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Abstract. The upper Paleozoic Cutler Group of southern Utah, USA, is a key sedimentary archive for
understanding the Earth-life effects of the planet’s last pre-Quaternary icehouse—hothouse state change:
the Carboniferous—Permian (C-P) transition, between 304 and 290 million years ago. Within the near-
paleoequatorial Cutler Group, this transition corresponds to a large-scale aridification trend, loss of aquatic
habitats, and ecological shifts toward more terrestrial biota as recorded by its fossil assemblages. However,
fundamental questions persist. (1) Did continental drift or shorter-term changes in glacio-eustasy, potentially
driven by orbital (Milankovitch) cycles, influence environmental change at near-equatorial latitudes during the
C-P climatic transition? (2) What influence did the C-P climatic transition have on the evolution of terrestrial
ecosystems and on the diversity and trophic structures of terrestrial vertebrate communities?
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The Paleozoic Equatorial Records of Melting Ice Ages (PERMIA) project seeks to resolve these issues in part
by studying the Elk Ridge no. 1 (ER-1) core, complemented by outcrop studies. This legacy core, collected in
1981 within what is now Bears Ears National Monument, recovered a significant portion of the Hermosa Group
and the overlying lower Cutler Group, making it an ideal archive for studying paleoenvironmental change during
the C—P transition. As part of this project, the uppermost ~ 450 m of the core were temporarily transferred from
the Austin Core Repository Center to the Continental Scientific Drilling Facility at the University of Minnesota
for splitting, imaging, and scanning for geophysical properties and spectrophotometry. Here we (1) review the
history of this legacy core, (2) introduce recently obtained geophysical and lithologic datasets based on newly
split and imaged core segments to provide a sedimentological and stratigraphic overview of the Elk Ridge no. 1
core that aligns more accurately with the currently recognized regional lithostratigraphic framework, (3) establish
the position of the boundary between the lower Cutler beds and the overlying Cedar Mesa Sandstone in the core,
and (4) outline our ongoing research goals for the core.

In-progress work on the core aims to refine biostratigraphic and chemostratigraphic age constraints, retrieve
the polarity stratigraphy, interrogate preserved cyclostratigraphy, analyze sedimentary structures and paleosol
facies, investigate stable isotope geochemistry, and evaluate elemental abundance data from X-ray fluorescence
(XRF) scanning. Together with outcrop studies throughout Bears Ears National Monument and its vicinity,
these cores will allow the rich paleontological and paleoenvironmental archives recorded in the continental
Carboniferous—Permian transition of western North America to be confidently placed in a robust chronologic
context that will help test hypotheses relating ecosystem evolution to the Carboniferous rainforest collapse, ini-
tial decline of the Late Paleozoic Ice Age, and long-wavelength astronomical cycles pacing global environmental

change.

1 Introduction and motivation

As global climate change impacts our present day, under-
standing the intricate feedback mechanisms that regulate
Earth’s climate has become a focal point across geoscience
disciplines. In the geological past, the Late Paleozoic Ice Age
(LPIA) has a special relevance to current climate studies be-
cause it serves as our only deep-time analog for comprehend-
ing “climate change in an icehouse on a vegetated Earth”
(Gastaldo et al., 1996; Montafiez and Soreghan, 2006). This
unique episode coincided with the highest rates of organic
carbon burial in the past half billion years, resulting in low
atmospheric pCO;, and high pO, levels. These conditions
likely sustained the longest-lived icehouse of the Phanero-
zoic Eon and may have catalyzed significant evolutionary
innovations in terrestrial life, including such traits as insect
flight and gigantism (Berner et al., 2007; Montafiez, 2016).
Towards the end of the LPIA, during the C-P transition
(~304-290 Ma), a climatic shift to substantially more arid
conditions resulted in the dramatic recession of the formerly
vast paleotropical wetlands of low-latitude western and cen-
tral Pangea (Sahney et al., 2010; Pardo et al., 2019). This
loss of freshwater and classic “coal swamp” habitats, con-
ceptualized as the Carboniferous rainforest collapse hypoth-
esis, marked a profound shift in continental ecosystems. In-
deed, many paleontological studies of Late Paleozoic central
Pangea repeatedly demonstrate a stark contrast between Late
Carboniferous paleoequatorial ecosystems, characterized by
a blend of aquatic and terrestrial species and Cisuralian
(Early Permian) environments dominated by more terrestrial
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faunal and floral assemblages (Figs. 1-2) (Vaughn, 1966,
1970; Olson and Vaughn, 1970; Frederiksen, 1972; Rowley
et al., 1985; Gastaldo et al., 1996; Cleal and Thomas, 1999;
Cleal and Thomas, 2005; Pardo et al., 2019). These changes
also coincide with the emergence of the first large-bodied
tetrapod herbivores, a pervasive feature of terrestrial ecosys-
tems from the Permian through to the present day (Sues and
Reisz, 1998; Reisz and Sues, 2000; Pearson et al., 2013;
Reisz and Frobisch, 2014; Brocklehurst et al., 2015).

Although at first glance this may suggest a mass extinction
event, quantitative analysis of late Paleozoic equatorial fossil
assemblages, as detailed by Pardo et al. (2019), supports the
notion that this environmental and ecological shift was pro-
tracted and spatially diachronous, corroborating earlier hy-
potheses (Vaughn, 1966, 1970; Olson and Vaughn, 1970).
This in turn led to the development of the Vaughn—Olson
model (Pardo et al., 2019), which posits that the proliferation
of terrestrial faunas during the C—P transition occurred ear-
lier in western equatorial Pangea (Fig. 2) in the area roughly
corresponding to the modern Colorado Plateau of southwest-
ern North America.

Located within the hypothesized epicenter of dryland ver-
tebrate expansion (Pardo et al., 2019), the Cutler Group in
southeastern Utah, USA (Figs. 1-3), is ideal for studying this
environmental and ecological transition. This unit’s abundant
fossil record (Fig. 1) and extensive outcrops of interbedded
marine and continental “redbed” sediments preserve a di-
verse suite of depositional environments and associated biota
spanning the C-P transition (Fig. 3), properties which make
them a valuable resource for understanding the effects of this
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Figure 1. Climate-associated shifts in paleoequatorial vertebrate diversity within the Cutler Group during the C-P transition. Vertebrate
abundance in C-P Halgaito Formation (b) is biased toward aquatic taxa, whereas the Permian Organ Rock assemblage (a) is less even
(differential relative abundance of each clade) and dominated by terrestrial stem-amniote herbivores (diadectids) and amniotes. This com-
positional change broadly coincided with the final phases of Gondwanan glaciation and desertification of western Pangea, but the ages and
positions of stage boundaries in these units are poorly constrained (glacial data from Fielding et al., 2008, and Montafiez and Poulsen, 2013).

climatic transition on paleoequatorial ecosystems. Never-
theless, limited marine-biostratigraphic and geochronologic
control (Fig. 3b) hinders a comprehensive paleoenvironmen-
tal reconstruction of these sediments and confident compari-
son to other contemporaneous fossil assemblages.

This collaborative research project, titled PERMIA (Pale-
ozoic Equatorial Records of Melting Ice Ages), seeks to ad-
dress these issues by studying the Elk Ridge no. 1 core (ER-
1). This legacy core, collected in 1981 within what is now
part of Bears Ears National Monument (Fig. 3a), recovered
a significant portion of the lower Cutler Group and under-
lying units, making it an ideal archive for studying paleoen-
vironmental change during this critical period in terrestrial
vertebrate evolution. Work is ongoing, yet much has been
learned about the stratigraphic and geophysical properties
through initial core processing. The purpose of this contribu-
tion is to introduce the project, share preliminary lithologic
and geophysical results from the analysis of a legacy core
(Elk Ridge no. 1), revise the position of lithostratigraphic
boundaries within that core to align more accurately with the
currently recognized regional stratigraphic framework, and
discuss ongoing work with the core and complementary out-
crop sites.

1.1 Motivation for studying the core

Few sites outside of the southwestern United States preserve
a record complete enough to explore the relative contribu-
tions of paleoenvironmental change driven by global cli-
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mate and continental drift in paleoequatorial C—P terrestrial
ecosystems. Given the quality of its fossil record and expan-
sive outcrops of shallow marine and continental rocks span-
ning the C-P transition, the canyon country of southeastern
Utah is an ideal testing ground for these timely research ques-
tions (Reese, 2019; Gay et al., 2020). The rare juxtaposition
of continental vertebrate-bearing fluvial and eolian redbeds
interbedded with marine carbonate beds in a relatively con-
tinuous stratigraphic sequence makes southeastern Utah a
unique window for studying synchronous, glacio-eustasy-
driven oceanic and terrestrial events. In southern San Juan
County, the lower Cutler Group include the fossiliferous ter-
restrial redbeds of the Halgaito Formation, which form the
skirts and pedestals of the isolated buttes in Valley of the
Gods (Fig. 3b) and the overlying eolian Cedar Mesa Sand-
stone. However, large portions of the Cutler Group in the
region (including Valley of the Gods) are restricted to expo-
sures along vertical cliff faces, rendering them inaccessible
to outcrop-based, high-resolution paleoclimatic sampling.
The ER-1 core, collected ~ 25 km north of Valley of the
Gods (Fig. 3a), contains a relatively complete and minimally
altered record of the Hermosa Group through the Cedar Mesa
Sandstone, both of which were deposited in a position more
proximal to the center of Paradox Basin (Fig. 4). The cru-
cial paleogeographic position of ER-1, located further from
the late Carboniferous uplift of the “Ancestral Rocky Moun-
tains” (Fig. 4a) (Moore et al., 2008; Sweet et al., 2021), re-
duces tectonic autocyclic influences, thus enhancing the pos-
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Figure 2. Plate configuration of Pangea during the Late Carboniferous Period (Late Pennsylvanian), modified from Pardo et al. (2019).
The red circle represents the paleogeographic location of our study area, including the Elk Ridge no. 1 core (ER-1). The light-blue circles
represent other important paleoequatorial Late Carboniferous to Early Permian fossil sites (Pardo et al., 2019). Approximate paleogeographic
locations and extents of the late Paleozoic ice sheets are modified from Isbell et al. (2012) and Kent and Muttoni (2020). The red dotted line
shows the approximate position of the equator in the early Permian (Pardo et al., 2019), which is meant to show that many of the C-P
localities would have been transported north of the Equator at this later time.

sible preservation of orbital climate signals. Furthermore,
ER-1 exhibits a higher proportion of carbonate interlayers
compared to southern outcrop sites (Figs. 3—4), offering a
promising opportunity to utilize biostratigraphic methods for
core dating. Therefore, ER-1 is one of the best opportunities
to collect high-resolution paleoclimatic data from a nearly
complete record of the C—P transition within the uppermost
Hermosa Group (Honaker Trail Formation) and the overlying
lower Cutler Group.

1.2 Geologic setting

In southern Utah’s Paradox Basin, the C-P transition is en-
compassed by the lower portion of the Cutler Group (Scott,
2013; Huttenlocker et al., 2018), a ~600m thick succes-
sion of marginal-to-shallow marine and distal floodplain sed-
iments deposited between rising salt anticlines (Condon,
1997). In the Colorado Plateau region, most early authors
subdivided the Cutler Group into approximately four sub-
units, which they originally named the Halgaito tongue,
Cedar Mesa Sandstone, Organ Rock tongue, and De Chelly
Sandstone (Fig. 5) (Baker and Reeside Jr., 1929; Baker,
1936; Orkild, 1955; Sears, 1956; Baars, 1962; O’Sullivan,
1965). Wengerd (1958, 1963) revised the nomenclature, in-
corporating “Rico” as the basal-most unit and elevating Cut-
ler and Halgaito to group and formation status, respectively.
In the northern part of the basin, Baars (1962) raised the Or-
gan Rock to formation status and considered lower Cutler-
like units to be assignable to the Elephant Canyon Forma-
tion. In contrast, Loope et al. (1990) argued that all units be-
low the Cedar Mesa Sandstone be redefined as the informal
“lower Cutler beds” until regional correlations could be clar-

Sci. Dril., 33, 109-128, 2024

ified, removing the Elephant Canyon Formation and calling
into question the validity of strata assigned to Rico, given
that its type section is located in western Colorado (Cross
and Spencer, 1900). Nevertheless, the term “Halgaito” has
continued to be used among researchers studying the Valley
of the Gods and Mexican Hat region (Murphy, 1987; G. S.
Soreghan et al., 2002; M. J. Soreghan et al., 2002; DiMichele
et al., 2014; Golab, 2016; Huttenlocker et al., 2018, 2021;
Golab et al., 2018; Tobey, 2020) (Fig. 5).

In the northwest—southeast-trending Paradox Basin, lo-
cated on the western margin of the Pangean supercontinent
(Fig. 4a-b), the Carboniferous—Permian units of the Cut-
ler Group consist of three parallel and time-successive fa-
cies belts — the southwestern carbonate shelf, the northeast-
ern siliciclastic wedge, and the mid-basin erg and evapor-
ite belt (Fig. 4c). The group ultimately terminated with the
expansion of coastal dune and loessite facies, indicative of
pronounced seasonal aridity (Loope, 1984; Murphy, 1987;
Condon, 1997; Doelling, 2002; Doelling et al., 2002; G.
S. Soreghan et al., 2002; Dubiel et al., 2009; Jordan and
Mountney, 2010, 2012; Scott, 2013; Golab et al., 2018; To-
bey, 2020).

Near the Monument Upwarp, around the present-day Val-
ley of the Gods, the Halgaito Formation represents a south-
ern wedge of terrestrial redbeds that formed during the early
phases of this aridity trend (Figs. 1, 3-5). Farther north, near
the ER-1 core and the Bears Ears buttes (Fig. 3a), the basal
Cutler unit consists of fluvial, aeolian, and shallow-marine
facies informally known as the “lower Cutler beds” (Mur-
phy, 1987; Condon, 1997). The Halgaito Formation inter-
tongues with and is laterally equivalent to the lower Cut-
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Figure 3. (a) Map showing the extent of Cutler Group exposures in the study area, modified from Hintze et al. (2000) with paleolatitude
estimates from van Hinsbergen et al. (2015) using the 300 Ma paleopole. Moki Dugway is represented with a purple star, while red stars
designate the approximate locations of the Gibson Dome (GD-1) and Elk Ridge (ER-1) cores. Blue circles represent known vertebrate sites.
Fossil sites with conodont and fusulinid occurrences are designated with their respective symbols. (b) Exposures of the Halgaito Formation
(lower Cutler beds) and Cedar Mesa Sandstone at Moki Dugways; lithologic cycles in Halgaito are highlighted.

ler beds (Figs. 4-5), both of which display evidence of pro-
gressively drier climates during the late Paleozoic (Murphy,
1987; Condon, 1997; G. S. Soreghan et al., 2002; Jordan and
Mountney, 2010, 2012). This steady shift ultimately culmi-
nated in deposition of the overlying Cedar Mesa Sandstone,
a set of thick, extensive, and predominantly eolian deposits
overlying the lower Cutler beds throughout much of Para-
dox Basin, including the eponymous Cedar Mesa, greater
Canyonlands area, and Indian Creek areas (Fig. 3a). By con-
trast, in the Hurrah Pass area southwest of Moab (Kane Creek
Anticline), the Cutler Group only consists of the lower Cut-
ler beds and an upper arkosic facies that is undivided but that
may be equivalent to the Cedar Mesa and Organ Rock forma-
tions farther to the south and west (Billingsley and Huntoon,
1982; Langford and Chan, 1988; Condon, 1997; Carpenter
and Ottinger, 2018).

Despite local variation, previous workers have observed
that the strata across these areas show pronounced cyclic-
ity (Doelling, 2002; G. S. Soreghan et al., 2002; Jordan
and Mountney, 2010, 2012). Within the Halgaito Forma-
tion, these lithologic cycles occur as alternating sequences
of loessite—paleosol couplets (Murphy, 1987) with accompa-
nying cyclicities observed in rock magnetic properties (G. S.
Soreghan et al., 2002), whereas in the overlying Cedar Mesa
Sandstone they consist of alternating dune—interdune cou-
plets (Mountney and Jagger, 2004). Traditionally, the cyclic
nature of the Cutler Group has been speculated to record long
eccentricity Milankovitch cycles (G. S. Soreghan et al., 2002;
Jordan and Mountney, 2012), whereas the larger-scale transi-
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tion from the fluvial or marine lower Cutler beds to the eolian
Cedar Mesa Sandstone is commonly interpreted as represent-
ing a longer-term desertification event of ambiguous origin
(Soreghan and Soreghan, 2007; Soreghan et al., 2008, 2020,
2023; Tabor and Poulsen, 2008).

Evidence for large-scale aridification during the
Carboniferous—Permian is not restricted to Paradox
Basin; indeed, coeval basins throughout Pangea all display
a decline in lithologic characteristics associated with wet
climates (i.e., coal, laterite, and bauxites) and an increase
in those that indicate arid climates (calcrete, evaporites,
and eolianites) (Soreghan and Soreghan, 2007; Soreghan
et al., 2008, 2020, 2023; Tabor and Poulsen, 2008; Pardo
et al., 2019). This environmental shift is also reflected in
paleoequatorial fossil sites (blue circles in Fig. 2), which
show a shift to more abundant terrestrial taxa in the early
Permian (Pardo et al., 2019). Due to the widespread nature
of central Pangean arid lithologies and terrestrial life during
the Late Carboniferous—Cisuralian, it is not unreasonable
to postulate that the aridity trend exhibited by the lower
Cutler Group is related to a near-global climatic shift as
opposed to an autocyclic event or lateral migration of facies
independent of climate. Nevertheless, uncertainty persists
with regards to inter-basinal temporal correlation between
the Cutler Group and other C-P assemblages, such as the
classically studied mid-continental and Texas—Oklahoma
regions in North America, the Dunkard Group in West
Virginia and Pennsylvania, the Lodeéve Basin in France,
and the Saar-Nahe Basin in Germany (blue circles in

Sci. Dril., 33, 109-128, 2024
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Fig. 2) (Romer, 1945; Parrish, 1978; Boy and Fichter, 1982;
Craddock et al., 1989; Eberth et al., 2000; Uhl et al., 2004;
Tabor and Poulsen, 2008; Michel et al., 2015; Pfeifer et
al., 2020). Therefore, one of the goals of PERMIA is to
analyze the ER-1 core with the goal of building a robust
dataset of biostratigraphic and geochronological age controls
and paleoclimate proxies with unambiguous superposition,
allowing for the correlation between the lower Cutler Group
and these other late Paleozoic records. Additionally, this
work complements the ongoing Deep Dust Project targeting
mid-continent and European sites recording the Early to
Middle Permian collapse of the Late Paleozoic Ice Age (blue
circles in Fig. 2) (Soreghan et al., 2020).

2 ER-1

2.1 Historical context and selection by PERMIA

The ER-1 core was collected in the early 1980s as part of a
national study for determining potential subsurface storage
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sites for high-level radioactive waste. This federal project,
named the National Waste Terminal Storage Program, was
founded in 1976 by the Energy Research and Development
Administration (ERDA), a precursor to the United States De-
partment of Energy (DOE) (Woodward-Clyde Consultants,
1982b). This initiative aimed to identify suitable locations for
the permanent, long-term disposal of high-level radioactive
waste arising from nuclear weapons production and electric-
ity generation (Interagency Review Group on Nuclear Waste
Management, 1978; Woodward-Clyde Consultants, 1982a,
b; Thackston et al., 1984). Due to the long half-life of ra-
dioactive waste, ideal long-term geologic storage necessi-
tates that the toxic materials be relocated to tectonically inac-
tive areas where they will be completely sealed and isolated
from adjacent hydrologic units over geologic timescales (i.e.,
~ 100000 years) (European Commission, 2004; Ahn and
Apted, 2010). At the time, subsurface salt deposits, which
are highly impermeable, were considered one of the best
candidates for deep geologic repositories (Pierce and Rich,
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1962; Hansen and Leigh, 2011). This led to the investigation
of several evaporite-bearing basins in the continental United
States, including Paradox Basin in southern Utah (Fig. 4). To
better understand both the properties of the Paradox evap-
orites and the overlying hydrogeologic system, at least two
rock cores were collected by Woodward-Clyde Consultants,
the ER-1 and Gibson Dome no. 1 (GD-1) cores (Fig. 3a)
(Woodward-Clyde Consultants, 1982a, b; Thackston et al.,
1984). After several years of investigation, the Elk Ridge site
was abandoned in favor of the Yucca Mountain, Nevada, site
(Blanchard, 1985; U.S. Department of Energy, 1986; Keeney,
1987; Merkhofer and Keeney, 1987; McCleary, 1989; Stuck-
less and Levich, 2016), but the ER-1 and GD-1 cores were
archived at the Austin Core Research Center and have be-
come available for scientific study.

For the PERMIA project, the decision to prioritize the ER-
1 core over the GD-1 core was primarily influenced by the
need to minimize the potential influence of salt tectonics. De-
spite their shared penetration of formations of interest and
biostratigraphic controls, GD-1’s proximity to regions char-
acterized by significant salt-tectonic activity (Fig. 4) raised
concerns about potential alteration to the sedimentary record.
In contrast, ER-1 is situated in a more geologically stable
area, making it the most favorable choice for conducting pre-
cise paleoclimatic analyses and preserving the integrity of the
sedimentary data required for PERMIA. In addition, the ER-
1 site is more centrally located between rich outcrop archives
of paleontological and paleoenvironmental information that
are also part of our project, between the Valley of the Gods—
Mexican Hat area to the southwest and the Indian Creek and
greater Canyonlands areas to the north.

2.2 Drilling, initial handling, and storage of ER-1

The ER-1 core is a continuous 933.5m long 6.35cm
diameter (HQ) core which was collected by operators
Woodward-Clyde Consultants from San Juan County, Utah,
USA (Fig. 3), between 5 August and 30 September 1981.
Woodward-Clyde Consultants contracted Zimmerman Well
Service for the drilling and installation of a 127.7 m (419 ft)
surface casing, which was prepared using an 8ton well
drilling rig. Woodward-Clyde Consultants then contracted
Boyles Brothers for coring operations, employing a Chicago-
Pneumatic Model 50 rig (additional details available in
Woodward-Clyde Consultants, 1982a).

The core was collected from an initial depth of 127.7m
(419ft) to a final depth of 1061.2m (3481.6ft). To pre-
vent dissolution of Paradox Formation evaporites, the drilling
fluid consisted of a cellulose polymer mixed with “Moab
brine”, a salt-saturated fluid produced by pumping freshwa-
ter into the Paradox Formation at Moab, Utah (Woodward-
Clyde Consultants, 1982a; Thackston et al., 1984). The cel-
lulose polymer, specified in Woodward-Clyde (1982a) as
Mark IV and Hi-Vis, was provided by Western Mud Com-
pany (Woodward-Clyde Consultants, 1982a), which is now
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known as GEO Drilling Fluids, Inc (GEO Drilling Fluids
Inc., 2023). Unfortunately, during the drilling process, sub-
stantial amounts of lost circulation were encountered while
drilling through the Middle Pennsylvanian Pinkerton Trail
Formation at ~ 1061 m depth, preventing the penetration of
the underlying Mississippian Leadville Limestone as orig-
inally planned (Thackston et al., 1984; Woodward-Clyde
Consultants, 1982a). Nevertheless, the successful collection
of the Carboniferous—Permian lower Cutler Group, which
comprises the top ~ 313 m of the ER-1 core, makes it ideal
for accomplishing the research objectives of PERMIA. Ge-
ologic mapping of the area indicates that beds have a re-
gional dip of no more than 1-3° (Lewis et al., 2011). This,
in conjunction with the minimally reported borehole devia-
tion (Woodward-Clyde, 1982a), suggests that the cores repre-
sent a near-vertical cross section of the rock formations under
study.

Detailed descriptions of core collection and handling are
provided in Woodward-Clyde (1982a). To briefly summarize,
the wire-line diamond coring method and split inner-core
barrels were utilized to minimize damage to the core. Core
runs, measured by Woodward-Clyde in feet, were continu-
ously collected at ~ 10 ft (~ 3.05 m) intervals. Once brought
to the surface, core runs were transported to an on-site core
handling building, where they were opened, placed onto
roller tracks, fitted together at breaks, examined for core loss,
washed, measured, and directly marked with depth measure-
ments (in feet) at 1ft (~30.5cm) intervals. Subsections of
individual core runs were completely sampled on the occa-
sion that said portions exhibited notable amounts of hydro-
carbons. Otherwise, the core runs were cut into 2 ft (~ 61 cm)
sections with a diamond saw, wrapped in plastic, and placed
into cardboard core boxes. Depth measurements, run num-
bers, locations, dates, and, if present, core loss and/or com-
plete removal of sampled subsections were noted directly on
the box lid as well as on labels taped to the box bottom.

The cores were shipped to an interim storage facility
known as the “ONWTI core storage facility”, which was in
Lakewood, Colorado (Woodward-Clyde, 1982a). The cores
were eventually transferred to the Austin Core Research
Center (CRC), part of the Bureau of Economic Geology in
Austin, Texas. As of 2022, 98.3 % of the top 451.1 m of ER-
1 remained in storage at the CRC. This exceptional level
of preservation can be attributed to a combination of fac-
tors, including a high initial drilling recovery rate of 99.8 %
(450.3 m recovered out of 451.1 m drilled) and a relatively
minor amount of sampling from previous studies, totaling
approximately 6.98 m, or 1.5 %, of removal of whole-core
(unsplit) samples.
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Figure 5. Stratigraphic subdivisions of the Carboniferous—Permian Cutler Group exposed in Valley of the Gods and its vicinity, southeastern
Utah, USA. Abbreviations: Ss, Sandstone; Gp, Group; Ist, limestone; Fm, Formation. Modified from Huttenlocker et al. (2018).

2.3 Previous research

2.3.1 Geologic descriptions from Woodward-Clyde
Originally described by Woodward-Clyde (1982b), the ER-1
core recovered ~ 933.5 m of late Paleozoic sediment, encom-
passing the lower portion of the Cedar Mesa Sandstone down
to the Middle Pennsylvanian Pinkerton Trail Formation. The
incomplete recovery of the Cedar Mesa Sandstone is a re-
sult of the ER-1 borehole being drilled and cased to a depth
of 127.7m (419 ft) prior to coring. This interval included
Cenozoic surficial sediments directly overlying exposures of
the upper portion of the Cedar Mesa Sandstone. Therefore,
though the original report measured the total thickness of the
Cedar Mesa Sandstone at the drilling site at 252.98 m, the
ER-1 core only recovered the lowermost 128.3 m of this unit.
In the original lithologic description, the Cedar Mesa
Sandstone is generally described as a sequence of light-
colored, well-sorted, quartz-rich, carbonate-cemented, and
primarily cross-bedded sandstones. Though primarily com-
prising sandstone, a limited number of thin reddish silt-
stone and sandy siltstone interbeds were also observed. Be-
low the Cedar Mesa Sandstone is a heterogeneous collection
of siltstone, sandy siltstone, and sandstone with occasional
limestone interbeds. Measured to a thickness of 138.9m,
Woodward-Clyde (1982b) referred to this section as the “Ele-
phant Canyon Formation”, a now obsolete name roughly
equivalent to what are currently referred to as the “lower Cut-
ler beds” (Loope et al., 1990; Jordan and Mountney, 2012).
Underlying the Elephant Canyon Formation is the Up-
per Carboniferous Hermosa Group, which consists of the
Honaker Trail, Paradox, and Pinkerton Trail formations in
descending order. In ER-1, the Honaker Trail Formation was
measured to a thickness of ~374.3m and primarily con-
sists of calcite-rich carbonate rocks (primarily limestones
and cherty limestones). Nevertheless, ~ 30 % of the Honaker
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Trail in ER-1 is described as consisting of siliciclastics (silt-
stones and sandstones) and dolomitic interbeds. Woodward-
Clyde noted a gradational contact between the Honaker Trail
and the underlying Paradox Formation, the latter of which
was measured to a thickness of 291.4 m; 29 % of the Para-
dox Formation in ER-1 is described as halite, with the re-
mainder consisting of siltstone, shale, anhydrite, limestone,
and dolomite. Woodward-Clyde described this unit as highly
cyclical with four to six sequences correlated with the re-
gionally recognized salt cycles of the Paradox Formation
(specifically, cycles 6, 7, 9, and 13 and potentially cycles 15
and 16) (Peterson and Hite, 1969; Hite and Buckner, 1981;
Woodward-Clyde Consultants, 1982a, b). The lowest unit of
the Hermosa Group and the deepest deposit recovered by ER-
1 is the Pinkerton Trail Formation. Woodward-Clyde (1982b)
describes the formation as primarily consisting of limestone
and calcareous siltstone, with some minor units of dolomite
and anhydrite. Though drilling plans originally intended to
recover both the underlying Molas and Leadville forma-
tions, substantial drilling fluid loss forced the termination of
drilling activities after recovering only 51.8 m of the Pinker-
ton Trail (Woodward-Clyde Consultants, 1982a, b).

2.3.2 Previous age control

Since recovery, various researchers have examined portions
of the ER-1 core for biostratigraphic analysis, sedimentolog-
ical analysis, and regional stratigraphic correlations (Loope
and Watkins, 1989; Atchley, 1990; Nail et al., 1994, 1996;
Tromp, 1995; Raup and Hite, 1996; Tuttle et al., 1996; Nail,
1996; Atchley and Loope, 1993; Petrychenko et al., 2012;
Rasmussen and Rasmussen, 2018). The identification of Late
Carboniferous conodonts and fusulinids within ER-1 by Nail
et al. (1996) implies a late Missourian through middle Vir-
gilian age for the Honaker Trail Formation and a late Vir-
gilian age for the lowermost limestones of the lower part
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of the lower Cutler beds (Fig. 7). These age constraints are
consistent with outcrop work in nearby Arch Canyon and
Valley of the Gods, where Huttenlocker et al. (2021) iden-
tified the conodont Adetognathus sp. B in the upper part
of the lower Cutler beds. The presence of this conodont
species, now referred to as Adetognathus carlinensis (see
Beauchamp et al., 2022), which is known from the C-P in-
terval (latest Gzhelian—early Asselian) of the Canadian Arc-
tic and eastern—central British Columbia (Henderson et al.,
1995), suggests that the C—P transition can be identified in
the lower Cutler beds, including the ER-1 site. To this end,
see the “Continuing science plans” section of this paper for
ongoing research on the biostratigraphy of the ER-1 core.

3 PERMIA core analysis

In early 2023, the top 450 m (corresponding to a depth of
127.77-581 m) of the ER-1 core was transported from the
Austin Core Research Center to the Continental Scientific
Drilling Facility at the University of Minnesota for prepara-
tion and analysis. Upon arrival, all core sections were pho-
tographed in their respective boxes and placed in transparent
plastic core liners with end-caps indicating the stratigraphic
top and bottom of each core section. The liners enabled de-
tailed scanning and processing workflows aligned with best
practices established in numerous recent scientific drilling
projects (e.g., Clyde et al., 2013; Cohen et al., 2016; Olsen et
al., 2018). Evidence of core degradation was minimal, lim-
ited to salt crystals from dried drilling fluid on the surface of
some sandstone core segments. The geophysical properties
of the whole cores were measured using a Geotek Standard
Multisensor Core Logger and included magnetic susceptibil-
ity (loop), gamma density, p-wave velocity and amplitude,
natural gamma radiation, and electrical resistivity.

Using a diamond-blade rock saw with continuous deion-
ized water flush, the core was split lengthwise into two
halves: an archive half which was placed into storage and
a work half which was subjected to further analysis and sub-
sampling. To eliminate saw marks and enhance the clarity
of the split core face, the working halves were polished us-
ing either dry or wet rock polishers. This step was necessary
to more clearly image sedimentary structures and microfos-
sils that were obscured by the cutting process. The polished
working halves were imaged at 20 pixels per millimeter reso-
lution using the Geotek Core Imaging System. Additionally,
high-resolution point magnetic susceptibility and color re-
flectance spectrophotometry of the core face were measured
using a Geotek XYZ Multisensor Core Logger. Core depth
scales were generated by applying a linear compression fac-
tor for core runs to fit the drilled interval when recovery wad
> 100 % (equivalent to the CSF-B depth scale used in scien-
tific ocean drilling, e.g., Expedition 337 Scientists, 2013).

Employing Corelyzer software, the PERMIA team di-
rectly compared the physical core sections with their high-
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resolution images and accompanying geophysical datasets
(Ito et al., 2023). These visual representations enabled
comprehensive lithologic descriptions of each core section,
which were recorded using the PSICAT software program
(Reed et al., 2007).

4 Initial results

One of the initial goals of PERMIA was to refine the
stratigraphy of ER-1 within an updated regional stratigraphic
framework using currently accepted terms (Loope et al.,
1990; Fig. 5). Examination of the polished split cores and
high-resolution core images (e.g., Fig. 6) in the stratigraphic
context using the Corelyzer visualization environment (Ito
et al., 2023) allowed for more accurate determinations of
lithology, stratigraphic contacts, sedimentary structures, and
microfossils. By comparing this new dataset to recent strati-
graphic work (Loope et al., 1990; Dubiel et al., 1996, 2009;
Condon, 1997; Ritter et al., 2002; Mountney and Jagger,
2004; Jordan and Mountney, 2012), PERMIA updated the
stratigraphy of the upper core to reflect more accurately the
accepted lithostratigraphic nomenclature (Fig. 5) and asso-
ciated boundaries (Fig. 7). Specifically, we place the Cedar
Mesa Sandstone-lower Cutler beds contact at 318.9 m depth
and the lower Cutler beds—Honaker Trail Formation (Cutler
Group-Hermosa Group) boundary at 442.6 m depth. These
placements are consistent with the lithostratigraphic bound-
aries as observed in nearby outcrops (e.g., the Arch Canyon
and Valley of the Gods area) and descriptions in the pub-
lished literature.

Our placement of the Cutler—-Honaker Trail boundary is
at a marked change to redder, predominantly non-calcareous
siltstone with less abundant and much thinner marine carbon-
ate layers and more common sandstone layers. This is consis-
tent with the lithologic changes observed in outcrops along
the southern margin of Cedar Mesa (e.g., Valley of the Gods
and Goosenecks of the San Juan State Park areas), where a
mixed siliciclastic—carbonate succession with abundant ma-
rine limestones (the Honaker Trail Formation) is overlain by
siltstone and sandstone redbeds with rare, thin marine lime-
stones (the local equivalent of the lower Cutler beds called
the Halgaito Formation) (Baker, 1936; G. S. Soreghan et al.,
2002; Ritter et al, 2002; Huttenlocker et al., 2021). The color
change associated with this boundary is apparent in the core
line scan image stack (Fig. 7), where our boundary place-
ment also marks a change from drab brown and tan colors
below to darker reddish-brown colors above. Also notable
is that our placement of the Honaker Trail-Cutler boundary
is just above three sandstone units associated with marine
limestones (sandstones otherwise being rare in the Honaker
Trail Formation), a lithologic association also observed in
outcrops in the uppermost Honaker Trail Formation at its
eponymous locality just south of Cedar Mesa (Ritter et al.,
2002: Figs. 3, 5). Some previous stratigraphic studies em-
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Figure 6. Representative facies in core segments from the ER-1 core. (a) Fossiliferous limestone layer from the Honaker Trail Formation.
(b) Contact between a carbonaceous siltstone (lower darker unit) and a lighter-colored fossiliferous limestone unit (upper light-grey unit) in
the Honaker Trail Formation. (¢) Calcareous siltstone with abundant burrows in the lower Cutler beds. (d) Siltstone redbed units in the lower
Cutler beds, with abundant reduction zones. (e) Cross-bedded sandstone unit from the Cedar Mesa Sandstone with a dark-brown siltstone
interbed. (f) Cross-bedded sandstone unit from the Cedar Mesa Sandstone.

phasize that the contact in this area forms a change in the
weathering profile from the canyon or cliff down-section to
the slope and pillar-forming lower Cutler above (e.g., Baker,
1936; Gregory, 1938), but this cannot be evaluated in the
core.

We place the lower Cutler beds—Cedar Mesa Sandstone
boundary at the base of the first thick (> 20 m) cross-bedded
sandstone, marking a rather abrupt change from strata dom-
inated by dark reddish-brown siltstone with less common
thin (typically <5m thick) sandstone packages, to thick
(> 10m), predominately cross-bedded light-colored sand-
stones separated by occasional thin reddish-brown siltstones
(all <5 m thick and often less than 1 m thick). This bound-
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ary placement is just above the highest unambiguous marine
unit, a wavy-laminated dark reddish-brown sandy siltstone
between 323 and 318.9 m depth containing abundant disar-
ticulated echinoderm elements. Locating the lower Cutler—
Cedar Mesa boundary above the last marine unit and at the
base of the first thick sandstone sequence is also consistent
with its placement in outcrops by recent stratigraphic stud-
ies (e.g., Stanesco and Campbell, 1989; Loope et al., 1990;
Dubiel et al., 1996, 2009; Jordan and Mountney, 2012; Hut-
tenlocker et al., 2021; Pettigrew et al., 2021). Our boundary
placement is also associated with a noticeable decrease in
magnetic susceptibility, gamma density, and natural gamma
radiation values (Fig. 7), which other authors have observed
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Figure 7. Generalized stratigraphic column of the top 450 m of the ER-1 core. Left to right: color profile from spectrophotometry, lithology,
published biostratigraphic controls (from Nail et al., 1996), core magnetic susceptibility (MS), gamma ray attenuation density (GRA) from
both core (blue) and well log (black), and natural gamma radiation from both core (blue) and well log (black). Though all three lithologic
units are present throughout the core, limestones, siltstones, and sandstones are thickest and most common within the Honaker Trail, lower
Cutler beds, and Cedar Mesa formations, respectively. Moreover, there is a notable negative secular trend in both the magnetic susceptibility
and gamma density values as the lower Cutler beds transition into the Cedar Mesa Sandstone. Note that the geologic timescale uses the
regional terms Virgilian and Wolfcampian, which roughly correspond to the Gzhelian and Asselian stages, respectively. Grey zones between
chronostratigraphic terms indicate uncertainty in boundary placement.

at this contact from wells in the same area (Fig. 8 in Condon,
1997).

Overall, the core is dominated by a relatively small num-
ber of lithologies. Carbonate layers are typically either sandy
to silty limestones containing abundant marine fossils (echin-
oderms, brachiopods, bivalves, fusulinids) or thin carbonate
layers devoid of visible fossils and with mostly nodular tex-
tures. The fossiliferous marine carbonate facies are only ob-
served in the Honaker Trail Formation and lower Cutler beds,
whereas the non-fossiliferous carbonates are found through-
out the core and appear to be mostly non-marine in origin
(i.e., they are associated with pedogenically modified silt-
stones). Carbonate-rich siltstones are often associated with
both of these limestone facies and are also present as thin lay-
ers associated with dark reddish-brown siltstones within the
Cedar Mesa Sandstone. Brown to dark reddish-brown silt-
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stones and sandy siltstones are either parallel-bedded and are
sometimes laminated or massive. The latter are often both
mottled and contain carbonate nodules. These siltstone fa-
cies comprise the majority of the Honaker Trail Formation
and lower Cutler beds but also form thin (< 5 m thick) lay-
ers between the thick sandstones of the Cedar Mesa Sand-
stone. Predominantly orange, tan, and pinkish-grey fine-
to medium-grained sandstones are typically trough cross-
bedded or parallel-bedded, though a small number of units
are apparently massive (acknowledging the restricted lateral
view of a core). Sandstones are rare in the Honaker Trail For-
mation, except for an interval between 440 and 500 m depth,
more common (but still subordinate to siltstone) in the lower
Cutler beds, and dominate the Cedar Mesa Sandstone. In
the latter, they are mostly trough cross-bedded, but parallel-
bedded and massive units are present, particularly just above
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Figure 8. (a) Idealized lithologic sequence and associated response
in MS. In this model lower base levels correspond to more arid con-
ditions, resulting in sandstones composed of relatively weakly mag-
netic to non-magnetic minerals (i.e., hematite). As base levels rise,
conditions become wetter, corresponding to finer and more mag-
netic minerals. However, fully marine environments (limestone)
correspond to a magnetic decrease. As the base level lowers and
arid conditions return, sandstones composed of weak magnetic ma-
terial are deposited once again. (b) ER-1 from 460 to 320 m CSF-B,
with certain cycles highlighted in orange. Note that each cycle is
book-ended by sandstone layers.

and below silty layers. The fact that we often observe gra-
dational transitions between lithologies (i.e., sandy siltstones
between sandstones and siltstones, calcareous siltstones be-
tween carbonates and siltstones) and a lack of observable ero-
sive contacts supports our inference that the core lacks any
significant discontinuities.

This variety of lithologies can be grouped into three infor-
mal lithofacies associations: (1) clastic to silty fossiliferous
limestones; (2) massive to horizontally bedded calcareous
and non-calcareous siltstone; and (3) massive, horizontally
bedded, and cross-bedded fine-grained sandstone (Figs. 6—
7). Siltstones in all three formations show extensive evidence
of pedogenic modification (e.g., mottling, carbonate nodules)
(Fig. 6). Though all three rock types are present within each
formation, limestones become less abundant up-section, be-
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ing most common and thickest in the Honaker Trail Forma-
tion, siltstones are most common in the Honaker Trail Forma-
tion and lower Cutler beds, whereas cross-bedded sandstones
dominate the Cedar Mesa Sandstone.

Cyclic variation both within and among these three rock
types is common throughout the core, regardless of strati-
graphic unit. In the Honaker Trail Formation, this cyclic-
ity is manifested predominantly as siltstone—limestone cou-
plets, whereas in the overlying lower Cutler beds it consists
of siltstone—sandstone couplets, with occasional limestone or
calcareous siltstone layers in the middle of the siltstones.
In the Cedar Mesa Sandstone, the main cyclicity is an al-
ternation between trough cross-bedded sandstone, parallel-
bedded or massive sandstone, and thin siltstone beds. These
lithologic cycles match those observed by other authors in
equivalent outcrops in Paradox Basin (e.g., Ritter et al.,
2002; Mountney, 2006; Williams, 2009; Jordan and Mount-
ney, 2012; Langford and Salsman, 2014; Olivier et al., 2023).
Comparing these lithologic cycles to the geophysical data,
siltstones generally have a much higher magnetic susceptibil-
ity than either sandstone or limestone layers. This results in
a distinct cyclical pattern in the magnetic susceptibility data
(Figs. 7-8), which aligns with corresponding cycles in the
lithostratigraphy. On a larger scale, the magnetic data exhibit
a negative secular trend as the lower Cutler beds transition
into the more sandstone-dominated Cedar Mesa Sandstone
(Fig. 7).

5 Continuing science plans

With initial core processing completed, the micropaleonto-
logical, geochemical, and paleomagnetic properties of ER-
1 are currently being analyzed, the primary goal being the
construction of a robust paleoenvironmental reconstruction
anchored by reliable geochronologic controls. Though no
known volcanic ash layers (and few juvenile detrital zir-
cons) have yet to be identified in the lower Cutler Group,
several approaches are available to date the core effectively.
First, Nail et al. (1996) already recovered biostratigraphically
useful fusulinids and conodonts from several levels within
the core, and polished split core segments of ER-1 revealed
highly fossiliferous carbonate layers in the Honaker Trail
Formation (Fig. 6) and the lower Cutler Group (Fig. 7); to-
gether, this implies that the core can be precisely dated us-
ing biostratigraphic methods. Such an approach has been ap-
plied successfully to the underlying Carboniferous Hermosa
Group (Ritter et al., 2002) as well as outcrop exposures of the
lower Cutler beds in the region, where widespread presence
of conodonts in marine carbonate layers (Figs. 3, 4) allowed
for correlation with well-resolved marine biochronologies
from elsewhere (Fig. 7) (Huttenlocker et al., 2021). Indeed,
conodont biostratigraphy is the gold standard used to define
the C—P boundary at both the Asselian GSSP (Usolka, Ural
Mountains) (Chernykh and Ritter, 1997; Chernykh et al.,
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1997) and North American mid-continental sections (Ritter,
1995; Wardlaw, 2005; Boardman et al., 2009; Wardlaw and
Nestell, 2014; Henderson, 2018). Formal identification of the
C-P boundary within the Cutler Group remains critical for
correlating Utah’s rock record with the geologic timescale as
well as other relevant C—P paleoenvironmental and paleonto-
logical archives across Pangea. Complementary to the bios-
tratigraphic approach, the global marine 87Sr/30Sr record — a
proxy for Phanerozoic seawater Sr (Veizer, 1989; McArthur
et al., 2020) — shows a steep decrease from base-Ghzelian
(latest Carboniferous) values of 0.7081-0.7087 to 0.7079—
0.7081 by the end of the Asselian (earliest Permian) (Korte et
al., 2006; Korte and Ullmann, 2018; Chen et al., 2018). Thus,
a time series of 7Sr/%Sr isotope values from marine car-
bonates and the associated conodont bioapatite should accu-
rately place the Cutler sequence along the C—P strontium ref-
erence curve. Therefore, we sampled all major marine lime-
stone units in the studied portion of the core for conodonts,
fusulinids, and 37Sr/80Sr isotopes.

Previous attempts at dating through paleomagnetic meth-
ods confirmed that deposition of the Cutler Group coincides
with the Kiaman-reversed superchron (Gose and Helsley,
1972; Scott, 1975) (Fig. 1). This interval should also include
the short-lived “Kartamyshian event”, a normal polarity mag-
netozone dated to ~299Ma (Fig. 1), and if found within
this core and outcrop, it would serve as a useful maximum
age constraint and datum for the top of the Carboniferous
(Hounslow and Balabanov, 2016). Previous work (Gose and
Helsley, 1972; Scott, 1975) indicates that the lower Cutler
beds preserve a primary magnetic remanence, and we there-
fore should be able to identify the Kartamyshian event if it is
present.

Furthermore, cyclic sedimentation patterns established in
the Cutler Group (G. S. Soreghan et al., 2002; Jordan
and Mountney, 2012; Golab, 2016; Golab et al., 2018; To-
bey, 2020) strongly suggest that astronomically tuned geo-
chemical and magnetic cyclostratigraphy can provide high-
resolution age models for these deposits. Various stud-
ies have shown that long-term eccentricity cycles (~405-
413 kyr) have been stable throughout Earth’s history (Olsen
and Kent, 1999; Horton et al., 2012; Kent et al., 2017, 2018;
Lantink et al., 2019; Olsen et al., 2019). Indeed, in the
Canyonlands area, Jordan and Mountney (2012) identified
lithologic cycles in the lower Cutler beds, which they hy-
pothesized were reflective of long eccentricity cycles. The
magnetic susceptibility record of ER-1 (Figs. 7-8), along
with previous environmental-magnetic studies of the Hal-
gaito Formation near Mexican Hat (G. S. Soreghan et al.,
2002), demonstrate that cyclic facies changes correspond
to variations in magnetic properties (Fig. 8). This provides
strong evidence that it is possible to construct a magnetic
cyclostratigraphic framework anchored by biostratigraphic,
strontium isotope, and paleomagnetic age constraints.

This high-resolution geochronological dataset will be con-
structed in tandem with the measurement of various geo-
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physical and geochemical paleoclimatic proxies. This will
include the whole-core geophysical data presented in this pa-
per (e.g., MS, NGR, color scans) (Fig. 7), high-resolution
XRF core scans (in progress), and environmental magnetic
(Verosub and Roberts, 1995; Evans and Heller, 2003; Liu et
al., 2012) measurements of discrete specimens. Furthermore,
similar datasets will be collected from outcrop sites (Fig. 3a),
enabling the development of a robust and temporally con-
strained paleoenvironmental framework for this region dur-
ing the C-P transition. Finally, this model will be correlated
with a high-resolution dataset of georeferenced vertebrate
sites and specimens (in progress) as a means of testing the
Vaughn—Olson model (Pardo et al., 2019) and other impor-
tant questions regarding the C—P transition.

1. Do independent paleoenvironmental proxies and mag-
netic mineral assemblages record a secular drying trend
across the lower Cutler bed—Cedar Mesa Sandstone
transition?

2. Is this transition rapid and concurrent with the estab-
lished LPIA maximum (Gzhelian), or does it instead
follow a longer-term trend that matches the paleomag-
netically determined northward drift of North America
into a more arid paleolatitudinal climate belt?

3. What effect, if any, did these paleoclimatic changes
have on the evolution of C-P vertebrate communities?

6 Broader impacts

Our analysis of the ER-1 core will improve the geochrono-
logical and paleoenvironmental context for the important
paleontological and geological archives of the C-P transi-
tion preserved within Bears Ears National Monument. Thus,
these core data enrich and elevate the global importance of
the at-risk scientific resources preserved within the monu-
ment (Gay et al., 2020). By clarifying the processes driving
equatorial climate and biotic change during the Late Pale-
ozoic Ice Age, the study of the ER-1 core strengthens our
ability to use the LPIA and its decline as a natural deep time
analog that can be compared with ongoing anthropogenically
driven global warming and ecological change. Data and con-
clusions from our ER-1 studies will be integrated into all lev-
els of education and public engagement, from informal set-
tings such as public exhibits in local communities in south-
eastern Utah to K-12 public school and higher-education
classrooms. We are working with education experts at the
Natural History Museum of Utah to develop curriculum re-
sources, and the core images and associated data will be in-
vestigated and analyzed by undergraduate students, as one of
us (RBI) has done with similar data from the CPCP project
(Olsen et al., 2018).
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7 Summary

By continuing to analyze the ER-1 core, we expect to gain
further insight into the precise timing of regional late Pa-
leozoic drying and its relationship with the collapse of the
LPIA, ca. 304-280 million years ago. Furthermore, by cor-
relating this new dataset with planned paleontological field
work, we intend to enhance our comprehension of the biotic
impacts resulting from Earth’s last pre-Quaternary icehouse—
hothouse state change. As present-day anthropogenic climate
change threatens to destabilize a multitude of environments,
improvements in our understanding of how major climate
processes have impacted biomes in the past are increasingly
relevant. To this end, the outcome of this study will benefit
climate modelers, policy makers, ecologists, and the many
communities impacted by climate change.
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