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ABSTRACT 

This study uses geoarchaeological analyses of sediments, soils, and geomorphology to 

understand human-environment interaction in the eolian landscape in Petrified Forest National 

Park, Northeast Arizona. The Petrified Forest National Park is located along the southern end of 

an extensive sand sheet. This landscape was inhabited by Ancestral Pueblo people from at least 

ca. A.D. 200–1400, and contains evidence of widespread dune farming agriculture. Soil 

geomorphic analysis and optically stimulated luminescence dating document discrete periods of 

eolian activity in the study area. The oldest eolian activity dates to ca. 16,000–11,000 B.C., and 

is expressed as stable dunes on upland landscape positions. Extensive remobilization and 

deposition of eolian sediments occurred in at least three periods in the late Holocene, at ca. 300 

B.C., from A.D. 300–500, and ca. A.D. 1100, followed by additional deposition after A.D. 1200. 

The sequence of deposition of eolian sediments is similar across nearby regions on the Colorado 

Plateau, suggesting a climatic control on deposition. Soil physical and chemical analyses indicate 

that soil nutrients across the study area are generally low, making farming possible but not highly 

productive. Water retention in dunes is improved by stratification of sand over clay deposits, and 

by high amounts of clay within sand dunes. Micromorphological and clay mineralogical studies 

show that clay within the dunes is distributed as aggregates, likely incorporated into the dunes 

from locally eroded Triassic clay deposits. The prehispanic landscape surface includes soils that 

demonstrate some landscape stability, even though eolian deposition was ongoing during use of 

the landscape for agriculture. Although we have limited archaeological remains of field systems, 

this research supports the hypothesis that the region was used for dry farming by prehispanic 

people. Archaeological sites that likely reflect agricultural use of the eolian landscape are 

preferentially located in areas with soils with higher amounts of clay, which would have 

improved water holding capacity. High variation in soils and sediments at the site-scale relates to 

geomorphic position, and suggests that prehispanic farmers may have carefully selected field 

locations to take advantage of micro-environments with better hydrological characteristics, such 

as contrasting soil textures. Prehispanic farmers may have used similar farming techniques to 

those of modern Indigenous groups to improve conditions in order to cultivate sandy eolian soils. 

Soil quality is relatively poor, but the improved water holding capacity of the sandy soils due to 

the local geologic environment may have made this area more attractive for dune farming, and 

may be one reason this landscape was inhabited for such a long time.  
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INTRODUCTION 

This dissertation uses a geoarchaeological approach to understand human-environment 

dynamics in an eolian agricultural landscape in northeast Arizona. The history of agriculture, 

human-environment interaction, and even geoarchaeological approaches are all well-studied 

topics in the Southwest (Benson, 2011; Bocinsky & Kohler, 2014; Glassow, 1980; Homburg & 

Sandor, 2011; Homburg, Sandor, & Norton, 2005; Kohler, 1992). However, even with a long 

history of research, information on agriculture in many specific areas remains unknown or 

unclear. Agricultural methods are adapted for specific environments, resulting in particular 

human-landscape interactions, such that how agricultural was practiced and how farmers 

interacted with their immediate landscape is highly variable across the Southwest.   

Maize arrived in the Southwest at least by 2000 B.C. or earlier (Merrill et al., 2009), and 

prehispanic groups living in the Southwest U.S. came to rely on maize as a principal crop. 

Although early farmers also hunted and gathered wild foods, they were heavily dependent on 

maize for a significant portion of their diet by at least the Basketmaker II period (Coltrain & 

Janetski, 2013). At this time, populations began to inhabit more permanent settlements, and to 

define new relationships with their inhabited landscape (Herr & Young, 2012). Agricultural 

strategies relate to climate, soils, population dynamics, and other ecological and social 

constraints, and increasingly complex models are used to understand agricultural productivity at 

the site and landscape scales (Bocinsky & Kohler, 2014; Bocinsky & Varien, 2017; Eiselt et al., 

2017; Wienhold, 2013). Previous studies have focused on agricultural productivity and relation 

to settlement changes, population growth, soil fertility and soil degradation in cultivated fields 

(Dean, Doelle, & Orcutt, 1994; Dean et al., 1985; Muenchrath, Kuratomi, Sandor, & Homburg, 

2002; Muenchrath, Sandor, Norton, & Homburg, 2017; Sandor & Homburg, 2017; Sandor et al., 

2007; Varien, Ortman, Kohler, Glowacki, & Johnson, 2007).  
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This study looks at an area where direct evidence for agriculture is largely lacking, but 

where dune farming may have been the most prominent form of agriculture for an extended time, 

something not documented for other regions of the Southwest. The Petrified Forest National 

Park, in northeastern Arizona, is an eolian landscape with evidence for prehispanic use and 

habitation from at least ca. A.D. 200 to ca. A.D. 1450, with no widespread depopulation during 

this time (Burton, 1990; Burton, 2007; Jones, 1996; Theuer & Reed, 2012; Wells, 1994). Though 

there is limited unambiguous evidence for agricultural fields, archaeologists have long inferred 

that dry farmed agriculture was practiced here, and that cultivation of sandy soils in eolian dunes 

and sand sheets was the most prominent method of agriculture (Jones, 1987, 1996; S. J. Wells, 

1994; Wendorf, 1953). Dry farming is often considered to be a marginal, or less productive 

agricultural technique, when compared to other techniques such as floodplain or runoff 

agriculture (Doolittle & Mabry, 2006). However, even though settlement patterns shift through 

time, the area of Petrified Forest did not see widespread depopulation throughout the long 

occupation sequence until the A.D. 1400s, which suggests that farming techniques here, however 

marginal, were enough to support local populations (Jones, 1996; Wells, 1989, 1994). Even so, 

this method of farming has not been further studied in Petrified Forest, and discussion of dune 

farming in prehistoric contexts is limited. Although the cultural history of Petrified Forest shows 

similarities to many other regions of the Southern Colorado Plateau, the widespread reliance on 

dune farming for cultivation, along with the long-term use of the landscape, suggests subtle 

differences in landscape use and adaptations. It is important to understand how prehispanic 

farmers used their environment in specific locations such as the eolian landscape of Petrified 

Forest, where local conditions may have offered fewer choices in successful farming techniques, 

and where dune farming may have been prominent.  
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DRY FARMING EOLIAN SEDIMENTS 

In this dissertation, dry farming is defined after Doolittle & Mabry (2006) and Doolittle 

(2001), as a system of agriculture using “fields located in areas with moisture-retaining soils or 

modified by the creation of a mulch layer” (Doolittle & Mabry, 2006, p. 161). This differs from 

rain-fed farming, defined as fields “located in areas with adequate and properly timed rainfall” 

(Doolittle & Mabry, 2006, p. 161). Sometimes these terms are used synonymously to mean any 

kind of field where no moisture is added, and differentiation between dry farming and rain-fed 

farming may be difficult to determine in prehistoric contexts (Doolittle, 2001, p. 221). However, 

as used here, the term dry farming emphasizes the importance of using soils that retain moisture 

or modifying landscapes through the addition of mulches to increase moisture retention in areas 

where the rainfall amount or, more critically, timing, is not adequate for crop cultivation 

(Doolittle, 2001, p. 220). Dry farming is a form of agriculture that excludes direct water 

management techniques, but where other steps are taken to conserve soil moisture. Dune farming 

is a form of dry farming that uses the moisture-retaining properties of sand dunes or dune 

landscapes to improve water availability for plants.  

Dune farming works by taking advantage of the natural soil properties of sandy eolian 

sediments to produce a similar effect to that of a mulch. Coarser textures of surface sands, 

similar to gravel mulches, help to prevent evaporation of water from within the soil, while 

simultaneously reducing runoff and loss of precipitation by increasing water infiltration 

(Bradfield, 1971; Dominguez & Kolm, 2005; Hack, 1942; Lightfoot & Eddy, 1994). Finer 

textured soil under the surface retains moisture and improves water retention (Dominguez & 

Kolm, 2005; Hack, 1942; Stephens, 1996). Sand dunes can also facilitate lateral subsurface 

movement of water, so that some areas on the dune landscape accumulate and retain more 

subsurface moisture (Noy-Meir, 1973).    
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Dune farming is known from ethnographic work among Pueblo farmers. In particular, the 

Hopi are known for their traditional use of dune farming on the Hopi mesas (Bradfield, 1971; 

Hack, 1942), which continues today (Dominguez & Kolm, 2005; Johnson, 2019). Other Pueblo 

groups, including the Zuni, likely used similar dry farming methods, at least historically (see 

discussion in Doolittle, 2001). Although dune farming made up only a portion of the Hopi 

cultivation techniques when it was detailed historically (Hack, 1942), it is culturally very 

important (Johnson, 2019; Singletary et al., 2014), and was likely important among prehispanic 

Pueblo groups as well. Appendix C discusses specific ethnographic and historic research on 

indigenous dry farming techniques.  

Dune farming has been discussed in a number of prehistoric contexts (Doyel, 1981; 

Lange, 1989), but is sometimes considered as a secondary, or relatively unimportant method. As 

a more land-extensive strategy (Fish, 2000), studies of agricultural histories have often viewed 

dry farming as a technique used only after more productive areas, where land-intensive 

techniques are possible, were already settled (Glassow, 1980; Kohler, Glaude, Bocquet-Akppel, 

& Kemp, 2008; Matson, 1991; Roth, 2016). However, this may partly be an artifact of research 

trajectories. As Fish (2000) notes, after archaeologists began looking for more land-extensive 

agricultural systems, they quickly found them. A comparison to ethnographic accounts suggests 

that many agricultural features used for dry farming were made of earth and brush (Beaglehole, 

1937, p. 37; Bowers, 1929, p. 456; Forde, 1931, p. 391; Hack, 1942, p. 33), and the rock features 

that survive may only document a portion of the total agricultural suite (Fish, 2000). Dry farming 

techniques that do not include landscape modification such as mulches tend to leave very little 

identifiable traces (Doolittle, 2001, p. 221). Dune farming fields, which fall into this type, may 

not show up in the archaeological record. To study the landscape of eolian soils in Petrified 
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Forest, which may have been primarily cultivated using dune farming, a less direct method of 

inquiry is required.  

RESEARCH PROBLEM AND OBJECTIVES 

The primary aim of this dissertation is to understand and document eolian sediments and 

soil properties in the Petrified Forest National Park, in order to understand landscape 

characteristics that would have directly affected prehistoric farmers inhabiting the eolian 

landscape. I start from an assumption that prehistoric people living in this environment were 

farming at least some areas of the landscape, but I also use soil properties to better understand 

whether cultivation was possible, and the relative quality of soils for cultivation. Specific aims 

include 1) documenting eolian landscape history and depositional chronologies, 2) understanding 

properties of soils formed in eolian dunes and sand sheets, 3) determining the relative quality of 

the soils for cultivation based on soil chemical and physical properties, 4) documenting soil 

variability across the landscape, and 5) understanding how the eolian soil and sediment data 

informs archaeological data, and re-interpreting archaeological patterns in light of patterns of soil 

properties.    

Many studies in the Southwest look at long-term effects on soil quality due to agriculture 

by comparing prehistoric cultivated fields to similar locations without fields to assess changes 

(Homburg & Sandor, 1997; Homburg et al., 2005; Homburg, Wienhold, & Windingstad, 2011; 

Norton, Pawluk, & Sandor, 1998; Sandor et al., 2007). Such an analysis requires having an 

identifiable field with an intact soil surface that was used during prehistory, which remains 

unmodified by later processes. Identifiable fields in the study area are limited, and many of them 

include eroded soil surfaces, so effects on soil quality due to cultivation was not a focus of this 

study. Instead, this study takes a much broader landscape approach to understand the relative 
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productivity of the landscape and soil geomorphic variation as a first step to understanding dry 

farming in this eolian environment.  

RESEARCH METHODS 

Research methods for this project include geoarchaeological and archaeological 

approaches at various scales. Standard geoarchaeological methods of investigating soils, 

sediments, and soil geomorphology were used along with optically stimulated luminescence 

(OSL) dating to understand the eolian landscape environment, depositional processes, and 

chronology.  Soil geomorphic studies included documenting standard sedimentological and soil 

properties at profiles across the study area. Laboratory studies of particle size analysis, calcium 

carbonate content, and soil organic matter further characterized soils and sediments. These 

studies characterized the dune landscape, documented soil variability at both site and landscape 

scales, and helped to compare this study with previous studies of the immediate area and nearby 

areas on the Colorado Plateau. These are summarized in Appendices A through C. 

Additional studies of clay mineralogy and micromorphology were used to better 

understand clay distribution within eolian sediments. Initial soil geomorphic studies revealed 

high amounts of fine-grained sediments, especially clay, within dunes and sand sheets across the 

study area. The very young age for many of these deposits, as revealed by OSL dating 

chronologies, suggested that the high clay content was not the result of long-term soil forming 

processes. Soil micromorphology was used to examine the soil fabric at the microscopic scale, 

focusing on several soil profiles with younger deposits to look at clay distribution. This 

demonstrated that the clay in these very young deposits is distributed as aggregates. It was likely 

deposited along with the sand particles in the parent material. These studies are summarized in 

Appendix B.  
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Soil chemistry studies were used to examine soil fertility across the landscape. Analyses 

included those commonly used in archaeological studies of soil fertility in order to compare the 

relative productivity of this landscape with other landscapes that were cultivated prehistorically 

on the Southern Colorado Plateau. Analyses included soil organic matter, calcium carbonate 

content, total nitrogen, total phosphorous, and available phosphate. Soil chemistry is discussed in 

Appendix B. Bulk density was calculated for a few soils, but this proved to be less informative of 

the landscape as a whole. Because individual fields were not targeted, soil texture and 

compaction varied due to environmental characteristics, and not due to cultivation factors; thus, 

bulk density results are not discussed further.    

Lastly, the results of the studies of eolian soil and sediments was compared to what was 

known from previous archaeological studies in order to understand implications for human land 

use. This included limited spatial analysis of archaeological sites in relation to soils, and 

discussion of previous archaeological settlement patterns in light of these detailed soil studies, 

which are discussed in Appendix C. 

THEORETICAL FRAMEWORK  

Early studies looking at human-environment interaction varied between examining 

activities from an environmentally deterministic perspective, where human actions are entirely 

constrained by the natural environment, to approaches advocating for considering complete 

cultural control and decision making over environmental limits (see Dean & Doyel, 2006; Van 

Der Leeuw & Redman, 2002). Increasingly more nuanced perspectives combine social, political, 

economic, and environmental factors to account for use of an environment or landscape 

(Contreras, 2010; Dean & Doyel, 2006; Redman, 1999; Rodning, 2010; Walsh, 2008, 2014). In 

the Southwest, recent work has combined both ecological and cultural perspectives to model 
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agricultural patterns, incorporating understanding of agency and niche construction theory 

alongside traditional human behavior ecology models of approaches to agricultural systems 

(Gillreath-Brown & Bocinsky, 2017). Such approaches recognized environmental constraints as 

well as human agency in structuring environments.  

This dissertation approaches human-environment interaction studies using a multi-scalar, 

multi-disciplinary approach to understand how human activities both affect and are affected by 

environmental and landscape variability. The eolian landscape of Petrified Forest is seen not just 

as backdrop for agricultural activities. I recognize that people and societies interact with their 

environment at multiple scales, and are not simply constrained by environmental conditions (e.g., 

Rodning, 2010; Walsh, 2004). A landscape approach is adopted here, with humans viewed as an 

active part of that landscape (Crumley, 1994). The lack of many identifiable field sites, and the 

severe erosion of soil surfaces where cultivated fields are identifiable, means that a direct study 

of agricultural fields is limited in this study area. Instead, I focus on understanding how people 

inhabited and farmed the geomorphically diverse landscape of dunes, sand sheets, slopes, river 

terraces, and floodplains. I draw on theories of landscape ecology and historical ecology, first 

reconstructing the past landscape in order to understand how inhabitants perceived and interacted 

with the physical land surface, and recognizing the complex nature of landscapes, with humans 

as active agents (Crumley, 2017; Farina, 2006). I seek to better understand the entire landscape 

context in which dune farming was likely an important technique, rather than focusing in 

individual agricultural fields or sites. While data from this study primarily examines the 

ecological landscape, rather than lived experience of a landscape (i.e. Ashmore & Knapp, 1999; 

Tilley, 1994), the eolian dune landscape was a dynamic part of the everyday life for early 

farmers. In an eolian environment, dunes can be actively eroding and accumulating in different 
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areas at the same time and due to the same processes, and thus I seek to understand eolian 

processes within the context of an agricultural landscape. Landscapes, and even sediments 

themselves, shape social practices even as social practices shape landscapes (Jusseret, 2010; 

Rodning, 2010). 

DISSERTATION OVERVIEW 

This dissertation is presented as three papers. While all are stand-alone manuscripts, they 

also build off each other. Appendix A, Geomorphology and Chronology of Eolian Deposits in 

Petrified Forest National Park, Northeastern Arizona, details the eolian landscape history of the 

park. The Petrified Forest is located along the southern edge of an extensive area of sand sheets 

and dunes, and much of the landscape of the park is covered in eolian sediments. This paper uses 

sedimentary and stratigraphic studies, along with OSL dating, to document periods of eolian 

deposition. In addition, soil formation studies are used to further examine periods of landscape 

stability.  

Depositional periods show similar patterns to other areas of the Colorado Plateau, which 

suggests that eolian erosion and deposition is largely controlled by climate patterns. Results 

document that eolian deposition occurred at the end of the Pleistocene, from ca. 18 ̶ 13ka, and in 

the late Holocene, at ca. 2.3ka, from 1.7 ̶ 1.5ka, and from 0.9 ̶ 0.4ka. The oldest deposits are 

found on upland landscape positions, where dunes largely consist of stable longitudinal dunes, 

and where soils are well developed. Much of the lowlands may have included older deposits as 

well, but these have likely been mostly reworked. The Late Pleistocene deposition is part of 

widespread eolian activity that is the result of wetter and cooler climate at the end of the 

Pleistocene (Ellwein et al., 2011; Reheis et al., 2005; Stokes & Breed, 1993). There is no 

evidence of early- to middle-Holocene eolian deposition in Petrified Forest, which may be due to 
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stability and soil formation resulting from warming temperatures and increasing precipitation 

resulting in increased vegetation. However, the lack of early- to middle-Holocene deposits may 

also be due to sampling error, or due later erosion of deposits. Today, the lowlands include 

various types of semi-stable and stable dunes, with evidence for multiple periods of non-

synchronous erosion and deposition during the late Holocene. Late Holocene eolian activity is 

also widespread on the Colorado Plateau, and is likely related to episodic drought (Ellwein et al., 

2011; Reheis et al., 2005; Stokes & Breed, 1993; S. G. Wells, McFadden, & Schultz, 1990). 

Prehistoric inhabitants practicing dry farming in this landscaped during the late Holocene would 

have had to deal with the dynamic landscape changes due to widespread erosion and deposition. 

Although dry farming may have led to increased erosion through field clearing, the overall 

pattern of eolian deposition seems to be related to climate. This study found that many of the 

dunes contain high amounts of clay, which would have improved water holding in sandy eolian 

soils, making this area more suitable for agriculture.  

The second paper, Soil Quality and Potential for Prehistoric Agriculture in Eolian 

Environments in Petrified Forest National Park, Arizona, examines the productive potential of 

the landscape, as well as the source of the high amounts of clay found in the dunes. This study 

starts with a hypothesis that this landscape was likely farmed using dune farming across much of 

the landscape, due to inference from the high number of archeological sites found within sand 

dunes. This study then asks whether the soils could have been farmed, in order to support that 

hypothesis, as well as whether soils across the landscape are of relatively good or poor quality. 

Soil factors affecting agriculture include both water and nutrients, and water availability is 

dependent largely on soil texture and precipitation. This area is expected to be poor for 

agriculture, because rainfall is low, and sandy soils typically do not hold a lot of water or 
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nutrients. Results from this study show that nutrients are relatively poor, but not much different 

from other areas in the Southwest that are inferred to have been cultivated. Across the study area, 

sandy soils include high amounts of clay, which is unusual given the young age of the eolian 

deposits. Micromorphological studies show that the clay within the dunes is distributed as 

aggregates, which has not been previously documented for dunes on the Southern Colorado 

Plateau. Clay mineralogical studies show that the clay within the dunes contains the same 

mineral signature of clay from local Triassic clay outcrops. The clay aggregates in the dunes was 

most likely incorporated along with sand from locally eroded Triassic deposits that was eroded 

into washes, and then entrained by wind and deposited as dunes.  Despite the low nutrient levels, 

the increased water holding of the dunes may have made this area more attractive for dune 

farming.  

Building from these first two studies, the third paper, Soil Geomorphology and 

Prehistoric Dune Farming in an Eolian Landscape in Northeast Arizona, further characterizes 

soil variation at both the site and landscape scale and discusses what the results of the soil and 

geomorphology studies mean for prehispanic agricultural groups. This paper adds a finer-scale 

discussion of soil geomorphic variation and an additional spatial analysis of agricultural sites and 

their relation to soil types. When combined with a summary of the results of the first two papers, 

this provides a detailed picture of eolian soils across the landscape, and how soil characteristics 

would have affected prehispanic farming communities. This paper places these results within the 

archaeological context to explore human-environment interaction with agricultural soils at 

various scales.  

Detailed soil geomorphic studies show that soils across the landscape are similar and 

include sandy loam or loamy sand textures; however, soils on the uplands are somewhat sandier 
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compared to soils on the lowlands, which also include more sandy clay loam textures. Local soil 

texture varies even more with micro-environments due to geomorphic position, so that some 

specific landscape positions would have been more favorable due to better water holding 

conditions. Agricultural sites tend to be more frequently located in soils with higher amounts of 

clay, showing that prehistoric farmers would have preferentially selected field locations for the 

greatest water holding advantage. In addition, they would have carefully positioned their fields to 

take advantage of soils with ideal conditions. Lowland landscape positions where soils contain 

more clay also seem to have been occupied first. Dune farming was most widespread during the 

Pueblo II ̶ III periods, when climate may have been more favorable. Archaeological sites during 

the Pueblo II ̶ III period are generally small, and many may have been occupied for only a short 

time.  

Even with a favorable climate, however, prehispanic farmers using this landscape would 

have had active eolian erosion and deposition in places, which may have required moving fields 

frequently. Nutrients are low across the landscape, and may have become depleted in a short 

amount of time, requiring abandoning a field or takings steps to add nutrients through 

sedimentation. Ethnographic examples of traditional dry farming techniques used historically, as 

well as today, were likely similar to those employed by prehispanic farmers in the study region. 

Although soils in the study region are not directly analogous to those at Hopi, where dune 

farming has been well-studied, similar techniques would have made the landscape more 

productive. These include steps such as trapping sand to create a surface to reduce evaporation 

and replenish nutrients, using specific planting techniques to avoid disturbing the soil and to 

plant seeds deep enough, and moving fields when they became depleted. Prehispanic farmers 

using this landscape would have intimately understood their environment and chosen field 
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locations on this landscape with the best soil conditions.   

SIGNIFICANCE  

The Puerco Valley region is understudied compared to nearby regions on the Colorado 

Plateau, so further studies in the region are especially useful in understanding local variation and 

regional trends.  This study contributes to our knowledge of agricultural techniques used 

prehispanically in the Puerco River valley, which may have relied on dry farming to a greater 

extent than nearby regions. Dry farming has not been widely studied in archaeological contexts; 

however, results from this study support inferences that dry farming was possible in the Petrified 

Forest region, and that dry farming was likely among the most widespread agricultural 

techniques used locally. Dune farming likely played a larger role in prehispanic agriculture in 

marginal areas like the Puerco River valley, even though soils there are not analogous to those 

found at Hopi, where ideal dune farming conditions have been described. Perhaps dry farming as 

an agricultural technique was more versatile and widespread than is currently recognized. In 

addition, this study presents the first dates of eolian deposition for the Petrified Forest study area, 

which is important to understanding regional patterns of eolian erosion and deposition. 

LIMITATIONS AND FUTURE WORK  

 While archaeological survey reports demonstrate general trends in locations of sites in 

relation to dunes and landscape position, the current level of limited spatial data precludes more 

nuanced studies of sites and landscapes. A much higher resolution topographic dataset is needed 

to examine spatial distributions of agricultural features at a large scale, such as by slope or 

depositional context in relation to individual sand dunes and landscape features.  Future work to 

look at spatial locations of individual sites and features relating to soil geomorphology is needed. 

If future work can include LiDAR or similar topographic data at a scale large enough to examine 
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portions of the landscape, such studies would further enhance spatial analysis of site placement 

as well as agricultural feature placement on the site scale. 

This study did not target specific fields to compare cultivated soils to similar, 

uncultivated areas in order to determine the long-term effects of cultivation. This landscape does 

not include many identifiable cultivated fields. Out of the few areas where features clearly 

demonstrate cultivation, most are located on slopes of dunes, where sediment has continued to be 

eroded from the surface, so we cannot test the soil surface that was cultivated prehistorically.  

Future work is planned to look at the effects on soil due to cultivation in those few areas where 

cultivated fields are intact, both to look at long-term effects on the soil from cultivation, as well 

as to test hypotheses of site-scale landscape use and hydrologic properties.  

Another approach to studies of prehispanic agricultural landscapes is to quantify the area 

of land that could be cultivated as well as the quantity of crops that could be grown. This was not 

done here because this study focused on understanding the landscape history, the feasibility of 

agriculture in this landscape, and the geologic characteristics that affected soil qualities. 

However, this study also demonstrated that soils on this eolian landscape are highly variable at 

the local scale. Future work is also possible to build from this study to quantify how much of the 

landscape could be cultivated.  

Also lacking is detailed data on specific occupation times from many archaeological 

sites. Most sites in the park are dated from ceramics, which are based on ceramic chronologies 

from regional sites that have been dated. In addition, many sites contain ceramics from a wide 

timespan, even if the site appears to be only occupied for a short time, which makes it difficult to 

determine contemporaneity of sites, and therefore to estimate population of the region. To date, 

no estimates of population for the region of the park, or of the Western Puerco Valley, have been 
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completed. This would be a useful direction for future research to assess agricultural production 

and relation to population changes.  

Although not discussed in this study, it is likely that the inhabitants of the Petrified Forest 

area also incorporated other types of plant cultivation or collection of wild plants, which may be 

hard to differentiate in the archaeological record (e.g., Sullivan, 2015). While previous 

archaeological work demonstrates clearly that maize was cultivated here, more work is needed to 

know the extent to which prehistoric populations in this region relied on maize for their 

subsistence, and whether this varied with environmental changes.   

Another limitation of this study was the lack of experimental studies to test how well 

maize crops could grow in this environment today. This was unfortunate, as a National Park 

offers an excellent opportunity not only for experimental research, but also for the subsequent 

public involvement and education that is often possible. Unfortunately, the remote location of 

much of the park, as well as the difficulty to access specific locations that might make good 

targets for experimental gardens, made it impossible to regularly access and cultivate such an 

experimental plot within the scope of this project, which was often constrained by the academic 

and field research calendar. It is hoped that an experimental garden could be grown in the future.  
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ABSTRACT  

The Petrified Forest National Park is located along the southern end of an extensive sand 

sheet in northeastern Arizona. Soil geomorphic analysis and fifteen optically stimulated 

luminescence (OSL) ages document discrete periods of eolian activity in the study area. The 

oldest eolian activity dates to c. 18 ̶ 13 ka, and is expressed as stable linear dunes with well-

developed soils on upland landscape positions. Late Pleistocene eolian deposits in lowland 

positions have likely been remobilized during at least two to three periods in the late Holocene. 

Eolian deposition occurred at c. 2.3ka, from 1.7 ̶ 1.5 ka, and from 0.91 ̶ 0.87ka, resulting in 

stratified deposits with multiple, weakly developed soils. The most recent period of eolian 

deposition occurred from 0.76 ̶ 0.38 ka, and dunes of this age contain little evidence of soil 

development. The sequence of deposition of eolian sediments is similar across nearby regions on 

the Colorado Plateau, suggesting a climatic control on deposition. Extensive prehistoric 

habitation by Ancestral Pueblo people from at least 1.8 ̶ 0.6 ka (A.D. 200 ̶ 1400) included use of 

the eolian landscape for dryland agriculture. This study demonstrates that eolian sediments were 

undergoing active erosion and deposition during much of this period.  

 

  



30 

 

INTRODUCTION   

Documenting the history and timing of eolian activity is important both to understand 

causes of wind deflation (erosion) and eolian deposition and better understand landscape 

response to future climate changes, as well as to understand how changing landscapes affect 

societies. This is especially important as accelerated climate change results in increasing aridity 

in the Southwest and other regions, which, due to concomitant loss of vegetation and land use 

changes, results in greater threats to dune remobilization and sediment deflation  (Middleton, 

2011; Munson, Belnap, Okin, & Schlesinger, 2011). Impacts of recent climate changes to 

warmer and drier conditions in northeastern Arizona already include increased mobilization of 

dunes and sediment, which is compounded by vegetation loss due to increased drought and 

intensive land use (Bogle, Redsteer, & Vogel, 2015; Bogle, Vogel, Velasco, & Redsteer, 2011; 

Draut, Redsteer, & Amoroso, 2012). The southern Colorado Plateau is a dynamic geomorphic 

landscape and is characterized by dramatic mesas, badlands, river valleys, and floodplains, and 

with extensive active and relic eolian dunes and deposits. Limited research in the region has 

studied the timing of eolian deposition and the causes of reactivation and stabilization, such as 

climate forcing, geomorphic response, and changes in sediment supply (Ellwein, Mahan, & 

McFadden, 2011, 2015; McFadden & McAuliffe, 1997; S. Stokes & Breed, 1993; S. G. Wells, 

McFadden, & Schultz, 1990). Although recent changes to regional dune systems and their 

societal effects are potentially severe, such effects are part of a much longer history of how this 

dynamic landscape has directly affected past societies in the American Southwest.  

The Colorado Plateau is an especially important region for understanding long-term 

human use and adaptation in a semi-arid landscape. The Petrified Forest National Park (NP), 

located on the southern edge of an extensive sand sheet in northeastern Arizona (Figure 1.1) 

protects many archaeological sites. While Wolfe et al. (2009) and Halfen et al. (2016) have 
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produced very useful overview maps of eolian sediment distributions, the eolian deposits 

mapped in northern Arizona relies on information from Hack (1942) and does not accurately 

reflect eolian sediment distribution across this region.  Evidence indicates that the Petrified 

Forest area was inhabited by Ancestral Pueblo people from at least A.D. 200 until at least A.D. 

1400 (Jones, 1996; Theuer & Reed, 2012; S. J. Wells, 1994). A better understanding of the 

geomorphic history is necessary both to understand how past societies interacted with a dynamic 

eolian landscape, as well as to document current dune dynamics/stability and understand 

potential future changes to the dune system. In addition, a depositional history will assist in 

understanding archaeological site formation processes in an area with a rich archaeological 

history.  

Few studies in the Petrified Forest NP have focused on the extensive eolian deposits 

within the park. The lack of numerical ages for eolian activity limits our understanding of the 

history of eolian deposition and how it fits into both regional eolian chronologies and past human 

use of the landscape. This paper examines the geomorphic history of Petrified Forest NP in order 

to document soil properties and the timing of deposition and stability of sand dunes and sand 

sheets in the region. Understanding the timing of eolian deposition is especially important 

because it is inferred that the Ancestral Pueblo people used many areas with eolian sediments for 

agricultural land in the region. Comparison of soil development and geomorphology from the 

study area will help to identify patterns that may indicate climatic drivers of eolian sediment 

mobilization, and to determine the relationship of eolian deposition in the Petrified Forest NP to 

regional climate changes. In addition, documenting soil stratigraphy and soil properties, along 

with eolian depositional history, provides a basis to assess potential effects of eolian activity on 

prehistoric agricultural practices and land use history over time.   
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Study Area 

Petrified Forest NP is located along the Puerco River valley in northeastern Arizona, 

which runs from northwestern New Mexico and flows into the Little Colorado River near the 

town of Holbrook, 35km west of the park (Figure 1.1). Various intermittent washes in the study 

area drain into the Puerco and Little Colorado Rivers. These seasonal washes form relatively 

small floodplains amid broad lowland valleys. The geology of the park consists of Triassic-age 

sandstone-capped mesas over softer clay and mudstones of the Triassic Chinle Formation that 

are eroded into extensive eroded badlands. These bedrock units are overlain by a few localized 

Miocene-Pliocene age sedimentary and volcanic deposits, and widespread  Quaternary alluvial 

and eolian deposits (Figures 1.2 and 1.3) (KellerLynn, 2010). Sand sources for the eolian 

deposits include Chinle Formation sandstone as well as recent alluvium from the washes and 

their tributaries (Breed, McCauley, Breed, McCauley, & Cotera, Jr., 1984; Ellwein, 1997b; 

Halfen et al., 2016; KellerLynn, 2010).  

The semi-arid climate of the study area is typical of much of northeastern Arizona, with 

mean annual precipitation of 240 mm, and mean annual temperature of ~13º C (1931-2016) 

(Western Regional Climate Center, 2017). Rainfall is bimodal, with the highest amount of 

precipitation arriving as late summer monsoons and additional precipitation as snow in winter. 

Spring is dry and windy, with winds typically as high as 32 km/h and dominantly from the 

southwest, as is the case across northeastern Arizona (Bogle et al., 2015; Hack, 1941; S. Stokes 

& Breed, 1993). Vegetation is dominantly shrubs and grasses, including sand sage (Artemisia 

filifolia), rabbitbrush (Ericameria nauseosus), snakeweed (Gutierrezia sarothrae), saltbush 

(Atriplex sp.), globemallow (Sphaeralcea sp.), narrowleaf yucca (Yucca angustissima), ephedra 

(Ephedra sp.), Indian ricegrass (Oryzopsis humenoides), alakali sacaton (Sporobolus airoides) 

blue grama grass (Bouteloua gracilis), as well as abundant non-native species such as Russian 
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thistle (Salsola sp.) (Thomas, Cully, Hutchinson, McTeague, & Schulz, 2009).   

Petrified Forest NP is located near the southern end of an expanse of dune fields and sand 

sheets in northeast Arizona (Breed et al., 1984; S. Stokes & Breed, 1993; S.A. Wolfe et al., 

2009). Eolian landforms in the study area are dominantly linear, parabolic, and barchan dunes 

(Ellwein, 1997b). Linear dunes are largely present on low relief upland surface remnants that 

formed before the badland erosion developed (Ellwein, 1997b). Most of the dunes in the study 

area are currently stable, and partly to mostly vegetated, but could be reactivated if vegetation 

patterns change due to disturbance or climate change (Ellwein, 1997a). However, there are 

several small areas of about 2.5 km2 which contain active sand dunes with minimal vegetation. 

These areas stand out in stark contrast to semi-stabilized and vegetated dunes (Figure 1.2), and, 

while not the focus of the present study, are noted for the contrast to the stabilized and semi-

stabilized dunes over the rest of the park and surrounding area.  

A long history of archaeological research in the region indicates that this area was 

inhabited during the Paleoindian and Archaic periods (c. 12 ̶ 2ka) followed by nearly continuous 

use during the late Basketmaker through Pueblo IV periods, (c. 1.8 ̶ 0.6ka), with intermittent use 

in the proto-historic and historic periods (after 0.5ka). The Petrified Forest NP has a similar 

pattern of occupation to that of the surrounding region such as the Hopi Buttes and Homol’ovi 

areas, with agricultural groups first occupying pithouses, and later above-ground pueblos, and 

finally moving to larger, more aggregated pueblos in the later Pueblo periods (Gumerman, 1988; 

S. J. Wells, 1994; Young & Gilpin, 2012). Ancestral Puebloan groups were heavily reliant on 

maize agriculture, and it has been inferred that they practiced rain-fed farming in eolian 

landscapes in the study area (Jones, 1996; S. J. Wells, 1994; Wendorf, 1953). While use of sand 

dunes for agriculture in prehistory has only been examined in a few studies (e.g. Dominguez and 
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Kolm 2005; Doyel 1981; Hack 1942; Lange 1998), dune farming has been discussed more 

broadly in ethnographic contexts as an important form of agriculture for the Hopi (Bradfield, 

1971; Forde, 1931; Hack, 1942; Hurt, 1987), and is widely acknowledged as forming one of a 

suite of various types of agriculture employed across diverse landforms to minimize risk 

(Doolittle & Mabry, 2006; Hall et al., 2013; Mabry, 2005; Wendorf, 1953). Due to the long 

history of human use of the landscape in the Holocene, understanding landscape change in the 

latest Holocene is an important first step to better understand human-landscape interaction and 

long-term use of an area, as well as to understand the potential of the landscape to support dry 

farmed agriculture. 

Previous Research  

Eolian deposits on the Colorado Plateau were first studied by Hack (1941), who 

developed a model of eolian deposition that linked dune form to sand availability, landscape 

position, wind regime, and vegetation cover. Hack was also the first to classify dunes in 

Northeast Arizona into parabolic, transverse, and longitudinal forms. Since then, many other 

studies have examined eolian landforms on the Colorado Plateau, and dune systems have been 

described and dated in several areas. Most of these studies have focused on specific areas, 

although a few (e.g. Breed et al. 1984; Halfen et al. 2016) have summarized the eolian setting of 

the region.  

The Moenkopi Plateau, located southwest of Black Mesa in northeast Arizona, is one of 

the most studied dune fields on the Colorado Plateau, due to extensive linear dunes, which 

provide long records of eolian deposition (Billingsley, 1987; Breed & Breed, 1979; Hack, 1941; 

W. L. Stokes, 1964; G. L. Wells, 1983). The oldest ages of sediment on the Moenkopi Plateau 

have been estimated at more than 100,000 years (Breed & Breed, 1979) to as much as 2.4 million 
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years old (Billingsley, 1987). Studies of linear dunes on the Moenkopi Plateau have included 

understanding the formation of drainage patterns and their link to linear dunes (W. L. Stokes, 

1964), use of eolian landforms to reconstruct past wind regimes and long term climate records 

(G. L. Wells, 1983), and the formation of linear dunes under predominantly southwest winds 

(Breed & Breed, 1979).  

Subsequent work has included dating the periods of eolian deposition on the Moenkopi 

Plateau and Black Mesa areas, as well as examinations of geomorphology and soils to document 

shifts in periods of eolian activity and stability. On Black Mesa, eolian deposition has been 

interpreted to be related to sediment supply, and preservation of eolian deposits is strongly 

related to topographic position (Ellwein et al., 2015). Older more stable dunes are found on 

upland plateaus and mesa tops, where topographically controlled falling dunes and sand ramps 

were deposited between 35 and 9ka, and linear dunes and sand sheets on the mesa tops were 

stabilized by 12-8ka (Ellwein et al., 2011, 2015). The late Pleistocene/early Holocene deposition 

is likely due to greater sand supplies and dust flux at that time (Ellwein et al. 2011, 2015). The 

shifting precipitation patterns and increasing temperatures at the Pleistocene to Holocene 

transition resulted in vegetation changes and surface destabilization as well as increased fluvial 

transport which lead to increased sand supply and atmospheric dust (Reheis et al., 2005). Active 

dunes are typically associated with low landscape positions, and contain evidence for localized 

redeposition during the Holocene (Ellwein et al., 2015). In the Tusayan Dune field of the 

Moenkopi Plateau in northern Arizona, at least three phases of Holocene activity are dated to 

4.7ka, 2-3ka, and <400 years (S. Stokes & Breed, 1993). 

Regional studies have documented periods of eolian deposition, activity, and soil 

formation at other areas of the Southern Colorado Plateau. Eolian deposits as old as 46ka were 
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dated in Canyonlands located in eastern Utah. These older deposits were followed by increased 

dust flux during the Pleistocene-Holocene transition that accelerated formation of soils (Reheis et 

al., 2005). Sand sheets on the Chaco dune field in Northwest New Mexico show three periods of 

deposition of eolian sediments, at >12.9ka and from 5.6-2.8ka onto parabolic dunes and sand 

sheets, both periods followed by landscape stabilization and soil formation (S. G. Wells et al., 

1990). A third period of deposition after 1.9ka includes reworking of linear and parabolic dunes 

and sand sheets. There are only weak soils over these young deposits (S. G. Wells et al., 1990).  

Only one previous study examined eolian deposits and soils in Petrified Forest NP. 

Ellwein (1997a) classified eolian deposits in the park into three periods of deposition, based on 

degree of soil development (Ellwein, 1997b, 1997a). In general, the oldest deposits, termed Qe1, 

are found on uplands and contain well-developed soils, and the younger deposits, called Qe2 and 

Qe3, contain moderately to weakly developed soils and are more widespread (Ellwein, 1997b). 

Ellwein (1997b) also found a connection between eolian landforms and hydrologic 

characteristics of underlying geologic materials. The youngest eolian deposits likely include 

reworked sediments from older eolian deposits as well as alluvium. However, none of the eolian 

units from that study were dated. Archaeological materials often occur at the Qe2/Qe3 boundary, 

which typically shows a stronger soil on the lower Qe2 unit. Based on the archaeological 

chronology, the youngest sediment of the Qe3 deposit date to the last few hundred years, but 

other numerical ages for eolian deposition is lacking. The lack of studies of Quaternary-age 

sediments in the park is magnified as the few previous studies were all prior to 2004 after which 

additional land continues to be added to the Petrified Forest NP, and lands recently added to the 

federal land system include extensive eolian deposits.  

Many archaeological sites in the study area are located in sand dunes, and these are often 



37 

 

exposed in eroded blowouts with archaeological material visible in profile on the eroded edges of 

the dunes. The archaeological stratigraphy suggests that the dunes pre-date the Basketmaker and 

Pueblo occupations, with some younger eolian deposits overlying the archaeological deposits. 

This study builds on the earlier research to expand the study of Quaternary eolian sediments to 

newly acquired lands to the Petrified Forest NP, especially along lowlands of the Puerco River. 

Research goals are to provide age control for periods of eolian deposition, document variability 

in local expressions of soils, and provide a basis for further studies of prehistoric land use of this 

eolian landscape.  

METHODS 

The time periods and nature of past eolian activity in the Petrified Forest NP was 

reconstructed by documenting the stratigraphy and sediments and describing soil profiles in the 

field, laboratory analyses of selected sediment and soil samples, and optically stimulated 

luminescence (OSL) dating of discrete periods of eolian deposition.  

Field Sampling 

Locations were chosen for study to represent a diversity of landscape positions, including 

locations in the uplands, lowlands, and along drainages (Figures 1.1, 1.2,1.3). Other areas of 

interest included locations near specific archaeological sites as well as near archaeological 

surveys, to facilitate future spatial analyses relating archaeological sites to environmental 

variables of the eolian landscape. Special attention was focused on the eastern side of the park, 

where new lands were added between 2010 and 2016, and which were not included in previous 

geologic studies. Stratigraphic exposures were examined at 40 locations around the park from 

five main study areas (Figure 1.1, Table 1.1). All areas studied show evidence of extensive use of 

dunes and sand sheets by prehistoric agricultural groups as shown by abundant small 
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archaeological and habitation sites. Several additional soil profiles were not directly within these 

study areas, but serve to further understand variation in eolian deposits across the park.    

Sedimentology, stratigraphy, and soil characteristics were described in both dunes and 

sand sheets to document local sedimentology and soil variation. Sediments were examined in 

natural exposures of wash cuts or dune blowouts where available and using hand-dug holes with 

a bucket auger where no exposures were present. Auger holes introduce some error, as the auger 

can mix sediment locally within the profile and can make identification of soil structure or 

boundaries less clear, but it allowed for minimally destructive subsurface sampling. Field 

descriptions included color, texture, thickness, presence of illuvial clay precipitation, pedogenic 

carbonate accumulation, and roots. Where possible, soil structures and horizon and sediment unit 

boundaries were described (Birkeland, 1999; Schoeneberger, Wysocki, Benham, & Staff, 2012) 

(Supp. Table 1).  Samples were collected from selected profiles for further laboratory analyses. 

Bulk sediments were collected from 35 profiles, with multiple samples per profile based on 

natural sedimentological or soil layers (Supp. Table 1). Where soils were very thick, samples 

were collected every 10-20cm to better capture variation with depth. Bulk soil samples were 

analyzed at the University of Arizona Geoarchaeology lab for organic matter content, calcium 

carbonate content, and particle size analysis (Supp. Table 1). Particle size analysis was 

completed by dry sieving for sand fractions and pipette analysis for silt and clay fractions 

modified from Janitzky (1986). Calcium carbonate analysis was measured through Chittick 

analysis (Machette, 1986), and organic matter content measured using the Walkely Black method 

(Janitzky, 1986a).  

Samples were collected from various areas of within the larger study area for OSL dating, 

which provides an age estimate for the last time sediment was exposed to light (Huntley et al. 
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1985).  Profiles from multiple deposits were targeted for OSL dating of successive eolian events 

based on sedimentological characteristics and presence of buried soils. Profiles were also 

targeted for OSL dating in areas with more complete archaeological survey coverage to facilitate 

further analysis of archaeological settlement patterns; areas with exposures adequate for 

sampling sand dunes with minimal disturbance, a requirement of the National Park Service 

sampling permit; and surface areas that could be sampled with the use of a bucket auger, which 

was limited to the upper few meters. Consequently, while samples were collected across the 

study area, the deepest deposits were not always sampled, and some study areas were more 

heavily sampled than others. Within profiles, units were targeted for OSL sampling if they had 

dominantly fine-to medium grained sand, and little evidence of bioturbation and soil formation. 

A total of sixteen samples from nine profiles were dated using OSL. Luminescence samples were 

collected using 20cm long opaque metal tubes, either by hammering into an exposed sediment 

profile or by use of a metal tube in a bucket auger attachment.  

Laboratory Methods  

Samples for OSL dating were processed at the Utah State University Luminescence 

Laboratory in safe-light conditions. Processing included sieving to a narrow size range, treatment 

with HCl to remove carbonates, gravity separation to isolate the quartz grains, and etching the 

outer layer of the grains with HF acid. OSL measurements were conducted on quartz grains 

following single-aliquot regenerative-dose (SAR) procedures for quartz sand (Murray & Wintle, 

2000, 2003; Wintle & Murray, 2006). Ages were calculated based on the Central Age Model 

(CAM) (Galbraith & Roberts, 2012) due to the eolian nature of the sampled deposits and lack of 

evidence for scatter related to incomplete solar resetting (partial bleaching) (Table 1.2 and Figure 

1.4).  
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OSL ages are calculated by dividing the equivalent dose of radiation the sample received 

during burial (De) by the environmental dose rate of the surrounding sediments (e.g. Rittenour 

2018). Dose rates were calculated from cosmic contribution, sediment radioisotope chemistry, 

and soil moisture of sediment collected from around the OSL samples, typically from within 

25cm surrounding samples exposed in profiles, or from 20cm above and below samples collected 

with the bucket auger. Chemical analysis of the U, Th, K, and Rb content was measured using 

ICP-MS and ICP-AES and using conversion factors from Guerin et al. (2011), while cosmic 

radiation was calculated after Prescott and Hutton (1994) (Table 3). In-situ moisture content was 

calculated from additional sediment samples collected adjacent to the OSL samples and 

measured shortly after collection by weighing samples before and after drying in an oven. 

RESULTS 

OSL ages presented here provide the first direct age control of the eolian deposits in the 

study area and indicate late Pleistocene (18-13ka) and latest Holocene (<2.3ka) eolian activity. 

OSL results indicate normally distributed De results with low scatter (Figure 1.4), suggesting 

well bleached sediments with little evidence for partial bleaching. As such, these results are 

considered to be good representations of the timing of deposition. Only one sample, PF 15-3A, 

displayed an over-dispersion of greater than 20% (Figure 1.4), which may indicate depositional 

or post-depositional processes that might affect the age. Descriptions and interpretations of the 

eolian deposits and soils in this study are consistent with Ellwein’s (1997a) observations of soil 

morphology.   

The oldest eolian deposits dated in this study are found on the uplands and mesa tops of 

the rim of the Painted Desert in profile PF 15-15, along with one Late Pleistocene deposit at the 

base of profile PF 15-5 from the lowland alluvial flats (Figure 1.1). The upland areas contain 
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predominantly longitudinal dunes, with multiple, well-developed buried soils. Soils examined in 

the Painted Desert Rim area show well-developed Bt and Bk horizons, with Stage II calcium 

carbonate in the form of carbonate coats on peds and root casts, carbonate nodules, and whitened 

matrix from calcium carbonate precipitation, and with clay coats on peds. Soils have strong 

reddening with colors of reddish brown (5YR 4/4 to 2.5YR 5/4), strong subangular blocky 

structure, and variation from loamy sand, to sandy loam, to sandy clay loam textures (Supp Table 

1). They also show high concentrations of calcium carbonate and increasing pedogenic clay 

accumulation with depth and moderately low levels (<0.4%) of organic carbon. Multiple periods 

of eolian deposition are indicated by the presence of at least two buried soils over eolian deposits 

that date to 17.9± 2.7 and 12.9 ± 1.9 ka (Profile PF 15-5, Figure 1.5). This suggests that the 

beginning of eolian deposition on the uplands dates to at least the late Pleistocene, and there 

were at least two episodes of eolian activity followed by stability and soil formation. Overlying 

eolian deposits with weak to no soil development, at profiles PF 15-15, PF 15-14, and other soil 

description sites indicates that younger deposits are present on the uplands, but these were not 

dated (Figure 1.5, Supp. Table 1). These upland eolian dune deposits correspond the Qe1 unit 

described by Ellwein (1997a), and we retain this terminology.   

Eolian sediments in sand sheets on the terraces above Dead Wash also show reddened 

and more developed soils, but this area does not contain distinct dunes. The sand sheets here 

have a thin layer of eolian sediment (typically less than 50cm) with minimal soil formation over 

buried moderately to weakly developed soils with some reddening, and some increased clay with 

depth. Soil colors are typically reddish brown (5YR 5/4) to light brown (7.5YR 6/4). These soils 

show generally low to moderate carbonate and organic matter, with Stage I to II carbonate 

development in the form of carbonate filaments or nodules. No eolian deposits from the Dead 
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Wash area were dated, but soil profiles suggest the upper surface deposits are likely very young 

and similar to other deposits from the latest Holocene. The underlying buried soils, with weak to 

moderate soil development represent an older, stabilized deposit. Profile PF 17-6C (Figure 1.5) is 

an example of a typical soil from the lowest terrace above Dry Wash; profiles from higher 

terraces show stronger soil development. 

Across the alluvial and lowland flats and the Blue Mesa areas (Figure 1.1), eolian 

deposits appear to be much younger. One deposit at the base of profile PF 15-5 produced an age 

of 16.0 ±1.8 ka, but all other OSL ages in the lowland areas are late Holocene in age, and range 

from 2.3 ± 0.3 ka to 0.87 ± 0.13 ka (Table 1.2). Much of the lowland area contains barchan 

dunes with multiple stratified, weakly developed soils over stacked eolian deposits. Soil are 

generally weakly developed A/C or Bw/C soil horizon sequences, but show variability. Soil 

colors vary from light reddish brown to reddish gray (5YR 5/2 to 6/2) in some areas, to brown to 

pinkish gray (7.5YR 5/3 to 7.5YR 6/2) in others. These deposits correspond to unit Qe2  defined 

by Ellwein (1997a). Some of the uppermost deposits in the Qe2 unit show almost no soil 

development and are classified as C horizons (e.g. Profiles PF 14-9, PF 15-3). Some buried soils 

show minimal soil development in the form of color change or weak structure. Others are better 

developed and have very weak to moderate subangular blocky structure, Stage I to I+ carbonate 

accumulation in the form of filaments or coatings, and some have very clear, but thin, buried A 

horizons (e.g. Profile PF 14-10, Figure 1.3 and 1.5). Late Holocene dunes with weak to moderate 

soils are located across the study area, and are the dominant eolian deposits in the river valleys 

and lowland flats.  

Much of the study area, including the older deposits on the uplands and younger lowland 

areas, are covered by a much younger eolian sand mantle that is unmodified by soil forming 
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processes. This youngest deposit is generally sandier than the underlying layers, with sandy to 

loamy sand textures; it is usually separated by a clear or sharp boundary, sometimes with 

archaeological deposits at this boundary. The blanket of young eolian sand that covers nearly 

every soil profile corresponds to unit Qe3 deposit defined by Ellwein (1997a). Age control from 

unit Qe3 suggest that it is younger than 0.76 ± 0.13 ka, which is consistent with limited to no soil 

development on this deposit (Table 3). In some profiles, such as where unit Qe2 lacks a clear soil 

horizon or contains only weakly developed soil, or where artifacts and cultural material are 

lacking at this boundary, it is not always clear if the Qe2 unit is located at the modern surface, or 

if a Qe3 unit is present.  

The deposits in the Twin Buttes area seem to follow the same pattern described above for 

Qe2 and Qe3 deposits in other areas, but with some additional patterns. Many barchan and 

climbing dunes in the Twin Buttes area reach heights of 6m or higher, taller than many of the 

other areas sampled, (although not the tallest dunes in the park). Ages from the Twin Buttes area 

all fall within the period of deposition of the latest Qe2 and the Qe3 unit, including at depths of 2 

to 4 m. Many of the sediments examined in the Twin Buttes area show only very weakly 

developed soils or completely unaltered sediment throughout the entire sampled profile, which is 

consistent with Qe2 and Qe3 age deposits. Stratigraphic exposures and cored sediment deposits 

in Twin Buttes show evidence for multiple episodes of deposition in both the Qe2 and Qe3 units, 

with minimal texture change between successive deposits and between the Qe2 and Qe3 units, 

and with only very weakly expressed soils in the Qe2 unit (see Profile PF 15-3 in Figure 1.5). 

Thus, it seems that the dunes in the Twin Butte area include deposits from the Qe2 unit, with 

weak soil formation, as well as multiple deposits from the Qe3 unit, which is much thicker in 

some places here than in other study areas. Inter-dune profiles in Twin Buttes area show more 
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variation, including more variable textures with depth, but were not sampled for OSL dating. It 

may be that the Qe3 unit is much thicker here, and contains multiple depositional layers.   

The dunes and sand sheets examined across this study area are dominantly fine to 

medium grained sand, which is typical of eolian transported sediment. However, most deposits 

include high amounts of finer-grained sediment and have sandy loam textures with some units 

classified as loamy sand and sandy clay loam (Supp. Table 1). Even in dune crests that show 

minimal soil formation, and hence, no increase in clay due to soil forming processes, deposits 

commonly have 10-20% clay, resulting in loamy sand and clay loam textures.  

DISCUSSION 

Periods of Dune Activity and Soil Formation 

This study presents evidence for eolian deposition during the late Pleistocene and late 

Holocene, including non-synchronous deposition across the landscape in the latter period. The 

sequence of buried soils on the uplands document at least two episodes of deposition followed by 

stability and soil formation during the late Pleistocene, with ages from 18-13ka, and 

corresponding to eolian unit Qe1. This was followed by additional deposits at a later period on 

the uplands. Age control from buried deposits from the lowland dunes document multiple 

episodes of deposition during the late Holocene. In some profiles, such as PF 14-10 (Figure 1.4), 

a sequence of buried soils are clearly visible over thick deposits of sand, indicating periods of 

deposition followed by stability and soil formation. The OSL ages from this study indicate that 

late Holocene eolian deposition occurred at in several episodes between 2.3 and 0.87ka in unit 

Qe2, and after 0.76 ka in unit Qe3. However, different profiles do not always show synchronous 

deposition, reflecting locally episodic eolian remobilization and deposition, or differential 

preservation of eolian deposits.  
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The late Pleistocene age for the Qe1 deposit is much younger than previous estimates 

from the middle Pleistocene (200 ̶ 75ka) (Ellwein, 1997a, 1997b), although the age given here 

may not represent the beginning of eolian deposition of the Qe1 unit, because the earliest 

deposits may not have been sampled in this study. The upland deposits represent a stable 

landscape of longitudinal dunes on upland mesas characterized by well-developed soils with 

carbonate, illuvial clay, and reddening. The presence of well-developed, older soils on the 

uplands is confirmed in several profiles, as well as by previous work (Ellwein 1997a). Well-

developed Pleistocene soils were only dated on the Painted Desert Rim, but other well-developed 

soils were described by Ellwein (1997a) at additional upland landscape positions, may be of a 

similar age, suggesting that Pleistocene-age eolian deposits and soils may be widespread on 

upland landscape positions. Moreover, aerial imagery shows extensive older linear dunes on the 

upland mesa tops within the study area and nearby regions (United States Geological Survey, 

2015). Another Late Pleistocene deposit at the base of profile PF 15-5B, located in the lower 

elevation Puerco River valley, suggests that Late Pleistocene deposits may have been more 

widespread prior to more recent remobilization including in lower landscape positions. 

The OSL age of 16.0 ± 1.8 ka from near the base of profile PF 15-5 stands out as 

significantly older than other ages from the lowlands. This sample was from near the base of a 

low dune overlying a clay deposit from the Triassic-age Chinle Formation. Due to its depth near 

the base of the overlying Quaternary sediment, this age represents a much older remnant of 

sediment; however, it is not clear if this sample was collected from eolian sediment. The sharp 

textural changes at the base of the dune suggest that alluvial or colluvial deposits interlayered 

with the eolian sediments could have been sampled. If it is from an eolian deposit, this would 
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suggest that sediments from the Late Pleistocene may have been more widespread in the 

lowlands at one time. Pleistocene eolian deposits may have been subject to reworking, resulting 

in much younger ages for most of the dunes sampled in the lowlands. Many sites across the 

southern Colorado Plateau similarly show evidence of remobilization of eolian sediments at 

various times in the Holocene, (Ellwein et al., 2015; Reheis et al., 2005; S. G. Wells et al., 1990), 

as do eolian deposits on the Great Plains (Holliday, 2001; Muhs et al., 1997). It is likely that the 

high numbers of late Holocene ages in this study are also the result of remobilization and 

deposition of older dunes and sand sheets in the lowlands. 

Results here suggest that Qe2 deposits contain multiple distinct depositional events, 

although age control suggests that deposition may not have been synchronous across the study 

area. The dunes and sand sheets along the lower river valleys are generally much younger than 

the upland deposits, and indicate multiple episodes of deposition followed by stability and weak 

soil formation during the late Holocene. The Qe2 deposits has been divided into three distinct 

periods of deposition in Figure 1.6, but these are defined based only on this small sample size of 

OSL ages, and the period of deposition for this unit would likely shift with more samples. 

The periods of deposition noted in this study are greatly skewed towards late Holocene 

ages and dune forms compared to earlier periods of deposition. Due to the small sample size, 

these results may not represent the entire sequence of eolian deposition across the study area. 

Eolian records reflect discontinuous archives, and gaps are often filled with further sampling 

(Stone et al. 2008; Telfer et al. 2010). As in many areas of the southern Colorado Plateau and 

other regions, the high frequencies of young ages may reflect oversampling of young deposits 

rather than climate-driven accumulation (Halfen et al. 2016, Thomas 2013), and does not 

necessarily mean that activity was higher in the late Holocene. Younger sample bias can also be 
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attributed to reworking of older eolian sediments and lack of preservation of older deposits 

(Bailey and Thomas 2014; Halfen et al. 2016; Wolfe et al. 2016). As is evidence by at least one 

much older age from the late Pleistocene (16 ka in profile PF 15-5), deposits of late Pleistocene 

or early to mid-Holocene age may exist in the lowlands of the Puerco Valley, but were not 

sampled here.    

In addition to a sampling bias towards younger samples, the limited number of ages in 

this study may mean that the sequence of ages presented here does not accurately reflect distinct 

periods of regional eolian deposition. Further work could fill in the gaps that are seen here, 

including the gaps between the Pleistocene and the Holocene, and those in the late Holocene. 

Sampling was limited to accessible areas under a permit that required minimal disturbance in 

sampling, and often targeted areas of archaeological interest, which likely affected results. 

However, every effort was made to date samples from a variety of landforms, and from 

subsequent distinct episodes of deposition visible in profiles. So, while ages from this study 

reflect the sampling strategy to some extent, the results demonstrate periods of eolian activity. 

The ages from samples in the Twin Buttes area may also show a sample bias, but 

understanding the timing of deposition here is important for archaeological interpretations. 

Archaeological features from this site are associated with the Qe2/Qe3 boundary, and largely 

date between A.D. 700 and 900 (1.3 to 1.1 ka) during the Pueblo I period, although more recent 

work suggests there may also be an earlier Basketmaker II component (ca. A.D. 200 to 550) 

(Schachner and Bernardini, 2013). In addition, this area contains one of several archaeological 

sites that show clear evidence of use of the dune slopes as agricultural fields (Wendorf, 1953). 

The thicker Qe3 deposits in this area, and multiple successive depositional events within the Qe3 

unit, suggests that there may have been greater eolian activity in this area during the last 800 
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years. However, it is still unclear if this is due to the greater sampling from this study area.  

In summary, results from this study indicate deposition of eolian sediments in the late 

Pleistocene at c. 18-13 ka, followed by stability and soil formation. These eolian deposits on the 

uplands remained largely stable through the Holocene, while late Pleistocene deposits in the 

lowlands, were reworked in the late Holocene at c. 2.3, 1.7 ̶ 1.5 and 0.9ka. Variability between 

sites suggests that late Holocene eolian activity may have been local, rather than widespread or 

regionally synchronous. This was followed by widespread reactivation and deposition of dune 

sand in the last 800 years.  

EOLIAN RECORDS AS REGIONAL CLIMATE PROXIES 

It is generally recognized that eolian activity is driven by the combined effects of sand 

supply, wind power, soil moisture, and vegetation cover (Hack, 1941; Lancaster, 1988; 

Livingstone & Warren, 1996). Eolian deposits are often used as a proxy for dry conditions, when 

the lack of vegetation on the landscape results in increased sediment availability (Halfen et al. 

2016; Lancaster 1997), and periods of aridity have been shown to correlate with eolian activity 

(e.g. Muhs and Holliday 1995). However, while the activity of dune fields is often related to 

climatic forcing, the complexity of dune geomorphology and vegetation patterns, along with the 

lag time following climate and vegetation changes, and the preservation bias toward younger 

samples mean that resulting dune chronologies can be complex and can vary both spatially and 

temporally (Bailey & Thomas, 2014; Barchyn & Hugenholtz, 2012; Ellwein et al., 2015; Werner, 

Mason, & Hanson, 2011).   It is also possible that erosion and deposition occur at different places 

on the same landscape (Bailey & Thomas, 2014), so that soils representing stability on eolian 

deposits do not always correlate even within a local region, complicating the use of eolian 

records for climate proxies.   
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On the southern Colorado Plateau, periods of dune deposition are frequently correlated 

with dry periods (Reheis et al., 2005; S. Stokes & Breed, 1993; S. G. Wells et al., 1990). 

Sediment supply and availability also affect eolian activity and sand transport. Sediment 

availability is often related to climatic conditions due to vegetation density affecting sediment 

stability and erodibility (Halfen et al., 2016; Lancaster & Helm, 2000). However, variation in 

sand supply also plays a major role in timing and pattern of eolian deposition in the Southwest 

U.S. due to the proximity of eolian deposits to their source sediment (Halfen et al.2016:90). In 

many studies in the Southwest, sediment supply is often found to be a driving factor affecting 

eolian deposition, and deposition is sometimes noted during wet periods, when increased 

sediment is present in washes for transport (e.g. Ellwein et al. 2015; Stokes and Breed 1993, see 

also Wright et al. 2011). In cases where sediment availability is not limited, eolian deposition can 

be driven by wind power, as is the case today on the Navajo Nation (Bogle et al., 2015). Fluvial 

sediment in the study area is the most likely source for the eolian deposits in the lowlands 

(Ellwein, 1997b; KellerLynn, 2010) and so sediment supply could be an important factor here.  

The late Pleistocene and late Holocene periods of eolian activity documented in Petrified 

Forest NP reflect a similar pattern to that documented on other areas of the Colorado Plateau and 

nearby regions. The pattern of older, more stable eolian deposits on uplands, with younger, likely 

reworked sediments in lowlands, is the same pattern that Ellwein et al. (2015) found at the Hopi 

Buttes, northwest of the study area in Northern Arizona. Other records on the Southern Colorado 

Plateau show extensive eolian deposition during the late Pleistocene, between 35-8ka, followed 

by a period of non-deposition, and then subsequent deposition in the mid-Holocene, between 5-

2ka, as well as reworking or additional deposition in the late Holocene across the Southern 
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Colorado Plateau. Figure 1.6 shows a summary of documented periods of eolian deposition at 

several nearby regions on the Southern Colorado Plateau. Such regionally broad correlations of 

eolian deposition are often the result of climatic patterns (Stephen A. Wolfe et al., 2016). Though 

results from this study are limited in scope, the similarities in periods of deposition to other 

nearby dune fields suggests that landscape scale climate change is affecting eolian deposition 

patterns. 

Like previous studies, our results show deposition of eolian sediment during the late 

Pleistocene. Climate records show that the end of the Pleistocene was cooler and wetter than 

today, followed by warming, though with continued moister conditions in the Early Holocene 

(Anderson, Betancourt, Mead, Hevly, & Adam, 2000; Betancourt, 1990; Pigati, Bright, 

Shanahan, & Mahan, 2009; Wagner et al., 2010). Various studies document  widespread eolian 

deposition at the end of the Pleistocene and into the early Holocene across the Southern 

Colorado Plateau, including deposition from 30-16ka, with stabilization between 12-8ka on 

Black Mesa (Ellwein et al., 2015; Ellwein, McFadden, McAuliffe, & Mahan, 2018), deposition 

between 17-12ka in Canyonlands (Reheis et al., 2005), and undated deposits estimated to be late 

Pleistocene in the Chaco and Tusayan dune fields (S. Stokes & Breed, 1993; S. G. Wells et al., 

1990). Many of these studies document eolian deposition during a cooler and wetter climate, 

followed by pedogenesis during a warming climate. Cooler and wetter climates can result in 

increased weathering of bedrock, leading to aggradation and an increased sediment supply in 

washes, especially in basins dominated by sedimentary rocks, such as those in northeastern 

Arizona (Ellwein et al., 2015).  Results from this study demonstrate eolian deposition on upland 

landscape positions in Petrified Forest dating to 18-13ka, placing these episodes of deposition 

within this regional pattern for increased eolian activity. In the nearby Moenkopi area, Ellwein et 
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al. (2015) determined that during the late Pleistocene, low-relief wide floodplains and valleys, 

including the Little Colorado River, which drained basins dominated by sedimentary rocks, 

resulted in increased eolian transport capacity. Deposition of eolian sediments in this case does 

not always correlate with periods of aridity, but with increased sediment supply and wind-

transport capacity (Ellwein et al., 2015).  

Also similar to many other studies on the Southern Colorado Plateau (Ellwein et al., 

2015; Ellwein et al., 2018; S. Stokes & Breed, 1993; S. G. Wells et al., 1990), we found a lack of 

eolian deposition during the early to mid-Holocene despite warming temperatures (Betancourt 

1990). The lack of eolian deposition in nearby areas at this time is frequently attributed to rapid 

soil formation from increased precipitation at the end of the Pleistocene, along with increased 

atmospheric dust, as well as warmer temperatures leading to stabilizing vegetation on the 

Pleistocene deposits, preventing further reactivation (Ellwein et al., 2015; Ellwein et al., 2018; 

Reheis et al., 2005; Reynolds, Reheis, Neff, Goldstein, & Yount, 2006). Soils may become more 

resistant to erosion and reactivation due to soil formation, as was seen by Werner et al. (2011) on 

the Great Plains, where Bt horizons retain moisture and prevent erosion during arid climates. In 

contrast to other areas, Reheis et al. (2005) documented subsequent eolian reactivation during 

drier climates from 8.5-6ka in Canyonlands. This study shows no evidence of eolian deposition 

during the mid-Holocene, though other areas on the Colorado Plateau see dune deposition 

beginning again 4.7ka in the Tusayan Dune Field and from 5.6-2.8ka  in the Chaco Dune field 

(S. Stokes & Breed, 1993; S. G. Wells et al., 1990). The extent to which the mid-Holocene was 

drier or wetter is still unclear, with competing evidence across the Southwest U.S. (see 

discussion in Huckleberry 2015). Further work is likely necessary to determine if the lack of 

mid-Holocene eolian deposition in Petrified Forest NP is real, or is a consequence of sampling 
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bias, and if it is due to climate changes.  

Widespread late-Holocene dune deposition, and perhaps reactivation of older deposits, is 

evident across the study area, which is consistent with other studies on the Colorado Plateau. 

Evidence across Arizona and the Southwest supports a generally cooler and wetter climate from 

c. 4000-2500 yr BP, consistent with Neoglacial climatic conditions, followed by a period of 

aridification (Armour, Fawcett, & Geissman, 2002; Enzel, Brown, Anderson, McFadden, & 

Wells, 1992; Kirby et al., 2004; Koehler, Anderson, & Spaulding, 2005; McFadden & 

McAuliffe, 1997). The timing of various cooling events seems to vary locally and regionally, as 

well as with elevation (Thompson, Whitlock, Bartlein, Harrison, & Spaulding, 1993). However, 

although the exact timing and implications of the Neoglacial climate changes is variable, there 

seems to have been widespread drier conditions on the Southern Colorado Plateau and across the 

Southwest during the late Holocene, with intervals of more mesic conditions (Thompson et al., 

1993). Across the Southwest, episodes of extreme and persistent droughts occurred during the 

last 2000 years, including a prolonged drought between A.D. 900 ̶ 1300 (1.1 ̶ 0.7 ka), with these 

dry periods related to periods of eolian activity (Cook, Woodhouse, Eakin, Meko, & Stahle, 

2004; Halfen et al., 2016; Woodhouse, Meko, MacDonald, Stahle, & Cook, 2010). Tree-ring 

data from nearby sequences at El Malpais, New Mexico, and from across the Southern Colorado 

Plateau also show episodic droughts in the last 2000 years (Grissino-Mayer, Swetnam, & Adams, 

1997; Salzer & Kipfmueller, 2005). The study area shows widespread dune mobilization and 

deposition after c. 2.3ka, with several episodes of mobilization followed by weak soil formation 

seen in many profiles. This is a similar sequence to other dune fields on the Colorado Plateau, 

such as the Tusayan Dune Fields and the Chaco Dune fields (Ellwein et al., 2015; S. G. Wells et 

al., 1990), and so is likely related to reduced vegetation cover due to arid conditions leading to 
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sediment mobilization.  

Human Use of Eolian Landscapes 

Archaeological evidence suggests that the landscape of Petrified Forest was occupied 

nearly continuously from around A.D. 200 ̶ 1400 (1.8–0.6 ka), and it is inferred that the eolian 

landscape was used heavily for agriculture  (Jones, 1996; Theuer & Reed, 2012; S. J. Wells, 

1994; Wendorf, 1953). As this study shows, much of the lowlands in the region are covered in 

young, eolian sediments, with minimal soil development, while upland positions have more 

developed eolian soils. Evidence presented here shows that eolian deposits are especially high in 

fine-grained sediment; however, while the older soils show increased clay and silt with depth and 

with age as a result of soil forming processes, even the late Holocene deposits typically contain 

10-20% clay. Sandy soils are known to be beneficial to plants by collecting more surface runoff, 

and sands are known to hold more water that is available for plants (Noy-Meir, 1973), although 

sands also have greater hydraulic conductivity, which can lead to moisture infiltration and loss 

(Tsoar, 1990). This study did not find evidence of soil profiles with many highly contrasting 

textures, similar to those found to be ideal for dune farming at Hopi, where shallow surface sands 

overlying multiple clay and loam layers provides increased water holding (Dominguez & Kolm, 

2005). However, the abundance silts and clays in eolian sediments in this region may have 

improved the water holding capacity of the sandy sediments, making them even more suitable 

for agricultural production.   

Evidence presented here suggests that this landscape was actively undergoing erosion and 

deposition during occupational periods by Ancestral Pueblo people, and so may have affected the 

choice of field location by early farmers. The resolution of dating does not allow for very tight 

correlation between eolian landscape changes and human occupation of sites; eolian deposits are 
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dated using OSL with errors of 100 years or more, and many archaeological sites may have been 

occupied for shorter time periods. However, the age control for periods of erosion and deposition 

are not synchronous across the lowland landscape, suggesting that the entire landscape was not 

undergoing erosion and deposition at the same time. While further work is necessary to draw 

firm conclusions regarding human use of this landscape, the evidence for episodic erosion and 

deposition of eolian sediments during the late Holocene suggests that prehistoric peoples would 

have to contend with a dynamic eolian landscape, and may have shifted fields and habitation 

sites frequently to deal with severe erosion. This interpretation is supported by archaeological 

evidence that suggests differential use of landscape positions through time (S. J. Wells, 1994). In 

addition, active farming of sand dunes may have contributed to or exacerbated dune erosion, as 

crop production in a dunes frequently involves first removing all native vegetation, leading to 

reduced dune stability (Bradfield, 1971; Hack, 1942) . Those areas that were actively undergoing 

eolian activity likely would have been unfavorable farming locations; however, frequent 

episodes of erosion and deposition across the study area during this time means that early 

farmers cultivated crops on sediments that were recently deposited and stabilized. It is also 

possible that long-term farming may have hastened destabilization of the local landscape, 

increasing local erosion of eolian sediments. However, the overall similarities between the 

timing of late Holocene eolian deposition in the study area and other areas on the Colorado 

Plateau suggest that local human use of the landscape could not have been the primary cause of 

regional destabilization, though it may have contributed to increased erosion in areas where 

native vegetation was removed for fields.  

CONCLUSION 

Late Pleistocene and Holocene eolian activity in the Petrified Forest NP follows a 
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generally similar chronology to other areas on the Colorado Plateau, demonstrating eolian 

deposition during the late Pleistocene and widespread eolian activity in the late Holocene. In the 

Petrified Forest, deposition of eolian sediment as linear dunes between 18-13ka occurred on 

upland landscape positions, and these deposits remained stable and resulted in well-developed 

soils. Further work to study upland deposits will likely improve age estimates for the late 

Pleistocene chronology, as this study included a limited sample size from upland deposits. There 

is no evidence for early to middle Holocene eolian activity in the Petrified Forest NP from this 

study, which is similar to other regions on the Colorado Plateau and may reflect regional trends 

of widespread landscape stability. However, the lack of early- to mid-Holocene deposits may 

also reflect a sampling bias. 

 Late Holocene eolian activity in the Petrified Forest NP corresponds to widespread 

eolian activity across the Colorado Plateau, and occurs following the Neoglacial cooling and 

during a period of episodic droughts. Across the study area, multiple periods of deposition or 

mobilization occurred between c. 2.3–0.87ka, especially in lowland areas on either side of large 

tributary washes or the floodplain of the Puerco River. These were interspersed with periods of at 

least brief landscape stability, followed by dune stabilization and vegetation growth leading to 

minimal soil formation. The latest Holocene, including the last 800 years, saw more widespread 

eolian activity across the entire study landscape, resulting in very young sediments draping the 

Qe1 Pleistocene and Qe2 late Holocene deposits, and burying many archaeological sites.   

The practice of rain-fed farming is documented in the Petrified Forest NP, and prehistoric 

groups likely used much of the study area for farming, including the practice of dune farming. 

Though further work is needed to better document how prehistoric agricultural societies used the 

eolian landscape and adapted to changes due to shifting sediments, this study documents 
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widespread, but perhaps episodic, eolian activity in the study area during the time of use by 

prehistoric Puebloan groups. Mobilization and deposition of eolian sediments is likely related to 

larger-scale climate changes, but dune farming practices may have increased erosion of sand 

dunes in the study area.   
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Table 1.1: Summary of study areas examined in this study.  
Study Area Eolian Features Landscape Position 

Painted Desert Rim Eolian sediments in longitudinal 
dunes and sand sheets on mesa 
tops. 

Uplands and mesa tops at the north end 
of the park, above the extensive 
badlands of the Painted Desert and 
Lithodendron Wash. 

Dead Wash Sand sheets on mesa tops and 
terraces, and dunes in the lowlands 
along the wash corridor.   

Mesa tops and terraces overlooking 
Dead Wash to the east, near confluence 
with Puerco River, and lowland 
positions to the west of Dead Wash. 

Blue Mesa Mostly barchan dunes, with some 
topographically controlled (climbing 
and falling) dunes (Ellwein 1997a) 
along mesa edges. Many dune 
blowouts.  

Lowlands around base of several small 
mesas. Crossed by several small 
ephemeral washes.  

Alluvial and Lowland Flats Extensive small to large dunes and 
sand sheets, many dune blowouts.  

Wide lowland area bounded by Puerco 
River to north and Puerco Ridge to 
south. Dissected by seasonal washes.  

Twin Buttes Small to large dunes with some 
dune blowouts.  

Lowland between seasonal Dry Wash 
and Puerco Ridge. Site of a large Pueblo 
I period (1.3-1.1ka) archaeological 
district with evidence of dune farming 
(Wendorf 1953).  
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Table 1.2: Optically Stimulated Luminescence (OSL) Age Information.  

  Profile and 
Sample num. 

USU num. 
Depth 

(m) 
Num. of 

aliquots* 
Dose rate 

(Gy/ka) 
DE ± 2σ        

(Gy)** 

OSL age  ± 2σ   
(ka) 

Eolian Unit 

Twin Buttes 

PF 15-1 USU-1969 4.00 11 (25) 2.05 ± 0.12 0.78 ± 0.33 0.38 ± 0.17 Qe3 

PF 14-1 USU-1706 1.04 19 (46) 2.01 ± 0.11 0.95 ± 0.33  0.47 ± 0.17 Qe3 

PF 14-3 USU-1707 1.15 19 (44) 1.65 ± 0.09 1.25 ± 0.17 0.76 ± 0.13 Qe3 

PF 15-3A USU-1970 1.10 20 (37) 2.54 ± 0.15 1.51 ± 0.27 0.60 ± 0.12 Qe3 

PF 15-3C USU-1971 2.10 14 (24) 2.21 ± 0.13 2.02 ± 0.25 0.91 ± 0.14 Qe2 

Blue Mesa 

PF 14-10A USU-1964 1.20 17 (32) 2.16 ± 0.12 1.08 ± 0.21 0.50 ± 0.11 Qe3 

PF 14-10C USU-1965 3.90 18 (31) 2.28 ± 0.10 3.86 ± 0.35 1.69 ± 0.22 Qe2 

PF14-10D USU-1966 4.90 18 (28) 2.55 ± 0.14 5.93 ± 0.50 2.32 ± 0.31 Qe2 

Lowlands 

PF 15-6A USU-1974 1.08 12 (22) 3.20 ± 0.17 1.67 ± 0.30 0.52 ± 0.11 Qe3 

PF 15-6B USU-1975 1.85 16 (21) 3.58 ± 0.20 5.65 ± 0.43 1.58 ± 0.20 Qe2 

PF 15-5A USU-1972 0.80 19 (28) 2.44 ± 0.13 1.58 ± 0.23 0.65 ± 0.11 Qe3 

PF 15-5B USU-1973 1.80 18 (36) 2.48 ± 0.13 39.58 ± 1.95 15.96 ± 1.77 Qe1 

PF 14-9A USU-1967 1.85 22 (27) 2.45 ± 0.13 3.55 ± 0.38  1.45 ± 0.21 Qe3 

PF14-9B USU-1968 1.20 19 (27) 2.43 ± 0.13 2.12 ± 0.24 0.87 ± 0.13 Qe2 

Uplands 

PF 15-15A USU-2244 1.2 15 (32) 1.82 ± 0.10 23.49 ± 2.59  12.92 ± 1.92 Qe1 

PF 15-15B USU-2245 2.3 15 (31) 1.93 ± 0.11 34.51 ± 3.83  17.87 ± 2.68 Qe1 

* Age analysis using the single-aliquot regenerative-dose procedure of Murray and Wintle (2000) on 2mm small-aliquots of 
quartz sand. Number of aliquots used in age calculation and number of aliquots analyzed in parentheses. 
** Equivalent dose (DE) calculated using the Central Age Model (CAM) of Galbraith and Roberts (2012). 
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Table 1.3. Dose Rate Information 

Sample 
num. 

USU num. 
In-situ         

H2O 
(%)1 

Grain size 
(µm) 

K (%)2 Rb (ppm)2 Th (ppm)2 U (ppm)2 
Cosmic 
(Gy/ka) 

Twin Buttes 

PF 15-1 USU-1969 3.1 90-180 0.87±0.02 46.2±1.8 7.9±0.7 2.1±0.2 0.17±0.02 

PF 14-1 USU-1706 1.7 125-212 0.91±0.02 46.4±1.9 7.1±0.6 1.8±0.1 0.25±0.02 

PF 14-3 USU-1707 2.6 125-212 0.76±0.02 40.0±1.6 5.5±0.5 1.3±0.1 0.25±0.02 

PF 15-3A USU-1970 3.6 125-212 0.98±0.02 55.5±2.2 9.9±0.9 3.0±0.2 0.25±0.02 

PF 15-3C USU-1971 4.4 75-150 0.90±0.02 48.9±2.0 8.3±0.8 2.4±0.2 0.22±0.02 

Blue Mesa 

PF 14-10A USU-1964 1.0 150-250 1.08±0.03 55.2±2.2 7.0±0.6 1.8±0.1 0.25±0.02 

PF 14-10C USU-1965 1.4 125-212 1.15±0.03 60.7±2.4 7.8±0.7 2.0±0.1 0.18±0.02 

PF 14-10D USU-1966 1.8 125-212 1.20±0.03 64.8±2.6 9.1±0.8 2.7±0.2 0.16±0.02 

Lowlands 

PF 15-6A USU-1974 8.1 90-150 1.67±0.04 80.7±3.2 9.9±0.9 2.7±0.2 0.25±0.02 

PF 15-6B USU-1975 10.8 90-250 1.66±0.04 90.1±3.6 12.9±1.2 3.8±0.3 0.23±0.02 

PF 15-5A USU-1972 9.5 90-150 1.37±0.03 62.2±2.5 6.3±0.6 1.7±0.1 0.26±0.03 

PF 15-5B USU-1973 3.2 90-180 1.53±0.04 69.6±2.8 5.7±0.5 1.6±0.1 0.23±0.02 

PF 14-9A USU-1967 1.3 90-150 1.56±0.04 68.5±2.7 5.3±0.5 1.4±0.1 0.23±0.02 

PF 14-9B USU-1968 1.4 90-150 1.50±0.04 63.5±2.5 5.3±0.5 1.5±0.1 0.25±0.02 

Uplands 

PF 15-15A USU-2244 1.953 150-250 1.17±0.03 49.0±2.0 4.3±0.4 1.0±0.1 025±0.02 

PF 15-15B USU-2245 6.75 90-150 1.26±0.03 53.9±2.2 4.3±0.4 1.1±0.1 0.22±0.02 

1 For in-situ H2O values <3% or >8%, 3±3% used as representative of moisture content over burial history, unless otherwise noted.  

2 Radioelemental concentrations determined by ALS Chemex using ICP-MS and ICP-AES techniques; dose rate is derived from concentrations by 
conversion factors from Guerin et al. 2011. 
3 Assumed 6.75% for moisture content over burial history 
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Figure 1.1: Map of Petrified Forest National Park showing main study areas, specific locations of soil 
profiles examined in this study, within the authorized park boundary. Main ephemeral washes and rivers 
are labelled. Inset: study location and major rivers and washes in Arizona.   
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Figure 1.2A: Photo from the lowland flats study area, including low dunes with small dune blowouts. 
Badlands exposing the Triassic-age Chinle Formation in the background are part of an isolated mesa.  

 
 
Figure 1.2B: Photo of active dunes in a < 2.5km2 area near the far eastern edge of the park. The active 
dunes contain much less vegetation than the semi-stabilized dunes which are much more common.  
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Figure 1.3: Profile PF 14-10, a dune in the Blue Mesa area with multiple buried soils over stratified eolian 
deposits. Labels show eolian depositional units, soil horizons, and OSL ages. Soil sequences are 
separated by dashed lines.  
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Figure 1.4: Radial plots from OSL ages from this study 
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Figure 1.5: Soil profile drawings from key profiles in this study, with OSL ages. Eolian units Qe1, Qe2, and Qe3 are also shown. 
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Figure 1.6: Mean OSL ages ± 2σ from this study, shown by study area within the park, (left half) with 
profiles labeled.  Periods of eolian deposition from this study, shown as light gray bands, are compared 
to periods of eolian deposition from previous studies on the Colorado Plateau (right half). 1Reheis et al. 
2005. 2Wells et al. 1990. 3Stokes and Breed 1993. 4Ellwein et al. 2011, Ellwein et al. 2015*. *Study 
included older dates that not shown.  
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Supplemental Table 1.1: Soil Profile Descriptions, arranged by location.  
Supplementary Table 1: Soil Profile Descriptions*      

      

Profile                             
Depth (cm) 

Soil 
Horizon 

Color Dry1 
Color 
Moist1 

Texture2 Structure3 Boundary4 Consistence5 Notes Sand 
%6 

Silt 
%6 

Clay 
%6 

Organic 
Carbon 
%7 

CaCO3 
%7 

Landscape 
position 

PAINTED DESERT RIM   
PF S15-14  

       
     Near crest 

of a low 
dune on 
the upland 
surface 

0-10 

AC 5YR 5/4 5YR 4/4 ls 2m sbk -- SH  
82 10 8 0.20 1.91 

10-20 74 12 14 0.24 4.15 

20-30 Bwb 5YR 5/4 5YR 4/4 scl 2m sbk -- HA  69 11 20 0.31 7.04  
30-39 

Btkb 5YR 5/4 5YR 4.5/4 scl -- -- HA 
few dist carbonate coats 
and nodules, faint clay coats 

68 10 23 0.22 8.82  
39-48 66 12 22 0.18 10.13  
48-63 

Bkb 5YR 5/4 5YR 4/4 scl -- -- HA to VH many nodules 10-20mm 

62 15 23 0.10 8.96  
63-70 56 19 25 0.12 9.42  
70-79 58 19 23 0.09 7.61  
79-94 

Bk2b 5YR 4/4  5YR 4/4 scl -- -- HA 
com carbonate threads and 
coats 

67 22 12 0.06 5.31  
94-102 77 13 10 0.07 4.53  

  
       

      
PF 15-15  

       
     Near crest 

of a 
longitudinal 
dune on 
the upland 
surface 

0-12 C1 5YR 4/4 5YR 4/3 ls sg -- S  82 11 6 0.18 1.43 

12-35 C2 5YR 4/4 5YR 4/4 ls sg -- S  81 11 8 0.18 2.98 

35-52 2Bwb 5YR 4/4 5YR 4/3 sl sg -- SH 
few distinct carbonate 
threads 77 11 12 0.18 2.90 

52-60 75 14 11 0.17 2.71  
60-69 

2Bkb 5YR 5/4 5YR 4/4 sl 3c sbk -- HA 
com distinct carb threads 
and coats on peds and few 
nodules 

70 13 17 0.38 2.67  
69-78 69 14 17 0.10 2.54  
78-87 72 14 15 0.16 2.49  

87-107 2Btkb 
5YR 5/4 5YR 4/4 ls 3m sbk -- MH 

common carbonate threads, 
coats, and nodules; few 
faint clay coats on peds 81 9 10 0.09 3.84  

107-128 
2Cb 5YR 5/4 5YR 4/4 s sg -- SH  90 3 7 0.07 4.21  

128-148 90 2 7 0.01 5.18  
148-158 

2Btkb2 5YR 7/3 5YR 4/4 ls 1m sbk -- SH 
few faint clay coats on peds; 
common carbonate nodules 

82 8 10 0.09 10.65  
158-168 81 10 10 0.06 8.48  
168-177 88 4 8 0.07 5.81  
177-199 

2C 5YR 5/7 5YR 4/7 s sg  -- SH  93 2 5 0.00 3.04  
199-211 91 2 7 0.08 3.02  
211-220 

3Bkb 5YR 4/6 2.5YR 4/6 ls sg -- MH 
few carbonate thr and 
nodules 

82 7 11 0.06 3.38  
220-229 76 9 15 0.05 4.11  
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229-238 3Bkb2 5YR 4/6 2.5YR 4/4 scl ma -- MH  67 13 20 0.05 4.41  

238-258 4Bkb 
2.5YR 5/4 2.5YR 4/4 cl ma -- MH 

common dist carbonate 
threads and nodules  43 22 35 0.07 8.55  

258-268 
4Bkb2 2.5YR 5/4 10R 4/4 sicl ma -- HA to VH 

common dist carbonate 
threads, coats, and nodules 
<10mm  

18 47 35 0.08 6.12  

268-277 17 45 38 0.07 6.09  

  
       

      
PF 17-7A  

       
     Low flat 

spot near 
low dunes 
on sand 
sheet of 
upland 
surface 

0-9 

C1 7.5YR 5/4 7.5YR 4/4 ls sg -- -- -- 

81 10 10 0.34 0.31 

9-18 81 12 8 0.27 0.23 

18-27 84 9 7 0.19 0.29  
27-36 84 9 7 0.26 0.35  
36-46 C2 7.5YR 5/4 7.5YR 4/4 sl 1f sbk -- --  72 19 9 0.28 0.25  

  
       

      
PF 17-7B  

       
     Low flat 

spot near 
low dunes 
on sand 
sheet of 
upland 
surface 

0-18 

C 

7.5YR 5/4 7.5YR 4/4 sl 
sg to 
weak 
structure 

-- -- -- 

71 21 8 0.43 0.18 

18-35 73 19 8 0.46 0.71 

  
       

      
PF 17-7C  

       
     Gentle 

slope of 
low dune 
on sand 
sheet on 
upland 
surface 

0-10 AC 5YR 4/3 5YR 3/3 ls 1c gr -- -- -- 78 14 8 0.43 0.33 

10-20 
C 5YR 5/4 5YR 4/4 ls sg -- -- -- 

80 14 6 0.27 0.22 

20-30 81 13 7 0.32 0.19 

30-50 
C2 5YR 5/4 5YR 4/3 sl 1m sbk -- -- -- 

71 19 9 0.38 0.35 

DEAD WASH  
PF 15-11  

       
     Wash cut 

through 
low dune; 
deposits 
likely 
alluvial and 
eolian 

0-31 AB 5YR 5/4 5YR 4/4 sl 2msbk cl sm SH  
     

31-55 2Bw 5YR 5/3 5YR 4/3 scl 2msbk gr sm MH  67 19 13 0.15 7.80 

55-69 3Bw 7.5YR 5/3 7.5YR 4/2 sl 2fsbk gr sm HA clay coats?  60 20 21 0.00 9.26 

69-102 3Bwb 
5YR 5/4 5YR 4/3 sl 2msbk cl sm MH  

69 14 17 0.14 7.29 

102-120 3BCb 
5YR 5/4 5YR 4/3 sl 2msbk cl sm SH 

20% fine gravels of 2-5mm 
in beds with coarse sands 77 14 9 0.24 7.28  
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120+ 3Cb 
-- -- c -- -- -- 

barely visible in profile, 
likely underlying clay 78 11 11 0.05 8.64  

  
       

      
PF 15-10  

       
     Climbing 

dune below 
a mesa, 
above Dead 
Wash 
terraces 

0-25 
C 5YR 5/4 5YR 4/4 s 

sg to 1m 
sbk  

cl sm SH 
fine bedding, grades from 
indistinct to distinct near 
base  

87 5 7 0.05 5.18 

25-50 88 5 7 0.00 4.83 

50-79 
C2 5YR 5/4 5YR 4/3 s 

parts to 
1m sbk   

cl sm S 

distinct fine bedding; 
distinct clay layers <1mm, 
fining upwards 90 4 6 0.00 5.35 

79-93  92 3 6 0.03 5.23  

93-112 C3 
5YR 6/4 5YR 4/4 s 

parts to 
1m sbk 

cl sm SH 
distinct fine bedding, thin 
bed of 2mm gray clay at top 91 3 5 0.00 5.09  

112-140 
C4 5YR 5/4 5YR 4/4 s 

parts to 
2m sbk 

ab sm SH distinct fine bedding 
93 3 4 0.00 4.78  

140-160 93 3 4 0.00 4.79  

160-175+ C5 
5YR 5/4 5YR 4/3 s 

parts to 
1m sbk 

-- SH 
very distinct fine graded 
bedding, lenses of sand 92 3 4 0.04 4.81  

  
       

      
PF 17-6A  

       
     Sand sheet 

on top of 
mesa 
above Dead 
Wash 

0-7 C 5YR 5/4 5YR 4/4 sl sg -- --  75 12 13 0.29 4.24 

7-16 A 
5YR 5/4 5YR 4/4 sl 1m pl -- --  

75 11 14 0.70 3.78 

16-25 
Bw 5YR 6/4 5YR 4/4 sl 1f sbk -- -- 

few fine carbonate nodules, 
<5% gravels 

76 11 13 0.40 4.95  
25-34 77 9 13 0.27 5.76  

  
       

      
PF 17-6B  

       
     Sand sheet 

on second 
terrace 
above Dead 
Wash  

0-18 C 7.5YR 6/4 7.5YR 4/3 sl 1c gr gr sm gr sm  78 10 12 0.15 2.36 

18-25 
C2 7.5YR 6/4 7.5R 5/4 sl sg gr sm gr sm 

fining upwards with sand 
lense 

82 5 13 0.21 2.21 

25-40 86 6 8 0.14 2.10 

40-43 C3 7.5YR 6/4 7.5YR 5/4 s  sg cl sm cl sm lense of coarse sand, local 91 4 5 0.01 3.48  

43-66 Bwb 
7.5YR 5/4 7.5YR 4/4 sl 2c sbk -- -- 

few dist carbonate nodules, 
few gravels 77 12 11 0.54 2.48  

  
       

      
PF 17-6C  

       
     Sand sheet 

on first 
terrace 
above Dead 
Wash 

0-20 AC 7.5YR 5/4 7.5YR 4/4 sl sg -- -- -- 76 14 9 0.26 1.12 

20-41 79 11 9 0.26 1.78 

41-53 C1 7.5YR 5/4 7.5YR 4/4 ls sg -- -- -- 85 7 9 0.15 2.47 

52-75 
C2 5YR 5/4 5YR 4/4 sl 1f/m sbk -- -- 

<5% gravels, more poorly 
sorted sands 

79 9 12 0.14 0.24  
75-82 81 7 11 0.27 0.21  
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BLUE MESA  
PF 14-10  

       
     Tall dune 

exposed by 
wind 
erosino of 
blowout 

0-195 C 5YR 6/3 5YR 5/3 ls sg cs MH clear horz bedding  89 2 9 0.04 0.25 

195-225 Ab 
5YR 6/2.5 5YR 4/2 ls 2cs sbk gs MH  

86 3 11 0.10 0.24 

225-375 Bwb 
5YR 6/2  5YR 4/2 ls 2vc sbk cs MH 

few carbonate coats on 
peds 86 3 11 0.08 0.32  

375-395 Ab2 5YR 5/2 5YR 4/2 sl 3c-vc sbk.  gs HA  80 5 16 0.00 0.35  

395-555 Bkb2 
5YR 5/2 5YR 4/2 sl 3c-vc sbk.  cs HA 

few dist carbonate coats 
and threads 80 5 15 0.06 0.36  

555-575 ABb3 5YR 5/2 5YR 4/2 sl 2m sbk gs SH  79 5 16 0.04 0.18  
575-606 Bwb3 5YR 5/2 5YR 4/2 sl 2m sbk  SH few carbonate coats 79 5 16 0.04 0.21  

  
       

      
PF 14-16  

       
     Edge of a 

tall dune, 
exposed in 
a blowout 
near a 
wash cut 

0-29 C -- 7.5YR 4/3 sl sg cs MH fn horz bedding 75 8 17 0.10 0.64 

29-67 2Bwb 

7.5YR 4/2 7.5YR 3/2 sl 2m sbk gs MH  

69 11 20 0.08 0.67 

67-130 2Bwb2 7.5YR 5/2 7.5YR 4/2 sl 2f sbk cs  MH  73 9 18 0.09 0.73  

130-169 2Bkb 
7.5YR 5/2 7.5YR 4/3 scl 2f sbk gs MH 

common fn carbonate coats 
on root casts 67 12 21 0.14 0.77  

169-190 2Bwb3 
7.5YR 
5/2.5 

7.5YR 4/2 sl 2f sbk gs MH  
73 9 18 0.05 0.79  

190-216 3Bkb2 
7.5YR 
4.5/2 

7.5YR 4.5/2 scl 2m sbk gs MH 
carbonate coats on root 
casts 69 10 21 0.07 0.71  

216-275 3BCb 
7.5YR 
4/2.5 

7.5YR 4/2 sl 1m sbk -- SH 
faint bedding visible in 
places 79 5 16 0.01 0.85  

  
       

      
PF 14-17  

       
     Top of 

large 
climbing 
dune, 
exposed by 
erosion 

0-10 

C -- 7.5YR 4/2 sl sg -- S v faint, fn bedding 

81 3 16 0.00 0.78 

10-20 78 4 19 0.00 0.91 

20-30 75 5 21 0.00 0.62  
30-34 75 5 20 0.00 0.68  
34-40 

C 7.5YR 5/2 7.5YR 4/2 scl sg -- S 
size-sorted laminations of 
sandy and clay 

72 5 23 0.00 0.48  
40-50 72 5 23 0.00 0.73  
50-60 74 5 21 0.00 0.67  
60-67 77 3 19 0.00 0.65  
67-81 Bw 7.5YR 5/3 7.5YR 3/2 sl sg -- S no visible bedding 81 3 16 0.00 0.65  
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PF 14-18  
       

     Exposed 
edge of 
dune in 
alluvial 
wash cut: 
deposits 
mix of 
eolian and 
alluvial 

0-21 BC 
7.5YR 5/2 7.5YR 4/2 sl 

sg to very 
weak 

-- S 
few fn carbonate threads, 
thin laminated bedding clear -- -- -- -- -- 

21-46 BC2 

7.5YR 5/3 7.5YR 4/3 sl 
sg to very 
weak 

-- SH 
few fn carbonate threads, 
thin laminated bedding   

-- -- -- -- -- 

46-70 BC3 

7.5YR 5/2 7.5YR 4/2 sl 1m sbk -- SH 

few carbonate coats on 
cracks and few fn carbonate 
threads, traces of faint 
bedding -- -- -- -- --  

70-98 Bwb 7.5YR 5/3 7.5YR 4/3 sl 1m sbk -- SH to MH v few carbonate threads -- -- -- -- --  

98-138 Cb 
7.5YR 4/3 7.5YR 3/3 sl 1m sbk -- MH 

contains lenses of loose 
sand, color 7.5YR 5/3, 2-3cm 
thick -- -- -- -- --  

138-190 Bwb 
7.5YR 4/3 7.5YR 4/3 sl 2m sbk -- SH to MH 

common fn carbonate 
threads and coats on cracks 
and root voids -- -- -- -- --  

  
       

      
PF 14-19  

       
     Dune edge 

exposed in 
a vertical 
side of 
blowout 

0-26 AB 7.5YR 4/3 7.5YR 4/2 ls sg gs S faint bedding -- -- -- -- -- 

26-60 BC 
7.5YR 5/2 7.5YR 4/2 ls 

weak, 
indistinct 

cs SH dist fn bedding 
-- -- -- -- -- 

60-78 BC2 
7.5YR 5/3 7.5YR 4/2 s 

weak, 
indistinct 

cs SH 
dist fn horizontal and cross 
bedding, few v fn carbonate 
specks -- -- -- -- -- 

78-92 2ABb 
7.5YR 4/3 7.5YR 4/2 ls 

weak, 
indistinct 

gc SH  
-- -- -- -- --  

92-110 2BCb 
7.5YR 5/3 7.5YR 4/3   ls 

weak, 
indistinct 

 SH  
-- -- -- -- --  

  
       

      
PF 17-1A  

       
     Low slope 

below a 
dune and 
above the 
dune 
blowout 

0-10 AB 
7.5YR 5/2 7.5YR 4/3 scl 2cs gr -- -- 

few small carbonate. 
nodules 71 6 23 0.24 2.79 

10-20 AB2 
5YR 4/3  5YR 3/3 gr scl 2cs gr -- -- 

common med carbonate. 
nodules 

-- -- -- 0.18 2.44 

20-50 Bw 
7.5YR 5/2 7.5YR 4/2 gr scl sg -- -- 

few dist carbonate nodules, 
more gravel lower 60 6 34 0.03 1.91  

  
       

      
PF 17-1B  

       
     Mid-way 

up a dune 
slope 

0-12 AB 
7.5YR 5/2 7.5YR 4/2 sl 

sg to very 
weak 

-- -- few fine carbonate threads 
79 3 18 0.02 3.44 
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12-30 
C2 7.5YR 6/2 7.5YR 5/2 sl 

sg to very 
weak 

-- -- -- 80 4 16 
0.02 4.46  

30-50 0.00 0.80  

 
        

      
PF 17-1C  

       
     Low flat 

below a 
dune 0-10 AC 

7.5YR 5/3 7.5YR 5/4 sl 1m gr -- --  
80 5 15 0.21 0.90 

10-35 C 
7.5YR 5/3 7.5YR 5/4 sl 

sg to 1cs 
sbk 

-- --  
81 6 13 0.09 0.99  

  
       

      
PF 17-2A  

     -- --      Top of a 
low dune 0-20 A 7.5YR 5/2 7.5YR 4/2 ls sg to 1f gr -- --  85 3 12 0.13 1.09 

20-39 
Bw  7.5YR 6/2 7.5YR 4/2 ls 

sg to 2c 
sbk 

-- -- few med carbonate threads 86 2 11 
0.03 1.57  

39-58 0.15 0.86  

  
       

      
PF 17-2B  

       
     Low slope 

of a dune 0-20 A 7.5YR 5/3 7.5YR 4/3 sl sg to 1f gr -- -- -- 77 7 16 0.10 0.84 

20-30 
Bw 7.5YR 5/2 7.5YR 4/2 sl 2c sbk -- -- few carbonate threads 78 8 14 

0.23 0.23 

30-50 0.25 0.71  
50-60 Bw2 7.5YR 6/3 7.5YR 4/2 ls 2m sbk -- -- -- -- -- -- 0.03 1.63  

  
       

      

PF 17-2C  

       
     

Flat sand 
sheet 
between 
large dunes 

0-5 C 7.5YR 6/2 7.5YR 4/2 ls sg -- --  83 8 9 0.17 2.24 

5-20 ACb  5YR 4/3 5YR 3/3 scl gr -- --  68 8 24 0.12 3.03 

20-45 Bwb 

5YR 5/2 5YR 4/2 ls 
sg with 
some 2m 
sbk 

-- -- 
few carbonate threads and 
coats 

-- -- -- 0.00 3.30  

  
       

      

PF 17-3A  

       
     

Near base 
of a dune 
slope, but 
above the 
blowout 0-20 C 5YR 5/3 5YR 3/2 sl sg -- -- -- 78 7 15 0.14 2.37 

20-40 80 6 14 0.09 1.02  
40-60 -- -- -- 0.10 1.04  

 
        

      
PF 17-4A  

       
     Slope of a 

low dune 0-14 C 7.5YR 4/3 7.5YR 3/3 sl sg -- -- -- 77 8 15 0.11 0.48 

14-27 
ABb 7.5YR 4/3 7.5YR 3/3 sl 2m sbk -- -- 

few faint carbonate coats on 
peds 

69 11 20 
0.18 0.84  

27-40 0.30 0.95  
40-50 Bwb2 7.5YR 5/3 7.5YR 4/3 scl 2m/c sbk -- -- -- -- -- -- 0.16 0.81  
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50-60 Bwb3 
7.5YR 5/2 7.5YR 4/2 sl 2f/m sbk -- -- 

few faint carbonate coats on 
peds -- -- -- 0.35 0.73  

  
       

      
PF 17-4B  

       
     Sand sheet 

between 
areas of 
exposed 
bedrock 
and low 
dunes 

0-10 C 5YR 4/4 5YR 4/3 sl sg -- --  77 15 8 0.17 0.64 

10-20 

C2 5YR 4/3 5YR 4/3 ls sg -- --  87 4 9 

0.31 0.63 

20-40 0.32 0.91  
40-50 C3 5YR 6/3 5YR 4/3 gr ls sg -- -- 20% gravels of 2-10mm -- -- -- -- --  

  
       

      
PF 17-4C  

       
     Lower 

slope of a 
dune 0-15 C 

7.5YR 5/3 7.5YR 4/3 sl sg -- --  
82 6 12 0.26 1.54 

15-27 Bwb 
7.5YR 5/3 7.5YR 4/3 scl 1m sbk -- -- 

few dist carbonate coats on 
peds 69 8 23 0.40 1.34  

27-36 
Bkb2 7.5YR 5/3 7.5YR 4/2 gr sl 2c sbk -- -- 

common dist carbonate 
coats on peds, 15% fine 
gravels 

-- -- -- 
0.14 1.18  

36-45 0.01 0.97  

  
       

      
PF 17-5A  

       
     Low dune 

blowout 0-9 C 7.5YR 4/3 7.5YR 3/4 sl sg -- -- -- 74 12 14 0.28 0.26 

9-18 
Bwb 

7.5YR 4/3 7.5YR 4/4 
sl 2c sbk -- -- -- 

77 8 14 0.16 0.31 

18-27   77 7 16 0.15 0.58  
27-45 Bwb2 7.5YR 5/3 7.5YR 4/3 sl 2c sbk -- -- few dist carbonate threads 75 7 18 0.22 1.31  

  
       

      
PF 17-5B  

       
     Slope of 

low dune 0-10 C 7.5YR 4/3 7.5YR 3/3 sl sg -- --  78 9 14 0.14 0.37 

10-20 ABb 5YR 4/3 5YR 3/3 scl 3c sbk -- -- few dist carbonate threads 69 10 21 0.34 1.32 

20-29 
Bwb 5YR 5/4 5YR 4/4 scl 3c sbk -- -- few dist carbonate threads 

46 18 36 0.28 1.81  
29-45 51 15 33 0.20 1.65  

  
       

      

ALLUVIAL AND LOWLAND FLATS  
PF 14-5  

       
     Low slope 

below a 
dune, may 
include 
eolian 
deposits 
moved 

0-7 C 

7.5YR 6/2 5YR 4/3 scl 
sg, weak 
indistinct 
structure 

-- --  

64 11 24 0.05 1.63 

7-20 
C2 5YR 5/2 5YR 4/2 scl sg -- --  

62 8 30 0.00 1.38 
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downslope 
by water 

20-30 63 7 30 0.00 1.31  
30-40 

C3 5YR 5/3 5YR 4/3 scl 
sg, weak 
indistinct 
structure 

-- --  
74 4 22 0.00 1.23  

40-45 69 6 25 0.00 1.48  
45-51 78 3 19 0.00 1.48  
51-57 

2ACb 7.5YR 5/3 5YR 4/2 sl sg -- -- 
20% fn-cs gravels of 5-
20mm, well rounded 

73 13 14 0.12 1.82  
57-67 73 3 24 0.03 1.94  

67-74 R 
2.5YR 4/2 5YR 4/2 scl sg -- -- 

mix of fragmented claystone 
and sandy sediment 55 11 35 0.00 0.98  

74-92 R 

5PB 5/1 
to 7.5YR 
8.5/1 

 -- -- -- -- 
gray and purple fragmented 
claystone 

-- -- -- -- --  

  
       

      
PF 14-6  

       
     Low sand 

sheet 
between 
two dunes 

0-7 Bw 5YR 5/3 5YR 4/2 sl 2m-cs sbk -- --  71 12 17 0.10 1.25 

7-15 

Bw2 7.5YR 5/3 7.5YR 4/2 scl sg -- -- 10-15% fn-cs gravels 

73 11 16 0.10 0.72 

15-22 74 7 19 0.10 1.53 

22-30 73 6 22 0.09 1.88  
30-39 70 5 25 0.09 2.72  
39-48 

Bw3 7.5YR 5/2 7.5YR 4/2 scl sg -- -- 5% fn gravels 
69 6 25 0.07 2.03  

48-57 70 5 25 0.07 1.58  

57-64 Bw4 
7.5YR 
4.5/2 

7.5YR 4/2 sl sg -- -- 5% fn gravels 
75 6 19 0.09 1.85  

  
       

      
PF 14-8  

       
     Edge of 

Nine-Mile 
Wash: 
deposits 
here are 
alluvial and 
eolian 

0-31 Bw 5YR 5/3 5YR 4/2 sl 1f sbk cs SH few dist Fe coats on cracks 77 10 13 0.12 5.95 

31-54 Bwb 

5YR 5/3 5YR 4/3 sl 2f sbk cs MH 
few dist v small carbonate 
nodules 

78 10 12 0.11 6.25 

54-69 Bwb2 5YR 5/3 5YR 4/3 sl 2f sbk cs MH  78 10 12 0.10 5.88  

69-113 Bkb 
5YR 6/2 5YR 4/2 sl 2m sbk cs HA to VH 

few dist carbonate threads 
and coats on peds 69 14 16 0.07 4.95  

113-150 2Bwb 5YR 5/3 5YR 4/3 scl 2f sbk -- MH  56 21 23 0.04 8.18  

  
       

      
PF 14-9  

       
     Exposed 

edge of a 
tall dune 

0-70 

C 5YR 5/4 5YR 4/3 ls sg as SH 
size-sorted horz bedding, 
slightly cohesive 

88 4 8 0.00 1.28 

70-91 88 3 9 0.00 1.33 

91-96 91 2 7 0.00 1.55 

96-100 
C2 5YR 5/4 5YR 4/3 ls cs SH 

 92 2 5 0.00 1.36  
100-110  94 1 5 0.00 1.11  



 

 

75 

 

110-125 

ma 
parting to 
sg 

 

80 0 20 0.00 1.09  
125-135 

2C 7.5YR 5/3 7.5YR 4/3 s 
ma 
parting to 
sg 

gs SH 

 94 1 5 0.00 1.02  
135-145  94 2 4 0.00 1.06  
145-153  93 3 5 0.00 1.03  
153-165 

2C2 
7.5 YR 
5/3 

7.5YR 4/3 s 
ma 
parting to 
sg 

-- SH 

 90 3 7 0.00 1.20  

165-209 
 

89 4 6 0.00 1.33  

  
       

      
  

       
      

PF 14-13  
       

     Low slope 
between a 
dune and a 
nearby 
incised 
wash; 
bedrock is 
exposed on 
the surface 
200m 
away, so 
some 
deposits 
here may 
be colluvial 
or alluvial  

0-16 Bw 7.5YR 5/4 7.5YR 4/3 sl -- -- --  80 7 13 0.41 4.11 

16-30 Bw 7.5YR 5/3 7.5YR 4/3 sl -- -- -- 10% fine gravels 77 6 18 0.35 8.66 

30-38 2CB 5YR 4/2 5YR 4/2 sc -- -- -- 20% fine to medium gravels 47 16 37 0.80 10.22 

38-56 2C 5YR 4/2 5YR 4/2 sc -- -- -- 15% gravels 46 17 37 0.35 4.79 

56-72 2R 

5YR 4/2 5YR 3/2 scl -- -- -- 
many gravels and clay 
fragments, weathered 
bedrock 

52 18 30 0.42 3.20 

  
       

      
PF 14-14  

       
     Low sand 

sheet 
between 
two dunes 

0-25 
AB  -- 7.5YR4/3 s to ls 2m sbk -- -- 

 89 4 7 0.33 2.72 

25-42 
 

83 6 12 0.31 1.99 

42-48 

2Bw 7.5YR 5/3 7.5YR 4/3 sl 2f sbk -- -- 

 67 14 19 0.40 5.89  
48-60  72 9 19 0.47 6.27  
60-80  77 7 16 0.32 7.85  
80-88 

3Bk 
7.5YR 
5.5/3 

7.5YR 4/2 scl 1f sbk   -- -- 
5-10% gravels. common dist 
carbonate coats on gravels 
and peds 

65 13 22 0.36 6.86  
88-96 67 12 21 0.30 14.19  
96-125 76 6 18 0.32 11.13  
125-136 

4Bwb 7.5YR 5/3 7.5YR 4/2 ls 
single 
grain 

-- -- very few gravels 
82 5 13 0.30 7.30  

136-144 83 5 12 0.31 6.60  
144-169 

4Bkb2 
7.5YR 
5.5/3 

7.5YR 4/2 sl 
single 
grain 

-- -- 
20% fn-cs gravels. Com dist 
carbonate coats on gravels 

81 5 13 0.24 13.79  
169-194 82 5 13 0.31 10.13  

  
       

      
PF 14-15  

       
     

0-20 C 7.5YR 5/4 7.5YR 4/4 s sg -- S  91 4 6 0.31 1.23 
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20-40 2Bwb 7.5YR 5/4 7.5YR 4/3 sl 2m sbk -- MH  75 10 15 0.00 3.93 
Exposed 
edge of 
dune  

40-63 2Bkb 
7.5YR 4/3 7.5YR 4/3 sl 3m sbk -- MH to  HA 

common dist carbonate 
threads on ped faces and 
within peds 69 13 18 0.04 3.43 

63-89 2Bwb2 7.5YR 5/4 7.5YR 5/3 sl 2m sbk -- MH  78 9 13 0.00 4.16  
89-107 2Bwb3 7.5YR 5/4 7.5YR 4/3 ls 2m sbk -- MH  85 6 9 0.00 2.44  

  
       

      
PF 14-7/PF 15-5        

     Near top of 
low dune 0-22 

C 7.5YR 5/3 7.5YR 4/3 ls sg -- --  89 4 7 0.16 2.10 

22-43 88 5 8 0.10 2.21 

43-52 

2Bwb 7.5YR 5/3 7.5YR 4/3 sl 
weak, 
indistinct  

-- -- few dist carbonate coats 

75 8 17 0.12 3.69 

52-59 71 11 18 0.14 3.83 

59-65 75 11 15 0.11 2.66 

65-81 72 11 17 0.12 3.35 

81-91 2C 
7.5YR 5/3 7.5YR 4/3 ls 

weak, 
indistinct 
structure 

-- --  

83 6 10 0.00 1.63  
91-105 

3Bkb 7.5YR 6/2 7.5YR 4/2 c ma  -- -- 
common dist carbonate 
threads, coats, and few 
carbonate nodules 

37 20 43 0.04 3.86  

105-112 19 19 62 0.11 6.10  
112-133 

4Bwb 7.5YR 5/3 7.5YR 4/3 ls 2m sbk -- -- inside of peds at 7.5YR 5/3 
75 6 19 0.09 3.08  

133-142 86 5 9 0.07 3.27  
142-156 4Bwb2 7.5YR 6/3 7.5YR 4/3 sl 2 f-m sbk -- -- Few Fe Redox mottles 81 5 14 0.03 3.62  
156-173 

4Bkb 7.5YR 5/3 7.5YR 4/3 scl 2m sbk -- -- 
few carbonate threads and 
coats on grains and peds, Fe 
redox coats on grains 

76 4 20 0.04 2.15  
173-191 74 4 22 0.09 2.34  
191-198 84 2 14 0.00 2.34  
198-213 70 3 27 0.06 1.97  
213-229 

5Bkb 7.5YR 6/2 7.5YR 4/2 c massive -- -- 
few carbonate threads and 
coats  

36 9 54 0.09 2.29  
229-236 37 10 53 0.07 3.00  
236-251 6Bwb 7.5YR 5/3 7.5YR 4/3 sl 2m sbk -- --  78 3 20 0.04 2.17  

  
       

      
PF 14-4/PF 15-6        

     Top of low 
dune 0-16 

C 7.5YR 5/3 7.5YR 4/3 sl sg -- S  

84 1 16 0.04 1.06 

16-32 83 2 16 0.10 1.00 

32-52 78 3 19 0.07 0.92 

52-71 80 2 19 0.11 0.87 

71-99 77 3 20 0.00 0.89  
99-110 

C2 7.5YR 5/3 7.5YR 4/2 sl sg  H  

76 4 20 0.06 0.78  
110-120 83 2 15 0.20 1.00  
120-127 75 7 18 0.04 0.68  
127-132 71 8 21 0.06 0.74  
132-137 2Btkb 7.5YR4/2 7.5YR 4/3 scl  SH 73 4 23 0.13 2.14  
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137-142 
weak 
structure 

carbonate coats and 
threads, clay coats on grains 75 4 21 0.00 2.13  

142-150 2Bkb 7.5YR 5/3 7.5YR 4/2 scl 2m sbk  SH carbonate coats on peds       
150-154 

2Bkb2 7.5YR 6/2 7.5YR 5/2 scl 
weak 
structure 

 SH few faint carbonate coats 

69 6 25 0.03 1.56  
154-160 68 6 25 0.15 1.52  
160-169 57 9 34 0.07 1.70  
169-177 56 10 34 0.11 1.62  
177-182 

3Bwb 7.5YR 5/3 7.5YR 4/2 sc  
weak 
structure 

 SH  
62 10 28 0.08 1.39  

182-188 51 12 37 0.13 1.98  
188-198 46 14 40 0.04 2.12  

205-212 3Bkb 
7.5YR 5/3 7.5YR 4/2 c 

weak 
structure 

 SH few faint carbonate coats 
40 16 44 0.13 2.37  

212-228 

4Bwb 7.5YR 5/3 7.5YR 4/2 scl sg  SH  
67 9 25 0.08 1.89  

228-236 70 6 24 0.10 1.43  
236-244 71 6 24 0.07 0.97  
244-252 4Bwb2 7.5YR 5/3 7.5YR 4/2 scl sg  SH  71 7 22 0.08 2.13  

  
       

      
PF 15-8  

       
     Exposed 

edge of 
wash 
through 
sand sheet; 
deposits 
likely 
alluvial and 
eolian 

0-27 BC 5YR 4/4 2.5YR 4/4 scl 1 m sbk  ab sm SH faint horizontal bedding 57 20 24 0.11 3.50 

27-63 2Bwb 2.5YR 5/4 2.5YR 4/4 cl 1fsbk cl sm MH  25 42 33 0.02 4.81 

63-81 3Cb 
5YR 5/4 5YR 4/4 sl 1fsbk ab sm MH 

localized sand lense. Dist fn 
bedding, layers of sand and 
clay 69 14 16 0.01 3.41 

81-119 4Bkb2 
2.5YR 5/4 2.5YR 4/4 scl 

1fsbk to 
2msbk  

gr sm HA 
common fn carbonate 
nodules 53 21 26 0.16 3.94 

119-126 5Bwb2 5YR 5/4 5YR 4/4 ls 1msbk ab sm MH  83 5 12 0.04 2.63  
126-134 6Bwb3 2.5YR 5/4 2.5YR 4/4 cl 1fsbk ab sm HA  43 19 38 0.07 4.18  
134-145 7BCb3 7.5YR 6/4 7.5YR 5/4 s 1fsbk ab sm SH poorly sorted 92 3 6 0.03 3.63  
145-160+ 8Bwb4 5YR 5/4 5YR 4/4 cl 1 f sbk -- HA  43 26 31 0.11 5.26  

  
       

      
PF 15-9  

       
     Near lower 

slope of a 
low dune 

0-10 C 7.5YR 5/3 7.5YR 4/3 ls sg -- S  83 11 7 0.03 2.07 

10-29 
C2 7.5YR 5/3 7.5YR 4/3 ls sg -- SH  87 4 9 0.10 2.17 

29-48 82 11 8 0.03 2.28 

48-66 
2Btb 7.5YR 5/2 7.5YR 4/3 sl 2fsbk -- SH 

few fn carbonate threads, 
faint clay bridging between 
grains 

76 14 10 0.09 2.26 

66-85 76 14 11 0.07 2.30  
85-107 

2Bkb 7.5YR 5/3 7.5YR 4/3 sl 2msbk -- SH 
common dist carbonate 
threads and coats on peds 

71 16 13 0.09 2.30  
107-117 73 9 18 0.00 2.68  
117-146 78 7 15 0.01 2.28  
146-170 

2BCb 7.5YR 5/2  7.5YR 4/2 scl 2m-c sbk -- HA  56 11 34 0.01 1.90  
170-186 53 15 32 0.00 1.30  
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186-198 
2BCb2 7.5YR 5/2 7.5YR 4/2 c 2fsbk -- MH  39 16 44 0.00 1.25  

198-213+ 40 15 45 0.05 1.19  

  
       

      

TWIN BUTTES  
PF 15-13  

       
     Slope 

above a 
wash, likely 
receives 
eolian and 
slopewash 
deposits 

0-9 
AB 7.5YR 4/3 7.5YR 3/3 scl 2c sbk -- SH common med roots  

54 18 28 0.12 1.81 

9-18 64 14 22 0.17 1.20 

18-27 

2ABb 7.5YR 5/2 7.5YR 4/2 cl 1f gr -- MH common fn roots  

55 16 30 0.07 0.83 

27-37 39 24 37 0.09 0.55 

37-47 23 37 39 0.08 1.14 

47-67 
2Bwb 7.5YR 6/2 7.5YR 4/2 cl sg -- S 

soft and loose with some 
peds 

29 30 41 0.01 6.14  
67-89 44 21 34 0.00 4.23  

89-100 3Ab 
7.5YR 5/3 7.5YR 4/2 l sg -- SH 

soft and loose with some 
peds, few gravels <5% 80 5 15 0.00 0.84  

100-120 3Bkb 
7.5YR 6/2 7.5YR 4/2 ls 1m sbk -- SH 

few gravels, up to 15%, 
carbonate coats on gravels 83 4 13 0.01 8.58  

120-137 3Cb 7.5YR 6/4 7.5YR 4/4 sl -- -- Unk reached claystone at ~129 82 4 14 0.00 7.18  

  
       

      
PF 15-12  

       
     Low spot 

between 
large dunes 

0-10 AC 7.5YR 5/3 7.5YR 4/3 scl sg -- S common f roots 66 11 23 0.01 1.53 

10-20 BC 7.5YR 5/3 7.5YR 4/2 sl sg -- S common f roots 74 7 19 0.01 1.83 

20-30 

Bwb 7.5YR 5/3 7.5YR 4/3 sl 2vf sbk -- SH 
common f roots, few fine 
carbonate threads on ped 
faces 

75 8 18 0.05 0.58 

30-50 79 6 14 0.05 0.41 

50-59 77 7 16 0.01 0.51 

59-75 

Bw2b 7.5YR 5/3 7.5YR 4/2 scl 1vf sbk -- MH  

76 7 18 0.00 1.20 

75-82 73 7 20 0.04 1.48  
82-90 65 10 25 0.01 1.96  
90-99 60 12 28 0.01 1.34  
99-108 

2Bkb 
7.5YR 5/2 
to 6/2 

7.5YR 4/2 scl 2m sbk -- MH 
common carbonate coats on 
gravels, few gravels 

70 6 24 0.98 10.20  
108-117 61 9 30 2.28 10.10  
117-126 56 10 34 1.56 10.10  
126-134 

3Bkb 7.5YR 5/2 7.5YR 3/2 scl 2f sbk -- MH 
few gravels, carbonate 
threads and coats on grains 
and gravel 

60 9 31 0.01 2.02  
134-143 54 11 35 0.00 1.60  
143-153 52 10 38 0.00 1.33  
153-163 3BCb 7.5YR 5/3 7.5YR 4/2 sl 3m-c sbk -- HA  61 8 31 0.01 1.10  

163-180 4Bkb3 
7.5YR 5/2 7.5YR 4/2 sc 2m sbk -- MH 

few carbonate coats on 
grains, dark patches of OM 
on peds 49 10 41 0.00 0.82  

  
       

      
PF 15-4  
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0-13 Bw  5YR 5/2 5YR 4/2 scl sg cs SH  -- -- -- -- -- 
Exposed 
side of a 
dune, near  
15-3 

13-30 Bw 5YR 5/2 5YR 4/2 scl 1cs sbk cs MH  -- -- -- -- -- 

30-51 C 7.5YR 5/2 7.5YR 4/2 sl sg cs MH distinct fine bedding -- -- -- -- -- 

51-73 2Bwb 
7.5YR 5/3 7.5YR 4/2 sl sg cs MH 

common faint carbonate 
threads; faint bedding -- -- -- -- -- 

73-103 2BCb 
7.5YR 5/2 7.5YR 4/2 sl sg --  MH 

distinct size-sorted bedding; 
few dist carbonate threads.  -- -- -- -- --  

  
       

      
PF 15-3  

       
     Near 

surface of a 
large dune 

0-33 C 5YR 5/2 5YR 4/2 scl sg -- SH  75 4 21 0.13 0.32 

33-55 
C2 7.5YR 6/2 7.5YR 4/2 scl 

sg to 
weak 
structure 

-- MH  
70 7 23 0.11 0.25 

55-77 71 6 23 0.04 0.30 

77-110 
C3 7.5YR 6/2 7.5YR 4/2 scl 

sg to 
weak 
structure 

-- SH 

 69 7 24 0.08 0.24 

110-120 
 

68 7 25 0.06 0.17 

120-130 

C4 7.5YR 5/2 7.5YR 4/2 scl 
sg to 
weak 
structure 

-- MH to HA 

 63 7 30 0.03 0.20 

130-151  67 9 25 0.10 0.13 

151-172  67 7 27 0.04 0.11 

172-209 

Bk2b 5YR 5/2 5YR 4/2 scl 
sg to 
weak 
structure 

-- MH to HA 
common dist carbonate 
coats and threads 

69 7 23 0.10 0.13 

209-225 70 10 20 0.07 0.14 

225-235 71 7 23 0.09 0.19 

  
       

      
PF 15-2  

       
     Low sand 

sheet 
below a 
dune  

0-21 C 5YR 5/2 5YR 4/2 sl sg -- SH  76 5 19 0.13 0.15 

21-31 Bwb 5YR 5/2 7.5YR 4/3 scl sg -- SH  72 6 22 0.15 0.81 

31-49 2Bwb 
7.5YR 5/3 7.5YR 4/2 sl 

sg to 
weak 
structure 

-- SH 
few carbonate coats on 
roots 

81 4 15 0.13 0.23 

49-65 3Bwb2 7.5YR 5/3 7.5YR 4/3 scl sg -- MH  67 8 25 0.03 0.75 

65-75 3BCb2 7.5YR 6/3 7.5YR 5/3 scl sg -- MH  68 11 22 0.08 0.50 

75-83 4BCb2 7.5YR 6/3 7.5YR 5/2 sl sg -- MH  77 6 17 0.06 0.33 

83-90 4Cb2 5YR 5/3 5YR 4/3 scl sg -- SH  73 7 20 0.08 0.24 

90-96 5Bwb 5YR 5/3 5YR 4/2 sl sg -- SH  77 6 17 0.31 0.45 

96-101 5BCb 5YR 5/3 5YR 4/3 scl sg -- SH 15% gravels 66 9 25 0.15 1.01 

  
       

      
PF 14-1  

       
     Exposed 

edge of 
dune slope 

0-70 C 7.5YR 5/2 7.5YR 4/2 ls sgto weak cl sm LO  -- -- -- -- -- 

70-90 2ACb 
7.5YR 5/3 7.5YR 4/3 sl 

weak to 
sbk 

gr sm SH  
-- -- -- -- -- 

90-105 2BCb 
7.5YR 5/2 7.5YR 4/2 sl 

weak to 
sbk 

gr sm SH some faint bedding 
-- -- -- -- -- 
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105-115 3Bwb 
7.5YR 5/2 7.5YR 4/3 sl 2m sbk gr sm SH 

few carbonate coats on ped 
faces, faint bedding visible -- -- -- -- -- 

115-170 3BCb 
7.5YR 5/2 7.5YR 4/3 sl 1 m sbk -- SH 

few carbonate coats on ped 
faces, bedding visible -- -- -- -- -- 

  
       

      
PF 14-3  

       
      

0-30 C -- -- ls sg cl sm LO roots common -- -- -- -- -- Exposed 
edge of 
dune slope. 
Dune is 
much 
higher than 
at this 
exposure.  

30-73 C2 
-- -- sl 

sg to 
weak 

gr sm SH roots common 
-- -- -- -- -- 

73-90 2AB 
-- -- sl 1m sbk gr sm SH 

few roots, few carbonate 
coats -- -- -- -- -- 

90-120 2Bw 
-- -- ls 1m sbk -- LO 

few roots, faint bedding, 
few clear carbonate coats -- -- -- -- -- 

  
       

      
  

       
      

  
       

      

*Some data was not available or not recorded for some samples.         
1Color: Color is based on the Munsell color system 

      
2Texture: c=clay; cl=clay loam; l=loam; ls=loamy sand; s=sand; sc=sandy clay; scl=sandy clay loam; sl=sandy loam; sil=silt loam, sicl=silty 
clay loam.        
3Structure: 1=weak; 2=moderate; 3=strong.  vf=very fine; f=fine; m=medium; c=coarse; vc=very coarse; vn=very thin; tn=thin; tk=thick; 
vk=very thick. abk=angular blocky; gr=granular; ma=massive; pr=prismatic; sbk=subangular blocky; sg=single grain. 

      
4Boundary: a=abrupt; c=clear; g=gradual; d=diffuse. i=irregular; s=smooth; w=wavy. 

      
5Consistence: L=Loose; S=soft; SH=slightly hard; MH=moderately hard; HA=hard; VH=very hard; EH=extremely hard. 

      
6Sand, silt, and clay percentages have been rounded to the nearest percent; total may not equal 100% due to rounding. In many profiles, 
multiple samples were collected and analyzed from different depths within one soil horizon: for these samples, sand, silt, and clay are 
recorded for each sample, though soil horizon information is recorded for the entire horizon.       

7Organic carbon % and CaCO3 % have been rounded to the nearest hundreth of a percent. In many profiles, multiple samples were 
collected and analyzed from different depths within one soil horizon: for these samples, organic carbon and calcium carbonate % are 
recorded for each sample, though soil horizon information is recorded for the entire horizon.       
Notes abbreviations: dist=distinct;  v=very; fn=fine; med=medium; OM=organic matter   
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APPENDIX B – SOIL QUALITY AND POTENTIAL FOR PREHISTORIC 

AGRICULTURE IN EOLIAN ENVIRONMENTS IN PETRIFIED FOREST 

NATIONAL PARK, ARIZONA 

 

Amy M. Schott 

 

ABSTRACT 

Dry farmed dune agriculture is one of many forms of agriculture used in the northern 

Southwest. In archaeological contexts, it is not as well-studied as other agricultural techniques. 

This study examines agricultural soil quality in sandy eolian soils in Petrified Forest National 

Park, where evidence of dune agriculture dates to at least the Pueblo I period (A.D. 700 ̶ 900), 

and where a widespread eolian landscape has likely been used for dune farming during much of 

the prehispanic Pueblo use of this landscape (A.D. 200 ̶ 1400). Factors limiting dune farming 

include water and soil nutrients. Soil physical and chemical analyses indicate that soil nutrients 

across the study area are generally low, making farming possible but not highly productive. 

Eolian sands, which naturally increase water infiltration and decrease evaporation, overlie less 

permeable clay deposits, which also improve water retention. In addition, eolian deposits in the 

park contain high amounts of clay, which may have further improved water holding capacity. 

Micromorphological and clay mineralogical studies show that clay within the dunes is distributed 

as aggregates, likely incorporated into the dunes from locally eroded Triassic clay deposits. 

Though nutrient levels are poor, the local geologic environment shows conditions of improved 

water holding capacity, making this area more attractive for dune farming.  
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INTRODUCTION 

In the Southwest U.S., prehispanic agricultural groups successfully adapted to changing 

landscapes over long time scales. Dune farming is recognized as one of a suite of farming 

techniques used by farmers in the Southwest to successfully cultivate arid landscapes, both 

prehistorically and recently (Anschuetz, 1998; Forde, 1931; Hack, 1942; Kintigh, 1985; Mabry, 

2005). However, most studies of prehistoric agricultural productivity and soil fertility in the 

Southwest focus on more productive farming methods, such as irrigation, floodplain, and run-off 

agriculture (Homburg, Heilen, & Leckman, 2014; Homburg, Wienhold, & Windingstad, 2011; 

Muenchrath, Kuratomi, Sandor, & Homburg, 2002; J. A. Sandor, Gersper, & Hawley, 1990; 

Jonathan A. Sandor et al., 2007). In many cases, dry farming and rain-fed farming are found to 

be present along with other farming techniques (e.g Herhahn and Hill 1998; Lange 1989; Mccool 

et al. 2018; Pool 2014; see discussion in Sandor 1995),  but without extensive evaluations of 

what conditions are necessary to successfully employ dry farming methods such as dune 

farming. In addition, while dune farming has been discussed in ethnographic contexts and other 

methods of dry farming  are often documented  as supplementary in areas dominated by 

floodplain or run-off agriculture (see below),  relatively few examples of dune farming have 

been discussed in archaeological contexts, and these do not include studies of patterns of eolian 

landscape use, or the relative quality of eolian landscapes to support crops, despite widespread 

eolian deposits in areas occupied by prehistoric agricultural groups. Dry farming methods, 

including those in sandy dune soils, are important agricultural techniques among modern Pueblo 

groups (Bradfield, 1971; Dominguez & Kolm, 2005; Hack, 1942; Norton, Pawluk, & Sandor, 

1998), and were likely important both culturally and economically in the past.  Better 

documentation of dune farming as an agricultural technique in prehistoric contexts will allow for 

improved understanding of the long-term use of arid landscapes in the Southwest U.S.  
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In the Petrified Forest National Park (NP) on the Southern Colorado Plateau, an extensive 

eolian landscape is thought to have supported dry farmed agriculture. Though often considered a 

marginal or secondary method of cultivation, dry farming may have been an important 

cultivation technique in this area dominated by eolian soils on dunes and sand sheets. The two 

most limiting factors for dry farmed agriculture are soil nutrients and water. This paper examines 

the relative productive potential of the eolian landscape to support crops by examining soil 

fertility and the geologic conditions that affected water holding capacity in eolian deposits.   

The Petrified Forest NP area has an archaeological history that stretches from the Clovis 

horizon of the Paleoindian period (c. 13,000 BP) to the Historic period (A.D. 1960s)(Theuer & 

Reed, 2012; Wandler, Smiley, & Vance, 2011). Archaeological data show no period of 

widespread depopulation during the late Basketmaker II through early Pueblo IV periods (c. 

A.D. 200  ̶1400), the time to which a majority of archaeological sites in the park date (Jones, 

1987; Theuer & Reed, 2012). In addition to dramatic badlands, the landscape of the park is 

dominated by extensive sand sheets and dunes. Archaeological sites are frequently found within 

and on dunes, which has led archaeologists to infer that the landscape was used heavily for dune 

agriculture during prehistory (Jones, 1987; Schachner, White, & Bishop, 2016; Theuer & Reed, 

2012; Wells, 1994). The presence of stone lines with no architectural function dating to the 

Pueblo I period (A.D. 700  ̶900) was first recognized in the park by Fred Wendorf in 1949 who 

hypothesized their use in agricultural dune fields (Wendorf, 1953). However, beyond suggesting 

that dune farming likely took place in the area, further work on the eolian landscape has not been 

studied for its potential to support crops, nor has the relationship of the dune landscape to human 

occupation been examined. Thus, the example of dune fields dating to the Pueblo I period in 

Petrified Forest NP is one of the oldest examples of dune agriculture on the Colorado Plateau. 



 

 

91 

 

The early beginnings, along with the long history of use of the eolian landscape, make Petrified 

Forest NP ideal location to further explore dune agriculture and the relationship of prehistoric 

groups to eolian landscapes.   

BACKGROUND 

Study Area Environment 

The Petrified Forest is located on the southern edge of an extensive region of eolian 

deposits in northeastern Arizona (Halfen, Lancaster, & Wolfe, 2016). Geologically, the study 

area is dominated by Triassic sandstone and mudstone, eroded into mesas and badlands, and 

overlain by Quaternary dunes and sand sheets and alluvial deposits in intermittent washes 

(KellerLynn, 2010) (Figure 2.1). Vegetation is dominated by shrubs and grasses (K. A. Thomas, 

Cully, Hutchinson, McTeague, & Schulz, 2009). The environment today is semi-arid, with 24cm 

of mean annual precipitation, a mean annual temperature of 13°C, and a frost-free growing 

season of at least 150 days (Western Regional Climate Center, 2017). Rainfall is bimodal, with 

most precipitation falling in the late summer monsoons, with additional precipitation as winter 

snow or storms.  

Maize farming requires specific environmental and climatic conditions, although in 

general it is a very versatile plant and was cultivated across many environments. Typically, it is 

estimated that maize farming requires at least 30cm of annual precipitation for dry farming,  and 

this includes both enough water during the growing season for plant growth, as well as sufficient 

precipitation during winter to provide soil moisture during planting (L. V. Benson, Ramsey, 

Stahle, & Petersen, 2013; Bocinsky & Kohler, 2014; Muenchrath et al., 2002; Muenchrath & 

Salvador, 1995). Many varieties of maize require 120 freeze-free days for the growing season 

(Bradfield, 1971; Muenchrath et al., 2002). Environmental conditions during prehistory varied 
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over time, and effective moisture may have been somewhat greater during certain periods (Jones, 

1996). However, water is likely to have been a limiting factor affecting agriculture.   

Archaeological History 

Most archaeological survey and documentation in the Petrified Forest NP has been 

limited to compliance projects such as road and fence work, with a few larger-scale surveys to 

better document use of the entire landscape (Corey, 2008; Jones, 1987; Stewart, 1980; Theuer & 

Reed, 2012; Wells, 1989). In addition to many pre-ceramic sites demonstrating use of the area by 

Paleoindian and Archaic populations, the study region includes more than 1000 documented 

archaeology sites dating to the late Basketmaker II through early Pueblo IV periods (A.D. 200 ̶ 

1400).  Few of these sites have been formally excavated, but the documented archaeological 

record shows a history similar to nearby areas on the Colorado Plateau. Archaeological history 

shows early use of pithouse communities, followed by above-ground storage rooms, and small to 

large pueblos with varying architecture. Studies of settlement patterns show that sites dating to 

the Basketmaker II ̶ III (A.D. 200 ̶ 700) and Pueblo II ̶ III periods (A.D. 900 ̶ 1275) are especially 

widespread (Jones, 1987, 1996; Wells, 1994). Sites dating to the Pueblo I and Pueblo IV periods 

within the park (A.D. 700 ̶ 900 and A.D. 1275 ̶ 1400 respectively) may be more restricted 

geographically, though this could be partly due to limited spatial extent of surveys (Wells, 1989).   

Habitation sites from the Basketmaker II through the Pueblo IV periods include variation 

in site type and size, from very small sites of one or a few structures, which are most common, to 

larger villages with 50 or more pit features, or pueblos with 50 or more rooms (Burton, 1991, 

1993; Jones, 1987; Wells, 1989). Previous work has documented a large number of sites located 

on dunes, as well as many dispersed, small sites of only one or two rooms which are likely short-

term habitation sites (traditionally called “field houses”) for used while cultivating nearby fields 
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(Jones, 1996; Theuer & Reed, 2012; Wells, 1994). This settlement pattern suggests that the 

eolian landscape was used for agriculture.   

Previous Research on Dune Farming  

Dune farming is a method of dry farmed agriculture which relies only on rainfall, where 

plants are cultivated within the sandy soils of a dune, which allows for greater water retention 

and availability for plants (Doolittle, 2001). Soil hydrology of dune farming was first discussed 

in detail by John Hack on the Hopi mesas (Hack, 1942). An ideal dry farmed agricultural field 

has a sandy surface layer over a sediment layer with loamy texture, along with alternating layers 

of highly contrasting textures which provide capillary barriers to prevent loss of water and 

provide higher plant available water (Dominguez and Kolm 2005). Many fields in the Hopi 

region have a surface sandy layer over deeper layers of loam or clay which is consistent with soil 

hydrological models for moisture retention (Bradfield, 1971; Dominguez & Kolm, 2005; Hack, 

1942). The sandy textures of the soil increase water infiltration from precipitation, effectively 

preventing runoff and loss of moisture, as well as decreasing evaporation of moisture within the 

sediment. Underlying layers with more fine-grained sediment further increase water retention at 

depth and prevent loss of moisture through leaching, while finer textures over coarser textures 

result in capillary barriers that hold water in the soil column (Dominguez & Kolm, 2005). The 

Hopi method of dune farming involves planting maize deep enough that  germinating seeds can 

access moisture retained at depth in the dune (Hack, 1942), which is often about 12 inches 

(Bradfield, 1971, p. 5). Farmers typically choose planting locations where the right soil 

hydrology conditions will allow for plant growth based on the location of certain suites of native 

vegetation visible on the surface (Bradfield, 1971; Dominguez & Kolm, 2005; Hack, 1942). 

Dune fields that have been abandoned can sometimes be identified by stone lines across the 



 

 

94 

 

dune, which served as windbreaks for small plants (Bradfield, 1971; Hack, 1942). However, dry 

farming in dunes or other environments as done by modern Pueblo and Navajo farmers 

frequently leaves no traces (Bradfield, 1971; Russell, 1977).  

Archaeological evidence for dune farming is often scarce or uncertain. Many 

archaeological examples of other methods of dry farmed fields are recognized by the presence of 

mulch, grids, borders, check-dams, and terraces (Lightfoot & Eddy, 1994; Neely, 2001; Sandor 

et al., 1990; White, Dreesen, & Loftin, 1998). Dry farming in dunes, however, does not typically 

show the same artifacts of cultivation. Dune farming can result in lines of stones left from 

erosion control fences, which are sometimes found in archaeological contexts suggesting 

presence of dune fields (Wendorf, 1953) (Figure 2.2). In other cases, however, erosion control 

fences in dunes are created by brush (Bowers, 1929; Hack, 1942) which would not result in 

archaeologically identifiable fields. Thus, archaeological examples of dune farming are 

sometimes inferred based only on the presence of extensive archaeological habitation sites in 

dune environments. Due to its poor visibility in the archaeological record dune farming itself has 

not been as widely studied in archaeological contexts.  

At Petrified Forest NP, extensive stone lines within the Pueblo I site of Twin Buttes has 

been interpreted as remnants of dune farming (Wendorf, 1953). Recent dating at Twin Buttes 

places the Pueblo I component of the site from A.D. 700 ̶ 900 (Schachner & Bernardini, 2014), 

suggesting that the dune agriculture here may be some of the earliest documented instances of 

prehistoric dune farming.  More recent work has identified several more stone lines in other sites, 

as well as numerous non-architectural sandstone slabs placed onto sand dunes in association with 

archaeological sites that likely served a similar purpose as a wind-break or erosion control 

related to dune farming. Many of these isolated slabs are located on the slopes of dunes that have 
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since eroded away, leaving a dune blowout exposing the sandstone pieces and other artifacts. 

The documented stone lines and many instances of isolated sandstone slabs, along with the 

prevalence of small “field house” sites and prevalence of sites located in dunes suggest that 

widespread areas of the dune landscape were cultivated through dune farming.  This study seeks 

to better understand the potential for dry farmed agriculture in the eolian sediments across the 

park by examining soil characteristics related to hydrogeology and nutrients to determine the 

quality of the landscape for agriculture.   

Eolian Landscape History 

Previous work documents the soil geomorphology and eolian depositional chronology of 

the study area (Table 2.1). Eolian sediments were deposited in at least several episodes on mesa 

tops and upland landscape positions during the Late Pleistocene between 18ka-13ka, and 

deposition was followed by periods of stability and soil formation, resulting in well-developed 

soils with carbonate and clay accumulation (Schott & Rittenour, 2019). Late Pleistocene deposits 

are called the Qe1 deposit. Additional eolian deposits on the lowland river valleys and flats likely 

occurred at this time, but their extent is unknown. Additional eolian deposition occurs in the Late 

Holocene, when at least several episodes of eolian reactivation and deposition occurred at c. 2.3, 

from 1.7 ̶ 1.5, and ca. 0.9ka, called the Qe2 deposit, and after 800ya, called the Qe3 deposit 

(Schott & Rittenour, 2019).  Deposition was followed by stability and weak soil development, 

which resulted in multiple stratified deposits with weakly developed soils. Eolian activity 

continued during the time when prehistoric farmers occupied the landscape, but it was not likely 

synchronous across the landscape. On-going eolian deposition has resulted in a surface eolian 

unit that dates to <800 years across much of the study area (Qe3 unit), often at least 50cm, but up 

to a meter or more in dune crests, though much thinner in inter-dune areas. The surface of 
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occupation during prehistoric Pueblo periods (the Qe2 surface) is often buried by this recent 

sediment (Schott & Rittenour, 2019), and is often visible as a buried soil where exposed in 

profile.  

METHODS 

This study examines soil properties at key locations across the study area to document 

soil chemistry, soil micromorphology, and clay mineralogy and combines this with previous 

geomorphological work to understand the relative fertility of the landscape and the potential for 

cultivating crops in these soils. Due to the limited examples of clearly identifiable fields, and the 

many fields that only exist on eroded landscape surfaces, direct testing of field surfaces was not 

feasible.  The high degree of erosion limits the ability to study fertility of dune farming directly, 

because field locations are unknown or the soil surface that would have been the field surface is 

now eroded. A systematic study comparing cultivated fields to uncultivated control samples is 

therefore not possible. To more adequately study the potential for dune farming across the 

landscape, this study takes the approach of studying a wide variety of eolian landscape surfaces 

across the study area, focusing on regions of the park and landscape positions where 

archaeological research suggests that dune farming may have been practiced in order to 

determine the relative quality of soils for cultivation.  

Soils were examined from six study areas within the Petrified Forest which were likely 

agricultural areas, and which include diverse geomorphological positions with eolian sediments 

(Table 2.2). These are inferred to be better areas for agriculture due to 1) presence of rock 

features or stone lines, which are likely related to agricultural features such as those used to 

protect small plants from the wind or to redirect sediment and water on the surface, and 2) high 

numbers of small habitation sites of 1 ̶ 2 rooms inferred to be field houses, or similar short-term 



 

 

97 

 

structures.  These are not likely the only areas used for agriculture, but due to limited 

archaeological survey coverage of the landscape, these are areas with higher survey coverage 

that suggests a pattern of agricultural use.  Archaeologically, much of the area of Petrified Forest 

is inferred to have been used for agriculture, including different geomorphic landscape positions 

such as mesa tops, slopes, flats, and floodplains. These areas include many  different types of 

eolian deposits, including different types of dunes and sand sheets (Ellwein, 1997). All these 

areas contain extensive archaeological sites, including both larger villages and small field house 

sites. Landscape positions include upland mesa with stable, longitudinal dunes, alluvial terraces 

with sand sheets, and lowlands with barchan dunes. Sediments and soils in wash cuts were also 

examined. Several additional soil profiles were not directly within these study areas but serve to 

further understand variation in eolian deposits across the park.  Archaeological sites from the 

early Pueblo IV period (A.D. 1275 ̶ 1400) are more restricted in area, and areas of the park 

relating to Pueblo IV use were not targeted in this study.  

Soil Chemical and Physical Analyses 

Soils were first examined and described in the field using standard soil geomorphic 

descriptions (Birkeland, 1999; Schoeneberger, Wysocki, Benham, & Staff, 2012), and samples 

were collected from some profiles for further analysis. Soils were examined at forty profile 

locations across the study area, and soil samples collected for analysis from twenty-nine profiles 

(Figure 2.3). Profiles were examined and samples collected using a bucket auger or exposed soil 

profiles. Surface and sub-surface samples were collected along natural soil horizons, but because 

most samples were collected with a bucket auger, some mixing of sediments by depth is 

inevitable. Soil geomorphology results are summarized in Schott and Rittenour (2019).   

Typically, it is best to sample A-horizons of soils for soil nutrients related to agricultural 
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productivity. However, to avoid sampling only the young, surface sediment which may be 

younger than the archaeological deposits, and therefore not representative of the landscape when 

occupied prehistorically, samples for analysis were chosen from both surface deposits and buried 

soil horizons. Some buried soils do not have clear A horizons, so other soil horizons were also 

sampled. Where profiles have been dated, the soil horizon that likely comprised the surface 

during prehistoric use was targeted for soil fertility studies. Because only a few profiles have 

been dated, and many profiles show multiple buried soil horizons of unknown age, a wide 

selection of buried soil horizons was sampled to document soil nutrient variability.  Included in 

this sample was a sub-set of 17 profiles that were very shallow profiles in low dune slopes or 

inter-dune areas in the near vicinity of several archaeological sites that were likely used for 

agriculture0F

1 . This subset was to further to document variability across a small area at the site 

scale, and to compare soil fertility directly adjacent to hypothesized agricultural areas to the 

general eolian landscape. As noted above, most evidence of agricultural fields exists in eroded 

dune blowouts, so the actual prehistoric surface in these cases cannot be sampled. In some cases, 

the Qe2 eolian unit seemed to be exposed at the surface, which may have been the surface during 

prehistoric occupation, but in other locations there was a clear Qe3 eolian unit at the surface, and 

both this and underlying soil units were sampled for soil fertility.  

Samples were analyzed for physical and chemical properties to document soil properties 

related to agricultural quality of the soils. Particle size analysis, calcium carbonate and organic 

carbon analyses were completed on 370 samples; pH and electrical conductivity were measured 

on 320 samples, and a sub-sample of 135 samples were analyzed for total nitrogen, total 

phosphorus, and available phosphate. Together, these are nutrients that are commonly used to 

                                                 
1 Permits for this project did not allow sampling directly within archaeological sites or feature areas.  
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determine soil fertility in archaeological contexts (Homburg & Sandor, 1997; Homburg, Sandor, 

& Lightfoot, 2004; Homburg et al., 2011; Sandor, Gersper, & Hawley, 1986a, 1986b; Sandor et 

al., 2007). Laboratory analyses of particle size, soil organic matter, calcium carbonate content, 

pH, and electrical conductivity for all samples was conducted by the author at the University of 

Arizona Geoarchaeology lab. Particle size analysis was completed using wet sieving to separate 

sands (>63µm) from silts and clays; pipette to determine  silt and clay (<4µm) weights, and dry 

sieving to separate sands into fractions (after Janitzky 1986a). Organic matter was measured 

using the Walkely Black method (Janitzky, 1986a), and calcium carbonate was measured using a 

Chittick apparatus (Machette, 1986). pH and electrical conductivity were measured using a 

Hanna Instruments hand-held field portable probe, model HI9813-6, on a 1:1 mixture of 

sediment and distilled water. Total nitrogen, total phosphorus, and available phosphate were 

measured at an outside lab. Total nitrogen was measured by dry-combustion, or Dumas method. 

Total phosphorus was measured using nitric acid and hydrochloric acid digestion (United States 

Environmental Protection Agency, 1979). Available phosphate measured the bio-available ortho-

phosphate (PO4
-P) using the Olsen method which uses a buffered alkaline solution for extraction 

(Kuo, 1996; Olsen & Sommers, 1982). Soil chemical and physical data for all profiles are listed 

in Supp. Table 2.1; specific methods are summarized in Supp. Table 2.2.     

Clay Mineralogy and Soil Micromorphology 

 Previous work (Schott & Rittenour, 2019) has demonstrated that much of the Quaternary 

eolian landscape across the study region is high in clay. Many profiles from dunes and sand 

sheets contain 10-20% clay, and dominant textures are loamy sand and sandy loam (Supp. Table 

2.1).  This high amount of clay is somewhat unusual in dunes, because during eolian transport 

clay and silt is usually carried much further in suspension than sand particles.  High clay content 



 

 

100 

 

is sometimes found in interdune deposits (Albrandt & Fryberger, 1980) or in lunettes or clay 

dunes that are sourced from clay eroded from dry lakes or playas (Frederick, 1998a), but high 

clay content is less usual in dune crests and dune deposits sourced from alluvial deposits and 

streambeds. Although there is evidence in the study area of some clay illuviation and formation 

of Bt horizons resulting in increased clay in the older deposits on the uplands (Schott & 

Rittenour, 2019), most of the deposits across the lowlands of the study area do not contain such 

well-developed soils, and yet are commonly very high in clay. Many of the dune soils in the 

study area show only incipient soil formation, and much of the dune deposits in the lowlands 

were deposited in the late Holocene (Schott & Rittenour, 2019), so the clay is not the result of 

long-term soil formation processes. Even so, the higher clay content may be improving the water 

holding capacity of the sediment, and thus improving the agricultural conditions.  

To determine how the clay is distributed within the dune profile, eight samples were 

collected for soil micromorphology from three different soil profiles in exposed edges of dunes. 

Two of the dune profiles were from the lowlands and alluvial flats area, and one from the Twin 

Buttes area (Table 2.3). Profiles were chosen for micromorphology sampling based on the 

accessibility of suitably exposed profiles; younger deposits lacking soil forming processes were 

targeted, especially those with bedding visible. Blocks of sediment were cut out of undisturbed 

sediment in exposed soil profiles. These were then impregnated with clear resin, sectioned, 

mounted on glass, and cut and polished to a thickness of 30µm. These were then examined under 

a petrographic microscope using plane and cross-polarized light to look at the intact soil fabric.  

To examine the possibility that the clay was deposited as part of the parent material 

eroded from local sources, the mineralogy of clay from within several dunes was compared to 

clay from local Triassic clay outcrops that form the badlands underlying the Quaternary 
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sediments. Seven samples from three soil profiles along with three clay samples from locally 

exposed clay badland outcrops were collected. Samples for clay mineralogy were not from the 

same profiles as the micromorphology samples since clay mineralogy was done on samples 

collected with a bucket auger, where intact micromorphological samples were not possible. Clay 

samples had the carbonates removed with hydrochloric acid and organic matter removed with 

hydrogen peroxide. Clay was extracted from the samples by centrifugation. Clays were analyzed 

as oriented mounts on glass slides from 2 ̶ 45 degrees two-theta with the standard treatments of 

K-saturation followed by heating to 350° C and 550° C , Mg-saturation, and Mg-

saturation/glycerol solvation (Whittig & Allardice, 1986). X-ray diffraction analyses were 

conducted using a PANalytical X’Pert PRO-MPD X-ray diffraction system (PANalytical, 

Almelo, AA, The Netherlands) producing Cu-Kα radiation at an accelerating potential of 45 kV 

and current of 40 mA, fitted with a graphite monochromator and sealed Xenon detector. 

Identification of minerals in the clay fractions was assisted by HighScore PlusTM (PANalytical, 

Almelo, AA, The Netherlands). The resulting peak distributions show characteristic distributions 

of different clay minerals (Supp. Figure 2.1).  

RESULTS 

Soil Geomorphology  

Soil geomorphic studies show that the ideal soil texture of dune fields, which include a 

shallow surface sandy layer of a lower sediment layer of loam or clay loam, such as those 

typically used at Hopi (Bradfield, 1971; Hack, 1942), is not widespread here. Many eolian 

deposits in the Petrified Forest have surface sandy layers that are 50cm or thicker, and many 

have uniform texture throughout the profile (Supp. Table2.1). Where textural changes exist in the 

study area, soil profiles show changes from loamy sand to sandy loam to sandy clay loam, and 
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not the strong textural heterogeneity that provides improved soil hydrology (Dominguez & 

Kolm, 2005). However, most soils, even those dating to the latest Holocene, show high amounts 

of fine-grained silt and especially of clay within sandy deposits. Dominant sand textures are fine 

to medium sand, or, in some cases, very fine to fine sand which is typical of dunes (Albrandt, 

1979). However, most soil textures are only moderately sorted, and clay content of 10-20% or 

more are not uncommon across the study area.  

Soil Chemistry 

Results from physical and chemical analysis shows some clear patterns, including some 

differences across the study area (Supp. Table 2.1; Figure 2.4; Figure 2.5). Organic carbon 

results are generally low across the area which is expected for a semi-arid region. Values range 

from 0 to as high as 0.7%, though most profiles show averages of less than 0.10% to 0.20%. 

Organic carbon content is lower in the younger Late Holocene eolian sediments from lower 

geomorphic landscape positions, but slightly higher on uplands where deposits show more 

developed soils. There is some variation within profiles due to soil horizonation, which is 

expected: some A horizons have slight increases in organic carbon, for example. Soils in the 

Haystacks area, along with soils from several profiles in the Eastern Lowlands (Figure 2.4; Supp. 

Table 2.1) have somewhat higher organic carbon than in other areas, with averages of 0.22% in 

the Haystacks area and averages of 0.47% at profile PF 14-13 and 0.33% at profile PF 14-14. 

The higher amounts could be due to landscape locations: in the Haystacks area, all five profiles 

were taken near the surface and near an archaeological site and so may be a more favorable local 

landscape position. Both profiles PF 14-13 and PF 14-14 also seem to have better-developed 

soils, which may be due to more favorable landscape positions; profile PF 14-13 is on the slope 

of a dune near a wash and may include alluvial deposits, while profile PF 14-14 is from an 



 

 

103 

 

interdune low spot that may collect more fines and organic material.   

Calcium carbonate is variable across the region, but is much higher in older, more 

developed buried soils, such as the buried soils with well-developed Bk horizons in eolian 

sediments on the Painted Desert Rim and the Dead Wash Terraces. Though many soils from 

profiles located in areas where eolian sediments were deposited in the late Holocene show 

moderately low calcium carbonate values of about 2% or less, a few show somewhat higher 

amounts of 3-6% (e.g.  PF 14-8, 14-13, 14-14) (Figure 2.4; Supp. Table 2.1). Only a few profiles 

show decreasing carbonate with depth (e.g. PF 15-3), as would be expected if carbonate were 

primarily coming from recent surface deposits along with dust deposition, which is a common 

source of calcium carbonate in arid regions (Simonson, 1995). Instead, increased carbonate with 

depth follows soil horizons and is due to soil forming processes, though the calcium carbonate 

could be sourced from both aerosolic dust or deposited with parent material from redeposition of 

older dunes.  

Soil pH is strongly alkaline to very alkaline across the entire study area. Average soil pH 

values range from 8.6-10.2, but are typically in the range of 9.4-9.6 in most study areas (Figure 

2.4). Most profiles show at least a slight increase in pH with depth, and this is more obvious in 

the better developed soils in older deposits on the uplands. The increasing pH with depth can be 

explained due to the increasing carbonate with depth due to the calcareous soils. Although pH 

increases with depth, it is also generally lower in the older soils on more stable landscape 

positions, such as in soils on the Dead Wash terraces (PF 17-6 A,B,C), and on the Painted Desert 

Rim (PF 15-15, 15-14, and PF 17-7A,B,C) where surface pH ranges from 8.6-9.0.  

Electrical conductivity is generally low; only a few profiles have values greater than 1 

mS/cm (Figure 2.4). Values higher than 1 mS/cm are likely the result of moderately saline soils, 
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while values over 4 mS/cm are considered saline. Electrical conductivity is a proxy for salts but 

is also affected by some clays. The very low values suggest that the soils here are likely non-

saline, with little salt buildup. Saline soils can reduce nutrient absorption and are often a problem 

in agricultural fields in arid regions that are used for cultivation for long time periods. However, 

salt buildup is less likely in eolian soils due to higher water infiltration (McFadden & McAuliffe, 

1997).  

Nitrogen is variable across the landscape, but it is low in most regions. Values range from 

less than 100mg/kg to about 500mg/kg in the young, late Holocene soils, and from about 

600mg/kg to 900mg/kg in the well-developed soils on the uplands (Figure 2.4, Supp. Table 2.1). 

However, there are several profiles with extremely high nitrogen levels of 5000 to 7000mg/kg 

(Supp. Table 2.1). Most of the profiles with such high amounts are in areas on the eastern 

lowlands of the park which were privately held ranch lands until as recently as 2010; the high 

amounts of nitrogen are likely due to inputs from cattle ranching. Several profiles in the Blue 

Mesa and Twin Buttes show similar anomalously high values: Profile PF 15-2 shows two units 

near the surface that are in this high range, which could be due to deposition of eolian sand 

blown in recently from nearby areas with cattle ranching. Profile PF 14-10 has anomalously high 

values throughout the profile, even in deeply buried sediment units that date to 2.3ka. The cause 

of this still unclear, but it could also be related to inputs of eolian sand from nearby areas with 

increased nitrogen, which results in increased nitrogen among the entire soil profile due to its 

mobility.   

Phosphorus is low across all profiles examined, with values ranging from near zero to 

about 200mg/kg (Figure 2.4; Supp. Table 2.1). Soils on the Painted Desert Rim and in the Dead 

Wash have higher amounts of phosphorous, likely due to the older, well-developed soils on more 
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stable dunes, but the profiles with the highest amounts of phosphorus only average 150-

300mg/kg. Most profiles in the lowland areas with late Holocene deposits and weak soils have 

much lower phosphorus values, typically less than 150mg/kg. Similarly, available phosphate 

values, which represent a form of phosphorus available to plants, are also higher in the older 

better developed soils of the stable uplands of the Painted Desert Rim compared to the soil 

profiles examined in lowland areas, with values of 15-20mg/kg in the former (Figure 2.4). Soils 

on the Dead Wash terraces show moderate amounts of phosphate, ranging from 2-7mg/kg, and 

many of the young soil profiles show low amounts of less than 5mg/kg, with a few exceptions 

(Supp. Table 2.1). Two of the three full profiles examined in the Twin Buttes area (PF 15-3 

and15-12) show much higher phosphate levels than most other Late Holocene dune deposits, as 

does profile PF 15-9 in the lowlands, and some of the surface soils in the Blue Mesa area.  Some 

soil profiles show a decrease in phosphate with depth of the profile, which suggests that higher 

amounts at the surface are due to more recent deposition, likely related to plant growth on the 

surface today.  

Micromorphology and Clay Mineralogy 

All eight micromorphology samples collected show a similar pattern of clast-supported, 

well-rounded grains of mostly quartz fragments with small amounts of feldspar. Samples from 

profile PF 14-9 show no bedding, while samples from profiles PF 14-10 and PF 15-4 show 

sorting of grains in fine laminations based on size. In addition, all eight of the micrographs show 

aggregates of clay into particles of fine to medium sand size (Figure 2.6). These were of similar 

sizes to the surrounding quartz grains, and where size-sorted laminations occurred, were also 

sorted into fine laminations along with the quartz.  Most micrographs containing clay aggregates 

do not contain additional clay bridging or other indications of pedogenic processes, except for 
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some clay infilling a root channel in sample PF 14-10EM and some clay coatings on grains and 

pedogenic infilling in PF 14-10G2M. The lack of evidence for pedogenic clay, along with 

formation of aggregates  of similar size to nearby sand grains, suggests that the aggregates are 

likely depositional (Bowler, 1973; Kilibarda, Argyilan, & Blockland, 2008). Given the high 

numbers of samples with 10-20% clay in sediments with minimal soil formation, it is reasonable 

to conclude that much of this clay across the study area is the result of deposition of clay 

aggregates along with the sand particles, as seen in those profiles examined microscopically.   

The X-Ray diffraction results of the clay samples from within young dunes in the study 

area were nearly identical to clay samples collected from local Triassic outcrops (Table 2.4, 

Supp. Figure 2.1). The seven samples from within three profiles that were studied for clay 

mineralogy show dominantly smectite, along with smaller amounts of kaolinite in all samples. 

All samples also have peaks showing that there is quartz in the sample.  The diffraction patterns 

of some of the samples show small differences, which likely relate to variation in quantities or to 

trace amounts of other minerals.  

DISCUSSION 

Dune Farming at Petrified Forest  

Direct evidence for fields or cultivation techniques is limited in the study region. 

Research across the northern Southwest has demonstrated that maize was a central part of Pueblo 

diets, and communities relied heavily on maize for subsistence from at least the Basketmaker II 

period (Coltrain, Janetski, & Carlyle, 2006; Matson, 2016). The few excavations that have been 

conducted in Petrified Forest have found maize kernels and maize pollen, with maize being the 

most frequent cultigen at sites dating to the Basketmaker III and Pueblo I-IV periods (Burton, 

1990; Burton, 1991; Burton, 1993). Prehistoric groups living in the study area between at least 
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the Basketmaker III to Pueblo IV periods relied on maize for much of their diet, and likely grew 

it locally ( Burton, 1990; Burton, 1991; Jones, 1987; Theuer & Reed, 2012; Wells, 1994; Wells, 

1989). As mentioned above, dune farming has been hypothesized to be an important method of 

farming in this region. Archaeologically, dune farming is difficult to see in the material record 

since the most common artifact is stone lines from wind breaks (Hack, 1942). These have been 

documented in a few sites across the study area (Wendorf, 1953), as have a few instances of 

water or erosion control devices (Jones, 1987), but the overall pattern of specific agricultural 

techniques is unclear.  

Subsequent archaeological work at Petrified Forest has upheld the hypothesis that dune 

farming took place, based on the limited direct evidence of dune farming, but also on the  high 

number of sites located among an extensive dune landscape (Jones, 1996; Theuer & Reed, 2012; 

Wells, 1994). More recently, archaeologists working in the park have hypothesized that many 

instances where isolated sandstone slabs have been documented near or within habitation sites in 

dune settings are likely related to agriculture in these settings (Reitze and Schott 2017; 

Schachner and Bernardini 2014; Schachner et al. 2016). The individual sandstone pieces may be 

related to erosion control features or wind blocks, similar to the stone lines, or could be other 

field markers (i.e. Woodbury 1961:36). In addition, abundant archaeological sites, including both 

small and large sites, are found on the eolian sediments, suggesting that they were targeted areas 

for habitation by agricultural communities, which further supports an interpretation of this 

landscape as heavily used for agriculture.  

Ethnographic examples show that indigenous farmers practiced many techniques of 

agriculture in the Southwest, including floodwater farming, irrigation, rain-fed farming, and dry 

farming (Bradfield, 1971; Brandt, 1995; Doolittle, 2001; Hack, 1942; Muenchrath et al., 2002). 
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Studies have shown that prehistoric agriculturalists similarly used multiple methods of 

cultivation in order to ensure that some crops would grow even if environmental conditions were 

poor (Herhahn & Hill, 1998; D. R. Lightfoot & Eddy, 1994; Muenchrath & Salvador, 1995; Plog 

& Garrett, 1972). Dry farming methods have seen some renewed interested in the literature, as 

have eolian sediments (Benson, 2011; Bocinsky, Rush, Kintigh, & Kohler, 2016; Nakase, 

Hartshorn, Spielmann, & Hall, 2014), but dry farming techniques have mostly been studied in 

the contexts of gravel or rock mulch fields. Gravel mulches on these fields serve to increase 

water availability and nutrient retention by increasing the surface roughness of a slope, which 

increases water infiltration and limits runoff, while reducing surface evaporation (Lightfoot & 

Eddy, 1994). Gravel mulches also help to moderate diurnal temperature variability, while 

reducing erosion and preventing raindrop splash (Lightfoot & Eddy, 1994). Lithic mulching can 

increase crop production and limit effects of drought, and plots are typically on flat slopes in 

areas with natural sources of gravel (Lightfoot, 1993, 1996).  

Only a few studies have looked directly at dune farming specifically in prehistoric 

contexts to better understand how dune farming was practiced. Most sandy soils are not expected 

to be very good for agriculture due to low soil moisture availability and high permeability 

leading to leaching of nutrients (Tsoar, 1990).  In many cases, dune agriculture is inferred where 

archaeological sites are found in areas with extensive sand dunes but little to no running water 

for other forms of agriculture (e.g. Doyel 1981; Gumerman and Euler 1976). Dune farming is 

recognized as a common form of prehistoric agriculture at Homol’ovi, where environmental 

studies demonstrate that dune agriculture was more likely practiced during wetter intervals, 

while floodplain agriculture was prominent during drier intervals (Lange, 1998; Van West, 

1996). In these and other cases, dune farming  and other forms of dry farming are considered a 
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secondary or marginal form of agriculture, used only after more productive areas were already 

cultivated in order to minimize risk or increase crop yield (Bradfield, 1971; Hack, 1942; Herhahn 

& Hill, 1998; D. Lightfoot, 1993). Perhaps because of the limited productivity of dune-farming, 

soils in dune environments have not been widely studied to understand soil fertility and farming 

potential.  

Transportation of Clay Aggregates 

Clay aggregates have not previously been noted in dunes in northern Arizona. In other 

regions, there are many examples clay aggregates transported and deposited with sand or silt 

sized grains (Bowler, 1973; Butler, 1956; Coffey, 1909; Frederick, 1998b; Huffman & Price, 

1949; Mason, Jacobs, Greene, & Nettleton, 2003; Muhs et al., 1999). Many examples of clay 

dunes occur in the form of lunettes, which form downwind of playa or lake basins. These clay 

dunes are made up of aggregates or pellets of clay along with sand which typically form on the 

lee side of dry lakes, playas, or saline basins as the result of deflation of clay pellets formed on 

the playa surface (Huffman & Price, 1949). Not all lunettes are dominantly clay (Holliday, 1997; 

Johnson & Bowen, 2012; Rich, 2013). Bowler (1973) suggests that both the playa or mud flat, as 

well as a hot dry season accompanied by strong winds are necessary to form clay dunes. 

However, more recent work has shown that clay aggregate formation is variable, and other 

mechanisms include through plowing, freezing and thawing, or desiccation of fine-grained 

materials on un-vegetated surfaces such as those found in glacial or peri-glacial environments, as 

well as through erosion of pre-existing soil surfaces, or stripping of alluvial outwash clays (Dare-

Edwards, 1984; Kilibarda et al., 2008; Teller, 1972). Dare-Edwards suggests that it maybe be 

possible that any exposed surface with abundant fine material can become the source of clay 

aggregates (Dare-Edwards, 1984). Clay aggregates are sometimes associated with clay lamellae, 
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depositional or pedogenic bands with increased clay that are often found in sand dunes (Berg, 

1984; Kilibarda et al., 2008; Rawling III, 2000). When clay aggregates are deposited within a 

dune, pedogenic lamellae can result (Kilibarda et al., 2008). Clay aggregates themselves can be 

pedogenic, for example,  as result of in situ clay flocculation in soils with increased pH due to 

carbonate (Berg, 1984). However, studies that demonstrate unusually high amounts of clay in 

sand dunes attribute it to transportation and deposition of clay aggregates coming from nearby 

clay sources (Dare-Edwards, 1984; Muhs et al., 1999).  

The high percentages of clay found in this study was determined using a particle size 

analysis technique which disperses clays in the process, and so would not measure clay from 

aggregates separately. However, clay aggregates were seen in thin section in all eight 

micromorphological samples. Clay amounts found in sediments in this study are  typically 10-

20%, but are higher in some profiles; this is of a  similar ranges to those found in other studies 

where dunes included aggregates of clay, including those that cited deflation of local clay 

sources (Dare-Edwards, 1984; Muhs et al., 1999) as well as clay dunes that form from playas or 

dry lakes (Bowler, 1973). Although the thin sections were collected from only three profiles, the 

high clay content across the study area suggests that clay aggregates may be present throughout 

many of the dunes in the region.  

The clay aggregates in this study have likely formed as the result of similar processes of 

formation and transportation as those of studies in other regions. However, the clay aggregates 

seen in this study are not found in association with playas or saline basins, and these dunes are 

dominantly sand with only additions of clay aggregates, they are not dominantly of clay. The 

nearly identical diffractogram pattern showing similar clay mineralogy from clay within the 

dunes to clay from local outcrops is consistent with local crops being the source of the clay in the 
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dunes. While a source of the clay with a similar mineralogy from another location cannot be 

ruled out, this result supports the hypothesis that the clay within the dunes is the result of local 

erosion of clays from Triassic outcrops underlying Quaternary eolian deposits. Clay aggregates 

found in dunes in Petrified Forest is likely the result of entrainment of clay aggregates found in 

local washes along with the sand grains. These in turn, are likely deposited in the washes as the 

result of erosion of local Triassic clay deposits, which form common eroding badlands.  

Geomorphology, Hydrology, and Implications for Agriculture 

Previous work to understand the geomorphology of the region includes documentation of 

the timing and deposition of eolian sediments and soil geomorphology across the study area. 

Despite the very young ages of most of the eolian deposits dating to the late Pleistocene and late 

Holocene, dunes, inter-dune areas, and sand sheets show high amounts of clay, resulting in 

dominant textures of loamy sand, sandy loam, and sandy clay loam (Schott & Rittenour, 2019). 

The textural pattern of surface sandy layers over loamy layers, and strong changes in soil texture 

between layers, which is expected for ideal hydrological conditions in dune fields (Dominguez & 

Kolm, 2005), was not found. However, the high amounts of fine-grained sediments found within 

the sandy eolian soils may have improved water holding conditions of the soils. The dominantly 

sandy textures have higher infiltration rates (Stephens 1996) and would have prevented surface 

runoff on dune slopes, as well as preventing evaporation. The higher amount of silt and clay 

within the soils resulting in sandy loam and sandy clay loam textures would result in increased 

water holding capacity of the sediment, improving agricultural potential and providing better 

conditions for crops. In fact, application of clay to sandy soils improves water holding capacity 

and nutrient retention for crops (Saleth, Inocencio, Noble, & Ruaysoongnern, 2009; Suzuki, 

Noble, Ruaysoongnern, & Chinabut, 2007). 
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Though the Petrified Forest typically has a long enough growing season under the present 

climate, because of the low rainfall and sandy soils, the area is not expected to be of very high 

quality for maize agriculture. Although sandy soils are considered poor quality, sandy soils such 

as those in Petrified Forest can hold more moisture when there is a permeability barrier lower in 

the soil profile. Examples of dry farming or rain-fed farming fields in other regions of the 

Southwest include conditions with a lower, less permeable layer of clay, argillic horizons, 

duripans, impermeable shale, or stratified alluvium overlain by more permeable sediments that 

improves water retention (Jonathan A. Sandor, 1995). Because sandy soils are good at holding 

moisture when there is a barrier to leaching, erosion of sandy soils is often more of a limiting 

factor than precipitation for farming,  (Tsoar, 1990), and has been considered a likely barrier in 

this region (Jones, 1996).  Many of the sand sheets and dunes in this study are located directly 

over an impermeable Triassic clay deposit. In some places, the Triassic clay was reached at 1-3m 

below the surface, though in other locations, the depth to this unit was often estimated at many 

meters deep. The Triassic clay deposits are dominantly smectite, high shrink-swell clays which 

act as a less permeable barrier to water infiltration  which would hold moisture in the overlying 

sand dunes and sheets (Stephens 1996). Thus, the sandy eolian surface sediments here include 

geologic conditions that would improve water retention, rather than reduce it, which could be 

especially important in shallow surface soils. When combined with the micromorphological 

results which show additions of clay distributed as sand-sized aggregates within the dunes, this 

suggests that the local geologic conditions improved the water holding capacity of the eolian 

soils in the study area, making this area at least somewhat better for agriculture than sandy soils 

that do not have the high clay contents or permeability barriers.  
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Soil Fertility of Eolian Soils in Petrified Forest 

Results from soil nutrient analysis show that soil nutrients vary across the study area, 

with the biggest differences between upland areas where older, better-developed soils exist on 

more stabilized landforms, and lowland areas with very young sediments and weak soils. The 

older soils have somewhat higher amounts of nitrogen, phosphorus, and organic matter and 

lower pH, especially nearer the surface. The differences were most pronounced where older soils 

were deeply buried and not accessible for surface agriculture (Table 2.3; Supp. Table 2.1); 

however, where soils were closer to the surface, these elements were still slightly improved.   

Grazing history has affected soil nutrients, and this shows up especially in nitrogen 

levels. In this study, exponential increases in nitrogen are largely found in profiles in a few 

locations on the eastern half of the park, where cattle were recently kept prior to inclusion of this 

area into the National Park system. Grazing has been found to result in loss of fine particles, 

nutrients, and organic matter, due to trampling and loss of surface crust, which also leads to 

increasing erosion  (Neff, Reynolds, Belnap, & Lamothe, 2005), and the recent grazing history in 

some areas may affect other nutrients in addition to Nitrogen. However, much of the study area 

of the park has not been grazed for more than 100 years, and soil nutrient values in both surface 

and buried soil contexts is quite similar; the only significant differences between nutrient levels 

on the surface compared with those of sub-surface samples relates to soil forming processes, 

such as increased pH with increasing calcium carbonate content, and decreasing phosphate levels 

with depth. In other locations across the study area, soil nutrients do not show large differences 

either between surface deposits and subsurface or buried deposits, including deeply buried soils. 

This demonstrates that soil nutrients from this study are likely similar to those of the landscape 

conditions during prehistoric use and cultivation; even if more recent deposition has taken place, 

nutrient levels in recent deposits are likely similar to those during prehistoric use and are largely 



 

 

114 

 

the result of natural processes of deposition, vegetation growth, and soil processes.  

Overall, soil nutrients are generally low, supporting the hypothesis that this area is only 

of marginal value for crop cultivation. There is no agreed-on definition for soil quality or for 

what data is needed to determine if a soil is of  good or poor quality (see discussion in Homburg 

et al. 2005), but soil nutrients data can be used to determine a relative quality for crop 

production, as well as to compare soil nutrient levels in different regions. Levels of nitrogen, 

phosphorus, and available phosphate, which are all necessary nutrients for plant growth, are all 

generally low in this study area.   

Across the study area, pH is alkaline to strongly alkaline. The pH tends to increase with 

depth within soil profiles, especially in older soils. In addition, both increased pH values and 

calcium carbonate values follow soil horizons with clear calcium carbonate build-up and Bw or 

Bk horizons. This suggests that the high pH is at least partially related to the higher amounts of 

calcium carbonate build-up in the soil.   A high pH is expected in calcareous soils, and not 

uncommon in arid environments. Calcium carbonate is typically the result of dust from aerosolic 

deposits which builds up in arid soils (Simonson, 1995). The high amounts of calcium carbonate 

in even the very young deposits with minimal soil development could be due to redeposition of 

older eolian sediments with carbonate.   

However, the very high pH in many of the soils may not be solely due to calcium 

carbonate. A high pH can also result from increased salts and/or sodium within the soil, which is 

common in arid regions, where there is insufficient water to leach salts, and where eolian salts 

are often deposited (Nettleton & Peterson, 1983). The strongly alkaline soils are not ideal for 

cultigens, and it may result in lower yields as the higher pH can reduce nutrient absorption by 

plants (Olson & Sander, 1988; G. W. Thomas, 1996). Saline soils are the result of excessive 
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soluble ions, which can inhibit maize productive, as ions are absorbed by root systems resulting 

in moisture deprivation for the plant (Olson & Sander, 1988, p. 642). Excessive sodium within a 

soil may or may not accompany excess salts, but would also affect plant growth, due to 

deflocculation on soil colloids and toxicity for plants (Olson & Sander, 1988, p. 642). With any 

of these causes, the high pH levels in this environment would result in decreased nutrient 

availability to plants and would have reduced crop productivity here without some anthropogenic 

measure used to lower the pH for cultivation  

Exchangeable sodium and salts were not tested directly in this study, so it is still unclear 

if these have impacted the pH levels here in addition to the calcium carbonate. However, 

electrical conductivity (EC) was measured using a field test kit, which approximates the standard 

laboratory analysis for electrical conductivity of saturated soil extracts (ECe). Electrical 

conductivity of a solution is correlated with the total salt concentration, and is highly related to 

the plant response to salts. However, soils with high clay content, especially clays with high 

cation exchange capacity, such as smectite, often have higher EC than clays such as kaolinite. 

Results did not show high EC levels.  Most soils tested show an EC of <1.0 mS/cm, and only a 

few showed values between 1.0-4.0 mS/cm. Levels below 1.0 mS/cm are considered low, and 

values between 1.0-4.0 mS/cm are considered moderate, but likely to cause little to no damage to 

corn (Olson & Sander, 1988). While these results are not analogous to laboratory testing for ECe, 

this suggests that there may not be high salt levels in soils in the study area. It may be that the 

field testing method used here is not a very accurate measure of electrical conductivity in this 

case, and further testing may be necessary. Salt accumulation would not be unlikely here, but it 

is still unclear if the high pH levels are due to carbonate alone or if they are also the result of 

increased salt and/or sodium.  
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Organic carbon levels can be used to as a proxy to estimate organic matter content of the 

soil by multiplying by a factor of 1.7 (the Van Bemmelen factor); at least 1% soil organic matter 

is typically best for maize farming, which is shown by 0.6% or more organic carbon (Homburg 

et al., 2014). Estimates show that soils with less than 0.5% organic matter, (or <0.3% organic 

carbon), are too poor to support maize(Homburg et al., 2014). Many soils examined in this study 

fall below this threshold, though most of the soils examined on the uplands of the Painted Desert 

Rim and the Dead Wash terraces, where soils are older, along with some additional soils in 

lowland areas, do fall within the limits. Most values for this study are also typically much lower 

than organic matter estimates (and organic carbon measurements) from other studies in the 

Southwest (i.e. Sandor et al. 1986a), suggesting that soils here are of a lower quality for 

agriculture. A horizons are typically higher in organic matter than other soil horizons or 

undeveloped sediments, and in this study, higher values of organic carbon were typically 

associated with surface or subsurface A horizons. However, many of the buried soils examined 

do not have clear A horizons remaining, and so may have lost organic matter (and organic 

carbon) through erosion or continued soil leaching. While some profiles show very low organic 

carbon values, the higher organic carbon values in surface A horizons and in some buried soils 

shows that there were local areas with enough organic matter for cultivation, even though levels 

are low overall.  

Nitrogen is considered to be one the most limiting nutrients in soil in Arizona (Sandor & 

Gersper, 1988). Except for the extremely high values that are the result of cattle ranching, values 

of nitrogen in the study area soils ranging from 100-900 mg/kg are within the ranges or slightly 

lower than what has been found in other regions that have been cultivated in the Southwest. Soils 

in and near areas that have been cultivated at Zuni have nitrogen levels from about 600 to 1000 
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mg/kg, (Homburg et al., 2005; Sandor et al., 2007), while soils from agricultural areas in 

southern New Mexico fall between 600 to 1400mg/kg (Sandor et al., 1986a).  

Phosphorus is also a major limiting nutrient for crops, and one of the least available 

macronutrients (Calderó-Vázquez et al., 2009). Total phosphorus in this study was found to be 

somewhat low, from less than 100 mg/kg to about 300 mg/kg. This is similar to, but slightly 

lower than, values found in other studies of soils in and near cultivated fields in the Southwest, 

which range from about 100 mg/kg to close to 400mg/kg (Homburg, 1994; Sandor et al., 1986b; 

Sandor et al., 2007). Phosphorus is typically found in higher amounts within archaeological sites 

due to human activity. In this study, habitation areas and archaeological features were not 

sampled, though some of the profiles sampled were near archaeological sites, so these values are 

likely related to landscape conditions and not human activity areas. Phosphorus is less mobile in 

the soil than other nutrients, and also less available for plants so it is a good measure of soil 

fertility (Homburg, 1994; Homburg et al., 2005). Values here suggest that this area is of similar 

fertility to other cultivated areas in the Southwest.  

Available phosphate values were found to be variable across the study area, including 

many profiles with very low ranges, averaging less than 3mg/kg. However, a few profiles have 

very high values, averaging close to 20mg/kg. Below 2mg/kg available phosphate is considered 

to be too low for plants, and above 5mg/kg sufficient for cultivation (Homburg, 1994).  Other 

studies of cultivated areas in the Southwest have found phosphate to vary from as low as 1mg/kg 

to as high as 14 (Homburg, 1994; Homburg et al., 2005; Sandor et al., 2007). Some of the very 

high values of close to 20mg/kg were found in soils associated with the Twin Butte 

archaeological site; although features or habitation areas were not sampled, the anomalously high 

values there may relate to additional anthropogenic activity.  
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Limits of this Study 

Study areas were targeted based on the archaeological pattern that suggested these areas 

were heavily used for agriculture. Sampling accessibility was also a consideration, as was 

targeting profiles that could be sampled with minimal disturbance. While variation across the 

landscape is shown by these results, additional areas not targeted in this study were also likely 

used for agriculture, so even greater variation may be found with further sampling. In addition, 

this study did not focus on comparing the distribution of soils and soil nutrients to archaeological 

site distribution, which will be the subject of later work. Comparisons between suspected fields 

and similar, uncultivated geomorphic areas was not possible, since stone lines identifying clear 

fields in areas without eroded surface soils were only found in a very limited area, and research 

there was not allowed under the current permit. This means that understanding the effects of 

long-term cultivation on a specific agriculture fields was not possible as part of this study, but 

would be valuable in future work.  

CONCLUSION 

Archaeological evidence suggests that inhabitants in the Petrified Forest region were 

using sand dune agriculture as early as the Pueblo I period, and may have been targeting dune 

areas for habitation and dune farming much earlier. In addition, dune farming may have been an 

important method of farming across the entire study region of the Petrified Forest NP and the 

surrounding area during the Basketmaker II through Pueblo IV periods. The greatest limitations 

to cultivating crops in this area of sandy eolian soils are limited soil nutrients and water 

availability. This study shows that soils in the study area are generally of low quality in terms of 

soil fertility and nutrient availability, but local geologic conditions somewhat improve water 

holding capacity of soils. 
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Although many soils examined have low nutrients necessary for cultivation of crops  

such as maize, some profiles show elevated nutrient values similar to levels found in other areas 

that are known to have been cultivated. This data-set is small, and does not include direct 

sampling of fields, but this study shows that in some locations, soil nutrients were within the 

ranges needed to support crops, and within similar ranges to soils of other areas used for 

cultivation prehistorically on the Colorado Plateau. The differences in nutrients across the study 

area, especially between older soils on stable upland positions compared with lowland areas with 

younger and more mobile eolian deposits, is worth further exploration.  

While soil fertility is low, local geology likely played a role in increasing the water 

holding capacity of the sandy soils. This would have improved crop growth, as well as stabilized 

dunes with native vegetation, allowing for weak soil formation and perhaps improving nutrient 

retention. Clay within the dunes and sand sheets was increased due to deposition of clay 

aggregates along with sand, likely as a result of erosion of local clay sources which were then 

transported as eolian sediment. Sandy soils naturally improve water infiltration and reduce 

runoff, and the high levels of clay within the eolian deposits across the landscape further 

improves water holding capacity of the soils, thus improving conditions for plant growth. In 

addition, the shallow depth to Triassic clay bedrock in places limits water leaching and further 

improves water holding capacity.  

The low soil fertility suggests that this area was not a target for high levels of cultivation; 

however, the finding that there are areas within the study area with improved conditions for 

nutrient availability and soil hydrology support archaeological hypotheses that dune soils were 

cultivated prehistorically, especially if fields were only used for a short time until nutrients were 

depleted. Future work to look at long-term effects of agriculture, the relationship of 
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archaeological habitation patterns to soil quality, and to quantify soil hydrologic conditions is 

warranted.   
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Table 2.1: Eolian units and soils summarized from Schott & Rittenour (2019), using eolian units of 
(Ellwein, 1997).  

  

Unit Age Sedimentology  Soils 

Qe1 18 ̶ 12ka Predominantly upland deposits 
of longitudinal dunes and 
sandsheets. Some deposition 
on lowlands. Multiple periods 
of deposition.  

Well-developed Bt and Bk horizons with Stage II 
calcium carbonate and with clay coats on peds. 
Strong reddening with colors of reddish brown 
(5YR 4/4 to 2.5YR 5/4), strong subangular blocky 
structure, and variation from loamy sand, to 
sandy loam, to sandy clay loam textures.  

Qe2 2.3ka  ̶ 
900ya 

Dominantly barchan dunes and 
sand sheets. Typically show 
multiple episodes of 
deposition. 

Variable, but weakly developed with A/C or Bw/C 
horizons. Colors vary from light reddish brown to 
reddish gray (5YR 5/2 to 6/2) to brown to pinkish 
gray (7.5YR 5/3 to 7.5YR 6/2). Textures are 
typically sandy loam, but include loamy sand to 
sandy clay loam.  

Qe3 800ya ̶ 
present 

Surface unit covering nearly the 
entire study area, slightly 
coarser texture.  

Unmodified by soil forming processes. Generally 
sandy to loamy sand textures.  
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Table 2.2: Summary of eolian and archaeological background of the six areas sampled in this study.  
Eolian geomorphic data from Schott and Rittenour (2019). Archaeological data for this chart compiled 
from (Jefferey F. Burton, 1990; Jones, 1987, 1996; Reitze & Schott, 2017; Schott & Rittenour, 2019; 
Theuer & Reed, 2012; Wells, 1989, 1994; Wendorf, 1953).  
 

Study Area Eolian Setting Archaeological Background 

Painted Desert 
Rim 

Longitudinal dunes and sand sheets on upland 
mesa top positions overlooking the Painted 
Desert badlands. Eolian deposits from 18 ̶ 13ka 
with well-developed buried soils, and later 
Holocene deposits with weak soil formation. 

Variety of sites, from small ephemeral 
activity areas or field houses to larger (20+ 
room) pueblos daring to the Pueblo II  ̶III 
periods.  

Blue Mesa Barchan dunes deposited in several episodes of 
deposition or reactivation in the late Holocene 
in lowlands below mesas. Deposits contain 
multiple buried soils. Also large climbing and fall 
dunes along mesa edges of tens of meters in 
height.   

Extensive prehistoric use with many sites, 
mostly small to medium in size, located on 
sand dunes and in blowouts that include 
features inferred to relate to agriculture. 
Sites include some Basketmaker II  ̶III and 
many Pueblo II  ̶III sites. 

Haystacks Geomorphically similar to Blue Mesa. No 
samples have been dated from eolian deposits, 
but likely also late Holocene. 

Same archaeological pattern as sites in Blue 
Mesa area. 

Alluvial 
Lowlands and 
Flats 

Bounded by Puerco Ridge to south and Puerco 
River to north, with extensive dunes and sand 
sheets dissected by small ephemeral washes. 
Eolian deposition may date to the Late 
Pleistocene at c. 15ka, but includes widespread 
dune formation and eolian reactivation in the 
late Holocene. Dunes are largely barchan and 
composite, and vary in size from a few to more 
than ten meters with weak soils.  Study focused 
on lowland areas in the eastern side of the park.  

Extensive use of this area from the 
Basketmaker II  ̶III and Pueblo II  ̶III periods, 
few sites from Pueblo I. Sites vary in size 
and include pithouse and masonry sites, 
and likely agricultural use.  

Twin Buttes Large barchan dunes and small poorly-defined 
dunes. Eolian sediments have only been dated 
to after 1000ya, though older, more deeply 
buried deposits are likely. Deposits are thick, 
and contain only weak soil formation.  

Large Pueblo I habitation site dating to A.D. 
700  ̶900 (Schachner & Bernardini, 2014) 
with evidence for dry farmed agriculture on 
sandy slopes and dunes.  

Dead Wash Sand sheets on several terraces overlooking the 
west side include well-developed soils on upper 
terraces and weak soils on lower terrace. To the 
east, sand sheets cover the mesa tops, with low 
dunes and climbing dunes below.  

Has limited archaeological survey coverage, 
but many archaeological sites of 
Basketmaker II  ̶Pueblo III ages are on mesa 
tops to west. Puerco Pueblo, a Pueblo IV 
village, is located on similar mesa top south 
of the Dead Wash area, which was not 
sampled in this study.  
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Table 2.3: Micromorphology samples by profile, depth and soil horizon 

Profile and 
Micromorphology Sample 

Depth 
(cmbs) 

Soil 
Horizon 

PF 14-9-BM 58-66 C 

PF 14-9-EM 96-106 C2 

PF 14-10-DM 95-103 C 

PF 14-10-EM 218-225 Ab 

PF 14-10-FM 293-301 Bwb 

PF 14-10-G2M 370-377 Bwb/Ab2 

PF 15-4-DM 28-36cm Bw/C 

PF 15-4-EM 80-90 2BCb 

 

 

 
Table 2.4: Results of clay mineralogy from X-ray diffraction analysis of diffractogram peaks. Samples 
include seven clay samples extracted from within dunes, and three samples from nearby Triassic clay 
outcrops.  Diffractograms are available in Supplementary Figure 1.  

Profile 
Sample 
Depth (cm) 

Clay Minerals 
Present 

Other Minerals 
May be Present 

Clay Sample 1 surface Smectite, Kaolinite Quartz 

Clay Sample 2 surface Smectite, Kaolinite Quartz 

Clay Sample 3 surface Smectite, Kaolinite Quartz 

PF 15-3 130-151 Smectite, Kaolinite Quartz 

PF 15-3 209-225 Smectite, Kaolinite Quartz 

PF 14-4 24-32 Smectite, Kaolinite Quartz 

PF 14-4 142-150 Smectite, Kaolinite Quartz 

PF 14-4 205-212 Smectite, Kaolinite Quartz 

PF 14-7 52-59 Smectite, Kaolinite Quartz 

PF 14-7 156-173 Smectite, Kaolinite Quartz 
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Figure 2.1: Photo of study area during summer rainy season. This is an area of lowland dunes near the 
Blue Mesa study area, with Puerco Ridge in the background.  
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Figure 2.2: Photo of stone lines on a dune slope, likely a prehistoric agricultural feature. Currently, this 
stone line is in a deflated dune blowout; original sediment from the surface has eroded away.  
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Figure 2.3: Profiles examined across the study area of Petrified Forest National Park, with main washes, 
study regions, and profiles labelled (numbers only). Inset map of Arizona showing location of park.   
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Figure 2.4: Median values of soil nutrients, grouped by study area. Bars show standard deviation.   
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Figure 2.5 Selected soil profiles showing texture, organic carbon, calcium carbonate, and pH with depth. 
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Figure 2.6: Photomicrographs from several dunes. PPL=plane polarized light. XPL=cross polarized light.  

 
A. Micrograph from sample PF 14-10-G2M. Graph shows size sorting of clasts, as well as quartz 

grains, clay aggregates, and organic matter particles. PPL.  

 

 
B. Quartz grain and clay aggregate at center. Both of these show illuvial clay coatings. This slide 

shows additional clay matrix infilling in upper center, also due to soil forming processes. PPL.  
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C. Same view as B, XPL.  

 

 
D. View of PF 15-4-EM showing quartz grains and clay aggregates. Grains and aggregates show 

some size sorting here.  
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Supplementary Table 2.1 Soil physical and chemical properties by sample, including sand fractions, and sand, silt, and clay % on the sediment 
fraction <2mm; % organic carbon and calcium carbonate, pH, electrical conductivity, total nitrogen and total phosphorus, and bio-available 
phosphate measured for all samples collected and analyzed as part of this study.   

                 

Profile 
Depth (cm)* Horizon VCOS COS MS FS VFS Sand % Silt % Clay % 

Organic 
Carbon 

% 
CaCO3 

% pH 
Electrical 

Conductivity 

Total 
Nitrogen 

mg/kg 

Available 
Phosphate 

mg/kg 

Total 
Phosphorus 

mg/kg 

PF 17-1A                 
0-10 AB 0.49 9.50 30.69 21.91 8.13 70.7 6.3 23.0 0.24 2.79 9.5 1.36 333 3.2 104.0 

10-20 AB2 -- -- -- -- -- -- -- -- 0.18 2.44 9.5 1.61 -- -- -- 

20-50 Bw 0.66 7.03 23.86 21.09 7.12 59.8 6.4 33.9 0.03 1.91 8.6 3.35 258 2.1 100.0 

                 
PF  17-1B                 
0-12 C 0.11 6.95 38.58 25.85 7.18 78.7 3.0 18.3 0.02 3.44 10.0 0.31 <100 5.9 102.0 

12-30 
C2 

0.09 5.09 36.07 31.75 7.14 80.1 3.6 16.2 0.02 4.46 10.3 0.35 375 2.2 88.8 

30-50 -- -- -- -- -- -- -- -- 0.00 0.80 10.2 0.42 -- -- -- 

 
 

               
PF 17-1C                 
0-10 AC 0.02 3.26 31.61 35.78 9.38 80.1 4.7 15.2 0.21 0.90 9.7 0.11 267 8.4 142.0 

10-35 C 0.12 4.92 37.85 31.40 6.72 81.0 6.3 12.7 0.09 0.99 10.1 0.44 267 3.1 121.0 

                 
PF 17-2A                 
0-20 A 0.08 9.39 51.27 21.27 3.03 85.0 2.9 12.0 0.13 1.09 9.9 0.14 404 4.9 53.2 

20-39 
Bw  

0.24 13.39 50.64 19.59 2.43 86.3 2.4 11.4 0.03 1.57 10.3 0.27 258 3.1 62.1 

39-58 -- -- -- -- -- -- -- -- 0.15 0.86 10.3 0.32 -- -- -- 

                 
PF 17-2B                 
0-20 A 0.05 3.51 32.78 31.48 8.79 76.6 7.5 15.9 0.10 0.84 8.5 0.07 227 6.0 99.3 

20-30 
Bw 

0.05 3.05 30.59 35.02 9.42 78.1 7.6 14.3 0.23 0.23 9.9 0.26 225 3.2 95.5 

30-50 -- -- -- -- -- -- -- -- 0.25 0.71 10.0 0.21 -- -- -- 

50-60 Bw2 -- -- -- -- -- -- -- -- 0.03 1.63 10.3 0.30 -- -- -- 

                 
PF 17-2C                 
0-5 C 0.11 7.18 41.81 24.90 8.96 83.0 7.8 9.2 0.17 2.24 8.6 0.07 <100 5.0 106.0 

5-20 ACb  0.20 13.50 36.54 14.34 3.37 68.0 7.8 24.2 0.12 3.03 10.1 0.37 331 3.4 88.7 

20-45 Bwb -- -- -- -- -- -- -- -- 0.00 3.30 9.5 1.22 -- -- -- 

                 
PF 17-3A                 
0-20 C 0.09 6.80 43.56 21.30 6.18 77.9 7.3 14.8 0.14 2.37 8.1 0.05 186 5.4 69.4 
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20-40 0.01 4.91 44.37 24.66 5.97 79.9 6.2 13.9 0.09 1.02 9.5 0.08 753 2.9 94.5 

40-60 -- -- -- -- -- -- -- -- 0.10 1.04 9.9 0.15 -- -- -- 

                 
PF 17-4A                 
0-14 C 0.14 5.54 29.06 31.98 10.37 77.1 8.1 14.8 0.11 0.48 9.2 0.11 265 3.9 109.0 

14-17 
ABb 

0.27 4.56 20.43 29.40 14.06 68.7 11.4 19.9 0.18 0.84 9.9 0.23 -- -- -- 

27-40 0.08 6.18 27.09 27.17 9.28 69.8 10.3 19.9 0.30 0.95 10.1 0.23 <100 5.6 68.0 

40-50 Bwb2 -- -- -- -- -- -- -- -- 0.16 0.81 10.1 0.44 -- -- -- 

50-60 Bwb3 -- -- -- -- -- -- -- -- 0.35 0.73 10.2 0.43 -- -- -- 

                 
PF 17-4B                 
0-10 C 0.17 6.18 36.78 28.86 4.96 76.9 14.7 8.4 0.17 0.64 8.8 0.09 232 2.9 86.0 

10-20 
C2 

1.13 9.86 43.96 25.57 6.63 87.2 3.9 9.0 0.31 0.63 9.0 0.09 -- -- -- 

20-40 -- -- -- -- -- -- -- -- 0.32 0.91 9.4 0.10 144 2.5 61.0 

30-40 C3 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 

                 
PF 17-4C                 
0-15 C 0.14 12.55 41.76 20.36 7.22 82.0 5.7 12.3 0.26 1.54 9.9 0.20 <100 3.2 114.0 

15-27 Bwb 1.99 17.47 28.50 15.02 6.13 69.1 8.3 22.6 0.40 1.34 10.1 0.53 <100 2.7 59.0 

27-36 
Bkb2 

-- -- -- -- -- -- -- -- 0.14 1.18 10.2 0.51 -- -- -- 

36-45 -- -- -- -- -- -- -- -- 0.01 0.97 10.2 0.41 -- -- -- 

                 
PF 17-5A                 
0-9 C 0.07 4.45 29.57 27.62 12.57 74.3 12.1 13.6 0.28 0.26 9.0 0.09 280 3.3 111.0 

9-18 
Bwb 

0.02 3.91 33.69 28.87 10.67 77.2 8.5 14.4 0.16 0.31 9.0 0.06 -- -- -- 

18-27 0.00 3.12 31.90 31.65 10.77 77.4 6.7 15.9 0.15 0.58 9.5 0.10 183 2.8 81.0 

27-45 Bwb2 0.00 0.86 19.82 39.22 15.02 74.9 6.9 18.2 0.22 1.31 10.0 0.24 -- -- -- 

                 
PF 17-5B                 
0-10 C 0.00 3.23 29.31 32.31 12.87 77.7 8.5 13.7 0.14 0.37 9.3 0.16 212 3.5 87.0 

10-20 ABb 0.01 3.03 23.91 28.23 13.35 68.5 10.1 21.4 0.34 1.32 9.9 0.54 -- -- -- 

20-29 
Bwb 

0.01 1.28 9.36 18.65 16.96 46.3 17.7 36.1 0.28 1.81 10.1 0.69 398 2.6 77.0 

29-45 0.00 3.23 16.50 19.53 12.21 51.5 15.5 33.0 0.20 1.65 9.5 1.27 -- -- -- 

                 
PF 17-6A                 
0-7 C 0.01 3.44 25.37 30.75 15.46 75.0 12.3 12.7 0.29 4.24 8.7 0.10 449 5.2 150.0 

7-16 A 0.00 3.05 25.20 31.17 15.18 74.6 11.5 13.9 0.70 3.78 8.6 0.12 507 4.2 155.0 

16-25 
Bw 

0.07 3.18 26.31 31.87 14.85 76.3 10.5 13.2 0.40 4.95 8.9 0.10 -- -- -- 

25-34 0.11 3.13 24.72 34.27 14.97 77.2 9.3 13.5 0.27 5.76 8.9 0.10 -- -- -- 

              -- -- -- 

PF 17-6B                 
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0-18 C 0.00 2.18 20.81 36.56 18.65 78.2 10.1 11.7 0.15 2.36 8.8 0.09 296 3.5 158.0 

18-25 
C2 

0.04 1.56 17.34 44.62 18.07 81.6 5.2 13.2 0.21 2.21 8.7 0.10 254 2.3 145.0 

25-40 0.01 1.30 18.62 44.86 21.02 85.8 6.4 7.8 0.14 2.10 8.6 0.08 -- -- -- 

40-43 C3 0.20 7.36 34.64 37.62 11.25 91.1 3.6 5.4 0.01 3.48 8.6 0.08 -- -- -- 

43-66 Bwb 0.13 1.55 16.85 37.58 20.76 76.9 11.7 11.4 0.54 2.48 8.7 0.10 -- -- -- 

                 
PF 17-6C                 
0-20 

AC 

0.06 2.15 19.17 36.87 18.09 76.3 14.3 9.4 0.26 1.12 8.7 0.05 206 7.1 215.0 

20-41 0.04 2.99 20.55 38.63 17.11 79.3 11.2 9.5 0.26 1.78 8.7 0.04 188 3.0 154.0 

41-53 C1 0.23 4.46 27.33 38.82 14.00 84.8 6.7 8.5 0.15 2.47 8.7 0.08 -- -- -- 

52-75 
C2 

0.30 10.96 27.65 28.01 12.01 78.9 9.4 11.7 0.14 0.24 8.8 0.09 -- -- -- 

75-82 0.82 16.63 24.10 27.51 12.21 81.3 7.4 11.3 0.27 0.21 9.0 0.90 -- -- -- 

                 
PF 17-7A                 
0-9 

C1 

0.00 0.69 19.85 44.01 16.19 80.7 9.5 9.7 0.34 0.31 8.6 0.06 238 4.4 188.0 

9-18 0.01 0.61 19.57 43.76 16.56 80.5 11.6 7.9 0.27 0.23 8.6 0.06 295 5.8 196.0 

18-27 0.00 0.67 19.80 46.96 16.19 83.6 9.0 7.4 0.19 0.29 8.7 0.05 -- -- -- 

27-36 0.06 0.81 20.79 45.68 16.35 83.7 9.1 7.3 0.26 0.35 8.7 0.04 -- -- -- 

36-46 C2 0.07 1.45 21.38 32.90 16.21 72.0 19.4 8.6 0.28 0.25 8.6 0.05 -- -- -- 

                 
PF 17-7B                 
0-18 

C 
0.00 0.67 14.35 33.71 21.99 70.7 21.4 7.9 0.43 0.18 8.6 0.05 536 7.4 339.0 

18-35 0.00 0.62 14.83 35.58 22.47 73.5 18.8 7.7 0.46 0.71 8.6 0.08 283 7.5 298.0 

                 
PF 17-7C                 
0-10 AC 0.01 1.05 20.05 40.52 16.36 78.0 14.1 7.9 0.43 0.33 8.2 0.04 373 8.5 276.0 

10-20 
C 

0.04 0.82 18.24 42.01 18.92 80.0 13.8 6.1 0.27 0.22 8.7 0.06 200 7.8 225.0 

20-30 0.04 0.87 18.10 42.13 19.63 80.8 12.6 6.7 0.32 0.19 8.7 0.06 -- -- -- 

30-50 C2 0.04 0.41 10.43 34.33 26.18 71.4 19.3 9.3 0.38 0.35 8.8 0.09 -- -- -- 

                 
PF 15-15                 
0-12 C1 0.03 0.97 23.07 44.00 14.16 82.2 11.3 6.4 0.18 1.43 8.8 0.06 705 15.0 171.0 

12-35 C2 0.13 1.82 25.83 41.20 11.61 80.6 11.2 8.2 0.18 2.98 8.9 0.07 853 18.0 162.0 

35-60 2Bwb 0.04 1.70 26.07 37.89 10.59 76.3 12.3 11.4 0.18 2.80 8.9 0.08 756 17.0 160.0 

60-87 2Bkb 0.00 1.37 22.82 34.68 11.41 70.3 13.6 16.2 0.21 2.56 9.0 0.06 655 19.0 152.0 

87-107 2Btkb 0.03 2.29 28.12 36.80 13.38 80.6 9.4 10.0 0.09 3.84 9.0 0.08 -- -- -- 

107-148 2Cb 0.02 4.28 45.54 31.93 8.40 90.2 2.8 7.0 0.04 4.70 9.1 0.10 -- -- -- 

148-177 2Btkb2 0.27 4.16 28.21 37.51 13.62 83.8 7.1 9.1 0.07 8.32 9.4 0.12 -- -- -- 

177-211 2C 0.15 2.55 35.20 47.80 6.31 92.0 2.0 6.0 0.04 3.03 9.5 0.10 -- -- -- 

211-229 3Bkb 0.15 3.42 30.29 41.31 10.21 85.4 4.9 9.7 0.06 3.38 9.5 0.09 -- -- -- 

229-238 3Bkb2 0.11 1.43 12.55 34.18 18.84 67.1 12.8 20.1 0.05 4.41 9.5 0.21 -- -- -- 
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238-258 4Bkb 0.05 0.77 7.73 20.74 13.81 43.1 21.6 35.3 0.07 8.55 9.8 0.17 -- -- -- 

258-277 4Bkb2 0.00 0.20 2.84 6.85 7.40 17.3 46.0 36.8 0.07 6.11 9.7 0.19 -- -- -- 

                 
PF 15-14                 
0-20 AC 0.00 1.10 19.59 42.10 15.35 78.1 10.8 11.1 0.22 3.03 8.8 0.36 976 13.0 170.0 

20-30 Bwb 0.00 1.29 17.65 35.60 14.11 68.7 10.9 20.5 0.31 7.04 9.1 0.07 985 12.0 161.0 

30-48 Btkb 0.00 1.16 16.40 34.80 14.23 66.6 11.1 22.4 0.20 9.47 9.5 0.11 -- -- -- 

48-79 Bkb 0.04 0.70 11.55 28.75 17.56 58.6 17.7 23.7 0.10 8.66 9.8 0.17 -- -- -- 

79-102 Bk2b 0.00 0.86 20.58 37.98 12.48 71.9 17.5 10.6 0.07 4.92 9.8 0.20 -- -- -- 

                 
PF 15-13                 
0-18 AB 0.85 9.60 26.19 14.72 7.55 58.9 16.2 24.8 0.15 1.51 -- -- -- -- -- 

18-47 2ABb 0.42 6.86 21.70 11.98 5.98 46.9 19.9 33.2 0.08 0.69 -- -- -- -- -- 

47-89 2Bwb 0.02 1.17 4.27 11.07 15.63 32.2 29.7 38.2 0.03 3.84 -- -- -- -- -- 

89-100 3Ab 1.38 7.63 30.09 33.76 7.01 79.9 5.1 15.0 0.00 0.84 -- -- -- -- -- 

100-120 3Bkb 3.88 23.89 34.87 16.45 4.01 83.1 4.0 12.9 0.01 8.58 -- -- -- -- -- 

120-137 3Cb 3.32 17.46 38.66 17.95 4.18 81.6 4.1 14.3 0.00 7.18 -- -- -- -- -- 

                 
PF 15-12                 
0-10 AC 0.28 6.96 29.65 21.68 7.60 66.2 10.9 23.0 0.01 1.53 10.1 0.20 679 17.0 68.0 

10-20 BC 0.22 7.07 35.13 24.77 7.04 74.2 7.0 18.8 0.01 1.83 10.1 0.20 -- -- -- 

20-59 Bwb 0.16 5.59 34.42 28.89 7.87 76.9 6.9 16.2 0.04 0.50 10.2 0.32 647 20.0 69.6 

59-99 Bwb2 0.75 8.55 32.04 21.10 6.10 68.5 8.7 22.8 0.01 1.50 10.1 0.26 577 19.5 70.4 

99-126 2Bkb 1.71 11.16 26.47 17.54 5.23 62.1 8.3 29.6 0.02 1.61 10.1 0.26 651 12.5 81.2 

126-153 3Bkb 1.82 9.90 22.67 14.88 6.05 55.3 10.1 34.5 0.00 1.65 10.1 0.26 -- -- -- 

153-163 3BCb 1.03 10.18 29.81 15.37 4.99 61.4 8.0 30.6 0.01 1.10 10.1 0.28 -- -- -- 

163-180 4Bkb3 0.33 3.52 22.04 18.06 5.19 49.1 9.6 41.3 0.00 0.82 10.1 0.39 -- -- -- 

                 
PF 15-11                 
0-31 AB 0.01 0.27 8.50 33.22 25.25 67.2 19.5 13.3 0.15 7.80 9.0 0.05 < 100 7.1 208.0 

31-55 2Bw 0.12 2.68 16.55 27.23 13.09 59.7 19.6 20.7 0.00 9.26 9.0 0.09 -- -- -- 

55-69 3Bw 0.05 3.87 25.40 27.93 11.72 69.0 14.0 17.0 0.14 7.29 9.2 0.10 -- -- -- 

69-102 3Bwb 0.09 1.64 18.36 36.40 20.76 77.3 14.1 8.7 0.24 7.28 9.2 0.08 -- -- -- 

102-120 3BCb 0.08 1.38 15.49 41.72 19.57 78.2 11.2 10.6 0.05 8.64 9.4 0.10 -- -- -- 

120+ 3Cb -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 

                 
PF 15-10                 
0-50 C 0.01 0.99 21.27 50.95 14.66 87.9 5.1 7.0 0.02 5.01 9.0 0.07 < 100 7.3 170.0 

50-93 C2 0.02 3.74 40.79 37.53 8.78 90.9 3.4 5.8 0.02 5.29 8.7 0.07 -- -- -- 

93-112 C3 0.01 3.71 38.72 38.59 10.39 91.4 3.2 5.4 0.00 5.09 8.6 0.05 -- -- -- 

112-160 C4 0.00 2.51 37.56 42.27 10.36 92.7 3.2 4.1 0.00 4.79 9.1 0.07 -- -- -- 
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160-175+ C5 0.00 2.34 45.17 36.98 7.90 92.4 3.2 4.4 0.04 4.81 9.4 0.08 -- -- -- 

                 
PF 15-9                 
0-10 C 0.25 6.96 35.31 28.51 11.82 82.8 10.5 6.6 0.03 2.07 8.7 0.05 694 14.0 112.0 

10-48 C2 0.14 9.12 39.96 26.28 9.09 84.6 7.2 8.2 0.07 2.22 9.2 0.08 -- -- -- 

48-85 2Btb 0.16 5.85 31.94 26.27 11.51 75.7 14.0 10.3 0.08 2.28 10.0 0.17 773 13.0 107.0 

85-146 2Bkb 0.10 4.46 26.15 29.55 13.61 73.9 10.8 15.3 0.03 2.42 10.0 0.20 559 13.0 117.0 

146-186 2BCb 0.04 2.31 20.13 21.41 10.59 54.5 13.0 32.6 0.00 1.60 10.1 0.34 -- -- -- 

186-213+ 2BCb2 0.04 1.74 12.71 15.61 9.47 39.6 15.8 44.6 0.02 1.22 10.1 0.37 -- -- -- 

                 
PF 15-8                 
0-27 BC 0.00 0.02 1.54 23.54 31.56 56.7 19.8 23.6 0.11 3.50 9.7 0.13 -- -- -- 

27-63 2Bwb 0.00 0.02 0.86 6.01 18.01 24.9 42.2 32.9 0.02 4.81 9.8 0.22 <100 3.5 318.0 

63-81 3Cb 0.00 0.01 0.46 32.24 36.76 69.5 14.4 16.1 0.01 3.41 9.8 0.21 -- -- -- 

81-119 4Bkb2 0.00 0.65 8.57 25.24 18.72 53.2 21.2 25.6 0.16 3.94 9.6 0.37 328 3.6 265.0 

119-126 5Bwb2 0.00 0.31 18.52 49.90 14.05 82.8 5.5 11.7 0.04 2.63 9.5 0.18 -- -- -- 

126-134 6Bwb3 0.00 1.33 7.94 19.02 14.52 42.8 18.8 38.4 0.07 4.18 9.8 0.28 -- -- -- 

134-145 7BCb3 0.51 8.16 29.36 41.17 12.54 91.7 2.6 5.7 0.03 3.63 9.7 0.19 -- -- -- 

145-160+ 8Bwb4 0.12 1.20 7.41 15.95 18.49 43.2 26.3 30.5 0.11 5.26 9.8 0.29 -- -- -- 

                 
PF 15-7A                 
surface C 0.00 0.20 14.37 62.64 14.07 91.3 3.1 5.6 0.04 1.06 8.6 0.06 -- -- -- 

                 
PF 15-7B                 
surface C 0.00 0.49 26.59 54.36 10.29 91.7 3.6 4.7 0.01 1.02 8.7 0.06 -- -- -- 

                 
PF 15-7C                 
surface C 0.00 0.42 40.53 46.54 6.29 93.8 2.5 3.8 0.00 0.84 8.4 0.05 424 17.0 158.0 

                 
PF 15-3                 
0-33 C 0.83 12.33 38.77 20.02 3.34 75.3 4.1 20.6 0.13 0.32 9.6 0.05 -- -- -- 

33-77 C2 0.10 2.96 34.80 28.12 4.50 70.5 6.6 22.9 0.08 0.27 10.3 0.31 459 17.0 62.5 

77-120 C3 0.10 3.53 35.24 24.26 5.16 68.3 7.2 24.5 0.07 0.21 9.9 0.34 -- -- -- 

120-172 C4 0.17 4.11 32.10 22.76 6.37 65.5 7.5 27.0 0.05 0.15 9.8 0.20 625 20.0 59.2 

172-235 Bwb2 0.27 4.99 34.54 23.78 6.42 70.0 8.0 22.0 0.09 0.15 10.0 0.21 431 20.0 69.9 

                 
PF 15-2                 
0-21 C 0.19 5.84 39.66 24.52 6.11 76.3 4.9 18.8 0.13 0.15 9.1 0.07 749 3.2 64.0 

21-31 Bwb 0.19 5.67 35.27 24.51 6.31 71.9 5.9 22.2 0.15 0.81 9.9 0.19 5201 4.0 44.0 

31-49 2Bwb 0.11 8.30 46.87 20.89 5.27 81.4 3.9 14.6 0.13 0.23 9.9 0.15 -- -- -- 

49-65 3Bwb2 0.71 4.18 30.19 25.38 6.86 67.3 8.0 24.7 0.03 0.75 10.2 0.39 5424 7.8 75.0 
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65-75 3BCb2 0.34 3.52 29.36 26.39 8.07 67.7 10.6 21.7 0.08 0.50 10.1 0.27 -- -- -- 

75-83 4BCb2 0.71 8.33 35.36 26.18 6.41 77.0 5.6 17.4 0.06 0.33 10.0 0.48 275 10.0 69.0 

83-90 4Cb2 0.38 5.22 29.49 28.41 9.02 72.5 7.1 20.4 0.08 0.24 9.9 0.53 -- -- -- 

90-96 5Bwb 2.83 15.38 35.16 18.56 4.62 76.6 6.4 17.0 0.31 0.45 10.0 0.36 -- -- -- 

96-101 5BCb 3.49 14.11 27.23 16.15 4.85 65.8 9.4 24.8 0.15 1.01 10.1 0.59 -- -- -- 

                 
PF 14-17                 
0-34 C 0.02 3.00 34.24 33.43 6.42 77.1 4.1 18.8 0.00 0.75 9.8 0.15 138 2.6 168.0 

34-67 C 0.04 1.78 26.63 37.64 7.80 73.9 4.6 21.5 0.00 0.63 9.7 0.13 -- -- -- 

67-81 Bw 0.02 3.71 34.89 36.35 6.25 81.2 3.2 15.5 0.00 0.65 9.2 0.08 -- -- -- 

                 
PF 14-16                 
0-29 C 0.00 0.72 23.66 36.17 14.15 74.7 8.3 17.0 0.10 0.64 8.6 0.08 194 1.9 140.0 

29-67 2Bwb 0.00 1.33 16.46 31.47 19.99 69.2 10.9 19.9 0.08 0.67 8.8 0.09 -- -- -- 

67-130 2Bwb2 0.03 2.42 21.79 31.93 16.60 72.8 9.0 18.2 0.09 0.73 9.6 0.14 -- -- -- 

130-169 2Bkb 0.00 0.56 10.58 30.80 24.82 66.8 12.1 21.1 0.14 0.77 9.6 0.27 <100 2.5 159.0 

169-190 2Bwb3 0.00 1.57 23.93 32.60 15.24 73.3 8.7 18.0 0.05 0.79 9.8 0.17 -- -- -- 

190-216 3Bkb2 0.00 1.60 20.88 28.78 17.38 68.6 10.2 21.1 0.07 0.71 9.7 0.12 -- -- -- 

216-275 3BCb 0.00 1.09 27.85 38.13 12.41 79.5 5.0 15.6 0.01 0.85 9.8 0.13 -- -- -- 

                 
PF 14-15                 
0-20 C 0.25 6.12 22.57 45.60 16.41 90.9 3.6 5.4 0.31 1.23 -- -- 418 5.5 61.0 

20-40 2Bwb 0.15 3.10 15.75 36.74 19.74 75.5 9.8 14.7 0.00 3.93 -- -- -- -- -- 

40-63 2Bkb 0.05 1.84 10.83 34.92 21.85 69.5 12.9 17.6 0.04 3.43 -- -- 418 4.4 124.0 

63-89 2Bwb2 0.05 2.17 13.89 40.25 21.72 78.1 9.0 12.9 0.00 4.16 -- -- -- -- -- 

89-107 2Bwb3 0.04 1.77 13.26 47.77 22.62 85.5 5.6 9.0 0.00 2.44 -- -- -- -- -- 

                 
PF 14-14                 
0-25 

AB 
0.10 3.02 27.02 44.83 13.75 88.7 4.0 7.2 0.33 2.72 9.0 0.10 226 3.0 141.0 

25-42 0.13 2.88 24.86 40.12 14.73 82.7 5.6 11.6 0.31 1.99 9.5 0.12 503 0.9 101.0 

42-80 2Bw 0.06 2.24 21.08 34.34 14.51 72.2 9.7 18.1 0.40 6.67 9.9 0.21 198 2.7 158.0 

80-125 3Bk 0.70 4.90 22.77 29.67 11.17 69.2 10.4 20.4 0.33 10.73 10.1 0.27 -- -- -- 

125-144 4Bwb 0.63 7.36 38.49 30.44 5.87 82.8 4.8 12.5 0.30 6.95 9.7 0.17 -- -- -- 

144-194 4Bkb2 2.02 12.02 36.91 24.75 6.09 81.8 5.2 13.0 0.28 11.96 10.0 0.13 -- -- -- 

                 
PF 14-13                 
0-16 Bw 0.24 6.26 29.55 33.83 10.04 79.9 6.8 13.3 0.41 4.11 -- -- 269 5.6 197.0 

16-30 Bw 2.26 10.09 36.41 23.81 4.43 77.0 5.4 17.6 0.35 8.66 -- -- -- -- -- 

30-38 2BC 2.39 7.36 0.75 29.34 7.45 47.3 15.6 37.1 0.80 10.22 -- -- 363 6.2 138.0 

38-56 2C 1.17 7.12 19.21 15.13 3.79 46.4 16.7 36.9 0.35 4.79 -- -- -- -- -- 

56-72 2R 0.05 4.42 15.57 18.05 11.08 49.2 21.1 29.8 0.42 3.20 -- -- -- -- -- 
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PF 14-12                 
0-109 C 0.04 4.42 41.82 32.86 4.38 83.5 3.2 13.2 0.25 0.10 -- -- 111.00 1.70 64.00 

109-170 2Bwb 0.06 8.30 51.43 23.77 3.34 86.9 0.1 13.0 0.25 0.24 -- -- 303.00 4.30 63.00 

170-250 2CBb 0.05 8.50 47.79 24.54 3.15 84.0 2.5 13.4 0.26 0.23 -- -- -- -- -- 

250-290 3Ab 0.03 7.17 50.79 18.76 2.69 79.4 3.7 16.9 0.31 0.20 -- -- 219.00 2.90 56.00 

290-310 3BCb 0.10 6.68 42.42 25.15 3.95 78.3 3.6 18.1 0.66 0.42 -- -- -- -- -- 

310-330 4Ab 0.00 5.61 37.80 28.71 4.49 76.6 4.9 18.5 0.32 0.32 -- -- -- -- -- 

330-360 4Bb -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 

360-375 5Ab 0.27 6.12 34.23 27.01 6.53 74.2 5.6 20.3 -- -- -- -- -- -- -- 

375-395 5Cb -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 

                 
PF 14-10                 
0-195 C 0.00 5.38 57.20 25.53 1.95 90.1 1.3 8.7 0.04 0.25 10.0 0.41 4482 2.4 35.0 

195-225 Ab 0.04 2.42 39.18 37.67 6.96 86.3 3.2 10.5 0.08 0.29 9.7 0.69 5703 2.8 107.0 

225-375 Bwb 0.04 3.52 44.23 32.79 5.32 85.9 2.9 11.2 0.10 0.30 9.0 1.36 -- -- -- 

375-395 Ab2 0.07 3.65 34.34 35.43 6.28 79.8 4.5 15.7 0.12 0.37 9.5 0.59 5584 3.4 77.0 

395-555 Bkb2 0.07 3.89 36.91 32.98 7.16 81.0 5.5 13.5 0.00 0.32 9.0 2.11 -- -- -- 

555-575 ABb3 0.06 3.52 33.13 35.07 7.62 79.4 4.8 15.8 0.04 0.19 8.7 2.14 -- -- -- 

575-606 Bwb3 -- -- -- -- -- -- -- --  0.21 8.2 2.86 -- -- -- 

                 
PF 14-9                 
0-71 

C 
0.04 2.85 26.32 44.11 14.30 87.6 4.2 8.2 0.00 1.28 8.8 0.06 6394 2.4 132.0 

71-91 0.01 1.09 25.75 48.07 12.86 87.8 3.5 8.7 0.00 1.33 8.9 0.06 -- -- -- 

91-120 C2 0.03 2.51 32.33 43.42 11.2 89.49 1.29 9.22 0.00 1.28 8.9 0.06 695 2.5 96.9 

120-148 2C 0.00 2.22 35.41 45.30 10.49 93.4 1.9 4.7 0.00 1.04 9.0 0.07 -- -- -- 

148-204 2C2 0.00 2.18 43.60 34.21 9.69 89.7 3.6 6.7 0.00 1.26 9.1 0.38 4998 2.7 152.0 

                 
PF 14-8                 
0-31 Bw 0.00 1.18 16.39 36.99 22.45 77.0 10.2 12.7 0.12 5.95 -- -- -- -- -- 

31-54 Bwb 0.05 2.09 22.67 37.14 16.49 78.4 9.7 11.8 0.11 6.25 -- -- -- -- -- 

54-69 Bwb2 0.02 0.99 16.11 41.50 19.74 78.4 9.6 12.1 0.10 5.88 -- -- -- -- -- 

69-113 Bkb 0.05 1.83 14.78 37.40 15.11 69.2 14.5 16.3 0.07 4.95 -- -- -- -- -- 

113-150 2Bwb 0.02 0.69 7.90 25.84 21.32 55.8 20.8 23.4 0.04 8.18 -- -- -- -- -- 

                 
PF 14-7/15-5                 
0-43 C 0.00 2.82 34.10 40.71 10.46 88.1 4.5 7.4 0.13 2.15 8.6 0.11 -- -- -- 

43-81 2Bwb 0.08 3.27 22.59 34.30 12.99 73.2 10.2 16.5 0.12 3.39 9.5 0.48 -- -- -- 

81-91 2C 0.05 3.73 32.21 37.12 10.52 83.6 6.5 9.9 0.00 1.63 9.8 0.25 -- -- -- 

91-112 3Bkb 0.03 1.09 7.85 12.15 7.01 28.1 19.5 52.4 0.08 4.98 9.7 0.83 7956 3.3 133.0 

112-142 4Bwb 0.10 14.17 31.12 23.35 11.80 80.5 5.5 13.9 0.08 3.18 9.9 0.43 6966 2.1 88.4 
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142-156 4Bwb2 0.10 9.16 28.58 28.96 14.25 81.1 5.0 14.0 0.03 3.62 9.6 0.59 -- -- -- 

156-213 4Bkb 0.04 3.26 30.20 31.79 10.42 75.7 3.3 21.0 0.05 2.20 9.5 0.67 -- -- -- 

213-236 5Bkb 0.00 0.69 9.49 16.67 9.87 36.7 9.5 53.8 0.08 2.64 9.2 1.03 -- -- -- 

236-251 6Bwb 0.00 0.39 9.19 56.59 11.54 77.7 2.8 19.5 0.04 2.17 8.9 1.13 -- -- -- 

                 
PF 14-6                 
0-7 Bw 0.89 6.14 30.28 25.36 8.79 71.5 12.0 16.6 0.10 1.25 9.7 0.17 -- -- -- 

7-22 
Bw2 

0.85 6.41 33.16 25.15 7.82 73.4 9.3 17.3 0.10 1.13 9.9 0.19 6170 2.2 101.0 

22-39 1.61 10.68 38.24 17.30 3.41 71.2 5.4 23.4 0.09 2.30 9.9 0.57 7407 2.2 85.8 

39-57 Bw3 1.38 10.21 36.66 17.47 3.69 69.4 5.7 24.9 0.07 1.80 9.5 0.99 -- -- -- 

57-64 Bw4 1.55 11.62 42.01 16.39 3.21 74.8 6.0 19.2 0.09 1.85 9.6 0.69 -- -- -- 

                 
PF 14-5                 
0-7 C 0.08 5.57 32.15 20.49 6.14 64.4 11.5 24.1 0.05 1.63 9.9 0.51 -- -- -- 

7-30 C2 0.03 1.28 22.36 29.57 9.12 62.4 7.7 30.0 0.00 1.34 10.1 0.70 5702 2.4 119.0 

30-51 C3 0.20 5.32 39.39 23.42 5.43 73.8 4.4 21.9 0.00 1.39 10.0 0.73 -- -- -- 

51-67 2ACb 2.40 14.20 37.44 15.71 3.19 72.9 8.1 19.0 0.08 1.88 10.1 0.52 5999 2.9 138.0 

67-74 R 5.72 14.38 22.49 9.27 2.75 54.6 10.6 34.8 0.00 0.98 -- -- -- -- -- 

74-92 R 0.22 12.95 35.51 17.62 6.86 73.2 10.1 16.8 0.01 0.20 -- -- -- -- -- 

                 
PF 14-4                 
0-99 C 0.14 5.80 39.75 27.33 7.24 80.3 2.0 17.7 0.06 0.95 9.0 0.10 5696 2.3 102.0 

99-120 
C2 

0.09 7.71 42.15 23.74 6.17 79.9 3.0 17.1 0.13 0.89 9.9 0.14 6156 1.8 107.0 

120-132 0.03 3.51 32.00 27.00 10.53 73.1 7.2 19.8 0.05 0.71 9.9 0.16 5614 2.0 97.0 

132-142 2Btkb 0.03 7.88 39.66 20.56 5.59 73.7 4.2 22.1 0.06 2.14 10.1 0.30 5828 2.4 94.8 

142-150 2Bkb 0.13 10.47 38.40 19.75 5.59 74.3 4.2 21.5 0.10 1.63 9.9 0.38 -- -- -- 

150-177 2Bkb2 0.04 3.99 24.55 24.29 9.71 62.6 7.9 29.5 0.09 1.60 10.0 0.46 5633 2.7 95.7 

177-205 3Bwb 0.03 2.29 20.68 19.92 10.14 53.1 11.9 35.0 0.09 1.83 9.9 0.47 6304 2.5 129.0 

205-212 3Bkb 0.03 1.37 13.47 15.79 9.59 40.3 16.0 43.8 0.13 2.37 9.6 0.96 -- -- -- 

212-244 4Bwb 0.47 7.31 32.84 20.17 7.29 68.1 7.5 24.4 0.09 1.66 9.9 0.44 -- -- -- 

244-252 4Bwb2 0.45 6.92 35.86 20.24 7.53 71.0 6.2 22.8 0.08 1.55 9.9 0.35 -- -- -- 

                 
                 

*In some cases, multiple samples were collected within a soil horizon and analyzed separately for particle size analysis, organic matter, calcium carbonate, pH, or electrical conductivity. These data 
have been averaged where values were very similar. Some tests were not run for some samples. 
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Supplemental Table 2.2. Summary of methods used for analysis of nitrogen, phosphorus, and 

available phosphate completed by MOTZZ Laboratory.  
 

Total Nitrogen 
 

Combustion or Dumas method.  A representative sample is ignited in the 
induction furnace at about 950-1350 deg C using helium and oxygen as carrier 
gases. The combustion gas is passed through a copper catalyst to remove the 
oxygen and convert the nitrous oxides to nitrogen.  Moisture and carbon 
dioxide are removed with magnesium perchlorate and ascarite scrubbers, and 
the total nitrogen is detected by thermal conductivity cell. 
 

Total 
Phosphorus 
(Environmental 
Protection 
Agency 1979) 

Environmental Protection Agency Method 200.7: Trace Elements in Water, 
Solids and Biosolids by Inductively Coupled Plasma Atomic Emission 
Spectrometry.  An aliquot of a well-mixed homogeneous sample is solubilized 
by gently refluxing with HNO3 and HCl.  The background organic materials are 
removed using hydrogen peroxide.  After cooling the sample, it is brought to a 
known volume, mixed, filtered and analyzed on the ICP for total phosphorus. 

Phosphate-P This method estimates the relative bioavailability of ortho-Phosphate(PO4-P) 
using 0.5N Sodium Bicarbonate adjusted to pH 8.0.  In the process of 
extraction, the CO2 from bicarbonate is driven off, pH increases and 
bicarbonates converts to carbonate.  Phosphorus content is determined 
spectrometrically at 882 nm at an acidity of 0.24M H2SO4 by reacting with 
ammonium molybdate using ascorbic acid as a reductant in the presence of 
antimony using automated techniques 
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Supp. Figure 2.1. Clay mineralogy diffractograms 
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APPENDIX C – SOIL GEOMORPHOLOGY AND PREHISTORIC DUNE 

FARMING IN AN EOLIAN LANDSCAPE IN NORTHEAST ARIZONA 
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ABSTRACT   

This study uses geoarchaeological analyses of sediments, soils, and geomorphology to 

understand how Ancestral Pueblo people used and interacted with the eolian landscape in 

Petrified Forest National Park, Northeast Arizona. Archaeological evidence demonstrates that the 

region was inhabited by agricultural people from at least the Basketmaker II through Pueblo IV 

periods (A.D. 200–1450). Evidence of dune farming dates at least to the Pueblo I period (A.D. 

700–900), or earlier, and was most widespread across the landscape during the Pueblo II ̶ III 

periods (A.D. 900–1275). Results of soil geomorphic studies show that the landscape surface 

during prehispanic use is largely buried under a more recent shallow surface sandy unit, but 

includes soils that demonstrate some landscape stability, even though eolian deposition was 

ongoing. Archaeological sites that likely reflect agricultural use of the eolian landscape are 

preferentially located in areas with soils with higher amounts of clay, which would have 

improved water holding capacity. High variation in soils and sediments at the site scale relates to 

geomorphic position and suggests that prehispanic farmers would have carefully selected field 

locations to take advantage of micro-environments with better hydrological characteristics, such 

as contrasting soil textures. Prehispanic farmers may have used similar farming techniques to 

those of modern Indigenous groups to improve conditions to cultivate sandy eolian soils. Though 

we have limited archaeological remains of field systems, variation in soils across the landscape 

of Petrified Forest show soil qualities that affected how agricultural people directly used and 

interacted with a dynamic landscape.  
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INTRODUCTION 

In the Southwestern U.S., studies of human-environment interaction have a long history, 

due to abundant archaeological site documentation, and precise paleo-climate and chronological 

records which allow for well-constrained studies (Cordell, West, Dean, & Muenchrath, 2007; 

Dean et al., 1985; Doyel & Dean, 2006; Gumerman, 1988a). Due to the long history of 

agriculture in the region, studies of human-landscape interaction include research on soil fertility 

and productivity, soil degradation, and changes in agricultural techniques which relate to 

changing climate and hydrologic conditions (Benson, 2011a, 2011b; Doolittle, 2006; Homburg 

& Sandor, 2011; Huckleberry, 1995; Huckleberry & Billman, 1998; Nials, Gregory, & Hill, 

2011; Sandor, Gersper, & Hawley, 1986a; Sandor et al., 2007; Sullivan, 2000; Tankersley, 2017; 

Van West, 1996; Waters & Ravesloot, 2001; Wills & Dorshow, 2012; Woodson, Sandor, 

Strawhacker, & Miles, 2015). However, agricultural techniques are diverse, and there are many 

local expressions of farming methods and landscape use. Additional studies of agricultural 

landscapes from specific regions are useful to better understand how local trends fit into wider 

patterns of landscape use and environmental interaction.     

In Northeastern Arizona, extensive deposits of Quaternary sand as sheets and dunes cover 

much of the region (Breed, McCauley, Breed, McCauley, & Cotera, Jr., 1984; Busacca et al., 

2004; Wolfe, Gillis, & Robertson, 2009). Northeast Arizona was used by prehispanic farming 

communities that practiced both floodplain and runoff farming methods, as well as dry farming, 

and to a limited extent, rain-fed farming techniques (Gumerman, 1988b; Gumerman & Skinner, 

1968; Lange, 1998; Powell, 1983; Powell & Smiley, 2002). In this paper, dry farming is defined 

after Doolittle & Mabry (2006, pg. 161) as “fields located in areas with moisture-retaining soils 

or modified by the creation of a mulch layer,” which differs from rain-fed farming where fields 

are “located in areas with adequate and properly timed rainfall.” These terms are often used 
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synonymously (Glassow, 1980, p. 45); however, as used here, the term dry farming emphasizes 

the importance of soils that retain moisture, and where rainfall amount and timing is not adequate 

for crop cultivation (Doolittle, 2001, p. 220). Dry farming may have made up a relatively small 

portion of prehispanic agricultural land (Doolittle & Mabry, 2006). In ethnographic studies of the 

Hopi, who have a long tradition of dune farming, dune farming historically makes up a smaller 

portion of total agricultural land than other methods (Bradfield, 1971; Hack, 1942). In eolian 

environments where widespread sandy soils constitute a majority of the potentially cultivated 

land, such as parts of Northeast Arizona, dune farming may have played a much larger role in 

cultivation, though the extent to which dune farming contributed to the subsistence base likely 

varied regionally (Doyel, 1981, 2006; Greenwald, Zyniecki, & Cummings, 1993; Hack, 1942; 

Lange, 1996). In the area of the Petrified Forest National Park (NP), dune farming likely 

constituted a widespread method of agriculture. This study contributes to further understanding 

human-environment interaction in an eolian environment, by examining eolian soils and 

landscapes in Petrified Forest NP to better document dune farming in the region.   

Prehispanic Ancestral Pueblo groups in Petrified Forest NP may have relied heavily on 

dune farming in the eolian landscape. I use a geoarchaeological approach to combine geospatial 

analysis with data from soil, geomorphology, and sedimentology studies to explore how past 

peoples interacted with the eolian agricultural landscape in the late Basketmaker II through 

Pueblo III periods (c. A.D. 200–1275) in Petrified Forest NP. Sediment and soil chemical and 

physical properties are compared at the landscape and site scale to better understand landscape 

patterns that affected agricultural productivity, and the choices that early farmers made in using 

the landscape for agriculture. Geoarchaeology offers a productive approach to understand 

properties of the physical landscape, such as soils and geomorphology, and how prehispanic 
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people interacted with a landscape at various scales (Gladfelter, 1977; Holliday, Ferring, & 

Goldberg, 1993; Rapp, Jr. & Gifford, 1982; Scudder, Foss, & Collins, 1996; Stein, 1993, 2001; 

Waters, 1988). Many human-environment studies in the Southwest have focused on how 

communities have interacted with changing climates, rather than with sediments and soils 

directly (Bocinsky, Rush, Kintigh, & Kohler, 2016; Cordell et al., 2007; Dean et al., 1985; Doyel 

& Dean, 2006; Gumerman, 1988a; Powell & Smiley, 2002; Van West & Dean, 2000). This study 

investigates physical patterns of soil geomorphology, soil fertility, and eolian landscape change 

to understand archaeological patterns of landscape use, and to explore human-environment 

interaction with agricultural soils at various scales.   

BACKGROUND AND PREVIOUS RESEARCH   

Environment and Geology 

The environment of the study area is semi-arid, currently receiving about 240mm of 

precipitation annually (1931 ̶ 2016) (Western Regional Climate Center, 2017). Most rain falls 

during the summer monsoon, though winter rain and snow are also important sources of moisture 

arriving before typically windy and dry springs. Temperature averages 13° C, but with high 

summer temperatures and a frost-free growing season of 150 days (Western Regional Climate 

Center, 2017), the area is above the 120 days considered the minimum needed for maize 

cultivation (Muenchrath & Salvador, 1995). However, at an elevation averaging 1650m, and 

with low rainfall and high temperatures, this area is not ideal for maize cultivation. Climate 

during prehispanic use of the landscape may have been similar to that of today, but evidence 

suggests that more water was available during prehistory. At least several springs in the park 

were active until the 1940s (Wendorf, 1953), and regional studies of climate changes document 

fluctuating effective moisture (Dean et al., 1985). Geologically, the area is underlain by the 
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Triassic-age Chinle Formation, which is dominated by sandstones and mudstone and exposed as 

mesas and badlands (KellerLynn, 2010), respectively. These are covered by widespread 

Quaternary deposits of eolian sand sheets and dunes (Figures 3.1-3.4) along with alluvial 

deposits from the Puerco River and tributary washes (Ellwein, 1997; KellerLynn, 2010). 

Vegetation is dominated by shrubs and grasses (Thomas, Cully, Hutchinson, McTeague, & 

Schulz, 2009), which also stabilize many of the dunes.   

Recent work has documented the Quaternary eolian chronology of deposition and 

erosion. Late Pleistocene eolian deposits date from 18–13ka, and are mostly located in upland 

positions and include stabilized dunes (unit Qe1) (Schott & Rittenour, 2019). There is no 

evidence of eolian deposition dating from the early- to mid-Holocene, which may have been a 

period of stability and soil formation. Late Holocene deposits are widespread in both lowland 

and upland positions. Multiple episodes of eolian deposition across the study area, and especially 

in the lowlands, date from ca. 2.3, 1.7–1.5, and ca. 0.91–0.87 ka (unit Qe2), and the latest eolian 

activity dates to <760 years (unit Qe3) and is also widespread (Schott & Rittenour, 2019) . Late 

Holocene episodes of activity were not synchronous across the landscape, and likely were the 

result of erosion of older eolian deposits. Additionally, recent work examining the soil fertility of 

the landscape has found that nutrient levels are generally low, but tend to be slightly higher in the 

upland positions, where older deposits and soils are found (Schott, 2019). The dominantly sandy 

soils across the study area contain significant (typically10-20%) clay, which is likely locally 

eroded from Triassic clays of the Chinle Formation and incorporated into sand dunes and sheets 

across the landscape (Schott, 2019).  

Archaeological History 

The Petrified Forest NP (Figure 3.1), located along the Puerco River valley in northeast 
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Arizona, has a long history of archaeological research, including early surveys and excavations 

in the region of what is now the National Park (Cosgrove, 1951; Hough, 1903; Jennings, 1967; 

Jepson, 1941; Mera, 1934; Schroeder, 1961; Wendorf, 1953). Wendorf’s (1953) work provides 

insight on the Basketmaker and Pueblo I periods, and was the first to hypothesize dune farming 

in the area, where stone lines in the Twin Butte archaeological site (Figure 3.2) date from the 

Pueblo I period (A.D. 700 ̶ 900) and suggest use of sandy dune slopes for agricultural fields 

(Schachner & Bernardini, 2014; Wendorf, 1953). Later work focused largely on archaeological 

surveys for compliance purposes, with limited data from excavations (Burton, 1990; Burton, 

1991; Jones, 1986). Consequently, while much is known about the cultural history of the area, 

patterns of landscape use are estimated from surveys that in large part were located along road, 

fence, and trail corridors. Although unsystematic, archaeological surveys cover a wide variety of 

landforms, regions, and soil types across the park (Corey, 2008; Jones, 1987, 1996; Theuer & 

Reed, 2012; Wells, 1994) and suggest broader patterns of landscape use even if many specifics 

are still unclear.  

Archaeologically, the Puerco River valley has not been as well-studied as other areas on 

the Southern Colorado Plateau, so dating resolution is somewhat poorer than in other regions 

(van Hartesveldt et al., 1998). Ceramic cross-dating can be problematic due to multiple re-use of 

sites and long time-spans for ceramic assemblages (van Hartesveldt et al., 1998). The handful of 

published chronometric ages within sites in Petrified Forest NP come mostly from charcoal 

samples, which can suffer from problems of old wood (Burton, 1990; Burton, 1991; Burton, 

1993; Tagg, 1987), although recent work is seeking to improve chronologies with better-

constrained dates on annual plants (Sinensky & Schachner, 2019). Long age-ranges for sites 

make it difficult to document duration of site use, which limits our knowledge of site 
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contemporaneity and changes in landscape use through time, as well as population estimates on a 

landscape scale. 

Archaeological Settlement Patterns 

 The area was used at least intermittently from the Clovis horizon of the Paleoindian 

period through much of the Archaic period (c. 11,000 B.C.–A.D. 200) by hunters and gatherers 

who likely targeted the high-quality petrified wood material for stone tools (Jones, 1987; Theuer 

& Reed, 2012; Wandler, Smiley, & Vance, 2011). Nearly continuous use of the region is 

documented from at least the late Basketmaker II through Pueblo IV periods (A.D. 200–1450). 

During this time, settlements shifted, but there is no period of widespread depopulation (Jones, 

1996; Theuer & Reed, 2012; Wells, 1994). Site density is high in many areas, and while a variety 

of archaeological site types exist, many sites are small habitations with one or a few rooms 

(Theuer, 2012b; Wells, 1994). Population estimates for the Petrified Forest or surrounding region 

have not been quantified due to a lack of high-resolution dating at a majority of sites, and 

reliance on surface surveys with imprecise data on site size, density, and contempraneity 

(Kintigh, 1996; Schachner, Gilpin, & Peeples, 2012). Based on numbers of sites, population in 

the Petrified Forest increased through time, and reached the highest levels in the Pueblo II ̶ III 

periods (Figure 3.5), which mirrors population growth trensd across the Colorado plateau (Dean, 

Doelle, & Orcutt, 1994).  

The Puerco Valley region was a  major area of population settlement prior to A.D. 900 

(Peeples, Schachner, & Huber, 2012, p. 179; Schachner, Gilpin, et al., 2012; Sinensky & 

Schachner, 2019; Throgmorton, 2018). During the Basketmaker II ̶ III periods (A.D. 200–700), 

most settlements were small and dispersed, and are often found on dunes and mesa tops (Burton, 

1991, 2007; M. Johnson, 2019; Wells, 1994), a similar pattern across the Southern Colorado 
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Plateau (Young & Gilpin, 2012). Sites in the park include the Flattop Site and Sivu’ovi, recently 

dated primarily to c. A.D. 200–400 and A.D. 400–550, respectively (Sinensky, 2019), and at 

least six other sites with between 20 and 50 pithouses, or more, which have recently been 

documented (M. Johnson, 2019; Reitze & Schott, 2017; Sinensky & Schachner, 2019). By the 

Basketmaker III period, sites show commitment to particular landscape positions, even though 

they were not likely occupied long term (Young & Gilpin, 2012, p. 166).  

Settlements in the Pueblo I period were less widespread on the landscape (M. Johnson, 

2019; Theuer, 2012b; Wells, 1994). In much of the Puerco River Valley, settlement size declined 

at the beginning of the Pueblo I period, but after A.D. 800, settlements were inhabited by larger 

numbers of households (Young & Gilpin, 2012, pp. 159–161). Population increased 

dramatically, especially in the western Puerco Valley (Schachner, Gilpin, et al., 2012, p. 109), 

and architectural styles became more diverse due to movement into the region (Throgmorton, 

2018). The earliest known large aggregated village in the western Puerco region is the Twin 

Butte site (Wendorf, 1953), with an intensive occupation recently dated to between A.D. 700–

800 (Sinensky & Schachner, 2019).   

It is not clear to what extent large Basketmaker and early Pueblo sites were occupied 

contemporaneously, or were re-used over time (Peeples et al., 2012; Schachner, Gilpin, et al., 

2012; Young & Gilpin, 2012).  Early agricultural communities maintained high degrees of 

seasonal and residential mobility, incorporating agriculture and wild resource use, while some 

sites were used for short periods of time (Young & Gilpin, 2012). Frequent household movement 

included seasonal aggregation and dispersal, and repeated seasonal use of sites (Schachner, 

Gilpin, et al., 2012, p. 109; Young & Gilpin, 2012). Even if such large sites are the result of re-

use, they demonstrate a tie to the landscape, and investment in one area (Young & Gilpin, 2012, 
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p. 166). There is a pattern of decreasing seasonal mobility through time, with less mobility 

during the Pueblo I period than the preceding periods; however, this does not mean a simple 

increase in sedentism, but changing patterns of mobility strategies (Young & Gilpin, 2012, p. 

166).  

During the following Pueblo II and Pueblo III periods (A.D. 900–1275), settlement 

shifted to a more dispersed pattern of mostly small sites, many of which span multiple cultural 

periods (Jones, 1987; Wells, 1994; Wells, 1989), although population continued to increase 

(Schachner, Gilpin, et al., 2012). Although sites are more concentrated on bluffs and uplands and 

near washes, the overall pattern is one of dispersed settlement across all landscape positions 

(Wells, 1989, p. 138, 1994). In some areas, such as the Painted Desert Rim area, a pattern of 

larger pueblos with several rooms surrounded by smaller pueblos or field houses is apparent by 

the Pueblo III period, although the small size of even the largest pueblos suggest lower 

population levels compared to other regions (Jones, 1996; Wells, 1994). Like the Cibola region, 

the Puerco Valley area has somewhat smaller pueblos than surrounding areas during the late 

Pueblo III period, but the pattern of aggregation into larger villages is still apparent in the late 

twelfth and thirteenth centuries (Kintigh, 1996).  

By the Pueblo IV period (A.D. 1275–1450), Pueblo inhabitants moved to large 

aggregated pueblos, including a cluster of four large pueblos in the Petrified Forest region 

(Adams & Duff, 2004; Burton, 1990; Burton, 1993; Hough, 1903; Schachner, White, & Bishop, 

2016; Theuer, 2012a). A few smaller pueblos have also been found from this time period in the 

Petrified Forest NP (Burton, 1993). Social changes at this time include new forms of ritual and 

new methods of community integration (Duff, 2002, 2004; Kintigh, 1996; Mills, 1998). Of the 

pueblos in the Puerco Valley cluster, only Puerco Pueblo has included limited excavation since 
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initial documentation in the early twentieth century (Adams & Duff, 2004; Burton, 1990). 

Surface survey shows that the Petrified Forest settlement cluster has a greater diversity of 

ceramics than many of the nearby settlement clusters on the Southern Colorado Plateau, showing 

ties to both the Hopi and Zuni regions (Adams & Duff, 2004; Burton, 1990; Burton, 1993; Duff, 

2002; Schachner, Bishop, & White, 2016; Schachner, White, et al., 2016; Theuer, 2012a). With 

aggregation and settlement pattern shifts in the Pueblo IV period, landscape use may have 

changed, and it is still unclear if dune farming continues to be as important a farming method in 

this time. As such, the Pueblo IV period is not a major focus of this study.  

Petrified Forest is also located along a traditional trail network linking pueblos, including 

trails between Hopi and Zuni such as the Zuni Salt Trail, which facilitated long-term trade and 

movement in the area (Ferguson & Hart, 1985). This pattern of interaction continued through the 

late prehistoric sequence and into the historic period, even after movement away from the large 

pueblos in the region (Ferguson & Hart, 1985). The region of Petrified Forest is among the latest 

areas to continue to be inhabited in the late Pueblo IV period (A.D. 1300–1450) (Ferguson & 

Hart, 1985, p. 26), a time when the region includes many long-distance connections (Adams & 

Duff, 2004; Mills et al., 2013). The Stone Axe site, just outside of present park boundaries, was 

likely one of the latest inhabited large pueblos before populations shifted largely to Hopi and 

Zuni (Ferguson & Hart, 1985; Hough, 1903), a position that may be due to its central location.   

Traditionally, the region of the Puerco River valley is seen as a borderlands or boundary 

area, due to its location between the Tusayan and Kayenta regions to the north, the Cibola 

Region to the east, the Mogollon Rim to the south, and the Upper and Middle Little Colorado 

River regions to the south and east (Gumerman & Skinner, 1968; Hays-Gilpin & van 

Hartesveldt, 1998; Theuer, 2012a; Throgmorton, 2018). The Puerco River itself forms a natural 
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travel corridor between these regions, facilitating trade and communication (Gumerman & 

Olson, 1968). While the region shows high amounts of nonlocal ceramics and great architectural 

diversity (Hays-Gilpin & van Hartesveldt, 1998; Schachner, Throgmorton, Wilshusen, & 

Allison, 2012; Theuer, 2012a; Throgmorton, 2012, 2018), it is also hypothesized that the 

dispersed settlement patterns and abundant local pottery suggest local self-sufficiency (Wells, 

1994).  

 Prehispanic Agriculture and Dune Farming 

There is limited direct evidence for field systems and cultivation techniques at Petrified 

Forest, but archaeologists infer that maize was cultivated locally (Burton, 1991; Jones, 1987; 

Wells, 1989; Wendorf, 1953). An early date on maize of 2100±60 radiocarbon years (360 B.C. ̶ 

A.D. 40) recovered from a late Archaic site in the Petrified Forest (Tagg, 1987) demonstrates the 

early use of maize in the area. While only limited excavations have been done in Petrified Forest 

NP, maize is the most frequently recovered archaeological plant remain at Basketmaker- and 

Pueblo-age sites (Burton, 1990; Burton, 1991; Burton, 1993; Tagg, 1987). Archaeological sites 

from the Basketmaker II through Pueblo III periods are widespread on the eolian landscape, and 

frequently located on sand dunes. A close association between sites and sand dunes suggests that 

sand dune farming was common (Doyel, 2006). As such, it is likely that dune farming was 

locally widespread, and that maize was cultivated locally (Jones, 1987, 1996).  

Prehistoric farming communities across the Southwest used multiple agricultural 

techniques, which may have been one method to reduce risk in an often-unpredictable 

environment, where seasonal precipitation is sporadic (Anschuetz, 1995; Benson & Berry, 2009; 

Hack, 1942; Lange, 1995; Lightfoot, 1993; Plog & Garrett, 1972). However, while dry farming 

is known to be present across the Southwest, it is not as well-studied as other farming methods 
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such as irrigation, floodplain, and floodwater farming (e.g. Doolittle, 2006; Huckleberry, 1999; 

Nabhan, 1979; Sullivan, 2000; see also Doolittle, 2001). Most studies of dry farming focus on 

those techniques such as rock-mulching, check dams, and terraces which leave tangible traces of 

fields (Lightfoot & Eddy, 1994; Neely, 2001; Nials et al., 2011; J. A. Sandor, Gersper, & 

Hawley, 1990; White, Dreesen, & Loftin, 1998). 

Ethnographic Studies of Dry Farming 

Compared to other dry farmed techniques, dune farming takes a relatively passive 

approach to water management by identifying and using naturally water-retaining soils 

(Anschuetz, 1995; Doolittle, 2001).The ideal soil conditions include a sandy surface layer over a 

lower layer of clay or loam; this combination increases water retention and reduces slope runoff 

during precipitation, retains moisture from winter rains for seed germination at depth, and 

prevents evaporation (Dominguez & Kolm, 2005; Hack, 1942). Although dune farming may 

have been a widespread technique during prehistory, dune fields are not always identifiable in 

archaeological contexts (Bradfield, 1971; Doolittle, 2001; Hack, 1942). 

Ethnographic work among Indigenous farmers in the region has documented traditional 

agricultural techniques both for dune farming, and for other methods such as floodwater farming 

(Bradfield, 1971; Dominguez & Kolm, 2005; Hack, 1942). Prehispanic methods of farming on 

the Colorado Plateau likely followed similar patterns, and ethnographic examples of farming 

techniques can aid in understanding prehispanic agricultural landscape use. Several sources 

describe dune farming and dry farming specifically, including accounts from the period of 

European contact (see summary in Doolittle 2001: 222-224) and historic accounts of dune 

farming (Bradfield, 1971; Hack, 1942), while many others describe general agricultural 

practices. Hack (1942, p. 26,70) noted that sand dune farming makes up 27% of the total 
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agricultural land at Hopi, and floodwater farming is often discussed more heavily in other 

accounts of agricultural techniques (Forde, 1931). At Zuni, it is unclear if a similar system of 

farming sand dunes was practiced like that at Hopi (Kintigh, 1985, p. 101), although in the late 

nineteenth century, Cushing (1920, pp. 165–166) documented farming methods at Zuni, 

including in sandy soils, which likely referred to a similar system of dry farming in moisture-

retaining soils (Doolittle, 2001, p. 222). 

Among both the Hopi and Zuni, agricultural fields were completely cleared of natural 

vegetation (Bowers, 1929, p. 455; Cushing, 1920, p. 157; Hack, 1942, p. 33; Stewart & 

Nicholson, 1940, p. 47). Maize was planted in rows in widely spaced clumps with 10 to 20 plants 

(Beaglehole, 1937, p. 40; Bradfield, 1971, p. 5; Collins, 1914, p. 299; Forde, 1931, p. 390; 

Stewart & Nicholson, 1940, p. 48), which helped protect growing plants from wind and from 

crop pests (Beaglehole, 1937, p. 40; Forde, 1931, p. 390). Plant locations alternated year to year 

for additional protection (Beaglehole, 1937, p. 40; Bowers, 1929, p. 456; Bradfield, 1971, p. 5; 

Forde, 1931, p. 390; Stewart & Nicholson, 1940, p. 48). Field locations were chosen based on 

soil moisture characteristics, as demonstrated by the plant communities, and topographic position 

is only of secondary importance (Bradfield, 1971, p. 6; Dominguez & Kolm, 2005). Good soil 

includes having a thin cover of sand over an underlying clay or loam or colluvial soil, which 

helps to prevent surface evaporation and increase moisture retention (Bradfield, 1971, p. 17; 

Hack, 1942, p. 70). Sand dune fields at Hopi were often located on the base of large climbing 

dunes, which receive water from seepage from the upper dune slopes (Hack, 1942, p. 23).  

Seeds were planted deep enough to access residual moisture in the soil, (Beaglehole, 

1937, p. 40; Bradfield, 1971, p. 6; Collins, 1914, p. 299; Hack, 1942, p. 20) usually to depths of 

about 25–38cm (Beaglehole, 1937, p. 40; Bradfield, 1971, p. 6; Collins, 1914, p. 299; Forde, 
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1931, p. 390; Hack, 1942, p. 20; Stewart & Nicholson, 1940, p. 48). Maize was planted by hand 

using a hoe so as not to disturb the soil (Beaglehole, 1937, p. 37; Bowers, 1929, p. 455; 

Bradfield, 1971, p. 5; Stewart & Nicholson, 1940, p. 47). Native varieties of maize were adapted 

to local areas and dry conditions (Bradfield, 1971; Soleri & Cleveland, 1993), and varieties of 

maize among the Hopi, Zuni, and Navajo were all specially adapted to being planted deeply to 

access soil moisture (Collins, 1914).  

Planting was usually done in April or May (Beaglehole, 1937, p. 33; Bowers, 1929, p. 

455; Bradfield, 1971, p. 6; Stewart & Nicholson, 1940, p. 47; Whiting, 1937), and much of the 

field labor was traditionally done by men among the Hopi (Bowers, 1929, p. 455; Forde, 1931, p. 

371; Stewart & Nicholson, 1940, p. 48), though control of lands was largely based on matrilineal 

clans (Forde, 1931). During growth, fields received continual care, including removing pests and 

adding windbreaks (Stewart & Nicholson, 1940, p. 48), or replanting seeds that did not sprout 

(Forde, 1931, p. 390). Forde noted that families each controlled land and planted crops in many 

different areas to distribute risk, since fields could be at risk for either too little or too much 

water (Forde, 1931).  

Stone lines were used to prevent soil erosion and to protect small plants from wind 

(Hack, 1942, p. 33). Brush fencing was also often used in a similar role (Beaglehole, 1937, p. 37; 

Bowers, 1929, p. 456; Forde, 1931, p. 391; Hack, 1942, p. 33), sometimes held in place by 

additional stones (Hack, 1942, p. 33). Such stones would be all that remains of the field once it is 

no longer in use, and the only identifying features of archaeological fields. Wind can create high 

rates of erosion in fields until the surface soils is too eroded to plant any more, after which 

natural vegetation was left to grow back and again trap blowing dust and create a new surface 

soil (Beaglehole, 1937, p. 36; Cushing, 1920, pp. 165–166; Stewart & Nicholson, 1940). 
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Fertilization or crop rotation was traditionally uncommon, though occasionally a field was left 

fallow for a year (Beaglehole, 1937, p. 36).   

Today, modern Hopi and Zuni continue to use traditional methods and to maintain an 

intimate knowledge of local ecology, soils, and landscape change, although reliance on 

traditional farming and gardening is declining (T. E. Johnson, 2016; Norton, et al., 1998). Many 

Hopi use similar technology for dry farming, including use of brush windbreaks to prevent 

erosion and create snow drifts, clearing fields of vegetation, and planting by hand or with a 

modified tractor to prevent soil disturbance (M. K. Johnson, 2019, pp. 70–71). M. K. Johnson 

(2019) notes that corn is still planted 2.7m apart, with many seeds in a single hole to be later 

thinned out, at depths that depend on the subsurface soil moisture. Corn stalks are left in fields as 

guides for next season and as natural snow catchments The wide spacing, thinning and other 

practices are done to have minimal impact on the environment, to limit erosion, and to conserve 

soil moisture and nutrients, (M. K. Johnson, 2019, pp. 70–71). Traditional techniques achieve 

similar results to that of standard conservation practices (M. K. Johnson, 2019, pp. 78–79).  

THEORETICAL APPROACH 

This paper uses a geoarchaeological approach to landscape studies, which considers the 

entire study area as a geomorphically dynamic environment that was actively inhabited by 

prehispanic peoples. As landscape conditions and dynamics varied across the Southwest, so did 

local use of the landscape and adaptations to a dynamic environment. This study considers the 

landscape at various scales with an assumption that past inhabitants understood and engaged 

with their environment (after Walsh, 2014). This study is framed as a local example to 

understand how a particular past society engaged with their physical landscape and the 

environmental processes that altered that landscape. Geoarchaeological approaches can 



 

 

170 

 

contribute to human-environment studies through the recognition that surfaces used by 

prehistoric people are sometimes buried, and by considering the entire study area as part of the 

prehistoric record, rather than focusing only on individual sites (Stafford, 1995).  

Though spatially distinct archaeological sites are recorded for management purposes 

within the National Park setting, the entire study area was part of the inhabited landscape of 

prehispanic communities, who actively made decisions about locations for fields and habitation 

sites amid a rapidly changing geomorphic environment, based on their past knowledge and 

experience (see Barrett, 1999). This approach works well for research on agriculture in this 

environment where individual agricultural fields are identifiable in very few locations. Unlike 

geoarchaeological landscape approaches which model landscape dynamics to find buried sites, I 

look at variation across the study area at different scales to determine variables that would have 

affected agricultural choices. While geoarchaeological methods are used for landscape 

reconstruction, this does not reduce the landscape to a static backdrop for human behavior and 

agricultural activities; sediments themselves are an “integral part of the human material world,” 

which help to both structure human practices, while being maintained and transformed by human 

activities (Jusseret, 2010).  

MATERIALS AND METHODS 

Field Analysis of Eolian Soils and Sedimentology 

To document eolian activity, sediments, soils, and stratigraphy were examined at 40 

profiles across the Petrified Forest NP. Profiles were mostly located in eolian contexts, including 

dunes, interdune areas, and sand sheets, with a few profiles examined for comparison in washes 

or on slopes. Profiles were concentrated in six study locations, which represent a diversity of 

landscape positions and where archaeological work suggested the areas were likely cultivated 
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prehistorically, and where dune farming may have been a prominent method. Landscape 

positions of the study areas included upland, lowland, and river terraces where sand sheets and 

dunes are abundant, and are summarized in Schott & Rittenour (2019). These areas contain 

abundant small archaeological sites, as well as sites with features that may relate to dune 

farming, and have been considered by archaeologists to be likely agricultural areas (see Table 2 

in Schott, 2019). In addition to targeting areas that were likely used prehistorically for 

agriculture, some profiles were located in the immediate vicinity of agricultural sites or larger 

pueblos or pithouse villages. One study area is near the Twin Butte archaeological site, a large 

Pueblo I period site, which contains direct evidence for cultivation of sandy dune slopes 

(Wendorf, 1953).  

Within each study area, profiles were examined at various locations to represent a 

diversity of local landscape positions on the eolian landscape, such as on dune crests, dune 

slopes, interdune areas or low catchments. In addition, profiles were examined in areas bordering 

washes or talus slopes and receiving alluvial or colluvial deposits in addition to eolian sediments. 

This sampling strategy documented soil forming environments at both the landscape and the 

local scalesw to understand factors that may have affected cultivation. Soil properties were 

compared to expected soil characteristics based on soil survey units mapped by the Natural 

Resources Conservation Service (NRCS) (DeWall, 2003; Miller, 1975). Soil and sediment 

samples were collected from selected profiles for further chemical and physical analyses to 

quantify sediment texture and to understand soil forming processes, soil fertility for agriculture, 

and soil hydrological properties. Sediments and soils were characterized by standard 

sedimentology and soil techniques and laboratory methods, as detailed in Schott (2019) and 

Schott & Rittenour (2019).  
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Spatial Analysis of Agricultural Sites and Soil Types 

Archaeological sites across the study area seem to be preferentially located in sand dunes, 

and archaeologists have hypothesized that many of these sites were used for agriculture, or by 

groups who practiced agriculture nearby (Jones, 1987, 1996; Reed & Theuer, 2012; Wells, 

1989). To further explore what types of soils are targeted for agriculture across the entire study 

area, I completed a records survey of a sample of site records in the Petrified Forest 

archaeological site database to classify sites as likely agricultural sites or field houses, examined 

soil type associated with these sites, and compared this to results of previous work. Lack of 

standardized information in the park’s geographic information system (GIS) and digital 

databases from older site records limits queries of the databases to find likely agricultural sites. 

To better search for site and feature data, I reviewed a sample of 488 recorded archaeological site 

records from the Petrified Forest archaeological site files.  

Those sites representing likely agricultural activity and dating from the Basketmaker II 

through Pueblo III periods were summarized (Figure 3.6). Sites were included if they were likely 

to represent short-term field house type architecture, or include features likely related directly to 

agricultural activities. Field houses were defined as those sites described as likely having one or 

two rooms, though architectural form (masonry, jacal, etc.) was not differentiated. Field houses 

can be difficult to differentiate from small, permanent habitation sites, and have been variously 

defined based on size and evidence for limited activities. One to two rooms is used here as a 

conservative estimate, which has been employed in other surveys in the region (Warburton & 

Graves, 1992). These small sites are most likely to represent direct use of nearby agricultural 

land. Agricultural features included isolated sandstone slabs within or near a site, rock 

alignments, check dams, or similar descriptions by site recorders, though the most common form 

is amorphous sandstone pieces located on dune slopes or within blowouts next to sites. Recent 
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work has suggested that these slabs likely served an agricultural purpose, perhaps related to 

brush wind breaks (Schachner & Bernardini, 2014). Undoubtedly, this survey does not represent 

all sites associated with agricultural activity, since many larger sites are also associated with 

nearby agricultural land, but it does provide a sample of sites that are most likely to represent 

proximity to agricultural land.  

Those sites that likely represent agricultural activity and field houses (agricultural sites) 

were then sampled for soil type using the sample tool in ArcGIS with the Petrified Forest NP 

geodatabase of site locations and NRCS soil survey maps (DeWall, 2003; Miller, 1975). This 

soil classification does not account for small-scale local variation but is generally representative 

of soil qualities at the landscape scale. Soil classes from the NRCS soil survey data were grouped 

into fewer classes by similar qualities and soil texture as follows: 1) badlands and rocky land, 2) 

alluvial sand, 3) loamy sand, 4) sandy loam, 5) sandy clay loam and clay loam, and 6) clays. 

Much of the eolian areas of the study area are classified into the loamy sand, sandy loam, and 

sandy clay loam/clay loam soil types. The number of likely agricultural sites, as classified above, 

found in each soil type was compared to the total area of land within each soil type (Figure 3.7).  

RESULTS 

Eolian Soil Geomorphology 

This paper summarizes site- and landscape-scale soil geomorphic variability, with a focus 

on soil characteristics that would have affected farming communities who directly interacted 

with eolian soils. Eolian depositional chronology, soil formation and soil fertility were 

previously discussed in Schott & Rittenour, (2019) and Schott, (2019) and are summarized here 

only briefly. Soils are better developed on unit Qe1, located on upland landscape positions, and 

buried under units Qe2 and Qe3 (Schott & Rittenour, 2019). Soils on the upland positions have 
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slightly higher nutrient levels compared to soils in the lowlands, though nutrient levels are 

overall low (Schott, 2019). Soils in the lowlands are mostly formed on younger sediment 

deposits, are generally weakly developed, and often include multiple buried soils (Schott & 

Rittenour, 2019). Nutrients across the lowlands are low, though the Twin Butte archaeological 

district showed elevated phosphate (Schott, 2019).  

Many soil sequences across the study area today are covered by unit Qe3, defined as 

having little to no soil development and generally sandier textures, capping unit Qe2, which 

typically contains a sequence of weakly developed buried soils. Where it is clearly differentiated 

from the underlying unit Qe2, unit Qe3 is less than about 800 years old (Schott & Rittenour, 

2019). The unit Qe2 surface would have been the landscape surface during use by prehispanic 

agricultural groups. Unit Qe3 is easier to identify and differentiate from the underlying unit Qe2 

in thick dune deposits. This distinction is less clear in interdune low spots where depositional 

units are thinner, and where higher amounts of clay and weak soils are found near the surface. In 

some cases, the Qe3 unit seems to be missing or very thin on dune slopes or in interdune 

catchments, which may be due to lower rates of deposition or greater rates of erosion in these 

locations. In addition to textural changes between stratigraphic units described above, the 

thickness and textures of soils and sedimentary deposits varies across local landscape position 

between dune crests, slopes, and interdune catchments (Figure 3.8, Supp. Table 1). As would be 

expected, profiles examined in dune crests tend to have much thicker, sandier deposits with less 

textural variation (e.g., PF 15-6, PF 15-3, and PF 14-10). Some dune slopes and interdune low 

areas have thinner layers of sediments, and thus, more textural variation closer to the surface.  

Dune slopes vary between thin deposits with sharp changes (e.g. PF 17-4C, and PF 17-

5B), and thicker deposits with dominantly a single texture with minimal or gradual texture 
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change (e.g. PF 14-15, PF 15-4, and PF 17-1A). Interdune areas tend to have higher amounts of 

clay, due to finer grained accumulation from runoff (e.g., PF 14-14, PF 15-2, PF 15-12, and PF 

17-2C). Additionally, the low interdune locations sometimes contain only thin deposits of 

Quaternary sediment above clay substrates of the Chinle Formation (e.g. PF 14-13, PF 15-13, 

and PF 17-4C), which would also improve water holding in the overlying sediments (Dominguez 

& Kolm, 2005; Stephens, 1996). Profiles examined in areas that receive sediment through 

alluvial or colluvial deposition, such as near washes (e.g. PF 14-8, PF 15-8, and PF 15-11) or on 

slope positions (e.g., and PF 15-13 and PF 14-5), contain higher amounts of clay and more 

strongly alternating textures and do not always clearly show the Qe2/Qe3 sequence.   

Currently, many interdune areas or dune slopes have become dune blowouts. Artifacts 

and cultural material located on these slopes is now exposed in eroded contexts with visible, 

ongoing erosion. While the low slopes and interdune areas may have been the best locations to 

plant crops, the surface during occupation in these locations is largely eroded.  

Spatial Analysis of Archaeological Sites and Soil Classes 

Soil profiles examined here show patterns that relate to NRCS mapped soil units 

(DeWall, 2003; Miller, 1975). Upland soils are mostly classified as the Clovis Palma 

Association, Undulating soil type, which are expected to show variation between low areas and 

dune ridges, with loamy sand over buried sandy clay loam layers, and thick, well developed soils 

(DeWall, 2003; Miller, 1975). Soils on the Dead Wash terraces are classified as Fruitland Sandy 

Loam (1-8%), which are formed on alluvial fans and alluvium, and are expected to have sandy 

loam textures, with some gravel (DeWall, 2003; Miller, 1975). Lowland soils such as those 

examined in the Blue Mesa, Haystacks, and Lowland Flats areas are classified as Jocity 

Claysprings Complex or Jocity Sandy Clay Loam soil types, which show weaker soil 
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development due to their location on younger eolian deposits. Soils with these classifications 

include dominantly sandy clay loam textures, along with loamy sand within dune deposits and 

areas with very shallow depth to bedrock (DeWall, 2003; Miller, 1975). Results here confirm 

expected patterns from soil classifications that show that soils on both the Painted Desert Rim 

and near Dead Wash are somewhat sandier than lowland soils, with dominantly loamy sand and 

sandy loam textures on the uplands, along with better developed soils, and more clay loam and 

sandy clay loam textures in the lowlands, where soils are generally weakly developed. 

Spatial analysis shows that agricultural archaeological sites are preferentially found on 

soils with finer textures (Figure 3.7). A total of 102 sites out of 488 site records surveyed were 

classified as field houses or as having agricultural features. This survey likely undercounts 

agricultural activity areas because it was limited to sites with clear indications of agricultural 

features or sites with only one or two rooms. The highest numbers of agricultural sites are 

located on soils classified as clays, followed by clay loams, sandy loams and loamy sands, with a 

similar result for small field house sites. This pattern of sites being preferentially located on 

finer-grained sediments is similar to what was found by Jones (1996).  

DISCUSSION 

Landscape Variability and Soil Water Holding Capacity 

The surface of unit Qe2 constitutes the landscape surface during use by prehispanic 

agricultural groups, with widespread dunes and sand sheets similar to the present surface. 

Currently, the landscape is semi-stabilized by vegetation, with some ongoing erosion resulting in 

dune blowouts. Eolian chronologies show that the landscape was undergoing eolian erosion and 

deposition from c. 300 B.C. to A.D. 1600 (Schott & Rittenour, 2019). The presence of a buried 

soil at the Qe2 surface, and additional buried soils within the dunes, shows that these dunes were 
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stable or semi-stable during periods of time in the Late Holocene. Because erosion was not 

synchronous across the landscape, some places on the landscape would have been stable enough 

to inhabit and cultivate, though these may have shifted over time 

Soil texture is one of the most important factors affecting plant-available water in sandy 

eolian soils, as soils with higher amounts of fine-grained sediment have better water holding 

capacity. Sharp textural changes near the surface help to further increase water holding capacity 

through capillary barriers (Dominguez & Kolm, 2005). Sandy loam and sandy clay loam textures 

are widespread in lowland eolian soils; soil with these textures have increased water retention 

compared to very sandy textures that are more typical of eolian deposits. The high clay content 

in the dunes and sand sheets is likely the result of inputs from locally eroded clay due to the 

underlying geologic conditions (Schott, 2019), which makes this geologic environment better for 

dry farming techniques. Soils with sharp texture changes, such as a sequence of sand-loam-sand-

clay results in capillary barriers that further increase water holding in sandy layers and prevent 

water movement either through leaching or through evaporation (Dominguez & Kolm, 2005). 

Such textural variation has been shown to increase water holding and plant available water more 

than if a soil column was of a single texture  (Dominguez & Kolm, 2005).  

This study of soil geomorphic variability at the site scale shows differences in soil 

textures within the profile which would affect water holding capacity.  Much of the landscape is 

dominated by eolian deposits, but local landscape positions include areas such as interdune low 

spots with higher amounts of clay where water collects in low landscape positions. Other areas, 

such as those near ephemeral washes or at the base of slopes, receive alluvial and colluvial 

deposits interstratified with eolian deposits. Local geomorphic variations result in some micro-

environments having greater water holding capacity, and thus are more favorable for agriculture. 
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Profiles with sharp textural change exist only in specific landscape positions, which suggests that 

prehistoric farmers likely relied on understanding local environments on a very small scale in 

order to take advantage of micro-environmental conditions where plant available water would be 

higher. Ethnographic studies of modern Pueblo agriculture demonstrate an intimate knowledge 

of local soils (Dominguez & Kolm, 2005; Muenchrath, Kuratomi, Sandor, & Homburg, 2002; 

Norton et al., 1998). Typically, farmers choose to place fields in areas where surface sandy 

sediments over underlying finer-texture sediments create better soil moisture conditions, which 

are often determined by dominant vegetation communities (Bradfield, 1971; Hack, 1942). 

Prehispanic farmers may have had similar strategies.  

Another strategy to increase crop productivity could have involved frequently shifting 

field locations as nutrients became depleted. Studies of soil fertility in the Southwest have found 

that cultivation often results in soil degradation (Sandor, Gersper, & Hawley, 1986b; Sandor et 

al., 1986a; Sandor, Gersper, & Hawley, 1986c; Sandor et al., 1990), although dry farming 

through natural soils may have resulted in less quickly depleted soils than other methods 

(Doolittle & Mabry, 2006). The low nutrient levels of eolian soils in the study area (Schott, 

2019), along with eolian erosion and deposition (Schott & Rittenour, 2019) may have made 

frequent shifts necessary. Though site density is high across much of the landscape (Wells, 

1994), it is estimated that many sites were only occupied for short periods of time (Jones, 1996; 

van Hartesveldt et al., 1998). Such small-scale farming is a resilient strategy in semi-arid 

environments, combined with an extensive agricultural landscape use to mitigate risk 

(Spielmann, Nelson, Ingram, & Peeples, 2011), but may not have been able to support large 

populations in the way that floodplain farming could (Eiselt et al., 2017). A strategy of frequent 

movements of fields may have been employed in Petrified Forest, where widespread dune soils 
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exist and where many small sites may have been occupied for only a short time. This may have 

contributed to the long-term pattern of stability of occupation in the Petrified Forest region. 

Settlement Shifts and Distribution Patterns 

Results presented here show that agricultural sites were preferentially located on finer-

grained sediments, likely for their greater water holding capacity. This result corresponds to 

findings by Jones (1996) that more early sites from the Basketmaker and Pueblo I–II periods 

were located on lowlands, with finer-grained soils, and the uplands were more extensively 

occupied after the late Pueblo II period, perhaps after better soils were already in use.  

Previous work also suggested that shifts in settlement and land use in the study area 

correlate with periods of environmental stress (Jones, 1987). Using data from Dean et al. (1985), 

Jones (1987)  found that during the Pueblo I and Pueblo IV periods, when settlement was more 

concentrated into fewer areas, tree-ring data show lower effective moisture or higher temporal 

variability in effective moisture, which are both markers of greater stress. In contrast, during the 

A.D. 950 ̶ 1300 interval, effective moisture was higher than today (Dean et al., 1985). Although 

rainfall across the Southwest is generally highly variable over short timespans, the bimodal 

precipitation patterns remained stable through the mid-13th century, after which precipitation 

variability increased (Dean, 1996). These favorable conditions may have made the area more 

suitable for maize agriculture during the most extensive use of the landscape, and the most 

widespread use of dune farming, during the Pueblo II ̶ III interval (A.D. 900 ̶ 1275). More recent 

work has focused on high- and low-frequency climate variables (Doyel & Dean, 2006). Tree-ring 

reconstructions from the Colorado Plateau show that precipitation is characterized by frequent 

alternating wet and dry periods (Salzer & Kipfmueller, 2005), which may have made rainfall-

dependent agriculture less predictable, even when temperature and rainfall trends seem to be 
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favorable.   

Although settlement shifts may correlate with changing climates, the Petrified Forest area 

does not see complete depopulation at any time during the Basketmaker II-Pueblo IV sequence, 

which suggests that climate in this area was never so poor that agricultural people left entirely. 

The shifting patterns of land use in the Petrified Forest region were likely part of regional shifts 

(Sinensky & Schachner, 2019; Young & Gilpin, 2012), but are notable for demonstrating the 

continued and widespread use of the dune landscape through time. Further work to understand 

local settlement chronologies is still needed, especially with more recent archaeological survey 

data.  

Dune Agriculture in a Marginal Landscape 

Arid and semi-arid landscapes in the Southwest are in general considered marginal, due 

to a perception that agriculture there is challenging because of the vulnerability to dry periods 

(Ingram, 2015). Marginal can be defined according to spatial, social, economic, or other criteria, 

though often refers to low productivity, limited resources, or requiring high labor inputs (Berger 

& Juengst, 2017; Pelc, 2017). Walsh (2004) describes marginal landscapes in the Mediterranean 

as having potential for degradation and reduced economic activity, while Berger and Juengst 

(2017) recognize that determining marginality relies on understanding the human biocultural 

system within a particular environmental and cultural context. Defining what constitutes a 

marginal landscape may be less useful that understanding how people understood and engaged 

with their environment in dryland areas (Walsh, 2004).  

In the Southwest, dry farming and rain-fed farming are often considered to be more 

marginal (i.e., less productive) forms of agriculture compared to other techniques. Dry farming 

and rain-fed farming are frequently discussed as being employed only after more productive 
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lands were already filled, such as those used for floodwater, water-table, runoff, and irrigation 

farming, and was a technology used as people moved into less productive areas across the 

Colorado Plateau (Bocinsky & Kohler, 2014; Glassow, 1980; Kohler, Glaude, Bocquet-Akppel, 

& Kemp, 2008; Mabry & Doolittle, 2008; Matson, 1991; Roth, 2016). In some areas, dry 

farming may not have been used for subsistence, perhaps due to the higher risk involved 

(Herhahn & Hill, 1998). 

While other methods of agriculture such as floodplain farming likely existed in the study 

area, archaeological and geological evidence point to widespread use of dune farming, and there 

is limited evidence for other methods of agriculture. Surveys have documented a few sites with 

rock alignments that likely functioned as check dams or water control mechanisms, and several 

sites located on the river floodplain are likely the remains of small field houses or agricultural 

sites using floodplain soils (Burton, 1993; Jones, 1987; Wells, 1989). This evidence suggests that 

floodplain farming was also employed in the region, though it is likely that many floodplain sites 

were destroyed or are not visible on the surface, so the extent to which floodplain farming was 

used is unclear. Floodplains and alluvial soils accounts for only a small portion of the study area, 

while sandy soils from eolian deposits are widespread.  

Based on rainfall, temperature patterns, and elevation, the area of Petrified Forest is 

expected to be fairly poor for agriculture (Benson, 2011; Bocinsky & Kohler, 2014; Bocinsky et 

al., 2016). Previous work confirms that soil nutrients are low (Schott, 2019), which would have 

made agriculture challenging. Eolian erosion and deposition was active across the landscape 

during the late Holocene use by agricultural groups (Schott & Rittenour, 2019), further reducing 

productivity and affecting choices made in field locations and duration of field use. Dry farming 

is often considered a marginal or secondary form of agriculture, and the study area is expected to 
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be of poor quality, which suggests that the area’s inhabitants may have decided to live in this 

region more for economic or social reasons than for the agricultural land. However, the 

combined archaeological and geological evidence suggests that dune farming was widespread 

across the landscape, even though clear fields are not visible.  

Archaeological work has shown that dunes and eolian sediments with finer textures were 

preferentially targeted over other types of sediments for habitation sites and for direct 

agricultural activities. While much of the Quaternary eolian landscape of Petrified Forest was 

likely used for agriculture, specific landscape positions were likely targeted for field locations 

due to enhanced water holding as a result of better soil texture profiles. Local geologic 

conditions and specific micro-environmental characteristics improved soil conditions for 

increased water retention. Local landscape position can greatly affect soil textures due to 

depositional processes, which result in different water holding capacity. Soils that can hold water 

during dry spells makes dry farming possible in this landscape, even though rainfall is too low 

for rain-fed agriculture to be possible. Although the landscape is not of high quality for 

agriculture, and could be considered marginal under some definitions, dune farming on stable 

dune slopes was likely a very important agricultural technique used throughout the Basketmaker 

and Pueblo periods, but especially during the Pueblo II ̶ III periods when small sites are most 

widespread.  

The environment, soils, and geology at Petrified Forest are not analogous to those at 

Hopi, and the extent that prehispanic sand dune farming there resembled practices at Hopi is 

unknown. Though the exact farming methods used by prehispanic groups is unknown, a system 

similar to that of ethnographic groups would have worked well in the environment of Petrified 

Forest to cultivate crops in the eolian landscape. If fields were completely cleared of vegetation 
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to prevent competition for limited water supplies, this may have contributed to increasing erosion 

of surface sediments. Techniques such as planting in widely spaced rows and adding in brush or 

other wind-breaks would have helped to protect against erosion of loose surface sediments, 

which was widespread in the last two thousand years. Though some parts of the landscape were 

stable, as evidenced by soils on the Qe2 surface, such steps would be necessary to prevent 

erosion of fields.  

Much of the landscape surface today is covered by a sandier unit Qe3 (typically of loamy 

sand) with no to minimal soil development. Where it has been dated, this unit post-dates use of 

the area by prehispanic agricultural groups. The Qe2 unit, which typically has a weak soil at its 

surface, was the landscape surface during the time when prehispanic farmers were cultivating the 

landscape. The Qe2 deposits often contains loam and clay loam textures, which would have 

increased subsurface moisture retention where growing maize plants could access it. However, 

high levels of eolian activity at that time may have resulted in shallow surface sands that were 

deposited over the Qe2 surface soil, and prehispanic farmers may have taken steps like the 

techniques used by ethnographic groups to help trap blowing sands to cover the field surface. 

Such a sand surface, covering the Qe2 unit and soil, which has more clay, would have functioned 

to prevent evaporation and increase subsoil moisture.  

Use of Small Sites and Field Houses 

This study uses very strict definition for field houses in looking at the distribution of 

agricultural sites on the landscape. This was intentionally restrictive to make sure the sites 

included in the sample were those most likely to represent seasonal or short-term use. However, 

field houses have been variously defined based on both functional or archaeological 

characteristics (Mehalic, 2012). Traditionally, field houses refer to a seasonally occupied house, 
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located near agricultural fields, and often at a distance from a year-round pueblo residence 

(Cushing, 1920; Ferguson & Hart, 1985; Preucel, 1988). Archaeologically, field houses often 

include small size and evidence for limited activities. Preucel (1988, pp. 73–74) defines field 

houses as isolated dwellings owned by a single family unit, occupied usually for an entire 

growing season, and with diagnostic archaeological features of a small size and absence of 

ceremonial architecture, although he notes that field houses include a wide range of architectural 

variability. Field houses are often a single room, but they can be more complex structures similar 

to pueblos. Preucel also defines a farming community as a cluster of field houses (Preucel, 1988, 

p. 74). Field houses are not only isolated agricultural activity areas. They are part of a larger 

system of land tenure or ownership and resource-control (Adler, 1996; Kohler, 1992; Stokes, 

Woodes, & Toney, 2018), used to facilitate access to agricultural fields and to control access to 

resources (Kohler, 1992). In addition, field houses function as part of an interconnected 

community in which small sites may have agricultural as well as other social and political 

functions (Hegmon, 2002; Kohler, 1992; Mehalic, 2012; Stokes et al., 2018; Varien, 2002). 

Communities can persist even if individual households are mobile, since agricultural field use is 

often part of a larger land-use system in which households practice residential or seasonal 

mobility (Adler, 2002; Varien, 2002). 

Many small sites in Petrified Forest are often considered to be field houses or similar 

short-term habitation structures, likely re-used over time (Jones, 1996; Theuer, 2012b; van 

Hartesveldt et al., 1998). However, the difference between a seasonally occupied field house, and 

an isolated, full-time hamlet may be difficult to determine, because such small sites sometimes 

served as full-time residences (Nelson, 1999), and functions for small sites are often variable 

(Stokes et al., 2018). Documenting field houses as seasonal residences is possible using artifact 
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densities, but can be difficult, especially from surface surveys, because short-term use sites may 

not be very visible and seasonal sites can be difficult to distinguish from short-term sites used 

year-round (Mehalic, 2012; Preucel, 1988). It may be that the many small sites in Petrified Forest 

are also quite variable, and there has so far been little work to distinguish between seasonal 

occupation and year-round occupation, and to look for other variations in sites in addition to size 

and artifact count/type. More work is needed to understand the use of small sites in this 

landscape. It is reasonable to infer that many of them have an agricultural function, but they may 

have other functions as well. Proximity to many small sites that are likely field houses was used 

as a criteria for field testing of soils, but this study shows that within the areas tested, only certain 

landscape positions would have had good agricultural potential.  

Pueblo IV Implications 

Pueblo IV period (A.D. 1275 ̶ 1450) sites were not a target of this study, though this 

research has implications for land use during the later period. Pueblo IV sites are more limited in 

distribution, and have only recently become a focus of archaeological work in the area (Hays-

Gilpin & van Hartesveldt, 1998; Schachner, Bishop, et al., 2016; Schachner, White, et al., 2016; 

Theuer, 2012a), though it has long been known that several large Pueblo IV period pueblos are 

found in the vicinity (Burton, 1993; Hough, 1903; Theuer, 2012a).  Three such sites are located 

within the park (Burton, 1990; Schachner et al., 2016; Theuer, 2012a), but due to their much 

larger size and concentration of more people into a smaller area, it seems likely that occupants 

used the landscape differently than in earlier times. These large pueblo villages are all located on 

mesa top or upland positions: Puerco Pueblo is located on a mesa directly above the Puerco 

River near its confluence with two other rivers; Black Axe Pueblo is located on a smaller mesa 
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overlooking lowlands with many washes and small dune deposits; and Wallace Tank Pueblo1F

2 is 

located on a stable upland ridge where extensive longitudinal dunes appear similar to those of the 

Painted Desert Rim, and where soils are expected to be of similar sandy loam types, although 

they were not examined as part of this study (Burton, 1990; Schachner & Bernardini, 2014; 

Schachner, White, et al., 2016). Study results show that upland positions tend to have older soils 

in Qe1 deposits, which contain higher nutrient levels (Schott, 2019), as well as more stable dunes 

in some upland locations (Ellwein, 1997; Schott & Rittenour, 2019). These properties may have 

been an important factor in the location of these pueblos, while access to water was likely an 

important factor as well. Specific landscape use during the Pueblo IV period warrants further 

study. 

CONCLUSION 

Archaeological work has demonstrated differential use of the landscape of Petrified 

Forest through time. Despite low soil nutrients and low precipitation, dry farming was likely a 

widespread agricultural technology across the study area, especially during the Pueblo II ̶ III 

periods when it seems to have expanded further. Studies of soil geomorphology show that soils 

of eolian surface deposits are similar across the study region, with the greatest variation between 

well-developed soils in stabilized Pleistocene deposits on the uplands, which tend to be 

somewhat coarser-textured, and weakly developed soils in late-Holocene deposits across the 

study area. Late-Holocene soils in the lowlands tend to have higher amounts of clay.  

This landscape could be considered a marginal landscape where resource availability is 

limited. The ideal conditions for dune farming, with a surface sandy layer over a more clayey or 

loamy layer, and strongly contrasting textures, is not evident on the prehistoric landscape surface 

                                                 
2 Wallace Tank Pueblo was formerly on private land and was added to the Petrified Forest National Park in 2016.  
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(unit Qe2). Where it is dated, the current sandy surface layer (unit Qe3) dates within the last 800 

years, and so was likely not present during prehistoric use, when unit Qe2 with its weakly 

developed soil was the landscape surface. While widespread eolian activity in the late Holocene 

after c. 300 B.C. demonstrates that agricultural groups living here would have had to deal with 

erosion and deposition, the Qe2 soils demonstrate that some parts of the landscape remained 

stable at times. This study demonstrates that micro-environmental conditions related to landscape 

position resulted in more variability at the site-scale, further improving plant available water in 

specific locations, such as those with greater texture variation near the surface. Prehistoric 

farmers using this landscape would have intimately understood their environment and may have 

preferentially chosen locations for fields to further improve agricultural conditions.  

It is still unclear the degree to which other agricultural strategies in addition to dune 

farming were employed in the Petrified Forest NP. Changes in landscape use through time likely 

relate to shifting climatic conditions, but the entire landscape was never of high quality or prime 

agricultural land. Archaeological surveys document many small sites that were used for short 

time-spans, while soil studies suggest that agricultural quality was overall low. Nevertheless, 

populations continued to farm this eolian landscape for more than 1000 years. Prehispanic 

farmers may have used many adaptive strategies to make this marginal landscape more 

productive, such as placing fields in areas with better water holding conditions, frequent shifting 

or re-use of fields, and shifting patterns of landscape use with larger-scale environment and 

climate changes.   



 

 

188 

 

Figure 3.1: Study area locations and profiles examined in Petrified Forest National Park.  
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Figure 3.2: Stone lines on dune slope in the Twin Butte site, marked with dashed lines and about 1.5m 
long. Such stone lines have often been interpreted as relating to dune agriculture.  
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Figure 3.3: Dune and dune blowout near the Blue Mesa study area. Buried soil is visible in exposed edge 
of dune as a dark band, marked with arrows.   
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Figure 3.4: Series of several dunes in background with dune blowouts exposing edges of dunes. 
Foreground shows an inter-dune low spot where clay and finer-grained sediment collects.  
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Figure 3.5: Chart showing archaeological sites by time period recorded in Petrified Forest NP. Some sites 
include more than one occupation component and are counted twice. Pueblo IV sites are likely 
undercounted, as many older site records were not accurate when documenting PIV sites. Data from 
(Theuer & Reed, 2012).  
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Figure 3.6: Chart summarizing site records that document likely agricultural features and likely field 
houses (one or two room short-term use structures). Those with too few diagnostic artifacts to 
determine temporality, and those whose occupation spans included more than two consecutive periods 
are listed as Unknown. 
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Figure 3.7: Results of analysis of agricultural sites and field houses by soil type, classified from a survey 
of 488 site records, and sampled by soil type in ArcGIS. Agricultural sites are defined based on likely 
agricultural features, and field houses defined as one- or two-room short-term use structures. Only 
lands that have been surveyed in archaeological reconnaissance were included in the total landscape 
calculation to avoid survey bias. Soil types are summarized by dominant soil texture from DeWall, (2003) 
and  Miller, (1975). Labels are numbers of individual sites, or acres in km2 for landscape surveyed.  
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Figure 3.8: Soil profile diagrams from several areas examined in this study, with eolian units and OSL 
ages. Diagrams show relative landscape position of each soil profiles, though landscape features (dunes, 
washes) are not to scale. * Note that some profile shave alternate depth scales. A) Blue Mesa. B) 
Haystacks. C) Alluvial Lowlands East. D) Alluvial Lowlands North. E) Twin Butte.  
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