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ABSTRACT 

 

  

The White River Group (WRG) represents consistent alluvial to eolian deposition 

across the North American Great Plains region during the late Eocene and early 

Oligocene, creating one of the most complete terrestrial records of the Eocene-Oligocene 

Transition (EOT). The WRG is an archive of paleosols and biogeochemical signals, 

including vertebrate fossils and plant-derived organic compounds, that provide useful 

paleoclimate proxies. Contextualizing these proxies with newly dated tuffaceous ash beds 

allows for a high-resolution climate reconstruction that can be correlated to other 

terrestrial sections and the marine record. This study combines paleosol derived climate 

proxies with leaf wax n-alkanes and magnetic susceptibility to create a multi-proxy 

record related to aridity during the EOT.  

Paleosol and leaf wax analyses suggest that a stable subhumid environment, 

dominated by forested landscapes, was consistently present until the onset the EOT-1. 

During this time, n-alkane average chain length ranges from 29.29-29.92 and suggest 

minimal input from grasses. Between 35.224 - 33.939 Ma, a decrease in ACLs is 

concurrent with increased mean annual temperature and precipitation, negating previous 

assertions of prolonged late Eocene climate degradation. An abrupt 550.29 ± 147 mm 

drop in MAP is coincident with the EOT-1. This is the first terrestrial EOT study in the 

Great Plains region to produce a drop in MAP associated with the EOT that falls outside 

the statistical margin of error. In the earliest Oligocene, increased ACLs suggest a 

transition to grass-like landscapes. A change in landscape vegetation is supported by 

paleosol characteristics that suggest a shift to mollisols, including dense drab halo root 
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traces and phosphorus trends that indicate mollic epipedons. CIA-K of B-horizons also 

indicate an abrupt shift from alfisols to mollisol across the Eocene-Oligocene boundary. 

MS is strongly correlated with MAP in the late Eocene and shows the potential for a 

regionally specific transform function for estimating precipitation when MAP is > 700 

mm/yr. Additionally, this study demonstrates that accurate interpretation of leaf wax n-

alkanes relies on understanding the original n-alkane position within the paleosol profile 

and the impact of depositional events on plant succession.  

The negligible drop in MAT from the paleosol proxies in this study do not support 

the findings of Zanazzi et al. (2007). However, this study closely agrees with Boardman 

and Secord (2013), which does not show any meaningful decrease in δO18 from fossil 

tooth enamel. Boardman and Secord (2013) also interpret a shift towards open biomes 

and reduced “wetter habitats,” which is consistent with the shift away from Alfisols in the 

Eocene, to inceptisols and mollisols in the early Oligocene as described in this study. 
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CHAPTER 1: 

INTRODUCTION 

1.1 Significance of the Eocene-Oligocene Transition  

Geoscientists concerned with modern climate change have converged on the 

Cenozoic era as paramount for understanding Earth’s climate response to external 

forcings and atmospheric change (Zachos, Pagani, Sloan, Thomas, and Billups, 2001).  

Despite an overall cooling trend for the past 50 Ma, the Cenozoic has been the setting for 

large climate variations, relatively rapid transitions between polar glacial and interglacial 

periods, and abrupt climate events  (Beerling and Royer, 2001; Hansen et al., 2008; 

Westerhold et al.,  2020) . One such event is the Eocene-Oligocene Transition (EOT), a 

major cooling period that begins the shift towards modern glaciated conditions (Figure 1) 

(Zachos, Quinn, and Salamy, 1996). This exceptionally transitory period, lasting less than 

400kyr, was recognized in marine sediments by high resolution studies detailing the 

continuously increasing δO18 trend that followed the Early Eocene Climate Optimum 

(Miller, Fairbanks, Mountain, 1987) . Recent studies have resolved two distinct positive 

shifts in δO18 at 33.8 Ma and 33.63 Ma, making up the two “steps” of the EOT (Katz et 

al., 2008; Miller, et al 2009). The EOT is followed by Oi-1, a subsequent cooling event 

occurring at 33.54 Ma that is based on a 1.0‰ δO18 increase in marine sediments (Coxall, 

Wilson, Palike, Lear, and Backman, 2005).  

Understanding the global mechanisms responsible for such an abrupt shift from 

greenhouse to glaciated, icehouse conditions is a major motivation for continued study of 

the EOT. A widely accepted tectonic influence on the EOT is the opening of the Drake 

Passage (Nowlin and Clink, 1986; Rintoul, Hughes, and Olbers, 2001). This allowed the  
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Figure 1. Cenozoic Era deep Ocean δO18 and temperature with the onset of the EOT 

and Oi-1 labeled. Blue bars show the occurrence of ice sheets. Dark and light blue 

colors correspond to cooler and warmer conditions, respectively. Modified from 

Hansen et al. (2008). 
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formation of the Antarctic Circumpolar Current (ACC), a current system comprised of 

multiple eastward jet streams below 20○ S. Unencumbered by land masses, this current 

system connected each of the ocean basins surrounding Antarctica. Coxall et al. (2005) 

asserts that the formation of the ACC occurs during a period of orbital forcing. 

Specifically, low eccentricity and a low amplitude change in obliquity combined with the 

ACC to dampen seasonality and attenuate the prolonged warm summer winds that 

previously hindered ice-sheet growth. However, if orbital forcing was the sole cause of 

ice-sheet expansion and cooling, EOT- like events would manifest as cyclical and 

repeating patterns. As a result, current models combine orbital and tectonic influence 

with a global draw down in CO2 (Hren et al., 2013; Goldner, Herold, and Huber, 2015). 

This relationship between the EOT and atmospheric CO2 underscores the importance of 

Cenozoic paleoclimate research for understanding our current climate crisis.  

The global synchronicity of the EOT is supported by numerous studies of 

sediment cores recovered by the Ocean Drilling Project and Deep-Sea Drilling Project 

(Keller, Macleod, and Barrera, 1992).  While these studies have answered questions 

related to the average global temperature during the EOT, the climate response across 

terrestrial environments is currently open to interpretation. Unlike the quasi-continuous 

record of the EOT offered by marine sediments, terrestrial interpretations rely on 

correlating disparate stratigraphic sections deposited in different regional environments at 

varying latitudes (Sahy, Condon, Terry, Fischer, and Kuiper, 2015; Pound and Salzmann, 

2017). Regardless, there remains evidence for ecologic and climatic trends related to the 

EOT. Shifts from evergreen subtropical and tropical floral communities to deciduous and 

semi-evergreen communities are interpreted in Southern England, the Great Plains 
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region, and the Pacific Northwest (Utescher et al., 2020 ). Mid-latitude sections are 

described, with some debate, as transitioning to open biome habitats (Boardman and 

Secord, 2013) . In the early Oligocene, a decline in floral diversity and turnover in some 

faunal assemblages is associated with the EOT (Deng, et al. 2020; Leopold and Zaborac-

Reed, 2019; Pound and Salzmann, 2017). 

High levels of uncertainty in paleothermometry are an obstacle for interpreting 

the degree of terrestrial cooling during the EOT. Studies analyzing the same regional 

stratigraphy have produced a range of temperatures and conflicting trends (Zanazzi, 

Kohn, MacFadden, and Terry, 2007; Kohn et al., 2008; Lielke, Manchester, and Meyer, 

2012). . However, continued research increases the evidence for synchronous global 

cooling across terrestrial sections. Zanazzi et al (2008) interpreted a drop of 8.2 ± 3.1 ℃ 

in the North American Great Plains region using δO18 from fossil teeth and bone, the 

highest degree of cooling interpreted from any terrestrial section. Palaeoflora from 

Eocene and Oligocene-aged deposits of Oregon suggest a decrease of 3-4 ℃ (Meyers, 

2003). Conversely, Kohn et al (2008) used techniques similar to Zanazzi et al. (2007) in 

Argentina and interpreted evidence for a stable temperature during the EOT. Hren and 

Clowyn (2019) recently reexamined terrestrial sections in Argentina using hydrogen 

isotopes from volcanic glass and interpreted a ~5℃ drop during the EOT and 

demonstrated close coupling with atmospheric pCO2, strengthening the current 

hypothesis that a drawdown in atmospheric CO2 was the main driver for the EOT. 

Measurements of aridity across the EOT have not garnered the same attention as 

paleothermometry. A lack of certainty exists between studies aiming to quantify the 

extent of aridity in terrestrial sections that span the EOT. By examining the numerous 
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paleosols preserved in the White River Group of northwest Nebraska, the goal of my 

study is to create a multiproxy record of aridity leading up to and during the EOT. The 

White River Group contains sections that fully preserve this time period, potentially 

making this the highest resolved study of aridity during the late Eocene in North 

America.   

 

1.2 White River Group Background   

1.2.1 Geologic Background  

The White River Group (WRG) represents consistent alluvial to eolian deposition 

across the North American Great Plains region during the late Eocene and early 

Oligocene, creating one of the most complete terrestrial records of the EOT (Retallack, 

1983; Terry, 2001; Griffis, 2011; Terry 2015). The occurrence of the WRG in the 

stratigraphic record marks the beginning of terrestrial deposition in the northern Great 

Plains region following the Laramide Orogeny and subsequent retreat of the Western 

Interior Seaway (Terry, 1998) (Figure 2). The Hartville, Black Hills, and Laramie uplifts, 

along with structural features associated with these orogenic events, formed easterly 

flowing drainage patterns (Clark, 1975; Stanley and Benson, 1979). These new stream 

systems deposited the WRG from the eastern flank of the Colorado Rockies throughout 

the Great Plains (Lukens, 2013). The WRG is primarily composed of reworked 

volcaniclastic material containing minimal amounts of eroded siliciclastic sediments from 

various Laramide uplifts. In the basal portions of WRG, depositional environments are 

primarily meandering fluvial channels that transition to sheet-like morphologies above 

the Eocene-Oligocene boundary. In the uppermost units, deposition is dominantly eolian. 
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Lacustrine facies are observed throughout the WRG and are attributed to spring fed lakes 

(LaGarry and Terry, 1998).  

The WRG was deposited during a period of excessive volcanism and includes 

numerous tuffaceous ash layers that originated from eruptions in Utah-Nevada (Larson 

and Evanoff, 1995). These ash beds blanketed the region and remain well preserved in 

the strata. The resulting chronostratigraphy creates a well-constrained temporal 

framework, making possible the correlation of global climate events between terrestrial 

and marine realms. Sahy et al (2015) conducted high precision 206Pb/238U zircon dating 

on deposits in Toadstool Geologic Park, Nebraska and Flagstaff Rim, Wyoming, and 

refined the geochronology of the WRG (Figure 3). My study relies heavily on these ash 

beds as age markers and indicators of paleolandscapes (Figure 3), in particular TP-1 

(35.224 ± 0.038), TP-2 (34.478 ± 0.021 Ma), and the UPW (33.939 ± 0.033 Ma). In 

addition to increasing the temporal resolution of the late Eocene, the UPW can be used as 

an approximate marker for the Eocene-Oligocene boundary. Current estimates for the E-

O boundary fall between 33.7 – 34 Ma (Boulila, Dupont-Nivet, Galburn, Bauer, and 

Chateauneuf, 2021). 

Toadstool Geologic Park is a recreational area operated by the United States 

Department of Agriculture and is located 24 km north of Crawford, NE. The geologic 

framework used for the White River Group at Toadstool Geologic Park follows Terry 

(1998, 2001), Terry and LaGarry (1998) and LaGarry (1998) (Figure 4). The majority of 

paleosol profiles were collected from the Chadron and Brule Formations. The oldest 

profile was collected from the upper boundary of the Chamberlain Pass Formation, just 

beneath the contact with the Chadron Formation.  
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Figure 2:  Outcrops of the White River Group across the 

Northern Great Plains. Toadstool Geologic Park (T) 

circled. Other sites mentioned in this study include: F = 

Flagstaff Rim, WY, D= Douglass, WY, B = Badlands 

National Park, SD (Modified from Terry, 2001) 
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The late Eocene Chamberlain Pass Formation is the basal unit of the WRG and 

disconformably overlies Cretaceous strata that were modified by a regional episode of 

soil formation referred to as the Yellow Mounds Paleosols Series (Figure 5) (Retallack, 

1983). The Chamberlain Pass Formation is recognized as white channel sandstones 

containing tabular and trough cross beds and massive red overbank mudstones that have 

been pedogenically modified. The channel facies is a mix-load meandering stream with 

coarse pebble and cobble lag. Intense soil formation at the top of the unit, the Interior 

Paleosol Series of Retallack (1983), represents a disconformable contact with the 

overlying Chadron Formation (Terry and Evans, 1994).  

The Chadron Formation is comprised of the lower Peanut Peak Member and 

upper Big Cottonwood Creek Member (BCCM). The Peanut Peak Member is a smectite-

rich hummocky mudstone differentiated from the Chamberlain Pass Formation by blue-

green color, unique haystack morphology, and a pop-corn weathering pattern (Terry, 

1998). At Toadstool Geologic Park, the Peanut Peak Member is conformably overlain by 

the BCCM. The BCCM is a pedogenically modified silty claystone unit distinguished by 

variegated colors and cliff forming erosional relief. The BCCM also contains lacustrine 

limestones, meandering fluvial channels, and tuffaceous ash layers. The upper 3-5 m of 

the BCCM contains the Eocene-Oligocene boundary, delineated by the UPW ash layer 

(Lukens, 2013; Sahy, 2015, etc.). 

Above the UPW ash layer the BCCM transitions into the Brule Formation. In 

Northwest Nebraska, the Brule Formation consists of the Orella Member, Whitney 

Member, and the informal Brown Siltstone (LaGarry, 1998). The Orella and Whitney  
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Figure 3 Toadstool Geologic Park composite stratigraphic column. 

The Chamberlain Pass Fm. (not pictured) underlies the Chadron Fm. 

EOT placement is generalized. Ash beds important to late Eocene 

period marked and listed to the right. Samples above TD-6 are from 

Lukens (2013) and were measured for magnetic susceptibility. SD = 

Serendipity,  SL = Sugar Loaf, GC = Green Castle, TD = Toadstool. 

Big Cottonwood Creek Member = BCCM, GB = Green Beds, LLO 

= Lowest Lower Orella, MUO = Middle Upper Orella, Peanut Peak 

Member = PP, UUO = Uppermost Upper Orella (Modified from 

Grandstaff and Terry, 2009) 

TPPC 
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D E 

Oligocene  

Eocene 

UPW  

C 

Figure 4. Selected outcrop and macroscopic paleosol features. A) 

Chamberlain Pass Formation (CPF) overlying Yellow Mounds Paleosol Unit 

(YMP) and capped by the Peanut Peak Member (PPM). B) Green Castle 

Section of the Chadron Formation (BCCM) at Toadstool Geologic Park.  

Note banded appearance of paleosol profiles.   C) UPW separating Eocene 

and Oligocene Epochs and Toadstool Park Channel Complex D) Drab Halo 

Root Traces (green). E) Sub-angular blocky ped structures. Note scale in 

upper right. 

CPF  

YMP  
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Members are included in this study. The Orella Member is divided into an upper and 

lower unit. The lower unit overlies the BCCM and is noteworthy for the Toadstool Park  

Channel Complex, a series of paleochannels approximately 19.5 m deep that cut 

downward to the UPW and were subsequently backfilled with sheet sandstones and 

pedogenically modified mudstones (Figure 5) (Wells, Terry, and LaGarry, 1995). The 

Horus and Serendipity ash beds are preserved within this paleovalley and can be traced 

laterally to their previous upland positions (Figure 3).  Within the paleovalley the Horus 

and Serendipity ashes are separated by 7 m of strata, but outside of the paleovalley the 

separation is reduced to 3 m (Kennedy, 2011).  The Upper Orella contains higher 

proportions of eolian volcaniclastic silt and marks a shift to avulsive fluvial deposits 

containing thin sandstones, interbedded with claystone and siltstone. The transition from 

the Orella Member to the Whitney Member is marked by a distinct change to aeolian 

volcaniclastic siltstone and distinct tuffaceous ash layers (lower and upper Whitney ash 

beds). Fluvial channels become rare in the upper Whitney Member (Lukens, 2013).   

 

1.2.2 Paleosols of Toadstool Geologic Park 

The terrestrial paleoclimate proxies in my study are interpreted from a 

paleopedological perspective. At a minimum, soil profile position and the demarcation of 

the paleolandscape adds context to various proxies. As such, Terry’s (2001) 

characterization of late Eocene pedotypes within the Chadron Formation and the study by 

Lukens (2013) on the pedological impacts of increasing aeolian sedimentation throughout 

the Brule Formation are the foundations for this project. Terry (2001) interprets the Big 

Cottonwood Creek Member (BCCM) of the Chadron Formation as a period of transition 
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from Alfisols to Mollisols. The predominant soil type, or “pedotype”, of the lower 

BCCM represents well-developed soils that likely formed under a stable forested 

landscape. Argillans, blocky ped structures, and slickensides suggest well drained soil 

conditions and mature profiles. The presence of stage IV-V pedogenic carbonate in some 

profiles suggests periods of very stable geomorphic conditions with soil formation 

occurring over hundreds of thousands of years. The shift to Mollisols higher in the 

BCCM is supported by a diminished presence of these features while also noting a 

decrease in root traces from 3 cm to hair-like structures (Terry, 2001). Additionally, 

phosphorus distributions (sensu Smeck, 1973) in the upper part of the BCCM are 

suggestive of grass-like landscapes and mollic epipedons. Intensely drab-colored A 

horizons suggest dense roots systems of grass-like vegetation similar to  mollic 

epipedons. Near the top of the Chadron Formation is the Darton Pedotype of Terry 

(2001). This pedotype is directly overlain by the UPW ash bed (33.939 Ma) and 

represents pedogenesis directly before the onset of EOT-1. The Darton pedotype lacks 

the physical signs of maturity seen the in Hayden Pedotype near the base of the BCCM 

and is estimated to have formed over 8,000-15,000 years (Terry, 2001). The Darton 

pedotype is interpreted as a mollisol, though it contains an 80 cm thick Bt horizon, 

leaving some ambiguity regarding the role of climate and other pedogenic controls during 

this time period. In more recent years, the veracity of the geochemical data in Terry 

(2001) has come under scrutiny (Lukens, 2013). All paleosols in the Chadron Formation 

are alkaline and classified in the “Ustic” suborder due to the presence of pedogenic 

carbonate. With this study, I intend to increase the resolution of the late Eocene and onset 

of the EOT by analyzing paleosols found between the Hayden and Darton pedotypes 
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(using updated geochemistry for these two profiles), as well as paleosols that formed 

above the UPW, within the transition between the Chadron and Brule Formations in the 

earliest Oligocene. 

Lukens (2013) analyzed nine Oligocene paleosol profiles throughout the Orella 

and Whitney Members of the Brule Formation (Figures 4 and 5). The lowest profile is 

positioned ~5 m below the Horus Ash Layer (age N/A). The uppermost profile is directly 

overlain by the Lower Whitney ash layer (31.777 Ma ± 0.038). Both the Orella and early 

Whitney Members are dominated by Inceptisols. Some paleosols show evidence of Bw → 

Bt horizonation, suggesting conditions were suitable to produce mature soils. Within the 

Orella Member, the predominance of less mature soils (entisols and inceptisols) was the 

result of frequent, discrete depositional events that buried the land surface and terminated 

pedogenesis. A key finding from the Whitney Member is the shift away from the top-

down soil forming mechanics that had been the primary process in the younger fluvial 

environments. The sedimentation rate during the deposition of the Whitney Member 

forced soils to incorporate additional eolian material. Instead of burial, soil profiles 

experienced “up-building” as soil forming processes were maintained during 

aggradational pedogenesis (Almond and Tolkin, 1999). Unfortunately for paleoclimate 

reconstruction, this causes an over-printing of former horizons as the newly deposited 

material is pedogenically modified and the paleolandscape effectively aggrades through 

time. This overprinting obscures both macro and micro interpretations, as well as the 

ability to establish defined land surfaces.  Rates of slower eolian aggradation are marked 

by greater concentrations of pedogenic carbonate and drab haloed root traces throughout 

the Whitney Member (Figure 5). 
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1.2.3 EOT Paleoclimate Research: Toadstool Park and the regional 

expression of the WRG   

 Cycles of deposition and soil formation preserved within the WRG make these 

strata an important resource for terrestrial paleoclimate reconstructions of the EOT. In 

addition to abundant paleosols, the WRG is an archive of biogeochemical signals, 

including vertebrate fossils and plant-derived organic compounds that provide useful 

paleoclimate proxies (Bryant, Froeliuch, Showers, and Genna, 1996; LeGarry, LeGarry, 

and Terry, 1996; Zanazzi, 2007; Eley, Hren, and Terry, in prep.).  As with the global 

EOT, the WRG requires additional study due to inconsistent, and sometimes conflicting, 

paleoclimate interpretations from previous research. Terry (2001) and Griffis (2011) are 

both paleosol studies focused on the late Eocene. In Toadstool Geologic Park, Terry 

(2001) estimated that mean annual precipitation declined from 855 ±282 mm/yr to 739 

±282 mm/yr across the Chadron Formation. This indicates subhumid conditions 

throughout this time period. In Flagstaff Rim WY, Griffis interpreted stable semi-arid 

conditions during the same period, and estimated a decline in mean annual precipitation 

of 469 ±182 mm/yr to 301 ± 182 mm/yr. Within the upper Orella and Whitney Members 

of the Brule Formation, Lukens (2013) noted that the aggradation and overprinting nature 

of paleosols makes it harder to collect quantitative paleoclimate  

data for individual profiles. However, the overall interpretation of paleosols within the 

lower Orella Member suggest a mean annual precipitation near the lower boundary of 

subhumid conditions during the earliest Oligocene in this region.  
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 Zanazzi et al. (2007) interpreted an 8.2 ± 3.1℃ drop in temperature based on δO18 

measurements from fossil bone, which recorded the local temperature and water 

composition of the burial environment. Over 200 bone fragments of unknown mammals 

and turtles were collected across the WRG, including specimens recovered directly from 

Toadstool Geologic Park. Despite the extreme drop in temperature, Zanazzi et al. (2007) 

did not find significant evidence for aridity. The lack of resolvable changes in δC13 were 

interpreted as a negligible change in water stress, or limited change to the floral/canopy 

structure. δO18 values also show no resolvable change in water-dependent taxa and 

suggest a negligible change in water consumption.   

Boardman and Secord (2013) analyzed fossil teeth from Toadstool Park and argue 

for the opposite terrestrial response. Their documented increases of δO18 and δC13 across 

the E-O boundary are used to argue for increased water stress and a change from a closed 

canopy system to a drier and open biome. However, their attempt to quantify the water 

deficiency across the E-O boundary is inconclusive due to large propagated error. A 

potential issue with their interpretation is the assumption that increased mean values of 

δC13 are solely driven by the extinction of water sensitive taxa. Although the 

disappearance of this faunal group in the Chadron Formation is interpreted as evidence of 

aridity, there is no consideration of taphonomic controls and erosional processes that may 

have caused a lack of preservation and obscured the δC13 trend. 
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1.3 Utility of Paleoclimate Proxies 

1.3.1 Paleosols  

 Soils form at the surface, in direct contact with the atmosphere and climate, 

giving soils the ability to act as a record of the regional climate (Sheldon and Tabor, 

2009).  The original soil forming environment manifests in paleosols as macroscopic and 

microscopic features. In the field, macroscopic features such as color, root traces, 

horizonation, ped structures, and indicators of soil processes, such as argillans (clay 

coatings) that result from translocation, are all indicative of original conditions (Figure 

5) (Tabor, Myers,  2015). Laboratory analysis focuses on microscopy, such as the 

presence of microscopic clay fabrics and soil structures that can be indicative of 

translocation, hydromorphy, and hydrolysis (Fitzpatrick, 1984).   

Geochemical analysis has become increasingly important for paleoclimate 

research, and with the aid of newly refined quantitative methods, paleosols are becoming 

recognized as on par with marine proxies (Sheldon and Tabor 2009). Whole rock 

geochemistry enables description of a wide range of soil processes and direct estimates of 

mean annual temperature (MAT) and mean annual precipitation (MAP) (Sheldon, 

Retallack, and Tanaka, 2002). Geochemistry from an entire soil profile, including the C 

horizon/parent material, is useful in describing the degree of pedogenic modification, 

presence of subhorizons, and soil characteristics, such as drainage, pH, and oxidation. 

Interpretations are based on the top-down chemical weathering of parent material that 

liberates and translocates readily mobile alkaline earth elements. The redistribution of 

these elements creates diagnostic trends that change with depth. Additionally, elements 

such as Al, Ba, and trace elements, such as Cu, will accumulate with illuviated clay and 
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organic matter. The combination of quantitative and qualitative inspection of soils allows 

for taxonomic classification based on modern analogues and offers valuable insight into 

the soil forming environment. It is important to note that in addition to climate, paleosols 

are comprehensive archives of past conditions and preserve some degree of all five 

factors of soil formation: Climate, Organisms, Relief, Parent Material, and Time 

(CLORPT) (Stockmannm, Minasny, and McBratney, 2018). Analyzing paleosols through 

the lens of “CLORPT” enables a holistic interpretation of the ancient environment. 

 

1.3.2 Leaf Wax n-Alkanes 

Epicuticular leaf wax is the primary interface between plants and their 

environment (Figure 6). This water-resistant layer enables vegetation to survive 

environmental stress and control the rate of water loss (Bush and McInerney, 2013). The 

component of leaf wax that holds the highest potential for paleoclimate reconstruction are 

linear chains of hydrocarbons known as “n-Alkanes” (Shepard and Griffiths, 2006). 

These compounds directly respond to environmental stressors, such as aridity, with an 

increase in hydrocarbon chain length (McNaught and Wilkinson, 1997). This action 

creates a thicker, more closely packed wax that attenuates water loss from both active and 

residual transpiration.  Shepard and Griffiths (2006) used a climate- controlled 

greenhouse to demonstrate how plants increased wax production when humidity was 

decreased from 100% to 20% and quantified the response by measuring the average chain  
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length (ACL) of n-alkanes. Paleoclimate studies have demonstrated that bulk sediments 

and paleosols contain ample quantities of n-alkanes that can be analyzed for 

ACLs (Li et al., 2020). Changes in ACLs over long periods of geologic time can reflect 

trends in aridity (Hyun et al., 2015). Like other organic compounds, alkanes are non-

reactive and withstand degradation, increasing the fidelity of this proxy.  Modern 

climates produce an ACL range of 21 to 34 carbons (Eglinton et al. 1963). Woody plants 

primarily produce n-alkanes in the C25-C27 range while graminoids are dominated by 

C31-C33 chain lengths. This division makes n-alkanes a valuable proxy for 

paleovegetation reconstruction.  

 

Figure 5. Schematic showing the morphology and chemistry of leaf epicuticular 

waxes: (a) transverse view of the epidermal cells showing intracellular and 

epicuticular wax, alongside the cell wall and other photosynthetic and non-

photosynthetic cell arrangements; (b) long chain n-alkanes and fatty acids, ubiquitous 

compounds in leaf waxes from terrestrial higher plants; and (c) typical chromatogram 

of leaf wax n-alkanes from terrestrial higher plants showing the distribution of long-

chain homologues. (Eley and Hren, 2018) 
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1.3.3 Magnetic Susceptibility 

 In the presence of a magnetic field materials produce an induced magnetization 

(Maxbauer, Feinberg, and Fox, 2016a). The ratio of induced magnetization to the strength 

of the applied magnetic field is referred to as magnetic susceptibly( χ). In soils, inherent 

magnetism is primarily a function of the abundance and grain size of iron oxides. The 

strongest sources of magnetism stem from magnetite and maghemite, which only account 

for a small fraction of soil-formed oxides. The most abundant oxides, hematite and 

goethite, produce a comparatively weaker permanent magnetization. The magnetic 

susceptibility of paleosols is a relic of former soil conditions and the oxide minerals 

produced in those conditions. 

Studies relating soil magnetism to climate date back to Kampf and Schwertmann 

(1983) who described changes in goethite/hematite ratios based on air temperature, 

excess moisture, pH, and abundance of soil organic carbon. Heller and Liu (1986) 

discovered a correlation between the marine δO18 record and trends in the magnetic 

susceptibility of loessic-paleosol sequences in the Chinese Loess Plateau. The majority of 

exploration between climate and pedogenic magnetism is focused on Quaternary and 

younger loess-paleosol sequences. Examination of ancient paleosols has largely 

concluded that older paleosols produce weak magnetic susceptibility (Rankey and Fan, 

1997; Cogoini et al., 2001, Retallack et al., 2003). Maxbauer et al (2016) assessed the 

effect of diagenesis on pedogenic magnetism and its efficacy as a paleoprecipitation 

proxy. Their study of paleosols that formed during the PETM in the Big Horn Basin, WY 

compared magnetic susceptibility between core and outcrop samples. Maxbauer et al. 

(2016) did demonstrate a strong correlation between MAP and magnetic susceptibility 
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using independent geochemical proxies, however the comparison between core and 

outcrop samples demonstrated an increase in remanence in both samples due to 

diagenesis and secondary hematite production. Diagenetic effects, and the large 

uncertainty associated with magnetic proxies, are cited as the primary reason that limited 

quantitative information can be derived from magnetic susceptibility, which hinders the 

use of transform functions to estimate MAP as a function of MS. Maxbauer et al. (2016) 

is emblematic of several studies seeking to find a calibration to strengthen the 

quantitative usefulness of magnetic susceptibility as a paleoprecipitation proxy over a 

broad range of mean annual precipitation and humidity regimes (Maher and Thompson, 

1995; Warrier and Shankar, 2009; Gao et al., 2019).  

 

1.4 Hypothesis  

 A synthesis of Soil and plant derived studies between 36.9 – 37.11 Ma will 

synchronous the on set of EOT in the Great Plains region of North America with the 

marine derived global time line. In The late Eocene proxies should indiacted stable 

subhumid and forested conditions that remain until the earliest Oligocene. The time 

period coincident with EOT will manifest as when an abrupt drop in MAT, MAP, MS 

and Soil maturity. ACL values should also abruptly increase due to increased water 

stress. Evidence for a diachronous west-to-east drying event can be evidence by 

comparing MAP between Northwest Nebraska (this Study) and Flagstaff Rim, WY 

(Griffis, 2011) and confirming agreeable trends which are temporally offset. However, 

this is not expected if proxies indicate cooling is through with the global time line. 
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CHAPTER 2:  

METHODS 

 

2.1 Sample Selection and Chronology  

 Field work for this project was cancelled as a result of the COVID-19 pandemic. 

As a result, analyses were conducted on archived samples collected by Dr. Dennis Terry 

from 1993-1994 and Dr. William Lukens in 2012. Samples were selected based on 

fulfilling one of the following criteria: Sample were either (1) directly overlain by a 

volcanic ash layer with known age, (2) in close stratigraphic proximity to a volcanic ash 

bed without the presence of any major erosional unconformities, or (3) in a previously 

unanalyzed stratigraphic position. Additionally, two profiles were chosen from Terry’s 

(2001) study to reanalyze the geochemistry and molecular weathering ratios. Chronology 

is based on 206Pb/238U zircon dating of tuffs from the White River Group (Sahy et al., 

2015) which creates a well constrained temporal record for paleosols. Ages of paleosol 

not overlain by ash beds are interpolated based on a linear regression of stratigraphic 

position vs. age of tuffs. 

 

2.2 Clay Mineralogy  

 Clay minerals were identified by analyzing oriented samples via x-ray diffraction. 

To create oriented mounts, bulk samples were disaggregated in 250ml of deionized water, 

agitated, then allowed to rest for 15 min. If flocculation was detected after resting, the 

sample was left in solution for one-hour and clear water at the surface was decanted away 

and replaced with deionized water. This process was repeated until no flocculation was 
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detected. Approximately 100ml of clay-water solution was transferred to a Nalgene bottle 

for use in a centrifuge. Samples were centrifuged for 12min at 500rpm in order to isolate 

the ≤ 2 μm clay fraction (Poppe et al., 2001). This clay fraction solution was oriented 

using the Millipore® method of Moore and Reynolds (1997, p. 216-218). All samples 

were analyzed on a Bruker D8 X-ray diffractometer (XRD) at Temple University from 2° 

to 40° 2θ with a 1.02°/minute step using CuKα radiation at 40kV and 40mA. In addition 

to untreated samples, XRD was also performed on samples that remained in an ethylene 

glycol (EG) chamber for 24hr to confirm the presence of swelling clays. Clay minerals 

were identified following methods outlined in Moore and Reynolds (1997). 

 

2.3 Micromorphology  

 Petrographic thin sections were processed and analyzed at Temple University. 

The smectite-rich nature of most samples dictated the need for a dry cutting procedure. 

Samples were initially coated with epoxy to ensure no disaggregation during cutting. The 

billet was dry polished with successively finer grit until a smooth reflective surface was 

evident. Before the billet could be adhered to a microscope slide, a second round of 

epoxy was applied via vacuum impregnation to ensure no disaggregation during the final 

wet polish, and to secure loose silts and sands. Once secured to the slide, the billet was 

removed via dry cutting with an igneous/metamorphic rock saw. A hand-held vacuum 

hose was necessary while cutting to collect dust. A final polish was conducted using a 

mixture of 600 μm grit power and water on a glass plate. Samples were analyzed using a 

Nikon E600 polarizing microscope outfitted with a Nikon DXM 1200F digital camera.  
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2.4 Bulk geochemistry and Molecular Weathering Ratios  

 Acid digestion and inductively coupled plasma-optical emission 

spectrometry analysis was conducted at Temple University. Sample preparation was 

based on Delijska et al. (1988). Subsamples of each paleosol horizon were powdered 

using a shatter box. If the resulting powder was not processed immediately, it was sealed 

in a container and processed within 24 hr to limit atmospheric exposure and hydration. 

To prepare for acid digestion, 1g of Li2B4O7 (heat flux) was added to a graphite cuvette 

with 0.1g of sample poured into a small depression made within the heat flux. The 

contents were mixed with a small spatula. The cuvette was heated in a furnace at 1100℃ 

for 10-20 minutes. Most samples required closer to 20 minutes to fully melt (double the 

amount of time suggested by Delijska et al.). The molten product was removed from the 

furnace and immediately poured into a solution of 40 ml DI water and 10 ml of Nitric 

acid. The solution was stirred on a hot plate until the quenched substance fully dissolved. 

The solution was diluted to a 50:2 ratio of DI water and acid in a 250 ml flask. After 24 

hours, 10 ml of sample was syringed through a 0.45 µm filter to remove any graphite 

contamination. The final product was analyzed on a Thermo Fischer ICP-OES. 

Geochemical trends were interpreted by calculating “Molecular Weathering 

Ratios” between relatively mobile elements and refractory elements, such as Al or Ti, and 

plotted against depth (Tables 1 & 2) (Sheldon and Tabor 2009; Sheldon et al., 2002).  
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Table 1. Molecular Weathering Ratios and Their Importance  

Table 2. Important Climofunctions and Geochemical Proxies 
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These ratios are derived by converting raw elemental data to weight percent of oxides, 

then divided by the molar mass of the oxide. Minor and trace elements are left in ppm 

and ratios are directly calculated without conversion. Trends in phosphorous were used to 

delineate the boundaries between soil horizons and paleovegetation (Smeck, 1973; Terry, 

2001). Paleosol geochemistry can also quantify climatic variables by using 

“climofunctions,” which are transform functions sensu Sheldon et al. (2002). 

Climofunctions and associated geochemical proxies were used in this study to estimate 

mean annual precipitation (MAP) and mean annual temperature (MAT). The chemical 

index of weathering (CIA-K) and hydrolysis were used as a proxy for taxonomic soil 

order. 

 

2.5 Leaf Wax n-Alkanes 

 Analysis of n-Alkanes was conducted at the University of Connecticut. Extraction 

methods are based on Eley et al. (in prep.). 150 to 200g of sample was freeze dried and 

ACLs were extracted using a Soxhlet apparatus with a 2:1 (v/v) mixture of 

dichloromethane and methanol, and separated in compound fractions using silica gel 

chromatography. Aliphatic, aromatic, and polar solutions were eluted by the sequential 

application of 2ml hexane, 4ml dichloromethane, and 4 ml of methanol. Purified, normal 

n-alkanes were extracted into hexane and analyzed on a Thermo-scientific Trace GC 

Ultra. Results were compared to laboratory standards to identify alkane peaks. For each 

subsample, the area of each peak was normalized to the area of the largest peak and 

plotted as a bar graph to interpret likely paleovegetation reflected by the relative n-alkane 

distribution.  
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ACL was calculated for each subsample using equation (1). These values were 

compared to n-alkane distributions to confirm a consistent paleovegetation interpretation. 

(1) 

ACL =  
25 ∗ C25 +  27 ∗ C27 + 29 ∗ C29 + 31 ∗ C31 + 33 ∗ C33

C27 + C29 + C31 + C33
 

 

Odd-over-even predominance (OEP) was calculated using equation (2), sensu Hoefs, 

Rijpstra, and Sinninghe-Damste (2002). OEP is used to indicate the level of n-alkane 

degradation. Although n-alkanes are hearty and largely non-reactive, microbial activity 

and weathering will preferentially degrade long chain odd-length alkanes, creating a 

lower OEP values. OEP values <5 indicate substantial degradation.   

(2) 

OEP =  
C27 + C29 + C31 + C33

C26 + C28 + C30 + C32
 

 

OEP was combined with a normalized n-alkane ratio to estimate the n-alkane 

contribution from grasses. This relies on an end-member plot initially constructed by 

Zech et al. (2013) and expanded by Schafer et al. (2016). n-Alkanes from graminoids and 

deciduous trees plot as two end-members clearly separated by their respective trend lines, 

referred to as “degradation lines” based on how the trend changes with decreasing OEP 

values (increased degradation). The equations of both trend lines are used with equations 

(2) and (3) to calculate the degradation corrected % graminoid contribution.  
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(3)  

𝑛 − alkane ratio =  
C31 + C33

C27 + C29 + C31 + C33
 

 

(4) 

%graminoids =  
(𝑛 − 𝑎𝑙𝑘𝑎𝑛𝑒 𝑟𝑎𝑡𝑖𝑜) − (−0.123 ∗ (ln(𝑂𝐸𝑃) + 0.456) ∗ 100

(0.086 ∗ ln(𝑂𝐸𝑃) + 0.4233) − (−0.123 ∗ ln(𝑂𝐸𝑃) + 0.456)
 

 

ACL can also be used to approximate Vapor Pressure Deficiency (VPD) using 

equation (5), based on methods developed by Drs. Hren and Eley at University of 

Connecticut. Using the relationship between VPD and sedimentary n-alkanes from 

modern soils, a strong and statistically significant relationship was observed (adjusted 

R2=49.3%, correlation coefficient of r=0.71) with a standard error of ±1.6 hPa (Eley and 

Hren, 2018). The VPD provides an estimate of humidity and is a useful comparison to 

pedogenic climofunctions.   

(5) 

𝑉𝑃𝐷 =  −44.40 + (1.742 ∗ 𝐴𝐶𝐿)  

 

2.6 Magnetic Susceptibility (χSI) 

 Magnetic susceptibility (MS) was measured in paleosol samples from the Late 

Eocene Chamberlain Pass and Chadron Formations (Terry, 2001) and Oligocene Brule 

Formation (Lukens,2013). Low frequency (465Hz) MS was measured using a Bartington 

MS2K surface sensor. Three separate pebble-cobble sized subsamples were measured for 

every soil profile position. All flat surfaces on each subsample were measured to ensure 
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the full range of MS values was recorded. All values listed in this study represent an 

average of three consecutive measurements. The highest measurement from each 

subsample within a particular horizon was averaged together to yield the MS value for 

that particular profile position.  

 For each paleosol, MS was plotted against depth to create a full MS profile. 

Trends in depth and horizonation were assessed. Linear regression analysis was 

conducted between MS and both geochemical weathering proxies and MAP. In addition 

to using raw MS data, Maxbauer’s (2016) calibration of pedogenic MS was applied (χb/ 

χc). For this calibration, MS measured from the B Horizon is normalized to MS from the 

C horizon to account for changes relative to parent material.  
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CHAPTER 3:  

PALEOCLIMATE PROXIES ACROSS THE EOT  

3.1 Sample Selection and Geochronology  

The sample identifications for paleosol profiles match the designations from the 

original field notes of Terry (1993-1994) and Terry (2001). Table 3 lists the estimated 

ages for each profile. Green Castle Profiles 6 and 5 and Toadstool Profile 1 are directly 

overlain by 206U/238Pb dated ash beds (Sahy et al., 2015). The age for Green Castle 5 is 

based on an interpolated sedimentation rate between the TP-1 and TP-2 ash beds (Figure 

7) . The sedimentation rate used to estimate ages for Toadstool Profiles 5 and 6 was 

based on the UPW and Serendipity Ash beds, and generally agrees with the interpolated 

age for Chron 13n (Sahy et al., 2019) (Figure 4). The ages for Green Castle 2 and 

Sugarloaf Profile 3 are poorly constrained. I have applied the 206U/238Pb estimated age for 

the F ash in Flagstaff Rim, Wyoming to Green Castle Profile 2. This is based on the 

shared approximate position of Green Castle Profile 2 and F ash in the geomagnetic 

polarity timescale of Sahy et al. (2019). Additionally, F ash agrees with the age 

approximated from back calculating the sedimentation rate for the lowermost Green 

Castle Section (Sahy et al., 2015; Sahy et al., 2019). Sugarloaf Profile 3 is 

disconformably overlain by the Peanut Peak Member of the Chadron Formation. The 

presence of the Duchesnean taxa Brachyhyops and Hemipsalodon at the base of the 

Peanut Peak Member places the contact in the earliest Chadronian Land Mammal Age 

(LaGarry, LaGarry, and Terry, 1996; Griffis, 2011). Correlating this to a numerical age is 

tenuous as there is a regional diachroneity of approximately 0.7 Ma within the 

Chadronian over 400km of the WRG (Sahy, 2019). I have applied the most recent age for 
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the Duchesnean-Chadronian boundary, 36.9 Ma to Sugar Loaf Profile 3 (Kelly et al., 

2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Profile Estimated Age 

(Ma) 

Method Ash 

Bed 

Sedimentation 

(mm/Kyr) 

Toadstool 6 Ca. 33.830 Interpolation - 47.62 

Toadstool 5 Ca. 33. 868  Interpolation - 47.62 

Toadstool 1 33.939 ± .033 206Pb/238U UPW - 

Green castle 15 34.478 ± .021 206Pb/238U TP-2 - 

Green castle 6 35.224 ± .038 206Pb/238U TP-1 - 

Green castle 5 Ca. 35.288  Interpolation - 15.18 

Green castle 2 35.334 ± .021 Correlation* Ash F - 

Sugarloaf 3 Ca. 36.9  Correlation* - - 

Table 3. Estimated Ages for Paleosol Profiles  

Ages based on dated volcanic ash beds of Sahy et al. (2015), (*) denotes 

weakly constrained ages. 
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Figure 6. Graph of stratigraphic position versus age of dated ash beds by Sahy 

et al (2015). Top: Points represent UPW and Serendipity ash bed for dating 

Toadstool Profiles 5 & 6. Bottom: Points Represent TP-1 and TP-2 for dating 

Green Castle paleosols. 
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3.2 Clay Mineralogy  

 Diffractograms for all profiles show enrichment in smectite and illite (Figure 8). 

All Profiles include the smectite 001 and 02l peaks at 5.8 and ~19.7 2Ɵ, respectively 

(Moore and Reynolds, 1997; Chemtob et al., 2015). The 001 peak for illite is present at 

8.8 degrees. The 003 peak for illite overlaps with quartz at 26.6 2Ɵ. Profiles from the 

Green Castle section of Toadstool Geologic Park show an up section decrease in the 001 

smectite Peak accompanied with an increase of the (001) illite peak. A strong 001 

smectite peak returns in Toadstool 5 and 6. Most profiles include peaks at 10.5, 16.1 and 

31.2 2Ɵ that are only present with glycolation, indicating mix-layered illite/smectite 

complexes. These peaks are absent in Green Castle 6, which also includes a very low 

intensity 5.8 peak, indicating the clay mineralogy is dominated by illite and is smectite 

poor. Kaolinite is only present in Sugar Loaf 3 at 12.2 (001) and 24.8 (002) degrees. 

Excluding Sugar Loaf Profile 3 and Green Castle Profile 15, all profiles include a peak at 

~29.3 indicating the presence of calcite.  

 

Paleoclimate Significance  

 Kaolinite, which is only observed in Sugar Loaf Profile 3, forms in environments 

with excessive rainfall, extensive weathering, and high degrees of leaching. It is 

associated with very well-developed soils, such as ultisols and oxisols, and interpreted as 

evidence of paleotropical climates (Tabor and Myers, 2015; Sheldon and Tabor, 2009). 

The absence of Kaolinite in all other profile suggests a shift to drier climates, supported 

by the dominance of smectite in the Chadron Formation. Smectites are formed in high 

base cation conditions under seasonal rainfall. 
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Figure 7. X-Ray diffractograms of the clay fraction from selected paleosol 

horizons. Green peaks are glycolated samples. Minerals abbreviated as: S = 

smectite, I = illite, C = calcite, Q = Quartz. Sample code explanation: GC 5.4-1 is 

Green Castle Profile 5, Fourth Horizon from profile base, horizon subsample  
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A shift towards drier conditions is also supported by the occurrence of pedogenic 

carbonate in the Green Castle and Toadstool Profiles.  

Green Castle Profiles 6 and 15 are relatively smectite poor and illite rich, which is 

somewhat unexpected. However, Green Castle Profile 6 is designated as an entisol,  

weakly-formed soils that lack the necessary conditions to alter parent material, such as 

the weathering of volcanic ash to form smectite. (Terry, 2001; Lukens 2013).  

 

3.3 Paleopedology  
 

3.3.1 Sugarloaf Profile 3 

 

Classification: Hapludult  

Estimated Age: ca. 36.9 Ma 

Stratigraphic context: Chamberlain Pass Formation/Chadron Formation Contact 

 

 The Sugarloaf profile is formed within the Chamberlain Pass Formation and 

located directly below the contact with the Peanut Peak Member of the Chadron 

Formation (Figures 4 and 5). It is both clay rich and sandy throughout the entire profile 

(Table 4). Subangular quartz grains range from 0.0-1.0 phi. The upper boundary of the 

profile at this location is sharply truncated by cobbles. Drab halo root traces (DHRT) and 

clay in-fill root traces are also clearly truncated, indicating erosion of the uppermost 

horizon. The top 10cm of the remaining profile is heavily gleyed by from DHRT that 

surround iron-oxide minerals. The lack of other hydromorphic features suggest that iron-

oxides possibly precipitated during water-logged periods occurring after the burial 
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Of Sugarloaf Profile 3. Relict bedding is poorly preserved in the bottom 10cm along with 

pebbles. Argillans and slickensides are frequent throughout the entire profile and 

consistently lighter in color than the surrounding red matrix. Blocky ped structures 

increase in size with depth and transition to platy structures at the base of the profile. In 

thin section, clay fabrics are primarily vo-skelsepic (Figure 9). Oriented clays are ironed 

stained and often coating quartz and mica grains. The bottom of the profile includes relict 

bedding and cobbles. There is no reaction to HCL in the entire profile. 

 

 

 

 

0-10 cm Bt1 Horizon; Upper contact sharply truncated by cobbles; sandy silty 

mudstone, weak red (10R 4.5/3); roots as chalcedony traces, 2 mm wide 

and 1 cm long, truncated at top; angular blocky peds, 2 x 2 x 1; 

slickensides argillans (10 Y 4/3); frequent zones of localized reduction; 

occasional medium-coarse subangular quartz sand; dominant mineralogy is 

kaolinite, smectite, illite; gradual contact to… 

10-44 

cm 

Bt2 Horizon; Sandy silty mudstone, pale red (10R 6/3) with shades of 

weak red (10R 5/3 and 10 R 4/3); root traces as drab halos, 2 mm wide and 

1 cm long; peds 3 x 2 x 2 and 3 x 2 x 2; slickensides argillans (10 R 4/3, 

5Y 6/2), many ill-defined peds with slickensides argillans; rounded and 

angular clay clasts present; claystone breccia (5 YR 5/8); occasional 

medium-coarse subangular quartz sand; dominant mineralogy is kaolinite, 

smectite, illite; gradual contact to… 

44-54 

cm 

BC Horizon; Sandy silty mudstone, red (10R 6/3) with shades of  weak red 

(10R 5/3 and 10 R 4/3); root traces as drab halo, 2 mm wide and 1 cm 

long; platy peds 5 x 3 x 2 cm, found at base, subangular peds up section, 5 

x 3 x 3 cm; strong slickensides argillans (10 R 4/3, 5Y 6/2); claystone 

breccia (2.5 YR 6/2), occasional green clasts from underlying profile 

(Yellow Mounds Paleosol equivalent); pebbles at base, occasional 

medium-coarse subangular quartz sand; in thin section muscovite grains 

with argillans;  dominant mineralogy is kaolinite, smectite, illite; 

Table 4. Description of Sugar Loaf Profile 3  
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  Figure 8. Selected examples of micromorphology A) Lattisepic plasma 

with skelsepic coating on plagioclase grain (G.C. 15-2.1) B) Opaque 

iron-oxide surrounded by iron-stained clay (S.L. 3.4) C) Masepic 

plasma, directions indicated with red dashed line (T.D. 6.5-1) D) 

Skelsepic fabric coating biotite grain (S.L. 3.3) E) Vosepic clay lining 

with isolated lattisepic fabric (G.C. 5.3-1) F) Vosepic coating of root 

void (T.D. 5.2-1) All thin sections shown in cross polarized light. 

Scale Bars (yellow) = 100 μm 
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Geochemistry 

The ratio of Bases/Al is < 1 for the entire profile (Figure 10). Ba/Sr ratios range 

from 2.43-6.80, well above 2, the threshold for leaching conditions (Retallack, 1997a). 

Total Iron/Al is consistently ≤ 0.4. Maximum Ba/Sr values are present at the top and 

bottom of the profile, which is not the expected trend in a fully preserved soil profile, as 

Ba/Sr maximums are indicators of B-horizons (Magaldi and Arfaioli, 2015).  

(Ca+Mg)/Al supports the lack of calcic horizons. Maximum copper values are located at 

the top of the profile and sharply decrease from 24-34cm. Phosphorus trends decrease 

throughout the first 34 cm of the profile and slightly increase at the base. Like Ba/Sr, 

phosphorous trends do not show the typical increase through B-horizons or any changes 

near the profile top that would indicate a transition between A and B horizons, or the 

influence of surface vegetation. However, the signs of erosion and potential for missing 

horizons obscure the Ba/Sr and phosphorus trends. CIA-K values range from 82.1 to 

87.03. 

 

Interpretations  

I interpret this paleosol as a Hapludult with the following horizonation: Bt1-Bt2-

BC. The ultisol designation is based on the high degree of weathering, both in physical 

features and well-developed clay fabrics, geochemical evidence for high degrees of 

leaching, and the lack of pedogenic carbonate.  The A horizon is missing, as evidenced 

by erosional features at the top of the profile and translocated clays in the uppermost 

horizon. The combination of high Cu and Ba/Sr additionally support a B-horizon at the 

top of this section. The bottom 10 cm contain argillans and geochemical evidence for
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Figure 9. Sugar Loaf Profile 3 diagram and legend with selected molecular weathering ratios and geochemical proxies vs depth  

The scale of the diagram (which is vertically stretched) and your chem plots..do not line up.  If need be, draw lines from the profile 

to your plots to show how they match…..and don’t stretch the profile figs. 
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leaching and translocation coincident with relict bedding and cobbles, suggesting the 

formation of  a BC horizon. CIA-K is within the margin of error for ultisols (Sheldon, et 

al. 2002; Sheldon and Tabor, 2009). The Bases/Al is <0.5, which is equivalent to a base 

saturation < 35%, a necessary condition for an Ultisol designation. MAP estimated from 

CIA-K ranges from 1114.16 ± 182 mm/yr – 1217.43 ± 182 mm/yr. Temperature 

estimates range from 13.74 – 13.78 ℃ 

 

3.3.3 Green Castle 5 

Classification: Haplustalf 

Estimated Age: 35.288 (Interpolation) 

Stratigraphic context: Overlain by Green Castle Profile 6, 75cm Below TP-1 

 Green Castle Profile 5 is a 1.86 m profile located 75cm below the TP-1 ash bed, 

separated by the overlying Green Castle Profile 6. The top 40cm of Green Castle Profile 

5 is a stage II carbonate unit, containing carbonate nodules, subangular peds, and 

slickensided root in-fills (Table 5). The contact between this carbonate unit and the 

underlying A horizon is sharp and undulatory, with as much as 15 cm in amplitude. The 

underlying horizon is dense with DHRT, between 0.5-1 cm. The undulatory contact and 

DHRT indicate a likely paleolandscape. Horizons alternate between clay-rich and 

calcareous. Between 152-168 cm is a second stage II carbonate horizon. A lower 

undulatory contact transitioning to a horizon with DHRT indicates a third 

paleolandscape. Bimasepic and strong skelsepic fabrics are seen in thin section.. 
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Geochemistry 

 The ratio of Bases/Al is greater than unity for the entire profile. However, this 

ratio is likely biased towards immature/alkaline conditions due to overprinting from the 

uppermost CaCO3 rich layer. Ba/Sr ratios range from 1.45-2.05, just slightly exceeding 

the threshold for leaching conditions (Retallack, 1997a, Retallack, 1997b). Total Iron/Al 

is consistently ≤0.4. A maximum Ba/Sr value at 58cm suggests the presence of a B-

horizon. A diagnostic P2O5 trend for B horizons, which increases to a local max at the

0-40 cm A→B; carbonate Stage II, carbonate nodules; greyish brown mudstone, 

(10YR 5.5/2) infrequent drab halo root traces; very strong HCL 

reaction; vertical tongue of green clay (5Y 5/3), possibly clay filled root 

trace, slickensided argillans and subangular peds (0.3-0.5 mm) present 

with-in clay, sharp and very wavy (max amplitude 15cm) contact to… 

40-50 cm A Horizon; mudstone, light brownish grey (2.5Y 6.5/2); drab halo root 

traces, general 0.5 cm wide, up to 1 cm; massive structure, weak HCl 

reaction; gradual contact to… 

50-78 cm Bt1 Horizon; mudstone, light brownish grey (2.5Y 6.5/2); drab halo root 

traces, generally .5 cm wide, up to 1 cm; in thin section: clay- coated 

peds; Sharp and wavy contact to… 

78-144 cm Bk Horizon; carbonate rich mudstone (2.5Y 7.5/2), occasional clay 

clasts (10YR 5.5/2); drab halo root traces, 0.5-1 cm wide, up to 1.5 cm; 

at 114 cm slanting body of clay (5 Y 5/2. 10YR 6/2), possibly a burrow, 

20 cm wide, clay clasts in-fills, slightly calcareous; Sharp and wavy 

contact to… 

144-152 

cm 

Bt2 Horizon; , light brownish grey (2.5Y 6.5/2) vosepic microfabric, 

sharp and wavy contact…. 

152-168 

cm 

Ck Horizon; whitish carbonate rich mudstone (5YR 8/1) with minimal 

olive grey clay inclusions (2.5Y 5.5/2); Carbonate presents as bulbous 

outcropping nodules, stage II-III; drab halo root traces, 0.5 cm wide; 

strong HCl reaction; sharp and wavy contact to…  

168-186 

cm 

Bt3 horizon; mudstone, light brownish grey (2.5Y 6.5/2); drab halo root 

traces up to 2 cm wide.  

Table 5. Description of Green Castle 5 
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Figure 10. Profile diagram with selected molecular weathering ratios and geochemical proxies vs depth for Green Castle Profile 5. 

B = burrow structure.  
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base of the unit, is further support for the presence of a B horizon. In the clay rich 

horizon, at 134-148 cm, local Cu and Ba/Sr maximums coincide with a sharp increase in 

aluminum. The base of this clay layer is bounded by another local P2O5 maximum. CIA-

K ranges from 28.38- 72.03. The copper maximum at the surface may reflect 

concentration due to vegetation. Phosphorous values for the upper most paleolandscape 

are obscured by a negative value (equipment error). 

 

Interpretation   

 I interpret this paleosol as a Haplustalf with the horizons: A→B-A-Bt1-Bk-Bt2-

Ck-Bb. The alfisol designation is based on the presence of well-developed argillic 

horizons. These horizons are confirmed by clay  fabrics that correspond to increased 

CIA-K, Cu, and Ba/Sr. The CIA-K from these horizons range between 63.69 –67.18 

69.93 which fall within the range for modern Alfisols. The Bases/Al values range 

between 1.08-1.19, corresponding to a base saturation > 35%which is a requirement of 

alfisols (Sheldon, et al. 2002; Sheldon and Tabor, 2009). These values are elevated 

compared to the average of modern alfisols. Elevated values are likely the result of high 

Ca content, originating from carbonate overprinting, which increases the bases/Al ratio 

throughout the profile.  

Erosional contacts between most horizons, and the suggestion of multiple 

paleolandscapes by DHRT and geochemical trends, indicate a composite profile  

containing welded horizons. The erosional contact at 40 cm suggests the overlying 

portion of the profile represents pedogenically modified sediments that were deposited 

after an erosive event and removal of portions of the original paleolandsurface. 
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Preserved features related to translocation suggests at least lower half of this unit was 

converting to a B horizon. Carbonate glaebules likely formed via overprinting over 

Green Castle Profile 6. The presence of Bk and Ck horizons are evidence of an ustic 

moisture regime (Terry, 2001). Skelsepic fabrics and carbonate are diagnostic of wetting 

and drying, suggesting this soil formed under seasonal conditions (Fitzpatrick, 1984). 

The Ck horizon is well indurated and contains bulbous outcropping glaebules 

representing stage II+ - III carbonate formation. Based on physical characteristics of this 

profile, the time of formation was likely > 15,000 years. Phosphorous is just slightly 

elevated at the land surface and reaches a maximum near the base of the Bt1 horizon, 

matching the trend for Smeck’s (1973) typic hapludalf forest soil. The interpretation of 

the Bt3 horizon at the bottom of the profile is based primarily on a combination of 

geochemical evidence and the erosional contact with the overlying Ck horizon. This 

horizon contains a local maximum for Ba/Sr and a profile max CIA-K, likely describing  

leaching and high amounts of weathering, resulting in clay production. This horizon also 

contains the profile maximum Ti/Al and profile minimum Bases/Ti, also suggesting Ti 

accumulation and leaching. The sharp and wavy upper contact is likely erosional and 

indicates the removal of upper horizons. An erosional boundary is further supported by 

the lack of dense DRHT, or increases in Cu to suggest plant-uptake, making it unlikely 

that this horizon is capped by a paleolandscape. MAP calculated from CIA-K ranges 

from 853.95 ± 182 – 876.43 ± 182 mm/yr. MAT from salinization ranges between 10.66 

– 10.72 ± 4.4 ℃. The Bt3 horizon was not included in these estimations due to potential 

overprinting and lack of context. 
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3.3.4 Green Castle 6 

Classification: Ustorthent  

Estimated Age: 35.224 (TP-1 

Stratigraphic Context: Directly Overlain by TP-1 

  Green Castle 6 is directly overlain by the TP-1 ash bed (Figure 3. It is 75 cm 

thick with strong reaction to HCl throughout the entire profile. This profile contains two 

horizons and is poorly developed. Horizons are only differentiated by inclusions of green 

clay that do not react with HCl in the upper horizon. The upper horizon is dominated by 

subangular clay clasts up to 0.5 cm in all dimensions and DHRT, up to 3 cm in diameter. 

The lower horizon contains green and red mottles and clay clasts with slightly 

slickensided argillans (Table 6). Stage II carbonate in lower horizon is likely the source 

of carbonate overprinting in the underlying Green Castle Profile 5. 

0-25 cm A Horizon; carbonate light brownish grey mudstone (10 YR 6.5/2), 

inclusions of green clay (5Y 6/2); drab halo root traces, up to 3 cm 

diameter; subangular clay clasts (2.5 Y 4.5/2), 0.5 x 0.5 x 0.5 cm, clasts 

have slightly slickensided argillans; moderate to strong HCl reaction 

except in green clay; gradual contact to… 

25-75 cm Ck Horizon, stage II; light brownish grey mudstone (10 YR 6.5/2); drab 

halo root traces, up to 3 cm diameter; subangular clay clasts (2.5 Y 

4.5/2), 0.5 x 0.5 x 0.5 cm, clasts have slightly slickensided argillans; 

drab halo root traces and clasts increase up section; green and red 

mottles present in basal section; moderate to strong HCl reaction; 

Table 6. Description of Green Castle 6 
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Geochemistry 

  The ratio of Bases/Al are notably high, ranging between 1- 4.12 for the 

entire profile. Ba/Sr ratios range from 1.27-1.83. The two highest Ba/Sr values are 

located at the top of the profile and decrease with depth. This would suggest minimal 

leaching throughout (Retallack, 1997a). Total Iron/Al is consistently ≤ 0.4. Bases remain 

high relative to Ti for the entire profile and consistently increase with depth. CIA-K 

ranges between 21.82-68.43.  The highest CIA-K values are at the top of the profile and 

steadily decrease with  depth.  Phosphorus trends are inconclusive and show no 

diagnostic trend with depth.  

  Interpretations  

  I interpret this as an ustorthent with A-Ck horizons. Molecular weathering 

ratios suggest alkaline, oxidized conditions and minimal pedogenesis (Sheldon and 

Tabor, 2009). In addition to being weakly developed, the orthent designation is 

appropriate because of is its association with detrital clay. Clay clasts are ubiquitous 

throughout the A horizon, which coincides with the maximum CIA-K values for the 

profile. Taken together, this suggests clay within the upper portion of the profile is 

depositional in origin and not authigenic. Other geochemical proxies are largely 

inconclusive. One complication with the Ustorthent designation is the shallow Ck 

horizon. Orthents require calcic horizons be at least 100cm from the soil surface. 

Although this could be explained by overprinting from further up section , the upper 10-

20 cm of Green Castle Profile 6 are depleted in the CaO. Carbonate is concentrated at 

the base of the A horizon . The Cu spike at 20 cm may be an indicator of illuviation and 

a very immature Bwk horizon. 
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Figure 11. Profile diagram with selected molecular weathering ratios and geochemical proxies vs depth for Green 

Castle Profile 6 

 

 



` 

   49 

 

3.3.4 Green Castle 15 

Classification: Paleustalf 

Estimated Age: 34.478 Ma 

Stratigraphic Context: Overlain by TP-2 

  

Green Castle 15 is a 120cm thick profile overlain by the TP-2 ash bed (Figure 4). 

In the field the profile appears relatively homogenous and massive. DHRT are consistent 

throughout the entire profile. Subangular ped structures are prominent at 15cm. A distinct 

change from light olive grey to olive grey at 85cm is the main indicator of horizonation. 

However, well developed skelsepic and lattisepic microfabrics suggest a well-developed 

soil. At 15 cm, skelsepic and lattisepic fabrics suggest an illuvial horizon. The same clay 

fabrics are present at 75 cm. At 40 cm the dominant feature is reaction with HCl. In the 

bottom 10 cm, both the soil matrix and pink glaebules react strongly to HCl, stage II 

carbonate concentration.  

  

 Geochemistry 

 The ratio of Bases/Al is > 1 for the entire profile, except for the upper boundary 

(0.96). Ba/Sr ratios range from 1.49-1.73. These values fall short of the threshold for 

leaching, however taken together with Na/K values that are consistently < 0.79, supports 

evidence for moderate leaching and free drainage (Retallack, 1997a, Sheldon and Tabor, 

2009). Total Iron/Al is consistently ≤ 0.4. CIA-K for this profile ranges from 30.35-

73.10. Between 20-90 cm, relatively high values for CIA-K, Cu, and Ba are suggestive of  

clay accumulation. 
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Increased Ti relative to bases also suggests leaching conditions that concentrate Ti in this 

zone. An illuvial horizon is further supported by the phosphorous trend, which increases 

towards a maximum value at the base of this horizon. Phosphorous is depleted at the top 

of the profile and increases with depth, which is an expected trend for a forested 

landscape (Smeck, 1971). (CaO+MgO)/Al reaches a maximum at 45 cm, which supports 

the presence of a calcic horizon.  

 

 Interpretation  

I interpret this paleosol as a paleustalf with the horizons: A-Bt1-Btk-Bt2-Ck. The 

alfisol designation is based on the presence of well-developed argillic horizons. This is 

supported by skelsepic and lattisepic fabrics, which correspond to increased CIA-K, Cu, 

0-15 cm A Horizon; Mudstone, olive grey (5Y 5/2); drab halo root traces, up to 

.3 x 1 cm, olive yellow (2.5Y 6/6); silica in-filled root traces (original 

fieldnotes do not specify detrital infill vs diagenetic mineralization); 

gradual contact to… 

15-40cm Bt1 Horizon; Mudstone, olive grey (5Y 5/2); subangular peds; no 

reaction to HCl; sharp and wavy contact to… 

40-75 cm Bk Horizon; mudstone, olive grey (5Y 6.5/2); drab halo root traces, up 

to .7 x 5 cm, up to 1 cm; weak HCl reaction; Sharp and wavy contact 

to… 

75-110 cm Bt2 Horizon; mudstone, olive grey (5Y 6.5/2); drab halo root traces, up 

to .7 x 5 cm, up to 1 cm; no reaction to HCl; gradual contact to… 

110-120  

cm 

Ck Horizon; mudstone, olive grey (5Y 5/1.5); drab halo root traces, up 

to .7 x 5 cm, up to 1 cm; Carbonate glaebules, pink, 2 x 5 x 7 cm, 

minimum stage II; Strong HCl reaction 

Table 7. Description of Green Castle 15 
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and Ba/Sr values. The CIA-K from these horizons range between 68.61 – 69.93 which 

fall within the range for modern Alfisols (Sheldon et al., 2002). The Bases/Al values 

ranges between 1.04-1.07, which corresponds to a base saturation > 35%, a requirement 

for alfisols (USDA Soil Staff Survey, 2010). These values are elevated compared to the 

average of modern alfisols, likely due to a high carbonate content in this profile. The 

presence of Btk and Ck horizons are evidence of an ustic moisture regime. Skelsepic 

fabrics and pedogenic carbonate are diagnostic of wetting and drying, suggesting this soil 

formed under seasonal conditions. The Ck horizon contains carbonate glaebules and 

represents stage II+ carbonate formation. The time of formation for stage II carbonate is 

at least 15,000 years, which represent a minimum age for this soil (Terry, 2001). 

Lattisepic fabrics are associated with extremely well-developed soils and would suggest a 

much older soil (Fitzpatrick, 1984). The alfisol designation is also supported by depleted 

phosphorus in the A horizon that reaches a maximum near the base of the Bt horizon, 

indicative of forested landscapes (Smeck, 1973). MAP calculated from CIA-K ranges 

from 853.95 ± 182 – 876.43 ± 182 mm/yr, and MAT from salinization ranges between 

10.66 – 10.72 ± 4.4 ℃, both of which support the classification of this soil as an ustalf.
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Figure 12. Profile diagram with selected molecular weathering ratios and geochemical proxies vs. depth for Green Castle 

Profile 15. 
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3.3.4 Toadstool Profile 5 

Classification: Haplustept 

Estimated Age: 33.868 Ma 

Stratigraphic context: Transitional zone between The Chadron and Brule Formation, 

3.25 m above the UPW.  

 

  Toadstool Profile 5 is located 3.35 m above the UPW ash bed and developed  

in the Earliest Oligocene. The estimated age places soil formation roughly coincident 

with the EOT-1 step of the larger overall E-O cooling period. Toadstool Profile 5 is 

poorly developed and 1 m thick. A paleolandscape is demarcated by an oreodont 

skeleton.   The soil structure is largely massive and the profile contains an appreciable 

increased percentage of silt. DHRT and claystone breccia are present throughout the 

profile, and carbonate is concentrated in the middle of the profile. The bottom 10 cm 

preserves relict bedding. In thin section, fabrics are predominantly skel-insepic. Frequent 

weathered biotite grains are present. 

 

 Geochemistry 

 The ratio of Bases/Al is > 1 for the entire profile. Values approach 3 in calcic horizons. 

Ba/Sr ratios range from 1.44-1.83. These values are slightly below the threshold for 

leaching, however when taken together with Na/K values that are consistently < 1, this 

supports some degree of leaching (Retallack, 1997a; Sheldon and Tabor, 2009).
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Total Iron/Al is consistently < 0.4. CIA-K ranges between 40.48-72.38. (CaO+MgO)/Al 

is 2.46 at 45 cm, a sharp deviation that is replicated in Bases/Al and Bases/Ti indicating 

a calcic horizon. Phosphorus trends are not diagnostic of horizonation or landscape 

vegetation.  

 

 

0-35 cm A Horizon, Moderate HCl reaction due to overprinting of overlying 

horizon; silty mudstone, light brownish grey (10YR 6.5/2.5); top of 

profile demarcated by oreodont skeleton; drab halo root traces, 0.3-0.5 

cm diameter, traces most abundant at top of profile; claystone breccia in 

top 10cm, dark yellowish brown (10YR 4.5/4), 0.3 x 0.5 x1.5 cm; weak 

or no HCl reaction; sharp and wavy contact to… 

35-55 cm Bkw Horizon; silty mudstone, light brownish grey (10YR 6.5/2.5) and 

pale brown (10YR 6/3); drab halo root traces, 0.3-0.5 cm diameter, 

traces most abundant at top of profile; claystone breccia near horizon 

bottom, dark yellowish brown (10YR 4.5/4), 0.3 x 0.5 x1.5 cm; strongly 

indurated; moderate HCl reaction; sharp and slightly wavy contact to… 

55-65 cm C Horizon; silty mudstone, light brownish grey (10YR 6.5/2); massive 

relict bedding; claystone breccia at profile base, dark yellowish brown 

(10YR 4.5/4), 

Table 8. Description of Toadstool Profile 5 
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Figure 13. Profile diagram with Selected molecular weathering ratios and geochemical proxies vs. depth for 

Toadstool Profile 5. 
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  Interpretations 

  I interpret this paleosol as a haplustept with A-Bwk-C horizonation. The 

inceptisol designation is based on an overall weakly developed profile.  Clay fabrics are 

weakly developed throughout the profile. Increased reaction with HCl correlates to the  

same profile positions with CaO+MaO/Al, which strongly supports a Bwk horizon. 

Skelsepic fabric is consistent with the wetting a drying associated with the formation of a 

calcic horizon (Fitzpatrick, 1984). CIA-K is not a reliable proxy for soil type in this 

instance due to the high percentage of CaO in the Bwk horizon (Prochnow et al., 2006). 

Carbonate accumulation is stage I-II, indicating a time of soil formation < 8,000 years 

(Terry, 2001). Though phosphorous is depleted through the A horizon, the overall trend is 

not indicative of a forested landscape, and there is little other pedogenic evidence for a 

forested environment. Cu is also depleted in the A horizon, supporting a landscape with 

sparse vegetation and little elemental redistribution through plant uptake. MAP calculated 

from depth to Bk is 347.03 ± 147. MAT from salinization ranges between 11.05 – 11.87 

± 4.4 ℃. 
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3.3.4 Toadstool Profile 6 

Classification: Calciustoll  

Estimated Age: 33.8 Ma 

Stratigraphic context: Transitional zone between Chadron and Brule Formations, 5.15 m 

above the UPW. 

  Toadstool Profile 6 conformably overlies Toadstool Profile 5, separated by 

the oreodont skeleton and DHRT as a paleolandscape marker. Similar to Toadstool 

Profile 5, this 1.96 m profile contains an increased percentage of silt compared to 

paleosols of the late Eocene.  Sharp contacts, changes in color, and degree of 

calcification are obvious macroscopic signs of horizonation. The top 15 cm is colored 

green by dense DHRT and contains clay-filled root traces indicating a vegetated 

paleolandscape. Clay microfabrics change with depth. Between 15-120 cm there is 

consistent skel-masepic fabric and stressed and exfoliated biotite mineral grains. In the 

underlying horizon, with increased carbonate, soil fabric is moderate skelsepic coating of 

predominantly quartz grains. At 140 cm, skel-masepic fabrics and stressed biotite grains 

return.  

 

  Geochemistry 

  The ratio of Bases/Al is > 1 for the entire profile. Values approach 3 in 

heavily calcified horizons and at the profile base. Ba/Sr ratios range from 1.36-1.76. 

These values are slightly below the threshold for leaching, however taken together with 

Na/K values that are consistently < 1 they provide evidence of some leaching (Retallack, 

1997a; Sheldon and Tabor, 2009). Total Iron/Al is consistently ≤0.4. CIA-K for this 
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profile ranges between 30.35-73.10.  Between 20-90 cm relatively high values for CIA-

K, Cu, and Ba/Sr are suggestive of clay accumulation and illuviation. Concentrated Ti 

relative to bases also suggests moderate leaching conditions. The phosphorous trend, 

which reaches a minimum at 20 cm and increases towards a maximum value at 120 cm, 

is an expected trend for a B horizon. Below 120cm, phosphorus values are obscured by 

increasing pH.  

Phosphorus slightly increases towards the land surface and may be suggestive of a grass-

like landscape due to plant up-take. (CaO+MgO)/Al is near 2 at 125 cm, indicating 

calcic horizons. 

 

 

 

 

0-15 cm A horizon; silty mudstone, brown (7.5 YR 5.5/2), high degree of drab 

halo root traces, predominate green color from drab halo; frequent clay 

filled root traces in thin section; gradual contact (1-2 cm) to… 

15-120 cm Bw Horizon; silty mudstone, light brownish grey (10Y 4.5/2); drab halo 

root traces, up to .03 x 4 cm, olive grey (5Y 5/2); massive structure, 

moderate to weak HCl reaction; sharp and wavy contact to… 

120-140 

cm 

Bk Horizon; silty mudstone, light brownish grey (2.5Y 6.5/2); drab halo 

root traces, up to .03 x 4 cm, olive grey (5Y 5/2); claystone breccia 0.1-

0.3 mm, brown (10YR 4/3); strong HCl reaction; Sharp and wavy 

contact to… 

140-165 

cm 

Bkw Horizon; silty mudstone, greyish brown (10YR 5.5/2.5), drab halo 

root traces, 0.3-0.5 cm wide; claystone breccia 0.1-0.3 mm, brown 

(10YR 4/3); strong to moderate HCl reaction; very sharp and wavy 

contact to… 

165-195 

cm 

C Horizon; light brownish grey (10YR 6/2) and greyish brown (10YR 

5.5/2.5); drab halo root traces, up to 3-5 cm wide; claystone breccia, 

dark yellowish brown (10YR 4.5/4), 0.1-0.3 mm; moderate to weak 

HCl; sharp increase in base saturation relative to rest of profile 

Table 9. Description of Toadstool Profile 6 
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Figure 14. Profile diagram with selected molecular weathering ratios and geochemical proxies vs. depth for Toadstool  Profile 6 
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  Interpretations  

  I interpret this paleosol as a calciustoll with A-Bw1-Bk-Bkw-Ck horizons. 

The mollisol designation is based on the intense DHRT that colors the A horizon green, 

suggestive of a mollic epipedon (Retallack, 1997a). The presence of a mollic epipedon is 

further supported by the increase in phosphorous through the A horizon, likely due to 

plant-uptake from grass-like vegetation. The specific trend exhibited by the phosphorous 

beneath the horizon does not match any patterns from Smeck (1973). The CIA-K from 

the Bw horizons show wide variability but the average is 52.81. The average Bases/Al is 

1.46. Both of these values fall within the range for modern mollisols. Clay fabrics show 

moderate formation, with skelsepic and bimasepic plasma fabrics within the Bw 

horizons and skel-insepic fabrics dominating the Bwk horizon. The overall dominance of 

skelsepic fabrics suggest wetting and drying under seasonal conditions (Fitzpatrick, 

1984) The presence of a Bwk horizon is evidence of an ustic moisture regime. The Bwk 

contains carbonate glaebules and represents stage I-II carbonate formation. The time of 

formation for stage II carbonate is at least 15,000 years, which represents a minimum 

soil age (Terry, 2001). MAP calculated from CIA-K ranges from 580.26 ± 182 mm/yr – 

698.31 ± 182 mm/yr. MAP from depth to the Bwk horizon is 724 ± 147 mm/yr.  MAT 

from salinization ranges between 11.31 – 11.41 ± 4.4 ℃ (Sheldon and Tabor, 2009). 
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3.4 Leaf Wax n-Alkanes  

3.4.1 n-Alkane Distributions and Paleovegetation  

All profiles provided n-alkane data with the exception of Sugar Loaf Profile 3. 

Due to the extreme oxidizing and acidic conditions interpreted for this soil, the lack of 

alkanes is considered to be the result of poor preservation potential and not analytical 

error. All distributions show a dominance of odd-length, long chain n-alkanes above C25, 

consistent with terrestrial plants.  

  The n-alkane distributions are either dominated by C29 with lower 

concentrations of C27 and C31, or by C31 alkanes with lower concentrations of C29 and 

C33 (Figure 16). As a result, distributions largely reflect sources from deciduous trees 

(C29 dominant) and graminoids (C31 dominant). ACLs range from 27.86-32.46. Almost 

all horizons contain values between 29-31, indicating variable input of both trees and 

graminoids (Bliedtner, Stout, 2020). ACL values from A horizons are treated as a proxy 

for in-situ vegetation at the paleolandscape, which similarly range between 29-31. The 

percent contribution from graminoids was calculated with equation (4) and generally 

increases throughout the late Eocene (Table 10). However, values > 100 reflect 

uncertainty attributed to variation between species (Bliedtner et al. 2018; Bliedtner et al. 

2020). Additional uncertainty is indicated by OEP which is < 5 for all samples, with the 

exception of one horizon (GC15-2.1). This indicates significant degradation of shorter n-

alkane chains, primary from microbial activity ( Buggle, Wiesenberg, and Glaser, 2010). 

With such low OEP, ACL values should be considered as a maximum upper limit. 
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Table 10. ACL and OEP. “Landscape” denotes n-Alkanes from the uppermost as a 

proxy for landscape vegetation compared to profile averaged ACL and OEP. % 

Graminoids is the n-alkane contribution from graminoids within the uppermost horizons.  
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Figure 15. n-Alkane distributions and ACL vs Depth for all Green Castle and 

Toadstool Profiles. Soil horizons listed to the left. Green Castle Profile 15 is the only 

profile with >5 OEP.  Upper horizon n-alkanes for Toadstool Profile 5 do not fit a 

predictable pattern for deciduous trees or graminoids.  Most distributions follow the 

pattern for deciduous trees with input from graminoids.  

A= Green Castle Profile 2, B = Green Castle Profile 5, C = Green Castle Profile 6, 

D= Green Castle Profile 15, E= Toadstool Profile 1, F = Toadstool Profile 5, G= 

Green Castle Profile 6. 
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3.4.2 VPD Through Time  

Figure 17 shows changes in the Vapor Pressure Deficit between 35.33 and 33.83 

Ma. Squares denote the uppermost horizon of Greencastle Profile 5 and the entisol which 

caps Toadstool Profile 1 and pedogenically overprints the UPW ash bed. The VPD 

calculated from “landscape” ACLs shows an overall increase from 7.72 hPa to 8.40 hPa, 

indicating a decrease in available atmospheric moisture that would likely cause increased 

stress on vegetation.  This occurs over relatively stables conditions with the exception of 

Toadstool Profile 5, where the VPD drops to 5.00 hPa. However, the VPD estimated 

from Toadstool profile 5 is suspect. The n-alkane distribution is incomprehensible and 

does not follow a pattern for any modern plant group. Additionally, the contribution from 

C25 is anomalously high for either deciduous trees or graminoids. The average VPD 

based on ACLs averaged for the entire profile show an inverse trend between Green 

Castle 2 and Green Castle 6 before reflecting the same trend as landscape ACLs 
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Figure 16. Vapor Pressure Deficit based on landscape ACLs (Black Line). Toadstool Profile 5 is shown as a red X and is 

separated from the VPD trend with dotted lines due to n-Alkane distributions that were non-distinct. Yellow line shows VPD 

based on the average ACL for each profile, including landscape ACLs. Blue squares represent VPD based on ACLs from 

secondary paleolandscapes in profiles Green Castle 5 and Toadstool 1. 
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3.5 Magnetic Susceptibility 

3.5.1 Full Profile Characterization of Magnetic Susceptibility  
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Figure 17. MS plotted against depth for Chamberlain Pass, Chadron, and Brule Formations. Trend line represents average 

MS with a diamond at each profile position to indicate the maximum MS measured. Figure includes profiles from the 

Brule Formation sampled by Lukens (2013). LLO is an non-pedogenically modified sheet sandstone.  

LLO = Lowest Lower Orella, MUO = Middle Upper Orella, UUO = Uppermost Upper Orella, GB = Green Beds 
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The average MS for all profiles is 2.70x10-4 ± 5.39 x10-4 SI. The range of average 

values is 6.09x10-5-1.77x10-3 SI. No consistent trends in MS with depth or horizon are 

observed (Figure 18). MS shows no correlation to selected geochemical weathering 

proxies (Table 11). Linear regressions produced significant p-values for all geochemical 

weathering proxies, however no strong correlations were observed. When average and 

maximum MS values are plotted against the geochemical proxies listed in Table 5, no 

meaningful correlations result. The blue data series shows the relationship between 

geochemical proxies and MS averaged for each soil horizons. The data set in orange plots 

geochemical weathering proxies against only the maximum MS for the soil horizon.  

 

 

 

 

 

 

n=44 CIA-K Ba/Sr Bases/Ti Fe2O3 

r2 0.159578 0.164806 0.221447 0.306163 

p 0.008483 1.26E-09 8.57E-18 0.048385 

Table 11: Regression Analysis for MS vs Geochemical Proxies 

44 subsamples from both the Eocene and Oligocene  
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Figure 18. Plots of MS vs. Geochemical proxies from Table 5. Blue corresponds to average B horizon MS and orange 

corresponds to maximum B horizon MS values. 
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3.5.2 MS and MAP 

 

 

Only B-horizons were considered. For all profiles, a series of measurements for both MS 

and MAP were recorded at different depths within the same B horizon. Measurements at 

each depth produced unique values for MS and MAP. The strongest correlation (r2=0.92, 

p=0.007 ) exists when each of these unique values are compared , such that multiple data 

points originate from the horizon (Figure 20). When MS and MAP are averaged, in an 

attempt to create an overall horizon or profile estimate, the correlation is lost. The 

Figure 19. Plot of MS vs MAP. Squares represent soils below the UPW (Sugarloaf 3 

and Green Castle Profiles) . Circles are soils from the uppermost Chadron Formation 

and Brule Formation.  

Orange = Sugar Loaf Profile 3, Yellow = Green Castle Profile 2, Darker Green = 

Green Castle Profile 5, Lighter Green = Green Castle Profile 15, Purple= Toadstool 

Profile 1. Black = Toadstool Profile 5, Grey = Toadstool Profile 6, Pink = Uppermost 

Upper Orella  
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correlation of MS to MAP is constrained between 774-1114 mm/yr. Other than the two 

subsamples from Toadstool 6, this range only includes profiles below the UPW ash bed 

(square symbols on Figure 20). When the full range of MAP values are considered, 

including younger profiles in the uppermost part of the BCCM and profiles in the Brule 

Formation, the correlation is not maintained (r2=.0001).  

Averaging MAP estimates and MS for each B-horizon produces a negative slope 

with a very weak correlation. The negative slope remains even after applying the 

calibration for pedogenic magnetic enhancement, Xped. (Figure 21). The lack of 

pedogenic enhancement indicates the absence of magnetite in the superparamagnetic or 

single size domain grain size i.e., grains of magnetite between < 30 – 70 nm (Maxbauer 

et al., 2016a) . Magnetic susceptibility is either reflecting other grain sizes or a 

dominance of other iron oxides.  

 

 

 

 

 

 
Figure 20. MS and MAP with average B horizon values (blue) and 

Xped calibration (orange)    
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CHAPTER 4: 

DISCUSSION  

4.1 A Multiproxy Interpretation of the WRG 

4.1.1 Paleoclimate and Paleoenvironment  

 A synthesis of paleopedology, climofunctions, sedimentary leaf wax n-alkanes, 

and magnetic susceptibility provide additional information regarding late Eocene and 

early Oligocene climate and landscape dynamics for this region. MAP calculated from 

CIA-K and depth to Bk climofunctions suggest this region transitioned through three 

distinct precipitation regimes: humid, subhumid, and semiarid (Figure 22) (Brouwer and 

Heibloum, 1986). Initially, a gradual decrease in MAP is interpreted between Sugar Loaf 

Profile 3 and Green Castle Profile 2, with a more abrupt step to Green Castle Profile 5. 

This decrease from 1168 ± 181 mm/yr to 830.22 ± 181 mm/yr marks the transition from 

humid to sub-humid conditions. Although 1168 mm/yr technically falls in the sub-humid 

regime, an integrated view of proxies preserved within this paleosol suggest actual MAP 

may be closer to the upper limit of uncertainty. Sugar Loaf Profile 3 is dominated by 

slickensided argillans, well-developed clay microfabrics, and high Ba/Sr ratios that 

indicate excessive leaching. Kaolinite is present throughout the entire profile. 
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Figure 21.  Multiple paleoclimate proxies across the Eocene Oligocene Boundary. 

Ash beds and ages listed in red.  
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Based on XRD peak intensity, Kaolinite is the dominant clay in the BC horizon and is co-

dominant with smectite in the Bt2 horizon. This indicates the soil was forming under 

extensive chemical weathering, high rainfall, and highly leached conditions (Tabor and 

Myers, 2015).  

Magnetic susceptibility is a useful paleoprecipitation proxy for this profile. Sugar 

Loaf Profile 3 is part of the strong correlation between MAP and MS (r2 = 0.92, p = 

0.007), supporting the interpretation that high production of pedogenic iron-oxide is 

related to high precipitation. Figure 22 shows only a slight decrease in MAP between 

36.9 and 35.33 Ma, while magnetic susceptibly shows a much sharp, almost 50% 

decrease.. The sharp drop in MS may indicate the actual drop in MAP is much larger than 

what is estimated from CIA-K. Humid conditions are supported by the absence of 

granitic mineral grains in soils, noted in both this study and Terry and Evans (1994).  

According to Terry and Evans (1994), the lack of felsic mineral grains was attributed to 

excessive leaching and acidic conditions during pedogenesis of the Chamberlain Pass 

Formation. Although leaf wax n-alkanes were not recovered from the Chamberlain Pass 

Formation, Terry and Evans (1994) reported silicified wood and tree fragments in 

channel deposits that suggest dense forested landscapes at this time.  

The 830.22 ± 181 mm/yr MAP estimated from Green Castle Profile 5 is indicative 

of all paleosol profiles in the Chadron Formation. The transition into the Chadron 

Formation begins a period of stable, subhumid climate. The highest MAP, 988.91 ± 181 

mm/yr, is estimated for Green Castle Profile 2 (the Hayden Pedotype of Terry, 2001) near 
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the base of the BCCM. The remaining profiles range between 830.22 ± 181 mm/yr - 

897.32 ± 181 mm/yr. The clay mineralogy in all profiles from the Chadron Formation is 

primarily composed of smectite and illite, often with smectite as the dominant mineral. 

Calcite is common as an accessory mineral.  This change away from kaolinite as the 

dominant mineralogy suggests a shift away from excessive precipitation, and a higher 

degree of seasonality. Seasonality is supported by the presence of calcite, which indicates 

periodic episodes of wetting and drying. Pronounced skelsepic clay fabrics are present 

throughout the Chadron Formation. In addition to argillans and translocation, this fabric 

forms from shrinking and swelling of soil materials during precipitation events 

(Fitzpatrick, 1984).  An up section decrease in carbonate stages is noted within the 

Chadron Formation: stage V (Green Castle 2), Stage II+ - III (Green Castle 5), Stage II 

(Green Castle 15) and Stage I-II (Toadstool Profile 1) (Figure 4). Given the increase in 

precipitation between Green Castle 15 and Toadstool 1, it is possible that these changes 

reflect a progressively shorter time of formation (and not increased aridification) due to 

an increase in sedimentation rates and subsequent burial of the active landscape (Terry, 

2015).   

Leaf wax n-alkanes measured from the tops of individual profiles range from 

29.29-29.92 and suggest consistent forested landscapes throughout the majority of the 

Chadron Formation (Bush and McInerney, 2013). ACLs are consistently elevated above 

29, diagnostic for trees, and suggesting some input from grasses (Bliedtner, 2018). 

However, OEP values are almost uniformly < 5 indicating a high degree of ACL 

degradation, especially the shorter length alkanes (Buggle et al.,2010) . As such, these 

number should be considered a maximum, suggesting an overall low contribution from 
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grass-like vegetation in forest-dominated landscapes of the late Eocene Chadron 

Formation. Phosphorus trends largely reflect the same conclusion, with the exception of 

Toadstool Profile 1. This soil was previously classified as a mollisol, largely based on a 

sharp increase of phosphorus in the A horizon. My results show the same phosphorous 

distribution, but other pedogenic features strongly suggest this paleosol represents an 

alfisol. In addition to an 80 cm thick Bt horizon, lattisepic clay fabrics and clay-infills 

throughout the profile, and updated CIA-K values place this paleosol firmly in the values 

for an alfisol (Sheldon et al., 2002). Additionally, MAP increases from 830.22 mm/yr 

(Green Castle Profile 5, 35.288 Ma) to 897.32 mm/yr (Toadstool Profile 1, 33.939 Ma). 

Increased MAP corresponds with a decrease in ACL and VPD over the same time period, 

further supporting a stable forested environment and conditions suitable for formation of 

an alfisol.   

 The calculated contribution of n-alkanes from graminoids using the end-member 

model is suspect, due to an overwhelming number of results that are greater than 100%, 

and low OEP values. Green Castle Profile 15, capped by the TP-2 ash bed (34.48 Ma), is 

the only profile with an OEP > 5 near the top of the profile. As such, it can be considered 

as a more reliable indicator of the paleovegetation of the Chadron Formation for that 

particular time period. The n-alkane distribution for this profile is a near perfect match to 

the n-alkane distribution of modern deciduous trees. The percent contribution from 

graminoids is only 6.85%, confirming this interpretation. 6.85% is a drastic outlier from 

other profiles of the Chadron Formation, which have graminoid contributions closer to 

50%. This result is likely impacted by short chain degradation and a bias towards higher 

ACL values.  
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The average B horizon magnetic susceptibility in the Chadron Formation 

oscillates between 9.70 x 10-5 – 3.56 x 10-4. These values are 3-4 orders of magnitude 

higher than what is expected for paleosols. This might be due to the presence of stable 

single domain (SSD) and superparamagnetic (SP) magnetite, which can be confirmed by 

measuring frequency dependence sensu Dearing et al. (1996). When B horizon MS is 

averaged and used as a proxy for the entire profile, the trend does not maintain the strong 

correlation that is apparent when comparing specific subsamples. Qualitatively, an 

averaged value for MS also disagrees with MAP at certain points. This could be 

explained by high variability in each of the profiles and lack of any depth vs MS trend 

(Figure 18).   

 Toadstool Profiles 5 and 6 are within the uppermost part of the Chadron 

Formation but formed in the early Oligocene. Estimated MAP for Toadstool Profile 5 is 

347.03 ± 147 mm/yr which marks a sharp decrease in precipitation and a drastic shift to 

semi-arid conditions coincident with EOT-1 (33.8 Ma). This finding suggests a direct 

response to the global EOT and coupling with ice sheet expansion. Issues with the n-

alkane distribution for Toadstool Profile 5 make paleovegetation and landscape 

environment harder to access. Alkane distributions from the upper 17 cm do not follow 

any predictable or diagnostic patterns. C25 is the dominant peak, followed by C29, which 

does not correlate to deciduous trees or graminoids (Bush and McInerney, 2013). Despite 

the dominance of shorter n-alkanes, OEP is still < 5, indicating substantial degradation. 

The greatest insight to paleoenvironments is the oreodont preserved at the 

paleolandscape. Oreodonts are interpreted to inhabit open biomes and savannah or 

prairie-like landscapes and feed on scrub-like vegetation (Gilein, 2012). Both Cu and 
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phosphorous have maximum values within the A horizon which support a shift away 

from forested landscapes as grass-like vegetation redistributes these elements via up-take. 

However, these maximum values are concentrated at the base of the horizon, not the 

interpreted land surface. A possible explanation for this discrepancy between 

geochemical proxies and the environment interpreted from the oreodont skeleton is time 

of soil formation. Toadstool Profile 5 is interpreted as an inceptisol and represents soil 

formation over a shorter time scale, which is supported by increased sedimentation in the 

Oligocene (Terry, 2015). Lukens (2013) attributed the early Oligocene dominance of 

inceptisols to increased sedimentation and burial.  

The average B horizon MS recorded in Oligocene Toadstool Profiles shows an 

increase compared to all values in the Eocene Green Castle profiles. Magnetic 

susceptibility measured in Toadstool Profile 5 does not fall within the MAP range for a 

strong, statistically significantly correlation. Compared to MS in soils that formed in 

MAP over 700 mm/yr, values are anomalously high and fall far above the trendline for 

MS formed under MAP >700 mm/yr. 

Toadstool Profile 6 marks a near return to levels of MAP seen in the majority of 

the Chadron Formation. CIA-K and depth to Bk range between 683-689 mm/yr, which 

are just below the boundary values for subhumid and semiarid conditions. Dense DHRT 

at the surface and increased phosphorus through the A horizon suggest a prairie 

landscape, which is further supported by n-alkanes (Retallack, 1997b). ACLs at the 

landscape are 30.31, the highest for the entire study. The contribution from graminoids is 

43.41%, which is the highest contribution (excluding entisols).   
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4.1.2 Magnetic susceptibility in the Oligocene 

 A stark difference in the relationship between MS and MAP is observed between 

the late Eocene and Early Oligocene. All samples in the late Eocene show a strong, 

significant correlation with MAP. This strong correlation is maintained in paleosols that 

were formed in both the Chamberlain Pass and Chadron Formation, despite mineralogical  

and pedological differences within the two formations. Paleosols preserved in the 

Chamberlain Pass Formation have a high concentration of iron-oxides and a high redness 

index that can be attributed to hematite (Maxbauer, et al. 2016b). The consistency in the 

MS and MAP relationship, regardless of these differences, suggests precipitation could be 

the major control of MS. Regression analysis between these two proxies produced a 

transform function that can be used to calculate MAP with a standard error of +268.54 

mm/yr (Equation 6). 

(6) 

𝑀𝐴𝑃 ±  268.54 = (𝑀𝑆 − 0.0003) ÷ 5 × 10−7 

 

Geiss and Zanner (2007) and Giess et al. (2008) demonstrate a similar trend in MS within 

the great plains where the strongest correlation occurs when the magnetic enhancement: 

Xarm/IRM is applied. Compared to this study, both demonstrate a strong correlation over a 

broader range of MAP conditions, that is maintained  at much lower MAP values ( > 500 

mm/yr). This may indicate that MS in paleosols formed in the Oligocene is driven by an 

external factor that obscures the paleoprecipitation record. 

Paleosols formed in the Oligocene, under decreased precipitation, show 

comparatively high values of MS. The transform function derived from late Eocene 
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paleosols no longer applies in the Oligocene, as it results in a false increase in MAP. 

Instead, MS shows a weak but apparent trend specific to the Oligocene: the more arid the 

environment, the more elevated the MS becomes from the Eocene-based trend line 

(Figure 20) Heightened MS is consistent in the Green Beds and Middle Upper Orella 

profiles. A possible aridity-driven explanation for the spike in MS is increased wildfires. 

When soil is subjected to burning, a reducing environment is created that allows for the 

conversion of hematite to magnetite. This process has been confirmed in laboratory 

experiments and field sites in which MS has been demonstrated as a sufficient tool for 

detecting this change. This practice is often utilized in archeological field work to 

identify anthropogenic burn pits and signs of human activity (Tite and Mullens, 1971). 

Clement et al. (2009) applied this to forest fires within the Florida Everglades and 

showed MS increased up to 16 times in burned areas. Jordanova et al. (2019) tracked 

changes in MS over three years after strong and moderate forest fires and observed 

decreasing MS with time that they attributed this to progressive oxidation. As such, it 

may be necessary for burial or reduced conditions to be maintained within soils to 

preserve this signature of burning. Increased sedimentation during the Oligocene may 

have provided the conditions necessary for the preservation of this signal. Anomalously 

high MS may prove a sufficient tool for assessing burning in the Oligocene and should be 

paired with a PAH study for further assessment. Future evidence demonstrating that 

increased MS in the Oligocene is the product of burning will also strengthen the 

interpretation that MS in the late Eocene is related to a wetter, stable climate.   
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4.1.3 The efficacy of Leaf Wax n-alkanes  

Soils developed on allochthonous materials are both an archive of the in-situ 

landscape, and the depositional basin overall. In the WRG, parent material went through 

cycles of deposition, uplift, erosion, and deposition to its current location. As a result, n-

alkanes throughout the parent material of a soil are a recycled, diachronous blend of 

various environments higher in the basin. Several studies have shown that this does not 

completely obscure the signal of n-alkanes that originate from in-situ vegetation 

(Bliedtner et al., 2018; Bliedtner, et al. 2020; Haggi et al. 2014).   

Bliedtner et al. (2020) measured n-alkanes from A horizons of Jurassic paleosols 

and suggested that they represented in-situ landscape vegetation. Furthermore, their study 

found that more mature soils show no signs of significant reworking and significant 

mixing with fluvially deposited n-alkanes. Less mature soils were obscured by higher 

degrees of inherited n-alkanes.  Additionally, Haggi et al (20104) interpreted negligible 

amounts of reworked or inherited detrital n-alkanes in Holocene aged top soil.  

The full profile characterization of ACLs within the Eocene paleosols of this 

study provide insight to the contribution of reworked versus in situ n-alkanes in pre-

Holocene soils. Figure 23 details ACL distribution for all 7 profiles. Each profile, 

normalized by a unique ACL average, shows that the most variation in ACL values 

manifest in the A horizon at the paleolandscape, with a subsequent reversion to the mean 

at depth. It is unclear if this is the result of degradation, or an influence from inherited n-

alkanes. However, the close coupling of A horizon n-alkanes and MAP suggests that 

variation at the land surface is due to in situ vegetation and climatic. Perhaps most 

importantly, this study demonstrates the necessity of sampling n-alkanes through a soil  
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profile framework. Multiple and conflicting results are likely when sampling does 

not specifically target the A-horizon (Figure 24). With OEP consistently < 5, degradation 

can be considered uniform throughout the profile.  

 

The effect of discrete depositional events  

Green Castle Profile 5 and Toadstool Profile 1 provide specific examples of the 

vegetation response to abrupt depositional events that buried active landscapes. The 

majority of Toadstool Profile 1 is an A-Bt-Ck profile that is overlain by the UPW ash 

bed, a clear indication of new deposition that buries the previous landscape (Figure 16). 

The UPW has been pedogenically modified into an entisol that caps Toadstool Profile 1). 

The upper 40 cm of Green Castle Profile 5, while not a separate entisol, shows a distinct 

difference in carbonate and clay content, and shares an erosional contact with the 

underlying A horizon. This boundary signifies a new depositional event, likely from 

flooding. In both profiles, leaf wax n-alkanes in the underlying A horizon (before new 

deposition) are interpreted as deciduous trees. This interpretation is consistent with the 

time period and the other proxies in this study. However, n-alkane values from the 

overlying paleolandscapes are uncharacteristically high and suggest the presence of a 

grass-like landscape.  Rather than a change in climate, this increase in ACL may signify 

plant succession and the initial emergence of grass-like vegetation after burial, i.e., after 

flooding or ash fall. Dale et al (2005) considered modern volcanic activity and noted that 

a change in the original vegetation community is a likely occurrence due to seedbed  
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Figure 24. In-situ vs. inherited ACL trend for landscape vegetation (Green Line). Dotted lines show two 

additional possible interpretations derived from ACLs selected at on random soil profile positions, 

demonstrating the impact of ignoring paleolandscapes when sampling n-Alkanes.  
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The effect of discrete depositional events  

Green Castle Profile 5 and Toadstool Profile 1 provide specific examples of the 

vegetation response to abrupt depositional events that buried active landscapes. The 

majority of Toadstool Profile 1 is an A-Bt-Ck profile that is overlain by the UPW ash 

bed, a clear indication of new deposition that buries the previous landscape (Figure 16). 

The UPW has been pedogenically modified into an entisol that caps Toadstool Profile 1). 

The upper 40 cm of Green Castle Profile 5, while not a separate entisol, shows a distinct 

difference in carbonate and clay content, and shares an erosional contact with the 

underlying A horizon. This boundary signifies a new depositional event, likely from 

flooding. In both profiles, leaf wax n-alkanes in the underlying A horizon (before new 

deposition) are interpreted as deciduous trees. This interpretation is consistent with the 

time period and the other proxies in this study. However, n-alkane values from the 

overlying paleolandscapes are uncharacteristically high and suggest the presence of a 

grass-like landscape.  Rather than a change in climate, this increase in ACL may signify 

plant succession and the initial emergence of grass-like vegetation after burial, i.e., after 

flooding or ash fall. Dale et al (2005) considered modern volcanic activity and noted that 

a change in the original vegetation community is a likely occurrence due to seedbed and 

Toadstool Profile 1 reflect plant succession and should not be considered as reflective of 

the climate.  
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4.1.4 Variability in Macroscopic Soil Features  

 Initial paleosol investigations of the EOT in North America focused on changes in 

macroscopic soil features, primarily root traces and ped structures (Retallack, 1983; 

Retallack and Bestland, 1999; Terry, 2001). Decreases in root width and ped size have 

been used to argue for early onset drying across that late Eocene, and a gradual change 

leading up to the EOT-1. However, integrating the root widths observed in Terry (2001) 

with this study does not conclude a gradual decrease in root diameters across the late 

Eocene, or strongly support a conclusion for grass-like landscapes prior to the Oligocene 

(Table 12). All profiles, except the Hatcher Pedotype (located between the TP-1 and TP-

2 ash beds, Figure 4), preserve a maximum root width  ≥ 10 mm, more than an order of 

magnitude larger than the average root width for graminoids (Simon and Collison, 

2002.).  

 

 

Strat. Position (m)  Profile ID Ash Bed Maximum  Width (mm) Trace Type 

20.3 Toadstool 1 UPW 10 DHRT 

19.5 Green Castle 15 TP-2 10 DHRT 

18.3 Hatcher Pedotype N/A 2 Calcite In-fill 

14.5 Clark Pedotype N/A 10 Clay In-fill 

7.8 Green Castle 6 TP-1 30 DHRT 

6.85 Green Castle 5 N/A 15 DHRT 

2.2 Green Castle 2 N/A 20 DHRT 

Table 12. Maximum Root Width at Toadstool Geologic Park across the late Eocene. 

Stratigraphic position is measured from the base of the Green Castle Section. 

“Pedotypes” are from Terry (2001).  
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Clay-infill root traces are more likely to be an accurate record of root width when 

compared to the ubiquitous DHRTs of the WRG. DHRTs outline the entire reducing 

environment and are an over-estimate of root diameter (Tabor and Myers 2005).  In 

addition to tree-like root traces, all soil profiles in the late Eocene contain sub-millimeter 

root traces, which are not exclusive to prairie-like landscapes.  Pregitzer et al. (2002) 

highlighted the importance of “fine root architecture” in trees of North American forests. 

Individual roots from Alaska, New Mexico, Michigan, and the southeast region of the 

United States were analyzed (n = 18,561), and with the exception of one species, roots 

with a diameter < 0.5 mm accounted for > 75% of the roots sampled. The co-existence of 

hair-like root traces and root traces > 10 mm within the WRG may indicate a vast 

network of lateral and penetrating tree roots in a forested ecosystem. However, the lack 

of preserved tree stumps or larger roots that can definitely support a predominantly tree-

root system leaves room for debate regarding the possible contributions from shrub-like 

vegetation. Furthermore, knowledge of the extent and influence of riparian partitioning is 

limited due to a lack of lateral transect studies across channel-floodplain systems 

preserved in the WRG. Further studies of plant-derived biogeochemical signals, and a 

novel focus on preserved phytoliths across WRG paleolandscapes, is a necessity for 

understanding landscape vegetation dynamics throughout the late Eocene. 

 Ped structures, including those documented in Terry (2001) are largely static 

across the late Eocene. The dominant ped types are sub-angular and blocky. These are 

associated with Bt horizons, which is in agreement with a forested landscape. Granular 
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ped structures commonly associated with dense grass-like root systems are not reported 

(Terry, 2001). 

 

4.2 An updated interpretation of the EOT 

4.2.1 A Higher resolution perspective of the Chadron Formation   

 This updated analysis of paleosols from late Eocene and earliest Oligocene is 

based on new geochemical proxies, refined chronostratigraphic constraints, and a novel 

use of leaf wax n-alkanes. These advancements, combined with increased sampling 

resolution within the Chadron Formation, support a new conclusion for the terrestrial 

response to the EOT in this region. This study demonstrates that across the entire 

Chadron Formation (~36.9 – 33.939 Ma), stable climatic conditions were dominant and 

promoted forested landscapes. This is the first study of the WRG to calculate increases in 

MAP, VPD, and MAT between ~35.35 – 33.393 Ma, directly preceding EOT-1. Unlike 

previous research (Evanoff et al., 1992; Terry, 2001), a gradual transition to semi-arid 

conditions, or prairie-like landscapes in the upper Chadron Formation is not supported. 

Instead, proxies suggest an abrupt climatic and environmental change, with the transition 

to a drier and more open biome coincident with EOT-1 (~33.8 Ma), which closely 

resembles the marine δO18 record (Ref). 

These results also provide insight into previous interpretations of the WRG. 

Lukens (2013) complied a majority of MAP estimations during the EOT for this region. 

He concluded that a substantial interpretation could not be made from any previous 

studies due to the high degree of uncertainty that enveloped the entire EOT time period. 

This was especially problematic in studies that used small changes in MAP to infer long-
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term aridification. Retallack (2007), Sheldon and Retallack (2004), and Terry (2001) all 

report decreases near 100 mm/yr as evidence for long term aridification and the 

expansion of a savannah environment before the Oligocene. In contrast, even after 

maximum error is considered, the MAP values estimated within the Chadron Formation 

are firmly within the subhumid precipitation regime.  

Zanazzi et al. (2007) and Boardman and Secord (2013) do not rely on soil derived 

paleoclimate proxies and  provide an independent point of comparison with this study. 

The standard error of 4.4 ℃ associated with salinization makes direct comparison 

between MAT trends from this study and the 8.2 ± 3.1 ℃ drop in temperature interpreted 

by Zanazzi et al difficult. In general, Eocene temperatures are interpreted to be much 

lower on average, between 13.76 – 12.57, compared to the 21.0 ± 3.1 ℃ calculated by 

Zanazzi et al.. However, there is still overlap within the margin of error. The negligible 

drop in MAT from the paleosol proxies in this study closely agrees with Boardman and 

Secord (2013), which does not show any meaningful decrease in δO18 from fossil tooth 

enamel. Increased water stress in the early Oligocene, interpreted from δO18, aligns with 

the paleosol derived drop in MAP found in this study. Boardman and Secord (2013) also 

interpret a shift towards open biomes and reduced “wetter habitats,” which is consistent 

with the shift away from Alfisols in the Eocene, to inceptisols and mollisols in the early 

Oligocene as described in this study and Lukens (2013).   

The demonstrated decrease in MAP from 897 mm/yr to 347 mm/yr across the 

Eocene-Oligocene boundary in association with toadstool Profile 5 is the first to resolve 

outside the statistical margin of error and is coincident with EOT-1(Figure 22). The 

subsequent increase documented in Toadstool Profile 6 is consistent with the rebound in 
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δO18 at 33.830 Ma that reflects a global return to near pre-EOT-1 conditions. Considering 

this rebound in MAP and MAT, Toadstool Profile 6 is likely younger than the calculated 

age based on sedimentation rates (Figure 7). Instead, paleoclimate data supports 

Toadstool Profile 6 forming during the interglacial period between EOT-1 and EOT-2.  

   

4.2.2 Time transgressive climate change and orographic effects 

 Evidence of a stable climate in the late Eocene and abrupt change at the onset of 

EOT-1, synchronous with the marine record, creates an opportunity to re-examine the 

possibility of diachronous climate change across the Great Plains. Evanoff et al. (1992) 

were the first to propose diachrony in the sedimentology and fluvial architecture of the 

region, hypothesizing that a change from meandering to anastomosing streams and 

increased grain size were the product of time transgressive, west to east drying during the 

EOT. Terry (2001) compared the aridification interpreted across the Chamberlain Pass 

and Chadron Formations in Northeast Nebraska and South Dakota to sections in Flagstaff 

Rim and Douglass, WY and asserted the timing of the transition from fluvial to eolian 

environments between those areas supported an interpretation for diachronous drying. 

Griffis (2011) analyzed 8 paleosols at Flagstaff Rim, WY and compared 

paleoclimate data to Terry (2001) to access regional variation during the late Eocene. 

Griffis (2011) calculated a MAP of 301 ± 182 mm/yr for a paleosol overlain by the J ash 

(ca. 34.398 Ma), which was used as a rough correlation to Toadstool Paleosol profile 1 

(the Darton Pedotype of Terry, 2001). At the time, the MAP calculated from the Darton 

Pedotype was 855.282 ±282 mm/yr. Griffis (2013) noted that the elevation of Flagstaff 

Rim is over 500 m higher than northwest Nebraska. However, he determined that 
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regional change in elevation could not have been a substantial factor in precipitation 

differences between the two study sites. The increased elevation in Wyoming would have 

resulted in increased MAP in Flagstaff Rim, not a decrease of over 500 mm/yr. Griffis  

(2013) concluded that this discrepancy in MAP and the early onset of drying were related 

to orographic effects, rather than the global EOT. A recent study by Fan et al (2020) has 

further explored this hypothesis by suggesting that renewed uplift of the southern North 

American Cordillera, in the late Eocene, initiated pre-EOT-1 regional drying by forcing a 

rain shadow. Fan et al (2019) considered the change to eolian sedimentation in Beaver 

Divide ,WY (west of Flagstaff Rim), Flagstaff Rim, WY, Douglas WY, and Toadstool 

Geologic Park and created two separate climate models. Each model accounts for EOT 

cooling, shoreline regression, and the filling of sedimentary basins. In one model, the 

high Cordilleran hinterland continued into the middle Eocene, with subsequent crustal 

extension lowering topography. In the second, surface uplift of the Cordillera occurs 

across the E-O boundary. In the first scenario, their climate model cannot explain the 

westward expansion of eolian sedimentation, but  it indicates wetting in the east 

Hinterland. When the model considers regional uplift, westward sections are interpreted 

to have experienced early drying due to orographic effects and the formation of a dust 

province, while the eastward Toadstool Geologic Park would experience wetting until the 

onset of global EOT cooling, which is in close agreement with this study. 

 Figure  25 compares the climate estimation from this study to Flagstaff Rim, 

WY. MAP is consistently lower in Flagstaff Rim. The decrease from humid/subhumid 

conditions to semi-arid conditions during the transition into the Chadronian (ca 36.9 Ma)  
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is more drastic at Flagstaff Rim. MAP never rebounds, and continues to drop even when 

Toadstool Geologic Park increases in MAP (Figure 25). These two 

locations are less than 450 km apart and roughly the same latitude. The opposing trends 

in MAP support the interpretation that drying in the west is primary orographic and that 

changes in climate in Nebraska are a direct response to global cooling during the EOT-1 

(Fan et al., 2019). This interpretation negates the paradigm of west to east drying. 

Instead, the resulting conclusion is that a seemingly diachronous west to east drying is a 

function of two separate phenomena, one regional, and one global. 

Despite the consistency and agreement between Fan et al. (2020), Griffis (2011), 

and this study, a diachronous drying period cannot be completely ruled out. The 

magnitude and location of regional uplift needs to be quantified in order to ensure such a 

Figure 25. Comparative MAP for NE, Nebraska (blue, this study) and Flagstaff Rim, 

WY (orange, from Griffis,2011). 
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rains shadow is plausible. Terry (2015) demonstrates the effect of increased pulses of 

sedimentation which could produce the same regional changes in lithology described in 

Fan et al. (2020), regardless of renewed uplift. Terry (2015) also hypothesizes that the 

WRG may fit into the framework of case studies documented by Atchely et al (2013), 

where up-section trends in paleosols formed within a regional prograding distributive 

fluvial system are potentially misinterpreted as increased aridity and climatic shifts. A 

regional paleosol study sampling along isochronous landscapes and the same regional 

and temporal transect as Fan et al (2020) will further clarify the likelihood of a 

diachronous drying event. 
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CHAPTER 5: 

CONCLUSION  

 These results confirm previous studies that interpret a transition from humid 

conditions and high MAP in the Chamberlain Pass Formation, to the seasonal subhumid 

environment of the Chadron Formation. Previous interpretations of progressive drying or 

vegetation change up-section within the Chadron Formation are not supported (Evanoff 

et al., 1992; Terry, 2001). Paleosol and leaf wax analyses suggest that a stable subhumid 

environment, dominated by forested landscapes, was consistently present until the onset 

of EOT-1, which produced a 550.29 ± 147 mm drop in MAP in this region.  

MS is strongly correlated with MAP in the late Eocene and shows the potential 

for a regionally specific transform function for estimating precipitation when MAP for > 

700 mm/yr. Anomalously high values in the Oligocene are possibly the result of burning 

and the conversion of hematite to magnetite. Future studies are needed to characterize the 

iron-oxide phases present in Oligocene paleosols and confirm the presence of single 

domain hematite. Demonstrating spikes in PAHs and the presence of charcoal within 

paleolandscapes can further support an interpretation for increased burning during the 

Oligocene.  

Accurate interpretation of leaf wax n-alkanes relies on understanding the original 

position within a paleosol profile. Variable and conflicting trends in vegetation and 

aridity will appear when samples are chosen at random, as they likely include inherited 

and reworked n-alkanes. Furthermore, post-depositional plant succession in the upper 

units of Green Castle Profile 5 and Toadstool Profile 1 demonstrate the he dominance of 
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grass-like plants following the burial of a landscape and how this should be considered as 

a source of error in paleoenvironmental  interpretations.  

This is the first terrestrial EOT study in the Great Plains region to produce a drop 

in MAP associated with the EOT that falls outside the statistical margin of error 

commonly seen in previous studies. This drop in MAP is followed by a rebound, further 

indicating that climate during this time period is closely coupled to the global EOT. A 

change to prairie landscapes during the EOT is supported. However, proxies suggest this 

is an abrupt change coincident with the Oligocene. There is no prolonged transition 

between wooded to prairie landscapes throughout the late Eocene. A strong regional 

contrast of stable subhumid conditions in Toadstool Geologic Park with extreme drying 

in Flagstaff Rim, WY is noted. Previous interpretations considered a diachronous west to 

east climate change as the mechanism (Terry, 2001). The close coupling of NE 

Nebraska’s climate with the global EOT instead supports the conclusions of Fang et al 

(2020) and Griffis (2013) that two separate climate mechanisms are coexist: an 

orographic rain shadow in the west and cooling associated with glaciation and the global 

EOT in the east.   
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APPENDIX A: SUBSAMPLE MAGNETIC SUSCEPTIBILITY 

MEASUREMENTS   

Sugar Loaf Profile 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 1 

ID Horizons Depth Maximum Average  2std 

3.1 BC 50 2.74E-04 2.74E-04 6.36E-07 

3.2 Bt 34 3.67E-04 3.67E-04 6.36E-07 

3.3 Bt 24 3.78E-04 3.77E-04 1.61E-06 

3.4 Bt 0 2.63E-04 2.61E-04 1.83E-06 

Sample 2 

ID Horizons Depth Maximum Average  2std 

3.1 BC 50 2.78E-04 2.77E-04 1.06E-06 

3.2 Bt 34 3.56E-04 3.56E-04 1.86E-06 

3.3 Bt 24 3.58E-04 3.58E-04 6.11E-07 

3.4 Bt 0 2.72E-04 2.72E-04 5.86E-07 

Sample 3 

ID Horizons Depth Maximum Average  2std 

3.1 BC 50 3.20E-04 2.84E-04 9.50E-05 

3.2 Bt 34 3.43E-04 3.43E-04 6.12E-07 

3.3 Bt 24 3.34E-04 3.33E-04 2.22E-06 

3.4 Bt 0 2.83E-04 2.83E-04 5.84E-08 
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Green Castle Profile 2 

Sample 1 

ID Horizons Depth Maximum Average  2std 

2.3 Ck 190 1.29E-04 1.29E-04 6.07E-07 

2.5 Bk 160 1.92E-04 1.92E-04 0.00E+00 

2.6 Bt2 135 1.89E-04 1.89E-04 6.48E-07 

2.7 Bt1 110 1.92E-04 1.91E-04 5.99E-07 

2.8 Bt1 100 1.40E-04 1.39E-04 6.42E-07 

2.9 Bt1 85 1.66E-04 1.66E-04 6.37E-07 

2.11 A 50 1.25E-04 1.25E-04 5.88E-07 

2.12 A 10 7.87E-05 7.83E-05 6.11E-07 

Sample 2 

ID Horizons Depth Maximum Average  2std 

2.3 Ck 190 1.30E-04 1.30E-04 0.00E+00 

2.5 Bk 160 1.85E-04 1.85E-04 2.49E-08 

2.6 Bt2 135 1.83E-04 1.83E-04 0.00E+00 

2.7 Bt1 110 1.66E-04 1.66E-04 2.49E-08 

2.8 Bt1 100 1.48E-04 1.47E-04 1.66E-06 

2.9 Bt1 85 1.62E-04 1.61E-04 1.90E-06 

2.11 A 50 X X X 

2.12 A 10 7.67E-05 7.63E-05 6.11E-07 

Sample 3 

ID Horizons Depth Maximum Average  2std 

2.3 Ck 190 1.47E-04 1.47E-04 2.49E-08 

2.5 Bk 160 1.45E-04 1.45E-04 3.45E-07 

2.6 Bt2 135 1.68E-04 1.68E-04 5.96E-07 

2.7 Bt1 110 1.53E-04 1.52E-04 1.23E-06 

2.8 Bt1 100 1.53E-04 1.53E-04 6.24E-07 

2.9 Bt1 85 1.70E-04 1.70E-04 2.32E-08 

2.11 A 50 X X X 

2.12 A 10 7.81E-05 7.76E-05 6.61E-07 
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Green Castle Profile 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 1       

ID Horizons Depth Maximum Average  2std 

5.1-1 C 178 1.42E-04 1.42E-04 2.35E-08 

5.3-1 Bt 148 9.79E-05 9.75E-05 6.11E-07 

5.4-2 Bk 124 1.05E-04 1.05E-04 2.49E-08 

5.4-3 Bk 104 1.06E-04 1.06E-04 1.26E-06 

5.4-4 Bk 90 1.09E-04 1.09E-04 4.32E-08 

5.5-1 Bt 68 1.46E-04 1.45E-04 1.60E-06 

5.5-2 Bt 58 1.51E-04 1.51E-04 1.10E-06 

5.6-1 A 40 1.37E-04 1.37E-04 4.31E-08 

5.6-4 A 10 1.16E-04 1.15E-04 6.00E-07 

Sample 2       

ID Horizons Depth Maximum Average  2std 

5.1-1 C 178 1.61E-04 1.60E-04 5.99E-07 

5.3-1 Bt 148 9.79E-05 9.75E-05 6.49E-07 

5.4-2 Bk 124 7.74E-05 7.74E-05 4.31E-08 

5.4-3 Bk 104 1.12E-04 1.12E-04 5.99E-07 

5.4-4 Bk 90 1.06E-04 1.06E-04 6.36E-07 

5.5-1 Bt 68 1.50E-04 1.49E-04 1.08E-06 

5.5-2 Bt 58 1.57E-04 1.57E-04 1.04E-06 

5.6-1 A 40 1.15E-04 1.15E-04 2.49E-08 

5.6-4 A 10 1.30E-04 1.30E-04 2.49E-08 

Sample 3       

ID Horizons Depth Maximum Average  2std 

5.1-1 C 178 1.45E-04 1.45E-04 3.45E-07 

5.3-1 Bt 148 9.66E-05 9.61E-05 6.21E-07 

5.4-2 Bk 124 0.00E+00 0.00E+00 0.00E+00 

5.4-3 Bk 104 9.58E-05 9.50E-05 1.62E-06 

5.4-4 Bk 90 1.01E-04 1.01E-04 6.11E-07 

5.5-1 Bt 68 1.30E-04 1.30E-04 5.98E-07 

5.5-2 Bt 58 0.00E+00 0.00E+00 0.00E+00 

5.6-1 A 40 1.26E-04 1.25E-04 5.09E-07 

5.6-4 A 10 1.31E-04 4.36E-05 1.23E-04 
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Green Castle Profile 6 

Sample 1       

ID Horizons Depth Maximum Average  2std 

6.1-1 C 75 1.51E-04 1.50E-04 1.24E-06 

6.1-2 C 50 1.49E-04 1.48E-04 1.05E-06 

6.1-3 C 30 1.25E-04 1.25E-04 6.11E-07 

6.2-2 A 10 1.44E-04 1.44E-04 6.15E-07 

6.2-3 A 0 1.43E-04 1.42E-04 6.14E-07 

Sample 2       

ID Horizons Depth Maximum Average  2std 

6.1-1 C 75 1.44E-04 1.43E-04 1.90E-06 

6.1-2 C 50 1.17E-04 1.17E-04 2.16E-08 

6.1-3 C 30 1.47E-04 1.47E-04 1.10E-06 

6.2-2 A 10 1.41E-04 1.40E-04 5.81E-07 

6.2-3 A 0 1.45E-04 1.43E-04 2.87E-06 

Sample 3       

ID Horizons Depth Maximum Average  2std 

6.1-1 C 75 1.53E-04 1.53E-04 2.49E-08 

6.1-2 C 50 1.19E-04 1.18E-04 1.60E-06 

6.1-3 C 30 1.24E-04 1.23E-04 1.26E-06 

6.2-2 A 10 0.00E+00 0.00E+00 0.00E+00 

6.2-3 A 0 1.47E-04 1.46E-04 6.24E-07 
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Green Castle Profile 15  

Sample 1       

ID Horizons Depth Maximum Average  2std 

15.1-1 Ck 110 1.98E-04 1.97E-04 6.17E-07 

15.1-2 Bt 90 1.77E-04 1.76E-04 1.10E-06 

15.1-3 Bwk 60 1.99E-04 1.99E-04 6.61E-07 

15.1-4 Bwk 45 1.85E-04 1.85E-04 6.37E-07 

15.2-1 Bw 20 1.35E-04 1.34E-04 1.06E-06 

15.2-2 A 0 1.89E-04 1.88E-04 1.23E-06 

Sample 2       

ID Horizons Depth Maximum Average  2std 

15.1-1 Ck 110 1.91E-04 1.91E-04 6.24E-07 

15.1-2 Bt 90 1.77E-04 1.76E-04 1.61E-06 

15.1-3 Bwk 60 1.88E-04 1.87E-04 1.28E-06 

15.1-4 Bwk 45 1.90E-04 1.90E-04 3.79E-08 

15.2-1 Bw 20 1.44E-04 1.42E-04 3.27E-06 

15.2-2 A 0 1.86E-04 1.86E-04 3.48E-07 

Sample 3       

ID Horizons Depth Maximum Average  2std 

15.1-1 Ck 110 1.79E-04 1.79E-04 5.94E-07 

15.1-2 Bt 90 1.60E-04 1.60E-04 2.49E-08 

15.1-3 Bwk 60 1.93E-04 1.91E-04 3.32E-06 

15.1-4 Bwk 45 1.92E-04 1.92E-04 6.49E-07 

15.2-1 Bw 20 1.50E-04 9.90E-05 1.40E-04 

15.2-2 A 0 1.81E-04 1.80E-04 6.29E-07 
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Toadstool Profile 1 
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Sample 1       

ID Horizons Depth Maximum Average  2std 

1.1-1 Ck 130 1.39E-04 1.33E-04 8.51E-06 

1.1-2 Ck 120 2.09E-04 2.09E-04 5.76E-07 

1.2-2 Bt 70 1.87E-04 1.86E-04 1.06E-06 

1.2-3 Bt 55 1.70E-04 1.70E-04 2.49E-08 

1.3-2 A 5 9.53E-05 9.48E-05 6.24E-07 

Sample 2       

ID Horizons Depth Maximum Average  2std 

1.1-1 Ck 130 x x x 

1.1-2 Ck 120 2.10E-04 2.09E-04 6.24E-07 

1.2-2 Bt 70 1.63E-04 1.63E-04 1.08E-07 

1.2-3 Bt 55 1.55E-04 1.55E-04 1.27E-06 

1.3-2 A 5       

Sample 3       

ID Horizons Depth Maximum Average  2std 

1.1-1 Ck 130 x x x 

1.1-2 Ck 120 1.99E-04 1.99E-04 3.35E-07 

1.2-2 Bt 70 2.38E-04 2.37E-04 1.21E-06 

1.2-3 Bt 55 1.69E-04 1.69E-04 2.70E-08 

1.3-2 A 5       
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Toadstool Profile 5 

Sample 1       

ID Horizons Depth Maximum Average  2std 

5.1-1 Ck 90 1.28E-04 1.28E-04 2.49E-08 

5.1-2 Ck 68 1.77E-04 1.77E-04 2.49E-08 

5.1-3 Bwk 45 2.82E-04 2.81E-04 1.25E-06 

5.2-1 Bwk 25 2.44E-04 2.43E-04 1.64E-06 

5.2-2 A 17 2.23E-04 2.23E-04 1.65E-06 

5.2-3 A 5 1.75E-04 1.74E-04 6.36E-07 

Sample 2       

ID Horizons Depth Maximum Average  2std 

5.1-1 Ck 90 1.44E-04 1.43E-04 1.25E-06 

5.1-2 Ck 68 1.39E-04 1.38E-04 5.99E-07 

5.1-3 Bwk 45 2.62E-04 2.60E-04 2.48E-06 

5.2-1 Bwk 25 1.66E-04 1.64E-04 2.23E-06 

5.2-2 A 17 2.48E-04 2.48E-04 5.86E-07 

5.2-3 A 5 1.99E-04 1.99E-04 2.49E-08 

Sample 3       

ID Horizons Depth Maximum Average  2std 

5.1-1 Ck 90 1.23E-04 1.23E-04 6.36E-07 

5.1-2 Ck 68 1.68E-04 1.68E-04 6.61E-07 

5.1-3 Bwk 45 2.45E-04 2.45E-04 6.10E-07 

5.2-1 Bwk 25 2.33E-04 2.33E-04 5.91E-07 

5.2-2 A 17 2.35E-04 2.34E-04 6.37E-07 

5.2-3 A 5 1.90E-04 1.90E-04 2.49E-08 
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Toadstool Profile 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 1 

ID Horizons Depth Maximum Average  2std 

6.1-1 Ck 190 2.12E-04 2.11E-04 6.32E-07 

6.1-2 Ck 180 2.33E-04 2.33E-04 2.49E-08 

6.1-3 Ck 170 2.02E-04 2.01E-04 1.66E-06 

6.2-1 Bw 150 2.15E-04 2.14E-04 6.11E-07 

6.3-2 Bk 125 1.57E-04 1.56E-04 6.49E-07 

6.4-1 Bw 115 1.87E-04 1.86E-04 6.17E-07 

6.4-2 Bw 93 2.02E-04 2.01E-04 1.21E-06 

6.4-4 Bw 45 2.61E-04 2.61E-04 4.98E-08 

6.4-5 Bw 20 2.23E-04 2.23E-04 6.12E-07 

6.5-1 A 5 2.39E-04 2.38E-04 2.24E-06 

Sample 2 

ID Horizons Depth Maximum Average  2std 

6.1-1 Ck 190 1.80E-04 1.80E-04 1.04E-07 

6.1-2 Ck 180 2.45E-04 2.44E-04 6.49E-07 

6.1-3 Ck 170 2.03E-04 2.03E-04 5.99E-07 

6.2-1 Bw 150 2.03E-04 2.03E-04 5.99E-07 

6.3-2 Bk 125 1.32E-04 1.32E-04 5.99E-07 

6.4-1 Bw 115 1.88E-04 1.87E-04 6.12E-07 

6.4-2 Bw 93 2.25E-04 2.24E-04 6.33E-07 

6.4-4 Bw 45 2.90E-04 2.89E-04 6.11E-07 

6.4-5 Bw 20 2.34E-04 2.32E-04 3.14E-06 

6.5-1 A 5 2.23E-04 2.22E-04 5.99E-07 
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Toadstool Profile 6 (continued) 

 

 

 

 

 

 

 

 

  

Sample 3 

ID Horizons Depth Maximum Average  2std 

6.1-1 Ck 190 1.63E-04 1.62E-04 1.16E-06 

6.1-2 Ck 180 2.40E-04 2.39E-04 1.48E-07 

6.1-3 Ck 170 2.16E-04 2.16E-04 1.80E-08 

6.2-1 Bw 150 1.77E-04 1.75E-04 2.16E-06 

6.3-2 Bk 125 1.63E-04 1.62E-04 6.33E-07 

6.4-1 Bw 115 1.63E-04 1.62E-04 1.04E-06 

6.4-2 Bw 93 1.69E-04 1.69E-04 2.49E-08 

6.4-4 Bw 45 2.44E-04 2.43E-04 1.83E-06 

6.4-5 Bw 20 2.17E-04 2.17E-04 6.36E-07 

6.5-1 A 5 2.18E-04 2.17E-04 6.24E-07 
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APPENDIX B: ODD NUMBERED N-ALKANE PEAK AREAS  

 

 

 

 

 

 

 

 

 

 

 

 

Green Castle 5           

ID 25 27 29 31 33 

5.1-1 0.0335 0.0218 0.0615 0.0723 0.0689 

5.2-1 0.0269 0.0405 0.0973 0.0897 0.0793 

5.3-1 0.0113 0.0234 0.0703 0.0704 0.0715 

5.4-1 0.0508 0.0479 0.0902 0.0873 0.0755 

5.4-2 0.0206 0.0119 0.0637 0.0657 0.0628 

5.5-1 0.0548 0.0642 0.1377 0.1628 0.102 

5.5-2 0.0245 0.0426 0.1082 0.1142 0.0838 

5.5-3 0.0686 0.0701 0.1301 0.1496 0.0928 

5.6-1 0.0268 0.0242 0.073 0.0755 0.0702 

5.6-2 0.0183 0.0411 0.0982 0.1015 0.0777 

5.6-3 -0.012 0.0095 0.0374 0.0641 0.0644 

5.6-4 0.0151 0.0332 0.084 0.0944 0.0787 

Green Castle 2           

ID 25 27 29 31 33 

2.O 0.0278 0.0543 0.08 0.0837 0.0745 

2.3 0.1222 0.0649 0.0912 0.0705 0.0753 

2.4 0.0685 0.0497 0.072 0.0619 0.0736 

2.6 0.1053 0.0906 0.1027 0.0767 0.0708 

2.7 0.0754 0.053 0.0793 0.0721 0.075 

2.8 0.0436 0.0479 0.0802 0.0723 0.0698 

2.9 0.0261 0.0361 0.082 0.068 0.0727 

2.1O 0.0603 0.0442 0.0884 0.0823 0.0713 

2.11 0.1441 0.0876 0.1122 0.1174 0.0864 

2.12 0.0237 0.0544 0.0905 0.0997 0.0817 
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Green Castle 6           

ID 25 27 29 31 33 

6.1-1 0.2568 0.2405 0.2316 0.1535 0.0999 

6.1-2 0.392 0.2651 0.2536 0.1668 0.1036 

6.1-3 0.0931 0.0945 0.1314 0.1094 0.0882 

6.2-1 0.0855 0.1034 0.1371 0.1253 0.0868 

6.2-2 0.1202 0.1542 0.1679 0.1237 0.0924 

6.2-3 0.0582 0.0812 0.1329 0.143 0.0977 

 

 

 

 

 

 

 

Green Castle15           

ID 25 27 29 31 33 

15.1-1 0.1753 0.2546 0.4323 0.3587 0.1459 

15.1-2 0.0648 0.0831 0.1986 0.1913 0.0989 

15.1-3 0.085 0.2643 0.4309 0.3753 0.1591 

15.1-4 0.079 0.0816 0.2182 0.2134 0.1109 

15.2-1 0.0714 0.2673 0.4467 0.3275 0.1327 
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Toadstool 5           

ID 25 27 29 31 33 

5.1-1 0.1868 0.1311 0.2134 0.1809 0.0973 

5.1-2 0.1254 0.1881 0.3169 0.2713 0.1335 

5.1-3 0.0251 0.0582 0.127 0.113 0.0754 

5.2-1 0.3662 0.4051 0.4648 0.3722 0.1861 

5.2-2 0.3212 0.3058 0.2909 0.2073 0.1124 

5.2-3 0.2872 0.271 0.2874 0.2228 0.1201 

 

 

Toadstool 6           

ID 25 27 29 31 33 

6.1-1 0.0583 0.1008 0.196 0.1909 0.1086 

6.1-2 0.1912 0.2173 0.3313 0.293 0.1455 

6.1-3 0.1182 0.1437 0.2018 0.176 0.0977 

6.2-1 0.0953 0.1182 0.1867 0.1746 0.0878 

6.3-2 0.0571 0.0884 0.0152 0.1278 0.0822 

6.4-1 0.0314 0.0595 0.1629 0.1956 0.0984 

6.4-2 0.0092 0.0381 0.1292 0.128 0.0873 

6.4-4 0.0052 0.0327 0.1155 0.1232 0.0839 

6.4-5 0.025 0.0617 0.1804 0.1961 0.1078 

6.5-1 0.0031 0.0449 0.1491 0.1679 0.091 

Toadstool 1           

ID 25 27 29 31 33 

1.2-1 0.0357 0.0497 0.1427 0.1471 0.0612 

1.2-2 0.0499 0.0947 0.1903 0.1772 0.0612 

1.2-2* 0.2045 0.2754 0.3237 0.2387 0.1094 

1.3-1 0.068 0.1009 0.2806 0.2207 0.0612 

1.4-2 -0.0308 0.0093 0.0345 0.0638 0.0612 

1.5-1 0.0347 0.0405 0.1158 0.13 0.1158 
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APPENDIX C: CHEMICAL DATA FROM ICP-OES ANALYSIS OF PALEOSOLS.  

Oxides are in raw Wt.%, trace elements are in PPM, depth is cm.  

Sugar Loaf Profile 3 

 

Greencastle Profile 2 

 

 

 

  

ID Depth  Na2O MgO Al2O3 P2O5 K2O CaO TiO2  MnO Fe2O3  Sr  Ba  

3.1 50 0.651086 0.69670 9.980157 0.009006 0.777035 0.229177 0.436524 0.006505 3.770742 112.7910 766.61641 

3.2 34 0.671349 0.777111 10.34106 0.003572 0.817000 0.271457 0.447040 0.007364 4.107482 114.2251 300.2242 

3.3 24 0.732810 0.830377 11.50841 0.020161 0.903569 0.496486 0.500103 0.017973 4.45290 192.4759 467.4411 

3.4 0 0.749155 0.7885 10.3507 0.034460 0.881815 0.562032 0.464579 0.015762 6.161862 220.6404 1402.7536 

ID Depth  Na2O MgO Al2O3 P2O5 K2O CaO TiO2  MnO Fe2O3  Sr  Ba  

2.3 140 1.074512 1.388542 8.59196 0.64469 1.59717 12.1159 0.36816 0.07576 2.67646 171.351 180.057 

2.5 110 0.919971 1.899038 11.1896 0.25201 1.48295 1.83262 0.46421 0.04124 3.89361 137.186 208.418 

2.6 85 0.959632 2.287795 12.8938 0.09739 1.67454 1.18205 0.53735 0.04757 4.70713 134.364 221.901 

2.7 60 0.9552 2.368566 13.1730 0.06148 1.67965 1.13407 0.54153 0.04540 4.85830 134.312 224.903 

2.8 50 0.965795 1.669451 9.21605 0.07842 1.55933 1.09738 0.35193 0.02682 2.90682 114.373 167.158 

2.11 0 1.320265 2.199649 12.2848 0.13854 1.58170 3.92882 0.41409 0.04622 2.8947 190.359 201.218 
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Green Castle Profile 5 

 

 

 

 

 

 

 

ID Depth Na2O MgO Al2O3 P2O5 K2O CaO  TiO2 MnO  Fe2O3 (%)  
Sr 

(ppm) 
Ba 

(ppm) 

5.1-1 178 1.38241 1.968334 12.13903 0.023215 1.830894 1.34216 0.471526 0.028703 3.433954 177.4129 329.645 

5.2-1 160 1.15345 1.404671 8.691040 0.271066 1.295274 11.01781 0.225906 0.081729 1.806395 238.2596 369.3611 

5.3-1 148 1.1859 1.835524 10.1329 0.030088 1.24415 1.649222 0.238310 0.017017 1.509175 157.693 268.2468 

5.4-1 134 1.34171 1.784817 10.76066 0.136048 1.572659 9.895180 0.275345 0.081859 2.142478 253.4637 426.4882 

5.4-2 124 1.04951 1.296375 8.027575 0.097454 1.223471 9.792480 0.207126 0.075207 1.574994 227.488 390.013 

5.4-3 104 1.070 1.281509 7.818759 0.14666 1.206805 9.050104 0.220362 0.062288 1.742280 250.4475 391.5402 

5.5-1 68 0.91090 1.312839 7.422726 0.109418 1.170731 5.492860 0.224341 0.038734 1.873940 188.4504 303.5137 

5.5-2 58 1.11093 1.810311 10.07719 0.010285 1.548422 2.155272 0.309458 0.031149 2.824456 180.000 368.5057 

5.5-3 50 0.96638 1.39210 7.828020 0.021244 1.285851 3.407017 0.245137 0.03264 2.105356 170.6930 313.0053 

5.6-1 40 1.00192 1.529725 8.615057 0.068248 1.354894 8.562642 0.269421 0.061396 2.338494 198.194 312.9768 

5.6-2 30 0.81660 1.127876 6.409012 0.044964 1.082857 8.045508 0.208479 0.052974 1.747450 170.0211 247.3113 

5.6-4 10 1.15289 0.929296 7.407201 x 1.166054 1.84908 0.274913 0.026382 1.217188 197.7455 389.7277 
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Green Castle Profile 6 

 

Green Castle Profile 15 

 

 

 

 

 

 

 

 

ID 
Dept

h 
Na2O MgO Al2O3 P2O5 K2O CaO  TiO2 MnO  Fe2O3  Sr Ba  

6.1-1 75 0.79707 1.33648 7.734541 0.11207 0.93050 11.38238 0.268870 0.07445 2.08241 196.384 283.15739 

6.1-2 50 0.88313 1.50807 8.388220 0.127289 1.091166 15.73637 0.292429 0.10083 2.36732 223.627 283.67978 

6.1-3 30 0.97716 1.91120 10.26839 0.106807 1.432710 6.531531 0.340299 0.06024 3.47223 172.176 264.44784 

6.2-1 20 0.97225 1.78617 9.695621 0.07534 1.453233 6.767681 0.322030 0.05371 2.81104 167.509 257.55684 

6.2-2 10 1.10412 1.90645 10.79724 0.021577 1.657352 3.252487 0.367292 0.04107 3.07126 165.231 302.19303 

6.2-3 0 1.04228 1.88045 10.91964 0.023507 1.516589 1.828048 0.410154 0.03291 3.16804 196.309 346.40032 

ID Depth Na2O MgO Al2O3 P2O5 K2O CaO  TiO2 MnO  Fe2O3  Sr Ba  

15.1-1 110 1.276152 2.097595 11.420307 0.31643 1.808250 4.235042 0.452881 0.053509 3.923730 291.58204 472.83821 

15.1-2 90 1.362812 2.078494 11.8884 0.199407 1.827065 1.757913 0.45144 0.039433 3.620115 316.66086 547.79593 

15.1-3 60 1.373065 1.93782 11.411883 0.281133 1.786080 4.259636 0.452124 0.049190 3.539842 330.96319 520.87918 

15.1-4 45 1.321860 1.892634 11.030977 0.401981 1.7626023 5.220861 0.440288 0.061316 3.515806 302.12495 450.49019 

15.2-1 20 1.330130 2.016990 11.502784 0.168798 1.7855562 1.516520 0.443029 0.037962 3.587485 269.19497 450.18095 

15.2-2 0 0.934087 1.740811 9.361018 0.025543 1.191705 0.978017 0.393966 0.031134 3.257513 224.7937 360.17479 
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Toadstool Profile 1 

ID 
Dept

h 
Na2O MgO Al2O3 P2O5 K2O CaO  TiO2 MnO  Fe2O3  Sr Ba  

1.1-1 130 0.852063 2.024872 11.40770 0.177540 1.355098 2.833367 0.413 0.061561 3.657864 246.83503 420.1513 

1.1-2 120 1.079486 1.816248 10.21966 0.152902 1.532108 1.846282 0.493 0.043928 3.142880 238.334 431.6288 

1.2-2 70 1.569965 2.292910 12.86525 0.197833 2.008974 1.683027 0.566 0.043237 3.586222 324.25023 578.8298 

1.2-3 55 1.745771 2.339111 12.60302 0.014045 0.322514 1.234010 0.542 0.039816 3.754391 330.04736 588.7052 

1.3-1 10 1.581269 2.235577 12.44823 0.240732 1.982998 1.219297 0.553 0.035392 3.328455 301.96943 517.5861 

1.3-2 5 1.781014 2.463865 13.25784 0.505675 2.000081 2.378451 0.572 0.043777 3.068213 331.74091 510.3528 

 

Toadstool Profile 5 

 

 

 

 

ID Depth  Na2O      MgO Al2O3 P2O5 K2O CaO TiO2 MnO Fe2O3  Sr  Ba  

5.1-1 90 1.9075897 2.1200535 13.036575 0.1347209 2.3470428 1.0098704 0.4496202 0.027525514 3.4122033 365.91624 669.78803 

5.1-2 68 1.6128872 2.0246 11.996685 0.3885188 1.9068186 2.5860178 0.4341021 0.034872649 3.0673844 307.42225 498.24764 

5.1-3 45 1.4639712 1.72889 9.8753337 0.3527969 1.8699613 10.956697 0.3628971 0.094098363 2.6232333 277.34504 398.85294 

5.2-1 25 1.5011702 2.058479 11.344836 0.3514906 1.8122618 3.2642465 0.406701 0.035156949 2.8678137 290.12616 424.57395 

5.2-2 17 1.6602149 2.1580517 12.416475 0.3937412 2.0932207 4.6917196 0.4523649 0.055364863 3.1676373 316.82505 476.51815 

5.2-3 5 1.4683785 1.8792263 10.924777 0.3073003 1.8910585 7.505241 0.4047456 0.071782236 2.7990831 300.10339 441.13558 
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Toadstool Profile 6 

 

 

ID Depth  Na2O MgO ` Al2O3 P2O5 K2O CaO TiO2 MnO Fe2O Sr Ba 

T 6.1-1 190 0.6799301 1.3175508 6.7910428 0.089297 0.702451909 7.955896 0.2647529 0.0704713 2.0562277 200.84568 272.43878 

T 6.1-2 180 0.9351888 1.6998559 9.0815456 0.121711 1.004207226 4.0395436 0.3583434 0.0441612 2.8046978 249.9894 369.45025 

T6.1-3 170 1.2166683 2.1183691 11.555572 0.1107965 1.387671079 3.4971806 0.459767 0.0510656 3.4162907 277.9571 456.86046 

T6.2-1 150 0.9803803 1.6537373 8.9552156 0.1273124 1.133439966 3.5247138 0.3602395 0.0459771 2.612307 225.42682 348.79819 

T6.2-2 145 0.8794602 1.4398212 7.8389668 0.0931581 1.052147158 4.4842554 0.3213906 0.0503638 2.2982488 199.42904 288.47143 

T6.3-1 135 0.9203783 1.5415527 8.3863255 0.1207265 1.108810704 4.3989409 0.3441301 0.0519699 2.4931979 202.27901 296.6589 

T6.3-2 125 1.128511 1.8839078 10.411076 0.1006762 1.424532404 7.8877075 0.4252221 0.0845119 3.2658262 265.13282 412.16165 

T6.4-1 115 1.3092324 2.3507197 12.425247 0.1607081 1.669517574 5.5080159 0.5028504 0.0696516 4.0066133 285.1172 419.75847 

T6.4-2 93 1.0580563 1.9995438 10.122001 0.0906447 1.385567648 4.4120245 0.4082622 0.0709309 3.5951441 199.43131 273.81302 

T6.4-3 68 1.3050794 2.4509117 12.882448 0.0568608 1.757367369 1.8305362 0.5316377 0.0507894 4.1182881 301.73294 513.09322 

T6.4-4 45 1.2748999 2.3748808 12.536943 0.0306359 1.747920939 1.3836396 0.5287333 0.0452208 4.0644256 298.89061 526.80363 

T6.4-5 20 1.1819825 2.2560968 11.627469 0.0220641 1.638790402 1.3850586 0.4895948 0.0431944 3.8639665 269.65279 473.02572 

T6.5-1 0 1.1665244 1.7576854 10.183892 0.0373721 1.400228772 1.8977061 0.4548527 0.0343886 2.9328627 237.82005 402.42709 


