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ABSTRACT

The geomorphic surfaces of the semiarid Canada del Oro Valley 

located in southeastern Arizona are appropriate for a soils genesis 

study of alluvium derived chiefly from granitic and metamorphic rocks. 

Holocene geomorphic surfaces occur as minimally dissected, inset fill 

terraces; they are characterized by light-brown weakly developed noncal- 

careous soils. Higher, moderately dissected late Pleistocene surfaces 

also occur as fill terraces. They are characterized by dark reddish- 

brown moderately developed, noncalcareous soils with argillic horizons. 

The oldest, highest surfaces occur as highly dissected remnants of ex

tensive alluvial fans; they are characterized by reddish-orange strongly 

developed, morphologically complex soils which possess clay-rich argil

lic horizons and calcic or petrocalcic horizons.

Time and change in climate are the chief causes for pedogenic 

variations. Changes in clay-mineral composition partly reflect solid- 

state alteration of phyllosilicate minerals to montmorillonite and ver- 

miculite. Cation-exchange capacities increase as a function of clay 

content. The primary source of pedogenic carbonate is atmospheric.

The lack of calcic horizon development in late Pleistocene soils suggests 

that these soils formed under a weathering environment conducive to 

depths of leaching greater than the depths of leaching associated with 

older, calcareous soils. Recent, noncalcareous Holocene soils suggest 

a low rate of atmospheric carbonate addition.

ix



INTRODUCTION

Soils-geomorphic research has played an increasingly important 

role in studies of late Cenozoic evolution of the valleys of the Basin 

and Range province. Careful analyses of soils and associated deposits 

provide data that are important for correlation and dating of geomorphic 

surfaces and for understanding the nature and magnitude of climatic 

changes. In this thesis, soils-geomorphic research was emphasized in a 

study of the geomorphic evolution of the northeastern part of the Canada 

del Oro Valley (Figure 1). The major goals were to determine: (1) the

stages and rates of development of the soils, and (2) the relative im

portance of variables such as topographic position, climate, parent ma

terials, and time on soil formation.

Soils investigations included descriptions of the profiles,

laboratory analyses for particle-size distribution, pH (pH^g an<*
pH_ ), percentage calcium carbonate, cation-exchange capacity (CEC), UaCl2
and x-ray identification of clay minerals. Analyses of photoimagery, 

general stratigraphy, and drainage basins and drainage networks also 

were used to interpret the development of soils and landforms. Happing 

and classification of geomorphic surfaces was done by using high alti

tude 1:125,000 color imagery and low altitude 1:1000 and 1:2000 black 

and white imagery and field studies of the general stratigraphic rela

tionships between alluvial units.

The Canada del Oro Valley, located approximately 45 km north of 

Tucson, Arizona, is an intermontane valley bordered by the rugged, high

1
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Figure 1. Location of the Canada del Oro Valley and Adjacent Mountain 
Ranges.
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Santa Catalina Mountains (maximum altitude 3320 m) on the east and the 

Tortolita Mountains (maximum altitude 1650 m) on the west (Figure 1).

The axis of the valley slopes to the south, with altitudes ranging from 

1450 to 900 m. The drainage net and drainage basins are shown in Fig

ure 2. The largest stream is the Canada del Oro Wash, which, along with 

its eastern branches, drains the western Santa Catalina Mountains and 

the eastern Canada del Oro Valley. The eastern Tortolita Mountains, 

northern and western Canada del Oro Valley are drained by Big Wash, a 

large western branch of the Canada del Oro Wash.

Estimates of mean annual precipitation and temperature for the 

study area can be inferred from climatic data compiled by the Institute 

of Atmospheric Physics of The University of Arizona (1974)"for stations 

at Oracle, Arizona (elevation 1358 m) and northern Tucson, Arizona (ele

vation 1034 m). These data, given in Appendix B, indicate that the pres

ent climate is thermic (15-22°C) and semiarid (25-41 cm). The climate 

varies with altitude and proximity to the mountains.

Geologic and geophysical evidence shows that the Canada del Oro 

Valley is a graben that formed as a result of displacement along two 

normal faults bounding the adjacent ranges. Analysis of a gravity pro

file (Budden, 1975) suggests a relative vertical displacement of at least 

1500 m has occurred on the Pirate Fault, which bounds the Santa Catalina 

Mountains on the west. Budden (1975), Davidson (1973), and Pashley 

(1966) indicate that the trace of the Pirate Fault is approximately 

defined by the contact of the bedrock pediment and the adjacent alluvial 

units (Figure 2, in pocket; Figure 3). Budden described similar
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Valley.
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ages, petrology, and defomational styles of the rocks occurring in both 

ranges. He concluded that the "Catalina block" and the "Tortolita 

block" once had been a continuous plutonic and metamorphic complex that 

was ruptured by extensional tectonism during the mid- to late Tertiary 

Basin and Range Orogeny.

The major rock types occurring in the ranges are Precambrian to 

Tertiary plutonic rocks, and Precambrian to early Paleozoic metasedi

mentary rocks. Plutonic rocks range from granite to quartz diorite in 

composition, and occur throughout both ranges. Metasedimentary rocks, 

including quartzite, conglomerate, schist, and minor amounts of marble, 

occur predominantly in the Canada del Oro drainage basin in the Santa 

Catalina Mountains. Metasedimentary rocks present in the western Torto

lita Mountains are more highly deformed than those present in the Santa 

Catalina Mountains. Both ranges have provided sediments of similar 

overall composition to the Canada del Oro Valley. The soils in the 

study area have therefore formed in essentially noncalcareous parent 

materials of similar composition.

The geology of the Canada del Oro Valley has been mapped by 

Pashley (1966), Davidson (1973), and Sudden (1975). These workers have 

subdivided the deposits into four distinct groups: (1) Recent flood-

plain and stream-channel deposits; (2) Pleistocene and Holocene terrace 

deposits; (3) Early(?) Pleistocene gravel, sand and mud basin deposits, 

known as the Fort Lowell Formation (Davidson, 1973); and (4) Miocene to 

Pliocene gravel, sand, and mud basin deposits, known as the Tinaja beds 

(Davidson, 1973). Budden has also correlated the pediments cut into
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the basement rocks that border the Canada del Oro Valley. The Soil 

Conservation Service, of the U. S. Department of Agriculture, has made 

a preliminary soils map of part of the study area. All of the above 

studies have provided useful background for the present study.



GEOMORPHIC SURFACES OF THE 
NORTHERN CANADA DEL ORO VALLEY

Sixteen geomorphic surfaces were identified and classified into 

three categories: (1) floodplains, terraces, and alluvial fans; (2)

highly dissected terrain and hillslopes of former fans and terraces; 

and (3) bedrock pediments. These geomorphic surfaces have been mapped 

(Figure 2) and described (Table 1). The geomorphic surfaces occur in a 

step-like sequence. The oldest geomorphic surfaces, such as the pedi

ments and the Cordonnes Surface, are present at high altitudes and are 

very deeple dissected. Progressively, younger geomorphic surfaces are 

present at lower altitudes and are less dissected. Younger geomorphic 

surfaces form terraces and alluvial fans inset into older deposits.

This geomorphic pattern indicates that the late Cenozoic evolution of 

the Canada del Oro Valley can be divided into three main intervals:

(1) the Pre-Cordonnes surface interval, (2) the Cordonnes surface inter

val, and (3) the Post-Cordonnes surface interval.

The Pre-Cordonnes Surface Interval.

During this period, range-bounding normal faults along which up

lift of the Santa Catalina Mountains and the Tortolita Mountains took 

place became tectonically inactive. Lateral erosion of the tectonically 

inactive "Catalina block" resulted in embayment of the formerly linear 

mountain front and formation of a broad crystalline pediment (the Ril- 

lito Surface). The greatest magnitude of pedimentation (as much as 3 km) 

occurred on granitic rocks (Catalina Granite). Much smaller amounts of

7



Table 1. Geomorphlc Data for Surfaces in the Canada del Pro Valley.
Geomorphlc
Surface

Surface
Category1

Surface
Color

Surface
Dissection^

Landlord
Type

% 1 light brownish gray minima1-none active channels, floodplains

Q=f 1 light brownish gray minimal-none active alluvial fans

q (Colder 
Terrace)

1 brownish gray minimal inset, fill terrace

Qi 1 dark brownish gray minimal terrace, abandoned channel 
remnants

Qbb (Bravc Bull Terrace)
1 reddish brown moderate inset, fill terrace

Q (Catalina 
c Terrace)

1 orange moderate-deep inset, fill terrace

Qca 2 gray orange deep hillslopes of Qc

Qtl (Twin Lakes 
Surface)

1,2 reddish orange deep inset, fill terraces and 
associated alluvial fans

"tit 1 reddish orange deep Qq  formed on T alluvium

Otte 2 light yellowish gray very deep hillslopes of Qtlt

Q t l / Q c 1 reddish orange deep undifferentiated an

Qcd (Cordonnee 
Surface)

1 reddish orange extre m e l y
deep

alluvial fans

QcdS 2 gray white extremely
deep

hillslopes of Qc<j

P1 3 yellowish gray extremely
deep

pediment

P2 3 dark reddish gray extremely
deep

pediment

Bh 3 blue green - bedrock hillslopes
1̂ - floodplains. terraces. and alluvial fans; 2 - highly dissected terrain and hillslopes of
former fans and terraces; 3 - pediments, hillslopes 

2mini»al“lr3 m; moderate-3-5 m; deep-5-10 m; very deep-10-15 m; extremely deep->15 m.
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pedimentation are associated with metamorphic rocks and quartz diorite 

exposed in the southern part of the range, presumably reflecting litho

logic control on rates of pedimentation. Sedimentary deposits (Tinaja 

beds) that predate the Cordonnes Surface completely lack metasedimentary 

rocks abundantly exposed in the Canada del Oro drainage basin (Figure 

2). This evidence suggests that this drainage basin did not drain to 

the Canada del Oro Valley during part of the Pre-Cordonnes Surface 

Interval.

The'Cordonnes Surface Interval 

Subsequent to the pedimentation of the western margin of the 

Santa Catalina Mountains, a large complex of coalescing alluvial fans 

was deposited, burying much of the crystalline pediment and extending 

several kilometers to the west across what is now the eastern piedmont 

of the Tortolita Mountains. Remnants of the original surface of this 

fan complex are referred to as the Cordonnes Surface. Pashley (1966) 

correlated these deposits with his Basin Fill unit, while Davidson (1973) 

mapped these deposits as the Fort Lowell Formation. Exposures of the 

stratigraphy of the Cordonnes deposits show that these deposits consist 

of water-lain sediments and debris-flow deposits. Debris-flow deposits 

consist of cobbles and boulders occurring in a fine-grained, poorly- 

sorted matrix. Remnants of older debris-flow levees are visible on the 

Cordonnes Surface. Boulders with intermediate diameters of as much as 

2-3 m are present in these deposits. The limited thickness of these fan 

deposits indicates that they were not deposited in response to renewed 

uplift of the Santa Catalina Mountains. Melton (1965) has noted that



10

several high altitude ranges in southeastern Arizona are characterized 

by extensive, deeply incised alluvial fans which buried adjacent pedi

ments. Melton (1965) hypothesized that periods of increased freeze-thaw 

action occurring at relatively high altitudes in these ranges resulted 

in increased sediment supply and concommitant deposition of alluvial 

fans in the adjacent basins. The Cordonnes Surface fans are classified 

as "pediment fans" whose origin is almost certainly due to a climatic 

change and not tectonism.

The Post-Cordonnes Surface Interval

Four major phases of valley downcutting occurred subsequent to 

the deposition of the Cordonnes Surface deposits, resulting in the dis

section of older valley deposits and exhumation and dissection of the 

pediment. Each downcutting phase was followed by a period of partial 

channel backfilling when alluvial fans and fill terraces were inset into 

the older alluvium.

The initial downcutting phase was the deepest and most exten

sive. During this phase, most of the elements of the present drainage 

system were established; subsequent channel downcutting and backfilling 

has been confined to these drainages. The dissection of the valley re

sulted in the development of three alluvial drainage basins in the Canada 

del Oro Valley. Within these alluvial basins, older valley deposits 

have been periodically subject to erosion and redeposition. Along the 

large Canada del Oro Wash, this has resulted in the formation of geo- 

morphic surfaces on the pre-Cordonnes surface, including Qt^ and Q



11

(Table 1). Entrenchment of Sutherland Wash along the Pirate Fault Zone 

due to base-level fall along the Canada del Oro Wash caused a reversal 

of the overall drainage direction on part of the piedmont west of Suth

erland Wash. The Twin Lakes Surface, which formed on the pre-Cordonnes 

deposits, presently slopes towards the Santa Catalina Mountains as a 

result of this drainage reversal.

Along Grand Wash, the Brave Bull Terrace has been almost com

pletely destroyed by post-Brave Bull Terrace downcutting. Only small 

remnants of the Brave Bull Terrace or abandoned meanders associated with 

the Brave Bull Terrace deposits are preserved along larger tributaries 

of Grand Wash. Rapid and deep downcutting by the Canada del Oro Wash 

has also resulted in periodic stream capture of washes that were former

ly tributaries of Grand Wash. Isolated, abandoned channels and anoma

lous geomorphic surfaces, such as the surfaces mapped Q^, appear to be 

related to stream capture events.

The general stratigraphic relationships among alluvial units as

sociated with the geomorphic surfaces are shown in Figure 4. This di

agrammatic cross-section shows that a characteristic sequence of 

depositional units can be recognized in the Canada del Oro Valley. The 

inset fill terraces usually overlie the truncated Tinaja beds, but may 

locally overlie Twin Lakes or Catalina(?) deposits. The terrace depos

its consist of locally cross-stratified, poorly-sorted sand and gravel 

stream deposits. They are composed of angular to subrounded quartz, 

feldspar, and mafic sand and subangular to rounded granitic and meta

sedimentary cobbles and boulders. These deposits may be interbedded
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with finer grained, moderately-sorted fluvial deposits. The Twin Lakes 

or Catalina(?) deposits consist of locally cross-stratified, poorly- 

sorted sand, and gravel stream or alluvial fan deposits. They are com

posed of angular to subrounded quartz, feldspar, and mafic sand and 

subangular to rounded granitic and metasedimentary cobbles and boulders. 

These deposits are commonly characterized by a matrix of dark reddish- 

brown clay that is commonly interbedded with calcareous silty or sandy 

clay deposits. All Cordonnes and post-Cordonnes deposits unconformably 

overlie the Tinaja beds. These deposits consist of locally cross- 

stratified, very poorly sorted gravel and sand deposits of fluvial or 

sheetwash(?) origin. They are composed of very angular to subangular 

quartz, feldspar and mafic sand and .locally of decomposed granitic cob

bles and boulders.

Figure 5 shows the sequence of these depositional units. In 

this figure. Colder Terrace deposits overlie gravelly clay deposits 

(Twin Lake or Catalina(?) deposits) that in turn overlie the Tinaj a beds
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Figure 5. Colder Terrace (Q ) and Underlying Twin Lakes Sediments and 
Tinaja Beds.



SOILS OF THE CANADA DEL ORO VALLEY

A variety of soils have formed on the geomorphic surfaces. Soils 

that occur on class (1) geomorphic surfaces are less affected by ero

sion than those soils occurring on class (2) and class (3) geomorphic 

surfaces. Chemically and physically irreversible or nearly irreversible 

soil horizons, such as the argillic horizon (zone of maximum clay accu

mulation) and the calcic horizon (zone of maximum calcium carbonate ac

cumulation) are well preserved on class (1) surfaces. As maximum soil 

development occurs on such surfaces, soil profiles described and ana

lyzed in this study were located on class (1) geomorphic surfaces where 

possible. Physical descriptions of soil profiles located throughout the 

study area indicate that soils occurring on a given geomorphic surface 

are similar with respect to overall horizon morphology and color, and 

that substantial differences exist between soils associated with differ

ent geomorphic surfaces. Such - soils may therefore be classified as 

soil-stratigraphic units (Birkeland, 1974) or as "geosols", the term 

preferred by Morrison (In preparation).

Twenty-eight soil profiles were described. These profiles and 

accompanying data are given in Appendix A. Soil profiles Sp-1 to Sp-7 

were selected for laboratory analysis and detailed comparative studies. 

Data for these profiles are given in Parts 1 and 2 of Appendix A. The 

general characteristics of the major class (1) geomorphic surfaces and 

their associated soils are discussed in the following section. A

15
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comparative analysis of the soils is the subject of the following 

chapter.

the lowest terraces is a riparian assemblage that includes thick mes- 

quite bosques (Prosopis juniflora), white thorn acacia (Acacia con- 

stricta), prickly pear (Opuntia spp.), wolfeberry (Lycium palidum).

The average height of the lower terraces above the active channels is 

about 1 m. The terraces merge with higher geomorphic surfaces in an 

upstream direction along tributaries to the major washes. deposits 

consist of interstratified gravelly sand and sandy alluvium. Along the 

Canada del Oro Wash, these deposits directly overlie Tinaj a beds. Along 

smaller tributaries, deposits may overlie Twin Lakes deposits.

veloped and are classified as Entisols. A pedon typical of these soils 

(Figure 7) shows that the soil (Sp-2) lacks a cambic or argillic horizon 

and is noncalcareous. Figure 7 also shows that the cation-exchange 

values slightly decrease with depth. Soil structure ranges from angular 

blocky to massive in the C horizon, and pH values slightly increase 

with depth. Clay minerals present in the C2 horizon include illite and 

small amounts of kaolinite.

Floodplains (Q„)

This unit includes a complex of low terraces, active channels,

and gravel bars and floodplains (Figure 6). Vegetation occurring on

The soils occurring on the lowest terraces are very weakly de-

The Colder Terrace

The Colder Terrace occurs above the terrace and active channels

of Qv . Vegetation associated with the Colder Terrace includes mesquite
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Figure 6. Canada del Oro Floodplain (Qv).
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(Prosopls jullflora), prickly pear (Opuntia spp♦), saguaro (Carnegiea 

gigantea), and catclaw acacia (Acacia greggii). The Colder Terrace is 

about 3-4 m above the Canada del Oro Wash, is minimally dissected, and 

generally merges with lower geomorphic surfaces in an upstream direction 

along tributaries to the larger washes. Colder Terrace deposits consist 

of relatively fine-grained alluvium, with gravelly lenses present. The 

stratigraphy of the Colder Terrace deposits and underlying deposits is 

shown in Figure 5.

Soils occurring on this terrace are generally very weakly devel

oped and are classified as Entisols (Figure 8). A pedon representative 

of these soils shown in Figure 9 lacks argillic and calcic horizon. The 

cation-exchange capacity and pH increase with depth (Figure 9). The C 

horizon is massive. Clay minerals occurring in the C horizon include 

illite and small amounts of kaolinite and montmorillonite (Appendix A, 

Part 2).

A weakly to moderately developed argillic horizon has formed on 

the Colder Terrace (Figure 10). The data in Figure 11 shows that a 45 cm 

thick argillic horizon possessing prismatic structure occurs above a 

noncalcareous C horizon. Cation-exchange values initially increase with 

depth to a maximum in the argillic horizon and decrease below the B ho

rizon. The gradation of this soil laterally into typical entisolic 

soils found elsewhere on the Colder Terrace and the presence of a dis

tinct lithologic discontinuity at the boundary of the B and C horizons 

suggest that this soil developed in clay-rich alluvium that was conducive 

to the rapid formation of an argillic horizon. Clay minerals in the



Figure 8. Colder Terrace (Qg) and Soil Profile.
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Figure 10. Colder Terrace Soil with Argillic Horizon
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B21t horizon include illite, small amounts of montmorillonite and kao- 

linite, and possible trace amounts of vermiculite (Appendix A, Part 2).

The Brave Bull Terrace (Q^^)

The Brave Bull Terrace occurs above the Colder Terrace along the 

Canada del Oro Wash. Vegetation associated with this terrace includes 

yucca (Yucca spp.), prickly pear cactus (Oputia spp.), cholla (Oputia 

spp.), barrel cactus (Ferocactus spp.), catclaw acacia (Acacia greggii), 

and mesquite (Prosopis juliflora). The surface is moderately dissected 

and its height above the Canada del Oro Wash is approximately 12 m.

The surface converges in a downstream direction along the Canada 

del Oro Wash. Brave Bull Terrace deposits are generally very gravelly, 

grading into moderately well sorted sandy deposits with depth. As with 

the Colder Terrace, Brave Bull alluvium may overlie the Twin Lakes de

posits or the Tinaj a beds.

The soils occurring on the Brave Bull Terrace, are moderately 

developed and are classified as Typic Haplargids (Figure 12). A pedon 

typical of these soils (Figure 13) shows that the soil has a 63 cm thick 

argillic horizon overlying a noncalcareous C horizon. Cation-exchange 

values increase to a maximum in the B2t horizon. The argillic horizon 

is characterized by massive structure. Values of pH slightly increase 

with depth. Clay minerals in the argillic horizon include small amounts 

of illite, montmorillonite, and kaolinite (Appendix A, Part 2).

24
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Figure 12. Brave Bull Terrace (Qbb) and Soil Profile.
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The Catalina Terrace (Q^)

This terrace occurs above the Brave Bull Terrace along the 

Canada del Oro Wash and is the most extensive geomorphic surface in the 

northern Canada del Oro Valley. Vegetation occurring on this terrace 

includes chain-fruit cholla (Opuntia spp.), white thorn acacia (Acacia 

constricta), and mesquite (Prosopis juliflora). The Catalina Terrace, 

occurring approximately 28 m above the Canada del Oro Wash, is generally 

a rather planar surface, although it has been extensively dissected near 

the margins of the surface. Fig. 2 shows that the Catalina Terrace can 

be traced for long distances along most of the larger tributaries to the 

Canada del Oro Wash and Grand Wash. The Catalina Terrace appears to 

parallel or slightly diverge with the major tributaries in a downstream 

direction. In the northern part of the study area, the Catalina Terrace 

is almost indistinguishable from the Twin Lakes Surface and is mapped as 

a compound unit (Qti/Qc)• la the southern part of the study area, much 

of the surface has been mantled by a thin veneer of alluvium deposited 

by small washes. These deposits are underlain by Catalina Terrace de

posits, which overlie the Tinaja beds. Locally, a surficial lag-gravel 

deposit may be present. Catalina Terrace deposits appear to converge 

in a downstream direction.

Soils occurring on the Catalina Terrace are moderately developed 

and are classified as Typic Haplargids (Figure 14). A pedon typical of 

these soils (Figure 15) shows that the soil has an argillic horizon and 

a slightly calcareous, stage I C horizon (see Appendix A, Part 3 for 

explanation of Gile System of Classification of Calcic Horizon
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Figure 14. Catalina Terrace (Qc) and Soil Profile.
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Morphology). Figure 15 also shows that the cation-exchange capacity
5

values increase to a maximum in the argillic horizon, decreasing gradu

ally in the C horizon. The upper argillic horizon possesses angular 

blocky structure. Many of the peds are characterized by clay skins.

The lower argillic horizon may be massive or may grade into the C hori

zon, which possesses thin (<2 mm) bands of bright red silicate clay 
known as "textural B-bands". The clay bands are discordant with the al

luvial stratigraphy. Vandamme and De Leenheer (1968) and the Soil Sur

vey Staff (1975) suggest that textural B-bands are of pedogenic origin, 

but are not due to in situ chemical weathering. They have formed due 

to the impeding of clay migration at physical discontinuities where ma

jor porosity changes have resulted in greatly reduced capillary conduc

tivity. Textural B-bands are therefore indicative of clay translocation.

Values of pH slightly decrease with depth and then increase to 

a maximum in the calcic horizon. Clay minerals in the argillic horizon 

(B22t) include illite, small amounts of kaolinite, and possible trace 

amounts of vermiculite (Appendix A, Part 2). A thick section of cal

cium carbonate-cemented gravelly alluvium occurs below the argillic ho

rizon. Direct contact of several clasts suggests a process of gully-bed 

cementation, rather than pedogenic cementation. The thick A and upper B 

horizons are probably a result of the continual addition of sediments 

to the soil, resulting in the development of a cumulic soil profile.

The Twin Lakes Surface (Qt )̂
The Twin Lakes Surface occurs above the Catalina Terrace and 

is the second most extensive geomorphic surface in the study area.
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Vegetation on this surface Includes ocotillo (Fouquleria splendens), 

white thorn acacia (Acacia constricta), cholla (Opuntia spp.), and 

prickly pear cactus (Platyopuntias). The surface has been heavily dis

sected and is characterized by gently rolling hills of about 2-5 m aver

age relief. The surface is approximately 30 m above the Canada del Oro 

Wash. The ground surface is generally characterized by a lag gravel.

The granitic cobbles and boulders are quite weathered. Twin Lakes depos

its consist of cross-bedded sand and gravel of fluvial origin. Near the 

mountain front, Twin Lakes deposits are coarser and contain bouldery 

deposits characteristic of an alluvial fan depositional environment.

The gravelly deposits of the Twin Lakes Surface commonly possess a 

bright red clay matrix. The clay-rich gravels may be several meters 

thick. The clay ranges from 7.5YR to 2.5YR in hue, and is composed of 

illite, montmorillonite, and small amounts of kaolinite (Appendix A,

Part 2). Clearly, these clay-rich gravels do not represent argillic 

horizon development and are certainly of a non-pedogenic origin. The 

composition of the clay matrix suggests that the clay may have initially 

formed on the older and higher Cordonnes Surface and was subsequently 

eroded during dissection of this surface and redeposited in the Twin 

Lakes alluvium. Interstratifled fine-grained beds acted as "barriers" 

to clay migration and also caused the precipitation of calcium carbonate. 

In some parts of the study area, it is difficult to distinguish between 

surficial argillic horizons and truncated clay-rich Twin Lakes deposits. 

At least some of the clay in the argillic horizon of the Twin Lakes 

Surface soil may have been inherited from the parent material.
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The soils occurring on the Twin Lakes Surface are strongly de

veloped and are classified as Typic Paleargids (Figure 16). A pedon 

typical of these soils (Figure 17) shows that the soil has a thick ar- 

gillic horizon and a well-developed, stage III calcic horizon. The ar- 

gillic horizon is morphologically complex. Strong prismatic structure 

and clay coatings on ped surfaces are common in the upper argillic ho

rizon. The lower argillic horizon or upper Cca horizon may possess tex

tural B-bands. The calcic horizon has formed in interbedded gravel and 

sand deposits and locally has a soft, powdery texture. A substantial 

variation in percent calcium carbonate with depth occurs in the calcic 

horizon. Small pockets of red silicate clay occur in the upper part of 

the calcic horizon. Figure 17 shows that the cation-exchange capacity 

increases to a maximum in the argillic horizon and gradually decreases 

below this horizon. Values of pH decrease to a minimum in the argillic

horizon and increase below this horizon to a maximum in the C4 hori-ca
zon. Clay minerals in the B22t horizon include large amounts of vermic- 

ulite and small amounts of illite, montmorillonite, and kaolinite 

(Appendix A, Part 2).

The Cordonnes Surface (QC(j)

The Cordonnes Surface is the highest geomorphic surface in the 

study area. Vegetation occurring on the surface includes prickly pear 

(Opuntia spp.), cholla (Opuntia spp.), white thorn acacia (Acacia con- 

stricta), and ocotillo (Fouquiera splendens). The Cordonnes Surface 

is presently as high as 150 m above the Canada del Oro Wash. Highly
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Figure 16. Twin Lakes Surface (Qtl) and Soil Profile.



De
pt

h 
in
 c

en
ti

me
te

rs
34

Explanation
Clay

^  Silt

hb sand
---  CaCO-

Figure 17. Particle-size Distribution, CaCOg, and Cation-exchange
Capacity Variation with Depth in Soil (Sp-3) Occurring on 
the Twin Lakes Surface.



35

weathered granitic boulders and cobbles litter the ground surface.

Prior to valley dissection, this surface extended throughout most of the 

Canada del Oro Valley. Elements of the original surface are found only 

on the alluvial fan which emerged from the Canada del Oro drainage ba

sin. Most of this surface has been converted into a series of linear, 

bifurcating ridges and inter-ridge valleys which radiate outward from 

the former fan apex (Figure 2). Other Cordonnes Surface fans have been 
largely destroyed and occur as isolated hills projecting above younger 

geomorphic surfaces.

The soils occurring on the Cordonnes Surface are very strongly 

developed and are classified as Petrocalcic Paleargids (Figure 18).

A pedon typical of these soils (Figure 19) shows that the soil has a 

thick argillic horizon and petrocalcic horizon. The upper argillic ho

rizon is subangular blocky, while the lower part of the horizon is mas

sive and slightly calcareous. The argillic horizon is laterally 

discontinuous. Where the horizon has been completely removed, the un

derlying petrocalcic horizon has been exposed to erosion. Fragments of 

carbonate-cemented alluvium found on the surface document the destruction 

of the petrocalcic horizon following the removal of the argillic horizon. 

The petrocalcic horizon is morphologically a complex, stage IV calcic 

horizon. The uppermost part of the horizon is characterized by a laminar 

subhorizon, interpreted by Gile, Peterson, and Grossman (1966) as indi

cating upward vertical accumulation of calcium carbonate that occurs 

subsequent to the complete plugging of C horizon parent material. Mas

sive, thick carbonate-plugged gravelly alluvium containing thin.
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discontinuous beds of sandy, almost noncalcareous sediments and local 

pockets of red silicate clay occur below the laminar zone. Texturally, 

the calcium carbonate is soft, but may be locally indurated. Deep pipe 

structures (Figure 20) in the petrocalcic horizon are probably attribut-
s 0

able to greater rates of leaching and suppression of carbonate accumu

lation as a result of the former presence of large plant root systems 

(L. H. Gile, personal communication, 1977). L. Lattman (personal commu

nication, 1977) has also suggested that their origin may be due to in

creased depths of leaching associated with intersecting fracture zones. 

The present configuration of the petrocalcic horizon mimics the erosion- 

al topography and not the original surface of the Cordonnes Surface.

This indicates that the present stage of soil development is closely 

related to the erosional modification of the original surface. Where 

the argillic horizon has been completely removed by erosion, the soil 

is classified as a Paleorthid. On much of the Cordonnes Surface hill- 

slopes (Qcds), the petrocalcic horizon has been largely destroyed, and 

the soils are classified as Calciorthids.

Figure 19 shows that the cation-exchange capacity values increase 

with depth to a maximum in the upper argillic horizon, and decrease to 

a minimum in the laminar zone. Below this horizon, the CEC values in

crease slightly. Values of pH gradually increase with depth to a maxi

mum in the petrocalcic horizon. Clay minerals occurring in the B22t 

horizon include very large amounts of montmorillonite, moderate amounts 

of vermiculite, and small amounts of illite and kaolinite (Appendix A, 

Part 2).



39

Figure 20« Pipe Associated with the Petrocalcic Horizon of the 
Cordonnes Surface Soil.



COMPARISON OF SOILS

B-Horlzon

A comparative analysis of soil data shows that there is an in

creasing amount of pedogenic material associated with soil B horizons 

occurring on progressively older, higher geomorphic surfaces. Several 

graphs (Figure 21A,B,C,D), in which several B horizon features (or C 

horizon features, if no B horizon has formed) are plotted with respect 

to the sequence of geomorphic surfaces, clearly show this trend. The 

trend of increasing B horizon development is the result of the increas

ing effects of soil weathering and illuviation of soil matter. Ruhe 

(1964) noted similar trends of B horizon development in a sequence of 

geomorphic surfaces in southern New Mexico. Morphological development 

of the B horizon on the progressively older geomorphic surfaces also in

creases, as exemplified by the development of angular blocky to strong 

prismatic structure on older soils. Table 2 shows that overall clay 

composition changes in the progressively better developed argillic hori

zons. The main compositional changes include a relative decrease in 

the amounts of illite or mica with respect to increases in vermiculite, 

kaolinite, and montmorillonite.

The most important soil weathering process is the hydrolysis of 

primary aluminosilicate minerals, as shown in the following general 

equation.

40
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Figure 21. Graphs Showing (A) Maximum Percent of Clay in B-horizon (or
C-horizon, If No B-horizon Has Formed), (B) Maximum Thickness 
of Argillic Horizon, (C) Reddest Hue of Soil Profile, and 
(D) Maximum CEC Value of B-horizon (or C-horizon, If No B- 
horizon Has Formed).



Table 2. Clay Composition and Estimated Amounts of Clay Minerals in the Most Weathered Zone of the
Soil Profile (Based on Clay Content and Soil Color).

Geomorphic
Surface

Soil
Profile
Horizon Illite (mica) Vermiculite Montmorillonite Kaolinite

Qv C2 XXX1 - - X

Qg (Colder Terrace) Cl XX - XX X

IIC XX Tr(?) XX X

B21t2 XXX X XX X

Qbb (Brave Bull 
Terrace)

B2t XX - XX X

Qc (Catalina Terrace) B22t XXX Tr(?) - X

Qtl (Twin Lakes 
Surface)

B21t X XX X X

Qcd (Cordonnes 
Surface)

B22t X XX XXXX X

^Amount present of each mineral indicated by: XXXX (predominant), XXX (large), XX (moderate),
X (small), TR (trace), and - (none).
^Subhorizon of Sp-1.
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A l u m i n o s i l i c a t e + H2C03 Clay minerals.

cations (aq) + 0H(aq) + 

HC03 (aq) + H4si04 (aq)

This idealized equation shows that the increases in clay content and ar- 

gillic horizon thickness, noted in Figure 21A and B, are partly a func

tion of the chemical weathering of parent materials. Colloidal clay 

particles are negatively charged as a result of unsatisfied electrical 

charges in the crystal and broken bonds at the edges of the crystal. 

Positively charged species, such as by-product cations of hydrolytic 

weathering, may occupy the negative exchange sites on the crystal sur

face. The overall negative charge of the clay fraction is represented 

by the cation-exchange capacity and is generally a function of clay con

tent and clay composition. The general correlation of clay content and 

cation-exchange capacity is shown in Figures 7, 9, 11, 13, 15, 17, 19, 

and 210. Relatively high cation-exchange capacity values with respect 

to clay content are obtained when clay minerals such as montmorillonite 

are abundant, as in the Cordonnes Surface soil. High cation-exchange 

capacities occurring in the A horizon are the result of the presence of 

organic matter, which possesses a very high cation-exchange capacity 

value.

Hydrolytic weathering also results in the removal of the ferrous 

iron species (Fe ) from iron-containing minerals. In the oxidizing en

vironment of desert soils, ferrous iron is oxidized to the ferric iron 

species (Fe ) and precipitates as immobile, yellowish to reddish iron- 

oxide compounds such as limonite or hematite (Walker, 1967). The
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continual formation of iron oxide compounds in the argillic horizon im

parts an increasingly reddish hue to the soils, a trend well expressed 

in Figure 21C.

Soil clay composition is a function of original parent material 

clay composition, in situ chemical weathering, and incorporation of clay 

in the soil profile from external sources. The initial clay composition 

and content of soil parent materials in the Canada del Oro Valley is in

dicated by the results of clay mineral analysis of the clay fraction of 

recent channel deposits (Qv) shown in Table 2. The clay in these depos

its consists primarily of illite and small amounts of kaoUnite. These 

deposits possess less than 5% total clay. Laney (1971) showed that
t

kaoUnite, illite, and vermiculite are the stable weathering products 

in soils presently forming in the Santa Catalina Mountains on granitic 

rocks at altitudes ranging from 2150-3200 m under a frigid, subhumid : 

climate. These data suggest that the overall changes in composition 

and content of clay present in soils in the study area are partly the 

result of pedogenic processes.

Progressive solid-state alteration of 2:1 structure phyllosili- 

cates to more stable 2:1 clay minerals would appear to be a primary 
mechanism of clay formation. This process involves isomorphous substi

tution of ions between the solution and the clay lattice. Two possible 

paths of solid-state alteration of physilicate minerals may be involved:

(1) Muscovite illite vermiculite montmorillonite

(2) Biotite montmorillonite
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In path (1), gradual depletion of the interlayer bonding potassium (K+) 

cations results in the gradual transition of nonexpanding muscovite and 

illite to the partially expandable vermiculite and the expandable mont- 

morillonite. K* cations may be.replaced by I^O or by hydrated cations 

such as Mg ‘ n I^O. . In path (2), biotite is directly transformed to
I |montmorillonite with the concommitant loss of Fe cations which are 

subsequently oxidized.

The formation of kaolinite, a 1:1 phyllosilicate, involves 

chemical synthesis following the breakdown.of plagioclase feldspar or 

the 2:1 phyllosilicates. This process involves reorganization of the 

layer lattice structure. This chemical process is discussed by Jenny 

(1950), Frederickson (1951), De Vore (1959), and Coleman (1962). The 

gradually increasing content of kaolinite in the soil argillic horizons 

suggests that chemical synthesis is also responsible for clay formation 

in soils of the study area.

Clay-mineral composition changes in the study area may also re

flect different clay-mineral stabilities that occur with depth in the 

profile. Hendricks (1970) has noted that montmorillonite content tends 

to increase with depth in the argillic horizon of older soils with re

spect to other clay minerals. This presumably occurs as a result of a 

weathering environment which is characterized by a low rate of leaching 

and a moderately alkaline soil pH. These conditions result in a de

crease in hydrolytic weathering, which favors retention of divalent ca

tions and a high Si/Al ratio. Such conditions generally enhance 

montmorillonite stability. The abundance of montmorillonite in the
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Cordonnes soil argillic horizon may therefore reflect the erosion and 

removal of much of the upper argillic horizon and the exposure of the 

lower montmorillonite-stable zone. Montmorillonite abundance may also 

indicate extensive alteration of biotite and vermiculite. It should 

also be noted that the presence of vermiculite in relatively young soil 

profiles may be due to its presence in the original parent material.

This may have occurred in those soils which have formed on the inset 

terraces which are composed of redeposited sediments and soil materials 

derived from older geomorphic surfaces.

The process of vertical illuviation of clay and sesquioxides 

also accounts for several of the trends in B-horizon development. In

creases in soil redness, particle-size distribution, thickness of soil 

horizon, and soil structural development of the B-horizon occur as soil 

matter is moved in suspension from the upper zone of the soil to the 

lower illuvial B-horizon (Hendricks, 1974). Strong evidence for clay 

translocation is provided by the presence of clay skins on ped surfaces, 

clay, bridges, and textural B-bands (Soil Survey Staff, 1975). Prolonged 

in situ chemical weathering in the argillic horizon due to the increased 

residence time of water may be the most important soil-forming process . 

(Nikiforoff, 1949), Yaalon and Dan (1971), and Gile (1971, 1975) have 

demonstrated that a considerable amount of clay in soil B-horizons has 

been derived from atmospheric sources. The clay has been translocated 

to the B-horizon by illuviation. An external source of clay is evident 

when either the parent material consists primarily of quartz or is es

sentially unweathered, eliminating the mechanism of chemical weathering.
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Part of the clay in the argillic horizons in the study area soils is 

presumably of eolian origin. The abundance of aluminosilicate minerals 

and clearly weathered minerals precludes an estimate of the impact of 

eolian clay contribution on argillic horizon formation.

Reversal of the general trend of increasing pedogenesis on the 

geomorphic surfaces occurs where processes of surface erosion have be

come greater than processes of soil formation. The decreases in various 

B-horizon properties that occur on the Cordonnes Surface are a result of 

the effects of surface erosion. The argillic horizon has been almost 

completely removed on the hillslopes and narrow ridges of the Cordonnes 

Surface deposits. The maximum development of the argillic horizon, as 

expressed by percent clay, degree of redness, and morphological develop

ment, occurs on the much lower, younger Twin Lakes Surface.

C-Horizon

Comparison of soil C-horizons in the study area shows that ac

cumulation of pedogenic calcium carbonate has occurred in soils associ

ated with the three oldest geomorphic surfaces. Figure 22A"and B shows 

that thick, calcium carbonate-rich calcic horizons that have attained 

advanced stages of morphologic development are found on the two oldest 

geomorphic surfaces. Much smaller amounts of pedogenic carbonate have 

accumulated in the Catalina Surface soil. The younger soils are non— 

calcareous. This trend of gradually increasing accumulation of calcium 

carbonate in progressively older geomorphic surface soils parallels the 

trend of increasing B-horizon development.
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Soil horizons of calcium carbonate accumulation have formed 

when soil moisture is insufficient to completely remove calcium carbon

ate from the soil. Calcium carbonate equilibrium is shown by the fol

lowing equation.

CBCOa (s) + h20(1) . c = £ q) + 2HC03-(aq)

The equation shows that increasing activity of calcium cations or the 

HCOg species, as well as decreased partial pressure of carbon dioxide 

or presence of water, can result in the precipitation of calcium carbon

ate in soils. The solubility of calcium carbonate is inversely related 

to increasing temperature.

The equation indicates that the CaO content of parent materials 

is a major factor in controlling calcic horizon formation in soils. 

Chemical analyses of rocks exposed in the Santa Catalina Mountains show 

that CaO contents of most major rock types in the Santa Catalina Moun

tains contain less than 2% CaO by weight (Appendix D). The only CaO- 

rich rock types occurring in the Santa Catalina Mountains are limestone 

and marble, which occupy an extremely small part of the total drainage- 

basin area. These data suggest that: (1) Overall rates of calcium

carbonate accumulation in the soils of the study area are very slow as 

a function of the low-CaO content of the parent material. This factor 

partly accounts for the lack of calcium carbonate in the young soils.

(2) The abundance and thickness of calcium carbonate in the oldest 

soils suggests that the carbonate could not have been formed from 

weathering of the parent materials alone. Much of the carbonate has
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therefore been derived from external sources as eolian dustfall or from 

precipitation. Gile (1971, 1975), Lattman (1973), Gardner (1972), and 

Hachette and others (1976) have demonstrated that a substantial amount 

of the calcium carbonate that has accumulated in otherwise noncalcare- 

ous parent materials indicates that external sources of calcium carbon

ate have played a major role in the formation of calcic horizons in 

arid to semiarid climates. Many of these studies have also concluded 

that unless external sources of carbonate were present, the rate of cal

cic horizon formation in the soils has been quite slow.

Parent material texture has influenced calcic horizon develop

ment to some extent in the study area. Within the C horizons of the 

Twin Lakes and Cordonnes Surface soils, variations in carbonate content 

with depth appear to be partly influenced by gravel content. As Gile 

and others (1966) pointed out, rates of carbonate accumulation in grav

elly parent materials are much faster than in nongravelly parent materi

als, due to the much greater pore space in the nongravelly deposits. 

Alternatively, W. B. Bull (personal communication, 1977) pointed out 

that rates of carbonate accumulation are a function of sorting, where 

the interstices between gravel clasts are occupied by sand and silt in 

the poorly-sorted gravel deposits resulting in a porosity decrease.

Rapid changes in parent material porosity may have drastically reduced 

hydraulic conductivity in the soil and caused the precipitation of cal

cium carbonate at physical discontinuities.

The development of thick, clay-rich argillic horizons has great

ly decreased soil permeability and decreased depths of infiltration.
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This has resulted in the severe reduction of rates of translocation of 

carbonate in these soils. The development of extensive calcic/petro- 

calcic horizons below these strong argillic horizons indicates that a 

substantial amount of carbonate translocation must have occurred prior 

to the development of the argillic horizons. The noncalcareous compo

sition of the uppermost parts of these soils suggests that any new ad

ditions of eolian carbonate are rapidly removed by the high amounts of 

surface runoff associated with the clay-rich soils. Slightly calcareous 

lower B horizons and the occurrence of peds of red silicate clay in the 

upper calcic horizon may reflect calcium carbonate precipitation higher 

in the soil profile as soil permeability gradually decreased. Alter

natively, these may be polygenetic soil features indicating changes in 

depths of leaching, possibly as a result of a shift to warmer climates.

The absence of pedogenic carbonate in soils formed on the lower, 

younger geomorphic surfaces suggests that other variables, in addition 

to parent material composition and texture, may have influenced carbon

ate accumulation. Due to the much smaller areas and susceptibility to 

increased rates of runoff on the Holocene geomorphic surfaces as compared 

with the older Pleistocene geomorphic surfaces, it is possible that much 

of the carbonate that may otherwise have accumulated in the young soil 

profiles has been leached out. The presence of calcium carbonate in 

some young soils (Sp-21) developed in Colder Terrace deposits indicates 

that calcic horizons have formed in such soils when sources of calcium 

carbonate are available. This has occurred in soils developed on ter

races immediately downslope from the Cordonnes Surface. Dissolved
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calcium carbonate in runoff derived from the petrocalcic horizon or 

calcium carbonate-cemented hillslope materials has precipitated in these 

young terrace soils. Field evidence suggests that the extensive calcic- 

horizons of the Twin Lakes and Cordonnes soils are currently undergoing 

modification or destruction as the old surfaces are dissected, as dis

cussed previously. The calcic-petrocalcic horizon is substantially 

more resistant to erosional destruction than is the overlying and ex

posed argillic horizon. Thus, despite the evidence of calcic/petrocal- 

cic horizon destruction, the maximum expression of C horizon development 

occurs on the oldest and highest geomorphic surface, accurately reflect

ing the absolute age of the surface with respect to the progressively 

lower, younger geomorphic surfaces.



THE APPLICATION OF JENNY'S FUNDAMENTAL 
EQUATION OF SOIL FORMATION TO SOILS-GEOMORPHIC 

STUDIES IN THE CANADA DEL ORO VALLEY

The Fundamental Equation for Soil Formation 

Five major factors influence the development of a soil profile 

(Jenny, 1941). These factors are referred to as state factors and in

clude climate (cl), topography (r), organisms (o), parent material (p), 

and time (t). If each factor acts as an independent variable, a gener

al equation of soil formation can be expressed mathematically as:

s (state of soil formation) * f(cl, o, r, p. t)

This equation is known as Jenny's fundamental equation of soil forma

tion. Variation of s with respect to variation of the state factors 

can be theoretically expressed as an exact differential equation:

.3 5
9cl

8S
at

o,r,p,t
dt

cl,o,r,p

cl,r,t,p
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Br d *  o ,p, t
+  as

a? cl,o,r,t

The determination of s when all five state factors vary simul

taneously is extremely difficult. If the effect of four of the five 

state factors is held constant or at least greatly restricted, then a 

univariant function is derived and determination of the effect of this 

variable is facilitated (Yaalon, 1975). For example, if o, r, p, and t

are held constant, then ds ■ -— — del and the climofunction can be
3cl o.r.p.t



determined. The topofunction, biofunction, lithofunction, and chrono- 

function are similarly determined.

Several difficulties are encountered vriien the solution of the 

fundamental equation is attempted. The interdependence of certain state 

factors, such as climate and organisms, and the relative difficulty of 

holding several of the factors constant, are major drawbacks. A key 

difficulty is the problem of accurate dating of soils and the determina

tion of the precise effects of time on soil formation. Despite these 

problems, the fundamental equation can be used as a framework for analy

sis of soil development in a given suite of soils, although admittedly 

in a qualitative sense.

Geomorphic and stratigraphic evidence shows that two state fac

tors have varied with respect to soil formation in the Canada el Oro 

Valley. The state factor of time has varied since the soils occur on 

geomorphic surfaces which are demonstrably variable in age. There is 

also an abundance of evidence that indicates that the climate has varied 

considerably during the Quaternary epoch; thus, the state factor climate 

has varied. Soil profiles were carefully located in order to eliminate 

or greatly reduce variation in the remaining three state factors. It is 

impossible to completely dismiss the effects of these three state fac

tors on soil formation in the study area, since there is evidence indi

cating that these factors have indeed varied.

The biofunction is defined as the effect of formation and incor

poration of biomass on soil formation. The most noticeable effect of 

the biofunction on soil formation is on the development of the A horizon.

54
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Total cation exchange capacity, percent organic carbon, and overall 

horizon thickness are closely related to rates of biomass production.

The vegetation on all geomorphic surfaces consists of an association of 

cacti, woody species, and a variety of grasses. The proportion of each 

of these vegetation types probably varies with respect to each surface. 

Vegetation density is low, and soil A horizons on most of the geomorphic 

surfaces are thin. Slightly thicker A horizons occur on the Cordonnes 

Surface as a result of slightly higher precipitation and lower tempera

tures, conducive to greater vegetation cover. A greater vegetation 

cover and significantly different plant community than occurs now may 

have been present during colder climates of the late Pleistocene (Martin 

and Mehringer, 1965; Van Devender, 1977) and contributed to the forma

tion of thicker A horizons. In any case, the greatest effect on soil 

formation in the study area has been on A-horizon development. Varia

tion in the biofunction probably only had minimal effect on B-horizon 

and the G-horizon development.

The lithofunction is defined as the effect of parent material 

composition and texture on soil formation. The soils in the study area 

have formed in a heterogenous mixture of granitic and metamorphic allu

vium, and except for minor variation in the proportion of the various 

rock types within the deposits, the overall composition of the parent 

materials is essentially uniform. An exception to this uniformity of 

composition may be the possible variance of the composition of the 

clay fraction, as discussed in an earlier section. This does not
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appear to Have been a major factor in affecting overall clay composition 

in soils of the study area.

Textural differences in parent materials occur as a result of 

interstratification of gravelly and nongravelly deposits. Textural vari

ation of parent materials have influenced soil formation in the follow

ing ways:

1) The inhibition of the formation of blocky or prismatic structure 

in very gravelly deposits,

2) The formation of textural B-bands and precipitation of calcium 

carbonate in fine-grained deposits as a result of the occurrence 

of lithic discontinuities in the parent material, and

3) Different rates of accumulation of carbonate in gravelly vs. 

nongravelly deposits.

These results indicate that, although parent material composition and 

texture has slightly affected soil formation on a given geomorphic sur

face, the major developmental trends in B-horizon and C-horizon forma

tion cannot be due to variation in the lithofunction.

Topofunctional effects on soil formation include the initial 

shape and slope of a landform, direction a slope faces, and the water 

table height. Soil profiles were located on essentially horizontal land 

surfaces in order to minimize the influence of this function. Two major 

effects on soil development by this function can be recognized in the 

study area: (1) the partial destruction of the argillie horizon and
modification of the calcic/petrocalcic horizon on the older geomorphic
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surfaces as a result of the dissection of these surfaces, and (2) the 
formation of pedogenic clay and carbonate on the older geomorphic sur

faces and subsequent erosion and deposition of these materials in 

younger terrace deposits. It is evident that these two effects have 

had an impact on both argillic horizon and calcic horizon formation.

In an overall sense, these effects of the topofunction have modified 

rather than controlled horizon development of soils in the study area. 

Thus, the topofunction, along with the biofunction and the lithofunc

tion, have not been the major soil-forming functions responsible for 

the recognized trends of soil formation.

The analysis of the relative impacts of the biofunction, litho- 

function, and topofunction indicate that the most important state fac

tors accounting for major soil-forming trends have been the 

chronofunction and climofunction. To determine the relative effects of 

these factors, one factor must be held constant or at least restricted. 

It is clear that the factor of time cannot possibly be held constant.

The climofunction can be held constant by examining Holocene rates of 

soil development and projecting these essentially climate-constant rates 

over longer intervals of time. Gile (1975) has shown that the incipient 

formation of the calcic horizon and cambic or argillic horizons has oc

curred in soil profiles in southern New Mexico less than 4000 years old. 

Projection of these rates of soil development over much longer time 

spans suggests that the trends of B-horizon and C-horizon development on 

geomorphic surfaces in the study area could theoretically be totally 

dependent on time.
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A major change in climate should affect the relative rates of 

soil development and would be superimposed on the time-dependent effects 

of horizon development. Changes in rates of soil formation can be rec

ognized only when relative ages of soil profiles are known. Precise dat

ing of the geomorphic surfaces and soils in the study area is not 

possible, since traces of organic carbon, tuffaceous deposits, and other 

dateable materials in the alluvium or soil profiles were not discovered. 

Reasonable estimates of the soil ages can be derived by comparing vari

ous soils in the study area with soils formed under similar conditions 

which have been dated by various methods. Other geomorphic evidence, 

such as degree of dissection (Table 1) can be used as a check on the 

relative accurary of the soil age estimates. Soil age estimates based 

on this technique are shown in Tables 3 and 4. The hypothetical rates 

of B-horizon and C-horizon development based on the soil age estimates 

are shown in Figure 23. This figure shows that the initial rates of B 

horizon development are very rapid, but decrease asymptotically with 

time. Birkeland (1967) has suggested that the formation of the argillic 

horizon approaches a state of dynamic equilibrium or steady state. This 

condition exists when processes of soil formation are essentially bal

anced by processes such as erosion or decreasing rates of weathering. 

Alternatively, Figure 22 can be interpreted via the non-steady state 

model recently proposed by Bull (1975). According to the non-steady 

state model, soil formation continues indefinitely with time until ac

celerating surficial erosion results in the crossing of the threshold 

which separates soil formation and soil erosion and destruction. Thus,



Table 3. Ages of Soils Formed under a Semiarld Climate and in Noncalcareous Alluvium.
Geomorphic Surface 
(or Alluvial Unit)

Argillie Horizon 
Color

Calcic Horizon 
(Stage of Development)1 Soil Age

(Years before Present)
Fillmore Terrace^ 7. SYR 0-1 4000 (mid- to late 

Holocene
2Isaacks' Ranch 5YR-7.5YR I-II 6400 (Latest 

Pleistocene)
2Jornada Surface 2.SYR I-II Mid- to Late 

Pleistocene
2Dona Ana Surface 2.SYR IV 500,000(7) (Mid- 

Pleistocene)
3Louviers Alluvium 2. SYR IV 100,000 (Late 

Pleistocene)
3Rocky Flats Alluvium 10R IV 1,000,000(7) (Mid- to 

Early Pleistocene)
^As described by Gile and others (1966) (Appendix A, Part 3) 
“Gile (1975)
^Machette and others (1976)



Table 4. Estimated Ages of Soils in the Canada del Pro Valley.

Geomorphic Surface
Argillic Horizon 

Color
Calcic Horizon 

(Stage of Development)1 Soil Age EstimateV 10YR2 0 Recent

Colder Terrace 7.5YR2 0 Hid- to Late Holocene 
(4000 yrs.)

Brave Bull Terrace SYR 0 Late Pleistocene (7500 
but <2S,000(?))

Catalina Terrace 2. SYR I Late Pleistocene (older 
than but <100,000(?))

Twin Lakes Surface 10R III,IV Mid-Pleistocene (at least 
500,000(?))

Cordonnes Surface 2. SYR IV Mid- to Early Pleistocene 
(at least 1,000,000(7))

^As described by Gile and others (1966) (Appendix A, Part 3)
^Colors given for C horizon, since argillic horizons have not formed on the geomorphic surface.



H
U

E 5 Y R -

7.5 YR-

IOYR

Figure 23. Hypothetical Rates of Soil Formation in the Canada del Oro Valley Based on Soil-age 
Estimates.

o>H

P
E

R
C

E
N

T



62
Figure 23 would suggest that this threshold has long since been crossed 

with respect to soil formation on the Cordonnes Surface.

Calcic/petrocalcic horizon thickness and carbonate content 

curves indicate that trends of continually increasing carbonate accumu

lation are favored, and that a longer period of time is required for 

maximum C horizon development to occur, when compared with rates of ar- 

gillic horizon development. The curves shown in Figure 23 are very 

similar to the climate-constant hypothetical curves which indicate the 

changing rate of soil formation shown by Birkeland (1967).

The soil development curves in the study area differ from the 

hypothetical soil development curves in two respects. First, the maxi

mum clay-content curve is somewhat irregular, deviating from the smooth 

hypothetical curve. Second, calcium-carbonate content and calcic/petro

calcic horizon thickness curves do not approach zero exponentially as 

the time-dependent hypothetical curves would predict. Fluctuations in 

rates of clay accumulation caused by fluctuations in climate may be re

sponsible for the irregular nature of the clay-content curve (Birkeland, 

1967). These rate changes may only be apparent features occurring as a 

result of the imprecise soil age estimates. The lack of calcium carbon

ate in the moderately developed, late Pleistocene-age Brave Bull Terrace 

soil is not accommodated by a climate-constant, time-dependent process 

of soil formation. This feature is suggestive of a climatic change- 

caused variation in soil formation.
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The Impact of Climatic 
Change on Soil Development

An evaluation of the impact of climatic change on soil develop

ment in the Canada del Oro requires a consideration of the nature of 

changes in precipitation and temperature which affect all aspects of 

pedogenesis. Unfortunately, the nature of climatic change is, at best, 

unclear. Several Quaternary scientists have suggested that glacial cli

mates were generally cooler and wetter than the interglacial climates 

(Snyder and Langbein, 1962; Antevs, 1952; Reeves, 1966; Flint, 1971;

Van Devender, 1977). Others have indicated that the glacial climates 

were cooler and drier than interglacial climates (Galloway, 1970; 

Brakenridge, In press). In either case, colder temperatures would re

sult in increased soil moisture content, greater depths of leaching, 

and an increase in the solubility of calcium carbonate. Colder temper

atures would reduce the rates of chemical reaction and would at least 

partially counteract the effect of increased B-horizon weathering of 

parent materials due to the presence of a larger amount of soil moisture. 

Slightly accelerated B-horizon growth may occur as a function of in

creases in the rates of illuviation. The rates of development of the 

calcic horizon would be profoundly decreased. In other soil-geomorphic 

studies, it has been shown that soils associated with late Pleistocene 

geomorphic surfaces are characterized by relatively greater depths of 

leaching and a decrease in the rate of calcic horizon development as 

compared to soils which occur on Holocene geomorphic surfaces (Gile,

1977; W. B. Bull, In preparation).



The postulated effect on calcic horizon development In a soil 

formed under cooler full-glacial temperatures is consistent with the 

evidence for climatic change suggested by soils data. Soils on older 

geomorphic surfaces were formed under climatic conditions that were con

ducive to accumulation of carbonate in the soil profile, as they possess 

a substantial amount of calcium carbonate. Furthermore, substantial de

velopment of the calcic/petrocalcic horizon in these soils cannot have 

occurred subsequent to the development of strong argillic horizons, since 

calcium carbonate cannot be translocated through the practically imperme

able clay-rich soil profile. In contrast, the soils occurring on the 

Brave Bull Terrace must have formed under conditions which were not fa

vorable for precipitation of calcium carbonate but were conducive for 

strong argillic horizon development. This implies that the pedogenic 

conditions were conducive to greater depths of leaching and that the 

Brave Bull Terrace soil may have formed under cooler temperatures which 

existed during the full-glacial late Pleistocene. Ancillary effects of 

the colder temperatures superimposed on the older soils may have been 

the formation of textural B-bands and the partial destruction of the Cca 

horizon of the Catalina Surface soil. Presumably, greater depths of 

moisture penetration could have resulted in the mobilization of clay in 

the argillic horizon and its redeposition as bands of red silicate clay 

at lower depths in the profile. The increased depth of leaching may 

have also resulted in dissolution and partial destruction of the calcic

64

horizon.
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The change to the warmer Holocene climate probably resulted in 

a change to lower depths of leaching. Due to extremely low rates of 

carbonate accumulation and the very recent age of the Holocene deposits, 

carbonate has not yet accumulated in most of the Holocene soils. Early 

Holocene geomorphic surfaces in which incipient carbonate accumulation 

might have occurred are not found in the Canada del Oro Valley. Carbon

ate occurs in Holocene soils only where a local abundant source of cal

cium is available. The lack of calcium carbonate accumulation in A 

horizons may suggest that small additions of atmospheric carbonate are 

either being leached out of the soil profile during major runoff events 

that completely inundate the young, low terraces, or that it is being 

removed by erosion.

It can, therefore, be reasonably inferred that Pleistocene cli

matic changes have affected soil development. The major trends of soil 

development on the chronosequence of geomorphic surfaces in the Canada 

del Oro Valley are mostly a function of time. It is difficult to assess 

the magnitude of the effects of each state factor, lacking accurate 

dates of soils or data on rates and composition of eolian dustfall. The 

absence of early Holocene geomorphic surfaces in the study area, in ad

dition to the apparently slow rates of calcium carbonate accumulation, 

precludes a qualitative evaluation of the rate of calcium carbonate ac

cumulation in the study area. Furthermore, the geomorphic surface soils 

record the superimposition of several climatic changes as well as many 

other processes. It is, therefore, quite difficult to separate the ef

fects of these processes on the soils that occur on the oldest geomorphic



surfaces (Morrison, In preparation). A more satisfactory solution of 

Jenny's fundamental equation for soil formation in the Canada del Oro 

Valley soils will require analysis of the effects of those variables 

that are presently unknown.



SUMMARY

Major trends of soil-horizon development occur in soils associ

ated with geomorphic surfaces in the Canada del Oro Valley. A step-like 

chronosequence of geomorphic surfaces has formed as a result of the late 

Cenozoic valley dissection. Subsequent to the extensive pedimentation 

of the western margin of the Santa Catalina Mountains, a vast complex of 

alluvial fans was deposited, burying much of this pediment and late Ter

tiary (?) basin deposits. This period was followed by four phases of 

valley downcutting, during which alluvial drainage basins were devel

oped. Each downcutting phase was followed by deposition of inset, fill 

terraces. Progressively older geomorphic surfaces are more dissected 

and are present at higher elevations.

Soils occurring on the progressively older geomorphic surfaces 

are characterized by marked changes in soil horizon development. B ho

rizons are increasingly clay-rich, redder, thicker, and characterized 

by higher cation-exchange capacities, greater morphologic development, 

and clay compositional changes. The calcic/petrocalcic horizons occur

ring on the older geomorphic surfaces are characterized by rapidly in

creasing amount and thickness of calcium carbonate accumulation while 

younger geomorphic surfaces are noncalcareous. These trends of horizon 

development are a result of the increasing effects of the processes of 

chemical weathering and illuviation on soil genesis.

The chemical weathering of parent materials has resulted in for

mation of increasing amounts of silicate clay as well as the oxidation
67
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of ferrous iron. This process is thus partly responsible for thicker, 

redder, more clay-rich and morphologically complex B-horizon develop

ment. Compositional changes of phyllosilicate minerals, characterized 

by increasing amounts of vermiculite, montmorillonite, and kaolinite 

with respect to illite (mica) is partly due to the process of solid-
. I Istate alteration, in which K and Fe cations are removed from the il

lite, muscovite, and biotite crystal lattices during weathering. The 

gradually increasing amounts of kaolinite in the soil, as well as pos

sibly montmorillonite and vermiculite, is probably due to the process 

of elnysynthesis. The presence of prominent clay skins, clay bridges, 

and textural B-bands indicate that illuviation has also contributed to 

the trends of B-horizon development. The abundance of pedogenic calcium 

carbonate in the oldest geomorphic surface soils formed in low-CaO con

taining parent material suggests that much of the calcium carbonate has 

been derived from external sources. The noncalcareous nature of soils 

associated with Holocene geomorphic surfaces indicates that rates of 

soil carbonate accumulation may be quite slow. This is a function of 

the low CaO contents of the parent material and possibly low rates of 

calcareous dustfall.

Jenny’s fundamental equation for soil formation provides a meth

od of qualitatively assessing the relative importance of various factors 

on soil development in the study area. Soils-geomorphic data indicate 

that topofunctional properties have affected soil parent material compo

sition and texture. As a result of extensive valley dissection, older 

and higher geomorphic surfaces have served as a provenance for younger
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terrace deposits. Derivation of red silicate clay or calcium carbonate 

from these source areas may have been moderately important in affecting 

rates of B and C horizon development on younger geomorphic surfaces. 

Variation in parent material texture has also locally affected rates of 

calcium carbonate accumulation and translocation of clay. Soils on the 

high geomorphic surfaces are being modified by surface erosion. These 

processes of soil modification are not capable of explaining the origin 

of the major developmental trends.

Holocene, presumably climate-constant, soil-forming rates (Gile, 

1975, 1977) suggest that most developmental trends are time-dependent. 

Hypothetical rates of argillic horizon and calcic horizon formation 

shown in Figure 22 indicate that soil development is initially very 

rapid, but decreases asymptotically with time. Clearly, the chronofunc

tion has been a dominant factor responsible for major soil development 

trends in the Canada del Oro Valley. The absence of pedogenic carbonate 

in the Brave Bull Terrace soil, however, is not compatible with a solely 

time-dependent model. These data suggest that soil leaching depths must 

have been sufficient to totally remove calcium carbonate from the soil, 

even as a thick, permeability-decreasing argillic horizon formed. This 

is in contradistinction to evidence provided by soils associated with 

older geomorphic surfaces which indicates that depths of leaching during 

pedogenesis were conducive to accumulation of carbonate and contempo

raneous with argillic horizon formation. Other soils evidence, such as 

the formation of textural B-bands and discontinuous nature of the Cata

lina Surface Cca horizon, further supports an interpretation of a shift
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to greater depths of leaching. This soil data is suggestive of climatic 

change and is consistent with paleovegetational and geomorphic- 

stratigraphic data cited in other studies that suggest that the late 

Pleistocene climate was cooler than interglacial or Holocene climates 

and was conducive to destruction or modification of the calcic horizon.



APPENDIX A

SOILS DATA

Part 1: Field Descriptions and Quantitative
Laboratory Data for Soil Profiles Sp-1 to Sp-7

Methods

After completion of soil profile field description, several hun

dred grams of each subhorizon were collected for laboratory analysis. 

Preliminary preparation of the soil samples included removal of the 

coarse fraction (>2 mm) and air-drying of soil samples for 24 hours.

Air Dry Moisture Content

A weighed quantity of soil was dried for 24 hours at 105°C. The 

soil sample was removed from the oven and cooled in a dessicator for 2 
hours. Samples were then weighed by an analytical balance. Moisture 

content (Pm) was calculated by the following equation:

p = air dry weight sample - oven dry weight sample 
m oven dry weight sample

The air dry moisture content value was used to correct final cation ex

change capacity values:

corrected CEC * ,

71
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pH Values

Values of pH were determined on soil suspensions by the use of a 

standard pH meter. A soil:water ratio of 1:2.5 was used for determina

tion of A soil: .01 N CaCl2 ratio of 1:2.5 was used to determine
pHcad • Mixtures were allowed to stand 12 hours before measurement of 

pH.

Particle-size Distribution 
Analysis

Twenty-five ml of sodium pyrophosphate and approximately 100 ml 

of distilled water were added to a 20 g sample of soil. This mixture 

was thoroughly shaken (either for 8-12 hours by mechanical shaker or by 
5-10 minutes of ultrasonic vibration) until soil clay was completely 
dispersed. The sand was removed, by the wet sieving method (300 mesh 

screen) and weighed for determination of sand fraction. Clay fraction 

(<2p) was determined by the pipette analysis method: silt-clay mixture

was added to the fleaker (used as sedimentation cylinder) and filled to 

a volume of 1200 ml. The soil-water mixture was thoroughly shaken and 

allowed to stand for a predetermined time (dependent on room temperature) 

during which all silt sank at least 10 cm. Two 25 ml samples (contain

ing only clay) were removed by a suction pipette. The first sample was 

removed to an aluminum dish and placed in an oven at temperature of 

105°C. After complete evaporation of water, clay weight was determined 

and calculated to total percent clay in original 20 g sample. The pi

pette analysis procedure was repeated on a sodium pyrophosphate blank to 

determine the correction factor on clay weight. The second sample was
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later used for clay mineralogy determination. The silt fraction was 

determined by adding clay weight and sand weight and subtracting the 

total from 20 g. (Note: CaCOg is not removed from soils prior to PSD

analysis, and CaCOg weight is included in sand, qilt, and clay weights 

in calcareous soil samples.)

Calcium Carbonate Content

The calcium carbonate content of the soils was determined using 

the method described by Bundy and Bremner (1972). A measured weight of 

soil was placed in a French square bottle. One drop of n-octyl alcohol 

was added to the soil. A small beaker containing 5 ml of 2M KOH was 

placed above the soil in the bottle. The bottle was tightly stoppered. 

Fifty ml of air was removed from the bottle and then 20 ml of 2m HC1 

was added to the soil. CO2 released by the reaction with the HC1 was 
absorbed by the KOH. After allowing 12 hours for complete reaction, the 

beaker of KOH and absorbed COg was removed. The base was initially ti

trated to a phenolphthalein endpoint, and was then titrated to the bro- 

mocreosol green endpoint. Calculation of mg of inorganic carbon was 

determined by the following equation:

^inorganic C * N x (X-C) * 12
where N ■ normality of HC1

S * ml HC1 required to titrate
from phenolphthalein endpoint 
to bromocreosol green endpoint 

C * mg C determined by control 
analysis of non-soil COg ab
sorbed by KOH

mg. of C was then converted to total grams of CaCOg in soil sample.
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Cation-exchange Capacity Values

The cation-exchange capacities for soil subhorizons were deter

mined using the method described by Blakemore, Searle, and Daly (1972).

A measured seight of soil is mixed with 5.00 g of silica sand and placed 

in a leaching tube. The soil-sand mixture was leached with aliquots of 

IN NH^OAc, IN NH4C1, .111 NH^Cl, iso-propyl alcohol, and IN NaCl (acidi

fied to a pH of 6.0 in .001N HC1). The final leachate was collected and 

removed to a Kjeldahl flask. The NH^ solution was distilled. The dis

tillate is titrated with .01N HC1. Cation-exchange capacity was deter

mined by the following equation:

„ „  , (V.OM HCl - C) (N HC1) <103)
Cmeq/100 g SAMPLE WEIGHT

where V * amount of HC1 required to titrate
n hJ

C = volume of HC1 required to titrate 
distillate of a leachate derived 
from silica only sample
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Geomorphic Surface: Colder Terrace

Pedon Number: Sp-1

Soil Classification: Typic Haplargid

Elevation: 1135 m

Location: Sec. 35, T. 10 S., R. 14 E.

A1 0-2 cm Gray yellowish brown (10YR 5/3 dry, 10YR 2/3 moist) sandy 
loam; moderate, very coarse platy; soft, very friable, nonsticky and 
nonplastic; noncalcareous; very abrupt, smooth boundary.

B1 2-28 cm Gray brown to brown (7.SYR 5/3 dry, 7.SYR 4/3 moist) sandy 
clay loam; angular blocky; slightly hard, friable, sticky and plas
tic; noncalcareous; very abrupt, wavy boundary.

B21t 28-40 cm Brown to dark brown (7.SYR 4/4 dry, 7.SYR 3/4 moist) 
clay loam; prismatic; hard, friable, sticky and plastic; noncalcare
ous; abrupt, wavy boundary.

IIB22t 40-73 cm Reddish brown to dark reddish brown (SYR 5/6 dry, SYR 
3/4 moist) gravelly clay loam; massive; hard, friable, sticky and 
plastic; noncalcareous; abrupt, wavy boundary.

IIB3 73-106 cm Reddish brown to dark reddish brown (SYR 5/6 dry, SYR 
3/4 moist) sandy loam; massive; hard, friable, slightly sticky and 
slightly plastic; noncalcareous; clear, wavy boundary.

IIC 106 cm Gray yellowish orange to gray yellowish brown (10YR 7/4 
dry, 10YR 5/4 moist) gravelly loamy sand; massive; loose, nonsticky 
and nonplastic; noncalcareous.



Table A.1. Laboratory Analyses of Sp-1.

Depth
(cm) Horizon

Fine
Sand

(2.0-.05)

Earth Fraction
Silt Clay

(.05-.002) (.002)
Coarse

Fragments^
CEC

(meq/100 g) CaCOg pHH20 PHCaCl2
0-2 A1 72.1 14.9 13.0 NG 12.8 0 7.0 6.6
2-28 B1 67.6 15.7 16.7 NG 15.2 0 7.4 7.0

28-40 B21t 39.8 34.4 25.8 NG 25.0 0 8.1 7.2

40-73 IIB22t 71.5 10.1 18.4 G 15.9 0 8.2 7.3

73-106 IIB3 82.0 4.7 13.3 NG 11.9 0 8.5 7.6

106- IIC 95.4 tr 4.6 G 6.0 0 8.6 7.7
^NG - 0--15% coarse fragments; G - 15-35% coarse fragments;



77

Geomorphic Surface: Qv

Elevation: Approximately 1130 m

Location: Sec. 35, T. 10 S., R. 14 E.

A1 0-1 cm Gray yellowish brown to dark brown (10YR 5/3 dry, 10YR 3/3 
moist) sandy loam; coarse moderate platy; soft, very friable, non- 
sticky and nonplastic; noncalcareous; abrupt, smooth boundary.

Cl 1-8 cm Yellow brownish gray to blackish brown (10YR 5/2 dry, 10YR 3/2 moist) silt loam; very thick moderate platy; slightly hard, very 
friable, slightly sticky and slightly plastic; noncalcareous; abrupt, 
wavy boundary.

C2 8-37 cm Light yellow brownish gray to blackish brown (10YR 6/2 dry, 
10YR 3/2 moist) sandy loam; weak coarse angular blocky; soft, very 
friable, nonsticky and nonplastic; noncalcareous; abrupt, wavy 
boundary.

C3 37 cm Light yellowish gray to yellow brownish gray (2.5Y 7/2 dry, 
2.5Y 7/5 moist) very gravelly sand; massive; loose, nonsticky and 
nonplastic; noncalcareous.

Pedon Number: Sp-2

Soil Classification: Typic Torriorthent



Table A.2. Laboratory Analyses of Sp-2.
' Fine Earth Fraction
Depth
(cm) Horizon

Sand
(2.0-.05)

Silt
(.05-.002)

Clay
(.002) Coarse

Fragments^
CEC

(meq/100 g) CaCOg pHH20 PHCaCl2
0-1 A1 69.7 24.7 5.6 NG 10.1 0 7.6 7.1

1—8 Cl 70.6 25.1 . 4.3 NG 10.7 0 7.6 7.4

8-37 C2 79.0 17.5 3.5 NG 8.8 0 7.4 7.7

37- C3 93.2 5.6 1.2 VG 5.6 0 7.5 7.6
1NG - 0-15% coarse fragments; VG - >35% coarse fragments.

00
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Geomorphic Surface: Twin Lakes Surface

Elevation: Approximately 1190 m

Location: Sec. 3, T. 11 S., R. 14 E.

A1 0-1 cm Gray brown to brown (7.SYR 5/4 dry, 7.SYR 4/6 moist) sandy 
loam; weak coarse platy; soft, friable, nonsticky and nonplastic; 
noncalcareous; abrupt, smooth boundary.

A3 1-10 cm Light brown to dark brown (7.SYR 5/6 dry, 7.SYR 3/4 moist) 
sandy loam; moderate coarse angular blocky; soft,, friable, slightly 
sticky and slightly plastic; noncalcareous; abrupt, smooth boundary.

B21t 10-20 cm Reddish brown to dark gray (7.SYR 5/6 dry, 7.SYR 3/4 
moist) clay loam; massive; hard, firm, sticky and plastic; noncal
careous; abrupt, irregular boundary.

B22t 20-50 cm Gray reddish brown to dark red (10R 4/4 dry, 10R 3/6 
moist) clay loam; strong medium prismatic; very hard, firm, sticky 
and plastic; clay skins common ped surfaces; noncalcareous; abrupt, 
wavy boundary.

B23t 50-78 cm Strong reddish brown to reddish brown (2.SYR 5/6 dry,
2.SYR 4/6 moist) sandy clay loam; massive; hard, firm, sticky and 
plastic; noncalcareous; abrupt wavy boundary.

Clca 78-106 cm Strong orange brown (7.SYR 7/6 dry, 7.SYR 6/6 moist) 
sandy clay loam; massive; hard, firm, slightly sticky and slightly 
plastic; rare pockets of red silicate clay; violently effervescent; 
abrupt, irregular boundary.

C2ca 106-152 cm Strong orange brown to light brown (7.SYR 6/6 dry,
7.SYR 5/6 moist) loamy sand; massive; loose, slightly sticky and 
slightly plastic; occasional bands of red silicate clay (1-2 mm 
thick); strongly effervescent; abrupt, wavy boundary.

C3ca 152-174 cm Litht yellowish orange to gray yellowish orange (10YR 
8/3 dry, 10YR 6/3 moist) gravelly loamy sand; massive; hard, firm, 
nonsticky and nonplastic; violently effervescent; abrupt, irregular 
boundary.

Pedon Number: Sp-3.

Soil Classification: Typic Paleargid
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C4ca 174-189 cm Litht yellowish orange or gray yellowish orange (10YR 
8/3 dry, 10YR 6/3 moist) gravelly loamy sand; massive; hard, firm, 
nonsticky and nonplastic; violently effervescent; abrupt, smooth 
boundary.

C5ca 189 cm Strong yellowish brown to brown (10YR 7/6 dry, 10YR 4/6 
moist) gravelly loamy sand; massive; slightly hard, friable, non
sticky and nonplastic; slightly effervescent.



Table A.3. Laboratory Analyses of Sp-3.

Depth
(cm) Horizon

Fine
Sand

(2.0-.05)

Earth Fraction
Silt Clay

(.05-.002) (.002)
Coarse

Fragments^
CEC

(meq/100 g) CaC03 p h h20 PHCaCl2
0-1 A1 74.9 19.0 6.1 NG 9.2 0 7.5 7.1

1-10 A3 75.5 16.9 7.6 NG 12.2 0 8.0 7.6

10-20 B21t 35.2 18.0 46.8 NG 26.5 0 6.6 7.0

20-50 B22t 44.9 22.1 33.0 NG 24.1 0 7.2 7.3

50-78 B23t 76.4 10.6 13.0 NG 15.5 0 7.3 7.5

78-106 Clca 81.5 10.0 8.5 NG 11.9 5.2 7.7 7.8

106-152 C2ca 90.3 5.8 3.9 NG 9.7 1.8 7.7 7.7

152-174 C3ca 88.3 10.9 0.8 G 6.8 20.7 8.2 7.8

174-189 C4ca 85.9 11.8 2.3 G 7.9 8.2 7.8 7.9

189- C5ca 94.4 2.4 3.2 G 6.4 0.5 7.7 7.6
^NG ** 0-15% coarse fragments; G ■ 15-35% coarse fragments.

ooH
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Geomorphic Surface: Brave Bull Terrace

Elevation: Approximately 1145 m

Location: Sec. 10, T. 11 S., R. 14 E.

A1 0-1 cm Gray yellowish orange to gray yellowish brown (10YR 7/3 dry, 
10YR 4/3 moist) gravelly sandy loam; moderate coarse platy, soft, 
friable, slightly sticky and slightly plastic; noncalcareous; abrupt, 
smooth boundary.

B1 1-15 cm Strong orange brown to light brown (7.5YR 3/6 dry, 7.SYR 
5/6 moist) gravelly loam; moderate coarse angular blocky; firm, fri
able, slightly sticky and slightly plastic; noncalcareous; abrupt, 
smooth boundary.

B2t 15-78 cm Reddish brown to dark reddish brown (5YR 4/6 dry, SYR 3/6 
moist) very gravelly sandy clay loam; massive; hard, firm, sticky 
and plastic; noncalcareous; abrupt, wavy boundary.

Cl 78-119 cm Reddish brown to dark reddish brown (5YR 5/6 dry, SYR 3/6 
moist) gravelly sand; massive; loose, nonsticky and nonplastic; non
calcareous; abrupt, smooth boundary.

C2 119 cm Strong orange brown to light brown (7.SYR 5/6 dry, 7.SYR 3/6 
moist) sand; massive; loose, nonsticky and nonplastic, noncalcareous.

Pedon Number: Sp-4

Soil Classification: Typic Haplargid



Table A.4, Laboratory Analyses of Sp-4.

Depth
(cm) Horizon

Fine
Sand

(2.0-.05)

Earth Fraction
Silt Clay

(.05-.002) (.002)
Coarse

Fragments-*
CEC

(meq/100 g CaC03 pHH20 PHCaCl2
0-1 A1 72.7 21.6 5.7 G 9.6 0 7.1 6.9

1-15 B1 71.2 18.2 10.6 G 15.3 0 7.3 7.3

15-78 B2t 82.3 6.0 11.7 VG 13.4 0 7.4 7.2

78-119 Cl 90.8 5.2 4.0 VG 10.9 0 7.4 7.2

119- C2 96.4 1.3 2.3 G 9.6 0 7.5 7.3
■ 15-35% coarse fragments; VG ™ >35% coarse fragments.
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Geomorphic Surface: Cordonnes Surface

Elevation: Approximately 1315 m

Location: Sec. 14, T. 10 S., R. 14 E.

A1 0-3 cm Gray brown to dark brown (7.SYR 5/4 dry, 7.SYR 3/4 moist) 
gravelly loam; weak platy; soft, very friable, slightly sticky and 
slightly plastic; noncalcareous; abrupt, smooth boundary.

B21t 3-14 cm Reddish brown to black reddish brown (SYR 4/6 dry, SYR 
2/4 moist) gravelly loam; subangular blocky; slightly hard, friable, 
sticky and plastic; noncalcareous; abrupt, wavy boundary.

B22t 14-110 cm Reddish brown to dark reddish brown (2.SYR 4/8 dry,
2.SYR 3/6.moist) very gravelly clay loam; massive; hard, firm, sticky 
and plastic; noncalcareous; gradual, wavy boundary.

B23t 110-128 cm Reddish brown (SYR 4/8 dry, SYR 4/4 moist) gravelly 
loam; massive; slightly hard, friable, slightly sticky and slightly 
plastic; noncalcareous; clear, smooth boundary.

B24t 128-174 cm Reddish brown (SYR 4/8 dry, SYR 4/4 moist) gravelly loam 
loam; massive; slightly hard, friable, slightly sticky and slightly 
plastic; slightly calcareous; some thin coatings on cobbles and boul
ders of CaC03; abrupt, irregular boundary.

Gleam 174-196 cm^ Gray white (2.5Y 8/0 dry) loamy sand; laminar to platy, 
calcium carbonate-cemented zone; strongly effervescent; occasional 
pipe structures, 1-2 m in width, up to 3 m in depth; gradual, irregu
lar boundary.

C2ca 196-328 cm Light yellowish gray (5Y 8/1 dry, 5Y 7/1 moist) gravel
ly sand; soft, loose, nonsticky and nonplastic; strongly effervescent; 
abrupt, smooth boundary.

C3ca- 328-360 cm Light yellowish gray to yellow brownish gray (2.5Y 7/2 
dry, 2.5Y 6/2 moist) loamy sand; massive; loose, nonsticky and non
plastic; slightly calcareous; abrupt, smooth boundary.

Pedon Number: Sp-5

Soil Classification: Ustollic Paleargid

1. Petrocalcic horizon described at locality (road cut) approxi
mately 50 m west of original profile location on approximately 10° slope.



C4ca 360 cm White to light yellowish gray (2.5Y 8/1 dry, 7.5Y 8/1 
moist) gravelly loam; massive; hard; firm, slightly sticky and 
slightly plastic; violently effervescent.



Table A.5. Laboratory Analyses of Sp-5.
Fine Earth Fraction

Depth
(cm) Horizon

Sand
(2.0-.05)

Silt
(.05-.002)

Clay
(.002) Coarse

Fragments^
CEC

(meq/100 g) CaCO^ ph h20 PHCaCl2
0-3 A1 73.6 16.9 9.5 G 17.4 0 6.8 6.8
3-14 B21t 58.7 5.8 20.6 G 25.4 0 6.6 7.0

14-110 B22t 64.1 16.7 19.2 VG 26.3 0 7.0 7.4

110-128 B23t 67.7 21.7 10.6 G 16.6 0 7.6 7.5

128-174 B3ca 85.3 12.7 2.0 G 19.0 .8 7.9 7.8

174-196 Clca 70.6 17.5 11.9 NG 5.3 76.7 8.0 7.8

196-328 C2ca 89.6 6.6 3.8 G 11.2 9.6 8.2 7.7

328-360 C3ca 88.6 8.6 2.8 NG 8.7 2.1 8.2 7.8

360- C4ca 53.5 41.4 5.1 G 9.6 46.4 7.9 7.9
1NG - 0-■5% coarse fragments; G * 15-35% coarse fragments; VG = >35% coarse fragments.
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Geomorphic Surface: Catalina Terrace

Elevation: Approximately 1165 m

Location: Sec. 2, T. 11 S., R. 14 E.

A1 0-1 cm Gray yellowish orange to gray yellowish brown (10YR 7/3 dry, 
10YR 4/3 moist) sandy loam; platy; soft, friable, nonsticky and non
plastic; noncalcareous; abrupt, smooth boundary.

A3 1-22 cm Gray orange to brown (7.5YR 7/3 dry, 7.5YR 4/3 moist) sandy 
loam; angular blocky; hard, friable, nonsticky and nonplastic; non
calcareous; transitional boundary.

B21t 22-90 cm Gray orange to reddish brown (5YR 6/4 dry, 5YR 4/6
moist) clay, loam; angular blocky; hard, friable, sticky and plastic; 
noncalcareous; gradual boundary.

B22t 90-120 cm Strong orange to reddish brown (2.SYR 6/6 dry, 2.5YR 
4/6 moist) clay loam; angular blocky; hard, slightly hard, sticky 
and plastic; occasional clay coatings on ped surfaces; noncalcare
ous; gradual boundary.

B23t 120-135 cm^ Reddish brown (SYR 5/6 dry, 5YR 4/6 moist) gravelly 
clay loam; massive; hard, friable; slightly sticky and slightly plas
tic; occasional bands of red silicate clay, 1-2 mm thick; slightly 
calcareous.

Clca 135-143 cm Gray orange (7.5YR 7/4 dry) sandy loam; massive; fri
able, nonsticky and nonplastic; mildly effervescent; abrupt, irregu
lar boundary.

C2 143- cm Light brown (7.SYR 5/6 moist) loamy sand; massive; fri
able, nonsticky and nonplastic; some textural B-bands; noncalcareous.

Pedon Number: Sp-6

Soil Classification: Typic Haplargid

1. B23t, Clca, and C2 subhorizons were measured at profile loca
tion approximately 100 m east of original profile location.



Table A.6. Laboratory Analyses of Sp-6.

Depth
(cm) Horizon

Fine
Sand

(2.0-.05)

Earth Fraction
Silt Clay

(.05-.002) (.002)
Coarse

Fragments-*-
CEC

(meq/100 g)
CaC03 pHH20 PHCaCl2

0-1 A1 68.9 28.2 2.9 NG 8.3 0 6.8 6.7

1-22 A3 70.6 23.6 5.8 NG 7.0 0 7.0 6.7

22-90 B21t 60.0 24.5 15.5 NG 11.0 0 7.4 7.1

90-120 B22t 80.1 9.6 10.3 NG 12.9 0 7.6 7.1

120-135 B23t 80.0 10.1 9.8 G 11.0 .4 7.9 7.6

135-143 Clca 78.5 13.5 8.0 NG 13.4 3.2 7.9 7.6

143- C2 88.4 6.5 5.2 G 9.6 0 7.5 7.3
■̂ NG = 0-5% coarse fragments; G = 15-35% coarse fragments.

oo00
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Geomorphic Surface: Colder Terrace

Elevation: Approximately 1130 m

Location: Sec. 35, T. 10 S., R. 14 E.

A1 0-2.5 cm Yellow brownish gray to black brown (10YR 6/2 dry, 10YR 
3/2 moist) sandy loam; weak platy; soft, very friable, nonsticky and 
nonplastic; noncalcareous; abrupt, smooth boundary.

A3 2.5-9.5 cm Yellow brownish gray to black brown (10YR 6/2 dry, 10YR 
3/2 moist) sandy loam; soft, very friable, nonsticky and nonplastic; 
massive; many roots; abrupt, smooth boundary.

Cl 9.5-86 cm Yellow brownish gray to black brown (10YR 4/2 dry, 10YR 
3/2 moist) gravelly sandy loam; massive; slightly hard, friable, 
nonsticky and nonplastic; noncalcareous; clear, wavy boundary.

IlCb 86 cm Gray brown to brown (7.SYR 5/4 dry, 7.SYR 4/6 moist) very 
gravelly clay loam; massive; hard, firm, sticky and plastic; 
noncalcareous.

Pedon Number: Sp-7

Soil Classification: Typic Torriorthent



Table A.7. Laboratory Analyses of Sp-7.

Depth
(cm) Horizon

Fine
Sand

(2.0-.05)

Earth Fraction
Silt Clay

(.05-.002) (.002)
Coarse ^ 

Fragments
CEC

(meq/100 g)
CaCOg v \ o pHCaCl2

0-2.5 A1 83.5 13.9 2.6 NG 6.6 0 6.5 6.4

2.5-9.5 A3 85.0 11.4 3.6 NG 5.9 0 6.0 6.2

9.5-86 Cl 89.3 5.6 5.1 G 7.2 0 6.8 7.0

86.0- IlCb 69.6 6.2 24.2 VG 17.4 0 7.0 7.2
1NG - 0-5% coarse fragments; G » 15-35% coarse fragments; VG ■ >35% coarse fragments.

VDo



Part 2: X-ray Determination of Clay
Minerals Present in Sp-1 to Sp-7

91

Methods

The soil clay fraction (<2y) of the subhorizon characterized by 

the most intense pedogenesis (most clay-rich and reddest hue) of Sp-1 to 

Sp-7 was analyzed by x-ray diffraction. The x-ray identification method 

described by Whittig (1965), modified by D. M. Hendricks (personal com

munication, 1976) was used in the study.

Clay samples (derived during particle-size analysis) were centri

fuged to concentrate the clay fraction. Moist clay was smeared on thin 

ceramic tiles or glass slides. The slides were placed in a dessicator 

for 2 hours. Each tile/glass slide-clay sample was x-rayed by a Phillips 

X-ray Diffractometer. Ceramic tile-clay samples were x-rayed four or 

five times, each time subsequent to a different treatment: (1)

magnesium-saturated (only for Sp-4 and Sp-5); (2) magnesium-saturated, 

glycerol-solvated; (3) potassium-saturated; (4) potassium-saturated and 

heated to 300°C; (5) potassium-saturated and heated to 550°C. Glass 

slide-clay samples were x-rayed twice following two different treatments 

(only Sp-3, Sp-5, and Sp-7): (1) magnesium-saturated; (2) magnesium-

saturated and glycolated.

Determination of clay minerals present in each sample was ac

complished by the recognition of various first- and second-order peaks 

corresponding to the angstrom spacings associated with various clay/mica 

minerals. Peaks occurring at 10.4°26 and 16.4°20 were identified as 

peaks associated with minerals present in the ceramic tile, and not any



of the clay samples. Quantitative estimates of various clay mineral 

components were "determined by comparison of peak heights and peak 
symmetry.
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Figure A.l. X-ray Dlffractograms. — Geomorphic surface: Colder Ter
race. Soil: Sp-1 (Typlc Haplargid). Horizon: B21t.
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Figure A.2. X-ray Diffractograms. —  Geomorphic surface: Canada Del
Oro floodplain. Soil: Sp-2 (Typic Torriorthent). Horizon:
C2.
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Figure A.3. X-ray Dlffractograms. —  Geomorphic surface: Twin Lakes
Surface. Soil: Sp-3 (Typic Paleargid). Horizon: B22t.
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Figure A.4. X-ray Dlffractograms. —  Geomorphic surface: Twin Lakes
Surface. Soil: Sp-3 (Typic Paleargid). Horizon: B22t.
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Figure A.5. X-ray Diffractograms. —  Geomorphic surface: Brave Bull
Terrace. Soil: Sp-4 (Typic Haplargid). Horizon: B2t.
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Figure A.6. X-ray Diffractions. —  Geomorphic surface: Cordonnes Sur
face. Soil: Sp-5 (Ustollis Paleargid). Horizon: B22t.
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Figure A.7. X-ray Diffractogram. —  Geomorphic surface: Cordonnes Sur
face. Soil: Sp-5 (Typic Paleargid). Horizon: B22t.
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Figure A.8. X-ray Diffractograms. —  Geooorphic surface: Catalina Ter
race. Soil: Sp-6 (Typic Haplargid). Horizon: B22t.
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Figure A.9. X-ray Diffractograins. —  Geomorphic surface: Colder Ter
race. Soil: Sp-7 (Typic Torriorthent). Horizon: Cl.
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Figure A. 10. X-ray Diffractograms. —  Geomorphic surface: Colder Ter
race. Soil: Sp-7 (Typic Torriorthent). Horizon: Cl.
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Figure A.11. X-ray Diffractograms. —  Geomorphic surface: Colder Ter
race. Soil: Sp-7 (Typic Torriorthent). Horizon: IIC1.



Part 3: Soil Profile Data

Table A.8. Soil Profile Data for Sp-8 to Sp-28.
Argillic Horizon

(if present)_________  __________ C Horizon
Soil

Profile
Geomorphic

Surface

Thick
ness
(cm)

Color
(max.
red)

Struc
ture3

Texture^*

Thick
ness
(cm) Color

CaCO^
Accum.c Texture

Soil
Suborder

Sp—8 Catalina 88 2. SYR 
4/8

wk pr- 
msv

G 120 10YR
8/3

III G-VG Paleargid

Sp-9 Twin Lakes 80 10R
4/4

sg pr- 
msv

NG-G 60 10YR
8/1

III NG-G Paleargid

Sp-10 Twin Lakes/ 
Catalina

80 2. SYR 
4/8

msv G 55 white II-III NG Haplargid

Sp-11 Twin Lakes 120 10R
4/8

sg pr- 
msv

G >100 white III,IV NG-G Paleargid

Sp—12 Colder
Terrace

- - - - - 10YR
6/4

0 NG-G Orthent

Sp-13 Twin Lakes 145 10R
4/8

sg pr- 
msv-bnd NG—G 155 white III NG Paleargid

Sp-14 Twin Lakes 95 10R
4/8

md pr,
msv-bnd

G 100 white III NG-G Paleargid

Sp-15 Brave Bull 
Terrace

70 SYR
4/6

msv VG - 7. SYR 
4/6

- VG Haplargid

Sp-16 Catalina 55 2. SYR 
4/8

wk abl,
msv,bnd

G,VG - 7. SYR 
5/6

0 NG.G Haplargid

104



Table A.8, Continued
Argillic Horizon

(If present)_________  __________ C Horizon
Soil

Profile
Geomorphic

Surface

Thick
ness
(cm)

Color
(max.
red)

Struc
ture3

Texture*^

Thick
ness
(cm) Color

CaC03 
Accum.c Texture

Soil
Suborder

Sp-17 Twin Lakes 86 2. SYR 
4/8

abl,
msv,bnd

G,VG 65 white II,HI NG Paleargid

Sp—18 Brave Bull 
Terrace

55 SYR
4/4

msv VC - 7. SYR 
5/6

0 VG Haplargid

Sp-19 Colder
Terrace

- - - - - 10YR
4/2

0 NG,G Orthent

Sp-20 Colder
Terrace

- - - - - 10YR
4/3

0 VG Orthent

Sp-21 Qi ■ - - - - >60 7.5YR
5/3

0 NG,G Orthent

Sp-22 Colder(?)/
Qv

- - - - >80 7.5YR I,II NG,G Calciorthid

Sp-23 Catalina >75 2. SYR 
5/6

md pr, 
msv

G >25 white II G Haplargid

Sp-24 Catalina 80 2. SYR 
4/8

wk abl, 
msv,bnd

G - 7. SYR 
,4/6

o,K?) NG.G Haplargid

Sp—25 Twin Lakes 90 10YR
4/8

sg pr, 
msv

G >90 white Ill,IV G,VG Paleargid
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Table A.8, Continued.
Argillic Horizon

(If present)_________  C Horizon

Soil
Profile

Geomorphic
Surface

Thick
ness
(cm)

Color
(max.
red)

Struc
ture3

Texture**

Thick
ness
(cm)

CaCOj
Accum.cColor Texture

Soil
Suborder

Sp-26 Qcds 35d 10YR
6/2

md abl, 
msv

NG >70 10YR II,III
6/2 to 
white

NG.G Calciorthid

Sp-27 Colder
Terrace

- - - - >100 10YR 0
5/3

NG,G Orthent

Sp-28 Brave Bull 
Terrace6

75 2. SYR 
5/6

msv,bnd G,VG 7 7.SYR 0
6/6

G,VG Haplargid

awk = weak, md = moderate, sg = strong, msv » massive, abl = angular blocky, pr = prismatic, 
bnd “ band
°NG = 0-15% coarse fragments, G * 15-35% coarse fragments, VG ■ >35% coarse fragments
^Sequence of accumulational stages of pedogenic calcium carbonate (Gile and others, 1966). In grav
elly materials: I ■ thin, discontinuous coatings; II ■ continuous coatings, some interpebble fill
ing; III = continuously plugged; IV = laminar horizon-plug zone. In nongravelly materials; I = 
thin filaments; II * nodules; III ■ continuously plugged; IV = laminar horizon-plug zone.

^Gamble horizon
eSoils-geomorphic evidence and stratigraphic evidence suggest that at this location Brave Bull Ter
race is actually strath terrace cut on Catalina or Twin Lakes deposits.
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APPENDIX B

CLIMATOLOGICAL DATA FOR ORACLE, ARIZONA 
AND CAMPBELL AVENUE FARM, TUCSON, ARIZONA

107
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Figure B.l Oracle, Arizona Latitude: 32036'
Longitude: 110°44'
Elevation: 1648 m
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Figure B.2. Campbell Avenue Farm, Tucson, Arizona. —  Latitude: 32017' 
longitude: 110°57*, elevation: 846 m.
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APPENDIX C

PHOTOIMAGERY ANALYSIS 

Methods

Mapping of the geomorphic surfaces of the Canada del Oro Valley 

was done "by photoimagery mapping on stereo pairs of air photos. High 

altitude (1:125,000) U-2 color transparencies (made available by R. 

Morrison, Department of Geosciences, The University of Arizona) were 

used for basic mapping purposes. Low altitude (1:1000 and 1:2000) black 

and white prints (obtained from the Arizona Department of Transporta

tion) were used when greater resolution was required. Photoimagery map

ping was field-checked at several locations to ensure overall mapping 

accuracy.

Criteria used to correlate and map various geomorphic surfaces 

included photographic characteristics (color or gray tonal values, tex

ture, special arrangement, and shape/configuration) and geomorphic char

acteristics (shape/configuration, relief/slope, elevation with respect 

to adjacent terrain, stream dissection, depth, density, pattern, and 

vegetation density).

A Bausch and Lomb magnifying stereoscope (10X) and an Odelf mag

nifying stereoscope (4.5X) were used for photo mapping. A Bausch and 

Lomb zoom transfer enlarger was used to produce the final 1:24,000 scale 

geomorphic map. Mapping done on large-scale black and white photography 

was photographically reduced to the 1:24,000 scale. These sections were
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spliced into the general geomorphic map. The base maps used for coor

dinate locations on the geomorphic map and to measure areal distortion 

were the photo-orthoquadrangle maps (Mt. Lemmon Quadrangle, northwest 

and northeast; Oracle Quadrangle, southeast, southwest, northeast, north
west) from A.I.R.S.

Areal Distortion

The procedures employed during photoimagery mapping and map con

struction are characterized by latitudinal and longitudinal distortional 

error. This error occurs primarily as a result of radial distortion 

present in all photoimagery and optical distortion associated with the 

zoom enlarger. Total east-west elongation in the northern area of the 

geomorphic map is approximately 6% and decreases gradually to the south 

to a value of approximately 2%. North-south elongation is approximately 

2%. Map splicing techniques were used where possible to minimize total

distortion.



APPENDIX D

CaO WEIGHT PERCENT IN MAJOR 
LITHOLOGIES OCCURRING IN THE SANTA 
CATALINA MOUNTAINS, SOUTHEAST ARIZONA
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Rock Type ' Location
Weight 
% CaO Reference

Catalina quartz 
monzonite

San Maniego Ridge 1.1 Creasey and others 
(1976)

Catalina quartz 
monzonite

San Maniego Valley 2.2 Creasey and others 
(1976)

Catalina granite Cargadero Canyon 3.0 Creasey and others 
(1976)

Wilderness
granite

Hitchcock Memorial 
Camp

1.3 Creasey and others 
(1976)

Cargadero 
granodiorite- 
quartz monzonite

Tortollta Mtns. 1.1 Creasey and others 
(1976)

Forerange gneiss Pontatoc Canyon 1.39 Anderson (In prep.)

Pinal schist Pontatock Canyon 1.36 Anderson (In prep.)

Pinal schist Pusch Ridge 0.79 Anderson (In prep.)

Pinal schist Central Tortolita 
Mountains

0.31 Anderson (In prep.)
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