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This study was designed to accomplish three objectives:

to describe the thermal properties of a Lapine soil,

a benchmark series developed on Mazama pumice,

to describe the unsaturated moisture flow within the

Lapine soil profile, and

to determine the availability of moisture stored within

the Lapine soil profile for plant growth.

A field study was established to evaluate temperatures and

moisture contents within the Lapine profile during the 1964 growing

season. Laboratory studies were carried out to physically charac-

terize the soil material. Soil moisture availability measurements

obtained in a greenhouse study were compared with information

obtained in the field and laboratory studies.
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Heat conductivities determined in the laboratory by the probe

method for the Lapine soil horizons ranged from very low values of

1. 8x 1O to 1. 3x cal sec' cm' C' depending on the bulk

density and moisture content. Calculated heat capacities by volume

were also low for the entire range of moisture contents because of

the low bulk densities (0. 44 to 0.76 gm cm3). The very low heat

conductivities and low heat capacities by volume gave heat diffusivity

values of 1. Zx lO to 4. Ox lO cm2 sec over the entire moisture

content range. For the range of moisture contents in the field, heat

diffusivities varied from 1.5 x10 to 2.5xlO cm sec within

the soil profile.

Because of their low heat capacities and very low heat conduc-

tivities pumice soils lack the ability to store as much heat as more

dense mineral soils and they cannot as readily exchange this heat

with the air. This contributes to the high probability of frost in areas

of Central Oregon where these soils occur.

Unsaturated moisture flow experiments with horizontal flow

columns indicated that while the wetting front advanced at a rate

proportional to the square root of time, evaluation of moisture dif-

fusivities with this method resulted in values that were too high to

realistically describe unsaturated flow rates in pumice materials.

This was attributed to gradual decrease in slope of the moisture

content curves behind the wetting front rather than the sudden slope



change that occurs for most soil materials. Comparisons of the total

quantities of water absorbed in a given time period and the rate of

advance of the wetting front between the pumice materials and Chehalis

loam indicated that the pumice materials, particularly the C1 horizon,

have slower unsaturated flow rates. Flow rates in pumice material

apparently were controlled primarily by particle to particle contact.

Close agreement was obtained between soil moisture contents

at which Monterey pine seedlings wilted in the greenhouse and soil

moisture contents after equilibirum attainment under 15 bars suction

in a pressure plate apparatus. This indicated that roots could re-

move moisture from the pumice soil materials if they could permeate

the soil. Moisture contents in the C1 and C2 horizons were not re-

duced to the point of wilting in the field. This was attributed to slow

unsaturated flow rates, the unfavorable medium for root growth, and

the limited contact between particles and roots resulting in a contact

impedance which reduced moisture flow to the roots.
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HEAT AND MOISTURE TRANSFER IN A PUMICE SOIL

INTRODUCTION

Soil Parent Material Origin

The dacite pumice showers and glowing avalanches which

occurred approximately 6, 640 years ago (Tidball, 1965) with the

Mt. Mazama eruption resulted in extensive deposits of this material

mainly to the north and east of what is now Crater Lake. Today the

land surface for as-much as 100 miles north and east of this lake is

covered with plainly visible pumice deposits ranging in depth from a

few inches to 15 feet (Dyrness, 1960). The deposits over much of the

area consist of two discreet layers. The layer immediately above

the buried soil contains sand-size particles while in the upper layers

the pumice fragments are much coarser (Dyrness, 1960). Williams

(1942) attributed the change in size to an increase in violence of the

eruption prior to its termination. Most soils developed on the pum-

ice material are regosols with very little profile development

(Youngberg and Dyrness, 1964). A benchmark series developed on

Mazama pumice is the Lapine series.

Physical Properties

Several workers have conducted investigations dealing with

pumice soils in Oregon and in other parts of the world. Several



unique physical and chemical properties have been reported. Both

Packard (1957) in New Zealand and Youngberg and Dyrness (1964) re-

ported low bulk densities (0.5 to 0.9 gmcm3) and high porosities (68

to 85 percent). Packard (1957), Dyrness (1960) and Will (1965) all

measured high moisture storage capacities. Much of the moisture

retained in pumice material is released at suctioi values less than 15

bars. Packard (1957), Dyrness (1960) and Youngberg and Dyrness

(1964) have commented on the large proportion of the moisture which

is retained below 0.3 bars suction,. Dyrness (1960) suggestedthat either

an auxiliary or an actual field capacity exists for the Lapine soils at

a suction value less than 0. lbar. This is considerably below the usu-

ally accepted suction value of 0.3orO.5 bar. Packard(1957), Dyrness

(1960) and Youngberg and Dyrness (1964) observed extremely slow

rates of moisture outflow from samples placed on pressure plates. The

time to attain equilibrium ranged from 120 hours to 2 weeks. The more

gravel-sized particles contained in the sample the longer the time

necessary to reach equilibrium. Packard (1957) found very little

moisture depletion in the coarse horizons of the pumice soils he in-

vestigated and he commented on the near absence of roots in these

horizons. Dyrness (1960) observed the same phenomenon in the

Lapine soils. Youngberg and Dyrness (1964) reported that the native

vegetation of ponderosa pine [Pinusponderosaj andassociated under-

story vegetation does remove water from some pumice soil profiles

2
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down to and below the moisture content corresponding to a suction of

15 bars.

Root Distribution

Root distribution in pumice soils is quite unique and has been

discussed by Dyrness and Youngberg (1958) for the Lapine soils and

by Will (1965) for Taupo pumice soils in New Zealand. Will (1965)

stated that where bands of pumice gravel exceeded l8to 24 inches in

depth, only a small proportion of those roots that enteredthis layer

penetrated through it. Most of the roots that enteredthe coarse layer

became twisted and deformed in their effort to force their way be-

tween the particles. Those roots that did get through into lower lay-

ers developed extensive root systems particularly in the buried top

soils. Thisresultedinlayers of fine feeding roots separatedby coarse

pumice material in which root development was lagrely restricted to a

few vertical roots. This situation is identical to the two layered root

system in the Lapine soils described by Dyrness and Youngberg

(1958) where rooting concentrations wereconfinedtothe A1, AC and

D horizons. Hermann 1 found a. marked increase in the growth

of lodgepole pine as soon as the pine roots penetrated into the D

horizon.

1 Personal communication, R. K. E-Iermann, Forest Research Lab-
oratory, Oregon State University.



Problem Statement

As stated by Youngberg and Dyrness (1964) an understanding

of moisture movement and availability are essential for proper inter-

pretation of soil-plant relations on these soils. Water and heat trans-

fer are important aspects of the physical environment in which root

growth takes place. The study reported in this thesis was undertaken

to quantitatively define these parameters.

The study was designed to accomplish the following three

objectives:

to describe the thermal properties of a Lapine
soil,

to describe unsaturated moisture flow within
the Lapine soil profile, and

to determine the availability of moisture stored
within the Lapine soil profile for plant growth.

4



THE LAPINE SOIL PROFILE

Description

The Lapine soils are regosolic (Dyrness 1960, P. 15) and

are found on a gently to steeply sloping topography. The main fea-

tures of the profile include a dark grayish brown (1OYR 3/2 moist)

loamy coarse sand or coarse sandy loam A1 horizon, approximate-

ly 2 inches thick, a yellowish brown (1OYR 5/6 moist) gravelly loamy

coarse sand AC horizon, 8 to 14 inches thicc; a. light yellowish

brown (1OYR 6/4 moist) medium and coarse pumice gravel C1 hbri-

zon, 8 to 16 inches thick; and a light gray (1OYR 7/2 moist) coarse

pumice sand and fine pumice gravel C2 horizon, about 12 to 36

inches thick, underlain by the buried soil. The horizon nomenclature

of Dyrness (1960) is used throughout this thesis.

Vegetative Cover

According to Dyrness (1960, p. 13) plant distribution and

species composition are apparently largely dependent on the micro-

climate. The overstory species is primarily lodgepole pine on the

pumice flats and ponderosa pine in areas with sloping topography.

The grass and forb cover is extremely sparse and the number of

species is correspondingly small. Dyrness (1960) has described the

Pinus ponderosa/Purshia tridentata and the Pinus ponderosa/

Ceanothus velutinus associations as the ones primarily found on the

5



Lapine soils.

Land Use

The primary land use at present is ponderosa pine timber

production with sheep and cattle grazing in some areas. The cattle

obtain most of their feed from vegetation found on associated soils

such as the Shanahan and Wickiup.

6



LITERATURE REVIEW

Water Movement

Water in small pores is under suction whereas water in the

larger pores is free to move and will drain out under the influence

of gravity. Saturated flow of water takes place when all the pores

are filled with water. When the soil is not saturated, movement of

water still takes place but the quantity of flow is smaller because the

large pores no longer contribute to the flow.

According to Boersma (1962) soil as a porous body may be

thought of as a system of irregular tubes. Water flowing in soils

follows a very irregular path around the soil particles and through

the irregular passages left open between them. It will be assumed

however, that this flow follows the same physical laws as the flow in

tubes. The effects of viscosity cause flow through tubular passages

to occur under two very different conditions: that of "laminar flow"

and that of "turbulent flow". In laminar flow the fluid particles move

in parallel layers or lamina slidiig over particles in adjacent laminae

but not mixing with these. "Turbulent flow" occurs at higher veloci-

ties where there is an intermingling of fluid particles. The flow of

water in soils is usually slow and occurs only as laminar flow.

If flow through a porous body such as a soil is to occur, a

7
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driving force is required to overcome the resistance to flow. There-

fore, flow occurs between two points only when a pressure difference

between these two points exists. In the case of saturated flow a posi-

tive pressure exists, usually due to the force of gravity. In the case

of unsaturated flow a negative pressure or suction exists due to a

difference in suction.

Laminar flow through a saturated porous medium may be

described by Darcy's law

q= K'A
-

+ pgz], (1)
Il2

where q is the flow rate, cm3 min; A is the cross-sectional

area, cm2; is the viscosity of the fluid, dyne mm cm2;

is the length, cm; K' is the permeability, cm2; ab
is the pressure difference, dynes cm2; and pgz is the gravi-

tational effect, dynes cm2, present when the flow i downward

(Bayer, 1959; Collins, 1961). Equation (1) can be modified to

v = --
a - Pb)+ pgzl, (2)

where v is the volume flux per unit crosssectional area, cm mint

and K is the hydraulic conductivity expressed as volume flux of

water per unit per crosssectional area per unit pressure gradient.

For unsaturated flow in a porous medium many researchers



have used the following equation

V = (3)

where K(s) is the capillary or unsaturated hydraulic conductivity

expressed as flux of water per unit potential gradient, and is a func-

tion of moisture content 0; is the total potential, and z is the

distance (Ashcroft, 1962). In the application of this equation condi-

tions are usually defined so that only the gravimetric potential, gz,

and the capillary potential, 4i, are considered. The capillary po-

tential may be defined as the work per unit mass necessaryto move the

water from the soil to a free water surface. The capillary potential

may be expressed in terms of the length of the water column, z,

which the suction in the soil would be able to support. In the applica-

tion of this equation, differences in pressure, temperature, and

solute content are either eliminated or ignored.

Childs and Collis-George (1950) and Klute (1952) combined

capillary conductivity with the slope of the moisture suction curve to

obtain a diffusion coefficient D(8) such that

D(8) = K(0) (4)

where 0 is the moisture content of the soil by volume.

9

The parameter D(0), moisture diffusivity, cm2 mm', has
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been defined by Ashcroft (1962) as a function relating volume flux to

the driving force when the latter is expressed in the form of a mois-

ture concentration gradient. Considering equation (3) for horizontal

flow, so that the gravitational potential is eliminated and = 4i

(5)
ax - ax - ae ax

where qi is the capillary potential and 8 is the moisture content

expressed in a volume basis.

Combining equations (3), (4), and (5) gives

v (6)

Diffusivity, D(0), differs from capillary conductivity in that capil-

lary conductivity relates volume flux, v, to a driving force cx-

pressed as a potential gradient rather than a moisture concentration

gradient (Ashcroft, 1962).

The combination of equations (4),(5)andthe equation of continu-

ity,

ae av
at - ax'

yields the following equation for one-dimensional horizontal flow:

ae a r
at - ax Lt)(0)ax
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Equations (3) and (6) apply to steady state conditions, that is, con-

ditions where neither moisture content nor moisture potential are

changing with time. Equation(8)is applicable to transient flow.

It should be noted that the validity of equation (8) depends upon

the validity of Darcy's law. Its usefullness will be further discussed

under experimental methods.

Soil Temperature

Several hundred papers (Hagan, 1952) have been published on

the importance of soil temperature to agriculture and plant growth.

Soil temperature is one of the primary controls of growth and geo-

graphical distribution of plants (Carson, 1961). Soil temperature is

also important in the determination of rate of growth, multiplication,

and activity of soil microorganisms, plant establishment and develop-

ment, and the physical and chemical processes in the soil (Carson,

1961).

Soil temperatures are determined by soil heat input, heat

conductivity and specific heat of the various soil horizons. Because

water so markedly influences these physical parameters, soil mois-

ture content plays a large role in influencing these factors.

Carson (l96l) stated that five heat transfer mechanisms are

operating in the soil. They are molecular conduction, movement of

liquid water within or into the soil, vapor distillation in a warm soil
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region with condensation in a cooler soil region, movement of air,

and radiative transfer from one particle to another. Carson points

out that the last two mechanisms are very small and negligible.

The fundamental equa.tion which would in one dimension de-

scribe the temperature field in a soil, if all heat transport were by

conduction, is the Fourier heat conduction equation:

aT2'

2az
change of the temperature gradient, z is distance, and is

the thermometric conductivity or heat diffusivity, cm2 sec - 1

Dh (10)

where X is the heat conductivity, cal cm sec 1C1 cm',

and C is the heat capacity by volume of the soil, cal cm 3C
l

The derivation of equation (10) may be found in Bayer (1959, pp.

371-373) and in Carson (1961, pp. 28-29).

Philip and De Vries (1957) and De Vries (1958) have described

the possible processes which lead to a variation in equation (10) and

hence equation (9) under conditions where water movement in both the

liquid and the vapor phase is taking place. They introduced a thermal

2 -1 -1liquid diffusivity, DT liq (cm sec C ), to account for changes

where T is temperature, t is time,

(9)

is the rate of
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with temperature in the potential, 4,, in equation (3). Liquid flow

in three dimension is then described by:

vT-D ve-KT liq (0) liq (0)

where K(e) is the capillary conductivity, i is a unit vector in

the positive z direction. Equation (11) shows that liquid water in

a porous medium flows in response to temperature and moisture

gradients. Since both the liquid and vapor fluxes are in a response

to gradients of both temperature and moisture, Philip and De Vries

(1957) introduced expressions for DT and D(0) as follows:

D = D +D
T Tliq Tvap

and

D(0) = D(0) liq + D(0) yap'

where DT is the thermal moisture diffusivity and 90) is the

isothermal moisture diffusivity. These terms introduced in equation

(12) yield

v =DTvT - D(0)V0 K(0)i (14)

The general differential equation describing moisture movement in

porous materials can be obtained by differentiating equation (14) and



using the principle of continuity:

= v (D,,V + v (D(e)VO) + (15)

While equation (15) shows the influence of temperature gradi-

ents on moisture movement it must be remembered that movements

of liquid and vapor also influence temperature through transfer of

heat. The transfer of latent heat by distillation may also be impor-

tant under some conditions. Philip and De Vries (1957) pointed out that

this produces an apparent increase of thermal conductivity by an

amount X given byyap

X LD uhdp,yap atm 0
(16)

-1
where L is the heat of vaporization, cal gm , D is theatm

molecular diffusion coefficient of water vapor in air, cm2 sec 1

u is a unitless 'mass-flow factor' introduced to allow for the mass

flow of vapor arising from the difference in boundary conditions

governing the air and vapor components of a diffusion system, h is

the relative humidity and p0 is the density of saturated water

-3vapor, gm cm

De Vries (1958) extended this approach and presented an

equation of the following form:

14
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(qi - T-) liq-L + aT atp yap
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0C +L(S-0. )hliq aT

where C is the volumetric heat capacity of the porous medium,
V

j is the mechanical equivalent of heat, and S is the porosity.

In this treatment De Vries assumed that all processes of heat trans-

fer take place uniformly throughout the porous medium and the sources

and sinks of heat are uniformly distributed as well. He points out,

however, that vapor transfer takes place only in irfil1ed pores,

liquid movement takes place only in the water-filled pore space, while

evaporation and condensation take place only at water-air interfaces.

Thus the factors listed in equation (17) may not necessarily be

additive.

15
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A comparison of equation (17) with equation (9) reveals the

added complexities of heat transport resulting from water movement

within the soil. The influence of the heat of vaporization and change

in water vapor density with temperature change are explicitly ex-

pressed in the denominator on the right hand side. The numerator

of the first term on the right hand side expresses the influence of

heat of vaporization and movement of vapor in response to tempera-

ture and moisture concentration gradients. The numerator of the

second term expresses the influence of sensible heat transfer of

vapor as it moves through soil regions of varying temperature. De

Vries pointed out that there is only a very small amount of heat trans-

ferred in this manner and that this term can probably be ignored.

The numerator of the third term expresses the influence of sensible

heat transfer of liquid water as it moves through soil regions of vary-

ing temperatures. The numerator of the fourth term on the right

hand side includes the heat of distillation, the heat of vaporization,

and the heat produced from work performed by the water moving

under the influence of potential gradients. The last quantity is prob-

ably quite small.

It is apparent then that within the soil, heat diffusivity, Dh

is a function not only of the heat conductivity of the soil material and

water and the heat capacity by volume but also a function of water

movement in both the liquid and vapor forms and the heat of
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evaporation or condensation.

The effect of factors other than heat conductivity and specific

heat on actual heat dilfusivity values will be examined later in the

results and the discussion sections of the thesis.

Soil Water Availability

Gardner (1960) has pointed out that water availability involves

both the ability of a plant to absorb water with which it is in contact,

and the readiness with which water moves in to replace that used by

the plant. In the case of passive water absorption, water moves from

regions of high to regions of low potential energy as it moves through

the soil, into the plant root, and through the plant root to the meso-

phyll cells of the leaves. In the stomatal cavities of the leaves where

evaporation is taking place, an amount of energy equal to the heat of

vaporization must be supplied through solar radiation, convection

through the atmosphere, and conduction through the plant. Move-

ment of vapor out of the stomata depends upon the vapor pressure

gradient between the stomatal cavities and the atmosphere.

Jamison (1956) stated that the supply of available moisture is

the total quantity that the plants can extract from the soil profile in

the plant growth and maturing processes. There are numerous soil,

plant, and climatic factors that affect the available moisture supply.

Any factors which affect the soil water potential or the unsaturated



flow rates will influence the amount of water available as will soil

depth and stratification. Any factors which affect the condition of

the plant influence the amount of water the plant will absorb. The

plant's rooting habits and its drought resistance also affect the

amount of moisture it may be able to extract from the soil. The

climatic factors of air temperature, air humidity, wind speeds,

CO2 concentrations, and light intensities also influence the amount

of water a plant transpires.

This thesis is concerned primarily with the soil factors which

affect water availability. Gardner (1960) introduced the following

equation to describe the flow of water to a plant root in an infinite

two-dimensional medium

aeL (rD(8)), (18)
- r

where r is the radial distance from the root. The suction re-

quired at the boundary between the plant root and the soil necessary

to maintain a constant rate of water movement to the plant can be

examined if the water content e is assumed to be uniform through-

out the entire medium and to correspond to a suction value

Gardner (1960) started withthe initial and boundary conditions

of

18
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27raK(0) = 2iraD(8) ( ) = Q r = a (19)

where a is the radius of the root; K(0), the capillary or unsatu-

rated hydraulic conductivity of the soil; and Q, the rate of water

uptake by the root as volume of water per unit length of root per unit

time. He then developedthe equation of the form

4ir

w -
:r +1pS

where w is the volume of water taken up per unit time per unit

volume of soil, 6 is the suction, water potential, or diffusion

pressure deficit in the plant roots, i is the matric suction in the

(6-i)

in4D(0)t
2r

where r = 0. 57722.. . . is Eulers' constant and the root is con-

sidered as a line sink of strength Q per unit length. Equation (21)

shows the relationship of the rate of uptake, Q; the root boundary

suction, 4i
-

qi0; the moisture diffusivity, D(0); and the unsaturated

or capillary conductivity, K(8).

Another approach was talcen by Gardner and Ehlig (1962), and

by Gardner (1964) who presentedthe following equation:

-r

(21)

19
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soil, I is the impedance to water movement in the plant roots and

is the impedance to water movement in the soil. I was taken

to be inversely proportional to the unsaturated conductivity of the soil

and the density of the root system.

1

BKL'

where B is a constant, K is the unsaturated conductivity of the

soil, and L is the length of roots in a unit volume of soil.

Two factors of probable importance not suggested by the

preceding equations are root extension into moist soil and the forma-

tion of a vapor gap around roots of plants transpiring at high rates.

Kramer and Coile (1940) have suggested that root extension into moist

soils plays an important role in the uptake of water byplants but pointed

out that at higher su.ctIons root extension is proportionally less than at

lower suctions In the consideration of vapor gaps Gardner (1960)

estimated that throughout the plant growth range of soil moisture ten-

sions, vapor movement would be so small that it would be of negligible

importance in the soils he worked with.

In terms of suction limits the available moisture range is

usually considered to be from approximately 0. 3 to 15 bars. The

first limit is defined by a narrow range of moisture content on the

drainage vs. time curve of a soil where the soil matrix holds water

against the force of gravity (Jamison, 1956), the second limit

(22)
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15 bars ) is that moisture content, e, where extremely slow

moisture movement to the roots and extremely slow root extension

into more moist soils causes the plant to permanently wilt (Gardner,

1960). Jamison (1956) stressed that these limits are only averages

and that different soils and plant combinations may have available

moisture ranges much greater or lower than the commonly accepted

value of 0.3 to 15 bars.



METHODS OF STUDY

A field study was established at a location described below

to evaluate soil moisture depletion during the growing season and

to measure temperatures at various depths within the soil profile.

Bulk density samples were taken at this location and all soil mater-

ials used in the laboratory study were taken from the general

area.

Laboratory studies were carried out to determine particle

densities, unsaturated flow rates and heat conductivities. Pressure

plate studies were conducted to determine the moisture retention

properties and pore-size distributions. Heat diffusivities calculated

from laboratory data were compared with heat diffusivities calcu-

lated from the field temperature profile data.

A greenhouse study was utilized in determining soil moisture

availability and the information was compared with similar informa-

tion collected during the field study and with information obtained in

the pressure plate studies.

The Field Study

Description of the area. The location chosen for the field

study is on the Antelope Unit of Weyerhaeuser Company's Kiamath

22
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Falls tree farm in the northeast quarter of Section thirteen (13),

Township twenty-eight (28) south, Range ten (10) east, Kiamath

County, Oregon. The elevation of the area is approximately 5, 200

feet, which is at the upper end of the altitudinal limits for the ponder-

osa pine/bitterbrush vegetation association occurring over the area.

The approximate soil horizon thicknesses are A1, 2 inches; AC,

8. 5 inches; C1, 10.5 inches; 3nd C2, 24 inches. The area has a

south aspect with a slope of approximately six percent.

The area was chosen because the soil horizon boundaries are

quite definite and there is very little mixing within the soil profile.

A bitterbrush understory vegetation was desired because this type of

vegetation leaves large open spaces of up to 300 square feet in size

where the litter cover is very light to non-existant, thus insuring

maximum soil surface temperatures. The area is covered by an

overstory of old growth ponderosa pine, 250 years and older

with a basal area of 77.8 ft2 acre' and an approximate spacing of

7 1 feet. This combination provided a minimum of surface shading

with a maximum of rooting distribution. The area is also being used

by Mr. James Dick, forest regeneration specialist, Weyerhaeuser

Company, as a regeneration study area.

Soil temperature measurement. To obtain a record of soil

temperatures at various depths, a data logging system designed by
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G. D. Jarman and Dr. L. Boersma of the Soils Department, Oregon

State University, was used. In this system thermitors with a resist-

ance of 3000 ohms at 25 C are utilized as temperature sensors. The

thermistor-measuring circuit utilizes a simple series ohmmeter which

is supplied with current by two mercury cells in series A six level,

26 point stepping switch with a six volt coil was used to select individ-

ual sensors and route them through the proper ohmmeter circuit. The

switch is advanced at five minute intervals by a chronometrically gov-

erned direct current motor, cam and microswitch assembly. The re-

corderconsistsofa200 microampere dTArsonvalmetertoindicateCurreflt

in the ohmmeter circuit powered by a six volt direct current motor.

To place the thermistors within the soil profile, a pit approxi-

mately 3x5feet wide and 4. 5 feet deep was excavated within a selected

opening in the bitterbrush of approximately 200 square feet in sie. The

pumice soil material was carefully excavated layer by layer and placed

separately on sheets of polyethylene. The thermistors were inserted

into the side of the soil pit approximately 1. 5 inches in from the face.

Care was taken to see that the thermistors were in good contact with

the soil material. The depth of each thermistor from the surface was

then measured and the pit was refilled using the material taken from

each horizon. Thirty-three thermistors were placed in the soil

in stacks of 11 thermistors each. Figure 1 shows a diagram

of the thermistor placement. The temperature of each thermistor
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was recorded for an interval of five minutes every two hours and ten

minutes.

The recording unit was placed in a shelter 4 x 3 x 3 feet in

size, placed sixinches off the ground, ten feet away from the nearest

edge of the pit. All lead-ins were buried at a depth of four to six

inches from the pit to the shelter.

Soil moisture measurement. Soil moisture changes through-

out the growing season were monitored with gypsum block current

measurements and periodic gravimetric sampling. The position of

the gypsum blocks is shown in Figure 1. The data logging system

described earlier containeda gypsum block ohmmeter circuit consist-

ing of a transistor, a stable multivibrator and buffer amplifier. A

rectangular wave train was passed through the moisture block and a

full bridge rectifier and the d.c. current was then measured. Power

supplytothe ohmmeter was stabilized by a zonar diode. The gravi-

metric samples of each horizon were taken at three to five locations

in the area surrounding the soil pit at approximately two week inter-

vals.

To obtain information about the relative distribution of the

soil water among the various size fractions of pumice soil material,

additional whole soil samples of the AC, C1 and C horizons were

separated in the field into size fractions outlined in Table 1.



Table 1. Size fractions of the pumice soil material separated in
the field for gravimetric moisture determination.

Horizon Grade Size (mm)

AC

Cl

C2

27

>18 <18-> 12 < l2->8 <8.>3 <3-> 1.5 <1.5

> 18 <18-> 12 < 12-.>8 <8-> 3 <3-> 1.5 <1. 5

<8 <8->3 <3->l.5 <1.5

Sampling for this was done in connection with the sampling of whole

soil material of all horizons. The screening was performed in the

shade as rapidly as possible to prevent evaporation. All soil samples

were placed in cans and the lids were immediately taped shut. The

- samples were returned to the laboratory, weighed, and dried for at

least 48 hours at 1051G.

The Laboratory Study

Particle density. A standard pycnometer analysis was used

for the particle density determinations.

Mechanical analysis. The standard pipette method with

modifications listed in the results and discussion section was used

for the percentages of sand, silt, and clay in the < 2 mm size frac-

tions of the Lapine soil horizons..



Moisture release curves. Moisture release curves were

determined with pressure plate and pressure membrane apparatus.

Unsaturated flow rates. Unsaturated flow rates in pumice

soils were evaluated with unsaturated flow experiments.

For the unsaturated flow experiments Darcyts law and hence

equation (8) are assumed to be valid. By applying the BoItmann

transformation

XB = xt2 (23)

to equation (8) the equation
e

D(8) = - d0
(24)

results where D(8) is moisture diffusivity, cm2 mm'; t is the

time in minutes; x is the horizontal distance in centimeters; 0

is the volumetric moisture content at a distance x along the flow

column, and 0. is the initial moisture content. Rawlins (1961,
1

pp. 7-14) shows the mathematical details of this transformation.

By applying the boundary conditions

0=0. x>O t=O
1

0=8 xO t>O
0

28
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to a horizontal semi-infinite soil column which is initially at a uni-

form water content O, with one end maintained at some higher

water content, 0, after time 0, equation (24) can be solved.

The experimental procedure used is as follows:

A semi-infinite column as shown in Figure 2 was con-

structed using a series of lucite rings. The flow column was

attached to a water source chamber from which water could flow

into the soil column through a porous plate.

The flow column was uniformly packed with the soil

material and attached to the water source while holding it in an

upright position.

The water source chamber was connected to a mariotte

bottle to maintain a constant head once water flow was initiated.

Water was allowed to enter the water chamber while the

water source chamber and the column were kept in an upright posi-

tion.

The water column was kept upright until the flow of water

rising in the chamber came into contact with the porous plate. At

this instant the column was turned 900 to a horizontal position and

the time was recorded.

(6) The experiment was continued until the wetting front had

29
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reached a point previously decicTed upon between two of the lucite

rings.

The flow column was then detached from the water source

and the time of detachment was noted.

The lucite rings containing soil sections were separated

with a flat spatula-like device, big enough to cover the entire ring.

The soil from each ring was placed in a soil moisture can

for moisture content and bulk density determinations. Steps 7, 8 and

9 were completed in less than one minute.

The soil material was weighed and placed in an oven at

10C for at least 48 hours.

The bulk density for the entire column, and the moisture

content by weight for each core section were then determined.

The moisture content by volume, 0, for each core

section was then calculated.

A graph of volumetric moisture content, 0, vs. dis-

tance from the porous plate, x, was constructed.

The graph was then used to solve equation (24) for each

experimental run.

The procedure used in calculating D(0) can be explained

31
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by referring to Figure 3, an inflitration curve obtained in one of the

experimental runs. Each plotted point on the graph represents a

moisture content value for one of the core sections. The x distance

for each of the plotted points is the distance from the center of that

core section to the porous plate. For each particular 0 a tangent

to the curve may be drawn. The slope of this tangent is then deter-

mined. The inverse of this slope is the value of () The

ox

integral xd8 for the 0 illustrated is represented by the
0. x

1

shaded area under the curve. The integral may be evaluated by de-

termining this area.

The determinatiort of D(0) from an infiltration curve may

be summarized in four steps:

was calculated from the total time for each

experimental run.

() was calculated for each B by determining
ox

the inverse of the slope of the line drawn tangent to the curve at 0.
0(X

xd0 was determined for each 0 by determining
0.

x
1

the area under the curve between the horizontal line passing through

0 and the horizontal line passing through
0
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(4) The results of steps 1, 2 and 3 were then multiplied to-

gether to obtain D(0).

This method was proposed by Bruce and Klute (1956) and has

been used by Ashcroft (1962), Jackson (1963) and Nielsen, Biggar and

Davidson (1962).

The applicability of equation (24) depends on the transform1ation

XBXt , the validity of which can be tested by plotting x vs.
2

for a constant value of e. If moisture content behind the wetting

front is assumed to be constant, a plot of distance from the porous

plate, x, vs. t2 should yield a straight line.

For liquid flow Nielsen etal. (1956) found that equation (24)

predicted water movement only when the entry pressure was -2 milli-
1

bars and that plots of x vs. t2 deviated from a straight line at

greater tensions. Bruce and Klute (1956) used a 0 entry pressure

while Jackson (1963) in his liquid diffusivity work used a-Z cm entry

pressure. Nielsen et1. (1956) concluded that equation (24) could not

be used to describe water movement through the soils they worked

with even though their data indicated conformity to the assumptions at

-2 cm entry pressure. Jackson stated the opinion that the equation

works for the -2 cm entry pressure and presents data to show con-

formation to the boundary condition of a constant water content at the
1

source and to the x vs. t requirement.

Swartzendruber (1963) stated that diffusivity is a function of



both 0 and He introduced the equation
dx

d4i dO
0 dO (lCdO dx= B - -

dO x ai

where i is the capillary potential, which includes

K(0) D(0)

as a special case. Swartzendruber showedthat equation (24) may be

applicable only to the special cases where the tension is approxi-

mately -cm. The rest of the data presented by Swartzendruber

showed deviations from equation (6),

vD(0)

which can be nearly corrected by application of the appropriate cor-

rection factors B, J and C in (27). It should be pointed out how-

ever that the deviations, are not large and that corrections applied

by (27) are empirical for a particular set of conditions only. Rawlins

(1961) alsopresented data to show that equation (7) is not completely

valid for the soils he worked with, but again while deviations occur,

they do not seem to render the diffusion ring approach invalid for

obtaining a useful physical parameter for the majority of soils.

Thermal conductivity. Thermal conductivity mea surements

in unsaturated moist porous media are complicated by water

35
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movement in liquid and vapor forms caused by temperature gradients.

Hopper and Lepper (1950), De Vries and Peck (l958a) and Janse and

Borel(l96S) pointed out that this complication could be avoided with the

line heat source or probe method of thermal conductivity determina-

tion. Negligible water transport is involved in this transient method

due to the short time period and small temperature rise. De Vries

and Peck (1958) conducted experiments in which they established that

the absolute change of water content (and the influence of the meas-

ured value of the thermal conductivity) is extremely small at temper-

atures below 40G.

The principle of operation of the thermal conductivity probe

is that the temperature rise of a probe imbedded in a surrounding

medium depends on the rate at which the heat is conducted away by

this medium, hence its thermal conductivity. The standard equation

expressing thermal conductivity as a function of the experimental

variables is:

x

tz
in -

Q
ti

41T T2-T1

I being the probe heater current in amperes and R the probe

(27)

where Q is the heat input per unit length of probe

Q = 12R (28)
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heater resistance in ohms per unit length; t is time and T is the

temperature.

For the probe used R equaled 952 ohms/2. 75 inches and

I equaled 0. 008 amperes. Remembering that:

1 ampere (1 coloumb)(l sec')

1 ohm = ( 1 volt)(l ampere)

1 volt = (1 Joule)(1 coloumb')

1 ohm = (1 Joule sec)(l coloumb -2

1 Joule = 0. 2384 calories

log t 2.303 Ln t

it is found that equation (27) for the probe used becomes:
tz

log -

X = (0. 000686) T2-T1 cal sec cm 1C
1

(29)

where t2 and T2, and t1 and T1 correspondtotwosepa-

rate points on the dissipation portion of the probe heating curve.

Equation (27) is the solution of the Fourier differential equa-

tion for cylindrical heat flow. This solution is outlined in detail by

D'Estachio and Schriener (1952). Correlation between theory and

practice depends on the probe having a high thermal conductivity and

high specific heat capacity and a radius infinitely smaller than that of
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the surrounding poor conducting medium.

In its simplest form (De Vries and Peck, 1958b) the probe

consists of a single heating wire of which the temperature can be

measured by means of a thermocouple or thermistor. The probe

used in this study was manufactured for the Soils Department by

Custom Scientific Instruments, Inc. The probe was 2.75 inches long

and 0.05 inches in diameter. It consisted ofabifilar heater of

constantan metal with a thermistor as a temperature sensor placed

in its center. Both the heater and the thermistorwereimbeddedin

plastic and enclosed in a stainless steel protective sheath 0. 002

inches thick. The power and thermister leads were enclosed in

plastic cap placed over one end of the probe. Current was supplied

to the heater by a set of dry cells with a variable resistor and a

milliampere meter to measure the amount of current supplied to

the heater. Thermistor temperatures were measured with a wheat-

stone bridge.

To determine thermal conductivity of the Lapine soil horizon

materials the following procedure was used.

The amount of material necessary to duplicate the field

bulk densities was weighed out.

The amount of water needed to bring the sample to the

desired moisture content was added and carefully mixed with the
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sample. Exact moisture contents were determined after the conduc-

tivity determination.

The moistened sample was then carefully placed in a jar

Z 5 inches in diameter to insure uniform packing.

The sample jar was placed in an insulated cabinet where

the temperature was kept constant by use of a standard thermal regu-

lator utilizing a platinum wire and a mercury capillary. The sample

was left in the cabinet for at least 48 hours before the conductivity

determination was made.

For the conductivity measurement the probe was inserted

into the sample through a hole drilled through the lid. This hole was

kept sealed except during the actual measurement. The probe and

the sample were left inside the cabinet during the determination and

the door was kept open no longer than necessary to insert the probe.

In some of the samples a small rod with the same diameter as the

probe was first inserted in the sample and then removed to prevent

damage to the probe.

After the probe was ins:erted power was supplied to the

probe. After applying power the probe quickly heated up at first and

subsequently began to dissipate heat giving rise to an asymptotic

curve shown in Figure 4. The dissipation portion of the curve was

plotted on semilogarithniic paper using the logarithmic scale for the
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time variable. The plot was a straight line the slope of which

is proportional to the conductivity as shown by equation (27).

(7) For each run points on the dissipation portion of the curve

were used with equation (29) to determine thermal conductivity.

The Greenhouse Study

A greenhouse study was carried out to determine wilting

coefficients for the various horizon materials phytometrically, and

to determine if particle size affects the amounts of moisture that

plants can remove from the pumice soil material.

To accomplish these objectives, soil materials from each of

the horizons were excavated and placed in pots. Additional amounts

of material from each of the soil horizons were removed, separated

by screening into the size fractions shown in Table 2, and portions

of each of these size fractions were also placed in pots.

Table 2. Size fractions of the pumice soil material used in the
greenhouse study.
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Horizon Grade Size (mm)

AC >8 <8->3 <3->1.5 <1.5

C1 >12 <12-> 8 <8-> 3 <3-> 1.5 <1.5

C2 >3 <3-> 1.5 <1.5
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Pots were :filled. with each. whole soil material and with

each of the individual size fractions of the AC, C1 and C2 horizons.

(,.n individual treatment consisted of two pots. Monterey pine seed-

lings were grown in one pot and the other was kept without plants to

obtain a comparison of moisture.loss through transpiration and evapo-

ration.

The treatments were arranged on a greenhouse bench using a

randomized complete block design with three replications. Monterey

pine seeds were planted on one pot of each treatment. This species

was used because it has a much faster height growth than ponderosa

pine. After an eight month period of growth the pots of each treat-

rnent were saturated with water by allowing them to soak for 12 hours.

The pots were then allowed to drain for 12 hours during the night and

then the surface of each pot was covered first with a 0. 25 inch layer

of plastic beads and then a 1. 75 inch layer of coarse vermiculite to

reduce evaporation from the surface of the soil. The drain holes of

each pot were sealed and each pot was weighed. Weighings of the

pots were made at two day intervals until the plants wilted.

Once the pine seedlings had wilted, the plants and soil were

removed from the pots and separated. The dry weight of the soil and

the moisture content by weights were determined. By using the

weight loss values determined by weighing during the moisture use

period, the total moisture loss was calculated using the assumption
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that growth of the plant during the moisture use period was negligible.

The dry weights of the tops and roots for the plants of each treatment

were determined.

Analysis of variance was used to make the following com-

parisons among treatments:

Moisture content at which the plants wilted.

Moisture loss per day during the moisture use period.

Moisture loss per day per gram of soil dry weight during

the moisture use period.

Moisture loss in grams per day per gram of root weight

during the moisture use period.



RESULTS AND DISCUSSION

Physical Description

The physical properties of a soil that affect heat and moisture

transmission are bulk density, porosity and pore size distribution,

organic matter content, particle size distribution, and moisture con-

tent. These properties will be briefly described here and enlarged

upon in other portions of the results and discussion section when

pertinent.

Table 3 presents results of bulk density, particle density,

percent pore space, and percent organic matter determinations.
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Each bulk density figure represents an average of 14 to 18

samples taken from three locations within the study area. The sam-

ples were taken with a modified Uhland sampler utilizing a cylindrical

Table 3. Bulk density, particle density, percent pore space, and
percent organic matter for the Lapine soil horizons.

Bulk Particle Percent Percent
Horizon Density

gms cm3
Density

gms cm3
Pore Space Organic Matter

A1 0.71 2.61 72.8 9.26

AC 0. 76 2. 61 70. 9 2. 66

C1 0.44 2. 61 83.2 0.73

C2 0.53 2. 61 79.7 0.88



45

core 3 inches long and 3 inches in diameter for the AC, C1, and C2

horizons, and a core 3. 5 centimeters long and 5 centimeters

in diameter for the A1 horizon. Core samples were taken when the

soil was at a moisture content corresponding to field capacity or

above because previous experience had shown that the soil material

would not cling together to allow core sampling when it began to dry.

Particle densities were determined with pycnometers and each value

in Table 3 represents an average of four determinations. Percent

organic matter was determined by the Oregon State University soil

testing laboratory using the Wakley - Black method (Alban and Kellogg,

1959).

Table 4 presents a mechanical analysis of the fractions less

than 2 mm in size. The standard pipette method (Kilmer and Alexan-

der, 1949, p. 21-23) was used with the following modifications: (1) a

20 gram sample instead of a 10 gram sample was used in the analysis

because of the small amounts of silt and clay present. (2) The filtra-

tion procedure for removing dissolved minerals was eliminated be-

cause Dyrness (1960, p. 61) reported that only small amounts of dis-

solved salts are present and that greater amounts of clay are obtained

if the sample is not filtered. (3) The samples were dispersed by air-

jetting for 5 minutes instead of being placed on a reciprocating shaker

for 12 hours.



Table 4. Mechanical analyses of the fractions less than 2 mm in
size of horizons of a Lapine soil.

A1 31. 35 62.46 29.89 7. 65 sl

AC 18.75 75. 63 21. 32 3. 05 ls

C1 5. 18 93. 38 5.43 1. 19 gr s

C2 4.47 93. 20 5. 66 1. 14 gr s

There are several problems associated with the mechanical

analysis of pumice soils which relate to dispersion and settling veloc-

ities. It appears to be extremely difficult to obtain complete disper-

sion of silt and clay aggregates without creating additional silt by

abrasive action. Removal of clay from the pore surfaces of the pum-

ice particles appears to be quite time consuming and should be done

by washing without abrasion. 2 Clay can be removed from the parti-

des by washing. This procedure removes the clay that the dispersion

process in the mechanical analysis procedure does not remove.

Therefore the results of the mechanical analysis are probably low

for the percent clay present and high for the percent silt present. The

percent sand includes both smailpumice particles and non-porous

46

2, 3
Personal communication, F. W. Chichester, Soils Department,

Oregon State University.

Percent Percent Percent Percent Textural
Horizon Sand Silt Clay Class
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Table 5. The amounts of the given size fractions present in the
whole soil material expressed as percent by weight of the
whole soil material.

Table 5 presents the percentages by weight of the various

size fractions of the whole soil materials that were sampled for the

field moisture study and for the greenhouse work.

All of the particles in the size fractions > 1. 5 mm are pum-

ice particles. There are, however, small amounts of silt and clay

on the surfaces of the particles, particularly on those of the AC

horizon. In addition to these materials the < 1. 5 mm size fraction

of the AC horizon contains silt-size aggregates. In the C1 and C2

horizons the size fraction < 1. 5 mm is composed of porous pumice

particles and non-porous crystalline sand and silt grains.

Size Fractions
Horizon

AC C1 C2

Percent by Weight

> 18 mm 0. 3 1.8

<18 mm-> 12 mm 1. 1 3. 2

<12 mm->8 mm 2. 0 6. 2 0. 3

< 8 mm-> 3 mm 13. 5 28.4 5. 5

< 3 mm-> 1. 5 mm 12.0 23. 2 27. 3

<1.5 mm 71. 1 37. 2 66. 8

crystalline material.
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Because the porous and non-porous materials in the < 1. 5 mm

size fraction would behave quite differently in regard to storage and

release of moisture, the two types of materials were separated. This

separation was accomplished by oven drying portions of this size

fraction and then placing small amounts (<0. 5 grams) of the warm

material into a beaker of water. Many of the pumice particles would

remain near the surface while the non-porous grains sank. These

more buoyant porous particles were then carefully separated by

pouring them out of the beaker. Several cycles of washing this ma-

terial with distilled water from a wash bottle, swirling the beaker to

move the buoyant material to the surface, and pouring off these par-

ticles resulted in a separation of the non-porous grains and the porous

material. Table 6 gives the results of this separation.

Table 6. Percent by weight of the < 1. 5 mm size fraction that
consisted of non-porous material.

Horizon Percent of non-porous material

AC 71.9

Cl 83.3

C2 83.5



Soil Moisture Contents During the Period of Study

Soil moisture contents exert a great influence on the thermal

properties of the soil. Figures 5 and 6 show the moisture contents

of the Lapine soil horizons by weight and by volume respectively

as a function of time. These figures will be repeatedly referred to

later in the discussion. The large differences in percent moisture

by weight and percent moisture by volume are due to the low bulk

densities of the A1, AC, C1, and C2 horizons (Table 3). These dif-

ferences emphasize the importance of expressing moisture contents

on a volume basis when actual quantities of water are being compared.

Pumice Soil Temperature

Heat conductivity. Heat conductivity, cal cm' sec' C1
is the time rate of transfer of heat by conduction, through a unit

thickness, across a unit area for a unit difference of temperature.

It is measured as calories per second per square centimeter for a

thickness of one centimeter and a difference in temperature of one

degree centigrade. Figures 7, 8, 9, 10, and 11 show the results of

heat conductivity determinations for the A1, AC, C1, and C2 horizon

materials. These measurements were made with the probe as de-

scribed in the methods of study section. A comparison of these heat

conductivities with those given by Bayer (1959), Geiger (1965), and

49



lOOQ \ -
'I

-

AC horizon

'S

C1 horizont
'wa' 'S

horizon

D horizon

I I I

16 26 5 15 25
MAY JUNE

__-
S ..

5%

A, horizon

- \ -

15 25
JULY

tr 'c___.__.

I I I I I
15 25 4 14 24 3

AUGUST SEPTEMBER
Figure 5. Field moisture content by weight during the sampling

period for the Lapine soil horizons.

H

a
80

'-8

.60

.40

.20



.50

S
'S

b-

0

0
4'

> .30... -0'
C2 horizon

horizon

'SQ.--.-

I I
16 26 5 15 25

MAY JUNE

I I I I I I I I

,0
'S

\
A

1
'S

Shorizon '
'0'

I I I I I
15 25 5 15 25

JULY AUGUST

AC horizon

A

SEPTEMBER

Figure 6. Field moisture content by volume during the sampling
period for theA1, AC, C1 and C2 horizons.

4 14 24 3



-

7

6

3

0

0 0

0
0

.10 .20 .30 .4,0 .50
M0IsTUPE CONTENT BY WEIGHT

Figure 7 Heat conductivity for the A1 horizon as a function of
moisture content by weight.

5

14

13

12

10.

T

-
-

1

-
0



'U

13 - -

12 -

11-

10- -

8-

I I .4 I $

.10 .20 .30 .40 .50 .60

MOISTURE CONTENT BY WEIGHT

Figure 8. Heat conductivity for the AC horizon as a function of
moisture content by weight.

53



U

U
Cl)

- 0

I

0

11

10 -

8-

0

0

I

, I I I I

.10 .20 .30 .40 .50 .60 .70 .80 .90 1.00

MOISTURE CONTENT BY WEIGHT

Figure 9. Heat conductivity for the C1 horizon as a function of
moisture content by weight.



0
$ I I I I

.10 .20 .30 .40 .50 .60

MOISTURE CONTENT BY WEIGHT

Figure 10. Heat conductivity for the C2 horizon as a function of
moisture content by weight.

I 1

I I
.70 .80 .90 .100



14

0
I

10 20
I

30

I

MOISTURE CONTENT BY VOLUME

I I I
40 50

56

Figure 11. Heat conductivity for the A1, AC, C1 and C2 horizons as
a function of moisture content by volume.



De Vries (1963) reveals that the heat conductivities of the pumice

soil materials investigated are from two to ten times lower than

those of conventional mineral soils. The curves of heat conductivity

as a function of moisture content by weight for the C1 and C2 horizons

shown in Figures 9 and 10 compare closely with the values given for

a peat soil by De Vries (1963, p. 234). The magnitude of the heat

conductivity of a given material is determined primarily by the pack-

ing of the individual particles and the relative amounts of pore volume

occupied by air and water. The very low heat conductivities of the

pumice soil materials are due to (1) the low bulk densities, and

(2) the large amounts of pores filled with air even at high moisture

contents.

The heat conductivity as a function of volumetric moisture

content for each of the horizon materials is shown in Figure 11.

This figure emphasizes the influence of packing and moisture content

on heat conductivity.

The heat conductivities of the A1 and the AC horizons shown

in Figure 11 are quite similar. At any moisture content the

heat conductivity of the A1horizoi is somewhat smaller than the heat

conductivity of the AC horizon. The difference can be explained on

the basis of the lower bulk density of the A1 horzom, 0. 71 gm cm3

as compared with 0. 76 gm cm3 for the AC horizon.

The heat conductivities of the C1 and C2 horizons shown as a
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function of moisture content expressed as a percent of soil volume in

Figure 11 are similar but different than those of the A1 and AC

horizons. The difference between the two sets of curves can be

explained on the basis of the much larger average particle size and

lower bulk density of the C1 and C2 horizons. Note Figure 12. The

difference in the shapes of the two sets of curves at low moisture

contents is difficult to explain. Perhaps the packing of the C1 and

C2 horizons results in an arrangement of particles which allows

particle to particle contact to increase very rapidly with small addi-

tions of water.

Heat capacity. The specific heat capacity, or specific heat,

of a material is the quantity of heat which must be supplied to a unit

mass of material to increase its temperature one degree. The di-

mensions are cal gm' C. Heat capacity by volume is often used

in working with soils. It is the quantity of heat which must be sup-

plied to a unit volume of material to increase the temperature one

degree. Heat capacity by volume is equal to the specific heat capac-

ity times the bulk density or pC5. Its dimensions are cal cm3C1.

Figure 13 shows the heat capacity by volume as a function of

moisture content expressed on a total volume basis. Specific heat

capacity values for each soil material were calculated using the

equation
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Figure 12. Cross sections of portions to the Lapine soil profile show-
ing particle arrangement.



.8

.7

'U
? .6

.5

.4

.3

.2-

0

//

Mineral Soil of bulk /
density 1 gin cm3 --7/

//

//// AC and horizons

60

horizon -

1
horizon

I I 4 I $

0 .10 .20 .30 .40 .50 .60

MOISTURE CONTENT BY VOLUME

Figure 13. Heat capacity by volume for the A1, AC, C , and C2
horizons and for a mineral soil having a bu?k density
of 1 gm cm3 and a dry specific heat capacity of 0. 22
cal gm' C-'.



C =x C +x C (30)
S om om sm sm

where C is the specific heat capacity of the whole soil, x
s om

is the fraction of each gram of soil that is composed of organic mat-

ter, and x is the fraction of each gram of soil that is occupied by

soil mineral matter. C and C are the specific heats of the
om sm

soil organic matter and soil mineral fractions respectively. Values

-1 -1of 0. 46 cal gm C for soil organic matter and 0. 19 cal gmC for

soil mineral matter were used in the equation as was done by De

Vries (1963, p.2ll). Heat capacities by volume, C, were then

obtained by the relationship C = pC + x
OH

where
v s H
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soil bulk density and XHOH is the volumetric moisture content.

The dashed line on Figure 13 represents the heat capacity by

volume of a conventional mineral soil having a bulk density of

1 gm cm3 and a dry specific heat capacity of 0. 22 cal gm 1 C'
It is seen from the figure that at the same moisture contents the

heat capacities by volume of the A1 and AC horizons are about

33 percent lower than that of the mineral soil while the specific heat

capacities by volume for the C2 and C1 are approximately 55 per-

cent lower. This means that at the same moisture contents given

volumes of pumice soils need less heat supplied to them for a given

raise in temperature than the mineral soil. This is illustrated in

Table 7.

p is the



Table 7. The amount of heat in calories necessary to raise one
cubic centimeter of soil 10 degrees centigrade at a
moisture content of 20 percent by volume.

Heat in
Calories

Mineral
Soil

4. 17

A1
Horizon

3. 52

Soil Material
AC

Horizon
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C1 C2
Horizon Horizon

2. 82 3. 003. 52

Heat diffusivity. The temperature of a soil depends not only

on the quantity of heat transported to it, but also on its ability to

absorb this heat. An index of the ease with which a substance will

undergo a temperature change is the heat diffusivity. Heat diffusivity

has been referred to as thermal diffusivity, temperature conductivity,

and thermometric conductivity by various workers. Carson (1961,

p. 29) defined thermal diffusivity as the change in temperature per

unit time in a body of unit thickness when the temperature gradient

across the unit distance varies by a unit amount. Bayer (1959, p.3'?3)

stated that heat diffusivity denotes the temperature change that takes

place in any portion of the soil as heat flows into it from an adjacent

layer. The units of heat diffusivity are cm2 sec'. One way to

visualize heat diffusivity as a soil physical property is to imagine a

uniform homogeneous soil at constant temperature with a point heat

source imbedded in it. As heat would be supplied to the soil by this
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source the temperature of a spherical volume of soil around this

source would increase. Heat diffusivity may be thought of as the

rate of change of the surface area of this sphere.

Heat diffusivities of the A1, AC, C1, and C2 horizons as a

function of moisture content by volume are shown in Figure 14. The

diffusivity values were calculated on the basis of equation (10),

V

using the heat conductivities measured in the laboratory and shown

in Figure 11, and the calculated heat capacities by volume shown in

Figure 13.

The characteristic peak of most soil heat diffusivity vs. water

content curves reported in the literature is attributed to the high

specific heat capacity of water, 1 cal gm' C At low moisture

contents the heat conductivity increases much more rapidly with the

added water than does the heat capacity. After the moisture content

corresponding to the peak portion of the curve is attained the increase

in heat conductivity tapers off while the volumetric heat capacity

steadily increases. This can be noted in Figure 14. The C hon...

zos are unique in that the diffusivity curves reach a peak at a much

lower moisture content than they do in other soils.

Figure 14 shows that the AC horizon has a diffusivity of
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0. 0024 cm2 sec 1, at moisture contents of 0. 16 and 0. 35. This

means that if a given temperature gradient were applied to equal

thicknesses of the AC horizon at these two moisture contents the

temperature change of the AC horizon material would be the same.

At the lower moisture content the heat conductivity is lower so less

heat would be conducted through the material. But, since the spe-

cific heat capacity is lower, less heat is needed to raise the tempera..

ture of the soil.

It is important to consider whether or not the heat diffusivity

curves shown in Figure 14 are curves of real or apparent diffusivities.

Apparent diffusivities would be obtained if during the conductivity

measurements latent heat storage took place or if heat had been

transported by the mass movement of vapor.

Jackson and Kirkharn (1958) determined the heat diffusivities

of a clay loam at several different moisture contents. They applied

heat waves of 10, 20, and 30 minute periods to the soils at various

moisture contents and measured the temperatures at two different

depths within the sample. They then used the results in the equation
2

T
(z2-z1)

Dh - (t2 - t1)2

of the temperature measurements in centimeters, and t2 - t1 is

65

(31)

where T is the period in seconds, z2 and z1 are the depths
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the time lag in seconds necessary for the maxima of the temperature

wave to travel the distance zz,-zl.

It was found that by increasing the period T, a larger heat dif-

fusivity value for a given moisture content could be obtained. This in-

crease in heat diffusivity was attributed to larger quantities of latent

heat storage and vapor transfer during the longer time periods of heat

application.

In the experiments of Jackson and Kirkham (1958), a ten min-

ute time period for application of the heat wave was the shortest time

used. Further, heat diffusivities computed from the ten minute time

period were much less than the diffusivity values computed for longer

time periods and were close to real diffusivity values for the

clay loam soil. In addition soil temperature changes during Jackson

and Kirkham experiments were close to two degrees C.

In the probe determinations used in this study, all heating per-

iods were shorter than ten minutes and soil temperature changes were

less than 0.5 degrees F. For these reasons, the heat diffusivities given

in Figure 14 are considered to be close to real diffusivity values.

Soil temperatures in the field. The zone of greatest tempera-

ture variation was, of course, the surface layer, or the A1 horizon.

Figure 15 shows the maximum daily temperatures for the A1 horizon

measured at a depth of 1.. 2 centimeters. The measured

daily temperature variation at this depth ranged from 12 to
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59 F degrees. The daily temperature variation decreased

with depth, as shown by Figures 1 to 9 in the appendix,

and at points below the upper C1 horizon at 26 centimeters depth the

daily temperature variation was usually less than 1. 5 F degrees.

Figure 16 shows that daily temperature variations of the AC horizon

at a depth of 21. 3 centimeters ranged from 1 to 5 F degrees. Figure

17 represents measurements made in the C2 horizon at a depth of 75

centimeters and the D horizon at a depth of 117 centimeters, 5

centimeters below the C2 horizon A gradual increase in D horizon

temperatures from 42 degrees F to 48 degrees F is evident. It is

interesting to note that D horizon temperature did not exceed 45

degrees F until late July or early August. The upper D horizon is

one of the zones of root concentration in the Lapine soil and according

to Smith, Newhall, Robinson and Swanson (1964) root growth and

other biotic activities are minimal below 42 degrees F. However,

they state that the pace of these activities rapidly increases as the

soil temperature rises above 45 degrees F.

Figures 15, 16 and 17 show that there was a gradual increase

in the temperature of all of the soil horizons until late August. On

August 26 a high soil temperature of 107 degrees F was attained by

the A1 horizon at a depth of 1.2 centimeters. From June 26 until

the end of August there was a sharp decrease in daytime high temper-

atiires and night time low temperatures for this depth. August 29
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was the first date during the measuring period in which the low

temperature in the A1 horizon at 1. 2 centimeters in depth fell below

39. 5 degrees F. From August 29 until the end of the measurement

period, October 1, the minimum temperature at this depth exceeded

39. 5 degrees F only four times. A low minimum temperature of 29

degrees F occurred September 18. Gradual decreases in temperature

beyond late August are evident for all horizons.

Soil temperature changes are the result of changes in soil

heat input or changes in soil thermal properties. The combined

effect of these activities will be considered.

Calculation of soil heat input. The quantity of heat that is

transported to any soil layer during a given time is equal to the

amount of heat stored in the layer during that given time plus the

amount of heat transported through that layer in that given time.

Figures 1 to 6 in the appendix show that the temperature gradient

across the C2 horizon is nearly linear and that for a short time

period very little heat is absorbed by this horizon.

For daily time periods, heat storage in the C2 horizon can

be assumed to be negligible. The amount of heat passing into the

C horizon during a particular time period must be equal to the

amount stored in the C1 horizon during the time period plus the

amount of heat conducted through the C1 horizon. The amount of



(BA) = CTA ZA + CTA ZA
+
CTc ZC

C2
(33)+ xC2 Z2

where (BA ) isthenetoilheatinputor input intothe A1 horizonit
during the given time interval.

Results of net soil heat input calculations. Table 8 gives

soil heat inputs calculated for selected 24 hour time periods.

Table 8. Net soil heat inputs for selected 24 hour periods.
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Large variations in soil heat input are to be expected because

of variations in solar radiation, air temperature, cloud cover, water

vapor and CO2 content of the air, and because of additions of water to

the soil by rain at a different temperature than the soil.

An examination of the figures giving maximum and minimum

temperatures as a function of time (Figures 15-17) show that the

Time Period Soil Heat Input, (cal cm2)

5:45 July 5 - 5:45 July 6 28. 3

6:50 July 13 - 6:50 July 14 2. 7

6:35 August 5 - 6:35 August 6 16. 8

8:00 August 14 - 8:00 August 15 7. 8
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temperatures of the C2 and D horizons gradually increase until late

August. This is also true for the C1 horizon. While daily tempera-

ture variations in the A1 and upper AC horizons are quite large, in-

creases in the actual average temperatures and consequently the

amounts of heat stored are very small.

Temperature profiles at 6:00 a. m. on June 26 and August 23

are shown in Figure 18. The figure emphasizes that temperature

increases and consequently heat storage are significant only in the

C1, C2, and Dhorizons.

The heat storage for the A1, AC, C1, and C2 horizons was

calculated by applying the equation for net heat storage,

B =C Tz.
S v

B5 is the heat stored in a horizon, cal cm2. EiT is the in-

crease in temperature, degrees C, of the horizon during a given

time period and was determined from Figure 18 converting degrees

F to degrees C. Cv is the heat capacity by volume, cal cm3 C'

and it is determined from Figure 13 using the average moisture con-

tent over the designated time period. z is the thickness of the

horizönmn centimeters.

AppendixFigures ito 6 show that the temperature gradient in

the C2 horizon was nearly linear and fairly constant for the June 26

to August 23 period. Thus it is possible to estimate the amount of

(34)
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heat conducted through the C2 horizon. This heat is stored at depths

below the pumice mantle and will be referred to as the heat stored in

the D horizon, BD . The quantity of heat being conducted downward,

BD XTz1 (35)

where is the heat conductivity of the C2 horizon and
2 2

is the temperature difference in degrees C,. across the thickness

z, cm, of the C2 horizon. B was determined for June 26 and 27,

July 4, 5, 6, 13, 14, and 23, and August 14, 19, and 24. The amount

of heat being conducted downward through the C2 horizon ranged

from 5. 25 x 1O cal cm2 sec' to 6.78 x 1O cal cm2 sec' for

the given days. The daily values were averaged and then multiplied

by the length of the June 26 - August 23 time period to obtain the

amount of heat stored in the D horizon. Results of the calculations

are given in Table 9.

Com.arison of the heat stora:e casacities of the La.ine soil

with a conventional mineral soil. It is of interest to compa.re the

thermal properties and temperature changes of the pumice material

with those of a more dense mineral soil. Figure 6 and Figure 14

demonstrate that there is little change in the heat diffusivity of pum-

ice material over the range of moisture contents that occurred in the

field during the period of measurement. The calculated heat



Table 9. Net soil heat storage for the period 6:00 a. m. June 26 to
6:00 a. m. August 23,

A 0.0

AC 1.0

Cl 18.8

C2 47.1

Total amount of heat stored above the D
horizon 66. 9

D 293.0

Total 359. 6

Average amount of heat stored per day 6. 2

diffusivities for the pumice materials are approximately 80 percent

lower at the range of moisture contents considered than those of a

more conventional mineral soil (Bayer, 1958, p. 377). For this

reason soil temperatures in pumice material should be lower at a

given depth than those of a more dense mineral soil under the same

conditions.

Using the pumice temperature profile shown in Figure 18,

the heat capacity by volume for a mineral soil having a bulk density
-3of 1 gm cm shown by the dashed line in Figure 13, and the soil

heat conductivities shown in Bayer (1958, p. 377), the net heat input

or heat storage of a more dense mineral soil can be calculated for

77
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the same difference temperature profiles. For the same temperature

differences and the same volumetric moisture contents, the calcula-

tions show that 85.5 cal cm2 would have been stored in a profile 112

cm deep of a more conventional soil. This is an increase of 18. 6

cal cm2 or 27. 8 percent over that actually stored in the Lapine soil

profile. The storage calculated for the soil below 112 centimeters

in depth amounted to 1, 240 cal cm2, over four times the amount

found for a Lapine soil. Although very strict comparisons are not

possible, it is apparent that pumice soils are not capable of storing

as much heat as are more dense mineral soils.

Effect of soil heat storage on the environment. The energy

budget for a portion of the earth's surface is described by

Rnet+E+B+L+A+(Biol)0 , (36)

where R net is the energy of the net radiation, E is the amount

of energy used for changes of state of water, B is the heat flow

into or out of the surface, L is the sensible heat or the heat that

raises or lowers the temperature of the air layer above the ground,

A is the amount of heat carried away by advection from the soil

surface, and (Biol) is the energy involved in metabolism of living

matter in the environment.

Because pumice soils have low conductivities and low heat
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capacities by volume, net heat storage or net heat flow into the sur-

face of a pumice soil would be less for a given set of environmental

conditions than the heat storage or heat input for a more dense min-

eral soil.

During the day the heat input term B in equation (36) is

small for a pumice soil and therefore the other factors have to be

increased. The temperature over the surface might become warmer,

evaporation or convection might increase, or more radiation might be

reflected from the surface.

During the night, since less heat was stored during the day

there can be less heat outflow during the night. This coupled with

the low heat conductivities means that less heat is available to warm

the air layer next to the ground.

For these reasons the temperature of the air layer above a

pumice soil would experience more extremes in temperature than

would the air layer over a more dense mineral soil under the same

environmental conditions.

Eichhorn, Rudd, and Calvin (1961) divided the state into eight

regions for the purpose of estimating dates for low temperatures in

the spring and fall. The region having the coldest temperatures

latest in the spring and earliest in the fall is designated as the high

plateau region. This region covers portions of Klamath, Lake, and

Deschutes counties. Within this region the authors used weather data
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from seven stations. Six of these stations are in locations where the

Lapine soils and its associated series predominate. The authors

stated (p. 12) that

In the high plateau region low temperatures occur
unusually late in the spring. In a similar fashion low
temperatures occur unusually early in the fall. Hence
the occurrence of lowtemperatures may be expected
with much greater frequency and irregularity than in
anyof the other regions of the state. This is best
illustrated by the case of Chemult where the likelihood
that a temperature of 32 degrees may occur is greater
than 50 percent at all times.

It is interesting to note that in this high plateau region the Lapine

pumice soils are the deepest in the Chemult area.

Figures 15, 16, and 17 show that the soil temperature de-

creases from late August on are much larger for the A1 and AC

horizons than for the rest of the soil profile. Figures 7 to 9 in

the appendix depict what is happening within the entire profile. A1

andAChorizontemperatures become so low at night that tempera-

ture gradients withinthe C1horizonare reversed. On September 1

(Appendix Figure 7) for example, heat is being lost from the Cl to the AC

horizon instead of to the C2 horizon. Portions of the heat stored in

the C1 and upper C2 horizons through the summer are transferred to

the AC hprizon during the periods when the AC horizon is at a lower

temperature. The upper C2 horizon continues to transfer heat down-

ward to the lower C2 and D horizons but no longer receives heat from

the C1 horizon. As a result the temperature of the C1 and C2



horizons gradually decreases. The rate of heat transfer upward is

governed by the temperature gradients and heat conductivities. Since

the heat conductivity of the C1 horizon is low, the heat transfer be-

tween the C1 and the AC horizons may lag behind heat transfer from

the AC to the A1 and to the air layer above the surface. This would

be particularly true when the A1 and the AC horizons become wet

after fall rains.

The low heat storage and low rates of heat conductivity from

the C
1

horizon upward probably exert considerable influence on the

microclimate. In areas where cold air tends to accumulate due to

topographic position, the surface soil temperature would decrease

very rapidly and the cold air layer would be warmed very little

through heat exchange with the pumice soil.

Unsaturated Flow

Since many physical, chemical, and biological processes in

soil are affected either directly or indirectly by removing from or

adding water to a given location within the soil, numerous schemes

have been developed for characterizing the rate at which water can

be expected to move. The parameters used frequently to d

scribe the ease with which water may move through the soil are un-

saturated conductivity and soil water diffusivity. Definitions of these

quantities have been. given in the review of literature section.

81
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Moisture diffusivity, cm2 mm
1, was chosen as the param-

eter to be used for a comparison of the moisture transmission char-

acteristics of the Lapine soil with those of conventional soils. The

procedure used for determining moisture diffusivity is described in

the methods of study section.

Accuracy of the equations used. Figure 19 shows the distance

of the wetting front from the porous plate as a function of the square

root of time for three of the experimental runs. Straight lines fit the

data for the AC, C1, and C2 horizons closely. Figures 20, 21, and

22 show actual and projected runs f the moisture content curves for

the diffusivity experiments for the AC, C1, and C2 horizons respec-

tively. Projection is not exact but close. Figures 19, 20, 21, and

22 indicate that use of equation (24) for the calculation of moisture

diffusivity values appears to be an adequate model to describe mois-

ture movement in the pumice soil materials used.

Figures 20, 21, and 22 also show that for a given horizon

material the projected moisture contents at x = 0 are similar.

This indicates that soil moisture contents just ahead of the porous

plate remained constant with time. Since the initial water contents

were similar throughout the core at the initiation of an experimental

run, the boundary conditions listed in equation (25) appear to have

been met.
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Figure 19. Distance of the wetting front from the porous plate as a
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Moisture diffusivity. Figures 23, 24, and 25 show moisture

diffusivities as a function of moisture content by volume for the AC,

C1, and C2 horizons. The data points were calculated from the flow

experiments.

Table 10 shows a comparison of the moisture diffusivities of

the pumice soil material with those of a Chehalis loam, a Quincy fine

sandy loam, and a Quincy loamy sand. The diffusivity values of the

AC and C1 horizons given in Table 10 are the averages of the curve

values of Figures 23 and 24. Diffusivity values for the C2 horizon in

Table 10 were taken from the curve shown in Figure 25 that repre-

sents a soil packing of 0. 53 gm cm3. Diffusivity values for the three

soil types were taken from Ashcroft (1962, p. 60). These values

were obtained by the same experimental procedure.

Table 10 indicates that the AC and C2 horizon materials have

much higher diffusivity values than any of the three soil types. Ac-

cording to the diffusivity values, the pumice silmaterialshavehigher

unsaturated flow rates than the loam and sandy loam soils. Since

pumice soils have always been suspected of having very slow unsatu-

rated flow rates (Packard, 1957; Dyrness, 1960; Youngberg and

Dyrness, 1964),this raises the question of the validity of moisture

diffusivity determined by this manner for accurately characterizing

unsaturated flow rates in pumice materials.
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Figure 24. Moisture diffusivity of the C1 horizon as a function of
moisture content for five experimental runs of different
time periods.
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Table 10. A comparison of moisture diffusivities of the AC, C1, and
C horizon materials with moisture diffusivities of a
dehalis loam, a Quincy fine sandy loam and a Quincy
loamy sand.

Moisture Diffusivity, cm2 min'

Figure 26 represents the moisture content distribution

for a Chehalis loam after an 85 minute run in a flow column similar to

that shown in Figure 2. The curve is taken from Ashcroft (1962, p.

65). Note that while Table 10 indicates a lower unsaturated flow

rate for Chehalis loam than the for pumice soil materials, a compari-

son of Figure 26 with Figures 20, 21, and 22 shows that the wetting

front has progressed at a faster rate for the Chehalis loam than for

the C1 and C2 horizon material. Further comparison of these mois-

ture content figures shows that the curves for the pumice materials

Moisture
Content AC

by Horizon
Volume

1

Horizon
2

Horizon
Chehalis

Loam
Quincy Fine
Sandy Loam

Quincy
Loamy
Sand

10 4. 0xl0 1. 2x103 2. 0x103 1. 3xl02

15 6. 8x103 3. 4xl02 1. 3x103 2. 8x103 1. 5xl2

20 1. 0xl02 5. 1x102 1. 5x103 3. 7xl03 1. 7xl02

25 2. 4xlO 2. 0xl02 8. 6x102 1. 8xl0 5. lx10 2. 3x102

30 4. 2xlO 4. 4x102 1. 6xl0 2. 1x103 8. 0xl3 4. 0x162

.35 8. 0xl0 1. 5xl0 5. 2xl0 4. 5xl0 3. 0xl02 2. Oxl01

.40 2.2 2.7xl02 2.OxlO' 1.8
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Figure 26. Moisture content curve for the Chehalis loam after an
experimental run of 85 minutes. Bulk density of the
Chehalis loam was 1.35 gm cm3.



are shaped quite differently than those of the Chehalis loam.

This difference in curve shapes results in a high calculated

value for moisture diffusivity when equation (24),

j dxD(0) =
x

is used. To solve this equation it is necessary to obtain

the inverse of the slope of a line tangent to the curve at 0.
The smaller the slope the larger will be doo and the greater

will be the diffusivity values. The moisture content curves for the

pumice soil materials have more gradual slopes as the wetting front

is approached than do water content curves of other soils obtained

with a similar apparatus.

Results of examinations of two other criteria for character-

izing horizontal unsaturated flow are presented in Table 11. These

criteria are the total quantity of water absorbed per unit area per
1

square root of time, cm mm 2 and the slope of the distance to the
1

wetting front as a function of the square root of time curve, cm mm2

(Stockinger, Perrier and Fleming, 1965). The values presented in

Table 11 were calculated from data curves in Figures 19, 20, 21, 22,

and 26.

Using the criteria of Table 11, the Chehalis loam soil does

dx
do x

93

not have a slower unsaturated flow rate than the pumice soil materials.



94

Table 11. A comparison of the total quantity of water absorbed per
unit area per square root of time and the slope of the
distance to the wetting front as a function of the square
root of time.

In terms of quantity of water absorbed per square root of time the

Chehalis loam has the fastest unsaturated flow rate.

A comparison of the shape of the water content curves, the

quantities of water absorbed in a given time period and the rate of

advance of the wetting front for pumice and other soil materials

leads to the conclusion that moisture diffusivity is not a valid param-

eter for comparing unsaturated flow rates in pumice materials with

those of other soil materials.

Factors affectin unsaturated flow rates. The total porosity

and the pore size distribution of a soil are important factors which

effect the unsaturated flow. For pumice soils particle to particle

1 Time
cm mm 2

-!
cm mm 2

Chehalis loam 502 1, 29

AC horizon 364 1.70

C1 horizon 096 0. 37

C2 horizon 169 0. 76

Quantity of Water Absorbed Slope of the Distance to the
Per Unit Area Per Square Wetting Front as a Func-

Soil Root of Time tion of the Square Root of
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contact is also an important factor. This was demonstrated by ob-

servations of the effect of contact with the porous plate and the effect

of packing in the flow column experiments.

In packing the flow column, pumice particles were forced into

a - inch layer of sand against the porous plate eliminating the large

air-filled pockets which would otherwise occur between the rough

surfaces of the particles and the plate. Figure 27 shows the differ-

ence in apparent flow rates within the C2 horizon for two experimental

runs, one with sand next to the plate and one without. It is seen that

in the trial run without sand next to the plate, the wetting front moved

ahead at a much slower rate. Poor contact between plant roots and

individual particles may, in the same manner, impede the flow of

moisture to the roots within the profile. The pumice soil material

is relatively nonplastic when compared to other soil materials. As

a root forces its way through the coarse pumice material it may

break and dislocate pumice particles in such a manner that a portion

of its surface is not in complete contact with the soil resulting in a

contact impedance to moisture flow to the roots.

Figures 22 and 25 show the influence of packing on flow rates

in the C2 horizon. An increase in bulk density from 0. 52 to 0. 59

gm cm increased rates of flow considerably.

Unsaturated flow across horizon boundaries. The flow column



12 . . , i ,

0 -
H -
I
04

Figure 27.

96

Distance of the wetting front from the porous plate as a
function of the square root of time for two experimental
runs of C2 horizon material, one with sand next to the
porous plate and one without.

8 sand layer placed

Dl
8 - next to porous plate no sand layer

H 6-
0 -

H
H

0
cu

0 10 15 20 25

SQUARE ROOT OF TIME MIN1/2

1 J I ' J I



97

was packed with AC horizon material next to the porous plate fol-

lowed by C1 and C2 horizon material in order for several runs to

obtain patterns of moisture distribution during flow from one horizon

material to another. Figure 28 presents a series of moisture content

by weight curves for eight runs varying in time from 10 to 513 min-

utes. Figure 29 shows the moisture content distribution for the 513

minute run as moisture content by volume. Figure 28 shows that

moisture will flow from a lower concentration by weight in the AC

horizon to a higher concentration by weight in the C1 horizon. Figure

29 shows that in terms of moisture concentration by volume, moisture

moved from higher to lower concentrations in the flow column. Fig-

ures 28 and 29 both show wide differences in moisture content across

the horizon boundaries.

These flow patterns can be explained by the moisture suction

curves given for each of the materials in the section on soil moisture

availability. The information given by these curves that is pertinent

to this section is summarized by Figure 30. This figure shows the

moisture content by volume of each material for corresponding sac-

tions or matric potentials.

It can be derived from Figure 30 and Figure 28 that in the

flow column, the factor limiting the rate of flow is the low rate of

flow in the C
1

horizon. Figure 30 shows that when the moisture

content of the AC horizon is 0.45, the moisture content of the C1



I0

I-

LJ.8

>-7-
cc

z
Lii -
I-. .5-

Lii

0

.0
0

g I

AC HORIZON ! Ct HORIZON

7OMIN. AND
ABOVE

I
I

I

1

J

I

I

I

I

Ct HORIZON

8 10 12 14

DISTANCE FROM THE POROUS PLATECM

Figure 28. Curves of moisture content by weight for six different
experimental runs with the flow column containing AC,
C1, and C2 horizon material as shown.

o 10 MIN.

17.5 -a-

A 60-'-£70.
o 194-.-

Z32-'--
9 513-a--

62 4



.40

30

20

.10 -

0
0

C1 horizon

1rJ
I

I

I

I

I

I II
2 4 6 8 10 12 14

DISTANCE FROM THE POROUS PLATE - CM

Figure 29. Curves of moisture content by volume for the 513 minute
run with the flow column containing AC, C1, and C2
horizon material.

C2 horizon



.50

.40

.30

.20-

0

.10- ////

//
/

//
/

I//// C horizon.,.__ 2

at an equal matric potential.

AC horizon

100

10 20 30 .40 .50

MOISTURE CONTENT Y VOLUME - C1 HOPIZON

Figure 30. Moisture content of the AC horizon by volume and the C2
horizon by volume vs. moisture content of the C1 horizon



101

horizon must be 0. 46 for the potentials across the boundary to be

equal. Figure 29 shows moisture contents across the AC-C1 bound-

ary of . 45 and . 35 respectively. This means that moisture is flowing

through the AC horizon to the boundary faster than it is flowing away

through the C1 horizon. Figure 30 shows that the moisture contents

across the C1-C2 boundary are at nearly equal potentials. This

means that the C2 horizon is conducting water away from the boundary

as fast as the C1 horizon can supply it.

This series of experiments shows that the C1 horizon has the

lowest unsaturated flow rate and that this may limit the rate of flow

through the profile.

Vapor Movement in the Lapine Soil

Dyrness (1960, p. 153) stated:

There are indications that evaporation in conjunction
with upward vapor movement in the soil profile may re-
sult in a considerable amount of water loss in the central
Oregon pumice region. This hypothesis, as yet untested,
is based on the observed high proportion of macropore
spaces in pumice soils coupled with the very great diurnal
temperature fluctuations which are characteristic of the
area.

The relative humidity of soil water vapor does not change

much over the plant growth range of soil moisture; the total varia-

tion is between about 98.8 and 100 percent (Taylor, Evans, and
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Kemper, 1961, P. 35). Since vapor pressure is a function of relative

humidity and temperature, the soil water vapor pressure is almost

strictly temperature dependent. Figure 31 shows the water vapor

pressure as a function of temperature for 100 percent relative humid-

ity. The almost complete dependence of soil water vapor pressure

on temperature results in a correspondence of vapor pressure and

temperature gradients.

Figure 32 shows a typical temperature profile for a diurnal

period. An examination of Figure 32 and the figures in the appendix

showing maximum and minimum temperature profiles reveals that

for the June 26 to August 24 period there was very little difference

in the low soil temperature values between the lower AC horizon

(21. 3 cm in depth) and the upper C1 horizon (33. 5 cm in depth). If

large amounts of vapor were to be transported upward from the C1

horizon into the AC horizon, the lower portion of the AC horizon

would have to become cooler than the upper C1 horizon to produce a

vapor pressure gradient upward. The temperature at a depth of

21. 3 cm in the AC horizon does become lower than the temperature

at a depth of 33. 5 cm in the C1 horizon but the maximum temperature

difference is only four degrees F. This would result in a vapor pres-

sure difference between these two points of only 2 mm of Hg in the

temperature range of 50 to 60 degrees F. The actual difference in

temperature across the boundary, for example between 25 and 27
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centimeters depth, would be even smaller;hence the corresponding

vapor gradient upward would be almost negligible.

It must be concluded that for the June 26 to August 24 period

the vapor movement from the C upward into the AC horizon was

negligible.

Upward movement of vapor in the AC and A1 horizons does

take place however. Examination of Figure 31 and the appendix

figures giving maximum and minimum profiles shows that for the five

depths of temperature measurement (1. 2, 4. 0, 6. 5, 13. 8, and 21. 3

cm) within the A1 and AC horizons the temperatures close to the

soil surface became increasingly lower during the night. Conse-

quently there were periods during the night when vapor pressure

gradients upward did occur. The temperature profile figue:shows

that these upward gradients persisted for approximately ten hours

during the night and early morning and that temperature differences

of as much as ten degrees F in the A1 horizon and five degrees F in

the AC horizon did occur. The upward temperature gradients during

the night in the A1 and AC horizons and their long period of duration

leads to the conclusion that vapor movemert from the lower AC hori-

zons toward the soil surface at night must be considered a factor of

importance in moisture loss.

It should be noted that during the day, temperature gradients

and consequently vapor pressure gradients downward occur that equal
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or exceed those occurring at night in both magnitude and duration.

This would tend to decrease moisture loss by evaporation during the

day since vapor just below the soil surface would move downward.

Heat diffusivities were calculated from the temperature

profiles of the AC horizon using the equation

ir
(z2 - z1)2

Dhp 2

I
2

Carson (1961, p. 30) gives the derivation of this equation. z2 - z1

is the difference in depths of temperature measurements, cm

A/A2 is a ratio of the amplitudes of the temperature vs. time

curves at the two depths, and P is the heating period in minutes.

Thermistor placement in the AC horizon produced temperatures for

three positions within the horizon allowing heat diffusivities to be

computed for the 6. 5 to 13. 8 and 13. 8 to 21. 3 centimeter depths.

The results of these calculations are plotted in Figure 33.

The solid line in Figure 33 represents heat diffusivities taken from

Figure 14 and converted from cm2 sec' to cm2 mm' using the

appropriate moisture contents from Figure 6. This curve is based

on equation (10),

(37)
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where X is the heat conductivity determined in the laboratory and

C, the heat capacity by volume, is a calculated value (Figure 13).

The difference between the solid lines and the points in Figure 33 is

typical of many soils (Carson, 1961, p. 93) and is attributed to the

nonconductive heat transfer mechanisms which are large in the upper

foot of many soils. A comparison of equation (1 with equation (17)

shows the added complexity introduced by the nonconductive heat

transfer mechanisms. The most important of the mechanisms are

latent heat of vaporization and vapor movement.

Soil Water Availability

Field capacity. The soil moisture content at which the re-

tentive forces exerted by the soil matrix on the water balance the

force exerted upon the water by gravity is called the field capacity

of the soil.

In graphs of soil moisture content as a function of suction,

the field capacity value is observed to be not an exact point but rather

a narrow range represented by that portion of the curve where a

change in magnitude and direction of curvature takes place. With a

great many soils the midpoint of this range on the moisture suction

curve falls between 0. 3 and 0. 5 bars suction. For this reason the

moisture content of a soil in a pressure plate apparatus in equilibri-

um with a pressure of 0. 3 or 0. 5 bars is usually accepted as the
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field capacity value for that soil.

Figures 34, 35, and 36 show soil moisture contents as a func-

tion of suction for the AC, C1, and C2 horizons. The points in these

figures were obtained by using small pressure plate cells made to

accommodate single core samples 58. 9 cm3 in volume. The amounts

of air dry material necessary to duplicate field bulk densities were

packed into the cores and placed in the individual pressure plate cells.

The cells were then connected by tygon tubing to burettesandaliówed

to take up water at atmospheric pressure until they reached equilibri-

um. This took approximately five days for each of the horizon mater-

ials. Next, the cells were hooked to a pressure source and small

increments of pressure were applied consecutively allowing the

moisture content of the soil to reach equilibrium for each small

pressure increment. Amounts of water lost during each pressure

increment were noted by taking burette readings. The height of

water in the burette was used to correct pressure values for each

increment and the amounts of water lost were used to calculate the

percent moisture by weight as a function of pressure.

The curves for theAC horizon material have two distinct

changes in curvature as shown in Figure 34. The first change occurs

at a suction of less than 0. 05 bars and a moisture content of approxi-

mately 65 percent by weight or 49 percent by volume. The second

curvature change occurs at a suction of approximately 0. 5 bars and
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a moisture content of approximately 25 percent by weight or 19 per-

cent by volume.

Curves for the C1 horizon material are shown in Figure 35.

There is only one definite curvature range. This change occurs with-

in the suction range of approximately 0. 01 to 0. 02 bars where the

moisture content ranges between 98 and 115 percent by weight or 43

to 51 percent by volume.

The C2 horizon material curves are shown in Figure 36.

There is only one definite curvature change, which occurs within the

suction range of 0. 01 to 0. 05 bars and at moisture contents ranging

from 52 to 68 percent by weight or 28 to 37 percent by volume.

On May 15, 1964, the earliest date of field sampling, moisture

contents of the AC horizon ranged from 36 to 61 percent by weight.

Moisture contents of the C1 horizon ranged from 97 to 104 percent by

weight while the range of moisture content for the C2 horizon was

46 to 62 percent by weight on the same date. These values fall within

the range of values obtained from the curvature changes in Figures

34 to 36. Apparently field capacity values for the Lapine soil occur

at suctions of less than 0. 05 bar, considerably below the 0. 3 bar

value which is usually accepted for field capacity.

Dyrness (1960, p. 163) found that field capacity moisture con-

tents estimated by field sampling for the Lapine soil were higher than

the 0. 1 bar pressure plate values. He suggested the possibility that
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moisture content in the Lapine soils may reach an unstable equilibri-

um of field capacity at suctions considerably lower than the generally

accepted 0. 3 bar value. Figures 35 and 36 suggest that a field capac-

ity value of less than 0. 05 bar is a stable value because there is only

one definite curvature change. Figure 33 shows two curvature

changes for the AC horizon. This suggests that if downward drain-

age were possible a second equilibrium situation would occur for the

AC horizon at a tension of 0. 3 to 0. 4 bars.

Permanent wilting point. Youngberg and Dyrness (1963)

found close agreement between wilting point values obtained phyto-

metrically with sun flowers and those obtained with the pressure

plate apparatus using 15 bars pressure for the A1, AC, C1, C2, and

D horizons of a Lapine soil. For each horizon the phytometric value

was slightly higher than the pressure plate value.

Table 12 compares the moisture contents of the Lapine soil

horizons obtained with the pressure plate apparatus under 15 bars

suction with the moisture contents where permanent wilting of

Monterey pine seedlings occurred in the greenhouse experiments.

As shown in Table 12, Monterey pine seedlings were able to

reduce moisture contents to values slightly below those obtained with

the pressure membrane apparatus. This indicates that if the horizon

materials are permeated by roots, moisture depletion down to a level



Table 12. Comparison of wilting points obtained by the use of
Monterey pine seedlings with those obtained under
15 bars suction in a pressure plate apparatus.

Permanent Wilting Point

Percent Moisture by Weight

A1 5.21 5.80

AC 4.90 5.79

C1 5.18 5.52

C2 1.85 2.90

D 5.05 7.49
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close to the commonly accepted 15 bar wilting point value is possible.

Moisture depletion patterns. Dyrness (1960, pp. 165-166)

found that the Lapine soil exhibits an extremely wide range of avail-

able moisture. Further, a large proportion of this moisture is held

between suction values ranging from less than 0. 1 to 1 bar.

Figure 37 shows moisture suction curves for the AC, C1 and

C2 horizons for the 0. 7 to 15 bar suction range. This curve along

with Figures 33, 34, and 35 shows the very high amounts of moisture

stored by the Lapine soils at low suctions as first reported by

Dyrness (1960).

Horizon Monterey Pine 15 bars
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Figure 37. Moisture content by weight as a function of suction for the
AC, C1, and C2 horizons for the suction range of 0.7 to
15 bars. Each point represents an average of at least
four measured values.
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Moisture contents of pumice particles during moisture deple-

tion. As described in the section on methods of study, samples of the

pumice material were taken at least every two weeks during the sum-

mer of 1964 for gravimetric moisture content determinations. Mois-

ture contents were determined for the soil as a whole as well as for

the size fractions given in Table 1. For the latter determination,

the material was separated into size classes and the moisture con-

tent of each fraction was determined. Moisture depletion curves for

the soil materials as a whole are presented in Figures 5 and 6.

Moisture content determinations for the different size classes were

made to determine the relationship between pumice particle size and

moisture release during soil moisture depletion.

Figures 38 and 39 show the regression lines of moisture con-

tents by weight of the screened size classes, reported as percent dry

weight, as a function of the field moisture content of the whole soil

material. The graphs pertain to material from the AC and C1 hori-

zons. Each regression line in each one of the figures represents at

least 18 samples. Table 13 summarizes the data presented by the

two graphs.

The high value of r2 for all of the regressions except for

the AC size fraction > 18 mm and the C1 size fraction <1.5 mm

indicates a close fit for the rest of the size fractions. The lack of
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Table 13. Adjusted means (actual means), regression equations and
squares of correlation coefficients for moisture content by
weight of each of the size fractions, y, as a function of
field moisture content of the whole soil material, x.

Size Adjusted Mean
Horizon Class (Actual Mean)
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Size Regression
2Fraction Equation r

fit for the AC size fraction > 18 mm is probably due to the fact that

this fraction occupies a very small amount of the total soil volume.

As a result only small samples were available for moisture content

AC

AC

I

II

51.9

48.4

>18 y=27.6+.9Ox

<18->12 yO.S6+l.8lx

.30

.88

AC III 46.2 <12->8 yz-O.86+l.74x .91

AC IV 42.6 <8->3 y=l.29+l.SZx .86

AC V 36. 2 <3-> 1. 5 y=3.20+l.ZZx .86

AC VI 18.2 <1.5 y6.3+.44x .72

C1 I 94. 01 > 18 y-8.62+l.33x . 90

C1 II 96. 57 <18->12 y=6.29+l.lSx . 92

C1 III 96. 98 <12-> 18 y9.84+l.l4x . 92

C1 IV 92.90 <8->3 y5.43+l.l4x .86

V 78. 11 <3->l.5 y-l.O7+l.O3x .86

C
1

VI 15 72 <1.5 y-3.24+. 25x . 16

Percent Moisture by (mm)
Weight
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determinations.

The AC horizon size fractions were tested for homogeneity of

adjusted means and homogeneity of slopes. Both adjusted means and

slopes were found to be non-homogeneous. Table 14 presents the

results of 95 percent confidence interval tests between pairs of ad-

justed means and pairs of slopes. For the method of sampling used,

the average moisture content of the whole soil was the same for all

size fractions. Therefore, the adjusted means of the percent mois-

ture contents by weight for each of the size fractions are the same as

the actual means (Li, 1959, p. 355).

Figure 48 and Table 14 show that the depletion patterns and

moisture contents of the < 18 mm-> 12mm and the <12mm-> 8mm

size fractions are similar. The moisture contents of the smaller

size fractions are lower and they have somewhat different depletion

patterns.

The difference in both moisture content and depletion pattern

for the < 1. 5 mm size fraction is to be expected because of the high

proportion of non-potous material in this fraction (Table 5). The

other size fractions represent differences in pumice particle sizes.

It is apparent that for AC pumice particle sizes up to a certain limit

in the range of> 8mm-< 12 mm, the larger the particle the greater

will be its moisture content by weight for any whole soil moisture

content and the greater will be its moisture loss during depletion of



* Significant difference at the 95 percent level.

the whole soil.

This is not true for the C1 horizon. For this horizon only the

largest and smallest size fractions have moisture depletion patterns

which differ from the remainder of the size fractions. The smallest

size fraction has a much lower moisture content than the other size
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Table 14. Ninety-five percent confidence intervals for slopes and
adjusted means (actual means) for the regression of mois-
ture content of the size fractions as a function of mois-
ture content of the whole soil for the AC horizon.

Size Class
Comparison

Difference Be-
tween Means

Confidence
Interval

Slope Confidence
Difference Interval

II-IV 5.8 4.7* .55 45*

lI-V 12. 2 4. 2 * . 85 43 *

Il-VI 30.2 8.7* .79 .78*

III-IV 3. 6 4. 3 . 38 . 21

Ill-V 10.0 4. 1 .51 .37 *

lIl-VI 28. 0 8. 2 * 1. 30 . 79 *

IV-V 6.4 3.9* .30 .44

IV-VI 34.4 9.0* 1.09 .81*

V-VI 20. 0 8. 8 * 79 . 78 *



123

fractions also. These differences in moisture content and depletion

pattern for this < 1. 5 mm size fraction are to be expected because

this size fraction is 83. 3 percent non porous material by weight.

The difference in moisture content between the > 1. 5 mm - < 3 mm

size fraction and the other sizefractions is attributed to the presence

of andesite and related rocks not present in the larger size fractions.

These rocks make up approximately 4. 5 percent of this size fraction

by weight.

Depletion patterns for the C2 horizon fractions could not be

obtained because there was no appreciable moisture depletion of the

whole soil in the field during the period of sampling.

The differences in depletion patterns for the pumice particles

of the AC and C1 horizons may be due in part to the differences in

moisture content by weight of the two horizon materials during the

sampling period or to differences in root permeation between the two

materials in the field. For a consideration of the affect of rooting

concentration differences reference is made to the results of the

greenhouse experiments where the roots thoroughly permeated all

the pumice soil materials.



Results of the Greenhouse Study

As stated in the methods of study section, the greenhouse

study was carried out to determine wilting coefficients foz the vari-

ous horizon materials phytometrically, and to determine if particle

size affects the amounts of moisture that plants can remove from the

pumice soil material.

Monterey pine seedlings were grown in pots containing whole

soils and soil fractions as shown in Table 2. The plants were pro-

vided with ample water and nutrients until they reached a size which

indicated the roots completely permeated the volume of soil material

in the pot. Nutrients were provided byperiodic applicatLonsof a com-

plete nutrient solution as given by Swan (1960, p. 49) to all treat-

ments except the A1 horizon. The pots were then filled with water

and allowed to soak for a 12 hour period followed by overnight drain-

age. The soil surface of each pot was then covered with a inch

deep layer of plastic beads and l inches of coarse vermiculite.

Each pot was next weighed and re-weighed periodically until all

plants in the pot wilted. At wilting, the plants and soil were re-

moved and separated and the moisture content and tQtal weight of the

soil were determined. Dry top and root weights for the- plants were

also determined. By noting weight losses, moisture content of the

soil material can be determined at any time during the moisture use
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period provided the growth of the plant during this time period is con-

sidered negligible.

Permanent wilting points. Table 15 gives the moisture con-

tents as percent of dry weight at which wilting of each of the Monterey

pine seedlings occurred for each of the treatments.

Analysis of variance was used to compare these wilting per-

centages among whole soil materials, size fractions within each soil

material, and similar size fractions of different soil materials.

Table 16 shows the degrees of freedom, the mean squares, the F

values and the least significant difference for each of these tests.

The results of these analyses can be stated as follows:

The moisture content at which wilting occurred was

much lower for the C2 horizon than for the A1, AC, C1, or D

horizon materials.

The moisture content at which wilting occurred was

much lower for the < 1. 5 mm size fraction than for the other

size fractions of the AC, C1, and C2 horizon materials.

The moisture content at which wilting occurred in the

>8 mm, <8 mm-> 3mm, <3mm-> 1.5mm and <1.5mm

size fractions of the C1 horizon materials was less than for com-

parable size fractions of the AC horizon material and greater than



126

Table 15. Percent moisture by weight of the soil materials at which
the Monterey pine seedlings wilted.

<8mm-> 3mm 10. 40 11.85 10. 60 10. 95
<3mm-> 1. 5mm 8. 33 9. 61 9.41 9. 12

< 1. 5 mm 3. 32 5. 97 3. 18 4. 16

C1 Size Fractions

6. 03 4.94 6. 20 5. 72> 12mm
<12mm-> 8mm 6. 29 4.63 4.95 5. 29
<8mm-> 3mm 5.64 4.80 7. 10 5. 85
<3mm-> 1. 5mm 6.42 6. 50 6. 35 6.42

<1.5mm 2. 20 2. 20 2. 00 2. 13

C2 Size Fractions

3. 20 3. 29 3.71 3.40> 3 mm
<3mm-> 1. 5mm 3. 36 3. 05 3. 50 3. 30

<1.5mm 1. 55 1. 13 1. 20 1. 29

Replication
:i: II III Mean

Whole Soil Material

A1 4.60 5.75 5.28 5.21
AC 4. 90 5. 26 4. 54 4. 90
C1 4. 60 4. 77 6. 17 5. 18
C2 2.02 1. 96 1. 56 1.85
D 4. 70 5. 50 4. 95 5. 05

AC Size Fractions
9.45 9. 35 9.43 9.41> 8 mm



Table 16. Analysis of variance results for the permanent wilting
percentages determined with Monterey pine seedlings.

L.S.D. = 0.29
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Among size fractions of the AC horizon

L.S.D. .41

Source of variation D.F. M.$. F

Replication 2 1. 9232
Treatment 3 26. 6420 49. 02 *
Error 6 . 5435
Total 11 7. 7506

L.S.D. =.72

Among size fractions of the C1 horizon

Sourceofvariation D.F. M.S. F

Replication 2 0. 8260
Treatment 4 8.6498 19.32*
Error 8 0. 4476
Total 14 2. 8452

L.S.D. 0.56

Among size fractions of the C2 horizon

Source of variation D. F. M. S. F

Replication 2 0. 0768
Treatment 2 8.4874 168. 20 *
Error 4 0. 0505
Total 8 1. 1061

Comparison

D.F. M.S. F
Among whole soils

Source of variation
Replication 2 0. 3073
Treatment 4 6. 3372 22. 45 *
Error 8 0. 2822
Total 14 2.8400



Table 16. (Continued)

Among horizon materials for the >8mm and <12mm-> 8mm size
fractions

Source of variation D.F. M.S. F.

Replication 2 0.4256
Treatment 1 25.4616 72. 12*
Error 2 0. 3528
Total 5 5.4037

Among horizon materials for the <8mm-> 3mm and > 3mm size
fractions

Source of variation D. F. M. S. F

Replication 2 0. 40905
Treatment 2 44. 5165 50. 44*
Error 4 0.8185
Total 8 11. 6407

L.S.D. = 1.85

Among horizon materials for < 3mm-> 1. 5mm size fraction

Source of variation D.F. M.S. F

Replication 2 0. 1353
Treatment 2 25.3916 127.75*
Error 4 0. 1988
Total 8 6.4811

L.S.D. = 1.28

Among horizon materials for the < 1.5mm size fraction

Source of variation D.F. M.S. F

Replication 2 0. 7764
Treatment 2 6.4991 7.39*
Error 4 0. 8793
Total 8 2. 2585

L.S.D. =.59

* Significant at the 5 percent level.
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for those in the C2 material.

The low phytometric wilting point of the C2 horizon material

is in agreement with the results of the 15 bar pressure plate deter-

minations. The moisture suction curves for the C, horizon show

that in comparison with the AC and C1 materials, a larger percent-

age of the total pore space for the C2 material must consist of pores

of a greater diameter than 0. 19 microns which is the pore diameter

that will be emptied of water under a pressure of 15 bars at 20 de-

grees C. The fact that the moisture content at wilting for the

< 1. 5mm, <3mm-> 1. 5mm. and > 3mm size fractions was lowest

for the C2 horizon material indicates that the C2 particle pore vol-

ume consists of a greater proportion of pores greater than 0. 19

microns in diameter than the particles of the AC or C1 horizons.

The very low moisture contents at which wilting occurred in

the size fraction < 1. 5 mm for each of the horizons is due to the

larger percentage by weight of non-porous material in this size

fraction. This material is probably coated with a very thin moisture

film when wilting occurs but there are no small internal pores to

hold water at suctions higher than the plant roots exert.

The high moisture contents at which wilting occurred for the

AC size fractions in comparison with the C1 and C2 horizons is not

readily explainable. The AC horizon is a zone of weathering while

the C horizon is not. Perhaps the pores of the AC horizon pumice
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particles have become more coated with clay than have the C horizon

particles causing both a reduction in pore diameter and an increase in

the moisture retention force.

Moisture use. Tables 17 and 18 give percent moisture con-

tents by weight and grams of water per pot respectively for each

soil material on July 14, the day following drainage. Table 17 shows

that the retention moisture contents are close to the field capacity

values for the AC and C1 soils but are 25 to 30 percent higher than

field capacity for the C2 horizon. Table 17 also shows that the

< 1. 5 mm size fraction retained less moisture in terms of percent

of dry weight than the other size fractions. Table 18 shows that

in terms of actual amounts of water retained the < 1. 5 mm size

fraction retained as much or more moisture than the other two size

fractions.

Table 19 gives the total moisture lost per pot during the

moisture use period. This table shows that, as expected, the

amount of moisture lost during the drying period is closely corre-

lated with the amount of moisture which was retained after drainage.

Table 20 gives the water loss during the drying period per gram of

dry soil material. A comparison of Table 19 and Table 20 shows that

the total water loss in grams for the < 1.5 mm size fractions is as

great as or greater than the other size fractions. However, in terms



Table 17. Percent moisture by weight on July 14, the day following
drainage.

Replication
III Mean

131

I II

Whole SoilMaterial
A1 57. 6 82. 0 60. 5 68. 7
AC 55. 5 60. 3 59. 5 58. 4
C1 128. 0 99. 0 100. 3 109. 1
C2 92. 0 85. 2 85. 2 87. 4
D 37. 5 34. 5 36. 2 36. 0

AC Size Fractions

<12mm-> 8mm 131.0 123.0 119.4 124.4
<8mm-> 3mm 136.0 136.0 126.2 132.7
<3mm-> 1. 5mm 124.0 126.5 114.8 121.7

< 1.5 mm 42. 5 43. 8 48. 8 45. 0

C2 Size Fractions

141. 5 128. 2 122. 5 130.7> 3 mm
<3mm-> 1. 5mm 127.5 126. 8 128. 7 127.6

< 1.5 mm 59. 0 56. 2 55. 2 56. 8

> 8 mm 86.0 117.0 120.0 107.6
>8mm_> 3mm 90. 2 82. 8 93. 6 88. 8
>3mm_> 1. 5mm 102. 0 94. 5 105. 2 100. 5

< 1.5 mm 55. 3 44. 2 46. 5 48. 6

C1 Size Fractions

127. 9 123. 5 134. 5 128. 6> 12 mm



Table 18. Grams of water per pot on July 14, the day following
drainage.
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< 1. 5 mm 773. 2 737. 2 794. 0 768. 1

C2 Size Fractions

685. 4 697. 0 646. 6 676. 3> 3 mm
<3mm-> 1. 5mm 775. 0 763. 4 780. 3 772. 9

< 1. 5 mm 862. 5 855. 3 791. 2 840k 0

Replication

I II III Mean

Whole Soil Material

A1 890.5 924.7 869.9. 895.0
AC 828. 9 877. 3 814. 1 840. 1
C1 971.9 796.7 781. 1 849.9
C2 917.2 899.7 935.1 917.3
D 628. 6 595. 8 597. 5 607. 3

AC Size Fractions
501. 3 688. 1 641. 5 610. 3> 8 mm

> 8mm-> 3mm 676. 8 605. 8 639. 1 640. 5
> 3mm> 1. 5mm 820.0 743.5 780.2 781.Z

> 1.5 mm 890,8 721.8 868.5 827.0

C1 Size Fractions

579. 2 604. 2 630. 1 604. 5> 12mm
<12mm-> 8mm 639.6 648.4 612..4 633.4
<8mm-> 3mm 664. 5 759. 7 762. 5 728. 9
<3mm-> 1. 5mm 796.3 775.0 741.0 770.7
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Table 19 Total water loss in grams from July 14 to date of wilting.

Replication
II III Mean

Whole Soil Material

A 819 860 794 824
Aè 756 800 752 769
C1 937 779 764 827
C2 897 879 918 898
D 550 501 516 522

AC Size Fractions
445 633 591 556> 8 mm

<8rnm->3mm 599 519 567 562
<3mm-> 1. 5mm 753 668 708 710

< 1.5 mm 837 776 809 807

C1 Size Fractions

552 580 601 578> 12 mm
<lZmm->8mm 609 624 590 608
<mm->3mm 637 709 735 694
<3mm-> 1. 5mm 755 737 669 720

< 1. 5 mm 738 700 759 732

C2 Size Fractions

660 681 627 656> 3 mm
<3mm-> 1.. 5mm 755 745 759 753

> 1.5 mm 840 849 774 821



C1 Size Fractions
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Table 20. Water loss in grams from July 14 to wilting, per gram of
dry soil material.

> 12 mm 1. 22 1. 21 1. 28 1. 23
<12mm-> 8mm 1. 25 1. 18 1. 15 1. 19
<8mm-> 3mm 1. 30 1. 32 1. 22 1. 28
<3mm-> 1.5mm 1. 18 . 94 1.03 1.05

<1.5mm .45 .42 .46 .44

C2 Size Fractions

1.36 1.26 1.19 1.27> 3mm
<3mm-> 1. 5mm 1. 24 1. 24 1. 25 1. 24

< 1.5 mm . 58 . 55 .54 .55

Replication
II III Mean

Whole Soil Material

A1 .53 .78 .55 .62
AC .51 .55 .55 .54
C1 1.24 .97 1.01 1.07
C2 .90 .83 .84 .85
D .33 .29 .31 .31

AC Size Fractions
.77 1.08 1.11 .98> 8mm

<8mm->3mm .80 .71 .83 .78
<3mm-> 1. 5mm . 94 . 85 . 93 . 90

< 1.5 mm . 51 .48 .43 .47
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of water loss per grams of dry soil material, water loss for the

< 1.5mm size fractions is much smaller than for the other size

fractions.

Tables 17, 18, 19, and 20 show that soil moisture depletion

in the greenhouse was somewhat similar to soil moisture depletion

in the field in that on a weight basis the size fraction > 1.5mm lost

the least amount of moisture. The tendency of the larger pumice

particle siz'es of the AC horizon to lose more water on depletion in

the field was not found to be the case for moisture depletion in the

greenhouse.

To obtain comparative values of moisture losses, the mois-

ture losses per day from July 14 to the date of wilting were calcu-

lated. Table 21 gives these results and Table 22 presents the analy-

sis of variance. Table 23 gives the water loss in grams per day per

gram of soil dry weight multiplied by 100 and Table 24 presents the

accompanying analysis of variance. Again Tables 21 and 23 show

that actual amounts lost by the <1.5 mm size fractions are greater

than for the other size fractions. In terms of amounts lost per gram

of dry soil material the moisture loss for this size fraction is less

than for the other size fractions. This is again similar to the re-

sults obtained in field sampling.

All of the treatments except the A1 soil materialwere pro-

vided with nutrient solution in an attempt to produce pl?.nts of



Table 21. Water loss in grams per day from July 14 to date of
wilting.
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Replication

II III Mean

Whole Soil Material
A1 21. 1 18.4 16.9 18.8
AC 12.6 16.3 17.5 15.5
C1 16.7 15. 3 15.0 15.7
C2 18.3 17.9 18.7 18.3
D 11.7 10. 1 10. 3 10.7

AC Size Fractions

9. 5 14. 1 12. 6 12. 1> 8 mm
<8mm-> 3mm 12.5 12. 9 12. 6 12. 7
<3mm-> 1. 5mm 12.5 13.4 14. 2 13. 4

< 1.5 mm 17. 1 13. 9 16. 5 15. 8

C1 Size Fractions

10.8 11.4 11.8 11. 3> 12mm
<12mm-> 8mm 8.8 10.1 10.5 9.8
<8mm-> 3mm 10.6 11.4 14.7 12.2
<3mm-> 1. 5mm 14. 8 15. 1 12. 5 14. 1

< 1. 5 mm 20.0 18.9 18. 5 19. 1

C2 Size Fractions

14. 0 11.0 13.4 12. 8> 3 mm
<3mm-> 1. 5mm 16. 1 13. 3 16. 1 15. 2

< 1.5 mm 18.8 18. 9 16. 5 18. 1



Comparison

Among whole soils

Source of variation D. F. M. S. F

Replication 2 0. 3359
Treatment 4 31. 0450 9. 97 *
Error 8 3. 1145
Observation 14 10. 6981

L.S.D. = 1.47

Among size fractions of the C1 horizon

Among size fractions of the C2 horizon

Among size fractions of the AC horizon

Source of variation D.F. M.S. F

Replication 2 1. 1808
Treatment 3 8. 2099 3. 09
Error 6 2. 6608
Observation 11 3. 9052

Source of variation D. F. M. S. F

Replication 2 0. 4607
Treatment 4 3. 8680 38. 75 *
Error 8 0. 0947
Total 14 1. 2336

L.S.D. =.26

Source of variatior D. F. M. S. F

Replication 2 2. 7078
Treatment 2 20. 8745 9. 78 *
Error 4 2. 1344
Observation 8 6. 9628

LS.D. =1.9
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Table 22. Analysis of variance results for water loss in grams per
day from July 14 to date of wilting.



Table 22. (Continued)

Among horizon materials for the <8mm-> 3mm and > 3mm size
fractions

Among horizon materials for the <3mm-> 1. 5mm size fraction

5 fractionmm size

* Significant at the 5 percent level.
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Source of variation JJ.F. M.S. F

Replication 2 2. 5200
Treatment 2 0. 2650 0. 09
Error 4 2. 7650
Total 8 1. 8875

Source of variation D. F. M. S. F

Replication 2 0. 2178
Treatment 2 I. 6478 0. 5546
Error 4 2.9711
Total 8 1. 952

Among horizon materials for the > 8mm and <12mm-> 8mm size
fractions

D.F. M.S. FSource of variation

Replication 2 4.9217
Treatment 1 7. 7067 5. 62
Error 2 1. 3717
Observation 5 4. 0586

Among horizon materials for the < 1.

Sourceofvariation D.F. M.S. F

Replication 2 2. 0578
Treatment 2 8.5078 5. 31
Error 4 7. 6411
Total 8 3. 4619
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Table 23. Water loss in grams per day per gram of soil dry weight
times 100.

Replication

I II III Mean

Whole Soil Material

A1 1.43 1. 63 1. 17 1. 41
AC 0. 85 1. 12 1. 28 1. 08
C1 2.20 1.90 1.98 2.03
C2 1.84 1.96 1.72 1.84
D 0. 71 0. 58 0. 62 6. 37

AC Size Fractions
1.64 2. 30 2.36 2. 10> 8 mm

<8mm-> 3mm 1.67 1.77 1.84 1.76
<3mm-> 1. 5mm 1.57 1.70 1.86 1.71

<1.5 mm 1.04 0.88 0.88 0. 93

C1 Size Fractions

2. 38 2. 38 2. 52 2. 43> 12mm
<12mm-> 8mm 1. 81 1. 90 2.05 1. 92
<8mm-> 3mm 2. 16 2. 12 2.44 2. 24
<3mm-> 1. 5mm 2. 32 1. 94 1. 84 2.03

<1. 5 mm 1. 21 1. 14 1. 12 1. 17

C2 Size Fractions

2. 90 2.04 2. 54 2.49> 3 mm
<3mm-> 1. 5mm 2.64 2. 22 2. 66 2.51

< 1. 5 mm 1. 29 1. 22 1. 15 1. 22



L.S.D. =0.15

L.S.D. = 0.21

L.S.D. = 0.44

L.S.D. = 3.70
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Table 24. Analysis of variance results for water loss in grams per
day per gram of soil dry weight times 100.

Among size fractions of the AC horizon
M.S. FSource of variation D.F

Replication 2 0. 0691
Treatment 3 0. 7295 17. 17 *
Error 6 0. 0425
Total 11 0. 2347

Among size fractions of the C2 horizon

FSource ofvariation D.F. M.S.

Replication
Treatment
Error
Total

2
2

4
8

0. 1561
1.6386
0. 0485
0. 4729

3377*

Comparison

D. F. M. S. F

Among whole soils

Source of variation
Replication
Treatment
Error
Total

2

4
8

14

0. 0089
0.9520
0. 0336
0. 2925

28.33*

Among size fractions of the C1 horizon

FSource ofvariation D.F. M.S.

Replication
Treatment
Error
Total

2

4
8

14

0.0136
0.7113
0. 0261
0.2201

27.25*



Table 24. (Continued)

Among horizon materials for the > 8mm and <12mm-> 8mm size
fractions

Among horizon materials for the <12mm-> 3mm and the > 3mm
size fractions

Among horizon materials for the <3mm-> 1. 5mm size fractions

* Significant at the 5 percent level.

L.S.D. =.58

Among horizon materials for the <1.5mm size fraction

L.S.D. =.30
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Source of variation D.F. M.S. F

Replication 2 0. 0299
Treatment 1 0. 3456 43. 75 *
Error 2 0. 0079
Total 0.0843

Source of variation D. F. M. S. F

Replication
Treatment
Error
Total

2

2

4
8

0. 0405
0.4817
0. 0533
0. 1572

9.05*

Source of variation D. F. M. S. F

Replication
Treatment
Error
Total

2
2

4
8

0. 0139
0.0681
0. 0020
0. 0209

34.03*

Sourceofvariation D.F. M.S. F

Replication
Treatment
Error
Total

2

2

4
8

0. 0800
0.4163
0,710
0. 1601

5.78
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uniform size for all of the treatments. Table 25 gives the dry top

weights, dry root weights, and the top/root ratios of the plants for

each treatment.

Table 26 presents the water lost in grams per day per gram

of root weight. Table 27 presents an analysis of variance of this

data. For the whole soils less water per day per gram of root weight

tendedtobelostbytheA1 and C1horizons than by the other whole

soils For the size fraction treatments of the AC horizon soil, the

amount of water lost per day per gram of root weight for the

> l.5mm-<3mm size fraction was less than for the <1.5 mm size

fraction and greater than for the > 8 mm and> 3mm - < 8 mm size

fractions. For the range ir size classes from <1.5mm to <12mm

from the C1 horizon, the smaller the particle size the greater the

amount of water loss per day per gram of root weigKt. For the C2

horizon soil size fraction treatments, the > 3mm size fraction tended

to lose less water per day per gram of root weight thanthe two smaller

size fractions.

A comparison of the < 1.5 mm size fractions of the AC, C1,

and C2 horizons shows that for comparable size fractions the AC

horizon lost less moisture per day per gram of root weight than the

C1 or C2 horizon size fractions.

Although many factors affected moisture loss other than root

weight, these results indicate that the roots cannot remove moisture



Table 25. Dry weights of tops and roots and top/root ratios for the Monterey seedlings.

Treatment
Dry Weight Tops, gm Dry Weight Roots, gm Top/Root Ratio

Replication Replication Replication
I II III Mean I II III Mean I II III Mean

A1 4.73 5. 17 4. 67 4. 86 3. 15 3. 14 2. 97 3. 09 1. 50 1. 65 1. 57 1. 57

AC 2. 14 2. 17 2. 10 2. 14 1. 16 1.42 1. 25 1. 28 1.84 1. 53 1. 65 1. 67

Ci 3. 11 2. 90 2. 69 2. 90 1. 92 1. 80 1. 66 1.79 1. 62 1. 61 1. 62 1. 62
C2 2.78 2.61 3. 04 2. 81 1. 61 1. 34 2.48 1. 81 1.73 1. 95 1. 23 1. 64
D 1. 89 1. 69 1. 87 1. 82 0. 64 1. 10 1. 02 0. 92 2. 95 1. 54 1. 83 2. 11

AC

2. 17 2. 44 2. 25 2. 29 2. 52 2. 54 2. 65 2. 57 0. 86 0. 96 0. 85 0. 89>8mm
<8mm-> 3mm 2. 62 2. 01 2. 50 2.38 2. 97 1. 98 2. 36 2. 44 0. 88 1. 01 1. 06 0. 98
<3mm-> 1. 5mm 2. 15 2. 25 2. 02 2. 14 1.73 1. 59 1.75 1. 69 1. 24 1.42 1. 50 1. 39

<1. 5mm 2. 23 2. 33 2. 28 2. 28 1. 30 1. 18 1. 25 1. 24 1.72 1. 97 1. 82 1. 84

Cl

3. 13 2.99 2.76 2. 96 2.72 2. 14 2. 60 2.49 1. 15 1.40 1. 06 1. 20> 12mm
<12mm-> 8mm 3.58 2.98 3.01 3. 19 2. 64 1.78 1. 68 2. 03 1.36 1. 67 1.79 1. 61

<8mm-> 3mm 2. 37 2. 39 3. 08 2. 61 1.42 1.70 2. 27 1. 80 1. 67 1. 41 1. 33 1. 47

<3mm-> 1. 5mm 2. 55 2. 39 2.45 2.46 1. 50 1. 56 1. 52 1. 53 1.70 1. 53 1. 61 1. 61
<1. 5mm 1. 86 1.87 2.41 2. 05 1. 13 1. 16 1.43 1. 24 1. 65 1. 61 1. 69 1. 65

C2

2.77 2.18 3.14 2.70 1.94 2.08 2.71 2.24 1.43 1.05 1.16 1.21>3mm
<3mm-> 1. 5mm 2. 65 2. 07 2. 59 2.44 1. 84 1. 28 1.44 1. 52 1.44 1. 62 1. 80 1. 62

<1. 5mm 2.42 2.45 2.83 2.57 1. 87 2.70 2.42 2.33 1. 29 0.91 1. 17 1. 12



Table 26. Water loss in grams per day per gram of root weight.
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Replication

II III Mean

Whole Soil Material

A1 6. 70 5. 85 5. 65 6. 06
AC 10. 85 11.48 14.00 12. 11
C1 8. 70 8. 15 9. 05 8. 63
C2 11.35 13.40 7.55 10.76
D 18. 30 9. 20 10. 10 12. 53

AC Size Fractions
3.77 5.55 4.75 4.69> 8 mm

<8mm-> 3mm 4. 21 6. 52 4.79 5. 17
<3mm-> 1. 5mm 7. 23 8.42 8. 10 7. 92

< 1. 5 mm 13. 15 11. 80 13. 20 12.72

C1 Size Fractions

3. 97 5. 38 4. 54 4. 58> 12 mm
<12mm-> 8mm 3. 34 5. 67 6. 25 5. 09
<8mm-> 3mm 7. 48 6. 70 6. 47 6. 88
<3mm-> 1.. 5mm 9. 88 9. 67 8. 75 9. 43

< 1. 5 mm 17.70 16.30 12.92 15.64

C2 Size Fractions

7. 22 5. 35 4.95 5. 84> 3 mm
<3mm-> 1. 5mm 8. 75 10. 40 11. 19 10. 11

< 1. 5 mm 10. 10 7. E2 6. 82 7. 98



L.S.D. =.90

L.S.D. = 1.22
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Table 27 . Analysis of variance results for water loss in grams per
day per gram of root weight.

Among size fractions of the C2 horizon

FSource of variation D.F. M.S.

Replication 2 1. 1577
Treatment 2 13. 7094 5. 23
Error 4 2. 6207
Total 8 5. 0271

Comparison

D. F. M. S. F
Among whole soils

Source of variation
Replication 2 5. 1782
Treatment 4 21. 2400 2. 67
Error 8 7. 9509
Total 14 11.4915

Among size fractions of the AC horizon
FSource of variation D. F. M. S.

Replication
Treatment
Error
Total

2

3

6
11

0. 9874
40.5400
0. 8033

11. 6730

50.46*

Among size fractions of the C1 horizon

FSource of variation D. F. M. S.

Replication
Treatment
Error
Total

2

4
8

14

1. 1607
60.9961

2. 0725
18. 7776

29.43*



Table 27. (Continued)

Among horizon materials for the <8mm-> 3mm and > 3 mm size
fractions

Among horizon materials for the <3mm-> 1. 5mm size fractions

Among horizon materials for the <1. 5 mm size fraction

* Significant at the 5 percent level.

L.S.D. = 1.88
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Source of variation D. F. M. S. F

Replication 2 5. 7167
Treatment 2 44. 8288 21. 69 *
Error 4 2. 0668
Total 8 13. 7223

Source of variation D.F. M.S. F
Replication 2 0. 6043
Treatment 2 3. 7940 4. 50
Error 4 0 8430
Total 8 1.5211

Source of variation D.F. M.S. F

Replication 2 0. 7208
Treatment 2 2. 2285 1. 75
Error 4 1.2719
Total 8 1.3553

Among horizon material for the > 8 mm and <12mm-> 8mm size
fractions

D. F. M. S. FSource of variation

Replication
Treatment
Error
Total

2

1

2

5

4. 1727
0.7994
0. 2296
1. 9280

3.48
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from the larger AC and C1 horizon particles as rapidly as from the

smaller particles. This is reasonable because moisture stored in

the interior pore spaces of the larger pumice particles must flow a

longer distance to the root surface than moisture stored in the smaller

particles. The differences in losses per day per gram of root weight

for < 1.5 mm size fractions of the AC, C1, and C2 horizons is prob-

ably due to a difference in pore size distribution for the C1 and C2

particles and to clay coatings of the AC horizon particles and particle

pore surfaces which cause an increase in the water retention forces

for the AC particles.

Apparently particle size affects the rate of water movement

to the roots. The large particles are able to store large amounts of

water on a weight basis but this water becomes available to roots

more slowly than water stored by the smaller pumice particles and

non...pumic e material.



SUMMARY AND CONCLUSIONS

Thermal Properties

The A1, AC, C1, and C2 horizons of the Lapine soils have

very iow heat conductivities, low heat capacities by volume, and low

heat diffusivities. For these reasons the Lapine soils are not capable

of storing as much heat as are more dense mineral soils.

The inability of the pumice soil to store large quantities of

heat and its inability to rapidly conduct heat upward out of the soil

profile presents conditions of extreme frost hazard. This modifica-

tion of microclimate would be most extreme where topographic con-

ditions cause accumulations of cold air.

Unsaturated Moisture Flow

The pumice materials seem to satisfy all the conditions neces-

sary for the evaluation of moisture diffusivity by the use of horizontal

flow columns. The moisture content ahead of the porous plate ap-

pears to remain constant, the wetting front advances at a rate pro-

portional to the square root of time, and curves representing runs

of one time can be projected to fit the data of another run of a dif-

ferent length of time fairly closely. However, the moisture content

curves are shaped differently than corresponding curves for other
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mineral soils. This seems to result in a moisture diffusivity value

that is too high to accurately describe unsaturated flow rates. It is

concluded that the moisture dilfusivity does not accurately describe

unsaturated flow in pumice soils.

Experimental runs with AC, C1, and C2 horizon materials

packed in order in a single flow column show that the C
1

horizon has

the slowest rate of unsaturated flow. Under some conditions the C1

horizon may limit the rate of water movement through the profile.

Vapor transfer from the C1 horizon upward into the AC hori-

zon did not take place in appreciable amounts during the June to

August time period because vapor pressure gradients upward from

the C1 horizon were of small magnitude and short duration. Diurnal

temperature fluctuations produce vapor pressure gradients upward at

night in the A1 and AC horizons which must contribute to evaporation.

Howev; downward vapor pressure gradients occur in these horizons

during the day. These downward daytime gradients are larger and of

as long or longer duration. This self-mulching effect would reduce

evaporation during the day.

Heat diffusivities calculated for the AC horizon from temper-

ature profile measurements differ markedly from those calculated from

laboratory data indicating that vapor transfer is taking place within

the AC horizon.



Moisture Availability

Close agreement was obtained between soil moisture contents

at which Monterey pine seedlings wilted in the greenhouse and soil

moisture contents after equilibrium attainment under 15 bars suction

in a pressure plate apparatus. This indicates that roots can remove

moisture from the soil materials if they can permeate the soil.

Field capacities for the AC, C1, and C2 horizons were found

to exist at suctions of less than 0. 06 bars and moisture suction

curves show that a large percentage of the available moisture is

stored between 0. 05 and 2 bars suction.

Total moisture losses and rates of this moisture loss were

studied for the whole soil materials and the size fractions of the AC,

C1, and C2 horizons in the greenhouse. It was found that the larger

pumice particles released more moisture on a weight basis than the

< 1.5mm size fractions, but that during moisture depletion in the

greenhouse the rate of release of water, as determined by grams of

water lost per day per gram of root weight, from the large pumice

particles from the AC and C1 horizon is slow. This was attribtued

to the fact that the moisture in the larger particles must flow a longer

distance to the root surface and that contact between particles and

roots is limited.

The large AC horizon pumice particles retained more moisture
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upon plant wilting than the C1 horizon particles. This was attributed

to the much more advanced state of weathering in the AC horizon.

This probably results in a thicker clay lining of the interior of the

pores decreasing the average pore diameter and increasing the re-

tention forces with which the soil moisture is held. The C1 horizon

particles retained more moisture upon plant wilting than did the C2

horizon particles. This was attributed to the pore size distribution

within the particles.

Because the AC horizon has less large pumice particles than

the C1 or C2 horizons the retention of water by the large pumice

particles is of lesser importance for this horizon. Further, these

particles in the AC horizon are surrounded by a more favorable

material for root development and consequently the roots are better

able to permeate the soil and withdraw moisture.

Although most of the moisture in the pumice particles in all

of the horizons is available in terms of the amount of suction re-

quired to remove it, the moisture contents in the C1 and C2 horizons

are seldom reduced to the point of wilting in the field. This is due

to three things: (1) Unsaturated moisture flow rates are slow, partic-

ularly in the C1 horizon. (2) The C1 horizon is not a favorable

medium for root growth in the field. (3) Contact between the par-

ticles and roots is limited resulting in a contact impedance which

reduces moisture flow rates to the roots.
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Appendix Figure 1. Maximum and minimum temperatures within the
Lapine soil profile for June 26, 1964.
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Appendix Figure 2. Maximum and minimum temperatures within the
Lapine soil profile for July 4, 1964.
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Appendix Figure 3. Maximum and minimum temperatures within the
Lapine soil profile for July 23, 1964.
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Appendix Figure 4, Maximum and minimum temperatures within the
Lapine soil profile for August 14, 1964.
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Appendix Figure 5. Maximum and minimum temperatures within the
Lapine soil profile for August 19, 1964.
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Appendix Figure 6. Maximum and minimum temperatures within the
Lapine soil profile for August 24, 1964.
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Appendix Figure 7. Maximum and minimum temperatures within the
Lapine soil profile for September 1, 1964.
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Appendix Figure 8. Maximum and minimum temperatures within the
Lapine soil profile for September 2 1964.
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Appendix Figure 9. Maximum and minimum temperatures within the
Lapine soil profile for September 26, 1964.
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