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The dispersion of chloride, nitrate, potassium, calcium, and

phosphate was investigated in three tropical soils represented by three

Hawaiian soils through a specially designed flow app,aratus.

Observed differences in the dispersion of these solutes for the

range of velocities tested were attributed to differences in ion

adsorption capacity and pore geometry.

Tritium showed negligible interaction with these soils and was

used to trace fluid dispersion. Tritium breakthrough curves differed

because of different dead-end porosities of these soils and were

estimated to range from 4 to 30 per cent. Potassium, calcium, and

phosphate showed trends in their breakthrough curves that were due to

dead-end pores. When dead-end pore volume was large, adsorption was

relatively small even when the potential for adsorbing ions was great.

Because of dead-end porosity a new dimension is added to the

interpretation of adsorption data. This in some cases invalidates

predicted adsorption based on traditional equilibration techniques.

A theoretical model was found adequate to describe the dispersion

of tritium, phosphate, chloride, and nitrate under saturated-flow

conditions. The unsaturated breakthrough curves of chloride and

nitrate also agreed fairly adequately with theory. The unsaturated and

saturated breakthrough curves of chloride and nitrate differed because

of the added effect of diffusion and restriction of adsorption sites

due to stagnant pores in the unsaturated case.



A quantity, Ve , which is a volume measured at the arrival of

one-half of the initial concentration appears to be a more useful

qualitative (as well as quantitative) index of dispersion and

adsorption than the dispersion coefficient, D. The experimentally

obtained ratio of VelVo can be interpreted to indicate the following:

velVo > 1, dispersion and adsorption

velVo = 1, dispersion only

velVo < 1, dispersion in the presence of stagnant

or dead-end pores

Vo is the total pore volume. Since Ve is a function of the type of

solute, its concentration and pore velocity, and can be estimated by

simple inspection of the breakthrough curve, its usefulness becomes

more apparent than D.

The dispersion approach to the study of silica-phosphate inter­

relations yielded results which were not in general agreement with

adsorption data obtained by non-flowing, batch equilibration techniques.

The adsorption of phosphate as shown by breakthrough curves was enhanced

by silica treatment in two soils. Less phosphate adsorption (fixation)

reported in the literature which have been attributed to silica

treatment was not shown to occur in the test soils. This particular

finding suggests that the reasons given for crop response to silicate

applications to soil need to be re~examined.
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INTRODUGrION

Transport of dissolved constituents in porous media has been

studied in agriculture to evaluate the importance of mass flow phenomenon

to nutrient uptake and fertilizer leaching, to develop practical methods

for washing unwanted excess salt from the rooting zone, and to ascertain

factors and conditions under which pollutants might be prevented from

entering the water resources of an area. It is with the same points in

mind that this study on solute dispersion was undertaken using tropical

soils as test samples since these soils have not been studied with

respect to this topic before.

Dispersion as described in the literature results from simultaneous

variation in microscopic velocity and molecular diffusion. It has the

characteristic of being greater in the direction of flow than

perpendicular to this direction. Dispersion which occurs along the mean

flow path is called longitudinal dispersion and that which occurs

perpendicular to this direction is called transverse dispersion. Most

investigations on this subject have been published in petroleum, chemical

and engineering journals. More recently in the field of soil science a

series of papers by Nielsen and Biggar (5, 6, 61, 62, 63, 64) has been

published and these have been followed by a number of papers by other

workers (13, 22, 26, 27) dealing with this topic.

The rational basis for studying dispersion is brought about by the

fact that when a soluble substance is placed in a moving fluid it spreads

out as time progresses. This spreading may be due to fluid motion alone

or in combination with molecular diffusion. In the literature very few
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writers distinguish dispersion from diffusion since the mathematical

equations describing them are identical. Diffusion which is brought

about by the intrinsic motion of the molecules becomes significant at

low flow velocities and narrow pore size distribution. Dispersion which

is a combined effect of mechanical mixing and molecular diffusion is more

important in the spreading of dissolved solutes when water moves through

media which possess interconnected flow channels. A third factor which

affects dispersion is solute adsorption and ion exchange. This factor

is often neglected (or experiments have been designed to eliminate it)

to simplify interpretation of dispersion data.

The basic formulation of the dispersion theory assumes flow through

an isotropic and sufficiently homogeneous non-reactive porous media.

These assumptions enabled early workers (49, 50, 54, 65, 66, 76) to

study hydrodynamic (fluid) dispersion using tracers. These assumptions

are valid since the porous materials used are generally sand, glass

beads and other relatively inert materials with more or less simple

geometries. Hence, the mathematical bases for the development of

dispersion theories are identical for fluid and solute dispersion. In

fact, the concentration-time curve of a given tracer enabled early

investigators to make predictions on the behaviour of fluid dispersing

in porous media. These are evident in the studies of civil engineers

for the development of techniques to replenish ground water basins by

artificial recharge (42, 54), salt-water encroachment (1, 20, 35)

primarily in the laminar region, and the disposal of radioactive waste

material (69).
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the search for a perfect tracer however, led to the study of the

importance of ion exchange, diffusion phenomena and chemical inter­

action. the physical chemists with their studies on exchange resins

have enriched the present knowledge in these areas (40, 41, 48, 52, 53,

92) and physical models which takes into account adsorption have been

suggested.

the assumptions of homogeneity and isotropicity infrequently apply

to soils since a complete soil contains several horizons all of which

differ greatly from each other. Horizons differ in such factors as

pore geometry, microstructure, clay mineralogy and adsorption

capacities. Information, however, gained from glass beads, resins,

sands and other non-soil media have been very useful in explaining

results of experiments gathered from soils (5, 13, 20, 61, 63).

Early studies on dispersion centered on fluid dispersion per ~.

this is evidenced by the fact that experiments were designed to elimi­

nate solute-media and solute-solute interactions and molecular

diffusion. Eliminating solute-media interaction was accomplished by

first saturating adsorption sites before the tracer of interest was

introduced. In effect, a homoionic medium (soil) was created before

introducing the tracer. the saturating fluid was also examined for

possible significant interaction with the displacing fluid. the effect

of molecular diffusion was minimized by conducting the experiments at

relatively high velocities (above 1 cm/hr).

Obviously there are two areas of interest in dispersion studies

the fluid and the solute. this study attempts to investigate solute

dispersion in aggregated soil media. to extend the utility of this
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study to the field of soil science, the solutes selected were those

which are commonly found in fertilizer materials or soil amendments and

which also ~re potential pollutants to underground water in agricultural

areas. The objectives of this study were: to gain knowledge on the

dispersion of chlorides, nitrates, calcium, potassium and phosphates;

and to describe the dispersion of these solutes in soils with a

hydrodynamic dispersion model.

As a basis for studying solute dispersion it was assumed that fluid

dispersion was independent of the kind of solute for each particular

soil sample. It was further assumed that the dispersion of a solute,

which exhibits no interaction with such media, is the same as the fluid.

These assumptions are emphasized because the identical mathematical

descriptions developed in the literature might wrongly lead one to

believe that fluid and solute dispersion are always identical.

The dispersion model adopted in this study is that of a one­

d~ensiona1 longitudinal dispersion in laminar flow. The mathematical

model is based on a solution of Fick's second law of diffusion and

basically a macroscopic approach. The mathematical model attempts to

incorporate both the effects of dispersion and adsorption in a single

expression. While drawing heavily from basic knowledge gained from

non-reactive media and non-adsorbed solutes the exper~ents described

in this study endeavor to present dispersion and adsorption as

inseparable and simultaneous phenomena occurring in soils.

Theories which extend to the subject of ion exchange and liquid

chromatography are reviewed to impress on the reader the spectrum of

available approaches when dealing with media such as soils.



Consider a problem in which one wishes to describe how a dissolved

constituent spreads along a given path in a porous medium as t~e

passes. The objective is to seek an appropriate model which will

predict the whereabouts of the substance in terms of its concentration

C, as it moves with an average speed V, to any position x, as a function

of t~e t.

In analyzing this problem the investigator is given a choice of at

least three approaches. They are the capillary tube model (86, 88),

statistical (2, 4, 13, 23, 78, 80) and macroscopic approach (9, 19, 65,

66). The difference in these approaches lies in the basic assumptions

laid out in arriving at the mathematical formulations. The capillary

model assumes a bundle of capillaries with equal diameters, and a

diffusion equation is then applied for one capillary. In the statistical

approach, it is assumed that there exists a probability that a certain

particle (of the dissolved substance) can be found at a certain time and

position in the porous media. In the macroscopic approach, the

dispersion problem is generally based on the gross be1,aviour of the

fluid flow using a solution of Fick's second law of diffusion.

Dispersion in a capillary tube

A porous medium can be idealized to represent a series of parallel

or tortuous capillaries with constant or variable diameters. The

dispersion equation for longitudinal dispersion in a small tube as

given by Taylor (88) is
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where e is concentration; r, radial distance; Dm, coefficient of

molecular diffusion; x, distance the solute has traveled; t, time; v,

average velocity; and a, radius of the tube. Taylor (88) assumed that

Dm is independent of e and that a2
e is much less than a2

e +! ae.
d x2 CJ r 2 r or

Putting z = rIa, equation (1) becomes

a 2c 1 (7 e _ a2 a C 2 a2v
-~+-----+.;;;...,;;----

"z2 z "z Om a t Dm

Letting xl = x - vt,

oe
ax (2)

a2e + 1 a e = a
2 aC + 2 a2v (-21 -z2)

(7 z2 z a z Om a t Dm .J (31

And finally, if the radial variation of e is small, then ~C is smallat
since the transfer of mass depends only on the radial variation of e.

Equation (3) can be simplified to

a 2e + 1 ae = 2 a2v (-21 _z2)
(;) z2. z d z Dm

whose solution is

where Cx
l

is the concentration at z = 0 and

(4)

(5)

[6]



To find the rate of transfer Q, of solute across the section at xl' we

can write

which after substituting the value of C from equation (5J and [6J ,

gives

7

7T a4 V2
Q = - 48 Dm (8J

Since the radial variation in C is small relative to the

longitudinal direction, CX1 can be replaced by C, the mean

concentration. Equation (8) can be written

Q = _ 'iT a4 V2
48 Dm

From this point, the equation governing longitudinal dispersion in a

capillary tube can be derived. Knowing that

and

then

[10)

since there is no loss or gain of matter. Putting

D' = a2 '\72
48 Dm



the final form of the dispersion equation in one capillary tube is

':l - ~ 2-C...£....f = D' C/

o t a x~

For the initial conditions

8

(13)

t := 0

the solution of (13) is

C 1:1 Co for xl .t!.. 0

for x > 0
1

as given by Crank (18) and Cars law and

where erfc

.9. := 1 erfc r.
Co 2 l2

2a = 1 - erf a. = 1 - .J1f

(141

Von Rosenberg (96) noted that these equations cannot be directly

applied to porous media unless the medium itself is composed of

parallel circular tubes. Qualitatively however, the analysis of

dispersion in a single capillary tube can be extended to porous media.

taylor's analysis is significant since he established that the

dispersion coefficient is directly proportional to the square of the

velocity and the geometry of the tube.

Random walk or statistical approach

As a consequence of taylor's (88) analysis of the dispersion of a
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soluble substance in a small tube, investigations (3, 4, 65, 76, 79) in

porous media followed. Beran (3), noting the particular way that

convective movements and molecular diffusive movements affected each

other when moving the soluble matter, struck upon the idea that perhaps

a different approach might yield the same result (as Taylor's) and at

the same time might point out the method of solution for the problem of

dispersion through granular media. The method used was statistical,

and rather than working with partial differential equations dealt with

probability distributions.

In actual dispersion phenomena, the path followed by a tracer is

not simple, but a random and disorderly one. The motion of a particle

at one point is entirely unrelated to that of another particle and as

s,uch, a probability exists that a certain fluid or tracer particle can

be found at a certain time and position in the porous medium. This is

the basis for studying dispersion statistically in laminar flow as

pointed out by Scheidegger (80). He suggested a random-walk type of

analysis. In this case the velocity distribution between the grains

(or aggregates) of the porous media is no longer parabolic BS in the

case of the capillary tube model. It is now changed to a rectangular

distribution consisting of a series of steps in the direction of the

flow. Essentially, the method used in this approach follows the motion

of a fluid or tracer particle step by step or as Saffman (78) puts it,

from cell to cell. An expression is obtained for the tracer particle's

final probable position upon adding all its past probable movements.

After N trials, using the Central Limit theorem, the distribution

follows a Gaussian distribution provided N is large such that the
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probability density function in three directions X, Y and Z can be

expressed as

-2­z
p (X,Y,Z) = (41TDt) exp [ - (15)

where D is the dispersion coefficient. For small concentrations the

probability distribution of a single molecule is the same as the

concentration pattern of a tracer. Hence, Day (20) modified

Scheidegger's (80) conclusion and established that

3

2' 2)C = VOl (47TDt) exp ( R
Co - 4 Dt

, =Volume of liquid in a cluster consideredwhere Vo Volume of liquid/Total volume of porous system

and R is the distance outwards to any point from center of cluster.

Beran (3) showed that the tracer concentration is normally

distributed in the flow direction and the standard deviation is

proportional to the square root of time. By analyzing a one­

dimensional problem which consisted of a soluble substance floWing

(16]

slowly through a granular medium, the concentration after a long time

has the form

C (x, t) = .;;C;,;;;o.;;.;n;;;.s,;;;t,.;..
4 Dt

exp [~(x - vt)
2
J

4 Dt J [17)

The statistical treatment of dispersion in porous media can be

summarized by the following assumptions of Scheidegger (80):

1. The por.ous medium is isotropic and averaged over the
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ensemble, homogeneous.

2. the external forces on the fluid are time independent.

3. Different parts of one sample are macroscopically identical,

which means that a fluid particle proceeding through the

porous medium finds the same ensemble probability for

displacement at all points for its path.

Macroscopic approach

A large number of dispersion studies (among them 1, 9, 36, 65, 66,

77, 85) lean heavily on the macroscopic approach and takes only the

gross behaviour of the fluid flow which includes additional mass flux

terms to account for the process of dispersion. Danckwerts (19) made

one of the first analyses based on this model.

For a one-dimensional system it is assumed that the governing

differential equation takes the form

with the solution

(18)

C ;:.1 erfc
Co 2 (

x - vt~+ .1 exp (v ~,
2.fDt) 2 DJ

erfc (X + vt )
2 jD;

(19]

subject to the conditions

C (O,t)

C (x,O)

=
= O·,

t ~ 0

x ~ 0

C (00, t) == 0; t ~ 0 (20)
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Equation 19 has the dimensionless form

C = 1. erfc
Co 2

f.. 1 - ~ ) + 1 exp (1) erfc (- 1 + ( ~
'\ 2 ffil 2: i 2 Jffl7

.[21]

where .r _ vt
) --,

x
~ =£ and erfc is the complementary error function.

vx

when "? <:. 1, the second term may be neglected without introducing

appreciable errors (54, 76). Hence

C 1 ex -vt\
Co = 2: erfc 2..[Dt )

which makes C/Co ~ .5 when x = vt.

Equation [22] can be transformed to

[22]

C 1 (2
1

Co =2: erfc
- VIVo)
~

[23]

offering the convenience of using parameters that are measurable in the

laboratory. V is the volume of effluent flowing through a column and

Vo is the pore volume which is defined as the volume occupied by air and

water, i.e., Vo = porosity x bulk volume.

Equation [23] imposes the requirement that c/co = .5 when one pore

volume is reached. This condition applies for sand or inert porous

media but does not hold for many important materials such as soils.

Cagauan ~ a1. (13) modified equation (231 and used the expression

C 1 (21 - V/V)Co .. 2: erfc ---.-::/=:;/==e
V V Ve

(24]
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where Ve is the volume of effluent when clCo = .5 is reached. Ve was

replaced by Ve mainly on the basis of the behaviour of CICo and without

regard to the physical implications of the parameters. This is shown

in Figure 1.

Dispersion. adsorption and ion exchange

It is implicit in the above equations that dispersion of a soluble

substance is brought about only by convective and diffusive processes.

Consider now a case where a solution disperses in a porous medium that

adsorbs a portion of the dissolved matter. The effect of such a

process will be to delay the time that the substance is detected at the

end of the column.

The same expression for a dispersion theory as in equation [18J

still applies; however, the change in concentration of the substance

with time is much reduced due to adsorption. Hence

oC I: Dot (25)

Where ~ ~ is the rate of adsorption of the porous medium, with

N(x,t) being the concentration of soluble matter adsorbed. The next

problem therefore, is to find an appropriate expression for ~~.

First-order rate equations - The rate of adsorption of a substance

by a porous medium is analogous to the rate of a chemical reaction.

Consider a first-order chemical reaction

A~B + C

If the initial concentration of A is a, after time t, x amount of A

decomposes so that the concentration of A is (a - x) and x



C
Co •

500

.300

.001
.0005
.0002
.0006.2 0.3 0.5 to

V/Ve

....
o.

2.0 3.0 5.0

14

10.0

FIGURE 1. THEORETICAL PLCY.l: OF EQUATION 24.
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concentrations of B or C have been formed. The rate of formation of B

or C is then, ~: which is

ax =
~

(a - x) (26J

where k1 = first-order rate constant. Similarly in porous media,

consider a substance S in solution reacting with the media, M

S :> M

Let the initial concentration of S be Co. If after time t, N

concentration of S has been lost by adsorption, the remaining

concentration of S is (Co - N), and roN concentration of the media have

been formed or gained. The rate of adsorption is thus, a NandBt
expressed as a rate equation

k (Co - N) (27)

where k = rate constant. Since Co - N = C, we have

aN III kCat

Equation [28] suggests that the substance is adsorbed irreversibly,

[28]

i.e., the porous medium does not contribute to the concentration of S.

In the case where adsorption is reversible, we have

k+1
S ... M
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positive and negative signs refer to the forward and reverse directions,

respectively. At t = 0, the concentration of S in solution is Co and

the concentration of S in the porous medium is m. If after time t, N

concentrations of A have been adsorbed by M, the concentration of S is

(Co - N), and that of M is (ID + N). The differential rate equation i~

therefore

if m<:.< Co or N, then

= kl (Co - m N)

[29]

[30]

kLl + k_l
where m = -,---:...-----

k+l
If k+l » k_ l equation [30]

reduces to equation (27J •

The dispersion equation for a system with irreversible absorption

in linear case can therefore be described by

~ C
t

= D d 2C _ v aC - kC
C7 d~ ox

whose solution, subject to the condition N(x,t) = 0, at x > 0 in

addition to the condition in (20] ,was shown by Ogata (67) as

(31)

2
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where

In the same manner, taking the case of reversible adsorption, a

dispersion equation may be assumed to be governed by the equation

(32]

which can be solved using the technique of Laplace transforms. Ogata

(67) arrived at the solution

l
oO

C 2e
a

2- = --- exp(-~­
Co ff

x
2 Dt

where

(341

k y-2/ S2 7'-=km
2 2

y = Ct-)- /<)
y2 = .,,820(2/4 ex = Vx

D
,,&2 = 4D

-2v

and J(y, ')0..) is a function described by Goldstein (32) and other workers

(39, 57, 95). It has the following properties:

J(x,y) = 1 -jX exp (-y- 0<) 10 (2 VYii) del

o



where 10 is a modified Bessel function of the first kind.

J(x,y) is also related to Thomas's (89) function, ~(x,y) by

(x,y) g 1 - exp (-x-y) ~(x,y)

and to Brinkley's g function (10),

(x,y) = 1 - g ( JJt, ~

Other relations are

1 - J(x,y) = J(y,x) - exp (-y-x) 10 (2 ~)

Since 10 (0) III 1, then

18

J(O,y) III 1; J(x,O) = exp (-x)

Also, J(x,x) = 1/2 [1 + exp (2x) 10 (2x)]

and lim J(x,y) = 0;
X~oo

lim J(x,y) = 1.
'Y~oo

The modified Bessel function, 10 , has the series equivalent as given by

K1inkenberg (51).

...

Second-order rate equations - Thomas (89) developed a theory to

describe heterogeneous ion exchange i~ a flowing system based on

second kinetics. It was supposed that the exchange between univalent

ions can be expressed by the law
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in which two opposing second order reations with velocity constant

k1 and k2 are assumed. No is the initial exchange capacity of the

adsorbent.

(35)

A fundamental equation for the flow process was derived (89), the

solution of which is

C I o (2 J k1 k2 rs) + lJ (k1 r, k2s)

Co I o (2 J k1 k2 rs) + lJ(k1 s, k2r) + 0(k1r, k2 s)

where

(36)

r = (t _ x)
A vIp

Db = bulk density

P = porosity

o = the Thomas function related to the J-function on

page 18.

The functions in equation b6) can be evaluated by special tables

(10, 39, 68). The feasibility of applying Thomas' theory to experi-

mental results has been suggested by Vermue1en (95) who considered this

to be the most important single result in the entire theory of

adsorption-column performance.



Other rate equations - The analysis of Weber and Morris (98) on

the adsorption kinetics of alkylbenzenesulfonate (ABS) on carbon finds

a similar application in soils. They expressed the instantaneous rate

of transfer of adsorbate from solution as

where Qm is the mass flow rate of solution; k t , transfer coefficient

per unit driving force; S, total external surface area across which

adsorption occurs; and f, a partition factor which is equal to the

value of C/N at equilibrium, obtainable from linear adsorption

isotherms. Similarly, the differential quantity of solute adsorbed

from solution by the media may be expressed by

20

dN = Qm (Co - C)
dt W

where W is the total weight of the reacting medium.

(38)

Separating the N term from equation 38 ,we have the integral

dC
(Co - C)

f ~ dt
W

Direct integration gives

(Co - C)
In -~-- = ­

Co
• t

= Kt
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K is the slope in a linear plot of 1n(1 - C/Co) vs. t.

The chromatographic approach .

Although chromatography has no direct bearing on the dispersion

problem it becomes important in dealing with problems involving

adsorption of solutes from solutions. It is a technique in which

resolution of a mixture is achieved by virtue of differences in

migration rates of the components in a packed column. It was first

applied to colored substances where bands of varying colors appear

while they move through the column, hence its name.

The most important techniques in column chromatography are elution

development, displacement development and frontal analysis. The

development techniques involve introduction of a mixture at the top of

the column after which a suitable counterion is introduced that makes

the necessary separation through a selectivity sequence inherent in the

ion exchanger. In frontal analysis the solution of interest is

continuously fed to the column rather than being 'developed' by a

displacing or eluting agent. The components are identified by the

occurrence of fronts in the effluents. The reader is referred to

He1fferich (38) for a more detailed discussion of techniques.

Wilson (101) developed a chromatographic theory based on the

assumption that instantaneous equilibrium between the solution and the

adsorbed material occurs. Although his .!heQ~y__was initially derived.,

- -----for a single solute in solution it is also applicable to mixtures.

Wilson's analysis of the one-solute problem proceeds as follows.

Consider a long column which contains M grams of adsorbent per
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centimeter of its length. It is desired to calculate the distribution

of adsorbed material in the column after a volume v of a solution

containing solute at an initial concentration Co has passed through it.

If the adsorption isotherm is described by the relation

q/m = f(C)

where q is the amount of solute adsorbed, m the amount of adsorbent in

equilibrium with the solution whose concentration is C, then under

equilibrium conditions at any point in the column where the concentra-

tion is C, there will be adsorbed Q amount of the solute per centimeter

length of the column, hence

Q/M = f(C) (41)

Let x be the distance from the top of the column to any lower point in

the column. If an element of volume dv passes through a cross-section

of thickness dx in which an amount Qdx of solute is initially adsorbed,

then the amount of solute adsorbed on this layer will change by an

amount (~) dvdx. The concentration of the solution will also change
ov x

by ( a C) dx. The amount of solute contained in the volume dv also has
oxv

to change by an amount ( ~ C) dxdv. The total amount of solute however
vxv

remains unchanged, so we have the relation

(..£..Q.) dvdx +
OVX

( ~ C) dvdx = 0
oxv

and substituting for Q, the differential equation for the chromatography

of a single solute is



[-2- (M f (C» ] x +c;v

whose general solution is

(43]
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c = fA [V - Mxf' (x~ [44J

where fA is an arbitrary function depending on the initial conditions,

and f' (C) is the first derivative of f(C).

DeVault (24) extended Wilson's theoretical development by

substituting - (dv) ( d C) for ( d C) in equation (42) and adding a
dx C (7 vax

term 0(, for pore volume.

He obtained the following expression

dv
(dx)C = C( + M f' (C)

whose general solution is

x = __---'v__-=-:-~::-

lX + M f' (C)

Considering the initial condition (v = 0) defined by

x = F(C)

equation (46) can be made more general as

(46J

x = F(C) + v
ex + M f' (C)

which can be easily rearranged to give



C = 0 { v x [()(. + Mf ' (C)]} •
24

(48)

When Of. = (>, equation (48) reduces to Wilson's solution.

Walter (97) gave a description of the adsorption of solutes which

is similar to Wilson and DeVault's by using equilibrium equations from

one- to multi-component systems. Thomas and Coleman (90) used a

modification of Walter's approach to study leaching of fertilizer salts.

One will note that the effects of convection and molecular

diffusion are not accounted for by the above chromatographic theories.

These effects are neglected because of the assumption of instantaneous

equilibrium between the solution and the adsorbed material. Lapidus

and Amundson (52, 53) questioned the assumption of instantaneous

equilibrium and developed some theories to evaluate the effect of

longitudinal diffusion in chromatographic and ion exchange columns.

Their analysis is similar to Ogata's (67) treatment of the dispersion

problem using a linear adsorption isotherm.

Breakthrough curve models

By convention, the dispersion of a solute flowing through a column

is shown by plotting the relative concentration, c/co' of the effluent

vs. its volume V, the number of pore volumes vivo, or the time t. The

resulting plot is called a breakthrough curve (BTC) and many

interpretations concerning the dispersion of a solute are based on the

shape and position of this curve. The BTC position is referenced to

the intersection of c/co = .5 and vivo = 1, and can pass through c/co

before, on or after vivo = 1. Four basic BTC models are illustrated in

Figure 2.



25

1.0

C Model I. Piston Flow (No
.5 dispersion or mixing)

Co

0
1 2

VIVo

1.0

C Model II. Longitudinal Dispersion

Co
.5 only

0
1 2

VIVo

1.0

Model III. Longitudinal dispersion

C
in the presence of dead

c. .5 water or dead-end pores

21

VIVo

01'-----6.----A.------J

MOdel IV. Longitudinal dispersion
with adsorption

1.0r------r-----~

£Co .SI------1--~---~

Ol"----.-I.;.....L------J
·1 2

V/V.

FIGURE 2. FOUR BASIC BREAKTHROUGH CURVE MODELS.
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Danckwerts (18) has pointed out that piston flow (Model I, Figure

2) never occurs with Newtonian fluids (e.g. water) since there will

always be some longitudinal mixing due to viscous effects and molecular

or eddy diffusion (in turbulent systems). Model II shows a departure

from piston flow and illustrates the effect of longitudinal dispersion.

When water in the system is not displaced and stays in stagnant pores,

the expected breakthrough curve is like the one illustrated by Model III.

Model IV shows the type of breakthrough curve if the solute is retained

or adsorbed by the porous medium. The stronger the adsorption, the

farther the BTC will be to the right of one pore volume.

Model II is typical for non-adsorbed solutes on inert media. Some

dispersion studies have identified the behaviour of this model as a

function of pore velocity (52, 63, 64). It is now known that varying

the average pore velocity will show breakthrough curves that are similar

in shape and position as those illustrated in Figure 3A.

The effect of pore velocity on Models III and IV is not well

understood. Dispersion data on Aiken clay loam soil published by

Nielsen and Biggar (63) showed some evidence of BTC's depicting Model

III for a low pore velocity. This is illustrated by Figure 3B.

BTC's may be a combination of Models II, III and IV, depending

upon the nature of the solute and the medium itself. In the absence of

solute-medium interaction Models II and III are more likely to appear

than Model IV. Solutes that are altered by biological transformation

or retained on surfaces through adsorption or ion exchange will

have BTC's similar to Model IV. Note that in Model III the factor

which causes the positioning of the BTC to the left of one



27

1.0,-------r-.."..--..."...-------

C .5
Co

0
2 3

VIVo

A. Effect of varying the average pore velocity on the
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with identical adsorption capacity. Average pore
velocities are identical.

FIGURE 3. THREE SPECIAL CASES OF MODELS II & III.
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pore volume is a physical effect. In Model IV the factor translating

the BTC to the right is chemical. A combination of thes~ two models

(III and IV) would show a BTC whose position approaches one pore

volume. If the effect of these two factors are equal but opposite in

direction, the resulting BTC would be expected to resemble Model II.

In nature, however, such coincidences are rare. To illustrate a com­

bination of Models III and IV, a case is assumed in which there is a

pronounced effect of adsorption on the BTC of the solute. If two media

of identical adsorption capacity but different dead-end porosities were

selected, the BTC's of such a system would resemble the case in Figure

3C.

If the adsorption process in the porous medium is time-dependent,

the BTC's for any medium in Figure 3C would be as illustrated in

Figure 4A.

If adsorption is instantaneous the effect of velocity may be

depicted by Figure 4B.

Another important factor which controls the shape and position of

the breakthrough curve is solute concentration. For non-adsorbed

solutes concentration has no effect on the BTC. Large variations in

,liquid densities resulting from changes in concentration may however,

cause a change in the micro-velocity distribution and in turn affect

the BTC. If the solute is adsorbed, the BTC's will appear as in

Figure 4C. There is a progressively steepening of the BTC slope and

its translation to the left with increasing solute concentration.

There are other possible combinations most of them perhaps,

complicated. The analysis in this study will be confined to these models.
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FIGURE 4. tHREE SPECIAL CASES OF MODELS III & IV.



MA'rERIALS AND MEtHODS

Design of dispersion apparatus

A flow unit was designed and constructed as shown schematically in

Figure 5. It is fabricated of po1yacry1ic plastic (lucite) and consists

of an inner cylinder in which the soil sample is packed and an outer

cylinder which serves as a pressure chamber. As a unit it can be used

for saturated and unsaturated flow experiments. the perforations in

the inner cylinder are covered with a thin plastic tape for saturated

flow experiments. (See Appendix for construction design and

specifications).

Both ends of the flow unit are fitted with porous plates (fritted

glass especially ordered from Corning Glass Co., Corning, N. Y.) and

rubber seals. the plates serve to hold and maintain the shape of the

soil sample and at the same time permits solution to flow into and out

of the sample. the solution chamber allows uniform solution entry into

the soil since this space is first occupied by the liquid before it

moves into the soil sample. It is believed that the design for solution

entry meets the requirement of a one-dimensional longitudinal flow

prescribed in the dispersion model.

Operation of the dispersion apparatus

One end of the apparatus is assembled and the soil placed in the

sample chamber through the open end.

Packing - the flow units were packed with air-dried soil materials

that were passed through a 2-mm sieve. In preparing the sample, care

was exercised to avoid unnecessary crushing of the aggregates. the soil
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FIGURE s. SCHEMAtIC DIAGRAM OF DISPERSION APPARATUS.
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materials were transferred to the cylinder by batch of three 50-ml cans

while tapping the sides fairly vigorously with a heavy wooden stick.

Filling the cylinders continuously through a funnel was found

unsatisfactory since the finer fractions tend to settle first. The

idea in packing was to evenly distribute the coarse and fine aggregates

in the cylinder.

Displacing entrapped air - After sealing the packed cylinders,

C02 gas was passed through it for at least an hour to displace air. The

CO2 pressure was adjusted by controlling its flow rate until gas bubbling

out into a beaker of water did not cause turbulent "boiling" of the

water. During this period, a slight pressure was allowed to develop in

the cylinder before allowing the gas to bubble out. This procedure was

repeated several times and facilitated the displacement of entrapped air

by C02.

Introducing the solute - After purging the system of air, all

outlets were closed to prevent backflow of air into the sample. One

outlet was kept connected to the water bubble and the saturating liquid

was introduced by capillarity at the opposite end. This was done by

first filling the space between the cover plate wall and porous plate

(which for brevity is called solution chamber) and levelling this

portion with the pressure head of the saturating liquid source by

positioning the flow unit in a vertical position. Once the top portion

of the cylinder appeared saturated (overnight to one day) the saturating

liquid (distilled water) was allowed to pass through the column. Before

this was done the solution chamber on the other end was completely

filled with the saturating liquid. This was accomplished while the flow
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unit was in a horizontal position. About 18 liters of distilled water

was made to pass through the column before a constant flow rate was

attained. If after passing 18-30 liters of distilled water and gas

bubbles were still visible on the cylinder wall, this indicated that

displacement of air by CO2 was incomplete. In this condition a constant

flow rate was difficult to attain under saturated flow. Samples that

exhibited incomplete CO2 displacement were discarded and repacked with

a fresh sample. In unsaturated flow however, the case was different

since air was allowed to enter the cylinder.

Once a constant flow rate was attained the displacing solution was

introduced at the desired flow rate. Adjustment of the flow rate was

done by letting the solution container sit on a jack or some other

device to allow easy adjustment of pressure head.

For unsaturated flow, air pressure equivalent to 35 cm of water

was applied and maintained during the entire experiment. the displacing

fluid was allowed to enter the cylinder when a constant flow rate was

reached. About 3 to 7 days was required to reach steady-state flow.

Effluent was collected with an automatic fraction collector using

a 10-ml volumetric syphon to dispense the samples into the test tubes.

Every tenth test tube was usually taken for analysis.

Solutes

Solutions of the following salts were prepared at 100-ppm

concentration:



34

Source Solute of interest Concentration

CaC12 Ca* and Cl- 100 ppm Cl-

KN03 NOJ 100 ppm NOJ

KCl rcf- 100 ppm rcf-

NH4H2P04 PO --- 100 ppm P4

Tritium Labeled Water Tritium 354 x 103 T.U.

The concentration of 100 ppm was selected for ease and convenience

of analysis and calculation. Other concentrations and solutes were

used and are indicated in the text.

Tritiated water was prepared by mixing 10 ml of Beckman's Tritium

Labeled Water which has an initial concentration of 2.04 x 106

degradations per minute per ml (DPM/m1), with 8 liters of distilled

water. The calculated concentration of the resulting solution based on

25 per cent machine efficiency was 2550 DPM/ml or 354 x 103 tritium

units (T.U.). Actual count at 3 per cent counting efficiency was

2582 DPM/m1.

The soils

Soils of the Mo10kai, Honou1iu1i and Wahiawa series were used in

this study and were collected from the Island of Oahu. The soil

materials used in the study are subsoils. The Molokai and Wahiawa

series comprise two of the most extensive soils devoted to agriculture

(pineapple and sugar cane). Some pertinent data on these soils are

presented in Table I. Soil descriptions are given in the Appendix.



TABLE I. CHEMICAL, PHYSICAL AND MINERALOGICAL
PROPERTIES OF THE THREE SOILS
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Chemical Properties

pH

Cation Exchange Capacity,
m.e./100 g

Ca

K
Mg

Anion Exchange Capacity,
m.e./100 g

Organic Matter, per cent

Physical Properties

Texture

Particle size, percent
Clay
Silt
Sand

Surface Area, sq. Mig

Aggregate Stability, percent
(wet-sieving)

Particle Density

Dominant Mineralogy

* Data from Hussain (43)
** Data from Sharma (83)

*** Data from Briones (11)

Mo1okai

0.26
1.76

0.5

0.81

Clay

82.7***
15.7
1.6

60.37**

84.0

2.93

Kaolin

Honouliuli

5.2

25.2*

11.80

0.10
9.20

1.40

Clay

72.0*
24.0
4.0

2.97

Kaolin

Wahiawa

6.4

11.9**

2.06

0.36
2.24

1.6

0.65

Clay

92.3***
7.7
0.3

96.25**

92.0

3.00

Kaolin
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Dispersion tests

The solutes were introduced separately for each soil at a constant

flow rate. The constancy of the flow rate was periodically checked and

an average velocity was computed at the end of each experiment.

Chemical analysis

Effluent samples were analyzed by the following methods:

Chloride - This element was analyzed by titration with mercuric

nitrate solution using bromophenol blue and dipheny1carbazone

indicator mixture with a blue-violet endpoint. The

concentration of mercuric nitrate described in reference 59

was modified to suit the range of sample concentration.

Nitrate - This ion was determined by ultraviolet absorption (87).

Absorption was modified to read at 226 mu wavelength.

Organic matter correction was made at 275 mu wavelength and

multiplied by a factor of 1 after converting the reading

into concentration.

Potassium - Flame spectrophotometry.

Phosphorus - Vanadomo1ybdate yellow method (16, 45).

Silica - Ammonium molybdate blue method (81).

Calcium - Flame spectrophotometry using a hydrogen burner (16, 45).

Tritium - Samples were counted with a Beckman scintillation unit.

The scintillator used consisted of 100 g naphthalene, 6 g PPO

(2,5 dipheny10xazo1e) and .39 g dimethyl POPOP 1,4-bis-2-(4­

methyl-5-pheny10xazo1e)-benzene dissolved in one liter of
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Baker-analyzed dioxane. Fifteen ml of this scintillator was

added to every 2 ml of unknown.
o

The experiments were conducted at 23 + 1 c.



RESULtS AND DISCUSSION

Displacing Solution

3500 and 100 ppm Cl- from CllC12

3900 and 100 ppm J.{"I- from KCl

3100 and 100 ppm P from NH4H2P04

.01 N CaS04

.01 N NaCl

.01 N (NH4)2S04

Experimental factors influencing solute dispersion

In the development of dispersion theories, the variation of

microscopic pore velocities and molecular diffusion were stressed as

the two main factors causing dispersion of a substance as it is

transported along a flowing stream. In porous media the appearance of

a solute at a given point (or its breakthrough) may be modified

depending on the solute species, its concentration and the manner in

which the media withdraw or retain a part of this solute. the

tortuosity of the path as reflected by the size, shape and arrangement

of the solids in the porous matrix is also believed to influence fluid

as well as solute transport. this necessitated the investigation of

three experimental factors, i.e. solute concentration, flow velocity and

size of aggregates, at the outset of the dispersion investigation.

Experiments to evaluate these factors were conducted with some

modifications from the procedures outlined in the chapter on Methods.

Instead of using water to saturate the soil samples, solutions of the

following were used:

Saturating Solution

Results of these experiments with the above treatments are shown

in Figures 6 to 11. Wherever it is not indicated (Figures 6 to 11) the

higher concentration of the displacing solution was employed.
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MOLOKAI WAHIAWA
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FIGURE 6. EFFECI: OF VELOCITY ON THE DISPERSION OF CHLORIDE,
POTASSIUM AND PHOSPHATE IN MOLOKAI AND
WAHIAWA SOILS. Adopted from Cagauan et a1.
(13). '
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5.53

5.87

(v, cm/hr)

MM< 0.84

< 2.00 MM

CHLORIDE
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FIGURE 10. EFFECf OF AGGREGATE SIZE ON THE DISPERSION OF
CHLORIDE"IN MOLOKAI SOIL.
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FIGURE 11. EFFEct OF AGGREGAtE SIZE ON tHE DISPERSION OF
PHOSPHAXE m MOLOKAI SOIL.
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The effect of average pore velocity - Flow or column velocity will

be used interchangeably with pore or average pore velocity in all the

discussions. This factor was investigated in the dispersion of

chloride, potassium and phosphate in Molokai and Wahiawa soils. All

the three solutes were tested at low and high velocities (Figure 6).

Dispersion of chloride in Molokai (Figure 6A) appears to be unaffected

by increasing the velocity from 5.9 to 17.7 cm/hr as shown by the

identical breakthrough curves. In Wahiawa (Figure 6D) however, there

is a slight delay of chloride breakthrough at the lower velocity (4.6

cm/hr).

The dispersion pattern for potassium was similar in both soils

(Figure 6B and 6E.) Taking the intersection of C/Co = .5 and 1 pore

volume as a reference, it will be noted that potassium breakthrough

occurs beyond this point. In both soils a smaller volume is required

to reach c/co = 1.0 for the lower flow rate. This is the same case for

chloride in Wahiawa.

The effect of pore velocity on the dispersion of phosphate is

shown in Figure 6C and 6F. In the lower velocity there is more time

for the phosphate to react with the media and thus accounts for the

delayed breakthroughs. This at least suggests that phosphate

adsorption is time dependent.

The effect of solute concentration - Using Molokai as a test soil,

the dispersion of chloride, potassium and phosphate as a function of

concentration is shown in Figures 7 and 9. The data illustrate the

significant effects of solute concentration on the shape and position

of the BTC's. At the lower concentration about 9 pore volumes must
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pass through the column before phosphate appears in the effluent, while

slightly over 3 pore volumes are required for potassium. Chloride

appears at the same pore volumes for both concentrations. The parting

of the BTC's of chloride at CICo = .5 and one pore volume may be due to

the difference in density of the displacing fluids, ion exchange or both.

Pore-size distribution or size of aggregates - Soils in the field

possess certain structural features which are inherent physical

properties of a given soil. When these soils are brought to the

laboratory for analysis, such structural features are altered, and

depending on the methods employed in sample preparation, a soil could

represent a wide variety of pore size distributions which have no

bearing to its condition in the field. This is a particularly critical

factor if the macrostructure is important in the analysis. To test

the influence of this factor, samples were prepared from Mo10kai soil,

one passing through a 2-mm sieve and the other through a .84-mm sieve.

Chloride and phosphate were selected as solutes and were tested at

similar flow velocities. Figure 10 shows that aggregate size does not

significantly affect chloride breakthrough. Phosphate however, because

it is strongly adsorbed shows a slightly greater adsorption on the

finer aggregate (Figure 11). This is expected since a larger surface

area would be exposed to.the solute in the finer aggregate.

Aggregate size appears to have little effect on solute dispersion

as compared to the other factors.

Theoretical model

The following discussion outlines the procedure for applying the
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dispersion model based on the macroscopic approach using equation (24).

The solution of equation (18) is difficult to use without tabulated

data. As an aid in applying equation (24J a table of clco (Appendix)

was prepared using a FORTRAN program on the IBM 360 computer. If an

internal (machine) program is not available to calculate the error

function,_ a subprogram may be prepared using the interpolation formula

H (Xo + ph) = H(Xo) + ph HI (Xo) - p2h2HI (Xo) [Xo - 1/3 ph (2Xo2_1)

+ 1/6 p2h2Xo (2 Xo
2 - 3~

where H(Xo) = error function of the pivotal number

[XO

2
.,82

= e d,8.
ff

0

2

HI (X~) 2 -x
= e 0

ff

Xo = pivotal number

The pivotal values may also be obtained from "Tables of

Probability Function," Vol. I, 1941, National Bureau of Standards. For

the range of clco in equation(2~, ten pivotal points (0 - 3.6) spaced

at an interval of .4 are adequate.



For example

Pivota1 Number Error Function
Xo H(Xo) HI (Xo)

X(l) = 3.6 H(l) = .999999 HP(l) = .000000

X(2) = 3.2 H(2) = .999993 HP(2) = .000040

X(3) = 2.8 H(3) = .999924 HP(3) = .000444

X(4) = 2.4 H(4) = .999311 HP(4) = .003555

X(5) = 2.0 H(5) = .995322 HP(5) = .020666

•
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X(lO)= 0.0 •••

Applying equation[4~ , accuracy to the fifteenth decimal place

may be obtained.

An error function of the number 2.456 is calculated as follows:

ph = .056

1 2Let A = Xo - 3Ph(2Xo - 1

= 2.4 - ~(.056) (2 (2.4) 2 - 1)

= 2.203626

B = i(ph) X~(2X~ - 3)

= .010687

C = p2h2 HI (X) (A + B)o

= (.056)2(.003555) (2.214313)

= 24.686 x 10-6

D = ph HI (Xo)

= .056(.003555)

-5= 19.908 x 10
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Adding the required terms:

H(Xo) = .999311

+ D = .000199

E = .000510

H(2.456) =E - C

= .999510 - .000024

= .999486

The error function of 2.456 is .99948 59159 39901 (Reference 93).

Before applying equation 24 to the experimental data a plot was

made of CICo vs. V!Ve on a log-probability paper. Ve was first

determined from the breakthrough curve plotted with C!Co vs. V. (Ve by

definition is the volume of the effluent corresponding to CICo = .5). By

inspection of the plotted data (C!Co vs. V!Ve) and with reference to

Table of C!Co in the Appendix, a line was drawn which corresponds to the

best ,. This is illustrated by Figure 12, in which three sets of

chloride data for the Molokai soil are plotted for three selected

velocities. The value of , corresponding to the best theoretical line

is the basis for computing the dispersion coefficient (D =~ vL). The

theoretical line of the conventional plot of C!Co vs. V can now be made

from the solid line on the log-probability plot of C!Co vs. V/Ve of

Figure 12.

Dispersion of chloride

The popularity of chloride as a tracer can be judged from the number

of publications which report its use in dispersion experiments
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(1, 21, 35, 37, 50, 55, 65, 70, 76, 77). Most of these studies employed

inert or non-soil media as test samples with the objective of studying

hydrodynamic dispersion. As a tracer, chloride has the advantage of

being a biologically stable, easily analyzed and inexpensive element.

Chloride is normally applied to the soil as the fertilizer muriate

of potash. Its occurrence in underground water is used as an index of

salinity and often indicates salt-water encroachment from the sea or

movement from the soil above it. Both soil scientists and sanitary

engineers wish to study leaching processes to understand salt movement,

but with different objectives in mind. Soil scientists have been

concerned with the phenomena of leaching for over half a century to

explain nutrient retention and redistribution. With the development of

sophisticated techniques in soil physics, it has become imperative that

to understand salt movement, water movement must first be understood.

Recent innovations in water movement studies have involved the use of

tracers. Results obtained from tracer techniques however, have not

always been particularly enlightening, since factors such as soil

structure and ion exchange are frequently neglected to simplify

interpretation of water movement. the results presented in this study

were gathered from soil samples in which structure and ion exchange

impress their influence and interpreted without neglecting these factors.

Saturated flow - Figures 13 to 15 show the breakthrough curves of

chloride in three tropical soils at similar velocities. In all three

soils chloride breakthroughs are positioned at the right of one pore

volume. the reader is reminded that these results are not necessarily
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comparable to those in Figures 6 to 11 since the treatments are not

identical. (See Chapter on Methods).

If solute-medium interaction is negligible, the experimental data

should intersect clco = .5 and Ve <Vo• Danckwerts (19) describes the

case in which Ve < Vo as holdback.

The explanation for the appearance of chloride after one pore

volume is chemical adsorption or ion exchange (Model IV). This delay

increases from Mo10kai to Wahiawa which incidentally is also the same

trend in the anion adsorption capacity (Table I).

If this delay was due to chloride adsorption, it could be confirmed

by using another tracer with known neglible adsorption. Corey and

Horton (17) has reported that tritium showed negligible interaction

with a kaolinitic soil. Hence, tritiated water was passed through

separate columns and the breakthrough curves are shown in Figures 29 to

31. There is a reverse trend in the position of Vee In the case of

chloride, Ve appears to the right of one pore volume. Ve for tritium on

the other hand appears to the left of one pore volume and decreases from

Mo10kai to Wahiawa. The breakthrough curves indicate that tritium is

not adsorbed by these soils. The differences in Ve values can therefore

be explained by the presence of non-mobile, non-disp1aceab1e or dead

water (Model III).

The effect of velocity on the dispersion of chloride is shown in

Figures 16 to 18. Molokai which has a relatively low anion adsorption

capacity (Table I) shows chloride BTC's similar to Figure 4B. If

adsorption is weak the time element involved may not be different from

an instantaneous process. Wahiawa on the other hand which has the



3

0

o 06
A

0 A

A A

0

6

A 6.99 cm/hr

1.97
II

0

2

PORE VOLUMES, VIVa

FIGURE 16. EFFEcr OF AVERAGE PORE VELOCITY ON tHE ~HR.OUGH

CURVES OF CHLORIDE IN MOLOKAI SOIL.

Moloka i

1.01 0 0 .... l.S I

C .5

b.
Co

0

Ai

A 0

A 0

A 0, ,

1
O'

\Jl
0\



7

e. A

6

"3.12

9.08 em/ hr

A

o

345

PORE VOLUME, V/Vo

21

Honouliuli

1.01=--------­000
o 0

0000 L\ 6 6
o b

g~ A

OfAA
AI.

o
OA

0"
06

0 6o
o A

o 4

06

OA
o

o A

01 00 JA I_--;--'_.-lI_~--1__1 I I

Q .5
Co

FIGURE 17. EFFEcr OF AVERAGE PORE VELOCr.cY ON THE BREAKTHROUGH
CURVE OF CHLORIDE IN HONOULIULI SOIL.

lJ1......



1.0. 0000 0 ~.'/.. -.••

£ o ,e.... )(.
• •o •••

o • i-.. "Wahiawa

00:;· • "l-
i-

O· j.

o • "x6'0 0 }(
0 ""81t

o ,,".5t- o •C
o ..Co
." 0 6.78 em/ hr·0

0,,0
II,c

• 4.63O.
0"

"•
2.49" )(

O•
•

0"
O·

&~.
4 5 6

O'
2 31

PORE VOLUME, vIvo

FIGURE 18. EFFEcr OF AVERAGE PORE VELOCITY ON THE BREAKTHROUGH
CURVES OF CHLORIDE IN WAHIAWA SOIL.

In
00



59

highest anion adsorption capacity, apparently (Figure 18) shows a

weak similarity to Figure 4A. It is apparent that time-dependency of

adsorption is reflected by the amount adsorbed rather than the solute

itself. Chloride breakthrough in Honouliuli as a function of velocity

appears to approach the trend in Wahiawa but still shows the trend in

MolokaL

Unsaturated flow - So far, the dispersion problem has been con­

fined to cases in which pores were completely filled by the liquid. The

dispersion of chloride in unsaturated soils is shown in Figures 19 to

21. Air pressure equivalent to 35 cm of water tension was applied to

the column to maintain unsaturated condition. Pressures higher than

35 cm were tried but were found impractical owing to the low unsaturated

conductivity of these soils.

The trend in Ve values observed in the saturated case does not hold

for the unsaturated flow. This can be readily seen by comparing the

relative positions of the BTCls. Recall that in the BTC models, the

BTC position is referenced to the intersection of vivo = 1 and c/co = .5.

A strict comparison can be made by expressing Ve in terms of number of

pore volumes, Le., Ve/Vo. The values are 1.58,2.18 and 2.48 for

saturated BTCls (Figures 13, 14 and 15) in contrast with 1.54, 1.18 and

2.02 for the unsaturated case (Figures 19, 20 and 21), respectively,

for Molokai, Honouliuli and Wahiawa.

The ratios indicate that when a given quantity of water is applied

to soils such as these, greater leaching of native solutes occurs under

saturated than under unsaturated flow conditions. For example if a

field is irrigated with 25 cm of water over a period of several months,
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one can expect greater leaching of fertilizer under furrow than under

sprinkler irrigation. Newly applied fertilizer however may leach

faster under sprinkler irrigation since the dissolved nutrients have

not yet diffused into "dead-end" or "stagnant" regions.

The interesting part of these data is that the holdback which

results from unsaturated flow is most pronounced in the Honouliuli.

This suggests that in this soil, a greater proportion of the fluid

reside in "stagnant" pools (or pores) under unsaturated condition. In

the Molokai and Wahiawa this unsaturated flow 'holdback' is less

important.

It appears now that holdback can arise from either stagnant pool

or dead-end pore effects and that these may be entirely different

phenomena.

An unsaturated soil has a continuous liquid phase so long as the

soil aggregates are in contact with each other. The continuity of the

liquid phase resulting from aggregate contact serves as the only means

(or bridge) for flow. As the soil water tension is increased liquid

films become thinner and the flow path more tortuous.

The number of 'bridges' available for mass transport depends to a

large extent on the structure of the soil itself. The Molokai sample

consists of smaller aggregates and therefore smaller pore sizes. At a

water tension of 35 cm a larger number of pores retain water and greater

liquid continuity is maintained than in the Wahiawa soil. Data on water

movement shown by Sharma and Uehara (84) confirm this observation.

Where there is greater liquid continuity diffusion is also greater in the
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Mo1okai and presumably compensates for whatever delay caused by

adsorption.

It will be noted that the ratio VelVo is greater for saturated

than for unsaturated flow indicating the marked effect of diffusion

and/or greater proportion of stagnant pools in the latter. If solute

replenishment by diffusion is equal to its removal by adsorption, the

solute B~C position should approach one pore volume.

Comparison of theory and experiment - Using equation [24] to

describe the dispersion of chloride there is general agreement between

theory and experimental results both for saturated and unsaturated

conditions. It will be noted that where there is strong adsorption as

in the Wahiawa sample, the experimental points depart from theory as

the curve approaches clco = 1. In the unsaturated case, this departure

is noticeable at both tails of the curve.

The dispersion coefficient D, was computed from ~ as described on

page 51, i.e., D =~ VL, where L is the total length of the dispersion

column. This D serves as a quantitative index to fit breakthrough

curves in some future experi.ments. It cannot however, give a

qualitative picture as to how a solute might disperse in a medium.

Since D is a function of velocity, the D. value is not necessarily the

same for identical breakthrough curves. This fact is illustrated by

Figure 6A. Because of this, it is proposed that Ve or Velvo can provide

a qualitative and quantitative under for dispersion patterns. The

experimentally determined ratio, velvo, can be interpreted to indicate

the following:

1. Ve/Vo > 1 (or CICo = .5 beyond VIVo = 1), dispersion
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and adsorption.

2. velvo = 1 (C/Co = .5 falls on ViVo = 1),

dispersion only.

3. VelVo ~ 1 (C/Co = .5 before Vivo = 1),

dispersion in the presence of non-conducting

pores (dead water, dead-end or stagnant pores).

Relationship between the dispersion coefficient and pore

velocity - Dispersion studies on sand (7, 37, 76, 77) have shown that

a linear relationship exists between D and v for a range of v where

diffusion effects are negligible. Table II shows values of D obtained

for different pore velocities. Excluding the highest pore velocity in

Mo10kai and Wahiawa, there is a positive correlation between D and v

in all three soils.

The samples not included were collected from the same location,

but from different profiles a year before the last three samples were

collected. The remaining three samples of Mo10kai and Wahiawa were

collected from the same profiles and the same locations, respectively.

This was also true for the Honou1iu1i sample. Since these samples now

conform to the similar media concept (as would be true with the assump­

tion of a homogeneous porous medium) perhaps a graph of D vs. v would

show some kind of a relationship. A plot of D vs. v is shown in

Figure 22.

Dispersion of nitrate

Figures 23 to 28 are the nitrate breakthrough curves for saturated

and unsaturated flow. The dispersion of nitrate is similar to that of

chloride. The theoretical and experimental curves are also in close
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TABLE II. DISPERSION COEFFICIENTS OF CHLORIDE AS A
FUNGrION OF PORE VELOCITIES

Soil ii, cm/hr D, cm2/sec Bulk Density,

(x 10-2) g/cm3

.040 9.65 .268 1.11

.090 6.99 .437 1.14
Mo1okai

.070 5.26 .255 1.13

.070 1.97 .096 1.09

Honou1iu1i

Wahiawa

.185

.235

.140

.270

.095

.115

.145

9.81

6.63

3.12

9.08

6.78

4.63

2.49

1.26

1.08

0.30

1.70

0.45

0.37

0.25

1.14

1.19

1.20

0.99

0.94

0.93

0.94
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agreement except at the tails of the curve where equation 24 fails to

adequately describe them. This is especially true for the unsaturated

case. In Table III values of VelVo and D of nitrate and chloride are

tabulated for easy comparison.

The breakthrough for nitrate as indicated by the ratio, VelVo , is

very s~i1ar to that of chloride although the Ve for chloride is delayed

by a fraction of one pore volume in the saturated case. In each case

Ve is greater in the Wahiawa than in the Mo10kai soil. In the

unsaturated case, Ve was smaller by about one pore volume in the

Honou1iu1i soil. Mo10kai and Wahiawa were not materially different.

The added effect of diffusion in the unsaturated Honou1iu1i soil as

evidenced by its appearance at lesser effluent volume than either

Mo10kai or Wahiawa, may be judged from the higher dispersion coefficient

for chloride and nitrate in Table III. Compared to the Mo10kai soil,

although Honou1iu1i has a higher adsorption capacity for chloride and

nitrate in the saturated case, diffusion must have overwhelmed the

adsorption effect during unsaturated condition resulting in the

appearance of the solutes earlier by about one pore volume. Nielsen

and Biggar (63) observed similar trends under unsaturated condition but

attributed these to presence of stagnant pores alone. It is believed

that both effects (diffusion and stagnant pores) influenced these

trends in Honou1iu1i soil since stagnant pores could mask some

adsorption sites and thereby cause the tracer to arrive at a lesser

effluent volume.

The understanding of nitrate movement is much enhanced if one is

aware of the transformation of nitrogen that occurs in soils. In brief
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TABLE III. COMPARISON OF ve/vo .AND D VALUES OF NITRATE .AND Cm.ORIDE
IN THREE SOILS UNDER SAXURATED .AND UNSAXURATED FLOW

Soil v, cm/hr Vo' m1 Ve , m1 ve/vo D, cm2/sec

( x 10-2)

Saturated C1- NO; C1- NO; C1- NO; C1- NO; C1- NO;

Mo1okai 9.65 9.83 606 596 960 780 1.58 1.31 0.27 0.61

Honou1iu1i 9.81 10.14 596 570 1300 1200 2.18 2.10 1.26 1.48

Wahiawa 9.08 9.17 644 638 1600 1440 2.48 2.26 1. 70 1.96

Unsaturated

Mo1okai .863 .870 596 596 920 730 1.54 1.22 0.15 0.15

Honou1iu1i .848 .852 577 577 680 700 1.18 1.21 1.06 0.65

Wahiawa .904 .090 664 664 1340 1440 2.02 2.17 0.50 0.37

..__._~---.:---.~~

.....
VI
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the mechanism of nitrogen transformation follows the schematic diagram

given below (58). Related discussions are also given by Likens ~ a1.

(56) and Power (73.)

(1) Proteins + Energy +
Associated + Enzymes )- Amino + C02 + Other

Group Compounds Products
I

l
(2) + HOH -+- R-OH + NH3 + Energy

I
t

-- 2NHt + coj+ H2C03 .".{NH4) 2C03 "
I

f Enzymic '>(3) + 3°2 2N02 + 2H20 + 4H + Energy
Oxidation

I
+(4) + °2

Enzymic
~

2N03 + Energy
Oxidation

The first reaction involves aminization; the second, ammonification;

and the third, nitrification. The long arrows indicate that these

processes are generally in continuous operation in the soil with

nitrate as the end-product. Although plants take up both the ammonium

and nitrate forms, the nitrate ion because of its negative charge, is

more susceptible to leaching. Ammonium ion on the other hand is held

on clay mineral surfaces until the plant is ready to utilize it. Ekern

observed in his 1ystmeter studies with sugar cane that leaching in

Mo10kai soil is active as long as the plant cover is inactive.1 He has

some evidence that the converse might also be true and suggested that

the plant acts as an interceptor of nitrate. Mink (60) noted that there

1 Paul C. Ekern. 1969. Personal communication.



77

is an increase in nitrate content of water pumped from wells in

irrigated areas in the Island of Oahu, Hawaii. He attributed the

nitrate increase to fertilizers. This has public health significance

since nitrate in drinking water is the direct cause of infant methemo­

globinemia (74).

Kanehiro (47) conducted field experiments on nitrogen movement in

a Wahiawa soil. His method consisted of applying four nitrogen carriers

in plowed ground sectioned into one-square foot blocks. The blocks were

drenched with 5 gallons of water at 7-day interval, and samples were

collected as a function of depths a week after the second watering. His

results showed, as would be expected, that nitrate moved to lower depths

while ammonium nitrogen stayed near where it had been initially placed.

When the fertilizer contained both ammonium and nitrate nitrogen

movement of both forms was apparent. The investigation on the lateral

movement of nitrogen on the same soil showed that neither form moved

more than 3 inches from the point of placement.

The upward movement of nitrate during evaporation was also

demonstrated in the Wahiawa soil (47). This was eventually followed by

nitrate accumulation on the surface. Wetse1aar (99, 100) reported the

accumulation of nitrates in the surface of tropical soils after a dry

period. He attributed this to upward capillary movement of nitrate

formed biologically in the subsurface during periods of adequate water.

Westse1aar was able to show that whenever surface crusts formed,

accumulation was restricted to the crust's lower boundary.
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Dead-water or dead-end pore volume

The dispersion data obtained for chloride, nitrate and tritium

illustrate the effects of adsorption or ion exchange, diffusion and

pore geometry. The last effect is best illustrated by dispersion of

tritium.

While the Ve for chloride and nitrate appeared beyond one pore

volume, the same quantity for tritium appeared before this reference

point. The degree to which the tritium breakthrough curves deviate

from one pore volume can be explained on the basis of differing

microfabrics (12, 82,83). Since this difference has also been

demonstrated to influence water retention (83), it is reasonable to

expect that solute dispersion would also be different. One will note

in Figures 29 to 31 that Ve decreases from Mo1okai to Wahiawa.

Concept of a holdback - The observed pattern of early arrival as

one pore volume is approached might also be explained by Danckwerts'

(19) concept of holdback. Holdback can occur under non-piston flow

conditions and tends to a maximum for a system where there is a good

deal of what Danckwerts termed, "dead water." The holdback, H, can be

quantitatively expressed as

fi
vo/Q

H =~ Q (t)dt •
Vo Co

t = 0

[50)

Equation (50) states that for non-adsorbed solutes a holdback H, can be

conveniently defined as the area under the breakthrough curve between

o and 1 pore volume and its value may vary from 0 for piston flow to
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values approaching 1 when most of the pore spaces contain dead water.

This is easily seen by referring to Models I, II, and III in Figure 2.

Based on these Models, Danckwerts assumed that

0-'f (1 - clco (t)dt = 1
o

regardless of the shape of the curve, and

(51]

Planimetric integration of equation (49) for the tritium break-

through curves in Figures 29 to 31 gives ho1dbacks of .112, .116, and

.332 for Mo10kai, Honou1iu1i and Wahiawa soils, respectively. Since

piston flow does not occur in soils, ho1dbacks probably never approach

values near zero.

Relationship between holdback and dead-end pore - There appears to be

some relationship between holdback and dead-end pore volume. This

relationship might lead to a generalization which imply that where

there is a holdback, there are dead-end pores. For a non-adsorbed

solute flowing in a saturated inert porous medium this might be the

case, since the concept of holdback and dead-end pores were first

elucidated in this manner. This may not be necessarily true in soil

systems.

The term dead-end pore is defined by Goodknight ~ a1. (33) as

the volume which contains the flowing or difussing species but through
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which there is no flux during steady state fluid flow or diffusion. A

recent study in Soil Science (46) defined dead-end pores on this basis.

It is implicit in Danckwerts' description that holdback occurs

because of dead water. In this study holdback is used as a graphical

reference only. Ho1dbacks in unsaturated BTC's which may be due to

non-mobile water shall be attributed to stagnant pores while those in

saturated BTC's shall be attributed to dead-end pores.

Geometry of a dead-end pore - For purposes of definition, the

assumptions of Goodknight ~ a1. in describing a dead-end pore as a

sink are reviewed as follows:

1. To each element of volume Adx of the porous system, there is

assigned an elemental "dead-end" or "sink" equal to (dx!L)V2

where dx is the elemental length, L the total column length

and V2 is the total dead-end pore volume.

2. There is no communication between these elemental sinks.

3. Each of these sinks is connected to the elemental volume

(Adx) by a "neck" or capillary of cross section Ao and

length 10• The average cross section of the sink is much

greater than Ao•

4. There is steady-state diffusion through the neck.

The physical picture of the first three assumptions has some

semblance to the photomicrographs of Mo10kai and Wahiawa soils (12, 83).

Mo10kai has abundant micropores as opposed to the few conducting

channels and principally along ped faces that are seen in Wahiawa.

These peds (aggregates) which are characteristic structural features

of a Wahiawa soil are porous materials which probably contain the



dead-end pores. It is doubtful whether the requirements of no

communication between pores is strictly met if the picture were

extended to a three-dimensional system.
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The abundant micropores in Molokai might explain the delay of the

tracer (tritium) relative to Wahiawa, owing perhaps to a more tortuous

path that a solute particle travels as opposed to one that goes only

along ped faces. In Wahiawa the appearance of tritium at an earlier

time (or volume) at C/Co = .5 relative to the two other soils gives

evidence that a fraction of the pore water is not being displaced. If

all the pores were occupied by water and there were no solute-media

interaction, Ve would coincide with Vo as has been demonstrated for

sands and glass beads (48, 61, 64, 76).

Trends opposite to ;those obtained with this study were shown by

Kaufman and Orlob (50) for chloride and tritium in California soils.

Mathematical description of a dead-end pore - Based on the above

assumptions consider now a porous medium with cross section A, length

L, porosity P and tortuosity 9. If the porous medium is saturated

with solvent (in this case, water) the amount of solute diffusing say,

in the position x direction is equal to Mx g/unit time. Taking a

volume element of the system of length dx, the diffusion out of the

volume element is Mx + ( aMx/ 0 x) dx at x + dx. If C(x, t) is the

solute concentration, the amount of solute stored in the element per

unit time is AP ( a C/ (7 t) dx. The difference between the diffusion

flow into and out of the system is

( a C) 1
""Ft =dx [ - EdC) .,.~

(3 x x 92 (-~ ;) x + dX] [53)
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But

So that
(55J

which is the expression for Fick's second law of diffusion.

If C2 (x,t) is the solute concentration in the sink, the amount of

solute stored in the sink per unit time is

where the subscript 2 refers to the dead-end pore or sink. By

assumption 4,

(56)

So that the amount of solute stored in the element per unit time is

also

AP d C dx
at

which from equation [54) , we can write

AP 13 C dx + ....;V2=----::::d~C=2 do t L (7 t x.

Equation (57) states that the difference between the.flux into and out

of the system is equal to the amount of solute stored in the element

per unit time plus the amount of solute lost to the sink per unit time.
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Equation (5~ can be simplified to

(58)

where Vl = APL, and is the pore volume not including dead-end volume.

Fatt (28, 29, 30), Goodknight and Fatt (34) and Goodknight et ale

(33) demonstrated the effect of dead-end pore on pressure transients,

diffusion time lag and relative permeability in sandstone using gas,

which changes equation [s8) to

2P. = _k_a t 2P,A

where p is the pressure; P, porosity; k, permeability of porous

channel; and A ,viscosity. The data of Goodknight ~ ale (31)

indicated that there was an agreement between experiment and theory

only if dead-end pore volume was not neglected, i.e. P2 ~ o.

Estimation of dead-end pore volume - The difficulty in applying the

above equations to soil systems arises from the absence of a practical

method to obtain independently the two pore volumes without including

one volume in the other. Goodknight et ale (33) is designing their

laboratory model ingenuously provided chambers that simulated dead-end

pores but did not elaborate on how this quantity could be measured when

present in the porous body. Jackson and Klute (46) presented a method,

which was criticized by Philip (72), of calculating dead-end pore

volume using transient and steady-state diffusion coefficients but their

analysis suffers from the same limitation of being unable to separate

the active from the dead-end pore volume. A theoretical method proposed
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by Turner (91, 92) is also of little practical use.

The method proposed by Orlob and Radhakhrishna (70) using

chloride breakthrough curves on sand appears to be applicable to the

present study. It consists of finding the difference in the areas

enclosed between two breakthrough curves plotted on volume throughout

(Vivo) basis in which the following are defined:

(a) Ve = Ve I ~ Vo

Vel is called the hydraulically effective

void (pore) volume. From equation (23) or (24) , the

identity Ve = Vel = Vo ' can occur at c/co = .5 which

makes Vel a parameter that is defined at this point.

This ratio as defined earlier can take on values ~ 1.

For dead-end pores this is always < 1. Va is the

volume of entrapped air and Vb is the volume of dead-

water or dead-end pores.

The method appears straight forward except for the determination of

the volume of air. Assuming a completely saturated system or one with

a negligibly small volume of entrapped air, we have: V =VI=V-e e 0

Vb or Vb = Vo - Vee It seems reasonable to take as dead-end pore volume

the difference between the effective effluent volume and the absolute pore

volume computed at C/C =.5 from the breakthrough curves of non-adsorbed

solutes flowing in a saturated system. Values for such quantity are

tabulated in Table IV. The dead-end pores range from a small 4 per cent

in Molokai to as much as 30 per cent in Wahiawa. In the succeeding

discussions, the dispersion data of potassium and phosphate give a
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TABLE IV. VALUES OF Vb' veIVo ' Vb/Vo' AND D OBTADlED
FROM TRITIUM BREAKTHROUGH CURVES

Soil Vo , Ve , Vb= Ve/Vo Vb/Vo D, cm /sec

m1 m1 (Vo - Ve) ( x 10-2)

Mo10kai 606 580 26 .957 .043 .27

Honouliuli 570 540 30 .947 .053 .92

Wahiawa 638 450 188 .705 .295 3.09

qualitative indication of this trend and affirm the significance of

dead-end porosity in influencing adsorption and/or ion exchange.

Philip '(71) does not consider that dead-end pores are important in

'systems of interest to soil physics' and p~esents a mathematical proof

to suppor this claim. His claim suffers from the fact that no

experimental data are presented which can prove the presence or absence

of dead-end pores. He admits however, that dead-end pores are difficult

to confirm or detect experimentally. Another objection to Philip's

thesis on dead-end pores is the lack of a definition of what systems are

of interest in soil physics. If Philip is referring to soil-water

systems in the unsaturated state, data are now available to show that

dead-end pores may not be unimportant (84). The data presented in

this study for a saturated system show the modifying influence of

dead-end pores in the dispersion of both water and solutes.
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Dispersion of potassium and calcium

It is a generally accepted concept that in soils there is an

equilibrium relationship among the three forms of K, namely, non­

exchangeable K~ exchangeable K:;;=:= soil solution K. A shift in the

equilibrium process could result if addition of K, as in fertilization,

or withdrawal, as in plant uptake or leaching occurs in the soil system.

Along with the equilibrium relationship, factors such as clay mineralogy,

wetting and drying, freezing and thawing and soil pH are known to

influence the release and fixation of potassium in soils. Most

investigations in soil potassium concerning release, uptake and movement

revolve around these factors. It is the writer's observation that there

is a general lack of a quantitative description of potassium movement

especially in the area relating to the leaching process.

In an attempt to describe the fate of K as it percolates through

soils under field conditions, the dispersion of K in three soil were

studied. Figures 32 to 35 present the results obtained in these

experiments. All three soils exhibit relatively strong adsorption of

K with the BTC of the Wahiawa appearing earliest. This is followed by

Molokai and the Honouliuli. The position of the BTC's is inconsistent

with the GEC (Table I) and calcium and potassium adsorption isotherms

(Figures 37 and 38) for these soils. One would expect an increasing

displacement of the BTC to the right with increasing GEC and cation

adsorption capacity. This pattern however, does not hold for the

column adsorption which is: Wahiawa <:. Molokai c:::. Honouliuli. This

corresponds to a Ve of 7.2, 10.0, and 19.8 liters, respectively. This

apparent discrepancy appears to arise from the inability of static,
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equilibrium adsorption measurements to predict adsorption under dynamic

situations. Time-dependent adsorption, stagnant and dead-end pores all

contribute to solute dispersion in dynamic, flowing systems, whereas,

adsorption isotherms are designed to minimize these effects.

The experimental points were tested with equation [24] and the

best fit was shown to occur slightly above c/co = .6. This poor

agreement of theory and experiment necessitated a test with another

model. The analysis of Weber and Morris (equation 40) appeared as a

likely alternative. The comparison of experimental data to equatious

(24) and (4~ is shown in Figures 32 to 34. No improvement was noted

with the use of equation (40) except in the Honou1iu1i soil where

agreement increased to a slightly over c/co = .7. There was no need to

fit the dispersion model for calcium since the upper portion of the

BTC's appear more bent downwards than potassium.

The breakthrough curves of calcium are shown in Figure 36. From

the adsorption isotherms of Ca (Figure 38), one can notice the stronger

adsorption for Ca than for K (Figure 37) in Honou1iu1i. Potassium however

is more strongly adsorbed in Mo10kai and Wahiawa soils than calcium.

Referring to the breakthrough curves in Figure 36, calcium in Mo10kai

appears at first glance to be less adsorbed than in Wahiawa. Beyond

c/co = .5 however, a stronger retention of calcium in Mo10kai than in

Wahiawa becomes evident which might be explained by a larger dead-end

pore volume in Wahiawa as was the case for K in the same soils. The

reason for the difference in the breakthrough curves below c/co = .5

can only be conjectured. It is probable that in Mo10kai a greater

portion of the potential adsorption or exchange sites for Ca are
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located in regions not readily accessible to the first calcium ions

that passed through. This idea however does not imply that these

"hidden" sites are inaccessible (as in dead-end pores) for apparently,

they have been reached by the calcium ions when the curve takes a

sharp bend beyond clco = .5. Note that in all three soils calcium first

appears at about one pore volume in contrast to potassium which appeared

at different pore volumes. This behaviour may also be explained by the

differential accessibility of adsorption or exchange sites mentioned

above. The aggregated nature of these soils seems to favor this

argument.

Dispersion of phosphate

Comparison of theory and experiment - The dispersion equation that

was used to describe the breakthrough curves of chloride and nitrate

satisfactorily describes the dispersion of phosphate in Molokai and

Wahiawa as shown in Figures 39 and 40. The breakthrough curve of P in

Honouliu1i was not tested because of the occurrence of clay dispersion

and a resultant variation in flow velocity.

Plotting Mo10kai and Wahiawa BTC's on a pore volume (ViVo) basis

(Figure 41), Wahiawa appears identical to Molokai. Wahiawa has Ve =

13,750 ml compared to Molokai's 12,500. This is rather interesting

since the data of Fox ~ a1. (31) show that Wahiawa adsorbs higher

amounts of phosphorus. This does not seem to be the case in the

breakthrough curves as shown. In fact, based on adsorption capacities

(Table I) one would expect the breakthrough curve of Wahiawa to be

translated much further to the right than the Molokai as was the case

for chloride and nitrate.
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It should be mentioned that conventional batch techniques did not

show significant adsorption of chloride and nitrate in these soils.

The relatively weak adsorption observed in the breakthrough curves for

chloride and nitrate would therefore not be expected to show strong

time-dependent adsorption. Phosphate on the other hand which is

strongly adsorbed appears to show time-dependent adsorption as indicated

by Figures 6C, 6F and 50. It is difficult to explain why at low,

seemingly instantaneous adsorption, dead-end pore effect was not

evident in these soils.

Silica-phosphate interrelations - There is general agreement in

the literature that silica stimulates plant growth and this is

frequently attributed to the greater uptake of phosphorus by plants

in the presence of silicate anions. There is no general agreement,

however, as to how silica induces phosphorus availability.

At the start of the phosphate dispersion experiments, it was

anticipated that phosphate adsorption would be reduced if silicates

were eluted through the columns before phosphorus. This feeling was

based on the premise that silicate ions would satisfy the P fixing

capacity of tropical soils as pointed out by Bradfield (8) and supported

by data of Ikawa (44).

Silica solution was prepared by boiling a saturated solution of

Hawaiian cement slag. The filtered supernatant solution was used.

Concentrations of about 55 ppm was obtained with this method but this

stabilized at 31 to 37 ppm when the solution was allowed to stand in

l8-liter glass carbuoys.

The dispersion of silica is compared in Figure 45. The three

soils exhibit no significant differences in the shape of the breakthrough
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curves. The curves show that even after 20 pore volumes there is no

change in the concentration of silica in the soil solution despite the

added silica. This suggests the existence of a distinct equilibrium

concentration of silica in each particular soil and that the concentra­

tion of the added silica is inadequate to offset this equilibrium.

This appears to be a logical assumption since the initial silica

concentration (in the effluent) was not zero.

That the application of silicate in soils decreases phosphate

adsorption (fixation) may not be entirely correct as shown by the

Honou1iu1i and Wahiawa soils in Figures 43 and 44. The breakthrough

curves of phosphate in these soils show that there is a delay in the

detection of phosphate if a silica solution is passed through the

column before phosphate. The effect is particularly strong in

Honou1iu1i in which phosphate breakthrough started at 16 pore volumes

with silica against 9.5 pore volumes without silica. This is

compared with 12 pore volumes in Wahiawa with silica and 8 pore

volumes without this treatment. Mo10kai appears to be an exception.

The phosphate BTC'c for this soil are unaffected by silica treatment.

Table I shows that Mo10kai has the least anion exchange capacity.

Silica enhances phosphate retention in Honou1iu1i and Wahiawa

(Figures 43 and 44); phosphate on the other hand desorbs silica from

these soils. If the soil column is first eluted with silica and

subsequently displaced by a phosphate solution more silica is detected

in the effluent than when only water was added prior to displacement

with phosphorus. This observation is shown in Figures 46 and 47. In

Figure 46, the amount of silica released from Wahiawa without silica
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pretreatment (P after H20) increases from almost zero to about 10 ppm.

Without silica pretreatment (P after Si02) the elution curve shows a

higher peak silica concentration (28 ppm) arriving at about 25 pore

volumes. Silica pretreatment in Molokai shows a silica elution curve

with a peak of 31 ppm and arriving at about 17 pore volumes. The

patterns of silica release from the Honouliuli soil (Figure 47) show

an interesting trend. The peak concentration of the elution curves for

both treatments is greater than 60 ppm which is about double the initial

Co. If silica was not added to the column, the release of soil silica

occurred earlier than when silica was added. No explanation is offered

for this behaviour. Some clay peptization was noted in the Honouliuli

soil with the 100 ppm P treatment. The experiment had to be discon­

tinued because of this. No peptization of clay was observed in Molokai

and Wahiawa soils at this P concentration.

The dispersion approach to the silica-phosphate problem appears to

yie~d results which are not in agreement with earlier conclusions based

on traditional methods. As examples the reader is referred to the

works of Raupach and Piper (75) and du Plessis and Burger (25).

This dispersion study showed no instance in which silica treat­

ment decreased phosphate adsorption even with the combined phosphate­

silicate treatment (Figure 48) which was claimed (25, 75) to be

superior in reducing phosphate fixation.

Tap water containing about 50 ppm Si02 was used in preparing a

100-ppm P solution and was introduced to a saturated column of Wahiawa

soil. The breakthrough curve in Figure 48 shows the effect of such a

treatment. This is also compared with Na-silicate (50 ppm Si02)
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treatment in the same figure. The Na-si1icate treatment was stopped at

(25) pore volumes because of clay peptization. All silicate sources evi­

dently showed similar effects in enhancing phosphate adsorption in

Wahiawa soil. This study suggests that silicate application reduces

phosphate movement and redistribution in soils. Immobilization of P,

however, does not necessarily imply fixation, and it may very well be

that the enhanced P uptake by plants upon silica application is

associated with this immobilized but readily available P.

The pH values reported in Table V appear to be controlled by the

buffering capacity of each soil. Whether an alkaline silicate solution

or acid phosphate solution is added appears to have little influence on

effluent pH.

Dispersion and adsorption

It is evident that chemical adsorption and ion exchange are

important factors that control or modify the dispersion process in

soils. The dispersion theories that have been used to describe this

process in inert media are inadequate to describe dispersion in the

presence of adsorption. They have, however, helped to interpret the

observed dispersion behaviour in soils.

Except for calcium the quantity Ve is a useful measure of

adsorption in all the solutes studied. This is summarized in Table VI

for potassium and phosphate.

In previous discussions it was pointed out that adsorption data

obtained with agitated batch techniques do not necessarily reflect

adsorption taking place in a soil column. Based on this observation it

was found necessary to gather adsorption data as a function of time in
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Soil P after ~O Si<2 after H2O P after Si02

vIvo pH vIvo pH vIvo pH

--- --- .73 6.8 .73 6.6

--- --- 9.49 6.9 10.36 7.4

Mo10kai --- --- 20.87 6.9 32.25 7.2

--- --- 26.20 6.9 53.28 5.0

Si02 P
Solution 8.4 Solution 5.4

.81 6.7 .81 6.6 .81 6.6

11.51 6.6 10.25 6.6 11.24 6.6

Honou1iu1i 25.12 5.7 24.2 6.6 31.00 5.8

29.02 5.7 57.10 6.6

P Si02 P
Solution 5.7 Solution 8.2 Solution 5.4

.71 6.7 .67 6.6 .67 6.6

9.20 6.7 9.45 6.8 10.13 6.9

20.24 6.4 22.26 6.7 21.50 6.5
Wahiawa

30.44 6.4 31.00 6.9

77.20 6.4 78.20 6.5

P Si02 P
Solution 5.6 Solution 8.0 Solution 5.5

* P solution was prepared from NH4H2P04.
** Si02 solution was prepared from Hawaiian cement slag.



TABLE VI. SUMMARY OF DISPERSION DATA FOR POTASSIUM AND PHOSPHATE

Soil v, cm/hr Vo' m1 Ve ' m1 ve/vo D, cm2 /sec
(x 1(2)

PO;;-- PO;;-- --- --- PO;;--K+ K+ K+ P04 K+ P04 K+

Mo10kai 9.06 9.66 596 606 10.0 12.5 16.8 20.6 -- 0.87

Honouliuli 9.46 -- 586 -- 19.8 -- 33.8

Wahiawa 8.85 9.04 644 664 7.2 13.8 11.2 20.8 -- 1.00

..........
~
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non-agitated batch systems. In this method the only agitation

experienced by the sample was the initial swirling during the addition

of solute. The adsorption data from this experiment were then plotted

and compared with the breakthrough curves of potassium and phosphate

(Figures 49 and 50). The curves show that phosphate has a stronger

time-dependent adsorption process than potassium.

Since an adsorption term per ~ is not included in the mathematical

model (equation 24), there now appears a need to describe more quanti­

tatively the adsorption observed during dispersion. The technique of

Weber and Morris (98) seems to be most convenient. From the break­

through curves of chloride, nitrate, potassium, and phosphate, the values

of (1 - C/Co) and V were obtained at selected points along the experi­

mental curve. The V values were converted to a time scale based on the

average flow rate. Only the points which fitted a straight line on a

semi-log plot of (1 - C/Co) vs. time were considered. Such plots are

shown in Figures 51 to 54. From these plots the values of K in

equation 40 were obtained by the method of least squares. These values

along with other adsorption parameters are given in Table VII.

The partition factor, f, which can be obtained from adsorption

isotherms is not available for chloride and nitrate since no adsorp­

tion by conventional batch technique was detected. The K values,

however, show a useful trend. The least adsorption observed in the

breakthrough curves corresponds to a very steep slope in Figures 51 to

54 which is indicated by the highest (numerically) value of i. It was

observed that whenever equation 24 describes the experimental

points, the plots for chloride, nitrate and phosphate seem to coincide

with equation 40.
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TABLE VII. ADSORPTION TERMS FROM EQUATION 40

Soil Solute f
Qm,

W, g S, -K, -!!!8.
m1/hr sq MIg 1/Hr kt , 2

M -Hr

Chloride 234 1069 .7340

Nitrate 234 1099 .6140
Mo10kai 60.37

Potassium 3.392 216 1102 .0247 .125

Phosphate 234 1065 .0264

Chloride 234 1099 .2450

Nitrate 234 1152 .2340
Honouliuli

Potassium 1.191 222 1117 .0159

Phosphate 222 1113

Chloride 234 952 .1510

Nitrate 234 974 .1570
Wahiawa 96.25

Potassium 3.162 228 954 .0250 .085

Phosphate 240 900 .0258

I-'
N
N
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Observations on flow behavior during solute dispersion

Phosphate was observed to cause peptization of clays in some

soils. Peptization occurred with 100 ppm P (mono-ammonium phosphate)

in the Honouliuli samples but not in the Molokai or Wahiawa. In

samples, however, that were leached with 36 liters or more of distilled

water, slight peptization of clay w~~ observed in Molokai and Wahiawa.

Peptized clay materials clogg~d pores causing significant changes in

flow rates. Figure 55 shows the change in flow rat~ in Molokai with

time. In Honouliuli this flow reduction became a problem since there

was no practical way to stabilize the flow rate. In the treatment, P

after HzO (Figure 43), the pressure head required adjustment every 12

to 18 hours to bring the flow rate near its initial value. These flow

adjustments can be noted in the irregularities (steps) along the break­

through curve of P after H20 in Figure 43. This particular experiment

was discontinued at about 29 pore volumes.

All soils showed colored effluents indicating peptized clay with

0.1 molar P. The treatment with sodium silicate also enhanced clay

peptization. The silicate from Hawaiian cement slag, however, was less

effective in peptizing Honouliuli clay as indicated by the slightly

smoother breakthrough curve of P after 8i02 in Figure 43. Clay

dispersion occurred in this treatment nevertheless, but flow adjustment

was required less frequently than P after HzO.
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SUMMARY AND CONCLUSIONS

The dispersion of chloride, nitrate, potassium, calcium and

phosphate was investigated in three tropical soils represented by three

Hawaiian soils.

The differences observed in the dispersion of these solutes for

the range of velocities tested were attributed to differences in ion

adsorption capacity and pore geometry.

Tritium which showed no interaction with these soils was used to

trace fluid dispersion. The differences in the breakthrough curves of

tritium were due to the presence of non-disp1aceab1e water that is

tightly held in the pores of aggregated media. This water frequently

called dead water, dead-end pore volume, or simply dead-end pores, was

estimated to range from 4 to 30 per cent in these soils. Qualitative

evidence from previous studies on thin sections and water movement

confirms the presence of such pores. The dispersion of potassium,

calcium and phosphate also exhibit trends that are due to dead-end

pores. Column adsorption patterns when compared with exchange capacity

data and adsorption isotherms show that when the dead-end pore volume

is large, adsorption is relatively smaller even when the potential for

adsorbing ions is great.

This study brings a new dimension to the interpretation of adsorp­

tion data gathered from batch, equilibrated, non-flowing systems.

Because of dead-end porosity, the adsorption trends from such data do

not necessarily reflect the adsorption pattern under field conditions.

The theoretical model used in the study was found adequate to

describe dispersion of tritium, phosphate, chloride and nitrate under
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saturated flow conditions. The unsaturated breakthrough curves of

chloride and nitrate also agreed fairly adequately with theory. The

observed difference between unsaturated and saturated dispersion of

chloride and nitrate was attributed to diffusion and restriction of

adsorption sites. This difference indicates that for the same amount

of irrigation water, fertilizer leaching will behave differently de­

pending on whether irrigation is applied by sprinkler or furrow method.

A quantity, Ve , which is a volume measured at the arrival of

one-half of the initial concentration appears as a more useful

qualitative (as well as quantitative) index of dispersion and adsorp­

tion than the dispersion coefficient, D. The experimentally obtained

ratio of velvo can be interpreted to indicate the following:

velvo > 1, dispersion and adsorption

velvo = 1, dispersion only

velvo < 1, dispersion in the presence of stagnant or dead-

end pores

Since Ve is a function of the type of solute, its concentration and

of pore velocity and can be estimated by simple inspection of the

breakthrough curve, its usefulness becomes more apparent than D.

The dispersion approach to the study of silica-phosphate

interrelations yields results which are not in general agreement with

adsorption data obtained by non-flowing, batch equilibration

techniques. The adsorption of phosphate as shown by breakthrough

curves is enhanced by silica treatment in two soils. Less phosphate

adsorption (fixation) reported in the literature which is attributable

to silica treatment has not been demonstrated in the test soils. This
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finding suggests a re-examination of the reasons for crop response to

silicate applications to soil.



APPENDIX. A

LIST OF SYMBOLS

a

A

Radius of a tube.

Cross-sectional area. It is also a symbol for a constant

defined by equation 6 •

Cross-section at the "neck" connection of a dead-end

pore.

c Instantaneous concentration of solute in the liquid

phase, e.g., concentration of effluent.

Error function.

Bulk density.

Coefficient of molecular diffusion.

Complementary error function.

A partition factor equal to C/N at equilibrium.

Function of C.

Brinkley's function which is related to J and 0-functions.

It is also a symbol for gram.

Holdback.

•12

Average concentration of solute.

Equilibrium concentration of solute.

Concentration of solute when the radial distance is zero.

Solute concentration of a dead-end pore.

The derivative of x, the derivative of C, etc.

A general symbol for the dispersion coefficient.

A dispersion coefficient described by equation

C

Ce

CXl

C2

dx, dC, etc.

D

D'

Db

Dm

erf

erfc

f

f(C)

g

H



J

L

m

M

N

p

P

Q

r

s

t

v

v

A function notation that is related to the Bessel

function.

Rate constants. k is also a symbol for permeability.

Transfer coefficient per unit driving force.

Length of a dead-end pore.

Length of soil column.

Amount of adsorbent in equilibrium with the solution

whose concentration is C. It is also used as a symbol

for the quantity, (k+1 + k_1) /k+1 , in equation (30) •

Amount of adsorbent per unit length of a soil column.

It is also a symbol for the quantity, ~1 + 4~ •

Instantaneous concentration of the solid phase, e.g.,

amount of solute adsorbed by the solid phase.

Initial solute concentration of the solid phase.

Pressure.

Porosity.

Volumetric flow rate.

Mass flow rate of solution.

Radial distance.

Total external surface area through which adsorption

occurs.

Time.

Volume of solution containing solute. It is used only

in the section of "Chromatographic approach."

Average pore velocity.
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v

VIe

V2

W

x, y, z

e
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Volume of effluent. It is a cumulative volume in a plot

of clco vs. V.

Volume of entrapped air.

Dead-end pore volume obtained by the difference, Vo - Ve ,

for non-adsorbed solute and saturated porous medium.

Cumulative volume of effluent once Clco = .5.

Hydraulically effective pore volume.

Pore volume. It is obtained by multiplying the volume

of the cylinder containing the soil sample by the

porosity.

Volume of porous channel not including dead-end pore

volume.

Volume of dead-end pores.

Weight of soil.

Coordinate axes. z = rIa in the capillary model of

dispersion.

A dummy variable.

A dimensionless parameter equal to D/(vx).

Tortuosity.

A dimensionless parameter equal to (vt) Ix.

Viscosity.

3.1416.

A summation symbol.

Thomas function. It is also a symbol for an arbitrary

function in equation 44 •

Operator symbol for the partial derivative of a variable.



APPENDIX B

CO~UTER PROGRAMS TO CALCULATE ,clco

C MAIN PROGRAM TO CALCULATE THEORETICAL
C CONCENT~ATION RATIO OF THE DISPERSION EQUATION

IMPLICIT REAL*8C·A-H,0-Z)
DIMENSION ETA(90),Y(10OO)
ETA(l)=.Ol
00 5 LA =2,84

5 ETACLA)=ETACLA-l)+.005
N=l
J=14
DO 300 KN=1,6
WRITE(6,10)

10 FORMATC'1','SAI',50X,'VALUES OF ETA')
WRI TEC6, 100) CETA (LA) ,L A= N, J )

100 FORMATC'0',9X,l4CF4.3,4X»
SAI=O.O
DO 2 JA= 1,40
AETA=0.005
SAI=SAI+O.l
DO 9 K=1,8'...
AETA=AETA+O.005
C=CI-SAI)*O.5*Cl.0/CDSQRT(SAI*AETA»)

C CALCULATE THEORETICAL VALUES Y=C/C SUBZERO
9 YCK)=O.S*OERFC(C)
2 WRITE(6,200) SAI,CY(LA),LA=N,J)

200 FORMATC'O',FS.3,3X,14(F6.S,2X»
N=N+14
J=J+14

300 CONTINUE
STOP
END

1. MAIN PROGRAM
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28 ERFC=l.O-ERFI
GO TO 29
ERFC=O.O
RETURN
END

500
29

FUNCTION ERFC (Z)
OH'IENS ION X( 10), H( 10), HP( 10)
X( U=3.0
X(2)=3.2
X(3)=l.8
X(4)=2.4
X(5)=2.0
X(6)=1.6
X(7)=1.2
X(8)=0.8
X(9)=0.4
X(lO)=O.O
H(1)=.999999
H(2)=.999993
H(3)=.99<;924
H(4)=.999311
H(5)=.995322
H(6)=.976348
H(7)=.910313
H(8)=.742100
H(9)=.428392
H{lO)=.OCOOOO
HP( 1 )=.000002
HP(2)=.000040
HP{3)=.OC0444
HP{4)=.003555
HP(5)=.020666
HP(6)=.087229
HP{7)=.267344
HP(B)=.594985
HP(9)=.961541
HP{lO)=1.128379
G=O.O
DO 4CO K=l,lO
IF(ABS(Z).GE.G.AND.ABS(I).LT.lG+0.4» GO TO 305
IF (ABS{Z).GE.4.0) GO TO 500
G=G+0.4
CONTINUE
J=ll-K
IA=ABS(Z)-X(J)
IB=H(J)+(IA*HPlJ»
ZC=ZA*""2*HP (J)
ZO=(1.O/3.0)*ZA*(l2.0*XlJ)**2)-1.0)
ZE=(1.0/6.0)*ZA**2*X(J)*«2.0*X(J)**2)-3.0)
ERFZ=ZB-(ZC*(XlJ)-lO+ZE»
IF (Z) 27, 28, 28

21 ERFC=l.O+ERFZ
GO TO 29

400
305

2. FUNCTION SUBPROGRAM TO CALCULATE THE COMPLEMENTARY
ERROR FUNCTION IF AN INTERNAL (MACHINE) PROGRAM

IS NOT AVAILABLE.



APPENDIX C

TABLE OF NUMERICAL VALUES OF Clco AS CALCULATED

FROM THE EQUATION, clco = ~ erfc [ 1 - V/Ve l
2 .j Tf vlve'j

y ~
V

e
.010 .015 .020 .OZ5 .OlD .035 .n40 .O~5 .050 .~~5 .060 .~h5 .070 .~15

0:\00.0 .OOO~O .OO~OO .00000 .onooo .onooo .00000 .00000 .00000 .00000 .00000 .00000 .oonoo .00000

0.200 .00000 .00000 .00000 .oo~oo .00000 .~oooo .00000 .00000 .nnooo .nnnno .onnoo .onnoo .nnnon .onooo
0.300 .00~00 .~OOCO .00000 .00000 .00000 .OO~OO .00000 .00nOI .00003 .00006 .00011 .n0020 .00032 .000~8

O.~OO .00000 .00000 .00000 .COOOI .00005 .00017 .00040 .00078 .00135 .00712 .00308 .00~25 .00561 .00715

0.500 .00000 .00002 .00020 .00078 .00195 .00376 .00621 .009Z1 .01267 .01650 .02061 .02~?3 .02039 .0339~

O.~OO .00013 .001~3 .00~91 .010~6 .01751 .~25~8 .03J9~ .04260 .0512~ .0507~ .0600Z .07~0~ .00371 .09121

0'.700 .00561 .01922 .03650 .054~0 .07162 .08767 .102~5 .11600 .128~2 .13982 .1503\ .1590'1 .16895 .17727

0.000 .05692 .09035 .13178 .15865 .10065 .19901 .~1~60 .22003 .23075 .25n09 .25930 .26757 .27505 .28185

0.900 .22803 .27140 .29908 .31068 .333~0 .3~516 .J5~69 .36266 .369~4 .37531 .38045 .38501 .38n08 .39275

1.000 .50000 .50000 .50000 .50000 .50000 .5nOOO .50000 .50000 .50000 .50000 .50000 .50000 .50~00 .50000

r.IOO .H991 .70900 .68322 .66509 .651~5 .6~072 .63190 .62~69 .618~9 .6\3\3 .600~3 .60420 .60057 .59723

1.200 .90165 .85~00 .01934 .792U" .77197 .75~92 .·/~070 .72860 .71015 .70001 .70092 .69)7~ .68721 .~8132

1.300 .96859 .93563 .9050~ .0803~ .05863 .04001 .02300 .80977 .79731 .78621 .77624 .76723 .75004 .75155

r.~OO .'19159 .97~52 .95452 .93471 .91623 .099)) .80400 .87010 .05740 .84597 .035~4 .82570 .01607 .00063

r.500 .99805 .99079 .97939 .96606 .95221 .93859 .9255~ .9\322 .90165 .80~82 .80070 .8712~ .86238 .85~08

r.600 ,,99960 .99692 .99115 .90305 .97360 .96350 .95323 .9~300 .9nl? .92367 .91455 .9050~ .09755 .88966

r.700 .99993 .99903 .99637 .99102 .98500 .97878 .97116 .96324 .95522 .94725 .939~1 .93176 .92~3~ .91716

('.800 .99999 .99971 .99857 .996\7 .99254 ;789 .982~'1 .97657 .97033 .96390 .957':0 .95092 .9~449 .93817

r.900 ...... .99992 .99945 .99025 .99616 .9'1320 .98951 .98524 .98053 .97550 .97027 .96~92 .95951 .95409

~~OOO •••••• .99998 .99980 .99922 .99805 .9962~ .99379 .99079 .98733 .96350 .97939 .91507 .97n61 .96606

2.100 •••••• • 99999 .99993 .99966 .99903 .00794 .99636 .99430 .99101 .98695 .96578 .96237 .91876 .97500

~.200 •••••• •••••• .99997 .99985 .99952 .99609 .99700 .99650 .99474 .99264 .9902~ .98750 .98~70 .9016~

2.300 •••••• •••••• .99999 .99994 .99977 .99940 .99876 .99766 .99664 .09512 .99333 .99126 .98'102 .98656

1.400 •••••• •••••• •••••• .99997 .99989 .99968 .99930 .99870 .99781 .99678 .995~6 .99390 .99214 .99018

~.500 •••••• •••••• •••••• .99999 .99995 .99983 .99960 .99922 .99065 .99788 ,9Q 612 .99575 ~99.39 .9928'

Z.'600 •••••• •••••• •••••• •••••• .99997 .99991 .99917 .99953 .99915 .99861 .99791 .991~4 .99b~O .99480

~.100 •••••• •••••• •••••• •••••• .99999 .9qQ9~ .99901 .99912 .99947 .99909 .99859 .99794 .99115 .99622

2~800 •••••• •••••• •••••• •••••• .99999 .99998 .99993 .99983 .99961 .99941 .99905 .99858 .99798 .9Q726

Z~900 •••••• •••••• •••••• •••••• •••••• .99QQQ .99996 .99990 .99919 .99962 ,99936 .99901 .99n51 .99802

j.ooo •••••• •••••• •••••• •••••• •••••• .99999 .99998 .99994 .99981 .99915 .99957 .99932 .99R99 .99857

J.l00 •••••••••••••••••••••••••••••••••••••99999 .99996 .99992 .99984 .99911 .9995) .99928 .99896

f.20a •••••• •••••• •••••• •••••• •••••• •••••• .99999 ,99998 .99995 .99990 .99981 .99968 .99949 .99925

f.300 •••••• •••••• •••••• •••••• •••••• •••••• •••••• .99999 .99997 .99993 .99901 .99918 .99964 .99946

~.400 •••••• •••••• • •••,. •••••• •••••• •••••• •••••• .99999 .99998 .99996 .99991 .999A5 .99975 .99961

3.500 •••••• •••••• •••••• •••••• •••••• ••••••. •••••• •••••• .99999 .99991 .99994 .99989 .99982 .99912

f.bOO •••••• •••••• •••••• •••••• •••••• •••••• •••••• •••••• .99999 .99998 .99996 .99993 .99908 .99980

i.700 •••••• •••••• •••••• •••••• •••••• •••••• •••••• •••••• •••••• .99999 .99997 .99995 .99991 .99986

I.BOO •••••• •••••• •••••• •••••• •••••• •••••• •••••• •••••• • ••~.. .99999 .99998 .99991 .99994 .99990

j~900 •••••• •••••• •••••• ••••••. •••••• •••••• •••••• •••••• •••••• •••••• .99999 .99998 .99996 .9999)

'~OOO •••••• •••••• •••••• •••••• •••••• •••••• •••••• •••••• •••••• •••••• .99999 .99998 .99q97 .99995
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TABLE OF C/Co' CONTINUED

v
~ .06~ .090 .100 .10., .110 oIl~ .llO .130 .'40 . '4~

0.11l0 .001'00 .00001' .OUOOO .00000 .00000 • (\flllOO .00000 .00000 • (J'lOl") .00000 .0000,) .00000 .or,ooo .00000

C.200 .001'00 .00001 .00001 .00002 .00001 .OOOO~ .00007 .onolo .(001) .00017 .0002) .00010 .00(\)h .0004~

0.300 .00070 .0(097 .001lO .OOlbO .00213 .002h4 .00322 .00305 ,01)45' .OO~2q .n~610 .n~bqh .~~786 .OOdU2

0."00 .OOthi~ .01010 .012b7 .01476 .01695 ,(111)17 .0215lt .021Q6 ,Oll.ltn .02UHCJ .Oll'" .l")})Q4 .0)1,-:'0 .0)'1')6

O.~OO .O)8~!J .04311 .04779 .O!J238 .O!J6QZ .Obl"l .Oll5U) .0101H ,01440 .07",.5 .0"21'; .08t.7h ,0')012 .Oll'tStI

0.000 .0(8)5 .10520 .11177 .IIU07 .12411 .12000 .1)54h .1~070 .14502 .15085 .1~5~0 .16016 .1645h .16860

0.700 .18501 .19224 .19901 .20~36 .Z113~ .21h07 .22220 .2273) .2)211 .2)664 .24006 .24~Oh .14000 .25275

0.800 .26807 .20380 .20008 .30398 .3085~ .31279 .31678 .32052 .32404 .327)6 .)30~0 .»3~8 .31630 .13UOO

0.900 .30607 .39011 .40189 .404~6 .40b8) .~0004 .~IIOO .41)02 .41482 .41b51 .~1811 .410b2 .42105 .~2241

1.000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .~OOOO .50000 .50000 .50noo .50000 .50000 .50000

1.100 .59~20 .591~4 .50801 .58bH .58441 .58241 .58054 .57870 .577lb .575h2 .51417 .57270 .57HO .57027

1.200 .b759b .b7l05 .bbb52 .6b2H .b5845 .65~8~ .65145 .b4628 .6~511 .6~250 .63985 .617)~ .61~Ob .63211

1.300 .144b6 .73831 .13243 .12b96 .72185 .71107 .71259 .70831 .70440 .7006~ .60708 .69310 .600~0 .681~~

r.400 .80009 .10387 .10722 .78100 .77515 .7bOb5 .lb~~7 .75057 .15492 .15052 .74b3) .14235 .13855 .13492

i.500 .8~b28 .83895 .63204.62551.81934.61350 .6019b .80269 .101bl .lOZR9 .18833 .78191.71080.11580

f.600 .8U216 .81502 .U6822 .86115 .85558 .64069 .8~40b .838b9 .6))54 .U2U61 .62388 .8\934 .81400 .81080

r.l00 .01023 .9035b .89114 .8909b .80503 .87031 .81302 .8bU53 .8b144 .85853 .6~ldl .6~025 .8448~ .840bl

r.UOO .93198 .12504 .92006 .91~H .00810 .00140 .89819 .8'1313 .8882) .86148 .87888 .81442 .87010 .8b501

i.ooo .948b9 .9~33b .93800 .93292 .92185 .92289 .01805 .(13)1 .00810 .00~20 .890UI .6055~ .ROI)8 .88133

t.OOO .9bl~5 .95b83 .05211 .9~lb2 .94306 .91859 .93411 .02982 .0255~ .02135 .9112~ .91322 .00928 .90542

2.100 .91113 .9bl19 .(6)20 .95920 .95518 .95110 .9~121 .0~326 .9303b .93551 .93111 .92191 .92429 .920bl

~.200 .97644 .91513 .91113 .9b828 .9b~78 .9b126 .9~173 .95419 .9~ObU .94118 .9~370 .9~02b .93b86 .93350

2.300 .9U394 .98119 .91833 .91538 .97236 .9b930 .9b610 .9630b .95002 .95b11 .953b3 .050~9 .0~13U .04428

2·.~00 .98807 .98560 .98342 .90002 .01835 .97570 .01209 .91024 .06146 .96~65 .06183 .95000 .95611 .951H

2.500 .99115 .98930 .9U133 .9852~ .96305 .98018 .91844 .9160~ .91360 .91111 .Ob850 .96606 .Ob350 .9bOO~

2.bOO .9934~ .99195 .99033 .088~9 .98b15 .98~62 .982UI .98013 .01850 .01b40 .91417 .91191 .060b2 .Ob131

~.100 .99515 .99395 .992b3 .99119 .969b5 .96602 .96b30 .98451 .08265 .98014 .91877 .9161b .91412 .91265

~.800 .996~2 .9954b .99439 .99320 .99192 .99055 .98909 .90155 .96595 .98~26 .98255 .9U078 .91697 .97712

2.900 .99736 .996bO .99513 .99~16 • 99370 .9925~ .99131 .99000 .96062 .96117 .96~61 .9R~11 .96251 .96086

3.000 .99805 .99145 .99615 .9959b .99509 .99413 .99309 .99191 .99019 .98054 .98823 .08b81 .085~5 .08300

).100 .99857 .99809 .99153 .99bOO .90617 .99538 .99450 .99356 .99255 .99147 .99034 .9801~ .08190 .98b61

.99895 .• 90651 .99813 .991bl .99102 .90636 .90563 .99~63 .90391 .99305 .90207 .99103 .OU094 .98861

.99923 .99893 .99858 .99816 .99168 .00714 .99653 .99505 .90512 .99~33 .903~0 .00259 ,OOlb4 .90064

j.400

3.500

'.bOO

)".100

).600

~.900

4".000

.909~3 .99920 .99092 .90850 .99820 .99715 .09124 .996b8 .99b06 .99538 .90~65 .90388 .90305 .99218

.99958 .99940 .90918 .99891 .99660 .99823 .99781 .9913~ .09b81 .99b24 .995bl .09494 .09422 .903~b

.999b9 .99956 .99938 .09911 .99891 .99861 .99826 .99786 .997~2 .99693 .99b~0 .99502 .90520 .99~5J

.99918 .99967 .99953 .99936 .99915 .99690 .998b2 .99629 .99792 .99150 .99105 .99b55 .99601 .995H

.9990~ .99915 .999b~ .99951 .99934 .9991~ .99890 .99863 .99832 .99191 .99150 .90115 .09bbB .99bl8

.99988 .99982 .99913 .99962 .999~9 .99932 .99913 .99090 .99664 .99U3~ .99801 .991b~ .0972~ .99600

.99991 .99986 .90980 .99971 .99960 .999~1 .99931 .99912 .99890 .9906~ .(98)1 .99605 .99111 .(91)3
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TABLE OF clco' CONTINUED

v ~
\7e .I~O .I~~ .160 .16~ .170 .Il~ .180 .IU~ .190 .19~ .200 .20~ .210 .21~

0.100 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00001 .00001

o.zoo .OOO~~ .~006b .00076 .OOO~2 .OOlOft .OO'2~ .OOl~) .0016~ .OOIAS .nOlOq .00234 .OO~hl .O')Z8~ .0011Q

0.300 .009U2 .010U6 .01193 .01305 .01~20 .0153U .016~0 .01782 .01908 .02036 .02Ih~ .02Z97 .02430 .0256~

0.400 .0~lb3 .04~20 .04677 .04932 .05107 .0~440 .05692 .05942 .06191 .06437 .0bhOI .Oh922 .07162 .07399

0.500 .09U35 .1020~ .10565 .10918 .11263 .11600 .11930 .122~2 .125b7 .12871, .13178 .13~73 .137bZ .140~~

0.600 .172U9 .17604 .180bb .10~34 .10791 .19137 .19471 .1979~ .20110 .20415 .20711 .20998 .21216 .215~9

0.700 .2~635 .25976 .26300 .2bb2~ .2b930 .27Z23 .27505 .27777 .26039 .20293 .28537 .26774 .29003 .29225

0.600 .341~5 .34399 .34b32 .34055 .350bU .35273 .35469 .35650 .3~840 .36015 .3bI8~ .3634b .3b~03 .3b6~5

0.900 .~23b9 .42492 .~2b09 .42720 .42621 .42929 .43027 .43121 .43211 .43296 .43362 .434b2 .43~40 .43bl~

1.000 .50000 .50000 .50000 .50000 .50000 .~OOOO .50000 .50000 .~OOOO .50000 .~OOOO .50000 .~OOOO .50000

1.100 .56910 .5b796 .5bb92 .5b591 .5b494 .~b402 .5b313 .5b228 .5614b .5b067 .55992 .55919 .5~04U .5~780

1.200 .b3056 .b2851 .b2b~6 .62469 .62290 .62119 .b1955 .b1797 .b1645 .b1499 .b1356 .61223 .61092 .b09bb

1.300 .66452 .b6174 .b7906 .b7b53 .67409 .b717~ .b6950 .bb733 .b652~ .66324 .66130 .65943 .6~763 .6~586

f.400 .7314~ .72613 .7249~ .72190 .71897 .7161~ .71343 .71082 .70829 .70566 .70351 .70124 .b990~ .69691

[.500 .77197 .76629 .7647b .76136 .75608 .7~492 .75180 .74894 .74610 .7433~ .74070 .73813 .73~63 .73322

.60676 .00266 .79913 .79~52 .79203 .768h6 .76~40 .76225 .77920 .77624 .77337 .77059 .76769' .76~27

1.700· .63651 .83254 .62671 .62500 .82141 .61792 .61455 .61126 .60810 .60502 .60202 .79911 .79h28 .79353

1.600 .86185 .85791 .65408 .85036 .64676 .84325 .83964 .636~3 .63330 .83017 .82711 .82414 .82124 .616~1

1.900

2.000 .90165 .6979b .6943~ .69062 .60737 .6U400 .88070 .67746 .81~33 .67124 .86822 .86527 .86238 .6~956

2.100 .91711 .91361 .91016 .90661 .903~1 .90027 .09709 .89397 .69091 .86791 .66497 .08208 .67926 .67b46

i.200 .93016 .92b90 .92367 .92049 .91135 .91427 .91123 .90025 .90531 .90243 .09959 .R9680 .89405 .69136

2.300 .94121 .93617 .93515 .93217 .92923 .92632 .92345 .92061 .91762 .91~06 .91235 .90967 .90703 .90443

2.400 .9~052 .94771 .94493 .9421b .93941 .93666 .93399 .93132 .92667 .92606 .92346 .92093 .91641 .91592'

2~500 .9~637 .95580 .95323 .9~Ob6 .94613 .94560 .94306 .940~6 .93809 .93563 .93319 .93070 .92636 .92601

2.600 .96496 .96264 .96029 .9~79~ .95560 .95325 .9~092 .94659 .94627 .9439b .941h7 .93939 .93713 .93469

2.700 .97055 .96643 .96b29 .96415 .9b199 .9~963 .957b7 .95551 .95336 .95121 .9490b .94b93 .94480 .942b9

2.600 .97523 .97332 .97139 .96944 .96747 .9654. .9b350 .96151 .95951 .957~1 .95551 .9~3~2 .951~3 .94954

2~900 .97918 .9774b .97571 .97394 .97215 .9703~ .9b852 .9bb69 .9648~ .96300 .9b114 .9~929 .95743 .95~57

3.000 .96249 .9609b .97939 .97179 .97blb .97452 .97265 .97117 .9b946 .96777 .9b606 .96433 .9b2bO .9b087

S.100 .96526 .98391 .96250 .9610b .97960 ••1UI0 .97b59 .97505 .973~~ .97193 .97034 .96675 ••b71~ .96~54

3;200 .967b3 .98b41 .90515 .963&b .96253 .96118 .97980 .97640 .91b98 .97~~4 .97409 .972bl .97113 •• 69b4

S.300 .96960 .98652 .96740 .98624 .96505 .96383 .98256 .98130 .96001 .970b9 .97735 .97600 .974b3 .97325

1.400 .9912b .99030 .96930 .98827 .90720 .98bl0 .98497 .96361 .962b3 .98143 .98020 .9169b .97770 .97b42

1.500 .992b5 .99160 .99092 .99000 .96904 .96605 .98703 .96599 .96491 .96361 .962b9 .961~5 .96039 .97922

3.600 .99362 .99306 .99229 .99147 .99062 .98973 .9R661 .96~~6 .98669 .98589 .96401 .96363 .96276 .901b8

~700 .99461 .99415 .99346 .99273 .99196 .99117 .99034 .96949 .90661 .96770 .96671 .96562 .96464 .96365

3.800 .99563 .9950b .994~4 .99380 .99312 .99241 .991b7 .99090 .99010 .98926 .98643 .9875b .96b67 .98~75

'~900 .99633 .99562 .99526 .99471 .99411 .99347 .99281 .99211 .99139 .990b5 .96986 .96909 .98627 .9674~

4.000 .99b92 .99647 .99bOO .995~9 .99495 .99439 .99379 .99317 .99252 .99185 .99115 .9904} .96968 .96692
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TABLE OF clco , CONTINUED

.220 .2)0 .23~ .HO .2~0 .2~5 .270 .275 .280

0.100 .00001 .00001 .00001 .00002 .00002 .00007 .110003 .0001)] .oooo~ .OOOO~ .00005 .00006 .onn07 .00008

0~200 .003~0 .00383 .00~1e .on~5~ .00~'11 .OM30 .lIM71 .0061Z .001.~" .00700 .007~6 .007'13 .00b~1 .00H'l1

0.300 .02701 .02838 .02'17...03115 .032~~ .U33q~ .03~3~ .03..7...03817 .03q~9 .O~IOO .0~2~2 .0~183 .0~525

O.~OO .07633 .078..5 .0809~ .08321 .08~~5 .08767 .08901. .09202 .0q~I" .0'1627 .0'1835 .IOO~I .102~~ .IO~~"

G.500 .1~321 .1~592 .1~057 .1~117 .1~372 .1~"21 .I~O"" .1 ..105 .1"3~0 .1"~70 .1 .. 7'16 .17018 .177.35 .17~~9

0.600 .218h .22071 .22)21 .225.. 5 .22003 .2303~ .232..0 .2l~01 .23"'1...2390" .2~1I1 .2U12 .2~508 .2~"99

0.700 .29~~0 .29"~9 .29851 .300~0 .30239 .30~2~ .30"0~ .30780 .30951 .31117 .3127'1 .31~37 .31~91 .317~Z

0.800 .3..802 .3"9~~ .37002 .37215 .373~~ .37~70 .37591 .37710 .37825 .37'137 .300~5 .38151 .3825~ .30355

0.900 .~3"07 .~3757 .~3025 .~30?O .~3'15~ .~~015 .~~075 .~~133 .~~189 .~~2~~ .~~2?7 .~~3~9 .~~399 .~~~~o

1.000 .50000 .50000 .~OOOO .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000

(.100 .55715 .55..51 .55590 .55531 .55~73 .55~17 .55363 .55311 .55Z"0 .55210 .55162 .55115 .550..9 .550~5

r.200 ...Oh3 .60725 ...0..11 ...0500 ...0393 '''0288 .60187 ...000'1 .5999~ .59'101 .59811 .5'1723 .5'1.. 37 .5'155~

1~300

(.~oo

[.500

i ...oo

...5H9 ...525" ...5097 .M9H ."~79~ '''~''50 ."~509 ....4373 ,"U'o'O ...~1I1 ...3985 ,"38.. 3 ... 3H3 ...3.. 27

.69~85 ."Q205 ...9091 ...8903 ...0721 ,"05~3 ...8371 ...0203 .600~0 ...7081 .67726 .67575 .67~20 .6728~

.73007 .72860 .72"3'1 .72~2~ .72215 .72012 .71015 .71622 .71~35 .71252 .7107~ .70'101 .70731 .70566

.76273 .76025 .7570~ .75550 .75322 .75100 .7~883 .7~"72 .7~~6" .7~26" .7~070 .73870 .736'12' .7350'1

(.700 .79005 .7002~ .70570 .78322 .70000 .778~5 .77615 .773'11 .77172 .76'158 .7"7~9 .7"5~~ .763~5 .761~9

1.800 .815..... 81297 .81035 .80779 .80529 .80285 .800~" .79813 .79585 .793.. 2 .791~~ .78'131 .78722 .78518

1.900 .83752 .83~80 .03215 .82955 .82701 .02~53 .82210 .81972 .8173'1 .81510 .81287 .81068 .0085~ .806~3

2.000 .85679 .85~08 .851~3 .0~003 .8~"28 .8~379 .8~13~ .03095 .83660 .83~30 .8320~ .82982 .82765 .82551

2.100 .8737.. .87109 .8"8~7 .8..590 .8..338 .86090 .858 ... 7 .85609 .85375 .851~5 .0~919 .8~"97 .8~~79 .8~2"5

~.200 .88871 .88610 .8835~ .68102 .87855 .87.. 11 .87372 .87137 .8..906 .86..78 .8 ..... 54 .8"23~ .8..018 .85805

2~300 .90187 .89935 .8968.. .8?~~1 .89200 .889..3 .88729 .88~99 .88272 .880~9 .87829 .67613 .87399 .87189

'2".~OO .9IH...91103 ,900"~ .90..28 .90395 .90165 ,89938 .8971~ .89~93 .89276 ,0901.1 .8110~9 .88"~0 .88"'3~

2.500 ,923"7 ,92135 .91906 ,91679 .91~55 .91233 .9101~ .90798 .'1058~ .90373 .90165 .0'1'15'1 ,897~5 .8955~

l.bOO ,'1321." .930~" ,92827 .92611 ,9239" .9218~ ,9197~ .917..5 .'11560 .91356 .9115~ .90'155 .90758 ,90563

2.700 ,9"'058 .93850 .93"~2 ,93~36 .93232 .93029 ,92020 .92..29 .92~32 .9223" ,920~2 .'11050 ,91"59 ,91~71

2.800 .9...756 .9~5"0 .9~36~ .9... 1..9 .'13975 .93787 .93590 ,93~00 ,93212 ,9302~ .92030 ,9265~ .92~71 .92289

2.900 .95372 .95187 .95002 .9~818 .9~63~ .9~~52 .9~270 .9~089 ,93910 .93731 .'13553 .93377 .93201 .93027

i.ooo .9591~ .957~0 .9551.7 .9539~ .95221 .950~0 .9~076 .9~705 .9~53~ .9~3"~ .9"'195 ,9~02" .93859 .93692

S.IOO ,96392 ,9..230 ,9"067 ,95905 ,957~2 ,'15580 .95~18 .95255 ,9509~ .9~932 .9~771 .9~"ll '?~"'51 .9~292

3.200 .9..813 .9...... 2 ,9"511 ,96359 .9..206 ,9 ..053 .95900 ,957~8 .95595 .95~~2 .95291) ,95137 .9~985 .9~83~

).300 .97185 .970~5 .9"903 .91.7.. 1 .9..619 ,9"~75 .96332 ,9..188 .9"0~~ .95099 .95755 .q~"11 ,95~67 .95323

j,~oo ,97513 .97303 .97251 .97119 ,9..90.. .96852 ,91.717 .91.582 .9"~~" .96310 .9"17~ ,96037 .'15901 .9~7"5

3.500 .97802 ,97"02 .975..0 ,97~3" .97312 ,97187 .97061 ,9 ..qJ'o' .9..007 ,96..79 .9..550 .96~22 .'16293 .9..1"3

3."00 ,98058 .979~6 .97833 .97719 .97603 .?7~86 .973..8 .97250 .97130 .97010 .9.. 08'1 ,9..7..8 .9b"~" .9652~

).700 .98283 .90100 .98075 .97969 .978..2 .97753 .976'0'3 .97532 .97~20 .97308 .971'1~ .97000 .91.91.5 .9..850

3.600 .98~02 .98387 .90290 .90192 .90092 .97991 ,97889 .97785 .97681 .97575 .97~b9 .973..2 .97253 .971~5

).900 .90650 .90570 .90 ... 01 .90390 .98290 .9820~ .98109 .98012 .97915 .9701...97716 .97615 .9751~ .97~11

4.000 .98013 .90733 .90650 .90566 .90'0'01 .9839~ .98305 .98215 .9012'0' .'18012 .97939 .978~~ .'l77~'l .'17..53



137

TABLE OF clco , CONTINUED

.300 • 30~ oliO .320 .32~ .HO .H~ ol~~

O.I~O .OOOO~ .00011 .00012 .00013 .OOOI~ .00017 .00019 .00021 .0002' .0002~ .0002" .O~O)I .00033 .00937

0.200 .OO~'I .00991 .010.6 .01100 .Oll~~ .01211 .01267 .0132~ .0130. .01 •• 3 .01~01 .01~6' .0Ih2~ .01688

0.300 .0.hb6 .0.807 .0.9.0 .O~OOO .0~229 .053hO .05~07 .056.6 .0570. .05922 .06059 .96196 .0.)32 .06'67

0••00 .106••• 108.0 .1103•• 1122~ .11.13 .11600 .11784 .11~66 .121'~ .12323 .12.9ft .ll671 .120.2 .13011

0.500 .17650 .1786•• 10066 .182••• 10.59 .18650 .18838 .19023 .19204 .19)83 .195~9 .1?731 .19901 .20066

0••00 .2.807 .25070 .252.9 .2~425 .25597 .25765 .2~930 .26092 .26250 .26406 .265~0 .26708 .26855 .26?99

0.700 .31800 .32032 .32171 .32308 .32442 .32572 .32700 .32825 .32947 .33067 .33184 .33299 .))412 .33522

0.000 .38.53 .305'8 .306.1 .30132 .38021 .38900 .30993 .39076 .39151 .39236 .39313 .39389 .39.63 .3?~36

0.900 ••••96 ••• 542 ••• 508 •••632 ••4675 .44717 •••759 ••• 799 ••• 030 ••4017 •••91. .44951 •••987 •• 5022

(.000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000 .50000

(.100 .54982 .54939 .5.098 .5.058 .54819 '~'781 .5.143 .5.107 .5.671 .5.b37 .54602 .5.5.9 .54~37 .54505

1.200 .59.13 .59394 .59311 .~9242 .~9168 .59096 .59026 .50958 .50891 .58825 .58161 .58698 .58631 .58577

1~300 .63514 .63403 .63295 .63190 .63087 .62987 .62880 .62792 .62698 .62606 .62517 .62429 .62342 .62258

(.400 .67144 .67007 .6687. .667.. .6b616 .66.92 .66370 .66251 .6613. .66020 .65900 .65799 .65692 .65507

i. ~OO .70404.70246.70092 .69941 .6979. .696.9 .69500 .69HO .69235 .69102 .60913 .680.5 .68721 .60590

(.bOO .73))1 .73156 .72985 .72810 .72655 .72.95 .72330 .72105 .72035 .71807 .71143 .71601 .71.62 .71326

r.700 .759~0 .75771 .75588 .75.00 .75233 .75061 .7.092 .74127 .7'~6' .7••05 .7.250 .7409b .139.6 .73799

(.000 .78)11 .70121 .77929 .771.1 .77556 .77)75 .77197 .17023 .76852 .76604 .765i9 .T6357 .76198 .76042

i.900 .00.31 .00235 .80037 .79042 .79651 .1?b. .79280 .79099 .70921 .707.7 .78516 .70.00 .782.2 .10080

2.000 .023.2 .02136 .81934 .81736 .81541 .01350 .81162 .00917 .00796 .00617 .00441 .80269 .80099 .79972

20100 .8405~ .03840 .83645 .83..5 .83248 .8305~ .82665 .02678 .82.9••02313 .82135 .81959 .01787 .81611

~.200 .85595 .85389 .85186 .04907 .0.790 .8.597 .8••06 .8.219 .8.034 .83852 .83673 .0).96 .01322 .83151

~.300 .06902 .06770 .06517 .0637~ .06184 .85992 .05803 .05616 .05.32 .85250 .85071 .04895 .8.121 .8.550

t ••OO .08231 .80030 .87833 .07638 .874.5 .872<,5 .8~060 .06883 .06701 .86521 .863.. .86169 .85996 .85825

2.500 .0935. .69160 .88966 .88715 .80507 .80.00 .88216 .88034 .07055 .81677 .87502 .87329 .81150 .86989

2.600

2.700

2'.000

2".900

J.OOO

r.l00

J.200

3.300

.1.400

l.500

~.600

3';700

l.ooo

3.900

•• 000

.90HO .901~9 ,.89991 .89804 .09620 .89H8 .09258 .89080 .88903 .88729 .88551 .8038T .80219 .68053

.9128••91100 .90917 .90736 .90556 .90379 .90203 .90030 .89850 .89608 .89519 .89353 .89188 .8902.

.92109 .919)1 .9175. .91579 .91405 .9123) .9106) .9089. .90727 .90561 .90397 .9023. .9007) .69913

.92854 .92682 .92512 .923.3 .92175 .92009 .9184••91680 .91510 .91357 .91197 .91039 .90802 .90127

.93527 .9)362 .93198 .93036 .9207' .9271. .92554 .92)96 .922)9 .9200) .91929 .91775 .91623 .91.72

.9.13. .93976 .93019 .9)66) .9)508 .9335. .9)201 .93040 .92897 .927.6 .92597 .92••8 .92)00 ~9215'

.94603 .945)2 .9H82 .9.2)] .94084 .93936 .9H89 .9)642 .93496 '.93351 .93207 .93064 .92921 .92779

.9517? .95036 .9409) .9.750 .94608 .94.66 .94325 .94184 .94044 .9)90. .93165 .9)627 .9)490 .93353

.95628 .95492 .95)55 .95219 .95084 .94948 .9481) .94678 .9.544 .94410 .94216 .94143 .9.011 .9)819

.96034 .95905 .95715 .95646 .95516 .~5387 .95258 .95129 .95000 .9.812 .94744 .94616 .9.489 .94362

.96402 .96279 .96156 .9603) .95910 .95787 .9566) .95540 !95417 .95295 .95172 .950.9 .94927 .94005

.96134 .96618 .965'02 '.96365 .9621.0 .96151 .96033 .95916 •.?5799 .95681 .9551.. .95447 .9~330 .952)3

.970)6 .96926 .96816 .96705 .91.59. .96.83 .96371 .96259 .96147 .96035 .95923 .95811 .95699 .95587

.91308 .97205 .97\01 .96996 .96891 .96T85 .96619 .96513 .96466 .96360 .9625) .96146 .960)8 .95931

.97556 .97.58 .97360 .91261 .97161 .97061 .96960 .96859 .96758 .96656 .96555 .96.52 .96350 .962.0



.3bO .J10 .375

TABLE OF clco , CONTINUED

7J
• )00 .~05 .HO .~15

138

0.100

0.200

0.)00

o.~oo

0~500

O.bOO

0.700

0.000

0·.900

1.000

1.100

r.200

1.)00

I.~oo

1'.500

r.I>OO

r.700

I.BOO

(.900

f.ooo

2.100

%.200

%.300

r.~OO

%.500

%.1>00

r.l00

[.BOO

2'.900

r.OOO

r.IOO

).200

).300

).~OO

J·.500

).1>00

l.100

)".BOO

).900

~.OOO

.OOO~O

.01751

.Ob601

.13170

.20233

.271~0

• 33b30

~ )91>07

.~5057

.50000

.5~H3

.5051B

.1>2115

.1>5~B~

.I>B~79

.71192

.731>5~

.750B9

.77920

.7911>7

.BI~~9

• B2 9B2

.B~3BO

.B51>57

.B1>822

.B7000

.0001»

.0'1155

.90573

.91322

.92000

.'12b)0

.'13217

.9)HO

.9~235

.'1~1>0~

.9509b

.'15~7S

.950H

.91>1~5

.00043

.01B14

.01>735

.13342

.20)95

.2727'1

.33731>

.391>77.

.45091

.50000

.54~43

.50~1>0

.b209~

.1>5)0)

.1>031>1

.7101>1

.73512

.15730

.7771>2

.7'11>05

• 0120~

.02011>

.0~213

.05~90

.01>1>50

.87725

.0870)

.0959'1

.90~20

.91173

.910M

.92~90

.93"01

.931>17

.9~109

.9~5/»

.9~979

.9536)

.95717

.91>0~Z

.00047

.0107'1

.1)505

.2055~

.ZHI5

.330~0

.397~1>

.~5IH

.50000

.5~~13

.50~0~

.1>2015

.1>520~

.1>02~1>

.70932

.73372

.75590

.71600

.7'1~~1>

.011ZZ

.021>5Z

.0~0~9

.05326

.81>~'15

.0751>5

.OB5~5

.094~~

.'10ZI>0

.910Z5

.'117Z0

.92359

.929H

.93~87

.939B~

.9H~Z

.9~01>3

.95252

.951>09

.959~0

.00051

.01943

.07001

.131>1>1>

.20711

.275~'1

.339~2

.)'1013

.~5151>

.50000

.H30)

.58)49

.bI937

.b5101>

.b013Z

.70001>

• 71~)5

.75~~~

• 77~51>

.7920'1

.00'11>2

.OH90

.03081>

.8511>~

.01»34

.07~01>

.00309

.8'1290

.'1011 0

.90079

.91570

.92221

.92013

.93357

.9)059

.9~321

.9HH

.951~0

.9550Z

.95837

.0713)

.13025

.200b5

.Z71>01

.HO~Z

• )9870

• ~5100

.50000

• 5~355

• 502'1~

.blObO

.b50'l1

.1>0021

.701>02

.73100

.75)01

.77301>

.79135

.00005

.02))0

• 037ZI>

.0500~

.01>175

• 072~9

.0021~

.0'1130

.09'170

.9073~

.9H37

.9208~

.921>79

.93220

.9373~

.9~ZOI

.9~1>31

.95029

.95395

.9573~

.020H

.0721>~

.13902

.ZI017

.27010

.HI~I

.39'1~)

.~521'1

.50000

• 5~321>

• 502~1

.1>1785

.b~990

.1>7912

.70560

.7291>1

.7511>0

.7715'1

.70'103

.001>~9

.02173

.0351>0

.0~841>

.81>018

.0709)

.~OOOI

.08900

.09822

.90590

.91291>

.919H

.92H7

.93100

.9)1>10

.'1~001

.9~511>

.9~'117

.95288

.951>31

.0001>4

.02141

.0739~

.1~137

.2111>7

.27937

• 3~237

.~0001>

.~5250

.50000

.5~2'1'1

.50109

.1>1712

.1>~901>

.1>7805

• 70~40

.72837

.75021

.77014

.700))

.004'11>

.02018

.03412

.0~1>90

.0501>3

.01>'1)'1

.07'129

.0083'1

.891>~1>

.'10H7

.91157

.91012

.92H5

.92'173

.'13487

.'1)9/>Z

.9~~01

.9~801>

.'15182

.95529

.000h8

.02200

.0752)

.1~291

.2131~

.2001>2

.34332

.~001>0

.~5200

.50000

.54271

.58137

.1>1640

.M811>

.1>7100

.10)22

.7270'1

.14805

.71>871

.701>01>

.003~5

.0101>5

.03250

.0~5)1>

.0570'1

.81>707

.07779

.806'11

.09531

.'10305

.91019

.'111>77

.'12205

.'120~1>

.'1331>~

.9)043

.9~ZOI>

.'1~1>'16

.95075

.95~2b

.00073

.02275

.071>52

.1~~~2

.21~bO

.20185

.34425

.~012'1

.~5)0'l

.50000

.5~2~5

.58087

.6151>'1

.M727

.b75'1b

.70201>

.12503

.7~751

.7b730

• 785~0

.00197

.0171~

.0310b

.8~)0~

.05550

.01>1>37

.871»0

.005~5

.09)08

.'1011>5

.'10002

.'11543

.'12155

.9271'1

.'1)2~2

.'13725

.'1~172

.9~5A5

.'1~91>0

.'1532:'

.00010

.0234)

.07700

.H5'12

.21603

.28301>

.)~511>

.~0109

.45330

.50000

.5~218

.50030

.1>14'19

.1>41>40

.I>H94

.70092

.72459

.74hI9

.7b592

.70)97

.80050

.015hl>

.02951>

.84234

.OHOB

.BI>~OO

.B7~8)

.88~00

.B92~5

.90025

.90745

.91~11

.'12025

.'12594

.93120

.9)607

.9~058

.9~H5

.94BhZ

.'15221

.00004

.01~11

.07'107

.147~0

.21H4

.20~25

.3~601>

.~02~0

.~5l61

.50000

.541'1)

.57'10'1

.1>14)1

.1>~555

.1>7395

.1>9980

.72337

• 74~d9

.71>451>

.70251>

.79901>

.8141'1

.02800

.h005

.0521>0

.01»~1

.87330

.88257

.09104

.B9087

.901>l0

.9127'1

.9IB97

.92~1>9

.92999

.93409

.939H

.9~)1>5

.9~751>

.95119

.0'l'lB'I

.OH7'1

.'100l4

.14081>

.21083

.205~2

.341>95

.~0301>

• ~Sl94

.500'10

• 5~160

.57'142

.1>131>~

• b~~71

.1>7291>

• b9670

.72217

.7431>1

.71»21

.70117

.7971>3

.012H

.82662

.0)939

.85114

.81>1'11>

.8719~

.00115

.8091>5

.09750

.9'1471>

.911~8

.91770

.'12345

.92878

.93372

.9)831

.9~25~

.~1>50

.95017

.00n95

.025~0

.00159

.15011

.22020

.20657

• )4781

.40)62

.50000

.5~1~)

.57095

.1>1290

• I>~)OO

.1>7200

.1>9761

.7209'1

.H2l5

.71>189

.77'100

.796ll

.81131

.02518

.037'1~

.86052

.87051

.0197~

.80826

.891>1~

.90H)

.'11018

.'111>43

.92222

.9275B

.'13251>

.93718

.941~7

.9~915

.00101

.02617

.0020~

.15114

.22155

.20710

.3401>7

.40~IB

.~ 54~9

.50000

.54110

.510~'1

.61233

.6~307

.67105

.1>91>55

.71'183

.14111

.00990

.62375

.0)651

.B~021>

.05910

.B6'110

.07035

.88609

.8'1400

.90211

.900B9

.91517

.'120'19

.92b)9

.931~0

.9)1>06

.9~038

.'1~~~0

.9~013



TOP VIEW (TOP 1UTE UUOV£D)

SIDE

---b:j
•

.,~
PUSSUI1F ",mNt; - / s·
'" AccepT 1: rEI). HOSE

DETAilS of CYLINDERS

TOP

DETAILS of COVER PLATE

--~~~ ;!"Jfi ;-~.~ I H
'I I__=nT

I

I

.I
'"

fUT-H£AI) SQElI.
~.." rZie WIT;'
HF;lW IXITY .,W
IItVT z. W,fSKF/l

CROSS-SECTIONC8MSS at H}

APPENDIX D

t~J-
rt' !!
~~~
;;~ .
~;~ l~~Q""
,,:~;;
o ...~..

~1i
S~·,

. -- ~ J - ~p".
:re~U/; a1~f;Zt=r:..

--

IJI.UI~n~

"rtN~ TO
/,f/kU

COUIt PUTE cru_
II."OI'IFNr "0' K/'" "',

IJ \ i' '> ,~ 1 J J ) 1! ,.

'fl-H.-h!~ /::;:r;s
~

DETAILS ef A

DESIGN AND SPECIFICATIONS OF DISPERSION COLUMN



APPENDIX E

SOIL DESCRIPTIONS

Mo10kai Series

The Mo10kai series is a member of the fine-silty, ha110ysitic,

isohyperthermic family of Tropeptic Hap1ustoxs. Typically, these soils

have dark reddish brown, friable A horizons that have weak granular

structure, dark reddish brown B horizons that have weak coarse prismatic

structure in the upper part and moderate fine and very fine subangu1ar

blocky structure in the lower part, and fine black concretions that

effervesce with hydrogen peroxide throughout.

Typifying Pedon: Mo10kai silty clay loam - pineapple. (Colors

are for moist soil unless otherwise noted.)

Ap1 -- 0-7" -- Dark reddish brown (2.5YR 3/4) silty clay loam,

dark red (2.5YR 3/6) dry; weak very fine, fine and

medium granular structure; slightly hard, friable,

slightly sticky, plastic; many roots; many interstitial

pores; many very fine black concretions that effervesce

with hydrogen peroxide; strong effervescence with

hydrogen peroxide; extremely acid (pH 4.4); clear wavy

boundary. (6 to 7 inches thick.)

Ap2 -- 7-15" -- Dark reddish brown (2.5YR 3/4) silty clay loam,

dark red (2.5YR 3/6) dry; weak medium and coarse sub­

angular blocky structure breaking to moderate fine and

very fine granular structure; slightly hard, friable,

sticky, plastic; common roots; common very fine tubular

and interstitial pores; common fine black concretions;
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violent effervescence with hydrogen peroxide; very

strongly acid (pH 3.6); clear smooth boundary. (8 to 9

inches thick.)

B2l -- lS-3S" Dark reddish brown (2.SYR 3/4) silty clay loam,

red (2.SYR 4/6) dry; weak coarse prismatic structure

breaking to weak coarse subangular blocky structure;

slightly hard, friable, sticky, plastic; many very fine

and fine tubular pores; few shiny patchy faces on

prisms; common fine black concretions; strong effer­

vescence with hydrogen peroxide; slightly acid (pH 6.S);

gradual wavy boundary. (14 to 22 inches thick.)

B22 -- 3S-64" -- Dark reddish brown (2.SYR 3/4) silty clay loam,

red (2.SYR 4/6) dry; weak coarse prismatic structure

breaking to strong very fine and fine subangular blocky

structure; moderately compact in place, slightly hard,

firm, sticky, plastic; many very fine and common

tubular pores; common patchy pressure faces on peds; com­

mon patchy clay films on ped faces; few very fine black

concretions; modarate effervescence with hydrogen

peroxide; neutral reaction (pH 6.6); gradual wavy

boundary. (27 to 30 inches thick.)

B3 64-72" -- Dark reddish brown (SYR 3/3) clay loam, dark

reddish brown (SYR 3/4) dry; moderate fine and very fine

subangular blocky and angular blocky structure; slightly

hard, friable, slightly sticky, plastic; common very

fine and fine tubular pores; thin patchy clay films on
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peds; red (2.5YR 4/6) clay films on the walls of larger

pores; common hard earthly lumps; few very fine black

concretions; slight effervescence with hydrogen peroxide;

neutral reaction (pH 6.6).

Type Location: Island of Mo10kai, Maui County, Hawaii; northeast

corner of block 39, field 305, California Packing Corporation, Kualapuu,

Mo10kai, about 4.7 miles west of Kaunakakai Post Office and 0.35 mile

north of junction of Highways 46 and 47, and about 200 feet west of

Highway 47.

Range in Characteristics: The number and size of black concretions

that effervesce with hydrogen peroxide decrease with depth. Some

weathered rock fragments are throughout the soil, but they are mostly

below depths of 40 inches. Mean annual soil temperature is about 730 F.

Textures shown are "apparent field textures." Hue of the A horizon is

5YR, 2.5YR or lOR, moist value is 2 or 3, moist chroma is 4 or 5, and

dry chroma is 4 through 6. The hue of the B2 horizon is 2.5YR or lOR,

moist value is 2 or 3, dry chroma is 4 through 6 and moist chroma is

3 or 4.

Competing Series and their Differentiae: These are the Ewa,

Ho10mua, Keahua, Lahaina, Uwa1a, and Waikapu soils. The Ewa soils have

strong effervescence with hydrogen peroxide throughout and lack pris­

matic structure in the upper part of the B horizons. Ho10mua soils

have silt loam upper B horizons and buried B horizons within 40 inches

of the surface. Keahua soils have 5YR or yellower hue, and the upper

part of the B horizon has moderate to strong structure. Lahaina soils

have subangu1ar blocky structure in the upper part of the B horizon and
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nearly continuous stress faces in the B2 horizon. Uwa1a soils have 5YR

or yellower hue throughout. Waikapu soils have moderate to strong sub­

angular blocky structure in the upper part of the B horizon and slicken­

sides in the lower part of the B horizon.

Setting: The Mo10kai soils are on nearly level to moderately steep

uplands at elevations from near sea level to 1,500 feet. The soils

formed in residuum weathered from basic igneous rocks. Mean annual

rainfall is 20 to 25 inches. The average January temperature is about

710 F., average July temperature about 770 F., and mean annual

temperature about 730 F.

Principal Associated Soils: These are the competing Ewa, Ho10mua,

Iiahaina, Uwa1a and Waikapu soils.

Drainage and Permeability: Well drained. Runoff is medium.

Permeability is moderate.

Use and Vegetation: Used for pineapple, pasture, wildlife, and

irrigated sugar cane. Natural vegetation is kiawe (Prosopis chi1ensis),

pitted beardgrass (Andropogon pertusus), feather fingergrass (Chloris

virgata), lantana (Lantana camara), i1ima (Sida fa11ax), and buffe1grass

(Pennisetum ci1iare).

Distribution and Extent: This soil is on the islands of Mo10kai,

Lanai, Maui, and Oahu, of Hawaii. The extent is about 35,000 acres.

Series Established: The Mo10kai series was classified as Low

Humic Latoso1s in the 1955 Soil Survey of Hawaii.

Honou1iu1i Series

The Honou1iu1i series is a member of the very fine, ha110ysitic,

isohyperthermic family of Vertic Ustropepts. Typically, Honou1iu1i
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soils are very deep, dark reddish brown, very sticky, very plastic and

neutral in reaction. The B horizon has prominent slickensides and con­

tains a few light colored sand grains.

Typifying Pedon: Honou1iu1i clay - irrigated sugarcane. (Colors

are for moist soil unless otherwise noted.)

Ap -- 0-15" -- Dark reddish brown (5YR 3/2) moist and dry clay;

moderate medium and fine granular structure; hard, firm,

very sticky, very plastic; common fine roots; common

fine pores; few black specks; few shiny specks; few

light colored sand grains; few black concretions that

effervesce with hydrogen peroxide; moderate efferves­

cence with hydrogen peroxide; neutral (pH 6.9); clear

smooth boundary. (6 to 16 inches thick.)

B2 -- 15-26" -- Dark reddish brown (5YR 3/2). clay, dark reddish

brown (5YR 3/3) dry; moderate coarse subangular blocky

structure; common slickensides; hard, friable, very

sticky, very plastic; common fine roots; many fine and

medium tubular pores; few light colored sand grains;

few shiny specks; common black concretions, few black

stains that effervesce with hydrogen peroxide in pores

and between peds; moderate effervescence with hydrogen

peroxide; neutral (pH 6.9); clear smooth boundary. (10

to 12 inches thick.)

Cl -- 26-36" Dark reddish brown (5YR 3/2) clay, dark reddish

brown (5YR 3/3) dry; weak medium and coarse subangu1ar

blocky structure; many moderate slickenside; hard,
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friable, very sticky, very plastic; common roots; common

fine and medium tubular pores; few light colored sand

grains; few shiny specks; common black concretions; few

black stains that effervesce with hydrogen peroxide in

pores and between peds; strong effervescence with

hydrogen peroxide; neutral (pH 701); abrupt smooth

boundary. (8 to 12 inches thick.)

C2 -- 36-48" -- Dark reddish brown (5YR 3/2) clay, dark reddish

brown (5YR 3/3) dry; moderate fine and medium subangu1ar

blocky structure; many strong slickensides; hard, fri­

able, very sticky, very plastic; many fine roots; com­

mon fine and medium tubular pores; few light colored

sand grains; few shiny ~pecks; common black concretions

that effervesce with hydrogen peroxide; neutral (pH

7.3); gradual smooth boundary. (10 to 14 inches thick.)

C3 -- 48-68" -- Dark reddish brown (5YR 3/2) clay, dark reddish

brown (5YR 3/3) dry; moderate medium and fine subangu1ar

blocky structure; many strong deeply grooved slicken­

sides; hard, friable, very sticky, very plastic; few

fine roots between peds; few fine tubular pores; few

light colored sand grains; few shiny specks; common

black concretions that effervesce with hydrogen peroxide;

strong effervescence with hydrogen peroxide; miid1y

alkaline (pH 7.6).

Type Location: Honolulu County, Hawaii; Ewa Sugar Plantation,

field No. 53, 120 feet north of Ewa School in an irrigated sugarcane field.
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Range in Characteristics: Textures shown are "apparent field

textures." Gravel is in the solum at depths below 3 feet in some

places. Coral fragments are mixed in the upper part of the solum by

cultivation where these soils are adjacent to the Mamala soils.

Average annual soil temperature is about 740 F. The soil is dry in

some horizon for more than 90 cumulative days in most years. The color

value of the A horizon is 3 or 4, and chroma is 1 through 3 when dry

and 2 through 4 when moist. The B horizon has moist chroma of 2 or 3.

Competing Series and their Differentiae: These are the Haleiwa,

Hoolehua, Waialua, Waihuna, and Waipahu soils. The Haleiwa soils have

hue of 7.5YR or yellower and silty clay texture. Hoolehua soils have

silty clay texture and oxidic mineralogy. Waialua soils have mottles in

the B horizon and silty clay texture. Waihuna soils have hue of 7.5YR

or yellower. Waipahu soils have hue of 7.5YR or yellower, silty clay

texture, and prismatic structure in the B horizon.

Setting: Honouliuli soils are on nearly level to gently sloping

lowlands at elevations of 15 to 125 feet. The regolith is fine-textured

sediments. Average annual precipitation is 18 to 30 inches; summers

are dry and winters are moist. Mean annual temperature is about 740 F.;

average January temperature is 700 F.; and average July temperature is

780 F.

Principal Associated Soils: In addition to the competing Waialua

series, these are the Ewa, Lualualei and Mama1a. The Ewa soils have

silty clay loam texture. The Lualualei soils are very high in montmo­

rillonite. Mama1a soils have coral at depths of 8 to 20 inches.
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Drainage and Permeabi1i~y:, Well drained. Runoff is slow, and

permeability is moderately slow.

Use and Vegetation: These soils are used primarily for growing

irrigated sugarcane; small amounts are in truck crops, orchards and

pasture. Natural vegetation is kiawe (Prosopis chi1ensis), k1u

(Accacia farnesiana), koa haole (Leucaena glauca), fingergrass (Chloris

~.), bristly foxtail (Setaria vertici11ata), Bermuda grass (Cynodon

dacty10n), and sensitive plant (Mimosa pudica).

Distribution and Extent: Honolulu County, Hawaii; mainly the Ewa

area, but in small bodies on the coastal plains. The extent is about

3,500 acres.

Series Established: Soil Survey, Territory of Hawaii, 1949.

Remarks: The Honou1iu1i soils were classified as Gray Hydromorphic

soils in the 1955 Soil Survey of Hawaii.

Wahiawa Series

The Wahiawa series is a member of the clayey, ha110ysitic, isothermic

family of Tropeptic Eutrorthoxs. Typically, these soils have very dusky

red or dusky red granular A horizons and compact B horizons having

moderate or strong structure. Manganese compounds are common through-

out the sola, giving the soils a purplish cast when moist.

Typifying Peden: Wahiawa silty clay - pineapple. (Colors are for

moist soil unless otherwise noted.)

Ap1 -- 0-6" -- Very dusky red (2.5YR 2/2) silty clay, dusky red

(2.5YR 3/2) dry; moderate medium, fine and very fine

granular structure; very hard, friable, sticky, plastic;
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many roots; many medium, fine and very fine pores; many

1/8 to 1/4 inch black concretions; violent effervescence

with hydrogen peroxide; medium acid (pH 5.6); abrupt

smooth boundary. (2 to 6 inches thick.)

Ap2 -- 6-12" -- Dusky red (2.5YR 3/2) moist and dry silty clay;

common dark reddish brown (2.5YR 3/4) material from the

B horizon mixed by cultivation; moderate coarse sub­

angular blocky structure; hard, firm, sticky, plastic;

compact in place; many roots; few fine and very fine

tubular pores; many black concretions; violent effer­

vescence with hydrogen peroxide; medium acid (pH 5.8);

abrupt wavy boundary. (5 to 8 inches thick.)

B21 -- 12-16" -- Dark reddish brown (2.5YR 2/4) silty clay, dark

reddish brown (2.5YR 3/4) dry; moderate fine and very

fine subangu1ar blocky structure; hard, firm, sticky,

plastic; cammon roots; common fine and very fine pores,

few coarse tubular pores; many black concretions; strong

effervescence with hydrogen peroxide; medium acid (pH

5.6); gradual wavy boundary.

B22 -- 16-33" -- Dark reddish brown (2.5YR 2/4) silty clay, dark

reddish brown (2.5YR 3/4) dry; moderate and strong fine

and very fine subangu1ar blocky structure; hard, friable,

sticky, plastic; few roots; cammon fine and very fine

tubular pores; nearly continuous pressure faces; many

fine distinct black stains; few black concretions; strong

effervescence with hydrogen peroxide; slightly acid (pH
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6.5); diffuse wavy boundary. (14 to 20 inches

thick.)

B23 -- 33-45" -- Dark reddish brown (2.5YR 2/4) silty clay, dark

reddish brown (2.5YR 3/4) dry; moderate and strong very

fine subangular blocky structure; hard, friable, sticky,

plastic; common fine and very fine tubular pores;

nearly continuous pressure faces; many fine distinct

black stains; few black concretions; moderate effer­

vescence with hydrogen peroxide; neutral (pH 7.1); dif­

fuse wavy boundary. (10 to 14 inches thick.)

B24 -- 45-60" -- Dark reddish brown (2.5YR 2/4) silty clay, dark

reddish brown (2.5YR 3/4) dry; moderate and strong very

fine subangular blocky structure; hard, friable, sticky,

plastic; common fine and very fine tubular pores; few

fine black stains; thin patchy clay films; continuous

pressure faces; many distinct slickensides up to 2

inches long; very few black concretions; slight effer­

vescence with hydrogen peroxide; neutral (pH 6.9).

Type Location: Honolulu County, Hawaii; junction of Kamehameha

Highway and entrance road to Mililani Cemetery; east 0.7 mile than 400

feet north to Dole Corporation field No. 4101, block 30.

Range in Characteristics: Black concretions are on the surface

and to depths of 4 to more than 5 feet. Depth to highly weathered

basa~t ranges. from 5 to more than 10 feet. A few boulder cores are in

t.he lower part of the solum. Mean annual soil temperature is about 710

F. Textures shown are "apparent field textures." The A horizon has
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dry or moist value of 2 or 3 and chroma of 2 to 4 when dry or moist.

The B horizon has hue of 2.5YR or lOR, dry or moist value of 2 or 3,

and chroma 3 through 6 dry and 3 through 5 moist.

Competing Series and their Differentiae: These are the Lelemano,

Kemoo, Kunia, Lahaina, Leilehua, and Manana series. The Helemano soils

lack clay films in the lower part of the B horizon and do not effer­

vesce with hydrogen peroxide. Kemoo soils have argillic horizons that

have thin to moderately thick continuous clay films. The Kunia soils

lack clay films and pressure faces in the lower part of the B horizon.

The Lahaina soils have weak structure in the A hori~on and the upper

part of the B horizon and lack clay films in the B horizon. The

Leilehua soils have an argillic horizon, weak structure in the upper

part of the B horizon and are extremely acid throughout the sola. The

Manana soils have argillic horizons and thin~panlike layers at a depth

of 15 to 50 inches.

Setting: Wahiawa soils are on long, smooth relatively undissected

uplands at elevations of 500 to 1,200 feet. Slopes are commonly 1 to 8

percent and range from 0 to 25 percent. The soils formed in residuum

and alluvium from basalt. Average annual rainfall is 40 to 60 inches.

Mean annual temperature is about 710 F., average January temperature is

690 F., and average July temperature is 730 F.

Principal Associated Soils: These are the competing Kunia,

Lahaina, Leilehua, and Manana series.

Drainage and Permeability: Well drained. Runoff is slow to

medium; permeability is moderately rapid.
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Use and Vegetation: Used primarily for irrigated sugarcane and

dryland pineapple, and small areas are in pasture. Natural vegetation

is guava (Psidium guayava), koa haole (Leucaena glauca), lantana

(Lantana camara), joee (Stachytarpheta cayannesis), Japanese tea

(Cassia leschenaultiana), Bermuda grass (Cynodon dactylon), and

honohono (Commelina diffusa).

Distribution and Extent: On the medial uplands between the

Waianae and Koolau Ranges on the island of Oahu. The extent is about

22,250 acres.

Series Established: Honolulu County, Hawaii. Soil Survey,

Territory of Hawaii, 1949.

Remarks: The Wahaiwa series was classified as Low Humic Latosols

in the 1955 Soil Survey of Hawaii.



LITERATURE CITED

1. Banks, R. B. and S. Jerasate. 1962. Dispersion in unsteady-media
flow. J. Amer. Soc. Civ. Eng. (Hydraulics Div.) 88 (HY3):1-2l.

2. Bear, J. 1961. On the tensor form of dispersion in porous media.
J. Geophys. Research 66:1185-1197.

3. Beran, M. J. Dispersion of soluble matter in slowly moving
fluids. Ph.D. Thesis, Harvard Univ. 1955.

4. Beran, M. J. 1957. Dispersion of soluble matter in flow through
granular media. J. Chem. Physics 17:270-274.

5. Biggar, J. W. and D. R. Nielsen. 1963. Miscible displacement
v. Exchange processes. Soil Sci. Soc. Amer. Proc. 27:623-627.

6. Biggar, J. W. and D. R. Nielsen. 1967. Miscible displacement
and leaching phenomenon. In Amer. Soc. Agron. Monograph 11:
254-274.

7. Blackwell, R. J. 1962. Laboratory studies of microscopic dis­
persion phenomena. Jour. Soc. Petroleum Engineers 2:1-8.

8. Bradfield, R. 1963. The soil chemist and food for peace.
"Food for Peace." Spec. Publ. Am. Soc. Agron. 1:42-51.

9. Brenner, H. 1962. The diffusion model for longitudinal mixing
in beds of finite length. Chem. Eng. Sci. 17:229-243.

10. Brinkley, S. R. and Brinkley, R. F. 1947. Table of the prob­
ability of hitting a circular target. Unpublished manuscript
cited in Math. Tables and Other Aids to Computation 2:221.

11. Briones, A. A. Physics of drained paddy soils. Ph.D. Thesis,
Univ. of Hawaii. 1969.

12. Cagauan, B. and G. Uehara. 1965.
relation to aggregate stability.
29:198-200.

Soil anisotropy and its
Soil Sci. Soc. Amer. Proc.

13. Cagauan, B. G., Jr., L. S. Lau, R. E. Green and G. Uehara. 1968.
Solute dispersion in two Hawaiian soils under saturated flow.
9th Cong., Int. Soil Sci. Soc. 1:185-194.

14. Cairns, E. J. and J. M. Prausnitz. 1960. Longitudinal mixing
in packed beds. Chem. Eng. Sci. 12:20-34.

15. Cars1aw, H. S. and J. C. Yaeger. Conduction of Head in Solids.
Oxford Univ. Press, London. 1947.



16.

17.

153

Chapman, H. D. and P. F. Pratt. Methods of analysis for soils,
plants and waters. Univ. of California, Division of Agric.
Sciences. 309 pp.

Corey! J. D. and J. H. Horton. 1968. Movement of water tagged
with ~H, 3H, 180 through acidic kaolinitic soil. Soil Sci. Soc.
Amer. Proc. 32:471-475.

18. Crank, J. The Mathematics of Diffusion. Oxford Univ. Press,
London. 1956.

19. Danckwerts, P. V. 1953. Continuous flow systems, distribution
of residence times. Chem. Eng. Sci. 2:1-13.

20. Day, Paul R. 1956. Dispersion of a moving salt-water boundary
advancing through saturated sand. Trans. Amer. Geophys. Union
37: 595-601.

21. Day, Paul R. and W. M. Forsythe. 1957.
of solutes in the soil moisture stream.
Proc. 21:477-480.

Hydrodynamic dispersion
Soil Sci. Soc. Amer.

22. Davidson, J. M., C. E. Rieck and P. W. Sante1mann. 1968. In­
fluence of water flux and porous material on the movement of
selected herbicides. Soil Sci. Soc. Amer. Proc. 32:629-633.

23. de Jong, G. de Josse1in. 1958.
diffusion in granular deposits.
39:67-74.

Longitudinal and transverse
Trans. Amer. Geophys. Union

24. de Vault, D. 1943. The theory of chromatography. J. Amer.
Chem. Soc. 65:532-540.

25. du Plessis, S. F. and R. du T. Burger.
phosphate interrelationships in soils.
Sci. 9:525-534.

1966. Silicate­
S. Afr. J. Agric.

26. Elrick, D. E. and L. K. French. 1966. Miscible displacement
patterns on disturbed and undisturbed soil cores. Soil Sci.
Soc. Amer. Proc. 30:153-156.

27. Erh, K. T., D. E. Elrick, R. L. Thomas and C. T. Corkes. 1967.
Dynamics of nitrification in soils using a miscible displacement
technique. Soil Sci. Soc. Amer. Proc. 31:585-591.

28. Fatt, I. 1959. A demonstration of the effect of dead-end
volume on pressure transients in porous media. Trans. Amer.
Inst. Mining Met. Engr. 216:453.

29. Fatt, I. 1959. Pore structure of sintered glass from diffusion
and resistance measurements. J. Phys. Chem. 63:751-752.



154

30. Fatt, I. 1961. Influence of dead-end pores on relative
permeability of porous media. Science 134:1750-1751.

31. Fox, R. L., P1ucknett, D. L. and A. S. Whitney. 1968. Phosphate
requirements of Hawaiian Latoso1s and residual effects of
fertilizer phosphorus. 9th Congo Int. Soil Sci. Soc. 2:301-310.

32. Goldstein, S. 1953.
in fixed columns. I.
asymptotic expansion.

On the mathematics of exchange processes
Mathematical solution and
Proc. Roy. Soc. (London) A2l9:l5l-l7l.

33. Goodknight, R. D., W. A. K1ikoff, Jr. and I. Fatt. 1960. Non­
steady state fluid flow and diffusion in porous media containing
dead-end pore volume. J. Phys. Chem. 64:1162-1168.

34. Goodknight, R. C. and I. Fatt. 1961. The diffusion time-lag
with dead-end pore volume. J. Phys. Chem. 65:1709-1712.

35. Harleman, D. R. F. and R. R. Rumer, Jr. 1962. The dynamics of
walt-water intrusion in porous media. Hydrodynamics Laboratory
Rept. No. 55, School of Engineering, Mass. Inst. Tech., Cambridge,
Mass. 125 pp.

36. Harleman, D. R. F., P. F. Mehlhorn and R. R. Rumer, Jr. 1962.
Longitudinal dispersion in uniform porous media. Hydrodynamics
Laboratory Rept. No. 57, School of Engineering, Mass. Inst.
Tech., Cambridge, Mass. 30 pp.

37. Harleman, D. R. F., P. F. Mehlhorn and R. R. Rumer, Jr. 1963.
Dispersion-permeability correlation in porous media. Proc. Amer.
Soc. Civ. Eng. (Hydraulics Div.) 89 (HY2):67-85.

38. He1fferich, Friedrich. Ion Exchange McGraw-Hill Book Co., N. Y.
1962. pp. 421-498.

39. Hiester, N. K. Reaction kinetics in ion-exchange and adsorption
column performance. Ph.D. Thesis, Univ. of Calif., Berkeley.
1946.

40. Hiester, N. K. and T. Vermue1en. 1948. Elution equations for
adsorption and ion exchange in flow systems. J. Chem. Phys.
16:1087-1089.

41. Hiester, N. K. and T. Vermue1en. 1952.
of ion-exchange and adsorption columns.
505-516.

Saturation performance
Chern. Eng. Progr. 48:

42. Hoopes, J. A. and D. R. F. Harleman. 1965. Waste water re­
charge and dispersion in porous media. Hydrodynamics Laboratory
Rept. No. 75, School of Engineering, Mass. Inst. Tech., Cambridge,
Mass. 166 pp.



155

43. Hussein, Md. Sultan. A genetic study of the gray hydromorphic
soils of the Hawaiian Islands. Ph.D. Thesis, Univ. of Hawaii.
1967.

44. Ikawa, H. The role of solute silicate on the fixation and release
of phosphorus of tropical soils. M.S. Thesis, Univ. of Hawaii,
Honolulu. 1956. 40 pp.

45. Jackson, M. L. Soil Chemical Analysis. Prentice Hall, Inc.,
Englewood Cliffs, N. J. 1958. 498 pp.

46. Jackson, R. D. and A. Klute. 1967. Estimation of dead-end pore
volume in soils from transient and steady-state diffusion coef­
ficients. Soil Sci. Soc. Amer. Proc. 31:122-123.

47. Kanehiro, Y. Movement and availability of nitrogen in soils.
M.S. Thesis, Univ. of Hawaii. 1947. 34 pp.

48. Kasten, P. R., L. Lapidus and N. R. Amundson. 1952. Mathematics
of adsorption in beds. V. Effect of intrapartic1e diffusion in
flow system in fixed beds. J. Phys. Chem. 56:683-688.

49. Kaufman, W. J. and G. T. Or10b. 1956. An evaluation of ground­
water tracers. Trans. Amer. Geophys. Union 37:297-306.

50. Kaufman, W. J. and G. T. Ot'lob. 1956. Measuring ground water
movement with radioactive and chemical tracers. Jour. AWWA 48:
559-572.

51. K1inkenberg, A. 1954. Heat transfer in cross-flow heat ex­
changers and packed beds: Evaluation of equations for penetration
of heat or solutes. Ind. Eng. Chem. 46:2285-2289.

52. Lapidus, L. and N. R. Amundson.
in radial adsorption analysis.

1952. The rate-determining steps
J. Phys. Chem. 56:373-383.

53. Lapidus, L. and N. R. Amundson. 1952. Mathematics of adsorption
in beds. VI. The effect of longitudinal diffusion in ion ex­
change and chromatographic columns. J. Phys. Chem. 56:984-988.

54. Lau, L, K., W. J. Kaufman and D. K. Todd. 1957. Studies of
dispersion in radial flow systems. Prog. Rept. No.3, S. E. R. L.,
Dept. of Eng. and School of Public Health, Univ. of California,
Berkeley. 44 pp.

55. Lau, L. K., W. J. Kaufman, G. T. Or10b and D. K. Todd. 1958.
Studies of flow dispersion in porous media. Prog. Rept. No.4,
S. E. R. L., Division of Civil Eng., Univ.of California,
Berkeley. 67 pp.



156

56. Likens, G. E., F. H. Forman and N. M. Johnson. 1969. Nitrification:
Importance to nutrient losses from a cut-over forested ecosystem.
Science 163:1205-1206.

57. Luke, Y. L.
Inc., N. Y.

Integrals of Bessel Functions. McGraw-Hill Book Co.,
1962. 419 pp.

58. Lyon, T. L., H. O. Buckman, and N. C. Brady. The Nature and
Properties of Soils. The Macmillan Co., N. Y. 5th Ed. 1952.

59. Manual on Industrial Water and Industrial Waste Water. ASTM
Special Technical Publication No. l48-G. 2nd Ed. 1954.

60. Mink, John. 1962. Excessive irrigation and the soils and ground
water of Oahu, Hawaii. Science 135:672-673.

61. Nielsen, D. R. and J. W. Biggar. 1961. Miscible displacement in
soils. I. Experimental information. Soil Sci. Soc. Proc. 25:1-5.

62. Nielsen, D. R. and J. W. Biggar. 1962. Miscible displacement.
II. Behaviour of tracers. Soil Sci. Soc. Amer. Proc. 26:125-128.

63. Nielsen, D. R. and J. W. Biggar.
III. Theoretical consideration.
216-221.

1962. Miscible displacement.
Soil Sci. Soc. Amer. Proc. 26:

64. Nielsen, D. R. and J. W. Biggar. 1963. Miscible displacement.
IV. Mixing in glass beads. Soil Sci. Soc. Amer. Proc. 27:10-13.

65. Ogata, A. 1958. Dispersion in porous media. Ph.D. Thesis,
Northwestern Univ., Univ. Microfilms, Inc., Ann Arbor, Michigan.
121 pp.

66. Ogata, A. and R. B. Banks. 1961. A solution to the differential
equation of longitudinal dispersion in porous media. Prof. Paper
4ll-A, U. S. Geol. Survey, Dept. of the Interior, U. S. Gov't.
Printing Office, Washington, D. C.

67. Ogata, A. 1964. Mathematics of dispersion with linear adsorption
isotherm. Prof. ~aper 4ll-H, U. S. Geol. Survey, Dept. of the
Interior, U. S. Gov't. Printing Office, Washington, D. C.

68. Opler, A. and N. K. Hiester. Tables for predicting the performance
of fixed bed ion exchange and similar mass transfer processes.
Report, Stanford Research Institute. 1954.

69. Orcutt, R. G., W. J. Kaufman and G. Klein. 1956. The movement of
radiostrontium through natural porous media. Prog. Rept. No.2,
S. E. R. L., Univ. of California, Berkeley. 54 pp.



157

70. Or10b, G. T. and G. N. Radhakrishna. 1958. The effects of
entrapped gases on the hydraulic properties of porous media.
Trans. Amer. Geophys. Union. 30:648-659.

71. Philip, J. R. 1968. Diffusion, dead-end pores, and linearized
adsorption in aggregated media. Austr. J. Soil. Res. 6:21-30.

72. Philip, J. R. 1967. Dead-end pore volume and diffusion measure­
ments. Soil Sci. Soc. Amer. Proc. 31:711.

73. Power, J. P. 1968. What happens to fertilizer nitrogen in the
soil? J. Soil Water Conserv. 23:10-12.

74. Preul, H. C. and G. L. Schroepfer. 1968. Travel of nitrogen in
soils. J. Water Poll. Cont. Fed. 40:30-48.

75. Raupach, M. and C. S. Piper. 1959. Interaction of silicate and
phosphate in a lateritic soil. Austr. J. Agric. Res. 10:818-831.

76. Rifai, M. N. E., W. J. Kaufman, and D. K. Todd.
phenomena in laminar flow through porous media.
S. E. R. L., Univ. of Calif., Berkeley, I. E. R.
157 pp.

Dispersion
Rept. No.3,
Series 90. 1956.

77. Rumer, R. R., Jr. 1962. Longitudinal dispersion in steady and
unsteady flow. Proc. Amer. Soc. Civ. Eng. (Hydraulics Div.)
88 (HY4):147-l72.

78. Saffman, P. G. 1959. A theory of dispersion in porous media.
J. Fluid Mech. 6:321-349.

79. Saffman, P. G. 1960. Dispersion due to molecular diffusion and
microscopic mixing in flow through a network of capillaries. J.
Fluid Mech. 7:194-208.

80. Scheidegger, A. E. 1954. Statistical hydrodynamics in porous
media. J. Applied Physics 25:444-1001.

81. Shapiro, L. and W. W. Brannock. 1962. Rapid analysis of silicate,
carbonate, and phosphate rocks. U. S. Geol. Survey Bull. ll44-A,
U. S. Gov't. Printing Office J Washington, D. C.

82. Sharma, M. L. Influence of soil structure on water retention,
water movement and thermodynamic properties of adsorbed water.
Ph.D. Thesis, Univ. of Hawaii. 1966.

83. Sharma, M. L. and G. Uehara. 1968. Influence of soil structure
on water relations in low humic latosols: I. Water relation.
Soil Sci. Soc. Amer. Proc. 32:765-770.



158

84. Sharma, M. L. and G. Uehara. 1968. Influence of soil structure
on water relations in low humic latosols: II. Water movement.
Soil Sci. Soc. Amer. Proc. 32:770-774.

85. Shamir, U. Y. and D. R. F. Harleman. 1966. Numerical and
analytical solutions of dispersion problems in homogeneous and
layered aquifers. Hydrodynamics Laboratory Rept. No. 89, School
of Engineering, Mass. Inst. Tech., Cambridge, Mass. 206 pp.

86. Smith, W. O. 1932. Capillary flow through an ideal uniform soil.
Physics 3:139-146.

87. Standard Methods for the Examination of Water and Waste-water.
Amer. Public Health Assoc., 1790 Broadway, New York, N. Y. 1965.
pp. 200-202.

88. Taylor, Sir Geoffrey. 1953. Dispersion of soluble matter in
solvent flowing slowly through a tube. Proc. Roy. Soc. (London)
A219:187-203.

89. Thomas, H. C. 1944. Heterogeneous ion exchange in a flowing
system. J. Amer. Chem. Soc. 66:1664-1666.

90. Thomas, G. W. and N. T. Coleman. 1959. A chromatographic
approach to the leaching of fertilizer salts in soils. Soil Sci.
Soc. Amer. Proc.23:113-116.

91. Turner, G. A. 1958. The flow structure in packed beds. Chem.
Eng. Sci. 7:156-165.

92. Turner, G. A. 1968. The determination of dead-end pores. Soil
Sci. Soc. Amer. Proc. 32:604-605.

93. U. S. National Bureau of Standards. Nations1 Applied
Mathematics Laboratories, Computation Laboratory. Tables of
Probability Functions. Vol. I. 1941. 302 pp.

94. Vermue1en, T. and N. K. Hiester. 1952. Ion exchange chroma­
tography of trace elements. Ind. Eng. Chem. 44:635-650.

95. Vermue1en, T. 1958. Separation by adsorption methods. Advances
Chem. Eng. 2:147-208.

96. Von Rosenberg, D. U. 1956. Mechanics of steady state sing1e­
phase fluid displacement from porous media. A. I. Ch. E. Journal
2:55-58.

97. Walter, J. E. 1945. Multiple adsorption from solutions. J.
Chem. Phys. 13:229-234.



159

98. Weber, W. J., Jr. and J. C. Morris. 1965. Kinetics of adsorption
in columns of fluidized media. J. Water Poll. Control Fed. 37:425­
443.

99. Wetselaar, R. 1961. Nitrate distribution in tropical soils. I.
Possible causes of nitrate accumulation near the surface after a
long dry period. Plant and Soil 15:110-120.

100. Wetselaar, R. 1961. Nitrate distribution in tropical soils. II.
Extent of capillary accumulation of nitrate during a long dry period.
Plant and Soil 15:121-133.

101. Wilson, J. N. 1940. A theory of chromatography. J. Amer. Chem.
Soc. 62:1583-1591.


