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ABSTRACT 

Understanding local and regional reactions to the global Eocene-Oligocene 

climate transition is a continuing challenge.  The White River Group in the North 

American midcontinent preserves dynamic fluvial, volcaniclastic and lacustrine facies 

that yield to aeolianites.  To test whether this shift in sedimentation style was driven by 

climate change, 20 paleosols from 8 profiles were analyzed from the fluvial-aeolian 

Orella Member through the aeolian-dominated Whitney Member of the earliest 

Oligocene Brule Formation at Toadstool Geologic Park, NE.  Paleosol morphology and 

geochemistry were used to assess the balance of aeolian vs. alluvial sedimentation at key 

stratigraphic intervals and lithologic transitions.   

Significant loess deposition began at least as early as the lower Orella Member 

but is masked in most settings by concomitant fluvial deposition.  As fluvial influence on 

landscapes waned across the Orella-Whitney Member boundary, loess deposits 

predominated and became more recognizable.  Paleosols follow different pedogenic 

pathways in direct response to depositional setting.  Whereas all paleosols formed 

through top-down pedogenesis in alluvial settings, paleosols in aeolian-dominated 

settings formed though pedogenic upbuilding during aggradational phases and through 

top-down pedogenesis during depositional hiatuses.  The disparity between each style of 

pedogenic development creates fundamentally different pedogenic associations that must 

first be understood before climatic interpretations can be drawn from macroscopic 

paleosol morphology alone.   

Microscopic analysis of loessic and alluvial paleosols indicates that pedogenic 

features do not greatly change across the Orella-Whitney Member boundary.  
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Furthermore, results of climofunction calculations from five paleosol Bw and Btk 

horizons show mean annual temperature (ca. 9.0-10.5 °C) and precipitation (ca. 650-800 

mm/y) do not significantly vary across the Orella-Whitney Member transition.  Clay 

mineralogy and the presence of pedogenic carbonate and translocated clay corroborate 

paleoclimate estimates.  However, geochemical paleosol profiles are uniform and do not 

reflect observed vertical associations of pedogenic features.  Constant additions of 

aeolian sediment, which replenishes base losses through leaching, explain this 

phenomenon.   

Interpretations of paleovegetation from root trace morphology and paleosol 

taxonomy indicate that predominantly open canopy to savanna habitats were in place in 

the lower Orella Member and continued into the Whitney Member.  Evidence for riparian 

partitioning exists in the lower Orella Member but disappears as fluvial deposits wane in 

the Whitney Member.  Lacking evidence of climate change from paleosol analysis, 

changes in sedimentation style and vegetative biomes are most likely a reaction to 

increased aeolian deposition. 
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CHAPTER 1 

INTRODUCTION 

 

The Eocene-Oligocene transition (EOT) is an important interval in the shift from 

the early Cenozoic hothouse to the icehouse conditions that currently persist (Kamp et al., 

1990; Miller, 1992; Wolf, 1992, 1994).  While marine records have provided a high-

resolution record of global climate change from the early Eocene (Brinkhuis and Biffi, 

1993; Diester-Haass and Zahn, 1996; Pagani et al., 2005), and offer insights into the rate 

and magnitude of climatic variation across the EOT (Zachos et al., 1996), terrestrial 

paleoclimatic archives are inherently more complex due to the variegated nature of 

nonmarine depositional systems.  Accordingly, the terrestrial and marine archives of 

early Cenozoic climate change are not synchronous (Wing et al., 1991), suggesting 

different rates and styles of response to large scale triggers of climate change.  In order to 

assess the reaction of terrestrial geologic systems to climate change, ancient 

environments must be intimately documented in order to extract the most useful 

paleoclimatic proxies in any localized system. 

The White River Group (WRG) of the northern Great Plains offers a unique 

setting in which to compare the reaction of nonmarine sedimentary systems to climate 

change across the EOT.  The abundant alluvial and aeolian paleosols of the WRG have 

been used for paleolandscape and paleoclimatic reconstruction in early Oligocene 

deposits of southwest South Dakota (Retallack, 1983), and late Eocene deposits in 

northwest Nebraska (Terry, 2001) and eastern Wyoming (Griffis, 2010).  Retallack 

(1983) and Terry (2001) suggested that the cooling and drying of the EOT progressed 
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eastward across the northern Great Plains, however paleosol studies of the early 

Oligocene in northwest Nebraska are too limited to provide a meaningful framework for 

regional comparison.  The paleosols documented in this study are an initial attempt to fill 

the data gap in regional paleosol studies of the WRG.   

 

1.1 Background 

1.1.1 Geology of Toadstool Geologic Park 

The White River Group (WRG) is a terrestrial sedimentary complex deposited on 

the eastern flank of the Rocky Mountains during the late Eocene to early Oligocene and 

outcrop extends from northeastern Colorado to southwestern North Dakota (Fig. 1).  

River systems originating in the Black Hills and Hartville Uplifts flowed generally 

eastward (Singler and Picard, 1979a; Seeland, 1985; Swinehart et al., 1985; Evans and 

Terry, 1994), creating a clastic wedge that extended into the North American 

midcontinent.  Active volcanism in the basin and range province of Nevada and Utah 

supplied large quantities of volcaniclastic sediments to the WRG, which were deposited 

as tuffs that are useful for correlation between exposures in Wyoming, Nebraska and 

South Dakota (Larson and Evanoff, 1995, Prothero and Whittlesey, 1998; Sahy et al., 

2010).   

 Lithostratigraphic division of the WRG in Nebraska is based on marked changes 

in sedimentary texture and dominant depositional environments (Fig. 2).  The 

Chamberlain Pass Formation marks the first phase of terrestrial deposition in response to 

the Laramide Orogeny and fills incised valleys carved into the marine Cretaceous Pierre 

Shale (Evans and Terry, 1994; Terry, 1998).  The Peanut Peak Member of the  
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Figure 1: A) Exposures of the White River Group across the northern Great Plains, 
with Toadstool Geologic Park highlighted (modified from Terry, 2001). B) Map of 
Toadstool Geologic Park outcrops.  See Fig. 2 for key of profile numbers. TPCC = 
Toadstool Park Channel Complex. 

A 

B 
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Figure 2: Toadstool Park composite stratigraphic column.  The Chamberlain Pass Fm. 
(not pictured) underlies the Chadron Fm.  Peanut Peak Member = PP, Big Cottonwood 
Creek Member = BCCM.  Significant volcanic ash marker beds are noted: Lower 
Purplish White Layer (LPW), Upper Purplish White Layer (UPW), Horus Ash (HA), 
Serendipity Ash (SA), and Lower Whitney Ash (LWA).  Stratigraphic positions of 
paleosol profiles: 1) Lowest Lower Orella Profile, 2) Serendipity Bluff Profile, 3) Lower-
Upper Orella Member Transitional Profile, 4) Mid-Upper Orella Member Profile, 5) 
Uppermost Upper Orella Profile, 6) Green Beds Profile 1, 7) Green Beds Profile 2, and 8) 
Lower Whitney Ash Profile.  Modified from Grandstaff and Terry (2009). 
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Chadron Formation overlies the Chamberlain Pass Formation and consists of claystones 

deposited in low-relief alluvial settings (Terry, 1998).  The Big Cottonwood Creek  

Member (BCCM) of the Chadron Formation contains the Eocene-Oligocene boundary 

(EOB) within its uppermost 3-5 meters (Terry, 2001; Zanazzi et al., 2007).  Deposits of 

the BCCM consist of meandering river channels, airfall tuffs, lacustrine limestones and 

abundant pedogenically modified overbank mudstones (Terry and LaGarry, 1998).  

Paleosols are alkaline, well-drained and contain carbonate nodules and thin root traces 

(Terry, 2001).  Terry (2001) interpreted a general shift in paleosol type within the BCCM 

from alfisols that formed in relatively humid conditions to mollisols that formed in drier 

environments, suggesting a changeover from closed canopy forests to open range 

savannah ecosystems leading up to the EOB. 

 LaGarry’s (1998) revision of earliest Oligocene Brule Formation in northwest 

Nebraska lists three members: the Orella, Whitney and the informal brown siltstone.  

This study focuses on the Orella and Whitney Members, which are each informally 

divided into lower and upper units based on changes in predominant lithofacies.  The 

lower Orella Member rests conformably on the Chadron Formation except in areas where 

channel incision removed ca. 5 m of BCCM deposits.  The lower Orella lithofacies 

contains seasonal, mixed energy meandering fluvial channels nested within localized 

paleovalleys of the Toadstool Park Channel Complex (Terry et al., 1995), overlain by 

interbedded backfill muds, alluvial paleosols and sheet sandstone bodies (Wells et al., 

1994; LaGarry, 1998).  The upper Orella lithofacies consists of avulsion-dominated 

fluvial systems containing sequences of infrequent thin sandstones interbedded with 

siltstones and claystones, and contains overall less sand and more silt than the lower 
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Orella lithofacies (Terry et al., 1995; LaGarry, 1998).  The lower Whitney Member 

lithofacies is roughly 5-10 m in thickness and contains siltstones, claystones, sheet 

sandstones, and rare channel sandstones (LaGarry, 1998).  The upper Whitney Member is 

predominantly composed of volcaniclastic aeolian siltstone with distinct ashfall tuffs (the 

Lower and Upper Whitney Ashes).  The brown siltstone member overlies the Whitney 

Member and contains volcaniclastic aeolianites with few fluvial deposits.   

Depositional environments of the Brule Formation at Toadstool Geologic Park 

have traditionally been described as predominantly fluvial in the Orella Member and 

aeolian in the Whitney Member.  The changeover from fluvial to aeolian sedimentation 

has been reported to be transitional and intertonguing (LaGarry, 1998); however, a 

detailed description of the balance of fluvial to aeolian sediment and the timing of the 

transition in the Brule Formation is lacking.  The goal of this study is to analyze paleosols 

at key intervals within vertically changing environments in order to glean more detailed 

information on the nature of sedimentation on ancient landscapes of the Brule Formation.   

 

1.1.2 Previous Paleosol Studies in the Brule Formation 

 Schultz et al. (1955) reported the occurrence of paleosols in the Brule Formation 

at Toadstool Park by describing the general morphological texture of outcrops and by 

inferring the presence of depositional hiatuses in fluvial deposits of the Orella Member.  

These authors also noted the presence of a paleosol complex at the Lower Whitney Ash 

(LWA) in the Whitney Member (Fig. 2), but failed to provide observations to support 

their assertion.  Since then, several authors have analyzed paleosols in the Chadron and 

Brule Formations at Toadstool Park in more detail.  Singler and Picard (1981) analyzed 
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the LWA paleosol complex of Schultz et al. (1955) and reported a lack of color variation 

and uniform sediment texture.  However, the authors observed significant vertical trends 

in organic matter, clay, and calcite content, which form the basis of their horizon 

divisions.  By comparing their results to a modern aridisol Singler and Picard (1981) 

inferred that the paleosol was a mollisol or aridisol that formed under a semi-arid 

grassland.  Gustafson (1986) observed paleosols in the Chadron and Brule Formations 

near Chadron, Nebraska, noting the presence of rooted, green A horizons underlain by 

pink B horizons.  He drew comparisons to Retallack’s (1983) Gleska and Conata Series 

paleosols based on horizonation and color, however no further analysis was performed.  

An important aspect of Gustafson’s (1986) observations is that he was the first to note the 

presence of drab-halo root traces throughout the Chadron and Brule Formations of 

Nebraska, which are useful for delineating paleolandsurfaces and differentiating 

paleosols from unaltered sediment.  Meehan (1994) revisited paleosols of the Whitney 

Member and concluded that the strata was largely devoid of pedogenic alteration, with 

the exception of a single minor paleosol between the Lower and Upper Whitney Ashes.  

He did not observe any color changes indicative of pedogenesis at the LWA, in 

agreement with Singler and Picard (1981) but contrary to the observations Schultz et al. 

(1955).  Furthermore, Meehan (1994) noted the presence of abundant ‘pale grey-green 

mottles’ throughout the Whitney Member that he interpreted to be redoximorphic 

features unrelated to soil development.   

 Kennedy (2011) analyzed morphologic and geochemical changes along a lateral 

sequence of paleosols in the lower Orella Member of the Brule Formation.  The 

paleocatena was bracketed by the Horus and Serendipity ashes (Fig. 2), allowing him to 
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trace paleosols from the backslope to toeslope along a transect of paleovalley backfill 

muds.  All paleosols along the transect were formed on alluvium and conformed to 

traditional models of hillslope pedostratigraphy (Birkeland, 1999), wherein the upland 

soils were welded, mature mollisols while lowland soils were cumulic fluvents and 

contained evidence of accumulation of bases from lateral groundwater flow.    

 The science of paleopedology has greatly advanced paleoenvironmental 

reconstructions, which has resulted in reevaluation of many classic terrestrial deposits 

(e.g., Retallack, 1994a; Terry, 2001; Sheldon, 2003).  In this study I revisit some of the 

important sedimentologic and paleopedologic localities in the Brule Formation of 

Toadstool Park and apply updated techniques to analyze previously documented 

paleosols as well as key sedimentologic and stratigraphic transitional intervals.   

 

1.1.3 Utility of Paleosols 

Paleosols (fossil soils) preserve an archive of the direct interaction between the 

lithosphere, hydrosphere, biosphere and atmosphere.  Field and laboratory analysis of 

paleosols relies on observation of soil structure (peds), trace fossils (roots, burrows, fecal 

pellets), clay mineralogy, geochemical segregation, color changes and bounding surfaces.  

I follow the methodology of Terry (2001) in synthesizing macroscopic, microscopic and 

geochemical observations in order to arrive at an integrated interpretation of ancient 

climate and vegetative cover.   

 The paleosols presented in this study are not pedotypes (sensu Retallack, 1994a), 

which would require characterization of a much greater data set.  The purpose of this 

study is to apply paleopedologic methods to advance our understanding of sedimentation 
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style in paleoclimatically-relevant strata of early Oligocene deposits.  These paleosols 

were selected for analysis due to their stratigraphic context in order to provide data for 

paleoclimatic interpretation, building upon recent studies of the paleosol archive 

preserved at Toadstool Geologic Park, Nebraska (Terry, 2001; Kennedy, 2011).     

 

1.1.4 EOT Paleoclimatic Studies at Toadstool Geologic Park 

Recent studies of stable isotopes in Chadronian and Orellan mammalian tooth 

enamel carbonate provide evidence of a significant drop in mean annual temperature of 

up to 8°C across the EOT (Zanazzi et al., 2007, 2009).  However, the authors report that 

δ13C of fossil bone carbonate does not vary across the section straddling the EOT, which 

would otherwise indicate differences in diet as vegetative biomes adjusted to water stress.  

Boardman and Secord (2013) alternatively argue for loss of wet habitats by presenting 

isotopic evidence of increased water stress across the EOT.  Their results indicate that 

riparian partitioned landscapes existed in the late Eocene and early Oligocene, with open-

canopy systems clearly established in Orellan times.  

Paleosol morphological evidence suggests the presence of a sub-humid woodland 

ecosystem transitioning to a more open, semi-arid savannah landscape leading up to the 

EOT (Terry, 2001).  This changeover is in part corroborated by Zanazzi and Kohn’s 

(2008) investigation of ecosystem partitioning using δ13C in tooth enamel of common 

White River fauna across the EOT.  Their results indicate that different contemporaneous 

faunal groups favored mesic forests, woodlands and open C-3 grasslands, suggesting the 

presence of variegated landscapes across the EOT.  Zanazzi et al. (2009) attribute the 

discrepancy between δ18O paleotemperature proxies and paleosol-based proxies to 
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changes in factors of pedogenesis that are unrelated to climate, such as a change in parent 

material or duration of soil formation.   

 

1.2 Field Area 

 This study was performed in Toadstool Geologic Park, Nebraska, which is located 

on the Oglalla National Grassland and managed by the USDA Forest Service (Sec. 5, 

T33N, R53W) (Fig. 1).  At this location resistant lithologies of the Chadron and Brule 

Formation create the Toadstool Escarpment.  Exposures extend back into Roundtop Hill 

through a network of trails and drainages which frequently allow for three-dimensional 

observation of outcrops.  Toadstool Park has proven to be a useful location for 

investigations of the Eocene-Oligocene transition due to the expanded section of late 

Eocene strata compared to Badlands National Park (Terry, 2001) and relatively 

continuous sedimentation across the Eocene-Oligocene boundary (Zanazzi et al., 2007).  

 

1.3 Hypothesis 

Previous studies present evidence of cooling (Zanazzi et al., 2007, 2009) and 

drying (Terry, 2001) leading up to and across the EOT in northwest Nebraska.  The 

hypothesis of this study is that, if climate was dominant in pedogenic modification, 

paleosols of the Brule Formation became more calcareous and overall less well 

developed than paleosols of the Chadron Formation (Terry, 2001) in response to a cooler 

and dryer climate in the early Oligocene.  However, if climate was not the primary factor 

governing pedogenesis in the Brule Formation, changes in depositional environments 

across the fluvial-aeolian transition between the Orella and Whitney Members of the 
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Brule Formation are expected to be the main forces controlling pedogenic maturity and, 

therefore, the distribution of features such as pedogenic carbonate, translocated clays, soil 

structure, root morphology and geochemical trends.   

 

1.4 Materials and Methods 

1.4.1 Field Methods 

 Each of the lithofacies defined by LaGarry (1998) was robustly investigated with 

respect to macroscopic soil features, by which representative paleosol profiles were 

selected.  Paleosols were identified in the field on the basis of horizonation, root traces 

and soil structure (Soil Survey Staff, 2010).  Ancient land surfaces were identifiable by 

root truncation at the upper boundary of paleosols.  Root traces are preserved as drab-

halos (DHRT), clay-fills (CFRT) or calcareous rhizoliths (CR).  Subangular blocky, 

angular blocky, platy and massive peds are most common in the profiles presented in this 

study.  

Paleosol profiles were excavated 0.5 m into outcrops to remove the veneer of 

modern weathering.  Macroscopic soil features were noted in the field, including 

horizonation, soil aggregates (peds), burrows, root traces, bounding surfaces, glaebules 

and vertical changes in color and grain size (Fig. 3).  Oriented and bulk samples were 

collected for thin section and geochemical analysis.   

   

11 
 



 

 

Figure 3: Key for symbols used in paleosol profile figures. 
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1.4.2 Laboratory Methods 

Petrographic thin sections were prepared and analyzed in-house at Temple 

University.  Rock samples were impregnated with epoxy to prevent disaggregation upon 

cutting.  Horizontal and vertical thin sections were cut with a dry saw to prevent  

expansion of smectite.  Rock billets were polished with successively finer grit sand paper 

on a lap wheel until a reflective, polished surface was evident.  Most samples from the 

upper Orella and Whitney Members were prone to grain plucking, whereby silt- and 

sand-sized grains in a clay matrix tore out and scraped across the sample during polishing 

at the finest grit size (600 grit paper).  Epoxy impregnation of billets polished to the 320 

grit stage was somewhat useful in mitigating grain plucking, though in many samples 

duplicate thin sections were necessary in order to offer additional surface area for 

petrographic analysis.   

A total of 125 vertical and horizontal thin sections were analyzed using a Nikon 

E600 polarizing microscope equipped with a Nikon DXM 1200F digital camera.  

Micromorphologic observations were recorded using a standardized data sheet (after 

Metzger, 2004) in order to ensure consistency between samples.  Micromorphologic 

features of paleosols were identified and classified after Brewer (1964) and Fitzpatrick 

(1984).  Because pedogenic carbonate accumulation stages were developed for use on 

macroscopic samples (Machette, 1985, after Gile et al., 1966), thin section observations 

were only used to confirm or refute macroscopic observations with regard to carbonate 

accumulation.    

A total of 28 thin sections were point counted for grain size and mineralogy to 

clarify taxonomic interpretations and for sedimentologic analysis.  A minimum of 500 
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points per slide were analyzed at a step length equal to the largest grain observable.  

Slides were stained using alizarin red-S (Dickson, 1965) to differentiate fine-grained 

carbonate minerals from other clay-sized grains.    

Whole-rock geochemistry was analyzed from samples taken at least every 10 cm 

vertically throughout paleosol profiles that contained B horizons.  Less mature paleosols 

were not developed to the point of significantly fractionating soil matter, and thus were 

not likely to exhibit vertical geochemical trends.  Bulk samples were crushed to < 0.177 

mm (80 mesh sieve size) using a mullite-chamber shatter box, and the resulting powder 

was analyzed for major and trace elements at the Franklin and Marshall College X-ray 

Laboratory using a PANylitical 2404 X-ray fluorescence (XRF) vacuum spectrometer 

(Franklin and Marshall, 2013).  Detection limits and calculated error of analysis are 

presented in Appendix A. 

Oriented clay mounts were prepared for x-ray diffraction by disaggregating 

mudstones in deionized water and centrifuging sediment-water mixtures for 12 minutes at 

500 rpm, which suspended the 2 µm equivalent particle fraction (following methods 

outlined in Poppe et al., 2001).  Oriented samples were prepared from clay-water 

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

samples were analyzed on a Rigaku X-ray diffractometer (XRD) at Temple University 

from 2° to 30° 2θ with a 1.2°/minute step using CuKα radiation at 15mA and 30 kV.  

Samples were then treated with ethylene glycol (EG) and results were compared to 

untreated analyses in order to reliably identify clay mineralogy.  Clay minerals were 

identified following methods outlined in Moore and Reynolds (1997).   
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1.4.3 Whole Rock Geochemistry and Molecular Weathering Ratios 

 Chemical weathering liberates ions from unstable mineral matter with decreasing 

intensity from the soil surface downward.  This process creates predictable vertical trends 

in soil profiles as bases are either incorporated in authigenic minerals in subsurface 

horizons or leached into groundwater.  Translocation of clays also enriches subsurface 

illuvial horizons with bases relative to surface horizons.  In order to assess the degree to 

which various soil-forming chemical reactions have proceeded, molecular weathering 

ratio (MWRs) values are plotted against depth through paleosol profiles.  MWRs are 

calculated by dividing the weight percent of a given oxide by its molecular weight and 

then compared as individual or groups of oxides to a refractory element, such as Al or Ti 

(Retallack, 2001, p. 43).  The results of such calculations can be quantitatively compared 

to modern soils for taxonomic classification or qualitatively weighed between horizons to 

identify eluvial-illuvial relationships.  A summary of MWRs and how they relate to 

pedogenic processes is shown in Table 1.   

 Extraction of quantitative climatic information from paleosols of the WRG is 

highly desirable because they are abundant, offer an independent paleoclimatic archive, 

and provide insight into ancient vegetative cover (e.g., Retallack, 1983; Terry, 2001).   

The paucity of plant fossils in the White River Group has restricted detailed 

paleobotanical studies to phytolith analysis (Stromberg, 2002, 2004; Everett et al., 2013), 

thus inhibiting traditional multi-proxy interpretations of paleovegetative change.   

Paleosols of the Brule Formation at Toadstool Park include entisols, inceptisols, 

mollisols and alfisols formed on alluvium and volcaniclastic loess (Terry, 2001; 

Kennedy, 2011), which is within the boundaries of application of climofunctions from  
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Table 1: Molecular weathering ratios related to pedogenic processes and boundary 
values. 1Retallack (2001); 2Retallack (1997a). 

Process   Proxy   Nominal values 
  

    
  

Hydrolysis1 
 

(CaO + Na2O + K2O + MgO) 
Al2O3  

c. 0 very acidic or well developed soils 
  

  
> 1 alkaline or weakly developed 

  
   

7 - 16 alkaline soils (inceptisols, 
mollisols, aridisols) 

  
    

  
Leaching1 

 
Ba/Sr 

 
c. 2 most soils and rocks 

  
  

c. 10 acidic sandy soils (spodosols) 
  

    
  

Clayeyness2 
 

Al2O3/SiO2 
 

0 Spodosols 
  

  
0.1 - 0.3 most soils 

  
   

> 3 clayey soils 
  

    
  

CIA-K1 
 

100 x Al2O3/(CaO + Na2O) 
 

Changes assessed relative to parent material 
  

    
  

Salinization1 
 

(Na2O + K2O)/Al2O3 
 

Changes assessed relative to parent material 
  

    
  

Oxidation1 
   

FeT/Al2O3  
< 0.4 most soils 

  
1.2 spodic horizons 

  
   

1.5 oxic horizons 
  

   
1.9 argillic horizons 

  
    

  
Calcification2 (CaO + MgO)/Al2O3 

  
< 2 noncalcareous soils 

      10 + carbonate nodules 
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Sheldon et al. (2002).  Transform functions used to calculate paleotemperature and 

paleoprecipitation are summarized in Table 2.  Precipitation and temperature ranges are 

delineated according to Bull (1991, p. 35). 

 

1.4.4 Paleosol Classification 

 Paleosols in this study are taxonomically classified to the degree that preserved 

features allow using USDA Soil Taxonomy, following the taxonomic uniformitarianistic 

approach discussed in Retallack (1998).  Soil horizon nomenclature for paleosols 

typically follows methods used for modern soils; however associations of compound, 

lithified paleosol horizons can present semantic challenges.  While modern pedologists 

use the subordinate indictor b to identify buried soil horizons (i.e., Bgb, Ab), 

paleopedologists are faced with situations in which all horizons are buried by default.  

The common protocol in describing lithified paleosols is to disregard the use of the b 

subordinate indicator and assume the reader is aware that descriptions pertain to 

superimposed, buried paleosol profiles.  However, in situations wherein overlying 

pedogenic processes overprint underlying buried soils, Birkeland (1999, p. 7) suggests 

designating horizons according to their original properties (such as Bt for argillic 

horizons), adding a subordinate b (Btb) and then adding further subordinate indicators for 

processes that occurred during subsequent overprinting (such as Btbk in the case of a Bt 

horizon overprinted by an overlying calcareous soil).  Birkeland’s (1999) nomenclature is 

useful for describing compound soils, but can muddle the interpretation of compound 

paleosols unless the reader assumes all paleosol horizons to be buried.  The time-

transgressive nature of pedogenesis in aggradational settings results in the superposition  
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Table 2: Paleoclimate transform functions and boundary conditions for application.  1Sheldon et al. (2002), 2Maynard (1992), 
3Sheldon and Tabor (2009) 

Proxy Ref. Transform Function Variables 
Standard Error, R2 
value Boundary Conditions 

  
    

  

Paleotemperature 1 -18.5S + 17.3 S = Salinization ± 4.4°C, R2 = 0.37 Bw/Bt horizon 
  

    
  

  2 46.9C + 4 C = Clayeyness ± 0.6°C, R2 = 0.96 Inceptisol-specific, 
  

    
Bw/Bt horizon 

  
    

  

Paleoprecipitation 1 221.1e0.0197(CIA-K) CIA-K ± 181 mm/y, R2 = 0.72 Bw/Bt horizon; varies from 
parent material by ≥ 5-8 

units3   
      
    

  

  2 -259.3Ln(ΣBases/Al) + 759 ΣBases/Al ± 235 mm/y, R2 = 0.66 Bw/Bt horizon 
  

    
  

 
2 -130.9Ln(C) + 759 C = Ca/Al ± 156 mm/y, R2 = 0.59 Mollisol-specific, 

  
    

Bw/Bt horizon 
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of artifacts relict from sequential pedogenic processes, the complexity of which 

confounds traditional pedologic description.  I follow Birkeland’s (1999) use of the 

subordinate b in this study to separate pedogenic processes that occurred pre- and post-

burial. 
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CHAPTER 2 

PALEOPEDOLOGY OF THE ORELLA AND WHITNEY MEMBERS 

 

2.1 Lowest Lower Orella Paleosol 

The base of the Orella Member of the Brule Formation is identified as the first 

sheet sand deposit above the UPW, except in areas where paleovalleys of the Orella 

Member incise into the Chadron Formation (LaGarry, 1998).  Outside the paleovalleys of 

the Orella Member, the basal sequence of deposits consists of alternating crevasse splay 

sandstones, laminated claystones and siltstones, and weakly formed paleosols.  The 

Lowest Lower Orella (LLO) paleosol is located ~10 m above the Darton Pedotype of 

Terry (2001) and is situated 14.5 m above the UPW and 5.5 m below the Horus Ash (Fig. 

2).  The Eocene-Oligocene boundary lies 3 to 5 meters above the UPW according to 

Zanazzi et al. (2007).  The LLO paleosol lies within a sequence of low-lying floodplain 

deposits consisting of alternating sandstones and mudstones that exhibit few pedogenic 

features (Fig. 4).  Laminated silty claystones are interbedded with massive to coarsely 

platy clayey siltstones, and clay clasts from the laminated claystones are present at the 

base of siltstone units.  DHRTs are present throughout the sedimentary sequence and do 

not tend to originate from any particular horizon within the nonpedogenically-modified 

packages.  The succession of sandstones or siltstones alternating with mudstones 

continues up to the Horus Ash, which, when traced laterally, lies within the backfill 

sequence of the first paleovalley in the Brule Formation.  The LLO paleosol is 

representative of the pedogenically modified mudstones in this interval, based on 

macromorphological observations.   
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2.1.1 Macromorphology 

The LLO paleosol was chosen for detailed analysis because it exhibits 

macroscopic features representative of the few paleosols within this sedimentary 

sequence (Fig. 4, Appendix B).   The top of the profile has been truncated by a crevasse 

splay sheet sandstone.  A thin incipient surface horizon exhibiting granular to platy soil 

structure overlies a massive, medium platy clayey siltstone that fines upward into more 

finely platy peds.  Hairline drab halo root traces extend downward from the top of the AC 

horizon and from within the C horizon into the underlying laminated claystone.  

Individual DHRTs can be traced for up to 30 cm.  Millimeter-scale fecal pellets are 

present in both the AC and C horizons.  

 

2.1.2 Micromorphology 

 The LLO paleosol lacks micromorphologic features indicative of more than 

incipient soil development (Fig 5., Appendix C).  Plasmic fabric is poorly developed and 

limited to skelsepic with isolated domains of incipient skel-lattisepic fabric (Figure 5A).  

The AC horizon contains small, sparse carbonate glaebules within a matrix of 

disseminated microspar carbonate mineralized along relict bedding planes (Figure 5A, 

5B).  Microscopic root traces and abraded hackberry seeds are present in the AC horizon 

(Figure 5B, C) The few ash shards present exhibit simple, needle-like morphologies 

(Figure 5D).  Void spaces are diagenetically filled with carbonate and zeolites (Figure 

5E).  Skeleton grains are subrounded to rounded and there is a higher abundance of heavy 

minerals within the C horizon based on point count results (Appendix D).  The 

sedimentary packages underling the LLO paleosol exhibit a paucity of pedogenic features 
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Figure 4: Lowest Lower Orella Member paleosol profile (LLO). a) Drafted profile; for symbols see Fig. 3. b) Macroscopic features, 
including AC-C horizonation, interbedded claystones and siltstone and massive siltstone. c) Stratigraphic context of LLO profile. 
Location of profile (yellow boxes) relative to the Horus Ash (HA), Upper Purplish-White layer (UPW), Eocene-Oligocene boundary 
(E-O) and Chadron-Brule Formation contact.   
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Figure 5: Micromorphology of the LLO paleosol. All images in XPL unless otherwise 
noted.  X denotes horizontal view; arrows indicate up direction on vertical sections. A) 
Skelsepic plasmic fabric (s), simple ash shards (a) and small carbonate glaebule (c); AC 
horizon, 20x. B) Root trace (r) with small hackberry seed fragment (h).  Note relict 
bedding in matrix (rb); AC horizon, 1x. C) Small hackberry seed magnified from B); AC 
horizon, 10x. D) Simple ash shard (a) with hydrolized clay rim (c); AC horizon, 20x. E) 
Zeolite infilling void; AC horizon, 10x.  F) Calcareous rhizolith from massive siltstone at 
base of section, 1x. 
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but contain occasional root voids mineralized with sparry calcite (Figure 5F).  Bulk 

chemical analyses were not performed due to the weak development of this paleosol.   

 

2.1.3 Interpretations 

The LLO paleosol is a weakly developed alluvial paleosol located in a low-lying 

floodplain setting.  The presence of incipient clay fabric, carbonate glaebules, soil 

structure, and lack of redoximorphic iron mottles indicate that the soil was moderately 

freely drained during the period of soil formation.  Although there are some pedogenic 

carbonate nodules and rhizoliths, the common carbonate present in the matrix of this 

paleosol is likely sourced from diagenetic fluids.  The LLO paleosol is classified as an 

ustifluvent based on a lack of diagnostic subsurface horizons and presence of alluvial 

parent material and pedogenic carbonate.  

 

2.2 Serendipity Bluff Paleosol 

 The Serendipity and Horus Ashes are isochronous marker beds that have been 

used to trace out paleotopography in the Lower Orella paleovalley backfill muds 

(Kennedy, 2011; Fig. 2).   In upland areas outside the paleovalley, the ashes converge to a 

minimum separation of ca. 2 meters and lack topographic relief.  The paleosol that 

formed on this perched surface preserves insight into the depositional dynamics operating 

outside the paleovalley during the time of incision and backfill.  I refer to this upland area 

unofficially as the Serendipity Bluff and the associated paleosol as the SB paleosol (Fig. 

6).  No topographic relief is evident at the location chosen for this profile, which 
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indicates that this profile is in a more upland geomorphic position relative to Kennedy’s 

(2011) summit paleosol. 

  

2.2.1 Macromophology 

Detailed macroscopic observations of the SB paleosol are presented in Appendix 

B.  The Serendipity Ash caps the SB paleosol profile and is a 20 cm thick sandy tuff that 

fractures horizontally and contains a concentration of small, hairline DHRTs delineating 

the upper boundary (Fig. 6).  The lower contact with the underlying siltstone is 

transitional over 1 cm and is marked by an increase in DHRTs, 1-3 mm-thick fecal 

pellets, and round, pale invertebrate traces up to 4-5 mm wide.   

 Very thin clay-filled root traces (≤ 3 mm) are present throughout the profile and 

are not preferentially concentrated in any single horizon.  The surface horizon is 

designated by darker matrix hues and the presence of abundant pale burrows, which 

decrease in concentration into the underlying C horizon.    

 

2.2.2 Micromorphology 

 The SB paleosol contains micromorphologic features consistent with weak 

pedogenic development (Fig. 7; Appendix C).  Plasmic fabric is limited to skel-lattisepic 

in A horizon (Fig. 7A) and skelsepic in the C horizon.  Carbonate glaebules, calcareous 

void fills, rhizoliths and disseminated matrix carbonate are sparse in the A horizon and 

become common in the subsurface horizon (Fig. 7B-D).  Hackberry seeds are present in 

the A horizon (Fig. 7E).  Millimeter-scale invertebrate burrows were noted at the top of 

the C horizon and are filled with the less calcareous sediment of the overlying A horizon 

(Fig. 7F).  Volcanic ash shards are common but preferentially ripped out of thin sections  
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Figure 6: Serendipity Bluff (SB) paleosol profile. a) Drafted profile. SA = Serendipity Ash, HA = Horus Ash.  For key see 
Fig. 3. b) Macroscopic features. Stars indicate location of samples in profile. A) Paleosol exhibiting massive structure, with 
smaller massive peds in the A horizon. Note paleovalley sandstone cap (SS) above profile. B) Pale, ovoid trace fossils.  Top-
down view; grid spacing is 1 cm. C-D) Pale areas are cross sections of similar ovoid casts.  Arrows indicate fecal pellets; scale 
bar = 0.5 cm. c) Stratigraphic context of SB paleosol. A) Typical alluvial backfill sequence in lower Orella paleovalley, similar 
to area examined by Kennedy (2011).  Note Serendipity Ash (SA) and capping sandstone. Scale bar = 2 m.  B) The SB 
paleosol is located in aeolian sediments between the Horus Ash (HA) and Serendipity Ash (SA), below the capping sandstone 
of the lower Orella paleovalley. Yellow box indicates location of profile. 
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Figure 7: Micromorphology of the SB paleosol. All images in XPL unless otherwise 
noted.  X denotes horizontal view; arrows indicate up direction on vertical sections A) 
Skelsepic plasmic fabric (s) with isolated domains of lattisepic fabric (L); A horizon, 20x. 
B-C) Calcareous rhizolith with recrystalized core; A horizon, 10x. D) Common 
disseminated carbonate in matrix; A horizon, 10x. E) Hackberry seed fragment; A 
horizon, 10x. F) Sediment-filled burrows (b); C horizon, 1x. 
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during sample preparation, and when combined with the slender morphology of ash, an 

artificially low count of volcanic ash is represented by point count results (Appendix D).  

Bulk chemical analyses were not performed due to the weak development of this 

paleosol. 

 

2.2.3 Interpretations 

The lack of graded bedding and paucity of clay breccia and pedolith in the SB 

paleosol is consistent with soil formation on aeolian parent material.  The short root 

traces throughout the profile are relict from aggradation of the paleolandsurface, which 

occurred rapidly enough to inhibit significant soil formation.  The top of the paleosol 

contains an increased concentration of root traces and invertebrate traces, indicating a 

more protracted period of soil formation from decreased sedimentation.  The plasmic 

fabric and presence of calcareous void fills, clay-filled root traces and calcareous 

rhizoliths are evidence that this paleosol was freely drained at the time of formation, 

despite the lack of mature pedogenic development.  The SB paleosol is classified as an 

ustorthent based on a lack of diagnostic features and the presence of incipient pedogenic 

carbonate accumulation.   

 

2.3 Lower-Upper Orella Member Transition 

 The transition from the lower to upper Orella Member is marked by a changeover 

from paleovalley cut and fill sequences to alternating sheet sandstones, siltstones and 

mudstones deposited in avulsion-dominated, sheet-flow fluvial environments with low 

paleotopographic relief (Fig.2) (Wells et al., 1994).  LaGarry (1998) describes up to 

seven intervals of stacked sheet sandstones within the upper Orella Member, which are 
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capped by a sequence mudstones and siltstones.  The uppermost sheet sandstones of the 

lower-upper Orella transitional zone were targeted for analysis of subaerial exposure and 

weathering because of their important stratigraphic context (Fig. 8). 

 

2.3.1 Macromorphology 

 The uppermost sheet sandstones of the lower Orella Member are capped by a ~2 

m transitional zone of sparse, thin sandstones interbedded with mudstones, which in turn 

are overlain by the mudstones of the upper Orella Member (Fig. 8; Appendix B).  This 

profile includes three sheet sandstones below the uppermost sheet sandstone of the lower-

upper Orella transition.  The sheet sandstones have scoured bases with claystone breccia 

and fine upward to very fine sandstone or siltstone.  There are fine calcareous rhizoliths 

and sparse hairline DHRTs throughout the sandstones.  Overlying sheet sandstones are 

interlaminated siltstones and claystones that frequently contain wavy bedding and 

infrequent hairline calcareous rhizoliths.  Siltstone lenses are interbedded and admixed 

with the laminated clay. 

 

2.3.2 Micromorphology 

 Sheet sandstones contain common, small micritic calcite glaebules, common 

disseminated micritic calcite throughout the matrix, and sparry calcareous void fills (Fig. 

9A, Table 4).  Clay fabric is limited to skelsepic with isolated zones of incipient skel-

lattisepic and masepic fabric and sparse, weakly developed argillans (Fig. 9B-D).  

Microscopic root traces consist of calcareous rhizoliths and infrequent clay-filled root  
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Figure 8: Lower-Upper Orella (LUO) transitional zone profile.  a) Drafted measured section; for key see Fig. 3. b) Macroscopic 
features. A) Differential weathering of massive sandstones and interbedded claystones.  B) Calcareous filaments in VF sandstone 
sample from uppermost sheet sandstone unit. Grid spacing is 1 cm.  C) Uppermost sheet sandstone hand sample. Drab halo root traces 
(green arrows), calcareous rhizoliths (white arrows) and fecal pellet (yellow arrow).  Scale is in cm. c) Stratigraphic context of profile 
(yellow box) on Big Cottonwood Creek Trail.  Note inter-fingering relationship of sheet sandstones in lower Orella Mbr. and massive 
siltstones in upper Orella Mbr.  The last sheet sandstone of the interfingering zone lies ca. 1 m above this profile.
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Figure 9: Micromorphology of the SB paleosol. All images in XPL unless otherwise 
noted.  X denotes horizontal view; arrows indicate up direction on vertical sections. A) 
Sparry calcite void fill in sheet sandstone; 4x. B) Skelsepic plasmic fabric (s) in sheet 
sandstone; 40x. C) Simple argillan in sheet sandstone; 20x. D) Masepic plasmic fabric in 
sheet sandstone; 20x. E) Sediment-filled burrows in laminated claystone unit; 4x. F) 
Simple ash shards (sa) in sheet sandstone; 20x. 

  

31 
 



 

traces.  The interbedded laminated layers contain larger micritic calcite glaebules, 

infrequent carbonate filaments, abundant disseminated matrix carbonate and sediment-

filled burrows (Fig. 9E).  Infrequent ash shards are restricted to acicular morphologies 

with hydrolyzed rims (Fig. 9F).  Clay fabric is restricted to skelsepic in the laminated 

layers.  Geochemical analysis of bulk sediment was omitted for this profile because it 

lacked notable pedogenic alteration. 

 

2.3.3 Interpretations 

The sheet sandstones and laminated claystones are azonal and therefore were 

subjected to minor episodes of pedogenesis.  The coarse texture of the sandstones 

facilitated percolation of vadose water, which resulted in the formation of argillans, skel- 

lattisepic fabric and clay-filled root traces.  These features indicate that free drainage 

existed after deposition of individual sand units.  Calcareous rhizoliths contain sparry 

texture from diagenetic mineralization.  Laminated claystones lack ped structure, illuvial 

clays and void fills, which indicates that minimal subaerial weathering existed in poorly 

drained conditions.  This profile does not contain evidence of distinct horizonation or 

fractionation of sedimentary material, and is thus not classified as a soil.   

 

2.4 Mid-Upper Orella Member  

 The central part of the upper Orella Member contains predominantly siltstones 

and claystones with rare, thin sandstone units.  Siltstones frequently contain drab-halo 

root traces and vary from weakly pedogenically modified overbank deposits to massive, 

ungraded units lacking evidence of fluvial deposition.  Three stacked paleosols are 
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described at 85.3 m, roughly 3 m below the base of the Whitney Member (Fig. 2; Fig. 

10).   

 

2.4.1 Paleosol 1 

2.4.1.1 Macromorphology 

The A horizon of Paleosol 1 is marked by a concentration of drab halo root traces 

that truncate at the upper boundary (Fig. 10; Appendix B).  Soil structure transitions from 

very coarse granular in the A horizon to very coarse angular blocky in the B horizon, and 

massive in the C horizon.  

 

2.4.1.2 Micromorphology 

Clay content and plasmic fabric development increase in the Bw horizon and 

decrease in the C horizon (Appendix C).  The A horizon contains bone chips with clay-

lined edges (Fig. 11A).  Ash shards are most abundant in the C horizon and exhibit 

simple, acicular morphologies with hydrolyzed rims.  Calcareous rhizoliths up to 0.5 cm 

long are present in the lowermost portion of the C horizon. 

 

2.4.2 Paleosol 2 

2.4.2.1 Macromorphology 

Calcite impregnates all void space between original granular peds in the Abk horizon 

(Fig. 10B).  Readily recognized, well preserved calcareous rhizoliths, filaments, 

glaebules and calcite-impregnated Celliforma and Planolites traces are all common.  In 

situ tortoise remains were found on the horizontal plane of the landsurface associated 

with this period of pedogenesis.  Drab halo root traces extend downward from the upper 
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contact of the A horizon and are accompanied by calcareous rhizoliths and clay-filled 

root traces in the Bw→Btk horizon.  In all cases root traces are less than 0.5 cm wide.  

The Ck horizon is massive, contains DHRTs of similar dimension to those in overlying 

horizons and has common millimeter-scale carbonate glaebules and filaments.  The 

abundance of filaments, glaebules and impregnation of carbonate in the A horizon is 

similar to soils of Stage II+ to III carbonate development, however the Bw→Btk and Ck 

horizons exhibit features similar to Stage I+ carbonate development based on the 

presence of common filaments and small glaebules (Gile et al., 1966; Machette, 1985; 

Birkland, 1999).  In the Bw→Btk horizon, some root void walls are lined with alternating  

sparite and clay, indicating deposition of calcite between intervals of clay translocation 

during active pedogenesis.  All horizon boundaries are gradational, though the upper 

contact of the Abk horizon appears abrupt because it is resistant to weathering due to 

carbonate impregnation.   

 

2.4.2.2 Micromorphology 

All horizons of Paleosol 2 contain skel-lattisepic clay fabric, micritic carbonate void fills, 

and common carbonate filaments.  Calcareous rhizoliths are common in the Abk horizon, 

with lesser amounts of clay-filled root traces also present.  Microgranular peds rimmed 

with clay are present in the Abk horizon and are separated by sparry carbonate (Fig. 

11B).  Argillans are also present in the Abk horizon and are occasionally interlaminated 

with sparry calcite (Fig. 11C).  The Bw→Btk horizon contains calcareous rhizoliths, 

calcite and clay linings on voids, clay-rimmed root traces, simple to complex argillans 

and simple, hydrolyzed ash shards (Fig. 11D, E).  Masepic plasmic fabric is present in  
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Figure 10: Mid-Upper Orella (MUO) paleosols.  a) Drafted profile. See Fig. 3 for key. b) Macroscopic features. A) Excavated profile 
with horizon designations. Abk horizon features: B) carbonate-lined granular peds, C) In-situ tortoise fossil, D) mineralized sweat bee 
pupa, E) Planolites sp. lined with calcite.  c) Stratigraphic context of profile (yellow box) along Big Cottonwood Creek Trail.  Note 
massive bedding of aeolian deposits versus stratified alluvial deposits. 
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isolated zones within the Bw→Btk horizon (Fig. 11F).  The Ck horizon is massive, 

contains DHRTs, common carbonate filaments and small glaebules, and a relative 

increase in simple, hydrolyzed ash shards. 

 

2.4.3 Paleosol 3 

2.4.3.1 Macromorphology 

Paleosol 3 is weakly developed with A-C horizonation (Fig. 10).  In-situ tortoise 

remains and drab halo root traces mark the paleolandsurface at the top of the A horizon.  

The A horizon has granular ped structure with macropores plugged with sparry carbonate 

and carbonate-lined Celliforma and Planolites.  The C horizon has very coarse blocky 

structure, contains drab halo root traces, but lacks other diagnostic features.  

Micromophologic analysis was not performed on this paleosol. 

 

2.4.4 Geochemistry 

Molecular weathering ratio values are predominantly unchanged throughout the 

profile, suggesting little fractionation or translocation of bases, cations, clays or 

carbonates (Fig. 12).  A notable exception to this trend is the inflection of Ca-dependent 

MWRs around the Abk horizon due to increased calcium carbonate content.  The A 

horizon in paleosol 1 and C horizon in paleosol 3 also contain elevated calcium 

concentrations but do not exhibit the degree of macro- and microscopic carbonate 

mineralization that is present in the Abk horizon of paleosol 2.  All three paleosols are 

alkaline (bases/alumina > 1) but not salinized, which is consistent with macro- and 

micromorphological observations.  Values for Ba/Sr (< 2) and total iron/alumina (< 0.2)  
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Figure 11: Micromorphology of the mid-upper Orella Mbr. paleosol. All images in XPL 
unless otherwise noted.  X denotes horizontal view; arrows indicate up direction on 
vertical sections. A) Clay-lined (cl) bone chip (b); A horizon of paleosol 1, 4x. B) 
Microgranular peds (gp) with clay lining (cl). Carbonate (ca) plugs pore spaces and coats 
grains; Abk horizon of paleosol 2, 10x. C) Carbonate (white arrows) plugging voids and 
interlaminated and with argillans (black arrows); Abk horizon of paleosol 2. D) 
Calcareous rhizolith (CR) with clay lining; Bw→Btk horizon of paleosol 2; 10x. E) Clay-
lined void (cl) with carbonate glaebule on outter edge (ca); Bw→Btk horizon of paleosol 
2; 10x. F) Masepic fabric (ma); Bw→Btk horizon of paleosol 2; 10x. 
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Figure 12: Geochemical profiles for the Mid-Upper Orella profile.  See Appendix A for 
error associated with each profile.     
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are low and unchanging throughout the profile.  With the exception of Zn, trace element 

concentrations do not vary vertically.  The increase in Zn concentration starting near the 

base of paleosol 2 is not correlated with any pedogenic or other geochemical features that 

persist throughout the same interval.  Although the Bw→Btk horizon exhibits micro- and 

macroscopic properties consistent with clay illuviation and carbonate accumulation, 

geochemical trends do not indicate a significant positive shift in base saturation or 

calcium concentration.  Duplicate samples do not significantly vary, indicating that 

uncertainty introduced by sample preparation is minimal. 

 

2.4.5 Interpretations 

All three mid-upper Orella paleosols are oxidized, well-drained, alkaline soils that 

formed on uniform, light grey silt.  Fluvial features, such as graded bedding, clay rip-up 

clasts and well-rounded grains are absent from these soils, which indicates an aeolian  

sediment source.  Each paleosol marks a period of relative landscape stability following 

aggradational phases.  Welding of paleosol profiles is evidenced by pedogenic carbonate 

glaebules and illuviated clays in the A horizons of paleosols 1 and 2.  Geochemical and 

macroscopic observations indicate that the paleosols are not significantly modified, 

although microscopic analysis shows evidence of moderate clay illuviation and 

subsurface carbonate accumulation.  While the Bw horizon of paleosol 1 contains only 

incipient increases in clay concentration and carbonate content, the Bw→Btk horizon of 

paleosol 2 shows distinct increases in both mineralogies (Appendix C).  Lacking 

geochemical trends to support the presence of a Btk classification, the illuvial horizon of 

paleosol 2 is classified as a Bw→Btk horizon because it exhibits maturity beyond that 
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which is typical of cambic horizons.  Base loss may not be evident due to continual 

additions from aeolian sedimentation. 

The abrupt increase in Zn values starting at the base of paleosol 2 is neither 

correlated with changes in other geochemical indices, nor is there a change in pedogenic 

features that would explain a shift in mineralogy (Fig. 12B).  Therefore, the shift in Zn 

concentration is not attributable to pedogenic or sedimentary processes and is likely a 

result of laboratory error. 

Paleosol 1 is classified as a haplustept based on the presence of a Bw horizon and 

pedogenic carbonate.  Paleosol 2 is classified as a calciustept due to the concentration of 

pedogenic carbonate Bw→Btk horizon.  Paleosol 3 is classified as an ustorthent due to 

the lack of a Bw horizon and absence of fluvial features.  

 The calcareous induration at the surface of paleosol 2 is not associated with 

pedogenic features that would form concomitantly if the carbonate source were from 

pedogenic concentration.  There is no significant carbonate accumulation in paleosol 1 

and therefore the source of the carbonate in the Abk horizon of Paleosol 2 could not have 

formed though welding with the overlying paleosol.  Furthermore, if the carbonate in the 

Abk horizon of paleosol 2 were formed through pedogenic welding, it should be overlain 

by a nodular Bk horizon rather than relatively unweathered silt (Fig. 10; Appendix B).  

The only significant calcareous features in the C horizon of paleosol 1 are diagenetic 

sparry calcareous rhizoliths that are only present near the contact with the underlying 

Abk horizon.  The Abk horizon is much too thin to be a petrocalcic horizon, which tend 

to be at least twice as thick in other paleosols of the White River Group (Terry, 2001).  

Additionally, the upper boundary of paleosol 2 is not marked by a deflation surface, 
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therefore the original pedostratigraphic association between paleosols 1 and 2 remains 

intact.    

A possible source of carbonate in the Abk horizon of Paleosol 2 is through 

phreatic mineralization, similar to calcareous paleosols lateral to alkaline lakes described 

in the Brule Formation of South Dakota (Terry et al., 2010).  The paleosols described by 

Terry et al. (2010) contain surface horizons indurated with carbonate, preserving root 

traces, invertebrate burrows and Celliforma of sweat bees in concentrations much higher 

than what is found in stratigraphically equivalent paleosols that lack carbonate 

impregnation.  Voids and chambers are lined with laminated carbonate, possibly due to 

fluctuating water table levels.  An important observation is that the calcareous surface 

horizons described by Terry et al. (2010) were not associated with overlying nodular Bk 

horizons, so they were clearly not petrocalcic horizons, though they appear somewhat 

similar to some petrocalcic horizons of paleo-mollisols described in Terry (2001).  The K 

horizons of Terry (2001) are associated with overlying Bk horizons and geochemical 

inflections typical of well-developed soil profiles.  In the case of the mid-upper Orella 

profile, limited outcrop exposure prevented further prospecting for an associated lake or 

spring deposit.  Nevertheless, there is no evidence to associate the carbonate induration 

with pedogenic processes. 

The preservation of granular soil structure, root and burrow concentrations are 

clear evidence that the predominant pedogenic features associated with the surface 

horizon of paleosol 2 are typical A horizon features.  Because calcareous properties were 

imparted on the horizon after burial, the horizon is designated as Abk (after Birkeland, 

1999).  Sparry carbonate filaments extend into the underlying and overlying horizons 
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from the Abk horizon, likely due to diagenetic mobilization of carbonate.  The 

subordinate modifier “k” is used here to report the temporal association of carbonate 

mineralization relative to development of A horizon properties—it is not used to invoke a 

genetic source of carbonate.  The majority of carbonate in the Bw→Btk horizon of the 

paleosol 2 is interpreted to have formed through normal pedogenic processes because it is 

interlaminated with translocated clay in root channels and voids, and preserves more 

micritic textures when present in the soil matrix.  The carbonate concentration decreases 

into the underlying Ck horizon, where only micritic forms are present (Appendix C). 

 The climofunction calculations from the B horizons of paleosols 1 and 2 are not 

distinguishable, which is expected given the low degree of geochemical variation in 

either profile.  Three samples from the B horizon of paleosol 1 and four samples from the 

B horizon of paleosol 2 were each averaged and yield an identical paleotemperature value 

of 9.0 ± 4.4°C based on the salinization index (Sheldon et al., 2002) and 9.4 ± 0.6°C 

based on the lessivage index (Sheldon et al., 2002).   

 Paleoprecipitation values were calculated using the CIA-K transform function of 

Sheldon et al. (2002) and the bases/alumina equation of Maynard (1992).  The average of 

three B horizon samples of paleosol 1 yield a value of 643 ± 181 mm/y using CIA-K and 

653 mm/y ± 235 using bases/alumina.  The average of four B horizon samples of paleosol 

2 yield a value of 720 ± 181 mm/y using CIA-K and 685 ± 235  mm/y using 

bases/alumina.  The difference between these values is within the standard error of the 

paleoclimate transform functions used for these calculations.  These values may be 

artificially low because the the Bw→Btk horizon of paleosol 2 contains ca. 8% 
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carbonate, which is above the boundary of 5% carbonate for applicability of CIA-K for 

paleoprecipitation (Prochnow et al., 2006).   

The close agreement in climofunction results between the B horizons of paleosols 

1 and 2 suggests that the mineralization of the Abk horizon did not greatly affect the 

chemistry of the underlying B horizon.  The depth to carbonate proxy is not used in this 

case because the Bw→Btk horizon of paleosol 2 did not reach the maturity stage of a 

nodular Bk horizon and the carbonate of the Abk horizon was not precipitated from 

pedogenic processes. 

 

2.5 Uppermost Upper Orella Member 

 The highest stratigraphic interval of the upper Orella Member contains 

interbedded sheet sandstone and overbank mudstone deposits which transition into loess 

of the Whitney Member in an interfingering fashion over several meters (Fig. 2).  The 

Uppermost Upper Orella (UUO) paleosol contains brilliant, extensive drab-halo and clay-

filled root traces (Fig. 13).  The UUO paleosol profile is located 6.7 meters below the last 

sheet sandstone in the Orella-Whitney Member transition. 

 

2.5.1 Macromorphology 

 The uppermost upper Orella profile consists of five vertically stacked paleosols 

separated by erosional truncations (Fig. 3; Appendix B).  Surface horizons are identified 

by concentrations of root traces and either granular or fine angular blocky ped structure, 

whereas C horizons exhibit platy or massive ped structure.  Root traces observable in 

outcrop consist of extensive, brilliant CFRTs standing out in erosional relief with 
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associated drab halos (Fig. 13).  The clay cores are frequently up to 1 cm wide and 

preserve downward branching morphologies 20-40 cm long.  These root traces are not 

restricted to any individual paleosol, and extend downward from erosional contacts.  

Smaller DHRTs are also present.   

The upper portion of the profile is composed of roughly 70 cm of thinly-bedded 

silty claystones and clayey siltstones exhibiting multiple periods of pedogenic alteration 

separated by erosional truncations.  Paleosol 1 contains an A horizon that exhibits fine to 

medium granular ped structure and CFRTs with associated drab halos.  Clay cores are 0.5 

cm wide and traceable for up to 34 cm through underlying horizons.  This horizon is 

underlain by a zone of medium to coarse granular peds with slightly lower chroma value 

(A2).  Root traces of similar dimensions to those in the A horizon penetrate downward 

from the gradual sharp boundary separating the two horizons.   The lowermost horizon in 

paleosol 1 is a C horizon that contains coarse to very coarse platy peds and claystone 

breccia.  Paleosol 2 is separated from paleosol 1 by an erosional truncation and contains a 

single C horizon that exhibits massive structure.  Root traces extend downward from the 

upper contact and from the overlying paleosol.  Some bedding is weakly expressed at the 

top of the horizon and claystone breccia is present near the lower, erosive boundary.  

Paleosol 3 consists of a single C horizon with coarse platy to massive ped structure.  Root 

traces extend downward from the erosive upper boundary and from overlying paleosols.    

 The A horizon of paleosol 4 contains fine subangular blocky peds.  Ped structure 

transitions to medium subangular blocky peds in the underlying two horizons, which are 

slightly more angular in the Bw horizon compared to the underlying BC horizon.  Clay-

filled root traces up to 1 cm wide and 40 cm long have associated drab halos and extend   
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Figure 13: Uppermost Upper Orella Member profile (UUO).  a) Drafted profile. b) Macroscopic features: A) Excavated profile with 
horizon designations.  B-D) Drab halo root traces with clay cores penetrating through A and Bw horizons in lower paleosols. 
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downward from the erosional upper contact and from within the A horizon.  No 

macroscopic cutans, mottles or glaebules are present in this paleosol.  The BC horizon 

overlies an erosional contact. 

Paleosol 5 contains an upper horizon with coarse platy to coarse granular peds 

(AC) that transitions to a lower horizon with massive structure and weak bedding (C).   

Most root traces penetrate from the overlying paleosol, though some small DHRTs 

originate in the AC horizon.  

 

2.5.2 Micromorphology 

 Uppermost upper Orella samples show evidence of incipient pedogenesis in thin 

section and corroborate macroscopic observations (Fig. 14; Appendix C).  Sub-millimeter 

sized calcareous glaebules and unoriented, disseminated carbonate flecks are common to 

abundant throughout the soil matrix of all horizons, however the lack of filaments and 

only infrequent rhizoliths indicate that pedogenic carbonate was not strongly 

concentrated in any horizon (Fig. 14A-C).  Plasmic fabric is limited to skelsepic with 

isolated zones of weak lattisepic fabric in some subsurface horizons.  Root traces and 

burrows with weakly formed clay linings are present in the Bw and BC horizons, but 

cutans and clay-fills are absent in all other horizons.  Bone chips are occasionally 

observed and tend to be rounded (Fig. 14D).  Pedolith is present in the lowermost 

paleosol. 
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Figure 14: Micromorphology of the mid-upper Orella Mbr. paleosol. All images in XPL 
unless otherwise noted.  X denotes horizontal view; arrows indicate up direction on 
vertical sections. A) Calcareous rhizolith in C horizon of Paleosol 2; 4x. B) Small 
carbonate glaebule; Bw horizon of Paleosol 4, 10x. C) Rounded bone chip; BC horizon of 
paleosol 4, 10x. D) Carbonate lining root void and simple ash shards (a); Bw horizon of 
Paleosol 4; 10x. 
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2.5.3 Geochemistry 

 Molecular weathering ratio values for this profile do not vary with depth (Fig. 

15).  All bases/alumina values are greater than unity, which is common in weakly 

developed or alkaline soils.  There is no evidence for pedogenic concentration of salts or 

iron, and Ba/Sr ratios are similar to those of most rocks and soils (Retallack, 2001).  

Variations in alumina/silica are minimal but track changes in clay content of original 

sedimentary texture, which is expected in a series of vertically stacked fluvial deposits.  

Trace elements do not vary significantly, so paleovegetative cover cannot be interpreted 

(sensu Terry, 2001).  The one-point spike at ca. 60 cm depth in the calcium-dependent 

ratios and P2O5/TiO2 is attributed to the serendipitous incorporation of a bone chip 

(Ca5(PO4)3OH) in the bulk sample, which are common in thin section (Fig. 14C).  

Duplicate samples showed negligible variation.   

 

2.5.4. Interpretations 

 Macro- and microscopic observations and geochemical trends all indicate that the 

soils of the uppermost Orella Member are weakly developed and formed in a rapidly 

aggrading alluvial environment.  High sedimentation rates are indicated by the stacking 

of multiple compound paleosols and common erosional truncations within paleosol 

profiles.  Paleosol 1 contains two A horizons that represent separate periods of soil 

development on individually deposited packages before being subsequently welded.  The 

weak development and aggradational nature of these paleosols suggests a proximal 

floodplain position based on pedofacies models in the White River Group (Terry et al., 

2010) and in classic alluvial strata of the Willwood Formation in the Bighorn Basin  

48 
 



 

 
 
 

 
Figure 15: Geochemical trends of the Uppermost Upper Orella profile.
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(Bown and Kraus, 1981).  The vertically oriented, downward-branching root traces and 

lack of redoximorphic mottles are strong evidence that these paleosols were well drained.  

They are also much larger than any other root traces observed in Brule Formation at TGP, 

which may indicate that they represent a riparian ecosystem due to their close proximity 

to a fluvial channel. 

Paleosol 1 is classified as an ustifluvent based on weak development, carbonate 

content, and presence of alluvial features.  The erosional truncations bounding paleosol 2 

and 3 signify that sediment of unknown pedogenic development was removed and 

therefore paleosols 2 and 3 are not classified here.  Paleosol 4 is classified as a haplustept 

due to the presence of a Bw horizon and pedogenic carbonate.  Paleosol 5 is an 

ustifluvent similar to paleosol 1.   

 Four samples from the uppermost Bw horizon were used for climofunction 

calculations.  The average of the four values yield a paleotemperature of 9.7 ± 4.4°C 

based on the salinization index (Sheldon et al., 2002) and 9.4 ± 0.6°C based on the 

lessivage index (Sheldon et al., 2002).  Paleoprecipitation values are 620 ± 181 mm/y 

based on the CIA-K transform function and 642 ± 235 mm/y using the bases/alumina 

equation of Maynard (1992).  These results are within the margin of error for the 

equations used in this calculation. 

 

2.6 The Lower Whitney Green Beds 

 The “Green Beds” in the lower Whitney Member  have been used as a local 

marker bed (Schultz and Stout, 1955; Gustafson, 1986) because they are located 6 m 

above the last sheet sand of the upper Orella-Whitney Member transition and stand out in 

sharp contrast to the uniform, tan loess of the Whitney Member (Fig. 2).  These beds  
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Figure 16: Correlation between Green Beds profiles.  Profile 1 contains alluvial deposits 
that are not present in Profile 2.  The upper Green Bed forms one paleosol at Profile 1 
and bifurcates into two distinct paleosols in Profile 2.   
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consist of two horizons composed of densely packed, vivid green drab halo root traces 

that are traceable for several hundred meters along two drainages. 

The green beds are exposed on the sidewalls along the Big Cottonwood Creek 

Trail and directly overlie thin, pedogenically-modified fluvial deposits.  Along the Meng 

Trail, fluvial deposits pinch out and the Green Beds are separated by Whitney loess.  The 

densely rooted horizons do not differ sedimentologically or structurally from the over- 

and underlying loess.  Two profiles were described through the Green Beds—the Green 

Beds 1 profile is located on the Big Cottonwood Creek Trail and includes fluvial 

deposits, whereas Green Beds 2 is located on the Meng Trail c. 250 m away from Green 

Beds 1 and lacks fluvial deposits (Fig. 16).   

 

2.6.1 Green Beds Profile 1 

For the purposes of this analysis, the higher green bed is termed paleosol 1, the 

underlying fluvial deposit is paleosol 2, the lower green bed is paleosol 3 and the lowest 

fluvial deposit is paleosol 4 (Fig. 17).   

 

2.6.1.1 Paleosols 1 and 3 

2.6.1.1.1 Macromorphology 

Paleosols 1 and 3 are massive and contain casts of horizontally oriented burrows 

~1 cm wide, abundant drab halo root traces and occasional clay-filled root traces (Fig. 17; 

Appendix B).  Circular drab haloes are typically ~0.75 cm wide, although original root 

diameters were around 1 mm based on the presence of occasional clay fills.  The upper 

green bed is 120 cm thick, while the lower is 105 cm thick.  The lower boundary of  
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Figure 17: Green Beds profile 1 (GB1).  a) Drafted profile. b) Macroscopic features: A) Excavated profile.  Note erosional relief 
between massive loess and hackly alluvium.  B) Paleosol 2, exhibiting A-Bw-C horizonation, erosional lower contact and sharp upper 
contact due to sediment contrast.  C) Loessic paleosol 3 overlies alluvial paleosol 4.  Note extensive drab halo root traces in paleosol 
3.  D) Paleosol 1, exhibiting abundant drab halo root traces.  c) Stratigraphic context of profile (yellow box) on Big Cottonwood Creek 
Trail.   
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Figure 18: Micromorphology of the Green Beds profile 1. All images in XPL unless 
otherwise noted.  X denotes horizontal view; arrows indicate up direction on vertical 
sections. A) Bone chip; Bw horizon of Paleosol 1, 20x. B) Fecal pellet; Bw horizon of 
paleosol 1, 10x. C) Ornate ash shard; Bw horizon of Paleosol 3, 20x. D) Simple ash 
shards (a) with clay rims (cl) from hydrolysis; Bw horizon of Paleosol 3, 20x. E) Simple 
argillans; Bw horizon of Paleosol 2, 20x. F) Pedolith (p) with clay lining along the edge 
(cl); Bw horizon of Paleosol 2, 20x. 
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paleosol 1 is abrupt but planar, marked by a decrease in grain size, fewer root traces, and 

change in soil structure. 

 

2.6.1.1.2 Micromorphology 

Paleosols 1 and 3 contain common clay-filled root traces, calcareous rhizoliths, 

and common to abundant fecal pellets and bone chips (Fig. 18A-B; Appendix C).  

Carbonate filaments and glaebules are present in a matrix rich in disseminated microspar 

calcite.  Common ash shards are simple to ornate and frequently have hydrolyzed rims 

(Fig. 18C-D).  Clay fabric is weakly developed, with skelsepic fabric dominating and 

incipient lattisepic fabric observed in localized zones.  There is no significant vertical 

variation in these properties. 

 

2.6.1.2 Paleosol 2 

2.6.1.2.1 Macromorphology 

The A horizon of paleosol 2 consists of granular to blocky ped structure and fine 

DHRTs, many of which extend downward from the upper boundary (Appendix B).  Most 

DHRTs are “hairline” root traces 1-3 mm wide and 5 mm long. The underlying Bw 

horizon exhibits angular to rounded blocky peds and contains less DHRTs than the 

overlying A horizon.  Fresh, moist samples of the Bw horizon are reddened compared to 

the overlying A horizon and contain clay clasts at the base of the horizon.  The lowest 

horizon is a C horizon with fissile, platy peds and contains rare, thin hairline DHRTs.  

Fresh C horizon peds are similar in color to the overlying Bw horizon.  The lower 
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boundary of the C horizon is sharp and wavy, truncating the underlying, densely-rooted 

very fine sandstone.    

  

2.6.1.2.2 Micromorphology 

 Paleosol 2 only contains calcareous rhizoliths in the A horizon, with no root traces 

observed in lower horizons (Appendix C).  Clay fabric increases in development from 

incipient skel-lattisepic in the A horizon to moderately developed skel-lattisepic in the 

Bw horizon, and again decreases in development to skel-insepic in the C horizon.  

Weakly developed argillans are common in the Bw horizon and decrease in abundance 

into the C horizon (Fig 18E.).  Pedoliths present in the Bw horizon retain distinct 

boundaries with the paleosol matrix and are occasionally lined with clay (Fig. 18F).  Few 

ash shards were observed in the A and C horizons, and where noted they exhibited simple 

morphologies.  Sub-millimeter carbonate glaebules are rare in the Bw and C horizons but 

common in the A horizon.  Rare pedoliths are present in all A horizons, whereas heavy 

minerals are only observed at the base of the C horizon.  

 

2.6.1.3 Paleosol 4 

2.6.1.3.1 Macromorphology 

The boundary between the lower green bed (paleosol 3) and paleosol 4 is planar 

and sharp, marked by a downward decrease in grain size and root concentration (Fig. 17; 

Appendix B).  Paleosol 4 underlies a pedogenically-modified clayey siltstone and 

consists of blocky peds fining into thin, platy peds.  The deposit is designated as an AC 
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horizon because it is not significantly differentiated but contains incipient ped structure 

and root traces.  The lower boundary is sharp and wavy and overlies Whitney loess. 

 

2.6.1.3.2 Micromorphology 

 Paleosol 4 contains rare microspar carbonate and sub-millimeter glaebules 

(Appendix C).  Clay fabric is weakly developed, with uncommon zones of weak 

skelsepic and bimasepic fabric.  No cutans, roots or filaments were observed.  Pedolith 

similar to that observed in Paleosol 2 was noted. 

 

2.6.1.4 Geochemistry 

 Molecular weathering ratio values for the Green Beds 1 paleosols do not 

significantly vary with depth and corroborate macro- and microscopic observations that 

the paleosols were alkaline and weakly developed (Fig. 19).  Total iron/alumina values 

are higher in Paleosol 2, which may be a reflection of the slightly greater concentration of 

detrital hematite in fluvial sediments (Appendix D).  There is no evidence of pedogenic 

concentration of salts or iron.  The value for alumina/silica, a proxy for clay 

accumulation, is similar to all other immature paleosols analyzed in this study and is 

therefore a reflection of the clay content of the parent material upon which the paleosols 

formed.  A slightly higher concentration of carbonates in Paleosols 1 and 3 contributes to 

the higher CALMAG values, although the absolute value is not much greater than in 

Paleosol 2 (Fig. 19).  Trace metals copper and Zn are higher in Paleosol 2, likely due to 

sorption to clays.  There is no notable change in P2O5/TiO2 values, therefore phosphorous 

trends are not useful for tracking paleovegetation in this setting. 
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Figure 19: Geochemical profiles for Green Beds Profile 1 paleosols. 
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2.6.1.5 Interpretations 

 The Green Beds paleosols preserve the last two fluvial deposits visible in the 

Lower Whitney Member along the Meng Trail.  While LaGarry (1998) noted fluvial 

channels elsewhere in the Whitney Member, none are present at this location, and the 

contribution of alluvium to Whitney landscapes was certainly negligible compared to 

loess input.  The two alluvial deposits in Green Beds 1 are distinctly redder than the 

Whitney loess, which is a manifestation of the clay-rich parent material and not 

pedogenic rubification.  Iron concretions and mottles are absent from these deposits, and 

the red coloration exists in C horizons that show only weak signs of pedogenic 

modification.   

 Paleosol 2 shows vertical associations of pedogenic features that are common 

with top-down pedogenesis of alluvial deposits.  Clay content increases from the A 

horizon to the Bw horizon (Appendix D).  The illuvial origin of Bw horizon clays are 

substantiated by the presence of common argillans and increased clay fabric development 

relative to the A horizon.  Clay-filled root traces, carbonate filaments and tan coloration 

in the A horizon of paleosol 2 are similar to those found in the overlying loess, indicating 

that loess was incorporated into the paleosol after alluvial deposition.   

 Three samples from the Bw horizon of the alluvial paleosols were sampled for 

climofunction calculations.  The average paleotemperature calculated from these samples 

is 10.4 ± 4.4 °C using the salinization index and 9.3 ± 0.6 °C using the lessivage index 

(Sheldon et al., 2002).  Paleoprecipitation values calculated using the CIA-K proxy 

(Sheldon et al., 2002) were 771 ± 181 mm/y and 685 ± 235 mm/y using the 
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bases/alumina proxy (Maynard, 1992).  The variation in these results is within the 

standard error of the paleoclimate transform functions used for calculation.   

 

2.6.2 Green Beds Profile 2 

2.6.2.1. Macromorphology 

Sedimentary texture, soil structure and matrix color do not change throughout the entire 

profile, so contacts between horizons are delineated based on root density (Fig. 20, 

Appendix B).  At this location the upper green bed is bifurcated into two 30 cm-thick 

zones of dense concentrations of drab halo root traces, separated by roughly 40 cm of 

loess with a lower concentration of DHRTs that lack horizontal association.  The lower 

Green Bed lies about 100 cm below the upper rooted horizons and is likewise bounded 

from above by a gradual contact with tan loess with lower DHRT concentrations.  Large 

carbonate concretions up to 10 cm in diameter are present throughout the profile, both in 

and between rooted horizons.  The lower Green Bed is partially covered at this location. 

 

2.6.2.2 Micromorphology 

 All samples contain abundant disseminated microspar carbonate in the matrix and 

have abundant, ornate ash shards (Fig. 21A-B; Appendix C).  The densely rooted 

horizons have millimeter-scale carbonate concretions, skel-lattisepic fabric, fecal pellets, 

clay-filled root traces, and have few to rare calcareous rhizoliths (Fig. 21C-D).  Cutans 

are absent.  Sediment-filled root traces and burrows are present and contain less 

carbonate than the surrounding matrix (Fig. 21E-F).  Horizons underlying densely-rooted 

zones contain rare argillans and clay-filled root traces.  Clay fabric is predominantly 

skelsepic  
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Figure 20: Lower Whitney Green Beds Profile 2. a) Drafted profile. b) Macroscopic features. Colored stars mark positions of samples 
in profile. A) Excavated profile exhibiting massive structure.  Freshly exposed surface is still moist.  B-C) Hand samples from AB 
horizons, showing drab halo root traces (green arrows), common fecal pellets (orange arrows) and meniscate backfilled burrows 
(yellow arrows).  Line spacing in grid is 1 cm.  c) Location of profile (yellow box) in relation to Green Beds exposure on Meng Trail.  
Box 1 indicates upper green bed correlative to Green Beds Profile 1, and box 2 shows lower green bed in the bottom of wash (covered 
at this location).  White arrows identify groundwater carbonate concretions.  Pick axe in center of foreground is 65 cm. 
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Figure 21: Micromorphology of the Green Beds profile 2. All images in XPL unless 
otherwise noted.  X denotes horizontal view; arrows indicate up direction on vertical 
sections. A) Ornate (oa) and simple (sa) ash shards. Note abundant disseminated 
carbonate in matrix; base of AB horizon in Paleosol 1, 10x. B) Ornate ash shard; AB 
horizon in Paleosol 1, 20x. C) Fecal pellet with clay rim (cl); AB horizon in Paleosol 1, 
10x. D) Carbonate lined root trace (ca); Bw horizon in Paleosol 1, 4x. E) Sediment-filled 
root trace; AB horizon in Paleosol 1, 4x. F) Sediment-filled burrow; AB horizon in 
Paleosol 1, 4x. 
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with isolated zones of bimasepic fabric.  Geochemical analysis of bulk sediment was 

omitted for this profile because it lacked notable pedogenic alteration. 

 

2.6.2.3 Interpretation 

While there is some evidence of clay illuviation below the green beds in Green 

Beds 2, all horizons exhibit weak pedogenic development.  Carbonate glaebules are 

generally small and are only rarely visible macroscopically, with the exception of the 

large “potato-sized” concretions that show no association with pedogenic features of 

comparable carbonate development (Fig. 20).  This suggests that the large concretions are 

likely precipitated from phreatic waters.   

Green Beds 2 is the lateral equivalent to profile 1.  Therefore, Green Beds 2, 

lacking alluvial deposits, preserves an archive of aeolian deposition below the green 

rooted horizons (Fig. 16).  There are no depositional hiatuses detectable within these 

intervals in Green Beds 2, which demonstrates that an equal quantity of loess was 

deposited above, and possibly incorporated into, the alluvial paleosols of Green Beds 1.   

The top of the A horizon in paleosol 2 of Green Beds 1 is more pale brown than 

the deep brown, clay-rich alluvium that comprises most of the alluvial paleosol.  The 

change in coloration and gradational upper contact with overlying loess are indicators 

that loess was incorporated into paleosol 2.  As loess deposition continued, the top-down 

pedogenesis that controlled the formation of Paleosol 2 gave way to aggradational 

pedogenesis that constructed paleosol 1.   

Profile 2 contains two distinct concentrations of drab halo root traces that 

converge into a single rooted horizon at Green Beds 1.  Paleotopographic relief between  
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the two localities was not observed, however the differences between the two profiles are 

controlled by landscape position in relationship to a local loess source.  According to 

McDonald and Busacca’s (1990) model of pedofacies along loess-mantled landscapes, 

exposed channels within braided river systems serve as local loess sources and are 

associated with predictable relationships between soil maturity and proximity to 

channels.  Aeolian paleosols forming more proximal to such channels contain weakly 

developed, isolated, stacked paleosols, whereas distal areas contain welded, well-

developed aeolian paleosols.  This model does not exactly fit the paleosols of the 

Whitney Member because weakly developed paleosols associated with higher rates of 

sedimentation tend to show massive, aggradational characteristics and only show 

evidence of surficial soil formation if a protracted depositional hiatus occurs.   

Paleosols 1 and 2 in Green Beds 2 each contain surface horizons underlain by 

weakly formed illuvial horizons, consistent with A-Bw horizon associations.  This 

relationship breaks down at Green Beds 1, where the entire rooted horizon is 

homogeneous and lacks an underlying illuvial horizon.  Therefore, the Green Beds 1 may 

be more proximal to a local loess source and aggraded more rapidly, preventing the 

formation of illuvial horizons.  This interpretation is corroborated by the presence of 

alluvium in Green Beds 1 and not Green Beds 2, which independently demonstrates the 

same proximal-distal relationship. 

 The upper contact of the Green Beds is diffuse.  Between the Green Beds and the 

Lower Whitney Ash (Fig. 2), drab-halo root traces are vertically and laterally scattered, 

and soil structure is uniform and massive.  Occasional concentrations of DHRTs are 
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visible as laterally-persistent beds 5-30 cm thick, with rare clay-filled root traces.  No 

other diagnostic macroscopic soil features were recognized. 

 The loessic paleosols of Green Beds profiles 1 and 2 contain features common to 

cambic horizons formed in ustic moisture regimes, including incipient clay illuviation, 

clay fabric, and minor amounts of pedogenic carbonate accumulation.  These paleosols 

are classified as haplustepts, though their aggradational nature prevents observation of a 

single, unwelded profile in Green Beds 1.  Paleosol 2 in Green Beds 1 is also classified as 

a haplustept for the same reasons and appears more similar to traditional inceptisols 

because only the uppermost portion of the A horizon is welded to the overlying paleosol.  

Paleosol 4 in Green Beds 1 is an ustifluvent based on a lack of diagnostic subsurface 

horizons and the presence of alluvium and pedogenic carbonate.  

 

2.7 Lower Whitney Ash (LWA) Profile 

 The Lower Whitney Ash is an airfall tuff dated to 31.85 ± 0.02 Ma (Prothero and 

Swisher, 1992) and 31.24 ±0.06 and 31.29 ± 0.06 Ma (Deino, personal communication, 

1996, to LaGarry, 1998).  Underlying the LWA deposit is the first significant paleosol 

above the Green Beds paleosols (Figs. 2, 22).  The LWA Paleosol is named due to its 

proximity to the LWA marker bed; however it begins 75 cm below the Lower Whitney 

Ash and is not genetically related to the deposition of the ash bed. The LWA deposit 

itself was not examined in this study.   
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2.7.1 Macromorphology 

The base of the Lower Whitney Ash deposit is separated from the LWA Paleosol 

by 75 cm of massive siltstone containing sparse DHRTs, most of which are hairline but 

reach 2 cm wide by 12 cm long (Appendix B).  Clay-filled root traces are also present 

from pinpoints to hairlines up to 4 cm long.  A terrestrial gastropod cast was found 7 cm 

below the LWA, marking an ancient land surface (Fig. 22). 

The LWA Paleosol contains concentrations of drab-halo, clay-filled and 

calcareous root traces, carbonate nodules and filaments, soil structure, and darkened hues 

compared to bounding sediments.  The upper boundary of the LWA paleosol is diffuse 

and marked by an increase in DHRTs and clay-filled root traces.  Root traces are mostly 

hairline and do not exceed 0.5 cm in diameter and 6 cm in length.  The ABw horizon is 

recognized by slightly darker hues than overlying sediment and the presence of common 

root traces extending downward from one horizontal plane.  This plane marks the 

gradational upper boundary of the ABw horizon because no textural variation from the 

overlying massive siltstone is evident.  The underlying Btk horizon contains angular 

blocky peds, slightly redder coloration and abundant clay-filled root traces, small 

carbonate nodules, calcareous rhizoliths and DHRTs.  Most root traces are hairline, and 

the thicker traces tend to be alternately filled with clay and calcite.  Carbonate filaments 

bridge peds, surround root voids and line burrow walls.  Sediment-filled burrows are 

common throughout the ABw and Btk horizons, but only contain translocated clay and 

carbonate linings in the Btk horizon (Fig. 22b).  The underlying Bk1 horizon contains 

peds rimmed by calcite and exhibits a marked decrease in rhizoliths, clay-filled root  
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Figure 22: Lower Whitney Ash Paleosol profile (LWAP).  a) Drafted profile. b) Macroscopic features: A) Exposure of LWA profile.  
Note separation of LWA relative to main zone of pedogenic alteration by ca. 75 cm.  10 cm photo scale in Bk2 horizon.  B) Gastropod 
cast from Bw horizon. C-E) Hand samples from Btk horizon.  Darker zones are sediment-filled burrows.  Scale bars = 0.5 cm. C) 
Calcareous filaments along burrow walls. D) Clay lining wall of sediment-filled burrow.  E) Calcareous filaments along and within 
burrow (white arrows) and fecal pellet (orange arrow). c) The LWA Paleosol is the reddened zone underlying the massive, white 
Lower Whitney Ash.  Yellow box indicates borders of field photo. 
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traces and DHRTs.  The Bk2 horizon contains small carbonate glaebules but lacks 

filaments and rhizoliths.  The lower boundary is gradual and marks a return to the 

massive siltstone common in the Whitney Member, with sparse DHRTs and clay-filled 

root traces. 

 

2.7.2 Micromorphology 

The uppermost Bw horizon contains skelsepic with zones of incipient skel-

lattisepic fabric (Appendix C).  There are weak argillans, carbonate glaebules roughly 0.5 

mm in diameter, and common bone chips (Fig. 23A).  Ash shards are uncommon and 

exhibit simple morphologies. 

The ABw horizon differs from the overlying sediment in that it contains more 

well-developed skel-lattisepic fabric, carbonate filaments, increased abundance of 

disseminated matrix carbonate and millimeter scale clay-filled root traces.  The Btk and 

upper parts of the Bk1 horizon show well developed clay fabric, which decreases into the 

Bk2 horizon.  Argillans are present in all horizons but are abundant and complex only in 

the Btk horizon (Fig. 23B-C).  Carbonate glaebules, filaments and rhizoliths are common 

in the Btk, Bk1 and Bk2 horizons (Fig. 23D).  Clay-filled root traces are present from the 

A horizon downward throughout the profile, but become encased in carbonate only in the 

Btk and Bk1 horizons (Fig. 23E).  Ash shards are hydrolyzed and simple in all horizons, 

with the exception of the presence of common, ornate shards in the Bk1 horizon (Fig 

23F).  Bone chips coated with opaque mineralizations are common in all horizons (Fig. 

23A). 
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Figure 23: Micromorphology of the LWA paleosol. All images in XPL unless otherwise 
noted.  X denotes horizontal view; arrows indicate up direction on vertical sections. A) 
Simple argillan; ABw horizon of Paleosol 2, 10x. B) Bone chip with opaque coating; Bw 
horizon of Paleosol 1, 10x. C) Domains of translocated clay with sparry carbonate infill; 
Btk horizon of Paleosol 2, 10x. D) Complex argillan; Btk horizon of Paleosol 2, 10x. E) 
Root trace lined with carbonate; Bk1 horizon of Paleosol 2, 10x. F) Calcareous rhizolith 
with carbonate overgrowth; Bk2 horizon of Paleosol 2, 20x. 
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 Figure 24: Geochemical profiles for the Lower Whitney Ash paleosol. 
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2.7.3 Geochemistry 

Molecular weathering ratio values for the LWA Paleosol show little variation 

throughout the profile (Fig. 24).  This paleosol is alkaline and moderately mature based  

on macro- and microscopic observations of clay illuviation in the Btk horizon and 

carbonate accumulation in the Btk, Bk1 and Bk2 horizons.  The low value of 

bases/alumina (ca. 1-1.5) does not conform to the range described by Retallack (2001) for 

alkaline inceptisols, mollisols and aridisols, and runs contrary to the aforementioned 

observations of pedogenic features.   

CIA-K values do not change greatly from the parent material, and there is no 

evidence of accumulation or mobilization of salts or iron oxides.  Values of Ba/Sr and 

Al2O3/SiO2 do not depart from the values of most soils and rocks (Retallack, 2001), 

indicating that there is no geochemical evidence of a significant degree of leaching or 

clay rearrangement in this paleosol.  CALMAG values around unity are lower than 

expected for this profile given the observations of carbonate accumulation in subsurface 

horizons.  Trace metal concentrations do not vary greatly and are not informative for 

pedogenic processes in this profile.  There is little change in P2O5/TiO2 values, therefore 

phosphorous trends are not useful for tracking paleovegetation in this setting. 

 

2.7.4 Interpretations 

The LWA Paleosol is oxidized, well-drained and alkaline.  Trends in molecular 

weathering ratios do not corroborate morphological observations, which suggest that base 

additions from loess input and welding with the overlying profile replenished any losses 

from leaching.  Macro- and microscopic observations form the basis of horizon 
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designation and show distinct trends in subsurface clay and carbonate accumulation.  

Overall, ash shards are less common, more hydrolyzed and exhibit more simple 

morphologies than in other deposits of the Whitney Member.  This is either a result of an 

interval of more intense weathering, which would remove ash shards through hydrolysis 

reactions, or the presence of a depositional hiatus, which would introduce less ash shards 

as the paleosol formed.  The lack of common, ornate shards in the less-weathered 

sediment overlying the LWA paleosol lends weight to the latter hypothesis because the 

overlying sediment contains few ash shards and also lacks signs of advanced pedogenic 

modification.  Clay illuviation and carbonate accumulation in the ABw horizon is 

evidence that pedogenic alteration continued downward during subsequent aeolian 

aggradation, imparting B horizon properties over the initial A horizon.  Clay illuviation 

and carbonate accumulation in the Bk1 and Bk2 horizons occurred as the profile 

aggraded upward. 

 Three samples from the Btk horizon of this paleosol were sampled for 

climofunction calculations.  The average paleotemperature calculated from these samples 

is 9.3 ± 4.4 °C using the salinization index and 10.0 ± 0.6 °C using the lessivage index 

(Sheldon et al., 2002).  Paleoprecipitation values calculated using the CIA-K proxy 

(Sheldon et al., 2002) were 808 ± 181 mm/y  and 722 ± 235 mm/y using the 

bases/alumina proxy (Maynard, 1992).  The Btk horizon contains 5.8% carbonate 

(Appendix D), which is just above the boundary of 5% bulk carbonate suggested as a 

cutoff for application of CIA-K (Prochnow et al., 2006).  Additional calcium from 

pedogenic accumulation of carbonates lowers the CIA-K value, therefore the 

paleoprecipitation estimates reported here should be considered a lower limit using this 
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method.  The values calculated from different proxies are in close agreement with each 

other and cannot be distinguished due to the standard error of the transform functions. 

 Retallack’s (2005) depth to carbonate paleoprecipitation proxy requires the 

presence of a nodular Bk horizon, which is not present in any of the paleosols 

documented in this study.  Unlike the Hayden and Darton pedotypes of the Chadron 

Formation (Terry, 2001), calcareous horizons in paleosols of the Brule Formation are less 

well developed and only exhibit carbonate films or predominantly microscopic glaebules 

and rhizoliths.  Additionally, the presence of carbonate filaments and clay illuvial 

products in the ABw horizon are clear indication that the original relationship of horizons 

to a single land surface is compromised due to pedogenic upbuilding.  Thus, no clear 

relationship between carbonate accumulation and depth can be assumed, and any results 

of depth-to-carbonate calculations would be unreliable for this paleosol.  

Decomposition of organic matter due to oxidizing, alkaline conditions prevents 

true assessment of original organic content at the surface of the LWA Paleosol.  The 

absence of dense concentrations of root traces or granular ped structure indicate that a 

mollic epipedon was not likely present.  The presence of an argillic horizon and 

pedogenic carbonates is sufficient to classify the LWA Paleosol as a haplustalf.   

 

2.8 Clay Mineralogy 

 X-ray diffactograms are presented in Figure 25.  All diffractograms exhibit strong 

smectite (001) reflections at ~5.8° 2θ, which shift slightly to lower angles upon ethylene 

glycol solvation.  Illite (001) reflections at ~8.8° 2θ are present in all samples from the 

Orella Member and are only present in the Whitney Member in the fluvial deposits in the  
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Figure 25: X-Ray diffractograms of the clay fraction from selected profiles.  Glycolated 
samples identified with GLY abbreviation.  S = smectite, I = illite, I/S = interlayered 
illite/smectite.  Arrows indicate shift of peaks upon glycolation.  A) Lowest Lower Orella 
paleosol AC horizon (LLO-1.5) and C horizon (LLO-1.6). B) SB paleosol samples from 
A horizon (SA-1.1) and C horizon (SA-1.2). C) Mid-Upper Orella paleosol 2 samples 
from Bw→Btk horizon (UO3-1.4) and underlying Ck horizon (UO3-1.5). D) Uppermost 
Upper Orella samples from Bw horizon (UO1-2.12) and A horizon (UO1-2.1) from lower 
paleosol. E) Green Beds Profile 1 samples from Bw horizon of Paleosol 1(WP1-1.2-3), 
A, Bw and C horizons of Paleosol 2 (WP1-1.1-2, WP1-1.3-1, WP1-1.4-2, resp.), and 
sample from Bw horizon of Paleosol 3 (WP1-1.5-5). F) Green Beds Profile 2 samples 
from AB horizons of Paleosol 1 (WP2-1.1) and Paleosol 2 (WP2-1.2-2). G) LWA 
Paleosol samples from ABw horizon (WP3-1.2-5) and Btk horizon (WP3-1.3-3). 
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Table 3 Illite composition in I/S interlayers based on I/S (001/002)-(002/003) peak shift. 

 
001/002 002/003 

   Sample d(A) 2theta d(A) 2theta δ2Ɵ % Illite Reicheweite 
LLO 1.5-1GLY - - 5.5858 15.853 - - - 
LLO 1.6-1GLY 8.5417 10.348 5.6213 15.752 5.404 < 10 0 
SA 1.1-2GLY 8.4997 10.399 5.6054 15.797 5.398 < 10 0 
SA 1.2-2GLY 8.6014 10.276 5.5709 15.896 5.620 10 -20 0 
UO1 2.6-1GLY 8.5379 10.353 5.6057 15.796 5.443 < 10 0 
UO1 2.6-12GLY 8.5782 10.304 5.6058 15.796 5.492 10 0 
UO3 1.4-1GLY - - 5.6064 15.794 - - - 
UO3 1.5-3GLY 8.5406 10.349 5.6044 15.800 5.451 < 10 0 
W2 1.1-1GLY 8.5419 10.348 5.6563 15.654 5.306 < 10 0 
W2 1.2-2GLY 8.5806 10.301 5.6557 15.656 5.355 < 10 0 
WP1 1.1-2GLY 
DUP - - 5.5693 15.900 - - - 

WP1 1.1-2GLY 8.6485 10.22 5.6035 15.803 5.583 10 0 
WP1 1.2-3GLY 8.5054 10.392 5.6392 15.702 5.310 < 10 0 
WP1 1.3-1GLY - - 5.5877 15.848 - - - 
WP1 1.4-2GLY - - 5.4530 16.242 - - - 
WP1 1.5-5GLY 8.4626 10.445 5.6222 15.750 5.305 < 10 0 
WP3 1.2-5GLY 8.6211 10.252 5.6213 15.752 5.500 10 0 
WP3 1.3-3GLY 8.5799 10.302 5.6218 15.751 5.449 10 0 
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Green Beds Profile 1.  Illite/smectite (I/S) interlayer peaks appear at ~10.5, 15.8 and 

26.5° 2θ, which correspond to I/S (001/002), (002/003) and (003/005) reflections.  

 The distance between I/S (001/002) and I/S (002/003) reflections on EG solvated 

samples yields the value Δ2θ, which has been empirically derived for varying proportions  

of illite to smectite in interlayered samples (Moore and Reynolds, 1997).  Most samples 

that exhibit both peaks required for calculation of Δ2θ fall within the range of 10% illite 

in I/S interlayers, with the exception of one sample containing 10-20% illite (Table 3).  

Reflections from untreated samples are not spaced in a regular fashion, which is 

indicative of chaotic ordering of illite and smectite interlayers.   

 

2.9 Point Count Results 

Mineral assemblages obtained from point counting indicate that the highest 

mineral fraction in all samples is clay, followed by carbonate and quartz (Appendix D).  

The ash shard content in both the Orella and Whitney Members is much lower than 

previous studies.  For example, Swinehart et al. (1985) counted ca. 50% volcanic glass on 

average in the White River Group, and Swinehart and Rebone (1984) counted > 80% 

volcanic glass in the upper Brule Formation, whereas ash content reported in this study 

only ranges from 1-10%.  The vast difference in measurements is certainly due to  

methodology.  Swinehart et al. (1985) isolated ash shards from hand samples using HCl 

and HF.  Thin section point counting used in this study did not capture the large quantity 

of ash shards likely due to spacing between points.  Step-length was defined by the 

diameter of the largest grain in the counting area to avoid double counting.  However, ash 

shards are significantly thinner than skeleton grains, which reduces the chance of 
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counting them with larger step-lengths.  Because of this bias, qualitative observations of 

ash shard abundance are more useful in this study. 

The LWA Paleosol has relatively high clay content, supported by macro- and 

microscopic observations of higher amounts of illuviated clay.  There is also a 

concomitant decrease in the abundance of ash shards, which suggests that higher degrees 

of pedogenic alteration hydrolyzed ash shards into clay that was subsequently mobilized 

in the soil profile.  It is interesting that the Al/Si proxy for clayeyness does not show this 

increase in clay (Fig. 24), nor does it show relative increases or decreases throughout any 

other profiles, even though the LWA Paleosol and mid-Upper Orella paleosols show 

distinct evidence of clay illuviation in both macro- and microscopic observations.  
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CHAPTER 3 

DISCUSSION 

 

 A number of recent investigations have used strata at Toadtool Geologic Park to 

track changes across the Eocene-Oligocene Boundary, including paleoecology (Corsini et 

al., 2006; Zanazzi and Kohn, 2008; Boardman and Secord, 2013), paleobotany 

(Stromberg 2002, 2004), paleoclimatology (Terry, 2001; Zanazzi et al., 2007), 

biostratigraphy (Zanazzi et al., 2009) and magnetostratigraphy (Sahy et al., 2010).  

However, little is known about early Oligocene landscapes at TGP, interpretations of 

which offer insight into the forces driving changes in ancient critical zone processes.   

Jenny’s (1941) model of soil formation is widely accepted, defining pedogenesis 

as: 

 

where soil (s) is a function of climate (Cl), organisms (O), topographic relief (R), parent 

material (P) and time (T).  Although these variables are intimately linked in soil systems, 

the following discussion treats them individually in order to build a cohesive vision of 

paleolandscape processes of the early Oligocene at Toadstool Geologic Park.  Climate 

will be treated last because direct paleoclimatic variables cannot be directly measured and 

interpretations are partially based on correlations with modern systems and other factors 

of soil formation.   
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3.1 Paleovegetation 

Paleobotanical remains are limited to root traces, phytoliths, hackberry seeds and 

rare silicified leaf and wood fragments in the Brule Formation.  Root traces preserved 

across the Orella-Whitney Member transition are mainly limited to drab-halo root traces, 

which are of little use in tracking taxonomic changes in paleoflora beyond offering a 

maximum root diameter when root casts are not preserved.  The taphonomy of root traces 

in paleosols of the WRG is poorly understood, given the frequent misidentification of 

drab halo root traces as non-rhizomorphous iron mottles (e.g., Meehan, 1994; LaGarry, 

1998) and lack of laterally-persistent root traces along all ancient paleolandsurfaces in 

aggradational profiles.  The presence of abraded hackberry seeds in thin section (Figs. 5, 

7) offers little paleovegetative context for the following reasons: 1) all documented seeds 

in this study show signs of transport, 2) hackberries can occur as trees or shrubs (Jahren 

et al., 2001) and therefore do not indicate degree of forest cover, and 3) hackberry 

endocarps are likely preferentially preserved due to the precipitation of aragonite and 

opal in living specimens (Cowan et al., 1997).  No root traces larger than shrub-like 

vegetation were observed, and the vast majority of root trace diameters are on the order 

of millimeters.  No tree-sized root traces were observed in field or laboratory analyses, 

unlike those preserved in the stratigraphically lower Big Cottonwood Creek Member of 

the late Eocene Chadron Formation (Terry, 2001) and in the late Eocene Gleska Series of 

paleosols in the Chadron Formation of South Dakota (Retallack, 1983).  This suggests 

that woodlands were not the predominant vegetative cover in the Oligocene Orella and 

Whitney Members at Toadstool Geologic Park. 
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Grass-dominated biomes create diagnostic soil structure in surface horizons, 

which should be preserved even in aggradational loess deposits.  For example, the 

Holocene Bignell Loess of the North American Great Plains was deposited in an aeolian 

aggradational setting and exhibits relict microgranular ped structure due to the formation 

of a mollic epipedon in a grassland ecosystem (Mason and Kuzila, 2000).  Paleosol 2 in 

the mid-upper Orella Member profile (Fig. 10) is the only paleosol that exhibits 

microgrannular ped structure in thin section (Fig. 11B), indicating that grass-like 

vegetation was a significant portion of ground cover at the time.  The absence of 

microgranular ped structure in all other loessic paleosols of the Brule Formation suggests 

that mixed-cover savanna ecosystems were more dominant than grassland or forest 

biomes for most of the duration of the Orella and Whitney Members.   

Variegated paleotopography and depositional styles in the Orella Member may be 

the driving forces behind the diverse paleovegetation interpreted to exist at the time by 

paleoecological studies (Zanazzi and Kohn, 2008; Boardman and Secord, 2013).  Larger 

root traces in the Orella Member are only occasionally preserved in locations proximal to 

fluvial channels (e.g., Uppermost Upper Orella paleosol).  This association is in line with 

Kennedy’s (2011) interpretation from paleosol geochemistry that riparian partitioning 

may have existed in the early Oligocene in northwest Nebraska.  Only grass to shrub-

sized root traces were observed in paleosols of the Brule Formation, which further 

corroborates Zanazzi and Kohn’s (2008) interpretation that closed-forest conditions did 

not exist in the early Oligocene in northwest Nebraska.  Because paleosols were generally 

weakly developed—most are inceptisols in the Orella and Whitney Members—it is 
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difficult to assess whether the final pedogenic product would have been more similar to 

alfisols (forest soils) or mollisols (grassland soils).   

 Mathis and MacFadden (2010) found a significant change in Leptomeryx sp. 

occlusal surface enamel area across the EOT, which they attribute to a dietary preference 

of the early Olgiocene L. evansi for increased C4 vegetation or a change in habitat from 

wooded to open ecosystems.  The results of this study demonstrate that aeolian deposition 

became an active force on landscapes of the Brule Formation as early as the lower Orella 

Member.  It is possible that increased dust on early Oligocene landscapes contributed to 

the forces driving the reinforcement of Leptermyx sp. enamel (e.g., Stromberg et al., 

2013), rather than a profound change in diet or vegetative biome structure.  This 

hypothesis is supported by Dewar’s (2008) observation that dental microwear showed no 

change in dietary preference from Chadronian through Whitneyan NALMAs, which 

overlap with the Orella and Whitney Members of the Brule Formation.  

 

3.2 Paleotopographic Relief and Landscape Evolution 

Paleotopographic reconstructions across the EOT are necessary to track changes 

in landscape aggradational and degradational phases.  Changes in fluvial architecture 

have yet to be quantified across the EOT, although Terry (2001) noted that channel type 

changes from meandering and anastamosing to braided with higher width to depth ratios.  

Such a shift in channel geometry suggests that fluvial deposition became a waning 

geomorphic force, giving way to aeolian sedimentation.  However, paleotopographic 

relief on the order of meters to tens of meters existed at various locations and 

stratigraphic levels across the EOT (Wells et al., 1994; LaGarry, 1998).  Knowledge of 
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the locations and accurate dimensions of such paleovalleys are necessary in order to 

pinpoint sources of error in stratigraphic thickness measurements between recent 

biostratigraphic (Zanazzi et al., 2009) and magnetostratigraphic (Sahy, 2010) studies, and 

to advise future investigations that are dependent on detailed stratigraphic relationships. 

  

3.2.1 Lower Orella Member Paleogeomorphology  

Paleosols and field observations from this study were combined with previous 

work by Kennedy (2011) and Terry (2001), to generate a preliminary geomorphic 

evolutionary model for the lower Brule Formation in the earliest Oligocene at Toadstool  

Park.  Further work is needed to address the relationship between fluvial and aeolian 

deposition throughout the upper Orella Member. 

The Big Cottonwood Creek Member of the Chadron Formation directly underlies 

the Brule Formation and contains the EOB within its uppermost 10 meters.  Alluvium 

deposited by meandering rivers was the predominant sediment source for BCCM 

landscapes (Fig. 26A), however volcaniclastic sediments observed in thin sections of 

BCCM paleosols (Terry, 2001) suggests either a reworked volcaniclastic component or 

an aeolian input that contributed to sediment accumulation.  Paleosols generally shift 

from alfisols to mollisols toward the top of the BCCM, with entisols and inceptisols 

located in areas proximal to channels (Terry, 2001).   

The lower Orella Member of the Brule Formation overlies the BCCM and 

represents a changeover to a higher proportion of sheet sand deposits and crevasse splays 

(LaGarry, 1998) (Fig. 26B).  Although fluvial channels associated with the onset of the 

lower Orella Member have not been observed, the overbank deposits are very similar to  
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Figure 26: Paleogeomorphic model for the formation of the lower Orella Member. 
†UPW age of 33.9 from Sahy et al. (2010);††Age calculated using stratigraphic levels 
and sedimentation rate of Zanazzi et al. (2009); ‡Age calculated using stratigraphic levels 
from this study and sedimentation rate of Zanazzi et al. (2009).
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younger deposits of the Brule Formation near the top of the lower Orella Member which 

are associated with ephemeral sandy braided stream channels and overland sheet flow 

deposition.  My profile through the lowest lower Orella Member indicates that high rates 

of overbank deposition on low-relief floodplains existed at the base of the Orella 

Member.  These paleosols are weakly developed fluvents, representing little time of 

formation due to high sedimentation rates near channels.  The increase in sedimentation 

rate coinciding with the lithologic change between the Chadron and Brule Formation may 

have affected fluvial channel morphology by sediment loading, resulting in 

destabilization of local base level and initiation of longitudinal incision-deposition 

feedback loops. 

 The first of the paleovalleys in the lower Orella Member incised ~ 5 m into the 

Chadron Formation and contains the Toadstool Park Channel Complex (TPCC) at its 

base (LaGarry, 1998), with slopes of paleovalley walls up to 5-36° degrees (Terry et al., 

1995) (Fig. 26C).  Colluvium most likely draped the sidewalls of this valley, and  

evidence of aeolian sedimentation in upland geomorphic positions (e.g., SB paleosol) 

demonstrate that loess was accumulating and mantling early stream terraces.  While it is 

unknown if any paleovalley incision events preceded the maximum incision event 

(TPCC; LaGarry, 1998), the lack of well-developed paleosols at the top of the associated 

stream terrace indicates that incision and backfill occurred rapidly.   

The Horus and Serendipity Ashes are isochronous marker beds that were used to 

trace out the paleotopography of the TPCC backfill sequence (Fig. 26D-E) (Kennedy, 

2011; this study).  The two ashes converge in upland positions, reaching a minimal 

stratigraphic separation of ca. 2 m.  Dating of these ashes has been problematic (D. Sahy, 
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2010, pers. comm.), however their ages can be estimated using the sedimentation rate 

calculated by Zanazzi et al. (2009).  Using the stratigraphic levels above the UPW 

reported by Zanazzi et al. (2009) of 15 and 17 m, the Horus and Serendipity Ashes were 

deposited at 33.4 and 33.3 Ma, respectively.  Using more recent stratigraphic 

measurements obtained by D. Terry (this study) of 20 and 21.8 m, the age of the Horus 

and Serendipity Ashes are 33.1 and 33.0 Ma, respectively.  The discrepancy between the 

two stratigraphic measurements is attributed either to subtle changes in paleotopography 

within the measured interval, or misidentification of the ash beds by either of the authors 

due to their similarity. 

The Serendipity Bluff Paleosol presented in this study formed in an upland 

position lateral to Kennedy’s (2011) toposequence, each of which are bracketed by the 

Horus and Serendipity Ashes.  The aeolian parent material of the SB paleosol indicates 

that loess was trapped in topographic positions outside the influence of fluvial 

deposition.  While limited exposures of such loess exist in the lower Orella Member, it is 

important to recognize the relative sedimentation rates and contribution of sediment types 

to various geomorphic positions at this time.  Because such upland areas did not exist 

before formation of the TPCC, no intervals of strictly aeolian sediment have been located 

lower in the section.  There is no reason to suggest that the SB paleosol marks the onset 

of aeolian deposition, therefore loess was likely incorporated into landscapes that appear 

to be solely alluvial at lower stratigraphic levels.  Much of the deposits of the lower 

Orella Member that are easily accessible at Toadstool Park are located within 

paleovalleys, which exhibit a prevalence of fluvial features.  Aeolian sediments are 

identical in mineralogy and grain size to the fine sand and silt sized fraction of alluvium, 
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so recognition of aeolian sediment in fluvial deposits is challenging without detailed 

paleopedological analysis.  It is only in isolated terraces that are outside the influence of 

fluvial deposition that the presence of aeolian sedimentation is clear.  The lack of mature 

soil development in the SB paleosol that would be expected on older stream terraces 

reveals that relatively high rates of aeolian deposition were occurring as early as the 

deposition of the lower Orella Member.  Entisols and inceptisols are present in lowland 

areas of this paleovalley where fluvial deposition dominates (Kennedy, 2011).  Paleosols 

formed on lower terraces are similar to extant mollisols (Kennedy, 2011), though they 

lack the necessary diagnostic epipedon.  Multiple cut and fill sequences have been 

suggested by Harvey (1960) and Terry et al. (1995), though they were not observed in the 

course of this study and are therefore not depicted in Fig. 26. 

The lower-upper Orella Member transitional zone begins within a few meters 

above the Serendipity Ash (Fig. 2), marking the completion of paleovalley backfill and a 

changeover to less channelized fluvial geomorphology (Fig. 26F). Sheet sandstones in the 

lower-upper Orella transitional zone contain millimeter-scale root traces, carbonate 

nodules and incipient clay fabric, which indicate subaerial exposure and subsequent 

pedogenic modification.  Laminated claystones are interbedded with sheet sandstones, 

which probably would have formed as ephemeral features in low-lying floodplain ponds 

or during low-flow in wide, shallow ephemeral channels.  Because so few confined 

channels are present in this interval, the sheet sand units may represent seasonal 

unconfined sheetflow deposits.  Clay fabric, root traces and carbonate nodules present in 

sheet sandstone units demonstrate that after recession of high-flow events, the deposits 

were subaerially exposed and subjected to incipient pedogenic modification. 
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3.2.2 Upper Orella and Whitney Member Paleogeomorphology 

 Landscapes of the upper Orella Member are typified by a decrease in sheet sand 

deposition and a higher proportion of loess and overbank muds than the lower Orella 

Member (LaGarry, 1998).  Paleosols in the mid upper Orella Member formed on loess 

that exhibits similar uniform texture as previously recognized aeolian deposits in the 

Whitney Member and in the SB paleosol of this study.  The loess deposits of the Orella 

Member contain less ash shards than the Whitney Member, and the ash shards that are 

preserved tend to be acicular to lath-like morphologies.  Intervals of alluvial and aeolian 

deposits are interstratified in the upper Orella Member, but the coarse stratigraphic 

resolution of this study does not permit interpretation of the nature of how each type of 

deposit is related across any individual landscape or through subsequent stratigraphic 

stacking. 

 Paleotopography in the Whitney Member is difficult to assess at first glance 

because the majority of the loess deposits are uniform in color and texture and lack 

abundant marker beds.  LaGarry (1998) presents upwards of 30 stratigraphic columns 

that include deposits of the Whitney Member, and outside the basal intertonguing contact 

with the underlying Orella Member there is little to no discernible variation in 

paleotopography.  Changes across the Green Beds presented in this study indicate that 

paleosol morphology changed as a result of proximity to a fluvial channel.  In general, 

though, paleotopographic relief was greatly reduced during deposition of the Whitney 

Member compared to the underlying Orella Member.   
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3.2.3 Pedogenic Models of the Whitney Member 

With few exceptions (i.e., alluvium in profile WP1), paleosols of the Whitney 

Member formed solely on loess.  Lacking other forms of sediment input, the primary 

control on landscape stability in the Whitney Member was the rate of loess influx.  

Variable rates of loess deposition are manifested by alternating periods of soil 

aggradation and stability, which correlate to relatively weaker and stronger periods of 

pedogenic alteration.  During times of low sedimentation rates, pedogenesis proceeds 

through the standard top-down process that is common in most soil systems.  However, 

periods of aggradation dominated, but did not restrict pedogenesis completely.  Rather, 

loess deposition and soil formation occured concomitantly, creating landscapes mantled 

with soil that aggraded through time in a process called upbuilding (Almond and Tonkin, 

1999).   

Pedogenic upbuilding has been reported in other loess sequences under a variety 

of climatic and depositional settings, including Recent super-humid forested coastal 

dunes in New Zealand (Eger et al., 2012), the Holocene Bignell Loess of the Nebraska 

prairie, USA (Jacobs and Mason, 2007), non-forested temperature-humid volcaniclastic 

systems in Japan (Inoue et al., 2011), and recently glaciated maritime-continental regions 

in Alaska (Muhs et al., 2004).  The result of soil formation by upbuilding is that as 

material is passed through the downward mechanism of pedogenesis, land surfaces 

concomitantly rise upward and force all levels of the substrate to pass through the entire 

conveyer belt of subsurface pedogenic processes (Almond and Tonkin, 1999).  Thus, 

geologic materials that contain properties of A horizons, such as higher root 

concentrations and attritional faunal remains, will then be overprinted with properties of  
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B horizons, such as glaebules and clay films.  After this process is initiated, C horizons 

cease to exist because sediment is incorporated into the active soil system without 

shutting off pedogenesis.  This time-transgressive nature of pedogenesis is referred to as a 

soil system rather than a soil profile (Raeside, 1964).   

The pedogenic products created under different sedimentation rates can be viewed 

as end members of pedogenic pathways (sensu Almond and Tonkin, 1999) (Fig. 27).  

During aggradational periods, sediment accumulated at a rate that allowed for 

concomitant pedogenesis, termed here as the Steady State Upbuilding Pathway (SSUP, 

Figure 27A).  Features from A horizons include root traces extending downward from the 

paleolandsurface, as well as fecal pellets and bone chips.  Properties of B horizons consist 

of clay translocation and carbonate accumulation only visible in thin section, equivalent 

to the maturity stage of a Bw horizon.  Due to relatively high sedimentation rates, these 

paleosols are immature and lack well-developed features that would be easily recognized 

in the field, such as coatings of clay or carbonate in soil macropores.  This pathway 

creates homogenized products that appear undifferentiated but contain physical traces of 

pedogenic products from all levels of the soil.  Root traces are vertically dispersed and 

groundwater carbonate nodules show no association with any pedogenic products.  The 

constant addition of sediment replenishes bases lost through translocation and 

dissolution, which creates homogeneous geochemical profiles (Figs. 12, 18, 23).   

Intervals of low sedimentation or a depositional hiatus create alternative 

pedogenic pathways that depart from steady state upbuilding.  The Punctuated Hiatus 

Upbuilding Pathway (PHUP) takes two forms, each of which involves some degree of 

top-down pedogenesis (Fig. 27B-C).  If sedimentation slows or halts for only a brief 
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period, pedogenesis does not greatly alter the substrate beyond that which is generated by 

steady state upbuilding.  However, surface horizon properties are more prevalent and 

horizontal associations of root traces are preserved (PHUP-I, Figure 27B).  The product 

of this mode of soil formation mainly differs from SSUP products in that lateral 

concentrations of root traces are preserved along ancient land surfaces (e.g., Green Beds 

Paleosols).  Relatively longer hiatuses allow for protracted top-down pedogenesis, 

creating more mature paleosols (PHUP-II, Figure 27C) with darkened A horizons, B 

horizons containing interlayered clay and carbonate films in macropores and root voids, 

more highly weathered volcanic ash, and larger, more common carbonate glaebules (e.g., 

Lower Whitney Ash Paleosol).  The A horizons of PHUP paleosols contain pedogenic 

carbonate and translocated clay due to welding with overlying paleosols, which marks a 

return to soil formation by upbuilding.  This replenishes bases lost during PHUP 

pedogenesis and yields homogeneous geochemical profiles (Figs. 12, 18, 23).   

The final product of the Steady State Upbuilding Pathway is a series of aggraded 

Bw horizons that retain some A horizon characteristics.  Paleosols that follow PHUP-I 

appear similar to SSUP paleosols but contain a larger amount of A horizon features.  

PHUP-II paleosols contain features indicative of more advanced pedogenic development 

as a result of extended top-down pedogenesis occurring between upbuilding intervals, but 

still contain relicts of surficial exposure.   

The paleosols of the Orella Member that formed on loess follow upbuilding 

pathways as well.  The Serendipity Bluff paleosol consists of nearly two meters of 

weakly modified loess which aggraded through PHUP-1 processes (Fig. 27B).  Sparse 

fecal pellets, clay-filled root traces and short drab halo root traces are found throughout 
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the C horizon (Fig. 6; Appendix B, C).  There was a very low degree of pedogenic 

modification as the lower portion of the paleosol aggraded, which is why the SB paleosol 

contains a C horizon and not a Bw horizon.  The A horizon formed during a depositional 

hiatus, marking a changeover to top-down pedogenesis.  After a short period, aggradation 

resumed. 

The mid-upper Orella paleosol contains a series of stacked paleosols that formed 

through PHUP-II pedogenesis (Fig. 27C).  Each paleosol consists of 40-50 cm of loess 

that aggraded before sedimentation paused, allowing top-down pedogenesis to proceed 

before the next pulse of aggradation (Fig. 10).  The paleosols described from the mid-

upper Orella Member differ from Whitney Member paleosols in that less A horizon 

features are preserved in subsurface horizons, and illuvial horizons are more well-

developed (Appendix B, C).  This suggests that rapid aggradational periods were 

separated by more protracted hiatuses. 

 

3.3 Parent Material 

 Although depositional environments shift from primarily alluvial to primarily 

aeolian across the Orella-Whitney Member transition, possible changes in sediment 

composition may result due to differences in provenance or fractionation during 

transport.  Zr, Ti, and Al are unaffected by pedogenic alteration (Sheldon and Tabor, 

2009), and Zr and TiO2 ratios have been used to demonstrate uniformity of parent 

material in paleosols (e.g., Yang et al. 2002; Hamer et al., 2007; White and Schiebout, 

2008).  Zirconium and titanium exist in highest concentrations in heavy minerals such as 

zircon and rutile, therefore comparisons of Zr and TiO2 are proxies for heavy mineral  
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Figure 28: Refractory element distribution in paleosols of the Brule Formation.  Open 
symbols indicate aeolian samples; closed symbols indicate fluvial samples.  Tight 
clustering suggests a similar sediment source for both fluvial and aeolian sediments, 
regardless of pedogenic modification. 
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assemblages.  The incorporation of aluminum in considerations of parent material 

composition is useful because it also represents lighter minerals such as feldspars, clays 

and micas, which comprise a larger fraction of terrestrial sediments.  

The relative abundance of Zr, TiO2 and Al2O3 for all samples analyzed in this 

study are presented in Figure 28.  The tight clustering of the majority of data points 

suggests little variation in the concentration of refractory elements, even though two data 

series are from strictly loessic profiles (LWA Paleosol and mid-upper Orella Member 

profile), one series contains interstratified loess and alluvium (Green Beds profile 1), and 

one series appears to be strictly alluvium (uppermost upper Orella Member profile).  The 

LWA Paleosol and Green Beds profiles can be differentiated based on TiO2 and Al2O3 

concentrations; however their parent materials appear to be very similar in macroscopic 

and microscopic analyses.  The difference in Al2O3 is roughly 0.01 M (~1.0 wt. %), 

which is the minimal variance within each series.  Likewise, the difference between the 

LWA Paleosol and Green Beds 1 TiO2 concentrations is less than the internal variance of 

each data set (<0.07 wt %).   

There is no apparent change in Zr, TiO2 and Al2O3 concentrations with depth 

(Figs. 12, 14, 18, 23).  The overlap of data in Figure 28 from paleosols that express 

variations in pedogenic maturity from entisol to alfisol/mollisol stages supports the 

commonly-accepted observation that pedogenesis does not affect Zr, TiO2 and Al2O3 

concentrations (Sheldon and Tabor, 2009).   

If Zr, TiO2 and Al2O3 are true geochemical proxies for parent material uniformity, 

then the lack of variance between alluvial and loessic samples implies that there is no 

significant change in parent material across the Orella-Whitney lithostratigraphic 
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boundary.  The differences in bedding style, erosional relief and sedimentary texture that 

form the basis of the stratigraphic differentiation (LaGarry, 1998) consequently must 

result from differences in depositional style alone, and not a change in the material 

comprising sedimentary deposits.  This finding is important for two reasons: 1) The use 

of paleosol climate proxies across the boundary is validated, and 2) there is support for 

the hypothesis that significant quantities of loess were deposited on what appears to be 

alluvial landscapes of the Orella Member.   

The geochemical similarity of alluvium and loess indicates that both sedimentary 

populations are derived from the same source.  Early Oligocene streams were sourced 

west of Toadstool Geologic Park in the Hartville Uplifts and Black Hills of east-central 

Wyoming based on sandstone petrology (Singler and Picard, 1979b) and reconstruction 

of regional drainage networks (Swinehart et al., 1985; Seeland, 1985).  Westerly to 

southwesterly prevailing winds in the early Oligocene are evidenced by extrapolated 

transport direction of correlated volcanic ashes (Larsen and Evanoff, 1998).  Alluvial 

sediments would no doubt contain a component of volcaniclastic sediments blown into 

basins from the west and southwest.  The presence of loess deposits in geomorphic 

positions outside the influence of alluvial deposition (SB paleosol and mid-upper Orella) 

demonstrates that aeolian sedimentation was significant in the Orella Member, and that 

sediments exhibiting alluvial depositional features also contained an aeolian component.  

As streams cut across landscapes, aeolian sediment trapped on floodplains would be 

captured and incorporated into alluvial sedimentary packages.  Subsequent floods would 

deposit and expose the alluvium on floodplains, allowing sediments to again be reworked 

as loess.   
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3.4 Time of Pedogenesis 

 Duration of pedogenesis can be estimated by making generalizations based on 

modern soil orders.  Birkeland (1999, p.225) built a theoretical framework for time of 

pedogenesis based on horizon type and on soil order, which is useful for making broadly 

bracketed temporal estimations.  According to Birkeland’s (1999) generalizations, the 

paleosols of this study formed during intervals ranging from 101 to 103-104 years, 

depending on depositional style, landscape position and mode of pedogenesis (Table 4).  

Paleosols formed solely via top-down pedogenesis are more straightforward to constrain 

because they form through accumulation of organics and direct mineral weathering on a 

stable landscape.  The Lowest Lower Orella paleosol exhibits a poorly expressed A 

horizon (AC), and therefore likely formed in under 102 years on a single fining-upward 

flood deposit (Fig. 4).  The lower-upper Orella transitional zone sheet sandstones contain 

incipient pedogenic features but lack soil horizons, and therefore were subaerially 

exposed on the order of 101 years (Fig. 8).  The uppermost upper Orella profile contains a 

series of stacked paleosols, including an inceptisol that formed on the order of 102 – 103 

years, based on the presence of a well expressed Bw horizon (Fig. 13).  The overlying 

stacked entisols lack cambic horizons and therefore formed < 102 years.  Each of the 

uppermost upper Orella paleosols formed on fining upward sequences of sediment which 

were likely deposited as individual overbank packages during storm events.  The alluvial  

deposits in the Green Beds 1 paleosol also formed on individual flood deposits (Fig. 17).  

The lower alluvial paleosol (Paleosol 4) exhibits a poorly developed A horizon and 

therefore formed in under 102 years.  Paleosol 2 contains a well expressed Bw horizon 

and therefore formed on the order of 102 – 103 years. 
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Table 4a Time of pedogenesis and classification of top-down paleosols in the Brule 
Formation. Times from Birkeland (1999). 

Top-down Paleosols 

Profile Paleosol Duration of 
Pedogenesis (y) Justification Classification 

Lowest 
Lower Orella 

Member 
- < 102 

Weak A horizon 
development, Lacks B 

horizon 
Ustifluvent 

L-U Orella 
Transitional 

Zone 
- < 101 Lacks horizonation - 

Uppermost 
Upper Orella 

Member 

1 - 3 < 102 Lacks B horizon Ustifluvent 

4 103 - 104 Moderately formed Bw 
horizon Haplustept 

5 < 102 Lacks B horizon Ustifluvent 

Green Beds 1 
2 102 - 103 Moderately formed Bw 

horizon Haplustept 

4 < 102 
Weak A horizon 

development, Lacks B 
horizon 

Ustifluvent 

Table 4b Time of pedogenesis and classification of upbuilding paleosols in the Brule 
Formation. Times from Birkeland (1999). 

Upbuilding Paleosols 

Profile Paleosol 
Equivalent 
Duration of 

Pedogenesis (y) 
Justification Classification 

SB Paleosol - < 102 
Weak A horizon 

development, Lacks B 
horizon 

Ustorthent 

Mid Upper 
Orella 

Member 

1 102 - 103 Well formed Bw horizon Haplustept 

2 103 Bw horizon trends toward 
Btk Calciustept 

3 102 Lacks B horizon Ustorthent 

Green Beds 1 
1 102 - 103 Moderately expressed, 

welded Bw horizon Haplustept 

3 102 - 103 Moderately expressed, 
welded Bw horizon Haplustept 

Green Beds 2 
1 102 - 103 Moderately expressed Bw 

horizon Haplustept 

2 102 - 103 Moderately expressed Bw 
horizon Haplustept 

LWA 
Paleosol - 103 - 104 Contains Btk horizon Haplustalf 
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 Paleosols affected by upbuilding processes can be difficult for estimating time of 

formation because pedogenesis ceases to be a reflection of surface stability.  Rather, 

pedogenic properties are imparted on vertically accreting sediment and a balance of 

depositional and pedogenic properties may not remain in equilibrium through time.   

Lowe and Tonkin (2010) used tephrochronology to bracket upbuilding paleosols in New 

Zealand with Bw horizon features, which formed under maximum sedimentation rates of 

30 – 100 m/m.y.  Although Lowe and Tonkin (2010) did not demonstrate that their 

sedimentation rates are actual boundaries on upbuilding rates to generate Bw horizon 

characteristics, Zanazzi et al.’s (2009) calculated sedimentation rate of 37 m/m.y. for the 

Brule Formation falls within the range calculated by Lowe and Tonkin (2010).   

Moderately developed loessic paleosols in the Brule Formation exhibit similar 

characteristics to those described by Lowe and Tonkin (2010), but significant differences 

in pedogenic features exist between the paleosols of Lowe and Tonkin’s (2010) and those 

described in this study.   

The Serendipity Bluff paleosol formed during a depositional hiatus following 

rapid aggradation and does not contain well-expressed pedogenic features (Fig. 6).  

Aggradation outpaced pedogenesis until there was a depositional hiatus, which lasted 

under 102 years based on the absence of B horizon development.  The pedogenic 

immaturity of this paleosol may in fact have arisen from an interval of decreased 

sedimentation rate rather than a complete cessation.   

 The mid-Upper Orella profile contains three paleosols all formed on aeolian 

sediment (Fig. 10).  The top two (Paleosols 1 and 2) contain well-expressed cambic 

horizons and thus formed during an interval of 102 – 103 years.  The lowermost paleosol 
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(Paleosol 3) lacks a B horizon, indicating pedogenic formation on the order of 102 years.  

Periods of aggradation between phases of top-down pedogenesis did not impart A or Bw 

horizon characteristics throughout the entire sequence, indicating rapid aggradational 

phases occurred between moderate intervening top-down pedogenic phases.   

 Massive Whitney Loess overlying and underlying the Green Beds profiles is 

similar in macroscopic morphology to the majority of lower Whitney Member deposits 

observed in the field and contain micromophologic properties of cambic horizons (Fig. 

17, 20; Appendix B, C).  Such paleosols require a lower sedimentation rate than the 

Serendipity Bluff paleosol in order to produce the more mature pedogenic features.  The 

LWA Paleosol contains a weak to moderately formed Btk horizon, which requires 103-

104 years of soil formation on a stable land surface. 

 

3.5 Paleoclimate 

Paleoprecipitation values calculated from four early Oligocene paleosols in this 

study all fall within ca. 600 to 800 mm/y (Fig. 29A, Appendix G).  The 2σ error 

accompanying the climofunctions envelope all data within this study as well as the 

paleoprecipitation estimates of Kennedy (2011) and Terry (2001).  If changes in MAP 

occurred across the EOT, they cannot be distinguished using current paleopedological  

methods.  Paleoprecipitation estimates for Terry’s (2001) late Eocene Hayden and Darton 

pedotypes were recalculated using Retallack’s (2005) revised depth to carbonate 

equation, which has nearly half the standard error of the equation used by Terry (2001).  

Recalculation of MAP using Terry’s (2001) geochemical data yields anomalously low 

results due high SiO2 values and very low concentration of bases (Appendix G).  Values  
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Figure 29 Paleoprecipitation and paleotemperature results based on molecular 
weathering ratios. A) Paleoprecipitation estimates all fall within subhumid environments, 
regardless of the proxy used.  Values from this study (black symbols) are based on CIA-
K (SE = 181 mm/y; Maynard, 1992) and bases/alumina (SE = 235 mm/y; Sheldon et al., 
2002).  Values from Kennedy (2011) are plotted (open symbols); MAP based on Ca/Al 
calculated using the mollisol-specific equation of Maynard (1992).  Terry’s (2001) 
paleoprecipitation estimates from BCCM paleosols are based on depth to Bk horizon 
(recalculated using Retallack, 2005) and plotted for comparison (grey symbols).  B) 
Paleotemperature estimates fall within the mesic temperature regime and are also 
undifferentiable. Diamonds represent the general MAT equation and triangles represent 
values calculated with the inceptisol specific climofunction (Sheldon et al., 2002).  
Closed symbols = this study; open symbols = Kennedy (2011).  

0 

20 

40 

60 

80 

100 

120 

140 

300 400 500 600 700 800 900 1000 1100 1200 

St
ra

t L
ev

el
 (m

) 

MAP (mm/y) 

Paleoprecipitation 

CIA-K 

Bases/Al 

Ca/Al 

Depth to Bk 

Semiarid Subhumid Humid 

BC
CM

 
W

M
 

O
M

 

A 

0 

20 

40 

60 

80 

100 

120 

140 

6 7 8 9 10 11 12 

St
ra

t l
ev

el
 (m

) 

MAT (°C) 

Paleotemperature 

General MAT 

Incep MAT 

Mesic 

W
M

 
O

M
 

BC
CM

 

B 

Frigid 

103 
 



 

reported in Terry (2001) for bases used in climofunction calculations are generally one 

order of magnitude lower than those reported in other WRG paleosol studies (Metzger, 

2004; Stinchcomb, 2007; Mintz, 2007; Kennedy, 2011; Griffis, 2011; this study), which 

most likely indicates that Terry’s (2001) geochemical results were compromised by 

laboratory error.  Paleoprecipitation values fall within the subhumid precipitation class of 

Bull (1991) and do not significantly change in the Chadron and Brule Formations.   

 Paleotemperature was calculated using the salinization index and the inceptisol-

specific lessivage index of Sheldon et al. (2002).  Results from each equation correspond 

well and cluster around a value of ca. 9.6 °C, with a minimum of 9.0 ± 4.4 and a 

maximum of 10.4 ± 4.4 °C (Fig. 29B, Appendix G).  Recalculation of MAP using Terry’s 

(2001) geochemical data again yields anomalously low results due to very low base 

values (Appendix G).  All paleosols analyzed in the Brule Formation fall within the 

mesic temperature regime (Bull, 1991), and do not change significantly throughout the 

study interval. 

All moderately to well formed paleosols analyzed in this study exhibit 

micromophologic evidence of clay translocation, hydrolysis of feldspars and ash shards, 

and incipient mineralization of pedogenic carbonate.  However no substantial 

concentration of any pedogenic features is observed.  For example, pedogenic carbonate 

nodules are typically millimeter scale, but never reach the size of macroscopically-

diagnostic Bk horizons for most Whitney paleosols.  Likewise, clay rims along paleosol 

macropores and root traces are common in thin section, but no macroscopic argillans 

have been documented aside from those observed at the LWA paleosol.  While pedogenic 

alteration of deposits in the Brule Formation is evident, no paleosols reached advanced 
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maturity stages.  Relatively high sedimentation rates may be the governing factor 

restricting soil development in the Whitney Member, rather than overly cool or dry 

climatic conditions. 

 The climofunctions used in this study are structured on the theory that bases are 

increasingly stripped from soil in warmer and wetter climates.  However, the presence of 

loess deposition on early Oligocene landscapes is evident from at least as early as the  

lower Orella Member, and becomes an increasingly important sedimentological factor in 

paleosol formation across the Orella-Whitney Member transition.  The constant additions 

of loess in upbuilding paleosols replenished bases lost through weathering, thus 

decreasing the effects of geochemical segregation in paleosol profiles.  Therefore, the 

climofunction results from paleosols in aeolian aggradational settings should be minimal 

estimates of paleoprecipitation and paleotemperature, and differences between paleosols 

may have actually been greater if not for the buffer of loess deposition.  Furthermore, 

changing rates of loess deposition may obscure climofunction results.  This is an 

important consideration, given that while aeolian additions are said to potentially violate 

the weathering associations upon which climofunctions rely (Sheldon and Tabor, 2009), 

sand dune fields—not loessites—are typically referenced as the typical aeolian 

aggradational scenarios.   

In a general sense, though, climofunction results are in agreement with paleosol 

features.  Smectite and interlayered illite/smectite are the dominant clay mineral species 

(Fig. 25), and smectites tend to be the most common clay minerals in areas with less than 

1000 mm/y MAP (see discussion in Birkeland, 1999, p. 286-288).   The presence of 

pedogenic carbonate in all paleosols of this study is also informative.  In the United 
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States, the boundary between calcareous and noncalcareous soils varies from a MAP of 

500 mm/y in northern Minnesota to 600 mm/y in southern Texas (Birkeland, 1999, p. 

790).  Royer’s (1999) MAP isohyet of 760 mm/y for the presence of pedogenic carbonate 

is not a universal value (see Retallack, 2000), however it is applicable to the Rocky 

Mountain region of the United States (Royer, 2000).  Therefore, the presence of 

calcareous paleosols in the Brule Formation suggests that MAP estimates between ca. 

600 to 800 mm/y agree with observations of modern soils.  

 

3.6 Implications for Taphonomic Associations 

Paleosols formed through the PHUP-II pedogenic model should contain higher 

concentrations of fossil remains due to attritional accumulation on a stable landsurface.  

Corsini et al. (2006) noted a sharp increase in turtle fossil abundance in a 10 m 

stratigraphic interval near the Lower Whitney Ash.  While Corsini et al.’s (2006) coarse 

stratigraphic sampling does not allow for correlation of specimens with the LWA 

Paleosol, it is very possible that protracted landscape stability associated with the 

formation of the LWA Paleosol generated a longer time-averaged assemblage of 

attritional remains.  The higher abundance of bone chips near the LWA Paleosol, also 

noted by Corsini et al. (2006), is further evidence for a decrease in sedimentation rate and 

increase in attritional accumulation of weathered bone material and refuse from 

scavenger gnawing and processing.  The increased degree of clay illuviation and mineral 

weathering associated with the LWA Paleosol likely represent a warmer, wetter interval 

than background conditions in the Whitney Member.  This interpretation is contrary to 
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the hypothesis of Corsini et al. (2006) that an intensification of climatic factors, such as 

frost or drought, was responsible for killing off a larger number of individuals.   

The upbuilding models for the Whitney Member also match well with vertebrate 

fossil surveys in Badlands National Park, South Dakota.  Terry et al. (2010) reported 

alternating resistant and massive intervals in loess deposits of the Poleslide Member of 

the Brule Formation in South Dakota, which is lithologically similar to the upper Orella 

and Whitney Members in Nebraska.  Resistant horizons contained higher abundances of 

dung balls, invertebrate burrows, root traces and vertebrate fossils, which he interpreted 

to represent time-averaged assemblages accumulated during depositional hiatuses.  In 

contrast, massive intervals were interpreted as aggradational phases due to a lack of 

horizontal associations of pedogenic features and lower abundances of attritional 

vertebrate remains.   

 

3.7 Evidence of Groundwater Carbonates 

 Calcite is a main cementing agent for the loess of the Whitney Member, although 

a large fraction is not likely related to pedogenic processes.  The numerous carbonate 

concretions throughout the Whitney Member are much too large to be pedogenic in 

origin and do not show any relationship to pedogenic features that should corroborate 

such a degree of carbonate accumulation (Fig. 20).  These concretions have been referred 

to as “potato-sized” concretions (e.g., Gustafson, 1986) because they resist weathering 

and jut out of outcrops in relief.  They are commonly 10 cm in diameter but exist in 

paleosols that typically contain at most 21% matrix carbonate (Appendix D) with 

millimeter-scale glaebules.  On unweathered surfaces, the concretions are not easily 
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observable, but are readily recognized in thin section due to the abundance of carbonate 

(e.g., sample 1.2-1H from Green Beds Profile 2, Appendix D).  These concretions contain 

micritic texture, which suggests that not all micritic carbonates in WRG paleosols are of 

pedogenic origin and should caution future investigators from using carbonate nodules 

for isotopic analysis without first characterizing other paleosol features.  Matrix 

carbonate is common to abundant in sheet sandstone bodies in the lower-upper Orella 

Member transitional zone.  Although calcareous rhizoliths and millimeter-scale glaebules 

are present, the degree of carbonate cementation is not associated with sufficiently large 

or abundant carbonate glaebules that would indicate a pedogenic source.  Therefore, the 

micritic matrix carbonate found throughout the loessite was most likely precipitated out 

of groundwater or early diagenetic fluids.   

 Disseminated matrix carbonate is common to abundant in loess deposits, even 

when pedogenic glaebules are microscopic and filaments are absent (e.g., SB paleosol, 

Paleosol 1 of the mid-upper Orella profile, Green Beds 2 paleosols).  This suggests that 

the microspar carbonate may not have crystallized in place and could be a sedimentary 

component. 

 

3.8 Paleosol Summary 

 Paleosols of the Orella and Whitney Members of the Brule Formation are 

generally weakly to moderately developed, alkaline, and well-drained.  Morphological 

differences are intimately linked to depositional setting.  Paleosols formed on 

predominantly alluvial landscapes exhibit top-down pedogenic associations and tend to 

be weakly developed due to high rates of overbank deposition.  Aeolian-dominated 
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landscapes contain paleosols that typically appear poorly developed but contain clear 

evidence of pedogenesis by upbuilding.  Depositional hiatuses in aeolian intervals created 

moderately mature paleosols.  The two pedogenic modes are broadly associated as top-

down pedogenesis in alluvial landscapes of the Orella Member and upbuilding 

pedogenesis in aeolian landscapes of the Whitney Member, but each stratigraphic unit 

contains both types of paleosols.  Changes in paleosol morphology were mostly driven by 

changes in pedogenic mode across the Orella-Whitney Member boundary rather than a 

shift in climatic conditions, even though climate change may have driven the transition to 

more restricted alluvial deposition.   

  Previous authors have dismissed much of the Whitney Member as pedogenically 

unmodified due to uniform color and sediment texture (Schultz and Stout, 1955; Singler 

and Picard, 1981; Gustafson, 1986; Meehan, 1994).  Although macroscopic indications of 

pedogenesis are absent in the majority of Whitney deposits, petrographic analysis reveals 

clay fabric consistent with mineral weathering and clay translocation, pedogenic 

carbonate mineralizations and evidence of bioturbation including fecal pellets, burrows 

and root traces.  In most cases, these features are indicative of weak to moderate 

pedogenic maturity, which also explains the lack of stark macroscopic features readily 

recognized as pedogenic products. Lateral concentrations of root traces demarcate ancient 

stable landsurfaces (e.g., Figs. 17, 20), which alternate with intervals of massive loess 

that lack any indication of protracted landscape stability but contain micromophologic 

features consistent with pedogenic modification.  In general, rather than lacking 

paleosols, the Whitney Member is ubiquitously composed of pedogenically modified 

loess.   
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 While the applicability of climofunctions should theoretically be limited to 

paleosols formed by top-down pedogenesis, paleoclimate values calculated for 

upbuilding soils are in agreement with observations of pedogenic carbonate 

accumulation, clay translocation and smectite-dominated clay mineralogy.  

Climofunction results from paleosols that contain B horizons do not shift across the 

Orella-Whitney Member boundary.  However, the paleosols targeted for this study 

contained clearly preserved B horizons that were identifiable macroscopically, which are 

not typical of the majority of the pedogenically-modified deposits in the Whitney 

Member. This bias implies that if cooling and drying did occur in the early Oligocene, 

top-down paleosols in the Whitney Member record warm-wet intervals compared to 

background conditions (e.g., Kemp, 2001; Kemp et al., 2006).  Alternative quantitative 

methods are required to test this hypothesis.   

Ecosystems across the Orella-Whitney Member boundary consisted of variegated 

open savannah landscapes.  Root morphology, sedimentology, and paleosol types 

presented in this study, together with paleosol geochemistry from Kennedy (2011), 

suggest that landscapes of the Orella Member contained open canopy mosaic vegetation 

with riparian partitioning.  These interpretations corroborate the recent stable isotope 

paleoecology of Boardman and Secord (2013), which reports the establishment of stable 

open canopy habitats with riparian partitioning in the Orella Member.  The landscapes of 

the Whitney Member consisted of open habitats.  No evidence of riparian zonation was 

observed in the Whitney Member because no fluvial channels were located during the 

course of this study, though LaGarry (1998) reports their presence elsewhere in localized 

zones. 
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3.9 Regional Paleoclimatic Context 

The paleosols of the WRG have been used to reconstruct Cenozoic paleoclimate 

in the Rocky Mountain and northern Great Plains on local (e.g., Terry, 2001; Mintz, 

2007; Griffis, 2011) and regional scales (Retallack, 1997b; Sheldon and Retallack, 2004).  

The paleoprecipitation values of ca. 600-800 mm/y presented here are in agreement with 

values reported by Sheldon and Retallack (2004) and Terry (2001) based on depth to 

carbonate in other paleosols from the Paleogene of Nebraska.   

At Toadstool Geologic Park, vertical trends in paleosol maturity are evident.  The 

paleosols presented in this study are less well developed than the Darton and Hayden 

pedotypes of the late Eocene Chadron Formation (Terry, 2001).  Argillic (Bt) horizons 

are rare and thin compared to the thick Bt horizon of the latest Eocene Darton pedotype 

(Terry, 2001).  Furthermore, unlike the Hayden pedotype of the late Eocene, no 

petrocalcic horizons were observed in any paleosols of the early Oligocene Orella and 

Whitney Members.  The LWA and mid-upper Orella paleosols are the only paleosols that 

contain notable pedogenic carbonate accumulation (Stage I+, Gile et al., 1966; Machette, 

1985; Birkeland, 1999), omitting horizons influenced by possible phreatic carbonate 

precipitation.   In contrast, the Hayden pedotype contains Stage IV-V carbonate 

accumulation (Terry, 2001).   Finally, weakly modified enitisols reported in this study 

contain similar degrees of incipient pedogenic carbonate accumulation compared to the 

weakly modified Hatcher and Clark pedotypes (Terry, 2001).   Two interpretations are 

drawn from these comparisons: 1) Paleosols are generally less well developed in the 

Brule Formation, and the most well developed paleosols are less mature than those of the 

Chadron Formation; and 2) Paleosols in the Brule Formation are not more calcareous 
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than those in the Chadron Formation.  Both of these observations are attributed primarily 

to higher sedimentation rates in the Brule Formation (Zanazzi et al., 2009), which 

inhibited protracted periods of pedogenesis.  Therefore, the main factor governing 

differences in soil formation between paleosols of the Chadron and Brule Formations was 

time of pedogenesis, rather than climate.  

The findings of this study also have relevance to regional interpretations of 

paleovegetation from paleosol analysis.  Retallack (1997b) used the presence or absence 

of mollic epipedons—a proxy for presence of absence of grassland biomes—and depth to 

carbonate to relate the history of the North American prairie to paleoprecipitation 

records.  A key finding that he reports is that mollic epipedons before the late Miocene (6 

Ma) were associated with relatively shallow Bk horizons, indicating that such grasslands 

occupied areas that received less than 400 ± 282 mm/y rainfall.  However, Retallack 

(1997b) does not differentiate paleosols based on parent material or depositional mode.  

The model of pedogenic upbuilding and paleosol welding in loessic paleosols of the early 

Oligocene presented in this study is relevant to studies such as Retallack’s (1997b) 

because in aeolian aggradational landscapes, the relationship between depth to carbonate 

and an associated paleolandsurface is obscured during pedogenic upbuilding.  Depth to 

carbonate measurements in welded aeolian paleosols may produce artificially shallow 

measurements if relict landsurfaces are associated with Bk horizons that formed after 

subsequent aggradation.      

Sheldon and Retallack (2004) expanded on Retallack’s (1997b) compilation and 

reconstructed paleoprecipitation records from an archive of 1099 paleosols in Oregon, 

Montana and Nebraska using Retallack’s (1994b) depth to carbonate equation and 
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Sheldon et al.’s (2002) CIA-K equation.  A total of 173 additional Bk depths from 

paleosols in Nebraska from 36-27 Ma were added by Sheldon and Retallack (2004), 

however only four data points exist between 36-32.5 Ma.  While these data are sparse, the 

results of paleoprecipitation calculations from paleosols of the late Eocene fall between 

ca. 500-800 ±156 mm/y, which is in general agreement with this study (Sheldon and 

Retallack, 2004).  Because paleoprecipitation values were the only data presented, 

though, assessment of other factors that affect pedogenic processes cannot be made.  The 

interpretation of groundwater carbonate nodules reported in this study was made 

subsequent to micromorphologic analysis.  This should caution researchers that seek to 

collect depth to carbonate measurements without corroborating field observations with 

more detailed laboratory analyses.   

Recent paleosol studies of the Brule Formation at Badlands National Park in 

South Dakota by Temple University graduate students have found mixed results with 

respect to paleosol geochemistry.  Mintz (2007) analyzed a series of stacked paleosols 

(sensu Retallack, 1983) in the middle Poleslide Member of the Brule Formation, which 

generally correlates to the Whitney Member in northwest Nebraska (Prothero and 

Swisher, 1992).  He concluded that MAP decreased from 900 to ca. 600 ± 181 mm/y, 

before returning to ca. 900 mm/y at the top of his section (Fig. 30).  Mintz’s (2007) study 

interval spanned most of C12n, which has been bracketed between 31.1-30.6 Ma 

(Gradstein et al., 2004).  The Door and Saddle Pedotypes (MAP = 900 ± 181 mm/y) were 

interpreted as hapludalfs, with diagnostic Bt horizons used for calculation of MAP based 

on the CIA-K transform function of Sheldon et al. (2002).  The Norbeck and McGinty 

pedotypes (MAP ≈ 600 ± 181 mm/y) are calciustepts and paleustalfs, respectively, and 
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contain Bk and Btk horizons that were sampled for the same MAP calculation.  Because 

the CIA-K proxy was developed to reflect loss of bases from parent material via 

weathering and not pedogenic concentration of bases (Prochnow et al., 2006), only Bw 

and Bt horizons suit the boundary conditions upon which the proxy was developed (Table 

2).  In the case of the WRG, additions of loess may facilitate pedogenic concentration of 

carbonate.  It is possible that varying concentrations of loess input into paleosols of the 

Poleslide Member may account for the apparent change in paleoprecipitation inferred by 

Mintz (2007).  No change in paleotemperature was evident based on the salinization 

transform function of Sheldon et al. (2002).  Because the primary mineralogical 

components of WRG loess are smectite, quartz, calcareous silt, and volcanic glass, 

potassium and sodium values should not greatly change with varying loess deposition.  

Minor concentrations of biotite and muscovite are present in the Poleslide Member 

(Mintz, 2007), but not likely enough to alter bulk geochemical trends. 

Metzger (2004) analyzed several paleosols in order to test the relationship 

between rare earth element concentrations in fossil bone to the pedogenic environments 

in which they began to fossilize.  Her study was confined to the lower Scenic Member of 

the Brule Formation in BNP, which roughly correlates to the Orella Member of the Brule 

Formation in Nebraska (Prothero and Swisher, 1992).  Her Chamberlain Pass 2, 

Chamberlain Pass 3 and Heck Table 1 paleosols were inceptisols with Bw horizons, 

however the Chamberlain Pass 3 paleosol had Ca concentrations below detection limits 

and therefore is excluded from the CIA-K and bases/alumina proxies.  Calculation of 

CIA-K and bases/alumina paleoprecipitation values from these penecontemporaneous 

paleosols located within 1-2 km of each other yield values more disparate than those  
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Figure 30: Paleotemperature and paleoprecipitation values from paleosols of the Brule 
Formation in Badlands National Park (BNP), South Dakota.  The Scenic and Poleslide 
Members of BNP roughly correlate to the Orella and Whitney Members of TGP.  Values 
reported in Mintz (2007) and calculated from data in Metzger (2004).  Paleosols from 
Metzger (2004) were roughly the same age and located within several kilometers of each 
other. A) Paleotemperature calculated using the salinization equation of Sheldon et al. 
(2002) and shows no resolvable change. B) Paleoprecipitation calculated using the CIA-
K equation of Sheldon et al. (2002).  The variation within Metzger’s (2004) dataset is 
greater than the reported climate change in Mintz (2007).    
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calculated by Mintz (2007) (Fig. 30).  If the results of Kennedy (2011) hold true, then 

lateral variation in geochemical values caused solely by differences along paleocatenas of 

the WRG are not sufficient to account for the disparity in paleoprecipitation calculations 

based on CIA-K (Sheldon et al., 2002), bases/alumina and Ca/Al (Maynard, 1992).  The 

variation in the paleosols of Metzger (2004) primarily indicates that further analysis of 

the lateral variation of paleosol geochemistry is needed before sweeping paleoclimatic 

interpretations can be inferred from vertically stacked paleosols.  As suggested by 

Zanazzi et al. (2009), changes in the other non-climatic factors of soil formation (Jenny, 

1941) may obscure climatic interpretations from paleosols if such changes are left 

unaddressed.   

Finally, Stinchcomb (2007) described lateral changes in three stacked paleosols 

forming across the Scenic-Poleslide Member boundary in the Brule Formation.  The 

Cactus Flat Bentonite Bed (CFBB) described in Stinchcomb’s (2007) pedostratigraphy is 

inferred to correlate with the Lower Whitney Ash at TGP (Stinchcomb, 2007).  The 

paleosols underlying the CFBB are morphologically similar to the LWA Paleosol.  Both 

intervals contain welded paleosols in aeolian aggradational settings, and the degree of 

pedogenic modification underlying the CFBB and LWA is more advanced than 

underlying and overlying sediments.  The presence of a regionally-extensive period of 

increased pedogenic alteration in the WRG loess lends weight to the interpretation that 

the LWA paleosol formed during a brief warm-wet interval (Kemp, 1991).      

 In summary, the paleosol-based climate record of northwest Nebraska and 

southwest South Dakota does not resolve the regional WRG time-transgressive cooling 

and drying that was hypothesized by Terry (2001) and Evanoff et al. (2002).  General 
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estimates of MAP fall within reasonable ranges and corroborate observations of other 

Paleogene paleosols in Nebraska (Sheldon and Retallack, 2004), but when higher 

resolution comparisons are made between Toadstool Geologic Park and Badlands 

National Park, no resolvable change in MAP or MAT climate exists across the EOT.  The 

variation in pedogenic development and morphology are primarily due to nonclimatic 

factors of soil formation, which indicates that paleosols do not record a faithful archive of 

the global Eocene-Oligocene climate transition if it affected the North American 

midcontinent.  

 

3.10 Source of the White River Group Loess 

 Modern loess deposits have been linked to the aeolian transport of alluvium 

deposited on sparsely populated, exposed braidplains (McDonald and Busacca, 1990), 

from aeolian erosion of badland exposures (Muhs et al., 2008), and aridland weathering 

(e.g., Rao et al., 2006).  Preserved stream channels at Toadstool Geologic Park contain 

features consistent with episodic subareal exposure, including in situ root casts and 

vertebrate trackways (Terry et al., 1995; LaGarry, 1998).  Increased drought-tolerant 

fauna in the early Oligocene (Evanoff et al., 2002) and progressively drier paleosols 

leading up to the EOT suggest that eastern Wyoming was at least as dry as northwest 

Nebraska in the early Oligocene (Griffis, 2010).  Exposed braidplains in westward basins 

are therefore a probable source of WRG loess, assuming westerly prevailing winds. 

The increase in unweathered ash shard content across the Orella-Whitney 

Member transition has been cited as evidence of decreased weathering on cooler, drier 

landscapes (Terry, 2001).  The results of this study indicate that pedogenic alteration does 
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indeed affect preservation of ash shards.  While all pedogenically-modified loessite 

around the stratigraphic interval of the Green Beds contains large quantities of ornate ash 

shards with limited expression of hydrolyzed rims, samples from the ABw and Btk 

horizons of the Lower Whitney Ash Paleosol show a notable decrease in overall ash 

shard composition, and the shards that are preserved exhibit simple morphologies with 

hydrolyzed rims (Appendix C).  Samples from overlying and underlying deposits around 

the LWA Paleosol contain abundant, ornate ash shards similar to those found elsewhere 

in the Whitney, suggesting that increased hydrolysis during advanced pedogenesis 

removes ash shards from sedimentary deposits.  That most paleosols in the Brule 

Formation do not reach the maturity stages necessary to completely hydrolyze significant 

quantities of volcanic ash may contribute to the overall increase in ash content.  However, 

the Serendipity Bluff and mid-upper Orella paleosols are weakly developed paleosols 

formed on loess in the Orella Member and contain less ash content than the Whitney 

Member.   

The obvious concomitant change across the Orella-Whitney Member boundary is 

the changeover to loess as a dominant sediment source.  The aeolian deposits in the 

Orella Member presented in this study contain neither the quantity nor the detailed 

preservation of ash shards that is common in the Whitney Member (Appendix C).  

McDonald and Busacca (1990) point to local braided channels and floodplains as 

important loess sources.  Any volcanic ash reworked from alluvial channels should be 

more abraded and less well preserved.  This hypothesis is substantiated by the lower 

overall concentration and complete lack of ornate volcanic ash shards in alluvial deposits 

of the Brule Formation.  Therefore, simple ash morphologies most likely experienced 
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some history of fluvial transport and were subsequently reworked into loess while 

exposed in channels or on floodplains.   

Other loess provenance studies identify large scale regional dust sources 

(Aleinkoff et al., 1999; Muhs et al., 2008; Marx et al., 2009).  The decrease in abundance 

of fluvial channels across the Orella-Whitney Member boundary (LaGarry, 1998) implies 

a decrease in local alluvial loess sources and a relative increase in the contribution of 

regional loess sources to loessites of the WRG.  Therefore, a changeover from mostly 

local, alluvial-derived loess with a higher abrasive history to more regional loess sources 

that experienced less fluvial abrasion (e.g., the Peoria Loess of the Missouri River Valley 

vs. Central Nebraska deposits) may account for the differences in volcanic ash 

preservation between the Orella and Whitney Members.  This suggests that changes in 

sedimentary environments play a more important role than pedogenic modification in the 

ash shard taphonomy of the Brule Formation.   

It is important to note that although individual tuffs of the White River Group 

range from rhyolitic and rhyodacitic to increasingly dacitic throughout the WRG (Larson 

and Evanoff, 1998), volcaniclastic sedimentary units represent admixed detrital products 

and should not preserve the fidelity of geochemical changes between individual ashfall 

events.   
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CHAPTER 4 

CONCLUSION 

 

Twenty paleosols from eight localities in the Orella and Whitney Members of the 

Brule Formation were analyzed to track changes in landscape dynamics in response to the 

Eocene-Oligocene transition in northwest Nebraska.  Paleosol type was primarily 

governed by sedimentary depositional style and gradually shifted from predominantly 

weakly to moderately developed top-down paleosols in the alluvial Orella Member to 

weakly to moderately developed upbuilding paleosols in the aeolian Whitney Member.  

Sedimentary deposits of the Brule Formation consist of highly mixed alluvium and loess, 

which retain similar geochemical and clay mineral signals across the Orella-Whitney 

Member transition.   

Constant additions of aeolian sediments to aggradational paleosols masks 

geochemical trends that are expected based on macro- and micromorphological features.  

Results from climofunction calculations indicate that MAP of ca. 600-800 mm/y and 

MAT of ca. 9.6°C did not shift significantly across the Orella-Whitney Member 

boundary, contrary to the hypothesis of this study and previous interpretations.  However, 

the paleosols preserved in the Whitney Member that were used in this study exhibit 

macroscopic properties of B horizons and are not representative of the majority of 

deposits of the Whitney Member.  Furthermore, all paleosols of the Orella and Whitney 

Members experienced some degree of loess accumulation, which replenished bases lost 

during weathering and may indicate that the MAP and MAT values are lower boundaries 
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of true ranges.  The presence of smectite and pedogenic carbonate is consistent with 

MAP ranges reported in this study. 

Comparison of climofunction results from early Oligocene paleosols at Toadstool 

Geologic Park and Badlands National Park reveal that paleoprecipitation and 

paleotemperature values are in broad agreement with one another.  These methods did not 

pick out the paleotemperature (Zanazzi et al., 2007, 2009) and paleoprecipitation (Terry, 

2001) variations that were expected to be preserved in the geologic record.  

The paleosols of this study demonstrate that non-forested, open savanna 

landscapes persisted in the early Oligocene, following a changeover from forested to 

open range ecosystems leading up to the Eocene-Oligocene Boundary (Terry, 2001).  The 

segregation of aeolian and alluvial landscapes is achieved in the lower Orella Member, 

which may account for changes in mammalian physiology and stable isotope 

paleoecology across the EOT (e.g., Zanazzi and Kohn, 2008; Boardman and Secord, 

2013) in response to riparian partitioning.   

The Orella and Whitney Members contain ubiquitous evidence for pedogenic 

modification, though the form that paleosols take in different sedimentary environments 

are starkly disparate.  Paleosols formed in predominantly top-down pedogenic 

environments preserve typical vertical associations of pedogenic features.  In such 

settings, paleosol maturity is primarily governed by autocyclic forces in alluvial settings, 

such as flooding frequency and channel migration.  To the contrary, paleosols formed by 

upbuilding tend to be welded and are difficult to differentiate due to the superposition of 

pedogenic features that should otherwise be vertically segregated.  Such aggradational 

paleosols are prevalent in loess deposits of the Brule Formation and their pedogenic 
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maturity is controlled by allocyclic variations, such as regional sedimentation rate and 

possibly climatic fluctuations.  Future investigators are cautioned to acknowledge the 

dichotomy between landscape features and paleosol morphologies associated with top-

down alluvial versus aggradational aeolian pedogenic systems.  The loessic paleosols of 

the Brule Formation contain more mature pedogenic features in thin section than do 

many of the top-down paleosols, even though they are more difficult to recognize in 

outcrop.  Future studies should address lateral variation of paleosols to resolve changes in 

mosaic vegetative biomes, and gaps in the stratigraphy should be populated with higher 

resolution data. 
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Appendix A: Analytical accuracy of XRF analysis from F&M x-ray laboratory. 
Calculations are based on ten analyses of USGS standard BHVO-2 on June 2, 2011 
(Franklin and Marshall, 2013).  

Major Oxide BHVO-2 
Nominal Mean Standard 

Deviation 
rsd Accuracy 
% % 

SiO2 49.90 49.95 0.0513 0.1027 0.0982 

TiO2 2.73 2.73 0.005 0.189 0.147 

Al2O3 13.50 13.64 0.0189 0.1382 1.037 

Fe2O3T 12.30 12.42 0.0135 0.1087 1.008 

MnO 0.165 0.165 0.000 0.286 0.000 

MgO 7.230 7.294 0.0075 0.1022 0.8893 

CaO 11.400 11.485 0.00945 0.08227 0.74737 

Na2O 2.220 2.195 0.0044 0.1994 1.108 

K2O 0.520 0.506 0.001 0.286 2.71 

P2O5 0.270 0.267 0.001 0.362 1.26 

Total 100.235 100.651    
        

Trace Metal BHVO-2 
Nominal Mean Standard 

Deviation 
rsd Accuracy 
% % 

Sr 385 380 3.89 1.02 1.30 

Zr 168 167 2.04 1.23 0.714 

Ni 123 122 0.738 0.604 0.732 

Cr 314 321 10.1 3.15 2.32 

Cu 122 126 3.68 2.92 3.28 

Zn 91 92 0.53 0.58 0.55 

Co 45 46 1.2 2.6 1.3 

Ba 107 116 7.60 6.55 8.41 
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Appendix A (continued): Analytical accuracy of XRF analysis from F&M x-ray laboratory. Calculations are based on ten analyses of 
USGS standard BHVO-2 on June 2, 2011 (Franklin and Marshall, 2013).  

Mid-Upper Orella Profile (Figs. 10-12, Appendix F): Calculated Error Propagation for MWRs and Trace Elements 

Sample Horizon Depth Bases/Al CIA-K (Na+K)/Al FeT/Al Ba/Sr Al/Si (Ca+Mg)/Al P2O5/Al2O3 

UO3 1.1-1 A 3.5 0.343 7.05 0.081 0.007 0.015 0.018 1.277 0.008 
UO3 1.1-2 A 11.5 0.286 8.49 0.081 0.007 0.015 0.017 1.344 0.008 
UO3 1.2-4 Bw 18 0.241 9.12 0.075 0.006 0.015 0.017 1.279 0.008 
UO3 1.2-4* Bw 18 0.246 8.93 0.075 0.006 0.015 0.017 1.264 0.008 
UO3 1.2-5 Bw 24 0.225 9.42 0.073 0.006 0.015 0.017 1.268 0.007 
UO3 1.3-1 C 34.5 0.225 9.64 0.074 0.006 0.015 0.017 1.323 0.008 
UO3 1.3-2 C 44.5 0.204 9.83 0.070 0.005 0.015 0.017 1.282 0.007 
UO3 1.4-1 Abk 51 0.335 6.29 0.077 0.006 0.014 0.019 1.140 0.008 
UO3 1.4-1* Abk 59 0.341 6.33 0.078 0.006 0.014 0.019 1.159 0.008 
UO3 1.5-1 Bw-Btk 67 0.211 9.54 0.071 0.005 0.014 0.018 1.260 0.007 
UO3 1.5-2 Bw-Btk 74.5 0.198 9.89 0.069 0.005 0.013 0.018 1.304 0.007 
UO3 1.5-2* Bw-Btk 74.5 0.199 9.93 0.069 0.005 0.014 0.018 1.311 0.007 
UO3 1.5-3 Bw-Btk 80.5 0.199 9.98 0.070 0.005 0.014 0.017 1.319 0.007 
UO3 1.6-5 C 87 0.210 9.28 0.070 0.005 0.013 0.018 1.212 0.007 
UO3 1.6-4 C 97 0.213 8.88 0.068 0.005 0.013 0.018 1.142 0.007 
UO3 1.6-6 C 108.5 0.200 9.18 0.067 0.005 0.014 0.018 1.163 0.007 
UO3 1.7-1 A 113.5 0.217 8.80 0.070 0.005 0.013 0.018 1.161 0.007 
UO3 1.7-2 A 123.5 0.254 7.68 0.072 0.006 0.013 0.018 1.117 0.007 
UO3 1.7-3 A 128.5 0.265 8.00 0.076 0.006 0.013 0.018 1.208 0.008 
UO3 1.8-2 C 137 0.377 5.85 0.078 0.007 0.014 0.019 1.200 0.008 

*indicates duplicate sample 
         

  

134 

 
 



 

Appendix A (continued): Analytical accuracy of XRF analysis from F&M x-ray laboratory. Calculations are based on ten analyses of 
USGS standard BHVO-2 on June 2, 2011 (Franklin and Marshall, 2013).  

Uppermost Upper Orella Member Profile (Figs. 13-15; Appendix F): Calculated Error Propagation for MWRs and Trace 
Elements 

Sample Horizon Depth Bases/Al CIA-K (Na+K)/Al FeT/Al Ba/Sr Al/Si (Ca+Mg)/Al P2O5/Al2O3 

2.1-1 A 4 0.236 8.35 0.069 0.006 0.016 0.018 1.085 0.007 
2.1-2 A 13 0.425 5.16 0.076 0.006 0.016 0.020 1.132 0.008 
2.2-1 A2 23 0.260 7.57 0.069 0.006 0.015 0.018 1.023 0.007 
2.2-2 A2 30 0.234 8.03 0.066 0.006 0.016 0.018 1.013 0.007 
2.3-2 C 35 0.201 9.22 0.064 0.005 0.016 0.018 1.119 0.007 
2.4-1 C 40 0.201 9.28 0.064 0.005 0.015 0.018 1.130 0.007 
2.4-3 C 58 0.580 4.11 0.078 0.007 0.016 0.021 1.257 0.009 
2.6-1 A 65 0.211 8.86 0.065 0.005 0.015 0.018 1.089 0.007 
2.6-12 Bw 77 0.286 7.29 0.072 0.006 0.014 0.018 1.101 0.008 
2.6-2 Bw 86 0.240 9.17 0.071 0.007 0.015 0.017 1.269 0.008 
2.6-2* Bw 86 0.240 8.96 0.070 0.007 0.015 0.017 1.211 0.008 
2.6-3 Bw 110 0.234 8.68 0.066 0.007 0.015 0.017 1.120 0.007 
2.6-7 Bw 115 0.217 9.37 0.066 0.006 0.015 0.017 1.185 0.007 
2.6-14 BC 121 0.196 9.73 0.061 0.006 0.015 0.017 1.188 0.007 
2.6-15 BC 133 0.194 9.95 0.062 0.007 0.014 0.017 1.248 0.007 
2.7-1 AC 148 0.191 10.0 0.061 0.006 0.015 0.017 1.238 0.007 
2.7-2 AC 155 0.192 10.0 0.061 0.006 0.015 0.017 1.237 0.007 
2.8-1 C 165 0.206 9.58 0.062 0.007 0.015 0.017 1.174 0.007 

*indicates duplicate sample 
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Appendix A (continued): Analytical accuracy of XRF analysis from F&M x-ray laboratory. Calculations are based on ten analyses of 
USGS standard BHVO-2 on June 2, 2011 (Franklin and Marshall, 2013).  

Green Beds Profile 1 (Figs. 17-19, Appendix F): Calculated Error Propogation for MWRs and Trace Elements 

Sample Horizon Depth Bases/Al CIA-K (Na+K)/Al FeT/Al Ba/Sr Al/Si (Ca+Mg)/Al P2O5/Al2O3 

1.2-5 Bw 24 0.313 6.93 0.081 0.011 0.025 0.0177 1.261 0.008 
1.2-6 Bw 105 0.306 7.53 0.081 0.011 0.021 0.0171 1.400 0.008 
1.1-1 A 123 0.217 10.5 0.066 0.007 0.022 0.0168 1.316 0.008 
1.1-2 A 130 0.216 10.9 0.067 0.007 0.022 0.0168 1.390 0.008 
1.3-1 Bw 140 0.215 11.3 0.066 0.007 0.023 0.0169 1.413 0.008 
1.3-1* Bw 140 0.216 11.3 0.066 0.007 0.024 0.0169 1.409 0.008 
1.3-3 Bw 147 0.212 11.2 0.065 0.007 0.024 0.0169 1.377 0.008 
1.4-1 C 148.5 0.221 11.1 0.066 0.007 0.024 0.0168 1.372 0.008 
1.5-5 Bw 150 0.266 7.96 0.076 0.011 0.024 0.0175 1.205 0.008 
1.5-4 Bw 171 0.267 8.24 0.078 0.011 0.023 0.0172 1.263 0.008 
1.5-1 Bw 234 0.231 9.02 0.073 0.010 0.024 0.0172 1.236 0.007 

*indicates duplicate sample 
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Appendix A (continued): Analytical accuracy of XRF analysis from F&M x-ray laboratory. Calculations are based on ten analyses of 
USGS standard BHVO-2 on June 2, 2011 (Franklin and Marshall, 2013).  

Lower Whitney Ash Paleosol Profile (Figs. 22-24; Appendix F): Calculated Error Propogation for MWRs and Trace Elements 

Sample Horizon Depth Bases/Al CIA-K (Na+K)/Al FeT/Al Ba/Sr Al/Si (Ca+Mg)/Al P2O5/Al2O3 

WP3 1.1-3 Bw 67.5 0.187 10.2 0.069 0.009 0.025 0.017 1.400 0.007 
WP3 1.2-4 Abw 81 0.201 9.53 0.069 0.008 0.025 0.018 1.277 0.007 
WP3 1.2-5 ABw 89.5 0.184 10.3 0.068 0.008 0.025 0.017 1.413 0.007 
WP3 1.2-6 ABw 110 0.174 10.7 0.067 0.008 0.025 0.017 1.559 0.007 
WP3 1.3-1 Btk 124.5 0.186 9.87 0.066 0.008 0.025 0.017 1.312 0.007 
WP3 1.3-5* Btk 137 0.169 11.1 0.065 0.008 0.026 0.017 1.671 0.007 
WP3 1.3-5 Btk 137 0.168 11.1 0.065 0.008 0.026 0.017 1.668 0.007 
WP3 1.4-2 Ck 157 0.181 10.4 0.068 0.009 0.025 0.017 1.462 0.007 
WP3 1.4-3 Ck 179.5 0.184 10.3 0.069 0.009 0.025 0.017 1.453 0.007 
WP3 1.5-1 Ck2 217 0.216 8.77 0.071 0.009 0.024 0.018 1.198 0.007 

*indicates duplicate sample 
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Appendix B: Macroscopic descriptions of paleosol profiles.  See Appendix D for key of abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Structure Lithology Color Root 

Traces 
Faunal 
Traces 

Calcium Carbonate 
Lower 

Boundary Accum. 
Stage Glaebules Rhizoliths Filaments 

Lowest Lower Orella Member Profile          
 Sheet Sandstone           

 AC 0-6 g-p Cl 10 YR 
6.5/2 DHRT 0 0 0 0 0 Gs 

 C 6-50 m-p Cl-Slt fu 
to Slt-Cl 

10 YR 
7/3 DHRT 0 0 0 0 0 As 

 Laminated Shale           

             Serendipity Bluff  Profile 
        

 Serendpity Ash           

 A 0-16 M VF SS 10 YR 
4/2 CFRT 

c FP, m 
pale 

burrows 
0 0 0 0 Gs 

 C 16-136 M VF SS 2.5 Y 
6/2 

DHRT, 
CFRT 

c FP, m 
pale 

burrows 
0+ 1 x 1 mm 0 0 As 

 Horus Ash           
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Appendix B (continued): Macroscopic descriptions of paleosol profiles.  See Appendix D for key of abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Structure Lithology Color Root 

Traces 
Faunal 
Traces 

Calcium Carbonate 
Lower 

Boundary Accum. 
Stage Glaebules Rhizoliths Filaments 

            
L-U Orella Member Transition Profile 

         

 
Sheet 
Sand 0-170 M FL SS fu 

to Slt 
2.5 Y 
8/2 DHRT 0 0 to 0+ 0 c 0 Aw 

 Lam. Clay 170-177 L Slt to Cl 2.5 Y 
7/1 0 0 0 0 0 0 Gs 

 
Sheet 
Sand 177-210 M F SS fu to 

VF SS 
2.5 Y 
8/2 0 0 0 0 0 0 Aw 

 

Lam. Clay 210-218 L Slt to Cl 2.5 Y 
7/1 0 0 0 0 0 0 Gs 

 
Sheet 
Sand 218-243 M F SS fu to 

VF SS 
2.5 Y 
8/2 0 0 0 0 0 0 Aw 

             
Mid Upper Orella Member Profile 

         

Pa
le

os
ol

 1
 A 0-15 VC g Silstone 10 YR 

7/1 DHRT 0 0 0 0 0 Gs 

Bw 15-27 VC 
abk Silstone 10 YR 

7/2 DHRT 0 0 0 0 0 Gs 

C 27-47 M Silstone 10 YR 
7/2 

DHRT, 
CR 0 0 0 0 0 Gs 
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Appendix B (continued): Macroscopic descriptions of paleosol profiles.  See Appendix D for key of abbreviations. *indicates 
phreatic carbonate. 

So
il 

# 

Horizon Depth 
(cm) Structure Lithology Color Root 

Traces 
Faunal 
Traces 

Calcium Carbonate 
Lower 

Boundary Accum. 
Stage Glaebules Rhizoliths Filaments 

Mid Upper Orella Member Profile (continued) 

Pa
le

os
ol

 2
 

Abk 47-63 G Silstone 10 YR 
7/2 

DHRT, 
CR 

Planolites, 
Celliforma 

II+ to 
III* 0 c a Gs 

Bw → Btk 47-63 VC abk Silstone 10 YR 
7/2 

DHRT, 
CR, 

CR/CF
RT 

0 I+ 0 f 0 Gs 

Ck 63-83 M Silstone 10 YR 
7/2 DHRT 0 I+ 0 0 0 Gs 

Pa
le

os
ol

 3
 

A 83-111 G Silstone 10 YR 
7/2 DHRT Burrows, 

Celliforma 
II+ to 
III* 0 c a Gs 

C 111-132 VC b Silstone 10 YR 
7/2 DHRT 0 0 0 0 0 Covered 

          
Uppermost Upper Orella Member Profile 

        

 
C 0+ M Cly Sltst 2.5 YR 

7/2 0 0 0 0 0 0 As 

Pa
le

os
ol

 1
 A1 0-18.5 F-M G Slty Clst 2.5 YR 

7/2 
DHRT/
CFRT 0 0 0 0 0 Gs 

A2 18.5-
33.5 M-C G Slty Clst 2.5YR

7/1.5 
DHRT/
CFRT 0 0 0 0 0 Aw 

C 33.5-
37.5 C-VC P Cly Sltst 2.5 YR 

7/2 
DHRT/
CFRT 0 0 0 0 0 Aw 
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Appendix B (continued): Macroscopic descriptions of paleosol profiles.  See Appendix D for key of abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Structure Lithology Color Root 

Traces 
Faunal 
Traces 

Calcium Carbonate 
Lower 

Boundary Accum. 
Stage Glaebules Rhizoliths Filaments 

Uppermost Upper Orella Profile (continued) 

P.
 2

 

C 37.5-60.5 M Cly Sltst 2.5 YR 
7/2 

DHRT/
CFRT 0 0 0 0 0 Aw 

P.
 3

 

C 60.5-68.5 C P to M 
P Cly Sltst 2.5 YR 

7/2 
DHRT/
CFRT 0 0 0 0 0 Aw 

Pa
le

os
ol

 4
 A 68.5-82.5 F SABK Slty Clst 2.5 YR 

7/2 
DHRT/
CFRT 0 0 0 0 0 Gs 

Bw 82.5-
125.5 M SABK Slty Clst 2.5 YR 

7/2 
DHRT/
CFRT 0 0 0 0 0 Gs 

BC 125.5-
150.5 M SABK Slty Clst 2.5 YR 

7/2 
DHRT/
CFRT 0 0 0 0 0 Aw 

Pa
le

os
ol

 5
 AC 150.5-

167.5 
C P to C 

G Slty Clst 2.5 YR 
7/2 

DHRT/
CFRT 
from 
above 

0 0 0 0 0 Gs 

C 167.5-
196.5 M VF SS 2.5 YR 

6/2 

DHRT/
CFRT 
from 
above 

0 0 0 0 0 Aw 

             Green Beds Profile 1 
         

Pa
le

os
ol

 1
 

Bw 0+ VC B Silstone 10 YR 
7/2 DHRT 0 0 0 0 0 Gs 

Bw 0-120 VC B F SS 10 YR 
7/2 

DHRT, 
CFRT Planolites 0 0 0 0 Gs 
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Appendix B (continued): Macroscopic descriptions of paleosol profiles.  See Appendix D for key of abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Structure Lithology Color Root 

Traces 
Faunal 
Traces 

Calcium Carbonate 
Lower 

Boundary Accum. 
Stage Glaebules Rhizoliths Filaments 

Green Beds Profile 1 (continued) 

Pa
le

os
ol

 2
 A 120-

133 
G to F 
SABK Slty Clst 10 YR 

7/2 DHRT 0 0 0 0 0 As 

Bw 133-
147 

ABK to 
RBK Cly Sltst 10 YR 

7/2 DHRT 0 0 0 0 0 As 

C 147-
150 P Cly Sltst 10 YR 

7/2 DHRT 0 0 0 0 0 Aw 

P.
3 Bw 150-

255 VC B VF SS 10 YR 
7/2 

DHRT, 
CFRT Planolites 0 0 0 0 As 

P.
4 AC 255-

262 
VC P fu to 

P Cly Sltst 10 YR 
7/2 DHRT 0 0 0 0 0 As 

P.
5 Bw 262+ VC B Silstone 10 YR 

7/2 DHRT 0 0 0 0 0 Gs 

             Green Beds Profile 2 
         

P.
1 Bw 0+ VC B Siltstone 2.5 Y 

5/2 
DHRT, 
CFRT 0 0 0 0 0 Gs 

Pa
le

os
ol

 2
 

AB 0-30 VC B Siltstone 2.5 Y 
5/2 

DHRT, 
CFRT 0 0 Up to 

10x10 cm 0 0 Gs 

Bw 30-92 VC B Siltstone 2.5 Y 
5/2 DHRT 0 0 0 0 0 Gs 

P.
2 

AB 92-122 VC B Siltstone 2.5 Y 
5/2 

DHRT, 
CFRT 0 0 Up to 

10x10 cm 0 0 Gs 

Bw 122+ VC B Siltstone 2.5 Y 
5/2 DHRT 0 0 0 0 0 Gs 
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Appendix B (continued): Macroscopic descriptions of paleosol profiles.  See Appendix D for key of abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Structure Lithology Color Root 

Traces 
Faunal 
Traces 

Calcium Carbonate 
Lower 

Boundary Accum. 
Stage Glaebules Rhizoliths Filaments 

Lower Whitney Ash Paleosol 
         

 
Lower Whitney Ash 

         

P.
1 Bw 0-75 VC B Siltstone 10 YR 

7.5/2 
DHRT, 
CFRT 0 0 0 0 0 Gs 

Pa
le

os
ol

 2
 

ABw 75-122 VC B Siltstone 10 YR 
8/2 

DHRT, 
CFRT 0 0 0 0 0 Gs 

Btk 122-
152 C ABK Siltstone 10 YR 

7/3 

DHRT, 
CFRT, 
CR/CF

RT 

0 I+ c c c Gs 

Bk1 152-
197 VC B Siltstone 10 YR 

8/2 
DHRT, 
CFRT 0 I c 0 c Gs 

Bk2 197-
263 VC B Siltstone 10 YR 

8/2 
DHRT, 
CFRT 0 I c 0 0 Gs 
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Appendix C: Micromorphological descriptions of paleosols within the Brule Formation.  See Appendix D for key of abbreviations. 
 

So
il 

# 

Horizon Depth 
(cm) Fabric Cutans 

Calcium Carbonate 
Ash Shard 

Morphology Roots Burrows Glaebules 
freq/max size 

(µm) 
Filaments Void 

Fills Matrix 

Lowest Lower Orella Member Profile        
  Sheet Sandstone                   
  AC 0-6 Skel 0 f-(50 x 50) 0 Z f to c f-simple 0 0 
  C 6-50 skel, skel-lattis 0 0 0 0 c 0 0 0 
  Laminated Shale                   

            
Serendipity Bluff Profile        
  Serendipity Ash                    
  A 0-16 skel-lattis 0 f-(500 x 800) 0 0 c f-simple 0 0 
  C 16-136 Skel 0 c-(500 x 1000) 0 m/s c f-simple 0 0 
  Horus Ash                   

            
L-U Orella Member Transition Profile         
  Sheet 

Sand 0-170 skel, skel-lattis simple 
argillans c-(200 x 200) 0 s c 0 CR, 

CFRT 0 

  Lam. 
Clay 170-177 Skel 0 f-(1000 x 1000) f m a f-simple CR 1-2 mm 

  Sheet 
Sand 177-210 skel, skel-lattis simple 

argillans c-(200 x 200) 0 s c 0 CR, 
CFRT 0 

  Lam. 
Clay 210-218 Skel 0 f-(1000 x 1000) f m a f-simple CR  1-2 mm 

  Sheet 
Sand 218-243 skel, skel-lattis simple 

argillans c-(200 x 200) 0 s c 0 CR, 
CFRT 0 
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Appendix C (continued): Micromorphological descriptions of paleosols within the Brule Formation.  See Appendix D for key of 
abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Fabric Cutans 

Calcium Carbonate 
Ash Shard 

Morphology Roots Burrows Glaebules 
freq/max size 

(µm) 
Filaments Void 

Fills Matrix 

Mid Upper Orella Member Profile 
        

Pa
le

os
ol

 1
 

A 0-15 skel, skel-lattis 0 f 0 m/s c f-simple 0 0 

Bw 15-27 skel-lattis 0 f 0 m/s c f-simple 0 0 

C 27-47 Skel 0 f (500 x 500) 0 s c fh-simple CR 0 

Pa
le

os
ol

 2
 Abk 47-63 skel-lattis 0 a c m/s a f-simple CFRT, 

CR 0 

Bw → 
Btk 47-63 skel-lattis 

simple, 
complex 
argillans 

c (1300 x 1300) c m/s/w c fh-simple CFRT, 
CR 0 

Ck 63-83 skel-lattis 0 c c m c ch-simple 0 0 

P.
3 A 83-111 

No data available 
C 111-132 

 
           

Uppermost Upper Orella Member Profile 

 C 0+ No data available 

Pa
le

os
ol

 1
 A1 0-18.5 Skel 0 c (100 x 200) 0 m c f-simple 0 0 

A2 18.5-
33.5 Skel 0 c (250 x 450) 0 s a c-simple CR 0 

C 33.5-
37.5 No data available 
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Appendix C (continued): Micromorphological descriptions of paleosols within the Brule Formation.  See Appendix D for key of 
abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Fabric Cutans 

Calcium Carbonate 
Ash Shard 

Morphology Roots Burrows Glaebules 
freq/max size 

(µm) 
Filaments Void 

Fills Matrix 

Uppermost Upper Orella Member Profile (continued) 

P.
 2

 

C 37.5-
60.5 skel, skel-lattis 0 c (500 x 500) 0 s a f-simple 0 0 

P.
 3

 

C 60.5-
68.5 Skel 0 c (100 x 100) 0 s c f-simple CR 0 

Pa
le

os
ol

 4
 A 68.5-

82.5 No data available 

Bw 82.5-
125.5 Skel 0 c (400 x 400) 0 m a f-simple CFRT 0 

BC 125.5-
150.5 skel, skel-lattis 0 c (300 x 300) 0 

m, 
rimme
d walls 

a f-simple 0 clay 
rimmed 

Pa
le

os
ol

 5
 

AC 150.5-
167.5 Skel 0 c (700 x 700) 0 0 a f-simple 0 0 

C 167.5-
196.5 skel, skel-lattis 0 c (700 x 700) 0 m/s a f-simple CR 0 

            Green Beds Profile 1 
        Bw 0+ No data available 

P1
. Bw 0-120 skel, skel-lattis 0 c-(200 x 700) f m/s c-a c,h-simple 

to ornate 
CFRT, 

CR 0 
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Appendix C (continued): Micromorphological descriptions of paleosols within the Brule Formation.  See Appendix D for key of 
abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Fabric Cutans 

Calcium Carbonate 
Ash Shard 

Morphology Roots Burrows Glaebules 
freq/max size 

(µm) 
Filaments Void 

Fills Matrix 

Green Beds Profile 1 (continued) 
       

Pa
le

os
ol

 2
 A 120-133 skel, skel-lattis 0 c-(100 x 125) f m c f-simple CFRT 0 

Bw 133-147 skel-lattis simple 
argillans r-(100 x 100) 0 0 r 0 0 0 

C 147-150 skel-lattis simple 
argillans r-(< 50) 0 m f f-simple 0 0 

P.
3 Bw 150-255 skel, skel-lattis 0 c-(200 x 700) f m/s c-a c,h-simple 

to ornate 
CFRT, 

CR 0 

P.
4 AC 255-262 skel, bima 0 r-(250 x 500) 0 s r, 

isolated f-simple 0 0 

P.
5 Bw 262+ No data available 

            Green Beds Profile 2 
       P.

1 Bw 0+ No data available 

Pa
le

os
ol

 2
 

AB 0-30 skel, skel-lattis 0 c-(1000 x 1000) f m a a-simple to 
ornate 0 0 

Bw 30-92 skel, skel-bima simple 
argillans c-200 x 200) 0 m a a-simple to 

ornate CFRT 0 
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Appendix C (continued): Micromorphological descriptions of paleosols within the Brule Formation.  See Appendix D for key of 
abbreviations. 

So
il 

# 

Horizon Depth 
(cm) Fabric Cutans 

Calcium Carbonate 
Ash Shard 

Morphology Roots Burrows Glaebules 
freq/max size 

(µm) 
Filaments Void 

Fills Matrix 

Green Beds Profile 2 (continued) 
        

Pa
le

os
ol

 3
 

AB 0-30 Skel 0 c-(1000 x 1000) 0 m/s a a,h-simple 
to ornate CR 0 

Bw 30-92 skel, skel-bima simple 
argillans c-(200 x 200) 0 m a a-simple to 

ornate CFRT 0 

        
Lower Whitney Ash Profile 

       
 

Lower Whitney Ash 
        

P.
1 Bw 0-75 skel, skel-

lattis 
simple 

argillans f-(250 x 500) 0 m f fh-simple 0 0 

Pa
le

os
ol

 2
 

ABw 75-122 skel-lattis simple 
argillans f-(200 x 250) f m c fh-simple CFRT 0 

Btk 122-152 skel-mo-vo complex 
argillans c-(1000 x 1000) c m/s c fh-simple CFRT/

CR 0 

Bk1 152-197 skel-mo-vo, 
lattis 

simple 
argillans c (400 x 400) c m c c,h-simple, 

ornate 
CFRT/

CR 0 

Bk2 197-263 in to skel simple 
argillans c (500 x 500) c m/s c fh-simple CFRT, 

CR 0 
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Appendix D: Point count results for mineralogy and grain size.  Results are reported as percentage from 500 points counted. 

   
Horizon Sample Clay Quartz Carb (micritic) Carb (spar) 

Ash 
Shard Feldspar 

Heavy 
Min Mica Other Total 

            Lower Whitney Ash Paleosol 
        Bw 1.2-2H 68.2 16.6 5.8 0 3 2.4 1 1.6 1.4 100 

ABw 1.1-2H 68.4 15.4 1.6 0 7.2 2.6 1.8 1.8 1.2 100 
ABw 1.1-2v 68.2 21.4 2.8 0 3.2 1 1.4 1.8 0.2 100 
Btk 1.3-4V 73 18.2 1.4 0 4.2 1 1 1.2 0 100 
Bk1 1.4-1V 69.6 18.4 2 0 4 2.6 0.8 2.2 0.4 100 
Bk2 1.5-1H 57.6 25.6 14.4 0 0.4 0.4 0.2 0.6 0.8 100 

            Green Beds Profile 2          AB 1.1-1H 61.6 25 4.6 0 3.8 0.8 1 3.2 0 100 
Bw 1.1-5H 55.2 21.4 6.6 0 11.6 4 0 1.2 0 100 
AB 1.2-1H 13.8 18.4 52.2 0.2 10.2 2.4 0.2 2.2 0.4 100 
AB 1.2-2H 60 20.6 5 0 10.4 0.6 0 3.4 0 100 

            Green Beds Profile 1          Bw 1.2-2H 54.2 20.4 21 0 2.2 1.8 0.4 0 0 100 
A 1.1-2H 71.4 16.4 6.6 0 2.4 0.4 0 2.6 0.2 100 
Bw 1.3-2H 80 10.2 4.4 0 2.2 0.4 0.4 2 0.4 100 
C 1.4-1V 79.8 11.4 1.4 0 1.2 2.6 0.8 2 0.8 100 
Bw 1.5-3H 51 27.2 15.6 0.2 3.2 0.6 0.6 1.2 0.4 100 

            Uppermost Upper Orella Profile         Bw 2.6-8H 75.8 14.6 2.4 0 2.4 1.8 0.2 2.4 0.4 100 
BC 2.6-4H 84.8 11.6 0 0 0.6 0.4 0.4 1.8 0.4 100 
AC 2.7-3H 76 10.6 7.6 0 0.6 1.2 1.4 1.4 1.2 100 
C 2.8-3H 62.4 10.4 24.2 0 0.2 1.2 0.4 0.8 0.4 100 
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Appendix D (continued): Point count results for mineralogy and grain size. Results are reported as percentage from 500 points 
counted. 

   
Horizon Sample Clay Quartz Carb (micritic) Carb (spar) 

Ash 
Shard Feldspar 

Heavy 
Min Mica Other Total 

Mid-Upper Orella Profile 
 

        C 1.3-2H 71.2 19 2.8 0 0.6 0.6 1.4 3.4 1 100 
Abk 1.4-1v 42.6 9.6 32.8 10.8 1.6 0.8 0.2 1.6 0 100 
Bw → Btk 1.5-5H 71.4 9.8 8.6 0 2.2 5 0.2 1.6 1.2 100 
Ck 1.6-3V 64.8 14.8 14.8 0 0.8 0.8 0.8 2.2 1 100 

            Lower-Upper Orella Transition         Sh. Sand 1.3-4H 80.8 15.4 0.6 0 0.8 0.4 1 0.8 0.2 100 

            Serendipity Bluff Profile          C 1.2-2H 27.8 24.6 45.4 0 0.4 0.2 0.6 1 0 100 
C 1.2-4H 44.8 17.2 25.2 0 1.8 6.8 0 4 0.2 100 

            Lowest Lower Orella Profile 
        AC 1.6-1H 53.8 31 11.6 0.2 0 1 0.4 2 0 100 

C 1.5-6H 73.4 15.6 6.4 0 0.6 1.6 0.2 2 0.2 100 
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Appendix D (continued): Point count results for mineralogy and grain size. Results are reported as percentage from 500 points 
counted. 

  
Grain Size 

  Horizon Sample Clay Silt Sand Total 

      Lower Whitney Ash Paleosol 
  Bw 1.2-2H 78.2 15.2 6.6 100 

ABw 1.1-2H 72.4 26.4 1.2 100 
ABw 1.1-2v 73 24.8 2.2 100 
Btk 1.3-4V 71 28.4 0.6 100 
Bk1 1.4-1V 66.6 32.8 0.6 100 
Bk2 1.5-1H 76.8 17 6.2 100 

      Green Beds Profile 2 
   AB 1.1-1H 71 19 10 100 

Bw 1.1-5H 64 19.8 16.2 100 
AB 1.2-1H 66.8 30.4 2.8 100 
AB 1.2-2H 76.6 23.2 0.2 100 

      Green Beds Profile 1 
   Bw 1.2-2H 76.8 16 7.2 100 

A 1.1-2H 79 21 0 100 
Bw 1.3-2H 85.2 14.6 0.2 100 
C 1.4-1V 81.4 12.6 6 100 
Bw 1.5-3H 66.6 19.8 13.6 100 

      Uppermost Upper Orella Profile 
  Bw 2.6-8H 78.6 17 4.4 100 

BC 2.6-4H 85.4 10.4 4.2 100 
AC 2.7-3H 85.4 11.8 2.8 100 
C 2.8-3H 87 11.4 1.6 100 

 
 

 
 

  

Grain Size 
Horizon Sample Clay Silt Sand Total 

 
    Mid-Upper Orella Profile 

   C 1.3-2H 71.2 15.4 7.2 100 
Abk 1.4-1v 42.6 12.4 1 100 
Bw → Btk 1.5-5H 71.4 16.2 3.8 100 
Ck 1.6-3V 64.8 14.2 5.4 100 

      Lower-Upper Orella Transition 
  Sh. Sand 1.3-4H 82.2 12 5.8 100 

      Serendipity Bluff Profile 
   C 1.2-2H 73.8 19.6 6.6 100 

C 1.2-4H 70.6 20 9.4 100 

      Lowest Lower Orella Profile 
   AC 1.6-1H 65.8 32 2.2 100 

C 1.5-6H 80.4 16.2 3.4 100 
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Appendix E: Key for abbreviations used in Appendix A and B. 1From Appendix A in Birkeland (1999); 2From Munsell (1975). 
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Appendix F: Geochemical data from x-ray fluorescence analysis of paleosol profiles. 

Mid-Upper Orella Profile (Figs. 10-12): Major Element Geochemical Data 

   
Raw Wt. % 

 Sample Horizon Depth SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 Total 
UO3 1.1-1 A 3.5 67.41 0.52 12.47 3.94 0.09 2.00 8.53 1.49 2.89 0.18 99.52 
UO3 1.1-2 A 11.5 69.61 0.53 12.61 3.97 0.07 1.99 6.07 1.52 2.98 0.18 99.53 
UO3 1.2-4 Bw 18 69.65 0.55 13.41 4.12 0.07 2.14 4.93 1.60 3.15 0.20 99.82 
UO3 1.2-4* Bw 18 69.24 0.56 13.38 4.18 0.07 2.13 5.18 1.59 3.14 0.20 99.67 
UO3 1.2-5 Bw 24 69.31 0.58 13.76 4.31 0.07 2.22 4.47 1.60 3.22 0.18 99.72 
UO3 1.3-1 C 34.5 69.88 0.57 13.62 4.25 0.06 2.17 4.27 1.61 3.23 0.20 99.86 
UO3 1.3-2 C 44.5 68.94 0.60 14.30 4.47 0.06 2.33 3.83 1.64 3.34 0.19 99.70 
UO3 1.4-1 Abk 51 64.80 0.53 13.31 4.06 0.10 2.08 9.84 1.60 3.17 0.17 99.66 
UO3 1.4-1* Abk 59 64.77 0.53 13.15 4.07 0.10 2.07 9.80 1.60 3.17 0.16 99.42 
UO3 1.5-1 Bw-Btk 67 68.62 0.59 14.18 4.36 0.07 2.26 4.15 1.66 3.35 0.16 99.40 
UO3 1.5-2 Bw-Btk 74.5 68.75 0.59 14.45 4.40 0.06 2.30 3.68 1.68 3.39 0.18 99.48 
UO3 1.5-2* Bw-Btk 74.5 68.53 0.60 14.42 4.47 0.06 2.29 3.67 1.66 3.41 0.18 99.29 
UO3 1.5-3 Bw-Btk 80.5 68.89 0.59 14.37 4.43 0.06 2.30 3.64 1.66 3.39 0.17 99.50 
UO3 1.6-5 C 87 68.21 0.59 14.38 4.41 0.07 2.28 4.33 1.71 3.39 0.18 99.55 
UO3 1.6-4 C 97 67.66 0.59 14.52 4.36 0.07 2.31 4.78 1.69 3.34 0.18 99.50 
UO3 1.6-6 C 108.5 67.95 0.60 14.80 4.42 0.06 2.34 4.32 1.70 3.36 0.15 99.70 
UO3 1.7-1 A 113.5 67.98 0.58 14.41 4.28 0.07 2.24 4.88 1.73 3.35 0.15 99.67 
UO3 1.7-2 A 123.5 67.61 0.55 14.00 4.08 0.07 2.15 6.67 1.69 3.21 0.17 100.20 
UO3 1.7-3 A 128.5 68.16 0.53 13.46 3.95 0.07 2.07 6.37 1.66 3.16 0.17 99.60 
UO3 1.8-2 C 137 64.35 0.49 12.93 3.77 0.10 2.01 11.20 1.59 2.99 0.17 99.60 

*indicates duplicate sample 
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Appendix F (continued): Geochemical data from x-ray fluorescence analysis of paleosol profiles. 

Mid-Upper Orella Profile (Fig. 10-12): Trace Element Geochemical Data 

   
ppm 

 Sample Horizon Depth Sr Zr Ni Cr Cu Zn Co Ba LOI 
UO3 1.1-1 A 3.5 437 191 25 36 19 71 8 828 12.36 
UO3 1.1-2 A 11.5 449 195 26 39 21 75 9 891 11.00 
UO3 1.2-4 Bw 18 472 225 27 36 23 79 9 966 12.55 
UO3 1.2-4* Bw 18 469 193 26 40 22 79 9 967 12.17 
UO3 1.2-5 Bw 24 471 200 27 43 23 83 10 952 10.90 
UO3 1.3-1 C 34.5 469 199 27 39 21 81 9 940 11.60 
UO3 1.3-2 C 44.5 468 215 28 44 23 88 11 994 11.57 
UO3 1.4-1 Abk 51 493 195 25 38 23 73 7 1003 14.43 
UO3 1.4-1* Abk 59 491 198 25 41 22 73 8 1000 14.26 
UO3 1.5-1 Bw-Btk 67 501 205 28 43 22 86 11 1013 10.06 
UO3 1.5-2 Bw-Btk 74.5 515 211 28 54 26 88 12 1024 10.28 
UO3 1.5-2* Bw-Btk 74.5 514 213 28 38 24 87 12 1037 10.79 
UO3 1.5-3 Bw-Btk 80.5 507 203 27 44 25 86 11 1033 11.25 
UO3 1.6-5 C 87 525 237 27 40 21 237 11 1052 12.07 
UO3 1.6-4 C 97 518 246 27 38 21 246 11 1025 11.73 
UO3 1.6-6 C 108.5 505 221 27 41 22 221 11 1037 11.65 
UO3 1.7-1 A 113.5 525 215 27 40 18 215 9 1052 11.65 
UO3 1.7-2 A 123.5 513 212 26 37 20 212 9 1004 12.73 
UO3 1.7-3 A 128.5 513 205 26 43 22 205 8 1014 11.86 
UO3 1.8-2 C 137 481 190 23 40 17 190 5 907 14.32 

*indicates duplicate sample 
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Appendix F (continued): Geochemical data from x-ray fluorescence analysis of paleosol profiles. 

Uppermost Upper Orella Member Profile (Figs. 13-15): Major Element Geochemical Data 

   
Raw Wt. % 

 Sample Horizon Depth SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 Total 
2.1-1 A 4 67.31 0.58 14.17 4.44 0.07 2.35 5.70 1.57 3.25 0.22 99.66 
2.1-2 A 13 61.37 0.52 12.97 4.23 0.11 2.14 13.57 1.47 3.03 0.19 99.60 
2.2-1 A2 23 65.90 0.57 14.07 4.48 0.08 2.38 6.98 1.54 3.21 0.19 99.40 
2.2-2 A2 30 66.67 0.58 14.48 4.42 0.07 2.45 6.07 1.56 3.20 0.20 99.70 
2.3-2 C 35 67.88 0.59 14.80 4.53 0.06 2.50 4.38 1.58 3.22 0.17 99.71 
2.4-1 C 40 68.15 0.60 14.78 4.58 0.06 2.49 4.32 1.57 3.26 0.19 100.00 
2.4-3 C 58 57.28 0.45 12.35 3.80 0.14 2.06 18.93 1.40 2.70 0.33 99.44 
2.6-1 A 65 67.64 0.56 14.62 4.36 0.07 2.46 4.85 1.60 3.14 0.18 99.48 
2.6-12 Bw 77 67.05 0.50 13.50 3.86 0.08 2.22 7.67 1.53 2.97 0.17 99.55 
2.6-2 Bw 86 71.17 0.48 13.34 3.63 0.06 2.17 4.99 1.49 2.81 0.13 100.27 
2.6-2* Bw 86 69.79 0.49 13.49 3.70 0.06 2.25 5.18 1.50 2.81 0.14 99.41 
2.6-3 Bw 110 69.10 0.49 13.90 3.78 0.06 2.38 5.39 1.51 2.79 0.24 99.64 
2.6-7 Bw 115 69.19 0.51 14.05 3.98 0.06 2.40 4.52 1.50 2.88 0.13 99.22 
2.6-14 BC 121 69.33 0.50 14.61 4.00 0.06 2.55 3.94 1.52 2.81 0.13 99.45 
2.6-15 BC 133 70.18 0.51 14.51 3.86 0.06 2.49 3.72 1.55 2.81 0.12 99.81 
2.7-1 AC 148 69.46 0.51 14.68 3.93 0.06 2.56 3.63 1.54 2.85 0.13 99.35 
2.7-2 AC 155 69.83 0.51 14.60 3.99 0.06 2.57 3.66 1.50 2.77 0.12 99.61 
2.8-1 C 165 69.55 0.49 14.31 3.91 0.06 2.52 4.23 1.48 2.69 0.13 99.37 

*indicates duplicate sample 
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Appendix F (continued): Geochemical data from x-ray fluorescence analysis of paleosol profiles. 

Uppermost Upper Orella Member Profile (Figs. 13-15): Trace Element Geochemical Data 

   
ppm 

 Sample Horizon Depth Sr Zr Ni Cr Cu Zn Co Ba LOI 
2.1-1 A 4 449 206 27 42 18 81 9 970 12.39 
2.1-2 A 13 448 205 24 43 19 70 6 914 16.54 
2.2-1 A2 23 469 236 27 39 24 81 9 960 14.94 
2.2-2 A2 30 456 222 28 40 25 84 9 958 12.24 
2.3-2 C 35 460 218 28 40 26 88 11 982 11.51 
2.4-1 C 40 459 221 28 40 26 86 11 951 13.71 
2.4-3 C 58 430 202 22 40 16 63 4 842 18.99 
2.6-1 A 65 484 230 27 40 24 84 10 1016 12.76 
2.6-12 Bw 77 496 190 24 32 21 73 7 1040 14.88 
2.6-2 Bw 86 457 169 25 31 22 71 8 929 11.89 
2.6-2* Bw 86 463 171 25 35 23 73 8 930 11.81 
2.6-3 Bw 110 468 188 25 35 22 76 8 931 13.14 
2.6-7 Bw 115 463 175 26 31 23 80 9 960 14.90 
2.6-14 BC 121 459 176 26 33 23 84 9 906 15.21 
2.6-15 BC 133 472 181 26 31 23 80 10 910 12.76 
2.7-1 AC 148 476 192 26 29 23 83 9 954 14.12 
2.7-2 AC 155 456 175 25 33 22 82 9 888 14.32 
2.8-1 C 165 453 175 25 34 19 80 10 886 13.96 

*indicates duplicate sample 
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Appendix F (continued): Geochemical data from x-ray fluorescence analysis of paleosol profiles. 

Green Beds Profile 1 (Figs. 17-19): Major Element Geochemical Data 

   
Raw Wt. % 

 Sample Horizon Depth SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 Total 
1.2-5 Bw 24 67.51 0.48 13.08 3.79 0.09 1.92 8.28 1.79 3.05 0.20 100.19 
1.2-6 Bw 105 69.62 0.57 12.63 3.51 0.08 1.80 7.31 1.78 2.65 0.22 100.17 
1.1-1 A 123 70.92 0.52 13.61 4.43 0.06 2.60 3.69 1.31 2.84 0.16 100.14 
1.1-2 A 130 70.87 0.53 13.46 4.50 0.06 2.57 3.46 1.26 2.86 0.17 99.74 
1.3-1 Bw 140 70.55 0.54 13.44 4.79 0.07 2.73 3.28 1.13 2.90 0.17 99.60 
1.3-1* Bw 140 70.74 0.54 13.44 4.80 0.07 2.74 3.29 1.14 2.91 0.17 99.84 
1.3-3 Bw 147 70.55 0.55 13.66 4.90 0.08 2.84 3.27 1.10 3.01 0.17 100.13 
1.4-1 C 148.5 70.96 0.54 13.37 4.77 0.07 2.74 3.45 1.12 2.93 0.18 100.13 
1.5-5 Bw 150 68.25 0.51 13.44 3.81 0.08 2.08 6.39 1.71 3.07 0.16 99.50 
1.5-4 Bw 171 69.47 0.50 13.18 3.87 0.08 2.04 6.05 1.71 3.00 0.15 100.05 
1.5-1 Bw 234 69.57 0.50 13.77 3.94 0.07 2.20 4.81 1.73 3.11 0.16 99.86 

*indicates duplicate sample 
             

Green Beds Profile 1 (Figs. 17-19): Trace Element Geochemical Data 

   
ppm 

 Sample Horizon Depth Sr Zr Ni Cr Cu Zn Co Ba LOI 
1.2-5 Bw 24 284 277 23 39 12 61 7 578 12.02 
1.2-6 Bw 105 316 388 23 57 12 58 5 563 10.23 
1.1-1 A 123 347 148 28 40 16 76 11 813 13.99 
1.1-2 A 130 346 147 28 41 20 79 10 848 13.44 
1.3-1 Bw 140 322 136 30 39 20 86 13 737 12.44 
1.3-1* Bw 140 319 133 29 41 19 84 12 744 12.57 
1.3-3 Bw 147 314 136 30 43 19 89 13 755 13.17 
1.4-1 C 148.5 322 133 29 40 19 85 12 766 14.23 
1.5-5 Bw 150 285 221 25 41 16 68 8 556 11.28 
1.5-4 Bw 171 292 233 24 42 15 66 9 568 10.94 
1.5-1 Bw 234 289 184 25 37 17 72 8 585 10.66 

*indicates duplicate sample 
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Appendix F (continued): Geochemical data from x-ray fluorescence analysis of paleosol profiles. 

Lower Whitney Ash Paleosol Profile (Figs. 22-24): Major Element Geochemical Data           
  Raw Wt. % 

 Sample Horizon Depth SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 Total 
WP3 1.1-3 Bw 67.5 69.51 0.60 14.63 4.36 0.07 2.20 3.28 1.77 3.34 0.15 99.91 
WP3 1.2-4 ABw 81 68.36 0.60 14.45 4.49 0.08 2.20 3.99 1.75 3.27 0.15 99.34 
WP3 1.2-5 ABw 89.5 69.28 0.62 14.72 4.70 0.08 2.25 3.15 1.77 3.33 0.14 100.04 
WP3 1.2-6 ABw 110 69.58 0.63 14.92 4.70 0.07 2.28 2.64 1.80 3.33 0.13 100.08 
WP3 1.3-1 Btk 124.5 69.26 0.61 14.82 4.48 0.08 2.29 3.49 1.78 3.20 0.13 100.14 
WP3 1.3-5* Btk 137 69.29 0.61 15.01 4.69 0.07 2.37 2.35 1.74 3.31 0.12 99.56 
WP3 1.3-5 Btk 137 69.44 0.62 15.05 4.71 0.07 2.36 2.35 1.74 3.30 0.12 99.76 
WP3 1.4-2 Bk1 157 69.01 0.60 14.74 4.52 0.07 2.26 2.97 1.81 3.30 0.14 99.42 
WP3 1.4-3 Bk1 179.5 69.55 0.59 14.66 4.36 0.07 2.19 3.08 1.87 3.30 0.14 99.81 
WP3 1.5-1 Bk2 217 68.00 0.57 14.36 4.30 0.08 2.15 4.84 1.83 3.31 0.16 99.60 

*indicates duplicate sample 
             

Lower Whitney Ash Paleosol Profile (Figs.22-24): Trace Element Geochemical Data 

   
ppm 

 Sample Horizon Depth Sr Zr Ni Cr Cu Zn Co Ba LOI 
WP3 1.1-3 Bw 67.5 293 228 27 38 23 82 12 665 9.47 
WP3 1.2-4 ABw 81 297 228 27 38 24 82 11 674 10.01 
WP3 1.2-5 ABw 89.5 295 228 27 46 22 83 13 653 9.76 
WP3 1.2-6 ABw 110 297 227 27 41 23 85 12 671 9.55 
WP3 1.3-1 Btk 124.5 296 214 27 37 23 82 12 648 10.23 
WP3 1.3-5* Btk 137 291 213 28 36 26 84 12 663 9.95 
WP3 1.3-5 Btk 137 293 217 28 44 24 85 13 673 9.99 
WP3 1.4-2 Bk1 157 290 221 26 36 22 81 11 642 9.51 
WP3 1.4-3 Bk1 179.5 291 238 26 38 23 79 10 655 9.51 
WP3 1.5-1 Bk2 217 295 225 25 39 21 79 10 613 10.57 

*indicates duplicate sample 
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Appendix G: Paleoclimate calculations for WRG paleosols. Mean values are in bold. 
1Sheldon et al. (2002), 2Maynard (1992), 3Retallack (2005) 

Paleosol 
Strat 
Level 
(m) 

Paleoemperature (°C) Paleoprecipitation (mm/y) 

General1 Inceptisol-
specific2 CIA-K1 Bases/Al2 Ca/Al2 Bk 

Depth3 

Standard Error 
 

4.4 0.6 181 235 156 147 
This study 

       Lower 
Whitney Ash  116 9.4 10.0 808 722 - - 
WP3 1.3-1 

 
9.3 9.9 743 701 - - 

WP3 1.3-5 
 

9.4 10.0 840 731 - - 
WP3 1.3-5* 

 
9.4 10.0 841 732 - - 

        Green Bands 1  95 10.4 9.3 770 685 - - 
1.3-1 

 
10.4 9.3 768 685 - - 

1.3-1* 
 

10.4 9.3 767 684 - - 
1.3-3 

 
10.4 9.4 777 685 - - 

        Uppermost 
Upper Orella 
Mbr. 82 9.8 9.5 622 643 - - 
2.6-2 

 
9.7 9.2 636 653 - - 

2.6-2* 
 

9.7 9.3 630 649 - - 
2.6-7 

 
9.9 9.6 677 669 - - 

2.6-12 
 

9.4 9.6 537 596 - - 
2.6-3 

 
10.0 9.6 629 648 - - 

        Mid-Upper 
Orella Mbr.  79 9.0 9.6 681 669 - - 
Paleosol 1 

       UO3 1.2-4 
 

9.0 9.3 636 650 - - 
UO3 1.2-4* 

 
9.0 9.3 624 644 - - 

UO3 1.2-5 
 

9.1 9.5 668 664 - - 
Paleosol 2 

       UO3 1.5-1 
 

9.0 9.7 693 675 - - 
UO3 1.5-2 

 
9.1 9.8 727 689 - - 

UO3 1.5-2* 
 

9.1 9.8 729 689 - - 
UO3 1.5-3 

 
9.1 9.8 729 689 - - 

 

  

159 
 



 

Appendix G (continued): Paleoclimate calculations for WRG paleosols. Mean values 
are in bold. 1Sheldon et al. (2002), 2Maynard (1992), 3Retallack (2005) 

Paleosol 
Strat 
Level 
(m) 

Temperature (°C) Precipitation (mm/y) 

General1 Inceptisol-
specific2 CIA-K  Bases/

Al2 Ca/Al2 Bk 
Depth3 

Standard Error 
 

4.4 0.6 181 235 156 147 
Kennedy (2011) 

       Upland paleosol 61 9.9 9.8 759 694 598 - 

        Terry (2001) 
       Darton 39.5 - - 453 551 557 745 

Hayden 19 - - 534 633 565 864 

        Mintz (2007) 
       Door 

Middle 
Poleslide 

Mbr. 

9.0 - 900 - - - 
Norbeck 8.0 - 600 - - - 
McGinty 7.5 - 600 - - - 
Saddle 8.0 - 900 - - - 

        Metzger (2004) 
       Chamberlain Pass 2 Lower 

Scenic 
Mbr. 

8.4 10.2 462 535 - - 
Sample CP2-8 8.5 9.7 515 583 - - 
Sample CP2-9 8.3 10.7 409 487 - - 

        Chamberlain Pass 3 Lower 
Scenic 
Mbr. 

9.6 10.8 - - - - 
Sample CP3-5 9.7 10.9 - - - - 
Sample CP3-6 9.6 10.7 - - - - 

        Heck Table 1 Lower 
Scenic 
Mbr. 

9.8 11.0 850 733 - - 
HT1- 4 9.7 11.0 757 705 - - 
HT1-5 9.8 10.9 943 761 - - 
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