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Modern soils are excellent indicators of environmental conditions, and paleosols can 

be used as proxy for past conditions.  This dissertation documents the response of Triassic 

paleosols and fluvial sediment accumulation to 1) landscape dynamics influenced by 

subsurface salt movement and 2) variations in paleoclimatic conditions in eastern Utah.  The 

first chapter is an introduction to the research.  The second chapter examines the influence 

of salt tectonics on cyclic stratigraphy, paleosol morphology, and sedimentation rates.  The 

distribution of paleosols are documented within a sequence stratigraphic framework to 

evaluate whether salt tectonics influenced patterns fluvial sediment dispersal.  The Chinle 

Formation is divided into two sequences that are in turn composed of decameter-scale 

fluvial aggradational cycle sets (FACSET) and meter-scale fluvial aggradational cycles (FAC).  

Facies and paleosol distributions within this stratigraphic framework suggest that a minibasin 

initially increased and then decreased in diameter and that the axis of subsidence drifted to 

the northwest through the Late Triassic.  The third chapter documents how ancient slopes, a 

geomorphic expression of halokinesis, controlled paleosol development through a traditional 

catena perspective.  Paleoslopes on a major sequence boundary that extends across the 

    



 

minibasin control associated paleosol development.  Pedotopographic influences included 

both downslope redistribution of sediment and change in soil hydrology.  The fourth and 

final chapter utilizes a multi-proxy paleosol approach to reconstruct climatic and 

atmospheric conditions during the deposition of Triassic fluvial sediments and the formation 

of paleolandscapes associated with halokinesis.  Paleoclimate reconstruction supports the 

occurrence of a global pluvial episode during the Carnian (late Middle Triassic) that 

contrasted with mostly arid climates during the Middle to Late Triassic.  Arid (and near arid) 

episodes in the latest Moenkopi and upper Chinle contradict monsoonal seasonality, whereas 

the lower Chinle pluvial suggests a non-continental climate similar to the modern eastern 

United States.  Drastic changes in rainfall and soil types indicate that the Middle to Late 

Triassic in eastern Utah was an interval of dynamic climate change that may partially be tied 

global carbon dioxide levels and tectonism.   
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CHAPTER ONE 
 

Introduction 
 
 

Project Background 
 
 Paleopedology is a topical, multidisciplinary research area that is currently 

fashionable in academia (Retallack, 1998).  Paleopedology is the study of paleosols, or 

fossilized soils.  Paleosols can be recognized in sedimentary successions based upon a variety 

of features including fossil root traces and gradational layering comparable to modern soil 

horizons and their associated structure.  Paleosols are excellent features for interdisciplinary 

research because they record an array of paleo-environmental conditions related to the five 

soil-forming factors: including biota, climate, parent material, time, and vegetation.   

 This dissertation uses techniques of paleopedology to unravel landscape dynamics 

that were influenced by Triassic subsurface salt movement and prevailing climatic conditions 

in eastern Utah.  All research presented in subsequent chapters comes from Moenkopi and 

Chinle Formation exposures within Castle Valley, Utah.  This research constitutes one 

initiative of “Studies in Sedimentary and Paleoclimate Evolution” collaborative research area 

within the Department of Geology at Baylor University.  Research presented in this 

dissertation was submitted to three journals for peer-reviwed publication.   

 The second chapter of this dissertation is a manuscript in review by Sedimentology, an 

international journal.  This manuscript describes the influence of salt tectonics on the 

sequence stratigraphy, paleosol morphology, and sedimentation rates.  The objectives of the 

study are to: 1) establish the sequence stratigraphic framework for fluvial lithofacies across 

the study area; 2) characterize the spatial and temporal patterns of sediment dispersal and 
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relative paleosol maturity within this framework; and 3) estimate sedimentation rates based 

upon paleosol morphology and position of the minibasin axis through time.   

The third chapter is a manuscript published in Rocky Mountain Geology, a well-

respected regional journal (Prochnow et al., 2005).  This article describes the response of 

Triassic catenas to paleohillslopes produced by salt tectonics.  A catena is a set of soils 

formed under similar climate, vegetation, parent material and time, but varying topography.  

The catena concept has rarely been applied to the rock record beyond the Quaternary (e.g., 

Joeckel, 1995; Retallack and Mindszenty, 1994).  This study utilizes paleosols developed at 

the surface of unconformities within the Chinle Formation to evaluate two paleocatenas.  

The goals of the study are to 1) apply the catena concept to the rock record and document 

paleosol change attributable to ancient topography, and 2) determine how ancient salt 

tectonic landforms influenced paleosol formation. 

 The fourth chapter is a manuscript in press in Palaeogeography, Palaeoclimatology, 

Palaeoecology, an international journal (Prochnow et al., in press).  This study is a multi-proxy 

paleosol approach to climatic and atmospheric reconstruction during the deposition of Early 

to Middle Triassic fluvial sediments.  Understanding Triassic climates and terrestrial 

ecosystems is also of interest because two great mass extinctions mark the lower and upper 

boundary, Pangea had reached its maximum expression, and coal and coral reef production 

were at a minimum (Crowley, 1994).  Chapter 4 supports the occurrence of a global pluvial 

episode during this interval that contrasted with prevailing arid climates before and after 

(Simms and Ruffell, 1989).  In this investigation, paleosol proxies are used to: 1) reconstruct 

a precipitation and temperature curve; 2) provide an estimate of associated plant formations; 

and 3) construct an atmospheric CO2 curve.   

 



 

CHAPTER TWO 
 

The Influence of Salt Withdrawal Subsidence on Paleosol Maturity, Sedimentation Rates, 
and Cyclic Fluvial Deposition in the Triassic Chinle Formation: The Big Bend Minibasin 

near Castle Valley, Utah 
 
 

Abstract 
 

Halokinetic influence on fluvial sequence stratigraphy and paleosols remains 

unevaluated in the literature.  This study documents fluvial cycle-stratigraphic hierarchy, 

paleosol maturity, and sedimentation rates in the Chinle Formation within the Big Bend 

minibasin.  The Chinle is divided into two hectometer-scale fluvial cycles, six decameter-

scale Fluvial Aggradational Cycle Sets (FACSET), and variable numbers of meter-scale 

Fluvial Aggradation Cycles (FAC) depending on proximity to the minibasin.  Ten pedotypes 

representing 225 paleosol profiles are recognized, and include paleosols similar to modern 

Entisols, Inceptisols, Aridisols, Vertisols and Alfisols.  A maturity index (1 to 5) is assigned 

to each pedotype to assess spatial variability in paleosol development. Estimated paleosol 

development time is used to calculate sedimentation rates.  Sedimentation in the minibasin 

resulted in more numerous and thicker FACs, thicker FACSETs and fluvial sequences, and 

lithofacies associations reflecting more rapid sedimentation within the minibasin axis.  

Paleocurent indicators converge toward the minibasin axis as it forms and drifts through 

time.  Paleosol maturity is inversely related to stratal thickness, and decreases towards the 

minibasin where episodic burial by fluvial sediment becomes more frequent.  Meter-scale 

FACs are most abundant toward the minibasin axis, and usually have Entisols and 

Inceptisols weathered upon their upper boundaries.  Areas outside the minibasin are 
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characterized by fewer FACs that are associated with more mature paleosols (Bk horizons, 

Alfisols).  The combined stratigraphic, paleocurrent, and paleosol evidence is used to create a 

diagrammatic model for the evolution of the Big Bend minibasin to illustrate the structure’s 

affect on fluvial and landscape processes.   

 
Introduction 

 
Although halokinetic minibasins have recently received much attention in marine 

settings (Sumner et al., 1991; Pratson and Ryan, 1994; Rowan et al., 1994, 1995; Alexander 

and Flemings, 1995; Yeilding et al., 1995; Csato and Kendall, 1997; Rowan and Weimer, 

1998; Giles and Lawton, 1999), there are relatively few field studies within nonmarine 

settings (e.g., Blakey and Gubitosa, 1984; Alexander and Leeder, 1987; Hazel, 1994).  Late 

Triassic minibasins occurring within the Salt Anticline Region (SAR) of southeastern Utah 

(Fig. 2.1) influenced patterns of fluvial sediment accumulation during deposition of the 

Triassic Chinle Formation.  The sand-body geometry and stratal architecture of the Chinle 

within the SAR contrasts dramatically with time-equivalent strata outside of the SAR and 

complicates the correlation of regionally-varying lithostratigraphic units.  This has lead many 

workers to conclude that halokinesis was the primary mechanism for depositional variation 

in the SAR (Boucher, 2004; Hazel, 1994; Hazel and Blakey, 1992). 

The Big Bend minibasin (BBM)(Fig. 2.1) has been established previously by Case et 

al. (1963), Case and Joesting (1972), Doelling and Ross (1998), Boucher (2004), and 

Matthews et al. (2004) based on structural, geophysical, and stratigraphic evidence, as well as 

the proximity to the Castle Valley salt-cored anticline.  The BBM is approximately 6 km by 6 

km in area and lies northwest of the Castle Valley salt wall (Matthews et al., 2004) (Fig. 2.1).  

Salt tectonism was likely most active in the SAR from initial burial during the Permian to at 

least 100 my ago (Doelling, 1985), and passive salt wall growth continued in the study area  
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Figure 2.1. Location map. (a) Map illustrating the position of the study area within the Salt 

Anticline Region of southeastern Utah and western Colorado. Numerous salt core 
anticlines have breached the surface and collapsed due to dissolution and are 
subsequently expressed at the surface as topographic valleys (e.g. Castle Valley). (b) 
Map of study area (inset on A) showing the location of the Big Bend minibasin 
(Matthews et al., 2004), measured sections, line of section for cross sections, and 
location from which the photograph shown in Fig. 2.6 was taken. Geologic contacts 
are from Doelling and Ross (1998).
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Figure 2.2. Local and regional stratigraphy. (a) Diagrammatic structural cross section across the northern end of the Castle Valley salt-cored 
anticline (adapted from Doelling and Ross, 1998).  See Fig. 2.1b for approximate line of section. Note the thickened Triassic 
section within the salt-withdrawal minibasin. Pp = Paradox Formation evaporates, PHT = Honaker Trail Formation, PC = Cutler 
Formation, TrM = Moenkopi Formation, TrC = Chinle Formation, JU = Jurassic undivided, Q = Quaternary undivided. (b) 
Stratigraphic correlation chart of regional lithostratigraphic units and their approximate thickness (adapted from Doelling, 1985; 
and Jackson et al., 1998).  
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during deposition of the Chinle (Trudgill et al., 2004).  Castle Valley is a topographic 

inversion produced by dissolution and collapse of a breached, salt wall that is approximately 

16 km long and 5 km wide (Figs. 2.1-2.2).  Regional gravity studies indicate that the wall has 

steep flanks with more than 2,200 m of relief (Case et al., 1963; Case and Joesting, 1972).  

The Conoco Federal No. 1-31 well reached salt at about 2,300 m, indicating a steep 

northeast margin for the salt wall (Figs. 2.1-2.2).  Gravity profile data indicates that the 

southwest margin of the salt wall is likely symmetrical (Case et al., 1963; Case and Joesting, 

1972; Doelling and Ross, 1998).  Over-thickened Permian and Triassic strata deposited 

within rim synclines (i.e. minibasins) adjacent to the salt wall at Castle Valley steepen toward 

the salt (Fig. 2.2) (Matthews et al., 2004).  A series of angular unconformities within both 

Permian and Triassic strata suggest periodic growth and erosion of the salt structure (Fig. 

2.2) (Doelling and Ross, 1998).   

Our study evaluates the influence of the BBM on the Chinle Formation in an 

attempt to reconstruct the history of salt movement and its influence on fluvial sediment 

accumulation and paleosol formation.  To this end, our primary objectives are to: 1) establish 

the sequence stratigraphic framework for fluvial lithofacies across the study area; 2) 

characterize the spatial and temporal patterns of sediment dispersal and relative paleosol 

maturity within this framework; and 3) estimate sedimentation rates based upon paleosol 

morphology and position of the minibasin axis through time.   

 
Geologic Setting 

 
 Castle Valley is located within the Paradox Basin of southeastern Utah (Fig. 2.1) 

(Ohlen and McIntyre, 1965).  Halite of the Paradox Formation accumulated within the axis 

of the Paradox Basin during the Pennsylvanian (Hite, 1960; Szabo and Wengerd, 1975; 
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Doelling, 1985; Jackson et al., 1998).  A southwestward prograding alluvial wedge derived 

mainly from the Uncompahgre Highlands was deposited across the basin during the late 

Paleozoic and earliest Mesozoic, and subsequently mobilized the Paradox Formation into a 

series of northwest-trending salt-cored anticlines (Fig. 2.1) (Baars, 1966; Ge et al., 1994, 

1997; Jackson et al., 1998).  Salt anticlines decrease in structural relief and age of formation 

away from the Uncompahgre uplift (Doelling, 1985).   

Paleogeographic reconstructions place the Chinle Basin between 5º and 15º north of 

the paleoequator during the Triassic (Van der Voo et al., 1976; Habicht, 1979; Zeigler et al., 

1983).  The Chinle was deposited within alluvial and lacustrine environments associated with 

warm, seasonal, and humid to semiarid climates that became increasingly arid in the Late 

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

1988; Blakey et al., 1988; Dubiel et al., 1991; Hazel, 1994; Therrien and Fastovsky, 2000).  

The presence of eolian-reworked fluvial sediments in the uppermost Chinle (Hite Bed) 

indicates a fully arid climate by the end of Chinle deposition (Hazel, 1991; 1994).  The 

increase in aridity may reflect the northward movement of Pangea away from tropical 

latitudes (Parrish et al., 1986; Parrish and Peterson, 1988). 

Chinle deposition was influenced by salt tectonics in the Paradox Basin (Doelling, 

1985; Hazel, 1994; Doelling and Ross, 1998; Jackson et al., 1998).  Variations in thickness 

(60 m to > 250 m) and lithofacies make it difficult to divide and correlate the Chinle within 

and outside of the SAR (Fig. 2.2b) (Doelling, 1988; Hazel, 1994).  Within Castle Valley, 

Doelling and Ross (1998) divide the Chinle into informal lower and upper members that are 

separated by an angular unconformity attributed to salt movement.  The lower Chinle is 

thought to be equivalent to the “mottled strata” of Stewart et al. (1972).  The upper Chinle is 

likely equivalent to the Moss Back, Petrified Forest, Owl Rock, and Church Rock members 
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that occur to the south and east within the Petrified Forest National Park (Blakey and 

Gubitosa, 1983). 

 
Methods 

 
 Seventeen outcrop sections were measured in detail and document the vertical 

distribution of biological traces, mechanical sedimentary structures, grain size, 

lithostratigraphic boundaries, lithofacies and paleosols.  Stratal boundaries identified within 

outcrop measured sections were traced laterally on canyon walls via detailed 

photopanaramas.  Measurements of apparent stratal thickness were corrected to true vertical 

thickness by accounting for structural dip (ranging from 0º to 13º NW to NE) and outcrop 

slope (ranging from 10º to 90º).  The study interval is decompacted assuming a minimum 

burial depth of 2.1 km (Jackson et al., 1998; Doelling and Ross, 1998) using the regression 

algorithm of Sheldon and Retallack (2001) for alluvial deposits and paleosols. 

Paleocurrent data were collected from sandstone bodies within the upper Chinle that 

clearly preserve flow direction indicators.  Sandstone bodies in the lower Chinle are heavily 

mottled, bioturbated, and structurally overprinted by pedogenesis.  Consequently, no 

paleocurrent data were collected from the lower Chinle. 

A hierarchy of cyclic depositional units is recognized on the basis of recurring fluvial 

lithofacies and associated unconformable surfaces (i.e., paleosols and erosional surfaces).  

Cyclic components within this hierarchy are named according to the terminology of Atchley 

et al. (2004). 

A total of 225 paleosol profiles were described in the field using the morphological 

guidelines of Retallack (1988) and are categorized into ten pedotypes: Fisher, Salt Valley, 

Porcupine Rim, Kokopelli, Castle Valley, Moab, Ute, Placer Creek, John Wayne and 

Slickrock (Table 2.1).  A type profile for each pedotype was described in detail and sampled 
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by pedogenic horizon for micromorphic and geochemical analysis (sensu Retallack, 1994).  

Profile descriptions include horizonation, horizon and solum thickness, boundary 

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

redoximorphic features, trace fossils and other standard soil observations (Table 2.1).  Thin 

sections were prepared for micromorphic samples; described using the terminology of 

Brewer (1976), and point-count analyzed (n= 600) to determine texture (Table 2.1).  Each 

pedotype horizon was analyzed for bulk density using the paraffin-clod method (Blake, 

1965), and bulk elemental geochemistry (47 elements) using triple-acid “total” digestion ICP 

by ALS Chemex Laboratories.  Pedotypes are grouped into “pedofacies” based upon 

comparison with modern U.S.A. soil taxonomic orders: PE= Entisols, PIW= weakly 

developed Inceptisols and/or Aridisols, PIS= strongly developed Inceptisols, PV= Vertisols, 

PA= Alfisols (Tables 2.2-2.3).   

 Assessment of relative paleosol development is based upon modification of the 

Retallack (1988) categorization of paleosol maturity into five stages (Table 2.2).  Stage 1 

represents weakly-developed paleosols that exhibit little evidence of pedogenesis apart from 

topsoil ped development and bioturbation.  Stage 1 soils have A (Ochric) - C horizon 

successions.  Stage 2 paleosols have mineral A (Ochric) and Bg, Bss, or Bw (Cambic) 

horizons, but no Bt (Argillic) or Bk (Calcic) horizons.  Stage 3 paleosols have an A (Ochric) 

and a Bk (Calcic, CaCO3 nodules > 5%), but no Bt (Argillic) horizon.  Stage 4 is similar to 

Stage 3, but describes especially thick paleosols.  For the purpose of this study, paleosols 

with Bk horizons (Calcic, nodules > 5%) and a pre-burial solum thickness greater than 2 m 

qualify as Stage 4.  Stage 5 paleosols are also unusually thick, (pre-burial solum thickness 

exceeding 2 m), but also have an E (Albic) horizon over a Bt (Argillic) horizon. 
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Facies 
 
 
Depositional Facies 
 
 Depositional facies designations are after Miall (1978), and are summarized in Table 

2.3.  Depositional facies are characterized and differentiated based on grain size and 

mechanical flow structures.  Gravel facies occur as 1) unsorted, matrix-supported (Gmm), 2) 

crudely bedded, clast-supported (Gh), and 3) stratified gravel with trough cross beds (Gt) 

(Fig. 2.3).  Gmm is interpreted as channel-filling debris, whereas Gh and Gt are interpreted 

as bedload deposition within channels (Table 2.3).  Sandy facies include 1) massive-bedded 

(Sm), 2) ripple laminated (Sr), 3) planar-tabular (Sp), 4) bundled trough cross beds (St) and 5) 

scoured (Ss).  In corresponding order, these are interpreted as 1) bioturbated or grain flow, 

2) current ripples, 2-D dunes, 3) 3-D dunes, and 4) scour fill (Fig. 2.3; Table 2.3).  Fm 

describes massive muds without pedogenic features that are interpreted to have been 

deposited during overbank flow (Table 2.3). 

 
Pedogenic Facies 
 
 

PE Pedofacies.  The PE pedofacies includes the Fisher and Salt Valley pedotypes (Fig. 

2.4a; Tables 2.1-2.2).  These are weathered in overbank facies, and consist of a rooted topsoil 

horizon (A) having fine blocky peds that overlies relatively unaltered parent material.  The 

topsoil most likely classifies as an Ochric epipedon.  Salt Valley paleosols are similar, but are 

weathered into sandy channel deposits in the lower Chinle.  Salt Valley paleosols have an 

abundance of iron depletion features, including reduction haloes around root traces and 

along ped faces.  Iron depletion probably indicates poor drainage and high water table.



 

 

           

Table 2.1. Field and micromorphic description of pedotypes. 
 

Pedo-
type Horz. Depth (cm) Texture Munsell Size Class HCL 

React. 
Carbonate 
Nodules 

Slicken-
sides Cutans Iron Redox Plasmic Fabric

A            0-24 loam 10R 3/2 f abk mod - - - pore linings insepicFisher C 24-50 sandy loam 10R 5/3 - m mod - - - - insepic 
Ag             0-12 loam 5PB 3/1 f abk - - - - pore linings, depletions insepicSalt 

Valley Cg             

             

12-50 loam 5PB 5/1 - m - - - - pore linings, depletions insepic

A 0-28 clay 10R 3/1 f abk mod - - - - argillasepic
Bw 28-85 clay loam 10R 4/4 c abk str - - - - argillasepic 

Porcu-
pine 
Rim C             

             
85-100 loam 10R 4/6 - - - - - - - argillasepic

A 0-3 clay 10R 3/1 c pl wk - - - - insepic
Bw 3-20 clay 5R 3/1 m abk-w wk - - - - insepic to mosepic 
Bg 20-47 clay loam 5R 4/1 m abk-w - - - - pore, ped linings; depletions insepic to mosepic 

CBg 47-88 sandy loam 2.5YR 6/6 c abk - - - - pore, ped linings; depletions 
 

argillasepic to insepic Pl
ac

er
 

Cr
ee

k 

Cg            

           

88-100 clay 5PB 7/1 - m - - - - depletions argillasepic

A 0-56 clay 5PB 4/1 m abk - - - - pore, grain linings; depletions; Fe 
nodules argillasepic to undulic 

Bw 56-80 clay 5R 7/1 m abk - - - - depletions; Fe nodules argillasepic to undulic 
Bg 80-127 clay 5R 7/4 m abk - - - - depletions; Fe nodules argillasepic to undulic 

BCg 127-211 clay loam 5R 7/4 m abk - - - - pore linings, depletions; Fe nodules argillasepic to undulic K
ok

op
el

li 

Cg          
           

211-250 clay loam 5R 7/5 m
 

m - - - - Fe nodules argillasepic to undulic 
 A 0-33 clay 2.5YR 5/4 f abk mod - - - - insepic

Bk1 33-119 clay loam 2.5YR 5/5 f-m abk str common - - - insepic 
Bk2 119-125 clay loam 2.5YR 5/6 m abk str common - - - insepic Ca

st
le

V
all

ey
  

C 125-150 clay loam 2.5YR 4/4 - m mod - - - - insepic 
Bw 1-120 clay loam 2.5YR 5/4 m abk str - - - - insepic 
Bk1 120-165 clay loam 2.5YR 5/5 m-c abk str common - - - insepic to crystic 
Bk2 165-200 clay loam 2.5YR 5/6 c abk str common - - - insepic M

oa
b 

BC 200-225 clay loam 2.5YR 5/7 vc abk-pr mod - - - - insepic 
A 0-27 clay 10R 3/1 vf abk wk - - - - insepic to mosepic 

Bss1 27-66 clay 10R 3/2 f-m w mod - many - - insepic to mosepic 
Bss2 66-114 clay 10R 3/2 c w wk - many - - insepic to mosepic 
Bss3 114-165 clay 10R 3/2 vc w wk - many - - insepic to mosepic 

U
te

 

C 165-200 clay 10R 4/4 - m wk - - - - insepic to mosepic 
E 0-11 loamy sand 5G 8/1 - m - - - - - mosepic to vosepic 
Bt 11-23 clay loam 5R 3/1 m abk - - - argillan pore, ped linings vosepic 

Bg1 23-69 clay loam 5GY 7/1 c abk - - - ferran pore linings, depletions vosepic 
Bg2 69-115 clay loam 5PB 2.5/1 c abk - - - ferran pore, ped linings; depletions vosepic 
BCg 115-172 clay loam 5PB 2.5/2 vc abk - - - argillan pore, ped linings; depletions 

 
mosepic to vosepic 

 

Jo
hn

 W
ay

ne
 

Cg          172-200 clay loam 5PB 2.5/3 - m - - - argillan depletions vosepic
EBt 0-92 sandy loam 7.5YR 8/2 - m - - - - - insepic to vosepic 
2ABt 92-111 sandy loam 10R 3/1 f abk -      - - argillan - insepic to vosepic
2Bt 111-144 clay loam 10R 4/4 m abk - - - argillan - insepic 
2BC 144-253 clay loam 10R 4/4 c-vc abk - - - - - insepic Sl

ic
kr

oc
k 

2C 253-300 clay loam 10R 5/4 - m - - - - - - 

12 
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Table 2.2. Equivalent modern soil orders for each pedotype and criteria for their recognition.   
 

   Horizon    Diagnostic  Maturity Development Time 

Pedofacies  Pedotype FACSET Sequence Horizons Index Minimum Maximum 

Entisol Fisher 3,4,5,6 A-C Ochric 1 100 600 

(PE) Salt Valley 1,2 Ag-Cg Ochric 1 100 600 

Inceptisol Porcupine Rim 3,4,5 A-Bw-C Ochric, Cambic 2 600 4,000 

(PIW) Placer Creek 1,2 A-Bw-Bg-CBg-Cg Ochric, Cambic 2 600 4,000 

 Kokopelli 1,2 A-Bw-Bg-BCg Ochric, Cambic 2 600 4,000 
Inceptisol Castle Valley 3,5 A-Bk1-Bk2-C Ochric, Calcic 3 10,000 20,000 

(PIS) Moab 3,4,5 Bw-Bk1-Bk2-BC Cambic, Calcic 4 10,000 20,000 

Vertisol (PV) Ute 1,2 A-Bss1-Bss2-Bss3-C Ochric, Cambic 2 600 4,000 

Alfisol John Wayne 1,2 E-Bt-Bg1-Bg2-BCg-Cg Albic, Argillic 5 10,000 40,000 

(PA) Slickrock 1,2 EBt-2ABt-2Bt-2BC-2C Albic, Argillic 5 10,000 40,000 

 
 

PE paleosols are Stage 1 because they lack subsoil horizonation (Table 2.2).  Entisols, 

such as the Castle Valley (Fig. 2.4a) and Salt Valley paleosols, are weakly developed and 

represent a minimal duration of pedogenesis.  In arid regions Entisols can persist for a 

thousand years in low carbonate parent material (Gile, 1975), whereas in non-arid climates, 

Entisols develop into more advanced soil orders within 100 to 600 years (Bilzi and Ciolkosz, 

1977, Scully and Arnold, 1981, Nordt et al., 2000).  Similarly, Birkeland (1999) estimates that 

A horizons without underlying subsoil horizons can develop within 500 years.  Castle Valley 

and Salt Valley paleosols are estimated developed within 100 to 600 years (Table 2.2).   

 
PIW Pedofacies.  The PIw Pedofacies is composed of the Porcupine Rim, Placer Creek, 

and Kokopelli pedotypes (Fig. 2.4b; Tables 2.1-2.2).  All pedotypes include an A horizon 

(Ochric) and Bw or Bg subsoil horizons (Cambic).  The Porcupine Rim paleosols consist of 

A-Bw-C profiles with few to no redoximorphic features.  The Placer Creek paleosols consist 

of A-Bw-Bg-CBg-Cg profiles where only the lower subsoil (Bg-CBg-Cg) has soil matrix 

mottling.  In the Kokopelli paleosols, soil matrix mottling throughout the subsoil suggests 

these were poorly drained (Fig. 2.4b).   
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Table 2.3. Facies and architectural elements in the Chinle Formation (after Miall, 1978). 

 
Facies or 

Architectural 
Element 

Features or Facies Interpretation or Geometry 

 
Ss 

 
Broad, shallow scours within fine to coarse sandstone; 
occasionally including carbonaceous material, and 
pedogenic nodules. 

 
Upper flow regime scour fill. 

 
St 

 
Bundled trough cross beds within fine to medium 
sandstone. 

 
Lower flow regime 3-D dunes. 

 
Sp 

 
Planar-tabular bedsets within fine to medium 
sandstone. 

 
Lower flow regime 2-D dunes. 

 
Sr 

 
Ripple cross laminated very fine to medium sandstone. 
Rare to common root casts. 

 
Lower flow regime current ripples. 

Sm Massive to very fine medium sandstone.  Root casts 
common. 

Channel-filling sands, and/or primary 
bedform destruction by secondary 
biological activity. 

 
Gh 

 
Clast-supported, crudely bedded gravel. 

 
Lag deposits, longitudinal bed forms. 

 
Gt 

 
Stratified gravel with trough cross beds. 

 
Minor channel fills. 

 
Gmm 

 
Matrix-supported, unsorted lithoclasts (10 to 75 cm) 
and intraclasts. 

 
Channel-filling debris flow. 

Fm Massive mudrock with desiccation cracks. Overbank or abandoned channel 
deposit. 

 
PE

 
Paleosol.  Typically A-C or Ag-Cg profiles without 
subsoil B horizon. 

 
Equivalent to modern Entisols. 

 
PIW

 
Paleosol.  Typically A-Bw-C or A-Bg1-Bg2-Cg profiles 
with Cambic subsoils. 

 
Equivalent to modern Inceptisols. 

 
PIS

 
Paleosol.  Typically A-Bk1-Bk2-C or Bw-Bk1-Bk2-BC-
C profiles.  Bk horizons have > 5% carbonate nodules 
qualifying as calcic subsoils. 

 
Equivalent to modern Inceptisols, but 
also similar to modern Aridisols. 

 
PV

 
Paleosol. Typically A-Bss1-Bss2-Bss3 or A-Bss1-Bss2-
Bkss1-Bkss2-Bkss3 profiles.  Consists of >30% clay 
with slickensides and wedge-shaped peds within the 
upper 50 cm of the soil profile.  Subsurface horizons 
either qualify as Cambic or Calcic. 

Equivalent to modern Vertisols. 

 
PA

 
Paleosol.  Typically E-Bt-Bg or EBt-2ABt-2Bt-2BC-2C 
profiles with Argillic subsoils. 

 
Equivalent to modern Alfisols. 

CH Gh, Ss, St, Sr, Sp 

Scale and shape variable; finger, lens, or 
sheet; concave erosional base.  
Channel-fill. 
 

SB Ss, St, Sr, Sp, P 
Lens, sheet, blanket, wedge, occurs as 
channel fill, crevasse splay. 
 

FF Fm, P 
Thin to thick blankets of overbank 
mudrock; commonly interbedded with 
SB. 
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Figure 2.3. Outcrop photographs of representative channel association facies (compare with 
Table 2.3). (a) High relief erosional scour and sandstone fill (Ss facies). (b) Fine 
horizontal laminated sandstone (Sh facies). (c) Trough cross bedded sandstone (St 
facies). (d) Planar bedded sandstone (Sp facies). (e) Ripple laminated sandstone (Sr 
facies). (f) Massive sandstone (Sm facies). (g) Matrix-supported conglomerate (Gmg 
facies). Circled on photographs are pedogenic carbonate and iron nodules from 
underlying strata that were incorporated into the channel complex. (h) Clast-
supported conglomerate (Gcm facies). Scale = 0.3 m between increments on Jacob 
staff; Coin diameter = 18.5 mm; Hammer = 31 cm long. 
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Figure 2.4. Field photographs and micromorphic photographs representative of pedofacies 
within the study area. (a) Entisol (PE) pedofacies, note evidence for rooting and the 
lack of subsoil horizons. (b) Weakly developed Inceptisol pedofacies (PIW). (c) 
Strongly developed Inceptisol pedofacies (PIS) weathered into the top of fluvial 
aggradational cycles (FACs). (d) Vertisol pedofacies (PV) with abundant slickensides. 
(e) Alfisol pedofacies (PA). Note the distinct color transition between EBt horizons 
(Albic) and the Bt (Argillic). Inset photomicrograph shows a ped face argillan from 
the Bt horizon. 

 
 

 PIW paleosols are Stage 2 maturity because they include Cambic (Bw, Bg, or Bss) 

diagnostic horizons.  These soils develop within 100 to 10,000 years (Fig. 2.4b) (Birkeland, 

1999).  Retallack (1997) suggests Bw or incipient Argillic (not qualifying as a true Argillic) 

develop within 1,000 years.  Modern Cambic horizons developed within 200 to 500 years in 
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a semiarid climate at Black Mesa, Arizona (Karlstrom, 1988).  The rates of formation at 

Black Mesa, however, are unusually rapid (Birkeland, 1999).  Perhaps a better analog is found 

in central Texas where the subhumid climate and parent material are similar to that of the 

Chinle Formation (Table 2.2).  Comparable Middle Holocene soils required 3,000 to 4,000 

years to develop within fluvial overbank deposits in the Edwards Plateau (subhumid), and 

3,500 years on the Pedernales River (subhumid) of Texas (Blum and Valastro, 1989; 1992).  

A-Bw-C horizon sequences developed on the West Range Alluvium within 1,000 years at the 

Ft. Hood Military Reservation in Central Texas (subhumid) (Nordt, 1992).  From these, a 

conservative development time of 600 to 4,000 years is likely required for the Chinle PIW 

Pedofacies (Table 2.2). 

 
PIS Pedofacies.  The PIs pedofacies is characterized by Castle Valley and Moab 

pedotypes (Fig. 2.4c; Tables 2.1-2.2).  Both pedotypes are weathered into well-drained 

overbank deposits and contain A (Ochric) over Bk (Calcic) diagnostic horizons.  A Bw 

(Cambic) horizon may occur between the topsoil (A) and the first Bk horizon.  Moab 

paleosols are collectively truncated throughout the study area, probably because these soils 

weathered on a higher relative topographic position.  Surface truncation results in the lack of 

a discernable topsoil horizon, but solum thickness exceeds 2 m (Table 2.1).   

 The Castle Valley pedotype is Stage 3 maturity due to the presence of a Calcic subsoil 

horizon and solum thickness < 2 m.  The Moab pedotype is Stage 4 maturity due to the 

presence of a Calcic subsoil horizon and solum thickness > 2 m.  Paleosols with Calcic 

diagnostic horizons, such as the Castle Valley and Moab paleosols develop within 100 to 

100,000 years (Figs. 4c) (Birkeland, 1999; Retallack, 1997).  Variability in the duration of 

formation is controlled by factors such as precipitation and parent material (Table 2.2).  

Increased moisture hastens the formation of Calcic horizons, whereas parent material 
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controls the permeability of the soil and the ability of water to physically translocate 

carbonate down profile.  Modern soils with Bk horizons weathered on similar overbank 

deposits to the Chinle within a semiarid to arid climate are a good analog by which duration 

of formation may be estimated.  Using data from eight chronosequences described by 

Machette (1982; 1985) and McFadden (1982), Birkeland (1999) graphically demonstrates that 

CaCO3 nodules (Stage II and III) appear in soils developed on gravelly alluvial deposits of 

the arid to semiarid southwestern United States within 10,000 to 200,000 years.  Karlstrom 

(1988) observes that stage II and III pedogenic carbonate nodules form within 15,000 years 

at Black Mesa, Arizona (semiarid).  Holliday (1985, 1988) concludes that Stage II pedogenic 

carbonate develops within 3,500 to 4,500 years at the Lubbock Lake Archaeological Site of 

northwest Texas.  The relatively accelerated rate of pedogenesis at Lubbock Lake may be 

related to the large influx of calcareous meteoric dust and “mud rains” prevalent in that area 

(Birkeland, 1999).  From these, we estimate that Castle Valley and Moab pedotypes required 

between 4,000 and 20,000 years to develop (Table 2.2). 

 
PV Pedofacies.  The PV Pedofacies is characterized by the Ute pedotype, and occurs 

only in well-drained overbank deposits (Fig. 2.4d; Tables 2.1-2.2).  Similar to the PIw, these 

paleosols also include an A horizon (Ochric) topsoil and underlying Cambic (Bss) subsoil.  

In addition, PV paleosol structural aggregates also include pedogenic slickenside planes.  

Subsoil horizons are aggregated into wedge-shaped peds and exhibit mosepic microfabric in 

thin section.   

PV paleosols are classified as Stage 2 maturity because they include Cambic (Bss) 

diagnostic horizons.  Vertisols without Calcic subsoils (Ute Pedotype) probably developed in 

a similar time frame as the PIW pedofacies.  Recent Vertisol chronosequence work by 

Robinson (2002) along the Gulf Coastal Plain of Texas (subhumid) concludes that Vertisol 
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development occurs most rapidly in the first 400 years (stage 1), less rapid from 400 to 3,500 

years (stage II), and slowly after 3,500 years (stage III-IV).  Ute paleosols are most similar to 

stage I Vertisols in that they lack obvious gilgai and carbonate nodules, yet contain insepic 

microfabric (Table 2.1).  Ute paleosols are thicker, however, and probably developed on 

slightly steeper slopes than on the modern Gulf Coastal Plain of Texas (slopes < 1°).  

Consequently, Chinle Vertisols may have required slightly more time for development.  

These analogs suggest that Ute paleosols likely formed within 600 to 4,000 years (Table 2.2). 

 
PA Pedofacies.  The PA Pedofacies is characterized by John Wayne and Slickrock 

pedotypes (Fig. 2.4e; Tables 2.1-2.2).  Slickrock paleosols are the more common of the two.  

Both pedotypes have truncated E or EBt horizons (Albic) above Bt (Argillic) subsoil 

horizons that formed on muddy overbank and sandy channel facies.  Slickrock paleosols are 

most common, and are characterized by a prominent, thick E or EBt horizon traceable on 

photopanoramas across the study area (Fig. 2.4e).  Argillans are common along ped faces 

and pore walls, and are discernable both in hand specimen and thin section (Table 2.1). 

Horizons in the Slickrock paleosols have Ba/Sr ratios that indicate intense weathering typical 

of Ultisiols; however, the CaO+MgO+Na2O+K2O/Al2O3 ratio is below 2 for PA Agillic 

horizons suggesting these paleosols are equivalent to modern Alfisols (Retallack, 1997).   

John Wayne paleosols are distinguished from Slickrock paleosols by the presence of 

common iron depletions within subsoil horizons (Table 2.1).  John Wayne paleosols likely 

formed during two distinct episodes of weathering.  The first episode occurred when the 

weathering profile was well drained, allowing for the accumulation of an Argillic subsoil 

horizon.  The second episode is an aquic overprint as indicated by gleization superimposed 

upon the Bt horizon, and suggests the presence of an elevated water table. 
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PA paleosols are classified as Stage 5 maturity because they show evidence for Eluvial 

(E) and Agillic (Bt) horizons with solum thickness exceeding 2 m.  Bt horizons probably 

require between 10,000 and 100,000 years to develop (Birkeland, 1999; Retallack, 1997).  The 

duration of formation depends primarily on climate.  Harden (1982) documents Bt horizon 

formation within 40,000 years in the semiarid Great Valley of California.  Areas of California 

characterized by higher precipitation (semiarid to subhumid) develop thick Bt horizons 

within 10,000 to 15,000 years (McFadden, 1982; 1988; McFadden and Hendricks, 1985; 

McFadden and Weldon, 1987; Birkeland, 1999).  Blum and Valastro (1992) recognize A-Bt-

Bk (stage II)-C successions on late Pleistocene terraces adjacent the Colorado and Concho 

Rivers in subhumid west Texas that formed within 10,000 to 14,000 years.  Similar terrace 

soils of the Pedernales River in subhumid central Texas formed within approximately 17,000 

years (Blum and Valastro, 1989).  These observations suggest the John Wayne and Slickrock 

paleosols are interpreted to have formed within 10,000 to 40,000 years (Table 2.2). 

 
Sequence Stratigraphy 

 
 
Cyclic Hierarchy 
 
 Paleosol-bearing alluvial successions can often be partitioned into a hierarchy of 

cyclic stratigraphic units (Bridge, 1984; Kraus, 1987; 1999; 2002; Wright and Marriott, 1993; 

Shanley and McCabe, 1994; Atchley et al., 2003).  Meter-scale fluvial aggradational cycles 

(FACs) stack into decameter-scale fluvial aggradational cycle sets (FACSETs), which are in 

turn the components of the hectometer-scale sequences (sensu Atchley et al., 2004).  Within 

the Chinle, all three cyclic components are observed.  FACs occur within FACSETs, which 

in turn stack within sequences.  FACs are characterized by fining-upward successions that 

have a paleosol or truncation surface on their upper boundary.  FACSETs also are 
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disconformity-bounded and fine upward, but are more laterally extensive (Fig. 2.5).  FACs 

are laterally continuous from meters to kilometers, whereas FACSETs are continuous over 

tens of kilometers.  Sequences are characterized by a transition from dominantly gravel 

bedforms within multi-story channels at the base, to thick overbank-mudrock successions 

with single story channels and fine sandy bedforms at their top (Figs. 2.5-2.8) (e.g. Blakey 

and Gubitosa, 1984; Wright and Marriott, 1993; Atchley et al., 2004; Boucher, 2004).  Two 

sequence boundaries characterized by angular truncation are recognized across the study area 

(Figs. 2.5-2.7).  A lower sequence boundary separates the Moenkopi Formation from the 

overlying lower Chinle (i.e., the TR-1 continental unconformity of Pipiringos and O’Sullivan, 

1978), and an upper sequence boundary separates the lower Chinle from the overlying upper 

Chinle (Fig. 2.5).  Within each sequence, paleosol maturity is variable, but is generally 

greatest near the sequence boundaries (Fig. 2.5; 2.7).  However, incisement associated with 

the sequence boundaries occasionally removes the subjacent paleosols.   

The lower Chinle sequence includes FACSET 1-3, is highly variegated, and is 

dominated by sandy architectural elements most often arranged within multi-story, tabular 

channel complexes (Figs. 2.5-2.7).  FACSET-1 is up to 20 m thick and composed of mottled, 

purplish-white, single- to multi-story channel sandstone and conglomerate with little 

overbank mudrock.  Paleosols within FACSET-1 are moderately developed (PIW), but a 

strongly developed (PA) paleosol occurs at the contact with FACSET-2 (Fig. 2.5).  FACSET-

2 is up to 32 m thick, and has a brownish-red, oxidized appearance and consists of a basal 

thin (1 - 2 m) channel-fill conglomerate overlain by a predominately overbank mudrock 

succession (Fig. 2.7b). Overbank mudrocks include both moderately (PV) and well-developed 

(PA) paleosols (Figs. 2.5; 2.7b).  FACSET-3 is up to 30 m thick, has a drab, mottled 

appearance, and consists of a broad, channelized, multi-story gravelly sand sheet that forms a 
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prominent ledge across the study area (Figs. 2.3-2.5).  Overbank deposits are uncommon, 

and are restricted to the uppermost portion of FACSET-3.  Paleosols are of moderate (PV) 

to high (PA) maturity (Fig. 5).  Overbank deposits south of MS-5 are reddish-brown and 

better-drained than to the north.   

 

 
 

Figure 2.5. Stratigraphic cross section along Porcupine Rim from A to A’ showing both 
fluvial sequences. See Fig. 1b for the line of section, and Table 2 for pedofacies 
descriptions.  Notice that Entisols are concentrated towards the minibasin, while 
more mature paleosols tended to develop in intrabasinal areas. 
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Figure 2.6. Outcrop photograph near measured section 18 (Fig. 1b). The angular 
unconformities between the lower and upper Chinle sequences and FACSETs 2 and 
3 are clearly visible.  

 
 

The J-0 (Triassic-Jurassic boundary) unconformity of Pipiringos and O’Sullivan 

(1978) occurs at the contact of the upper Chinle with the overlying Wingate Sandstone.  The 

upper Chinle sequence includes FACSETs 4-6, which are reddish-brown in color and 

dominated by thin sandy bedforms and overbank mudrock (Fig. 2.7).  Paleosols are less 

abundant and mature than observed in the lower Chinle sequence.  FACSET-4 ranges from 

11-40 m thick, and is dominated by multi-story gravel bedforms at the base, and single-story 

sandy bedforms in the upper portion of the sequence (Figs. 2.5-2.7).  Pedogenic carbonate 

and iron nodules from lower Chinle paleosols are incorporated into the basal gravel 

bedforms in FACSET-4.  PE, PIW, and PIS paleosols occur within FACSET-4 (Fig. 2.5).    
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Figure 2.7. Graphical measured sections (MS) illustrating the cyclic stratal hierarchy and 
associated texture, sedimentary features, facies and architectural elements observed 
within the Chinle Formation. Relative paleosol maturity (scaled 1 through 5) is 
plotted to the far right of the graphical sections. (a) MS-10 is representative of the 
stratigraphy in an intrabasinal position (Fig. 1b). (b) MS-16 is representative the 
stratigraphy in the minibasin (Fig. 1b).   



 

 

25 

 
 

Figure 2.8. Graphical depiction of sedimentation rate estimates for measured sections along dip-oriented cross section A-A’ (compare 
with Figs. 1b, 5). Sedimentation rates within the minibasin are 1 to 2 orders of magnitude greater than in the adjacent 
interbasin area. The variation in sedimentation rates becomes progressively more pronounced through time. (a) FACSET-2. (b) 
FACSET-4. (c) FACSET-5. (d) FACSET-6. 
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FACSET-5 varies in thickness from 26-49 m (Figs. 2.5-2.7), and is composed of thin (1-3 m) 

sandy and gravelly bedforms and laminated sand sheets at its base, and overbank mudrock 

with interbedded sandstone ledges at its top (Figs. 2.5-2.7).  Paleosols are of similar type, 

abundance and maturity to those observed in FACSET-4 (Fig. 2.5).  FACSET-6 ranges from 

11-28 m in thickness and contains equal proportions of sandy bedforms and overbank 

mudrock (Figs. 2.5-2.7).  Paleosols (PE exclusively) are the least common and of the lowest 

maturity observed in the Chinle Formation (Fig. 2.5).  Desiccation polygons are common 

within this unit, and polygon diameter increases towards the contact with the overlying 

Wingate Sandstone (Fig. 2.5). 

 
Spatial Distributions 
 

FACSET-1 is only partially exposed, and is limited to the northeastern portion of the 

study area (Fig. 2.5).  FACSET-2 onlaps both FACSET-1 and the Moenkopi Formation in 

the northern portion of the study area (Figs. 2.5, 2.7b).  FACSET-3 onlaps FACSET-2, and 

the entire lower Chinle sequence is tilted and truncated beneath the base upper Chinle 

sequence boundary (Figs. 2.5-2.7).  FACSET boundaries in the lower Chinle are at times 

characterized by angular, erosional unconformities.  Within the upper Chinle, FACSETs 4-6 

extend throughout the study area as relatively flat-lying (Figs. 2.5-2.7).   

 Paleosol maturity, sedimentation rates and the orientation of paleocurrent indicators 

vary between FACSETs.  Trends of internal thickness and paleosol maturity are inversely 

related within FACSETs 2-6.  Within FACSET-2, paleosol maturity is greatest (index >3, 

mostly PA paleosols) towards the southern, eastern, and northeastern portions of the study 

area, where stratal thickness is less than 25 m (Fig. 2.9).  Paleosol maturity decreases to an 

average index of 2.0 (PIW and PV paleosols) in the northern and western portion of the study 

area.  A channel complex at the base of FACSET-3 incises into FACSET-2 near MS-4 and 
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MS-5, and removes all evidence of a potential relationship between stratal thickness and 

paleosol maturity (Fig. 2.5).  Sedimentation rates during FACSET-2 deposition range from 

approximately 0.6 to 10 mm yr-1 (Fig. 2.8; Table 2.3), and are comparable to modern 

floodplains along meandering rivers in the UK (~3.4 to 32.2 mm/yr-1, Walling et al., 2003), 

braided rivers in British Columbia, Canada (1.75 mm yr-1, Makaseke et al., 2002) and 

floodplain wetlands in Georgia, U.S.A. (0.8-2.2 mm yr-1, Craft and Casey, 2000) and 

Missouri, U.S.A. (10.4 mm yr-1, Heimann and Roell, 2000).  Within FACSET-2 

sedimentation rates are at least an order of magnitude greater within the northern and 

western portion of the study area than in the eastern and southern portion (Figs. 2.8a, 2.9).  

Lithofacies within the north and west include a greater abundance of gravel and sand in 

multi-story channels, whereas the east and south are dominated by overbank mudrock (Fig. 

2.5). 

 Paleosol maturity in FACSET-4 is greatest (index = 3-4, PIS paleosols) near MS-10 

and MS-11 in the southern portion of the study area near MS-10 and MS-11, where stratal 

thickness is less than 20 m (Fig. 2.5).  Paleosol maturity decreases to 1-2 (PIW, PE paleosols) 

in the east towards Parriott Mesa and to the northwest near MS-3 where stratal thickness 

exceeds 20 m (Figs. 2.5-2.9).  North and west of MS-6, only PE paleosols are observed, and 

estimated sedimentation rates are nearly 1.5 orders of magnitude greater than observed to 

the south.  Sedimentation rate estimates south of MS-6 range from 2 to 200 mm yr-1 (Fig. 

2.8b) and are similar to values observed on the modern floodplain of the Yamuna River in 

India (25 to 60 mm yr-1, Saxena et al. 2002).  Multistory sand-filled channels dominate the 

stratal succession northwest of MS-6 (Fig. 2.5-2.7), and paleocurrent data indicate a 

northwesterly to northeasterly transport direction (Fig. 2.9).



  

 

Figure 2.9. Maps illustrating the distribution of isopach thickness, sand/mud ratios (number in circle symbols), paleosol maturity, and 
paleocurrent indicators. Maps for FACSETs 1 and 3 are not included because they are generally absent due to onlap and truncation.  
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Paleosol maturity in FACSET-5 is greatest (index = 2-4; PIS paleosols) in the 

rn portion of the study area where stratal thickness is less than 40 m.  Paleosol 

ty decreases to 1-2 (PIW and PE paleosols) in the northern half of the study area where 

thickness exceeds 50 m (Figs. 2.5, 2.9).  Where the unit exceeds 55 m, average 

ol maturity is approximately 1 and limited to PE pedofacies (Figs. 2.5-2.8).  Estimated 

ntation rates north of MS-7 are nearly 1.5 orders of magnitude greater than estimates 

south where values range from approximately 10 to 200 mm yr-1 (Figs. 2.8b, 2.9).  

ud ratios are highest within the northern portion of the study area, and paleocurrent 

dicate a westerly to northwesterly transport direction (Fig. 2.9)   

FACSET-6 has the lowest paleosol maturity observed in the Chinle (index ≤ 1, PE 

ols) (Figs. 2.5, 2.8).  Paleosol maturity is greatest (index = 1) towards the southern and 

 portion of the study area (Fig. 2.8).  These areas are dominated by PE paleosols (Fig. 

aleosol maturity decreases to an index of 0 towards the northern and western 

s of the study area where no paleosols are recognized (Figs. 2.5-2.9).  Weak paleosol 

pment (within 1-100 years) suggests rapid sedimentation rates that range from 100 

-1 to over 8,000 mm yr-1 from A-A’ (Fig. 2.8d).  Sand/mud ratios are highest in the 

rn half of the study area where paleosols are not recognizable (Figs. 2.5, 2.9).  

urrent data suggest a northwesterly to westerly flow direction. 

 
Minibasin Subsidence 

 
 

n and Timing 
 

Spatial distributions of paleosol maturity, FACSET thickness, lithofacies 

tions, and paleocurrent indicators suggest accelerated subsidence rates within the 

 and that the axis of subsidence drifted northwest throughout the Triassic in response 
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to salt-w  and 

   

d/mud 

. 

is episode.  

Estima  

 the 

 

 

 and 

 nodules look very 

similar to those observed in the lower Chinle Vertisols and Inceptisols, respectfully.  PIS 

paleosols (index = 4) occur outside of the minibasin and transition progressively into more 

IS (index = 3), and PE paleosols (index = 1) towards the minibasin axis 

(Figs. 2.9, 2.10).  Weakly developed Entisols with maturity indexes of one and no subsoil 

ithdrawal at depth.  The spatial and temporal history of minibasin subsidence

associated influence on alluvial deposition and pedogenesis is summarized in Fig. 2.10.

During lower Chinle deposition, slow subsidence of the BBM provided generally 

well-developed paleosols, low sedimentation rates, and a subtle increase in overall san

ratio (Figs. 2.5, 2.7-2.10).  Alfisols occur in the interbasin areas, whereas Vertisols occur in 

the minibasin axis (Fig. 2.10).  The lateral extent of Vertisols and area of higher 

sedimentation rates is limited, suggesting the minibasin diameter was relatively small (Figs

2.9-2.10).  However, sedimentation rates even within the minibasin axis were low compared 

to later FACSETs, suggesting that salt movement was minimal during th

tes of lower Chinle sedimentation rates vary little inside and outside of the BBM and

suggest minimal surface expression of the minibasin during lower Chinle deposition (Fig. 

2.8).  

FACSET-4 was deposited after an episode of halokinetic uplift that produced

angular unconformity (sequence boundary) separating the lower and upper Chinle sequences

(Figs. 2.6, 2.10) (Doelling and Ross, 1998, Matthews et al., 2004).  Cannibalized pedogenic

carbonate and iron nodules are incorporated into basal FACSET-4 channel complexes, 

presumably a result of base level changes that coincided with the salt anticline growth

associated minibasin propagation.  The pedogenic carbonate and iron

weakly developed P

horizons occur over a much wider area and extent than the more mature, index two 
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Figure 2.10. Diagrammatic cross-section parallel to A-A’ (Figs. 1b, 5, 8) illustrating Chinle 

indicate FACSET boundaries, and dashed lines, FAC boundaries. Paleosol FAC 
lfisol; 

PE = Entisol; PIS = strong Inceptisol; PIW = weak Inceptisol; PV = Vertisol. Broader 
band widths above the cross sections correspond with increasing paleosol maturity, 
sedimentation rate, and sand/mud ratio.

depositional patterns associated with BBM subsidence through time. Dark lines 

boundaries are designated to equivalent modern soil orders as follows: PA = A
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Vertisols of the lower Chinle sequence, and suggest that the minibasin was much larger 

during this interval (Figs. 2.5, 2.9).  Minibasin expansion is also indicated by elevated 

sedimentation rates across a greater area than observed in the lower Chinle sequence (Fig. 

2.9).  Estimated sedimentation rates also vary more greatly inside and outside of the BBM, 

and possibly indicate an increased surface topographic expression.     

The axis of the BBM drifted to the northwest of the study area during FACSET-5 

deposition (Figs. 2.9-2.10).  The upper surface of the lowest FAC of FACSET-5 has well-

developed Inceptisols throughout the study area, and possibly indicates that salt-withdrawal 

subsidence occurred after deposition of the first FAC (Fig. 2.10).  Entisols occur on the 

upper surfaces of subsequent FACs, and indicate an abrupt increase in the rate of 

deposition, and therefore, BBM subsidence. 

BBM subsidence all but ceased during the deposition of FACSET-6 (Fig. 2.10), and 

the minibasin is less easily delineated than in previous FACSETs.  The thickness of 

FACSET-6 is just slightly greater within the minibasin than outside (Figs. 2.5, 2.9).  Only PE 

paleosols are present in FACSET-6, and indicate little pedogenesis and high relative 

sedimentation rates.  Increasingly arid conditions are indicated both by reduced pedogenesis 

and the presence of eolian deposits in the latest Chinle (Hazel, 1991; 1994).  In FACSET-6, 

the decrease in variation in paleosol maturity and stratal thickness, and the return to a 

westerly sediment transport direction may indicate waning minibasin subsidence and 

topographic expression.   
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Stratal Response 

 

 

 

Halokinetic Influence on Regional Stratigraphy 

Alluvial architectural patterns within the SAR contrast dramatically with correlative 

units outside of the SAR (Hazel and Blakey, 1992; Hazel, 1994; Doelling and Ross, 1998).  

The Chinle is typically divided lithostratigraphically into several formal members outside of 

the SAR, but only two informal members within the SAR (Hazel, 1994; Doelling and Ross, 

1998).  Outside of the SAR, the Chinle shows a general fining-upwards progression of 

lithostratigraphic units, whereas within the SAR, the Chinle consists of two distinct fining 

upwards successions corresponding to the lower and upper Chinle.  Furthermore, intra-

formational angular unconformities within these successions are unique to the SAR.  The 

inability to correlate the lower and upper Chinle outside of the SAR likely reflects the 

influence of intrabasinal salt tectonism (Hazel, 1991; Hazel and Blakey, 1992; Hazel, 1994).   

Other extrinsic controls may also account for regional lithologic variability within the 

Chinle, however, each has noteworthy deficiencies.  In order to understand the mechanisms 

responsible for the unique stratigraphic architecture of the Chinle in the SAR, the following 

possible controls must be considered: eustacy, sediment supply, regional subsidence, 

paleoclimate and halokinesis.  Eustacy can not be eliminated from consideration because the 

effects of sea-level change are difficult to correlate without precise age constrains within the 

Chinle.  However, eustatic influences were probably minimal because the Chinle Basin was 

relatively far away from the western shoreline and partially closed during the Triassic (Blakey 

nd Gubitosa, 1984; Hazel, 1994).  Similarly, changes in sediment supply from uplift of the 

ncompahgre Highlands are an unlikely control.  Pulses of source area uplift would likely 

ause progradational fluvial deposition that would be characterized by symmetrical cycles 

at coarsen and then fine upward across the Chinle Basin (e.g., Steel et al., 1977; Steel and 

a

U

c

th
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Aasheim, 1978).  No such regionally correlative alluvial cycles are observed within the Chinle 

Basin. 

On a regional basis, the Chinle Basin was subsiding at a relatively constant and 

moderate rate and resulted in gradually increasing sedimentation rates and changes in fluvial 

style (Blakey and Gubitosa,1984; Hazel, 1994).  While pedogenically-based sedimentation 

rate estimates do increase through the Late Triassic, rapid transitions in fluvial style and 

sedimentation rates found within the BBM are probably tied to salt movement episodes 

(Figs. 2.5-2.10).  For example, the lower Chinle sequence abruptly transitions from braided 

(FACSET-1) to meandering (FACSET-2) and back to braided (FACSET-3).  Based on 

paleosols, these transitions probably took place within just 10  to 10  years (Fig. 2.5; Table 

2.2).  Furthermore, stratigraphic and pedogenic data suggest that salt movement caused a 

temporal drift in the position of paleogeographic lows and associated slope gradient, and 

resulted in the abrupt vertical transitions in fluvial style and angular unconformities at 

sequence boundaries and some FACSET boundaries (Figs. 2.9-2.10).  Similar abrupt 

transitions in Chinle fluvial style near the Cane Creek salt anticline (Fig. 2.1a) have been 

attributed to halokinesis (Hazel, 1994). 

Correlative stratigraphic architecture and lithofacies from outside of the SAR, and 

paleosol types within the study area, show that paleoclimatic changes were not synchronous 

with the rapid changes in fluvial style and the depositional cycles (FACSETs) found in the 

study area (Blakely and Gubitosa, 1984; Dubiel, 1989; and Hazel, 1994).  However, changes 

in paleoclimate are found to correspond to the fluvial sequences.  Each FACSET within the 

lower Chinle sequence contains humid Alfisols, which abruptly change to semiarid to arid 

Inceptisols with Bk horizons in the upper Chinle beyond the BBM axis (Boucher, 2004).   
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Origin of Cyclic Units 
 

While halokinesis as a likely mechanism for sculpting the unique stratigraphy within 

the SAR ure 

n.  

e 

and 

f 

n 

).  

re 

ably 

ate Triassic pluvial interval (Simms and Ruffle, 

1989), w

 

 

n 

 

Chinle sequence ended as climate became increasingly arid, to the point where paleosol 

, little is known of how this process affects the fluvial cyclic hierarchy.  The nat

of FACs and FACSETs suggests that the depositional mechanisms are consistent with the 

autogenic models for similar-scale fluvial cycles proposed by Bridge (1984), Kraus (1987), 

Kraus and Aslan (1993), and Atchley et al. (2004).  FACs are interpreted as individual 

channel avulsion episodes with ensuing intervals of non-deposition and paleosol formatio

Within the minibasin, FACs become more frequent because increased accommodation spac

and lower gradient and potential energy of water resulting in increased channel avulsion 

floodplain sedimentation.  Thus, the number of FACs within the FACSETs is dependent o

paleotopographic position.  FACSETs are thought to originate from the successive avulsio

of channels as the main axis of the alluvial valley drifted laterally (sensu Atchley et al., 2004

FACSETs illustrate that the minibasin as an area where channel avulsions occurred mo

rapidly, thus, more FACs with weaker paleosols are recorded.  Fluvial sequences prob

record both major episodes in subsurface salt flow and paleoclimate.  The lower Chinle 

sequence probably corresponds to the L

ith the increased moisture (Dubiel et al., 1991; Matthews et al., 2004) resulting in 

meandering fluvial systems characterized by massive channel complexes and thick wedges of 

time-equivalent overbank deposits.  However, deposition of the lower Chinle sequence may

have been terminated by halokinetic uplift that resulted in the angular unconformity near the

base upper Chinle sequence boundary.  The upper Chinle sequence was also deposited 

during an episode of passive salt movement (Trudgill et al., 2004), but drier climate based o

soil morphology (occurrence of Bk horizons) and sedimentology.  Deposition of the upper
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formation was inhibited by eolian inputs, and minibasin subsidence nearly halted (FACSET-

6 minib

Conclusions 

1.) The Chinle Formation at Castle Valley, Utah, is divided into two hectometer-scale fluvial 

sequences that coincide with the lower and upper Chinle.  The sequences are 

unconformity bounded, and transition from a conglomerate and sandstone filled multi-

story channel complex at the base, to thick overbank-mudrock and associated single and 

multi-story sandstone filled channels at the top.  Sequences are thought to record the 

composite effects of salt tectonics and climate change.  Mature paleosols within the 

lower Chinle sequence record a prolonged episode of humid to subhumid conditions, 

whereas the upper Chinle sequence is dominated by paleosols characteristic of arid to 

semiarid climates.  The fining-upward facies succession characteristic of both sequences, 

and their angular unconformity (sequence boundary) separating them are attributed to 

subsurface salt flowage associated with the underlying Pennsylvanian Paradox Member. 

2.) Sequences in the study area are composed of a two-tier hierarchy of meter-scale FACs 

and decameter-scale FACSETs.  FACs are characterized by individual fining-upwards 

successions that are disconformably bound and often have weakly developed paleosols 

weathered on their upper surface, and likely record episodes of rapid aggradation during 

channel avulsion or flooding.  FACSETs are also bound by disconformities and are 

further characterized by cycle stratigraphic trends in FAC thickness and paleosol 

maturity, and often have strongly developed paleosol weathered on their upper surface.   

3.) The axis of the BBM increases (from lower Chinle to FACSET-4) and then decreases 

(throughout upper Chinle) in diameter and drifts to the northwest through the Late 

Triassic. Salt-withdrawal subsidence is reconstructed through the comparison of paleosol 

asin size).  
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maturity, interval thickness, lithofacies proportions, and paleocurrent indicators between 

FACSETs.  As FACSET thickness increases, average paleosol maturity decreases while 

sand/mud ratios and sedimentation rates increases.  Paleocurrent indicators suggest a 

progressive shift from northerly to westerly transport from FACSET-4 to FACSET-6.  

Sedimentation rates within the axis of the BBM can be up to two orders of magnitude 

greater than in intrabasinal areas.   

4.) Halokinesis was probably the greatest extrinsic influence on fluvial deposition within the 

SAR, resulting in unique stratigraphic architecture.

 



 

CHAPTER THREE 
 

Triassic Paleosol Catenas Associated With a Salt Withdrawal Minibasin  
in Southeastern Utah, USA. 

 

Abstract 

Catenas for lithified paleosols h
 

ave been rarely described in the literature because 

asso  syncline).  The catenary surfaces 

formed during an episode of prolonged landscape stability along a margin of a salt-

withdrawal minibasin and were identified by a series of continuous, high-resolution 

photopanoramas of canyon outcrops.  The paleocatenas had paleoslopes of ~1%, and were 

laterally extensive over distances ranging from ~2.8 to ~7.9 km.  Paleocatenas within the 

Chinle are associated with lateral taxonomic differences in paleosol morphology.  A 

paleocatena formed on the upper boundary of the lower Chinle has well-drained alfisols on 

its upper slopes and a poorly drained, over-thickened inceptisol at the toe of the slope.  A 

second paleocatena documented within the upper Chinle includes inceptisols with carbonate 

nodules characterized by thick paleosols on upper slopes and thin paleosols at the toe slope.  

Solum thickness, horizon thickness, color, and profile development index (PDI) values were 

evaluated relative to slope position.  Solum thickness, E horizon thickness, Bt horizon 

thickness, and PDI values have relatively robust covariance to slope position, which suggests 

that they were influenced by pedotopographic factors.  The Bw horizon thickness, Bk 

horizon thickness, and BC horizon thickness have less robust correlation to slope, and may 

instead, reflect the influence of other soil forming factors.  Both paleocatenas were probably

they are seldom preserved and difficult to trace laterally.  This study focuses on paleocatenas 

ciated with a Triassic salt withdrawal minibasin (rim

38 
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unstable, which is supported by evidence for downslope sediment movement.  Upper-slope 

paleosols have truncated surfaces whereas toe- uried or over 

thickened du

influenced primarily by erosion, deposition and soil-moisture processes, similar to modern 

catenas.  Thus, landscapes associated with  tectonic features significantly influenced 

aleoso

al 

irst 

 

 of 

 

e 

Triassic (Carnian to Norian) Chinle Formation exposed in outcrops along Porcupine Rim in 

slope paleosols were either b

e to cumulic aggradation.  Soil development along the paleocatenas was 

these salt

p l morphology in the Chinle. 

 
Introduction 

 
A catena is a group of soils formed under similar climate, vegetation, parent materi

and time, but varying topography (Birkeland, 1999; Retallack, 2001).  Milne (1935) f

described catenas, and suggested that each soil along a slope is the product of unique

geomorphological, pedological, and hydrogeological conditions.  Later catenary studies 

determined that topographic variations can influence modern pedogenesis by either 

controlling soil water movement (e.g. Whipkey and Kirby, 1978), or the redistribution

solid material along the slope (e.g. Gerrard, 1992; Birkeland, 1999).  

Paleocatenas (paleotoposequences) involve paleosols that similarly hold all the past

soil forming factors (parent material, biota, climate, and time) constant except for 

topography.  Whereas soil toposequence studies are a staple of soil science literature, the 

concept has rarely been applied to the rock record beyond the Quaternary (e.g., Joeckel, 

1995; Retallack and Mindszenty, 1994).  However, lateral variation in paleosols using th

catena approach within alluvial successions have been widely recognized, but poorly 

documented and never tested (e.g. Joeckel, 1989; Kraus, 1987, 1996, 1997, 1999, 2002; 

Wright, 1992) (Retallack, 2001).  Paleocatenas are difficult to document because outcrops 

usually have limited lateral exposure, typically meter of decameter scale at best.  The Late 
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the in southeastern Utah provides km-scale, continuous exposure of two unconformities that

represent prolonged subaerial exposure, weathering and paleosol formation associated wit

the Big Bend minibasin (Matthews et al., 2004).  Additionally, these paleosols develop

similar fluvial overbank parent material, and with similar vegetation and climate conditions. 

The unconformities in the study area can be laterally traced from paleotopographical 

highlands on salt anticlines to lowlan

 

h 

ed on 

 

ds within a salt withdrawal minibasin (Boucher, 2004).  

his study utilizes paleosols developed at these unconformities to evaluate two paleocatenas.  

he goals of this study are 1) to apply the catena concept to the rock record and document 

paleosol change attributable to ancient topography, and 2) to determine how ancient salt 

tectonic landforms influenced paleosol formation. 

 

 

Geologic History.   The study area is located within the Paradox Basin (see Boucher, 

2004), which developed as a northwest-trending foreland basin adjacent to the 

Uncompahgre uplift during the Paleozoic (Fig. 3.1) (Ohlen and McIntyre, 1965).  Halite of 

the Paradox Formation was deposited in the axial part of the basin during the Pennsylvanian 

(Ohlen and McIntyre, 1965; Baars, 1966; Doelling, 1985; Jackson et al., 1998).  A 

southwestward prograding wedge of alluvial sediments derived mainly from the 

Uncompahgre highlands was deposited in the Paradox basin during the late Paleozoic and 

earliest Mesozoic and subsequently mobilized the Paradox Formation into a series of 

northwest-trending salt-cored anticlines (Fig. 3.1) (Ohlen and McIntyre, 1965; Baars, 1966; 

Ge et al., 1997; Jackson et al., 1998).   Salt tectonism was probably most active from initial 

burial during the Permian to at least 100 my ago (Doelling, 1985).   

 

T

T

Geologic Background 
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Figure 3.1. Location of study area within the Paradox Basin, southeastern Utah.  Slope

position (measured section) locations are numbered and circled.  Dashed line locates 
photopanoramic coverage of Porcupine Rim provided in Figs. 3.3 and 3.4.  A 
paleocatena weathered on the upper surface of the lower Chinle is correlated from B 
to C (i.e., from slope position 8 to slope position 4).  A paleocatena within the uppe
Chinle is correlated from A to B (i.e., from slope position 11 to slope position 8).  

 

r 
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This study focuses on the Triassic (Carnian to Middle Norian) Chinle Formation 

(Fig. 3.2).  Chinle deposition was influenced by salt tectonics in the Paradox Basin (Doelling, 

1985; Hazel, 1994; Doelling and Ross, 1998; Jackson et al., 1998).  Variations in thickness 

(60 m to >250 m) and lithofacies associated with halokinesis make it difficult to divide and 

correlate the Chinle within, and outside of, the Paradox Basin (Fig. 3.2B) (Doelling and Ross, 

1998; Hazel, 1994).  Within the study area, Doelling and Ross (1998) subdivided the Chinle 

into informal lower and upper members, separated by an angular unconformity attributed to 

salt movement.  The lower Chinle is equated with the “mottled strata” of Stewart et al. 

(1972).  The upper Chinle is likely equivalent to the Moss Back, Petrified Forest, Owl Rock, 

and Church Rock Members to the south and east (Blakey and Gubitosa, 1983). 

The Big Bend salt withdrawal minibasin within the study area (Figs. 3.1-3A) has been 

recognized by Case et al. (1963), Case and Joesting (1972), Doelling and Ross (1998), 

Boucher (2004), Matthews et al. (2004) and Trudgill et al. (2004), based upon structural, 

geophysical, and stratigraphic evidence and its position adjacent to the Castle Valley salt-core 

anticline (Fig. 3.2A).  Castle Valley is a topographically inverted landform produced by 

dissolution and collapse of a breached, salt-core anticline that is approximately 16 km long 

and 5 km wide (Figs. 3.1-3.2).  Regional gravity studies indicate that the anticline has a steep 

salt wall with greater than 2,200 m relief (Case et al., 1963; Case and Joesting, 1972).  The 

Conoco Federal No. 31-1 well reached salt at about 2,300 m, which indicates a steep 

probab

Joesting

deposit  

steeply away from the anticline axis.  Angular unconformities within both Permian and 

northeast margin for the salt wall (Figs. 3.1-3.2).  The southwest margin (study area) is 

ly also steep because it has a similar gravity profile (Case et al., 1963; Case and 

, 1972; Doelling and Ross, 1998).  Over-thickened Permian and Triassic strata 

ed in rim synclines (minibasins) on the flank of Castle Valley dip progressively more
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Figure 3.2. (A) Diagrammatic cross section across north end of Castle Valley salt–cored
anticline.  Note estimated height and extent of the salt structure, and over–thickened
Paleozoic and Mesozoic units within the rim minibasin.  Adapted from Doelling and
Ross (1998).  (B) Stratigraphic summary of lithostratigraphic units and their rang
thickness in the study area.  Adapted from Doelling (1985) and Jackson et al. (19

 
 
 

e of 
98).  

 



44 

Triassic strata suggest periodic salt anticline growth and erosion (Fig. 3.2) (Doelling and 

Ross, 1998; Matthews et al., 2004; Trudgill et al., 2004).  Paleosol formation on the 

unconformities indicates subaerial exposure, thus the unconformities represent landforms 

preserved within the Big Bend minibasin.   

 
Paleoclimate.   Paleogeographic reconstructions place the Chinle basin between 5º and 

15º north of the paleoequator during the Triassic (Van der Voo et al., 1976; Habicht, 1979; 

Ziegler et al., 1983).  Various stratigraphic, sedimentologic, paleontologic, and pedogenic 

studies suggest that the Chinle paleoclimate was warm, seasonal, and semiarid to monsoonal 

(Stewart et al., 1972; Blakey and Gubitosa, 1983, 1984; Dubiel, 1987, 1989, 1992; Blodgett, 

1988; Blakey et al., 1988; Dubiel et al., 1991; Therrien and Fastovsky, 2000).  Plant 

macrofossils indicate that the Chinle was deposited in a humid, warm to hot climate with an 

adequate supply of moisture throughout the year (Ash, 1999).  Climate became increasingly 

arid towards the end of Chinle during the Late Triassic.  Arid conditions peaked with the 

deposition of the Jurassic Wingate and Navajo Sandstones (Stewart et al., 1972; Blakey and 

Gubitosa, 1983, 1984) (Fig. 3.2).  The increase in aridity may reflect the northward 

movement of Pangea away from tropical latitudes (Parrish et al., 1986; Parrish and Peterson, 

1988).   

 
 Paleovegetation.   Nearby coeval fossil localities in the Petrified Forest National Park in 

east-central Arizona (Daugherty, 1941; Ash, 1980), the Fort Wingate area of western New 

Mexico (Ash, 1968, 1970a), and the White Canyon area of southeastern Utah (Ash, 1975) 

that 

mostly 

by hors

illustrate the types of vegetation present within the study area during the Upper Triassic, 

include lowland species (Ash 1989, 1999).  The floras at these localities are dominated 

etails, ferns and cycadophytes that inhabited swamps and floodplains.  Coniferous 
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fossils at these localities commonly are fragmentary and rare (Ash, 1970b, 1978), and thei

cuticular characteristics suggest that they inhabited a distant, relatively drier upland. 

upland was probably the Uncomphagre highland, which lies much closer to the study area 

than the strata studied by Ash (Boucher, 200

r 

 This 

4).  Thus, it is possible that at least some 

nifers were present together with the above lowland species in the study area. 

 

, 1989, 

e parent 

for each paleocatena is relatively uniform in terms of sedimentary structures, 

texture, color, and carbonate content.  The lower Chinle paleocatena is weathered in red 

(10R 5/6) to light red (5R 7/6), massive sandy mudstone with relatively low concentrations 

of calcium carbonate as indicated by weak to no reaction with HCl (Table 3.1).  The upper 

Chinle paleocatena is weathered on red (2.5YR 5/6) to reddish brown (2.5YR 4/4) massive 

sandy mudstone with higher concentrations of calcium carbonate as indicted by moderate 

reaction to HCl (Table 3.2).  The paleocatenas were unlithified because crayfish burrows 

cross-cut pedogenic horizons throughout the study area (Steven Hasiotis, personal comm.)  

co

Parent Material.   Sources of sediment for the Chinle within the study area included 

the Uncompahgre (to the north and closest) and Mogollon (to the south) highlands, 

Ancestral Rocky Mountains (to the east), inferred volcanic-arc systems (to the west), coeval 

fluvial basins (to the southeast, north, and northwest), and other recycled Chinle deposits 

(Boucher, 2004; Stewart et al., 1972; Blakey and Gubitosa, 1983, 1984; Dubiel, 1987

1992; Hazel, 1994).  Highland and mountain sediments were derived mainly from 

Precambrian igneous and metamorphic rocks, and Paleozoic sedimentary rocks (Stewart et 

al., 1972).   

The paleocatenas are weathered on unlithified Chinle fluvial overbank deposits, 

which are massive mudstones (Boucher, 2004).  Sedimentological description for th

material is presented as the C horizon for each described profile on Tables 3.1-3.2.  Parent 

material 
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Time.   Each paleocatena is located on an unconformity, which correlates with both 

lithostratigraphic and sequence stratigraphic boundaries inside and outside the study area 

(Boucher, 2004) (Fig. 3.3).  A minimum duration of exposure can be estimated from the 

paleosols weathered along these unconformities.  Boucher (2004) and this study (see Results) 

find that alfisols and thick inceptisols with Bw and Bg horizons are present along the lower 

Chinle le 

evelop 

posure 

ars).  Paleosols with Bk horizons similar to those weathered on the upper Chinle 

paleoca

osure 

 

 

 

 

paleocatena, whereas inceptisols with Bk horizons are present along the upper Chin

paleocatena.  Alfisols probably require roughly between 10,000 and 100,000 years to d

(Birkeland, 1999; Retallack, 1997).  Inceptisols with Bw and Bg horizons develop within 100 

to 10,000 years in well-drained conditions (Birkeland, 1999).  However, poorly drained 

conditions at the base of the lower Chinle paleocatena (Fig. 3.3) probably slowed 

pedogenesis for the inceptisol (see Results).  Therefore, it is likely the minimum ex

duration for the lower Chinle paleocatena was on the lower end of the alfisol time interval 

(~10,000 ye

tena develop within 1,000 to 100,000 years (Birkeland, 1999; Retallack, 1997).   

The catena approach relies on the assumption of equal expose time across the 

landform.  This is probably not the case in any basin that was subsequently filled with 

sediment, such as in the study area.  However, this study assumes the difference in exp

duration between the lowest and the highest paleotopographic position was minimal, and

insignificant compared to the duration of pedogenesis represented by the paleosols along the

paleocatenas because: 1) the paleocatenary surfaces have shallow slope and limited linear 

distance (Figs. 3.3-3.4), 2) there is no evidence for the onlap and welding of subsequent 

paleosol surfaces along the paleocatenas (Boucher, 2004) and 3) only a single sandstone bed

constituting the base of a meter-scale, fining-upwards fluvial aggradational cycle (FACs of
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Atchley et al., 2004) with an entisol weathered on the FAC’s upper boundary onlaps and 

entirely buries each paleocatena (Boucher, 2004).   

The short, kilometer-scale surfaces with shallow slopes in the study area make it 

possible for transgressive sedimentation to bury the entire paleocatena quickly.  This is in 

direct contrast to a regional study (Joekel, 1989) of pedotopographic influences along an 

unconformity across southeastern Nebraska.  The much larger lateral extent of this study 

found that paleosol development was arrested at an earlier stage in the east because of 

marine transgression, whereas pedogenesis was more advanced in the west because this area 

was topographically higher for a longer period of time.  The second observation is based 

from the concept that most of the time tied to a fluvial succession is represented by 

paleosols, while the deposition of fluvial beds occurs in relatively instantaneous events 

(Retallack, 1994, 2001).  The absence of multiple paleosol surfaces that weld to the 

paleocatenas indicates that burial was not incremental, and the lower topographic positions 

were not buried significantly before the higher positions.  Likewise, for observation three, 

the absence of multiple onlapping sedimentary beds suggests very rapid and uniform burial 

of the unconformity within the study area.  

 

 
n 

 

 

Methods 

Large-scale unconformities were identified by a series of continuous, high-resolutio

photopanoramas of canyon outcrops.  The photopanoramas were calibrated with eight 

measured sections of the entire Chinle section in the study area (Fig. 3.1).  Unconformable

surfaces identifiable on photopanoramas and in the field coincide with the boundaries of

sequences or fluvial aggradational cycle sets (FACSETs) within the study area first 

recognized by detailed sequence stratigraphic correlation and paleosol analysis (Boucher, 
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2004).  Sequences and FACSETs are differentiated based upon the criteria of Atchley et a

(2004).   

l. 

88).  

y 

c 

 

d 

ns were 

density 

r by using a regression algorithm developed 

from modern floodplain sediments and soils b

ses unique solidity, porosity, and curve-fitting constants for alluvial sands, muds, and 

paleosols by taxonomic order.  The independent variable for these equations is burial depth 

(-km).  A minimum burial depth of 2.1 km is estimated for the Chinle Formation, based on 

an estimate of sediment atop the Navajo Formation (Jackson et al., 1998) and the additional 

thickness of the Kayenta and Wingate Formations described by Doelling and Ross (1998) in 

the study area (see Fig. 3.2).  This estimate is comparable to the minimum exhumed 

A total of 225 paleosol profiles were described in the field following Retallack (19

Profile descriptions include horizonation, horizon and solum thickness, structure, boundar

conditions, Munsell (2000) color, HCl reaction, coarse fragment inclusions, redoximorphi

features and root traces.  Profile descriptions were used to categorize the paleosols into 

pedotypes (sensu Retallack, 1994).  Pedotypes characterize a unique group of paleosols in

which the type profile is held as a standard for comparison.  A type profile for each 

pedotype was described in detail and sampled by pedogenic horizon for micromorphic an

geochemical analysis.  Thin sections from micromorphic samples of pedotype horizo

described using the terminology of Brewer (1976).  Each thin section was point-count 

analyzed (n=600) to determine texture, and is reported following Folk (1974).  Bulk 

for pedotype horizons was calculated using the paraffin-clod method (Blake, 1965).  Bulk 

elemental geochemistry (47 elements) was analyzed for each pedotype horizon using triple-

acid “total” digestion ICP by ALS Chemex Laboratories.   

Burial compaction was accounted fo

y Sheldon and Retallack (2001).  The equation 

u
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overburden calculated by Pederson et al. (2002) in their Geographic Information Systems 

(GIS) approach to quantifying uplift and erosion on the Colorado Plateau.   

 

able 

 by 

er 

 (Tables 3.1-3.2).  A profile 

develop e 

 

used to 

calculate PDI: rubification, color paling, melanization, color lightening, texture change, clay 

This study uses data from SP-4 through 11, (along Porcupine Rim) (Fig. 3.1).  

Paleosols situated at the two most significant unconformities along this outcrop are 

correlated to establish two paleocatenas.  The two surfaces are at the angular unconformity 

(sequence boundary) between the lower and upper Chinle sequences and the disconform

contacts between FACSET-5 and FACSET-6 within the upper Chinle sequence described

Boucher (2004).  Tracing the unconformities on photopanoramas shows that the low

Chinle paleocatena has a slope of ~1%, and can be laterally traced for roughly 2.8 km from 

its assigned summit at SP-8 (8L).  The upper Chinle paleocatena is also ~1% and can be 

laterally traced for roughly 7.9 km from its assigned summit at SP-11 (11).  

 Paleosols at each of the slope positions (i.e., measured section) are related to 

previously established pedotypes (Boucher, 2004).  Macromorphological properties, 

including solum (all horizons above parent material or C horizons) and horizon thickness, 

are compared to other paleosols comprising the paleocatena

ment index (PDI) for each paleosol in the toposequence is calculated based on th

work of Harden (1982), Harden and Taylor (1983), and Birkeland (1999) (Tables 3.1-3.2; Fig. 

1).  In the PDI calculation, a score is assigned to each horizon based on the degree of 

development of pedogenic features relative to the presumed parent material.  After obtaining

a sum of points for each soil attribute (property) within each horizon, the values are 

normalized by the maximum value.  The individual attribute values for each horizon are 

summed and divided by the number of soil attributes used, then multiplied by the horizon 

thickness.  The following soil attributes suitable for application to rock paleosols are 
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films, structure, carbonate morphology, and color mottling using Birkeland’s (1999) charts 

(p. 360-367).   

 

 

The lower Chinle Paleocatena 

 

Results 

 

 

 Pedotype Analysis.   The paleoslope preserved at the contact between the lower Chinle 

and the upper Chinle can be traced from its summit at 8L to the lowest elevation position at 

SP-4 (Figs. 3.1, 3.3).  The Slickrock paleosols occur on the highest four topographic 

positions (5-8L), and a single Kokopelli paleosol is at the lowest (4) (Fig. 3.3).  

 Slickrock paleosols consist of five horizons (Figs. 3.5A, 3.6A-3.6C, 3.7A; Table 3.1).  

The upper horizon (0 cm to 92 cm) is a pinkish white (7.5YR 8/2) muddy sandstone with 

little ped structure; few clay films on root traces; few, coarse (>1 cm diameter) roots; and a 

clear, smooth lower boundary.  This horizon has a greater concentration of quartz sand, with 

feldspar grains completely altered to kaolinite in thin section (Fig. 3.6A).  However, well 

developed argillans are also present in thin sections (Fig. 3.6B).  The upper horizon is 

underlain by a second muddy sandstone horizon (92 cm to 111 cm) that is darker (weak red, 

10R 5/4); has fine, angular blocky ped structure; few clay films on ped faces; few, coarse (> 

1 cm diameter) roots; and a clear, smooth lower boundary.  The second horizon is underlain 

by a sandy mudstone horizon (111 cm to 144 cm) that is also weak red (10R 4/4) with 

medium, angular blocky ped structure; many clay films on ped faces; few, coarse (> 1 cm 

diameter) roots; and a clear, smooth lower boundary.  This horizon has hematite-stained 

argillasepic fabric with strongly developed argillans on ped faces; few, coarse (> 1 cm

 



 

Table 3.1. Profile descriptions and profile development ind x (P I) va
 

e D lu o e e a. es fr m th  low r Chinle paleocaten
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Table 3.2. Profile descriptions and profile development index (PDI) values from the upper Chinle paleocatena. 
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diameter) roots; and a clear, smooth lower boundary.  This horizon has hem e-stained 

argillasepic fabric with strongly developed argillans on ped boundaries in thin section (Fig. 

3.6C).  The next lower horizon (144 cm to 253 cm) is similar to the third, but has a coarse, 

angular blocky ped structure, no clay films and a gradual, smooth lower boundary.  The final 

horizon (> 253 cm) is red (10R 5/6), unweathered sandy mudstone.  The entire profile has 

no reaction to HCl, and calcification (CaO+MgO/Al2O3) ratios (Retallack, 1997) near zero 

(Fig. 3.7A).  Elevated lessivage (clay formation, Al2O3/SiO2) ratios (Retallack, 1997) suggest 

clay formation in the upper three horizons.  Base loss (Al2O3/CaO+MgO+Na2O+K2O) 

ratios are below 2.0, indicating a base rich profile (Retallack, 1997, 2001).   

equence from the surface of this profile is EBt-ABt-Bt-BC-

C (Figs. 3.5A; 3.6A-3.6C; 3.7A; Tables 3.1, 3.3).  The EBt horizon (0 cm to 92 cm) is 

recognized by light coloring and kaolinization of feldspar grains, both indicating intense 

weathering.  ABt (92 cm to 111 cm) and Bt (111 cm to 144 cm) horizons are identified by 

darker colors, coarser peds, and argillans.  The BC horizon (144 cm to 253 cm) is recognized 

by coarse ped development, color change, and no evidence for clay translocation.  Hematite-

stained argillasepic soil fabric, red hues, and the formation of E and Bt horizons suggest 

well-drained conditions during pedogenesis.    

 ABt horizons qualify as albic diagnostic horizons because both are 

mineral surface horizons with requisite Munsell (2000) values for color (Table 3.4).  The Bt 

qualifies as argillic because the transition in texture from the overlying horizon satisfies the 

minimum clay increase needed, and the formation of clay films and argillans indicate 

substantial clay accumulation (Table 3.4).  The BC horizon qualifies as cambic because of 

color alteration relative to the parent material (Table 3.4).  Thus, the Slickrock satisfies the 

criteria for classification as an alfisol following U.S.D.A. Soil Taxonomy (Table 3.4). 

atit

The interpreted horizon s

The EBt and
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Figure 3.3. Photopanorama showing location of
Chinle between positions 8 and 4, referenced by section line B–C (see Figure 3.1).  

 paleocatena on upper surface of lower 

bols 

 

The paleocatena is a paleoslope emerging from the Bid Bend minibasin axis.  
Paleosol profiles are drawn below their position on the paleoslope.  Horizon sym
to the left of the drawn profiles are from Soil Survey Staff (1981). Munsell (2000) 
color codes are provided to the right of the drawn profiles.  The Colorado River and
the Arches National Park boundary can be seen to the extreme right of the 
photopanorama. 
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Figure 3.4. Photopanorama showing location of paleocatena on upper surface of lower 

.1).  

ls 

izon (0 

m to 50 cm) is a pale red (5R 6/4) sandy mudstone with medium, angular blocky ped 

structure; 2% very dark greenish gray (5BG 2.5/1) mottles; few iron (hematite) nodules 0.3 

cm to 0.5 cm in diameter (bluish black; 10B 2.5/1); many, fine roots (1 mm to 2 mm 

diameter); and a clear, smooth lower boundary.  The upper horizon is underlain by another 

Chinle between positions 11 and 8, referenced by section line A–B (see Figure 3
The paleocatena is a paleoslope emerging from the Bid Bend minibasin axis.  
Paleosol profiles are drawn below their position on the paleoslope.  Horizon symbo
to the left of the drawn profiles are from Soil Survey Staff (1981). Munsell (2000) 
color codes are provided to the right of the drawn profiles.   

 
 

Kokopelli paleosols also consist of five horizons (Fig. 3.5B).  The upper hor

c
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horizon (50 cm to 125 cm) that is similar, but slightly lighter (pale red, 5R 7/4); has few 

medium roots (2 mm to 5 mm diameter); 20% very dark greenish gray (5BG 2.5/1) mottles; 

common redox pore linings; and many iron (hematite) nodules 0.5 cm to 1.0 cm in diameter 

(bluish black, 10B 2.5/1).  The third horizon (125 cm to 210 cm) is similar to the second, but 

with a greater percentage (25%) of very dark greenish gray (5BG 2.5/1) mottles and larger 

(1.0 cm to 2.5 cm) iron (hematite) nodules.  The fourth horizon (210 cm to 350 cm) is 

similar to the third, but with fewer (10%) very dark greenish gray (5BG 2.5/1) mottles.  The 

bottom horizon (>350 cm) of the profile is a relatively unweathered, light red (5R 7/6) sandy 

mudstone with 10% very dark greenish gray (5BG 2.5/1) mottles; common iron (hematite) 

nodules (1.0 cm to 2.5 cm); and no root traces.  In thin section, the soil matrix is undulic 

(Fig. 3.6D).  The entire profile has no reaction to HCl, and CaO+MgO/Al2O3 ratios are also 

near zero indicating decalcification (Fig. 3.7B).  Slightly elevated lessivage ratios possibly 

indicate some clay concentration in the second and third horizons (Retallack, 1997).  Base 

loss values far exceed 2.0, indicating an intensely weathered, base-poor profile.   

The interpreted horizon sequence from the surface is A-Bg1-Bg2-BCg-Cg (Figs. 3.5B; 3.6D; 

 

fine roo

to 210 

slightly decreased base loss ratios relative to the topsoil.  Bt horizons are not interpreted 

because  

ifying 

3.7B; Tables 3.1, 3.3).  The A horizon (0 cm to 50 cm) is recognized by a darker color, many

t traces and the highest base loss ratio.  The Bg1 (50 cm to 125 cm) and Bg2 (125 cm 

cm) horizons are identified by lighter colors (pale red, 5R 7/4), coarser peds and 

 clay films and argillans were not observed.  The BCg horizon (210 cm to 350 cm) is

recognized by a decrease in mottle and iron (hematite) nodule abundance, possibly sign

a decrease in pedogenic activity.  Undulic soil fabric, abundant mottles and redox features 

suggest poorly-drained conditions during pedogenesis. 
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Table 3.3. Interpretive criteria for horizon designation of paleosols. 

Category Symbol Definition* Identifying Properties**

Master  

 

Horizons A 

 
Surface horizon. Accumulation of 

humified organic matter mixed with 
mineral fraction. 

A surface horizon that is darker in color 
with finer ped structure than lower 

horizons. 

 E 

 
Surface horizon. Underlies an A horizon 

less sesquioxides (Fe
and is characterized by less organic matter, tz.  

Subsoil horizon. Shows discernible 

parent material structure. 

Horizons 

 

 

2O3 and Al2O3), or 
less clay than underlying horizons. 

 

Lighter relative color than bounding 
horizons as a result of abundant quar

Kaolinization of feldspar grains. 

 B 

 

enrichment in clay, carbonate, 
sesquioxides, organic matter or obliterated 

 

Change of color relative to the parent 
material. Increase in relative ped size.  

 C 
 

Parent material. 
 

Preserves most depositional structures. 

Intergrade 
Master AB As above, but with A horizon 

characteristics dominant.  

 EB  

 

 

Descriptors 

 
As above, but with E horizon 

characteristics dominant. 
 

 BC As above, but with B horizon 
characteristics dominant.  

*Adapted from the Soil Survey Staff (1981); **Adapted from Soil Survey Staff (1998) and Retallack (1997) 
 

 
 

Subordinate g 
 

Gleying from iron reduction. 
 

Low chroma color, usually 2 or less. 

 k 
 

Accumulation of carbonates. 
 

 

CaO+MgO/Al
Carbonate nodules and elevated 

 
. 

 w Development of color and structure only. 

 

2O3 ratios. 
 

 t 
 

Accumulation of clay. 
 

 
Presence of silicate clay forming 

coatings on ped faces, argillans in thin
section, and elevated Al2O3/SiO2 ratios

 

 

 

Subsoil change in color and structure 
relative to surrounding horizons or 
parent material and does not have 
significant illuvial accumulations. 

 

 
 

 



58 

Table 3.4
 

*From So urvey Staff (199 ple in 5R 3/2
 
 

The A horizon qualifies as an ochric diagnostic horizo

surface horizon with requisite Munsell (2000) values (Table 3.4).  The Bg1, Bg2, and BC 

horizons qualify as cambic because of color alteration relativ

3.4).  Thus, the Kokopelli satisfies the criteria for classification as an inceptisol (cambic) 

followi

USD
enc n*  

. Interpretive criteria for soil taxonomic classification of paleosols. 

il S 8); **from Munsell (2000), for exam , 3 is value and 2 is chroma. 

n because it is a mineral 

e to the parent material (Table 

A 
latureNom * Definitio Diagnostic Criteria

Albic 

 
Dia l, surfa

oist.**  
. 

gnostic horizon.  A light colored, minera
horizon with color values ≥5 dry or ≥4 m

Typically an elluvial (leached) horizon
 

ce 
E horizons that qualify. 

Argillic 

 
Diagnostic ho

1. ve it, 
 cl

 clay

Calcic 
Diagnostic horizon.  A subsoil horizon that is at least 15 

cm rbonates 
dules.  

Bk horizons that qualify. 

Cambic 

Diagnosti e sand 
or finer with some w  indication of constituent 

accumulation that is not enough to qualify as other 
s rizons. 

Bw horizons that qualify. 

Ochric 

 
Diagnostic ho ith 

.**. A horizons that qualify. 

Alfisol 

 
Soil t forest soils 
domi nt of silicate 

 

 
Ochric and/or albic surface 

horizon over an argillic horizon 
and Al2O CaO+MgO+ 

Na2O+K2O (base loss) below two. 
 

Inceptisol 
Soil t t developed 
features t beyond those 

permitt  for entisols. 
 

 
Ochric horizon over a cambic or 
calcic subsoil, ut without argillic 

horizon. 
 

Entisol Soil ta e pedogenic 
development. 

 
development only; root traces. 

rizon. A subsoil horizon that has at least 
2 times as much clay as does some horizon abo

3% more clay content if the eluvial layer has >15%
or 8% more clay if the eluvial layer has > 40%

 
 

or 
ay, 
. 

Bt horizons that qualify. 

 thick, has secondary accumulation of ca
(nodules) and contains >5% carbonate no

 
 

c horizon.  A subsoil horizon of very fin

 

eak

ubsoil diagnostic ho
 

rizon.  A mineral surface horizon w
color values >5 dry or >3 moist

 

axonomic order.  Mature, base–rich 
nated by the down–profile moveme

clay. 3/

 
axonomic order.  Soils that have no

diagnostic for other orders bu
ed

 b

 
xonomic order.  oils that have littlS

 
Weak ochric horizon  

 

ng U.S.D.A. Soil Taxonomy (Table 3.4). 
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 t-scale 

soil variation along the paleocatena.  T  represents a change in soil 

orders, with a similarly dramatic change in soil colors from bright reds and pinks in the 

Slickrock to the mottled color elli paleosol.  However, solum and 

individual horizon thick ons at a finer resolution, and 

can be used to formulate 

Solu hickness topo (4), and 

is least (201 cm) at the mid-slope position (6), as shown in Figure 3.3.  Solum thickness 

increases s  upslope tion at m 

thickness has a positive linear relationship with increases in relative paleoslope elevation, 

with a relativ  robust variance  and high de l 

confidence (p=0.04) (Tab

 The E horizon thickness becomes progressively thicker downslope from position 8L 

(39 cm) to p on 6 (52 ns a 1 

cm.  The E horizons are absent at the lowest paleotopographic position in the Kokopelli 

paleosol.  The E (including EBt) horizon thickness has a positive linear relationship with 

increases in relative slope elevation with a robust variance proportion (R =0.8895) and high 

degree 

ive 

 

lli 

ive linear relationship with increases in 

lative paleoslope elevation with a robust variance proportion (R2=0.8805) and high degree 

of statistical confidence (p=0.02) (Table 3.5).

Profile Analysis.   The downslope transition of pedotypes illustrates the coarses

he transition in pedotypes

s in the downslope Kokop

ness trace downslope pedogenic variati

topofunctions.   

m t  is greatest (350 cm) at the lowest paleo graphic position 

lightly from position 6 to the highest posi 8L (215 cm).  Solu

ely  proportion (R2=0.8040) gree of statistica

le 3.5). 

ositi  cm).  At position 5, two EBt horizo re described totaling 11

2

of statistical confidence (p=0.06) (Table 3.5). 

 Total Bt horizon (not including intergrade horizons) thickness includes a progress

increase upslope by 45 cm from position 5 (33 cm) to the highest paleotopographic position

at 8L.  The Bt horizons are absent at the lowest paleotopographic position in the Kokope

paleosol.  Total Bt horizon thickness has a negat

re
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 study area.  Horizon symbols are from Soil 

te 

se to slope position is similar to that 

n 

Figure 3.5. Field photographs of pedofacies in
Survey Staff (1981).  (A) Slickrock pedotype intensely weathered in the lower Chinle. 
Note distinct color transition between surface horizons (EBt) and subsoil (Bt).  (B) 
Kokopelli pedotype, with characteristic horizonation, mottled appearance, and 
intergrown iron nodules suggestive of poorly drained conditions.  (C) Moab 
pedotype with distinctive Bk subsoil horizons having pebble sized calcium carbona
nodules.  Crayfish burrows indicate that the paleosol was unlithified before 
pedogenesis.  (D) Castle Valley pedotype, which is similar to the Moab, but with 
finer ped structure.   

 
 

 Lower subsoil (BC) horizon thickness respon

observed with solum thickness.  BC horizon thickness is greatest (140 cm) at the lowest 

paleotopographic position (4), and is least (109 cm) at the next mid-slope position (5) on 

Figure 3.4.  BC horizon thickness again increases upslope from position 5 to the highest 

position (8L; 131 cm).  Solum thickness has a positive linear relationship with increases i

relative slope elevation with a very weak variance proportion (R2=0.0260) and low 

confidence (p=0.80) (Table 3.5). 
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 PDI increases down slope from position 8L (28.5) to 4 (132.5) (Fig. 3.8; Table 3.2).  

PDI has a negative linear relationship with increases in relative slope elevation with a very 

robust variance proportion (R2=0.9835) and the highest degree of statistical confidence for 

all topofunctions (p=0.00) (Table 3.5).   

 
The upper Chinle Paleocatena 
 
 

Pedotype Analysis.   The paleoslope preserved at the major disconformity within the 

upper Chinle is correlative from its paleotopographically highest positions at 11 and 10, to 

the lowest at position 8U (Figs. 3.1, 3.3-3.4).  Moab paleosols occur on the highest three 

paleotopographic positions (9-11), and a single Castle Valley paleosol is at the lowest 

position (8U) (Figs. 3.3-3.4).   

The up

medium, angular blocky ped structure; few, coarse (5 mm to 10 mm diameter) roots; and a 

clear, sm

horizon  

blocky ped structure; common calcium carbonate nodules (1 cm to 2 cm in diameter); few, 

 

no 

The Moab pedotype consists of four h rizons (Figs. 3.5C, 3.6E, 3.7C; Table 3.2).  

per horizon (0 cm to 89 cm) is a reddish brown (2.5YR 5/4) sandy mudstone with 

ooth lower boundary.  The upper horizon is underlain by a second sandy mudstone 

 (89 cm to 139 cm) that is lighter (red, 2.5YR 5/5), has medium to coarse, angular

o

coarse (5 mm to 10 mm diameter) roots; and a clear, smooth lower boundary.  The second

horizon is underlain by a similar horizon (139 cm to 188 cm) except for a slightly lighter 

color (red, 2.5 RY 5/6); coarse, angular blocky ped structure; and no root traces.  The 

second and third horizons have hematite-stained crystic (calcite) and argillasepic fabric in 

thin section (Fig. 3.6E).  A fourth horizon (188 cm to 205 cm) is similar to the overlying 

third horizon except for very coarse, angular blocky to prismatic ped structure and 
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area in plane light.  (A) Feldspar pseudomorph of kaolinite in EBt horizon of a 

Argillasepic microfabric with hematite staining and layered argillan in the 2Bt 
ized 

iron pore linings in the Bg horizon of a Kokopelli paleosol.  (E) Dense hematite 
.  

(F) Crystic microfabric with iron staining in Bk1 horizon of a Moab paleosol.   

 

Figure 3.6. Photomicrographs of common features in paleosol pedotypes from the study 

Slickrock paleosol.  (B) Argillan in the 2ABt horizon of a Slickrock paleosol.  (C) 

horizon of a Slickrock paleosol.  (D) Undulic and iron reduced fabric with oxid

staining and crystic microfabric from calcium carbonate in a Castle Valley paleosol
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calcium carbonate nodules.  The lowest horizon (>205 cm) is reddish brown (2.5YR 4/4), 

unweathered sandy mudstone.  The upper three horizons have strong reaction to HCl, 

whereas the lower two horizons have moderate reactions.  Calcification ratios are elevated in 

the second through fourth horizons.  Lessivage ratios show no clear pattern.  Base loss ratios 

values are below 2.0, indicating a base rich profile (Retallack, 2001).   

The interpreted horizon sequence for the Moab pedotype from the surface is Bw-

Bk1-Bk2-BC-C (Figs. 3.5D; 3.6E; 3.7C; Tables 3.2, 3.3).  The Bw horizon (0 cm to 89 cm) is 

recognized by the light color relative to the parent material and medium ped structure.  The 

Bk1 (89 cm to 139 cm) and Bk2 (188 cm to 205 cm) are recognized by lighter color than the 

parent material, larger ped size, presence of calcium carbonate nodules and elevated 

calcification determined by increased reaction to HCl and geochemical ratios.  Hematite-

stained crystic and argillasepic soil fabric, red hues, and the formation of Bk horizons suggest 

well-drained conditions during pedogenesis.   

The A horizon qualifies as an ochric diagnostic horizon because it is a mineral 

surface horizon with requisite Munsell (2000) color values (Table 3.4).  The Bk1 and Bk2 

qualifies as calcic because combined thickness exceeds 15 cm thick, and has more than 5% 

more calcium carbonate than the C horizon determined by the presence of abundant calc

it 

lacks calcium carbonate nodules and exhibits only structure development and color change 

relative

classific

The Castle Valley pedotype consist of four horizons (Figs. 3.5D, 3.6F, 3.7D; Table 

3.2).  The upper horizon (0 cm to 33 cm) is a reddish brown (2.5YR 4/4) sandy mudstone 

with fine, angular blocky ped structure; many, fine (1 mm to 2 mm diameter) roots; and a 

ium 

carbonate nodules and calcification ratios (Table 3.4).  The BC horizon is cambic because 

 to the parent material (Table 3.4).  Thus, the Moab satisfies the criteria for 

ation as an inceptisol (calcic) following U.S.D.A. Soil Taxonomy (Table 3.4). 
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clear, smooth lower boundary.  The upper horizon has the highest base loss (Fig. 3.7D).  

The upper horizon is underlain by a second sandy mudstone horizon (33 cm to 120 cm)

is lighter (red, 2.5YR 5/5); has fine to medium, angular blocky ped structure; common 

calcium carbonate nodules (1 cm to 2 cm in diameter); few, medium (2 mm to 5 mm 

diameter) roots; and a clear, smooth lower boundary.  The second hor

 that 

izon is underlain by a 

similar  

he 

he Castle Valley pedotype from the surface is 

A-Bk1-

 

l 

surface horizon with requisite Munsell (2000) values for color (Table 3.4).  The Bk1 and Bk2 

 

horizon (120 cm to 130 cm) except for a slightly lighter color (red, 2.5YR 5/6) and

medium, angular blocky ped structure.  The second and third horizons have hematite-stained 

crystic and argillasepic (calcite) fabric in thin section (Fig. 3.6F).  The lowest horizon (> 130 

cm) is reddish brown (2.5YR 4/4), unweathered sandy mudstone.  The entire profile has 

moderate to strong reaction to HCl.  Calcification ratios are substantially elevated in t

second and third horizons (Fig. 3.7D).  Lessivage ratios show no clear pattern.  Base loss 

ratios are below 2.0, indicating a base rich profile (Retallack, 2001).   

The interpreted horizon sequence for t

Bk2-C (Figs. 3.5D; 3.6F; 3.7D; Tables 3.2, 3.3).  The A horizon (0 cm to 33 cm) is 

recognized by darker color, fine ped structure, and the most base loss.  The Bk1 (33 cm to

120 cm) and Bk2 (120 cm to 130 cm) are recognized by lighter colors relative to the parent 

material, larger ped size, presence of calcium carbonate nodules and elevated calcification 

determined by increased reaction to HCl and geochemical ratios.  Hematite- stained crystic 

and argillasepic soil fabric, red hues, and the formation of Bk horizons suggest well-drained 

conditions during pedogenesis.   

The A horizon qualifies as an ochric diagnostic horizon because it is a minera

qualifies as calcic because their combined thickness is greater than 15 cm with more than 5%

more calcium carbonate than the C horizon, as determined by the presence of abundant 

 



65 

 

 
Figure 3.7. Weathering profiles, key pedogenic features, and geochem

Slickrock (A), Kokopelli (B), Moab (C), and Castle Valley (D)
ical ratios for the 
 pedotypes.  

2 3 2 2

 

il color (Table 3.2).  Lateral variations of horizon value and 

chroma

Al2O3/SiO2 is an indicator of lessivage (clay translocation).  The CaO+MgO/Al2O3 
ratio is an indicator of calcification.  Al O /CaO+MgO+Na O+K O is an indicator 
of base loss.   

 
 

calcium carbonate nodules and calcification ratios (Table 3.4).  Thus, the Castle Valley 

satisfies the criteria for classification as an inceptisol (calcic) following U.S.D.A. Soil 

Taxonomy (Table 3.4). 

 
Profile Analysis.   Unlike the upper Chinle paleocatena, there is little to no variability in

soil taxonomic classification or so

 are less than one unit across the paleocatena.  The only preserved surface (A) 

horizon at the toe of slope, however, has a slightly darker color than other horizons 

observed in the paleotopographically higher paleosols.   
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 Solum thickness is greatest (215 cm) at the second lowest paleotopographic position 

(9), and is least (130 cm) at the lowest position (8U), as shown in Figure 3.5.  Solum 

thickness again decreases upslope from position 9 to the higher position (11; 180 cm).  

Solum thickness has a negative linear relationship to increases in relative paleoslope 

elevation, with a weak variance proportion (R2=0.5165) and low statistical confidence 

(p=0.28) (Table 3.5). 

Remnant Bw horizon thickness varies downslope from the highest paleotopographic 

position 10 (89 cm) to position 11 (40 cm).  Bw horizons are absent at the lowest 

paleotopographic position (8U).  Bw horizon thickness has a positive linear relationship to 

increases in relative slope elevation, with a very poor variance proportion (R2=0.0683) and 

low statistical confidence (p=0.83) (Table 3.5). 

 at 

the low  

relationship to increases in relative paleoslope elevation, with a poor variance proportion 

2

sition 9 (57 cm).  BC horizon thickness is anomalously thin at 

at position 8U lacks a BC horizon.  Solum 

thickne

.2).  

bust 

stical confidence (p=0.07) (Table 

3.5).   

 Total Bk horizon thickness is greatest at mid-slope position 9 (107 cm) and least

est paleotopographic position at 8U.  Total Bk horizon thickness has a positive linear

(R =0.2432) and low statistical confidence (p=0.51) (Table 3.5). 

 Lower subsoil (BC) horizon thickness increases down slope from paleotopographic 

position 11 (70 cm) to po

position 10 (17 cm).  The Castle Valley soil 

ss has a negative linear relationship with increases in relative slope elevation, with a 

weak variance proportion (R2=0.5610) and low statistical confidence (p=0.25) (Table 3.5). 

 PDI increases down slope from position 11 (64.4) to 8 (84.2) (Fig. 3.8; Table 3

PDI has a positive linear relationship to increases in relative slope elevation with a ro

variance proportion (R2=0.8591) and a high level of stati
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Discussion 

 Results show that paleolandscapes associated with salt tectonics influenced pa

development (Figs. 3.3 and 3.4).  In the lower Chinle paleocatena, topographic influence

resulted in a downslope transition in soil taxonomic orders from alfisols to inceptiso

cambic diagnostic horizons (Fig. 3.3).  Other paleosol properties, such as solum and su

horizon (A and E) thic

 
leosol 

s 

ls with 

rface 

kness, tend to increase downslope, possibly reflecting the downslope 

movem

n 

e 

values are good indicators of general 

The lower Chinle Paleocatena 

 The lower Chinle paleocatenary surface was probably susceptible to erosion, with the 

downslope movement of sediment a key process influencing pedogenesis.  This process is 

evident by the truncation of Slickrock paleosols on the upper four topographic positions (5-

8L) and the over-thickened, Kokopelli paleosol at the toe (position 4) of the toposequence 

(Fig. 3.3).  The paleocatena most likely has a K-cycle history in which episodic erosion from 

the upper slope was followed by paleosol burial from influx of material at the toe of the 

slope (Butler, 1959).  In other words, colluvial processes resulted in slow upslope erosion  

ent of sediment (Table 3.5).  Subsoil horizons (Bw, Bk, and BC) tend to thicken 

downslope, with the exception of BC horizons in the upper paleocatena, possibly i

response to increased soil moisture (Table 3.5).  The Bt horizons in the lower Chinle 

paleocatena thin downslope, probably reflecting the need for well-drained conditions for th

formation of argillic horizons (Table 3.5).  PDI 

topographic influences (Harden, 1982; Birkeland, 1999).  PDI calculations factor in several 

attributes related to soil color, mottling, and ped development, which are good indicators of 

soil moisture.  Furthermore, PDI calculations incorporate horizon and profile thickness, 

which are good indicators of either soil erosion or aggradation.   
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and subsequent downslope sedimentation along the paleocatena.  In the lower Chinle 

 

 

n 

 

esses, thus accounting for 

e change in soil orders.  The formation of the Kokopelli soil at the toe of the lower Chinle 

aleocatena reflects a similar situation in which the influx of sediment at least partially 

influenced a change in soil order from alfisol to inceptisol. 

While sediment redistribution was a factor, soil moisture may have also been 

influential in paleosol formation.  The correlation of color, E horizon thickness, Bt horizon 

thickness, and PDI to paleoslope elevation suggests strong paleotopographic control on 

pedogenesis (Fig. 3.8).  The weathering of soil minerals is greater downslope due to 

increased moisture.  Soils in lower slope positions can receive more moisture than those in 

upslope positions because of lateral movement of water on the surface. 

paleocatena, soil erosion along the upper slope (8L, 7, 6, 5) stripped the presumed A horizon

and portions of the E horizon (Fig. 3.3).  By position 5, the E horizon changes to EBt 

horizons, indicating that the paleosol received sediment inputs about equaling the rate of 

formation of the E and Bt horizons (Fig. 3.3).  Downslope of position 5 at the toe of the 

paleocatena, an over-thickened Kokopelli paleosol suggests that sediment inputs derived 

from upslope kept pace with pedogenesis and prevented the formation of an alfisol (Fig.

3.3).   

The robust negative linear relationship between solum thickness and paleoslope 

elevation supports the patterns of horizon truncation observed along the paleocatena (Fig. 

3.8).  Muhs (1982) identified a similar relationship in which soil profiles thickened dow

slope along a catena formed on andesite bedrock on an offshore California island (MAP 170

mm, MAT 16ºC).  Furthermore, there was a similar soil order-level transition from the 

summit (alfisol) to the toe slope (vertisol).  Muhs (1982) suggested that thresholds exist 

whereby the additions of sediment change the dominant soil proc

th

p
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Table 3.5: Statistical analysis of paleosol features related to paleoslope. 

 Lower Chinle Paleocatena Upper Chinle Paleocatena 

Feature 
(Y–axis) Equation* R2

Standard Standard p–
valueError 

(cm) 

p–
value Equation* R2 Error 

(cm) 
Total Profile 

Thickness (cm) 
-50.7840x + 

185.070 0.8040 31.5 0.04 8.2809x + 
207.760 0.5165 32.3 0.28 

E Thickness -31.1750x + /A

N/A N/A N/A N/A 0.0683 35.1 0.83 

(cm) 85.905 0.51 

(cm) 44.476 
ickness 
m) 

-1.9332x + 
121.500 0.0260 14.9 0.80 7.4858x + 

58.832 0.5610 26.7 0.25 

PDI*** 0.07 

(cm) 31.060 0.8895 10.0 0.06 N/A N/A N/A N

Bw Thickness 
(cm)** 

-4.5510x + 
53.098 

Bk Thickness N/A N/A N/A N/A -2.4083x + 0.2432 17.1 

Bt Thickness 6.8454x + 0.9789 7.9 0.02 N/A N/A N/A N/A

BC Th
(c

 Value -36.1900x 
+28.142 0.9835 5.9 0.00 -2.6144x 

+65.701 0.8591 3.1 

* Where “x” equals distance (km) from the summit. 
** Probable surface truncation throughout the study area 
*** Profile development index (PDI) 
N/A = Not available. 
 
 

S P 8 L S P 7 S P 6 S P 5 S P 4

E = -31.1750x + 31.060

R2 = 0.8895
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Figure 3.8. Plots of thickness versus downslope distance (km) from the summit (slop

from the lower Chinle paleocatena. 
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thickness versus downslope distance (km) from the summit (slope 
position 11) for the total paleosol profiles, Bw horizons, Bt horizons, and BC 
horizons from the upper Chinle paleocatena. 

 
 
 While sediment redistribution was a factor, soil moisture may have also been 

influential in paleosol formation.  The correlation of color, E horizon thickness, Bt horizon 

thickness, and PDI to paleoslope elevation suggests strong paleotopographic control on 

pedogenesis (Fig. 3.8).  The weathering of soil minerals is greater downslope due to 

increased moisture.  Soils in lower slope positions can receive more moisture than those in 

upslope positions because of lateral movement of water on the surface or as shallow 

groundwater.  The most obvious expressions of moisture influences are the highly oxidized 

colors of the Slickrock soils, indicating a well-drained environment on higher 

paleotopographic positions (Table 3.1).  The mottled, depleted colors of the Kokopelli 

low paleotopographic position (Table 3.1). 

SP11 SP10 SP9

 
Figure 3.9. Plots of 

paleosol at the toe of the slope indicate a relatively high water table, a result of the paleosol’s 
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 A similar modern catena is described by McKeague (1965) in the cold, humid eastern 

Canada moraines; the description includes depth to water table information.  Spodosols, 

base-depleted forest soils, are present at the summit, shoulder, and backslope positions with 

oxidized features and entisols at the footslope with redox features.  McKeague (1965) noted 

that water tables are roughly one meter below the surface at the higher topographic 

positions, but only 30 cm below at the footslope.  Similarly, in New Zealand, studies have 

found downslope changes in soils attributed to increased soil moisture (Tonkin et al., 1977; 

Young et al., 1977).  With a MAP of 100 cm, well-drained inceptisols transition to poorly 

drained inceptisols going from the backslope and the above to the footslope.  With a MAP 

of 200 cm, well-drained spodosols at the summit transition to poorly-drained spodosols at 

y area progressively thin upslope and 

ions 

ons at 

e 

f the 

thickness 

bottom of the slope, soil moisture presumably 

the backslope and to soils with peat accumulation (histosols) at the footslope.   

Beyond solum changes, E horizons in the stud

probably reflect paleosol susceptibility to both surface truncation and drainage condit

(Figs. 3.3 and 3.8).  E horizon development requires well-drained conditions, thus, it is 

expected their thickness should increase upslope as in the lower Chinle paleocatena.  

However, E horizon thickness increases downslope (Figs. 3.3 and 3.8).  Thin E horiz

the upper slope can be explained by surface truncation because the presumed A horizons ar

missing (Fig. 3.3).  However, Schumacher et al. (1987) found a pattern similar to that o

lower Chinle paleocatena with topsoil (A+E horizon) thickness in central Louisiana’s 

undulating landscape (MAP > 1,000 mm, MAT 18ºC).  Here, topsoil horizon 

nearly doubles from better to poorly drained sites.  In this study, E and EBt horizon 

(topsoil) thickness increases until the lowest position, where a Kokopelli soil occupies this 

poorly drained portion of the slope.  At the 
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crossed a threshold, inhibiting the leaching of an E horizon or the formation of a Bt 

horizon, but favoring increased topsoil (A) thickness.   

 The robust, positive linear relationship between Bt horizon thickness and slope 

elevation probably reflects the influence of drainage conditions on paleosol development 

(Figs. 3.3 and 3.8).  Bt horizon development requires well-drained conditions more 

commonly associated with an upland position.  For example, Schumacher et al. (1987) foun

that Bt horizon thickness increases 50-65% in well-drained versus poorly-drained soils.   

The systematic down slope increase in PDI also suggests that soil drainage greatly 

influenced pedogenesis along the paleocatena (Fig. 3.10).  PDI estimates are based upon 

many attributes sensitive to soil moisture (e.g. melanization, ped formation, horizon 

thickness), and are therefore likely to increase towards downslope positions.  Bir

d 

keland 

(1994) d

e 

etween 

es 

sts 

 

 

the other four soil forming factors. 

ocuments 15-ka catena weathered on moraines in New Zealand (MAP 300 mm, 

MAT 11ºC) where downslope soils have greater PDI.  Miller and Birkeland (1992) also 

determined that PDI showed greater development downslope in two alpine catenas in th

Peruvian Andes (MAP >100 and 300 mm, MAT 6º-12ºC).  Because the relationship b

PDI and slope elevation in the lower Chinle paleocatena has a nearly one-to-one correlation 

(R2=0.9835), it may be assumed that most variation in paleosol genesis is related to 

topography and soil moisture conditions.  On the other hand, if the redistribution of 

sediment along the slope had been the dominant process affecting PDI, then PDI valu

would probably show more variation, and the variance proportion would be less robust. 

 The poor correlation between BC horizon thickness and slope elevation sugge

that the thickness of lower subsoils is not susceptible to topographic position (Figs. 3.3 and

3.8).  It is possible that lower subsoil development is more susceptible to slight variations in
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The upper Chinle Paleocatena 

 The paleocatena within the upper Chinle is simi
 

lar to that formed on the lower 

pe 

graphic 

.  

The up n 

nce is 

ry 

ce 

nslope 

.  PDI 

 

Chinle paleosurface, but relationships between paleosol properties and slope are more 

ambiguous (Figs. 3.4 and 3.9).  This weaker relationship may reflect soil formation on a slo

with a shorter duration of weathering before burial, or a normalization of hydrotopo

influences by the general increase in aridity during the upper Chinle.  This also explains why 

a soil order change occurs in the lower paleocatena, and not in the upper catena (Fig. 3.4)

per Chinle paleocatenary surface was probably unstable, with sediment redistributio

a major process influencing pedogenesis.  Moab paleosols at the upper three topographic 

positions are truncated whereas the Castle Valley paleosol at the toe of the toposeque

relatively complete and less mature (Fig. 3.4).  The paleocatena likely has a K-cycle histo

characterized by episodic erosion of the upper slope (Butler, 1959).  The positive covarian

between solum thickness and paleoslope elevation suggests that most variation in soil 

thickness is related to its position on the slope despite widespread surface truncation (Figs. 

3.4 and 3.9).  Deeply weathered paleosols on the upper slope suggest that surface erosion 

was slower than pedogenesis for most of the catena’s life before burial.   

 Although downslope sediment redistribution influenced pedogenesis, a dow

increase in PDI suggests that differential soil moisture was a control as well (Fig. 3.10)

trends in the upper Chinle paleocatena are similar to the lower Chinle, and have the same 

interpretation.  Topographic influence had little control on the Bw, Bk, and BC horizons,

because their tested attributes have a poor correlation with slope (Figs. 3.4 and 3.9).  

However, Bw thickness appears to parallel solum thickness.  Bw, Bk, and BC thickness 

variations probably result from slight variations in the other four soil forming factors.   

 



74 

Lower Paleocatena PDI = -36.1900x + 28.142
R2 = 0.9835

Upper Paleocatena PDI = -2.6144x + 65.701
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Figure 3.10. Profile development index (PDI) versus downslope distance (km) from the 

 

Conclusions 

1.) Soil development along the two paleocatenas was influenced by topography, as is true 

for modern soils.  These influences included both downslope redistribution of sedimen

and change in soil hydrology.  Cumulic, and/or weaker developed pal

 
 

summit for paleocatenas in the study area.   

 

 

t 

eosols at toe slope 

pos

 

s 

s in 

  

itions suggest the downslope movement of sediment was a key process, whereas 

selected (E, Bt) horizon thicknesses, color, and PDI values suggest that soil hydrology 

was a key process.  Some pedogenic features (Bw, Bk, BC thickness) were less affected

by paleotopographic influences, probably reflecting more susceptibility to slight change

in the other soil forming factors. 

2.) Paleolandscapes associated with salt tectonic features dramatically influenced change

paleosol morphology.  A paleocatena formed along the upper boundary of the lower
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Chinle sequence has well-drained alfisols on its upper slopes and a poorly drained, over-

thickened inceptisols at the toe of slope.  Another paleocatena formed within the upper 

Chinle is limited to inceptisols (calcic) that are thick on its upper slopes and thin, at the 

toe of slope.  Additionally, robust statistical correlations between landscape position and 

soil property development indicate that the paleolandscapes associated with salt tectonic 

features controlled much of the lateral variation observed in paleosol morphology. 

 



 

CHAPTER FOUR 
 

Late Triassic Climate Trends in Eastern Utah 

Abstract 

Prior investigations suggest that alluvial lowlands of Pangea in the southwestern

Multi-proxy Paleosol Evidence for Middle and 
 
 

 
 

U.S.A. experienced an arid to semiarid climate with significant seasonality during the middle 

and Late Triassic.  Our investigation finds evidence for a global pluvial episode from 

paleosols in the middle to Late Triassic section of eastern Utah.  Multi-proxy paleosol 

evidence, are used to quantify rainfall amounts, ambient temperatures, atmospheric CO2 

concentrations, and infer associated plant formations related to ecosystem persistence.  

Rainfall estimates are derived from geochemical molecular weathering ratios; temperature 

and atmospheric CO2 levels from stable oxygen and carbon isotopes of pedogenic 

carbonate, respectively; and ecosystem reconstruction by a combination of climate indexes 

and paleosol characteristics.  Eight pedotypes were identified, and include poorly drained 

aquic Entisols (Fisher), well drained non-aquic Entisols (Salt Valley), calcic Aridisols (Castle 

Valley), calcic Inceptisols (Moab), cambic (Ute) and calcic (La Sal) Vertisols, dystric 

Inceptisols (Kokopeli), and argillic Alfisols (Slickrock).  The middle Triassic Moenkopi 

Formation (Anisian) was dominated by Castle Valley paleosols with mean annual rainfall 

between 300 and 400 mm and mean annual temperature between 13 to 23°C (mesic to 

hyperthermic).  Based on these climate indexes and root traces, the associated plant 

formation was most likely desert shrub or dry woodland.  The lower Chinle Formation 

(Carnian) contains a succession of Ute and La Sal paleosols that changed up-section to 

Kokopeli, Fisher, and Slickrock paleosols.  In accordance with geochemical and isotopic 
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signatures from these pedotypes, rainfall amounts initially increased to between 700 and 900 

mm, and then to between 1,300 and 1,400 mm.  Temperatures estimated from the La Sal 

om dry woodland to open forest that appears to correlate with the formation of the 

n Arizona.  The inle Formation (Carnian-Norian) reveals 

a return to semiarid to subhumid conditions and the formation of Castle Valley, Moab, and 

 

 CO2 

ls 

 

ed that 

Gallimore, 1989; Parrish, 1993; Manabe et al., 1994; Crowley, 1994; Ziegler et al., 1997; 

paleosol are approximately 18°C (thermic) at this time.  The lower Chinle marks a transition 

fr

Petrified Forest Member i upper Ch

Salt Valley paleosols, all of which appear to have supported desert shrub or dry woodlands.  

Rainfall amounts decreased to between 400 and 600 mm with temperatures eventually

increasing to 29°C (hyperthermic).  Using the paleosol isotopic barometer, atmospheric

estimates generally correlate with other proxy for the Triassic.  The well developed Alfiso

and noncalcareous Inceptisols identified during the Carnian of the lower Chinle correlate

with a previously identified global pluvial episode based on sedimentological and marine 

isotopic evidence, possibly in response to rifting of Pangea.  It should not be assum

the middle to late Triassic in continental alluvial lowlands supported a uniform, semiarid to 

arid climate, with strong seasonality. 

 
Introduction 

 
Understanding Triassic climates and terrestrial ecosystems is important because two 

great mass extinctions mark the lower and upper boundary, Pangea had reached its 

maximum expression, and coal and coral reef production were at a minimum (Crowley, 

1994).  Although climate modeling for Triassic Pangean climates point to monsoonal 

seasonality and increasing CO2 during late Triassic, rifting may have produced global 

warming, low meridional temperature gradients, abundant rainfall at high latitudes, and 

increased absolute atmospheric water vapor content (Taylor et al., 1992; Kutzbach and 
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Retallack, 1999; Rees et al., 2002; Kidder and Worsley, 2004).  Further complicating climate 

interpretations for the Triassic are differing quantitative estimates and trends of atmospher

CO

ic 

1; 

 

art 

ot climate with an adequate supply of moisture 

roughout the year (Ash, 1999).  This is consistent with the presence of well developed 

lfisols that supported open forests during the upper Carnian in the Petrified National Forest 

of northeastern Arizona (Retallack, 1997).  Thierren and Fastovsky (2000) studied multiple 

paleosols indicating a dual history of formation experiencing wet and dry cycles during the 

Carnian and Norian.  Blodgett (1988) discovered arid to semiarid paleosols rich in pedogenic 

carbonate during the late Triassic and early Jurassic in southwestern Colorado.  None of 

these studies, however, provide a continuous quantitative climate reconstruction for the 

middle and late Triassic.  

2 using various paleobarometers (Ekart et al., 1999; Mora et al., 1999; King, 1998; Driese 

and Mora, 2002; Jones, 1999; Rothman, 2002; Berner, 1994; Berner and Kothavala, 200

Retallack, 2001a; 2001b).  One convincing study indicates that the Carnian was a global 

pluvial episode in contrast to middle and latest Triassic arid climates (Simms and Ruffell, 

1989). 

Within context of global interpretations of Triassic climates, numerous outcrop

exposures of middle to late Triassic continental deposits have been studied in the 

southwestern U.S.A.  Generalized paleoclimate interpretations from stratigraphic, 

sedimentologic, paleontologic, and pedogenic evidence in this region suggests that the 

middle to late Triassic was warm and semiarid with seasonal to monsoonal climates (Stew

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).  Based on leaf fossils, many 

plants grew in a humid and warm to h

th

a
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The middle to late Triassic Moenkopi and Chinle formations of eastern Utah provide

continuous outcrop exposures of continental deposits suitable for analysis to help resolve 

some of the controversial interpretations of climates and ecosystems during this time.  These 

formations were created in a fluvial environment punctuated by numerous intervals of 

landscape stability and paleosol formation.  In this investigation, we utilize paleosol prox

from these formations to: 1) reconstruct a precipitation and temperature curve; 2) provide

estimat

 

ies 

 an 

e of associated plant formations; and 3) construct an atmospheric CO2 curve.   

Geologic Setting 

The study area includes the Anasian Parriot Member of the Moenkopi Formation 

(Shoemaker and Newman, 1959; Steiner et al., 1993), the Carnian lower Chinle Formation 

(Heckert, 2001; Heckert and Lucas, 2002a, 2002b; Heckert et al., 2002), and the Carnian to 

Norian upper Chinle Formation (Ash, 1972; Breed, 1972; Colbert, 1972, 1975; Conrad, 1988; 

Doelling, 1985; Doelling and Ross, 1998; Gottesfeld, 1972; Hazel, 1994; Jones, 1999; Litwin, 

1986) of eastern Utah (Figs. 4.1, 4.2).  Paleogeographic reconstructions place the study area 

between 5º and 15º north of the paleoequator during the Triassic (Fig. 4.1B) (Van der Voo et 

al., 1976; Habicht, 1979; Zeigler et al., 1983).  The Moenkopi consists of a succession of 

coastal and some fluvial sediment deposited during the initial Mesozoic marine transgression 

into the Colorado Plateau (Stewart et al., 1972).  The unit appears to be extensively scoured 

in the study area beneath the TR-3 unconformity, which separates the Moenkopi from the 

Chinle (Pipiringos and O’Sullivan, 1978).  In stratigraphically ascending order, Shoemaker 

and Newman (1959) divide the Moenkopi in the study area into the Tenderfoot, Ali Baba, 

Sewemup, and Parriot Members (Fig. 4.2).  The Parriot is only recognized within the study 

area and adjacent to a salt-cored anticline in Colorado (Shoemaker and Newman, 1959; 

Doelling and Ross, 1998).  The uppermost 20 m of the Parriot Member of the Moenkopi is 
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describ

 

(Doelling, 1985; Hazel, 1994; Doelling and Ross, 1998; Jackson et al., 1998; Boucher, 2004). 

he Chinle ranges from 60 m to more than 250 m thick (Fig. 4.2) (Doelling, 1985) where 

lithologic heterogeneities caused by halokinetic influences make it difficult to divide and 

correlate the formation into members that maybe confidently correlated throughout the 

Colorado Plateau (Hazel, 1994). Doelling and Ross (1998) divide the Chinle into informal 

lower and upper members, separated by an angular unconformity that is attributed to salt 

tectonic tilting.  In the study area, the lower Chinle is almost completely mottled white, gray, 

red, purple, green, yellow, and black.  The lower half was locally influenced by a salt 

minibasin, resulting in the preponderance of overbank sedimentation and includes numerous 

single story sheet and ribbon channels characteristic of meandering systems (Fig. 4.3) 

(Boucher, 2004; Matthews et al., 2004).  The upper half of the lower Chinle is dominated by 

sandy facies most often arranged within multi-story, sheet-style channels, suggesting a 

braided-style deposition (Fig. 4.3).  The lower Chinle is approximately equivalent to the 

“mottled strata” of Stewart et al. (1972) and perhaps part of the Petrified Forest Member 

(Billingsley, 1985). 

ed where it consists of red-brown to lavender sandstone interbedded with chocolate-

brown, orange-brown, and red siltstone and mudstone deposited in a fluvial environment 

(Doelling and Ross, 1998).  Based on our work, sandstone bodies in the Moenkopi occur as 

isolated single story channels with overbank mudrock and associated well-developed 

paleosols becoming more closely stacked up section (Fig. 4.3).   

Depositional style, stratigraphic boundaries, and paleosols in the Chinle Formation 

were heavily influenced by salt tectonics in the Salt Anticline Region in the late Triassic

T
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Figure 4.1. (A) Geologic map of the study area adapted from Doelling and Ross (1998). 
Measured Section 5 (MS-5) and Measured Section 10 (MS-10) are used to constru
the composite section in Fig. 4.  The most mature paleosols in the study area occur
in MS-5 and MS-10 and were most likely in equilibrium with climate conditions 
during paleo
Triassic ada

ct 
 

sol genesis.  (B) Paleogeographic map of the Western Interior during the 
pted from Hazel (1994).  Fluvial sediments were deposited in lowlands 

restricted from ancient seas.  The Salt Anticline Region is characterized by 
halokinetic structures that originate from Pennsylvanian evaporates.  
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Figure 4.2. Stratigraphic diagram showing the regional relationship of rock formations and 
their approximate thickness in the study area.  Adapted from Doelling (1985), and 
Jackson et al. (1998).   

 
 

The upper Chinle in the study area is a red-bed deposit with purplish-red to orange 

hues and is interpreted to have been deposited by a fluvial system that was braided at the 

base of the member and evolved to a meandering system near the top of the section (Fig. 

4.3).  Sandy bodies transition up section from multi-story sheets and ribbons to single story 

ribbons, and suggest increasing sedimentation rates through time (Fig. 4.3).  Portions of the 

upper Chinle in the study area may be equivalent to the Petrified Forest, Owl Rock, and 

Church Rock Members to the south and east within the Chinle Basin (Blakey and Gubitosa, 

1983; Hazel, 1994).  The upper Chinle is probably not equivalent to the Moss Black member 

(Blakey and Gubitosa, 1983) because the study area is north and west of the Moab-pinchout 

 

to the s

Shafer 

 

(FInch, 1959).  The Moab-pinchout is an irregular east-west line along which the Moss Back

outh pinches out against paleotopographic highs along parts of the Cane Creek and 

Anticlines, about 40 kilometers to the south and west of the study area (Hazel, 1994).   
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Methods 
 
 

Paleosol Description 
 

 Fieldwork in the study area involved calibrating helicopter and ground-based 

photopanaramas of canyon outcrops with eighteen measured sections (MS).  Measured 

sections document biological and depositional structures, grain size, lithostratigraphic 

boundaries, and paleosols.  Measurements of apparent thickness were corrected to true 

vertical thickness by accounting for structural dip (ranging from 0º to 13º NW to NE) and 

profiles encountered in measured sections were described 

following guidelines proposed by Retallack (1988).  Profile descriptions include 

horizonation, horizon and solum thickness, boundary, structure, Munsell color, acid 

reaction, coarse fragments, redoximorphic features, calcium carbonate nodules, slickensides, 

rooting patterns, ichnology and other standard soil observations.  The profiles were grouped 

into eight pedotypes (Retallack, 1994a; 1994b), each of which represents a unique group of 

paleosols and is held as a standard for comparison (Retallack, 1994b).  Each horizon of each 

pedotype was sampled for micromorphic and bulk geochemical analysis.  Thin sections were 

described using the micromorphic terminology of Brewer (1976) and includes cutans, 

glaebules, crystals, pedotubules, microfabric, and grain structure.  In addition, each thin 

section was counted for 600 points to determine texture, with clay concentration determined 

by difference after subtracting the sand and silt fraction.  Bulk elemental geochemistry was 

analyzed for each pedotype horizon using triple-acid “total” digestion ICP by ALS Chemex 

Laboratories and mathematically converted to oxides.  The above soil data was used to 

classify the pedotypes based on U.S. Soil Taxonomy (Soil Survey Staff, 1998). 

outcrop slope (ranging from 10º to 90º).   

A total of 225 paleosol 
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Figure 4.3. Measured stratigraphic section from the study area showing the position of 
enic 

carbonate (Isotope), lithofacies, and architectural elements.  Type profiles were 
sampled for bulk geochemical and micromorphic analysis.   

paleosols, pedotype profiles (Type), stable isotope samples from pedog
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Compaction Compensation 
 

Compaction was estimated using a regression algorithm developed by Sheldon and 

Retallack (2001a) for floodplain sediments and soils.  This equation uses unique solidity, 

porosity, and curve-fitting constants for alluvial sands, muds, and paleosols by modern 

taxonomic soil order.  The independent variable for these equations is burial depth (km). 

Within the study area the Chinle was buried beneath at least 2.1 km of overburden (Jackson 

et al., 1998).  This burial estimate is roughly comparable to the minimum amount of 

exhumation estimated by Pederson et al. (2002) in their Geographic Information Systems 

(GIS) approach to quantifying uplift and erosion on the Colorado Plateau. Paleosol horizon 

thicknesses were decompacted by about 9%. 

 
Precipitation Estimates 

 
 Rainfall estimates were provided by geochemical weathering indexes (Sheldon et al., 

2002) and a carbonate depth function (Retallack, 1994b).  The rainfall estimates are used to 

classify the climate into divisions that include arid (50-250 mm), semiarid (250-500 mm), 

subhumid (500-1,000 mm), and humid (1,000-2,000 mm) (Bull, 1991).  The Sheldon et al. 

(2002) climofunction for rainfall is based on the Maynard (1992) calculation of the paleosol 

chemical index of alteration without potash (CIA-K) to control for the effects of 

metasomatism, which is expressed as: (Al2O3/Al2O3+CaO+Na2O)•100.  The CIA-K index 

relates mean annual precipitation (MAP) in mm to soil CIA-K with the equation: MAP = 

221e0.0197 (CIA-K) (R2 = 0.73, standard error = ±184 mm) that is useful over a precipitation 

range of 200 to 1,600 mm yr-1.  Following the protocol of Sheldon et al. (2002), the first 

subsoil horizon (cambic or argillic) in a mature paleosol profile with minimal bulk carbonate 

(< 5%) was applied to the climofunctions.   
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 The depth to carbonate (DTC) function is related to rainfall where MAP = 139.6 - 

6.388D

 

 with 

l 

erms of 

ed 

. 

ates 

 

and δ18O 

 

a z s .0044δ13Cr-4.4) / (δ13Catm-δ13Cs)); where Ca is 

- 0.01303D2 and MAP is mean annual precipitation, D is depth in -cm, and the 

standard error and R2 are ±141 mm and 0.79, respectively (Retallack, 1994b).  This depth

function was developed for paleosols that formed in friable sedimentary parent material

moderate development (pedogenic carbonate nodular phase) and situated in natural alluvia

settings (Retallack, 1994b; 2001a).  Our study applies the carbonate depth function only to 

paleosols that meet the following criteria: (1) have a recognizable topsoil horizon in t

elevated organic carbon content, darker color, and finer and stronger structure, (2) are buri

by fine-grained overbank material not related to truncation surfaces and (3) have a smooth 

upper and gradational lower topsoil boundary

 
Atmospheric CO2 Estim

 
 Pedogenic carbonate nodules were collected in triplicate from paleosols with Bk 

horizons below a depth of 50 cm for stable carbon isotope analysis.  The carbonate nodules 

were typically subrounded, 0.5 to 2.5 cm in diameter, and composed of distinctive micrite

and crosscutting spar phases. In the laboratory, about 5 mg of micrite (clay fraction 

carbonate) was sampled from each nodule using a 2.4 mm diameter drill bit. Samples were 

analyzed at Coastal Science Laboratories, Inc., Austin, Texas and reported as δ13C 

values relative to the PDB standard (±0.2‰).  The micrite phase was collected for analysis 

under the assumption that it represents carbonate precipitation at the time of paleosol 

formation (Driese and Mora, 1993).  The triplicate isotopic values were averaged for each

paleosol to encompass sample variability per paleosol.  

 Atmospheric CO2 can be estimated using the paleosol carbonate barometer 

developed by Cerling (1999): C  = S ((δ13C -1
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atmospheric CO2 (ppmV), Sz is soil CO2 concentration (ppmV), and δ13Cs, δ13Cr δ13Catm are 

the stable carbon isotopic compositions of soil CO2, soil-respired CO2, and atmospheric

CO

 

 

s

2

r atm to paleosol 

Cr+18.67)/1.10]) (Arens et al., 2000).  These values are reasonable 

 

, 

 

 

 

91; Mora et al., 1996; Ekert et al., 

 

2, respectfully.  This technique assumes the soil-atmosphere isotopic system is in 

equilibrium and that elevated atmospheric CO2 concentrations are isotopically recorded in 

the soil CO2 pool and ultimately pedogenic carbonate (Nordt et al., 2003).  

 The averaged δ13C values from triplicate samples of pedogenic micrite were adjusted

to estimate δ13C  from temperature-dependant carbonate equilibria fractionation of the soil 

CO  -pedogenic carbonate system (Romanek et al., 1992) using temperature estimates from 

paleosol stable oxygen isotopes.  Given low levels of paleosol organic carbon in the study 

area, we estimated δ13C  (-23.6‰) by an empirical equation relating the 13C

organic carbon ([13Catm=(13

since time-equivalent charcoal δ13C values are -23.9‰ (n= 2) from nearby paleosols in the

Chinle Formation at the Petrified National Forest (Jones, 1999; Driese and Mora, 2002).  

The variable δ13Catm (-4.5‰) was derived from temporally-appropriate (Lower Anisian and 

Carnian-Norian) shallow-benthic marine inorganic carbon values (Veizer et al., 1999)

assuming an isotopic fractionation between the ocean and atmospheric CO2 of -7‰ (Driese

and Mora, 2002).  The estimated δ13Catm and δ13Cr variables are both similar to that used by 

Driese and Mora (2002) on time equivalent (Carnian-Norian) paleosols in the Durham Basin

of North Carolina.  Soil CO2 concentration was estimated as 4,000 ppmV for the arid to

semiarid paleosols in the study area, and as 5,000 ppmV for the subhumid paleosols, 

following modern soil CO2 climate relations (Cerling, 19

1999, Driese and Mora, 2002; Nordt et al., 2003). 

 

 



88 

Temperature Estimates 

 Paleotemperatures were estimated by the simultaneous solution of two equations,

which link the stable oxygen isotopic composition of meteoric water and pedogenic 

carbonate to ambient temperature (Nordt et al., 2003).  The paleotemperature estimates are

used to classify the climate into divisions that include mesic (8-15 ºC), therm

 
 

 

ic (15-22 ºC), 

isotopic composition of pedogenic carbonate: 

-0.498 T3 + (δ18O + 152.04) T2 - 2.78 x 106 = 0. 

 The δ18O of pedogenic carbonate should be a reasonable proxy for air temperature 

18

temperature effects on isotopic redistribution, 2) preserved pedogenic depth functions 

reflect limited diagenetic alteration and 3) where depth to carbonate indicates an arid to 

semiarid climate, samples were collected from below a depth of 50 cm to reduce the effects 

evaporative enrichment (Cerling, 1984; Cerling and Quade, 1993; Nordt et al., 2003).  

 

 
 

and hyperthermic (> 22 ºC) (Bull, 1991).  The paleotemperature equations describe the 

fractionation of oxygen isotopes during the transfer from water to calcite during soil 

formation (Friedman and O'Neil, 1977), and the correlation between oxygen isotopes of 

meteoric water and mean annual air temperature (Fricke and O’Neil, 1999).  The resulting 

equation uniquely describes mean annual ambient temperature (K) from measured oxygen 

calcite (SMOW) 

based on global relationships between the δ O of meteoric water and temperature (Fricke 

and O’Neil, 1999).  If the process of evaporative enrichment or diagenetic fluid exchange 

occurs during soil formation, there can be uncertainty to the temperature estimates (Cerling, 

1984).  However, we observe that: 1) the shallow burial depth (~2.1 km) minimizes 
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Paleosols 

 Valley, 

as 

dy 

 (Tables 4.1, 4.2).  Fisher soils are weakly 

calcareous to non tures formed in 

 

r 

excursions evident in geochemical depth trends would be expected for more advanced 

iagnostic horizons that cambic (Fig. 4.6A, B).   

 

 
The measured stratigraphic sections from the study area include 28 paleosols 

grouped into 8 pedotypes (Fig. 4.3).  The pedotypes are the Fisher, Salt Valley, Castle

Moab, Ute, La Sal, Slickrock, and Kokopeli paleosols (Figs. 4.4, 4.5, 4.6).  The Parriot 

Member of the Moenkopi Formation has only Castle Valley paleosols.  The lower Chinle h

Ute, La Sal, Slickrock, Kokopeli, and Fisher paleosols, and the upper Chinle has Moab, 

Castle Valley, and Salt Valley paleosols.  

Fisher and Castle Valley paleosols are weathered into both sandy channel and mud

overbank facies (Fig. 4.3).  These pedotypes are subdivided into an aquic member with Ag-

Cg profiles (Fisher) confined to the lower Chinle and to a nonaquic member (Salt Valley) 

with A-C profiles confined to the upper Chinle

calcareous and contain an abundance of redoximorphic fea

response to a high water table (Figs. 4.4A, 4.5A), whereas Salt Valley paleosols are strongly 

calcareous and well drained (Figs. 4.4B, 4.5B).  Geochemical depth trends from pedogenesis

are minimal for both pedotypes (Fig. 4.6A, B).  Deeply penetrating root traces (up to 20 cm 

diameter) are common in Fisher paleosols indicating the presence of woody vegetation, 

while burrowing suggests periodic crayfish inhabitation.  The A horizon meets the 

qualification for an ochric diagnostic horizon because it is a surface horizon and has colo

values greater than 5 (Soil Survey Staff, 1998).  The subsurface horizons qualify as cambic 

because they do not satisfy the requirements for argillic, calcic, or other diagnostic horizon 

following the U.S. Soil Taxonomy guidelines (Soil Survey Staff, 1998).   Pronounced 

d
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Castle Valley and Moab paleosols formed in clayey overbank facies (Fig. 4.3) and 

have well drained and moderately developed A- B r

4.4C, D , rizons 

because they are surface horizons and has color values greater than 5 (Soil Survey Staff, 

1998).  These pedotypes are calcareous throughout and contain Bk horizons with common 

pedog r d crystic fabric deeply stained with hematite (Fig. 4.5C, D). 

Coupled with high CaO+MgO/Al2O3 molecular weathering ratios (Retallack, 2001a), these 

horizons probab classify as calcic diagnostic horizons (Soil Survey Staff, 1998)(Fig. 

, D  In contrast to the Castle Valley, the Moab paleosols have occasio eeply 

etrating root traces and sola greater than 2 m thick.  

e and La Sal paleosols weathered into overbank facies (Fig. 4.3) and contain clayey 

ve  horizons with wedge- d a ates, slickensides (Fig. 4.4E, F; Tables 4.1, 

, and sepic microfabric (Fig. 4.5E, F, G).  Gilgi are preserved locally with the Ute 

o  soils are calcareo onate 

str taff, 

8). large excur c cal ratio  u ec d if m dvanced 

no c  w re presen

ule ut, La 

Sal soi horizon  iagnostic calcic horizon  to 

common pedogenic carbonate nodules and moderate CaO+MgO/Al2O3

weath o ly minor 

in both soils. La Sal paleosols are more strongly developed and with thicker sola than the 
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Figure 4.4. Field photographs of pedotypes in the study area. (A) Fisher paleosol in the lowe
Chinle exhibiting poorly drained conditions (ruler is graduated in 10 cm increments)
(B) Salt Valley paleosol in the upper Chinle with burrows (hammer is approximat
31 cm long).  (C) Castle Valley paleosols in the Moenkopi Formation near its 
boundary with the lower Chinle (hammer is approximately 31 cm long). (D) 
paleosols in the upper Chinle with Bk subsoil horizons that include pebble–s
calcium carbonate nodules and root traces (hammer is approximately 31 cm long). 
(E) Ute paleosol with slickensides and wedge–shaped aggregates in the lower Chinle 
(ruler is graduated in 10 cm increments). (F) Slickenside of a La Sal paleosol in the 
lower Chinle (sharpie is 14 cm long). (G) Kokopeli paleosol exhibiting root traces 

r 
. 

ely 

Moab 
ized 

and somewhat poorly drained conditions within the lower Chinle (hammer is 
approximately 31 cm long). (H) Slickrock pedotype with pronounced EBt horizon 
(hammer is approximately 31 cm long).  
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Figure 4.5. Photomicrographs of common features in paleosol pedotypes from the study 

area with variable fields of view (FOV).  (A) Iron concentrations in an iron–depleted 
matrix in the A horizon of a Fisher 1 pedotype. FOV = ~2.0 mm. (B) Pore lining in 
the A horizon of a Salt Valley pedotype paleosol. FOV = ~2.0 mm. (C) Dense 
hematite staining and crystic microfabric from calcium carbonate in a Castle Valley 
paleosol. FOV = ~2.0 mm. (D) Crystic microfabric with iron staining in a Bk1 
horizon of a Moab paleosol. FOV = ~2.0 mm. (E) Dense hematite staining and 
mosepic microfabric in the Bss1 horizon of a Ute paleosol. FOV = ~1.0 mm. (F) 

 
 

Dense hematite staining and mosepic microfabric in the Bss1 horizon of a La Sal 
paleosol. FOV = ~1.7 mm. (G) Fine, angular blocky structure in the A horizon of a 
La Sal paleosol. FOV = ~8.2 mm. (H) Reduced and oxidized microfabric in the A 
horizon of a Kokopelli paleosol. (I) Undulic and iron–depleted fabric with oxidized 
iron pore linings in the Bg horizon of a Kokopelli paleosol FOV = ~2.0 mm. (J) 
Feldspar pseudomorph of kaolinite in the EBt horizon of a Slickrock paleosol. FOV
= ~0.4 mm. (K) Argillan in the 2ABt horizon of a Slickrock paleosol. FOV = ~8.2
mm. (L) Argillasepic microfabric with hematite staining and layered argillan in the 
2Bt horizon of a Slickrock paleosol.  FOV = ~2.0 mm. 
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Kokopeli paleosols weathered into muddy overbank facies (Fig. 4.3) with well 

eveloped A-Bw-Bg-Cg profiles (Fig. 4.4G; Tables 4.1, 4.2).  The profiles have reddish 

rown matrix colors with an overprint of bluish-green-gray colors along root traces and ped 

ith yellow uraninite that possibly developed from the interaction of uranium rich pore 

fluids a

horizon izon 

is proba

 

represe  

as weld  

deeply p

woody 

traceable for kilometers in the study area along the unconformity between the lower and 

upper Chinle, and represent an episode of deposition burying the underlying 2ABt horizon. 

The 2Bt horizons of the Slickrock pedotype contains numerous argillans (Fig. 4.5K, L) in  

d

b

faces, occasional crayfish burrows, and undulic microfabric with abundant redoximorphic 

features (Fig. 4.5H, I).  Kokopeli soils apparently experienced a dual genetic history, first 

with intensive weathering in an oxidizing environment, followed by a rising water table 

creating the redoximorphic features.  These soils are noncalcareous and contain a negligible 

CaO+MgO/Al2O3 molecular weathering ratio (Fig. 4.6G).  The Al2O3/SiO2 ratio indicates a 

slight clay increase in the Bg horizon, although argillans are difficult to see in thin section 

because of the presence of opaque iron oxides.  Further, the Al2O3/CaO+MgO+K2O+N2O 

ratio indicates a degree of weathering consistent with low base saturation (Retallack, 2001b). 

Medium-sized (up to 20 cm long and 20 cm wide) root traces are common and often coated 

w

nd residual organic material in the soil (Doelling and Ross, 1998).  In sum, the surface 

 qualifies as an ochric diagnostic horizon, whereas the subsurface diagnostic hor

bly cambic (Soil Survey Staff, 1998). 

Slickrock paleosols are also weathered into muddy overbank facies (Fig. 4.3).  They

nt the most developed paleosols in the study area with well drained profiles described

ed EBt-2ABt-2Bt-2BC-2C sequences (Fig. 4.4H; Tables 4.1, 4.2).  These soils contain

enetrating root systems as much as 20 cm in diameter indicating the presence of 

vegetation.  The Slickrock EBt horizon(s) are highly weathered (Fig. 4.5J), laterally 
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Fisher, Salt Valley, Castle Valley, Moab, Ute, La Sal, Kokopeli, and pedotypes.  Th
Figure 4.6. Weathering profiles, key pedogenic features, and geochemical ratios for the 

e 
Na O/K O ratio is an indicator of salinization.  The CaO+MgO/Al O  ratio is an 

). 
Al O /CaO+MgO+Na O+K O is an indicator of base saturation. 

 

2 2 2 3
indicator of calcification.  Al2O3/SiO2 is an indicator of lessivage (clay translocation

2 3 2 2
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Table 4.2. Weight percentage of paleosol bulk elemental oxide constituents. 
 

   Weight %  

Pedotype Depth Horizon Ba Sr Al2O3 CaO Fe2O3 K2O MgO Na2O SiO2

CIA-
K 

Fisher 0-10 Ag 0.087 0.043 8.69 13.85 3.43 2.76 4.11 0.59 40.15 24.90 
 10+ Cg 0.065 0.043 7.40 15.39 2.30 2.31 4.84 0.65 38.85 20.30 

Salt Valley 0-24 A 0.093 0.017 7.95 6.16 4.17 5.97 1.87 1.24 65.40 71.60 
 24+ C 0.030 0.026 7.58 9.37 4.06 5.40 3.81 1.48 57.22 27.90 

Castle 
Valley 0-33 A 0.058 0.015 11.13 6.72 6.86 5.49 3.10 0.84 58.71 45.00 

 33-119 Bk1 0.070 0.033 1.98 34.98 1.06 0.94 2.14 0.08 12.48 3.00 
 125+ Bk2 0.029 0.017 9.41 10.21 5.29 4.91 2.17 1.54 57.72 31.30 

Moab 0-120 Bw 0.037 0.053 7.73 8.81 4.92 4.82 4.53 0.75 39.54 31.00 
 120-165 Bk1 0.030 0.015 9.39 18.19 5.09 4.84 2.20 1.56 58.11 21.00 
 165-200 Bk2 0.023 0.049 5.69 20.29 3.29 3.78 4.44 0.84 40.44 13.10 
 200+ BC 0.024 0.035 6.75 17.49 4.00 4.36 3.73 1.08 48.63 16.70 

Ute 0-27 A 0.034 0.011 14.89 5.04 11.27 7.69 3.17 1.19 51.32 57.20 
 27-66 Bss1 0.033 0.013 15.80 4.62 12.24 7.97 3.40 1.19 49.63 60.10 
 66-114 Bss2 0.036 0.014 15.83 4.20 12.35 8.22 3.46 1.21 52.02 62.10 
 114-165 Bss3 0.033 0.016 14.85 9.09 11.38 7.90 3.22 1.13 46.83 44.80 
 165+ C 0.049 0.014 14.28 6.58 10.92 7.49 3.13 1.08 48.73 50.90 

La Sal 0-59 A 0.021 0.010 13.64 1.89 9.29 5.42 2.75 1.24 61.31 71.30 
 59-110 Bss1 0.021 0.011 11.75 9.23 7.72 5.28 2.24 1.13 49.83 38.60 
 110-198 Bss2 0.021 0.011 14.10 7.28 9.58 6.53 2.98 1.46 50.83 47.40 
 198-231 Bkss1 0.020 0.008 13.30 3.92 9.15 5.76 3.10 1.29 54.72 59.10 
 231-275 Bkss2 0.020 0.008 14.11 3.92 9.58 6.02 3.02 1.37 56.92 60.90 
 275-300 Bkss3 0.024 0.006 12.91 1.12 9.01 6.26 2.57 1.43 60.71 75.90 
 300+ C           

Kokopelli 0-56 A 0.005 0.006 23.90 0.17 8.06 0.10 0.13 0.27 57.22 97.50 
 56-80 Bw 0.004 0.005 21.35 0.20 9.06 0.14 0.17 0.67 58.31 93.60 
 80-127 Bg  0.004 0.006 24.38 0.17 12.12 0.07 0.13 0.43 52.22 96.30 
 127-211 BCg 0.003 0.006 23.81 0.17 15.61 0.10 0.12 0.81 50.13 93.60 
 211+ Cg           

Slickrock 0-92 EBt 0.043 0.011 13.89 0.48 6.43 6.89 1.89 1.16 67.80 83.90 
 92-111 2ABt 0.039 0.013 13.72 0.49 8.12 7.71 1.89 1.19 67.30 83.20 
 111-144 2Bt 0.030 0.008 12.36 0.10 9.26 6.79 1.62 1.11 68.00 86.40 
 144-253 2BC 0.031 0.008 11.81 0.07 8.86 7.01 1.56 0.94 69.30 87.90 
  253+ 2C 0.105 0.009 11.45 0.22 7.52 6.63 1.44 1.51 70.10 80.00 

 
 

association with a clay increase as observed by thin section point counts, although the 

Al2O3/SiO2 ratio does not indicate increased clayeyness (Fig. 4.6H).  Nevertheless, an argillic 

diagnostic subsurface horizon seems most appropriate.  The alumina/bases ratio 

(CaO+MgO+Na2O+K2O/Al2O3) is appreciably less than in the Kokopeli.  The surface 

 are 

greater 

horizon clay content of 

e surface horizons and evidence for substantial clay accumulation (clay films, argillans).

horizons (EBt-2ABt) probably classify as albic diagnostic horizons because color values

than 8, probably a result of leaching (Soil Survey Staff, 1998).  The subsoil 2Bt 

 is an argillic diagnostic horizon because it has at least 1.2 times the 

th
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Climate Interpretation 
 
 

l and Temperature Reconstruction 
 

stle V e on edo  rep nted he Middle Triassic Parriot Member 

enkopi F ion (Fig. 4.3).  The DTC calculation for MAP in the Parriot 

anges from 310 to 390 mm, indicating a semiarid climate (Fig. 4.7).  Mean annual 

re from stable oxygen isotopes of pedogenic carbonate ranges from approximately 

sic) in the er part the iot ber to 23°C (hyperthermic) in the upper 

4.7; Tab These characteristics, coupled with an A-Bk profile, ochric over 

nostic horizons, penetrating root traces, and oxidized colors indicate that the 

lley paleo y hav rm nde sert b or d oodland (Retallack, 

 modern subtropical ate ith M P less n 400 , Aridisols with calcic 

ypically form that are similar to the Castle V y pale s (Soil Survey Staff, 

 stra c ing r th te, L l, Kok li, and Slickrock 

 occur in the lower Chinle (Fig. 4.3).  Ute and La Sal paleosols in the lower part of 

Chinle show similarities to modern Vertisols with slickensides that form in 

 with a pr rvey Staff, 1998; Retallack, 2001a, p. 74).  

types are areou ug t at ing to incomplete leaching of carbonate.  

A-K cl function, MAP for Ute paleosols is calculated at 750 mm, whereas 

xy from the La ale l su ).  A single 

es om s ate is approximately 

ing thermic con ns . 4. ble 4.3). ven sl nside development and 

alcic subsurface diagnostic horizons, these paleosols most likely classify as 

bic Vertisols (Ute) and calcic Vertisols (La Sal) (Soil Survey Staff, 1998).  Data from 

Rainfal

 Ca

of the Mo

member r

temperatu

13°C (me

part (Fig. 

calcic diag

Castle Va

1994).  In

horizons t

1998).   

In

pedotypes

the lower 

association

Both pedo

Using the CI

the DTC pro

temperature 

18°C, indicat

cambic and c

cam

alley 

or

is th

mat

ly p type rese  in t

low  of Parr mem

le 4.3).  

sol ma e fo ed u r de shru ry w

 clim s w A  tha

alle

 mm

osol

tigraphically as end orde e U a Sa ope

onounced dry season (Soil Su

 calc

imo

s thro hou test

Sal p

tab

ditio

oso

yge

(Fig

ggests a MAP of 893 mm (Fig. 4.7

to

7; Ta

timate fr le ox n iso pes of pedoge

  Gi

nic carbo

icke

n



99 

these Vertisols in the lowermost low  presence of subhumid climate, 

supporting perhaps a dry woodland plant formation (Retallack, 1994b).  

In the middle portion of the lower Chinle, Kokopeli soils have estimated MAP of 

1,418 mm by the CIA-K method (Fig. 4.7).  The CIA-K method yields a MAP of 1,331 ± 13 

mm for the Slickrock pedotype in the upper part of the lower Chinle (Fig. 4.7).  With an 

argillic horizon, relatively low Al O /CaO+MgO+K O+Na O ratios (<2; Retallack, 2001a), 

and MAP near 1,300 mm, the Slickrock soils probably classify as Alfisols (Soil Survey Staff, 

1998).  The Kokopeli soil is more difficult to classify because of its dual genetic history, but 

appears to have weathering properties similar to the Slickrock.  However, because of limited 

evidence for clay translocation, the Kokopeli is classified as a dystric (acidic)  Inceptisol (Soil 

Survey Staff, 1998).  Fisher soils were forming in active floodplains at the same time 

Slickrock and Kokopeli soils were forming on stable alluvial landscapes.  Given minimal 

weathering, horizonation and redoximorphic features, these soils probably classify as aquic 

Entisols (Soil Survey Staff, 1998).  Deeply penetrating and relatively large root traces for the 

Slickrock, Kokopeli, and Fisher paleosols, accompanied by high rainfall, indicate an 

ecosystem supporting an open forest plant formation.  This interpretation is consistent with 

cuticular characteristics (e.g., superficial unprotected stomata and thin cuticles) and the 

delicate nature of the leaves from fossil evidence from the lower members of the Chinle, 

indicating that these plants grew in a humid, warm to hot climate characterized by an 

adequate supply of moisture throughout the year (Ash, 1999). 

Castle Valley and Moab pedotypes occur in the upper Chinle (Fig. 4.3).  A DTC 

calculation for MAP in the Castle Valley profile is 312 mm and for the Moab a minimum of 

580 mm because of truncation (Fig. 4.7).  Estimates from stable oxygen isotopes of 

er Chinle indicate the

2 3 2 2
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Figure 4.7. Summary diagram of paleosol pedogenesis (Munsell color hue, calcareousness, 
development), mean annual precipitation, mean annual temperature, atmospheric 
CO2 concentration, and inferred plant formations for the study area.  Calcareousness 
and development are graphically represented using a relative scale from 1 to 4.  
Geochemical analysis for climate interpretation were not performed on the Fisher 
and Salt Valley paleo-Entisols (open rectangle).  For rainfall, open symbols indic
estimates by the CIA-K weathering index and closed symbols by depth to carbonate.  
Pedotype names in parenthesis show placement stratigraphically of associated 
pedotype profiles not analyzed geochemically but assumed to have similar properties 
with respect to rainfall.  Paleosol pedogenesis indicators for these same pedoty
profiles are from the morphological field descriptions of the pedotype that was 
analyzed geochemically.  Open circles without error bar

ate 

pe 

s on the right side of the 

ber is 
based on fossil (Ash, 1999; Retallack, 1997), paleoclimate (Sims and Ruffell, 1989), 
and paleosol (Retallack, 1997) similarities. 

figure represent ambient temperatures based from oxygen isotopes of pedogenic 
carbonate.  Closed circles without error bars on the right side of the figure show 
estimated carbon dioxide levels from stable carbon isotopes of pedogenic carbonate. 
Inferred plant formation is from associated paleosol types, paleoclimate proxy, and 
plant fossil evidence.  Stratigraphic nomenclature is based on Doelling and Ross 
(1998) and Billingsley (1985), whereas correlation to the Petrified Forest Mem
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pedogenic carbonate suggest that MAT was approximately 22.5 to 28.6 °C, indicating 

hyperthermic conditions (Fig. 4.7; Table 4.3).  As discussed earlier, these properties suggest 

that the Castle Valley paleosols were probably calcic Aridisols formed in a semiarid climate 

under dry woodland or desert schrubland.  Because the Moab soils formed in a subhumid 

climate with higher rainfall and deeper calcic horizons, they probably classify as calcic 

Inceptisols that formed under dry woodland vegetation.  The Salt Valley pedotype is 

associated with the Castle Valley and Moab paleosols in the upper Chinle.  It is well drained 

and calcareous, and probably classifies as a well drained, nonaquic Entisol. 

  
Atmospheric Carbon Dioxide
 
 A strong correlation exists between shifts in carbon dioxide levels, ambient 

temperatures, rainfall, and paleosol types (Fig. 4.7).  Atmospheric carbon dioxide estimates 

from the study area using the paleosol barometer show that concentrations begin at about 

680 ppmV in the Moenkopi and increase to 1,250 ppmV at the Moenkopi-Chinle boundary 

y 

an increase i

precipit

near 40

temper

Vertiso er 

lower C

Presum

during  

Elevate

(Fig. 4.7; Table 4.3).  The increase in carbon dioxide during the Moenkopi is accompanied b

n ambient temperatures from 13.4 to 22.5 ºC (mesic to hyperthermic), low 

ation (semiarid), and the formation of Aridisols.  A decrease in carbon dioxide to 

0 ppmV occurs in the lowermost lower Chinle, with a decline in ambient 

atures to 18.5 ºC (thermic), increased precipitation (subhumid), and the formation of 

ls.  Unfortunately there are no atmospheric CO2 estimates from the Carnian (upp

hinle) pluvial in the study area because of the absence of pedogenic carbonate.  

ably, carbon dioxide levels and temperatures increased during the Pluvial episode 

the latest lower Chinle in association with documented increased rainfall (humid). 

d carbon dioxide levels return in the upper Chinle, increasing from 1,490 to 1,870 
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ppmV and corresponding to increasing in ambient temperatures from 22.5 to 28.6 ºC 

(hyperthermic), lower precipitation (semiarid), and a return to paleosols with Bk subsoil 

horizons.  It is unclear why hyperthermic, arid conditions persisted while CO2 levels 

increased, but the increasing distance to the western shoreline and other local orogenic 

changes (Fig. 4.1B) may have initiated desertification that culminated with the depositio

the Wingate Sandstone above the Chinle.  

 

 

n of 

Summary and Conclusions 

 The typical generalized climate interpretation for middle to late Triassic climates in 

thwestern U.S.A is warm and monsoonal based primarily on 

binson, 

nce of 

the 

ms 

d 

Castle Valley pedotypes in the upper Chinle indicate a return to semiarid conditions after the 

alluvial lowlands of the sou

location within the Pangea supercontinent, red bed deposits, and fossil evidence (Ro

1973; Dubiel et al., 1991).  Regardless of the degree of seasonality, results from this 

investigation confirm a distinctive climate trend from arid to semiarid Aridisols (300-400 

mm MAP) in the upper Moenkopi to humid Alfisols (1,300-1,400 mm MAP) in the lower 

Chinle and with a return to semiarid Aridisols and Inceptisols (400-600 mm MAP) in the 

upper Chinle (Fig. 4.7).  

The arid to semiarid Castle Valley pedotype within the Parriot Member of the 

Moenkopi formed during a continuation of arid conditions indicated by the prese

gypsum beds associated with tidal environments in the lower Moenkopi (Stewart et al., 

1972).  The high rainfall interval identified with paleosol proxy (Kokopeli, Fisher 1, and 

Slickrock pedotypes) in the lower Chinle corresponds with a globally detected pluvial in 

upper Carnian based on an array of sedimentological and marine isotopic techniques (Sim

and Ruffell, 1989).  A direct correlation to a causal mechanism is uncertain, but increased 

atmospheric CO2 production from tectonic activity is a possibility (Fig. 4.7).  The Moab an
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lower Chinle pluvial, a conclusion consistent with previous studies showing the presenc

fluvially reworked eolian deposits in the latest upper Chinle (Stewart et al., 1972; Blakely 

Gubitosa, 1983, 1984; Dubiel, 1987; Blodget, 1988; Parrish and Peterson, 1988).  

There is little vegetation data from the middle and late Triassic in the study area,

although paleosol characteristics and associated climate interpretations indicate the presence 

of desert shrub or dry woodland in the upp

e of 

and 

 

er Moenkopi, followed by an open forest in the 

lower Chinle corresponding to the Petrified Forest in Arizona, and ending with a return to 

desert schrub or dry woodland in the upper Chinle corresponding with termination of the 

Petrified Forest in Arizona (Fig. 4.7).  Ash (1999) and Billingsley (1985) report that many of 

the tree species in the Petrified Forest of Arizona were conifers with possible understories of 

ferns and cycads.  Retallack (1997) documents numerous tree stumps in growth positions 

about 5 m apart and reaching heights of over 30 m in the Nastaan and Azid pedotypes in the 

Carnian of the Petrified Forest.  These two pedotypes have similarities to the Slickrock and 

Kokopeli pedotypes from our study area where conifer logs are preserved in intervening 

channel deposits.  It is plausible that the Alfisol paleosols preserved in the lower Chinle also 

supported conifers.  However, it remains unclear to what extent conifers persisted as part of 

dry woodland communities before and after the lower Chinle pluvial identified in the study 

area stratigraphic section.  

Regional and global estimates of atmospheric CO  pressures are conflicting because 

of differences in chronological resolution and types of proxy (Figs 4.7, 4.8).  The overall 

pattern from our global carbon dioxide data indicates moderate pCO  levels in the middle 

Triassic Moenkopi Formation that increases briefly at the Moenkopi-lower Chinle boundary 

that in turn decreases in the lowermost lower Chinle Formation (Fig. 4.7).  The increase in 

pCO at the Moenkopi-lower Chinle boundary may correspond to the short-lived, but  

2

2

2 
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Figure 4.8. Atmospheric pCO2 estimates using the paleosol barometer method from this 
study; MP = Moenkopi Parriot Member, LC = lower Chinle, UC = upper Chinle.  
Estimates from other paleosol studies are represented by rectangles (Mora et al., 
1996; King, 1998; Elick, 1999; Jones, 1999; Driese and Mora, 2002). The long–term 
models of Berner (1994), Ekart and others (1999), and Retallack (2001) as shown as 
lines. 

 

intense 

 

ter 

 
greenhouse event from methanogenesis evident from paleosols during the early to 

middle Triassic (Krull and Retallack, 2000).  It is unknown whether this event, however, 

contributed to the lower Chinle pluvial.  Our pCO2 values increase again in the late Triassic

upper Chinle Formation.  The overall trend of increasing atmospheric CO2 into the middle 

to late Triassic is consistent with estimates from the GEOCARB model (Berner and 

Kothavala, 2001), generalized paleosol barometer data (Ekart et al., 1999), paleobarome
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data specific to the Triassic (Mora et al., 1996; King, 1998, Driese and Mora, 2002; and 

Jones, 1999), and a multiproxy review (Royer et al., 2004) (Fig. 4.8). In contrast, estimates 

from Retallack (2001b) using a plant stomatal index, display a delayed increase in 

atmospheric CO2 until the Jurassic (Fig. 4.8).  It is clear that more high-resolution data is 

needed to resolve the story of evolving atmospheric CO2 levels during the Triassic. 

High resolution paleosol data has revealed a complex and refined regional 

paleoclimate model for the Middle to Late Triassic.  Arid (and near arid) episodes in the 

latest Moenkopi and upper Chinle contradict monsoonal seasonality, whereas the lower 

Chinle pluvial suggests a non-continental climate similar to the modern eastern United States 

(Fig. 4.7).  Drastic changes in rainfall and soil types indicate that the Middle to Late Triassic 

in eastern Utah was an interval of dynamic climate change that may partially be tied global 

carbon dioxide levels and tectonism.  

 



 

CHAPTER FIVE 
 

Conclusions 
 
 

The Chinle Formation at Castle Valley, Utah, is divided into two hectometer-scale 

fluvial s posed of 

leocatenas was influenced by the local 

paleotopography produced by salt movement at depth.  These influences included both 

downslope redistribution of sediment and change in soil hydrology.  A paleocatena formed 

along the upper boundary of the lower Chinle sequence has well-drained alfisols on its upper 

slopes, and poorly drained, over-thickened inceptisols at the toe of slope.  A second 

paleocatena formed within the upper Chinle is limited to calcic inceptisols that are thick on 

its upper slopes and thin at the toe of slope.  Statistical correlations between landscape 

position and soil property development indicate that paleolandscapes associated with salt 

tectonism controlled much of the lateral variation observed in paleosol morphology. 

High resolution paleosol data indicate a complex and refined regional paleoclimate 

model for the Middle to Late Triassic. Arid (and near arid) episodes in the latest Moenkopi 

and upper Chinle contradict monsoonal seasonality, whereas the lower Chinle pluvial 

equences that coincide with the lower and upper Chinle.  Sequences are com

a two-tier hierarchy of meter-scale FACs and decameter-scale FACSETs.  Facies and 

paleosol patterns within this stratigraphic framework suggest that the minibasin axis 

increased and then decreased in diameter and drifted to the northwest through the Late 

Triassic.  Halokinesis was probably the greatest extrinsic influence on fluvial deposition and 

pedogenesis within the salt anticline region. 

Soil development along two pa
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suggests a non-continental climate similar to the modern eastern United States. Drastic 

changes in rainfall and soil types indica

an interval of dynamic climate change that 

dioxide levels and local tectonism.  

.  

 study 

d 

te that the Middle to Late Triassic in eastern Utah was 

may partially be tied to both global carbon 

This set of journal articles demonstrates the wide breadth of paleosol applications 

and their usefulness as an interdisciplinary tool.  This research successfully utilized paleosols 

as key stratigraphic, landscape, regional and global climate, and environmental proxies

Combined paleosol studies not only provide a detailed geologic reconstruction of the

area, but have global implications in regards to landscape-salt tectonic, landscape-soil, an

soil-climatic interaction. 
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