
 

 

 

 

ABSTRACT 

Fluvial Sequence Stratigraphy and Paleoclimate of the Upper Triassic (Norian-Rhaetian) 
Chinle Strata, Northern New Mexico 

 
David M. Cleveland, Ph.D. 

 
Committee Chairmen: Stacy C. Atchley, Ph.D., and Lee C. Nordt, Ph.D. 

 
 

Two age-equivalent Upper Triassic (Norian and Rhaetian) fluvial successions in 

New Mexico were evaluated from a sequence-stratigraphic and paleopedologic 

perspective.  Meter-scale fining-upward fluvial aggradation cycles (FACs) comprise 

fluvial aggradational cycle sets (FACSETs) 4-15 m thick.  FACSETs in turn stack into 

four fluvial sequences 26-48 m thick.  Fluvial sequences correlate between the two 

locations and likely accumulated in response to pulses of source area uplift and/or basin 

subsidence.  Conversely, higher-frequency FACs and FACSETs that occur within 

sequences do not correlate between study areas and are likely the products of autocyclic 

processes, such as channel avulsion, floodplain aggradation, and channel migration.  

These results suggest that regionally significant tectonic episodes may be discernible in 

suspended-load fluvial deposits that accumulated over a broad area. 

Each location contains abundant paleosols of varying maturity with relatively 

consistent features throughout the strata.  A typical paleosol profile has features similar to 

modern Aridisols, is about 1 meter thick, and has an AB–Bw–Bk–BC horizon succession.  

 



Depth-to-carbonate functions estimate that mean annual precipitation was between 200 

and 450 +/-95 mm.  Root traces in the paleosols are typically shorter than a meter and 

less than a centimeter wide.  By comparing these paleosols to climate-sensitive 

characteristics of modern soils, this study demonstrates that the Late Triassic Western 

Interior during the Late Norian to Rhaetian was arid to semiarid and supported a desert 

shrub environment that had localized and periodic moist or saturated soil conditions.   

Quantitative isotopic climate proxies are applied to the isotopic composition of 

pedogenic carbonates in order to construct two age-equivalent, relatively continuous 

pCO2 and temperature records that span the eight million years preceding the Triassic-

Jurassic (T-J) boundary.  The δ13C data reveal relatively low Late Norian pCO2 levels 

(<500 to 1,000 ppmV), increased Rhaetian levels (>1,500 ppmV), and at least two 

periods of extreme pCO2 levels (~3,000 ppmV) preceding the T-J boundary.  δ18O data 

from the same time interval suggest that mean annual temperatures (MAT) increased by 7 

- 9oC in association with the peak increases of pCO2 levels.  The T-J boundary is 

associated with widespread marine and terrestrial extinctions, and it is possible that 

climate was a significant driving mechanism of the Late Triassic biotic crisis. 

 



Page bearing signatures is kept on file in the Graduate School. 

Fluvial Sequence Stratigraphy and Paleoclimate of the Late Triassic (Norian-Rhaetian) 

Chinle Strata, Northern New Mexico 

 

by 

 

David M. Cleveland, B.S. 

 

A Dissertation 

 

Approved by the Department of Geology 

 

___________________________________ 

Steven G. Driese, Ph.D., Chairman 

 

Submitted to the Graduate Faculty of  

Baylor University in Partial Fulfillment of the  

Requirements for the Degree 

of 

Doctor of Philosopy 

 

 

 

Approved by the Dissertation Committee 

 

___________________________________ 

Stacy C. Atchley, Ph.D., Chairman 

 

___________________________________ 

Lee C. Nordt, Ph.D., Chairman 

 

___________________________________ 

Steven G. Driese, Ph.D. 

 

___________________________________ 

Stephen I. Dworkin, Ph.D. 

 

___________________________________ 

Kevin C. Chambliss, Ph.D. 

 

 

Accepted by the Graduate School 

December 2007 

 

___________________________________ 

J. Larry Lyon, Ph.D., Dean 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © 2007 by David M. Cleveland 
 

All rights reserved

 



 
 
 

TABLE OF CONTENTS 
 
 

List of Figures ............................................................................................................... v 
 
List of Tables ................................................................................................................ vii 
 
Acknowledgments......................................................................................................... viii 
 
Dedication ..................................................................................................................... ix 
 
Chapter One.   Introduction .......................................................................................... 1 
 
Chapter Two.   Continental Sequence Stratigraphy of the Upper Triassic (Norian- 

Rhaetian) Chinle Strata, Northern New Mexico, USA: Allocyclic and  
 Autocyclic Origins of Paleosol-Bearing Alluvial Successions......................... 4 
 
 Abstract ............................................................................................................. 4 
 
 Introduction....................................................................................................... 5 
 
 Stratigraphic Overview and Paleogeography.................................................... 7 
 
 Methods............................................................................................................. 10 
 
 Results............................................................................................................... 17 
 
 Discussion......................................................................................................... 33 
 
 Conclusions....................................................................................................... 42 
 
Chapter Three.   Paleosols, Trace Fossils, and Precipitation Estimates of the 
 Uppermost Triassic Strata in Northern New Mexico ...................................... 44 

 
Abstract ............................................................................................................. 44 
 
Introduction....................................................................................................... 45 
 
Stratigraphic Overview ..................................................................................... 46 
 
Methods............................................................................................................. 50 
 
Results and Discussion ..................................................................................... 56 

iii 



 
Summary and Conclusions ............................................................................... 84 
 

Chapter Four.   Pedogenic Carbonate Isotopes as Evidence for Extreme Climatic  
 Events Preceding the Triassic-Jurassic Boundary: Implications for the Biotic 

Crisis? ............................................................................................................... 87 
 
Abstract ............................................................................................................. 87 
 
Introduction....................................................................................................... 88 
 
Depositional and Pedogenic Setting ................................................................. 90 
 
Sampling ........................................................................................................... 91 
 
Petrographic Evaluation of Pedogenic Carbonate Nodules .............................. 92 
 
Atmospheric pCO2 Estimates ........................................................................... 94 
 
Paleotemperature Estimates .............................................................................. 97 
 
Isotopic Reliability and Model Considerations................................................. 99 
 
Potential Global Implications ........................................................................... 101 
 
Possible Causes of Late Triassic Climate Changes .......................................... 102 
 
Conclusions....................................................................................................... 103 
 

Chapter Five.   Conclusions .......................................................................................... 105 
 
References..................................................................................................................... 107 
 

iv 



 
 

 
LIST OF FIGURES 

 
 
Figure  Page 
 
2.1 Stratigraphic Correlation Chart of the Chinle Strata in New Mexico............... 6 
 
2.2 Paleogeographic Reconstruction and Location Map ........................................ 8 
 
2.3 Relative Paleosol Maturity................................................................................ 17 
 
2.4 Photographs of Various Depositional Facies.................................................... 21 
 
2.5 Measured Sections and Sequence Stratigraphic Interpretations ....................... 22 
 
2.6 Trends in Relative Paleosol Maturity ............................................................... 24 
 
2.7 Model of the Hierarchy of Depositional Cyclicity ........................................... 25 
 
2.8 Cumulative Deviation Plots .............................................................................. 26 
 
2.9 Histograms of Lithology ................................................................................... 27 
 
2.10 Photographs of Intraformational Sequence Boundaries ................................... 29 
 
2.11 Conceptual Sequence-Stratigraphic Model....................................................... 38 
 
3.1 Paleogeographic Reconstruction and Location Map ........................................ 47 
 
3.2 Stratigraphic Correlation Chart......................................................................... 48 
 
3.3 Measured Sections and Paleosol Locations ...................................................... 49 
 
3.4 Photographs of Select Paleosols ....................................................................... 59 
 
3.5 Model of Paleosol Maturity .............................................................................. 61 
 
3.6 Photomicrographs of Key Pedogenic Features ................................................. 62 
 
3.7 Geochemical Plots for Representative Paleosols.............................................. 68 
 
3.8 Photographs and Photomicrographs of Trace/Plant Fossils.............................. 72 
 

v 



3.9  Mean Annual Precipitation Estimates............................................................... 75 
 
3.10 Depth-to-Carbonate vs. Mean Annual Precipitation Plot ................................. 77 
 
3.11 Modern Climate Comparison............................................................................ 80 
 
4.1 Global and Local Paleogeographic Reconstructions ........................................ 89 
 
4.2 Photomicrographs of Carbonate Nodules ......................................................... 94 
 
4.3 Paleoclimate Reconstruction............................................................................. 96 
 
4.4 Mean Annual Temperature vs. δ18O of Modern Pedogenic Carbonates........... 98 

vi 



 
 
 

LIST OF TABLES 
 
 
Table   Page 
 
2.1 Recognition Criteria for Depositional Facies ................................................... 11 
 
2.2 Recognition Criteria for Paleosol Horizons...................................................... 15 
 
2.3 Relative Paleosol Maturity................................................................................ 16 
 
2.4 Individual Paleosols and Their Maturity Assignments..................................... 19 
 
2.5 Quantitative Comparisons of Stratigraphic Units ............................................. 28 
 
3.1 Recognition Criteria for Paleosol Horizons...................................................... 51 
 
3.2 Relative Paleosol Maturity................................................................................ 54 
 
3.3 Summary of Field Descriptions of Pedotypes .................................................. 57 
 
3.4 Summary of Micromorphological Observations .............................................. 63 
 
3.5 Geochemical Data of Representative Pedotypes .............................................. 65 
 
3.6 Depth-to-Carbonate and Estimated Mean Annual Precipitation ...................... 76 
 
4.1 δ13C and δ18O Values of Pedogenic Carbonate Nodules .................................. 93 

 

vii 



 
 
 

ACKNOWLEDGMENTS 
 
 

First and foremost I thank my wife, Sara, who has not only helped me stay 

focused and motivated, but has also been a continued source of many appreciated 

distractions that make life balanced and enjoyable.  My parents, Ken and Irene Cleveland, 

have always been a source of inspiration and support.  All that I have accomplished has 

been possible because of their many sacrifices.  I am also grateful to my family and 

friends whose excitement and support has helped keep me energized.   

I thank my co-advisers, Drs. Atchley and Nordt, who sacrificed a lot of time and 

effort to ensure that I could be successful.  I owe a great deal to my dissertation 

committee members, who helped through thoughtful discussion and manuscript reviews.  

I also thank Kate Ziegler for assisting with outcrop selection, Dr. Viorel Atudorei for 

stable isotope analysis, and Jimmy and Dorothy Randall for land access. 

Generous financial support for this study was provided by the Petroleum Research 

Fund administered by the American Chemical Society via grant PRF#45548-AC8 

awarded to Drs. Atchley and Nordt.  Student support was also provided by the Geological 

Society of America Grants-in-Aid Program, Robert J. Weimer Student Grant of the 

SEPM Foundation, Dr. J. David Love Fellowship from the Wyoming Geological 

Association, SW section of the American Association of Petroleum Geologists 

Scholarship, Fort Worth Geological Society Scholarship, and the Department of Geology 

at Baylor University.  I also thank the Society for Sedimentary Geology (SEPM) and 

Elsevier for allowing published / in press journal articles to be reproduced herein. 

viii 



 
 
 
 
 
 
 
 
 
 

To all those who seek knowledge and truth with an open mind.  It is an honor to 
contribute even a minor amount of knowledge to the world. 

 
 

“If I have seen further it is by standing on the shoulders of giants.” 
~Isaac Newton 

 

ix 



 
 
 

CHAPTER ONE 
 

Introduction 
 
 

Alluvial sequence stratigraphy has been increasingly refined over the last decade 

with growing importance placed on the occurrence of paleosols (Kraus 1987, 1999; 

McCarthy and Plint, 1998; Kraus and Aslan, 1999; Shanley and McCabe, 1994; Kraus, 

2002; Atchley et al., 2004).  Thick, relatively conformable alluvial successions and 

associated paleosols have been suggested to contain a hierarchical record of cyclic 

sediment accumulation produced in response to the combined effects of autogenic and 

allogenic processes (e.g., Bridge and Leeder, 1979; Bridge 1984; Kraus, 1987; Shanley 

and McCabe, 1994; Kraus and Aslan, 1999; Kraus, 2002; Atchley et al., 2004).  Kraus 

and Aslan (1999) described this cyclic hierarchy as the product of variable-scale 

aggradational alluvial episodes attributed to channel avulsion, regional climate change, 

and neotectonics.  The larger-scale alluvial cyclicity is often regarded as the product of 

allogenic processes such as tectonic activity, eustatic sea level changes, and variable 

climatic changes, whereas the smaller-scale cyclicity is thought to be a product of 

autogenic processes such as channel avulsion, channel migration, and floodplain 

aggradation (e.g., Posamentier and Allen, 1993; Kraus, 2002; Atchley et al, 2004).   

Recent advancements in paleopedology have provided multiple proxy methods 

for integrating quantitative and qualitative paleoclimate estimates.  Parameters evaluated 

by paleopedologic methods include field and micromorphological interpretations of 

paleohydrology (i.e., soil drainage), precipitation, and seasonality (Retallack, 2001), as 
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well as depth-to-carbonate proxies of precipitation (Retallack, 2005), paleotemperature 

(Fricke and O’Neil, 1999; Dworkin et al., 2005) and atmospheric pCO2 levels (Cerling, 

1999). 

The Late Triassic Chinle Group in the southwestern United States provides an 

excellent opportunity to evaluate both fluvial sequence stratigraphy, paleosols, and 

climate, as it is known to contain a hierarchical record of depositional cyclicity as well as 

abundant paleosols.  Generalized paleoclimate interpretations from stratigraphic, 

sedimentologic, paleontologic, and pedogenic evidence in the southwestern U.S. suggest 

that the Carnian and Early Norian stages of the Late Triassic were warm and semiarid 

with seasonal to monsoonal climates, whereas the Late Norian to Rhaetian was semiarid 

to arid (Stewart et al., 1972; Blakey and Gubitosa, 1983, 1984; Blodgett, 1988; Blakey et 

al., 1988; Dubiel et al., 1991; Retallack, 1997; Therrien and Fastovsky, 2000; Tanner, 

2003b; Prochnow et al., 2006b).  These studies, which summarize the Triassic climate, 

are dominantly assessed by qualitative methods.  Studies that do utilize quantitative 

climate estimates show disagreements that are likely a product of the fluctuating nature of 

the climate and the poor resolution of the records (Prochnow et al., 2006; Tanner et al., 

2001; Suchecki et al., 1988).   

By comparing two locations in Northern New Mexico, this study evaluates the 

fluvial sequence stratigraphy and paleoclimate of the Late Triassic Chinle strata.  This 

project has been subdivided into three different parts with focused topics.  The first 

portion evaluates the allocyclic and autocyclic controls on Chinle deposition (published 

in the Journal of Sedimentary Research; Cleveland et al., 2007).  The second portion of 

this project evaluates the Late Triassic climate using paleopedological and ichnological 
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approaches (accepted for publication in Palaeogeography, Palaeoclimatology, 

Palaeoecology; Cleveland et al., in press).  The final portion of this project quantifies 

climatic variables of pCO2 and mean annual temperature in order to reconstruct the 

history of climate change leading up to the Triassic-Jurassic extinction and to assess 

possible correlations with 1 and 2 above (submitted to Geological Society of America 

Bulletin; Cleveland et al., in review). 
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CHAPTER TWO 
 

Continental Sequence Stratigraphy of the Upper Triassic (Norian-Rhaetian) Chinle Strata, 
Northern New Mexico, USA: Allocyclic and Autocyclic Origins of Paleosol-Bearing 

Alluvial Successions 
 
 

Abstract 
 

Two age-equivalent Upper Triassic fluvial successions deposited on the 

continental interior of the southwestern United States were evaluated using an adapted 

marine stacking-pattern analysis methodology.  A three-tier cyclic hierarchy is present in 

the strata at both study areas.  Meter-scale fining-upward fluvial aggradation cycles 

(FACs) comprise fluvial aggradational cycle sets (FACSETs) 4-15 m thick (avg.  8.4 m).  

FACSETs in turn stack into four fluvial sequences 26-48 m thick (avg.  41 m).  Within 

these sequences, transgressive-systems-tract equivalents (TE) are characterized by 

channel sands and associated minor overbank deposits and relatively immature paleosols 

(i.e., high rates of deposition), whereas highstand- to falling-stage-systems-tract 

equivalents (HFE) are dominated by overbank muds and relatively well-developed 

paleosols (i.e., lower rates of deposition).  These two fluvial successions, which are 200 

km apart, contain age-equivalent fluvial sequences that record similar histories of 

deposition and pedogenesis: Sequence 1 contains only an incomplete HFE; Sequence 2 

includes both the TE and HFE; Sequence 3 is an HFE; and Sequence 4 contains only a 

TE.  Fluvial sequences likely accumulated in response to pulses of source area uplift 

and/or basin subsidence, which resulted in changes in accommodation.  Conversely, 

higher-frequency FACs and FACSETs that occur within sequences do not correlate 
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between study areas and are likely the products of autocyclic processes, such as channel 

avulsion, floodplain aggradation, and channel migration.  These results suggest that 

regionally significant tectonic episodes may be discernible in suspended-load fluvial 

deposits that accumulated over a broad area. 

 
Introduction 

 
It has been suggested that paleosol-bearing alluvial successions contain a 

hierarchical record of cyclic sediment accumulation produced in response to the 

combined effects of autogenic and allogenic processes (e.g., Beerbower, 1964; Bridge 

and Leeder, 1979; Bridge, 1984; Kraus, 1987, 1999; Kraus and Aslan, 1999; Shanley and 

McCabe, 1994; McCarthy and Plint, 1998; Kraus, 2002; Atchley et al., 2004).  Alluvial 

cycles tens to hundreds of meters thick have typically been regarded as the product of 

allogenic processes such as tectonic activity, eustatic sea-level changes, and climate 

changes (Allen, 1978; Read and Dean, 1982; Blakey and Gubitosa, 1984; Posamentier 

and Allen, 1993; Wright and Marriott, 1993; Kraus, 2002; Atchley et al., 2004).  In 

contrast, smaller-scale cycles are thought to be a product of autogenic processes such as 

channel avulsion and migration (Kraus and Aslan, 1999; Atchley et al., 2004).   

Previous stratigraphic work on the Upper Triassic Chinle Group of the 

southwestern United States has focused on lithostratigraphic, biostratigraphic, and 

magnetostratigraphic regional correlations (Stewart et al., 1972; Blakey and Gubitosa, 

1984; Blakey, 1989; Lucas, 1993; Lucas, 1997; Lucas et al., 1997; Tanner, 2003a).  

Although this work has been essential to understanding the paleogeographic evolution of 

the southwestern U.S.  (Blakey and Gubitosa, 1983; Blakey, 1989), a detailed sequence-

stratigraphic interpretation is notably lacking.  Lucas (1997) and Lucas et al. (1997) 
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suggest that the Chinle strata in New Mexico contains three third-order fluvial 

depositional cycles (Carnian-, Norian-, and Rhaetian-age strata) separated by regional-

scale unconformities (Fig. 2.1).  The lower two unconformities bounding these large-

scale cycles (e.g., Fig. 2.1, 228.0 and 216.5 Ma) have been correlated with marine 

sequences in Nevada (Lucas et al., 1997).  Higher-frequency cyclicity in the Chinle 

Group has not been evaluated previously. 

 

 
 

Figure 2.1.  Stratigraphic correlation chart of the Chinle strata in New Mexico (modified 
from Lucas 1993 and Lucas et al.,1997).  Dominant fluvial style is based on the previous 
stratigraphic studies of Stewart et al. (1972), Blakey and Gubitosa (1984), Blakey (1989), 
Lucas (1993), Dubiel (1994), Lucas (1997), Lucas et al. (1997), and Tanner (2003a).  
Third-order cycles are after Lucas (1997) and Lucas et al. (1997), sea-level reconstruction 
is after Haq et al. (1988), and absolute ages from Gradstein et al. (2004). 

 

Atchley et al. (2004) demonstrated the usefulness of marine “stacking-pattern” 

techniques in the identification of cyclic fluvial successions of Cretaceous-Paleocene age 

that were influenced by eustatic sea-level changes.  Atchley et al. (2004) also 
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documented a three-tier, cyclic, stratal hierarchy composed of meter-scale fining-upward 

fluvial aggradational cycles (FACs), decameter-scale fluvial aggradational cycle sets 

(FACSETs), and hectometer-scale fluvial sequences.  Prochnow et al. (2006a) and 

Boucher (2004) applied this methodology within the Chinle strata in southeastern Utah 

and observed a similar three-tier cyclic hierarchy; however, they attribute their fluvial 

sequences to long-term variations in accommodation related to halokinesis (i.e., salt 

tectonics).   

The purpose of this study is to examine two age-equivalent successions of Upper 

Triassic strata in New Mexico in order to evaluate the high-frequency fluvial cyclicity of 

the Chinle Group where deposition was not influenced by eustatic changes or salt 

tectonism.  Succession 1 is composed of the Bull Canyon and Redonda formations and 

succession 2 is composed of the Painted Desert Member of the Petrified Forest Formation 

and the Rock Point Formation (Fig. 2.1).  These two age-equivalent stratal successions, 

approximately 200 km apart, are compared to discern between locally and regionally 

significant trends of sedimentation and pedogenesis (Fig. 2.2). 

 
Stratigraphic Overview and Paleogeography 

 
 The Chinle Group was deposited in fluvial and lacustrine settings during the Late 

Triassic (Carnian to Rhaetian) in the southwestern United States (Stewart et al., 1972; 

Blakey and Gubitosa, 1983, 1984; Dubiel, 1987, 1989; Dubiel et al., 1991; Lucas, 1993, 

1997; Lucas et al., 1997; Therrien and Fastovsky, 2000).  Paleogeographic 

reconstructions of the Late Triassic Western Interior suggest that the Ancestral Rocky 

Mountains in Colorado, the Mogollon Highlands to the south, and a more distant 

volcanic-arc complex (Cordilleran Arc) to the west served as the sediment source areas 
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for these northwest-trending fluvial systems (Fig. 2.2).  Kraus and Middleton (1987) and 

Tanner (2003a) suggest that the dominant control on Chinle deposition is tectonism.  

Climate may also have influenced Chinle deposition, but the relationship between 

climatic changes and the chronology of Chinle depositional style is unknown.  Climatic 

changes that occurred during Chinle deposition show a general shift from a subhumid, 

seasonal climate in the Carnian to a more arid climate by the late Norian to Rhaetian 

(Stewart et al., 1972; Blakey and Gubitosa, 1983, 1984; Dubiel, 1987, 1989; Blodgett, 

1988; Dubiel et al., 1991; Therrien and Fastovsky, 2000; Tanner, 2003b; Prochnow et al., 

2006b).   

 

 
 

Figure 2.2.  Paleogeographic reconstruction of the Late Triassic within the southwestern 
U.S. showing the two study locations (modified from Blakey and Gubitosa, 1983, 1984; 
Blakey, 1989; Dubiel, 1994).  Paleolatitude approximation is from Van der Voo et al. 
(1976), Habicht (1979), and Zeigler et al. (1983). 
 
 

8 



The two study locations are approximately 200 km apart and over 750 km inland 

from the paleocoastline (Fig. 2.2).  Location 1 (35o 00’ 48’ N, 104o 05’ 17’ W), is in 

Captivas Canyon on Louisiana Mesa directly south of the town of Montoya, New Mexico 

(Fig. 2.2).  The exposure includes alternating sandstones and mudstones of the Bull 

Canyon and Redonda formations that contain abundant paleosols, trace fossils, and minor 

body fossils.  These formations were historically considered part of the Dockum 

depositional area, which included the eastern part of the Late Triassic fluvial system 

extending from Texas into New Mexico (Stewart et al., 1972; Blakey and Gubitosa, 

1983, 1984; Dubiel, 1987, 1994).  Newell (1993) correlated these formations with the 

Chinle Formation and suggested a common depositional control on the basis of 

similarities in lithology, alluvial architecture, and paleocurrent indicators.  Lucas (1993) 

proposed that the Chinle Formation be elevated to the group level and suggested that the 

Chinle Group encompass all of the nonmarine strata of the Late Triassic Western Interior, 

including the Redonda and Bull Canyon formations of this study.  This study follows the 

nomenclature used by Lucas (1993), although many previous studies refer to the Chinle 

Group as a formation, and the associated formations as members. 

Location 2 (36o 15’42’’ N, 102o 24’56’’ W) is in the Chama Basin of north-central 

New Mexico on USDA Forest Service land north of Abiquiu (Fig. 2.2).  The upper 

portion of the Painted Desert Member of the Petrified Forest Formation and the Rock 

Point Formation are exposed at this location (Fig. 2.1; Lucas, 1993, 1997).  Age-

equivalence of these formations with those at location 1 has been established by regional 

lithostratigraphy, sequence stratigraphy, and biostratigraphy (Stewart et al., 1972; Blakey 

and Gubitosa, 1983, 1984; Dubiel, 1987, 1989; Dubiel et al., 1991; Lucas, 1993, 1997; 
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Lucas et al., 1997; Therrien and Fastovsky, 2000).  The three third-order fluvial 

depositional cycles of Lucas (1997) and Lucas et al. (1997) are Carnian, Norian, and 

Rhaetian strata separated by regional unconformities (Fig. 2.1).  The bases of the lower 

two cycles are dominated by braided-river deposits, whereas the overlying intervals are 

dominated by meandering-river deposits.   

Lucas (1997) reviewed the biostratigraphic work on the Chinle Group and 

correlated the strata based upon palynomorphs, plant megafossils, ostracodes, bivalves 

and gastropods, vertebrate coprolites, fish, and tetrapods.  Fish and tetrapods have been 

most useful at separating Carnian, Early Norian, Late Norian, and Rhaetian strata.  

Though no body fossils were identified in this study, fish and tetrapod fossils used for 

biostratigraphic correlation are found proximal to the two study areas (Zeigler et al., 

2002; Johnson et al., 2002).  The study intervals in this paper are equivalent to the Late 

Norian through Rhaetian strata (Fig. 2.1). 

 
Methods 

 
 
Sequence-Stratigraphic Methods 
 
 The “stacking-pattern” methodology associated with the sequence-stratigraphic 

interpretations in this paper follow Atchley et al. (2004).  Composite measured sections 

were constructed over a very small lateral distance (< 150 meters) in order to show 

changes through time for a single location.  Data collected from outcrops includes stratal 

thickness, grain size, physical and biogenic sedimentary structures, lithostratigraphic 

contacts, and the occurrence of paleosols.  Strata at both locations are nearly horizontal (< 

5o dip) and were dip-corrected to true thickness.  Fluvial facies (Table 2.1) are defined  



Table 2.1.  Depositional facies present in strata of the study areas, criteria for recognition, and environmental interpretations (based 
upon the classification scheme of Miall, 1978). 
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Table 2.1.  Depositional facies present in strata of the study areas, criteria for recognition, and environmental interpretations (based 
upon the classification scheme of Miall, 1978). --Continued 
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following the classification scheme of Miall (1978), from which channel and overbank 

facies associations are assigned.  Fining-upward meter-scale fluvial aggradation cycles 

(FAC), consisting of a fining-upward succession of stratal bodies, were identified as 

sections were measured.  FAC boundaries are typically overlain by coarser-grained 

sediment and/or have a paleosol top. 

To assist in the identification of cyclic depositional trends, FAC stacking patterns 

from each locality were analyzed via plots of cumulative deviation from mean FAC 

thickness and mean grain size (Sadler et al., 1993; Drummond and Wilkinson, 1993; 

Lehrmann and Goldhammer, 1999; Atchley et al., 2004).  To determine the cumulative 

deviation of grain size, the following relative values were assigned to the standard 

Udden–Wentworth grain-size classes: 1 = mud, 2 = silt, 3 = fine sand, 4 = medium sand, 

5 = coarse sand, 6 = very coarse sand, 7 = gravel.  Mean grain size for each FAC was 

determined from graphical measured sections.  Cycle thickness plots were constructed 

using dip-corrected thicknesses for each FAC.  Histograms documenting the lithologic 

occurrences and decompacted thicknesses within each FAC were also constructed to 

quantitatively assess vertical trends in lithofacies proportions.   

Because this stacking-pattern methodology uses thickness trends, burial 

compaction has been accounted for on the basis of the regression algorithm of Sheldon 

and Retallack (2001) for alluvial deposits and paleosols.  Stratigraphic approximations of 

overburden strata for the Montoya section (location 1) range from 850 to 1024 meters 

(COSUNA, 1983), and approximations of overburden for location 2 range from 1550 to 

2150 meters (Muehlberger et al., 1960).  Therefore, the measured thicknesses of facies 

are between 4% and 14% of the depositional thickness, depending on facies. 
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Paleosol Maturity 
 
 In order to support the stacking-pattern methodology and trends in sedimentation, 

trends in paleosol maturity were also evaluated.  Paleosol maturity is used to reflect the 

amount of sediment exposure time and amount of weathering.  Assessment of relative 

paleosol development is based upon a modification of the Retallack (1988) categorization 

of paleosol maturity.  The criteria by which paleosols are categorized in this study are 

horizon development and ped structure, thickness of the paleosol, and pedogenic 

carbonate content (Tables 2.2, 2.3).   

Horizon designations (Table 2.2) are based upon field-observable features in the 

paleosols after Soil Taxonomy (Soil Survey Staff, 1999).  AB horizons are those that are 

likely A horizons but may be Bw horizons.  This uncertainty is due to the unknown 

amount of removal of the upper part of the paleosol and ability to preserve an A horizon 

in the rock record.  All other paleosol horizons (i.e., Bw, Bk, Bkm, Bssk, Bssg, and BC) 

are used consistently with definitions in Soil Taxonomy (Soil Survey Staff, 1999).  The 

most mature paleosols are stage 4 and have an AB—one or more Bw or Bk—Bkm—BC 

horizon successions.  Intervals that show evidence of rooting but have no evidence of ped 

development, horizonation, or pedogenic carbonate are assigned a paleosol maturity of 0.  

Although the presence of weakly to moderately developed slickensides does not change 

the maturity rating according to this scheme, palesols with slickensides have been 

identified by adding a “b” to the maturity rating (Tables 2.3, 2.4, Fig. 2.3). 

 



Table 2.2.  Paleosol horizons and recognition criteria. 
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Table 2.3.  Relative paleosol maturity classification. 
 

 
 
 



 
 

Figure 2.3.  Diagrammatic paleosol profiles, field-recognizable characteristics, and 
relative maturity assignments. 
 
 

Results 
 
 

Depositional Facies 
 

Facies (Table 2.1; Fig. 2.4) are characterized and differentiated on the basis of 

grain size and mechanical and biogenic sedimentary structures modified from Miall 

(1978, 1992).  Strata are dominated by  interbedded mudstone and sandstone, with the 

two most abundant facies being Fr (~ 60% of the strata; Fig. 2.4A) and Sm (~ 15% of the 

strata; Fig. 2.4B, C).  Thus, most of the strata (> 70%) do not contain preserved primary 

sedimentary structures.  Facies with preserved bedding (Gt, Sl, Ss, Sh, St, Sr, and Fl) are 

not usually associated with Sm or Fr facies and are more common at location 1 (Fig. 2.5). 

Facies were grouped into two facies associations, which are overbank deposits 

and channel and crevasse-splay deposits.  The overbank association is composed of the Fr 

and Fl facies and accounts for ~75% of the strata exposed at the two locations (Table 

2.1).  The channel and crevasse-splay association includes Gm, Gt, Sl, Ss, Sh, Sm, St, and 
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Sr.  The channel/crevasse splay association was not subdivided because nearly half of the 

channel/crevasse splay association is composed of massive or bioturbated sandstone (Sm) 

and does not have preserved depositional bedding.  Additionally, the majority of facies 

that do contain preserved bedding may be deposited in a number of possible subdivisions 

of this association, such as downstream-accretion and lateral accretion macroforms, 

gravel bars, or splay deposits (Miall, 1992).  The predominance of overbank fines and 

paleosols with a lesser volume of channel and crevasse-splay deposits is consistent with 

previous interpretations of a suspended-load fluvial system (Newell, 1993; Lucas, 1997; 

Lucas et al., 1997; Miall, 1992).  There is no dramatic change in depositional style in the 

two sections, although there is variation in the abundance of channel and crevasse-splay 

deposits in a given stratigraphic interval.   

 
Paleosols and Maturity Trends 
 

In contrast to other studies of Late Triassic paleosols from the southwestern 

United States (Retallack, 1997; Therrien and Fastovsky, 2000; Prochnow et al., 2006a), 

no strongly leached horizons (i.e., an E horizon of Soil Taxonomy) nor horizons showing 

elevated levels of pedogenic clay relative to the adjacent horizons (i.e., a Bt horizon of 

Soil Taxonomy) were identified in the strata at either location.  The Bw and Bk horizons 

are the most common horizons in the paleosols (Fig. 2.3).   

Excluding individual peds, the most abundant pedogenic features in the paleosols 

of this study are root traces and pedogenic carbonate nodules.  The root traces range in 

size from 0.2 to 2 cm wide, some of which can be traced up to 1 meter vertically and 

display downward bifurcation.  The rooting size and type is uniform throughout the strata 

and shows no discernible changes with variations in paleosol maturity or between  



Table 2.4.  List of paleosols and their respective maturity assignments.  A “b” indicates a paleosol with slickensides (compare with 
Fig. 2.3). 
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Table 2.4.  List of paleosols and their respective maturity assignments.  A “b” indicates a paleosol with slickensides (compare with 
Fig. 2.3). --Continued 

 

 



 
 
Figure 2.4.  Photographs representative of various facies.  A) Fr facies from FAC 1 in the 
Rock Point Fm.  (Location 2).  B) Sm facies from FAC 49 in the Redonda Fm. (Location 
1).  C) Sm facies from FAC 69 in the Rock Point Fm. (Location 2).  D) Fr and Sr facies 
from FAC 6 and 7, respectively, in the Bull Canyon Fm. (Location 1).  E) Sh and Fr 
facies from FAC 28 in the Petrified Forest Fm. (Location 2).  F) Sr facies from FAC 13 in 
the Bull Canyon Fm. (Location 1).  G) St facies from FAC 84 in the Redonda Fm. 
(Location 1). 
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Figure 2.5.  Graphical measured sections and sequence stratigraphic interpretations of 
locations 1 and 2.  Paleosols show increasing maturity approaching fluvial sequence 
boundaries.  FACs generally thicken and then thin from base to top within each fluvial 
sequence.  Fluvial sequences are recognized based on bounding unconformities and 
associated evidence of prolonged exposure, as well as changes in lithofacies proportions.  
Fluvial facies terms are after Miall (1978), and FAC and FACSETs terminology and 
diagnostic recognition criteria are based on Atchley et al. (2004).  Magnetostratigraphy of 
location 1 is from Reeve and Helsley (1972). 
 

locations.  The abundance of pedogenic carbonate in the paleosols is typically highest 

between 40 and 70 cm below the top of the paleosol (after correction for burial 

compaction) in profiles that do not have evidence of extensive erosion.  These soils can 

typically be traced laterally for a hundred meters or more and appear to have been 

developed on a relatively flat surface rather than on a slope. 
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Small burrows (0.2-1.0 cm wide) with meniscate backfilling are present in all of 

the strata, excluding the intervals at location 1 that lack paleosols (Fig. 2.5; FACs 16-31, 

78-89).  The burrows are more easily identified in poorly developed paleosols (maturity 

of 1 or less), because there is less pedogenic overprinting.  The burrow morphology 

between locations (spatially) and vertically in the sections (temporally) does not change. 

Trends in paleosol maturity (Figs. 2.5, 2.6) show thick intervals at location 1 that 

contain no paleosols and have preserved sedimentary structures (FACs 16-31, 78-89).  

Location 2 does not have any thick interval lacking paleosols and is only 121 meters 

thick, whereas location 1 is 156 meters thick (Fig. 2.5).  These differences could be due 

to a lower sedimentation rate at location 2; however, the methodology of this study 

evaluates depositional trends relative to an individual location. 

 
Sequence Stratigraphy 
 

Meter-scale fluvial aggradational cycles (FACs) are grouped into decameter-scale 

fluvial aggradational cycle sets (FACSETs) on the basis of an overall upward trend of 

decreasing grain size, the presence of erosional bounding surfaces (with meter-scale 

erosional relief), and pedogenic evidence for decreasing sedimentation rates and 

increasing exposure represented by successive paleosols with increasing maturity (Figs. 

2.5, 2.6, 2.7).  FACSETs are grouped into fluvial sequences based upon an overall 

upward trend of decreasing grain size, pedogenic evidence for decreasing sedimentation 

rates and prolonged exposure, and the presence of sequence boundaries (Figs. 2.5, 2.6, 

2.7). 

Sequence boundaries are identified on the basis of: 1) erosional surfaces, 2) 

evidence of a dramatic change in sedimentation rates (i.e., a succession of several mature 
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paleosols overlain by thick channel and overbank deposits with preserved sedimentary 

structures), 3) inflection points between segments of the cumulative deviation plots of 

grain size and cycle thickness that thin and fine-upward and segments that thicken and 

coarsen-upward (Fig. 2.8), 4) changes in lithofacies proportions (Fig. 2.9), and 5) known 

formational contacts where an unconformity has been established previously by 

lithostratigraphic and biostratigraphic methods. 

 

 
 
Figure 2.6.  Trends in relative paleosol maturity for locations 1 (upper) and 2 (lower).  
Paleosol maturity tends to increase approaching a fluvial sequence boundary, and the 
most mature paleosols are associated with HFE strata. 
 
 

Periods of increasing (transgressive-equivalent) and decreasing (highstand- 

equivalent) accommodation space, and subsequent erosion (falling-stage equivalent), are 
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summarized using modified systems tract nomenclature (sensu Atchley et al., 2004).  

These terms refer to the trends in accommodation and sedimentation only, and in this 

paper do not have any implications with respect to sea level, as is the case with marine 

successions.  Sand-prone facies and immature paleosols (maturity of 2 or lower) are 

associated with the transgressive-equivalent (TE) part of a sequence.  These intervals 

reflect an increase in accommodation space and relatively high rates of deposition, and 

often result in strata containing preserved sedimentary structures.  TE strata are  

 

 
 
Figure 2.7.  Conceptual model of the idealized three-tier fluvial cyclic hierarchy showing 
relative vertical and lateral scales (based upon Atchley et al.,2004, and Prochnow et 
al.,2006a). 
 
 
characterized by upward-thickening, thicker-than-average FACs and FACSETs. 

Mudrock-dominated overbank facies and related paleosols are associated with the 

highstand to falling-stage equivalent (HFE).  These intervals reflect a decrease in 

accommodation and lower rates of deposition that result in strata with numerous mature 

(maturity 3 or higher) paleosols and heavily bioturbated intervals.  HFE strata are 

25 



dominated by upward-thinning, thinner-than-average FACs and FACSETS.  The criteria 

by which the TE and HFE strata are identified are relative to the individual location.  

Maximum flooding equivalents (MFE) mark the change from increasing accommodation 

space to decreasing accommodation space and are identified by the inflection points on 

the cumulative deviation plots (Fig. 2.8).  Thus, it is a change in the FAC stacking 

pattern, rather than specific observable features at a specific surface, that identifies the 

MFE.   

 

Figure 2.8.  Cumulative deviation plots of grain size and cycle thickness for FACs from 
location 1 (upper) and location 2 (lower).  Note that the trends of FAC thickness and 
grain size between locations are strikingly similar at the sequence scale.   
characterized by upward-thickening, thicker-than-average FACs and FACSETs. 
 

In the Bull Canyon and Redonda formations at locality 1, 95 FACs are grouped 

into 19 FACSETs and four fluvial sequences (Fig. 2.5).  A total of 66 paleosols were 

described from the two formations: 28 from the Bull Canyon Fm. and 38 from the 
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Redonda Fm.  In the upper part of the Petrified Forest and the Rock Point formations at 

locality 2, 80 FACs are grouped into 14 FACSETs and 4 fluvial sequences (Fig. 2.5).  A 

total of 62 paleosols were described at location 2: 36 from the Petrified Forest Fm. and 26 

from the Rock Point Fm. (Table 2.5). 

Sequence 1 at location 1 (Bull Canyon Fm.) and location 2 (Petrified Forest Fm.) 

is dominated by overbank muds and moderately to well-developed paleosols (Figs. 2.5, 

2.8).  The basal contacts of these formations are not exposed in either study area, and the 

first sequence is therefore incomplete.  Within this sequence, location 1 has 15 FACs 

grouped into 3 FACSETs, and location 2 has 10 FACs grouped into 2 FACSETs.  The  

 
 
Figure 2.9.  Histograms showing proportions of lithologic components within FACs for 
locations 1 (upper) and 2 (lower).  Note the higher proportions of the sandstone lithology 
at the bases of the sequences.   
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FACs exposed in Sequence 1 at both localities are thinner than average, as indicated by 

the negative slope on Figure 2.7.  The features observed at both locations within the 

exposed part of this sequence are consistent with an HFE.   

Sequence boundary 1 (SB1) is an intraformational erosional surface that has not 

been previously recognized.  This surface separates abundant mature paleosols of the 

HFE of Sequence 1 from the channel sands associated with the TE of Sequence 2.  This 

erosional surface coincides with the inflection points in Figure 2.7 indicating a change 

from thinner- and finer-than-average FACs to thicker- and coarser-than-average FACs.  

SB1 coincides with a transition from abundant mudstones and paleosols to a more sand-

rich interval (Figs. 2.8, 2.9, 2.10). 

 
Table 2.5.  Quantitative comparisons of stratigraphic units for the two study areas. 
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Figure 2.10.  Photographs of the intraformational fluvial sequence boundaries identified 
in this study.  Black numbered arrows indicate FACSETs (compare with Fig. 2.5).  A) 
Sequence boundary 3 in the Redonda Fm. at location 1.  B) Sequence boundary 3 within 
the Rock Point Fm. at location 2.  C) Sequence boundary 1 in the Bull Canyon Fm. at 
location 1.  D) Sequence boundary 1 in the Petrified Forest Fm. at location 2.   
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Sequence 2 at location 1 (Bull Canyon Fm.) contains 28 FACs and 5 FACSETs.  

The lower 3 FACSETs are TE and dominated by channel sands, minor overbank muds, 

and preserved sedimentary structures with little or no biogenic or pedogenic modification 

 (Figs. 2.5, 2.8).  The FACs for this part of the sequence are thicker than average, as 

shown by the positive slope in Figure 2.8.  The upper two FACSETs of Sequence 2 are 

dominated by overbank muds containing abundant mature paleosols (Figs. 2.5, 2.8) with 

FACs that are thinner and finer than average (Fig. 2.8).  These two FACSETs are 

interpreted as HFE.  The inflection point on Figure 2.7 at FAC 31 is the MFE that 

separates the underlying TE from the overlying HFE. 

Sequence 2 at location 2 (Petrified Forest Fm.) contains 33 FACs and 4 FACSETs 

that have overall trends similar to Sequence 2 at location 1.  The lower two FACSETs are 

interpreted as TE strata with channel sands, preserved sedimentary structures, and 

interbedded paleosols (Figs. 2.5, 2.8).  FACs in this part of the sequence are coarser and 

thicker than average (Fig. 2.8).  The upper two FACSETs of Sequence 2 are dominated 

by overbank mudrocks, lack primary sedimentary structures, and contain abundant 

mature paleosols (Figs. 2.5, 2.8).  These upper two FACSETs have thinner- and finer-

than-average FACs (Fig. 2.8) and make up an HFE.  The MFE for this sequence is at the 

top of FAC 28. 

The sequence boundary separating Sequence 2 and Sequence 3 (TR-5/SB2) is a 

regional unconformity surface (Lucas, 1997; Lucas et al., 1997).  At location 1 this 

surface is at the contact between the Bull Canyon and Redonda formations.  TR-5/SB2 is 

clearly identified by an abrupt color change from red-brown to orange-red that is 

coincident with a change from the overbank fines and paleosols of Sequence 2 of the Bull 
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Canyon Fm. to alternating sandstone ledges and recessive mudstones of Sequence 3 of 

the Redonda Fm.  Although the formational contact is easily identified on the basis of 

clear lithologic and color changes at locality 1, there appears to be only minor erosional 

relief.  Within the ten meters below the unconformity at both locations is a succession of 

several well-developed paleosols (with a maturity of 3 or more; Fig. 2.5). 

The TR-5/SB2 surface at location 2 is clearly identified at the abrupt color change 

from purplish-red mudstones and gray, poorly sorted sandstones of the Petrified Forest 

Fm. to brown mudstones of the Rock Point Fm.  At this surface there is also a change in 

weathering pattern marked by the disappearance of the “popcorn” type badlands 

weathering associated with abundant bentonite in the Petrified Forest Fm. (Dubiel, 1994).  

As with locality 1, there is no evidence of extensive erosion. 

Sequence 3 at location 1 (Redonda Fm.) is characterized by bioturbated fine-

grained sandstones at the base of FACSETs, which are overlain by thicker overbank 

mudrocks that include abundant paleosols of varying maturity (Figs. 2.5, 2.8).  No 

primary sedimentary structures are identified in this sequence because of the extensive 

biogenic and pedogenic overprinting.  This sequence contains 34 FACs and 7 FACSETs 

(Fig. 2.5).  FACs thin upward and are finer and thinner than average (Fig. 2.8).  As with 

location 1, Sequence 3 at location 2 (Rock Point Fm.) is dominated by overbank 

mudrocks including paleosols of varying maturity (Figs. 2.5, 2.8).  Sequence 3 contains 

24 FACs that thin upward, are finer and thinner than average (Fig. 2.8), and stack into 5 

FACSETs.  There are few sand bodies within it, and there are no preserved sedimentary 

structures.  Sequence 3 at both localities contains only HFE strata.   
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Sequence boundary 3 (SB3) is another intraformational erosional surface that has 

not been recognized previously.  This surface separates abundant mature paleosols of the 

HFE of Sequence 3 from channel sands associated with the TE of Sequence 4.  SB 3 

coincides with inflection points in Figure 2.7 that separate thinner- and finer-than-average 

FACs below from thicker- and coarser-than-average FACs above.  This boundary also 

coincides with a change from abundant mudstones and paleosols to a more sand-rich 

interval (Figs. 2.8, 2.9, 2.10).   

Sequence 4 at location 1 (Redonda Fm.) contains 18 FACs and 4 FACSETS.  

Both FACs and FACSETs thicken upward and are thicker than average (Figs. 2.5, 2.8).  

The basal part of the sequence contains thick, coarser-grained channel sands with well-

preserved sedimentary structures that include trough cross-bedding, ripple lamination, 

and planar bedding (Fig. 2.5).  There are only a few immature paleosols in the uppermost 

part of sequence 4.  Thus, all of Sequence 4 at this locality is interpreted as TE.  At both 

locations, the sequence boundary at the top of Sequence 4 (SB4) is the Triassic-Jurassic 

contact (i.e., J-0 unconformity) that separates the Rhaetian formations from the overlying 

Jurassic Entrada Formation (Blakey, 1989; Dubiel, 1994; Lucas et al., 1997).  Both 

localities show evidence of extensive erosion at this surface. 

Sequence 4 at location 2 (Rock Point Fm.) contains 13 FACs and 3 FACSETs.  

This interval is composed of FACs that are coarser and thicker than average (Fig. 2.8).  

The sand bodies in the basal part of both FACs and FACSETs have abundant insect 

burrows and root traces and lack primary sedimentary structures (Fig. 2.5).  Sequence 4 is 

classified as a TE because of the stacking pattern, lack of mature paleosols, and relatively 

high sedimentation rates.   
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Discussion 
 
 

Accommodation Trends and Locality Comparisons 
 

When comparing the two Upper Triassic sections, a few differences are notable.  

Based on preserved sedimentary structures, grain size, and overall thickness, location 2 

appears to have had lower rates of sediment accumulation (Fig. 2.5).  Also, the intervals 

designated as TE at location 1 lack paleosols, whereas TE intervals at location 2 have 

many paleosols.  However, at location 2 the TE strata contain more facies of the channel 

and crevasse-splay association, have a greater abundance of preserved depositional 

features, and have thicker and coarser than average FAC trends than the HFE strata (Figs. 

2.5, 2.8).  Because facies and sedimentation rates can vary within a given systems tract 

depending on the position within the depositional system (Posamentier and Allen, 1993), 

varying features within TE strata of different locations do not preclude correlation. 

Another difference between locations is that the Petrified Forest Fm. contains the 

only paleosols with slickensides (Tables 2.3, 2.4).  This may be a function of parent 

material, inasmuch as this is the only formation in this study that has abundant bentonite 

derived from volcanic sources (Dubiel, 1994).  Other than the presence of slickensides, 

the paleosols of the Petrified Forest Fm. have features similar to the other paleosols of 

this study (Fig. 2.3).   

The differences between the two study locations appear to be less noteworthy than 

the similarities in their accommodation histories, which are demonstrated by sequence-

scale stacking patterns, changes in lithology, number and distribution of sequence 

boundaries, and trends of intrasequence systems-tract equivalents (Figs. 2.5, 2.8, 2.9, 

2.10).  The two intraformational sequence boundaries identified at each location (SB 1 
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and 3) are easily recognized by lithologic changes and inflections on cumulative 

deviation plots (Figs. 2.8, 2.9, 2.10).  Oddly, the regional unconformity in the middle of 

the sections (TR-5) does not show evidence of extensive erosion of the Norian 

formations, nor is it apparent on the cumulative deviation plots (Fig. 2.8).  Instead, the 

pronounced physical changes at the formational contact (described previously) are 

diagnostic of the SB2/TR-5 surface.  While both locations have several well-developed 

paleosols in the 10 meters below the SB2/TR-5 surface (Fig. 2.5), there are other 

intervals at both locations with many mature soils in a small stratigraphic interval.  

Therefore, care must be taken when identifying sequence boundaries lacking significant 

erosional relief.   

 
Autocyclic Mechanisms 
 

Paleosol-bearing alluvial successions commonly contain a hierarchy of 

depositional cyclicity.  Recent conceptual models of alluvial sequence stratigraphy hold 

that recurring episodes of deposition are produced in response to the interaction of 

allogenic and autogenic controls at variable scales (e.g., Beerbower, 1964; Bridge and 

Leeder, 1979; Bridge, 1984; Kraus, 1987, 1999; Kraus and Aslan, 1999; Shanley and 

McCabe, 1994; Kraus, 2002; Atchley et al., 2004).  In the Upper Triassic strata of this 

study, a three-tier hierarchy is present that includes meter-scale fluvial aggradational 

cycles (FACs) which stack into decameter-scale fluvial aggradational cycle sets 

(FACSETs) which, in turn, stack into fluvial sequences (sensu Atchley et al., 2004).  

Prochnow et al. (2006a) attributed the three-tier hierarchy of FACs, FACSETs, and 

fluvial sequences in the Late Triassic Western Interior to channel avulsion and floodplain 

aggradation, successive episodes of channel avulsion, and tectonic changes, respectively.   
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The nature of meter-scale FACs and decameter-scale FACSETs in this study 

suggests autogenic depositional mechanisms consistent with the models for similar-scale 

fluvial cycles proposed by Bridge (1984), Kraus (1987), Kraus and Aslan (1999), and 

Atchley et al. (2004).  FACs are interpreted to record individual events of channel 

avulsion and subsequent periods of channel stability (sensu Kraus and Aslan, 1999; 

Atchley et al., 2004).  During avulsion episodes, sedimentation rates were likely elevated 

(due to the abundant crevassing that occurs) and resulted in weak paleosol development 

(Kraus and Aslan, 1999).  Coarser-grained facies in the channel and crevasse-splay 

association would have been deposited as downstream and lateral accretion macroforms, 

gravel bars, or progradational splay deposits.   

The primary causes of channel avulsion are still poorly understood but are thought 

to be a response to a combination of channel gradient, channel distributions, and substrate 

compositions (Tornqvist and Bridge, 2002; Aslan et al., 2005a, 2005b; Tornqvist and 

Bridge, 2006; Blum and Aslan, 2006).  After an avulsion event, primary depositional 

bedforms may be destroyed by bioturbation and pedogenesis.  Between avulsion events, 

flooding episodes would likely account for most floodplain deposition and aggradation.  

Flood deposits on a centimeter scale are rare in this study and were likely reworked and 

incorporated into soils during pedogenesis or preserved as the Fl facies.  Mature paleosols 

are interpreted to be the product of periods of channel stabilization and reduced rates of 

sedimentation on the floodplain. 

FACSETs are thought to be produced by successive episodes of avulsion as a 

channel drifts away from or toward a reference position in the alluvial valley (Kraus, 

1987; Kraus and Aslan, 1999; Atchley et al., 2004).  The upward change within 
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FACSETs from sand- to mud-dominated textures and corresponding variations in 

paleosol maturity likely reflect a progressive change in the location of the overbank 

sediment source (sensu Atchley et al., 2004).  Channel migration away from a reference 

position causes a reduction in grain size and floodplain deposition (Bown and Kraus, 

1987; Kraus and Aslan, 1999; Atchley et al., 2004) and is the likely depositional process 

responsible for FACs that fine and thin upward within FACSETs (Fig. 2.5).  Conversely, 

channel migration toward a reference point results in an increase in grain size and 

floodplain deposition (Bown and Kraus, 1987; Kraus and Aslan, 1999; Atchley et al., 

2004) and is the likely depositional process responsible for FACs that coarsen and 

thicken upward within FACSETs (Fig. 2.5).  While the lateral migration of a fluvial 

channel can generate the same stratal pattern as TE or HFE strata, it is on a smaller scale 

(Fig. 2.7; Atchely et al., 2004).   

Given the inferred autogenic origin of FACs and FACSETS, it is not surprising 

that FACs and FACSETs do not correlate between locations 200 km apart, inasmuch as 

each should record independent histories of floodplain aggradation and channel avulsion 

and migration.  These mechanisms are also consistent with the fact that thinner and finer-

grained cycles typically contain thicker, welded, and more mature paleosols (Fig. 2.5). 

 
Allocyclic Mechanisms 
 

In contrast to the FACs and FACSETs, many similarities have been identified in 

the sequence-scale trends via the modified stacking-pattern analysis of Atchley et al. 

(2004).  Not only do the age-equivalent sections have approximately the same relative 

distribution of sequence boundaries, they also have identical patterns of systems tracts, 

remarkably similar trends of grain size and FAC thickness, and comparable trends of 
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lithologic distributions (Figs. 2.5, 2.8, 2.9).  At the two study locations, only Sequence 2 

includes both TE and HFE strata (Fig. 2.11).  Sequence 1 is incomplete and may have TE 

strata beneath it.  Sequence 4 is truncated by the J-0 unconformity, and therefore HFE 

strata could have been deposited and subsequently eroded.  However, Sequence 3 is fully 

exposed and bounded by unconformity surfaces, yet contains no TE strata.  Therefore, 

Sequence 3 may record a reduced rate of accommodation gain, as evidenced by strata 

with numerous mature paleosols and heavily bioturbated intervals (Fig. 2.5).  Given the 

remarkably similar accommodation trends, these age-equivalent sections are inferred to 

record similar histories of deposition and pedogenesis that were likely produced in 

response to an allocyclic mechanism having a 1-2 Myr frequency (depending upon the 

time consumed by the unconformity surfaces; Fig. 2.1).   

Hectometer-scale fluvial sequences have been attributed to allogenic mechanisms 

such as fluctuations in eustatic sea level, regional to global climate changes, and/or 

tectonics (uplift and/or subsidence) (e.g., Posamentier and Allen, 1993; Schumm, 1993; 

Shanley and McCabe, 1994; Schwans, 1995; Kraus and Aslan, 1999; Atchley et al., 

2004).  Because the two locations of this study are over 750 km inland from the 

equivalent paleocoastline (Fig. 2.2; Blakey and Gubitosa, 1983, 1984; Blakey, 1989; 

Dubiel, 1994), they are likely beyond the influence of eustatic sea-level changes.  A 

modern example is the Mississippi River, which is a low-gradient, high-sediment-supply 

fluvial system and has responded to postglacial Quaternary sea-level rise along the Gulf 

Coast of the U.S.A.  to an up-dip limit of 300 km inland (Aslan and Autin, 1999; Blum 

and Tornqvist, 2000; Blum and Aslan, 2006).   
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It is less clear what (if any) role climate played in the cyclic sedimentation history 

of the study interval.  Although climatic changes have been documented elsewhere in the 

Chinle Group (Carnian through Mid-Norian), no dramatic climatic variations have been 

identified within the Mid-Norian through Rhaetian time interval (Stewart et al., 1972; 

Blakey and Gubitosa, 1983, 1984; Dubiel, 1987; 1989; Blodgett, 1988; Dubiel et al., 

1991; Therrien and Fastovsky, 2000; Tanner, 2003b; Prochnow et al., 2006b).  Tanner 

(2003b) suggests that the climate was relatively static from the Late Norian into the 

earliest part of the Jurassic.  At both locations in this study, the most mature soils are 

 

 
 
Figure 2.11.  Conceptual sequence-stratigraphic model for Chinle strata at the two 
locations.  A) Summarized sequence stratigraphy of the two measured intervals in this 
study.  B) Conceptual model of composite base-level changes over time related to 
systems tracts (modified from Atchley et al., 2004).  C) Theoretical model of the 
accommodation history in the study interval.   
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characterized by an abundance of pedogenic carbonate.  Paleosol maturity trends (Fig. 

2.3) are similar to those observed in modern semiarid to arid soils developed from 

alluvial deposits (Soil Survey Staff, online database).  In modern soils, petrocalcic 

horizons are most common in soils older than the Holocene and suggest advanced soil 

development in arid to semiarid regions (Soil Survey Staff, 1999).  This is consistent with 

previous interpretations of a semiarid to arid climate during the deposition of Upper 

Norian to Rhaetian strata in the Late Triassic Western Interior (Stewart et al., 1972; 

Blakey and Gubitosa, 1983, 1984; Dubiel, 1987, 1989; Blodgett, 1988; Dubiel, 1991; 

Therrien and Fastovsky, 2000; Tanner, 2003b; Prochnow et al., 2006b).   

Based upon the similarity of soil features at the two locations, there was likely 

little climate variance between the areas and throughout each stratigraphic interval.  The 

variations in paleosols are more easily explained as a function of the duration of 

pedogenesis (Table 2.3; Fig. 2.3).  For example, the feature that varies the most between 

paleosols is the pedogenic carbonate content.  However, the depth at which the pedogenic 

carbonate content increases in the paleosols (maturity 2.5 to 4) is typically between 40 

and 70 cm below the top of paleosol profiles that do not have evidence of extensive 

erosion, regardless of the placement within a sequence or the stratigraphic section.  While 

pedogenic carbonate can be present in subhumid environments, the depth to carbonate is 

normally greater than one meter, unless the soil developed on a slope (Soil Survey Staff, 

online database).  If there had been strong climatic variations, there would likely be 

depth-to-carbonate variations throughout the strata, as is present in other portions of the 

Chinle (e.g., Prochnow et al., 2006b).   
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Additionally, there is no observed change in rooting style or burrow morphology, 

and only little variation of the soil horizons present in the paleosols.  No horizons were 

present that were leached (E horizon of Soil Taxonomy) or had abundant pedogenic clay 

accumulation (Bt horizon of Soil Taxonomy), though they are present in paleosols in 

older Chinle Group strata (Retallack, 1997; Therrien and Fastovsky, 2000; Prochnow et 

al., 2006b).  If there had been climate changes within the strata, they were not such that 

the physical attributes of the soils were altered significantly throughout the section.   

As with most fluvial sequences dominated by overbank mudrocks, sequence-scale 

(or larger) depositional cycles in the Chinle are generally considered to be the result of 

various tectonic mechanisms (Kraus and Middleton, 1987; Kraus and Aslan, 1999; 

Tanner, 2003a; Prochnow et al., 2006a).  Tectonism during Chinle deposition is thought 

to have resulted in pulses of source-area uplift that caused progradational fluvial 

deposition characterized by symmetrical cycles that coarsen and then fine upward across 

the Chinle Basin (e.g., Steel et al., 1977; Steel and Aasheim, 1978).  Lucas (1997) and 

Lucas et al. (1997) describe three third-order “sequences” in the Chinle strata in New 

Mexico and Arizona that are attributed to tectonic pulses (Fig. 2.1).  The basal parts of 

these cycles are characterized by coarse, bedload deposits of multistory channel 

complexes (e.g., Shinarump Formation of southern Utah and the age-equivalent Agua 

Zarca Formation of northern New Mexico; see Fig. 2.1).  The upper parts of these cycles 

are characterized by finer-grained overbank deposits and interbedded single-story 

channel sandstones of suspended-load fluvial systems (e.g., Petrified Forest Fm. and 

equivalents).  Between these cycles are the regional TR-4 and TR-5 unconformity 

surfaces (Lucas, 1997; Lucas et al., 1997).   
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The sequence-scale cyclicity in this study has a higher frequency than that of the 

“third-order sequences” of Lucas (1997) and Lucas et al. (1997).  The “third-order 

sequences” have a frequency of approximately 4-10 Myr, whereas the fluvial sequences 

identified herein likely have a frequency closer to 1-2 Myr (Fig. 2.1).  Because eustatic 

and climatic changes are unlikely, higher-frequency pulses of source area uplift and/or 

subsidence are the most likely mechanism for sequence-scale deposition of this study.  

Regional-scale tectonism can cause changes in deposition rates and avulsion frequency 

on a 1 Myr scale, which can result in changes in mean grain size and the proportion of 

channel deposits in strata on the 100 m scale (Bridge, 2003).  It should also be noted that 

fluvial response to uplift or loading and erosion or unloading can have inverse 

relationships in various parts of a basin (Posamentier and Allen, 1993; Shanley and 

McCabe, 1994; Schwans, 1995).  Therefore, although tectonic uplift and/or subsidence 

events produced similar sedimentation responses in the study areas, other parts of the 

Chinle Basin could have responded differently to these high-frequency tectonic events.   

 Overall, this study suggests that for some areas of the Late Triassic Western 

Interior there is a four-tier hierarchy of depositional cyclicity composed of FACs, 

FACSETs, fluvial sequences, and larger composite sequences (i.e., third-order cycles of 

Lucas, 1997 and Lucas et al., 1997).  This hierarchy is thought to be produced in response 

to channel avulsion and floodplain aggradation, channel migration, high-frequency pulses 

of source area uplift and/or basin subsidence, and lower-frequency pulses of source area 

uplift and/or basin subsidence, respectively. 
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Conclusions 
 

The Upper Norian to Rhaetian strata at the two locations in this study were 

deposited by a suspended-load fluvial system within a semiarid to arid environment.  

Outcrop sections are dominated by overbank mudrocks that contain abundant paleosols at 

various stages of maturity.  The most notable paleosol features in this study are roots, 

pedogenic carbonate nodules, and calcic horizons.  Based upon the similarity of soil 

features at the two locations, there is no evidence of sequence-scale climate variance 

between the areas or throughout each stratigraphic interval. 

The study interval at both locations shows a three-tier hierarchy of depositional 

cyclicity whereby meter-scale fluvial aggradational cycles (FACs) stack into decameter-

scale fluvial aggradational cycle sets (FACSETs), which in turn stack into fluvial 

sequences.  By comparing the two sections, it appears that FACs and FACSETs are non-

correlative over distances of ~ 200 km, whereas one partial and three complete fluvial 

sequences appear to be correlative over the same distance.   

FACs, FACSETs, and fluvial sequences are thought to have been deposited in 

response to channel avulsion events, channel avulsion and migration episodes, and 

tectonic pulses, respectively.  The correlation of fluvial sequences suggests that the 

sequence-scale deposition was the product of tectonism, inasmuch as both sea level and 

climate seem unlikely.  Sea level is ruled out due to the distance from the age-equivalent 

shoreline, and the relatively consistent features of the paleosols provide no evidence for 

sequence-scale changes in climate.   

Two significant episodes of increased accommodation (i.e., TE strata of Sequence 

2 and Sequence 4) resulted in high rates of deposition and abundant preserved 
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sedimentary structures.  Three episodes of decreased accommodation (i.e., HFE strata of 

Sequence 1, Sequence 2, and Sequence 3) produced lower rates of deposition, a more 

stable landscape, and abundant mature soils. 
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CHAPTER THREE 
 

Paleosols, Trace Fossils, and Precipitation Estimates of the Uppermost Triassic Strata in 
Northern New Mexico  

 
 

Abstract 
 

This study provides a detailed pedogenic evaluation of two Upper Triassic (Late 

Norian through Rhaetian) stratigraphic intervals in New Mexico in order to assess the 

climate and ecology of the Latest Triassic, which ended in a mass extinction.  The two 

study areas are located in north-central and east-central New Mexico and are separated by 

200 km.  Each section contains abundant paleosols of varying maturity with features that 

reflect an arid to semiarid climate.  There is little pedogenic variation throughout the 

strata at each location, and a typical paleosol profile is about 1 meter thick and has an 

AB–Bw–Bk–BC horizon succession.  Bkm, Bss, Bssk, or Bssg horizons are present in 

some paleosols.  Micromorphological features suggest dominantly well-drained sola 

(e.g., abundant carbonate nodules, illuviated clay) with minor periods of moist or 

saturated conditions (e.g., FeMn concretions, FeMn coatings and hypocoatings, sepic-

plasmic fabrics).  Trace fossils are abundant in these strata and are dominated by 

Taenidium serpentinum and root traces.  Depth-to-carbonate functions estimate that mean 

annual precipitation was between 200 and 450 +/-95 mm.  Relative to location 1 (eastern 

New Mexico), location 2 (north-central New Mexico) produced higher paleo-

precipitation estimates and has stronger and more abundant sepic-plasmic fabrics in thin 

sections.  The presence of a gleyed paleosol, Camborygma eumnkenomos, and 

slickensides at location 2 also suggests conditions wetter than at location 1.  
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Taxonomically, all of the paleosols in this study appear to be Entisols or Aridisols and 

can be grouped into seven representative pedotypes of varying maturity.  By comparing 

these paleosols to modern soils, this study demonstrates that the Late Triassic Western 

Interior during the Late Norian to Rhaetian was arid to semiarid and supported a desert 

shrub environment that had localized and periodic moist or saturated soil conditions.   

 
 Introduction 

 
The Late Triassic terrestrial climate record documents a changing environment 

preceding the initial breakup of Pangea and the Triassic/Jurassic mass extinction.  The 

Chinle Group was deposited as fluvial and lacustrine sediments and preserves many 

paleosols that formed during the Late Triassic (Carnian to Rhaetian) in the southwestern 

United States (Stewart et al., 1972; Blakey and Gubitosa, 1983, 1984; Dubiel, 1987, 

1989; Dubiel et al., 1991; Lucas, 1993; Lucas, 1997; Lucas et al., 1997).  Generalized 

studies of the Late Triassic climate of the southwestern United States demonstrate a 

change from a subhumid, monsoonal forest that dominated the Carnian to a fully arid 

desert by the Jurassic (Stewart et al., 1972; Blakey and Gubitosa, 1983, 1984; Dubiel, 

1987, 1989; Blodgett, 1988; Blakey et al., 1988; Dubiel et al., 1991; Therrien and 

Fastovsky, 2000).  Although the younger Chinle inferred as having experienced an 

increasingly arid climate that developed into a fully arid climate by the Jurassic (Blakey 

et al., 1988; Blodgett, 1988; Blakey and Gubitosa, 1983, 1984; Prochnow et al., 2006b), 

only generalized pedogenic studies of the Late Triassic focus on the Late Norian through 

Rhaetian interval (Blodgett, 1988; Tanner, 2003).   

The purpose of this study is to: (1) provide a detailed pedogenic assessment of the 

Triassic Late Norian through Rhaetian time interval in northern New Mexico that 
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incorporates paleosol descriptions, geochemistry, and micromorphology; (2) quantify 

mean annual precipitation based on modern depth-to-carbonate functions; (3) compare 

paleosol properties to modern soils in order to classify paleosols and refine quantitative 

precipitation estimates; (4) compare climate and ecological records of two age-equivalent 

sections separated by 200 km in order to determine the presence and/or extent of regional 

environmental variations. 

 
Stratigraphic Overview 

 
The Chinle Group was deposited as both braided and meandering northwest-

trending fluvial systems that were between 5o and 15o north latitude (Stewart et al., 1972; 

Van der Voo et al., 1976; Habicht, 1979; Ziegler et al.,1983; Blakey and Gubitosa, 1983, 

1984; Dubiel, 1987, 1989; Blodgett, 1988; Blakey et al., 1988; Dubiel et al., 1991).  The 

two study locations are approximately 200 km apart and over 750 km inland from the 

paleocoastline (Fig. 3.1).  Paleogeographic reconstructions of the Late Triassic Western 

Interior suggest that the Ancestral Rocky Mountains in Colorado, the Mogollon 

Highlands to the south, and a more distant volcanic arc complex (Cordilleran Arc) to the 

west served as the sediment source areas (Fig. 3.1). 

Location 1 (35o 00’48’’ N; 104o 05’17’’ W) focuses on the Norian Bull Canyon 

Formation and Rhaetian Redonda Formation in the Tucumcari Basin of eastern New 

Mexico (Fig. 3.2).  These formations have historically been considered part of the 

Dockum Group, which was the eastern portion of the Late Triassic fluvial systems 

extending from New Mexico into Texas (Stewart et al., 1972; Blakey and Gubitosa, 

1983, 1984; Dubiel, 1987; Dubiel, 1994).  This study follows the nomenclature of Lucas 

(1993), which proposes that the Chinle Formation be elevated to the group level and  

46 



 
 
Figure 3.1.  Paleogeographic reconstruction of the Late Triassic within the southwestern 
U.S. showing the two study locations (modified from Blakey and Gubitosa, 1983, 1984; 
Blakey, 1989; Dubiel, 1994; and Cleveland et al., 2007).  Paleolatitude approximation is 
from Van der Voo et al. (1976), Habicht (1979), and Zeigler et al. (1983).   
 

suggests that the Chinle Group encompasses all of the non-marine strata of the Late 

Triassic Western Interior, including the Redonda and Bull Canyon formations.  Location 

2 (36o 15’42’’ N; 102o 24’56’’ W) focuses on the upper part of the Norian Painted Desert 

Member of the Petrified Forest Formation and the Rhaetian Rock Point Formation of the 

Chinle Group, and is located in the Chama Basin of north-central New Mexico on U.S. 

Forest Service land near the Abiquiu Reservoir (Fig. 3.2).  Stratigraphic approximations 

of overburden thickness range from 850 to 1024 meters for location 1 (COSUNA, 1983) 

and from 1550 to 2150 meters for location 2 (Muehlberger et al., 1960).   
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Figure 3.2.  Stratigraphic correlation chart of the Chinle strata in New Mexico (modified 
from Lucas, 1993; and Lucas et al., 1997).  Absolute ages from Gradstein et al. (2004). 
1993; Lucas, 1997; Lucas et al., 1997; Therrien and Fastovsky, 2000).  Lucas (1997) 
 

Age-equivalence of these four units has been established by regional-scale 

lithostratigraphy, regional-scale sequence stratigraphy, and biostratigraphy (Stewart et al., 

1972; Blakey and Gubitosa, 1983, 1984; Dubiel, 1987, 1989; Dubiel et al., 1991; Lucas, 

1993; Lucas, 1997; Lucas et al., 1997; Therrien and Fastovsky, 2000).  Lucas (1997) 

reviewed the biostratigraphic work on the Chinle Formation and correlated the strata 

based on palynomorphs, plant megafossils, ostracods, bivalves and gastropods, vertebrate 

coprolites, fish, and tetrapods.  Examples of fish and tetrapod fossils, which have been 

the most useful for differentiating Carnian-, Early Norian-, Late Norian-, and Rhaetian-

aged strata, have been found <10 km from the two study areas (Zeigler et al., 2002; 

Johnson et al., 2002).  For the purposes of this study, regional unconformities (TR-5 and 

J-0; Fig. 3.3) are used as points of correlation. 
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Figure 3.3.  Measured sections of the strata showing paleosols, their relative maturity and 
pedotype classification, and corresponding FAC number.  Representative paleosols that 
were sampled for geochemistry and micromorphology are indicated by bold arrows.   
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Methods 

 
Paleosols 
 

Within the measured sections from the two locations, 128 paleosol profiles (66 

from location 1 and 62 from location 2) were identified and described following standard 

guidelines (Soil Survey Staff, 1999; Retallack, 2001).  The paleosols were numbered 

sequentially from base to top (Fig. 3.3) and are referred to by an abbreviation of the name 

of the stratigraphic interval followed by the paleosol number (e.g., BC22 for paleosol 22 

from the Bull Canyon Fm.).  Fluvial aggradational cycles (FAC) were also identified and 

measured in order to plot trends through time by cycle instead of measured thickness.  A 

FAC is defined as a fining-upward succession that terminates at a paleosol top and/or is 

overlain by coarser-grained sediment (Atchley et al., 2004). 

Profile descriptions include horizonation, horizon thickness, boundary condition, 

structure, Munsell color, acid reaction, coarse fragment inclusions, redoximorphic 

features, trace fossils, carbonate accumulations, and other standard soil observations.  

Horizonation recognition criteria (Table 3.1) for the paleosols are modified from USDA 

Soil Taxonomy (Soil Survey Staff, 1999).  After the paleosols were described, they were 

grouped into representative pedotypes (after Retallack, 2001).  A representative profile 

for each pedotype was described in detail from each formation (if present) and sampled 

by horizon for micromorphic and geochemical analysis (sensu Retallack, 1994a).  

Paleosols that exhibited rooting but lacked horizonation (i.e., very weakly developed) 

were not sampled.   

Micromorphology supplements the field descriptions and interpretations of the 

soils via thin sections that were sampled from the midpoints of each horizon for each  



Table 3.1.  Recognition criteria for paleosol horizons, modified from Soil Survey Staff (1999). 
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Table 3.1.  Recognition criteria for paleosol horizons, modified from Soil Survey Staff (1999). --Continued 
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representative paleosol profile in order to help identify pedogenic processes, 

paleoclimatic settings, and diagenetic alterations (Brewer, 1976; FitzPatrick, 1984; 

Stoops, 2003).  Bulk samples were also taken from midpoints of soil horizons for 

elemental geochemistry and bulk density.  Portions of these samples were crushed and 

analyzed via triple-acid total digestion ICP-MS by ALS Chemex Laboratories, the results 

of which were mathematically converted to molecular oxides.  Bulk density of the soil 

horizons was determined using the wax-clod method (Blake and Hartge, 1986).  Mass-

balance reconstructions were performed on representative paleosol profiles that had an 

identifiable BC horizon that approximated the parent material, as prescribed by Brimhall 

et al. (1988, 1991).  Trace fossils found in paleosols and depositional facies were 

photographed, described, and collected for interpretation based. 

Relative paleosol development is based upon a modification of the Retallack 

(1988) categorization of paleosol maturity.  Paleosol maturity assignments used in this 

study range from 0 (very immature) to 4 (most mature) and are based on solum thickness, 

horizon development, ped structure, and pedogenic carbonate content (Tables 3.1, 3.2).  

Paleosols that have minor rooting but lack horizonation and ped structure are categorized 

as stage 0 paleosols.  Paleosols with a maturity rating of 1 are weakly developed and 

exhibit little evidence of pedogenesis apart from the formation of a mineral A horizon 

with fine ped development and preserved rooting and bioturbation.  These paleosols have 

A or AB – BC or C horizon successions.  Moderately developed soils (2-3) show more 

developed structure, are thicker than lesser-developed soils, and tend to have A – Bw – 

Bw2 or Bk – BC horizon successions.  Paleosols with a maturity rating of 4 are the most 

mature paleosols and have an A – one or more Bk – Bkm – BC horizon successions.   
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Table 3.2.  Relative paleosol maturity (modified from Retallack, 2001). 
 

 



These differ from lesser-developed paleosols by an increase in pedogenic carbonate 

content, the development of a petrocalcic horizon, and overall thickening of the solum.  

Intermediate paleosol maturity assignments (e.g., 2.5) are given to paleosols showing 

characteristics between two stages as necessary (Table 3.2).   

 
Depth-to-Carbonate Rainfall Estimates 
 

Retallack (2005) relates precipitation to the depth of pedogenic carbonate within a 

paleosol profile by the equation MAP = 137.24 - 6.45D - 0.013D2, where MAP is mean 

annual precipitation in mm, D is depth in centimeters, and the root mean squared error 

is+/-147 mm.  This depth function was developed for paleosols that formed in friable 

sedimentary parent material with at least moderate development and situated in non-

marine depositional settings (Retallack, 1994b, 2005).  The depth-to-carbonate (DTC) 

function was applied to paleosols in this study that (1) have a recognizable topsoil 

horizon in terms of elevated organic carbon content, darker color, and finer ped structure; 

(2) are buried by fine-grained overbank material not related to truncation surfaces; and 

(3) have a clear upper paleosol boundary with no evidence of truncation.  Depth-to-

carbonate was measured from the top of the soil to the depth of greatest carbonate 

accumulations (Retallack, 1994b, 2005; Nordt et al., 2006) and were adjusted to account 

for burial compaction after Sheldon and Retallack (2001).  Minor truncation of these 

paleosols may still have occurred, resulting in shallow recorded depths.  Thus, the 

reported rainfall estimates for paleosols derived from DTC functions are generally 

regarded as minima.   

In order to refine the DTC rainfall estimates, the database of Retallack (2005) was 

re-evaluated using only those soils classified the same as the paleosols of this study at the 
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suborder level.  A new regression equation was defined using this sub-set of data and 

applied to these soils. 

 
Results and Discussion 

 

Field Observations of Paleosols 
 

The two most common subsurface paleosol horizons observed are Bw and Bk, 

followed by Bss or Bssk.  Field descriptions of representative paleosol profiles show 

similar morphologies and horizonation between units and locations (Table 3.3).  Paleosol 

color is also relatively uniform throughout the study interval (Fig. 3.4) with the dominant 

colors being reddish brown (2.5YR 4/4; 5YR 4/4), weak red (10R 5/4; 7.5R 5/4), and 

light red (10R 6/8; 2.5YR 6/8).  The colors associated with these classic “red-bed” 

deposits are interpreted as evidence for of arid, semiarid, or seasonal wet/dry climates 

(Turner, 1980).  Redoximorphic features are present in nearly all of the soils, comprising 

1 – 10% of the soil color.  Only one paleosol within the study interval (PF22) is 

significantly different from the mottled red trend in that it has gleyed colors and is 

dominated by a light gray matrix (Table 3.3).  The paleosols all have a relatively uniform 

texture and are typically mudrocks and siltstones.   

In contrast to other studies of Late Triassic paleosols from the southwestern 

United States, no strongly leached horizons (i.e., an E horizon of Soil Taxonomy) or 

horizons showing strong textural variation from clay illuviation (i.e., a Bt horizon of Soil 

Taxonomy) were identified in the strata at either location.  The paleosols in this study that 

have been interpreted to be the most mature are relatively thick and have abundant 

carbonate nodules (up to 3 cm in diameter) and a petrocalcic horizon.   



Table 3.3.  Summary of field descriptions of pedotypes. 
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Table 3.3.  Summary of field descriptions of pedotypes. --Continued 
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Figure 3.4.  Photographs of select paleosols and maturity assignments.  A) Paleosol BC9 
with a relative maturity index of 1.5; B) Paleosol RP8 with a relative maturity index of 2; 
C) Paleosol PF29 from with a relative maturity index of 2.  Inset photo shows wedge-
shaped peds with slickensides; D) Paleosol RED15 with a relative maturity index of 2.5; 
E) Paleosol BC21 with a relative maturity index of 3; F) Paleosol RP17 with a relative 
maturity index of 3.5.  Rock hammer is 33 cm long, and staff lines spacing is 30.5 cm. 
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In modern soils, petrocalcic horizons are most common in soils older than the 

Holocene and suggest advanced development (Soil Survey Staff, 1999).  Modern soil 

series with petrocalcic horizons are most commonly found in the arid to semiarid regions 

of west Texas and New Mexico (Soil Survey Staff, online database).  All of the paleosols 

in this study are highly calcareous, including the one gleyed paleosol (PF22).  The thicker 

paleosols (excluding those with extensive truncation) tend to have more carbonate 

nodules and associated calcic horizons than the thinner profiles (Tables 3.2, 3.3).  This 

trend is consistent with the model of soil maturity (Fig. 3.5), and is reflected in the 

taxonomic assignments.   

 
Micromorphology 
 

Carbonate nodules are common in all of the sampled paleosols except for the 

gleyed paleosol (PF22), even though there may not be enough to constitute a Bk horizon 

(>1% nodules).  The morphology of these nodules varies from well-rounded to sub-

rounded micrite nodules <1 – 5 mm in diameter (though larger in hand samples) with 

variable concentrations of iron and secondary sparite (Fig. 3.6A, B).  Sparite often fills 

septarian cracks, which formed during pedogenesis and indicates desiccation (Hounslow, 

1997).   

Although illuviated clay is present at both localities, it is rare and not found in all 

of the representative paleosol profiles (Table 3.4; Fig. 3.6C).  Unlike the Alfisols 

documented within Carnian strata of the Chinle Group in New Mexico and Arizona 

(Therrien and Fastovski, 2000; Tanner, 2003; Prochnow et al., 2006b), none of these 

paleosols contained abundant illuviated clays.  Some of the carbonate nodules and 

illuviated clay have bands containing abundant iron oxide (Fig. 3.6B, C).  Whereas iron 
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Figure 3.5.  Model showing the relative paleosol development of the pedotypes at the two 
locations. 
 

oxide is also present as coatings, hypocoatings, concretions, and nodules, it is most 

abundant in the matrix of the paleosols (Fig. 3.6D-F).  Iron manganese (FeMn) 

concretions are present in all of the representative paleosol profiles, but are much less 

common than carbonate nodules and were not observed in hand samples or outcrop.  In 

contrast, reduction halos are observed at both the outcrop and thin section scale (Fig. 

3.6G). 

The majority of the samples in this study have asepic to weakly masepic fabrics 

(Table 3.4; Fig. 3.6D, E, H).  Some clay alignment that forms the sepic-plasmic fabrics in 

the paleosols is obscured by the abundant hematite in the samples and is only visible near 

or in zones of redox depletion (Fig. 3.6I).  Skelsepic fabric is present, but rare, throughout 

the strata at both localities and is primarily found around carbonate nodules and larger  
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amounts of iron, banded illuviated clay, iron-oxide coatings/hypocoatings, and iron-oxide 

The lack of translocated clays suggests that precipitation was rarely higher than 

evapotranspiration, which is required for clay illuviation through the solum (Brady and 

Weil, 2002).  The presence of carbonate also likely inhibited clay translocation through 

flocculation.  Some micromorphological features, such as carbonate nodules with varying 

skeletal grains.  The vast majority (>95%) of skeletal grains are silt-sized monocrystalline 

quartz.  Feldspar, embayed quartz, and volcanic fragments are rare, but present, in some 

of the paleosols.   
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Figure 3.6.  Photomicrographs of key pedogenic features.  A) Septarian crack in 
carbonate nodule (RP7); B) Carbonate nodule with iron banding (RED13); C) Illuviated 
clay heavily impregnated by iron (RP7); D) Banded iron oxide on a ped face (BC10); E) 
Iron manganese nodule (BC23); F) Root pore with coarse infill (RP9); G) Reduction halo 
around rhizolith (PF5); H) Carbonate and hematite in paleosol matrix (RED27); I) Sepic-
plasmic fabric (PF22). 
 



Table 3.4.  Summary of micromorphological observations. 
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concretions/nodules, suggest minor periods of iron reduction and mobility.  However, the 

abundant iron-oxide in the matrix of the soils suggests that the redox potential during 

salinization did not drop to Fe mobilization, which would indicate that there were only 

brief wet periods during soil formation (Brady and Weil, 2002).  The hematite at both 

locations has a Late Triassic magnetic signature (Zeigler et al., 2005; Reeve and Helesly, 

1976) that indicates hematite likely formed during pedogenesis and/or early diagenesis.  

Abundant calcite is interspersed with the hematite, suggesting that at least some of the 

calcite was forming about the same time as the hematite.  Iron and carbonate abundances 

within representative paleosol profiles are not outside the typical range found within 

modern soils of semiarid and arid environments (Table 3.5). 

Asepic-plasmic fabrics are common in oxidizing conditions where there is little 

wetting and drying and/or low clay content (Brewer, 1976; FitzPatrick, 1984; Stoops, 

2003).  Repetitive wetting and drying of soils tends to form sepic-plasmic fabrics from 

the swelling of clays, the extent of which typically depends upon the amount of smectitic 

clays (Soil Survey Staff, 1999).  The Petrified Forest Fm. of this study contains the 

strongest sepic-plasmic fabrics, which could be a result of a more seasonal climate during 

pedogenesis, a greater abundance of smectitic clay, and/or lower carbonate content, since 

carbonate buffers shrinking and swelling (Brady and Weil, 2002).   

 
Geochemical Observations 
 

Elemental analysis of these soils shows that both locations have high Ca and loss 

on ignition (LOI) values.  High LOI values can be explained by the liberation of CO2 

during ignition of samples during analysis due to abundant carbonate, water, and 

available organics.  Mass-balance reconstructions assume a relatively uniform parent  



Table 3.5.  Geochemical data showing primary elements/oxides for each horizon of representative pedotypes. 
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Table 3.5.  Geochemical data showing primary elements/oxides for each horizon of representative pedotypes. --Continued 
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material, which is assessed via cross-plots of TiO2 vs Zr, Zr/TiO2 vs Zr, and TiO2/Zr vs 

TiO2 (Brimhall et al., 1988; 1991; Driese et al., 2000).  All three of the cross-plots 

containing TiO2 and Zr show a clustering of all data points, a tighter clustering of data 

from a single location, and an even tighter clustering of data from individual paleosols 

(Fig. 3.7A-C).  These relationships suggest that the parent material varies slightly 

between locations, varies less between representative paleosol profiles from a given 

location, and is fairly uniform within an individual paleosol.  For mass-balance 

reconstructions, Ti was used as the immobile index trace element, because previous 

studies on both modern and ancient soils suggest that Ti is a more appropriate choice of 

immobile index element.  The element zirconium is less suitable due to the possible 

addition of zircon grains from eolian sources as well as its subsequent translocation 

within the profiles (Driese et al., 2000; Robinson, 2001; Stiles, 2001). 

For mass-balance reconstructions of primary elements / oxides of representative 

paleosols, BC horizons were used to approximate parent material because no C horizon 

was present in the sampled paleosols.  BC horizons are a good substitute because they 

experienced only minimal weathering relative to the upper portion of the profiles.  Some 

of the representative paleosols in this study were not assessed by mass-balance 

reconstructions, because they are directly overlying another paleosol and have no 

identifiable C or BC horizon.  For those profiles that are assessed, strain is mostly 

negative for the majority of each profile (net volume loss), with positive strain (net 

volume gain) associated with Bk horizons (Fig. 3.7D).  This is as expected, considering 

elemental loss should reflect weathering and the depletion of mobile constituents, and Bk 

horizons have an accumulation of pedogenic carbonate.  With exception to RED28,  
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Figure 3.7.  Geochemical plots for representative paleosols that had an identifiable BC 
horizon.  A) Cross-plot of wt% TiO2 vs wt% Zr; B) Cross-plot of Zr/TiO2 vs wt% Zr; C) 
Cross-plot of TiO2/Zr vs wt% TiO2; D) Mass-balance reconstruction of primary oxides 
for selected pedotypes (see text for discussion).  Note the scale change for paleosol RP18 
for CaO and MgO. 
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higher strain values in the B horizons are associated with the better-developed paleosols 

(thicker paleosols with Bk horizons).  The positive strain values indicate sedimentary 

additions (likely eolian) and is consistent with geochemical and depth-to-calcic evidence 

of aridity in the relatively mature soils (Figs. 3.5, 3.7D).  The gleyed paleosol (PF22) 

shows little strain (Fig. 3.7), which is consistent with it being poorly drained because the 

saturation of a soil inhibits weathering and translocation of mobile constituents (Brady 

and Weil, 2002). 

RED28 is the only paleosol that shows a geochemical trend consistent with a 

depositional grain-size bias via a downward increase in silica (associated with increasing 

detrital quartz grains) and a downward decrease in aluminum (associated with decreasing 

detrital clays).  Though there is little textural variation throughout the profile (Fig. 3.7D), 

the mass-balance reconstruction for this paleosol may not be representative of 

pedogenesis.  Fining-upward cycles have been noted in many paleosol-bearing alluvial 

successions (e.g., Kraus and Aslan, 1999; Atchley et al., 2004; Prochnow et al.,2006b), 

are present in strata at both locations (Fig. 3.3), and can produce the geochemical trends 

observed in RED28.  In the other geochemical profiles, SiO2 and Al2O3 show trends 

similar to strain. 

The other primary elements (K2O, Na2O, CaO, MgO, Fe2O3, and MnO) have 

similar trends within a given representative paleosol profile with exception of the gleyed 

paleosol (PF22), which shows inverse depth trends and very little strain.  CaO typically 

shows a loss in the AB, Bw, and Bss horizons and gains in the Bk horizons (Fig. 3.7D), 

which is consistent with the identification of calcic horizons.  Redox sensitive elements 
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(Fe2O3 and MnO) show large variations throughout the profiles including up to a 95% 

increase in Fe2O3 (PF5; Fig. 3.7D).   

 
Trace Fossil and Plant Fossil Observations 
 

Evidence of biological activity is present within the study interval in the form of 

root traces (0.2 – 4 cm wide), Taenidium serpentinum, and Camborygma eumnkenomos.  

In paleosols from both locations, rooting is often identifiable as cylindrical mottles that 

taper and bifurcate downward (Blodgett, 1993).  Root traces are common in paleosols, 

mudrocks, and well-sorted, fine-grained sandstones that lack primary sedimentary 

structures.  In paleosols and mudrock facies, the reduction halos range from 1 – 4 cm in 

diameter, and go in and out of the plane of exposure (Fig. 3.8A).  In sandstone exposures, 

evidence of rooting is present in the form of reduction halos that range in widths from <1 

mm to 3 cm and are traceable vertically for up to 1 meter (Fig. 3.8B, C).  There is no 

evidence of a change in rooting morphology between locations or pedotypes.  Though 

abundant in other areas of the Chinle (particularly in the Carnian strata), no petrified 

wood is present in the interval studied, including the upper Petrified Forest Fm. at 

location 2.   

Given the diameter and depth of penetration of root traces and reduction halos, the 

plant formation dominating this period of time is likely a desert scrub to desert shrubland 

(Loope, 1988; Retallack, 1992).  If not for the lack of woody debris in these paleosols, a 

wooded shrubland would be another possible plant formation (Retallack, 1992).  Whereas 

the morphologies of the small fossilized plant fragments do not provide a great deal of 

environmental information, the lack of preserved organic matter is in contrast with older 

portions of the Chinle Group (Ash, 1999), and suggests dominantly oxidizing conditions 
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not favorable for organic preservation.  Because many root traces identified in thin 

section do not show reduction (e.g., Fig. 3.6F), it is likely that the root structures died 

before burial and rotted aerobically, whereas the drab-haloed root traces likely formed 

from organic matter that was buried and decayed anaerobically.   

Reduction spheroids (usually 2 – 4 cm in diameter) with black cores (about 1 cm 

in diameter) are present in the Rock Point Fm.  In this study, a few of these features are 

similar to the reduction halos attributed to rooting, in that they are elongated, curved, and 

oriented sub-vertically (Fig. 3.8A).  A detailed study of reduction spheroids by Hofmann 

(1990) suggested that they are a product of microbial activity under diagenetic 

conditions.   

The only preserved plant fossils in this study are present in three stratigraphic 

horizons of the Painted Desert strata (Fig. 3.3).  They are found in channel lag deposits 

and range from fragments that have indistinguishable internal features to those with 

preserved cellular structure.  A fragment of this carbon-rich debris shows an internal 

hollow shaft followed by a ring of small pores, followed by a thick layer of larger pores 

(the appropriate size for plant cells) encased by the outer blackened layer (Fig. 3.8D).  

The internal structure of the plant matter is filled with poikilotopic calcite.  The second 

fragment appears to be woody debris that has been replaced with a secondary mineral 

(Fig. 3.8E, F). 

 
Taenidium serpentinum (Heer, 1877) 
 

Description: Small (0.2 and 1.7 cm in diameter) unlined traces that are horizontal 

to vertical, straight to slightly curved (1 – 20 cm long), and contain backfill menisci (Fig. 

3.8C, G, H).  The menisci are less than or equal to 1 mm thick and are typically the same  
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Figure 3.8.  Photographs and photomicrographs of various trace/plant fossils.  A) 
Reduction halo from location 2, FAC 44; B) Root traces from location 2, FAC 69; C) 
Small root trace and Taenidium serpentinum, location 1, FAC 53 ; D) Preserved plant 
debris 1 from location 2 using plane-polarized light; E) Preserved plant debris 2 from 
location 2 using cross-polarized light; F) Preserved plant debris 2 from location 2 using 
plane-polarized light; G) Taenidium serpentinum, location 1, FAC 44 ; H) 
Photomicrograph of small backfilled burrows using xpl (PF5); I) Camborygma 
eumnkenomos from location 2 (FAC 75). 

 

grain size as the matrix of the soil and shows little to no grain size variation between 

menisci.  Although intervals containing a high density (> 10 in a 100 cm2 area) of small 

backfilled traces are typically associated with fine-grained sandstones lacking primary 

sedimentary structures, these traces are also common in paleosols, though they are more 

difficult to identify due to overprinting by pedogenic features.   
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Remarks: These traces have no distinct wall lining (which distinguishes them 

from Anchrichnus) and they do not have longitudinal striations (which distinguishes them 

from Scoyenia; Frey et al., 1984).  Hasiotis (2002) attributes these traces to soil insects 

(Insecta: Hemiptera or Coleoptera), though other organisms may also produce similar 

traces (Frey et al., 1984).  The meniscate backfilling is generally thought to be related to 

feeding behavior (Frey et al., 1984).  Taenidium serpentinum are abundant throughout the 

study interval at both locations and have been documented in other Triassic fluvial 

deposits (e.g., Gillette et al., 2003; Carvalho, et al., 2005). 

 
Camborygma eumnkenomos (Hasiotis and Mitchell, 1993) 
 

Description: Large burrows characterized by vertical to sub-vertical cylinders 20 

– 80 cm long and 3 – 9 cm in diameter (Fig. 3.8I).  These burrows occasionally branch 

upward, forming a tilted “Y” shape.  Rare chambers, approximately 6 – 14 cm tall and 12 

– 20 cm wide, can be found at the burrow terminations.  Burrows occur in well-sorted, 

fine-grained sandstones and mudrocks.  No scratch marks were identified on the burrow 

walls, although the surfaces of the burrows were heavily weathered.  A few of the 

burrows are lined with carbonate nodules.   

Remarks: These traces are typically found in weakly to well-developed paleosols 

that formed in proximal to distal alluvial or lacustrine environments (Hasiotis and 

Mitchell, 1993; Hasiotis, 2002).  These burrows and chambers are interpreted as the 

dwelling structures of crayfish (Hasiotis and Mitchell, 1993).  The dwelling chamber 

depth indicates local water-table levels, given that modern crayfish chambers are 

subaqueous during habitation (Hasiotis, 2002).  These traces are only present in the upper 
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portion of the Rock Point Fm. (location 2) and suggests that localized water-table depths 

were at least occasionally less than a meter below the surface. 

 
Depth-to-Carbonate Rainfall Trends 
 

Plotting rainfall trends through time is problematic due to the poor age constraints 

of the sections.  Regional-scale unconformities (TR-5 and J-0; Fig. 3.3) are located at the 

Norian-Rhaetian boundary and the Triassic-Jurassic boundary (Lucas, 1993, 1997; Lucas 

et al., 1997).  However, the unknown amounts of missing strata and associated time not 

represented in the section generates uncertainty in assigning an absolute age to those 

surfaces.  Because approximating ages is not possible without considerable potential 

error, the rainfall is plotted (Table 3.6; Fig. 3.9) based upon fluvial aggradational cycle 

(FAC) numbers (Fig. 3.3).   

Mean annual precipitation (MAP) values using the universal DTC rainfall 

equation of Retallack (2005) average 413 +/-147 mm for location 1 and 485 +/-147 mm 

for location 2 (Table 3.6; Fig. 3.9).  A large standard error (+/-147 mm/yr) is associated 

with the depth-to-carbonate (DTC) of the “universal” equation of Retallack (2005).  The 

error is most likely a result of varying texture, evaporation, parent material, and other 

factors that were not uniform in the dataset from which the equation was derived.   

Because DTC functions have been more successful correlating depth-to-carbonate 

and mean annual precipitation (MAP) within an individual soil order (e.g., Nordt et al., 

2006), a new algorithm was developed specifically for the paleosols of this study based 

on modern equivalents.  The database of Retallack (2005) has 93 soils with the same 

classification at the suborder level (e.g., calcids, cambids, etc.) as the preferred or 

alternative taxonomic classifications of the pedotypes from this study (see discussion  
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Figure 3.9.  Mean Annual Precipitation (MAP) based upon depth-to-carbonate (DTC) 
trends.  Gray MAP values calculated from the “Universal” equation of Retallack, (2005), 
and black MAP values from the “Aridisol” equation derived from a subset of Retallack 
(2005).  Regional unconformities are used as points of correlation 
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Table 3.6.  Decompacted depth-to-carbonate (DTC) and estimated mean annual 
precipitation for the two study areas using the universal equation of Retallack (2005), and 

the equation derived in this study from modern soil equivalents. 
 

 
 

below).  Ten of the 93 soils that fit this criterion were excluded because they were 

associated with either cultivated or heavily wooded areas and are therefore not suitable 

modern analogs.  The remaining 83 semiarid to arid soils have carbonate depths related to 

precipitation by the equation P = 0.029(D-38)2+2.7D+133 (R2 =.53), where P is MAP in 

mm with a root mean square error of +/- 95 and D is depth-to-carbonate in cm (Fig. 

3.10A). 

The new equation derived specifically from modern soils similar to the paleosols 

in this study (the “Aridisol” equation) has a similar R2 value to that of the universal 

equation (Fig. 3.10B), but it has a much lower standard error.  For DTC values between 

70 and 120 cm, the “Vertisol” equation of Nordt et al. (2006) and the equation of this 

study estimate MAP values differing by about 300 mm without standard error overlap.  

Although the universal equation appears to be a good average of these two equations   
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Figure 3.10.  Depth-to-Carbonate (DTC) versus mean annual precipitation (MAP).  A) 
DTC vs MAP of modern soils similar to the paleosols of this study; B) Comparison of 
curves of the “Vertisol” equation (Nordt et al., 2006), the “universal” equation (Retallack, 
2005), and the curve derived in this study (“Aridisol” equation).  Dashed lines indicate 
standard errors. 

 

(Fig. 3.10B), it has a much larger error due to the diversity of soils from which it was 

derived.  Because of this, the preferred equation for estimating MAP values in this study 

are those that use the semiarid to arid soils (Fig. 3.10A) from a subset of the database of 

Retallack (2005).  It should be noted that the equation derived in this study (the 

“Aridisol” equation) should only be applied to semiarid and arid soils with similar 

features to those described herein.  Specifically, this equation should not be used for soils 

with argillic horizons, as Argids were excluded from the subset of data.  Including Argids 

produces a poor correlation (R2 <0.2). 

This empirical relationship of the Aridisol equation estimates MAP values that are 

approximately 150 mm lower than the universal equation estimates, averaging 271 for 

location 1 and 325 for location 2 (Table 3.6; Fig. 3.9).  MAP trends in this study show 

temporal fluctuations, but are consistently within one standard error of each other 

regardless of which equation is used.  The precipitation estimates using the Aridisol 
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equation are consistent with the qualitative semiarid to arid interpretations of Tanner 

(2003) and Blodgett (1988), but lower than the quantitative assessments of Prochnow et 

al. (2006b) for the ‘Upper Chinle’ in southeastern Utah.  Prochnow et al. (2006b) uses the 

first version of the universal equation (Retallack, 1994b) and suggests that the MAP was 

approximately 400 to 600 mm (n = 2) in the Norian, which is similar to the estimates of 

this study using the more recent universal equation (Retallack, 2005).  Additionally, 

Prochnow et al. (2006b) used the CIA-K weathering index of Sheldon et al., (2002) for 

two Norian paleosols and produced MAP estimates of approximately 600 mm. 

When applying modern DTC functions to paleosols, two problems exist: 

compaction (accounted for by using the decompaction algorithm of Sheldon and 

Retallack, 2001) and erosion, which can alter the measured depth of the pedogenic 

carbonate.  Although this study only uses paleosols that appeared to have experienced 

little to no erosion, it is not always possible to ensure a complete pedon has been 

preserved.  As an example of the error, if one had used the Aridisol equation for a pedon 

that had 5 cm of topsoil eroded, measured DTC values of 40 cm and 80 cm would result 

in underestimating MAP by 15 mm and 25 mm, respectively.   

 
Taxonomic Classification of Paleosols 
 

Whereas some quantitative parameters used to classify soil orders cannot be used 

in this study due to immeasurable variables during soil formation (e.g., seasonal 

precipitation variations, evapotranspiration, etc.), the most likely modern soil equivalents 

have been assigned to soil profiles based upon estimated diagnostic horizons, physical 

attributes of the paleosols, geochemical trends, and mean annual precipitation 

approximated by depth-to-carbonate (Tables 3.1-3.6; Fig. 3.9).  These features suggest a 
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semiarid to arid climate and are consistent with the previous generalized studies (Stewart 

et al., 1972; Blakey and Gubitosa, 1983, 1984; Dubiel, 1987, 1989; Blodgett, 1988; 

Dubiel, 1991; Therrien and Fastovsky, 2000; Tanner, 2003).   

In order to differentiate between Aridisols and other soil orders in modern 

semiarid climates, the taxonomic soil moisture regime is needed.  Because only 

approximations can be made of rainfall and it is impossible to quantify runoff and 

evapotranspiration, this study relies upon the comparison of rainfall and temperature 

correlations with modern conditions.  The Late Triassic MAP estimates and associated 

error ranges are typically between 250 and 600 mm/yr (based on the “universal” DTC 

equation to prevent circular reasoning) and Late Triassic mean annual temperatures are 

thought to have been between 22 to 28 oC (Prochnow et al., 2006b).   

Areas within the United States that have modern precipitation values between 250 

and 600 mm/yr were overlain on areas that currently have hyperthermic and thermic 

temperature regimes (Fig. 3.11A).  The temperature range includes the thermic 

temperature regime to account for possible errors in the isotopic temperature 

approximations of Prochnow et al. (2006b).  Modern areas with those approximate 

temperature and precipitation values most commonly have an aridic to ustic-aridic (aridic 

bordering on ustic) soil moisture regime (Fig. 3.11B).  The xeric moisture regime is 

excluded because it is typically associated with Mediterranean climates and higher 

latitudes than what paleogeographic reconstructions suggest for the Chinle Group (Van 

der Voo et al., 1976; Habicht 1979; and Zeigler et al., 1983; Soil Survey Staff, 1999).  

Ideally, this modern comparison would have been made using data from similar latitudes, 

but such data are not available.  However, because it is also possible that the taxonomic  
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Figure 3.11.  Climatic conditions in the United States.  A) Zones of modern precipitation 
and temperature that are similar to those approximated for the Late Triassic.  
Precipitation is based on the PRISM model using data from 1961-1990 (Daly, online 
map) and temperature regimes are from the Natural Resources Conservation Service (Soil 
Survey Staff, online database).  B) Modern soil moisture regimes within zones where 
precipitation and temperature are similar to those approximated for the Late Triassic (Soil 
Survey Staff, online database). 
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soil moisture regime could have been aridic-ustic (ustic bordering on aridic), alternative 

classifications are given with that assumption.   

The final assumption (when applicable) to apply Soil Taxononmy to the paleosols 

in this study is that slickensides, wedge-shaped peds, and sepic-plasmic fabrics are 

indicators of shrink-swell activity during pedogenesis.  Thus, seasonal vertical cracking is 

not considered a requirement for vertic properties or the classification as a Vertisol.  This 

is because cracking (though not observed) may have been present seasonally during 

pedogenesis in response to shrink-swell activity.  Using these assumptions, each paleosol 

in this study is assigned to one of seven pedotypes (Fig. 3.3).  The following parameters 

for taxonomic classification are simplified from, and based upon USDA Soil Taxonomy 

(Soil Survey Staff, 1999). 

 
Entisols 
 

Ustic Torrifluvents (maturity 0-1.5): For modern soils, Entisols typically have 

minor evidence of development of pedogenic horizons with an epipedon (most 

commonly Ochric) and no subsurface diagnostic horizon.  Entisols of this study appear to 

have an Ochric epipedon and no subsurface diagnostic horizon consistent with a 

Taxonomic definition (Table 3.1).  If the soil moisture regime was aridic-ustic, these 

paleosols would be classified as Aridic Ustifluvents. 

 
Cambids 
 

Ustic Haplocambids (maturity 2-2.5): Ustic Haplocambids of this study (1) have a 

subsurface cambic diagnostic horizon with its upper boundary within 100 cm of the 

mineral soil surface or its lower boundary at a depth of 25 cm or more below the mineral 
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soil surface; (2) do not have a calcic or petrocalcic horizon unless its upper boundary is 

more than 100 cm below the mineral soil surface; and (3) do not have slickensides close 

enough to intersect or wedge-shaped structural units that have their long axes tilted 10 to 

60 degrees from the horizontal.  If the soil moisture regime was aridic-ustic, these 

paleosols would be classified as Inceptisols (i.e., Aridic Haplustepts).  These are present 

everywhere but in the Petrified Forest Fm. 

Ustertic Haplocambids (maturity 2-2.5): Ustertic Haplocambids of this study (1) 

have a subsurface cambic diagnostic horizon with its upper boundary within 100 cm of 

the mineral soil surface or its lower boundary at a depth of 25 cm or more below the 

mineral soil surface; (2) do not have a calcic or petrocalcic horizon unless its upper 

boundary is more than 100 cm below the mineral soil surface; (3) have a layer 25 cm or 

more thick, with an upper boundary within 100 cm of the mineral soil surface that has 

either slickensides close enough to intersect or wedge-shaped structural units that have 

their long axes tilted 10 to 60 degrees from the horizontal; and (4) have 30 percent or 

more clay in the fine-earth fraction of all horizons from the mineral soil surface to a depth 

of 50 cm.  If the soil moisture regime was aridic-ustic, these paleosols would be classified 

as Vertisols (i.e., Typic Haplotorrerts).  These are only present in the Petrified Forest Fm. 

Ustic Aquicambid (maturity 2): The one Ustic Aquicambid of this study (1) has a 

subsurface cambic diagnostic horizon with its upper boundary within 100 cm of the 

mineral soil surface or its lower boundary at a depth of 25 cm or more below the mineral 

soil surface; (2) does not have a calcic or petrocalcic horizon; (3) was likely saturated 

with water in one or more layers within 100 cm of the soil surface for a prolonged period 

of time as evidenced by horizons with predominantly gleyed colors; (4) has a layer 25 cm 
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or more thick, with an upper boundary within 100 cm of the mineral soil surface, that has 

either slickensides close enough to intersect or wedge-shaped structural units that have 

their long axes tilted 10 to 60 degrees from the horizontal; and (5) has 30 percent or more 

clay in the fine-earth fraction of all horizons from the mineral soil surface to a depth of 

50 cm.  If the soil moisture regime was aridic-ustic, this paleosol would be classified as a 

Vertisol (i.e., Aridic Endoaquert).  There is only one paleosol in this study that fits these 

criteria (PF22), and it may represent a localized area where the soil intersected the water 

table for prolonged periods of time. 

 
Calcids 
 

Ustic Haplocalcids (maturity 3-3.5): Ustic Haplocalcids of this study (1) have a 

calcic horizon with its upper boundary within 100 cm of the soil surface; (2) do not have 

a petrocalcic horizon within 150 cm depth from the mineral soil surface; (3) do not have 

slickensides close enough to intersect or wedge-shaped structural units that have their 

long axes tilted 10 to 60 degrees from the horizontal.  If the soil moisture regime was 

aridic-ustic, these paleosols would be classified as Inceptisols (i.e Aridic Calciustepts).  

These are not present in the Petrified Forest Fm. 

Vertic Haplocalcids (maturity 3): Vertic Haplocalcids of this study (1) have a 

layer 25 cm or more thick, with an upper boundary within 100 cm of the mineral soil 

surface, that has either slickensides close enough to intersect or wedge-shaped structural 

units that have their long axes tilted 10 to 60 degrees from the horizontal and (2) have 30 

percent or more clay in the fine-earth fraction of all horizons from the mineral soil 

surface to a depth of 50 cm; and (3) have a calcic horizon with its upper boundary within 

100 cm of the soil surface.  If the soil moisture regime was aridic-ustic, these paleosols 
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would be classified as Vertisols (i.e., Typic Calcitorrerts).  These are only present in the 

Petrified Forest Fm. 

Ustic Petrocalcids (maturity 4): Ustic Petrocalcids of this study (1) have a calcic 

or petrocalcic with the upper boundary within 100 cm of the soil surface; (2) have a 

petrocalcic horizon within 150 cm depth from the mineral soil surface; and (3) do not 

have slickensides close enough to intersect or wedge-shaped structural units that have 

their long axes tilted 10 to 60 degrees from the horizontal.  If the soil moisture regime 

was aridic-ustic, these paleosols would be classified as Inceptisols (i.e Petrocalcic 

Calciustepts).   

Putting these soils into a spatial context does not reveal any discernable trends 

through time (Fig. 3.3).  This suggests that there was little climate change throughout the 

strata and supports the idea that taxonomic variations are the product of sedimentation 

processes and exposure time (i.e., paleosol maturity).  However, depositional processes 

cannot account for the unique features (i.e., slickensides and wedge-shaped peds) and 

associated classifications of paleosols within the Late-Norian Petrified Forest Fm of 

location 2.  The slickensides could be a result of a more seasonal climate during 

pedogenesis, a greater abundance of smectitic clay in the parent material, and/or lower 

carbonate content.  Whatever the reason, it did not continue through the deposition and 

pedogenesis of the Rhaetian Rock Point Fm of location 2. 

 
Summary and Conclusions 

 
Paleosol descriptions, micromorphology, geochemistry, trace fossils, and MAP 

approximations from both locations in this study suggest that the Late Norian through 

Rhaetian time interval in the southwestern United States was dominated by an arid or 
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semiarid climate that had localized areas and minor periods of higher soil moisture and/or 

saturated conditions.  Based on paleosol characteristics and root traces, both locations 

likely hosted a desert scrub or desert shrubland environment that marks a transition 

between the subhumid forests of the Carnian and the fully arid aeolian desert in the 

Jurassic (Blakey and Gubitosa, 1983, 1984; Blakey et al., 1988; Blodgett, 1988; 

Retallack, 1997; Ash, 1999; Therrien and Fastovski, 2000; Tanner, 2003; Prochnow et 

al., 2006b).  DTC trends suggest that the amount of precipitation was relatively constant 

from the Late Norian through Rhaetian, with MAP estimates between 200 and 500 mm.  

Considering previous temperature estimates coupled with modern soil conditions, the two 

localities likely had aridic to ustic-aridic soil moisture regimes.   

With a careful comparison to modern soil data, it is possible to remove the 

primary limiting factors of soil classification.  There is little variation of the pedotypes 

through time or between sections that cannot be explained as a function of paleosol 

maturity, with the exception of variations resulting from the presence slickensides and 

wedge shaped peds within the Petrified Forest Fm. (Fig. 3.3).  The one ustic Aquicambid 

of this study is also in the Petrified Forest Fm.  Although there is no evidence for 

dramatic climatic variations throughout the strata, location 2 appears to have had slightly 

wetter conditions, based on depth-to-carbonate functions and the presence of stronger and 

more abundant sepic-plasmic fabrics, wedge-shaped peds, a gleyed paleosol, and the 

presence of Camborygma eumnkenomos.   

Although the exact mechanism for Late Triassic aridification is not clear, two 

primary models have been proposed.  The first is an azonal climate model that suggests 

an arid equatorial continental interior (Parrish and Peterson, 1988; Crowley et al., 1989; 
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Kutzback and Gallimore, 1989; Dubiel et al., 1991; Parrish, 1993).  In contrast, more 

recent studies (e.g., Olsen, 1997; Kent and Olsen, 2000) suggest a zonal climate model 

whereby Late Triassic aridification in the Newark Supergroup (northeastern United 

States) is attributed to the 5o to 10o northward migration of Pangea toward more arid 

climate zones.  This model is supported by the interpretation of increasing humidity in 

Greenland as it drifted toward the humid mid-latitudes (Clemensen et al., 1998; Tanner et 

al., 2004).  Although this study does not provide additional regional context to this 

problem, it does show that paleosols in this time period formed in an arid to semiarid 

climate with little variation from the Late Norian through the Rhaetian.  This would be 

consistent with a slow northward migration as a driving force of climate change.   
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CHAPTER FOUR 
 

Pedogenic Carbonate Isotopes as Evidence for Extreme Climatic Events Preceding the 
Triassic-Jurassic Boundary: Implications for the Biotic Crisis? 

 
 

Abstract 
 

The Triassic-Jurassic (T-J) boundary is associated with widespread marine and 

terrestrial extinctions, but there is disagreement regarding the existence and extent of 

climatic changes that may have driven the biotic crisis.  Here we apply quantitative 

isotopic climate proxies in order to construct two age-equivalent, relatively continuous 

pCO2 and temperature records that span the eight million years preceding the T-J 

boundary and that supersede previous terrestrial records in temporal resolution.  The δ13C 

data reveal relatively low Late Norian pCO2 levels (<500 to 1,000 ppmV), increased 

Rhaetian levels (>1,500 ppmV), and at least two periods of extreme pCO2 levels (~3,000 

ppmV) preceding the T-J boundary.  The δ18O data from the same time interval suggest 

that mean annual temperatures (MAT) increased by 7 - 9oC in association with the peak 

increases of pCO2 levels.  These estimates are consistent with a recent Late Triassic 

climate model that suggests that the effects of increased pCO2 levels on Pangea would 

cause severe climatic consequences including a global MAT increase of 6oC (>10oC in 

some regions).  Although our data precede the T-J boundary, many studies conclude that 

the mass-extinction took place over a more prolonged period beginning in the Late 

Triassic.  Thus, climate was likely a significant driving mechanism of the Late Triassic 

extinctions. 
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Introduction 
 

The Late Triassic is notably marked by the initial breakup of Pangea as well as 

the extinction of a large portion of marine and terrestrial organisms (Tanner, 2004).  In 

the terrestrial realm, almost half of all tetrapod species and more than 95% of megafloral 

species went extinct in Europe and North America, accompanied by significant turnover 

of microfloral species (Tanner, 2004).  While there is disagreement regarding the 

existence and extent of a climatic event during the Late Triassic (Beerling, 2002; 

Retallack, 2002; Tanner et al., 2001), the primary mechanism governing the extinction is 

typically regarded as a product of climate change related to volcanic out-gassing of the 

Central Atlantic Magmatic Province (CAMP; Fig. 4.1) and/or a sudden dissociation of 

methane hydrate (Retallack, 2002).   

The stable isotope ratios of carbon and oxygen from terrestrial carbonate nodules 

are widely used as quantitative paleoclimate indicators of atmospheric pCO2 and 

temperature, respectively (e.g., Dworkin et al., 2005; Nordt et al., 2003; Tanner et al., 

2001; Cerling, 1999).  Previous studies that utilize the paleosol isotope diffusion model 

suggest constant pCO2 levels across the Triassic-Jurassic (T-J) boundary (Tanner et al., 

2001) whereas plant stomatal indices suggest a short-term greenhouse event (~500,000 

years) approximately coinciding with the T-J boundary (McElwain et al., 1999).  

However, our understanding of Late Triassic terrestrial conditions is hampered by an 

isotopic record with poor temporal resolution and stratigraphic continuity (Prochnow et 

al., 2006b; Tanner et al., 2001; Suchecki et al., 1988).  Tanner et al. (2001) have 

compiled the most complete dataset to date (n = 21 over ~30Ma) spanning the T-J 

boundary.  However, the isotopic record of Tanner et al. (2001) does not include data  
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Figure 4.1.  A) A global paleogeographic reconstruction of the Late Triassic (modified 
from Golonka 2007); B) Paleogeographic reconstruction of the Late Triassic of the 
southwestern United States (modified from Blakey and Gubitosa 1983); C) Present-day 
map of New Mexico showing two outcrop locations. 
 
 
from the Latest Triassic (i.e., the Rhaetian), and it was compiled from several localities 

with different environmental parameters.   

In order to evaluate the potential climate change associate with the Late Triassic, 

this study applies quantitative isotopic proxies from two pedogenic records with temporal 
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resolutions superior to previous studies (n = 21 and n = 22 over ~8Ma) for pCO2 and 

temperature estimates.  In addition, this study evaluates two age-equivalent sections in 

order to demonstrate the reproducibility of the isotopic trends.   

 
Depositional and Pedogenic Setting 

 
Paleogeographic reconstructions of the Upper Triassic Chinle Formation suggest 

that the northwest-trending fluvial system was deposited between 5o and 15o North 

Latitude (Stewart et al., 1972; Van der Voo et al., 1976; Habicht, 1979; Ziegler et al., 

1983; Blakey and Gubitosa, 1983).  The Late Triassic Western Interior is thought to have 

had a warm, semiarid to subhumid, and seasonal to monsoonal climate (Stewart et al., 

1972; Dubiel, 1989; Dubiel et al., 1991; Therrien and Fastovsky, 2000).  This study 

focuses on the younger portion of the Chinle Group, which was previously interpreted as 

representing deposition and pedogenesis in an increasingly arid climate (Cleveland et al., 

in press; Prochnow et al., 2006b; Tanner, 2003).   

The “Ghost Ranch” locality (36o 15’42’’ N; 102o 24’56’’ W) includes the Petrified 

Forest Formation and the Rhaetian Rock Point Formation of the Chinle Group in north-

central New Mexico, and the “Montoya” locality (35o 00’48’’ N; 104o 05’17’’ W) 

includes the Norian Bull Canyon Formation and Rhaetian Redonda Formation in eastern 

New Mexico.  The two locations are approximately 200 km apart and over 750 km inland 

from the paleocoastline (Fig. 4.1).  Cleveland et al. (in press) provided a detailed 

pedogenic analysis of these two locations and demonstrated that the paleosols from which 

the carbonate nodules were sampled have features similar to modern Aridisols and likely 

hosted a desert shrubland environment.   
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Age-equivalence of these two sections was previously established using regional-

scale lithostratigraphy, sequence stratigraphy, and biostratigraphy (Stewart et al., 1972; 

Blakey and Gubitosa, 1983, Dubiel, 1989; Dubiel et al., 1991; Lucas, 1997; Lucas et al., 

1997).  The Chinle Formation in New Mexico is composed of three third-order sequences 

that were been correlated with marine successions in Nevada (Lucas, 1997; Lucas et al., 

1997).  Higher-frequency cyclicity and accommodation trends were also correlated 

between the sections which further demonstrates age-equivalence (Cleveland et al., 

2007).  At each of the two locations of this study, regional-scale unconformities separate 

Norian, Rhaetian, and Jurassic strata and are points of correlation.  Biostratigraphically, 

the most useful fossils for differentiating Carnian-, Early Norian-, Late Norian-, and 

Rhaetian-aged strata are from fish and tetrapods.  Examples of these were described from 

time-equivalent strata located near the study areas (Zeigler et al., 2002; Johnson et al., 

2002).   

 
Sampling 

 
Pedogenic carbonate nodules (n = 143) were collected in triplicate from paleosols 

with Bk horizons below a depth of 50 cm in order to reduce the effects of atmospheric 

diffusion on δ13C values (Cerling and Quade, 1993; Cerling, 1999; Ekart et al., 1999) and 

of evaporative enrichment on δ18O values (Quade et al., 1989).  Carbonate nodules in the 

study area are typically subrounded, 0.5–3 cm in diameter, and composed of distinctive 

micrite, microspar, and crosscutting spar phases.  Nodules were sectioned using a 

diamond saw and water, and approximately 4 mg of micrite was extracted from the 

sectioned billet using a 1-mm-diameter drill bit.  Samples were analyzed at the University 

of New Mexico using a Delta E mass spectrometer and are reported as δ13C and δ18O 
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values relative to the PDB standard (+/- 0.2o/oo).  The opposite half of the sectioned 

nodule was used for petrographic assessments.  The three isotopic values from a single 

paleosol were averaged to capture sample variability (Table 4.1).  Cleveland et al. (2007) 

and Cleveland et al. (in press) provide the stratigraphic and pedogenic context of the 

paleosols from which the carbonate nodules were sampled. 

 
Petrographic Evaluation of Pedogenic Carbonate Nodules 

 
The petrographic criteria for identifying carbonate phases of pedogenic origin at the time 

of paleosol formation are after Dworkin et al. (2005).  Volumetrically, the most abundant 

carbonate fabric is equidimensional anhedral grains of calcite that vary in size from 

micrite to microspar (Fig. 4.2A).  Some nodules are composed of smaller coalesced 

nodules that are generally dominated by micrite to microspar (Fig. 4.2B).  Such fine-

grained micritic fabrics are commonly interpreted as pedogenic (Dworkin et al., 2005).  

Calcite spar occurs in septarian cracks and also as a cementing agent for coalesced 

nodules.  Although the calcite spar is likely diagenetic in origin diagenetic in origin, 

samples exhibiting multiple textures were still considered acceptable climate indicators if 

it was possible to selectively drill the finer-textured carbonate (Fig. 4.2C).  Some nodules 

show both coarse and fine carbonate textures interspersed throughout the sample matrix 

(Fig. 4.2D).  Samples collected from nodules with a high abundance of sparry calcite 

produced δ18O values that are typically more negative by about 1‰ (though as much as 

2.5‰) than those collected from isolated micrite zones from the same paleosol.  Isotopic 

values recorded from these nodules were excluded from the dataset because of the 

difficulty in differentiating between pedogenic and diagenetic phases and the high 

likelihood of recrystallization  



Table 4.1.  The δ13C and δ18O values of pedogenic carbonate nodules.  Cleveland et al. (2007) and Cleveland et al. (in press) provide 
the stratigraphic and pedogenic context of samples.  Sequence boundaries 2 and 4 mark the Norian/Rhaetian and the T-J contacts, 

respectively. 
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Figure 4.2.  Photomicrographs of Late Triassic pedogenic carbonate nodules.  A) Micrite 
from the Petrified Forest Fm. (cross-polarized light).  B) Example of a coalesced nodule 
from the Bull Canyon Fm. (cross-polarized light).  C) Example of micrite cut by a spar-
filled septarian crack from the Rock Point Fm. (cross-polarized light).  D) Interspersed 
micrite and spar from the Redonda Fm. (plane-polarized light). 
 
 

Atmospheric pCO2 Estimates 
 

Atmospheric pCO2 was estimated by the diffusion model of Cerling et al., (1999): 

Ca=Sz[(δ13Cs-1.0044 δ13Cr-4.4)/(δ13Catm - δ13Cs), where Ca is atmospheric pCO2 

(ppmV), Sz is soil pCO2 concentration (ppmV), and δ13Cs, δ13Cr, and δ13Catm are the 

stable carbon isotopic compositions of soil pCO2, soil-respired pCO2, and atmospheric 

pCO2, respectively.  Soil pCO2 concentrations were estimated as 4000 ppmV (Ghost 

Ranch) and 3000 ppmV (Montoya) to reflect the arid to semiarid climate of the study 

area based upon modern soil pCO2 climate relations (Cerling et al., 1999; Ekart et al., 

1999).  Cleveland et al. (in press) suggest that although both areas were relatively arid, 

the Montoya location was likely drier and better drained, based upon rainfall 
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approximations (using depth-to-carbonate trends), stronger and more abundant sepic-

plasmic fabrics, and the presence of a gleyed paleosol and crayfish burrows.  Because the 

Montoya section was drier, it probably had a relatively lower bioproductivity rate that 

resulted in lower soil-respired CO2 (Singh and Gupta, 1977).  Unlike other studies of 

stable isotopes measured from Rhaetian-aged paleosols and pedogenic carbonates 

(Tanner, 2003), there is no evidence of soil cracking in our study (Cleveland et al., in 

press), which can disrupt the equilibrium of the soil-respired and atmospheric pCO2.  The 

δ13C of planktic foraminifera are not used for estimates of δ13Catm due to the lack of such 

data as well as the inability to temporally correlate between marine records and these 

fluvial deposits. 

Due to the low levels of paleosol organic carbon in the study area, δ13Cr was 

estimated by averaging the δ13C of charcoal samples from the Ghost Ranch locality (-

23.5‰, n = 2; analysed by Coastal Science Laboratories Inc.).  The δ13Catm (-4.4‰) was 

approximated by the equation δ13Catm= (δ13Cr+18.67)/1.10 (Arens et al.  2000).  The 

δ13C values measured from the pedogenic carbonate were used to estimate δ13Cs from 

temperature-dependent carbonate equilibrium fractionation between the soil carbonate 

and soil CO2 using the temperature estimates from paleosol stable oxygen isotopes 

(Romanek et al., 1992). 

The main shortcoming with the input variables of this study is the lack of 

preserved organic matter from which to measure changes in δ13Cr through time.  

McElwain et al. (1999) reported that the δ13C of fossil plants in Greenland and Sweden 

across the T-J boundary that vary by less than 2‰.  If the two locations in this study 

experienced a ~2‰ change in the isotopic composition of soil-respired CO2, the trends 
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would likely still be similar those presented in Figure 4.3, though the absolute values 

would change.   

The average standard deviation of carbon isotopes for the triplicate analyses of 

each reported sample was 0.24‰ for the Ghost Ranch section and 0.25‰ for the 

Montoya section.  Estimates of atmospheric carbon dioxide concentrations show an 

increase from <500 ppmV (Late Norian) to 3200 ppmV (Rhaetian) at Ghost Ranch and 

from 800 ppmV (Late Norian) to 3000 ppmV (Rhaetian) at Montoya (Table 4.1).  

Although there is some disagreement in the estimated absolute pCO2 values between the  

 

Figure 4.3.  Paleoclimate reconstruction of the Late Triassic showing paleo-pCO2 and 
paleotemperatures estimated using carbon and oxygen isotopic compositions of 
pedogenic carbonate nodules.  CAMP timing is after Nomande et al. (2007), and ages are 
based on Gradstein et al. (2004). 
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two localities, both locations show similar trends with two correlative peaks in the 

Rhaetian documenting an increase in pCO2 by 2000-3000 ppmV from Late Norian levels 

(Fig. 4.3).  Unfortunately, the data density for the Late Norian is not sufficient to 

compare trends between the two localities.  Although some of the values estimated for 

pCO2 are unrealistically low (e.g., Table 4.1; PF10 and PF19), the standard error of the 

Cerling (1999) method is approximately +/- 500 ppmV, as tested by Ekart et al. (1999). 

 
Paleotemperature Estimates 

 
The oxygen isotopic composition of pedogenic carbonate are used as a paleo-

thermometer because temperature is the overriding control on the oxygen isotopic 

composition of precipitation (Fricke and O’Neil, 1999), which is the source of oxygen in 

pedogenic carbonate.  Dworkin et al. (2005) provided two paleo-temperature equations 

(one theoretical and one empirical) relating the δ18O values of pedogenic carbonates to 

mean annual temperature (MAT).  However, although there is a strong correlation 

between MAT and the δ18O values of precipitation, the exact relationship is variable 

across geographic locations and climates (see Fricke and O’Neil, 1999 for discussion).  

The data of Cerling and Quade (1993) demonstrate that this is also the case with δ18O 

values of modern pedogenic carbonates (Fig. 4.4).  When the dataset of Cerling and 

Quade (1993) are separated by location, three separate relationships can be defined, each 

with a more robust correlation than the entire dataset (Fig. 4.4).   

The data of Cerling and Quade (1993) were obtained from six geographic regions.  

Two of these areas (Great Basin Desert, USA and Northeastern USA) were excluded due 

to insufficient sample numbers (n <4).  Additionally, the data from the Mediterranean 

region was excluded because there was an insufficient variance in temperature (<5oC) to 
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Figure 4.4.  Mean annual temperature (MAT) vs. δ18O of modern pedogenic carbonates 
(data from Cerling and Quade, 1999). 

 

define a robust relationship (Cerling and Quade, 1993).  The three geographic locations 

with sufficient data (n >5) encompassing a significant range in temperatures (>5oC) each 

show a MAT/ δ18O relationship with similar slopes but different intercepts (Fig. 4.4).  

Paleotemperatures for this study were estimated by the equatorial equation (T = 

1.39{δ18O ‰PDB} + 23.8, where T is mean annual surface temperature in oC), which was 

derived from soils in Bolivia (Aridisols), Kenya (Aridisol and Vertisol), and Tanzania 

(Mollisol).  This specific equation was selected because our two study areas were 

deposited in low latitudes (Fig. 4.1) within a semiarid to arid climate (Cleveland et al., in 

press).   

Even though equatorial regions are generally thought to have a poor correlation 

between MAT and the δ18O of precipitation because of excessive rainfall (i.e., the 

“amount effect”), pedogenic carbonates do not develop in areas with excessive rainfall.  

In addition, because the new equations were derived from modern pedogenic carbonates 
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that likely experienced some degree of evaporative enrichment, it is not necessary to 

assume the absence of evaporation, as is the case with theory-based δ18O/MAT 

relationships (e.g., Dworkin et al., 2005). 

The average standard deviation of δ18O values for the triplicate analyses of each 

reported sample is 0.44‰ for the Ghost Ranch section and 0.39‰ for the Montoya 

section.  MAT estimates increase from 14.6oC (Late Norian) to 24.9oC (Rhaetian) at 

Ghost Ranch and from 19.0oC (Late Norian) to 26.4oC (Rhaetian) at Montoya (Table 

4.1).  The highest temperature estimates of our study correspond to the peaks in pCO2 

(Fig. 4.3). 

 
Isotopic Reliability and Model Considerations 

 
 Models used to quantify paleo-pCO2 and paleotemperature require that the 

carbonate nodules preserve their original pedogenic isotopic values.  The carbon and 

oxygen isotopic values reported in this study are interpreted as primary pedogenic values 

for the following reasons: 1) petrographic criteria were used to ensure that only the 

earliest micritic stage was sampled (sensu Dworkin et al., 2005); 2) overburden strata 

approximations suggest that both localities experienced shallow burial (COSUNA, 1983; 

Muehlberger et al., 1960), which minimizes the diagenetic effects of isotopic 

redistribution (especially that of δ18O); 3) the isotopic excursions are less negative than 

those previously reported (Tanner, 2003; Prochnow et al., 2006b), an indicator that 

diagenetic fluids did not reset values towards more negative values; 4) the isotopic values 

are within the range of modern pedogenic carbonate of equatorial regions (Cerling and 

Quade, 1993); 5) there are significant trends present in the data, as opposed to relatively 

homogenised dataset; 6) the two locations record similar trends where there is enough 
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data to compare (i.e., the trends are reproducible); and 7) within a given paleosol, 

multiple samples have the same isotope ratios. 

The co-variation in paleotemperature and paleo-pCO2 estimations from both 

locations may be a result of the temperature response to increased pCO2 levels.  

However, an alternative explanation of this co-variation could be that the isotopes are 

responding to variations in water availability.  Because aridification results in lower 

bioproductivity and lower levels of soil-respired CO2, on a mass-balance basis this could 

increase the influence of atmospheric CO2 on the δ13C of pedogenic calcite without a true 

increase in atmospheric concentrations.  Correspondingly, increased evaporation would 

also result in heavier δ18O values of soil water and co-precipitated calcite.  Therefore, 

increased evaporation could result in erroneously high estimates of both pCO2 and 

paleotemperature.  If the data of this study are reflecting water availability, then an 

argument could be made that the spikes in the Rhaetian represent water-stressed periods, 

which could have been a major factor in the disappearance of many organisms from the 

Late Triassic fossil record in the southwestern U.S. (Tanner, 2004). 

However, because the paleotemperature equation was derived from modern data 

that included arid soils, evaporative enrichment is likely already accounted for in the 

paleotemperature estimates.  Additionally, if the isotopic excursions identified in this 

study corresponded to periods of increased aridity, it would follow that there would be 

corresponding changes in the pedogenic features that suggest extremely dry periods.  

Cleveland et al. (in press) showed consistent depth-to-carbonate measurements and 

associated precipitation estimates over the study interval.  There are also no significant 

changes in rooting style, insect burrow size and abundance, and there is no evidence of 
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intense surface cracking, all of which are sensitive to water availability.  Thus, it seems 

more likely that the changes in δ13C and δ18O values in this study are reflecting changes 

in paleo-pCO2 and paleotemperature, respectively. 

 
Potential Global Implications 

 
Because the isotopic values reported in this study are interpreted to reflect a co-

variation in pCO2 and temperature, the climate interpretations have global implications.  

Paleo-pCO2 estimates for this study are in direct contrast to the conclusions of Tanner et 

al. (2001), who suggested that the climate was relatively static throughout this time 

interval with an estimated atmospheric pCO2 concentration of ~2250 ppmV, although 

they noted possible values between 1350 and 3150 ppmV.  The isotopic values of 

Prochnow et al. (2006b) are similar to this study and they suggested that pCO2 levels 

were between 1390 and 1760 ppmV in the Norian.  However, because the studies of 

Tanner et al. (2001) and Prochnow et al. (2006b) did not include Rhaetian data, they 

failed to capture the isotopic excursions and climatic events present in our data.   

Huynh and Poulsen (2005), using a numerical coupled ocean–atmosphere climate 

model of the Late Triassic, estimated that an increase in pCO2 levels from ~600 ppmV to 

~2400 ppmV would have caused a global MAT increase averaging 6oC with some 

regions of Pangea increasing by as much as 10oC.  Our data support their estimates and 

show MAT rises of 7-10 +/-2.4oC at the two locations that correspond to increases in 

pCO2 levels of 2000-3000 +/-500 ppmV.  This would have caused intense, widespread 

continental heat stress accompanied by very warm continental temperatures, extreme 

seasonal fluctuations, and an increase in the number of hot and dry days (Huynh and 

Poulsen, 2005).  Based on modern ecological responses to pCO2 variations, the high 
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estimated pCO2 levels identified in our study could have caused a severe biological crisis 

(Thomas et al., 2004) that may have been a major factor in the disappearance of many 

organisms from the fossil record on a global scale. 

The trend of increasing temperatures leading up to the T-J extinction event is 

consistent with lithologic and pedogenic interpretations of Late Triassic aridification of 

the south western United States (Tanner, 2003; Tanner, 2004; Prochnow et al., 2006b).  

Evidence of Late Triassic aridification has also been documented in other parts of the 

world, including the eastern United States, Morocco, England, and Germany (see Tanner, 

2004 for discussion).   

Although the mass extinction event is generally associated with the T-J boundary, 

many studies argue that the extinctions actually occurred over a prolonged period within 

the Late Triassic, rather than as a single catastrophic event (see Tanner, 2004 for 

discussion).  The model of Huynh and Poulsen (2005), coupled with the data of this 

study, demonstrate that extreme climatic events in the Late Triassic probably played a 

significant role in the biotic crisis. 

 
Possible Causes of Late Triassic Climate Changes 

 
Retallack (2002) suggested that the degassing of volcanogenic pCO2 might have 

triggered the release of massive amounts of CH4 into the ocean–atmosphere system by 

destabilizing methane-hydrate reservoirs.  Because CH4 rapidly oxidizes to CO2, such an 

event would almost certainly cause a substantial increase in pCO2 levels.  However, 

carbon derived from methane hydrate has extremely depleted δ13C values (typically -

60‰, but as low as -110‰; Whiticar, 2000).  Because of this, the release of methane 
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hydrates cannot be responsible for the heavy δ13C values of the pedogenic carbonate in 

the study that translates to estimated paleo-pCO2. 

Because the δ13C values of volcanogenic gasses can range from +2.9‰ to -18.2‰ 

(based on gas and fluid inclusions of igneous rocks; Fuex and Baker, 1977), the high δ13C 

values of the pedogenic carbonate in the study could reasonably be a product of volcanic 

out-gassing (Hesselbo et al., 2002).  The most notable volcanic outflow event during the 

Late Triassic was the emplacement of the Central Atlantic Magmatic Province (CAMP), 

which was associated with Pangean rifting (Fig. 4.1).  CAMP was possibly the largest 

igneous province that formed during the Phanerozoic, with area and volume estimates as 

large as 11 x 106 km2 and 2 x 106 km3, respectively (Tanner 2004; McHone, 2003).  The 

emplacement of CAMP began at ~202 Ma with its peak volcanic outflow approximately 

coinciding with the T-J boundary (Nomande et al., 2007).  Although our data lacks a 

detailed chronological resolution, the peak volcanism of CAMP appears to postdate the 

initial rise in pCO2 levels and temperatures documented in this study (Fig. 4.3).  

However, Olsen (1997) showed a pattern of tectonic activity and sediment deposition as 

old as Middle Triassic in the rift zone of Africa and North and South America (Fig. 4.1).  

This suggests that initial rifting and plate motion preceded the peak volcanic outflow of 

CAMP.  After the initial breakup of Pangea, subduction zones almost certainly would 

have experienced increased activity and would have contributed to atmospheric pCO2 

levels through volcanic out-gassing prior to the emplacement of CAMP (Fig. 4.1). 

 
Conclusions 

 
Evaluation of pedogenic carbonate nodules from the Upper Triassic deposits of 

the Western Interior suggests that their carbon and oxygen isotopic values preserve 
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records of pedogenic processes.  Estimates of paleo-atmospheric carbon dioxide 

concentrations, based upon the atmospheric diffusion model of Cerling et al.  1999, show 

an increase in pCO2 levels by ~3000 ppmV from the Late Norian to Rhaetian.  Based 

upon the relationship between mean annual temperature (MAT) and the δ18O values of 

modern pedogenic carbonates in equatorial regions, and using a refined equation for 

paleotemperature, we estimate an increase in temperature of 7-10oC from the Late Norian 

to Rhaetian, corresponding to the peak pCO2 levels.  These results are in agreement with 

a Late Triassic climate model and suggest that climate was likely the driving mechanism 

of a severe biological crisis and the Late Triassic extinctions.  Given the timing of the 

initial rifting of Pangea, volcanic out-gassing is a likely source of atmospheric pCO2.   
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CHAPTER FIVE 
 

Conclusions 
 
 

The Late Triassic Chinle strata at the two locations in this study were deposited 

by a suspended-load fluvial system within a semiarid to arid environment.  Outcrop 

sections are dominated by overbank mudrocks that contain abundant paleosols at various 

stages of maturity.  The study interval at both locations shows a three-tier hierarchy of 

depositional cyclicity whereby meter-scale fluvial aggradational cycles (FACs) stack into 

decameter-scale fluvial aggradational cycle sets (FACSETs), which in turn stack into 

fluvial sequences.  By comparing the two sections, it appears that FACs and FACSETs 

are non-correlative over a distance of ~ 200 km, whereas one partial and three complete 

fluvial sequences appear to be correlative over the same distance.   

FACs, FACSETs, and fluvial sequences are thought to have been deposited in 

response to channel avulsion events, successive episodes of channel avulsion and 

migration, and tectonic pulses, respectively.  The correlation of fluvial sequences 

suggests that the sequence-scale deposition was the product of tectonism, inasmuch as 

both sea level and climate seem unlikely.  Sea level is ruled out due to the distance from 

the age-equivalent shoreline, and the paleosols provide no evidence of sequence-scale 

climate variance throughout each stratigraphic interval.   

Paleosol descriptions, micromorphology, geochemistry, trace fossils, and mean 

annual precipitation approximations from both locations in this study suggest that the 

Late Norian through Rhaetian time interval in the southwestern United States was 
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dominated by an arid or semiarid climate that had localized areas and minor periods of 

higher soil moisture and/or saturated conditions.  Based on paleosol characteristics and 

root traces, both locations likely hosted a desert scrub or desert shrubland environment.  

Depth-to-carbonate trends suggest that mean annual precipitation was relatively constant 

from the Late Norian through Rhaetian, with estimates between 200 and 500 mm.   

Evaluation of carbonate nodules from paleosols of this study suggests that carbon 

and oxygen isotopic values in this study are pedogenic in origin and thus suitable for use 

as climatic indicators.  Estimates of atmospheric carbon dioxide concentrations, based on 

the atmospheric diffusion model of Cerling et al., 1999, show an increase in pCO2 levels 

by ~3000 ppmV from the Late Norian to Rhaetian.  Based on the relationship between 

mean annual temperature (MAT) and the δ18O of modern pedogenic carbonates in 

equatorial regions, a refined equation for paleotemperature documents an increase in 

MAT of 7-10oC from the Late Norian to Rhaetian, corresponding to the peak pCO2 

levels.  These results are in agreement with a Late Triassic climate model and suggest 

that climate was likely the driving mechanism of a severe biological crisis and the Late 

Triassic extinctions.  Given the timing of the initial rifting of Pangea, volcanic out-

gassing associated with subduction and/or rift zones is a likely source of atmospheric 

pCO2.   
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