, 2004; Lockley and Gierliński, 2006; Lucas 
and others, 2006c; Hunt-Foster and others, 2016). At 
these sites the presence of Brachychirotherium and ab-
sence of Eubrontes in the lower Wingate Sandstone and 
vice versa in the upper Wingate, along with the pres-
ence of synapsid, Batrachopus, and Otozoum tracks, is 
consistent with the placement of the Triassic-Jurassic 
boundary near the middle of the formation (Lockley 
and others, 2004; Lucas and others, 2006c).

Ongoing Work
A SGDDS-UMNH investigation in the Indian 

Creek area has discovered a number of important Win-
gate Sandstone footprints in slump blocks covering the 
slope-forming Chinle Formation. These include tracks 
of Brachychirotherium, Eubrontes, and a spectacular 
vertical block covered in dozens of tracks of Evazoum 
and Grallator (see figures 16f and 17 of Hunt-Foster and 
others, 2016, p. 88–89). Although not in original strati-
graphic position, the footprint assemblages add cre-
dence to the proposition that the Wingate Sandstone in 
BENM contains a record of the end-Triassic extinction 
and the Triassic-Jurassic boundary.

JURASSIC

Geology and Paleontology
The Glen Canyon Group contains three forma-

tions—the eolian Wingate Sandstone at the base, the 
fluvial-dominated Kayenta Formation, and, with an in-
terfingering relationship, the eolian Navajo Sandstone 
at the top (Middleton and Blakey, 1983; Herries, 1993; 
Blakey, 1994; Peterson, 1994). All three units outcrop 
prominently throughout the BENM (figures 4A and 
4B). Access to the outcrops is generally difficult because 
they form steep ledges and cliffs. 

Radioisotopic ages, magnetostratigraphy, and pal-
ynomorphs from the underlying Moenave Formation 
in southwestern Utah and northern Arizona provide 
maximum age constraints for the Kayenta Formation 
indicating it is no older than Sinemurian (Litwin, 1986; 
Cornet and Waanders, 2006; Downs, 2009; Dono-
hoo-Hurley and others, 2010; Suarez and others, 2017). 
New U-Pb zircon ages from the ‘silty facies’ of the for-
mation in northern Arizona suggest at least part of the 
Kayenta is late Pliensbachian to early Toarcian in age 
(Marsh and others, 2014; Marsh, 2015). This is consis-
tent with magnetostratigraphic data from the Kayenta 
Formation and interfingering Tenny Canyon Tongue 
of the Navajo Sandstone in southwestern Utah, which 
Steiner and Tanner (2014) correlated with the low-
er-middle Pliensbachian, but would be equally consis-
tent with an upper Pliensbachian-lower Toarcian age 
(cf. Moreau and others, 2002; Ogg and Hinnov, 2012).

Descriptions of fossils from the Kayenta Forma-
tion in BENM are few. Baker (1933, p. 46) reported 
unionid bivalves from the northern tip of the original 
monument. UMNH has in its collection a tetrapod rib 
(UMNH VP 29841) and a large bone fragment (UMNH 
VP 29842) from the formation in the Comb Ridge area. 
There are no published accounts of footprints in BENM, 
but diverse and abundant track assemblages are known 
to the north and west (Lockley and Hunt, 1995; Foster 
and others, 2001; Lockley and Gierliński, 2006, 2014a; 
Milner and others, 2012). In northeastern Arizona, the 
‘silty facies’ of the Kayenta Formation contains a diverse 
body fossil assemblage, including hybodont and oste-
ichthyan fishes, amphibians, caecilians, turtles, croco-
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dylomorphs, dinosaurs, cynodonts, dicynodonts, and 
mammals (Sues and others, 1994; Lucas and others, 
2005; Tykoski 2005). A new site in southwestern Utah 
has produced a diverse assemblage of fossil leaves, ver-
tebrate body fossils, and vertebrate ichnotaxa (Milner 
and others, 2017).

The hypothesized Toarcian age of the Navajo Sand-
stone is constrained only by the age of the unit that 
conformably underlies it, as described above, and the 
Middle Jurassic (Aalenian) Temple Cap Formation 
(Kowallis and others, 2001; Sprinkel and others, 2011b; 
Doelling and others, 2013) that unconformably rests 
on it. A remarkable discovery in the Navajo Sandstone 
at Comb Ridge in BENM is the type specimen of the 
early sauropodomorph dinosaur Seitaad ruessi (Sertich 
and Loewen, 2010). This is the oldest dinosaur identi-
fied to the species level in Utah. The single specimen 
is an articulated postcranial skeleton missing the neck 
and tail. It is one of few vertebrate body fossil specimens 
collected from the entire formation. Elsewhere the Na-
vajo Sandstone contains other sauropodomorphs, the 
theropod Segisaurus, crocodylomorphs, tritylodon-
tid cynodonts, and actinopterygian fish (Irmis, 2005b; 
Harward and Irmis, 2014; Frederickson and Davis, 
2017). Trace fossils in the Navajo Sandstone are abun-
dant and diverse. Rainforth (1997) documented occur-
rences in BENM near Comb Ridge, Indian Creek, and 
Kane Springs Canyon, including footprints of Grallator, 
Eubrontes, Anomoepus, and Otozoum. In southern Utah 
outside of BENM, Navajo Sandstone invertebrate and 
vertebrate traces are numerous. They include the exten-
sive trackway site at the Kayenta-Navajo boundary in 
Lisbon Valley (Stokes, 1978; Lockley and others, 1992; 
Lockley and Hunt, 1995; Rainforth, 1997; Loope and 
Rowe, 2003; Loope, 2006a; Ekdale and others, 2007). 
Particularly important are spring-fed interdunal pond 
deposits containing fossils of large conifer logs, leaves, 
ostracods, invertebrate and vertebrate burrows, and di-
nosaur tracks (Eisenberg, 2003; Loope and others, 2004; 
Lucas and others, 2006a; Parrish and Falcon-Lang, 
2007; Riese and others, 2011; Parrish and others, 2017).

The Middle to Upper Jurassic San Rafael Group 
unconformably overlies the Glen Canyon Group. Mid-
dle Jurassic and younger strata are exposed only on 
the eastern and western margins of BENM (figure 5). 

Post-Lower Jurassic rocks have been eroded from the 
top of the Monument upwarp (e.g., Hintze and others, 
2000; see figure 1 of Doelling and others, 2013). Conse-
quently, the oldest unit in the San Rafael Group is the 
Carmel Formation, which is biostratigraphically and ra-
dioisotopically dated as Bajocian through lower Callo-
vian (Sprinkel and others, 2011b; Doelling and others, 
2013). No fossils have been reported from the Carmel 
Formation in southeastern Utah, but extensive inverte-
brate fossil assemblages are known from marine facies 
to the west and north (Imlay, 1948, 1964; Lowrey, 1976; 
Bagshaw, 1977). Dinosaur footprints have been report-
ed from coastal deposits in northeastern Utah (Lockley 
and Hunt, 1995; Lockley and others, 1998a). The Car-
mel Formation is conformably overlain by the eolian 
Entrada Sandstone, which is thought to be late Callo-
vian (Sprinkel and others, 2011b; Doelling and others, 
2013). No fossils have been reported from the Entrada 
in BENM, but to the west and north invertebrate bur-
rows (Ekdale and Picard, 1985), vertebrate burrows 
(Loope, 2006b, 2008), and theropod and sauropod di-

Carmel Fm

Bluff SS
Summerville Fm
Entrada SS

Brushy Basin Mbr,
Morrison Fm

A

B

A

B

Figure 5. Middle-Upper Jurassic lithostratigraphy in Bears 
Ears National Monument and vicinity. (A) Butler Wash. (B) 
Black Mesa. Abbreviations: Fm, formation; Mbr, member; 
SS, sandstone.
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nosaur footprints (Foster and others, 2000) occur. The 
San Rafael Group includes the Moab Tongue along the 
eastern margin of GSENM. This localized stratigraphic 
unit had been considered part of the Entrada Sandstone, 
but it is now assigned to the younger Curtis Formation 
(Doelling, 2001, 2004; O’Sullivan 2010a). The Curtis 
Formation is considered to be latest Callovian or earli-
est Oxfordian in age, because the base of the overlying 
Morrison Formation is dated as middle-late Oxfordian 
(cf. Pellenard and others, 2013; Trujillo and Kowallis, 
2015; Muttoni and others, 2018). This age assignment 
is consistent with U-Pb dates from detrital zircon in the 
Curtis Formation (Dickinson and Gehrels, 2009). No 
Curtis Formation fossils have been reported in BENM; 
however, to the north the top of the Moab Tongue con-
tains abundant dinosaur tracks, a “mega track site,” as 
well as tracks of the controversial archosaur ichnotax-
on Pteraichnus (Lockley, 1991; Lockley and Hunt, 1995; 
Lockley and Gierliński, 2014b). In eastern BENM the 
Summerville Formation (Oxfordian) directly overlies 
the Moab Tongue. The Summerville’s assigned age is 
constrained only by its stratigraphic position immedi-
ately beneath the fossiliferous Morrison Formation. At 
Butler Wash in BENM there is an important theropod 
dinosaur track site in the upper Summerville Formation. 
Similar footprints, including Pteraichnus, are found in 
an equivalent stratigraphic position north of Ticaboo, 
west of BENM (Lockley and others, 1996; Lockley and 
Mickelson, 1997).

Towards the close of the Jurassic Period, a broad 
network of rivers, floodplains, and ponds developed 
across the Western Interior. The deposits of variegated 
mudstone, siltstone, and sandstone form the Morrison 
Formation (Upper Jurassic). This formation holds one 
of the richest dinosaur-bearing fossil assemblages in 
North America (e.g., Turner and Peterson, 1999, 2004; 
Foster, 2003, 2007; Chure and others, 2006). The best 
exposures of the Morrison Formation are along the east-
ern part of BENM, from Bluff to north of Monticello. 
At the south end of the outcrop belt the formation has 
four members—Bluff Sandstone, Recapture, Westwater 
Canyon, and Brushy Basin (in ascending order). At the 
north end just three members crop out—Tidwell, Salt 
Wash, and Brushy Basin (Peterson, 1994; Turner and 
Peterson, 2004, 2010; O’Sullivan, 2010b; Kirkland and 

others, 2020). The Tidwell Member has been radioiso-
topically dated to approximately 157 Ma (middle-late 
Oxfordian)—the top of Morrison Formation is about 
150 Ma, slightly younger than the Kimmeridgian-Ti-
thonian boundary (Kowallis and others, 1998, 2007; 
Pellenard and others, 2013; Trujillo and others, 2014; 
Trujillo and Kowallis, 2015; Muttoni and others, 2018).

Most fossils are found in the Salt Wash and Brushy 
Basin Members (Turner and Peterson, 1999; Foster, 
2003). However, in 1859, just east of the Indian Creek 
unit of BENM, the type and only known specimen of the 
enigmatic sauropod dinosaur Dystrophaeus viaemalae 
was discovered in the Tidwell Member (Gillette, 1996a, 
1996b; McIntosh, 1997; Bernier and Chan, 2006). This 
specimen comprises the oldest known skeletal remains 
of a eusauropod dinosaur from North America. The site 
is currently under renewed excavation by the Utah Field 
House of Natural History and UMNH (Foster and oth-
ers, 2016a). Four to five million years later, during Salt 
Wash and Brushy Basin time, iconic dinosaurs such as 
Allosaurus, Camarasaurus, Brachiosaurus, Apatosaurus, 
and Stegosaurus roamed across the 1.1 million-square-
km Morrison landscape leaving behind footprints and 
dozens of multispecies bonebeds (Turner and Peterson, 
1999, 2004; Foster and Lockley, 2006; Foster and oth-
ers, 2016b). Although important Salt Wash and Brushy 
Basin fossil sites are common across Utah (Turner and 
Peterson, 1999; Foster, 2003), few have been document-
ed in BENM. This is due to insufficient systematic pros-
pecting, though this is beginning to change (Kirkland 
and others, 2020). 

An unpublished fragmentary sauropod specimen 
(UMNH VP 29894) in the White Mesa area east of 
BENM (UMNH VP Loc. 2391) was collected in 1979 
from the Brushy Basin Member during a survey for 
the White Mesa Uranium Mill. The Blanding Dino-
saur Museum also has Morrison Formation sauropod 
material in its collection, including a fragmentary pel-
vis from near Blanding and a Camarasaurus humerus. 
Sites near the northern boundary of BENM preserved 
fish; the sphenodontian Eilenodon; squamates; ornith-
ischian dinosaurs Stegosaurus, Camptosaurus, and 
Fruitadens; sauropod dinosaurs Camarasaurus, Apa-
tosaurus, Diplodocus; theropod dinosaur Allosaurus; 
and several mammaliaforms, including Fruitafossor, 
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Glirodon, Dryolestes, a morganucodont, a eutricodont, 
and a paurodontid (Foster, 2003, 2005; Davis and oth-
ers, 2018). Tetrapod footprints are common in the Salt 
Wash and Brushy Basin Members (Lockley and others, 
1998b; Foster and Lockley, 2006), but only a single site 
has been published within BENM. Milàn and Chiappe 
(2009) described the first North American occurrence 
of the possible stegosaur ichnotaxon Deltapodus from 
the Brushy Basin Member between Blanding and Bluff. 
Despite the rarity of documented finds within BENM 
(Kirkland and others, 2020), sites in the Salt Wash 
Member to the south (Lockley and others, 1998c) and 
east (Foster and Lockley, 2006) of the monument have 
footprints of crocodyliforms, ornithopod dinosaurs, 
sauropod dinosaurs, and theropod dinosaurs, including 
the type localities of Dinehichnus socialis (Lockley and 
others, 1998c) and Hatcherichnus sanjuanensis (Foster 
and Lockley, 1997).

Among Morrison Formation plant localities (Par-
rish and others, 2004; DeBlieux and others, 2017), 
perhaps the most important in BENM region is in 
the Brushy Basin Member near Montezuma Creek. At 
this site fine-grained tuffaceous deposits contain fossil 
wood, palynomorphs, leaves, conchostracans, fish, and 
invertebrate traces (Ash, 1994; Ash and Tidwell, 1998; 
Litwin and others, 1998; Hasiotis and others, 2004; 
Parrish and others, 2004). The megafloral assemblage 
includes at least eight different species of bryophytes, 
ferns, cycadophytes, ginkgophytes, conifers, and prob-
lematic taxa, such as Hermanophyton (Ash, 1994; Ash 
and Tidwell, 1998). This site is assigned an age of late 
Kimmeridgian-earliest Tithonian (cf. Muttoni and oth-
ers, 2018) and has been 40Ar/39Ar dated to 149 to 152 
Ma (Kowallis and others, 1998; Trujillo and Kowallis, 
2015). Baker (1933, p. 52) refers to petrified wood from 
the Salt Wash Member in the northern BENM, but does 
not specify the location.

Ongoing Work
The Morrison Formation across Utah has suffered 

greatly from illegal fossil collecting over the last sev-
eral decades, with several looted sites discovered only 
by cursory BLM surveys (J. Uglesich, R.J. Gay, person-
al observations). Although much of the Morrison For-

mation has been explored in other areas, such as near 
Moab (Foster, 2005, 2007; Davis and others, 2018), 
BENM outcrops are only now being systematically 
surveyed by professional paleontologists (DeBlieux 
and others, 2017). Since late 2016 the Utah Geologi-
cal Survey (UGS) has been actively surveying BENM 
Morrison Formation outcrops. Given the richness of 
the Morrison Formation in other areas and the initial 
results of limited sampling, it is certain that significant 
paleontological resources remain to be discovered (De-
Blieux and others, 2017). Future exploration within 
BENM will continue to expand the depth and breadth 
of knowledge of Jurassic biodiversity within the region, 
especially in the largely neglected Recapture Member 
and Bluff Sandstone. This assertion is supported by the 
presence of a significant sauropod-dominated bonebed 
located just outside of BENM that is currently being ex-
cavated by the Natural History Museum of Los Angeles 
County (Mocho and others, 2014; Mocho and Chiappe, 
2018).

EARLY CRETACEOUS
Although most BENM fossils are found in mid-Me-

sozoic and older rocks, terrestrial Cretaceous strata also 
exist within the monument. The Burro Canyon Forma-
tion is a lateral equivalent of the fossil-rich Lower Creta-
ceous Cedar Mountain Formation (Kirkland and Mad-
sen, 2007; Kirkland and others, 2016). It outcrops on 
the eastern side of BENM in the vicinity of and capping 
the Black Mesa. Just beyond the monument boundaries, 
east of Blanding, abundant vertebrate trace fossils are 
known from the Burro Canyon Formation (Milàn and 
others, 2015), including footprints of theropods, sau-
ropods, and ornithischians. Investigation of the forma-
tion by the UGS and other groups is just commencing. 
Baker (1933, p. 55) describes unidentified leaf fossils 
from the “Dakota (?) sandstone,” a unit now assigned 
to the Naturita Formation (Carpenter, 2014; Kirkland 
and others, 2016), but did not provide the location. Ash 
and others (1976, p. 12) described petrified wood speci-
mens of the tree-like fern Tempskya from both the Bur-
ro Canyon and Naturita Formations near Moab, north 
of BENM.
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QUATERNARY

Geology and Paleontology
Beginning in the latest Cretaceous-Paleogene, Lara-

mide tectonics drove the uplift of the Colorado Plateau 
(Liu and Gurnis, 2010). During the Oligocene, larg-
er laccolithic intrusions created the Abajo and La Sal 
Mountains. Establishment of the Colorado River drain-
age (Pederson, 2008) was the primary driver of the ero-
sion that carved Canyon Country across the Colorado 
Plateau. The La Sal Mountains were glaciated repeatedly 
during the Quaternary. Each glacial cycle brought pe-
riods of melting, alluviation, and erosion (Richmond, 
1962; Richmond and Fullerton, 1986; Stokes, 1986; 
Pierce, 2003).

There are no pre-Quaternary Cenozoic depos-
its in BENM, but Quaternary cave and alcove depos-
its are common across the region. Packrat middens in 
the southwestern United States document past insect, 
vertebrate, and plant diversity. These sites are critical 
for understanding desert paleoecology, biogeography, 
species-environment interactions, demographic and 
population changes, and diets of extinct and extant 
mammals (Tweet and others 2012). In BENM, alcoves 
large enough to accumulate packrat middens for thou-
sands of years are normally found in eolian formations, 
including the Pennsylvanian-Permian Cutler Group 
(White Rim and Cedar Mesa Sandstones), Lower Ju-
rassic Navajo Sandstone, and Middle Jurassic Entra-
da Sandstone. Fossil-bearing Quaternary gravels have 
been reported, but little research has been conducted to 
date (M.A. Stegner and R. Gay, personal observations).

During the Last Glacial Maximum (LGM) and prior 
to about 14 ka, the Colorado Plateau was considerably 
cooler and more mesic than it is today. In BENM and 
surrounding regions, modern plant communities were 
700 to 900 m lower in elevation than at present (Cole, 
1990; Anderson and others, 2000). Climatically, the 
early Holocene was cooler than today, but more mesic 
than during the LGM due to stronger summer mon-
soons (Weng and Jackson, 1999). The current monsoon 
boundary was established during the early Holocene 
(Betancourt, 1984). From about 8.5 to 6 ka this cool, 
mesic period gave way to an arid and warm mid-Holo-

cene (Weng and Jackson, 1999; Reheis and others, 2005). 
During the interval about 6 to 3 ka, cool-wet conditions 
returned (Betancourt, 1984; Reheis and others, 2005). 
Fossil pollen from the Abajo Mountains reveals a maize 
agriculture existing in the vicinity of BENM at 3.12 ka 
(Betancourt and Davis, 1984). Analysis of eolian and 
alluvial deposition in Canyonlands National Park sug-
gests that from 2 ka to the present, drier conditions re-
turned, as evidenced by greater mobility of eolian sand 
(Reheis and others, 2005).

In the 1980s and 1990s, researchers from Northern 
Arizona University and the USGS documented pack-
rat cave deposits throughout the Four Corners region, 
mainly in national parks. Many sites were studied in the 
Needles District of Canyonlands National Park north-
east of BENM (Elias and others, 1992; Tweet and others, 
2012). Although these southeastern Utah sites contain 
still unpublished small vertebrate skeletal remains, it 
was large mammals (e.g., Mead and others, 1987; Mead 
and others 1991) and plant macrofossils (e.g., Betan-
court, 1984; Cole, 1990; Coats and others 2008) that 
were the primary research focus. Remains of Oreamnos 
harringtoni, an extinct mountain goat, were discovered 
with packrat middens in a rock shelter in Natural Bridg-
es National Monument, adjacent to BENM (Mead and 
others, 1987). Plant macrofossils and dung revealed the 
diet of this extinct species, as well as that early Holo-
cene vegetation was dominated by a “no-analog” (Wil-
liams and Jackson 2007) mixture of species. Some of the 
plant varieties are found locally today whereas others 
are “extra-local,” such as hackberry (Celtis reticulata), 
common juniper (Juniperus communis), Englemann 
spruce (Picea englemanii), and limber pine (Pinus flexi-
lis) (Mead and others, 1987). Two important plant mac-
rofossil localities, Allen Canyon Cave in the southern 
Abajo Mountains and Fishmouth Cave at Comb Ridge 
(Betancourt, 1984; Coats and others, 2008), reveal that 
xeric-, as well as mesic-adapted, plants were present in 
the region at the end of the LGM, and modern dominant 
species like pinyon pine (Pinus edulis) and ponderosa 
(Pinus ponderosa) did not appear until the mid-Holo-
cene (Betancourt, 1984; Coats and others, 2008). These 
sites are historically important for shaping our under-
standing of high desert plant communities. Additional 
dendrochronological work in Beef Basin (Pederson and 
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others, 2011), White Canyon, Natural Bridges National 
Monument (Dean and Bowden, 1994; Stahle and oth-
ers, 2016), and near the northernmost extent of Comb 
Ridge (Dean and Robinson, 1994) indicate aridification 
of BENM and surrounding areas during the Late Holo-
cene. Together with extensive archaeological research, 
dendrochronological studies reveal a series of multi-
decadal “megadroughts,” beginning around 870 to 820 
ybp. These data are crucial to understanding why An-
cestral Puebloans who lived in southeastern Utah and 
western Colorado migrated out of the region, a process 
that concluded around 650 ybp (Benson and Berry, 
2009).

Ongoing Work
In the last five years, investigations conducted by 

University of California Museum of Paleontology re-
searchers have concentrated on the vertebrate faunas in 
mid- and late Holocene packrat middens in and near 
BENM (Stegner, 2015, 2016; Stegner, unpublished data). 
Since 2013, four small cave deposits—two less than 1 
km north of BENM in Dry Valley, one in the BENM 
Indian Creek subunit, and one now excluded from 
BENM, northwest of the Abajo Mountains—have been 
excavated and extensively radiocarbon-dated (Stegner, 
2016; Stegner, unpublished data). These sites reveal how 
small mammals responded to environmental change 
during the interval of Holocene climate warming and 
aridification (Stegner, 2015, 2016). The mammal fauna 
remained remarkably stable in abundance and com-
position over the last about 6 ka (Stegner, 2015, 2016), 
though several extant species not found in BENM to-
day (e.g., Notiosorex crawfordii) are also present in 
these deposits. The avifauna and herpetofauna of these 
sites are currently under study (Stegner and Stidham, 
2018). Because these deposits are young and the bones 
are extraordinarily well preserved (M.A. Stegner, 2016, 
personal observation), the specimens could be used for 
ancient DNA studies that would deepen our under-
standing of Colorado Plateau biogeography. Planned 
excavations of packrat middens in Beef Basin, in the 
northwestern corner of BENM, will shed light on flo-
ral and faunal change in this understudied and remote 
grassland. 

RESEARCH TRAJECTORIES
Research productivity in BENM has been increas-

ing since the 1990s and ongoing efforts in the region 
promise continued progress (figure 6). This is attrib-
utable to both increased attention to the region over-
all, as well as an increase in the number of research-
ers in the field. The Upper Triassic Chinle Formation 
is the subject of 30% of total paleontology publica-
tions from BENM. Notably, there was a spike in pub-
lications from BENM during the time of the “Urani-
um Boom” on the Colorado Plateau (1950s to 1960s), 
with the majority of papers published in those de-
cades focusing on the Chinle Formation (figure 6). 
 The Upper Jurassic Morrison Formation has a high 
fossil yield potential (PFYC) (Bureau of Land Manage-
ment and Department of Energy, 2015) based on work 
conducted elsewhere in the region. The Lower Triassic 
Moenkopi Formation and Pennsylvanian-Permian Cut-
ler Group are considered low PFYC based on work con-
ducted elsewhere in the region, but these designations 
may well increase as more research is conducted. The 
Cutler, Moenkopi, and Morrison are widely exposed 
within BENM, lending themselves to future investiga-
tion. In contrast, study of the rise of the dinosaurs in the 
Lower Jurassic is hampered by difficult access to Win-
gate and Navajo Sandstones, which typically form very 
steep slopes. The Kayenta Formation, which is known 
to be fossiliferous elsewhere in the region, is typically 
thin and also difficult to access in BENM.

PALEONTOLOGICAL RESOURCE 
PROTECTION

Fossils in southeastern Utah have been the target of 
looting, illegal sale, and private collecting for decades 
(United States v. Jared Ehlers, 2014; Gay and others, 
2018; R. Hunt-Foster [National Park Service]; J. Kirkland 
[UGS], verbal communications; J. Uglesich, personal 
observations; and R.B. Irmis, personal observations). 
The BLM has used education and outreach as a comple-
mentary approach to law enforcement in protection of 
paleontological resources. In 2016, the BLM partnered 
with the conservation group “Tread Lightly” to launch 
the “Respect and Protect” campaign, a statewide initia-
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tive designed to eliminate looting and destruction of 
fossil and cultural sites through education and outreach 
about the significance and fragility of these resources 
(Uglesich and Hunt-Foster, 2016). Respect and Protect 
also sought to connect local communities with public 
lands by bringing paleontology outreach programs into 
neighboring schools and community centers and to in-
still a sense of stewardship in these communities.

BLM’s Canyon Country District, which includes 
BENM, is over 3.6 million acres in size. The region has 
abundant and diverse paleontological resources that 
are currently being studied by over a dozen permitted 
researchers. It is critical that robust staff, as well as fi-
nancial and support resources continue to be allocated 
to manage and protect these paleontological resources. 
Regardless of management status, these areas preserve 
important world-class paleontological resources that 
require protection, preservation, and study. It is also 
essential to provide guidance and oversight for the re-
search activities on these public lands. In many cases 
this means that, as far as possible, specimens must be 
collected and curated in a publicly accessible repository 
for scientific study and public enlightenment.

CONCLUSIONS
The Bears Ears National Monument region contains 

a geologic record of many significant events in the de-

velopment of life and in the history of our planet. These 
include the dominance of vertebrate life on land during 
the Pennsylvanian-Permian transition, the Triassic-Ju-
rassic transition and accompanying faunal turnover, the 
Upper Jurassic dinosaur-dominated terrestrial ecosys-
tem of the Morrison Formation, and the response of 
near-modern environments to rapid climate change at 
the end of the last period of glaciation. The fossil re-
sources in BENM are scientifically important and, in 
many instances, unique. Several taxa are known ex-
clusively from BENM or their occurrence in BENM 
represents a major range extension. This includes the 
sauropodomorph Seitaad ruessi, the archosauromorph 
Crosbysaurus harrisae, and the phytosaur Pravusuchus 
hortus. Additionally, two of the five major biologic tran-
sitions, Pennsylvanian-Permian and Triassic-Jurassic, 
are recorded within BENM, indicating the potential for 
additional highly significant scientific discoveries.  
 At BENM, research across the geological time scale 
currently is being conducted by many institutions and 
individuals. The ongoing projects will, in many cases, 
take years to decades to bring to fruition. As surveying 
and sample excavation continue in the future, the num-
ber of fossil taxa described from BENM will increase, 
adding to an ever-expanding knowledge of Earth’s his-
tory and the history of life itself. Long-term protection 
of paleontological resources is vital to advancing these 
efforts.

Figure 6. Graph showing both 
the distribution of publication 
topics from within BENM as well 
as a chronological plot showing 
number of papers produced per 
decade on data derived partially 
or wholly from within the initial 
boundaries of BENM.
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The Carboniferous–Permian (C–P) Cutler Group in southeastern Utah archives large‐
scale environmental changes along multiple facies belts, including major sea‐level
changes and continental aridification that intensified into earliest Permian times. Nev-
ertheless, the stratigraphical position of the C–P boundary within the Cutler Group has
been poorly constrained, until now. Here, we report the first biostratigraphically signifi-
cant conodonts from shallow‐water facies of the lower Cutler beds in the vicinity of
Valley of the Gods, San Juan County, Utah. Bulk samples were collected from marine
carbonate marker beds spanning up to 160 m of section through the middle Rico to
Halgaito formations. Productive carbonates yielding diagnostic conodont elements
included the informal marker beds: the McKim limestone and the ‘A’ limestone, repre-
senting a variety of shallow‐water facies. C–P conodonts included Ellisonia conflexa,
Hindeodus sp. and Adetognathus spp. We show that the first appearance of Adetog-
nathus sp. B (Henderson), a species known from the C‐P interval (latest Gzhelian –
early Asselian) of the Canadian Arctic and east‐central British Columbia, places the
local base of the Permian at or above the ‘A’ limestone in southern San Juan County.
The new records reinforce previous age assignments for the Rico–Halgaito transition
beds established on the basis of land vertebrate faunachrons (LVFs) and offer a rare
datum for correlating marine and terrestrial C–P faunal assemblages in western Pan-
gaea. □ Bears ears, biostratigraphy, Carboniferous, conodont, Permian.
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The Carboniferous–Permian (C–P) transition (ca.
299 Ma) was characterized by large‐scale environ-
mental changes in western Pangaea, including major
sea‐level changes and intense continental aridifica-
tion. In southern Utah’s Paradox Basin, this transi-
tion is encompassed by the lower beds of the Cutler
Group (Cross & Howe 1905), a 600 m‐thick succes-
sion of marginal‐to‐shallow marine and torrentially
deposited non‐marine sediments situated between
rising salt anticlines (Condon 1997). The northwest‐
southeast trending basin included three parallel facies
belts – northeastern clastic wedge belt, mid‐basin erg
and evaporite belt and southwestern carbonate shelf
(Ritter et al. 2002) – and ultimately terminated with
the expansion of the coastal dune and loessite facies
indicative of pronounced seasonal aridity (Soreghan
et al. 2002a, 2002b; Mountney & Jagger 2004; Dubiel

et al. 2009; Golab et al. 2018). In the vicinity of Val-
ley of the Gods in southern San Juan County, Utah,
the lower Cutler beds are sub‐divided into the shal-
low marine Rico Formation and the predominantly
terrestrial redbeds of the Halgaito Formation (Orkild
1955; Sears 1956; O'Sullivan 1965; Soreghan et al.
2002a, 2002b; Dubiel et al. 2009). Fossils from Valley
of the Gods have been well studied, and those of the
Halgaito redbeds preserve a vertebrate assemblage
indicative of a C–P age, though variably assigned to
Carboniferous (Sumida et al. 1999a, 1999b, 1999c),
Permian (Vaughn 1962) or spanning Carboniferous–
Permian (Scott 2013). In 2016, the natural monu-
ments of Valley of the Gods were protected by the
U.S. government as the Bears Ears National Monu-
ment, which has renewed interest in studying the
region’s unique fossil resources (Huttenlocker et al.
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2018; Gay et al. 2020). However, despite numerous
studies of the region’s macrofossils and macroflora
(e.g. Vaughn 1962, 1967, 1969, 1973; Sumida et al.
1999a, 1999b, 1999c; Scott 2013; DiMichele et al.
2014), the scarcity of fossil‐bearing marine carbon-
ates in the Cutler Group’s younger horizons has
impeded our understanding of biostratigraphically
informative marine micro‐fossils and their bearing
on the position of the C–P boundary (Sanderson &
Verville 1990).

Conodonts, for example, were tiny, eel‐like mar-
ine animals that are interpreted as chordates
(Aldridge et al. 1993) and whose mineralized feed-
ing elements are easily preserved and recognizable
in marine carbonate samples. Their widespread dis-
tributions in marine facies and rapidly evolving
forms make them ideal for biostratigraphical zona-
tion (Herrmann et al. 2015; Henderson 2018).
Prior work on C–P conodonts from the Paradox
Basin of Utah and Colorado have been limited by
poorly preserved material whose assignments to
form genera are unhelpful (Baker 1933, 1936; Dri-
ese et al. 1984) and/or were restricted to older Car-
boniferous beds where deep‐water forms could be
easily sampled, thereby excluding the C–P bound-
ary (Driese et al. 1984; Ritter et al. 2002). Workers
have long recognized facies associations of conti-
nental shelf C–P conodont elements, favouring
deep‐water taxa with widespread distributions for
biostratigraphy (Idiognathodus‐Streptognathodus),
and establishing the common forms Ellisonia and
Adetognathus – well known from roughly contem-
poraneous marine formations in nearby New Mex-
ico – as shallow‐water structural types (Clark 1974;
Davis & Webster 1985; Herrmann et al. 2015). Rit-
ter et al. (2002) used such facies associations to
establish a conodont sequence biostratigraphy for
the Carboniferous of southern Utah, but this was
ratcheted primarily to the better‐known deep‐water
taxa of the Midcontinental sequence (i.e. Streptog-
nathodus). The authors’ framework established
robust correlations between the lower‐to‐middle
portions of the Rico Formation and the Mis-
sourian–Virgilian stage boundary of the North
American Midcontinent, placing a maximum age
constraint on the lower Cutler beds (Missourian–
Virgilian) while leaving open the possibility that
the stratigraphically higher redbeds of the Halgaito
Formation are considerably younger. Attempts to
identify conodont elements in younger strata above
the middle Rico Formation have generally been
unsuccessful. Scott (2013) analysed bulk samples
for conodont elements from the McKim limestone
(middle‐to‐upper Rico Formation), but the samples
did not produce diagnostic material.

In this report, we describe the first conodont ele-
ments from shallow‐water facies of the lower Cutler
beds in the vicinity of Valley of the Gods, southeast-
ern Utah. Huttenlocker et al. (2018) related prelimi-
nary results of C–P conodont sampling in Valley of
the Gods, but did not describe or figure these sam-
ples. The conodont elements represent shallow‐water
taxa known previously from the Missourian–Vir-
gilian of New Mexico, but also include Wolfcampian
elements in younger strata that show notable facies‐
specific associations. Here, we describe these samples
in detail and offer new conodont evidence that places
the C–P boundary within the Rico–Halgaito transi-
tion.

Institutional abbreviations: CM, Carnegie Museum
of Natural History, Pittsburgh; UCLA VP, former
Vertebrate Paleontology collections of the University
of California, Los Angeles.

Geological setting

Lithostratigraphy and sample interval

Bulk samples were collected from six sites during
2016 and 2017 where stratigraphical sections were
also logged, forming a west–east transect from John’s
Canyon to Comb Wash (Fig. 1). The samples were
processed in a buffered 10% solution of acetic acid by
one of us (C.M.H.) at the University of Calgary, and
results were only briefly mentioned by Huttenlocker
et al. (2018, 74). Samples (numbered 1349‐1 through
1349‐8 in Table 1) were recovered from marine car-
bonate marker beds distributed throughout the lower
Cutler beds, spanning approximately 160 m of strata
from the McKim limestone to the first major aeolian
beds of the Cedar Mesa Sandstone Formation. Sev-
eral prominent bench‐forming limestones have been
recognized as informal units in these lower Cutler
beds, the first of which represents the uppermost unit
sampled by Ritter et al. (2002): (1) the former ‘Shafer
limestone’ exposed in the middle Rico Formation at
the head of Honaker Trail, and which is not equiva-
lent to the Shafer limestone of the Canyonlands and
Moab districts (see O'Sullivan 1965; ‘Unnamed Bed’
of Soreghan et al. 2002a, fig. 4); (2) the ‘McKim lime-
stone’ of Wengerd (1950), a thick (~1–6 m), fossilif-
erous bed whose top forms the Rico–Halgaito
contact in John’s Canyon, Cedar Point and the cen-
tral portion of Valley of the Gods; and (3) the ‘A
limestone’ of O'Sullivan (1965), a thin (~1 m or less)
but resistant capping unit that forms the ‘dome’ of
Lime Ridge, and whose top forms the uppermost
Rico–Halgaito contact east of Valley of the Gods and
in the Lime Ridge area. These minor beds represent
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periodic, short‐lived transgressions that occurred
within a longer‐term glacioeustatic‐controlled regres-
sion that spanned into earliest Permian times. As
such, the Rico–Halgaito transition is time transgres-
sive, so that the upper contact of the Rico Formation
west of W109° 50’ (top of the McKim limestone) is
older than it is towards the northeast (top of the ‘A’
limestone) (Orkild 1955) (see Fig. 1).

Palaeontology and age

A precise chronostratigraphy for the lower Cutler
beds is hindered by few stratigraphical age controls.

For example, magnetostratigraphy is hindered within
the C–P interval by a long‐lived period of reversed
polarity, the Kiaman Superchron (Gose & Helsley
1972). Thus, micro‐fossil indices from the marine
marker beds may provide vital constraints on the age
of the Rico–Halgaito transition. Whereas Baars
(1962; Baars et al., 1967) suggested an unconformity
between the Missourian and Wolfcampian strata,
Loope et al. (1990) called this unconformity into
question and Sanderson & Verville (1990) reported a
succession of Missourian, Virgilian and Wolf-
campian fusulinids from the lower Cutler beds of
Emery County. However, the fusulinid assemblage of

Fig. 1. Correlation of stratigraphical logs in the study area. Numbers 1349‐1 through 1349‐8 indicate the stratigraphical positions of each
micro‐fossil sample (see Table 1). Note that the Rico–Halgaito transition is time transgressive, such that the upper contact of the Rico For-
mation west of W109° 50ʹ (top of the McKim limestone) is older than it is towards the northeast (top of the ‘A’ limestone). John’s Canyon
and Cedar Point sections are modified and updated from Scott (2013, fig. 5) and DiMichele et al. (2014, fig. 3), all others are new. Inset:
Map of study area (white box), San Juan County, southeast Utah. Abbreviations: AC, Arch Canyon; Ad, Adetognathus; AdB, Adetognathus
sp. B; CMS, Cedar Mesa Sandstone Formation; CP, Cedar Point; Ec, Ellisonia conflexa; Hi, Hindeodus; JC, John’s Canyon; LE, Lime Ridge
East (Snake Gulch); LW, Lime Ridge West (Three Buttes); Ri, Rico Formation; SH, Setting Hen.
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Sanderson & Verville (1990) was recovered from a
core taken well outside our study area. The conodont
sequence stratigraphical framework of Ritter et al.
(2002) correlated the former ‘Shafer limestone’ of the
Glen Canyon Recreation Area to the South Bend
limestone (Lansing Group) of the North American
Midcontinent at the Missourian–Virgilian stage
boundary. This assignment was based primarily on
the deep‐water conodonts Streptognathodus
pawhuskensis and S. firmus. The fossil vertebrate
localities in the vicinity of Valley of the Gods occur
mainly within the Halgaito Formation, but their
associations with bounding marine marker beds
make broader correlations possible. Scott (2013) con-
sidered the McKim limestone late Virgilian, and the
‘A’ limestone as either latest Virgilian or earliest
Wolfcampian, reporting the xenacanthid Orthacan-
thus texensis from just beneath the level of the ‘A’
limestone at Castle Butte. The Birthday bonebed – a
multitaxic bonebed positioned in the Halgaito For-
mation above the McKim but below the level of the
‘A’ limestone (Fig. 1 – includes taxa known from the
Cobrean and Coyotean land vertebrate faunachrons
(LVFs) of New Mexico and was interpreted as late
Pennsylvanian (Virgilian) (Sumida et al. 1999a,
1999b, 1999c; Lucas 2006, 2018; Huttenlocker et al.
2018). Finally, Soreghan et al. (2002a, 2002b)
reported a single detrital zircon age from loessites in
the Halgaito Formation, but the grains were low‐
yield and were not analysed using methods that min-
imize effects of lead‐loss, producing an unexpectedly
young age of 283 ± 4 Ma (boundary interval
between Artinskian–Kungurian global stages). Thus,
portions of the lower Cutler beds may be as old as
the Missourian and perhaps as young as the Leonar-
dian North American stage. Overall, the conodont

succession recovered here suggests a maximum age
range from upper Gzhelian to mid‐Asselian (ca. 300
to 296 Ma).

Palaeoenvironments

Of the major facies belts distributed throughout the
Cutler Group, our study interval is centred on the
southwestern carbonate platform – represented by
the Rico Formation – and a minor clastic sediment
wedge at its southern border that drained towards
the north – represented by the Halgaito Formation.
The carbonate systems can be further sub‐divided
into local lithofacies (listed in Table 1) on the basis
of their matrix, skeletal grains and fabrics. These gen-
erally included: (1) skeletal wackestone to packstone
reflecting shallow reef to offshore marine facies; and,
(2) grainstone or microbial bindstone, generally asso-
ciated with back‐reef lagoon to intertidal settings
(nearshore). A third carbonate lithofacies that is
more common in the Cedar Mesa Sandstone is rep-
resented by the thin, brecciated, non‐fossiliferous
limestones reflecting freshwater or playa lake settings
(Mountney & Jagger 2004), but these are not repre-
sented in our samples. Likewise, carbonate‐cemented
sandstones are also common both in marginal mar-
ine facies of the Rico Formation and in floodplain
facies of the Halgaito Formation. In stream channels
and estuaries, environmentally informative micro‐
fossils have also been encountered, including tiny
microconchid tubeworm shells (~ 3 mm diameter)
and teeth of small xenacanthid chondrichthyans,
which have been interpreted as brackish‐ to freshwa-
ter‐dwelling based on their facies associations and
strontium isotope compositions (Huttenlocker et al.
2018).

Table 1. Sample list and associated fauna (see also Fig. 1).

Sample
Metres below
CMS contact Taxa/elements Lithofacies

1349‐4 0 Indet. fragments, actinopterygian teeth, monaxon spicules Grainstone
1349‐3 −35 Adetognathus sp., Adetognathus sp. B, chondrichthyan teeth,

elasmobranch dermal denticles, actinopterygian teeth and scales
Skeletal wackestone to packstone;
fusulinids, brachiopods, bryozoans,
crinoids

1349‐5 −62 Ellisonia conflexa, Adetognathus sp., elasmobranch dermal
denticles, actinopterygian teeth

Bindstone

1349‐6 −62 Adetognathus sp. B, actinopterygian teeth Bindstone
1349‐1 −62 Ellisonia conflexa, Hindeodus sp., chondrichthyan teeth,

elasmobranch dermal denticles, actinopterygian teeth and scales
Bindstone

1349‐2 −120 Ellisonia conflexa, Hindeodus sp., Adetognathus sp., Adetognathus
sp. B, chondrichthyan teeth, actinopterygian teeth

Skeletal wackestone to packstone;
echinoid spines and gastropods

1349‐8 −152 Ellisonia conflexa Skeletal wackestone to packstone;
echinoid spines abundant

1349‐7 −152 Ellisonia conflexa, chondrichthyan teeth, elasmobranch dermal
denticles, actinopterygian teeth, scales (rhomboid) and centra

Skeletal wackestone to packstone;
brachiopods, fish scales, rare echinoids

CMS, Cedar Mesa Sandstone Formation.
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Description and results

McKim limestone fauna

Compared to the lower horizons analysed by Ritter
et al. (2002), relatively few fossils are found in the
shallow‐water carbonates of the upper Rico–Halgaito
Formation transition. However, echinoid spines are
characteristically abundant in the McKim limestone
at multiple localities (John’s Canyon, Valley of the
Gods), as well as brachiopods and gastropods. In
Valley of the Gods, along the base of West Lime
Creek, the McKim limestone crops out as a skeletal
wackestone to packstone with abundant gastropod
accumulations recording evidence of monsoonal,
shallow‐water storm deposits (e.g. echinoderm‐ and
gastropod‐dominated ‘proximal tempestites’; Samira
et al. 2018). In addition to the echinoid spines, field
observations of fossils have included the Carbonifer-
ous–Permian brachiopod Hystriculina cf. H.
wabashensis and the bellerophontid gastropod
Euphemites cf. E. graffhami, both reported previously
by Scott (2013).

Micro‐fossil samples were collected from the
McKim limestone in John’s Canyon and in the west
side of Valley of the Gods near Moki Dugway where
the top of this limestone forms the Rico–Halgaito
contact (Fig. 1). Conodont elements are represented
by mostly shallow‐water taxa, including Ellisonia,
Hindeodus and Adetognathus, of which Ellisonia
appears to have been the most abundant (Figs 1, 2;
Table 1). At least 15 ramiform elements of Ellisonia
conflexa (von Bitter & Merrill 1983) were produced
from a sample taken from northeast of Cedar Point
along the Valley of the Gods loop road adjacent to
the Moki Dugway. Ellisonia conflexa is a nearshore
conodont best known from the Late Carboniferous
of southwestern North America (e.g. Desmoinesian
to Virgilian stages of New Mexico; von Bitter & Mer-
rill 1983; Armstrong et al. 1994; Krainer et al. 2003;
Krainer & Lucas 2013). However, the species also
ranges into the Wolfcampian of North American
stages and to the upper Artinskian in the Canadian
Arctic (Henderson 1989; Wamsteeker 2009) and
Svalbard (Nakrem 1991). Its rarity in Wolfcampian
deposits in the American southwest may be due to
poor sampling effort in Permian‐aged rocks in this
region, given that prior studies have focused almost
entirely on the carbonate‐rich Carboniferous units
(e.g. Armstrong et al. 1994; Krainer et al. 2003; Orch-
ard et al. 2004; Barrick et al. 2013; Krainer & Lucas
2013). Hindeodus elements, not diagnostic at the spe-
cies level at this time, were also encountered, but are
similarly limited in their stratigraphical utility due to

the long temporal range of the genus (Carboniferous
to lowermost Triassic). Finally, Adetognathus ele-
ments (most of which are not identifiable to species)
occurred in similar shallow‐water environments
(Clark 1974; Davis & Webster 1985) and have a long
stratigraphical range (lower Pennsylvanian to Sak-
marian of the Lower Permian). Several formal and
informal species were used to develop a shallow‐wa-
ter zonation for the Moscovian to Sakmarian of the
Canadian Arctic where fusulinids and small benthic
foraminifers also constrained ages (Henderson et al.
1995; Pinard & Mamet 1998). The zonation was con-
firmed elsewhere in the Canadian Arctic (Wam-
steeker 2009; Beauchamp et al. 2020), the Russian
Arctic (Sobolev & Nakrem 1996) and in east‐central
British Columbia (Zubin‐Stathopoulos et al. 2013).
Species within this zonation have included Adetog-
nathus lautus (Bashkirian to lowermost Gzhelian),
Adetognathus sp. A (Gzhelian; Henderson et al.
1995; anterior inner parapet exhibits flexure),
Adetognathus sp. B (uppermost Gzhelian to lower
Asselian; Henderson et al. 1995; anterior inner para-
pet is thickened and smooth in adult forms), Adetog-
nathus sp. C (Asselian; Henderson 1989; free‐blade
and outer parapet are disjunct) and Adetognathus
paralautus (uppermost Asselian to Sakmarian; Orch-
ard & Forster 1988; Henderson 1989; wide flattened
parapets with numerous transverse ridges). Though
not sampled in Ritter et al.’s (2002) study of the
underlying ‘Rico’ beds, we show that the McKim
limestone marks the local first occurrence of Adetog-
nathus sp. B (Fig. 1; Table 1).

‘A’ limestone and equivalent fauna

Adetognathus sp. B (Henderson 1989) is also found in
the highest shallow marine limestones locally, includ-
ing the ‘A’ limestone. The ‘A’ limestone is fossiliferous
only in a few areas, particularly where it pinches out in
the Valley of the Gods and in isolated areas on Lime
Ridge farther to the northeast. The few macrofossils
suggest a bivalve‐ (Aviculopecten) and gastropod‐dom-
inated fauna (O’Sullivan 1965) with sparse fenestrate
bryozoans and occasional fishes such as the ctenacan-
thiform Glikmanius (CM 90266) and palaeoniscoid
actinopterygians. None of these fossils provide useful
age constraints. Sedimentary features of the ‘A’ lime-
stone include laminations and microbialite fabrics typ-
ical of autochthonous bindstone and, together with
the fauna, likely reflect sub‐tidal to intertidal environ-
ments. Based on a personal communication from E. L.
Yochelson, O’Sullivan (1965:30) reported: ‘The abun-
dance of shell fragments and the water‐worn condition
of many of them implies shallow‐water and suggests
that this may have been a [near shore] accumulation

LETHAIA 10.1111/let.12405 Cutler conodonts from Utah 5



… Abundance of mollusks and the absence of all other
fossil groups except a small fragment of a bryozoan
might indicate deviation from normal marine salinity.’

Samples collected in the east side of Valley of the
Gods (Setting Hen Butte) and Lime Ridge yielded a
few micro‐fossils, represented by Ellisonia, Hindeo-
dus and Adetognathus (Figs 1, 2; Table 1). Ramiform
elements of Ellisonia conflexa were most common
(more than 13 elements), and rare platform elements
referable to Adetognathus sp. and, notably, to Adetog-
nathus sp. B were also encountered. Collectively, this
conodont fauna is indicative of warm, shallow‐water
biofacies (Driese et al. 1984) and possibly fluctuating
salinity conditions (Hermann et al. 2015). Adetog-
nathus sp. B, as in the McKim, indicates an upper

Gzhelian to lower Asselian age. High‐resolution
zonation of this time interval is defined by species of
the genus Streptognathodus (Henderson 2018), which
is normally found in more offshore biofacies, lacking
in this region. Biofacies play a key role in the recog-
nition of conodont biozones. Conodont biofacies
boundaries are fuzzy as shallow‐water taxa were
abundant in near shore settings, but increasingly rare
or absent in offshore, deeper water settings.

To the north of our sample, between Comb Wash
and Arch Canyon where the Halgaito Formation
grades into predominantly marine carbonates of the
former ‘Elephant Canyon Formation’ (Baars 1962,
1967), the laterally equivalent facies of the ‘A’ lime-
stone contain more abundant fossils that reflect

Fig. 2. Photographic plate of Carboniferous–Permian conodont elements from the lower Cutler beds A–E, platform type conodont ele-
ments. A, Adetognathus sp. B, lower limestone (skeletal wackestone to packstone) from floor of Arch Canyon (1349‐3). B, Adetognathus
sp. (1349‐3). C, Adetognathus sp. (1349‐3). D, Adetognathus sp., from ‘A’ limestone exposed on east side of Lime Ridge (Snake Gulch)
(1349‐5). E, Adetognathus sp. B from ‘A’ limestone exposed on west side of Lime Ridge (Three Buttes) (1349‐6). F–K, ramiform (blade‐
like) conodont elements. F, Ellisonia conflexa, from the McKim limestone exposed on the floor of John’s Canyon (1349‐8). G, Ellisonia
conflexa (‘A’ limestone, 1349‐5). H, Ellisonia conflexa (‘A’ limestone, 1349‐5); I, Ellisonia conflexa, from the McKim limestone exposed on
the floor of John’s Canyon (1349‐7). J, Ellisonia conflexa (McKim limestone, 1349‐7). K, Ellisonia conflexa (‘A’ limestone, 1349‐5). Scale
bar for A–E (upper) is 100 μm. Scale bar for F–K (lower) is 200 μm.
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offshore marine and shallow reef biofacies. This is
consistent with the interpretation that the Halgaito
drainage was towards the north (Baars 1962; Vaughn
1962, 1967). Fossils from the shallow‐water facies in
the Arch Canyon area include brachiopods, fenes-
trate bryozoans, crinoids and disarticulated elements
of small vertebrates (including chondrichthyans,
actinopterygians, rhipidistians and the aïstopod
Phlegethontia) (Vaughn 1967; Sumida et al. 1999a,
1999b). Micro‐fossils include only sparse fusuli-
naceans and the conodont Adetognathus sp. B. The
record of Adetognathus sp. B in Arch Canyon further
supports that these facies are laterally equivalent to
the uppermost Rico–Halgaito transition in the south
and that this conodont may be widespread in both
nearshore sub‐tidal/intertidal and some offshore reef
facies (Wamsteeker 2009).

Another direction for increased chronostrati-
graphical resolution involves astronomical tuning of
the rock record in combination with radiometric
dates (Schmitz & Davydov 2012). Beauchamp et al.
(2020) recognize numerous long eccentricity 405 Kyr
cyclothems from Gzhelian to Asselian in the Cana-
dian Arctic on the basis of carbonate sedimentology
and sequence stratigraphy and link these with con-
odont temporal ranges. For example, the range of
Adetognathus sp. B can be tuned to 300 to 297.7 Ma
in the Canadian Arctic. Ritter (1995) shows 47 shale‐
limestone rhythms from the Eudora Shale (approxi-
mately base‐Gzhelian) to Bennett Shale (base‐Per-
mian). The Gzhelian is 4.8 Myrs in duration (Fig. 3)
suggesting that these rhythms represent 100 Kyrs
short eccentricity cycles. Preliminary tuned ages can
be provided for some key taxa in the mid‐west suc-
cession including Streptognathodus virgilicus (302.3
to 299.6 Ma) and S. pawhuskensis (303.7 to
299.6 Ma); both of these taxa are immediately over-
lain by S. brownvillensis (299.6 to 299.3 Ma). This
suggests that any samples in which these Streptog-
nathodus species co‐occur with Adetognathus sp. B,
must be very close to the FAD of the latter species.

Discussion and conclusions

Age of the Rico–Halgaito transition beds

The conodont records further constrain ages
assigned to the major marker beds in the lower por-
tion of the Cutler Group (Fig. 3). Prior work has
identified a maximum age of the middle Rico Forma-
tion by placing the Missourian–Virgilian stage
boundary at the former ‘Shafer limestone’ (Ritter
et al. 2002; ‘Unnamed Bed’ of Soreghan et al. 2002a,
fig. 4), correlative to the South Bend limestone

(Lansing Group) of the Midcontinent. Preliminary
sampling further up section by Huttenlocker et al.
(2018) targeted the McKim and ‘A’ limestones and
suggested minimum ages of latest Pennsylvanian
(Virgilian) for these units on the basis of Ellisonia
and Adetognathus. Elsewhere in the Four Corners
region, these taxa have been reported from the Vir-
gilian Atrasado Formation and lower Red Tanks
Member of the Bursum Formation, central New
Mexico (Orchard et al. 2004; Barrick et al. 2013;
Krainer & Lucas 2013; Lucas et al. 2013), as well as
the Oso Ridge Member underlying the Abo Forma-
tion, Zuni Mountains, west‐central New Mexico
(Armstrong et al. 1994; Krainer et al. 2003). Orchard
et al. (2004) illustrated Streptognathodus cf. virgilicus
and S. pawhuskaensis deflectus as well as a transi-
tional form of Adetognathus sp. A (their fig. 2.11‐12)
in the upper Atrasado Formation and correlate to
mid‐Virgilian; the cycle tuned age based on the Strep-
tognathodus species (Ritter 1995) is 302.4–302.1 Ma.
Chernykh (2005) described a comparable fauna in
Bed 13 (mid‐Gzhelian) of the Usolka section in the
Urals of Russia; the interpolated radiometric age
(Schmitz & Davydov 2012) is 301.2 Ma. A specimen
of Adetognathus sp. B comparable to our material
was reported from the Red Tanks Member (Orchard
et al. 2004; fig. 2.6‐7) below a second Streptognatho-
dus horizon that included Streptognathodus cf. S.
variabilis (their fig. 2.1‐2) and S. cf. S. bellus (their
fig. 2.3‐4). Chernykh (2005) describes a comparable
fauna from Usolka section Bed 15 (uppermost Gzhe-
lian), which has an interpolated radiometric age
(Schmitz & Davydov 2012) of 299.5. Therefore, the
Red Tanks occurrence of Adetognathus sp. B is upper
Gzhelian; however, the taxon is also recognized
higher in the Asselian of Arctic and western Canada
where it is more common (Henderson 1989; Zubin‐
Stathopoulos et al. 2013; Beauchamp et al. 2020).
Consistent with the newly reported conodonts, the
vertebrate assemblage that is bracketed by the
McKim and ‘A’ limestones also supports a Virgilian
age, including Cobrean and Coyotean LVF taxa:
Sagenodus copeanus, basal diadectomorphs and the
synapsids Ophiacodon navajovicus and Sphenacodon,
among others (Huttenlocker et al. 2018, figs 15,16).
The Coyotean LVF, whose base is defined by the first
appearance of the abundant Sphenacodon, spans the
C–P transition in the Four Corners region (Lucas
2006, 2018).

The ‘A’ limestone, which forms the uppermost bed
of the Rico Formation east of W109° 50ʹ (Orkild
1955) includes marine vertebrates (palaeoniscoids,
the ctenacanthiform Glikmanius) and invertebrate
macro‐ and micro‐fossils indicative of a C–P age.
Moreover, Adetognathus sp. B is also found in this
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unit. The first appearance of Adetognathus sp. B is
upper Gzhelian and is common in the Lower Per-
mian in Siberia and the Sverdrup Basin of the Cana-
dian Arctic (Fig. 3). The lack of Adetognathus sp. A
in these samples could support an Early Permian age,
but additional samples with more specimens would
be necessary to confirm this absence as evidence.
Therefore, it is reasonable to interpret that the Car-
boniferous–Permian boundary is found within the
range of Adetognathus sp. B, which occurs from the
McKim to the ‘A’ limestone. It is also consistent with
the hypothesis that the C–P boundary is placed in
the middle‐to‐upper Halgaito Formation as sug-
gested by Scott (2013) (most likely above the level of
the Birthday bonebed near or encompassing the ‘A’
limestone). The co‐occurrences of Ellisonia conflexa,
Hindeodus and Adetognathus sp. B within the ‘A’

limestone correspond to Sverdrup Basin P3 zone of
Henderson (1989), which is now interpreted to span
the C‐P boundary (S. longus‐A. sp. B to lower S. con-
strictus zones; Fig. 3).

Conclusions

Our conodont records from the lower Cutler beds
place the C–P boundary at or near the level of the ‘A’
limestone. This is supported by the discovery of
Adetognathus sp. B in the McKim and ‘A’ limestones
and equivalent beds towards the top of the shallow
marine succession in offshore reef to intertidal set-
tings. Its occurrence in the ‘A’ limestone in the Lime
Ridge area may demarcate the local base of the Per-
mian in the overlying redbeds of the uppermost

Fig. 3. Hypothesis of correlations of the Sverdrup Basin (Canadian Arctic) and Paradox Basin conodont zones and their correspondence
to the global chronostratigraphic scale. Sverdrup Basin conodont ranges are updated from Henderson et al. (1995) and Wamsteeker
(2009) in Beauchamp et al. (in press for 2020), whereas the Paradox Basin ranges are updated from Ritter et al. (2002) and this study. The
Paradox Basin lithostratigraphy and cycles of Ritter et al. (2002) are shown at right. Abbreviations: Ad., Adetognathus; I., Idiognathodus;
M., Mesogondolella, S., Streptognathodus.
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Halgaito Formation, which is slightly higher strati-
graphically than the recently published latest Vir-
gilian bonebed assemblage in Valley of the Gods
(Huttenlocker et al. 2018). The bonebed assemblage
and numerous isolated localities in the Halgaito For-
mation (Vaughn 1962; Sumida et al. 1999a, 1999b,
1999c) most likely correspond to the C–P Coyotean
LVF. Our findings also support the likelihood that
isolated vertebrate occurrences in the terrestrial
facies above the ‘A’ limestone, including a record of
the synapsid Dimetrodon at Lime Ridge (CM 47795/
UCLA VP 1728; Vaughn 1969, 16–17), are Early Per-
mian (Wolfcampian) in age. Further collecting in
southern Utah is needed to identify Streptognathodus
species that form the basis of the biozonation of the
Early Permian‐aged type sections in the Russian
Urals (Chernykh 2006; Henderson 2018) and in the
U.S. midcontinent (Wardlaw 2005; Boardman et al.
2009; Wardlaw & Nestell 2014). These would offer
additional evidence for our placement of the C–P
boundary, while offering the potential for further
biozonation in younger Permian strata of the former
‘Elephant Canyon Formation’ farther to the north in
the basin centre.
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Abstract. Chamberlin and Salisbury’s assessment of the Permian a century ago captured the essence of the
period: it is an interval of extremes yet one sufficiently recent to have affected a biosphere with near-modern
complexity. The events of the Permian – the orogenic episodes, massive biospheric turnovers, both icehouse and
greenhouse antitheses, and Mars-analog lithofacies – boggle the imagination and present us with great opportu-
nities to explore Earth system behavior. The ICDP-funded workshops dubbed “Deep Dust,” held in Oklahoma
(USA) in March 2019 (67 participants from nine countries) and Paris (France) in January 2020 (33 participants
from eight countries), focused on clarifying the scientific drivers and key sites for coring continuous sections of
Permian continental (loess, lacustrine, and associated) strata that preserve high-resolution records. Combined,
the two workshops hosted a total of 91 participants representing 14 countries, with broad expertise. Discussions
at Deep Dust 1.0 (USA) focused on the primary research questions of paleoclimate, paleoenvironments, and
paleoecology of icehouse collapse and the run-up to the Great Dying and both the modern and Permian deep
microbial biosphere. Auxiliary science topics included tectonics, induced seismicity, geothermal energy, and
planetary science. Deep Dust 1.0 also addressed site selection as well as scientific approaches, logistical chal-
lenges, and broader impacts and included a mid-workshop field trip to view the Permian of Oklahoma. Deep
Dust 2.0 focused specifically on honing the European target. The Anadarko Basin (Oklahoma) and Paris Basin
(France) represent the most promising initial targets to capture complete or near-complete stratigraphic coverage
through continental successions that serve as reference points for western and eastern equatorial Pangaea.
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Between a marvelous deployment of glaciation, a
strangely dispersed deposition of salt and gypsum,
an extraordinary development of red beds, a de-
cided change in terrestrial vegetation, a great de-
pletion of marine life, a remarkable shifting of geo-
graphic outlines, and a pronounced stage of crustal
folding, the events of the Permian period consti-
tute a climacteric combination. Each of these phe-
nomena brings its own unsolved questions, while
their combination presents a plexus of problems of
unparalleled difficulty. More than any other period
since the Proterozoic, the Permian is the period of
problems.

Chamberlin and Salisbury, Geology v. II, Earth
History, 1905

1 Introduction

The Permian (299–252 Ma) records a fundamental reorga-
nization in tectonic, climatic, and biologic components of
the Earth system. Plate collisions leading to the assembly of
the supercontinent Pangaea culminated by middle Permian
time, expressed at low latitudes by the formation of the Cen-
tral Pangaean Mountains and associated orogenic belts (e.g.,
Domeier and Torsvik, 2014; Fig. 1). The Permian records
multiple large mafic magmatic events, including those af-
fecting the Central Pangaean Mountains (Ernst and Buchan,
2001). Additionally, the Variscan system of western and cen-
tral Europe was a global focus of expansive and explosive
silicic-intermediate volcanism (Soreghan et al., 2019) associ-
ated with both construction and collapse of the Central Pan-
gaean Mountains (e.g., Menard and Molnar, 1988; Burg et
al., 1994). Extensive plutonism and orogenic collapse also
took place in the Moroccan and Appalachian parts of this sys-
tem (e.g., Valentino and Gates, 2001; EL Hadi et al., 2006).
The magnitude of the Permian climate transition is unique for
the Phanerozoic: Earth’s penultimate global icehouse peaked
during the early Permian, yielding to full greenhouse condi-
tions by the late Permian – our only example of icehouse col-
lapse during a time with known complex terrestrial ecosys-
tems (Gastaldo et al., 1996). The late Paleozoic icehouse was
the longest and most intense glaciation of the Phanerozoic
(Feulner, 2017), and reconstructed atmospheric composition
includes both the lowest CO2 and (inferred) highest O2 lev-
els of the Phanerozoic (Berner, 2006; Foster et al., 2017) –
the latter presumably spurred by the massive proliferation
of vascular land plants (Berner, 2003), possibly exacerbated
by weathering of the tropical mountains (Goddéris, 2017) as
well as enhanced marine productivity (Sur et al., 2015; Chen
et al., 2018; Sardar Abadi et al., 2020). High-resolution CO2
reconstructions include values comparable to those antici-
pated for Earth’s immediate future (Montañez et al., 2016).

Fundamental shifts occurred in atmospheric circulation, no-
tably development of a global megamonsoon (Parrish, 1993),
and the tropics are inferred to have been anomalously arid
(e.g., Tabor and Poulsen, 2008), although the latter could al-
ternatively reflect paleogeographic details that remain poorly
resolved (Fig. 1; Domeier and Torsvik, 2014; Tomezzoli et
al., 2018; Muttoni and Kent, 2019). Evolution of the terres-
trial biosphere during the Carboniferous produced the first
tropical rainforests (Cleal and Thomas, 2005) and terrestrial
ecosystems of “modern” complexity and structure, with food
webs centered on carnivores consuming novel vertebrate her-
bivores (Sues and Reisz, 1998). By Permian time, extreme
environments are well documented in the form of, e.g., vo-
luminous dust deposits (Soreghan et al., 2008b, 2015a), acid
saline lakes and groundwaters (Benison et al., 1998), extreme
continental temperatures (Zambito and Benison, 2013), and
biotic crises and extirpations of spore plants from equatorial
Euramerica (DiMichele et al., 2006; Sahney et al., 2010),
ultimately culminating at the end of the Permian with the
largest extinction event in the Phanerozoic (e.g., Twichett et
al., 2001; Erwin, 2006). Figure 2 illustrates major trends in
varied aspects of the Permian Earth system.

The dynamic Earth system of the Permian and the sen-
sitivity of the tropics to climate forcings in particular moti-
vate an international drilling program to focus on recovery
of high-resolution continental records from both western and
eastern low-latitude Pangaea in addition to auxiliary science
objectives. To address this, 67 scientists and students from
nine countries gathered in Norman, Oklahoma (USA), on 7–
10 March 2019 to discuss plans for an international drilling
project to target objectives in both the US and western Eu-
rope. The project was dubbed “Deep Dust” for the intended
focus on eolian-transported fines, which are interpreted to
compose much of the sediment ultimately captured in eolian,
lacustrine, and associated depositional environments of the
Anadarko Basin of Oklahoma and selected Permian basins
of western Europe. The workshop began with overviews of
the key science objectives, which included themes on paleo-
climate, paleobiology, the microbial biosphere (both modern
deep and fossil Earth surface), and auxiliary science, as well
as presentations on the regional geology of the Anadarko and
western European basins (Table 1). The rest of the work-
shop focused on breakout groups and summary plenary ses-
sions on topics of scientific methodologies, drilling logistics
(site selection, hazards, logging, operations), education and
outreach, and funding. Following discussions of science ob-
jectives and geology of potential sites, participants took a
field excursion to view target Permian strata of the Anadarko
Basin, which consist predominantly of very fine-grained red
beds and evaporites, with discussions focused on interpreta-
tions of the predominance of eolian and lacustrine environ-
ments (Giles et al., 2013; Sweet et al., 2013; Foster et al.,
2014; M. Soreghan et al., 2018). The field excursion con-
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Figure 1. Paleogeography during the early to late Permian redrafted from the reconstructions of (a) Domeier and Torsvik (2014), (b) Muttoni
and Kent (2019), and (c) Tomezzoli et al. (2018). Red dots show drill target paleo-positions within the equatorial Central Pangaean Mountains
(western US – western equatorial Pangaea and western Europe – eastern equatorial Pangaea). A significant difference between (a) and (b)
relates to the contrasting reconstructions of Pangaea A and Pangaea B. Pangaea A prevails for the later Permian, whereas some prefer Pangaea
B for the early Permian. The reconstruction of Tomezzoli et al. (2018) focuses on Laurentia and Gondwana. In all cases, the target sites are
generally equatorial but vary by up to ∼ 18◦ (coordinates for each configuration summarized in the table below).

cluded with an unscheduled but quintessentially Oklahoman
bovine rescue. A follow-on workshop (dubbed “Deep Dust
2.0”) held in Paris (27–28 January 2020) involved 33 sci-
entists from eight countries in western–central Europe and
focused on honing the European coring site(s). After an
overview of the regional geology, paleoenvironments, and
expected facies in basins of western and central Europe (Pol-
ish Basin, Italian basins, German basins, Swiss Plateau, UK
and Irish basins, and the French Lodève and Paris basins),
presentations (Table 1) focused on topics such as the utility
of plant fossils, Permian geothermal resources, and the posi-
tions and perspectives of the BRGM (Bureau de Recherches

Géologiques et Miniéres) and CNRS (Centre National de la
Recherche Scientifique) regarding a proposed research cor-
ing project.

2 Compelling science enabled by coring the
Permian

The Deep Dust 1.0 workshop (in Oklahoma) included ple-
nary presentations (Table 1) that provided overviews of ge-
ologic evidence and modeling results on Permian paleoen-
vironment and paleoclimates, extreme environments of the
Permian, the Permian carbon cycle, terrestrial biosphere and
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Figure 2. Illustration of documented glacial deposits (Soreghan et al., 2019), atmospheric pCO2 (Montañez et al., 2016; Foster et al., 2017),
strontium isotope signature (McArthur et al., 2001), terrestrial and North American terrestrial organic sediment (coal, lignite, anthracite, and
tar) accumulation∗ (Nelsen et al., 2016), sea-level changes (Haq and Schutter, 2008), mean species richness of reef builders in 10 Myr bins
(Kiessling, 2005; Alroy et al., 2008; Payne and Clapham, 2012), halite mass (Hay et al., 2006; Warren, 2016), and large igneous provinces
(LIP Commission) during the late Carboniferous (Pennsylvanian) and Permian (323–251 Ma), proportion of vertebrate (fish versus amniote-
dominant) species in the North American continental realm (Pardo et al., 2019), a tropical temperature curve adapted from Montañez et al.
(2007), and marine C13 adapted from Saltzmann and Thomas (2012). ∗ indicates North America only, otherwise global signatures.

Table 1. European target decision matrix.

Paris Basin Switzerland Poland Germany UK/Ireland Plymouth
Bay (offshore)

Seismic 2D/3D Y (2D) Y (2D-3D) Y (2D) Y Y (2D)
Borehole data on seismic1 Y Y Y Y Y (2)
Overburden 1.1 km 1 km ∼ 100 m
Target thickness 3.5 km 4 km 1 km > 10 km 4 km
Facies fine?2 Y N (?) N N Mixed
Ashes? Y? Y Y? Y N
Biostratigraphy? Y Y Y Y N
C–P boundary? Y Y Y Y locally Y
P–T boundary? N Y N Y locally Y

1 Borehole data – within 5 km of proposed location
2 Predominantly (> 80 %) fine facies

run-up to the Great Dying, and aspects of the deep mi-
crobial biosphere. In discussions, participants identified the
following major science objectives and rationales for cor-
ing these rocks, which are neither well preserved nor very
accessible in outcrops, and for which minimal core exists.
A list of questions associated with the major and supple-
mentary science topics appears in a data supplement ta-
ble; overviews appear below. Coring is essential to (1) ac-
cess buried upland records, (2) achieve continuous records
in basinal regions, and (3) recover a pristine section suit-
able for application of various sedimentologic, geochemical,

fluid-inclusion, rock-magnetic, magnetostratigraphic, pale-
ontologic, and geochronologic approaches (i.e., Soreghan et
al., 2015b; Benison et al., 2015). Additionally, during the
course of both workshops, participants suggested consider-
ing expansion to a staged project that could incorporate cor-
ing in (1) multiple basins of western Europe and (2) in mid-
paleolatitude sites (e.g., China). Such an expanded approach
would better inform paleoclimate modeling.
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2.1 Equatorial paleoclimate of peak icehouse and
icehouse collapse

The basal Permian records the most extreme phase of the
late Paleozoic ice age (LPIA), which was the longest-lived
and most intense icehouse of the Phanerozoic. Continen-
tal glaciation extended to latitudes as low as 32◦ S (Evans,
2003), and the Carboniferous–Permian boundary interval
archives the most widespread evidence for glacial deposits of
the LPIA (Fielding et al., 2008; Soreghan et al., 2019; Fig. 2).
The acme conditions of the Asselian yielded to a massive
reduction in ice (as recorded by number of ice-contact de-
posits) in the Sakmarian, followed by ultimate disappearance
of the vestigial Gondwanan glacial deposits (Australia) in
the Wuchiapingian age (Fig. 2). The role of pCO2, which
reached remarkably low values during the LPIA, is an es-
tablished factor in the severity of the icehouse, but contrib-
utory factors might include negative radiative forcing from
volcanic aerosols (Soreghan et al., 2019). Fine-grained loes-
sitic and lacustrine strata of the target regions preserve high-
resolution records of paleoclimate in these “far-field” equato-
rial regions, including lower Permian cyclothemic strata that
record unequivocal glacial–interglacial swings, yielding up-
ward to entirely continental successions, such as those seen
in the upper Pennsylvanian through lower Permian of mid-
continental North America (e.g., Heckel, 1990; Giles et al.,
2013). The cause(s) of the LPIA deglaciation remain(s) in
debate, in addition to the rate of deglaciation; carbon cycling
played a key role, but the mechanisms for changing pCO2
as well as the role(s) of other factors remain(s) debated.
Addressing these and related issues will require data types
such as additional constraints on high-resolution pCO2, at-
mospheric dust loading, and records of source-region de-
nudation (from thermochronology). Combining this with a
high-resolution Sr isotope curve can help address the relative
roles of weathering and other forcing in driving deglaciation
and, in the longer term, the apparent aridification of equa-
torial Pangaea. Our understanding of the aridification hinges
on accuracy of paleogeographic reconstructions; although re-
constructions vary (Fig. 1), the variation falls largely within
∼ 15◦ of the Equator, suggesting that aridification relates pri-
marily to changing equatorial hydroclimate rather than lat-
itudinal drivers. However, the Pangaea A versus Pangaea
B configurations (Domeier and Torsvik, 2014; Tomezzoli
et al., 2018; Muttoni and Kent, 2019) for early Permian
time have profoundly different implications for the conti-
nentality of western Europe, in particular. In principle, such
pronounced differences between continental reconstructions
could be tested by running climate-model simulations for dif-
ferent reconstructions and comparing simulated precipitation
and evaporation patterns with the distribution of lithological
indicators such as coal or evaporite (Cao et al., 2019).

The possibility that glaciation affected low–moderate-
elevation uplands of both the western (US) and eastern
(Europe) equatorial regions (Becq-Giraudon et al., 1996;

Soreghan et al., 2008a, 2014; Pfeifer et al., 2020a) in the
early Permian remains highly controversial but is potentially
testable by coring regions proximal to buried paleo-uplands
to seek evidence for ice-contact and/or pro- and peri-glacial
deposition. Furthermore, the unique geological setting of the
Anadarko Basin records epeirogenic subsidence that pre-
served buried paleo-highs (Soreghan et al., 2012), thus en-
abling (via coring) access to upland environments. Low-
latitude upland glaciation – if substantiated – could reflect
increased glacial-phase albedo from high loading of bright
aerosols, greater exposure of bare ground due to vegetation
changes during glacials (Falcon-Lang and DiMichele, 2010),
or other as-yet undiscovered climate forcings. Evidence for
low-latitude glaciation across equatorial Pangaea during the
late Paleozoic would radically change our understanding of
this period in Earth’s history – a critical interval for the evolu-
tion of land animals and plants. It would spur research on in-
fluences of alternative boundary conditions and climate forc-
ings. Furthermore, changes in erosional conditions imposed
by climate can affect surface expression of tectonic processes
(e.g., Molnar and England, 1990; Sternai et al., 2012). These
inter-relations are even more intriguing given glaciation, as
ice growth and associated erosion affect uplift and subsi-
dence (e.g., Molnar and England, 1990; Champagnac et al.,
2009).

2.2 Atmospheric dust and the Pangaean megamonsoon

Also intensifying through later Permian time was the Pan-
gaean megamonsoon, repeatedly inferred from both mod-
eling and data (e.g., Kutzbach and Gallimore, 1989; Par-
rish, 1993; M. Soreghan et al., 2002, 2018; Tabor and Mon-
tanez, 2002) but poorly constrained in terms of its evolu-
tion and drivers. Dust (loess) deposits capture an excellent
archive of the monsoon, as well documented by work on
the Quaternary monsoonal record archived in the Chinese
Loess Plateau (e.g., Sun et al., 2006), and the Permian pre-
serves the most voluminous dust deposits known in Earth’s
history (Soreghan et al., 2008b, 2015a). But the drivers be-
hind this remarkable production and accumulation of dust
and the effects of such an extreme (mineral-aerosol-rich)
atmospheric composition remain unknown. The forcing(s)
associated with atmospheric aerosols constitute one of the
largest uncertainties in climate modeling from near to deep
time (Schwartz and Andreae, 1996; NRC, 2011; Heavens et
al., 2012; Lee et al., 2016). Continuous coring will enable
us to tap the full extent of this dust record recovered in un-
ambiguous stratigraphic superposition, assess extent of at-
mospheric dust loading, and use dust provenance (with, e.g.,
geochemistry and detrital zircon geochronology) to build
a high-resolution archive of atmospheric circulation of un-
precedented (tens of millions of years) duration. Because
targeted dust deposits lie in both western and eastern Pan-
gaea, we can assess spatiotemporal patterns of continental
climate change, e.g., the nature and pace of proposed east-
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Figure 3. Gamma ray (GR) log from the Schneberger 1-19 Well, Atoka Burns Flat, Washita County, Oklahoma, USA (S19; T10N, R19W;
elevation 593 m). (a) Log from 100 to 4100 ft (well log depth scale) with preliminary interpretations of intervals with possible Milankovitch
cyclicity and possible position of the North American Ochoan Stage (earliest Lopingian). The dashed box indicates a detailed portion of the
log examined further in (b). (b) Detail from 3090 to 3790 ft displaying pervasive superimposed GR cycles with thicknesses of 10, 20, 50, and
200 ft (see “Symbols”), possibly indicating, respectively, precession index, obliquity, short orbital eccentricity, and long orbital eccentricity
cycles.

wardly progressing aridification (Tabor and Poulsen, 2008).
Quantitative cyclostratigraphic analysis of high-quality well-
log records as shown in Fig. 3 will enable assessment of as-
tronomical forcing of tropical climate/hydroclimate through
the Permian icehouse–greenhouse transition up to the end-
Permian mass extinctions. The discovery of astronomical
forcing signatures in continental western Pangaea will pro-
vide “floating” astrochronologies and opportunities to corre-
late the signatures with biostratigraphically constrained ma-
rine Paleotethyan counterparts described by Wu et al. (2013)
and Fang et al. (2015, 2017) and with continental eastern
Pangaea (Huang et al., 2020; Pfeifer et al., 2020b). These
correlations will be enhanced greatly by adding paleomag-
netic and (post-Kiaman) polarity data, achievable by virtue
of obtaining continuous records in both western and eastern
equatorial Pangaea.

2.3 The later Permian: extreme environmental and
biotic records leading up to the Great Dying

The later Permian accommodates the final icehouse collapse
and the transition to one of the most extreme greenhouse
times known in Earth’s history (Triassic), with the interca-
lated largest extinction known – the Permian–Triassic (P–T)
extinction event. The P–T event has been linked in part to
massive large igneous province (LIP) volcanism in Siberia
(Siberian Traps), a region containing enormous volumes of
carbon- and evaporite-rich strata, exacerbating the release of
large amounts of greenhouse gases and halocarbons into the
atmosphere (e.g., Svensen et al., 2009). Middle Permian–
early Triassic red-bed-hosted halite records extreme conti-
nental conditions, such as hyperaridity, local air tempera-
tures as high as 73 ◦C, and a diurnal temperature range up
to 28 ◦C (Zambito and Benison, 2013), as well as extremely
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acid saline lakes and groundwaters with pH as low as 0
(Benison et al., 1998; Andeskie et al., 2018). New fluid in-
clusion methods have documented atmospheric O2 from Pro-
terozoic halite (Blamey et al., 2016), suggesting that atmo-
spheric O2 may also be analyzed from fluid inclusions in Per-
mian halite; these types of analyses are uniquely enabled by
coring the types of deposits preserved in the target regions.
Much of the research on the run-up to the P–T crisis focuses
on the marine record (e.g., Erwin, 1994; Wignall and Twitch-
ett, 1996). In contrast, this proposed ICDP project will target
high-resolution, continental successions sensitive to climatic
and environmental conditions, including lacustrine, paleosol,
and fine-grained eolian (e.g., loess) deposits, that we antici-
pate have the potential to preserve palynological as well as
other records of paleoecological conditions and transitions.
Physiological performance in modern tropical ectotherms is
impacted by even small-magnitude climate warming, under-
scoring the vulnerability of low-latitude regions to climate
change. Spanning the equatorial region west to east enables
differentiation of local from regional-to-global changes in
the continental record of the conditions leading to extinction
and test hypotheses of a west–east lag in the loss of peri-
Tethyan aquatic diversity and increased terrestrial diversity
(Pardo et al., 2019). We anticipate the possibility that the tar-
geted coring regions will enable elucidation of climatic and
biotic changes through the middle and late Permian in partic-
ular, which are poorly documented.

2.4 Nature of the modern and fossil deep microbial
biosphere

Discussion of questions on the deep microbial biosphere fo-
cused on both the microbes living today and those poten-
tially preserved from Permian time – the latter representing
a truly unique opportunity. The Anadarko Basin, for exam-
ple, is the deepest sedimentary basin on the North Amer-
ican craton, with significant basinal fluid migration, docu-
mented by modern sulfide- and sulfur-rich springs such as
Zodletone Spring (https://www.mindat.org/loc-305255.html,
last access: 20 September 2020), which boosts a highly di-
verse and complex microbial ecosystem (Luo et al., 2005).
Coring is essential to test the limits and nature of the deep
biosphere here. Microbial life – potentially present in fluids
or rock surfaces – might be driven by the redox transforma-
tion of abundant (trace) elements in the basin such as arsenic
and iron (Amstaetter et al., 2010) or might utilize metabolic
pathways associated with hydrocarbons (Hamamura et al.,
2005; Foght et al., 2017).

As noted above, coring strata from the target basins hold
the potential to enable unprecedented analyses of the fossil
microbial biosphere, locked within fluid inclusions of Per-
mian evaporites preserved exclusively at depth (e.g., Sat-
terfield et al., 2005; Benison, 2019). These previous stud-
ies demonstrated that microbial life existed in the Permian
at pH < 1, pH < 0, and pH < −1 – among the environments

with the lowest pH and water activity known to host life
(Benison, 2013). Several questions arise from these obser-
vations, such as whether the Permian microbes remain vi-
able and whether relationships exist between the modern and
Permian microbial biospheres, for which the host lithology
has remained constant for nearly 300 Myr. Finally, such ex-
treme, iron-rich, acidic conditions as those of these Permian
red beds provide sedimentary analogs to past Martian sur-
face conditions, including potential biosignatures. The Per-
mian evaporites of Kansas preserved only in cores contain
fossil microbes and organic compounds both as solid inclu-
sions and within fluid inclusions (e.g., Benison, 2019). Iron
oxide concretions in recent siliciclastic sediments associated
with acid saline lakes in Western Australia contain microfos-
sils (Farmer et al., 2009). Our proposed coring would pro-
vide reference comparison samples for sediments and rocks
returned from Mars, with significant implications for astro-
biology.

2.5 Auxiliary science

Finally, breakout groups discussed auxiliary science objec-
tives that could be pursued in addition to the primary pa-
leoclimatic/paleoenvironmental/microbial objectives. These
objectives included red-bed sedimentology, induced seismic-
ity, tectonics, geothermal energy, hydrology, and drilling en-
gineering. Additionally, a fundamental advance will be the
ability to build paleomagnetic and magnetostratigraphic ref-
erence sections for the Permian to help resolve long-standing
paleogeographic enigmas with implications for paleoclimate.
If we wish to advance paleoclimatic understanding and dis-
entangle local from global effects, we must accurately locate
the study areas in paleogeographic space. A viable approach
to resolving the ongoing controversy of Pangaea A versus
Pangaea B configurations (Fig. 1), for example, is by mag-
netic studies of long continuous cores at the target sites.

The prevalence of Permian red beds is renowned but puz-
zling; ideas for this geochemical anomaly have centered pre-
dominantly on a climatic control (Barrell, 1908; Walker,
1967, 1974; Dubiel and Smoot, 1994; Parrish, 1998), al-
though Sheldon (2005) called into question whether red in-
dicates any specific paleoclimatic parameters. The remark-
able atmospheric oxygen levels perhaps played a role (e.g.,
Glasspool and Scott, 2010). More recent data on iron geo-
chemistry of Permian loess from scattered sites throughout
the western US reveal mysteriously high iron bioavailability
(i.e., high values of highly reactive iron to total iron), with
major implications for fertilization of primary productivity
and thus carbon cycling (Sur et al., 2015; Sardar Abadi et al.,
2020) during this interval, yet the origin of this reactivity re-
mains enigmatic. Coring would enable assessment of iron re-
activity in dust across vast stretches temporally and spatially:
through the entire Permian, and across the tropical landmass,
which would help address drivers for the reactivity and help
address the origin of red beds.
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Figure 4. Examples of the lower Permian paleo-loess of (left) the mid-continent US and (right) France. Left: the middle Permian Flowerpot
Shale of the Anadarko Basin, western Oklahoma (Sweet et al., 2013). Right: the middle Permian Salagou Formation of the Lodève Basin,
southern France (Pfeifer et al., 2016, 2020a, b).

The proposed sites capture rather unique tectonic settings,
as both the Anadarko Basin and Permian basins of western–
central Europe occupy regions either proximal to or atop (re-
spectively) collapsed paleo-highlands of the greater Central
Pangaean Mountains. Both received sediment from major
orogenic belts of these systems: the Appalachian orogen in
the case of the Anadarko Basin (e.g., Soreghan et al., 2019)
and the Variscan core in the case of Permian basins of France
(e.g., Pfeifer et al., 2016). Given the expected continuity of
the target sections, it might be possible to constrain unroof-
ing of the Appalachian and Variscan orogens using detrital
zircon and apatite thermochronology. Preliminary work on
a partial Permian section from the Lodève Basin (southern
France) revealed remarkably high rates (1–17 mm yr −1) of
exhumation in the Variscan orogen, comparable to present
rates of Himalayan uplift (Pfeifer et al., 2016). Together with
recent work that reveals mean Variscan paleoelevations of
3300 ± 1000 m at ca. 300 Ma (Dusséaux, 2019), this has sig-
nificant implications for understanding climatic–tectonic in-
teractions.

The incidence of induced seismicity in Oklahoma (and
many other regions, especially in regions exploited for hy-
drocarbon or geothermal energy) has increased significantly
in the last decade and holds significant societal implications.
In Oklahoma, most of the induced seismicity is linked to fluid
injection associated with wastewater disposal or hydraulic
fracturing (Chen et al., 2017; Ellsworth, 2013; Keranen and
Weingarten, 2018; Langenbruch et al., 2018), where most
of the wastewater is produced from unconventional shales
that commonly include significant ratios of formation saltwa-
ter along with the hydrocarbons (Ellsworth, 2013). Globally,
incidences of induced seismicity have been associated with

fluid injection, hydrocarbon extraction, and geothermal en-
ergy, among many other causes (Foulger et al., 2018). Instru-
mentation of a borehole with fiber-optic cabling could enable
distributed acoustic sensing of seismicity, strain, and auxil-
iary assessments of geothermal gradient, and shallow hydro-
geology helpful for studying seismicity as well as a number
of other studies. Observations of these parameters are rela-
tively rare in the target region of Oklahoma. Finally, a fully
cored borehole could be a compelling test facility for new
drilling technology – specifically as a geothermal test well.
Most oil and gas wells do not have the required size or depth
required for clean energy development such as enhanced
geothermal systems. In western Europe, Permian strata are
a growing target for potential geothermal energy production;
specific in situ measurements (e.g., hydraulic production test)
and high-resolution lab investigations (petrophysics proper-
ties, small-scale fracturing, temperatures) would serve as a
reference for future investigations in both the US and Euro-
pean sites.

3 Suitability of archives and indicators

Targeted sections preserve primarily continental records be-
cause the main science drivers center on paleoclimate and pa-
leoenvironments. Between the western and eastern equatorial
sites, lithologic compositions expected potentially include
(predominantly) paleo-loess deposits and subordinate evap-
orites in lowland basinal sections (Fig. 4) but also mixed-
lithology (carbonate–clastic) cyclothems of epeiric deposi-
tion (basal Permian) in basinal sites and possible ice-contact
or pro-/peri-glacial deposits in upland-proximal sites. For
the lowland sites, we are specifically targeting sections ex-
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pected to consist predominantly (>80 %) of fine-grained sed-
iments thought to comprise loess and dust trapped ultimately
in lacustrine settings. Like lacustrine sediment, loess is con-
sidered the most comparable to marine sediment in record-
ing continuous- or near-continuous deposition (Begét and
Hawkins, 1989); accordingly, loess and lakes archive the
highest-resolution continental archives for paleoclimatic and
auxiliary reconstructions. Loess deposits in particular, which
include intercalated paleosols, preserve up to millennial-
scale records of continental climate, including atmospheric
circulation (dust loading, wind direction, and strength from
provenance and grain size) and precipitation (from mag-
netic susceptibility, e.g., M. Soreghan et al., 2014; Yang
and Ding, 2013; Soreghan et al., 2015a; Maher, 2016) as
well as – potentially – paleotemperature and atmospheric
pCO2 in hosted paleosols (e.g., Tabor and Myers, 2015).
Anisotropy of magnetic susceptibility in loess is well studied
as an excellent potential for reconstructing wind directions
and also intensity variations (e.g., Liu et al., 1999; Zhu et
al., 2004; Nawrocki et al., 2006; Zhang et al., 2010). Eolian
dust trapped by lacustrine or shallow marine environments
holds the potential for organic preservation and thus asso-
ciated organic geochemical and biomarker analyses. Evap-
orites preserve continental temperatures and brine composi-
tions at temporal resolutions as fine as diurnal (e.g., Beni-
son and Goldstein, 1999; Zambito and Benison, 2013). Cy-
clothems preserve an archive of glacial–interglacial varia-
tions from which we can potentially extract paleotempera-
ture, ice-volume variations, and continental weathering flux
(e.g., Elrick and Scott, 2010; Theiling et al., 2012; Elrick et
al., 2013). Proglacial and associated deposits establish the
former extent and nature of glaciation.

Thermochronology through clastic successions can re-
veal long-term denudation in these uplift-proximal regions,
potentially shedding light on both tectonic and tectonic–
climatic interactions (e.g., Reiners and Brandon, 2006).
Many of the sedimentologic, geochemical, and fluid inclu-
sion tools require pristine samples recoverable only by cor-
ing, and achievement of high-resolution temporal trends, es-
pecially those employing, e.g., quantitative cyclostratigra-
phy and magnetostratigraphy, demand continuous and strati-
graphically complete sampling through sections with un-
ambiguous stratigraphic superposition. Currently, we lack
such data for the Permian; rather, climate-sensitive records
are limited to spatially and temporally discrete sampling of
mostly outcrops, with very few North American data in the
later Permian (e.g., Tabor and Poulsen, 2008; atmospheric
pCO2 data of Montañez et al., 2007, 2016). These studies
suggest an increasing trend in pCO2 and equatorial aridity
from the late Carboniferous to the middle Permian as well as
substantial glacial–interglacial variability in both parameters
from the middle Carboniferous to the early Permian.

Figure 5. Plan view image of the Anadarko Basin (modified from
Hentz, 1994). The bold line denotes the approximate location of the
3D seismic line in Fig. 7. Note that both the Amarillo Uplift and
Bravo dome (and much of the Wichita Uplift) are in the subsurface.

4 Site selection

The Anadarko Basin (Oklahoma, USA) and Paris Basin
(France, western Europe) preserve what are likely the most
complete records of the continental Permian on Earth and
sample the antipodes of equatorial Pangaea. Furthermore, the
partial preservation of paleo-upland regions in both the Wi-
chita Uplift (Anadarko Basin system; Soreghan et al., 2012)
and Variscan system (below the Brécy Basin; Beccaletto et
al., 2015) presents the rare opportunity to access archives
of moderate-paleoelevation sites; together with ongoing re-
search positing high elevations (>3000 m; Dusséaux, 2019)
and possible upland glaciation for the Variscan system, these
localities are globally unique.

4.1 Western Pangaean site: Anadarko Basin
(Oklahoma)

The Anadarko Basin (Fig. 5) of the southern mid-continental
US is the deepest sedimentary basin on the North American
craton, owing to a dual history of Neoproterozoic-Cambrian
(failed) rifting followed 300 Myr later by late Paleozoic com-
pressional deformation associated with western Pangaean as-
sembly (Johnson, 1988). This basin represents the south-
ern limit of a widespread subsiding region during Permian
time that extended across mid-continental North America –
a largely endorheic basin akin in scale and character to the
greater Lake Chad region of modern Africa. The sedimentary
record in the Anadarko Basin is especially complete for the
late Carboniferous–Permian, with preservation of ∼ 2000 m
of Permian strata alone (Soreghan et al., 2012; Fig. 6) com-
prising predominantly continental (paleo-loess/dust, lacus-
trine, and evaporite) deposits, with (basal) epeiric cyclothems
of a mixed carbonate–clastic character (Johnson, 1988). Re-
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Figure 6. Cross section of the Anadarko Basin, from the basin deep (SW) to the shelf (NE). Thin vertical lines are locations of the boreholes
(logs) used for the interpretation. The seismic line (shown as “S” on the inset map) in Fig. 7 depicts (approximately) the boxed region. Cross
section modified from Witt et al. (1971).

markably, the Permian subsidence event affected both the
basin and the adjacent uplift (Wichita Uplift), resulting in
preservation of a Permian landscape (Soreghan et al., 2012)
and burial of upland strata in the subsurface along the south-
ern basin margin. Industry seismic data are accessible to
guide drill site locations (cf. Fig. 7).

4.2 Eastern Pangaean site(s): European target(s)

The Deep Dust 2.0 workshop focused specifically on a com-
prehensive assessment of Permian basins in western and cen-
tral Europe. Participants converged on prioritizing a refer-
ence section that could reasonably be expected to house a
continuous section of predominantly fine-grained continen-
tal facies that includes the C–P boundary and approaches
as closely as possible the P–T boundary. The only area
in western Europe containing the P–T boundary occurs in
the central part of the Germanic Basin (Bourquin et al.,
2011), and the correlation with the Paris Basin is well es-
tablished (e.g., Bourquin et al., 2006, 2009). Moreover, the
C–P boundary is well defined and dated in nearby outcrops
and subsurface data (Ducassou et al., 2019; Pellenard et al.,
2017; Mercuzot et al., 2020; Mercuzot, 2020). A number of
basins in Germany contain parts of the Permian, with exten-
sively cored sections, but the common occurrence of coarse-
grained, high-energy facies (e.g., inferred alluvial-fan, flu-
vial, volcaniclastic) and lack of a single site traversing the
entire (or nearly entire) section are problematic from the per-
spective of the primary science drivers for the Deep Dust
project. Other criteria considered in narrowing the selection
included availability of seismic data (constrained by bore-
holes), thicknesses of target and overburden, and expected
dating potential (e.g., by ashes and/or biostratigraphy). Ul-
timately, the southwestern Paris Basin emerged as the best

location for a reference section. However, participants were
keen to consider a drilling program that could include addi-
tional localities in a staged approach. The Permian of eastern
equatorial Pangaea (France) is partially exposed in dismem-
bered rift basins of the Variscan–Hercynian orogenic belt
of central and southern France, such as the Lodève Basin
(Fig. 8) that formed as a result of orogenic collapse (Burg
et al., 1994; Praeg, 2004). These basins preserve a sedimen-
tary succession analogous to that of the Anadarko Basin, with
drab-hued carbonaceous upper Carboniferous strata yielding
upsection to fine-grained red-bed lacustrine, eolian, and rare
evaporitic sediments through the Permian (e.g., Pochat and
Van Den Driessche, 2011), including extensive loess deposits
(Pfeifer et al., 2016, 2020a). In the Paris Basin, numerous late
Paleozoic “sub-basins” have been recognized since the 1960s
but lie beneath the Ceno-Mesozoic cover. The southwestern
Paris Basin in particular remains virtually unexplored with
no core except for a 110 m core of Permian red beds (Jun-
cal et al., 2018) and three wells reaching a maximum of
1600 m in the upper Carboniferous to upper Permian section
(Bertray, Brécy, and Saint-Georges-sur-Moulon) with avail-
able well-log data (gamma ray, sonic) and cutting descrip-
tions. Recent pre-stack migration processing reprocessing of
vintage seismic data reveals a significant Permian section
here (Fig. 10). The Permian section extends over an area
of several thousand km2, with thicknesses reaching 3000 m
(Beccaletto et al., 2015; Figs. 9, 10).

Permian strata of the southwestern Paris Basin accumu-
lated “above” the internal zone and suture of the Variscan
belt, south of the Variscan front during the late-to-post oro-
genic extensional processes (Faure, 1995; Baptiste et al.,
2016). These basins formed after the main Variscan deforma-
tion and thus the Permian strata remain virtually undisturbed
by Variscan orogenesis. The post-orogenic subsidence (from
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Figure 7. Vertical time slice from a 3D seismic volume acquired across the Frontal Fault zone of the Wichita–Anadarko system, extending
from the (subsurface) Wichita Uplift (left) into the deep Anadarko Basin (right). See Fig. 6 for the approximate location of the line (line
length ∼ 60 km). Vertical scale shows two-way travel time (seconds). Stratal markers as follows: base Pennsylvanian – yellow, base Permian
– blue. From Rondot (2009). A potential (basinal) drill site is indicated with the derrick symbol.

tectonic to thermal) during the late Paleozoic enabled preser-
vation of a nearly complete stratigraphic succession from
late Carboniferous to late Permian time, with an unconfor-
mity at the Permian–Triassic boundary (as is the case across
western–central Europe; e.g., Bourquin et al., 2011). Strata
of the southwestern Paris Basin accumulated during two suc-
cessive tectonic phases (Beccaletto et al., 2015).

– An initial period of opening of the (Arpheuilles, Con-
tres, and Brécy) basins, during which Stephanian con-
glomeratic/coal facies accumulated under a strong
structural control (normal- and strike-slip faulting, with
development of a clastic wedge); this represents about
20 % of the (Stephanian)–Permian section.

– Subsequent Permian and pre-Triassic tectonic activity
(northwest–southeast-oriented strike–slip faulting in the
Arpheuilles Basin, uplift of the margins of the three

basins), resulting in tectonic subsidence and associated
sedimentation in these basins. The Permian strata here
consist mainly of mudstone or silty mudstone, with
rare thin interbeds of sandy, carbonate, intra-clastic con-
glomeratic, or evaporitic facies. Occurrences of fine to
coarse sandstone occur in the top interval. These litholo-
gies are analogous to those in neighboring basins, where
they are interpreted as restricted lacustrine to localized
fluvial facies and are analogous to those inferred for the
Anadarko Basin of Oklahoma.

Thus, although the uppermost Carboniferous–lower Per-
mian strata exist in isolated basins, the rest of the Permian
sedimentary section accumulated across a broad region as
demonstrated by the reinterpretation of newly reprocessed
seismic lines (Fig. 10). As these basins were later covered
by Triassic strata (Fig. 9), the Permo-Carboniferous section
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Figure 8. Top – simplified geology of France. Dark blue regions
are basins with Permian strata exposed (e.g., Lodève), whereas light
blue regions denote Permian strata buried by Mesozoic overburden.
The bold dotted line crossing the E–W span of the Paris Basin is the
location of the cross-section line in Fig. 9. The fine dotted line in
the southern–central part of the basin is the location of the seismic
line in Fig. 10 (modified from Beccaletto et al., 2015).

was essentially protected from Meso-Cenozoic tectonic up-
lift and subsequent erosion. Importantly, this same situation
does not hold for the strata now exposed in regions such as
the Lodève Basin. The Permian of subsurface basins such
as those beneath the southwestern Paris Basin have been af-
fected by a slight pre-Triassic tilting and by Oligocene brit-
tle normal faulting (represented by nearly vertical faults in
Fig. 10), without major tectonic perturbation. Other north-
ern European basins offer less complete and partly marine
stratigraphic sections for this interval, owing to slower rates
of subsidence and the influence of the Zechstein Sea (e.g.,
Doornenbal and Stevenson, 2010).

We provisionally propose the southwestern Paris Basin as
our coring target to capture a continuous lowland record in
eastern equatorial Pangaea. We recommend a coring target
in what is projected to be the most stratigraphically com-
plete section: in the Brécy (sub)basin, where the Permian
reaches a thickness of ∼ 3000 m, beneath a Mesozoic cover
of ∼ 1000 m (Figs. 9, 10).

5 The need for coring

Intact and complete continental stratal records from the mid-
Permian through Triassic of Pangaea are rare (in both outcrop
and standard cores). Within the Anadarko Basin, outcrops are

stratigraphically and lithologically incomplete due to interca-
lated halite in parts of the section, which dissolves at and near
the surface (Benison et al., 2015). Furthermore, the gentle
dip across a region with minimal relief creates limited out-
crop opportunities. Although the Anadarko Basin hosts hun-
dreds of thousands of boreholes owing to nearly a century of
hydrocarbon extraction, minimal core exists of the Permian
owing to its status as overburden. However, the rare cores
that have been recovered yield a wealth of high-resolution
paleoenvironmental, paleoclimatological, and microbiologi-
cal data about Pangaea (e.g., Benison et al., 1998; Zambito
and Benison, 2013; Foster et al., 2014; M. Soreghan et al.,
2018; Benison, 2019; Andeskie and Benison, 2020). Simi-
larly, although the Paris Basin has been a target for resources
preserved in especially the Mesozoic section, no extensive
Permian core exists. Here, the Permian is reachable exclu-
sively through subsurface coring.

Coring will enable acquisition of long, continuous records
through even friable lithologies, with the unambiguous strati-
graphic superposition needed to construct permanent refer-
ence sections for the Permian. It will also enable explo-
ration of sediment preserved atop buried paleouplands. The
importance of this time period, encompassing biotic crises
such as the end-Guadalupian biotic event and major climate
change, combined with the exceptional preservation of rocks
by purposeful and well-planned coring, makes a compelling
case for scientific drilling (Soreghan et al., 2014). Finally,
continuous coring of stratigraphically unambiguous sections
will enable application of comprehensive paleomagnetic and
magnetostratigraphic studies critical to resolving arguably
the most fundamental aspect of the Permian world: which
geographic reconstruction (Fig. 1) is accurate?

6 Dating potential

Permian strata of the Anadarko Basin have been dated
with invertebrate as well as vertebrate fauna, palynology,
chemostratigraphy, magnetostratigraphy, and geochronology
(tephras), with much work occurring relatively recently (e.g.,
Denison et al., 1998; Steiner, 2006; Tabor et al., 2011; Geiss-
man et al., 2012; Foster, 2013; Tian et al., 2020). The strata in
Permian basins of France accumulated in close proximity to
major volcanic centers and thus contain abundant, dateable
ash beds (e.g., Bruguier et al., 2003; Michel et al., 2015).
We envision greatly refining age models through the Per-
mian in both regions using a combination of the following
approaches.

– Geochronology: ash beds are well known through-
out the Carboniferous–Permian section of, e.g., the
Lodève Basin (Michel et al., 2015), southern Paris Basin
(Ducassou et al., 2019), Autun Basin (Pellenard et al.,
2017), and associated Carboniferous–Permian basins of
France and adjoining regions, and these should be es-
pecially visible in the core. Permian volcanism was
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Figure 9. East–west transect through the Paris Basin.

Figure 10. Southwestern Paris Basin (Brécy Basin) seismic line (line of section indicated by fine dotted line in the southern Paris Basin in
Fig. 8). Seismic interpretation of lithologies and estimation of thicknesses from the main depocenter in the Brécy area, with a potential drill
site indicated by the derrick symbol.

farther removed from the Anadarko Basin, but tephras
(likely from Permian arc(s) of northwestern Mexico)
are well recognized in the youngest Permian strata here
(Tabor et al., 2011; Geissman et al., 2012) and have
been long recognized by industry geologists in the Up-
per Pennsylvanian and Permian sections of the nearby
Permian Basin in western Texas (personal communi-
cation, E. Kvale, 2015; S. Ruppel, 2016; Tian et al.,
2020). High-resolution chemical abrasion ID-TIMS zir-
con geochronology can be employed to provide essen-
tial absolute ages, aid in correlations, and constrain sed-
imentation rates. Additionally, in regions distal to (but
downwind of) volcanic eruption centers, detrital zir-
con geochronology can augment dating by recovering
a cluster of the youngest zircons to provide a maximum
age of deposition (e.g., Fan et al., 2015); detrital zircons
are abundant in fine-grained Permian strata of both the

Anadarko and French basins (Sweet et al., 2013; Foster
et al., 2014; Pfeifer et al., 2016).

– Magnetostratigraphy: although the Permian encom-
passes the Kiaman Superchron, spanning from ∼

320 Ma (mid-Bashkirian) to ∼ 265 Ma (late Wordian),
the Permian of both the Anadarko and French Permian
basins captures the termination of the superchron and
the subsequent record of reversal stratigraphy (Steiner,
2006; Foster et al., 2014; Evans et al., 2014), recogniz-
able even at these relatively low paleolatitudes. Recov-
ery of continuous core with unambiguous stratigraphic
superposition is critical for magnetostratigraphic ef-
forts.

– Chemostratigraphy: Sr isotopes have been applied to
carbonate and sulfate-rich strata in the Permian of the
Anadarko Basin (Denison et al., 1998), but the po-
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tential exists to build on this, particularly because of
the dramatic decline in the 87Sr/86Sr through the pro-
posed study interval. In addition, carbon isotope stratig-
raphy of early diagenetic dolomitic cements in the up-
per Permian and Permo-Triassic boundary strata from
the nearby Palo Duro Basin suggest that carbon isotope
stratigraphy may be a viable means of stratigraphic cor-
relation for later Permian strata (Tabor et al., 2011).

– Paleontology: for the continental sections, paleobotani-
cal specimen data can be quite useful and can be pre-
served in red beds. For example, for the Anadarko
Basin, regional trends in the appearance and rela-
tive abundance of marker taxa from both wetland
and seasonally dry assemblages can be tied to well-
characterized sections in northern–central Texas and
central New Mexico, thereby facilitating an understand-
ing of regional vegetational patterns (e.g., DiMichele
et al., 2006). The same is true for the pollen assem-
blages these plants produced. Pollen and spores (paly-
nomorphs) are generally poorly preserved in red beds
but common in non-oxidized sediments, including the
Permian of the Anadarko Basin (e.g., Wilson, 1962),
and can occur in evaporites intercalated within the red
beds. The valves of Conchostracans (clam shrimps)
are also well known and zoned from Permian red
beds (Scholze and Schneider, 2015). For the limestone-
bearing epeiric strata of the lowermost section in the
Anadarko and French Permian basins, conodonts and
fusulinids are abundant and well zoned at cyclothem-
scale (substage) resolution. Sedimentological informa-
tion, such as grain size (silts and clays) and sediment
color (darker gray), can be used to identify the most
promising facies for palynological analysis.

– Cyclostratigraphy: the emerging chronostratigraphic
power of cyclostratigraphy will likely play an impor-
tant role in dating the cores. Astronomical forcing is
global, and so astronomically forced cyclostratigraphic
patterns should be correlatable from marine to continen-
tal facies, in the same way that, for example, the Qua-
ternary Chinese Loess Plateau magnetic susceptibility
record (Fig. 12 in Ding et al., 2002) and the Lake Baikal
biosilica record (Fig. 3 in Williams et al., 1997) corre-
late with the marine δ18O record. For much (if not all)
of the time coverage anticipated for these cores, there
is either existing marine cyclostratigraphy tied to con-
odont zones and/or radioisotope dating (Wu et al., 2013,
2019; Fang et al., 2015, 2017), which makes this dating
approach possible.

To tackle the problem of constructing a complete
geochronology, proxy stratigraphic series constructed
from the cores will be analyzed for plausible sediment
accumulation rates that convert the proxy sequences into
a time series with significant astronomical frequencies.

This is the goal of the objective methods “average spectral
misfit” (Meyers and Sageman, 2007) and “time optimiza-
tion” (TimeOpt; Meyers, 2015, 2019). Successful ASM
or TimeOpt applications can be used to extract the orbital
eccentricity signal from the proxy sequences, which then can
be matched to similarly processed marine cyclostratigraphy
using statistical correlation methods such as Match (Lisiecki
and Lisiecki, 2002) or HMM-Match (Lin et al., 2014). The
results of these statistical correlations can be used to project
marine biostratigraphic (conodont, fusulinid) zones, as well
as other age data, into the core sections.

7 Concluding recommendations

The events of the Permian capture profoundly extreme
swings in Earth system behavior, justifying a focus on pa-
leoenvironmental conditions for this project, but with strong
auxiliary science objectives. Two sites are admittedly inad-
equate to capture global conditions, but the proposed initial
sites in the Anadarko and Paris basins offer unrivaled op-
portunities to establish stratigraphically complete global ref-
erence sections spanning equatorial Pangaea, to which vari-
ous outcrop sections could be tied for building an integrated
record. Abundant opportunities exist for science outreach
and education associated with the remarkable events of the
Permian – the icehouse-to-greenhouse transition, Great Dy-
ing, mega dust bowl and megamonsoon, Mars analog condi-
tions, and the Permian megafauna of the equatorial region, in
addition to the auxiliary science topics.
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Heterodonty is a hallmark of early mammal evolution that
originated among the non-mammalian therapsids by the Middle
Permian. Nonetheless, the early evolution of heterodonty in basal
synapsids is poorly understood, especially in the mandibular
dentition. Here, we describe a new synapsid, Shashajaia bermani
gen. et sp. nov., based on a well-preserved dentary and jaw
fragments from the Carboniferous–Permian Halgaito Formation
of southern Utah. Shashajaia shares with some sphenacodontids
enlarged (canine-like) anterior dentary teeth, a dorsoventrally
deep symphysis and low-crowned, subthecodont postcanines
having festooned plicidentine. A phylogenetic analysis of
20 taxa and 154 characters places Shashajaia near the
evolutionary divergence of Sphenacodontidae and Therapsida
(Sphenacodontoidea). To investigate the ecomorphological
context of Palaeozoic sphenacodontoid dentitions, we performed
a principal component analysis based on two-dimensional
geometric morphometrics of the mandibular dentition in 65
synapsids. Results emphasize the increasing terrestrialization of
predator–prey interactions as a driver of synapsid heterodonty;
enhanced raptorial biting (puncture/gripping) aided prey
capture, but this behaviour was probably an evolutionary
antecedent to more complex processing (shearing/tearing) of
larger herbivore prey by the late Early to Middle Permian. The
record of Shashajaia supports the notion that the predatory
feeding ecology of sphenacodontoids emerged in palaeotropical
western Pangea by late Carboniferous times.

© 2021 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction
The fossil record of non-mammalian synapsids archives changes in tooth morphology that would
eventually give rise to mammal-like heterodonty—size-shape differences across the toothrow,
organized into distinct incisor, canine and postcanine dentitions [1,2] (figure 1). Importantly, the
shapes and sizes of teeth allow inference of ancient predator–prey interactions, and investigations of
size-shape variation along the toothrow in synapsids may therefore unveil patterns in the expansion
of terrestrial vertebrate dietary niches. Notably, the Carboniferous–Permian (C–P) transition
(ca 298.9 Ma) coincided with the proliferation of Earth’s first herbivore-dominated communities,
a trophic structure that is the basis for today’s terrestrial ecosystems [4]. Changes observed in lower
jaw structure from Carboniferous–Triassic times likewise reflected a diversification of food capture,
manipulation and mastication processes among the earliest terrestrial herbivores and carnivores [5,6].

The definition of ‘heterodonty’ remains problematic. Classically, Simpson [1] discerned two arbitrary
categories of heterodonty: (i) ‘incipient heterodonty’, which he limited to therapsids, noting foremost the
size variations among the maxillary canines and their corresponding dentary teeth (figure 1b) and
(ii) ‘advanced heterodonty’, signifying further differentiation in cusp patterns of the postcanine teeth
in some premammalian cynodonts (premolars versus molars) [1,2]. Nevertheless, significant
methodological challenges limit such categorical definitions. First, functional heterodonty has evolved
numerous times in vertebrates, including within fishes [7,8] and various tetrapod groups [2,9–16].
As such, non-mammalian heterodont dentitions often do not form tooth families homologous to those
of mammals, which has made quantitative morphometric approaches preferable to categorical
approaches when describing size-shape variation among reptile dentitions, including in varanids and
crocodylians [15,16]. Second, there have been relatively few attempts to quantify size-shape variation
in simple, conical dentitions compared with the more complex multicusped dentitions of mammals
(e.g. [17,18]) and some saurian groups (e.g. [19]).

Among synapsids, the earliest group to exhibit marked size-shape variation along the mandibular
toothrow was probably the Sphenacodontoidea (figure 1b)—the common ancestor of the sail-backed
sphenacodontids (e.g. Dimetrodon), therapsids and all their descendants. Whereas Permian
sphenacodontids like Dimetrodon are widely regarded as the first large-bodied terrestrial apex
carnivores [20–22], sphenacodontians were initially small-bodied faunivores during late Carboniferous
and earliest Permian times (approx. 1–10 kg), including the Carboniferous Haptodus and Ianthodon,
and the Permian Palaeohatteria and Pantelosaurus [3,23–28]. Spindler [29] added to these the
Kasimovian-aged Kenomagnathus scottae, a possible congener of Haptodus garnettensis which is from
the same locality in eastern Kansas. Cutleria wilmarthi from the undivided Cutler of western Colorado
[30] was previously suggested to be a basal sphenacodontian akin to these forms [3,24,31] but has
since been shown to be the basalmost sphenacodontid [28,32]. Recently, Brink et al. [21,33]
demonstrated an underappreciated dental diversity among these early sphenacodontians, including
variations in dental histology, serrations and cusp patterns that underlie important taxonomic
differences and ecological diversity in the group. However, significant gaps in their fossil record and
the rarity of Carboniferous sphenacodontians limit our interpretation of their ancestral dentition and
its ecological context.

1.1. Present study
Here, we describe the sphenacodontian Shashajaia bermani gen. et sp. nov. from the C–P Halgaito
Formation (Cutler Group) of southern Utah, USA and investigate its implications for the early
evolution of mandibular heterodonty in synapsids. The material was collected from a conglomerate at
the base of a multitaxic bonebed preserving faunal elements shared with Carboniferous assemblages
in New Mexico [34,35], including Sagenodus copeanus, Edaphosaurus, Ophiacodon navajovicus, Eryops,
Sphenacodon and limnoscelid diadectomorphs, among others. The vertebrate assemblages of the Cutler
Group were some of the first terrestrial assemblages that included large-bodied vertebrate herbivores
and specialist predators [36–38]. The dental morphology of the new taxon supports an expansion
of tooth morphospace and pronounced size-shape heterodonty in the common ancestor of
sphenacodontids and therapsids during late Carboniferous times. This ecomorphological
diversification coincided with the late Palaeozoic remodelling of land-based food webs, new
vertebrate dietary guilds, and fills a crucial gap in the synapsid fossil record.
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2. Material and methods
2.1. Fossil specimens
The fossils herein referred to Shashajaia bermani were collected from the basal conglomerate at the Birthday
Bonebed locality in Valley of the Gods, SE Utah, Carnegie Museum (CM) locality no. 3345 [35]. The
specimens consist of a well-preserved left dentary with dentition collected in 2019 and an unassociated
dentary fragment collected from the same lens by the authors in 2015 [39,40]. The fossils were initially
prepared mechanically using pneumatic tools and pin vice and were further inspected using computed
tomography at the University of Southern California Molecular Imaging Center. The fossils were µCT-
scanned on a GE Phoenix Nanotom at 22 µm (CM 96529) and 36 µm (CM 91209) resolution at 120 kV and
100 µA.

2.2. Ecomorphological analyses

2.2.1. Tooth size-shape heterodonty

Variations in mandibular tooth size and shape were assessed in Shashajaia bermani and 65 synapsids that
lived from the Carboniferous–Triassic using the Type II landmark-based approach modified from
D’Amore [15] and D’Amore et al. [16]. Major sampled groups included: Caseasauria (N = 7),
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Figure 1. Evolution of mandibular and dental features in C–P synapsids. (a) Comparison of the mandible and dentition in a
Carboniferous sphenacodontian (i) and a Middle Permian therapsid (ii). (i) Based on Haptodus (redrawn from [3]); (ii) based on
Biarmosuchus (composite restoration of PIN 1758/2, 7, 8, and 307). (b) Time-calibrated phylogeny of the major clades of non-
mammalian synapsids based on the parsimony analysis. Coloured internal and terminal nodes represent selected fossil
calibration points that are tied to reliable geochronological ages. Star shows the position of the new taxon. Numbers 49–154
represent phylogenetically informative characters in the electronic supplementary material and their inferred DELTRAN state
changes (in parentheses). Abbreviations: Artinsk, Artinskian; Assel, Asselian; Capit, Capitanian; Chx, Changxingian; Gzhel,
Gzhelian; Kasim, Kasimovian; Loping, Lopingian; Miss, Mississippian; Moscov, Moscovian; Road, Roadian; Sakmar, Sakmarian;
Tr, Triassic; Word, Wordian; Wuch, Wuchiapingian.
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Varanopidae (N = 4), Ophiacodontidae (N = 3), Edaphosauridae (N = 3), non-therapsid sphenacodontians
(N = 11, including Shashajaia); and the therapsid clades: Biarmosuchia (N = 8), Dinocephalia (N = 6),
Anomodontia (N = 4), Gorgonopsia (N = 4), Therocephalia (N = 11) and Cynodontia (N = 4) (electronic
supplementary material, tables S1 and S2). For each complete/undamaged mandibular tooth in each
specimen, two-dimensional landmarks were digitized separately using high-resolution images of the
mandible in lateral view with scale bar. In order to deal with the uncertainty of homologous landmarks,
we applied two fixed landmarks at the base of each tooth and interpolated a curve comprising 28 semi-
landmarks outlining each crown (electronic supplementary material, figure S5). Fixed landmarks were
digitally applied in tpsDig2 [41] and semi-landmarks designated using tpsRelW [42]. A Procrustes
alignment was then performed using tpsRelW [42] to standardize differences in image size and tooth
orientation and to generate aligned coordinate data. The aligned landmark coordinate data were
exported to R [43] for principal component analysis (PCA) using the geomorph package [44] to identify
the principal axes of shape variation (see electronic supplementary material, Text). The resulting
principal components (PCs) were used to examine patterns of variation along the toothrow and by clade.
PC1 represents the majority of the variation, so its variance along the toothrow in each specimen was
calculated and used as a measure of functional heterodonty.

2.2.2. Body size evolution

Because the canine dentition is interpreted to have facilitated carnivory in large predators like Dimetrodon
and early therapsids [20], we tested whether therapsid-like heterodonty was driven in part by the
expansion of large synapsid prey (especially herbivores) during the C–P transition. We estimated body
size from a subset of 127 synapsids in which relatively complete linear measurements of skull and
femur lengths were possible (electronic supplementary material, table S2). Body mass was estimated
using a power function relationship between femur length and body mass (in kg) derived from a
dataset of extant non-mammalian tetrapods published by Campione and Evans [45]. Resulting body
size data were then compared with the tooth morphometric results in time series (figure 3d ).

3. Description and discussion
3.1. Systematic palaeontology
Synapsida [46]
Eupelycosauria [47]
Sphenacodontia [20]
Shashajaia bermani gen. et sp. nov. (figure 2; electronic supplementary material, figures S1–S3).
Etymology—’Berman’s Bear heart.’ The genus name derives from the Navajo ‘shash’ (=bear) and ‘ajai’ (= heart).
The species name honours David S Berman for his decades of research on fossils of sphenacodontians and
others from the Bears Ears region of southern Utah, and which laid the foundation for the present study.

Holotype—CM 96529 (Carnegie Museum of Natural History, Pittsburgh), an isolated left dentary
preserving the dentition (figure 2; electronic supplementary material, figures S1 and S2).

Referred specimen—CM 91209, partial dentary preserving portion of the postcanine toothrow
(electronic supplementary material, figure S3).

Diagnosis—Small non-mammalian sphenacodontian that can be distinguished from others by the
unique combination of characters: slender, gently bowed dentary that deepens slightly anteriorly near
symphysis; shallow, lateral groove positioned posterodorsally on dentary just below the postcanine
toothrow; at least 24 lower tooth positions; anterior incisor- and canine-like dentary teeth
consecutively increase in size posteriorly, with the fourth lower tooth separated by a short, concave
diastema and positioned on a raised buttress; the remaining postcanine teeth are greatly reduced in
height relative to the depth of the dentary (as in basal therapsids). Shares with Haptodus, Ianthodon
and Palaeohatteria triangular, anteroposteriorly wide posterior cheek teeth that lack mesiodistal cutting
edges. Shares with the sphenacodontids Sphenacodon and Dimetrodon festooned infolding of plicidentine.

3.2. Detailed description and discussion
The more complete of the two dentaries (CM 96529) is 12 cm long as preserved, with an estimated total
jaw length of about 15 cm assuming similar proportions to Palaeohatteria and Pantelosaurus [28]. The main
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body is gently bowed and shallowest at mid-length so that the mid-level of the alveolar margin is
substantially lower than either the incisiform teeth or the coronoid eminence. As in sphenacodontids and
some therapsids, the dentary deepens dorsoventrally toward the symphysis and the anterior teeth are
elevated on a thickened platform above the level of the postcanines [48]. The lateral surface of the
dentary is textured with numerous large neurovascular pits that connect to an internal canal—the
inferior alveolar nerve canal—which spans most of the length of the dentary to about the level of the
caniniform tooth. The posterior portion of the ramus bears a shallow but distinctive lateral groove just
ventrolateral to the alveolar margin in both specimens. The medial surface bears a smooth, elongated
fossa below the alveolar shelf that would have contributed to the Meckelian canal, and an anteroventral
facet that would have accepted the splenial (figure 2b; electronic supplementary material, figure S2). As
in Cutleria and therapsids, but unlike sphenacodontines, the splenial exposure probably would have
been limited near the symphysis (based on its facet on the medial surface of the dentary).

Among the more striking features of Shashajaia are the prominent heterodont dentition, with well-
developed anterior canine-like teeth that are up to 2.5 times taller than the postcanines. There are at
least 24 preserved tooth positions in total. All of the teeth appear to exhibit a subthecodont
implantation, seated slightly deeper on the medial side than on the lateral side, and with festooned
infolding of plicidentine at the attachment site forming a ‘four-leaf clover’ cross-sectional shape of the
pulp cavity as in Sphenacodon and Dimetrodon limbatus [21] (figure 2d ). Similar festooned plicidentine
has been reported in indeterminate materials from the late Carboniferous Ada Formation of
Oklahoma (Ghzelian stage) ([39]: fig. 11). The first three dentary teeth in Shashajaia consecutively
increase in size so that the third is the tallest, reminiscent of the pattern in Sphenacodon in which the
third tooth position usually accommodates the largest tooth (electronic supplementary material,
figure S9) [49,50]. There is a short diastema (less than 1 cm) between the third and fourth tooth
positions (caniniforms). A diastema has been observed previously between the third and fourth tooth
positions in some specimens of Haptodus garnettensis ([3]: fig. 10) and an indeterminate
sphenacodontian from the Sangre de Cristo Formation ([51]: fig. 4). The fourth (caniniform) tooth is
situated on a raised buttress of alveolar bone and is at least twice the height of the succeeding
postcanine teeth. As in sphenacodontids and therapsids, the postcanines are greatly reduced in height
relative to the dorsoventral depth of the dentary (less than 40%). The more posterior cheek teeth lack
the typical ‘teardrop’ shape of sphenacodontids and are instead more similar in outline to those of
Haptodus, Ianthodon and Palaeohatteria. The teeth are triangular with a slightly crooked tip and
anteroposteriorly wide bases that nearly come into contact with preserved neighbouring teeth (see
[28]: fig. 4 and [27]: fig. 16). However, in Shashajaia, the crowns are comparatively lower in aspect ratio

diastema

(a)

(b)

(c)

(d)

car

ling

lab

5 mm

antpost
20 mm

sp

spmc

g

t24
rt

Figure 2. Shashajaia bermani gen. et sp. nov. Interpretive drawings of the holotypic mandible (CM 96529) in left lateral (a) and
medial (b) views. (c) High-magnification photograph of postcanine teeth in oblique anteromedial view. (d ) Horizontal tomographic
slice taken at the level of the postcanines demonstrates festooned infolding of plicidentine (arrowhead). Abbreviations: car, carinae;
g, groove; mc, fossa for Meckel’s cartilage; rt, replacement tooth; sp, articular facet for splenial; t#, tooth number.
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and have a wider base, hyperbolic in outline. Distally, the teeth are medially compressed but are only
weakly carinated and thus without mesiodistal cutting edges or serrations (figure 2c), suggesting they
were probably not important for shearing or tearing.

3.2.1. Phylogenetic analysis

Comparisons to other sphenacodontians were further evaluated by parsimony analysis of 20 synapsid
taxa and 154 morphological characters, updated from Fröbisch et al. [31] and Spindler et al. [28] and
executed in PAUP 4.0a (build 167) [52]. The analysis recovered eight most parsimonious trees of 308
steps (consistency index, 0.6526; retention index, 0.8126) (see electronic supplementary material, Text).
In the consensus tree, Shashajaia bermani resolves among the anatomically derived Sphenacodontoidea
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Figure 3. Results of ecomorphological analysis. (a) PC1 scores (obtained from PCA of tooth semi-landmarks) vary across the
toothrow (t1-30) with therapsids (magenta) showing generally higher PC1 scores compared with the other basal synapsids
(green), and more posterior teeth tending toward higher PC1 values. Shashajaia (grey dotted line) shows successively higher
PC1 scores toward the back of the row, overlapping therapsid values. (b) Therapsid tooth shapes occupy a greater portion of
the dental morphospace than those of the more basal synapsids, with a greater range of variation in PC1 along the x-axis—a
proxy for tooth crown aspect ratio—and PC2 along the y-axis—a proxy for crown orientation and curvature. (c) Box-and-
whiskers plot comparing PC1 variance in the major synapsid subclades, and demonstrating high PC1 variance in therapsids
indicative of functional heterodonty along the toothrow. Grey dotted line represents the degree of heterodonty in Shashajaia
which overlaps the highest therapsid values. (d ) Time-series analysis of synapsid carnivore (dashed line) and herbivore (dotted
line) mean body size and heterodonty (PC1 variance) through time (dicynodonts which lack a pre- and postcanine dentition
are excluded). Horizontal bars indicate the PC1 variance of individual synapsid taxa whereas the solid line represents the mean.
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in a polytomy with Sphenacodontidae and Therapsida (figure 1b). The taxon shares with all other
sphenacodontians in the analysis: marginal teeth that are robust and sharp rather than peg-like (char.
49); and enlarged anterior dentary teeth more than 30% taller than the average tooth height (char. 60).
Unlike the more basal sphenacodontians, Shashajaia shares with sphenacodontids and therapsids:
splenial mostly exposed only medially (as in Cutleria and therapsids; char. 121); bases of the lower
anterior (incisiform) teeth are on a raised bony platform elevated above the level of the more posterior
teeth (char. 145); an enlarged caniniform tooth present on a separate buttress of alveolar bone (char.
148); and absolute crown heights of posterior dentary teeth are reduced to less than 40% the
dorsoventral depth of the mandible (char. 153). Notably, the oldest geochronologically constrained
sphenacodontid fossils are found in the approximately coeval late Carboniferous Janesville Formation
(Admire Group) of the midcontinental USA [53] (figure 1b; electronic supplementary material, figure
S4). Thus, Shashajaia fills an important morphologic and temporal gap between the basal haptodont-
grade sphenacodontians and Sphenacodontoidea (figure 1b).

3.3. Morphometric results
The phylogenetic position of Shashajaia among Sphenacodontoidea presents an opportunity to assess the
diversification of tooth morphospace in synapsids prior to the origin of therapsid-like heterodonty.
Results of the morphometric analysis indicate that the first two PCs represent the overwhelming
majority of tooth shape variation (71%) and were therefore used in subsequent plots to distinguish both
(i) morphological variation along the toothrow (figure 3a; electronic supplementary material, figure S6)
and (ii) overall variation within different taxonomic groups (figure 3c; electronic supplementary material,
figures S7 and S8). PC1 encompassed the majority of tooth shape variation (58.2%) and chiefly reflects
variation in tooth aspect ratio, which forms a continuum ranging from tall, slender (more negative) to
short, stout (more positive) tooth crowns (figure 3b). This continuum along PC1 generally marks the
sequential change in tooth shape from the front to the back of the toothrow (electronic supplementary
material, figure S7) and shows a weak but negative correlation with tooth size in sphenacodontians
(electronic supplementary material, figure S8). PC2 (12.8%) reflects overall tooth curvature, illustrating
whether the curve manifests across the entire crown (more negative) or is concentrated towards the apex
(more positive) (figure 3b). Overall, therapsids occupy a greater area of morphospace than more basal
(pelycosaur-grade) synapsids (figure 3a,b). Dinocephalians exhibit the greatest morphospace occupation
of all subclades, although therocephalians are more widely distributed across PC2 (electronic
supplementary material, figure S7). Although sphenacodontians display the greatest dental disparity of
all pelycosaur-grade synapsids, Shashajaia’s morphospace corresponds even more closely with therapsids
as it shows a similarly broad distribution across PC1 (electronic supplementarymaterial, figures S6 and S7).

In addition to filling a greater portion of the tooth morphospace, therapsids generally exhibited more
positive PC1 values throughout the toothrow and with a significant increase (lower aspect ratio) toward
the back of the row than in the more basal pelycosaur-grade synapsids where the teeth are comparatively
more homodont (figure 3a; electronic supplementary material, figure S6). Variance in PC1 across an
individual toothrow—a quantitative index for shape heterodonty—was therefore also greater in most
therapsid clades than in basal synapsid groups (figure 3c); the highest therapsid PC1 variance was
found among biarmosuchians, dinocephalians, gorgonopsians and cynodonts, and the lowest
therapsid PC1 variance among non-dicynodont anomodonts and small therocephalian insectivores
(e.g. Tetracynodon). Remarkably, PC1 variance in Shashajaia substantially overlapped the greatest
therapsid values, probably reflecting the strong functional heterodonty of the tall, slender incisor and
canine teeth versus the short, triangular postcanines. Size variation was loosely associated with
variations in tooth aspect ratio, with the anterior teeth on average having a larger relative size than
the more posterior teeth in both basal synapsids and therapsids. Primitively, the lower postcanine
field of therapsids is known to show a marked decrease in tooth height relative to the overall jaw
depth [48] beginning at about the level of the fifth or sixth tooth position (electronic supplementary
material, figure S6), although sphenacodontids also exhibit comparatively short postcanine crowns
relative to the dentary depth. Nevertheless, in the majority of basal synapsids, a functional tooth in
any given position is not significantly smaller than its preceding tooth, but Shashajaia with its
diminutive postcanines is more similar to the therapsids in this respect (electronic supplementary
material, figures S6 and S7).

Time-series data (figure 3d ) show a discordance between patterns of dental morphology and body
size evolution in Palaeozoic synapsids. Mean body size gradually increased in both synapsid
herbivores and carnivores from the late Carboniferous to Middle Permian with a short-term decrease
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at the Early–Middle Permian boundary (figure 3d ‘Olson’s extinction’), corroborating similar findings by
Brocklehurst & Brink [22] and Brocklehurst et al. [54]. Though initially lower on average than sympatric
carnivores, mean herbivore size surpassed that of carnivores during the Early Permian, a possible
ecological consequence of predator pressure on C–P herbivores and overall greater numbers of large
herbivores during the late Early Permian. Nevertheless, expansion of body size disparity was not
accompanied by similar increases in PC1 variance. In fact, mean PC1 variance was relatively stable or
slightly decreased for each geologic stage from the Kasimovian to the Kungurian. Among late
Carboniferous taxa, Shashajaia showed the highest PC1 variance (0.026). Among all of the taxa
sampled, comparable PC1 variance was only re-encountered later in the Middle Permian therapsids
(Capitanian stage), which included the largest known Palaeozoic synapsid herbivores and carnivores:
the dinocephalians (100–1000 kg). Given this temporal lag and the inversion of large herbivores
relative to carnivores, it is unlikely that regional specialization of tooth function in Shashajaia and the
first therapsids were influenced by the same ecological factors. Moreover, the Halgaito assemblage
from which Shashajaia originated includes abundant aquatic and semi-terrestrial taxa that
proportionately outnumbered the fully terrestrial taxa (in contrast with the assemblage of the Permian
Organ Rock Formation which was progressively more terrestrial) [35,55].

The comparisons outlined above bring into focus the ecological backdrop under which therapsid-like
heterodonty evolved. During the C–P transition, herbivore richness and body size disparity dramatically
increased [56] which, in addition to climate change, may have impacted plant species richness during
Permian times [54]. Simultaneously, synapsid predators like the sphenacodontians showed increasing
body size disparity [22,23], and functional innovations in their marginal dentition suggest
underappreciated dietary diversity among the group ranging from generalist faunivores to more
specialized apex predators [21]. While it is often assumed that sphenacodontids preyed on large
synapsid herbivores, like Edaphosaurus [20], there is ample evidence that sphenacodontids originated
as small-bodied faunivores—as in a documented predator–prey association between Dimetrodon milleri
and the amphibian Zatrachys [20]. Shashajaia reflects this early sphenacodontian ecology, with its
relatively gracile, upwardly curved dentary (figure 2) suggesting low stress, low power jaw
functionality focused on speed and unsuited to extended struggles with prey during feeding [57]. The
dental modification in Shashajaia probably compensates for the low-biting efficiency at the tip of the
dentary, using instead the high velocity at this part of the jaw [6,7] alongside the enlarged anterior
teeth to maximize the impact on the prey and penetrate deep into its flesh [40,58]. Given pelycosaur-
grade synapsids were not particularly agile [20], this likely jaw function suggests Shashajaia was an
ambush predator that fed on smaller animals, which could be quickly caught and swallowed without
struggle. Thus, prior to the establishment of large herbivore-dominated tetrapod communities, as
consumers shifted from aquatic to terrestrial feeding, C–P sphenacodontoids like Shashajaia most likely
used their enlarged anterior dentition primarily for gripping and puncturing small to mid-sized prey,
including perhaps small reptiles, amphibians and fishes [4,59,60]. Though the dentitions of
Carboniferous taxa appear to have relatively smooth mesiodistal edges, the canine and antecanine
dentition became modified at a later stage with serrations and denticles, forming a ‘ziphodont’
dentition. Ziphodonty in some large-bodied Dimetrodon species [21] and numerous therapsids [61]
might indicate more efficient processing of protein in active terrestrial animals that had relatively
greater metabolic requirements than the earliest sphenacodontians. Prior to this, the emphasis on prey
capture may reflect increasing environmental heterogeneity as the Carboniferous drew to a close
[62,63], with seasonal fluvial palaeoenvironments like that of the Birthday Bonebed [35] providing an
ideal mix of terrestrial and semi-aquatic prey that allowed basal synapsid faunivores to experiment
with varying their exposure to aquatic resources, enabling their trophic ecologies to become more
firmly planted in the terrestrial realm.
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PROGRESS TOWARD CONSTRAINING CARBONIFEROUS-PERMIAN
VERTEBRATE BIOCHRONOLOGY IN WESTERNMOST PANGEA

HUTTENLOCKER, Adam, Department of Integrative Anatomical Sciences, University of
Southern California, 1333 San Pablo Street, Los Angeles, CA 90033

Collecting in the underexplored Carboniferous-Permian (C-P) along the Colorado-Utah
border has shed light on C-P vertebrate succession in western Pangea. This transition was
marked by brief cooling and aridification that restricted aquatic freshwater habitats across
the western part of the supercontinent. A better understanding of vertebrate biochronology
would permit inter-basinal comparisons of community responses to large-scale climate
change. Here, I present new data and review the current state of knowledge of C-P
vertebrates in the Four Corners states, with emphasis on the understudied Paradox and
Eagle basins of Utah and Colorado. Channel deposits in Utah’s lower Cutler beds are
known to preserve diverse ‘fishes,’ dissorophoid amphibians, diadectomorphs, synapsids
and reptiles. Co-occurrences of the dipnoan Sagenodus copeanus, limnoscelids, and the
synapsids Ophiacodon navajovicus and Sphenacodon constrain portions of the lower Cutler
beds to latest Pennsylvanian (Coyotean land vertebrate faunachron [LVF]). New conodonts
from marine incursions include the basal Permian Adetognathus n. sp. B, its first local
occurrence in the middle of the Halgaito Formation, supporting prior speculation that this
unit encompasses the C-P boundary (CPB) and that its contact with the underlying Rico
beds is time transgressive. In the Eagle Basin, Colorado, new fossils in basal limestones of
the Maroon Formation show similarities to those of other late Pennsylvanian localities in
western North America, most notably in New Mexico (Kinney Brick) and Kansas (Hamilton).
These include xenacanths, a hybodont with affinities to Hamiltonichthys, platysomids,
Sagenodus cf. S. hlavini, and an amphibamiform tetrapod. In summary, as few as three and
up to four C-P LVFs are represented by the Utah-Colorado sites: (1) a Cobrean
assemblage is known from the Sangre de Cristo Formation of central Colorado; (2) a basal
Maroon assemblage with late Pennsylvanian elements in western Colorado is newly
described; (3) Coyotean assemblages in the undivided Cutler of southwestern Colorado
and the lower Cutler beds of eastern Utah are shown here to span the CPB; and (4)
younger Seymouran assemblages in the Organ Rock Formation of southern Utah preserve
an early Permian terrestrial fauna as in the Abo Formation, New Mexico.

Abstract ID#:
343851

Password:
969825

Meeting:
South-Central Section - 54th Annual Meeting - 2020

Submission Completed https://gsa.confex.com/gsa/2020SC/top/papers/confirmation.cgi?use...

1 of 3 12/3/19, 10:56 PM



View Abstract

SVP 2021

CONTROL ID: 3599420

TITLE: A CARBONIFEROUS SYNAPSID JAW WITH CANINIFORM TEETH
AND A REAPPRAISAL OF MANDIBULAR SIZE-SHAPE HETERODONTY IN
THE ORIGIN OF MAMMALS

PRESENTATION TYPE: Regular Session (Talk Preferred) : New
species/Occurrences/Alpha Taxonomy

TAXON: Synapsids

TAXON SUBCATEGORY: Synapsids -- All

AUTHORS (FIRST NAME, LAST NAME): Adam Huttenlocker , Suresh A.
Singh , Amy C. Henrici , Stuart S. Sumida

1

2 3 4

INSTITUTIONS (ALL): 1. Department of Integrative Anatomical Sciences,
University of Southern California, University of Southern California, Los
Angeles, CA, US, academic, Los Angeles, CA, United States.
2. School of Earth Sciences, University of Bristol, Bristol, United Kingdom.
3. Section of Vertebrate Paleontology, Carnegie Museum of Natural History,
Pittsburgh, PA, United States.
4. Department of Biology, California State University San Bernardino, San
Bernardino, CA, United States.

ABSTRACT BODY:
Abstract Body (maximum of 2500 characters including spaces): Permian
sphenacodontian synapsids like Dimetrodon and nonmammalian therapsids
were among the oldest terrestrial apex predators, some having enlarged
caniniform teeth. Though canine-like teeth are recognized anecdotally in the
maxillary dentition of some early synapsids, the homologies of the
corresponding mandibular dentition and their role in prey processing are
understudied. Here, we describe a new sphenacodontian from the late
Carboniferous Halgaito Formation of southern Utah based on a well-
preserved dentary and jaw fragments. The specimens came from a
conglomerate at the base of a recently described bonebed featuring small
and large freshwater and semi-terrestrial vertebrates, and terrestrial
synapsids and reptiles. The postcanine morphology resembles the wide
triangular teeth of Ianthodon, but there is a unique conspicuous caniniform
tooth on a separate raised buttress. Additionally, the new taxon shares with
Sphenacodon and Dimetrodon limbatus enlarged anterior dentary teeth, a
dorsoventrally deepened symphysis, and low-crowned postcanines with
clover-shaped plicidentine. A phylogenetic analysis of 20 taxa and 155
characters places the new taxon in a position near the evolutionary
divergence of Sphenacodontidae and Therapsida (Sphenacodontoidea). A
2-dimensional morphometric analysis of mandibular heterodonty was
conducted on 65 Carboniferous-Permian taxa using semilandmarks and a
Principal Component Analysis to explore overall variation in the toothrow. The
variance of PC1 (which accounts for 58.2% of the variation) was evaluated as
a continuous proxy for functional heterodonty and compared in time series in
11 major clades of basal synapsids and therapsids. Increasing PC1 variance
in medium to large carnivores, however, preceded the diversifications of any
large-bodied herbivore clades by several million years. These data may
emphasize the increasing terrestrialization of tetrapod predator-prey
interactions; the enlarged anterior dentitions of early sphenacodontoids
enhanced raptorial biting (puncture and gripping) to aid prey capture, but this
behavior was likely an evolutionary antecedent to more complex processing
(shearing and tearing) of larger prey by the late Early-to-Middle Permian. As
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one of the oldest and anatomically plesiomorphic representatives of
Sphenacodontoidea, the Halgaito taxon supports the notion that the
predatory feeding ecology of sphenacodontoids had emerged in paleotropical
western Pangea by late Carboniferous times.
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As Biden mulls reversing Trump's monument cuts, researchers urge him to go
big
Administration faces tricky decisions on Utah monuments

16 MAR 2021 • BY APRIL REESE

A portion of the Bears Ears National Monument in Utah BOB WICK/BUREAU OF LAND MANAGEMENT

When paleontologist Rob Gay returned to his research sites at the Bears Ears National Monument last month after a
long absence, he wasn't sure what he would find. Former President Donald Trump had shrunk the monument, created
by former President Barack Obama, by 85% and weakened protections for sites holding fossils and cultural artifacts.
Gay spotted new off-road vehicle tracks in the vermillion-hued soil. But thankfully, he says, his sites had not been
damaged.

Gay is just one of many researchers and Native American officials urging President Joe Biden to reverse Trump's
downsizing of Bear Ears—and even expand it. Doing so would not only restore stricter protections for numerous sites,
but also free up federal funding for surveys, research, and preservation efforts. But although the Biden administration
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has hinted that it will reverse Trump's order—and the decision could come soon—it faces some tricky decisions that
could shape the political and policy landscape for monuments for years to come.

"There are still some very thorny legal questions," says paleontologist David Polly of the University of Indiana,
Bloomington, who is spearheading a push by the Society of Vertebrate Paleontology (SVP) to reinstate the previous
boundaries of Bears Ears, as well as restore lands that Trump removed from the Grand Staircase-Escalante National
Monument. If Biden simply reverses Trump's actions, for example, it could bolster Trump's claim—now being
challenged in court—that presidents have unfettered legal authority to drastically alter monuments created by
previous presidents.

Obama created the Bears Ears monument in 2016 using the Antiquities Act of 1906, which allows presidents to protect
"objects of historic and scientific interest" without congressional approval (unlike national parks and marine
sanctuaries, which require legislation). Native American tribes and monument advocates had asked Obama to place
nearly 7700 square kilometers of federal land, including areas known for their fossils of dinosaurs and other
organisms, within the monument. Obama ultimately opted to protect about 5500 square kilometers, in part because of
opposition from state officials, industry groups, and Republicans in Congress. They argued that blocking development
of coal, oil and gas, and other resources within the monument would harm the region's economy.

In 2017, those groups persuaded Trump to reduce the size of Bears Ears to about 800 square kilometers; he also
divided the monument into two parts. Trump also shrank Grand Staircase-Escalante, created by then-President Bill
Clinton in 1996, by nearly half, to about 7600 square kilometers. The moves not only left sites of interest to scientists
outside the new boundaries, but also meant researchers could no longer tap federal funding aimed at supporting
research on monument resources, forcing them to abandon some planned fieldwork.

Tribes with a strong ancestral connection to Bears Ears, along with SVP and environmental groups, promptly filed
lawsuits seeking to reverse the decisions, arguing that Trump overstepped his authority under the Antiquities Act.
Four of those challenges are now pending before a federal judge in Washington, D.C.

The Trump administration made little effort to consult with paleontologists and other researchers when it shrank the
monuments, says paleontologist Adam Huttenlocker of the University of Southern California, who has research sites
both inside and outside the new boundaries of Bears Ears. "Some of the most fossiliferous areas were neglected and
are no longer considered part of the monument," he says. Those sites could provide "unique insights into several
important paleontological intervals," including the rise of dinosaurs at the end of the Triassic, researchers concluded
last year in a review of paleontological research conducted within the monument.

Now, Huttenlocker is hoping Biden will restore monument protections to "scientifically valuable sites," such as fossil-
rich strata in the Valley of the Gods and Indian Creek. Native American groups, SVP, and Gay are pushing the
administration to go a step further and expand the monument. Of special interest to Gay and SVP is a long finger of
land that stretches southwest to Lake Powell, on the Utah-Arizona border, that was part of the original proposal to
Obama. "This is an area rich in known paleontological sites with little in the way of formal publication," Gay says. "We
have a lot of fossils in the ground we need to get out, and there's a lot of ground we haven't walked over."

Researchers also want the Biden administration to take a hard look at revising a management plan issued by the
Trump administration last year. It allows mining, drilling, and expanded recreational access, including off-road use in
sensitive areas that were previously off-limits.

Biden has already asked the Department of the Interior to study such changes, as part of a review of Trump's
monument decisions. And new Interior Secretary Debra Haaland, whom the Senate on Monday confirmed as the first
Native American to head the department, announced this week she will travel to Utah in April to meet with tribes and
elected officials on the issue. Haaland, who said she will incorporate their input into the Interior Department's review
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before submitting it to the White House, has suggested she would support restoring the monuments.

But there's uncertainty around how it should be done. The fastest fix, observers say, would be for Biden to simply
invoke the Antiquities Act once again to reverse Trump's proclamations. But that would still leave the monuments
vulnerable to the whims of future presidents. It might be better, they say, for the administration to let the lawsuits
proceed and see what the courts say, in hopes of a favorable ruling that would prohibit the kind of move Trump made.

But that's a risky proposition, Polly says. "There are questions about whether it's better to keep [the lawsuits] active,
or for [them] to disappear," he says. Last week, a federal district court judge granted the Biden administration a stay
on the litigation while it mulls its options.

There are also political considerations. Restoring Bears Ears would likely enrage many Republican lawmakers from
western states and, if Republicans regain control of Congress in the 2022 elections, they could press for legislative
changes to the Antiquities Act. Some lawmakers from Utah, meanwhile, have asked the White House to work with
Congress to bring together the various parties with an interest in the monuments, with a goal of passing federal
legislation that would provide a permanent remedy to the monument boundary tug of war.

doi: 10.1126/science.abi5567
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Permian Period. Photo ©NHMU

By Beth Mitchell 

A primer on the region, the fossils found so far, those that are likely to be there, and why it

matters 

If you’re anywhere in the Mountain West, chances are you’ve heard the name Bears Ears.

Unfortunately, politics has made Bears Ears more than a place; it’s a thing – a point of

contention often divorced from the remarkable natural and cultural history that makes it such

a treasure.

Luckily, NHMU’s very own Dr. Randy Irmis, Chief Curator and Curator of Palentology at the

museum and Associate Professor in the Department of Geology and Geophysics on

campus, and colleagues Robert Gay, Adam Huttenlocker, M. Allison Stegner, and Jessica

Uglesich, have just published an article in the journal Geology of the Intermountain West

(https://giw.utahgeology.org/giw/index.php/GIW/article/view/82) that leads with science, and

helps to set the (fossil) record straight.

Bears Ears

Let’s start with the basics. Bears Ears refers to a region in southeastern Utah, in what’s

commonly known as Canyon Country. The ‘ears’, specifically, are the pair of similarly-

shaped sandstone-caped buttes rising from Cedar Mesa, which – from a distance – give the

impression of ursine ears poking above the horizon. 

In late December of 2016, President Obama designated 1.4 million acres of the land in and

around this area Bears Ears National Monument (BENM), which since then has been a

landscape-scale national monument administered by the Bureau of Land Management

(BLM) and the U.S. Forest Service (USFS), and part of the National Conservation of Lands

system. Subsequently, in late December 2017, President Trump reduced the boundaries of

Bears Ears National Monument by 85% with the remaining 15% comprising two distinct

management units called Indian Creek and Shash Jáa.
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Historically, the BENM region has been most recognized for the structures, rock art, and

artifacts of the Ancestral Puebloan people, who lived in this area within the last two

millennia. Equally rich, but less well-publicized, is that BENM preserves a rich history of

ancient life extending back over 300 million years. Even so, many paleontologists agree that

despite an abundance of paleontological resources within the Monument, they have not

been extensively studied.

Highlights from the Field

So, to provide a baseline for effective management and preservation of these fossil

resources, and encourage more study, the team set out to summarize what’s been found so

far within the original and revised BENM boundaries, and what is very likely still out there --

just waiting to be discovered. In doing so, the team went back to 1859, when the first fossils

were reported from the area, and through the early to mid-20th Century through the present,

when geologists and paleontologists really dug in, so to speak, providing a better

understanding of the age and paleoenvironments of sedimentary rocks of the area. 

A tiny reptile fossil footprint left in river silt some 210 million years ago during the Late Triassic

Period. ©NHMU

But it wasn’t just the rock itself – it’s what was in there: everything from the rise of the

amniotes, shelled egg-laying limbed vertebrates that include all reptiles, birds, and
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mammals we see today, as well as their forebears over millions of years of evolution…that

includes us!

Decades of discovery continued to deliver, with particularly significant discoveries from the

1970s through to the present. It is a point of fact that BENM is unusual because it has such

a complete record of fossil-bearing sediments from between ~320 and 100 million years

ago, providing a rare and nearly comprehensive picture of the ecosystems that emerged

during the late Paleozoic and Mesozoic eras.

Teams from NHMU have been focusing their work on the early part of this time interval

(https://www.pbs.org/newshour/show/why-the-fate-of-bears-ears-cultural-treasures-is-

uncertain). Collaborative work between NHMU and the University of Southern California has

discovered important new fossils from ~300 million years ago, when this part of Utah was a

coastal desert, and animals with backbones were evolving to become fully terrestrial (i.e.,

not tied to water for reproduction). NHMU has also been collaborating with scientists from

the St. George Dinosaur Discovery Site to investigate fossils from the very beginning of the

age of dinosaurs, between 220-201 million years ago, and have discovered incredibly rich

deposits of fossil fish, amphibians, and reptiles that document the last few million years of

the Triassic Period, right before life was severely disrupted by the end-Triassic mass

extinction.

Other research teams have been working in rocks from Jurassic and Cretaceous periods,

ecosystems dominated by dinosaurs, and in the latter case, ecosystems that preserve the

earliest flowering plants. Finally, hidden rockshelters and caves in BENM are critical

archives documenting changes in plant and animal communities over the last 20,000 years,

as Utah transitioned from the colder late Pleistocene to the relatively warmer Holocene.

So Much More to Discover

Regardless of the past/current boundaries of BENM, nearly all of the land is federally-

managed public land, and therefore fossil resources are protected by the Paleontological

Resources Preservation Act (https://www.fs.fed.us/geology/PaleoResourcePres.pdf). ThisSHARES
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means, for one thing, that vertebrate fossils can’t be collected without a scientific permit and

areas need to be surveyed for fossils before any land disturbance happens. But, land

management agencies can’t effectively protect fossil resources if they don’t know where

they are and how important they are. Illegal looting and vandalism of fossils from these

lands has profound consequences for the possibility of their study and contextualization,

and we are obligated to protect and preserve these fossils for current and future

generations.

A nearly 300 million year old amphibian skull from the Early Permian Period. This large flat-

headed amphibian, called Eryops, lived some 70 million years before the first dinosaurs. ©NHMU
SHARES
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Why It Matters

The fossil record within BENM is one of the best places in North America to study several

key paleontological intervals including the Carboniferous-Permian icehouse-greenhouse

transition, the beginning of the age of dinosaurs, and how ecosystems in dry climates

respond to sudden temperature increases. In other words, the big stuff: evolution and global

climate change. 

The institutions and teams -- NHMU is just one of many -- researching the geological time

scale in this land need time, and access, to continue their research. And the stakes are

high: protection and preservation of these natural and cultural resources will increase our

knowledge and understanding of our planet’s history, and all who lived here.

Beth Mitchell is a senior staff member at the Natural History Museum of Utah, a part of the

University of Utah in Salt Lake City. Our mission is to illuminate the natural world and the

place of humans within it. In addition to housing outstanding exhibits for the public, NHMU is

a research museum. Learn more. (http://nhmu.utah.edu/)
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News! Nonprofits

CNHA awards nearly $66,000 in
research grants

By Doug McMurdo ! February 28, 2020

The Canyonlands Natural History

Association board of trustees recently

approved seven requests for Discovery Pool

grant funding totaling nearly $66,000 to

each scientist that applied.

They are:
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An archaeologist works at the Cisco
Mammal Quarry, where rare small
vertebrate fossils from the Jurassic Era
can be found. Photo courtesy of CNHA

by Jonathan Hill:

The

focus of

this

proposal

is on the

use of

UAV-

mounted

aerial remote sensing to identify and

understand prehistoric “roads” in southeast

Utah.

Dr. Bill Lipe and the project staff are some

of the top archeological experts in the area.

Bears Ears Paleontology
presented by Adam
Huttenlocker:

This proposal submitted by Dr. Adam

Huttenlocker is to conduct a bio-

stratigraphic study. This work will include

surveying recorded fossil localities from

Lime Ridge to Beef Basin.

Gravitational Stress
Analysis of Natural Rock
Arches presented by Jeffrey
Moore:

The proposal from Dr. Jeff Moore and Ph.D.

EMERGENCY RESPONSE

Crews douse fire quick
as lightning

June 18, 2020

EMERGENCY RESPONSE

Fatal crash closes
Arches entrance

June 18, 2020
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June 18, 2020
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Candidate Paul Geimer of the University of

Utah is research related to gravitational

stress analysis of natural rock arches. The

proposed research will provide data

regarding seven natural arches in Arches,

Canyonlands, and Natural Bridges.

La Sal Arthropods presented
by Tim Graham:

The 2020 phase is a vital and necessary

extension of the project to be able to

effectively process the incredible number of

insect specimens collected as part of the

field research component of the project.

The project would continue important work

to understand this vital but understudied

component of the alpine ecosystem.

Continued Excavation –
Cisco Mammal Quarry
presented by Brian Davis:

Proposal submitted by Dr. Brian Davis will

help identify new rare, small vertebrate

fossils from the Jurassic-aged Morrison

Formation of southeastern Utah. This

project could assist in developing the Moab

Field Office Paleontology Program through

the data for continued education and

outreach programs.
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Bears Ears Paleontology
presented by Randall Irmis:

The proposed project will assist in

achieving the goals of the BLM Utah to

manage and preserve public lands, along

with meeting the goals of the Paleontology

Resource Preservation Act of 2009 to

manage and protect paleontological

resources on federal land using scientific

principles and expertise.

La Sal Lichen Study
presented by Steve Leavitt:

Following a successful year of lichen survey

funded by a 2018 Discovery Pool Grant, Dr.

Steve Leavitt of Brigham Young University

in Provo, will come back to the La Sal

Mountains to continue research on the

incredible lichen community he is finding

there.

From 2018-19 field visits and research,

Steve has identified several new species,

collected, identified and vouched 446

specimens.

Source: Canyonlands Natural History

Association
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