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Abstract 

Preliminary data point toward a new hypothesis in which Coryphodon lived in wetter 

habitats before the Paleocene-Eocene Thermal Maximum (PETM), but was able to adapt to drier 

habitats in order to survive post-PETM. Early Paleogene nonmarine strata are extensively 

exposed in the Bighorn Basin of northwestern Wyoming. The Fort Union and Willwood 

Formations represent alluvial deposition within a Laramide Basin formed from the Paleocene 

through early Eocene. Therefore, the basin is an ideal place to study the local effects of the 

PETM, a rapid global warming event that occurred about 55.5 million years ago at the 

Paleocene–Eocene boundary. During this event, an initial decrease in rainfall was followed by 

wet and dry cycles with increased temperature and decreased precipitation. Some flora and fauna 

went extinct, but many others exhibited dwarfing during this interval. The response of the large 

mammal Coryphodon to the PETM is poorly understood, but is of special interest due to its 

inferred semiaquatic nature. 

We collected 14 stratigraphic sections from 5 mammalian biozones within the Bighorn 

Basin, each centered around depositional units containing Coryphodon. The depositional 

environments of these units were evaluated by describing the grain size; matrix and mottling 

colors; mottling percent; abundance and type of nodules; shrink-swell features such as 

slickensides and clay cutans; and other interesting attributes such as organic matter, invertebrate 

fossils, sedimentary features, and mottling color or percentage stratigraphic changes. The 

depositional environments include ponds, swamps, fluvial deposits, soils with evidence of wet 

and dry cycles, and dry soils. 
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Introduction 

The burning of fossil fuels supports many modern conveniences, but their emissions are 

also raising greenhouse gas concentrations in the atmosphere, which are increasing global 

temperature and therefore leading to global climate changes (Gingerich, 2019). The Paleocene-

Eocene Thermal Maximum (PETM), a global warming event about 55.5 million years ago, can 

act as an analogy for future global warming if fossil fuel emissions continue their upward trend 

(Kraus and Riggins, 2007; Gingerich, 2019). The Bighorn Basin in Wyoming is one locality 

where PETM-aged rock units are exposed, which makes it an excellent location to study the 

environmental, floral, and faunal responses to this interval of increased temperature and 

decreased precipitation (Gingerich, 2003; Wing et al., 2005; Kraus and Riggins, 2007; Smith et 

al., 2008; Kraus et al., 2015). 

As the Earth continues into a time of increasing temperature and changing climate, the 

PETM can offer insights into how modern-day flora and fauna might respond to these changes. 

Previous research has concluded that some key adaptations, such as dwarfing, helped certain 

fauna survive this rapid and large-scale global warming (Gingerich, 1989, 2003; Smith et al., 

2008; Secord et al., 2012). However, it is unclear why some of these mammals, such as the genus 

Coryphodon which is hypothesized to be water-dependent, survived this much drier climate 

(Clementz et al., 2008; Secord et al., 2012). 

Previous studies have argued that Coryphodon was semi-aquatic based on morphological 

features of their skeleton and enamel 𝛿18O values (Clementz et al., 2008). Therefore, my starting 

hypothesis is that Coryphodon will mainly be found in aquatic or semi-aquatic facies throughout 

the PETM interval.   
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Paleocene-Eocene Thermal Maximum (PETM) 

The Paleocene-Eocene Thermal Maximum (PETM) was a roughly 150,000-year interval 

about 55.5 million years ago during which there was a massive release of carbon into the 

atmosphere. This led to a rapid global warming of 5-8°C over less than 20,000 years, with 

persistently high temperatures for the remainder of the event (Wing et al., 2005; Kraus and 

Riggins, 2007; McInerney and Wing, 2011; Gingerich, 2019). Therefore, it can serve as an 

analog for the possible impacts of modern climate change, since the PETM is thought to be 

mostly due to CO2-driven rather than orbital forcing mechanisms of Late Cenozoic glacial-

interglacial climate changes (Abels et al., 2016; Gehler et al., 2016). It has been found that 

modern rates of carbon emissions are 9-10 times higher than those during the onset of the PETM, 

and, if this upward trend of anthropogenic emissions continues, PETM-scale carbon 

accumulation in the atmosphere could be reached in as few as 140-259 years, or about 5-10 

human generations (Gingerich, 2019). Therefore, it is imperative to learn as much as we can 

about analogous times in the past, such as the PETM, in order to better understand the impacts 

that anthropogenically driven climate change could have on our modern world. 

While a substantial amount is understood about the effects of the PETM globally, in large 

part due to modeling (i.e. Carmichael et al., 2017; Kiehl et al., 2018), much less is known about 

it regionally. Recently, researchers have begun examining PETM-aged sites on a fine 

stratigraphic scale to better determine its regional effects. Some of these effects include altered 

climates, ecosystems, and ocean chemistry as well as floral changes and species dwarfing (Wing 

et al., 2005; Kraus and Riggins, 2007; D’Ambrosia et al., 2017; Schmidt et al., 2018). One area 

where these regional effects have been studied for decades in great detail, the Bighorn Basin of 

Wyoming, is the research area of this study. 
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Study Area 

The northern Bighorn Basin, specifically its well-exposed Fort Union and Willwood 

Formations in the Sand Coulee area, are the focus of this study. This basin is intermontane, 

meaning surrounded by mountains, and was formed during the Laramide Orogeny (~65-35 Ma) 

within the foreland basin of the earlier Sevier Orogeny (Mackin, 1937; Dickinson et al., 1988; 

DeCelles, 2004) (Figure 1). The Pryor Mountains are located to the northeast, the Bighorn 

Mountains to the east, the Owl Creek and Bridger Mountains to the south, and the Absaroka and 

Beartooth Mountains to the west (Mackin, 1937). These surrounding mountain ranges have 

provided most of the sediment in the basin, though the vast majority of orogenic activity had 

ceased before the deposition of the Lower Eocene Willwood Formation. Additionally, at the time 

being studied, the basin was open to the north with water flowing in that direction (Kraus and 

Riggins, 2007; Kraus et al., 2015). 

The Sand Coulee area of the basin, where our specimens are from, has been previously 

subdivided into a multitude of fossil localities by Gingerich (2001). Specimens collected during 

our fieldwork were assigned to these localities based on GPS coordinates and elevation data 

(Figure 2) (Table 1). 
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Figure 1. Map of the Bighorn Basin with the exposed Willwood Formation highlighted in 

gray. Inset shows the study area in the northern part of the basin with stars highlighting 

important sites. Polecat Bench is where most of the previous studies examining the PETM 

stratigraphy have occurred and Sand Coulee is where this study’s samples are from (Modified 

from Kraus et al., 2015, Figure 1).  

N 
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Figure 2. Map showing our specimens in relation to the Gingerich (2001) localities (Modified 

from Gingerich and Klitz, 1985).  
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Table 1. Information on the location of each stratigraphic section and the fossils it contained. 

Gingerich localities and measurements above the K-Pg boundary are from Gingerich, 2001. 

Detailed field notes on these stratigraphic sections can be found in the appendix. Locality 

information for these sites is on file at the University of Michigan Museum of Paleontology and 

available upon request. 
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Stratigraphy 

The Paleocene-Eocene boundary in the Bighorn Basin is characterized by two 

formations: the Paleocene Fort Union Formation and the Lower Eocene Willwood Formation. In 

the northern part of the Bighorn Basin, where this study occurred, the combination of these 

formations is about 2,000 meters thick (Kraus and Wells, 1999; Kraus et al., 2015). They were 

deposited in the basin during the Laramide Orogeny, which occurred due to subduction on the 

west coast of North America from about 65 to 35 Ma. This orogeny was caused by the weakened 

subduction of the Farallon Plate, which led to a flattened out, lower angle of subduction. This 

pushed melting and volcanism further eastward than it was during the Sevier Orogeny and 

caused the initial uplift of the Rocky Mountains and Colorado Plateau (Copeland et al., 2017; 

Blakey and Ranney, 2018). This change in subduction angle also caused a shift from the 

horizontally-directed thin-skinned deformation characteristic of the Sevier Orogeny to a thick-

skinned deformation that involved basement-cored vertical uplifts of the Precambrian basement 

rock (Dickinson et al., 1988; Blakey and Ranney, 2018). The compressive stress from the 

subducting plate caused a reactivation of older Precambrian and Phanerozoic faults as well as 

created new faults in zones of weakness. This tectonic activity uplifted the floor of the Bighorn 

Basin some as well as the mountain ranges that surround it, with the exception of the Absarokas 

(Mackin, 1937; Seeland, 1998). 

Both formations are mudrock-dominated with three major facies: thick, laterally 

extensive sheet sandstones; heterolithic (interbedded sand and mud) deposits with ribbon 

sandstones surrounded by mudrocks with weakly developed paleosols; and fine-grained deposits 

with moderately to strongly developed paleosols (Figure 3) (Kraus and Riggins, 2007). These 

paleosols, which are common in both formations but vary greatly in color, can provide 
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significant information about the depositional history and paleoenvironments of the interval 

spanning the PETM. 

 

Figure 3. Stratigraphic columns showing the (A) Polecat Bench paleosols, (B) Polecat Bench 

core section obtained during the Bighorn Basin Coring Project, and (C) Sand Coulee area, 

which is the location of the Boundary Sandstone. The sedimentary layers consist of colorful 

paleosols, avulsion deposits, and sandstones. The pedogenic carbonate δ13𝐶 curve (orange) 

was used to subdivide the PETM onset, main body, and recovery in relation to the stratigraphy 

(Kraus et al., 2015, Figure 2). 
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Fort Union Formation 

The Paleocene Fort Union Formation directly underlies the Willwood Formation and, 

while in some areas it is located tens of meters below the stratigraphic occurrence of the PETM 

interval, in others their boundary almost exactly intersects the PETM. The Fort Union has mainly 

been dated biostratigraphically (Gingerich, 1976, 1980; Rose, 1980), though Butler et al. (1981) 

used magnetostratigraphy to correlate the Polecat Bench area of the formation with the Cenozoic 

magnetic polarity time scale. 

The formation is about 1,050m thick in the northern section of the basin where it is fully 

exposed due to Pleistocene-Holocene erosion. Its paleosols are well-developed, but 

predominately gray in color, as they are depleted in iron relative to the red and purple paleosols 

of the Willwood Formation (Kraus and Wells, 1999; Kraus and Riggins, 2007). Overall, the 

thickness of this formation, which is greater than 7,500 ft in the center of the basin, indicates that 

there was continued subsidence of the basin during the Laramide Orogeny (Clyde et al., 2007; 

Finn, 2010). Its grey paleosols give the Fort Union Formation a drab appearance next to the 

overlying Willwood Formation, which makes them relatively easy to distinguish in the field 

(Butler et al., 1981). 

 

Willwood Formation 

The Lower Eocene Willwood Formation has been dated to approximately 55 to 52 Ma. 

This dating was accomplished by correlating a combination of biostratigraphic and 

magnetostratigraphic data with the geomagnetic timescale (Tauxe et al., 1994; Secord et al., 

2006; Clyde et al., 2007). 
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The formation consists of a thick (~780 m) alluvial floodplain successional deposit. The 

formation itself is characterized by red, candy cane-like, banding (Bown and Gingerich, 1980; 

Butler et al., 1981). Overbank and avulsion deposits dominate the formation, with channel-belt 

sandstones making up less than 10% of the stratigraphy (Kraus et al., 2015). However, the 

Boundary Sandstone, an unusually thick and laterally continuous fluvial sand body that was 

likely deposited due to short-term climate alterations, is an exception with a maximum thickness 

of 33 meters and a mean thickness of 16.3 meters (Foreman, 2014). The floodplain paleosols of 

the Willwood Formation can be distinguished by their well-developed red; yellow-brown; and 

purple colors, which are not found in the northern part of the basin where our fieldwork was 

conducted (Kraus and Riggins, 2007; Kraus et al., 2015). 

 

PETM Environments 

The paleoenvironment of the northern Bighorn Basin changed continually throughout the 

PETM and post-PETM recovery interval. An initial decrease in rainfall of about 40% occurred at 

the beginning of the PETM. This was followed by a cycle of wet and dry intervals that suggest 

increased temperature and water stress to local flora and fauna. Eventually, a recovery interval 

was reached with a reappearance of a more humid climate, characterized by a return to pre-

PETM precipitation levels and cooler temperatures (Wing et al., 2005; Kraus and Riggins, 2007; 

Foreman, 2014; Kraus et al., 2015). 

 

Paleosols 

Differences in paleosol color, and the sedimentary features found within them, are key to 

interpreting the precipitation of intervals pre, during, and post PETM in the northern Bighorn 
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Basin. Paleosols differ in color due to oxygen availability and iron content when they were 

produced. Paleosol color in the basin, in decreasing order of precipitation, is gray, purple (rare in 

the northern part of the basin), brown (rare), yellow-brown, and red (Kraus and Riggins, 2007). 

Therefore, the stratigraphic occurrence of these paleosol colors can be used to interpret 

precipitation throughout the Paleocene Fort Union and Lower Eocene Willwood Formations 

(Figure 4). 

 

 

Figure 4. Stratigraphic sections showing the major types of paleosols present in the Bighorn 

Basin around the PETM. Other sedimentary features are also represented within the paleosols. 

A, B, C, D, and E illustrate sections of the Willwood Formation and F exemplifies a section of 

the Fort Union Formation (Kraus et al., 2013, Figure 3). 
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Other Sedimentary Features 

Additional sedimentary features within the paleosols can also be used to interpret 

precipitation around and during the PETM. These include nodules; mottles; and slickensides, 

which indicate times of wetting and drying (Kraus and Riggins, 2007). Root traces and 

rhizohaloes, root traces that would not be visible without a change in soil color, are also present 

(Figure 5) (Kraus et al., 2015). 

Two types of nodules are present in the paleosols of the Fort Union and Willwood 

Formations: yellow-brown siderite and carbonate. The presence of yellow-brown siderite 

nodules in soils indicates wetter conditions. Schwertmann and Fanning (1976) identified that an 

increase in the abundance and size of these nodules occurs as soil moisture increases, but they 

are absent from very poorly drained soils. Carbonate nodules form in drier conditions, though 

their development is slightly more complex (Adams et al., 2011). However, they are more 

common in soils from areas with seasonal climates that have an estimated mean annual 

precipitation of < 760mm (Royer, 1999) to < 1000mm (Retallack, 1994).  

Matrix chroma, a measure of the saturation of a color in the Munsell Color Chart, has 

also been shown to decrease as the length of time a soil is saturated increases. Matrix colors with 

a particularly low chroma (≤ 2) are commonly associated with seasonal saturation and gleying, 

the process of waterlogging and oxygen reduction, of soils (Evans and Franzmeier, 1986; 

Veneman et al., 1998; Adams et al., 2011). It should be noted that there has been some debate 

about the amount that paleosol colors reflect pedogenesis, the process of soil formation, versus 

burial diagenesis, chemical and physical changes to the sediment post-deposition during its 

conversion to a sedimentary rock (Retallack, 1991; Blodgett et al., 1993; PiPujol and Buurman, 

1994; Adams et al., 2011). However, chroma has still been shown to be useful in determining 
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poorly drained versus well-drained and oxygenated conditions in some paleosol studies, such as 

some relatively recent ones in the Bighorn Basin (e.g., Adams et al., 2011; Kraus et al., 2013) 

 

 

Figure 5. (A) Elongated gray mottles, likely rhizohaloes, in a red paleosol. Lens cap (64 mm 

diameter) for scale. (B) Yellow-brown nodules and mottles, shown with yellow arrows, 

embedded in gray mottles. All within a purple paleosol. (C) Gray rhizolith with a 

carbonaceous core (yellow arrow) surrounded by a yellow-brown rim (black arrow) in a gray 

paleosol. Lens cap for scale. (D) Carbonate nodules, shown with yellow arrows, in a red 

paleosol. Lens cap for scale (Modified from Kraus and Riggins, 2007, Figure 3). 

 

Paleontology 

Changing environments during the PETM resulted in changes in species diversity and 

habits within the Bighorn Basin. Examining paleosols and other sedimentary features can allow 

for a more precise interpretation of how the local environment changed throughout the PETM. 
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Transient changes in vegetation composition during the PETM show a shift from 

temperate paleofloras to flora characteristic of dry tropical and subtropical areas. This has been 

deduced by examining floral leaf margins and areas, to determine mean annual temperature and 

mean annual precipitation respectively (Wing et al., 2005). The flora taxa was also a mixture of 

native species and those that migrated to the area during the environmental changes of the PETM 

(Wing et al., 2005; D’Ambrosia et al., 2017). 

Invertebrates were also present in the basin during the PETM. Freshwater crayfish 

burrows, of the ichnospecies Camborygma litonomos, have been found in the Willwood 

Formation paleosols at Polecat Bench. Modern crayfish that construct similar burrows often do 

so to escape desiccation in areas with fluctuating water tables. Therefore, a sharp decrease in 

these burrows throughout the PETM suggests significantly improved soil-drainage and lower 

water tables on the Willwood floodplain (Figure 6) (Smith et al., 2008). 
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Figure 6. Outcrop views of prismatic soil structures, interpreted as freshwater crayfish 

burrows, with line drawings of the structures. Solid lines trace the individual prisms and dotted 

lines show slickensides (Smith et al., 2008, Figure 4). 

 

Previous research has shown that the size and behavior of soil invertebrates changed 

drastically during the PETM (Smith et al., 2009). Increased burrows from insects and 

oligochaetes (earthworms) have been found, as well as a decrease in crayfish burrows and 

molluscan body fossils. The former suggests longer soil development and increased drainage 

conditions while the latter is likely due to drier floodplain conditions and lower water tables. 

Overall, burrow diameters of a wide variety of soil invertebrates decreased by 30-46% during the 

PETM interval. With burrow size acting as an analogy for body size, this represents a major 

dwarfing of invertebrate soil fauna during this time (Smith et al., 2009). 
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Mammals 

Many modern mammalian orders of North America first appeared close to the Paleocene-

Eocene transition, these include Rodentia (rodents), Chiroptera (bats), Primates, Artiodactyla 

(even-toed ungulates, hooved animals, such as cattle and deer), and Perissodactyla (odd-toed 

ungulates, such as horses and rhinos) (Gingerich, 1989). 

The Bighorn Basin and adjoining Clarks Fork Basin in northwestern Wyoming contain 

one of the most complete and best-studied stratigraphic sections of continental Paleocene and 

early Eocene sediment in the world. The Clarkforkian-Wasatchian boundary is of particular 

interest in this area, as it closely coincides with the Paleocene-Eocene boundary. North American 

Paleogene land-mammal ages consist of three and seven mammalian biozones respectively, and 

are preceded by the six mammalian biozones of the Tiffanian. The beginning of the Clarkforkian 

can be distinguished in the rock record by the first appearance of Rodentia. Additionally, fossils 

of the pantodont Coryphodon are common during this land-mammal age. The Clarkforkian land-

mammal age ends with the first appearance of perissodactyl fossils. The beginning of the 

Wasatchian land-mammal age is also characterized by the first appearance of Artiodactyla and 

Primates (Gingerich, 1989, 2003). 

Dwarfing appears to have been a common evolutionary response of some mammals to 

past global warming events, such as the PETM. The extent of the dwarfing also seems to have 

been related to the magnitude of the event (Secord et al., 2012). Rising temperatures and 

drought, as well as decreasing nutrient availability, may have had a direct impact on the body 

size of large mammals in the Bighorn Basin during the PETM, possibly by decreasing primary 

productivity in their plant food sources or simply decreasing their biomass production. This 

could be supported by the occurrence of a dwarfing recovery of about 76% in early horses during 
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the PETM recovery interval (Wing et al., 2005; Kraus and Riggins, 2007; Secord et al., 2012; 

D’Ambrosia et al., 2017). 

The genus of interest in this study is Coryphodon (Suborder Pantodonta, Superfamily 

Coryphodontoidea, Family Coryphodontidae), which was a large herbivorous mammal (Figure 

7) (Simons, 1960; Secord et al., 2012). Coryphodon was also the first mammalian megaherbivore 

(body mass > 1000 kg), reaching sizes up to that of a small rhinoceros (Uhen and Gingerich, 

1995). Additionally, previous analysis of their enamel 𝛿18O values found that Coryphodon was 

probably water-dependent or even semi-aquatic and therefore aridity-insensitive (Clementz et al., 

2008; Secord et al., 2012). 

 
Figure 7. Coryphodon skeleton and an artistic interpretation of the genus by Heinrich Harder. 

(Images from 

http://www.copyrightexpired.com/earlyimage/bones/sharp/display_osborn_coryphodon.htm 

and http://www.copyrightexpired.com/Heinrich_Harder/coryphodon.html). 
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Summary of Background Information 

The PETM was a time of intense, rapid global warming about 55.5 million years ago, 

which can be used as an analogy for the modern climate that will be reached in 5-10 human 

generations if the current upward trend of fossil fuel emissions continues (Wing et al., 2005; 

Kraus and Riggins, 2007; Gingerich, 2019). Wyoming’s Bighorn Basin is an ideal location to 

study the PETM’s local effects on sedimentation, precipitation, flora, and fauna. In this area, 

there was an initial decrease in rainfall followed by wet and dry cycles with increased 

temperature and water stress to local species. Finally, a recovery interval was reached where 

precipitation returned to pre-PETM levels and temperatures cooled. These events are reflected by 

changes in local paleosols, sedimentary features, flora, and fauna (Gingerich, 2003; Wing et al., 

2005; Kraus and Riggins, 2007; Smith et al., 2008; Kraus et al., 2015). 

While some fauna went extinct in response to the changing climate, others responded by 

dwarfing. Coryphodon, a large herbivorous mammal and the first mammalian megaherbivore, is 

a species that responded by dwarfing and is relatively common in the basin (Simons, 1960; Uhen 

and Gingerich, 1995; Secord et al., 2012). Therefore, it is the focus of this study. Previous 

studies have suggested that Coryphodon was semi-aquatic based on morphological features of 

their skeleton and enamel δ 𝑂18  values (Clementz et al., 2008). Therefore, I hypothesize that 

Coryphodon will mainly be found in aquatic or semi-aquatic facies throughout the PETM 

interval. 
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Methods 

Field Methods 

Data for this study were collected in the Sand Coulee area of the northern Bighorn Basin, 

more specifically in the Gingerich (2001) localities from Table 1. Care was taken to prospect for 

samples in a range of biozones surrounding the PETM in order to gain a broader insight into 

Coryphodon during this interval. The data consist of 14 stratigraphic sections in total, each of 

which contains a Coryphodon bearing unit. Of these, 11 contained fossil in situ and 3 were 

hypothesized to be the bone-bearing layer due to where the highest in-situ fossil was found and a 

comparison of bone color and preservation with unit matrix and mottling colors as well as grain 

size. Sections were measured by digging down to unweathered bedrock in ~0.5-meter-wide 

trenches (Figures 8 & 9). The following features were observed for each unit: thickness; grain 

size; matrix and mottling colors (using a Munsell Color Chart); mottling percent; abundance and 

type of nodules; shrink-swell features such as slickensides and clay cutans; lower contacts; and 

interesting attributes such as organic matter, invertebrate fossils, sedimentary features, and 

mottling color or percentage changes throughout the unit (Figure 10 & 11). 
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Figure 8. Trenched and cleaned stratigraphic section CORY 19-59 in the field before analysis. 

 

 

Figure 9. Measuring units in stratigraphic section CORY 19-35 using a Jacob’s staff. 
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Figure 10. Observing hand samples from stratigraphic section CORY 19-58 to determine grain 

size, matrix color, mottling color, and mottling percent. 

 

Figure 11. A large amount of variability was observed between different stratigraphic units, 

specifically with respect to mottling color and percent. For example, the left image shows a 

rock with a fair amount of yellowish and purplish-red mottling from stratigraphic section 

CORY 19-54, while the right image is of a rock with very little orangish-brown mottling from 

stratigraphic section CORY 19-13. 
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Soil Morphology Index (SMI) Calculation 

Using the methods described in Adams et al. (2011) and the Excel file provided in 

Appendix 1 of Kraus et al. (2013), a soil morphology index (SMI) number was calculated for 

each paleosol unit, which describes the soil moisture at the time of deposition for each unit. The 

factors which are important for calculating this number are matrix chroma (using the Munsell 

Color Chart), carbonate nodules, and yellow-brown siderite nodules. This index can be used to 

determine changes in drainage throughout the stratigraphic section as well as changes in drainage 

between the units where Coryphodon was found. 

A scoring system, created by Adams et al. (2011), was used to calculate the SMI number 

of each claystone, mudstone, and siltstone unit. Matrix chroma ranged from 1 to 3 in the sampled 

units, therefore the minimum points assigned for this category was 1 and the maximum 3. The 

presence, size, and abundance of carbonate nodules and yellow-brown siderite nodules were then 

scored using Adams et al. (2011) Table 2 (Table 2), receiving either 0, 3, or 6 points for each of 

the two types of nodules. These three numbers were then summed for each unit to determine the 

SMI number of that unit. 

 

Table 2. Points assigned in the soil morphology index (SMI) calculation based on the presence, 

size, and abundance of carbonate nodules and yellow-brown siderite nodules in the sampled units 

(Adams et al., 2011, Table 2). 
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Stratigraphic Column Creation 

Stratigraphic columns were created in Adobe Illustrator. U.S. Geological Survey 

lithology patterns (Illustrator swatches) were used to differentiate rock types. Matrix and 

mottling colors were derived from the Munsell Color Chart. The percentage of mottling was 

roughly portrayed by the number of mottling shapes present in the unit. 

RGB values were determined for the Munsell Color Chart using the Virtual Online Color 

Wheel created by Andrew Werth, which is a visual representation of RGB values calculated by 

The Munsell Color Science Laboratory (http://www.andrewwerth.com/color/). Since exact RGB 

equivalents only exist for Munsell colors with even chroma, the other representative colors were 

estimated. To do this, Munsell colors with exact RGB equivalents were blended in Illustrator 

using the blending tool to generate RGB representative colors for the Munsell colors with no 

exact RGB equivalent (i.e. a neutral chroma and a chroma of 2 to create a color for a chroma of 1 

or a chroma of 2 and a chroma of 4 to create a color for a chroma of 3). 

 

Results 

Stratigraphic Columns 

Stratigraphic columns were created for each section and grouped by mammalian biozone. 

Clarkforkian 2 is represented by columns 19-34, 19-35, 19-52, and 19-53 (Figures 13-16); 

Clarkforkian 3 is represented by columns 19-13, 19-22, 19-23, 19-29, 19-32, and 19-54 (Figures 

17-22); Wasatchian 1 is represented by column 19-58 (Figure 23); Wasatchian 2 is represented 

by column 19-67 (Figure 24); and Wasatchian 4 is represented by columns 19-57 and 19-59 

(Figures 25 and 26). An overall legend was also created to be used with all stratigraphic columns 

(Figure 12). Detailed field notes on these stratigraphic sections can be found in the appendix. 
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Figure 12. Legend for the following stratigraphic columns.  

 

Clarkforkian 2 

 

Figure 13. Column is CORY 19-34. The thickness of this unit is unknown. See figure 12 for 

legend. 

 

Figure 14. Column is CORY 19-35. See figure 12 for legend. 
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Figure 15. Column is CORY 19-52. See figure 12 for legend. 
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Figure 16. Column is CORY 19-53. See figure 12 for legend.  
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Clarkforkian 3 

 

Figure 17. Column is CORY 19-13. See figure 12 for legend. 
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Figure 18. Column is CORY 19-22. See figure 12 for legend. 
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Figure 19. Column is CORY 19-23. The thickness of this unit is unknown. See figure 12 for 

legend. 

 

 

Figure 20. Column is CORY 19-29. See figure 12 for legend. 
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Figure 21. Column is CORY 19-32. See figure 12 for legend. 
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Figure 22. Column is CORY 19-54. See figure 12 for legend. 
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Wasatchian 1 

 

Figure 23. Column is CORY 19-58. See figure 12 for legend.  
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Wasatchian 2 

 

Figure 24. Column is CORY 19-67. See figure 12 for legend.  
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Wasatchian 4 

 

Figure 25. Column is CORY 19-57. The thickness of this unit is unknown. See figure 12 for 

legend. 

 

 

Figure 26. Column is CORY 19-59. See figure 12 for legend.  
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Soil Morphology Index (SMI) Numbers 

SMI numbers were calculated for each Coryphodon unit. These were used to determine if 

there are statistically significant differences in the wetness of the paleoenvironments that 

Coryphodon fossils were deposited in between mammalian biozones (Figure 27). Higher 

numbers indicate dryer conditions while lower numbers indicate wetter ones. Lower numbers 

can be observed through the Clarkforkian, a large increase occurs in Wasatchian 1 and a large 

decrease in Wasatchian 4. Wasatchian 0 and 3 were not sampled. 

 

Figure 27. The average SMI number for the units containing Coryphodon in each mammalian 

biozone. A higher number represents a drier stratigraphic unit. The drying of the PETM interval 

can be observed between Clarkforkian 3 and Wasatchian 1, as there are no samples from 

Wasatchian 0. There are also no samples from Wasatchian 3. 
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Chi-Square Test 

A chi-square test was run to determine if there is a relationship between the SMI numbers 

of Coryphodon units and the biozones these units are from (Figure 28). This test resulted in a 

significant result (p-value = 0.01379). Therefore, the null hypothesis can be rejected, which 

means that the distribution of counts across categories is not random, so SMI numbers of 

Coryphodon units are dependent on mammalian biozone. The residuals for a chi-square are the 

difference between the observed and expected counts by table cell. The greater that residual the 

more it affects the significance of the chi-square test. The residuals with the greatest contribution 

to the significant result are an SMI of 15 for Wasatchian 1 (residual contribution of 39.05%), an 

SMI of 13 for Wasatchian 2 (16.63%), an SMI of 4 for Wasatchian 4 (6.63%), an SMI of 5 for 

Clarkforkian 2 (5.78%), and an SMI of 7 for Clarkforkian 3 (3.85%).  

 

Figure 28. The spread of SMI numbers by biozone. Clarkforkian 3 has 6 Coryphodon bearing 

units but they all have the same SMI number. Wasatchian 1 and 2 only have one Coryphodon 

unit each. 
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ANOVA & Z-scores 

The average SMI of the Coryphodon units in each biozone is normally distributed as 

shown by a Shapiro-Wilk test (W = 0.90198, p-value = 0.4209). Therefore, an ANOVA was run 

since that is parametric and assumes a normal distribution of the data. The ANOVA resulted in a 

significant result (p-value = 0.0196), which means that the null hypothesis can be rejected and 

the means of SMI values from at least one pairing of biozones from which these samples were 

drawn are significantly different. A Tukey test was then run to determine which pairing of 

biozones contained statistically different means of SMI values. The results showed that there is a 

significant difference between the SMI means of Clarkforkian 3 and Wasatchian 1 (p-value = 

0.0414139) as well as Wasatchian 1 and Wasatchian 4 (p-value = 0.0325651). This is interesting 

as the PETM occurred between Clarkforkian 3 and Wasatchian 1, and Wasatchian 1 is before the 

PETM recovery interval whereas Wasatchian 4 is after that interval. 

Z-score tests were also run between the SMIs of the biozones that the Tukey test found to 

be significantly different in order to verify these results. A Z-score above 1.96, which is the 95th 

percentiles, means that the sample is statistically different from the population it is being 

compared to. In this case, the “population” is really just the samples in a different biozone that 

contains more than one sample. The SMI of the Wasatchian 1 sample is an outlier of the SMIs of 

the Wasatchian 4 “population”, therefore they are statistically from different populations (Z-

score = 4.478343). The same is true for the SMI of the Wasatchian 1 sample and the 

Clarkforkian 3 “population” (Z-score = 0, since the standard deviation is 0). 
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Mann-Whitney Test 

A Mann-Whitney test was run to compare the SMI numbers of pre- and post-PETM 

stratigraphic units containing Coryphodon. This test was selected because the pre-PETM SMI 

numbers are not normally distributed (W = 0.54858, p-value = 1.357e-05). The test yielded a 

non-significant p-value of 0.5091. Therefore, the null hypothesis that the difference in the 

medians of these two variables is zero cannot be rejected. This means that the SMI numbers of 

the pre- and post-PETM stratigraphic units containing Coryphodon are not statistically 

significant from one another. 

 

Discussion 

My hypothesis, that the proposed semi-aquatic mammal Coryphodon would mainly be 

found in aquatic or semi-aquatic facies, is partly supported by the data. In the Clarkforkian 2 and 

3 biozones, Coryphodon was found mainly in aquatic and semi-aquatic facies as well as in soils 

with evidence of wet and dry cycles, supporting my hypothesis. However, following the PETM, 

in Wasatchian 1, 2, and 4, there is only one instance of Coryphodon being found in a wetter soil, 

and no instances of it in a pond, swamp, or fluvial deposit (Table 2). This preliminary data 

suggest that Coryphodon was buried, and might have lived, in wetter habitats before the PETM, 

but was able to adapt to drier habitats post-PETM. 
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Biozone Sampling Location Paleoenvironmental Hypothesis 

Wasatchian 4 19-59 Intermediate soil 

Wasatchian 4 19-57 Wetter soil with wet and dry cycles 

Wasatchian 2 19-67 Drier soil 

Wasatchian 1 19-58 Drier soil 

Clarkforkian 3 19-54 Fluvial deposit 

Clarkforkian 3 19-32 Soil with wet and dry cycles 

Clarkforkian 3 19-29 Pond or swamp  

Clarkforkian 3 19-23 Soil with wet and dry cycles 

Clarkforkian 3 19-22 Soil with wet and dry cycles 

Clarkforkian 3 19-13 Soil with wet and dry cycles 

Clarkforkian 2 19-52 Fluvial deposit 

Clarkforkian 2 19-34 Drier soil 

Clarkforkian 2 19-35 Swap or water-logged soil 

Clarkforkian 2 19-53 Pond 

 

Table 2. Paleoenvironmental interpretations based on soil features of the Coryphodon units in the 

measured stratigraphic columns, sorted from the youngest on top to oldest on bottom. 
 

This potential shift in Coryphodon habitat preference, from aquatic and semi-aquatic to 

drier paleoenvironments, may be evidence that the changing paleoenvironment that Coryphodon 

lived in was in large part due to the PETM. However, it could also be that by increasing the 

sample size of units containing Coryphodon, specifically in the later biozone groupings that 

contain very few samples, they may be found in aquatic and semi-aquatic facies in these 

biozones as well. Additionally, it may be possible that they did live in these types of facies but 

were for some reason fossilized in or at least preserved better in soils as opposed to in swamps, 

ponds, and rivers in later biozones. 

As the sample size of this study is relatively small, especially within biozone groupings, 

error is an important consideration. Wasatchian 0 and 3 were not represented and only one 

sample was collected for Wasatchian 1 and 2. Therefore, while preliminary data does show 

trends, even some that are significant, more data is crucial in order to increase the sample size 

and see if the observed differences of Coryphodon units between biozones still hold. 
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Additionally, the Soil Morphology Index (SMI) system, originally created by Adams et 

al. (2011), may not be the best way to numerically analyze the data from this area, as many of the 

layers do not contain any nodules, and the chroma only spanned 1 through 3. This meant that a 

large number of the Coryphodon bearing units have an SMI number between 6 and 8. 

Statistically, this means that the data is skewed towards these central SMI numbers despite the 

fact that there were paleoenvironmental changes between units with the same or very similar 

SMI numbers. This was particularly evident between soils that contained slickensides or clay 

cutans, and therefore indicated the presence of wet and dry cycles, and those that did not. It was 

also evident statistically when running a Mann-Whitney test to comparing the SMI numbers of 

the pre- and post-PETM stratigraphic units containing Coryphodon, as this test did not yield a 

significant result but when considering all observations there is a more obvious shift in the 

hypothesized paleoenvironments. Therefore, I propose that the presence or absence of additional 

sedimentary features, such as slickensides and clay cutans, may need to be included in 

calculating SMI numbers in order to have them better represent changing paleoenvironments as 

well as make it easier to statistically analyze the differences between these paleoenvironments. 
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Summary 

1. My hypothesis was that the alleged semi-aquatic mammal Coryphodon would mainly be 

found in aquatic or semi-aquatic facies throughout the PETM interval. 

2.  Statistical analysis of soil morphology index (SMI) numbers indicate that there is a 

significant difference between the wetness of the paleoenvironments containing Coryphodon 

in mammalian biozones Clarkforkian 3 and Wasatchian 1, or before and after the main 

Paleocene-Eocene Thermal Maximum (PETM) interval, and Wasatchian 1 and Wasatchian 4, 

or pre- and post-PETM recovery interval. Based on our samples, Coryphodon is found in 

layers indicating a semi-aquatic habitat before the PETM but not afterward. 

3. The number of samples in this study is small, especially after dividing samples into 

mammalian biozone groups. Therefore, more samples need to be collected and analyzed in 

order to increase confidence, both observationally and statistically, in the new hypothesis that 

Coryphodon lived in different paleoenvironments before and after the PETM.  
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