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Abstract:
A soil water retention model developed by Dr. Otto Baumer (Baumer and Ricer 1986) from the Soil
Conservation Services' National Soil Survey Laboratory was tested on six different Montana soils.
Results obtained using Baumer's model were similar to the results obtained in the laboratory. Baumer's
model can compute the soil water retention gravimetrically or volumetrically at any pressure. This
model can save time and money by eliminating expensive laboratory and field studies.

A new hydraulic conductivity model has been proposed and warrants further study as a result of the
hydraulic conductivity determinations from the flooded-plot experiment used in this field research.
This new hydraulic conductivity model, should it prove to be valid with more thorough testing,
determines maximum field hydraulic conductivity if the soil bulk density and 1/3 bar volumetric water
content are known. Determination of the maximum field hydraulic conductivity is important because
this value gives a good estimate of the rate at which soluble chemicals (fertilizers, herbicides,
pesticides, etc.) can be transported by water through a soil system.

The effect of high amounts of CaCO3 on hydraulic conductivity was also investigated. Results from
this research indicate no significant correlation between hydraulic conductivity and the total CaCO3
content of the soil. 
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ABSTRACT

A soil water retention model developed by Dr. Otto Baumer (Baumer 
and Ricer 1986) from the Soil Conservation Services' National Soil 
Survey Laboratory was tested on six different Montana soils. Results 
obtained using Baumer's model were similar to the results obtained in 
the laboratory. Baumer1s model can compute the soil water retention 
gravimetrically or volumetrically at any pressure. This model can save 
time and money by eliminating expensive laboratory and field studies.

A new hydraulic conductivity model has been proposed and warrants 
further study as a result of the hydraulic conductivity determinations 
from the flooded-plot experiment used in this field research. This new 
hydraulic conductivity modelf should it prove to be valid with more 
thorough testing, determines maximum field hydraulic conductivity if the 
soil bulk density and 1/3 bar volumetric water content are known. 
Determination of the maximum field hydraulic conductivity is important 
because this value gives a good estimate of the rate at which soluble 
chemicals (fertilizers, herbicides, pesticides, etc.) can be transported 
by water through a soil system.

The effect of high amounts of CaCOg on hydraulic conductivity was 
also investigated. Results from this research indicate no significant 
correlation . between hydraulic conductivity and the total CaCOg content 
of the soil.
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INTRODUCTION

Importance

Water movement through and drainage from soil profiles is an 
important factor that must be considered when addressing many 
environmental or agricultural problems. A quantitative analysis of two 
fundamental soil hydrologic properties must be considered when assessing 
and information concerned with water problems that result from drainage 
or irrigation of soils.

The first hydrologic property to be considered is the relationship 

of hydraulic conductivity to either the soil water suction or the soil 
water content. Hydraulic conductivityf as Koorevaar et al. (1983) 

define it, is a measure of the ability of the soil to conduct a flow of 
water and is very important when considering problems associated with 
irrigation or soil drainage. Subsurface drainage water can contribute 
to groundwater pollution as well as pollution of rivers and streams. 
Drainage from soil profiles is also responsible for the destruction of 

cropland as the result of saline seep.

A second important hydrologic property that should be considered is 

the relationship of soil water potential to soil water content. This is 
commonly referred to as the soil water retention curve (also referred to 

as the soil-water characteristic curve or the soil-water release curve). 
Soil water retention curves are used to predict soil moisture changes as 
well as hydraulic potential gradients in soil-water flow systems. Soil 
water retention curves are also used as input for some hydraulic
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conductivity models (Arya and Paris, 1981).

Soil water content and soil water potential can be measured 
independently but are most often described by the soil-water 
characteristic curve because they are functionally related. The soil- 
water characteristic curve is important because it expresses the 
influence of structure, porosity, pore-size distribution, and adsorption 
on the energy status of soil water. This energy status and how it 
varies in the soil profile determines the direction and influences the 
rate of soil-water movement and rate of water uptake by plants (Hillel, 

1971).
The increasing need to more fully understand soil characteristics 

relating to movement of water in soil is complicated by the fact that, 
usually, the evaluation of soil properties for an entire field or 

drainage system is based on limited data from only a few locations. 
Extrapolation of results from just a few locations to larger land areas 
is experimentally convenient and necessary because of the expense and 
amount of time involved with laboratory measurements or in situ field 
determinations of either the hydraulic conductivity or the soil water 
retention curve. Measurements of the hydraulic conductivity and 

estimations of the soil water retention curve, for these reasons, are 

important. The six soils examined in this experiment are extensive in 

Montana and have properties that are similar to other soils in Montana. 
Therefore, the hydraulic conductivity and moisture retention data from 
these six soils can enhance the usefulness of soil data from similar 

soils in other parts of the state*
Extrapolation of this information becomes more important as
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governmental agencies such as the United State Department of Agriculture 
(USDA), Soil Conservation Service, begin using "allowable plant stress" 
as a method to help agricultural producers schedule irrigations.

California voters, in November 1986, passed Proposition 65 
(Gransbery, 1987). This law prohibits any business from knowingly 
releasing into any source of drinking water, any chemical agent known to 
cause cancer or reproductive toxicity. It also makes individual farmers 
liable for drinking water contamination. It is not unreasonable to 
suggest that other states as well as Montana could pass similar laws in 
the future. If so, the need to more fully . understand soil 
characteristics as they relate to water movement phenomenon becomes more 

important.

Objectives
The objectives of this study were as follows:

1. Verify Baumer1s (Baumer and Rice, 1986) soil water retention model 
for six different Montana soils.

2. Calculate the unsaturated hydraulic conductivity for these six 

different Montana soils.

3. Attempt to characterize, quantify, and evaluate the effects of 
high amounts of soil carbonates on water movement and infiltration 
in these six Montana soils.
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LITERATURE REVIEW
The relationship between hydraulic conductivity (K), soil-water 

potential ( ^ m) , and soil-water content (©) is of much interest to many 
scientists concerned with the soil-water problems that exist in 
agriculture as well as the environment. A graphical representation of 
the relationship between soil water content and soil water 
potential (also referred to as matric potential) is often called the 
soil water retention curve. It is necessary to understand these soil- 
water concepts and the relationship that exists between them to 
interpret the results from models used to compute soil water retention 
curves or hydraulic conductivity. An understanding of these concepts 

may also help to interpret the effects of soil carbonates on water 
movement within the soil profile.

Saturated and Unsaturated Flow
The basic concept of water movement in soil is described by 

Gardner (1962):
"When a soil is near saturation? the larger the pores the 
greater the rate of flow per unit of applied force. However? 
when a soil is not saturated? large pores contribute little to 
flow. Water moves on particle surfaces and through the finer 
pores under these conditions. Two forces cause liquid water 
to move through soil pores: gravity and adhesion. Gravity
causes a downward pressure on water. This force is most 
important in saturated soil. The second force? adhesion? is 
due to the attraction of soil particle surfaces for water and 
becomes important in unsaturated soil. Adhesion - together 
with cohesion? which causes water molecules to hang together - 
is responsible for water rise in capillary tubes and the 
absorptive properties of blotting paper and other porous 
materials. When soil is very wet the gravitational force 
predominates. But in soil in which most crops grow? the 
major force causing water to move, is due to adhesion. Water 
moves until these forces are balanced in the soil. Water 
films on soil particles will be uniform. throughout any 
homogeneous soil? except for some verticle differences that
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exist because of gravitation. Any prosity change occurring in 
soil affects the rate of water flow."
Liquid water flows in response to a hydraulic potential gradient 

and not necessarily in response to a water content gradient (Hanks and 
Ashcroft/ 1980). The general equation/ (Darcy's Law) used to describe 
liquid flow through a saturated soil is

V = K *  dtj/dz [1] 
where V is the soil water flux (cm/s)/ K is the hydraulic conductivity 
(cm/s) and dtĵ  is the difference in hydraulic potential (cm) between two 
points separated by a distance z (cm).

The moving force in a saturated soil is the gradient of a positive 
pressure potential whereas the moving force in an unsaturated soil is a 
negative pressure potential gradient (Hillel/ 1982). Water flows from 
where the metric potential is higher to where it is lower (e.g./ from - 
0.3 bar to -3.0 bar).

One of the most important differences between saturated and 

unsaturated flow is the hydraulic conductivity. In a saturated soil all 
of the pores are filled with water. Therefore/ continuity of water 
filled pores and conductivity are at a maximum and flow occurs according 

to Darcy's Law (Eg. [I]). The saturated hydraulic conductivity (K) will 
be constant for any given soil. As soil water progresses from a 
saturated state to an unsaturated state/ some of the pores become air 

filled and the conductive portion of the soil's cross sectional area 

decreases. The first pores to empty will be the largest and most 
conductive ones. This transition from saturation to unsaturation 
generally results in a steep drop in hydraulic conductivity with small 
changes in water content or potential. Therefore/ the unsaturated
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hydraulic conductivity [K(QApj1)] is not a constant for a given soil but 
varies with the matric potential and the soil water and must be 
determined experimentally at different matric potentials. The 
unsaturated form of Darcy's Law is

V=K(QAipj1) *d( ipm -hpg)/dz [2]

The hydraulic conductivity (K) is now dependent on the soil water
content and potential conditions (QApj1) while the hydraulic gradient

' A
d( ipm + \pg)Zdz is determined by the matric ( vpm) and gravitational 
potentials (ipg).

Hydraulic Conductivity

Hillel (1980 and 1982 ) defines hydraulic conductivity as:
(1) the ratio of the soil water flux (v) to the hydraulic gradient 

(dxpjj/dz) or,

(2) the slope of the flux versus gradient curve.
Qie of the most important measurements that can be determined from 

the calculation of hydraulic conductivity as a function of water content 
[K(Q) I is the maximum field hydraulic conductivity (Km). Determination 

of Km is important because it describes water movement during the early 

stages of drainage and/ thus/ gives a good estimate of the rate at which 
soluble chemicals (fertilizers/ herbicides/ pesticides/ etc.) can be 
transported by water through a soil system. It is also a valuable 
parameter in the design of irrigation systems. The true maximum field 

hydraulic conductivity will occur when the soil system is saturated. 
However/ saturated soil systems/ under field conditions/ are very 

difficult to achieve because there will always be entrapped air in soil
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pores. Thereforef the Km is somewhat less than Ks (saturated hydraulic 
conductivity). The maximum hydraulic conductivity is usually when the 
soil water content (6) or average soil water content (e') is at a 
maximumf e^f or © m.

Soil Water Flux

The dimensions of soil water flux are quantity per area times time 
which reduces to length per unit time. Flux has the same dimensions as 
velocity and is often referred to as flow velocity. The flow velocity 
in soils.is highly variable since the soil pores vary in shapef width/ 
and direction. For example/ wider soil pores will conduct water more 

rapidly than narrow pores (Hillel/ 1982). The velocity of flow is also 
affected by the length of the path the water must travel. This length 
is actually greater than would be expected in a verticle soil column 
because the water particle must travel through pore passages that are 

not straight. This effect is referred to as tortuosity and is defined 

as the average ratio of the actual roundabout path to the apparent/ or 

straight/ flow path (Hillel/ 1982). The tortuosity factor for water 
vapor movement is greater in wet soils than dry soils (Kodreyaar et al./ 
1973) and the tortuosity factor for liquid water movement is less in wet 
soils than dry soils. Most water flow processes taking place in soils 
is laminar flow because of the relatively low flow velocities and narrow 
tube-like pores. Flow rates within individual pores/ given laminar 

flow/ are governed by Poiseuilles Law. Equations governing flow through 
cylindrical and planar voids/ respectively/ are

q/t = p-S-U (r**4)/8n * d ̂ ^Zdz [3]

and



8
q/t = pgir (w**3)/12ri * d|r^/dz [4] 

where q/t is flow rater P is the fluid densityr g is acceleration due to 
gravityrTi is viscosity/ r is the radius of a cylinder and w is the width 
of a planar pore (Hillel/ 1971). It is evident from equation [31 and 
[4] that small changes in pore size can result in large changes in flow 
rate. The hydraulic conductivity as illustrated above is dependent on 
the pore geometry of the soil. This takes into account the total 
porosity/ the distribution of pore sizes/ and tortuosity but does not 
account for the fluid properties of the liquid.

It is possible in theory/ and sometimes in practice/ to separate K 
into two factors: intrinsic permeability of the soil (k)/ which is a 
description of the cross sectional area of pores available for flow/ and 
fluidity of the liquid or gas (f) where

K=kf [5] 
Fluidity is inversely proportional to viscosity:

f=pg/n [6]

therefore/
k=Kn/ g i l l  

where n is the viscosity in poise units (dyne sec/cm**2)/p is the fluid 
density (gm/cm^)/ and g is acceleration due to gravity (cm/sec**2)

(Hillel/ 1982). The density of most liquids varies somewhat with 
temperature and solute concentration but for the most part remains 
nearly constant. Changes in fluidity result primarily from changes in 

viscosity. Although fluidity does vary with the composition of the 
fluid and temperature/ it is evident that permeability is primarily 

affected by the pore geometry of the soil.
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Infiltration into soils is a special case of soil water flux. The 

infiltration rate (IR) is defined by Hillel (Hillelf 1982) as the 
volume flux of water flowing into the profile per unit of soil surface 

area. The IR is measured in the same units as velocity (distance/time) 
and decreases with tine. The initial IR is generally highf particularly 
in dry soilf because the matrix potential gradient causing water 
movement is large. As the soil wets the matrix potential gradient 
decreases with time and infiltration slows asymptotically, approaching a 
steady state. At this point the dominant force causing movement is the 
gravitational gradient. In relatively uniform soilsf short-time (from 
minutes to hoursf depending on the soil) infiltration can be described 

by the equationf
Q = atb (81 

where Q is the cumulative infiltrationf t is the timer a is the value 
of Q at time = I and b is the slope of the infiltration line when 

graphed on log - log paper. A and b are parameters that vary with the 
soil and the water quality. The magnitude of b is an indication of the 
rate of infiltration; the larger the b valuer the greater the 
infiltration rate. By taking the logarithim of Q and t from Eq. 8 or 

plotting on log-log paper it can be transformed into a linear form.

Soil Water Content
The amount of water held in a soil system is referred to as the 

soil water content (©). The soil water content can be expressed on a 
volume basis (cmVcir?) or a mass basis (g/g) (often referred to as the 
gravimetric water content (6g)I. As can be seen in equation (21, water 
content is an important factor influencing unsaturated hydraulic
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conductivity *K(e). The soil water content is clearly important for the 
growth of plants and plays an important role in such mechanical 
properties as consistency^ plasticity^ strengths compactibilityr 
penetrability/ stickiness/ and trafficability. Soil water content is 
also important because it determines the air content and rate of gas 
exchange within the soil.

Hydraulic Gradient

The hydraulic gradient is the driving force causing water movement 

in the soil. The hydraulic gradient for a saturated soil/ is i|; cty^/dz ) 
and for an unsaturated soil is d(i)̂  + \pg)/dz (from Eq. [1] and [2]). 

The potential energy of water may differ from place to place and from 
time to time within the soil. Most water movement under normal 
conditions in the field occurs while the soil is in an unsaturated 
condition and the total soil-water potential is negative.

Hanks and Ashcroft (1980) define the total potential (4>T) of soil 

water as the sum of gravitational potential (̂ g) / metric potential (i|y) / 

pressure potential (4̂ ) / and osmotic potential (#) as expressed in Eq. 

[91.

4% — 4lg + 4>m + 4lp + 4,t7  ̂̂
Differences in total potential determine the direction and magnitude of
water flow in a soil system. A measurement of total soil water 

potential is useful because it indicates the potential plants must 

overcome to remove water from the soil.
The gravitational potential of soil water is determined by the 

elevation of a given point relative to an arbitrary reference level. It
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is always positive or zero if the point of reference is below the point 
to be determined. The gravitational potential is always negative if the 
soil surface is chosen as a reference point.

The matric potential of soil water results from the forces of 

capillarity/ as well as those of adsorption (hydration envelopes over 
the particle surfaces) on to the soil. These forces lower the potential 
energy below that of pure water and result in negative matric 
potentials. In unsaturated soils, capillarity results from adhesive and 
cohesive forces as well as the surface tension forces in the water 
menisci of the soil pore spaces. The matric potential of a saturated 
soil is zero. As a slight suction or pressure is applied to a saturated 
soil no outflow may occur until a certain critical value is exceeded at 

which time the largest pore begins to empty. This critical value is 

called the air-entry point and is generally small in coarse-textured. 
soils and larger in fine textured soils (Hillel, 1982). The 

progressively smaller pores will continue to empty as suction or 
pressure is gradually increased. Only the very small pores will contain 
water at high suction or pressure values. Therefore, the amount of 
water remaining in a soil is a function of the number of soil pores, 

size of soil pores, and the amount of matric potential.
The pressure potential in a soil system is the pressure that is 

associated with a static head of water and exists only below a water 

table. It can be measured with a piezometer. There is no pressure 

potential in an unsaturated soil system.
The osmotic potential results from the presence of solutes in soil 

water. These solutes affect the thermodynamic properties of the soil
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water and lower its potential energy. This phenomenon does not 
significantly affect the flow of water in the soil profile unless there 
is a semipermeable membrane such as a plant root system. The sum of the 

metric and osmotic potentials is often used to characterize the energy 

status of soil water with respect to plant water uptake. In order to 
extract water from the soil, the water potential of a plant must be 
lower than the matric and osmotic potential of the soil water. In moist 
soils when the matric potential approaches zero, the osmotic potential 
may be the predominant component of the total potential. As the soil 

drys out, the matric potential becomes progressively more predominant in 
determining the total soil water potential. Matric forces are capable of 

lowering water potentials more drastically than most naturally occurring 
osmotic forces (Meidner and Sheriff, 1976).

The hydraulic potential is frequently used when the only concern is 

with the direction and magnitude of liquid water flow in the soil 
system. Hydraulic potential can be defined as

^h = ̂ g + ̂ m + *p 1103 
remembering that either or is zero at any particular time.

Determination of Hydraulic Conductivity

Determination of hydraulic conductivity (K) as it relates to 

various suction and wetness values is required before any of the 
mathematical theories of water flow can be applied in practice. 

Hydraulic conductivity values must be measured experimentally and can be 
obtained using laboratory techniques or in situ field methods that have 
been recently developed. Hydraulic conductivity as a function of water 
content [K(6) I is usually determined in preference to hydraulic
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conductivity as a function of soil water potential [K(^j1) I because 
[K(6) ] it is easier to measure and is not affected by hysteresis. 

Hysteresis is a phenomenon that accounts for the fact that water 
contents are greater during desorption than sorption at a given 
potential. Topp (1969 and 1971) as well as Staple (1970) determined that 
there was little, if any, effect of hysteresis on unsaturated hydraulic 
conductivity as a function of soil water content [K(6)l but the effects 
of hysteresis on unsaturated hydraulic conductivity as a function of 
soil water potential [K(v|)̂) I was substantial.

Hydraulic conductivity [K(6) I values can be obtained from either 
steady-state or transient-state flow systems. In steady-state flow

J

systems the flow characteristics (water content, hydraulic potential or 

gradient, and water flux) do not change with time but remain constant 

(Hanks and Ashcroft, 1980). Water is stored (or in some situations it 

is coming from storage) in the soil with transient or nonsteady state 
flow. Therefore in transient state flow, the water flux entering a soil 
would,?not equal the water flux, leaving a soil and the difference between 
that entering and that exiting is the storage.

Steady-state flow and the determination of hydraulic conductivity 

can ^be accomplished in several ways. Qie method used to evaluate 

K(O) is to establish a steady flow of water to a water table. A second
«v - '•

method used to establish steady-state flow involves the evaporation of

water from a soil that has a water table at a fixed depth. A third
; ' . .

method commonly used to attain steady-state flow conditions is to 
thoroughly wet a soil profile by flooding. Steady-state flow conditions 
are then approached during drainage of the soil profile. It takes a
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considerable amount of time , in all cases, to establish a steady-state. 
The change with depth in matric potential ( x|;m) from Eg. [10] is 
constant and equal to zero, when a steady-state of flow is 
attained. Consequently, the (# ^ = di|>g and flow will be entirely a 

result of the gravitational potential difference. The hydraulic 
gradient [d(^m + /dz [Eq. [2]] now equals the gravitational gradient 
(d^g / dz) which will be equal to one. This prompted Hanks and Ashcroft 
(1980) to establish the following general rule

"If steady-state verticle water flow into soil has been 
established, the value of the hydraulic conductivity in the 
zone of constant matric potential (also constant water 
content) is numerically equal to the flux density of water 
application."

Eq. [2] can now be written as
V = - K  [11] 

The assumption of a unit hydraulic gradient such as that found in Eq. 

[11] was first introduced by Black et al. (1969). With this assumption 
the rate of change of soil water content in a soil profile can be used 
to calculate the hydraulic conductivity [K(6]), as shown by Nielsen et 

al. (1973).
In the past, many studies dealing with water movement and behavior 

in soils have been conducted in the laboratory using columns of 
artificially packed or disturbed soils. Cassel et al. (1974) questioned 
the validity of extrapolating experimentally convenient laboratory 

results to field situations. Hillel (1982) also feels that all too 
often theories and models have been validated, if at all, only in highly 

artificial sets of laboratory produced conditions. Hillel states:
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"it is unrealistic to try to measure the unsaturated hydraulic 
conductivity of field soil by making laboratory determinations 
on discrete and small samples removed from their natural 
continuum; particularly when such samples are fragmented or 
otherwise disturbed".

However; Tommer (1986) did find that good saturated hydraulic 
conductivity data could be obtained from measurements on undisturbed 

cores in the lab. Klute (1965a;b) reviewed laboratory methods for 
determining both saturated hydraulic conductivity and unsaturated 
hydraulic conductivity.

Richards et al. (1956) and Ogata and Richards (1957) were the first 
to use flood plot methods on a bare field to determine K (6) under field 
conditions. K (6) was calculated from Eq. [1] using tensiometers to 
determine metric potentials and gravimetric methods for determining 

flux. By measuring the changes in water content due to drainage as a 

function of time and dividing this by the hydraulic gradient determined 

with the tensiometers; they were able to calculate K(O). The hydraulic 
conductivity values calculated from field data were found to be in 
agreement with values they had previously obtained using both laboratory 
and field methods. Arya et al. (1975) used a similar approach to 
determine K(O) in the presence of a growing crop. Nielsen et al. (1964) 
did a flood plot study but used a neutron probe to obtain water data and 
undisturbed cores for determination of water retention curves. A water 

budget approach for determination of hydraulic conductivities was used 

by Rose and associates (Rose et al.; 1965; Rose and Stern; 1965). 

Watson (1966) developed the instantaneous profile method (!PM) forV ' •
determination of K (6). This method is designed to include possible 
dynamic effects of non-steady-state flow in calculation of K (6). Cassel
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(1974) developed a computer program for calculation of average Br flow 
rater hydraulic gradient and conductivity for all depths and timesr 
given desorption and tensiometer data collected during drainage of a 
covered flood plot.

Bouma and Dekker (1981) have more recently developed a field method 
for determination of saturated hydraulic conductivity that Treasures both 
the verticle and horizontal conductivity of a cube of soil. This cube 
of soilr about 25 cm?r is carved out in situ and then covered with 
gypsum. Bouma and Dekker suggest that their method of determining 

saturated hydraulic conductivity can be used to measure both vertical 

and horizontal flow.
In recent years several unit gradient based mathematical models; 

the Lax alogorithm (Sisson et al. r 1980) t the "CGA" (Chong et al., 

1981) r and the Theta and Flux models ( Libardi et al. r  1980); that allow 
calculation of K (6) using only water content measurements at known 
times during drainage have been proposed. Tommer (1986) fit all of 
these models to drainage data and determined that the magnitude of the 

K (6) estimates followed the order CGA > Lax © methods > Lax W methods. 
Tommer felt that the CGA and W.methods had an advantage in that they are 

based on measurements of profile storage rather than water contents at a 

single depth. Analysis of field data with both the CGA and Lax W 
(Watson equation) models allows a range of values of K to be obtained 

from a single data handling procedure. TQmmer's results, with regard to 

the magnitude of K (6) values using these field models, were 

substantiated by Jones and Wagenet (1984).



17
Properties That Affect Hydraulic Conductivity

Hydraulic conductivity and permeability can be affected by several 
chemical and physical properties within the soil. Lutz and Learner (1939) 
studied the effect of texture and swelling on the effective pore size as 
related to permeability. They found that the permeability of the 
separate soil fractions increased exponentially with the size of 
particles andr therefore/ with the size of the pores. They also 
determined that the permeability decreased as the amount of swelling 
colloidal material increased.

Particle-size distribution (mechanical composition) rather than 
pore-size distribution has been used most frequently/ in the past/ to 

describe granular materials (Childs and Collis-George/ 1950). 
Consequently/ most formulas relating permeability to constitution do so 

in terms of particle size. Marshall (1958) attributes the work of 
Kozeny/ Fair and Hatch/ and Carman to the wide use of an equation/ 
usually referred to as the Kozeny equation/ relating permeability to 
particle size.

Childs and Collis-George (1950) developed an equation that relates 

permeability to pore-size distribution. Their equation considers the 

various sequences of pores of different sizes when pores are randomly 

arranged in a porous system. Unfortunately/ their equation requires an 

empirical factor and has not been widely tested for consistency in 
different materials (Marshall/ 1958).

Marshall (1958)/ found it difficult to apply the Kozeny equation to 
material containing widely different pore sizes. Therefore/ he 
developed an equation that is similar to that of Childs and Collis-
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George (1950). This equation is somewhat limited in that the material 
should be isotropic and should contain no lengthy conducting channels. 

Swelling materials may also limit the accuracy of the calculations for 
soils of moderate or high clay content.

Millington and Quirk (1961) continued the development of the pore 
interaction model proposed by Childs and Collis-George (1950). 
This equation describes saturated and unsaturated permeability as a 
function of bed porosity^ fluid contents and pore size distribution. 
They found that applicability of their method for obtaining steady-state 
permeability depended on factors such as isotropy of the total pore 
space distribution data and random distribution of the pore-size 

classes. This method is not satisfactory if the medium has been 
compressed to produce a laminated effect. Also the material must be 

inert in terms of swelling and shrinkage response to the liquid used in 
obtaining pore-size distribution data and permeability measurements.

Ghazy (1982) examined several soil properties in an attempt to 

determine which factors affected the downward movement of water in 
calcareous soils under saturated conditions. He examined texturef 
particle-size and CaCOg fineness, structure and soluble salts. The 
effects of particle-size and CaCOg fineness will be discussed later (see 
section on soil carbonates and their effect on water movement in soils). 

Ghazy found the values of hydraulic conductivity varied significantly 
with soil texture. He found a positive and significant correlation 

between hydraulic conductivity and coarse sand fraction. Hydraulic 
conductivity decreased with increased clay content. He concluded that 

the highest direct and indirect effects on hydraulic conductivity were
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related to coarse sand content because of an increase of total drainable 
pores with the increase of coarse fractions. Childs and Collis-George 
(1950) also found a significant relationship between hydraulic 
conductivity and coarse sand fractions.

Ghazy (1982) found that the size and stability of the soil 
structural unit greatly affected the rate of water movement in the soil 
profiles. Nagmoush (Ghazyr 1982) stated that the effect of aggregate 
size is similar to those of mechanical fraction. Ghazy concluded that 
as the percentage of water stable aggregates increasesr the hydraulic 

conductivity increases.
Several investigators have studied the influence of total soluble 

salts as a factor affecting water movement in soils. Soluble salts can 
affect aggregate stabilityr viscosity of soil waterr as well as the 
solid and liquid phases interaction in the soil (Ghazyr 1982). Ghazy 
found a positive and significant relation between hydraulic conductivity 

and total soluble salts. He attributed this to better floculation of 

colloidal fractions. Martin and Richards (1959) obtained similar 
results, Martin and Richards showed that increasing exchangeable H+ and 

Ca"1-1" caused very little increase in hydraulic conductivityr while 
increasing exchangeable sodium and potassium reduced it markedly. Ghazy 

concluded that the effect of exchangeable Ca++ on hydraulic conductivity 

was not pronounced.

Soil Water Retention Curves

The graphical representation of the relationship between soil water 
content on a volumetric or gravimetric basis and soil water potential is 
called a soil water retention or desorption curve. Soil water potential
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is usually represented on the x-axis and water content on the Y-axis.

Determination of Soil Water Retention Curves

Soil water retention curves can be determined by taking an 
initially saturated sample and removingf stepwise/ increments of water 
by applying increasing suctions or pressures to the sample. Standard 
laboratory methods used for soil moisture extractions and determination 
of soil water retention curves are contained in U.S. Department of 
Agriculture Handbook No. 60 (Richards/ 1969) or Soil Survey Laboratory 
Methods and Procedures for Collecting Soil Samples (Soil Survey Staff/ 

1967). These methods are based on developmental work by Richards and 
Fireman (1943)/ Richards (1947/ 1948/ 1949/ and 1969)/ and ReginatO and 

Van Bavel (1962). In brief/ soil samples are equilibrated/ at known 
water potentials/ on semi-permeable membranes made of ceramic or
cellulose. The potentials are controlled by applying a gas pressure to 

a chamber or by hanging a water column of known height on the membrane. 
After equilibrium is obtained at a particular potential the water
content of the soil sample is determined. Since it is very difficult to 

accurately control low gas pressure/ low potentials in the range of 0.1 
bar are determined with a hanging water column. Soil water retention 
curves/ determined in the laboratory are obtained in one of two ways. 

One method is to take the soil from the field/ dry it/ sieve it/ and
place a teaspoon-size sample in retainer rings on a porous plate. A

second method involves the use of natural clods or soil cores that are 
placed on a porous plate. Baker et al. (1974) recommended the use of 
large undisturbed cores (7.6 cm diameter and 5.0 cm in height). Baker 

and his colleagues determined that the data from these large undisturbed
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cores were more comparable with in situ measurements.
Although the importance of pressure plate or membrane impedance in 

the pressure-plate outflow measurements of hydraulic conductivity was 
recognized by Miller and Elrick (1958), the characteristics of the plate 
or membrane are generally assumed to have no effect on equilibrium 
moisture content versus metric suction relations as long as the air 
entry value or "bubbling pressure" of the membrane is not exceeded 
(Hillel and Mottes #■ 1966). The validity of the standard moisture 
retention measurementsf using pressure-plates or membranesr has not been 
questioned (Hillel and Mottesr 1966). But, Hillel and Mottes in the 
course of their work did come across some anomalies in the standard 
measurement of soil-moisture retention.

Hillel and Mottes (1966), after reviewing the work of several other 

scientists determined that sample pretreatment, insofar as it affects 
soil structure, and pore-size distribution, did affect water retention, 

especially in the low-suction range. Therefore, soil water retention 

curves obtained from soil samples that have been air dried, crushed, 
and sieved are likely to be in error because the pore structure has been 
changed. Hillel and Mottes found that the results obtained with 
different instruments varied markedly even where sample pre-treatment 

was apparently the same. They also found that values obtained for 

different suction ranges on different types of porous plates or 

membranes often failed to provide smooth and continuous curves. They 
suggested that it was inadvisable to use plates of relatively high 
impedance (either owing to the intrinsic properties of the material, or 
to eventual clogging by clay) in the low-suction range. Some of the
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anomalies that they, observed were attributed to the process of "self­
puddling" or "aging". This aging process is most evident in clayey 
soils and results from structural changes that are related to the 
wetting and drying cycles common in disturbed (compacted or crushed) 
soil samples. Hillel and Mottes determined, that soils which exhibit 
marked aging effects should be pre-wetted for much longer durations. 
This would produce a stable initial structure that would resist further 
change during suction equilibration. They also felt the effects of 
aging would be less in undisturbed field-core samples than in air-dried 
samples such as were used in their study.

Field methods used to determine water retention curves involve in 

situ measurements of soil water pressure by tensiometers installed at 
depths of interest and of water content by gravimetric sampling or 

neutron or gamma attenuation techniques. Because the sample environment 
(confinement and overburden) is not represented in laboratory 
proceduresf laboratory data may not always agree with field data (Arya 
and Paris, 1981).

Hanks and Ashcroft (1980) found that the water retention curves 

determined in the field on an undisturbed soil and in the laboratory on 
the same soil that had been dried, crushed, and sieved were 

significantly different. For a given water content,. the metric 

potential was greater in the undisturbed field soil samples than in the 

disturbed laboratory samples. Arya et al. (1975) and Nagpal and deVries 
(1976) found the disagreement between laboratory and field methods 
appeared more pronounced at higher water contents. Haverkamp and 
Parlange (1986) also felt laboratory measurements of the retention curve
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based on desorption of initially saturated soil samples were often not 
applicable under field conditions. Therefore, in situ measurements that 
are based on simultaneous monitoring of soil water content and water 
pressure would be preferable.

In situ measurements, as well as laboratory studies, can be 
expensive, tedious, and slow. Consequently, any simplified methods for 
estimating or predicting water-retention curves from more easily 
obtainable physical or chemical characteristics of the soil would be 

welcomed. Recently, methods using models that are based on laboratory 
data or physical properties of the soil have been developed to calculate 
soil water retention curves.

Haverkamp and Parlange (1986) developed a model relating the soil 
water retention curve to the cumulative particle-size distribution. 
Their model was tested on 10 different sandy soils that were 

characterized by relatively uniform particle-size distribution and no 
organic material. Their model does account for the effects of 
hysteresis and air entrapment in sandy soils but ignores the effects of 

root activity as well as cracking and swelling.

One of the simplest predictive approaches used to estimate soil 
water retention curves consists of relating water contents at specified 

soil water pressures to soil texture, organic matter, and/or bulk 

density, using multiple regression analysis (Jamison and Kroth, 1958? 

Salter et al., 1966? Gupta and Larson, 1979). Haverkanp et al. (1984) 
found that the methods of Salter et al. (1966) and Gupta and Larson 
(1979) showed standard deviations between predicted and experimental 
water content values that were twice as large as the errors introduced



24
normally by experimental field procedures.

Arya and Paris (1981) r in their review of existing literature, 
discuss other approaches used for the estimation of water retention 
curves. These approaches involve the use of a power curve with 
constants that must be evaluated empirically. Additionally, a knowledge 
of part of the soil water retention curve is required for some models. 
Although both the statistical studies using regression equations and the 
power curve formulations are being used to predict moisture retention 

data, Arya and Paris (1981) feel these methods lack the physical basis 
to account for the effects of texture and packing characteristic of the 
medium. They also feel that failure to trace a realistic shape of the 
curve, particularly in the wet range, is a weakness inherent in both
approaches. They proposed an approach to derive the water retention 
curves of a soil by using its particle-size distribution and bulk 

density in the natural state of packing. However, Haverkanp and 
Parlange (1982) believe that the approach proposed by Arya and Paris 

(1981) contains a serious fundamental limitation because it uses a 
nonunique pore-size/particle-size relation as the basic equation for the 

model. Petersen et al. (1968) studied the relationships of morphology 
and other selected soil properties (coarse fragments, organic matter, 

clay mineralogy, and silt-sized fractions) to moisture retained after 
equilibration at -1/3 and -15 bar tensions. Husz, as reported by Gupta 

and Larson (1979) also developed equations using particle-size analysis 

to describe water retention characteristics between -1/3 and -15 bar.
A more recent water retention-soil water potential model has been 

developed by Baumer (Baumer, 1985; Baumer and Rice, 1986) in an attempt
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to predict the curve from the vast quantity of chemical and physical 
data available in the National Soil Survey Laboratory. This model is 
based on one by Van Genuchten (1979) that describes the relationship of 
the soil water fraction by weight to soil water suction. The model is 
based on the following assumptions:

1) the relationship of soil water fraction by weight to the soil 
water suction is the key factor,

2) the slope of curves for all soils should be zero when h 
(matric potential) is zero (this is the point where the water 
content is equal to the satiated water content), and

3) the curves should become asymptotic to a line parallel to the 
abscissa which defines the residual water content.

Therefore, curves for all soils should take the general form shown in 
Figure I. Baumer1s model can be described by the equation:

WC = WCR + WCS -WCR
tl+(ah)**n]**m [12]

where WC is the gravimetric water content for a given water content; WCS

is the satiated water content; WCR is the residual water content; h is
the matric soil water potential; a, m, and n are dependent parameters

directly measured or derived from basic soil data. Satiated water

content, the actual water content at zero suction, differs from total

porosity by the volume fraction of entrapped air and is a calculated

value. Residual water content, also a calculated value, is the water

content that occurs when water films have thinned to.the point that they
are no longer continuous. The basic soils data required to calculate
WCS, WCR, and the other parameters are 1/3 and 15 bar values of soil
clods, clod bulk density, volume percent of rock fragments, weight
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percent of clay and silt, weight percent of organic matter, and clay 
activity as expressed by the cation exchange capacity to clay ratio. A 
brief description of the theory, development, and use of Baumer1s model 
is given in Appendix II.

Properties That Affect Soil Water Retention Curves
The relationship between soil water content and soil water 

potential is complex and affected by many physical and chemical 
properties within the soil. Taylor and Ashcroft (1972) illustrated that 
a small change in water content, for any given texture, usually causes 
very little change in metric potential when the metric potential is 
high. However a small change in water content usually results in a 
larger change in the metric potential when the metric potentials are 
lower for any given texture. Richards and Marsh (1961) illustrated this 
same concept in a different way. They showed that a greater percentage 
of the available water is held at higher metric potentials for a sandy 
soil than a clayey soil but that the total available water may be 
considerably greater for a medium textured soil than for sandy soils. 
The greater the clay content, in general, the greater the water 
retention for any given suction, and the more gradual the slope of the 
curve (Hillel, 1971). The relationship between soil water content, soil
texture and soil water potential is illustrated in Figure 2 (Baumer,
1985). Soil structure, as well as the total electrolyte concentration, 
also affects the shape of the soil water retention curve.

Water held at relatively low matric potentials (0 to I bar) depends 
primarily upon the capillary effect and pore size distribution and 
therefore is strongly affected by the structure of the soil. Water
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retention at higher matric potentials is due increasingly to adsorptive 
rather than capillary forces and is therefore influenced less by 
structure and more by texture and specific surface of the soil material 
(Hillelf 1982). Hillel and Mottes (1966) determined that the soil 
structure of very few soils? if any? is completely stable. Clayey soils 
with low humus content (such as may occur in arid regions) exhibit 
structural changes related to wetting-drying cycles (including slaking/ 
swellingf and particle-reorientation). The mechanism of structural 
change/ which begins when a soil is wetted and apparently continues as
the moisture is extracted is more noticeable in disturbed (compacted or

'

crushed) soil samples than in undisturbed field-core samples (Hillel and 
Mottes/ 1966). Hillel (1982)/ after reviewing the work of Dane and 
Klute (1977)/ explains the effects of shrinkage and swelling of clay 
particles on the water retention curve as.follow:

"Swelling is generally suppressed when the soil solution is 
fairly concentrated with electrolytes/ particularly in the 
presence of a preponderance of divalent cations such as 
calcium. On the other hand/ swelling - and hence water 
retention of any suction value - can be much more pronounced 
when the soil solution is dilute and with a preponderance of 
monovalent cations such as sodium."
Entrapment of air bubbles in soil water (Peck/ 1969) is also known 

to affect soil-water interactions and ultimately have an effect on the 
soil-water retention curve. M r  bubbles in soil water affect both the 
hydraulic conductivity (Christiansen/ 1944; Gupta and Swartzendruber/ 
1964) and the moisture content at a particular matric potential 
(Poulovassilis/ 1962; Cary 1967). Peck (1969) suggests that the slow 
growth of entrapped bubbles may account for the anomalously slow release 
of water observed in some outflow experiments. Entrapped air is also
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important when considering the effects of hysteresis on soil water 
retention curves.

Hysteresisr a failure of the soil-water adsorption curve and the 
soil-water-desorption curve to coincide? has been discussed in detail by 
many authors (Miller and Miller, 1955a & 1955b; Cary, 1967; 
Poulovassilis, 1962; Topp, 1971). The equilibrium soil wetness, as a
result of hysteresis, is greater in desorption (drying) than in

'

adsorption (wetting).

Soil Carbonates and Their Effect on Water Movement in Soils
It is a well known fact that soil properties such as texture, bulk 

density, structure, and the nature and kind of both soluble and 
exchangeable ions are the important variables affecting water movement 
in soils. Less well known or understood, is the effect of calcium
carbonate on water movement in soils.

Ghazy (1982) found poor correlation between hydraulic conductivity 
and total calcium carbonate content but did find a significant positive 
correlation with fine sand, . silt and clay sized carbonates. Ghazy1s 
findings were similar to those of Talha et al. (Ghazy, 1982).

Ben-Hur et al. (1984) studied the effect of soil texture and CaCOg 
content on water infiltration in crusted soils. They found that high 
concentrations of calcium carbonate in calcareous soils (5-16%) had no 
effect on the infiltration rate. Kazman et al. (1983) obtained similar 
results with sandy loam and silty loam soils. Ben-Hur et al. (1984) in 
their review of existing literature, found that calcium carbonate in 
sodic soils maintained the structure of the soils and prevented the 
normal decline in hydraulic conductivity that is usually associated with
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sodic soils. Shainberg et al. (1981) proposed that when calcareous 

soils were leached with distilled water «• the calcium carbonate released 
electrolytes at a rate sufficient to maintain the concentration of the 
soil solution above the flocculation value of the soil clay; thus/ clay 
dispersion and pore clogging were prevented.

Mondal (1979)/ in laboratory studies/ also observed that the 
hydraulic conductivity of a calcium carbonate system was several times 
higher than that of a sodium-calcium carbonate system at all stages of 
leaching with distilled water. He felt this was the result of entry of 
calcium in the exchange complex and the higher salt concentration around 
the soil particles. Similar results were also obtained by Shainberg and 

Gal (1982)/ Agassi et al. (1981)/ Martin and Richards (1959) and Kazman 
et al. (1983).
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MATERIALS AND METHODS 

Site Selection

The Soil Conservation Service and Montana State University (MSU) in 
a cooperative effort to test a computer model used to calculate soil 
water retention curves and evaluate water flow characteristics, sampled 
eight different soil sites in Montana during July of 1985. TWo of these 
sites were located in Gallatin County and the remaining six in 
Broadwater County (Figure 3). Detailed site locations, pedon 

descriptions, and laboratory analyses for six of these sites are given 
in Appendix I.

M O N T A N A

Broadwater  Co

G a l l a t in  Co

Figure 3. Soil site locatim map.

Soil Classification and Site Characteristics 

The Soil Conservation Service sampled these specific soil sites, 
not only for the purpose of testing Baumer1s soil water retention model 
(Baumer and Rice, 1986), but also to better understand the effects of
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soil carbonates on water movement. These eight soil sites included 
seven different soil series listed in Table I. and were considered 
representative of their respective soil series. A representative soil 
pedon at each site was described, classified, and sampled according to 

standards outlined by the Soil Survey Staff (1975 and 1984).

Table I. Soil sites and classification of soil series.
Site Nuirtoer Pedon Classification Soil Series

1
2

3

4
5

6
7

8

Fine-silty, mixed Typic 
Argiboroll

Fine-loamy over sandy or 
sandy-skeletal mixed 
Typic Argiboroll 

Fine-loamy, mixed Borollic 
Haplargid

Coarse-loamy, mixed Aridic 
Haploboroll 

Fine-loamy, mixed
(calcareous), frigid 
Ustic Torriorthent 

Coarse-silty, mixed 
Borollic Calciorthid 

Fine-loamy, mixed oypic 
Argiboroll 

Coarse-silty, mixed 
Borollic Calciorthid

Bozeman Variant 
Turner

Amesha Variant

Chinook
Mussel

Brocko

Martinsdale
Brocko

Only six of the eight sites that were described, sampled, and 

characterized by the National Soil Survey Laboratory (NSSL) in Lincoln, 
Nebraska were used in this study. Site 7 and site 8 had to be 

eliminated from flood plot studies. Site 7 was too far removed from the 

other sites and site 8 was inaccessible to the 800 gallon water tank 

used to flood the sites.
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Unsaturated Hydraulic Conductivity Study 

Flood Plot Layout and Design
Uhsaturated hydraulic conductivity of the soils was determined 

from drainage data as described by Tommer (1986). This required wetting 
the profile of small plots and measuring water content changes during 
drainage. These flooded plots were located adjacent (within one to ten 
meters) to the sampling pits used in characterizing the soils and as 
sources of the natural-structure clods obtained during the sampling trip 
by the NSSL in Julyr 1985.

Plots at sites I and 2 consisted of a 3.65 m square area enclosed 
within a waterproof dike. The waterproof dike consisted of four 3.65 m 
boardsr 2.5 cm thickr and 30.5 cm in width nailed together on each end 
and placed directly on top of the soil's surface. Cenent blocks and a 

2.4 m board were placed inside the enclosed dike for access to four 
aluminum neutron probe access tubes located near the center of each 

diked area.
The remaining study sitesr 3r 4r Sr and 6 were prepared for 

flooding and subsequent drainage by constructing a rectangular 

waterproof dike (2.65 m x 2.95 m) from lumber 2.5 cm thick and 30.5 cm 

wide. A 46 cm wide apron of black plastic was stapled along the inside 
perimeter of the dike (Fig. 4) to help prevent water from leaking during

' Sthe flooding stage of this experiment. Soil from outside these sites 
was backfilled along both the outside and inside perimeters of all sites 
to add strength to the dikes and assist in preventing leaks during 
flooding. Cement blocks with a strong plank placed on top of them> 
above the dike, were used as a platform for access to four aluminum
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Figure 4. Flood plot design.

neutron probe access tubes located in the center of the dikes.

The entire plot was covered with a canvas frame tent during the 
first two to three days of the experiment to prevent precipitation from 

damaging the neutron probe equipment.
Soil water content was measured using a 50 mCi Americium-241/Be 

soureef neutron moisture probe manufactured by Campbell Pacific Nuclear/ 
Corporation. Thin-wall aluminum access tubes# 5 cm outside diameter and 

193 cm long# were installed vertically at each site as illustrated in 
Figure 4. Access tubes were installed to a depth of 152 cm below the 
soil surface. This allowed approximately 23 cm of water to be ponded 

within the dike and 18 cm of access tube above the water surface. Rubber 
stoppers were glued in the bottom of all access tubes prior to 
installation to prevent water from entering the access tubes and 

damaging the neutron probe.
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Water from the Jefferson or Gallatin Rivers r the source of 

irrigation water for soils of this area, was used to wet the soils. 
The plot surface was covered with burlap in order to reduce disturbance 
of the soil surface when water was applied. The force of the water 

stream was defused by passing the water through additional burlap.
Neutron probe readings for volumetric water content determinations r 

as a function of depth and time, were taken at 15 cm increments 
beginning at a depth of 22.5 cm (15.0 - 30.0 cm midpoint) and ending 
at a depth of 97.5 cm (90.0 - 105.0 cm midpoint) for site I. 
Volumetric water content was determined at a depth of 37.5 cm (30.0 - 
45.0 cm midpoint) for site 2. Measurements for soil water content at 
sites 3-6 were made at 15 cm increments beginning at a depth of 16 cm 

(8.5 - 23.5 cm midpoint) and ending at a depth of 106.0 cm (98.5 - 113.5 

cm midpoint). Readings were taken.before flooding began, and at 15 

minute intervals during the first two hours of infiltration. Intervals 

were then increased to one half hour, one hour, and eventually 2-3 hours 
as infiltration slowed. Flooding was continued until the deepest soil 
moisture readings with the neutron probe failed to increase 
significantly. The length of time for flooding varied from 3.5 hours at 

site 2 (71 cm of silt loam soil over extremely gravelly sand) to 24.5
hours at site 6. At this time the dikes were broken and infiltration 

stopped shortly thereafter when free water was no longer standing on the 

soil surface. For the collection of drainage data, this was considered 

as time zero.
As soon as free water disappeared from the surface, the plots were 

covered with a plastic tarp to prevent evaporation and the influence of
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precipitation after the canvas tent was removed. Soil was placed on top 
of the plastic tarp to prevent it from blowing away during the 1.0 to 
1.5 month period in which drainage readings were taken. Drainage 
readings with the neutron probe were taken every half hour for the first 
four or five hours of drainage. Reading intervals were then increased 
to I to 2 hours for the next 10 to 12 hoursr then 3 or 4 times daily for 
2-5 daysr twice daily for several days* and then once daily for several 
more days. Finallyy readings were taken once every three to four days, 
until the last readings were taken one to two months after drainage 
began. The length of time in which drainage readings were taken varied 
from 20 days at site 2 to over 40 days at site 3.

Calibration of Neutron Probe
Taylor and Ashcroft (1972) present a thorough review of the 

principles behind the operation and calibration of neutron probes. 

Calibration of the neutron probe for sites I and 2 was conducted in 
access tubes at the Montana State University Post Farm according to the 

procedures described by Tommer (1985). Calibration of the neutron 
probe for sites 3-6 was conducted in access tubes near sites 4 and 6. In 
each case , three access tubes were placed in a fallow field to obtain 

water contents for moist soil conditions. Three additional access tubes 
were placed in an adjacent stubble field to obtain calibration data for 

dry soil conditions. Fifty-five core samples 15 cm in length were 

collected for determination of gravimetric water content (6g) and bulk 
density (BD). The gravimetric water content is expressed as a weight 
fraction (g/g) and it is the ratio of the weight of the soil water 
divided by the ovendry weight of the soil solids. The volumetric water
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content (cnrVcrn?) was ca lcu la ted  by

Qg x BD = © [131 
Immediately after collection of core samples aluminum access tubes were 
placed in the bore holes and neutron counts were taken in the center of 
the 15 cm depth increment from which the core samples were taken. 
A linear regression was fit to the data using volumetric water content 
as the dependent variable and neutron count ratio as the independent 
variable. The post farm calibration curve used for sites I and 2 was

© = 45.474 * (Bat) - 5.703 (r2 = .95) [14] 
and for sites 3 - 6  was

6 = 21.4350 * (Bat) - 4.3643 (r2 = .85) [15] 
where 6 is the volumetric water content and Bat denotes neutron count 
ratio. Two different neutron probes were used; therefore, two different 

calibration curves were obtained.

Hydraulic Conductivity Calculations

Tommer (1985) determined that the magnitude of the K (6) estimates, 
as previously discussed (pages 16 - 17), followed the order CGA > Lax 6 
methods > Lax W methods. Tommer recommended the use of both the CGA and 

Lax W models for future hydraulic conductivity estimates because 
estimates from other models fall between these two models.

Water content data used in hydraulic conductivity calculations is 

based on changes in water content with time during drainage. Hydraulic 

conductivity can be calculated, using the Watson equation (W method), as 

follows:
K (6) = K m W B m) * *  1/6 [16]
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where K (6) is unsaturated hydraulic conductivityc 

km is maximum hydraulic conductivityr 
is maximum water contents 

is MZ(M - D f
M is the slope of the regression of:

In (W/8) vs In t (min)
Km is equal to « (^n) ((expl)/(l- ) Qm)**(1/m) and
I is equal to the intercept of the regression of:

In (W/5) vs In t (min)
where W  is the total water stored above depth z and t is time of 

measurement after the beginning of drainage.
Hydraulic conductivity can be calculatedr using the CGA (Chong et 

al.f 1981) equation as follows:
K(Qf) = -2JA (J** -1.0) (Q* ** (J-l/J) [17]

where K(Q ) is the unsaturated hydraulic conductivityf
IQ is the average water content above any depth Zr 

z is the depth of the readingr

J is the slope of the regression of:

In q ' vs In t (min) and
A is the intercept of the regression of:

eIn Q vs In t (min)
Regression variables and constants determined by the regression for 

the Watson and CGA model are illustrated in Table 2. Note that W z  =  Qr  

so the regression variables for the Watson and CGA methods are identical 

(see Tables 35 - 40 of Appendix IV). Water content data collected 
during drainage from sites 1-6 were converted to the dependent variable
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using a "water use" program that was originally developed by Sisson 
(1972) and revised by Tommer (1985). The author revised the original 
program to make it more "user friendly". The new program (Fig. 17z 
Appendix III) now prompts the user for the required information needed 
to run each new set of drainage data. The procedure followed for

Table 2. Regression variables used to determine K (6) for 
the Watson and CGA models as well as the constants 
determined by regression results.

Regression Variables

Miodel Dependent Independent
Constants
Determined

Watson In ( W z ) In t km/B
CGA In (G') In t azj

conversion of drainage data to the variables used in the linear 
regression using the "water use" program/ are described in detail by 

Tommer (1985). The MREGRESS program on MSUSTAT (Lundz 1985) was used to 

run the regressions. The constants used in calculation of K(G) were 
calculated from the slope and intercept results determined by MREGRESS 
(See Tables 35-40/ Appendix IV).

Soil Water Retention Study

Field Sampling
National Soil Survey Laboratory. In July/ 1985/ the eight sites 

chosen by the Soil Conservation Service were sampled by the NSSL. The 
soil pits at sites I and 2/ in Gallatin County"/ and site 3 in Broadwater
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County were all dug with a tractor-mounted backhoe. Sites 4c 5c and 6 
in Broadwater County were dug by hand. All soil pits were approximately 
2 m deepc 1.2 m widec and 1.8 - 2.4 m in length. One end of the soil 
pit was slopped downward at a gradual angle for easy access while 
sampling.

A soil pedon from each pit was described and classified according 
to standards outlined by the Soil Survey Staff (1975). From each . soil 
horizonc samples were collected for laboratory analysis according to the 
procedures described by the Soil Survey Staff (1984). Natural clods 
(three per horizon) approximately 100 to 200 cm? in volume were 
collected from each horizon. These clods were placed in disposable hair 

nets and were suspended in air. The clods were immersedc momentarilyc 
in a container that contained a premixed Saran resin dissolved in methyl 
ethyl ketone. Saran-solvent ratios of 1:4 or 1:7 can be. used depending 
on the porosity of the soil, as well as the strength of the clods. If 

the clods were very friable, a 1:4 mixture is preferred. The Saran- 
coated clods were allowed to dry for 30-45 minutes and then placed in 
waterproof plastic bags that were each enclosed in individual 

compartments of a rigid cardboard container. The cardboard container 

was placed in a heavy-duty aluminum trunk for transport to the NSSL.
Montana State University. Field sampling and encasement of soil 

cores was accomplished using Tommer's (1985) procedure (with one 
exception) developed for water flow analysis. This procedure minimizes 

the handling of core samples and sample disturbance. The soil cores 

used in this sampling procedure were removed from three sides of each 

site using a Giddings soil probe. Liquid rubber latex was poured over
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samples from sites I and 2 and allowed to dry. The PVC pipe containing 
these individual samples was then completely filled with melted wax (the 
exception to Tommergs procedures) and allowed to dry. The PVC pipe, 
containing the samples from sites 3-6, were filled with the same 
lightweight concrete mixture recommended by Tommer. After the wax, 
used for sites I and 2, and the cement, used for sites 3-6, had dried, 
the samples were ready for transport to the laboratory.

Laboratory Analysis
National Soil Survey Laboratory. The physical and chemical 

characterization of field samples was completed by the NSSL in 

accordance with the procedures described by the Soil Survey Staff 

(1984). Moisture contents at 1/3 bar were obtained from the natural 
clods (procedure 4B1C) while 15 bar water content was obtained using a 
pressure-membrane apparatus, rubber retainer rings, and sieved soil 

samples (procedure 4B2).
Montana State University. Laboratory analyses for the soil water 

retention studies were initially attempted at 1/3 bar and 15 bar 
pressures using soil samples that were encased following Tommergs (1985) 

procedures and recommendations. The initial size of the soil cores used 

for this soil water retention study was approximately 7.6 cm in length 

and 4.2 cm in width. The soil cores were initially left encased inside 

the PVC pipe. The soil core was cut so that it barely protruded above 

the surrounding wax (samples from sites I and 2) or the concrete filler 
(samples from sites 3-6). The wax and concrete were used as a filler 
and for protection between the soil core and the PVC pipe (see Fig. 5). 
A fine-tooth carbide-tipped saw blade was used to cut samples from sites
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Ei^il-PVC Plastic Pipe

Figure 5. Initial "Undisturbed" core sanple using Tonrner's (1985) soil 
sample encasement technique. I

I and 2 on a table saw and a carborundum impregnated wire gauze blade 

was used to cut the samples from sites 3-6 on the table saw. The soil 
cores' surface then had to be lightly scrapped to remove any wax that 

may have become impregnated on the cores' surface during cutting. The 

soil samples to be used for the extraction of 1/3 bar water were then 

placed on a ceramic plater with relatively low impedancer that had been 
pre-wetted for 4-6 hours. The samples were saturated by flooding over 

the plate with a one-centimeter depth of free water for 12-14 hours. The 
samples were then placed inside a pressure cooker (Fig. 6) where they 
were allowed to equilibrate (usually 2-3 days) at the applied pressure.
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Pressure Plate Appara tus  

Soil  Cores

Porous Ceramic Plate  

I Neoprene Backing  

Pressurized Gas 

W a t e r  I Atm ospher ic  Pressure I

Figure 6. Pressure-membrane apparatus for obtaining 1/3 bar and 15 bar 
water.

Gravimetric moisture contents of the soil samples at 1/3 bar pressures 
were then determined by removing the equilibrated samples and oven 
drying them at 105 degrees C until there was no further water loss. 
This required about forty-eight hours.

An attempt was made to collect 15 bar water data from the cores 

using pressure membrane rather than pressure plate equipment. Howeverf 

because the cores cut the membrane and a very long equilibrium time was 
requiredf this was abanded. Insteadf 3 bar water content data were 
obtained using the pressure plate equipment. This required an

equilibrium time of 5 to 7 days. Although water held at 3 bar potential
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is considered plant available  ̂ in most soils little plant available 
water remains at this potential.

Determination of 1/3 bar and 15 bar water using the technique 

described by Tommer (1985) for field encasement of soil cores did not 
work for water retention analysis. The following problems were 
encountered:

(1) It was very difficult and time consuming trying to cut the PVC 
pipe7 the cement (or wax) r and then the rubber coating 
surrounding the core so that the soil core barely protruded 
above the encasement material.

(2) It was difficult trimming the soil core's surface flat so 

a good contact between the soils surface and the ceramic plate 
could be maintained.

(3) The encased soil samples were too wide to accommodate very 
many samples in the pressure membrane apparatus.

For these reasons? soil cores were removed from the surrounding 
encasement material and re-coated with a layer of melted wax (see Fig. 

7). This was necessary to add strength to the soil core and prevent it 
from slaking during saturation. Prior to determination of 1/3 bar and 
3 bar waterr the wax-coated soil cores were weighed in air and then 

immersed and weighed in water. This allowed the calculation of bulk 
density and volumetric water content.
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Figure 7. Soil core used for determination of 1/3 bar and 3 bar soil 
water retentions.
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RESULTS AND DISCUSSION

Soil Water Retention Study 
National Soil Survey Laboratory Data

Soil samples collected from the six study sites were analyzed by 
the NSSL to obtain the actual measured values for the soil water 
retention at 1/3 and 15 bar water contents. Appendix I contains the 
profile descriptions and the physical and chemical characterization data 
from the six study sites. The results from the measured 1/3 and 15 bar 
water contents obtained from this physical and chemical characterization 
data were then used in the soil water retention model developed by 
Baumer (Baumer and Ricey 1986) to obtain the model parameters and 
equations for the soil water retention curves.

Computer printout results1 from the soil water retention model for 
the six study sites were too voluminous to be included in this thesis. 
Examples of soil water retention curves (Site I) obtained using the soil 
water retention model are given in Part.3 of Appendix II. Tables 3-8 
(SCS WATER RETENTION M(DEL) contain all of the computer printout results 
for study sites 1-6. The 1/3 bar values at measured field density (MFD)
in tables 3-8 are the only values actually obtained from the samples in

z
the laboratory. The 1/3 bar water by weight values (tables 3-8) at 
expected low density (EED) r expected medium density (EMD), and at 
expected high -density (EHD) are all computed soil water retention

1The computer printout results for all soil horizons from all six study 
sites can be obtained from Dr. Gerald Nielseny Plant and Soil Science 
Dept.y Montana State Universityy Bozemany MTy 59717 or from the State 
Soils Staffy Soil Conservation Servicey Bozemany MTy 59715



Table 3. Laboratory results for soil water retention study - Site I, Bozeman soil series

SCS WATER RETENTION WOEL MSU WATER RETENTIONS
1/5 IA l UATtk I t  U tIU T  J I U  W TtR" IT U l 1IEHI I / ]  RAR WATER IY W Elar 5 ran M A I i m -KnCHT

CWUTEO SWR VALUES ------CWUTEO SWR VALUES — -

Depth MFD1 ELOz EW3 EHO4 MFO1 ElOz EW3 Eie4
“

API 0-10 2S. I 24.3 22.9 IS. I 14.7 14.4
API 10-Z3 Zl 0 2S.S 24.1 22.4 1S.S 14.9 14.S 14.4
I t l 23-33 23. I 27.1 24.0 24.3 15.9 17.S 17.3 17.5
ItZ 33-SI 2 0 .1 24.7 2S.Z 23.4 14.1 14.3 14.1 14.2
I U S l-M 20.0 24.1 23. S 22.0 13.2 IS. 7 IS. 7 IS. 9

I l BA-104 23.0 22.0 20.4 13.2 13.1 13.3
I U 104-132 11.1 21.7 20.4 19.2 10. B 11.S 11.3 11.4
K 132-14S 17.7 14.7 IS. 7 8.9 8.7 I .  S
ZC 14S-1I0 4. S 4.1 S I 2.7 2.4 2.5

MlDPT
DEPTH Hole I Hole 2 Hole 3 Hole 4 Hole I Hole Z Hole 3 Hole

22. S 20.1 21.0 23.3 22.2 17.S 2 4 .9 * 2 2 .4 * 18.1

37. S 
52. S 
47. S 
82. S 
97.5

19.2
20.1
19.0
19.8

19.8 
23.4 
19. S 
23.3

20.4
20.1
20.1
23.0

23.4
22.4
23.4
18.8

3 1 .1 *

22'. 7 *  
2 2 .3 *

3 0 .7 *
1 4 .7 *
2 4 .7 *
21.4

2 0 .5 *  
2 0 .1 *  
2 1 .1 *  
IS . 4

IS. I  
IS . 7 
17.2 
10.8

4»
CO

* AT MeilwreN f ie ld  Oeetlty
* AT Eipectected low Oenilty  
1 AT Eipected TWdIwm Oeeilty
* AT Eipeeted MIpP Oentlty

These values eliminated in the "comparison of Selected Laboratory Data" section.



Table 4. Laboratory results for soil water retention study - Site 2 r  Turner soil series.

_________ SCS WATER RETENTIO* HOOU_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ WSU WATER KCTEnnOWS_________  ____
1 /3  BAP W A ltK  B r Ml IGHT i BAR U A l t l i  bv  W tH iH l 1/3 BAR W *U R  BT U t i u k f  3 B*B WATEd BY I CkT
COMPUTED SWR VAUJtS —  COMPUTED SWR VALUES —

Depth PdrDl ELD? EMO3 EHD4 WfD1 EVDz EWO3 EHO4
WlDFT
DEPTH Hole I Hole 2 Hole 3 Hole 4 Hole S Hole I Hole 2 Hole 3 Hole 4 Hole S

API 0-10 22.6 21.3 20.0 13.0 12.7 12.5
AR? 10-18 21.8 25.4 23.9 22.4 15.0 16.1 15.7 15.7 6
Btl 18-30 21.9 27.7 26.1 24.4 IS-T 17.9 17.7 18.5 22.5 21.2 20.7 21.2 19.5 21.0 16.7 21.9 17.6 16.4 16.7
Bt 2 30-43 18.5 24.5 23.2 21.8 12.3 14.0 13.6 13.6 37.5 19.7 21.2 20. 7 15.9 14.3 16.4
BH 43 SB 20.5 22.6 21.4 20. I 13.0 13.3 13.0 13.1
BU 58-71 14.9 14.0 13.2 9.0 8.3 8.0
K 71-152 4.7 4.5 4.2 2.0 1.9 1.8

* AT %«iured F ield  DeniUy 
‘  AT Expectected Low Denilty  
? AT Expected Medlurn Denitty 
'  AT Expected High Dehifty

This value eliminated in the "Comparison of Selected Laboratory Data" section



Table 5. Laboratory results for soil water retention study - Site 3/ Amesha Variant soil series

______________ SCS WATER RETENTION MODEL__________________
T T T W T r rn n r rB r ro n  j  bar whir bV Ui  icni

COWUTtD SWR VALUES - - -  COWUTEO SWR VALUES —

D e p th MFD1 ELD? EMO) EHO4 MFD1 ELD? EMO1 EHO4

ca ........... I I ...........

kp O - IS 1 3 .4 i s . e 1 4 . 9 1 4 .6 8 . 2 9 . 7 9 . 4 9 . 2
BK 1S -4 3 2 0 . 9 z z . s 2 1 . 3 2 0 . 0 1 4 .8 1 6 .4 1 6 .0 I S .  5

I t K « 3 -6 9 22.1 z s . z Z 3 . 7 2 2 . 2 1 6 .8 1 9 .0 1 8 .4 1 8 .9

Z I t Z 6 9 -8 1 Z Z .3 Z 4 .Z 2 2 . 9 2 1 . 4 1 6 .2 1 8 .3 1 7 . 7 1 7 .8
Z IZ 8 1 -1 1 9 T 9 .  8 ZS. I 23 .  7 2 2 . 1 1 5 .6 1 8 .9 1 8 .4 18. S

ZBC 1 1 9 - l S Z 3 1 . Z 3 3 .4 3 1 . 4 2 7 . 6 2 4 . 8 2 6 . 6 2 6 . 3 2 5 . 1
ZC I S Z - Z l l 1 0 . 6 10. S 9 .  7 6 . 6 6 . 2 5 . 9

1 AT M ea su re d F i e l d O e n s l t j r
Z AT E t p e c t e c t e d  L w  D e n t  I t j r  
^ AT E i p e c t e d  H e d t u a  D e n s H j r  
*  AT E t p e c t e d  M l9b Dens H j r

MSU WATER RETENTION
1 / 3  BAR WATER BT W E H i H f  i BAR W A I t P  BV U N C U T

MIDPT
DEPTH H o le  I  H o le  2 H o le  3 H o le  4 H o le  I  H o le  2 H o le  3 H o le  4

cm ............... - ............ - I ....................... ..................................I ......................

16 1 4 .0 1 8 .4 2 0 . 1 1 0 . 0 1 1 .4 1 9 .3
31 1 9 .8 2 6 . 9 2 8 . 8 1 9 .4 2 0 . 3 1 5 .1
46 2 8 . 5 2 9 .1 3 5 . 8 1 3 .7 2 4 . 3 2 7 . 2 2 4 . 5
61 1 2 . S t t 2 8 . 6 2 8 .6 1 9 .4 2 3 . 8 2 1 . 5
76 1 2 . 6 2 9 .1 2 0 . 3 5 .1 2 0 . 4 8 . 0
91 2 0 . 5 2 1 .4 2 4 . 6 1 7 .2 1 5 .4 2 0 . 5

106 2 9 . 9 1 9 .6 2 9 .1 2 3 .5 1 9 .6 2 2 . 5

U lO

These values eliminated in the "Comparison of Selected Laboratory Data" section



Table 6. Laboratory results for soil water retention study - Site 4, Chinook soil series

____ _______  SCS WATER RETENTION WOOEL________________
1 /3  BAR WATER BY HEIGHT 3 BAR UATlR BY WlIGHT

COMPUTED SM* VAiUES ------ COMPUTED SM* VAiUES

D ep th MFD1 ELD? EM03 EHO* MFD1 ELD? EMO3 EHD4

API 0 - 1 0 1 2 . 6 12 . I 11 .4 7 .2 6 . 9 6 . 5
AR? 10-ZS 9 . 6 1 2 .4 1 1 . 8 1 1 . 2 4 . 9 6 . 9 6 . 5 6 . 2
BW 2 5 -3 8 7.1 1 1 . I 10. S 10 .4 3 .4 5 . 8 5 . 6 5. 2
B H 3 8-48 13 .3 1 4 .0 13. 3 1 2 . 6 7 .7 7 .7 7.5 7 . 1
i t ? 4 8 -7 6 8 . 3 1 1 . 0 10 .4 9 . 8 3 . 8 4 . 8 4 . 7 4 . 5
m 76-84 1 1 . 3 1 0 . 6 1 0 . 0 5.1 4 . 9 4 . 8
3 l t 84 -91 1 1 .9 1 1 . 2 1 0 . 6 5 . 5 5 . 3 5 . 2
A l t 9 1 -9 9 1 1 .1 1 0 . S 9 . 9 5 . 3 5 . 2 5 . 0
SC 9 9 -1 5 2 6 . 0 9 . 7 9 . 2 8 . 7 2 . 5 4 . 3 4 . 2 4 .1

MSU MATER RETENTIONS
1 / 3  BA* MATER BY MEIGHl 3 BAR UATlS' I Y  UCIJiHT

MIDPT
DEPTH H o le  I H o le  2 H o le  3 H o le  4 h o le  5 H o le  I Ho le  2 H o le  3 H o le  4 Ho le  5

16 8 . 0 9 . 2 9 . 6 6 . 8 7 .9 8 . 0
31 7 . 0 13 .3 7.6 19.6 2 0 . 0 6 . 2 15. I 6 . 7 1 0 .4 1 0 .6
46 1 3 .8 1 2 . 0 1 1 .3 13 .8 7.7 8 . 7
61 6 . 9 1 0 . 0 7 .5 2 0 .3 18 .2 5 .4 6 .4 6 . 5 1 0 .3 9 .1
76 1 3 .2 1 4 .9 1 1 .1 4 . 6 1 0 .6 6 . 8

91 1 9 .3 1 5 .5 2 2 .9 2 3 .4
106 8 . 7 1 4 .7 2 0 . 3 1 6 .7 6 . 8 1 0 .4 10 .1 1 1 . 0

* AT M e n u r e d  F i e l d  D e n s i t y  
^  AT E i p e c t e c t e d  Low D e n s i t y  
3 AT E i p e c t e d  Medium D e n s i t y  
'  AT E i p e e t e d  H ig h  D e n s i t y



Table 7. Laboratory results for soil water retention study - Site S r Mussel soil series

SCS WATER RETENTION MODEL MSU WATER RETENTIONS
1 /3  BAR WATER BY WEIGHT 3 BA* WATER BV Wt lGHT 1 / 3  BAR WAIEft Bf W l l S H l  J Sa S I lAT lR  B I  W t I l iH I

COMPUTED SWR VALUES COMPUTED SWR VALUES
MlDPT

D e p th MFO1 ELD1 2 EMO3 EHD4 M fD 1 ELDz EMC3 EW) 4 DEPTH H o le  I H o le  2 H o le  3 H o le  I H o le  2 H o le  3
T

AP 0 - 1 3 1 6 .4 1 5 .5 1 4 .6 8 . 3 8 . 11 7 . 9
B U 1 3-41 1 4 .4 1 4 .4 1 3 .6 1 2 . 8 9 . 8 8 . I 8 . 0 7 .7 16 1 1 .5 12 .4 1 1 . 1 7 .3 9 . 0 8 . 4

31 1 3 .6 1 5 .0 1 7 .2 1 0 . 2 1 0 .5 1 2 . 0
B tZ 4 1 - 6 6 1 5 .3 1 5 .1 1 4 .3 1 3 .4 9 . 6 9 . 8 9 . 5 9 . 2 46 1 8 .2 1 0 .4

61 18. I 1 9 .0 1 9 . 8 1 2 . 6 1 0 .3 1 1 .7
B t J 6 6 - 8 9 1 4 .5 1 8 . 1 17 .1 1 6 . 1 1 0 . 2 1 1 . 9 1 1 . 6 1 1 .3 76 20 .  7 2 4 . 4 1 6 . 5 1 1 .7 1 3 .6 14 .1
B tZ 8 9 - 1 3 0 1 4 .6 1 8 .5 1 7 .5 1 6 .4 1 0 .5 1 1 . 3 1 1 . 0 1 0 . 8 91 1 8 .4 2 2 . 3 1 0 .4 15 .4

106 1 8 .6 19. 7 1 0 . 2
BtA 1 3 0 -1 4 5 1 6 .0 1 5 .7 1 4 .8 1 3 . 9 1 0 .9 1 0 .4 1 0 .1 9 . 5
BC 1 4 5 -1 5 2 1 2 .9 1 5 .5 14 .6 1 3 .8 8 . 9 9 . 6 9 . 3 9 . 0

1 AT M e i t u r r d  F i e l d  D e n s i t y
2 AT E x p e c t e d  Lox  D n e s l t y
3 AT Expected Medium Density
* AT Expected Mlqh Density

U lto



Table 8. Laboratory results for soil water retention model - Site 6, Brocko soil series

SCS WATER RETENTION MODEL MSU WATER RETENTIONS
1 / 5  BAR WA H R  PT WE IGHT 3 BAR W AI lR  BT Wl IGHI  1 / 3  BAR WATER RT WE IOMT J BAR WATER BT WEIGHT

COMPUTED SWR VALUES —  COMPUTED SWR VALUES —

D e p th MFTl ELO2 E» 3 EHO4 M fD l ELD2 E I C 3 E* 4
MIUPI
DEPTH H o le  I H o le  2 H o le  3 H o le  I H o le  2 H o le  3

Ce

AP O - IS ? ? . o ?0.  7 19. 5 1 1 .5 1 1 . 2 1 0 .9
R U 1S-A3 1 7 .0 ? 1 .S ?0 .  3 1 9 .0 1 1 .5 1 1 . 6 1 1 . 3 1 1 . 2 16 1 9 .0 2 0 . 3 1 8 .6 1 4 .2 1 5 .2 1 4 .0

31 1 9 . 3 1 1 .1
I t ? « 3 -7 4 1 6 .4 ? ? . « 2 1 . 1 1 9 .9 9 . 6 1 0 . 6 1 0 .4 9 . 6 46 1 9 .8 1 7 .5 1 7 .4 1 0 .7 1 0 . 6 1 0 .9

61 1 9 .5 1 0 .3
B I3 7 4 -1 0 4 1 5 .5 ? ? . o ?0 .  7 1 9 .5 9 . 0 1 0 . 6 1 0 .4 1 0 . 2 76 2 1 . 2 1 8 .8 1 9 .4 9 . 9 3 . 8 * 9 . 8

91 1 3 .6 1 6 .6 7 . 9 9 . 9
I ? 1 0 4 -1 4 ? 1 9 .? ?1 .  9 2 0 . 6 1 9 .4 9 . 2 1 0 .3 1 0 . 0 9 . 9 106 1 3 . 0 1 3 .4 10 .4 9 . 6
BC 1 « ? -1 S 7 1 6 .0 1 5 .8 1 4 .9 14. I 9 . 2 9 . 9 9 . 9 9 . 4

* AT M s v r e d  F i e l d  O e n s l t j r
*  AT E i p e c t e c t e d  Low D e n s i t y  
3 AT E i p e c t e d  M l u e  D e n s i t y
*  AT E i p e c t e d  H I gh D e n s i t y

Ul
O J

* This value eliminated in the "Conparison of Selected Laboratory Data" section
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values from the soil water retention model output. All 3 bar water by 

weight values in tables 3-8 at MFDf ElDf EH) and EHD were calculated 
using the parameters and equations computed for each horizon from the 
soil water retention model.

Montana State University Laboratory Data
toe third bar and 3 bar water by weight values from tables 3-8 (MSU 

W M E R  REffEMTGNS) are actual water retention values obtained in the 
laboratory. Because 15 bar data were not obtained on the core samplesf 
verification of the soil water retention model's ability to work on 
Montana soils consisted of the following:

1. A comparison of 1/3 bar soil water retention values obtained in 
the laboratory at MSU with the 1/3 bar soil water retention 
values obtained by the NSSL andf

2. A comparison of 3 bar soil water retention values obtained in 

the laboratory at MSU with computed 3 bar soil water retention 

values using the soil water retention model.
Comparison Of All Laboratory Data

Tables 9-14 are summaries of the laboratory results (for percent 

water by weight) using all of the data from tables 3-8. The 1/3 and 3 

bar water retention values from tables 9-14 for the MSU laboratory 

measurements were obtained by averaging all of the readings for every 

hole at each depth.

A comparison of 1/3 bar soil water retention values obtained in the 
laboratory at MSU with the 1/3 bar soil water retention values obtained 

by the NSSL was shown as percent difference between the MSU results and 
the NSSL results (tables 9-14). The percent difference between the two



55
Table 9. Summary of laboratory results (% water by weight) for soil

water retention study - Site Ir Bozeman soil series.

Table 10.

WATER RETENTION
SCS MSU

DEPTH TEXTURE MEASURED COMPUTED MEASURED MEASURED
1/3 BAR 3 BAR 1/3 BAR 3 BAR
FD1 FD1 FD1 FD1

cm % ...... % ------
0-10 SIL
10-23 SIL 21.0 15.5 21.7 . 20.5
23-33 SICL 23.1 15.9
33-51 SICL 20.1 14.1 20.7 24.5
51-84 SIL 20.0 13.2 21.1 18.6
84-104 SIL
104-132 SIL 18.1 10.8
132-145 GR-L
145-180 GRX-S

Summary of laboratory results (% water by weight) for
water retention study - Site 2 r Turner soil series.

WATER RETENTION
. SCS MSU

DEPTH TEXTURE MEASURED COMPUTED MEASURED MEASURED
1/3 BAR 3 BAR 1/3 BAR 3. BAR
FD1 FD1 FD1 FD1

cm ... ofb

0-10 SIL
10-18 SICL 21.8 15.0
18-30 SICL 21.9 23.7 20.7 17.9
30-43 SICL 18.5 12.3 20.5 15.5
43-58 SIL 20.5 13.0
58-71 GRV-L
71-152 GRX-S

soil

IField Density



56
Table 11. Summary of laboratory results (% water by weight) for soil

water retention study - Site 3 ,  Amesha Variant soil series.

WATER RETENTION
SCS MSU

DEPTH TEXTURE MEASURED COMPUTED MEASURED MEASURED
1/3 BAR 
FD1

3 BAR 
FD1

1/3 BAR 
FD1

3 BAR 
FD1

cm % — --- % ------

0-15 SL 13.4 8.2
15-43 L 20.9 14.8 21.4 16.0
43-69 SCL 22.7 16.8 27.2 22.0
69-81 • SCL 22.3 16.2 20.7 11.2
81-119 SCL 19.8 15.6 24.2 19.8
119-152 SCL 31.2 24.8
152-211 SL

Table 12. Summary of laboratory results (% water by weight) for
water retention study - Site 4, Chinook soil series.

WATER RETENTION
SCS MSU

DEPTH TEXTURE MEASURED COMPUTED MEASURED MEASURED
1/3 BAR 3 BAR 1/3 BAR 3 BAR
FDl FDl FDl FDl

cm %■------ % ------
0-10 SL
10-25 SL 9.6 4.9 8.9 7.6
25-38 SL 7.1 3.4 13.5 9.8
38-48 SL 13.3 7.7 12.4 10.1
48-76 SL 8.3 3.8 12.6 7.5
76-84 SL 13.1 7.3
84-91 SL
91-99 SL 17.4 23.2
99-152 SL 6.0 . 2.5 15.1 9.6

soil

IField Density



57
Table 13. Summary of laboratory results (% water by weight) for soil

water retention study - Site 5, Mussel soil series.

WATER RETENTION
SCS MSU

DEPTH TEXTURE MEASURED COMPUTED MEASURED MEASURED
1/3 BAR 3 BAR 1/3 BAR 3 BAR
FDl FDl FDl FDl

cm % ---- — % ------
0-13 FSL
13-41 SL 14.4 9.8 13.5 . 9.6
41-66 SCL 15.3 9.6 18.6 11.0
66-89 SCL 14.5 10.2 20.5 13.1
89-130 L 14.6 10.5 19.8 11.6
130-145 GR-SCL 16.0 10.9
145-152 SL 12.9 8.9

Summary of laboratory results (% water by weight) for
/ater retention study - Site Sr Brocko soil series.

WATER RETENTION
SCS MSU

DEPTH TEXTURE MEASURED COMPUTED MEASURED MEASURED
1/3 BAR 3 BAR 1/3 BAR 3 BAR
FD1 FD'l FDI FDl

cm % ------ % ------

0-15 SIL
15-43 SIL 17.0 11.5 19.3 12.8
43-74 SIL 16.4 9.6 18.9 10.5
74-104 SIL 15.5 9.0 17.5 8.4
104-142 L 19.2 9.2 13.2 10.0
142-157 SCL 16.0 9.2

soil

lField Density
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results was calculated as follows:

Percent Difference = larger value - smaller value x 100 [18]
smaller value

Seventy-three percent of the 1/3 bar water retention measurements 
obtained in the laboratory at MSU were greater than the values from the 
NSSL. The mean of the measured 1/3 bar water retention values from the
MSU laboratory was 18.3 percent water by weight while the mean from the 

NSSL was 16.3 percent water by weight.
The same procedure was used for comparing 3 bar soil water 

retention values obtained in the laboratory at MSU with computed 3 bar 

soil water retention values using the soil water retention model. 

Eighty-two percent of the measured 3 bar water retention measurements 
obtained in the laboratory at MSU were greater than the computed 3 bar 

water retention values using the soil water retention model. The mean 
of the measured 3 bar water retention values from the MSU laboratory was
13.5 percent water by weight while the computed mean from the NSSL was

10.6 percent water by weight.
These comparisons of actual 1/3 bar soil water retentions and 

actual ' measured 3 bar soil water retentions with computed 3 bar soil 

water retentions were obtained using all of the values for each site in 
tables 3-8. However these results are misleading in that some of the 
differences<- obtained in the MSU laboratory^ between 1/3 bar soil water 
retention and 3 bar soil water retention are physically not possible. 

For instancef while the 1/3 bar water by weight value must always be 
greater than the 3 bar water by weight value for the same samples from 
the same holes, this was not always the case. A more reasonable 

comparison between actual measured 1/3 bar water by weight values and
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actual 3 bar water by weight values were obtained by discarding the 
percent water by weight values that are physically inpossible or not 
reasonable. These values are indicated by an asterisk in Tables 3-8.

A comparison of soil water retentions, discarding the data that are 
obviously wrong and using the same procedures or methods of calculation 
for 1/3 and 3 bar water by weight described in the previous section, 
resulted in the following:

1. The mean of the measured 1/3 bar water retention values from 

the MSU laboratory was 18.4 percent water by weight while the 
mean of the NSSL was 16.3 percent.

2. The mean of the measured 3 bar water retention values from the 
MSU laboratory was 12.9 percent water by weight while the 
computed mean from the NSSL was 11.1 percent water by weight.

3. Again, 73 percent of the 1/3 bar water retention measurements 

obtained in the laboratory at MSU were greater than the values 

from the NSSL and 82 percent of the measured 3 bar water 
retention measurements from MSU were greater than the computed 
3 bar water retention values using the soil water retention 
model.

The majority of the water retention measurements (73% for the 1/3 

bar and 82 percent for the 3 bar) obtained by MSU were greater than 

those of the NSSL. The mean of the computed 1/3 bar water retention 

values from MSU was 12.9 percent larger, using the selected laboratory 

data, than the mean from the NSSL. The mean for the measured 3 bar 

water retention values from MSU was 16.2 percent larger, using the 
selected laboratory data, than the computed mean using the soil water
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retention model.

The pressure membrane equipment is simple and easy to use but is 
subject to errors and, as noted in the literature review, different 
values are often obtained with the same soil on different pieces of 
equipment. Valid data depend on maintaining the soil in close contact 
with the ceramic plate during the equilibration at each pressure. 
Shrinking of the soil away from the ceramic plate can result in the 
sample retaining, more water than at true equilibrium. This is almost 

certainly what happened in the several cases where the 3 bar sample 
contained more water than the 1/3 bar sample. In a few cases the water 

retained in a particular sample was much less than expected. Since the 
samples could not be re-used, valid data could not be obtained on these 
samples. Data that was clearly in error was not used. Using what 
appeared to be valid data, the MSU values were about 13 percent and 16 
percent higher than the NSSL data at 1/3 (measured) and 3 bar 
(calculated), respectively. This difference, as discussed in the 

literature review, may be due to differences in sample pre-treatment or 

in the equipment. It might be partly related to the fact that the MSU 

laboratory used soil cores, containing fracture planes between clods, 
and the NSSL used soil clods. In our experience (unpublished data) the 
bulk density of cores is lower than that of clods and, therefore, 
contains more pore space. This may result in soil cores.retaining more 

water at low water ptitentials than clods but would probably not explain 
the difference at 3 bar. CXir data are close enough to the calculated 

values from Baumer's-model to generally confirm the model. But, we did 
not obtain enough good data to thoroughly, check the model, one of our
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major objectives.

Hydraulic Conductivity Study

The second objective of this research was to calculate the 
unsaturated hydraulic conductivity as a function of water content 
[K(6) ]. The maximum field hydraulic conductivity (Km) can then be 
determined from these results. The results of the Km determinations are 
illustrated in tables 15 through 20. Values of Qm and ©'m (from 
drainage data) were choosen and used in the appropriate equations (Eq. 
16 and 17) to calculate Km by the two models. There are exceptions, 

but, in general,the Km values calculated by the CGA model are greater 
than by the Watson model. Considering that K (6) may change by several 

orders of magnitude with relatively small changes in water content, the 
differences between the two models are not excessive.

The average Km (mean of the CGA and Watson values) was determined 
at each given depth for all six soils. The average Km values were then 
compared to the laboratory data presented in Tables 21-26 to determine 
if there was a relationship between the soil properties and Km . The 

selected data from tables 21-26 was determined by the NSSL.
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Table 15. Unsaturated hydraulic conductivity at maximum field moisture

content - Site 1«- Bozeman soil series.

Table 16.

LAB DATA HYDRAULIC CONDUCTIVITY
DEPTH CLAY B.D.

1/3 BAR
WATSON 

®m Km
CGA

®'m Kjn

cm % g/cc Cm^/cm^ cm/min cm3/cm3 cm/min
0-10
10-23

23.2
22.5

1.60
1.59 .392 .0030 .392 .008

23-33
33-51

27.7
24.7

1.35
1.36 .390 .0040 .391 .012

51-84 27.2 1.43 .400 .0150 .396 .022
84-104 20.2 1.50 .376 .0003 .392 .013

Unsaturated hydraulic conductivity at maximum field moisture 
content - Site 2, Turner soil series.

DEPTH
LAB DATA HYDRAULIC CONDUCTIVITY

CLAY B.D. 
1/3 BAR

WATSON 
®m Km

CGA
Q'm Km

cm % g/cc cm3/cm3 cm/min cm3/cm3 cm/min

0-10 19.7 1.40
10-18 25.7 1.50
18-30 28.4 1.40 .382 .001 .382 .003
30-43 19.7 1.31 .414 .215 .398 .026
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Table 17. Unsaturated hydraulic conductivity at maximum field moisture

content - Site S r  Amesha Variant soil series.

LAB DATA HYDRAULIC CONDUCTIVITY
DEPTH CLAY B.D. 

1/3 BAR
WATSON

kID
CGA

0'm km

cm % g/cc cm3/cm3 cm/min cm3/cm3 cm/min

0-15
15-43

14.6
31.8

1.48
1.35 .463 .0064 .463 .0183

43-69 35.2 1.39 .430 .0037 .450 .0275
69-81 33.9 1.39 .386 .0005 .434 .0278
81-119 33.2 1.47 .373 .0005 .420 .0304

Table 18. Unsaturated hydraulic conductivity at maximum field moisture
content - Site A r Chinook soil series.

LAB DATA HYDRAULIC CONDUCTIVITY
DEPTH CLAY B.D. Watson CGA

1/3 BAR ®m Km 9'm Km

cm % g/cc cm3/cm3 cm/min cm3/cm3 cm/min

0-10 8.9 1.50 .381 .008 .381 .021
10-25 8.1 1.58 .391 .016 .386 .037
25-38 6.4 1.64 .410 .037 .394 .052
38-48 9.0 1.49 .360 .006 .386 .056
48-76 4.6 1.52 .370 .012 .382 .059
76-84 5.1 1.50
84-91 5.5 1.50 .368 .015 .380 .072
91-99 5.5 1.50 .336 .006 .374 .094
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Table 19. Unsaturated hydraulic conductivity at maximum field moisture

content - Site 5; Mussel soil series.

LAB DATA HYDRAULIC CONDUCTIVITY
DEPTH CLAY B.D.

1/3 BAR
WATSON

Km
CGA

6'm Km

cm % g/cc cm^/cm^ cm/m1n

frEUCOS cm/min
0-13
13-41

9.0
11.6

1.40
1.40 .454 .013 .457 .040

41-66 16.6 1.48 .428 .012 .444 .058
66-89 20.5 1.48 .415 .010 .436 .065
89-130 18.0 1.37 .389 .005 .426 .063

Table 20. Unsaturated hydraulic conductivity at maximum field moisture 
content- Site Sr Brocko soil series.

DEPTH
LAB DATA HYDRAULIC CONDUCTIVITY

CLAY B.D. 
1/3 BAR

WATSON 
0In Km

CGA
«'m km

cm % g/cc Cnvfycnv* cm/mi n cmfycnv* cm/ml n

0-15 13.5 1.20
15-43 16.7 1.22 .464. .016 .466 .050
43-74 12.3 1.33 .456 .023 .461 .076
74-104 12.7 1.31 . .429 .011 .453 .079
104-142 12.1 1.41 .388 .004 .441 .090
142-157 16.1 1.45



Table 21. Sumnary of selected laboratory data and soil properties - Site I, Bozeman soil series
h u p  DESCRIPTION LAB BATA

S o t l  D e p t h
H o r i z o n

T e x t u r e S t r u c t u r e E s t i m a t e d
C l i y

I R e a c t i o n  
E f f e r v e s

C l a y S i l t Sand C a r b o n a t e
C l a y

B u l k  D e n s i t y  
1 / 3  B a r  Oven 

D r y

W a t e r  C o n t e n t  
By W e i g h t  

1 / 3  B a r  15 B a r

CAC03

cm I ------ g / c  ( I ------ — ---- % ------ . . . . . . .

A P I 0 - 1 0 SIL I f A n 26 6 . 0 / - - 2 3 . 2 6 4 . 4 1 2 . 4 1 . 6 0 1 0 . 7

APZ 1 0 - Z 3 SIL i  c  p T 26 5 . 8 / - - 2 2 . 5 6 4 . 0 1 3 . 5 1 . 5 9 1 .7 1 2 1 . 2 1 1 . 6
I t l 2 3 - 3 3 SICL I  c p r  t o 32 6 . 2 / - 2 7 . 7 6 2 . 0 1 0 . 3 1 . 3 5 1 . 5 1 2 3 . 1 1 2 . 7

Z M b k

B t Z 3 3 - 5 1 SlCL I  c p r  t o 32 7 . 4 / - 2 4 . 7 6 4 . 5 1 0 . 8 1 . 3 6 1 . 4 8 1 9 . 5 1 1 . 8 TR
Z M b k

BtK 5 1 - 8 4 SlL I  c p r 24 8 . 0 / e v 2 7 . 2 6 0 . 5 1 2 . 3 10 1 . 4 3 1 . 5 6 2 0 . 0 1 0 . 2 23
t o

2  c s b k

BKl 8 4 - 1 0 4 SIL I  c p r 24 8 . 6 / e v 2 0 . 2 6 7 . 3 1 2 . 5 3 1 . 5 0 9 . 1 14BK? 1 0 4 - 1 3 2 SIL I  c p r 24 8 . 8 / e s 1 6 . 5 5 5 . 4 1 8 .1 1 . 5 6 1 . 6 5 1 8 .1 7 . 8 11
BC 1 3 2 - 1 4 5 W-L m 8 . 2 / e s 1 2 . 2 5 2 . 5 3 5 . 3 1 . 6 0 5 . 9 10
ZC 1 4 5 - 1 8 0 WX-S $9 8 . 2 / e 2 . 3 4 . 2 9 3 . 5 1 . 7 0 1 . 6 10

Table 22. Summary of selected laboratory data and soil properties - Site 2> Turner soil series.

F i L l d  d e s c r i p t i o n LaB DAtA
s o h
H o r i z o n

D e p t h T e x t u r e S t r u c t u r e E s t i m a t e d
C l a y

R e a c t i o n
E f f e r v e s

C l a y S i U Sand C a r b o n a t e
C l a y

B u l k  D e n s i t y  
1 / 3  B a r  Oven 

D r y

W a t e r  C o n t e n t  
By W e i g h t  

1 / 3  B a r  15 B a r

CAC03

cm I -  I .............. ------ g / c c —

A P I 0 - 1 0 S I L 2 f g r 6 . 0 / - - 1 9 . 7 5 7 . 3 2 3 . 0 1 . 4 0 9 . 0
APZ 1 0 - 1 8 S IC L Im p l 30 6 . 0 / - - 2 5 .  7 5 5 . 3 1 9 . 0 1 . 5 0 1 . 7 1 2 1 . 8 1 1 . 6
B t l 1 8 - 3 0 S IC L Zmpr 33 6 . 2 / - 2 8 . 4 5 9 . 2 1 2 . 4 1 . 4 0 1 . 5 7 2 1 . 9 1 2 . 9
B t Z 3 0 - 4 3 S IC L I  n p r 30 6 . 6 / - - 1 9 . 7 6 3 . 9 1 6 . 4 1 . 3 1 1 . 4 1 1 8 . 3 9 . 9 2

I  c s b k

B K l 4 3 - 5 8 S I L I m p r 25 8 . 6 / e v 2 1 . 4 6 0 . 0 1 8 . 6 4 1 . 3 4 1 . 4 1 2 0 . 5 9 . 3 21
BKZ 5 8 - 7 1 W V - L m 2 2 8 . 6 / e v 1 3 . 4 3 4 . 9 5 1 . 7 4 1 . 4 0 6 . 2 18
2C 7 1 - 1 5 2 W X - S 19 8 . 4 / e 1 . 6 4 . 5 9 3 . 9 I 1 . 5 0 1 . 2 11



Table 23. Summary of selected laboratory data and soil properties - Site 3, Amesha Variant soil
series.

F IE L D  D E S C R I P T I O N L A B  DATA
s o i l  
H o r  I zon

D e p t h T e x t u r e S t r u c t u r e E s t i m a t e d
C l a y

R e a c t i o n
E f f e r v e s

C l a y S i l t Sand C a r b o n a t e
C l a y

B u l k  D e n s i t y  
1 / 3  B a r  Oven 

D r y

W a t e r  C o n t e n t  
By W e i g h t  

1 / 3  B a r  15 B a r

CAC03

CM I -  I .............. ------ g / c c ----- "  * -------- -
AP 0 - 1 5 SL Z 18 7 . 8 / e s 1 4 . 6 2 5 . 1 6 0 . 3 Z 1 . 4 8 1 . 5 8 1 2 . 3 7 . 9 5 . 0
BK 1 5 - 4 3 I I  n p r ZS 8 . 2 / e v 3 1 . 8 Z8 . 6 3 9 . 6 15 1 . 3 5 1 . 4 3 2 0 . 9 1 1 . 9 2 8 . 0

B t K 4 3 - 6 9 SCL I  m pr 33 8 . 4 / e s 3 5 . 2 2 9 . 4 3 5 . 4 9 1 . 3 9 1 . 6 0 2 2 . 7 1 4 . 0 1 7 . 0

I  CO sbk

Z B tZ 6 9 - 8 1 SCI I  m pr 30 8 . 6 / e s 3 3 . 9 2 7 . 8 3 8 . 3 3 1 . 3 9 1 . 6 0 2 2 . 3 1 3 .4 1 5 . 0
ZBZ 8 1 - 1 1 9 SCI Z CO p r 25 7 . 8 / e s 3 3 . 2 2 8 . 1 3 8 . 7 1 . 4 7 1 . 5 8 1 8 . 6 1 4 . 6 9 . 0

ZBC 1 1 9 - 1 5 Z SCL I  CO p r Z l 7 . 8 / e 4 7 . 6 3 1 . 6 Z0 . 8 1 . 1 3 1 . 3 9 3 1 . 2 2 1 . 5 8 . 0
ZC 1 5 2 - 2 1 1 SL M 15 8 . Z / e v 9 . 9 1 1 . 5 7 8 . 6 1 . 6 0 4 . 6 5 . 0

Table 24. Summary of selected laboratory data and soil properties - Site 4, Chinook soil series.

f  I E l D D l S C k i P T i O M C X O K T X
S o i l  
H o r  I zon

D e p t h T e x t u r e S t r u c t u r e E s t i m a t e d
C l a y

R e a c t i o n
E f f e r v e s

C l a y S i l t Sand C a r b o n a t e
C l a y

B u l k  D e n s i t y  
1 / 3  B a r  Oven 

Orjr

W a t e r  C o n t e n t  
By W e i g h t  

1 / 3  B a r  15 B a r

CAC03

I -  i .............. . . . .  g / c C ------ I ...........

A P I 0 - 1 0 S I I  V f g r 11 7 . 6 / e 8 . 9 1 4 . 7 7 6 . 4 1 . 5 0 5 . 2 i
AP2 1 0 - 2 5 S I I m t c 11 7 . 6 / e 8 . 1 1 3 . 6 7 8 . 3 1 . 5 8  1 . 6 5 8 . 9 5 . 2 i

BW 2 5 - 3 8 S I I c p r 11 8 . 0 / e s 6 . 4 1 1 . 0 8 2 . 6 1 . 6 4  1 . 6 9 6 . 3 4 . 7 3B K l 3 8 - 4 8 SL I  c p r 17 8 . 4 / e v 9 . 0 2 1 . 0 7 0 . 0 4 1 . 4 9  1 . 5 5 1 1 . 7 7 . 2 10

I m t C s b k
BK2 4 8 - 7 6 S I I  c p r 15 8 . 4 / e s 4 . 6 1 8 .1 7 7 . 3 1 . 5 2  1 . 5 5 7 . 4 4 . 9 6ZBK 7 6 - 8 4 S I I  i t > ! 19 8 . 6 / e v 5 . 1 1 8 . 4 7 6 . 5 2 1 . 5 0 4 . 6 73BK 8 4 - 9 1 S I M 7 8 . 6 / e s 5 . 5 2 1 . 0 7 3 . 5 1 . 5 0 5 . 2 54BK 9 1 - 9 9 S I M 19 8 . 6 / e v 5 . 5 1 5 . 6 7 8 . 9 1 . 5 0 4 . 9 4
SC 9 9 - 1 5 2 SL m 7 8 . 6 / e s 4 . 1 1 1 . 5 8 4 . 4 1 . 5 6 5 . 2 4 . 1 TR



Table 25. Suirmary of selected laboratory data and soil properties - Site 5 ,  Mussel soil series

H l L U  U b b U W IF I IU H  LAB U A IA
S o i l  Repth T e x t u r e  S t r u c t u r e  E s t i m a t e d  R e a c t i o n  C l a y  S i H  Sand C a r b o n a t e  B u l k  D e n s i t y  W a t e r  C o n t e n t  CXCBT
H o r i z o n  C l a y  E f f e r v e s  C l a y  1 / 3  B a r  O ven  By W e i g h t
_________________________________________________________________________________________ __ __________________________  D r y  1 / 3  B a r  15 B a r _____________

cm — ---------------------- -  % - - - - - - - - - - - - - - - - - - -  ------ g / c c  — -  ------ -  t  - - - - - - - - - —

AP
B K l

0 - 1 3  
1 3 - «  I

F S l
S I

I  f g r  
I  mSc 

p r

13
17

6.2/e  8. 4 / e v
9 . 011.6 3 1 . 6

? 9 . 0
5 9 . 4
5 9 . 4 6 1 . 4 0

1 . 4 0 1 . 4 6 1 4 . 4
6. ?
7 . 7

TB
14

BK? 4 1 - 6 6 SCL ? B p r ?1 8 . 4 / e v 1 6 . 6 ? 5 . 0 5 8 . 4 7 1 . 4 8 1 . 5 4 1 5 . 3 7 . ? 18

BK3 6 6 - 8 9 SCL I  mpr ?S 8. 6 / e v ? 0 .  5 3 3 . 3 4 6 . ? 7 1 . 4 8 1 . 5 8 1 4 . 5 8 . 3 15
BK? 8 9 - 1 3 0 I I  C p r  t o ?0 8 . 4 / e v 1 8 . 0 4 0 . 6 4 1 . 4 5 1 . 3 7 1 . 4 4 1 4 . 6 8 . 5 14

B K * 1 3 0 - 1 * 5 GB-SCL

I  f  p i

BI ?1 8. 4 / e v 1 8 . 2 ? 6 . 0 5 5 . 8 6 1 . 5 3 1 . 5 8 1 6 . 0 8 . 5 ?1
BC 1 * 5 - 1 5 ? SL BI 15 8 . 4 / e v 1 5 . 1 ? 9 . 8 5 5 . 1 5 1 . 4 3 1 . 4 8 I ? . 8 7 .1 I ?

Table 26. Suimary of selected laboratory data and soil properties - Site 6r Brocko soil series.
OS-j

F IE L D  R l k c A l P T I O N LAB DATA
i o l l  D e p t h
H o r  I z o n

T e x t u r e  S t r u c t u r e E s t i m a t e d  R e a c t i o n  
C l a y  E f f e r v e s

C l a y S i l t Sand C a r b o n a t e  B u l k  D e n s i t y
C l a y  1 / 3  B a r  Oven

Or j r

W a t e r  C o n t e n t  CAC03
By W e i g h t  

1 / 3  B a r  15 B a r
cm I '  T T —  I  . .  . .

AP 0 - 1 5 S I L I v f A  f g r 15 8. ? / e s 1 3 . 5 5 3 . 5 3 3 . 0 3 1.20 9 . 5 7 . 0
B K l 1 5 - 4 3 S I L I  a p r ?0 8 . 4 / e v 1 6 . 7 6 0 . 0 2 3 . 3 4 1.22 1 . 2 8 1 6 . 9 9 . 1 1 7 . 0

BK? 4 3 - 7 4 S I L I  Bpr ?0 8. 6 / e v I ? .  3 7 0 . 6 1 7 . 1 3 1 . 3 3 1 . 3 8 1 6 . 4 7 . 0 1 4 . 0

BK3 7 4 - 1 0 4 S I L I  B p r ?3 9 . 0 / e v I ? .  7 6 8 . 7 1 8 . 6 1 . 3 1 1 . 3 5 1 5 . 5 6.6 10.0
BZ 1 0 4 - 1 4 ? I I  n p r ?« 8 . 4 / e v 12.1 7 0 . 2 1 7 . 7 1 .4 1 1 . 46 1 9 . 3 6.1 10.0

t o
I  B p l

BC 1 4 ? - 1 S 7 SCL BI ?3 8 . 4 / e v 1 6 . 1 2 9 . 5 5 4 . 4 6 1 . 4 5 1 . 5 0 1 6 . 0 6 . 7 1 3 . 0
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Hydraulic Conductivity Versus Soil Properties

Small changes in pores size can result in large changes in the 
hydraulic conductivity (see equations 3 and 4). Any or all of the soil 
properties listed in Tables 21-26 might effect pore size. Therefore, 

the effect of these soil properties on Km was determined by regressing 
the average Km at each depth for sites I, 3, 4,5, and 6 with specific 
soil properties listed in the tables. Site 2 was not used in the 
analysis because it was relatively shallow over sand and gravel . and 
because of this abrubt discontinuity does not meet the criteria of the 

unit gradient model used to determine Km. There was essentially no 
correlation between soil property values given in Tables 21-26 and mean 

Km values. This indicates that none of these properties consistently 
influenced pore size in such a way as to consistently change Km.

Hcwever, regression of Km with sand content (Figure 8) did reveal 
an interesting relationship between Km and a soil property. A 

discussion of the Km values in Figure 8 is in order before discussing 
the sand Content-Km relationship. At first glance the scatter of the Km 
values at a site appear to be excessive. In fact, with the possible 
exception of site 4, the Km values are not excessively scattered. The 
hydraulic conductivity data are estimates of a highly dynamic process 

and dynamic processes in porous media tend to be highly variable, even 

in very uniform material, and log-normally rather than normally 

distributed. These soils are not, from the stand point of a flow 

process, uniform. Each soil horizon or depth increment at a given site 
has, for instance, a slightly different bulk density or sand content or 

pore organization and a different Km. Static parameters such as sand
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content tend to be normally distributed and are much less variable.

Clearly, as illustrated in Figure 8, there is little correlation 
between the sand content of sites I, 3, 4, 5, and 6 and Km; this is
further emphasized in Table 27 which gives the linear regression fit, 
r =0.13, of the data. However, a linear regression between sand content 

and Km for sites I, 3,4, and 5 results in an r^ of 0.82 as is shown in 
Table 28. Examination of Tables 21-25 shows that sites I, 3,4, and 5 
had similar bulk densities whereas the bulk density of site 6 was 
considerably lower. It is reasonable to assume that in soils of 

approximately the same bulk density, the number of large pores should be 
related to the sand content, other factors being equal. By definition, 
Km must be described by that flow that occurs when a wet soil is
draining down to "field capacity", a point beyond which drainage is very 
slow, because it is calculated from water content changes that occur 
during that process. Basically, water movement that occurs when

hydraulic conductivity is at a maximum is from the large pores; under 

these conditions, a high correlation between sand content and Km should 
be expected. Site 6 is an anomoly in that it has the highest mean Km 
but a low sand content. However, it does have significantly lower bulk 
density than the other four sites (Tables 21-26) and this translates
into a higher porosity than the other sites assuming similar particle

densities. Higher porosity does not necessarily indicate large pores 

that would empty during drainage but that is, never the less, a 

reasonable assumption.
The above data and reasoning lead to the hypothesis that Km might 

be more highly correlated with the quantity of "large pores" than with
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Table 27. Regression coefficients and coefficient of determination (r̂ ) 

for the relationship between maximum hydraulic conductivity 
and percent sand - sites If 3f 4f 5 and 6.

Regression _ 
Coefficients1

Site
(xl8%)

Sand

cm/min %
I 0.95 12.21
3 1.44 38.00
4 3.51 78.07
5 3.31 51.35
6 4.35 19.18

a 0.0196
bo I.9336r2 0.13

^Regression coefficients resulting from the linear regression of Km vs 
percent sand according to the equation: y = ax + b.

Table 28. Regression coefficients and coefficient of determination (r̂ ) 
for the relationship between maximum hydraulic conductivity 
and percent sand - sites If 3r 4 and 5.

Regression
Coefficients1

Site Ir
I I 

I

Sand

cm/min %
I 0.95 12.21
3 1.44 38.00
4 3.51 78.07
5 3.31 51.35

a 0.0428
b. 0.3791
r2 0.£)2

^Regression coefficients resulting from the linear regression of Km vs 
percent sand according to the equation: y = ax + b.

any of the direct measurements given in Tables 21-26. Total pore space 

can be calculatedf assuming the same particle density at each sitef from
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the equation

Percent Pore Space = (I- Bulk Density) x 100 [19]
2.65

The 1/3 bar water content is often considered an estimate of field 
capacityj- the point where drainage essentially stops. Water held at 
this potential is in "small" pores. The volume of large pores (VLP), 
then, can be calculated by subtracting the volumetric water content at - 
1/3 bar from the total porosity of the soil. Mean values of bulk 
densityr porosity, volumetric water content at -1/3 bar, and VLP are 
given in Table 29. Three different values of VLP were obtained by 
substracting the MSU data, the SCS data, and the mean of the two for the 
-1/3 bar water content from the percent porosity. Regression of Km with 

these three values of VLP are given in Table 30.
Calculation of Km using the volumetric water content of the large 

pores assumes that all pores holding water with a potential greater than 

-1/3 bar were filled during flooding and therefore contributed in the 

calculation of Km. In fact, this was probably not true. It is unlikely 
that all of the large pores were filled during flooding. Any soil pores 

that were not filled did not contribute to drainage and would introduce 
an undetermined source of error in the calculation of Km .

Data from this research indicate, as illustrated by the high r^ 

values from Table 30, that an excellent relationship (r^ of 0.93 or 
better) exists between the mean maximum hydraulic conductivity and the 

mean volumetric water content of the large pores.
This is an exciting result. It provides hope that the very useful 

parameter, Km, may be reasonably estimated for any soil or any horizon 

of a soil by knowing only the bulk density and the -1/3 bar water



Table 29. Summary of soil properties used to determine the relationship between maximum hydraulic
conductivity and volumetric water content of large pores.

Site Sand Bulk
Density

Porosity Saturated
Water
Content

1/3 Bar Water Content 
bv Volume

Volume of large pores^

MSU SCS AVG.1 MSU SCS AVG.

% g/cc % cmVcrrP — cnrVcm? — cnrV cm?-

I 12.21 1.46 44.91 44.91 30.91 30.46 30.69 14.00 14.45 14.22

3 38.00 1.40 47.17 47.17 32.76 29.97 31.37 14.41 17.20 15.80
4 78.07 1.54 41.89 41.89 20.45 13.72 17.09 21.44 28.17 24.80

5 • 51.35 1.43 46.04 46.04 25.97 21.07 23.52 20.07 24.97 22.52
6 19.18 1.32 50.19 50.19 22.56 22.48 22.52 27.63 27.71 27.67

-I-Avg. 1/3 Bar water content was calculated using the average 1/3 Bar water content obtained by 
MSU and by SCS.
^Volume of large pores was calculated by taking the difference between the 
% porosity and the 1/3 bar water content by volume.



Table 30. Regression coefficients and coefficient of determination ( A  for the relationship 
between maximum hydraulic conductivity and volumetric water content of large pores
(eVLP) *

Regression . 

Coefficients-*-

Site Km

(x IO2)

VLP

MSU

kHI

(x IO2)

VLP

SCS

kIH

(x IO2).

VLP

AVG
cm/min cnrVom? cm/min cnrVcir? cm/min cniVcir?

I 0.95 13.61 0.95 14.06 0.95 14.22
3 1.44 14.41 1.44 17.20 1.44 15.80
4 3.51 21.44 3.51 28.17 3.51 24.80
5 3.31 20.07 3.31 ,l 24.97 3.31 22.52

. 6 4.35 27.63 4.35 27.71 4.35 27.67
a = 0..25 0 I3.25
b = -2..05 -2 to H 2.52
r2 = 0.,94 0.94 L.O

Regression coefficients resulting from the linear regression of Km vs VLP according to the 
equation: y - ax + b.

I
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contentf parameters that are readily available for most soils in SCS 
soil survey data. The author can find no similar approach in the 
literature although several complex, and generally unsatisfactory, 

approaches have been proposed. This indication must be tempered by the 
fact that the author has based his conclusion on data from only five 
soils from a small geographical area. But, unless there is a 
significant change in the soil matrix when going from Qm to 6-2/3 J3ar or 
a very unusual pore size distribution, the author can see no major 

reasons that it will not work. Considering the well known variability 
in Km that occurs in every soil, it will provide only an estimate. But, 
a reasonable estimate of that parameter based on easily obtained 
independent variables would amount to a significant improvement for 

many purposes.

Infiltration Study

The third objective of this research was to attempt to 

characterize, quantify and evaluate the effects of high amounts of soil 
carbonates on water movement and infiltration in six Montana soils. 
The original thought prior to initiation of this research was that the 
CaCOg content did effect water movement or availability. This 

assumption was justified by the fact that almost all soils on the 

sedimentary plains of Montana have distinctly lower crop yields when a 

high amount of lime is present.

Increases in water content of the soil profiles as a function of 
time during infiltration (flooding) are given in Tables 31 - 33. The 
equation describing infiltration (Eq. [SI) is a power function.
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Table 31. Infiltration Data, site I and site 2.

Site I Site 2
Reading © Elapsed Reading 6 Elapsed

Time Time
cir?/cm? min cm3/cm3 min

I 0 0 I 0 0
2 1.51 25 2 1.67 15
3 2.79 55 3 2.99 27
4 3.78 75 41 0 4.29 43
5 5.32 105 5I f 2 5.22 58
6 6.60 160 6 5.51 73
7 7.81 205 7 5.51 90
8 8.61 255 8 5.85 105
9 9.31 320 9 5.93 120
10 10.43 380 10 6.24 145
11 11.96 460 11 6.21 170
12 12.93 515 12- 6.11 200
13 14.58 605 133 6.29 215
14, 17.10 705
151 18.55 795
16O „ 18.39 830
173'4 18.95 850

^ Inflection point.
2 Wetting front has reached the depth of the lowest measurement. 
Flooding stopped-drainage begun.

4 wetting front has not reached the depth of the lowest measurement.
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Table 32. Infiltration Data^ site 3 and site 4.

Site 3 Site 4
Reading 6 Elapsed Reading © Elapsed

Time Time
err?/or? min cir?/crr? min

I 0 0 I 0 0
2 1.54 20 2 1.88 15
3 2.92 43 B1 8.90 26
4 4.99 64 41 10.43 39
5 8.36 88 5 11.71 52
6 10.43 108 6 12.46 64
7 12.05 128 7 13.53 90
S1 13.95 152 8, 15.15 130
91 17.78 192 9* 2 16.20 154
10 19.59 231 10 16.40 179
11 21.55 260 11 16.82 218
12, 23.76 328 12 17.24 259
132 24.54 378 13 17.03 300
14 24.75 430 14 17.21 340
15 24.71 488 15, 17.03 377
16 24.42 561 163 17.20 411
17 24.85 623
18, 24.80 67919-3 24.95 740

^ Inflection point.
ir Wetting front has reached the depth of the lowest measurement.
3 Flooding stopped-drainage begun.
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Table 33. Infiltration Data, site 5 and site 6.

Site 5 Site 6
Reading © Elapsed Reading 6 Elapsed

Time Time
cnP/cnP min cm?/cm? min

I 0 0' I 0 0
2 0.49 25 2 0.39 20
3 3.51 35 3 0.49 32
4, 10.23 45 4 1.19 44
51 14.54 55 5 1.54 . 57
6 17.10 65 6 2.77 82
7 19.13 80 7 3.64 112
8 21.01 95 8 4.71 143
9 22.95 H O 9 5.77 172
10 24.50 125 10 6.93 204
11 25.98 140 11 8.13 234
12, 26.79 155 12 9.24 264
132 28.10 170 13 11.50 324
14 28.48 187 14 13.58 384
15 28.90 212 15 15.75 441
16 29.26 245 16 19.80 501
17 28.42 275 17 19.81 564
18. 29.21 305 18 21.64 624
193 29.38 331 19. 24.48 684

201 26.00 798
21 26.69 864
22 26.91 924
23 27.06 984
24 26.95 1074
25 27.40 1134
26 27.12 1209
27 27.44 1284
28. 27.02 1344
293'4 27.29 1464

^ Inflection point.
if Wetting front has reached the depth of the lowest measurement.
^ Flooding stopped-drainage begun.
4 Wetting front has not reached the depth of the lowest measurement.

s
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Therefore? infiltration data fitting the model will plot as a linear 
equation on log - log paper (Figures 9-14).

A significant, deviation from a linear form in Figures 9-14 
indicates that water has either incountered a restricting layer or has 
penetrated below the depth of the access tube. In either case? the 
infiltration equation is invalid for times beyond this inflection point 
(signified by the superscript I in Tables 31? 32? and 33) because it 
assumes a measurement of all of the water movement into an infinately 
deep medium. This inflection point indicates a change from true 
infiltration to a slow accumulation ofwater in the profile and is 
indicated by the superscript 2 in Tables 31 - 33. Increases in soil 
water content beyond this time are associated with increased stored 
water in the profile and not with true infiltration. Therefore? the 

infiltration equation was fit only to those time data points occuring 
prior to the inflection point. At Sites I and 6 (Figures 9 &14) the 

wetted front did not pass beyond the deepest depth of measurement. The 

parameters calculated from the infiltration equation; a?b? and r^ 

(indicating goodness of fit); are given in Table 34.

Infiltration for all sites slowed down significantly prior to the 
end of flooding and the beginning of drainage. The point where 
infiltration reached steady state is signified by the superscript I in 

Tables 31 - 33. Figures 9? 10? 11? and 14 are the type of plots that 
might be expected for infiltration into "medium textured" soils.

Figures 12 and 13 are the type of plots that might be expected in 
soils having very high infiltration rates such as sandy soils. Site 4 

(Figure 12) does have a high sand (about 75%) and low silt and clay
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Table 34. Regression coefficients and coefficient of determination  ̂ r^, 
for the relationships between 6 and time (infiltration)1.

Site Reading a b r2

I 1-15 0.1865 0.6868 0.99
2 1-5 0.1749 0.8457 0.99
3 1-9 0.0478 1.1337 0.99
4 1-4 0.0146 1.8527 0.88
5 1-5 4.3408 x IOz 4.3970 0.96
6 1-20 0.0129 1.1685 0.99

^The equation used to describe infiltration is QCcnrb = at^ (a>o) where 
Q is the quantity of water infiltrated and t is elapsed time in 
minutes.

content. The shape of the plot for site 4 indicates water infiltrated 

very rapidly to the bottom of the access tube. While only a few of the 
time points for site 4 can be validly fit to the equation? the model 

parameters in Table 34 are likely valid. Site 5 (Figure 13) has a 

relatively high sand content (about 60 percent) and the steepness of the 

initial linear portion of the line appears unreasonably high; but? there 
were very many large continuous tubular.pores throughout the profile 

(see Appendix I? Soil Profile Description - Site 5) that would 
contribute to this high infiltration rate. Another possible source of 

error contributing to a higher than expected infiltration rate is the 

leaking of water down and around the access tubes. This is unlikely 

because Bentonite was packed around the top of all the access tubes 
prior to flooding. If there was any leaking around the access tubes it 
was usually quite evident when the measurements were being taken and the 

drainage data were considered invalid and discarded.
Site 2 (Figure 10) is a relatively shallow soil over a sand and
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gravel layer starting at about 58 cm. This is indicated in Figure 10 by 
the large inflection point after about 60 minutes of infiltration. The 

infiltration rate for sites Ir 3, and 6 are what would be expected in 

deeper medium - textured soils.
The magnitude of the "a" parameter (Eq.[8], as a first 

approximation/ is an indication of initial water entry into the soil and 
"b" is an indication of a more long term infiltration rate. Excluding 
site 5/ there is a general correlation between the sand content and the 
b parameter. Site I has the lowest percent sand and the lowest b value. 
Site 2 has slightly more sand and a slightly higher b value. Site 4 had 

the highest sand content and the highest b value; the other two sites 

were intermediate between these 3 sites relative to both sand content 

and b values.
Site 4 had the highest sand content and/ discounting site 5. the 

highest infiltration rate. It was followed by sites 3 and 6. Site 3 
had relatively high sand content; site 6 had relatively low sand content 
but low bulk density/ indicating high porosity. Site I contained the 
least sand and had the lowest infiltration rate. In those sites with 

similar bulk density (sites I r  3/ & 4) there was a reasonable
correlation between sand content and infiltration as might be expected. 

The reader must be careful in extrapolating these results too far; these 

soils are high in calcium and are therefore flocculated. Even small 
amounts of clay might block the pores and destroy any correlation 
between infiltration and sand content in soils that tend to disperse 
when wet. Site 6 had a relatively low sand content but an intermediate 
infiltration rate. The low bulk.density and associated high degree of
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porosity caused higher infiltration than would have been expected. 
Butf the relative increase in infiltration because of the high porosity 
was not nearly as great as the relative increase in Km (Figures 8 and 

14). Infiltration is largely a function of the pore size and number at 
the immediate soil surface whereas drainage (Km) is a function of the 
pore size below the surface. Dynamic processes at the surfacef 
including adding water in this studyf apparently changed the surface 
pore size in the soil at site 6 more so than at the more sandy, sites.

Correlation analysis indicated that CaCog had no significant 
influence on infiltration. There was no significant changes in the 
slopes of the infiltration curves that would indicate a cause and effect 
relationship between the hydraulic conductivity and the CaCOg content. 
These results are consistent with the findings of Ghazy (1982) and 
Martin and Richards (19590. Further confirmation of this conclusion can 

be obtained from examination of Figures 9 -14. Had the calcium 
carbonate had a significant influence on infiltration, it would have 

shown up as a discontinuity in the infiltration curves as water moved 

into the lime layers; such was not the case.
Results from this experiment indicate that the lower crop yields 

obtained from soils high in lime do not result from the effect lime has 
on water movement or availability, but in fact, result from some other 

affect the lime has on these soils. These same results were obtained by 

Ghazy (1982) and Martin and Richards (1959). Neither of these 
researchers found any correlation between hydraulic conductivity and 
total calcium carbonate content. However, Ghazy felt that CaCOg 

fineness did play a decisive role in this concern.
/
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SUMMARY AND CONCLUSIONS 
Soil Water Retention Study

The 1/3 bar soil water retention measurements from the laboratory 
at Montana State University (MSU) were 12.3 percent greater (18.4 
percent water by weight for the MSU laboratory versus 16.3 percent water 
by weight for the NSSL) than the 1/3 bar soil water retention 
measurements from the NSSL.

The 3 bar soil water retention measurements from the MSU laboratory 
were 16.2 percent greater (12.9 percent water by weight for the MSU 
laboratory versus 11.1 percent water by weight using the soil water 
retention model) than the 3 bar soil water retention values computed 
from the soil water retention model developed by Baumer (Baumer and 
Rice, 1986).

The 1/3 bar soil water retention measurements from the two 
laboratories were not exactly the same nor were the 3 bar soil water 
retention measurements using the soil water retention model the same as 

those measured in the laboratory at MSU. This is not surprising. These 
results substantiate the findings of Hillel and Mottes (1966). Some of 
the possible explanations that could account for the difference between 
1/3 bar measurements from the MSU laboratory and the NSSL are:

1. sample pretreatment,

2. use of different laboratory equipment,

3. use of different porous plates or membranes,

4. unequal sample height,
5. poor contact between soil sample and porous plates or

membranes.
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6. shrinkage of soil sample away from the porous plate or 

membraner and

7. comparison of soil - clod potential (NSSL) versus potential of 
soil core (MSU).

The variation between the 3 bar soil water retention measurements 
in the laboratory at MSU and the 3 bar soil water retention measurements 
using the soil water retention model is comparable to the differences 
found between the actual measurements for 1/3 bar soil water retentions 

in the two laboratories. This research as well as the findings of 
Hillel and Mottes (1966) indicates that a difference in the results of 

soil water retention measurements between laboratories can be expected. 
Because the difference between the 3 bar measured soil water retention 

(MSU laboratory) and the 3 bar computed soil water retention (soil water 
retention model) is comparable to the differences between the 
measurements from the two laboratories for 1/3 bar soil water retention, 
it is reasonable to suggest that the soil water retention model gives a 

good estimate of soil water retention values for similar Montana soils.

Hydraulic Conductivity Study

This study found an excellent relationship exists between the 

maximum hydraulic conductivity (Km) and the volumetric water content of 

the large pores (VLP). Results indicate the coefficient of 

determination ( A  values for this relationship were as follows:

I. Using laboratory results for 1/3 bar water content measurements 
from the MSU laboratory; r^ = 0.93.
Using laboratory results for 1/3 bar water content measurements 
from the NSSL: r^; = 0.95.

2.
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3. Using the average 1/3 bar water content measurements from both 

laboratories for determination of Gvlp; r^ = 1.0.

Infiltration Study
Results from this research indicate that the effect of CaCOg 

on hydraulic conductivity are probably negligible since there was no 
significant correlation between the hydraulic conductivity and the 

calcium carbonate (CaCOg) content of the soil. These results are 
consistent with the findings of Ghazy (1982) and Martin and Richards 

(1959). If anythingf an increase in hydraulic conductivity should result 
in soils that are high in Ca++  as a result of an increase in the 
floculation of colloidal fractions. This researcher feels that the 

decreased yields in soils that are high in CaCOg result from one of two 

things:
1. A soil fertility response - the CaCOg content decreases the 

availability of phosphorous, or
2. The high lime content causes a physical impedance or barrier 

for root - movement through the soil as the soil drys out. 
Soils that are high in lime are characteristically hard or very 

hard when dry.
Although results from the soil water retention study as well as the 

hydraulic conductivity study are fairly conclusive and reasonable, 
further study or verification of the water retention model or the 

proposed hydraulic conductivity model to substantiate these findings are 
needed. Any further research to verify the validity of the soil water 
retention model should include a larger range of soil water retention 

measurements in the laboratory. This would result in more Values that
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could be compared with the computed values obtained using Baumer1s 
(Baumer and Rice/ 1986) soil water retention model.

Recommendations
I. Baumer's (Baumer and Rice/ 1986) model is useful for soils similar 

to those in this study. The model needs further testing for soils 
not similar to those in this study/ especially those with high clay 
and high shrink-swell. This would require work at about four more 
sites.
The strong relationship between large pore volume and maximum field 
hydraulic conductivity is promising and warrants further study.

2.
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APPENDIX I

SOIL PROFILE DESCRIPTIONS AND LAB 
CHARACTERIZATION DATA



Pedon: Bozeman Variant 
Soil Survey I S85-MT-031-001
Location: 280' B and 400' S of the NW corner of Sec. 26, T.1N., 
Latitude; ---
Classification; Pine-silty, mixed Typic Argiboroll 
Physiography;
Geomorphic Position:
Microrelief:
Slope Characteristics: 1%, southwest facing
Precipitation: Aridic moisture regime 
Water Table Depth:
Air Temp. (Centigrade); Ann: Sum: Win:
Soil Temp. (Centigrade): Ann: Sum: Win:
Drainage; Well drained 
Stoniness:
Particle Size Control Section:
Parent Material: alluvium 
Vegetation Codes:

Diagnostic Horizons:
Described by: R . Richardson, J. Rogers and W. Braker

Print date: 09-25-1986

£

NSSL ID #: 85P0775 
R . SE.

Longitude: --

Elevation: 1391 m MSL
MLRA: 4 4
Permeability: Moderately slow

Land Use:
Erosion or Deposition: Slight

Weather Station:

Date: 07/85
Apl— 0 to 10 cm: brown (IOYR 5/3) silt loam; very dark grayish brown (IOYR 3/2) moist; weak fine and medium granular 

structure; friable, sticky, plastic; many fine roots; medium acid; abrupt smooth boundary.
85P4103

Ap2— 10 to 23 cm; silt loam; very dark grayish brown (IOYR 3/2) moist; weak coarse platy structure; friable, sticky, 
plastic; many fine roots; medium acid; abrupt smooth boundary.
85P4104

Btl— 23 to 33 cm; silty clay loam; very dark grayish brown (IOYR 3/2) and dark brown (10YR 3/3) crushed moist; weak 
coarse prismatic structure parting to moderate medium subangular blocky; friable, sticky, plastic; many fine roots; 
continuous distinct clay films on faces of peds and in pores; slightly acid; clear smooth boundary.
85P4105

Bt2— 33 to 51 cm; silty clay loam; dark brown (10YR 3/3) and brown to dark brown (10YR 4/3) crushed moist; weak coarse 
prismatic structure parting to moderate medium subangular blocky; friable, sticky, plastic; many fine roots; continuous 
distinct clay films on faces of peds and in pores; mildly alkaline; clear smooth boundary.

Btk~~51 to 84 cm; silt loam; pale brown (IOYR 6/3) moist; weak coarse prismatic structure parting to moderate coarse 
subangular blocky; friable, slightly sticky, slightly plastic; many fine roots; few faint clay films on faces of peds and in 
pores; many fine soft masses of lime; violently effervescent; moderately alkaline; clear smooth boundary.
85P4107

Bkl— 84 to 104 cm; silt loam; brown (10YR 5/3) moist; weak coarse prismatic structure; friable, slightly sticky; many 
85P4108°t8; COmm°n £ine threaded Boft masses of lime; violently effervescent; strongly alkaline; clear smooth boundary.

Bk2— 104 to 132 cm; silt loam; yellowish brown (IOYR 5/4) moist; weak coarse prismatic structure; friable, slightly 
sticky, slightly plastic; many fine roots; few fine soft masses of lime; strongly effervescent; strongly alkaline; gradual 
smooth boundary.
85P4109

BC— 132 to 145 cm; gravelly loam; light yellowish brown (IOYR 6/4) moist; massive; friable, slightly sticky, slightly 
plastic; many fine roots; strongly effervescent; moderately alkaline; abrupt wavy boundary.
85P4110

2C--145 to 180 cm; extremely gravelly sand; yellowish brown (10YR 5/4) moist; massive; friable, slightly sticky, slightly
plastic; slightly effervescent; moderately alkaline.
85P411 I

Soil Profile Descriptions



Print date: 09-25-1986
NSSL ID I: 85P0776Pedon: Turner 

Soil Survey I S85-MT-031-002
Location: 3270' E and 1600' S of the NE corner of Sec. 27, T.1N., R.5E.
Latitude: --  Longitude: -
Classification: Pine-loamy over sandy or sandy-skeletal, mixed Typic Argiboroll 
Physiography:
Geomorphic Position:
Microrelief:
Slope Characteristics: 1.5%, southwest facing
Precipitation: Aridic moisture regime 
Water Table Depth:
Air Temp. (Centigrade): Ann: Sum: Win:
Soil Temp. (Centigrade): Ann: Sum:
Drainage: Well drained 
Stoniness:
Particle Size Control Section:
Parent Material: alluvium 
Vegetation Codes:

Diagnostic Horizons:
Described by: R . Richardson, J.

Win:

Rogers and W. Braker

Elevation: I 366 m MSL
MLRA: 4 4
Permeability: Moderate

Land Use:
Erosion or Deposition: Slight

Weather Station: 

Date: 07/85

Apl— 0 to 10 cm; grayish brown (IOYR 5/2) silt loam? very dark grayish brown (IOYR 3/2) moist? moderate fine granular 
structure; friable, slightly sticky, slightly plastic? many very fine and fine roots; medium acid? abrupt smooth boundary. 
85P4112

Ap2— 10 to 18 cm; silty clay loam; very dark grayish brown (10YR 3/2) moist; weak medium platy structure; friable, 
sticky, plastic; many very fine and fine roots; medium acid; abrupt smooth boundary.
85P4113

Btl— 18 to 30 cm; silty clay loam; very dark grayish brown (IOYR 3/2) and dark brown (IOYR 3/3) crushed moist; moderate 
medium prismatic structure parting to moderate fine and medium subangular blocky; friable, sticky, plastic; many very fine 
and fine roots; continuous distinct clay films on faces of peds and in pores; slightly acid; clear smooth boundary.
85P4114

Bt2— 30 to 43 cm; silty clay loam; dark brown (IOYR 3/3) and brown to dark brown (IOYR 4/3) moist; weak medium prismatic 
structure parting to weak coarse subangular blocky; friable, sticky, plastic; many very fine and fine roots; continuous 
faint clay films on faces of peds and in pores; neutral; clear smooth boundary.
85P4115

Bkl— 43 to 58 cm; silt loam; brown (IOYR 5/3) moist; weak medium prismatic structure; friable, slightly sticky, slightly 
plastic; many very fine and fine roots; violently effervescent; strongly alkaline; clear wavy boundary.
85P4116

Bk2--58 to 71 cm? very gravelly loam; yellowish brown (IOYR 5/4) moist; massive; friable, slightly sticky, nonplastic? 
many very fine and fine roots; violently effervescent; strongly alkaline; clear wavy boundary.
85P4117

2C— 71 to 152 cm; extremely gravelly sand; brown to dark brown (IOYR 4/3) moist; single grain; loose, loose; slightly 
effervescent; moderately alkaline.
Lime pendants on undersides of gravels. 65% gravel.
85P4118

HO
W

Site 2



Print date: 09-25-1986

Pedon: Amesha Variant 
Soil Survey I S85-MT-007-003
Location: 3501 N and HO' E of center of Sec. 22, T. 22N., R.1E 
Latitude: ---
C lassification: Pine-loamy, mixed Borollic Haplargid 
Physiography:
Geomorphic Position:
Microrelief:
Slope Characteristics: 2%, east facing
Precipitation: Aridic moisture regime 
Water Table Depth:
Air Temp. (Centigrade): Ann: Sum: Win:
Soil Temp. (Centigrade): Ann: Sum: Win:
Drainage: Well drained
pasture
Stoniness:
Particle Size Control Section:
Parent Material: alluvium 
Vegetation Codes:
Diagnostic Horizons:
Described by: R . Richardson and W. Braker

NSSL ID I: 85P0777 

Longitude: ---

Elevation: 1260 o MSL
MLRA: 44
Permeability: Moderately slow

Land Use: Pasture land and native 
Erosion or Deposition: Slight

Weather Station:

Date: 07/85
Ap— 0 to 15 cm; brown (10YR 5/3) sandy loam; dark brown (10YR 3/3) and brown to dark brown (10YR 4/3) moist; slightly 

hard, very friable, slightly sticky, slightly plastic; many medium and coarse roots; many tubular pores; strongly 
effervescent; mildly alkaline; abrupt smooth boundary.
85P4119

B k - 15 to 43 cm; very pale brown (10YR 7/3) loam; pale brown (10YR 6/3) moist; weak medium prismatic structure; slightly 
hard, friable, sticky, plastic; many medium and coarse roots; many tubular pores; violently effervescent; moderately 
alkaline; clear wavy boundary.
85P4120

B t k - 43 to 69 cm; light yellowish brown (10YR 6/4) sandy clay loam; light yellowish brown (10YR 6/4) moist; weak medium 
prismatic structure parting to weak coarse subangular blocky; hard, firm, sticky, plastic; many medium and coarse roots; 
many tubular pores; many distinct clay films on vertical faces of peds; strongly effervescent; moderately alkaline; clear 
wavy boundary.
85P4121

2Btt— 69 to 81 cm; sandy clay loam; yellowish brown (10YR 5/4) moist; weak medium prismatic structure; hard, friable, 
sticky, plastic; common medium and coarse roots; many tubular pores; common faint clay films on vertical faces of peds; 
strongly effervescent; strongly alkaline; clear wavy boundary.
85P4122

2BZ--81 to 119 cm; sandy clay loam; yellowish brown (IOYR 5/4) moist; moderate coarse prismatic structure; slightly hard 
friable, sticky, plastic; common medium and coarse roots; many tubular pores; few faint clay films on vertical faces of 
peds; strongly effervescent; mildly alkaline; gradual wavy boundary.
85P4123

2BC— 119 to 152 cm; sandy clay loam; dark yellowish brown (10YR 4/4) moist; weak coarse prismatic structure; slightly 
hard, friable, sticky, plastic; few fine and medium roots; many tubular pores; slightly effervescent; mildly alkaline; 
gradual wavy boundary.
85P4124

2C— 152 to 211 cm; sandy loam; yellowish brown (IOYR 5/4) moist; massive; slightly hard, slightly sticky, slightly
plastic; many tubular pores; violently effervescent; moderately alkaline.
85P4125

HO

Site 
3



Pedon: Chinook
Soil Survey I SBS-MT-OOl-OO5
Location: 3200' S and 1100' W of the NE corner of Sec. 33, T.5N. 
Latitude: --
Classification: Coarse-Ioaey, mixed Aridic Haploboroll 
Physiography:
Geomorphic Position:
Microrelief:
Slope Characteristics: 1%, northwest facing
Precipitation: Udlc moisture regime 
Water Table Depth:
Air Temp. (Centigrade): Ann: Sum: Mini
Soil Temp. (Centigrade): Ann: Sum: Him
Drainage: Hell drained 
Stoniness:
Particle Size Control Section:
Parent Material: alluvium 
Vegetation Codes:
Diagnostic Horizons:
Described by: R. Richardson and w. Braker

NSSL ID I: 85P0779 
R.2E.

Longitude: -—

Elevation: 1223 m MSL
MLRA: 44
Permeability: Moderate

Land Use:
Erosion or Deposition: Slight

Weather Station: 
Date: 07/85

Apl— 0 to 10 cm; very dark grayish brown (IOYR 3/2) sandy loam; grayish brown (IOYR 5/2) and brown (IOYR 5/3) dry; weak 
very fine and fine granular structure; very friable, slightly sticky, nonplastic; common very fine and fine roots; slightly 
effervescent; mildly alkaline; abrupt smooth boundary.
85P4133

Ap2— 10 to 25 cm; very dark grayish brown (IOYR 3/2) sandy loam; brown (IOYR 5/3) dry; weak medium and coarse subangular 
blocky structure; very friable, slightly sticky, nonplastic; common very fine and fine roots; slightly effervescent; mildly 
alkaline; abrupt smooth boundary.
85P4134

Bw--25 to 38 cm; brown to dark brown (IOYR 4/3) and dark grayish brown (IOYR 4/2) sandy loam; light brownish gray UOYR
6/21 dry; weak coarse prismatic structure; very friable, slightly sticky, nonplastic; common very fine and fine roots;
strongly effervescent; moderately alkaline; clear wavy boundary.
85P4135

Bkl —  38 to 48 cm; brown (IOYR 5/3) aandy loam; light gray (IOYR 7/2) dry; weak coarse prismatic structure parting to weak 
medium and coarse subangular blocky; very friable, slightly sticky, slightly plastic; common very fine and fine roots; many 
fine threaded soft masses of lime; violently effervescent; moderately alkaline; clear wavy boundary.
8SP4136

Bk2--48 to 76 cm; brown to dark brown (IOYR 4/3) and brown (IOYR 5/3) sandy loam; pale brown (IOYR 6/3) dry; weak coarse
prismatic structure; very friable, slightly sticky, slightly plastic; common very fine and fine roots; strongly
effervescent; moderately alkaline; clear wavy boundary.
85P4137

28k— 76 to 84 cm; brown UOYR 5/3) sandy loam; pale brown UOYR 6/3) dry; weak medium platy structure; very friable, 
slightly sticky, slightly plastic; few very fine and fine roots; common to many threaded soft masses of lime; violently 
effervescent; strongly alkaline; clear wavy boundary.
85P4138

3Bk--84 to 91 cm; brown UOYR 5/3) sandy loam; pale brown UOYR 6/3) dry; stassive; very friable, nonsticky, nonplastic; 
few very fine and fine roots? strongly effervescent; strongly alkaline; clear wavy boundary.
85P4139

4Bk— 91 to 99 cm; brown to 
sticky, slight Iy plastic; few 
strongly alkaline; clear wavy 
85P4140

dark brown UOYR 4/3) sand 
very fine and fine roots; 
boundary.

Lloam; pale brown UOYR 6/3) dry; massive; 
w to common threaded soft masses of lime;

very friable, slightly 
violently effervescent;

5C--99 to 152 cm; brown to dark brown UOYR 4/3) and brown UOYR 5/3) sandy loam; pale brown UOYR 6/3) dry; massive; 
very friable, nonsticky, nonplastic; few very fine and fine roots; strongly effervescent; strongly alkaline.
851-4141
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Print date: 09-25-1986
NSSL ID I: 85P0780Pedon: Mussel 

Soil Survey I S85-MT-007-006
Location: 1000' S and 250' E of the NW corner of Sec. 17, T.4N., R.2E. 
Latitude: —  — Longitude:
Classification: Pine-loamy, mixed (calcareous), frigid Ustic Torriorthent 
Physiography:
Geomorphic Position:
Microrelief:
Slope Characteristics: 1.5%, north facing
Precipitation: Aridic moisture regime 
Water Table Depth:
Air Temp. (Centigrade): Ann: Sum: Win:
Soil Temp. (Centigrade): Ann: Sum: Win:
Drainage: Well drained 
Stoniness:
Particle Site Control Section:
Parent Material: alluvium 
Vegetation Codes:

Elevation: 1254 m MSL
MLRA: 44
Permeability: Moderate

Land Use: Rangeland grazed 
Erosion or Deposition: Slight

Diagnostic Horizons:
Described by: R . Richardson and W.

Weather Station:

Date: 07/85

Ap— 0 to 13 cm; brown (IOYR 5/3) fine sandy loam; very dark grayish brown (10YR 3/2) moist; weak fine granular structure; 
friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; slightly effervescent; 
moderately alkaline; abrupt smooth boundary.
85P4142

Bkl— 13 to 41 cm; light gray (IOYR 7/2) sandy loam; brown (IOYR 5/3) moist; weak medium and coarse prismatic structure; 
friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; common fine threaded soft 
masses of lime; violently effervescent; moderately alkaline; clear wavy boundary.
85P4143

Bk2— 41 to 66 cm; very pale brown (10YR 7/3) sandy clay loam; brown (IOYR 5/3) moist; moderate medium prismatic 
structure; friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; many coarse 
irregular soft masses of lime; violently effervescent; moderately alkaline; clear wavy boundary.
Lime (IOYR 8/2) masses.
85P4144

Bk3— 66 to 89 cm; light yellowish brown (IOYR 6/4) sandy clay loam; yellowish brown (IOYR 5/4) moist; weak medium 
prismatic structure; friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; common 
fine soft masses of lime; violently effervescent; strongly alkaline; gradual wavy boundary.
85P4145

Bkz— 89 to 130 cm; loam; yellowish brown (IOYR 5/4) moist; weak coarse prismatic structure parting to weak fine platy; 
friable, slightly sticky, slightly plastic; few very fine roots; many tubular pores; common fine masses of gypsum; 
violently effervescent; moderately alkaline; clear wavy boundary.
Gypsum on vertical faces.
85P4146

Bk4— 130 to 145 cm; very pale brown (IOYR 7/4) gravelly sandy clay loam; light yellowish brown (IOYR 6/4) moist; massive; 
friable, slightly sticky, slightly plastic; few very fine roots; many tubular pores; few fine masses of gypsum; violently 
effervescent; moderately alkaline; clear wavy boundary.
85P4147

B C - 145 to 152 cm; sandy loam; yellowish brown (10YR 5/4) moist; massive; very friable, nonsticky, nonplastic; few very
fine roots; many tubular pores; few fine masses of gypsum; violently effervescent; moderately alkaline.
85P4148

HO
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Site 5



Print date: 09-25-1986

Pedon: Brocko
Soil Survey # S85-MT-007-007
Location: 3100' W and 35' N of the SE corner of Sec. 16, T.4N 
Latitude: — -
Classification: Coarse-silty, mixed Borollic Calciorthid 
Physiography:
Geomorphic Position:
Microreliefi
Slope Characteristics: 2%, southwest facing
Precipitation: Aridic moisture regime 
Water Table Depth:
Air Temp. (Centigrade): Ann: Sum: Win:
Soil Temp. (Centigrade): Ann: Sum: Win:
Drainage: Well drained 
Stoniness:
Particle Size Control Section:
Parent Material: alluvium over eolian sand 
Vegetation Codes:
Diagnostic Horizons:
Described by: R . Richardson, W .  Braker and J. Rogers

Ap--O to 15 cm; pale brown (IOYR 6/3) silt loam; brown to dark brown (IOYR 4/3) moist; weak very fine and fine granular 
structure; very friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; strongly 
effervescent; moderately alkaline; abrupt smooth boundary.
85P4149 M

Bkl— 15 to 43 cm; very pale brown (IOYR 7/3) silt loam; brown (IOYR 5/3) stoist; weak medium prismatic structure; very O
friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; many very fine and fine soft 
masses of lime; violently effervescent; moderately alkaline; clear wavy boundary.
85P4150

Bk2— 43 to 74 cm; very pale brown (IOYR 7/3) silt loam; yellowish brown (10YR 5/4) moist; weak medium prismatic 
structure; very friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; common very 
fine and fine soft masses of lime; violently effervescent; strongly alkaline; clear wavy boundary.
85P4151

Bk3— 74 to 104 cm; pale brown (IOYR 6/3) silt loam; brown to dark brown (IOYR 4/3) moist; weak medium prismatic 
structure; very friable, slightly sticky, slightly plastic; many very fine and fine roots; many tubular pores; violently 
effervescent; strongly alkaline; clear wavy boundary.
85P4152

Bz— 104 to 142 cm; pale brown (IOYR 6/3) loam; brown to dark brown (IOYR 4/3) moist; weak medium prismatic structure 
parting to weak medium platy; very friable, slightly sticky, slightly plastic; common very fine roots; many tubular pores; 
common threaded masses of gypsum; violently effervescent; moderately alkaline; clear wavy boundary.
85P4153

BC— 142 to 157 cm; light yellowish brown (IOYR 6/4) sandy clay loam; dark yellowish brown (IOYR 4/4) moist; massive; very 
friable; common very fine roots; many tubular pores; common masses of gypsum; violently effervescent; moderately alkaline.
85P4154

NSSL ID •: 85P0781 

R.1E.
Longitude: ---

Elevation: 1293 m MSL
MLRA: 44
Permeability: Moderate

Land Use:
Erosion or Deposition: Moderate

Weather Station: 

Date: 07/85

Site 6
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6 Cl 100 4. I 6.6
TK C 4 c 5 o.') 6 . 4
TP. 3H IO ) 6 . 4 S. 9
TR Ta 10 ) If J 2 7.7 7 • = 7. I
TR TR 21 7.9 7.1 -3.2
TP TK I * s.o 7. I 3.2
I TR I I I 3000 A . 4 8.4 8.7

(----- ATfR EXT (ACTIO FpQ" SATUp ATcO pASTf- - -----),----- - -i
TOTAL ELFC. (- - - — — - CLAY - -------- -- ")

CA MG NA » C13 HCQ 3 CL SQ- NQ 3 H 2 U salts COX'S. (- - - - X-Ray - -----M -  - C U  - -) TQT'L OJM
SAvpL= H£N tIST . PA3 A (- - - — — C U  - - - -)(- -<2U - -) RfS H=ATH
N J . N C • S M  « LOl I 6 P I 4 6s I Q u IIE SJ1Q. 6K IC SLlC 6*1C UA bOS -mHQS 7 a 2! 742 1 T A 2 I TA? I 7 A 3 7 A 1 7ElA 7=1 A

< - - . . / LITER - - - " - - - - - > < — —pCT -> /CM <- *r L AT I V = XM HUNTS -> <- - - - -pCT - - - - >

454112 I 0.07 M I J MT 3 KK Z OZ I XKTR
*54113 2 O.Q ?
*54114 3 0.0 > -T 4 MI 3 XK 2 OZ I KK 4
*54115 4 3.0 1.1 0.3 9.1 — — 3.7 3.2 0. 3 — - 54.1 TR 0.4)
*54116 5 2 » . 1.0 0. > 0.2 — — 3.1 0.2 O.s - - 47. I TO O . * S
H54117 6 3. J I • 3 0.3 0.2 —— 3.6 0.2 0.4 — 34.7 TR 0.4 4
454113 7 2.1 1.0 I.S J .2 — 2.5 0.2 0.7 — 2 s .i' TP 9.3 4

AV=GAGt;. Vi-PTO 17- h »: 0CT CLAY ?S PCT .I-TSH^ S

•-.STI'UTrO -1ULS J NSITV FOR LAYr R I. 6. 7,

mMHCS/Cm O F  1:2 nATt'l CxTKACT (SI) L CXCH NA AS F X T K ACT aml = NA -OP LAVFRS I. ?• 3.
ANALYSIS: S= ALL CN j!LVCG <2** SASlS V= TS-ZONM CRQN VOLUMr ^STfMAT S

'•IN. • ALUSV: K I i' QF MINrRAL: Ml " K *  MT MQNT MOW ILL KX K AHLI M TC 2 1 C1JAKTZ

< r L A T I V; IM UNT : 6 I NUE T ̂ »M I'I AT r. S C' 1MNANT 4 A AUNCANT % « 1 ^ '  KATE ? SMALL I TPACl

Site 2 (Confd)



CPF1MT23B

SAMPLE
NO.

<------- ---- <———DTA—— > (TOT

FA RE
7B1A 7B1A 7BIA 7B1A 7BIA 7BIA 7B1A 7B1A 7B1A 7BI A 7BIA 7A2I

RELAT I
7A2I 7A2I 7A21

K 20 
60 3 A

FE
6C7A

PCT

83P4112 x MT 3 Kh 2 OZ I KK=I 2. I 3.7
85P4113

3 MI 3 KH 2 OZ I KK 4 1.8
85P4115 4
8*3P41 16 5
85P4117 6
85P4118 7

ANALYSES! S-ALL I'.'N SIEVED 2w.m BASIS

MINERALOGY! FA - FRACT I i>N ANALYZED RE - RESISTANT

KIND OF MINERAL! OZ - OUARTZ Ml - MICA MT « MONTMORILLON I TE KK - KAOLINI TE

RELATIVE AMOUNT I 6 INDETERMINATE 3 DOMINANT 4 ABUNDANT 3 MODERATE 2 SMALL I TRACE

MINERALOGY BASED ON SAND/SILT: 

MINERALOGY BASED ON CLAY: 

FAMILY PLACEMENT!

HW

COMMENTS

Site 2 (Cont1d)



AMfSHA (VAP I A M  )

SAMPLLV AS:  P I N L - L 1JA1 Y»

S e ‘ ‘<T- C07 - 1 0 1  

P K J J -Cr: STjTriWEST A^iA 

ObNtvAL MFTh jOS 191», PAl, 

- I -  -J-- - 3 —

P l  M A K Y  O H A I A C T F  O I Z A  
MOAJWATfR COUNTY, MONTANA 

IAfO HJOOLLIC HA PL ARC IO f ,f' M

ION OATA 
OAT- PR INT=O 00/?S/rt6 0AG- I OF 2 PACfS

SAMPLF NO. ISP', I I T-Rl ?r- 
PbOON NUe 9SP 777 
P FCJcCT NO# Kso isz

U, Se DfPARTMFNT OF ACRICULTUoc 
S N L  CONSERVATION SFRVIr L 
NATIONAL SOIL SURVfY LA? IR ATOPY 
LINCOLN, N E 11RA SKA SP50K-JO66

S —  —o —  -7— - — 4—  — 9—  -10— — 11— — W — — 13— — 14— — I? 16 - -17- -IH- -19- -70

( - - - T TAL - - - H - -CL AY - -I (- -SUT- -|( —  —  — — — -SAN>- —  —  — - - M -CIAR SC FRACTinNS(MN) -)(>2*“
CLAY rNLT SAMO F INF C H F INV CJAfiSf VF F C VC - - WEIGHT - WT

SA-c-Lf HZM Ur PtH HPR I ZOM Lt • ooz .Ji LT LT .002 .DZ .05 • 10 .21 .1 I 2 5 20 .1- PC T P
NOe NGe it it .JC Z -.'»5 -P .0002 .00Z -.OZ - .OS -.10 -.25 -.51 -I -2 -20 -75 74 MHQLr

<- - - - - PCT OF CPMM (3A I) - - < Pf T OF <7r.*N 3R I ) -> SUI L
154114 IS n- I < A o 14.6 25.1 60. 3 2 9.4 16. 7 21.0 15. 3 12.1 9.2 3.3 3 3 I 44 7
9Nh IZu PS I - 41 hK -1IeH P U  6 39.6 15 12.1 I 6.5 15.4 11.6 4 • ♦ 3. 3 0.9 I TO — — 25 I
NA I N JS 43- 6 * P-TK IS.Z 29.4 35.4 9 14.2 is. Z 15.2 I I. I 4.2 1.7 0.6 TR I — — 21 I
SSAUZ 4 S 6 9- d I 2-»TZ ?i.N 27.d 3d. 3 3 14. I I 3.7 15.4 12.4 4.1 2.2 0.2 TH TR — — 2 3 TR
4541 *3 5 S 31-1 U ? h i 3 J.Z 2 0.1 3,.7 15.5 IP.5 22. 3 10. 3 4.5 I. I 0.5 — — — — — — 16 — —
k54 I?4 o S I I N - IS > ZGC 4 7.6 '1.6 20.3 22.2 9.4 10.6 6.7 2.7 0.7 0. I TR — — — 10 IR
954 U S 7 S 152-21) PC J • 9 11.5 7d.6 4.7 6. 3 21.2 32.3 17.3 6.1 1.7 I I — 5.9 2

total I XTn T ? T L I- - JITH-CIT - -)( R AT I 3/C L AY )< A T T ER 'ER G )( - F UL K OFNSITY -) COLE i----- WATfR CONTENT - - 1I w*3
C P S EXTRACTABLE H - LIm ITS - 1/3 OVcN WHOLE FIFLO 1/10 1/3 15 WWOLF

SAMPLE HZN Fr AL mn CFC (AR LL PI mCI ̂ t I AR ? K V SOIL MO H  T NA R OAO •4 A C SUI L
N J. NCe 5 A I J 54' A 62 IA '.Ct1J 6v 7A 502* 90 I SG I 4F1 4F 4 A 3 * 4 Al ) 4 A I H 401 4*4 4P.IC 4 r) I C 4 f* 2 4CI

< - - - -PCT CF <?4« PCT C0.4MM <- - s / c r  - - - > CM/CM C- - -PCT IHF C MW - -> CM/CM
U54111 I 1.29 0.12 3 0.92 0.5 4 I .41 I. = A 0.021 12.3 7.N 0.06
9541>0 2 U  K 7 O.J^O D . 4 5 0.3 7 I . ? I I .43 0.019 20.9 11.9 1.12
954121 3 'I. 3 > 0*66 0.40 46 29 1.3) I .60 0.048 2 2.7 14.0 0.12
954 U Z 4 1 . 2 ' 0.66 0.40 1.3# I .60 0.04 R 22. 3 I 3.4 0.12
0341 "• 3 5 I. I 6 0.3 2 0.4*» I • 4 1 I.= ? 0.036 I".6 14.6 I).Oh
354124 6 0.11 0.3 7 0.45 1.1) I . 39 0.07 I 31.2 21.5 0. I I
“54125 7 u.OV 0.79 O  .4 5 I .6 ) 4.6

•** C O N T I K U A T I Q N rCC T P A r •:

M
Hft

Site 3



AM SHA
-1 — -Z—

(VARIANT) S
— 3—— — 4 — — —5——

3SMT-0̂ 7 -0 03
-1-- -IO- -Il-

(- N-VtOSC EXTRACT Â LL ^ASlS -) ACIC- (- -CfC “) CXCh SAR
CA MG NA K ',UM ItY SUM NH4- NASAMPLE HZN ScSA S'-. 5 A 5954 S-cA ASfcS CATS UACN '. NC . SkI > C *•': > SPZ.* S ,ZJ SM 5 A 5 A 3 A SAiN 5JS? 5fc<- - - -"cJ / 10 ) , ----- PCT

PS4l IV I 3.3 Tt 1.3 I 3.5 TH TR9541ZU Z 6.3 0. I 'J. 3 14. I I I954 I ? I 3 in.p 1.7 <). 7 Z 3.4 3954IZZ 4 H. 7 I • 4 u • 7 22.4 7 69541 ? 3 6 ZO . u 3.v J.l 27. I P bRS41Z4 6 1Uei 8.5 I.Z 41.3 I I 9
° 6 4  I Z 5 7 t . 9 1.1 .Z 7.9 I 3 9

I - - - ATf 4 EXTRACT rO FlQM SATUPATLO PASTf-

SAMPLc H ’N
CA MG NA C 03 HC03 CL S04 NO 3 H21

t o t a l
SALTS
c'ST.

N 1' » NC • bNl 3 
< - -

SUll 6 P 11* 6.) I 3 5111
/

5 J I B 
LITrR -

SKlC bLlC 6M1C 
- - - >

SA
<- -

<V>5
PCT ->

9541 19 I 7.2 2.2 0.5 1.3 10.9 0. 3 0.9 m 2.2 TP
9 54 I ZO 2 3.3 1.7 I. I 0.2 4.2 Oeb 3. 3 0.1 51.9 TR
954121 3 I • I I. I 4 . Z u. I 3.7 0.5 I.P 54.9 TR
H541ZZ 4 3.7 1.4 5.1 1.1 4.5 0.4 I • <3 53.9 TP
0541>3 5 2 S . 3 '5.0 SleS v . 5 1.1 S.b 7 8.9 54.b 0. 3
554124 b 22.7 <•3.5 49.3 U.b — — 2.1 lb. I 3b. 5 —  — 79. I 0.5
< 5 4 1 ?5 7 10.3 19.G 33.0 0.4 - - 2.9 ?2.b 34.1 — — 28.1 0. I

n m

T A T %  O'1 1 kI T - O  j Q / r s / A b  P A G  i * ■> Al'. - s

Hf-1VN NT. AS? 777 NATIONAL SOIL SUtVcV LAr *» ATn xy

- I? - -13- - 14- -15- — Ib- -17- -Vl- — 11 — - Z O -

9 A SE C O 3 AS PfcS. C A S04 AS .__________p H .
SAT ji ATION C AC O 3 OHMS GVPSUM SAT C ACL 2 HZO
SU" NHtOAC < 2 MM /C- < 2 MM <2OMM PASTf .31 M
SC 3 "CI S. IG BEl Sf-: A b F 4 IClh jCir MClF

<- -PCT- > PCT <- -PCT -> 1:2 I : I
5 7.s 7.7 «. I

28 7.8 7. J •*. 3
I 7 9.1 5 . 2 B. 7
I s 9. 3 9. 3 8.8
9 570 I 7.7 7. V 7.9
3 7. 7 9. 1 9.0
6 — 7. ' 7. 7 9.1

- - -)(---- -- - ------- MINERALOGY -
CLEC • (.........- - CLAY - ------------- 1
CON). (- — - - X-H AV - — — —)(- -OT A - —) TOtAL OOM
MASA (- - - - - < ZU - ” - -)(- —<ZU — -) R-S wcATH

AMHOS 7 AZ I 7 AZ I 7a ZI 7 A? I 7*3 7 A3 t U a 7-U A
/Cv <- R-LATIVF AMOUNTS -> < - - - -  -PCr
I. I)
o . * n
0.67 
O • 7 S
6.
9.11c. ><.

MT I 
vT 4

mI I
CA Z

CA Z

KX Z

KK Z

MI I

KKTR 

KK I

H
U l

avcca'I'-i. m m  <,1- bis i>cr clav if per . i-rs—  n  
iST I-AI- O -Ull '.K NS I TV FPU i «v R T,
ANALYSTS: S= A L L  CN SlrVEu ?i=IS

KK KAUL IN I TE

! "NTRATE I SHALL I TRAC =

HlUeAALUGY: KIN-A OF HIM: RAl : HT » IHT-GR ILL HI MICA Cl CAlClTt

Ri L AT IVI A A UNT : S INCET R-INATE S CXi-INANT 4 AIUNUANT

Site 3 (Cont1d)



CPQSMT238

-------------------------------------------------------------- MINERALOGY----------------------------------------------------------------
< —---------——------------ ----- ORT I CAL---- —--------------—--- --- ---- > <  -------------X-RAY— —---—— — I <--- DTA— ) ( TOT ANAL >

HZN
NO.

<------------------------------ SAND/SILT------------------------------- > <----
FA RE

7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7A21 7A21 7A21 7A2I 7A21 7A3 7A3 6Q3A 6C7A

83P4119 I MT 3 Ml 2 CA 2 KK 2 KK < I 3.6
85P4 11-0 2
83P4I2I 3 MT 4 CA 2 KK 2 MI I KK I 3.9
85P41:2
85P4I.-3
85P4l:4
85P41:3

ANALYSES! S-ALL ON SIEVED < 2mm BASIS

MINERALOGY! FA - FRACTION ANALYZED RE - RESISTANT

KIND OF MINERAL! CA - CALCI TE MI - MICA MT - MONTMORILLONITE KK - KAOL IN I TE

RELATIVE AMOUNT I 6 INDETERMINATE 5 DOMINANT 4 ABUNDANT 3 MODERATE 2 SMALL I TRACE

MINERALOGY BASED ON SAND/SlLTl |— 1t—1
MINERALOGY BASED ON CLAYl 0 \

FAMILY PLACEMENT:

COMMENTS!

Site 3 (Cont1d)



p a I  I  * *  Y

CH INlOK I'HruriWATFP

Sa m p lEU AS: COACSt-U'A“Y. MIXEU ARIOIC
S RSMT-j07 -OO'- 
PROJECT: SOUTHHiST A°CA 

SCNCRAL "EThpos IHIAt ?Al, Zl

C H A R A C T - R  I Z A T I O N  I A T A
C-1UMTYt M O N T A N A  

MAPLGHGROLL FINAL O A l c PB INTCO 0°/?C/RS PAS : I Of PAOCS

SAMPLE NO. MSPAl Il-AlM 
P=OON NO. MSP TTT 
BRCJZCT NO. CS? ISZ

U. S. IJCPARTMtNT OF AGRICUCTU-' -Z 
S UC CJNSilVATlUN ScPVir 
NATIONAL SOIL SURVEY LA IBATOlY 
L I NCUl N, Me'BASRA SSSO-I-IRbA

- 1 — - Z-- — 3— -At- -5-- - S - - 7- - - 3— -9 — -IO- -ii- -IZ- -11- - 14- -15- - 1 5 - -IT. -I 3- - I »- -ZO-

I---- T .'TfL — - —U- -CLAY- -)(- -31LT- -J (- - - — f— -SANO- — —:- - -M-ClArsr FkACTION SlNHI-II(>2*9)r.lAV 3 ILT Sano F !NE CO 3 F INE CHAP-St VF F C VC - - HEIGHT - ■KZ.N C">TH HC1UZON Li .(JOZ • )‘ LT LT .OOZ .02 .os . 10 .Zf .5 I 2 S Zn PCT OFNU • NO. (t>|I .JCZ -.15 -Z .OJOZ .OOZ -.OZ -.OS -.10 -.ZS -.FH -I -Z -ZC -7S 74 WKOL F<- - - PCT OF <ZMH (3A1) - - <- PCT OF < l rt**'* ( 3rU )-> SlIL
»54113 I Z O- IC API 14.7 7 6.4 4.4 10. 3 ZZ.9 31.4 I I. ♦ l.s o.z TR*54114 I S 10- zs APZ i.l 13.6 71.3 4. 3 9. ) Z4.9 31.5 1Z. I U  7 0. 3 TR TH S 3 Tp’54 I 33 ZS- 3> :\4 4.4 I I.O »Z.6 Z. > 4.1 Zfl.3 41.1 11.7 1.3 O.Z TF TP. M*•>41 it 4 S 34- 43 b*l 7.0 Z U O 70.0 4 m. i I Z • 7 Z5.d 31.9 9.2 1.9 U Z J 3 ft V SZ 14 M*541 17 5 S 4 76 3KZ 4*6 Id.I 77.3 5.3 iz.n 29.6 35.«. 10. 3 1.4 0.6 Ta TH TR ' - J
454 i te 6S 76- 8. ZHK 5.1 16.4 76.5 Z 7.3 I I .2 19.6 34.0 19. } Z .9 1.0 TH TP. 37 TR1541’9 7S <*4- 92 3°K 5.5 Z U O 73.5 7.0 14.0 23.4 30.9 16. I 2.2 O.Z TPP54140 a s 9 Z- 99 5.5 15.6 73.9 6. I 9.5 Z U  9 A U ) 14.: U O TH TR i 7154141 9S 99-lSZ SC 4.1 J U S 84.4 4.6 6. 7 Zb. I 43.3 >. I 0.3 0.4 TR TR c 8 TR

IRON TOTAL tXTR TOTAL (-  - OlTH-CIT - -) (I AT IO/CLAY) (fTTtRBpPC ) (- BULK OF-ISITv -II COLE ( - - - WATCR CONTENT I WROC N P 5 t XTRACTABlE 15 - LIMITS - FIFLO i/i 'IVFN WHOLE FIELD 1/10 1/3 I * WH-JL cSample HZN FF AL MN CEC BAR LL PI "01 ST FAl ORV SOIL MOIST aAR CAR RAW SOILNO. NO. 4 A I C 683A 6 R 3 A sezh 6f» 7 A 60ZA 801 HOi 4 F I 4F 4 A * 4 AAl I 4f IH 401 A 34 APlC ABIC VJZ 4CI<- - PCT <0 .4"M < - - G/CC - - — > CM/CM < -  - -PCT iJF <2M“ - -> C"/CM
854133 I 1.62 1.21 0.51 US)854134 Z o.si UZR 0.64 I .5 1 I .65 0.015 8.9 5.Z854135 3 0. M 1.34 0.73 i .64 1.49 0.010 4. 3 4.7 0.0 18541 16 4 0.33 I .41 0.90 U 4 9 1.55 0.012 I I. 7 7.Z»54137 5 0.19 Z .04 1.07 I .SZ I .*5 0.00 7 7.A 4. 9 0.04P54 I 38 6 :>.l I 1.76 0.90 I .SO854139 7 ). IH 2.00 0.95 1.53854140 8 •1.14 I .96 0.09 I  . VJ8 54 I 4 I 9 J • I 4 2.14 I .03 1.54 1.59 0.004 5.Z 4. I 2

PC-0 C O N T  I N U • T I O N  IJ H N -- X T  P A r. r ete

Site 4



CHINOOK S qb"T-007 -005

Hr-1HL >v.
OAt r PPINTro O Q / 2 5 / S 6  P A G c 2 OF > PAJFS

PSOON NCe 15P 770 NATIONAL SOI L  SUPVFY L A.VtRATQQV

-  I - - -2 — -  3 — -4-- -5 — - fc- .  - 7 — — 8— — — 9 —

I -  NHtUAC EXTRACTARLt BAS S - ) ACIO- ( -  -CfC- - |
CA Hf. NA F Sum ITY SUM NH4-

SAmPLc HZ-N ■>bc A 5 «j5 A 5 35A ! -14 A MAS-S CATS OAC
NO. NO. 6N2: h ) Z ' j 6P2‘J MJ "Ni Sm 4 A 4 A 3 A 5 AS .3

< -  - -  --5 j /  10) C -  -  -  -  - -  -  >

954133 I 2.5 J e l 0.9 10.4
•354 1 >4 2 2.2 0.1 :.5 10.4
334135 J 2.3 0.1 Ce) •2.6
3541»6 4 i . : 0.2 0 .6 12. 7
"54137 5 2.4 0. I 0.5 9.4
P 54 I 31 5 2.4 0.2 0.5 9.0
*54139 I 2.1 o . : 0.7 11. I
334140 H 2.7 0.2 0.7 10. o
<*54Ml V ;o.i 2.9 0.2 1.5 2 3.6 8.4

- 10— - I l - -12- -13- -  14- -15- -15- -17- - i n - - I*- — 20 —

FXCH SAR tfASF C AR 3CNATF C a S04 AS (- - - -PM -
NA SATURATION AS C A C O 3 GVPSUm SAT C ACL 2 M2CSUN NMtr AF <2Hm <?QMM <2 fM <2')HM PASTE . r IM

505-» 51 5C 3 SCI 4 c I •*. 6E4 6 F I A 6C 4 IC lb H l c 3C l c
PC T < -  -DCT- > < -  -pC T -> <-  -TCT -> I? .7 I : I

I TR I ° . o 7.5 9.2
I TR I 7. 7 7. 7 J . 2
2 3 7. - 3.3
I 10 7. 4 I . -
I 6 7. > " . 4
2 7 • I h . )

5 i 3.S
2 7. P 4. »
2 10 1 TR 7.4 ° . s

eATFp h XT ?AC TFQ FPON SATURATED PASTt-

Sa m pl t HZN
HC03 SilA

TOTAL 'iLCC . (-
s a l t s  CONn. (-

•3A3A (-

- - - - -HIN RALOOY - - - - - - - - - )- - - clay - - -----)
X-RAY - - - - M -  -OT A - -I TlTAL OO'1 

< ?U - - - -)(- -<2U - -) P t-S Wr-ATM
No. NO. S M  , 6 311» 5PIB 5 113 4113 6 J I 3 45 I C 6L1C SHlC RA 50* .MMHi-1 S 7 A 2 I 1 A?! 7 A 2 I 7 a : I 7A3 7 A ! 7 M \ 7 »1 A

< - - m Cv / L I T pR - - - > < - - P C T -> /i- <- -"1I LATIVF AMOUNTS -> < - -------y C- - - - - >

*54133 I 5 . r I .4 0.7 0.6 «.2 0.5 U .'I -- ?2.4 TR 0.4 7 MT 3 M I 3 <K 2 KKTR
854134 2 3.5 O.M 0. 7 0.3 -- 4*0 0.2 0.5 -- 32.5 TH 0.4 M
954135 3 0.20
*54116 4 0,2 ) MT 3 m I 2 KK I CA I KK 3
R b A 1 37 
"54119 9)4135 
954140 
d54 I *•!

O e l 1
0.1 7 
0.1.» 
0.17
O e M

H
HOO

A V F R A G t 5. "'[PTH 2 4 - IOC: pC T CLAY S PC T • I — 75PM 52

I Si I M A T;O pULK DENSITY FOR LAYzR I• 6 • 7 f 8 *

^"HCS/C* Of I :? WATfK JXTPACT (JI) C EXCM N a AS FXTRACTAhLc N a FQR LAYERS 3» 4, R, 7, 9. N f

ANALVSF S: S= ALL CN SI L VCO <2^* BASIS V= 75-204* f Ro n  VOL U HC F g T M A T - S

MINI Al GY: KIN* OF \  ̂A L : MT MT-Tm U'1 ILL M I m ICA K- K AOLIN ! Tt C a CAL C I T c

M 1LATlv A M f-JNT : 6 INOfcTf R»*r-AT . r« -V-m I M N T  4 A-1JNr ANT I " ' - I - P A T -  ; SMALL I TPAC'

Site 4 (Cont1d)



C P B 5 M T Z 3 8

(------
( — — D T  A —  ) ( T O T A N A L  )*

S A M P L E
N O.

H Z N
NO .

F A  
7 B  IA

R E
7 B 1 A
< ------

7 B IA  7 B IA  7 B IA  7 B 1 A  7 B 1 A  
----------------------------- P C T ------------

7 B IA  7 B 1 A  7 B IA  7 B 1 A 7 A 2 I 7 A 2 I  7 A 2 I 7 A 2 I  
'----- R E L A T I V E  A M O U N T S —

7 A 2 I 7 A 3  7 A 3
< ---------- PCT-

K  2 0
6 0  3  A

F E
6 C 7 A

8 5 P 4 1 3 3 I
8 5 P 4 1 3 4 2
8 5 P 4 1 3 5 3
8 5 P 4 1 3 6 4
B 5 P 4 I 3 7 5
8 5 P 4 1 3 8 6
8 5  P 4 I 3 9 7
8 5 P 4 1 4 0 8
8 5  P 4 1 4  1 9

M T  3  M I  3  K K  2 K K ' I 1 . 7  3 . 9

M T  3  MI 2  K K  I C A  I K K  3 8  2 . 5

A N A L Y S E S *  S - A L L  O N  S I E V E D  2 m m  B A S I S

M I N E R A L O G Y *  F A  - F R A C T I O N  A N A L Y Z E D  R E  -  R E S I S T A N T

K I N D  O F  M I N E R A L *  M I  - M I C A  M T  -  M O N T M O R I L L O N I T E  K K  - K A O L I N I  T E  C A  - C A L C I T E

R E L A T I V E  A M O U N T *  6  I N D E T E R M I N A T E  5  D O M I N A N T  4  A B U N D A N T  3  M O D E R A T E  2  S M A L L  I T R A C E

M I N E R A L O G Y  B A S E D  O N  S A N D / S I L T  I 

M I N E R A L O G Y  B A S E D  O N  C L A Y *

F A M I L Y  P L A C E M E N T *

H
H<o

COMMENTS:

Site 4 (Cont1d)



p „ , * A R Y C H A R A C T t R I Z t T I O N  O A T A

NUSS'I OROAORATtR COUNTY. HONT a i A FINAL 0lTC po [..T = D 09/ZS/R6
SANPUtC a s : FINE-LO.,Y, NIAE- ,CALCAREOUS,. FRIGID USTIC TORRIORTHENT

PAGc I OF > P&Ors

S 8<*T-̂ n7 -O J6
PROJECT: SOUTHWEST A»£A

u ENL^ a l IETH-IUS U l  4, ? A 11 21

m P L c NO. q5P4l42-4ltq 
Pc OON NO. ISP 740 
PRHJtCT NO. isp is?

U. S. OEPARr^cNT if AG®If UL rUAF 
SUIL CONSERVATION S rRVlLr 
NATIONAL SOIL SURVEY L & tIPATORV 
LINCOLN* NEBRASKA LflSOfl-T

- 1 — - 2 — “ 3-- -4-- -5-- -i—  -7 — - fl-- -9-- -IO- -Il- -12- -13- - 14- -15- -16- -17- -11- -Ij- -20-
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1S4147 6S I JO- 145 bK 4 I 3.2 26.0 55.8 6 10. 3 15.7 22.7 12.0 9. 3 b * I 6.0 7 13 I 5V c T 35
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P S 4 I 4 4 3 i). JH 0.60 0.4 J 24 7 1.4, i •c 4 :>.019 15. 3 7.2 7.12
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CA HS NA jUv ITY SUH NH4- NA SATijP AT ION C ACOa •'M 4$ C Y DSUv SAT IC ACL 2 H 20
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"541*4 3 7.7 Oe J 0.4 9.« J ? Itf 4.3 a. i 4.7
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«54142 I 9.0 I • j 0. < . W l 1.3 0.3 0.9 _ _ 79. 3 TR I .on MT 7 M  3 VP ? KK 2 KK Z
"54143 2 3.4 I .4 0.2 0.2 — — 4.0 0.2 0.4 — — J 7. 3 TR 0.46
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HZN
NO.

X RAY , ( DTA— ) (TOT

FA RF
7B1A 7BIA 7B1A 7B1A 7B1A 7B1A 7BIA 7B1A 7B1A 7B1A 7B1A 7A21 

RELATI
7A2I 7A2I 7A21 7 A3 7A3

K 20 
603A

85P4142 I MT 3 MI 3 VR 2 KK 2 1.8 3. 6
2

85P4144 3 CA 3 MT 2 MI 2 KK I 1.0 2.6
85P4145 4
B",P4 I 46 3
8SP4147 6
83P4148 7

ANALYSESI S-ALL ON SIEVED 2mm BASIS

M INERALOGY I FA - FRACTION ANALYZED RE - RESISTANT
KIND OF MINERAL I MI - MICA MT - MONTMORILLONITE Vfl - VERM ICVLI TE KK - KAOLI NI TE

RELATIVE AMOUNT I 6 INDETERMINATE 3 DOMINANT 4 ABUNDANT 3 MODERATE

MINERALOGY BASED ON SAND/SILTI 

MINERALOGY BASED ON CLAY I 

FAMILY PLACEMENT I

CA - CALC I TE 

2 SMALL I TRACE

COMMENTS I
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»•34191 3 I I. Z O .6 o . s 14.2
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S nS e* SE SC 3 SCI AElL- IFl 6 F I A *>F4 R C V 1 RClF PClF
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TR TH 7 7.P 7.7 s.l
I TR I 7 H.O 7. 3 P. 3
3 2 14 “.a I 9 . 7

I 2 3 10 I 100 i. 3 '*.? ti. 7
I 2 P IO TW 7.Q 7. > 7.>
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SAMPLE HZN 
NO. NO.

t------------------------------------------------------------ MINERALOGY —
< ------------------------------OPTICAL---------------------------------->
< ------------------------------ SAND/SILT------------------------------- )
FA RE

7B1A 7BIA 7BIA 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A 7B1A

< -- X-RAY---------- > (---DTA— > < TOT ANAL)
< --------------- CLAY-------------------------- -

K 20 FE
7A2I 7A21 7A2I 7A2I 7A2I 7A3 7A3 6Q3A 6C7A
----RELATIVE AMOUNTS------- (------- PCT------------

85P4149 I 
85P4150 2
85P4I51 3
85P4152 4
85P4l*)3 5
85P4154 fc

MT 3 MI 2 HK 2 KK 3 1.4 3.2

MT 3 MI 2 KK 2 OZ I 2.7

ANALYSES * S-ALL ON SIEVED " 2mm BASIS

MINERALOGY: FA - FRACTION ANALYZED RE - RESISTANT

KIND OF MINERAL! MI - MICA MT - MONTMORILLONITE KK - KAOLINI TE OZ - OUARTZ

RELATIVE AMOUNT: 6 INDETERMINATE 3 DOMINANT 4 ABUNDANT 3 MODERATE 2 SMALL I TRACE

MINERALOGY BASED ON SAND/SILT: h-1MINERALOGY BASED ON CLAYi JsJ
Ln

FAMILY PLACEMENT:

COMMENTS:
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APPENDIX II

SOIL WATER RETENTION MODEL
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Developnent of Computer Program

A shortz concise explanation of Baumer1s (Baumer and Rice, 1986) 
model was presented by Baumer (1985) during a workshop at the WOTC. The 
following excerpt from this workshop gives a brief description of 
Baumer's (Baumer and Rice, 1986) soil water retention model.

THE DATA
"Over several decades some soil water retention measurements 
have been made on many soils. However in the majority of 
cases only two or three water contents at respective suctions 
of 1/10, 1/3 or 15 bar were measured. Differences of 
methodology between the various institutions that made such 
measurements makes the organization of all the available data 
difficult. Therefore, data analyses was in the main 
restricted to the results of measurements made by the National 
Soil Survey Laboratory.
Besides consistency of methodology there were two other 
important points that recommended the use of the NSSL data. 
Sets of water retention determinations were accompanied by 
other soil characterizations of physical, chemical and 
mineralogical properties, and most importantly bulk densities 
(wet and dry) and soil water retention values at lower 
suctions were made on undisturbed clod samples.

Before discussing how the data were to be used, mention should 
be made of both the kind and quantity of the data that is 
demanded by the model.

The model equation can simply be viewed as a mathematical 
relationship between water content and suction which depends 
on five independent variables, namely the satiated and 
residual water contents, and the parameters a, m, and h. 
Consequently, it takes at least four pairs of data (suction 
and water content) to fit the model uniquely to the data. In 
addition to data for the satiated and residual water contents 
which are mandatory, measured values of the water content at 
one third and 15 bar suction, and the suction value of the 
bubbling pressure (theoretically the water content at the 
bubbling pressure is identical to the satiated water content) 
were added, so that the curve model is fitted to five pairs 
of data.

(I). The water content at satiation is the actual water 
content at zero suction. It is the difference of the total
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porosity of the wet soil minus the volume fraction of the 
entrapped air. The total porosity is calculated from the 
measured bulk density and the assumed particle density. 
Adjustments for particle density were made for measured iron 
and organic carbon content. The entrapped volume fraction of 
air was estimated. Such estimates were made from a simple 
regression equation based on some 80 measurements.

(2). The Bubbling Pressure. The bubbling pressure is 
equal to the suction needed to initiate drainage of water from 
the largest pores of the soil. Brakensiek et al (1982) 
classified some 3200 measurements for a variety of soils 
according to soil texture; additional measurements were made 
at the NSSL mainly to verify and refine further the 
conclusions drawn by Brakensiek. It was found that not only 
soil texture, but also bulk density, clay minerology and 
organic matter were strongly correlated to bubbling pressure.

(3 & 4). One third and 15 bar measurements were used 
routinely from the NSSL data files.

(5). The residual water content (theoretically the water 
content where water film covering the soil solids is no longer 
continuous) was calculated on the basis of specific surface 
and charge density properties of the colloidal fraction of the 
soil solids. The estimates were based on the published work 
of Reuben Nelson (1982), and personal communication.

ORGANIZATION OF DATA

To calculate a finite number of soil water retention curves, 
it was desirable to put the data into classes. The system for 
classification was determined by the soil properties that had 
the most significant effect on soil water retention. The 
hierarchical levels of classification coincide approximately 
with an ascending order of soil property significance on soil 
water retention. Accordingly, four properties, clay activity, 
soil texture, organic matter, and bulk density were selected 
by combining statistical procedures with pedologic 
considerations. The first split of the data set was made on 
the basis of four groups of clay activities. Clay activity 
was expressed by the CEC to clay ratio, where the measured CEC 
was adjusted for the CEC due to the organic matter contents in 
the soil. The distribution of the CEC to clay ratio suggested 
three distinct groups of data that could be confirmed by 
comparison with the clay mineralogy measurements. These three 
groups consisted mainly of clays that were either of the 
kaolinitic (and some oxidic), illitic or montmorillonitic 
types. Because these three groups would have left out a large
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body of data that could be grouped between the illitic and 
montmorillonitic types a fourth group was added. So the the 
first split of the data was made by putting a data set in one 
of the four mineralogy groups. Tentatively these groups are 
named for their respective clay activities, low, moderately 
low, moderately high and high, their respective median CBC to 
clay ratios are 0.15, 0.35, 0.55, and 0.75. Data sets of 
soils that had CEC to clay ratios higher than 0.95 were 
excluded.

The second split was made by soil texture; clay ranging from 
2.5 to 77.5 percent, and silt from 2.5 to 97.5 percent. The 
class interval for both clay and silt is five percent. All 
possible combinations between the 15 clay (2.5, 7.5, 12.5, . . 
. ., 72.5, 77.5) and all possible silt intervals (the sum of 
the two cannot exceed 100) results in 200 textural classes.
The third soil property used for splitting the data was 
organic matter. Organic matter was calculated by multiplying 
measure organic carbon by a factor of 1.7. Statistical 
considerations (distribution patterns, size of population of 
subsets, etc,) and practical considerations (use and 
management, field determination, taxonomy) suggested 8 classes 
or organic matter, that consisted of soils with organic matter 
content that was closest to 0.0, 0.25, 0.50, 1.0, 1.5, 2.0, 
4.0, and 8.0 percent. Soils with more than 10.0 percent 
organic matter were excluded. Superficial statistical 
analysis would perhaps indicate that organic matter should 
enter this scheme of data classifications at a much less 
significant level, however, pedogenic reasoning pertaining to 
soil structure, soil consistency, macro and microbiological 
activities, compactability and aggregate stability does put a 
high enough emphasis on organic matter that warrants its level 
of importance here.

Of all soil properties used to organize the data, bulk density 
appears to have the most profound influence on soil water 
retention. This is especially clear if other soil properties 
are quite similar (see figure 15.)

The argument here is that similar soils (as far as lab 
analysis is concerned) can have quite different bulk 
densities. To still use bulk density for this scheme of data 
organization, a mean bulk density for each class 
(predetermined by clay activity, texture and organic matter) 
was calculated and the data was put into one of three bulk 
densities groups. The three groups were representative of 
moderately high, medium (expected), and moderately low 
compacted soils, where the bulk density of the medium 
compacted soil was the average bulk density of the respective



•  Moderately low compaction  
▲ Medium compaction  
■  M oderate ly  high compaction

Suction In Bars

Figure 15. Comparison of high, medium and lew compaction soil water retention curves for a clav loam 
soil (Baumerr 1985). J
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Notwithstanding its size, the body of data (some 13000 
measurements) available was not big enough to make up 19200 
different sets of data, and much less 19200 classes of data 
sets. There were, however, a sufficient number of data 
groupings that permitted a "fitting" in of the missing data 
classes mainly by interpolation. Smoothing of the data set 
classes was done by linear and nonlinear numerical methods. 
For both, interpolations and smoothing, several models based 
on physical measurements was employed.
Extrapolation was kept to a minimum, and was only used to 
derive the extremes of the data set, where needed.
Finally, a set of 19200 data was derived. Each data set 
corresponds to one of the 19200 classes determined by clay 
mineralogy, texture, organic matter and relative compaction. 
The equation parameter for each of the 19200 soil water 
retention curves was then computed and combined into a new 
data set. A computer program was written that seeks out the 
curve parameter nearest to the input data, and then responds 
with an output that will provide 20 points on the soil water 
retention curve by weight and volume of the less than 2 mm 
fraction, and by volume of the whole soil, wet and dry clod 
bulk densities, the soil water retention curve equation 
parameters and the parameters of an equation that will allow 
the computation of the field bulk density (bulk density 
inclusive of the cracks) at a given water content. This field 
bulk density is used to compute the soil water retention data 
on a volumetric bases. An example of the difference between 
the two curves is shown in figure 16. This output is repeated 
for each of the three compaction classes.
As the program is now written, input opportunities for 
identification of soil type or name and horizon designation 
are provided. This kind of input has no bearing on 
computations and will only serve as an identification of the 
soil considered."
The other inputs needed are:

Volume Percent of. Rock Fragments 
Clay Activity 
Weight Percent of Clay 
Weight Percent of Silt 
Weight Percent of Organic Matter

Volume percent of rock fragments was added as an input so that 
the water contents of the whole soil can be computed."
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Figure 16. Difference between gravimetric and volumetric soil water retention curves of a clay loam 
soil (Baumer, 1985).
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Baumer (1985) went on to explain that this model was primarily 
intended to be used in conjunction with the SCS-form 5 and the pedon 
description. Explicit instructions (see Part 2 of, Appendix II) on how 
to obtain the necessary input data from these documents are described 
by Baunrer and Rice (1986).
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Computer Program For Soil Water Retention Curves

SOIL WATER RETENTION DATA PROGRAM

Description. This program calculates the soil water retention curve for up to nine 
layers of a soil profile. One of the last prompts allows you to chose an output 
option of:

a) composite soil water retention data for the entire profile (see page 13)
b) soil water retention data for individual horizons (see pages 14-21)
c) both (a) and (b).

Invocation.

for IBM PCs and compatables; type: "SWRSYS" < CR >

for AT&T loaded from PC mode, type: "soilwatr" < C R >

for AT&T loaded by sysadm, type: "soilwater" < C R >

Execution. Below is a list of the prompts generated by this program during 
execution, with explanations regarding their meaning. Be certain to include a 
decimal point wherever one is requested. If you omit a decimal point where one 
is required, the program will not detect an error, but the value will be read and 
stored incorrectly. When you are entering a zero value, no decimal point is 
necessary. The "% "  character should never be entered, even when a percentage 
is requested.

Enter identification or description o f the soil (72 character maximum).

This is an optional prompt, allowing you to enter any soil identification 
information that you desire. It is carried, unchanged, into the output. You may 
enter letters, numbers, punctuation and spaces in any combination or you may 
bypass it entirely by pressing < C R > .

Enter the num ber o f layers (maximum 9) ,in soil.

This is the number of horizons in the particular soil. If you enter a number 
greater than nine, the prompt will be redisplayed. If a number less than one is 
entered, you will be asked if you want to continue the program at all. No decimal 
point should be entered here, although a trailing point will not cause an error.



SCS-NSSt Method Code Renmer C9Rh

S O l l  W A T t  R P t  T l  NT I O N  M O O f I

SOI I name: SOU WATfR RfTfNTION DATA SVSTl M f XAMPi f S

HOR I ZON 
DEPTH (CM)

CLAY
act IVlTY

CLAY SILT SANO OM
<-- weight percent, <?mm---->

>2mm
volX

COMPAC- 
T ION

15.0 2.0 1.0 0.33 0.10 0.00

O- 20 hi Qh 37 00 37.00 26.00 0.00 0.00 me dIum ? V  93 31.91 3U.51 38.91 U0.97 Ul .09
20- UO high 37.00 3 7.00 26.00 1.00 0.00 medIum 25 U2 31.50 3U.18 39.07 U2.37 U2.5U
UO- 75 high 37.00 37.00 26.00 2.00 0.00 medium 2U . 78 30.97 33.72 38.87 U 3 . 38 U3.63
75- TOO high 37.00 37.00 26.00 a .  o o 0.00 medIum 21.00 27.5U 30.62 36.59 95.01 U9.96
TOO- 220 low 37.00 37.00 26.00 0.50 0.00 medium 22.16 28.22 30.80 35.52 UT 6U U2.37
220- 2U0 mod.low 37.00 3 7.00 26.00 0.50 0.00 medium 23.30 29.33 31 9U 36.80 Ul .00 Ul .00
2U0- ?75 mod.high 3 7.00 37.00 26.00 0.50 0.00 medium 2U.50 30.60 33.29 3 7.99 UO 68 U0.8U
? 7 V 300 high 37.00 37.00 26.00 0.50 0.00 medium 25.68 31.69 3U.33 39.00 Ul 68 Ul .82
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SCS-KSSI Method C o d e : Renwer CQRS

CAl Clll All I) SOU WATfR Rf Tf NT ION ( IIlTVl HAfA

soil name : SOU WATfR RfUNTlON DATA SYSTfM fXAHPl f S 
horizon # I (depth- O- PO cm )
required user input: <?mm 0.0; ciay=J7.0; SlIt = I? 0; Sand = PA.0; OM= 0.0; c I ay-act•vity = hi qh

s o i l  SUCTION (CW) 
(I bar = 1020 cm)

MOOfRATfLY HIGH COMPACTION 
<2mm SOU TRACT ION WHOlf SO 11 
Wt X VO I. X  VO I . X

AVfRAGC COMPACTION 
<?mm SOIL TRACT ION
wt . X  vol . X

(expected)
WMOt r s o u  

vol.X

MOOfRATfLY LOW 
<2mm SOIL FRACTION
wt X voi.X

compaction
WHOLf SOU 

VO I . X
0.00 24.05 37.70 37.70 28.06 41.09 4 1.09 32.66 44.36 44.3610.00 24.05 3 7.70 3 7.70 26.06 4 1.09 4 1.09 32.66 44 36 44.36PO . 00 24.05 3 7.70 37.70 26.06 4 1.09 41.09 32.66 44 . J6 44.3630.00 24.05 37.70 3 7.70 26.06 4 1.09 4 1.09 32.63 44. 32 44.32NO 00 24.05 3 7.70 3 7.70 28.06 4 1.09 4 I .09 32.60 44.26 44.2660.00 24.05 3 7.70 3 7 70 26.04 4 1.06 41.06 32.50 44 . 16 44 . 1680.00 24.04 37.69 3 7.69 26.02 41 .03 41.03 32. 35 43.97 43 97TOO.00 24.03 37.67 37.67 27 96 40.96 40.98 32. 16 43 74 43.74ISO.00 /3 99 3 7.60 3 7.60 2 7.60 40.74 40 74 3 1.55 42.97 42.97200.00 73.90 37.47 37.47 27.52 40.35 40 35 30.66 42. 10 42 . 10300.00 23.60 37.03 3 7.03 26.76 39.33 39.33 29.55 40.44 40.443 NT). 00 23.45 36.82 36 82 26.47 36.91 38.91 29.09 39.65 39.65NOO.OO 23.22 36.48 36.46 26.03 38.31 36.31 28.4 7 39.06 39.06600.00 22 5 T 35.42 35.42 24.65 36.67 36.67 26.68 3 7.02 37.021000.00 21.5' 3 3.94 33.94 23.35 34.59 34.59 24.95 34.52 34.522000.00 20.22 32.01 32.01 21.49 31.96 3 1.96 22.60 3 1.45 3 I 455000.00 ie .68 29.70 29 70 19.36 26.97 26.97 19.96 27.96 27.9610000.00 17.66 28 . 14 28 . 14 18.00 27.01 27.01 16 32 25.74 25.7415300.00 17.08 2 7.26 27.26 17.25 25.93 25 93 17.42 24.53 24.53102000.00 TM 91 23.94 23.94 14.55 22.01 22.01 14.J1 20.30 20.30

clod bulk density for <2mm soiI fraction:Oven dry 1.86 I . 76 I . 66wet I 1/3 b»r | 1.5? 1.47 I . 37
equation parameters:

ALPHA 0.003189 0.004122 0.005464RM 0.047078 0.063231 0.095466R N 3.2320)0 3.055430 2.3457 10WCS(WTJ) 24.05 28.06 32.66WCR(WTX) 8.44 6.44BO.INTfR 1.67 I . 56 1.47BO SLOPE -0 009099 -0.003589 -0 003266
explanations: ALPHA, RH, RN = independent equation parameters.

WCS = wtX of water at zero suction (saturation); WCR = residual water content (near air dry).
BO. INTfR = hulk density intercept, »e : the field bulk density of the whole soil (including cracks) for dry soil. 
BO.Si OPf = the slope with which the field bulk density changes as a function of water content

model equations: WATfR CONTfNT (WTX) = WCR ♦ ((WCS - W C R ) / (1.0 ♦ (At PHA • SUCTION) •• RN)) •• RH)
M f l O  BUl k Of NS I TV « RO INTfR ♦ WATfR(WTX) " BO.Si OPf
WATfR CONTfNT (VOlX) = WATfR(WTX) * (f IfLO RUl K Of NS I T V)
WATfR LONTf NI ( WHOl f SO 11 - VOt X) r WATfR ( VOt X) * M - O  - (ROCK f R AGMf N T S ( VOt X) ) / TOO 0))
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SCS-NSSI Mi»| Unti f ndo : Rmirnof

C A I C U l A n D  S O U  W A l I N  NI  T l  N l l O N  C U R V l  D A T A

toll name: S O U  WATfR RfTfNTlON DATA SYSTfM f XAMPIf S 
horizon f? (depth- PO- NO cm.)
required user input: <?mm 0.0: Cley=37.0; Si 11=37.0; send P6 0; OM= 1.0; c • ey-ec t i v I ty = h i gh

W A T I R  C O N T f N T S

SOIL SUCTION (cm) 
(I bar = IOPO cm)

MOOfRATfLY HIGH COMPACTION 
<?mm SOIL FRACTION WHOlf SO 11 
Wt X VOl . X  VOl . X

AVfRACf 
<Pmn SO 11 
vt I

compact ion
fRACT ION 
VOl X

(expected) 
WHO! f  soil 

vol X

MOOfRATfLY LOW 
rPmm SOU TRACT ION
wt X vol X

comp act io n 
whole soil 

voi . X

0.00 PS SS 30.90 38.90 P9.9P NP . SN NP . SN 3N.97 NS 61 NS .61
10 00 PS SS 38.98 38.98 P9.9P NP . SN NP . SN 3N .97 NS 6 1 NS .61
PO . 00 « 30.98 36.98 ?9 9? NP . SN NP . SN 3N.97 NS 61 NS . 6 I
30.00 ?•> b b 38.98 38.98 ?9 9? NP.SN NP . SN 3N.93 95.57 NS.S7
NO 00 PS SS 38.98 38.96 P9.9? NP.SN NP. SN 3N.89 NS.si 95.51
60.00 ?•> b b 38.98 36.96 P9.90 NP SI NP SI 3N.7N NS. 3N NS . 3N
00.00 PS SN 30.97 38.97 ?9.07 NP . N 7 NP . N 7 3N SI NS.06 NS.06
100.00 }•> b i 38.95 36.9S P9.80 NP. 36 NP . 36 3N PO NN .69 NN .69
I SO .00 PS NN 36.6? 38.0? ?9 N6 NI 93 NI .93 33 PN N3 SN N3 . SN
POO.00 ?3 38.5? 38 5? P6.93 NI PT NI Pl 3P.PN NP . 3? NP . 3?
300.00 PN.se 3 7 59 3 7 S9 P7.7N 39.63 39 63 30 S3 NO . PN NO . PN
3N0.00 PN J? 3 7 Pl 37 ?1 P 7 . 3? 39.07 39.07 2 9 . 9 1 39. S6 39.56
NOO.00 P 3 96 36.60 36.68 ?6 . 76 36 3? 36.3? P9.PN 30.67 30.67
600.00 ?3.03 3S.3N 3S.3N PS 39 36.N6 36.N6 P 7 . N 7 36 .N0 36 . N0
1000.00 Pl 90 33.71 33.71 P3.7 7 3N.P6 3N.P6 PS NI 3 3.90 33.90
P000.00 ?0.i1 31.67 3 1.67 PT 61 31.57 31.57 PP 93 30.7 7 30.77
SOOO 00 18 69 P9.P6 ?9 . ?8 19.60 26. SO 28 50 PO PO 27.26 P7.P6
10000 00 17 0? ? 7.60 P7.68 10.17 ?6.51 P6 Si 16.NS PS 07 PS.07
IS300 00 17. PT P6.78 P6.76 17 39 PS NP PS NP 17.S6 P 3 66 P3.06

10P000.00 IN.96 ? 3 . NO ? 3 . NO IN .61 P1.N6 P1.N6 IN . 30 19.66 19.60

C Iod bulk density for 
oven dry

<?mm so# I fr action: 
I .6? I . 7? I .62

wet ( 1/3 bar) I.S3 I . N 3 I . 3?
equation parameters:

ALPHA 0. OONS73 0.OOSSOO O .OO 707N
RM 0.036S69 O.OS3671 O.O07P06
RN N .33S960 3.693770 P.6P9130
WCS(WTX) PS SS 2 9  9 2 3N.97
WCR(WTX) 6 SN 6 SN 6 SN
BO.INTER I .6? I SP I .NI
BD SLOPE -0.003660 -0.003 10N -0.003 I 36

explanations: At PHA, RH, RN = independent equation parameters.wcs = wtt of water at zero suction (saturation); WCR = residual water content (near air dry).
BO.INTfR = bulk density intercept, i e : the field bulk density of the whole soil (including cracks) for dry soil. 
BO.SLOPF = the slope with which the field bulk density changes as a function of water content.

model equations: WATfR CONTfNT (WT%) = WCR ♦ ((WCS - W C R ) / (1.0 ♦ (Al PHA • SUCTION) •• R N ) ) •• R M )
M f l O  BUl k OfNSlTY = BO. INTfR ♦ WATfR(WTX) " BO.SfOPf
WATIR CONTfNT ( VOt X) WATfR(WTX) " (flffO BUl k Of NSI TV)
WATfR CON TINT (WHQff SOIL - VOf X ) = WATfR(VOtX) " M O -  (ROCK FRAGMfNTS(VOlX)) / »00.0))
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SCS-NSSl Method C o d e : Rmumer C9RS

CAl CUI AM D SOU WATlR Rf 11 NT ION CURVI DATA

soil name: SOU WATfR RfTfNTlON DATA SYSTEM (XAMPl IS 
horizon #3 (depth 40- 7% cm.)
required user input: <?mm= 0.0; clsy = 37.0; si 11 = 37.0; smnd-?6.0; OM ? 0; cI my-me t < vit y = h i qh

W A T f R  C O N T E N T S

MOOtRATtLY HIGH COMPACTION 
SOU. SUCTION (cm) <?mm SOIL TRACT I ON WHOl f SOIL
(I bmr r IOPO cm) vt . 1 vol.% v o l . X

AVlRAGt COMPACTION (expected) 
<?mm SOIL TRACT I ON WHOLE SOU 
wt.X vol.X vol.X

MOOtRATtLY LOW COMPACTION 
<?mm SOIL TRACTION WHOLt SOIL
wt X vol.X vol.X

0.00 ?7 . IP 39.94 39.94 31.89 43.63 43.6310.00 P7 IP 39.94 39 94 31.69 43.63 43.63PO . 00 P 7 . I? 39 94 39 94 31.89 43.63 43 6330.00 P 7 . I? 39.94 39 94 31.89 43.63 4 3 6340.00 P 7 . I? 39.94 39.94 31.89 43.63 43 6360.00 ? 7 . I? 39 94 39.94 31.67 43.61 43.6180.00 ?7 . 11 39.93 39.93 31.6? 43.54 43.54100.00 P7.09 39.90 39.90 3 1.70 43.40 43.40150.00 P6.91 39 65 39.65 3 1.10 4? 6? UP. 6?POO.00 P6.4 7 39.04 39.04 30 PP 41.51 41.51300.00 P5 46 3 7.65 37.65 PA.67 39.51 39 51340.00 ?5. I? 37.18 37. 18 PA . I 7 38 67 36 67400.00 PU .66 36.57 36.57 P7.54 38 05 38.05600.00 P3.63 35.11 35.11 P6.0? 36 09 36.091000.00 PP.40 33.38 33 36 PU . Pfl 3 3.80 3 3.80POOO.00 PO.89 3 1.P5 31.P5 PP '9 31.04 3 1.045000.00 19.15 Pfl 76 Pfl 76 19.65 ?7.91 P7.9110000.00 17.99 P7.11 P7 Tl 16 35 P5.69 P5.8915300 00 17.35 ?6.18 P6. 18 17.53 PU . 76 PU . 7610P000 00 14.98 PP 73 PP 73 14.64 PO . 6 3 PO. 6 3

37.43
37.43
37.43 
37 . 39 
37.33 
37 Tp 
36.76 
36 3? 
34.94 
33 6? 
3 1 57 
30.93 
30. IP 
PB Tfl 
?!> 96 
?3 .33 
PO . 46 
lfl 67 
17.70 
14.4?

46.fl0
46.60
46.60 
46.7} 
46.68 
46 4} 
46.05 
45.53 
43 95 4P.4P
40.03 
39.Pfl 
38.3? 
36.0? 
33.36 
30.17 
P6.64 
?4.40 
?3 . PO
19.03

46.80
46.80
46.80 
46.75 
46.68 
46.45 
46.05 
45.53 
43.95 4P.4P
40.03 
39.Pfl 
38.3? 
36.0? 
33 36 
30.17 
?6.64 
P4.40 
?3 PO
19.03

C I od bulk density for <?mm soil fraction: 
oven dry i 78
vet ( 1/3 bar ) I.48

equation parameters: 
ALPHA 
RM 
RN
WCS(WTX)
WCR(WTX)
BO.INTER 
BO.SLOPf

0.005799 
0.030141 
5.563780 ?7 . IP 
6 64 
1.57

-0.00370?

1.67
I . 36

0.006786 
0.047438 
4.365140 
31.89 
6.64 
I 47

-0.003159

I 57
I . P 7

0.00851? 
0.06130? 
? 919P60 
37.43 
6.64 
I . 36

-0.003039
explanations: ALPHA, RM, RN = independent equation parameters.

WCS =• wtX of water at zero suctmn (saturation); WCR - residual water content (near air dry) .
BO.INTER = bulk density intercept. ie: the field bulk density of the whole soil (including cracks) for dry soil. 
BO.SLOPE = the slope with which the field bulk density changes as a function of water content.

mode I equations WATER CONTfNT (WTX) 
Tlfin Billh DENSITY r 
WATER CONTENT (VOlX) 
WATER CONTE NT (WHQt f

WCR ♦ ((WCS - W C R ) / ( 1 0  ♦ (Al PHA 
BO.INTER ♦ WATfR(WTX) * PO SLOPE 
= WATfR(WTX) • (f ITlO BUl ► Of NS I T Y ) 
soil - VOl X) • WATfP(VOiX) • M  O -

• SUCTION) RN)) •• PM)

(NOCK ERAGMfNTS(VOlX)) / 100.0))
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SCS-NSSl Method Code Rnumer C9AS

r.Ai cm Aim son wahr rmintion curvi data

soil mime: SOIL WA![R RF MNlION DAlA SYSTEM fxAMPLES 
horizon fU (depth- 7S- 100 cm.)
required user input: <?mm 0.0; d » y  37.0; silt 37.0; sendrph 0; OM= MO; cl Sy-SCtivi ty^ high

W A T f R  C O N T f N T S

soil SUCTION (cm) 
( I bar = 10?0 cm)

MODERATELY MICH COMPACTION 
< Pmm SOIL FRACTION WIIOl F SO 11 
wt.t voI.t vol t

AVERAGE COMPACTION 
<Pmm SOIl F RACT ION 
wt I voI.t

(expected)
WHOi F son 

VO I . t
MOOf RATfLY LOW 

<Pmm SOU F RACT I ON 
wt .t voI .t

compact ion 
WHOL E SO 11 

vo I . t
0.00 38 60 U6.03 46.03 46.63 49.46 49.46 56.55 53.37 53.3710.00 38.60 U6.03 46.03 46.63 49.46 49.46 56.55 53.37 53.37PO. 00 38.60 U6.03 46.03 46.63 49 46 49.46 56.55 53.37 53.3730.00 38.60 U6.03 46 03 46.63 49 46 49.46 56.46 53.30 53.30MO . 00 38 60 46.03 46.03 46 63 49.46 49 46 56. 19 53.07 53.0760.00 38 60 46.03 46 03 46 3 I 49. 16 49. 16 54 50 51.70 51.7080.00 38 18 45.58 45 58 43 97 46.98 46.96 51.89 49.56 49.56100.00 36.78 44.08 44.08 UP.05 45. 17 45.17 49.47 47.53 47.53ISO.00 3U P9 41 36 41.36 38.83 UP 08 4? .08 45.08 4 3.80 43.80POO.00 3P.66 39.57 39 5 7 36 . 74 40.04 40.04 UP pi 41.30 4 1.30300.00 30.55 37 PT 37 Pl 34.04 37.37 3 7.37 38 53 38 OS 38.05JkO.00 ?9 93 36.5? 36.5? 33 ?7 36.59 36.59 37.48 37.11 3 7. 11UOO.00 ?9. 16 35.65 35 65 3P.P9 35.61 35.61 36 17 35.93 35.93600 00 P7.36 33.60 3 3 60 30.03 33. 3? SI 32 33 17 33 16 33 161000.00 ?5 I? 3 1 ?6 3 I ?6 P 7 49 30.7 1 30.7 1 P9.85 30.11 30.11POOO.00 PP.9P PB.47 PB 47 PU. 54 P7.63 27 63 P6.08 P6.54 P6.545000.00 PO . PB P5.36 P536 PI . 36 PU . PU PU PU PP 13 PP 73 PP 7310000.00 18.63 23.90 P3.40 19.40 PP 13 PP 13 19.77 PO. 4? PO. 4?15300.00 17. 7U PP 33 PP 33 18.35 Pl 00 pi .00 18.54 19.Pl 19.Pl10P000.00 IU 70 18.64 18.64 14.86 17.15 17.15 14.59 15.PS 15 PS

clod bulk density for <?mm soil fractionOven dry 1.5? 1.41 I . ?9wet ( 1/3 bar) I PP I . 10 0.99
equation parameters:AL PHA 0.013145 0.016705 0.0 I 7? 380.00980P 0.01 194? 0.056486P3 8384P5 Pl 3PP7P3 5 . 165440WCS(WTS) 38.60 46.63 56.55WCR(WTt) 9 PU 9 . PU 9. PUBO.INTER 1.31 I . PO I .08BO.SLOPE -0.003174 -O.OOP946 -0.00P4P8
e*pI most Ions: ALPHA. RM, RN = Independsnt equstI on psrsmeters.

WCS = wt% of wster st zero suction (sstur s 1 1 on); WCR = residue I water content (neer sir dry)
BD.INTER = bulk density intercept, ie: the field bulk density of the whole soil (including creeks) for dry soil. 
BO SLOPE = the slope with which the field bulk density changes as a function of water content.

model equations: WATfR 
T ICLO 
WATfR 
WATfR

CONTENT (WTt) 
FULk DENSITY = 
CONTENT (VOlt) 
CONTENT (WHOlf

WCR * ((WCS - WCR) / (1.0 ♦ (ALPHA 
BO.INTfR ♦ WATER(WTt) • BO.SLOPf 
-- WAM R(WTt) * (FIfLD BULk DENSITY) 
s o n - vm I) T WATER(VOit) • (in -

• SUCT ION) •• RN) ) RM)

I ROCk FRACMlNTS(VOlt)) / 100.0))
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SCS-NSSt Mothod Codo : Rnumor

CAl  CtH A T I D  S OI t  WAT l R  R l T f N T l O N  C I IR Vl  OATA

soil name: SOIL WATfR RfTfNTlON DATA SYSTfM fXAMPtfS 
horizon #5 (depth= TOO- ? ? 0  cm.)
required user input: <?mm 0.0; ciny-37.0; Silt 37.0; S m n d= Ph .0; OM- OS. r i m y - m c t i v i t y - low

W A T f R  C O N T f  N T S

s o i l  SUCTION (cm) 
( I her r  m?0 cm)

MODERATELY HIGH COMPACTION 
< P m m  SOIL FRACTION WHOLE SO 11
wt .X voi X voI.X

AVERAGE COMPACTION 
<Pmm SOlt I RACT ION 
wt X voi.X

(expected) 
WHOLf SOll

voi X

MODERATELY LOW I 
<Pmm SOIL TRACT ION
wt X voi.X

COMPACT ION 
WHOLE SOIl

vol.X

0 .0 0 PU .6? 18.56 36 . S6 PR 7 1 UP 37 UP . 3 7 3 3 39 us.67 95.87
10.00 PU 6? 36.S6 36.S6 pm fi UP 3 7 UP . 3 7 33.39 US 87 US.67
PO . 00 PU .6? 36.S6 36 S6 pm . 7i UP 3 7 UP 3 7 33.39 US 67 US 6730.00 PU 6? 36.S6 36 S6 PB 7 I UP 37 UP . 37 3 3 39 US.67 US.67UO OO PU 6? 36.S6 36 S6 PB 7 1 UP 3 7 UP . 37 3 3 39 US B 7 US.6760 OO PU 6P 36.S6 36 . S6 PB 7 1 UP. 37 UP 37 3 3 JS US.BI US .6180.00 PU . 6 I J6.SU 36 SU PB 66 UP. 30 UP 30 3 2 . 6 ? UU . BU UU . BU

100.00 PU 53 36.UP 36 UP PB P 7 U I . 73 U I . 73 3 I S3 U 3 36 93.36ISO.00 PJ 73 37.18 37 18 ?6 BI 39.61 39 61 P9 S6 UO . 7 I U0.7 1
POO.00 PP .99 36.06 36.06 PS 7 B 36.11 36 11 PB P6 JB 9U 36.9U
300.00 PP 01 JU.SU 3U.SU PU.Ul 36.11 36.11 26 53 36.60 36.603U0.00 Pl . 71 JU 06 JU 06 PU .00 15 52 36 5? ?6.0? JS 91 JS .91UOO 00 Pl .33 3 3 5 1 33 Si P 3 . U9 3U.77 3U . 77 PS. 36 JS 03 35.03
6 0 0  oo PO . U 3 3P.11 3P.11 PP.P6 3? 96 3? .98 P3.86 32.96 32.961000.00 19.36 30.U6 30 . U6 PO . BP 30.88 30.86 PP 09 30 . S6 30 . S6POOO 00 16.OP PB. 39 ?6 39 19.06 P6.P9 P6.P9 19 9S P7.6U P7.6USOOO 00 16.UJ PS.9? PS 9? 17.01 PS.PB PS PB 17.SI PU P9 PU ?910000.00 IS. JS PU.PU PU PU 15.65 PJ PB ?3 PB 1S.9P PP 11 ??. I IIS300 00 IU . 7U P3.P8 P 3 PB 1U.B9 PP 16 PP 16 IS.OU PO 89 PO . 6910P000 00 IP . 39 19.60 19.60 IP.07 17.96 17 98 i i . e s 16 . SO 16 . SO

clod bulk densit y  Iror <?mm soil fraction
oven dry I 6S I.SS i uswet (1/3 bar) I . S 7 1.U6 I . 38

equation parameters:
ALPHA O .009307 O 01097J O .O IUJOURH O .011869 o . o i p i u s 0.01JPUURN I I P679SO I 3 369660 13.913660WCS(WTX) PU 6P PB 7 1 13.39
WCR(WTX) U PU U PU UPU
BO.INTER I.60 I so I UO
BO.SLOPE -O .001336 -O.0006 7S O 0006U6

explanations: a l p h a , RM, RN = independent equation parameters.
WCS = wtX or water at zero suction (saturation); WCR = residual water content (near air dry).
BO. INTfR - bulk density intercept, i e : the field bulk density of the whole soil (including cracks) for dry soil. 
BO.SlOPf = the slope with which the field bulk density changes as a function of water content

model equations: w a  TfR CONTENT (WTX) = WCR ♦ ( (WCS - W C R ) / (1.0 ♦ (Al Ph a » SUCTION) •• RN)) •• RH)
r IfLO BlM K Of NS I TY r BO. INTfR ♦ WATfR(WTX) " BO.Si OPf
WATfR CONTENT (VOtX) = WATfR(WTX) " (Mil D BUl k Dl NS I TV)
WATfR CONTfNT (WHOl f SOIL - VOt X ) - WATfR(VOlX) " (1.0 - (ROCK IRACMfNTSI VOl Xl ) / 100.0))

E
xam

p
le 8: S

oil W
ater R

eten
tio

n
 P

ro
g

ram
 O

utput (o
p

tio
n

 b)



SCS-NSSt Method C o d e : Rnumrr C9RS

CA! CtM ATfn s o i l  W A H R  RflfNl ION ClIRVI DAIA

sol I mime : SOU WATfR Rf If NTlON DATA SVSTfM f XAMPi f S 
horizon #f> (depth- ? ? D -  ?U0 cm.)
required user input: '?mm 0.0; C I Sy- 3 7.0; SiIt = Jf.0; Snnd = Pfr 0 ; OM OS; c. I ny-nct • vi tymod . low

W A T f R  C O N T f N T S

MOOfRATfLY HIGH COMPACTION AVfRACf COMPACTION (expected) MOOf RATfl V LOW COMPACTION
SOU SUCTION (cm) 
(I bar = IOPO cm)

xpmm SOIL TRACT ION
wt t vol t

WHOLf SOIl 
vol t

<Pmm SOIL fRACT ION 
wt.t voI.t

WHOlf SOIL 
vol t

<Pmm SOIL TRACTION 
wt t vol t

WHOLE SOII
vol.t

0.00 P3.56 37.65 37.65 P7.44 4 1.00 4 1.00 31.83 44 PJ 44.PJ10.00 ?) Se 37 6S 3 7.65 P 7.44 4 1.00 4 1.00 3 1.83 44.23 44.PJ
PO . 00 SB 37.6S 37.65 P 7 44 4 1.00 4 1.00 I I .83 44 PJ 44.23
30.00 PJ 58 37.65 37.65 ?7.44 4 1.00 4 1.00 3 ' .63 44.23 44.23
NO .00 se 37.65 37.65 P 7 . UU 4 1.00 4 1.00 31 8 3 44 PJ 44.23
60.00 Zl SB 37.64 37.64 P 7 . UU 4 1.00 4 1.00 31 63 44.23 44.23
80.00 PJ 56 37.63 37.63 P 7 UU 4 1.00 4 1.00 31.80 44 . 19 44 . 19100.00 PJ .54 37.59 37.59 P 7 UU 4 1.00 4 1.00 31.65 43.99 43.99
I SO.00 PJ 38 37.35 37.35 P 7 . P 7 40.75 40.75 30.36 42.26 42 . ?8
POO.00 PJ .08 36.88 36.88 ?6 39 39.48 39.48 29 02 40.49 40.49
300.00 PP 34 35.73 35 73 PU 95 37.4 1 37.4' 27 '9 36.03 38.03
340.00 PP .07 35.31 35 3 1 ? 4.5 3 36.60 36.80 Z6 65 37.31 37.31
400.00 P' 7' 34 . 75 34 75 PJ 99 36.0? 36.02 25.97 36.40 36.40
600.00 PO . 6 ' 33.36 3 3 36 PP 73 34.17 34.17 24.36 34.25 34.251000.00 '9.74 31.68 J ' .68 P1.P5 3P.0P 32.02 22 56 31.77 31.77

POOO.00 '8.40 Z9.S9 P9.59 19.46 ?9.40 29.40 PO . 37 26.78 26.76
5000.00 16.84 P7 . IP P 7 . IP 17.4? P6.36 26.38 17.92 ZS 90 25.4010000.00 '5.78 P5.47 P5.4 7 16.08 P4.40 24.40 16.35 23.22 23.22
15300.00 15. '9 P4.53 P4.53 15.34 PJ 30 23.30 15.49 22.03 22.0310P000.00 IP.95 PO. 98 PO 98 IP 65 19.28 19.26 12.46 17.79 17.79

cIod bulk density for <Pmm sol I fractI on:
oven dry I . 76 I .66 1.56
vet (1/3 bar) I .60 1.50 I .40

equation parameters.
ALPHA 0.005P96 0 006600 0.006770RM 0.035PP7 0 012835 0.024697
RN 4.PP 3560 14.'3'030 6 330160
WCS(WTX) Z3.se 27 44 31.83
WCR(WIX) 6. 10 6 10 6 . 10BO.INTtR 1.65 1.55 VUS
BO.SLOPf -0.00?I 30 -0.002038 -0.001989

explanations: ALPHA. RH. RN II II parameters.
WCS = Vtt of water at zero suction (saturation); WCR = residual water content (near air dry)
BO.INTfR r bulk density Intercept. Ie: the field bulk density of the whole soil (including cracks) for dry soil 
BO.SLOPf = the slope with which the field bulk density changes as a function of water content

model equations: WATfR CONTfNT (WTt) = WCR ♦ ((WCS - W C R ) / (1.0 ♦ (Al PHA • SUCTION) R N ) ) •• R M )
riflD BULK OfNSlTV = B O . INTfR ♦ WATfR(WTt) " BO.SLOPf
WATfR CONTtNT (VOLt) - WATfR(WTt) " (f IfLO BULK DtNSl TV)
WATfR CONTfNT (WHOLf SOll - VOLt) • WATfR(VOLt) " ( ' . O -  (ROCK f RAGMf NTS(VOlt)) / '00.0) )
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SCS-NSSl Method C o d e : Retiwer C9R5

CALCUL ATf 0 SOIl WATfF RfTfNTlON CURVl DATA

SOiI neme: SOIL WATfR RETENTION DATA SVSTfM EXAMPLES 
horizon #7 (depth= ?40- ?7S cm )
required user input: <?mm- 0.0; cley=37.0; si 11=37.0; send = ?* 0; OM= O S ;  cley-ectivity mod high

R C O N I I E N T S  " "

MODERATELY HIGH COMPACT ION AVERAGE COMPACT ION (expected) I5I COMPACT ION
SOIL SUCTION (cm) <?mm SOIL FRACT ION WHOLE SOIL <Pmm S O U TRACT ION WHOLE SOIL <?mm SOIL TRACT ION WHOl f S O U
( I bar s TOPO cm) Vt.l VOl % VO I . X wt X VO I . X vol.X Vt.l vol.X vol.X

0.00 ?3 63 37 >1 37.51 P7.5P MO.SM MO.BM 31.96 MM .07 MM 07
10.00 ? 3 .63 37.51 37.51 P7.5P MO.BM MO BM 31.96 MM 07 UU .07
PO .00 ? 3 .63 37.51 37.51 P7 SP MO .SM MO.BM 31 9M MM . OS MU OS
30.00 ? 3 .63 37.51 37.51 P7.5P MO. SM MO.BM 3 1 9 ? MU .01 MU 01
UO 00 ?3 63 17.61 37.51 P7.5? M0 8M MO . BM 3 I BB M3.96 M3 96
60 00 P 3 .63 37.61 37.51 P7.50 MO. 6 I MO . B I 31.75 M3 80 M3 BO
80.00 P 3 .6? 37 U9 37.U9 P7.U6 MO. 77 MO. 77 3 1.56 M3.55 M3.55
100.00 ? 3 .61 3 7.U7 37 U7 P 7 . U I MO.69 MO.69 3 1 3? M3.PM M3 PM
ISO.00 P3.5U 37.36 37.36 ? 7 . 16 MO. 3M MO 3M 30.57 MP P7 MP P7
POO 00 P3.U0 37.15 37. 15 ? 6 .77 39.79 39 79 ? 9 .77 M I .PP Ml PP
300.00 PP 95 36 ue 36.MB P5.85 3A.U9 36.U9 PB . 3 3 39.35 39 35
3 U 0 .00 ?? v> 36.17 36.17 P S S O 37.99 3 7 99 P7.B5 36.7 1 36.71
uoo.oo PP.U5 36.7? 35.7? PS OP 37.31 37.31 P7.P1 37 67 37.67
600.00 Pl .6? 3U.U6 3U.U6 P 3 77 35.53 35.53 P5.61 16.76 36.76
1000.00 ? 0 . b b 3P.83 3P.83 PP PS 33.36 3 3.36 P 3 . 70 33 .P I 33.P1
POOO 00 19.Pl 30.76 30.76 ?0.3B 30.68 30.68 Pl 39 30.11 30.11
5000 00 17.63 P8.3? PB 3? 18. P 7 P7.61 ? 7 .6 I 18.8? P6.6? P6.6P

10000 00 16 SB P6.69 P 6 .69 16.90 PS . 6 I PS 61 17.19 PM MO PM MO
15300 00 15.99 ?6 77 P5.77 16 . 15 PM SO PM . 50 16.31 P 3 . ifl P 3 . 16

m pooo.oo 13 . 78 PP 31 PP.3 1 13 U6 PO . 5? PO . 5? 13 PS 16.95 ifl .95

clod bulk density for <?mm soil fraction:
Oven dry Ifl? I . 7? I .63
wet ( 1/3 b a r ) 1.59 I M9 I . 39

equation parameters:
ALPHA 0.003617 0.OOM7 7 7 0.006313
RH O.OUM513 0.0607M 3 0.09? 30 I
RN 3.517U50 3. 1966MO P . M O S P 10
WCS(WTX) ?3 63 P7.5P 31.96
WCR(WTX) 7 Ml 7.MT 7.Ml
B O .INTER I .66 1.56 I . M 7
BO SLOPE -0.003165 -0.00P9QP -0 OOP7P9

explanations: ALPHA, RH, RN = Independent equation parameters.
WCS = wtX of water at zero suction (saturation); WCR = residual water content (near air dry)
R O . INTfR - bulk density Intercept. •e : the field bulk density of the whole soil (including cracks) for dry so* I 
B O .SLOPE = the slope with which the field bulk density changes as a function of water content

mode I equations: WATfR CONTfNT (WTX) = WCR ♦ ((WCS - W C R ) / (1.0 ♦ (ALPHA • SUCTION) •• RN)) •• FM)
FIflO RUl k DENSITY = PO INTfR ♦ WATfR(WTX) * RO SI OPf 
WATfR CONTENT (VOLX) = WATf R (WTX) * ( F IflO RlM * Of NS I TV)
WATfR CONTfNT (WHQl f SOU - VOl X) - WATfR(VOlI) " ( 1 0 -  (ROCX FRACMfNTS(VOLX)) / 100.0))
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SfS-NSSl Hrihod C o d r : RMnmrr CVAS

C A l  CUl  A T I D  S O I I  W A U R  A l  Tl  N i  I O N  C l I R V I  D A l A

s o i l  n e m e :  S O U  W A T f R  R f T f N T l O N  D A T A  S Y S T E M  [  K A M P l f S
horizon #B (depth- ? 7S 
required user input:

SOIL SUCTION (cm)
( I bar = 10?0 cm)

- 3 0 0  c m .)
<?mm 0.0; clay-37.0; si 11 = 3 7.0 ;

MOOERATfLY HIGH COMPACTION 
<?mm SOIL TRACTION WHOLE S O U  

w t t  vol t v o I.I

Sind=?6.0; OM O S .  C

AVfRACf COMPACTION 
<2mm SOIL TRACT ION 

w t t  vol.t

I ay-activ •ty = h iqh

T N T S  • • • •

(expected)
WHOlf so i l  

vol.t

MODERATELY LOW COMPACTION 
<2mm SOll TRACT ION WHOLE S O U  

w t t  vol.t vol.t

0.00 24.79 38.34 38.34 26 96 41.62 4 1.62 3 3.60 4S. 19 4S. 19
10.00 24.79 38 34 36 34 28 98 4 1.62 4 1.62 33.60 4S. 19 4S. 19
20.00 24 . 79 38 34 38.34 28 98 4 1.62 41.82 J J .80 4S. 19 4 S . 19
30.00 24.79 38.34 36.34 28 96 4 1.82 4 1.82 JJ 76 4S. IS 4S. is
40.00 24.79 36.34 36.34 26.96 41.82 4 1.62 33 . 73 4S . 10 4 S 10
60.00 24.79 38.34 36 34 26 96 4 1.79 4 1.79 33.60 44.9S 44 9S
80.00 24 78 36.33 36.33 26.93 4 1.7S 4 V 7 S 33.42 44 . 72 44.72
100.00 24.77 38.31 36.31 26.88 4 1.69 4 1.69 33.17 44 42 44.42
ISO.00 24.7 1 38 22 36.22 28.64 4 1.36 4 1.36 32.40 43.46 43.46
200.00 24.S7 38.02 38.OP 26.24 40.62 40.62 3 V S S 42.40 42.40
300.00 24.11 37 . JS 3 7 3S 27.27 39.SI 39 SI 30.03 40 . SO 40 . SO
340.00 23.90 37.OS 37 OS 26.90 39.00 39.00 29 S2 39.6S 39.8S
400.00 23.S9 36.60 36.60 26.40 36.32 36.32 26 84 39.00 39.00
600.00 22 7S J V J T JS . 37 2S . 10 36.SS 36 SS 27 . 16 36.66 36 66
1000.00 21.69 3 3 6 1 3 3 8 1 ?J SS 34.4 1 34.4 1 2S 16 34.30 34 30
2000.00 20 3S 3 1 62 3 V  82 21.64 3 V 7 6 3 V  76 22.7S 3 V 1 6 3 V 1 6
SOOO 00 18. 78 29.49 29.49 19.46 28 73 28. 73 20.06 27.66 27.66
10000.00 17.74 27.91 27.91 18.09 26.76 26.76 18 40 2S.46 ZS.F6
1S300.00 17. IS 27 03 27 03 17.32 2S.68 2S 66 I 7 49 24 2S 24.2S

102000.00 14 9S 23.69 23.69 14.S6 21.7S 2 V  7S 14.3S 20.03 20.03

Clod bulk density for <2 mm soil Tract I on
oven dry 1.64 I . 74
wet 1 1/3 b » r ) i . » i. HS I . 3S

equation parameters
ALPHA C1.003913 0.004632 0.00630S
RH C) .040989 0 . OS 793 I 0.090920
RN 3I .770630 3 . 3 76870 2.466970
WCS(WTX) 21I . 79 28.96 33.80
WCF(WTX) eI 49 6.49
BD . INTER 1.64 V S 4
B D .Si OPE -r § ! -0.003383 -0.0030 IS

explanations: ALPHA, RH, RN = independent equation parameters.
WCS - wtt of water at zero suction (saturation); WCR = residual water content (near a # r dry).
BO.INTER = bulk density intercept, ie: the field bulk density of the whole soil (including cracks) for dry soil. 
PO.SlOPf = the slope with which the field bulk density changes as a function of water content.

model equations: WATER CONTENT (WTt) = WCR ♦ ((WCS - WCR) / (VO * (Al PHA • SUCTION) RN)) •• RH)
FIELD BUlk DENSITY r BD INTfR ♦ WATfR(WTt) " BO SLOPE 
WATER CONTENT (VOLt) - WATfR(WTt) " ( M U D  BULK DINSITY)
WATER CONTfNT (WHQl I SO 11 - VOl t) * WATfR(VOIt) " (VO - (ROCk TRAOMfNTS(VOltJ) / 1OO O I )
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The following prompts are displayed for each of the horizons. Horizon #1 is 
understood by the program to be the top horizon in the profile, with larger 
numbers corresponding to horizons at increasing depths.

Enter depth to bottom o f layer #x (cm) including decimal point.

The number requested is the depth in centimeters from the top of the soil profile 
to the bottom of the current horizon ( not the thickness of the horizon). The 
decimal point is required.

Enter percent o f rock fragments in soil (with decimal point).

Any value between 0 and 100.0 (inclusive) is acceptable. This prompt is 
requesting a volume percentage, however all other percent entries.are expected 
to be on a gravimetric basis.

There are four choices o f clay activity:
1) LOW (kaolinitic or oxidic): 0.15
2) MODERATELY LOW (illitic  or m ixed with kaolinite): 0.35
3) MODERATELY HIGH (mixed with m ontm orillonite): 0.55
4) HIGH (m ontm orillonite dominated): 0.75 

Enter one o f these option numbers (1,2,3 or 4)

Any number outside of the range 1-4 will cause the prompt to be redisplayed. No 
decimal point should be entered, although a trailing point will not cause an error.

Enter percent o f clay in so il (less than 80%), including decimal point.

Any value greater than or equal to zero and less than 80.0 is acceptable. Values 
of 80.0 or greater may be accepted but will cause a run-time error. The decimal 
point is required.

Enter percent o f s ilt in soil, including decimal point.

Any value from 0 to 100.0 (inclusive) is acceptable. The decimal point is 
required.
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At this point, the program calculates the sand content by subtracting the 
percentages of clay and silt from 100. If the percentages of clay and silt add up 
to more than 100, then an error message is displayed, and. you are returned to 
the "percent of clay" prompt.

Enter percent of organic matter (maximum 10%) with decimal point.

Any value between 0 and 10.0 (inclusive) is acceptable. The decimal point is 
required.

Enter compaction code. I - high compaction
2 - medium compaction
3 - low compaction

Any value outside the 1-3 range will cause the prompt to be redisplayed. No 
decimal point should be entered, although a trailing point will not cause an error.

DATA FOR LAYER #x
layer depth =  xxxx.x cm 

rock fragments =  xxxx.x % 
clay activity =  aaaaaaaa 

, clay =  xxx.xx %
silt =  xxx.xx %  

sand — xxx.xx %  
organic matter =  xxx.xx %  

compaction =  aaaaa
Are the above values correct? (Y(default)IN)

The x's in the prompt are numeric values and the a's are descriptive words. 
Review the information displayed here, and if there are any errors, enter an 'n' 
(upper or lower case). This will return you to the start of the program and you 
will have to re-enter all the information. If you type 'Y' or just press < C R >  
without typing anything, the program will continue to the next step which is to 
look up the equation parameters in the data tables. (If you are using a PC, this is 
where you will be prompted to insert one of the data disks in the A disk drive.)

After reading the information from the data tables, the program will loop back for 
the information about the next horizon or, if all horizons have been entered, 
request the desired program function via the next prompt.

e
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Enter the code number for the desired program  function (from the lis t below).
1 - Composite profile information
2 - Both individual and composite
3 - Individual horizon information
4 - Quit

Any value outside the 1-4 range will cause the prompt to be redisplayed. Option 
I will calculate and print out one table of soil and hydraulic parameters for all 
horizons in the profile. Option 3 will print out an individual table for each 
horizon. Option 2 causes both outputs to be prepared. No decimal point should 
be entered, but a trailing point will not cause an error.

Do you want another run? (YIN(default))

After all calculations for the soil profile have been completed, the above prompt 
is displayed. If you enter a 'y' (upper or lower case), then you will be returned to 
the beginning of the program for an entirely new run. Entering an 'n' or pressing 
< C R >  without entering anything will end the program and return you to the 
operating system.
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Figure 17. Computer program for conversion of drainage data to 
regression variables.

INTEGER NDrNT 
PARmETER(ND=IOO)
PARAMETER(NT=IOO)
DIMENSION DEPTH(ND)rSUMWC(ND)
DOBLE PRECISION TIME(NT)
DOUBLE PRECISION WC(NDrNT) rW(NDrNT) rS(NDrNT)
REAL YlrY2rY4rX
OUTPUT "INPUT DEPTH (FOLLOWED BY DECIMAL POINT) : " 
READ(105 rlOO)RDEPTH 100 FORMAT(F5.2)
OUTPUT "INPUT THETA-M: "
READ(105rll5)THETAM 

115 FORMAT(F5.3)
READ(25r103)NHOLErNTIMErNDEPTH 
DEPTH(I)=RDEPTH 
DO 20 J=IrOTIMEREAD(25rl05)LHOLErJTIMErTIME(J)r(WC(IrJ)rI=IrNDEPTH) 

105 FORMAT(Ilr12 r F7 r100F5)
SUMWC(I)=WC(IrJ)
SUMWC(2)=WC(2rJ)
DO 25 L=SrNDEPTH 
SUMWC(L) =SUMWC(Irl)+WC(LrJ)

25 CONTINUEW(IrJ)=SUMWC(I)*RDEPTH 
S (I r J) =W(1 r J)/DEPTH (I)
DO 10 K=2rNDEPTH
W(KrJ) = ( SUMWC(K) *15 .)+W(IrJ)
DEPTH(K) =DEPTH(K-I) +15.
S(KrJ)=W(KrJ)ZDEPTH(K)

10 CONTINUE 
20 CONTINUE

DO 40 K=IrNDEPTH 
DO 30 J=IrOTIME 
Yl=DLOG (WC (K r J)/THETAM)
Y2=THETAM-WC (KrJ)
Y4=S(KrJ)
IF (TIME(J) .NE. 0) GO TO 102 
X=O
GO TO 101

102 X=DIOG (TIME (J) *60.)101 WRITE(9rl60)Kr Jr Ylr Y2rY4rXr TIME(J)
30 CONTINUE 
40 CONTINUE 
160 FORMAT(2l2r7Fl0.4)
103 FORMAT(313)

END
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APPENDIX IV

REGRESSION DATA FOR DETERMINATION OF 
HYDRAULIC CONDUCTIVITY
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Table 35. Regression data, site I.

Depth W/z In W z  6 ' In 6 ' In t t
and (min) (hr)

Reading

101 0.3920 -.9365 0.3920 -.9365 0.0000 0.0000
102 0.3910 -.9390 0.3910 -.9390 3.4012 0.5000
103 0.3860 -.9519 0.3860 -.9519 4.0110 0.9200
104 0.3820 -.9623 0.3820 -.9623 4.4998 1.5000
105 0.3830 -.9597 0.3830 -.9597 5.1059 2.7500
106 0.3790 -.9702 0.3790 -.9702 5.3240 3.4200
107 0.3810 -.9649 0.3810 -.9649 5.6525 4.7500
108 0.3720 -.9888 0.3720 -.9888 5.9140 6.1700
109 0.3760 -.9781 0.3760 -.9781 6.1092 7.5000
H O 0.3790 -.9702 0.3790 -.9702 6.3103 9.1700
111 0.3790 -.9702 0.3790 -.9702 6.4457 10.4999
112 0.3790 -.9702 0.3790 -.9702 6.5793 12.0000
113 0.3780 -.9728 0.3780 -.9728 6.6911 13.4200
114 0.3790 -.9702 0.3790 -.9702 6.8352 15.4999
115 0.3790 -.9702 0.3790 -.9702 7.0901 20.0000
116 0.3730 -.9861 0.3730 -.9861 7.1854 22.0000
117 0.3700 -.9942 0.3700 -.9942 7.4845 29.6700
118 0.3780 -.9728 0.3780 -.9728 7.7232 37.6700
119 0.3720 -.9888 0.3720 -.9888 7.8710 43.6700
120 0.3660 -1.0051 0.3660 -1.0051 8.1316 56.6700
121 0.3680 -.9996 0.3680 -.9996 8.2414 63.2500
122 0.3760 -.9781 0.3760 -.9781 8.5011 82.0000
123 0.3690 -.9969 0.3690 -.9969 8.7857 109.0000
124 0.3690 -.9969 0.3690 -.9969 8.9695 130.9999
125 0.3680 -.9996 0.3680 -.9996 9.1226 152.6700
126 0.3640 -1.0106 0.3640 -1.0106 9.2610 175.3299
127 0.3640 -1.0106 0.3640 -1.0106 9.4042 202.3300
128 0.3660 -1.0051 0.3660 -1.0051 9.4287 207.3299
129 0.3580 -1.0272 0.3580 -1.0272 9.5097 224.8300
130 0.3610 -1.0188 0.3610 -1.0188 9.6231 251.8301
131 0.3590 -1.0244 0.3590 -1.0244 9.7892 297.3297
132 0.3590 -1.0244 0.3590 -1.0244 9.9417 346.3296
133 0.3580 -1.0272 0.3580 -1.0272 10.0840 399.3295
134 0.3550 -1.0356 0.3550 -1.0356 10.2392 466.3295
135 0.3570 -1.0300 0.3570 -1.0300 10.3372 514.3295
136 0.3530 -1.0412 0.3530 -1.0412 10.4247 561.3296
201 0.3913 -.9382 0.3913 -.9382 0.0000 0.0000
202 0.3903 -.9408 0.3903 -.9408 3.4012 0.5000
203 0.3867 -.9501 0.3867 -.9501 4.0110 0.9200
204 0.3830 -.9597 0.3830 -.9597 4.4998 1.5000
205 0.3820 -.9623 0.3820 -.9623 5.1059 2.7500
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Table 35. (Cont'd)

Depth W/z 
and

Reading
In W/z e' In 6 ' In t 

(min)
t
(hr)

206 0.3780 -.9728 0.3780 -.9728 5.3240 3.4200
207 0.3780 -.9728 0.3780 -.9728 5.6525 4.7500
208 0.3713 -.9907 0.3713 -.9907 5.9140 6.1700
209 0.3747 -.9816 0.3747 -.9816 6.1092 7.5000
210 0.3763 -.9773 0.3763 -.9773 6.3103 9.1700
211 0.3753 -.9800 0.3753 -.9800 6.4457 10.4999
212 0.3757 -.9789 0.3757 -.9789 6.5793 12.0000
213 0.3740 -.9835 0.3740 -.9835 6.6911 13.4200
214 0.3737 -.9843 0.3737 -.9843 6.8352 15.4999
215 0.3730 -.9861 0.3730 -.9861 7.0901 20.0000
216 0.3693 -.9961 0.3693 -.9961 7.1854 22.0000
217 0.3653 -1.0070 0.3653 -1.0070 7.4845 29.6700
218 0.3733 -.9853 0.3733 -.9853 7.7232 37.6700
219 0.3680 -.9996 0.3680 -.9996 7.8710 43.6700
220 0.3630 -1.0133 0.3630 -1.0133 8.1316 56.6700
221 0.3627 -1.0141 0.3627 -1.0141 8.2414 63.2500
222 0.3697 -.9950 0.3697 -.9950 8.5011 82.0000
223 0.3620 -1.0161 0.3620 -1.0161 8.7857 109.0000
224 0.3630 -1.0133 0.3630 -1.0133 8.9695 130.9999
225 0.3610 -1.0188 0.3610 -1.0188 9.1226 152.6700
226 0.3583 -1.0263 0.3583 -1.0263 9.2610 175.3299
227 0.3563 -1.0319 0.3563 -1.0319 9.4042 202.3300
228 0.3590 -1.0244 0.3590 -1.0244 9.4287 207.3299
229 0.3520 -1.0441 0.3520 -1.0441 9.5097 224.8300
230 0.3540 -1.0384 0.3540 -1.0384 9.6231 251.8301
231 0.3527 -1.0421 0.3527 -1.0421 9.7892 297.3297
232 0.3507 -1.0478 0.3507 -1.0478 9.9417 346.3296
233 0.3500 -1.0498 0.3500 -1.0498 10.0840 399.3295
234 0.3480 -1.0555 0.3480 -1.0555 10.2392 466.3295
235 0.3497 -1.0506 0.3497 -1.0506 10.3372 514.3295
236 0.3473 -1.0575 0.3473 -1.0575 10.4247 561.3296
301 0.3940 -.9314 0.3940 -.9314 0.0000 0.0000
302 0.3925 -.9352 0.3925 -.9352 3.4012 0.5000
303 0.3892 -.9436 0.3892 -.9436 4.0110 0.9200
304 0.3860 -.9519 0.3860 -.9519 4.4998 1.5000
305 0.3835 -.9584 0.3835 -.9584 5.1059 2.7500
306 0.379z -.9696 0.3792 -.9696 5.3240 3.4200
307 0.3787 -.9710 0.3787 -.9710 5.6525 4.7500
308 0.3738 . -.9840 0.3738 -.9840 5.9140 6.1700
309 0.3775 -.9741 0.3775 -.9741 6.1092 7.5000
310 0.3775 -.9741 0.3775 -.9741 6.3103 9.1700
311 0.3757 -.9789 0.3757 -.9789 6.4457 10.4999
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Table 35. (Cont'd)

Depth W z  In W z  6' In 6' In t t
and (min) (hr)

Reading

312 0.3765 -.9768 0.3765 -.9768 6.5793 12.0000
313 0.3747 -.9816 0.3747 -.9816 6.6911 13.4200
314 0.3762 -.9776 0.3762 -.9776 6.8352 15.4999
315 0.3743 -.9827 0.3743 -.9827 7.0901 20.0000
316 0.3695 -.9956 0.3695 -.9956 7.1854 22.0000
317 0.3665 -1.0037 0.3665 -1.0037 7.4845 29.6700
318 0.3738 -.9840 0.3738 -.9840 7.7232 37.6700
319 0.3693 -.9961 0.3693 -.9961 7.8710 43.6700
320 0.3640 -1.0106 0.3640 -1.0106 8.1316 56.6700
321 0.3623 -1.0152 0.3623 -1.0152 8.2414 63.2500
322 0.3693 -.9961 0.3693 -.9961 8.5011 82.0000
323 0.3620 -1.0161 0.3620 -1.0161 8.7857 109.0000
324 0.3630 -1.0133 0.3630 -1.0133 8.9695 130.9999
325 0.3607 -1.0197 0.3607 -1.0197 9.1226 152.6700
326 0.3593 -1.0236 0.3593 -1.0236 9.2610 175.3299
327 0.3558 -1.0333 0.3558 -1.0333 9.4042 202.3300
328 0.3575 -1.0286 0.3575 -1.0286 9.4287 207.3299
329 0.3528 -1.0418 0.3528 -1.0418 9.5097 224.8300
330 0.3537 -1.0393 0.3537 -1.0393 9.6231 251.8301
331 0.3523 -1.0432 0.3523 -1.0432 9.7892 297.3297
332 0.3495 -1.0512 0.3495 -1.0512 9.9417 346.3296
333 0.3488 -1.0532 0.3488 -1.0532 10.0840 399.3295
334 0.3482 -1.0549 0.3482 -1.0549 10.2392 466.3295
335 0.3488 -1.0532 0.3488 -1.0532 10.3372 514.3295
336 0.3455 -1.0627 0.3455 -1.0627 10.4247 561.3296
401 0.3956 -.9273 0.3956 -.9273 0.0000 0.0000
402 0.3938 -.9319 0.3938 -.9319 . 3.4012 0.5000
403 0.3910 -.9390 0.3910 -.9390 4.0110 0.9200
404 0.3884 -.9457 0.3884 -.9457 4.4998 1.5000
405 0.3858 -.9524 0.3858 -.9524 5.1059 2.7500
406 0.3822 -.9618 0.3822 -.9618 5.3240 3.4200
407 0.3812 -.9644 0.3812 -.9644 5.6525 4.7500
408 0.3768 -.9760 0.3768 -.9760 5.9140 6.1700
409 0.3794 -.9691 0.3794 -.9691 6.1092 7.5000
410 0.3802 -.9670 0.3802 -.9670 6.3103 9.1700
411 0.3776 -.9739 0.3776 -.9739 6.4457 10.4999
412 0.3796 -.9686 0.3796 -.9686 6.5793 12.0000
413 0.3772 -.9749 0.3772 -.9749 6.6911 13.4200
414 0.3788 -.9707 0.3788 -.9707 6.8352 15.4999
415 0.3756 -.9792 0.3756 -.9792 7.0901 20.0000
416 0.3722 -.9883 0.3722 -.9883 7.1854 22.0000
417 0.3684 -.9985 0.3684 -.9985 7.4845 29.6700
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Table 35. (Cont1d)

Depth WZz In W/z 6 ' In 6' In t t
and (min) (hr)

Reading

418 0.3764 -.9771 0.3764 -.9771 7.7232 37.6700
419 0.3710 -.9915 0.3710 -.9915 7.8710 43.6700
420 0.3664 -1.0040 0.3664 -1.0040 8.1316 56.6700
421 0.3638 -1.0111 0.3638 -1.0111 8.2414 63.2500
422 0.3688 -.9975 0.3688 -.9975 8.5011 82.0000
423 0.3630 -1.0133 0.3630 -1.0133 8.7857 109.0000
424 0.3638 -1.0111 0.3638 -1.0111 8.9695 130.9999
425 0.3614 -1.0177 0.3614 -1.0177 9.1226 152.6700
426 0.3600 -1.0216 0.3600 -1.0216 9.2610 175.3299
427 0.3556 -1.0339 0.3556 -1.0339 9.4042 202.3300
428 0.3574 -1.0289 0.3574 -1.0289 9.4287 207.3299
429 0.3528 -1.0418 0.3528 -1.0418 9.5097 224.8300
430 0.3526 -1.0424 0.3526 -1.0424 9.6231 251.8301
431 0.3518 -1.0446 0.3518 -1.0446 9.7892 297.3297
432 0.3482 -1.0549 0.3482 -1.0549 9.9417 346.3296
433 0.3480 -1.0555 0.3480 -1.0555 10.0840 399.3295
434 0.3458 -1.0619 0.3458 -1.0619 10.2392 466.3295
435 0.3464 -1.0601 0.3464 -1.0601 10.3372 514.3295
436 0.3436 -1.0682 0.3436 -1.0682 10.4247 561.3296
501 0.3955 -.9276 0.3955 -.9276 0.0000 0.0000
502 0.3938 -.9319 0.3938 -.9319 3.4012 0.5000
503 0.3920 -.9365 0.3920 -.9365 4.0110 0.9200
504 0.3893 -.9434 0.3893 -.9434 4.4998 1.5000
505 0.3867 -.9501 0.3867 -.9501 5.1059 2.7500
506 0.3837 -.9579 0.3837 -.9579 5.3240 3.4200
507 0.3833 -.9589 0.3833 -.9589 5.6525 4.7500
508 0.3787 -.9710 0.3787 -.9710 5.9140 6.1700
509 0.3817 -.9631 0.3817 -.9631 6.1092 7.5000
510 0.3820 -.9623 0.3820 -.9623 6.3103 9.1700
511 0.3792 -.9696 0.3792 -.9696 6.4457 10.4999
512 0.3828 -.9602 0.3828 -.9602 6.5793 12.0000
513 0.3793 -.9694 0.3793 -.9694 6.6911 13.4200
514 0.3817 -.9631 0.3817 -.9631 6.8352 15.4999
515 0.3785 -.9715 0.3785 -.9715 7.0901 20.0000
516 0.3747 -.9816 0.3747 -.9816 7.1854 22.0000
517 0.3717 -.9896 0.3717 -.9896 7.4845 29.6700
518 0.3793 -.9694 0.3793 -.9694 7.7232 37.6700
519 0.3742 -.9829 0.3742 -.9829 7.8710 43.6700
520 0.3695 -.9956 0.3695 -.9956 8.1316 56.6700
521 0.3667 -1.0032 0.3667 -1.0032 8.2414 63.2500
522 0.3712 -.9910 0.3712 -.9910 8.5011 82.0000
523 0.3657 -1.0059 0.3657 -1.0059 8.7857 109.0000
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Table 35. (Cont1d)

Depth W/z In W z  ©' In 0' In t t
and (min) (hr)

Reading

524 0.3660 -1.0051 0.3660 -1.0051 8.9695 130.9999
525 0.3633 -1.0125 0.3633 -1.0125 9.1226 152.6700
526 0.3623 -1.0152 0.3623 -1.0152 9.2610 175.3299
527 0.3577 -1.0280 0.3577 -1.0280 9.4042 202.3300
528 0.3598 -1.0222 0.3598 -1.0222 9.4287 207.3299
529 0.3545 -1.0370 0.3545 -1.0370 9.5097 224.8300
530 0.3550 -1.0356 0.3550 -1.0356 9.6231 251.8301
531 0.3535 -1.0398 0.3535 -1.0398 9.7892 297.3297
532 0.3503 -1.0489 0.3503 -1.0489 9.9417 346.3296
533 0.3493 -1.0518 0.3493 -1.0518 10.0840 399.3295
534 0.3473 -1.0575 0.3473 -1.0575 10.2392 466.3295
535 0.3475 -1.0569 0.3475 -1.0569 10.3372 514.3295
536 0.3453 -1.0633 0.3453 -1.0633 10.4247 561.3296
601 0.3927 -.9347 0.3927 -.9347 0.0000 0.0000
602 0.3911 -.9387 0.3911 -.9387 3.4012 0.5000
603 0.3893 -.9434 0.3893 -.9434 4.0110 0.9200
604 0.3879 -.9470 0.3879 -.9470 4.4998 1.5000
605 0.3859 -.9521 0.3859 -.9521 5.1059 2.7500
606 0.3830 -.9597 0.3830 -.9597 5.3240 3.4200
607 0.3830 -.9597 0.3830 -.9597 5.6525 4.7500
608 0.3780 -.9728 0.3780 -.9728 5.9140 6.1700
609 0.3811 -.9646 0.3811 —.9646 6.1092 7.5000
610 0.3813 -.9641 0.3813 -.9641 6.3103 9.1700
611 0.3803 -.9667 0.3803 -.9667 6.4457 10.4999
612 0.3836 -.9581 0.3836 -.9581 6.5793 12.0000
613 0.3813 -.9641 0.3813 -.9641 6.6911 13.4200
614 0.3846 -.9555 0.3846 -.9555 6.8352 15.4999
615 0.3800 -.9675 0.3800 -.9675 7.0901 20.0000
616 0.3769 -.9757 0.3769 -.9757 7.1854 22.0000
617 0.3724 -.9877 0.3724 -.9877 7.4845 29.6700
618 0.3810 -.9649 0.3810 -.9649 7.7232 37.6700
619 0.3754 -.9797 0.3754 -.9797 7.8710 43.6700
620 0.3711 -.9912 0.3711 -.9912 8.1316 56.6700
621 0.3687 -.9977 0.3687 -.9977 8.2414 63.2500
622 0.3719 -.9891 0.3719 -.9891 8.5011 82.0000
623 0.3666 -1.0034 0.3666 -1.0034 8.7857 109.0000
624 0.3659 -1.0054 0.3659 -1.0054 8.9695 130.9999
625 0.3640 -1.0106 0.3640 -1.0106 9.1226 152.6700
626 0.3631 -1.0130 0.3631 -1.0130 9.2610 175.3299
627 0.3584 -1.0261 0.3584 -1.0261 9.4042 202.3300
628 0.3596 -1.0227 0.3596 -1.0227 9.4287 207.3299
629 0.3541 -1.0381 0.3541 -1.0381 9.5097 224.8300
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Table 35. (Cont'd)

Depth W z  In W/z 6' In 6 ' In t t
and (min) (hr)

Reading

630 0.3554 -1.0345
631 0.3541 -1.0381
632 0.3500 -1.0498
633 0.3486 -1.0538
634 0.3464 -1.0601
635 0.3473 -1.0575
636 0.3446 -1.0653

0.3554 -1.0345
0.3541 -1.0381
0.3500 -1.0498
0.3486 -1.0538
0.3464 -1.0601
0.3473 -1.0575
0.3446 -1.0653

9.6231 251.8301 
9.7892 297.3297 
9.9417 346.3296 

10.0840 399.3295 
10.2392 466.3295 
10.3372 514.3295 
10.4247 561.3296
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Table 36. Regression data, site 2.

Depth W/z In W/z 6' In 6 ' In t
and (min)

Reading
t
(hr)

101 0.3820 -.9623 0.3820 -.9623 0.0000 0.0000
102 0.3810 -.9649 0.3810 -.9649 2.8904 0.3000
103 0.3820 -.9623 0.3820 -.9623 3.5322 0.5700
104 0.3770 -.9755 0.3770 -.9755 4.2077 1.1200
105 0.3790 -.9702 0.3790 -.9702 4.6540 1.7500
106 0.3740 -.9835 0.3740 -.9835 4.9781 2.4200
107 0.3780 -.9728 0.3780 -.9728 5.3240 3.4200
108 0.3740 -.9835 0.3740 -.9835 5.5805 4.4200
109 0.3740 -.9835 0.3740 -.9835 5.7844 5.4200
H O 0.3760 -.9781 0.3760 -.9781 5.9538 6.4200
111 0.3750 -.9808 0.3750 -.9808 6.0985 7.4200
112 0.3780 -.9728 0.3780 -.9728 6.2250 8.4200
113 0.3670 -1.0024 0.3670 -1.0024 6.3372 9.4200
114 0.3710 -.9915 0.3710 -.9915 6.4381 10.4199
115 0.3700 -.9942 0.3700 -.9942 6.4618 10.6699
116 0.3640 -1.0106 0.3640 -1.0106 6.9985 18.2500
117 0.3680 -.9996 0.3680 -.9996 6.9985 18.2500
118 0.3680 -.9996 0.3680 -.9996 7.1740 21.7499
119 0.3620 -1.0161 0.3620 -1.0161 7.1740 21.7499
120 0.3650 -1.0078 0.3650 -1.0078 7.3872 26.9199
121 0.3670 -1.0024 0.3670 -1.0024 7.3872 26.9199
122 0.3680 -.9996 0.3680 -.9996 7.5731 32.4199
123 0.3670 -1.0024 0.3670 -1.0024 7.5731 32.4199
124 0.3620 -1.0161 0.3620 -1.0161 7.8898 44.5000
125 0.3600 -1.0216 0.3600 -1.0216 7.8898 44.5000
126 0.3710 -.9915 0.3710 -.9915 7.9862 48.9999
127 0.3680 -.9996 0.3680 -.9996 7.9862 48.9999
128 0.3620 -1.0161 0.3620 -1.0161 8.0708 53.3299
129 0.3680 -.9996 0.3680 -.9996 8.0708 53.3299
130 0.3620 -1.0161 0.3620 -1.0161 8.3640 71.4999
131 0.3640 -1.0106 0.3640 -1.0106 8.3640 71.4999
132 0.3620 -1.0161 0.3620 -1.0161 8.8537 116.6700
133 0.3600 -1.0216 0.3600 -1.0216 8.8537 116.6700
134 0.3550 -1.0356 0.3550 -1.0356 9.2063 165.9999
135 0.3600 -1.0216 0.3600 -1.0216 9.2063 165.9999
136 0.3580 -1.0272 0.3580 -1.0272 9.4842 219.1699
137 0.3600 -1.0216 0.3600 -1.0216 9.4842 219.1699
138 0.3510 -1.0469 0.3510 -1.0469 9.7503 286.0000
139 0.3550 -1.0356 0.3550 -1.0356 9.7503 286.0000
140 0.3510 -1.0469 0.3510 -1.0469 9.9040 333.5000
141 0.3530 -1.0412 0.3530 -1.0412 9.9040 333.5000
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Table 36. (Cont1d)

Depth W z  In W/z 6 ' In 6 ' In t t
and (min) (hr)

Reading

142 0.3500 -1.0498 0.3500 -1.0498 10.0411 382.5000
143 0.3520 -1.0441 0.3520 -1.0441 10.0411 382.5000
144 0.3440 -1.0671 0.3440 -1.0671 10.2091 452.4999
145 0.3440 -1.0671 0.3440 -1.0671 10.2091 452.4999
146 0.3500 -1.0498 0.3500 -1.0498 10.3119 501.4999
147 0.3470 -1.0584 0.3470 -1.0584 10.3119 501.4999
201 0.3927 -.9347 0.3927 -.9347 0.0000 0.0000
202 0.3897 -.9423 0.3897 -.9423 2.8904 0.3000
203 0.3900 -.9416 0.3900 -.9416 3.5322 0.5700
204 0.3860 -.9519 0.3860 -.9519 4.2077 1.1200
205 0.3860 -.9519 0.3860 -.9519 4.6540 1.7500
206 0.3820 -.9623 0.3820 -.9623 4.9781 2.4200
207 0.3857 -.9527 0.3857 -.9527 5.3240 3.4200
208 0.3807 -.9657 0.3807 -.9657 5.5805 4.4200
209 0.3817 -.9631 0.3817 -.9631 5.7844 5.4200
210 0.3843 -.9563 0.3843 -.9563 5.9538 6.4200
211 0.3813 -.9641 0.3813 -.9641 6.0985 7.4200
212 0.3850 -.9545 0.3850 -.9545 6.2250 8.4200
213 0.3767 -.9763 0.3767 -.9763 6.3372 9.4200
214 0.3773 -.9747 0.3773 -.9747 6.4381 10.4199
215 0.3757 -.9789 0.3757 -.9789 6.4618 10.6699
216 0.3710 -.9915 0.3710 -.9915 6.9985 18.2500
217 0.3740 -.9835 0.3740 -.9835 6.9985 18.2500
218 0.3733 -.9853 0.3733 -.9853 7.1740 21.7499
219 0.3697 -.9950 0.3697 -.9950 7.1740 21.7499
220 0.3727 -.9869 0.3727 -.9869 7.3872 26.9199
221 0.3713 -.9907 0.3713 -.9907 7.3872 26.9199
222 0.3743 -.9827 0.3743 -.9827 7.5731 32.4199
223 0.3733 -.9853 0.3733 -.9853 7.5731 32.4199
224 0.3683 -.9988 0.3683 -.9988 7.8898 44.5000
225 0.3677 -1.0004 0.3677 -1.0004 7.8898 44.5000
226 0.3763 -.9773 0.3763 -.9773 7.9862 48.9999
227 0.3747 -.9816 0.3747 -.9816 7.9862 48.9999
228 0.3683 -.9988 0.3683 -.9988 8.0708 53.3299
229 0.3737 -.9843 0.3737 -.9843 8.0708 53.3299
230 0.3677 -1.0004 0.3677 -1.0004 8.3640 71.4999
231 0.3697 -.9950 0.3697 -.9950 8.3640 71.4999
232 0*3670 -1.0024 0.3670 -1.0024 8.8537 116.6700
233 0.3647 -1.0086 0.3647 -1.0086 8.8537 116.6700
234 0.3617 -1.0169 0.3617 -1.0169 9.2063 165.9999
235 0.3653 -1.0070 0.3653 -1.0070 9.2063 165.9999
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Table 36. (Cont'd)

Depth W z  In W z  6 ' In 6' In t t
and (min) (hr)

Reading

236 0.3630 -1.0133 0.3630
237 0.3647 -1.0086 0.3647
238 0.3573 -1.0291 0.3573
239 0.3597 -1.0224 0.3597
240 0.3560 -1.0328 0.3560
241 0.3570 -1.0300 0.3570
242 0.3543 -1.0376 0.3543
243 0.3567 -1.0308 0.3567
244 0.3500 -1.0498 0.3500
245 0.3497 -1.0506 0.3497
246 0.3540 -1.0384 0.3540
247 0.3517 -1.0449 0.3517

-1.0133 9.4842 219.1699
-1.0086 9.4842 219.1699
-1.0291 9.7503 286.0000
-1.0224 9.7503 286.0000
-1.0328 - 9.9040 333.5000
-1.0300 9.9040 333.5000
-1.0376 10.0411 382.5000
-1.0308 10.0411 382.5000
-1.0498 10.2091 452.4999
-1.0506 10.2091 452.4999
-1.0384 10.3119 501.4999
-1.0449 10.3119 501.4999
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Table 37. Regression data/ site 3.

Depth W/z In W/z 6 ' In 6 ' In t t
and (min) (hr)

Reading

101 0.4630 -.7700 0.4630 -.7700 0.0000 0.0000
102 0.4580 -.7808 0.4580 -.7808 3.8836 0.8100
103 0.4500 -.7985 0.4500 -.7985 4.3412 1.2800
104 0.4410 -.8187 0.4410 -.8187 4.7041 1.8400
105 0.4340 -.8347 0.4340 -.8347 4.9445 2.3400
106 0.4280 -.8486 0.4280 -.8486 5.3003 3.3400
107 0.4200 -.8675 0.4200 -.8675 5.5622 4.3400
108 0.4120 -.8867 0.4120 -.8867 5.7696 5.3400
109 0.4110 -.8891 0.4110 -.8891 5.9333 6.2900
H O 0.4050 -.9038 0.4050 -.9038 6.0726 7.2300
111 0.4010 -.9137 0.4010 -.9137 6.2815 8.9100
112 0.3940 -.9314 0.3940 -.9314 6.4275 10.3100
113 0.3910 -.9390 0.3910 -.9390 6.5650 11.8300
114 0.3900 -.9416 0.3900 -.9416 6.7212 13.8299
115 0.3800 -.9675 0.3800 -.9675 6.8569 15.8399
116 0.3780 -.9728 0.3780 -.9728 6.9758 17.8400
117 0.3710 -.9915 0.3710 -.9915 7.3794 26.7100
118 0.3660 -1.0051 0.3660 -1.0051 7.4665 29.1400
119 0.3630 -1.0133 0.3630 -1.0133 7.6062 33.5100
120 0.3610 -1.0188 0.3610 -1.0188 7.7797 39.8599
121 0.3450 -1.0642 0.3450 -1.0642 8.0260 50.9899
122 0.3440 -1.0671 0.3440 -1.0671 8.1808 59.5299
123 0.3460 -1.0613 0.3460 -1.0613 8.4242 75.9299
124 0.3400 -1.0788 0.3400 -1.0788 8.5445 85.6400
125 0.3390 -1.0817 0.3390 -1.0817 8.7487 105.0399
126 0.3350 -1.0936 0.3350 -1.0936 8.9230 125.0400
127 0.3320 -1.1026 0.3320 -1.1026 9.0845 146.9600
128 0.3290 -1.1117 0.3290 -1.1117 9.2418 171.9900
129 0.3180 -1.1457 0.3180 -1.1457 9.3729 196.0901
130 0.3230 -1.1301 0.3230 -1.1301 9.4923 220.9600
131 0.3120 -1.1647 0.3120 -1.1647 9.6061 247.5900
132 0.3230 -1.1301 0.3230 -1.1301 9.6847 267.8400
133 0.2970 -1.2140 0.2970 -1.2140 9.7838 295.7403
134 0.3050 -1.1874 0.3050 -1.1874 9.8502 316.0297
135 0.3080 -1.1776 0.3080 -1.1776 9.9911 363.8397
136 0.3090 -1.1744 0.3090 -1.1744 10.1243 415.7098
137 0.3050 -1.1874 0.3050 -1.1874 10.1782 438.7603
138 0.3020 -1.1973 0.3020 -1.1973 10.2778 484.6801
139 0.2940 -1.2241 0.2940 -1.2241 10.3774 535.4297
140 0.2880 -1.2448 0.2880 -1.2448 10.5051 608.4096
141 0.2900 -1.2378 0.2900 -1.2378 10.5832 657.7602
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Table 37. (Cont'd)

Depth W z  In W/z 6' . In 6 ’ In t 
and (min)

Reading

t
(hr)

142 0.2870 -1.2482 0.2870 -1.2482 10.6451 699.8397
143 0.2830 -1.2623 0.2830 -1.2623 10.7734 795.5898
144 0.2820 -1.2658 0.2820 -1.2658 10.8312 842.9296
145 0.2680 -1.3167 0.2680 -1.3167 10.9652 963.8397
146 0.2600 -1.3470 0.2600 -1.3470 11.1481 0.0000
201 0.4625 -.7711 0.4625 -.7711 0.0000 0.0000
202 0.4580 -.7808 0.4580 -.7808 3.8836 0.8100
203 0.4510 -.7962 0.4510 -.7962 4.3412 1.2800
204 0.4478 -.8034 0.4478 -.8034 4.7041 1.8400
205 0.4422 -.8159 0.4422 -.8159 4.9445 2.3400
206 0.4357 -.8308 0.4357 -.8308 5.3003 3.3400
207 0.4287 -.8470 0.4287 -.8470 5.5622 4.3400
208 0.4212 -.8646 0.4212 —.8646 5.7696 5.3400
209 0.4197 -.8682 0.4197 -.8682 5.9333 6.2900
210 0.4142 -.8814 0.4142 -.8814 6.0726 7.2300
211 0.4073 -.8982 0.4073 -.8982 6.2815 8.9100
212 0.4022 -.9108 0.4022 -.9108 6.4275 10.3100
213 0.4007 -.9145 0.4007 -.9145 6.5650 11.8300
214 0.3987 -.9195 0.3987 -.9195 6.7212 13.8299
215 0.3906 -.9400 0.3906 -.9400 6.8569 15.8399
216 0.3862 -.9514 0.3862 -.9514 6.9758 17.8400
217 0.3812 -.9644 0.3812 -.9644 7.3794 26.7100
218 0.3752 -.9803 0.3752 -.9803 7.4665 29.1400
219 0.3751 -.9805 0.3751 -.9805 7.6062 33.5100
220 0.3731 -.9859 0.3731 -.9859 7.7797 39.8599
221 0.3552 -1.0350 0.3552 -1.0350 8.0260 50.9899
222 0.3566 -1.0311 0.3566 -1.0311 8.1808 59.5299
223 0.3610 -1.0188 0.3610 -rl.0188 8.4242 75.9299
224 0.3545 -1.0370 0.3545 -1.0370 8.5445 85.6400
225 0.3496 -1.0509 0.3496 -1.0509 8.7487 105.0399
226 0.3447 -1.0650 0.3447 -1.0650 8.9230 125.0400
227 0.3422 -1.0723 0.3422 -1.0723 9.0845 146.9600
228 0.3382 -1.0841 0.3382 -1.0841 9.2418 171.9900
229 0.3311 -1.1053 0.3311 -1.1053 9.3729 196.0901
230 0.3341 -1.0963 0.3341 -1.0963 9.4923 220.9600
231 0.3251 -1.1236 0.3251 -1.1236 9.6061 247.5900
232 0.3336 -1.0978 0.3336 -1.0978 9.6847 267.8400
233 0.3183 -1.1447 0.3183 -1.1447 9.7838 295.7403
234 0.3181 -1.1453 0.3181 -1.1453 9.8502 316.0297
235 0.3215 -1.1347 0.3215 -1.1347 9.9911 363.8397
236 0.3206 -1.1375 0.3206 -1.1375 10.1243 415.7098
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Table 37. (Cont1d)

Depth W/z In W/z 6' In ©' In t t
and (min) (hr)

Reading

237 0.3156 -1.1532 0.3156 -1.1532 10.1782 438.7603
238 0.3165 -1.1504 0.3165 -1.1504 10.2778 484.6801
239 0.3124 -1.1634 0.3124 -1.1634 10.3774 535.4297
240 0.3035 -1.1923 0.3035 -1.1923 10.5051 608.4096
241 0.3079 -1.1779 0.3079 -1.1779 10.5832 657.7602
242 0.3030 -1.1940 0.3030 -1.1940 10.6451 699.8397
243 0.2936 -1.2255 0.2936 -1.2255 10.7734 795.5898
244 0.2985 -1.2089 0.2985 -1.2089 10.8312 842.9296
245 0.2849 -1.2556 0.2849 -1.2556 10.9652 963.8397
246 0.2827 -1.2633 0.2827 -1.2633 11.1481 o.ooOo
301 0.4542 -.7892 0.4542 -.7892 0.0000 0.0000
302 0.4485 -.8018 0.4485 -.8018 3.8836 0.8100
303 0.4438 -.8123 0.4438 -.8123 4.3412 1.2800
304 0.4410 -.8187 0.4410 -.8187 4.7041 1.8400
305 0.4373 -.8271 0.4373 -.8271 4.9445 2.3400
306 0.4335 -.8358 0.4335 -.8358 5.3003 3.3400
307 0.4275 -.8498 0.4275 -.8498 5.5622 4.3400
308 0.4205 -.8663 0.4205 -.8663 5.7696 5.3400
309 0.4198 -.8679 0.4198 -.8679 5.9333 6.2900
310 0.4132 -.8838 0.4132 -.8838 6.0726 7.2300
311 0.4069 -.8991 0.4069 -.8991 6.2815 8.9100
312 0.4022 -.9108 0.4022 -.9108 6.4275 10.3100
313 0.4001 -.9160 0.4001 -.9160 6.5650 11.8300
314 0.3965 -.9250 0.3965 -.9250 6.7212 13.8299
315 0.3940 -.9314 0.3940 -.9314 6.8569 15.8399
316 0.3881 -.9464 0.3881 -.9464 6.9758 17.8400
317 0.3844 -.9560 0.3844 —.9560 7.3794 26.7100
318 0.3758 -.9787 0.3758 -.9787 7.4665 29.1400
319 0.3760 -.9781 0.3760 -.9781 7.6062 33.5100
320 0.3740 -.9835 0.3740 -.9835 7.7797 39.8599
321 0.3597 -1.0224 0.3597 -1.0224 8.0260 50.9899
322 0.3577 -1.0280 0.3577 -1.0280 8.1808 59.5299
323 0.3633 -1.0125 0.3633 -1.0125 8.4242 75.9299
324 0.3586 -1.0255 0.3586 -1.0255 8.5445 85.6400
325 0.3524 -1.0429 0.3524 -1.0429 8.7487 105.0399
326 0.3480 -1.0555 0.3480 -1.0555 8.9230 125.0400
327 0.3470 -1.0584 0.3470 -1.0584 9.0845 146.9600
328 0.3433 -1.0691 0.3433 -1.0691 9.2418 171.9900
329 0.3372 -1.0870 0.3372 -1.0870 9.3729 196.0901
330 0.3387 -1.0826 0.3387 -1.0826 9.4923 220.9600
331 0.3306 -1.1068 0.3306 -1.1068 9.6061 247.5900
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Table 37. (Cont'd)

Depth W/z In W/z ©' In ©' In t t
and (min) (hr)

Reading

332 0.3406 -1.0770 0.3406 -1.0770 9.6847 267.8400
333 0.3283 -1.1138 0.3283 -1.1138 9.7838 295.7403
334 0.3262 -1.1202 0.3262 -1.1202 9.8502 316.0297
335 0.3272 -1.1171 0.3272 -1.1171 9.9911 363.8397
336 0.3279 -1.1150 0.3279 -1.1150 10.1243 415.7098
337 0.3223 -1.1322 0.3223 -1.1322 10.1782 438.7603
338 0.3238 -1.1276 0.3238 -1.1276 10.2778 484.6801
339 0.3201 -1.1391 0.3201 -1.1391 10.3774 535.4297
340 0.3112 -1.1673 0.3112 -1.1673 10.5051 608.4096
341 0.3171 -1.1485 0.3171 -1.1485 10.5832 657.7602
342 0.3111 -1.1676 0.3111 -1.1676 10.6451 699.8397
343 0.3039 -1.1910 0.3039 -1.1910 10.7734 795.5898
344 0.3065 -1.1825 0.3065 -1.1825 10.8312 842.9296
345 0.2934 -1.2262 0.2934 -1.2262 10.9652 963.8397
346 0.2946 -1.2221 0.2946 -1.2221 11.1481 0.0000
401 0.4463 -.8067 0.4463 -.8067 0.0000 0.0000
402 0.4415 -.8175 0.4415 -.8175 3.8836 0.8100
403 0.4380 -.8255 0.4380 -.8255 4.3412 1.2800
404 0.4371 -.8275 0.4371 -.8275 4.7041 1.8400
405 0.4328 -.8374 0.4328 -.8374 4.9445 2.3400
406 0.4307 -.8423 0.4307 , -.8423 5.3003 3.3400
407 0.4244 -.8570 0.4244 -.8570 5.5622 4.3400
408 0.4204 -.8665 0.4204 —.8665 5.7696 5.3400
409 0.4194 -.8689 0.4194 -.8689 5.9333 6.2900
410 0.4121 —.8864 0.4121 -.8864 6.0726 7.2300
411 0.4074 -.8979 0.4074 -.8979 6.2815 8.9100
412 0.4056 -.9023 0.4056 -.9023 6.4275 10.3100
413 0.4018 -.9118 0.4018 -.9118 6.5650 11.8300
414 0.3984 -.9203 0.3984 -.9203 6.7212 13.8299
415 0.3962 -.9258 0.3962 -.9258 6.8569 15.8399
416 0.3913 -.9382 0.3913 -.9382 6.9758 17.8400
417 0.3877 -.9475 0.3877 -.9475 7.3794 26.7100
418 0.3812 -.9644 0.3812 -.9644 7.4665 29.1400
419 0.3800 -.9675 0.3800 -.9675 7.6062 33.5100
420 0.3790 -.9702 0.3790 -.9702 7.7797 39.8599
421 0.3657 -1.0059 0.3657 -1.0059 8.0260 50.9899
422 0.3644 -1.0095 0.3644 -1.0095 8.1808 59.5299
423 0.3696 -.9953 0.3696 -.9953 8.4242 75.9299
424 0.3648 -1.0084 0.3648 -1.0084 8.5445 85.6400
425 0.3601 . -1.0213 0.3601 -1.0213 8.7487 105.0399
426 0.3520 -1.0441 0.3520 -1.0441 8.9230 125.0400
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Table 37. (Cont'd)

Depth W/z In W/z ©' In 6' In t t
and (min) (hr)

Reading

427 0.3514 -1.0458 0.3514 -1.0458 9.0845 146.9600
428 0.3477 -1.0564 0.3477 -1.0564 9.2418 171.9900
429 0.3426 -1.0711 0.3426 -1.0711 9.3729 196.0901
430 0.3434 -1.0688 0.3434 -1.0688 9.4923 220.9600
431 0.3378 -1.0853 0.3378 -1.0853 9.6061 247.5900
432 0.3473 -1.0575 0.3473 -1.0575 9.6847 267.8400
433 0.3226 -1.1313 0.3226 -1.1313 9.7838 295.7403
434 0.3340 -1.0966 0.3340 -1.0966 9.8502 316.0297
435 0.3333 -1.0987 0.3333 -1.0987 9.9911 363.8397
436 0.3336 -1.0978 0.3336 -1.0978 10.1243 415.7098
437 0.3289 -1.1120 0.3289 -1.1120 10.1782 438.7603
438 0.3315 -1.1041 0.3315 -1.1041 10.2778 484.6801
439 0.3262 -1.1202 0.3262 -1.1202 10.3774 535.4297
440 0.3187 -1.1435 0.3187 -1.1435 10.5051 608.4096
441 0.3234 -1.1288 0.3234 -1.1288 10.5832 657.7602
442 0.3182 -1.1450 0.3182 -1.1450 10.6451 699.8397
443 0.3108 -1.1686 0.3108 -1.1686 10.7734 795.5898
444 0.3150 -1.1551 0.3150 -1.1551 10.8312 842.9296
445 0.3037 -1.1917 0.3037 -1.1917 10.9652 963.8397
446 0.3055 -1.1858 0.3055 -1.1858 11.1481 0.0000
501 0.4344 -.8337 0.4344 -.8337 0.0000 0.0000
502 0.4308 -.8421 0.4308 -.8421 3.8836 0.8100
503 0.4277 -.8493 0.4277 -.8493 4.3412 1.2800
504 0.4268 -.8514 0.4268 -.8514 4.7041 1.8400
505 0.4231 -.8601 0.4231 -.8601 4.9445 2.3400
506 0.4227 -.8610 0.4227 -.8610 5.3003 3.3400
507 0.4164 -.8761 0.4164 -.8761 5.5622 4.3400
508 0.4128 -.8847 0.4128 -.8847 5.7696 5.3400
509 0.4116 -.8877 0.4116 -.8877 5.9333 6.2900
510 0.4072 -.8984 0.4072 -.8984 6.0726 7.2300
511 0.4026 -.9098 0.4026 -.9098 6.2815 8.9100
512 0.4009 -.9140 0.4009 -.9140 6.4275 10.3100
513 0.3965 -.9250 0.3965 -.9250 6.5650 11.8300
514 0.3945 -.9301 0.3945 -.9301 6.7212 13.8299
515 0.3930 -.9339 0.3930 -.9339 6.8569 15.8399
516 0.3887 -.9449 0.3887 -.9449 6.9758 17.8400
517 0.3846 -.9555 0.3846 -.9555 7.3794 26.7100
518 0.3786 -.9712 0.3786 -.9712 7.4665 29.1400
519 0.3778 -.9733 0.3778 -.9733 7.6062 33.5100
520 0.3764 -.9771 0.3764 -.9771 7.7797 39.8599
521 0.3634 -1.0122 0.3634 -1.0122 8.0260 50.9899
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Table 37. (Cont8d)

Depth W/z In ViZz 6' In 6 ' In t t
and (min) (hr)

Reading

522 0.3631 -1.0130 0.3631 -1.0130 8.1808 59.5299
523 0.3677 -1.0004 0.3677 -1.0004 8.4242 75.9299
524 0.3643 -1.0097 0.3643 -1.0097 8.5445 85.6400
525 0.3581 -1.0269 0.3581 -1.0269 8.7487 105.0399
526 0.3547 -1.0364 0.3547 -1.0364 8.9230 125.0400
527 0.3547 -1.0364 0.3547 -1.0364 9.0845 146.9600
528 0.3501 -1.0495 0.3501 -1.0495 9.2418 171.9900
529 0.3472 -1.0578 0.3472 -1.0578 9.3729 196.0901
530 0.3471 -1.0581 0.3471 -1.0581 9.4923 220.9600
531 0.3410 -1.0758 0.3410 -1.0758 9.6061 247.5900
532 0.3508 -1.0475 0.3508 -1.0475 9.6847 267.8400
533 0.3302 -1.1080 0.3302 -1.1080 9.7838 295.7403
534 0.3387 -1.0826 0.3387 -I.0826 9.8502 316.0297
535 0.3368 -1.0882 0.3368 -1.0882 9.9911 363.8397
536 0.3380 -1.0847 0.3380 -1.0847 10.1243 415.7098
537 0.3328 -1.1002 0.3328 -1.1002 10.1782 438.7603
538 0.3356 -1.0918 0.3356 -1.0918 10.2778 484.6801
539 0.3305 -1.1071 0.3305 -1.1071 10.3774 535.4297
540 0.3233 -1.1291 0.3233 -1.1291 10.5051 608.4096
541 0.3279 -1.1150 0.3279 -1.1150 10.5832 657.7602
542 0.3223 -1.1322 0.3223 -1.1322 10.6451 699.8397
543 0.3167 -1.1498 0.3167 -1.1498 10.7734 795.5898
544 0.3191 -1.1422 0.3191 -1.1422 10.8312 842.9296
545 0.3089 -1.1747 0.3089 -1.1747 10.9652 963.8397
546 0.3084 -1.1763 0.3084 -1.1763 11.1481 0.0000
601 0.4238 -.8584 0.4238 -.8584 0.0000 0.0000
602 0.4201 -.8672 0.4201 -.8672 3.8836 0.8100
603 0.4172 -.8741 0.4172 -.8741 4.3412 1.2800
604 0.4164 -.8761 0.4164 -.8761 4.7041 li8400
605 0.4137 -.8826 0.4137 -.8826 4.9445 2.3400
606 0.4138 -.8823 0.4138 -.8823 5.3003 3.3400
607 0.4093 -.8933 0.4093 -.8933 5.5622 4.3400
608 0.4047 -.9046 0.4047 -.9046 5.7696 5.3400
609 0.4042 -.9058 0.4042 -.9058 5.9333 6.2900
610 0.4004 -.9152 0.4004 -.9152 6.0726 7.2300
611 0.3959 -.9265 0.3959 -.9265 6.2815 8.9100
612 0.3940 -.9314 0.3940 -.9314 6.4275 10.3100
613 0.3913 -.9382 0.3913 -.9382 6.5650 11.8300
614 0.3885 -.9454 0.3885 -.9454 6.7212 13.8299
615 0.3871 -.9490 0.3871 -.9490 6.8569 15.8399
616 0.3826 -.9607 0.3826 -.9607 6.9758 17.8400
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Table 37. (Cont'd)

Depth W/z In W/z 6' In 6' In t t
and (min) (hr)

Reading

617 0.3781 -.9726 0.3781 -.9726 7.3794 26.7100
618 0.3729 -.9864 0.3729 -.9864 7.4665 29.1400
619 0.3716 -.9899 0.3716 -.9899 7.6062 33.5100
620 0.3692 -.9964 0.3692 -.9964 7.7797 39.8599
621 0.3574 -1.0289 0.3574 -1.0289 8.0260 50.9899
622 0.3567 -1.0308 0.3567 -1.0308 8.1808 59.5299
623 0.3613 -1.0180 0.3613 -1.0180 8.4242 75.9299
624 0.3570 -1.0300 0.3570 -rl.0300 8.5445 85.6400
625 0.3510 -1.0469 0.3510 -1.0469 8.7487 105.0399
626 0.3515 -1.0455 0.3515 -1.0455 8.9230 125.0400
627 0.3524 -1.0429 0.3524 -1.0429 9.0845 146.9600
628 0.3478 -1.0561 0.3478 -1.0561 9.2418 171.9900
629 0.3447 -1.0650 0.3447 -1.0650 9.3729 196.0901
630 0.3453 -1.0633 0.3453 -1.0633 9.4923 220.9600
631 0.3392 -1.0811 0.3392 -1.0811 9.6061 247.5900
632 0.3489 -1.0529 0.3489 -1.0529 9.6847 267.8400
633 0.3305 -1.1071 0.3305 -1.1071 9.7838 295.7403
634 0.3366 -1.0888 0.3366 -1.0888 9.8502 316.0297
635 0.3350 -1.0936 0.3350 -1.0936 9.9911 363.8397
636 0.3362 -1.0900 0.3362 -1.0900 10.1243 415.7098
637 0.3314 -1.1044 0.3314 -1.1044 10.1782 438.7603
638 0.3332 -1.0990 0.3332 -1.0990 10.2778 484.6801
639 0.3285 -1.1132 0.3285 -1.1132 10.3774 535.4297
640 0.3218 -1.1338 0.3218 -1.1338 10.5051 608.4096
641 0.3261 -1.1205 0.3261 -1.1205 10.5832 657.7602
642 0.3218 -1.1338 0.3218 -1.1338 10.6451 699.8397
643 0.3161 -1.1517 0.3161 -1.1517 10.7734 795.5898
644 0.3173 -1.1479 0.3173 -1.1479 10.8312 842.9296
645 0.3081 -1.1773 0.3081 -1.1773 10.9652 963.8397
646 0.3093 -1.1734 0.3093 -1.1734 11.1481 0.0000
701 0.4169 -.8749 0.4169 -.8749 0.0000 0.0000
702 0.4131 -.8840 0.4131 -.8840 3.8836 0.8100
703 0.4100 -.8916 0.4100 -.8916 4.3412 1.2800
704 0.4096 -.8925 0.4096 -.8925 4.7041 1.8400
705 0.4071 -.8987 0.4071 -.8987 4.9445 2.3400
706 0.4073 -.8982 0.4073 -.8982 5.3003 3.3400
707 0.4029 -.9090 0.4029 -.9090 5.5622 4.3400
708 0.3990 -.9187 0.3990 . -.9187 5.7696 5.3400
709 0.3981 -.9210 0.3981 -.9210 5.9333 6.2900
710 0.3950 -.9288 0.3950 -.9288 6.0726 7.2300
711 0.3915 -.9377 0.3915 -.9377 6.2815 8.9100
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Table 37. (Confd)

Depth W z  In W/z 6 " In ©' In t t
and (min) (hr)

Reading

712 0.3896 -.9426 0.3896 -.9426 6.4275 10.3100
713 0.3872 -.9488 0.3872 -.9488 6.5650 11.8300
714 0.3845 -.9558 0.3845 -.9558 6.7212 13.8299
715 0.3816 -.9633 0.3816 -.9633 6.8569 15.8399
716 0.3780 -.9728 0.3780 -.9728 6.9758 17.8400
717 0.3721 -.9885 0.3721 -.9885 7.3794 26.7100
718 0.3668 -1.0029 0.3668 -1.0029 7.4665 29.1400
719 0.3655 -1.0064 0.3655 -1.0064 7.6062 33.5100
720 0.3630 -1.0133 0.3630 -1.0133 7.7797 39.8599
721 0.3505 -1.0484 0.3505 -1.0484 8.0260 50.9899
722 0.3494 -1.0515 0.3494 -1.0515 8.1808 59.5299
723 0.3535 -1.0398 0.3535 -1.0398 8.4242 75.9299
724 0.3502 -1.0492 0.3502 -1.0492 8.5445 85.6400
725 0.3431 -1.0697 0.3431 -1.0697 8.7487 105.0399
726 0.3450 -1.0642 0.3450 -1.0642 8.9230 125.0400
727 0.3452 -1.0636 0.3452 -1.0636 9.0845 146.9600
728 0.3403 -1.0779 0.3403 -1.0779 9.2418 171.9900
729 0.3370 -1.0876 0.3370 -1.0876 9.3729 196.0901
730 0.3376 -1.0859 0.3376 -1.0859 9.4923 220.9600
731 0.3318 -1.1032 0.3318 -1.1032 9.6061 247.5900
732 0.3418 -1.0735 0.3418 -1.0735 9.6847 267.8400
733 0.3254 -1.1227 0.3254 -1.1227 9.7838 295.7403
734 0.3300 -1.1086 0.3300 -1.1086 9.8502 316.0297
735 0.3275 -1.1162 0.3275 -1.1162 9.9911 363.8397
736 0.3287 -1.1126 0.3287 -1.1126 10.1243 415.7098
737 0.3237 -1.1279 0.3237 -1.1279 10.1782 438.7603
738 0.3256 -1.1220 0.3256 -1.1220 10.2778 484.6801
739 0.3215 -1.1347 0.3215 -1.1347 10.3774 535.4297
740 0.3146 -1.1564 0.3146 -1.1564 10.5051 608.4096
741 0.3182 -1.1450 0.3182 -1.1450 10.5832 657.7602
742 0.3147 -1.1561 0.3147 -1.1561 10.6451 699.8397
743 0.3088 -1.1750 0.3088 -1.1750 10.7734 795.5898
744 0.3104 -1.1699 0.3104 -1.1699 10.8312 842.9296
745 0.3017 -1.1983 0.3017 -1.1983 10.9652 963.8397
746 0.3030 -1.1940 0.3030 -1,1940 11.1481 0.0000
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Table 38. Regression data/ site 4.

Depth W z  In W/z ©' In 6' In t t
and (min) (hr)

Reading

101 0.3810 -.9649 0.3810 -.9649 0.0000 0.0000
102 0.3660 -1.0051 0.3660 -1.0051 3.7796 0.7300
103 0.3510 -1.0469 0.3510 -1.0469 4.2513 1.1700
104 0.3480 -1.0555 0.3480 -1.0555 4.6367 1.7200
105 0.3520 -1.0441 0.3520 -1.0441 4.9402 2.3300
106 0.3400 -1.0788 0.3400 -1.0788 5.3414 3.4800
107 0.3390 -1.0817 0.3390 -1.0817 5.6567 4.7700
108 0.2860 -1.2517 0.2860 -1.2517 5.8894 6.0200
109 0.3210 -1.1363 0.3210 -1.1363 6.0781 7.2700
H O 0.3150 -1.1551 0.3150 -1.1551 6.2368 8.5200
111 0.3100 -1.1711 0.3100 -1.1711 6.3477 9.5200
112 0.3080 -1.1776 0.3080 -1.1776 6.4739 10.7999
113 0.3080 -1.1776 0.3080 -1.1776 6.5809 12.0199
114 0.2900 -1.2378 0.2900 -1.2378 6.7774 14.6299
115 0.2860 -1.2517 0.2860 -1.2517 6.9068 16.6499
116 0.2800 -1.2729 0.2800 -1.2729 7.0266 18.7700
117 0.2770 -1.2837 0.2770 -1.2837 7.1749 21.7700
118 0.2690 -1.3130 0.2690 -1.3130 7.3040 24.7700
119 0.2510 -1.3823 0.2510 -1.3823 7.7597 39.0700
120 0.2530 -1.3743 0.2530 -1.3743 7.8666 43.4799
121 0.2440 -1.4105 0.2440 -1.4105 8.2343 62.7999
122 0.2320 -1.4610 0.2320 -1.4610 8.5674 87.6199
123 0.2250 -1.4916 0.2250 -1.4916 8.8329 114.2700
124 0.2290 -1.4740 0.2290 -1.4740 8.9938 134.2199
125 0.2240 -1.4961 0.2240 -1.4961 9.1649 159.2700
126 0.2130 -1.5464 0.2130 -1.5464 9.3059 183.3801
127 0.2110 -1.5559 0.2110 -1.5559 9.5371 231.0699
128 0.2150 -1.5371 0.2150 -1.5371 9.7394 282.8800
129 0.2100 -1.5606 0.2100 -1.5606 9.8164 305.5200
130 0.2110 -1.5559 0.2110 -1.5559 9.9506 349.4297
131 0.2020 -1.5994 0.2020 -1.5994 10.0934 403.1000
132 0.1980 -1.6194 0.1980 -1.6194 10.2507 471.7700
133 0.1970 -1.6245 0.1970 -1.6245 10.3492 520.5999
134 0.1960 -1.6296 0.1960 -1.6296 10.4377 568.7702
135 0.1920 -1.6502 0.1920 -1.6502 10.5913 663.1801
136 0.1930 -1.6450 0.1930 -1.6450 10.6599 710.2701
137 0.1890 —I.6660 0.1890 -1.6660 10.8173 831.3495
138 0.1920 -1.6502 0.1920 -1.6502 11.0009 998.7701
201 0.3858 -.9524 0.3858 -.9524 0.0000 0.0000
202 0.3728 -.9867 0.3728 -.9867 3.7796 0.7300
203 0.3602 -1.0211 0.3602 -1.0211 4.2513 1.1700
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Table 38. (Cont'd)

Depth, W z  In W/z 6 ' In 6' In t t
and (min) (hr)

Reading

204 0.3514 -1.0458 0.3514 -1.0458 4.6367 1.7200
205 0.3525 -1.0427 0.3525 -1.0427 4.9402 2.3300
206 0.3448 -1.0647 0.3448 -1.0647 5.3414 3.4800
207 0.3443 -1.0662 0.3443 -1.0662 5.6567 4.7700
208 0.3155 -1.1536 0.3155 -1.1536 5.8894 6.0200
209 0.3341 -1.0963 0.3341 -1.0963 6.0781 7.2700
210 0.3300 -1.1086 0.3300 -1.1086 6.2368 8.5200
211 0.3260 -1.1208 0.3260 -1.1208 6.3477 9.5200
212 0.3225 -1.1316 0.3225 -1.1316 6.4739 10.7999
213 0.3201 -1.1391 0.3201 -1.1391 6.5809 12.0199
214 0.3108 -1.1686 0.3108 -1.1686 6.7774 14.6299
215 0.3078 -1.1783 0.3078 -1.1783 6.9068 16.6499
216 0.3032 -1.1933 0.3032 -1.1933 7.0266 18.7700
217 0.2973 -1.2130 0.2973 -1.2130 7.1749 21.7700
218 0.2937 -1.2252 0.2937 -1.2252 7.3040 24.7700
219 0.2771 -1.2833 0.2771 -1.2833 7.7597 39.0700
220 0.2753 -1.2898 0.2753 -1.2898 7.8666 43.4799
221 0.2682 -1.3160 0.2682 -1.3160 8.2343 62.7999
222 0.2581 -1.3544 0.2581 -1.3544 8.5674 87.6199
223 0.2526 -1.3759 0.2526 -1.3759 8.8329 114.2700
224 0.2580 -1.3548 0.2580 -1.3548 8.9938 134.2199
225 0.2511 -1.3819 0.2511 -1.3819 9.1649 159.2700
226 0.2420 -1.4188 0.2420 -1.4188 9.3059 183.3801
227 0.2381 -1.4350 0.2381 -1.4350 9.5371 231.0699
228 0.2421 -1.4184 0.2421 -1.4184 9.7394 282.8800
229 0.2361 -1.4435 0.2361 -1.4435 9.8164 305.5200
230 0.2376 -1.4371 0.2376 -1.4371 9.9506 349.4297
231 0.2368 -1.4405 0.2368 -1.4405 10.0934 403.1000
232 0.2290 -1.4740 0.2290 -1.4740 10.2507 471.7700
233 0.2328 -1.4575 0.2328 -1.4575 10.3492 520.5999
234 0.2304 -1.4679 0.2304 -1.4679 10.4377 568.7702
235 0.2235 -1.4983 0.2235 -1.4983 10.5913 663.1801
236 0.2254 -1.4898 0.2254 -1.4898 10.6599 710.2701
237 0.2219 -1.5055 0.2219 -1.5055 10.8173 831.3495
238 0.2220 -1.5050 0.2220 -1.5050 11.0009 998.7701
301 0.3937 -.9321 0.3937 -.9321 0.0000 0.0000
302 0.3817 -.9631 0.3817 -.9631 3.7796 0.7300
303 0.3696 -.9953 0.3696 -.9953 4.2513 1.1700
304 0.3610 -1.0188 0.3610 -1.0188 4.6367 1.7200
305 0.3598 -1.0222 0.3598 -1.0222 4.9402 2.3300
306 0.3534 -1.0401 0.3534 -1.0401 5.3414 3.4800
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Table 38. (Cant'd)

Depth W/z In W z  0' In 6' In t t
and (min) (hr)

Reading

307 0.3514 -1.0458 0.3514 -1.0458 5.6567 4.7700
308 0.3320 -1.1026 0.3320 -1.1026 5.8894 6.0200
309 0.3445 -1.0656 0.3445 -1.0656 6.0781 7.2700
310 0.3404 -1.0776 0.3404 -1.0776 6.2368 8.5200
311 0.3361 -1.0903 0.3361 -1.0903 6.3477 9.5200
312 0.3328 -1.1002 0.3328 -1.1002 6.4739 10.7999
313 0.3312 -1.1050 0.3312 -1.1050 6.5809 12.0199
314 0.3233 -1.1291 0.3233 -1.1291 6.7774 14.6299
315 0.3209 -1.1366 0.3209 -1.1366 6.9068 16.6499
316 0.3182 -1.1450 0.3182 -1.1450 7.0266 18.7700
317 0.3112 -1.1673 0.3112 -1.1673 7.1749 21.7700
318 0.3091 -1.1740 0.3091 -1.1740 7.3040 24.7700
319 0.2924 -1.2296 0.2924 -1.2296 7.7597 39.0700
320 0.2902 -1.2371 0.2902 -1.2371 7.8666 43.4799
321 0.2857 -1.2528 0.2857 -1.2528 8.2343 62.7999
322 0.2750 -1.2909 0.2750 -1.2909 8.5674 87.6199
323 0.2690 -1.3130 0.2690 -1.3130 8.8329 114.2700
324 0.2737 -1.2957 0.2737 -1.2957 8.9938 134.2199
325 0.2690 -1.3130 0.2690 -1.3130 9.1649 159.2700
326 0.2596 -1.3486 0.2596 -1.3486 9.3059 183.3801
327 0.2550 -1.3664 0.2550 -1.3664 9.5371 231.0699
328 0.2610 -1.3432 0.2610 -1.3432 9.7394 282.8800
329 0.2530 -1.3743 0.2530 -1.3743 9.8164 305.5200
330 0.2534 -1.3727 0.2534 -1.3727 9.9506 349.4297
331 0.2532 -1.3735 0.2532 -1.3735 10.0934 403.1000
332 0.2469 -1.3987 0.2469 -1.3987 10.2507 471.7700
333 0.2498 -1.3871 0.2498 -1.3871 10.3492 520.5999
334 0.2449 -1.4069 0.2449 -1.4069 10.4377 568.7702
335 0.2412 -1.4221 0.2412 -1.4221 10.5913 663.1801
336 0.2396 -1.4287 0.2396 -1.4287 10.6599 710.2701
337 0.2366 -1.4413 0.2366 -1.4413 10.8173 831.3495
338 0.2357 -1.4452 0.2357 -1.4452 11.0009 998.7701
401 0.3854 -.9534 0.3854 -.9534 0.0000 0.0000
402 0.3758 -.9787 0.3758 -.9787 3.7796 0.7300
403 0.3648 -1.0084 0.3648 -1.0084 4.2513 1.1700
404 0.3576 -1.0283 0.3576 -1.0283 4.6367 1.7200
405 0.3562 -1.0322 0.3562 -1.0322 4.9402 2.3300
406 0.3503 -1.0489 0.3503 -1.0489 5.3414 3.4800
407 0.3486 -1.0538 0.3486 -1.0538 5.6567 4.7700
408 0.3325 -1.1011 0.3325 -1.1011 5.8894 6.0200
409 0.3402 -1.0782 0.3402 -1.0782 6.0781 7.2700
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Table 38. (Cont'd)

Depth W/z 
and

Reading

In W/z 0 ' In 6' In t 
(min)

t
(hr)

410 0.3371 -1.0873 0.3371 -1.0873 6.2368 8.5200
411 0.3329 -1.0999 0.3329 -1.0999 6.3477 9.5200
412 0.3289 -1.1120 0.3289 -1.1120 6.4739 10.7999
413 0.3279 -1.1150 0.3279 -1.1150 6.5809 12.0199 ,
414 0.3202 -1.1388 0.3202 -1.1388 6.7774 14.6299
415 0.3180 -1.1457 0.3180 -1.1457 6.9068 16.6499
416 0.3147 -1.1561 0.3147 -1.1561 7.0266 18.7700
417 0.3082 -1.1770 0.3082 -1.1770 7.1749 21.7700
418 0.3066 -1.1822 0.3066 -1.1822 7.3040 24.7700
419 0.2891 -1.2409 0.2891 -1.2409 7.7597 39.0700
420 0.2869 -1.2486 0.2869 -1.2486 7.8666 43.4799
421 0.2801 -1.2726 0.2801 -1.2726 8.2343 62.7999
422 0.2701 -1.3089 0.2701 -1.3089 8.5674 87.6199
423 0.2646 -1.3295 0.2646 -1.3295 8.8329 114.2700
424 0.2683 -1.3156 0.2683 -1.3156 8.9938 134.2199
425 0.2633 -1.3344 0.2633 -1.3344 9.1649 159.2700
426 0.2546 -1.3680 0.2546 -1.3680 9.3059 183.3801
427 0.2486 -1.3919 0.2486 -1.3919 9.5371 231.0699
428 0.2539 -1.3708 0.2539 -1.3708 9.7394 282.8800
429 0.2459 -1.4028 0.2459 -1.4028 9.8164 305.5200
430 0.2467 -1.3995 0.2467 -1.3995 9.9506 349.4297
431 0.2458 -1.4032 0.2458 -1.4032 10.0934 403.1000
432 0.2396 -1.4287 0.2396 -1.4287 10.2507 471.7700
433 0.2420 -1.4188 0.2420 -1.4188 10.3492 520.5999
434 0.2371 -1.4392 0.2371 -1.4392 10.4377 568.7702
435 0.2333 -1.4554 0.2333 -1.4554 10.5913 663.1801
436 0.2319 -1.4614 0.2319 -1.4614 10.6599 710.2701
437 0.2288 -1.4749 0.2288 -1.4749 10.8173 831.3495
438 0.2254 -1.4898 0.2254 -1.4898 11.0009 998.7701
501 0.3824 -.9612 0.3824 -.9612 0.0000 0.0000
502 0.3751 -.9805 0.3751 -.9805 3.7796 0.7300
503 0.3642 -1.0100 0.3642 -1.0100 4.2513 1.1700
504 0.3573 -1.0291 0.3573 -1.0291 4.6367 1.7200
505 0.3554 -1.0345 0.3554 -1.0345 4.9402 2.3300
506 0.3522 -1.0435 0.3522 -1.0435 5.3414 3.4800
507 0.3493 -1.0518 0.3493 -1.0518 5.6567 4.7700
508 0.3351 -1.0933 0.3351 -1.0933 5.8894 6.0200
509 0.3407 -1.0767 0.3407 -1.0767 6.0781 7.2700
510 0.3379 -1.0850 0.3379 -1.0850 6.2368 8.5200
511 0.3347 -1.0945 0.3347 -1.0945 6.3477 9.5200
512 0.3319 -1.1029 0.3319 -1.1029 6.4739 10.7999
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Table 38. (Cont1d)

Depth W z  In W/z 6 ' In 6 ' I n t  t
and (min) (hr)

Beading

513 0.3293 -1.1107 0.3293 -1.1107 6.5809 12.0199
514 0.3245 -1.1254 0.3245 -1.1254 6.7774 14.6299
515 0.3217 -1.1341 0.3217 -1.1341 6.9068 16.6499
516 0.3171 -1.1485 0.3171 -1.1485 7.0266 18.7700
517 0.3117 -1.1657 0.3117 -1.1657 7.1749 21.7700
518 0.3114 -1.1666 0.3114 -1.1666 7.3040 24.7700
519 0.2940 -1.2241 0.2940 -1.2241 7.7597 39.0700
520 0.2919 -1.2313 0.2919 -1.2313 7.8666 43.4799
521. 0.2860 -1.2517 0.2860 -1.2517 8.2343 62.7999
522 0.2766 -1.2851 0.2766 -1.2851 8.5674 87.6199
523 0.2712 -1.3049 0.2712 -1.3049 8.8329 114.2700
524 0.2754 -1.2895 0.2754 -1.2895 8.9938 134.2199
525 0.2708 -1.3063 0.2708 -1.3063 9.1649 159.2700
526 0.2608 -1.3440 0.2608 -1.3440 9.3059 183.3801
527 0.2562 -1.3618 0.2562 -1.3618 9.5371 231.0699
528 0.2614 -1.3417 0.2614 -1.3417 9.7394 282.8800
529 0.2534 -1.3727 0.2534 -1.3727 9.8164 305.5200
530 0.2546 -1.3680 0.2546 -1.3680 9.9506 349.4297
531 0.2543 -1.3692 0.2543 -1.3692 10.0934 403.1000
532 0.2481 -1.3939 0.2481 -1.3939 10.2507 471.7700
533 0.2503 -1.3851 0.2503 -1.3851 10.3492 520.5999
534 0.2457 -1.4036 0.2457 -1.4036 10.4377 568.7702
535 0.2421 -1.4184 0.2421 -1.4184 10.5913 663.1801
536 0.2408 -1.4237 0.2408 -1.4237 10.6599 710.2701
537 0.2364, -1.4422 0.2364 -1.4422 10.8173 831.3495
538 0.2321 -1.4605 0.2321 -1.4605 11.0009 998.7701
601 0.3800 -.9675 0.3800 -.9675 0.0000 0.0000
602 0.3737 -.9843 0.3737 -.9843 3.7796 0.7300
603 0.3642 -1.0100 0.3642 -1.0100 4.2513 1.1700
604 0.3572 -1.0294 0.3572 -1.0294 4.6367 1.7200
605 0.3540 -1.0384 0.3540 -1.0384 4.9402 2.3300
606 0.3499 -1.0501 0.3499 -1.0501 5.3414 3.4800
607 0.3461 -1.0610 0.3461 -1.0610 5.6567 4.7700
608 0.3331 -1.0993 0.3331 -1.0993 5.8894 6.0200
609 0.3370 -1.0876 0.3370 -1.0876 6.0781 7.2700
610 0.3348 -1.0942 0.3348 -1.0942 6.2368 8.5200
611 0.3318 -1.1032 0.3318 -1.1032 6.3477 9.5200
612 0.3281 -1.1144 0.3281 -1.1144 6.4739 10.7999
613 0.3261 -1.1205 0.3261 -1.1205 6.5809 12.0199
614 0.3210 -1.1363 0.3210 -1.1363 6.7774 14.6299
615 0.3181 -1.1453 0.3181 -1.1453 6.9068 16.6499
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Table 38. (Cont'd)

Depth WZz In W/z ©' In 6' In t t
and (min) (hr)

Reading

616 0.3138 -1.1590 0.3138 -1.1590 7.0266 18.7700
617 0.3093 -1.1734 0.3093 -1.1734 7.1749 21.7700
618 0.3084 -1.1763 0.3084 -1.1763 7.3040 24.7700
619 0.2919 -1.2313 0.2919 -1.2313 7.7597 39.0700
620 0.2896 -1.2392 0.2896 -1.2392 7.8666 43.4799
621 0.2845 -1.2570 0.2845 -1.2570 8.2343 62.7999
622 0.2757 -1.2884 0.2757 -1.2884 8.5674 87.6199
623 0.2702 -1.3085 0.2702 -1.3085 8.8329 114.2700
624 0.2733 -1.2971 0.2733 -1.2971 8.9938 134.2199
625 0.2695 -1.3111 0.2695 -1.3111 9.1649 159.2700
626 0.2608 -1.3440 0.2608 -1.3440 9.3059 183.3801
627 0.2548 -1.3672 0.2548 -1.3672 9.5371 231.0699
628 0.2595 -1.3490 0.2595 -1.3490 9.7394 282.8800
629 0.2519 -1.3787 0.2519 -1.3787 9.8164 305.5200
630 0.2530 -1.3743 0.2530 -1.3743 9.9506 349.4297
631 0.2516 -1.3799 0.2516 -1.3799 10.0934 403.1000
632 0.2460 -1.4024 0.2460 -1.4024 10.2507 471.7700
633 0.2479 -1.3947 0.2479 -1.3947 10.3492 520.5999
634 0.2441 -1.4101 0.2441 -1.4101 10.4377 568.7702
635 0.2406 -1.4246 0.2406 -1.4246 10.5913 663.1801
636 0.2390 -1.4313 0.2390 -1.4313 10.6599 710.2701
637 0.2342 -1.4515 0.2342 -1.4515 10.8173 831.3495
638 0.2301 -1.4692 0.2301 -1.4692 11.0009 998.7701
701 0.3738 -.9840 0.3738 -.9840 0.0000 0.0000
702 0.3683 -.9988 0.3683 -.9988 3.7796 0.7300
703 0.3593 -1.0236 0.3593 -1.0236 4.2513 1.1700
704 0.3537 -1.0393 0.3537 -1.0393 4.6367 1.7200
705 0.3506 -1.0481 0.3506 -1.0481 4.9402 2.3300
706 0.3435 -1.0685 0.3435 -1.0685 5.3414 3.4800
707 0.3376 -1.0859 0.3376 -1.0859 5.6567 4.7700
708 0.3239 -1.1273 0.3239 -1.1273 5.8894 6.0200
709 0.3251 -1.1236 0.3251 -1.1236 6.0781 7.2700
710 0.3215 -1.1347 0.3215 -1.1347 6.2368 8.5200
711 0.3175 -1.1472 0.3175 -1.1472 6.3477 9.5200
712 0.3141 -1.1580 0.3141 -1.1580 6.4739 10.7999
713 0.3115 -1.1663 0.3115 -1.1663 6.5809 12.0199
714 0.3061 -1.1838 0.3061 -1.1838 6.7774 14.6299
715 0.3027 -1.1950 0.3027 -1.1950 6.9068 16.6499
716 0.2984 -1.2093 0.2984 -1.2093 7.0266 18.7700
717 0.2940 -1.2241 0.2940 -1.2241 7.1749 21.7700
718 0.2926 -1.2289 0.2926 -1.2289 7.3040 24.7700
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Table 38. (Cont'd)

Depth W/z In W/z 9 ” In 0' In t t
and (min) (hr)

Reading

719 0.2753 -1.2898 0.2753 -1.2898 7.7597 39.0700
720 0.2739 -1.2949 0.2739 -1.2949 7.8666 43.4799
721 0.2681 -1.3164 0.2681 -1.3164 8.2343 62.7999
722 0.2592 -1.3501 0.2592 -1.3501 8.5674 87.6199
723 0.2533 -1.3731 0.2533 -1.3731 8.8329 114.2700
724 0.2557 -1.3637 0.2557 -1.3637 8.9938 134.2199
725 0.2522 -1.3775 0.2522 -1.3775 9.1649 159.2700
726 0.2438 -1.4114 0.2438 -1.4114 9.3059 183.3801
727 0.2383 -1.4342 0.2383 -1.4342 9.5371 231.0699
728 0.2427 -1.4159 0.2427 -1.4159 9.7394 282.8800
729 0.2352 -1.4473 0.2352 -1.4473 9.8164 305.5200
730 0.2358 -1.4447 0.2358 -1.4447 9.9506 349.4297
731 0.2338 -1.4532 0.2338 -1.4532 10.0934 403.1000
732 0.2288 -1.4749 0.2288 -1.4749 10.2507 471.7700
733 0.2311 -1.4649 0.2311 -1.4649 10.3492 520.5999
734 0.2274 -1.4810 0.2274 -1.4810 10.4377 568.7702
735 0.2231 -1.5001 0.2231 -1.5001 10.5913 663.1801
736 0.2222 -1.5041 0.2222 -1.5041 10.6599 710.2701
737 0.2172 -1.5269 0.2172 -1.5269 10.8173 831.3495
738 0.2127 -1.5478 0.2127 -1.5478 11.0009 998.7701
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Table 39. Regression data, site 5.

Depth W/z 
and

Reading
In W/z ©' In 6 ' In t 

(min)
t
(hr)

101 0.4590 -.7787 0.4590 -.7787 0.0000 0.0000
102 0.4510 -.7962 0.4510 -.7962 2.9549 0.3200
103 0.4340 -.8347 0.4340 -.8347 3.8959 0.8200
104 0.4260 -.8533 0.4260 -.8533 4.3720 1.3200
105 0.4190 -.8698 0.4190 -.8698 4.6932 1.8200
106 0.4030 -.9088 0.4030 -.9088 5.2160 3.0700
107 0.4000 -.9162 0.4000 -.9162 5.4980 4.0700
108 0.3810 -.9649 0.3810 -.9649 5.8977 6.0700
109 0.3760 -.9781 0.3760 -.9781 6.1825 8.0700
H O 0.3660 -1.0051 0.3660 -1.0051 6.4039 10.0699
111 0.3610 -1.0188 0.3610 -1.0188 6.5851 12.0700
112 0.3550 -1.0356 0.3550 -1.0356 6.7384 14.0699
113 0.3500 -1.0498 0.3500 -1.0498 6.9462 17.3199
114 0.3440 -1.0671 0.3440 -1.0671 7.0425 19.0700
115 0.3420 -1.0729 0.3420 -1.0729 7.1422 21.0700
116 0.3410 -1.0758 0.3410 -1.0758 7.2329 23.0700
117 0.3110 -1.1679 0.3110 -1.1679 7.7870 40.1499
118 0.3060 -1.1841 0.3060 -1.1841 7.8337 42.0700
119 0.3070 -1.1809 0.3070 -1.1809 7.8801 44.0700
120 0.2970 -1.2140 0.2970 -1.2140 8.3149 68.0700
121 0.2940 -1.2241 0.2940 -1.2241 8.6150 91.8999
122 0.2860 -1.2517 0.2860 -1.2517 8.8406 115.1500
123 0.2740 -1.2946 0.2740 -1.2946 9.0124 136.7300
124 0.2720 -1.3019 0.2720 -1.3019 9.1793 161.5701
125 0.2660 -1.3242 0.2660 -1.3242 9.3228 186.4999
126 0.2690 -1.3130 0.2690 -1.3130 9.4315 207.9299
127 0.2580 -1.3548 0.2580 -1.3548 9.5489 233.8199
128 0.2570 -1.3586 0.2570 -1.3586 9.8876 328.0696
129 0.2500 -1.3863 0.2500 -1.3863 10.0214 375.1001
130 0.2390 -1.4313 0.2390 -1.4313 10.3013 496.2299
131 0.2800 -1.2729 0.2800 -1.2729 10.4434 571.9799
132 0.2620 -1.3394 0.2620 -1.3394. 10.6322 690.8197
201 0.4537 -.7903 0.4537 -.7903 0.0000 0.0000
202 0.4510 -.7962 0.4510 -.7962 2.9549 0.3200
203 0.4340 -.8347 0.4340 -.8347 3.8959 0.8200
204 0.4323 -.8386 0.4323 -.8386 4.3720 1.3200
205 0.4253 -.8549 0.4253 -.8549 4.6932 1.8200
206 0.4132 -.8838 0.4132 -.8838 5.2160 3.0700
207 0.4097 -.8923 0.4097 -.8923 5.4980 4.0700
208 0.3926 -.9349 0.3926 -.9349 5.8977 6.0700
209 0.3881 -.9464 0.3881 —.9464 6.1825 8.0700
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Table 39. (Cont'd)

Depth W/z In W/z 6' In 6
and
Reading

In t , t
(min) (hr)

210 0.3771 -.9752 0.3771 -.9752 6.4039 10.0699
211 0.3731 -.9859 0.3731 -.9859 6.5851 12.0700
212 0.3676 -1.0007 0.3676 -1.0007 6.7384 14.0699
213 0.3631 -1.0130 0.3631 -1.0130 6.9462 17.3199
214 0,3575 -1.0286 0.3575 -1.0286 7.0425 19.0700
215 0.3570 -1.0300 0.3570 -1.0300 7.1422 21.0700
216 0.3521 -1.0438 0.3521 -1.0438 7.2329 23.0700
217 0,3216 -1.1344 0.3216 -1.1344 7.7870 40.1499
218 0.3215 -1.1347 0.3215 -1.1347 7.8337 42.0700
219 0.3201 -1.1391 0.3201 -1.1391 7.8801 44.0700
220 0.3110 -1.1679 0.3110 -1.1679 8.3149 68.0700
221 0.3037 -1.1917 0.3037 -1.1917 8.6150 91.8999
222 0.2952 -1.2201 0.2952 -1.2201 8.8406 115.1500
223 0.2837 -1.2598 0.2837 -1.2598 9.0124 136.7300
224 0.2846 -1.2566 0.2846 -1.2566 9.1793 161.5701
225 0.2786 -1.2779 0.2786 -1.2779 9.3228 186.4999
226 0.2796 -1.2744 0.2796 -1.2744 9.4315 207.9299
227 0.2706 -1.3071 0.2706 -1.3071 9.5489 233.8199
228 0.2667 -1.3216 0.2667 -1.3216 9.8876 328.0696
229 0.2602 -1.3463 0.2602 -1.3463 10.0214 375.1001
230 0.2511 -1.3819 0.2511 -1.3819 10.3013 496.2299
231 0.2916 -1.2323 0.2916 -1.2323 10.4434 571.9799
232 0.2717 -1.3030 0.2717 -1.3030 10.6322 690.8197
301 0.4463 -.8067 0.4463 -.8067 0.0000 0.0000
302 0.4445 -.8108 0.4445 -.8108 2.9549 0.3200
303 0.4307 -.8423 0.4307 -.8423 3.8959 0.8200
304 0.4280 -.8486 0.4280 -.8486 4.3720 1.3200
305 0.4216 -.8637 0.4216 -.8637 4.6932 1.8200
306 0.4134 -.8833 0.4134 -.8833 5.2160 3.0700
307 0.4088 -.8945 0.4088 -.8945 5.4980 4.0700
308 0.3940 -.9314 0.3940 -.9314 5.8977 6.0700
309 0.3874 -.9483 0.3874 -.9483 6.1825 8.0700
310 0.3794 -.9691 0.3794 -.9691 6.4039 10.0699
311 0.3763 -.9773 0.3763 -.9773 6.5851 12.0700
312 0.3697 -.9950 0.3697 -.9950 6.7384 14.0699
313 0.3637 -1.0114 0.3637 -1.0114 6.9462 17.3199
314 0.3593 -1.0236 0.3593 -1.0236 7.0425 19.0700
315 0.3570 -1.0300 0.3570 -1.0300 7.1422 21.0700
316 0.3537 -1.0393 0.3537 -1.0393 7.2329 23.0700
317 0.3227 -1.1310 0.3227 -1.1310 7.7870 40.1499
318 0.3230 -1.1301 0.3230 -1.1301 7.8337 42.0700
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Table 39. (Cont'd)

Depth W z  In W z  6 " In ©" In t t
and (min) (hr)

Reading

319 0.3204 -1.1381 0.3204 -1.1381 7.8801 44.0700
320 0.3113 -1.1670 0.3113 -1.1670 8.3149 68.0700
321 0.3038 -1.1913 0.3038 -1.1913 8.6150 91.8999
322 0.2942 -1.2235 0.2942 -1.2235 8.8406 115.1500
323 0.2851 -1.2549 0.2851 -1.2549 9.0124 136.7300
324 0.2870 -1.2482 0.2870 -1.2482 9.1793 161.5701
325 0.2797 -1.2740 0.2797 -1.2740 9.3228 186.4999
326 0.2788 -1.2772 0.2788 -1.2772 9.4315 207.9299
327 0.2704 -1.3078 0.2704 -1.3078 9.5489 233.8199
328 0.2648 -1.3287 0.2648 -1.3287 9.8876 328.0696
329 0.2598 -1.3478 0.2598 -1.3478 10.0214 375.1001
330 0.2514 -1.3807 0.2514 -1.3807 10.3013 496.2299
331 0.2852 -1.2545 0.2852 -1.2545 10.4434 571.9799
332 0.2721 -1.3015 0.2721 -1.3015 10.6322 690.8197
401 0.4410 -.8187 0.4410 -.8187 0.0000 0.0000
402 0.4394 -.8223 0.4394 -.8223 2.9549 0.3200
403 0.4281 -.8484 0.4281 -.8484 3.8959 0.8200
404 0.4250 -.8556 0.4250 -.8556 4.3720 1.3200
405 0.4210 -.8651 0.4210 -.8651 4.6932 1.8200
406 0.4121 -.8864 0.4121 -.8864 5.2160 3.0700
407 0.4098 -.8920 0.4098 -.8920 5.4980 4.0700
408 0.3972 -.9233 0.3972 -.9233 5.8977 6.0700
409 0.3910 -.9390 0.3910 -.9390 6.1825 8.0700
410 0.3812 -.9644 0.3812 -.9644 6.4039 10.0699
411 0.3797 -.9683 0.3797 -.9683 6.5851 12.0700
412 0.3737 -.9843 0.3737 -.9843 6.7384 14.0699
413 0.3652 -1.0073 0.3652 -1.0073 6.9462 17.3199
414 0.3632 -1.0128 0.3632 -1.0128 7.0425 19.0700
415 0.3609 -1.0191 0.3609 -1.0191 7.1422 21.0700
416 0.3582 -1.0266 0.3582 -1.0266 7.2329 23.0700
417 0.3265 -1.1193 0.3265 -1.1193 7.7870 40.1499
418 0.3249 -1.1242 0.3249 -1.1242 7.8337 42.0700
419 0.3227 -1.1310 0.3227 -1.1310 7.8801 44.0700
420 0.3125 -1.1631 0.3125 -1.1631 8.3149 68.0700
421 0.3056 -1.1854 0.3056 -1.1854 8.6150 91.8999
422 0.2978 -1.2113 0.2978 -1.2113 8.8406 115.1500
423 0.2868 -1.2489 0.2868 -1.2489 9.0124 136.7300
424 0.2882 -1.2441 0.2882 -1.2441 9.1793 161.5701
425 0.2805 -1.2711 0.2805 -1.2711 9.3228 186.4999
426 0.2806 -1.2708 0.2806 -1.2708 9.4315 207.9299
427 0.2710 -1.3056 0.2710 -1.3056 9.5489 233.8199
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Table 39. (Cont1d)

Depth W/ z
and

Reading
In W/z 0' In 6' In t

(min)
t
(hr)

428 0.2649 -1.3284 0.2649 -1.3284 9.8876 328.0696
429 0.2601 -1.3466 0.2601 -1.3466 10.0214 375.1001
430 0.2528 -1.3751 0.2528 -1.3751 10.3013 496.2299
431 0.2815 -1.2676 0.2815 -1.2676 10.4434 571.9799
432 0.2696 -1.3108 0.2696 -1.3108 10.6322 690.8197
501 0.4359 -.8303 0.4359 -.8303 0.0000 0.0000
502 0.4336 -.8356 0.4336 -.8356 2.9549 0.3200
503 0.4243 -.8573 0.4243 -.8573 3.8959 0.8200
504 0.4207 -.8658 0.4207 -.8658 4.3720 1.3200
505 0.4186 -.8708 0.4186 -.8708 4.6932 1.8200
506 0.4105 -.8903 0.4105 -.8903 5.2160 3.0700
507 0.4089 -.8942 0.4089 -.8942 5.4980 4.0700
508 0.3980 -.9213 0.3980 -.9213 5.8977 6.0700
509 0.3936 -.9324 0.3936 -.9324 6.1825 8.0700
510 0.3840 -.9571 0.3840 -.9571 6.4039 10.0699
511 0.3831 -.9594 0.3831 -.9594 6.5851 12.0700
512 0.3767 -.9763 0.3767 -.9763 6.7384 14.0699
513 0.3693 -.9961 0.3693 -.9961 6.9462 17.3199 .
514 0.3665 -1.0037 0.3665 -1.0037 7.0425 19.0700
515 0.3647 -1.0086 0.3647 -1.0086 7.1422 21.0700
516 0.3627 -1.0141 0.3627 -1.0141 7.2329 23.0700
517 0.3305 -1.1071 0.3305 -1.1071 7.7870 40.1499
518 0.3281 -1.1144 0.3281 -1.1144 7.8337 42.0700
519 0.3267 -1.1187 0.3267 -1.1187 7.8801 44.0700
520 0.3167 -1.1498 0.3167 -1.1498 8.3149 68.0700
521 0.3096 -1.1724 0.3096 -1.1724 8.6150 91.8999
522 0.3018 -1.1979 0.3018 -1.1979 8.8406 115.1500
523 0.2902 -1.2371 0.2902 -1.2371 9.0124 136.7300
524 0.2907 -1.2354 0.2907 -1.2354 9.1793 161.5701
525 0.2836 -1.2601 0.2836 -1.2601 9.3228 186.4999
526 0.2832 -1.2616 0.2832 -1.2616 9.4315 207.9299
527 0.2746 -1.2924 0.2746 -1.2924 9.5489 233.8199
528 0.2673 -1.3193 0.2673 -1.3193 9.8876 328.0696
529 0.2622 -1.3386 0.2622 -1.3386 10.0214 375.1001
530 0.2544 -1.3688 0.2544 -1.3688 10.3013 496.2299
531 0.2806 -1.2708 0.2806 -1.2708 10.4434 571.9799
532 0.2701 -1.3089 0.2701 -1.3089 10.6322 690.8197
601 0.4297 -.8446 0.4297 — .8446 0.0000 0.0000
602 0.4273 -.8502 0.4273 -.8502 2.9549 0.3200
603 0.4193 -.8691 0.4193 -.8691 3.8959 0.8200
604 0.4158 -.8775 0.4158 -.8775 4.3720 1.3200
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Table 39. (Cont1d)

Depth W/z In W/z 6'
and

Reading
In 0' In t 

(min)
t
(hr)

605 0.4134 -.8833 0.4134 -.8833 4.6932 1.8200
606 0.4070 -.8989 0.4070 -.8989 5.2160 3.0700
607 0.4059 -.9016 0.4059 -.9016 5.4980 4.0700
608 0.3962 -.9258 0.3962 -.9258 5.8977 6.0700
609 0.3933 -.9331 0.3933 -.9331 6.1825 8.0700
610 0.3840 -.9571 0.3840 -.9571 6.4039 10.0699
611 0.3831 -.9594 0.3831 -.9594 6.5851 12.0700
612 0.3773 -.9747 0.3773 -.9747 6.7384 14.0699
613 0.3709 -.9918 0.3709 -.9918 6.9462 17.3199
614 0.3689 -.9972 0.3689 -.9972 7.0425 19.0700
615 0.3671 -1.0021 0.3671 -1.0021 7.1422 21.0700
616 0.3642 -1.0100 0.3642 -1.0100 7.2329 23.0700
617 0.3351 -1.0933 0.3351 -1.0933 7.7870 40.1499
618 0.3322 -1.1020 0.3322 -1.1020 7.8337 42.0700
619 0.3297 -1.1095 0.3297 -1.1095 7.8801 44.0700
620 0.3212 -1.1356 0.3212 -1.1356 8.3149 68.0700
621 0.3156 -1.1532 0.3156 -1.1532 8.6150 91.8999
622 0.3069 -1.1812 0.3069 -1.1812 8.8406 115.1500
623 0.2954 -1.2194 0.2954 -1.2194 9.0124 136.7300
624 0.2959 -1.2177 0.2959 -1.2177 9.1793 161.5701
625 0.2906 -1.2358 0.2906 -1.2358 9.3228 186.4999
626 0.2901 -1.2375 0.2901 -1.2375 9.4315 207.9299
627 0.2798 -1.2736 0.2798 -1.2736 9.5489 233.8199
628 0.2730 -1.2982 0.2730 -1.2982 9.8876 328.0696
629 0.2680 -1.3167 0.2680 -1.3167 10.0214 375.1001
630 0.2603 -1.3459 0.2603 -1.3459 10.3013 496.2299
631 0.2831 -1.2619 0.2831 -1.2619 10.4434 571.9799
632 0.2754 -1.2895 0.2754 -1.2895 10.6322 690.8197
701 0.4226 -.8613 0.4226 -.8613 0.0000 0.0000
702 0.4214 -.8641 0.4214 -.8641 2.9549 0.3200
703 0.4129 -.8845 0.4129 -.8845 3.8959 0.8200
704 0.4102 -.8911 0.4102 -.8911 4.3720 1.3200
705 0.4085 -.8952 0.4085 -.8952 4.6932 1.8200
706 0.4022 -.9108 0.4022 -.9108 5.2160 3.0700
707 0.4018 -.9118 0.4018 -.9118 5.4980 4.0700
708 0.3940 -.9314 0.3940 -.9314 5.8977 6.0700
709 0.3914 -.9380 0.3914 -.9380 6.1825 8.0700
710 0.3835 -.9584 0.3835 -.9584 6.4039 10.0699
711 0.3814 -.9639 0.3814 -.9639 6.5851 12.0700
712 0.3778 -.9733 0.3778 -.9733 6.7384 14.0699
713 0.3717 -.9896 0.3717 -.9896 6.9462 17.3199
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Table 39. (Cont'd)

Depth W/z In W/z 6' In ©' In t t
and (min) (hr)

Reading

714 0.3700 -.9942 0.3700 -.9942 7.0425 19.0700
715 0.3675 -1.0010 0.3675 -1.0010 7.1422 21.0700
716 0.3651 -1.0075 0.3651 -1.0075 7.2329 23.0700
717 0.3375 -1.0861 0.3375 -1.0861 7.7870 40.1499
718 0.3340 -1.0966 0.3340 -1.0966 7.8337 42.0700
719 0.3318 -1.1032 0.3318 -1.1032 7.8801 44.0700
720 0.3242 -1.1264 0.3242 -1.1264 8.3149 68.0700
721 0.3192 -1.1419 0.3192 -1.1419 8.6150 91.8999
722 0.3109 -1.1682 0.3109 -1.1682 8.8406 115.1500
723 0.2993 -1.2063 0.2993 -1.2063 9.0124 136.7300
724 0.3002 -1.2033 0.3002 -1.2033 9.1793 161.5701
725 0.2956 -1.2187 0.2956 -1.2187 9.3228 186.4999
726 0.2945 -1.2224 0.2945 -1.2224 9.4315 207.9299
727 0.2845 -1.2570 0.2845 -1.2570 9.5489 233.8199
728 0.2775 -1.2819 0.2775 -1.2819 9.8876 328.0696
729 0.2732 -1.2975 0.2732 -1.2975 10.0214 375.1001
730 0.2656 -1.3257 0.2656 -1.3257 10.3013 496.2299
731 0.2864 -1.2503 0.2864 -1.2503 10.4434 571.9799
732 0.2804 -1.2715 0.2804 -1.2715 10.6322 690.8197

0 8.0700 2.0881 8.0700 2.0881 0.0000 0.0000
629 0.2680 -1.3167 0.2680 -1.3167 10.0214 375.1001
630 0.2603 -1.3459 0.2603 -1.3459 10.3013 496.2299
631 0.2831 -1.2619 0.2831 -1.2619 10.4434 571.9799
632 0.2754 -1.2895 0.2754 -1.2895 10.6322 690.8197
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Table 40. Regression data, site 6.

Depth WZz In W/z 0' In 0' In t t
and (min) (hr)
Reading

101 0.4680 -.7592 0.4680 -.7592 0.0000 0.0000
102 0.4500 -.7985 0.4500 -.7985 3.8330 0.7700
103 0.4410 -.8187 0.4410 -.8187 4.8919 2.2200
104 0.4250 -.8556 0.4250 -.8556 5.3973 3.6800
105 0.4110 -.8891 0.4110 -.8891 5.6525 4.7500
106 0.4100 -.8916 0.4100 -.8916 5.9615 6.4700
107 0.3910 -.9390 0.3910 -.9390 6.2600 8.7200
108 0.3530 -1.0412 0.3530 -1.0412 7.2101 22.5499
109 0.3470 -1.0584 0.3470 -1.0584 7.3020 24.7200
H O 0.3440 -1.0671 0.3440 -1.0671 7.3318 25.4700
111 0.3520 -1.0441 0.3520 -1.0441 7.4736 29.3499
112 0.3330 -1.0996 0.3330 -1.0996 7.9374 46.6700
113 0.3270 -1.1178 0.3270 -1.1178 8.0295 51.1700
114 0.3260 -1.1208 0.3260 -1.1208 5.0613 2.6300
115 0.3140 -1.1583 0.3140 -1.1583 8.3490 70.4299
116 0.3110 -1.1679 0.3110 -1.1679 8.3907 73.4299
117 0.3130 -1.1615 0.3130 -1.1615 8.6920 99.2499
118 0.3030 -1.1940 0.3030 -1.1940 8.9022 122.4700
119 0.2970 -1.2140 0.2970 -1.2140 9.0795 146.2200
120 0.2890 -1.2413 0.2890 -1.2413 9.2092 166.4699
121 0.2850 -1.2552 0.2850 -1.2552 9.3412 189.9700
122 0.2800 -1.2729 0.2800 -1.2729 9.4668 215.4001
123 0.2820 -1.2658 0.2820 -1.2658 9.5838 242.1300
124 0.2700 -1.3093 0.2700 -1.3093 9.8333 310.7501
125 0.2730 -1.2982 0.2730 -1.2982 9.9848 361.5802
126 0.2610 -1.3432 0.2610 -1.3432 10.1062 408.2202
127 0.2640 -1.3318 0.2640 -1.3318 10.3132 502.1297
128 0.2600 -1.3470 0.2600 -1.3470 10.4033 549.4695
129 0.2510 -1.3823 0.2510 -1.3823 10.6022 670.3800
130 0.2690 -1.3130 0.2690 -1.3130 10.7089 745.8797
131 0.2590 -1.3509 0.2590 -1.3509 10.8300 841.8798
201 0.4641 -.7676 0.4641 -.7676 0.0000 0*0000
202 0.4490 -.8007 0.4490 -.8007 3.8330 0.7700
203 0.4357 -.8308 0.4357 -.8308 4.8919 2.2200
204 0.4240 -.8580 0.4240 -.8580 5.3973 3.6800
205 0.4120 -.8867 0.4120 — .8867 5.6525 4.7500
206 0.4056 -.9023 0.4056 -.9023 5.9615 6.4700
207 0.3939 -.9316 0.3939 -.9316 6.2600 8.7200
208 0.3564 -1.0317 0.3564 -1.0317 7.2101 22.5499
209 0.3518 -1.0446 0.3518 -1.0446 7.3020 24.7200
210 0.3484 -1.0544 0.3484 -1.0544 7.3318 25.4700
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Table 40. (Cont1d)

Depth W/z In W/z 6' In ©' In t
and (min)

Reading
t
(hr)

211 0.3505 -1.0484 0.3505 -1.0484 7.4736 29.3499
212 0.3364 -1.0894 0.3364 -1.0894 7.9374 46.6700
213 0.3294 -1.1104 0.3294 -1.1104 8.0295 51.1700
214 0.3318 -1.1032 0.3318 -1.1032 5.0613 2.6300
215 0.3164 -1.1507 0.3164 -1.1507 8.3490 70.4299
216 0.3134 -1.1602 0.3134 -1.1602 8.3907 73.4299
217 0.3140 -1.1583 0.3140 -1.1583 8.6920 99.2499
218 0.3040 -1.1907 0.3040 -1.1907 8.9022 122.4700
219 0.2960 -1.2174 0.2960 -1.2174 9.0795 146.2200
220 0.2929 -1.2279 0.2929 -1.2279 9.2092 166.4699
221 0.2879 -1.2451 0.2879 -1.2451 9.3412 189.9700
222 0.2815 -1.2676 0.2815 -1.2676 9.4668 215.4001
223 0.2854 -1.2538 0.2854 -1.2538 9.5838 242.1300
224 0.2681 -1.3164 0.2681 -1.3164 9.8333 310.7501
225 0.2720 -1.3019 0.2720 -1.3019 9.9848 361.5802
226 0.2649 -1.3284 0.2649 -1.3284 10.1062 408.2202
227 0.2625 -1.3375 0.2625 -1.3375 10.3132 502.1297
228 0.2585 -1.3528 0.2585 -1.3528 10.4033 549.4695
229 0.2500 -1.3863 0.2500 -1.3863 10.6022 670.3800
230 0.2646 -1.3295 0.2646 -1.3295 10.7089 745.8797
231 0.2537 -1.3716 0.2537 -1.3716 10.8300 841.8798
301 0.4625 -.7711 0.4625 -.7711 0.0000 0.0000
302 0.4526 -.7927 0.4526 -.7927 3.8330 0.7700
303 0.4374 -.8269 0.4374 -.8269 4.8919 2.2200
304 0.4253 -.8549 0.4253 -.8549 5.3973 3.6800
305 0.4152 -.8790 0.4152 -.8790 5.6525 4.7500
306 0.4087 -.8947 0.4087 -.8947 5.9615 6.4700
307 0.3988 -.9193 0.3988 -.9193 6.2600 8.7200
308 0.3631 -1.0130 0.3631 -1.0130 7.2101 22.5499
309 0.3591 -1.0241 0.3591 -1.0241 7.3020 24.7200
310 0.3580 -1.0272 0.3580 -1.0272 7.3318 25.4700
311 0.3582 -1.0266 0.3582 -1.0266 7.4736 29.3499
312 0.3431 -1.0697 0.3431 -1.0697 7.9374 46.6700
313 0.3391 -1.0814 0.3391 -1.0814 8.0295 51.1700
314 0.3397 -1.0797 0.3397 -1.0797 5.0613 2.6300
315 0.3264 -1.1196 0.3264 -1.1196 8.3490 70.4299
316 0.3237 -1.1279 0.3237 -1.1279 8.3907 73.4299
317 0.3238 -1.1276 0.3238 -1.1276 8.6920 99.2499
318 0.3151 -1.1548 0.3151 -1.1548 8.9022 122.4700
319 0.3038 -1.1913 0.3038 -1.1913 9.0795 146.2200
320 0.3007 -1.2016 0.3007 -1.2016 9.2092 166.4699
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Table 40. (Cont'd)

Depth W z  In W/z 6' In 6' In t t
and (min) (hr)

Reading

321 0.2971 -1.2136 0.2971
322 0.2898 -1.2385 0.2898
323 0.2915 -1.2327 0.2915
324 0.2772 -1.2830 0.2772
325 0.2805 -1.2711 0.2805
326 0.2708 -1.3063 0.2708
327 0.2673 -1.3193 0.2673
.328 0.2649 -1.3284 0.2649
329 0.2546 -1.3680 0.2546
330 0.2667 -1.3216 0.2667
331 0.2570 -1.3586 0.2570
401 0.4601 -.7763 0.4601
402 0.4554 -.7865 0.4554
403 0.4393 -.8225 0.4393
404 0.4267 -.8516 0.4267
405 0.4203 -.8667 0.4203
406 0.4134 -.8833 0.4134
407 0.4048 -.9043 0.4048
408 0.3719 -.9891 0.3719
409 0.3696 -.9953 0.3696
410 0.3671 -1.0021 0.3671
411 0.3660 -1.0051 0.3660
412 0.3551 -1.0353 0.3551
413 0.3499 -1.0501 0.3499
414. 0.3516 -1.0452 0.3516
415 0.3366 -1.0888 0.3366
416 0.3339 -1.0969 0.3339
417 0.3359 -1.0909 0.3359
418 0.3264 -1.1196 0.3264
419 0.3154 -1.1539 0.3154
420 0.3121 -1.1644 0.3121
421 0.3093 -1.1734 0.3093
422 0.2989 -1.2076 0.2989
423 0.3039 -1.1910 0.3039
424
425
426
427
428
429
430

-1.2136 9.3412 189.9700
-1.2385 9.4668 215.4001
-1.2327 9.5838 242.1300
-1.2830 9.8333 310.7501
-1.2711 9.9848 361.5802
-1.3063 10.1062 408.2202 
-1.3193 10.3132 502.1297 
-1.3284 10.4033 549.4695 
-1.3680 10.6022 670.3800 
-1.3216 10.7089 745.8797 
-1.3586 10.8300 841.8798 
-.7763 0.0000 0.0000

3.8330 0.7700
4.8919 2.2200
5.3973 3.6800
5.6525 4.7500
5.9615 6.4700
6.2600 8.7200
7.2101 22.5499
7.3020 24.7200
7.3318 25.4700
7.4736 29.3499
7.9374 46.6700
8.0295 51.1700
5.0613 2.6300
8.3490 70.4299
8.3907 73.4299
8.6920 99.2499
8.9022 122.4700 
9.0795 146.2200 
9.2092 166.4699 
9.3412 189.9700 
9.4668 215.4001 
9.5838 242.1300 

310.7501 
361.5802 
408.2202 
502.1297 
549.4695 
670.3800 
745.8797

-.7865
-.8225
-.8516
-.8667
-.8833
-.9043
-.9891
-.9953

- 1.0021
-1.0051
-1.0353
-1.0501
-1.0452
-1.0888
-1.0969
-1.0909
-1.1196
-1.1539
-1.1644
-1.1734
-1.2076
-1.1910

0.2880 -1.2448 0.2880 -1.2448 9.8333
0.2907 -1.2354 0.2907 -1.2354 9.9848
0.2812 -1.2686 0.2812 -1.2686 10.1062
0.2768 -1.2844 0.2768 -1.2844 10.3132
0.2725 -1.3001 0.2725 -1.3001 10.4033
0.2628 -1.3363 0.2628 -1.3363 10.6022
0.2724 -1.3004 0.2724 -1.3004 10.7089
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Table 40. (Cont1d)

Depth W z  In W z  0' In 0' In t t
and (min) (hr)
Reading

431 0.2644 -1.3302 0.2644 -1.3302 10.8300 841.8798
501 0.4566 -.7839 0,4566 -.7839 0.0000 0.0000
502 0.4520 -.7940 0.4520 -.7940 3.8330 0.7700
503 0.4392 -.8228 0.4392 -.8228 4.8919 2.2200
504 0.4268 -.8514 0.4268 -.8514 5.3973 3.6800
505 0.4219 -.8629 0.4219 -.8629 5.6525 4.7500
506 0.4155 -.8782 0.4155 -.8782 5.9615 6.4700
507 0.4090 -.8940 0.4090 -.8940 6.2600 8.7200
508 0.3789 -.9704 0.3789 -.9704 7.2101 22.5499
509 0.3770 -.9755 0.3770 -.9755 7.3020 24.7200
510 0.3748 -.9813 0.3748 -.9813 7.3318 25.4700
511 0.3743 -.9827 0.3743 -.9827 7.4736 29.3499
512 0.3626 -1.0144 0.3626 -1.0144 7.9374 46.6700
513 0.3607 -1.0197 0.3607 -1.0197 8.0295 51.1700
514 0.3611 -1.0186 0.3611 -1.0186 5.0613 2.6300
515 0.3462 -1.0607 0.3462 -1.0607 8.3490 70.4299
516 0.3436 -1.0682 0.3436 -1.0682 8.3907 73.4299
517 0.3458 -1.0619 0.3458 -1.0619 8.6920 99.2499
518 0.3367 -1.0885 0.3367 -1.0885 8.9022 122.4700
519 0.3252 -1.1233 0.3252 -1.1233 9.0795 146.2200
520 0.3210 -1.1363 0.3210 -1.1363 9.2092 166.4699
521 0.3174 -1.1476 0.3174 -1.1476 9.3412 189.9700
522 0.3080 -1.1776 0.3080 -1.1776 9.4668 215.4001
523 0.3126 -1.1628 0.3126 -1.1628 9.5838 242.1300
524 0.2976 -1.2120 0.2976 -1.2120 9.8333 310.7501
525 0.2977 -1.2116 0.2977 -1.2116 9.9848 361.5802
526 0.2886 -1.2427 0.2886 -1.2427 10.1062 408.2202
527 0.2831 -1.2619 0.2831 -1.2619 10.3132 502.1297
528 0.2789 -1.2769 0.2789 -1.2769 10.4033 549.4695
529 0.2686 -1.3145 0.2686 -1.3145 10.6022 670.3800
530 0.2767 -1.2848 0.2767 -1.2848 10.7089 745.8797
531 0.2703 -1.3082 0.2703 -1.3082 10.8300 841.8798
601 0.4497 -.7991 0.4497 -.7991 0.0000 0.0000
602 0.4452 -.8092 0.4452 -.8092 3.8330 0.7700
603 0.4337 -.8354 0.4337 -.8354 4.8919 2.2200
604 0.4240 -.8580 0.4240 -.8580 5.3973 3.6800
605 0.4191 -.8696 0.4191 -.8696 5.6525 4.7500
606 0.4140 -.8818 0.4140 -.8818 5.9615 6.4700
607 0.4067 -.8996 0.4067 -.8996 6.2600 8.7200
608 0.3776 -.9739 0.3776 -.9739 7.2101 22.5499
609 0.3777 -.9736 0.3777 -.9736 7.3020 24.7200
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Table 40. (Cont'd)

Depth W/z In W/z 0' In 0' In t t
and (min) (hr)

Reading

610 0.3738 -.9840 0.3738 -.9840 7.3318 25.4700
611 0.3736 -.9845 0.3736 -.9845 7.4736 29.3499
612 0.3630 -1.0133 0.3630 -1.0133 7.9374 46.6700
613 0.3596 -1.0227 0.3596 -1.0227 8.0295 51.1700
614 0.3596 -1.0227 0.3596 -1.0227 5.0613 2.6300
615 0.3450 -1.0642 0.3450 -1.0642 8.3490 70.4299
616 0.3425 -1.0714 0.3425 -1.0714 8.3907 73.4299
617 0.3448 -1.0647 0.3448 -1.0647 8.6920 99.2499
618 0.3363 -1.0897 0.3363 -1.0897 8.9022 122.4700
619 0.3217 -1.1341 0.3217 -1.1341 9.0795 146.2200
620 0.3193 -1.1416 0.3193 -1.1416 9.2092 166.4699
621 0.3158 -1.1526 0.3158 -1.1526 9.3412 189.9700
622 0.3079 -1.1779 0.3079 -1.1779 9.4668 215.4001
623 0.3107 -1.1689 0.3107 -1.1689 9.5838 242.1300
624 0.2960 -1.2174 0.2960 -1.2174 9.8333 310.7501
625 0.2959 -1.2177 0.2959 -1.2177 9.9848 361.5802
626 0.2874 -1.2468 0.2874 -1.2468 10.1062 408.2202
627 0.2806 -1.2708 0.2806 -1.2708 10.3132 502.1297
628 0.2763 -1.2862 0.2763 -1.2862 10.4033 549.4695
629 0.2670 -1.3205 0.2670 -1.3205 10.6022 670.3800
630 0.2741 -1.2942 0.2741 -1.2942 10.7089 745.8797
631 0.2672 -1.3197 0.2672 -1.3197 10.8300 841.8798
701 0.4410 -.8187 0.4410 -.8187 0.0000 0.0000
702 0.4368 -.8282 0.4368 -.8282 3.8330 0.7700
703 0.4261 -.8530 0.4261 -.8530 4.8919 2.2200
704 0.4181 -.8720 0.4181 -.8720 5.3973 3.6800
705 0.4131 -.8840 0.4131 -.8840 5.6525 4.7500
706 0.4083 -.8957 0.4083 -.8957 5.9615 6.4700
707 0.4002 -.9157 0.4002 -.9157 6.2600 8.7200
708 0.3704 -.9931 0.3704 -.9931 7.2101 22.5499
709 0.3706 -.9926 0.3706 -.9926 7.3020 24.7200
710 0.3673 -1.0015 0.3673 -rl.0015 7.3318 25.4700
711 0.3660 -1.0051 0.3660 -1.0051 7.4736 . 29.3499
712 0.3551 -1.0353 0.3551 -1.0353 7.9374 46.6700
713 0.3520 -1.0441 0.3520 -1.0441 8.0295 51.1700
714 0.3519 -1.0444 0.3519 -1.0444 5.0613 2.6300
715 0.3372 -1.0870 0.3372 -1.0870 8.3490 70.4299
716 0.3345 -1.0951 0.3345 -1.0951 8.3907 73.4299
717 0.3355 -1.0921 0.3355 -1.0921 8.6920 99.2499
718 0.3276 -1.1159 0.3276 -1.1159 8.9022 122.4700
719 0.3138 -1.1590 0.3138 -1.1590 9.0795 146.2200
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Table 40. (Cent1d)

Depth W z  
and

Reading
In W z  0 ' In 0' In t

(min)
t
(hr)

720 0.3108 -1.1686 0.3108 -1.1686 9.2092 166.4699
721 0.3071 -1.1805 0.3071 -1.1805 9.3412 189.9700
722 0.3009 -1.2009 0.3009 -1.2009 9.4668 215.4001
723 0.3020 -1.1973 0.3020 -1.1973 9.5838 242.1300
724 0.2884 -1.2434 0.2884 -1.2434 9.8333 310.7501
725 0.2881 -1.2444 0.2881 -1.2444 9.9848 361.5802
726 0.2800 -1.2729 0.2800 -1.2729 10.1062 408.2202
727 0.2736 -1.2960 0.2736 -1.2960 10.3132 502.1297
728 0.2691 -1.3126 0.2691 -1.3126 10.4033 549.4695
729 0.2603 -1.3459 0.2603 -1.3459 10.6022 670.3800
730 0.2667 -1.3216 0.2667 -1.3216 10.7089 745.8797
731 0.2600 -1.3470 0.2600 -1.3470 10.8300 841.8798
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