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ABSTRACT 

Several soil chronosequences were studied in southern California 

to det.;mni.:J.e the relative impacts of time and climatic change on soil 

genesis. Studying soil development in climatic regimes that vary from 

the moist, xeric climate of the coastal basins and Transverse Ranges 

to the hot, arid climate of the interior deserts of southern California 

provide data useful for evaluation of the impact of climatic change 

as well as time on pedogenesis. 

Seven distinctive stages of soil development are recognized in 

the study area. The first three occur in Holocene soils, and the 

last four are associated with late to mid-Pleistocene geomorphic 

surfaces. 

A distinct pattern of secondary soi,l mineral authigenesis is 

observed in increasingly older soils. The rapid formation of vermicu

lite and iron oxyhydroxides in xeric climates is attributed to rapid 

alteration of unstable Fe-bearin.g aluminosilicates. Continuous weath

ering of abundant feldspars results in a predominance of neogenetic 

kaolinite in mid-Pleistocene soils. Slightly acidic to mildly alka

line soil pH, rapid hydrolysis, and availability of organic complexes 

result in formation of significant amounts of metastable ferrihydrite 

in young Holocene and late Pleistocene soils. Ferrihydrite dehydration 

and crystal aggregation result in hematite formation and increasingly 

lower Fe2030:Fe203d ratios. 

xv 



xvi 

Arid climatic regimes are conducive to minimal chemical weather

ing. Clay/iron oxyhydroxide regression analyses and mass balance cal

culations show that much of the silicate clay and secondary carbonate 

have been derived from external sourceS rather than by chemical weath

ering. Clay mineral authigenesis is characterized primarily by conver

sion of montmorillonite to palygorskite. 

A compartmental model developed in this study accurately pre

dicts calcic horizon development under Holocene soil water balance 

characteristics. 

Results of model predictions indicate that the distribution 

of carbonate observed in latest Pleistocene soils is related to past 

changes in climate. In addition, mass balance calculations suggest 

that large decreases in chemical reaction rates in soils due to soil 

temperature decreases may well be offset by increases in the magnitude 

of weathering. However, the results of this study indicate that 

calcium carbonate provides the most sensitive index of past climates 

when compared to other indices and that temporal change in climate 

has significantly influenced soil development in southern California. 



CHAPTER I 

INTRODUCTION 

Soil-geomorphic data have proven to be an essential aspect of a 

variety of geologic studies. Geopedo10gic data, for example, provide 

critical information for regional stratigraphic correlation of continen

tal alluvial deposits. This information is especially invaluable in the 

interpretation of recent patterns of tectonic activity when alternative 

methods of dating and correlation are not available. The physical and 

chemical complexity of soils systems, however, creates many problems in 

the interpretation of soil-geomorphic data. This complexity owes to the 

existence of the many variables that affect rates and processes of soil 

formation. Constantly changing soil moisture conditions and composition 

caused by changes in climate, soil texture, organic matter amount and 

composition, and dust influx rates result in an environment that does 

not favor chemical equilibrium; consequently, the soil profile must be 

regarded as an extremely complex, natural system. 

One approach that facilitates interpretation of soil-geomorphic 

data is the soil-forming factor model developed by Jenny (1941). In 

this approach, climate (cl), parent materials (p), topography (r), orga

nisms (0), and time (T) are assumed to be the variables that affect the 

state of soil formation. Based on this assumption, Jenny defined the 

fundamental equation of soil formation as: 

S f (c1,0,r,p,t) 

1 



The impact of a particular variable on some aspect of soil formation 

could be theoretically determined by holding the other four variables 

constant and generating a univariant function; for instance, 

ds (del) o,r,p,t 
as 

could be defined as the "climofunction." Unfortunately, it is practic-

ally difficult to hold the effects of more than two variables constant 

in most soil-geomorphic situations. Furthermore, it has been argued 

that because some variables are not discrete and overlap, the fundamen-

tal question, therefore, is undifferentiab1e and cannot generate uni-

variant functions (Chesworth, 1973; Runge, 1973). Despite these objec-

2 

tions, the soil-forming factor approach provides a conceptual model that 

can be used in many soil-geomorphic studies. For example, the topo-

graphic, parent material and, to a large extent, biotic soil-forming 

variables can be held essentially constant for a given suite of terraces 

and alluvial fans, assuming soil profile locations are carefully chosen. 

Such a suite of alluvial geomorphic surfaces and soils is defined as a 

soil chronosequence because most of the differences among the soils can 

be attributed to the effects of increasing soil age. 

Although increasing soil age could theoretically account for the 

progressive weathering and soil profile development observed in most 

chronosequences, the possible impact of past changes in climate cannot 

be dismissed as a possibly important factor in affecting rates and pro-

cesses of soil genesis. The impact of this variable is difficult to 
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assess because the nature of the proposed climatic change has not been 

precisely defined. Despite this problem, many Quaternary scientists 

have stressed either time or climatic change as being the main cause of 

postulated changes in the rate of soil development and polygenetic soil 

profile development. Roger Morrison, for example, suggests that warm 

interglacial Quaternary climates were associated with greatly acceler

ated rates of weathering in contrast to intervening glacial periods 

during which little weathering occured based on his observations of Qua

ternary soil profiles in the southwestern United States (Morrison, 1965, 

1967). Others have suggested that glacial climates were conducive to 

moister soil environments and, therefore, increased rates of soil weath

ering and/or effective depths of leaching (Gile, 1975; Bull, in prepara

tion). Still others see little or no evidence for the impact of tempo

ral climatic change on soil development and attribute observed differ

ences in soil development to differences in soil age (Rube, 1956; 

Birkeland, 1969, 1974; Birkeland and Schroba, 1974). 

Purpose and Scope 

Yne purpose of this study is to determine the relative importance 

of time and climatic change on soil genesis. The strategy adopted for 

this purpose involves four stages. 

1) Soil chronosequences formed in similar parent materials are de

fined for different climatic environments. 

2) Rates and processes of soil development are evaluated based on 

soil morphologic and chemical data. 
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3) Based on known or estimated soil age, the impact of spatial cli

matic change on rates and processes of Holocene (constant cli

mate) soil development is determined, based on evaluation of 

soil data and the development models that simulate soil devel

opment in given climatic regimes. 

4) The possible impact of climatic changes during the Quaternary on 

soil genesis and the formation of polygenetic profiles is evalu

ated, based on integration of results of stages 2 and 3. 

Southern California is an appropriate region for this study be

cause several important criteria inherent in the adopted strategy are 

extant in this region. First, several large mountain ranges occur 

throughout the region that are composed of largely similar lithologies. 

This permits establishment of several soil chronosequences that are 

characterized by similar alluvial parent materials. Secondly, the region 

is characterized by at least three major climatic regimes: arid, semi

arid~ and xeric (dry summers, moist winters). Furthermore, these cli

mates change over relatively short distances; thus, even minor shifts in 

the areal distribution of these climatic regimes that maj have occurred 

during the past could result in the formation of strongly polygene tic 

profile development in the areas currently characterized by transitional 

climates. Third, several geologic studies in southern California pro

vide data that indicate the geologic ages of late Cenozoic alluvial de

posits. Most notable among these studies is the work of Marchand and 

his colleagues (Marchand and Harden, 1976; Harden and Marchand, 1977; 

Marchand and Allwardt, 1980) and Bull (Bull, in preparation, Ku et al., 
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1979). Marchand's work provides the main basis for age estimation of 

xeric soils of pre-Holocene age in the Transverse Ranges in this study; 

Bull's work provides age estimates for arid and semi-arid soils in the 

southeastern deserts of southern California. Finally, several paleocli-

matic studies of the Quaternary of the western United States such as 

those of Van Devender (1973, 1977), Brakenridge (1978), and Smith (1968) 

provide the basis for estimation of the timing and possible magnitude of 

Quaternary climatic variation. 

The methodology used in this study included careful site selec-

tion for description and sampling of soil profiles, semiquantitative de-

scriptions of clast weathering, and a variety of laboratory analyses of 

soil samples. Laboratory analyses included soil pH, particle-size dis-

tribution, iron oxyhydroxide content (dithionite and oxalate extract-

able), total organic carbon, calcium carbonate content, soil electro con-

ductivity, soil bulk density,soil clay mineralogy, soil sand fraction 

mineralogy, and air-dry moisture content. Descriptions of field and 

laboratory techniques and soil data are included in Appendices A and B. 

The methods chosen are those felt by the author to best demonstrate those 

aspects of soil genesis that are indicative of soil age or that serve as 

sensitive indices of the soil weathering environment. Statistical analy-

ses of soil data were made in order to more rigorously evaluate postu-· 

lated soil trends and processes. The major statistical technique used 

was linear regression analysis, performed by the computer-based statis-

tics program SPSS at the University of Arizona Computer Center. Other 

statistical analyses, such as mean comparison tests, were used when it 



was deemed appropriate. Soil statistics data are included in Appendix 

c. 
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CHAPTER II 

ALLUVIAL SOIL CHRONOSEQUENCES 
OF SOUTHERN CALIFORNIA 

Introduction 

The alluvial soil chronosequences studied in southern California 

(Figure 1) ar~ in settings with the following present climatic regimes: 

1) Xeric (25-75 cm mean annual precipitation) and mesic-thermic 

(12-22°C mean annual temperature). Alluvial soils of the south-

ern San Gabriel Mountains, most of the southern San Bernardino 

Mountains, and the Los Angeles Basin are characterized by this 

climate, which is typified by hot, dry summers and cool, wet 

winters. 

2) Semiarid (12-25 cm M.A.P.) and thermic (15-22°C M.A.T.). Soils 

of the terraces of Mission Creek and adjacent areas of the east-

ern San Bernardino Mountains are typified by a semiarid, thermic 

climate. This climate also occurs at elevations exceeding approx-

imately 1000 m in the Mojave Desert. 

3) Arid ~ 12 cm M.A.P.) and hyperthermic (>22°C M.A.T.). This cli-

matic regime occurs at lower elevations in the Mojave Desert, 

such as the southern piedmont of the Whipple Mountains. 

Mean monthly precipitation and temperature data from weather 

sites near the principal soil chronosequence locations are included in 

Appendix D. Effective soil moisture and soil water balance considera-

tions can be calculated for the study area by determining mean monthly 

7 



Figure 1. Principal Areas Where Soil Profiles Were Described in Southern California. -
Geographic locations: L = Little Tujunga Canyon; A = Arroyo Seco Canyon; N = 
North Fork of San Gabriel River; B = Los Angeles Basin, Lytle Creek; D = Day 
Canyon; I = Duncan Canyon, Lytle Creek; P = Lone Pine Creek; G = San Gorgonio 
Wash; C = Millard Canyon; M = Mission Creek. 
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potential evapotranspiration (ETp). ETp was calculated using graphic 

techniques developed by Palmer. and Havens (1958) that are based on the 

Thornthwaite method (Thornthwaite, 1948; Thornthwaite and Mather, 1955). 

Arkley (1963) has shown that the leaching index (Li), calculated as the 

annual sum of positive values of the. monthly precipitation minus monthly 

ETp' is an accurate index of effective infiltrating soil moisture and 

degree of soil leaching. Calculated Li values of xeric regions range 

from 12.5 to 54 cm, in semiarid regions from 3.0 to 3.5 cm, and in arid 

regions from 1.0 to 1.5 cm. ETp and Li calculations for the study area 

are included in Appendix D. 

Fifty-eight soil profiles were described throughout southern 

California. These soil profile descriptions are included in Appendix A. 

Petrographic analyses of soil parent materials clearly show their compo

sitional similarity. Essentially all parent materials classify as 

plagioclase-rich lithic arkoses, as shown in Figure 2. The mafic frac

tion is composed chiefly of biotite, hornblende, muscovite, and magne

tite with small to moderate amounts of pyroxene and chlorite occasion

ally present. Soils were described primarily in gravelly to bouldery 

fluvial deposits in an attempt to minimize textural variability of parent 

materials. Throughout most of the study area, five to seven stages of 

soil development characterized by distinctive soil morphology and chem

istry could be recognized. These stages are referred to as Sl through S7 

(Table 1). Stages S7 through S5 in all climatic regions are considered 

to be Holocene-age soils, while S4 through Sl are thought to be of Pleis

tocene age. The criteria used for estimation of the age ranges of the 
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Figure 2. Ternary Diagrams Showing the Composition of Soil Parent 
Materials (Sand and Silt Fraction). -- Soil profiles are 
identified by sample numbers, which are given in Appencix A2. 



Table 1. Diagnostic Profile Characteristics for Southern California Soils under Xeric, 
Semiarid and Arid Climates. 

----_ ... - -----

EEil!edon B Horizon Characteristic Cobble 

Typical Profile1 
Thickness Hue, Value Thickness Reddest Hue, Chroma Weathering Stage2 

Stage (cm) ·(drv so11) (cm) (powde1j7 so11) Leucocratic Mafic C Horizon 
S7 A-Cox-Cn or 0-50 lOYR,3 0 - 1 1-2 unoxidized 

w A-Cn or weakly :z: w oxidized u 
0 S6 A-AC-Cox-Cn 26-92 10YR,3 0 - 1-2 2 oxidized H 
0 :c 

" u S5 A-Bt-Cox or 17-128 10YR, 3 0-108 7.5YR 6 2-3 3-4 .... :- A-AC-Cox 
..: w S4 A-B2t-B3-Cox 6-80 10YR, 3 155-425 5YR 4 3-4 3-4 " 
w ffi 
~ 

u 
" 0 S3 A-B2t-B3-Cox 1-20 5YR, 5 163-223 5YR 6 3-4 4 f-< 

'" .... 
" w S2 A-B2t-B3-Cox 2-8 5YR, 3 208-469 2.5YR 8 4 4 H .,.. 

Sl B2t-B3-Cox 03 - 458 lOR 8 4 4 " 
ci S7 A-C-Cca-Cn 1 2.5Y, 2 0 - 1 1 Stage I;" 
H unoxidized Cl 0 :c S5 A-B-B2t-Cca 9 10YR, 3 30 7.5YR 5/4 1 2 Stage I; .... 

..: !-- unoxidized 
w S4 A-B2t-B3ca-Ccaox 3 10YR, 3 73-89 5/7.5YR 6/4 3 3,4 Stage II; ..: ffi .... u oxidized 

l: 
0 
f-< S3 A-B2t-B3ca-Ccaox 22 10YR, 3 154 5YR 6/6 3-4 4 Stage II-III; 

'" oxidized w .... 
til S2 A-B2t-B3ca-Cox 3 10YR, 4 168 lOR 4/8 4 4 Stage I; 

'" H .,.. 
oxidized 

ci S7 Av-Cn 1 10YR, 2 0 - 1 1 unaltered 
H 
0 :c S5 Avca-Cca-Cn 4-7 8.75YR, 2 0-4 7.SYR 6/6 1-2 2-3 Stage I 

r-
Cl w S4 Avca-B2tca-Cca 3 7.5YR, 3 24 5YR 6/4 2 3-4 Stage II .... ffi ..: u S3 Avca-B2tca-Cca 8 10YR, 2 44 5YR 5/8 2 3-4 Stage II 0 ..: f-< 

'" .... S2 Avca-B2tca-Ccam 2 5YR, 2 65 5YR 5/6 3 3-4 Stage III w 
H .,.. 

- ----
Sl Avca-B2tca-Ccam 3 5YR, 2 127 2.5YR 5/6 3-4 3-4 Stage III 

~~:~:~ ~~ !~~~:!:~dA(!:~4!e!~~i:~i!:n:~i~~b~ieh:~!~~:r~~b~!a:::~gnations. 
3Bur!.ed soil, A not preserved. 
4S tage of calcic horizon development as defined by Gile, Peterson, and Grossman (1966), subsequently modified by 
Bachman and Machette (1977). i-' 

i-' 



12 

seven stages of soil development observed in the chronosequences are 

presented in the last section of this chapter. In general, the working 

hypothesis used in preliminary studies of soils and associated deposits 

was that weakly developed soil profiles occurred on young, Holocene-age 

deposits, while much more well developed soils occurred on older 

Pleistocene-age deposits. This preliminary age assignment is based on 

the premise that much longer periods of time are required for the devel-

opment of moderately to strongly developed soils, suggesting, therefore, 

a pre-Holocene age for these soils. 

In addition to commonly used pedologic criteria for grouping 

soils within a chronosequence, such as B or C horizon morphologic data, 

a transformed pedologic value designated as profile mass summation (E 

mass (x» was used both for correlation purposes and as a numerical age 

indicator. Profile mass summation values for different soil components 

are especially useful for evaluation of the impact of textural variation 

or spatial climatic variation on soil genesis, as shown in Chapters III 

and IV. Profile mass summation for a given component (x) is calculated 

as follows: 

k 
Profile E mass (x) E mass (x)n - mass (x)p,h 

h=l 

where mass (x) 
x 
h 
P 
T 

V* 
P 
k 

(wt % (x)n)(Pn)(TnV*) 
component 
horizon 
bulk density 
thickness 
% volume of <1 mm fraction 
parent material 
all horizons, pedon 
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An example calculation using this equation to calculate L mass clay for 

a soil profile is shown in Appendix B. 

Values for all variables are available from soil profile morpho-

logic and cllemical data or they can be closely estimated. Measured 

coarse fraction weight percent was converted to volume percent through 

the use of empirical data. An example of the usefulness of this type of 

approach is provided by the work of Machette (1978), who used profile 

mass summation data for pedogenic carbonate to calculate absolute soil 

ages for calcic soils throughout the western United States. 

Absolute age estimates for soils in the chronosequences were 

provided by a variety of data that included carbon-14 dating, thorium-

uranium dating of pedogenic carbonate, regional soil stratigraphic cor-

relation, and geomorphic evidence. Soil age estimates are discussed in 

detail in the last section of Chapter II. An important method developed 

by Bull, Menges and McFadden (1979) and Bull (in preparation) was used 

to distinguish Holocene deposits and soils from pre-Holocene deposits 

and soils. The method entails recognition of climate-controlled changes 

in hillslope and fluvial environments that resulted in deposition of a 

prominent, early Holocene fill terrace. This important terrace was rec-

ognized throughout most of the study area. 

Xeric Soils of the San Gabriel Mountains 
Alluvial Fans and Terraces 

The San Gabriel Mountains constitute the central part of the 

east-west trending Transverse Ranges of southern California (Figure 1). 

The rocks in these ranges are composed largely of late Mesozoic leuco-

cratic to mesocratic plutonic rocks, Precambrian biotite-rich gneisses, 
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schist, heterogenous migmatitic crystalline rocks, and locally extensive 

Cenozoic marine and nonmarine sedimentary rocks. The rocks are locally 

crushed or sheared as a result of late Cenozoic and earlier tectonic ac

tivity. The predominance of winter rainfall results in increases in ef

fective soil moisture that are conducive to a dense vegetal cover. The 

vegetation consists chiefly of schlerophyllous species common to the 

California chapparal community that occurs up to elevations of about 

1500 m (Brown, Lowe, and Pase, 1980). The flammable, waxy materials 

characteristic of this vegetation result in periodic fires which may 

devastate large areas during the late dry summers or autumns. Often the 

native vegetation has been removed or replaced for purposes of agricul

ture, construction, and landscaping. 

Alluvial soil parent materials consist chiefly of lithic arkosic 

gravelly to bouldery deposits that often display two distinctive sedimen

tologic modes: (1) very poorly sorted boulderydeposits of water-laid 

origin that are locally interstratified with debris flows, and (2) tight

ly packed, relatively well sorted water-laid deposits. Bull and others 

(1979) have attributed these two different modes to markedly contrasting 

types of climate and climatic change-induced effects that periodically 

altered the hydraulic geometry of streams in the San Gabriel Mountains 

during the Quaternary. The recognition of the two types of deposits is 

important for soil genesis studies, since these textural differences will 

affect processes of soil horizon development. Fluvial terraces and al

luvial fans are also subject to burial by hills lope-derived colluvium or 

by erosion of older alluvial deposits. Periods of continued, occasional 

sedimentation are conducive to formation of cumulic soil profiles; 
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consequently, part of the clay and iron oxyhydroxides occurring in such 

prefi1es may be inherited rather than having formed originally in the 

soil. Soil profile sites were chosen where cumu1ic soil profile devel

opment was minimal. 

A typical suite of geomorphic surfaces present in the San Gabriel 

Mountains is shown in Figure 3. Weakly developed A-Cox-Cn profiles typ

ically occur on the lowest geomorphic surfaces, while moderately to 

strongly developed A-B2t Cox profiles occur on progressively higher, in

creasingly more dissected surfaces. 

Pleistocene soil profiles are not extensive on the alluvial pied

mont south of the major range-bounding thrust faults. This appears to 

be due to continued Quaternary tectonic activity which has resulted in 

continued deposition of extensive, young alluvial fan deposits on which 

Holocene soils have formed (Bull and others, 1979). Recent channel en

trenchment at the mountain front has exposed buried Pleistocene paleo

sols and resulted in the formation of Holocene alluvial surfaces that 

are 25-50 m above the modern channel. Terrace height above the channel, 

therefore, is an unreliable criterion for numerical age estimation of 

fluvial terraces. 

Holocene Soils 

Holocene soil development is characterized by the rapid accumu

lation of organic matter in the A horizon and concomitant accumulation 

of iron oxyhydroxides and clay in a Cox horizon that progressively deep

ens with time. Argillic or cambic B horizon development is characteris

tically present in the oldest Holocene, stage S5 soil profiles. 
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Accumulation of organic matter, clay, and iron oxyhydroxides is accompa

nied by rapid physical and subsequently chemical weathering of larger 

clasts in the profile, with eventual alteration of melanocratic and 

mesocratic plutonic rock to grus. 

Fresh soil parent materials present in the Cn horizon usually 

possess only trace amounts of .clay «2~), less than 5 percent silt, lit

tle organic matter, and 0.3-0.4 percent total iron oxyhydroxides (total 

dithionite-soluble iron). Most larger clasts are essentially unweath

ered (stage 1), possessing smooth surfaces abraded during stream trans

port. In most soils of stage S5 development or older, a Cn horizon usu

ally is not observed; the original composition of parent materials of 

these soils is considered to be largely similar to the fresh parent ma

terials of weakly developed stage S7 and S6 soil profiles. This assump

tion permits evaluation of the relative degree of alteration in increas

ingly more well developed soil profiles. 

The S7 stage of soil development occurs on the most recently 

formed alluvial geomorphic surfaces. Laboratory data for a typical 

stage 87 soil are shown in Figure 4~ Stage S7 profiles exhibit the ini

tial signs of pedogenesis, characterized by incipient A horizon and Cox 

horizon development. Substantial amounts of partly decomposed organic 

matter and minimal amounts of clay, silt, and iron oxyhydroxides have 

acctooulated in the A horizon. The subjacent Cox horizon, characterized 

primarily by incipient oxidation of fresh parent materials, generally 

extends to depths of at least 105 cm. Incipient pedogenesis is also 

demonstrated by the presence of thin, discontinuous organic matter-rich 



Figure 4. Laboratory Data on Holocene Soil Profiles Formed in the San 
Gabriel Mountains under a Xeric Climate. -- Pedon locations 
shown in Figure 1 and included in Appendix A. Percent clay 
is for the nonorganic fraction. A) Stage S7-pedon 14. 
B) Stage S6-pedon 13. C) Stage S5-pedon 16. D) Stage S5-
pedon 10. 
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clayey-silty coatings on clasts, probably illuvial in origin. The or

ganic matter-rich nature of these coatings is demonstrated by the low 

color values exhibited by the coatings. Textural data for coatings re

moved from an old Holocene stage S5 soil are included in Appendix B. 

Low soil pH, increasing slightly with depth, indicates the relative in

tensity of soil leaching that is associated with the xeric climate. This 

soil moisture regime is conducive to the formation of noncalcic soil pro

files and enhanced weathering, as indicated by the rapid development of 

the A-Cox profile. Although the soil matrix has been altered in stage S7 

soils, larger clasts remain essentially unaltered. at this stage of soil 

development. Stage S7 soils are generally included in the Metz or San 

Emigdio soil series and, because they lack diagnostic horizon develop

ment, classify as Typic Xerorthents. 

Stage S6 soils exhibit much thicker A horizon development and 

deeper Cox horizons than do stage S7 soils (Figure 4B). The A horizon 

possesses sufficient organic carbon and is thick enough to qualify as a 

Mo11ic epipedon. The Cox horizon extends to depths exceeding 128 cm, 

separated from the A horizon by a transitional AC horizon. Little sili

cate clay has accumulated in the soil matrix, but significant amounts of 

silt have accumulated in the A, AC, and Cox horizons. Clay and silt, 

presumably of il1uvial origin, are present in the common, incipient to 

moderately thick organic matter-rich coatings on larger clasts. Signifi

cant increases in iron oxyhydroxide contents are accompanied by weather

ing of melanocratic and plutonic rocks to stage 2, as shown by the pres

ence of surface pitting and small fractures. Stage S6 soils classify as 
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Entic Haploxerolls and are probably included with the Soboba or Tujunga 

soil series. 

Stage S5 soils, the oldest Holocene soil profiles recognized, 

are characterized by the development of an AC or \-Teak B horizon devel

opment. Figure 5A and B show stage S5 soils that have formed in textur

ally different parent materials. Figure 4C shows data for a soil that 

has formed in relatively fine-textured parent materials. The most not

able aspect of this soil is the development of a weak, brownish B hori

zon. This horizon occurs below a mollic epipedon in which substantial 

amounts of organic matter have accumulated. Significant amounts of sili

cate clay and iron oxyhydroxides have also accumulated in the mollic epi

pedon and the 71 cm-thick weak argillic horizon. Thin, discontinuous 

clay and iron oxyhydroxide coatings of probable illuvial origin have 

also accumulated on grain and clast surfaces and on the walls of large 

pores. The accumulation of clay in the B horizon has resulted in the 

development of weak to moderate. coarse sub angular blocky structure. 

The increasing B horizon development in stage 85 soils is accompanied by 

increases in clast weathering, with stage 2 to 3 common in leucocratic 

lithologies and stage 3 to 4 common on more mafic lithologies. Soil pH 

as low as 5.5 in the A horizon, slightly increasing with depth, are in

dicative of the strong soil leaching. This is also indicated by the 

formation of a deep Cox horizon. Fresh, unaltered parent materials were 

not observed in stage 85 soils at depths exceeding 6 m. One notable as

pect of the Cox and B horizons is the accumulation of significant amounts 

of ferrihydrite (oxalate-extractable iron oxyhydroxides). This conclu

sion is based on the usually low ferrihydrite content of the soil parent 
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Figure 5. Holocene and Pleistocene Soil Profiles in the San Gabriel 
Mountains. -- A. Stage S5-pedon 15. B. Stage S5-pedon 10. 
C. Stage S4-pedon 24. D. Stage S2-pedon 6. 
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materials (0,05-0.12%). In marked contTast, relatively little ferrihy

drite has accumulated in the surficial horizons of most Holocene soils. 

Soils at this stage of development probably would be included in the 

Greenfield series, classified as Typic Argixerolls. 

A stage S5 soil that has formed in poorly sorted, bouldery par

ent materials is shown in Figure 5B. Laboratory data for this soil 

(Figure 4D) show that a thick, well-developed mollic epipedon has 

formed, but that the soil lacks B horizon development. While only mini

mal amounts of clay, silt, and iron oxyhydroxides have accumulated in 

the fine earth fraction «2 mm) of the soil, significant accumulations 

of these components are present in common 2-5 mm-thick coatings that oc

cur on larger clasts (Figure 4D). The addition of the materials present 

in the coatings to the soil matrix contents would result in total clay 

and iron oxyhydroxide masses indicative of incipient B horizon develop

ment. Significant pedogenesis is shown also by the stage 2 weathering 

of leucocratic lithologies and stage 3 weathering of more mafic rocks. 

The Cox horizon generally extends to depths that exceed 2 m. Stage S5 

profiles possessing A-AC-Cox profile development classify as Entic Hap

loxerolls:andare included in the Soboba or Tujunga soil series. 

The differences observed in soil profile morphology among stage 

S5 soils probably owe to three major factors. First, the very poorly 

sorted, bouldery texture is conducive to soil development over a greater 

thickness than in finer textured parent materials (Birkeland, 1974). 

This is a result of the greater hydraulic conductivity, lower available 

water holding capacity, and greater depths of infiltration characteristic 

of coarser textured soils. A second major factor is the possibly lower 
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amount of precipitation occurring on bouldery alluvial piedmonts rela

tive to locations within the mountain range where the finer textured 

terrace deposits and soils were described. Although such sites may be 

at similar altitudes, the abrupt, upward movement of cool, moist air 

masses that occurs at the steep mountain front of the San Gabriel Moun

tains could result in greater amounts of rainfall at sites interior.to 

the mountain front. The inferred relative increase in the rate of soil 

genesis at these interior sites cannot be precisely determined because 

of the lack of absolute soil ages. Stage S5 soils development encom

passes a long period of time, thus possibly large differences in soil 

age could play a major role in accounting for observed soil profile 

differences. 

Pleistocene Soils 

The four stages of soil development recognized on Pleistocene 

alluvial geomorphic surfaces are characterized by increasingly thicker 

and more clay and iron oxyhydroxide-rich argillic horizons. Laboratory 

data for a soil typifying the S4 stage of soil development is shown in 

Figure 6A. The most notable aspect of this soil is the great thickness 

of the gray orange B horizon. This thickness markedly contrasts with 

the much thinner B horizons observed in stage S5 soils. Large increases 

in horizon contents of clay and iron oxyhydroxides are not apparent, but 

their distribution over a great profile thickness results in significant 

increase in these pedogenic components relative to stage S5 soils. Soil 

pH is consistently quite low--attaining a minimum pH (5.l-5.9) in the 

argillic horizon and indicating strong soil leaching. Intensive 
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leaching and thick B horizon development are paralleled by advanced, 

stage 4 clast weathering on many lithologies in the A and B horizons, 

including both 1eucocratic and mafic plutonic rocks. Clay transloca

tion is indicated by the presence of common, thin to moderately thick 

grain cutans and clay bridges. Moderate to locally strong subangu1ar 

blocky structure is common in stage S4 soils, although the gravelly to 

bou1dery texture greatly inhibits development of more advanced soil 

structure. 
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As with stage S5 soils, stage S4 soils exhibit markedly differ

ent profile characteristics that probably are due to differences in 

parent material texture, although as before, significant differences in 

soil age cannot be ruled out as a possible factor contributing to ob

served profile differences. The stage S4 soil shown in F'igure 5C has 

developed in much finer textured alluvium than the previous stage S4 

soil discussed and possesses a markedly thinner, gray brown to yellowish 

red argillic horizon. Laboratory data for this profile (Figure 6B) show 

that substantial amounts of clay and iron oxyhydroxides have accumulated 

in the argillic horizon, much greater than the clay and iron oxyhydrox

ide contents that occur in individual horizons of the coarser textured 

stage S4 soil. Despite the apparently greater degree of B horizon de

velopment, clast weathering observed in this soil is not greater than 

the coarser textured soil, suggesting that weathering and horizon devel

opment have been confined to a thinner zone in the finer textured soil. 

Another notable aspect of this soil is the thinner A horizon compared to 

the coarser textured soil. The possible origin of the differences in A 

horizon development are discussed in a subsequent section. Stage 54 
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soils are included in the Ramona or Greenfield soil series and classify 

as either Typic Argixerolls or Typic Haploxeralfs. 

Stage S3 soils are characterized by strongly developed, reddish 

yellow argillic horizons but lack thick A horizons. Figure 6C shows 

that the argillic horizon possesses substantial accumulations of clay 

and iron oxyhydroxides over a significant profile thickness. A notable 

characteristic observed in stage S3 and older soils is the apparent pro

gressive decrease in ferrihydrite formation in the B horizon relative to 

continued accumulation of total iron oxyhydroxides. B horizons in stage 

3 and many older soils are characterized also by very low soil pH, in

dicative of the pronounced weathering of these soils. The relatively 

acidic B horizon pH suggests that substantial amounts of the divalent, 

exchangeable bases have been leached from the B horizon and that 

hydroxy-A! complexes may be the principle species on clay exchange sites 

(Bohn and others, 1979). Well-developed, strong subangular to angular 

blocky structure is exhibited in the upper argillic horizon, as well as 

common moderately thick grain and ped clay films and clay bridges. Not 

surprisingly, the strongly developed profile is characterized by well

advanced stage 3 to stage 4 clast weathering on most lithologies in the 

argillic horizon. Stage S3 soils are included in the Ramona and Green

field soil series, classified as Typic Haploxera1fs. 

Stage S2 and Sl soils are the maximally developed soil profiles 

in the San Gabriel Mountains chronosequence, exhibiting very thick and 

very clay and iron oxyhydroxide-rich argillic horizons (Figures 5D,6D). 

As with stage S3 soils, these soils lack thick Mollic A horizons, al

though significant amounts of organic carbon may be present in the upper 
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B horizon. The orange to reddish argillic horizons are characterized by 

an impressive accumulation of clay and iron oxyhydroxides over thick

nesses ~"hich commonly exceed 5 m. The advanced degree of pedogenesis is 

also indicated by well-developed, angular blocky to occasionally pris

matic soil structure, continuous moderately thick to thick grain and 

ped clay films and clay bridges, low soil pH, particularly in the ar

gillic horizon, and an intensely weathered condition (stage 4) of all 

but the most resistant quartz-rich lithologies. In many cases, constit

uent feldspar and other mafic mineral grains in large clasts have been 

weathered to secondary silicate clay. Another interesting feature com

mon in soils is the occurrence of orange to reddish clay-rich bands that 

occur in the basal B and upper Cox horizons. These features, referred 

to as Bt bands, are clearly pedogenic features, although their precise 

origin is not well understood. The formation of Bt bands is common in 

sandy textured soils; here their development has been attributed primar

ily to abrupt changes in the parent material texture that cause deposi

tion of clay at the zone of pronounced contrast in permeability (Vandamme 

and DeLeenheer, 1968; Soil Survey Staff, 1975). Where no visible 

changes in parent material texture are observed in association with Bt 

bands, their origin may be due to climatic change-induced increases in 

soil infiltration or rapid erosion of the upper B horizon; both process

es would result in translocation of silicate clay mobilized in the clay

rich argillic horizon by wetting fronts and subsequent deposition in the 

relatively unaltered C horizon (McFadd8n, 1978a). Strongly weathered, 



morphologically complex stage S2 and Sl soils are classified as Typic 

Palexeralfs and are included in the Ramona or Placentia soil series. 

Xeric Soils of the Central and 
Western 'San Bernardino Mountains 

Alluvial Geomorphic Surfaces 

The San Bernardino Mountains form most of the eastern part of 
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the Transverse Ranges (Figure 1). TIle lithologieo present in the range 

are quite similar to those present in the San Gabriel Mountains, thus 

soil parent materials are quite similar (Figure 2). The regional cli-

mate is also xeric, although the lower average annual precipitation and 

Li values that occur here owe the increasing impact of the "rainshadow" 

effect on precipitation in the eastern part of southern California (Ap-

pendix D). Increasing aridity is conducive to decreasing chapparal den-

sity and the progressively greater importance of xerophytic species such 

as cactus and creosote (Larrea tridentata). The climate changes to 

semiarid over distance of less than 25 km. The climate in this zone is 

informally considered a "transitional xeric" climate lJ because soil pro-

files described in the region are noncalcic and generally possess A and 

Cox horizons, reflecting the effectiveness of precipitation that falls 

during the present cool winters. Pedons 34, 35, 36, and 37, included in 

Appendix A, are examples of soil profiles described in this region. 

A representative suite of geomorphic surfaces present in San 

Gorgonio Wash, shown in Figure 7, indicates that the three Holocene 

stages and two Pleistocene stages (S4 and S2) can be recognized. Pleis-

tocene soil p10files typically occur on geomorphic surfaces that have 
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Figure 7. A Suite of Geomorphic Surfaces in the Central San Bernardino Mountains. -- This suite 
occurs in Gorgonio Wash. 
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been uplifted significantly along the thrust-faulted mountain front 

(Matte, oral communication, 1980). Holocene soils are areally dominant 

on the piedmont south of the range-bounding structures, a pattern simi

lar to that observed in the San Gabriel Mountains and adjacent pied

mont. Geomorphic surfaces with soils described as stage S6 in this 

study are cut by recently appearing fault scarps in several locations, 

indicating the continuation of tectonism into Holocene time. 

Holocene Soils 

The pattern of soil profile development observed in Holocene 

and Pleistocene soils is very similar to the pattern observed in the 

San Gabriel soil chronosequence. The youngest stage of soil develop

ment, S7, is characterized by incipient A and Cox horizon formation 

(Figure 8A). Small amounts of organic materials, clay, silt, and iron 

oxyhydroxides have accumulated in the A horizon, rapidly diminishing at 

shallow depths, associated with a rapid increase in soil pH. As with 

the San Gabriel stage S7 soil, this soil is classified as a Typic 

Xerorthent. 

Some minor differences in soil profile characteristics with re

spect to San Gabriel soils are apparent, however. First, soil pH tends 

to be slightly higher in the San Gorgonio Wash soils than similarly de

veloped San Gabriel soils, presumably reflecting slightly lower leaching 

intensity. Secondly, silt, clay and, to a lesser extent, iron oxyhy

droxide contents are higher in San Bernardino Holocene soils. Given the 

possibly slightly lower amount of soil leaching and chemical weathering, 

an external origin for some of these components is implied, a 



A 
B 

c 

Figure 8. Soil Profiles Formed on the Terraces of San Gorgonio Wash. 
A. Stage S6-pedon 30. B. Stage S5-pedon 32. C. Stage S2-
pedon 29. 
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possibility discussed in detail :Ln Chapter III. Finally, the ferrihy

drite component constitutes essentially all of the iron oxyhydroxide 

fraction in the soil parent material. This compares with values of 30 

percent or less for San Gabriel soils parent materials. This difference 

in soil and parent material iron oxyhydroxide composition is also dis

cussed in Chapter III. 

A stage S6 soil profile, shown in Figure 8A, is characterized 

by increasing accumulation of primarily organic matter but also small 

amounts of clay, silt, and iron oxyhydroxides (Figure 9A). Significant 

amounts of iron oxyhydroxides have also accumulated in the Cox horizon, 

which extends to a depth of nearly 2 m. A substantial amount of the 

iron oxyhydroxides that have accumulated in this soil is ferrihydrite. 

As suggested in the discussion of stage S7 soil development, the unusu

ally high silt, clay, and possibly iron oxyhydroxide contents suggest 

external sources, although weathering of mesocratic plutonic rocks to 

stage 3 and leucocratic rocks to stage 2 offer evidence of strong in 

situ profile weathering. Additional evidence of pedogenesis is shown by 

the presence of thin to moderately thick organoclay coatings on larger 

clasts and weak to moderately coarse subangular blocky structure. Stage 

S6 soils classify as Entic Haploxerolls and are included in the Soboba 

or Tujunga soil series. 

As with many stage S5 soils in the San Gabriel chronosequence, 

the San Gorgonio Wash stage S5 soil Is characterized by the development 

of a relatively thin, moderately developed gray brown argillic horizon 

below a thick Mollie A horizon (Figure 8B). Significant amounts of clay 

and iron oxyhydroxides have accumulated in the argillic horizon (Figure 



33 

0 8% Cloy 
I , 

0 2.0% 0 2.0% 0'9. CIlrilon, Fez03 ,F~ 
., d 
: A 

A ! 821+ 

29 100 
..., 

1 822+ 
Clox : 

so 200 '-, 
(A) 

C2n : 

I 823+ 

KEY 
----- organic corbon 

300 j clay 
___ G ____ Fe203d 

---FeAo 824+ , , : 
0 2.8% 400 r..J r--..l 

, , 

I 
, 
I 83 , 
I , , 

100 SOG r:l-.J 
i! (0) 

COli 

200 (8) 
0 20% clay 
I I 

0 8% clay 
I , 

0 d,FeZ0 30 

0 1.0% arC). CIlrOon,FOz03.t,Fez030 Ap 
I 

, I I 821+ 
I 

--1 
A l,-1 '--------, 

I 'I 822+ 
II, , 

81 100 ,---
~ 

, 
823+ , , , r-.J : 821+ 100 I ~ 
824+ 

;-J .---' 
625+ , 

r 
j ______ ..i 

! 822+ 200 , 
r-----..I , 
: , , 

Clox 
, 

rl 
, 

83 , 
I ! : C20x . r--,.,j 

lIB2ltb 
300 ! Cox 

(e) (E) 

Figure 9. Laboratory Data on Soil Profiles of San Gorgonio Wash. -
Percent clay is for the nonorganic fraction. A) Stage 57-
pedon 31B. B) Stage S6-pedon 30. C) Stage S5-pedon 32. D) 
Stage S4-pedon 34. E) Stage S2-pedon 29. 



34 

9C). The B horizon also possesses moderate subangular blocky structure 

and few to common thin clay films or grains. As with younger Holocene 

soils in this area, a significant part of the accumulated iron oxyhy

droxides are composed of ferrihydrite. Advanced weathering of most 

coarse-grained plutonic lithologies to stage 4 and gneiss to stage 3 is 

consistent with the moderately' strong degree of soil profile develop

ment. This soil classifies as a Typic Argixeroll and would be included 

in the Greenfield soil series. 

Pleistocene Soils 

The youngest recognized stage of Pleistocene soil development, 

S4, is strikingly similar in most profile attributes to the stage S4 

soil (pedon 19) discussed previously. The soil possesses a thick Mo11ic 

epipedon and a nearly 5 m thick, rather weakly developed, grayish orange 

argillic horizon (Figure 9D). The soil contrasts with the San Gabriel 

stage S4 soil in that a much larger proportion of the pedogenic iron 

oxyhydroxides are composed of ferrihydrite. Advanced pedogenesis is in

dicated by stage 4 clast weathering on all but the most resistant li

thologies, common inci~ient to moderately thick clay films on grains and 

peds, and Bt bands in the basal B horizon. The soil is classified as a 

Typic Argixero11 and included in the Greenfield soil series. 

The maximally developed soil observed in the San Bernardino soil 

chronosequence is the stage 52 soil that occurs in the San Gorgonio Wash 

area (Figure BC). As with stage S2 soils in the San Gabriel Mountains 

soi~ chronosequence, the soil lacks significant A horizon development. 

Unfortunately, extensive agricultural modification of the surface 
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precludes observation of the original A horizon characteristics. The 

thick orange red argillic horizon possesses significant accumulations of 

clay and iron oxyhydroxides and is characterized by relatively low soil 

pH (Figure 9C). The development of strong angular blocky structure; 

continuous, thick clay films on grains and peds; rind weathering of al-

most all lithologies to stage 4 with associated alteration of many feld-

spar grains to clay is indicative of advanced soil profile weathering. 

Another interesting similarity of this soil with respect to other xeric 

stage S2 and Sl soils is the relatively low ferrihydrite content 

throughout most of the soil, despite the observed importance of ferri-

hydrite as a pedogenic iron oxyhydroxide in all younger soils in this 

area. This soil classifies as a Typic Palexeralf and is included in 

the Ramona soil series. 

Xeric Soils of 
the Los Angeles Basin 

The Los Angeles Basin (Figure 1) is a rapidly subsiding region 

characterized by an extremely thick sequence of late Cenozoic marine 

and nonmarine sediments. A significant portion of these sediments as 

well as the most recent Holocene deposits consist of fine-grained depos-

its typical of distal facies fan deposits or terrace deposits. The cli-

mate of the Los Angeles Basin is xeric and thermic, although the area 

receives much less precipitation than the higher altitude proximal fan 

and interior mountain terrace locations (Appendix D). The vast majority 

of the natural vegetation has been renoved as a result of urbanization. 

One major purpose of the study of Los Angeles Basin soils is the 

opportunity to evaluate the impact of both much finer parent material 
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texture and decreased effective soil moisture and infiltration depths on 

soil genesis. In general, although a few major soil profile differences 

were in fact recognized, the soil profile development in Los Angeles 

Basin compares quite favorably with profile development in the San 

Gabriel and San Bernardino chronosequences. 

Soils that exhibit a weak to moderate degree of soil development 

(stages S7-S4) occur on alluvial geomorphic surfaces that cover most of 

the rapidly subsiding basin. Occurrences of well-developed, P1eistocene

age soils (stages S3-S1) are mostly restricted to areas of the basin 

that have experienced rapid uplift during the late Cenozoic (McFadden, 

Tinsley, and Hendricks, 1980). These areas generally coincide with ma

jor strike-slip faults in which associated compressive deformation or 

transpressive deformation have resulted in uplifted fold belts and fault 

blocks on which the older Pleistocene profiles are preserved. 

Holocene Soils 

Holocene soils in the Los Angeles Basin were observed only in 

reconnaissance by the author but have been studied and described in 

some detail by John Tinsley of the U.S. Geological Survey. Pedon de

scriptions of soils formed on Holocene·-agf! deposits provided by Tinsley 

(Appendix A) and soil descriptions provided by the U.S. Soil Conservation 

Service (San Gabriel River Basin Soil Survey, 1972) show that soils of 

this age are characterized by A-Cox type horizon development typi~al of 

stages S7 and S6 soils analyzed in the San Gabriel and San Bernardino 

Mountains. Many Holocene geomorphic surfaces are subject to and have 

experienced flooding during historic times (Tinsley, oral communication, 
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1979); thus some aspects of soil development of these surfaces, such as 

apparently over-thickened A horizons, reflect cumulic profile develop

ment. Stages 6 and 5 soil profiles possess rather thick (40 cm) ochric 

A epipedons below which a very weak Cox horizon has developed to a depth 

of 70-100 cm. Soil structural development is quite minimal and little 

disruption of fine sedimentary structures is observed, showing the mini

mal degree of pedogenesis. The presence of small amounts of carbonate 

in the C horizon may not be pedogenic but may be due instead to the re

cent occurrence of perched groundwater or irrigation (Tinsley, oral 

communication, 1980). Such soils would probably be classified as Typic 

Xerorthents and included in the San Emigdio or Metz soil series. 

Pleistocene Soils 

Pleistocene soil profiles are typically characterized by thick, 

moderately to strongly developed argillic horizons. Stage S4 soils, 

where undisturbed, probably possessed moderately well-developed Mo1lic 

A horizons as suggested by organic c:arbon contents that exceed 1.0 per

cent in the Ap and upper B horizons. The moderately developed, ·bro\~ 

argillic horizons possess significant accumulations of clay and iron 

oxyhydroxides (Figure lOA). A considerable part of the iron oxyhydrox

ide fraction in the upper argillic horizon is composed of ferrihydrite, 

similar to the stage S4 soil observed in the San Gorgonio Wash area. 

Strong, angular blocky to prismatic soil structure is present, although 

structural development is assumed to be enhanced by the fine-grained 

texture of the parent materials. Clay content in the soil parent ma

terials varies; contents exceeding 10-15 percent are locally present. 



Figure 10. Laboratory Data on Los Angeles Basin Soils. -- A) Stage 
S4-pedon 26. B) Stage S2-pedon 27. 
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This suggests that a significant part of the clay in the argillic hori

zon may well be inherited from soil parent materials. The significant 

increase in soil reddening and accumulation of iron oxyhydroxides, how

ever, is consistent with stage S4 soil development defined for xeric 

soils. Small amounts of calcium carbonate occur in the lower argillic 

"horizons, present primarily as segregated veinlets and filaments. Soil 

pH is strongly influenced by calcium carbonate, abruptly increasing from 

6.6 to 7.7 when soil carbonate is present. This soil is classified as 

a Typic Haploxeralf and is included in the Ramona soil series. 

The Los Angeles Basin stage S2 or Sl(?) soil profile (Figure 11) 

is a strongly developed, morphologically complex soil that possesses a 

thick, reddish brown argillic horizon and a strongly developed duripan. 

Considerable amounts of clay and iron oxyhydroxides have accumulated in 

the upper horizon, abruptly decreasing with depth, approximately coinci

dent with the zone of duripan development. The upper argillic horizon 

is characterized by angular blocky to weak prismatic structure and many 

moderately thick clay films lining pores and ped faces. Much of the 

lower argillic horizon apparently is engulfed by the duripan, although 

clay films present in soil pores are evidence of clay movement in this 

part of the soil that probably occurred prior to formation of the dras

tically permeability-decreasing duripan. Soil fragments from the duri

pan are ext~emely hard and do not slake in water, characteristics indic

ative of silica precipitation in a duripan. Marchand and Allwardt 

(1980) suggested, based on observations of duripan development in some 

Pleistocene soils in the San Jcaquin Valley, that duripan genesis may be 
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Figure 11. Stage S2(?) Soil Profile Formed in the Fine-textured Sedi
ments of the Los Angeles Basin. -- The duripan stands out as 
the reddish brown resistant unit below the bleached, basal B 
horizon. 
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related to high groundwater tables, as silica precipitates in the super-

jacent capillary fringe or vadose zone from silica-saturated ground-

water. The development of duripans in the Los Angeles Basin stage S2 

soil may owe possibly to past activity on faults in the Baldwin Hills 

area that resulted in restricted subsurface drainage and unusually high 

groundwater tables (Tinsley, oral communication, 1979). Alternatively, 

it has also been suggested that silica accumulation in soils may be a 

result of hydrolytic weathering, release of silicic acids in the A and 

B horizons and subsequent precipitation of silica in the lower part of 

the soil under arid or semiarid climatic conditions (Rogers, 1988). 

Other duripans of pedogenic origin have formed in volcanic glass-rich 

parent materials which are susceptible to rapid alteration and release 

of unusually large quantities of silica, or they have formed in soils 

in which an extremely high subsoil pH (~9.0) is conducive to silica 

solubility (Birkeland, 1974). The lack of volcanic parent materials 

and great depths of soil weathering would seem to support the ground-

water origin for development of the duripan in the Los Angeles Basin 

stage S2 soil. Except for duripan engulfment of the B horizon, soil 

morphology and chemistry compare favorably with stage Sl and S2 soils 

in the San Gabriel and San Bernardino Mountains chronosequence. The 

soil is classified as a Typic Durixeralf and is included in the Placentia 

soil series. 

Soil Morphologic Development 
in Xeric Climates 

Progressive soil profile development in a chronosequcnce can be 

graphically portrayed using the semiquantitative techniques of Bilzi and 
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Cio1kosz (1977). This method entails determination of total point dif

ferences between adjacent soil horizons (Relative Distinctiveness Hori

zons, RDH) and between a soil horizon and soil parent materials (Rela

tive Profile Development, RPD). As an example, a change in soil color 

from 10YR 6/3 to 7.5YR 7/6 would yield a point difference of 5. Point 

differences have been arbitrarily defined by Bi1zi and Cio1kosz. Summed 

point differences based on soil color, texture, clay film development, 

structure, and horizon boundary development can be plotted as a function 

of soil depth. An example of the calculation of RDH and RPD values for 

a soil profile is included in Appendix B. 

Graphs of RDH and RPD for soil chronosequences in the San Gabriel 

Gabriel Mountains, San Bernardino Mountains, and Los Angeles Basin are 

shown in Figures 12A-C and l3A-C. These figures show progressive soil 

horizonation and development of A-Cox through A-B2t Cox profiles as well 

as the increasing alteration of the parent materaisl as indicated by 

morphologic data. A and Cox horizons develop rapidly in stage S7 and S6 

soils in xeric climates. Organic matter provided by abundant vegetation 

rapidly established on abandoned alluvial surfaces is quickly incorpo

rated into the porous gravelly to bouldery sediments and results in sig

nificant darkening (decreasing soil color values) of the upper zone of 

the soil. Partly to completely decomposed organic materials, some of 

which are associated with clay as organoclay complexes, may be trans

ported to depths exceeding 50 em and deposited as coatings on large soil 

particles that become progressively thicker in increasingly older soil 

profiles (Figure 14). These coatings also contain significant quanti~ 

ties of silt and clay, much of which originated as surficial dust that 
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Figure 13. Relative Profile Development (RPD) and Relative Distinctive
ness of Horizon Development (RDH) Formed in a Xeric Climate. 
-- (A) Soils of the north fork of the San Gabriel River. 
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Figure 13. Relative Profile Development (RPD) and Relative Distinctive
ness of Horizon Development (RDH) of Soil Profiles Formed in 
a Xeric Climate. -- (B) Soils of San Gorgonio Wash. 
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a Xeric Climate. -- (C) Soils of the Los Angeles Basin. 
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Figure 14. Heavy Clay Coatings on Cobbles and Boulders in the Mollie A 
Horizon of a Stage S5 Soil Profile Formed in a Xeric Climate 
(Pedon 10). 



50 

was also incorporated into the porous alluvium. Incipient horizonation 

and profile development are also the result of oxidation of mafic min

erals and precipitation of iron oxyhydroxides in the A horizon and the 

progressively thickening Cox horizon, clearly 'Shown in the RDH and RPD 

graphs. The Cox horizon is generally recognized as a distinctly red

dened continuous zone beneath the A horizon, but mottled reddened zones 

may characterize Cox development also. Occasionally observed bright 

orange mottles or wavy banding in the Cox and Cn horizons may be pri

marily nonpedogenic features; they are discussed in Chapter III. 

The intermediate stages of soil development (84 and 85) are 

characterized by maximal development of the mollie epipedon and the in

cipient to moderate development of a thickening B horizon. Increasing 

soil horizonation and parent material alteration are recognized by in

creasing textural modification as shown by the accumulation of clay and 

silt, development of weak to moderate subangular blocky structure, and 

the formation of incipient clay films indicative of illuviation. The 

thickening of the zone of weathering during these stages is substantial, 

with depths to the Cox eventually exceeding 5 m and depth to the Cn ex

ceeding at least 8-10 m. 

Figures 12 and 13 show that the relative distinctiveness of 

horizons does not increase in a manner that might be predicted given the 

increasing degree of relative profile development. As briefly discussed 

earlier, the poorly sorted, gravelly to bouldery parent materials are 

conducive to soil formation over substantial soil depth; the presence 

of large particles also significantly inhibits rapid development of pro

nounced soil structure. These factors substantially reduce the degree 
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of soil horizonation observed, in marked contrast to much finer grained 

parent materials that are conducive to rapid development of distinctive 

horizons (Bilzi and Ciolkosz, 1977). 

In the later stages of soil development (83-81), 1, horizon de

velopment declines noticeably while B horizons attain maximal morpholog

ic development. The pattern of A horizon development in xeric soils 

clearly demonstrates the "reversib1ell nature of this particular horizon. 

As rapid formation of the horizon was attributed to ease of incorporation 

of organic matter provided by abundant vegetation into a porous meditm, 

the eventual decline of the horizon is attributed at least partly to 

decreasing soil permeability. The increasing accumulation of clay and 

sesquioxides in large noncapi11ary pores reduces soil hydraulic conduc

tivity and decreases the rate of incorporation of larger, partly decom

posed organic particles in the soil. Further, increased available water

holding capacity and decreasing rates of infiltration result in increas

ing rate of oxidation and destruction of chemically unstable soil organic 

matter, especially during increasingly hotter springs and summers. In 

addition, increasing the rate of surface runoff by forming clay-rich, 

permeability-decreasing B horizons results in removal of organic mate

rials on the surface and eventually actual erosion and stripping of the 

A horizon. In marked contrast to the decline of A horizon development, 

B horizons become strongly to very strongly developed in stage 83 to 81, 

although the increasing effects of erosion ultimately limit the maximum 

thickness. Clay content, clay film development, and iron oxyhydroxide 

accumulation continue to increase in soils on old, highly dissected 
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surfaces and are strong criteria for indicating the relative and numer

ical ages of these soils. 

Increasing soil morphologic development shown in Figures 12 and 

13 is usually associated with a concomitant increase in clast weather

ing. Although rapid horizon development is observed in stage 57 soils, 

weathering is not yet observed in larger clasts, suggesting that initial 

pedogenesis initially affects the fine fraction. By stage 56, however, 

surficial fractures and pits are evidence of the initial weathering of 

larger soil particles. By stage S5, many large plutonic rocks are high

ly fractured or largely decomposed to a monominerallic grus (Figure 15). 

The pronounced pitting, fracturing, and detachment of surficial fragments 

observed during the weathering of coarse-grained plutonic rocks severely 

limits the development and usefulness of weathering rinds as a semiquan

titative tool for evaluating soil age (Colman and Pierce, 1981). 

Stage 4 weatharing or "grussification" of rocks is observed in 

mesocratic and melanocratic lithologies in soils as young as stage 55. 

Grussification is primarily the result of incipient biotite alteration 

and lattice expansion that causes stress-induced fracturing and even

tually disaggregation of the entire rock (Wahrhaftig, 1965; Birkeland, 

1974; Isherwood and Street, 1976). Processes and rates of grussifica

tion, although greatly affected by biotite content, are also probably 

influenced substantially by rock fabric. Crook and others (1978), for 

example, show that seismic wave velocities associated with litllological

ly similar rock types present in a given deposit varied substantially. 

This variation owes apparently to minor lithologic differences that are 

not readily diserned in hand specimens. These minor differences may 
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Figure 15. Weathering of Cobbles and Boulders in the Cox Horizon of a 
Stage S5 Soil Profile (Pedon 10). -- Leucocratic rocks are 
weathered to stage I or II; dioritic rocks are weathered to 
stage III to IV. 
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well be conducive to different rates of grussification. Hence, although 

rock weathering data for different soils generally reflect relative soil 

age for a given suite of deposits and is consistent with the degree of 

profile development, the a~ta must be used with caution when contrast

ing weathering characteristics over increasingly large regions charac

terized by an increasingly diverse lithologic assemblage. 

A relatively minor degree of chemical weathering is required in 

order to achieve complete grussification. The process of grussification 

probably accelerates the rate of chemical alteration by exposing in

creasingly larger crystal surface areas to the soil solution. Chemical 

weathering of feldspar is a relatively slow process; therefore, intense

ly altered rocks exhibiting feldspar conversion to clay are observed 

only in soils of stage S3 or older. 

The formation of the duripan in the Los Angeles Basin S2 soil 

has altered subsequent soil morphologic and, subsequently, chemical de

velopment in a distinctive manner. The drastic decrease in soil infil

tration greatly limits leaching and results in accumulation of soluble 

salts above the duripan, as shown by the major increase in soil pH. 

Decreasing infiltration also eventually resulted in hydromorphic soil 

conditions, which apparently resulted in dissolution and removal of sub

stantial amounts of iron oxyhydroxides above the duripan. This presum

ably is the origin of the leached B24t horizon. The fine-grained tex

ture of Los Angeles Basin is conducive to decreased soil permeability 

translocation of parent material clay, rapid B horizon development, de

velopment of strong soil structural development and, possibly, incipient 

calcic horizon development. Certainly, these aspects of soil 
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development must be considered in the evaluation and correlation of Los 

Angeles Basin soils with soils formed in the much coarser grained 

deposits. 

Semiarid Soils of the 
Eastern San Bernardino Mountains 

The eastern San Bernardino Mountains (Figure 1) are composed of 

rocks similar to those further west in the range, hence the soil parent 

materials are largely similar (Figure 2). The region is in the rain-

shadow of the high-altitude San Gabriel and San Bernardino Mountains and 

receives less than 15-20 cm precipitation annually (Appendix D). Most 

of this rain, however, falls during the cool winter; so the climate is 

considered "semiarid" in this study, given the relatively large amount 

of effective soil moisture. The xerophytic vegetation in the area con-

sists primarily of various species of cactus and small woody species, 

including creosote (Larrea tridentata), brittle bush (Eucelia farinosa), 

and Mormon tea (Ephedra trifurca). 

A schematic diagram of the terraces and fans present along Mis-

sion Creek is shown in Figure 16. The alluvial deposits consist of in-

terbedded, water-laid gravelly deposits and debris flows. The oldest 

geomorphic surfaces possess soil profiles that suggest Pleistocene ages. 

Unfortunately, only the lowest terrace is of Holocene age; the soil on 

this terrace is only a very weakly developed stage S7 soil. A soil pro-

file developed in lithic arkosic alluvium exhibiting stage S5 charac-

teristics was described in the Rodman Mountains so that soil development 

on an older Holocene geomorphic surface in this climate could be 
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Figure 16. Schematic Diagram of the Geomorphic Surfaces and Soils of Mission Creek 
in the Eastern San Bernardino Mountains. -- Pedon 38B is a description 
of the buried soil shown in this diagram. 
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observed. The soil parent materials, climate (Li = 3.58), and vegeta-

tion at the Rodman Mountains site are similar to the parent materials, 

climate (Li = 3.28), and vegetation in the Mission Creek area. Numer

ical age estimates of the semiarid soils are discussed in a later sec

tion of this chapter. 

Tectonic geomorphic and soil-geomorphic evidence suggest a 

rather complex history of late Cenozoic landscape evolution. Progres

sively younger fans of Mission Creek are syscematically entrenched into 

older fans, with the distal portions of younger fans burying the distal 

portions of older fans. Buried soils, schematically shown in Figure 16 

and described in Appendix A, probably represent the once surficial soils 

of now largely buried medial and proximal areas of older alluvial fans. 

This style of alluvial fan development is a form of fan segmentation 

that Bull (in preparation) has shown to be the result of declinin3 rates 

of tectonic activity along the associated mountain front. Fault scarps 

do not cut late Pleistocene geomorphic surfaces but do cut much older 

Pleistocene surfaces, tentatively supporting this conclusion. Recent 

extensive movement on the nearby Whitewater and Banning Faults has un

doubtedly affected the recent geomorphic evolution in this region in a 

complex manner (Matte, oral communication, 1980). The tectonic history 

suggested for this region contrasts markedly with the late Quaternary 

tectollic history along the southern range fronts of the Transverse 

Ranges. Along much of the San Gabriel Mountain front, for example, tec

tonic geomorphic evidence indicates relative accele.ration of tectonism 

during the late Cenozoic (Bull et al., 1979; Menges, Bull, and McFadden, 

1979). 
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Holocene Soils 

The primary trends of Holocene soil development observed in 

soils forming in semiarid climates are the leaching of calcium carbonate 

to depths exceeding 35 cm with the eventual formation of a weak B hori

zon in this leached zone. In contrast to soil development in xeric 

climates, organic matter-rich A horizons and Cox horizons are not ob

served in stage S7 soil profiles (Figure 17A). Instead, an incipient 

calcic horizon is forming at a depth of 35-185 em. Carbonate is present 

chiefly as segregated material such as thin filaments or very thin «0.1 

mm) coatings that occur on the bases and sides of larger particles. 

Very small amounts of soluble salts may also occur with the carbonate, 

as suggested by soil electroconductivity data (Appendix B). Only the A 

horizon possesses an acidic pH; with increasing soil depth, pH abruptly 

increases to values of 7.6-7.7. The soil profile lacks structural de

velopment and is characterized by unweathered, stage 1 clasts consistent 

with the weak degree of pedogenesis. One notable aspect of the soil is 

the development of a thin, weakly vesicular A horizon. The development 

of vesicular A horizons is a phenomenon common to most arid and semiarid 

soils and is a prominent feature in the aridic soils discussed later. 

This soil is classified as a Xeric Torriorthent since it has formed in a 

moisture regime that approaches the xeric. 

The stage S5 soil described in the Rodman Mountains occurs on a 

lightly to moderately varnished deposit characterized by bar and swa1e 

topography. These characteristics suggest a correlation of the surface 

with the Q3b geomorphic surface of mid-Holocene age defined by Bull (in 

preparation) that has been identified throughout much of the southern 
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Colorado River area and much of the Mojave Desert (Bull, oral communica-

tion, 1978). Figure 17B shows that carbonate is accumulating in the Cca 

horizon at a depth of 40 to at least 100 cm and that a noncalcareous 

cambic B horizon also has developed. SnaIl amounts of clay and iron 

oxyhydroxides have accumulated in the cambic horizon; only a very small 

amount of the iron oxyhydroxides is composed of ferrihydrite. The weak 

to moderate degree of pedogenesis is indicated as well by the develop-

ment of moderate sub angular blocky structure and by the presence of 

thin, discontinuous clay and silt(?) films that coat grain surfaces. 

Carbonate in the Cca horizon exhibits an incipient stage 11 morphology 

with carbonate occurring as filaments and discontinuous, thin «0.1 mm) 

coatings on larger particles. Only incipient clast weathering is ob-

served; stage 2 weathering of plutonic rocks is the maximum degree of 

weathering and is confined to the upper B horizon and the A horizon. 

Light surficial varnishing to a reddish yellow color (7.5YR 6/8) 

1. The calcic horizon development stage terminology used in 
this study is that proposed by Bachman and Machette (1977), modified 
from the development stages originally proposed by Gi1e and others 
(1966). The stages of development as described by Bachman and Machette 
are as follows: (I) Filaments or faint coatings; thin, discontinuous 
coatings on lower surface of pebbles. (II) Firm carbonate nodules few 
to common but isolated from one another; matrix may include friable in
terstitial accumulations of carbonate. Pebble coatings continuous. 
(III) Coalesced nodules in disseminated carbonate matrix. (IV) Platy, 
massive indurated matrix; relict nodules may be visible in places; 
plugged; may have weak incipient laminae in upper surface; case harden
ing common vertical exposures. (V) Platy to tabular, dense and firmly 
cemented; well-developed laminar layer on upper surface; may have scat
tered incipient pisoliths in laminar zone; case hardening common. (VI) 
Massive, multilaminar and brecciated, with pisoliths common; case hard
ening common. 
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suggests that iron oxyhydroxides are the main constituent of the var

nish. The soil is classified as a Typic Camborthid, applying the defi

nition of the cambic horizon suggested by Birkeland (1974). 

Pleistocene Soils 

Pleistocene soils in the Mission Creek area, as in xeric cli

matic regions, possess moderately to strongly developed argillic hori

zons. The youngest recognized Pleistocene soil, the stage S4 soil, is 

characterized by a thin, vesicular ochric epipedon; a moderately devel

oped, reddish brown B horizon; and a stage I to'stage II calcic horizon 

(Figure l7C). The argillic horizon lacks structural development be

cause of its very gravelly texture; although common, moderately thick 

clay films on grains are indicative of significant clay i1luviation. 

Significant weathering is also shown by the alteration of' 1eucocratic 

plutonic clasts to stage 3, mafic lithologies occasionally to stage 4, 

and marked pitting and fretting of exposed, coarse-grained boulders. A 

significant amount of iron oxyhydroxides have accumulated in the argil

lic horizon, much of which is composed of ferrihydrite. Carbonate has 

accumulated both in the basal B horizon and the Cca horizon.' Carbonate 

occurs chiefly as locally continuous coatings on larger particles and as 

filaments on veins in the soil matrix that may be up to 5 rom thick. The 

presence of carbonates in the lower soil causes an abrupt increase in 

soil pH. Increasing soil conductivity in the lower horizons suggests 

that very minor amounts of soluble salts may have accumulated along with 

carbonate. The stage S4 soil clasRifies as a Xeralfic Haplargid. 
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Stage S3 soil profiles exhibit thick, strongly developed, yel

lowish red argillic horizons in which substantial quantities of clay and 

iron oxyhydroxides have accumulated (Figure 17D). A horizon development 

is minimal, charactel'ized by a thin accumulation of 10aUlY sand that pos

sesses weak vesicular structure. Weathering of clasts now at the sur

face and clasts in the soil B horizon is well advanced, with most plu

tonic rocks exhibiting stage ~ characteristics. The conversion of once 

smooth, rounded boulders to highly pitted, fretted, and occasionally 

grotesquely shaped boulders (Figure 18) is a notable aspect of this geo

morphic surface. Burke and Birkeland (1979) indicate that such weather

ing characteristics are useful as a relative age-dating tool when used 

in a statistically controlled manner. Although this method was not em

ployed in this study, the increasing degree of surficial weathering on 

older geomorphic surfaces in this area was consistent with increasing 

soil profile development. 

The thick B horizon is underlain by a stage 2 calcic horizon 

that is characterized by 5-10 rom thick veins and thin continuous clast 

coatings. Carbonate is also locally disseminated in the soil matrix, 

imparting an extremely hard, dry soil consistency. Stage S3 soils clas

sify as Xeralfic Haplargids. 

The stage S2(?) soil is the maximally developed soil profile ob

served in this region, possessing a strongly developed red argillic 

horizon in which substantial clay and iron oxyhydroxides have accumu

lated (Figure l7E). The argillic horizon is characterized by the pres

ence of continuous, moderately thick to thick clay films on grains and 



Figure 18. Moderate to Locally Heavy Pitting and Fretting of Surface 
Granitic and Gneissic Cobbles and Boulders in the Stage S3 
Soil Profile of the Mission Creek Area. 
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clay bridges as well as advanced weathering of all but the most resis-

tant, fine-grained, quartz-rich lithologies to stage 4. Feldspar grains 

in many clasts have been converted almost entirely to secondary clay. 

Several pedologic characteristics distinguish this soil from younger 

Pleisto,~ene soils. First, only a small proportion of the iron oxyhy-

droxides in the argillic horizon is composed of ferrihydrite. Secondly, 

the soil lacks significant accumulations of carbonate. Finally, the ar-

gillic B horizon is actually thinner than that of the younger stage 3 

soil. This suggests that part of the argillic horizon has been eroded. 

Other geomorphic evidence is consistent with this conclusion; field evi-

dence shows that this geomorphic surface is deeply dissected and that a 

slightly higher, older surface possesses an even thinner, eroded B hori-

zon, indicating that increasing rates of surficial erosion have exceeded 

the rate of soil development on older Pleistocene-age geomorphic sur-

faces. Stage S2 soils are classified as Xera1fic Pa1eargids owing to 

the upper boundary of the argillic horizon. 

Soil Morphologic Development 
in Semiarid Climates 

Soil horizon and overall profile development (Figure 19) is, in 

many respects, similar to soil development in xeric climates but with 

many important exceptions. In stage S7 soils, the lack of an organic 

matter-rich A horizon and a reddened Cox horizon contrasts markedly with 

xeric stage S7 soil profiles. Organic matter accumulates in the upper 

soil, and oxidation and reddening of soil parent material occur in semi-

arid climates but at much slower rates and over much thinner zones. In 



Figure 19. Relative Distinctiveness of Horizon Development (RDH) and 
Relative Profile Development (RPD) for Soil Profiles Formed 
under a Semiarid Climate. 
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addition, the appearance of carbonate in the C horizon represents a 

major pedologic difference with respect to xeric soil development. 

These pedologic differences are the result of aridity and warmer soil 

temperatures that result in a significant decrease in available soil 

moisture anct depths of leaching. As with xeric soils, bouldery texture 

inhibits the development of soil structure and limits the magnitude of 

horizon differentiation. An interesting aspect of horizon development 

in this region is the accumulation of both carbonate and iron oxyhy-

droxides in the C horizon. This horizon is termed a Ccaox horizon in 

this study, because it would seem to be the appropriate horizon desig-

nation in view of available morphologic and chemical evidence. The for-

mation of 2 m thick, strongly devedloped argillic horizon, advanced 

clast weathering, and deep oxidized C horizons in Pleistocene soil con-

trasts with the lack of progressive development exhibited by the calcic 

horizon. In most arid to semiarid climates, calcic horizon morphology 

increases with progressive soil development. The unusual nature of 

carbonate distribution and accumulation in the soils of this region 

coupled with strong B horizon development similar to that observed in 

xeric soils further west along the southern front of the San Bernardino 

Mountain front is suggestive of polygenetic soil development. Chemical 

data presented in Chapters III and IV also support morphologic evidence 

for polygenesis. 

Arid Soils of the Southern 
Piedmont of the Whipple Mountains 

The Whipple Mountains, located in southeastern California (Fig-

ure 1), comprise one of the many low-altitude ranges that are 
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characteristic of this region. An extensive suite of rock types ranging 

from Precambrian to Late Tertiary in age is present in the Whipple Houn

tains. Common lithologies include quartzo-feldspathic metaplutonic and 

metasedimentary rocks and their mylonitic equivalents, mesocratic to 

leucocratic plutonic rocks, and locally volcaniclastic rocks (Davis and 

others, 1979). The fine-grained fraction of the soil alluvial parent 

materials classifies as a p1agioc1aGe-rich lithic arkose, although vol

canic rocks constitute a larger proportion of the gravel function than 

was present in the parent materials of soils previously discussed (Fig

ure 2). The climate of the region is aridic and thermic. Although th~ 

region annually receives at least 10-11 ern of rain, up to 40 percent of 

the rain falls during summer thundershowers that are caused by monsoonal 

updrafts of moist warm air derived principally from the Gulf of Hexico. 

The amount of effective precipitation, as indicated by the calculated 

Li, is therefore an extremely low 0.97 cm. This moisture is derived 

from winter Pacific storms that reach this region. The hot, dry climate 

results in an extremely sparse vegetal cover that is comprised of hardy, 

xerophytic species such as cacti or creosote (Larrea tridentata). Larg

er woody species, such .as blue palo verde (Cercidiurn floridurn), are re

stricted to riparian environments of the active washes, while on the 

higher desert pavements vegetation is almost completely absent. 

A schematic diagram (Figure 20) shows the typical sequence of 

alluvial geomorphic surfaces on the Whipple Hountains piedmont. Bull 

(in preparation) has indicated that this suite of surfaces can be recog

nized throughout much of the Sonora and Hojave Deserts. Tectonic and 
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Figure 20. Schematic Diagram of the Geomorphic Surfaces and Soils of the Southern Whipple 
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climatic geomorphic data show that tectonism has not been a major vari

able affecting landscape evolution throughout much of this area during 

the Quaternary. The effects of climatic change during the Quaternary 

are shown in this region by expansion and contraction of pluvial lakes 

(Smith, 1968; Smith, 1975) and the major changes in vegetation (Van 

Devender, 1973, 1977). Climatic change is probably the principal geo

morphic variable accounting for the regional sequence of soi1-

stratigraphic units. At the end of the latest Pleistocene, for example, 

a rapidly decreasing hillslope vegetal cover, coupled with changes in 

amount and possibly seasonal distribution of rainfall, resulted in 

greatly accelerated hills lope runoff and erosion and greatly increased 

sediment supply. This caused the fluvial system to cross the critical 

threshold of stream power and resulted in a period of rapid aggradation, 

in the manner discussed by Leopold and Bull (1979). Bull has proposed 

that these early Holocene units are represented by the Q3a and Q3b 

units. These geomorphic surfaces are characterized by a bar-and-swale 

topography in marked contrast to the older Pleistocene flat desert pave

ments. Mayer and Bull (1981) recently showed that significant sedimen

tologic differences among Q3 and the late Pleistocene Q2c units are 

strongly indicative of different hillslope and fluvial environments, 

consistent with other geomorphic evidence that indicate climatic change. 

Additional evidence for the age ranges of the soils in the Whipple Moun

tain chronosequence is presented in the last section of this chapter. 
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Holocene Soils 

Holocene soil profiles on the Whipple Mountains piedmont are 

only weakly developed. Gravelly sandy parent materials possess slightly 

higher amounts of clay, silt, carbonate, and iron oxyhydroxides than 

are usually present in soil parent materials in the semiarid and xeric 

chronosequences. Some of these materials are derived almost certainly 

from sources on the older Pleistocene piedmonts that are being and have 

been actively. eroded by streams on much of the piedmont. Pleistocene 

soils, discussed in the next section, are clay, iron oxyhydroxide, and 

carbonate-rich Typic Haplar.gids that could provide a source for these 

components in younger soil parent materials. For example, clasts that 

possess second- and third-cycle carbonate coatings present in Holocene 

parent materials have been derived from Pleistocene soil calcic hori

zons. Some of the carbonate in soil parent materials, however, has been 

derived from other sources. A small percentage of the carbonate is de

trital, constituting about 4-5 percent of the coarse fraction. Some of 

the carbonate is deposited subsequent to deposition, precipitating from 

carbonate-saturated stream water. 

Soil profiles on the youngest geomorphic surface (Q4) exhibit 

essentially no pedogenic alteration (Figure 21A). The only soil horizon 

observed is a thin, vesicular A horizon, in which minor decreases in clay 

and carbonate content and an increase in silt and organic carbon content 

relative to the Cn horizon are observed. Very minor amounts of organic 

carbon present in part as microfine rootlets of annuals occur in the 

vesicular A horizons of Whipple Mountain soils. The origin of the vesic

ular A ho~izon is attributed possibly to expansion of gases exsolved 



Figure 21. Laboratory Data on Holocene Soil Profiles of the Southern 
Whipple Mountains Piedmont. -- Percent clay, Fe2030, and 
Fe203d are for the noncarbonate fraction. A) Stage S7-
pedon PV4. B) Stage S5-pedon PV2A. C) Stage S5-pedon 
PV3. 
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from soil moisture that is rapidly heated during infiltration during hot 

summer months (Evenari, Yaalon, and Gutterman, 1974). Stage. S7 soils 

classify as Typic Torriorthents. 

Stage S5 soils occur on the Q3b geomorphic surface. Q3c and 

Q3a geomorphic surfaces have been defined by Bull, but they are not 

present in the Whipple Mountain study area. Q3c soils, described by 

Bull (in preparation), Schenker (1978), and McHargue (1980) in other 

arid areas of this region would probably be classified as a stage S6 

soil profile for arid climates. Two stage S5 soil profile variations 

were described--one that has formed on the bar and one in the swale. 

The S5 bar-va::iant soil profile (Fieure 22A) is characterized by the 

formation of a well-developed calcareous, vesicular A horizon and an 

incipient calcic horizon (Figure 23A).' The vesicular A horizon is com

posed exclusively of silt, clay, and fine sand. This texture is common 

to all vesicular A horizons in this region. Vesicles are usually coated 

with very thin, continuous clay films. The horizon also possesses sub

stantial amounts of disseminated carbonate and iron oxyhydroxides of 

which only a minor proportion is ferrihydrite. Very small amounts of 

soluble salts have also accumulated in the Avca horizon. The exposed 

tops of surficial clasts comprised of volcanic material are moderately 

varnished to a dark brown color (7.5YR 3/3), while the buried basal 

surface typically possesses a light brown (7.5YR 6/3) color. This li

thology is characterized by little (stage 1) observable alteration other 

than very thin weathering rinds. Coarse-grained, leucocratic plutonic 

rocks usually are more lightly varnished and are weathered to a stage 2 
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Figure 22. Soil Profiles of the Whipple Mountains Piedmont. -- A. Stage 
S5-pedon PV2A. B. Stage S3-pedon PV7 . C. Stage S2·-pedon 
PVS. D. Stage Sl-pedon PV6. 
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Figure 23. Laboratory Data on Pleistocene Soil Profiles of the Whipple 
Mountains Piedmont. -- Percent clay, Fe203d, and Fe203 are 
for the noncarbonate fraction. A) Stage S3-pedon PV7. B) 
Stage S2-pedon PV5. C) Stage Sl-pedon PV6. 
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or occasionally stage 3 condition. Schistose rocks are also signifi

cantly weathered, as shown by splitting along planes of schistosity. 

Surficial clasts are always noncalcareous despite the abundant carbonate 

present in the surrounding area matrix. TIlese lithologies are similarly 

weathered in the shallow Clcaox horizon, but are unweathered in the C2n 

horizon. The Clcaox horizon possesses small accumulations of silt, car

bonate, iron oxyhydroxides, and soluble salts as well as very minor 

amounts of accumulated clay. The horizon lacks soil structure or visi

ble clay films. Carbonate occurs both disseminated in the matrix and as 

thin «0.1 rom-thick), discontinuous coatings on the undersides of larger 

particles. The thin, nonvesicular cambic B horizon occurs only below 

the larger cobble- to boulder-size clasts and possesses accumulations of 

clay and iron oxyhydroxides. In marked contrast to the Avca and Clcaox 

horizons, net depletion of carbonate in this horizon has occurred. The 

cambic B horizon is discontinuous, grading laterally into the Avca and 

Clcaox horizons. 

The stage S5 swale-variant soil differs from the bar-variant 

only in that it possesses a thicker, more silt-rich vesicular A horizon 

and lacks even incipient B horizon development. The fine gravel at the 

surface is only lightly varnished on the exposed surface, while the basal 

surfaces are practically unvarnished. The parent material of this soil 

contains slightly more clay and silt than the bar-variant parent materi

als. An abrupt increase in soil electroconductivity in the Cn horizon 

suggests that appreciable amounts of soluble salts have accumulated 

here, although salt crystals are not observed. Stage S5 soils classify 



76 

as Typic Torriorthents; the soil possessing the thin cambic B horizon is 

informally classified as a Typic Camborthid. 

Pleistocene Soils 

Pleistocene soil profiles exhibit moderately to strongly devel

oped, reddish brown argillic horizons and calcic horizons. Stage S4 and 

S3 soil profiles, present on subunits of the Q2c geomorphic surface, 

have similar profile morphology, although the S3 soil is slightly better 

developed. An S3 soil profile is shown in Figure 23A. Stage S2 and Sl 

soils are progressively better developed, as shown in Figure 23B and C. 

Significant amounts of clay, iron oxyhydroxides, carbonate, and soluble 

salts have accumulated in Pleistocene profiles when compared to the 

weakly developed stage SS profile (Figure 22B,C). The extremely flat 

desert pavements typical of Pleistocene geomorphic surfaces consists of 

densely packed, cobble-size volcanic rocks that have been varnished to a 

dark brown color (7.SYR 2/3-2/2) on the surface and a reddish yellow 

color (SYR 6/6) on the buried base. Weathering rinds up to O.S mm in 

thickness are present in volcanic lithologies beneath the varnish. As 

with surficial clests of the stage SS soils, cobbles in the pavement do 

not possess carbonate coatings. The vesicular A horizons of Pleistocene 

soils are quite similar to Holocene soils, although the oldest Pleisto

cene soil Avca horizon possesses significantly more carbonate. 

The argillic horizons of progressively older Pleistocene soils 

are increasingly thicker and more well developed. The presence of clay 

films on grains in these horizons indicate clay translocation. Clasts 

in the argillic horizon are increasingly weathered, with melanocratic 
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to mesocratic plutonic rocks attaining stage 4 conditions in stage 81 

soils. In general, total contents of clay and iron oxyhydroxides in-

crease in progressively later soils, although the pattern of distribu-

tion of these components varies in a nonsystematic fashion. Appreciable 

amounts of carbonate and soluble salts have accumulated in the argillic 

horizons, chiefly in the increasingly thicker coatings on the undersides 

of larger particles. Occasionally, carbonate also occurs as thin veins 

in stage 84 and S3 soils or as nodules in stage 82 and 81 soils. Local-

ly, pockets of noncalcareous matrix are present within the argillic 

horizon. Carbonate has accumulated in substantial quantities in the 

basal Band C horizons, attaining a maximum of stage 3 morphology in 

stage 82 and Sl soils. Because C horizons also appear to be slightly 

oxidized, the horizons are designated Ccaox horizons. The presence of 

substantial amounts of soluble salts in those soils results in pH as 

high as 8.6, a value that suggests the presence of at least moderate 

amounts of soil sodium. Pleistocene soils are classified as Typic Hap-

largids, although the stage 3 designation of the calcic horizon in 

stage 82 and Sl soils may permit their classification instead as Petro-

calcic Paleargids. 

Soil Morphologic Development 
in Acid Climates 

Morphologic development of soil profiles in the aridic environ-

ment of the Whipple Mountains piedmont differs significantly from soil 

morphologic development in semiarid and xeric climates. RHO and RPD 

plots for aridic soil development (Figure 24A,B) indicate that strong 

profile horizonation and textural changes occur as a result of the 
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relatively rapid formation of the vesicular A horizon and the accumula

tion of pedogenic carbonate. In addition to these two aspects of pro

file development, a third important pedogenic process observed in the 

initial stages of soil development is the progressive formation of des

ert varnish on surficial clasts. Bull (in preparation) indicates that 

the initial appearance of desert varnish occurring in the Q3c unit sug

gests an age of 2000-4000 years for this geomorphic surface. By stage 

85 soil development, surficial clasts on bars are moderately to strongly 

varnished, indicating a significantly greater surfac~ age. The varnish 

consists chiefly of silicate clay and ferromanganese oxyhydroxides that 

occur in a discrete layer above the weathering rind (Hooke, Yang, and 

Weiblen, 1969; Potter and Rossman, 1976; Perry and Adams, 1978; Elvidge 

and Moore, 1979). Electron probe analyses of desert varnish and under

lying rind indicate that materials in the varnish are not derived from 

weathering of the underlying clast (Allen, 1978). Materials comprising 

desert varnish therefore are derived from external sources, specifically 

as windblown dust and by weathering in the adjacent soil matrix. Aero

solic dust adhering to clast surfaces is accreted as a result of micro

bial oxidation and precipitation of tetravalent manganese oxyhydroxides 

that is favored by a neutral pH that exists at the soil surface (Dorn 

and Oberlander, 1981). The typically alkaline pH that occurs beneath 

these clasts inhibits microbial colonization, resulting in the stability 

of mobile Mg+2 complexes and precipitation of iron oxyhydroxides. 

If the rate of weathering and disintegration of the clast sur

faces is roughly equal to or exceeds the rate of varnish accumulation, 
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a well-developed coating cannot form. Thus coarse-grained plutonic or 

schistose lithologies subject to rapid physical weathering processes 

such as salt-splitting and freeze-thaw weathering become only lightly 

varnished, while much more resistant volcanic rocks become quite darkly 

varnished. The disintegration of less resistant lithologies to smaller 

particles facilitates their removal by erosion from bars. Presumably, 

the eroded material is deposited eventually in adjacent swales. This is 

one process largely responsible for the evolution of flat, darkly var

nished desert pavements composed largely of resistant volcanic rocks. 

Pavement formation rates are affected also by initial particle size or 

by shrink-swell soil behavior (Bull, in preparation). Finer gravel 

sizes accelerate the rate, while shrink-swell activity, favored in soils 

possessing clay-rich B horizons, results in net upward movement of large 

clasts providing a source of gravel for the slowly forming pavement. 

Estimates of the amounts of gravel for a given parent material texture 

required to form a stable pavement recently have been calculated by 

McHargue (1980). He suggests that a significant amount of surficial 

erosion is required to form stable pavements on Holocene geomorphic sur

faces in the Aquila Mountains piedmont in southwestern Arizona. 

The evolution of stable pavements probably enhances vesicular A 

horizon formation as a result of entrapment of windblown eolian dust in 

the interstices of and immediately beneath pavement gravel and by de

creasing surficial runoff that would otherwise continually erode and re

move deposited eolian dust from bars. A predominantly eolian source for 

clay, silt, and carbonate in the vesicular A horizon is inferred given 

the minimal amounts of this material that conceivably could be provided 
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by weathering of soil parent materials in the presently hot, aridic cli

mate (Bull, in preparation). Much of the clay, silt, carbonate and iron 

oxyhydroxides in the subjacent Clcaox horizon are derived ultimately via 

mechanical infiltration from the vesicular horizon. Unlike B horizons, 

the vesicular A horizon does not thicken to a maximum value in the old

est, most well developed soil profiles. Instead, the maximum thickness 

often occurs in stage S5, S4, or S3 soils. This is probably due partly 

to the subjection of the vesicular horizon to occasionally large, ero

sive runoff events. McHargue (1980) showed that vesicular A horizon 

texture, composition, and thickness varied markedly on a given surface, 

clearly suggesting the effects of surface erosion. In addition, it is 

possible that strong vesicular horizons may not form in different soil 

environments that have existed in the past owing to significantly dif

ferent soil chemistry. Thus, vesicular A horizons associated with old, 

well-developed soils may be much younger tha~ the subjacent B horizons. 

This postulated pedologic process is discussed more fully in Chapters 

III and IV. 

In marked contrast to xeric and semiarid pedogenesis, a noncal

careous surficial horizon has not formed in the presently arid climate. 

As much as 65 percent of pedogenic carbonate occurs as coatings or fila

ments on gravel surfaces in the Clcaox or argillic horizons. Carbonate 

in the vesicular horizon is disseminated, and carbonate coatings do not 

occur on coarser particles within the horizon or in the overlying pave

ment. McHargue (1981) attributes this to the inability of carbonate to 

precipitate on the silt-coated coarser particles in the vesicular A 

horizon. It is also probable that carbonate, added to the vesicular A 
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horizon as dust, is translocated continuously to lower parts of the 

vesicular A horizon or to the Clcaox horizon in solution during winter 

months when effective soil leaching may occur. Pedogenic carbonate is 

thus precipitated as a commonly observed crust at the base of the vesic

ular A horizon or as coatings and filaments on gravel clasts in the 

Clcaox horizon. Carbonate coatings preferentially accumulate on the 

undersides of clasts because here previously deposited thin films of 

carbonate are protected from subsequent dissolution by undersaturated 

moisture moving downward during deep infiltration events. As the coat

ings thicken with time and as increasing amounts of clay and silt are 

deposited in subsurface horizons, soil hydraulic conductivity is sub

stantially reduced, enhancing deposition of even more carbonate over a 

thinner zone horizon and accelerating the development of stage 2 and 3 

morphology. Carbonate in these calcic horizons precipitates as thick 

pendants or nodules that cement the soil matrix. Theoretical considera

tions and models of calcic horizon development in alluvial soils are 

presented in Chapter III. 

Immediately below many large cobbles or small boulders or bars, 

a moist edaphic microenvironment has been conducive to the formation of 

a relatively carbonate-depleted and clay and iron oxyhydroxide-rich, 

nonvesicular cambic B horizon. The slightly lower soil pH and increased 

leaching of this thin horizon may have enhanced in situ weathering; 

thus, some of the clay and iron oxyhydroxides in the horizon are prob

ably not of external origin. Thick, clay-rich argillic horizons that 

are present in Pleistocene soils are calcareous, although locally essen

tially noncalcareous zones are present in the matrix. This evidence, 
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in addition to the presence of clay films and bridges, is suggestive of 

a once noncalcareous soil environment, suggesting that Pleistocene soil 

profiles may be strongly polygenetic. 

~linor amounts of 'carbonate that occur in these soils are of a 

nonpedogenic origin. Lattman (1973) and Bachman and Machette (1977) 

discuss the origin of nonpedogenic carbonate and criteria for its recog

nition in soil profiles. Nonpedogenic carbonate is especially evident 

at the site where the stage Sl soil was described. Strongly cemented 

talus deposited adjacent to the stream-cut Q2a geomorphic surface sug

gests that gully bed cementation or carbonate-saturated surface runoff 

had been an important source of carbonate. Some of this carbonate has 

been deposited in very gravelly beds of the soil parent materials, ex

hibiting a morphology similar to a stage 3 to stage 4 calcic horizon. 

The soil was described 50-100 cm in from the original hillslope surface 

where nonpedogenic carbonate cementing gravelly layers is essentially 

absent, as suggested by Lattman (1973). 

The significant increase in soil-soluble salt content observed 

in progressively more well developed profiles is interpreted to be the 

combined result of the greatly reduced permeability and infiltration in 

clay and carbonate-rich soils and the minimal leaching in the presently 

low Li at 0.97 cm. High soluble salt contents of the Pleistocene Hap

largids are at least one cause of the extremely low vegetation density 

characteristic of desert pavements. 
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Three types of evidence· were used in this study to estimate the 

age ranges of the seven stages of soil development: (1) isotopic age 

data (14C, K/A, 230Th/234U); (2) dating of climate-controlled changes 

in different parts of the fluvial system (Bull, in preparation); and (3) 

soil correlation based on degree of profile similarity. Type (1) evi-

dence is clearly the most desired data, since it provides reasonably ab-

solute soil age, Unfortunately, the rare occurrence of dateable materi-

als in coarse alluvial parent materials, the restricted age ranges asso-

ciated with each method, or occasionally multiple interpretations of 

calculated ages inherent in isotopic dating methodology limit the overall 

applicability of this means of data for soils. Type (2) data, discussed 

in a previous section, are useful for distinguishing Holocene from 

Pleistocene geomorphic surfaces but do not provide numerical age esti-

mates for progressively older Pleistocene soils. Type (3) is consid-

ered to be a valid method for estimating soil age when correlation of 

the soils of relatively unknown age in this study were made with dated 

soils or at least soils in which age constraints are known that have 

formed in similar parent materials and in a similar climate. Age esti-

mates using this method are considered to be very approximate, providing 

a very broad age range for a given stage of soil development. 

Xeric Soil Ages 

Table 2 shows the estimated age ranges of the seven stages of 

soil development in a xeric climate, based on three types of soil age 



Table 2. Age Correlation of Soils Formed in a Xeric Climate in Lithic Arkosic 
to Arkosic Alluvium. 

Estimated SOl 
Age Range San Joaquin Valley L 

(This Study) Age Dates Profile and Maximum Age Profile and 
Stage (104 Years) (years b. p.) Geologic Unit Color (104 years) Geologic Uni 

S7 0-0.1 175 ± 50 A-Cn to 10YR 6/2-5/3 0-.001 
A-Cox-Cn 
(post-Modesto 0-0.1 
III and IV) 

S6 .001-.004 A-Cox-Cn 10YR 4/3 .003 A-AC-Cox 
0.1-0.4 (post-Modesto II) 0.3 (T4) 

S5 .004-.0l3 1 6450 ± 70 A-AC-Cox 10YR 4/3 .004-.009 A-Bt-Cox 
0.4-1.3 6800 ± 80 (post-Modesto I) 0.4-0.9 (T3) 

S4 .0l3-.07 A-AC-Cox to lOYR to .09-1.4 and A-B2t-Cox 
1.3-7.0 A-Bt-Cox 7.5YR 4/3 .014-.07 (T1) 

(Modesto) 1. 4-7.0 

S3 .07-.25 A-Bt-Cox to 7.5YR to .l3-.26 
7.0-25.0 A-B2t-Cox 5YR 4/4 1. 3-2. 6 

(upper, middle 
Riverbank) 

S2 .25-.70 A-B2t-Cox 2.5-5YR 4/6 '1,,0.45 
25.0-70.0 (lower Riverbank) '1,,45.0 

Sl >0.7 A-B2t-Cox 2.5YR 4/6 >0.60 
>70.0 (Turlock Lake) >60.0 
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.rkosic 

SOIL CHRONOSEQUENCE 
Lone Pine Creek Central Ventura Basin 

Age Profile and Maximum Age Maximum Age 
04 years) Geologic Unit Color (104 years) Profile Color (104 years) 
.001 A-Cox-Cn 10YR 0-.500 

to 
0.1 A-AC-Cox 0-.05 

(QF-1 to 3) 

03 A-AC-Cox 10YR 6/2 .38-1.1 A-AC-Cox 10YR .05-.5 
3 (T4) (QF-4) 

'04-.009 A-Bt-Cox 10YR 5/3 .48-1. 4 A-Bt-Cox 10YR 4/3 <1.8 
4-0.9 (T3) (QF-5) 

19-1.4 and A-B2t-Cox 10YR 4/4 .7-2.0 A-B2t-Cox 7.5YR4/4· 1. 8-4. 0 
114-.07 (T1) (QF-6) to 
4-7.0 5YR 4/6 

.3-.26 A-B2t-Cox 2.5YR 13.0 
3-2.6 (QF-7) 

1.45 
·5.0 

1.60 
10.0 
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dating methods discussed. The Holocene-Pleistocene time line is based 

on soil- and climatic-geomorphic data of Bull and others (1979) and Bull 

(in preparation). Key isotopic age dates are shown in Table 2 as well 

as soil correlations with dated soil chronosequences developed elsewhere 

in southern California. One of the most well-dated late Cenozoic soil 

chronosequences anywhere is that established on the t . ..restern piedmont of 

the Sierra Nevada Mountains in the San Joaquin Valley of central 

California. The recent work of Marchand and his colleagues demonstrates 

that as many as 13 soil-stratigraphic units of late Holocene through 

early Pleistocene to late Pliocene age identifiable in this chronose

quence (Marchand and Harden, 1976; Harden and Marchand, 1977; Marchand 

and Allwardt, 1980). Ages of these units are provided by carbon-14 

dates, paleomagnetic data, potassium-argon dates on interbedded tuffs, 

and more recently by newly developed techniques such as uranium series 

dating. The correlation of the Holocene soils of this study and San 

Joaquin Holocene soils was facilitated by the availability of C-14, age

dated Holocene deposits and soils in both sequences. In general, the 

Holocene post-Modesto units I-IV compare quite well with stage S7 to 

stage S5 soils with respect to most soil morphologic characteristics. 

The xeric soils of the San Gabriel Mountains and San Bernardino Moun

tains, however, appear to redden slightly faster and to develop thicker 

and darker A horizons than soils of the San joaquin sequence. ~~rchand 

(oral communication, 1980) and I have concluded that this is probably 

the result of the slightly moister winters and the larger soil parent 

mafic mineral content that accelerate rates of soil development in the 
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San Gabriel and San Bernardino Mountains study areas. On the basis of 

the rather favorable correlation of Holocene soils, broad correlations 

of Pleistocene soils in the two soil chronosequences were made as indi

cated in Table 2, considering the slight differences in rates of soil 

development in making the soil age correlations. 

Soil correlations with other dated soils in southern California 

were made, increasing the degree of confidence in the estimated age 

ranges. Weldon and Sieh (1980) have suggested ages for a sequence of 

alluvial geomorphic surfaces along Lone Pine Creek in the northeastern 

San Gabriel Mountains. Geomorphic surface age estimates were made on 

the basis of amount of fault offset of the surfaces, given regional 

fault slip-rate data as well as carbon-l4 dates that defined the. age of 

one of the early Holocene surfaces. Soil profiles on three of these 

surfaces were described by L. McFadden, J. Tinsley, and D. Marchand of 

the u.S. Geological Survey. These descriptions are included in Appendix 

A. Profile characteristics of the Lone Pine soils compare favorably 

with stage S6 and stage S5 soil profiles of this study. Weldon (written 

communication, 1980), however, suggests surface ages based on most prob

ably slip-rates, that would be slightly older than would be predicted 

based on the degree of soil profile development observed from these 6ur

faces. Assuming that the age estimates of Weldon and Sieh are reason

ably accurate, then slightly slower rates of soil genesis are implied in 

the Lone Pine Creek area as compared to rates in the San Joaquin Valley 

and areas considered in this study. The implied slower rates of soil 

development may be due to the geographic location of the Lone Pine Creek 

site. The higher altitude of the site (920 m) may result in colder 
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temperature-induced decreases in weathering; and the location of this 

area behind the range front of the San Gabriel Mountains might result in 

lower amounts of precipitation. Both of those effects could account 

theoretically for the relatively weaker development of the Lone Pine 

Creek soil profiles. Alternatively, the oldest profile described in the 

Lone Pine Creek sequence (Tl) could be placed within the stage S4 age 

range shown in Table 1 and still conceivably be much younger than other 

stage S4 soils described in this study, thus accounting for the weaker 

development of the soil. Clearly, more accurate soil age data are re-

quired to make more definitive soil correlations. 

Another soil chronosequence with which soils in this study could 

be compared has been developed in the central Ventura Basin in the west-

ern Transverse Ranges by E. Keller and his colleagues (Keller, 1979). 

Several carbon-14 dates provide excellent age control on late Holocene 

to late Pleistocene soils; the estimated ages of older soils are calcu-

1ated based on regional surface tilt-rates data. Soil profile deve1op-

ment and soil age compare excellently with similar soil profile deve1-

opment and estimated ages suggested in this study (Table 2). 

In summary, although correlation and comparison of soils in 

southern Ca1i:Eornia do not pt"ovide exact age determinations, they do 

provide reliable age ranges which may be rather broad but provide an 

initial basis for evaluating the impact of time on soil genesis. Great-

er age resolution will require either discovery of more dateable materi-

als in the deposits or further development of dating techniques applie

S 6 able to the 10 -10 year age range. 
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Semiarid and Arid Soil Ages 

Table 3 shows the estimated age ranges for the semiarid and arid 

stages of soil development. These age estimates rely chiefly on the 

work of Bull (Ku et al., 1979; Bull, in preparation). Although much of 

the work upon which soil ages were estimated was restricted to the arid, 

southern Colorado River region, the sequence of climatically controlled 

Quaternary units can be extended throughout the Mojave Desert, including 

regions where Po semiarid climate is presently found (Bull, in prepara

tion). This permitted preliminary estimation of semiarid soil ages. 

Soil development in semiarid climates and in lithic arkosic to arkosic, 

gravelly parent materials has been studied extensively in southern New 

Mexico (Gile, 1975, 1977; Gi1e and Grossman, 1979). Ages and associ

ated profile development provided by these studies were also used to 

help estimate semiarid soil age ranges (Table 3). Several factors were 

considered carefully in this comparison of soil development over such 

relatively great differences. In particular, it has been noted that 

rates of calcic horizon development seem to differ significantly in dif

ferent regions of the western United States, presum&bly due to major 

differences in calcareous dustfall rates (Bachman and Machette, 1977). 

Thus, many aspects of calcic horizon morphology, such as maximum thick

ness or total profile mass summations of carbonate, are not completely 

amenable to direct comparison and correlation but are more useful for 

relative and numerical age dating purposes for a given region. Other

wise, similar topographic aspects, parent materials, biotic factors, and 

climat"e permit the use of basic soil profile/morphologic data for 
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Stage 
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S6 

S5 

S5 

84 

S3 

S2 

Sl 

Age Correlation of Soils Formed in Arid and Semiarid Climates in Lithic Arkosic to 
Arkosic Alluvium. 

SOIL CHRONOSEgUENCE 
Southern New Mexico 

Geomorphic Stage Maximum 
Surface Age (10'f :irs} Surface Profile Cca Color 

Q4a 0.01-0.2 A-Cn 0 10YR 

Q3c 0.2-0.4 Fillmore A-B-Cca 0-1 10YR 0.11-0.21 
surface 

Q3b 0.4-0.8 Fillmore A-B-Cca 0-1 7.5YR 0.22-0.46 
surface 

Q3a 0.8-1. 3 Organ A-B2t-Cca 0-1 5-7.5YR 0.75 
Alluvium 

Q2cl 1.3-7.0 Jornada II A-B2t-Cca I 5-Z.5YR "Late 
Pleistocene" 

Q2c2 1. 3-7.0 

Q2b 7.0-20.0 Jornada I A-B2t-Cca I 2-.5YR "Late-mid-
Pleistocene" 

Q2a 40.0-60.0 Dona Ana A-B2t-Ccam IV-V 2.5YR "Early-mid-
Pleistocene" 

1.0 
o 



purposes of broad correlation that provides reasonable age range esti

mates for the undated southern California semiarid soils analyzed in 

this study. 
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CHAPTER III 

GEOCHEMICAL INVESTIGATIONS OF 
SOUTHERN CALIFORNIA ALLUVIAL SOILS 

Introduction 

Recently, several studies have shown that many aspects of soil 

chemistry and weathering are useful for relative age dating and for nu-

merical age dating of Quaternary deposits (Bachman and Machette, 1977; 

Machette, 1978; Marchand and others, 1979; Colman and Pierce, 1981). 

This appears to be the result of systematic changes in soil profile 

characteristics largely due to irreversible chemical mass transfer. 

Weathering may be viewed as the process of irreversible mass 

transfer owing to soil solution-parent material disequilibrium 

(Helgeson, Garrels, and Mackenzie, 1969; Rogers, 1980). Chemical mass 

transfer in soil environments is the alteration of primary aluminosili-

cates by initially slightly acidic, oxidized rainwater to stable to 

metastable secondary minerals such as clay minerals or iron oxyhydrox-

ides. Soluble materials released during chemical mass transfer such as 

various cations and silicic acid may be removed from the zone of weather-

ing or may recombine to form authigenic minerals such as calcium carbon-

ate or clay minerals. Chemical mass transfer usually results in the de-

velopment of the commonly observed clay-rich, reddened B horizon. 

In a series of papers, Helgeson demonstrated that irreversible 

mass t.ransfer is path-dependent and, therefore, can be calculated by 

solving simultaneously a set of differential equations defined by 

92 
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conservation of mass, charge, and mass action effects if initial solu

tion composition and reactant phase compositions are specified (Helgeson, 

1968). Simulation of irreversible mass transfer has been used to suc

cessfully simulate low-temperature formation of uranium roll deposits 

(Capuano, 1977) and, recently, soil profile development in a senliarid 

climate (Rogers, 1980). In the latter study, the integration of a phys

ical submodel which distributed and mixed soil solution in a profile 

with a chemical submodel in which the soil solution was reacted with 

soil parent material (a Ab 60An40-plagioclase) resulted in the simulation 

of three years of soil genesis. The soil profile, after three years of 

simulated weathering, exhibited extremely incipient B horizon and calcic 

horizon characteristics similar to that observed in semiarid alluvial 

soil profiles. This study is important because it demonstrates that 

soil development in progressively older deposits should change in a sys

tematic, predictable manner, providing that the initial assumptions 

under which a given aspect of pedogenesis is being modeled are clearly 

stated and reasonable. 

In some environments, the trends of progressive soil profile de

velopment that might be predicted given continuous chemical weathering 

are not observed. As an example, Burke and Birkeland (1979) found that 

soil profiles on morrainal deposits differing significantly in age pos-

factors, such as topographic variation, low soil temperatures, past dif

ferences in climate, and biotic environments could account for this; the 

important point is that the systematic soil development predicted by con

tinuing mass transfer is a useful preliminary basis for understanding 
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soil genesis, but that other important factors that affect soils must be 

accommodated in order to effectively and accurately interpret soil data. 

Development of Organic 
Matter-rich A Horizons 

Soil morphologic evidence shows that the development of increas-

ingly thicker, organic matter-rich A horizons is related directly to in-

creasing density of vegetal cover and, by association, an increasingly 

moister climate (Figure 25). Soil organic matter consists of variably 

decomposed organic materials referred to as humic and nonhumic sub-

stances. Nonhumic substances possess recognizable, original organic 

structure, such as amino acids or carbohydrates (Schnitzer and Kodama, 

1977). Humic substances, humic acids, fulvic acids, and humins make up 

the majority of soil organic matter in most soils, associated primarily 

with the soil clay fraction or as organometal complexes (Greenland, 

1965). In well-drained, oxidized soils organic matter is thermodynam-

ically unstable and will eventually oxidize to CO2 (g) and H20 (Lindsay, 

1979). 

Accumulation of Soil 
Organic Matter with Time 

Figure 26 shows that initially the rate of soil organic matter 

accumulation is quite rapid but quickly decreases as early as stage 4. 

As discussed previously on pages 51 and 52, rapidly established vegetal 

cover, initially porous parent materials, and rapid infiltration rates 

are conducive to a rate of organic matter accumulation that exceeds the 

rate of decomposition. Over longer periods increaSing clay content, 
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Figure 26. Accumulation of Organic Carbon in Increasingly Older Soil Profiles under 
Different Climatic Regimes. 



196 

/ i 
- / 
0'1 /// -180 ...-
c a L-
.c 7 l> '-
0 / 

545 Y 2,0 / 
u / """' 'c / N' 
0 / a 
~ / ::J 

/ -+ 
0 / 48 ~ .. r............ / 0 c A a / ................... / ::J 
'0 ...... -...../ CD en 
~ 1.0 

. (J) 

profi Ie mass r~ ::J 
(J) 

summation 
U) 
U) - - - -- A horizon -U6 a 
:2 thickness 
OJ 

'+= e 0 10 20 30 40 50 60 
(L 

Li (em) 
\0 
0'\ 



97 

decreasing soil porosity, and decreasing infiltration rates decrease the 

rate of organic matter incorporation in addition to increasing the mag-

nitude of organic matter decomposition. Increasing clay content also 

slowly increases the runoff-infiltration ratio, thereby increasing soil 

erosion and removal of surficial organic detritus and A horizon erosion. 

The usefulness of mass organic matter data in soils as a relative 

dating indicator appears to be largely restricted to stage S7 through 

S4 soils, although even during this period the data obtained from organic 

matter analyses must be evaluated carefully, owing to the rapid reversi-

bility of organic matter-dominated horizons in soils, as indicated in 

many soil-organic matter studies (Birkeland, 1974). 

Impacts of Organic 
Matter on Pedogenesis 

One of the most important effects of the soil biotic subsystem 

on soil genesis is the increase in soil solution pC02 caused primarily 

by plant respiration (Garre~s and Mackenzie, 1971; Paces, 1972; Bohn, 

McNeal, and O'Conner, 1979). The reaction of rainwater with the soil 

atmosphere can lower soil pH from 5.7 to as low as 4.4. Increasing soil 

solution acidity increases chemical weathering by increasing the magni-

tude of hydrolytic weathering and increasing calcium carbonate solubil-

ity. Unfortunately, the quantitative effect of this biotic factor on 

soil genesis in southern California is difficult to evaluate because the 

increasing amount of effective soil moisture responsible for increasing 

A horizon development is itself conducive to a greater degree of weather-

ing. Secondly, clay or calcium carbonate may be added to the soil by 
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processes other than weathering (i.e., aerosolic dust). Anevaluation 

of the absolute effect of the biotic factor on soil genesis would re-

quire much more definitive data such as more precise soil ages, in situ. 

weathered clay content determinations, and soil Pca data. 
2 

The formation of humic acids also contributes to weathering of 

soil parent materials. Weathering studies show that the addition of or-

ganic acids to aqueous solutions dramatically increased Ca, Mg, Na, and 

Al dissolution relative to Si dissolution (Baker, 1973; Schnitzer and 

Kodama, 1977). Fu1vic acids are especially important in increasing soil 

A1 as well as other soluble base dissolution rates, although the observed 

lack of the generally fu1vic acid-generated albic or spodic horizons in 

xeric soils suggests that the less chemically active humic acids are 

dominant in mollie A horizons. Some organic complexes are cationic in 

soils and may become comp1exed to clay or metals via cou1ombic attrac-

tion, proton?~ion, or hydrogen bonding (Harter, 1977). As clay inter-

layer adsorption usually occurs only at pH of less than 5.0 (Schnitzer 

and Kodama, 1977), it can be assumed that organic materials are adsorbed 

on the clay surface. Surface adsorption of organic complexes by meta1-

loclay complexes may enhance colloidal transport (Bohn et a1., 1979), 

thereby providing a mechanism for the formation of the ubiquitous dark 

silty clay cobble coatings in xeric, organic matter-rich Holocene soils. 

In addition, the formation of organic complexes may significantly limit 

leaching of otherwise soluble species from the upper soil or actually 

affect composition of secondary soil minerals, such as the iron oxyhy-

droxides (Schwertmann, 1966; Schwertmann, Fischer, and Papendorf, 1968). 
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The implications of such biotic effects on soil iron oxyhydroxide compo

sition and authigenesis are considered later in this chapter. 

As A horizon development is significantly limited or decreases 

in increasingly older Pleistocene soils, the impact of the biotic system 

on soil genesis is presumably concomitantly lessened. Clearly, it is 

difficult to quantitatively assess the impact of organic matter-induced 

effects on soil formation given the overall complexity of the chemical 

reactions involved and the constant temporal changes in A horizon thick

ness. Furthermore, temporal changes in clilnate have inevitably affected 

A horizon cnaracteristics in many soils. Although well-developed A 

horizons are not found in soils presently occurring in a semiarid cli

mate, geochemical analyses may provide indirect evidence that suggests 

the former presence of A horizons whose characteristics were similar to 

those occurring in Holocene and late Pleistocene soils found in xeric 

climates. 

Clay Accumulation and Authigenesis 

Three chief processes are responsible for clay accumulation in 

soils: (1) clay authigenesis, (2) mechanical disaggregation, and (3) 

external derivation. Clay authigenesis is the result of in situ altera

tion of soil parent materials to secondary clay minerals. Spring and 

soil water solution compositions usually plot in the kaolinite stability 

field on phase diagrams for common aluminosilicate minerals (Feth, 

Roberson, and Polzer, 1964), suggesting that minerals such as feldspar 

and biotite are thermodynamically unstable in soils and will weather to 

more stable minerals such as kaolinite. Mechanical disaggregation is 



100 

also an important clay-forming process (Folster, Meyer, and Kalk, 1963). 

The minerals most susceptible to this process, biotite and muscovite, 

would not normally be predicted to form by chemical weathering in soil 

environments. Clay-size biotite and muscovite would be expected to 

weather quickly to more stable secondary clay minerals. Disaggregation 

of polymineralic grains via grussification forms abundant silt-sized 

material which also increases weatherability to secondary clay in soils. 

Finally, many studies have demonstrated that aerosolic dust may be an 

important source of clay in soil profiles; such clay is mechanically in

corporated into the profile during infiltration events. 

Abundant morphologic evidence shows that significant amounts of 

clay are illuvial, having moved from higher to lower parts of the soil 

profile. Clay particles, characterized by extremely large surface areas 

and negatively charged surfaces, behave as colloids under appropriate 

solution compositions and may be transported by downward-moving wetting 

fronts. Clay deposition may occur as the result of flocculation induced 

by increasing solution electrolyte content or simply evaporation. Mor

phologic features, such as oriented clay films on grains, portO! walls, and 

ped surfaces, clay bridges and Bt bands, are usually accepted as strong 

evidence for clay movement (Birkeland, 1974; Soil Survey Staff, 1975). 

The morphology and clay composition of a soil profile are, there

fore, the r~su1t of many complex pedogenic processes. Calculations of 

mass profile summations of clay indicate the total accumulation of clay 

by all processes and do not distinguish which sources of clay are impor

tant or which physical processes have dominated soil profile formation. 
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These data do, however, serve as an important preliminary basis for 

evaluating relative soil age and rates of soil development as well as 

indirectly suggesting which processes may be most important in B horizon 

evolution when combined with results of other geochemical anclysis, such 

as clay composition or iron oxyhydroxide analyses. 

Accumulation of Clay as a 
Function of Soil Age 

Figure 27A shmvs profile swmnation of clay as a function of the 

estimated soil age in xeric, semiarid, and arid climates. 

The soil ages used to construct this curve were the midpoints 

of the time ranges for a given stage of soil development given in the 

last section of Chapter II. The value of the profile summation of clay 

for a given age represents the calculated average of values of this pa-

rameter for a given soil stage. 

For all climates, the initial rate of clay accumulation is rapid 

but decreases asymptotically with time, eventually attaining slow, pos

sibly linear rates after about 3 x 105 years. Significant differences 

in the relative rates of clay accumulation in different climates are 

obvious in Figure 27A. This shows that the rate of clay accumulation is 

a function of climate as well as time. The impact of climate on clay 

accumulation is discussed in Chapter IV. 

Regression analyses on Log-Log plots (Figure 27B) of the data 

shown in Figure 26A indicate that profile mass clay swmnation is strong-

ly correlated with soil age. Owing to the limited number of data 

points, however, profile mass clay summations only give very rough ap-

proximations of soil age; many more data points are required to indicate 
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Figure 27--Continued 

(B) Ln (clay) (g/cm2-soil column) as a function of Ln 
(age)(years) for soil profiles formed under different 
climatic regimes. Dashed line is 95 percent confi
dence interval on regression line. 
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the absolute limits on the 95 percent confidence interval on the calcu

lated regression lines and thus the ultimate resolution with which such 

data could predict absolute soil age. Bockheim (1980), for example, 

indicated that the relationship between soil age and clay percent is 

best given by a log Y = a + b log X function, as shown in Figure 27B, 

or by the function Y = a + b(log X). For these expressions, Y = clay 

percent and X = time. Marchand and others (1979) showed that geochem

ical soil data such as clay percent can predict soil age to within ±20 

percent of the true age. Unfortunately, a rather small number of geo

morphic surfaces within a given study area and the variability of soil 

development on a given geomorphic surface may pose limits on the ulti

mate degree of age resolution based on commonly used types of soil data, 

such as profile summations of clay or iron oxyhydroxides. 

Clay-iron Oxyhydroxide Relationships 

Regression analyses of soil profile iron oxyhydroxide and clay 

contents, shown in Apper-dix C, indicate that these two soil components 

are increasingly well correlated with each other in the soil profiles of 

most soil chronosequences. With the'exception of the Whipple Mountains 

piedmont soils, regression analysis of combined horizon iron oxyhydroxide 

and clay contents for different climates (Figure 28A) and profile mass 

summations of iron oxyhydroxides and clay for a given climate (Figure 

28B) also show the strong correlation of these two components. The 

strong correlation of these two components demonstrates that cogenesis 

and probably coilluviation of iron oxyhydroxide and clay is occurring 

during soil genesis. 
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The increasing degree of correlation of clay and iron oxyhy

droxides in increasingly older soils probably reflects the increasing 

degree of pedogenic controls on their distribution within the profile 

relative to initially stratigraphically controlled distribution. Pedo

genic clay and iron oxyhydroxide contents may actually be better corre

lated than indicated by regression data, but due to the inability to 

distinguish small, stratigraphically controlled increases in clay con

tent from pedogenic increases, the absolute degree of clay-iron oxyhy

droxide correlation on a horizon basis cannot be precisely known. Total 

iron oxyhydroxide and total clay contents for soil profiles of stage S5 

development are well correlated despite much poorer correlation of the 

two components in individual horizons of Holocene stage soils. 

Externally Derived Clay 

The incorporation of significant amounts of 'clay from external 

sources into soil profiles has been demonstrated in several soil

geomorphic studies (Marchand, 1970; Gi1e, 1971, 1975; Yaa10n and Dan, 

1971; McFadden, 1978b). The formation of clay-rich B horizons in quartz

ose beach sands and in dolomitic parent materials prov:ldes especially 

convincing evidence for the presence of abundant, externally derived 

clay in the soils. The ~nusual rapidity of B horizon development in 

arid climates is also suggestive of clay derivation from extenlal 

sourCbS in addition to in situ weathering (Gile, 1975; Peterson, 1980). 

Deflation of sparsely vegetated playas and piedmonts of arid regions 

provides an abundant source for the externally derived clay. Distances 
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of dust transport may be small (101-102 km) or quite far (103-104 km), 

as suggested by the work of Yaalon and Dan (1971) and Prospero, Glaccum, 

and Nees (1981). Externally derived dust is clearly an important source 

of clay in soils, particularly in arid regions where abundant sources 

of dust are present. 

One approach for evaluating the relative impact of externally 

derived clay on B horizon development is to measure directly rates of 

dust accumulation. The results of this kind of approach suggest that 

large amounts of dust are being deposited on piedmonts at a rate theo

retically sufficient to account for a significant part of B horizon 

development in arid and semiarid regions (G:ile, Hawley, and Grossman, 

1971) • 

Several problems are inherent in using present inputs of aero

solic dust to evaluate B horizon development. One major problem is the 

substantial impact of man on the earth's surface. The effects of urban

ization, devegetation, and desertification have almost surely altered 

the magnitude of dust influx rates over much of the earth's surface. 

Furthermore, it is highly likely that major changes in climate have af

fected the patterns and magnitude of dust influx as a result of changes 

in atmospheric circulation and distribution of deserts and vegetation. 

It is not unreasonable to suggest that the widespread contraction of 

large lakes and concomitant formation of large, devegetated piedmonts 

and playas near the end of the latest Pleistocene glacial period and the 

beginning of the Holocene Significantly changed dust influx rates 

throughout much of the western United States. 
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Even if one could determine accurate, long-term dust influx 

rates, several other factors would have to be evaluated in order to de

termine how much surficial dust could be permanently incorporated into 

the soil profile. Surficial erosion rates are one factor that would af

fect and partly control the rate of incorporation of surficial materi

als. Surface profile chemistry also greatly affects the rate of clay 

incorporation. Peterson (1980), for example, showed that the presence 

of large amounts of sodium derived as dust from adjacent playas has ac

celerated B horizon development in gravelly piedmont soils by acting to 

disperse clay, facilitating clay illuviation by percolating rain water. 

In the arid soils of the Whipple Mountains piedmont, textural data show 

that little clay has accumulated in the shallow subsoil horizons; in

stead extremely clay-rich, thick vesicular A horizons are forming. This 

is probably the result of both limited leaching and the illuviation

inhibiting flocculation of much of the clay particles in the A horizon 

owing to the presence of calcium on most exchange sites and the high 

electrolyte contents of the soil solution. The presence of clay-rich, 

thick B horizons in Pleistocene soils in this region suggests that soil 

profile chemist~y for some period during the Pleistocene was conducive 

to clay illuviation, a possibility discussed in Chapter IV. 

Alternative means of evaluating the relative impact of exter

nally derived clay are provided by quantitative analyses soil profile 

data. For example, regression analyses of clay and iron oxyhydroxides 

discussed in the previous section show that the slope (Bl ) of the re

gression lines consistently increases for soils formed in increasingly 

aridic climates (Appendix A, Figure 28A,B). This indicates that clay 
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is accumulating at progressively greater rates with respect to iron 

oxyhydroxides in more aridic climates. This trend would not be pre

dicted if clay and iron oxyhydroxide contents were solely due to in situ 

\.ea thering of soil parent materials, because there is no obvious reason 

to explain why decreased soil leaching should result in the formation of 

more iron oxyhydroxides relative to clay. Since most ferrous iron 

available for precipitation as pedogenic iron oxyhydroxides is provided 

by secondary clay-producing hydrolytic weathering, a decrease in in situ 

clay production.would be accompanied by a concomitant decrease in iron 

oxyhydroxide production. This suggests that significant amounts of si

licate clay are being added to soils in desert regions, a conclusion 

that is consistent with the observation that abundant sources of dust 

are present in sparsely vegetated arid terrains. 

Clay mineralogic data also illustrate the importance of exter

nally derived clay in arid soil development. As will be shown later, 

significant amounts of montmorillonite are being added to these profiles 

as indicated by analyses of vesicular A horizon clay composition. Mont

morillonite, owing to its generally small size, is especially subject to 

illuviation under appropriate chemical conditions. Montmorillonite il

luviated to lower parts of the B horizon can be subsequently transformed 

to palygorskite in the presence of high soil magnesium contents. In 

marked contrast, the patterns of clay composition observed in the soils 

forming in moister climates indicate that in direct weathering parent 

minerals have provided a significant part of accumulated clay in soil 

B horizons~ 
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Clay Authigenesis 

Authigenic clay minerals are the stable or metastable products 

of chemical weathering of relatively unstable minerals such as the feld

spars, muscovite, biotite, hornblende, and other less common alumino

silicate minerals. Minerals in the original parent materials and sub

sequently added aerosolic dust are subject to weathering in soil 

environments. The various factors that govern the composition of secon

dary, authigenic clay minerals in a given profile are many and will be 

discussed at length later in this section. In some soil-geomorphic 

studies, little or no clay mineral compositional change is discerned 

with progressive weathering of gravelly deposits (Ruhe, 1967; Birkeland, 

1969; Birkeland and Janda, 1971), while other studies have shown that 

clay mineral composition changes significantly in progressively weath

ered grave:.ly soils (Harden and Marchand, 1977; McFadden, 1978a, 1981). 

Birkeland (1974) points out that the clay minerals that have formed ini

tially in a soil profile should be the theoretically stable end products 

of weathering; therefore, subsequent changes in clay mineralogy would 

not be predicted. When changes in soil clay mineralogy are exhibited in 

increasingly older soils, a change in one of the soil-forming factors 

may be indicated. For example, a major change in climate might result 

in significant changes in soil leaching intensity which might be con

ducive to formation of new clay minerals stable in the changed edaphic 

conditions. Gradual changes in soil leaching intensity could also be 

caused by the slow accumulation of clay in the B horizon; this slow 

process could also theoretically result in the formation of different 

clay minerals. Changes in soil leaching intensity that occur at 
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increasing soil depth are also conducive to the formation of different 

clay minerals in different parts of a soil profile (Birkeland, 1974). 

All of the aforementioned processes may partly explain some of the 

changes in clay mineralogy observed in soils analyzed in this study; 

however, it will be proposed that differences in parent material miner

al weathering rates and mineral distribution also could explain the 

significant changes in the proportion of different clay minerals present 

in increasingly older soils. 

Clay Mineralogy of Xeric Soils. Representative suites of soils 

of stage S7 to Sl were analyzed by x-ray diffractometry in order to 

evaluate clay mineral authigenesis in a xeric climatic regime. The 

small amounts of clay that occur in the gravelly to bouldery parent ma

terials are derived from drainage basin hills lopes where the soil weath

ering environment may vary considerably owing to potentially large dif

ferences in altitude and climate or topographic position. Parent 

material clay mineral composition may vary also, owing to selective 

transport and deposition of clay minerals that occurs due to clay tex

tural differences (Arcaro and Carson, 1978). The complex problems in

herent in interpretation of parent material clay composition emphasize 

the advantages of the analysis of clay mineral formation in clay-poor 

gravelly sediments, where significant increases in clay are easily rec

ogni"zed and may be inferred to be the result of pedogenesis. 

Stag(~ S7 and S6 soils in the San Gabriel Mountains exhibit very 

minimal pedogenesis; the clay mineralogy of these soils reflects chiefly 

inherited parent material clay composition. Significant amounts of the 
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clay fraction in these soils are composed of feldspar and quartz. In 

contrast, the more well developed stage S5 profiles that possess clay

rich B and A horizons exhibit clay mineralogy that can be distinguished 

from inherited parent material clay (Table 4). The principal clay min

erals forming in the A and B horizons are vermiculite and kaolinite, 

with small increases in illite in the A and B horizons and montmoril

lonite in the A horizon. Chlorite and mixed-layer clay minerals appear 

to have been relatively depleted, as suggested by their minimal presence 

in this soil profile when compared to their greater abundance in fresh 

soil parent materials. 

The clay mineral composition of a stage S4 soil exhibits a pat

tern similar to that observed in the stage 85 soil, with the predomi-

nant pedogenic clay minerals consisting of vermiculite and kaolinite. 

In stage S3 through 81 soil profiles, kaolinite becomes increasingly 

dominant relative to vermiculite in the argillic horizon, while i.llite 

and montmorillonite remain important only in the increasingly thinner 

A horizon and uppermost B horizon. Throughout much of these well

developed profiles, montmorillonite, illite, chlorite, and interstrati

fied clay minerals have been almost entirely depleted, except for per

haps the basal B horizon or Cox horizon where small amounts of mont

morillonite may have formed. Figure 29 shows a suite of x-ray 

diffractograms of the most well developed soil horizons of stage S6 

through Sl soil profiles, indicating the trend of kaolinite and vermic

ulite authigenesis. Analysis of x-ray diffractograms at larger 20 

values, not shown in this figure, indicate that secondary clay minerals 



Table 4. Clay Mineral Composition of Soils Formed under a Xeric Climate in the San Gabriel 
Mountains. 1 

Pedon Stage Horizon Mont. Kaol. Ill. /Mica Verm. ChI. Mixed Layer 
14 S7 Al 2 4 1-2 0 1-2 0 

C10x 2 4 1 0 2 0 
C20x 2 4 1-2 0 1-2 1-2 

13 S6 A1 3 3 1-2 0 1 1 
AC 2 3 1 0 17 1. 
C10x 2 2 1 0 2 4 

12C S6 A/AC 0 5 1 0 0 1. 
85 Al 2 3 2 1-2 1 0 

Bt 1 3 2 3 0 0 
Cox 1 2-3 1 2 1 1 

10 S5 All 1 3 3 1 0 0 
A12 1 4 2 2 17 0 
A13 1 4 1 2 o - 0 
AC 1 3 1 3 0 0 
AC2 2 5 0 0 0 0 
C1ox2 2 4 0 17 0 0 
C2ox2 2-3 2 17 17 0 0 

4 S4 A1 2 3 4 1 0 0 
B1 2 2-3 l:, 1-2 0 1 
B21t 1 3 2 2-3 0 2 
IlB22t 1 3 2 2-3 0 1-2 
IIB3 1 2-3 1 2-3 0 1-2 

16 S3 B1 2 3 2 2 0 0 
B21t 1 3 2 3 1 0 
B22t 1 4 1 2 0 0 
B23t 1 5 1 2 0 0 
B24t 1-2 4 1 2 0 0 
Cox 1-2 5 1 2 0 0 
IlB21tb 1 4 1 3 0 0 
IIB22tb 17 4 1 3 0 0 

1-' 
1-' 
-I"-



Table 4--Continued 

Pedon Stage Horizon Mont. Kao1. I11./Mica Verm. ChI. Mixed Layer 
16 cont'd S3 IIB3b 1-2 4 0 3 1 0 

IIC10x 1 3 1 3 I? 0 
IIC20x 1 4 1 2 1 0 

17 S2 Al 2 3 2 1 0 0 
B21t 1 3 2 2-3 0 0 
B21t 1 4 1 2-3 1 0 
B23t 0 5 1 1-2 1 0 
B24t 1 5 1 1-2 17 0 
B25t 17 5 1 1-2 17 0 
B3 17 5 1 1-2 1 0 

6 S2 A 1 3 2-3 1 1 2 
B1 1 3 2-3 1-2 1 0 
B21t 1 3-4 2-3 2 0 0 
B22t 1 4 2-3 2 0 0 
B23t 1 4 2 1-2 1 0 
B24t 1-2 4 1 2 17 0 
B25t 2 3-4 0 2 0 0 
B3 2 3-4 1 2 0 0 

3 Sl IIIB21tb 0 4 2 2 0 0 
IIIB22tb 0 4 2 1-2 0 0 
IIIB23tb 0 5 0 2 0 0 
IIIB24tb 0 5 0 1-2 0 0 
IIIB25tb 1 5 0 2 1 0 
IIICoxb 2 5 0 2 1 0 

10 = none or not detected; 1 = trace «10%); 2 = small (20 ± 10%); 3 = moderate (40 ± 10%); 
4 = abundant (60 ± 10%); 5 = predominant (>70%) 

2C1ay mineral composition determined for clay fraction extracted from pebble coatings that 
occur in this soil horizon. 

I-' 
I-' 
lJl 



Figure 29. Clay-mineral Composition of Strongly Altered Horizons for 
Soil Profiles in the San Gabriel Mountains. -- Numbers in 
parentheses are pedon numbers. X-ray diffractograms for 
pedons 4, 14, and 15 are from Mg-saturated samples; for 
pedons 3 and 17, samples are K-saturated. K = kaolinite, 
V = vermiculite, I = illite/mica, M = montmorillonite. 
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become the predominant minerals in the <2~ fraction of progressively 

older soils. 
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The clay mineral composition of soils of the San Gorgonio Wash 

area in the San Bernardino Mountains exhibits a trend of clay mineral 

authigenesis similar to that observed in the San Gabriel Mountain soils, 

with a few important differences (Table 5). Kaolinite and vermiculite 

have formed in the argillic horizon, although vermiculite is not nearly 

as abundant. Instead, illite is a very important clay mineral in Holo

cene and late Pleistocene soils and remains important in the oldest 

stage S2 soil. Fi.gure 30 clearly shows these aspects of clay mineral 

composition in the San Gorgonio Wash soils. 

The clay mineral composition of Pleistocene xeric soils of the 

Los Angeles Basin exhibits the trend of kaolinite and vermiculite forma

tion observed elsewhere in xeric soils with one major exception (Table 

5). In the Los Angeles Basin soils, montmorillonite has formed in the 

middle to lower parts of the B horizons approximately coincident with 

the position of the calcic horizon in the stage S4 soil and the duripan 

in the stage S2 soil. The montmorillonite peaks are quite obvious in 

x-ray diffractograms for these two soils (Figure 31). Strong kaolinite 

and vermiculite peaks typical of increasing well-developed soils forming 

in xeric climates are also evident. 

Clay Mineralogy of Semiarid Soils. The clay mineral distribu

tion of soils occurring in presently semiarid climates in the eastern 

San Bernardino Mountains and the Rodman Mountains is shown in Table 6. 



Table 5. Clay Mineral Composition of Soils Formed under a Xeric Climate in the San Bernardino 
Hountains and. the Los Angeles Basin. 

Pedon Sta~e Horizon Mont. Kaol. Ill./Mica Verm. Chl. ~lixed La}:er 
3lB S7 A 2 3 2 1 1 1 

C10x 1 4 1 1 1 1 
30 S6 All 1 2 4 1 1 0 

A12 1 2 4 0 0 I? 
IIAC 1 2 4 1 1 0 
IIC10x 1-2 2 4 1 0 1 
IIC20x 1 1 4 1 0 1 
IIC30x 1 1 4 1 0 1? 

32 S5 A 1-2 4 3 0 0 0 
B 1 3 3 1 I? 0 
B2t 1 2 3 1 0 0 
B3 1 3 3 1-2 I? 0 
C10x I? 2 3 I? O? 0 
C20x 1? 1 3 1 I? 0 

33 S4 A 1 3 2 I? 1 0 
B2lt 1 3 3 0 1 0 
B22t I? 3 3 1-2 0 0 
B23t I? 3 3 1-2 0 0 
B24t 1 3 3 1-2 1 0 
C10x I? 3 2 1-2 1 0 
C20x I? 4 2 I? 0 0 

29 S2 B2lt 1 3-4 3-4 0 1 1 
B22t 1 4 2 2 0 0 
B23t 1 4 2-3 1-2 0 0 
B24t I? 4 2-3 1-2 1 0 
B25t 1 4 2 2 1 0 
B3 1 4 1 3 0 0 
Cox 1 2 2 5 0 0 

I-' 
I-' 
0:> 



Table 5--Continued 

Pedon Stage . Horizon Mont. 
27 S21 B 1-2 

B21t 1 
B22t 2 
B23t 3 
B24t 2 
B25tsim 2-3 
B31sim 2-3 
B32 3 
B33 3 
IICox 4 

28 S2 B2lt 0 
B22t 1 
B23t 1 
B24t 3 
B25t 5 
IIB31 4 
IIB32 3 
IIB33 4 

Kaol. Ill./Mica 
3 3 
3 2 
3-4 1 
3 1 
3 1 
3 1 
3 1 
2 1 
2 1 
1 1 
4 1 
3 1 
3 2 
3 1 
2 1 
2 1 
2 1 
2 1 

Venn. 
1-2 
3 
3 
1-2 
3 
3 
2 
2 
2-3 
2 
3-4 
3 
3 
3 
1? 
2 
1-2 
1 

Chl. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Mixed Layer 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

I-' 
I-' 
\D 



Figure 30. Clay-mineral Composition of Strongly Altered Horizons for 
Soil Profiles in the San Bernardino Mountains. -- Numbers 
in parentheses are pedon numbers. X-ray diffractograms 
for pedons 30, 32, and 33 are from Mg-saturated samples; 
pedon 29 is a K-saturated sample. 
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Figure 31. Clay-mineral Composition of Strongly Altered Horizons for 
Soil Profiles in the Los Angeles Basin. -- Numbers in 
parentheses are pedon numbers. X-ray diffractograms for 
pedons are for Hg-saturated samples. 
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Table 6. Clay Mineral Composition of Soils Formed under Semiarid and 
Arid Climates. 

Pedon Stage Horizon Mont. Kaol. Ill./Mica Verm. Chl. Mixed La;ter- Pa1ygor. 
40 S7 A 1-2 2 3 0 1-2 0 

C1 2 2 3-4 1 1-2 1 
C2ca 2 2 2-3 2 2 1 
IIC3ca 2 2 2 2-3 2 1 

44 S5 A 1 2 2 4 1 0 
B 1 2 1-2 4 0 0 
B2t 11 2 1-2 4 0 0 
C1ca 0 2 1-2 5 1 0 
C2ca 0 2 1 5 1 0 

39A S4 A 1 2 3 1-2 11 0 
B2t 1 2-3 3 2 17 0 
B3ca 1 2 2 2 07 17 
C1caox 2 1-2 2 2 1 2 
C20x 2 1-2 2 2-3 1 17 

38A S3 A 1-2 3 3 1-2 17 0 
B21t 1-2 3 3 1-2 11 0 
B22t 2 4 2 2 0 0 
B23t 1 4 1 3 0 0 
B24t 1 4 1 3 1 0 
B25t 1- 2 1 4 17 1 
B3ca 1-2 2 2 3 0 0 
C1ca 2 2 2 1 1 0 
C2ca 2 2 2 1 1 0 
C30x 2 2 2 2 0 0 

43 S2 A 2 3 3 1-2 1 1 
B21t 1-2 4 1 2-3 1 0 
B22t 1 4 1 2 1 1 
B23tca 1 3 1 2 1 1 
B31ca 1 3 1 3 2 0 
B32 1 2 1-2 3-4 1 0 
Cox 1 2 1-2 3-4 1 0 

PV4 S7 Av 3 2 2 1 2 0 
C2n 3 2 2 1 2-3 1 

I-' 

'" N 



Table 6--Continued 

Pedon 5tage Horizon Mont. Kao1. Il1./Mica Verm. ChI. Mixed La:z:er Pa1:z:gor. 
PV2A 55 Avca 3 2 2 1 1 0 

C1ca 3 2 1-2 1 2 1 
C2n 3 2 2 1 2 1 

PV2B 55 Bt 3 2 1-2 1 1-2 1 
PV3 55 Avca 4 2 2 11 1 0 

Clca 3 2 1-2 1 1-2 1 
C2n 3 2 1-2 1 2 1 

PV1 54 Avca 3-4 2 1-2 1 1-2 0 
B2tca 3 2 1 1 1 11 
B3ca 2 2 1-2 2 1 1-2 
C1ca 2 2 11 0 2 2-3 
C2ca 3 2 1 1 1 1-2 

PV7 53 Avca 4 2 1 1 1 1 
B2ltCd 3-4 2 2 1 1 11 
B22t 2-3 2 1-2 1-2 2 1-2 
B23tca 2-3 2 11 1 2-3 3 
B3ca 2 ·2 11 11 2 3 
C1ca 3-4 2 1 1 2 2 

PV5 52 Avca 4 2 1-2 1 2 1 
B21tca 2 2 2 2 1-2 1 
B22tca 2 2 11 2 2 3 
B23tca 2 2 1-2 2 2 1 
C1cam 2 2 1 0 2 2-3 
C20x 2-3 2 1 1-2 2 2 

PV6 51 Avca 3 2 2 1 1 1 
ABca 2-3 2 1-2 1 1 1 
B21tca 1-2 1-2 11 1-2 1 2-3 
B22tca 2 1-2 1? 2-3 2 2 
B23tca 1-2 1-2 11 3 1-2 2 
B24tca 1-2 1-2 11 3 1-2 2 
C10x 3 2 11 0 1-2 2 
C20x 3-4 2 :"-2 1 1-2 1-2 

f--' 
N 
W 
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The clay mineral composition of stage S7 and S5 soils exhibits little 

evidence for new clay mineral formation, although there is some evidence 

for a small increase in illite/mica and relative depletion of chlorite 

in the A and B horizons of the stage S5 soil. In marked contrast to 

Holocene soils, Pleistocene soil profiles exhibit clay mineral composi

tional trends that are similar to those observed in xeric soil profiles. 

Data in Table 5 and the suite of diffractograms shown in Figure 32 indi

cate that kaolinite and vermiculite are the principal clay minerals 

accumulating in the argillic horizons. As was observed in the San 

Gorgonio Wash xeric soils, illite is an important clay mineral in the 

youngest Pleistocene stage S5 soil, but it becomes increasingly less im

portant in more well developed soil except in the thin A horizons or 

uppermost B horizon. Chlorite and montmorillonite, present in small 

amounts in the parent material, are absent throughout most of the argil

lic horizon and, as with illite, remain present only in the A horizon or 

uppermost B horizon. The formation of an unusual clay mineral is con

sistently observed in these soils in the basal B horizon or the upper 

calcic horizon. The behavior of this clay mineral during successive 

magnesium, ethylene glycol, and potassium treatments suggests that the 

clay mineral is a partly expansible, interstratified vermiculite/illite. 

The slight collapse observed on ethylene glycol saturation rules out the 

presence of a montmorillonite component but is inconsistent with the 

usual behavior of vermiculite. It is possible that the formation of 

the ethylene glycol monolayer causes partial collapse of some vermicu

lites (Hendricks, oral communication, 1981). In addition, a hydroxy

vermiculite, hydroxy-smectite, or vermiculite/smectite component may 



Figure 32. Clay-mineral Composition of Strongly Altered Horizons of 
Soil Profiles of Mission Creek and the Rodman Mountains. 
-- Numbers in parentheses are pedon numbers. X-ray dif
fractograms for pedons 39A and 44 are from Mg-saturated 
samples; pedons 38A and 43 are from K-saturated samples. 
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be present in the soil as suggested by peak behavior during successive 

saturation and heat treatments. 

Clay Mineralogy of Arid Soils. The clay mineral distribution 

of the arid Whipple Mountains soil chronosequence (Table 5) is consid-

erably different from the clay mineral composition observed in xeric 

and semiarid soils. Clay mineral composition of the soil parent mate-

rial and the vesicular A horizons is largely similar except for the ab-

sence of chlorite and palygorskite and the relatively larger fraction 

of quartz and feldspar in the vesicular A horizon. Changes in soil 

clay mineralogy are not recognized in Holocene soils but are increas-

ingly obvious in progressively more well developed Pleistocene soils. 

These changes are characterized by the formation of a vermiculitic or 

vermiculitic/smectitic clay mineral in the B horizon with 3 concomitant 

depletion of montmorillonite and increase in palygorskite, primarily in 

lower B horizons and in calcic horizons. In addition, small amounts of 

chlorite may be forming in the B horizons. The suite of diffractograms 

sho\vn in Figure 33 clearly demonstrate these trends of clay mineral for-

mation. It should be noted that palygorskite is differentiated from 

illite on the basis of the constant 10.2-10.5 A spacing unless vermicu-

lite collapse on potassium saturation obscures the peak. Additional 

evidence for the presence of palygorskite is indicated by the strong 

o 0 
6.44 A second order peak and the 10 A peak height decrease on heating 

to 500°C, presumably caused by thermal decomposition of palygorskite 

(Zelazny and Calhoun, 1977). 



Figure 33. Clay-mineral Composition of Strongly Altered Horizons for 
Soil Profiles of the Southern Whipple Mountains Piedmont. 
-- Numbers in parentheses are pedon numbers. X-ray dif
fractograms are from Mg-saturated samples. 
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Clay-mineral Reactions and 
Dissolution Rates in Soils 

An interpretation of the pattern of clay mineral authigenesis 
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observed in southern California alluvial soils requires an understanding 

of some chemical thermodynamic and kinetic considerations supplemented 

by the incre&singly abundant data from artificial and natural weathering 

studies. For example, several studies suggest that partial or local 

equilibrium is present in weathering environments as suggested by the 

occurrence of apparently equilibrium-controlled concentrations of Fe, 

Al, and Si in soil solutions (Bohn, 1967; Kittrick, 1969, 1971; Hem and 

others, 1973; Marion and others, 1976). This is consistent with the 

fact that the compositions of many soil solutions and springs plot within 

the kaolinite stability field or on the kaolinite-smectite phase boundary 

on phase diagrams, suggesting approximate solution equilibration with 

common soil clay minerals, pointed out earlier in this section. 

Since feldspar minerals are by far the most prevalent mineral in 

alluvial soils, it is important to revl.=w the generally recognized weath-

ering reactions that govern feldspar alteration in soil environments. 

Feldspar reactions in aqueous solutions are considered to be incongruent 

(Garrels and Mackenzie, 1971), as shown in the following idealized 

reaction: 

2 NaAlSi30a -I- 2C02 + llH20 
albite 

Al2 Si20S(OH)4 + 2Na+ + 2HCO; + 4H4Si04 
kaolinite 
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The formation of a 1:1 layer phyllosilicate mineral from a tectosilicate 

indicates that kaolinite is formed by mineral "synthesis" as opposed to 

simple solid-state transformation as discussed later. Early studies 

suggested that kaolinite synthesis was accomplished by precipitation by 

recombination of individual Si and Al polyhedra derived from feldspar 

dissolution (Jenny, 1950; Devore, 1959). It has been proposed also that 

+ exchange of H for cations in the feldspar crystal leads to crystal in-

stability, lattice collapse, and formation of kaolinite (Frederickson, 

1951). Recent studies indicate that the altered feldspar surface con-

sists of a leached, decationated layer composed of a 1:1 layer kaolinite-

like material, the presence of which controls subsequent dissolution 

rates by controlling diffusion of material into and out of the fresh, 

unaltered crystal (Luce, Bartlett, and Parks, 1972; Paces, 1973; 

Busenberg and Clemency, 1976; Nixon, 1979). Others have suggested that 
o 

this surface layer is quite thin «17A) or discontinuous and only mini-

mally affects dissolution rates of feldspar (Petrovic, 1976; Berner and 

Holdran, 1977). In other studies, an amorphous to poorly crystalline 

material possessing a kaolinitic composition is presumed to precipitate 

at the surface of the feldspar (Correns and Van Engelhardt, 1938; 

Wollast, 1967; Helgeson, 1974). In nearly all of these studies, kao-

linite appears to be the primary product of feldspar weathering. How-

ever, in weathering environments in which H4Si04 and cations are not 

quickly removed by extensive leaching, 2:1 Si to Al "neogenetic" clay 

minerals could theoretically form as shown in the following idealized 

reaction: 



6 KA1Si 30S + 4HZO + 4COZ 
orthoclase 

KZA14(Si6AIZOZO) (OH)4 + lZSiOZ + 4K+ + 4HCO; 
illite 
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The formation of Z:l layer clay minerals, such as illite by weathering 

of feldspar, has been demonstrated in laboratory experiments (Busenberg 

and Clemency, 1976) and demonstrated in naturally weathered feldspar 

(Nettleton, Flach, and Nelson, 1970; Barshad and Kishk, 1969; Rodgers 

and Holland, 1979). The formation of neogenetic Z:l clay minerals by 

this process appears to be limited to soil environments characterized by 

restricted leaching, alkaline pH, and by mafic parent materials that 

supply a continual source of bases (Wilson, 1966; Kautz, 1969; Ismail, 

1969; Borchardt, 1977; Huang, 1977; Harden and Marchand, 1977). 

Although the initial products of weathering may be largely amor-

phous, they are converted rapidly to fairly well crystallized clay min-

erals, as observed both in artificially and naturally weathered feld

spars (Hem and others, 1973; Busenberg and Clemency, 1976). Colman 

(1979) pointed out that the weathered material present in gravel rinds 

was composed composed of essentially amorphous, allophane-like minerals 

or only very poorly crystalline minerals, suggesting that well-

crystallized clay minerals observed in soil profiles must be derived 

from other sources. Where eolian (externally derived) clay minerals can 

be ruled out as a major source of pedogenic clay, weathering of the fine 

earth soil fraction provides the main source of the well-crystallized 

secondary clay minerals observed in soil profiles. 



131 

In contrast to feldspar, the weathering of 2:1 layer micaceous 

minerals is accomplished chiefly by simple transformation to the secon

dary clay mineral that retains the inherited 2:1 layer structure. The 

process entails gradual removal of interlayer K+, reduction in layer 

charge, partial dealumination of the octahedral layer, and diffusion of 

hydrated cations into an expanded inter layer area (Fanning and Keram 

Keramidas, 1977). The authigenesis of vermiculite in soils is almost 

exclusively the result of the solid-state transformation of biotite, 

muscovite, and occasionally chlorite (Douglas, 1977; Bohn et al., 1979). 

Vermiculite synthesis via feldspar weathering is restricted to soil 

formed in melanocratic plutonic or mafic metamorphic parent materials 

(Smith, 1962; Barshad and Kishk, 1969). Biotite is the probable source 

of much of the initially formed vermiculite in soils, since biotite is 

much less stable than muscovite. The instability of biotite relative to 

muscovite is probably due to the differences in hydroxyl orientation in 

the biotite and muscovite interlayer areas. The trioctahedral struc

tural arrangement of biotite apparently favors weaker K+ retention, 

owing to the closer proximity of the H+ on octahedral hydroxyl and the 

interlayer K+. Consequently biotite weathers faster than muscovite 

(Bassett, 1960). The rapid oxidation of ferrous iron in biotite also 

favors rapid weathering of biotite relative to muscovite by decreasing 

layer charge (Birkeland, 1974; Douglas, 1977). Biotite may weather also 

to montmorillonite, but this reaction seems to be favored only in alka

line soils formed in mafic parent materials (Ismail, 1969; Borchardt, 

1977). The formation of kaolinite directly from weathering of mica

ceous minerals occurs only when Si and Al sheets decompose more rapidly 
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than the rate of K+ release, a condition limited to intensely leached, 

weathered soils characterized by low base saturation such as oxisols and 

ultisols (Fanning and Keramidas, 1977). Artificial weathering of bio

tite indicates formation of vermiculitic clay minerals (Robert, 1973); 

similarly, analyses of biotite weathering in soil profiles also show 

that vermiculite is the primary reaction product (Borchardt, 1966; 

Nettleton and others, 1970; Isherwood and Street, 1976). High soil Na+ 

concentrations potentially derived from marine sources may favor vermic

ulitization by accelerating K+ diffusion out micaceous minerals (Potts 

and Evans, 1977). High soil K+ contents are conducive to illite stabi

lity relative to vermiculite (Douglas, 1977; Fanning and Keramidas, 

1977). High soil K+ concentration may be present in soil composed of 

K+-rich igneous rocks or wh~re K+ is retained by recycling and fixation 

in the organic matter-rich A horizon or uppermost B horizon (Stahnke, 

Rogers, and Allen, 1969). 

The abundance of vermiculite in soils occurs despite thermody

namic data that indicate the greater stability of kaolinite and mont

morillonite at low temperatures (Lindsay, 1979). Ve~lniculite, there

fore, is probably a metastable intermediate mineral phase that can per

sist for relatively long periods of time owing to kinetic factors that 

retard vermiculite transformation to move more stable phases (Kittrick, 

1973). The formation of Al hydroxy interlayered vermiculite probably 

promotes or prolongs vermiculite stability in many soils (Douglas, 1977). 

In the stages of weathering stability proposed by Jackson and others 

(1969), vermiculite is an intermediate weathering product of biotite, 
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muscovite, and chlorite. The latter mineral has been shown to weather 

to vermiculite in many soils in a wide variety of environments (Smith, 

1962; Johnson, 1964; Bain, 1977, Barnhisel, 1977). 

The weathering products of the less common mafic aluminosilicate 

minerals, such as hornblende and pyroxene, include kaolinite, vermicu

lite, and interlayer chlorite/ver.niculite (Huang, 1977). The formation 

of secondary clay minerals from these primary minerals must involve clay 

synthesis, given the original chain structure possessed by inosilicates. 

Most studies indicate that hornblende and pyroxene weather much more 

rapidly than feldspar and micaceous minerals (Jackson and others, 1969; 

Loughnan, 1969); thus they serve as important sources ror significant 

quantities of the initially formed clay in soils when these minerals 

constitute up to several percent of the soil parent materials. 

The relative dissolution rates of the more common aluminosili

cate minerals undoubtedly play an important role in affecting clay min

eral distribution in increasingly older soils. Recently it has been 

shown that most aluminosilicate minerals eventually attain linear dis

solution rates (zero order) at low temperatures (Busenberg and Clemency, 

1976; Siever and Woodford, 1979; Berner and others, 1980; Lin and 

Clemency, 1981). The long-term dissolution rdtes may well be the min

eral dissolution rates most applicable to soil environments (Rogers, 

1980). For example, Rogers calculated linear dissolution rate constants 

for several common aluminosilicate minerals based on published data that 

show that, in general, mafic minerals should weather at faster rates 

than feldspars. This agrees with the usually observed sequence of 

weathering observed by Golditch (1938). In addition, relative mineral 



surface area plays a major role in determining mineral dissolution 

rates, as shown by the expression given by Rogers (1980): 

K r 
0, 

moles of reactant r 

the linear rate constant 

the reactant surface area. 
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From this expression, it could be predicted that minerals characterized 

by small grain size and relatively high surface area such as biotite 

spar, assuming that the linear rate constants are not grossly different. 

Thus in rapidly leached gravelly soils, the alteration products of bio-

tite and other relatively unstable minerals should constitute a signifi-

cant portion of the initially accumulated authigenic clay despite the 

fact that they may constitute less than 10 percent of the parent mate-

rials. This will happen because of the higher dissolution rates of 

these minerals as compared to more stable feldspar and because it is 

mineral dissolution rates and not flux rates that determine the rates 

and magnitude of chemical mass transfer (Berner, 1978). 

Trudgill (1976) has defined the term "solution velocity" to de-

scribe the interdependent roles of kinetics and infiltration rates in 

different soil environments. Solution velocity is the rate at which an 

equilibrium value for a given mineral is achieved in a given soil pro-

file. In porous, gravelly parent materials, infiltration rates are 
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rapid relative to the solution velocity of most aluminosilicate miner

als. This soil environment is displaced considerably from mineral

solution equilibria, thereby envouraging continued relatively rapid dis

solution of soil minerals at linear reaction rates defined for the given' 

mineral. In contrast to porous soils, clay-rich soils exhibit colloidal 

properties conducive to high available water-holding capacity and much 

slower infiltration rates; in such soils the infiltration may become 

less than the solution velocities encouraging soil conditions that ap

proximate chemical equilibrium, limiting the subsequent mass of secon

dary minerals formed during weathering. Furthermore, the formation of 

organoclay coatings on mineral surfaces also significantly limits min

eral weathering rates in clay-rich soils (Bohn and others, 1979). 

Weathering rates of mafic silicate minerals are retarded due to the for

mation of coatings of iron oxyhydroxides that armor the mineral surface 

(Hendricks and Whittig, 1968; Siever and Woodford, 1979). Finally, it 

can be predicted that with progressive soil development, clay minerals 

reflecting increasing retention of soluble bases and silica would be

come increasingly more stable and that eventually overall rates of soil 

development would decrease significantly as clay-rich soils develop. 

Although increasing surface erosion cannot be ignored in this case, the 

pattern of clay accumulation exhibited by increasingly older soils shown 

in Figures 26 and 27 may owe partly to the changing interaction of solu

tion velocity and water flow rates. 



Interpretation of Clay Mineral 
Authigenesis in Different Climates 
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The patterns of clay mineral distribution in increasingly older 

soils are consistent with the predicted changes in clay mineral ccmpo-

sition based on clay mineral reactions and dissolution rates discussed 

above. Although not all of the clay accumulated in soil profiles can be 

considered to be authigenic, it would be unreasonable to assume that 

such systematic changes in clay mineral composition could be due merely 

to unusually fortuitous changes in the composition of eolian dust. 

Furthermore, in soils strongly affected by eolian processes, the compo-

sition of the eolian clay component can be analyzed and subsequently 

compared to soil parent material clay and to the clay composition of in-

creasingly well developed horizons in order to evaluate changes in clay 

composition that can be attributed specifically to in situ clay 

formation. 

As stated previously, the youngest soils in which clay formation 

can be unequivocally distinguished from clay inherited from the parent 

materials are generally the mid- to early Holocene soils. In xeric 

stage 85 soils, the vermiculite forms initially as a result of the rapid 

weathering of biotite, chlorite, and possibly other less abundant mafic 

minerals. The solid-state transformation of biotite to vermiculite is 

accompanied by oxidation and precipitation of relatively large amounts 

of iron oxyhydroxides. Biotite weathering rates may be accelerated in 

some profiles owing to addition of Na+ in rain watel derived from adja-

cent marine sources in the manner suggested by Potts and Evans (1977). 

Kaolinite authigenesis observed in these soils is primarily the result 



of the slow weathering of abundant plagioclase. The small amounts of 

illite formed in these soils probably represent chiefly the initial 
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weathering of muscovite. The ~ommonly observed presence of montmoril

lonite and illite in the A horizon and upper B horizon is probably due 

to recycling and retention of usually mobile Ca+2 , Mg+2, and K+ by the 

soil organic subsystem (Stahnke and others, 1969; Hendricks, oral com

munication, 1979). 

The strong illite/mica presence in Holocene and late Pleisto

cene soils in the San Gorgonio Wash area can be attributed partly to the 

incorporation of significant quantities of eolian dust, of which a large 

part is composed of micaceous material. Such material may be mechanic

ally disintegrated to clay-size material and subsequently illuviated to 

lower parts of the soil profile. Illite stability also may be the re

sult of high soil K+ provided by weathering of K+-rich orthoclase and 

micaceous minerals and K+ retention by the soil biotic system. The 

slightly lower amount of leaching in the San Gorgonio Wash area may also 

favor illite stability. It is thus conceivable that biotite conversion 

via a relatively stable intermediate illitic stage characterizes ,stage 

S5 and S4 soils, thereby accounting for the relatively low amounts of 

vermiculite that have formed in soils at this stage of development. 

Kaolinite is the increasingly dominant clay mineral in stage S3 

to stage Sl xeric soils. A similar trend of increasing kaolinite domi

nance is reported also in the xeric soils of the San Joaquin soil chrono

sequences (Harden and ~mrchand, 1977). The increase in the amount of 

kaolinite relative to vermiculite is attributed to the increasing de

pletion of biotite and other mafic minerals that alter to vermiculite. 
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In marked contrast to mafic minerals that are progressively depleted in 

the early stages of soil development, the abundance of feldspar in these 

soils provides a continuing source of kaolinite. The conversion of sig-

nificant amounts of feldspar to kaolinite is also suggested by the 

visible alteration of grains of feldspar to clay pseudomorphs in many 

clasts and by petrographic analyses of altered Cox horizons. For exam-

pIe, analyses of detrital sand fraction of the advanced Cox horizon 

shows that the feldspar:quartz ratio of this horizon is much lower than 

the typical ratios present in much fresher parent materials (Figure 

2A,B). The intense weathering and leaching of kaolinite-rich argillic 

horizons is shown also by characteristically associated low pH that is 

indicative of the presence of the dominance of AI-hydroxy complexes on 

+2 +2 clay exchange sites and removal of Ca and Mg ,as discussed in Chap-

ter II. 

Several studies suggest that vermiculite can be subsequently 

altered to and is another possible source of kaolinite. This process is 

considered to be unlikely in the xeric soils analyzed in this study, 

given the continued presence of significant amounts of vermiculite in 

strongly developed soils. Continued vermiculite presenc~ may owe to 

slow conversion of muscovite/illite, to the formation of stable hydroxy-

vermiculite, or to the increasingly lower infiltration rates in increas-

ingly clay-rich stage S3 to Sl soils that may well inhibit vermiculite 

transformation to kaolinite. Decreased rates of leaching, retention of 

divalent bases, and increasing soil pH may also explain the apparent 

formation or stability of small amounts of montmorillonite in the basal 
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B horizon and the Cox horizon of these soils. Significantly decreased 

soil leaching also appears to explain the formation of montmorillonite 

in the Pleistocene soils of the Los Angeles Basin. Decreases in soil 

leaching are attributed partly to the somewhat lower Li of the Los 

Angeles Basin and the lower infiltration rates characteristic of finer 

textured soils. The decrease in soil leaching in the stage S2 soil, 

however, probably was caused in large part by the formation of the duri

pan. Soil pH rises abruptly above the duripan, a condition that would 

favor montmorillonite suthigenesis. The origin of the formation of 

montmorillonite in the stage S4 soil profile is not as clear. The as

sociation of montmorillonite and the calcareous zone of the argillic 

horizon suggest cogenesis of montmorillonite and carbonate. The accu

mulation of carbonate in the argillic horizon would indicate that car

bonate and, by implication, montmorillonite formation largely post

dates development of the otherwise typically kaolinite-vermiculite-rich 

argillic horizon, suggestive of polygene tic profile development. 

The interpretation of montmorillonite authigenesis in these 

soils is complicated by the fact that montmorillonite is highly suscep

tible to illuvial.transport owing to the fine grain size (LT1,u) of 

montmorillonite. Fine grain size is conducive to dispersal and col

loidal transport. Bull (1972) showed that large amounts of detrital 

montmorillonite were transported through a great thickness of unconsoli

dated alluvial fan deposits as a result of the initial movement of water 

through the deposits subsequent to deposition. Montmorillonite carried 

by these waters was eventually deposited as laminated or banded clay in 

subsidence cracks. Such evidence for rapid mobilization of 



140 

montmorillonite suggests that large amounts of parent material montmo

rillonite or eolian montmorillonite could be rapidly flushed through 

permeable Holocene soils during deep soil infiltration episodes. Clear

ly, large amounts of eolian dust, much of which must be composed of 

montmorillonite, are transported into the Los Angeles Basin and adjacent 

terrain by annual westward-blowing Santana winds. Some of this eolian 

material is entrapped in Holocene soils, as shown by marked silt and 

clay bulges in the A horizon, as discussed in Chapter II. Given the 

abundance of montmorillonite in desert soils that occur in the Mojave 

Desert, it is reasonable to suggest that montmorillonite must be prefer

entially swept from the soil profile, leaving typically coarser clay and 

silt behind. 

This mechanism of preferential montmorillonite removal during 

early soil formation also provides an explanation for the presence of 

montmorillonite in the Cox and lower B horizons of some Pleistocene 

soils. Specifically the drastically decreasing permeability of increas

ingly clay-enriched soils might potentially trap some montmorillonite in 

the lower part of the soil. The slightly higher soil pH and lower rate 

of leaching at such soil depths would be conducive to montmorillonite 

stability. Thus it is conceivable that at least some of the montmoril

lonite observed in these xeric soils is not authigenic. 

The Ple.i6tocene soils of the semiarid Mission Creek region ex

hibit a pattern of clay authigenesis strikingly similar to the pattern 

observed in xeric soils. Again, high illite contents are attributed to 

incorporation of eolian dust, while kaolinite and vermiculite authigene

sis persists in the argillic horizon. In marked contrast to stage 85 
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xeric soils, stage S5 semiarid soils are not characterized by the for

mation of significant amounts of kaolinite or vermiculite. The very 

slight increase in illite/mica observed in the A and B horizons may 

well owe to incorporation of eolian dust; alternatively minimal altera

tion of biotite or muscovite cannot be ruled out. The presence of small 

to moderate amounts of montmorillonite in the A and upper B horizons of 

the Pleistocene soils is notable since there would appear to be an in

sufficiently developed organic matter-rich A horizon to permit retention 

of divalent bases. The apparent stability of montmorillonite suggests a 

possible polygenetic origin. The montmorillonite may be the stable 

product of weathering reflecting the currently minimal soil leaching 

environment. The montmorillonite could also be relict, indicating the 

former presence of a much more well developed A horizon which favored 

montmorillonite stability. Alternatively, much of the montmorillonite 

could be eolian in origin, derived by deflation of montmorillonite-rich 

aridisols that occur throughout the Mojave Desert. However, there is 

little evidence for the occurrence of eolian montmorillonite in the 

youngest Holocene soils of the nearby San Gorgonio Wash area, although 

as discussed earlier, large amounts of eolian montmorillonite could be 

flushed rapidly through young, highly permeable gravelly deposits. The 

formation of the illite/vermiculitic(?) clay mineral is not well under

stood. The intimate association of the clay mineral with the lower, 

calcareous B horizon or the upper calcic horizon suggests co formation of 

carbonate and the clay mineral in an environment characterized by re

duced leachings, alkaline, pH, and high soil base content. 
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Morphologic and chemica.l investigations of the arid Whipple 

Mountains soils strongly suggest that much of the clay accumulated in 

the vesicular A and B horizons has been externally derived and has not 

formed in the profile via chemical weathering. The presence of paly

gorskite in increasingly older soils is explained according to the model 

proposed by Bachman and Machette (1977). Bachman and Machette suggest 

that pedogenic palygorskite could form in a soil environment character

ized by high pH (8-10) and high concentrations of Si and Mg. As origi

nally suggested by Millot (1970), palygorskite could form by alteration 

of montmorillonite where high Mg solution concentrations are provided by 

dissolution-reprecipitation of increasingly Mg-depleted authigenic CaMg

carbonate in the upper calcic horizon. In arid soil environments, most 

of the montmorillonite is derived presumably from eolian sources. This 

is consistent with the presence of abundant amounts of montmorillonite 

in the vesicular A horizon, indicating that montmorillonite is a common 

eolian clay mineraL Bachman and Machette also indicate that sepiolite 

may eventually form from palygorskite in maximally developed calcic 

soils. Sepiolite, ·however, was not identified in the stage 3 calcic 

horizons of the oldest, most well developed soils in the Whipple Moun

tains sequence. 

The presence of palygorskite i~ the soil parent materials is 

consistent with other evidence that indicates that the Pleistocene pied

mont serves as the source of much of the channel deposits. The presence 

of palygorskite in the parent materials of the oldest stage Sl soil im

plies the occurrence of an even older, well-developed calcic soil. Bull 

(in preparation) has described an older deposit designated Ql that, 
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where well preserved, is characterized by the presence of a stage II, V, 

or VI calcic horizon. Since it is reasonable to assume that palygor-

skite also would have formed in these soils, the subsequent erosion of 

this surface could have provided the palygorskite observed in the parent 

materials of the stage Sl and S2 soils in the Whipple Mountains pied-

mont, but it occurs only as highly dissected and eroded remnants which 

now possess only minimal soil development. 

There is some evidence for vermiculite or interstratified ver-

miculite/smectite authigenesis in the maximally developed B horizon. 

This clay mineral is probably the alteration product of biotite/illite 

or chlorite. A more conclusive interpretation is not possible because 
o 0 0 

the 10 A peak is largely obscured by the 10.2 A to 10.5 A palygorskite 

peak. Chlorite may also be forming in the B horizon, as there is little 

or no chlorite recognized in most vesicular A horizon, eolian clay min-

erals. Chlorite authigenesis is probably due to weathering of the most 

unstable mafic minerals present such as pyroxene or hornblende. 

The patterns of clay mineral authigenesis observed in xeric, 

semiarid, and arid climates are very different. The clay minerals form-

ing in strongly leached soils are interpreted as being primarily the 

product of in situ alteration. The predominance of 1:1 layer kaolinite 

is clearly indicative of moderately intense weathering, while the forma-

tion of large quantities of vermiculite in soils as young as mid- to 

late Holocene underscores the rapidity with which unstable mafic minerals 

are being weathered. Much of the authigenesis observed in arid soils 

appears to be limited to alternation of previously illuviated clay min-

erals such as montmorillonite. l~is is consistent with other previously 
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cited evidence that suggests the importance of externally derived eolian 

clay in the increasingly arid soils. The formation of large amounts of 

kaolinite in the Pleistocene soils forming in a presently semiarid cli-

mate is not consistent with evidence that suggests little or no clay 

authigenesis in mid-Holocene semiarid soils. This is suggestive of a 

possibly polygenetic origin for these B horizon minerals. Evidence is 

presented in the following two sections and in Chapter IV that also sup-

ports a polygenetic origin for the Pleistocene soil of this region. 

Accumulation and Authigenesis 
of Iron Oxyhy'droxides 

The accumulation of oxides of iron in weathered rocks that im-

part the characteristic reddish color to those sediments is one of the 

more recognizable attributes of weathered soils. An increasing number 

of soil-geomorphic studies now commonly include iron oxyhydroxide data. 

Such data are especially useful for the study of noncalcic profiles that 

form in xeric climates, since the lack of authigenic carbonate precludes 

the use of calcic horizon morphology for numerical age dating and soil 

correlation purposes. The use of iron oxyhydroxide analyses for study 

of noncalcic soils compares favorably with the use of calcic horizon 

morphologic data, because slight increases in iron oxyhydroxide content 

usually correlate quite well with easily observed increases in soil hue 

and chroma. Because few soil-geomorphic studies have considered the 

nature of iron oxyhydroxide authigenesis in a detailed fashion, iron 

oxyhydroxide analyses were emphasized :In this study for the purpose of 

clarifying the pattern of iron oxyhydroxide accumulation and authigenesis 
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exhibited by increasingly older alluvial soil and to further determine 

the usefulness of this tool in soil dating and paleoclimatologic 

studies. 

Iron Oxyhydroxide Reactions in Soils 

Iron may occur in two valence states--Fe+3 (ferric iron) and 

Fe+2 (ferrous iron). Iron is a transition element that possesses un-

filled 3d orbitals in its outer electron shell that result in the forma-

tion of four hybrid orbitals surrounding the electron shell of iron. As 

a result, iron can form a variety of stable aqueous complexes which in-

creases the amount of iron that can be dissolved in aqueous solutions. 

Despite the formation of these iron complexes, the extremely low solu-

37 -44 bility product of iron oxyhydroxides (Ksp 10- to 10 ) results in the 

very low solubility of iron in most squeous solutions. Figure 34 shows 

the stability fields of iron oxyhydroxides and dissolved ferrous and 

ferric iron complexes as a function of pH and Eh at a temperature of 

25°e, a total iron concentration of lO-~, and at Peo = 10-3•5 • In 
2 

natural environments, pH and Eh can range over very wide values (Baas 

Becking, Kaplan, and Moore, 1960); however, in well-drained, aerated 

alluvial soils, the pH-Eh range is much more restricted, as suggested by 

data presented by Starkey and Wight (1945), Jenne (1971), and Moore 

(1973). The diagonal-lined area in Figure 34 indicates the approximate 

range of pH-Eh conditions expected for most alluvial soils analyzed in 

this study. Figure 34 clearly shows that during the course of weather-

ing of iron-bearing minerals in alluvial soils, released ferrous iron 
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should be quickly oxidized and precipitate as a stable iron 

oxyhydroxide. 
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Most pedogenic iron oxyhydroxides form as the result of the 

weathering of unstable mafic minerals such as biotite, hornblende, and 

pyroxene; although the slow oxidation of relative1.y stable magnetite 

provides a small, additional source of pedogenic oxyhydroxides (Garrels 

and Mackenzie. 1971). Ferrous iron oxidized during the course of hydro

lytic weathering may precipitate as iron oxyhydroxides in interstratal 

sites (Walker, 1967; Isherwood and Street, 1976) or on the altered min

eral surface as coatings (Jenne, 1971; Siever and Woodford, 1979). The 

simultaneous oxidation and expulsion of Fe from biotite in acidic weath

ering environments results in cogenesis of iron oxyhydroxides and ver

miculite (Ismail, 1969). Most pedogenic iron oxyhydroxides are inti

mately associated with the silica clay fraction (Fripiat and Gastuche, 

1952; Eswaran and Sys, 1970; Nandra, 1974; this study). At iron oxyhy

droxide contents exceeding 8-10 percent, such as in highly weathered 

oxiso1s, iron oxyhydroxides achieve a "saturation" value relative to 

available clay surface area and may precipitate as discrete silt- or 

sand-size particles resulting often in irreversible cementation of soil 

horizons (Eswaran and Sys, 1970). Initially precipitated iron oxyhy

droxides tend to occur as small, poorly crystalline materials possessing 

high surface areas, enhancing the ability of iron oxyhydroxides to ab

sorb significant quantities of metals or organic complexes (Jenne, 1971; 

Siever and Woodford, 1980). This "scavenging" ability can greatly af

fect the subsequent authigenesis of iron oxyhydroxides, particularly in 

organic matter-rich soils. 
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Table 7 shows the principal iron oxyhydroxides that form in 

soils. The various pedogenic conditions in which different iron oxyhy-

droxides will form has been studied extensively by Schwertmann and his 

colleagues (Schwertmann, 1966, 1977; Schwertmann and Fischer, 1973). 

Many studies have shown that a variably hydrated, ferric oxide is always 

the initial iron oxyhydroxide formed under conditions of rapid hydroly-

sis (Garrels and Christ, 1965; Bohn, 1967; Jenne, 1971; Langmuir and 

Whittmore, 1971; Schwertmann, 1977; Lindsay, 1979). The initial pre-

cipitate, once thought to be essentially amorphous, is now recognized as 
o 0 

consisting of small (50 A-100 A diameter) spherical paracrystalline par-

ticles known as ferrihydrite (Schwertmann and Fischer, 1973). Ferrihy

drite (Ksp = 10-37) precipitates in solutions substantially supersatu

rated relative to hematite or goethite (Ksp = 10-3). Owing to this and 

to the high surface area and high surface-free energy of ferrihydrite, 

it can be predicted that ferrihydrite should ultimately dissolve, re-

crystallize, or "age" to the theoretically more stable geothite or hema-

tite (Garrels and Christ, 1965; Langmuir and Whittmore, 1971; Bohn et 

al., 1979)~ Several factors may prolong ferrihydrite stability in soil 

environments, however. Organic complexes, for instance, may become ad-

sorbed on the ferrihydrite surface, significantly retarding ferrihydrite 

transformation. Eventually ferrihydrite is transformed to hematite via 

crystal aggregation and dehydration, favored especially ~t relatively 

high temperatures that are conducive to oxidation of organic complexes 

and in dry, essentially anhydrous soil environments. Hematite has not 

been shown to directly precipitate from aqueous solutions without the 

subsequent formation of a precursor, metastable ferrihydrite. 
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Table 7. Principal Pedogenic Iron Oxyhydroxides. 
Soil Extraction 

Mineral Name Formula Color Technique 
hematite Fe203 SR-2. SYR Dithionite-Citrate-

Bicarbonate 

goethite FeOOR 7. S-lOYR Dithionite-Citrate-
Bicarbonate 

ferrihydrite FeSH08 ·4 R20 S-7.SYR Dithionite-Citrate-
FeS(04R3)3 (red-brown) Bicarbonate 

NH4-0xalate 

lepidocrocite FeOOR S-7.SYR Dithionite-Citrate-
(orange) Bicarbonate (partial) 

maghemite Fe30,. red-brown Magnetic 
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Goethite, in contrast to hematite, can precipitate directly from 

an aqueous solution. Goethite precipitation appears to be favored under 

conditions of slow hydrolysis, low total Fe concentrations, and at in

creasingly lower soil pH (Schwertmann, 1977). In organic matter-rich 

soils, soil chelates may complex with appreciable amounts of dissolved 

iron, forming Fe chelates that may move to lower parts of the soil pro

file, resulting in goethite precipitation in the upper zone of the soil 

enhanced by low Fe concentration. Iron chelates may eventually repre

cipitate as ferrihydrite, possibly by microbial oxidation of organic 

ligands. Goethite is quite stable relative to hematite and does not 

convert to hematite via dehydration. Instead, goethite must be dis

solved prior to reprecipitation of ferrihydrite and alteration to hema

tite. Similarly, hematite cannot simply be converted to goethite via 

simple hydration. 

Other common, ferric iron-bearing iron oxyhydroxides, such as 

1epidocrocite, form primarily in hydromorphic soils via oxidation of 

previously precipitated Fe+2 hydroxy compounds that formed in reducing 

environments. Lepidocrocite usually appears as bright orange mottles 

or bands in soils (Schwertmann, 1977). 

Accumulation in Alluvial Soils 

Figure 35 shows profile mass summations of total iron oxyhy

droxides (Fe203d) as a function of soil age. The pattern shown in Fig

ure 35 is quite similar to that exhibited by clay accumulation as a 

function of time, where the rate of accumulation of the soil component 

as a function of time approximates either a logarithmic or power 
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function relationship. The similar patterns of iron oxyhydroxide and 

clay accumulation reflect the strong correlation of these two components 

in soil profiles that is the result of their cogenesis with progressive 

soil development. The increasing depletion of unstable iron-bearing 

mafic minerals probably accounts in large part for the decreasing rate 

of iron oxyhydroxide accumulation. Iron oxyhydroxides, however, will 

continue to accumulate in soil providing hydromorphic conditions do not 

affect the soil at some point during profile development. 

The progressive accumulation of iron oxyhydroxides is clearly 

responsible for systematic changes in soil color as reflected by soil 

redness, particularly in increasingly older soils. The redness rating 

index (Rr) defined by Torrent, Schwertmann, and Schula (1980) permits 

quantitative determination of soil color from Munsell colors, where Rr 

(Hue x Chroma)/Value. Figure 36 shows Rr plotted as a function of per

cent Fe203d for several stage S3 to 81 soils forming under xeric, semi

arid, and arid climates. These figures clearly show that soil color is 

moderately to strongly correlated with iron oxyhydroxide content for 

soils forming in similar parent materials. Clearly, soil color is an 

important field parameter for estimating soil age and suggesting soil

stratigraphic correlations. 

Soil color and iron oxyhydroxide content are especially impor

tant for soil-geomorphic studies in situations where soil erosion has 

removed part of the upper argillic B horizon. Figure 37, fo:,' example, 

shows that soil redness (Rr), maximum percent Fe203d for a given horizon, 

and profile mass Fe203d increase with time even as B horizon thickness 



Figure 36. The Relationship of Fe203d Content and Rr (Rr = 
Hue x Value) for Soil Profiles Forming in Xeric (Pedons 

Chroma 
16, 20, 6, 29), Semiarid (Pedons 38A, 43), and Arid 
(Pedon PV-6) Climates in Southern California Alluvial 
Soils. 
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has begun to decline. The composition of iron oxyhydroxides a.lso serves 

as an important soil age indicator and is discussed in a later section. 

Derivation from External Sources. Since pedogenic iron oxyhy

droxides are connnonly associ.ated with soil clay, soils that possess 

large. amounts of eolian clay will also possess apprecie,"t>le quantities of 

associated, externally derived iron oxyhydroxides. Because increasingly 

arid soils have been affected by eolian processes to a much larger de

gree than most xeric soils, they are mOrl! likely to contain significant 

amounts of externally derived iron oxyhydroxides. The relative amount 

of authigenic iron oxyhydroxides compared to externally derived iron 

oxyhydroxides is difficult to determine. For example, the amount of 

iron oxyhydroxides colluviated with clay from the A horizon could theo

retically account for all of the iron oxyhydroxides accumulated in soil 

B horizons. Furthermore, small amounts of iron oxyhydroxides can form 

in 'such minimally wea'thered soils. The presence of such small amounts 

of iron oxyhydroxides could, therefore, easily be'obscured by larger 

quantities of externally derived illuvial iron oxyhydroxides. 

In their study of iron oxyhydroxide formation in arid soils, 

Walker and Honea (1969) showed that despite strong increases in soi.l 

reddening, only minimal amounts of the total Fe present in the parent 

materials actually occurred as secondary iron oxyhydroxides. This con

clusion is supported by the results of this study that show that only 

minor increases in total iron oxyhydroxides occur in soil B horizons 

(Figure 23). 
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There is, however, strong evidence for iron oxyhydroxide authi

genesis in arid soils. The most persuasive evidence for the presence of 

authigenic iron oxyhydroxides is indicated by the systematic increases 

in soil reddening associated with progressively older soils. Increas·

ingly reddish colors suggest that hematite is forming in these soils, 

eventually con'stituting the primary iron oxyhydroxide mineral present in 

the B horizon. In marked contrast, the more yellow to brownish colors 

of the vesicular horizon suggest that goethite may be an important con

stituent of eolian iron oxyhydroxides. As previously indicated, goe

thite cannot be converted directly to hematite in soils unless it is 

first dissolved, an unlikely prospect given a continuously well-drained 

soil environment. Thus hematite in the B horizon must form as a result 

of the alteration of mafic minerals in the parent materials. 

Formation in Hydromorphic Soil Environments. Morphologic and 

chemical evidence presented in this study show that some alluvial soils 

have been subject periodically to hydromorphic conditions. In some 

cases, these conditions resulted in an environment conducive to lepido

crocite formation, generally recognized as the bright orange mottles or 

wavy banding that are often present in the Cox horizons of some xeric 

Holocene soils (see pedons 11 and 13, for example). Most of this lepid

ocrocite may have precipitated prior to dissp.ction and stabilization of 

the geomorphic surface when much higher groundwater tables were present. 

Strictly speaking, therefore, the formation of lepidocrocite in these 

profiles may not be pedogenic. Lepidocrocite, however, is quite stable 
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and transforms only very slowly to goethite (Schwertmann, 1977). Conse-

quently, it may persist in soil profiles for long periods of time. 

In other much older soils, hydromorphic conditions apparently 

developed subsequent to the formation of strongly developed soil pro-

files (see pedons 27 and 28). The presence of strongly reducing condi-

tions resulted in the dissolution of iron oxyhydroxides or at least fa-

vored removal of signifi~ant quantities of Fe as mobile, ferrous com-

plexes, accounting for major decreases in total iron oxyhydroxides in 

both of these profiles. The major decrease in iron oxyhydroxides rela-

tive to clay minerals in these soils results in the poor correlation of 

these two components in hydromorphically affected soils. The relatively 

large amounts of ferrihydrite present in these soils is consistent with 

other studies that demonstrate the stability of ferrihydrite in hydro-

morphic soils (Stonehouse and Arnaud, 1971; Moore, 1973)~ Upon resump-

tion of oxidizing soil conditions, ferrihydrite will slowly transform to 

hematite--the dominant iron oxyhydroxide present in well-drained, in-

tensely weathered soils (Lindsay, 1979). 

Accumulation of Ferrihydrite 
in Alluvial Soils 

When profile mass summations of ferrihydrite (Fe2030) are plot-

ted as a function of soil age, a pattern of ferrihydrite accumulation is 

observed th~t differs greatly and in a fairly systematic manner from the 

trend exhibited by total iron oxyhydroxide accumulation (Figure 38). 

The markedly different pattern of ferrihydrite accumulation can be in-

terpreted based on the iron oxyhydroxide stability relationships dis-

cussed previously. In extremely hot and arid climates, the high soil pH 



-,g 

~ 
'it 1.0 
~ 

-- xeric 
--- dry xeric 
---- semiariad 
-·-·-arid 

- ------ ------~ a 

( ----
'e 0.

50r/ ___________________________ _ 
E 

W 
Q) 

LL l ( 
, 
I 

o 
.-_.--_.--_.----.---. -_._------

2 

Time (x ;05 yrs) 

3 

~ 

---_. __ . __ .-
9 

Figure 38. Profile Sum Fe2030 as a Function of Time under Different Climatic Regimes. 

I--' 
\Jl 
co 



159 

presumably would favor ferrihydrite precipitation relative to goethite, 

but the hot anhydrous soil environment and lack of soil organic matter 

would result in rapid transformation of ferrihydrite to hematite. Con

sequently, soils forming in the Whipple Mountain piedmont possess low 

ferrihydrite contents and rapidly attain bright red colors, owing to the 

presence of hematite. 

The pattern of ferrihydrite authigenesis in moist, xeric cli

mates is very different. In the well-developed, organic matter-rich A 

horizons, significant amounts of Fe are fixed by organic complexes and 

may be translocated to lower parts of the profile. In addition, low 

soil pH in the A horizon probably favors dissolution of initially pre

cipitated ferrihydrite and precipitation of goethite. Figure 39 shows 

the trend of ferrihydrite accumulation in four Holocene soils formed in 

the more moist, xeric climates encountered in this study (Li > 30.0). 

Figure 39 clearly shows that ferrihydrite is clearly unstable in the A 

horizon, becoming more stable with increasing soil depth. A significant 

amount of the iron oxyhydroxides that accumulate in these soils during 

the initial stages of soil formation is goethite, as shown by the low 

Fe2030:Fe203d ratios in these soils and the yellow to brown soil colors 

of the B horiz'Jn. Singer (1977) obtained somewhat similar results on 

his study of red Mediterranean soils formed on basalts, where the maxi

mum Fe
2

0
3

d content consistently occurred in the A horizon while the 

maximum Fe2030 content occurred in the Bt horizon. The lack of correla

tion of ferrihydrite and clay content and total iron oxyhydroxides and 

ferrihydrite in these soil profiles, therefore, is the result of the 
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Soil Depth for Holocene Stage S7 (Pedon 14), Stage S6 
(Pedon 13), and Stage S5 (Pedons 10 and 15) Soil Profiles. 
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different translocation of clay and iron oxyhydroxides during the ini

tial stages of soil development (Appendix C). 

In climates characterized by Li values less than 30 cm or 

"transitional" xeric climates, re,latively large amounts of ferrihydrite 

have accumulated in stage S6 through S4 soils (Figure 40). Apparently, 

the somewhat higher soil pH is conducive to ferrihydrite stability rela

tiveto goethite. If there is sufficient organic matter present in the 

soil to provide organic complexes that become adsorbed on ferrihydrite, 

ferrihydrite transformation to hematite is inhibited. The presence of 

significant amounts of ferrihydrite in the soil probably accounts for 

the SYR to 7.SYR colors, redder than the equivalent soil colors present 

in moister stage S xeric profi~es but not as red as the more arid, 

hematite-dominated soils. Although the maximum ferrihydrite content oc

curs in the B horizon of these soils, the maximum FeZ030:FeZ03d ratios 

occur in the Cox horizon, as was noted in moister xeric soils as well 

(Figure 39). The high ratio is indicative of more recent weathering in 

the deepening Cox and the predominance of ferrihydrite. Regression 

analyses show that ferrihydrite and total iron oxyhydroxides and ferri

hydrite and clay are moderately to strongly well correlated in transi

tional xeric soils, as well as in the Pleistocene soils of the Mission 

Creek area (Appendix C). The positive correlation of ferrihydrite and 

clay indicates that ferrihydrite is the dominant form of iron precipi

tating throughout the profile and is migrating with clay during soil 

development. 

The initial amounts of ferrihydrite present in the soil parent 

materials reflects to a large degree the weathering environment of the 



Figure 40. 6Fe2030 (Ferrihydrite) and Fe2030:Fe203d as a Function of Soil Depth for Stage S6 
(Pedon 30), Stage S5 (Pedon 32), and Stage S4 (Pedon 33) Soil Profiles Forming in 
a Transitional Xeric Climate. 
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drainage basin hills lopes in the source areas. In general, ferrihydrite 

contents in the parent materials essentially parallel the subsequent 

pattern of iron oxyhydroxide authigenesis. For example, the ferrihy

drite content of Whipple Mountain piedmont parent materials is extremely 

low (FeZ030:FeZ03d = .05), while the parent materials of the xeric soils 

possess significantly higher amounts of ferrihydrite (FeZ030:FeZ03d = 

0.35). These parent material ratios are quite similar to the maximal 

FeZ030:Fe
Z

0
3

d ratios attained in soils forming.in these climates. The 

maximum parent material ferrihydrite contents are found in the parent 

materials of the "transitional" seric soils or semiarid soils (FeZ030: 

FeZ03d = 1.0). This is quite consistent with the observed high amounts 

of ferrihydrite that form in soils developing in these climates. The 

high parent material content in the semiarid parent materials is not 

consistent with apparently minimal amounts of ferrihydrite authigenesis 

in soils forming in the presently hot, dry climate of the Mission Creek 

area. The minimal ferrihydrite observed in the stage 85 Holocene soil 

forming in the semiarid climate of the Rodman Mountains is probably the 

result of its rapid transformation to hematite in semiarid Holocene 

soils owing to the hot, anhydrous, and organic matter-poor soil environ

ment. Unfortunately, there is no stage 85 soil recognized in the Hi.s

sion Creek area to adequately test this proposition for the Mission 

Creek area. The high ferrihydrite contents of Mission Creek parent ma

terials may be due to the derivation of those parent materials from 

much higher altitude hillslopes present in the drainage basin of Hission 

Creek, where the present edaphic environment may favor ferrihydrite 
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formation. The high ferrihydrite contents of the late Pleistocene soils 

of the Hission Creek area is even more problematic, given the present 

hot, dry climate that should favor low ferrihydrite content relative to 

hematite. One possibility is that edaphic conditions in this area were 

fonnerly moister. and cooler. This environment would have been conducive 

to ferrihydrite accumulation as shown by the formation of significant 

amounts of ferribydrite in Holocene soils present 15 km to the west in 

the moister, cooler climate. 

Temporal Changes in Authigenic 
Iron Oxyhydroxide Composition 

The maximum ratio of ferrihydrite to total iron oxyhydroxides 

occurs in stage S4 or stage S5 soils in southern California in all cli-

mates (Figure 41). In later stages of soil development, this ratio 

progressively declines, attaining the extremely low value of 0.005 in 

the maximally developed stage Sl soil (pedon 3). The declining ratio 

chiefly reflects the slowly increasing degree of crystallinity of the 

authigenic iron oxyhydroxides. In xeric climates, the declining ratio 

subsequent to the 84 stage of soil development may also partly reflect 

declining A horizon development, since the presence of organic matter 

is apparently critical in prolonging ferrihydrite stability. 

Using nonparametric and nonparametric statistical methods, the 

mean ratio (Fe2030:Fe203d) of stage S5 and S4 soils can be shown to be 

substantially greater than the mean of the ratios of stage S3 and older 

soils. Using a group-comparison, two-sample parametric statistical 

test, the means of the two groups of soils can be shown to be unequal at 

the a = 0.005 confidence level. In a paired-comparison, two-sample 



Figure 4L. Profile Sum Fe203d (Ferrihydrite):Profile Sum Fe203d as a Function of Time 
under Different Climatic Regimes. 
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parametric model, where ratios of soils from the same drainage basins 

are compared, the means are unequal, again at the a = 0.005 confidence 

level. Given the relatively low sample populations, the assumption of 

common population variance may possibly be invalid, so the cwo groups 

of soils were compared using the nonparametric two-sample, rank sum 

test. As with the parametric tests, the two population means are shmvn 

to be unequal at the a = 0.005 confidence level. These statistical 

analyses substantiate the statement initially made based on qualitative 

appraisal of the trends observed in Figure 41: the ratio of ferrihy

drite to total iron oxyhydroxides always attains a maximum value in 

stage S5 or S4 soils; th~reafter, the ratio inevitably decreases as 

ferrihydrite. and gradually transforms or "ages" to hematite, unless 

edaphic conditions are altered, such as in hydromorphically affected 

soils. 

With declining Fe2030:Fe203d ratios, the soil progressively red

dens as hematite accumulates in greater amounts in the soil. Walker 

(1967, 1969) noted this trend in his study of desert soils of the south

western United States and in northern Baja California; Walker also 

pointed out that even in the oldest Pleistocene soils analyzed, no hema

tite peaks were recognized in x-ray diffractograms of soil samples. 

Walker suggested that hematite formed only after 2-3 m.y. of "aging" 

from a precursor amorphous iron oxyhydroxide. Torrent and others (1980) 

were able, however, to identify both hematite and goethite peaks in 

clay samples from suites of Pleistocene and Holocene xeric soils forming 

in Spain by concentrating the iron oxyhydroxides relative to silicate 

clay in a 5N NaOH solution. Thus, hematite and goethite are probably 
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present in most soils analyzed in this study; the hematite and goethite 

peaks are obscured by much more dominant silicate clay peaks present in 

conventional x-ray analyses. Figure 41, however, shows an x-ray dif-

fractogram f0r the reddest, most iron oxyhydroxide··rlch soil analyzed. 

The presence of hematite is shown clearly by the diagnostic 2.58 A and 
o 

2.70 A hematite peaks, conclusively demonstrating that authigenic hema-

tite has formed in soils as young as mid-Pleistocene (stage S2) in 

southern California. 

The increasing presence of hematite in progressively older soils 

can also be demonstrated by using the redness rating (Rr) index. Sev-

eral studies show that hematite content is responsible for increasing 

soil redness (Schwertmann and Lentze, 1966; Eswaran and Sys, 1970; 

Childs, Goodman, and Church, 1979). Torrent and others (1980) found 

that Rr is linearly correlated with hematite content (R = .972) for a 

sequence of xeric soils. Table 8 shows maximum Rr and calculated hema-

tite content for stage S7 to Sl soils in this study, using the regres-

sion equation for hematite content calculated by Torrent and others, 

where Rr = 6.91 (percent hematite) + 1.76. Figure 42, showing percent 

hematite:total iron oxyhydroxides as a function of soil age, indicates 

clearly that hematite gradually becomes the dominant iron oxyhydroxide 

in southern California soils with progressive weathering. The maximum 

proportion of hematite relative to total iron oxyhydroxides is achieved 

in desert soils because most of the pedogenic iron oxyhydroxides that 

form consist of hematite; the minimum proportion occurs in the wettest 

xeric climates because a significant amount of the initially fonned iron 



168 

Table 8. Rr and Percent Hematite Values for the Horizon Exhibiting the 
Maximum Red Color for 50ils of 50uthern California. 

Percent 
Pedon, Horizon 5tage Munsell Color Rl: Hematite 

14Clox 57 10YR 5/4 0 0 
22Clox 57 10YR 5/4 0 0 
31Clox 57 10YR 4.5/3 0 0 
40Cl 57 2.5Y 4.5/2 0 0 
PV4 57 10YR 5.5/'2 0 0 
13AC 86 10YR 3.5/3 0 0 
12BA/AC 56 10YR 5/2 0 0 
30IIAC S6 8.7SYR 4/3.S 1.09 0 
ISBt 55 7.SYR 5/4 2.0 0.035 
10AC 55 10YR 2.S/2.5 0 0 
18B21t 55 7.5YR 4.5/3.5 1.94 0.027 
23Bt 55 7.5YR 5.5/4 1.83 0.008 
32B2t 55 7.5YR 4.5/6 3.33 0.228 
44B2t 55 7.5YR 4.5/4 2.22 0.067 
PV2BBt 55 6.3YR 5.5/5 3.41 0.239 
19B23t 54 7.5YR 5.5/4 1.82 0.008 
24B23t 54 5YR 5/4 8.57 0.986 
33B24t 54 6.3YR 5.5/4 2.73 0.140 
PVlB2tca 54 5YR 5/4 4.00 0.324 
39AB2t 54 6.3YR 5.5/4 2.72 0.140 
16B21t 53 5YR5/6 6.00 0.614 
4B21t 53 7.5YR 5/6 3.00 0.179 
38B22t 53 SYR S.S/6 5.45 0.535 
PV7B22t 53 5YR 5/7 7.00 0.758 
17B2lt 52 3.7SYR 4.5/6 8.33 0.951 
6B23t 52 2.5YR 3.5/8 17.14 2.226 
20B23t 52 2.5YR 5/8 12.00 1.482 
27B21t 52 2.5YR 3.4/4 8.57 0.986 
28B21t 52 2.5YR 4/6 11.25 1.373 
29B22t 52 10R/2.5YR 5/6 10.50 1.265 
43B21t 52 10R/2.5YR 4/7 15.31 1.961 
PV5B21tca 52 5YR 5.5/6 5.45 0.535 
3IIIB22tb 51 lOR 4.5/8 17.78 2.318 
PV6B21tca 51 2.5YR 5/6 9.00 1.048 



o 
Figure 42. X-ray Diffraction of the B22t Horizon of Pedon 6 Showing the 2.70 A and 

2.58 A Peaks of Hematite. 
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oxyhydroxides in this climate is stable goethite, which does not sub

sequently convert to hematite. Owing to the magnitude of chemical 

weathering in soil forming under a xeric climate, large amounts of hema

tite accumulate in stage 82 and 81 soils. The amount is sufficient 

to permit hematite identification in x-ray dl.£fractograms of samples 

from these soils (Figure 43). 

The ferrihydrite:total iron oxyhydroxide ratios exhibited by the 

horizons of increasingly well developed soils faithfully reflect the 

systematic trend of iron oxyhydroxide authigenesis shown in Figure 41. 

Figure 44A and B show the ratio change with soil depth for two soils 

in which buried soils were also present. The surface stage 85 soil 

shown in Figure 44A possesses higher ratios than the much older, more 

well developed soil shown in Figure 44B, consistent with the general 

ratio decline with increasing soil age. In both soils, the maximum ra

tio occurs in the more recently weathered Cox horizon. The ratio dra

matically decreases, however, in the buried argillic horizon, reflecting 

the significant age of the strongly developed, buried soils. As with 

the surface soils, the ratio again increases gradually in lower, less 

weath~red soil horizons; thus the typical pattern of changing ratio 

value with depth has been preserved subsequent to burial by sediments in 

which the surficial soils have developed. Eventually, the ratios in the 

Cox horizons will begin to decline after long periods of weathering, re

flecting soil stabilization and attainment of an essentially "steady 

state" soil profile condition. Cox ratios, for example, are as low as 

0.04-0.14 in stage 81 and 82 soils--a ratio that is lower than esti

mated, original parent material values for these profiles. 
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The influence of iron oxyhydroxide composition on soil color as 

expressed by the Rr index partly explains the weak correlation of Fe203d 

content and soil color observed in many Holocene and latest Pleistocene 

soils. As most pedogenic iron oxyhydroxides transform to hematite 

throughout the soil profile, soil color is increasingly influenced by 

hematite. Hence, the reiative degree of correlation of Fe203d and Rr 

markedly improves in increasingly older soils, as shown by the data for 

stage S3 to stage Sl soils (Figure 36). 

Clearly, iron oxyhydroxide analyses of alluvial soils have great 

potential for numerical age dating of soils and for paleoclimatic stud-

ies. A substantially larger sample population and much more accurate 

soil ages are still required, however, in order to state in more abso-

lute terms the precise rate of f~rrihydrite accumulation and the u1ti-

mate soil age resolution that one may eventually obtain from iron oxy-

hydroxide data. The paleoclimatic potential of this tool seems particu-

1ar1y promising. The unusually high Fe20
3
0:Fe20

3
d ratios exhibited by 

the late Pleistocene Mission Creek soils suggest the former occurrence 

of a significantly moister-than-present edaphic environment. This evi-

dence is consistent with clay mineralogic data in the previous section 

and soil carbonate distribution discussed in the subsequent section that 

also indicate climatic change-induced polygenetic soil development in 

the Mission Creek region. 

Calcium Carbonate Accumulation 
and Authigenesis 

Calcic horizons commonly form in soils that occur in arid to 

semiarid climates. Analyses of the morphology and distribution of 
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pedogenic calcium carbonate (hereafter referred to simply as carbonate) 

are important with respect to numerical age dating, correlation, and 

paleoclimatic studies of soils. Several variables affect calcic horizon 

development, such as parent material composition and texture, changes in 

temperature and PCO ' and calcareous dust influx rates. Given the im-
2 

portance of calcic horizon data in soil-geomorphic studies, it is impor-

tant to know those reactions that affect carbonate reactions in alluvial 

soils. 

Calcium Carbonate Reactions in Soils 

Calcium carbonate dissolves congruently in aqueous solutions as 

shown in the following unbalanced equation: 

The solubility of calcium carbonate in the system CaC0
3

-C0
2

-·U.
2

0 can be 

calculated as described by Garrels and Christ (1965) by solving a series 

of equations that describe calcite equilibria: 

K 
° 

Kl 

(C02o) 

(H2C03) 

(H+) (C0
3

- 2) 

(H2C03) 

(H+)( C03 -2) 

(HCO;) 

(Ca+2) (HC0
3
-) 

(CaHC03+) 

(1) 

(2) 

(3) 

(4) 
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K4 
(Ca+2) (C0

3
- 2) 

(CaC03O) 
(5) 

l\; (H +)(OH -) (6) 

-2 
K (Ca +2) (C0

3 
) 

s 
(7) 

Another equation is defined given the electroneutrality assumption: 

(8) 

The expression relating carbon dioxide in the air to the partial pres-

sure of CO2 of the solution is calculated: 

(9) 

(air) 

The concentration of an ionic species can be converted to the activity 

of the ionic species through the equation: 

where the value i is the activity coefficient of the ioni . The value of 

0i can be calculated from the Debye-Huckel equation as shown in Garrels 

and Christ (1965). 

logo. 
~ 

!,. 
-Azi I2 

1 + B~.I~ 
~ 

(11) 
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where A and BO constants for water at a given temperature 

the charge of the ion 

I the solution ionic strength, calculated as 

I (12) 

where i,j the molality of every ionic species in solution. 

Finally, calcite equilibrium shown in Eqs. (1)-(7) and (9) vary as a 

function of temperature, so the equilibrium constants (K) must be cal-

culated for a given temperature. Data provided by the work of Jacobsen 

and Langmuir (1974) permit calculation of temperature-dependent equilib-

rium constants over the range 0-50°C. 

Solution of Eqs. (1)-(12) at a given temperature permits calcu-

lation of calcite solubility in a pure system at equilibrium. Of 

course, in a natural soil environment, a pure system cannot be assumed. 

The addition of many other species and solid phases to this pure system 

may affect calcite solubility (Krauskopf, 1967; Picknett, Bray, and 

. +2 
Stenner, 1976) as well as the presence of 10ns such as Mg in the cal-

cium carbonate. Other complex processes can also affect carbonate solu-

bility, such as solution "mixing effects" that involves the nonlinear 

composition behavior when two different solutions containing dissolved 

carbonate are mixed (Bogli, 1980). A further complexity that should be 

considered is the occurrence of solution supersaturation relative to 

carbonate. The results of several studies show that many natural aque-

ous solutions appear to be significantly supersaturated with respect to 

carbonate (Barnes, 1965; Krauskopf, 1967; Suarez, 1981). Thus, several 
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factors complicate calculation of carbonate solubility in soils; how

ever, solution of Eqs. (1)-(12) for the system serves as a useful, pre

liminary basis for understanding calcic horizon development in arid soil 

environments. Furthermore, as will be discussed later in this section, 

the effects of many of the variables on the impure system discussed 

above can be largely accounted for if the ionic strength of the soil 

solution is measured or estimated. Finally, the dissolution rates of 

carbonate with respect to other important soil reactant phases will also 

play an important role in affecting the soil solution composition and 

calcium carbonate solubility. This factor will also be discussed later 

in this section. 

Id~lly, precipitation of calcite should occur ~'lhen the calcite 

solubility product for a given solution is exceeded. As is the case for 

most precipitating solids in aqueous solutions, calcite precipitation 

rates are largely surface controlled. In natural environments, calcite 

precipitation is favored by the presence of abundant fine particles that 

facilitate calcite crystal formation by lowering surface free-energy re

quirements for nucleation. Calcite supersaturation is observed in many 

aqueous environments, as discussed later. This is not a limiting factor 

eontrolling calcite precipitation in arid or semiarid alluvial soils be

cause seasonally high evap.otranspiration rates inevitably force calcite 

precipitation. The occurrence of incipient pedogenic carbonate as seg

regated, thin filaments that closely resemble root morphology suggest 

that early carbonate accumulation owes to the high rate of soil moisture 

depletion via root transpiration. Pedogenic carbonate also is deposited 

during periods of rapid soil water evaporation in the spring and early 
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summer. Such carbonate may accumulate as segregated pebble coatings or 

as disseminated material in the soil matrix. 

The presence of large amounts of carbonate in soils may affect 

other pedogenetic processes as a result of the strong control of car

bonate on soil solution chemistry. It was pointed out in the previous 

section that the dominance of Ca+2 provided by carbonate on clay ex

change sites tends to result in the flocculation of clay particles 

(Birkeland, 1974; Soil Survey Staff, 1975). In addition, dissolution of 

carbonate tends to increase solution ionic strength and electrolyte con

tent, .further promoting clay flocculation. Both aforementioned affects 

cause flocculation as a result of the collapse of the electrical double 

layer that surrounds clay particles (Gast, 1977; Bohn et al., 1979). 

Adsorbed Ca+
2 

is tightly held to the clay surface, while high-solution 

electrolyte content significantly reduces diffusion of positively 

charged cations away from clay surface and diffusion of negatively 

charged anions toward the clay surface. The resultant shrinkage of the 

double layer permits Van der Waals attractive forces to exceed double 

layer repulsive forces, inducing flocculation. Clay flocculation in 

strongly calcareous soils strongly affects B horizon formation by sub

stantially limiting clay dispersal in the upper soil and illuviation to 

the subjacent B horizon. Where calcic horizons have formed at depth in 

a soil, the position of the calcic horizon will limit the ultimate depth 

of movement of clay by inducing clay flocculation in a downward moving 

soil solution. In contrast to carbonate presence in soils, the presence 

of large amounts of Na+ in soils with a low electrolyte content results 

in expansion of the double layer and clay dispersal (Birkeland, 1974; 
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Soil Survey Staff, 1975). \~en abundant sources of Na+ are present, 

soil B horizon development may be greatly accelerated (Peterson, 1980). 

The impact of carbonate presence in soils on B horizon development is 

important to note, given the evidence of changes in carbonate distribu-

tion in arid and semiarid soils based on morphologic evidence discussed 

in Chapter III. 

Sources of Calcium Carbonate 
in Alluvial Soils 

Southern California soil parent materials in this study are non-

calcareous except for the minimal amounts of calcium carbonate (0-6 per-

cent) that occur in the parent materials of the ~ipple Mountains, 

Rodman Mountains, and Mission Creek soils. The large amounts of carbon-

ate present in the calcic horizons of these soils, relative to the small 

amounts of carbonate present initially in the soil parent materials, in-

dicates that other processes must provide a source for the carbonate 

accumulated in the soils. The possible sources include: 

1) hydrolytic weathering of Ca-bearing aluminosilicate minerals 

and reaction of Ca+
2 

derived from this reaction with species of 

CO 2 present in rain water, 

2) dissolution and movement of carbonate into the soil provided by 

accumulation of eolian calcareous dust, and 

3) 1 i f C +2 , 1· d ' 'h '1 d accumu at on 0 a d1sso ve in ra1n water 1n t e S01 an 

reaction with rain water-derived CO2 , 

The relative amounts of pedogenic carbonate that might be provided by 

each of these sources is considered in the following section. 



181 

Hydrolytic Weathering 

Hydrolytic weathering of calcium-rich aluminosilicates results 

in release of soluble Ca+2 cations. These Ca+2 c.ations may potentially 

combine with atmospherically derived HC03 to form pedogenic carbonate. 

A simple mass balance calculation shows the maximum mass of carbonate 

that can be formed by hydrolytic weathering if the calcium content of 

the aluminosilicates in the parent material is known. 

Davis and others (1979) present CaO contents for all major 

lithologies that occur in the w~ipple Mountains. Based on their data, 

I have calculated an average CaO composition of 3.54 ± 2.17 percent for 

the Whipple Mountain piedmont parent materials. Estimating an average 

bulk density (~) as 2.1 g cm-3 for the sandy gravelly alluvium, the 

mass CaO per cm3 of parent material is· calculated: 

Db (% CaO) 2.1 gcm-3 (3.54) 0.074 g (13) 

The mass of Ca+2 per cm3 soil would equal 0.053 g. The profile mass of 

calcium carbonate for a stage S5 soil on the Whipple Mountain piedmont 

is 01695 g-cm2 column. The complete dissolution of 13.1 cm3 of parent 

material would be required to form this mass of additional carbonate if 

only hydrolytic weathering provided Ca+2 and assuming all liberated Ca+2 

precipitated as calcium carbonate. It is probably more realistic to as

+2 
sume that a substantial amount of the Ca is incorporated in secondary 

clay minerals such as Ca-montmorillonite. Rogers (1980), for example, 

+2 shows that as much as 80 percent of the Ca may be incorporated in sec-

ondary clay minerals during weathering. Therefore, the complete dissolu

tion of an additional 40 cm3 of soil parent material or a total of 54 cm3 
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would be required to form the 0.695 g of carbonate formed in the stage 

85 soil. 

Abundant morphologic, clay, and iron oxyhydroxide analyses con

clusively demonstrate that Holocene S5 soils have been only very mini

mally chemically weathered, clearly showing that hydrolytic weathering 

of parent materials cannot account for much of the authigenic carbonate 

present. The excellent preservation of the inherited bar-and-swale de

positional topography is further evidence that significant amounts of 

highly weathered soil materials have not been eroded since the initial 

stabilization of the surface. 

In a recent study, Rogers (1980) calculated the amount of clay 

and calcium carbonate that would occur in. an arkosic, gravelly soil in 

a semiarid climate using a simulated chemical mass transfer method. 

Roger's study predicted that calcium carbonate would begin to form at 

depths of about 100 cm after less than one year of simulated weathering. 

His results also show that calcium carbonate accumulates in a systematic 

pattern that did not vary significantly over the three years of weather

ing. Based on Roger's data, I have calculated an average, maximum an

nual rate of calcium carbonate accumulation of 0.140 x 10-5 g, a rate 

that would not change significantly over long periods of weathering as 

long as the primary soil-forming factors remain constant. At this rate, 

2.8 x 10-3 g would accumulate in a 70-100 cm-thick cm2 soil column over 

a period of 2000 years. This small amount of carbonate would not be 

discernible in the field and would be quite difficult to measure using 

laboratory techniques. 
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Over a period of 7000 years, a total of only 9.8 x 10-3 g of 

calcium carbonate would be formed assuming this rate. This mass consti-

tutes about 1.4 percent of the profile mass of carbonate measured for 

the stage S5 soil. Furthermore weathering was simulated in Roger's 

study in a climate with a Li of 8.8 cm or nearly an order of magnitude 

more than the Li of the Whipple Mountains region. Therefore, one might 

predict that a substantially smaller mass of calcium carbonate than 

9.8 x 10-3 g could form via chemical weathering in the Whipple Mountains 

region. Periods exceeding 105 years would be required to form stage 1 

calcic horizon morphology at this rate of carbonate accumulation. 

Clearly, simple mass balance calculations and models of a1uminosi1icate 

weathering show that the large amounts of pedogenic carbonate unaccount-

ed for must be derived from external sources. 

Dissolved Ca+2 in Rainwater. Several soil-geomorphic studies, 

such as Gardner (1972) and Bachman and Machette (1977) suggest that Ca+2 

dissolved in rainwater might serve as an important source of pedogenic 

calcium carbonate. Garrels and Mackenzie (1971), for instance, report 

dissolved calcium concentrations of 10-4 •7 molal in "average" rainwater. 

For rainwater equilibrated with atmospheric CO 2 , Rogers (1980) calcu

lated HCo3-
1 

rainwater concentration of 2.11 x 10-6M; therefore, the 

ionic activity product (ca+2)(co3- 2) of rainwater is approximately 9.31 

18 +2 = x 10- at pH = 5.7, assuming Y.~ 1.0 for Ca and C0
3 

at the low ionic 

strength of meteoric water. Thus, "average" rainwater should be ex-

treme1y undersaturated relative to calcium carbonate (Kca1cite, 250C 

-9 3.9 x 10 ). The total addition of Ca+2 dissolved in rainwater over 
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long periods of weathering can be calculated given average annual rain-

f 11 d d · C +2 . a ata an assum~ng a constant a concentrat~on. For a 7000-year-

old stage S5 soil in the Whipple Mountains area that experiences minimal 

runoff, owing to rapid infiltration rates characteristic of highly per

meable gravelly sediments, the Ca+2 added to the soil is calculated as: 

-3 +2 
1.54 x 10 mol Ca 

Therefore, about 20 percent of the calcium carbonate that has accumu

lated in stage S5 soils theoretically may be derived from Ca+2 dissolved 

in rainwater. In fact, owing to at least some surface runoff and in

corporation of some of the Ca+2 in secondary minerals or on exchange 

sites, the percentage of pedogenic carbonate derived from this source 

is presumably less than this value. 

Calcareous Dust. The' amounts of calcium carbonate that can be 

added to a soil profile from sources (1) and (2) suggest that the re-

maining source of pedogenic carbonate, calcareous eolian dust, must pro-

vide a substantial proportion of carbonate in calcic horizons formed in 

noncalcareous parent materials •. This is consistent with the conclusion 

reached in many other soil-geomorphic studies that have dealt with cal-

cic horizon genesis in arid gravelly soils (Lattman, 1973; Gile, 1975, 

1977; Bachman and Machette, 1977; Machette, 1978; McFadden, 1978a). 

Bachman and Machette (1977), based on analyses of calcic soil develop-

ment over much of the southwestern United States, calculate that rates 

2 -1 of calcium carbonate accumulation vary from 0.09 to 0.51 g cm- K yr 

of soil development. Thus, variations in dust influx rates and/or Ca+2 
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in rainwater, as well as climatic factors, result in considerably dis-

similar rates of calcic horizon development in different regions. 

Clearly, the particular factors that control calcic horizon development 

in a given study area must be carefully considered prior to suggesting 

numerical age estimates or paleoclimatic changes based on calcic horizon 

data. 

Rates of Calcium Carbonate Accumulation 
in Southern California Alluvial Soils 

In Chapter II, it was noted that calcic horizon development in 

increasingly older Whipple Mountain soils and, to a lesser extent, in 

the semiarid soils occurs in a systematic progression of morphologic 

stages. Machette (1978) has ?lso shown that the mass of pedogenic car-

bonate in calcic soil appears to accumulate at approximately linear 

rates, indicating the usefulness of profile mass summations of calcium 

carbonate as a numerical age indicator. The method described by Machette 

was used in this study in order to determine the rat.e of calcium carbon-

ate accumulation in the study area. Because this method is largely re-

stricted to fine-grained, nongravelly soils, a new method for determin-

ing the amount of calcium carbonate present as gravel coatings was de-

veloped and is described in Appendix B. The method adopted can be used 

only for pebbly to cobbly alluvium, thus profile mass summation of cal-

cium carbonate could not be calculated for the bouldery soils present in 

the Rodman Mountains and Mission Creek region. 

Data sho\vu in Figure 45 suggest that there has been an essen-

tially linear rate of calcium carbonate accumulation in the increasingly 



Figure 45. Calcium Carbonate Accumulation as a Function of Time 1n the Alluvial Soils of 
the Whipple Mountains. -- The solid line is the regression line for profile 
mass carbonate as a function of the midpoint of the age range for the soil as 
shown in Table 3. The dashed line represents a rate of carbonate accumulation 
of 0.1 g 1000 yr-l , assuming an age of 7000 years for the stage S5 soil profile. 
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older soils in the Whipple Mountain piedmont, where profile mass summa-

tions of calcium carbonate are plotted as a function of the estimated 

surface ages shown in Table 3 in Chapter II. Conversely, a linear rate 

of carbonate accumulation can be initially assumed, also shown in Figure 

44. The linear rate of carbonate accumulation contrasts markedly with 

the observed logarithmic rates of clay and iron oxyhydroxide accumula-

tion discussed previously. The difference in rate of accumulation of 

these pedogenic materials probably owes to differences in the mechanisms 

that govern their formation in soil profiles. Over a time range of 10
5 

to 106 years, the rate of calcareous dust influx may approximate a con-

stant, mean value; thus carbonate should accumulate at linear rates in 

alluvial soils. For reasons discussed previously, the rate of accumu-

lation of clay and iron oxyhydroxides decreases with time. 

The rate observed in Figure 45 was based on an assumed age of 

7000 years for the Q3b geomorphic surface defined by Bull (in prepara

-2 -1 
tion) and is equal to 0.10 g cm K yr The estimated ages of the soils 

based on this method again fall within the age ranges suggested by Bull 

for these soils. These results establish an average rate of calcium 

carbonate accumulation for the Whipple Mountains region. It is prob-

able, however, that the absolute rate of accumulation has probably fluc-

1 4 tuated widely over periods of time of 10 to 10 years and that the value 

-2 -1 of 0.1 gm em k yr constitutes an average value, as discussed above. 

Bull, for example, notes that pedogenic carbonate accumulation rates 

seem to have been much faster during the latest Pleistocene than rates 

during the Holocene as reflected by pebble coating thickness (Bull, in 
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preparation). It is almost certain that aerosolic dust influx rates 

have varied as discussed earlier, a factor that would clearly affect 

rates of carbonate accumulation. Clearly, these considerati~ns demon-

strate the need for a model that can be used to quantitatively evaluate 

the impact of several factors on calcic horizon development. The model 

would be useful, for example, in evaluating changes in dust influx or 

climate in soil environments. 

A Model for Simulating Calcic 
Horizon Development in Alluvial Soils 

A model that simulates calcic horizon development must consider 

four elements: 

1) calcium carbonate solubility as a function of Pca ' tempera-
2 

ture, and solution ionic strength, 

2) calcium carbonate dissolution rates at different temperatures 

and Pca ' 
2 

3) soil water balance, and 

4) sources and rates of calcium carbonate addition to the soil 

profile. 

Arkley (1963) developed a method for calculating soil water and 

carbonate movement in soils, elements of which are used in the model 

developed in this study. The method used by Arkley, however, did not 

consider such problems as the addition of calcium carbonate from exter-

nal sources or the rate and pattern of calcic horizon development given 

changes in soil solution ionic strength or calcite dissolution rates. 
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These problems are considered in the model developed in this study. 

Data provided by soil analyses in conjunction with estimated soil age 

provide initial data input for the model. Results of calcic horizon 

simulation can then be compared with actual calcic horizon development, 

thereby showing the relative ability (or-inability) of the model to pre

dict calcic horizon formation. 

Calculation of Soil Water Balance. Soil water balance, the 

movement and distribution of water in a soil profile as a function of 

time, is determined by soil available water-holding capacity and the 

climate under which the soil is forming. The effective soil moisture 

(Li) is used in estimating the amount of soil water available for soil 

reactions with carbonate. Li for a given area and climate only con

siders average effective moisture and does not accommodate unusually wet 

or dry seasons. However, as will be discussed later, the average condi

tion is probably the condition that most likely determines carbonate 

distribution and calcic horizon development over long intervals of time. 

Soil available water-holding capacity (AWC) is largely con

trolled by soil texture (Salter and Williams, 1964; Birkeland, 1974). 

Soil AWC is conventionally considered to be the difference between the 

soil water contents at field capacity and at the permanent wilting point, 

assuming soil bulk density is also known. Estimates of soil AWe can be 

calculated empirically from soil textural and bulk density data. From 

Li and AWC data, the maximum depth to which a soil will be wetted can be 

calculated. For the purpose of the model developed in this study, a 
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compartment strategy was adopted that could accommodate changing soil 

textural characteristics that occur with increasing soil age. The com

partment method used is similar to that used by Rogers (1980). Figure 

46A-C show soil water balance for October-April calculated for three 

homogeneous soil profiles in the three mzjor climates of southern 

California~ In modeling water movement, the assumption is made that in

filtration is characterized by a do\vuward moving wetting front that 

charges a soil compartment to field capacity before the subjacent com

partment begins to recharge. The presence of strongly developed soil 

structure or large tubular pores in moderately to strongly developed 

soils undoubtedly will influence moisture movement in such a manner as 

to induce locally nonuniform, downward movement of soil wetting fronts. 

For soils of Holocene to latest Pleistocene age, however, gravelly tex

ture has inhibited structural development. Furthermore, micromorpho

logic characterization indicates the common presence of noncapillary 

voids for soils of Holocene age. Hence, upward capillary soil moisture 

movement is essentially nil for these soils. In general, the average 

distribution of soil moisture during the month characterized by the 

maximum depth of wetting must ultimately determine the overall mean dis

tribution of carbonate. Therefore, local soil profile inhomogeneities, 

though locally altering soil recharg'c patterns, are not a major factor 

controlling soil water balance. 

An important consideration for determining how much carbonate 

might be dissolved during a given infiltration event is the approximate 

infiltration rate. Many variables--such as soil texture, morphology, 

and pore type--affect infiltration rates in a complex manner (Brady, 
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Figure 46. Soil Water Balance for Alluvial Soils of Homogenous Texture 
from October through April. - l-10nth1y climatic data are 
included in Appendix D. A) Li = 0.97 cm; Awe = 0.12 m1 
cm-3• B) Li = 3.58 cm; Awe = 0.2 m1 5 cm-3• e) Li = 18.6 
cm; Awe = 1.0 m1 20 cm-3• 
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1974; Hausenbuiller, 1978). Infiltration rates also depend on whether 

flow takes place under saturated 01:' unsatura.ted conditions. As a first-

order, gross approximation, average infiltration rates can be estimated 

for different soil textures, based on studies such as those done by 

Gardner and Brees (1957) ,and Lyford (1968): 

1) very rapid (sandy to loamy sand): 60 cm/hr, 

2) rapid (sandy loam): 25 cm/hr, ,and 

3) moderately rapid (sandy clay loam): IS cm/hr. 

The increasing infiltration rates reflect the increasing hydraulic con-

ductivity of increasingly clay- and silt-free alluvium that is charac-

terized by a predominance of large, noncapillary pores. Given soil in-

filtration rates and carbonate dissolution ~ates, one can calculate 

roughly the depth at which a descending wE~tting front would become satu-

rated relative to calcium carbonate. Changing soil water balance asso-

ciated with increasing soil development 'is simulated by recalculating the 

available water-holding capacity for diff,erent soil horizons at differ-

ent points in time. Recalculations are based on the known morphologic 

and chemical characteristics of Holocene to latest Pleistocene soils. 

Calcium Carbonate Solubility. Calculation of calcium carbonate 

solubility permits determination of the maximum amount of calcium carbon-

ate that can be disso1ved~ translocated, and reprecipitated in a soil 

profile for a given period of time and in a given climate. The solution 

of expressions (1) through (12) given earlier in this section provide 

solubility data for carbonate, assuming temperature, PCO ' and solution 
2 

ionic strength are Imown or can be estimated. The temperature at which 
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dissolution occurs can be given as the average, ambient winter tempera-

ture since it is during these months that the average soil temperature 

at shallow depths exhibits a close relationship to average surface tem-

perature. Therefore this is probably not an unreasonable assumption 

(Soil Survey Staff, 1957; Hausenbuiller, 1978). 

The estimate of Pea2 is a more difficult problem. In the first 

section of this chapter, it was pointed out that the presence of the 

soil biotic system acts to greatly increase the Pea of the soil atmos-
2 

phere as compared to "normal" air. Analyses of phreatic cave water 

Pea and carbon isotopic composition indicate that even after long dis-
2 

tances of moisture transport, tlle solutions still show clear evidence of 

previous interaction of the water with the organic soil subsystem 

(Tinsley and others, 1981). Unfortunately, there are little or no 

published data regarding soil Pea values for relatively dry, semiarid, 
2 

and arid soils; although soil air Pea values of well-drained, agricul-
2 

tural soils are known ·to be between one tv two orders of magnitude 

greater than the atmospheric Pea ot 10-3. 5 (Jenne, 1971; Bohn and 
2 

others, 1979; Lindsay, 1979). Given the much warmer climates and mini-

mal A horizon development associated with calcic soils analyzed in this 

study, the soil air Pea 
2 

is considered to be much less than 10-1. 5 and 

much closer to atmospheric Pea • 
2 

Therefore, a minimum Pea 
2 

of 10-2. 8 is 

estimated for the extremely organic matter-poor soils of the Whipple 

Mountains piedmont. The slightly more organic matter-rich semiarid 

soils are estimated to increase soil air Pea to 10-2. 5. Although these 
2 

Pea values are estimates, they are considered fairly reasonable given 
2 
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the known minimum and maximum possible values for soil air Pea and the 
Z 

availability of A horizon morphologic and chemical data. Furthermore, 

preliminary quantitative work indicates soil air Pea values of 10-Z.5 
Z 

for semiarid soils forming near Tucson, Arizona (Parada, 198Z). This 

value is consistent with estimated P for semiarid soils suggested eaZ 
above. Data provided by Parada also show that values of soil Pea are 

Z 
seasonably quite variable. 

It is important to note that soil air Peo presumably begins to 
Z 

decrease below the zone of rooting and plant respiration. This occurs 

owing to upward diffusion of soil eoZ' For ease of calculation, Peo Z 
for a given climate was kept constant throughout the soil profile for 

most simulations. In some simulations, however, soil Peo was varied in 
Z 

order to determine the effect of changing Pea on calcic horizon devel
Z 

opment. In one model, Pea is progressively decreased below the zone of 
Z 

maximum biotic activity. In a second model, soil Peo was increased 
Z 

with soil depth to a maximum value at the base of the zone of biotic ac-

tivity. Soil P was decreased systematically below this depth. The eoZ 
Peo behavior associated with the latter simulation has been suggested 

Z 
in some soil studies (Blatt, Middleton, and Murray, 1980). This Pe aZ 
behavior may owe to an increasing rate of soil gas diffusion at shallow-

er depths. In addition, the maximum biotically produced supply of soil 

eoZ may be associated with plant respiration associated with roots that 

typically occur well below the soil surface. The effects of Peo vari
Z 

ation on calcic horizon development are discussed later. 

In addition to estimating temperature and Pe ,the solution 
°z 

ionic strength (I) must be estimated in order to calculate the activity 
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+2 of Ca • The solution ionic strength can be calculated from soil elec-

troconductivity (EC) data, where 

I EC x 0.013 (13) 

as given by Griffin and Jurinak (1973). Once the value of the activity 

+2 -2 coefficient for both Ca and C0
3 

are determined from the Debye-Huckel 

expression (Eq. 11), the corrected solubility product for calcite (K) 

can be calculated according to Krauskopf (1967): 

Ca+2) (MCO -2 
3 

+2 
YCa 

CO -2) 
3 

-2 
Yco 

3 

= 

K 
s 

(14) 

(15) 

Table 9 shows the solubility of calcium carbonate in arid, semi-

arid, and xeric climates at different temperatures, PCO ' and I. Ks can 
2 

be calculated by solution of equations (1)-(12), (14). and (15) or it 

can be closely es~imated from nomograms available in studies reported by 

Donner and Lynn (1977), Picknett and others (1976), and Bogli (1980). 

Table 9 shows the solubility of carbonate as a function of temperature, 

Pco ' and soil ionic strength. 
2 

Calcite Dissolution Rates. Calcic horizon morphology indicates 

strongly that calcium carbonate has moved downward in solution and pre-

cipitated in the lower soil profile owing to evaporation and transpira-

tion and/or solution saturation (Birkeland, 1974; Soil Survey Staff, 

1975; Sehgal and Stoops, 1972). Calcium carbonate is transported 



Table 9. Calcite Solubilities as Functions of Temperature and Soil Moisture Regime. 

C020 CaC03 CaC03 2 -1 Solubilitya 
°c pC02 ppm Eli PEm !2!!/ml I Yw-2 (YM+2 ) gm/m1 

ARID MOISTURE REGIME 
12 10-2•8 3.3 7.7 106 1.06 x 10-4 7.8 x 10-4 .88 1. 29 1.37 x 10-4 

9 10-2•5 7.6 7.4 130 1.30 x 10-4 7.8 x 10-4 .88 1. 29 1.68 x 10-4 

4 10-2•5 9.3 7.5 147 1.47 x 10-4 7.8 x 10-4 .88 1.29 1.90 x 10-4 

10-2. 5 
SEMIARID MOISTURE REGIME 

12 6.9 7.6 125 1. 25 x 10 4 4 x 10 4 .91 1.21 1.51 x 10-4 

9 10-2•0 23.0 7.2 183 1.83 x 10-4 4 x 10-4 .91 1.21 2.21 x 10-4 

4 10-2•0 29.0 7.2 212 2.12 x 10-4 4 x 10-4 .91 1.21 2.57 x 10-4 

10-2•0 
X E RIC MOISTURE REGIME 

12 20.0 7.4 175 1. 75 x 10-4 4 x 1O-Z. .91 1.21 2.12 x 10-4 

aSo1ubi1ity corrected for I. 

f-' 
\0 
Cl' 



197 

largely in solution compared to aluminosilicate minerals. The rela-

tively great solubility of carbonates is paralleled by relatively rapid 

rates of carbonate dissolution compared to most aluminosilicates. This 

factor is also conducive to solution transport of carbonate in soils. 

Calcite kinetics studies of Reddy and Nancollas (1971), and 

Plummer and Wigley (1976) suggested that calcite dissolution rates are 

surface controlled rather than diffusion controlled. Plummer, Wigley, 

and Parkhurst (1978) have presented an expression for the rate of cal-

cite dissolution: 

* +z-KZ(HZC03 ) + K3 - K4 (Ca )(HC03) (16) 

Kl , K2 , K3, and K4 are rate constants listed by Plummer and others for 

different temperatures. Recently, Dreybrodt (1981) used equation (16) 

to calculate calcite dissolution rates for systems both open and closed 

to an atmosphere containing COZ. Dreybrodt showed that, for an open 

system such as a weathering profile, the dissolution rate of calcium 

carbonate is ultimately defined by the rate-limiting conversion of the 

dissolved gaseous CO2 , (C02
o). to H2C03• when the volume of solution 

relative to calcite surface area (*) ratios, HZC03 is rapidly depleted 

by reaction of the solution with large amounts of calcite at the rela-

tively fast surface-controlled reaction rates. The reaction rate de-

fined for open systems is: 

R ~ F 
(17) 
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Solution volume (V) and calcite surface area (F) can be calcu-

lated empirically: KCO is given as a function of temperature, and 
2 

(C02) can be calculated from equation (17) when Peo is estimated. 
2 

Table 10 shows calculated calcite dissolution rates for calcium carbon-

ate in different climates at different soil temperatures. The rates of 

calcite dissolution for soils are several orders of magnitude faster 

than the rates of dissolution of the most abundant aluminosilicates, 

the feldspars. These results suggest that aluminosilicate-soil water 

reactions are not a major factor in controlling carbonate-soil water 

reactions. Therefore, it is not unreasonable to use calcite solubility 

data corrected for solution ionic strength as shown in Table 9 to pre-

dict carbonate translocation and precipitation in alluvial soils. 

Two assumptions are made in order to simplify dissolution rate 

calculations during calcic horizon simulation. The first assumption is 

that the calcite dissolution rates for a typical ¥ ratio remain constant 

during calcic horizon development. The initial; ratio is determined 

for a hypothetical soil initially containing several percent of calcite 

as spherieal, fine silt-size particles. Total reactant surface area is 

calculated given an estimated porosity of 18 percent, calculated for a 

50 percent gravel, 50 percent fine fraction average bulk density of 2.18 

g/cm3 . The total volume of solution per cm3 of soil is calculated as-

suming an average soil AWC of 1 cm3/IO cm. 
V 

For this soil, F = 5.95 x 

103 (.18) cm2/mlH 0 = 0.001. Clearly with continued carbonate dissolu-
2 

tion, the reactive surface area, soil porosity, and soil AWC change sys-

tematically 

ever, it is 

h . h V . c ang~ng t e F rat~o. 
V 

assumed that F remains 

For the purposes of the model, how-

relatively low during most stages of 



Table 10. Calcite Kinetics Data. 

KCO 
KC02 [C02] (V/F)a 

°c pC02 C020 2 mol/cm-2/sec-1 

A RID MOISTURE REG I M E 

12 10-2. 8 7.86 x 10-8 1 x 10-2 7.86 x 10-l3 

9 10-'"2.5 1. 76 x 10-7 6.3 x 10-3 '1.11 x 10-12 

-2.5 
1.95 x 10-7 ' -3 5.85 x 10-l3 4 10 3.0 x 10 

S E M I A RID M a 1ST U R E REG I 1-1 E 

12 10-2. 5 1.56 x 10-7 1 x 10-2 1. 56 x 10-12 

9 10-'" 2.5 5.56 x 10-7 6.3 x 10 -3 3.50 x 10-12 

4 10-2. 5 6.17 x 10 -7 3.0 x 10 -3 1. 85 x 10-12 

X E RIC MOISTURE REG I M E 

12 10-2. 5 4.96 x 10-7 1 x 10-2 9.92 x 10-12 

a(V/F) = 0.001 

CaC03 
gm/cm-2/sec-1 

7.86 x 10-11 

1.11 x 10-10 

5.85 x 10-11 

1. 56 x 10-10 

3.50 x 10-10 

1.85 x 10-10 

9.92 x 10-10 

f-' 
\0 
\0 
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calcic horizon development, thereby permitting continued use of equation 

(17) and the initial Rcalcite horizon development for the given initial 

·soil temperature. In future simulations, calcite surface area, soil 

bulk density, and Rcalcite could be recalculated for different stages of 

calcic horizon development. 

Another important assumption is that calcium carbonate dissolu-

tion is terminated when Ks is achieved for a given temperature, Pca ' 
2 

and ionic strength. Supersaturation can be accounted for by merely per-

mitting dissolution to occur to a specified degree of supersaturation 

* (K s)' * This can be done when data for values of Ks have been measured 

for various soils. 

From the data given in Tables 9 and 10,and the estimated infil-

tration, the approximate depth at which a descending soil solution will 

become saturated with respect to calcium carbonate can be estimated. 

For example, consider a gravelly loamy sand characterized by very rapid 

infiltration rates (60 cm/hr), a soil AWC of 0.04 cm3/cm3 soil, a cal

cite surface area of 1.60 x 103 cm2/cm3 soil, a temperature of 12°C, and 

-2.5 
a Peo of 10 • 

2 

-4 3 From Tables 9 and 10, Ks = 1.51 x 10 g/cm and 

Rcalcite = 1.56 x 10-10 g/cm2/sec for the specified soil characteris-

tics. From these data, a descending wetting front would equilibrate 

with calcite at approximately 6 cm depth or in 600 seconds: 

-10 2 3 2 3 1.56 x 10 g CaC0
3

/cm /sec (600 sec) (1.60 x 10 cm /cm ) 

3 cm '" K s, 



201 

Thus, carbonate dissolves and equilibrates with rainwater in soils at 

exceptionally rapid rates and at relatively shallow depths. To model 

calcic horizon depth for a soil exhibiting these characteristics stated 

above, a compartment depth of 5 cm is used because for a given infil-

tration event, carbonate dissolution would occur primarily in the upper-

most compartment in which carbonate is present. Below that compartment, 

no further dissolution is permitted. 

Simulation of Calcic 
Horizon Developmen.t 

Calcic horizon development in different conditions can be simu-

lated given the data shown in Tables 9 and 10 and using the compartment 

stcategy for calculating soil water balance. Calcic horizon development 

over a given period of time entails: (1) calculation of the depth in-

terval characterizing carbonate dissolution, herein defined as the zone 

of net carbonate depletion; (2) calculation of the amount of time re-

qui red to remove all carbonate from the zone of depletion; and (3) cal-

culation of the mass of carbonate deposited in the zone of accumulation. 

Compartment characteristics are modified at appropriate points in time 

to accommodate progressively changing soil texture, bulk density, and 

water-holding capacity. The nature of modifications made at given time 

intervals is based on soil morphologic, textural, and chemical analyses 

for soils of chronosequences studied. 

The procedure used to calculate carbonate gains and losses in a 

sequence of soil compartments is shown in the following steps: 

1) Calculate total volume of water annually leaching first soil 

compartment: Vw = Li - AWcT (18) 
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AWcT is total soil water contained at field capacity in upper-

most compartment of depletion + all superjacent, noncalcareous 

compartments. 

2) Calculate total mass of carbonate (Mc) annually dissolved by WI 

at specified compartment temperature and Pca : 
2 

Mc K* Vw s 
( 19) 

3) Calculate annual rate of depletion of parent material carbonate 

in uppermost soil compartment: 

Cc = -Mc + Mce (20) 

Mce is total mass of carbonate incorporated in soil as eolian 

dust. 

4) Calculate time, Td , required to remove all parent material car

bonate in uppermost calcareous compartment (Cpm): 

T = Cpm 
d lIC 

c 

5) Calculate annual rate of deposition of carbonate in a given 

compartment, i: 

* KWi AWCi 

6) Calculate mass of carbonate deposited in compartment i (Md.) 
3. 

over time period Td: 

(21) 

( 22) 

(23) 
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Equations (18)-(23) are valid if PCD in compartments defining 
2 

zone of accumulation remains constant with depth. If PCD changes with 
2 

depth, as it almost certainly must do in most soils, solubility of car-

bonate for compartment, K~~, changes as \-1ell, and modification of equa-

tions (20) and (22) is required. If PCD decreases in successively 
2 

lower compartments in the zone of deposition, ~Cd for compartment i 

relative to a superjacent compartment j is given as: 

v 
w 
* 

[(K:. AWCj - K:. AWCi ) (Vw*)] + Ks. AWCj 
J 1 "J 

(24) 

If PCD increases in successively lower compartments, carbonate 
2-

depletion must also take place in progressively lower compartments owing 

to increasing carbonate solubility (Table 1). In this case, the rate of 

depletion Cfor a compartment x relative to a superjacent compartment y 

is given: 

[(K* AWC s x 
x 

v 
w 
* (25) 

Total mass gain or losses over time Td are calculated as shown in equa-

tions (21) and (23). Steps 1-6 are repeated to calculate Td for a new 

set of compartment values. Prior to this, however, appropriate changes 

in compartment characteristics are made as discussed previously. 

The results of calcic horizon simulation (Figures 47, 48, 49) 

indicate that the model accurately predicts calcic horizon 



Figure 47. Distribution of Calcium Carbonate with Time Simulated for Different Climates. -
(A) Simulated calcic horizon development in a semiarid, thermic climate. Li = 
3.5 cm; very rapid infiltration rate; carbonate influx rate - 1.5 x 10-6 g yr-l 
cm2; compartment depth = 5 cm. 
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Figure 47. Distribution of Calcium Carbonate with Time Simulated for Different Climates. -
(B) Simulated calcic horizon development in an arid, hyperthermic climate. Li = 
0.97 cm; rapid infiltration rate; carbonate influx rate - 1.0 x 10-6 g yr-l cm2; 
compartment depth = 3 cm. 
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Figure 47. Distribution of Calcium Carbonate with Time Simulated for 
Different Climates. -- (C) Simulated calcic horizon devel
opment in a xeric, thermic climate. Li = 18.6 cm; very 
rapid infiltration rate; carbonate influx rate - 1.5 10-6 
g yr-l cm2• 
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Figure 48. Distribution of Calcium Carbonate after 13,000 Years of Simulated Calcic Horizon 
Development in a Semiarid, Thermic Climate. -- (A) PCO is decreased with depth 

2 
below 25 cm. Pca 10-2•5 for 0-25 cm; 10-2 . 6 for 25-30 cm; to a minimum of 

2 
10-3•5 at 75-80 cm. Figure shows predicted distribution after 13,000 years. 
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Figure 48--Continued 

(B) Pca 
2 

is 10-3•3 in compartment 1, increasing to a maximum of 10-2•5 in compart-

ment 5. Pca 
2 

decreases from this value to 10-4•0 in compartment 20. 
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characteristics of Holocene alluvial soils in southern California. For 

example, the simulated soil forming under a semiarid climate (Li 3.S 

cm) possesses a stage 1 calcic horizon at a depth of SO cm after 7000 

years of soil formation (Figures 47A, 48). Note that the 2S cm depth 

to the calcic horizon shown in Figure 47A represents soil depth based on 

AWC of the soil nongravelly soil fraction; for a typical study area soil 

characterized by SO percent gravel and percent fine earth fraction, 

the true soil depth would be about twice the depth shown in the figure. 

These calcic horizon characteristics compare quite favorably with the 

stage 5S soil forming in a semiarid climate which possesses a stage 1 

calcic horizon of a depth of 39 cm (Figure l7B). 

Figure 47A shows that the model predicts that with progressive 

soil age, the depth to the top of the calcic horizon will exponentially 

approach a limiting depth that is defined by the maximum depth of wet

ting, the changing soil available water-holding capacity, the estimated 

external carbonate influx rate, and the initial parent material carbon

ate content. As carbonate is progressively removed from upper soil 

compartments, B horizon development is probably accelerated as clay dis

persal is increasingly favored; thus the soil formed at 7000 years in 

the model would classify as a Typic Camborthid or Typic Haplargid, de

pending on the silicate-clay influx rate. Chemical weathering of alu

minosilicate would also be favored at lower soil pH subsequent to removal 

of carbonate. The model also simulates the process of basal B horizon 

"plugging" by pedogenic carbonate that occurs as the AHC of the B hori

zon gradually decreases the average depth of wetting. Thus, continued 
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development of the B horizon between 7000 and 13,000 years would result 

in the precipitation of carbonate only in the lower, formerly noncal

careous, part of the B horizon (Figures 47A, 48B). 

In marked contrast to simulated calcic horizon development in 

semiarid climates, calcic horizon development simulated in an arid en

vironment shows that carbonate actually accumulates in the uppermost 

part of the soil and that a noncalcareous B horizon theoretically cannot 

form under such conditions (Figure 47B). Presumably, the increasing 

accumulation of soil carbonate in Holocene soils will greatly restrict 

clay dispersion in the soil and inhibit B horizon formation, at least 

via accumulation of illuvial clay in a subsurface A horizon. The simu

lated soil shown in Figure 47B is remarkably sim:llar to the typical 

Holocene soils of the Whipple Mountains piedmont (Figures 21A-C, 50A). 

The predicted lack of development of a non calcareous B horizon in older 

Holocene soils not present on the Whipple Mountains piedmont is consis

tent Hith descriptions of the oldest Holocene surface (Q3a) soils pro

vided by Schenkar (1978), McHargue (1980), and Bull (in preparation). 

The model predicts that a calcic horizon will not form in the 

upper 500 cm of Holocene soils forming in a xeric environment (Figure 

47C). The carbonate that has accumulated below this depth is distrib

uted over a substantial thickness of soil and would barely be apparent 

as an incipient stage 1 calcic horizon. At a significantly lower ex

ternal carbonate influx rate than was used in the simulation of the soil 

in Figure 47C, a calcic horizon might not even be detected by standard 

field criteria for carbonate presence. The formation of noncalcic 

soils in xeric climates is the result of the great depth of soil 
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wetting, the much greater solubility of calcium carbonate at the biotic-

ally induced high Pca ' and the absence of calcium carbonate in the soil 
2 

parent material. 

The development of an increasingly clay-rich, thick argillic B 

horizon will result in continued accumulation of carbonate in the basal 

B horizon at increasingly shallower depths. However, the rate of clay 

accumulation and thickening of the B horizon greatly decline in soils 

older than 105 years (Figure 27A, Table 1). Clearly, the depth to the 

calcic horizon should, therefore, become essentially constant with in-

creasing soil age as a balance between the climatically determined Li 

and soil texture and AWC are achieved. With continued deposition of 

carbonate in the upper part of the calcic horizon, noncap~llary pores 

will become largely filled with calcium carbonate which will, of course, 

reduce and eventually impede downward soil moisture movement in the cal-

cic horizon (Gile and others, 1966; Soil Survey Staff, 1975; Bachman and 

Machette, 1977). The reduced hydraulic conductivity with increasing 

carbonate accumulation effectively controls. subsequent soil water ~al-

ance and, consequently, future distribution of carbonate accumulation. 

The result of this process over 104-105 years of soil development is the 

development of stage 4 to stage 5 calcic horizons. 

In the latter stages of soil development, the rate of surface 

erosion may begin to increase faster than the top of the calcic horizon 

can be lowered by renewed dissolution and transport of carbonate. Even-

tually, the tops of the relatively resistant stage 4 and 5 calcic hori-

zons may be exposed by erosion resulting in the formation of Petrocalcic 
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Paleorthids. This process typically occurs in the latter stages of cal-

cic horizon development in southeastern Arizona (McFadden, 1978a) and in 

the Ql geomorphic surface of the lower Colorado River region (Bull, in 

preparation). 

The effect of a decreasing soil Pea below the organic matter-
2 

rich A horizon can also be simulated using the model. Figure 48A shows 

the results of such a simulation. The Pea in this model was systemat-
2 

ically decreased from a maximum of 10-2•5 in compartment 5 (20-25 cm) 

to a minimum of 10-3 . 5 in compartment 15 (70-75 cm). Comparison of 

Figures 47A and 48A shows that the result of this process is the depo-

sition of more carbonate in the upper part of the calcic horizon rela-

tive to the lower parts of the calcic horizon. The amount of time 

required to form the noncalcareous B horizon is still the same because 

almost all carbonate dissolution takes place in the upper zone of the 

soil wher~ the Pea for both simulated soils is equal to the maximum 
2 

lO~2.5. If Pea begins to decrease at an even shallower soil depth, the 
2 

?eriod of time required to remove carbonate from successively lower 

compartments could increase by up to 40 percent. This is because of 

the decreased solubility of carbonate and the previous deposition of as 

much as 50 percent more carbonate at the shallower depths. The eventual 

depth to which carbonate would be leached will be the same in this case, 

although a much longer period of time would be required to attain this 

depth. 

The final results of calcic horizon simulation characterized by 

initially increasing soil Pea 
2 

and then decreasing soil P with depth ca
2 



214 

(Figure 48B) are similar to those observed for other Peo variations in 
2 

a semiarid climate. In contrast to these previous simulations, this 

simulation indicates that carbonate never accumulates in shallow soil 

compartments at any time. Instead, carbonate in these compartments is 

rapidly depleted. Under these circumstances, less than 2000 years would 

be required to attain 85 percent of the maximum possible depth to the 

top of the calcic horizon. During the last several thousand years of 

soil development, some carbonate would accumulate in the lower B horizon 

in a manner similar to that shown in previous simulations. 

Other problems must be considered in addition to soil Pea vari-
2 

ability. For example, the assumption of a mean annual Li for cal cuI a-

tion of soil water balance does not permit evaluation of the impact of 

occasionally moister or drier than average years. Intuitively, one can 

predict that during extremely wet years, small amounts of carbonate will 

be transported to greater soil depths. This may result in a "telescop-

ing" of the pattern of carbonate distribution shown in Figures 47 and 48. 

However, the maximum depth to the top of the calcic horizon eventually 

achieved would be the same as shown in these figures because carbonate 

deposited at relatively shallow depths during dry years would have to be 

dissolved and transported before dissolution in lower soil compartments 

could oc~ur. Thus, the maximum amount of carbonate that can be removed 

from upper soil horizons and the maximum depth to the top of the calcic 

horizon reflects the average soil water balance characteristics which, 

in turn, largely reflect average climatic conditions. Of course, soil 
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PCD also changes with season, as indicated earlier. If they are avail-
2 

able, winter soil P
CD 

values should be used during calculations of cal-
2 

cic horizon development. 

Another problem to consider is the impact of different external 

carbonate influx rates. Figure 49 shows simulated profile development 

in an arid environment for an influx rate 50 percent larger than the 

simulation shown in Figure 47B. As expected, substantially more carbon-

ate is present in the developing calcic horizon in Figure 49 and the 

horizon develops at a significantly faster rate. This is consistent 

with the conclusions of Bachman and Machette (1977), who indicate that 

the magnitude and,rapid development of calcic horizons forming in south-

ern New Mexico alluvial soils are the result of the high rates of cal-

careous dust influx in this region. 

The simulations of calcic horizon development in arid, semiarid, 

and xeric climates predict that a basic pattern of calcic horizon de

velopment will be established in a period of less than 104 years. The 

depth to the top of the calcic horizon is partly influenced by soil tex-

ture, carbonate influx, and soil PCD but is largely defined by the 
2 

average climatic conditions. Indeed, Jenny (1941), Richmond (1962), and 

Arkley (1963) showed that an empirical expression could be determined 

that related the depth to the top of the calcic llorizon to the mean an-

nual precipitation for soils of large geographic regions. When one ob-

serves the distribution of pedogenic carbonate in late Pleistocene soils 

of southern California, however, it is clear that carbonate has not been 

deposited at similar depths as would be predicted by this model assuming 

a reasonably constant climate. The unusual aspects of calcic horizon 



216 

development, clay mineralogy, and iron oxyhydroxide composition suggest 

a polygene tic history of soil development for the Mission Creek and 

Whipple Mountains study areas. If the polygenetic history of these 

soils is the result of major changes in climate and, therefore, effec

tive soil moisture, the soil water balance characteristics must be al

tered in such a manner as to reflect the changed depths of soil wetting. 

Further, new calcium carbonate solubility and dissolution rates must be 

calculated for different soil temperatures. The results of such changes 

on calcic horizon development are considered in the following chapter. 



CHAPTER III 

EFFKCTS OF CLIMATIC CHANGES ON SOIL 
GENESIS IN SOUTHERN CALIFO~~IA 

Two types of climatic change can affect rates and processes of 

soil genesis: spatial changes in climate and temporal changes in cli-

mate. The impact of spatial changes in climate is shown by those dif-

ferences in aspects of soil development among soils of the same age but 

that have formed in a different climate, since all other soil-forming 

factors are similar. Quantitatively, one can estimate the impact of 

climate on some ~spect of soil development by using the calculated Li as 

a proxy for climate and observing how that aspect is affected by changes 

in Li. It is much more difficult to estimate the impact of temporal 

changes in climate on soils than the impact of spatial variation in 

climate on soil development. As pointed out many times in Chapter III, 

many changes in soil clay mineralogy or calcic horizon development ob-

served in a given sequence of soils can be due to changing soil texture 

or horizon characteristics that are primarily a function of increasing 

soil age. One way to estimate the impact of a past climatic change in a 

given area might be to estimate the Li for a past climate based on esti-

mated changes in annual temperature and precipitation. The possible 

impact of this change in Li could be evaluated based on the observed 

differences in soil profile development that are the result of a simi-

lar change in Li that is due to spatial climatic change. For this pur-

pose, only those differences in Holocene soils formed under different 
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climates should be compared, since the assumption of constant climate 

for a given suite of soils can only be made for soils that have formed 

subsequent to the last major change in climate that occurred at the 

Pleistocene-Holocene climatic transition. 

Impacts of Spatial Climatic Change 
on Holocene Soils in Southern California 

The relative effect of an increasingly moister climate on rates 

of soil genesis was shown clearly in Figures 25, 26, 27, and 35 in 

Chapter III. These figures show that with progressively more intensive 

soil leaching, there are concomitant increases in the rate of B horizon 

and A horizon development as shown by mass of clay, iron oxyhydroxides, 

and organic matter accumulated in the soil profile. The increasing rate 

of accumulation of clay and iron oxyhydroxides is commensurate with the 

increasing magnitude of chemical weathering associated with increases in 

effective soil moisture. Further, Figures 8, 17, and 21 clearly show 

the effect of increases in soil leaching on carbonate accumulation. 

Figure 50 shows differences in soil de.ve10pment as a function of Li for 

stage S5 soils. In general, the trends in soil development apparent in 

this figure are consistent with expected increases in the magnitude of 

soil development expected with increasing Li, with a few but significant 

exceptions. 

One unusual feature observed in Figure 50A is the greater pro-

file mass of clay and iron oxyhydroxides for stage S5 soils of an arid 

climate compared to stage S5 soils in a semiarid climate. This could be 

due partly to the impact of differences in eolian influx rates on the 

rate of soil development. As discussed previously, Holocene soils may 
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be especially conducive to incorporation of eolian dust and the nature 

of eolian contributions for a given region may be only complexly related 

to spatial changes in climate. Perhaps the physiographic setting of 

the stage 55 semiarid soil within the Rodman Mountains results in lower 

susceptibility to eolian dust influx as compared to soils that are lo

cated on broad piedmonts, such as the Whipple Mountains piedmont. It 

is also possible, given the uncertainty of absolute age evaluations, 

that the stage 85 semiarid soil is considerably younger than the arid 

stage 85 soil. If this is the case, the differences in soil development 

may be due also to differences in soil age in addition to climate. 

Clearly, this possibility cannot be completely evaluated. In general, 

the overall trend of increasing soil development as a function of in

creasing Li is observed not only for stage 85 soils, but also for soils 

of the 84, 83, 8Z, and 81 stages as shown by data given in Table 1 and 

Appendix B. 

The percent hematite:FeZ03d ratio and FeZ03:FeZ03d ratio changes 

with decreasing Li reflect the maximum stability of ferrihydrite in the 

presence of organic matter and relatively neutral pH and the rapid 

transformation of ferrihydrite to hematite in the hot, organic matter

poor, relatively anhydrous edaphic environment of desert soils. It is 

also important to note that kaolinite authigenesis is not recognized to 

any significant degree in arid and semiarid Holocene soils but is recog

nized in xeric Holocene soils, evidence of the muC!h mCJre intense weath

ering characteristic of this climate. Increasing rates of chemical 

weathering in the increasingly moister climates of southern Califor.nia 

also partly reflect the presence of increasin~ly greater A horizon 
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development which is, of course, related directly to increasing soil 

moisture and increased vegetal cover. The quantitative effect of this 

factor, as compared to the effect of simply increasing the volume of 

moisture passing through the soil profile, is difficult to ascertain 

given the lack of precise soil age and Pca data as well as the diffi-
2 

culty of distinguishing authigenic clay and iron oxyhydroxides from 

externally derived material. The importance of the biotic processes 

on soil development may be important, given the fact that calcic and 

noncalcic stage S7 soils have formed at a distance of less than 15 km 

apart (compare Pedons 40 and 35). The probably small increase in Li 

cannot alone account for the total lack of carbonate in Pedon 35 because 

with even a 100 percent increase in the Li, one would expect to find at 

least some carbonate in the upper 100 C~ based on soil water balance-

carbonate solubility considerations. The presence of the A horizon in 

Pedon 35, however, could increase significantly solution Pca and result 
2 

in a major increase in carbonate solubility. Consequently, substan-

tially more carbonate could be leached to fairly significant depths in 

a short period of time. 

In conclusion, it is clear that relatively small changes in Li 

are associated with relatively major changes in the nature and rates of 

soil profile development in southern California. Therefore, given esti-

mates for the nature of changes in climate that occurred during the late 

Quaternary, the relative magnitude of the impact of climatic change on 

soil development and the predicted pattern of polygenetic profile devel-

opment can be estimated. 
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A substantial amount of morphologic and chemical evidence has 

been presented in Chapters II and III that is suggestive of polygenetic 

soil development, implying past changes in climate. Unfortunately, it 

is rather difficult to provide compelling evidence for climatic change-

induced soil polygenesis, often because of the lack of accurate soil 

age data or the possibility that a suspected polygenetic soil feature 

could be due to some other change in internal profile characteristics 

(Birkeland, 1974). For example, the presence of such minerals as mont-

morillonite and illite in the upper B horizon and A horizon in other-

wise kaolinite-dominated soils is probably not due to a recent major 

decrease in soil leaching but is rather due to the retention and recycl-

ing of soluble bases in the soil biotic subsystem, a process that pro-

motes stability of 2:1 layer clay minerals. Other types of evidence, 

such as major changes in the distribution and pattern of calcic horizon 

development, are strongly indicative of past changes in climate. The 

development of calcic horizons or the formation of thick kaolinite and 

iron oxyhydroxide-rich B horizons represent essentially irreversible 

soil horizon characteristics. Once such horizon characteristics are 

presen~. they can be only very slowly altered despite subsequent, major 

changes in the soil-forming environment. 

Abundant evidence shows that signicicant changes in climate oc-

curred during th~ Quaternary epoch. In the western United States, for 

example, evidence for climatic change is indicated by such features as 

major changes in floral and faunal distribution, the formation of larg~ 
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"pluvial;! lakes with concomitant formation of large alpine glaciers, 

changes in particle-size distribution and sorting of fluvial deposits, 

and the widespread formation of alluvial fans and terraces that have 

been discussed previously. Clearly, Quaternary climatic changes were 

fairly large in magnitude; however, two schools of thought have evolved 

that envision substantially different full-glacial climates. The first 

school of thought supports the hypothesis that the full-glacial climate 

in temperate latitudes was characterized by significant increases in 

precipitation with associated decreases in temperature, particularly 

during the summer season (Leopold, 1951; Antevs, 1952; Flint, 1971). 

Many studies suggest increases in precipitation based on pluvial lake

budget criterial (Leopold, 1951; Antevs, 1952; Reeves, 1965; Snyder and 

Langbein, 1962). Others cite changes in patterns of floral and faunal 

distribution as indicating increases in precipitation (Wells, 1966; Van 

Devender, 1973. 1977). 

The alternative scenario is one favoring significantly cooler 

annual temperatures with little or no changes in precipitation (Galloway, 

1970; Brakenridge, 1978). According to this hypothesis, the significant 

decreases in evapotranspiration would permit growth and stabilization of 

large lakes in now-dry southwestern basins and would also result in in

creases in effective soil moisture that would be conducive to changes in 

vegetation distribution. 

Estimates of the range of possible changes in temperature and 

precipitation associated with these two fundamentally different types of 

climatic ehanges are suggested by Van Devender (1973, 1977); Reeves 

(1965); Galloway (1970); and Brakenridge (1978). Based on these studies, 
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changes from annual Holocene temperature and precipitation to those of 

the full-glacial Pleistocene are summarized: (1) "cool, moist" model of 

first school (8temperature = _3°, 8precipitation 

"cold, dry" model of second school (8temperature 

+100 percent); (2) 

-BOC, 8precipitation 

= 0). These estimates may be used to approximate monthly evapotranspi

ration and Li for different regions in southern California during the 

latest Pleistocene. These data (Appendix D) can be used to estimate 

soil water balance characteristics of soils forming during this time. 

Recalculated soil water balance data can be used to simulate calcic 

horizon development under the hypothesized full-glacial climate and 

enable simulation of polygenetic calcic soils that have formed both in 

full-glacial and Holocene climates. 

The timing of the climatic changes that have occurred during the 

late Quaternary is reasonably well known. The analysis of lBO/160 iso

tope ratio of marine protistids (Emiliani, 1966) provides a record for 

Quaternary climatic changes. The lBO/160 isotope record, which largely 

records changes in world ice volume (Shackleton and Opdyke, 1973), is 

characterized by a series of isotopic stages that represent dominantly 

glacial periods (high ice volume) or interglacial periods (low ice vol

ume). The last major interglacial period (the "Sangamonian" intergla

cial) is probably represented by isotope stage 5, occurring during the 

period 70,000-145,000 years b.p. Subsequent to this period, two periods 

of "high" ice volume--stage 4 (70,00u-45,000 years b.p.) and stage 2 

(25,000-12,000 years b.p.)--are recorded during the Wisconsin period. 

A mid-Wisconsin "warm" period of lower ice volume, stage 3, is also sug-

gested by other lines of paleoclimatic evidence (Smith, 1975; Sirkin 
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and Stuckenrath, 1980). It is not unreasonable to assume that the over-

all timing of major climatic changes on the continents parallel the tim-

ing of climatic changes that affected ice volume and are recorded by 

the 180/160 record. 

Several studies indicate that the Pleistocene-Holocene change 

apparently was transitional in nature, apparently uccurring over a 

period of some 4000-8000 years before characteristic Holocene conditions 

now present were completely established. This transition is suggested, 

for example, by the re-expansion of "pluvial" lakes such as Searles Lake 

between 8000 and 11,000 years b.p. (Smith, 1978) and the presence of 

relatively mesic vegetation that was not replaced by xerophytic commu-

nities until 8000 to as late as 4000 years b.p. (Van Devender, 1973, 

1977; Markgraf and Scott, 1981). This climatic transition is also con-

sistent with evidence provided by Bull (in preparation) that suggests 

at least two major periods of hills lope stripping and aggradation 

throughout the Mojave Desert that are the result of at least two major 

climatic changes during the Pleistocene-Holocene transition. A climatic 

change-induced period of hills lope stripping and major channel aggrada-

tion also occurred in the San Gabriel Mountains subsequent to 7000-

6800 years ago, again indicating the occurrence of major changes in 

climate well into the gradationally recognized Holocene Epoch (Bull and 

others, 1979). 

Pedologic Evidence for the Pleistocene-Holocene 
Climatic Change in Southern California 

Bull (1978, in preparation) has proposed that many of the ob-

served differences in Holocene and Pleistocene soil development in the 
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southern Colorado River region are the result of a change from rela

tively moist edaphic conditions of the latest Pleistocene to a much 

drier, Holocene edaphic environment. This hypothesis is based on soil 

morphologic evidence that includes significant changes in the average 

depth of carbonate movement and differences in weathering as suggested 

by strong argillic B horizon development in Pleistocene soils and the 

lack of argillic B horizon development in older Holocene soils. 

McHargue (1980) also suggested that such differences in the climate had 

occurred during the late Quaternary in this region. based on soil tex

tural and total calcium carbonate data. McHargue also reported evidence 

for a period of relatively warmer, moister climatic conditions that is 

now present during the earliest Holocene (14,000-8000 years b.p.) as 

suggested by the presence of increases in carbonate, clay, and silt of 

soil depths exceeding 20-30 cm. The presence of pedogenic materials at 

these depths is interpreted by McHargue as evidence for early Holocene 

depths of leaching that substantially exceed present average depths of 

leaching. 

Recently, McFadden and Bull (1981) proposed that the presence of 

i11uvia1 clay films and significant accumulations of clay in latest 

Pleistocene soils (stage S4 and 83 of this study) of the Whipple Mountain 

piedmont suggested a soil moisture regime that was conducive to movement 

of calcium carbonate to depths generally exceeding 20 cm and i11uviation 

of clay into a shallow, moderately well-developed argillic B horizon. 

They further noted that very little carbonate movement or clay translo

cation occurs in the present hot, dry climate as suggested by mid- to 
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early Holocene soil development (stage 85 of this study). These dif

ferences in soil profile development are shown in Figure 51. This fig

ure clearly shows that significant amounts of clay and carbonate have 

been translocated to much greater depths in the latest Pleistocene soil 

profiles than in the st;t>'~ 85 Holocene soil profile. Continued clay and 

carbonate accumulation will surely occur in the Holocene soil, but one 

can predict that a "Pleistocene" pattern of clay and carbonate distri

bution will not evolve. 

Additional pedologic evidence for the impact of climatic change 

on these soils is provided by the analysis of pedogenic carbonate and 

clay mineralogy. In Chapter III it was shown that the rate of pedogenic 

carbonate accumulation based on Holocene soil carbonate data has been 

about 0.1 g/lOOO years/cm2-soil column. Morphologic and chemical data 

demonstrate (Figure 50A) that in Holocene soils the great majority of 

the carbonate accumulation has been confined to the upper 14-20 cm. If 

carbonate accumulation has been confined to that depth in latest Pleis

tocene soils during much of the Holocene, then one can predict that be

tween 1.0 and 1.4 g of carbonate should have accumulated in the upper 

15-20 cm of a formerly noncalcareous argillic B horizon. Mass balance 

calculations show that the upper 20 cm of latest Fleistocene stage 84 

and S3 profiles possess 1.01 g and 1.35 g carbonate, respectively. 

These data support the hypothesis of polygenetic soil profile develop

ment if the original premise of a pre-Holocene uoncalcareous B horizon 

is valid. Clay mineralogy of Pleistocene-aged profiles supports the 

validity of this premise. Semiquantitative clay data, shown in Table 6 

in Chapter III, indicate that palygorskite content abruptly increases 



Figure 51. Distribution of Mass Carbonate as a Function of Depth for the Whippie Mountains 
Piedmont. -- Dashed line represents carbonate associated with the fine fraction 
«2mm); solid line is for total mass of pedogenic carbonate. A) Stage S5-pedon 
PV2A. B) Stage S4-pedon PV1. C) Stage S3-pedon PV7. 
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below a depth of about 20 cm in stage 84 and 83 latest Pleistocene 

soils. Near the top of calcite horizons, continuous dissolution-

reprecipita.tion of initially Mg-rich soil carbonate favors authi.genesis 

of palygorskite via montmorillonite alteration (Bachman and Machette, 

1977). In order to permit formation of relatively large quantities of 

palygorskite in latest Pleistocene soils, the depth to the top of the 

calcic horizon was at least 20 cm for several tens of thousands of years. 

Clearly, much of the pedogenic carbonate present at depths exceeding 

20 cm in the latest Pleistocene soils shown in Figure SlB and C must 

have deposited during the latest Pleistocene, full-glacial climate. 

The pedologic evidence discussed above favors changes in the 

depth of leaching that imply a change in climate since the end of the 

last full-glacial climate. Birkeland (1974), however, points out that 

the continued accumulation of clay in the B horizon can also cause de

creases in depths of soil leaching and carbonate movement as a result of 

the major increases in available water-holding capacity in the upper 

soil horizons. The calcic horizon simulation model presented in Chapter 

III can be used. to predict effects of increasingly finer soil texture 

on soil water balance as well as the possible effects of changes in cli-

mate on soil water balance and subsequent polygene tic profile 

development. 

The estimated full-glacial Li data included in Appendix D, the 

estimates for times of climatic change during the late Quaternary dis-

cussed previously in this chapter, and the solubility calculations for 

calcium carbonate at different temperature and Pca enable simulation of 
2 
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polygene tic calcic soils. This study used two simple models to approxi

mate climatic change: 

1) a simple "square-wave" model in which the climate changes 

abruptly from a full-glacial to an interglacial character; and 

2) a more complex "transitional" or "modified square-wave" model 

in which the climate is changed in several steps from a full

glacial to the interglacial climate. 

The gradual changes in soil texture that affect soil water balance can 

be accommodated by altering soil compartment characteristics in such a 

manner as to simulate increasingly clay-rich B horizon development as 

discussed in the previous section. The depths of predicted horizon de

velopment and time intervals at which soil compartment characteristics 

are changed are based on soil textural and age data shown in Appendix B 

and Table 3. 

Figures 52A-C and 53A-C show the results of simulation of poly

genetic profile development for full-glacial to nonglacial climate 

change in presently arid and semiarid climates. The types of full

glacial climates used for these simulations included the "cold-dry" 

model and the "cool-moist" models discussed previously. For example, 

data shown in Appendix D indicate that an average annual depression of 

temperature by BOC coupled with no change in average annual precipita

tion characterizing a "cold, dry" full-glacial climate would result in 

a 125 percent increase in Li to 2.2B cm. Depression of the average an

nual temperature by 3°e combined with a 100 percent increase in average 

annual precipitation increases the Li characteristic of the "cool, 



Figure 52. Simulation of Polygenetic Development of Calcic Soils. -- A) Time-depth distribu
tion of carbonate for semiarid-arid climatic change. Climatic change occurs after 
13,000 years of semiarid calcic horizon development. Li (initial) = 2.3 cm; Li 
(final) = 0.97 cm; ~T = -8°C; ~P = o. 
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Figure 52. Simulation of Polygenetic Development of Calcic Soils. -- (B) Distribution of car
bonate with depth as a function of time simulated for rapid climatic change from 
semiarid (cool-moist, Li = 3.7 cm) climate to arid, hyperthermic climate (Li = 0.1 
cm). ~T = -30 C, ~P = +50%. Solid lines in figure show systematic changes in 
carbonate distribution after 185 to 8490 years of weathering. 
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Figure 53. Distribution of Carbonate as Simulated by a Model in Which the Climate is Changed 
in Several Steps. -- (B) Transition from arid to semiarid to arid climate. 0-
7000 yrs: ~p = 0, ~T = 0, Li = 0.97 cm; 7000-9000 yrs: ~T = -3°C, ~p = 20%, Li = 
1.7 cm; 9000-19,000 yrs: ~p = 0, ~T = -SoC, Li = 2.3 cm; 19,000-20,000 yrs: ~T 
-6.5°C, ~p = 0, Li = 1.S5 cm; 20,000-22,000 yrs: ~T = -5°C, ~p = 20%, Li = 2.02 cm. 
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moist" full-glacial climate to 3.7 cm. The presence of a noncalcareous 

B horizon overlying a calcic horizon in the Holocene stage S5 soil that 

is forming under a Li of 3.58 ern demonstrates that the full-glacial Li 

values mentioned above could have been conducive to the development of 

noncalcareous B horizons. 

The simulation of calcic soil development indicated in Figures 

52A-C and 53A-C supports the hypothesis for climatic change-induced 

polygenetic soil profile development in the Whipple Mountains region 

during the Late Quaternary. In simple square-wave models (Figure 51), 

carbonate accumulation occurs immediately in the upper part of the soil 

profile owing to the abrupt change in soil moisture balance. The tran

sitional model, a possibly more reasonable approximation of the actual 

nature of the Pleistocene-Holocene change, simulates a more gradual 

change in soil moisture balance; consequently, carbonate engulfment of 

the entire B horizon occurs in a relatively slow manner as the average 

depth of leaching becomes increasingly more shallow during the climatic 

transition (Figure 53). The final carbonate distribution shown in Fig

ure 53 is remarkably similar to the carbonate distribution in stage S4 

and S3 50ils, shown in Figure 5lB and C. It should also be noted that 

only the lower 10 cm of the argillic horizon are engulfed owing solely 

to development of the permeability-decreasing B horizon. The engulfment 

of the entire B horizon by carbonate can only be accounted for, at least 

theoretically, by a significant change in Li that is the result of a 

major change in climate. 

The results of morphologic, chemical, and calcic horizon simu

lation analyses of soils in the Whipple Mountains provide a clear 
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picture of the history of polygenetic soil development during the last 

25,000 to 30,000 years. Soon after stabilization of the most recently 

formed late Pleistocene, Q2C geomorphic surface, carbonate was leached 

rapidly to depths exceeding 15-20 em as a rE:sult of soil development 

under either a cool-moist or cold-dry semiarid climate. A higher-than-

present soil Pca would have been the result of a somewhat more well-
2 

developed A horizon than is now present in the soils of this region, 

owing to an increased plant cover and lower rates of organic matter oxi-

dation at the lower soil temperatures that were present during full-

glacial time. Consider, for example, the A and upper B horizon devel-

opment of the stage S5 soil forming in the semiarid climate of the 

Rodman Mountains (Pedon 44). 

Interestingly, changes in temperature alone would be sufficient 

to induce the observed polygenetic soil development. More data would 

help to determine which particular combination of changes in temperature 

and precipitation might account for polygenesis. Pedologic data thus 

offer compelling evidence of climatic changes but does not sped.fically 

indicate the precise magnitude of these changes. 

Elimination of carbonate from the upper soil presumably enhanced 

clay dispersal. B horizon development was probably accelerated due to 

clay translocation and possibly an increased magnitude of chemical 

weathering. Near the end of the last full-glacial period, or about 

14,000 b.p., the Q2c geomorphic surface possessed a soil profile char-

acterized by a 20 to 25 cm-thick argillic B horizon and a subjacent, 

stage 2 calcic horiz0n. The lower 5 em of the B horizon probably pos-

sessed minimal accumulations of carbonate, owing to the increased 



i>." I"n'i (l , 

, ( 

240 

available water-holding capacity of tt.·e B horizon. At the beginning of 

the Holocene, an increasingly arid, hyperthermic environment induced 

shallower depths of wetting and deposition of carbonate primarily \'lithin 

the B horizon. 

As discussed previously in this section, increases in precipi-

tation or more effective soil moisture between 14,000 and 8,000 years 

b.p. would result in a greater depth of carbonate accumulation during 

this period as compared to the present. The change to an increasingly 

drier and warmer edaphic environment significantly reduced vegetal cover. 

Lower supplies of organic matter and warmer soil temperature would in-

crease the rate of oxidation of organic matter, therefore virtually 

eliminating an organic matter-enriched A horizon. Although this would 

favor a lower soil water Pea' the increasing deposition of carbonate 
2 

and soluble salts in the B horizon would tend to increase soil solution 

ionic strength. Theoretically, this would favor a significa~t increase 

in the solubility of carbonate (Table 9). It is postulated that the 

high available water-holding capacity of the argillic B horizon of 

Pleistocene soils would result in the deposition of considerable amounts 

of soluble salts given the presently low Li of 0.97 cm. In marked con-

trast, little soluble salt accumulation is observed in stage S5 soils 

because of the much lower water-holding capacity of these soils. Ex-

tremely soluble salts can be leached from Holocene soils during occa-

sional, much wetter than average years when soil infiltration depths 

easily exceed 100 cm. 

The relatively high solubility of carbonate in late Pleistocene 

soils should have enhanced translocation of carbonate through the 
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vesicular A horizon into the argillic horizon, presumably accounting for 

the relatively thick carbonate coatings on the gravel. Furthermore, as 

up to 70 percent of pedogenic carbonate is deposited as gravel coatings, 

the matrix of the once-noncalcareous B horizon still possesses less car

bonate than soil parent materials despite about 14,000 years of carbon

ate accumulation in the B horizon. In fact, parts or nearly all of the 

matrix of the argillic horizon in some late Pleistocene soils are essen

tially noncalcareous, providing strong evidence for a once completely 

noncalcareous B horizon. 

The rapidly increasing accumulation of carbonate as well as some 

soluble salts in the upper parts of late Pleistocene soils presumably 

began to favor clay flocculation,thereby inhibiting clay translocation. 

This suggests that much 6f the vesicular A horizon development observed 

in Pleistocene soils is a chiefly Holocene phenomenon. This hypothesis 

is supported by soil chemical and textural development that shows only 

minimal differences in the development and chemical weathering in vesic

ular A horizons despite the fact that geomorphic surfaces differ in age 

by several hundred thousand years. 

The increasingly complex soil morphology of Whipple Mountain 

piedmont soils is the result of the continuous alteration of climates. 

Polygenetic profile development accompanies these changes. For example, 

if the long interglacial period (isotope stage 5) that preceded the 

Wisconsin period was ~haracterized by a climate similar to that of the 

Holocene period, then one would expect large quantities of carbonate to 

accumulate in the upper 15-20 cm of soils forming during isotope stage 5 
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time. Thus, stage S2 and Sl soils that are significantly older than 

70,000 years probably possessed a considerable amount of calcium carbon

ate at shallow profile depths at the beginning of isotope stage 4, the 

Winsconsin period. About::' to 2 x 104 years of the full-glacial, early 

Wisconsin climate would have been required to leach these large masses 

of shallow carbonate to depths exceeding 20 cm as suggested by 

carbonate-solubility calculations and estimated soil water balance. The 

notably low profile masses of clay and iron oxyhydroxides in the stage 

S2 soil may be the result of markedly lower rates of B horizon develop

ment favored by depressed· rates of clay translocation and formation in 

the hypothesized early Wisconsin alkaline soil environment. In marked 

contrast, rapid B horizon development could commence soon after stabili

zation of the Wisconsin geomorphic surfaces associated with stage 3 and 

stage 4 soils. 

The conditions under which the extremely polygene tic stage Sl 

soil has developed are much more difficult to· interpret; however, the 

depths of soil leaching implied by the 120 em-thick, clay-rich argillic 

horizon of this soil suggest soil formation for a long period of time 

under Li values that probably exceeded 7.5 em. This value is much larger 

than the probably maximum Wisconsin full-glacial Li values by a factor 

of about two. An Li value of 7.5 cm in the Whipple Mountains region 

could not be achieved unless winter precipitation was at least double 

the current annual precipitation, even if temperatures had been lower 

than present. 

The impact of the Pleistocene-Holocene climatic change also re

sulted in strongly polygenetic profile development in regions currently 
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characterized by a semiarid climate. Changes in the depth and distri-

bution of carbonate, the unusually large thickness of the B horizons, 

as well as clay mineral and iron oxyhydroxide composition of Pleisto-

cene soils are indicative of soil formation under a much moister cli-

mate. For example, a temperature decrease of 8°C with no change in 

precipitation for the areas currently in a semiarid climate would result 

in a 70 percent increase in the Li value (Appendix D). 

Fig~re 52C shows the results of polygenetic calcic soil devel-

opment for a semiarid to "transitional xeric" full-glacial climatic 

change. The figure indicates that carbonate would be leached to a depth 

of about 200 cm during the pre-Holocene full-glacial climate. Rapid 

dissolution of large amounts of carbonate in this environment would be 

favored by both the increase in Li and the presumably much higher soil 

Pca that would have been associated with a probably much greater degree 
2 

of A horizon development. Holocene soils only 10-15 km to the east of 

Mission Creek possess 20-50 cm-thick, well-developed A horizons (pedons 

34, 35, 37). The shift to the currently semiarid climate at the end of 

the Pleistocene resulted in accumulation of carbonate at depths of 40-

100 cm in a formerly noncalcareous B and Cox horizon. This aspect of 

polygenetic soil development is evident in latest Pleistocene, stage 84 

soil profiles (Figure l7C). The presence of carbonate in stage 83 soils 

at a depth of 176 cm is consistent with the estimated depth of carbonate 

translocation during a full-glacial climate (Figure 50B). The absence 

of carbonate at depths of 40-100 cm in this soil is not, however, easily 

explained by this model (Figure l7D). 
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A somewhat similar phenomenon appears in the late Quaternary 

soils of the Canada del Oro Valley of southeastern Arizona (McFadden, 

1978 , ., 1982). The Canada del OJ:!) Valley currently has a semiarid cli

mate (Li = 7.5-10 cm). Soil parent materials are noncalcareous, grav

elly lithic arkosic sands, and sandy gravel. Abundant calcium carbonate 

has accumulated in'strongly developed Petrocalcic Paleargids that are 

probably at least mid-Pleistocene in age. Moderately developed late 

Pleistocene Typic Hap1argids are essentially noncalcareous because late 

Pleistocene soils formed in an environment conducive to the complete re

moval of carbonate. A calculation of the possible full-glacial climatic 

Li value for this region, assuming a cold-dry climate, indicates an in

creased value of Li of about 12-15 cm. The greater effective soil mois

turewould result in translocation of carbonate to depths exceeding 

several meters for late Pleistocene and Holocene soils. The shift to 

the Holocene climate in this area should have been conducive to the ac

cumulation of carbonate at depths of about 75-100 cm in the clay-enriched 

late Pleistocene profiles in the Canada del Oro Valley. In fact, little 

or no carbonate has accumulated at this depth in these soils. Further

more, carbonate is not present in young Holocene soils despite the de

velopment of a clay-rich argillic horizon in at least one Holocene soil. 

Several possibilities could explain the lack of carbonate in these soil 

profiles. One is that an increasingly clay-enriched and less gravelly 

soil favors increased surface runoff and erosion, resulting in the trans

port of eolian dust to nearby rills and small channels. Considering the 

high solubility and dissolution rates of fine-grained carbonate, it is 

likely that little or no eolian material could be removed in this 
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manner. Indeed, the presence of soils that possess strongly developed 

argillic horizons and subjacent stage III to stage IV calcic horizons 

clearly shows that eolian carbonate continues to provide a major source 

of pedogenic carbonate despite lmV'er soil infiltration rates and de

creased soil permeability. 

Another possibility is that the influx rate of eolian carbonate 

has varied markedly during the Pleistocene and Holocene. Ku and others 

(1979) conclude that the Pleistocene and Holocene rates of carbonate 

accumulation on pebbles in the soils of the Whipple Mountain piedmont 

are quite different. Pleistocene rates that probably include both 

"moist" and "dry" intervals of time are over double the rates character

izing the Holocene. This profound contrast in pebble coating thickness 

is also evident in the comparison of the youngest Pleistocene stage S4 

soils and Holocene stage S5 soils of the Whipple Mountains piedmont (see 

Pedon descriptions PV-7 and PV-2 in Appendix A). Again the pebble thick

ness contrast implies a much lower rate of carbonate accretion on clasts 

during the Holocene as compared to the latest Pleistocene, assuming the 

age estimates suggested by Bull (in preparation) or in this study (Table 

3) are reasonably accurate. A low Holocene eolian carbonate influx rate 

as compared to a higher late Pleistocene rate could explain the low 

rates of carbonate pebble accretion in Holocene soils. However, as 

shown in the previous section, the current soil water balance of Whipple 

Mountain piedmont soils is not conducive to transport of large amounts of 

carbonate below the vesicular Av horizon resulting in an accumulation of 

carbonate in the surface horizon. Clearly, this factor could partly 
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account for a lower rate of carbonate accretion on pebbles in Holocene 

soils. 

The lack of carbonate in the late Holocene soils of the Canada 

del Oro Valley in southeastern Arizona may be attributable to a decline 

in eolian carbonate influx rates (McFadden, 1978a). As in the case of 

the ~fuipple·Mountain soils, other explanations may be invoked including 

the possibly quite young age of the soils combined with a present soil 

water balance that may be occasionally effective in leaching carbonate 

to depths exceeding several meters. Furthermore, declines in eolian 

dust influx rates are inconsistent with the large masses of pedogenic 

carbonate in the late to mid-Pleistocene soils of the Canada del Oro 

Valley and the Whipple Mountains piedmont. 

Other explanations of the enigmatic aspects of polygene tic de

velopment of calcic soils have been suggested. Richmond (1962) proposes 

that in cold, glacial climates, decreased chemical activity and/or cryo

genic soil conditions were conducive to preservation of carbonate in 

soils that had formed subsequent to the onset of the glacial climate. 

Birkeland (1974) suggests that some areas may not have been subjected to 

sufficiently different climatic conditions during full-glacial time to 

have caused polygenetic soil development. This may be the case for some 

of the high-altitude regions where Birkeland has worked, because low 

temperatures may indeed be a limiting factor in affecting rates and pro

cesses of soil development. This would not appear to be the case in the 

warmer climates of southern California where evidence is abundant for 

climatically controlled polygenetic soil development during the late 

Quaternary. 
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I conclude that several complex combinations of changes in cal

careous eolian dust influx, changing soil available water-holding ca

pacity, and infiltration characteristics explain the observed patterns 

of polygenetic calcic horizon development in semiarid and arid calcic 

soils. In the case of the Canada del Oro late Quaternary soils, minimal 

dust influx rates and the probable late Holocene age of the soils result 

in the development of noncalcareous profiles. Similarly, carbonate is 

absent in the latest Pleistocene soil because the presence of the weakly 

to moderately developed B horizon does not lower the permeability of the 

soils sufficiently to entrap Holocene carbonate. A somewhat older late 

Pleistocene soil possessing a thicker B horizon exhibits carbonate ac

cumulation at a depth of about 1.3 m. Much of this carbonate may be 

Holocene. Abundant carbonate is present at depths of 75-125 em in much 

older PleistoLene soils. The low permeability of these soils caused by 

the development of the clay-rich B horizons and stage 3 to 5 calcic ho

rizons precludes translocation of most carbonate below these depths 

during the Holocene or, for that matter, during the latest Pleistocene. 

The scenario described above does not account for the lack of 

Holocene carb'onate in the stage S3 soil in Mission Creek. One may spec

ulate that the high B horizon clay content combined with a steep fan 

gradient might enhance surface runoff and removal of calcareous eolian 

dust despite the rapid dissolution rates of carbonate. In marked con

trast, the stage S2 soil in Mission Creek possesses carbonate at depths 

of 50-176 cm. Incorporation of carbonate in this soil is probably fa

vored by the activity of so'i1 fauna. Bioturbated soil material is 
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characterized by significantly increased soil permeability and is con

ducive to incorporation of soil carbonate during the semiarid Holocene 

climate. Additional important paleopedalogic information is provided by 

the profile description of a buried stage 82 or 83 soil observed in this 

area (see Pedon 38B, Appendix A). Limited soil-stratigraphic and geo

morphic evidence suggest that this soil may be the truncated buried 

equivalent of the stage 82 soil just discussed. If this is the case, it 

is important to note that pedon 38B is entire.ly non calcareous to a depth 

of at least 103-125 cm. The absolute lack of pedogenic carbonate at 

these depths suggests that the soil formed chiefly during a moister 

full-glacial period climate. As a result, this soil is not polygenetic; 

whereas the relict surface soil equivalent is currently subject to a 

surface environment that has been conducive to accumulation of carbonate 

within the B horizon. 

In marked contrast to calcareous soils of the arid and semiarid 

regions, soils forming in currently xeric climates do not exhibit obvi

ous polygenetic profile development. The best explanation for this may 

be that the full-glacial changes in temperature and/or precipitation did 

not greatly increase the Li. For example, a full-glacial, cold-dry cli

mate would increase the current xeric Li by only 20 percent (Appendix D). 

The current climate and past full-glacial climates are thus both condu

cive to the development of noncalcic Xeralfs or Xerolls. One possible 

exception may be the slightly clacareous stage 84 soil that has form('.d 

in the Los Angeles Basin. The total average water-holding capacity of 

the B horizon of this soil is about 35.8 em, and yet the current Li of 

this area is only 12.6 cm. Carbonate accumulation has takeu place in 
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the soil at a depth at which the average water-holding capacity of the 

overlying B horizon is 11.9 cm. This depth is consistent with the aver-

age present depth of soil moisture movement. This suggests that the B 

horizon morphologic and chemical characteristics may have developed 

largely during a much moister late Pleistocene climate. The subsequent 

change to a drier climatic environment and the previous formation of a 

thick, clay-rich B horizon in the fine-grRined alluvium has resulted in 

the deposition of carbonate at unusually shallow soil depths. 

Evaluation of the Effects of Changes 
in Temperature on Soil Reactions 

Data presented in the last section showed that the polygenetic 

characteristics of carbonate distribution in alluvial soils are the re-

sult of past changes in climate. Carbonate dissolves rapidly and is 

transported in solution; therefore changes in the average depth of wet-

ting are revealed readily by significant changes in the depth at which 

dissolved carbonate precipitates. A decrease in soil temperature in-

creases soil effective moisture and the rate of carbonate dissolution 

and depletion in the upper part of the soil. The result of these ef-

fects is to increase the depth to the top of the zone of carbonate 

accumulation. 

Lower soil temperatures may produce different effects on alumino-

silicate reactions than those postulated for soil carbonate reactions. 

In the third chapter, changes in soil clay and iron oxyhydroxide compo-

sition discussed were inferred to be the possible result of changes in 

climate that were conducive to stabilization of different minpralR. 

Perhaps increased depths of wetting owing to lower soil temperatures 
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changed soil mineral stability with depth. Also, the depth of translo

cation of authigenic clay and externally derived clay would increase. 

Furthermore, a lower soil temperature could affe~t the iron oxyhydroxide 

composition by locally stabilizing ferrihydrite or boethite as discussed 

previously. One other potentially important effect of lower soil tem

peratures should be considered--specifically, thac the rate of soil de

velopment might have decreased considerably during glacial periods owing 

to lower temperatures that are conducive to decreased rates of chemical 

reaction. 

Several aspects of this problem should be carefully considered, 

however. For example, it is possible that an increased period of soil 

chemical reactions would be the result of the lower evaporation rates 

associated with lower soil temperatures. Thus, soil development might 

potentially increase despite lower soil reaction rates, depending on the 

relative changes in the rates of soil reactions compared to increases in 

time available for soil weathering. Obviously one must consider the 

rates of reactions for aluminosilicates in soils and time required to 

achieve saturation of a soil solution for these minerals. As pointed 

out in Chapter III, aluminosilicate reactions and dissolution behavior 

are rather complex, especially when one considers the chemical complexi

ties characteristic of weathering profiles that would not be conducive 

to chemical equilibrium. A rather simple but useful approach to this 

problem is to initially consider a simple weathering system involving 

one aluminosilicate mineral reactant for which dissolution rates can be 

estimated and a solution in which changes in pH during chemical weather

ing are similar to values measured in soils. With such data, the total 
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mass of reactant dissolved during irreversible chemical weathering could 

be estimated by calculating the total mass of H+ consumed; the total 

tim8 required to achieve near-equilibrium conditions can be calculated 

given the dissolution rate for the phase. 

Anorthite (CaAl2Si20S) is the Ca end member of the plagioclase 

series for which preliminary dissolution rate data are available. As 

discussed in Chapter III, many common aluminosilicate minerals under 

laboratory conditions attain a final persistent stage of linear reaction 

rates after only hours or a few days of hydrolytic weathering. It is 

not unreasonable to assume that many aluminosilicates have weathered in 

soils for 101-105 years under linear reaction rates. Busenberg and 

Clemency (1976) determined a linear rate of 10-15 •25 moles cm-2sec-l for 

anorthite. Thus, in a gravelly sandy soil with a porosity of IS percent 

in which anorthite as 2 mm cubes composes SO percent of the reactant 

surface area, a dissolution rate for anorthite would be: 

(1) 

1.2S x 10-14 mol sec-l 

The integrated Arrhenius equ2tic~ approximates the change in dissolution 

rate with temperature: 

Eb 

R 

Eb 
Z.303R 

rates of reaction at Tl and T
Z 

(Kelvin) 

energy barrier for the chemical reaction 

gas constant. 

(2) 
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Assuming an "average" Eb value of 18 x 103 Kcal, the following ratios 

of reactions result from equation (2): 

r 12 0 _ 

r ZSO - .249 (3) 

(4) 

(5) 

From Eqs. (1)-(5), calculated rates of reaction for 12°, 9°, and 4° for 

anorthite are 3.19 x 10-15 mol sec-l , 2.26 x 10-15 mol sec-l , and 1.27 x 

-]5 -1 -3 10 mol sec per cm of soil, respectivH1y. In orde:;.- to estimate 

roughly the period of time required to equilibrate anorthite reacting 

with CO2-charged soil water, several simplifying assumptions are neces-

sary. For example, it is clear that aluminosilicates such as anorthite 

will react in a complex manner to produce a variety of product phases 

that could include dissolved Ca+2 and species of Al+3 and Si+4 , gibbsite, 

kaolinite, and calcium montmorillonite before anorthite equilibrates 

with soil water. Hypothesized paths of reaction for aluminosilicates 

reacting with pure water are given in Garrels and Mackenzie (1971) and 

others. As discussed in Chapter III, the stable product phases depend 

on a soil water flux rate that determines ~1hich dissolved species are 

retained in the system to react and precipitate as solid phases. The 

amount of anorthite dissolved during hydrolysis is determined given the 

total mass of H+ consumed during reaction. For the simplified weathering 
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system given, the simplifying assumption is made that anorthite reacts 

initially with undersaturated, CO2-charged soil water: 

CaAl2SiZ08 + 2H+ + H20 
anorth~te 

(6) 

If the reaction proceeds stoichiometrically, two moles of H+ are 

consumed for every mole of anorthite dissolved. Clearly, if large 

amounts of dissolved silica are present, a calciwn montmorillonite may 

eventually precipitate rather than kaolinite; however, the critical 

characteristic of the hydrolysis reaction is that the formation of mont

morillonite or kaolinite requires eonsumption of H+. 

In order to calculate the maximum possible amount of anorthite 

weathered during an infiltration event. the assumption is made that the 

profile is initially at wilting point and that feldspar is close to 

equilibrium with the minimal mass of soil water present. A 5 mm infil-

tration event quickly raises the soil to field ca~~~ity conditions, with 

the soil moisture quickly achieving a pH of 4.7. Hydrolytic weathering 

of anorthite proceeds owing to disequilibrium with soil water. From 

Eq. (6), the amount of anorthite weathered is calculated as solution pH 

increases. At a soil pH of 8, conditions approach anorthite-soil water 

equilibrium. The total H+ consumed is 1.99 x 10-8 mol/ml, and the total 

anorthite weathered is 9.97 x 10-9 mol/ml. Given the anorthite reaction 

rates calculated previously for a arkosic gravelly sandy soil with 18 

percent porosity and a field capaci.ty of 2 ml/cm3 soil, the time re

quired to dissolve 1.99 x 10-8 mol/cm3 soil at 12°, 9°, and 4° is cal-

culated as 72.4 days, 102.2 days, and 181.9 days, respectively. These 

long times contrast sharply with the much shorter lengths of time (600 
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seconds) required to acquire calcite saturation as shown in the previous 

section. 

Clearly, soils will not remain at field capacity for several 

months in arid, semiarid, and xeric climates. Using Thornthwaite's cal

culations of potential evaporation, the author computed times for which 

the soil is at field capacity (Appendix D). For example, in an arid, 

hyperthermic climate, field capacity conditions over most of the soil 

could be maintained for a maximum of 30-40 days. Evapotranspiration 

terminates anorthite weathering well before the maximum amount of anor

thite can be dissolved. During full-glacial colder temperatures, dis

solution of anorthite would occur at only 40 percent of the rate of 12°C, 

but field capacity conditions may maintain for up to 60-80 days because 

of lower potential evaporation. Thus, for a given 5 rom infiltration 

event, weathering under full-glacial conditions results in only 20 per

cent less anorthite weathered as compared to the amount of anorthite 

weathered during interglacial conditions. This is postulated because 

anorthite dissolution would continue throughout the 60--80 day period 

during which field capacity prevails. In addition, the total mass of 

anorthite dissolved over the entire profile would be increased owing to 

the increased amount of soil moisture and potentially lower solution pH 

owing to probably thicker and organic matter-rich A horizon. 

Although the hypothetical weathering system proposed is quite 

simple, the calculations would suggest that the inevitable result of 

lowered soil temperatures is not necessarily a lower rate of soil devel

opment. Indeed, for the arid, hyperthermic edaphic conditions discussed 

above, the change to a colder climate might have been conducive to soil 
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development that equated or even exceeded the present climB.te. Weather

ing of feldspar vlould occur at decreased rates but for longer periods of 

time and over a greater profile thickness. In climates that are pres

ently xeric and thermic to mesic, it may well be the case that field ca

pacity conditi.ons are maintained throughout winter and early spring (Ap

pendix D), with soil solutions approaching or actually achieving satu

rated conditions. Appendix D also shows that a change to a colder 

environment with minimal changes in precipitation would increase the Li 

value by less than 15 percent. Under these conditions, for a given in

filtration event, weathering would proceed at much lower reaction rates 

with the reaction terminated with loss of field capacity conditions dur

ing the late spring. This, of course, presumes p.reservation of the long, 

dry summer season during the glacial climate. If this were to be the 

case, minimal increases in Li coupled with lower reaction rates might 

result in lower net soil development as reflected by profile mass clay 

or iron oxyhydroxides. If lower winter temperatures are accompanied by 

increases in precipitation, increased value of Li would result in lower 

rates of net soil development over a greater soil thickness. The ful1-

glacial decrease in net soil development in xeric climates sharply con

trasts with the effect of increases in net soil development suggested 

for arid to semiarid climates. 

The proposed hypothetical effects of decreases in soil tempera

ture on pedogenesis are not readily evaluated based on analyses of late 

Quaternary soils. A myriad of factors such as the unknown ratio of ex

ternally derived clay to authigenic clay, the imprecise age of most 
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soils, and the as yet unknmvn precise nature of Quaternary climatic 

changes essentially preclude direct comparison of observed soil devel

opment with theoretical profile development. Additional complexities 

include the lack of kinetics data for many minerals at low temperatures, 

the probably complex effects of mUltiple infiltration events on solution 

mixing and soil reactions, and unknown levels of soil solution super

saturation for soil minerals, to mention a few. One method that might 

suggest the temperature effect on soil genesis while potentially avoid

ing some of these complexities entails comparison of Holocene soil pro

files that are forming under similar conditions except for clearly con

trasting winter temperatures. Assuming vegetation to be the major 

difference potentially affecting soil development, most of the compli

cating factors mentioned above could be assumed to affect both profiles 

in a similar manner using the state factor analysis approach as a con

ceptual basis for comparing soils. 

The differences in mean winter temperature for soils analyzed in 

this study are only I-ZOe, effectively precluding the aforementioned 

comparison of Holocene soils (Appendix D). nurke and Birkeland (1979) 

studied soil development on boul~ery arkosic morraines characterized by 

present mean annual temperature of 7-8°C and mean annual precipitation 

totaling 35-50 mm. Such a climate approximates a "cold-dry" type full

glacial climate for the San Gorgonio Wash study area that presently ex

periences an annual temperature of 16°C and annual p'redpitation of 40 

mm. The early Holocene soil formed on 10,000-14,000 year old Tioga 

morraines exhibits A-B-Cox profile development. Based on data for this 

pi'ofile type gi.ven in Burke, Walker, and Birkeland (1979), I estimate an 
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iron oxyhydroxide profile mass summation of 0.32 g/cm2 column for this 

sc·:Ll. This value compares with values of 2.5 g/cm2/column and 0.9 g/ 

cm2 column for stage S5 and S6 soil profiles, respectively, in the San 

Gorgonio Wash area. If one were to assume that the majority of iron 

oxyhydroxides in both study areas forms authigenetically and that the 

topographic differences distinguishing fluvial terrace and morraine 

landforms minimally affect soil development, then the profound contrast 

in soil development may be ascribed to the difference in climate. As 

speculated in the hypothetical xeric weathering example, the change to 

lower temperatures depresses dissolution rates of ferrous aluminosili

cates in a manner similar to depression of anorthite dissol~tion rates; 

however, the min~mal increases in time characterized by 'field capacity 

conditions and Li compared to those characteristic of the warmer climate 

results in decreases in net soil development over Holocene time. Based 

on this comparison, it seems reasonable to suggest that a full-glacial, 

cold-dry climate in the San Gorgonio Wash region would be conducive to a 

possibly lower net rate of soil development. Indeed, the stage S4 soil 

in this area exhibits only weak to moderate B horizon development over a 

thickness of nearly 5 m. This profile development is consistent with 

the hypothetical profile development for a colder but still xeric cli

mate. Because the age of the stage 84 profile can only be estimated 

within broad age limits, this tantalizing hypothesis cannot be more 

rigorously evaluated. 

A Holocene IIfull-glacial" analogue for the arid, hyperthermic 

soils of the eastern part of the study area is not available. Indeed, 

it would be rather difficult to compare such a soil with the Holocene 
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soils of the Whipple Mountain piedmont given the impact of enhanced soil 

leaching on clay incorporation and rates of B-horizon developI:lent. To 

compare weathering rates in two climates would require recognition of 

the absolute amounts of externally derived clay and authigenic clay in 

the B horizon, a decidedly difficult task. 

In conclusion, it is clear that the effect of temperature on 

soil development involves several variables interacting in a highly com

plex soil system. Preliminary calculations for a simple weathering 

system indicate that lower full-glacial temperatures would not decrease 

rates of soil development in some cases, such as in hot, dry deserts. A 

more accurate evaluation of the impact of past changes in soil tempera

ture on soil genesis will entail detailed quantitative analyses of well

dated soil combined with careful consideration of thermodynamics and 

chemical kinetics that affect the system. 



CHAPTER V 

Sln~~Y AND CONCLUSIONS 

Morphologic, textural, and chemical analyses of alluvial soils 

in southern California provide important data for determining the rela

tive importance of time and climate on soil genesis. The state-factor 

analysis model for evaluating soil development described by Jenny (1941) 

provides an adequate conceptual basis for this purpose, where climate, 

time, biota, topography, and parent materials are defined as the primary 

soil-forming factors. For geographic regions in southern California, 

the main variable assumed to be chiefly responsible for differences in 

soil development among a suite of soils is time (soil age). This is 

based on the premise that the impacts of the remaining soil variables on 

soil development have been essentially equal. Such a sequence of soils 

is defined as a univariant soil chronosequence. In this study, three 

distinct chronosequences were studied in southern California: 

1) A soil chronoscquence formed in a xeric, thermic to mesic cli

mate present in the coastal basins and along much of the south

ern margin of the Transverse Ranges. Towards the east, a rapid 

transition to the more arid climates of the eastern deserts of 

southern California occurs, although rainfall remains largely 

summer dominant. 

2) A soil chronosequence .formed in a semiarid. thermic climate pres

ent at the eastern margin of the Transverse Ranges and at higher 

altitudes in the Mojave Desert. 

259 
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3) A soil chronosequence formed in the arid hyperthermic climate 

present at lower altitudes in the Mojave Desert. All soils have 

formed on surfaces of gently sloping to nearly horizontal ter

races and alluvial fans composed of lithic arkosic bouldery 

sands. 

Soils become increasingly morphologically complex with increas

ing soil age. A feature characteristic of all chronosequences is the 

development of increasingly thicker, redder, and more clay-rich B hori

zons. B horizon development is characterized by systematic changes from 

massive to blocky soil structure, weathering of many larger cobbles to a 

grussified polyminerallic fabric, and a decline in soil pH. Other mor

phologic changes, however, characterize a given climatic setting. In 

xeric climates, development of thick organic matter-rich A horizons is 

followed by a gradual decline in A horizon thickness. This is attrib

uted to decreasing soil permeability that is conducive to a lower rate 

of incorporation of soil organic matter and oxidation aud destruction of 

organic matter within the soil profile. In contrast to xeric climates, 

thick A horizons do not form in semiarid or arid climates. This is con

sistent with the observed low density of vegetal cover and rapid oxida

tion of soil organic matter in hot summer soil temperatures. A horizons 

forming in an arid climate are characterized by the gradual accumulation 

of eolian silt and clay and the presumably concomitant development of 

vesicular pores. In the most arid climates, a varnished lag gravel de

posit forms at the surface of the soil. This feature, a desert pavement, 

is attributed to preferential removal of sand-size grains by occasional 
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sheet flooding and erosion and the net upward movement of large clasts 

in a progressively clay-enriched B horizon. Coarse-grained granitoid 

clasts are rapidly weathered and disaggregated. leaving a lag gravel 

composed largely of resistant volcanic and metamorphic lithologies. 

Pedogenic calcium carbonate also has accumulated in arid to semiarid 

Eoils. In semiarid climates carbonate is leached to depths that exceed 

30 cm, while in arid climates carbonate has accumulated throughout the 

profile. In increasingly older soils, carbonate accumulation results in 

formation of nodules and thick coatings on pebbles and boulders. The 

maximum state of calcic horizon development observed in calcic soils of 

the study area is stage III, as defined by Bachman and Machette (1977). 

Major contrasts in morphologic characteristics of soils in south

ern California permit assignment of seven stages of soil development. 

Chemical and texcural data may be used in addition to morphologic data 

to define soil stage of development. The youngest three stages of soil 

development are observed in soils of Holocene age (stage S7 to S5). The 

oldest four stages of soil development are restricted to soils of Pleis

tocene age. Absolute age ranges for these stages of soil development 

can be estimated on the basis of available carbon-14 dates for Holocene 

soils, climatic geomorphic studies, and l'1:!gional soil correlation. Cor

relations with dated soils in other are;]::: are based on degree of morpho

logic and textural similarity, assuming soil parent materials, climate, 

and topographic factors are similar. Soil age estimates provide a gen

eral temporal framework that permits evaluation and comparison of rates 

and magnitude of soil development in different regions and in different 

climatic regimes. 



262 

The major effect of biotic processes on soil morphology is soil 

darkening in the upper part of the soil as large masses of partly to 

completely decayed plant t:L:,sue accumulate. The main soil-forming ef

fect of A ho'rizon develop'llumt is to accelerate chemical weathering by 

decreasing soil pH and increasing the magnitude of hydrolytic weathering 

of aluminosilicate parent materials, Formation of organo-clay or -iron 

complexes results in translocation of these complexes to lower soil 

depths via mostly colloidal transport. This process is a mechanism of 

increasing solubility of normally insoluble soil materials. 

The increasingly soil clay content is indicated by evaluation of 

profile mass clay as a function of soil age. In general, the equation 

that most closely approximates the observed rate of increase is of the 

Y = b + aLogX or logY = alogXb type. Large confidence intervals deter

mined by statistical analyses of soil data indicate the limitations of 

such data for geomorphic surface age determinations. Increasingly reli

able age dates for soils for which pedologic data such as profile mass 

of pedogenic clay have been determined may eventually indicate the reli

ability and potential resolution of soil data for providing age estimates 

on geomorphic surfaces. 

Statistical analysis of clay and iron oxyhydroxide percentages 

for horizons of a soil profile and for profile mass summations of these 

soil components show that these soil components are linearly correlated. 

The correlation of these components reflects the coformation of these 

materials during chemical weathering. Statistical analysis also shows 

that pedogenic clay is accumulating at increasingly faster rates than 
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iron oxyhydroxides in increasingly arid climates. This may reflect the 

increasing magnitude of external clay derivation as eolian dust relative 

to the rate of .in situ weathering and production of authigenic clay in 

the interior deserts of southern California. 

X-ray analysis of clay minerals indicates syst~natic patterns of 

secondary clay mineral authigenesis in the soil chronosequences. In 

xeric climates, rapid solid-state weathering of biotite or illite plus 

hydrolysis of highly unstable mafic minerals results in the formation of 

vermiculite. The reaction is accompanied by coprecipitation of iron 

oxyhydroxides. Hydrolytic alteration of abundant feldspars occurs at 

slower rates, with neogenetic kaolinite forming by synthesis as the pri

mary product of weathering. Continued intense weathering relatively 

quickly depletes vermiculite-forming mafic minerals, resulting in grad

ually increasing dominance of kaolinite as feldspar weathering proceeds. 

The presence of small amounts of vermiculite in maximally developed 

soils suggests that the alteration of pedogenic vermiculite cannot serve 

as a major source of kaolinite observed in Pleistocene soils. Small 

amounts of montmorillonite and illite are also present in the A and 

upper B horizons of well-developed soils; their presence is attributed 

to biotic cycling of divalent basis and K+ that is conducive to local 

stabilization of these clay minerals. In addition, at least some of the 

clay that has accumulated in these soils may have been derived from ex

ternal sources, such as aerosolic dust. The overall pattern, however, 

indicates an authigenic origin for the majority of the pedogenic clay. 

In a semiarid climatic regime, Pleistocene soils exhibit a generally 
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similar pattern of clay formation. However, in semjarid soils and in 

soils forming in the xeric climatic regime at the eastern margin of the 

Transverse Ranges, a strong increase in illite presence is observed in 

the upper part of the soil profile. This illite may be largely eolian 

in origin, with its continued stability favored by retention of K+ in an 

environment of slightly lower leaching rates. In arid soils, a very 

different pattern of clay mineral development is observed, characterized 

chiefly by conversion of montmorillonite to palygorskite. This clay 

transformation is favored by an alkaline soil pH and high soil Mg+2 con-

tent. Minim~l leaching favors stability of 2:1 layer clay minerals ac-

companied by minimal formation of kaolinite. Soil mineralogy largely 

reflects the clay composition inherited froili soil parent materials or 

the composition of eolian clay that has been incorporated in the soil. 

Significant alteration of soil parent materials is not exhibited in 

these soils, in marked contrast to the pronounced clay authigenesis ob-

served in soils formed in xeric climatic regimes. 

Increasing reddening of soil B horizons owes to accumulation of 

authigenic iron oxyhydroxides. For most soils, iron oxyhydroxide con-

tent is directly related to soil color as represented by the soil red

ness index, ~, where ~ hue x value 
chroma 

As with clay content, the rate 

of increase of iron oxyhydroxide content in alluvial soils appears to 

obey a Y ~ b + alogX or logY = alogXb type function. The rate of accu-

mulation of ferrihydrite, the initially formed, paracrystalline fine-

grained iron oxyhydroxide, contrasts markedly with the rate determined 

for total pedogenic iron oxyhydroxides. In mildly acidic to alkaline 



265 

soils, ferrihydrite precipitation is favored by rapid hydrolytic weath

ering of iron-bearing aluminosilicate minerals. In hot, largely anhy

drous environments, initially precipitated ferrihydrite transforms rap

idly to hematite. This dominance of hematite in desert soils accounts 

for the bright red colors exhibited by late to mid-Pleistocene soils 

despite low-profile masses of iron oxyhydroxides. In moister climatic 

regimes, more abundant organic matter complexes with some ferrihydrite, 

apparently inhibiting the transformation of ferrihydrite to hematite. 

Ferrihydrite consists of up to as much as 60 percent total iron oxyhy

droxides in these soils. In even moister climates, high organic matter 

production and accompanying low pH of 4.8-5.5 favor initial precipitation 

of goethite rather than ferrihydrite. Brownish yellow B horizon soil 

colors indicate the presence of substantial amounts of goethite relative 

to ferrihydrite or hematite in soils formed in a quite moist, organic 

matter-rich soil environment. 

Statistical analyses indicate that the maximal ferrihydrite: 

total iron oxyhydroxides ratio (0.2-0.6) inevitably is attained in the 

85 or 84 stage of soil development. In more advanced stages of soil de

velopment, this ratio declines to very low values (.005-.01), reflecting 

the slow transformation of ferrihydrite to hematite. This systematic 

trend indicates the potential of iron oxyhydroxide analyses of alluvial 

soils for numerical age-dating purposes. The apparent importance of 

climatic regime and organic matter on iron oxyhydroxide authigenesis 

also suggests that analyses of soil iron oxyhydroxides might potentially 

provide important paleoclimatic data. 
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The development of calcic horizons in arid and semiarid soils 

provides especially important data for numerical age dating, soil-

stratigraphic correlation, and paleoclimatic studies. Profile summation 

data for the arid, hyperthermic soil chronosequence of the Whipple Moun-

tains piedmont show that carbonate is systematically accumulating at a 

rate that approximately equals 0.1 g/k yr/cm2-column. The sources of 

pedogenic carbonate in these soils include hydrolytic weathering of Ca

bearing minerals, accumulation of Ca+2 derived from external sources 

such as Ca+ in rain or as dry dust, and congruent" dissolution of the 

small amounts of carbonate present in the soil parent materials. Mass 

balance calculations indicate that hydrolytic weathering provides little 

pedogenic carbonate and that the majority of the carbonate is derived 

from external sources. The importance of pedogenic carbonate as a soil 

component sensitive to changes in the leaching regime, soil texture, or 

ch~nges in rate of carbonate influx emphasizes the importance of recog-

nizing the impact of several soil-forming variables on calcic horizon 

development. Calcite equilibria, dissolution rates, and soil water bal-

ance calculations provide data that permit simulation of calcic horizons 

in increasingly older alluvial soils. Calcic horizon simulations using 

the model developed in this study are consistent with observed calcic 

horizon development in arid, semiarid, and xeric soil moisture regimes. 

The data suggest that the maximum depth to the top of the calcic horizon 

may be attained in only a few thousand years, especially if the upper 

part of the soil is characterized by soil Pca that is as high as 10-2•5 

2 
atm. The maximum depth is controlled by soil water balance that is de-

pendent largely ~pon climate and soil texture. 



267 

The polygenetic character of late Pleistocene soils indicates 

calcic horizon development under varying soil water balance character

istics. Calcic horizon simulations show that changing soil texture ow

ing to B horizon development does not alter soil water balance suffi

ciently to account for the observed polygenetic calcic horizon morphol

ogy. This suggests that a major change in the independent variable of 

climate is responsible for changing the average depth of soil leaching 

of soil carbonate. Simulation of calcic horizon development under 

changing climatic regimes of latest Pleistocene and the modern Holocene 

results in distributions of pedogenic carbonate that are remarkably si

milar to the distribution observed in late Pleistocene alluvial soils. 

Other observed polygenetic features, however, are not predicted by soil 

simulations. This indicates that other variables not specifically con

sidered in the simulation model also affect calcic soil profile develop

ment. These variables may include changes in calcareous dust influx 

rates or changing net soil infiltration and erosion rates. It is also 

possible that the Pleistocene full-glacial climate w~s much older and 

moister than is assumed in the model or that some of the profiles are 

much older or younger than is assumed. 

The low temperature of the full-glacial climates would surely 

result in much colder soil temperatures. Significantly colder tempera

tures would theoretically result in more rapid dissolution of carbonate 

and a greater magnitude and depth of carbonate translocation. Calcic 

horizon development would be accelerated during much colder Pleistocene 

climates, assuming that the main source of pedogenic carbonate is eolian. 
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The impact of lower soil temperatures on weathering of aluminosilicates 

and formation of authigenic clay is more difficult to evaluate. It has 

been suggested, for example, that significantly lower soil temperatures 

would be conducive to a substantially lower magnitude of chemical weath

ering and profile formation owing to large decreases in chemical disso

lution rates. Using the hydrolysis of the common faldspar, anorthite 

(CaA12Si208) to kaolinite (A12Si20S(OH)4) as a simple example, it is 

possible to estimate the potential impact of increasingly lower tempera

tures on soil genesis. Assuming linear dissolution rates over long 

periods of time for common feldspars (Busenberg and Clemency, 1976) and 

that anorthite dissolves stoichiometrically to form kaolinite, it is 

postulated that the full-glacial climate would have favored much longer 

periods of chemical weathering in a semiarid thermic to mesic climate 

as compared to an arid, hyperthermic climate due to decreased evapo

transpiration and that weathering would occur at a lower pH given more 

abundant vegetation and the increased soil water. Thus it is possible 

that overall magnitude of weathering was greater during colder climates, 

despite a 60 percent decline in reaction rates for a 8°C drop in tem

perature. In contrast, a similar decrease in soil temperature for a 

presently xeric climate would only slightly increase the average time 

available for soil reactions while only marginally increasing the density 

of surface vegetation. Thus it is possible that soil reactions would 

tend to closely approach equilibrium. This would result in a magnitude 

of weathering that would differ little from the present Holocene weath

ering regime. Unfortunately, this hypothesis is difficult to test ade

quately, given the difficulty of precisely determining the impact of 
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eolian dust on clay acc~ulation in alluvial soil profiles and the lack 

of precise ages on these soils. It is clear, however, that thermody

namics and kinetics must be given careful consideration if the potential 

impact of changes in climate on soil genesis is to be accurately 

evaluated. 

Given the evidence for the impact of past climatic change on 

soil genesis in southern California, the soil chronosequences cannot be 

considered strictly univariant in nature. In fact, they are bivariant 

since both time and temporal climatic change have affected soil develop

ment during the Quaternary. Curves that show the rate of accumulation 

of clay or iron oxyhydroxides as a function of time (Figures 37, 35) are 

actually composite curves for different climates. Only during the ini

tial 104 years does one observe soil development under a constant cli-

matic regime. 

Figure 54A is a schematic diagram that shows rates 6f soil devel

opment represented by iron oxyhydroxide accumulation for climates that 

remain constant for up to 105 years. Each curve shows the rate of weath

ering under different Li values. The Li6.0 cm curve is based on the 

profile muss iron oxyhydroxide-Li relationships shown in Figure SOB. 

For this example, the assumption is made that decreases in soil tempera-

ture would not significantly affect or change the magnitude of hydrolytic 

weathering and that the increasing availability of water constitutes the 

principal factors for increasing or decreasing the rate of soil forma-

tion. These curves can be used to qualitatively show the hypothetical 

impact of changes in climatically controlled Li on rates of soil devel-

opment over periods of 30,000-40,000 years (Figure 54B). For example, 



270 

5.0 

2' 3.0 
"C 

f(') 

0 
C\I 

~ 2.0 
w 

1.0 

U=3.5 em 
(A) L.i=Q9Z 

0 
2 3 4 5 

Ti me (x 104 yrs) 

2.0 

2' 
"C 1.0 !<') 

0 
C\I 

If 
w 

-------------/,,-- U=3.5 em 
(B) 

..< 
L--:~--___ ~ ______ ~ ________________ ~ ___ ~ 

2 3 4 5 
Time (x 104 yrs) 

Figure 54. Schematic Diagrams Showing Rate of Accumulation of Iron Oxy
hydroxides as a Function of Time. -- A) Under constant 1i. 
B) Po~tulated effect with changes in 1i. 



271 

suppose that for TO to T5000 (35,000-30,000 years b.p.) the rate of soil 

formation is defined by the Li3•5 curve. At T5000 the climate changes 

rapidly to moister conditions. The soil will form at a rate defined by 

the Li6.0 curve. The total amount of iron oxyhydroxides accumulated in 

the soil is indicated by the dashed line. With a return to ,arid condi

tions, the soil formation will again proceed at a rate defined by the 

Li3 •5 curve. The postulated total amount of iron oxyhydroxides or pro

file mass summation after 35,000 years of soil formation would be about 

0.8 g, as shown by the final position of the dashed "composite" curve. 

It is interesting to note that the profile mass iron oxyhydroxide of the 

Mission Creek area stage S4 soil is 0.795 g/cm2-column, a profile mass 

that would be consistent with the predicted value shown in Figure 53B 

but that would not be consistent with either the Li3 •5 or Li6.0 curves 

to a similarly aged soil. Furthermore, Figure 53B shows that subsequent 

to the change to moister conditions at TSOOO ' weathering will occur at a 

rate defined by the Li6.0 curve but commencing at a point on the Li6.0 

CU1ve less than T500Q, because weathering will occur in relatively fresh 

or only slightly weathered parent materials at shallow depths given the 

greater depths of leaching. 

Figure 54B also shows that the most obvious evidence for poly

genetic soil development will be observed in soils that are less than 

about 105 years, at least with respect to iron oxyhydroxide and clay ac

cumulation. Subsequent to 105,years, rates of soil development indicated 

by iron oxyhydroxide accumulation are rapidly decreasing; hence the dif

ferences in soil development under two different weathering regimes would 

become increasingly difficult to observe. 
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Strongly polygenetic soils in southern California are probably 

characteristic of geographic regions near a boundary that separates 

major climate types. Janda and Croft (1967), for example. point out 

, that the xeric climate type extends over a temperature range of 11.3-

lB.3 D C and precipitation range of l6-B4 cm and thus presently dominates 

much of California. They also noted that full-glacial climates in 

California probably would have also been xeric. Therefore, one might 

expect a full-glacial xeric climate to be conducive to profile develop

ment similar to soil development in the present interglacial climate. 

Specifically, "noncalcic, brown" soils (Xeralfs) would form in both cli

matic regimes. This interpretation would be supported by calculations 

of.the estimated full-glacial Li for a presently xeric climate (Appendix 

D). In regions in a presently semiarid climate near the periphery of 

xeric climate type, an expansion of the area of xeric climate into what 

are presently semiarid climates should result in fairly obvious polyge

netic soil development. An excellent example of this major shift in 

climate type would be represented by the Mission Creek area. This area 

is only 15 km from a region that experiences a moist, xeric climate. As 

a result, late Quaternary soils are quite clearly polygenetic in the 

Mission Creek study area, while polygenetic profile development is not 

nearly as obvious in the late Pleistocene stage S4 soils of the San 

Gorgonio Wash study area. Soils in the Whipple Mountains region are 

also strongly polygenetic because even an apparently slight increase in 

the presently low Li can significantly alter soil profile water balance 

and soil chemistry which, in turn, is conducive to a significantly dif

ferent pattern of soil profile development. 



APPENDIX A 

SOIL PROFILE DESCRIPTIONS 

Methods of Description 

Soil profile locations were selected in areas of minimal erosion 

or deposition that were most representative of a given geomorphic sur-

face. Descriptions of soil profiles adhered closely to thf: methods out-

lined by the Soil Taxonomy (1975), except for a few minor variations. 

Cambic horizons were classified according to the definition suggested by 

Birkeland (1974). A soil classification is suggested for each profile 

based on horizon development and available laboratory data. It is rec-

ognized that the suggested classification might be different at the sub-

group or even Great Group level because data sometimes required to 

classify at this level, such as base saturation, were not provided in 

this study. Soil profiles \V'ere described in hand-dug pits where pos-

sible. Where soil profiles exceeded 1!z-2 m in depth, however, soils 

were described instead on available hills lope exposures or in roadcuts, 

as no trenching or be,-.c.lffil?e apparatus was available. In order to obtain 

the maximum profile development when profiles could only be described on 

hills lope exposures, pits were dug on the most well-preserved area of 

the geomorphic surface where the profile presumably was least eroded. 

The description was then continued on the hills lope exposure at an ob-

vious marker horizon. 

Cobble weathering stages were described for most profiles as a 

field method of semiquantitatively indicating the relative variation in 
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weathering of grains greater than -2~ in diameter, both between differ

ent profiles and within a given profile. The weathering stages were 

classified as follm.;rs: 

Stage 1: rock is essentially unweathered except for minor surface 

pitting or incipient oxidation rinds; rings sharply to 

the blow of a hamner. 

Stage 2: rock is slightly weathered and is characterized by incipi

ent to moderate surface pitting, fracturing, and moder

ately thick (>1-2 mm) oxidation rinds; "moderate" ring to 

blow of a hammer. 

Stage 3: rock is substantially weathered, surface may be highly 

pitted and strongly fractured; ferruginous material may 

line fracture planes; moderate thick oxidation rinds may 

be present and many mafic minerals and some feldspar grains 

may be strongly altered. The rock can be broken with dif

ficulty by hand and has a "dull" sound to the blow of a 

hammer. 

Stage 4: rock is very strongly weathered and can be quite easily 

broken down into a monominerallic grus by hand. The rock 

emits a very dull sound when struck with a hammer. 

Large cobbles and boulders in Holocene soil profiles forming in 

xeric climates often possessed coatings of organic matter-rich, silty 

clay. The degree of coating development was described as follows: (1) 

Incipient - lithology can be recognized easily through the very thin 

coating, (2) Moderate - the coating is thick enough to obscure the 
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lithology of the clast, (3) Strong - the coating is at least 1 nun in 

thickness and obscures the lithology of the clast, and (4) Very Strong -

the coating exceeds 2 mu in thickness. 

It should also be noted that several profiles in the San Gabriel 

Mountains were quite moist when they were described. As a result, the 

soil structure was partly obscured. In some cases, soil structure was 

not obscured. 
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Pedon Number: 1 

Stage of Soil Development: S7 

Location: San Bernardino Co., CA.; .5 km north of house located at 
mouth of Sycamore Canyon; NWYz, Sec. 9, T. 1 N., R. 4 W. 

Physiographic Position: Streamcut in very recent alluvial fan deposits 
flanking east side of Sycamore Canyon; 550 m 
(1800 ft). 

Classification: Typic Xerorthent; buried soil: Entic Haploxeroll 

Described By: L. D. McFadden and C. M. Menges 

Al 

CI 

lIAlb 

IICloxb 

0-20cm Pale brown to yellow brown (IOYR 6/3 dry, 10YR 
5/3 moist) sandy loam; massive; slightly hard, 
slightly sticky and nonplastic; many roots; bio
turbated; smooth, gradual boundary. 

20-62cm Pale brown to brown (IOYR 6/3 dry, 10YR [1/2 moist) 
sandy loam; massive; slightly hard, slightly 
sticky and nonplastic; locally very incipient 
organic/clay coatings on coarse clasts; faintly 
mottled (lOYR 4/6, moist); abrupt, planar 
boundary. 

62-97cm Brown to dark brown (IOYR 5/3 dry, 10YR 3/3 moist) 
sandy loam; massive to weak coarse subangular 
blocky; hard, slightly sticky and slightly plas
tic; transitional, wavy(?) boundary. 

97-120+cm Pink to light brown (IOYR 7/4-7.5YR 7/4 dry, 7.5, 
YR 6/4 moist) sandy loam; weak subangular blocky; 
hard, slightly sticky and slightly plastic; in
cipient to moderate clay coatings on coarse 
clastics. 

Cobble Weathering Stages: Upper profile, all lithologies, I 
Lower profile, leucocratic granitic rocks, 

2-3 
Fine-grained quartz-feldspathic metamorphic 

rocks, I 
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Pedon Number: 2 

Stage of Soil Development: Sb 

Location: San Bernardino Co., CA.; .5 km north of house located at 
mouth of Sycamore Canyon; NW~, Sec. 9, T. 1 N., R. 4 W. 

Physiographic Position: Streamcut in alluvial fan or terrace(?) depos
its flanking east side of Sycamore Canyon; 
550 m (1800 ft). 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden and C. M. Menges 

Al 

Clox 

0-75cm 

75-279+cm 

Yellow brown to dark brown (lOYR 5/3 dry, 10YR 
3/3 moist) sandy loam; massive to weak subangular 
blocky; hard, slightly sticky and slightly plas
tic; incipient orgru~ic/clay coatings on coarse 
clasts; transitional wavy boundary. 

Very pale brown to yellowish brown (lOYR 7/4 dry, 
10YR 5/6 moist) locally gravelly loamy sand; mas
sive; hard, slightly sticky and nonplastic; in
cipient to occasionally moderate clay coatings on 
coarse clasts. 

Cobble Weathering Stages: C horizon, coarse-grained leucocratic pluton
ic rocks, 1-2, rarely 4; fine-grained meta
morphic rocks, 1-2 
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Pedon Number: 3 

Stage of Soil Development: Sl (second buried soil) 

Location: San Bernardino Co., CA.; 1.2 km north of mountain front on 
Texas Hill, on west side of Lytle Creek; m1~, Sec. 6, T. 1 
N., R. 5 w. 

Physiographic Position: Steep, dissected hills lope formed on highest 
preserved terrace; 783 m (2560 ft). 

Classification: Surface soil, Typic Xerorthent 
First buried soil, Typic Haploxeralf 
Second buried soil, Ultic(?) Palexeralf 

Described by: L. D. McFadden and C. M. Menges 

01 

Cl 

C2 

IIB2tb 

IICloxb 

IIC20xb 

IIIB2ltb 

2-0cm 

0-65cm 

Organic material. 

Strong brown (7.5YR5/6 moist) very gravelly 
sandy clay loam; massive(?); sticky and plastic; 
thin discontinuous clay coatings on pebbles; 
gradual wavy to irregular boundary. 

65-ll0cm Yellowish red (5YR 5/8-7.5YR 5/8 moist) very 
gravelly sandy clay loam; massive(?); sticky and 
plastic; thin discontinuous clay coatings on peb
bles; abrupt to clear wavy boundary. 

110-162cm Yellowish red (5YR 5/8 moist) nongravelly to lo
cally gravelly sandy clay loam; weak medium pr:is
matic to medium coarse subangular blocky; sticky 
and plastic; gradual wavy boundary. 

l62-2l0cm Strong brown (7.5YR 5/8-7.5YR 6/8 moist) nongrav
elly to locally gravelly sandy clay loam; massive 
(?); sticky and plastic; abrupt, clear wavy 
boundary. 

2l0-230cm Strong brown (7.5YR 5/8 moist) very gravelly sandy 
loam; massive(?); sticky and plastic; abrupt, 
wavy boundary. 

230-358cm Reddish yellow to yellow~.sh red (5YR 6/6 dry, 5YR 
4/8 moist) clay loam; strong coarse prismatic 
structure; sticky and plastic; many moderately 
thick to contiuuous clay. films on grains; many 
large prominent mottles; few fine pores; gradual 
boundary. 



IIIB22tb 

IIIB23tb 

IIIB24tb 

IIIB2Stb 

IIIB26tb 

IIICoxb 
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3S8-396cm Red (lOR S/8 dry, lOR 4/8 moist) clay loam; 
strong coarse angular blocky; very sticky and 
very plastic; continuous thick clay films on 
grains and peds; few fine pores; gradual boundary. 

396-40Scm Light red to red (2.SYR 6/8, 2.SYR 4/8 moist) 
clay loam; strong coarse angular blocky; very 
sticky and very plastic; many thick clay films on 
peds and grains; common fine to medium pores; 
gradual boundary. 

40S-481cm Light r.ed to red (2.SYR 6/8 dry, 2.SYR S/8 moist) 
clay loam; strong coarse angular blocky; sticky 
and plastic; COmmon moderately thick to thick 
coatings on peds and grains; common distinct mot
tles (SYR 6/8) few fine pores; clear wavy(?) 
boundary. 

481-641cm Reddish yellow to yellowish red (SYR 7/8 dry, SYR 
S/8 moist) clay loam; strong(?) coarse angular 
blocky; sticky and plastic; common thin to moder
ately thick clay films on grains; common fine to 
medium pores; gradual wavy(?) boundary. 

641-688cm Reddish yellow to strong brown (7.SYR ~/6 dry, 
7.SYR S/6 moist) sandy clay loam; strong(?) coarse 
angular blocky; sticky and plastic; few thin clay 
films on grains; few fine pores; gradual wavy(?) 
boundary. 

688- cm Yellow (IOYR 8/6 dry, IOYR 7/6 moist) very grav
elly sandy clay loam; massive(?); slightly sticky 
and slightly plastic; common distinct mottles. 

Cobble Weathering Stages: Surface soil: andesite/basalt, 1-2 
felsic/plutonic, 1-2 
gneissic granite, 1-2 
diorite, 1-2 

First buried soil: plutonic granitics, 1-2 
other lithologies, 1-2 

Second buried soil: all plutonic rocks, 4 
schist, dominantly 3 

(range from 2-4) 
quartzote metamorphic 

lithologies, 1-2 
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Pedon Number: 4 

Stage of Soil Development: S3 

Loca tion: San Bernardino Co., CA.;.1. 7 km SW of Nealey's Corner, north 
of Lytle Creek Rd.; NW~, Sec. 18, T. 1 N., k. 5 W. 

Physiographic Position: Roadcut in terrace or alluvial fan deposits of 
Duncan Canyon, west side of main channel; 600 m 
(1960 ft). 

Classification: Typic Haploxeralf 

Described by: L. D. McFadden and C. M. Menges 

Al 

Bl 

B2lt 

IIB22t 

IIB3 

IIClox 

O-lcm Brown to very dark brown (lOYR 5/3 dry, lOYR 2/3 
moist) sandy loam; moderate(?) coarse platy; 
soft, nonsticky and nonplastic; abrupt, wavy 
boundary. 

l-13cm Reddish yellow to strong brown (7.5YR 6/6 dry, 
7.SYR 4/6 moist) sandy loam; medium, subangular 
blocky; soft, slightly sticky and slightly plas
tic; common moderately thick clay films on grains; 
many medium pores; plentiful fine roots; clear 
wavy boundary. 

l2-l53cm Reddish yellow to strong brown (7.5YR 6/6 dry, 
7.SYR 4/6 moist) sandy loam; moderate coarse to 
very coarse subangular blocky; very hard, sticky 
and plastic; COmmon thin to moderately thick clay 
films on pebbles and grains; many fine to medium 
pores; few fine roots; clear Havy boundary. 

l53-20lcm Reddish yellow to strong brown (7.5YR 6/6 dry, 
7.5YR 4/6 moist) very gravelly. sandy loam; mas
sive; hard, sticky and plastic; rew thin clay 
films on clasts; many medium pores; clear wavy 
boundary. 

20l-224cm Reddish yellow to strong brown (7.5YR 7/6 dry, 
7.5YR 4/6 moist) gravelly to occasionally very 
gravelly loamy sand; massive; hard, slightly 
sticky and slightly plastic; distinctly mottled 
(zones of iron oxide-stained sand); gradual wavy 
boundary. 

224- cm Yellow to yellowish brown (lOYR 4/6 dry, lOYR 5/6 
moist) very gravelly sand to sandy gravel; mas
sive; loose, nonsticky and nonplastic. 
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Cobble Weathering Stages: Diorites, 2-3; occasionally fine-grained dio
rite, 3-4. All other lithologies, 1-2. 
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Pedon Number: 5 

Stage of Soil Development: S3 

Location: San Bernardino Co., CA.; 1. 7 k.m SW of Nealey's Corner, north 
of Lytle Creek Rd.; NW~, Sec. 18, T. 1 N", R. 5 W. 

Physiographic Position: Roadcut in terrace or alluvial fan deposits of 
Duncan Canyon, on west side of main channel, 
exposing buried soil formed in alluvium over
lain by ~3 m of younger a1luviuml ; 600 m (1960 
ft). 

Classification: Typic pale Xeralf (buried) 

Described by: L. D. McFadden and C. M. Menges 

IIB21tb 

IIB22tb 

IIB23tb 

IIB3b 

IICbox 

0-7lcm Yellowish red (5YR 5/6-5/8 dry, 5YR 4/8 moist) 
gravelly sandy clay loam; moderate very coarse 
sub angular to angular blocky; very hard, sticky 
and plastic; clay coatings on pebbles; gradual 
wavy bourrdary. 

70-107cm Yellowish red (5YR 6/6 dry, 7.5YR 4/6 moist) 
gravelly sandy clay loam; moderate coarse angular 
blocky; hard, sticky and plastic; clay coatings 
on pebbles; gradual wavy boundary. 

l07-l6lcm Reddish yellow to strong brown (7.5YR 6/6 dry, 
7.5YR 4/6 moist) very gravelly sandy clay loam; 
moderate coarse to very coarse subangu1ar blocky; 
hard, sticky and plastic; few clay coatings pres
ent on pebbles; mottled (5YR 5/6); gradual wavy(?) 
boundary. 

l6l-3llcm Pink to reddish yellow (7.5YR 7/4-7/5YR 7/6 dry, 
7.5YR 5/6 moist) gravelly to very gravelly sandy 
loam; massive, slightly hard, slightly sticky and 
slightly plastic; few clay coatings present on 
pebbles; abrupt wavy boundary. 

3ll-400cm Brownish yellow to yellowis~ brown (lOYR 6/6 dry, 
lOYR 5/4-l0YR 5/6 moist) gravelly to very gravelly 
sandy loam; massive; loose, nonsticky and non
plastic; abrupt wavy boundary. 

1. Pedon description of buried soil profile f01.."1ll,=d in deposits 
subsequently buried by alluvium in which soil profiles typified by pedon 
4 have formed. 



IIIB2tb 400- cm 
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Strong brown (7.5YR 5/6 dry, 7.5YR 4/6 moist) 
gravelly sandy loam; moderate coarse sub angular 
blocky, hard, slightly sticky and slightly 
plastic. 

Cobble Weathering Stages: Argillic horizon, mafic lithologies, 3-4 
Felsic lithologies, 2-3 
2B3b, 2Cb Mafic lithologies, 2-3 
Felsic lithologies 
Rarely stage 3 

Lithologies in alluvium above measured 
profile, 1-2 
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Pedon Number: 6 

Stage of Soil Development: S2 

Location: San Bernardino Co., CA.; 2.2 km SW of Nealey's Corner, .5 km 
SW of mouth of Duncan Canyon and ~50 m north of dirt road 
which intersects Lytle Creek Road 'crossing ,.,ash paralleling 
mountain front. 

Physiographic Position: North-facing exposure of borrow pit excavated 
in dissected alluvial fans flanking south mar
gin of mountain front; 580 m (1890 ft). 

Classification: Typic Pa1exera1f 

Described by: L. D. McFadden and C. M. Menges 

A1 0-2cm 

B1 2-Ucm 

B2lt l2-42cm 

B22t 42-72cm 

B23t 72-162cm 

Dark brown to very dark brown (7.5YR 5/6 dry, 
7.5YR 2/3 moist) gravelly sandy loam; moderate 
medium platy; soft, friable, slightly plastic and 
slightly sticky; abrupt planar boundary. 

Strong brown (7.5YR 5/6 dry, 7.5YR 4/6 moist) 
sandy loam; moderate medium sub angular blocky; 
slightly hard, friable, sticky and plastic; few 
thin clay films on grains; many medium pores; 
plentiful fine roots; wavy gradual boundary. 

Yellowish red (5YR 5/6 dry, 5YR 5/6 moist) sandy 
clay loam; moderate coarse angular blocky; firm 
(moist), very sticky and very plastic; common 
moderately thick clay films on grains and peds; 
common fine to coarse pores; gradual boundary. 

Dark red (2.5YR 3/6 dry, 2.5YR 3/6 moist) clay 
loam; moderate very coarse angular blocky; firm 
(moist) very sticky and very plastic; many to 
continuous moderately thick clay films on grains 
and peds; common fine to coarse pores; gradual 
boundary. 

Dark red (2.5YR 3/6 dry, 2.5YR 4/8 moist) sandy 
clay loam; moderate very coarse subangular blocky; 
firm (moist), very sticky and very plastic; com
mon distinct mottles (color lOYR 5/6); continuous 
moderately thick to thick clay films on grains 
and peds; common fine pores; gradual boundary. 
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B24t 162-194cm Reddish yellow to yellowish red (5YR 6/8 dry, 5YR 
5/8 moist.) sandy clay loam; moderate coarse to 
very coarse angular blocky; firm (moist), sticky 
and plastic; common moderately thick clay films 
on clay grains and peds; fevT very fine to fine 
pores; distinct mottles; gradual boundary. 

B25t 194-210cm Reddish yellow to strong brown (7.5YR 6/8 dry, 

B3 

5YR 5/3 moist) gravelly very sandy loam; massive 
(7); firm (moist); sticky and plastic; mottling 
present (due to argi11ized granitic clasts and 
manganiferous(?) staining); few thin clay films 
on grains; few medium pores; abrupt wavy boundary. 

210- ·cm Reddish yellow to strong brown (7.5YR 7/6 dry, 
7.5YR 5/6 moist) very gravelly sandy loam; mas
sive; firm (moist); sticky and plastic; many 
prominent mottles due to sapro1itic weathering of 
most lithologies; few fine to medium pores; lower 
B25, Cox. 

Cobble Weathering Stages: All 1eucocratic plutonic rocks, 4 
All mafic rocks, 4 
Quartz-rich 1itho1oties, chiefly metamorphic, 

2-3 
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Pedon Number: 7 

Stage of Soil Development: S4 (soil profile formed in deposit II) 

Location: San Bernardino Co., CA.; 20 m west of Wardman-Bullock Road, 
1 km north of intersection with Summit Avenue; NW~, Sec. 22, 
T. 1 N., R. 6 W. 

Physiographic Setting: Streamcut in sheetwash(?) and alluvial fan de
posits of the piedmont south of E. Etiwanda 
Canyon; 504 m (1645 ft). 

Classification: Typic Haploxeralf 

Described by: L. D. McFadden and C. M. Menges 

C 

IIB2lt 

IIIB22t 

IIIClox 

0-20cm Yellowish brown (lOYR 5/4 dry, 10YR 5/5 moist) 
sandy loam; massive(?); soft, slightly sticky and 
nonplastic; abrupt wa~T boundary. 

20-l54cm Gray brown (7.5YR 5/6 dry, 7.5YR 4/6 moist) sandy 
loam; massive to weak very coarse subangular 
blocky; very hard, slightly sticky and slightly 
plastic; some clay coatings on clasts; abrupt 
wavy(?) boundary. 

l54-l79cm Yellowish brown to dark yellowish brown (lOYR 5/6 
dry, 10YR 4/6 moist) gravelly to very gravelly 
sandy loam; massive; very hard, slightly sticky 
and slightly plastic; gradual wavy boundary. 

179- cm Dark yellowish brown (lOYR 4/6 dry, lOYR 3/6 
moist) very gravelly sandy loam; massive; loose, 
nonsticky and nonplastic. 

Cobble Weathering Stages: Fine-grained felsic rocks, stage 1-2 
Diorite, dominantly 3, locally 4 
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Pedon Number: 8 

Stage of Soil Development: S7 

Location: San Bernardino Co., CA.; 5 m east of Wardman-Bullock Road and 
1.3 km north of intersection with Summit Avenue; NW~, Sec. 
22, T. 1 N., R. 6 W. 

Physiographic Position: Streamcut in recent deposits of Henderson Can
yon Wash which cuts Wardman-Bullock Road; 520 m 

(1700 (1700 ft). 

Classification: Typic Xerofluvent 

Described by: L. D. McFadden and C. M. Menges 

01 

Clox 

C2n 

IIClox 

O-<lcm 

<1-60cm 

60-ll0cm 

110- cm 

Organic matter, grass 

Brmm to very dark b~own (lOYR 4/3 dry, 10YR 2/2 
moist) loamy sand; massive; loose, nonsticky and 
nonplastic; thin discontinuous coatings in peb
bles; abrupt wavy boundary. 

Brown to dark brown (lOYR 5/3 dry, lOYR 3/3 
moist) gravelly sand; massive; loose, nonsticky 
and nonplastic; abrupt, wavy houndary. 

Yellowish brown to dark brown (lOYR 5/4 dry, lOYR 
3/3 moist) gravelly sandy loam; massive(?) hard 
'(?), nonsticky and nonplasti(~. 
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Pedon Number: 9 

Stage of Soil Development: S6 

Location: San Bernardino Co., CA.; 2 krn north of dirt road access to 
E-W trending S. Calif. Edison power lines and .9 km N200W of 
Etiwanda Ave.-S. Calif. Edison access intersection; SH!,;, SEc. 
16, T. 1 N., R. 6 H. 

Physiographic Position: Hand-excavated pit on young alluvial fan depos
its· of E. Etiwanda Canyon, 20 m north of promi
nent 2 m fault scarp located .6 krn south of 
mountain front; 610 m (1990 ft). 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden and C. M. Menges 

AI 0-2cm 

AC 2-28cm 

Clox 28-80cm 

C20x 80- cm 

Very dark grayish brown to very dark brown (lOYR 
3/2 dry, 10YR 2/2 moist) gravelly sandy loam; 
weak coarse platy; soft, nonsticky and nonplas
tic; abrupt wavy boundary. 

Brown to dark brown (lOYR 5/3 dry, 10YR 3/3 moist) 
gravelly to nongravelly sandy loam; massive; 
loose (nonsticky and nonplastic), thin, discon
tinuous organic clay pebble coatings~. gradual, 
wavy boundary. 

Grayish brown to very dark grayish brown (lOYR 
5/2 dry, 10YR 3/2 moist) very gravelly loamy 
sand; massive; loose, nonsticky and nonplastic; 
continuous coatings present on coarse clasts; 
clear wavy(?) boundary. 

Yellowish brown to dark yellowish brown (lOYR 5/4 
dry, 10YR 3/4 moist) very gravelly sand, massive; 
loose(?), nonsticky and nonplastic; continuous 
pebble coatings. 

Cobble Weathering Stages: ~~fics (diorite-pyroxenite), 2-1 
All other lithologies, 1 
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Pedon Number: l2B 

Stage of Soil Development: S5 

Location: San Bernardino Co., CA.; approximately 3-4 km SE of the Day 
Canyon Ranger Station. 

Physiographic Position: West-facing exposure of trench excavated in 
prominent fault cutting piedmont fan deposits 
of Day Canyon. 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden 

A 0-65cm 

AC 65-8lcm 

Clox 81-112cm 

en 112- cm 

Very dark gray brown to very dark brown (lOYR 3/2 
dry, 2/2 moist) very gravelly sandy loam; mas
sive; loose, slightly sticky and nonplastic; many 
fine to large roots; moderate continuous coatings 
of organic matter-rich clayey silt on larger 
clas ts; abrupt, ~'lavy boundary. 

Dark brown to very dark brown (lOYR 4/3 dry, 2/3 
moist) very gravelly to bouldery loamy sand; mas
sive; loose, nonsticky and nonplastic; many fine 
to large roots; incipient discontinuous to con
tinuous organic matter-rich clayey silt coatings 
on larger clasts; clear, wavy boundary. 

Pale brown to dark brown (lOYR 6/3 dry, 4/3 moist) 
very gravelly to bouldery sand; massive; loose, 
nonsticky and nonplastic; few fine to large roots; 
incipient, discontinuous coatings of clayey silt 
on many clasts, clear irregular boundary. 

Very pale brown to dark brown (lOYR 7/3 dry, 4/3 
moist):.gravelly to cobbly sand; massive; loose 
to slightly soft; nonsticky and nonplastic; very 
few medium to large roots; few incipient clayey 
silt coatings on larger gravel clasts; common, 
medium to large distinct mottles (7.5YR 5/6 dry). 
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Pedon Number: l2C 

Stage of Soil Development: S6 

Location: San Bernardino Co., CA.; 3-4 km SE of Day Canyon Ranger 
Station, SE~, Sec. 17, T. 1 N., R. 6 W. 

Physiographic Position: West-facing exposure of trench excavated on 
prominent fault scarp cutting alluvial piedmont 
of Day Canyon; soil described on downthrown 
side of scarp. 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden 

A-AC 

Clox 

C20x 

C2n 

0-70cm Dark gray brown to very dark brown (lOYR 4/2 dry, 
2/2 moist) bouldery sandy loam; massive; loose, 
nonsticky and nonplastic; many fine to medium 
rOlOts; strong continuous organic matter-rich 
clayey silt coatings on larger clasts; clear, 
wavy boundary. 

70-l60cm Very pale brown to olive brown (lOYR 7/3 dry, 
2.5Y 4/4 moist) very gravelly to cobbly sand; 
massive to locally granular; slightly dark, non
sticky and nonplastic; matrix cemented weakly by 
thin films of clay(?); incipient to moderate 
clayey silt coatings on larger clasts; occasional 
dark (manganiferous?) coatings on some large 
clasts; abrupt, wavy boundary. 

l60-l8lcm Very pale brown to dark brown (lOYR 7/3 dry, 4/3 
moist) very gravelly to bouldery sand; massive; 
loose, nonsticky and nonplastic; few fine to me
dium roots; incipient to moderate clayey silt 
coatings on tops and sides of some large clasts; 
abrupt, wavy to irregular boundary. 

181- cm Light gray to dark gray brown (lOYR 7/2 dry, 2.5Y 
4/2 moist) very gravelly to bouldery sand; mas
sive; loose to slightly hard, nonsticky and non
plastic; few roots; few incipient discontinuous 
clayey silt coatings on tops and sides of clasts. 
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Pedon Number: 12D 

Stage of Soil Development: S6 

Location: San Bernardino Co.,- CA.; 3-4 km SE of Day Canyon Ranger 
Station, SE~, Sec. 17, T. 1 N., R. 6 w. 

Physiographic Position: East-facing wall of trench excavated in promi
nent fault scarp cutting alluvial piedmont of 
Day Canyon; profile described on alluvial fill 
in small drainage that dissects scarp. 

Classification: Upper profile - Typic Xerorthent 
Buried profile - Typic Xerorthent 

Described by: L. D. McFadden and J. Matte 

A 

Cox 

IIAb 

IICloxb 

IIC2nb 

0-65cm Dark gray brown (lOYR 4/2 dry) very gravelly to 
bouldery sandy loam; massive; loose, slightly 
sticky and nonplastic; incipient organic matter
rich clayey silt coatings on larger clasts; 
abrupt, smooth boundary. 

65-130Cill Vtry pale brown (lOYR 7/3 dry) pebbly to·cobbly 
sand; massive; loose, nonsticky and nonplastic; 
incipient discontinuous clayey silt coatings on 
larger clasts; abrupt, smooth boundary. 

l30-l55cm Dark brown (lOYR 4/3 dry) cobbly to bouldery 
sandy loam; massive; loose, slightly sticky and 
nonplastic; many fine to medium roots, strong 
continuous clayey silt coatings on all large 
clasts; clear, wavy boundary. 

l55-200cm Pale brown (lOYR 6/3) cobbly to bouldery sand; 
massive; loose; nonsticky and nonplastic; occa
sional fine roots; moderate to strong, mostly on 
tops and sides of most larger clasts; transi
tional, wavy boundary. 

200- cm Light gray (lOYR 7/2 dry) cobbly to bouldery sand; 
massive; loose, nonsticky and nonplastic; few 
incipient clayey silt coatings on tops of some 
clasts. 
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Pedon Number: 10 

Stage of Soil Development: S5 

Location: San Bernardino Co., CA.; .8 km SE of Day Canyon Ranger Sta
tion on dirt road access to Ranger Station; SW~, Sec. 17, 
T. 1 N., R. 6 w. 

Physiographic Position: Roadcut in prominent 6-7 m fault scarp cutting 
Day Canyon pip.dmont; 689 m (2250 ft). 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden and C. M. Menges 

All 

A12 

A13 

ACI 

Clox 

C2m 

O-lOcm 

lO-40cm 

40-60cm 

60-89cm 

89-ll9cm 

119- cm 

Very dark gray to black (lOYR 3/1 dry, lOYR 2/1 
moist) gravelly loamy sand; weak(?) platy; loose, 
nonsticky and nonplastic; some incipient to mod
erate organic clay coatings on larger clasts; 
clear, wavy boundary. 

Very dark grayish brown to black (lOYR 3/2 dry, 
10YR 2/1 moist) silt loam; massive; loose, slight
ly sticky and slightly plastic; moderate to strong 
organic clay coatings on larger clasts; many 
roots; gradual, wavy boundary. 

Very dark grayish brown to black (lOYR 4/2 dry, 
lOYR 2/1 moist) very gravelly silt loam; massive; 
loose, slightly sticky and slightly plastic; 
strong organic clay coatings on larger clasts; 
gradual, wavy boundary. 

Dark brown to very dark brown (lOYR 3/3 dry, lOYR 
2/2 moist) very gravelly loamy sand to loamy sandy 
gravel; massive; soft; nonsticky and nonplastic; 
strong organic clay coatings on clasts; wavy, 
gradual boundary. 

Pale brown to dark brown (lOYR 6/3 dry, 10YR 3/3 
moist) very gravelly loamy sand to loamy sandy 
gravel; massive; loose; nonsticky and nonplastic; 
moderate to strong clay coatings on many clasts; 
irregular clear boundary. 

Very pale brown to yellowish brown (lOYR 7/3 dry, 
lOYR 5/3 moist) very gravelly sand; massive; 
loose, nonsticky and nonplastic; some incipient 
clay coatings on clasts. 



Cobble Weathering Stages: Leucocratic rocks, 1-2 
Coarser grained diorite. 3-2 
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Pedon Number: 11 

Stage of Soil Development: S5 

Location: San Bernardino Co., CA.; .3 km north of Day Canyon Ranger 
Station, 25 m west of dirt road to Day Canyon Wash; NW~, Sec. 
17, T. 1 N., R. 6 W. 

Physiographic Position: Streamcut in alluvial fan deposits of Day Can
yon; 785 m (2568 ft). 

Classification: Typic Xerorthent 

Described by: L. D. McFadden and C. M. Nenges 

All 

Al2 

Al3 

AC 

Clox 

C2n 

O-lcm Very dark grayish brown to very dark brown (lOYR 
3/2 dry, 10YR 2/2 moist) very gravelly sandy 
loam; very weak platy; loose, nonsticky and non
plastic; abrupt, smooth boundary. 

l-lOcm Dark brown to very dark brown (lOYR 3/3 dry, 10YR 
2/2 moist) sandy loam; massive; loose, nonsticky 
and nonplastic; thin discontinuous organic clay 
coatings on clasts; clear, wavy boundary. 

10-28cm Grayish brown to very dark grayish brown (lOYR 
5/2 dry, 10YR 3/2 moist) very gravelly sandy loam; 
massive; soft, nonsticky and nonplastic; thin 
discontinuous organic clay coatings on clasts; 
abrupt, wavy boundary. 

28-l28cm Brown to very dark grayish brown (lOYR 5/3 dry, 
10YR 3/2 moist) very gravelly sandy loam; mas
sive; loose, nonsticky and nonplastic; continuous 
strong organic clay coatings on clasts; gradual, 
wavy boundary. 

l28-l83cm Light yellowish brown to dark yellowish brown (10 
YR 6/4 dry, 10YR 4/6 moist) very gravelly loamy 
sand; massive; loose, nonsticky and nonplastic; 
continuous strong clay coatings on gravel; grad
ual, wavy boundary. 

183- cm Very pale brmvn to yellowish brown (lOYR 7/3 dry, 
10YR 5/4 moist) very gravelly loamy sand; massive; 
loose, nonsticky and nonplastic; discontinuous 
iron oxide stains on gravel (7.5YR 5/8 to 5YR 
5/8). 

Cobble Weathering States: Coarse-grained diorite, 3-2 
All other lithologies, 1-2 
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Pedon Number: l2A 

Stage of Soil Development: S4 

Location: San Bernardino Co., CA.; .7 km N100W of Day Canyon Ranger 
Station, 30 m east of dirt road paralleling mountain front on 
west side of Day Canyon Wash; NW~, SEc. 17, T. 1 N., R. 6 W. 

Physiographic Position: Streamcut in alluvial fan deposits of Day 
Canyon; Bll m (2650 ft). 

Classification: Typic Haploxeralf 

Described by: L. D. McFadden and C. M. Menges 

Al 

AB 

Bl 

B2t 

B3 

Cox 

0-6cm Yellowish brown to dark yellowish brown (lOYR 5/4 
dry, 10YR 3/4 moist) sandy loam; moderate(?) 
platy; nonsticky and nonplastic; wavy, abrupt 
boundary~ 

6-3Bcm Dark yellowish brown (lOYR 4/4 dry, 10YR 3/4 
moist) sandy loam; moderate angular blocky; 
slightly hard, nonsticky and nonplastic; wavy(?), 
abrupt boundary. 

2B-64cm Dark brown (7.5YR 4/4 dry, 7.5YR 3/4) very grav
elly sandy loam; coarse subangular blocky to mas
sive; hard, slightly sticky and slightly plastic; 
clear, wavy boundary. 

64-ll2cm Brown to dark brown (7.5YR 5/4 dry, 7.5YR 4/4 
moist) very gravelly sandy clay loam; very coarse 
to coarse sub angular blocky; very hard, sticky 
and plastic; clear, wavy boundary. 

l12-l6lcm Strong brown (7.5YR 5/6 dry, 7.5YR 4/6 moist) 
very gravelly sandy loam; moderate coarse sub an
gular blocky; slightly hard, slightly sticky and 
slightly plastic; occasional lenses of C horizon 
material; clear wavy to highly irregular boundary. 

161- cm Brownish yellow to dark brownish yellow (lOYR 7/6 
dry, 10YR 7/4 moist) very gravelly sandy loam; 
massive; loose, nonsticky and nonplastic. 

Cobble Weathering Stages: B horizon, fine-grained leucocratic plutonic, 
1-2 

coarse--grained felsic gneiss, 3-4 
coarse-grained mafic plutonic, 3-4 
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Cobble Weathering Stages--Continued 

C horizon, fine-grained leucocratic plutonic, 1 
coarse-grained felsic gneiss, 3 
coarse-grained diorite, 3-4 
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Pedon Number: 13 

Stage of Soil Development: S6 

Location: Los Angeles, Co., CA.; .3 km east of highway 39 and .8 km 
SW of Bichota Mesa, N7SoW of Burro Peak; 34°1S'30", llr 
Sl'lS". 

Physiographic Position: Steep streamcut in bouldery deposits of cut 
terrace, ~15 m above active channel of San 
Gabriel North Fork; 612 m (2000 ft). 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden and W. B. Bull 

Al 0-S7cm 

AC S7-79cm 

Clox 79-l28cm 

C2 128- em 

Dark to very dark brown (lOYR 4/3 dry, 10YR 2/3 
moist) granular sandy loam; moderate sub angular 
blocky (moist) to crumbly; soft, slightly sticky 
and nonplastic incipient to moderate organic clay 
pebble coatings; many roots; locally bioturbated; 
abrupt wavy boundary. 

Brown to dark brown (lOYR 5/3 dry, 10YR 3/3 to 
2/3 moist) gravelly to very gravelly sand; weak 
subangular blocky to massive; loose, slightly 
sticky and nonplastic; incipient to moderate or
ganic clay pebble coatings; common distinct dark 
mottles; common roots; abrupt wavy to locally 
irregular boundary. 

Yellowish to dark yellowish brown (lOYR S/4 dry, 
10YR 4/4 moist) bouldery coarse sand; weak sub
angular blocky to massive; nonsticky and nonplas
tic; incipient coatings on upper surface of peb
bles; abrupt, wavy boundary. 

Very pale to pale brown (lOYR 7/3 dry, 10YR 6/3 . 
moist) sandy gravel; massive; loose, nonsticky 
and nonplastic; occasional pockets of iron oxide
stained sand (7.SYR 5/6-8 dry, 7.SYR moist). 

Cobble Weathering Stages: Leucocratic plutonic lithologies, 1 
Occasional mafic metamorphics, 2-1 
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Pedon Number: 14 

Stage of Soil Development: S7 

Location: Los Angeles Co., CA.; .3 km east of Highway 39 and .8 km SW 
of Bichota Mesa; N75°W of Burro Peak; 34°15'30", 117°51'15". 

Physiographic Position: Streamcut in very recent bouldery terrace, 3-
4 m above active channel of San Gabriel North 
Fork; 600 m (1980 ft). 

Classification: Typic Xerorthent 

Described by: 1.. D. McFadden 

Al O-llcm 

Clox ll-67cm 

C20x 67-105cm 

C3n 105- cm 

Yellow brownish gray to black brown (lOYR 4/2 dry, 
10YR 2/2 moist) nongravelly to locally gravelly 
loamy sand; massive to granular; soft, slightly 
sticky and nonplastic; common incipient organic 
clay coatings on pebbles; common roots; clear, 
Bmooth boundary. 

Gray yellowish orange to brown (lOYR 6/4 dry, 
10YR 4/4 moist) bouldery sand; massive; soft, 
nonsticky and nonplastic; few-common incipient 
clay coatings on pebbles; clear, smooth boundary. 

Pale to dark brown (lOYR 6/3 dry, 10YR 4/3 moist) 
sandy gravel; massive; loose; nonsticky and non
plastic; abrupt wavy to irregular boundary. 

Light gray to dark gray brown (lOYR 7/2 dry, 
10YR 4/2 moist) sand; massive; loose; nonsticky 
and nonplastic. 

Cobble Weathering Stages: All lithologies, 1 
Mafic plutonics, schist, very rarely 

incipient 2 
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Pedon Number: 15 

Stage of Soil Development: S5 

Location: Los Angeles Co., CA.; .2 km directly east of highway 39, .3 
km N100E of Bichota Mesa; N15°E of Burro Peak; 34°16', 117° 
51'. 

Physiographic Position: Steep escarpment/hillslope formed on terrace 
gravels, ~40 m above present active channel; 
722 m (2360 ft). 

Classification: Typic Argixeroll 

Described by: L. D. McFadden and C. M. Menges 

Al 

Bt 

Clox 

O-17cm Brown to dark brown (lOYR 5/3 dry, lOYR 3/4 
moist) sandy loam; massive to granular; soft, 
nonsticky and nonplastic; celar, wavy boundary. 

l7-88cm Gray brown to strong brown (7.5YR 6/4 dry, 7.5YR 
4/6 moist) very gravelly sandy loam; massive to 

88-l44+cm Very pale to dark yellowish brown (lOYR 7/4 dry, 
10YR 4/6 moist) very gravelly sand; massive loose, 
nonsticky and nonplastic; occasionally incipient 
clay coatings on pebbles. 

Cobble Weathering Stages: B horizon, leucocratic plutonic rocks, 1 
mafic rocks, 2-1 

C horizon, coarse-grained diorite, mica 
schist, 2-3, rarely 4 

leucocratic lithologies, 1-2 
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Pedon Number: 16 

Stage of Soil Development: S3 

Location: Los Angeles Co., CA.; 1 km north of Tecolote Flat on highway 
39, ~20 m above west side of highway and 60 m above present 
active channel; 34°15'45", 117°51'15". 

Physiographic Position: Steep, partly artificially modified hills lope 
formed on terrace gravels; 655 m (2140 ft). 

Classification: Surface profile, Typic Haploxeralf; buried profile, 
Typic(?) Haploxeralf. 

Described by: L. D. McFadden and W. B. Bull 

01 

Bl 

B2lt 

B22t 

B23t 

B24t 

Cox 

.5-0cm 

0-20cm 

20-70cm 

70-88cm 

Organic matter, abrupt planar boundary. 

Reddish to dark reddish brown (5YR 5/4 dry, 5YR 
3/4 moist) sandy clay loam; moderate to coarse 
subangular blocky; slightly hard, slightly sticky 
and slightly plastic; common roots; abrupt, wavy 
(?) boundary. 

Reddish yellow to yellowi~;h red (5YR 6/6 dry, 5YR 
4/6 moist) clay loam; strong coarse subangular 
blocky; hard, sticky and plastic; many moderately 
thick ped argillans and grain cutans; clear, wavy 
(?) boundary. 

Pink to yellowish red (5YR 7/4-7.5YR 5/4 dry, 
5YR 4/8 moist) gravelly clay loam; moderate to 
coarse subangular blocky; hard, slightly sticky 
and plastic; many moderately thick ped argillans 
and grain cutans; clear, wavy(?) boundary. 

88-l27cm Reddish yellow to yellowish red (5YR 7/6 dry, 5YR 
5YR 5/8 moi moist) cobbly to nongravelly sandy clay loam; 

moderate angular blocky; hard, sticky and plastic; 
abrupt, irregular boundary. 

127-l63cm 

l63-237cm 

Reddish yellow to strong brown (7.5YR 8/6 dry, 
7.5YR 5/6 moist) gravelly sandy loam; moderate 
subangular blocky; slightly hard, slightly sticky 
and slightly plastic; few thin ped cutans; abrupt, 
wavy boundary. 

Reddish yellow to strong brown (7.5YR 6/6 dry, 
7.5YR 5/6 moist) bouldery sand; massive; soft, 
slightly sticky and nonplastic; abrupt, wavy 
boundary. 



IIB2ltb 

IIB22tb 

IlB3b 

IICloxb 

IIC20xb 
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237-280cm Light to strong brown (5YR 6/4 dry, 5YR 4-5/6 
moist) clay loam; moderate to coarse angular 
blocky; slightly hard to hard, sticky and plas
tic; few thin grain and ped cutans; clear, wavy 
boundary. 

280-300cm Pink to yellowish red or strong brown (7.5YR 7/4 
dry, 5YR to 7.5YR 5/6 moist) gravelly sandy loam; 
moderate subangular blocky; slightly hard, slight
ly sticky and slightly plastic; very few very 
thin ped and grain cutans; abrupt, irregular 
boundary. 

300-·320cm Pink to strong brown (7.5YR 7/4 dry, 7.5YR 5/6 
moist) bouldery sand; massive to weak(?) sub an
gular blocky; slightly hard, slightly sticky and 
nonplastic; clear, wavy boundary. 

320-366cm Very pale brown to reddish yellow (lOYR 8/4 dry, 
7.5YR 6/6 moist) silty sand; massive; soft, 
slightly sticky and nonplastic; abrupt boundary. 

366- cm Yellow to yellowish brown (lOYR 8/6 dry, 10YR 5/6 
moist) sand; massive; loose,nonsticky and 
nonplastic. 

Cobble Weathering Stages: Surface profile, all mafic lithologies, 4 
Leucocratic plutonic and gneiss lithologies, 

upper B horizon 3-4, lower B .and Cox, 2-3 
Buried profile, all mafics, 4 
Leucocratic rocks, 3-4 
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Pedon Number: 17 

Stage of Soil Development: S2 

Location: Los Angeles Co., CA.; .1 k.m wes t of high~vay 39, .3 k.m N10 DE 
of Tecolote Flat; 34 0 15'45", llr5l'40". 

Physiographic Position: Very steep hills lope formed on terrace gravels 
~100 m above North Fork of San Gabriel Canyon; 
667 m (2180. ft). 

Classification: Typic(7) Palexeralf 

Described by: L. D. McFadden 

01 

Al 

B2lt 

B22t 

B23t 

B24t 

2-0cm Organic matter. 

0-6cm Dark reddish brovffi to black (5YR 3/3 dry, 5YR 1/1 
moist) silt loam; massive; slightly soft, non
sticky and nonplastic; abundant roots; abrupt, 
smooth boundary. 

6-66cm Reddish brown to red (5YR 5/6 dry, 2.5YR 4/6 
moist) clay loam; moderate to coarse sub angular 
blocky; very hard, very sticky and very plastic; 
many moderately thick to continuous clay films on 
peds and grains; few very fine pores; very few 
fine roots; clear, smooth boundary. 

66-l60cm Reddish brown to red (5YR 5/6 dry, 2.5YR 4/6 
moist) very gravelly clay loam; massive; hard, 
sticky and plastic; many moderately thick grains 
on clay films; few fine pores; few to very few 
fine roots; clear, smooth boundary. 

l60-240cm Reddish yellow to yellowish red (5YR 6/6 dry, 5YR 
4/6 moist) very gravelly sandy clay loam; massive 
to coarse sub angular blocky; hard, sticky and 
plastic; common thin to moderately thick clay 
films on grains; few medium pores; gradual, smooth 
boundary. 

240-3l5cm Reddish yellow to strong brown (7.5YR 7/6 dry, 
7.5YR 5/6 moist) very gravelly sandy loam; mas
sive; hard, sticky and plastic; common thin clay 
films on grains; distinctly mottled due to sapro
litic weathering of granitic cobbles; many medium 
pores; gradual, smooth boundary. 
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B25t 315-475cm Reddish yellow (7.5YR 8/6 dry, 7.5YR 6/6 moist) 

B3 475- cm 

very gravelly sandy loam; massive; hard, sticky 
and slightly plastic; few thin clay films on 
grains"; distinctly mottled due to saprolitic 
weathering of granitic clasts; many medium inter
stiti.al pores; gradual, smooth boundary. 

Pink to brown (7.5YR 7/4 dry, 7.5YR 5/4 moist) 
very gravelly loamy sand; massive; slightly hard; 
slightly sticky and slightly plastic; few thin 
clay films on clasts; distinct strong mottling 
due to saprolitic alteration of granitic clasts. 

Cobble Weathering Stages: Upper B horizon, leucocratic plutonics and 
mafic lithologies, 4 

Low B horizon, 4 except for occasional quartz
rich metamorphic rocks, 2-3 
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Pedon Number: 18 

Stage of Soil Development: S5 

Location: Los Angeles Co., CA.; .4 km north of NE boundary of the 
California Institute of Technology Jet Propulsion Laboratory 
property, ~10 m above east side road following Arroyo Seco 
Creek; NW~, Sec. 5, T. 1 N., R. 12 W. 

Physiographic Position: Steep hillslope, partly modified, formed on 
terrace deposits, ~18 m above Arroyo Seco ac
tive channel; 392 m (1280 ft). 

Classification: Typic Argixeroll 

Described by: L. D. McFadden 

Al 

B1 

B2lt 

B22t 

Clox 

C20x 

0-35cm Brown to dark brown (lOYR 5/3 dry, 10YR 3/3 
moist) sandy loam; massive to medium granular; 
hard, slightly sticky and Blight:ly plastic; many 
roots, abrupt, wavy boundary. 

35-48cm Pale to dark yellowish brown (lOYR 6/3 dry, 10YR 
3/4 moist) sandy loam; moderate medium subangular 
blocky; hard, slightly sticky and slightly plas
tic; abrupt, wavy boundary. 

48-84cm Brown to dark brown (7.5YR 5/3 dry~ 7.5YR 4/4 
moist) nongravelly to locally gravelly sandy loam; 
moderate sub angular blocky; hard, slightly sticky 
and slightly plastic; incipient to moderate peb
ble coatings; abrupt, wavy boundary. 

84-110cm Pink to brown (7.5YR 7/3 dry, 7.5YR 5/4 moist) 
gravelly to very .gravelly sandy loam; massive; 
very hard, slightly sticky and slightly plastic; 
incipient to moderate pebble coatings; clear, 
wavy boundary. '-

110-179cm Very pale to dark yellowish brown (IOYR 7/4 dry. 
10YR 4/4 moist) gravelly to very gravelly loamy 
sand; massive, soft slightly sticky and nonplas
tic; incipient pebble coatings; clear, wavy(?) 
boundary. 

179-240cm Pink to brown (7.5YR 7/4 dry, 7.5YR 5/4 moist) 
gravelly· loamy sand; massive; hard, slightly 
sticky and nonplastic; few incipient pebble coat
ings; clear, wavy(?) boundary. 
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C30x 240-360cm Reddish yellmv to strong brown (7.5YR 6/6 dry, 
7.5YR 4/6 moist) gravelly to very gravelly sand; 
massive; loose, nonsticky and nonplastic; tran
sitional, irregular boundary. 

C40x 360-695cm Very pale to yellowish brown (lOYR 7/4 dry, 10YR 

IIB21tb 

IIB22tb 

IIRb 

5/4 moist) very gravelly sand; massive; loose, 
nonsticky and nonplastic; abrupt, wavy boundary. 

695-710cm Light to reddish brown (7.5YR 6/4 drY,,5YR 4/4 
moist) sandy clay loam; moderate to coarse angu
lar blocky; very hard, sticky and plastic; grain 
and ped argillans; clear, wavy boundary. 

710-740cm Light to dark brown (7.5YR 6/4 dry, 7.SYR 4/4 
moist) sandy clay loam; massive; hard, sticky and 
plastic; few grain argillans; gradual boundary. 

740- cm Bedrock. 

Cobble Weathering Stages: A-B3 horizons, leucocratic rocks, 3-4 
Mafic lithologies, 4 
Quartz-rich lithologies, 1-2 
Clox-C2ox, mafic lithologies, 4 
Leucocratic lithologies, 2-3 
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Pedon Number: 19 

Stage of Soil Development: 84 

Location: Los Angeles Co., CA.; .S km north of NE boundary of Cali
fornia Institute of Technology Jet Propulsion Laboratory 
property; .25 km SE of ranger station on north side of dirt 
road; SW~, Sec. 32, T. 2 N., R. 12 W. 

Physiographic Position: Roadcut in terrace gravels, ~50 m above east 
side of Arroyo Seco; 410 m (1340 ft). 

Classification: Typic Argixeroll 

Described by: L. D. McFadden 

01 

Al 

Bl 

B2l5 

B22t 

B23t 

l-Ocm Organic matter. 

0-80cm Dark to very dark brown (lOYR 3/3 dry, 10YR 2/3 
moist) nongravelly to locally gravelly silt loam, 
moderate coarse subangular blocky; soft, slightly 
sticky and nonplastic; moderate to locally heavy 
pebble coatings; roots common; clear, wavy 
boundary. 

80-l20cm Light to dark yellowish brown (lOYR 6/4 dry, lOYR 
4/4 moist) gravelly sandy loam; massive to granu
lar; soft, slightly sticky and nonplastic; moder
ate to heavy coatings on pebbles; abrupt, smooth 
boundary. 

l20-245cm Very pale to yellowish brown (lOYR 7/3 dry, lOYR 
5/4 moist) gravelly sandy loam; moderate subangu
lar blocky; slightly sticky and slightly plastic; 
moderate clay coatings on some clasts; clear, 
smooth(?) boundary. 

245-346cm Very pale to yellowish brown (lOYR 7/1., dry, lOYR 
5/4 moist) gravelly silt loam; moderate fine sub
angular blocky; slightly hard, slightly sticky 
and slightly plastic; incipient to moderate peb
ble coatings; clear, smooth(?) bounda~~. 

346-438cm Brown to dark brown (7.5YR 7/4 dry, 7.5YR 4/4 
moist) gravelly sandy loam; moderate coarse sub
angular to angular blocky; hard, slightly sticky 
andslightly plastic; few thin grain cutans; com
mon distinct mottles (SYR 5/6); abrupt, smooth(?) 
boundary. 



B3 

Clox 

C20x 
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438-460cm Light brown to brown (7.5YR 6/4 dry, 7.5YR 5/4 
moist) gravelly sandy loam; moderate medium sub
angular blocky; slightly hard, slightly sticky 
and nonplastic; faintly mottled; abrupt, smooth 
(?) boundary. 

460-505cm Very pale brown to dark yellowish brown (lOYR 7/4 
dry, lOYR 4/4 moist) gravelly loamy sand; massive 
to granular; loose, nonsticky and nonplastic; 
abrupt, wavy(?) boundary. 

505- cm Very pale brown to dark yellowish brown (lOYR 7/4 
dry, 10YR 4/4 moist) gravelly sand; massive; 
loose, nonsticky and nonplastic. 

Cobble Weathering Stages: A horizon, leucocratic rocks, 2; mafic 
rocks, 3 

B horizon, leucocratic rocks, 3-4; mafic 
rocks, 4 

C horizon, leucocratic rocks, 2-3; mafic 
rocks, 4 
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Pedon Number: 20 

Stage of Soil Development: S2 

Location: Los Angeles Co., CA.; northern side of Gould Mesa on the 
property of California Institute of Technology Jet Propulsion 
Laboratorj; NW~, Sec. 5, T. 1 N., R. 12 W. 

Physiographic Position: Roadcut exposure (south side of lower parking 
lot) of alluvial fan deposits, presumably of 
Arroyo Seco Canyon (A-B244t horizon); steep 
hills lope formed on same deposits exposed below 
highest mesa road (B25t-Cox horizon); 470 m 
(1550 ft). 

Classification: Typic Palexeralf 

Described by: L. D. McFadden 

Ap 

B2lt 

B22t 

B23t 

B24t 

0-8cm Brown to dark brown (7.5YR 5/4 dry, 7.5YR 3/4 
moist) silt loam, moderate medium subangular 
blocky; hard, slightly sticky and slightly plas
tic; roots common; common incipient organic clay 
coatings on clasts; common fine to medium pores; 
plentiful, fine roots; abrupt, smooth boundary. 

9-27cm Light reddish to dark reddish brown (SYR 6/4 dry, 
5YR 3/4 moist) clay loam; moderate medium to 
coarse angular blocky; very hard, sticky and 
plastic; many moderately thick coatings on peb
bles; many moderately thick clay films on peds 
and grains; common fine pores; plentiful fine to 
medium roots; abrupt, smooth boundary. 

27-8Scm Light red to red (2.5YR 6/6 dry, 2.SYR 4/6 moist) 
loam; strong coarse angular blocky to locally 
coarse prismatic; very hard, very sticky and very 
plastic, many moderately thick clay films on peds 
and grains; few to common fine pores; common fine 
to medium pores; clear, smooth boundary. 

8S-lllcm Light red to red (2.5YR 6/8 dry, 2.SYR 4/8 moist) 
nongravelly to locally gravelly clay loam; strong 
moderate to coarse angular blocky; very hard, very 
sticky and very plastic; many moderately thick to 
thick clay films on grains and peds; common fine 
to medium pores; abrupt, smooth boundary. 

lll-l84cm Red (2.SYR 5/8 dry, 2.5YR 4/8 moist) gravelly to 
very gravelly sandy clay loam; massive; hard; 
very sticky and very plastic; common distinct 
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mottles (saprolitic weathering); many to continu
ous moderately thick to thick clay films on 
grains; common fine to medium pores; clear, ir
regular boundary. 

B25t 184-277cm. Reddish yellow to yellowish red (5YR 6/6 dry, 5YR 
5/6 moist) gravelly to very gravelly sandy clay 
loam; massive; very hard; sticky and plastic; 
many moderately thick clay films on grains; com
mon fine pores; common mottles; Bt bands (2.5YR 
5/8); saprolitic clasts; gradual, irregular 
boundary. 

B3l 277-367cm Light to reddish brown (7.5YR 6/4 dry, 5YR 4/4 
moist) very gravelly sandy loam; granular; 
slightly hard, slightly sticky and slightly plas
tic; some Bt bands present (2.5YR 5/8); common 
thin clay films on pebbles and cobbles; common 
fine to medium pores; clear, smooth(?) boundary. 

B32 367-429cm Pink to reddish brown (7.5YR 7/4 dry, 5YR 4/4 

Cox 429- cm 

moist) gravelly loamy sand, granular to massive; 
soft, slightly sticky and nonplastic; few Bt 
bands present (5YR 4/8); common thin clay films 
on grains; clear, smooth(?) boundary. 

Very pale brown to dark yellowish brown (IOYR 7/4 
dry, IOYR 4/4 moist) gravelly loamy sand; massive 
to locally granular; soft, slightly sticky and 
nonpl~stic; very few very thin clay films on peb
bles and cobbles. 

Cobble Weathering Stages: Argillic horizon, leucocratic plutonic rocks, 
4-3; all mafic lithologies, 4; occasional 
quartzose lithologies, 2-3 

Lower B and Cox horizons: leucocratic plu
tonic rocks, 3-2; mafic lithologies, 3-4 
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Pedon Number: 21 

Stage of Soil Development: S4 

Location: Los Angeles Co., CA.; .2 km east of Little Tujunga Road, .7 
km SlSoW of Indian Springs; SW~, Sec. 22, T. 3 N., R. 14 W. 

Physiographic Position: Steep hillslope formed on terrace gravels over
lying strath cut on Saugus Formation, ~20 m 
above Buck Canyon Wash; SSO m (1800 ft). 

Classification: Typic Haploxeralf 

Described by: L. D. McFadden and C. M. Menges 

Al 

AB 

B2lt 

B22t 

B23t 

B3 

Cox 

O-<lcm 

<1-12cm 

l2-2Scm 

2S-4Scm 

4S-76cm 

Dark gray brown to very dark brown (lOYR 4/2 dry, 
10YR 2/2 moist) sandy loam; medium coarse sub
angular blocky; slightly hard, slightly sticky 
and slightly plastic; clear, wavy boundary. 

Dark gray brown to very dark brown (lOYR 4/2 dry, 
lOYR 2/2 moist) sandy loam; medium/coarse suban
gular blocky; slightly hard, slightly sticky and 
slightly plastic; clear, wavy boundary. 

Light to strong brown (7.SYR 6/4 dry, 7.SYR S/6 
moist) sandy clay loam; moderate coarse subangu
lar blocky; hard, sticky and plastic; common mod
erate thick ped coatings; clear, wavy boundary. 

Yellowish red (SYR S/8 dry, SYR 4/8 moist) grav
elly sandy clay loam; strong coarse angular 
blocky; hard, sticky and plastic; many moderately 
thick clay coatings on peds and grains; clear, 
wavy boundary. 

Strong brown (7.SYR S/6 dry, 7.SYR S/6 moist) 
gravelly sandy loam; moderate, medium to coarse 
subangular blocky; slightly hard to hard, slightly 
sticky and slightly plastic; common thin clay 
coatings on grains; clear, wavy boundary. 

76-l03cm Yellowish red (7.SYR 6/6 dry, SYR S/6 moist) 
gravelly sandy loam; locally subangular blocky; 
slightly hard nonsticky and nonplastic; gradual, 
wavy(?) boundary. 

1-3- cm Very pale brown to yellow (lOYR 7/S dry, lOYR 7/6 
moist) gravelly loamy sand; slightly hard to 
loose, nonsticky and nonplastic. 
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Pedon Number: 22 

Stage of Soil Development: S7 

Location: Los Angeles Co., CA.; .5 km east of Little Tujunga Road, 50-
60 m NE of ~liddle Ranch corral; SE~, Sec. 33, T. 3 N., R. 14 
H. 

Physiographic Position: Streamcut in very recent terrace gravels, ~4 m 
above active channel; 422 m (1380 ft). 

Classification: Typic Xerorth~nt 

Described by: L. D. McFadden and C. M. Menges 

Al 

Cox 

0-50cm 

50- cm 

Dark to very dark brown (lOYR 3/3 dry, lOYR 2/3 
moist) sandy loam; massive; slightly hard; non
sticky and nonplastic; clear, wavy boundary. 

Light yellow brown to dark yellowish brown (lOYR 
6/4 dry, 10YR 4/ i. moist) very gravelly loamy 
sand; medium/coarse sub angular blocky to massive; 
slightly hard; nonsticky and nonplastic; thin, 
discontinuous clay coatings on few pebbles or 
boulders. 

Cobble Weathering Stages: All lithologies, dominantly stage 1, locally 
stage 2. 
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Pedon Number: 23 

Stage of Soil Development: S5 

Location: Los Angeles Co., CA.; .5 km east of Little Tujunga Road and 
directly 50 m east of Middle Ranch Corral; SE~, Sec. 33, T. 
3 N., R. 14 W. 

Physiographic Position: Steep streamcut of fill terrace, ~20 m above 
Little Tujunga Wash; 432 m (1410 ft). 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden and C. M. Menges 

Al2 

IIAC12 

IIBt 

IIClox 

IIC2n 

0-55cm Brown to dark brown (lOYR 5/3 dry, 10YR 3/3 moist) 
sandy loam; weak medium to coarse sub angular 
blocky; slightly hard; nonsticky and nonplastic; 
incipient organic clay coatings on cobbles; grad
ual, wavy boundary. 

55-l43cm Brown to dark brmm (lOYR 5/3 dry, lOYR 3/3 moist) 
gravelly sandy loam; weak medium to coarse sub
angular blocky; slightly hard, slightly sticky 
and nonplastic; incipient coatings on some cob
bles; gradual, wavy boundary. 

l43-l93cm Pink to dark brown (7.5YR 7/4 dry, 7.5YR 4/4 
moist) gravelly sandy loam; massive; slightly 
hard, sfightly sticky and very slightly plastic; 
incipient coatings on some pebbles; gradual, wavy 
boundary. 

193-280cm Light gray to yellowish brown (lOYR 7/2 dry, 10YR 
5/4 moist) gravelly loamy sand; massive; loose 
nonsticky and nonplastic; gradual wavy to irregu
lar boundary. 

280- cm Light gray to yellowish brown (lOYR 7/2 dry, 10YR 
5/4 moist) gravelly sand; massive; loose, non
sticky and nonplastic. 

Cobble Weathering Stages: All lithologies (felsic gneiss, leucocratic 
coarse-grained granite) in profile, 1-2 
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Pedon Number: 24 

Stage of Soil Development: S4 

Location: Los Angeles Co., CA.; .7 krn N75°E of intersection of Little 
Tujunga Road and Yerba Buena Road (dirt), 40-50 m east of 
Yerba Buena Rd., SW~, Sec. 33, T. 3 N., R. 14 W. 

Physiographic Position: Steep escarpment-hills lope formed on terrace 
gravels overlying strath cut on Saugus Forma
tion; 429 m (1400 ft). 

Classification: Typic Haploxera1f 

Described by: L. D. HcFadden and C. M. Menges 

Al 

AB 

B1 

B22t 

B23t 

B3 

IIR 

0-2cm Light yellowish to dark brown (10YR 6/4 dry, 10YR 
3/4 moist) loam; moderate very coarse platy; 
s1ight1yhard, slightly sticky and slightly plas
tic; abrupt, wavy boundary. 

2-llcm Light yellowish to dark brown (lOYR 6/4 dry, 10YR 
3/4 moist) sandy loam; moderate coarse subangular 
blocky; slightly hard, slightly sticky and slight
ly plastic; abrupt, wavy boundary. 

11-24cm Brown to dark brown (7.5YR 5/4 dry, 7.5YR 4/4 
moist) gravelly sandy loam; moderately coarse an
gular blocky; hard, sticky and plastic; common 
moderately thick films on peds and grains; gra~
ua1, wavy('{) boundary. 

47-84cm Strong brown (7.5Y~/5YR 4/6 dry, 7.5YR 4/6 moist) 
very gravelly sandy c.lay loam; moderate coarse 
subangu1ar blocky; very hard, sticky and plastic; 
comrnom moderately thick cutans on peds, grains 
(5YR 4/6); gradual, wavy boundary. 

84-184cm Yellowish red (5YR 4/6 dry, 5YR 3/6 moist) very 
gravelly sandy loam; massive; very hard, slightly 
sticky and slightly plastic; many thick films on 
grains; gradual, wavy(?) boundary. 

l84-254cm Strong brown (7.5YR 3/6 dry, 7.5YR 4/8 moist) 
gravelly to very gravelly loamy sand; massive; 
loose, nonsticky and nonp1astic; grains coated by 
iron oxides; abrupt, wavy boundary. 

254- cm Saugus Formation. 
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Cobble Weathering Stages: Fine-grained leucocratic granitic rocks, 1-2 
Mafic gneiss, 2-3 
Fine-grained mafics, dominantly 3-4 
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Pedon Number: 25 

Stage of Soil Development: S4 

Location: Los Angeles Co., CA.; .2 km west of Little Tujunga Road on NW 
side of Middle Ranch; SHlt;, Sec. 5, T. 3 N., R. 14 W. 

Physiographic Position: Streamcut in terrace/alluvial fan deposits of 
Little Tujunga and Kagel Canyons overlying strath cut on the 
Modello Formation; 375 m (1220 ft). 

Classification: Typic Haploxeralf 

Described by: L. D. McFadden and C. M. Menges 

Ap Q-7cm 

AB 7-l4cm 

Bl l4-33cm 

B22t 67-9lcm 

B23t 9l-l38cm 

IIB21t 138- cm 

Bro~m to dark brown (lOYR 5/3 dry, lOYR 3/3 
moist) sandy loam; medium coarse platy; soft, 
jriable; slightly sticky and slightly plastic; 
abrupt. planar boundary. 

Light brownish gray to light yellowish brown 
(lOYR 6/2 dry, lOYR 6/4 moist) sandy loam; crumb; 
loose, slightly sticky and slightly plastic; 
abrupt, wavy boundary. 

Brown to dark brown (7 • .5YR 5/4 dry, 7. 5YR 3/4 
moist) sandy clay loam; strong coarse to very 
coarse sub angular blocky; very hard. sticky and 
plastic; clay coatings on peds and grains; abrupt. 
wavy boundary. 

Strong to dark brown (7.5YR 5/6 dry. 7.5YR 4/4 
moist) gravelly sandy clay loam; moderate, coarse 
angular blocky; very hard, very sticky and very 
plastic; clay coatings on peds and grains; clear, 
wavy boundary. 

Dark brown (7.5YR 4/3 dry, 7.5YR 3/4 moist) grav
elly very sandy loam; medium. coarse to very 
coarse subangular blocky; hard, slightly sticky 
and slightly plastic; mottled; clay coatings on 
some peds and grains (dark reddish brown. 5YR 
3/6); gradual, wavy(?) boundary. 

Yellowish red (5YR 5/8 dry, 5YR 4/6 moist) very 
gravelly sandy clay loam; massive; very hard, 
sticky and plastic; mottled (brown, 7.5YR 4/6); 
clay coating on gravel. 



Cobble Weathering Stages: Mafic gneiss, 3 
Coarse-grained leucocratic plutonics, 2-3 
Fine-grained leucocratic plutonics, 1-2 
Fine-grained diabasic(?) mafic rocks, 2-3 
Modello claystone at base of profile, 4 

3~ 
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Pedon Number: 26 

Stage of Soil Development: S4 

Location: Los Angeles Co., CA.; near main entrance to Sears and Roebuck 
Storage Building on Rio Vista Avenue, off 2500 block of 
Olympic Avenue. NE~, Sec. 3, T. 25, R. 13 W. 

Physiographic Position: Hillslope exposure of fill terrace of the Los 
Angeles River. 85 m (280 ft). 

Classification: Calcic Haploxeralf 

Described by: L. D. McFadden 

Ap 

B2lt 

B22t 

B23tca 

B3lca 

0-26cm Artificial fill. 

28-53cm Pale brown to dark yellowish brown (lOYR 6/3 dry, 
3/4 moist) clay loam; moderate coarse subangular 
blocky; very hard, very sticky and very plastic; 
plentiful fine roots; abundant fine pores; few, 
thin clay films and bridges; abrupt, smooth 
boundary. 

53-8lcm Brown to dark brown (7.5YR 5/4 dry, 4/4 moist) 
clay loam; strong medium to coarse angular blocky 
to weak coarse prismatic; hard" sticky and plas
tic; few fine roots; many very fine to fine pores; 
common, moderately thick clay films on ped faces; 
many very fine to fine pores; clear, wavy 
boundary. 

8l-l49cm Light to dark brown (7.5YR 6/4 dry, 4/4 moist) 
sandy loam; moderate medium subangular blocky; 
hard, sticky and plastic; very few fine roots; 
commOn fine pores; common moderately thick ~lay 
films lining ped faces (5YR 5/6); mildly effer
vescent; carbonate occurs segregated as coatings 
on ped faces; clear, smooth boundary. 

l49-l77cm Light yellowish to yellowish brown (lOYR 6/4 dry, 
5/4 moist) sandy loam; moderate medium subangular 
blocky; very hard, slightly sticky and slightly 
plastic; very few roots; common. fine elongate 
pores; few, thin clay films on peds and grains; 
mildly effervescent; carbonate occurs segregated 
as thin filaments; white noncalcareous material 
of unknown composition coats some peds; clear, 
smooth boundary. 



IIB32ca l77-233cm 

IIClox 233- cm 
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Very pale brown to yellowish brown (lOYR 7/3 dry, 
5/4 moist) clay loam; strong fine to medium angu
lar blocky to weak medium prismatic; hard, very 
sticky and very plastic; few very fine pores; 
few fine roots; few thin clay films on ped faces 
and grains; weakly effervescent; abrupt, smooth 
boundary. 

Very pale to dark brown (lOYR 7/3 dry, 4/3 moist) 
silty loam; massive; soft, nonsticky and non
plastic; few fine pores; few fine roots. 
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Pedon Number: 27 

Stage of Soil Development: S2 

Location: Described on Chevron's Vickers 111 Lease, well il8b, NE~, Sec. 
18, T. 25, R. 14 W., 34°00'25"N, 110022'42''W. 

Physiographic Position: Modified, north-facing hillslope exposure of 
highest geomorphic surface preserved on the 
western flank of the Baldwin Hills Anticline. 
110 m (360 ft). 

Classification: 1 Typic Palexeralf 

Described by: L. D. McFadden and J. C. Tinsley 

Bl 

B2lt 

B22t 

B23t 

0-30cm Brown to dark brown (7.5YR 5/4 dry, 4/4 moist) 
silt loam; medium coarse sub angular blocky; very 
hard, slightly sticky and slightly plastic; plen
tiful, random exped coarse roots; common, very 
fine, continuous, simple pores; very few thin 
discontinuous clay films on ped faces; clear, 
smooth boundary. 

30-85cm Dark reddish brown (2.5YR 3.5/4 dry and moist) 
clay loam; very coarse to coarse weak prismatic 
breaking to strong very coarse to coarse angular 
blocky; very hard, very sticky and very plastic; 
very few fine roots; few, simple pores; continu
ous moderately thick clay films in pores and on 
ped faces (2.5YR 3/2); thin discontinuous films 
on some larger clasts; common, medium, prominent 
mottles (2.5YR); abrupt, smooth boundary. 

85-l08cm Yellowish red (5YR 5/6 dry, 4/4 moist) clay loam; 
strong medium subangular blocky; extremely hard, 
sticky and plastic; very few fine roots; few sim
ple pores; continuous moderately thick clay films 
in pores and on ped faces and grains; common, 
prominent mottles (7.5YR 4/4, 4/3); abrupt, 
smooth boundary. 

108-l47cm Light brown to brown (7.5YR 6/3 dry, 5/4 moist) 
clay loam; moderate medium sub angular blocky; ex
tremely hard, sticky and plastic; very few fine 
to very fine roots; few small, simple pores; 

1. This soil profile does not classify as a durixeralf because 
the duripan occurs below the maximum depth of 1 m as defined in the Soil 
Taxonomy. 



B24t 

B25tsim 

B3lsim 

B32 

B33 

IICox 
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continuous moderately thick clay films in pores, 
on ped faces and on grains; few, distinct mottles 
(7.5YR 5/4); abrupt, wavy boundary. 

l47-l65cm Very pale to yellowish brmm (lOYR 7/3 dry, 5/4 
moist) loamy sand; strong, medium angular blocky; 
hard, nonsticky and nonplastic; very few roots; 
many open pores; few very discontinuous clay lin
ings in pores, few bridges on peds and grains; 
abrupt, wavy to irregular boundary. 

l65-l98cm Reddish brown to yellowish red (5YR 4/4 dry, 3/6 
moist) loam; massive; extremely hard; sticky and 
plastic; few fine to very fine pores; many mod
erately thick clay films on ped faces, few thin 
films on grains; clear, smooth boundary. 

198-260cm Light brown (7.5YR 6/4 dry) loam; strong, medium 
angular blocky; very hard, slightly sticky and 
slightly plastic; very few very fine pores; few 
moderately thick clay films on ped faces, few 
thin films on grains; clear, smooth boundary. 

260-480cm Light to dark brown (7. 5YR 6/3 dry, 4/3 moist) 
loam; massive to moderate coarse sub angular 
blocky; hard, slightly sticky and slightly plas
tic; many fine pores; few thin clay films and 
bridges on ped faces and grains; clear, smooth 
boundary. 

480-680cm Light brown to brown (7.5YR 6/4 dry, 5/4 moist) 
loam; moderate coarse subangular blocky.; hard to 
very hard, slightly sticky and slightly plastic; 
many fine to very fine pores; few thin clay films 
in pores and as bridges; many moderate mottles 
(7.5YR 5/6); clear, smooth boundary. 

680- cm Very pale to yellowish brown (lOYR 7/4 dry, 5/4 
moist) loamy fine sand; massive; slightly hard, 
nonsticky and nonplastic; very few very fine 
pores; few distinct mottles (7.5YR 6/8). 
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Pedon Number: 28A 

Stage of Soil Development: S2 

Location: Los Angeles Co., CA.; east of the Mt. Sinai Hospital near the 
intersection of Brooklyn Avenue and Eastern Street, NW~, Sec. 
31, T. 15, R. 13 W., 34°01'35"N, l18°l3'18"W. 

Physiographic Position: Hillslope exposure of tilted gravels overlying 
the Fernando Formation on the flank of the 
Boyle Heights Anticline, 85 m (280 ft). 

Classification: Typic Palexeralf 

Described by: L. D. McFadden 

B2lt 0-2lcm Red to weak red (2.5YR 4/6 dry, lOR 4/4 moist) 
sandy clay loam; strong coarse to very coarse 
angular blocky; very hard, very sticky and very 
plastic; common, simple fine pores; few fine 
roots; continuous, moderately thick clay films in 
pores and on ped faces and as bridges; clear, 
smooth boundary. 

B22t 2l-4lcm Yellowish red (5YR 4/8 dry and moist) clay loam; 
strong very coarse angular blocky; very hard, 
very sticky and very plastic; plentiful fine 
roots; continuous, moderately thick clay films on 
ped faces and on grains, clay bridges; common 
simple fine pores; clear, smooth boundary. 

B23t 4l-l28cm Red (2.5YR 4/6 dry and moist) gravelly sandy clay 
loam; massive; hard, sticky and plastic; common, 
simple and dendritic fine pores; few fine roots; 
many moderately thick to thick films on grains 
and as bridges; gradual, smooth boundary. 

B24t l28-20lcm Yellowish red (5YR 4/6 dry, 4/8 moist) very grav-
elly sandy clay loam; massive; hard, sticky and 
plastic; many fine to very fine pores; few fine 
roots, many moderately thick to thin clay films 
on grains and as bridges; clear, smooth boundary. 

B25t 20l-223cm Pale brown (lOYR 6/3 dry and moist) very gravelly 
sandy clay loam; massive; hard, very sticky and 
very plastic; few fine roots; few fine pores; 
common thin to moderately thick clay films on 
grains; common distinct mottles (5YR 4/8); clear, 
smooth boundary. 



IIB3l 

IIB32 

IIB33 

322 

233-244cm Very pale brown to light yellowish brown (lOYR 
7/4 dry, 6/4 moist) sandy clay loam; massive; 
very hard, very sticky and very plastic; few very 
fine roots; few very fine pores; few thin clay 
films on grains and lining fine simple pores (5YR 
5/8); clear, smooth boundary. 

244-274cm Reddish yellow to yellowish red (5YR 6/8 dry, 5/8 
moist) gravelly sandy clay loam; massive; hard, 
slightly sticky and slightly plastic; few very 
fine pores; common thin to moderately thick clay 
films on grains; abrupt, smooth boundary. 

274- cm Light brown (7.5YR 6/4 dry and moist) very grav
elly sandy loam; massive; hard, sticky and plas
tic; few roots, few fine pores; common moderately 
thick clay films on grains. 
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Pedon Number: 28B 

Stage of Soil Development: S7 

Location: Described near intersection of Manhattan Beach Blvd. and 
Prairie St., NW~, Sec. 27, T. 35, R. 14 W.; 35°53'13"N, 118° 
20'32"W. 

Physiographic Position: Pit excavated on low, recent terrace that has 
experienced historic flooding, 14 m (47 ft). 

Classification: Typic Xerorthent 

Described by: J. C. Tinsley 

Ap O-lOcm 

Al lO-40cm 

Clox 40-74cm 

C20x 74-99cm 

C2n 99- cm 

Gray brown to very dark gray brown (lOYR 5/2 dry, 
3/2 moist) sandy loam; weak fine granular; 
slightly hard, friable, slightly sticky and non
plastic; few very fine roots; many very fine in
terstitial pores, violently effervescent; carbon
ate occurs both disseminated and as fine grains; 
abrupt, smooth boundary. 

Gray brown to dark brown (lOYR 5/2 dry, 4/2 
moist) sandy loam; weak, medium subangular blocky; 
slightly hard, slightly sticky and slightly plas
tic; many very fine common fine tubular pores; 
common very interstitial pores; violently effer
vescent; carbonate occurs both disseminated and 
as grains; clear, smooth boundary. 

Pale to dark brown (lOYR 6/3 dry, 4/2 moist) 
sandy loam; massive; slightly harri, friable, 
slightly sticky and nonplastic; fe:w very fine 
roots; common very to fine tubular and intersti
tial pores; violently effervescent; carbonate 
occurs both as grains and disseminated; clear, 
wavy boundary. 

Pale to dark brown (lOYR 6/3 dry, 4/3 moist) 
sandy loam; massive; very friable, nonsticky and 
nonplastic; few fine roots; few very fine tubular 
and interstitial pores; violently effervescent; 
carbonate occurs disseminated in the matrix; 
clear, wavy boundary. 

Pale brown to light yellowish brown (lOYR 6/2 dry, 
6/4 moist) silt loam; massive; soft, friable, 
nonsticky and nonplastic; few fine roots; common 
fine and very fine interstitial pores; violently 
effervescent. 
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Pedon Number 28C 

Stage of Soil Development: S6 

Location: Pit described near intersection of Freeway 405 and Sherman 
Way, ~1W~, Sec. 8, T. 1 N., R. 5 W.; 34°13'06"N, 118°28'34''\.]. 

Physiographic Position: Elevation: 230 m (752 ft). 

Classification: Typic Xerorthent 

Described by: J. C. Tinsley 

Ap 

A 

Clox 

C20x 

C3n 

O-lOcm 

10-40cm 

40-73cm 

Grey brown to very dark grey bro\VU (lOYR 5/2 dry, 
3/2 moist) loam; weak, fine subangular blocky; 
hard, friable, slightly sticky and slightly plas
tic; many fine roots; few medium tubular pores; 
few very fine tubular and interstitial pores; 
slightly effervescent; carbonate occurs both dis
seminated and as fine filaments; clear, wavy 
boundary. 

Same description as above except strongly effer
vescent with a few medium, tubular pores. 

Pale bro\VU .to brown (lOYR 6/3 dry, 4/3 moist) 
loma; weak, medium subangular blocky; hard, fri
able, slightly sticky and slightly plastic; few 
very fine roots; common very fine tubular and 
interstitial pores; violently effervescent; car
bonate occurs as disseminated and in few fine 
fine filaments; gradual, wavy boundary. 

73-l20cm Pale to dark brmm (lOYR 6/3 dry, 4/3 moist) 
sandy clay loam; massive; hard, friable, slightly 
sticky and plastic; few very fine roots; few very 
fine tubular pores; stratified and thin sandy 
laminae and sand pockets; violently effervescent; 
lime disseminated and as few fine filaments; 
clear, smooth boundary. 

120- cm Light bro\VUish grey to light yellowish brown (10 
YR 6/2 dry, 6/4 moist) silty clay loam; massive; 
hard, friable, sticky and plastic; few roots, 
very few tubular pores; violently effervescent; 
carbonate is disseminated. 
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Pedon Number: 29Wl 

Stage of Soil Development: S4 

Location: San Bernardino Co., CA.; approximately 2-3 km west of I-IS, 
along Lone Pine Canyon; SW\, Sec. 12, T. 2 N., R. 6 W. 

Physiographic Position: Pit excavated on Tl cut-terrace above Lone Pine 
Canyon on Cajon Creek; 980 m (3200 ft). 

Classification: Typic Haploxeralf 

Described by: L. D. McFadden, D. Marchand, and J. C. Tinsley 

A 

Bl 

B2t 

B3 

Clox 

0-2.5cm 

2.5-9cm 

9-26cm 

26-45cm 

45-63cm 

Dark gray brown to very dark gray brown (lOYR 4/2 
dry, 3/2 moist); wavy, clear boundary. 

Dark gray brown to very dark gray brown (lOYR 4/2 
dry, 3/2 moist) coarse sandy loam; massive, break
ing to very weak fine to medium crumbs; loose to 
slightly soft (moist), slightly sticky and slight
ly plastic; few very fine to fine pores; abrupt, 
wavy boundary. 

Dark brown (lOYR 4/3-4 dry, 3/3 moist) pebbly to 
bouldery coarse sandy loam; moderate coarse sub
angular blocky; soft(?), slightly sticky and 
slightly plastic; few to common discontinuous 
thin cutans and bridges; common fine interstitial 
and tubular pores; common very fine to medium 
roots, abrupt, wavy boundary. 

Yellow brown to dark yellowish brown (lOYR 5/4 
dry, 4/4 moist) loamy sand to sandy loam; mas
sive; loose, very slightly sticky and nonplastic; 
few to common fine to medium roots; clear, wavy 
boundary. 

Light yellowish to yellowish brown (lOYR 6/4 dry, 
5/4 moist) coarse loamy sand; massive; loose, 
nonsticky and nonplastic; few medium roots; grad
ual wavy boundary. 

C2n Very dark gray brown to dark brown (2.SY 3/2 
slightly moist, lOYR 4/3 to 3/3 moist) coarse 
loamy sand; massive; loose, nonsticky and 
nonplastic. 

NOTE: 63 cm is base of pit dug on Tl terrace. This depth is maximum 
knm·m depth of Clox. Description of C2n is from adjacent hill
slope exposure at greater but unknown depth. 
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Pedon Number: 29W2 

Stage of Soil Development: S5 

Location:. San Bernardino Co., CA.; approximately 2-3 kIn west of 1-15, 
along Lone Pine Canyon; SW~, Sec. 12, T. 2 N., R. 6 W. 

Physiographic Position: Pit excavated on T3 cut terrace above Lone Pine 
Canyon on Cajon Creek; 980 m (3200 ft). 

Classification: Typic Xerochrept 

Described by: L. D. McFadden, D. Marchand, and J. C. Tinsley 

A 0-5cm 

AB 5-l7cm 

IIB l7-38cm 

IIClox 38-58cm 

IIC20x 58- cm 

Gray brown to very dark gray (lOYR 5/2 dry, 3/1 
moist) fine loamy sand; massive; loose, very 
slightly sticky and nonplastic; plentiful fine 
to very fine roots; abrupt, smooth boundary. 

Dark brown (lOYR 4/3 dry, 3/2 moist) coarse loamy 
sand; massive; loose, slightly sticky and nonplas
tic; few tubular pores and very fine to fine in
terstitial pores, plentiful fine to very fine 
roots; few, thin cutans or siltans; abrupt, wavy 
boundary. 

Brown to dark brown (lOYR 5/3 dry, 3/3 moist) 
pebbly to bouldery coarse sandy loam to loamy 
sand; massive, breaking to weak, medium to coarse 
sub angular blocky; soft, slightly sticky and non
plastic; fine to medium roots; few discontinuous 
cutans or siltans; few fine interstitial pores 
and fine tubular pores; abrupt, wavy boundary. 

Pale to dark brown (lOYR 6/3 dry, 3/3 moist) 
pebbly to bouldery loamy sand; massive; loose to 
soft, very slightly sticky and nonplastic; clear, 
wavy boundary. 

Light yellowish brown to dark gray brown (2.5Y 
6/3 d.ry, 4/2 moist) gravelly sand; massive; loose, 
very slightly sticky and nonplastic; few fine 
roots. 



327 

Pedon Number: 29W3 

Stage of Soil Development: S6 

Location: San Bernardino Co., CA.; approximately 2-3 km west of 1-15, 
along Lone Pine Canyon; SW~, Sec. 12, T. 2 N., R. 6 W. 

Physiographic Position: Hi11s1ope exposure to T4 cut terrace above 
Cajon Creek in Lone Pine Canyon; 980 m (3200 
ft). 

Classification: Typic Xerorthent 

Described by: L. D. McFadden, D. Marchand, and J. C. Tinsley 

02 1-0cm 

A 0-26cm 

AC 26-40cm 

C10x 40-83cm 

C2n 83- cm 

Undecomposed organic matter. 

Light gray brown to dark brown (10YR 6/2 dry, 4/3 
moist) loamy coarse sand; massive breaking to 
very weak medium subangu1ar blocky; loose to 
soft, nonsticky and nonp1astic; plentiful fine to 
medium roots; common fine to very fine intersti
tial pores; abrupt, wavy boundary. 

Light gray brown to very dark gray brown (10YR 
6/2 dry, 3/2 moist) gravelly sand; massive; loose, 
nonsticky and nonplastic; common to plentiful 
fine roots; gradual, irregular boundary. 

Light brownish gray to very dark grayish brown 
(2.5Y 6/2 dry, 3/2 moist) gravelly coarse sand; 
massive; loose, nonsticky and nonplastic; few 
fine prominent mottles; common to locally plenti
ful medium to fine roots; incipient discontinu
ous clayey silt(?) coatings on tops of many larger 
clasts; abrupt, irregular boundary. 

Olive gray (5Y 5/2 dry, 4/2-3/2 moist) gravelly 
sand; massive; loose, nonsticky and nonplastic; 
few very fine roots. 
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Pedon Number: 29 

Stage of Soil Development: S2 

Location: San Bernardino Co., CA.; roadcut made by Sunset Road l~ km 
north of Banning on the Banning Bench east of the San Gor
gonio River; SW~, Sec. 32, T. 2 S., R. 1 E. 

Physiographic Position: Roadcut in high dissected, faulted geomorphic 
surface; 995 m (3120 ft). 

Classification: Typic Palexeralf 

Described by: L. D. McFadden 

Ap 

B2lt 

B22t 

B23t 

B24t 

B25t 

0-25cm Agricultural overburden. 

25-49cm Light red to red (2.5YR 6/6 dry, 4/6 moist) grav
elly sandy clay loam; medium, strong sub angular 
blocky; hard, very sticky and very plastic; few 
fine roots; very few fine pores; common moderately 
thick clay films on grains and ped faces, clay 
bridges; smooth, clear boundary. 

49-87cm Light to weak red (2.5YR 6/8 dry, lOR 4/4 moist) 
clay loam; strong, medium to coarse strong sub
angular blocky; very hard, very sticky and very 
plastic; very few roots; few, fine pores; continu
ous, thick clay films on grains and ped faces, 
clay bridges; smooth, clear boundary. 

87-l24cm Red (2.5YR 5/6 dry, 4/6 moist) gravelly sandy 
clay loam; strong medium 5ubangular; hard, sticky 
and plastic; very few roots; very few fine pores; 
continuous thick grain and ped clay films (2.5YR 
4/8); clear, wavy boundary. 

l24-l54cm Reddish yellow (5YR 6/6) gravelly sandy loam; 
strong medium subangular blocky to massive; hard, 
sticky and plastic; very few fine roots; few fine 
pores; common moderately thick clay films on 
grains and ped faces; abrupt, smooth boundary. 

l54-l80cm Reddish yellow to strong brown (7.5YR 6/6 dry, 
5YR 5/6 moist) gravelly sandy loam; massive; hard, 
sticky and plastic; few fine to medium pores; 
common moderately thick clay films on grains; 
clear, smooth boundary. 



B3 

Cox 
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180-280cm Very pale to yellowish brown (lOYR 7/4 dry, 5/4 
moist) gravelly to very gravelly sandy loam; mas
sive; slightly hard, slightly sticky and slightly 
plastic; common fine pores; few thin clay films 
on grains; gradual, smooth boundary. 

280- em Very pale to yellowish brown (lOYR 7/4 dry, 5/4 
moist) gravelly to very gravelly loamy sand; mas
sive; loose, nonsticky and nonplastic. 

Cobble Weathering Stages: B horizon: mafic plutonic, 4 
leucocratic plutonic, 4 
quartz feldspar gneiss, 2-3 
quartz-rich metamorphic, 2 

Cox to 10 m depth: mafic plutonic, 3-4 
leucocratic plutonic, 3-2 
gneiss, 2 
mafic schist, 3-4 
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Pedon Number: 30 

Stage of Soil Development: S6 

Location: San Bernardino Co., CA.; 20 m east of Banning Canyon Road in 
north Banning just SE of large water tank, SW~, Sec. 33, 
T. 2 S., R. 1 E. 

Physiographic Position: Exposed cut in fluvial terrace present 3-4 m 
above modern channel of San Gorgonio Wash, 
802 m (2620 ft). 

Classification: Entic Haploxeroll 

Described by: L. D. McFadden 

All 

Al2 

IIAC 

IIClox 

IIC20x 

0-36cm Brown to very dark brown (IOYR 5/3 dry, 3/3 
moist) loam; weak, medium subangular blocky; 
soft, slightly sticky and slightly plastic; many 
fine roots; common incipient organic matter-rich 
silty clay coatings on large clasts; abrupt, 
smooth boundary. 

36-76cm Pale to dark brown (IOYR 6/3 dry, 7.SYR 4/3 
moist) nongravelly to gravelly sandy l0am; moder
ate medium coarse subangular blocky; slightly 
hard, slightly sticky and slightly plastic; few 
roots; common fine pores; common incipient or
ganic matter-rich clayey silt coatings on large 
clasts; clear, smooth boundary. 

76-92cm Brown to dark yellowish brown (lO-7.5YR 5/3 dry, 
lOYR 3/4 moist) gravelly to very gravelly sandy 
loam; weak medium subangular blocky to massive; 
slightly hard, slightly sticky and slightly plas
tic; few fine roots; many very fine to fine pores; 
incipient to moderate organic matter-rich clayey 
silt coatings on large clasts; clear, smooth 
boundary. 

92-134cm Light to dark yellowish brown (IOYR 6/4 dry, 4/4 
moist) very gravelly loamy sand; weak medi.um sub
angular blocky to massive; soft to slightly hard, 
slightly sticky and nonplastic; few fine roots; 
common very fine to fine pores; incipient to mod
erate organic matter-rich clayey silt coatings on 
larger clasts; clear, lvavy boundary. 

134-180cm Very pale to yellowish brown (IOYR 7/4 dry, 5/4 
moist) very gravelly sand; massive; loose, non
sticky and nonplastic; very few roots; incipient 



clayey silt coatings on larger clasts; wavy to 
irregular boundary. 
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IIC30x 180- cm Very pale brown to brown (lOYR 7/3 dry, 5/3 
moist) very gravelly sand; massive; loose, non
sticky and nonplastic. 

Cobble Weathering Stages: A to upper Cox: leucocratic plutonic, 2-1 
coarse-grained mafic 

plutonic, 2-3 
quartz-rich metamorphics, 

1-2 

Lower Cox: leucocratic: plutonic, 1-2 
coarse-gra:lned plutonic, 2 
leucocratic gneiss, 1 



332 

Pedon Number: 31A 

Stage of Soil Development: S7 

Location: San Bernardino Co., CA.; eastern bank of San Gorgonio River, 
east of Banning Canyon Road, north of Banning, S~, Sec. 33, 
T. 2 S., R. 1 E. 

Physiographic Position: Exposure of low, recent terrace, approximately 
2 m above modern channel; 802 m (2620 ft). 

Classification: Typic Xerorthent 

Described by: L. D. McFadden 

A 0-20cm 

Clox 20-39cm 

C2n 39- cm 

Gray brown to very dark gray brown (lOYR 5/2 dry, 
3/2 moist) locally gravelly loam; weak medium to 
coarse subangular blocky; slightly hard, slightly 
sticky and slightly plastic; plentiful fine roots; 
many very fine to fine pores; incipient organic 
matter-rich coatings on most larger clasts; 
abrupt, smooth boundary. 

Pale to dark brown (lOYR 6/3 dry, 3/3 moist) 
gravelly to very gravelly loamy sand; massive; 
loose, nonsticky and nonplastic; many fine to me
dium roots; few, thin discontinuous ferruginous 
films on some clasts; abrupt, wavy boundary. 

Light brown gray to dark gray brown (2.5Y 6/2 dry, 
4/2 moist) gravelly to very gravelly sand; mas
sive; loose, nonsticky and nonplastic; few fine 
to medium roots; occasional pockets of ferrugi
nous sandy material. 

Cobble Weathering Stages: All lithologies are stage 1 except for incipi
ent pitting of coarse-grained plutonic rocks. 
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Pedon Number: 3lB 

Stage of Soil Development: S7 

Location: San Bernardino Co., CA.; west side of San Gorgonio River,. 
50 m east of the Banning Canyon Road, NW~, Sec. 3, T. 2 S., 
R. I E. 

Physiographic Position: Pit excavated on low, recent terrace of San 
Gorgonio Riv,er; 802 m (2620 ft). 

Classification: Typic Xerorthent 

Described by: L. D. McFadden, J. C. Tbsley, and J. Matte 

A 0-35cm 

Clox 35-47cm 

C2n 47- cm 

Pale brown to dark gray brown (IOYR 6/3 dry, 3/3-
3/2 moist) gravelly fine to medium sand; massive; 
loose, nonsticky and nonplastic; common very fine 
to fine roots; many fine interstitial pores; in
cipient silt coatings on tops and sides of large 
clasts; abrupt, VJavy boundary. 

Pale to dark brown (IOYR 6/3 dry, 4/3 moist) 
gravelly sand; massive; loose, nonsticky and non
plastic; very few fine roots; abrupt irregular 
boundary. 

White to light yellowish brown (2.5Y 8/2 dry, 
lOYR 4/3 moist) very gravelly medium sand; mas
sive; loose, nonsticky and nonplastic. 

Clast Weathering Stages: Same as those reported for pedon 31A. 
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Peden Number: 32 

Stage of Soil Development: S5 

Location: San Bernardino Co., CA.; ~ km west of the San Go~gonio River, 
just west of road paralleling the river on high geomorphic 
surface, SW~, Sec. 17, T. 2 S., R. 1 E. 

Physiographic Position: Hillslope formed on terrace, approximately 65 m 
above modern channel; 1180 m (3860 ft). 

Classific:ation: Typic Haploxeralf 

Described by: L. D. McFadden 

A 

Bl 

B2lt 

B22t 

Clox 

0-45cm Brown to dark brown (lOYR 5/3 dry, 4/3 moist) 
loam; moderate medium to coarse subangular blocky; 
slightly hard, slightly sticky and slightly plas
tic; some fine to medium roots; many very to fine 
pores; incipient to moderate organic matter-rich 
coatings on some large clasts; clear. smooth 
boundary. 

45-70cm Brown to dark brown (7.5YR 5/4 dry, 4/4 moist) 
gravelly sandy loam; moderate medium sub angular 
blocky; slightly hard, slightly sticky and slight
ly plastic; few fine roots; many very fine to me
dium pores; very few thin clay films on some 
grains; gradual, smooth boundary. 

70-l08cm Strong bro~~ (7.5YR 5/6 dry, 4/6 moist) gravelly 
to very gravelly sandy loam; moderate coarse sub
angular blocky; hard, sticky and plastic; few 
fine roots; many very fine pores; incipient to 
moderate silty clay coatings on larger clasts, 
common, thin clay films on grains and ped faces; 
clear, wavy boundary. 

108-l53cm Very pale brown to dark yellowish brown (lOYR 7/4 
dry, 4/4 moist) gravelly to very gravelly loamy 
sand; moderate coarse subangular blocky; 'slightly 
hard; slightly sticky and nonplastic; very few 
fine roots; many fine pores; common moderately 
thick clay films on ped faces; clear, smooth 
boundary. 

l53-178cm Light to dark yellowish brown (lOYR 6/4 dry, 4/4 
moist) very gravelly sand; massive; loose, nol.1-
sticky and nonplastic; very few roots; clear, 
wavy boundary. 



C20x 178-209cm 

IIB21tb 209- em 
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Very pale to dark brown (lOYR 7/3 dry, 4/3 moist) 
very gravelly sand; massive, loose, nonsticky 
nonplastic; very few roots; abrupt, smooth 
boundary. 

Buried argillic horizon of pedon 33. 

Cobble Weathering Stages: A and B horizons: all coarse-grained plu
tonic lithologies, 3-4 

gneiss, 2 
mafic schist, 4 

Cox: coarse-grained plutonic rocks, 2-3 
gneiss, 3 
mafic schist, 3-4 
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Pedon Number: 33 

Stage of Soil Development: S4 

Location: San Bernardino Co., CA.; ~ km west of the San Gorgonio River, 
just west of road paralleling the river on high geomorphic 
surface, swlz;, Sec. 17, T. 2 S., R. 1 E. 

Physiographic Position: Hillslope formed on terrace approximately 65 m 
above modern channel; 1180 m (3860 ft). 

Classification: Typic Haploxeralf 

Described by: L. D. HcFadden 

A 

B2lt 

B22t 

B23t 

B24t 

0-42cm Pale to dark brown (lOYR 6/3 dry, 4/3 moist) 
loam; moderate coarse sub angular blocky; slightly 
hard, slightly sticky and slightly plast:i.c; few 
fine to medium roots; common very fine to fine 
pores; incipient organic matter-rich clayey silt 
coatings on larger clasts; abrupt, smooth 
boundary. 

42-90cm Brown to dark brown (7.5YR 5/4 dry, 4/4 moist) 
gravelly to very gravelly sandy loam; moderate 
coarse sub angular blocky; hard, slightly sticky 
and slightly plastic; some fine to medium roots; 
common very fine to fine pores; moderate organic 
matter-rich coatings on some larger clasts; few 
thin clay films on grains; abrupt, smooth boundary 
boundary. 

90-l97c.m Pink to brown (7.5-l0YR 7/4 dry, 5/4 moist) very 
gravelly loamy sand; massive; slightly hard, 
slightly sticky and nonplastic; very few fine 
roots; many very fine to fine pores; common thin 
clay films on grains; occasional ferruginous 
stains on larger clasts; occasional Bt bands; 
gradual, smooth boundary. 

197-279cm Light brown to brown (7.5-l0YR 6/4 dry, 5/4 moist) 
very gravelly loamy sand; massive; slightly hard, 
slightly sticky and nonplastic; few fine to medium 
roots; very many very to fine pores; few thin clay 
film on grains; occasional ferruginous stains on 
larger clasts; clear, smooth boundary. 

279-386cm Light reddish brown to brown (5-7.5YR 6/4 dry, 
5/4 moist) very gravelly sandy loam; massive; 
hard, sticky and plastic; few fine roots; few 



Clox 386-499cm 

C20x 499- cm 
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very fine pores; common thin to moderately thick 
clay films on g~ains; occasional ferruginous 
stains on larger clasts and Bt bands; gradual, 
smooth boundary. 

Very pale to yellmvish brown (IOYR 7/4 dry, 5/4 
moist) very gravelly loamy sand; massive; loose 
to soft, nonsticky and nonplastic; few fine to 
medium roots; abrupt, smooth boundary. 

Very pale brown to brown (IOYR 7/3 dry, 5/3 
moist) very gravelly sand; massive; loose, non
sti.cky and nonplastic; very few fine roots. 

Cobble Weathering Stages: A-Cox: coarse-grained plutonic rocks, 4-3 
gneiss, 3 
quartz-rich metamorphic rocks, 2 
mafic schists, 4 



338 

Pedon Number: 34 

Stage of Soil Development: S6 

Location: San Bernardino Co., CA.; west side of Millard Canyon Creek; 
~ km east of dirt road following Millard Canyon, SW~, Sec. 
32, T. 2 S., lL 2 E. 

Physiographic Position: Streamcut exposure of terrace that is present 
·3-4 m above modern channel; 760 m (2480 ft). 

Classification: Typic Xerorthent 

Described by: L. D. McFadden 

A 

Clox 

C2n 

IICloxb 

IIC2nb 

0-51cm Brown to very dark brown (lOYR 5/3 dry, 3/3 
moist) loamy sand; weak medium subangular blocky; 
firm, nonsticky and nonplastic; many fine roots; 
incipient organic matter-rich silty clay coatings 
on large clasts; clear, smooth boundary. 

51-87cm Yellowish to dark yellowish brown (lOYR 5/4 dry, 
3/4 moist) gravelly sand; massive; loose, non
sticky and nonplastic; some fine roots; incipient 
silty clay coatings on some larger clasts; clear, 
smooth boundary. 

87-174cm Light gray to gray brown (2.5Y 7/2 dry, 5/2 
moist) gravelly sand; massive; loose, nonsticky 
and nonplastic; occasional 3-10 cm thick oxi
dized, sandy layers within horizon; abrupt, 
smooth boundary. 

174-272cm Light to dark yellowish brown (lOYR 6/4 dry, 4/4 
moist) loamy sand; massive; slightly hard, non
sticky and nonplastic; occasional ferruginous 
stains on some clasts; discontinuous lenses of 
unoxidized material; abrupt, smooth boundary. 

272- cm Very pale to dark brown (IOYR 7/2 dry, 4/2 moist) 
gravelly sand; massive; loose, nonsticky and 
nonplastic. 

Cobble Weathering Stages: Upper profile: leucocratic plutonic rocks, 
1-2 

mesocratic plutonic rocks, 2 
gneiss, I 
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Cobble Weathering Stages--Conl:inued 

Buried profile: mafic gneiss, diorite, 2-3 
. quartz-feldspar gneiss, 1-2 
leucocratic plutonic rocks, 1 
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Pedon Number: 35 

Stage of Soil Development: S? 

Location: San Bernardino Co., GA.; west side of Millard Canyon Creek; 
~ km east of dirt road following Millard Canyon, SW~, Sec. 
32, T. 2 S., R. 2 E. 

Physiographic Position: Streatllcut exposure of :recent terrace that oc
cu~s l~ m above the modern channel; 760 m 
(2480 ft). 

Classification: 'lypic Xerorthent 

Described by: L. D. McFadden 

A 0-20cm 

Cn 20- cm 

Light brownish gray to dark grayish brown (lOYR 
6/2 dry, 4/2 moist) sand; massive; loose, non
sticky and nonplastic; many fine to medium roots; 
abrupt, smooth boundary. 

Light gray to gray brown (2 •. 5Y 7/2 dry, 5/2 
moist) gravelly to very gravelly sand; massive; 
loose, nonsticky and nonplastic; few, fine roots. 

Cobble Weathering S~ages: Within profile all lithologies, 1 
Clasts exposed at surface, incipient 2 
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Pedon Number: 36 

Stage of Soil Development: S2 

Location: San Bernardino Co., CA.; east side of Millard Canyon Creek, 
I km east of dirt road paralleling Millard Canyon; SW~, Sec. 
32, T. 2 S., R. 2 E. 

Physiographic Position: Hillslope formed on highest preserved geomor
phic surface of Millard Canyon Creek area, oc
curring 100 m above modern channel; 845 m 
(2760 ft). 

Classification: Typic Palexeralf 

Described by: L. D. McFadden 

A 

B2lt 

B22t 

B23t 

0-102cm Yellowish red (5-7.5YR 5/6 dry, 3/6 moist) loamy 
sand; weak medium subangular blocky to massive; 
slightly hard; slightly sticky and nonplastic; 
few fine roots; many very fine pores and few me
dium pores; abrupt, smooth boundary. 

102-l28cm Light reddish brown to reddish brown (5YR 6/4 dry, 
4/4 moist) locally gravelly sandy loam; moderate 
coarse subangular blocky; hard, sticky and 
slightly plastic; very few roots; common very 
fine to fine pores; common thin to moderately 
thick clay films on ped faces; occasional ferru
ginous stains on large clasts; clear, smooth 
boundary. 

l28-158cm Red (2.5YR 5/6 dry, 4/6 moist) gravelly sandy 
clay loam; weak coarse subangular blocky; very 
hard, sticky and plastic; few fine roots; few 
very fine pores; common moderately thick to thick 
clay films on grains and ped faces (2.5YR 4/8); 
ferruginous stains on many clasts; gradual, smooth 
boundary. 

158-l97cm Light red to red (2.5YR 6/8 dry, 4/8 moist) grav-
. elly to very gravelly sandy loam; weak coarse 
subangular blocky to massive; very hard, sticky 
and slightly plastic; very few fine roots; very 
few very fine pores; continuous moderately thick 
clay films on grains and ped faces (lOR 5/6); 
clear, smooth boundary. 



I 

B24t 

B3 

Clox 

C20x 
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197-233cm Light red to red (2.5YR 6/6 dry, 4/6 moist) very 
gravelly sandy loam; massive; hard, sticky and 
slightly plastic; few fine roots; few very fine 
pores; many moderately thick clay films on 
grains (2.5YR 5/6); occasional ferruginous stains 
on large clasts; abrupt, smooth boundary. 

233-286cm Reddish yellow to yellowish red (5YR 6/8 dry, 4/8 
moist) gravelly loamy sand; massive; slightly 
hard, slightly sticky and nonplastic; few fine 
roots; occasional Bt bands, ~-l cm thick (2.5YR 
5/6); gradual, smooth boundary. 

286-328cm Strong brown (7.5YR 5/6 dry, 4/6 moist) gravelly 
to very gravelly sand;: massive; loose, nonsticky 
and nonplastic; few fine to medium roots; occa
sional Bt bands; gradual, smooth boundary. 

328- cm Light to dark yellowish brown (IOYR 6/4 dry, 4/4 
moist) gravelly to very gravelly sand; massive; 
loose, nonsticky and nonplastic; very few fine 
roots; occasional Bt bands. 

Cobble Weathering Stages: B horizon: coarse-grained mesocratic to 
melanocratic plutonic rocks and 
mafic schists, 4-3 

gneiss, 2 
gneissic leucocratic plutonic 

rocks, 3 

Cox: coarse-grained mesocratic plutonic 
rocks, 3-4 

coarse-grained leucocratic plutonic 
rocks, 3 

quartz-rich gneiss, 2 
mafic schist, 3 
.fine-grained metamorphic rocks, 2 
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Pedon Number: 37 

Stage of Soil Development: S6 

Location: San Bernardino Co., CA.; wes~ side of Millard Canyon Creek, 
~ km east of dirt road following Millard Canyon, SW~, Sec. 
32, T. 2 S., R. 2 E. 

Physiographic Position: Pit dug in fluvial terrace of Millard Canyon 
Creek that occurs approximately 8 m above 
modern channel; 765 m (2490 ft). 

Classification: Typic Xerorthent 

Described by: L. D. McFadden 

A 

AC 

Clox 

C20x(?) 

0-27cm 

27-45cm 

45-70cm 

70- cm 

Brown to very dark brown (lOYR 5/3 dry, 3/3 
moist) locally gravelly sandy loam; massive; me
dium coarse subangular blocky; soft to slightly 
hard, slightly sticky and slightly plastic; many 
fine to medium roots; incipient organic matter
rich clayey silt coatings on large clasts; abrupt, 
smooth boundary. 

Light to dark yellowish brown (lOYR 6.4 dry, 3/4 
moist) very gravelly loamy sand; weak sub angular 
blocky to massive; firm, slightly sticky and non
plastic; very many very fine pores; few fine to 
medium roots; incl.pient organic matter-rich coat
ings on large clasts; abrupt, smooth boundary. 

Very pale brown to dark yellowish brown (lOYR 7/4 
dry, 4/4 moist) very gravelly sand; massive; 
loose, nonsticky and nonplastic; few fine roots; 
occasional ferruginous stains on large clasts; 
abrupt, wavy(?) boundary. 

Very pale brown to brown (lOYR 7/3 dry, 5/3 
moist) very gravelly sand; massive; loose, non
sticky and nonplastic. 

Cobble Weathering Stages: A-Cox! leucocra.tic plutonic rocks, 1-2 
mesocratic to melanocratic plutonic 

rocks, 2-3 
gneiss, 1 
mafic augen gneiss, 2 
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Pedon Number: 38A 

Stage of Soil Development: S3 

Location: San Bernardino Co., CA.; 2~ km west of California Highway 62, 
south side of Mission Creek; SE~, Sec. 18, T. 2 S., R. 4 E. 

Physiographic Position: Streamcut exposed cut in fluvial terrace of 
Mission Cree~~; 8-9 m above modern channel; 
612 m (2000 ft). 

Classification: Haploxeralfic Haplargid 

Described by: L. D. McFadden 

A 

B2lt 

B22t 

B23t 

B24t 

B25t 

0-22cm 

22-34cm 

34-80cm 

80-l09cm 

Very pale brown to brown (lOYR 7/3 dry, 4/3 
moist) loamy sand; weak medium subangular blocky; 
soft, very slightly plastic and nonplastic; many 
fine roots; common very fine to fine pores; 
ab~upt, smooth boundary. 

Light to dark brown (7.5YR 6/4 dry, 4/4 moist) 
gravelly sandy clay loam; massive; slightly hard, 
sticky and plastic; few fine roots; common very 
fine to fine pores; few thin to moderately thick 
clay films on grains; abrupt, smooth boundary. 

Reddish yellow to yellowish red (5YR 6/6 dry, 5/6 
moist) very gravelly sandy clay loam; massive; 
hard, sticky and plastic; very few fine roots; 
many very fine to fine pores; common moderately 
thick clay films on grains and as bridges; clear, 
smooth boundary. 

Reddish yellow to strong brown (5-7.5YR 6/6 dry, 
5/6 moist) sandy clay loam; massive; hard; sticky 
and plastic; common fine to very fine pores; com
mon thick clay films on grains; gradual, smooth 
boundary. 

l09-l42cm Light to dark brown (7.5YR 6/4 dry, 4/4 moist) 
very gravelly sandy clay loam; massive; hard; 
sticky and plastic'; few very fine pores; moder
ately thick clay films on grains; (5YR 6/6); 
clear, smooth boundary. 

l42-176cm Very pale to yellm>1ish brown (lOYR 7/4 dry, 5/4 
moist) very gravelly sandy loam; oassive; hard, 
slightly sticky and slightly plastic; many very 
fine to fine pores; few incipient clay films on 



B3ca 

Clcaox 

C2caox 

C30x 

grains; occasional Bt bands up to 1 cm thick 
(7.5YR 5/4); clear, smooth boundary. 
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l76-253cm Very pale bro~~ to brown (lOYR 7/3 dry, 5/3 
moist) very gravelly loamy sand; massive; hard, 
nonsticky and nonplastic; common very fine to 
fine pores; few incipient clay or silt(?) films 
coating some grains; occasional filaments, ~-l cm 
thick, of carbonate in the matrix; violently ef
fervescent; abrupt, smooth boundary. 

253-279cm Very pale to yellowish brown (lOYR 7/3 dry, 5/4 
moist) gravelly to very gravelly loamy sand; 
massive; very hard, slightly sticky and nonplas
tic; very few pores; few incipient clay or silt 
films on some grains; violently effervescent; 
carbonate occurs dominantly segregated as fila
ments; matrix cemented, probably dominantly by 
clay; gradua.l, smooth boundary. 

279-349cm Light gray to gray brown (lOYR 7/2 dry, 5/2 
moist) nongravelly to gravelly loamy sand; hard, 
nonsticky and nonplastic; many very fine to fine 
pores; slightly effervescent; gradual, smooth 
boundary. 

349- cm Light gray to dark brown (lOYR 7/3 dry, 4·/3 
moist) gravelly sand; massive; soft to slightly 
hard, nonsticky and nonplastic; noneffervescent. 

Cobble Weathering Stages: . B horizon: leucocratic plutonic rocks, 3-4 
mesocratic plutonic rocks, 4 
gneiss, 2 
quartz-rich metamorphic rocks, 

1-2 

C horizon: leucocratic plutonic rocks, 2 
mesocratic plutonic rocks, 3 
gneiss, 1-2 
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Pedon Number: 38B 

Stage of Soil Development: S3 

Location: San Bernardino Co., CA.; buried profile just below profile 
38A. 

Physiographic Position: Streamcut-exposed buried soil profile occurring 
below pedon 38A. 

Classification: Haploxeralfic Haplargid 

Described by: L. D. McFadden and J. C. Tinsley 

IIB2ltb 0-28cm 

IIB22tb 28-54cm 

IIB23tb 54-78cm 

IICoxb 

C20xb 104- cm 

Reddish to strong brown (5-7.5YR 5/4 dry, 5/6 
moist) bouldery loam; massive to moderate very 
coarse angular blocky; hard, slightly sticky and 
slightly plastic; few very few interstitial pores; 
common very thin discontinuous clay films on 
grains; clear, wa~J(?) boundary. 

Brown to strong brown (7.5YR 5/4 dry, lOYR 4/6 
moist) bouldery sandy loam; massive; hard to very 
hard; sticky cmd slightly plastic; many very fine 
to fine tubular pores; common fine interstitial 
pores; few, very thin discontinuous clay films on 
grains; clear, wavy(?) boundary. 

Brownish yellow to dark yellowish brown (lOYR 6/6 
dry, 4/4 moist) bouldery loamy sand; massive; 
hard to very hard, slightly sticky and slightly 
plastic; many very fine to fine interstitial" 
pores; few very thin discontinuous clay films on 
grains; clear, wavy(?) boundary. " 

Yellowish to dark yellowish brown (lOYR 5/4 dry, 
4/4 moist) bouldery loamy sand; massive; hard, 
very slightly sticky and very slightly plastic; 
common fine interstitial pores; few very thin 
discontinuous clay films on grains; clear, wavy(?) 
boundary. 

Light brownish to light olive brown (lOYR 6/4 dry, 
2.SY 5/4 moist) bouldery loamy sand; massive; hard 
to very hard; slightly sticky and slightly plas
tic; essentially nonporous; few very fine inter
stitial pores. 
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Cobble Weathering Stages: B hori:wn: fine-grained leucocratic plutonic 
rocks, 2-3 

mesocratic plutonic rocks, 3 
mafic gneiss and plutonic rocks, 

3-4 
quartzite, quartz pegmatite, 1 

C horizon: quartz-rich gneiss, 1 
fine-grained leucocratic plutonic 

rocks, 2 
coarse-grained leucocratic plu

tonic, fine--grained mafic 
gneiss, and mesocratic plutonic 
rocks, 3 

few mesocratic to melanocratic 
plutonic rock.s, 4 
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Pedon Number 39A 

Stage of Soil Development: S4 

Location: San Bernardino Co., CA.; 2~ km west of California Highway 62, 
north side of Mission Creek; SE~, Sec. 18, T. 2 S., R. 4 E. 

Physiographic Position: Hillslope formed on fluvial terrace deposits of 
Mission Creek, occurring approximately 10 m 
above modern channel; 610 m (1995 ft). 

Classification: Haploxeralf Haplargid 

Described by: L. D. McFadden 

A 0-3cm 

B2t 3-62cm 

B3ca 62-76cm 

Clcaox 76-206cm 

C20x 206- cm 

Very pale to dark brown (lOYR 7/3 dry, 4/3 moist) 
gravelly loaoy sand; weak medium platy, soft, 
slightly sticky and slightly plastic; few very 
fine pores; locally very fine vesicles; abrupt, 
smooth boundary. 

Light brown to brown (7.5-5YR 6/4 dry, 5/4 moist) 
gravelly to very gravelly sandy clay loam; mas
sive; hard, sticky and plastic; few fine to me
dium roots, common moderately thick clay films on 
grains; common very fine to fine pores; clear, 
smooth boundary. 

Pink to dark brown (10-7.5YR 7/4 dry, 4/4 moist) 
very gravelly sandy loam; massive; hard, slightly 
sticky and slightly plastic; common fine to me
dium roots; violently effervescent; carbonate oc
curs mostly as 1-5 mm thick veins and coatings on 
bases and sides of large clasts; clear, smooth 
boundary. 

Very pale brown to dark yellowish brown (lOYR 7/4 
dry, 4/4 moist) gravelly to very gravelly loamy 
sand; massive; soft, very slightly sticky and nOll'
plastic; common very fine to fine pores; few very 
thin discontinuous clay films on grains; violently 
effervescent, decreasing with depth, carbonate oc~ 
curs as filaments in matrix or as thin coatings 
on larger clasts; abrupt, wavy(?) boundary. 

Very pale to dark brown (lOYR 7/3 dry, 4/3 moist) 
very gravelly loamy sand; massive; loose, non
sticky and nonplastic; mostly noncalcareous; car
bonate olCcurs as very thin, discontinuous coatings 
on larger clasts. 
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Cobble Weathering Stages: B horizon: leucocratic plutonic rocks, 3 
mesocratic plutonic rocks, 3-4 
quartz-rich gneiss and metamor

phic rocks, 1-2 

C horizon: leucocratic plutonic rocks, 3 
quartz-rich gneiss, fine-grained 

leucocratic plutonic rocks, 1 
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Pedon Number: 39B 

Stage of Soil Development: S4 

Location: Cottonwood Canyon, SW~, SE~, SE~, SE~, Sec. 5, T. 3S., R. 
3 E., San Bernardino Basin Meridian, Whitewater Dyad 7~'. 

Physiographic Position: Streamcut in fluvial deposits of Cottonwood 
Canyon Wash, 7-8 m above modern channel, 
2250 ft. 

Classification: Haploxeralfic Haplargid 

Described by: L. D. McFadden, J. C. Tinsley, and J. Matte 

Av O-lcm 

Bl l-12cm 

B2lt l2-33cm 

B22t 33-6lcm 

Brownish yellow to dark yellowish brown (lOYR 6/6 
dry, 4/6 moist) pebble loamy sand; weak, moderate 
to thick platy; loose, nonsticky and nonplastic; 
common, fine to very fine vesicular pores; common 
fine to very fine roots; abrupt, smooth boundary. 

Reddish yellow to dark brown (7.5YR 6/6 dry, 4/4 
moist) pebbly loamy sand to sandy loam; massive 
breaking t~ weak coarse subangular blocky; slight
ly hard, slightly sticky and slightly plastic; 
few fine tubular pores, common fine interstitial 
pores; few thin discontinuous clay films on 
grains; abrupt, wavy boundary. 

Yellowish red (5YR 4/6 slightly moist, 7.5YR 4/6 
moist) gravelly sandy loam; weak to moderate 
coarse to very coarse subangular blocky; slightly 
hard to hard, slightly sticky and slightly plas
tic; few ~ine to lnedium tubular pores, common 
very fine to fine interstitial pores; few very 
fine to fine roots; few to common, fine clay films 
on grains; many thin to moderately thick clay 
films on ped faces and as bridges; clear, wavy 
boundary. 

Yellowish red to brown (5YR 5/6 dry, 7.5YR 5/4 
moist) very gravelly loamy sand; massive; soft, 
slightly sticky and very slightly plastic; very 
few fine to very fine roots; common fine to very 
fine interstitial pores; few fine tubular pores, 
common, thin discontinuous clay films on grains 
and clay bridges; abrupt, wavy boundary. 



B3ca 6l-9Dcm 

Clca 9D-114cm 

C2ca ll4-l94cm 

IIC30x 194-4l2cm 

IIc4n 412- cm 
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Reddish yellow to strong brown (7.5YR 6/6 dry, 
4/6 moist) gravelly loamy sand, massive; soft, 
loose, slightly sticky and nonplastic; few fine 
to medium roots; fe\v to common very thin clay 
films on grains; few moderately thick Bt bands; 
locally strongly effervescent; carbonate occurs 
both disseminated in the matrix and segregated as 
coatings on the bottoms and sides of large 
clasts, or locallized as coatings along fractures, 
less than 0.1 mm thick; clear, smooth boundary. 

Brownish yellow to dark yellowish brown (lDYR 6/6 
dry, 4/4 moist) gravelly 10aJ1.ly .. sand; massive; 
loose, very slightly sticky and nonplastic; few 
fine roots; very few very thin clay films on 
grains; few Bt bands, 2-3 mm thick; locally 
strongly effervescent; carbonate occurs both 
disseminated in matrix and segregated as very 
thin, less than 0.1 mm thick, continuous coatings 
on clasts; clear, wavy boundary. 

Light to dark yellowish brown (lDYR 6/4 dry, 4/4 
moist) gravelly to very gravelly sand; massive; 
loose, nonsticky and nonplastic; few fine roots; 
occasional 2-3 mm thick Bt bands; noncalcareous; 
gradual(?), wavy(?) boundary. 

Pale blrown to brown (lDYR 6/3 dry, 5/3 moist) 
sand; massive to granular; soft to loose; non
sticky and nonplastic; locally weakly efferves
cent; gradual(?), wavy(?) boundary. 

Very pale brown to brown (lOYR 7/3 dry, 5/3 
moist) gravelly medium sand; massive; loose, non
sticky and nonplastic; noncalcareous. 

Cobble Weathering Stages: B horizon: mesocratic to melanocratic plu-
tonic rocks, 3-4 

leucocratic plutonic rocks, 3 
mafic schist, 4 
fine-grained aplitic gneiss, 2-3 
fine-grained metadiorite, 2 

C horizon: generally slightly less than 
stages for various lithologies 
noted in B horizon 
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Pedon Number: 40 

Stage of Soil Development: S7 

Location: San Bernardino Co., CA.; north of Mission Creek, 3Yz km west 
of California Highway 62; NE~, Sec. 18, T. 2 S., R. 4 E. 

Physiographic Position: Streamcut in recent terrace, present 2 III above 
modern channel; 612 m (2000 ft). 

Classification: Xerorthentic Torriorthent 

Described by: L. D. McFadden and W. B. Bull 

0.3-0cm 

A O-lcm 

Cl l-35cm 

C2ca 35-l22cm 

IIC3ca 122- cm 

Lag gravel and fine sand. 

Light brownish gray to very dark gray brown 
(2.5Y 6/2 dry, 3/2 moist) loamy sand; weak medium 
platy; soft, slightly sticky and nonplastic; 
common medium to fine roots; many fine vesicles; 
abrupt, smooth to wavy boundary. 

Light brownish gray to very dark gray brown (2.5Y 
6/2 dry, 3/2 moist) nongravelly to gravelly loamy 
sand; weak medium subangular blocky; soft, very 
slightly sticky and nonplastic; many fine to me
dium roots; common, very fine to fine pores; 
abrupt, smooth(?) boundary. 

Light gray to gray brown (2.5Y 7/2 dry, 5/2 
moist) very gravelly loamy sand; massive; hard, 
slightly sticky and nonplastic; very few to com
mon fine to coarse roots; strongly effervescent, 
carhonate occurs as thin, less than 0.5 mm, coat
ings on sides and bottoms of large clasts, de
creasing in abundance with depth; abrupt, wavy(?) 
boundary. 

Light brownish gray to dark grayish brown (2.5Y 
6/2 dry. 4/2 moist) gravelly sand; massive; loose, 
nonsticky and nonplastic; very few fine to medium 
roots; weakly effervescent, carbonate occu':'S as 
very thin filaments on large clasts. 

Clast Weathering Stages: All lithologies are stage 1. 
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Pedon Number: 43 

Stage of Soil Development: S2 

Location: .San Bernardino Co., CA.; 5 km west of California Highway 62, 
north of Mission Creek; NW~, Sec. 18, T. 2 S., R. 4 E. 

Physiographic Position: Hillslope formed on old, high terrace and fan 
deposits of Mission Creek, occurring approxi
mately 60 m above the modern channel; 704 m 
(2300 ft). 

Classification: Palexeralfic Paleargid 

Described by: L. D. Mc1i'adden , J. C. Tinsley, and J. Matte 

A 0-3cm 

B2lt 3-3Scm 

B22t 3S-6Scm 

B23t 6S-86cm 

B3lca 86-136cm 

Light to dark yellowish brown (lOYR 6/4 dry, 3/3 
moist) silt loam; single grain; loose, very 
slightly sticky and nonplastic; abrupt, smooth 
boundary. 

Red (2.SYR 4/8 dry, 4/6 moist) sandy clayey grav
el; massive to moderate medium sub angular blocky; 
hard, sticky and plastic; common fine tubular 
pores, few very fine to fine interstitial pores; 
many to continuous moderately thick clay films on 
grains (lOR 4/8) and common clay bridges; clear, 
wavy boundary. 

Yellowish red (SYR 4/6 dry, 2.SYR S/8 moist) sandy 
loamy gravel; massive to moderate medium subangu
lar blocky; hard, sticky and plastic; few to com
mon very fine to fine interstitial pores; occa
sional medium tubular pores; many thin to moder
ately thick discontinuous clay films on grains and 
as bridges; continuous, thick clay films line 
fractures in large clasts; locally strong biotur
bation; carbonate present as thin filaments; 
clear, wavy boundary. 

Yellowish red (SYR S/8 dry, 4/6 moist) sandy loamy 
gravel; massive to medium to fine subangular 
blocky; soft to slightly hard, slightly sticky 
and slightly plastic; occasional bioturbation evi
dent; clear, wavy boundary. 

Strong brown (7.SYR S/6 dry, 4/6 moist) gravelly 
sandy loam; massive; soft, slightly sticky and 
slightly plastic; mostly interstitial pores; lo
cally strongly effervescent; carbonate occurs 



B32ca 136-171cm 

Cloy. 171-201cm 

C20x 201- cm 
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chiefly as discontinuous coatings on 1a.rge clasts 
or as veins; clear, wavy boundary. 

Strong brown (7.5YR 5/6 dry, 4/6 moist) very 
gravelly loamy sand; massive; loose, very slight
ly sticky and nonp1astic; locally moderately ef
fervescent, carbonate occurs as very. thin dis
continuous coatings on tops of large clasts; 
clear, smooth(?) boundary. 

Light to dark yellowish brown (10YR 6/4-6/6 dry, 
4/5 moist) very gravelly sand; massive; loose, 
nonsticky and nonp1astic; clear, wavy(?) boundary. 

Very pale brown to light yellowish brown (10YR 
7/4 dry, 6/4 moist) very gravelly sand; massive; 
loose, nonsticky and nonp1astic; nonca1careous. 

Cobble Weathering Stages: B horizon: all plutonic lithologies, 4 
fine-grained gneiss, quartz-rich 

gneiss, and fine-grained 
volcanics, 2-3 

C horizon: mesocratic to me1anocratic plu
tonic rocks, 3-4 

leucocratic plutonic rocks, 2-3 
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Pedon Number: 44 

Stage of Soil Development: S5 

Location: San Bernardino Co., CA.; approximately 0.1 km south of large 
headcut in basalt flow in the Rodman Mountains; NE~, Sec. 
T. 7 N., R. 3 E. 

Physiographic Position: Pit dug in terrace that occurs approximately 
1Yz m above modern channel; 1055 m (3450 ft). 

Classification: Typic Camborthid 

Described by: L. D. McFadden 

A1 

B1 

B2t 

C1ca 

C2ca 

0-9cm 

9-23cm 

23-39cm 

39-56cm 

56- cm 

Brown to dark brown (10YR 5/3 dry, 4/3 moist) 
very gravelly loamy sand; weak, coarse platy to 
massive; soft, slightly sticky and very slightly 
plastic; few very fine roots; noneffervescent; 
gradual, wavy boundary. 

Yellowish to dark yellowish brown (10YR 5/4 dry, 
4/4 moist) nongrave11yto gravelly sandy loam; . 
massive; slightly hard, sticky and slightly plas
tic; many fine roots; noneffervescent; clear, 
wavy boundary, 

Brown to dark brown (10YR 5/4 dry, 4/4 moist) 
gravelly sandy loam; moderate coarse subangu1ar 
blocky; hard, sticky and slightly plastic; very 
few fine roots; common very fine to fine intersti
tial pores; few thin clay films on grains and 
lining pores;" noneffervescent; abrupt, wavy 
boundary. 

Pale brown to brown (10YR 6/3 dry, 7.5YR 5/3 
moist) gravelly to very gravelly loamy sand; weak 
coarse sub angular blocky; soft, slightly sticky 
and very slightly plastic; strongly effervescent, 
carbonate occurs both disseminated in the matrix 
and segregated as thin discontinuous coatings on 
clasts; clear, wavy(?) boundary. 

Very pale to dark brown (10YR 7/3 dry, 4/3 moist) 
nongrave11y to gravelly loamy sand; massive; 
loose, slightly sticky and slightly plastic; 
strongly effervescent; carbonate occurs dissemi
nated in matrix and segregated as thin, discon
tinuous filaments on gravel clast; decreasingly 
effervescent with depth. 
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Cobble Weathering Stages: A-B horizon: leucocratic to mesocratic plu
tonic rocks, 2 

mafic to mesocratic volcanic 
rocks, 1 
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Pedon Number: PV 4 

Stage of Soil Development: S7 

Location: San Bernardino Co., CA.; about 0.4 km north of Highway 62; 
~M~, SE~, Sec. T. 1 N., R. 2 E. 

Physiographic Position: Pit on abandoned, relatively nonvegetated re
cent terrace of Q4a age; sloping less than 1° 
to the south; 300 m (980 ft). 

Classification: Typic Torriorthent 

Described by: L. D. McFadden 

l-Ocm 

Av O-lcm 

Cn 1- cm 

Pebble and gravel lags; unvarnished, bases of 
pebbles weakly effervescent. 

White to dark brown (lOYR 8/2 dry, 4/3 moist) 
sandy loam; weak medium platy; very soft, slight
ly sticky and slightly plastic; plentiful fine 
roots; common very fine to fine inped, vesicular 
pores; strongly effervescen~; abrupt, smooth 
boundary. 

Light gray to dark grayish brown (lOYR 7/2 dry, 
4/2 moist) gravelly loamy sand; massive; loose, 
very slightly sticky and nonplastic; strongly 
effervescent; carbonate occurs chiefly dissemi
nated or as very thin, less than 0.1 mm thick, 
discontinuous coatings and filaments on some 
pebble bottoms. 

Cobble Weathering Stages: All lithologies are stage 1. 
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Pedon Number: PV2A 

Stage of Soil Development: S5 

Location: San Bernardino Co., CA.;,about 0.4 km north of Highway 62; 
NE~, SE~, Sec. 2, T. 1 N., R. 24 E. 

Physiographic Position: Pit on gravel bar, slightly varnished, mapped 
as Q3b surface; slope is essentially horizon
tal; 302 m (985 ft). 

Classification: Typic Torriorthent 

Described by: L. D. McFadden 

4-0cm 

Avca 0-4cm 

Clca 4-l4cm 

C2n 14- cm 

Moderately varnished, poorly sorted bar gravel; 
exposed tops and sides of clasts are dark brown 
(7.5YR 3/3) and noncalcareous, base of clast is 
light brown (7.5YR 6/3) and noncalcareous, weath
ering rind is less than 0.1 mm thick; cost clasts 
are stag'e 1 to 2 and composed of mesocratic vol
canic lithologies; rare leucocratic plutonic 
rocks much more lightly varnished and are weath
ered to stage 3. 

Pink to brown (7.5YR 8/3 dry, 5/4 moist) clayey 
silt; weak medium to coarse sub angular blocky to 
weak coarse platy; soft, sticky and plastic; many 
very fine to fine roots; many micro to fine, in
ped, vesicular pores with common very thin clay 
films; strongly effervescent; carbonate occurs 
both disseminated and as segregated small nodules 
at the base of the horizon; abrupt, smooth 
boundary. 

Very pale to dark brown (lOYR 7/3 dry, 4/3 moist) 
very gravelly sand to sandy gravel; massive; 
loose, nonsticky and nonplastic; few fine to me
dium roots; strongly effervescent; carbonate oc
curs both disseminated and segregated as less 
than 0.1 mm thick discontinuous coatings on the 
bottoms and sides of larg,E:; clasts or as fine fila
ments; clear, smooth boundary. 

Light gray to dark grayish brown (lOYR 7/2 dry, 
4/2 moist) sandy gravel; massive; loose, nonsticky 
and nonplastic; slightly effervescent, carbonate 
occurs chiefly as very thin, discontinuous coat
ings or as fine filaments on surfaces of large 
clasts. 



Clast Weathering Stages: C horizon: leucocratic plutonic rocks, 2 
schist, 2 
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Pedun Number: PV 2B 

Stage of Soil Development: S5 

Location: See PV 2A 

Physiographic Position: Same as PV 2A, except profile described under 
large boulder-size clast. 

Classification: Typic Camborthid 

Described by: L. D. McFadden 

5-0cm 

Bt 

Clca 4-15cm 

C2n l~- cm 

Gravel pavement, as described in Pedon PV 2A. 

Reddish yellow to dark brown (7.5YR 6/6 dry, 5YR 
4/4 moist) gravelly sandy loam; massive; loose to 
soft, slightly sticky and slightly plastic; many 
grains coated by ferruginous material; noneffer
vescent to weakly effervescent; abrlJ.pt, broken 
boundary. 

As described in Pedon PV 2A. 

As described in Pedon PV 2A. 
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Pedon Number: PV 3 

Stage of Soil Development: SS 

Location: Same as in PV 2A. 

Physiographic Position: Pit on slightly varnished swale of mapped Q3b 
geomorphic surface, slope is essentially hori
zontal; 302 m (98S ft). 

Classification: Typic Torriorthent 

Described by: L. D. McFadden 

O.S-Ocm 

Avca 0-7cm 

Clca 7-l5cm 

C2n lS- cm 

Lightly to moderately varnished moderately we1l
sorted pebbles of swale; exposed clast surface 
is dark brown (7.SYR 3/3), base of clasts are 
nuncalcareous and only very lightly varnished; 
weathering rind is less than 0.1 mm thick; most 
1eucocratic plutonic rocks are essentially 
unvarnished. 

Pink to brown (10-7.SYR 8/3 dry, 7.SYR 5/4 moist) 
clayey silt; .weak medium to coarse subangu1ar 
blocky to moderate coarse to very coarse platy; 
soft, very sticky and very plastic; few fine 
roots; many micro fine to fine inped vesicular 
pores; common thin clay films on vesicles; few 
simple tubular pores; strongly effervescent; 
clear, smooth boundary. 

Very pale to yellowish brown (lOYR 7/3 dry, 5/4 
moist) gravelly to very gravelly loamy sand; mas
sive; loose to soft, slightly sticky and slightly 
plastic; common medium faint mottles; strongly 
effervescent; carbonate occurs disseminated and 
as less than 0.1 mm thick discontinuous coatings 
that occur chiefly on the bottoms and sides of 
larger clasts and as filaments; many thin silt 
coatings on the tops of large clasts; clear, 
smooth boundary. 

Light gray to dark grayish brown (lOYR 7/2 dry, 
4/2 moist) gravelly to very gravelly sand; mas
sive; loose, nonsticky and nonplastic; many fine 
roots; strongly effervescent; carbonate occurs 
disseminated in the matrix and as very few less 
than 0.1 mm thick coatings that occur on the bot
toms of some large clasts. 



Clast Weathering Stages: Clca: mafic hypabyssal, 2 
mafic volcanic, 1-2 
mafic gneiss, 1-2 
felsic volcanic, 1-2 
rhyolite porphyry, 1-2 
mafic plutonic, 2-3 
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Pedon Number: PV 1 

Stage of Soil Development: S4 

Location: San Bernardino Co., CA.; about 0.15 km south of Highway 62; 
NW~, NW~, Sec. 7, T. 1 N., R. 24 E. 

Physiographic Position: Pit and streamcut of fluvial deposit mapped as 
Q2c; slope is about 1° to the south; 291 m (950 
ft) . 

Classification: Typic Haplargid 

Described by: L. D. McFadden 

2-0cm 

Avca 0-3cm 

B2ltca 3-l9cm 

B3ca 19-27cm 

Clca 27-42cm 

Strongly varnished gravel of pavement; exposed 
clast is very dark brown (7.5-SYR 2/3); base of 
clast is reddish yellow (SYR 6/6) and noncalcare
ous; weathering rind is 0.2-0.5 mm thick; clasts 
are dominantly mesocratic volcanics weathered to 
incipient stage 2. 

Pink to brown (7.5YR 7/3 dry, S/4 moist) clayey 
silt; moderate coarse to very coarse platy; 
slightly hard, sticky and plastic; few very fine 
roots; many very fine to medium, inped vesicular 
pores; common very thin clay films lining pores; 
strongly effervescent; abrupt, smooth boundary. 

Light reddish to reddish brown (SYR 6/4 dry, 4/4 
moist) gravelly to very gravelly sandy loam; weak 
medium sub angular blocky to massive; slightly 
hard to hard, sticky and-plastic; few fine roots; 
many very fine interstitial pore:;;; common very 
thin grain cutans; strongly effervescent, carbon
ate occurs both disseminated and as coatings 
mostly on the bottoms of clasts 0.5-2.0 mm thick; 
abrupt, smooth boundary. 

Light to dark brown (7.SYR 6/4 dry, 4/4 moist) 
very gravelly loamy sand; massive; slightly hard, 
slightly sticky and slightly plastic; strongly to 
locally violently effervescent; carbonate occurs 
both disseminated and as coatings on the bottoms 
of clasts 0.S-5 mm thick, and as filaments; 
abrupt~ smooth boundary. 

Pinkish white to brown (7.SYR 8/2 dry, S/3 moist) 
very gravelly loamy sand; massive; slightly hard, 
nonsticky and nonplastic; few very fine to fine 



C2ca 42- cm 
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interstitial pores; strongly to violently effer
vescent; carbonate occurs both disseminated and 
as 2-5 mm thick coatings that occur mostly on the 
bottoms of large clasts, or as thin (0.5 mm 
thick) discontinuous coatings or filaments that 
occur on the tops of some large clasts; abrupt, 
wavy boundary. 

Light gray to dark grayish brown (lOYR 7/2 dry, 
4/2 moist) very gravelly sand to sandy gravel; 
massive; loose, nonsticky and nonplastic; strongly 
effervescent; carbonate occurs both disseminated 
or as 0-0.3 mm thick coatings that occur on the 
bottoms of a few clasts or as very thin filaments 
that occur on the top of a few clasts. 

Cobble Weathering Stages: B, upper C horizons: mafic plutonic rocks, 
3-4 

volcanic lithologies, 
1-2 



365 

Pedon Number: PV 7 

Stage of Soil Development: S3 

Location: San Bernardino Co., CA.; 1 km south of Highway 62 in the 
mv~, mv~, Sec. 15, T. 1 N., R. 24 E. 

Physiographic Position: Streamcut exposure of fluvial deposit present 
about l~ m abo'\l'e modern channel, slope is es
sentially horizontal; 826 ft (250 m). 

Classification: Typic Haplargid 

Described by: L. D. McFadden and W. B. Bull 

2-0cm 

Avca 0-8cm 

B2lt 8-l3cm 

B21tca 13-2lcm 

B23tca 2l-30cm 

Strongly varnished gravel of pavement; exposed 
clasts are very dark bro~Tn (7.5YR 2/3) bases of 
clasts are reddish yellow (5YR 6/6); noncalcare
ous; weathering rind is up to 0.2 mm thick; 
clasts are dominantly mesocratic volcanics weath
ered to incipient stage 2. 

Pink to yellowish red (5YR 7/3 dry, 5YR 4/6 
moist) silty loam; moderate coarse subangular 
bloeky; soft to slightly hard, very sticky and 
very plastic; many microEine to finp. vesicular 
pores; many thin clay films lining pores; strong
ly effervescent; abrupt, smooth boundary. 

Light reddish to reddish brown (5YR 6/4 dry, 5/4 
moist) gravelly sandy clay loam; massive to me~ 
dium weak crumb; many very fine interstitial 
pores; strongly effervescent; carbonate occurs 
both disseminated and as 0.9-1.1 mm thick coat
ings on the bottoms of most pebbles; abrupt, 
smooth boundary. 

Yellowish red (5YR 5/8 dry, 5/6 moist) gravelly 
sandy clay loam; massive; loose, very sticky and 
very plastic; common very fine interstitial pores; 
common to many thin clay films on grains; strong
ly effervescent, carbonate occurs both dissemi
nated and as 0.2-0.4 mm thick coatings on bottoms 
of pebbles, few medium discontinuous nodules of 
calcareous sand, occasional pockets of noncalcare
ous matrix; abrupt, smooth boundary. 

Yellowish red (5YR 4/6 dry, 5/6 moist) gravelly 
sandy clay loam; massive; soft, very sticky and 
very plastic; many very fine to fine interstitial 
pores; fe\v thin clay films in some pores, less 



B3ca 30-52cm 

C1ca 52-56cm 

IIC3ca 560 cm 
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than 0.1 mm thick; strong to violently efferves
cent; carbonate occurs both disseminated and as 
many fine to medium distinct nodules and as thick 
coatings up to 0.6 mm thick on the bottoms of 
many pebbles; nodules are 5YR 8/1.5; abrupt, 
smooth boundary. 

Pink to pinkish gray (7.5YR 7/3 dry, 6/3 moist) 
sandy loamy gravel; massive; loose to soft, 
slightly sticky and slightly plastic; many very 
fine to fine interstitial pores; very few ex
tremely thin clay films on grains strongly effer
vescent; carbonate occurs as disseminated and as 
0.4-0.8 mm thick coatings on the bottoms of peb
bles; local engulfment of matrix by carbonate 
also, abrupt, irregular boundary. 

Brown to light brown (7.5YR 5/3 dry, 6/3 moist) 
loamy sandy gravel; massive; loose, very slightly 
sticky and slightly plastic; many very fine in
terstitial pores; strongly effervescent; carbon
ate occ~rs both disseminated and as 0.5 mm coat
ings and pendants on the bottoms of pebbles; Bt 
band, 1.0 mm thick; abrupt, smooth boundary. 

Carbonate cemented gravel. 

Clast Weathering Stages: Band C horizons: mafic plutonic, schist, and 
coarse-grained metamorphic 
rocks, 3-4 -

gneissic granitic, maffc 
metavolcanic rocks, 2-1 

1eucocratic, quartz-rich 
metamorphic rocks, 1-2 

metadacites, 1 
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Pedon Number: PV 5 

Stage of Soil Development: S2 

Location: San Bernardino Co., CA.; approximately 0.5 km south of High
way 62; NE~, NE~, Sec. 12, T. 1 N., R. 2 E. 

Physiographic Position: Pit and roadcut on moderately dissected var
nished surface mapped as Q2b in age; slopes 
much less than 1° to the south; 294 m (960 ft). 

Classification: Typic Haplargid 

Described by: L. D. McFadden 

l-Ocm 

Avca .0-2cm 

B2ltca 2-24cm 

B22tca 24-45cm 

Strongly varnished gravel of pavement; exposed 
clasts are very dark brown (7.5YR 2/3), bases are 
reddish yellow (7.5YR 6/6) and noncalcareous, 
many quartz-rich rocks are unvarnished; most 
rocks in pavement are metavolcanic rocks weath
ered to incipient stage 3. 

Pinkish white to light red brown (5YR 8/2 dry, 
6/3 moist) clayey silt; coarse to very coarse 
platy; soft, very sticky and very plastic; common 
to many micro fine to fine inped vesicular pores; 
many thin films of clay line pores; strongly 
effervescent; abrupt, wavy boundary. 

Light reddish to reddish brown (5YR 6/4-5/6 dry, 
4/4 moist) gravelly to very gravelly sandy loam; 
massive; loose to soft, slightly sticky and 
slightly plastic; continuous, thin clay grain cu-
tans; strongly effervescent; carbonate occurs 
disseminated and as segregated few, medium promi-
nent nodules and filaments or as 2-10 mm thick 
coatings on the bottoms of pebbles or as fila
ments on tops and sides of pebbles; engulfing ma
trix; ~ocal pockets of noneffervescent matrix; 
abrupt, broken boundary. 

White to brown (7.5YR 8/1 dry, 5YR 5/4 moist) 
gravelly loamy sand; massive; hard to very hard, 
slightly sticky and nonplastic; few very fine 
pores; few to common thin clay films on some 
grains where matrix is not engulfed by carbonate; 
violently effervescent; carbonate occurs as up 
to 10 mm thick coatings, as filaments on tops and 
sides of pebbles, or engulfs m:ltrix; abrupt, 
broken boundary. 



B23tca 45-67cm 

Cleam 67-l20cm 

C2ca 120- cm 
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Light brown to reddish brown (7.5YR 6/4 dry, 5YR 
5/4 moist) gravelly sandy loam; weak coarse sub
angular blocky; soft to slightly hard, sticky and 
slightly plastic; many very fine to fine inter
stitial pores; few fine d~ndritic tubular pores; 
few to common thin clay films on some grains; 
strongly effervescent, carbonate occurs as up to 
0.5 mm thick coatings on the bottoms of pebbles 
and disseminated; very abrupt, wavy boundary. 

White to brown (7.5YR 8/1 dry, 5/3 moist) loamy 
sandy gravel; massive; very hard to extremely 
hard; very slightly sticky and nonplastic; vio
lently effervescent; carbonate engulfs matrix 
and occurs as multiple-layered coatings and pen
dants on the bottoms of many pebbles; carbonate 
locally engulfs matrix of 7.5YR 6/3 color; abrupt, 
wavy boundary. 

Pink to brown (7.5YR 7/3 dry, 5/4 moist) gravelly 
loamy sand; massive; loose; slightly sticky and 
slightly plastic; strongly effervescent, carbon
ate occurs as thin, less than 0.3 mm thick coat
ings on the bottoms of pebbles and disseminated 
in the matrix. 

Clast Weathering Stages: B, upper Chorizons: mesocratic plutonic 
rocks, 4 

mafic plutonic metamor
phic and schistose 
rocks, 3-4 

gneiss, 2 
volcanic rocks, 1-2 

Lower C horizon: mesocratic plutonic rocks, 2 
mafic schist, 2-3 
gneiss, 1-2 
volcanics, 1 
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Pedon Number: PV 6 

Stage of Soil Development: Sl 

Location: San Bernardino Co., CA.; approximately 1.7 km north of State 
Highway 62; SW~, SE~, Sec. 1, T. 1 N., R. 24 E. 

Physiographic Position: Roadcut in dissected remnant of surface of Q2a 
age; 274 m (900 ft). 

Classification: Typic Paleargid 

Described by: L. D. McFadden 

2-0cm 

Avca 0-3cm 

ARca 3-8cm 

B2ltca 8-75cm 

Strongly varnished gravel of pavement; exposed 
clasts are very dark brown (5-7.5YR 2/3), bases 
are strong brown (7.5YR 6/6) and occasionally 
possess coatings of carbonate up to 5 mm thick; 
rocks in pavement are metamorphics and volcanic 
rocks weathered to a stage 2 condition. 

Pinkish white to reddish brown (SYR 8/2 dry, 5/4 
moist) clayey silt; moderate coarse to very 
coarse platy; slightly hard; very sticky and very 
plastic; many microfine to fine, inped, vesicu
lar pores; continuous thin clay films on pores; 
strongly effervescent; abrupt, smooth boundary. 

Pink to reddish yellow (5YR 7/4 dry, 6/6 moist) 
sandy clay loam; weak medium to coarse sub angular 
blocky; slightly hard, sticky and plastic; common 
very fine, inped, vesicular pores; strongly effer
vescent; carbonate occurs disseminated in the 
matrix and as coatings on the undersides of 
clasts up to 20 mm thick; abrupt, wavy boundary. 

Yellowish red (5YR 5/6 dry, 4/6 moist) clayey 
loamy gravel; massive breaking into medium crumb; 
soft to slightly hard, very sticky and very plas
tic; few very fine to fine interstitial pores; 
continuous moderately thick clay films on grains 
and in pores and as bridges; strongly efferves
cent; carbonate occurs segregated as common medium 
to large prominent nodules and as coatings on 
mostly the bottoms of large clasts up to 2 mm 
thick and as filaments; zones of matrix (5YR 5/6) 
are noncalcareous; clear, smooth boundary. 



B22tca 

B23tca 

B24tca 

Clcaox 

C2caox 

IIC3b 
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75-l00cm Reddish brown (5YR 5/4 dry, 4/4 moist) sandy 
loamy gravel; massive to medium crumb; soft, 
sticky and plastic; common thin to moderately 
thick clay film on grains and as bridges; strong
ly effervescent; carbonate occurs as segregated 
common medium to coarse prominent nodules that 
locally engulf 5YR 5/4 matrix and as 1-2 mm thick 
coatings on the bottoms of large clasts; abrupt, 
smooth boundary. 

lOO-116cm Light reddish to reddish brown (5YR 6/4 dry, 5/4 
moist) sandy loamy gravel; massive; slightly hard 
to hard, sticky and plastic; common thin clay 
films on grains and as bridges; strongly to vio
lently effervescent; carbonate occurs mostly seg
regated as common, distinct mottles and as thin, 
less than 1 mm thick discontinuous coatings on 
the bottoms of most large clasts and as thin 
filaments on the tops of some clasts; abrupt, 
smooth boundary. 

116-130cm Pink to light reddish brown (5YR 7/4 dry, 6/4 
moist) sandy loamy gravel; massive; soft to 
slightly hard, sticky and plastic; many thin clay 
films on pores and grains; common bridges; strong
ly to violently effervescent, carbonate occurs as 
common distinct nodules and as thin, less than 
0.2 mm thick coatings on bottoms of large clasts 
and as common distinct nodules; abrupt, smooth 
boundary. 

l30-l85cm Light to dark brown (7.5YR 6/3 dry, 4/4 moist) 
loamy sandy gravel; massive; loose to soft, very 
slightly sticky and very slightly plastic; slight
ly effervescent; carbonate occurs disseminated in 
the matrix and as thin, less than 0.5 mm thicit 
coatings on the bottoms of larger clasts; gradual, 
smooth boundary. 

l85-l95cm Light to dark brown (7.5YR 6/3 dry, 4/3 moist) 
loamy sandy gravel; massive; loose, very slightly 
sticky and nonplastic; very slightly effervescent 
to noneffervescent; carbonate occurs mostly as 
thin, less than 0.3 mm thick discontinuous coat
ings on the bottoms of some large clasts; abrupt, 
smooth boundary. 

195- cm Clayey gravel. 
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Cobble Weathering Stages: B horizon: leucocratic volcanic, 2-3 
mafic plutonic and mafic schist, 

3-4 
gneiss, 3-2 
mafic volcanic, 2 
mafic metavolcanic, 4 
mesocratic plutonic, 3-4 

C horizon: gneiss, 1-2 
mafic metavolcanic and mesocratic 

plutonic, 2-3 
mafic volcanic, 1-2 



APPENDIX B 

SOIL PROFILE ANALYTIC DATA 

Laboratory Methods Used 

Soil samples obtained in the field were taken to the soil labo

ratory at the Department of Soil and Water Science at the University of 

Arizona for a variety of analyses. The initial preparation of the sam

ple included air drying of the soil samples over a 24 hour period fol

lowed by separation of the fine fraction (>2 rom) from the coarse frac

tion «2 rom). Most subsequent chemical analyses were performed on the 

soil fine fraction, although a few analyses were performed on the coaJ~se 

fraction as will be discussed later. 

Soil pH ~ras measured on a 1:2 soil: .DIN CaC12 mixture on a stan

dard pH meter approximately 16 hours after initial mixing. Particle

size distribution analysis was accomplished using the standard pipette 

method and sieving of the sand fraction following dispersion of clay in 

a sodium pyrophosphate solution. The sand fraction from the least al

tered horizon of 16 pedons representing the parent materials in the 

study area was sent to the U.S. Geological Survey in Menlo Park, Cali

fornia where it was impregna.ted and stained with sodium coba1tinitrite 

for identification of plagioclase, orthoclase, quartz, and mafic miner

als. The stained samples were returned to the University of Arizona 

where they were analyzed on a petrographic microscope fitted with a 

standard grid for point counting purposes. Four hundred points were 
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counted on each sample to determine the composition of the sand 

separate. 
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The <2~ clay suspension obtained in the pipette procedure was 

used to determine the clay mineralogy of the soil samples. The methods 

of clay saturation, glycolization, and mounting used are described by 

Whittig (1965). Mounted samples were x-rayed on a Phillips XRG-3000 

diffractometer at the University of Arizona. 

The percent organic carbon in the soil fine fraction was meas

ured using primarily a rapid, colorimetric determination as described 

in Metson, Blakemore, and Rhoades (1979). Total organic carbon for the 

colorimetric method was measured on a Bausch and Lomb absorbtiometer. 

The percentage organic carbon in the A and upper B horizons was sub

tracted from the clay percent determined in the particle size analysis 

to obtain the inorganic clay content of the soil sample. 

Total secondary free iron oxyhydroxides for the soil horizons 

were determined using a slightly modified version of the dithionite

citrate-bicarbonate method of Mehra and Jackson (1960). Total iron was 

measured on a Jarrel-Ash atomic absorption spectrophotometer. Oxalate

extractable iron oxyhydroxides (ferrihydrite) were determined using the 

procedure described by McKeague and Day (1966). Because magnetite is 

partly soluble in the oxalate extracting reagent (Baril and Bitton, 

1967; Rhoton and others, 1981), magnetite was removed from the soil sam-· 

pIe ground to five silt and clay size by mortar and pestle prior to 

iron extraction. Magnetite removal was accomplished primarily with a 
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large hand magnet. The magnetics separation device in the Mineral Sepa

ration Laboratory at the Department of Geosciences was also used for 

some samples. Total iron was determined using the absorptiometer. 

Total calcium carbonate was determined using the titrimetric 

method described by Bundy and Bremner (1972). The amount of pedogenic 

calcium carbonate associated with the coarse fraction as pebble coatings 

or pendants was estimated by crushing approximately 200-300 g of the 

coarse fraction using ore crushers available at the Department of Mines, 

University of Arizona. Total carbonate in the crushed material could 

then be determined using the Bundy and Bremner method. Pedogenic car

bonate was determined to be that amount in excess of the amount of 

carbonate present in Cn horizon samples. The total mass of coarse frac

tion carbonate (either directly measured or estimated in the field) was 

converted to volume carbonate empirically. 

Soil electroconductivity or EC (a measure of total soluble 

salts) was measured on a 1:2 soil:deionized water mixture after 4 hours 

of mixing, using a standard conductivity meter. Soil EC was also meas

ured on crushed coarse samples. 

Calcium carbonate and soluble salts were removed from soil sam

ples rich in these substances prior to particle-size distribution analy

sis using a IN solution of sodium acetate buffered at a pH of 5 by 

acetic acid. 

The silty clay coatings were removed from a few cobbles from 

pedon 10 for particle size analysis. The coatings were removed by sonic 
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vibration in a sodium pyrophosphate solution. The small amounts of 

clay, silt, and fine sand obtained were determined by using centrifuge 

and dry sieving methods. 

The total mass of a pedogenic material that has accumulated in a 

soil profile (profile summation) is calculated as follows, using Fe203d 

data from Table B-1 for pedon 6 as an example: 

Corrected 
Estimated Horizon 

Texturel 
Volume % Thickness Fe203d l1,g/cm-3 LFe203d 

Horizon LT 2 mm (cm) % g 
Al G2 60 1.2 2.50 1.3 0.04 
Bl NG 93 9.3 2.10 1.4 0.27 
B21t NG 90 27.0 3.00 1.7 1.38 
B22t NG 90 27.0 4.00 1.8 1.94 
B23t NG 90 81.0 4.20 1.8 6.12 
B24t NG 90 28.8 2.80 1.8 1.14 
B25t G 60 15.6 2.50 1.7 0.1+1 
B3 VG 34 17.0 1. 70 L8 0.58 

lEstimated by visual inspection or determined analytically. 
2NG = nongravelly (15 percerit GT2mm); NG-G (35 percent G'r2mm); G (50 
percent GT2mm); VG (75 percent GT2mm); B (90 percent GT2mm). 



Table B-l. Laboratory Data for Soil Profiles. 
Organic , PROFILE MASS SUMMATION (g/cm2-SOIL COLU~m) 

<2 nun (%) Carbon Db--
3 Fe203d Fe203° Fe203d Fe203° Clay Organic Carbon 

Pedon Sand Silt C1a:t: (%) g/cm EH (%) (%) 
14A1 88.8 11.2 Tr 3.2 loS" 5.3 0.8 0.08 0.133 -0.002 0 0.469 

Clox 84.3 15.3 0.4 0.4 1.1:* 5.5 0.6 0.11 
C20x 95.7 3.8 0.5 1.6* 5.8 0.6 0.18 
C3n 98.0 1.6 0.4 1.6* 5.9 0.3 0.12 

13A1 &5.2 14.7 0.1 1.6 1.4* 5.6 0.8 0.13 0.595 0.134 0 1.361 
AC 92.1 7.9 Tr 0.8 1.5* 5.5 0.7 0.16 
C10x 96.0 3.7 0.3 0.2 1.6* 5.8 0.6 0.14 
C2n 99.0 0.6 0.4 1.6* 5:8 0.4 0.14 

15 Al 79.2 19.2 1.6 1.8 1.5* 5.5 1.5 0.16 1.496 0.660 3.628 0.728 
Bt 81.2 12.6 6.2 0.6 1.6 5.9 1.2 0.18 
Cux 94.4 4.4 1.2 0.3 1.7 5.9 0.6 0.32 

16Bl 66.5 31.0 2.5 5.1 1.8* 5.8 1.9 0.21 4.813 0.413 ,21.107 2.165 
B2It 58.8 26.1 15.1 0.6 2.0 5.7 2.7 0.26 
B22t 69.4 19.2 11.5 1.9* 5.4 1.8 0.18 
B23t 64.5 24.2 11.4 1.8* 5.1 1.7 0.12 
B24t 82.5 14.8 2.7 1. 7* 5.6 1.2 0.21 
Cox 91.1 8.1 0.8 1.6* 6.6 0.8 0.25 

lIB21tb 71.0 25.2 3.8 6.1 1.3 0.24 

IIB22tb 77.1 20.4 2.5 6.2 1.3 0.20 

IIB3b 82.7 16.6 0.8 5.9 1.0 0.11 

IICloxb 86.0 14.0 Tr 6.3 0.6 0.10 

IIC20xb 96.2 3.8 Tr 5.9 0.6 0.16 

17A 71.5 27.8 0.7 5.5 1.4 5.2 1.1 0.14 5.638 0.258 53.056 1.640 
B21t 50.6 31.1 18.3 1.2 1.7 6.2 3.5 0.21 
B22t 59.5 21.6 18.9 0.7 1.7 6.0 2.0 0.49 
B23t 69.6 16.1 14.3 1.7 5.9 1.5 0.15 
B24t 72.6 14.7 12.7 1.8 5.7 1.2 0.13 
B25t 68.3 19.0 12.7 1.7 5.7 0.9 0.08 
Cox 83.5 11.5 5.1 1.6 6.1 0.4 0.06 

w 
-...) 

CT> 



Table B-l. 

Pedon Sand 
12B A 78.1 

C10x 93.5 
C20x 96.8 
C3n 98.5 

lOAll 77.9 
A12 65.6 
Al3 68.1 
AC 74.1 
C10x 87.9 
C2n 96.9 

4A1 66.4 
B1 66.4 
B21t 62.5 
lIB22t 67.1 
lIB3 83.1 
lICox 88.1 

6A 60.9 
B1 60.0 
B2lt 57.2 
B22t 43.7 
B23t 49.9 
B24t 55.8 
B25t 63.4 
B3 64.8 

3lIIB2ltb 44.2 
lIIB22tb 36.0 
lIIB23tb 37.2 
lIIB24tb 55.5 
IIIB25tb 43.4 
llIB26tb 56.2 
lIICoxb 67.1 

Laboratory Data for Soil Profiles--Continued 
Organic 

Db
1 <2 rom (%) Carbon Fe203d Fe20r 

Silt C1a:z: ~%2 g/cm3 EH (%) (% 
21.9 Tr 3.0 1.5* 5.9 0.9 0.27 
6.5 Tr 1.6* 5.6 0.3 0.09 
3.2 Tr 1.6* 5.6 0.5 0.15 
1.5 Tr 1.6* 5.7 0.2 0.10 

21.0 1.1 3.7 1.3* 5.4 0.9 0.13 
30.4 4.0 4.0 1.4* 5.2 1.0 0.23 
27.4 4.5 2.8 1.6* 5.5 1.2 0.33 
24.7 1.2 2.1 1.6* 5.4 1.0 0.32 
E.l Tr 0.2 1.6* 5.6 0.9 0.27 
3.1 Tr 0.2 1.6* 5.8 0.3 0.11 

33.6 Tr 5.9 1.5* 5.1 1.8 0.30 
30.1 3.5 2.8 1.6 6.0 1.9 0.38 
32.7 14.8 1.2 1.9 6.5 2.2 0.42 
20.8 12.1 1.8 6.5 1.9 0.34 
l3.6 3.3 1.7* 6.8 1.0 0.21 
11.7 0.2 1.6* 6.8 0.9 0.21 

36.6 2.5 4.8 1.3* 5.3 2.5 0.05 
32.5 7.5 2.7 1.4 5.8 2.1 0.23 
26.6 16.2 0.3 1.7 6.2 3.0 0.29 
25.7 30.6 0.3 1.8 6.1 4.0 0.31 
28.7 21.4 0.1 1.8 6.0 4.2 0.36 
31.4 12.8 0.2 1.8 5.7 2.8 0.33 
25.4 11.8 0.1 1.7 5.9 2.5 0.20 
27.4 7.8 0.1 1.8 6.0 1.7 0.19 

28.4 27.4 0.2 1.6 5.5 2.9 0.18 
32.4 31.6 1.6 5.9 4.0 0.21 
24.3 38.5 1.6 5.1 3.6 0.3! 
25.4 19.1 1.5 5.3 2.5 0.22 
35.4 21.2 1.5 5.2 2.7 0.17 
32.3 11.5 1.6 5.4 1.9 0.08 
27.3 5.7 1.5 5.6 0.9 0.13 

PROFILE MASS SUH}~TION (g/cm2-SOIL COLU1rn) 
Fe203d Fe203° Clay Organic Carbon 

0.179 0.075 0 2.048 

0.562 0.110 1. 964 2.450 

5.780 1.001 39.458 3.394 

11.183 0.756 66.185 0.684 

16.470 0.084 151. 670 

W 
'-J 
'-J 



Table B-L Laboratory Data for Soil Profiles--Continued 
Organic 1 

<2 mm (%) Carbon Db Fe203d Fe203° 
Pedon Sand Silt C1a:t: (%) g/cm3 EH (%) (%) 
18Al 73.2 24.9 1.9 1.9 1.5* 6.0 1.3 0.30 

Bl 73.2 24.3 2.5 1.2 1.6* 6.1 1.2 0.35 
B21t 75.0 20.7 4.3 1.1 1.6* 6.3 1.2 0.36 
B22t 81.6 16.4 2.0 1.6* 6.2 1.0 0.24 
C10x 85.2 14.8 Tr 1.6* 6.3 0.9 0.17 
C20x 80.5 18.7 Tr 1.6* 6.1 1.2 0.40 
C30x 92.2 7.2 0.6 1.6* 6.4 1.0 0.45 
C40x 96.8 3.2 Tr 1.6* 6.4 0.4 0.16 
IIB21tb 68.9 28.1 3.1 6.8 2.3 0.20 
IIB22tb 67.9 30.3 0.10 6.8 2.1 0.11 

19A 78.4 21.6 Tr 4.0 1.5* 5.9 0.9 0.28 
Bl 83.7 14.8 1.5 0.9 1.5* 6.0 0.9 0.17 
B21t 84.0 12.6 3.4 0.8 1.6* 5.9 0.9 0.12 
B22t 85.4 10.7 3.9 1.6* 5.5 1.0 0.22 
B3 88.2 10.1 1.7 1.6* 6.5 0.9 0.23 
Clox 89.5 9.4 1.1 1.6* 6.7 0.6 0.34 
C20x 91.9 9.4 Tr 1.6* 5.9 0.6 0.22 

20Ap 64.0 25.0 11.0 3.0 1.5 6.5 1.5 0.32 
BZI!: 60.4 23.3 16.3 0.8 1.7 6.7 2.1 0.37 
B22t 56.7 24.6 18.8 0.7 1.7 6.2 2.2 0.33 
B23t 56.5 26.1 17.5 1.7 6.0 2.3 0.44 
B24t 61.8 24.0 14.3 1.8 6.1 1.9 0.22 
B25t 70.3 19.5 10.3 1.8 6.6 1.2 0.13 
B31 86.4 10.7 2.9 1.7 6.3 0.9 0.14 
B32 89.8 8.8 1.4 1.6* 6.0 0.7 0.12 
Cox 92.0 6.7 1.3 1.6* 6.4 0.7 0.16 

22A 78.1 21.4 0.5 2.9 1.6* 5.8 1.0 0.06 
Cox 84.0 11.6 4.4 0.7 1.6* 5.9 0.9 0.04 

23All 69.4 27.4 3.2 2.3 1.4* 5.8 0.9 0.05 
IIA12 70.3 24.9 4.8 2.1 1.6* 5.7 1.2 0.12 
IIBt 80.7 13.8 5.5 0.5 1.6* 6.3 1.0 0.09 
ncox 82.9 15.3 2.0 1.6* 6.2 1.0 0.06 
llCn 92.8 6.3 0.9 1.6* 6.4 0.8 0.08 

PROFILE MASS SUNMATION (g/cmZ-SOIL COLU~IN) 
Fe203d Fe203° Clay Organic Carbon 

2.328 0.620 3.257 1.623 

3.077 0.466 13.095 4.831 

5.023 0.392 46.457 1.138 

0.192 0.017 ° 2.738 

0.509 0.193 7.426 3.589 

W 
-...J 
c::> 



Table B-l. Laboratory Data for Soil Profiles--Continued 
Organic 1 PROFILE MASS SUMMATION (g/cm2-SOIL COLU~rn) 

<2 ann (%) Carbon Db 3 Fet~~d Fe203° Fe203d Fe203° Clay Organic Carbon 
Pedon Sand Silt C1al ~%) g/cm J:!H (%) 
241\1 70.3 26.7 3.3 2.3 1.4* 6.0 1.5 0.20 3.047 1.100 12.816 0.751 

AB 69.6 25.3 5.1 1.5 1.6* 6.2 1.5 0.16 
B1 63.4 27.5 9.3 1.0 1. 7* 6.2 1.8 0.32 
B21t 80.1 7.9 12.0 1.3 2.1 6.5 1.8 0.29 
B22t 75.5 13.9 . .-. "': 2.0* 6.5 1.9 0.52 ..LV_U 

B23t 80.3 12.3 ;.4 1.9* 6.5 1.8 0.29 
B3 86.9 9.7 3.4 1.8* 6.6 1.6 0.53 

26B21t 39.7 46.7 13.6 1.2 1.7 6.3 1.5 0.88 2.432 1. 249 54.410 0.889 
B22t 39.6 62.1 22.5 0.9 1.9 6.6 2.2 1.05 
B23tca 51.6 20.9 27.6 1.9 7.7 0.6 0.43 
B31ca 59.8 34.2 6.1 1.9 7.5 0.6 0.23 
IIB32ca 28.8 56.5 14.7 1.9 7.5 0.5 0.20 
llCox 87.6 8.4 4.0 1.5 7.3 0.5 0.21 

27B1 42.3 44.3 13.4 1.2 1.7 5.4 1.9 0.54 7.279 2.115 82.010 1.822 
B21t 31.7 37.8 30.5 1.2 1.8 6.3 3.1 1.14 
B22t 41.0 30.2 28.9 0.5 2.0 7.8 2.0 0.62 
B23t 43.0 24.7 32.4 2.1 7.9 0.6 0.27 
B24t 62.4 29.8 7.8 1.8 7.6 0.5 0.10 
B25tsim 51.3 39.7 9.0 2.0 7.3 1.3 0.17 
B31si 61. 7 31.5 6.8 1.8 6.8 0.7 0.16 
B32 65.9 27.5 6.6 1.8 6.5 0.3 0.12 
B33 76.1 15.1 8.9 1.8 6.8 0.6 0.21 
llCox 58.1 36.3 5.6 1.5 6.9 0.4 0.27 

28B21t 36.0 29.7 34.4 0.7 1.9 6.0 1.9 0.66 2.222 0.579 49.951 0.246 
B22t 33.2 31. 2 35.6 1.8 6.4 1.8 0.56 
B23t 56.6 15.9 27.6 1.8 6.3 1.3 0.42 
B24t 73.7 13.0 13.3 2.0 6.7 0.6 0.23 
B25t 54.8 24.9 20.3 1.9 6.7 0.3 0.15 
lIB31 37.0 51.4 11.6 1.9 6.6 0.7 0.10 
lIB3.Z 79.6 8.8 11.6 1.9 6.2 0.6 0.12 
llB33 68.6 10.8 20.6 1.9 6.7 0.6 0.13 

31A 77.7 20.8 1.5 1.6 1.5 5.6 0.6 0.44 0.126 0.051 0.581 0.779 
Clox 89.0 10.4 0.6 0.5 1.7* 6.0 0.4 0.74 
C2n 96.7 3.3 Tr 0.3 1. 7* 6.2 0.2 0.27 

w 
--..J 
\.0 



Table B-l. Laboratory Data for Soil Profiles--Continued 
Organic 

Db1 PROFILE MASS SUMMATION (g/cmLSOIL COLUHN) 
<2 mm (%) Carbon Fe203d Fe20f Fe203d Fe203° Clay Organic Carbon 

Pedon Sand Silt Cla:z: ~%) g/cm3 EH ~%) (% 
30A11 71.1 27.4 1.5 1.8 1.4 5.7 0.9 0.Z7 0.936 0.315 2.178 1. 368 

Al2 74.9 22.8 3.3 0.9 1.5 6.2 0.9 0.57 
HAC 74.7 23~1 2.2 0.7 1.5 6.3 0.9 0.53 
IlClox 86.7 12.1 1.2 0.5 i.8 ~ r u.u 0.8 0.60 
IlC20x 94.3 5.1 0.6 1. 7* 6.6 0.7 0.54 
llC30x 96.7 3.3 Tr 1. 7* 6.4 0.5 0.46 

32A 66.9 28.8 4.3 1.9 1.5 5.9 1.4 0.86 2.415 1.075 8.287 1.589 
B1 65.0 27.8 7.2 0.9 1.5 5.9 1.9 0.94 
B21t 69.2 23.8 7.0 0.6 1.7 6.1 1.9 0.98 
B22t 79.7 16.6 3.7 1.5 6.4 1.8 0.88 
C10x 89.8 7.3 2.9 1.6* 6.5 1.1 0.75 
C20x 93.2 5.8 1.0 1.6* 6.4 1.0 0.74 

PRO. HASS SUH. (g/cm3-SOIL COLU~IN) 
<2 mm (%) Org. CaC03 EC Fe 203d FeZ030 Fe203d Fe2030 Clay Organic 

Pedon Sand Silt C1a:z: C mmho/cm Db jl.!! Carbon 
43A 8Z.1 13.6 3.2 1.1 -0- 0 1.5* 5.9 ----0:7 o:JS 1.423 0.092 4.084 0.107 

B2It 70.6 11.8 17.0 0.7 0 0 1.8* 6.0 1.6 0.72 
B22t 79.2 10.7 10.2 0 0 1.8* 7.1 1.2 0.44 
B23t 84.3 8.2 7.6 0 0 1.8* 6.2 0.9 0.30 
B31ea 86.6 8.5 4.9 0.07 0 1. 7* 6.8 0.8 0.27 
B32 93.2 4.8 2.0 0.02 0 1. 7* 6.9 0.4 0.17 
Cox 90.1 7.5 1.6 0 ° 1. 7* 6.1 0.5 0.20 

44A 77.2 19.2 3.6 0 1.5* 0.8 0.04 0.134 0.002 0.319 
Bl 76.5 16.6 6.9 0 1. 7* 1.0 0.03 
B2t 76.3 15.9 7.8 0 1. 7* 0.7 0.06 
Clea 76.6 17.4 6.0 1.6 1. 7* 0.5 0.03 
C2ea 80.0 13.9 6.1 1.1 1. 7* 0.5 0.07 

Org. cacO~ EC PRO. MASS SUH. (g/em3-SOIL COLu}IN~ 
<2 mm (%) C. <2mm > mm <2mm >2mm Db 3 Fe203d Fe20t Fe203d Fe2030 Clay CaC03 Organic 

Pedon Sand Silt C1a:z: (%) ~%) ~%) mmho/cm ~ jl.!! ~~ Carbon 
PV4Av 65.4 32.7 1.9 0.6 4.6 0.20 1.6* 7.5 0.83 0.09 ° 0 0 0 0.057 

Cn 80.3 15.6 4.2 0.4 6.2 6.5 0.07 0.09 1. 7* 7.9 0.86 0.05 

PV2aAvea 46.0 32.3 21. 7 1.2 7.6 0.11 1.6* 7.8 1.07 0.16 0.038 0.007 1.47 0.70 0.108 
Clea 82.6 13.0 4.4 0.4 9.5 9.9 0.09 0.08 1. 7* 7.7 0.84 0.10 
C2n 89.1 8.7 2.2 7.0 6.7 0.07 0.07 1. 7* 7.8 0.81 0.09 \..Ll 

OJ 
0 



Table B-l. Laboratory Data for Soil Profiles--Continued 
Org. CaC03 EC 

<2 mm (%) C. <2mm >2mm <2mm >2mm Db 3 Fe~~~d Pedon Sand Silt Clay ~%) ~%) (%) mmho/cm gtem J2H 
PV2bBt 63.0 28.6 10.2 0.5 3.0 3.9 0.13 0.10 1.7* 7.6 1.03 

PV3Avea 28.0 53.8 18.2 0.8 9.7 0.12 1.6 7.9 1.03 
C1ea 58.4 35.9 5.7 0.4 7.1 8.3 0.09 0.07 1. 7* 7.8 0.73 
C2n 83.3 13.5 3.2 7.7 4.4 1.70 0.63 1.7* 7.9 0.62 

PVlAvea 22.7 58.1 19.2 0.9 5.8 0.13 1.7 7.9 1.48 
B2tea 42.5 41.8 15.7 0.7 4.9 13.5 1.45 0.44 1.6 8.0 0.90 
B3ea 57.3 29.2 13.5 5.0 10.9 5.65 1. 54 1.6* 8.0 0.83 
C1ea 66.6 24.4 9.0 12.5 11.1 1.02 0.27 1.7 7.8 0.55 
C2ea 78.6 15.7 5.7 6.2 5.7 2.20 0.51 1. 7* 7.8 0.60 

Org. 
<2 mm (%) C. CaC03 EC Db 3 Fe203d 

Pedon Sand Silt C1ai i!L ~ mmho/em ~ -P.!!. (%) 
~ 68.3 23.8 6.4 1.5 1.3 5.9 ~ 

B21t 70.3 23.3 5.3 1.1 1.4 6.1 1.7 
B22t 17.8 17.4 4.8 0.4 1.6 6.6 1.9 
B23t 76.0 16.8 7.2 1.5 6.2 2.1 
B24t 70.1 26.0 4.0 1.6 6.3 2.2 
B3 80.5 17.7 1.8 1.6 5.9 1.6 
Cox 90.6 B.6 0.8 1.6 6.2 1.0 

29B21t 59.4 22.1 17.8 0.7 1.9 6.7 2.0 
B22t 52.2 27.8 19.4 0.6 1.8 6.6 3.4 
B23t 58.3 28.4 13.3 1.6 6.5 2.8 
B24t 67.1 21.9 11.0 1.8 6.5 2.5 
B25t 63.0 27.7 9.4 1.7 6.5 2.0 
B3 74.6 21. 7 3.7 1.6 6.7 1.3 
Cox 89.3 10.3 0.3 1.6 6.7 1.0 

40A 78.6 18.3 2.5 0.6 0 0 1.7 6.1 0.4 
C1 84.7 13.3 1.3 0.7 0.3 0 1.6 7.5 0.3 
C2ea 85.3 12.9 l.9 0.6 0.01 1.7 7.5 0.3 
IlC3ea 92.0 7.0 1.0 0.7 0.005 1.7 7.8 0.3 

Fet~t 
0.09 

0.10 
0.10 
0.15 

0.28 
0.18 
0.21 
0.05 
0.14 

Fe20t 
~ 

0.86 
1.06 
1.29 
1.42 
1.51 
1.10 
0.79 

0.34 
0.44 
0.41 
0.30 
0.24 
0.19 
0.18 

0.32 
0.35 
0.40 
0.47 

PRO. HASS SUH. (g/cm'LSOIL COLU~IN) 
Fe203d Fe203° Clay CaC03 Organic 

Carbon 

0.060 0 l.8ft 0.90 0.119 

0.101 0.009 3.25 3.84 0.175 

PRO. HASS SOO. (g/cm3-S0IL COLUHN) 
Fe203d Fe203° Organic 

~ Carbon 
5.076 2.928 14.771 l.372 

6.109 0.378 30.182 0.551, 

0 0 0 0.291 

W 
Q 
~ 



Table B-l. Laboratory Data for Soil Profiles--Continued 
Org. PRO. MASS Sill!. (g/cm3-SOIL COLUI-IN) 

<2 mm (%) C. CaC03 EC Db Fe"O"d Fe203a Fe203d Fe203a Organic 
Pedan Sand Silt Cla~ (%) (%) mmho/cm g/cm3 EH h,5 (%) Cla~ Carbon 
39A 79.9 15.8 3.5 0.9 0 0 1.6 6.3 0.7 0.34 0.795 0.287 8.315 0.410 

B2t 72.7 13.7 12.9 0.8 0 0 1.8 7.0 1.1 0.55 
B3ca 85.9 10.5 3.7 1.5 0.55 1.9 7.6 0.7 0.50 
1l1caox 82.2 15.5 2.3 1.4 0.25 1.9 7.7 0.6 0.41 
C20x 83.1 14.3 2.6 0.3 0.50 1.8 7.5 0.4 0.34 

38A 88.1 7.8 3.3 0.8 0 0 1.5 7.1 0.6 0.31 1.037 0.260 11.510 0.525 
B2lt 72.9 16.8 9.9 0.7 0 0 1.8 7.3 1.0 0.53 
B22t 68.5 15.3 15.5 0.7 0 0 1.7 6.7 1.3 0.74 
B23t 67.3 15.4 17.3 0 0 L7 7.1 1.2 0.64 
B24t 71.0 18.4 10.7 I) 0 1.7 7.0 1.3 0.66 
B25t 79.4 12.9 7.2 0 0 2.0 6.3 0.8 0.38 
B3ca 69.9 28.8 1.3 3.1 0.02 1.8 7.7 0.5 0.17 
C1caox 75.5 23.4 1.2 0.8 0.09 i,9 7.6 0.4 0.16 
C2caox 80.1 19.6 0.3 0.1 0.01 1.8 7.7 0.4 0.13 
C30x 79.3 19.4 1.3 0.03 0 1.7 7.2 0,1, 0.16 

Org. CaCO EC PRO. MASS SUM. (g/cm3-SOIL COLUHN) 
<2 mm (%) C. <2mm >~mm <211!l1l >2mm Db FetO~d FetO~a Fe203d Fe2030 Clay CaC03 Organic 

Pedan Sand Silt CIa)! (%) (%) (%) mmha/cm g/cm3 ....E!! -_%- -_%- --- ___ Carbon 
PV7Avca 27.0 51.8 21. 2 1.4 9.6 6.50 1. 7* 7.9 1.01 0.10 0.179 0.013 7.87 6.59 ~ 

B21tca 31.4 45.8 22.8 1.4 7.0 11.6 4.60 1.27 1.6x I.' 0.96 0.08 
B22tca 43.3 25.2 31.5 2.4 9.0 12.00 3.15 1.6* 7.8 0.92 0.13 
B23tca 53.8 20.2 26.0 11.4 24.8 19.00 7.80 1.6* 7.7 0.60 0.08 
B3ca 65.1 21.1 13.8 9.7 7.1 13.40 4.20 1.7* 7.7 0.48 0.07 
C1ca 81.8 12.1 6.1 3.6 5.9 5.00 2.12 1. 7* 7.9 0.40 0.06 

PV5Avca 25.5 43.3 31.2 1.8 12.2 0.46 1.9 7.8 1.12 0.08 0.515 0.035 10.70 29.17 0.34 
B21tca 34.4 53.1 12.5 0.4 6.9 29.7 0.37 0.20 1.6* 7.9 0.82 0.07 
B22tca 58.0 30.2 11.8 23.1 27.2 7.25 2.05 1.9* 7.9 0.66 0.09 
B23tca 51.3 34.4 14.3 4.7 12.5 7.05 2.00 1.5 8.0 0.77 0.10 
C1caox 68.8 18.7 12.5 16.0 13.2 1. 70 0.62 2.0 8.2 0.70 0.08 
C10x 58.5 30.3 11. 2 6.2 3.9 0.38 0.08 1.7* 7.6 0.71 0.09 

PV6Avca 27.0 48.2 24.8 1.3 17.5 8.05 1.5 7.9 1.08 0.12 1.201 0.067 25.64 42.88 0.16 
ABca 32.9 46.8 20.3 0.9 15.8 58.2 2.75 0.91 1.3 8.6 1.05 0.11 
B2ltca 47.6 20.0 32.4 0.3 19.7 35.5 0.37 0.34 1. 7* 8.0 1.24 0.09 
B22tca 51. 6 23.3 25.1 14.2 14.9 3.04 1.32 1. 7* 8.1 1.13 0.10 
B23tca 51. 4 26.2 22.4 20.9 25.4 12.50 5.10 1.7* 8.6 0.94 0.09 
B24tca 54.1 25.5 19.8 19.7 22.1 4.20 1.513 1. 7~ 8.4 1.01 0.10 w C1caox 77.0 16.6 6.4 4.6 13.2 0.32 0.24 1. 7* 7.8 0.98 0.11 CD 
C2caox 81. 7 12.9 5.4 3.8 10.4 2.32 0.71 1. 7* 7.8 0.91 0.08 N 



~-~~~,~ Laboratory Data 'for Soil Profiles--Continued 

---~ Laboratory data fo~~tngs removed from large clasts of Pedon 10: 

-------<2 mm (%) 
Pedon Clay Silt Sand 

lOAC 16.4 67.3 16.3 
Clox 26.6 51.4 22.1 
C20x 26.1 59.2 14.7 

IBulk density (Db) estimated based on field descriptions and particle-size distribution. 

LV 
ex> 
LV 
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Table B-3. Soil Horizon Available Water-holding CaEacit~ Calculations. 

Pwfc 
1 2 AWe, horizon 

Pedon Horizon D~~ (em) ~cm)3 
PV4 Cn 8.31 2.3 0.17 
PV2a Avca 23.20 4.0 0.79 

Clca 7.83 4.6 0.33 
C2n 3.72 2.3 0.08 

PVl Avca 26.75 3.0 0.73 
B2tca 21.00 11.5 2.06 
B3ca 16.85 4.0 1.08 
Clca 1..3.12 5.5 0.66 
C2ca 8.90 2..2 0.18 

PV7 Avca 26.50 8.0 1.93 
B2ltca 26.10 3.4 0.78 
B22tca 26.60 4.9 1.12 
B23tca 2~.10 6.1 1.15 
B3ca 15.20 8.1 1.12 
Clca 8.60 2.2 0.17 

40 A 7.91 0.9 0.07 
C1 6.07 25.2 1.28 
C2ca 6.64 30.3 1.83 
IIC3ca 4.48 0.25 0.01 

44 A 8.77 3.3 0.23 
B1 10.12 10.5 0.91 
B2t 10.49 9.5 1.54 
C1c.a 9.77 7.7 0.68 
C2ca 9.04 4.5 0.37 

39 A 7.92 1.9 0.l3 
B2t 12.97 26.6 3.32 .. 
B3ea 7.44 4.2 0.32 
C11:aox 7.16 58.5 4.28 
C20x 7.07 28.4 1.93 

38 A 5.99 3.3 0.16 
B21t 11.84 9.9 1.13 
B22t 14.86 15.5 2.09 
B23t 15.95 17.3 2.51 
B24t 13.08 10.7 1.27 
B25t 9.44 7.2 0.73 
B3ca 9.61 1.3 0.12 
C1caox 8.32 1.2 0.10 
C2caox 6.92 0.3 0.02 
C30x 7.46 1.3 0.09 

31 A 7.90 22.8 1.45 
C10x 5.01 7.8 0.36 
C2n 3.05 0.35 0.01 

30 All 9.40 33.5 2.36 
A12 8.83 26.0 1.84 
IIAC 8.83 7.8 0.55 
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Table B-3--Continued 

Pw 1 . 2 AWC, horizon 
Pedon Horizon fc D* (cm) {cm) 3 
30 (cont.) IIClox 5.75 10.1 0.56 

IIC20x 3.81 11.5 0.40 
IIC30x 4.20 0.35 0.01 

32 A 9.98 41.9 3.36 
B1 12.84 16.3 1.68 
B2lt 11.81 17.1 1.84 
B22t 8.24 22.1 1.46 
C10x 5.66 8.8 0.43 
C20x 4.20 0.35 0.01 

33 A 11.42 39.1 3.11 
B21t 10.67 24.0 1.92 
B22t 9.06 37.5 2.91 
B23t 10.34 31.2 2.59 
B24t 10.55 37.1 3.35 
C10x 7.37 39.6 2.50 
C20x 4.72 0.35 0.01 

26 B21t 20.88 22.6 4.29 
B22t .. -30.16 24.9 7.63 
B23tca 13.31 69.4 9.39 
B31ca 13.65 24.9 3.45 
B32 23.75 45.8 11.06 
C10x 6.56 30.0 1.58 

1Pw 
fc = 0.023 (% sand) + 0.25 (% silt) + 0.61 (% clay) 

2 * . the thickness of the <2 rom part of the horizon. D 1S 
3 Pw 
3AWC = ( 1~~ x Db x D*) (0.535) 



Table B-4. Calculating RDH and RPD Data Using the Bilzi and Ciolkosz Method. -- Relative Distinc-
tiveness of horizon development (RDH) and relative profile development (RPD) data are 
given below for pedon 32. Refer to Appendix A to compare the profile description of 
pedon 32 .dth the point value differences assigned between horizons for different mor-
Eho1ogical features of subhorizons. 

1 STRUCTURE Moist CLAY FILMS 
Horizon Color Texture Grade Size TyEe Consistency Amount Thickness Boundarz RDH 
A 

B 3 0 .~ 0 0 0 ~ 5 

B2t 2 0 0 1 0 1 l~ 0 5~ 

B3 5 1 0 0 0 1~ 0 1~ 9 

Clox 1 1 0 0 1 ~ 0 ~ 5 

C20x 2 0 0 0 0 0 0 0 2 

RPD 

A 6 3 2 ~ 1 1 1~ 1 2 18 

B 7 2 2 1 1 1 1~ 1 1 17!z 

B2t 9 2 2 ~ 1 2 l~ 1 2 19 

B3 4 1 2 ~ 1 ~ 2 2 2 14 

C10x 4 1 0 0 0 0 0 0 3 8 

C20x 3 0 0 0 0 0 0 0 0 0 

lHue + Value + Chroma 
w 
co 
0\ 



APPENDIX C 

SOIL PROFILE STATISTICAL DATA 

SPSS Analysis 

The Statistical Package for the Social Sciences (SrSS) is a 

package of canned subroutines available at the University of Arizona 

Computer Center that was used to perform regression analysis on soil 

data and to plot the results graphically. 
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Table C-1. Statistical Analysis of Soil Profile Clay Percent as a Function of Fe203d Percent. 

Pedon Stage Eg,uation Simple R Adj. R Sguare F Significance 
14 S7 Y = .720 - .686X -.6381 .4071 1.3733 .362 
22 S7 Insufficient Data Points 
31 S7 Insufficient Data Points 
, '1 c~ y ~ .771 - .914X· -.8552 .7314 5.4468 .145 .l..J OJV 

12B S6 Insufficient Data Points 
30 S6 Y = -2.79 - 5.221X .9305 .8658 25.8112 .007 
15 S5 Y = 1.271 + 1.571X .2592 .0672 .0720 .833 
23 S5 Y = -6.45 + 9.75X .7232 .5230 2.1932 .277 
18 S5 Y = 1.290 + .379X .1348 .0182 .1295 .730 
10 S5 Y = -2.067 + 4.38X .6791 .46H 3.4227 .138 
32 S5 Y = -3.459 + 5.149X .8718 .7600 12.6663 .024 
19 S4 Y = 3.460 + 1.556X .3048 .0929 .5121 .506 
24 S4 Y = -23.18 + 17.97X .8204 .6731 8.2371 .045 
26 S4 Y = 9.871 + 4.961X .3849 .1481 .6954 .451 
33 S4 Y = -2.79 + 4.06X .6872 .4722 4.4737 .088 
16 S3 Y = -5.87 + 8.25X .9433 .8898 64.6248 .000 
4 S3 Y = -7.01 + 8.73X .8163 .6663 5.9895 .092 
17 S2 Y = 7.68 + 3.78X .8204 .6731 8.2351 .045 
20 S2 Y = -5.48 + 10.55X .9812 .9627 154.6418 .000 
6 82 Y = -8.24 + 8.14X .9102 .8285 24.1531 .004 
29 S2 Y = -4.97 + 7.08X .8490 .7207 12.9032 .016 
28 S2 Y = 8.27 + 13.95X .8704 .7575 18.7444 .005 
27 S2 Y = 6.57 + 7.38X .6174 .3812 4.9285 .OS7 
3 Sl Y = -5.28 + 10.38X .9435 .8902 40.S311 .001 
40 S7 Y = -1.90 + 11.00X .8268 .6836 4.321S .173 
44 85 Y = 6.04 + .57X .0075 
39A 84 Y = -6.17 - 15.96X .9134 .8343 lS.1008 .030 
39A S3 Y = -5.58 - lS.67X .9484 .8995 71.S722 .000 
43 S2 Y = -4.75 - 13.07 .9834 .9670 146.6717 .000 
PV4 Insufficient Data Points 

v.> 
co 
co 



Table C-1--Continued 

Pedon 
PV2A 
PV3 
PV1 
PV7 
PV5 
PV6 

Stage 
S5 
S5 
S4 
S3 
S2 
Sl 

Equation ___ Sitnp1~ R Adj •. ~ Square F Significance 
Y = -46.57 + 59.94X .9030 .8153 8.8307 .097 
Y = -20.84 + 37.66X .9944 .9888 88.3461 .067 
Y = 1.36 + 12.91X .8943' .7998 11.9865 .041 
Y = 2.78 + 23.97X .7069 .4997 3.9948 .116 
Y = -19.40 + 43.92X .9563 .9144 42.7522 .003 

Y = -52.66 + 69.29X .8022 .6435 10.8301 .017 

UJ 
00 
\.0 



Table C-2. Statistical Analysis of Soil Profile Clay Percent as a Function of Fe203d Percent, 
All Horizons Combined. 

Region Equation SimEle R Adj. R Square F Significance 
San Gabriel 
Mountains Y = -3.85 + 7.82x .8497 .7220 181. 839 .000 

Los Angeles 
Basin Y = 9.01 + 7.85X .5712 .3263 10.654 .004 

San Gorgonio 
Wash Y = -4.64 + 6.34X .8598 .7392 68.015 .000 

Mission Creek Y = -5.18 + l4.48X .9455 .8939 168.564 .000 
Whip~le Mountains Y = -2.60 + 20.85X .5595 .3130 13.671 .001 

Table C-3. Statistical Analysis of Profile Mass Clay as a Function of Profile Mass Fe203d. 

Region Equation Sitnple R_ Adj. R Square F Significance 
San Gabriel 
Mountains Y = -6.29 + 8.52X .9650 .9312 189.549 .000 

Los Angeles 
Basin Y = 38.08 + 6.04X .9958 .9916 117.402 .059 

San Gorgonio 
Wash Y = -1.62 + 4.37X .9439 .8909 24.l}98 .016 

All xeric 
climates Y = -2.58 + 8.26X .8954 .8018 88.987 .000 

Mission Creek Y = -0.54 + 10.98X .9968 .9935 .000 
Whipple Mountains Y = 1.14 + 20.40X .9873 .9747 192.705 .000 

W 
\D 
o 



Table C-4. Statistical"Comparison of T.Fe2030:EFe203d Values. 

Group Comparison, Two Sample Technique (Parametric) 

Group 1: Stage S4 to S6 soil profiles 

Group 2: Stage S3 to Sl soil profiles 

Ho:Ul U2 

Ha:U
1 

> U2 

t = 4.8676 t = 2.787 
.005,25 

Therefore, accept Ha at a = .005 

Paired Comparison Technique (Nonparametric) 

a. Stage S5 (or S4) compared with Stage S3 (or S2) 

Ho:Ux = 0 

Ha:Ux > 0 

t = 2.643; t.025,6 = 2.447 

Therefore, accept Ha at a = .025 

b. Stage S6 to S4 average compared with Stage S3 to Sl average 

Ho:Ux 0 

Ha:Ux > 0 

t = 5.491 t. 005 ,6 ::: 3.707 

Therefore, accept Ha at 
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APPENDIX D 

CLIMATIC DATA FOR THE STUDY AREA 

Sources of Data 

Climatic data for the study area were obtained from records 

maintained by the National Oceanic and Atmospheric Administration in 

southern California. Data from lS stations provided excellent coverage 

of the variation in climates in the different areas where soil chronose

quences were established. The periods of time during which climatic 

records have been kept at the different stations vary from 13 to 103 

years. 

At some stations, either temperature or precipitation data were 

not available. In this case, the data were estimated based on climatic 

data from the nearest station where data were available. A 4.SoF change 

in temperature was assumed for a change in altitude of 1000 ft. A 10 

percent increase in precipitation was assumed for every 1000 ft gain in 

altitude. These estifuates appear to be reasonable based on a survey of 

increases in precipitation and temperature as a function of changes in 

altitude noted in southern California. For example, Mission Creek cli

matic data were based on climatic data of stations that occur to the 

west and southeast of Mission Creek; Beaumont and Palm Springs, 

California. For the Rodman Mountains site, data were estimated based on 

climatic data from Barstow, California and Mitchell Caverns, California. 
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Calculation of ETp 

Monthly values of ETp were calculated using nomograms and tables 

prepared by P~lmer and Havens (1958) based on the Thornthwaite method. 

ETp was calculated only for those months when the value approximately 

equaled or was clearly less than monthly precipitation. 



Table D-1. Climatic Data. l 

MONTH 
J ·F M A M J J A S 0 N D 

Parker Reservoir. California Altitude: 226 m Li 0.97 cm 
Temperature2 11.60 14.30 17.30 22.00 26.80 31.30 35.10 34.40 31.30 24.90 17.10 12.40 
preZiPitation3 1.40 1.02 1.45 0.71 0.13 0.05 0.76 1.35 0.99 0.76 1.07 1.40 
ETp 0.71 2.36 3.81 8.93 10.80 3.73 1.12 

Palm Springs, California Altitude: 130m Li 2.25 em 
Temperature 12.40 14.70 16.80 20.70 24.40 28.30 32.70 31.90 29.00 23.50 16.90 12.80 
Precipitation 2.87 1.68 1.60 0.61 0.10 0.00 0.61 0.61 1.42 0.51 1. 73 2.57 
ETp 1.50 2.23 3.59 1.69 

Mission Creek, California Altitude: 580 m Li 3.28 cm 
Temperature 9.80 12.10 14.30 18.20 21.90 25.80 30.10 29.40 26.50 21.00 14.40 .10.30 
Precipitation 3.16 1.84 1. 76 0.67 0.10 0.00 0.67 0.67 1.56 0.56 1.90 2.82 
ETp 1.35 2.13 3.05 1.35 

Barstow, California Altitude: 660 m Li 1. 36 em 
Temperature 7.60 10.20 12.60 16.70 21.00 25.30 29.40 28.30 24.80 18.70 12.00 7.80 
Precipitation 1.60 1.24 1.32 0.61 0.10 0.10 0.81 0.76 0.61 0.66 1.22 1. 75 
ETp 0.98 1.63 LOI 

Rodman Mountains site Altitude: 1056 m Li 3.58 em 
Temperature 6.50 9.10 11.50 15.60 19.90 24.20 28.30 27.20 23.70 17.60 10.90 6.70 
Precipitation 2.34 1.91 1.93 0.91 0.15 0.15 1.22 1.14 0.91 0.99 1.83 2.64 
ETp 0.78 1.63 2.97 2.67 0.89 

Beaumont, California Altitude: 800 m Li 18.6 cm 
Temperature 8.80 9.60 10.50 13.30 16.30 19.90 24.60 24.80 22.30 18.70 12.90 9.80 
Precipitation 7.21 7.01 6.58 4.19 1.04 0.23 0.51 0.58 0.76 1.52 5.00 6.32 
ETp 1.73 2.13 3.05 4.23 3.51 3.15 

w 
1.0 
.I:"-



Table D-1--Continued 

J F M 
San Gabriel Mountains 

10.20 11.30 12.50 
East side, 
Temperature 
Precipitation 
ETp 

16.20 16.70 12.60 
2.14 2.74 3.62 

San Gabriel River 
10.00 11.10 
15.40 13.10 

2.36 2.74 

North fork, 
Temperature 
Precipitation 
ETp 

Arroyo Seco Canyon, California 
Temperature 11.40 12.30 
Precipitation 11.80 12.70 
ETp 2.59 3.15 

12.00 
10.20 

3.58 

13.20 
8.66 
4.14 

Little Tujunga Canyon, California 
Temperature 11.90 11.60 12.80 
Precipitation 10.20 8.84 7.49 
ETp 3.04 2.63 3.92 

MONTH 
A M J J 

Altitude: 600-800 m 
15.00 17.60 20.60 24.80 

6.40 1.55 0.38 0.03 
5.51 

A S 
Li 53.2 cm 
24.80 22.80 
0.30 0.94 

Altitude: 600 m Li 44.0 cm 

o N D 

19.00 13.90 10.80 
3.07 6.50 15.00 

3.81 2.36 

14.20 16.40 18.90 22.80 22.90 
6.71 1.04 0.23 0.05 0.13 
7.29 

21.50 18.10 13.60 
0.51 1.85 9.14 

5.11 

10.70 
11.40 
8.79 

Altitude: 400 m Li 30.3 cm 
14.90 16.80 18.80 22.30 22.70 21.80 18.60 14.90 12.20 

4.78 1.09 0.33 0.08 0.23 0.81 2.89 4.24 10.10 
4.35 3.05 

Altitude: 560 m Li 25.6 cm 
12.10 18.20 20.50 23.90 22.90 22.70 18.20 13.20 10.80 

5.18 0.94 0.30 0.05 0.30 0.66 1.35 6.68 7.29 
4.02 3.92 2.47 

lClimatic data not given for months when ETp significantly exceeds precipitation. 
2( DC) 

2(cm) 
(cm) 

W 
\0 
V1 



Table D-2. Estimated Pleistocene Climatic Data. 

J F M A M 
Parker Reservoir, Califorpia 60T = -8 DC 
ETp 0.28 1.01 2.45 3.48 

60T = -6.5 DC 
ETp 0.39 1.16 

60T = -5.0 DC 
Precipitation 1.68 1.25 
ETp 0.67 

60T = -3.0 DC 
Precipitation 1.68 1.25 
ETp 0.68 1.52 

/:;T = -3.0 DC 
Precipitation 2.10 1.55 
ETp 0.68 1.52 

Mission Creek, California . 60T = -3 DC 
Precipitation 3.79 2.21 2.11 
ETp 1.12 1.67 3.32 

60T = -8 DC 
ETp 0.28 1.01 2.23 

North fork, San Gabriel River 60T = -8 DC 
ETp 1.69 1.93 2.81 4.25 

MONTH 
J J A S 

60P = 0 1i* = 2.28 cm 
-

60P = 0 1i* = 1.85 cm 

60P = +20% 1i* 2.02 cm 

60P = +20% 1i* = 1.67em 

60P = +50% 1i* = 2.45 em 

60P = 20% Li* = 4.75 em 

60P = 0 1i* = 6.0 em 

60P = 0 1i* = 50.5 em 

0 N 

2.57 0.77 

1.28 
2.39 

1. 28 
2.39 

1.60 
2.39 

2.28 
2.61 

2.06 

2.94 

D 

0.13 

U.56 

1. 68 
0.67 

1.68 
1.01 

2.01 
1.01 

3.38 
1. 29 

0.55 

1.86 

VJ 
\D 
0\ 



APPENDIX E 

CALCIC HORIZON SIMULATION DATA 

397 



1. Arid, hyperthermic: 

Compo Depth (cm) 
1 0-3 
2 3-6 
3 6-9 
4 9-12 
5 12-15 
"- 15-18 u 

7 18-21 
8 21-24 
9 24-27 

10 27-30 

2. Semiarid, thermic: 

Depth 
Camp. (cm) 317 yr 

1 0-5 0 
2 5-10 1.196 -01 
3 10-15 " 
4 15-20 " 

Temperature = 12°C; Li = 0.97 CTh; PCO = 10-2•8 ; CaC03 , ~arent material = 
3.3 x 10-lg cm-3 , CaC03 influx rate =21.0 10-4g cm-2 yr- ; MCaCO , satu
ration = 1.37 10-4g cm-3 ; compartment depth = 3 cm; available 3 water
holding capacity = 0.12 ml/compartment. 

Accumulated Mass CaC03 (g) 
1000 y"r 4000 y"r 7000 y"r 13,000 y"r 

3.140 -01 3.386 -01 4.865 -01 7.824 -01 
3.460 -01 3.960 -01 4.780 -01 6.835 -01 

" " 4.650 -01 5.640 -01 
" " " " 
" " " " 
" " " " 
" 3.750 -01 3.750 -01 3.750 -01 
" " " " 

3.317 -01 " " " 
3.300 -01 " " " 

Profile DeveloEment 
Av Av Avca Avca 
Cca Cca Cca C1ca 
Cn. Cn Cn C2ca 

C3n 

Temperature = 12°C; Li = 3.50 cm; PCO = 10-2•5 ; Cac0
32 

parent material = 
1.1 10-lg cm-3 ; CaCo3 influx rate = 2 1.5 x 10-4g cm- yr-l ; MCaCO ' satu
ration = 1.51 10-4g cm-3 ; compartment depth = 5 cm; available watei
holding capacity = 0.20 ml/compartment. 

Accumulated Mass CaC03 (g) 

694 y"r 1151.y"r 1770 y"r 3214 y"r 7000 y"r 13 ,000 y"r 
0 0 0 0 0 0 
0 0 0 0 0 0 

1.31 -01 0 0 0 0 0 
" 1. 448 -01 0 0 0 0 

W 
\0 
(Xl 



2. Cont'd. Accumulated Mass CaC03 (g) Depth 
Compo (em) 317 ~r 694 ~r 1151 y,r 1770 ~r 3214 ~r 

5 20-25 " " " 1.635 -01 0 
6 25-30 " " " " 2.071 -01 
7 30-35 II " " " " 
8 35-40 " " " " " 
9 40-45 " " " " " 

10 45-50 " " " " " 
11 50-55 1.196 -01 1.31 -01 1.448 -01 1.635 -01 2.071 -01 
12 55-60 " " " " " 
13 60-65 " " " " " 
14 65-70 " " " " 1. 962 -01 
15 70-75 " " " " 1.635 -01 
16 75-80 " " " " " 
17 80-85 " " " 1.588 -01 1.588 -01 
18 85-90 1.148 -01 1.205 -01 1.277 -01 1. 277 -01 1. 277 -01 
19 90-95 1.100 -01 1.100 -01 1.100 -01 1.100 -01 1.100 -01 

Profile Development 
Av Av Av Av Av 
Cn C1 C1 Bt B2t 

C2ca C2ca C1ca B3 
C3n C3n C2ca C1caox 

C3n C2caox 
C3n 

7000 ~r 
0 

1.499 -01 
3.500 -01 

" 
" 
" 

2.643 -01 
2.071 -01 

" 
1. 962 -01 
1.635 -01 

" 
1.588 -01 
1. 277 -01 
1.100 -01 

Av 
B2t 
B3 
C1caox 
C2caox 
C3n 

13,000 ~r 
0 

3.754 -01 
5.765 -01 

" 
4.255 -01 
3.500 -01 
2.643 -01 
2.071 -01 

" 
1. 962 -01 
1.635 -01 

" 
1. 588 -01 
1. 277 -01 
1.100 -01 

Av 
B2t 
B3 
C1caox 
C2caox 
C3n 

LV 
\0 
\0 



3. Xeric, mesic to thermic: Temperature = 12°C; Li = 18.6 cm; Pca = 10-2i O; CaC03, parent ma
terial = 0; CaC03 influx rate = 1.5 lG-4g cm- yr-l ; MCaCa' satu-

Compo 
1-10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Depth (em) 
0-200 

200-220 
220-240 
240-260 
260-280 
280-300 
300-320 
320-340 
340-360 
360-380 
380-400 

4. Arid, hyperthermic: 

Compo DeEth (em) 
1 0-3 
2 3-6 
3 6-9 
4 9-12 

ration = 1.75 lO-4g cm-3; compartment depth = 20 cm; 3 
available water-holding capacity ~ 1.0 ml/compartment. 

500 yr 
o 
o 
o 
o 
o 
o 
o 
o 

2.250 -02 
5.250 -02 

o 

A 
Cox 
Cn 

Accumulated Mass CaC03 (g) 
3000 yr 10,000 yr 

o 0 
o 0 
o 0 
o 0 
o 0 
o 4.270 -01 
o 6.260 -01 

1.560 -01 1.560 -01 
2.410 -01 2.410 -01 
5.250 -02 5.250 -02 

o 0 

Profile DeveloEment 
A A 
AC B2t 
Cox B3 
Cn Cox 

13,000 yr 
o 
o 
o 
o 

2.400 -01 
6.270 -01 
6.260 -01 
1.560 -01 
2.410 -01 
5.250 -02 

o 

A 
B2t 
B3 
Cox 

All model characteristics are the same as those listed in model number Ii 
with the e~ception of the CaC03 influx rate, which is 1.5 10-4g cm-2 yr
in this model. Profile development is similar as well. 

Accumulated Mass CaCa3 (g) 
1000 yr 4000 yr 7000 ~r 13,000 yr 

3.640 -01 5.386 -01 8.366 -01 1. 433 00 
3.454 -01 3.958 -01 4.780 -01 6.835 -01 

" " 4.656 -01 5.643 -01 
" " 3.958 -01 3.958 -01 

"" ''''.!'P;it- ,,,;...,,.,,~ 

~ 
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4. Cont'd. 
Accumulated Mass CaC03 (g) 

Compo DeEth (em) 1000 'ir 4000 'ir 7000 'ir l3,000 'ir 
5 12-15 3.454 -01 3.958 -01 3.958 -01 3.958 -01 
6 15-18 " " " " 
7 18-21 " 3.752 -01 3.751 -01 3.751 -01 
8 21-24 " 3.464 -01 3.464 -01 3.464 -01 
9 24-27 3.314 -01 3.314'. -01 3.314 -01 3.314 -01 

10 27-30 3.300 -01 3.300 -01 3.300 -01 3.300 -01 

5. Semiarid, thermic PCO decreased with depth: 
2 

All initial characteristics are the same as 
those listed in model number 2, with the excep
tion of the decreased PCO . 

Compo 
1-5 

6 
7 
8 
9 

10 
11 
12 
l3 
14 

15-20 

Compo 
1 
2 
3 
4 
5 

MCaC03,g compartment, saturation (g) 
3.02 -05 
2.82 -05 
2.66 -05 
2.46 -05 
2.30 -05 
2.12 -05 
2.02 -05 
1. 95 -05 
1. 85 -05 
1. 73 -05 
1.64 -05 

2 

Accumulated Mass CaC03 (g) 
Depth (em) 317 'ir 694 'ir 1151 'ir 1770 'ir 3214 yr 

0-5 0 0 0 0 0 
5-10 1.196 -01 0 0 0 0 

10-15 " 1.310 -01 0 0 0 
15-20 " " 1. 448 -01 0 0 
20-25 " " " 1.635 -01 0 

7000 'ir l3,000 'ir 
0 0 
0 0 
0 0 
0 0 
0 0 .J:-. 

a 
f-' 



5. Cont'd. 
Accumulated Mass CaC03 (g) 

Compo Depth (cm) 317 ;y:r 694 ;y:r 11 r::1 .--
~..:.....;..:... l.~ 

~ -,-,,, ----
,;... i i \.i 1.. i. 3214 F 7000 ;y:r 13,000 ;y:r 

6 25-30 1.270 -01 1. 470 -01 1. 713 -01 2.040 -01 2.810 -01 2.310 -01 5.450 -01 
7 30-35 1.243 -01 1.410 -01 1.620 -01 1.900 -01 2.550 -01 4.070 ..,01 6.810 -01 
8 35-40 1.245 -01 1.420 -01 1.640 -01 1.930 -01 2.590 -01 4.070 -01 6.420 -01 
9 40-45 1.221 -01 1. 370 -01 1.540 -01 1. 780 -01 2.330 -01 3.600 -01 4.240 -01 

10 45-50 1.216 -01 1.350 -01 1.520 -01 1. 750 -01 2.280 -01 2.780 -01 2.780 -01 
11 50-55 1.188 -01 1.290 -01 1.420 ··01 1.590 -01 1.990 -01 2.390 -01 2.390 -01 
12 55-60 1.176 -01 1. 270 -01 1.380 -01 1.530 -01 1.880 -01 1.880 -01 1.880 -01 
13 60-65 1.176 -01 J .• 270 -01 1.380 -01 1.530 -01 1.880 -01 1.880 -01 1.880 -01 
14 65-70 1.172 -01 1. 260 -01 1.360 -01 1. 500 -01 1. 700 -01 1. 700 -01 1.700 -01 
15 70-75 1.152 -01 1.210 -01 !.280 -01 1.380 -01 1.380 -01 1.380 -01 1.380 -01 
16 75-80 1.152 -01 1.210 -01 " " " " it 

17 80-85 " " " 1.360 -01 1.360 -01 1.360 -01 1.360 -01 
18 85-90 1.260 -01 1.160 -01 1.200 -01 1.200 -01 1. 200 -01 1.200 -01 1.200 -01 
19 90-95 1.100 -01 1.100 -01 1.100 -01 1.100 -01 1.100 -01 1.100 -01 1.100 -01 

6. Semiarid, mesic followed by arid, hyperthermic: Initial conditions are Temperature = 4°C; Li = 
2'~2cm£lPCO = 10-2•5; CaC03, parent material = 3.3 10-lg cm-3; CaC03 influx rate = 1.5 10-4g 
cm yr ; 2 compartment depth = 3.cm; available water-holding capacity = 0 •. 25 m1/compartment. 
Arid, hyperthermic conditions after 17,000 years of semiarid conditions are temperature = 
12°C; Li = 0.97 cm. 

Accumulated Mass CaC03 (g) 
Compo Depth (cm) 1378 ;y:r 3561 ;y:r 7398 ;y:r 17,000 yr 21,000 ;y:r 25,000 yr 30,000 lr 

1 0-3 0 0 0 0 0 9.432 -02 4.915 -01 
2 3-6 3.775 -01 0 0 0 5.520 -01 1.057 00 1.410 00 
3 6-9 " 4.812 -01 0 0 4.478 -02 4.478 -02 4.478 -02 
4 9-12 " " 6.635 -01 1.004 00 1.004 00 1.004 00 1.004 00 
5 12-15 " " " 1.211 00 1.211· 00 1.211 00 1.211 00 
6 15-18 " " " 1.120 00 1.120 00 1.120 00 1.120 00 
7 18-21 " " " 6.270 -01 6.270 -01 6.270 -01 6.270 -01 
8 21-24 " " 6.270 -01 " " " " 

.I>-
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6. Cont'd. 

Compo Depth (em) 1378 y"r· 3561 y"r 
9 24-27 " 4.225 -01 

10 27-30 3.395 -01 3.395 -01 
11 30-33 3.300 -01 3.300 -01 

Av Av 
Cn Bt 

Cca 
Cn 

Accumulated Mass CaC03 (g) 

7398 y"r 17 2 000 y"r 21,000 XE. 
4.225 -01 4.225 -01 4.225 -01 
3.395 -01 3.395 -01 3.395 -01 
3.300 -01 3.300 -01 3.300 -01 

Profile DeveloEment 
Av Av Av 
Bt B2t B2tca 
Cca B3 B3ca 
Cn Clca C1ca 

C2ca C2ca 
C3n C3n 

25,000 yr 
4.225 -01 
3.395 -01 
3.300 -01 

Av 
B2tca 
B3ca 
C1ca 
C2ca 
C3n 

30,000 y"r 
4.225 -01 
3.395 -01 
3.300 -01 

Avca 
B2tca 
B3ca 
C1ca 
C2ca 
C3n 

~ 
o 
w 
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7. Xeric, mesic followed by semiarid, thermic: Initial conditions are Temperature = 4°G; 
Li = 6.0 cm; PGO 10-2•0 ; GaG03 parent material = 2.2 10-lgScm-3 ; GaG03 influx rate = 
1.S 10-4 gcm-2 2 yr-1 ; 2 comp~rtment depth = 10 cm; available water-holding capacity 
0.24 ml/compartment. Semiarid conditions are Temperature = l2°G; Li = 3.S cm. 

Compo 
1 

-2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Depth 
~ 

0-10 
10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-100 

100-110 
110-120 
120-130 
130-140 
140-150 
150-160 
160-170 
170-180 
180-190 
190-200 
200-210 
210-UO 
220-230 
230-240 
240-250 
250-260 

165 yr 
o 

2.336 -01 

" 

2.200 -01 

349 yr 
o 
o 

2.454 -01 
" 

" 

2.200 -01 

Accumulated Mass CaC03 (g) 
552 yr 

o 
o 
o 

2.585 -01 
" 

" 

" 

" 

2.200 -01 

~ 1076 yr 
o 0 
o 0 
o 0 
o 0 

2.743 -01 0 
2.922 -Oi 

" 

2.650 -01 2.720 -01 
2.585 -01 2.585 -01 

2.200 -01 2.200 -01 

1445 yr 
o 
o 
o 
o 
o 
o 

3.159 -01 

2.980 -01 
2.922 -01 
2.720 -01 
2.585 -01 

2.200 -01 

1878 yr 
o 
o 
o 
o 
o 
o 
o 

3.438 -01 

" 

" 

" 
3.050 -01 
2.922 -01 
2.720 -01 
2.585 -01 

2200 -01 

2473 yr 
o 
o 
o 
o 
o 
o 
o 
o 

3.840 -01 

3.570 -01 
3.438 -01 

3.050 -01 
2.922 -01 
2.720 -01 
2.585 -01 

2.200 -01 

.,. 
o .,. 



7. Cont'd. 

Compo Depth (em) 3259 yr 
1 0-10 0 
2 10-20 0 
3 20-30 0 
4 30-40 0 
5 40-50 0 
6 50-60 0 
7 60-70 0 
8 70-80 0 
9 80-90 0 

10 90-100 4.346 -01 
11 100-110 " 
12 110-120 " 
13 120-130 " 
14 130-140 " 
15 140-150 " 
16 150-160 " 
17 160-170 3.730 -01 
18 170-180 3.438 -01 
19 180-190 " 
20 190-200 " 
21 200-210 3.050 -01 
22 210-220 2.922 -01 
23 220-230 2.720 -01 
24 230-240 2.580 -01 
25 240-250 2.336 -01 
26 250-260 2.200 -01 

Accumulated Mass CaC03 (g) 

4950 Xr 8490 Xr 9590 yr 
0 0 0 
0 0 0 
0 0 0 
0 0 9.000 -02 
0 0 6.000 -02 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

5.434 -01 0 0 
" 7.702 -01 7.702 -01 
" " " 
" " " 
" 7. L.35 -01 7.434 -01 

4.955 -01 4.955 -01 4.955 -01 
3.730 -01 3.730 -01 3.730 -01 
3.438 -01 3.438 -01 3.438 -01 

" " " 
" " " 

3.050 -01 3.050 -01 3.050 -01 
2.922 -01 2.922 ..;.01 2.922 -01 
2.720 -01 2.720 -01 2.720 -01 
2.580 -01 2.580 -01 2.580 -01 
2.336 -01 2.336 -01 2.336 -01 
2.200 -01 2.200 -01 2.200 -01 

14,590 Xr 
0 
0 
0 

7.650 -01 
1.350 -01 

0 
0 
0 
0 
0 
0 

7.702 -01 
" 
" 

7.435 -01 
4.955 -01 
3.730 -01 
3.438 -01 

" 
" 

3.050 -01 
2.922 -01 
2.720 -01 
2.580 -01 
2.336 -01 
2.200 -01 

21,490 yr 
0 
0 

5.250 -01 
1.290 00 
1.350 -01 

0 
0 
0 
0 
0 
0 

7.702 -01 
" 
" 

7.745 -01 
4.955 -01 
3.730 -01 
3.438 -01 

" 
" 

3.050 -01 
2.922 -01 
2.720 -01 
2.580 -01 
2.336 -01 
2.200 -01 

~ 
o 
lJ1 



7. Contld. 

0-549 552-798 1076-1445 1878-2473 3259 4950 8490-9590 14,590 21,490 
A A Al All All All All Al Al 
Cn Cox AC Al2 Al2 Al2 Al2 B21t B21t 

Cn Cox AC Al3 Bt B21t B22t B22tca 
Cn Cox AC B3 B22t B3ca B3ca 

C C10x Clox C10x C1caox Clcaox 
C20x C20x C20x C20x C20x 
C3ca C3ca C3ca C3ca C3ca 
C4n C4n C4n C4n C4n 

8. Semiarid, thermic followed by transitional shift to arid, hyperthermic: Conditions for 
initial 17,000 yr of horizon development are those stated in model no. 6. For 17,000-
18,000 yr conditions are Temperature = 5.5°C, Li = 1.85 cm (~P=O); MCaCO ' saturation = 1.83 
10-4gcm-3 • For 18,000-20,000 yr conditions are Temperature = 7.0°C; 3Li = 2.02 cm 
(~P 20%); McaCO = 1.77 gem-3 • For 20,000-22,000 yr eonaitions are Temperature = 9°C; Li = 
1.7 cm (~P=20%)~ MCaCO = 1.67 10-4gcm:3• For 22,000-26,000 yr conditions are Temperature 
12°C; Li 0.97; Mcac03 = 2.50 10-4gem 3. For 26,000-30,000 yr conditions are Temperature = 
12°C; Li 0.97 cm; MC~C03 = 3.81 10;4gcm- 3• 

Depth· Accumulated Mass CaC03 (g) 
Compo (cm) 17 ,000 ~r 18,000 ~r 20z000 ~r 22 2000 ~r 26,000 ~r 30 z000 yr 

1 0-3 0 0 0 0 1.700 -01 4.042 -01 
2 3-6 0 0 0 5.310 -02 4.631 -01 8.280 -01 
3 6-9 0 8.412 -02 1.840 -01 3.810 -01 4.100 -01 4.100 -01 
4 9-12 1.004 00 1.070 00 1.210 00 1.260 00 1.260 00 1.260 00 
5 12-15 1.210 00 1.210 00 1.250 00 1.250 00 1.250 00 1.250 00 
6 15-18 1.120 00 1.120 00 1.120 00 i.120 00 1.120 00 1.120 00 
7 18-21 6.270 -01 6.270 -01 6.270 -01 6.270 -01 6.270 -01 6.270 -01 
8 21-24 6.270 -01 6.270 -01 6.270 -01 " " " 
9 24-27 4.230 -01 4.230 -01 4.230 -01 4.230 -01 4.230 -01 4.230 -01 

10 27-30 3.400 -01 3.400 -01 3.400 -01 3.400 -01 3.400 -01 3.400 -01 
11 30-33 ;3.300 -01 3.300 -01 3.300 -01 3.300 -01 3.300 -01 3.300 -01 ~ 

0 
0'> 



8. Contld. 

Profile DeveloEment 
17 ,000 yr 18,000 zr 20!OOO zr 22,000 zr 26,000 zr 30,000 yr 

Av Av Av Av Avca Avca 
B2t B2t B2t B2tca B2tca B2tca 
B3 B3ca B3ca B3ca B3ca B3ca 
C1ca C1ca C1ca C1ca· C1ca C1ca 
C2ca Clca C2ca C2ca C2ca C2ca 
C3n C3n C3n C3n C3ca C3n 

9. Arid, hyperthermic followed by transition to semiarid, thermic, followed by transition back to 
arid, hyperthermic. Conditions for initial 7000 yr of horizon development are those stated in 
mode11. For 7000-9000 yr conditions are Temperature = 9°C, Li = 1.7 cm (~P = 20%); 9000-
10,000 yr temperature = 7°C, Li = 2.02 cm (~P = 20%);10,000-33,674 yr conditions are those 
stated in model 8, with same timing for climatic changes. CaC03 influx rate for this model is 
1.0 x 10-4gcm-2yr-1 

Depth Accumulated Mass CaC03 (g) 
Compo (cm) 7000 zr 9000 zr 10,O~ 10,837 zr 16,918 yr 20,674 yr 

1 0-3 4.865 -01 3.387 -01 1. 867 -01 0 0 0 
2 3-6 4.780 -01 6.880 -01 7.320 -01 7.800 -01 0 0 
3 6-9 4.660 -01 5.500 -01 5.940 -01 6.420 -01 9.350 -01 5.710 -01 
4 9-12 3.460 -01 3.470 -01 3.680 -01 3.870 -01 4.870 -01 5.730 -01 
5 12-15 " " 11 " " " 
6 15-18 " " " " " " 
7 18-21 " " " " " " 
8 21-24 " " " " " " 
9 24-27 3.32 -01 3.320 -01 3.530 -01 3.720 -01 4.720 -01 5.580 -01 

10 27-30 3.30 -01 3.300 -01 3.512 -01 3.710 -01 4.710 -01 5.570 -01 
11 30-33 3.30 -01 3.300 -01 3.440 -01 3.650 -01 4.240 -01 5.210 -01 
12 33-36 3.30 -01 3.300 -01 3.300 -01 3.300 -01 3.300 -01 3.300 -01 

.p-
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9. Cont'd. 

Depth 
Compo (cm) 21,674 Xr 

1 --0=3 ° 2 3-6 0 
3 6-9 5.490 -01 
4 9-12 6.170 -01 
5 12-15 " 
6 15-18 " 
7 18-21 " 
8 21-24 5.970 -01 
9 24-27 5.580 -01 

10 27-30 5.570 -01 
11 30-33 5.210 -01 
12 33-36 3.300 -01 

0-10,000 
Avca 
C1ca 
C2n 

Accumulated Mass CaC03 ~g) 

23 2 674 ~r 25 2 674 ~r 29 2674 Xr 
0 0 0 
0 0 4.060 -01 

5.140 -01 6.140 -01 6.140 -01 
6.590 -01 7.230 -01 7.230 -01 

" 6.920 -01 6.920 -01 
" 6.590 -01 6.590 -01 
" 5.730 -01 5.730 -01 

6.390 -01 6.390 -01 6.390 -01 
5.830 -01 5.830 -01 5.830 -01 
5.570 -01 5.570 -01 5.570 -01 
5.210 -01 5.210 -01 5.210 -01 
3.300 -01 3.300 -01 3.300 -01 

Profile Deve10Ement (xears) 
10 2 837 20!674-25 l 674 29~674 

Av Av Av 
C1ca B2t B2tca 
C2n B3ca B3ca 

C1ca C1ca 
C2n C2n 

33,674 yr 
3.424 -02 
7.720 -01 
6.140 -01 
7.230 -01 
6.920 -01 
6.590 -01 
5.730 -01 
6.390 -01 
5.830 -01 
5.570 -01 
5.210 -01 
3.300 -01 

33 2 674 
Avca 
B2tca 
B3ca 
C1ca 
C2n 

.I>
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10. Semiarid, thermic followed by transition to arid, hyperthermic: Initial conditions are those 
stated for the initial conditions in model 6. The transitional conditions are those stated 
for model 8. The Pca is decreased with depth below compartment 3, as shown in the following 
table. 2 

Pca Solubilitl, Calcite (gcm-3) 
2 Camp. 4°C 5.5°C 7°C 9°C 12°C 

10 1-3 1. 89 -04 1.81 -04 1. 74 -04 1. 67 -04 2.5 -04 
10 4 1.65 -04 1. 55 -04 1. 49 -04 1. 55 -04 
10 5 1.52 -04 1. 36 -04 
10 6 1.42 -04 
10 7 1. 34 -04 
10 8 1. 29 -04 
10 9 1.20 -04 
10 10 1.11 -04 
10 11 1.03 -04 
10 12 9.56 -05 

Depth Accumulated Mass CaCa3 (8) 
Camp. (cm) 1112 yr 2725 lr 5907 lr 9907 yr 13,000 yr 

1 0-3 0 0 0 0 0 
2 3-6 3.720 -01 0 0 0 0 
3 6'::'9 " 4.330 -01 0 0 0 
4 9-12 4.070 -01 5.180 -01 7.380 -01 5.928 -01 5.570 -01 
5 12-15 3.840 -01 4.620 -01 6.160 -01 8.100 -01 9.600 -01 
6 15-18 3.730 -01 4.350 -01 5.570 -01 7.102 -01 8.290 -01 
7 18-21 3.680 -01 4.230 -01 5.310 -01 6.670 -01 6.670 -01 
8 21-24 3.630 -01 4.100 -01 5.030 -01 5.030 -01 5.030 -01 
9 24-27 3.620 -01 4.080 -01 4.990 -01 4.990 -01 4.990 -01 

10 27-30 3.580 -01 3.980 -01 4.770 -01 4.770 -01 4.770 -01 . 
11 30-33 3.540 -01 3.790 -01 3.790 -01 3.790 -01 3.790 -01 
12 33-36 3.410 -01 3.410 -01 3.410 -01 3.410 -01 3.410 -01 
13 36-39 3.300 -01 3.300 -01 3.300 -01 3.300 -01 3.300 -01 
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10. Cont'd. 

Depth 
Compo (em) 15 2 000 z:r 

1 0-3 0 
2 3-6 0 
3 6-9 2.780 -02 
4 9-12 7.200 -01 
5 12-15 9.690 -01 
6 15-18 8.290 -01 
7 18-21 6.670 -01 
8 21-24 5.030 -01 
9 24-27 4.990 -01 

10 27-30 4.770 -01 
11 30-33 3.790 -01 
12 33-36 3.410 -01 
13 36-39 3.300 -01 

1112 2725 5907 9907 
Av Av . Av Av 
C1 C1ea B2t B21t 

C2n C1ea B22t 
C2ea C1ea 
C3n C2ca 

C3n 

17 2000 yr 19,000 z:r 
0 0 
0 0 

2.780 -02 1.580 -01 
7.550 -01 3.250 -01 
1.060 00 1.090 00 
8.750 -01 8.750 -01 
6.670 -01 6.670 -01 
5.030-01 5.030 -01 
4.5'90 -01 4.990 -01 
4.770 -01 4.770 -01 
3.790 -01 3.790 -01 
3.410 -01 3.410 -01 
3.300 -01 3.300 -01 

Profile DeveloEment (~ears) 
13,000 15,000 17,000 
Av Av Av 
B21t B2lt B2lt 
B22t B22tea B22tea 
B3ea B3ca B3ca 
C1ca C1ca C1ca 
C2ca C2ca C2ca 
C3n C3n C3n 

.23 2000 z:r 
0 

4.000 -01 
1.580 -01 
8.250 -01 
1.090 00 
8.750 -01 
6.670 -01 
5.030 -01 
4.990 -01 
4.770 -01 
3.790 -01 
3.410 -01 
3.300 -01 

19,000 
Av 
B21t 
B22t 
B3ca 
C1ca 
C2ca 
C3n 

25,000 :tr 
4.040 -01 
8.280 -01 
1. 580 -01 
8.250 -01 
1.090 00 
8.750 -01 
6.670 -01 
5.030 -01 
4.990 -01 
4.770 -01 
3.790 -01 
3.410 -01 
3.300 -01 

23,000 
Av 
B2ltea 
B22tea 
B3ea 
Clca 
C2ca 
C3n 

25,000 
Avea 
B21tea 
B22tca 
B3ca 
Clca 
C2ea 
C3ca 

~ 
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11. Semiarid, thermic: Initial conditions are Temperature = 12°C; Li = 3.5 cm; PCO in compart-
ment 1 is 10-3 . 3, increasing to a maximum of 10-2•5 in compartment 5, below 2 which PCO 
decreases to a minimum of 10-4•0 in compart~rnt 20; CaC03 parent material = 1.1 x 10-1g 2 
cm-3; CaC03 influx rate = 1.5 x 10-4gcm-2yr ; M CaC03 , see Table 9; compartment depth = 
5 cm; compartment AWC = 0.2 cm3• 

Depth Accumulated Mass CaC03 (g) 
Compo (cm) 709 ~r 1269 .~r 1621 ~r 1790 ~r 1984 yr 4841 ~r 7000 ~r 13!000 ~r 

1 0-5 0 0 0 0 0 0 0 0 
2 5-10 9.13 -02 0 0 0 0 0 0 0 
3 10-15 8.12 -02 5.85 -02 0 0 0 0 0 0 
4 15-20 7.55 -02 4.82 -02 3.20.-02 0 0 0 0 0 
5 20-25 7.81 -02 5.29 -02 3.80 -02 3.00 -02 0 0 0 0 
6 25-30 1.48 -01 1. 78 -01 1.96 -01 2.06 -01 2.16 -01 0 0 3.56 -01 
7 30-35 1.lj.2 -01 1.68 -01 1.83 -01 1.19 -01 1. 99 -01 3.13 -01 4.06 -01 6.77 -01 
8 35-40 1.42 -01 1.68 -01 1. 83 -01 1.91 -01 1.99 -01 3.09 -01 3.93 -01 6.32 -01 
9 40-45 1. 37 -01 1.58 -01 1. 71 -01 1. 78 -01 1. 85 -01 2.78 -01 3.37 -01 3.77 -01 

10 45-50 1.36 -01 1. 56 -01 1. 68 -01 1. 75 -01 1.82 -01 2.68 -01 3.21 -01 3.21 -01 
11 50-55 1.30 -01 1.55 -01 1.65 -01 1. 70 -01 1. 77 -01 2.46 -01 2.80 -01 2.80 -01 
12 55-60 1.27 -01 1.40 -01 1.48 -01 1.52 -01 1.57 -01 2.19 -01 2.19 -01 2.19 -01 
13 60-65 1. 27 -01 " " " 11 2.16 -01 2.16 -01 2.16 -01 
14 65-70 1. 26 -01 1.39 -01 1. 47 -01 1.51 -01 1.56 -01 2.09 -01 2.09 -01 2.09 -01 
15 70·-75 1.24 -01 1.35 -01 1.42 -01 1.46 -01 1.50 -01 1.50 -01 1.50 -01 1.50 -01 
16 75-80 " 1. 34 -01 1. 40 -01 1. 44 -01 1. 45 -01 1. 45 -01 1. 45 -01 1. 45 -01 
17 80-85 1. 21 -01 1.30 -01 1.34 -01 1.36 -01 1.36 -01 1.36 -01 1.36 -01 1.36 -01 
18 85-90 1.15 -01 1.19 -01 1.19 -01 1.19 -01 1.19 -01 1.19 -01 1.19 -01 1.19 -01 
19 90-95 1.10 -01 1.10 -01 1.10 -01 1.10 -01 1.10 -01 1.10· -01 1.10 -01 1.10 -01 
20 95-100 1.10 -01 " " " " " " 

.j:'

I-' 
I-' 



11. Cont'd. 

709 
Av 
Cn 

1269 
Av 
Cn 

Profile DeveloEment (lears) 
l6:U 1790 1884 4841 
Av Av Av Av 
Bs Bs Bt B2t 
Cca Cca Clca B3 
Cn Cn C2ca Clca 

Cn C2ca 
Cn 

7000 
Av 
B2t 
B3 
Clca 
C2ca 
Cn 

13,000 
"Av 
B21t 
B22t 
B3ca 
Clca 
C2ca 
Cn 

12. Semiarid, thermic, followed by arid, hyperthermic: Initial' temperature = gOC, final tem
perature = 12°C; Li (initial) = 3.7 cm, Li (final) = 0.97 cm; PCO (initial) = 10-2. 5 , 
PCO (final) = 10-2•8; CaC03 parent material = 3.3 x 10-lg cm-3 ; 2 CaC03 influx rate = 

2 1.5 x 10-4g cm-2yr-l ; compartment desth = 3 cm; compartment AWC (initial) = 0.25 cm3; 
initial ~~aCO at saturation = 4.25 x 10- g 0.25 cm-3• 

3 

Depth Accumulated Mass CaC03 (g) 

ComL (cm) 756 Xr 1716 Xr 2921 Xr 4805 Xr 9510 F 17,000 Xr 21,000 Xi" 25,000 Xr 30,000 Xr 

1 0=3 0 0 0 0 0 0 0 9.43 -02 4.92 -01 

2 3-6 3.62 -01 0 0 0 0 0 5.52 -01 1.06 -00 1.41 -00 

3 6-9 4.03 -01 0 0 0 0 4.48 -02 4.48 -02 4.48 -02 

4 9-12 " " 4.54 -01 0 0 0 0 0 0 

5 12-15 " " 5.34 -01 0 0 0 0 0 

6 15-18 " " 8.08 -01 9.72 -01 9.72 -01 9.72 -01 9 .72 -01 

7 18-21 " 1.13 -00 1.31 -01 1. 31 -00 1. 31 -00 

8 21-24 " " 1.09 -00 1.09 -00 1.09 -00 1.09 -00 

9 24-27 " " 8.08 -01 8.08 -01 8.08 -01 8.08 -Ot 

" 10 27-30 
11 30-33 5.74 -01 5.74 -01 5.74 -01 5.74 -01 5.74 -01 

12 33-37 " " 5.34 -01 5.34 -01 5.34 -01 5.34 -01 5.34 -Ot 

13 37-40 " " " 
14 40-43 " 4.72 -01 4.72 -01 4.72 -01 4.72 -01 4.72 -Ot 4.72 -01 

15 43-46 3.56 -01 3.72 -01 3.93 -01 3.93 -01 3.93 -01 3.93 -01 3.93 -01 3.93 -01 3.93 -01 

16 46-49 3.30 -01 3.30 -01 3.30 -01 3.30 -01 3.30 -01 3.30 -01 3.30 -01 3.30 -01 3.30 -Ot 

~, 

f-' 
N 



12. Cont'd. 

756 1716 2921 
Av Av Av 
Cn C1 Bs 

C2n C1ca 
C2n 

Profile Deve10Ement (lears) 
4805 9510 17,000 21,000 
Av Av Av Av 
B2t B2t B21t B21tca 
B3 B3 B22t mt 
Clca Blca B3 B3 
C2n C2ca C1ca Clca 

C3n C2ca C2ca 
C3n C3n 

25!000 
Av 
B2ltca 
B22t 
B3 
Clca 
C2ca 
C3n 

30,000 
Avca 
B21tca 
B22t 
B3 
C1ca 
C2ca 
C3n 

.p
f-' 
W 
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