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Previous studies of pumiceous soils in Oregon indicated that

their physical and chemical properties were strongly related to the

porous nature of the pumice matrix. Soils developed on air-fall

pumice from the eruption of Mt. Mazama (Crater Lake, Oregon) had

low thermal conductivities and low volumetric heat capacities. Values

for cation exchange capacities were considered to be high. It was

thought that values reflected index solution trapping in pores rather

than electrostatic exchange capacity. The presence of 2:1 phyllosili-

cates in pumice soils was at variance with data on volcanic soils from

Japan. Effective retention of soil solution in pumice pores was

suggested as a mechanism by which products of silicate hydrolysis

might attain concentrations required for 2:1 phyllosilicate synthesis in

weakly developed pumice soils.

Since the porous nature of a pumice soil is so important to its

physical and chemical properties, this study attempted to quantify



some of the relationships. Porosity in Newberry and Mazama pumice

was related to cation exchange capacity, ionic diffusion through pum-

ice particles, mass transport of solutes by displacement and equili-

bration between internal pores and external solutions.

An index ion depletion technique was developed to determine

electrostatic cation exchange capacities of pumice soils. This tech-

nique was successful in separating electrostatic exchange from the

previously reported phenomenon of index solution trapping. CEC

values for all pumice samples ranged between 0.31 and 4.56 meq/

100 g. The values increased slightly with particle size and with

degree of weathering. The younger (2000 B. P. ) Newberry pumice had

lower CEC values than the older (6600 B. P.) Mazama pumice.

Porous system diffusion coefficients were determined through

pumice particles and related to internal porosity. Observed porous

system diffusion coefficients were smaller than the bulk solution

coefficients. When the porous system diffusion coefficients were

corrected for volumetric moisture content, the resulting effective

diffusivities were in the range of those for the bulk solutions.

Miscible displacement methods were used to correlate the

location of breakthrough curves with particle size and internal pore

volume for pumice from different sources. Increased translation of

solute breakthrough curves toward smaller effluent volumes was

observed with increased particle size. This volumetric translation was



not highly correlated with measurements of internal pore volume. The

leftward translations were strongly correlated (r = 0. 93) with the mid-

range diameter of particles in the columns and appeared to be a

function of increased mixing between the resident and displacing

solutions. Under saturated conditions involving a hydraulic gradient,

pumice soils should be considered as highly leached.

Static equilibration studies demonstrated that the amount of

solute retained by pumice samples after equilibration is controlled by

the degree of moisture saturation prior to introduction into the index

solution. Air trapped in internal pores by capillary rise was only

slowly replaced by index solution. Partial and complete drying after

solution equilibration reduced the rate and total recovery of index ion.

Air entered the pumice blocking access to index solution in the internal

pores. A drying treatment following solution saturation was the only

way salt trapping could be induced.

From a management perspective, the behavior of solutes during

a wetting and drying cycle could be quite important. The annual

precipitation pattern would result in saturated conditions with intense

leaching during the winter and unsaturated conditions with salt trapping

during the summer. Management practices for the coarse pumice

soils of central Oregon should reflect these soil chemical and physical

properties .



Cation Retention and Solute Transport Related
to Porosity of Pumiceous Soils

by

William Herman Doak

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

June 1972



APPROVED:

Redacted for Privacy
Professor o Soils

in charge of major

Redacted for Privacy

Head of L4paitnient of Soils

Redacted for Privacy
Dean of Graduate School

Date thesis is presented November 8, 1971

Typed by Mary Jo Stratton for William Herman Doak



ACKNOWLEDGEMENT

Support of the Atomic Energy Commission, contract AT (45-1) -

2227-T9, for portions of the investigation is gratefully acknowledged.

The author wishes to express his appreciation to Dr. M. E.

Harward for his guidance in this research and for his assistance in

the preparation of this thesis.

The author also wishes to thank Dr. L. Boersma and Dr.

D. P. Moore for their consultation on problems of methodology.

In conclusion, the author would like to thank his wife, Mary.

Her understanding, patience and encouragement have made it possible

for the author to meet the requirements for this degree.



TABLE OF CONTENTS

Page

INTRODUCTION 1

REVIEW OF LITERATURE 5

Nature of the Pumice Deposits
Properties of Pumice Soils

CATION EXCHANGE

5

6

11

Statement of the Problem 11

Materials and Methods 13

Results 15

DIFFUSION IN PUMICE PARTICLES 20

Statement of the Problem 20

Materials and Methods 24

Results 26

SOLUTE DISPLACEMENT 33

Statement of the Problem 33

Materials and Methods 35

Results 38

STATIC EQUILIBRATION 54

Statement of the Problem 54

Materials and Methods 55

Results 57

Saturated Samples 57

Effects of Drying 60

DISCUSSION AND CONCLUSIONS 73

Ion Exchange 73

Diffusion in Pumice Particles 75

Solute Displacement 77

Static Equilibration 78

SUMMARY 82



BIBLIOGRAPHY

APPENDICES

Page

83

I. Sample Site Descriptions 88

II. Porosimetry Data 90

III. Miscible Displacement Curves 93

IV. Mass Balance Calculation of Solute
Removal Assuming Complete Mixing 103



LIST OF TABLES

Table Page

1 Cation exchange capacities for Mazama
pumice, sample 62-6, 4-8 mm, with
increased equilibration time. 16

2 Cation exchange capacities with increasing
particle size of Mazama pumice, sample 62-1. 17

3 Cation exchange capacities of Mazama pumice
in relation to depth: 2-4 mm particles from
Huckleberry Spring site (62). 18

4 Cation exchange capacities of Newberry
pumice in relation to depth: 2-4 mm
particles from Red Hill site (65). 18

5 The effect of time on diffusion of Ca45 in
0. 6% agar gel and 0. O1M CaC12. 27

6 Self diffusion coefficient of Ca45 in 0. O1M
CaCl2 in relation to agar concentration.g 29

7 Self diffusion coefficients for Ca45 through
8-16 mm particles of Newberry pumice
(65-3) saturated with 0. OIM CaC12. 30

8 Self diffusion coefficients for Ca45 through
0. O1M CaCl2 saturated pumice. 32

9 Miscible displacement data for columns
of pumice. 39

10 Extraparticular pore water velocities in
packed columns of glass beads. 52

11 Lithium retention in Newberry and
Mazama pumice. 58

12 Calcium retention and recovery in air dry
and saturated Mazama pumice (62-5, 4-8
mm). 68



LIST OF FIGURES

Figure Page

1

2

3

Self diffusion coefficient of Ca45 related to
agar concentration in gels containing
0. 01M CaCl2.

Volumetric displacement (Vw-Vea) of
breakthrough curves in pumice related to
internal volume of particles (Iv).

Volumetric displacement (Vw-Vea) of
breakthrough curves in pumice related to
volume of internal pores (VP ).

4 Average effective volumes (Vea) of pumice
columns related to volume of internal pores
(V

P
).

5

6

7

8

9

Average effective volumes (Vea) of pumice
and glass bead columns related to the mid-
range of particle size classes (d).

Average displacement percentage (Dea) of
pumice and glass bead columns related to
the mid-range of particle size classes (d).

Miscible displacement curves comparing
Mazama pumice (62-3, 1-2 and 4-8 mm) to
glass beads of the same size range.

Theoretical displacement curves assuming
conditions of no mixing and complete
mixing.

Lithium recovery from saturated Mazama
pumice (62-2, 10) related to number of
0. 1N MgC12 washings.

10 Lithium recovery from saturated Newberry
pumice (65-1, 3) related to number of

0. 01N MgCl2 washings.

28

41

42

43

45

46

49

51

59

61



Figure Page

11

12

Lithium recovery from 1-2 mm Mazama
pumice (62-6) of decreasing moisture
content related to number of 0. 1N MgC12
washings.

Lithium recovery from 2-4 mm Mazama
pumice (62-6) of decreasing moisture
content related to number of 0.1N MgCl2
washings.

13 Lithium recovery from 4-8 mm Mazama
pumice (62-6) of decreasing moisture
content related to number of 0. 1N MgC12
washings.

14 Calcium recovery from saturated 4-8 mm
Mazama pumice (62-5) with increasing
equilibration time related to number of
1. ON NaOAc washings.

15 Calcium recovery from air dry 4-8 mm
Mazama pumice (62-5) with increasing
equilibration time related to number of
1. ON NaOAc washings.

62

63

64

70

71



CATION RETENTION AND SOLUTE TRANSPORT RELATED
TO POROSITY OF PUMICEOUS SOILS

INTRODUCTION

The geologic history of the Pacific Northwest is predominantly

related to volcanism. Numerous vents exist from which volcanic

ejecta have been widely distributed. Mt. Mazama, Glacier Peak, Mt.

St. Helens, Mt. Rainier, Newberry Crater, and Devils Hill are some

of the recognized sources of ash falls. Interest in the widespread

distribution of volcanic ejecta in central Oregon (Williams, 1942) and

their effect on the soils of that region resulted in the initiation of two

research projects at Oregon State University. The first, "Clays in

Volcanic Ash Deposits from Mt. Mazama, Oregon, " concerns

weathering processes and genesis of amorphous and crystalline clays.

The second, "Physico-chemical Properties of Soils from Volcanic

Ash, " is concerned with elucidating the phenomena of ion exchange,

ionic diffusion and solute transport in these porous systems.

Previous studies have indicated the importance of internal

porosity to the properties of soils containing pumice particles.

Chichester (1967) characterized the chemical properties and clay

mineralogy of the coarse Mazama pumice. Rates of exchange between

the porous matrix of the pumice particles and bulk solution were

reported to be extremely slow. Cation exchange capacity values were
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directly related to the length of time the samples were in contact with

the index ion solution and inversely related to the number of excess

salt removal washings. Youngberg and Dyrness (1964) reported that

cation exchange capacity values for pumice, as determined by the

ammonium acetate method, were high. The data reflected salt trap-

ping in the pores more than electrostatic exchange capacity.

The internal porosity of pumice particles was found to present

definite problems with respect to other soil analytical procedures.

Youngberg and Dyrness (1964) demonstrated that periods in excess of

120 hours were required for pumice soils to come to equilibrium on a

15 atm pressure membrane. They also reported difficulty in repro-

ducing mechanical analyses. The pumice particles demonstrated an

erratic settling pattern that resulted in the measured sand percentages

being quite variable. Pumice soils exhibit low thermal conductivities

and low volumetric heat capacities; both of the properties were

attributed to the low bulk densities and arrangement of the pore space

in the pumice material (Cochran, Boersma and Youngberg, 1967).

The presence of 2:1 expanding phyllosilicates (Chichester, 1967)

seems to be at variance with much of the data on volcanic ash from

Japan (Aomine and Wada, 1962). Effective retention of soil solution

in vesicles of the pumice particles was suggested (Chichester, 1967)

as a possible mechanism by which the products of silicate hydrolysis

might attain concentrations required for 2:1 phyllosilicate synthesis
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in the young, well drained soils.

Doak (1969) characterized the nature of porosity in pumice from

the eruptions of Mt. Mazama, Mt. Newberry and Glacier Peak. The

volume of internal pore space ranged between 0.3 and 2.0 ml/g.

Internal pore volume was shown to increase with increasing particle

size. Between 70.0 and 96.0% of the total internal volume is in pores

between 30.0-0.2 p. diameter. Differences in pore tortuosity were

reported for the various pumice deposits. The pores in Newberry

pumice were more tortuous than the pores in Glacier Peak or Mazama

pumice. This was thought to be a reflection of differences in eruptive

violence of the three sources.

Previous work has suggested that the nature of the pores exerts

a strong influence on the physical and chemical properties of soils

developed on pumice deposits. This study was conducted to define

and quantify some of these relationships. Particular emphasis was

placed on the effects of porosity on cation exchange capacity, diffusion

through pumice particles, solute displacement and static equilibration

between internal pore and bulk solutions. For ease of presentation,

the data have been organized into sections bearing the above headings.

The study was primarily oriented to quantify cause and effect

relationships. However, the findings should have implications to

management of pumiceous soils from the standpoint of moisture



4

relationships, fertilizer application, and the movement of biological

wastes, pesticides and radioactive isotopes.
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REVIEW OF LITERATURE

Nature of the Pumice Deposits

Williams (1942), describing the culminating eruption of pumice

and scoria from Mt. Mazama, states that the initial explosions were

weak and the pumice fragments were small. The size and volume of

ejecta increased as eruption continued. Toward the close, pumice was

no longer shot high above the cone but rose only a short distance above

the rim. This material fell on the flanks of the volcano and rushed

down the canyons in the form of a glowing avalanche. The glowing

avalanche is characterized as containing large pumice lumps (some

greater than six feet in diameter) set in a fine dusty matrix. This

deposit is of limited extent and is confined to valleys near Crater Lake,

Oregon. The air-fall deposit is more widespread, projecting in three

lobes (Williams, 1942). The lobe of largest volume extends northeast

from Crater Lake and blankets the landscape of central Oregon.

Recent evidence has suggested that the area affected by Mazama air-

fall material includes much of Oregon, Washington, Idaho, eastern

Montana and the southern parts of British Columbia and Alberta

(Powers and Wilcox, 1964; Fryxell, 1965). Within the area of the six

inch isopach (Williams, 1942), there is little dust and most lumps are

less than six inches in diameter; the deposit consists of fragments the

size of sand and gravel, generally decreasing in size with distance
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from Crater Lake.

Mount Newberry is an extensive shield volcano which rises

from the basalt plateaus of central Oregon. The summit of the shield

has collapsed, forming the Newberry Caldera which contains two size-

able lakes. Before collapse of the present caldera, rhyolite flows

were erupted; these flows were highly viscous and moved for only

short distances from the vent (Higgins and Water, 1968). After

collapse, the crater contained a shallow lake and intermittent phreatiL;

eruptions deposited layers of airborne mud, forming mafic tuffs.

Rhyolite pumice was also erupted at this time and deposited in an

easterly lobe that overlays the Mazama pumice for a distance greater

than 33 km (Doak, 1969).

Properties of Pumice Soils

The increasing demand for forest products and intensive man-

agement of central Oregon's forests prompted Youngberg and Dyrness

(1964) to study some of the chemical and physical properties of air-

fall pumice soils in this area. Bulk densities were in the range of

0.5 to 0.9 g/cm3 and particle densities ranged from 2.35 to 2.83

gicm 3. The total porosity was 73% for the average pumice soil and

this high porosity was shown to have a profound influence on other

physical and chemical properties of the soils. Numerous difficulties

arose with regard to analytical procedures. Mechanical analyses by
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accepted procedures resulted in erroneous results. The internal

porosity caused an erratic settling pattern, making the 40 second

hydrometer reading for sand separation a doubtful value. Complete

wetting could only be accomplished by the use of a vacuum desiccator.

Moisture relations were also difficult to determine. In excess of 120

hours was required for equilibration on a 15 bar pressure membrane

apparatus. The high proportion of "readily available" moisture (held

between 0.1 and 1.0 bar tension) reported for the pumice soils is in

general agreement with the pore size distribution determined by

mercury porosimetry (Borchardt, Theisen and Harward, 1968; Doak,

1969).

Youngberg and Dyrness (1964) reported that the high cation

exchange capacity values they observed for pumice gravels was due to

trapping of the ammonium index ions in the internal pores rather than

from true exchange sites. Chichester, Harward and Youngberg (1970)

evaluated various methods of determining cation exchange capacities

on pumice soils, including the isotope dilution technique described by

Blume and Smith (1954). It was concluded that non-equilibrium

between vesicles of the porous matrix and the external solution

probably existed regardless of the method used. The uncertainty of

equilibrium raised the question of validity of cation exchange capacity

measurements on these porous systems.

The Deschutes sandy loam, a coarse textured pumice soil of
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central Oregon, exhibits marked responses in crop growth to sulfate

application (Chao, Harward and Fang, 1962). Surface incorporated

gypsum was shown to leach rapidly with 70% removal from the upper

eight inches with an eight-inch application of water. The sulfate

adsorption from a 1 ppm solution was only 0.26 mg/g of soil (Fang

et al., 1962). The adsorption value was among the lowest reported

for 12 Oregon soils. The coarse texture, high permeability and

amorphous nature of the colloids resulted in the rapid translocation of

sulfate.

Cochran, Boersma and Youngberg (1967) reported that the

thermal conductivity of pumice soils was only slightly higher than peat

soils of the same moisture content. The low thermal conductivities

were attributed to the low bulk densities of the pumice and the arrange-

ment of the pore space. At a moisture content of 40%, the damping

depth (0. 37 times the temperature amplitude at the surface) of diurnal

temperature variations was found to be 8 cm. The fact that pumice

soils remain cold even at shallow depth was suggested to favor

regeneration of lodgepole pine stands over ponderosa pine, the pre-

ferred species.

Chichester, Youngberg and Harward (1969) reported the presence

of a complex suite of 2:1 phyllosilicates in soils formed on Mazama

pumice. Two factors were proposed that could retain the products of

silicate hydrolysis at concentrations requisite to the formation of the
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2:1 clay minerals in an apparently well-drained soil. The first was

the alternate wet and dry condition brought about by the annual pre-

cipitation pattern. As the environment becomes dry, the remaining

soil solution becomes saturated with Mg, Ca, Fe, and Na. Combina-

tion of these cations with silica-alumina colloids during desiccation

could produce montmorillonite and beidellite. The second factor

hypothesized to be instrumental in genesis of 2:1 minerals in pumice

soils is the retention of soil solution by the internal capillary pores of

the pumice particles. The retention of a volume of soil solution

against the forces of leaching would raise the concentration of Mg,

Ca, Fe, and Na in the poorly drained microenvironment of the internal

pores and favor the formation of clay minerals normally associated

with imperfectly drained soils. Iron staining and fine weathering

products have been observed (Doak, 1969) to extend 200 p. into the

larger vesicular particles of the AC horizon of a Lapine soil.

Pore size distributions and characterizing parameters of

porosity in pumice were determined in a previous study (Doak, 1969).

Median pore diameters ranged between 2 and 12 p.. Pore volumes

ranged between 0.3 and 2.0 ml /g. Void ratios (volume of voids /

volume of solids) calculated from pore volumes ranged between 0,75

and 5.00. For comparison, a loose sand of 40% porosity would have

a void ratio of 0.67. Mean volume diameters were in the range of 5

to 22 p.. Volume of pores between 30.0 and 0.2 p. diameter ranged
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from 75 to 95% of the total internal volume. Pores in this size range

hold moisture at 0.1 and 15.0 bars tension respectively (Marshall,

1958). In both the Mazama and Newberry pumice deposit there was a

relationship between diameter of ash particles and value of para-

meters measured by mercury intrusion (Doak, 1969). There was a

decrease in vesicularity (ml pore volume /g pumice) with decreasing

particle size. There was also a decrease in volume percent of pores

in the 30.0 to 0.2 II range with decreasing particle size. The volume

of pores in this size range was invariably greater for the Mazama

pumice than for the Newberry, leading to the conclusion that soils

developed on the Mazama materials should provide better moisture

relations for plants than soils developed on Newberry. The nature of

the pumice matrix was studied microscopically using mercury

intruded samples under reflected light. The Mazama pumice was

dominated by sub-parallel bundles of tubular pores, 80% of which

were in the range of 30.0-0.2 ii. diameter. The Newberry charac-

teristically showed fewer sub-parallel pores and had many open

cavities and large spheroidal pores in the 50-100 11 size range; the

general texture was knotty and had a swirled tortuous appearance

thought to be caused by eruption of highly viscous glass under low

levels of eruptive violence.
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CATION EXCHANGE

Statement of the Problem

Cation exchange capacity values have implications on a soil's

capacity to retain soluble salts, fertilizers, and biological and indus-

trial wastes against the leaching forces of percolating water. Before

the effects of solute trapping in pores can be evaluated, cation reten-

tion by exchange mechanisms must be quantified.

Youngberg and Dyrness (1964) conducted cation exchange capac-

ity analyses on the Lapine soil which is developed on coarse Mazama

pumice. Examination of their data reveals an interesting relationship.

The CEC of the whole soil sample of the Cl horizon was 6.04 meq/100

g, while the value for the material between 2 and 6 mm was 21.54

meg/100 g. For the C2 horizon, the CEC value for the whole sample

was 6.28 and for the 2 to 6 mm fraction was 13.21 meq/100 g. In

normal gravelly soils, the coarse fraction has CEC values much lower

than the < 2.0 mm size fraction. The authors suggested that the high

exchange capacity values for pumice gravels results from trapping of

ammonium salts in the internal pores of the particles rather than from

exchange sites. The pumice gravels also had higher values for

exchangeable cations than did whole soil samples. Youngberg and

Dyrness (1964) indicated that high values for exchangeable cations

cannot be accounted for on the basis of salt trapping. They suggested
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that the exchangeable cations (Ca, Mg, K) were removed from

exchange sites associated with the clay coatings on the gravel-sized

pumice.

Chichester et al. (1970) evaluated various methods for deter-

mining cation exchange capacities on pumice soils. Their data

indicate that the entry of water or salt solution into the capillary

pores of the pumice is a tortuous process if the particles were

initially less than saturated. Indicated cation exchange capacities

increased with length of equilibration in index ion solution. Equilibra-

tion periods in excess of 160 hours did not insure index ion equili-

brium between the external and internal pore solution. Index ions

once absorbed resisted removal by repeated washing with alcohol,

water or other salt solutions. Blume and Smith (1954) described a

method of determining cation exchange capacities or exchangeable

calcium by the use of a Ca40 -Ca45 radioactive isotope dilution tech-

nique. Chichester et al. (1970) attempted to apply this dilution

technique to whole samples of Mazama pumice soil. The Ca45 activity

in the supernatant continued to decrease even after nine days of

exposure to the Ca40 saturated soil. The excessive equilibration time

was thought to result from the long diffusion path between the external

solution and internal exchange sites. The authors concluded the

equilibration time was too long to be of practical use in routine

analysis .
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The problems associated with cation exchange capacity and

exchangeable cation determinations on pumice soils need to be

resolved. Until the effects of salt trapping are separated from the

electrostatic exchange capacity, little can be said concerning the

soil's capacity to adsorb soluble salts and fertilizers, an important

property in maintaining high water quality.

Materials and Methods

Samples were chosen to gain information on the effects of

particle size, degree of weathering, and parameters of porosity on

cation exchange capacity values. Mazama pumice samples were

taken from the Huckleberry Spring site and Newberry pumice samples

were taken from the Red Hill site (Appendix I). Four size fractions

(1-2, 2-4, 4-8, 8-16 mm) were separated by sieving samples from

horizons in both sites. These sub-samples were oven dried and

stored in a desiccator prior to CEC determination.

Chichester et al. (1970) demonstrated that excessive equilibra-

tion times were required to determine CEC by isotope dilution

methods. For this study, a more rapid method was developed, using

an index ion depletion technique. Oven dried samples were evacuated

to a pressure of 50 p. mercury in low volume vacuum flasks. A (Ca
40-

C45a )C12 solution of known concentration (0. 01M) and known radio-

isotope decay activity was injected into the sample under atmospheric
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pressure. This technique removed occluded air bubbles and reduced

the time for equilibration by decreasing the length of the diffusion path

between the index solution and exchange sites. After a 30 minute

equilibration, the external solution was drained off, its volume

measured and activity (cpm/rril) of Ca45 determined. Some of the

internal pore solution was extracted by centrifugation (15, 000 x g) and

the activity of Ca45 determined on a thin window flow counter

(Campbell, Glastonbury and Stevenson, 1958). The decrease in Ca45

activity in the external and internal solution as compared with the

injecting solution was used to estimate the total amount of calcium

index ion adsorbed by the sample.

The cation exchange capacity was calculated by the following

equation:

CEC = G[C-(A/B)C] + D[C-(E/B)C]
F /100

where

G = volume of external solution (ml)

C = index ion concentration (meq/ml)

A = tracer activity external (cpm/ml)

B = tracer activity original (cpm/ml)

D = volume of internal solution (ml)

E = tracer activity internal (cpm/ml)

F = sample weight (g)
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It has been suggested (Chichester et al., 1970) that the length of

time required to achieve ion equilibrium by standard CEC methods and

the uncertainty of when equilibrium was obtained raised a question of

the validity of CEC measurements on pumice soils. For such a

measurement to be valid, the index ion solution should rapidly equili-

brate with the exchange sites and the presence of the index ion solu-

tion should not seriously alter the electrostatic properties of the

sample. As the Mazama pumice soils have been shown to contain a

substantial amorphous colloid fraction whose electrostatic charge is

pH dependent (Chichester, 1967), the index ion solution (0.01M,

(Ca
45 -Ca40 )CI 2) was adjusted to pH 7.2. This pH value was chosen

because it coincides with that of the internal pore solution extracted

from a field sample by centrifugation. One sample (62-6, 4-8 mm)

was injected with pH 2 solution to demonstrate the pH dependency of

CEC values.

Results

For the pH 7.2 solution, cation exchange capacities determined

by the (Ca45- Ca40)C12 index ion depletion method were independent of

time (Table 1). This indicates rapid equilibration and readily avail-

able exchange sites. The pH 2.0 solution altered the electrostatic

properties of the sample to the extent of reducing the indicated CEC to

16% of the observed pH 7.2 value after a six hour exposure. This

could be due to pH dependent charge characterization or to dissolution
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Table 1. Cation exchange capacities for Mazama pumice,
sample 62-6, 4-8 mm with increased equilibra-
tion time.

Time
(hr)

CEC (meq/100 g)
Solution pH

2.0 7.2

1 /2 0.41 1.57

6 0.27 1.60

12 0.25 1.56

24 0.26 1.59

of poorly organized clay phases. The index ion depletion method

appears to eliminate the long periods of equilibration required by

standard methods. An equilibration time of 30 minutes and an injec-

tion solution pH of 7.2 were chosen as standard conditions for subse-

quent CEC determinations. CEC values are smaller than those deter-

mined by NH40Ac-Et0H-HC1 methods but they correlate favorably

with the reported clay content of the Mazama pumice soils (Chichester,

1967). The CEC increased with increasing particle size of samples

from a given horizon of Mazama pumice soils (Table 2). Microscopic

observations by Youngberg and Dyrness (1964) revealed clay sized

material coating the surface and internal pores of the Mazama pumice

gravels. Doak (1969) reported pronounced accumulation of weathering

products in the larger vesicular particles. It was also demonstrated

that internal pore volume per unit weight of pumice increased with

particle size. The larger particles could therefore accumulate more
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Table 2. Cation exchange capacities with
increasing particle size of Mazama
pumice, sample 62-1.

Particle size
range
(mm)

CEC
(meq/100 g)

1- 2
2- 4
4- 8
8-16

1.07

2.09
1.55

4.56

weathering products than the smaller particles, resulting in the

observed differences in cation exchange capacity.

As the CEC of pumice seems to be a function of particle size, a

single size fraction (2-4 mm) was separated from horizons of increas-

ing depth to determine the effects of weathering and differences in

source of material. Three horizons from the Mazama deposit

(Huckleberry Spring site) and four horizons from the Newberry

deposit (Red Hill site) were utilized (Appendix I). Cation exchange

capacities decreased with depth in the soil profile of Mazama pumice

(Table 3). This was due to decreased influence of weathering with

depth. The CEC values in the Newberry soil were lower than in the

Mazama and they did not decrease with depth (Table 4). This was

attributed to the fact that the Newberry pumice was deposited (2000

B. P. ) later than the Mazama pumice (6600 B. P.) and is less

weathered (Wilcox, 1965).
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Table 3. Cation exchange capacities of Mazama pumice in
relation to depth: 2-4 mm particles from
Huckleberry Spring site (62).

epth CEC
Sample HorizonD

(cm) (meq/100 g)

62-1 5-10 AC 2.09

62-6 51-61 Cl 1.57

62-16 152-163 02 1.39

Table 4. Cation exchange capacities of Newberry
pumice in relation to depth: 2-4 mm particles
from Red Hill site (65).

Sample
Depth
(cm) Horizon CEC

(meq/100 g)

65-1 5-13 AC 0.42

65-3 23-33 C11 0.31

65-5 43-53 C12 0.39

65-7 64-74 C12 0.40
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The CEC of productive field soils usually ranges from 2 to 50

meq/100 g of soil (Dean, 1957). The cation exchange capacity,

separated from the effects of salt trapping, indicated that the soils

developed on Mazama and Newberry pumice have very low values.

Special fertilization practices would be required to prevent nutrient

loss by leaching. The low CEC values also indicate the soils would

not effectively adsorb toxic cations or radioactive wastes.

In summary, the (Ca45-Ca 40
)C1

2
depletion method of cation

exchange capacity determination was found to be rapid, reproducible

and sensitive. This method should be useful for samples of high

internal porosity that previously required excessive equilibration

times. Compared to productive field soils, the cation exchange

capacities of pumice are low. The high GEC's previously reported in

the literature resulted from index solution trapping in the internal

pores of the pumice. The phenomenon of salt trapping should be

quantified, as it is possibly the most important process controlling

solute movement in pumice soils.
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DIFFUSION IN PUMICE PARTICLES

Statement of the Problem

It has been demonstrated that in excess of nine days was

required for Ca45 ions in bulk solution to reach equilibrium with a

Ca40 saturated pumice soil sample (Chichester et al. , 1970). There-

fore, it was anticipated that the diffusion rate through the pores in the

pumice limits the rate at which chemical equilibrium can be estab-

lished between pumice soil samples and an external solution. This

phase of the study was directed to determining the effect of the

pumice matrix on ionic diffusion. Coefficients of diffusion were deter-

mined through individual particles of pumice in an attempt to relate

the diffusion rate to tortuosity, pore volume and diameter of pores.

The difficulties encountered in the mechanics of determining

diffusion coefficients has led previous authors to define the term

"diffusion coefficient" in many ways. It is important to realize the

differences in definition before trying to interpret the literature.

Daniels and Alberty (1967), in their book Physical Chemistry, write

Substances spontaneously diffuse from regions of high
chemical potential, to regions of low chemical potential, for
example, in the diffusion from a concentrated solution into a
more dilute solution. The driving force for diffusion is the
gradient of chemical potential. The diffusion coefficient
however is defined in terms of concentration gradient (dc/
dx), where c is the concentration and x is the distance.
According to Fick's first law, the flux (J) of a substance
through a plane perpendicular to the direction of diffusion is
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directly proportional to the concentration gradient.

J = -D(dd/d.x)

where D is the diffusion coefficient and 3 is the quantity of
substance diffusing per unit time, through a unit area
(p. 401).

Daniels and Alberty (1967) defined the tracer diffusion coefficient of

an ion as the diffusion coefficient it exhibits when it diffuses by

itself. If the ion contains a radioactive nucleus, the tracer diffusion

coefficient may be determined by measurements of radioactivity. The

limiting tracer or ionic diffusion coefficient may also be calculated

from the ionic mobility:

where

D = p.RT /zF

D = tracer diffusion coefficient (cm2 /sec)

= ionic mobility (cm2 /volt sec)

R = gas constant (8. 314 Joules /degree mole)

T = absolute temperature (0K)

z = number of elemental charges (equivalent/mole)

F = 96,500 (coulomb/equivalent)

For calcium ions at infinite dilution and at 25°C the ionic mobility (p.)

equals 0.62 x 10-5 cm2/sec. The limiting value for the diffusion

coefficient of calcium ions is calculated to be 0.79 x 10-5 cm
2/sec.

The coefficient of diffusion of an electrolyte at infinite dilution

may be calculated from the limiting mobilities of the two ions. Since
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electric neutrality must be maintained at every level in the diffusion

front, the two ions must diffuse with the same velocity. It has been

shown (Daniels and Alberty, 1967) that the diffusion coefficient for a

binary electrolyte at infinite dilution is given by:

Do =
2p.ip.2,RT

(1-11-fil2)F

Porter et al. (1960) defined the term effective diffusivity (De)

for soils and other materials with a porous matrix:

De = DY (L/Le)

where

2

D = diffusion coefficient in bulk solution

Y= ionic interaction term

(L/Le)2 = tortuosity factor

In 1961, Olsen, Watanabe and Danielson defined the transmis-

sion factor of a soil as being:

Transmission factor = (L/L e )2,

and showed that phosphorus uptake by corn roots was linearly related

to that soil property. Olsen, Kemper and Jackson (1962) defined the

porous system diffusion coefficient (Dp) as being

Dp = De 0

= DY (L/Le)
2

0

where
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0 = volumetric moisture content

De = effective diffusivity

Olsen, Kemper and Van Schaik (1965) defined self diffusion as the

diffusion of a labeled species in the presence of a nonlabeled species

as a direct result of thermal motion and concentration gradient. Their

definition of self diffusion is synonymous with tracer diffusion as

defined by Daniels and Alberty (1967). The process is an interchange

of labeled and unlabeled ions in which no net transfer of charge occurs.

In this respect self diffusion differs from mutual or electrolyte

diffusion (D12) where a cation and anion must accompany each other:

D12 c
1
D1 + c

2
D

2

D1D2(ci + c2)

For soil systems containing negatively charged mineral colloids, the

cations K+ or Na+ would result in the mutual diffusion coefficient being

larger than the self diffusion coefficient (Olsen et al. , 1965). If the

cation Ca+2 were present, the reverse would be expected because

divalent cations are more strongly adsorbed than most monovalent

cations.

Schofield and Graham-Bryce (1960) described a method of

determining coefficients of diffusion in soils by a transient technique.

The method involves placing two sections of soil in contact with the

amount of ion under investigation equal in the two halves. In one, a

fraction of the ions was radioactive. The total flow of ions (Q) across



the interface in time (t) can be calculated from the relationship:

where

8 -At e-9At e-25At
Q /Q 00 = 1

2 9
[e + 25

+ etc.]

A = D n2 /4 L2

L = thickness of 1 /2 the total cell

Q00= quantity that will cross the boundary at t = co

If the value of Q/Q 00 is less than 0. 5, the equation above reduces to:

or

2 Dt 1 /2
Q /0 co= (7)

TrD = 4t (Q/Qoo)2L2

Materials and Methods
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In order to evaluate the effects of the porous pumice matrix on

the rate of diffusion, a known value of the diffusion coefficient for the

ion or salt in bulk solution is required. The rate of ionic diffusion in

soils is in part controlled by the unbalanced charge on the colloids.

If the salt concentration in the soil solution increases, the zeta poten-

tial will decrease and this change in the electrostatic properties of the

matrix will alter the rate of ionic diffusion. In order to maintain a

constant rate of diffusion with time, self diffusion techniques were

employed. Since the self diffusion coefficient for Ca
45 in 0.01M



25

CaC12 was not found in the literature, the method of Schofield and

Graham-Bryce (1960) was employed to determine the coefficient in a

0. 6% ion agar' gel at 25 o
C.

Elgawhary, Lindsay and Kemper (1970) suggested that self

diffusion coefficients in bulk solution could be estimated by determin-

ing the coefficient in increasing percent agar gels and then extrapolat-

ing back to zero percent agar for the bulk water value. This was

attempted for Ca45 in 0.01M CaCl2 gels of 0. 6, 1. 0, 1.5, 2.0, 2.5

and 3.0% agar.

In order to evaluate diffusion through pumice particles, two

steady state methods were used. The first steady state method

(Olsen et al. , 1965) involved the use of a two chambered cell separated

by a briquet of pumice mounted in resin. A solution of 0. O1M CaC12

was circulated through the left chamber and a solution of the same

calcium concentration with a Ca45 "spike" was circulated in the right

chamber by a system of siphon bottles on a two pan weighing balance.

The pan balance was alternately raised and lowered on 10 minute

cycles to cause the solution to be siphoned through the cell. Samples

were taken from the solutions in both half cells and Ca45 activity

determined by liquid scintillation counting. After steady state was

reached (dc/dt = constant) the cell was operated in the same manner

and samples removed at hourly intervals for counting. From a graph

1 Colab Laboratories, Inc., Chicago, Illinois.
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plotting Ca45 activity against time, the best line was fit by least

squares methods and the diffusion coefficient calculated from Fick's

first law.

The second steady state method involved using a lucite cell in

which 750 ml each of 0. O1M CaC1
2

and the same solution with a Ca 45

"spike" is separated by a lucite plate holding the pumice sample. The

two compartments were allowed to equilibrate with respect to hydrau-

lic head prior to addition of the Ca45 CI Equal volumes were then

simultaneously added to each half cell; 5 ml of 0. O1M Ca
40 C12 to the

left and 5 ml of 0.01M (Ca45 -Ca40 )C12 to the right. The solutions

were constantly agitated by a mechanical stirrer and the system was

operated the same as the previous method with respect to sampling,

counting, and diffusion coefficient calculation.

Results

The self diffusion coefficient for Ca45 in 0. O1M CaCl2 was first

determined with 0. 6% ion agar gel for four increasing time periods

(Schofield and Graham-Bryce, 1960) to test for reproducibility and

constancy with time. Self diffusion coefficient values were essentially

constant with time (Table 5) and the range of the 90% confidence

interval includes the limiting value of the diffusion coefficient calcu-

lated from ionic mobilities (p. 2 1),

In an effort to determine the true self diffusion coefficient of



27

Table 5. The effect of time on diffusion of Ca45 in
0. 6% agar gel and 0.01M CaCl2.

Diffus ion Self diffus ion
period coefficient
(days) (cm2 /sec)

1 1.40 x 10-5

2 0.90 x 10-5

3 0.86 x 10-5

4 0.95 x 10-5

1.03 x 10-5

s2 0.063 x 10-5

p(0.74 x 10-5 < D < 1.33 x 10-5) = 90%

Ca45 in bulk 0. 01M CaCl2 solution, the method of Elgawhary et al.

(1970) was utilized. The diffusion coefficient was determined in

increasing ion agar concentrations from 0.6 to 3. 0% (Table 6). The

coefficients were plotted against percent agar (Figure 1) and an

attempt was made to extrapolate to zero percent. For agar concen-

trations between 1.0 and 3.0%, Elgawhary et al. (1970) indicated a

linear relationship between the coefficient of diffusion and percent

agar. It can be seen (Figure 1) that agar concentrations between 0.6

and 3. 0% produced a curvilinear relationship. While the coefficients

of diffusion determined in this manner were very near the expected

value, it should not be assumed that this method will give the exact

value for the diffusion coefficient in bulk solution. At best, a range

of values for the self diffusion coefficient of Ca
45 in bulk 0. O1M CaC12
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Figure 1. Self diffusion coefficient of Ca45 related to agar concen-
tration in gels containing 0. O1M CaC1 .
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Table 6. Self diffusion coefficient of Ca45 in
0. O1M CaCl2 in relation to agar
concentration.

% Agar by
weight

Self diffusion
coefficient
(cm2 /sec)

0.6 1.03 x 10-5

1.0 0.84 x 10-5

1.5 0.45 x 10-5

2.0 0.35 x 10-5

2.5 0.30 x 10-5

3.0 0.18 x 10-5

can be estimated. Considering the experimental data from the agar

gel determination, the upper limit could be established around 1.5 x

10-5 cm2 /sec. The lower limit, calculated from ionic mobilities,

would be 0.79 x 10-5 cm2 /sec.

In order to evaluate the steady state diffusion cell described by

Olsen et al. (1965), triplicate determinations were made on a New-

berry pumice particle (sample 65-3, 8-16 mm). The values for the

porous system diffusion coefficient (Dp) (Table 7) are in excess of

values expected in bulk solution. When corrected for volumetric

moisture content (0) (a measure of effective cross section for diffu-

sion in a porous matrix) as suggested by Olsen, Kemper and Jackson

(1962), the indicated effective diffusivity (De) is even larger (Table 7).

Further correction factors for ion interaction (y) and tortuosity

(L/Le)2 would also increase the indicated value of the bulk solution



Table 7. Self diffusion coefficients for Ca45 through 8-16 mm
particles of Newberry pumice (65-3) saturated with
0.01M CaCl2.
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Trial Dp De

no. (cm2 /sec) (cm2 /sec)

1 2.88 x 10-5 8.13 x 10-5

2 2.81 x 10-5 7.93 x 10-5

3 2.16 x 10-5 6.10 x 10-5

diffusion coefficient. It was believed that the cell, with its system of

siphon bottles to circulate the solutions, did not maintain a sufficiently

constant head on opposite sides of the pumice particle to allow its use

in diffusion measurements. Applying Poiseuille's equation for flow

through a capillary tube, a head differential of only 0.01 cm of water

is found to be capable of sweeping out the volume of a 7 p. pore, 3 mm

long in less than 1/2 hour. These dimensions are representative of

the thickness and median pore diameter of the mounted pumice

briquet (Appendix II). It is suggested that the steady state cell of

Olsen et al. (1965) be thoroughly tested for constancy of hydraulic

head before reporting any data generated by its use. This type of

diffusion cell was not found to be adequate for determining porous

system diffusion coefficients in saturated pumice.

In view of these difficulties, a second steady state method of

determining the porous system diffusion coefficient (Dp) was used.

This involved the use of a lucite cell having two compartments of 750
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ml volume separated by a plate holding the pumice sample. The two

compartments were constantly agitated by an electric stirring device.

The porous system diffusion coefficients (Dp) determined by this

technique (Table 8) were smaller than the bulk solution self diffusion

coefficients of Ca45 in 0.01M CaC12.
This was the expected case as

the porous matrix reduces the cross section available for flow. The

volumetric water content (0 = Vw/Vt), an estimate of available cross

section for flbw, was calculated from the weight loss on drying the

saturated particle. When the porous system diffusion coefficient (Dp)

was adjusted for the effective cross section available for flow (Table

8), the effective diffusivity (De) fell in the range of the expected

values for the bulk solution diffusion coefficient. This indicated that

the product of the tortuosity factor ((L/L )2) and the ion interaction

term (y) must be very near to a value of one, exerting little influence

on the rate of diffusion in the pumice particle. The fact that the

effective diffusivity (De) for the Newberry sample (Table 8) is slightly

larger than for the Mazama samples indicates more ion interaction

with the Mazama pumice and correlates with the cation exchange data

reported in the previous section. On the basis of previous work on

the nature of the pumice matrix (Doak, 1969), a greater influence of

tortuosity was expected for the Newberry than for the Mazama pumice.

The lack of influence of tortuosity could be due to the use of thin (0. 3

cm) slices of pumice in the diffusion cell. Since the tortuosity factor



32

Table 8. Self diffusion coefficients for Ca45 through 0. O1M CaCl2
saturated pumice.

Sample
Dp 0

De

no. (cm2 /sec) (ml/m1) (cm2 /sec)

Newberry
65-1 0.48 x 10-5 0.31 1.54 x 10-5
65-3 0.68 x 10-5 0.40 1.70 x 10-5
65-5 0.41 x 10-5 0.24 1.71 x 10-5

Mazama

62-1 0.47 x 10-5 0.51 0.92 x 10-5
62-2 0.19 x 10-5 0.20 0.95 x 10-5
62-3 0.45 x 10-5 0.41 1.10 x 10-5
62-6 0.26 x 10-5 0.31 0.83 x 10-5
62-9 0.30 x 10-5 0.34 0.88 x 10-5

is defined as the square of the ratio of thickness (L) over the effective

path length (Le), the use of sections thinner than natural particle size

would reduce the differences in path length.

In summary, the presence of the porous pumice matrix reduces

the effective cross section for diffusion by a factor of between two

and five times. Although the total diffusion flux (ions /sec cm2)

through a pumice particle was reduced, the effective diffusion

coefficient (De) for a single pore was the same as the bulk solution

diffusion coefficient (D). This fact is important to understanding the

relationship of porosity to ion equilibria between the solid and solution

phase. The rate of ionic transfer into individual pores by diffusion

was not suppressed by the pumice matrix and the time required for

full equilibration should be controlled by the bulk solution diffusion

coefficient.
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SOLUTE DISPLACEMENT

Statement of the Problem

Previous workers (Youngberg and Dyrness, 1964; Chichester

et al., 1970) have suggested the possibility that pumice soils retain

soluble salt by physically trapping solution in internal pores.

Youngberg and Dyrness (1964) reported that the coarse ash fraction

(2-6 mm) of Mazama pumice physically trapped the index ion solution

in CEC determinations which resulted in indicated values of CEC that

were twice as large as for the total soil sample. Chichester (1967)

demonstrated that extreme methods must be employed to insure

equilibrium between the internal pore and external solutions. The

length of time required and the uncertainty of when equilibrium was

attained demonstrated the tremendous influence of internal porosity

of pumice on the retention of dissolved salts. It was also suggested

that retention of hydrolysis products in the internal pores could create

a chemical environment favorable to the formation of 2:1 phyllos ili-

cates.

Nielsen and Biggar (1961) reported that miscible displacement

methods could provide information on relative mobilities of solutes in

soil-water systems. When a liquid containing a tracer solute is

displaced from a porous medium by the same liquid without a tracer,

this miscible displacement results in a tracer concentration
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distribution which depends on the microscopic flow velocities, tracer

diffusion rates and other chemical and physical processes. Miscible

displacement studies have been used to determine effective flow

volumes in packed columns of soil (Nielsen and Biggar, 1961). The

difference between the total liquid volume of a packed column and the

effective flow volume, measured by miscible displacement, could

quantify the volume of solution trapped in internal pores.

Nielsen and Biggar (1961, 1962, 1963) have generated many

miscible displacement breakthrough curves using packed columns of

sand, glass beads and various textures of field soils. They have used

their results to correlate properties of systems in the columns with

their characteristic breakthrough curves. If no longitudinal diffusion

occurs in a medium having rather large microscopic flow velocities,

unimodal in their distribution, a skewed sigmoid breakthrough curve

will pass through C /C0 = 0.5 at Vw, the volumetric fluid capacity of

the column. A translation of the experimental breakthrough curve to

the left of C/C
0
= 0.5 at V

w
is caused by a significant fraction of the

total pore volume not contributing to the volume of effluent measured;

this volume of liquid is not displaced but held back. The static

volume may function as a sink for or source of solute depending on

the concentration gradient. To a lesser degree this left translation is

observed when a portion of the pores are so small that liquid

velocities through them approach zero.
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A translation to the right of V indicates tracer exchange or
w

precipitation within the column and was not expected in a non-reactive

medium. Biggar and Nielsen (1962) report that in the case of non-

reactive columns (glass beads, quartz sand), the area under the

breakthrough curve up to one pore volume equals the area above the

curve greater than one pore volume, regardless of the shape of the

curve. In an earlier section, it was demonstrated that the pumice

samples have CEC values in the range of 0.5-4.5 meq/100 g. These

values are low compared to normal productive field soils. Retention

by electrostatic exchange should be small; therefore, the break-

through characteristics should reflect the properties of the internal

pore system.

It was hypothesized that pumice particles with larger internal

pore volumes should exhibit greater solution trapping, displacing the

breakthrough curve to the left of V (volumetric fluid capacity of the
w

column). Data on the total vesicularity and pore size distribution

were available (Appendix II) from previous measurements by mercury

intrusion porosimetry (Doak, 1969). Using these data, an attempt

was made to formulate equations predicting volumetric displacement

of the solute front.

Materials and Methods

Three size fractions of pumice (1-2, 2-4, 4-8 mm) were
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separated from soils developed on the Mazama and Newberry deposits.

The sample sites were described (Appendix I) and separates from the

soil horizons (62-1, 2, 3, 6, 7, 16; 65-1, 3, 5) were characterized for

pore size distribution by mercury intrusion porosimetry (Appendix II).

The samples were sealed in a lucite cylinder of 118 cm 3 volume. One

hundred cubic centimeters (20 cm length x 2.54 cm diameter) was

occupied by the sample. A 9 cm
3 screened chamber was attached to

each end to insure development of parallel flow lines through the

column. The cylinder was evacuated to a pressure of approximately

300 p. mercury, 0.01M CaCI2
solution was introduced and the column

allowed to come to atmospheric pressure. The CaC12 saturated

column was connected to a constant head system and allowed to leach,

in a horizontal position, with distilled water at a constant approach

velocity (1.5 cm/hr) for 24 hours. A sample fraction collector was

used to obtain 24 equal subsamples of the leachate. The same columns

were saturated with distilled water and leached with 0. OIM CaC12

solution to test for a hysteresis condition in miscible displacement.

Calcium concentrations in the leachate subsamples were determined

by atomic absorption spectroscopy. The data were reduced to values

of C/C
0

at the corresponding volume of leachate and plotted on graphs

(Appendix III).

The volume of leachate corresponding to C/C
0

= 0.5 was

defined as the effective volume of fluid (V ) and 100 (V w-V e) /Vw
was

e
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defined as displacement percentage (D). Volumetric fluid capacity

(Vw) was equal to the sum of the external (particle to particle) pore

volume (Vf)
of the column and the weight loss on drying the saturated

sample. This weight loss on drying was defined as the volume of

internal pores (V ) although it is a slight overestimate because it

includes the volume of solution films covering the surface of the

particles. The effective volume of fluid for each sample in the column

was determined twice. The first value (V el) was obtained by replacing

distilled water in the sample with CaC1 2
solution; the second value

(Ve2) was determined by replacing CaCl2 solution with distilled water.

The numerical average of the two effective volumes was labeled Vea.

It was necessary to average Vel and V
e2

to correct for a slight error

in determination. Small amounts of calcium dissolved from the

pumice displaced V el values to the left. When the sample was satu-

rated with CaC1
2

and leached with water the addition of calcium from

the pumice caused a small displacement of the V e2
value to the right.

Selected samples of Mazama and Newberry pumice were

compared to glass beads of the same size class (1-2, 2-4, 4-8 mm) to

determine the differences of solute mobility in the vesicular and non-

vesicular material. The effects of source, particle size and depth in

profile were examined in relation to the displacement percentage (D).
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Results

The hypothesis that the volumetric displacement (Vw
-Vea) of

the breakthrough front was controlled by the internal pore volume of

the column was tested by comparing two estimates of the internal

volume to the volumetric displacement. The volume of internal pores

(V ) was obtained by determining the weight loss on oven drying the
P

saturated sample in the column (Table 9). The internal volume of

particles (Iv) was calculated from vesicularity data obtained by

mercury intrusion. Plotting internal volume of particles (Iv) against

volumetric displacement (Vw-Vea) resulted in highly scattered data

points (Figure 2). The graph showing volume of internal pores (V p)
P

plotted against volumetric displacement was less scattered (Figure 3).

Best fit lines were calculated for the Mazama and Newberry samples

and the coefficients of correlation were calculated. The values of the

correlation coefficients (r) indicated that the volume of internal pores

(V
P
) determined by moisture percentage had a higher correlation than

the internal volume of particles (Iv) determined by mercury intrusion.

However, neither estimate can be correlated at a sufficiently high level

(r = 0. 9) to be of practical use in predicting the displacement of the

breakthrough front.

Plots of average effective fluid volume (Vea ) against volume of

internal pores (V ) reveal a lack of any high correlation between these
P

parameters (Figure 4). The points tend to group by source and size of



Table 9. Miscible displacement data for columns of pumice.

Sample
Depth
(cm)

Size
(mm)

V

(nil)

Ve
1

(ml)

V
e2

(ml)

V
ea

(ml)

V
f

(ml)

V

(ml)

I
v

(ml)

Del

(%)

De2

(%)

ea
(%)

V
s

(ml)

W
s

(g)

V
w

-V
ea

(ml)

Mazama

62-1 5-10 1-2 100 105 97 101 54 46 38 -5. 0 3.0 -1.0 18 43 -1

2-4 103 96 90 93 53 50 23 6.8 12.6 9.7 15 34 10

4-8 102 53 60 56 60 42 32 48.0 41.2 44.6 16 35 46

62-2 10-20 1-2 104 88 93 91 51 53 41 15.4 10.6 13.0 14 34 13

2-4 106 70 73 71 60 46 41 34.0 31.1 32.6 12 30 35

4-8 105 35 53 44 62 43 41 66.7 49.5 58.1 13 27 61

62-3 20-30 1-2 104 96 90 93 55 49 33 7.7 13.5 10.6 14 30 11

2-4 102 75 79 77 57 45 34 26.5 22.5 24.5 16 33 25

4-8 103 45 63 54 61 42 35 56.3 38.8 47.5 15 29 39

62-6 51-61 1-2 99 90 97 94 54 4S 39 9.1 2.0 5.6 19 43 5

2-4 100 53 - 53 56 44 44 47.0 - 47.0 18 35 47

4-8 100 37 61 49 61 39 56 63.0 39.0 51.0 18 29 51

62-16 152-162 1-2 9S 93 99 96 52 43 28 2.1 -4.2 -1.1 23 41 -1

2-4 99 67 95 81 55 44 36 32.3 4.0 18.2 19 36 18

4-8 102 SO 54 52 63 39 41 51.0 47.1 49.1 16 29 50

(Continued on next page)



Table 9. (continued)

Sample
Depth

(cm)
Size

(mm)
V

w

(ml)

Vel
(ml)

V
e2

(ml)

V
ea

(ml)

Vf

(ml)

V

(m1)

I

(ml)

Del
(%)

e2

(%)

ea
(%)

V
s

(ml)

W
s

(g)

V -V
w ea
(ml)

Newberry

5-13

23-33

43-53

1-2

2-4

4-8

1-2

2-4

4-8

1-2

2-4

4-8

75

83

94

86

86

92

78

83

93

74

44

33

77

56

31

85

63

30

-

82

74

83

76

58

80

68

44

74

63

54

80

66

45

83

66

37

49

54

59

55

54

60

50

50
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pumice particles. The observation of particle size grouping along the

best fit lines suggested that particle size may be an important factor

in controlling the value of effective volume of fluid (V ea) in the satu-

rated pumice columns. To test for this relationship, Vea values for

the Mazama and Newberry samples and glass beads of the same size

were plotted against the mid-range values for each particle size class

(1-2, 2-4, 4-8 mm). It can be seen (Figure 5) that the effective fluid

volume of the columns decreased with increasing particle size for the

Mazama and the Newberry samples and also for the glass beads. The

coefficients of correlation, both greater than r = 0.90, indicated that

the size of particles in the packed column controlled the average

effective fluid volume (Vea). The volumetric fluid capacities (V w)

were largest for the Mazama samples, less for the Newberry samples

and still less for glass beads (Table 9).

When the average volumetric displacement values (Vw-Vea) in

Table 9 were converted to a percentage basis by the equation:

100 (Vw -Vea )

Dea
Vw

and average displacement percentage (D ea) values plotted against mid-

range diameters of the particle classes, the resulting best fit curves

for Mazama and Newberry samples were essentially the same line

(Figure 6). The coefficient of correlation was greater than r = 0.9

and this demonstrated the strong relationship between particle size of
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packing material and the observed effective fluid volume of the

columns.

Summarizing to this point, the results of the miscible displace-

ment study did not support the original hypothesis that volumetric

displacement of the breakthrough curves was related to estimates of

the internal pore volume. The average effective fluid volumes (V ea)

were strongly correlated with the mid-range diameter (d) of the

column packing material.

Biggar and Nielsen (1962) reported that translation to the left

increases with increasing aggregate size separated from an Aiken

clay loam soil. This phenomenon was explained to be the result of a

large bimodal pore size distribution. That is, there were large pores

between the soil aggregates and small pores through the aggregates

with few pores of intermediate size. It was assumed that the shape

and location of these curves was determined mainly by the differences

in velocity between the external solution and the internal aggregate

solution. With increasing aggregate size, the total number of physical

contacts between aggregates in the column decreases; therefore, the

total flux through the aggregate internal pores will be reduced. Mixing

in the column becomes less complete and effluent concentration is

dominated by flow through large pores.

The explanation of the phenomenon of translation to the left with

increasing particle size as proposed by Nielsen and Biggar (1962)
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surficially appears to be satisfactory for the Aiken clay loam

aggregates. When, however, the displacement percentages for glass

beads and pumice material were plotted on the same graph (Figure 6),

it was observed that the values for the non-porous glass beads were

essentially the same as the pumice in each particle size range. This

fact is difficult to explain if a bimodal velocity distribution is required

to generate the leftward translation of the front. The similarity of

curves produced by plotting the ratio of effluent concentration to maxi-

mum concentration (C/C
0
) against the ratio of effluent volume to the

volumetric fluid capacity of the column (V/V ) is quite striking (Figure

7). Two of the columns are packed with highly vesicular volcanic

pumice and the other two are packed with non-porous glass beads; yet

in a given size range, the curves are almost identical. The sugges-

tion is made that the volume of internal pores (V ) was not signifi-
P

cantly different in its capacity to carry flow and to be displaced than

was the external pore volume (V f). The vesicular volcanic ash

samples did not appear to be able to trap salts in solution or effec-

tively retain them in saturated leaching environment. It seems likely

that salt concentration differences between the internal and external

pore solution would rapidly be removed by mixing when a hydraulic

gradient exists through the saturated system.

Biggar and Nielsen (1962) have reported, and it was observed

here also, that as the particle size in the column is increased, the
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resulting breakthrough curves lose their skewed sigmoid shape and

become more concave to the abscissa. Biggar and Nielsen (1962)

explained that this change in the curves resulted from incomplete

mixing between the resident and displacing liquid. If a mass balance

approach is applied, assuming complete mixing between the two

phases (Appendix IV), a theoretical effluent concentration curve can

be constructed (Figure 8). On this graph the vertical line at V/V =

1. 00 represents the condition of no mixing, more commonly called

piston flow. The curve that is concave to the abscissa is the effluent

concentration plot that would be observed if complete mixing occurred

between the resident solution and each increment of displacing solu-

tion. It can be seen (Figure 7) that the breakthrough curves for the

larger (4-8 mm) pumice and glass beads more nearly resemble the

theoretically complete mixing curve (Figure 8). The curves for the

fine (1-2 mm) pumice and beads more nearly resemble in shape and

location the non-mixed piston flow. It appears that mixing between

the resident and replacing solution was more complete in the large

particle sizes and this resulted in leftward translation of the curve

regardless of the presence or absence of a bimodal pore distribution.

Brigham, Reed and Dew (1961) and Elrick and Krupp (1966)

have reported that the slight increase in relative density and relative

viscosity of 0. IN CaCl2 solution over distilled water will result in two

shapes of displacement curves in glass beads depending on which is
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the displacement fluid. When distilled water is replaced by CaCl2

solution, density fingers underrun the residence water and enhance

mixing between the two liquid phases. The resulting unstable dis-

placement shifts the C/C
0

= 0.5 value to the left of V /V = 1.0. The

lower the velocity the more expressed is this translation of the break-

through curve to the left.

Since the approach velocities of the displacing fluids were con-

strained very near 1.5 cm/hr regardless of the particle size of the

column packing, each increase in particle size resulted in an atten-

dant decrease in actual pore water velocity in the extreparticular

channels. The extraparticular pore water velocity may be calculated

by dividing the approach velocity by the porosity of the column (Table

10). As the extraparticular pore water velocity is decreased, the

displacement becomes unstable and more mixing occurs between the

two phases. The resulting breakthrough curve begins to resemble the

completely mixed mass balance curve (Figure 8).

Table 10. Extraparticular pore water velocities in packed columns
of glass beads.

Glass bead Approach Column Pore water
size velocity porosity velocity
(mm) (cm/hr) (%) (cm/hr)

1-2 1.45 33.7 4.30

4-8 1.51 44.4 3.40



53

In summary, the observation that the displacement front

becomes unstable due to the low extraparticular pore water velocities

in the larger (4-8 mm) glass bead and pumice sizes does not detract

from the fact that the behavior of ions within the column is essentially

no different for the highly vesicular pumice soil packing and the non-

porous glass beads. This also confirms previous observations

(Doak, 1969) that the pores are continuous, open to flow and not dead-

end. Evidence of solution trapping in the vesicular pores of pumice

soils from central Oregon was not observed under conditions

involving a liquid moving under a hydraulic gradient.
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STATIC EQUILIBRATION

Statement of the Problem

In dynamic systems of pumiceous soil and water, solute con-

centration differences between internal and external pore solutions

were rapidly obliterated by physical mixing in the moving liquid

phase. Under static conditions, in either field or laboratory, the rate

of solute equilibration would be slowed. Without the forces of moving

liquid for mixing, solute equilibrium in the system must be attained

by diffusion and convection currents.

Previous data (Chichester et al. , 1970) indicated that solute

equilibration between internal pore solution in vesicular volcanic ash

and external bulk solution is exceedingly slow. The length of time

required to achieve ion equilibrium, as well as the uncertainty of when

equilibrium is obtained, prompted Chichester et al. (1970) to question

the validity of CEC measurements made on these porous soils by

accepted soil analytical techniques. Values of cation exchange

capacity obtained were highly dependent on length of time in the index

solution and rigor of excess salt removal washings.

In a prior section on cation exchange capacity measurements

by radiochemical depletion techniques, reproducible CEC values

approximately 0.01 to 0.20 the values obtained by NH4OAc- EtOH -HCI

methods were reported. Pronounced differences therefore exist



55

depending on the method of equilibration. The data presented by

Chichester et al. (1970) indicate slow equilibration of internal pore

solution by static methods. This contrasts with data presented in the

previous section that indicate pore solutions being readily replaced by

leaching procedures. It was apparent that factors affecting static

equilibration needed to be reexamined.

Since the volume of static pore solution to be equilibrated and

rate of exchange through the internal pores is controlled by the poros-

ity of the pumice particles, differences between sources and particle

size of material would exert large influences on the soil's field

behavior. To determine the effect of porosity on movement and

distribution of ions between solid and solution phases and test the

hypothesis that the more vesicular deposits and large particle sizes

are more difficult to equilibrate with external solutions, static

equilibration studies were conducted on samples of Mazama and

Newberry pumice soils.

Materials and Methods

Samples were chosen to gain information on the effects of

particle size, degree of weathering, and parameters of porosity as

well as differences in parent pumice deposits. Samples from three

horizons from Huckleberry Spring (Mazama site 62) and two horizons

from Red Hill (Newberry site 65) were separated into three size
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fractions (1-2, 2-4, 4-8 mm). These samples have been character-

ized for porosity by mercury intrusion porosimetry as described

previously (Appendix II).

Five-gram samples of each particle size class in each horizon

were equilibrated in 25 ml of 600 ppm lithium solution in the form of

Li Cl. Lithium was used to avoid the problem of calcium dissolution

from the pumice, reported in a prior section. Three additional sets

of size samples from horizon 62-6 (Appendix II) were also included to

determine the effects of prior state of hydration. All samples, while

in the LiCI solution, were placed in a desiccator and evacuated to a

pressure of 300 p. mercury to remove occluded air. The pressure was

returned to atmospheric value, which forced the LiC1 solution to fill

the internal particular volume of the samples. The process of evacu-

ation and return to atmospheric pressure was conducted once each

day during the three-day equilibration period. At that time the

remaining external volume of LiCl solution was decanted and the Li

content determined by atomic absorption methods. The quantity of Li

retained in the internal pore solution was determined by difference

between amount added and amount decanted.

Three sets of each particle size of sample 62-6 (Appendices I

and II) were placed in an oven at 110
oC for increasing periods of time.

This was to test the hypothesis that desiccation of saturated pumice

causes air pockets to develop in the pores, blocking solute exchange
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between internal and external pore solution. A decrease in the rate

of recovery of the Li index ion in subsequent washings would indicate

solution trapping in internal pores. Moisture content was determined

at each level of increasing dryness. Twenty-five ml of 0. 1N MgC12

extracting solution was added to each sample and allowed to equili-

brate. The extracting solution was decanted and replaced every 24

hours until lithium recovery essentially ceased. The results were

plotted as cumulative percent recovery versus number of washings in

0. 01N MgC12.

Results

Saturated Samples

The Newberry samples retained less lithium solution after

saturation than did the Mazama samples (Table 11). This was expected

from the differences in pore volume (Appendix II) and CEC measure-

ments (Tables 3 and 4). The expected increase in lithium ion retention

with increasing particle size was not observed in either the Mazama

or the Newberry samples.

The Mazama soil samples (Figure 9) exhibited remarkably

similar lithium ion recovery curves. In nearly every case, 95%

recovery was accomplished by the second or third equilibration in

0. 1N MgC12'
Increasing particle size or increasing depth in the pro-

file (decreased weathering) seemed to have little effect on the
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Table 11. Lithium retention in Newberry and Mazama pumice.

Sample
no.

Depth Particle Sample
(cm) size weight

(mm) (g)

Li retained in
internal pore

solution
(µg /g pumice)

Newberry

65-1 5-13 1-2 4.93 563
5-13 2-4 5.04 725
5-13 4-8 5.07 687

65-3 23-33 1-2 5.17 678
23-33 2-4 4.89 565
23-33 4-8 4.87 973

Mazama

62-2 10-20 1-2 4.92 1014
10-20 2-4 5.00 1064
10-20 4-8 4.94 954

62-6 51-61 1-2 5.03 859
51-61 2-4 4.98 949

51-61 4-8 4.92 859

67-10 91-102 1-2 5.00 1132
91-102 2-4 5.05 1121

91-102 4-8 5.06 936
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lithium recovery.

Newberry samples (Figure 10) did not release the lithium as

readily as the Mazama samples. The lithium recovery curves reached

a maximum after two washings and then leveled out. Doak (1969)

reported that the pores in the Newberry pumice were more tortuous

than those in the Mazama. If the recovery of lithium in Newberry

pumice was controlled by tortuosity, a low positive increase should be

observed with each washing. The fact that lithium recovery essen-

tially ceased after two washings indicated the possibility of a chemical

reaction between the sample and the lithium ion. The rhyolitic matrix

of the Newberry pumice was reported to contain more Na, Rb and Cs

than the dacitic Mazama pumice (Borchardt, 1970). Evidence of

exchange between the alkaline elements in the pumice and lithium in

solution will be discussed in the next section.

Effects of Drying

The Mazama samples (62-6), reduced in moisture content by

drying after saturation in lithium solution, showed a decrease in rate

of recovery and in the total lithium recovered (Figures 11, 12, 13).

Drying the samples appeared to have rendered the lithium salts

inaccessible to exchange with the MgCl2 replacing solution. Oven

drying at 110°C seems to have accelerated a reaction between the

glassy matrix and the more than 800 Fig of lithium/g of pumice in the
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internal pores. During the determination of lithium by atomic absorp-

tion spectroscopy, the characteristic yellow flame of sodium was

observed. Samples dried in the oven for 4 and 24 hours released

amounts of sodium ion in the range of 20-40 tig/g of pumice. The

released sodium was not sufficient to account for the unrecovered

lithium. The saturated and two-hour drying treatment contained no

detectable (less than 0.1 ppm) sodium in the MgC12 replacing solution.

Another process was involved with the incomplete recovery of

lithium ion. The predominant factor is believed to be the presence of

air bubbles which blocked replacement by the MgC12 solution. As a

uniform bore capillary filled with a wetting liquid is dried, a meniscus

is formed in each end. At first the radius of the meniscus is large

but as the liquid evaporates, the radius of curvature becomes smaller

until the contact angle approaches zero. At this point the radius of

curvature ceases to decrease and the meniscus begins to retreat

down the bore of the capillary. At any time after this degree of

desiccation is reached, a reintroduction of the capillary into liquid

will result in air being trapped between the original and the new

meniscus formed by capillary rise. This trapped air could render

the remaining index solution inaccessible to equilibration with the

replacing solution. This appears to have occurred in the case of the

Mazama samples which had been dried prior to replacement with

MgC12 solution (Figures 11, 12, 13).
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The rapid recovery of lithium index ion (two to three washings)

from undried Mazama samples was not expected on the basis of

earlier data (Youngberg and Dyrness, 1964; Chichester et al. , 1970).

Since the release of sodium indicates a reaction with the glassy matrix

upon drying, the static equilibration was repeated using 1. ON Ca(OAc)2

(Chichester et al., 1970) and a selected sample (62-5, 4-8 mm) of

Mazama ash. The samples were introduced into the index solution in

a water saturated and air dry state to test for differences in solution

trapping with moisture content.

Twelve subsamples of the Mazama pumice were "equilibrated"

in 25 ml of 1. ON Ca(OAc)2. Prior to equilibration, six were saturated

with distilled water by the evacuation method previously described.

The other six were placed in the index solution in an air dry condition.

In each set of six, duplicates were equilibrated in the index solution

for periods of 24, 48 and 72 hours.

It was observed that when methanol or absolute ethanol (95%)

was used to remove excess salt solution small air bubbles appeared

at the mouth of the pores. These bubbles might possibly block the

exchange of salts in the intraparticular pore space and contribute to

solute retention. In order to test this hypothesis, one of the duplicate

samples from each period of exposure to the index ion solution was

washed in absolute methanol and one was washed in distilled water

before the samples were placed in the 1. ON NaOAc replacing solution.
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The static equilibration was carried out as before with the NaQAc

displacing solution being decanted and replaced every 24 hours until

calcium recovery essentially ceased.

The samples subjected to the index ion in a saturated state

exhibited greater cation retention than those which were air dry

(Table 12). It may also be noted that the expected increase in retained

index ion with time of exposure was not observed. It appears that the

saturated samples reached solution equilibrium within 24 hours while

the air dry pumice retained a significant inaccessible pore volume

regardless of time in the index solution. The accessible volume of

the dry pumice appears to be limited by the solubility of air in the

index solution. When the air dry sample is introduced into the index

solution, liquid is drawn in rapidly until the forces of capillarity are

balanced by the pressure of the trapped air in the pores. Liquid

movement into the pores then essentially ceases. The index ion solu-

tion, maintained at atmospheric pressure, can be assumed to be

saturated with air at the ambient temperature. Since the index solu-

tion is saturated, the trapped air bubbles cannot be dissolved and the

volume occupied by them remains inaccessible to the index solution.

The introduction of methanol into the system caused bubbles to

form on the surface of the sample particles. In the case of the air dry

samples the bubbles caused most of the sample particles to rise from

the bottom of the container and float on the surface. The water



Table 12. Calcium retention and recovery in air dry and saturated Mazama pumice (62-5, 4-8 mm).

Moisture
status

Equilibration
time
( hrs)

Sample
weight

(A)

Preliminary
wash

Calcium
retained
(men)

Cumulative calcium recovery (%)

2 3 4 5

saturated 24 5.01 H2O 3.01 64.8 82.4 86.4 87.7 88.0
24 5.08 Me0H 3.14 73.2 89.5 93.3 94.6 95.2

48 5.06 H2O 2.78 81.3 96.6 104.0 105.0 106.0
48 5.01 Me0H 3.04 77.3 94.7 98.7 99.6 100.3

72 5.07 H2O 3.44 69.2 86.3 91.0 92.4 93.0
72 5.04 Me0H 3.26 68.4 83.7 86.5 87.7 88.3

air dry 24 5.02 H2O 2.77 69.3 86.3 90.6 91.7 92.1
24 5.08 Me0H 2.77 69.3 84.8 88.4 89.5 90.3

48 5.07 H2O 2.49 90.4 109.0 114.0 116.0 117.0
48 5.00 Me0H 2.47 87.8 107.0 111.0 113.0 113.0

72 5.00 H2O 2.82 72.7 93.3 97.9 99.6 100.0
72 5.08 Me0H 2.43 89.7 109.0 113.0 115.0 116.0
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saturated samples did not exhibit this except for a rare particle or

two. The formation of air bubbles in the alcohol wash did not appear

to reduce the rate of recovery of calcium (Figures 14, 15). No

significant differences in total calcium recovery were observed

between the alcohol and water washed samples (Table 12). The

suggestion is made that alcohol reduces the surface tension at the

meniscus; trapped air bubbles then expand, forcing the pore solution

out into the replacing solution.

In the case of both calcium and lithium index solutions, the

quantity of salt retained in the internal pores appears to be strongly

related to the moisture content of the pumice particles. Relatively

long periods of exposure to salt solutions do not seem to insure

complete saturation when the samples are introduced in a dry state.

In most cases, the salt that enters the saturated or air dry samples

is recoverable. Only when the samples have been desiccated after

the solution is in the pores does appreciable trapping occur. It was

not possible to demonstrate salt trapping in Mazama pumice samples

by any other treatment. It is possible that the salt trapping reported

in the literature was also due to desiccation of the sample between

index ion saturation and the replacing solution washings normally

used in cation exchange capacity measurements.

In summary, the air dry samples did not absorb as much solute

as the water saturated samples; entrapped air occupied up to 10% of
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the internal pore volume even after equilibration for 72 hours. It is

possible that this inaccessible pore volume should be subtracted from

available moisture supplying capacity of a pumice soil. Solution

trapping, induced by desiccation, could be important under field

conditions. The annual precipitation pattern of wet winters and dry

summers should favor formation of air blocks in the pores. This

would result in a significant volume of inaccessible solution, becoming

more concentrated with respect to soluble salts and hydrolysis

products than the extraparticular soil solution.
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DISCUSSION AND CONCLUSIONS

Ion Exchange

An index ion depletion method for cation exchange capacity

determination was developed which is useful on samples of high inter-

nal porosity. These porous systems previously required excessive

equilibration times with index ion solution. With the depletion method,

it was possible to separate the electrostatic cation exchange capacity

of pumice samples from the previously reported phenomenon of index

salt solution trapping. Rapidity of equilibration was thought to be due

to elimination of air trapping in the pores and reduction of the diffusion

path length between the external index ion solution and the electro-

static exchange sites.

The CEC values of pumice samples appeared to increase

slightly with particle size but not to the degree previously reported.

This increase was thought to be due to clay sized material associated

with the gravel sized (> 2 mm) pumice. Large particles have been

reported to accumulate weathering products more rapidly than smaller

ones (Doak, 1969). It is possible that the capillary attraction of a

large volume of small tubular pores (5-15 p.) in the gravel sized

material removed the water from extraparticular solution and the

suspended weathering products are filtered out at the surface of the

particles. This is an area where microscopic techniques might later
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be applied. Optical identification of oriented clay minerals at the

particle surface might be used to confirm this method of deposition

from dilute clay suspensions.

The pumice gravels separated from the Newberry deposit (Red

Hill site) were shown to have very low CEC values (0.31-0.42 meq/

100 g) which did not change materially with depth in the profile. The

Newberry deposit is relatively young (2000 years) and only slight

evidence of weathering, such as iron-staining of the volcanic glass,

was observed. It might be assumed that the low exchange capacity

values reported were representative of the original volcanic glass

without significant formation of clay minerals in situ.

The pumice gravels separated from the Mazama ash deposit

(Huckleberry Spring site) had larger exchange capacities than did the

Newberry material. The deposit is about three times as old (6600

years) and weathering is much more evident. The AC horizon had the

largest CEC (2.09 meq/100 g) and the values decreased with depth.

Relatively low cation exchange capacities suggest that soils in

both the Newberry and Mazama pumice deposits would require special

management to minimize movement of soluble nutrients, salts or

wastes in the soil profile. The High Lava Plains and Western Basin

and Range area (Baldwin, 1964) are characterized as being undissected

regions of Plio-Pleistocene volcanics with few outflowing streams.

There are many basins of internal drainage and the major source of



75

water for wildlife and livestock consists of shallow springs above the

restricting layers of basalt that underlie the pumice deposits. Wide-

spread use of fertilizers and pesticides as a result of management

practices might eventually produce a degradation of this source of

water.

The index ion depletion method of determining CEC values is not

proposed to replace the more common NH4
OAc-Et0H-HC1 technique

for most samples. The index ion depletion method requires that a

representative sample of the internal pore solution can be extracted

from the sample by centrifugation or pressure membrane apparatus.

The pumice samples, with their large internal volume and rigid

pore structure, favor this type of treatment more than a soil whose

pore size distribution is controlled by aggregated soil structure.

Diffusion in Pumice Particles

As the tracer diffusion coefficient for Ca
45 in 0.01M CaCl2 was

not located in the literature, the method of Schofield and Graham-

Bryce (1960) was applied to agar gels to estimate the coefficient of

bulk solution. The linear increase in diffusion coefficient with

decreasing agar concentration reported by Elgawhary et al. (1970)

was not observed. The curve plotted for 1/2 percent increments

between 0. 6 and 3. 0% agar was curvilinear; negative tangential slopes

decreased with increasing agar concentration. Extrapolation of the
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curve to zero percent agar to estimate the bulk solution coefficient

was not thought to be sound. Instead, a range of values was estab-

lished between 0.8 x 10-5 and 1.5 x 10-5 cm2 /sec for the Ca45 self

diffusion coefficient in a bulk solution of 0. O1M CaCl2.

The steady state cell of Olsen et al. (1965) was not found

satisfactory for determining self diffusion coefficients through satu-

rated pumice briquets. Previous application of the method had been

on unsaturated soil cores where small variations in hydraulic head

would not readily obliterate the concentration gradient. In the case of

the saturated pumice briquets, having relatively large median pore

diameters, a slight hydraulic gradient rapidly sweeps the liquid

volume from the pores, obscuring solute transport by diffusion. The

lucite cell technique, in which no hydraulic gradient is developed

through the pumice briquet, proved to be more applicable. Porous

system diffusion coefficients reported were smaller than the estimated

range of the bulk solution coefficient. This was the expected result

of reducing the effective cross section for flow by the introduction of

a porous matrix. When the porous system diffusion coefficient was

corrected for volumetric moisture content (0), the effective diffusivity

(De) was in the range of values for the bulk solution coefficient. It

appeared that ion interaction and tortuosity were not the controlling

factors in the establishment of equilibrium between the internal and

external pore solution. More likely, the inherent mobility of ions
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controlled the rate of equilibration in the pumice samples as well as

in bulk solution.

Solute Displacement

Results from displacement studies indicate an increasing

translation of the solute breakthrough curve toward smaller volumes

of effluent when particle size was increased. This volumetric trans-

lation of the displacement front was not correlated with the internal

volume of particles (Iv) as estimated from mercury intrusion or the

volume of internal pores (V ), estimated from weight loss on drying,
P

as proposed in the original hypothesis. The leftward translations

were strongly correlated with particle size and appeared to be a

function of increased mixing between the resident and replacing solu-

tions in the presence of larger particles. For glass beads, Mazama

pumice and Newberry pumice, the curve that best described dis-

placement percentage (Dea ) in terms of particle diameter (d) was:

Dea = 9. 98 (d) 8. 14

The correlation coefficient (r = 0. 925) for this curve was thought to

be sufficiently high to make predictions of solute movement feasible.

With this equation, the mean diameter of particles present and the

volumetric fluid capacity (Vw
) of the soil it might be possible to

predict the volumetric translation of the breakthrough front under
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conditions of saturated displacement for both Mazama and Newberry

soils.

Most important to soil management practices was the fact that

the saturated pumice gravels and glass beads produce the same shape

and location of breakthrough curves for comparable size classes of

material. There appeared to be no significant unmixed volume of

liquid in the saturated pumice that would act as a sink for diffusion of

solutes. No evidence of salt trapping in the pores of pumice gravels

was observed where conditions of saturated flow under hydraulic

gradient exist.

The solutes present in pumice soil solution were quite mobile.

The low CEC values and lack of evidence to support the theory of salt

trapping under saturated flow conditions suggested that soil manage-

ment practices applicable in reducing nutrient leaching in sandy and

coarse loamy soils would also apply to the pumice soils of central

Oregon.

Static Equilibration

Salt trapping in pumice soils was first reported after an attempt

to determine cation exchange capacities by standard NH4
OAc-Et0H-

HC1 methods. Increasing periods of exposure to index ion solution

have been reported to result in higher indicated CEC values. Large

particles (> 2 mm) exhibited this property to a greater degree than
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did the sand sized ( < 2 mm) material. In this study, water saturated

pumice samples of increasing size and different source were equili-

brated in LiCI solution. The expected increase in lithium retention

with increasing particle size was not observed for the Mazama or

Newberry samples. Recovery of retained lithium was unexpectedly

rapid. This rapid equilibration was thought to be due to elimination of

entrapped air that can block access to the internal pores. In the case

of the Mazama pumice samples, 95% recovery was accomplished by

two or three equilibrations in 0. 1N MgCI2
solution. The Newberry

samples did not equilibrate as rapidly. The rhyolitic glass matrix of

the Newberry pumice, reported to be higher in Na, Rb and Cs

(Borchardt, 1970) than the Mazama dacite glass, appeared to retain

significant quantities of lithium ion. It is possible a double displace-

ment reaction between the glass matrix and the lithium solution

occurred, releasing alkaline and alkaline earth elements. In the case

of the Mazama samples that were heated to various degrees of dryness

after saturation, the longer heatings released detectable quantities of

sodium into the replacing solution. However, the quantity of sodium

released did not account for all of the non-recoverable index ion. Salt

trapping did occur following the treatment to dry the samples. The

more the moisture content was reduced after saturation, the less

lithium ion was recovered. Large particles demonstrated the tendency

to trap salt solution more strongly than did the sand sized materials.
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A drying treatment after solution saturation was the only way salt

trapping could be induced in the pumice samples.

The quantity of index ion entering the internal pore volume

appears to be a function of moisture content of the sample when it is

introduced to the index ion solution. Samples that are saturated with

water prior to introduction will equilibrate in 24 hours and retain

more index ion than will the air dry samples. Air that is trapped by

solution filling the pores, due to capillary forces, is only slowly

removable. As the solution at ambient temperature is saturated with

air, it is thought that the trapped air could not escape by diffusion

through the index solution until a temperature and therefore a

solubility gradient is established. At a constant temperature, the

volume of air replaced by index solution is not detectable over a 72-

hour equilibration.

From a management perspective the behavior of solutes under a

wetting and drying cycle could be quite important. Almost the entire

available moisture holding capacity of the pumice soils is in the

internal pores. As these pores dry by evaporation and transpiration,

the soil water and soluble nutrients retreat to the center of the par-

ticles becoming more concentrated and less available to plant roots.

When the soils are again wet up in the fall, moisture is drawn into the

particles by capillarity but air Could be trapped between this water

and the concentrated soil solution deep in the pores. Solute
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equilibration throughout the entire soil solution could be quite slow

due to difficult removal of trapped air. If, however, the soil becomes

saturated and water moves through the profile under a hydraulic

gradient the internal solution would be mixed with the percolating

water and removed from the rooting zone. More study needs to be

directed to the wetting and drying cycle and the yearly moisture

regime in the soils to answer this question. Field evidence seems to

indicate that only minimal weathering has taken place in the internal

pores of the pumice gravel. It is possible that when the temperature

is high enough to favor weathering reactions the soil is too dry and

when it is moist enough the soil temperature is too low.
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SUMMARY

In summary, this study revealed that the true electrostatic

cation exchange capacities of the pumice gravels was quite low and

did not indicate significant 2:1 phyllosilicate synthesis in the internal

pores. Salt trapping in the internal pores was not observed under

conditions of complete water saturation. The salt, trapping phenom-

enon could be induced only by drying the samples after solution satura-

tion. The moisture content of the pumice gravels at time of deter-

mination controlled the amount of index ion solution retained and this

could account for the variability of CEC values using standard methods.

Air trapped in pumice gravels by capillary uptake of index solution

was not readily removable and could block access to exchange sites

and internal salt solutions. Under saturated conditions, the soils

should be considered highly leached as complete mixing occurs

between the internal pore solution and percolating water. The mis-

cible displacement breakthrough curves for the pumice gravels were

very similar to curves for solid glass beads of the same size range

and in the large sizes the curves approached the shape of a mass

balanced curve where complete mixing was assumed. Management

practices for the coarse pumice soils of central Oregon should reflect

these soil chemical and physical properties.
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APPENDIX I

SAMPLE SITE DESCRIPTIONS

Red Hill: Site 65

Sampled by M. E. Harward, W. H. Doak and J. Norgren. This site is
located in W 1/2, sec. 35, R. 13E., T. 21S. just east of Newberry
Crater on a 5% east facing slope; approximately 1.5 miles north of
Newberry-China Hat Road on F. S. road 1942. A well drained soil on
Newberry Crater pumice.

Sample Horizon

No
Depth
(cm) Name Depth

(cm) Texture

Al 0-5 Coarse sand

1 5-13 AC 5-23 Gravelly coarse sand
2 13-23

3 23-33 C11 23-53 Gravelly coarse sand;
4 33-43 40% pumice gravel
5 43-53 > 4 mm

6 53-64 C12 53-114 Gravelly coarse sand;
7 64-74 50% pumice gravel
8 74-84 > 4 mm
9 84-94

10 94-104
11 104-114

IIBb 114+ Loamy sand
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Huckleberry Spring: Site 62

Sampled by W. H. Doak, M. E. Harward, D. P. Rai, G. A. Borchardt
and N. Christensen. Located in an open stand of ponderosa pine in the
Winema National Forest NE 1/4, sec. 36, R. 9E, T. 27S. Slope is
SW 2-3%, well drained soil from Mazama pumice over buried soil.

Sample Horizon

No.
Depth
(cm) Name Depth

(cm) Texture

Al 0-5 Sandy loam

1 5-10 AC 5-10 Loamy coarse sand

2 10-20 Cl 10-74 Gravelly coarse sand;
3 20-30 40% pumice gravel
4 30-41 > 8 mm
5 41-51
6 51-61
7 61-71

8 76-81 C2 74-224 Gravelly coarse sand;
9 81-91 40% pumice gravel

10 91-102 > 4 mm
11 102-112
12 112-122
13 122-132
14 132-142
15 142-152
16 152-163
17 163-173
18 173-183
19 183-193
20 193-203
21 203-213
22 213-223

IIBb 224-241+ Fine sandy loam
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RED HILL AND HUCKLEBERRY SPRING POROSIMETRY DATA (after Doak, 1969)

Mean Volume
Sample Mean Median Volume Mean Median Volume

diameter
no. (p) (1) (ml/gm)

30-0. 2
(p) (p) ( ml/ gm)

(mm) ( %)

Volume
30 -0.2

(off)

x= 1
x= 2
x= 3
x= 4
x= 5
x= 6
x= 7
x= 8
x= 9
x=10
x=13
).c=16

x=19
x=22

Huckleberry Spring Site, 62-X

C (8-4 mm) D (4-2 mm)

0.376 5.66 2.95 0.91 96.0 13.80 3.03 0.67 86.1
1.470 10.61 7.93 1.53 95.0 9. 75 4. 78 1. 36 92. 9

1.548 7.69 2.99 0.91 92.2 8.68 3.99 1.03 94.3
1.646 7.89 5.98 1.21 94.7 9.25 5.28 1.08 92.2
1. 158 7.41 6.86 1.45 90.3 8.59 4.91 1.06 92.9
1.027 7.74 6.31 1.94 92.2 12, 12 7.81 1.25 90.9
1.201 10.37 7. 15 1. 32 93.4 8.38 4. 72 1.06 93. 8

0.519 8.46 6.55 1.23 94.5 10.68 6.52 1.05 92. 3

0. 565 10. 56 7. 73 1.26 94.7 9.50 6. 11 1. 15 91.9
O. 581 7. 74 5.44 1.65 93.2 9.65 4.25 1. 09 89. 8

0.458 14. 36 8.74 1.20 86.8 15.28 8. 29 1. 18 87. 5

0.309 10.78 7.42 1.40 92.1 13.08 6.21 0.99 87.3
O. 528 13.96 9. 15 1.50 89.7 12. 19 5, 96 1, 25 88.9

0.284 7.74 5.92 1.22 90.9 12.72 8.87 1. 15 89. 1

(Continued on next page)



Appendix II. ( continue d)

Sample
no.

Mean
diameter

(mm)

Mean Median Volume
(p) (p)

Volume
30 -0.2

(%)

Mean

(ILO

Median Volume
91) (mg/gm)

Volume
30-0. 2

( % )

Huckleberry Spring Site, 62-X (continued)

E(2 -1 mm) F (1 -0.5 mm)

x= 1 0. 376 11, 14 7. 16 0. 89 91. 8 18. 29 6. 24 1,02 84. 0
x= 2 1.470 13, 01 6. 77 1.20 91. 3 21. 08 9. 72 1.40 83. 6
x= 3 1. 548 11.07 6. 31 1. 02 91. 5 19. 82 7. 75 1.21 84. 5
x 4 1. 646 11. 02 5.42 0. 84 90. 2 21.97 6.96 1, 09 82. 5
x= 5 1, 158 10, 07 5.26 0.99 92. 2 15. 38 4.37 0.90 86. 1
x= 6 1.027 10.47 4. 78 0.91 89. 5 15. 34 3. 54 0. 78 84. 2
)-c----, 7 1.201 11. 72 4. 85 0. 85 90. 0 17. 13 4.29 0. 74 82. 3
x= 8 O. 519 12.54 4.95 0. 85 87. 8 15.65 4.45 0.77 84.9
x= 9 O. 565 11, 47 4.60 0.95 87.4 20.20 2. 82 0. 73 80. 8
x=10 0.581 11.97 3.94 0.62 83. 8 20.00 3.38 0. 63 77.4
x=13 0.458 15.28 6. 88 0.95 85. 7 20. 88 6.40 0. 76 76. 7
x=16 0. 309 15, 73 5.62 0.67 83.2 22.42 7. 30 0. 87 78. 2
x=19 0.528 14.73 5.51 1.01 84.6 21. 19 6.01 0. 76 77. 0
x=--22 0.284 21.30 11.54 1.06 82. 8 19.27 7.31 0. 76 80. 0

(Continued on next page)
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Sample
no.

Mean
diameter
(mm)

Mean Median Volume

()I) 01) (mg/gm)

Volume
30-0,2

(%)

Mean Median Volume

(}1) (mg/gm)

Volume
30-0.2

( %)

x= 1
x= 3
x= 5
x= 7
x= 9
x=11

x= 1
x= 3
x= 5
x= 7
x= 9
x=11

Red Hill Site,

C ( 8-4 mm)

65-X

D ( 4-2 mm)

1.078 14.86 3.96 0.65 88.7 9.97 5.59 0.64 88.4

1.579 10.41 5.38 0.83 88.5 10.26 4.25 0.57 80.7

1.249 13,69 3.74 0.62 81.7 11.27 5.21 0.81 83.4

1.805 13.46 7.72 0.84 85,1 11.02 5.59 0.72 85.5

2.046 11.78 6.08 0.94 85.6 11.46 S. 19 0.75 84.7

2.696 8.91 3.05 0.84 85.7 12.73 6.18 0.96 84.4

E (2-1 mm) F ( 1-0.5 mm)

1.078 17.09 3.18 0.42 85.5 23.35 3.51 0.35 76.2

1.579 11,30 5.69 0.52 81.5 24.11 8.03 0.53 71.9

1.249 13.94 4.55 0.60 82.5 26.27 6.46 0.51 70.8

1.805 17.20 5.90 0.62 76.9 25.15 7.23 0.58 71.0

2.046 12.93 6.18 0.63 80.6 26.95 8.09 0.61 70.9

2.696 17.24 6.49 0.82 79.7 25.26 8.14 0.68 71.5
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APPENDIX III

MISCIBLE DISPLACEMENT CURVES
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Figure Al. Miscible displacement curves for three size classes of Mazama pumice (62-1).
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Figure A2. Miscible displacement curves for three size classes of Mazama pumice (62-2).
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Figure A3. Miscible displacement curves for three size classes of Mazama pumice (62-3).
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Figure A4. Miscible displacement curves for three size classes of Mazama pumice (62-6).
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Figure A5, Miscible displacement curves for three size classes of Mazama pumice (62-7).
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Figure A6. Miscible displacement curves for three size classes of Mazama pumice (62-16).
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Figure A7. Miscible displacement curves for three size classes of Newberry pumice (65-1).
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Figure A8. Miscible displacement curves for three size classes of Newberry pumice (65-3).
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Figure A9. Miscible displacement curves for three size classes of Newberry pumice (65-5).
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APPENDIX IV

MASS BALANCE CALCULATION OF SOLUTE REMOVAL
ASSUMING COMPLETE MIXING

Rate of change of solute Rate of input Rate of output
mass in given volume of solute of solute

d(V C)
w

dt
M - QC

V = volumetric liquid capacity of column (ml)
w

C = concentration of solute in column (meq/ml)

t = time that solute removal has been going on (hr)

M = solute input rate (meq/hr)

Q = liquid flow rate through column (ml/hr)

C
0

= maximum solute concentration (meq /ml)

Since V is constant, the equation can be reduced to
w

dC QC
dt V V

w w

Solving the differential equation,

C=M - Ae-(Q/V )t

C =
COQ

- A e-(Q/ V )t

C = C - A e-(Q/Vw)t
0

if at t = 0, C = 0 then the above equation can be solved for the value

of the constant of integration A:



and therefore

and

A = CO

C = C - C e-(Q/Vw)t
0 0

C /C = 1 e (Q/Vw)t
0

104

Since the volume of fluid passing through the column (V) is the product

of the flow rate (Q) times the time (t), V = Qt:

(V /Vw)
C /CO = 1 - e

Solving the above equation for values of C /Co for increasing volume of

V/Vw:

V/Vw C /CO

0.00 0.00
0.10 0.10
0.20 0.19
0.30 0.26
0.40 0.33
0.50 0.40
0.60 0.45
0.70 0.51
0.80 0.55
0.90 0.60
1.00 0.63
1.10 0.67
1.20 0.70
1.30 0.73
1.40 0.75
1.50 0.78
1.75 0.83
2.00 0.87
2.50 0.92
3.00 0.96


