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ABMACI'

Two soils, both underlain by petrocalcic horizons at shallow

depths, occur together on the same geomorphic surface, an old fan

terrace located in the Avra Valley near Tucson, Arizona. Both soils

have formed from similar parent materials and are assumed to be of the

same age. One of the soils, a Petrocalcic Paleargid, occupies the

broad, flat interfluvial areas of the fan surface. It contains an

argillic horizon above the hardpan and is carbonate free in the upper

part. The lower portion of the argillic horizon has been engulfed by

the petrocalcic horizon. The other soil, a Typic Paleorthid, occurs

above and adjacent to the narrow drainage ways that incise the fan

terrace. This soil lacks an argillic horizon and is calcareous to the

soil surface. Although no direct evidence of a former argillic horizon

remains, it is believed that an argillic horizon was once present and

then was truncated. Truncation was followed by brecciation of the

exposed pan surface and subsequent recementation. The observed

differences between the two soils: calcium carbonate content, particle

size distribution, color, morphology and size of calcite crystals, and

clay mineralogy are a result of the pedogenic processes of argillic

horizon engulfment and truncation followed by brecciation and

recementation.

viii



CHAPTER 1

INTRODUCTION

This study is concerned with the interrelationship of two allu-

vial soils. These soils are found on the saine geomorphic surface, an

old fan terrace located in the Avra Valley near Tucson, Arizona. Both

soils have formed from similar parent materials which were deposited at

about the same time. It is therefore assumed that these soils are of

the same age and have been forming for an equivalent amount of time.

One of these soils occupies much of the broad, relatively flat interflu -

vial areas of the fan terrace. It is characterized by a red argillic

horizon which overlies a calcium carbonate cemented hardpan. The upper

part of the argillic horizon is free of calcium carbonate. The other

soil is found above and adjacent to the narrow drainageways that incise

the fan terrace. This soil also contains a calcium carbonate cemented

hardpan but lacks the argillic horizon overlying the cemented pan. This

soil is calcareous to the soil surface.

The primary purpose of this research project is to establish the

genetic relationships between these two soils. This is accomplished by

evaluating the past and present soil forming processes and then

1
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Figure 1. Location Map of the Study Area



explaining certain similarities and differences that can be measured and

identified. In conjunction with the genesis study, micromorphological

analysis was completed on the calcium carbonate cemented hardpans. The

information obtained was used to interpret the pedogenic processes and

the effect of these processes on the morphology and growth of calcite

crystals during pen formation.

Site Selection

In June, 1980, I was employed as a Soil Scientist for the Soil

Conservation Service and assigned to do a soil survey of the Garcia

Strip, a narrow 2 to 3 mile wide and 9 mile long tract of land that

extends across the upper end of the Avra Valley out from the main body

of the Papego Indian Reservation to the west (Fig. 1). This survey was

part of a cooperative agreement between the USDA Soil Conservation

Service, USDI Bureau of Indian Affairs, and Papago Tribal Council

(Richardson and Levine, 1980). The Garcia Strip encompasses

approximately , 14,480 acres of which 32% is mountains, 26% is gravelly

old fan terraces and 42% is nearly level basin floor. The purpose of

the soil survey was to determine the kinds and amounts of soils that are

potentially irrigable on this portion of the Papago Indian Reservation.

To accomplish this objective, a second order or intensive soil survey

was made on the basin floor and a third order or reconnaissance survey

was made on the fan terraces and mountains.

When mapping the soils on the fan terraces, I encountered the

situation of the two soils described in the introduction. Based upon my
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own investigation and discussions with other SCS Soil Scientists, it

became evident that further investigations were necessary to understand

the genesis and relationships of these soils. One of the first

ambiguities encountered was one of classification, in particular, the

proper identification of the hardpan. Both duripans and petrocalcic

horizons occur in arid and semiarid climates throughout the Western

United States, most commonly on old land surfaces( Flach et al, 1969).

The duripan is defined in Soil Taxonomy (Soil Survey Staff, 1975)

as follows:

"The duripan (L. durus, hard, plus pan; meaning hardpan)
is a subsurface horizon that is cemented by silica to the
degree that fragments from the air-dry horizon do not
slake during prolonged soaking in water or in HC1.
Duripans vary in the degree of cementation by silica and,
in addition, they commonly contain accessory cements,
chiefly iron oxides and calcium carbonate. As a
consequence duripans vary in appearance, but all of them
have very firm or extremely firm moist consistence and
they are always brittle, even after prolonged wetting.
They grade into the petrocalcic horizons of semiarid and
arid climates, into the fragipans of humid climates, and
into noncemented earthy materials."

The petrocalcic horizon is defined in Soil Taxonomy (Soil Survey

Staff, 1975) as follows:

"The petrocalcic horizon is a continuous, cemented or
indurated calcic horizon that is cemented by calcium
carbonate or in some places by calcium and some magnesium
carbonate. Accessory silica may be present. The petro-
calcic horizon is continuously cemented throughout the
pedon to the degree that dry fragments do not slake in
water. It cannot be penetrated by spade or auger when
dry. It is massive or platy, very hard or extremely hard
when dry and very firm or extremely firm when moist.
Noncapillary pores are filled, and the petrocalcic hori-
zon is a barrier to roots. Hydraulic conductivity is
moderately slow to very slow. The horizon is usually
much more than 10 cm (4 in.) thick."
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Based upon prior soil mapping experience and knowledge of the

occurrence of these two morphologically different types of hardpans, it

was felt by this author that duripans and petrocalcic horizons could

both be found on this geomorphic surface in the Avra Valley. Therefore,

during the course of the soil survey I carried out the qualitative field

technique used to differentiate duripans from petrocalcic horizons (Soil

Survey Staff, 1975); that is, prolonged soaking of pieces of the pan,

including the laminar cap, in 1N HCl and then observing the residue. If

all or most of the pan material dissolves in HC1, then this would be

identified as a petrocalcic horizon. If, after soaking, a skeleton or

fabric material remains and this material can be macroscopically identi-

fied as silica cement, then a duripan would be the choice. It is

important to point out that (1) normally no further laboratory analysis

is done on the remaining residue or fabric and this field test in my

view can often lead to both ambiguous and subjective results.

It was based on this method of soaking the hardpan in 1N HC1 that

the decision was made on the identification of the types of pans present

and therefore the classification of the soils for the Garcia Strip Soil

Survey. Since, after soaking several pieces of the hardpan from the

soil that contained the argillic horizon above the pan and a residue or

fabric remained, this was determined to be a duripan and the soil was

identified as Artesia Variant - a loamy-skeletal, mixed, thermic, shal-

low Haplic Durargid. Artesia soils are clayey-skeletal and moderately

deep to the duripan. Since this soil is loamy-skeletal and shallow to

the duripan, it was named as a Variant of the Artesia series. When



Figure 2. Distribution of Soils and Location of Sampling Sites and
Pedon Descriptions for the Study Area -- The soil mapping
units are: (1) AxC; Artesia Variant, very gravelly fine
sandy loam, 1 to 5% slopes and (2) DeC; Delnorte very
gravelly loam, 1 to 8% slopes. The letters A-F represent
the locations of the 6 sampling sites.
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pieces of the hardpan from the soil which lacked the argillic horizon

above the pan were soaked in 1N HC1, all of it dissolved. Therefore,

this was identified as a petrocalcic pan and this soil was determined to

be a member of the Delnorte series - a loamy-skeletal, mixed, thermic,

shallow Typic Paleorthid. Having decided on the identity and classifi-

cation of these soils, separate mapping units were created and the soil

survey (Fig. 2) was completed on this portion of the Garcia Strip.

Mapping was done at a 1:24,000 scale using detailed transect data,

aerial photo interpretation and other conventional survey procedures.

I have provided this background information because this problem

that arose while I was employed as a field soil scientist with SCS is

what stimulated the interest in doing this research project. I wish to

point out at this time that this thesis is not about whether duripans

and petrocalcic horizons can occur side by side in semiarid and arid

regions. This project is about the genesis and interrelationships of

two specific soils that occur together in the Avra Valley, southeast of

Tucson. Of course, the hardpans are an integral part of their genesis

and these have been investigated chemically, mineralogically and micro-

morphologically (Chap ers 3 and 4).

Soil Selection

The selection of sampling sites was based on detailed transect

data and advice from USDA Soil Conservation Service personnel. Six

sampling locations were chosen (Fig. 2) - three pedons for each of the

two soils. It was felt that these locations were the most



representative and typifying for the purposes of data collection and

analysis. The number of sites was selected to take into account vari-

ability across the landscape.

General Methods and Procedures

Backhoe pits were dug to an average depth of 125 cm. The soils

were described and sampled by researchers from the University of Arizona

and USDA Soil Conservation Service personnel. Standard soil profile

description information was recorded for each pedon on the form SCS-

Soils-232G. These field descriptions were later written out in the

expanded format as presented in the Appendix. All the soil characteri-

zation data and mineralogical analyses were completed at the University

of Arizona, both at the Department of Soils, Water and Engineering and

Department of Geosciences. The complete data are tabulated in the

Appendix while relevant portions are reproduced in the succeeding

chapters.

Report of Findings

The next chapter in this thesis is a physiographic description of

the study area, providing the setting and background for the information

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

chemical and mineralogical data comparing the two soils are presented.

In Chapter 4 a comparison of the two petrocalcic horizons is made.

Finally, in Chapter 5, a theory of soil genesis is presented, which is

the focus of this thesis.



CHAPTER 2

DESCRIPTION OF STUDY AREA

This chapter provides an overview of the soil forming factors

acting on the study area. Included is background information concerning

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

discussion and conclusions regarding soil genesis must consider these

parameters.

Location

The study area is located in the Southwest corner of the Avra

Valley, approximately 32 km west of Tucson, Arizona in Sections 15, 16,

21 and 22, T.14 S., R.10 E. The elevation is from 700 in to 735 m.

Geolmic Settin• and Parent Material

The Roskruge Mountains are located 2 km west of the study area

and provide the gravelly parent material for the soils formed on the fan

terraces in this portion of the Avra Valley. The Roskruge Range is in

the Basin and Range Province of Southern Arizona. The dominant geologic

unit in these mountains is the Roskruge Volcanics which includes red,

gray, white and tan agglomerates, ash-flow and air-fall tuffs, flows and

breccias ranging in composition from dacite to rhyolite (Keith, 1976).

9
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A, very prominent feature of the landscape in this range is Recortado

Mountain, a flat topped mesa consisting of a valley filling series of

mostly yellow tuffs and agglomerates lying unconformably on older

volcanic and sedimentary rocks and the more resistant capping Recortado

ashf low (Bikerman, 1968). Results of K-Ar dating places the ash flow

between 12 and 16 million years old (Bikerman, 1967). The geologic unit

closest to the study area is the Cocoraque formation which consists of

folded, interbedded arkoses, quartzites, graywackes, mudstones and

pebble conglomerates.

The primary parent material for the soils in the study area is

old alluvium derived from several lithologies including rhyolitic tuffs

and breccias, diorite and dacite. Aeolion deposits have also influenced

the soils in the Avra Valley. Aeolian activity provides already formed

clay for argillic horizon formation. Calcium of the pedogenic carbo-

nates can be derived from the atmospheric additions - both from dry

dustfall and from dust in precipitation (Gile, Hawley and Grossman,

1981). When the soil is wetted, a small portion of the carbonate in the

dust would be dissolved, moved into the soil and there precipitated as

the water evaporates (Gile, Peterson and Grossman, 1966). Continuing

additions of calcium carbonate from aeolian activity provides a source

of this material for formation of calcic and :petrocalcic horizons in

Southern Arizona.

Vegetation and Land Use

The present vegetation on the study area is typical of the
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Sonoran desert region. The dominant plants are Larrea tridentate

(creosote-bush), Fouquieria splendens (ocotillo), Cercidium microph_yllum

(little-leaf palo-verde), Franseria deltoidea  (triangle leaf bur-sage),

Carnegia gigantea (saguaro), Qiult. ap_ i (cholla cactus) and Mulenbergia

Porteri (bush muhly)(Kearney and Pebbles, 1960).

The land is used for livestock grazing and wildlife habitat. The

study area has low potential for producing forage due to the shallow

depth to the hardpan which restricts rooting depth. Also these soils

have a low water holding capacity and a high concentration of calcium

carbonate. These soil factors limit the forage productivity for grazing

purposes.

Present Climate

The present climate in the Avra Valley is hot and dry. Rainfall

data from the Anvil Ranch, 24 km south of the study area, indicates a

mean annual precipitation of 270 mm (Sellers and Hill, 1974). The

wettest period occurs in the summer months and is associated with an

influx of moist, tropical air from the Gulf of Mexico. The precipita-

tion during this time of year comes in the form of thundershowers some

of which are accompanied by strong winds, blowing dust and local heavy

rains (Gelderman et al., 1972). Heavy rains that last several days

sometimes fall in September and October. They are caused by tropical

storms that bring moisture into Arizona from the southwest. Drought

conditions are most harsh during the months of May and June, each of

which typically receives below 5 mm of rainfall. Small amounts of
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precipitation are measured in the winter months. The dominant pattern

producing most of these rains consists of eastward moving systems that

originate in the Pacific Ocean. When these systems follow a track

sufficiently far south, the related rain showers usually cover a wide

area and tend to be intermittent for several days. The study site soils

have an aridic moisture regime in which little or no leaching takes

place in most years. The moisture control section is (Soil Survey

Staff, 1975):

1. Dry in all parts more than half the time (cumulative'
that the soil temperature at a depth of 50 cm is above 5,
C; and

2. Never moist in some or all parts for as long as 90
consecutive days when the soil temperature at a depth of
50 cm is above 8° C.

The mean annual air temperature at the Anvil Ranch is 19.10 C

(Sellers and Hill, 1974) and the mean annual soil temperature (MAST) at

50 cm can be estimated by adding 10 C to the mean annual air temperature
(Soil Survey Staff, 1975). Applying this procedure, the MAST at 50 cm

for the study site soils is 20.10 C, which is near the boundary between

the thermic and hyperthermic temperature regimes. By definition, the

thermic temperature regime is defined as having a MAST of between 15 and

22° C (Soil Survey Staff, 1975). Therefore, the study site soils would
fall into this class.

Paleoclimate and Soil Age

Knowledge of past climatic conditions is important for

understanding relationships between soils. Climatic changes influence
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soils in two important ways: (1) they control erosion and deposition

patterns and thus determine when soil formation can begin on a stabi-

lized surface, and (2) they can alter balances between soil forming

processes. In the southern Basin and Range province, times of greater

effective moisture occurred during the last full glacial about 12,500 to

23,000 years B.P. Evidence for this is presented by Brakenridge (1978)

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

snow line lowering and pollen stratigraphy, Brakenridge (1978) proposed

a 7 to 8° C (13 to 14° F) cooling for full-glacial times. However, he
considered the precipitation 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 evapora-

tion associated with lower temperatures during full glacial times.

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 Holocene. The important

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

has affected landscape stability and produced distinctive

erosional/depositional changes in Arizona soils. For the purposes of
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this study, both soils we are investigating are of the same age and

therefore have experienced the same climatic changes. However, it is in

response to climatic change that produced the present landscape and

dramatically affected soil genesis in the study area.

The exact age of these soils is unknown. A minimum age can be

inferred, however, from a study of similar soils in Las Cruces, New

Mexico (Gile and Grossman, 1979). This is based primarily on the mor-

phological sequence of accumulation of pedogenic calcium carbonate.

Both Avra Valley soils exhibit what is referred to as a continuous K -

fabric (Gile, Peterson and Grossman, 1965) in which authigenic CaCO3

surrounds all mineral grains forming its own matrix. In addition,

interstices between skeletal grains are completely filled with carbo-

nate. Two evolutionary morphological sequences are described near Las

Cruces, New Mexico (Gile, Peterson and Grossman, 1966) which developed

depending on whether the soils are composed of gravelly or nongravelly

material. The differences between these two sequences are mostly

related to the rate at which available pore spaces are plugged by CaCO3 .

Gravelly soils are plugged more rapidly than nongravelly soils due to

the fact that they have less pore space. Both Avra Valley soils contain

indurated laminar horizons. These consist of poorly to well-defined

carbonate laminae that range in color from white to brown or reddish

brown. They are about parallel, roughly horizontal and more or less

planar. Thickness of individual laminae ranges from about .01 to 2 mm.

The surface is smooth and gently undulating. The laminar horizon is

commonly the hardest and most dense part of the petrocalcic horizon.
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The presence of the laminar horizon places both Avra Valley soils into

Stage IV, the final stage of the carbonate morphogenetic sequence (Gile

et al., 1966). In Stage IV, an indurated horizon of nearly pure,

roughly horizontal carbonate laminae overlies a carbonate plugged hori-

zon. In Las Cruces, Stage IV soils occur on the Picacho surface which

is late Pleistocene in age (Gile and Grossman, 1979). Thus, the morpho-

genetic sequence in gravelly materials can be completed since late

Pleistocene time (Gile et al., 1966). This author believes that the

Avra Valley soils date from the late Pleistocene, i.e. are 25,000-

75,000 years old.

agMQKRh(21ZY

The Avra Valley is a flat, broad north-trending trough bounded on

either side by mountains. The Brawley Wash is the main drainageway in

the southern portion of the Valley (Fig 3). Similar to other important

drainages in southeastern Arizona, the Brawley Wash has throughout its

history, undergone numerous episodes of erosion and sedimentation. Cur-

rently, a depositional cycle is taking place whereby 10 to 30 cm of

silty material is being deposited over the valley plain. This recent

sediment is burying older weakly developed soils at depths ranging from

30 to 60 cm and also much older strongly developed soils at depths

ranging from 60 to 180 cm. These older soils formed during long periods

of landscape stability where the Brawley Wash was incised enough to

carry flood waters and sediment through the Valley and on to the Santa

Cruz river located about 32 km to the north. The periods of
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downcutting/filling and concurrent rise/fall of the base level of the

Brawley Wash controlled the geomorphic history of the fan terraces to

the west. As previously mentioned, the parent material for the study

site soils originated from the Roskruge Mountains to the west, most

probably out of a canyon bounded on the south by the Recortado Mountain.

The fan surface was probably deposited during the waning portions of the

glacial period (Illinoiar) which ended about 125,000 year B.P. At this

time, rapid climatic warnings decreased vegetative cover and erosion

stripped regolith from hillslope positions depositing thick alluvium in

the valley. During the interglacial period (Sangamon) which ended

between 90,000 and 73,000 years ago (Suggate, 1974) deposition of

alluvium continued extending out to the present limits of the fan

surface. At the inception of the last full glacial (Wisconsin), the

canyon from which the alluvium came was entrenched and also the western

edge of the fan surface was entrenched. Presently this lateral stream

channel is 3 to 6 in deep and 4 to 8 m wide. It follows a northerly

course paralleling the mountain front and dies out approximately 1 km

north of the study area, never intersecting the Brawley Wash. This

incision was undoubtedly due to the increased effective moisture during

full glacial times. Hillslopes supported greater vegetation density and

the runoff had low sediment yields. These streams had more power to

erode the fan surfaces. With the fan terrace now entrenched and no

longer receiving fresh alluvium, soil formation began. The surface

still received aeolian inputs of clay and calcium carbonate during late

Pleistocene times and these were quickly incorporated into the soil.



18

During the last full glacial, the Brawley Wash was a perennial

stream which meandered slowly back and forth across the Avra Valley

floor. Certain portions of the valley floor were left high and dry for

long periods of time. This is evidenced by the presence of red, clay-

rich argillic horizons. These old soils are presently buried by various

ages of silty alluvium. At the Pleistocene-Holocene climatic change,

which occurred about 10,000 year B.P., the Brawley Wash became

restricted and entrenched to a narrow perennial stream. The climatic

change resulted in a drop in base level in the Avra Valley. The base

level change resulted in numerous axial stream channels extending from

the Brawley Wash and entrenching into the study site fan terrace. These

axial stream channels do not extend to the mountain front nor to any

drainageways that originate in the mountains. The principle effect of

the axial stream channels was to remove soil material and vegetation

from portions of the existing land surface. Soils associated with the

axial stream channels have petrocalcic horizons but lack argillic hori-

zons. These channels are steep sided and well entrenched with slopes

of 15 to 30% and are 2 to 4 m deep.

Two other surfaces should be mentioned in connection with the

geomorphic history of the area (Fig. 3). These were not studied as part

of this thesis but were included in the Garcia Strip Soil Survey. There

is an area of Pleistocene soils on an incised terrace just south of the

study area. These soils have strongly developed argillic and calcic

horizons but no pet rocalcic. Elevation and parent material are similar

to the study area soils. The interpretation here is that these soils
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are younger than those that contain fully developed hardpans. An expla-

nation may be that the drainage basin area from which these soils were

derived is smaller compared to the study site. Stream power to entrench

is therefore less. The lateral stream channels coming out of mountain

canyons are not as deep and perhaps entrenchment of the fan surface came

at a later date. As a result, soil formation has not proceeded as long

as the study site soils.

The other surface is a Holocene surface which is located between

the study site fan terrace and the Brawley wash. These soils are

composed of sandy calcareous alluvium and lack argillic and calcic

horizons. The axial stream channels appear to go up to but not through

this surface. The interpretation here is that this surface is a former

Brawley Wash stream bed that was abandoned during the Holocene. These

soils are not currently receiving alluvium and numerous shallow rills

and gullies are evident. This surface would appropriately be called a

stream terrace.

While the preceeding scenario is tentative, it provides a useful

working hypothesis for understanding the role of climatic change and its

impact on soil-geomorphic relationships in the Avra Valley.

Conclusion

A study in soil genesis must include background information on

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

relief and time (Jenny, 1941). In this study, four factors (vegetation,

climate, time and parent material) are essentially the same for the two
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soils. The emphasis will be on the relief factor and its effect will

be discussed in Chapter 5.



CHAPTER 3

COMPARISON OF THE TWO SOILS

A total of six pedons were described in the field, sampled and

later characterized at the University of Arizona. Soils A, B and C

contain a petrocalcic horizon but lack any other diagnostic horizon

above the pan. These soils are classified as loamy-skeletal, mixed,

thermic shallow Typic Paleorthid and fit the central concept of the

Delnorte series. Soils D, E and F have an argillic horizon situated

above the petrocalcic horizon. These soils are classified as loamy-

skeletal, mixed, thermic shallow Petrocalcic Paleargid and would be

variants of the Cruces series. Cruces has a loamy family particle size

class, not loamy-skeletal. For the remainder of this thesis, I will

refer to these soils as Delnorte and Cruces.

Morphological Features

The discussion included in this section is based on field inves-

tigations and the pied= descriptions which are found in the ,Appendix.

Both soils have a well formed desert pavement of closely spaced gravel

and cobbles. Surf icial coarse fragment contents range from 60 to nearly

100%. Cruces has a higher percentage of cobbles on the surface (5 to

21
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10%). Delnorte has few cobbles but included in the gravels are 10 to

30% angular pan fragments. There is no evidence of the black to reddish

brown desert varnish, found to be composed of silicate clay, iron and

manganese hydroxides (Nettleton and Peterson, 1983). Principally, there

are three processes by which desert pavement may form: 00 deflation of

fine material by wind, (2) removal of fines by water at the surface and

(3) upward migration of coarse particles to the surface by processes

such as freeze-thaw and wetting and drying (Cooke and Warren, 1973).

Although these pavements probably have formed by the action of all three

processes, water erosion appears to be the important mechanism. Numer-

ous shallow rills are present on the surface indicating areas where

fines have been dislodged by raindrop impact and moved in the downslope

direction. Also solum thicknesses increase for both soils downslope.

Solum in this case refers to the material above the hardpan. For the

Delnorte soil, the solum thickness ranges from 25 to 33 cm. For the

Cruces soil, the solum thickness ranges from 25 to 60 cm.

Practically all horizons within the solum are either very

gravelly or extremely gravelly with gravel contents (> 2 nun %)

increasing with depth. The main difference is that in the Delnorte

soil, pan fragments were an important contributor to the > 2 mm frac-

tion. Since all the pan fragments were larger than 2 nun, these were

counted as gravel. The number of pan fragments also increased with

depth.

Both soils have very thin vesicular A horizons. Actually, out of

the six profiles characterized, the thickest A horizon was only 10 cm.
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This would again lend support to the desert pavement deflation surface

argument. Vesicular pores in soil surface horizons are believed to form

by progressive accumulation of entrapped air and pore enlargement during

repeated saturations, as can be predicted from capillary principles

(Miller, 1971).

It is within the B horizon that different morphologies between

the two soils appear. First, we will consider that portion of the B

horizon above the hardpan. For the Cruces soil, the dominant hues are 5

YR and 2.5 YR. Moderately thick clay films lining pores and bridging

sand grains are visible with a 10X hand lens. The dominate structure is

weak subangular blocky, parting to moderate granular. In the portion of

the B horizon just above the hardpan, many fine distinct veins of cal-

cium carbonate are present. For the Delnorte soil, hues of 7.5 YR are

common but 5 YR hues are lacking. Structures are either weak granular

or massive (structureless). Clay films are absent. As mentioned, pan

fragments are common and there is calcium carbonate cemented on the

surface of coarse fragments. Although the fine earth fraction

effervesced violently when treated with HC1, there were no visible

carbonates present.

The upper portion of the petrocalcic horizon also had several

macroscopic differences between the two soils. Dry chromas of I were

dominant for the Delnorte hardpan indicating a white soil color. Chro-

mas of 2 and 3 were common for the Cruces pan which had a pinkish white

to pink color. In general, Delnorte had a thicker laminar cap than the

Cruces soil. Average thickness of the laminar horizon was 2 to 3 cm for
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Delnorte while only 1/2 to 1 cm was common for Cruces. Also visible in

hand specimen of the Delnortepetrocalcic horizon were pieces of pan

fragments which at one time broke off and were recemented. These occur-

red irregularly and at various angles and were readily observable since

individual fragments each had a characteristic laminar cap. This condi-

tion was also evident in thin sections where portions of laminar cap

were located in different parts of a single horizon, were not connected

and were at different angles to each other. This feature was not

observed in the Cruces pet rocalcic horizons.

Physical and Mineralogical Properties

Materials and Methods

Calcium carbonate was removed from the soil prior to particle

size analysis and separation. Fifty milliliters of sodium acetate pH =

5.0 buffer solution was added to 20 g of soil. The mixture was placed

in a water bath and digested for approximately 4 hours. Then it was

centrifuged and the supernatant was discarded. These steps were

repeated until all carbonates were removed. After the last digestion,

the mixture was washed with 50 ml of sodium acetate (pH = 5.0 buffer

solution) followed by 50 ml of distilled water. Following the removal

of calcium carbonate, 25 ml of sodium pyrophosphate and 100 ml of dis-

tilled water were added to the soil. The mixture was thoroughly shaken

for 5 to 10 minutes with the ultrasonic probe until the soil clay was

completely dispersed. The sample was then transferred to a 180 um

sieve by the wet sieving method and the material passing through the
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sieve was collected in a 1200 ml fleaker (used as sedimentation

cylinder). The >180 um portion was transferred to a tared evaporating

dish, oven dried and weighed. 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 (depen-

dent 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." The sample was removed to an aluminum dish and

placed in an oven at a temperature of 105° C. After complete evapora-
tion of water, 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 on clay

weight. The suspension remaining in the fleaker was allowed to settle

overnight. By a process of dispersion, sedimentation and centrifugation

the clay fraction (<2 um) was separated from the 180 to 2 um suspension.

The clay was transferred to a polyethylene bottle and saved for X-ray

diffraction analysis. The 180 to 2 um fraction was transferred to a

weighing dish, oven dried and weighed. It was then run on a Microtrac

particle size analyzer. The percent sand and silt in the original

sample could then be calculated using data obtained from the Microtrac.

The mineralogy of the < 2 u clay suspensions was determined for

all horizons. The methods of clay saturation, glycolization and

mounting used are described by Whittig (1965). The following treatments

were done on each sample: Mg and 54% relative humidity, Mg and ethylene

glycol, K - air dry, K + 105° C, K + 300 ° C and K + 500 0 C. Oriented
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mounts were prepared on glass slides using the paste method (Theissen

and Harward, 1962). A Phillips XI-3000 diffractometer with a vertical

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

Cu I( (3 and background radiation were eliminated and reduced respectively

with a single crystal (graphite) monochrometer and pulse height descri-

mination.

The very fine sand fraction (90 to 125 um) was chosen for heavy

mineral analysis. Heavy minerals are defined operationally as those

with a specific gravity greater than 2.85, the specific gravity of the

bromoform liquid used to separate them from lighter minerals such as

quartz, feldspar and calcite (Folk, 1974). The method used to separate

the heavy minerals from the light minerals is described by Royse art».

Whole grains were mounted on slides according to the procedure outlined

by Leu and Druckman (1982). Point counts were made on whole grains by

the line method (Galehouse, 1969) whereby a transect is made across the

slide at 0.1 mm intervals. All grains intersected by the horizontal

cross hair were counted. A total of 250 grains were counted for each

horizon.

Particle Size Analysis

Figure 4 shows the distribution of percent clay with depth for

the six soil profiles. For the Cruces soil, 10% clay is representative

for the soil surface. Clay contents increase rapidly in the subsurface

horizon reaching a maximum between 20 to 30% clay. Clay maximum usually

occur between 25 and 30 cm below the surface. This confirms and is in
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28

agreement with other evidence provided that an argillic horizon is

present in the Cruces profile. Percent clay decreases slowly below 30

cm but it is significant to point out that clay contents remain quite

high between 30 and 60 cm. This represents an extension of the argillic

horizon into what is now the pet rocalcic horizon.

For the Delnorte soil, surface horizon clay contents range

between 10 and 17%. Below the surface, the amount of clay remains

fairly constant to approximately 30 cm. This would confirm along with

other evidence provided that there is no argillic horizon present in the

Delnorte soil. There is a slight clay bulge below 30 cm. This may

indicate that an argillic horizon had existed at one time and was incor-

porated into the present petrocalcic horizon.

Clay Mineralogy

Results of clay mineralogy for all pedons are found in the Appen-

dix. Results of clay mineral composition for Pedon A (Delnorte) and

Pedon E (Cruces) are found in Table 1. Mica (Illite) is the dominant

clay mineral in both soils throughout the profile. Montmorillonite

levels are high in the surface horizon. This could be due to high

montmorillonite levels in Holocene aeolian deposits representing an

external source of clay minerals. There is a decrease in montmorillo-

nite content in the argillic horizon of the Cruces soil which is sur-

prising since rapid illuviation of montmorillonite into the subsoil

would be expected. Montmorillonite levels in the subsurface horizons of

the Delnorte soil are approximately the same as at the surface. There
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Table 1. Clay Mineral Composition of Pedon A (Delnorte) and Pedon E
(Cruces)

Pedon A (Delnorte) 

Horizon Mont. Kaol. Illite Mixed Layer

A 3 2 3-4 0
Bkl 3 2 3-4 0
Bk2 3 2 3-4 1
2Ckm1 1 2 4 3
2Ckm2 2 2 4 2
2Ckm3 2 2 4 3

Pedon E (Cruces)

Horizon Mont. Kaol. Illite Mixed Layer

A 3 2 4 0
Btl 2 3 4 0
Bt2 2 3 4 0
Btk 1 2 4 0
Btkm 1 2 4 3
Bkm 1 2 3-4 3-4

0 = none or not detected; 1 = trace; 2 = small; 3 = moderate;
4 = abundant; 5 = predominant
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is a decrease in montmorillonite in the petrocalcic horizon of both

soils. Kaolinite content is similar in both soils. There is a slight

increase in Kaolinite in the argillic horizon of the Cruces profile.

An important X-ray diffraction peak occurs in all subhorizons of

the petrocalcic horizon in both soils (Fig. 5). At the present time,

the exact identification and genesis of the mineral causing this peak is

unknown. For the purposes of this study, it will be referred to as a

smectite-kaolinite randomly interstratified mineral. Interstratified

minerals occur due to structural similarities whereby individual cry-

stals may consist of two or more layer silicates (Sawhney, 1977). In

random interstratification, no discernible pattern exists in the sequence

of layer types. Since different layers in randomly interstratified

mixtures do not have any periodicity, they do not form unit cell repeat

distances but produce average spacing depending on the proportions of

the components. The basal spacings of the interstratified clay mineral

in this study depend on the cation of saturation and amount of inter-

layer hydration. With Mg + 54% R.11., the peak is variable, ranging from

13.8 A - 17.0A. Saturation with ethylene glycol gives a 17 A peak

indicating that the smectite portion of the mineral has fully expanded.
o

The K-air dry treatment gives a very strong 11.3 A peak. With K + 100 0
o

C, the mixed layer mineral gives a 8.7 A peak. Since this represents

the removal of interlayer water and a fully collapsed smectite inter-

layered with kaolinite, the proportions of the two components of the

mixture were determined by the Mering method (1949). At K + 105° C,
o

the smectite gives a fully collapsed 10.3 A basal spacing while kaoli-

nite has a 7.12 A spacing,. With the mixed layer giving an 8.7 A peak,
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the amounts in the mixture are 62% smectite and 38% kaolinite. At K +
0	 0

3000 C, the 8.7 A peak disappears with a slight increase in the 10.3 A

mica peak.	 This possibly could indicate that the kaolinite portion of

the mixed layer was destroyed at this temperature while the smectite
o

retained its 10.2 A spacing. The kaolinite structure is not known to

destruct at a temperature less than about 500 0 C; however, the inter-

stratification with the smectite could have modified the kaolinite

structure to where it was susceptible to destruction at a lower tempera-

ture than is generally observed.

The importance of this mixed layer clay mineral to this study is

twofold. One, it is present in all petrocalcic subhorizons in both

soils and is therefore an important mineralogical and genetic link.

Second, it also appears in the diffraction patterns of the Bk2 horizon

of Pedon A and the Bkl and Bk2 horizons of Pedon C. This represents a

link between the relnorte hardpan and the material that currently over-

lies the pan, a situation which will be discussed further in Chapter 5.

This characteristic X-ray diffraction pattern did not appear in the

argillic horizon of the Cruces soil.

The explanation of the identity of this clay mineral is one of

several that at one time or another was considered. As previously

mentioned, its positive identity and genesis is unknown at this time.

It is believed by this author that this bears future investigations.



33

Véry fine Sand Fraction Mineralogy Heavy Mineral Analysis

Heavy mineral analysis is used in soils as an indicator of

weathering stability. Two profiles were chosen - Pedon A (Delncate) and

Pedon D (Cruces)(Table 2). The more resistant minerals, such as zircon

and tourmaline, should be more prevalent in the most weathered horizons.

They should increase in the Bt horizons of the Cruces soil relative to

the A horizon. In fact, the total of zircon plus tourmaline, is fairly

constant throughout the Cruces pedon. In the Delnorte profile, the

zircon plus tourmaline content increases sharply in 2C horizons when

compared to the A and B horizons. Opaque minerals were much higher in

the Cruces soil and this is noted in thin section. Most of the opaques

are associated with the interiors of pores lined with clay. Higher

biotite contents are found in the Delnorte soil. Hornblende, considered

to be moderately unstable in sediments, is fairly constant throughout

both profiles and also between profiles. Oxybornblende, which contains

less hydrogen and more iron is an indicator of a basaltic parent mater-

ial. Oxyhornblende percentages are highest in the C horizons of the

Delnorte soil.

Chemical Properties

Materials and Methods

The calcium carbonate content of the soils was determined using

the method described by Bundy and Bremner am. Wet chemical extrac-

tion techniques were used to determine the content and amount of pedo-

genic Fe oxides. The dithionite-citrate-bicarbonate method of Mehra and
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Jackson (1960) was used to determine the total secondary or free Fe

oxides. Iron oxides determined by this method will be referred to as

Fe203d. The oxalate extraction procedure described by McKeague and Day

(1966) removes the paracrystalline, fine grained Fe oxides. The Fe

oxides determined by this method will be referred to as Fe 2030 .

Magnetite was removed from the soil samples using a large magnet prior

to the oxalate extraction because of the solubility of magnetite under

the conditions of this treatment. For both procedures, color was

developed using o-phenonthroline and measured on a Bausch and Lomb

Spectronic 88 spectrophotometer.

Calcium Carbonate

The distribution of percent CaCO3 with depth for both soils is

shown in Fig. 6. Very low low amounts of calcium carbonate are present

in the argillic horizon of the Cruces soil. Typically the A horizon and

upper portions of Bt horizon were noneffervescent when drops of 1N HC1

were added. Strong effervescence combined with common thin lime veins

are found in the lower portion of the Bt horizon just above the hardpan.

The CaCO3 content ranges from 2 to 4%. These represent accumulations of

Holocene carbonates forming in a noncalcareous Bt horizon, indicating

the polygenetic nature of carbonate accumulation due to the drier cli-

mate and resulting shallower depth of leaching during Holocene times.

As would be expected, CaCO 3 content increases very rapidly in going from

the Bt to the petrocalcic horizon. Amounts between 30 and 50% CaCO3 are

found in the upper portion of the hardpan. However, these amounts are
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less than in the petrocalcic horizon of the Delnorte. This is evidence

of engulfment of the noncalcareous lower portion of the argillic horizon

and incorporation into the petrocalcic horizon. Actually calcium carbo-

nate increases between 5 and 10% as one goes slightly deeper in the

soil profile. As depth increases, less argillic material was engulfed.

It should be pointed out that the laminar cap was not analyzed

separately for CaCO3 content. Values as high as 75% CaCO3 are found in

laminar horizons in similar soils in New Mexico (Gile and Grossman,

1979).

The Delnorte soil is calcareous and violently effervescent to the

surface. Values of 2% CaCO3 are common in the A horizon and this

increases to 10% in the horizon immediately above the hardpan. Loose

pan fragments, practically all larger than 2 mm in diameter, were not

included in the CaCC3 analysis. Although there is an increase in CaCO3

with depth above the hardpan which indicates downward movement of carbo-

nates in the soil, there is no real identifiable organization (veins,

masses, concretions) of CaCO3. The calcium carbonate is disseminated in

the fine earth fraction. The pan fragments and cementation around

coarse fragments are products of Pleistocene pan formation and sub-

sequent brecciation. Percent CaCO3 increases abruptly in the petro -

calcic horizon and amounts exceeding 50% are common. As opposed to the

Cruces soil, the amount of CaCO3 decreases with the depth in the petro -

calcic horizon.
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Iron Oxides

Figure 7 shows the distribution of Fe 203d with profile depth.

McFadden and Hendricks (1985) found that total pedogenic Fe oxides

(Fe2O3) increase as soils become older. Also they found a strong

correlation between Fe 203d and clay content and Fe203d and the reddening

of soil color. Highest amounts of Fe203d in this study occur in the

argillic horizon of the Cruces soil. The Fe203d contents are low in the

A horizon, increase in the subsoils, and then decrease to low concentra-

tions in the petrocalcic horizon. The Fe 203d content also increases in

the subsoil of the Delnorte soil even through no increase in clay is

found. Total profile amounts of Fe203d are higher in the Cruces profile

than the Delnorte soil.

Figure 8 shows the distribution of Fe 2030 with profile depth.

Highest amounts for both soils occur at the soil surface. Ferrihydrite,

the small, paracrystalline Fe-oxide, is the main Fe-oxide phase removed

by this method. Ferrihydrite is thought to recrystallize to hematite or

goethite depending on the climatic regime (Schwertmann and Taylor,

1977). High surf icial amounts of Fe 2030 could be due to organic corn-

plexation of ferrihydrite although both soils are very low in organic

matter. Another possibility is externally derived iron oxyhydroxides in

ferrihydrite form. Amounts of Fe 2030 decrease with depth in the pro-

file. Very low amounts are found in the petrocalcic horizon.

Figure 9 shows the distribution of Fe 2030 :Fe203d ratio with

profile depth. These ratios are used as an index of crystallinity of

the Fe oxides present (Schwertmann and Fischer, 1973). In general,
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Figure 7. Distribution of Percent Fe203d with Profile Depth for the
Delnorte and Cruces Soils.
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Fe2030:Fe203d ratios are higher on the surface, decrease in the subsoil

and then increase in the petrocalcic horizons of both soils. This

indicates the highest degree of Fe crystallinity (lack of ferrihydrite

and the appearance of hematite) in the B horizon.

Conclusions

In Chapter 3, the two soils were compared morphologically,

mineralogically and chemically. The key feature of the Cruces soil is

the presence of an argillic horizon that is free of calcium carbonate in

the upper part. The Delnorte soil lacks the argillic and is calcareous

to the surface. Amounts of calcium carbonate are higher in the Delnorte

hardpan compared to the Cruces hardpan. Clay mineralogy provides an

important genetic link among the petrocalcic horizons found on this fan

surface. In the next chapter, the petrocalcic horizons will be

discussed micromorphologically.



CHAPTER 4

MICWWORPHCLOGY OF THE PETROCALCIC HORIZONS

Several horizons were selected for petrographic analysis.

Thin sections were prepared using procedures similar to those described

by Sinkankas (1968). Micromorphology is used for soil fabric and

mineral analysis and interpretation of pedogenic processes. Terminology

employed in this discussion is derived from Brewer (1964) and Bal (1975a

and 1975b).

Petrographic Analysis of Pedon F - Cruces

A thin section of the Btkm horizon of Pedon F (Cruces) was

described in detail. This horizon begins at 30 cm below the soil

surface. A piece of the hardpan from the upper 10 cm of this horizon

was selected. An extensive network of clay argillans is present in this

horizon (Fig. 10). This represents the base of the argillic horizon

prior to engulfment by the K-fabric of the petrocalcic horizon.

Argillans are found lining the surfaces of voids, bridging sand grains

and surrounding or partially surrounding skeleton grains. The interior

of the voids are filled with silt-sized opaque minerals, probably

magnetite or a ferro-magnesium mineral. The opaques represent a

43
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Figure 10. Argillic Horizon Engulfment by K-fabric of the Petrocalcic
Horizon - Clay Argillans are Present in Voids and Surround
Skeleton Grains. Magnification X4, Crossed Polarizers.
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significant portion of the heavy minerals in the argillic horizon. The

interpretation here is that these opaques were illuviated in suspension

from the horizon above and settled out of suspension in the voids upon

drying. Also microcrystalline calcite is found in small amounts in the

interior of the voids. Nb evidence of well oriented void argillans was

found. Brewer (1972) points out that parallel orientation of clay

particles is often not found when silt-sized particles are present

within the argillan. Also, another possibility is that the suspension

was readily flocculated before final deposition on the surfaces of the

voids. This is a possibility since the base of the argillic horizon at

a point in time would have encountered the top of an already formed

calcic horizon. It is possible that some calcite would have dissolved

in the downward percolating waters causing the clay particles to floccu-

late rapidly.

Gile and Grossman (1968) found clay coatings on the surfaces of

sand grains in argillic horizons of southern New Mexico. They concluded

that oriented clay coatings on pebbles and grains show greater

durability when compared to clay skins on pad surfaces. However, clay

coatings on the surfaces of sand grains may be subject to disruption by

carbonate as these surfaces are preferred sites for initial carbonate

accumulation. In this study, clay coatings are present on the surfaces

of sand grains as part of the network of argillans bridging sand grains

and lining voids (Fig. 10). Carbonate now completely engulfs the

skeleton grains and the clay coatings. However, there is no evidence

that carbonate has disrupted the clay coatings on the skeleton grains.
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There is evidence (Fig. 11) that calcite has obliterated and replaced

clay present in voids. Based on the vertical orientation of void

argillans and the presence of clay coatings on the surface of skeleton

grains, it is concluded that there existed a former argillic horizon and

this has since become engulfed and cemented by pedogenic calcium carbo-

nate.

The remainder of the thin section analysis of the Btkm horizon of

Pedon F (Cruces) is concerned with the morphology of calcite cement.

Several forms of crystalline calcite are recognizable. One of these is

a radiaxial fibrous mosaic surrounding and enveloping sand size skeleton

grains (Fig. 12a). In places where clay argillans are present on the

surface of the sand grain, the radiaxial fibrous calcite then is located

on the outside of the argillan (Fig. 12b). When the argillan only

partially surrounds a mineral grain, the radiaxial fibrous calcite shows

a preference for growth at the site of the argillan (Fig. 12c). Since

this form of calcite is not found in the surrounding matrix and is not

associated with clay in voids between sand grains, it is believed that

the surface of skeleton grains or clay argillans are necessary as a

nucleation point of radiaxial fibrous calcite. There is no preference

for a single mineral or mineral group for their growth. Quartz, feld-

spar and plagioclase all have the radiaxial growth adjacent to them. It

does not occur on all sand grains within the petrocalcic horizon nor

does it occur in a particular portion of the horizon. No radiaxial

calcites were observed in the laminar cap. The sand grains do not
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Figure 11. Calcite Replacing Silicate Clay in Voids - Calcite Now
Occupies a Void, Located in the Upper Middle Portion of the
Micrograph, Which was Formerly Filled With Silicate Clay.
Magnification X4, Crossed Polarizers.
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Figure 12. Radiaxial Fibrous Calcite - A. On the Outside of a Sand
Grain. Magnification X10, Crossed Polarizers. B. Calcite is
Located on the Outside of a Clay Argillan Which is Present on
the Surface of a Plagioclase Crystal. Magnification X10,
Crossed Polarizers. C. Fibrous Calcite Showing a Preference
For Growth on the Surface of a Clay Argillan. Magnification
X4, Crossed Polarizers. D. Fibrous Calcite at High
Magnification. Magnification X40, Plane Light.
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appear to be etched on the surface where they are in contact with the

fibrous calcite.

Measurements were made of these fibers in several locations.

They are elongate (Fig. 12d) ranging from 40 to 75 um long and 13 to 20

um wide. Length/breadth ratios are as great as 6/1. The tops are

usually rounded while the bases conform to the surface of the grains.

In thin section, the crystals have a preferred orientation of the

longest axis normal to the grain or cavity wall. Each crystal appears

to be composed of a number of subcrystals having slightly different

positions of extinction. As a result each crystal may not go uniformly

extinct in crossed polars and may exhibit undulatory extinction.

Radiaxial fibrous mosaic is widely distributed in limestones as a

space filler and is considered to be a first generation cement

(Bathurst, 1971). Examples of pedogenic fibrous calcite are few. Watts

(1978) described fibrous calcite spar present in voids in Quaternary

calcretes from the Kalahari region of Botswana. These consisted of

irregular cracks infilled with fibrous calcite. The two sides of the

cracks show perfect matching and could be visually moved back against

each other. The fibers are parallel and elongated. Watts (1978)

believed that this was an example of the displacive growth of calcite

crystals by the force of crystallization. Two conditions are necessary

for displacive crystallization. First, it can only take place from a

supersaturated solution. In calcic and petrocalcic horizons, this would

occur due to rapid evaporation of the pore fluids. Secondly, there has

to be diffusion of ions to the site of displacive crystallization.
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Diffusion would take place along intercrystalline boundaries. The con-

sideration of calcite as a displacive force in soils may be important.

Gardner (1972) found that the calcrete horizon in soils in Clark County,

Nevada contain as much as 2.5 times the amount of CaCO3 predicted by the

original pore volume in the parent material. This indicates that the

process of calicification has involved expansion of the detrital frame-

work of the parent material. Gile, Hawley and Grossman (1981) concluded

that the formation of laminar horizon in soils of the Upper La Mesa

surface near Las Cruces, New Mexico must have caused an upward displace-

ment of the overlying horizons for a distance approximating the thick-

ness of the laminar horizon.

Examples of possible calcite displacement derived from thin sec-

tion analysis will be presented in this chapter. However, it is diffi-

cult to provide any evidence that the radiaxial fibrous calcite exhibits

displacive growth. It appears to be a passive pore filling cement.

Radiaxial fibrous calcite is important pedogenically to this study for

two reasons. First, it has been demonstrated (Gile et al., 1966) that

sand grains and pebble surfaces are the first site of carbonate accumu-

lation in desert soils. This would indicate that radiaxial fibrous

calcite is the oldest form of calcite present in these hardpans.

Second, the morphologic sequence of skeleton grain with clay argillans

on the surface of the grain followed by radiaxial fibrous calcite on the

outside of the clay translates to the genetic sequence of argillic

horizon development followed by engulfment of the lower portion of the

argillic horizon by calcium carbonate.
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There are two other forms of calcite present in the Btkm horizon

of Pedon F (Cruces) and together they comprise the matrix (Fig. 13a).

The first is the crystic plasmic fabric (Brewer, 1964) composed of

crystallized calcite ranging in size from micrite (<4 um) to sparry

calcite (20 to 30 um). The crystals are both euhedral and subhedral.

They are arranged close together in a very tightly packed mosaic.

Intercrystalline boundaries are planar. Generally, there is an increase

in crystal size away from skeleton grains with the largest crystals

located in areas where skeleton grains are virtually absent (Fig. 13b).

The other form of matrix calcite actually is recognized by its lack of

crystallinity. At least no crystal form was seen at magnifications up

to 300X. It is a gray brown mass and is believed to be an intimate

mixture of calcite and clay. It is interspersed, above, below and in

between the sparry calcite in a three dimensional fabric. In places

where it is thin, at high magnification one can see right through the

brown mass and observe the sperry calcite below.

The two forms of matrix calcite are distinct and separate

entities. The micrite and sparry calcite are believed to be of Pleisto-

cene age and were emplaced during the plugging of the lower portions of

the argillic horizon and prior to the formation of the laminar cap. The

noncrystalline calcite-clay mixture is of Holocene age and is considered

to be a "Holocene overprint" on top of Pleistocene calcite. There are

two possible explanations why the calcite has not undergone crystalliza-

tion in this brownish amorphous material. Cie is the lack of available

pore space in a matric that is plugged, restricting crystal growth. The
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Figure 13. Two Forms of Matrix Calcite - A. Amorphous Calcite - Clay
Mixture and Micrite Compose the Calcite Matrix. Magnifica-
tion X4, Plane Light. B. Increase in Size of Calcite
Crystals in Areas Where Skeleton Grains Are Absent. Magnifi-
cation X25, Plane Light
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other more likely cause is that the presence of dispersed silicate clay

intermixed with dissolved calcium carbonate has inhibited calcite

crystallization by affecting the solubility of CaCO3. Olsen and

Watanabe (1959) found that precipitation of CaCO 3 in the presence of

various clays caused the formation of a more soluble form of CaCO3 than

calcite. It seems that the presence of more than 2% clay inhibits

recrystallization (Bausch, 1968). It is possible that the calcite

present in this material might have been in a microcrystalline form at

one time and dissolved in the soil solution moving through the profile.

When the soil solution reached the plugged horizon, it spread out and

over the existing carbonate matrix. The presence of dispersed clays

prevented CaCO3 recrystallization. Another possibility is that this

gray brown amorphous material originated as clay and Ca++ present in

Holocene dust fall. They could have been coilluviated during periods of

higher rainfall. As of this writing, the exact nature and origin of

this material is unknown but since it is present in all thin sections

studied and in sufficient quantity, it is the opinion of this author

that further investigation is warranted.

Two examples of displacive calcite are present in the Btkm hori-

zon of Pedon F (Cruces). Practically all of the allogenic grains are

rounded and show very little etching or dissolution (Fig. 14a). One

gets the impression of skeleton grains floating in a micritic matrix.

No evidence of a support mechanism prior to calcitization was found.

Therefore, the theory of calcite growth and expansion forcing the grains

apart is proposed. A second example of displacive calcite was located
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Figure 14. Two Examples of Displacive Calcite - A. Skeleton Grains
Floating in a Micrite Matrix. Magnification X4, Crossed
Polarizers. B. Calcite Veins Filling In Cracks in a Quartz
Grain. Magnification X10, Crossed Polarizers.
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close to the upper boundary of the horizon. It shows cross-cutting

calcite veins filling in cracks in a quartz grain and forcing the pieces

apart (Fig. 14b).

The previous discussion pertained to the upper part of the petro-

calcic horizon of Pedon F (Cruces). Athin section was made of the next

horizon below, the Bkm horizon which starts at 58 cm below the soil

surface, to ascertain the thickness of argillic horizon engulfment. No

clay argillans nor examples of clay surrounding skeleton grains were

found in this horizon. One can then approximate the extent of argillic

horizon engulfment by calcite from a minimum of 8 cm (length of the thin

section) to 28 cm (thickness of the Btkm horizon). Concerning other

features discussed in the Btkm horizon, these were also found in the Bkm

horizon. Radiaxial fibrous calcite surrounds skeleton grains and the

matrix is composed of a fine crystic plasmic fabric and a brown mass

composed of clay and calcite. One difference was an increase of micrite

and a decrease in sparry calcite compared to the horizon above. The

dominant crystal diameter was < 4 um and no crystals larger than 15 um

were observed in the calcite matrix.

Petrographic Analysis of Pedon A - Delnorte

A comparison of pet rocalcic horizons was made between Delnorte

and Cruces soils. Certain pedological and micromorphological features

found in the previously discussed thin sections of the Cruces soil were

identified and compared with the petrocalcic horizon of the Delnorte
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soil. Others were noted for their absence and several new features were

found.

Thin sections were prepared of the 2Ckm1 and 2Ckm2 horizons of

Pedon A (Delnorte). The 2Ckm1 horizon begins at 33 cm below the soil

surface. Two important features present in the Btkm horizon of the

Cruces soil are absent in the upper portion of the petrocalcic horizon

of the Delnorte soil. No evidence of the network of clay argillans in

pores or coating the surfaces of skeleton grains was found. This is not

conclusive evidence of the fact that an argillic horizon was never

present above the hardpan. It could mean that the argillic horizon

formed but was truncated prior to engulfment, or that it was engulfed

and then was truncated. Truncation and subsequent exposure of the pan

surface to erosion and brecciation have disrupted the pan to the extent

that certain pedological features would have been obliterated. Also,

there is no evidence of the radiaxial fibrous mosaic surrounding skele-

ton grains. As was stated earlier, this form of calcite crystals is the

oldest and would indicate stability over a long period of time. If this

horizon was at one time exposed to surf icial erosion, shrink-swell

activity and the impact of raindrops and dissolution, undoubtedly this

form of calcite would have been destroyed.

A well-developed laminar horizon occupies the upper 3 cm of the

2Ckm1 horizon. The Delnorte soil has a thicker laminar cap than the

Cruces soil and this is evident in thin section. At the top of the

laminar zone is an area of very thin laminae less than 10 um thick and

composed of calcite and clay (Fig. 15a). The individual laminae are



57

A

Figure 15. Development of the Laminar Horizon - A. Very Thin Lawdnae at
the Top of the Laminar Horizon. Magnification X25, Plane
Light. B. Areas of Thick Calcite Laminae in the Laminar
Horizon. Magnification X25, Plane Licht. C. Piece of
Laminar Cap Pound Lower in the Pet rocalcic Horizon.
Magnification X25, Plane Light.
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parallel and undulate very slightly. Also included in this zone are

silt size detrital grains and small dark areas where clays have been

trapped. No crystallinity is observed in this portion of the laminar

horizon. Below this are areas where the laminae become much thicker

(1 to 2 mm) and micrite is found in the layers of pure calcite (Fig.

15b). This group of laminae represent an older generation of laminar

horizon formation. Also pieces of the laminar cap are found lower in

the horizon, isolated from the main laminar cap above (Fig. 15c). This

represents a piece of a prior generation of laminar horizon formation

which had been brecciated and recemented into the petrocalcic horizon.

The thin dark layers between the white layers of pure calcite are

composed of a calcite-clay mixture. Where a group of laminae encounter a

skeleton grain, the laminae can split with a portion going up and over

the top of grain and another portion going down and around the base of

the grain. The formation of the laminar horizon represents another

example of dispaacive calcite. The formation of thin layers of calcite

laminae stacked on top of a plugged horizon and parallel to the earth's

surface can actually elevate the soil material overlying the indurated

horizon (Gile et al., 1981).

The matrix of horizon 2Ckm1 of Pedon A (Delnorte) has the same

two components as was described in the Btkm horizon of Pedon F (Cruces).

The crystic plasmic fabric is very fine-grained and dense. Nb crystals

larger than 4 um were observed. Spaces between the calcite crystals

are very small. Also present is the gray-brown amorphous calcite-clay

mixture. This massive material overlies the fine crystic plasmic fabric
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in most areas of the thin section. An additional pedologic carbonate

feature is observed near the top of the horizon. This is a carbonate

crystal tube with coarse crystal plasmic fabric filling a previously

existing void. Carbonate crystal tubes are assumed to be formed inward

by crystallization from the walls of existing voids (Brewer, 1964). The

channels are created by plant roots or soil animals.

Observations were also made of the 2Ckm2 horizon of Pedon A

(Delnorte). This horizon beings at 43 cm below the soil surface. No

important differences in the matrix were noted when compared to the

previously described 2Ckm1 horizon. However, no laminar cap or isolated

portions of a laminar horizon were seen in thin sections of this

horizon.

Conclusions

The petrocalcic horizons from both soils have been described in

detail. Similarities and differences have been noted. Argillic horizon

engulfment and pedogenic stability are the main micromorphologic inter-

pretations found in the Cruces soil. Truncation and subsequent hardpan

reconstruction are the pedologic features interpreted from thin sections

of the Delnorte soil. In Chapter 5, this information will be combined

with the chemical and physical data of Chapter 3 and the geomorphic

history of Chapter 2 to present a theory of soil genesis.



CHAPTER 5

GENESIS OF THE CRUCES AND DELNOWE SOILS

The purpose of the concepts of soil genesis is to explain the

development of observed soil phenomena. The preceding three chapters

have provided the background information necessary to make these inter-

pretations. In Chapter 2, the contributions of the five state factors

(parent material, vegetation, time, climate and relief) were presented.

It was stated that four of these factors have been em.51.A.aaly the same

for both soils and that the relief factor, specifically landscape

dissection on certain portions of the fan surface, has been the main

cause of the different properties that we observe. In Chapter 3 impor-

tant chemical, physical and mineralogical data were presented and it was

then possible to compare properties between these soils. In Chapter 4,

thin sections of the petrocalcic horizons were described for interpre-

ting pedogenic processes. Here in Chapter 5 will be presented a

sequence of events based on this information. A relative time scale is

used here. Relative dates and the role of time reflects the authors

opinion and is not backed up by any absolute dating determinations.

However, this scenario provides a useful working hypothesis.

60
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As described in Chapter 2, fan surface alluvium was deposited

during the late Pleistocene and an approximate date of 75,000 years B.P.

is advocated for the beginning of the formation of these soils.

Weathering of the diorite, rhyolite and volcanic tuff released

significant quantities of Ca++ into the system. Ehlers and Blatt (1980,

pp. 103) give an average 8.4% CaO content for 50 diorites analyzed.

Clay minerals such as kaolinite and mica formed from the weathering of

plagioclase and potassium feldspars. Dust fall brought in additional

calcium and silicate clays such as montmorillonite. The first major

pedogenic process in the development of the study area soil profiles was

the removal of calcium carbonate to a position deep in the profile.

Initially, the soils may not have had any CaCO3 or very little, thus

clay translocation could have taken place relatively early. Many

studies have either implied or postulated that for soils developing in

calcareous materials, the carbonate must be removed prior to clay mobi-

lization (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).

The high moisture-low temperature climatic regimes that prevailed

during the late Pleistocene combined with a gravelly porous medium meant

that large quantities of calcium in the bicarbonate form were moving in

the soil solution. Deposition as CaCO3 would occur at the average depth

of wetting as the soil dried (Nettleton and Peterson, 1983). In the

Cruces soil, CaCO3 contents were increasing between 125 and 175 cm below
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the soil surface. The backhoe pits were not dug deep enough to

determine the total depth of carbonate accumulations. In a study of the

Mohave sandy loam in the Avra Valley at a site very close to this study

area, Buol and Yesilsoy (1964) found that areas of high CaCC13 accumula-

tions extended to 225 cm below the surface. An average depth of wetting

of between 150 and 175 cm seems appropriate for these soils. Since

these are gravelly soils, they have less overall pore space than fine

textured soils and therefore are plugged rapidly. It is assumed that

Stage III (Gile et al., 1966) carbonate accumulations were attained

during the late Pleistocene. All skeleton grains are continuously

coated with carbonate and most of the interstices between pebbles are

filled or plugged. Once about 40% authigenic carbonate has accumulated

in gravelly soils, the K-fabric is essentially continuous (Nettleton and

Peterson, 1983) and cementation is more or less continuous.

Following the illuviation of calcium carbonate from the upper

pert of the profile, the next major pedogenic process was the dispersal

and movement of clay domains in suspension with the wetting front. The

numerous wetting and drying cycles in Aridisols is conducive to clay

movement. In the Btkm horizon of the Cruces soil, clays are present

lining pores and oriented around sand grains, evidence for clay

illuviation. As clays are moved deeper in the profile they tend to

flocculate as they encounter higher salt content and increased soil

solution ionic strengths (Gile and Grossman, 1979). The illuviated clay

in the Btkm of the Cruces soil would have encountered the previously

leached calcium carbonate and rapidly flocculated out of suspension.
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With the noncalcareous argillic horizon in place and the plugged

Stage III carbonate zone below it, continued illuviation of CaC0113 on top

of the plugged horizon resulted in engulfment of the lower portion of

the argillic horizon. The evidence for this is in thin section where

radiaxial fibrous calcite is on the outside of a clay domain which is

oriented in the surface of skeleton grains. Also calcite crystals have

obliterated portions of pores which were lined with clay. Clay maxima

extends into this portion of the former calcic horizon which today is a

Stage TV petrocalcic horizon.

A laminar horizon formed on top of the plugged and cemented Btkm

horizon of the Cruces soil. It is believed that the laminar horizon has

components of both Pleistocene and Holocene age material. As mentioned

in Chapter 4, two generations of laminae were found. The oldest was

composed of thick (1-2 mm) laminae layers of pure crystalline calcite

separated by very thin dark layers thought to be a calcite-clay mixture.

The would be the Pleistocene component. Above this are very thin (< 10

um) laminae composed of calcite and clay and is thought to be of

Holocene age. Today the average depth to the top of the pan is 38 cm

which is within the range of Holocene leaching. The A horizon is only 2

cm thick with an abrupt textural change to the Bt horizon. No evidence

remains of a transitional horizon, AB or BA, or an E horizon between the

A and Bt. With such a thin A horizon, it is postulated that much of the

original A4 AB or BA, and Bt has been removed by wind and water erosion.

The drier Holocene climate brought less vegetative cover and soil

organic matter leaving the Cruces soil very susceptible to erosion. The
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amount of solum material removed could have been enough to bring the top

of the pan up to the depth of Holocene leaching conditions. The source

of calcium and clay for illuviation is Holocene aeolian dust. As was

mentioned earlier in Chapter 3, common thin lime veins were found in the

Btk horizon immediately above the pan. This is a Holocene carbonate

overprint on top of the noncalcareous Pleistocene argillic horizon.

The genesis of the Delnorte soil parallels the Cruces soil during

the late Pleistocene, during which a thick layer of calcium carbonate

developed deep in the profile. There is no question that this is a

severely truncated soil and this is based on aerial photo interpreta-

tion, geomorphic evidence, and morphology and mineralogy of the petro -

calcic horizons. However, whether an argillic horizon had actually

formed in this soil cannot be proven by direct evidence. The key is the

timing of the fan surface incision by the axial stream channels which

resulted in the removal of material from the soils adjacent to these

stream channels. These drainages are 1-4 meters deep, steep-sided and

contain numerous side drainages. Since the downcutting was probably

triggered by a climatic change or base level fall, the Pleistocene-

Holocene transition is theorized as the time frame for the inception of

the fan surface axial stream channel incision.

Since the existence of the argillic horizon prior to truncation

cannot be proven directly, three possibilities then exist: (1) there

was never an argillic horizon above the petrocalcic horizon (2) an

argillic horizon had formed but had not been engulfed and (3) an argil -

lic horizon had formed, been engulfed and the evidence was removed after
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truncation. There is a slight bulge in clay distribution with depth in

the 2Ckm1 horizon of the Delnorte soil indicating the possibility of

engulfment of the argillic horizon. If the Pleistocene-Holocene transi-

tion is accepted as probable timing of truncation, then the Delnorte

soil had an argillic horizon and plugged calcic horizon with a partially

formed laminar cap. This is based on the timetable of soil genesis

proposed for the Cruces soil. In the drainageways the entire soil

profile was removed as downcutting proceeded. As distance increased

away from the drainageways, only the argillic horizon was removed. The

lower portion of the profile was preserved, a situation certainly aided

by the presence of a cemented calcic horizon with a partially formed

laminar cap.

There is no evidence of a former engulfed argillic horizon in

thin section of the 2Ckm1 horizon of the Delnorte soils. There is no

network of clay argillans on void walls and surrounding skeleton grains.

There are no radiaxial fibrous calcites present. WIT not? Once the

then cemented calcic horizon was exposed to the surface, fracturing and

brecciation occurred to a great extent. Alternate wetting and drying of

plugged and laminar calcic horizons resulted in cracking and swelling of

the cemented material (Me, 1961). The action of burrowing animals and

roots would also enhance the breaking up of the upper portion of the

exposed calcic soil. When exposed to surface weathering, a platy struc-

ture is formed that fractures into prisms, polygons and irregular frag-

ments of calcrete that litter the surface (Bachman and Machette, 1977).

These fragments may be partly dissolved and CaCO3 is reprecipitated as a
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cement that engulfs fragments lower in the profile or as coatings on

individual fragments. It is concluded then that the evidence of argil -

lic horizon engulfment, which would have been confined to the upper

portion of the exposed calcic soil, was not preserved due to the

processes of surf icial fragmentation and brecciation.

The theory of Holocene and Pleistocene components to the forma-

tion of the laminar cap that was seen in the Cruces soil is also pro-

posed for the Delnorte soil. Again, two distinctly different laminae

forms are found, which reflect different leaching environments. The

thick almost pure calcite laminae in this case are probably pieces of

the former laminar horizon that were broken up and then recemented. The

average depth to the top of the hardpan for this soil is only 14 cm,

well within the depths of Holocene leaching. The thin laminae of cal-

cite and silicate clay, which form the top 1 to 2 mm of the laminar cap,

are of Holocene age. The amorphous calcite-silicate clay mixture that

was described in thin sections in Chapter 4 is also of Holocene age.

This was found throughout the pet rocalcic horizons and was leached down

through the fractured laminar cap.

There is presently 14 cm of soil above the hardpan. Since it has

been proposed that at one time the pan was at the surface, then what is

the source of the material that currently overlies the pan? Much of the

> 2 mm fraction , including the pan fragments, originated from the

fracturing and brecciation of the hardpan. Three possible origins for

the < 2 mm fine earth fraction are: (1) aeolian dust, (2) pan fragment

weathering and (3) material brought in from somewhere upslope by water
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moving across the surface. Probably all three are important sources.

But, evidence of pan fragment weathering was demonstrated by the pre-

sence of the kaolinite-smectite interstatified mineral in the Bk2 hori-

zon of the Delnorte. This is an important genetic link and it demon-

strates that the petrocalcic horizon is a source of parent material for

the soil above it. As was discussed in the genesis of the Cruces soil,

Holocene removal of surf icial materials by wind and water are important

modern processes. Very low organic mater contents and lack of good

structure in the subsoil make this soil very susceptible to deflation by

wind and water erosion.

Finally, will an argillic horizon eventually form on the Delnorte

soil? Gile and Grossman (1979) found that soils developed in parent

materials that contain a high proportion of calcareous coarse fragments

lack argillic horizons. This was true even on stable sites and with a

soil as old as late-Pleistocene. For the Delnorte soil, the parent

materials mentioned in the preceeding paragraph are highly calcareous.

Consequently, these soils are calcareous to the surface. It is believed

that an argillic horizon will not form on the Delnorte soils under

environmental conditions of the late Quaternary in Southern Arizona.



CHAPTER 6

SUMMARY AND CONCLUSIONS

As was mentioned in Chapter 1, the inspiration for choosing this

topic and this study area for a master's thesis resulted from a problem

of soil classification which arose during the course of a soil survey.

Originally, a Haplic Durargid (Artesia) was mapped on the same fan

surface as a Typic Paleorthid (Delnorte) which meant that a duripan

(silica cemented) and a petrocalcic horizon (calcium carbonate cemented)

existed side by side and were of the same age and parent material. In

the course of the analysis, no silica, neither opal A nor opal CT, was

identified in thin sections of the hardpans. Admittedly, identification

of the various forms of silica in these thin sections, which are domi-

nated by calcium carbonate is very difficult. At most trace amounts of

opal cristobalite were identified in X-ray diffraction patterns. It was

concluded that silica played an insignificant role in the cementation of

these hardpans and that these would be properly classified as petrocal -

cic horizons.

Aside from the classsification problem, a question remains: Does

the "same" pen underlie both soils? Based on aerial photography, geo-

morphic and stratigraphic evidence, and transect data, the pan is

68



69

continuous across the entire fan surface. The mineralogy is very simi-

lar for all six pedons sampled. At a point in time, probably at Stage

III of the morphogenetic sequence (Gile et al., 1966), these cemented

horizons had similar physical and chemical properties as well. But the

pedologic processes of argillic horizon engulfment which occurred during

the genesis of the Cruces soil and truncation and recementation which

occurred during the genesis of the Delnorte soil has resulted in the

very different properties which we observe today. The two pans have

different color, thickness of laminar cap, silicate clay and calcium

carbonate contents. In thin section one observes differences in calcite

crystal size and morphology. I did not test these pans for physical

properties such as bulk density or compressive strength. But there is

no doubt in my mind that there are differences here as well. The pan

underlying the Cruces soil had a more porous and open structure. To

obtain samples for particle size analysis and clay mineralogy, it was

necessary to break up pieces of cemented pans with a sledge hammer. It

was much easier to crush pieces of the Cruces pan. So the question of

whether the "same" pan underlies both soils depends on how the word

"same" is defined.

It is evident that as one observes these old soils that the

relationship between silicate clay and calcium carbonate is a complex

one reflecting different leaching environments over long periods of

time. Climatic change will affect depth of wetting and evaporation

rates of soil solutions indicating polygenetic pathways of carbonate

accumulations. This is combined with pedologic processes such as argil-
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lic horizon engulfment, laminar cap formation, truncation, removal of

portions of the A and upper Bt horizons by wind and water erosion.

These all could affect silicate clay and calcium carbonate regimes. The

following features were observed in thin section: (1) radiaxial fibrous

calcite nucleating on the surface of clay argillans rimming skeleton

grains, (2) calcite crystal growth destroying a clay argillan, (3)

calcite and silicate clay alternating laminae, (4) an intimate gray-

brown massive silicate clay-calcite mixture, and (5) calcite crystal-

lizing in the middle of a void lined with silicate clay. Also, there is

the macroscopic calcium carbonate veins present in the lower Btk hori-

zon, the Holocene overprint described in Chapters 3 and 5. To explain

all these features based on changes in solution chemistry and soil

microenvironments is a difficult task.

Chapter 5 was a compilation of observed and measured properties

into a statement of soil genesis. Here is an attempt to summarize the

important pedogenic features in this study into the appropriate time

frame. The following appear to be of Pleistocene age: Stage III carbo-

nate accumulations deep in the profile, argillic horizon formation,

engulfment of the argillic horizon by calcium carbonate and formation of

radiaxial fibrous calcites. The following feature began forming in the

Pleistocene and continued forming in the Holocene: genesis of the

laminar cap. The extent of Holocene influence on the laminar cap

depends on its depth below the surface. The following appear to be of

Holocene age: formation of desert pavement without the patena, vesicu-

lar A horizons, deflation of the A and a portion of the B horizon by
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wind and water, calcite veins on a non-carbonate silicate clay matrix,

addition of ferrihydrite and montmorillonite by aeolian activity and the

presence of silicate clay-amorphous calcite mixture in petrocalcic hori-

zons. The following processes are considered to be either of Pleisto-

cene or Holocene age: truncation followed by brecciation and recementa-

tion of the laminar horizon. Truncation normally occurs due to

landscape dissection which is triggered either by climatic change or

base level rise or fall.

Finally, the exact identity and composition of a certain clay

mineral, referred to as a kaolinite-smectite interstratified clay, is

not known at this time. Also, the exact identity of gray-brown massive

material, referred to in thin section as an amorphous silicate clay-

calcite mixture, is not known. The intriguing point is that these two

could possibly be the same entity. I feel that this bears further

investigation perhaps using SEM and microprobe techniques.
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DELNORib VERY GRAVELLY FINE SANDY LOAM

Location: Pima County, AZ. Avra Valley, Cocoraque Butte Quad. NW 1/4,
NE 1/4 of section 22, T. 14 S., R. 10 E.

Date of Sampling: September 5, 1981.
Description ty: Steven Levine and M. L. Richardson.
Collectors: Steven Levine and D. M. Hendricks.
Classification: Loamy-skeletal, mixed, thermic, shallow Typic Paleor -

thid.
Vegetation: Rangeland. Creosote bush, paloverde, saguaro. Climate:

Mean annual precipitation about 230-305 mm (9-12 inches) and mean
annual temperature about 19 degrees C (66 degrees F.). Parent
Material: Alluvium from mixed rock sources. Topography: Fan ter-
race with 3 percent slope. Elevation: 709 meters (2,325 feet).
Drainage: Well drained; medium runoff; moderate permeability above
the pen, very slow through the pan. Soil Moisture: Dry.

HORIZON 	DESCRIPTION

A	 0 to 4 cm (0 to 1 1/2 inches). Light brown (7.5YR 6/4) very
gravelly fine sandy loam, brown (7.5YR 5/4) moist; weak medium
platy structure; slightly hard, very friable, nonsticky and non
plastic; common very fine and few fine roots; common very fine
and fine vesicular pores; 45 percent gravel; violently efferves-
cent; moderately alkaline (pH 8.0); clear smooth boundary.

Bk1	 4 to 23 cm (1 1/2 to 9 inches). Light brown (7.5YR 6/4)
extremely gravelly loam, brown (7.5YR 5/4) moist; massive;
slightly hard, very friable, nonsticky and nonplastic; many very
fine and few fine roots; common very fine and fine interstitial
pores; 65 percent gravel; violently effervescent; moderately
alkaline (pH 8.2); clear irregular boundary.

Bk2	 23 to 33 cm (9 to 13 inches). Pinkish white (7.5YR 8/2)
extremely gravelly sandy loam, pinkish gray (7.5YR 6/2) moist;
massive; very hard, very firm, nonsticky and nonplastic; common
fine and very fine roots; 85 percent gravel and pan fragments;
violently effervescent; moderately alkaline (lAi 8.2); abrupt wavy
boundary.

2Ckm1 33 to 43 cm (13 to 17 inches). Pinkish white (5YR 8/2) hardpan
strongly cemented by calcium carbonate with 0.5 cm indurated
laminae, pinkish gray MR 7//2) moist; massive; extremely hard;
few fine and very fine roots rest on the surface; violently
effervescent; strongly alkaline (pH 8.4); clear wavy boundary.
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Delnorte Series

2Clun2 43 to 76 cm (17 to 30 inches). White (5YR 8/1) carbonate-
cemented material, pinkish gray (5YR 7/2) moist; massive; very
hard; discontinuous zone of uncemented material present in
pockets; violently effervescent; strong alkaline (pli 8.4); abrupt
wavy boundary.

2Ckm3 76 to 107 cm (30 to 42 inches). Pinkish white (5YR 8/2) strongly
cemented hardpan; pink (5YR 7/3) moist; massive; extremely hard;
violently effervescent; strongly alkaline (pli 8.4).
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DELNORrh FINE SANDY LOAM

Location: Pima County, AZ. Avra Valley, Cocoraque Butte Quad. 300 m
east and 500 m south of the NW corner of section 22, T. 14 S., R. 10

E .
Date of Sampling: September 5, 1981.
Description by: Steven Levine and M. L. Richardson.
Collectors: Steven Levine and D. M. Hendricks.
Classification: Loamy-skeletal, mixed, thermic, shallow Typic Paleor-

thid.
Vegetation: Rangeland. Creosote bush, ocotillo, triangleleaf bursage.

Climate: Mean annual precipitation about 230-305 mm (9-12 inches)
and mean annual temperature about 19 degrees C (66 degrees F.).
Parent Material: Alluvium from mixed rock sources. Topography: Fan
terrace with 2 percent slope. Elevation: 716 meters (2,350 feet).
Drainage: Well drained; medium runoff; moderate permeability above
the pan, very slow through the pen. Soil Moisture: Dry.

HORIZON	DESCRIPTION

A	 0 to 8 cm (0 to 3 inches). Light brown (7.5YR 6/4) fine sandy
loam, brown (7.5YR 5/4) moist; weak fine and medium platy parting
to moderate very fine granular structure; slightly hard, very
friable, nonsticky and nonplastic; common very fine and few fine
roots; many very fine vesicular pores; 10 percent gravel;
strongly effervescent; mildly alkaline (pH 7.8), clear smooth
boundary.

Bk	 8 to 25 cm (3 to 10 inches). Light brown (7.5YR 6/4) very
gravelly fine sandy loam, brown (7.5YR 5/4) moist; weak very
fine granular structure; slightly hard, very friable, nonsticky
and nonplastic; many very fine and common fine roots; many very
fine interstitial pores; 65 percent gravel; violently efferves-
cent; moderately alkaline (pli 8.0), abrupt wavy boundary.

2Ckm1 25 to 40 cm (10 to 16 inches); white (7.5YR 8/1) indurated cal-
cium carbonate cemented hardpan with 1 cm laminae, pinkish gray
(7.5YR 6/2) moist; massive; extremely hard, extremely firm; many
very fine roots massed over the top of the hardpan; violently
effervescent; moderately alkaline (pH 8.4), clear wavy boundary.

2Ckm2 40 to 69 cm (16 to 27 inches); white (7.5YR 8/1) weakly cemented
calcium carbonate material, pinkish gray (7.5n 6/2) moist; mas -
sive; very hard, very firm; very gravelly fine sandy loam loose
soil material in pockets; few very fine roots; violently
effervescent; moderately alkaline (pH 8.2), abrupt wavy boundary.

2Ckm3 69 to 112 (27 to 44 inches); white (7.5YR 8/1) very strongly
cemented calcium carbonate material, pinkish gray (7.5YR 6/2)
moist; massive; extremely hard, extremely firm; violently effer-
vescent; moderately alkaline (pli 8.4).
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DELNCTE VERY GRAVFMY SANDY LOAM

Location: Pima County, Az. Avra Valley, Cocoraque Butte Quad. 200 m
east and 400 m south of the NW corner of section 16, T. 14 S., R. 10
E.

Date of sampling: September 11, 1981.
Description by: Steven Levine and D. M. Hendricks.
Collectors: Steven Levine and Dal. Hendricks.
Classification: Loamy-skeletal, mixed, thermic, shallow ypic Paleor-

thid.
Vegetation: Rangeland. Creosotebush, bursage, ocotillo. Climate:

Mean annual precipitation about 230-305 mm (9-12 inches) and mean
annual temperature about 19 degrees C (66 degrees F.). Parent
Material: Alluvium from mixed rock sources. Topography: Fan
terrace with 2 percent slope. Elevation: 716 meters (2350 feet).
Drainage: Well-drained; medium runoff; moderate permeability above
the pan, very slow through the pan. Soil Moisture: Dry.

Horizon	 Description

A	 0 to 10 cm (0 to 4 inches). Light brown (7.5YR 6/4) very
gravelly sandy loam, brown (7.5YR 4/4) moist; weak fine platy
structure; slightly hard, very friable, slightly sticky and non-
plastic; few fine and very fine roots; few fine vesicular pores;
40 percent gravel; violently effervescent; mildly alkaline (pH
7.8); clean smooth boundary.

Bkl	 10 to 30 cm (4 to 12 inches). Light brown (7.5YR 6/4) very
gravelly sandy loam, brown (7.5YR 5/4) moist; weak very fine
granular structure; slightly hard, very friable, slightly sticky
and nonplastic; few coarse, common fine and medium roots; common
very fine and fine interstitial pores; 45 percent gravel;
violently effervescent; moderately alkaline (pH 8.0); clear
smooth boundary.

Bk2	 30 to 47 cm (12 to 19 inches). Light brown (7.5YR 6/4) very
gravelly sandy loam, brown (7.5YR 4/4) moist; weak very fine
granular structure; common very fine and many fine roots; common
very fine and fine interstitial pores; 35 percent gravel and 5
percent cobble; violently effervescent; moderately alkaline (pH
8.0); abrupt wavy boundary.
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Delnorte Series

2C1cml 47 to 65 cm (19 to 26 inches). White (5YR 8/1) strongly cemented
highly fractured calcium carbonate material with 1 cm laminae,
pinkish gray (5YR 7/2) moist; massive; extremely hard, very firm;
common very fine roots massed on top of the laminae; violently
effervescent; moderately alkaline (pH 8.2); clear wavy boundary.

2Ckrn2 65 to 90 cm (26 to 36 inches). Pinkish white (7.5YR 8/2)
strongly cemented slightly fractured hardpan, pinkish gray (7.5YR
7/2) moist; massive; very hard, very firm; few very fine roots;
violently effervescent; moderately alkaline (III 8.4).
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CRUCES VARIANT VERY GRAVELLY SANDY WAN

Location: Pima County, AZ. Avra Valley, Cocoraque Butte Quad. NW 1/4, NE
1/4 Section 21 T. 14 S., R. 10 E.

Date of Sampling: Septerber 11, 1981.
Description by: Steve Levine and M. L. Richardson
Collectors: Steven Levine and D. M. Hendricks
Classification: Loamy, mixed, thermic, shallow Petrocalcic Paleargid.
Vegetation: Rangeland; Triangleleaf bursage, saguaro, ironwood,

creosotebush. Climate: Mean annual precipitation about 230 to 305
mm (9-12 inches) and mean annual temperature about 19 degrees C (66
degrees F.). Parent Material: Alluvium from mixed rock sources.
Topography: Fan terrace with 3 percent slope. Elevation: 730
meters (2400 feet). Dgainage: Well-drained; medium runoff;
moderately slow permeability above the pan, very slow through the
pan. Soil Moisture: Dry.

Horizon	 Description

A	 0 to 3 cm (0 to 1 inch). Strong brown (7.5YR 5/6) very gravelly
sandy loam, brown (7.5YR 4/4) moist; weak fine granular struc-
ture; slightly hard, very friable, nonsticky and nonplastic;
common very fine roots; many fine vesicular pores; 60 percent
gravel; noneffervescent; mildly alkaline (pH 7.8); abrupt smooth
boundary.

Btl	 3 to 8cm (1 to 3 inches). Brown (7.5YR 5/4) very gravelly sandy
clay loam, brown (7.5YR 4/4) moist; moderate fine granular struc-
ture; slightly hard, very friable, slightly sticky and slightly
plastic; many fine roots; common fine interstitial pores; common
thin clay films lining pores; 60 percent gravel; noneffervescent;
mildly alkaline (pH 7.8); clear wavy boundary.

Bt2	 8 to 15 cm (3 to 6 inches). Light reddish brown (5YR 6/4)
extremely gravelly sandy clay loam, reddish brown (5YR 4/4)
moist; weak medium subangular blocky parting to strong very fine
granular structure; hard, friable, sticky and plastic; many very
fine and few fine roots; common fine tubular pores; common thin
clay films bridging sand grains; 65 percent gravel;
noneffervescent; mildly alkaline (pH 7.8); clear smooth boundary.

Btk	 15 to 25 cm (6 to 10 inches). Light reddish brown (5YR 6/4)
extremely gravelly sandy clay loam, reddish brown (5YR 4/4)
moist; moderate fine granular structure; hard, friable, sticky
and plastic; many very fine and few fine roots; few fine tubular
pores; 75 percent gravel; strongly effervescent; few medium
distinct lime veins; mildly alkaline (pH 7.8); abrupt wavy
boundary.
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Cruces Variant Series

Btkm 25 to 84 cm (10 to 33 inches). Pinkish white (5YR 8/2) strongly
cemented, fractured calcium carbonate hardpan, pinkish gray (5YR
6/2) moist; extremely hard, extremely firm; violently efferves-
cent; moderately alkaline (pH 8.2); clear wavy boundary.

Bkm 84 to 117 cm (33 to 46 inches). Pink (5Y'R 7/3) calcium carbonate
cemented, highly fractured hardpan with soil material in frac-
tures; massive; extremely hard, extremely firm; violently effer-
vescent; moderately alkaline (pH 8.2).



LO	 N 0 H N
LO

•	

et'	 1/40	 LO
0 0 0 0 0 CD

• •	 •	 •

00MI
CO

1 .0

84

m•
O

m•
O

m•
a

v•
N

a
.
'

c.i

a
•

co
ol

•H

Lfl 11)
•

•V
•

CD CO
•

N
•

0
MNMMNNN

LO 1.0 01 LO
v-I H

Lt) h •.:14 CO N 0
• • • • .

CO H III H LO 1.0
N 04 N N H H

OMNNNHH
01 CO

•
IN

•
b

•
0

•
CO

•
a) 1-1 CO 01 CO CO
LO LO •Li' •:ti %D h

v.

N H 0 •er
CO L11 LD 1/40

CO
CO 0 0 LD

m CO CO LO 01 H
I
0

I
M

I
CO

I
CO

I
CD

I
0

.44-1 4.J.4-)44
< CL) CC) GC1 r.c1 cf-)

CO LO 01

N
4.)	 4.)

P2	 CLI	 CQ

411

4.) 84

N	 CN V' h
LI

▪

 1	LO v
Q a a a a a
Q a a a a o

•r h 0 el 01 01
r-I rH N CD h

• LO• •	 • 	 •
v-1 rH H H 0 CD



85

CRUCES VARIANT VERY GRAVELLY SANDY LOAM

Location: Pima County, AZ. Avra Valley, Cocoraque Butte Quad., SW 1/4,
SW 1/4 section 15, T. 14 S., R. 10 E.

Date of Sampling: September 5, 1981
Description by: Steve Levine and D. M. Hendricks
Collectors: Steve Levine and D. M. Hendricks
Classification: Loamy, mixed, thermic, shallow Petrocalcic Paleagrid.
Vegetation: Rangeland. Palo Verde, ocotillo, ironwood, triangle leaf

bursage. Climate: Mean annual precipitation about 230-305 mm (9-12
inches) and mean annual temperature about 19 degrees C (66 degrees
F.) Parent Material: Alluvium from mixed rock sources. Tbpography:
Fan terrace with 2% slope. Elevation: 715 meters (2350 feet).
Drainage: Well drained; medium runoff; moderately slow permeability
above the pan, very slow through the pan. Soil Moisture: Dry.

Horizon	 Description

A	 0 to 3 (0 to 1 inch). Brown (7.5YR 5/4) very gravelly sandy
loam, brown (7.5YR 4/4) moist; weak medium platy structure;
slightly hard, friable, nonsticky and nonplastic; common very and
few fine roots; many very fine and fine vesicular pores; 35
percent gravel; noneffervescent; mildly alkaline (Ili 7.8), abrupt
smooth boundary.

Btl	 3 to 8 cm (1 to 3 inches). Yellowish red (5YR 5/6) very gravelly
sandy clay loam, yellowish red (5YR 4/6) moist; weak coarse
subangular blocky structure; hard, friable, slightly sticky and
slightly plastic; common very fine and few fine roots; common
fine tubular and interstitial pores; 50 percent gravel; noneffer-
vescent; moderately alkaline (pli 8.0); abrupt wavy boundary.

Bt2	 8 to 38 cm (3 to 15 inches). Red (2.5YR 5/8) very gravelly loam,
red (2.5YR 4/8) moist; weak medium subangular blocky structure;
slightly hard, friable, sticky and plastic; many very fine and
few fine roots; common fine tubular and interstitial pores;
common thin clay films lining pores and bridging sand grains; 60
percent gravel; strongly effervescent; moderately alkaline ("Ai
8.2); clear wavy boundary.

Btk	 38 to 60 cm (15 to 24 inches). Red (2.5YR 5/6) very gravelly
sandy clay loam, red (2.5YR 4/6) moist; moderate fine granular
structure; hard, friable, sticky and plastic; common very fine
and few fine roots; few fine tubular pores; common thin clay
films lining pores and bridging sand grains; 65 percent gravel;
violently effervescent; moderately alkaline (pH 8.2); abrupt wavy
boundary.
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Cruces Variant Series

Btkm 60 to 90 cm (24 to 37 inches). Pinkish gray (5YR 7/2) fractured
indurated calcium carbonate cemented hardpan, pinkish gray (5YR
6/2) moist; massive; extremely hard, extremely firm; few very
fine roots in fractures; violently effervescent; moderately alka-
line (pH 8.4); clear wavy boundary.

Bkm 90 to 168 cm (37 to 66 inches). Pink (5YR 7/3) fractured calcium
carbonate cemented hardpan, pinkish gray (5YR 6/2) moist; mas-
sive; extremely hard, very firm; violently effervescent;
moderately alkaline (pH 8.4)
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CRUCES VARIANT GRAVELLY SANDY LOAM

Location: Pima County, AZ. Avra Valley. Cocoraque Butte Quad. NE
1/4, SE 1/4 section 16, T. 14 S., R. 10 E.

Date of Sampling: Septerber 11, 1981.
Description by: Steven Levine and M. L. Richardson
Collectors: Steven Levine and D. M. Hendricks
Classification: Loamy, mixed, thermic, shallow Petrocalcic Paleargid.
Vegetation: Rangeland. Ironwood, triangle leaf bursage, saguaro. Cli-

mate:Mean annual precipitation about 230-305 mm (9 to 12 inches)
and mean annual temperature about 19 degrees C (66 degrees F.)
Parent Material: Alluvium from mixed rocky sources. Topography:
Fan terrace with 2% slope. Elevation: 715 meters (2350 feet).
Drainage: Well-drained; medium runoff; moderately slow permeability
above the pan, very slow through the pan. Soil Moisture: Dry.

Horizon	 Description

A	 0 to 8 cm (0 to 3 inches). Brown (7.5YR 5/4) gravelly sandy
loam, brown (7.5YR 4/4) moist; weak fine platy structure;
slightly hard, very friable, nonsticky and nonplastic; few very
fine and fine roots; common fine vesicular pores; 30 percent
gravel; noneffervescent; moderately alkaline (pH 8.0); abrupt
wavy boundary.

Bt	 8 to 18 cm (3 to 7 inches). Yellowish red (5YR 5/6) very
gravelly heavy sandy loam, yellowish red (5YR 4/6) moist; weak
fine subangular blocky parting to moderate very fine granular
structure; slightly hard, friable, sticky and plastic; common
very fine roots; common fine interstitial pores; 50 percent
gravel; noneffervescent; moderately alkaline (pH 8.0); clear wavy
boundary.

Btk	 18 to 30 cm (7 to 12 inches). Yellowish red (5YR 5/6) extremely
gravelly sandy clay loam, yellowish red (5YR 4/6) moist; moderate
fine and medium subangular blocky structure; slightly hard,
friable, sticky and plastic; many very fine and fine roots; few
fine tubular and common fine interstitial pores; common thin clay
films lining pores and bridging sand grains; strongly efferves-
cent; few medium distinct line veins; moderately alkaline (pH
8.2); abrupt wavy boundary.

Btkrn 30 to 58 cm (12 to 23 inches). Pinkish gray (5YR 7/2) indurated
strongly cemented highly fractured calcium carbonate hardpan with
1/2 cm laminae, pinkish gray (5YR 6/2) moist; massive; extremely
hard, extremely firm; common very fine roots in fractures;
violently effervescent; moderately alkaline (pH 8.2); clear wavy
boundary.
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Cruces Variant Series

Bkm	 58 to 114 cm (23 to 45 inches). Pink (5YR 7/3) very strongly
cemented calcium carbonate material, pinkish gray (5YR 6/2)
moist; massive; extremely hard, extremely firm; violently effer-
vescent; moderately alkaline (pH 8.4).



REFERENCES

Arnold, R.W. 1965. Multiple working hypothesis in soil genesis. Soil
Sci. Soc. Am. Proc. 29:717-724.

Bachman, G.O. and M.N. Machette. 1977. Calcic soils and calcretes in
the southwestern United States. USGS Open-file Report 77-794.
163 pp.

Bal, L. 1975a. Carbonate in soil: A theoretical consideration on, and
proposal for its fabric analysis. I. Crystic, calcic and
fibrous plasmic fabric. Neth. J. Agric. Sci. 23:18-35.

Bal, L. 1975b. Carbonate in soil: A theoretical consideration on, and
proposal for its fabric analysis. 2. Crystal tubes intercalary
crystals, K-fabric. Neth. J. Agric. Sci. 23:163-176.

Bartelli, L.J. and R.T. Odell. 1960. Laboratory studies and genesis of
a clay-enriched horizon in the lowest part of the solum of some
Brunizen and gray-brown Podzolic soils in Illinois. Soil Sci.
Soc. Am. Proc. 24:390-395.

Bathurst, R.G.C. 1971. Carbonate sediments and their diagenesis.
Amsterdam. Elsevier. 658 pp.

Bausch, W.M. 1968. Clay content and calcite crystal size of
limestones. Sedimentology 10:71-75.

Bikerman, M. 1967. Isotopic studies in the Roskruge Mountains, Pima
County, Arizona. Geol. Soc. Am. Bull. 78:1029-1036.

Bikerman, M. 1968. The geology of the Roskruge Mountains. Arizona
Geological Soc., So. Arizona Handbook. 3:183-191.

Brakenridge, G.R. 1978. Evidence for a cold, dry full-glacial climate
in the American Southwest. Quat. Res. 9:22-40.

Brewer, R. 1964. Fabric and mineral analysis of soils. Wiley New
York. 470 pp.

Brewer, R.	 1972.	 The basis of interpretation of soil
micromorphological data. Geoderma 8:81-94.

Bundy, L.G. and J.M. Bremner. 1972. A simple titrimeteric method for
determination of inorganic carbon. Soil Sci. Soc. Am. Proc.
36:273-275.

90



91

Buol, S.W. and M.J. Yesilsoy. 1964. A genesis study of a Mohave sandy
loam profile. Soil Sci. Soc. Am. Proc. 28:254-256.

Cooke, R.V. and A. Warren. 1973. Geomorphology in deserts. Univ. of
California Press, Berkeley, CA 373 pp.

Culver, J.R. and F. Gray. 1968. Morphology and genesis of some grayish
clay pan soils of Oklahoma 2. Mineralogy and Genesis. Soil Sci.
Soc. Am. Proc. 32:851-857.

Ehlers, E.G. and A. Blatt. 1980. Petrology-igneous, sedimentary and
metamorphic. W.N. Freeman and Company. San Francisco. 732 pp.

Flach, K.W., W.D. Nettleton, LH. Gile and J.B. Cady.	 1969.
Pedocementation: Induration by silica, carbonates, and
sesquioxides in the Quaternary. Soil Sci. 107:442-453.

Folk, R.L. 1974. Petrology of sedimentary rocks. Hemphill Publishing
Co., Austin, Texas. 182 pp.

Galehouse, J.S. 1969. Counting grain mounts: number percentage vs.
number frequency. J. Sed. Pet. 39:132-135.

Gardner, L.R. 1972. Origin of the Morman Mesa caliche, Clark County,
Nevada. Geol. Soc. Am. Bull. 83:143-156.

Gelderman, F.W., B.W. Whitney and W.P. Tripp. 1972. Soil survey of the
Tucson-Avra Valley area, Arizona. U.S. Dept. of Agric., Soil
Cons. Serv., Washington, D.C.

Gile, L.H. 1961. A classification of Ca horizons in soils of a desert
region, Dona Ana County, New Mexico. Soil Sci. Soc. Am. Proc.
25:56-61.

Gile, L.H. and R.B. Grossman. 1968. Morphology of the argillic horizon
in desert soils of southern New Mexico. Soil Sci. 106:6-15.

Gile, L.H. and R.B. Grossman. 1979. The desert project soil monograph.
USDA-SCS. U.S. Govt. Printing Office. 984 pp.

Gile, L.H., J.W. Hawley and R.B. Grossman. 1981. Soils and
geomorphology in the basin and range area of southern New Mexico
- Guide book to the desert project - New Mexico Bureau of Mines
and Mineral Resources. 222 pp.

Gile, L.H., F.F. Peterson and R.B. Grossman. 1965. The I( horizon: a
master horizon of carbonate accumulation. Soil Soi. 99:74-82.



92

Gile,	 F.F. Peterson and R.B.Grossman. 1966. Morphological and
genetic sequences of carbonate accumulation in desert soils.
Soil Sci. 101:347-360.

Jenny, H. 1941. Factors of soil formation. McGraw-Hill Pub. Co., New
York. 281 pp.

Kearney, T.H. and R.H. Peebles. 1960. Arizona Flora. Univ. California
Press, Berkeley, CA. 1085 pp.

Keith, W.J. 1976. Reconnaissance Geologic Map of the San Vincente and
Cocoraque Butte 15' Quadrangles, Arizona. USDGS, USDI.

Leu, R.F. and M.M. Druckmen. 1982. Preparation of grain mounts. J.
Sed. Pet. 52:667.

McFadden, L.D. and D.M. Hendricks. 1985. Changes in the content and
composition of pedogenic iron oxyhydroxides in a chronosequence
of soils in Southern California. iat. Res. 23:189-204.

McKeague, J.A. and J.H. Day. 1966. Dithionite and oxalate-extractable
Fe and Al as aids in differentiating various classes of soil.
Canadian J. Soil Sci. 46:13-21.

Mehra, O.P. and M.L. Jackson. 1960. Iron oxide removal from soils and
clays by a dithionite -citrate system buffered with sodium
bicarbonate. IN Proceedings, 7th National Conf. on Clay and Clay
Minerals, Pergamon, New York. pp. 317-327.

Mering, J. 1949. L'Interference des rayons X dans les systemes a
stratification desordanee. Acta Cryst. 2:371-377.

Miller, D.E. 1971. Formation of vesicular structure in soil. Soil
Sci. Soc. Am. J. 35:635-637.

Nettleton, W.D. and F.F. Peterson. 1983. Aridisols IN Pedogenesis and
Soil Taxonomy: II. The soil orders. Wilding L.P., N.E. Smeck
and G.F. Hall, eds. Elsevier, New York. 165-215.

Olsen, S.R. and F.S. Watanabe. 1959. Solubility of calcium carbonate
in calcareous soils. Soil Sci. 88:123-129.

Richardson, M.L. and S.J. Levine. 1980. Soil Survey of the Papago
Indian Reservation, Pima County, Arizona. USDA -SCS, Phoenix, AZ.

Royse, C.F., Jr. 1970. Heavy mineral analysis IN An introduction to
sediment analysis. Arizona State University, p. 93-101.

Sawhney, B.L. 1977. Interstratification in layer silicates. 	 IN
Minerals in soil environments. Dixon, J.B. and S.B. Weed (eds).
Soil Sci.Soc.Am., Madison, WI pp. 405-434.



93

Schwertmann, U. and W.R. Fischer. 1973. Natural "amorphous" ferric
hydroxide. Geoderma 10:237-247.

Schwertmann, U. and R.N. Taylor. 1977. Iron oxides. IN Minerals in
soil environments. Dixon, J.B. and S.B. Weed (eds). Soil Sci.
Soc. Am., Madison, WI pp. 145-180.

Sellers, W.D. and R.H. Hill. 1974. Arizona climate 1931-1972. Univ.
of Arizona Press, Tucson, AZ 616 pp.

Sinkankas, J. 1968. High pressure epoxy impregnation of porous
materials for thin section and microprobe analysis. The American
Mineralogist 53:339-342.

Soil Survey Staff. 1975. Soil Taxonomy. Agric. Handbook No. 436.
USDA-Soil Cons. Ser., Washington, D.C. 745 pp.

Suggate, R.P. 1974. When did the last interglacial end. Quat. Res.
4:246-252.

Theissen, A.A. and M.E. Harward. 1962. A paste method for preparation
of slides for clay mineral identification by X-ray diffraction.
Soil Sci. Soc. Amer. Proc. 26:90-91.

Van Devender, T.R. and W.G. Spaulding. 1979.	 Development of
vegetation and climate in the southwestern United States.
Science 204:701-710.

Watts, N.L. 1978. Displacive calcite evidence from recent and ancient
calcretes. Geol. 6:699-703.

Whittig, L.D. 1965. X-ray diffraction techniques for mineral
identification and numerical composition. IN Methods of Soil
Analysis: Part I, American Soc. Agron., Inc. 671-698.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101

