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A sequence of soil profiles was sampled along a climate - 

vegetation transect on the dated Mazama pumice fall in central 

Oregon. The <2 µ size fraction from each sample was character- 

ized with respect to the relative significance of amorphous and 

crystalline components, and the individual minerals of the latter 

group were identified. X -ray diffraction and differential thermal 

analyses and specific surface measurements by N2 adsorption were 

used, each in conjunction with a differential dissolution technique. 

Data from these procedures showed that the amorphous Com- 

ponent was predominant in the clay size fraction over the entire 

transect, especially in the less intensely weathered horizons. The 

relatively small percentages of crystalline minerals present were 

unexpectedly complex. These included, among the phyllosilicates: 

beidellite, montmorillonite, vermiculite, a micaceous mineral, 

chloritic intergrades, and chlorite. Non - phyllosilicate crystalline 

(i 



minerals of the suite were gibbsite, plagioclase feldspars, and 

quartz. The amount and distribution of the individual clay size 

minerals varied within and between profiles. 

The pH dependent ion exchange capacities of the clay samples 

were measured in order to determine the usefulness of that property 

in the evaluation of the presence of the amorphous component. Data 

indicated that the samples treated for dissolution of amorphous mate- 

rials expressed a pH dependent charge equal to or greater than that 

measured for samples prior to such treatment. This behavior, at- 

tributed to the characteristics of the hydroxy interlayer material in 

the chloritic intergrades, confounded the interpretation of the data 

from samples comprised of both crystalline and amorphous com- 

ponents. The origin of the pH dependent charge, usually ascribed 

to the amorphous clay materials in young ash and pumice soils, was 

not discernible. Although the pH dependent ion exchange capacity 

measurements conveyed a significant characteristic of the samples, 

they were concluded to be of little use in assessing the significance 

of the amorphous component in soils of the present investigation. 

During the course of ion exchange procedure verification 

against standard montmorillonite samples it became apparent that 

the cation exchange capacity values obtained were lower than those 

accepted for the particular clays being used. An hypothesis was 

proposed in which the cause of the problem was attributed to the 



trapping of index ion against extraction during the ion exchange re- 

placement wash. Data from an experiment in which the index ion 

solution was tagged with 3601' prior to sample saturation verified 

that the hypothesis was correct. It was reasoned that, since differ- 

ences in ion exchange capacity measurements as a function of pH 

were of primary concern, any discrepancies between values meas- 

ured by the proposed procedure and the true values should not in- 

validate interpretation of the data. 

Results of clay mineral identification were evaluated, both 

with respect to environmental data available for the transect sites, 

and data from other investigations of the weathering of volcanic ash 

and pumice soils. On these bases a weathering sequence which 

allowed for the formation of the existent phyllosilicate suite from 

the pumice parent material, through the mediation of amorphous 

precursors, was proposed for the transect soils. The factors 

primarily controlling the processes responsible for clay mineral 

genesis were thought to be the vesicular structure and chemical 

composition of the pumice material. Such a microenvironment as 

the pumice particle capillary space would provide conditions for 

the chemical reactions leading to the formation of the 2:1 phyllo- 

silicate group identified in the transect soils. Other _,factors such 

as climate and vegetation were believed to govern local weathering 

intensity. 
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CLAY MINERALOGY AND RELATED CHEMICAL PROPERTIES 
OF SOILS FORMED ON MAZAMA PUMICE 

INTRODUCTION 

The significance of the occurrence and influence of volcanic 

ash and pumice [ terminology of Ross and Smith (1961, p. 2 -8)1 
1 

in soils of the Pacific Northwest has been well documented in recent 

studies (Dyrness, 1960; Norgren, 1962; Youngberg and Dyrness, 

1964; Western Regional Soil Survey Work Group, 1964; Tidball, 

1965; Cochran, 1966) and in a review article by Kanehiro and Whittig 

(1961). Most of this work has been directed toward an understanding 

of the general physical and chemical aspects of these soils and their 

influence on plant growth and distribution. In only two of the instances 

cited (Kanehiro and Whittig, 1961; Tidball, 1965) has specific refer- 

ence been made to the clay mineralogy of soils developed from vol- 

canic ash and pumice in the northwestern United States. The present 

investigation was initiated to provide further information regarding 

the nature of the clay -size soil materials weathered from these 

types of parent material under various environmental conditions in 

Oregon. 

1 Literature terminology with respect to pyroclastic rocks is not 
consistent with geologic definition. In the present investigation 
the term "pumice" is meant to include all vesicular volcanic 
glass; the term "ash" is meant to include all unconsolidated 
pyroclastic material less than 4. 0 mm. in diameter which may 
or may not retain the vesicular pumice structure. 
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Many soils of this region have formed in parent materials of 

which volcanic ash and pumice were not the sole components. It 

was recognized that in order to obtain an understanding of the in- 

fluence of these pyroclastic materials on the clay mineralogy and 

related chemical properties of such soils it was necessary to first 

study a situation in which the ash or pumice was present as parent 

material free of admixture. 

An area well suited for this approach to the problem is the 

Mazama pumice region of Central Oregon where the parent material 

of an extensive group of soils consists of an aeolian pumice mantle 

of known age and origin. Accordingly, the following objectives were 

set forth: 

1. To identify the components of the clay mineral suite from 

a sequence of soils sampled on the Mazama pumice fall; 

2. To characterize the clay mineral suite with respect to 

relative significance of amorphous and crystalline com- 

ponents; 

3. To test the usefulness of pH dependent ion exchange 

properties in the evaluation of amorphous components 

in soil clay systems; 

4. To relate the clay mineralogy of each soil to the 

weathering regime under which it occurred. 



DESCRIPTION OF THE STUDY AREA 

Williams (1942) has described the extent and distribution of the 

air -borne pumice from Mt. Mazama. He has classified the ejecta 

mineralogically as glassy, hypersthene - augite, dacite with accessory 

hornblende. The plagioclase feldspars, ranging in composition from 

labradorite to oligoclase, are almost invariably more abundant than 

all the ferromagnesian minerals combined. The chemical analysis 

for the dacite lump pumice is given in Table 1. Other detailed 

Table 1. Chemical composition of Mazama dacite lump pumice. 
(After Williams, 1942) 

Percent 

SiO2 68. 56 

Al203 14.22 

Fe203 1.42 

FeO 1.49 

MgO 0.83 

CaO 2.35 

Na20 5.18 

K20 2.47 

H20 3.32 

H20- 

TiO2 0.58 

P205 0. 10 

MnO 0.03 

Total 100. 55 

3 
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descriptions of the Mazama pumice region, including geologic his- 

tory and associated vegetation zones, are presented by Dyrness (1960, 

p. 8 -14, 18 -21) and Tidball (1965, p. 35 -42, 44 -48). The average 

age of the pumice material has been placed by geological evidence 

at about 5000 years (Williams, 1942), by radiocarbon dating of 

buried charcoal at about 6450 years (Arnold and Libby, 1950) and 

6640 years (Rubin and Alexander, 1960), and by radiocarbon dating 

of rodent droppings at the lower boundary of the pumice at about 

7600 years (Preston, Person, and Deevey, 1955). 

In order to evaluate the influence of weathering intensity on 

clay mineralogy and related chemical properties, a soil sampling 

transect was established across the Mazama pumice deposit. The 

transect was selected so that distance increments in a southeast- 

northwest direction represented changes in climate and associated 

vegetation. Final choice of the particular location for the sampling 

transect was based largely upon soil -vegetation information from 

previous studies on Mazama pumice soils (Dyrness and Youngberg, 

1958; Dyrness, 1960). Profile soil samples were collected at four 

sites. The total distance separating the dry site, with 46 -50 cm. 

(18 -20 in. ) annual precipitation, at the southeast end of the transect 

from the wet site, with 150 cm. +(60 in) annual precipitation, at 

the northwest end was approximately 72.5 km. (45 mi. ). Site 

descriptions are as follows: 
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Antelope Unit (AU)2 

The Antelope Unit site is on the dry, southeastern end of the 

transect. It is located on the Antelope Unit of the Klamath Falls 

Tree Farm of the Weyerhaeuser Company, in Sec. 1, T. 28 S., 

R. 10 E. , Klamath County, Oregon. It occupies a postion with 2 

to 5% slope at an elevation of 1575 m. (5240 ft. ). Mean annual 

temperature is about 4. 5 °C (40 °F), and the mean annual precipita- 

tion is estimated to range from 46 to 50 cm. (18 to 20 in. ) with a 

marked summer deficiency (Dyrness, 1960, p. 21 -23). The princi- 

pal vegetation consists of open stands of ponderosa pine (Pinus 

ponderosa Laws. ) and lodgepole pine (Pinus contorta Dougl. ). The 

dominant understory species are bitterbrush [ Purshia tridentata 

(Pursh. ) D. C.] , western needlegrass (Stipa occidentalis Thurb. ), 

and bottlebrush squirreltail [Sitanion hystrix (Nutt. ) J. G. Sm.] . 

The habitat type is Pinus ponderosa /Purshia tridentata (Dyrness, 

1960, p. 72 -86). 

The soil at the Antelope Unit site belongs to the Lapine series, 

and is classified as a Regosol (Inceptisol in the New Classification 

System, Seventh Approximation). The Lapine is a well to exces- 

sively drained soil, the depth of which depends upon the thickness 

2 Two - letter symbols are used in the text to designate this and 
the following sites. 
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of the pumice mantle on which it develops. A profile description 

after Dyrness (1960, p. 110 -127), with modification, follows; 

Horizon 

1.9-0.6 

Depth 

01 cm. 
(3/4 -1/4 ") 

02 0. 6 -0. 0 cm. 
(1/4-0") 

Al 0. 0 -5. 1 cm. 

AC 

Description 

Quite thin, discontinuous; mostly 
current year's litter. 

May be of sporadic occurrence; 
partially decomposed organic 
debris. 

Gray brown (2. 5Y 5/2) or dark 
(0 -2 ") gray brown (2. 5Y 4/2) loamy 

coarse sand or coarse sandy loam, 
very dark gray brown (10YR 3/2) 
moist; weak, medium, or fine, 
granular; very soft, very friable, 
nonplastic, very slightly sticky; 
medium acid; abundant roots; 
abrubt or clear and smooth 
boundary. 

5.1-27.9 cm. 
(2-11") 

Pale brown (10YR 6/3) loamy 
coarse sand, brown to dark brown 
(10YR 4/3) and dark yellow brown 
(10YR 4/4) moist; single - grained; 
loose, very friable, nonplastic, 
slightly sticky; medium acid; 
abundant roots; abrupt and irregu- 
lar to wavy boundary. 

CI 27.9 -71.0 cm. White (10YR 8/2), yellow (10YR 

(11 -28 ") 8/6), and very pale brown 
(10YR 8/3), gravelly coarse sand, 
yellow (10YR 7/8, 8/8, 8/6, or 
7/6), white (10YR 8/2), and very 
pale brown (10YR 8/3) moist; 
single- grained; loose, nonplastic, 
nonsticky; slightly acid; roots few 
to nonexistent; clear and smooth 
boundary. 



Horizon Depth Description 

C2 71.0 -134.5 cm. Very pale brown (10YR 8/4) 
(28 -53 ") gravelly coarse sand, yellow 

(10YR 8/6, 8/8, 7/8, or 7/6), 
and /or white (10YR 8/2) moist; 
single grained; loose, nonplastic, 
nonsticky; slightly acid; roots few 
to nonexistent; clear and smooth 
boundary. 

Íi, C3 

III Alb 

134.5 -135.1 cm. White (2. 5YR 8 /O) or light gray 
(53 -53 1/4 ") (10YR. 6. 5/1) moist, fine sandy 

loam; single grained; soft, very 
friable, nonplastic, nonsticky; 
slightly acid; clear and smooth 
boundary. 

135.1 cm. + 

(53 1/4"+) 
Pale brown (10YR 5. 5/3) or 
yellowish brown (10YR 5/4) fine 
sand or fine sandy loam, brown 
(10YR 4/3 or 7. 5YR 4/4), dark 
yellowish brown (10YR 3/4), or 
dark brown (10YR 3/3) moist; 
weak, medium, subangular blocky 
to massive; slightly hard, friable, 
nonplastic, very slightly sticky; 
neutral; abundant roots; very stony. 

Walker Rim (WR) 

The Walker Rim site is approximately 24 km. (15 mi. ) north- 

west of the Antelope Unit site, on the Winema National Forest. It 

is located in Sec. 18, T. 26 S. , R. 9 E. , Klamath County, Oregon. 

It occupies a hillside position with 3 to 5% slope at an elevation of 

1760 m. (5860 ft. ). From records of Chemult and Crescent weather 

stations (Johnsgard, 1963, p. 70, 71) the mean annual temperature 

7 
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is estimated to be about 4. 5oC (40°F), and the mean annual pre- 

cipitation is estimated to be about 61 cm. (25 in. ) with a summer 

deficiency. The principal vegetation consists of ponderosa pine, 

lodgepole pine, white pine (Pinus xnonticola D. Don. ), white fir 

(Abies concolor Lindl. ), snowbrush (Ceanothus velutinus Dougl. ), 

manzanita [ Arctostaphylos parryana var. pinetorum (Rollins) Wies. 

and Schr. ], and western needlegrass. The habitat type is Pinus 

ponderosa / Ceanothus velutinus (Dyrness, 1960, p. 103 -106). 

The soil at the Walker Rim site is a member of the Lapine 

series which has developed in a deeper portion of the pumice mantle 

than that which occurs in the Antelope Unit area. The profile de- 

scription presented for the latter describes the soil at the Walker 

Rim site adequately and will not be repeated. However, certain 

differences, such as horizon depth and color, which may reflect 

intensity of weathering relative to other sites should be mentioned 

briefly. 

The zone of maximum profile development, from the soil 

surface to the bottom of the AC horizon, does not differ much from 

the soil at the Antelope Unit site. The large increase in overall 

depth at this site is manifest in a Cl horizon of 61 cm, (25 in. ) 

thickness and a C2 horizon which extends below the Cl for an un- 

known distance in excess of 137 cm. (54 in. ). The color in the C2 

is light gray (2. 5Y 7/2) when moist, probably indicative of reducing 
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conditions at the greater depth. The entire profile tends towards 

a moderately acid reaction. 

It is of interest to note that, although the thickness of the AC 

horizon at this site is actually one -half that in the Antelope Unit soil, 

the degree of weathering of the upper zone of the Cl horizon pumice 

is apparently greater at Walker Rim. Roots of the snowbrush and 

manzanita shrub understory, present to a considerable extent in the 

coarse pumice, have a noticeable effect on the decomposition of the 

latter. 

Royce Mountain (RM) 

The Royce Mountain site is approximately 25.8 km. (16 mi. ) 

farther along the transect in a northwest direction from Walker Rim. 

It is located on the Deschutes National Forest in Sec. 3, T. 24 S., 

R. 7 E. , Klamath County, Oregon. It occupies a hillside position 

with 5 to 10% slope at an elevation of 1548 m. (5160 ft. ). From 

records of Cascade Summit, Chemult, and Crescent weather stations 

(Johnsgard, 1963, p. 69 -71) the mean annual temperature is esti- 

mated to be about 4. 
o 

C (40°F), and mean annual precipitation is 

estimated to be about 76 cm. (30 in. ) with a summer deficiency. The 

principal vegetation consists of white fir, grand fir (Abies grandis 

Lindi. ), noble fir (Abies procera Rehd. ), Douglas -fir [ Pseudotsuga 

menziesii (Mirb.) Franco] , white pine, ponderosa pine, lodgepole 



10 

pine, snowbrush, huckleberry (Vaccinium caespitosum Michx., 

and V. scoparium Leiberg), and manzanita. The habitat type is 

similar to Abies concolor , / Ceanothus velutinus type of Dyrness 

(1960, p. 106 -110). 

The soil at the Royce Mountain site is also of the Lapine series. 

Depth to the buried profile from the surface of the pumice soil is 

essentially the same as at the Antelope Unit site. However, on the 

Royce Mountain site the Cl horizon is of greater thickness than the 

C2; just the reverse of the situation found in the Antelope Unit soil. 

The Cl horizon dry color is more yellow (10YR 7/8, 2. 5Y 7/4) than 

white or pale brown, while the moist colors are redder, including, 

among others, strong brown (7. 5YR 5/8) and brown to dark brown 

(7. 5YR 4/4) as stains on the pumice gravels. The C2 pumice is not 

as gray as at Walker Rim, tending toward pale yellow (2. 5Y 7/4) 

when moist. 

The soil reaction in the upper horizons is more alkaline at 

this site than at either the Antelope Unit or Walker Rim sites. This 

may reflect more effective base cycling by the vegetation from a 

greater proportion of the soil volume. Rooting is quite extensive 

in all parts of the Cl horizon and a few are to be found in the CZ. 

The lower part of the profile appears to be more intensely weathered 

here than at either of the two previously described sites. 
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Salt Creek (SC) 

The Salt Creek site is at the northwest terminus of the tran- 

sect, approximately 22.5 km. (14 mi. ) distant from Royce Mountain, 

and 72.5 km. (45 mi. ) from the Antelope Unit site. It is located on 

the Willamette National Forest, in Sec. 33, T. 22 S. , R. 5 1/2 E. , 

Lane County, Oregon. It occupies a hillside position with about 

10% slope at an elevation of approximately 1310 m. (4370 ft. ). From 

records of Cascade Summit and Odell Lake Land Pan weather stations 

(Johnsgard, 1963, p. 69, 75) the mean annual temperature is esti- 

mated to be about 4. 5oC (40 °F) and the mean annual precipitation is 

estimated to be 150 cm. (60 in. ) or greater with a summer defi- 

ciency. The principal vegetation consists of mountain hemlock 

[ Tsuga mertensiana (Bong. ) Sarg.), Douglas -fir, white pine, noble 

fir, rhododendron (Rhododendron albiflorum Hook. ), beargrass 

(Xerophyllum tenax Michx. ), and lupine (Lupinus spp. ). The habitat 

type might be termed Tsuga mertensiana / Rhododendron albiflorum. 

The soil at the Salt Creek site is an unclassified, shallow, very 

well drained, podzolized, pumice soil. A profile description follows: 

Horizon Depth Description 

01 5.7-5.1 cm. 
(2 1/4-2") 

Current year's litter. 

02 5. 1 -0. 0 cm. Very dark grayish brown (10YR 
(2 -0 ") 3/2), thick felty mor, black 



Horizon Depth Description 

A2 

B2ir 

0.0-3.8 cm. 
(0-1 1/2") 

3. 8-5. 1 cm. 
(1 1/2-2") 

12 

(5YR 2/1) moist; very strongly 
to extremely acid; abrupt, regular 
boundary. 

Light brownish gray (10YR 6/2) 
coarse sandy loam, dark grayish 
brown (10YR 4/2) moist; weak, 
medium to fine, granular; loose, 
very friable, nonplastic, nonsticky; 
very strongly acid; abundant roots; 
irregular boundary. 

Strong brown (7. 5YR 5/6) coarse 
sandy loam to loamy coarse sand, 
strong brown (7. 5YR 5/8) moist; 
weak, medium to fine, granular; 
loose, very friable, nonplastic, 
nonsticky; very strongly acid; 
discontinuous; irregular boundary. 

B3 5. 1 -17.8 cm. Yellowish brown (10YR 5/6) loamy 
(2 -7 ") coarse sand, brown to dark brown 

(10YR 4/3), dark yellowish brown 
(10YR 4/4), and yellowish brown 
(10YR 5/8) moist; single grained; 
loose, very friable, nonplastic, 
nonsticky; strongly acid; abundant 
roots; irregular boundary. 

C 17. 8 -43.2 cm. Very pale brown (10YR 7/3), strong 
(7 -17 ") brown (7. 5YR 5/6), and white 

(7. 5YR 8/0) gravelly coarse sand, 
very pale brown (10YR 7/4), white 
(10YR 8/1), yellowish red (5YR 
4/8), and reddish brown (5YR 4/4) 
moist; single grained; loose, non- 
plastic, nonsticky; medium acid; 
roots few; irregular boundary; 
some stones from buried soil 
material. 

IIAIb 43.2 cm. + 

(17"+) 
Yellowish brown (10YR 5/6), fine 
sandy loam, dark yellowish 
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Horizon Depth Description 

brown (10YR 4/4) moist; weak to 
moderate, medium to fine subangu- 
lar blocky; soft, very friable, non - 
plastic, nonsticky; medium acid; 
abundant roots; stony; considerable 
mixing of pumice from the C hori- 
zon. 

Chemical and Mechanical Analyses 

Data from routine chemical analyses of the pumice soil sam- 

ples from each transect site are presented in Table 2. The analyses 

were performed by the Oregon State University Soil Testing Labora- 

tory according to the methods currently in use (Alban and Kellogg, 

1959). The results of pipette analyses of the same samples, carried 

out by the Soil Physics Laboratory, Soils Department, Oregon State 

University, are presented in Table 3. The values presented in the 

latter table for percent silt and clay are underestimates of the quan- 

tity of material in these size fractions of the various soils. A certain 

proportion of the total silt and clay occurs as coatings on the porous 

pumice particles. Much of this is removed from the sample during 

the dry sieving separation of the >2 mm. size fraction in the course 

of routine mechanical analysis procedure. The weight of the silt 

and clay so removed is incorrectly allocated to the "gravel" category. 
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Table 2. Chemical analysis values for Mazama pumice transect 
soils (total air dry soil basis). 

Horizon 
Depth, 

cm. 
pH, 
1:1 

Avail. 
P, 

ppm. 

Extractable cations, 
me. /100 g. 

Total 
N, 

% 

O.M., 
% 

C. E. C. , 

me./100g. Ca Mg Na 

Antelope Unit 

Al 0- S 5.9 20.5 1.65 0.35 0.35 0.35 0.082 6.97 15.0 

AC 5- 28 6.0 4.5 1.25 0.27 0.32 0.24 0.041 1.88 10.0 

Cl 28- 71 6.2 1.0 0.65 0.20 0. 32 0.09 0.008 0.99 13.5 

C2 71 -135 6.2 1.0 0.57 0.15 0.30 0.07 0.003 0.10 7.2 

Walker Rim 

Al 0- 6 5.8 19.0 0.90 0.25 0.37 0.20 0.087 6.03 8.0 

AC 6- 19 6.0 4.5 0.32 0.10 0.31 0.10 0.029 2.17 6.1 

Cl 19 -137 6.0 2.0 0.45 0.10 0.33 0.08 0.012 1.24 5,9 

C2 137 -275+ 6.0 1.0 0.57 0.05 0.30 0.08 0.006 0.30 2.5 

Royce Mountain 

Al 0- 3 6.2 26.0 3.10 0.35 0.30 0.30 0.095 4.25 12.4 

AC 3- 24 6.1 4.0 1.00 0.25 0.38 0.23 0.034 2.03 9.0 

C 1 24- 88 6. 2 1.5 0.40 0. 25 0. 33 0. 13 0.008 1.24 11.4 

C2 88 -138 6.0 1.5 0.68 0.30 0.27 0.16 0.006 0.10 4.5 

Salt Creek. 

A2 0- 4 4.6 13.0 0.45 0.30 0.20 0.14 0.043 3.42 6.8 

B3 5- 18 5.5 15.0 0.10 0.05 0.32 0.04 0.043 4.20 10.8 

C 18- 43 5.9 2.0 0.22 0.10 0.31 0.05 0.031 3.51 10.0 

K 

- 



Table 3. Mechanical analysis values for Mazama pumic transect soils (O. D. basis). 

Fractionation of < 2. 0 mm. soil material, % 

Horizon Depth, cm. 
> 2.0 mm., % 

(gravel) 

OS:mm. 

2 -1 
mm. 

1 -.5 
mm. 

.5 -.25 
mm. 

.25 -. 1 

mm. 
. 1 -. 05 

mm. 
(abraded 

from sands) Silt Clay 

Antelope Unit 

Al 0- 5 14.39 8.77 22.74 10.77 7.11 8.56 4.32 28.89 7.65 

AC 5- 28 16.39 13.32 30.05 13.97 8.58 6.60 2.97 21.32 3.05 

Cl 28- 71 33.39 30.27 50.07 6.23 2.99 2.15 1.56 5.43 1.19 

C2 71 -135 25.95 45.03 36.23 6.07 2.00 2.47 1.34 5.66 1.14 

Walker Rim 

Al 0- 6 10.78 9.13 27.19 17.22 10.66 9.02 3.57 18.97 4.15 

AC 6- 19 15.64 11.53 35.27 21.31 11.14 4.28 1. 88 12. 64 1. 84 

C1 19-137 26.95 32.86 39.81 10.98 4.06 2.48 1.78 6.54 1.30 

C2 137-275+ 25.04 43.67 42.43 5.37 1.63 1.39 0.80 4.13 0.52 

Royce Mountain 

Al 0- 3 18.76 8.46 25.59 15.06 11.64 9.46 3. 19 22.01 4.44 

AC 3- 24 30.70 10.94 28.59 15.38 11.13 6.96 3.64 20.90 2.28 

Cl 24- 88 36.74 29.10 42.42 8.68 3.71 2.79 2.00 9.84 1.25 

C2 88-138 5.54 24.73 47.52 13.00 2.86 2.25 1.12 7.59 0.90 

Salt Creek 

A2 0- 4 19.99 4.85 21.12 14.60 13.04 10.28 7.45 25.70 2.60 

B3 5- 18 28.12 9.95 25.78 16.51 12.67 7.54 3.98 20.70 2.70 

C 18- 43 39.87 20.61 44.00 21.04 6.34 4.42 2.97 7.96 1.58 

Textural 
Class 

cost 
lcos 
grcos 
grcos 

lcos 
lc os- cos 
grcos 
grcos 

cosl -lcos 
grlcos 
grcos 
cos 

cosí 
grlcos 
grcos 

cn 

<0. 



16 

EXPERIMENTAL MATERIALS 

Sampling Method 

Soil samples were taken from duplicate profiles at each of the 

four transect sites. Each profile was sampled by horizon. (The AZ 

and B2ir horizons of the SC soil were omitted because of difficulty 

experienced in obtaining sufficient quantities of unmixed material. ) 

The median depth of a given horizon was designated the locus of 

sampling in each case. Since the thickness of the pumice mantle 

varied somewhat among sample sites, the depth of sampling of a 

given horizon might differ relative to that of a corresponding horizon 

at another site. It was recognized that this factor would have to be 

taken into account in any genetic interpretations made from the data 

thus obtained. The soil samples were placed in wax -lined paper 

sacks and stored in a field -moist condition. The latter ranged from 

air -dry for surface horizons to quite moist for horizons at greater 

depths. Sample treatments are shown in Figure 1. 

Soil Fractionation 

Approximately 1000 g. of each bulk soil sample were placed 

in a large erlenmeyer flask and sufficient dilute Na2CO3 solution 

was added to slurry the soil. The use of about 1 g. of Na2CO3 per 

9 1. of distilled water provided a dispersing agent with a low cation 



Soil horizon sample 

Wet sieve separation, dilute Na2CO3, 
1 g. /9 1. , through 0. 5 mm. screen 

5 mm. soil 
material 

Removal of 
carbonates, 
1. ON NaOAc, 
pH 5. 0 

O. D. wt. from 
methanol at 
65°C 

Removal of 
organic 
matter, 30% 
H2 02 

>0. 5 mm. soil 
material (discard) 

Clay separation 
at <2. Oµ e. s. d. , 

dilute Na CO at 
1 g. /9 1. and3 
1 g. /181 

<2. Oµ clay, O. M. 
free, Na Saturated 

Divide sample 

Differential 
dissolution 
sequence: 

1. Iron removal 
2. NaOH dissolution 
3. Iron removal 
4. NaOH dissolution 
5. Iron removal 

Extract solutions, 
save for analysis, 
Si, Al, Fe, Mg 

17 

2. 0 µ soil mate= 
rial (save for silts) 

Clay component 
identification and 
characterization 
procedures: 
X -ray diffraction 
D. T. A. 
Specific surface 
Ion exchange 

<2. OIL clay, O. M. 
free, Na saturated, 
minus amorphous 
component 

O. D. wt. from 
methanol at 65 °C 

* Sequence for 
dis solution 
weight loss 
and extract 
analysis 

Figure 1. Flow chart of the soil sample treatment sequence. 
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concentration and a pH of about 10.5 as recommended by Birrell and 

Fieldes (1952) and Fieldes (1955). The slurries were allowed to 

stand for several hours with occasional hand shaking to facilitate 

dispersion of the fine soil material. 

Following this initial dispersion treatment, each 1000 g. sam- 

ple was wet - sieved on a large sieve with O. 5 mm. screen openings. 

The 50.5 mm. material which passed the sieve was collected in a 

second erlenmeyer flask. The soil material which remained on the 

sieve was returned to the first flask and another volume of dilute 

Na2CO3 
2 

added. After further shaking, the sample was wet- sieved 

a second time at O. 5 mm. This process of successive dispersion 

and wet- sieving was repeated until the Na2CO3 wash solution was 

practically free of suspended material upon passage through the 

residue on the sieve. 

The residue was discarded and the -50.5 mm. material, freed 

of the large pumice gravels and much reduced in weight by the wet- 

sieve separation, was then flocculated by the addition of enough 

solid NaC1 to bring the suspension to approximately 0. 5 N. Upon 

standing for several hours the suspended material settled out allow- 

ing the clear supernatant solution to be siphoned off and discarded. 

The solution which remained in the sample following siphoning was 

removed by suction filtration in a Buchner apparatus, and the moist, 

50. 5 mm. soil material transferred to a 600 ml. beaker. 
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At this point the samples were treated for the removal of 

carbonates and organic matter according to the procedure outlined 

by Jackson (1956, p. 33, 35), and the <2p. size fraction (referred 

to as "clay" throughout the remainder of the text) was separated by 

a combination of gravity sedimentation and centrifugation (Jackson, 

1956, p. 101 -141). The dispersing agent used throughout the separa- 

tion was dilute Na2CO3 at two concentrations, 1 g. per 9 1. and 1 g. 

per 18 1. , at room temperature. The clay suspensions accumulated 

during the separation procedure were flocculated by the addition of 

solid NaC1 as described previously. The clear supernatant solution 

was removed by siphoning and the sodium clay was stored in plastic 

bottles. The sample residue, O. 5 mm. minus clay, was collected 

in an erlenmeyer flask and saved. 

The low yield of clay from the pumice soils studied made it 

necessary to repeat the fractionation procedure on several 1000 g. 

quantities of most horizon samples. As the study progressed, 

material from duplicate horizon samples of a given site had to be 

combined before a sufficient quantity of clay could be accumulated 

for the several aspects of the investigation. 

Differential Dissolution Treatments 

On the basis of preliminary trial a series of dissolution treat- 

ments was applied to a sub - sample of the clay from each horizon 
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sample. The sequence was imposed with two purposes in mind. 

First, removal of much of the x -ray amorphous component enhanced 

the diffraction pattern for the crystalline clay minerals and facilitated 

interpretation. Second, the characteristics of that material which 

had been subjected to the dissolution treatments from each sample 

could be compared to that which had not received the treatment. 

This would allow an evaluation of the relative significance of the 

amorphous (differentially soluble) component versus the crystalline 

component in a particular clay mineral suite with respect to a given 

property. 

The initial treatment in the dissolution sequence was for the 

removal of free iron oxides according to the sodium dithionite- 

citrate- method of Jackson (1956, p. 57). This was 

succeeded by a boiling 0. 5 N NaOH treatment for the differential 

solubilization of allophane and free alumina and silica and a second 

iron removal (Hashimoto and Jackson, 1958). The remainder of 

the sequence consisted of a repetition of the boiling NaOH dissolution - 

iron removal treatment. Since preliminary investigation had indi- 

cated very high weight losses on alkaline dissolution of pumice 

materials (in excess of 75% of some samples treated) the solution 

to solid ratio in the NaOH procedure was increased from 100 ml. 

per 100 mg. clay to 150 ml. per 100 mg. clay to minimize the possi- 

bility of solution saturation with respect to silicon. The only other 
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modifications of either of these two procedures was in the adjustment 

of solution volumes to accommodate smaller sample sizes, and in 

the definition of oven -dry weight as dried from methanol at 65°C. 

The latter definition was used throughout the investigation except 

where otherwise stated. 
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IDENTIFICATION OF SOIL CLAY COMPONENTS 

Experimental Methods 

X -ray Diffraction Analysis 

X -ray diffraction (Cu Ka) patterns were obtained by means of a 

Norelco x -ray diffractometer equipped with a Geiger -Mueller tube 

and a Brown recorder. A system of 1 /40 divergent and scatter slits 

and a 0. 152 mm. (0. 006 in. ) receiving slit was employed for patterns 

from lo to 140 20. Divergent and scatter slits of 10 were substituted 

at higher angles. The x -ray sample holder atmospheric relative 

humidity was controlled when required during diffraction analysis 

according to the method described by Sayegh (1964, p. 24).3 

Criteria for the x -ray identification of clay components were 

based upon diffraction patterns of two treatment sequences. One 

sequence consisted of cation saturation with magnesium followed by 

solvation with organic vapors and the other of potassium saturation 

plus various heat treatments. Cation saturation was accomplished 

by washing approximately 0.05 g. carbonate -free clay four times with 

normal chloride salts of either magnesium or potassium, followed 

by two distilled water washes to remove the excess salt solution. 

The "dry" air, i, e., that passed through the Drierite column, 
was at a relative humidity of 0 to 2% rather than at 7% as 
reported by Sayegh. 

3 
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The cation - saturated clay samples were prepared for x -ray diffrac- 

tion according to the oriented paste technique of Theisen and Har- 

ward (1962). 

Duplicate slides of the magnesium saturated clay were air - 

dried and placed in a desiccator over a saturated solution of 

Mg(NO3)2. 6H2O with a relative humidity of about 54 %. They were 

allowed to equilibrate for at least 48 hr. The x -ray diffraction 

patterns of these slides were then run in an atmosphere controlled 

at about 54% relative humidity. Following analysis one of the dupli- 

cate slides was solvated with glycerol by heating in a closed can 

over liquid glycerol for 2 hr. at 105°C, essentially according to the 

procedure of Brown and Farrow (1956). The second duplicate slide 

was solvated with ethylene glycol according to the procedure of 

Kunze (1955). X -ray diffraction patterns were obtained for each 

solvated sample without the use of atmospheric relative humidity 

control. 

Duplicate slides of the potassium saturated clay were air -dried 

and then placed in an oven at 105°C overnight. Following this heat- 

ing the slides were removed to a desiccator over drierite, cooled, 

and subjected to x -ray diffraction analysis in a dry atmosphere. The 

slide giving the "best" pattern was placed over a saturated solution 

of Mg(NO3)2.6H2O in a desiccator and allowed to rehydrate for at 

least 24 hr. It was then subjected to x -ray diffraction analysis in an 

- 
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atmosphere of about 54% relative humidity. Finally, the same slide 

was carried through two successive heat treatments, one at 300 °C. 

and the other at 550 °C, each followed by x -ray diffraction analysis 

in a dry atmosphere. 

Differential Thermal Analysis 

Differential thermal analyses were performed on a Dupont 900 

Differential Thermal Analyzer. The standard cell assembly with 

micro heating block, 2 mm. diameter glass capillary sample holder, 

and matched chromel - alumel thermocouples was used to obtain 

patterns over the temperature range from room temperature to 

500 °C. The inert reference material was alundum. A nitrogen 

atmosphere was employed to suppress exothermic reactions due 

to oxidation of any residual organic matter and other sample compo- 

nents. A heating rate of 30 °C per minute was found to give satis- 

factory peak resolution and intensity and was used throughout. 

Clay samples were prepared for differential thermal analysis 

by first magnesium saturating them according to the procedure out- 

lined for x -ray diffraction analysis. Following the removal of 

excess MgC12 solution by water washing, the material was washed 

twice with absolute methanol, dried at 65 °C, and ground to pass a 

number 140 (105 micron) sieve. The dry clay was then placed in 

vials and stored in a desiccator over a saturated solution of 
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Mg(NO3)26H2O at about 54% relative humidity. The period allowed 

for equilibration was at least four days prior to making the analysis. 

Surface Area Determination 

Surface area measurements were performed in the laboratory 

of Dr. W. H. Slabaugh, Chemistry Department, Oregon State Univer- 

sity according to the method proposed by Slabaugh and Stump (1964). 

The method involves the calculation of specific surface from the 

observed weight of nitrogen gas adsorbed at - 19610. 1 °C and a reduced 

pressure, P /Po, equal to 0.2 (152 torr). The one -pressure approach 

is based upon the Frenkel- Halsey -Hill equation of Pierce and shows 

good agreement with surface areas calculated by the B. E. T. 

(Brunauer- Emmett - Teller) method. Air -dry magnesium saturated 

clays were used for the surface area determinations. They were 

prepared as described under the procedure for differential thermal 

analysis through the dry-sieving at 105 microns. 

Differential Dissolution Weight Loss and Extract Analysis 

The dissolution sequence previously described under the sec- 

tion on sample pretreatment, i. e. , free iron oxide removal, boiling 

0. 5N NaOH dissolution, a second free iron oxide removal, a second 

0. 5N NaOH dissolution, and a third free iron oxide removal, was 

carried out on a known oven -dry weight of approximately 0. 2 g of . 
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organic matter free, Na- saturated clay for each sample (Figure 1). 

The initial weight of each sample minus the oven -dry weight follow- 

ing the third iron removal treatment was recorded as the total weight 

loss attributable to the treatment sequence. 

Solutions from the three iron removal steps were combined 

for analysis, as were those from the two NaOH dissolutions. Silicon 

was determined colorimetrically using an ammonium molybdate 

method described in the U. S. Salinity Laboratory Manual (1954, 

p, 143). Iron, aluminum, and magnesium were determined by means 

of a Perkin -Elmer Model 303 atomic absorption spectrophotometer. 

Citrate in the solution from the iron removal treatments was de- 

stroyed by peroxidation prior to analysis (Jackson, 1956, p. 59). 

Identification Criteria 

The criteria used for the identification of the soil clay corn- 

ponents in the present investigation are as follows: 

Crystalline Components 

X -ray Diffraction. The phyllosilicate clay minerals of imme- 

diate interest and the differentiating criteria based on x -ray diffrac- 

tion analysis include: 

1. Montmorillonite; 14.0 to 15.0.g. d- spacing with magnesium 

saturation plus equilibration and analysis at 54% relative 
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humidity; expansion of the magnesium saturated sample 

to 16.0 to 17. OÁ on solvation with glycerol vapor; collapse 

of the 14.0 to 15. OX peak to 10. OX on potassium saturation 

plus 105°C heating and analysis in dry air; expansion of 

the potassium plus 105°C treated clay to 11.9 to 12.2X 

on rehydration at 54% relative humidity. 

2. Beidellite; criteria similar to those for montmorillonite 

except that expansion of the magnesium saturated sample 

to 16.0 to 17. OÁ occurs on solvation with ethylene glycol 

vapor but not with glycerol vapor (Harward and Brindley, 

1965). 

3. Vermiculite; 14.0 to 14. 5Á d- spacing with magnesium 

saturation plus equilibration and analysis at 54% relative 

humidity; no expansion of the magnesium saturated sample 

on solvation with either glycerol or ethylene glycol vapor; 

collapse of the 14.0 to 14. 5Á peak to 10. OÁ on potassium 

saturation plus 105°C heating and analysis in dry air; no 

expansion of the potassium plus 105°C treated clay on 

rehydration at 54% relative humidity. 

4. Chlorite; 14.0 to 14. 3X d- spacing with magnesium satura- 

tion plus equilibration and analysis at 54% relative humi- 

dity; no expansion of the magnesium saturated sample on 

solvation with either glycerol or ethylene glycol vapor; 
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no collapse of the 14.0 to 14. 3X peak on potassium satura- 

tion plus heating through 550°C. 

5. Micaceous mineral; 10Á d- spacing persistent throughout 

the magnesium and potassium saturation treatments. 

6. Chloritic intergrade; properties of expansion on solvation 

of the magnesium saturated sample with either glycerol 

or ethylene glycol vapor intermediate between smectities 

on the one hand and vermiculite and chlorite on the other; 

resistance to collapse on potassium saturation plus heat 

treatments resulting in broad peaks intermediate in spacing 

between 14.0 and 10. OÁ; degree of interlayer stability 

inferred on the basis of relative resistance to collapse 

exhibited with increasing temperature of heating the 

potassium saturated clays. 

7. Interstratified minerals; regular interstratification is 

indicated by the occurrence of peaks at d- spacings which 

tend to be the sum of the spacings of the two or more 

companion minerals; random interstratification is indi- 

cated by the occurrence of peaks at d- spacings inter- 

mediate between the spacings of the random components, 

the magnitude of the spacing tending toward that of the 

component present in the interstratified system in 

greatest amount. 
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Other crystalline components identified on the basis of their 

x -ray diffraction patterns include the plagioclase feldspars, which 

give major reflections in the range of 3. 18 to 3. 20X, and quartz, 

the reflections of which occur at 3. 34X and 4.26X. 

Differential Thermal Analysis. The criterion for the presence 

of gibbsite is the occurrence of an endothermic peak in the range of 

300 to 325°C on the differential thermograms of the clay samples. 

The presence of expansible 2:1 phyllosilicates is indicated by 

the occurrence of a large low temperature endotherm at 100 to 300°C 

on differential thermograms of samples pretreated for amorphous 

material removal. These endotherms are resolved into two or more 

peaks reflecting the influence of hydration of interlayer cations. 

Amorphous Components 

X -ray Diffraction. The presence of a high level of background 

scatter in x -ray diffraction patterns of soil clay samples is inter- 

preted to be indicative of the presence of amorphous components. 

The scatter is greatly reduced following treatment of samples for 

differential dissolution of these materials. There is also a striking 

dilution effect of amorphous materials on the crystalline components. 

This is manifest in the masking of the x -ray reflections of the latter 

in the presence of the amorphous components. 
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Differential Thermal Analysis. A criterion for x- amorphous 

components based upon the differential thermograms is the presence 

of a large low temperature endotherm which reflects a continuous 

loss of water over the temperature range from less than 100o to 

more than 300°C. The peak shows no resolution of what is referred 

to as cation hydration endotherms in the case of crystalline compo- 

nent thermograms. In those cases where the removal of amorphous 

material does not result in the concentration of a non -interlayered 

expanding 2:1 clay mineral, a considerable loss in low temperature 

peak area is apparent. 

Surface Area Measurement. A large specific surface exhibited 

by samples prior to dissolution treatments accompanied by a mani- 

fold decrease in surface area as a result of such treatment is a 

criterion for the presence of amorphous clay components. 

Differential Dissolution Weight Loss and Extract Analysis. 

The sample weight loss attributable to the free iron oxide removal 

and alkali dissolution treatments is an approximation of the quantity 

of amorphous material present. The chemical analyses of the solu- 

tions from these treatments provide a means by which to characterize 

the dissolved clay components with respect to such quantities as the 

percent by weight of the major constituent elements, and the silicon: 

aluminum and silicon:aluminum plus iron ratios. 
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Results and Discussion of Clay Component Identification 

Crystalline Components 

The identification of the crystalline components of the soil 

clays was accomplished primarily on the basis of x -ray diffraction 

analysis. The x -ray patterns of the samples which had not been 

treated for dissolution of x- amorphous material showed diffraction 

peaks of poor intensity and resolution (Figure 2). In most cases 

the diffraction maxima of the crystalline components were not dis- 

cernible from the background "noise ". Consequently, the diffraction 

patterns of the samples pretreated for removal of free iron oxides 

and O. 5N NaOH soluble components were used throughout the x -ray 

identification procedure. It was realized that some hydroxy inter - 

layer material may have been removed by this pretreatment. How- 

ever, since chloritic intergrades were still present in the sample 

following treatment, it probably had no significant effect on inter- 

pretation. Gibbsite apparently was removed during dissolution as 

it was not detectable on the x -ray diffraction patterns of the samples 

following that treatment, and differential thermal analysis of samples 

prior to dissolution was relied upon for its detection. 

The Composition of the Mineral Suite. The data for all tran- 

sect samples reveal that the clay size mineral suite which has 

developed on the Mazama pumice parent material covers a grossly 
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uniform spectrum from site to site. The crystalline components of 

the suite include: a micaceous mineral, montmorillonite, beidellite, 

vermiculite, chloritic intergrades, chlorite, gibbsite, plagioclase 

feldspars, and quartz._ The significance of a peak at about 7. OX in 

most diffraction patterns can not be resolved with respect to the 

presence or absence of a kaolin mineral with the data from the 

present investigation. The change in intensity of the reflection at 

that spacing with different treatments generally appears to parallel 

that of the one at 14X, which suggests that the 7. OX peak is second 

order of the latter rather than a first order of kaolin. However, 

further treatment of the samples would be necessary to confirm this. 

Data have been presented for the clay size mineral components 

of a Lapine pumice soil profile by Tidball (1965, p. 132, 229). He 

includes in the crystalline components vermiculite, hydrated halloy- 

site, meta -halloysite, feldspars, and quartz. The mineralogy of 

the clay size fraction of soils formed on the dacite pumice flow 

material from Mt. Mazama also has been described in the same 

study (Tidball, 1965, p. 70 -71, 129 -132, 222 -228). While there is 

a general similarity between the group of minerals identified by him 

and those outlined here for soils formed on the aeolian deposit of 

the same age and source, there are notable differences. Those 

minerals apparently occurring in soils on both parent materials in- 

clude vermiculite, illite (micaceous mineral), montmorillonite, 
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gibbsite, feldspars, and quartz. On the other hand Tidball does not 

mention the occurrence of chlorite or chloritic intergrades in clays 

from soils on Mazama flow pumice, and only alludes to the presence 

of hydroxy interlayers in the 2:1 phyllosilicates. Both groups have 

been recognized as significant components of the mineral suite 

identified in soils of the present investigation. 

Occurrence of the Individual Clay Components. While there is 

gross uniformity in composition of the clay size mineral suite, it 

is also quite evident that the relative significance of occurrence of 

individual components varies considerably from horizon to horizon 

within a profile and from one profile to the next across the transect. 

X -ray diffraction patterns of the individual horizon samples 

are presented in Figures 2 -15. Their interpretations are sum- 

marized schematically in Figure 16. Each clay mineral component 

identified in a given sample has been assigned a coded value intended 

to denote its significance relative to the other components of the 

sample. The value has no quantitative implication, but provides a 

means by which to compare differences within a profile and across 

the transect. The coded levels used in the summary presented here 

represent the range from zero, or "not detected ", to five, the "most 

significant component" of the sample. Evaluation was according to 

the change in relative peak intensities following the various diag- 

nostic treatments imposed upon the sample. For example, the 
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Figure 2. The effect of treatment for dissolution of the x- amorphous 
component on the x -ray diffraction patterns of the Ante- 
lope Unit Al horizon clay sample; (a) prior to treatment, 
(b) following treatment. 
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Figure 3. X -ray diffraction patterns of the Antelope Unit AC 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Figure 4. X -ray diffraction patterns of the Antelope Unit Cl 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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K + 105°C 
+ 54% R. H. 

Figure 5. X -ray diffraction patterns of the Antelope Unit C2 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Mg + 54% R. H, 

Mg + glycerol 

Mg + .eth. glycol 

K + 105°C 

K + 105°C 
+ 54% R. H. 

K + 300°C 

K + 550°C 

14 12 10 
26, 

o 6 4 

Figure 6. X -ray diffraction patterns of the Walker Rim Al 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Figure 7. X -ray diffraction patterns of the Walker Rim AC 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Mg + 54% R. H. 

Mg + glycerol 

Mg + éth. glycol 

K + 105 °C 

K + 105°C 
+ 54% R. H. 

K + 300°C 

K + 550°C 
1 

14 12 10 2 
29, 

o 6 4 

Figure 8. X -ray diffraction patterns of the Walker Rim Cl 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Mg + 54% R. H. 

Mg + glycerol 

Mg + eth.glycol 

K + 105°C 

K + 105°C 
+ 54% R. H. 

K + 300oC 

K + 550°C 
14 12 10 

l0Á 14X 17Á 

20, 

Figure 9. X -ray diffraction patterns of the Walker Rim C2 

horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Figure 10. X -ray diffraction patterns of the Royce Mountain Al 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Figure 11. X- ray diffraction patterns of the Royce Mountain AC 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Mg + 54% R. H. 

Mg + glycerol 

Mg + eth. glycol 

K + 105°C 

K + 105°C 
+ 54% R. H. 

K + 300°C 

K + 550°C 

14 12 10 

Figure 12. X -ray diffraction patterns of the Royce Mountain Cl 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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K + 105°C 

K + 
+ 54% R. H. 

K + 300°C 

K + 550°C 

14 28, 
6 4 2 

Figure 13. X -ray y diffraction patterns of the Royce 
horizon clay sample; following 

- 
Y e Mountain C2 

horizon p , owing differential dissolution 
treatment for removal of the x- amorphous component. 
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Figure 14. X -ray diffraction patterns of the Salt Creek B3 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Figure 15. X -ray diffraction patterns of the Salt Creek C 
horizon clay sample; following differential dissolution 
treatment for removal of the x- amorphous component. 

J 

1 
2e, 



 r
 

R
+
 

f
D
 r-
 O

 
F-

+
 

N
 

W
 

oA
 

lT
l 

J 

F 11
11

11
11

11
11

11
11

1 u
 11

11
11

11
 

W
aM

M
X

PA
N

C
tif

lta
f 

11
11

11
11

11
1 

11
11

11
11

11
11

11
11

11
11

11
 

gi
Sk

itt
O

W
A

SK
O

N
A

M
M

A
N

 
Z

/Z
 Z

 A 

r/
 

1/
. 

11
11

11
11

 
P
c
i
 

O
®

=
 

C
od

ed
 r

el
at

iv
e 

si
gn

if
ic

an
ce

 
O

 
1.

-+
 

N
 

W
 

rp
 

V
o 

O
 

N
 

W
 

11
11

11
11

11
11

11
11

11
11

11
11

11
 

11
11

11
11

11
11

11
11

11
11

11
11

11
11

11
11

 

0 
A

 

I I 
I I

 I I
 I 1

11
11

11
11

11
11

1 

ca
im

itA
gu

iv
at

 

11
11

11
11

11
11

11
11

11
11

11
11

11
1 

11
11

11
11

11
11

11
11

11
1I

11
11

11
11

11
1I

 I 
I 

11
, 

I I
 I I

 1
11

11
11

11
11

11
11

1 
i 

iii
iii

ii/
iii

ii 

11
11

11
11

11
11

11
 

%
///

//.
 

1 

11
11

11
11

11
11

11
1 L

 11
11

 1
11

11
11

 G
 

11
11

11
11

11
11

11
11

11
11

11
11

11
11

11
11

11
 

Y
 

M
en

 
nt

at
 

I 
A

 

11
11

11
11

 i i/ i
 ii

i ii
 ii i

i . 

11
11

11
11

11
11

11
11

11
11

1 

H
 

ot
:s

. 
Lf

l 

en
za

am
m

ea
m

e 
M

iN
ag

ea
k 

A
 

<
 

(1
) 

U
) 

1-
1-

$ 
C

rQ
 

4,
iF

et
A

W
O

O
R

N
E

M
IC

O
M

M
S 

49
1S

U
R

IM
C

A
M

M
IN

k 

O
 0 p 

g»
 

C
I)

 

(1
) 

H
- 

5 
A

 

o C
J"

 

0'
 

cn
 

Z
.3

 

ga
te

ic
ag

en
te

 

C
s.

.)
 

U
.)

 
U

-1
 

A
 

4!
35

4;
88

2t
IV

A
Il

d:
70

5*
* 

...
...

 

4:
6:

15
t 

M
W

IA
R

IN
O

W
 

1/
///

///
///

///
/1

 

A
qs

1:
99

tf
e-

A
* 



49 

significance of montmorillonite as a component of a given sample 

was judged on the basis of the proportionate amount of expansion 

from 14 to 17X exhibited by the magnesium saturated clay on solva- 

tion with glycerol vapor. The coded levels for gibbsite in Figure 16 

are in terms of the amplitude of its endotherm on the differential 

thermograms. It is comparable relative to the components of a given 

sample identified on the basis of x -ray diffraction patterns only in 

terms of its presence or absence. However, its relative signifi- 

cance of occurrence can be compared among samples. 

The presence of montmorillonite was noted for all four sampling 

sites, predominantly in the deeper, C horizons. The latter is evi- 

denced by the appearance of a stronger reflection on the x -ray 

diffraction patterns of clays from these horizons at 16 -17X following 

glycerol solvation (Figures 4, 9, 12, 13). The occurrence of this 

mineral in soils formed on volcanic ash and pumice materials has 

been reported and reference is made to its position in the lower 

soil horizons. Tidball (1965, p. 133, 227 -229) pointed out that 

"montmorillonite is present more often at lower levels than near 

the surface" in clays from soils developed on pre - Mazama pyro- 

clastic deposits in the Pacific Northwest. Other indications of the 

presence of montmorillonite in volcanic soils come from workers 

in New Zealand (Gradwell and Birrell, 1954; Fieldes, 1955) and in 

Japan (Sudo, 1954; Aomine and Higashi, 1956; Grim, 1958; Matsui, 
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1960; Kanno, Kuwano, and Honjo, 1960; Uchiyama, Masui, and Oni- 

kura, 1962). The clays investigated by Uchiyama, Masui, and Oni- 

kura were from soils of Northern Honshu, Japan formed on dacitic 

volcanic ash similar in composition to the Mazama dacite pumice. 

They reported that montmorillonite was the main component of the 

clay mineral suite. 

Beidellite, the other smectite mineral identified in the present 

investigation, appears to be quite uniform in occurrence over the 

transect. It also seems to maintain the same signficance relative 

to the other clay components of each sample. An outstanding example 

of the 17X beidellite peak which is present following ethylene glycol 

solvation but not on glycerol solvation, is seen for the RM -C2 sample 

(Figure 13). The x -ray diffraction patterns of other samples exhibit 

this peak to a lesser degree of intensity. Unlike the situation with 

respect to montmorillonite only one reference to the occurrence of 

beidellite formation in volcanic ash was encountered in the literature 

( Kanno, Honjo, and Kuwano, 1961). The parent material, an olivine - 

pyroxene, andesitic ash, was stated to be of secondary origin and 

had apparently weathered in a crater lake of the Kirishima volcanic 

cluster prior to terrestrial redeposition in 1959. 

Vermiculite occurs in all soils except the Antelope Unit profile. 

The lack of increase in the 10Á peak intensity following rehydration 

of the potassium saturated, 105°C heated sample is apparent in 

- 
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x -ray diffraction patterns of all horizon samples from that site 

(Figures -5). Vermiculite was identified in clays from the Al 

and AC horizons of the Walker Rim soil (Figures 6, 7), but not in 

the two C horizons of that profile (Figures 8, 9). All samples from 

Royce Mountain and Salt Creek, the wetter sites on the transect, 

exhibit behavior on diffraction analysis attributable to vermiculite 

(Figures 10 -15). It has been shown that this mineral is a significant 

component of the clay fraction of other volcanic ash and pumice soils. 

Tidball (1965, p. 129 -133, 223 -229) found vermiculite to be common 

in soils formed on pumice from several sources in the Northwest. 

He stated that it was more predominant in upper horizons and 

diminished with depth. Matsui (1960) reported that the 2:1 layer 

silicates forming in the upper strata of recent volcanic ash beds 

were identified as aluminum vermiculite, and Kanno, Honjo, and 

Kuwano (1961) included vermiculite among the dominant clay min- 

erals in the secondary ash deposit from the Kirishima volcanic 

cluster in Japan. 

Persistence of a 14R diffraction maximum of varying intensity 

following potassium saturation and heating to 550 °C in all soil clay 

samples over the entire transect is indicative of the presence of 

chlorite (Figures 2b -15). Generally the relative significance of this 

clay component decreases with depth in a given profile and maintains 

about the same significance for a given horizon across the transect. 
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The AU -Al horizon (Figure 2b) is the only one that appears to deviate 

from this pattern in that it is a surface horizon with a low relative 

significance attributed to chlorite. Infrequent mention is made in the 

literature of the occurrence of chlorite in soils originating on vol- 

canic ash and pumice parent materials. Tidball (1965, p. 133, 228) 

mentions the very limited occurrence of chlorite, having identified 

it in but one soil on a pre -Mazama pyroclastic deposit, and, as 

previously mentioned, not at all in soils formed on Mazama dacitic 

pumice. Kanno, Honjo, and Kuwano (1961) identified chlorite during 

their investigation of the clay mineralogy of the Kirishima volcanic 

ash deposit, and Kanno (1962) included an aluminum vermiculite - 

aluminum chlorite series of 14X minerals in the clay mineral suite 

of old, strongly acidic, Humic Allophane soils. 

The micaceous mineral identified in transect samples not only 

exhibits a pattern of decreasing significance of occurrence with depth 

in a given profile, but generally appears to decrease in significance 

in a given horizon from the driest to the wetter sites. A comparison 

of the relative intensities of the 10Á peak on x -ray diffraction pat- 

terns of magnesium saturated samples from the Antelope Unit site 

(Figures 2b -5) and the Walker Rim site (Figures 6 -9) illustrates 

this. Some evidence for interstratification of the micaceous mineral 

and a 14X phyllosilicate is apparent in the diffraction patterns of the 

Al horizon samples (Figures 2b, 6, 10). The occurrence of a 10X 
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micaceous mineral referred to as "illite" was recognized by Tidball 

(1965, p. 130, 223 -229) in soils on the flow pumice from Mt. Ma- 

zama, but "only to a limited extent", and "always in the subsoil 

below about 30 in. (76 cm. ". He did not observe illite in the Lapine 

profile, and recorded its occurrence only in a few scattered in- 

stances in soils from other pumice parent materials in the North- 

west. Illite was described as a component of alluvial soils derived 

from volcanic ash in Kyushu, Japan (Aomine and Higashi, 1956). 

The endothermic peak at 300 to 325°C on the differential 

thermograms of several samples prior to dissolution pretreatments 

is indicative of the presence of gibbsite (Figures 18a -20a). As 

previously mentioned for vermiculite, gibbsite does not occur in 

the Antelope Unit soil samples. It is found in the more strongly 

weathered surface horizons of the profiles as one moves toward 

the wet end of the transect, and especially in the transitional AC 

and B3 horizons. Gibbsite has been recognized by several workers 

as a component of soils formed from pyroclastic parent materials. 

Tidball (1965, p. 132, 225) observed that the mineral occurred 

infrequently in soils on the dacite pumice avalanche from Mt. 

Mazama. Gradwell and Birrell (1954) reported it in admixture 

with other clays from rhyolitic volcanic ash soils of the North 

Island, New Zealand. Japanese investigators have identified gibb- 

site in both andesitic and dacitic volcanic ash soils (Kanno, 1956; 
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Figure 17. Differential thermal analysis patterns of the Antelope 
Unit soil profile; (a) prior to treatment for dissolution 
of x- amorphous component, (b) following treatment. 

; t a ti I l l s It I I I _t . 

U 

0 



(a) 

i 
(b) 

Al 

55 

AC 

$ l 1 1 1 1 1 1 11 1 I I 1 1 1 1 l. 

50 150 250 350 450 50 150 250 350 450 
Temperature, oC 

Figure 18. Differential thermal analysis patterns of the Walker 
Rim soil profile; (a) prior to treatment for dissolution 
of x- amorphous component, (b) following treatment. 
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Figure 19. Differential thermal analysis patterns of the Royce 
Mountain soil profile; (a) prior to treatment for dissolu- 
tion of x- amorphous component,(b) following treatment. 
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Figure 20. Differential thermal analysis patterns of the Salt Creek 
soil profile; (a) prior to treatment for dissolution of 
x- amorphous component, (b) following treatment. 
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a. Vermiculite, Ca + +, 

<44µ 

1 b. Allo have, gibbsite, 
<1a" 
(Hamilton ash, N. a. 

c. Allophane, Mg++c 2µ 

(Hamilton ash,N. Z.) 

d. Montmorillonite, 
M g++, <2.Oµ 

100 150 200 250 300 350 400 450 
Temperature, °C 

Figure 21. Differential thermal analysis patterns of 
some reference minerals (54% R. H. ). 
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Aomine and Higashi, 1956; Matsui, 1960; Uchiyama, Masui, and 

Onikura, 1962), and Bates (1960) has identified it in volcanic ash 

beds in Hawaii. 

An intergradient series of interlayered 2:1 phyllosilicates 

is present in all samples. Their occurrence is indicated primarily 

by the observation that certain of the clay mineral components ex- 
o 

hibit resistance to collapse to a l0A spacing on potassium saturation 

and heating (Figures 2 -15). Certain components also may exhibit 

only partial expansion on magnesium saturation and solvation with 

organic vapors. In addition, some lack of agreement between x -ray 

diffraction and differential thermal analysis data based on properties 

of lattice expansion further substantiates the occurrence of inter - 

layer material. A comparison of the x -ray diffraction patterns and 

differential thermogram for sample AU -Al (Figures 2b and 17B) with 

those for sample RM -C2 (Figures 13 and 19b) illustrates this latter 

point: 

On the basis of x -ray diffraction analysis the smectite com- 

ponents of sample AU -Al are interpreted as being of less signifi- 

cance relative to the other clay minerals present in the sample 

than are those of sample RM -C2. However, the differential thermo- 

gram of the RM -C2 sample indicates that there is not nearly as 

great a low temperature water loss from interlayer spaces and no 

recognizable counter -ion hydration endotherms as is exhibited on 
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the thermal analysis pattern for the AU -Al sample. Apparently the 

interlayer space of the smectites in the RM -C2 clay is not as ac- 

cessible as that of the AU -Al sample to either the magnesium ion 

used for exchange complex saturation or to the water molecules 

present in the 54% relative humidity atmosphere used for sample 

moisture equilibration prior to analysis. The interlayer space is 

interpreted as being occupied by hydroxy polymers, most probably 

of aluminum or iron, 'which interfere with the entrance of water 

molecules or exchangeable cations at room temperature, but never- 

theless do allow expansion of the matrix mineral lattice on solvation 

with vapors of glycerol and /or ethylene glycol. 

The members of the intergradient mineral series present in 

the transect samples probably vary considerably as to matrix 

mineral and stability of the interlayer material. The matrices 

could be either smectite (montmorillonite and /or beidellite) or both 

smectite and vermiculite. As suggested previously, the non - 

interlayered component judged to be of greater relative significance 

for a given sample probably contributes largely to the matrix of the 

intergrades in that sample. For example, the matrix mineral in 

sample AU -Al (Figure 2b) and in sample WR -C2 (Figure 9) is most 

likely smectite, and in sample RM -AC (Figure 11) both smectite 

and vermiculite. 

The varying degrees of stability of the hydroxy interlayer are 
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demonstrated by the differential persistence of the 14X peak follow- 

ing each of the sequential potassium saturation plus heat treatments. 

Diffraction patterns of samples WR -AC and RM -C2 (Figures 7 and 

13) may be cited as rather straight forward examples of this behav- 

ior. The hydroxy interlayer material of the WR -AC clay minerals 

resists collapse to a considerably greater degree than that of the 

RM -C2 horizon sample. Also, the former is interpreted as having 

a greater proportion of chlorite present, as generally seems to be 

the case when greater interlayer stability is otherwise exhibited. 

Although specific literature reference to the occurrence of 

chloritic intergrades in clays from soils developed on volcanic ash 

and pumice materials were not located, numerous accounts have 

been published with respect to hydroxy interlayer formation in 

2:1 phyllosilicate systems in other types of soils. Comprehensive 

reviews of the several aspects of these investigations have been 

presented by Carstea (1965) and Singleton (1965). 

The relative significance of the plagioclase feldspar peaks 

in the range 3. 18 to 3.21X in the high -angle x -ray diffraction 

patterns of the soil clay samples is seen to vary considerably 

within a given profile and from one end of the transect to the other 

(Figures 22 -25). There is apparently a dual relationship between 

the occurrence of feldspars in a given clay sample and the intensity 

of weathering in the horizon from which it came. With an increase 
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in weathering intensity there is an initial increase in the significance 

of feldspars, probably due to the release of phenocrysts from the 

glassy pumice matrix. The more intense conditions of weathering 

bring about a decrease in feldspars at a faster rate than phenocrysts 

are supplied from the pumice matrix. The general increase in the 

significance of feldspars in all corresponding horizons between the 

AU and WR sites (Figures 22, 23) illustrates the former point. The 

decrease in the feldspars in both the B3 and C horizons at the SC 

site (Figure 25) as compared to the AC and Cl horizons of the 

preceding transect profiles illustrates the latter situation. 

The relative intensity of the quartz peak at 3. 34.. spacing 

also varies within and between soils at the different sites (Figures 

22 -25). There is a consistent pattern of decrease in peak intensity 

with increase in depth for all profiles. The pattern across the 

transect is considerably less uniform, although the general trend 

appears to be that of an increase in significance of quartz with an 

increase in the intensity of weathering. This trend may be illus- 

trated by the large increase in the quartz reflection which occurs 

in samples taken from the AC and Cl horizons of the Royce Moun- 

tain profile and the horizons in corresponding positions at the 

Salt Creek site, the B3 and C (Figures 24, 25). This last situation 

is notably the inverse of that pointed out for the occurrence of the 

plagioclase feldspars. 
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26, 
o 

Figure 22 High angle x -ray diffraction patterns of the Antelope 
Unit soil profile; following differential dissolution 
treatment for removal of the x- amorphous component. 
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22 20 18 16 14 

Figure 23. High angle x -ray diffraction patterns of the Walker 
Rim soil profile; following differential dissolution 
treatment for removal of the x- amorphous component. 
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32 30 28 26 24 22 20 18 16 14 
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Figure 24. High angle x -ray diffraction patterns of the Royce 
Mountain soil profile; following differential dissolution 
treatment for removal of the x- amorphous component. 
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Figure 25. High angle x -ray diffraction patterns of the Salt 
Creek soil profile; following differential dissolution 
treatment for removal of the x- amorphous component. 
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X -ray Amorphous Components 

Since a number of different materials, amorphous to the 

x -ray diffraction process, undoubtedly were removed from the 

clay size samples by the dissolution treatment, no attempt was 

made to differentiate among them in the present investigation. 

Rather, the amorphous components were detected and character- 

ized as a complex category, evaluation being made of the overall 

significance of the group with respect to the soil clay sample. The 

types of amorphous inorganic colloids which other investigators 

have encountered in soils forming on volcanic ash and pumice, 

their occurrence, and pedogenic significance has been reviewed 

quite thoroughly by Kanehiro and Whittig (1961). The soil minerals 

classified under the category "amorphous" include discrete colloid- 

al hydrous oxides of aluminum, silicon, and iron, and the various 

solid solutions of silica, alumina, and water referred to as "allo- 

phane". Many, if not all, of these types probably occur in the 

amorphous complex considered here. 

Occurrence of Amorphous Minerals. As previously mentioned 

in the section on crystalline component identification, the x -ray 

diffraction patterns of samples containing the x- amorphous material 

tend to show very intense background scatter. The amount of scatter 

diminishes considerably on dissolution treatment of the sample, and 
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therefore the presence of the high background is taken as indicative 

of the occurrence of amorphous components. The diffraction pat- 

terns for sample AU -Al prior to and following dissolution treatment 

are illustrative of average sample behavior in this respect (Figure 

2a, b). All transect samples exhibited this behavior to a greater 

or lesser degree dependent upon the relative significance of amor- 

phous versus crystalline mineral content. On this basis the amor- 

phous clay components were interpreted to be of greater significance 

in those samples from deeper horizons, and to diminish in signifi- 

cance across the transect from the driest to the wettest site. 

The results of differential thermal analysis of samples from 

each of the four sites (Figures 17 -20) also show the increasing 

influence of the amorphous clay component with depth in a given 

profile. The area of the low temperature endotherm for samples 

prior to dissolution treatment is considerably greater in the C 

horizons of the first three soils as compared to the surface hori- 

zons of the same profiles. Even the C horizon sample from the 

Salt Creek site shows a larger peak area than the B3 horizon above 

it, although it does exhibit a decrease in comparison with corres- 

ponding horizons at the other three sites. Additional evidence for 

the presence of amorphous mineral colloids is seen in the com- 

parison of the differential thermograms of the samples recorded 

preceding and following the treatment for removal of these materials 
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(Figures 17a -20a versus 17b -20b). The low temperature endotherms 

of the treated samples either exhibit a considerable decrease in area, 

or a peak resolution reflective of water loss at fewer, more discrete 

energy levels, or both. The resolution of the peak is more apparent 

in those cases where a non -interlayered, expanding lattice mineral 

has been concentrated in the sample. Numerous examples of results 

of differential thermal analyses of soil clays developed from vol- 

canic ash and pumice appear in the literature. In these investiga- 

tions the large, low temperature endotherm extending from less 

than 50 to well over 300 °C, with the maximum usually at 100 to 

200 °C, is attributed to allophanic alumino- silicates (Birrell and 

Fieldes, 1952; Birrell, 1954; Egawa and Sato, 1960; Kaneko, 1960; 

Ossaka, 1960; Aomine and Wada, 1962). 

Data from specific surface measurements by N2 adsorption 

further substantiate results of x -ray and differential thermal anal- 

yses with respect to the occurrence of amorphous clay components 

(Table 4). The large values recorded for the surface area of clays 

of the C horizons prior to treatment for amorphous material dis- 

solution are indicative of the significance of the latter in those 

samples relative to the surface horizons. The considerable reduc- 

tion in surface area following treatment for the removal of the 

amorphous components provides additional evidence for their 

occurrence in all samples over the transect. Again, neither the 



Table 4. Specific surface measurements of transect soil 
clay samples by nitrogen adsorption. 
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Horizon sample 2 Specific surface, m. /g. 

Antelope Unit 

Amorphous component Amorphous component 
present removed 

Al 72.2 8.8 
AC 147.4 42.5 
Cl 378.1 7.3 
C2 339.0 31.8 

Walker Rim 
Al 71.6 13.0 
AC 96.9 38.3 
Cl 264.8 6.3 
C2 132.0 8.4 

Royce Mountain 
Al 38.5 14.1 
AC 60.0 39.0 
Cl 212.9 12.8 
C2 269.9 19.9 

Salt Creek 
B3 45.4 13.2 
C 87.1 17.1 

increase in specific surface with depth from the B3 to the C hori- 

zon, nor the loss of surface area following differential dissolution 

of the C horizon sample indicate as great an influence of amorphous 

material at the Salt Creek site as at the others. Values for the 

surface area of allophanic clays from volcanic ash and pumice soils 

determined by B. E. T. N2 adsorption have been as high as 400 m. 2 

per g. (Birrell, 1954; Dixon and Jackman, 1954). On the other 
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hand, specific surface measurements of crystalline clay minerals 

by N2 adsorption include values of 10 to 20 m. 2 /g. for montmoril- 

lonite, up to 75 m. 2/g. for halloysite, and only 0. 31 m. 2/ g. for 

gibbsite (Makower, Shaw and Alexander, 1937; Nelson and Hendricks, 

1943). 

Dissolution Weight Loss and Chemical Characterization of the 

Amorphous Mineral Complex. Results for sample weight loss due 

to the dissolution treatment sequence and the analyses of the extracts 

from these treatments are presented in Table 5. The silicon:alumi- 

num and silicon:aluminum plus iron molar ratios calculated from 

the analyses are also shown in Table 5. The percent by weight for 

each element determined in the extracts has been plotted as a 

function of the soil horizons sampled for each profile (Figure 26). 

In view of the complex nature of the systems under investiga- 

tion, the data from the dissolution treatment sequence can be dis- 

cussed only from the standpoint of indicated trends. The lack of 

greater specificity of the treatments for removal of particular com- 

ponents of the clay mixture, as discussed by Singleton (1965, p. 22- 

23), precludes any attempt at allocation of the chemical constituents 

to types of amorphous compounds present. For example, the alumi- 

num in the citrate -dithionite extract might have dissolved from dis- 

crete amorphous hydrous oxides, interlayer hydroxy polymers, or 

from gibbsite. Dissolved silicon and iron probably had more than 
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Table 5. Differential dissolution weight loss and extract analyses of 
transect soil clay samples (O. D. basis). 

Sample 
Sample 

wt., mg. 
Weight loss, 

mg. % 

Element analyses, 
mM. per g. sample 

Molar 
Si 

Al 

ratios, 
Si 

Si Al Fe Mg Al + Fe 

AU: 

Al 268.8 228.1 84.86 7.44 2.64 1.12 0. OS 2.82 1.98 

AC 282.1 232.5 82.42 4.64 3.26 1.60 0.03 1.42 0.96 

Cl 269.4 240.9 89.42 5.53 4.90 1.26 0.01 1.13 0.90 

C2 310.4 267.1 86.05 4.54 4.25 1.19 0.01 1.07 0.83 

WR: 

Al 259.5 198.7 76.57 4.01 2.64 1.50 0.07 1.51 0.96 

AC 283.6 212.0 74.75 3.67 3.53 1.59 0.03 1.04 0.72 

Cl 279. 2 247.2 88.54 3, 87 4.80 1.47 0. 08 0. 81 0, 62 

C2 230.7 178.2 77.24 6.80 3.08 0.91 0.09 2.21 1.71 

RM: 

Al 268.3 209. 8 73. 28 3.21 2.34 1.47 0. 06 1.37 0.84 

AC 278.0 195. 0 70.14 5.90 2.52 1.55 0.06 2.34 1.45 

Cl 171.1 148.2 86.62 5.26 4.50 1.28 0.02 1.17 0.91 

C2 317.2 263.8 83.16 5.67 4.41 1.39 0.03 1.28 0.98 

SC: 

B3 276.2 213.0 77.12 3.26 3.37 1.81 0.08 0.97 0.63 

C 256.9 218.3 84.97 3.50 4.13 1.75 0.02 0.85 0.60 
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one source in the complex, and finally, poorly crystalline phyllo- 

silicate minerals also might have been a source for any one or all 

of the elements extracted from the samples. 

The weight loss of each sample as a result of the dissolution 

treatments was greater than 70% of the original oven -dry weight. 

This is indicative of the greater significance of the amorphous and 

poorly crystalline components of the clay mineral suite of these 

soils relative to the phyllosilicate component. There is a trend in 

the data (Table 5) toward greater weight loss in the C horizon sam- 

ples of each profile than in those taken from surface horizons. Also, 

more material apparently dissolved from the surface samples of 

the Antelope Unit site at the drier end of the transect than from 

corresponding samples at the other sites. This pattern generally 

parallels that described for the relative lack of clay crystallinity 

among the transect samples. Those samples from which greater 

amounts of material dissolved exhibited somewhat stronger criteria 

attributable to amorphous components during the identification pro- 

cedures. 

Several other relationships emerge from the plots of percent 

of extracted elements versus the soil horizon sampled (Figure 26). 

The percent of silicon extracted from the Al horizon samples de- 

creases from the dry end to the wetter end of the transect. This 

trend is maintained even for the C horizons when samples from the 
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most intensely weathered, Salt Creek soil site are compared to the 

others. The amount of aluminum in the dissolution extract from 

the clay size material increases with depth for each profile through 

the Cl horizon (C horizon of the Salt Creek profile), with a sub- 

sequent decrease in the C2 horizon. The resulting "bulge" in the 

graph of aluminum content in the Cl horizon probably reflects the 

downward movement of this element from the more intensely 

weathered surface horizons. Alternatively, it might indicate the 

relative ease of removal of the interlayer hydroxy aluminum in 

these samples. 

The iron content of the extracts from the Al horizon samples 

increases toward the wetter sites, and clays from the Salt Creek 

site yield greater percentages of iron as compared to the other 

soils on the transect, even in the C horizon. Following some 

initial increase in the iron content of the sample extracts with 

depth, the values either level off or decrease slightly further down 

in the profiles. Magnesium was dissolved from the samples in 

only very small and quite constant amounts relative to the constitu- 

ent elements already discussed, a fact which seems to preclude 

its extensive involvement in the formation of hydroxy interlayers 

in the 2:1 phyllosilicates present. 
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pH DEPENDENT ION EXCHANGE PROPERTIES 
OF THE TRANSECT SOIL CLAYS 

The ion exchange properties of soil clay systems are attributed 

to the presence of surface electric charge. The charge may be nega- 

tive and of a "permanent" nature, i. e. , due to isomorphous cation 

substitution in the lattice structure of phyllosilicates. Alternatively 

it may be "pH dependent ", in which case the sign and magnitude of 

the charge is contingent upon the reaction of the soil system. The 

two types of charge occur together in soil clay systems although 

one or the other may predominate, depending upon the composition 

of the clay mineral suite. 

Much of the pH dependent ion exchange capacity of soils has 

been attributed directly or indirectly to the presence of amorphous 

mineral colloids. Recent investigations have shown that this be- 

havior is not confined to amorphous clay minerals, but includes, 

as well, the crystalline phyllosilicates in which the expression of 

permanent charge may become pH variable under certain conditions. 

It is of interest to discuss briefly the mechanisms proposed to ex- 

plain the occurrence of pH dependent charge in each of the two 

groups of clay components. 
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Source of pH Dependent Charge on Amorphous Clay Minerals 

The pH dependent attraction of cations by allophanic alumino- 

silicates has been attributed to the dissociation of H+ from silanol 

(SiOH) groups (Wada and Ataka, 1958; Iimura, 1961). However, 

there is little evidence that the dissociation of the hydrogen ion 

from the silanol group of aluminosilicates contributes to pH depend- 

ent cation exchange of these materials to any degree other than at . 

very high pH. Roller and Ervin (1940) categorized silicic (poly - 

silicic) acid as an extremely weak acid with the constant for the 

first dissociable hydrogen being 10-9.8 at 30°C. This figure was 

assumed by Iler (1955) to be of the same magnitude for the silanol 

groups on a pure silica surface, although the author stated that the 

presence of iron or aluminum impurities in the system tends to 

lower the pK 
a 

somewhat. Goates and Anderson (1956) reported 

that the silanol groups of 0.1 to 0.3 µ quartz showed little or no 

ionization below pH 8. 00, and felt therefore that the pH dependent 

negative charge of clays in the pH range 6. 00 to 7. 00 was not due 

to dissociation of such groups. Where cation uptake is reported 

for silica gel it is small and highly pH dependent, e. g. , Plank (1953) 

and Iimura (1961). 

Several investigators have considered the role of tetrahedrally 

coordinated aluminum to be of significance with respect to pH 
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dependent cation adsorption on aluminous soil colloids (Cook et al. , 

1953; Birrell, 1958; Fieldes and Schofield, 1960; Iimura, 1961). 

The mechanism to which these authors refer has been largely the 

result of work done with synthetic aluminosilicate cracking cata- 

lysts. 

Tamele (1950) proposed that the surface activity of alumina - 

silica catalysts was due to the number of tetrahedral alumino - silicic 

acid sites produced during preparation of the material. The forma- 

tion of the acid was explained by the known tendency of the aluminum 

atom to acquire a pair of electrons to fill its p- orbital, enhanced by 

the displacement of the electrons in the aluminum - oxygen- silicon 

bonds toward the tetravalent silicon atoms. The electron pair 

would be donated by water, the hydroxyl group becoming part of 

the tetrahedral aluminum structure and the hydrogen ion being held 

by electrostatic attraction. 

Further studies were made by Milliken, Mills, and Oblad; 

(1950) to elucidate the physical - chemical nature of the four-coordi- 

nate aluminum theory of acidity in alumina - silica cracking cata- 

lysts. Their data showed that in the synthetic aluminosilicate gels 

with up to 30% alumina on an alumina plus silica weight basis one 

mole of sodium was required per mole of aluminum to maintain 

pH 7.00. Each mole of aluminum therefore was acting as an equi- 

valent of acid. (The sodium, it was noted, was exchangeable with 
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other cations. ) . Above 30% aluminum the sodium to aluminum ratio 

decreased, and finally went to zero at 100% aluminum. Further, 

it was found that the hydrogen form of the alumino- silicic acid, as 

proposed by Tamele (1950), was extremely unstable, if formed at 

all. Under acid conditions the aluminum shifted to sixfold coordina- 

tion and the incremental water content of the acidified gel corre- 

sponded to three hydroxyls per aluminum atom. Thus the authors 

deduced that salt -like structures of alumina - silica gel in which 

aluminum is in fourfold coordination could exist in the presence of 

such cations as Na +, K +, and NH4 +, but removal of such ions re- 

sulted in the loss of acidic property. The pH at which the amphoteric 

coordination shift of aluminum from four to six took place was lower- 

ed from 10 -12 for silica -free alumina to 3.8-4.0 for aluminum in 

alumina-silica gels. It was felt that the shift was due to the stabi- 

lizing influence of the interbonded silica tetrahedra. The coordina- 

tion shift was believed to be reversible to a large extent and, based 

upon the demonstrated mobility of surface oxygen atoms by H2O18 

exchange, to be instantaneous. Finally, the authors emphasized that 

a heterogeneity existed on the alumina - silica surface, such that all 

sites active for adsorption were not predisposed to coordination 

shift to the same extent (i. e. , at the same pH). In regard to the 

latter point Plank (1953) stated that the acid centers on the synthetic 

alumina - silica gels which he investigated were not constant in their 
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acidity, but rather varied over a wide range of pK . 
a 

There seemed 

to be a substantial proportion of the centers with pK 
a 

values suffi- 

ciently low that they were highly ionized at pH 4. 00. This is of 

particular significance with respect to the applicability of the pro- 

posed mechanism to observed pH dependent ion exchange behavior 

in aluminosilicate systems. 

DeKimpe, Gastuche, and Brindley (1961) carried out low 

temperature, normal pressure syntheses of aluminosilicates with 

the production of various proportions of gels and crystalline phases. 

It was observed that silica seemed to impose its three -dimensional 

framework on the system such that in fresh, co- precipitated, alumi- 

na- silica gels, aluminum occurred in the four - coordinate state at 

alumina to alumina plus silica ratios of less than 30 to 40% by 

weight. The surface negative charge, measured by base exchange, 

increased as long as the ratio allowed the steric possibility of 

alumina tetrahedra sharing corners with silica tetrahedra. Also, 

at a given alumina to alumina plus silica ratio a clear trend toward 

sixfold coordination of aluminum was seen as the pH conditions 

became more acidic. Aluminum coordination number was deter- 

mined in the co- precipitates by X -ray fluorescence calibrated by 

reference to tetrahedral Al PO4 and octahedral AlSi2O5(OH)4 

(kaolinite). 

The role of sixfold coordinated aluminum hydrate, the 
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monomeric "aluminohexahydronium ion" of Jackson (1960), and its 

hydroxo complexes and polymers formed through hydrolysis and ola- 

tion are considered to be of significance in anion exchange through 

the development of positive charge at low pH (Wada and Ataka, 1958; 

Iimura, 1961). The hydrate readily loses protons according to the 

reaction [A1(H2O)61 +3T= H+ + [A1(H20)50H]12 _ 0H etc., and 

H+ H+ 

may polymerize as follows: 

2 
[Al(H2O)5OH] 

+2 [Al2(H2O)8(OH)21 +4 + 2H2O T etc, 

(Bailar, 1956). In both instances the aluminum compound present 

under acid conditions carries a positive charge which is effectively 

countered by anions in the medium. Conceivably these reactions 

might occur under acid conditions for the six coordinate state of the 

aluminum atoms of alumina-silica polymers as well as for the dis- 

crete hydrous aluminum oxide present in the amorphous clay com- 

ponent. A situation similar to that described for the aluminum 

hydrate with respect to anion exchange would be expected to exist 

in the case of sixfold coordinate iron hydrate, Fe(H2O)6 +3, 

Source of pH Dependent Charge on Crystalline Clay Minerals 

The pH dependent charge which one usually considers with 

respect to the crystalline clay minerals consists of that arising from 

groups exposed at the lattice edges of the structure. In the 2:1 

L 
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phyllosilicate minerals this type of charge may account for approx- 

imately 15% of the cation exchange capacity, and in the 1 :1 kaolinite 

minerals makes up the greater part of the available charge. A 

commonly accepted mechanism for the source of the negative edge 

charge is the dissociation of exposed silanol hydrogens (Hendricks, 

1945; Kelley, 1948; Schofield, 1949). Mitra and Rajagopalan (1952) 

considered the dissociation of hydrogen ion from all accessible clay 

lattice hydroxyl groups at the crystal edges as contributing to the 

negative charge at high pH. The source of both negative and positive 

pH dependent charge on lattice edges was proposed by Fieldes and 

Schofield (1960) to be due to the several types of bond fractures 

which might occur. The unsatisfied charges at a given site might 

be either negative or positive or isoelectric depending upon pH. 

Included among the types of bond fractures were the various ones 

between oxygen and silicon or aluminum or other isomorphously 

substituted cations. The exposure of tetrahedral aluminum sites 

of the type previously discussed was considered of significance in 

minerals where aluminum was substituted in the tetrahedral silica 

sheet. 

It has been suggested that the pH dependency of cation exchange 

on the edge sites of certain crystalline clays is due to the difference 

in effective strength of isomorphous substitution charge at the edge 

position relative to the interlayer position (Pommer, 1963). The 
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author concluded that the sodium ion from sodium hydroxide first 

displaced the hydrogen ion from interlayer positions of an acid 

washed montmorillonite, and then, with increasing amount of base, 

the hydrogen exposed at the edges of the lattice. The explanation 

given was that the negative charge due to isomorphous substitution 

was less effective in restraining the hydrogen ion on the interlayer 

exchange sites than at the edges due to the insulating effect of the 

silica tetrahedral sheet on the former. This caused the hydrogen 

ions in the edge positions to behave as a weak acid and dissociate 

at higher pH relative to those in the interlayer position. 

Recently a considerable number of investigations have dealt 

with the formation of hydroxy polymers, especially of aluminum, 

in the interlayer positions of expanding 2:1 clay minerals. A sig- 

nificant aspect of these studies has been the elucidation of the role 

which the polymers play in causing the permanent negative charge 

carried by clay minerals to be expressed as a pH dependent charge. 

The pH dependency is thought to be the result of the blocking and 

unblocking of exchange sites as the presence and form of the poly- 

mers in the interlayer space is changed with hydroxyl ion concentra- 

tion. 

Rich (1960) showed that treatment of a vermiculite with 

hydroxy aluminum solution for four days reduced the C. E. C. from 

134 to 75 me. per 100 g. , and after eight days, to only one me. 
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per 100 g. Titration of the aluminum interlayered vermiculite in 

normal sodium chloride with sodium hydroxide to pH 10 resulted 

in removal of most of the interlayer polymer. Barnhisel and Rich 

(1963) demonstrated a gradual reduction of C. E. C. of montmoril- 

lonite from 78 to 2 me. per 100 g. on treatment with solutions of 

increasing hydroxyl to aluminum molar ratio up to a certain point. 

At ratios of 2.25 and 3. 00 gibbsite formed and moved external to 

the lattice, unblocking exchange sites apparently once made inaccessi- 

ble by the hydroxy aluminum polymer. Frink and Peech (1963), at 

about the same time, stated that no substantial reduction in C. E. C. 

had occurred in hectorite and montmorillonite systems during the 

"fixation" of aluminum in non -exchangeable form. They therefore 

attributed the fixation of aluminum to its precipitation as the hydrox- 

ide. 

From work with bentonite- sesquioxide mixtures Coleman 

et al. (1964) concluded that the interlayer material undergoes change 

with pH such that it is effective in differentially affecting the C. E. C. 

At pH 5. 0 the effective C. E. C. was approximately zero, while at 

higher or lower pH values where the polymer was not as strongly 

fixed the C. E. C. was restored. Clark (1964) found a large pH 

dependent component of C. E. C. present in soils which he attributed 

to the fixation of aluminum and, to a lesser extent, iron on sites 

attributable to permanent charge. Conversion of the fixed polymeric 
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forms of these elements to the neutral hydroxides at higl.er pH or 

to the trivalent forms at lower pH liberated the exchange sites. 

Soil clays which contained pedogenically chloritized 2:1 phyllosili- 

cates were found to develop increases in C. E. C. following brief 

periods of treatment with 2% Na2CO3 solution at pH 11 (de Villiers 

and Jackson, 1965). Similar effects of pH were induced in specimen 

vermiculite which had been aluminated with solutions of polymerized 

hydroxy alumina. The chloritized vermiculite showed a linear in- 

crease in C. E. C. of 54 me. per 100 g. between pH 4. 0 and 8.5. 

The C. E. C. increase was reversed when a pH 5. 0 sodium acetate 

buffer washing followed the alkaline treatment. The authors pro- 

posed that "the pH dependent exchange negative charge in aluminated 

soil, clay, and allophane systems represents part of the initially 

blocked isomorphous substitutional charge released by deprotization 

of the positive hydroxy alumina ". 

Evaluation of Amorphous Clay Components By Means 
of Their pH Dependent Charge Properties 

In soils of which the clay size fraction consists largely of 

amorphous minerals, such as allophanic aluminosilicates and hy- 

drous iron and aluminum oxides, the nature and magnitude of elec- 

tric charge carried by the micelles is almost entirely a function of 

pH. Amorphous aluminosilicates may exhibit pH dependent cation 
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exchange capacities in excess of 100 me. /100 g. (Aomine and 

Jackson, 1959). Relatively, the magnitude of pH dependent charge 

of the phyllosilicate clays is quite small. This has permitted in- 

vestigators in New Zealand and Japan to utilize the property of pH 

dependent exchange capacity in evaluating the significance of amor- 

phous minerals in the clay size material of soils derived from vol- 

canic ash and pumice. 

The pumice soils of the present investigation are formed in a 

parent material which is quite similar in composition and age to 

many volcanic materials of New Zealand and Japan. On this basis 

the decision was made to test the pH dependent ion exchange capa- 

city measurement as to its usefulness in evaluating the significance 

of amorphous components in the transect soil clays. 

Experimental Method 

Several methods have been used to demonstrate the phenome- 

non of pH dependent ion exchange in clay systems and to define its 

magnitude (Schofield, 1949; Wada and Ataka, 1958; Aomine and 

Jackson, 1959; Fieldes and Schofield, 1960; Birrell, 1961; Pratt, 

1961). The method used in the present investigation is basically 

that of Wada and Ataka (1958) after Schofield (1949). 

The oven -dry sample weight used for purposes of calculation 

was taken after completion of the final exchange reaction rather 
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than the starting weight. This was done to avoid possible error 

due to sample loss during NaC1 saturation. Loss during replace- 

ment of the NaCl by Ca(NO3)2 was assumed negligible based on 

preliminary trial. 

The cation pair chosen for the present investigation differs 

from that used by Wada and Ataka (1958). They, as did Schofield 

(1949), used NH4C1 as the saturating salt and KNO3 as the replace- 

ment salt. In light of the known occurrence of vermiculite in the 

pumice soil clays being investigated, and on the basis of data 

demonstrating the undesirable fixation effects of NH4+ and K+ ions 

in exchange systems involving vermiculite (Sawhney, Jackson, and 

Corey, 1959), it was decided that either NaC1 and Sr(NO3)2 or 

NaCl and Ca(NO3)2 would be used. Tests of the method against 

standard montmorillonite clay led to the final selection of NaCl 

and Ca(NO3)2. The fact that carbonate solubility problems occur 

with both Sr ++ and Ca ++ in solutions of these ions in equilibrium 

with atmospheric CO2 at elevated pH's dictated the selection of the 

sodium salt for the pH- adjusted, index ion solution. 

One further modification relative to the method of Wada and 

Ataka is to be found in the procedure for displacing the index ions 

as employed in the present study. Rather than subjecting the sam- 

ple to four or five short term replacement washings, an initial wash 

to remove the bulk of excess saturating solution from the system 
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was followed by two washes of longer duration, the first for 16 hr. 

and the second for 1 hr. Rich (1961) has demonstrated the effective- 

ness of a single 16 to 18 hr. replacement wash, relative to several 

short term washes, in an exchange system with a high ratio of 

replacing ion to adsorbed ion. The additional one hour wash was 

given here to ensure a high degree of exchange. 

Index Ion Saturation of the Exchange Complex. Approximately 

0. 2 g. sodium- saturated clay was placed in a covered 50 ml. poly- 

propylene centrifuge tube which had been previously tared at 105°C. 

Thirty ml. of 0.1N NaCl solution, adjusted to the desired pH by the 

addition of either HC1 or NaOH, were added. The contents of the 

tube were agitated for several minutes by means of a variable speed 

stirrer equipped with a reversing switch and stainless steel paddle. 

The suspension was then centrifuged, and the clear supernatant 

solution decanted and discarded. The saturation wash was repeated 

as described five times. Following the fifth wash the pH of the 

decanted supernatant solution was measured using a line operated 

Beckman model 9600 Zeromatic pH meter. 

If the measured pH of the supernatant solution was found to 

be equal to the desired saturation pH for the sample, two further 

washes at that pH were given. No significant change in the pH of 

supernatant solutions from these two washes was taken to indicate 

attainment of equilibrium at the desired pH. If, however, the pH 
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of the supernatant solution from the fifth wash step was not at the 

desired value, further washes were given until that pH was attained. 

If the buffer capacity of the sample was great, the pH of the index 

ion solution applied was adjusted higher or lower than the desired 

equilibrium pH. This was necessary to facilitate moving the sample 

pH in the required direction within a reasonable number of washes. 

When the desired saturation pH was finally attained, the covered 

centrifuge tube, containing the clay plus the NaC1 solution which 

remained in the clay after the final decantation, was weighed. 

Index Ion Displacement. The total sodium plus chloride was 

displaced from the clay in three wash steps. First, 25 ml. of 

0.1N Ca(NO3)2 solution were added to the contents of the tube and 

the contents stirred and centrifuged as described for the NaCl 

saturation washes. Following centrifugation the supernatant ex- 

change was decanted and filtered through Whatman number 42 

paper into a 100 ml. volumetric flask. A second 25 ml. volume of 

0.1N Ca(NO3)2 solution was added and the contents of the tube once 

again stirred. The centrifuge tube then was fitted with a tight 

rubber stopper and placed on a horizontal shaker for 16 hr. At 

the end of the 16 hr. period the contents of the tube were centrifuged 

and the second exchange wash collected in the volumetric flask. 

Finally, a third 25 ml. volume of 0.1N Ca(NO3)2 solution was 

added to the sample in the tube, the contents stirred, and the tube 
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again fitted with the rubber stopper and placed on the horizontal 

shaker. After 1 hr. the tube was removed and the exchange wash 

added to the contents of the volumetric flask as for the two previous 

washes. The centrifuge tube was covered immediately following 

the final decantation and tube plus contents weighed. The tube was 

then uncovered and placed in an oven at 105°C for 24 hr. After sub- 

sequent cooling in a desiccator containing drierite the oven -dry 

weight of tube plus contents was obtained. 

Chemical Analysis of Exchange Solution and Calculation of 

Ion Exchange Capacity. The exchange solution was made to 100 ml. 

volume with distilled water and analyzed for total sodium and total 

chloride. Sodium analysis was performed on a Beckman model 

DU flame emission spectrophotometer. Chloride was determined 

volumetrically by mercurimetric titration (Clarke, 1950, as modi- 

fied by Goldman, 1959). The calculation of the cation and anion 

exchange capacities at a given pH involved the following operations: 

The oven -dry sample weight was calculated by sub- 

tracting the value for tube tare plus the weight of oven - 

dry Ca(NO3)2 salt left in the sample following replacement 

from the oven -dry weight of tube plus clay plus the weight 

of oven -dry Ca(NO3)2 salt obtained at the end of the ex- 

change procedure. The figure for oven -dry Ca(NO3)2salt 

was calculated from the water loss during the final 105°C 

l 
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drying step, knowing the density of the 0.1N Ca(NO3)2 re- 

placement solution. 

The weight of excess NaC1 left in the sample following 

the ion saturation step was taken as the difference between 

the weight of covered tube plus clay plus NaC1 solution 

minus the tube tare plus oven -dry sample weight. 

The cation exchange capacity was then calculated as 

the total sodium from analysis of the exchange solution, 

expressed in me. per sample, minus the sodium due to 

excess NaC1 remaining in the clay exchange system follow- 

ing saturation, expressed in me. per sample. This was 

placed on a me. per 100 g. oven -dry sample basis. The 

anion exchange capacity value was calculated in an analogous 

manner. The cation and anion exchange capacity values 

were then plotted as a function of equilibrium pH, i. e. , pH 

of the final NaC1 saturating solution decanted from the 

particular sample. 

Verification of the Procedure 

The foregoing procedure was tested against two standard 

montmorillonite clays prior to its adoption for use with the soil 

clay samples. The montmorillonite samples, number S34 -6 

supplied by Colorado State University, Fort Collins, Colorado, 
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and number 20, from Husband Mine, Polkville, Mississippi, sup- 

plied by Ward's Natural Science Establishment, Inc. , Rochester, 

New York, were processed for separation at the <211. clay size by 

Sayegh (1964, p. 6 -11). Calcium-saturated clays which had been 

stored under methanol were used in the present study. 

The first trial involved the determination in duplicate of the 

cation exchange capacity of montmorillonite number S34 -6 at pH 

3. 60, 5.20, 6. 45, and 7.95 using 0.1N NaCl as the index ion solu- 

tion and 0.1N Sr(NO3)2 as the replacement solution. The results 

of this trial (Figure 27a) indicate that the values for cation exchange 

capacity as determined by the method in question are low in com- 

parison with the value for the same sample determined by the 

method of Rich (1961) using sodium to displace calcium. The 

value obtained according to the latter method is 120 to 125 me. per 

100 g. , while that for the method under test, at a comparable pH 

of 6. 45, is only about 95 me. per 100 g. This difference is by far 

in excess of the expected variation between results from one method 

and a second. However, the variability between duplicates at a 

given pH would be acceptable. The data suggest that incomplete 

cation saturation of the exchange complex with the 0.1N NaCl solu- 

tion might be the reason for the discrepancy. 

Based upon the preceding hypothesis a second trial with 

montmorillonite number S34 -6 was conducted to test the effect of 
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increasing the concentration of index ion solution on the cation ex- 

change capacity value. The cation exchange capacity was deter- 

mined, as before, by saturation with NaC1 solution and displace- 

ment by O. IN Sr(NO3)2 solution. The second trial differed from the 

first, however, in that the pH of the NaC1 saturating solution was 

kept constant at 6. 50 while the concentration was varied. Four 

replicate determinations were made at each of five concentrations, 

O. 1N, 0. 2N, O. 3N, O. 4N, and 1. ON. The results of this experiment 

are presented in Figure 27b. Not only is a greater variability evi- 

dent for values at a given pH and concentration than had been ob- 

tained in the previous trial, but the variability at a given pH appears 

to increase with increase in concentration of index ion solution. 

Also, the discrepancy which occurs between the average cation ex- 

change capacity as determined by the present method and that ob- 

tained according to Rich's method increases with concentration. 

Verification of this behavior was obtained from a repetition 

of the latter experiment in which montmorillonite number 20 (cation 

exchange capacity by Rich's method, 116 me. per 100 g. ) was used. 

One -tenth normal Ca(NO3)2 was used as the replacement solution. 

Four replicate analyses were made at each of four index ion solu- 

tion concentrations, O. 1N, O. 2N, O. 3N, and O. 4N. The results for 

this trial are presented in Figure 27c. Again the same type of 

pattern emerges. The wide variation in cation exchange capacity 
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values at a given pH and concentration of index ion solution is pre- 

sent, as is the increase in variability with increase in concentration 

of index ion solution. The magnitude of the cation exchange capacity 

values is low, on the average, and decreases with increasing index 

ion solution concentration as in the two preceding cases. 

The consistent behavior of the cation exchange capacity data 

with respect to index ion solution concentration led to the conclusion 

that the hypothesis concerning incomplete saturation of exchange 

sites due to a low concentration of index ion was invalid. It did not 

provide a satisfactory explanation of the discrepancy observed in 

the magnitude of cation exchange capacity values obtained by the 

present method as compared to that of Rich. Further consideration 

of the data prompted the proposal of an alternative hypothesis. It 

was considered possible that the addition of the divalent cation of 

the displacement solution, either Sr ++ or Ca + +, to the clay sample 

in the presence of the excess index ion solution might cause floccula- 

tion of the sample and concommitant trapping of index ion solution. 

This might result in an incomplete recovery of the sodium in the 

exchange solution. Consequently, a cation exchange capacity value, 

calculated by subtracting an excess sodium figure determined by 

weight from the figure for "total" sodium in the exchange solution, 

would be reduced in magnitude by the number of me. of sodium 

trapped. This effect might be quite variable from replicate to 
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replicate of a given sample at a given pH and index ion concentration, 

and might also be expected to increase in variability with increase 

in index ion concentration. The decrease in the magnitude of cation 

exchange capacity values calculated from data so affected relative 

to an accepted mean value would be expected to be greater as con- 

centration of the trapped index ion increased. 

An attempt was made to substantiate the hypothesis of salt 

trapping by adding 1. ON LiC1 solution to montmorillonite clay sam- 

ples which had been subjected to the cation exchange process in the 

verification experiments just described. It was reasoned that if 

sodium were, infact,trapped in the calcium flocculated clay it ought 

to be released on redispersion of the sample by lithium. However, 

prolonged stirring and shaking of the clay in the presence of 1. ON 

LiC1 solution failed to release much more sodium than might have 

been left in the sample during decantation of the final exchange wash. 

Although the hypothesis had not been validated by these findings, 

neither had it been invalidated. It is probable that the clay flocs 

resisted dispersion and subsequent release of the trapped sodium. 

Dispersion in a dilute Li solution might have been more informative. 

It was considered that changes in ion exchange capacity as a 

function of pH were of primary interest. Although the exchange 

capacity values obtained through use of the proposed procedure 

might be less than the true values, the measure of any change in 
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exchange capacity with pH should be valid. Therefore, the decision 

was made at this point to proceed with the pH dependent ion exchange 

investigation of the pumice soil clays using the procedure as de- 

scribed in detail in the preceding section. One -tenth normal 

Ca(NO3)2 was selected as the replacement solution on the basis 

that the cation exchange capacity data obtained through its use were 

less variable at any given concentration of index ion solution than 

those obtained using 0.1N Sr(NO3)2. One -tenth normal index ion 

solution concentration was selected since the values determined at 

lower sodium concentrations were less variable than those deter- 

mined at the higher concentration (Figure 27b, c). 

Results and Discussion of the pH Dependent Ion Exchange 
Investigation 

The results of the pH dependent ion exchange capacity measure- 

ments are presented graphically in Figures 28 -37. Measurements 

for the Walker Rim soil clay samples were obtained only in the 

5.85 to 6.85 pH range because of insufficient sample material. 

These data are presented in tabular form for the purpose of com- 

parison with values for other samples determined in a similar pH 

range (Table 6). Cation exchange capacity measurements for mont- 

morillonite number 20 made concurrently with those of the pumice 

soil clays using the same procedure are shown in the lower curve 
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Table 6. Ion exchange capacity values for transect soil clay 
samples in the pH range 5. 85 -6.95. 

Horizon sample Amorphous component Amorphous component 
present absent 

Antelope Unit: 

C.E.C., 
me. /100g. 

A.E.C., 
me. /100g. pH 

C.E.C., 
me. /100g. 

Al 5.95 33.03 (0.00) 6.82 36.24 
AC 5.90 37.97 4.85 6.85 48.57 
Cl 6.10 24.22 3.31 6.83 77.82 
C2 6.01 30.46 3.23 6.75 49.12 

Walker Rim: 
Al 6.22 23.60 0.61 6.85 31.67 
AC 5.85 19.19 6.31 6.72 39.75 
Cl 5.95 30.34 3.94 6.77 49.88 
C2 5.90 26.70 4.41 6.52 33.19 

Royce Mountain: 
Al 6.30 28.64 (0. 00) 6.95 48.51 
AC 5.85 17.29 3.36 6.82 46.84 
Cl 5.95 19.16 7.53 6.50 63.83 
C2 5.92 28.84 7.52 6.78 48.10 

Salt Creek: 
B3 6.15 58.02 0.04 6.72 46.16 
C 6.00 17.50 13.12 6.65 55.99 

of Figure 38. It should be mentioned that the curves drawn through 

the points on these plots are not intended to describe statistical 

best -fit or prediction equations for the data. Rather they are 

meant to depict trends in variation which the data appears to ex- 

hibit with respect to a particular sample. 

It is apparent from the x -ray diffraction data previously 

presented for the transect soil samples that the composition of the 

pH 



99 

clay mineral suite is much more complex than had been anticipated. 

This is especially true from the standpoint of the occurrence of 

chloritic intergrades due to the hydroxy interlayering of smectites 

and /or vermiculite. While these minerals have been shown to occur 

in older, well developed, acid soils, little or no reference is made 

in the literature relative to their occurrence in young soils, parti- 

cularly in young soils from volcanic ash or pumice. 

The complexity of the clay mineral suite confounds the inter- 

pretation of pH dependent ion exchange measurements in that a con- 

tribution to the latter by the interlayered phyllosilicates in samples 

comprised of both amorphous and crystalline components is to be 

anticipated. Although the data is of interest in that it conveys a 

particular characteristic of the transect soils, it is of little use 

in evaluating the presence and significance of the amorphous clay 

components in that the origin of the pH dependent charge is not 

discernible. 

Cation Exchange Capacity (C. E. C. ). In general the various 

plots in Figures 28 -37 assume S- shaped patterns with the sharpest 

increase in C. E. C. occurring in the center of the pH range de- 

scribed, i. e. , from 5. 00 to 7. 00. The differences between samples 

appear to be mainly in how the rate of change of exchange capacity 

with pH effects a distortion of the S- shaped pattern. The variability 

in pattern shape is much greater among the samples minus 



60. 0 

50.0 

o 
° 40. 0 

a 

30. 0 
+4 ., 
U 
cd 

cd 

" 20.0 
0 
oio 

U 

al 10 . 0 

o H 

0.0 

Prior to dissolution: 
C. E: C. 
A.E.G. 

Following dissolution: 
o C. E. C. 
AA.E.C. 

Ar, 

100 

10.0 
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 

pH 

Figure 28. Ion exchange capacity of the Antelope Unit 
Al horizon clay sample as a function of pH. 

o:o 

a 

I r i 

m 

1 1 1 I 



50.0 

40. 0 

o 
o 30.0 

ai 

20.0 
., 

cd 

L) 10.0 
a 
an 
z 
cd 

U 
col 0. 0 

o H 

10. 0 

46, 

A 

Prior to dissolution: 
C. E. C. 
A.E.C. 

Following dissolution: 
O C. E. C. 
A A. E. C. 

A A 

101 

20.0 
3..00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 

pH 

Figure 29. Ion exchange capacity of the Antelope Unit 
AC horizon clay sample as a function of pH. 

E 

b a 

C 



90. 0 

80. 0 

70. 0 

60. 0 

tU) o 
0 50.0 

a 

-40.0 

u 

° 30.0 
(1) 

on 

d 

U 
,D4 20.0 

o H 

10.0 

0.0 

10.0 

20. 0 
3. 00 4.00 5.00 6.00 

pH 
7. 00 

P 

Figure 30. Ion exchange capacity of the Antelope Unit 
CI horizon clay sample as a function of pH. 

Prior to dissolution: 
C. E. C. 
A. E. C. 

Following dissolution: 
O C. E. C. 
A A. E. C. 

102 

8.00 9.00 10.00 

ct 

[ r 



60. 0 

50. 0 

40.0 
bQ o o 

30.0 

.,., 

ai 20.0 

aì 

ni 10.0 
u 
a) 

0. 0 

10.0 

20.0 
3.00 4.00 5.00 6. 00 

p 
7.00 8.00 9.00 10.00 

Figure 31. Ion exchange capacity of the Antelope Unit 
C2 horizon clay sample as a function of pH. 

Prior to dissolution: 
C. E. C. 
A.E.C. 

Following dis solution: 
O C.E.C. 
bA.E.C. 

A 

103 

---- 

,I 

u 

no 

X 

. . . . . . 

a 

x 

q 
.o. J- 



60. 0 

50. 0 

ó 40.0 

ai 

ÿ, 30. 0 
., 
cd 

S+ 
cd 

20.0 
a) Prior to dissolution: 
u) 

C. E. C. 
(a 

A. E. C. 
VI 10. 0 Following dissolution: 

o C. E. C. 
o A A. E. C. 

A- A A A 

104 

10.0 
3.00 4,00 5.00 6.00 7.00 8.00 9.00 10.00 

pH 

Figure 32. Ion exchange capacity of the Royce Mountain 
Al _ horizon clay sample as a function of pH, 

cDio 

a) 

0.0- 

1 



50. 0 

40. 0 

Prior to dissolution: 
C. E. C. 
A.E.C. 

Following dissolution: 
O C. E. C. 

A.E.G. A 

10.0 

20.0 
3.00 4.00 5.00 6.00 

pH 
7.00 

105 

8.00 9. 00 10.00 

Figure 33. Ion exchange capacity of the Royce Mountain 
AC horizon clay sample as a function of pH. 

0 í 1 

¢0 o 
30.0 

ti 

0. 0 G 



70.0 

60. 0 

50. 0 

40.0 
a4 o o - 4 

ai 30. 0 

0 

a9 10.0 
U 

a) 

H 0. 0 

10. 0 

20.0 

30. 0 
3.00 4.00 5.00 . 00 7.00 8.00 9.00 10.00 

pH 

Prior to dissolution: 
C. E. C. 
A. E. C. 

Following dissolution: 
o C. E. C. 
AA.E.C. 

106 

Figure 34. Ion exchange capacity of the Royce Mountain 
Cl horizon clay sample as a function of pH. 

>7. 

Izo. 

4 
)4 

0 

' l 



bio 

ó 30.0 -t 

20.0 
.,.., 

u 

w 
u 10.0 
an 

(a 

0. 0 

o 

10. 0 

Prior to dissolution: 
C. E. C. 
A. E. C. 

Following dissolution: 
O C.E.C. 
A A. E. C. 

107 

4.00 5. 00 6.00 7.00 
p H 

8. 00 9.00 10. 00 

Figure 35. Ion exchange capacity of the Royce Mountain 
C2 horizon clay sample as a function of pH. 

50.0 

40. 0 

ai 

" -r-) 

20. 0 
3. 00 

. 

q 

- 



60. 

50. 

Prior to dissolution: 
C. E. C. 
A. E. C. 

Following dissolution: 
O C. E. C. 

A. E. C. 

108 

10. 
3.00 4.00 5.00 6.00 7.00 

pH 
8.00 9.00 10.00 

Figure 36. Ion exchange capacity of the Salt Creek 
B3 horizon clay sample as a function of pH. 

bo 

° 
a; 

30.0} 

.r, 
U 
cd 

S24 

U 
20. 

bA 

10.0- 
0 

1-1 o 

' u t 1 i i 

o 

30 

y 

ú 
ÿ 



109 

60.0. 

50. Or 

40. 0 

30. 0 
bi) o o 

g20.0f 

10.0 
a 
U 

a) 
bi) 

ca 0 . 0 

U 
>4 

,ó 10.0r 

20.0 

30.0 

Prior to dissolution: 
C. E. C. 
A.E.C. 

Following dissolution: 
o C. E. C. 

A. E. C. 

40.0 
3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 

pH 

Figure 37. Ion exchange capacity of the Salt Creek 
C horizon clay sample as a function of pH. 

U 

d 

o 



110 

amorphous material than among those prior to the removal of this 

clay component. 

With the exception of sample AU- Cl (Figure 30), for which the 

available data are indeterminant, all samples from which amorphous 

mineral colloid has been dissolved appear to have reached a maximum 

expression of pH dependent C. E. C. within the pH range studied, The 

maximum also may have been attained in the case of certain samples 

prior to dissolution (Figures 29, 31), but in most instances the data 

at the upper limit of pH is inconclusive in this respect. 

The magnitude of the change in C. E. C. with pH for the samples 

prior to dissolution treatment ranges from a low of about 18 me. per 

100 g. for sample SC -C (Figure 37) to a high of about 45 me. per 

100g. for samples AU -AC, AU -C2, and RM -Al (Figures 29, 31, 32). 

The range for other samples of this group was from about 30 to 40 

me. per 100 g. The change in C. E. C. with pH for most samples 

after treatment for removal of non - crystalline clay components is 

about the same or less than that exhibited by the same samples prior 

to dissolution treatment. Notable exceptions are samples AU -C1, 

RM -C1, and SC -C (Figures 30, 34, 37) which show a surprisingly 

large pH dependent C. E. C. following differential dissolution. 

In general the magnitude of C. E. C. values at any given pH 

has been increased by removal of the non - crystalline clay material. 

This is believed to be due to the concentration of non - interlayered 
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2:1 phyllosilicates of relatively high permanent negative charge in 

the samples during the differential dissolution treatment. The AU -Al 

sample (Figure 28) is an exception in that all C. E. C. values are 

lower following treatment. The reason for this behavior is not appar- 

ent from the clay mineralogy data. 

The source of pH dependent negative charge in the crystalline 

clay samples is thought to be due mainly to reversible transitions 

occurring in the hydroxy interlayers present in the 2:1 minerals 

with changes in acidity of the exchange system. At pH values around 

5. 0 non - exchangeable polymers of aluminum (and /or iron) exist in the 

interlayer positions effectively blocking the sites due to permanent 

charge (Coleman et al. , 1964). Certain samples exhibit an increase 

in C. E. C. once pH values are lower than 4. 0 or 4. 5 (Figures 34 and 

35). This is probably due to the conversion of some of the polymer- 

ized interlayer ions to exchangeable form, e. g. , Al(H2O)6 +3 and /or 

Fe(H2O)6 +3 in the presence of hydrogen ions (Coleman et al., 1964; 

Clark, 1964). 

As the pH of the index ion saturation solution is increased 

during the determination of ion exchange capacities the interlayer 

hydroxy polymers are thought to be gradually solubilized and dis- 

placed (Rich, 1960; Clark, 1964; de Villiers and Jackson, 1965). 

This would expose an increasing number of permanent charge ex- 

change sites and result in the pH dependent increase in C. E. C. 
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which is exhibited by the samples. The amount of increase would 

be a function of the ease with which the hydroxy interlayer was dis- 

placed and the charge density of the phyllosilicate matrix, e. g. Fig- 

ure 29 versus 30. Above pH 7. 0 the data show a leveling off or de- 

crease in cation adsorption for most samples. The decrease might 

be due to the precipitation of polymers of hydroxy aluminum (and /or 

iron) external to the lattice edges (Hsu and Bates, 1964). Such a 

precipitate could conceivably block the accessibility of some of the 

permanent charge exchange sites, although not actually occupying 

these sites. 

Other sources of pH- dependent C. E. C. in the samples follow- 

ing differential dissolution might include coatings or particles of 

amorphous material not effectively removed, and the various groups 

which arise in the phyllosilicate minerals at lattice edges (Fieldes 

and Schofield, 1960). 

The mechanism for pH dependent C. E. C. in the amorphous 

clay component probably is due largely to the tetrahedral aluminum 

sites of the silicon - aluminum coprecipitates. These sites would be 

effective in that portion of the curve above about pH 4. 5 (Milliken, 

Mills, and Oblad, 1950; Plank, 1953). At the upper end of the pH 

range the dissociation of aluminosilicic acid groups might be an 

additional source of negative charge (Iimura, 1961; Plank, 1953). 

Although the samples prior to dissolution treatment were 

, 
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composed mainly of amorphous material, as illustrated by the re- 

sults of the weight loss determination, the crystalline component 

present would be expected to contribute to pH dependent cation ad- 

sorption. The magnitude of the contribution would vary from one 

sample to the next and would arise from those sources discussed 

above. The shape of the curves of C. E. C. versus pH seems to re- 

flect this influence of the phyllosilicates in the samples. The increase 

in C. E. C. at pH values less than 4. 0 to 4. 5, attributed to mobiliza- 

tion of interlayer hydroxy polymers, is evident in most samples. 

Also, the tendency toward a leveling off or decrease in C. E. C. in 

certain samples at pH values greater than 7.0 to 8. 0 might be due 

in part to the blocking of phyllosilicate edges by precipitate forma- 

tion. 

Anion Exchange Capacity (A. E. C. ). The values of anion re- 

tention exhibited by each of the samples containing the amorphous 

clay component are interpreted in all cases as tending to zero in 

curvilinear fashion with an increase in pH. The magnitude of change 

in A. E. C. with pH varies considerably among samples as does the 

range in pH over which the change occurs. The two surface horizon 

samples represented, AU -Al and RM -Al, exhibit the lowest values 

for A. E. C. and also attain a zero value at lower pH than any other 

samples (Figures 28, 32). In comparison, the sub - surface horizon 

samples show larger A. E. C. values at low pH, and the range of pH 
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over which anion exchange occurs widens to beyond 6. 00, and even 

7. 00 in many cases. 

None of the data were interpreted as exhibiting anion retention 

at the pH values investigated following differential dissolution treat- 

ment. In actuality, an apparent deficiency of chloride ion recovery 

in the exchange solution led to negative A. E. C. values for many of 

these samples. This fact stimulated further investigation of the ion 

exchange procedure with respect to ion trapping, a matter to be dis- 

cussed more thoroughly in a subsequent section. 

The pH dependent anion adsorption which is exhibited by all 

samples prior to removal of amorphous material is largely attributed 

to the presence of hydroxy compounds of aluminum and /or iron. The 

monomeric or polymeric forms of these compounds possess a posi- 

tive charge which is inversely related to pH. This is reflected in 

the increase in A. E. C. with decrease in pH for all samples in the 

range from 9.0 to 3. 5. The differences in magnitude of A. E. C. 

values among samples appears to be a function of the quantity of 

aluminum plus iron extracted from each by means of the dissolution 

treatments (Table 5). 

A second possible mechanism for anion adsorption in these 

samples would be the transformation of tetrahedral aluminum sites 

to octahedral sites as the pH is decreased. This would contribute 

to an increase in anion adsorption and a decrease in cation 
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adsorption simultaneously. 

3601" Investigation of Salt Trapping During Ion Exchange 

The fact has been previously mentioned that in some instances 

the amount of chloride attributed to samples on a gravimetric basis 

was not recovered from the displacing solution during the pH depend- 

ent ion exchange study. This circumstance further supported the 

hypothesis proposed following the method verification trials that 

index ion solution was being trapped during the ion exchange proce- 

dure. The result would be the lowering of calculated ion exchange 

capacity values as was observed with the reference montmorillonite 

samples. In order to test the hypothesis that the chloride deficiency 

was caused by salt retention during extraction an ion exchange experi- 

ment was carried out utilizing 36C1- tagged index ion solution. The 

samples included several transect soil clays and montmorillonite 

number 20. 

Procedure. The procedure followed was essentially that 

described previously under pH dependent ion exchange "experimental 

method ", with modification to allow for use of the isotope as follows: 

The approximately 0.25 g. clay sample was placed in a tared 

50 ml. polypropylene centrifuge tube with lid. Twenty five ml. of 

36C1- tagged (3 µ. c. per aliquot) 0, IN NaC1 index ion solution of 

about pH 6. 00 were added. The tube was securely stoppered and 
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placed on a horizontal shaker for 6 hr. At the end of this period 

the sample and equilibrium salt solution were separated by centrif- 

ugation and decantation. The decantate was saved for analyses of 

total C1- and 3601-. 

The sample was given the usual three O. IN Ca(NO3)2 exchange 

washes following the decantation of index ion solution. Following 

the final exchange wash separation a portion of the clay sample was 

transferred to a tared counting planchet, slurried evenly over the 

bottom with a small amount of redistilled water, and placed in an 

oven to dry at 70 -80 °C. The dry sample was counted using a Tracer- 

lab thin -window flow counter. 

Other analyses necessary to the calculation of trapped chloride 

ion concentration included: 

(1) Total Cl- determination (me. /ml. ) of the equilibrium index 

ion solution by mercurimetric titration. 

(2) 
36 36C1- (c. p. m. /ml.) of the equilibrium index ion solution. 

(3) 
36 p. m. /ml.) of standard index ion solution. 

(4) 3601- (c. p. m. /ml. ) of approximately 0. 1 g. of air -dry 

sample to which a known volume of standard solution was 

added. 

All counting data were corrected for background, 

The calculation was based upon the assumption that exchange 

equilibrium had been attained between the clay sample and the tagged 

(c. 
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index ion solution and, therefore, that the ratio of total C1 to 36C1- 

was constant throughout the system. Briefly the calculation might 

be represented as: 

(1), me. /ml. (3), corr. c. p. m. /ml. sample count 
X X after exchange 

(2), corr. c. p. m. /ml. (4), corr. c. p. m. /sample wash, corr. 
c.p.m. 

100 - trapped Cl , me. /100 gm. sample O. D. wt. , gm. 

Results and Discussion of 36C1 Investigation. The results of 

the experiment indicate that Cl- was retained in the samples against 

extraction by the Ca(NO3)2 solution (Table 7). This occurred for 

Table 7. C1- trapped during ion exchange capacity procedure as 
calculated from the measurement of 36C1- retention. 

Horizon sample pH C1-, me. /100 g. 

(Amorphous component 
present) 

RM-Al 7.05 18. 34 
RM-C1 5. 10 7. 30 

SC- B3 6.58 14.47 

(Amorphous component 
removed) 

RM-A1 6.80 19.18 
RM- Cl 6.65 17.68 
RM- C2 5.68 17.45 

SC-B3 6.50 18.58 

Mont. #20 7.00 13.74 

X 
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the transect samples, both treated and not treated for amorphous 

material dissolution, and for the reference montmorillonite. The 

Cl- ion retention figure for the montmorillonite was not too different 

from the average of the values obtained for the Cl- deficiency calcu- 

lation for the same sample in the pH dependent ion exchange study. 

Because the latter were quite constant over the entire pH range, it 

seemed reasonable to "correct" the ion exchange capacity values 

from that study by an amount equal to the Cl- deficiency determined 

at each respective pH. This resulted in a zero value for the A. E. C. 

at each pH point, as might have been anticipated for the mineral. 

When the C. E. C. 's so obtained were plotted against pH, the curve 

was adjusted upward relative to that for the uncorrected values 

(Figure 38). In fact the new curve closely approximated the value 

for C. E. C. obtained for the montmorillonite by Rich's method at 

the comparable pH of 6. 50, i. e. , 117 versus 116 me. per 100 g. 

Experimental conditions, such as index ion solution concentration 

and pH, differed considerably during the determination of the pH 

dependent ion exchange values and of Cl' ion retention by 36 Cl' . 

Therefore, it was felt that an attempt to apply a similar "correction" 

to the A. E. C. and C. E. C. values of the relatively complex transect 

sample clay systems would be little more than conjecture. 

Upon consideration of the results of the 3661 experiment in 

conjunction with those from the ion exchange procedure verification 
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with montmorillonite it was concluded that some of the excess index 

ion solution remaining in the sample following saturation washing 

was trapped in a form inaccessible to extraction. This probably 

occurred during flocculation of the clay by the added divalent re- 

placement salt. The consequence of such salt trapping has been to 

decrease the calculated A. E. C. and C. E. C. values for the soil clay 

samples by unknown quantities. While this should not have caused 

extensive distortion of the pattern of pH dependence of C. E. C. , the 

distribution of A. E. C. values would have been affected to a greater 

extent in view of the number of these which had been interpreted 

as equal to zero. 

For those samples from which amorphous components had not 

been removed the result of adjusting the zero A. E. C. calculations 

upward would be to extend the existing curve toward higher values 

of pH, in addition to increasing the magnitude of A. E. C. at given 

pH points. In the case of the same samples pretreated for dissolu- 

tion of amorphous components the points toward the more acid end 

of the curve for A. E. C. versus pH would take on positive values. 

The distribution of the latter would probably be similar to that of 

the A. E. C. values for samples prior to removal of amorphous clay 

minerals, although the magnitude would be less. The source of 

positive charge for pH dependent anion adsorption in these latter 

samples would be expected, for the most part, to be the hydroxy 
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aluminum polymer proposed to be present in the interlayer space 

of the expanding 2: 1 phyllosilicates. 
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THE INFLUENCE OF ENVIRONMENTAL FACTORS 
ON WEATHERING AND GENESIS OF THE 

CLAY MINERAL COMPONENTS 

In view of the fact that the soils studied in the present investiga- 

tion have formed on a common parent material of known origin and 

age it is of interest to relate their clay mineralogy to certain observa- 

tions made with respect to the environment in which each occurs. Al- 

so a comparison of the data obtained here with that from studies of 

weathering and clay genesis made by other investigators should be in- 

formative. 

Weathering Sequences Proposed for Volcanic Ash and Pumice 

Schemes for the weathering of volcanic ash and pumice usually 

involve the initial formation of amorphous hydrous oxides and alumino- 

silicates of an allophanic nature. The type of phyllosilicate that is 

then postulated to crystallize from the amorphous material depends 

upon the nature of the parent material and the conditions in the weath- 

ering environment. Kanno (1962) proposed a scheme for the forma- 

tion of clay minerals from volcanic ash and pumice of andesitic, 

basaltic, or rhyolitic composition in Japan. The reactions are: 

Volcanic glasses 

Plagioclases 

Amorphous 

Si(OH)4 

Allo hane 
c. 

Montmo r il- 
A1(OH) b. lonite. 

minerals 

rGibbsitel 

Kaolins 

Kaolins 
(Hydrated 
halloys ite ) 

. 

-d. 
e 

e 

II 
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According to the author, reaction (a) is due to the characteristics 

of volcanic ash and to well drained conditions. Reaction (b) was 

observed in the secondary ash from the crater lake of the Kirishima 

volcanic cluster which weathered under conditions inhibiting desilica- 

tion and leaching of bases (Kanno, Honjo, and Kuwano, 1961). Re- 

action (c) was observed in pumice beds in which the drainage was 

intermittently imperfect and the addition of soluble silica and bases 

took place. Reaction (d) was observed in some old members of 

strongly acidic, Humic Allophane soils and (e) in the lower part of 

buried ash deposits. 

Aomine and Wada (1962) deduced the following weathering 

sequence based on rates of loss or gain of each of the various min- 

erals involved in the transformations observed in acid volcanic ash 

and pumice: 

Increasing 
stability 
to 
weathering 

Advanced stage of weathering 

Source mineral: 

Volcanic glass (acidic) 
Feldspar (andesine- 
labradorite - . Allophane -- halloysite 

Hydrated 

Hyper sthene- augite ? 

Magnetite (assumed essentially constant in 
the system) 
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The authors describe the steps in the mechanism as: 

1) Partial hydration of the volcanic glass and feldspars lead- 

ing to alteration of oxygen linkages to hydroxyls and re- 

sulting in the release of some silicon and metallic cations. 

2) Rearrangement of the remaining aluminum and silicon with 

associated oxygen, hydroxyl, and water groups, in situ. 

Prevailing chemical conditions determine the composition 

of the resulting silica - alumina system. 

3) Formation of a gibbsite -like structure with some adsorbed 

silica tetrahedra. 

4) Replacement of hydroxyl groups by oxygen on further 

addition of silica tetrahedra or on condensation. 

5) Re- orientation of the silica tetrahedra. 

They further point out that, chemically, the weathering is a process 

of desilication together with a remarkable loss of bases. 

Fieldes and Swindale (1954) rearranged the weathering scheme 

of Jackson et al. (1948) in an attempt to clarify the relationship be- 

tween secondary minerals and the primary minerals from which 

they developed. With respect to the formation of clay minerals in 

soils from rhyolitic and andesitic volcanic ash, the following se- 

quence was proposed: 



Volcanic glass [amorphous hydrous 
(basic) oxides (Fe, Al, Si) 

illite -r-- montmorillonite 

Volcanic glass amorphous hydrous 
(acidic) oxides (Al, Si) 

gibbsite 
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gibbsite 
allophane 

kaolin 

In the opinion of the authors neither glass nor feldspars can form 

layer silicates without first being reduced to an amorphous state. 

With age either growth of crystalline oxides or the formation of 

layer silicates occurred, and only in the most mature, well weath- 

ered soils was montmorillonite found. 

Fieldes (1955) studied several soils of increasing age formed 

on rhyolitic and andesitic ash. The weathering sequence in clays of 

the soils advanced both with soil age and depth in the profile accord- 

ing to the following scheme: 

Volcanic ash Allophane B (amorphous silica and 

alumina are discrete; ultra -fine particle size) Allophane AB 

(intermediate in properties between allophane A and B) Allo- 

phane A (coprecipitated silica and alumina; larger particle size) 

--- meta- halloysite --, kaolinite. The author stated 

that at "very great age" well- formed kaolinite would be the logical 

product of clay mineral weathering in soils from these ash materials. 

However, kaolinite of this type had not been found in clays of the 

New Zealand soils. 

- J 

---i- 
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Tamura and Jackson (1953) presented yet another scheme for 

the transition of amorphous alumina and silica to layer silicate min- 

erals. The pertinent segments of their scheme include: 

(Al, Mg)2Si4O10(OH)2 

Si02 Montmorins 

Amorphous Al(OH)3 - Al2Si205(OH)4 nH2O 
form Gibbsite Allophane 

Al2Si205(OH)4 

Kaolinite 

It was the authors' intent that the downward slope of the arrows indi- 

cate the relative ease of occurrence of a given transformation. 

Weathering of Mazama Pumice 

Proposed Weathering Sequence 

The data from the various procedures employed for the purpose 

of identification and characterization of the transect soil clay sam- 

ples are indicative of the presence of a large, non - crystalline com- 

ponent, especially in the less weathered, C horizon samples. That 

this component, in fact, constitutes the bulk of the clay size fraction 

of these soils was anticipated on the basis of results from previously 

cited studies concerning the occurrence of clay minerals in volcanic 

ash and pumice parent materials (Kanehiro and Whittig, 1961). With- 

out exception amorphous hydrous sesquioxides and /or allophanic 

Al(OH)3`' V 
/ 
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aluminosilicates have been shown to be among the first components 

to weather from these materials and have constituted a major per- 

centage of the clay size fraction of soils formed in them. For soils 

which they studied Aomine and Yoshinaga (1955) noted that the 

striking similarity of all the clay fractions examined indicated that 

well drained volcanic ash parent materials have produced allophane 

regardless of temperature, weathering time, vegetation, and ash 

origin. 

The general composition of the crystalline clay mineral suite 

which occurs in the transect soil samples includes various 2:1 phyllo- 

silicates plus gibbsite, plagioclase feldspars, and quartz. Data for 

mechanical analyses and weight loss from the clay size fraction dur- 

ing differential dissolution indicate that the amounts of the crystalline 

components which have developed in the pumice soil profiles are 

generally quite small. Within each profile there is an increase in 

both the quantity of the clay size fraction and in the apparent relative 

significance of the crystalline minerals in that fraction in the hori- 

zons nearer the surface. In certain instances the relatively small 

differences in weight loss among profile samples as a result of 

treatment for amorphous material removal do not appear to sub- 

stantiate the latter point. However, in consideration of the magni- 

tude of weight loss relative to the small quantities of crystalline 

clays present, data from x -ray diffraction, D. T. A. , and specific 
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surface measurements are considerably more sensitive indications 

of the nature of the clay mineral samples than are weight loss fig- 

ures. The conclusion that a considerable proportion of the material 

from the more intensely weathered surface horizons is in a well 

crystallized state is certainly valid. 

The occurrence of the individual clay components in the transect 

soils has been discussed at length in a previous section of this dis- 

sertation. On the basis of their distribution and the data available 

for the various soil environments in which they are found an equilib- 

rium weathering "sequence" is proposed as follows: 

Volcanic ash and pumice 
(glass plus feldspars and 
ferromagnesian inclusions 

beidellite 
x- amorphous' 
alumino- ;72= montmorillonite chloritic intergrades 
silicates 
(allophane, -j vermiculite ' micaceous mineral 
etc. ) .s\ 

kaolin minerals chloritic intergrades 

chlorite 

discrete silica and hydrous --- sesquioxides, plus metallic 
cations 

gibbsite 

-r- chloritic intergrades 

In most of the hypothesized weathering sequences for volcanic 

pumice and ash presented in the literature the end product envisioned 

by the author is a kaolin mineral, either a halloysite or kaolinite. 

This is corroborated by the majority of field observations. In some 

i » 
T- 

- 

L - i ' 
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schemes, an alternative transformation of amorphous alumina and 

silica to montmorillonite is recognized. It appears that the primary 

difference in those weathering situations which result in the genesis 

of a 1:1 crystalline kaolin as compared to those in which the phyllo- 

silicate formed is a 2: 1 montmorillonitic mineral is in the degree to 

which silica and metallic bases are removed from the system. As 

noted by Kanno (1962), ash deposits are characterized by high poro- 

sity and permeability, and severe leaching throughout the deposit 

accelerates the losses of bases and silica and hinders the formation 

of layered silicates. 

Sudo (1954) mentioned that in the alteration of volcanic glass 

weakly alkaline conditions with small amounts of leaching favored 

montmorillonite (bentonite). On the other hand weakly acidic con- 

ditions with considerable leaching favored the formation of kaolinitic 

clays. Jackson (1965, p. 17) stated that more intense and protracted 

weathering, termed "intermediate de silication (kaolinization)" has 

resulted in further enrichment of sesquioxidic components, giving 

free iron oxides, kaolinite, halloysite, and frequently gibbsite. 

Keller (1964, p. 17) emphasized that in terms of geologic environ- 

ment the factors for kaolinite formation may be met by alteration of 

aluminum silicate parent material under extensive leaching condi- 

tions, where pH 7 or below is optimum. "This means, " he further 

stated, "a terrain and climate where Ca, Mg, Fe, Na, and K are 
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removed freely. " In contrast, the same author pointed out that the 

system in which montmorillonite would be expected to form would 

be characterized by a high Si:Al ratio, and a relative abundance of 

metallic cations. 

Mechanism Proposed for Mazama Pumice Weathering 

The Mazama pumice deposit is of a very coarse nature. The 

soils of the present investigation range in texture from coarse sandy 

loam or loamy coarse sand surface horizons to gravelly coarse sand 

sub- surface horizons. This provides excellent water permeability, 

and considering the topographic position of the sites, allows unim- 

peded drainage of the profiles. One might certainly expect that such 

a system would leach efficiently enough, particularly at the rainfall 

level of 150 cm. + (60 in. +) per year, to favor the formation of kaolin- 

itic over montmorillonitic minerals. Such, apparently, is not the 

case. 

Two factors are hypothesized to be causative in effecting a 

retention of the silica and metallic bases at concentrations requisite 

to the formation of 2:1 phyllosilicates such as montmorillonite. The 

first is alternate wet and dry conditions brought about by a pattern 

of annual precipitation which includes summer deficiency over the 

entire transect. The lack of rainfall in the hot summer months 

causes extreme moisture depletion in the surface horizons of the 
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soils. Cochran (1966, p. 51, 113) showed that the moisture per- 

centage by volume in a Lapine soil profile decreased from May 

through September as follows: Al horizon, 33+ to 3; AC horizon, 

34 to 13; CI horizon, 43 to 25; CZ horizon, 32 to 23. All horizons 

were at moisture contents equal to or less than field capacity at the 

start of the measuring period. Field capacity of the AC, Cl, and 

C2 horizons occurred at suctions less than 0.05 bar. 

The significance of an alternation of moist and dry conditions 

in the weathering environment with respect to formation of mont- 

morillonite and other 2:1 clay minerals has been recognized. Keller 

(1964) pointed out that under conditions where precipitation is less 

than potential evaporation, hydrolysis of silicates occurs while it 

is wet, but as the environment becomes dry, the solution of cations 

originally dilute becomes saturated with respect to Mg, Ca, Fe, Na, 

etc. Combination of these cations with silica - alumina colloids during 

drying can develop montmorillonite. This same author noted that in 

Oregon he had seen localities where volcanic ash weathered through 

a sequence of montmorillonite next to the ash, and thence, where 

leaching was more efficient, to kaolinite. Kanno, Kuwano, and 

Honjo (1960) investigated the gel -like substance filling the interstices 

between pumice grains reported by Shiori in 1934. Analyses revealed 

poorly crystalline montmorillonite in what had been referred to pre- 

viously as "allophane film ". The authors stated that it was interesting 
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to note that an alteration of allophane to montmorillonite had taken 

place in pumice beds under peculiar conditions of alternate wet and 

dry. 

The second factor proposed to be instrumental in the genesis 

of montmorillonite and other 2:1 minerals in the pumice soils of the 

present investigation is the retention of the soil solution by internal 

capillary channels of the vesicular pumice particles. Unsaturated 

flow of water in the profile of these soils is very slow. Cochran 

(1966, p. 94) has shown that in terms of the amount of water ab- 

sorbed per unit area per square root of time the AC, Cl, and C2 

horizon material had considerably lower unsaturated flow rates than 

did a Chehalis loam. The Cl horizon rate was only 0.096, the C2 

horizon, 0.169, and the AC horizon, 0.364 cm. min. -1/2 These 

values were compared to the rate of O. 502 cm. min. -1/2 for the 

Chehalis loam. The concentration of colloids of silica and alumina 

and of metallic cations would be expected to increase by mineral 

hydrolysis in this water held in the porous pumice particles just as 

it might under other conditions of drainage restriction. 

Experiments have been performed by the writer in which var- 

ious methods for determining cation exchange capacity were evalua- 

ted for use with pumice soils. Data from these experiments indi- 

cated that the entry of water or a salt solution into the capillary pores 

of the pumice particles was a tortuous process once the particles had 
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dried to summer field moisture levels. Apparently air was trapped 

in the capillaries by the added liquid and had to be displaced by dis- 

solution. The continuous movement of a salt solution into the capil- 

laries with time was shown by an increase in the amount of cation 

obtained by ion exchange washing of pumice samples which had been 

in contact with the salt solution for periods of increasing duration 

(Figure 39). Data also consistently demonstrated the difficulty with 

which the ions of salt solutions diffuse into and out of the capillary 

spaces in the particles. Index ion solutions once absorbed resisted 

replacement by repeated washing with alcohol, water, or other salt 

solutions (Table 8, 9). Exchange equilibration of 45Ca ++ added to 

Table 8. Retention of NH4+ in Antelope Unit Cl horizon pumice 
against displacement by successive alcohol, water and 
dilute acid washes. 

Sample (5g., NH4+ 
saturated, NH4OAc) 

Wash treatment re- 
ceived (50 ml. volume 
with 5 min. shaking 
time per wash) 

NH4 +displaced by 
0. IN HC1 following 
indicated wash 
treatment, me. /100g. 

AU-C1 250 ml. ethanol 22.36(x, n=3) 
AU-C1 
AU-C1 

650 ml. 
650 ml. 

ethanol 
ethanol 

7.50(x, n=2) 

plus 250 ml. 
distilled water 4. 07(n=1) 

40Ca 
++ saturated samples was not attained even after a period of 

several days (Table 10). These phenomena suggest an effective 

prolongation of the time periods during which the solute concentration 
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Table 9. Retention of Ca ++ in pumice soil samples against 
displacement by successive NaOAc washes. 

Sample [5 10 g. , Ca ++ saturated, 
Ca(OAc)2] 

Ca ++ displaced by the 5th 
IN NaOAc wash (25 ml. 
volume with 16 hr. shaking 
time per wash), me. /100g. 

AU-Al 5. 60 
AU-AC 2.70 
AU- Cl 4.00 
AU- C2 5.40 
WR-Al 4. 80 

WR-AC 2.10 
WR- Cl 6. 80 

WR- C2 7.50 

Table 10. Isotopic exchange in Ca ++ saturated Antelope Unit 
umice soil material as a function of time. 

Sample [5 g. , Ca ++ 
saturated, Ca(OAc)2] 

Corrected c. p. m. /ml. of supernatant 
Ca(OAc)2 solution at time elapsed since 
addition of 45Ca ++ tag to sample + Ca(OAc)2 

suspension 

1. day 3 days 5 days 7 days 9 days 

AU- Cl a 5499 4988 4916 4565 4471 
AU- Cl b 5616 5157 4822 4818 4531 

AU- C2 a 6017 5706 5331 n. d. 5346 
AU- C2b 6313 5962 n. d. 5804 5550 

Reference solution 2844 n. d. 2807 2761 2728 

of the entrapped soil solution remained high enough to promote the 

formation of 2:1 phyllosilicates. The slow entry of water would 

delay rewetting of the interior of the pumice particles when rainfall 

occurred following a dry period, and hence postpone dilution of the 
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solutes. The slow rates of solute movement would counter the 

tendency for ion loss by diffusion to water percolating through the 

soil profile. 

The mechanism of soil solution retention and concentration as 

hypothesized above might certainly provide one of the "diverse geo- 

morphic situations" of Jackson (1965, p. 18, 19) in which the genesis 

of smectites appears to have occurred. These are analogous in that 

they provide "for the accumulation of the necessary colloidal sub- 

stances and solutes by virtue either of water collection and retention 

or a weathering source of these substances ", or both. Further, such 

a microenvironment as the pumice particle capillary space would 

provide conditions for the chemical reactions leading to the formation 

of other members of the phyllosilicate group identified in the transect 

soils. These weathering transformations, termed "alumination" or 

"mild desilication" by Jackson (1965) are fostered by hydrolysis of 

feldspars and glass, and protization of silicic acid of layer silicates. 

According to the same author the result of these transformations is 

the accumulation of hydrous alumina and /or sesquioxides on the 

surface of amorphous silica and silicated layers to form, respective- 

ly, allophane and phyllosilicate intergrades. Wetting and drying, it 

was pointed out, is important to this accumulation. Alumination of 

expanding 2:1 layer silicates results in the formation of intergrade 

or chloritic montmorillonite and vermiculite, and extends to the 
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formation of pedogenic chlorite. 

In the weathering sequence proposed for the soils of the present 

investigation it seems probable that the first 2:1 clay mineral to re- 

sult from the further organization of amorphous components might 

have been beidellite. As has been pointed out, the relative signifi- 

cance of this mineral is high in all clay samples from each of the 

transect profiles (Figure 16). It occurs in the deep, less intensely 

weathered horizons as well as in the strongly weathered surface 

horizons. 

As more Mg and Fe were released from the ferromagnesian 

minerals the equilibrium probably shifted to favor the formation of 

montmorillonite and then finally vermiculite. Montmorillonite is 

found primarily in samples from the less intensely weathered C 

horizons. The vermiculite, on the other hand, is generally of 

greater significance in the more intensely weathered horizons within 

a particular profile and increases in occurrence toward the wet end 

of the transect. The absence of vermiculite at the Antelope Unit 

site may be due to its ready conversion to either a chloritic inter - 

grade, chlorite, or a micaceous mineral. 

With further accumulation of the sesquioxide components inter - 

layering of the 2: 1 minerals probably occurred according to a reac- 

tion such as presented by Jackson (1965) for a vermiculite: 
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3Ca(Al2Si6)A14O20(OH)4 + 6A1(OH2)6+3 + Fe(OH2)6+3 + 3H 2O - 
[Al2si6)A14O0oH) ++ A1(OH ) 4 3 + 15OH + 3Ca++, with a pedo- 

2 6 3 
FeA15(OH)15(OH2)9+3 

genic chlorite as the final product. The chloritic intergrade minerals, 

produced through partial interlayering of the 2:1 phyllosilicate mat- 

rices, are present in all transect clay samples. Chlorite generally 

increases in relative significance as the weathering intensity of the 

sampled horizon increases. The stability of hydroxy interlayer 

material and the presence of gibbsite seem to parallel the occurrence 

of chlorite. 

The micaceous mineral probably originated through the accumu- 

lation of K in interlayer positions of vermiculite in the surface hori- 

zons under the influence of base cycling vegetation. The significance 

of the 10Á mineral not only decreases with depth in a given profile, 

but also decreases in the surface horizons toward the wet end of the 

transect. The reason for the latter decrease is probably the relative 

unavailability of K due to its greater loss through leaching. In addi- 

tion, the competition of hydroxy iron and aluminum for interlayer 

positions increases at the wetter sites. 

The quartz which is present in the clay size fraction probably 

formed by devitrification of the glass, as it was not reported to be 

optically distinguishable in the parent material (Williams, 1942). 
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Finally, with respect to weathering, it is of interest to note 

that the variation of such factors as vegetation type, precipitation, 

temperature, and depth of pumice mantle does not seem to have 

modified extensively the weathering regime of the transect soils. 

Although the relative significance of any given member of the clay 

mineral suite might differ from site to site, the same pattern of 

clay formation seems to prevail from one end of the transect to the 

other. The main role of these factors apparently has been to govern 

the local intensity of the weathering processes dictated by the min- 

eralogy and structural peculiarities of the parent material. 
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SUMMARY AND CONCLUSIONS 

A sequence of four soil sampling sites was selected on the 

central Oregon, Mazama pumice fall which has been dated at about 

5000 to 7600 years of age. The sites, located on a transect of the 

deposit such that differences in climate and vegetation occurred at 

each, included: Antelope Unit, at the drier, southeastern extremity, 

with from 46 to 50 cm. (18 to 20 in.) annual precipitation and Pinus 

ponderosa / Purshia tridentata vegetation type; Walker Rim with 

about 61 cm. (25 in.) annual precipitation and Pinus ponderosa / 

Ceanothus velutinus vegetation type; Royce Mountain with about 76 

cm. (30 in.) annual precipitation and Abies concolor / Ceanothus 

velutinus vegetation type; and Salt Creek, at the wetter, northwestern 

extremity, with more than 150 cm. (60 in. ) annual precipitation and 

Tsuga mertensiana / Rhododendron albiflorum vegetation type. 

The <2 µ clay size material from each horizon (excepting the 

Salt Creek A2 and B2ir, which were not sampled in bulk) was char- 

acterized with respect to the relative significance of amorphous and 

crystalline components. Since the amorphous component probably 

contained a number of discrete types of materials in admixture it 

was treated as a complex throughout the investigation. The indivi- 

dual members of the crystalline clay suite were identified. X -ray 

diffraction analysis, differential thermal analysis, and specific 
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surface measurements by N2 adsorption were used, each in conjunc- 

tion with a differential dissolution technique, for the purpose of iden- 

tification and characterization. 

Results from these procedures and the determination of dis- 

solution weight loss showed that the amorphous component was pre- 

dominant in the clay size fraction of all transect samples. This was 

especially true in samples from the less intensely weathered hori- 

zons located deeper in the profiles, and at the drier end of the tran- 

sect. 

The crystalline minerals, although considerably less signifi- 

cant than the amorphous material on a percentage basis, were un- 

expectedly complex. These included, among the phyllosilicates: 

smectites (beidellite and montmorillonite), vermiculite, a micaceous 

mineral, chloritic intergrades, and chlorite. Non- phyllosilicate 

minerals of the suite were gibbsite, plagioclase feldspars, and 

quartz. 

The amount and distribution of the individual crystalline min- 

erals varied within and between profiles. Beidellite was of con- 

siderable significance in all samples, while montmorillonite occurred 

predominantly in the less weathered, C horizon samples. The mi- 

caceous mineral was of greatest significance in surface horizon 

samples and decreased in amount toward the wet end of the transect. 

Vermiculite and gibbsite were absent from the drier, Antelope Unit 
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site, but increased in significance across the transect, especially 

in surface horizons, with an increase in weathering intensity. Chlor- 

itic intergrades and chlorite were identified in all samples. The 

chlorite was of particular significance in the surface horizons of 

each profile. The plagioclase feldspars first increased in amount to 

a maximum then decreased as the intensity of weathering became 

greater from one horizon to the next. Quartz, hypothesized to have 

formed through devitrification of the pumice glass, generally in- 

creased in amount with an increase in the degree of sample weather- 

ing. 

The pH dependent ion exchange capacities of the clay samples 

were measured in order to determine the usefulness of that property 

in the evaluation of the presence of the amorphous component. Re- 

sults indicated that the samples treated for dissolution of amorphous 

material expressed a pH dependent charge equal to or greater than 

that measured for samples prior to such treatment. This behavior 

was attributed to the characteristics of the hydroxy interlayer mate- 

rial in the chloritic intergrade minerals. The occurrence of con- 

siderable pH dependent charge in the interlayered phyllosilicates 

confounded the interpretation of data from ion exchange measure- 

ments made on samples comprised of both crystalline and amorphous 

components. The origin of the pH dependent charge, usually ascrib- 

able to the amorphous clay materials in young ash and pumice soils, 
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was not discernable. Although the pH dependent ion exchange capa- 

city measurements conveyed a significant characteristic of the sam- 

ples, they were concluded to be of little use in assessing the signifi- 

cance of the amorphous component in soils of the present investiga- 

tion. 

During the course of ion exchange procedure verification against 

standard montmorillonite samples it became apparent that the cation 

exchange capacity values obtained were lower than those accepted for 

the particular clays being used. An hypothesis was proposed in which 

the cause of the problem was attributed to the trapping of index ion 

against extraction during the ion exchange replacement wash. Data 

from an experiment in which the index ion solution was tagged with 

36C1- prior to sample saturation verified that the hypothesis was 

correct. It was :seasoned that, since differences in ion exchange 

capacity measurements as a function of pH were of primary concern, 

any discrepancies between values measured by the proposed proce- 

dure and the true values should not invalidate interpretation of the 

data. 

Results of clay mineral identification and characterization were 

evaluated, both with respect to environmental data available for the 

transect sites, and data from other investigations of the weathering 

of volcanic ash and pumice soils. On these bases a weathering se- 

quence was proposed for the transect soils, which allowed for the 
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formation of the existent phyllosilicates, from the pumice parent 

material, through the mediation of amorphous precursors. The 

latter included discrete silica and hydrous sesquioxides as well as 

allophanic aluminosilicates. The factors primarily controlling the 

processes responsible for clay mineral genesis were thought to be 

the vesicular structure and chemical composition of the pumice 

material. Data presented from previous investigations by the author 

demonstrated the slow rates of movement of water and solutes be- 

tween the vesicles of the pumice matrix and a solution phase external 

to the particles. The effective retention of soil solution in the vesi- 

cles of the pumice particles was suggested as a mechanism by which 

the products of silicate hydrolysis might attain the concentrations 

requisite for 2:1 phyllosilicate synthesis in the young, well drained 

soils. Such environmental factors as precipitation, temperature, 

and vegetation type were believed to govern the intensity of weather- 

ing at each particular site. 
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