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ABSTRACT 

Important pedogenic processes of soils formed on dolomitic 

1 i mestones are affected by the degree of in-situ weathering of the 

underlying bedrock. Decalcification and silicate clay illuviation of 

Hap 1 usta 1 f s and Ca lei usto 11 s of the Co 1 or ado Pl ate au in northwestern 

Arizona results from the es tab 1 i shment of effective porosity in the 

parent rock. 

The underlying carbonate strata, the Kai bab Formation, are a 

complex limestone-dolomite-chert marine sediment of Permian age. 

Diagenetic processes have modified the initial porosity present at the 

time the sediment was deposited. Pleistocene meteoric waters, per

colating downward, have resulted in the solutioning and partial removal 

of calcium carbonate and the establishment of a porous dolomitic 

framework. Under these conditions, soils forming in residuum are able 

to decalcify and to form argillic horizons. However, in more resistant 

limestones, compaction during burial has resulted in a nonporous 

micrite which retards calcite removal by meteoric waters. Under these 

conditions, soil profiles maintain a high CaC03 content and silicate 

clay illuviation does not occur. 

Mi caceous c 1 ay mi nera 1 s of residua 1 origin are converted to 

montmorillonite in the Alfisols. A probably sequence of events for 

this transformation to occur is: ( 1) the remova 1 of ca 1 cite from the 

dolomitic limestone bedrock and the formation of a dolomitic framework, 

(2) the slow dissolution of dolomite and release of Mg++ into solution, 

( 3) the incorporation of Mg++ into the octahedra 1 1 ayer of the mi ca 
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and the release of K+ from the mi ca i nterl ayer pos it i on and (4) the 

illuviation of montmorillonite to form the argillic horizon. 

Eolian dust is also important to soil genesis on the Colorado 

Plateau. In particular, quartz in the coarse silt fraction (31-44 urn) 

and quartz and biotite in the very fine and fine silt fractions (2.0-

16 urn). 

Two alluvial soils of Pleistocene age shows important mor

phological differences. Thick carbonate accumulations of ground water 

origin are present in the older soil. The effects of the Pleistocene

Holocene climatic change on this area are: (1) modification of karst 

topographic features, (2) aggradation of valley bottoms, and (3) the 

influence of Holocene slope wash on Pleistocene soil properties such as 

calcite, dolomite and organic matter. 
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This study is concerned with the genesis of soils formed on the 

Kaibab Formation on the Colorado Plateau, Hualapai Indian Reservation 

(Fig. 1), in northwestern Arizona. These soils have developed from the 

combined effects of eolian inputs and in-situ weathering of the parent 

rock. The parent rock, the Kaibab Formation, is a complex limestone

chert marine sediment of Permian age. The dominant soil in the study 

area has a well-developed, red, argillic horizon with clay contents 

ranging from 40 to 65%. These soi 1 s are carbonate free in the upper 

portion of the profile and the depth to the lithic contact ranges from 

50 to 70 cm. A Cr horizon or a zone of soft, weathered bedrock immedi

ately above the lithic contact is present in each of the pedons studied. 

Another important soil in the study area is dark-colored and lacks an 

argillic horizon, reaching a maximum clay content of 25%. These soils 

are calcareous to the surface and depth to their lithic contacts ranges 

from 20 to 35 cm. Horizons of weathered bedrock above the lithic contact 

were not observed in these soils. Two other soils in the study area 

are a 11 uvi a 1 soils 1 ocated in the va 11 eys and open meadows among the 

limestone hills. The first of the alluvial soils has a well-developed 

argillic horizon with a maximum clay content of 50%. Below this is a 

thick zone of calcium carbonate accumulation to a depth of at least 150 

cm. The second alluvial soil has a moderately well-developed argillic 

horizon, reaching a maximum clay content of 35%. Most pedons of these 

soils are free of carbonates but evidence of moderate carbonate 
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Fig. I. Location map of the study area. 
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accumul at ion in the form of 1 ime masses were present in some. These 

soils are deep with no evidence of lithic contact to a depth of 150 cm. 

All four of these soils are closely associated geographically and topogra

phically. 

The specific objectives of this study are: 

1. To determine the relationship between the weathering charac

teristics of the underlying parent rock and the properties of the soil 

important to soil formation. 

2. To determine the effect of eolian inputs on the genesis of 

the soils of this portion of the Colorado Plateau. 

3. To determi ne the genes is of the a 11 uvi a 1 soi 1 s located in 

the valleys and therefore gain insight into the geomorphic relationships 

between the valleys and adjacent hillslopes, erosion rates, and approxi

mate age of the alluvium. 

Site Selection 

The initial contact with the subject matter of this research 

project cam~ in discussions that I had with Robert Ahrens during a Soil 

Conservation Service Work Planning Conference in August 1985. Mr. Ahrens 

was the Soil Survey party leader for the Hualapai Indian Reservation 

(Fig. 1) at the time and was in the process of preparing for an initial 

field review to be held that fall. He indicated that he felt there 

were some interesting soil genesis questions in his survey area. I had 

just completed work on my master's thesis and was looking for a field 

area for research for my Ph.D. dissertation. In addition, I knew of no 
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prior research concerning soil genesis on this portion of the Colorado 

Plateau region. 

In October 1985, my graduate research advisor, Dr. David M. 

Hendricks and I travelled to the Hualapai Indian Reservation and met 

with Robert Ahrens. As a consequence of preparing for the initial field 

review, Robert had dug several backhoe pits which were left open for 

our inspection. Many informal discussions were held concerning such 

topics as limestone weathering, eolian additions, development of argillic 

horizons, carbonate pendants found on the underside of limestone 

fragments, appearance of rounded chert gravels covering the soil surface, 

etc. At this time, it was decided that this would be an appropriate 

and interesting area to conduct a research project for a doctoral 

dissertation. 

During the winter months of 1985-1986, preparations were made 

for me to conduct field work. I signed on as a volunteer with the Soil 

Conservation Service and this allowed me to obtain a government driver's 

license. The U. S. Department of Agriculture agreed to furnish me with 

a four-wheel drive jeep to use in the field, a backhoe for one week 

when the time came to dig soil pits, aerial photos, topographic maps 

and other equipment. Also, the Soil Conservation Service owned a trailer 

located in Peach Springs, the headquarters of the Hualapai tribe, and I 

was allowed to stay there. Permission was granted by the Hualapais to 

gain access to their lands. 

Field work began in March 1986 and continued into June. By 

this time, Mr. Ahrens had left the Hualapai Soil Survey for a position 

in New Mexico and he was replaced by Ms. Deborah Prevost as Soil Survey 
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party 1 eader. The fie 1 d work went very smooth 1 y with the poss i b 1 e 

exception of weather related delays (it snowed three times in April and 

May). Thirteen backhoe pits were dug in late May. Following this, Dr. 

Hendricks and I described and sampled the soil profiles. In mid-June, 

Dr. Hendricks, Dr. Joseph F. Schreiber, Jr. and I conducted a qui ck 

reconnaissance trip to the study area to review and discuss several of 

the topics that I would be investigating. Essentially, all the field 

work was completed by mid-June. 

Soil Selection 

The selection of sampling sites was based on detailed transect 

data and advice from USDA Soil Conservation Service personnel. A total 

of thirteen sampling locations were chosen (Fig. 2). The number of 

sites was selected to take into account variability across the landscape. 

Pedons 1, 2, 5, 6, 10, 11, and 12 are grouped together due to 

their similarity in properties. There are two soil series that have 

been set up to cover the range in characteristics of these soils, the 

main difference being the depth to lithic contact. The two soil series 

and their current classifications are: 

1. Toqui - clayey, mixed, mesic Lithic Haplustalfs 

2. Natank - fine, montmorillonitic, mesic Aridic Haplustalfs 

These A 1 f i so 1 s have formed from a combination of eo 1 i an deposits and 

limestone residuum. Typically, they have a brown gravelly or very gra

velly loam surface layer from 5 to 8 cm thick (Fig. 3a). This is under

lain by a noncalcareous, non-gravelly, reddish brown, montmorillonitic 

clay Bt horizon to a depth of about 50 cm. Below this is a zone of 



Fig. 2. Distribution of soils and location of sampling sites and 
pedon descriptions for the study area. The numbers 1-13 
represent the location of the 13 sampling sites. The soil 
mapping units are: (1) 140; Natank-Disterheff-Yumtheska 
complex, 2 to 35% slopes; (2) 163; Orlie gravelly loam, 1 
to 4% slopes; (3) 205; Toqui-Yumtheska complex, 2 to 30% 
slopes; and (4) 43; Disterheff gravelly loam, 1 to 4% slopes. 
The two aerial photos are located 6.4 km apart. 
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Soil profiles and a typical alluvial valley in this portion 
of the Colorado Plateau - A. Natank very gravelly 1 oam 
(Pedon 10). - B. Yumtheska extremely cobbly loam (Pedon 7) . 
C. Alluvial valley where Orlie site is located. 



19 

lime accumulation which I have described as a layer of weathered, soft 

limestone but which others have felt is a Bk horizon or accumulation of 

pedogenic calcium carbonate. Depth to hard limestone bedrock ranges 

from 50 cm in the case of the Toqui series to 70 cm in the case of the 

Natank series. 

Pedons 4 and 7 are representative of the Yumtheska series - a 

loamy - skeletal, mixed, mesic Lithic Calciustoll. The Yumtheska soils 

have formed from a combination of eolian deposits and limestone residuum. 

Typically, they have a brown, very cobbly loam surface layer about 5 cm 

thick (Fig. 3b). Below this is a brown, very cobbly loam subsoil about 

30 cm thick. Both the surface layer and subsoil are calcareous through

out. Depth to hard limestone bedrock is 35 cm. 

Pedons 3, 8 and 9 are representative of the Orl i e seri es - a 

fine-loamy, mixed, mesic Aridic Haplustalf. The Orlie soils have formed 

from eo 1 ian depos its and a lluvi urn deri ved from the adj acent, 1 i mestone 

hills. Typically, they have a light brown, gravelly loam surface layer 

about 8 cm thicl<. This is underlain by a dark yellowish brown clay 

loam subsoil about 55 cm thick. Below this, the underlying material is 

a brown loam or sandy loam to a depth of 115 cm. Typically, a buried 

horizon of yellowish red clay is present to a depth of 150 cm. Orl ie 

soils are usually noncalcareous in the upper portion of the profile but 

have lime accumulation in the subsoil although the CaC03 content does 

not exceed 15%. 

Pedon 13 is representative of the Disterheff series - a fine, 

montmorillonitic, mesic Aridic Haplustalf. The Disterheff soils have 

formed from eolian deposits and alluvium from the adjacent limestone 



20 

hills. Typically, they have a brown gravelly loam surface layer about 

5 cm thick. This is underlain by a noncalcareous, nongravelly, reddish 

brown clay subsoil about 55 cm thick. Below this, the underlying material 

is pinkish white calcareous loam to a depth of 150 cm. The CaC03 content 

exceeds 15%. 

It was felt that the locations chosen for the sampling sites were 

the most representative, most stable and most easily accessible for the 

purposes of data co 11 ect ion and ana 1 ys is. In the case of the Orl i e 

series, sampling sites were placed in narrow valleys (Fig. 3c) and pits 

were also dug in the adjacent limestone hills as close as possible to the 

Orlie sites. On a hillslope on one side of the valley was a Mollisol 

(Yumtheska) and on the other side was an Alfisol (Toqui). The objective 

was to try to determine whether the A 1 fi so 1 or the Mo 11 i so 1 was the 

major contributor of alluvium to the Orlie soils in the valley. 

When a soil survey is conducted, mapping units are created to 

describe the relationships of the soils in the field. The mapping units 

commonly appear as numerical symbols on aerial photos (Fig. 2). To 

gain information about the nature and distribution of the soils within 

a mapping unit, soil scientists often make transects (Fig. 4). In a 

reconnaissance or order 3 soil survey such as the one being conducted 

on the Hualapai Indian Reservation, different soils commonly are so 

intermingled when they occur together that it is impossible to separate 

them at the scale at which the mapping is being done. Such soils are 

grouped together as mapping unit complexes. 

The four mapping units that are important to this study are: 

I. MU 140; Natank-Disterheff-Ywntheska complex, 2 to 35% slopes. 
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The composition of this mapping unit is 40% Natank soils, 30% Disterheff 

soils, 15% Yumtheska soils and 15% contrasting inclusions. Natank soils 

occur on h il 1 s 1 ope summits with s 1 opes ranging from 2 to 15%. These 

slopes are moderately long, convex and gently sloping. Disterheff soils 

occur on footslopes and fan terraces with slopes ranging from 2 to 8%. 

These slopes are gentle, long and planar to slightly concave. Yumtheska 

soils occur on backs lopes and long, narrow escarpments with slopes 

ranging from 3 to 35%. These slopes are gentle to steep, short to moder

ately long and convex. 

2. MU 163; Orlie gravelly loam, 1 to 4% slopes. This mapping 

unit is composed of 85% Orlie soils and 15% contrasting inclusions. 

Orlie soils are found on stream terraces in narrow valleys with slopes 

ranging from 1 to 4%. These slopes are gentle, long and planar. 

3. MU 205; Toqu i -Yumthes ka comp 1 ex, 2 to 30% slopes. The 

composition of this mapping unit is 50% Toqui soils, 35% Yumtheska soils 

and 15% contrasting inclusions. Toqui soils are found on summits and 

shoulders with slopes ranging from 2 to 15%. These slopes are gentle 

to moderately steep, short to moderately long, and slightly convex to 

slightly concave. Yumtheska soils are located on backslopes and escarp

ments with slopes ranging from 2 to 30%. These slopes are gent 1 e to 

steep, short to moderately long and convex. 

4. MU 43; Disterheff gravelly loam, 1 to 4% slopes. This mapping 

unit is composed of 85% Disterheff soils and 15% contrasting inclusions. 

Di sterhef f soils occur on fan terraces in narrow va 11 eys with s 1 opes 

ranging from 1 to 4%. These slopes are gentle, long and planar. 
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General Methods and Procedures 

Backhoe pits were dug to a depth of 150 cm for alluvial soils 

and to a lithic contact for the shallow to moderately deep soils on the 

limestone hills. The soils were described and sampled by researchers 

from the University of Arizona and USDA Soil Conservation Service person

nel. Conventional description information was recorded for each pedon 

on the form SCS-Soil-232G. These field descriptions were later written 

out in the expanded format as presented in the Appendix. All the soil 

characterization data and mineralogical analyses were completed at the 

University of Arizona, both at the Department of Soil and Water Science 

and Department of Geosciences. Particle size analysis using the Microtrac 

particle-size analyzer was accomplished at the USDA-ARS lab in Tucson. 

The Stable Isotope Laboratory at Arizona State University performed the 

oxygen isotope analysis. The complete data are tabulated in the Appendix 

while relevant portions are reproduced in the succeeding chapters. 

Report of Findings 

The next chapter of this dissertation is a physiographic descrip

tion of the study area, providing the setting and background for the 

information contained in the succeeding chapters. In Chapter 3, the 

influence of eolian deposits and rock porosity on soils formed from the 

Kaibab limestone residuum is discussed. In Chapter 4 a theory of the 

origin of alluvial soils in the open meadows of the Colorado Plateau is 

presented. A summary of the conclusions reached in Chapters 3 and 4 

will be presented in Chapter 5. 
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This chapter provides an overview of the soil forming factors 

for the study area. Included is background information concerning the 

location, climate, vegetation, geology, geomorphology and time. Any 

discussion and conclusions regarding soil genesis must consider these 

parameters. 

Location 

The study area is 1 ocated in the northeastern portion of the 

Hualapai Indian Reservation, approximately 56.5 km northeast of Peach 

Springs, Arizona and 26 km south of the Colorado River. It is in two 

portions, located 6.4 km apart: (1) Sections 1, 2, 11 and 12, T.29 N., 

R.7 W. and (2) Sections 13 and 14, T.30 N., R.7 W. The elevation is 

from 1910 m to 1950 m. 

Present Climate 

The closest official weather station, similar to the study area 

in latitude and elevation, is Grand Canyon National Park located 

approximately 75 km to the east. Records show that the mean annual 

precipitation at the National Park headquarters is 370 mm (Sellers and 

Hill, 1974). The weather station at Grand Canyon is 175 m higher in 

elevation than the study area and, as a result, a slight adjustment is 

necessary. Unofficial rain gauges, maintained by the Hualapais, show 

that the mean annual precipitation to be between 330 to 355 mm. It 

appears that 350 mm is an appropriate figure for the study area. 
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Approximately equal amounts of precipitation fall in summer and winter. 

The summer precipitation usually falls from thunderstorms associated 

with an influx of moist, tropical air from the Gulf of Mexico. Although 

these storms are capable of producing locally heavy downpours, they 

rarely last longer than 30 minutes and usually cease completely shortly 

after sunset. In some years, one or two days of almost continuous 

precipitation may occur during the fall when a weak tropical disturbance 

moves northward from the Pacific Ocean. Very dry conditions exist during 

the months of May and June, each of which typically receives below 15 

mm of rainfall. Winter precipitation can vary greatly from one year to 

the next in both amount and frequency of occurrence. It is associated 

with middle latitude storms moving eastward from the Pacific Ocean and 

normally falls in gentle and moderate showers which may persist for 

several days. Practically all of the winter precipitation occurs as snow. 

The study site soils have en ustic moisture regime that grades 

toward an aridic moisture regime. The moisture control section is (Soil 

Survey Staff, 1975): 

1. Dry in some or all parts for 90 or more cumulative days in 

most years if the mean annual soil temperature is lower than 220C and 

if the mean summer and winter soil temperature differ by SoC or more at 

a depth of 50 cm. 

2. Is not dry in all parts for more than half the time that 

the soil temperature is higher than SoC at a depth of 50 cm. 

The mean annual air temperature at the Grand Canyon is 9. 3°C 

(Sellers and Hill, 1974) and aga'in, an adjustment is necessary due to 

the difference in elevation. The mean annual soil temperature (MAST) 
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at 50 cm can be estimated by adding 1°c to the mean annual air temperature 

(Soil Survey Staff, 1975). By definition, the mesic temperature regime 

is defined as having a MAST of between 8 and 1s0c, and the difference 

between mean summer and mean winter soil temperature is more than 5°c 

at a depth of 50 cm or at a lithic or paralithic contact, whichever is 

shallower. Therefore, the study site soils would have a mesic soil 

temperature regime. 

Vegetation and Land Use 

The present vegetation on the study area is typical of the pinyon

j uni per woodlands of Northern Arizona. The dominant pl ants found on 

the Alfisols (Toqui and Natank) are Pinus edulis (pinyon pine), Juniperus 

osteosperma (Utah juniper), Poa fendleriana (muttongrass), Bouteloua 

gracilis (blue grama), Koeleria cristata (prairie junegrass), and Cowania 

mexicana (Stansberry cliffrose)(Kearny and Peebles, 1960). The vegetation 

found on the Molli sols (Yumtheska) is very similar to that of the 

Alfisols; in addition, Sitanion hystrix (bottlebrush squirreltail) and 

Berberis fremontii (Fremont barberry) are associated with the Yumtheska 

soils. In the valleys, the Orlie and Vercliff soils lack the pinyon 

pine and Utah juniper that are so prominent on the adjacent hillslopes. 

Artemisia tridentata (Wyoming big sagebrush) and Gutierrezia sarothrae 

(broom snakeweed) are the dominant shrubs found in the valleys and 

blue grama, bottlebrush squirreltail and muttongrass are the important 

grasses. 

The land is used for fuel wood, livestock grazing and wildlife 

habitat. The major soil-related factors that affect management are (1) 
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grave 1 and cobb 1 es on the surface, ( 2) shri nk-swe 11 potent i a 1 of the 

Alfisols, (3) low available water capacity and shallow depth to bedrock 

of the Mollisols, (4) slow permeability of soils high in clay content, 

and (5) steep slopes in some portions of the study area. 

Geology and Parent Material 

The Kaibab Formation of northwestern Arizona is a thick, marine, 

predominantly carbonate sequence that supports extensive plateau surfaces 

and forms the upper part of the steep walls of the Grand Canyon of the 

Colorado River and its tributary canyons (Fisher, 1964). It is the 

uppermost formation of the Aubrey Group and the youngest Pa 1 eozoi c 

formation in the Hualapai Indian Reservation (Twenter, 1962). Darton 

(1910) introduced the name Kaibab to include an upper cherty limestone 

and a lower crinoidal limestone. McKee (1938), on the basis of fauna, 

stratigraphy, and inferred paleogeographic significance of component 

rock units, restricted the name Kaibab to the upper cherty limestone 

and proposed the name Toroweap for the lower crinoidal limestones. 

Although both formations are predominantly limestone, there is 

great variation in physical and chemical characteristics in many portions 

of the Colorado Plateau. McKee (1938) has identified three members and 

several facies within each member of the Kaibab Formation. Extensive 

areas of sandstone, dolomite, siltstone, shale, and gypsum are found as 

thick beds within the Kaibab limestone units. For this reason, the 

name Kaibab Formation is preferred instead of Kaibab Limestone. 

Much of the soil surface in the study area is covered with angular 

chert gravels. Since these cherts are so resistant to weathering, they 
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remain in the soil while the more soluble constituents are gradually 

translocated or removed. A discussion of chert types is essential when 

discussing the Kaibab formation because the chert deposits are so 

conspicuous and abundant and they constitute a large percentage of the 

entire rock mass. Fisher (1964) described four main chert types present 

in the massive limestones of the lower member of the Kaibab formation 

of northwestern Ari zona. These are: (1) di ssemi nated chert that is 

white to gray and occurs as small, irregular networks or veinlets. 

Th i s chert has a chalky or granul ar texture and \'leathers to the same 

color as the enclosing limestone; (2) nodular chert that occurs as 

irregular to elliptical nodules (up to 8 cm in diameter) and is light 

gray to buff gray. It weathers to dark brown and contrast markedly 

with the lighter colored rocks; (3) concretionary chert that occurs as 

large (8 to 30 cm in diameter) spherical to elliptical masses and is 

gray to grayish brown in color. Chert concretions are in sharp contact 

with the enclosing limestone and commonly are weathered free; and (4) 

bedded chert that is light buff gray and dense. 

Observations of the coarse fragments both on the soil surface 

and in the soil profile suggest that the Alfisols are associated with 

1 imestones that contain nodul ar cherts. The Moll i sol s occur more 

frequent 1 y when ei ther concret i onary or bedded cherts domi nate the 

limestone beds. During the course of this study, nine different bedrock 

sites were analyzed. The bedrock underlying Pedon 1 would be classified 

as a calcareous sandstone where both CaC03 and CaMg(COJ)2 form the cement 

between sand grains. The bedrocks associated with Pedons 2, 4, 5, 7, 

10, 11 and 12 would be classified as dolomitic limestones or calcareous 
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dolomites. Underlying Pedon 6 is a bedrock very high in Si02 and very 

low in CaC03 so it most likely would be a calcareous siltstone or chert. 

Total elemental analysis and complete particle size analysis 

were performed on each bedrock. Even though the site 1 ocat ions are 

closely associated geographically, one immediately notices the great 

diversity that exists both physically and chemically. For example, 

ca lei um carbonate equivalent ranges from 3. 83 to 97. 52%, P205 ranges 

from .054 to 2.68%, insoluble residue ranges from 2.5 to 96.2%, and 

clay ranges from 0.14 to 7.1%. Complete chemical and physical analysis 

of the bedrocks is given in Appendix B. When one examines the diversity 

in the properties of the bedrock and then compares that to the 

similarities that exist between the soil profiles, one can conclude 

that either another parent material is important to the genesis of these 

soils or that the influence of climate and pedogeni c processes have 

completely overwhelmed the differences in the limestone residuum. 

The properties of eolian dust and its influence on soils has 

been studied by many authors and it is not necessary to review all the 

literature on the subject. However, several articles important to the 

subject in general and this project in particular should be mentioned. 

Eolian materials of significance to soil development have been classified 

into 5 types (dune sand, loess, aerosolic dust, stratospheric dust and 

extraterrestrial dust) by their pathway of transportation in the 

atmosphere, persistence in the atmosphere and particle size (Syers et 

al., 1969). Of these, the aerosol ic dust, predominantly of 1-10 um 

particle size, has been extensively studied, contributing to soil 

deve 1 opment in many regions of the world by virtue of its gl oba 1 
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distribution (Yaalon and Ganor, 1973). An excellent review of chemical 

and particle size data of dust storm deposits, particularly in areas 

such as the Middle East, India and China, is found in an article by 

Goudie {1978}. On the North Island of New Zealand, Stewart et al. {1986} 

found that the grain size distribution of the quartz in the soils 

suggested an eolian origin. The aerosolic dust content of the soils, 

represented by the 5-2 urn size fraction, increased with increasing age 

of the surfaces, with greater quartz accumulation in glacial than in 

post-glacial times. In northwestern Japan, Mizota and Takahashi {1982} 

determined that mica and quartz contents were much higher in the surface 

soil horizons than in the lower horizons and totally lacking in the 

underlying basalt bedrock. The particle-size distribution and surface 

morphology of the quartz indicates that quartz is added as aerosol ic 

dust. In a study of bedrock soils in the White Mountains of eastern 

California, Marchand {1970} found that the very fine sand fraction was 

contaminated by up to 30% rhyol itic ash from a distant source and the 

silt fract ion \'/as contami nated by as much as 50% from 1 oca 1 sources. 

He attributed this largely to eolian processes. Rabenhorst et al. (1984) 

conducted a study of the properties of airborne dusts in the Edwards 

Plateau region of Texas. The average clay content was near 60% and was 

primarily mica and quartz. The medium silt fraction which comprised 

about 25% of the dust was dominated by quartz. Total annual infall was 

12 g/m2 with significant seasonal variation occurring. 

No attempt was made in this study to collect and analyze airborne 

dust on the Colorado Plateau. First, the collection period would have 

been very short -- about 9 months. Second, it is very misleading to 
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compare properties of dust collected in 1986 to soils that have been 

forming since the Pleistocene. Conclusions based on chemical analysis, 

surface morphologies and particle-size distributions of 1986 eolian 

deposits can be very misleading. It was decided to use the properties 

of the A horizons in the study area and compare them to the underlying 

bedrock. Such properties include oxygen isotope ratios, grain surface 

morphologies using SEM, and particle-size distribution in the silt and 

very fine sand fractions. 

Paleoclimate and Soil Age 

Knowledge of past climatic conditions is important for 

understanding relationships between soils. Climatic changes influence 

soils in two important ways: (1) they control erosion and deposition 

patterns and thus determine when soil formation can begin on a stabilized 

surface and (2) they can alter the balance between soil fanning processes. 

Considerable research has been done concerning paleoclimates in Arizona 

during the late Quaternary. The following is a summary of the current 

concepts relating to the paleoclimate in Arizona as presented by Hendricks 

(1985). In the Colorado Plateau region of Arizona, Pleistocene alpine 

glaciation occurred only in the San Francisco Peaks near Flagstaff (Sharp, 

1942) and in the White Mountains of east-central Arizona (Merrill and 

Pewe, 1972). The remaining portions of the Plateau region were influenced 

by cooler and/or more moist climates during the late Pleistocene, about 

12,500 to 23,000 B. P. Evidence for this is presented by Brackenridge 

(1978) and Van Devender and Spaulding (1979). Based on geologic evidence 

of snowline lowering and pollen stratigraphy, Brackenridge (1978) proposed 
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a 7 to soc (13 to 14oF) cooling for full-glacial times. However, he 

considered the prec i pit at ion to be very similar to today. Based on 

interpretation of packrat midden data, Van Devender and Spaulding (1979) 

concluded that there was greater winter precipitation compared to the 

present. Winters were mild while summers were cool. Whether mean annual 

precipitation was greater than or equal to present values, more moisture 

would have been available for leaching due to reduced evaporation 

associated with lower temperatures during full glacial times. 

Earlier glacial stages in Arizona probably produced climatic 

conditions similar to those of the last glaciation, the Wisconsin, 

described above. Gray (1961) provided paleobotanical and sedimentary 

evidence in the Safford Valley in southeastern Arizona to support this 

theory. Her evidence indicated a cooler and/or wetter period during 

the early Pleistocene that she tentatively correlated with the Nebraskan 

glacial stage. An interglacial was defined by Suggate (1965) as being 

a "warm period between two gl ac i at ions during which the temperature 

rose to that of the present day." The term interglacial is used also 

to describe a warm episode between two cold ones in non-glaciated regions 

when the cold episodes correspond to those truly glacial effects that 

occurred at higher latitudes or altitude (Suggate, 1974). Wright (1972) 

pointed out, however, that the climate of an interglacial was not uniform, 

that each interglacial consisted of distinct subperiods of vegetational 

development and presumed climatic conditions as evidenced by the pollen 

record in Europe. The 1 ast i ntergl aci a 1 is be 1 i eved to have 1 asted 

from about 128,000 to between 90,000 and 73,000 years ago (Suggate, 1974). 
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There is no agreed upon time that marked the end of the last 

glacial age and the beginning of the Holocene. Packrat midden 

paleobotanical evidence indicates a rather marked change in climate 

occurred about 11,000 years ago in Arizona {Van Devender and Spaulding, 

1979). Also, there is no universally agreed upon dates of climatic 

fluctuations that have occurred during the Ho 1 ocene. The important 

point is that the climate has fluctuated during Holocene times and this 

has affected 1 andscape stability and produced distinctive 

erosional/depositional changes in Arizona soils. 

The exact age of the study site soils is unknown. However, it 

is possible to obtain relative ages of some of the soils based on 

available data. In the case of alluvial soils, where similar parent 

materi a 1 s prevail and the source area can be identified, approximate 

soil age can be determined by comparison of stratigraphic position and 

degree of pedogenic development. In this study, it will be shown, in 

the opinion of the author, that one of the alluvial soils is late 

Pleistocene in age while the other alluvial soil is latest Pleistocene. 

No evidence of an alluvial Holocene soil was found in the study area. 

In the case of the study area soils that are forming on bedrock, 

it is assumed that the sampling sites are stable and .erosion rates have 

not been excessive. Soil age is defined as the amount of time that the 

underlying rock has been weathering. In the case of the limestone bedrock 

associated with this study, soil age could be defined as the amount of 

time that residual materials remaining after dissolution of the limestone 

are available to form soil. So two soils that exhibit markedly different 

pedogenic characteristics could be of similar ages. The difference is 
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attributed to the weathering rates of the underlying bedrock, a function 

of the porosity of the parent rock. 

Geomorphology 

W. M. Davis (1901) was greatly impressed by the contrast between 

the deep, narrow canyons of the Colorado River and its immediate 

tributaries and the rather shallow, open valleys on the Kaibab and 

Coconino Plateaus. This suggested to him a regional erosional history 

consisting of two principal cycles. In the first cycle, the Grand Canyon 

district was reduced by erosional processes to a gently undulating 

landscape, or "penep lane." The open va 11 eys on the plateau summits 

Davis considered to be relic features of that old erosion surface. In 

the second cycle, the entire Grand Canyon region was greatly uplifted, 

causing the Col or ado River and its larger tributaries to cut deep 

canyons. This rejuvenation of streams is progressing steadily toward 

headward parts of the drainage system but has not reached old valleys 

on the higher plateau summits. 

A. N. Strahler's (1944) field observations revealed facts that 

did not fit the explanation of Davis; in particular, the change in valley 

form from lower relatively dry areas to higher, moister parts of the 

plateaus. In the semi-arid pinyon-juniper zone below 7,000 feet narrow, 

youthful canyons are being actively deepened by intermittent streams. 

The ponderosa pine zone, 7,000 to 8,000 feet, has steep-wa 11 ed, fl at 

floored valleys lacking surface stream channels; fans of slope-wash are 

built out across the valleys and the valley fill consists of locally 

derived slope wash. The Douglas fir zone, above 8,000 feet on the Kaibab 
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Plateau, has a cool, humid climate. Valley walls and floors are thickly 

mantled by slope wash. Surface streams are virtually absent and valley 

bottoms are often undulating. Abundant sinkholes occupy both the valley 

floors and the interstream area. Strahler's observations are explained 

by the increasing effects of limestone solution at higher elevations. 

Valleys initially carved by vigorous, youthful streams were deserted as 

underground drainage dismembered the surface streams. Valleys fell 

into decay, accumulating a mantle of slope wash and were carved by sinks. 

At progressively lower and drier levels, the effects of solution rapidly 

diminished and in the semi-arid pinyon juniper zones intermittent streams 

continue to incise the valleys. 

Several major faults are located on the eastern portion of the 

Haulapai Indian Reservation. These include: the southern termini of 

the Hurricane and Toroweap faults as well as the Aubrey and Mohawk faults. 

Field \'Iork by Koons (1964) suggests that major movement along these 

faults took place in the late Pliocene or early Pleistocene and their 

orientation shows a trend of N.1So-2S°E. Numerous minor faults are 

present in the region. Their orientation shows a trend of N.300 -400W. 

This is suggestive of two different periods of deformation although the 

age of th is second movement is unknown. Huntoon (1979) felt that he 

found evidence of Holocene faulting in the western Grand Canyon area. 

Anderson (1979) disagreed with Huntoon's conclusions and Huntoon, in 

reply, admitted that perhaps it would have been more appropriate to 

have used Holocene (?) or Quaternary to describe the age of these scarps. 

Albers i'lash is located approximately 2.5 km southwest of the study area. 

Huntoon et al. (1981) mapped a north-south trending fault in Albers 
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Wash with a displacement of 18.3 m and the upthrown side was on the 

east side of the wash (actually they ended their survey on the topographic 

map just to the west of the study area). 

It is this author's observations that faulting has been important 

in the formation of the valleys in this portion of the Colorado Plateau, 

in particular the valleys with small drainage basin areas. These valleys 

are steep-walled and flat-floored \'/ith very gentle gradients. Valley 

widths range from 10 to 100 m. The action of streams during the wetter 

periods of the Pleistocene helped carve out these valleys along planes 

of weakness developed from prior faulting. Slope wash is a very important 

factor in soil development so soils reflect local variation in the 

adjacent bedrock. Different ·Iimestone-chert types lie on opposite sides 

of the valleys at the same elevation indicating displacement has occurred. 

No Holocene alluvial surfaces were observed. Only one valley was incised 

-- Albers Wash located southwest of the study area. This incision was 

approximately 2 m deep. 

It is also my feeling that limestone solutioning is important 

in this portion of the Plateau, particularly in those valleys with large 

drainage basin. areas. According to Strahler's threefold climatic 

classification, this area would be in the semi-arid pinyon-juniper zone 

and the effects of solution would be small. However, in National Canyon, 

located 6 km east of the study area, several sink holes have been 

identified -- these sink holes have been modified to become water-holding 

tanks for cattle. Valley bottoms are wide and very gently undulating. 

Old alluvial soils form terraces on the side slopes and upper reaches 

of some of the valleys. These old soils have clay rich argillic horizons 
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underlain by thick accumulation of calcium carbonate. It is my opinion 

that the clay has been derived from the sideslopes of the adjacent 

limestone hills and the carbonate has been deposited from groundwater. 

In the lower portion of these valleys, these very old alluvial soils 

have been buried by younger late-Pleistocene alluvium (Fig. 5). 

Conclusions 

A study in soil genesis must include background information on 

the five soil forming factors: climate, vegetation, parent material, 

relief and time. In Chapter 3, the effects of eolian deposits and rock 

porosity on limestone derived soils is discussed. Essentially, four of 

the factors (vegetation, climate, relief and time) are assumed to remain 

constant while parent material is varied. In Chapter 4, the genesis of 

the alluvial soils is contemplated. To accomplish this, the factors of 

re1ief, time and parent material vary while climate and vegetation are 

constant. 
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CHAPTER 3 

EFFECT OF ROCK POROSITY AND EOLIAN 
DEPOSITION ON SOILS FORMED FROM DOLOMITIC LIMESTONE 

RESIDUUM ON THE COLORADO PLATEAU, ARIZONA 
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In areas of similar climate, Haplustalfs and Calciustolls occur 

together forming on dolomitic limestone bedrock of the Colorado Plateau 

in northwestern Arizona. Many studies have either implied or postulated 

that for soils developing in calcareous materials, the carbonate must 

be removed prior to clay mobilization (Arnold, 1965; Bartelli and Odell, 

1960; Culver and Gray, 1968; Buol and Yesilsoy, 1964). When calcium 

carbonate is present in the eluvial zone, it prevents silicate clays 

from dispersing (Gile and Grossman, 1979). In dolomitic limestones, 

the process of solutioning of calcium carbonate and precipitation at 

deeper positions within the rock strata operates repeatedly over long 

periods of time. Ground waters, moving through pipes and caves common 

in limestone terrains, are capable of dissolving large quantities of 

carbonate with deposition in downstream valley positions. Ultimately, 

those processes important to soil formation (decalcification and silicate 

clay illuviation) are dependant upon the porosity and permeability charac

teristics of the underlying carbonate sediments. 

Numerous workers have studied the prob 1 em of identifying the 

parent source of soils occurring over limestone. Rabenhorst and Wilding 

(1986) noted the dissimilarity between residue characters of the under

lying limestone and soil A and B horizons. They concluded that the 

1 imestone parent material from which the soil formed had a different 

chemical and mineralogical composition than the subjacent 1 imestone. 
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Olson et al. (1980) determined that there were insufficient quantities 

of insoluble residue contained in the limestone to produce soils over 5 

m thick. They believe that the "Terra Rossa" soils of Indiana were of 

colluvial origin derived from higher lying sedimentary rocks. Much of 

the previous work has focused on the nature of the clay rich B horizons 

that overlie the carbonate-rich parent materials. Ballagh and Runge 

(1970) found a relationship between the clay mineralogy of Peorian loess 

and the lower portion of the argillic horizon; therefore, they advocated 

an illuvial origin for the clay zones. More recently, Frolking et al. 

(1983) determined that the origin of the red clay is from mixed sources; 

both residual weathering of the underlying dolomite and illuvial clay 

from above are important processes. There have been several reports of 

so i1 s formed primarily from the accumulation of noncarbonate residues 

of the underlying limestone (Carroll and Hathaway, 1953; Plaster and 

Sherwood, 1971; Tarzi and Paeth, 1975). If clay mineralogical differences 

existed between soil horizons and limestone residues, these were attri

buted to pedogenic processes. 

The objectives of this study are: ( i) to identify and describe 

rock porosity and permeability as characteristics important to the fonna

tion of soils on the Colorado Plateau and (ii) to determine the effects 

of eolian deposition on soil properties. 

Phvsiographic Setting 

The study area is 1 ocated in the northwestern portion of the 

Colorado Plateau, Arizona on the Hualapai Indian Reservation (Fig. 1). 

The Colorado River lies approximately 26 km to the north. The elevation 
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is from 1910 m to 1950 m. Mean annual precipitation is about 350 mm 

and the mean annual air temperature is about 100C. The soil temperature 

regime is mesic and the soil moisture regime is ustic grading toward 

aridic. Vegetation is dominantly pinyon pine (Pinus edu1is) and Utah 

juniper (Juniperus osteosperma) with an understory of muttongrass (Poa 

fend1ariana) and blue grama (Boute10ua gracilis). 

The parent material for the study site soils is the Kaibab Forma

tion, a thick marine, predominantly carbonate sequence of Permian age 

(Fisher, 1964). It supports extensive plateau surfaces in northcentral 

and northwestern Arizona, southern Nevada and Utah and also forms the 

upper part of the steep walls of the Grand Canyon of the Colorado River. 

Areas of dolomite, sandstone, siltstone, shale and gypsum are found as 

thick beds within the limestone units. For this reason, the name Kaibab 

Formation is preferred instead of Kaibab limestone (McKee, 1938). Of 

part i cu1 ar interest are the conspi cuous and abundant chert deposits 

that occur within the study area. Much of the soil surface is covered 

with angular, gravel-sized chert nodules. 

Materials and Methods 

Representative samples from seven Haplustalfs and two Calciustolls 

were collected and detailed descriptions were made in the field. The 

sites were on stable landscape positions with slopes < 5%. Locations 

were chosen to reflect the variation in (i) physical and mineralogical 

properties of the bedrock and (ii) depth to lithic contact. 

Bul k samples were air dri ed and ground to pass a 2 mm sieve. 

Two hundred gram samples of limestone were crushed and then dissolved 
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in pH 4.5 NaOAc buffer solution (Rabenhorst and Wilding, 1984). Twenty 

gram samples from soil horizons were pretreated with pH 5 IM NaOAc and 

H202 . Particle-size analysis was perfonned on the carbonate free residues 

of the limestone bedrock and the noncarbonate fine earth(< 2 nrn) portion 

of the soil horizons. The clay percentages were detennined by the pipette 

method (Kilmer and Alexander, 1949). Following clay separation by disper

sion, centrifugation and decantation (Jackson, 1956), the 180 - 2.0 um 

(2.5 - 9.0¢) fractions were determined by using the Microtrac particle

size analyzer (Cooper et al., 1984). The 2 mm - 180 um (-1.0 -2.5¢ ) 

fractions were determined by dry sieving. 

Oriented mounts of clay were prepared on glass slides using the 

paste method (Theisson and Harward, 1962) and analyzed by XRD after Mg 

saturation and salvation with glycol and after K saturation and appropri 

ate heat treatments. A Phillips XRG-3000 diffractometer with a vertical 

goniometer and CuKa radiation was used for X-ray diffraction analysis. 

Copper Ks and background radiation were eliminated and reduced respec

tively with a single crystal (graphite) monochrometer and pulse height 

discrimination . 

Total elemental analysis was performed on solutions obtained by 

digestion with aqua regia in a teflon (PFA) vial and then stabilization 

with saturated H3B03 (Jackson, 1974). Analysis of Mg, Ca, Kand Fe203d 

were determined by atomic absorption; concentrations of Ti and P were 

measured using spectrophotometric techniques. The dithionite-citrate

bicarbonate method of Mehra and Jackson (1960) was used to extract the 

total secondary or free Fe oxides (Fe203d) and CaC03 equivalent was 

determined by the microdiffusion method of Bundy and Bremner (1972). 
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Results and Discussion 

Meteoric water is undersaturated with CaC03 as it falls, due in 

part to atmospheric CO2, but may quickly reach equilibrium once it starts 

soaking through carbonate sediments. The production of CO2 by microbial 

breakdown in the soil increases the partial pressure of CO2 in the water, 

increasing the amount of calcium carbonate the water can hold in solution. 

An important process in the vadose zone is frequent wetting and drying 

which depends upon the amount of precipitation or evaporation. Water, 

moving through zones rich in carbonate, will reach saturation so that 

slight increases in temperature, evaporation, or decreases in CO2 partial 

pressure may cause calcium carbonate to precipitate. Climate, rock 

porosity and permeability, and soil thickness are important factors 

that determine the extent of limestone solutioning by meteoric waters 

(Longman, 1980). Solution by meteoric water has undoubtedly been the 

major porosity-forming process during the Pleistocene and this has been 

important in the formation of Alfisols and Mollisols in this study. 

Researchers in the field of sedimentary petrography (Choquette 

and Pray, 1970) have identified 15 basic types of porosity in carbonate 

rocks. Of these, seven are extremely common, forming the bulk of the 

pore space in most sedimentary carbonates. These types are interparticle, 

intraparticle, intercrystal, moldic, fenestral, fracture and vug porosity. 

Attributes that characterize the basic porosity types are size, shape, 

genesis and position with respect to fabric elements of the rock. When 

pores have both their positions and boundaries determined by fabric 

elements, they are considered to be fabric selective. 
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When dolomites replaces calcite, there is a 13% volume shrinkage 

on a mole for mole basis (Weyl, 1960). 

Mg2+ + 2 CaC03 --> MgCa( C03)2 + Ca2+ 

Initially, dolomitization of a lime mud (micrite) will tend to 

reduce the porosity and permeabil ity of a rock. Porosity reduction is 

primarily due to compaction. However, at high dolomite contents, both 

porosity and permeability increase abruptly (Weyl, 1960). Once the 

dolomite has formed a space supporting framework, the rate of compaction 

will be reduced owing to the relatively large size of the dolomite cry

stals. At this stage, the dolomite has a "sucrosic" texture being largely 

composed of rhombohedra of uniform size with intercrystal porosity. 

When the dolomite content exceeds 50%, the rhombohedra comes into increas

ing contact and provices a supporting framework. The development of 

"sucrosic" dolomite results from the growth of randomly oriented, locally 

uniform sized replacement dolomite crystals followed by or contemporaneous 

with the dissolution of the nonreplaced calcite (Murray, 1960). The 

establishment of a dolomitic framework followed by the partial removal 

of calcite by meteoric waters is an important part of the formation of 

argillic horizons in the Alfisols of the Colorado Plateau. 

Perhaps a more critical evaluation of pore space within a carbonate 

rock involves a description of pore geometry or pore continuity rather 

than total porosity. For example, a fine-grained carbonate mud may 

have a high total porosity (interparticle) but low permeability due to 

small pore size. In a sucrosic dolomite with abundant, floating, silt 

and sand size quartz grains, the degree of packing and sorting of the 

noncarbonate portion and growth of dolomite euhedra between grains will 
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determi ne the "effect i ve poros i ty" or di stri but i on of interconnected 

pores through which fluids can move. 

Properties of the Dolomitic limestone Bedrock 

It is believed that the lithic Calciustolls and the Aridic 

Haplustalfs have formed from the combined effects of in-situ weathering 

of the underlying rock and eolian deposition. Properties of the dolomitic 

limestone bedrock associated with both soils are shown in Table 1. 

Significant differences exist in both the total amount and clay content 

of the insoluble residue. For the Aridic Haplustalf, all of the coarse 

fragments occur as gravel-size angular chert. Approximately 43% of the 

soil surface is covered with chert nodules which are believed to have 

weathered from the parent dolomitic limestone. Very small amounts of 

chert (-5%) remain within the argillic horizon. The soil surface of 

the lithic Calciustoll has 30% gravel, 35% cobbles and 10% stones and 

boulders. The larger fragments include both chert and limestone. Frac

turing as well as weathering of the underlying rock appear to be important 

processes and the cherts are of the bedded and concretionary type rather 

than nodular. The effect of chert varieties on soil formation could be 

significant in reference to porosity and permeability relationships. 

Bedded and 1 arger concretionary cherts \'1oul d provi de an i nhospitabl e 

environment for percolating meteoric waters due to low solubility and 

porosity. L~aters would have to move horizontally across the chert

carbonate interface and then vertically along fracture planes. On the 

other hand, gravel-sized, angular chert nodules, due to smaller size 



Table I. Selected physical properties and semiquantitative intepretations of XRD analysis 
(<2 urn fraction) from the R horizons of a Lithic Calciustoll and an Aridic Haplustalf. 

% C03 free 
--------

Cl ;if Mi nera logy 
Depth Total % < 2 um Mixed 

Horizon cm Ins.Res. Sand Silt Clay Otz Kaol Mica Mont Verm Layer 

R 

R 

Lithic Calciustoll 

35 3.9 6.9 89.6 3.5 XXX XX XX X X X 

Aridic Haplustalf 

55 19.2 6.4 79.4 14.2 XX XXXX X 

X = trace; XX = small; XXX = moderate; XXX X = abundant; XXXXX = predominant; Qtz = quartz; Kaol = 
kaolinite; Mont = montmorillonite; Verm = vermiculite; Mixed Layer = Mont/Mica interstratified. 

~ 
O"l 
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and irregular surface, would not provide as much of an obstruction to 

the weathering process. 

Dissolution of large volumes of limestone are necessary to produce 

these soils. Therefore, differences in percent clay of the carbonate

free residues are important in explaining the presence of c 1 ay-ri ch 

argillic horizons in the Alfisols. However, when non-carbonate clay is 

expressed as a percent of the entire rock (2.5 and 0.4% for the Haplustalf 

and Calciustoll, respectively), the values are quite small. Therefore, 

it is believed the silicate clays play a minor role in porosity and 

permeability relationships of the limestone. In addition, the clay 

minerals are dominantly non-expanding and therefore would not be expected 

to swell and clog existing pores (Table 1). 

Contrasts in pore size and shape are evident in thin sections of 

R horizons. Figure 6a (Pedon 7 - Lithic Calciustoll) is a very fine

grained micrite. Most individual crystals are about 15 um in diameter; 

the average size being 4-8 um. Dolomite rhombs are scattered and plainly 

visible; these formed as replacements of the original calcite. Perme

ability is very low as a result of compaction. Porosity is primarily 

interparticle. At the top of the figure is a portion of a laminar cap 

interpreted to be of pedogenic calcite. In Figure 6b, (Pedon 4 - Lithic 

Calciustoll), there are numerous large (40-75 um) anhedral calcites. 

Fi 11 i ng the pores between t~em are abundant sma 11 ( 7-10 um) do 1 omi te 

and calcite euhedra. The growth of these small crystals has obliterated 

much of the original porosity present at the time the carbonate was 

deposited. Pores are numerous but small and do not appear to be con

nected . By contrast, Figure 6c (Pedon 11 - Aridic Haplustalf) is a 
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Fig. 6. Contrasts in porosity in the R horizons of a Lithic Calciustoll (A and B) and 
an Aridic Haplustalf (C and D). Note small individual crystals (4-8 um) of 
both calcite and dolomite in A. Larger anhedral calcite grains (40- 75 um) are 
present in B. In both A and B, porosity is interparticle and pores are small 
and not connected. By contrast, C and D display large interconnected vugs due 
to the removal of ca le ite. Note growth of dolomite rhombs in C and dolomite 
replacing quartz in D. All photos are crossed-polarized light, magnification 

D 

xlO . ~ 
(X) 
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sucrosic dolomite \'1ith good euhedral rhombs (60-90 urn). Large inter

connected vugs are present. The easily observable porosity was formed 

by the removal of one of the original primary constituents, calcite. 

There appears to be some additional dolomite in optical continuity which 

slightly reduces pore size. Figure 6d (Pedon 12 - Aridic Haplustalf) 

displays good interparticle porosity. Many of the larger voids have 

been filled with illuviated clay. Dolomite grains (35-45 urn) do not 

display the perfect rhombohedral form as in 6c due to interlocking bound

aries with adjacent grains. There are numerous examples of dolomite 

replacing quartz. 

Properties of Airborne Dusts 

Samples of eolian dust were not collected as part of this study. 

However, by comparing surface morphologies, oxygen isotope ratios and 

particle size distribution of soil A horizons with the noncarbonate 

residue of the underlying bedrock, it is evident the eol ian material 

has made a contribution to Colorado Plateau soils. Using SEM, quartz 

grains from the medium silt fraction (5-20 urn) of the noncarbonate residue 

of the" I<aibab Formation sho\'1 euhedral forms with bipyrimidal tenninations 

(Fig. 7a) and smooth surfaces with sharp corners (Fig. 7b). E"uhedral 

quartz was more common in the R horizon of the Lithic Calciustoll (pedan 

7). Samples of the same fraction (5-20 urn) from A horizons show both 

rounded edges (Fig. 7c) and rough pitted surfaces (Fig. 7d). 

Oxygen isotope analysi s \'1as performed to help detennine provenance 

of the soil quartz. Results are shown in Table 2. Reported values are 

somewhat low due to sample contamination (Knauth and Epstein (1976) 



Fig. 7. SEM micrographs of the noncarbonate residue from the medium silt fraction (5-20 
urn) of the Kaibab formation (A and B) and soil A horizons (C and D). Euhedra1 
quartz prisms with bipyrimida1 terminations are common in A (Lithic Ca1ciusto11 
-Pedon 7) while cleavage plates with sharp corners and smooth crystal surfaces 
are evident in B (Aridic Haplusta1f - Pedon 10). Note that soil A horizons 
display rounded edges (c) and rough pitted surfaces (D) indicating a probable 
eolian source. Line scales are 10 urn. 
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Tab 1 e 2. Oxygen isotopic composition of soil and Kai bab quartz from 
the medium silt fraction (5-20 um) of an Aridic Haplustalf 
(Pedon 12) and a Lithic Calciustoll (Pedon 4). 

Horizon Depth Yield 0 180 
cm 

Pedon 12 

A 0-5 67.2 8.0 
Bt2 15-28 73.4 9.3 
R 58 78.4 21. 7 

Pedon 4 

A 0-8 87.4 13.7 
R 37 92.4 24.0 
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reported a o 180 v a 1 ue of 29. 9 for the Kai bab cherts) . However, 

differences in o18o values indicate a different origin for soil quartz 

i n the medium si l t fraction (5-20 um) than the underlying Kaibab lime

stone. 

Using the Microtrac particle size analyzer, one can obtain a 

complete particle-size distribution (PSD) from 180 - 2.0 um (2.5-9.0 ¢) 

at 1/2 ¢ intervals. Comparisons were made in PSD of the carbonate free 

portions of the soil A horizon and noncarbonate residues of the underlying 

bedrock (Fig. 8). To attempt to determine the fractions that have been 

i nfluenced by eolian deposition, averages of 9 A horizons and 9 bedrocks 

were taken. In those portions where A horizon averages exceeded those 

of the bedrock, it was concluded that these were the intervals affected 

by eolian dust. These were from 4.5 - 5.0 ¢ (44-31 um) and 6.0 - 9.0 ¢ 

(16-2.0 um). Micromorphologic evidence of soil A horizons indicates 

that the 44 -31 um fraction is composed entirely of quartz while the 16 

- 2 . 0 um fraction is dominated by quartz with some biotite (-5%). No 

evidence of biotite was seen in thin sections of the underlying Kaibab 

limestone. Dust collection studies completed in the western portion of 

the U.S. ( Rabenhorst et a 1 . , 1984; Marchand, 1970; Gile and Grossman, 

1979) have demonstrated that clay-sized material (<2 um) comprises a 

significant portion of the dust (20-56%) and it is assumed that the 

same situation exists in eolian accumulation on the Colorado Plateau. 

These studies have shown that mica, kaolinite and quartz are the clay 

minerals that predominate in the dust. 
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Differences in Soil Properties 

Pedon 10 (Aridic Haplustalf; 
fine, montmorillonitic, mesic) 

54 

El emental oxide analysi s and amounts of carbonate-free cl ay are 

shown in Figure 9. Clay distribution within the solum of pedon 10 

reflects processes of eluviation and illuviation. Field identification 

of clay films was made difficult by the existence of pressure faces and 

shrink-swell activity. However, evidence of clay translocation was 

found in thin sections of Cr horizons where oriented clay had moved in 

between and onto the surfaces of chert and nodules. Dithionite extrac-

table iron oxide (Fe203d) maxima in the Bt2 and Bt3 horizons suggest 

translocation and precipitation associated with the clay fraction. A 

possible Fe source is the weathering of eolian biotites which displayed 

a pale yellow to light brown in thin sections indicating the removal of 

Fe from the fine silt-sized biotites. The presence of 2.5YR soil color 

in the Bt2 and Bt3 compared to 10YR in the A horizon indicates that 

hematite is the dominant secondary free iron oxide found in the lower 

portion of the argillic horizon. Distribution of K20 also suggests an 

eolian origin due to the presence of biotites. Highest amounts of K 

were found in the A and Btl horizons where the greatest concentration 

of bi ot i te was found. Very small amounts of K \'Jere measured in the R 

horizon. 

Phosphorus concentrations increases steadily downward throughout 

the profile toward a maxima in the R horizon. levels of P are due to 

the in-situ weathering of the mineral fluorapatite (Ca5(P04)3F2) from 

the underlying dolomite. Fluorapatite was identified in thin sections 
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of the Cr horizon by its elongate shape and low birefringence. The 

stable mineral, Ti02, has a maximum concentration in the A horizon and 

this is thought to be a result of residual concentration due to weather

ing. Calcium carbonate and dolomite are either present in very small 

amounts or absent from the A and B horizons of Pedon 10. This is due 

to the efficient decalcification process associated with the porous 

do 1 omi tes that have weathered to form the Ari d i cHap 1 usta 1 fs. The R 

horizon contains 29.,2% CaC03 and 51.6% CaMg(C03)2. 

With the absence of dolomite in the A and B horizons, the measured 

Mg content is then allocated to the clay fraction. The Mg distribution 

closely resembles the C03-free clay distribution especially in the Bt2 

and Bt3 horizons. The clay mineralogy of the B horizon of Pedon 10 is 

dominated by montmorillonite (Table 3). The R horizon contains abundant 

mica with only a trace of montmorillonite while eolian clays are believed 

to be rich in quartz and mica. Therefore, a pedogenic origin is advocated 

for the montmorillonitic clay mineralogy present in the argillic horizon. 

Th is process i nvo 1 ves the release of K+ cat ions from the i nterl ayer 

bonding position of mica and incorporation of Mg2+ into the octa

hedral position of montmorillonite. The Mg2+ ions are derived from the 

slow dissolution of dolomite. 

Pedon 7 (Lithic Calciustoll; 
Loamy-skeletal, mixed, mesic) 

Chemical analysis and morphological evidence substantiate the 

fact that thi s soil has formed from an impermeabl e carbonate strata. 

Pedon 7 lacks a zone of soft, weathered bedrock (Cr horizon) above the 

1 ithic contact. SUbstantial amounts of CaC03 and CaMg(C03)2 are found in 
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Table 3. Semiquantitative interpretations of XRD analysis of the <2 urn 
fraction from the pedons of an Aridic Haplustalf and Lithic 
Calciustoll. 

Depth Mixed 
Horizon cm Otz Kaol Mica Mont Verm Layer 

Aridic Haglustalf 
A 0-5 XXX X XX X X 
Btl 5-13 XXX X XX XXX X 
Bt2 13-28 X XX X XXXXX X 
Bt3 28-45 X XX X XXXXX X 
Cr 45-55 XXX XX X XXX XX 
R 55 XX XXXX X 

Lithic Calciustoll 
A 0-5 XXX XX XX XX 
Bk1 5-13 XXX XXX XXX XX 
Bk2 13-25 XX XX XX XX 
R 35 XXX XX XX X X X 

X = trace, XX = small; XXX = moderate; XXXX = abundant; XXXXX = 
predominant; Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; 
Verm = vermiculite; Mixed layer = Mont/Mica Interstratified. 
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the Bkl and Bk2 horizons. In the Bkl, carbonates are dissiminated. In 

the Bk2, however, numerous pendants of relatively pure carbonate were 

found on the underside of limestone cobbles. Many of these large cobbles 

were lying directly on top of the lithic contact. This is viewed as 

the solutioning of CaC03 within the soil zone with movement on the sides 

and under coarse fragments at the base of the Bk2 horizon. Encountering 

a non-porous R horizon, it preferentially precipitates on the underside 

of the cobbles as the soil solution evaporates. The R horizon contains 

41.90% CaC03 and 54.20% CaMg(C03)2. 

A similar pattern exists for the distribution of Fe203d, Ti, P 

and I( in pedon 7. Values are sl ightly higher in the Bkl compared to 

the A and Bk2 horizons. Very small amounts are found in the R horizon. 

Similar to the Alfisol (pedon 10), the presence and weathering of eolian 

bi ot i te is suggested as the source of I( and Fe. Si nce the degree of 

pedogenic development is not as great in this soil, features such as 

Fe203d associated with mobile constituents (clay fraction),are not as 

evident. Titanium values are thought to be residual due to weathering. 

The clay mineralogy of pedon 7 (Table 3) is mixed. The clay 

mineralogy of the R horizon is very similar to the overlying solum. 

Pedogenic transformation of mica to montmorillonite has not occurred to 

any extent in this profile. Percent Mg available in the clay fraction 

reflects the small amount of montmorillonite in pedon 7. 

Summary and Conclusions 

The accumulation of residuum requires a large volume of dolomitic 

limestone to weather and dissolve. Very small amounts of CaC03 (<1%) 
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remain in the arg i 11 i c horizons of Alfi sols of the Col or ado Pl ate au. 

During the wetter/cooler periods of the Pleistocene, much of the CaC03 

was carried off by ground water. Subtle features of extensive prior 

karst topography are present on the Pl ate au surf aces today. Present 

day water table depths are reported to be about 25 m (Boyer, 1978) but 

were thought to have been much closer to the surface during the Pleisto

cene. 

The porosity and permeability relationships of the underlying 

carbonate strata are important variables in soil formation. In softer 

limes tones, the solution i ng of ca lei um carbonate by meteoric waters 

both creates porosity in one portion of the strata and destroys it in 

another and this process is repeated many times. The establishment of 

rhombohedral framework dolomites following the removal of calcite is 

important in creating pore continuity. It is evident from thin sections 

that under these conditions silicate clays can disperse and illuviate 

(Fig. 6d). Further weathering of the framework dolomites releases much 

Mg into the system. Clays of both eolian and residual origin (mostly 

mica) are converted to montmorillonite by incorporation of Mg into the 

octahedral layer and release of K from the interlayer bonding position. 

Ultimately, the dolomites dissolve completely and evidence of the fonner 

rock structure is destroyed. A different situation exists in more resis

tant limestones. Here, the absence of porosity retards calcite removal. 

Meteoric waters flow through fracture planes rather than through pores. 

Large cobbles of limestone are present in the soil profile probably due 

to freeze-thaw activity. The very slow weathering of these cobbles 

keeps soil solution Ca levels high enough so that silicate clays cannot 
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disperse or illuviate and therefore argillic horizons do not form. 

Large euhedral framework dolomites do not seem to fonn under low porosity 

conditions. 

Eolian dust is also,important to soil formation on the Colorado 

Plateau; in particular, quartz in the coarse silt fraction (31-44 urn) 

and quartz and biotite in the very fine and fine silt fractions (2.0-

16 urn). Iron accumulations (dithionite extractable) in the soil are 

attributed to the weathering of biotites. It is also inferred from 

other studies that some of the clay fraction is eolian derived. 



CHAPTER 4 

ORIGIN OF ALLUVIAL SOILS IN THE LIMESTONE 
TERRAINS OF THE COLORADO PLATEAU 

IN NORTHWESTERN ARIZONA 

61 

The dominant soils in the va 11 eys of the Co 1 or ado Plateau in 

northwestern Arizona are Alfisols of Pleistocene age. The parent material 

of the soils include a combination of eolian deposits and alluvium 

from the adjacent limestone hills. The older of the soils, the Disterheff 

series (Arid i c Hap 1 usta 1 f; fine, montmori 11 on it i c, mes i c), occurs on 

high fan terraces with slopes ranging from 2 to 8%. Disterheff soils 

have a well-developed, reddish brown argillic horizon with a maximum 

clay content of 52%. Below this is a thick zone of CaC03 accumulation 

to a depth of at least 150 cm. The younger Pleistocene soil, the Orlie 

series (Arid i c Hap 1 usta 1 f; fine- 1 oamy, mixed, mes i c), occurs on 1 ow 

stream terraces with slopes of I to 4%. Orlie soils have a dark brown 

argillic horizon reaching a maximum clay content of 35%. Most of the 

pedons sampled were free of carbonates; however, the presence of soft 

1 ime masses was noted in some pedons. Typically one or more buried 

soils are found beginning at 100 cm below the surface. Buried soils 

(Paleosols) have been previously reported in the Rocky Mountain region 

by Hunt and Sokoloff (1950) and Jalalian and Southard (1986). No evidence 

of alluvial soils of Holocene age were found in the study area. 

W. M. Davis (1901) was greatly impressed by the contrast between 

the deep, narrow canyons of the Colorado River and its immediate tribu

taries and the shallow, open valleys on the Kaibab and Coconino Plateaus. 

This suggested to him a regional erosional history consisting of two 
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principal cycles. In the first cycle, the Grand Canyon district was 

reduced by erosional processes to a gently undulating landscape, or 

"peneplane." The open valleys on the plateau summits Davis considered 

to be relic features of that old erosion surface. In the second cycle, 

the entire Grand Canyon region was greatly uplifted, causing the Colorado 

River and the larger tributaries to cut deep canyons. This rejuvenation 

of streams is progressing steadily toward headward parts of the drainage 

system but has not reached old valleys on the higher plateau summits. 

A. N. Strahler's (1944) field observations did not support the 

explanation of Davis; in particular, the change in valley form from 

lower, relatively dry areas to higher, moister parts of the plateaus. 

In the semi-arid pinyon-juniper zone below 7,000 feet elevation are 

narrow youthful canyons being actively deepened by intermittent streams. 

The ponderosa pine zone, 7,000 to 8,000 feet, has steep-walled, flat 

floored valleys lacking surface stream channels; fans of slope-wash are 

built out across the valleys and the valley fill consists of locally 

derived slope wash. The Douglas fir zone, above 8,000 feet on the Kaibab 

Plateau, has a cool, humid climate. Valley walls and floors are thickly 

mantled by slope wash. Surface streams are virtually absent and valley 

bottoms are often undulating. Abundant sinkholes occupy both the valley 

floors and the interstream area. Strahler's observations are explained 

by the increasing effects of limestone solutions at higher elevations. 

Valleys initially carved by vigorous, youthful streams were deserted as 

underground drainage dismembered the surface streams. Valleys fell 

into decay, accumulating a mantle of slope wash and were carved by sinks. 

At progressively lower and drier levels, the effects of solution rapidly 
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diminish and in the semi-arid pinyon juniper zones intermittent streams 

continue to incise the valleys. 

The objectives of this study were: (i) to propose a theory of 

the origin of alluvial soils in a limestone terrain of the Colorado 

Plateau in northwestern Arizona and (ii) to relate this theory to past 

and present climate and geomorphology. 

Soils and Site Physiography 

The study is located in the northwestern portion of the Colorado 

Plateau, Arizona on the Hualapai Indian Reservation (Fig. 1). The 

Colorado River lies approximately 26 km to the north. The elevation is 

from 1910 m to 1940 m. Mean annual precipitation is about 350 mm and 

the mean annual air temperature is about 100 C. The soil temperature 

regime is mesic and the soil moisture regime is ustic grading toward 

aridic. Vegetation in the valley is dominated by shrubs such as Wyoming 

big sagebrush (Artemisia tridenta) and broom snakeweed (Gutierrezia 

sarothrae) and grasses such as bluegrama (Bouteloua gracilis) and bottle

brush squirreltail (Sitanion hystrix). 

The parent material for the valley soils in the portion of the 

Colorado Plateau is alluvium from the adjacent limestone hills. The 

soils on the adjacent hills have formed from a combination of eolian 

deposits and in situ \l,Ieathering of the underlying Kaibab formation. 

The Kaibab is a thick marine, predominantly carbonate sequence of Permian 

age (Fisher, 1964). Areas of dolomite, sandstone, siltstone, shale and 

gypsum are found as thick beds within 1 imestone units (McKee, 1938). 

Also of particular interest are the abundant chert deposits that occur 
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within the study area. Much of the soil surface is covered with angular, 

gravel-sized chert nodules. 

Narrow valleys (10-50 m wide) with small drainage basin areas 

were chosen for the study to better identify parent materials for the 

alluvial soils (Fig. 5). These valleys are flat-floored with very gentle 

gradients « 5%). The Natank seY'ies (Aridic Haplustalf; fine, montmoril

lonitic, mesic) occupies approximately 65% of the land surface on the 

limestone hills. These soils have noncalcareous, red argillic horizons 

with clay contents ranging from 40 to 65%. Depth to lithic contact 

ranges from 50 to 60 cm. A layer of soft, weathered limestone occurs 

immediately above the lithic contact. Slopes range from 2 to 15%. The 

Yumtheska series (Lithic Calciustoll; loamy-skeletal, mixed, mesic) is 

found on the remaining 35% of the limestone hills. These soils are 

dark-colored and calcareous to the soil surface with a maximum clay 

content of 25%. Depth to hard, unweathered limestone is 35 cm. Slopes 

range from 3 to 35%. Differences in the weathering characteristics of 

the underlying Kaibab limestone, primarily due to porosity and perme

ability relationships, have resulted in the formation of the contrasting 

Natank and Yumtheska profiles (see Chapter 3). 

National Canyon, a valley !:/ith a large drainage basin area located 

6 km east of the study area, displays a gently undulating topography. 

Several sink holes have been identified in this valley. This would 

indicate that limestone solutioning has been an important process in 

the formation of surface geomorphology in this portion of the Colorado 

Plateau. It is also important to note that National Canyon is not incised 

on the higher plateau surfaces but becomes incised north of the study 
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area as the valley sides steepen and as it approaches the Colorado River. 

Most of the smaller valleys in the study area are not entrenched today. 

Materials and Methods 

Site Selection 

Two valleys, located approximately 6.4 km apart, were chosen 

for study. In valley number 1, representative samples of the Disterheff 

and Orlie series were collected. In valley number 2, two Orlie sites 

were sampled. Backhoe pi ts were dug on oppos i te sides of the valley 

about 50 m apart and close to the adjacent limestone hills. Hillslopes 

on the southside of the valley were dominated by Natank soils (Aridic 

Haplustalfs) while Yumtheska soils (Lithic Claciustolls) occurred on 

the north side of the valley. Locations of the Orlie pedons were chosen 

to evaluate the effect of slope wash on soil properties. All the sites 

were on stable landscape with slopes < 3%. Detailed descriptions were 

made in the field and recorded on the form SCS-Soil-232G. 

Physical and Chemical Analysis 

The initial sample preparation included air drying of the soil 

samples followed by separation of the fine earth fraction « 2 mm) from 

the coarse fract ion (> 2 mm). f10st subsequent chemi ca 1 and phys i ca 1 

analyses were performed on the fine earth fraction. Twenty gram samples 

from the soil horizons were pretreated with. pH5 1M NaOAc for carbonate 

removal and B202 for organic matter removal. Particle-size analysis 

was performed on the noncarbonate portions of the soil horizons. The 

cl ay percentage \'1as determined by the pipette method (Kilmer and 

Alexander, 1949). Following clay removal by dispersion, centrifugation 
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and decantation (Jackson, 1956), particle-size analysis of the 180-

2.0 um (2.5-9.0 ¢) fractions were made by using the Microtrac particle 

s i z e an a 1 y z er (Cooper et a 1 . , 19 84) . The 2mm - 180 um ( -1. 0 - 2 . 5 ¢ ) 

particle size fractions were determined by dry sieving (0.5¢ intervals). 

The mineralogy of the< 2 um clay was detennined for all horizons 

by X-ray diffraction analysis. The methods of clay saturation, glycoliz

ation and mounting are described by Whittig (1965). The following treat

ments were done on each samp 1 e: Mg and 54% re 1 at i ve humidity, Mg + 

ethylene glycol, Mg+ glycerol, Kand air dry, K + 105°c, K + 300°C and 

K + 5oo0 c. Oriented mounts were prepared on glass s 1 ides using the 

paste method (Theisson and Harward, 1962). A Phillips XRG-3000 diffracto

meter with a vertical goniometer and CuKa radiation was used for X-ray 

diffraction analysis. CuK8 and background radiation were eliminated 

and reduced respectively with a single crystal {graphite) monochromator 

and pulse height discrimination. 

Bulk density was determined for soil A and B horizons. Clods 

from soil A horizons were initially coated in the field with Saran-solvent 

solution (1:4 ratio) and transported back to the Laboratory to complete 

the analysis {SCS, 1972). Bulk densities of soil B horizons were deter

mined by the paraffin-clod method {Blake, 1965). 

Total elemental analysis was performed by digestion with HF and 

aqua regia in a teflon {PFA) vial and then stabilization with saturated 

H3B03 (Jackson, 1974). The concentrations of Al, Fe, Mn, Ca, Mg and K 

were determined by using an Instrumentation Laboratory Video 12 Atomic 

Absorption Spectrophotometer. Silica was analyzed by the molybdenum 

blue spectrophotometric method described by Weaver, Sayers and Jackson 
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(1965). Titanium was measured by the Tiron spectrophotometric method 

(Rigg and Wagenbaner, 1961). 

Results and Discussion 

Physical and chemical data from the Disterheff and Orlie soils 

are shown in Table 4. For the Disterheff series (Aridic Haplustalf; 

fine, montmorillonitic, mesic), increases in clay content in the Bt 

horizons (5 - 58 cm) provides evidence of the presence of an argillic 

horizon. The Fe203 concentrations are highest in the Bt2 and Bt3 horizons 

which parallels the increases in silicate clay. The 5YR hues (reddish 

brown) in the Bt horizons indicates that hematite is the important Fe

bearing mineral. Coarse fragments (> 2 mm), occurring as gravel-sized 

angular chert nodules, are highest at the soil surface with lesser amounts 

in the Band C horizons. 

The upper portion of the Disterheff soil profile is essentially 

free of any accumulation of calcite and dolomite « 1%). However, from 

48 - 150 cm, the carbonate content increases dramatically and dominates 

the soil matrix in the BC and C horizons. There are three possibilities 

on the origin of the thick carbonate accumulation in this profile. 

First, it could be residual weathering from the Kaibab limestone. The 

ratio of CaC03:CaMg(C03)2 ranges from 8.56 to 22.00. However, typical 

ratios from the Kaibab R horizons (unweathered) are 0.75 - 1.00 and 

Kaibab Cr horizons (weathered) are 0.20 to 0.60 (see Chapter 3). There

fore, residual weathering is unlikely. The second possibility is an 

alluvial origin derived from the adjacent limestone hills followed 



Table 4. Selected physical and chemical properties of the Disterheff and Orlie soils. 

Munsell ____ ~o~ ~e ___ Ratio 
em Color gm/em3 % Al;o;--sio;--F;;O;--H~O% Tio;--K;O---C;CO;-C;H~(CO;); ca~~~~O~)2 Horizon Depth (dry) Db >2 mm Sand Silt Clay 

Disterheff 
A 0-5 7.5YR5/4 1.47 35.6 36.8 43.1 20.1 9.05 77.05 3.34 .07 .71 1.80 .61 0 
Btl 5-10 7.5YR4/4 1.57 0 26.4 29.8 43.8 12.32 70.40 4.62 .06 .73 1.68 .26 0 
Bt2 10-15 5YR4/3 1.68 0 20.2 32.0 47.8 12.80 70.80 4.80 .07 .77 1.68 .22 0 
Bt3 15-48 5YR4/4 1.80 5.0 17.3 30.5 52.2 13.25 69.00 5.05 .07 .76 1.54 .51 0 
2BCt 48-58 5YR4/3 1.64 5.0 16.6 33.4 50.0 9.02 50.30 3.54 .04 .46 .96 29.95 3.50 8.56 
2Cl 58-98 5YR7/3 1.37 10.0 30.5 39.2 30.4 6.00 37.02 2.55 .04 .31 .78 47.68 4.96 9.61 
2C2 98-150 5YR7/3 1.47 5.0 46.8 31.0 22.2 6.09 44.90 2.56 .04 .36 .47 40.48 1.86 22.00 

Orl ie 
A 0-8 10YR5/3 1.31 27.9 35.6 45.9 18.5 8.20 77.20 3.33 .10 .95 1.86 .40 0 
Btl 8-17 7.5YR5/4 1.52 40.2 39.2 34.7 26.1 9.20 78.10 3.88 .11 .81 1.85 .41 0 
Bt2 17-48 7.5YR4/3 1. 78 7.2 35.7 28.4 35.9 10.40 75.80 4.46 .09 .77 1.64 .30 0 
Bt3 48-84 7.5YR4/3 1.58 54.1 69.6 10.8 19.6 6.65 83.50 4.19 .17 .59 1.01 .13 0 
Btkb 84-109 5YR5/6 1.70 50.8 56.3 18.3 24.9 7.90 81.40 4.27 .12 .65 1.31 .54 0 
Bkb 109-137 5YR5/6 1.55 78.8 75.2 5.9 14.9 5.20 84.10 4.66 .14 .42 .81 1.00 .34 2.97 
BtI<b 137-150 5YR5/6 1.76 52.7 44.9 20.0 35.1 10.50 76.80 4.75 .10 .58 1.63 .63 0 

0'1 
CO 
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by leaching downward. One would have expected higher gravel contents 

(chert) in the C horizon. It is my opinion that the carbonates were 

derived from groundwater deposits rich in calcium. Also important are 

the abrupt changes that occur in K and Mn concentrations in the 2BCt 

and 2C horizons. Titanium concentration, commonly used as an index of 

mineral stability, also decreases abruptly. This would indicate a discon

tinuity in parent material at the 48 cm depth. Thin sections of the C 

horizon show that the individual carbonate crystals are very fine grained 

( 4 - 8 um). Present day water tables in the area are reported to be 

about 25 m (Bayer, 1978) but were thought to have been much closer to 

the surface during the wetter/cooler periods of the Pleistocene. 

By contrast, Orlie soils (Aridic Haplustalf; fine-loamy, mixed, 

mesic) lack any significant accumulation of carbonates (~ 1%) to a depth 

of 150 cm. Increases in clay, reaching a maximum of 35.9% in the Bt2 

horizon, provide evidence of an argillic horizon. The dominant hue in 

the argillic horizon (8 - 84 cm) is 7.5YR (dark brown). The gravel 

content of this profile, composed entirely of angular chert, is very 

high especially in the lower portion of the profile. Fluctuations in 

sand and clay content with depth indicate that two buried soils (paleo

sols) are present. The first is from 84 - 137 cm, the second begins at 

137 cm and extends to at least 150 cm. Changes in elemental composition 

(Mn, Fe, Al, Ti and K) with depth also reflect the presence of two buried 

soils . Iron content in the upper 50 cm is less than in the Disterheff 

profile and, combined with the difference in hues (7.5YR vs. 5YR), would 

mean that hematite content is lower in the Orlie soils. 
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The older buried soil in the Orlie profile (137 - 150 cm) has 

properties similar to the Disterheff series. This is also shown in the 

clay mineral composition of the two soils (Table 5). The dominant clay 

mineral in the Disterheff Bt horizon is montmorillonite. Moderate amounts 

of montmorillonite are found in the C horizon probably derived from the 

horizons above. Orlie soils have a mixed clay mineral suite with small 

to moderate amounts of montmorillonite, mica, kaolinite and quartz. 

There is a trend towards an increasing montmorillonite content in the 

o 1 der buried soils. Based on c 1 ay content, c 1 ay mi nera 1 composition, 

and geomorphic position, it appears that in lower, downstream positions 

Orlie soils formed in alluvium which buried the older, more well-developed 

Disterheff profiles. 

An attempt was made to evaluate the contribution of eolian deposi

tion to the A horizons of the Disterheff and Orlie soils and also the 

effect of slope wash on the A horizon of the Orlie soils. In Chapter 

3, sever a 1 1 i nes of evidence were presented to show the effect that 

eolian inputs had on the soils formed from Kaibab limestone residuum. 

It was concluded that quartz, biotite and clay minerals were the major 

eo 1 i an components. A 1 so, the coarse silt ( 4. 5 - 5. O<P ) and very fine 

and fine silt (6.0 - 9.0¢) fractions were identified as being predomi

nantly eolian in origin. Similar distributions were found in the A 

horizon of the Disterheff and Orlie soils (Fig. 10). Although in the 

case of a 11 uvi a 1 soils, the situation is more complex because these 

soils are receiving alluvium from the adjacent hills and it is expected 

that their particle-size distributions should be similar. However, 

eolian dust would cover the entire area and the observation of peaks 
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Table 5. Semiquantitative interpretations of XRD analysis of the< 2 
um fraction from the Disterheff and Orlie pedons. 

Depth 
Horizon cm Otz Kaol Mica Mont Verm 

Disterheff 

A 0-5 XXX xx xx xxxxx 
Btl 5-10 XXX xx X xxxxx X 
Bt2 10-15 X xx X xxxxx X 
Bt3 15-48 xx xx X xxxxx 
2BCt 48-58 X X X XXX 
2Cl 58-98 X X X XXX 
2C2 98-150 X X X XXX 

Orlie 

A 0-8 xxxx XXX XXX xx X 
Btl 8-17 XXX XXX ·xxx xx X 
Bt2 17-48 XXX xx xx xx X 
Bt3 48-84 XXX xx X xx X 
Btkb 84-109 XXX xx X XXX X 
Bkb 109-137 XXX xx X XXX X 
Btkb 137-150 XXX xx X xxxx xx 

x = trace; xx= small; xxx = moderate; xxxx = abundant; xxxxx = predo-
minant; Qtz = quartz; Kaol = kaolinite; Mont= montmorillonite; Verm = 
vermiculite. 
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occurring in the same fractions in both alluvial and residual soils 

confirms the fact that dust is an important parent material in all soils 

in this portion of the Colorado Plateau. 

In valley number 1, the Orlie sampling site was placed equidistant 

between the Yumtheska and Natank sites on the adjacent hills (Fig. 5). 

The A horizon particle-size distribution (180 - 2 um) of the Orlie soil 

was compared to the A horizons of the other two residual soils using 

the Chi-square test (Table 6). The Chi-square test can be used to test 

the equivalency of two or more distributions. Although results show a 

high level of significance, it appears that the Orlie A horizon is statis

tically more similar to the Yumtheska than the Natank. Both limestone 

derived soils appear to be contributing alluvium. In valley number 2, 

sites again were located to evaluate the effect of slope wash. In this 

case, two Orlie sites were placed on opposite sides of the valley and 

close to Natank and Yumtheska respectively on the adjacent hills. Results 

are shown in Table 7. The Natank profile has sma 11 amounts of CaC03 

and no accumulation of CaMg(C03)2; similar concentrations are found in 

the Orlie profile close to it. On the other side of the valley, Yumtheska 

soils have moderate to high concentrations of CaC03 and CaMg(C03)2 in 

both the A and B horizons. The Orl i e B horizon contains 1. 53% CaC03 

and 2.02% CaMg(C03)2. Percent silt in the B horizons of the Yumtheska 

and Orlie profiles display similar values. Soil colors also reflect local 

variation in slope wash. 
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Table 6. Comparison of the distribution of the A horizons (180 - 2 urn) 
of three soil series using the Chi-square equ;valancy test. 

Soils 

Orlie-Natank 

Orlie-Yumtheska 

Chi-Square 

10.440 

6.868 

D.F. 

12 

12 

Signifi cance 

.577 

.866 



Table 7. Comparison of PSD, color, CaC03 and CaMg(C03)2 contents of the Orlie soil and 
the adjacent Natank and Yumtheska soils. B horizon values are averages taken 
for the entire Bt or Bk horizons. 

------------- % < 2 mm -----------------
Sand Silt Clay Sand Silt Clay Munsell Color % caco~ % caMglcO~lR_ 

A Horizon B Horizon A Hor, B Hor. A Hor. Hor. A Hor. or. 

Natank 34.6 47.9 17.5 27.8 22.8 49.4 10YR 5YR 0.70 0.71 0 0 

Orlie 37.6 46.8 15.6 37.0 37.2 25.8 10YR 7.5YR 0.47 0.32 0 0 

Yumtheska 42.3 40.1 17.6 29.9 47.2 22.9 10YR 10YR 1.10 16.08 4.40 4.50 

Orl ie 43.5 46.5 10.0 26.5 43.2 30.3 10YR 10YR 0.40 1.53 0 2.02 

....., 
01 
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Summary and Conclusions 

The Di sterheff soil has formed from a combination of eo 1 i an 

deposits and clay-rich alluvium. It is very similar in clay content 

and clay mineralogy to the Natank series, which is the dominant residual 

soil on the limestone hills. The thick carbonate accumulation, beginning 

at 48 cm below the soil surface, is derived from groundwaters high in 

ca lei um carbonate. Based on geomorph i c position, c 1 ay content, and B 

horizon co 1 or, it is inferred that the Di sterheff is 1 ate Pleistocene 

in age. During this period, groundwater tab 1 es probab 1 y fluctuated 

greatly but at some point were very close to the soil surface. 

Based on the same criteria (clay content, geomorphic position, 

B horizon color), it is thought that the age of the Orlie soil is latest 

Pleistocene in age. The lack of significant carbonate accumulations in 

most of the Orlie pedons indicates that groundwater levels had dropped 

before the main soil forming interval of the Orlie profile began. This 

soil has formed from a combination of eolian deposits and alluvium from 

both the Natank and Yumtheska soils. Several buried soils were described; 

the older one displayed properties similar to the Disterheff. High 

gravel contents in the Orl i e profiles would indicate that periods of 

high runoff and high streamflow took place during the latest Pleistocene. 

The lack of soils of Holocene age and presence of few recognizable 

drai-nageways on the plateau summits would indicate that streamflow during 

the Holocene has been minimal. Slope wash from the adjacent limestone 

hills affects soil properties but for only a short distance away. Slope 

wash is important in providing fresh soil material during the Holocene. 

Such properties as calcium and magnesium carbonates, silt and organic 
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matter, are incorporated into the soil and translocated to deeper position 

within the profile. 

According to Strahler's threefold classification model based 

upon change in valley form, the study area would be in the semi-arid, 

pinyon-juniper zone below 7,000 feet elevation. At these lower eleva

tions, he states that the effect of limestone solutioning is minimal. 

However, during the wetter/cooler periods of the Pleistocene (Brakenridge, 

1978; Van Devender and Spaulding, 1979), limestone solutioning was an 

important factor in soil and landscape formation. Karst features such 

as sinkholes have been modified due to the drier Holocene climate. 
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Di agenes is can be defi ned as II all the phys i ca 1, chemi cal and 

biological changes that a sediment is subjected to after the grains are 

depos i ted but before they are metamorphosed II (Ehlers and Bl att, 1980). 

Pedogenic processes are lithe natural processes of soil development; the 

changes in the soil profile brought about by leaching, translocation of 

colloids, accumulation of organic materials, and continued mineral and 

rock weathering" (Donahue, Miller and Shickluna, 1983). In most 

instances, these two processes are widely separated by time and space. 

In near surface environments, however, there may be considerable over

lapping in interpretations. 

An example of this is the study of soils developed in limestone 

res i duum. There have been numerous \'1orkers in soil sc i ence who have 

examined the question of limestone derived soils (terra rossa, rendzina) 

and these have been discussed in Chapter 3. There is no reference in 

the soils literature to porosity and permeability relationships of the 

underlying limestone as being important factors in soil formation and 

also there is no reference to the diagenetic processes that created or 

destroyed that porosity. Similarly, in the sedimentary petrology field, 

numerous researchers have worked in this area to understand the products 

and processes of carbonate diagnesis and more specifically, cementation 

and formation of secondary porosity. Much of the research was stimulated 

by the need to explore and develop hydrocarbon reservoirs in carbonate 

rocks. And here, too, when discussing the effects of meteoric water at 
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shallow depths, there is no reference to soil pedologic features that 

may have been influenced by porosity and permeability changes in the 

underlying carbonate strata. What I have attempted to do in this disser

tation is to describe two important pedogenic processes within a diagene

tic conceptual framework as it relates to the Kaibab limestones. This 

is where I have taken a different approach from previous work on this 

area. The two important pedogen i c processes are deca lei f i cation and 

silicate clay illuviation. The diagenetic conceptual model includes 

compaction, replacement of quartz by dolomite, dolomitization and the 

removal of calcium carbonate. 

The formation of the Ca lei usto 11 s and Hap 1 usta 1 f s are due to 

the different weathering characteristics of the underlying do 1 omit i c 

limestone and the words hard and soft are common terms used to describe 

this property. Chapter 3 began with "in areas of similar climate" and 

this is a key phrase because it is assumed that both bedrock types have 

been weathering under similar climatic conditions (at least during the 

Pleistocene). Also, the overall climatic effect has to be sufficiently 

moist to weather soft limestones but dry enough so that hard limestones 

wi 11 remain res i stent to weathering. This combination may not be too 

common. For instance, in areas of high rainfall (such as the upper 

Midwest or the Caribbean), Lithic Calciustolls may not be present due 

to the overwhelming effect of the climatic factor. Given enough moisture, 

all limestones will weather. In the study of soil genesis, using current 

techniques such as backhoe pits, hand augers, etc., the researcher will 

commonly study profiles to a depth 1.5 - 2.0 m. In this study, it was 

very important to have samples of fresh, unweathered bedrock within the 
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profile for chemical and mineralogical analysis. In wetter regimes, 

this situation may not have been available. Conversely, in very dry 

areas, such as the Mojave Desert, weathering proceeds so slowly that 

well-developed argillic horizons may not occur. 

My fi rst react i on on observation of these soi 1 s was that the 

Alfisol was older than the Calciustoll because the degree of pedogenic 

development was greater in the Alfisol. I eventually reached the con

clusion that the soils were of similar ages and that differences in 

soil properties were not due to time but due to properties of the under

lying bedrock (namely porosity and permeability). In this case, soil 

age was defined based upon the amount of time that the underlying bedrock 

has been weathering under the influence of Pleistocene meteoric waters 

and not based on pedogenesis. This pOints out to me how difficult it 

is to hold the parent material factor constant in soil genesis-age rela

tionship studies. Here we have two dolomitic limestones with different 

characteristics. For this study I sampled and analyzed nine pedons that 

were shall ow and moderately deep to 1 imestone bedrock (7 Hapl ustal fs 

and 2 Calciustolls). The reason I sampled so many was because, as the 

field work proceeded, I became aware of the fact that there was a signifi

cant amount of vari at ion in bedrock properties. But, after chemi ca 1 

and micromorphological analysis, I concluded that the key bedrock proper

ties that affect soil formation were porosity and permeability. 

An important conclusion reached during this study was that the 

format i on of 1.10ntmori 11 on i te is related to the weatheri ng of dolomite. 

More specifically, the release of magnesium from the slow dissolution 

of dolomite and th~ transformation of mica to montmorillonite by incorpor-
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ation of Mg++ into the octahedral layer and release of K+ from the mica 

interlayer position. Chemical analysis shows high amounts of magnesium 

(2-4%) in the argillic horizons \lJhich also lack C03 accumulations. 

Also, magnesium distribution parallels clay accumulations and montmorillo

nite distribution. Therefore, I concluded that there could be no other 

source of magnesium other than dolomites. The question then was under 

what conditions would this transformation occur. I envisioned the 

sequence of events to be: (1) the removal of calcite from the dolomitic 

limestone bedrock, (2) the formation of a dolomitic framework composed 

of large rhombohedral dolomites, (3) the accumulation of insoluble residue 

(including micaceous clays) and eolian dust, (4) the slow dissolution 

of dolomite and release of Mg++ in solution, (5) the clays, in very 

close contact with the dolomites, were able to "gobble Up" the free 

Mg++ into the octahedral layer, (6) K+ was released from the mica inter

layer position and (7) the redistribution of montmorillonite to form 

the argillic horizon. There is evidence from thin section analysis 

that silicate clay translocation can occur with the dolomitic framework 

intact. Clays \'Iill translocate when in the dispersed rather than floccu

lated state. This will occur if the ionic str,ength of the soil solution 

is low. Low ionic strength is maintained here because calcite has already 

been leached out and magnesium ions are quickly incorporated in the 

silicate clay structure. 

One of the best papers that I have read describing the impact 

of eolian contributions on soils is by Yaalon and Ganor (1973) entitled 

liThe Influence of Dust on Soils During the Quaternary." They recognize 

four categories of soils influenced by eolian deposits: (1) soils in 
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which accessions of atmospheric dust has acted as a modifying agent. 

The term "contamination" is used to focus attention on soils in which 

eolian increments have been so slight as to merely modify the soil pro

file, ( 2) soils in which accretion of atmospheric dust has proceeded 

simultaneously with the processes of soil development and it has signi

ficantly affected the nature of the soil. The translocation of eolian 

material in the solum may form specific pedogenic horizons, (3) soils 

which have received a thin surface eolian layer such as loess and (4) 

soils formed from thick eolian sediments such as dune sands. Soils of 

the Colorado Plateau investigated during the course of this study would 

fall into the first category - - the accumulated dust has modified the 

soils but has not significantly affected the nature of the soils. Quartz 

and biotite are the important eolian materials identified and iron from 

the weathering of biotites is thought to have contributed to the red 

color of the soil. The kind and amount of clay-sized dust added to the 

profile is unknown although I have made certain assumptions about eolian 

clays in this study. 

In attempting to evaluate the impact of dust on these soils, I 

have used A horizon characteristics and compared these to the noncarbonate 

residue of the bedrock. The A horizon characteristics reflect the most 

recent dust deposits. However, a low 180 number in the B horizon of 

the Aridic Haplustalf indicates that either significant mixing has taken 

place or older Pleistocene dust deposits are also present in these soils. 

A question was raised as to which soil (Haplustalf or Calciustoll) has 

been more influenced by eolian deposits. Logic dictates that, if the 

soils are the same age and discounting the effects of erosion, then the 



83 

total amount of dust falling on these soils is exactly the same. However, 

the Lithic Ca1ciusto11 has developed from less in-situ weathering of the 

underlying dolomitic limestone; therefore, dust has had a greater 

influence on the Lithic Ca1ciusto11. Finally, in my opinion, all soils 

in Arizona, New Mexico and the Great Basin area have been influenced by 

eo 1 i an dust to some extent, ei ther as a mod i fyi ng agent or havi ng a 

more significant affect on soil development such as the formation of 

calcic horizons in nonca1careous parent materials (Gile and Grossman, 

1979). Any study of soil genesis in or near deserts should include an 

evaluation of eolian contributions. 

Two alluvial soils of different ages were investigated; one 

believed to be late Pleistocene in age, the other latest Pleistocene. 

The important morphologic difference between the two is the presence of 

thick carbonate accumulations in the older soil and lack of significant 

carbonate accumu1 at ion in the younger profil e. The carbonates in the 

lower portion of the late Pleistocene soil are thought to be of ground

\'/ater rather than pedogenic origin. The lack of carbonates in the latest 

Pleistocene soils indicates that groundwater levels had dropped prior 

to the formation of the latest Pleistocene soil. Soils of Holocene age 

were not descri bed and were determi ned to be of very small extent in 

this portion of the plateau. Also most valleys were not incised. The 

effects of the Pleistocene-Holocene climatic change on this area seem 

to be (1) modification of karst topographic features, (2) aggradation 

of valley bottoms, and (3) influence of Holocene slope It/ash on some of 

the properties of latest Pleistocene soil such as calcite and dolomite, 

organic matter and silt content. 
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APPENDIX A 

LABORATORY METHODS USED 
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Representative soil samples and samples of the underlying bedrock 

that were obtained in the field \'Jere taken to the Department of Soil 

and Water Science for a variety of analyses. The initial preparation 

included air drying of the soil samples followed by separation of the 

fine earth fraction « 2 mm) from the coarse fraction (> 2 mm). Most 

subsequent chemi cal and phys i ca 1 anal yses were performed on the fi ne 

earth fraction. 

Carbonates were removed from the soil and the bedrock prior to 

particle size analysis and separation. Two hundred gram samples of 

limestone were crushed and placed in two 100 m1 polypropylene bottles. 

Sodium acetate pH 4.5 buffer solution (Rabenhorst and Wilding, 1984) 

was added and the mixture was placed in a water bath and digested for 

approximately four hours. Then it was centrifuged and the supernatant 

was discarded. These steps \'Jere repeated unt i1 all carbonates were 

removed. It took approximately 30 days to comp1 ete1y di ssol ve the 

carbonate in the bedrock samples. A similar procedure was employed to 

remove the carbonate from the soil samples. Fifty milliliters of sodium 

acetate pH 5.0 buffer solution was added to 20 g of soil and digested 

in a water bath until all the carbonates were removed. After the last 

digestion, the mixture was washed with 50 m1 of sodium acetate pH 5.0 

buffer solution fo110\'/ed by 50 m1 of distilled water. Following the 

carbonate removal, the mixture was treated with approximately 15 m1 of 

H202 to remove the organic matter. 

Particle-size analysis was performed on the carbonate free 

residues of the limestone bedrock and the noncarbonate portion of the soil 

horizons. Twenty-five milliliters of sodium pyrophosphate and 100 m1 
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of distilled water were added to the soil. The mixture was thoroughly 

shaken for 5 to 10 minutes with a mechanical mixer to assure complete 

dispersion. The sample was then transferred to a 180 um sieve for wet 

sieving and the material passing through the sieve was collected in a 

1200 ml fleaker (used as a sedimentation cylinder). The 2 mm - 180 um 

portion was transferred to a tared evaporating dish, oven dried and 

we i g he d . Later , the 2mm - 18 O um ( -1. 0 - 2 . 5 <t> ) fr act i on s ( O . St> 

intervals) were determined by dry sieving with a mechanical shaker. 

The fleaker containing the< 180 um portion was filled to a volume of 

1200 ml. The soil-water mixture was thoroughly shaken and allowed to 

stand for a predetermined time (dependent on room temperature) during 

which all the silt settled at least 10 cm. A 25 ml sample (containing 

only clay) was removed by a Lowy pipette and "pipette-aid" (Kilmer and 

Alexander, 1949). The sample was removed to an aluminum dish and dried 

in an oven at 1os0c. Clay weight was determined and calculated to percent 

clay in the original sample. The pipette analysis procedure was repeated 

on a sodium pyrophosphate blank to determine the correction factor in 

clay weight. The suspension remaining in the fleaker was allowed to 

settle overnight. By a process of dispersion, centrifugation and 

decantation (Jackson, 1956), the clay fraction (< 2 um) was transferred 

to a polyethylene bottle and saved for X-ray diffraction analysis. The 

180 - 2 um fraction was transferred to a weighing dish, oven dried and 

weighed. The 180 - 2 um (2.5 - 9.0 <t>) fractions (0.5 <t> intervals) were 

determined by the Microtrac particle size analyzer (Cooper et al., 1984). 

The percent sand and silt in the original sample could then be calculated 

using data obtained from the Microtrac. 
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The mi nera 1 ogy of the < 2 um c 1 ay suspensions was determined 

for all horizons and bedrock samples. The methods of clay saturation, 

glycolization and mounting used are described by Whittig (1964). The 

fo 11 owing treatments were done on each samp 1 e: Mg and 54% re 1 at i ve 

humidity, Mg+ ethylene glycol, Mg+ glycerol, Kand air dry, K + 105°c, 

K + 30o0 c, and K + 5oooc. Oriented mounts were prepared on glass slides 

using the paste method (Thei ssen and Harward, 1962). A Phi 11 i ps XRG-

3000 diffractometer with a vertical goniometer and CuKa radiation was 

used for X-ray diffraction ana 1 ys is. CuK
8 

and background radiation 

were eliminated and reduced, respectively with a single crystal (graphite) 

monochromator and pulse height discrimination. 

Thin sections were prepared using procedures similar to those 

described by Sinkankas (1968) and studied using a petrographic microscope 

at the Department of Geosciences, University of Arizona. Thin section 

analysis was very helpful in the identification of biotites in soil A 

horizons and a 1 so in the interpretation of porosity - permeabi 1 i ty 

relationships for the underlying dolomitic limestone bedrock. Oxygen 

isotope analysis of two soils and two samples from the Kaibab Formation 

was performed at the Stable Isotope Laboratory, Department of Geosciences 

at Arizona State University. The medium silt fraction (5 - 20 um) was 

extracted from soil horizons and the bedrock residues using sedimentation 

procedures out 1 i ned by Brewer ( 1964). Then quartz was i so 1 ated from 

the medium silt fraction by the sodium pyrosulfate fusion method (Kiely 

and Jackson, 1965) prior to isotopic analysis. The medium silt fraction 

(10 - 20 um) was also examined using scanning electron microscopy (SEM). 

Grains were mounted randomly on an Al stub using an eye dropper and the 
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water all owed to evaporate overnight. The stubs \\lere coated with 

approximately 30 nm of Au-Pd and then examined under an ISI-DS-130-SEM 

operated at 20 KV. 

Bulk density \'/as determined for all soil A and B horizons. 

Clods from soil A horizons were coated in the field with Saran-solvent 

solution and then suspended from a string to dry (SCS, 1972). A Saran

solvent (acetone) ratio of 1:4 \\las employed. The clods were then 

transported back to the Soils Laboratory and an additional 7 coats of 

plastic \'/ere necessary to make the clods waterproof and prevent its 

disruption during wetting. Since clods from soil B horizons were coherent 

and could be removed directly from the face of the pit using a knife, 

it was unnecessary to coat these with Saran in the field. They were 

tra~sported in plastic containers and the paraffin-clod method (Blake, 

1965) was used to determine the bulk densities of soil B horizons. 

The calcium carbonate equivalent of soils and bedrock was 

determined using the method described by Bundy and Bremner (1972). Wet 

chemical extraction techniques were used to det~~mine the content and 

amount of Fe oxides. The dithionite-citrate-bicarbonate method of Mehra 

and Jackson (1960) \'Jas employed to extract the total secondary or free 

Fe oxides. Iron oxides removed by this method are referred to as Fe203d. 

The oxalate extract i on procedure descri bed by McKeague and Day (1966) 

removes the paracrystalline, fine grained Fe oxides. The Fe oxides 

determined by this method are referred to as Fe2030. Magnetite was 

removed from the sample using a large magnet prior to the oxalate 

extraction because of the solubility of magnetite under the conditions 

of this treatment. For both procedures, Fe concentration was measured 
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on a Instrumentation Laboratory Video 12 Atomic Absorption 

Spectrophotometer. 

Total elemental analysis was performed on all soil and bedrock 

samples by digestion with hydrofluoric acid in a closed vessel (Jackson, 

1974). A 50 mg oven-dried sample was placed in a Teflon (PFA) vial. 

One-half ml of aqua regia and 3 ml of HF were added to the vial and, 

after tightly securing the lid, it was placed in an oven at 1050C for 

two hours. After cooling, the HF digest was transferred to a 100 ml 

plastic (PMT) volumetric flask to which 50 ml of 5% H3B03 had been 

previously added. The solution was diluted to volume with deionized 

distilled water. The concentrations of Fe, Mn, Mg, Ca, K, Na and Al 

were determined by using an Instrumentation Laboratory Video 12 Atomic 

Absorption Spectrophotometer. For Al, a nitrous oxide flame was needed. 

For P determination, the ammonium molybdate-ascorbic acid method 

(Waternabe and Olsen, 1965) was used. Silica concentration was analyzed 

by the method described by Weaver, Sayers and Jackson (1965). Titanium 

was measured by the Tiron method (Rigg and l1agenbaner, 1961). The 

rQncentrat ions of P and Si \'1ere measured on a Bausch and Lomb Spectronic 

88 spectrophotometer \'1hile Ti \'/aS analyzed on a Bausch and Lomb 

Spectroni c 21 spectrophotometer. Foll owi ng ana lys is, concentrat ions 

were converted to elemental oxide \'/eight percents. Finally, loss due 

to ignition was determined by heating a 500 mg sample to 9500 C. Weight 

loss dl.!c to ignition is equal to C02 plus intercrystalline water and 

other volatiles plus the organic matter content of the sample (Lechler 

and Desilets, 1987). 



APPENDIX B 

PEDON DESCRIPTIONS 

AND 

LABORATORY DATA 

90 



91 

Pedon 1 

Natank very gravelly loam 

Location: Coconino County, Az. Hua l apa i Indian Res., National Tank 
Quad. 640 m east and 540 m south at the NW corner of section 
12, T. 29 N.,R. 7W. 

Date of Sampling: May 21, 1986 

Description by: B. Ahrens 

Collectors: S. Levine and D.M. Hendricks 

Classification: Fine, montmorillonitic, mesic Aridic Haplustalf 

Vegetation: Rangeland. Pinyan pine, Utah juniper, muttongrass and 
blue grama. Climate: Mean annual precipitation about 330 to 
350 mm ( 13-14 inches) and the mean annual temperature about 
10°c (50°F). Parent material: Aeolian and residuum from 
calcareous sandstone. Topography: Hillslope. Drainage: Well 
drained; medium runoff; slow permeability. Soil Moisture: Dry. 

Horizon Description 

A Oto 5 cm (0 to 2 inches). Brown (10YR5/3) very gravelly loam, 
dark brown (10YR4/4) moist; weak thick platy structure; soft, 
very friable, nonsticky and slightly plastic; common fine roots; 
common very fine tubular and vesicular pores; 48 percent pebbles; 
noneffervescent; slightly acid (pH 6.2); clear smooth boundary. 

Btl 5 to 10 cm (2 to 4 inches). Brown (7.5YR4/4) gravelly clay loam, 
dark brown (7.5YR3/4) moist; weak fine subangular blocky 
structure; soft, firm, sticky and plastic; common fine roots; 
common fine tubular pores; 27 percent pebbles; noneffervescent; 
slightly acid (pH 6.2); clear smooth boundary. 

Bt2 10 to 17 cm (4 to 7 inches). Reddish brown (5YR4/4) clay, dark 
reddish brown (5YR3/4) moist; moderate medium prismatic and 
subangular blocky structure, hard, very firm, sticky and very 
plastic; many very fine roots; common fine tubular pores; conman 
stress cutans; common thick patchy clay films on faces of peds 
and bridging sand grains; 10 percent pebbles; noneffervescent; 
slightly acid {ph 6.1); clear smooth boundary. 

Bt3 17 to 40 cm (7 to 16 inches). Reddish brown (5YR4/4) clay, 
dark reddish brown (5YR3/4) moist; moderate medium prismatic 
and subangul ar b 1 ocky structure; very hard, very firm, very 
sticky and very plastic; common fine roots; common fine tubular 
pores; many stress cutans; common moderately thick clay films 
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Bt3 (Continued) 
on faces of peds and bridging sand grains; 5 percent pebbles; 
noneffervescent; neutl~al (pH 6.6); clear smooth boundary. 

Btk 40 to 55 cm (16 to 22 inches); reddish brown (5YR4/4) clay, 
dark reddish brown (5YR3/4) moist; moderate medium subangular 
blocky structure; very hard, very fi rm, very sticky and very 
pl ast i c; common fi ne roots; common fi ne tubul ar pores; many 
stress cutans; common medium clay films on faces of peds bridging 
sand grains; many lime masses; 17 percent pebbles; violently 
effervescent, 24 percent calcium carbonate equivalent; mildly 
alkaline (pH 7.5); abrupt smooth boundary. 

Cr 55 to 75 cm (22 to 30 inches); highly weathered calcareous 
sandstone bedrock; Violently effervescent; 59 percent calcium 
carbonate equivalent; few fine roots; abrupt smooth boundary. 

R 75 cm (30 inches); hard calcareous sandstone and chert wi th 
thin layer of calcium carbonate coating the bedrock. 



Pedon 1. Natank very gravelly loam - chemical analysis. 

cm -----------------------------------%----------------------------------------
Hor Depth A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 L.I.1 

A 0-5 8.02 80.40 3.75 .08 .28 .87 .91 .84 1.80 .13 5.65 
Btl 5-10 10.18 74.30 4.35 .07 .26 1.12 .95 .73 1.89 .13 6.68 
Bt2 10-17 13.57 67.50 5.48 .06 .25 2.34 .79 .46 1.69 .11 8.42 
Bt3 17-40 14.62 66.50 5.82 .06 .21 1.70 .80 .29 1.52 .12 8.95 
Btk 40-55 10.55 48.80 4.35 .05 10.70 5.10 .80 .15 1.20 .14 18.26 
Cr 55-75 3.70 23.80 2.74 .03 26.50 8.50 .42 .14 .58 .14 31. 26 
R 75 1.80 26.54 3.07 .05 25.61 10.60 .43 .09 .48 .19 33.05 

cm -----------------------%------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg( C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-5 .45 1.27 .11 .45 0 .52 
Btl 5-10 .22 1.45 .12 .22 0 .67 
Bt2 10-17 .51 1. 70 .15 .51 0 1.40 
Bt3 17-40 .37 2.02 .20 .37 0 1.02 
Btk 40-55 24.33 1.63 .14 13.87 10.42 1.81 1.33 
Cr 55-75 59.37 .94 .04 34.73 24.14 2.20 1.38 
R 75 65.72 2.07 .01 25.70 40.04 1.52 .64 

1 L.I. - Loss or ignition 
~ CaC03 equivalent determined by method of Bundy and Bremner (1972). 

% Mg available for clay fraction. 

~ 
w 



Pedon 1. Particle size distribution. 

em gm/em3 
Hor Depth Db 
A 0-5 1.47 
Btl 5-10 1.47 
Bt2 10-17 1.59 
Bt3 17-40 1.67 
Btk 40-55 1.67 
Cr 55-75 
R 75 

% - < 2 mm % -
>2mm Sand Silt Clay 
48.00 44.1 38.7 17.2 
27.10 33.7 35.0 31.3 
10.70 21.2 23.5 55.3 
4.50 17.5 20.4 62.2 

16.50 27.7 23.5 48.8 
43.2 26.4 30.4 
76.2 14.2 9.6 

% ------------------%----------------------
Ins. Res. 2mm-1.4mm 1.4-1.0mm 1.0mm-710um 710-500um 

.012 .007 .009 .020 

.006 .005 .009 .017 

.012 .012 .010 .022 

.005 .009 .010 .027 

.025 .030 .033 .051 

.033 .078 .081 .086 
34.3 .015 .022 .028 .053 

em ---------------------------------------%---------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-5 .022 .019 .024 .084 .134 .122 .094 .113 .067 
Btl 5-10 .019 .016 .020 .106 .174 .066 .068 .141 .058 
Bt2 10-17 .026 .022 .029 .066 .129 .077 .086 .108 .068 
Bt3 17-40 .031 .024 .030 .078 .130 .046 .086 .102 .056 
Btk 40-55 .060 .061 .071 .062 .062 .039 .039 .047 .046 
Cr 55-75 .090 .084 .079 .002 .036 .046 .011 .051 .037 
R 75 .077 .094 .132 .125 .127 .102 .072 .028 .030 

em ------------------------------%---------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-5 .034 .046 .052 .035 .032 .030 .036 
Btl 5-10 .043 .070 .036 .022 .038 .037 .042 
Bt2 10-17 .036 .066 .039 .050 .049 .029 .056 
Bt3 17-40 .057 .062 .038 .049 .055 .045 .053 
Btk 40-55 .043 .059 .065 .049 .052 .055 .044 
Cr 55-75 .013 .041 .042 .028 .047 .048 .063 
R 75 .015 .019 0 .020 .017 .011 .009 

\0 
.;:.. 



95 

Pedon 1. Clay mineralogy. 

Cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-5 XX X XX XX XX 
Btl 5-10 XXX XX XX XX XX 
Bt2 10-17 XX XX X XXXX XXX 
Bt3 17-40 XX XX X XXXXX XXX 
Btk 40-55 X X X XXXXX XX 
Cr 55-75 X X X XX X 
R 75 XXXX XX XX X X 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 2 

Toqui very gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 65 m south and 35 m west at the NE corner of section 11, 
T. 29 N. ,R. 7W. 

Date of Sampling: May 21, 1986 

Description by: S. Levine 

Collectors: S. Levine and D.M. Hendricks 

Classification: Clayey, montmorillonitic, mesic Aridic Haplustalf 

Veqetation: Rangeland. Pinyon pine, Utah juniper, sagebrush and 
muttongrass. Climate: Mean annual precipitation about 330 to 
350 mm (13-14 inches) and the mean annual temperature about 
100C (500 F). Parent material: Aeolian and residuum from 
dolomitic limestone. Topography: Hillslope summit with 8 percent 
slope. Elevation: 1935 m (6350 ft.). Drainage: Well drained; 
medium runoff; slow permeability. Soil Moisture: Slightly 
moist in Bt. 

Horizon Description 

A 0 to 6 cm (0 to 2.5 inches). Reddish brown (5YR4/4) very gravelly 
loam, dark reddi sh brown (5YR3/4) moi st; weak fi ne granul ar 
structure; slightly hard, very friable, sticky and plastic; 
many very fine and fine roots; few very fine interstitial pores; 
52 percent pebbles; noneffervescent; slight acid (pH 6.4); clear 
smooth boundary. 

Btl 6 to 17 cm (2.5 to 7 inches). Yellowish red (5YR 4/6) clay, 
yellowish red (5YR4/6) moist; moderate fine and medium subangular 
blocky structure; hard, friable, very sticky and very plastic; 
few coarse, common fine and very fine roots; common fine tubular 
pores; few thin clay films on faces of peds and in pores; 11 
percent gravel; noneffervescent; neutral (pH 6.8); clear wavy 
boundary. 

Btk 17 to 35 cm (7 to 14 inches). Red (2.5YR4/6) gravelly clay, 
dark red (2.5YR3/6) moist; moderate medium and coarse prismatic 
parting to strong fine and medium subangular blocky structure; 
very hard, firm, very sticky and very plastic; few coarse, common 
very fine and fine roots; common very fine tubular pores; many 
moderately thick clay films bridging sand grains, on faces of 
peds and in pores; fe\'J 1 i me masses in the lower part of the 
horizon; 19 percent gravel; slightly effervescent; neutral (pH 
7.0); abrupt smooth boundary. 
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Cr 35 to 50 cm (14 to 20 inches); fractured cherty dolomitic 
limestone; few fine and very fine roots; clay coatings on the 
top of the bedrock and in fractures; violently effervescent; 35 
percent calcium carbonate equivalent; clear smooth boundary. 

R 50 cm (20 inches); hard cherty dolomitic limestone with calcium 
carbonate coating on top. 



Pedon 2. Toqui very gravelly loam - Chemical analysis. 

cm -----------------------------------%-----------------------------------------
Hor Depth A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 

A 0-6 6.12 81.50 5.08 .09 .20 .68 .75 .72 1.38 .11 
Btl 6-17 12.70 69.30 6.28 .06 .31 1.39 .87 .44 1.31 .12 
Btk 17-35 14.20 65.10 7.16 .06 .39 1.82 .97 .34 1.29 .13 
Cr 35-50 12.90 35.40 6.74 .05 11.80 8.10 .67 .10 .94 .17 
R 50 .73 5.46 .66 .04 32.32 14.20 .11 .06 .11 .12 

cm ------------.----------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg( C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-6 .22 1.66 .11 .22 0 041 
Btl 6-17 .44 2.25 .23 .44 0 .84 
Btk 17-35 .83 2.56 .23 .80 0 1.06 
Cr 35-50 34.39 2.72 .19 7.61 26.78 1.64 
R 50 90.90 .42 .09 20.80 70.10 0 

1 L.I. - Loss on ignition 
~ CaC03 equivalent determined by method of Bundy and Bremner (1972). 

% Mg available for clay fraction. 

.39 

L. 1. 1 

4.40 
10.10 
9.74 

25.42 
45.40 

~ 
co 



Pedon 2. Particle size distribution. 

cm gm/cm3 % % Res. - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Ins. Sand Silt Clay 2mm-1.4mm 1.4-1.0mm 1.0-710um 710-500um 
A 0-6 1.50 52.2 46.7 32.3 21.0 .021 .015 .017 .039 
Btl 6-17 1.65 11.1 24.1 20.1 55.8 .008 .010 .009 .029 
Btk 17-35 1.73 19.2 18.5 17.9 63.6 .016 .012 .008 .027 
Cr 35-50 .068 .093 .098 .066 
R 50 9.1 11.2 70.0 18.8 

cm------------------··--------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-6 .043 .035 .040 .076 .159 .103 .054 .118 .061 
Btl 6-17 .041 .036 .045 .055 .111 .105 .114 .060 .065 
Btk 17 -35 .037 .037 .042 .061 .136 .062 .085 .116 .050 
Cr 35-50 .058 .047 .037 .019 .027 0 .007 0 0 
R 50 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-6 .035 .037 .038 .040 .021 .010 .030 
Btl 6-17 .077 .025 .057 .029 .030 .049 .036 
Btk 17-35 .073 .046 .034 .038 .040 .041 .033 
Cr 35-50 .048 .061 .065 .078 .090 .081 .063 
R 50 

\0 
\0 
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Pedon 2. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-6 XXX XX XX XXX X 
Btl 6-17 XX XX X XXXXX 
Btk 17-35 XX XX X XXXXX X 
Cr 35-50 X X X XXX XX 
R 50 XXXX X XX XX XX 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 3 

Orlie gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 90 m south and 15 m east at the NW corner of section 12, 
T. 29 N.,R. 7W. 

Date of Sampling: May 21, 1986 

Description by: S. Levine 

Collectors: S. Levine and D.M. Hendricks 

Classification: Fine loamy, mixed, mesic Aridic Haplustalf 

Vegetation: Rangeland. Big sagebrush, blue grama, rabbitbrush, 
bottlebrush, squirreltail. Climate: Mean annual precipitation 
about 330 to 350 mm (13-14 inches) and the mean annual temperature 
about 10°c (S0°F). Parent material: Aeolian and alluvium from 
sedimentary rocks. Topography: Stream terrace with 3 percent 
slope. Elevation: 1930 m (6330 ft.). Drainage: Well drained; 
medium runoff; moderately slow permeability. Soil Moisture: 
Slightly moist in Bt. 

Horizon Description 

A Oto 8 cm (0 to 3 inches). Brown (lOYRS/3) gravelly loam, brown 
(10YR4/3) moist; weak medium granular structure; loose, very 
friable, slightly sticky and slightly plastic; few medium, conmon 
very fine and fine roots; many very fine and fine tubular pores; 
28 percent gravel; noneffervescent; neutral (pH 7.0); clear smooth 
boundary. 

Btl 8 to 17 cm (3 to 7 inches). Brown (7.SYRS/4) very gravelly 
loam, brown (7.5YR4/4) moist; moderate fine granular parting to 
weak fine subangular blocky structure; slightly, very friable, 
sticky and s 1 i ght l y p 1 ast i c; common fine and very fine roots; 
many very and fine tubular pores; 40 percent gravel; 
noneffervescent; neutral (pH 7.2); clean wavy boundary. 

Bt2 17 to 48 cm (7 to 19 inches). Dark brown (7.5YR4/3) clay loam, 
dark brown (7.5YR3/3) moist; strong medium subangular blocky 
structure; hard, very firm, very sticky and very plastic; few 
coarse, fine and very fine roots; common fine tubular pores; 
many moderately thick clay films on faces of peds, lining pores 
and bridging sand grains; 7 percent gravel ; noneffervescent; 
neutral (pH 7.2); clear wavy boundary. 
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Bt3 48 to 84 cm (19 to 33 inches). Dark brO\'m (7.5YR4/3) very 
gravelly, light sandy clay loam, dark brown (7.5YR3/3) moist; 
moderate fine and medium subangular blocky structure; hard, firm, 
sticky and plastic; common fine roots; common fine tubular pores; 
common thin clay films bridging sand grains; 54 percent gravel; 
noneffervescent; neutral (pH 7.2); clear wavy boundary. 

Btkb 84 to 109 cm (33 to 43 inches). Yellowish red (5YR5/6) very 
gravelly sandy clay loam, yellowish red (5YR4/6) moist; moderate 
fine and medium subangular blocky structure; hard, firm, sticky 
and plastic; few medium and fine roots; common fine tubular 
pores; few thin clay films bridging sand grains; 50 percent 
grave 1, vi 01 ent 1 y effervescent on gravel, noneffervescent in 
soil; mildly alkaline (pH 7.4); clear wavy boundary. 

Bkb 109 to 137 cm (43 to 54 inches). Yellowish red (5YR5/6) extremely 
gravelly coarse sandy loam, yellowish red (5YR4/6) moist; massive; 
loose, friable, slightly sticky and nonplastic; few coarse and 
medium roots; many fine interstitial pores; 79 percent gravel; 
violently effervescent on gravel; mildly alkaline (pH 7.4); 
abrupt wavy boundary. 

Btkb 137 to 150 cm (54 to 60 inches). Yellowish red (5YR5/6) very 
gravelly clay loam, yellowish red (5YR4/6) moist; strong medium 
prismatic structure; hard, firm, very sticky and very plastic; 
few thin clay films on ped faces and lining pores; 53 percent 
gravel; slightly effervescent; mildly alkaline (pH 7.4). 



Pedon 3. Orlie gravelly loam - Chemical Analysis. 

cm -----------------------------------%---------------------------------------
Hor Depth A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 L.I.l 

A 0-8 8.20 77 .20 3.33 .10 .26 .89 .95 .88 1.86 .18 7.01 
Btl 8-17 9.20 78.10 3.88 .11 .23 1.00 .81 .78 1.85 .17 5.35 
Bt2 17-48 10.40 75.80 4.46 .09 .17 1.08 .77 .48 1.64 .13 5.61 
Bt3 48-84 6.55 83.50 4.19 .17 .07 .75 .59 .26 1.01 .14 3.90 
Btkb 84-109 7.90 81.40 4.27 .12 .21 .94 .65 .41 1.31 .13 3.26 
Bkb 109-137 5.20 84.10 4.66 .14 .66 .79 .42 .22 .81 .25 3.28 
Btkb 137-150 10.50 76.80 4.75 .10 .35 1.11 .58 .46 1.63 .18 4.49 

cm ----------------------%--:--------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg( C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-8 .40 .95 .11 .40 0 .53 
Btl 8-17 .41 1.28 .18 .41 0 .60 
Bt2 17-48 .30 1.53 .21 .30 0 .65 
Bt3 48-84 .13 1.58 .35 .13 0 .45 
Btkb 84-109 .54 1.43 .31 .54 0 .61 
Bkb 109-137 1.35 1.48 .33 1.01 .34 .43 2.97 
Btkb 137-150 .63 1.81 .59 .63 0 .66 

1 L.I. - Loss on ignition 
~ CaC03 equivalent determined by method of Bundy and Bremner (1972). 

% Mg available for clay fraction. 

..
o 
w 



Pedon 3. Laboratory Date - Particle size distribution and clay mineralogy. 

em gm/em3 % - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Sand Silt Clay 2mm-1.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A 0-8 1.32 27.9 35.6 45.9 18.5 .012 .011 .014 .029 
Btl 8-17 1.52 40.2 39.2 34.7 26.1 .019 .020 .016 .031 
Bt2 17-48 1.78 7.2 35.7 28.4 35.9 .007 .004 .008 .020 
Bt3 48-84 1.58 54.1 69.6 10.8 19.6 .049 .054 .067 .185 
Btkb 84-109 1.70 50.8 56.3 18.3 24.9 .037 .034 .038 .108 
Bkb 109-137 1.55 78.8 75.2 9.9 14.9 .088 .081 .086 .227 
Btkb 137-150 1.76 52.7 44.9 20.0 35.1 .042 .046 .060 .136 

em---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-8 .030 .027 .029 .061 .115 .069 .036 .118 .094 
Btl 8-17 .034 .027 .031 .101 .154 .044 .064 .098 .042 
Bt2 17-48 .034 .045 .066 .068 .144 .110 .066 .120 .055 
Bt3 48-84 .180 .118 .070 .048 .052 .025 .023 .016 .012 
Btkb 84-109 .130 .084 .067 .076 .094 .051 .046 .046 .024 
Bkb 109-137 .175 .083 .049 .031 .037 .013 .014 .016 .013 
Btkb 137-150 .123 .068 .047 .042 .050 .034 .065 .009 .031 

em ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-8 .047 .061 .069 .050 .039 .041 .043 
Btl 8-17 .063 .057 .024 .025 .045 .045 .059 
Bt2 17-48 .046 .060 .020 .023 .033 .033 .032 
Bt3 48-84 .014 .023 .006 .006 .021 .016 .015 
Btkb 84-109 .035 .034 .010 .014 .025 .025 .020 
Bkb 109-137 .006 .020 .006 .010 .018 .010 .015 
Btkb 137-150 .050 .036 .017 .027 .043 .033 .040 -o 

~ 
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Pedon 3. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-8 XXXX XXX XXX XX X , 

Btl 8-17 XXX XXX XXX XX X 
Bt2 17-48 XXX XX XX XX X 
Bt3 48-84 XXX XX X XX X 
Btkb 84-109 XXX XX X XXX X 
Bkb 109-137 XXX XX X XXX X 
Btkb 137-150 XXX XX X XXXX XX 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 4 

Yumtheska extremely cobbly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 107 m south and 30 m east at the NW corner of section 12, 
T. 29 N.,R. 7W. 

Date of Sampling: May 21, 1986 

Description by: S. Levine 

Collectors: S. Levine and D.M. Hendricks 

Classification: Loamy-skeletal, mixed, mesic Lithic Calciustoll 

Vegetation: Rangeland. Pinyon pine, Utah juniper, Stansbury cliffrose, 
muttongrass, blue grama. Climate: Mean annual precipitation 
about 330 to 350 mm (13-14 inches) and the mean annual temperature 
about 100C (500 F). Parent material: Aeolian and residuum from 
limestone. Topography: Hillslopes with 8 percent slope. 
Elevation: 1934m (6345 ft.). Drainage: Well drained; medium 
runoff; moderately permeability. Soil Moisture: Slightly moist. 

Hori zon Descri pt ion 

A 0 to 8 cm (0 to 3 inches). Brown (lOYR4/3) extremely cobbly 
loam, dark brown (10YR3/3) moist; weak fine granular structure; 
soft, very friable, slightly sticky and slightly plastic; many 
very fine and fine roots; many very fine interstitial pores; 40 
percent cobbles, 10 percent stones and 25 percent gravels; 
slightly effervescent; 2 percent calcium carbonate equivalent; 
mildly al kal ine (pH 7.6); clear wavy boundary. 

Bk 8 to 20 cm (3 to 8 inches). Brown (10YR4/3) extremely cobbly 
loam, brown (10YR3/3) moist; weak fine granular structure; soft, 
very friable, slightly sticky and slightly plastic; fe\'J fine 
and medium, many fine and very fine roots; many very fine 
interstitial pores; 45 percent cobbles and 40 percent gravel; 
violently effervescent; 6 percent calcium carbonate equivalent; 
mildly alkaline (pH 7.4); abrupt smooth boundary. 

R 20 cm (8 inches). Hard cherty 1 imestone with roots running 
along the lithic contact. 



Pedon 4. Yumetheska extremely cobbly loam - Chemical analysis. 

cm -----------------------------------%----------------------------------------
Al203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 L.1.1 Hor Depth 

A 0-8 10.20 66.93 4.06 .12 2.59 3.30 .80 .88 1.94 .40 

Bk 8-20 9.55 62.70 3.74 .10 4.58 3.21 .82 .73 1.80 .42 

R 20 .62 47.60 .10 .02 17. 70 10.20 .46 .06 .24 .88 

cm ----------------------%-- ·-----------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg(C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-8 2.10 .82 .13 

Bk 8-20 5.85 1.06 .11 

R 20 · 56. 21 .08 .03 6.16 51.00 -

1 L.I. - Loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

.12 

9.69 

12.42 

22.70 

...... 
0 _, 



Pedon 4. Particle size distribution. 

cm gm/cm3 % % Ins. - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Res. Sand Silt Clay 2mm-1.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A o-s 1.55 75.0 2S.2 49.4 22.4 .020 .016 .010 .007 

Bk 8-20 1.50 81.2 27.7 46.5 25.8 .015 .017 .014 .009 

R 20 34.4 42.8 57.S 32.0 10.2 .014 .014 .013 .012 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-SSum SS-62um 62-44um 44-31um 31-22um 
A O-S .005 .005 .006 .036 .100 .100 .075 .142 .059 

Bk 

R 

S-20 .OOS 

20 .012 

.007 

.015 

.009 

.021 

.064 

.069 

.10S 

.121 

.077 

.193 

.046 

.222 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.Sum 2.S-2.0um 
A 0-8 .083 .065 .053 .058 .047 .050 .059 

Bk 

R 

S-20 .02S 

20 .022 

.062 

.063 

.065 

o 
.062 

.009 

.060 

.019 

.055 

o 
.087 

.007 

.126 

.142 

.077 

.028 

...... 
o 
co 
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Pedon 4. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-8 X XX X XXX 
Bk 8-20 XX XX X XXX 
R 20 XXXX X XXX X X 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXX X = abundant; XXX XX = predominant. 
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Pedon S 

Natank very gravelly clay loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 8 m east and 5S0 m south at the NW corner of section 12, 
T. 29 N.,R. 7W. 

Date of Sampling: May 21, 1986 

Description by: S. Levine 

Collectors: S. Levine and D.M. Hendricks 

Classification: Fine, montmoril10nitic, mesic Aridic Haplustalf 

Vegetation: Rangeland. Pinyon pine, Utah juniper, blue grama, 
bott1ebrush, squirre1tai1. Climate: Mean annual precipitation 
about 330. to 3S0 mm (13-14 inches) and the mean annual temperature 
about 100C (SOOF). Parent material: Aeolian and residuum from 
dolomitic limestone. Topography: Hillslopes with 4 percent 
slope. Elevation: 1935 m (63S0 ft.). Drainage: Well drained; 
medium runoff; slow permeability. Soil Moisture: Slight. 

Horizon DE3cription 

A 0 to 5 cm (0 to 2 inches). Brown (7.SYRS/4) very gravelly clay 
loam, brown (7.SYR4/4) moist; weak fine platy structure; soft, 
very friable, sticky and plastic; many very fine and fine roots; 
common fine interstitial and vesicular pores; 38 percent gravel; 
noneffervescent; neutral (pH 6.6); clean smooth boundary. 

Btl 5 to 13 cm (2 to S inches). Reddish brown (SYR4/4) clay, dark 
reddish brown (SYR3/4) moist; moderate medium subangular blocky 
structure; sl ight1y hard, very friable, very sticky and very 
p 1 ast i c; few coarse and many very fi ne and fi ne roots; many 
very fine and fine tubular pores; common moderately thick clay 
films on faces of peds and bridging sand grains; noneffervescent; 
neutral (pH 6.8); abrupt IJ/avy boundary. 

Bt2 13 to 33 cm (S to 13 inches). Reddish brown (SYR4/4) clay, 
dark reddish brown (SYR3/4) moist; strong medium and coarse 
prismatic structure; very hard, very firm, very sticky and very 
plastic; common fine and medium and few fine roots; common very 
fine tubular pores; many thick clay films on faces of peds and 
bridging sand grains; noneffervescent; neutral (pH 7.0); clear 
wavy boundary. 
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8t3 33 to 45 cm (13 to 18 inches). Reddish brown (5YR4/4) clay, 
dark reddish brown (5YR3/4) moist; strong fine and medium angular 
blocky structure; very hard, very firm, very sticky and very 
plastic; few fine roots; few interstitial pores; many thick 
clay films on faces of peds and bridging sand grains; 
noneffervescent; neutral (pH 7.0); abrupt smooth boundary. 

Cr 45 to 55 cm (18 to 22 inches). Highly weathered dolomitic 
limestone bedrock \'lith clay in fractures; violently effervescent; 
83 percent calcium carbonate equivalent; abrupt smooth boundary. 

R 55 cm (22 inches). Hard dolomitic limestone. 



Pedon 5. Natank very gravelly clay loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
Al203 Si02 Fe203(t) MnO Cao MgO Ti02 Na20 K20 P205 L.1.l Hor Depth 

A 0-5 9.75 75.30 4.39 .08 .26 1.03 .79 .79 1. 75 .12 
Btl 5-13 13.33 69.40 5.38 .09 .30 1. 92 .85 .67 1. 73 .12 
Bt2 13-33 14.07 66.20 5.62 .10 .27 2.05 .85 .65 1. 73 .11 
Bt3 33-45 13.53 68.50 5.67 .10 .83 2.08 .80 .70 1.67 .11 
Cr 45-55 .39 15.40 2.62 .10 33.90 9.90 .11 .27 .17 .07 
R 55 .45 3.24 .81 .13 38.17 12.90 .11 .08 .14 .05 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg(C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-5 .44 .78 .08 .44 0 .62 
Btl 5-13 .25 1.67 .14 .25 0 1.15 
Bt2 13-33 .27 1. 91 .18 .27 0 1.23 
Bt3 33-45 1.54 1.59 .18 1.48 .06 1.23 
Cr 45-55 83 .15 2.34 .04 26.55 56.60 0 
R 55 97.85 .59 .04 37.30 60.50 0 

1 L.I. - Loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

.47 

.62 

5.56 
7.58 
7.36 
7. 71 

39.14 
45.10 

..... ..... 
N 



Pedon 5. Particle size distribution. 

cm gm/cm3 % % Ins. - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Res. Sand Silt Clay 2mm-1.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A 0-5 1.45 3B.2 31.4 37.0 31.6 .010 .009 .006 .OOB 
Btl 5-13 1.67 1.3 1~.4 26.5 5B.1 .003 .005 .004 .009 
Bt2 13-33 1.77 0 18.1 27.6 54.3 .007 .007 .006 .011 
Bt3 33-45 1.82 0 17 .0 31.0 52.0 .007 .003 .006 .009 
Cr 45-55 54.7 25.4 19.9 .020 .019 .019 .015 
R 55 3B.6 2.2 79.5 14.1 6.4 .OOB .005 .006 .006 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-BBum BB-62um 62-44um 44-31um 31-22um 
A 0-5 .010 .OOB .011 .OB5 .147 .095 .103 .176 .OB3 
Btl 5-13 .013 .011 .013 .030 .079 .124 .10B .10B .073 
Bt2 13-33 .013 .010 .012 .041 .103 .133 .061 .11B .OBO 
Bt3 33-45 .010 .009 .012 .024 .079 .093 .135 .094 .090 
Cr 45-55 .022 .040 .063 .126 .217 .067 .071 .103 .052 
R 55 .OOB .017 .040 .217 .242 .190 .147 .036 .024 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.Bum 7.B-5.5um 5.5-3.9um 3.9-2.Bum 2.B-2.0um 
A 0-5 .031 .046 .039 .044 .024 .021 .040 
Btl 5-13 .OBB .093 .017 .046 .066 .044 .057 
Bt2 13-33 .061 .067 .064 .036 .050 .061 .052 
Bt3 33-45 .093 .OB3 .046 .045 .055 .050 .050 
Cr 45-55. 03B .047 .017 .034 .006 0 .020 
R 55 0 .035 0 .010 .002 a .001 

..... ..... 
w 
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Pedon 5. Clay mineralogy. 

em Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-5 XXX XX X XXXX 
Btl 5-13 XXX XX X XXX X X 
Bt2 13-33 XXX XX X XXXXX X 
Bt3 33-45 XXX XX X XXXXX X 
Cr 45-55 XXX X X XXX 
R 55 XXXX X XXX X 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 6 

Togui very gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 61 m east and 610 m north at the SW corner of section 13, 
T. 30 N.,R. 7W. 

Date of Sampling: May 20, 1986 

Description by: B. Ahrens 

Collectors: S. Levine and D.M. Hendricks 

Classification: Clayey, montmorillonitic, mesic Lithic Haplustalf 

Vegetation: Rangeland. Pinyon pine, Utah juniper, muttongrass, blue 
grama. Climate: Mean annual precipitation about 330 to 350 mm 
(13-14 inches) and the mean annual temperature about 100C (500F). 
Parent material: Aeolian and residuum from calcareous chert. 
Topography: Hillslopes summit with 2 percent slope. Elevation: 
1939 m (6360 ft.). Drainage: Well drained; medium runoff; 
slow permeability. Soil Moisture: Moist in Bt. 

Horizon Description 

A 0 to 5 cm (0 to 2 inches). Brown (7.SYR4/4) very gravelly loam, 
dark brown (7.5YR3/4) moist; weak thick platy structure; soft, 
very friable, nonsticky. and slightly plastic; many very fine 
roots; many very fine vesicular pores; 46 percent gravel; 
noneffervescent; neutral (pH 7.2); clear smooth boundary. 

Bt 5 to 24 cm (2 to 9 inches). Reddish brown (5YR4/4) clay, dark 
reddish brown (5YR3/4) moist; weak medium subangular blocky 
structure; hard, firm, sticky and plastic; many very fine roots; 
many fine tubular pores; few thin clay films on faces of peds, 
bridging sand grains and on coarse fragments; 9 percent gravel; 
slightly effervescent; 2 percent calcium carbonate equivalent; 
neutral (pH 6.9); clear smooth boundary. 

Btk 24 to 43 cm (9 to 17 inches). Reddish brown (5YR4/4) gravelly 
clay, reddish brown (SYR4/4) moist; moderate medium prismatic 
part i ng to moderate medi um subangu1 ar blocky structure; very 
hard, very firm, very sticky and very plastic; common fine and 
medium roots; few fine tubular pores; few thin clay films on 
faces of peds, bridging sand grains and on coarse fragments; 33 
percent gravel; strongly effervescent; 3 percent calcium carbonate 
equivalent; mildly alkaline (pH 7.4); abrupt smooth boundary. 
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Cr 43 to 50 em (17 to 20 inches). Heathered 1 ime coated chert 
with few fine roots; violently effervescent; 17 percent calcium 
carbonate equivalent; abrupt smooth boundary. 

R 50 cm (20 inches). Hard lime coated chert. 



Pedon 6. Toqui very gravelly loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
Hor Depth A1203 Si02 Fe203(t} MnO CaO MgO Ti02 Na20 K20 P205 L. 1.1 

A 0-5 8.50 75.35 3.32 .05 .36 1.25 .88 .86 1.64 .15 5.66 
Bt 5-24 11.85 66.70 4.80 .05 1.55 2.05 .84 .69 1. 79 .20 8.72 
Btk 24-43 13.60 64.50 5.42 .05 1.25 2.10 .85 .56 1.64 .13 8.84 
Cr 43-50 7.10 47.40 3.24 .03 24.40 3.31 .39 .24 .71 .30 13.23 
R 50 1.85 91.05 0.87 .01 1.90 .43 .13 .03 .20 .35 2.10 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg(C03}2 Mg3 CaC03/CaMg(C03)2 

A 0-5 .44 .84 .11 .44 0 .75 
Bt 5-24 1.85 1.05 .14 1.85 0 1.45 
Btk 24-43 2.91 .30 .04 1.50 1.45 1.08 
Cr 43-50 17 .26 .43 .07 0 
R 50 3.83 .33 .05 2.96 .94 .16 3.15 

1 L.I. - Loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

...... 

...... 
'" 



Pedon 6. Particle size distribution. 

Hor 
A 
Bt 
Btk 
Cr 
R 

em gm/cm3 % % Ins. 
Depth Db >2mm Res. 
0-5 1.51 46.5 
5-24 1.52 9.1 

24-43 1.63 33.2 
43-50 

50 96.1 

- < 2 mm % -
Sand Silt Clay 
31.0 45.3 23.7 
24.5 25.6 49.9 
21.7 21.0 57.3 
38.9 11.7 49.4 

--------------------%----------------------
2mm-l.4mm 1.4-1.0mm 1.0mm-710um 710-500um 

.015 .017 .014 .019 

.019 .021 .013 .020 

.019 .016 .016 .021 

.158 .141 .114 .082 

em---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-5 .022 .020 .024 .080 .148 .114 .090 .137 .063 
Bt 5-24 .022 .020 .025 .051 .109 .104 .104 .096 .066 
Btk 24-43 .023 .020 .024 .062 .113 .128 .082 .065 .052 
Cr 43-50 .063 .045 .035 .010 .044 .039 .042 .015 .014 
R 50 

em ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-5 .049 .051 .014 .045 .024 .013 .034 
Bt 5-24 .065 .052 .042 .040 .035 .030 .059 
Btk 24-43 .085 .066 .016 .030 .054 .055 .048 
Cr 43-50 .026 .033 .014 .017 .036 .030 .039 
R 50 

...... ...... 
co 
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Pedon 6. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz I(aol Mica Mont Verm Layer 

A 0-5 XXX XX XX XXXX 
Bt 5-24 XXX XX XX XXXX X 
Btk 24-43 XXX XX X XXXX 
Cr 43-50 XX X X XXXX 
R 50 XX X X XXXX 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 



120 

Pedon 7 

Yumtheska extremely cobbly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 15 m west and 275 m south at the NE corner of section 14, 
T. 30 N. ,R. 7l~. 

Date of Sampling: May 20, 1986 

Description by: B. Ahrens 

Collectors: S. Levine and D.M. Hendricks 

Classification: LoamY-Skeletal, mixed, mesic Lithic Calciustoll 

Vegetation: Rangeland. Utah juniper, Pinyon pine, Stansbury cliffrose, 
muttongrass, blue grama. Climate: Mean annual precipitation 
about 330 to 350 mm (13-14 inches) and the mean annual temperature 
about 100C (500 F). Parent material: Aeolian and residuum from 
limestone. Topography: Hillslope with 5 percent slope. 
Elevation: 1923 m (6310 ft.). Drainage: Well drained; medium 
runoff; moderate permeability. Soil Moisture: Dry. 

Horizon Description 

A 0 to 5 cm (0 to 2 inches). Brown (10YR5/3) extremely cobbly 
loam, dark brown (lOYR3/3) moist; weak thin platy structure; 
soft, very friable, slightly sticky and slightly plastic; common 
very fine roots; few fine vesicular pores; 40 percent cobbles, 
10 percent stones and 25 percent gravel; slightly effervescent; 
5 percent calcium carbonate equivalent; mildly alkaline (pH 7.6); 
clear smooth boundary. 

Bk1 5 to 13 cm (2 to 5 inches). Brm·m (10YR4/3) very cobbly loam, 
dark brown (10YR3/3) moist; \'Jeak medium subangular blocky 
structure; slightly hard, friable, slightly sticky and slightly 
plastic; common very fine roots; common fine tubular pores; 30 
percent cobbles and 15 percent gravel; strongly effervescent; 8 
percent calcium carbonate equivalent; mildly alkaline (pH 7.6); 
clear smooth boundary. 

Bk2 13 to 35 cm (5 to 14 inches). Brown (10YR4/3) very cobbly silt 
loam, dark brown (10YR3/3) moist; weak medium subangular blocky 
structure; slightly hard, friable, slightly sticky and slightly 
plastic; many fine roots; common fine tubular pores; 35 percent 
cobbles and 25 percent gravel; violently effervescent; many 
lime pendants on the undersides of cobbles; 33 percent calcium 
carbonate equivalent; mildly alkaline (pH 7.7); abrupt smooth 
boundary. 
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R 35 cm (14 inches). Hard 1 imestone \'1ith roots running along 
lithic contact. 



Pedon 7. Yumtheska extremely cobbly loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
Hor Depth A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 1(2° P205 L. I.1 

A 0-5 8.05 72.80 3.80 .08 1.88 2.20 .69 .82 1. 74 .47 7.29 

Bk1 5-13 9.70 64.70 4.18 .08 4.04 2.60 .75 .85 1.92 .56 10.16 

Bk2 13-35 6.00 46.70 2.85 .04 16.50 2.70 .72 .55 1.14 .46 22.14 

R 35 .11 3.04 .21 .01 39.22 11.25 .04 .05 .01 .04 46.60 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg( C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-5 5.51 .86 .11 1.10 4.40 .79 

Bkl 5-13 8.05 .96 .13 6.35 1. 70 1.36 

Bk2 13-35 33.11 .66 .05 25.80 7.30 .74 

R 35 96.72 .08 .05 41.90 54.20 0 .77 

1 L.I. - Loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

..... 
N 
N 



Pedon 7. Particle size distribution. 

cm gm/cm3 % % Ins. - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Res. Sand Silt Clay 2mm-l.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A 0-5 1.47 75.0 42.3 40.1 17.60 .041 .041 .037 .037 
Bkl 5-13 1.32 45.3 36.4 43.4 20.15 .075 .031 .014 .014 
Bk2 13-35 1.39 63.2 23.4 51.0 25.60 .024 .016 .019 .018 
R 35 15.0 3.9 6.9 89.6 3.50 .003 .002 .001 .001 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-5 .031 .027 .026 .062 .125 .076 .076 .116 .052 
Bkl 5-13 .012 .012 .012 .029 .087 .112 .071 .053 .051 
Bk2 13-35 .018 .015 .015 .020 .073 .051 .059 .059 .043 
R 35 .001 .001 .001 0 0 0 .060 .165 .209 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-5 .052 .047 .025 .035 .028 .028 .033 
Bkl 5-13 .068 .069 .051 .036 .065 .066 .063 
Bk2 13-35 .087 .108 .051 .050 .094 .093 .080 
R 35 .223 .161 .054 .046 .036 .020 .011 

..... 
N 
W 
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Pedon 7. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-5 XXX XX XX XX 
Bkl 5-13 XXX XXX XXX XX 
Bk2 13-35 XX XX XX XX 
R 35 XXX XX XX X X X 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 8 

Orlie gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 15 m west and 280 m south at the NE corner of section 14, 
T. 30 N. ,R. 7W. 

Date of Sampling: May 20, 1986 

Description by: S. Levine 

Collectors: S. Levine and D.M. Hendricks 

Classification: Fine-loamy, mixed, mesic Aridic Haplustalf 

Vegetation: Rangeland. Big sagebrush, blue grama, snakeweed, prickly 
pear cactus. Climate: Mean annual precipitation about 330 to 
350 mm (13-14 inches) and the mean annual temperature about 
100C (500 F). Parent material: Aeolian and alluvium from 
sedimentary rocks. Topography: Stream terrace with 2 percent 
slopes. Elevation: 1919 m (6295 ft.). Drainage: Well drained; 
slow runoff; moderate slow permeability. Soil Moisture: Slight 
in Bt. 

Hori zon Descri pt ion 

A 0 to 8 cm (0 to 3 inches). Brown (10YR5/3) gravelly loam, dark 
brown (10YR4/3) moist; weak thick platy structure; soft, very 
friable, slightly sticky and slightly plastic; many very fine 
and fine roots; common fine interstitial pores; 22 percent gravel; 
noneffervescent; Neutral (pH 7.0); clear smooth boundary. 

Bt 8 to 37 cm (3 to 15 inches). Dark brown (10YR4/3) light clay 
loam, dark brown (10YR3/3) moist; moderate fine and medium 
subangular blocky structure; hard, firm, sticky and plastic; 
few medium, common fine and very fine roots; common fine 
interstitial pores; few thin clay films lining pores; 12 percent 
gravel, noneffervescent; neutral (pH 7.0); clear wavy boundary. 

B/Atkb 37 to 63 cm (15 to 25 inches). Dark grayish brown (lOYR4/2) 
clay loam, very dark grayish brown (10YR3/2) moist; moderate 
medium subangular blocky structure; slightly hard, very friable, 
st icky and p 1 ast i c; common fi ne and very fi ne roots; common 
fine interstitial pores; 10 percent gravel, strongly effervescent; 
fe\'J soft lime masses in A part; neutral (pH 7.2); clear wavy 
boundary. 



126 

Btklb 63 to 78 cm (24 to 31 inches). Dark brown (10VR4/3) clay loam, 
dark brown (10VR3/3) moist; moderate fine and medium subangular 
blocky structure; hard, firm, very sticky and very plastic; few 
fine and medium roots; common very fine interstitial pores; few 
thin clay films on faces of peds; 8 percent gravel, violently 
effervescent; many soft lime masses; 4 percent calcium carbonate 
equivalent; mildly alkaline (pH 7.4); clear wavry boundary. 

Btk2b 78 to 113 cm (31 to 45 inches). Brown (7.5VR5/4) very gravelly 
light clay loam, dark brown (7.5VR4/4) moist; many fine subangular 
blocky structure; hard, firm, very sticky and very plastic; few 
fine and medium roots; common very fine interstitial pores; few 
thin ciay films on faces of peds; 36 percent gravel; violently 
effervescent; many soft lime masses; 9 percent calcium carbonate 
equivalent; mildly alkaline (pH 7.4); abrupt wavy boundary. 

Btk3b 133 to 150 cm (4S to 60 inches). Reddish brown (SVRS/4) clay 
loam, reddish brown (SVR4/4) moist; strong medium subangular 
blocky structure; hard, firm, very sticky a.nd very plastic; 
common fine interstitial pores; strongly effervescent; common soft 
lime masses and filaments; 2 percent calcium carbonate equivalent. 



Pedon 8. Orlie gravelly loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
Hor Depth A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 L. I.l 

A 0-8 7.70 79.0 2.94 .09 .44 1.70 .78 .95 1.78 .40 5.70 
Bt 8-37 9.80 73.6 3.67 .08 .52 1.91 .79 .84 1.86 .46 5.63 
B/Atkb 37-63 10.90 71.4 4.05 .09 .70 1.95 .97 .88 2.00 .48 6.34 
Btklb 63-78 10.50 69.1 4.10 .08 1.99 1.90 .95 .84 1.85 .46 7.69 
Btk2b 78-113 9.60 72.3 3.58 .07 2.20 1.85 .82 .73 1.63 .47 6.68 
Btk3b 113-150 10.70 75.0 3.78 .07 1.52 1.39 .85 .84 1.84 .47 5.33 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg( C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-8 .40 .72 .09 .40 0 1.02 
Bt 8-37 .49 1.05 .12 .49 0 1.15 
B/Atkb 37-63 .84 1.08 .11 .84 0 1.17 
Btklb 63-78 3.84 1.10 .13 3.26 .58 1.07 
Btk2b 78-113 8.01 1.09 .14 0 7.50 .54 
Btk3b 113-150 2.17 1.16 .23 1.54 0 .96 

1 L.I. - Loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

..... 
N ....., 



Pedon 8. Particle size distribution. 

cm gm/cm3 % 
Hor Depth Db >2mm 
A 0-8 1.32 22.3 
Bt 8-37 1.39 12.4 
B/Atkb 37-63 1.48 9.6 
Btk1b 63-78 1.45 7.9 
Btk2b 78-113 1.61 35.6 
Btk3b 113-1S0 1.66 0 

- < 2 mm % -
Sand Silt Clay 
43.5 46.5 10.0 
32.S 40.9 26.6 
20.7 44.9 34.4 
22.5 44.7 32.8 
30.3 42.4 27.3 
24.4 4S.4 30.2 

--------------------%----------------------
2mm-1.4mm 1.4-1.0mm 1.0mm-710um nO-500um 

.012 .013 .013 .014 

.022 .016 .012 .013 

.009 .008 .007 .010 

.009 .007 .008 .008 

.027 .022 .018 .018 

.002 .003 .OOS .OOS 

cm---------------------------------------%-----------------------------------------------
Hor Depth SOO-3S0um 3S0-2S0um 2S0-177um 177-12Sum 12S-88um 88-62um 62-44um 44-31um 31-22um 
A 0-8 .012 .011 .012 .090 .151 .083 .095 .143 .060 
Bt 8-37 .012 .011 .012 .049 .120 .122 .065 .088 .068 
8/Atkb 37-63 .008 .008 .009 .019 .088 .076 .104 .108 .071 
Btk1b 63-78 .009 .009 .017 .010 .078 .125 .081 .104 .094 
Btk2b 78-113 .013 .011 .013 .028 .101 .104 .087 .109 .075 
8tk3b 113-150 .005 .008 .012 .031 .090 .110 .100 .103 .079 

cm ----------------- .. ------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-8 .058 .072 .029 .031 .029 .031 .032 
Bt 8-37 .079 .070 .035 .051 .054 .041 .054 
8/Atkb 37-63 .101 .085 .053 .043 .069 .064 .055 
Btk1b 63-78 .071 .087 .047 .051 .072 .054 .057 
Btk2b 78-113 .074 .064 .031 .058 .047 .032 .059 
Btk3b 113-150 .096 .074 .047 .047 .063 .058 .058 

-N 
co 
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Pedon 8. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz I<aol Mica Mont Verm Layer 

A 0-8 XXX XXX XXX X XX 
Bt 8-37 XX XX XX XX XX 
B/Atkb 37-63 XXX XX XXX XXX X 
Btk1b 63-78 XXX XX XX XXX XX 
Btk2b 78-113 XX XX XX XXX XX 
Btk3b 113-150 XXX XX X XXXX X 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 9 

Orlie gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 450 m south and 30 m west at the NE corner of section 14, 
T. 30 N.,R. 71'1. 

Date of Sampling: May 20, 1986 

Description by: S. Levine 

Collectors: S. Levine and D.M. Hendricks 

Classification: Fine-loamy, mixed, mesic Aridic Haplustalf 

Vegetation: Rangeland. Big sagebrush, blue grama, snakeweed. Climate: 
Mean annual precipitation about 330 to 350 mm (13-14 inches) 
and the mean annual temperature about 100 C (500 F). Parent 
material: Aeolian and alluvium from sedimentary rocks. 
Topography: Stream terrace with 2 percent slopes. Elevation: 
1919 m (6295 ft.). Drainage: ~Jell drained; slow runoff; 
moderatly slow permeability. Soil Moisture: Dry. 

Horizon Description 

A 0 to 10 cm (0 to 4 inches). Pale brown (10YR6/3) gravelly loam, 
brown (10YR4/3) moist; weak coarse platy structure; loose, 
slightly hard, slightly sticky and slightly plastic; many very 
fine and fine roots; common very fine vesicular pores; 15 percent 
gravel; noneffervescent; neutral (pH 6.8); clear smooth boundary. 

Btl 10 to 33 cm (4 to 13 inches). Brown (7.5YR5/4) loam, dark brown 
(7.5YR4/4) moist; moderate fine subangular blocky structure; 
hard, friable, sticky and plastic; common very fine and fine 
roots; common fine and medium tubular pores; noneffervescent; 
neutral (pH 7.0); clear ~'/avy boundary. 

Bt2 33 to 48 cm (13 to 19 inches). Brown (10YR4/4) heavy loam, 
dark brown (10YR3/3) moist; strong fine subangular blocky 
structure; hard, firm, very sticky and very plastic; few fine 
roots; common very fine tubular pores; common thick clay films 
on faces of peds and lining pores; noneffervescent; neutral (pH 
7.0); gravel wavy boundary. 

Bt3 48 to 65 cm (19 to 26 inches). Brown (7.5YR5/4) clay loam, 
dark brown (7.5YR4/4) moist; moderate medium prismatic parting 
to moderate fine subangular blocky structure; hard, firm, very 
st icky and very p 1 ast i C; few fi ne roots; 5 percent gravel; 
noneffervescent; neutral (pH 7.0); clear smooth boundary. 
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Bt4 65 to 88 cm (26 to 35 inches). Strong brown (7.5YR5/6) clay 
loam, strong brown (7.5YR4/6) moist; moderate medium prismatic 
part i ng to moderate fi ne subangul ar blocky structure; hard, 
firm, very sticky and very plastic; few fine roots; common fine 
tubular pores; common moderately thick clay films on faces of 
peds and lining pores; noneffervescent; neutral (pH 7.2); clear 
smooth boundary. 

C 88 to 115 cm (35 to 46 inches). Strong brown (7.5YR5/6) loam, 
strong bro\'1n (7.5YR5/6) moist; massive; slightly hard, very 
friable, sticky and plastic; few fine roots; few fine tubular 
pores; 3 percent gravel; noneffervescent; neutral (pH 7.2); 
clear smooth boundary. 

Btkb 115 to 150 cm (46 tc 60 inches). Yellowish red (5YR5/6) gravelly 
clay loam, yellowish red (5YR4/6) moist; massive; hard, firm, 
very sticky and very plastic; few very fine roots; few fine and 
medium tubular pores; 15 percent gravel; slightly effervescent; 
3 percent calcium carbonate equivalent; mildly alkaline (pH 7.4). 



Pedon 9. Orlie gravelly loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
Al203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 L.I. 1 Hor Depth 

A 0-10 8.30 78.40 2.99 .08 .35 .97 .84 .98 1.87 .36 
Btl 10-33 8.90 77. 70 3.29 .07 .39 1.18 .80 .84 1. 77 .34 
Bt2 33-48 9.20 77 .20 3.49 .07 .42 1.23 .93 .81 1. 74 .38 
Bt3 48-65 9.10 76.20 3.46 .07 .47 1.11 .83 .69 1.60 .48 
Bt4 65-88 9.80 75.70 3.53 .07 .41 1.08 .90 .75 1. 75 .54 
C 88-115 9.70 78.10 3.43 .07 .38 1.03 .85 .78 1.85 .48 
Btkb 115-150 10.60 74.80 3.84 .06 1.54 1.92 .80 .79 1.62 .41 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg(C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-10 .47 .85 .12 .47 0 .58 
Btl 10-33 .36 .96 .13 .36 0 . 71 
Bt2 33-48 .36 1.03 .15 .36 0 .74 
Bt3 48-65 .30 1.13 .20 .30 0 .67 
Bt4 65-88 .25 1.04 .15 .25 0 .65 
C 88-115 .31 .99 .15 .31 0 .62 
Btkb 115-150 2.62 1.02 .17 2.62 0 1.15 

1 L.I. - Loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

5.68 
5.05 
5.54 
4.84 
4.65 
4.50 
5.59 

...... 
w 
N 



Pedon 9. Particle size distribution. 

cm gm/cm3 % - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Sand Silt Clay 2mm-l.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A 0-10 1.45 15.3 37.6 46.8 15.6 .014 .013 .010 .015 
Btl 10-33 1.54 5.0 39.4 39.9 20.4 .005 .007 .008 .011 
Bt2 33-48 1. 75 0 35.7 37.8 26.5 .006 .008 .009 .011 
Bt3 48-65 1.77 5.0 39.2 31.1 29.7 .004 .008 .011 .015 
Bt4 65-88 1.65 0 33.4 39.9 26.7 .002 .005 .005 .009 
C 88-115 1.48 3.0 28.8 47.7 23.5 .002 .004 .004 .006 
Btkb 115-150 1.64 14.9 30.2 39.7 30.1 .003 .004 .004 .009 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 2S0-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-10 .015 .016 .019 .067 .137 .078 .078 .121 .065 
Btl 10-33 .014 .017 .020 .057 .130 .162 .079 .101 .095 
Bt2 33-48 .015 .020 .024 .033 .142 .160 .069 .114 .068 
Bt3 48-65 .020 .028 .037 .077 .150 .123 .105 .078 .087 
Bt4 65-88 .013 .018 .022 .037 .128 .134 .120 .112 .079 
C 88-115 .008 .011 .015 .008 .115 .125 .106 .147 .069 
Btkb 115-150 .013 .020 .024 0 .104 .170 .102 .128 .069 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-10 .071 .054 .054 .056 .032. .039 .040 
Btl 10-33 .051 .043 .056 .037 .030 .032 .039 
Bt2 33-48 .057 .055 .055 .028 .041 .037 .041 
Bt3 48-65 .033 .038 .057 .008 .046 .043 .028 
Bt4 65-88 .077 .068 .027 .034 .040 .031 .036 
C 88-115 .081 .091 .026 .028 .061 .052 .034 
Btkb 115-150 .072 .060 .040 .053 .039 .033 .046 

..... 
w 
w 
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Ped on 9. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-10 XXX XXX XXX xx xx 
Btl 10-33 XXX XXX XXX X X 
Bt2 33-48 XXX xx XXX X xx 
Bt3 48-65 XXX xx xx xx X 
Bt4 65-88 XXX xx xx xx X 
C 88-115 XXX xx xx xx X 
Btkb 115-150 xx xx X xxxx 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm 
vermiculite; Mixed layer= Mont/Mica interstratified; X = tract; XX 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 10 

Natank very gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 790 m south and 700 m east of the NW corner of section 14, 
T. 30 N. ,R. 7W. 

Date of Sampling: May 20, 1986 

Description by: S. Levine 

Collectors: S. Levine, D.M. Hendricks and D. Prevost 

Classification: Fine, montmorillonitic, mesic Aridic Haplustalf 

Vegetation: Rangeland. Pinyon pine, Utah juniper, blue grama, junegrass. 
Climate: Mean annual precipitation about 330 to 350 mm (13-14 
inches) and the mean annual temperature about 100C (500F). 
Parent material: Aeolian and residuum from dolomitic limestone. 
Topography: Hi1ls10pe summit with 2 percent slopes. Elevation: 
1950 m (6400 ft.). Drainage: Well drained; slow runoff; slow 
permeability. Soil Moisture: Slightly moist in Bt. 

Hori zon Descri pt i on 

A 0 to 5 cm (0 to 2 inches). Brown (10YR5/3) very gravelly loam, 
dark yellowish brown (10YR4/4) moist; weak fine granular 
structure; sl ight1y hard, very friable, sl ightly sticky and 
slightly plastic; many fine and very fine roots; many very fine 
and fine interstitial pores; 51 percent gravel; noneffervescent; 
slightly acid (pH 6.5); clear smooth boundary. 

Btl 5 to 13 cm (2 to 5.5 inches). Reddish brown (5YR4/4) very 
gravelly heavy clay loam, dark reddish brown (5YR3/4) moist; 
moderate fi ne subangul ar blocky structure; hard, fi rm, sticky 
and plastic; common medium, coarse and fine roots; common fine 
interstitial pores; fe\,1 thin clay films on the faces of peds 
and lining pores; 51 percent gravel; noneffervescent; neutral 
(pH 6.8); abrupt \'/avy boundary. 

Bt2 13 to 28 cm (5.5 to 11 inches). Red (2.5YR4/6) clay, dark red 
(2.5YR3/6) moist; strong medium and coarse prismatic parting to 
strong fine subangular blocl<y structure; extremely hard, extremely 
firm, very sticky and very plastic; common medium and few fine 
roots; few very fine tubular pores; many moderately thick clay 
films on the faces of peds and lining pores; 7 percent gravel; 
noneffervescent ; neutral (pH 7.0); clear smooth boundary. 
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Bt3 28 to 45 cm (11 to 18 inches). Red (2.5YR4/6) clay, dark red 
(2.5YR3/6) moist; strong medium and coarse prismatic parting to 
strong fi ne subangul ar blocl<y; extremely hard, extremely fi rm, 
very sticky and very plastic; fe\'1 fine and medium roots; few 
very fine tubular pores; many moderately thick clay films on 
faces of peds and 1 in i ng pores; noneffervescent; neut ra 1 (pH 
7.0); abrupt smooth boundary. 

Cr 45 to 55 cm (18 to 22 inches). ~leathered dol omi tic 1 i mestone 
with clay in fractures; calcium carbonate coating the bedrock; 
violently effervescent; 55-percent calcium carbonate equivalent; 
abrupt \</avy boundary. 

R 55 cm (22 inches). Hard dolomitic limestone. 



Pedon 10. Natank very gravelly loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
Hor Depth A1203 Si02 Fe203{t} MnO CaO MgO Ti02 Na20 K20 P205 L.I.l 

A 0-5 8.40 77 .26 2.97 .08 .30 .81 1.09 1.03 1.69 .14 
Btl 5-13 11.20 73.70 4.33 .07 .28 1.21 .90 .87 1. 79 .17 
Bt2 13-28 16.50 63.11 6.36 .07 .31 2.64 .77 .40 1.48 .33 
Bt3 28-45 17.40 61.10 6.73 .06 .39 2.70 .79 .35 1.45 .40 
Cr 45-55 7.80 29.00 3.21 .05 18.59 9.40 .44 .24 .80 .63 
R 55 .62 17 .95 .52 .06 32.20 11.30 .58 .09 .19 .62 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg{ C03}2 Mg3 CaC03/CaMg{C03)2 

A 0-5 .54 .84 .08 .54 0 .49 
Btl 5-13 .50 1.18 .12 .50 0 1.73 
Bt2 13-28 .55 1.93 .32 .55 0 1.58 
Bt3 28-45 .74 2.07 .45 .70 .30 1.61 
Cr 45-55 55.31 .83 .10 9.50 40.00 0 
R 55 80.61 .15 .05 29.20 51.60 0 

1 L.I. - Loss on ignition 
~ CaC03 equivalent determined by method of Bundy and Bremner (1972). 

% Mg available for clay fraction. 

.20 

.57 

5.43 
6.77 
9.61 
9.85 

30.96 
34.75 

....... 
w 
..... J 



Pedon 10. Particle size distribution. 

cm gm/cm3 % % Ins. - < 2 mm % - --------------------%----------------------
Hor Depth Db >2mm Res. Sand Silt Clay -2mm-1.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A 0-5 1.42 51.4 38.4 46.8 14.8 .039 .043 .039 .035 
Btl 5-13 1.54 51.0 25.1 36.2 38.7 .040 .039 .029 .025 
Bt2 13-28 1.68 7.3 15.0 15.0 69.7 .055 .042 .043 .034 
Bt3 28-45 1.65 a 19.3 13.3 77.4 .047 .044 .037 .035 
Cr 45-55 28.0 30.0 42.0 .043 .079 .070 .049 
R 55 19.2 6.4 79.4 14.2 .001 .002 .001 .001 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-5 .030 .021 .016 .032 .079 .058 .077 .130 .084 
Btl 5-13 .021 .017 .014 .045 .068 .059 .059 .113 .079 
Bt2 13-28 .025 .020 .016 .021 .061 .055 .086 .069 .062 
Bt3 28-45 .026 .022 .017 .007 .028 .087 .084 .079 .079 
Cr 45-55. 041 . 032 . 024 a .034.071.022. 078 .080 
R 55 .001 .001 .001 a a .079 a .194 .219 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.Sum 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-5 .069 .061 .056 .049 .028 .022 .030 
Btl 5-13.067. 069 .064 .050 . 041 . 046 . 046 
Bt2 13-28 .075 .052 .067 .049 .050 .056 .056 
Bt3 28-45 .079 .059 .041 .049 .066 .056 .054 
Cr 45-55 .116 .081 .039 .031 .040 .036 .032 
R 55 .176 .154 .044 .045 .035 .017 .029 

.... 
w 
co 
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Pedon 10. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-5 XXX X XX X X 
Btl 5-13 XXX X XX XXX X 
Bt2 13-28 X XX X XXXXX X 
Bt3 28-45 X XX X XXXXX X 
Cr 45-55 XXX XX X XXX XX 
R 55 XXXX XXXX X 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 11 

Natank very gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 610 m south and 425 m west at the NE corner of section 14, 
T. 30 N.,R. 7W. 

Date of Sampling: May 20, 1986 

Description by: S. Levine 

Collectors: S. Levine, D.M. Hendricks and D. Prevost 

Classification: Fine, montmorillonitic, mesic Aridic Haplustalf 

Veg~tation: Rangeland. Pinyon pine, Utah juniper, blue grama, snakeweed. 
Climate: Mean annual precipitation about 330 to 350 mm (13-14 
inches) and the mean annual temperature about 100C (500 F). 
Parent material: Aeolian and residuum from dolomitic limestone. 
Topography: Hillslope with 2 percent slopes. Elevation: 1935 
m (6350 ft.). Drainage: \~ell drained; slow runoff; slow 
permeability. Soil Moisture: Dry. 

Horizon Description 

A 0 to 8 cm (0 to 3 inches). Brown (10YR5/3) very gravelly loam, 
dark brown (10YR4/3)moist; weak thin platy structure; slightly 
hard, very friable, slightly sticky and slightly plastic; many 
very fine and fine roots; many fine interstitial pores; 45 percent 
gravel; noneffervescent; neutral (pH 6.6); clear smooth boundary. 

Btl 8 to 14 cm (3 to 5.5 inches). Brown (10YR4/3) very gravelly 
clay loam, dark grayish brown (10YR4/2) moist; weak fine 
subangular blocky structure; slightly hard, very friable, sticky 
and plastic; few coarse, many fine and very fine roots; common 
fine tubular pores; few thin clay films on faces of peds; 48 
percent gravel; noneffervescent; neutral (pH 6.8); clear wavy 
bcundary. 

Bt2 14 to 25 cm (5.5 to 10 inches). Yellowish red (5YR5/6) extremely 
gravelly clay, yellowish red (5YR5/6) moist; weak fine and medium 
subangular blocky structure; hard, firm, very sticky and very 
plastic; common coarse and few fine and very fine roots; common 
fine tubular pores; common moderately thick clay films on faces 
of peds and coarse fragments; 80 percent gravel; noneffervescent; 
neutral (pH 6.8); clear smooth boundary. 
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Bt3 25 to 54 cm {10 to 21 inches}. Yellowish red (5YR5/6) extremely 
gravelly clay, yellowish red (5YR5/6) moist; strong fine and 
medium subangular blocky; hard, firm, very sticky and very 
plastic; few fine roots; common fine tubular pores; many 
moderately thick clay films on faces of peds and coarse fragments; 
70 percent gravel; noneffervescent; neutral (pH 7.0); clear 
wavy boundary. 

Cr 54 to 60 cm (21 to 24 inches). Weathered dolomitic limestone; 
violently effervescent; 48 percent calcium carbonate equivalent; 
abrupt wavy boundary. 

R 60 cm (24 inches). Hard dolomitic limestone. 



Pedon 11. Natank very gravelly loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P20S L.I.l Hor Depth 

A 0-8 8.90 76.S0 3.47 .09 .39 1.16 .91 1.03 1.91 .21 
Btl 8-14 11.40 70.80 4.30 .08 .38 1.44 1.00 .98 2.08 .2S 
Bt2 14-25 14.40 65.60 5.43 .OS .31 2.14 .76 .51 1.76 .23 
Bt3 25-S4 lS.10 64.90 S.53 .04 .47 2.07 .63 .26 1.40 .40 
Cr 54-60 4.50 43.40 1.67 .04 19.70 4.70 .29 .24 .74 LIS 
R 60 .78 21.10 .50 .OS 32.10 9.60 .14 .06 .29 .54 

cm ----------------------%---------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg( C03)2 Mg3 CaC03/CaMg{C03)2 

A 0-8 .70 .81 .Il .70 0 .70 
Btl 8-14 .69 1.01 .14 .69 0 .86 
Bt2 14-25 .61 I.S5 .24 .60 0 1.26 
Bt3 2S-S4 .84 1.90 .34 .84 0 1.24 
Cr 54-60 47.60 .68 .06 23.41 23.S0 0 
R 60 81.23 .21 .04 33.30 48.S0 0 

1 L.I. - Loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

1.00 
.69 

6.06 
7.08 
8.28 
7.64 

22.71 
35.05 

...... 

.;.. 
N 



Pedon 11. Particle size distribution. 

cm gm/cm3 % % Ins. - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Res. Sand Silt Clay 2mm-l.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A 0-8 1.43 45.0 34.6 47.9 17 .5 .046 .043 .035 .027 
Btl 8-14 1.38 47.6 23.6 41.1 35.3 .033 .025 .022 .018 
Bt2 14-25 1.45 80.0 27.7 19.3 53.0 .121 .097 .070 .047 
Bt3 25-54 1.51 70.4 32.0 8.1 59.9 .171 .165 .117 .084 
Cr 54-60 64.5 20.8 14.7 .041 .081 .074 .070 
R 60 19.2 42.3 41.9 15.5 .018 .027 .027 .023 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-G2um 62-44um 44-31um 31-22um 
A 0-8 .021 .017 .013 .036 .074 .046 .086 .118 .078 
Btl 8-14.017 .013 .012 .040 .079 .046 .082 .109 .071 
Bt2 14-25 .036 .023 .019 .030 .043 .060 .053 .066 .050 
Bt3 25-54 .065 .046 .029 .020 .027 .044 .040 .047 .024 
Cr 54-60.061 .054 .042 .037 .111 .130.062 .048 .035 
R 60 .016 .011 .007 .025 .104 .148 .151 .110 .063 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.S-3.9um 3.9-2.8um 2.8-2.0um 
A 0-8 .083 .058 .055 .050 .036 .035 .040 
Btl 8-14.096.065 .068 .037 .050 .065 .046 
Bt2 14-25 .054 .046 .039 .036 .033 .035 .036 
Bt3 25-54 .023 .024 .021 .019 .001 .010 .014 
Cr 54-60 .028 .033 .009 .016 .021 .018 .027 
R 60 .043 .055 .014 .028 .044 .037 .041 

..... 

.;:. 
w 
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Pedon 11. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz KalJl Mica Mont Verm Layer 

A 0-8 XXX XXX XXX X 
Btl 8-14 XXX XXX XXX XX 
Bt2 14-25 XX XX XX XX 
Bt3 25-54 XX XX XX XXX 
Cr 54-60 XX X XX X XX 
R 60 XXXX X XXXXX X 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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Pedon 12 

Natank gravelly loam clay 

Location: Coconino County, Az. Hua 1 apa i Indian Res. , Nati ona 1 Tank 
Quad. 518 m south and 244 m west at the NE corner of section 14, 
T. 30 N., R. 7W. 

Date of Sampling: May 20, 1986 

Description by: S. Levine 

Collectors: S. Levine, D.M. Hendricks and D. Prevost 

Classification: Fine, montmorillonitic, mesic Aridic Haplustalf 

Vegetation: Rangeland. Pinyan pine, Utah juniper, blue grama, sagebrush. 
Climate: Mean annual precipitation about 330 to 350 mm (13-14 
inches) and the mean annua 1 temperature about 1 o0 c ( 50°F). 
Parent material: Aeolian and residuum from dolomitic limestone. 
Topography: Hillslope with 7 percent slopes. Elevation: 1925 
m (6315 ft.). Drainage: Well drained; slow runoff; slow 
permeability. Soil Moisture: Slight in Bt. 

Horizon Description 

A O to 5 cm (0 to 2 inches). Brown (7.5YR5/4) gravelly clay, 
dark brown (7.5YR4/4) moist; weak fine granular structure; loose, 
very fri ab 1 e, sticky and p 1 ast i c; common fine and very fine 
roots; common fine interstitial pores; 33 percent gravel; slightly 
effervescent; neutral (pH 7.0); clear smooth boundary. 

Bt 5 to 15 cm (2 to 6 inches). Dark brown (7.5YR4/4) clay, dark 
brown (7.5YR3/4) moist; moderate fine and medium subangular 
blocky structure; slightly hard, friable, very sticky and very 
p 1 ast i c; few coarse and medium and common fine and very fine 
roots; common fine tubular pores; few thin clay films on faces 
of peds and 1 ining pores; noneffervescent; neutral (pH 7 .0); 
clear wavy boundary. 

Btkl 15 to 28 cm (6 to 11 inches). Reddish brown (5YR5/4) clay, 
reddish brown (5YR4/4) moist; strong fine and medium subangular 
blocky structure; slightly hard, very friable, very sticky and 
very plastic; few coarse and medium and common very fine roots; 
common fine tubular pores; many moderately thick clay films on 
faces of peds and lining pores; slightly effervescent; 6 percent 
calcium carbonate equivalent; neutral (pH 7.2); clear wavy 
boundary. 
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Btk2 28 to 43 cm (ll to 17 inches). Reddish brown (5VR5/4) clay, 
reddish brown (5VR4/4) moist; massive; slightly hard, friable, 
very st icky and very p 1 ast i c; few coarse and very fi ne roots; 
common fine tubular pores; common moderately thick clay films 
lining pores and on faces of peds; 10 percent gravel; violently 
effervescent; large white lime masses; 22 percent calcium 
carbonate equivalent; mildly alkaline (pH 7.5); clear wavy 
boundary. 

Cr 43 to 58 cm (17 to 23 inches). Highly \'1eathered dolomitic 
1 imestone bedrock; violently effervescent; 43 percent calcium 
carbonate equivalent; abrupt \'1avy boundary. 

R 58cm (23 inches). Hard dolomitic limestone. 



Pedon 12. Natank gravelly clay - Chemical analysis 

cm -----------------------------------%----------------------------------------
A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 L.I.1 Hor Depth 

A 0-5 11.52 65.10 4.79 .05 3.10 1.56 1.01 .64 1.47 .77 11.32 
Bt 5-15 12.33 64.80 5.43 .05 .81 3.68 .95 .54 1.32 .97 8.50 
Btk1 15-28 12.33 59.80 5.32 .05 3.61 3.09 .85 .46 1.16 1. 74 10.77 
Btk2 28-43 9.20 56.70 3.86 .04 10.28 3.00 .57 .35 .88 2.31 14.19 
Cr 43-58 4.24 49.20 1.94 .02 15.04 6.60 .22 .21 .58 2.25 21.05 
R 58 .56 14.55 .34 .02 35.05 8.34 .14 .09 .21 2.68 38.83 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg(C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-5 1.05 .87 .22 1.05 0 1.56 
Bt 5-15 .44 1.30 .24 .44 0 3.68 
Btkl 15-28 6.67 1.24 .20 6.46 .54 1.78 
Btk2 28-43 22.53 .93 .13 14.17 8.36 .80 
Cr 43-58 42.60 .53 .07 11.00 31.60 .17 
R 58 83.45 .07 .07 41.75 41. 70 0 

1 L.I. - Loss on ignition 
~ CaC03 equivalent determined by method of Bundy and Bremner (1972). 

% Mg available for clay fraction. 

1.35 
1.00 

I-' 
~ 
~ 



Pedon 12. Laboratory Date - Particle size distribution and clay mineralogy. 

cm gm/cm3 % % Ins. - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Res. Sand Silt Clay 2mm-1.4mm 1.4-1.0mm 1.0mm-7IOum 710-500um 

A 0-5 1.44 33.4 25.1 30.4 44.5 .020 .014 .014 .015 
Bt 5-15 1.36 0 18.5 23.3 58.2 .018 .016 .018 .018 
Btk1 15-28 1.68 0 18.5 21.8 59.7 .012 .014 .012 .014 
Btk2 28-43 1.79 10.0 22.1 30.2 47.7 .019 .019 .018 .017 
Cr 43-58 44.3 32.7 23.0 .006 .013 .014 .017 
R 58 17 .6 42.4 37.7 19.9 0 0 .001 .001 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-5 .016 .019 .021. .050 .118 .108 .074 .124 .063 
Bt 5-15 .019 .024 .022 .051 .146 .087 .051 .116 .089 
Btk1 15-28 .014 .024 .022 .089 .137 .064 .074 .115 .043 
Btk2 28-43 .024 .047 .057 .062 .135 .038 .043 .138 .050 
Cr 43-58 .027 .040 .045 .076 .127 .136 .090 .132 .060 
R 58 .008 .045 .049 .175 .152 .013 .089 .111 .125 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-5 .064 .073 .028 .034 .050 .049 .040 
Bt 5-15 .040 .051 .061 .051 .042 .039 .055 
Btk1 15-28 .086 .084 .023 .026 .046 .057 .040 
Btk2 28-43 .066 .078 .018 .038 .047 .032 .038 
Cr 43-58 .054 .058 .007 .029 .021 .018 .023 
R 58 .071 .087 0 0 .030 .012 .025 

...... 
~ 
co 
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Pedon 12. Clay mineralogy. 

em Mixed 
Hor Depth Qtz I<.aol Mica Mont Verm Layer 

A 0-5 XX XX X XXXX 
Btl 5-15 XX XX X XXXXX 
Btk1 15-28 X XX X XXXXX 
Btk2 28-43 XX XX X XXXX XX 
Cr 43-58 XX XX XX X X 
R 58 X XXX X XXX 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm = 
vermiculite; Mixed layer = Mont/Mica interstratified; X = tract; XX = 
small; XXX = moderate; XXX X = abundant; XXXXX = predominant. 
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Pedon 13 

Disterheff very gravelly loam 

Location: Coconino County, Az. Hualapai Indian Res., National Tank 
Quad. 450 m south and 230 m east at the NW corner of section 12, 
T. 29 N. ,R. 7lL 

Date of Sampling: June 10, 1986 

Description by: B. Ahrens 

Collectors: S. Levine, D.M. Hendricks and J.F. Schreiber 

Classification: Fine, montmori110nitic, mesic Aridic Hap1ustalf 

Vegetation: Rangeland. Muttongrass, blue grama, mountain big sagebrush, 
rabbitbrush. Climate: Mean annual precipitation about 330 to 
350 mm V3-14 inches) and the mean annual temperature about 
lOoC (50 F). Parent material: Aeolian, alluvium and ground 
water deposits. Topography: Fan terrace with 2 percent slopes. 
Elevation: 1935 m (6350 ft.). Drainage: Well drained; slow 
runoff; slow permeability. Soil Moisture: Slightly moist. 

Horizon Description 

A 0 to 5 cm (0 to 2 inches). Brown (7.5YR5/4) very gravelly loam, 
dark brm'ln (7.5YR4/4j moist; weak thick platy structure; slightly 
hard, friable, slightly sticky and slightly plastic; many very 
fine roots, many very fine vesicular pores; 35 percent gravel; 
noneffervescent; neutral (pH 6.9); clear smooth boundry. 

Btl 5 to 10 cm (2 to 4 inches). Dark brown (7.5YR4/4) clay, dark 
brown (7. 5YR3/4) moi st; \'/eak fine subangul ar blocky structure, 
hard, firm, sticky and plastic; many very fine roots; common 
very fine tubular pores; few thin clay films bridging sand grains 
and on faces of peds; noneffervescent; neutral (pH 6.9); clear 
smooth boundary. 

Bt2 10 to 15 cm (4 to 6 inches). Reddish brown (5YR4/3) clay, dark 
reddi sh brown (5YR3/3) moi st; weak moderate subangul ar blocky 
structure; very hard, very firm, very sticky and very plastic; 
many very fine roots; common very fine tubular pores; few think 
clay films bridging sand grains and on faces of peds; 
noneffervescent; neutral (pH 6.9); clear smooth boundary. 

Bt3 15 to 48 cm (6 to 19 inches). Reddish brown (5YR4/4) clay, 
dark reddish brol'ln (5YR3/4) moist; moderate medium prismatic 
parti ng to moderate medi urn subangul ar blocky structure; very 
ha\"d, very firm, very sticky and very plastic; conmon fine roots; 
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few fine tubular pores; few thin clay films bridging sand grains 
and on races of peds; 5 percent gravel; noneffervescent; neutral 
(pH 6.9); clear smooth boundary. 

2BCt 48 to 58 cm (19 to 23 inches). Reddish brown (5YR4/3) clay, 
dark reddish bro\,1n (5YR3/3) moist; weak medium subangular blocky 
structure; very hard, very firm, very sticky and very plastic; 
common fi ne roots; fe\'1 very fi ne tubul ar pores; 5 percent gravel; 
strongly effervescent; common lime masses; 33 percent calcium 
carbonate equivalent; neutral (pH 7.2); abrupt smooth boundary. 

2Cl 58 to 98 cm (23 to 39 inches). Pink (5YR7/3) clay loam, yellowish 
red (5YR5/6) moist; massive; hard, firm, sticky and plastic; 
few fine roots; fe\,1 fine tubular pores; 10 percent gravel; 
violently effervescent; many soft continuous lime masses; 53 
percent calcium carbonate equivalent; mildly alkaline (pH 7.7); 
clear smooth boundary. 

2C2 98 to 150 cm (39 to 60 inches). Pink (5YR7/3) loam, light reddish 
brown (5YR6/3) moist; massive; slightly hard, friable, slightly 
sticky and slightly plastic; few fine roots; few very fine tubular 
pores; 5 percent gravel; violently effervescent; many soft 
continuous lime masses; 42 percent calcium carbonate equivalent; 
mildly alkaline (pH 7.8). 



Pedon 13. Disterheff very gravelly loam - Chemical analysis 

cm -----------------------------------%----------------------------------------
A1203 Si02 Fe203(t) MnO CaO MgO Ti02 Na20 K20 P205 l.I.1 Hor Depth 

A 0-5 9.05 77.05 3.34 .07 .51 .99 .71 .95 1.80 .12 
Btl 5-10 12.32 70.40 4.62 .06 .32 1.64 .73 .73 1.68 .11 
Bt2 10-15 12.80 70.80 4.80 .07 .37 2.19 .77 .70 1.68 .10 
Bt3 15-48 13.25 69.00 5.05 .07 .39 2.21 .76 .73 1.54 .09 
2BCt 48-58 9.02 50.30 3.54 .04 17.75 1.50 .46 .48 .96 .13 
2C1 58-98 6.00 37.02 2.55 .04 28.10 1.35 .31 .44 .78 .18 
2C2 98-150 6.09 44.90 2.56 .04 23.20 1.80 .36 .55 .47 .15 

cm ----------------------%--------------------------
Hor Depth CaC032 Fe203d Fe2030 CaC03 CaMg(C03)2 Mg3 CaC03/CaMg(C03)2 

A 0-5 .61 .68 .12 .61 0 .59 
Btl 5-10 .26 .94 .18 .26 0 .98 
Bt2 10-15 .22 .96 .14 .22 0 1.31 
Bt3 15-48 .51 1.06 .15 .51 0 1.32 
2BCt 48-58 33.45 .60 .05 29.95 3.50 .48 8.56 
2Cl 58-98 52.64 .29 .02 47.68 4.96 .21 9.61 
2C2 98-150 42.32 .29 .02 40.48 1.84 .85 22.00 

1 l.I. - loss on ignition 
2 CaC03 equivalent determined by method of Bundy and Bremner (1972). 
3 % Mg available for clay fraction. 

5.63 
7.00 
7.65 
6.41 

18.65 
24.24 
22.24 

-0'1 
N 



Pedon 13. Particle size distribution. 

cm gm/cm3 % - < 2 mm % - ------------------%----------------------
Hor Depth Db >2mm Sand Silt Clay 2mm-l.4mm 1.4-1.0mm 1.0mm-710um 710-500um 
A 0-5 1.47 35.6 36.8 43.1 20.1 .009 .009 .008 .014 
Btl 5-10 1.57 0 26.4 29.8 43.8 .004 .004 .006 .012 
Bt2 10-15 1.68 0 20.2 32.0 47.8 .008 .006 .007 .013 
Bt3 15-48 1.80 5.0 17.3 30.5 52.2 .009 .Oll .007 .015 
2BCt 48-58 1.64 5.0 16.6 33.4 50.0 .021 .027 .025 .033 
2Cl 58-98 1.37 10.0 30.5 39.2 30.4 .034 .047 .057 .057 
2C2 98-150 1.47 5.0 46.8 31.0 22.2 .029 .061 .067 .064 

cm---------------------------------------%-----------------------------------------------
Hor Depth 500-350um 350-250um 250-177um 177-125um 125-88um 88-62um 62-44um 44-31um 31-22um 
A 0-5 .014 .012 .014 .040 .122 .121 .133 .161 .099 
Btl 5-10 .014 .Oll .016 .055 .055 .086 .076 .163 .066 
Bt2 10-15 .016 .013 .014 .031 .088 .084 .140 .107 .079 
Bt3 15-48 .014 .Oll .013 .016 .089 .080 .1l2 .149 .084 
2BCt 48- 58 .030 .026 .023 0 .043.088.062.099.085 
2Cl 58-98 .058 .056 .048 .002 .036 .066 .046 .060 .061 
2C2 98-150 .061 .052 .050 .028 .053 .058 .075 .076 .035 

cm ------------------------------%--------------------------------------
Hor Depth 22-16um 16-11um 11-7.8um 7.8-5.5um 5.5-3.9um 3.9-2.8um 2.8-2.0um 
A 0-5 .052 .050 .030 .032 .026 .015 .032 
Btl 5-10 .066 .073 .031 .043 .048 .036 .038 
Bt2 10-15 .109 .063 .032 .049 .045 .042 .050 
Bt3 15-48 .080 .069 .050 .054 .046 .040 .045 
2BCt 48-58 .047 .061 .082 .050 .063 .064 .066 
2Cl 58-98 .022 .059 .036 .036 .075 .060 .078 
2C2 98-150 .029 .078 .001 .025 .060 .041 .054 

..... 
(J'1 
(.oJ 
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Ped on 13. Clay mineralogy. 

cm Mixed 
Hor Depth Qtz Kaol Mica Mont Verm Layer 

A 0-5 XXX xx xx xxxxx 
Btl 5-10 XXX xx X xxxxx X 
Bt2 10-15 X xx X xxxxx X 
Bt3 15-48 xx xx X xxxxx 
2BCt 48-58 X X X XXX 
2Cl 58-98 X X X XXX 
2C2 98-150 X X X XXX 

Qtz = quartz; Kaol = kaolinite; Mont = montmorillonite; Verm 
vermiculite; Mixed layer= Mont/Mica interstratified; X = tract; XX= 
small; XXX = moderate; XXXX = abundant; XXXXX = predominant. 
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