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INTRODUCTION
Purpose of the Thesis

Nuclear installations located in isolated areas nave als-
posed of radioactive wastes in a variety of ways 1anto the soil
envirorment. Such a waste handling technique has been em-
ployed using subsurface and surface seepage pits in which sig-
nificant quantities of the liquid phase of the waste material
were permitted to percolate into the soil surrounding the
waste pits. Ground storage has also been used for sealed con-
tainers Tilled with radioactive waste materials. Although the
sealed containers were designed to minimize the release of
their waste products into the soil, attention was nevertheless
given to the possibility of an accidental leakage from such
contalners.,

Wnen a liquld radiocactive waste enters a soil Tormation,
either vy accident or by design, the waste materizl may ceven-
tually find its way to man. The patn to man mey te relaifively
short such as the direct uptake of the waste by plants growing
in the soil near the disposal site. However, such sites are
carefully chosen so that they are not located near numan 004
sources, A much longer patn to man does exist, nowever,
tnroughan aguifer located beneatnh a radlocactive waste storase
arca, Radionuclides with long half lives which arz able tTo
mnigrate through the soil to the water table may be carried

long distances by ground water and eventually reacna man,



either indirectly through plants and animals or directliy

et.

=

through his ingestion of the wgter as part of his d
The 1957 report of the National Academy ¢l Sciences’ Com-
mittee on Waste Disposal concluded that radioactive wastes
could be disposed of safely in a variety of vweays in zmany 1o-
cations throughout the United States (19). The conclusion was
based on preliminary investigations concerned with the feasi-
bility of disposing of radloactive wastes into shallow pits,
deep wells, and salt cavities., However, the committee indi-
cated that more knowledge was needed concerning the ra?? of

movement of critical radionuclides through solil before ground

disposal techniques could be used extensively.

b

Trne purpose of this study was the development of a rel
2ble method for predicting the movement of ions through soil
Tormatlions underlying a waste seepage pit. 3y developing a
method for predicting the rate of movement of ocne ionic
species through soil, it was felt that The procedure could be
expanded To include several or even all of the elements which
are incorporated into a typical nuclear waste. Such a pre-
diction technique was also seen to have possible applications
vo ncn-radioactive wastes in which ionic movement througnh socil
was of prime concern. The work done by Preul and Scnroevier
(z7) with ammonia lons was recognized as a good example o7 an
application of the results obtained from thnis study to a
problem involving ground disposal of a non-radicactive waste,

The element cnosen for tnis study was stronvium. Talis



element was selected for the following reasons:
O strontium is a major constituent of many radioact}ve
liguid wastes;
© strontium is chemically similar to calcium which is an

element that 1s used in the synthesis of teeth and bones.
Experimental Approach Taken

Work had been done at Iowa State University by LeBlanc
(15) on the movement of 137Cs and 9OSr through soil. LeBlanc
assumed that the soll beneatnh a waste seepage pit would be
saturated, nomogeneous, and 1isotropic. A liguid radiocactive
waste entering such a soil would then have an egqual probabil-
ity of moving through the soil in any radial direction fron
The seepage pit. Although soll is not isotropic, this assump-
tion permitted Le3lanc to make a laboratory investization
uncder idealized conditions. If a truly isotropic soil existed
beneath the seepage pit, then a soll sample tzken at any
location beneath the pit would be identiczl tTo a soil sample
taken a2t any other location beneatn the same pit. The flow
through a small increment of soil was assumed to be in one
direction due to the radlal movement of the waste solution
from the seepage pit. The soil increment was modeled in the
laboratory in the form of soil columns containing disturcecd
scil samples obtained from the Ames Laboratory ZResearch
Reactor (ALRR) site. The soil samples were tested to deter-

mine tne rate at which they adsorbed strontium from soilutiocin.
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Influent solutions were fed to the soll columns Irom an
overhead reservoir. Effluent samples were collected from the
bottom of the columns for anzlysis. A diagram showing the ap-
varatus used for LeBlanc's soll column experiments 1s snown 1in
Figure 1.

LeBlanc attempted to correlate the velocity &t which con-
taminated water would flow Through soil with The velocity at
wnica a waste solution would move through the same soil, IF
sucn a relationship could be found, then a relatively simple
set of tests could be run on a soil through which a waste sol-
ution was to be passed. These tTests would be designeé TO
measure the permeablility and adsorption capacitvy of the soil.
from tnese laboratory tests, the rate of movemen?_th: ouzh the
scii profile of the elements contained 1n the waste solution
could be accurately predicted. In order to measure tne rale
of novement of distilled water Througn his soll samples,

Le3lanc used fluorescein dye as a hydraulic tracer Le3lanc

*_l
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O

arrived at an empirical equation, based on the data col
from nis soill columns, for the prediction of the movement of
cesiuwm and strontium througn soili,

In an effort to continue the work begun by Le3lanc, sone
preliminary investigations were made using his soll-strontium

system. Several soill columns were tested using the apparatus

en analytical technigues outlined by LeBlznc in an attemdt TO
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reproduce his results. LeBlanc'®s apparatus, snown in

was assempled, and an influent solution was prepared walca
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consisted of a strontiuvm carrier tagged with 89Sr and approxi-

mately 50 mg/l CaCO3 used to simulate the hardness expected

iy

rom ordinary tap water., LeBlanc®s prediction equation ex-

cluded the need for knowing the values of .such parameters as

influent concentration and flow rate. Therefore, during the
initial set of experiments 1little attention was paid to the
exact strontium concentration of the influent solution, and no
effort was made to control the flow rate through the soil
colunns.,

The data obltalned from the initial set of experiments de-
signed to reprcduce LeBlanc's work were erratic and inconsist-
ent., Tne data obtained from a particu .ar soil column experi-
ment could not be reproduced even when all of the variables
were apparently neld constant,

Wnile an empirical approach is often expeditious, it does
not attempt to describe the actual phenomena which govern the
event being studied. In order to be able to accurately pre-

90

cict the movement of Sr through a soll profile tThe individ-
el and combined effects of many transport mechanisms must be
uncterstood. An attempt was made tTo determine which mechanisms
would 1influence the movement of cations throuéh soll. This

ouid have permitted a detalled study of the exact effects of

T
v

<

s . R . . . 0
tne individual mechanisms on the migration of 9 Sr through
soil.

Properties of the soil matrix itself were found to be ma-

jor contributors to lonic movement through soil. These pro-



perties included the relative volumes of alr and water within
the soil mass, as well as the ion exchange capacity and spe-
cific surface area of the solid particles. Collins (5) de-
scribed the infterrelationships among the various soil matrix
properties and how those properties affected the movement of
liguids through soil. Interfering ions present in the solid,
liquid, and gas pnases of the soil system must also %e con-
sidered., Alr pressure, soil suction, osmotic pressure, and
temperature are other important factors. Finally, there are
biotic factors such as plant and microorganism growth within
the soil which influence the movement of ions through'the
soil.

Altnough the soil samples used in the laboratory soil
columns were sieved to produce a more homogeneous soil, the
techniques employed in the laboratory tests did not permit

good control of the individual transport mechanisms. In an

cl

attempt To examine the mechanisms a cation exchange resin was

"

sed to simrulate the soil, and stable calcium was used in
b

[}

lace of tThe rediostrontium. The resin provided a means of

[\

e}

insuring reproducible exchange columns, and thé use of calcium
resulted in a rapid analytical technique for measuring cat-
ionic concentrations in the influent and effluent samples.

The resin-calcium system was used extensively throughout the
researcn schedule as an idealized substitution for the soil-

strontium system. The data collected using the resin-calcium

system were consistent and reproducible. However, the resin



calcium system was only a model for the more realistic soil-
strontium system. An attempt was therefore made to relate the
knowlecdge gained from the use of tThe ion exchange resin and
the stable calcium to the soil medium and strontliunm.

An equation was developed which would accurately predict
the movement of calcium through the ion exchange resin, The
eguation 1lncorporated the flow rate through the colunn, the
concentration of the influent solution, and the resin bed
ceptn. However, the eguation did not prove To te successriul

nt sclutions coi-

-
3
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when applied to the soll columns using
taining calcium and stable strontium. An empirical equation
was developed whicnh tTended To describe the results obitained
when calcium solutions were passed through the soll columns,
wnile tThe empirical equation was partially successful ia ce-
scribing the behavior of laboratory soil columns, the equation
was not evaluated to the point where rield testing ol the
equation was considered advisable,

If an empirical equation, based onr laboratory studlies,
could be shown to accurately predict the movement of gtrontiuvm
through laboratory soil models, tnen it might be desirable To
conduct some small scale seepage pit studlies in Tthe flela to
further test the prediction equation, This could Dbe done by
constructing a small diameter seepage pit in the Tield and
lowing a known volume of synthetic waste of a2 known concen-

tration ©o percolate into the soil at a known inlfiltration

[

4 - ; - .. 8 . .
rate, I the waste were tagged with 9Sr, soil senmples could



be removed from various locations beneath the pit alfter the
flow of waste had ceased. The soil samples coula then ve

N ) ; ; . o oa. 89 N
brought to the laboratory and tested for Sr content. I The
89Sr content of the soil samples had been previously predicted

based on the egquation developed in the laboratory,

iy

rom such a Tield study could be used to determine the desira-

=y

ility of using the prediction equation in the design of
actual radioactive waste seepage pits.

The proposed method of field testing the resuits obtained
from the use of laboratory models required = sultable tech-
3 o s + 89 o + 3 ) -~
nigue for removing the Sr from the soil samples. Several
was remroved

extraction techniques were tried in which

Tfrom batch soil samples. Some tests were conducted in whnicn

(o]

9Sr solutions were passed through large diameter soil col-
wins. Soil samples were then removed from various depths
- 4=} 3 % Y -l 89"! m? - P . -
within the columns and analysed Tor Sr. The same Techniaus
was triecd with ion exchange resin samples when celciux infiu-
ent solutions were used. The extraction tests using soil sam-

vles indicated that Tield testing of knowledge gained Tronm

’_J
]
m

laboratory soll columns would be feasibie using the sol
vling approach suggested.

After The successful experiments in wnich the movement of
celcium through an ion exchange resin was accurately pre-
dicted, some work was done with a tank filled with The resin,

A synthetic waste entered the resin througn a modeled seepage

pit and percolated into tThe resin in the horizontal as we
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the vertical direction. The two dimensional flow studles were
done in an effort to better model the seepage conditions ex-~
pected under actual field conditions. The extraction proced-
ure previously described proved to be a useful technique in
analysing the results of tne two directional Tlow studies.
Resin samples were removed from varilous locations veneatn the
artificial seepage pit. Any calclum present on the resin

les was extracted, thus enabling the movement of the cal-~

4]
V)
ye]

e
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ciuwm front througn the resin to be followed.
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LITERATURE REVIEW
Actual Operation of Radioactive Waste Pits

Radicactive waste pits are used with various degrees of
success at several locations within the United States (29).

The Hanford Atomic Products Operation (HAPO) uses three sepa-

rate disposal sites in its operations. By 1958 HAPO had used

B

tnese sites to dispose of approximately 3X109 gallons of waste

. . X 6 . N o
products containing about 2.4x10° curies of beta activity.
The gross beta activity of the HAPO waste was kept at 5x10-9

microcuries per nilliliter, about 500 times the maximum per-

90

missible concentration of Sr in public water supplies (30).

radioactive wastes at HAPO were transferred into cribs

Be!
ad

(¢

H

ather than open seepage pits. The solutvions were then al-
lowed to pass tnhnrough the crib walls into the soil. Ta
Ringold Tormation beneatn the cribs consists ol adbout 100 Teet
of silty clay and 200 feet of sand and silty saxnd, The watexy
table lies approximately 350 feet below the suriace, and the
area has an average annual ralnfall of seven inches. The

rensmissibility of the Ringold sediments is about 50,000

pus

zzl/day-ft.

At the National Reactor Testing Stationr &t Ldaho ralils,

o
ct
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ct
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Icano, only small quantities of low level radica
re deposited into seepage pits. This is due to the rela-
tively high transmissibility of The underlying soll of about

,
5 . o . i a
10° gal/day-ft and the low cation exchange capacity of tne
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soil ol about 0,015 meqg/gram. The depth of the water table
around Idano Falls varies from 200 feet to 500 feet,

Thne relatively high cation exchange capacity of 0.20
meq/gram of the soil located around the 02k Ridge National
Laboratory makes the use of open seepage pits desirable. HZigh
water tables together with low catlion exchange capacities of
the soils around the Savannah River Plant and Brookhaven
National Laboratory have made dairect disposal iato the ground
insdvisable at these locations. GCGround disposal o radioac-
tive wastes has also been successfully attempted at Iiol,

Belgium (7), and at the Chalk River site in Canada {(23).
Review of LeBlanc'®s VWork

LeBlanc attempred to predict the movement of strontiun
through soil by using soll columns to repr nt typical soil
increments located beneath a waste seepage pit. HZis disturbed

so0il samples were contained in glass columns which were con-

nected to an overnead reservoir containing a synthetic waste
solution, The apparatus used by LeBlanc 1is shown in Flzure 1,

al

The wazste solution was passed through the soil column, and ef-
fiuvent samples were collected at regular intervals untll tTne
strontiunm concentration in the effluent samples was found tTo
equal the strontium concentration in the influent soliution.
Wnen this condition was reached, 1t was assumed trhat the ad-

sorption capacity of the soil sample for strontium had been ex-

hausted, In addition To using strontium soiutions in zis scil



column models, LeBlanc also used distilled water contalning
only fluorescein dye as a hydraulic tracer,

Before a soil column test was begun, the reservoir was
sampled to determine the concentration of the influent solu-
tion. This initial concentration was designated as Co' While
a solution with a given initial concentration was passing

hrougn the column, effluent samples were taken to determine

ct

-

the concentration C leaving the column after a known volume V
of solution had been passed through the column. All of the ef-
fluent was collected in the form of 50 ml samples., It was
convenient when reporting the breakthrough data collected to
normelize the effluent concentrations against the influent
concentration being used. The normalized ratio C/CO was then
piotted against the volume V at which the effluent concentra-
tion C was collected. If the materiazl being passed through
the soil columnn were in continuous chemical equilibrium with
the soil,vand if none of the ions present in the influent sol-
ution were to diffuse into the solution initlally present in

The soll pore spaces, then a plot of C/CO versus V, known as a

O.l

reakthrougn curve, would appear as a vertical line extending

pward from a particular breakthrough volume. Such a plug

jor

flow br

f_l

ekthrough curve is snown in Figure 2. When C/CO = 1.0

[

trhe effluent concentration was equal to the influent concen-
tration, and the column was said tc have reached its maximum
upcake capacity. If the material being passed thrdough The

colwan was not in continuous chemical equilibrium with the
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soil, or if dirffusion were taking place at the interface o

1

the influent solution and the soil water, the resulting break-

Doy

through curve would be distorted from the vertical line shown

J
o

in Figure 2. The breakthrough curve would tnen pe expected to

assume an “S-shape¥, gradually approachinz C/C_ = 0.0 at the

O

lower end and C/CO = 1.0 at the upper end. Such a typical

shape is shown in Figure 3. A C/C value great
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would indicate some desorption taking place within the soil
mass.

Le3lanc formulated an eguation designed tTo predict Tne

the conclusion that the amount of material acsorbed on the
soil per unit amount o material passed by trie s0il was a
function only of the percent brezkthrough at wnicn sucn an ob-
servation was made. This coxnclusion was cdeduced

brezkthrough data collected by LeBlanc. After a given dreai-

LeBlane ceterzined the
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then determined for the breskthrouzgh fraction exenmined, TIns

) ~ - ~

ratios for the 30%, 50%, and 70% breakthrough Tractions for

soil columns operated at various ialfluent solution concentra-

1. -

Tions were plotted agalnst the CO values used

srown in Figure 4, indicated that the ratios for

—
.L.;/1

cl'

resul

14}
by

.

the brezkthrough fractions considered were constvant for a



given breakthrough fractlion and were independent of
fLiwa concentration in the influent solution. LeZlarnc Then
postulated that the ratio at a particuler vaiue of C/C_ was a
function of that C/CO value. LeBlanc?®s breskinrough predic-

Tion equation therefore became
b .
Y = a(C/C,) [1]

where Y represented the fraction of cations entering the soil
column which were retained by the soil, A particular value of
Y for a particular breakthrough fraction of C/CO deternined
for a throughput volume of V was deternmined gradhically.,

=

Based on the typical breakthrough curve shown in Figure 3, the

value of Y for point 2 was calculated as

5
v o= = 27
7 (2]
where A represented the snaded area snowan in Figure 3. Thne

area occupled by the rectangle bounded by ordinate values Iron

zero to one and abcissa values from zZero ©o V becane V, the

denonminator of {2]. OCnce values of Y were determined for var-
ious values of C/CO, the counstants a and b were det
taking the logarithm of both sides of [i] =xzd obtaining

log ¥ = loga + b {log C/C.) . L5

b

2y plottinz log Y versus log C/CO on linear grapn paper, val-

Fal

ues for a and b could be delermined.
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Application of Adsorption Isotherms
Y p

-

The amount of an ionic specles which canr be adsorbded on a

glven adsorbent will increase if the icnic concentration is

-y
'.‘
O
i
]
©
0
t

increased. Thne relationsnip between the zmount ©
sorbed and the concentration of the lons present in solution
2t a2 given Tenperature 1is known as the adsorption isctherm,

Scheidegger (28) has summarized the use of isotherms with re-

QJ

o

O

¥

v

1
1

spect to adsorption from fluids flowing under saturate
tions througn porous solids.
Relationships cdescribing adsorption isotzerms have

postulated by Freundlich and Langmuir (2). The Freuadlich

equation was given as

X S o}
:',I - ACO [ 1N :{

nd the Langnulr equation was given as
O L [

C C

o - i 4, 2 - -
/i % i3 7k Lod
wnere X grams of adsorbate of concentration CO were neld oy I

trems of adsorpbeant. The constants X, n, A, and 3, wer

mined experimentally.

If soil haed no adsorptive propertles with resvect TO

)

strontium ions, Tthen the strontium soiutiorn would move thrcush

the soil by displacing any other soclutlon which miznt have
Ceen in the soll., This process of miscivie displacemeant has
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been studied by Nielson and Biggar (20, 21, 22). The tracer
used in their experiments appeared at the end of the soll col-
wans 1in advance of the time expected had there been no mixing.
at the boundary of the tracer and tracér-free solutions.

ir column studies were done using a variety of soils as

3
~
(]
},_l

well as giass beads. Various flow rates and moisture contents
were also incorporated into their experiments., The most suc-
cessful mathenatical model tested by Nielson and Biggar was

thneir solution to a differential equation proposed by Lapidus

and Amundson (14)., Their solution was given as

. X - vt vx X + vt
C/CO = ? [ erfec (J—E—5€> + exp(iy) erfc ( ¢ Dt) ] (6]

where the breaktnrough fraction C/CO was described as a func-

+h
cl
w

o}

L

3

107 column depth X, the linear flow velocity v, the

ctk
’_J

-t

t, and a diffusivity constant D. Using [6],

0,

iz apse

ct
W

Nielson and Biggar were able to closely predict chlorine
breaktnrough curves using sand and clay loam columns operated
at about 30% saturation. Linear velocities were on the order
of 0.1 to 3 cm/hour.

Since soil does possess both chemical and pnysical pro-
perties wnicn Will alffect the movement of ions, it becomes
necessary to carefully examine these properties. It may be
necessary to view these factors individually as well as to ob-
serve how They behave collectively as a system.

. (18) have studied the effects of concen-

tration, pH, other ions, total salt concentraticn, and the



Type of soil with regard to the uptake ol radlionuclidc

0
&3}
O
s

0lls at the HAPO, In order to determine the eguilibriuvm ad-
sorvtion ca Tty at the Hanford site, samples of soil wears
shaken in test tubes witn solutlions of variocus coacentrations
of strontium., The suspensions were tnen ceacrifvwged, and tne

cavionic concentration in the supernatant was determined. Tae

difference in concentration of tThe strontium in sslution be-
fore and after Tthe shakiag process was tallen 235 tne adsorpilion

capacity of the so0ll sample, IT was found that the excharge
capacity of tThe soil for strontium under ecullibriwe condi-
Tions was dependent on the nydrogen ion concentraticn of the
suspension. 3elow a pH of about 3.5 virtually no strontiun

vias removed from solution Dy thne soil. Thne strontium concen-

stronciun removal efficiency of the solil was observed to de-

The amount of strontium adsorbel by the soll was observed
to decrease as the concentration of other caticns in tre
trontium sclution was increased. 1T was furvaer cbssrved
That strontium adsorption decreaced with an increzsss 1o va-
lence of the competing cation. The sddition of anions to the

strontiug solution had little effect on the strentius adsors-
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tion capacity of the soil except when large concentratlons of
anions were used or when high valent anlons were used. The

3

addition of POQ- increased the adsorption of strontium com-

pared to the amount adsorbed with no interfering ilons. 1t was

3

noted, however, that the resulting pH for the POM— treatments
was about 9.0 which was close to the optimum strontium adsorp-
tion pi of about 10.0.

In an attempt to predict the rate of movement of stron-
tium through soil, Orcutt et al. (24) tried soil column break-
through studies using several different Types of soil. The
cation exchange capacities of their soils ranged from 0,23

meq/100 grams to 15.2 meq/100 grams. They arrived at the re-

lationship

|
Il
—~ P

where F was tThe linear velocity of that portion oI tThe breai-
Througn curve having a concentration of C, and S represented
the linear velccity of distilled water through the soll. The
soll had an exchange capacity of E, a bulk density of D, and a

porosity of f. The fTerm K was called an equilibriuwm cuotient.

through curves were given, no atfenpt was appareantly made Dby
Orcutt et al. to apply [7] in order to predict a breakthrough

curve,
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ALTERNATE APPROACHES

The problem of predicting the movement of radionuclides
beneath a waste seepage pit may be investigated by a number of
different approaches. These include the use of direct meas-
urements, laboratory models, and mathematical models. The
direct measurements approach involves the construction of a
model seepage pit at the site on which the actual pit is to be
built. The advantage of such an approach is that the data col-
lected will probably represent the actual conditions which
will be observed at that particular site better than any other
approach. But within this advantage lies one of many disad-
vantages for this approach., Since this method does not in-
volve an examination of most of the relevant transport mecha-
nisms which govern the movement of ions through soil, it may
be exceedingly difficult to relate any information gained from
such a study to other geographic locations.

Such a large scale model may require a relatively large
cost resulting from the construction of a test pit and drain-
age wells. A large area of land around a test pit may become
contaminated as a result of such a study. Percolation rates
through undisturbed soil tend to be low, resulting in a large
amount of time required to complete one seepage study. Un-
Toreseen difficulties may also arise from a direct study, such
as the eventual wash-out of the contaminating ions present in

the influent solution, In addition to the above disadvantages,
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there is the possibility of a health hazard resulting from tae
use of very large volumes of even low level synthetic wastes.
The laboratory model approach involves the phnysical sim-
ulation of actual field conditions. In the case of soil ad-
sorption studies the model may be a one directionzal flow col-
umn of soil or a two directional flow ftank containing a soil
sample., A disadvantage of such models 1s that they cdo not
exactly reproduce actual field conditions. Virtually all soil
mples removed from their natural environment become dis-
turbed samples. I the samples are screened tTo remove such
things as roots and rocks, the samples become Turthner dis-
turbed. Despite the disturbed nature of The samples used in

)

n

o
i\
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o

tne laboratory, they are still soil samples and as su

closer to reality than purely mathematical models. Laboratory

[AV]
ct

conditions provide excellent control over the variables wnich
affect the behavior of the zctual field operations. It is
rossible to hold all of the variables constant except one.
The effect of that variable on the perlformance of the umodel
can then be carefully examined.

The final alternate approach considered was the consiruc-

W

tion of a purely mathematical model., A mathematical model may
be derived from the physical and chemical phenomena thought to
be responsible for ionic migration throughn soll. Such & model
Tregquently used in connection with lon exchange columns corn-

sists of a mass balance on segmented portions of the column.

Tre exchange column may be counsidered to be comprised of many
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sub-colunns, stacked one on top of the otner witn an inrfinite-

ly thin membrane separating the segments. A mass rvalance may

&)

by

tne

then be written for each of the segments which describe
Tact that what ever goes into a particular segment must be ac-
cunulated within that segment or leave that segment and enter
the next segment. The accumulation process may furthner be de-
scribed by the mathematical considerations of The ion exchange
process. The disadvantage of mathematical models is that they
tend to become too idealized. Natural soil characteristics
such as root holes and worm holes in soil are neglected.

Affer reviewing the advantages and disadvantages of the
above three approaches, it was decided to investigate tane
problem of ionic migration beneatn a waste seepags plitc With
the aid of laboratory models. Since a field study would in-
volve nuchn time and expense, 1t would be Cesirablie ©To have a
good understandinz concerning the performance of such test

pits before initiating a field study. The concentration and

- L P S s
i &g vuvae dinen-

.,

sions of tThe modeled seepage pits would have tc be determine
tefore tne pits couid be used successiully. It was tne inten-
Tion of this study to provice the information reguired to
operate a field model of a weaste seepage pit. Althougn tine
did not permit the scheduling of {leld tTests into This re-
search program, the eventual use of field models will be re-

culred to test any results galned from this study.

Since the ultimate goal of This study was tThe ability <o
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this study would be related to actual fleld conditions. A
conventional method for studying the hydraulic benavior of
field soils involves the sinking of wells around a central
loading area. This loading area way be an open pit or an in-
jection well., Effluent samples are then collected Irom the
sanpling wells.

The approach selected for the fleld testing of a satis-

-

factory laboratory model was one involving the removal of socill
sanples for contamination analysis. A syntnetic waste sclu-

Tion containing low levels of an ionic species such as stron-
Tiunm would be allowed to percolate tThrough the ground et t

testing area. After a predetermined volume of the waste solu-

ion nad been injected, soil samples Trom beneath the waste

t
pot

it would be removed Irom various depths and taken tTo tne
laboratory. There, any strontium present Oxn tne samples would
be renmoved using an apopropriate extraction process, Tnis
technique has the disadvantage of destroying tne soll Dbeneath

A TR

the waste pit and eliminating further tests at that gite.
However, the necessity for effluent wells is elinminat
s0il samples taken in this menner may also be anslysed for
various physical and chemical properties wnicn wcoculd be rele-
vant to the movement of the wgste solution throuzgn tng soil,

Once it was decided that field tests would be conducced

by enelysing soil samples for stroantium content, a laboratory
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technique was sought which would permit the rapid and accurate
extraction of strontium from soil. Butler (3) did extensive
work in extracting strontium from soil as well as from milk,
water, teeth, and vegetation as part of the environmental mon-
itoring program at the Savannah River nuclear installation of
the Atomic Energy Commission. Di-2-ethylhexyl phosphoric acid
{HDEHP), obtained from the Union Carbide Chemical Company, was
used in the Stroantium extractions. Soil samples were leached
with a 6N solution of HCl and strontium and calcium oxalates
were precipitated. A 20% HDEHP solution diluted in toluene
was then used to extract any strontium present in a separatory
funnel. Using 300 gram soil samples Butler reported a 89Sr
sensitivity of 1 pCi/kg. The working time for each sample was
approximately two nours,

In z2ddition to his work with the liquid cation exchanger
HDEHP, Butler et al. (4) has also used the liquid anion ex-
changer tri-isooctylamine (TIOA). TIOA extraction was used to
isolate 36 different elements into either an aqueous, organic,
or strip vhase. Using this procedure, Butler reported recov=

ering more than 99% of the strontium dissolved at a known con-

entration. The nethod greatly reduced the analysis time re-

Q

quired for the separation of chemically similar elements.,

Tne measurement of radiostrontium in soll was done using
a relatively simple method by Plummer and Helseth (26). Soil
samples were oven dried, screened through a #20 mesh sieve,

and composited into 20 gram samples. Gamma-ray spectrometric
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analysis was then used for a direct analysis. Thils procedure
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~enployed a 400 channel pulse-height analyscr with a
Nal crystal. The overall accuracy of the concentration es-
timates was given as about + 15%, Strontium concentrations of
up to 125 pCi/gm were reported with a 9OSr sensitivity of 1
pCi/gram.

In the liquid ion exchange methods of removing strontiux
from soil samples, large quantities of unwanted elements, es-
peclally iron and aluminum, were also extracted. These proved
to be difficult to separate from any stroantiuwa present without
adding additional experimental errors., The presence of rhigh
concentrations of the extracting agent was also consicdered un-
desirable.

Graham (8) has investigated the possibility of using
electrodialysis as a method for renoving
method involved The replacemant of exchangeable cations in the

soil with hydrogen ions similar To the conventicnal lon ex-

chnange vprocess. The soil was vlaced in a subnerged membrane

sack made of Tilter paper. A pletinum sheet anode was placed
on one side of tne sack aznd 2 stainless steel cathode vias

4

placed on the other side, The electrodes were then connecicl
to a 200 volt D.C.power supovi¥V. Tne hydrolyzed ions migreted
through the membrane due tTo The appiled electrical potential.
L more sophisticated apparatus was also described whereby the
s0il sample was placed in the center cell of a three-cell

cranber., Permeable nmembranes wWere
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cells. All three cells were filled with distilled water, and
an electrical potential was applied. The cations were col-
lected as hydroxides in the cathode chamber. Strontium re-
covery was reported as better than 96%.

Kahn (10) described the procedure adopted at the 0Oak
Ridge National Laboratory for determining radionuclides ad-
sorbed on soil, The radionuclides were leached from the soil
samples using nitric acid, sulfuric acid, or a combination of
oxalic and hydrochloric acids. Carriers were then added to
the leach solutions. Leaching efficiencies of 97% to 99%
were obtained.

An analytical procedure in which soll samples to be test-
ed for 9OSr were First leached with ammonium acetate was in-
vestigated by Martell (17). The filtrate was evaporated to
dryness and ashed at 600 °C. The ashed residue was then dis-.
solved in concentrated HCl, and any iron and aluminum present
were removed by precipitation as hydroxides. Calcium and
strontium were then precipitated from the filtrate as oxalates
at a pH of about 6.3. After drying, the filtrate was ready
for counting., A very low background counting apparatus was
used which included eight inches of steel shielding and a ring
of thirteen anticoincidence Geiger-Muller tubes. This result-
ed in a backxground of about 0.15 count per minute and permit-
ted the determination of 9OSr in samples with activities as
low as one disintegration per minute.

Butler's approach using TIOA appeared to be a relatively
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simple technique and was tried with some success., Howeve

A~

the time required for a complete extraction analysis, about
four days, was undesirable. INModificatlions were made to
Butler®s technique which resulted in faster analyses witn no

detectable loss in precision.



SCIL~-STRONTIUM MODIL OF

Apparatus and Materials Used

-

The technigque anrd apparatus used by Le3lanc wes dupli-
cated in some early experiments. It was desired to be able to
teke &ll of the soill samples from The same common SCll source

in order to obtain ldentical soil samples for successive soil

column tests., Tnerefore, approximately five cubic Ieet of
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B-horizon soil were collected from tThe Ame
searcn Reactor site, allowed to pass a U. S. Standard #+
sieve, and stored in a clean container.
Several soll columns were tested using fluorescein dye as
b3 L] a ,:.89- - D JC I S S - a2 .
e nydraulic tracer and Sr as a teg for strontium solutions.
The frecuency with wnich effluent samples were taken varied,

For coclumn runs coupleted in a reletively snort time all of the

latTively 1long column runs oaly every other sample was analysed
~ .. 894 o - . - - .
Tor 9:r content, mowever, tnhne volume of tThe samples noT ana-

1ysed was reccrded which permitted aan accurate determination
of the total tThrougnput voluzme at The Time zny sample wes

taken,

Hydraulic Breakthrough Curves

tamlinated water would flow Through soil was observed usirs

G
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fluorescein dye. The dye was found to be detectable at low
concentrations,” The columns tested for hydraulic permeability
contained 10 gram soll samples taken from the common soil con-
tainer. A 2.20 cm inside diameter glass column was used. The
influent fluorescein concentration was kept at about 50 mg/l.
Five milliliter sample volumes were taken and diluted by a
factor of 1:100, Aliquots from the diluted solution were then
analysed using the fluorometer. Typical results using fluore-

scein dye are shown in Figure 5.
Radioisotope Breakthrough Curves

In an attempt to examine the behavior of strontium as it
moved through soil, synthetic strontium waste solutions were
produced using 89Sr as a rad%gaqtive tag. Stable strontium in
the form of strontium nitrate was also added To the synthetic
waste solution, together with 50 mg/l of calcium carbonate,.
The CaCO3 was added to the waste solution to simulate the
hardness expected if tap water were used in the creation of a
strontium waste solution at a nuclear reactor site., 3Since a
basic assumption of the soil column models was tThat saturated
flow conditions would exist beneath a waste seepage pit, it
was decided to presaturate each soil coulmn with a 50 mg/i

solution of CaCOB. This was done to represent tap water which

03

s,

¥

A Turner Fluorometer, lModel 110, was used to determine
fluorescein dye concentrations.
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might be introduced into the seepage pit prior to the injec;
tion of a radioactive waste.

The so0il columns were constructed using 10 gram soil sam-
ples taken from the same soil contalilner used for the hydraulic
breakthrough columns. This resulted in a soil depth of ap-
proximately one inch in the 2.20 cm diameter glass column.,

All of the soll columns were run using an apparatus similar to
the one shown in Figure 1.

The concentration of the influent solution was determined
by removing a 50 ml sample from the supply reservoir. The
sample was transferred to a small beaker and evaporated to
near dryness on a hot piate., Thne solution remaining in the
beaker was then transferred to a planchet and evaporated to
complete dryness on a hot plate. Affer being allowed to cool
in & desiccator, the activity of residue remaining in the plan-
chet was determined.” The high voltage was kept at 2050 volts
with a sensitivity of 2.5 millivolts, During a soll column
test, 50 ml effluent samples were taken. Each effluent sample
was analysed in the same maenner as the control sample which
was tTaken Trom The supply reservoir. The C/CO values were
tren determined for each effluent sample based on the relative
activities observed. Natural background activities were

also taken and subtracted from both the C and CO values before

“£11 radioactivity measurements were done using a Nuclear
Chicago, liodel 1864, gas proportional counter.
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each breakthrough ratio was computed. A typical 89Sr break-—
through curve is shown in Figure 6.

Using LeBlanc's hypothesis summarized in [1], the evalua-
tion of the constants a and b was required based oan the siron-
tium breakthrough curves obtained. A computer program was
written to aid in this evaluation. Since the breakthrough
data were erratic, a fourth degree equation was fitted to the
data. The areas above and velow This revised breakthrouzgh
curve could then be determined by integrating the fourth de-
greec equation. In this way a logarithmic plotv weas made ac-
cording to [3]. Theoretically, the logarithmic points shouid

-~

ave plotted as a straignt line. 3By fitting a least sguares

oy

progran was able to evaluate the constants a and b of LeBlanc’s

-

equation. IFigure 7 shows such a logarithmic plot znd the re-

He]

stlting least squares it for the breakthrough curve shown in
Figure 6. In this manner the constants for the sample break-
through curve shown were found to be:

a = 0.535

b o= 1.344

n order to test the validity of using LeBlanc’s eguatior

i

s breakthrough curve was "predicted” using the computed values

L

of a and b for the same data from which a amd b were conmputed
The resulis of such a %iprediction® for the sample brezkthrouzgh

colunn are shown in Figure 8.
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Conclusions Concerning the Soil-Strontium Systen

Figure 8 shows that the breakthrough curves ottained by
rassing 89Sr through the soil columns used were not the smooth
"S~shaped" curves expected. It was thought that at leza
three different factors were responsible for the gross irreg-
ularities observed. These included the loss of clay particles,
statistical counting errors, and the sample analysis tecnnique,
Approximatsly one-half incn of glass wool was used to support

3,

the soll within the glass colunn., While thnis was enougn gla

]

S
wool to prevent the erosion of the larger soil particliles from
the column, i1t may not have been enough to prevent the 1oss of
some of the clay particles vresent. Clay particles represent
the active fraction of the soil. They are responsible for the
ion exchange properties contributed'to the entire soil mass.

Therefore, tne periodic loss of clay particles may hrave re-
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sulted in widely varyinz scrontium concentrati
secutive effluent samples. In an effort to determine wnethner

articles were actually being allowed To perioQicalily
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pass from the soil column, The soil column test shown in Fig-
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ure 6 was repeated, and eacn efrluent
through a 0.45 micron Millipore Filter. Since clay particles
may be as large as 2.0 microns, it was felt that the 0,45 mi-

ron filter paper would remove a large percentage ci any CLEy
particles tnat mignt have been present in the effluent. The

ulting breakthrough curve, given in Figure 9, was less er-
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ratic than the unfiltered breakthrough curve shown in Figure
6. However, the breakthrough curve of Figure 9 still shows
some indication of variabllity between consecutive samples be-
yond that expected from simple breakthrough differences.

Statistical counting errors, inherent in radiochemical
analyses, may also have contributed to the variability of the
breakthrough curves. These counting errors should have been
applied to both the control samples and the effluent samples
taken. Fractional breakthrough values would then have been
reporved with a plus-or-minus error factor based on the propa-
gated counting errors computed for a given confidence inter-
val.

Another possible source of the variability observed in
the breaktarougn curves existed in the manner in which the
convrol and effluent samples were taken and analysed. A 50 ml
graduated cylinder was used to measure the samples collected.
The use of a 50 ml pipette may have greatly reduced the possi-
bility of scample volume differences. The analytical technigue
of evaporating the samples to dryness may have also contri-
buted to an error term which should have been propagated to

the finzl breakthrough data points.
Conclusions Concerning LeBlanc's Zguation

Wnen an attenpt was made to reproduce a breakthrough
curve vased on the a and b values determined for LeRlanc's

eqguation, 1t was observed that the prediction equation 7it ths
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actual curve only over & limited region covering the lower
C/CO values. Figure 8 shows the results of such an attenvt.
The C/CO values from aporoximately 0.40 to 1.00 deviated

greatly from their predicted values. It was obgcerved from the

logaerithmic plot of Figure 7 that these higher C/CO values
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tended to curve upward asway from the least scuares stre
line wnichn was fitted to the entire data set. The non-linear-

ity ovserved for the data of Filgure 7 suggested that LeElanc

elationship was not valid for the nigher velues of C/C .

H

WWnether thils lack of agreement between The actual and the pre-
cdicted results was due to a discrepancy in the hypothesis pos-
Ttulatea by LeBlanc, or whether 1T was due to the existence of
otner factors, such as ionlic diffusion into the interstitial
pore spaces of the soil particies, was not known. Another

possible source of error was the depth of the soil within the

glass column. The 10 grams of soil used for eacn column re-
sulted in a depth of approximetely orne inch. It was possible
that such a small depth contributed to The short circuiting of

strontium ions through the soll column. I such was the case,
thne exchange sites present on the outer surlfaces ol the soil
particles would have been exhausted falrly rapidly. This

would nave resulted in a sharply rising breakthrouvga curve U0
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sites exhausted, the slower process of nic diffusion could

|>

nave become the dominating phencmena. Though diffusion would
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have been vpresent throughout the entire column run, its magni-
tude could have been masked by the more pronounced effects of
short circuiting and surface exchange during the early stages
of a colunn run. Later work, using ion exchange resin in place
of soil, appeared to confirm the assumption that diffusion is
an important phenomenon to be considered in attempting to de-
rive a relationship which will predicﬁ the movement of cations

through soil.
Strontium Recovery from Soil

It was decided that the field testing of any breakthrough
prediction equations found to be satisfactory using laboratory
model soil columns would be made easier if the strontium ad-
sorbed by the soil could be accurately removed. The Butler
et 2l. (&) method for the removal of strontium from the soil
using the liguid ion exchanger TIOA was tried. This method
was chosen vecause of 1ts relative simplicity compared with
other extracticn technigues suggested. Extractlions made on
three 50 gram soil samples indicated a natural activity of 285
»Ci Tor the 50 gram samples.

An influent solution containing 89Sr was measured to de-
Ternine its activity per unit volume of solution. Fifty gram
soil samples were placed in 600 ml beakers to which 150 ml of
tne strontium solution were added. The soll-strontium suspen-
sion was stirred for 60 minutes. The suspension was then fil-

tered through #42 Whatman and 0.45 micron Millipore filters.
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the activity of the 9br adsorbed by the 50 gram soil samples

o

7as calculated. The soil collected on the Vhatman and Miili-
pore Filters was then analysed for strontium using The EZutler
solvent extraction metnod. IExtraction efficiencies between

50% and 607 were observed.
moving strontium from tne solil samples. A soll sample on
Aporoximately 100 ml of &N ECl were added to the beaker, and

the solution was stirred vigorously for 30 minutes., The sus-

vensiorn was then Tiltered through a 742 Whatman Tilter paper
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This simplified extraction tTecnhnioue resulteld in Tne removal OF
89‘1- vl S 1 Y, ] - ~ 2 2.

St wnich had been deposited on
the soll. 1t was thererore councluded that in tne iaterest oI

bothn time and accuracy, & simple wash of strontiux saturated

501l samples with z concentrated sclution of EC
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Strontium Movement Through Soil Columns

With a technique perfected for removing strontium from
soil using 6N HCl, an attempt was made to follow the movement
of tne radiostrontium through a soil column by removing soil
samples at various deptns throughout the column and extraéting
any 89Sr wailch was present on the samples. This method of
Tollowing the movement of strontium through soll offered an
opportunity to test in the laboratory the procedure proposed
for field studies in which small diameter seepage pits would
be used. A glass column 75 cm long and 7.5 cm in diameter was
used., After a predetermined volume of strontium solution

89Sr was passed through the large soill column,

tagged witn
scil samples of approximately 50 grams were taken at 5 cm in-
tervals., Each soil sample was then extracted with the 6N HC1
solution., After filtering the soll suspension through Whatman
and Millipore filters, the flltrate from each sample was ana-
lysed icr 898r concentrations.

Two soil columns were tested in which soil samples were
renoved and analysed for 89Sr° The same strontium concentra-
tion was used in the influent solutions of both soil columns.

89

For the first extraction column, 250 ml of the Sr solution
were used., For the second test, 1250 ml were put through the

soll column.,. The flow rate for eacn of the extraction column

ests was approximately 13 ml/min. The results of the two

stroatium extraction tests are shown in Figure 10. Since the
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use of LeBlanc's equation had not been found to be satisfac-
tory, no attempt was made to predict the location of the
strontium front within either of the two soil columns,

The actual operation of a seepagé pit results in the
three dimensional dispersion of the waste solution into the
soil environmment. The use of soll columns, in which flow 1s
essentially .in one direction, results in a simplified model of
actual field conditions. It was therefore decided to attempt
to construct a more realistic model by using a large soil tank
in which the synthetic waste solution would be allowed To move
horizontally as well as vertically away from a modeled seepage
pit.

The soil tank measured 60 inches across, 40 inches high,

nd 8 inches deep. The tank was constructed of aluminumn on

m

all sides except-the Tront which was made of glass. The seep-
aze plt consisted of a trench five inches wiae located in tThe
center of tThe tank. The pit had a gravel bottom and Plexi-~
glass sides. Seventeen effluent holes had been drilled zalong
the bottom of the tank for drainage purposes. Flexible tuving
was used to connect all of the drainage outlets To a common
drainage tube.

Trnie soll used in the tank was teken from the same soil
storage contalner used for tne previous soil column eXperi-
ments, After the soil was loaded into the tank, water was
added from the top until the soll appeared to be saturatecd.

The rate et which the influent solution was dripped into the
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lagoon was regulated so as to maintain a constant liquid depth
within the lagoon.

Since the two directional flow test was meant to be a
qualitative study of the feasibllity of using such models, the
influent strontium concentration was not controlled. The flow
rate was regulated only to maintain a constant lagoon depth.

A strontium solution, similar in concentration to the solu-~

tions used for the previous soil column experiments, was pre-
rared using strontium nitrate tagged with 898r. The 89Sr ac-
tivity of the influent solution was found to be about 142,000

he

ct

counts per minute for 50 ml samples. After 3200 ml of
syntnetic waste had been allowed to pass into the soil fron
the seepage pit the flow was stopped. Thiriy soll samples
were removed from various locations throughout the tank. Any
strontium present on the soil samples was removed using the
simplified extraction Technique previously describved,

The Two directicnal movement of the strontium waste
through the soll tank resulted in a deposition of approxi-
metely 1300 pCi pver gram of soll within a radius of about one

inen from the bottom of the modeled seepage pit. The activity

o'

0 e

ct

at a radius of about Three incnes from the pit was Tound
aoout 300 »Ci per gram of soll. Beyond a distance of zbout
five inches from the pit no activitly was observed on the soil
samples above the six pCi/gram background radiation level

wnich was vpresent in the soil.
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RESIN~-CALCIUM MODEL OF THE

SOIL-STRONTIUM SYSTEM
Aeasons for Using Resin and Calcium

Several handicaps were noted in determining column efflu-
ent concentrations radiochemnically. A lag time of about one
hour existed from the time a sample was taken until its acti-
vity could be determined. It was desirable to take effluent
samples more frequently during the time in which the break-
through curve was developing. Such a long lag time resulted
in a greater influent volume being used than was actually re-
guired 1n order to avoid missing the more critical regions of
the dbreakthrougn curve,

There zlso appeared to be some discrepancies in determin-
ing the influent coacentrations. Control samples were taken
directly from the reservoir supplying the synthetic waste sol-
ution. Wnen several duplicate control samples were taken
tnere appsered to be a coantrol range rather than a control
velue., In additlion to the nonuniformity of the supply res-
ervoir there also existed a statistical counting error for
eacn sample counted.

Due to The®rratic nature of the data collected using
soil, it was decided to simulate soil with a cation exchange
resin., Tne resin 1is similar in structure to soil, having a
prarticle dizmeter of about one millimeter. The resin has an

ion exchange capacity about 100 times greater than soil. A&As
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an extremely uniform material it was felt that the ion ex-
cnange resin would represent an idealized soil system.

The ion exchange resin selected was Dowex 50W-X8, with a
cation exchange capacity of 5.0 meg-gram on a dry weight basis
or 1.9 meq-ml on a wet volume basis. Approximately 0.9% of
the resin was retained on a U. S. No. 35 Sieve and 1.2% passed
a U. S. No. 70 sieve.

Since the system was being altered by the replacement of
soil with ilon exchange resin, it was also decided to further
idealize the system by substituting stable calcium for radio-
active strontium. The ionic strength of the influent solution
was Tigntly controlled by carefully weighing required amounts
of oven dried calcium carbonate powder. The calcium concen-
tration could easily be determined using a standard water
hardness test. The calcium analysis procedure employed was
one obtained from the Hach Chemical Company of Ames, Iowa.

Tne analytical procedure used was as follows:

1. Pipette a known volume of sample into a 250 ml
Zrlenmeyer flask.

2. Add apvproximately 1 ml of Type II Strong Buf-
fer Solution. Swirl to mix.

.
.
Y.

:dd 0.5 gram of ManVer Indicator Powder using
2 0.5 gram measuring spoon.

b, Titrate with Standard HexaVer Solution. At
the end point the solution changes from wine-
red to pure blue.

5. One milliliter of titrant indicates the presence
of one milligram of hardness as CaCO3°

The time required to analyse one sample was about 60 seconds.
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This permitted the taking of a minimum number of samples while
at the same time allowing many samples to be taken during the
critical period when the breakthrough curve was belng formed.

The irregularities observed in many of the strontium
breakthrough curves using solil as the exchange medium sug-
gested that more than one mechanism was responsible for the
transport of the strontium through the ceclumn. If tiie ion ex-
curves should have been smoother and nearly symmetric about
the 50% breakthrough point. However, the breakthrough curves
showed a tendency to oscillate beginning at about the 60%
breakthrough point and continuing for the rest of the run.
Furthermore, at about the 70% to 80% breakthrough point the
breakthrough curves became almost horizontal. It was possible
that the nearly vertical portion of the curve reflected an in-
itvial short circuiting through the column, and the nearly hor-
izontal plateau actually represented the period in which the
breakthrough column was at its greatest efficlency.

The piateau also suggested the existence of diffusion as
a major contributor to the breakthrough process. While cat-
ions moving througn the column could easily exchange onto the
sites located on the surface of the soll particles, many sites
were avallable in harder to reach passages within the soii
structure. Iliontmorillonite clay contains spaces between the
layers of its crystalline structure into which cations may mi-

grate and become attached through the process of isomorphous
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substitution. Diffusion would be a slow process. Therefore,
it was conceivable that the ion exchange sites on the outer
surface of the soil particles could rapidly be depleted,
thereby gilving the sharp breakthrough curve observed to about
the 70% point. While interstitial diffusion was also taking
place during this initial phase, it was largely subordinated
by the surface exchange mechanism., Once the surface sites
were exhausted, however, the diffusion process predominated,
and the breakthrough curve very slowly approached the 100%
level.

It was felt that the system could be idealized by substi-
tuting a catlon exchange resin for the soil particles and sta-
ble calcium for the radiostrontium constituent. This would
permit more accurate observations of the individual transport
nechanisms affecting the moVement of cations through a porous
medium. Knowledge gained from such a substitution could then

be related to the soil-strontium system.
Modifications to LeBlanc's Egquation

Wnen the constants a and b of LeBlanc®s equation were
evaluated based on a complete soil column test from zero %o
100 percent breaktnrough, it was found that above 70 percent

and below 30 percent of breaskthrougn the predicted curve devi-

2

(V]

o]

€]

Ted conslideranly from the actual breakthrough curve. 1In

©

cases LeBlanc's breakthrouzn curves were not shown beyond the

70 percent point. Therefore, before any laboratory work was
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initiated using the resin-calcium system LeBlanc's break-
through prediction equation was re-examined.

As an alternative to LeBlanc's concept that the fraction-
al area above a breakthrough curve should be a constant for a
given breakthrough fraction, a new approach was postulated
which stated that the fractional area to the right of a bresk-
through curve should be a constant for a given breakthrough
fraction. This constant, which was assumed to be a function
of the breakthrough fraction being investigated, was also
taken to be a(C/CO)bo The new approach was thus a continua-
tion of LeBlanc®s hypothesis and incorporated the parameters
established by LeBlanc. For the sample breakthrough curve
shown in Figure 11 the constants é and b were to be evaluated
Tfor some breakthrough fraction C/CO which was observed to oc-
cur at a throughput volume of V. The total throughput volune
required to reach 100% breakthrough was designated as VT' The
sixX areas resulting from passing a vertical and a horizontal
line through the point P on the curve corresponding to the

volume V were numbered A, through Aé'

1
LeBlanc's analysis would have begun by determining tThe Y

variable for point P:

R

. £8]

This value for Y would then have been equated To the genersl
function

¥ = a(e/c)® . (9]
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The modified approach would require the following analysis:

ul [10]
Yt = 10
Au' 5 A5 + A6
' b
Y' = a(C/CO) . [11]
It can be seen from Figure 11 that
C
By, + A + Ap = VT(E;) [12]
Al o+ Ay v Ay = (V) = Vv [13]
A, = V(1 - & [14]
1 CO *
Combining [10], [11], and [12]:
A
Vh :'—) o
bO
Substituting [13] and [14] into [8]:
C
V(l —‘5;”) <+ AL’, -
Y = 7 . [16]
In terms of 4 [16] becones
A = VY - 1 + &9 [17]
L CO * -

Substituting [17] into [15] and combining C/Co terms as much

as possible:

A Langmuir isctherm was obtained by using the data col-

lected from several soil columns. In the resin-calcium systen
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X represented the amount of calcium adsorbed on M grams of
resin. The straight line portion of Langmulir's curve may be
represented by

CO »
m = A + BCO [19]

where A 1s the value for Co if the straight line were ex-
X/
tended to Co = 0, and B is the slope of the straight line. At
complete breakthrough [18] reduces to '
Y = a. [20]
Thus, the maximum amount of calcium that can be adsorbed on
the resin would be
X = aCVg . [21]
Substituting [21] into [19] and solving for the constant a:

B 1
VT(A + Bcgj . [22]

a
Substituting [22] into [18] yields

VY - 1+ ) = e ($)PH [23]
o}

A + BCO o
in which the volume required for total breakthrough VT is not
required., This is desirable since the upper shoulder of the
breakthrough curve approaches almost asymptotically to the
100% breakthrough line. It is very difficult to determine ex-
perimentally the exact volume at which the breakthrough curve
reaches the 100% Breakthrough line.

The coefficient of the right hand side of [23] is a con-

stant for a given column being loaded with a solution of a
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given concentration. The values which make up this coefficient
were collected into a single constant czalled a. The b + 1 ex~
ponent in the right hand side of [23] was combined into one
exponent called g. The incorporation of o and B resulted in

the alteration of [23] to the form:

vy - 1o+ &) o= a(@)P [24]
O

where

M
a = K——;——Eag . [25]

The g of [24] must be experimentally determined but should be
a constant. The a term can be calculated by [25].

Once B is determined, [24] can be solved by a step-wise
iterative process to determine the predicted value of V for an
incremented value of C/Co' In order to simplify such a pro-
cedure, a computer program was written which permitted the rap-

id prediction of the breakthroﬁgh curve desired.
Modifications to the Experimental Apparatus

With the replacement of the soil-strontium system with a
resin-calcium system, the apparatus itself was also examined
for possibie improvements. The flow rate through the previous
soil columns was dependent on the hydraulic head available be-
tween the influent solution reservoir and the column effluent
tube. The flow rate could be measured, but no attempt was

made to control it or regulate it at a predetermined value. It
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was therefore decided to install a flow rate meter on the in-
fluent line to the column together with a valve sensitive
enough to act as a fine control adjustment for the flow rate
meter.” The calibration curve for the flow rate meter used is
shown in Figure 12. With such a curve, any flow rate within
the range of the calibrated bead could easlly be obtained.
Figure 13 shows a schematic diagram of the apparatus used for
the resin-calcium experiments. The glass column used to hold
the ion exchange resin was the same 2.20 cm inside diameter

column used for the soil column breakthrough tests.
Evaluation of o and B

Eight resin columns were tested in order to determine the
validity of calculating o by [25] and to determine the value
of the exponent B, In order to use [25] the constants A and B
nad to be evaluated., This determination was begun by graphi-
cally determining the fractional area above the enﬁire break-
tnrough curve, This fraction, referred to as F, represented
that part of the'total amount of calcium put through the resin
colunn tnat was adsorbed by the resin. Referring to Figure 12
this ratio may be described as

F o= A B . [26]

Al + AZ + A3 + Aq + A5 + A6

¥A Brooks Rotameter Company flow rate meter, Model
R-2-15-C, was selected.
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The total amount of calcium deposited during the resin column
test was then calculated by
X = FC Vg . (271

The influent solution was tested to determine the exact
calcium concentration. The procedure used was tThe same HexaVer
titration method employed in the analysis of the calcium break-
through curves.

At the time these experiments were conducted the major
parameters which were thought to govern the movement of the
cations through the resin were the influent concentration, the
flow rate, and the resin bed depth. Each resin column tested
was coded according to the values used for these parameters.
Therefore, a column test designated 250-2-4" indicated an in-
Tluent concentration of 250 ppm calcium as CaCOB, a2 flow rate
of 2 GPil/ft°, and a resin bed depth of 4 inches.

ATter the 100% breakthrough value was reached, the resin
was washed with 1IN HCl until no more calcium was eluted. The
column was then flushed with distilled water and the resin
transferred to a weighing bottle. The resin was then dried at
110 °C for 24 hours and weighed. This provided the column bed
weight 1 required for the Langmuir isotherm.

Witn Co, X, and M measured for a given resin colunmn test,
one point on a Langmuir isotherm could be plotted. The Tirst
thrée columns that were run differed only in the influent con-

centrations used. The three resulting points were used to
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form the Langmuir isotherm shown in Figure 14. The last five
resin columns were run at the same influent concentration as
the first column. Their isotherm points, not shown in Figure
14, were clustered around the point obtained for the first
column run.
The i1sotherm obtained resulted in the following values

for the oonstanﬁs desired:

A = 0.0

B = 0.197 .

It was then possible to simplify [25] to

i
© = 5.7 C, | [28]

The cation exchange capacity of the resin used was given
as 5.0 meg/gram. This exchange capacity would be designated
as X/M Tfollowing the notation used., The inverse of the ex-
change capacity would therefore be M/X = 0.200 grams/meq. The
experimentally determined value of A = 0,0 results in the con-
stant B of [19] having a theoretical value of 0.200 grams/meaq,
close to the determined value of B = 0.197 grams/meg. Since
the exchange capacity of the lon exchange resin remained con-
stant over the CO values used, the use of a Langmuir isotherm
Was not reguired.

The constants o and § could be determined numerically for
eacn resin column run by taking the logarithm of each side of

[24]:
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log V(Y - 1 + 9——)

C
. = log o + B log F— . [29]

0 o)

A plot of the left hand side of [29] versus log (C/CO) should
vield a straight line with a slope of B and an ordinate inter-
cept of 1log a.

When [29] was represented graphically the result was not
a straight line. Attention was then focused on the break-
through curves obtained for the initial eight conditions.
Figure 15 shows a typical such curve. Figure 15 shows that the
curve does not begin at C/CO = 0,0, but rather at an initial
breakthrough value of about 6%. It was believed that a criti-
cal combination of high flow rate and low resin bed depth
mignt result in short circuiting, perhaps mostly down inside
walls of the column. If this were true, [29] would be valid
only if this short circuiting effect were removed from the
data points. The method chosen to offset this effect was one
of normalizing the breakthrough curves against an assumed
short circuiting plateau. Thus, if P represented the C/CO
value of the plateau for a given breakthrough curve, then the
normalized value of C/Co’ represented as C'/Co, was calculated

by

] — o 7
c/Cy = S - [30]
A computer program was written which would normalize the

breakthrough data collected, solve [29] for each normalized

data point, fit a least sgquares straight line through the re-
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sulting points, determine the values of the constants a and 8,
and graph the normalized breakthrough data points used in
evaluating o and . Figure 16 shows the logarithmic plot for
the breakthrough curve of Figure 15.

Table 1 gives a summary of the eight initial calcium
breaikthrough tests. Figure 17 contains the breakthrough
curves observed for the first three runs in which the influent
concentration was varied but the flow rates and resin bed
depths were held constant. Figure 18 contains the breakthrough
curves obtained when the influent concentration was held con-
stant at 500 ppm of calcium as CaCOB, but flow rates were
varied., Values of o for each column test were first calculated
from [28]. This value was then compared with the graphical
aetermination done with the aid of the computer program.

Teble 1 also snows the plateau value used for eacn column eval-
uation,

Table 1 snows that the value for 8 is very nearly a con-
stant. The average of B for the eight tests made was 1.13.
With this average value of B, an entire breakthrough curve
could be predicted for a given influent concentration, flow

rate, and resin bed depth.
Breakthrough Prediction Using the Modified LeBlanc Fgquation

In order to test the validity of using a constant value
of 5 and a computed value of o in predicting the relative lo-

cation and shape of a breakthrough curve, the following ini-
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Table 1. Values obtained for o and B for the eight initial
breakthrough curves developed using ion exchange
resin and calcium

Influent Flow Resin
Conc., Rate 5 Depth Plateau o by a
Run (ppm] [¢PM/ft™] [in] Percent 8 [28] actual
1 500 1 1 2 1.14 1651 1606
2 250 1 1 2 1.14 3280 3136
3 125 1 1 Ly 1.11 6670 6346
L 500 2 1 10 1.14 1652 1560
5 500 b 1 20 1.14 1738 1692
6 500 2 2 2 1.06 3510 3325
7 500 4 2 L 1.11 3490 3442
8 500 2 4 0 1.07 7090 7090

tial conditions were chosen for a test column run:

CO = 500 ppm Ca++ as CaCO3
flow rate = &4 GPM/ft2
bed depth = & inches

" A comparison of the actual and bredicted breakthrough curves
is shown in Figure 19. It can be seen that [24] together with
[25] predicts a parabolic breakthrough curve. Although the
predicted curve closely forecasts the actual curve until about
the 95% breakthrough point, the predicted curve does not yield

an upper snoulder to form an "S-shaped" curve.
Conclusions Concerning the Modified LeBlanc rfguation

Had the actual breakthrough curve of column 500-4-4%,
shown in Figure 19, been one in which the upper shoulder began

to curve at a lower breakthrough fraction, the predicted curve



COLUMN 500~
+ = ROTUSL X = PRED
‘_ta
4
—— —— )! .;}_,.4.___‘__. ————
T

e R
o '
Q) +
N p 4
Q +

X
:
= e
){.
+

t 72*

C:'. e o T T At ‘4“') -

e L e e AT SR B r = [ ,

0.03 2.0 -0y o 15,00 Y] 10.00 le.tdg
L V ULUME (1 >0 73

Figure 19. Actual calcium breakthrough
column operated at 500-4-4"
based on modifications made

curve using 2.20 cm diameter resin
compared to the predicted curve
on LeBlanc's equation

24



73

would have been much more in error., It was therefore con-
cluded that while [24] did describe the breakthrough phenomena
better than its predecessor formulated by LeBlanc, the para-
bolic prediction egquation was still not an accurate represen-
tation of the actual breakthrough curves.

Compounding the errors introduced by the geometric shape
of [24] was the existence of the breakthrough plateaus ob-
served. The small diameter column was used as a model of ac-
tual field conditions. While side wall short circuiting ap-
peared to exist in the column'model, its analog would not be
expected under actual field conditions. It was therefore con-
cluded that the flow rate to bed depth ratio was extremely im-
portant in modeling actual conditions., If this ratio were al-
lowed To become too high, the efficiencies of the exchange
columns were unrealistically lowered, and actual conditions
were no longer being accurately modeled.

The curves shown in Figure 18 suggest that the relative
location of a breaktnrough curve appears to be governed by the
resin bed depth which i1s simply 2 measure of the amount of
resin present. The relative shapes of columns run at the sane
influent concentration and bed depth can be altered by varying
the flow rate. However, excessively fast flow rates for =z
relatively small bed depth will result in a short circuiting
plateau which increases in intensity as the flow rate is in-

creased.
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Adaptation of Hinshelwood®s Equation

Due to the difficulties involved in attempting to fit
"S-shaped" data with a parabolic equation, it was decided to
explore a completely different approach from the modified form
of LeBlanc's equation., Hinshelwood et al. (9) derived an
equation for the adsorption of gases onto granular particles
which would describe the “"breakdown” of the gas column. This
predicted the time required for the first appearance of the
adsorbate in the gas effluent stream énd was given as

KNOA/L

£ = K}J—O[me - 1) - 1In(c/c - 1)1  [31]
where
t = Dbreakdown time of the column [sec]
NO = number of active centers per unit volume
L = 1linear flow rate [cm/sec]
A = column length [cm]
X = & counstant

and C and C_ are as previously described. Xipling (11) later

modified [31] to describe the adsorption of solutions by

porous solids. He observed that for liquid-solid interactions
KN _A/L

the e term was usually much greater than unity. It was

thus possible to simplify [31] to

t o= g [ - 1n(c,/Cc - 1)] . [32]

The term 1n(CO/C -~ 1) in [32] has 2 value of zero when
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C/CO = 0.50. This term results in [32] assuming a symmetric
"S_shape" about the 50% breakthrough fraction. The symmetry

is broken only when the throughput volume is>deoreased to zero.
Since no negative volumes can exist, [32] is actually bounded
on the left by V= 0.0, Kipling observed that if the constant
K were multiplied by LO'5, where L was assumed to be the
linear flow velocity through the column, then [32] could be
more accurately applied to a liquid-solid system. This was
justified by Kipling because the rates of diffusion are lower
in the liquid phase than in the gaseous phase. Thus, [32] was
modified to the form:
KNOALO'5

LT
KCOLO'5 L

- 1n(c/c - 1)1, [33]

The volumetric flow rate Q, in units of volume per unit time,

is related to the linear flow rate L by the expression:

L = %. [34)

Substituting [34] into [33] and combining terms:

N AA 0.5
t = 8 g - iéé%l—- in{C/C - 1) . [35]
o] [e]

The volume V which has passed through the column at time t may
be calculated by -

| vV = Qt . [36]
Thus, by multiplying [35] by Q and equating the product to

[36]:
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YV Y ¥
C KC
o} O

1n(co/c - 1) . £37]

Once the constant K has been determined, [37] should pre-
dict the volume V of influent solution moving at flow rate Q
required to produce an effluent breakthrough fraction of C/CO
beneath a column of length A and surface area A whose volumet-
ric exchange capacity 1is NO° The constant K can easily be
evaluated for a particular resin column breakthrough curve by
plotting V versus J%E 1n(Co/C - 1). The slope of the resulting
straight line will bz the negative of 1/K.

Such an evaluation was made using a six inch deep resin
columnn loaded with an influent solution containing 500 ppm of
calcium as CaCOB. The flow rate was 2 GPM/ftZ. Pigure 20
shows the breakthrough curve obtained. The graph used to
evaluate the constant X is shown in Figure 21. A straight
line could be fitted to all the data points except those cor-
responding to the initial breakthrough values. The value of X
for the breakthrough curve obtained was found to be 5.46 with
units of cm5'5/meq-mino'5.

The evaluation curve of Figure 21 also afforded a check
on the volumetric exchange capacity of the ion exchange resin
used. The chemical analysis of the resin listed this exchange
capacity as 1.9 meq/ml. At C/CO = 0.50 the breakthrough vol-
ume may be equated to

N XA
V = 2, [38]
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Solving [38] for No confirmed the asséy value of 1.9 meq/ml

for the volumetric exchange capacity of the ion exchange resin.
Prediction Using Modified Hinshelwood Eguation

With the constant of [37] determined and the resin ex-
change capacity verified, the equation could then be used to
predict the breakthrough curve expected from a column test
with any combination of the variables used in [37]. In order
to rigorously test [37], it was desirable to change the per-
tinent variables as much as poséible from the values used to
determine the constant K. Thus, the 2.20 cm diameter column
was replaced with a rectangular column with surface dimensions
of 2" x 1", The influent concentration was increased from
500 ppm to 1000 ppm calcium as CaCOB, the depth was lowered
from 6 inches to &4 inches, and the loading rate was lowered
from 2 GPM/ft2 to 1 GPM/ftZ. The experimental apparatus is
shown schematically in Figure 22. A predicted curve was first

computed using [37] with the following values:

N, o= 1.9 meq /ml

A = 1i.5c¢cm

A = 12.9 o

CO = 0.01985 meg/ml
Q = 52.5 ml/min

X = 5,46 cm5'5/meq—mino'5 .
The actual breakthrough curve obtained together with the

treakthrough curve predicted are shown in Figure 23.
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Conclusions Concerning Modified Hinshelwood Eguation

Hinshelwood's equation thus appears to give a reliable
indication of the location and shape of a calcium breaktnrough
curve using an ion exchange resin. While the eguation does
generate an "S-shaped" prediction curve, it should be noted
that the curve is nearly symmetric about the 50% breakthrough
point., This was true for the ion exchange resin used. How-
ever, for some of the soil columns tested an almost flat pla-
teau developed around the 70% breakthrough values. It was as-
sumed tThat the uniformity of the ion exchange resin as well as
its good stability contributed to a more symmetric breakthrough
curve., The column depths and flow rates used for the resin
column tests may also have added to the nearly symmetrical

shape of the breakthrough curves obtained.
Calcium Extraction

The desirability of being able to follow the progress of
strontium through soll by extracting the adsorbed strontium has
been discussed previously. Tnerefore, when using the resin-
calcium model of the soill-strontium system, it became desirable
To be able To follow the movement of the calcium through the
ion exchange resin utilizing an extraction technique.

The process of extracting calcium from resin was faster
and simpler than the process of removing strontium from soil.

Approximately 1.5 ml of resin were used for each extraction
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sample. One~eighth inch inside diameter glass tubing was par-
tially stoppered at one end with about one inch of glass wool.
The 1.5 ml resin sample was then poured on top of the glass
wool, Ten such extraction columns were made and connected to-
gether with Tygon tubing so that any or all of the extraction
columns could be used simultaneously. Thg extraction columns
were connected by a common influent line to a reservoir con-
taining 1N HCl. Figure 24 shows a schematic diagram of the
extraction apparatus.

By making several test extractions it was determined that
all of the calcium present on a 1.5 ml sample could be eluted
with about 400 ml of 1IN HCl; Figure 25 shows a typical de~
sorption curve. Therefore, a 500 ml volumetric flask was
placed under each of the ten extraction tubes. A 25 ml ali-~-
quot was taken from the 500 ml of elutent collected and ana-
lysed for calcium.

The 1 N HCl used Tor the calcium elution was too acidic
for the Type II buffer solution used in the water hardness
test obtained from Hach Chemical Company. The buffer solution
could not raise the pH to the required value of 10 for the
nardness titration. It thus became necessary to first titrate
the 25 ml aliquots with a concentrated solution of sodium hy-
droxide., A pH-meter was used to determine when enough NaCH
had been added to neutralize the 1N HCl. The required amount
of Type II buffer was then added to bring the pH up to 10,

As a control test 25 ml samples of pure 1N HCl1 were neu-~
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tralized with the NaOH solution and buffered to a pH of 10,
The controls were then tested for hardness by the Hach method.
It was observed that these controls had a hardness of 0,20 mg
as CaCO3 per sample. Since sodium cations were the only ions
present which might have interfered with the ManVer indicator,
even though theoretically they should have had no effect on
the indicator, it was assumed that the very large amounts of
sodium added caused an interference hardness of 0.20 mg as
CaCO3 per sample. In all NaOH neutralizations of 25 ml sam-
ples containing 1N HCl, this iunterference hardness value was

subtracted from the amount of HexaVer titrant required.
Calcium Front Through Resin

The 2" x 1" rectangular column used as part of the appa-
ratus shown in Figure 22 was designed with a removable front
plate for easy access to the exchange material being used. The
“column was used for a predetermined time period which was short
enougn so that no calcium appeared at the bottom of the column.
At the completion of such a test, the column was drained, the
Tront face of the column was removed, and resin samples were
obtained from various locations within the column. From each
of these resin samples, 1.5 ml extraction samples were taken,
and any calcium present was removed using the extraction appa-
ratus previously described.

The a2bove approach was used several times with the rectan-
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gular column with the removable front cover. Solving [37] for

~

the bed depth )\ resulted in

Ve ' '
0 JA/A
A = Kﬁ; + ° ln(Cc/C - 1) . (39]

The quantity A was interpreted as the depth at which a given
breakthrough fraction C/Co should be located after the column
was exposéd to V milliliters of influent solution., It was
further reasoned that if the calcium concentration in solution
at depth A were a certain fraction of the calcium concentration
of the influent solution, then the ion exchange resin at that
depth should be saturated with calcium to the same degree.
Thus, if the liquid phase at & given depth contained 30% of
the calcium concentration which would eventually be observed
at that depth, then the resin at the séme location would also
contain 30% of the calcium concentration which it would even-
tually be expected to adsorb. The No value assumed for the
resin was the 5.0 meg/gram indicated in the chemical analysis
listing on the boitles of resin purchased.

A typical extraction column was run with the following

values Tor the pertinent parameters:

V = 15,090 ml

C, = 3.03 x 10"2 meq/ml
Q = 105 ml/min

N, = 1.9 meq/ml

A = 12.90 em®
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K = 5.46 cm5“5/meq-mino°5

column depth = 39.8 cn
It was then possible to solve [39] to predict the depths at
which certain resin saturation percentages would be expected.
Resin samples were taken at thirteen depths at the conclusion
of the test and analysed for thelr calcium content by the ex-
traction procedure described. Figure 26 shows a comparison
between the predicted and observed resin saturation percent-
ages.

It can be seen from Figure 26 that the use of [39] re-
sulted in a close prediction of the location of the calciun
saturation front wnich was moving through the large resin col-
umn. The band width of the saturation front, or the distance
along the column from 100% resin saturation to 0% resin sat-
uration, was governed by the %%é coefficient in [39]._ In order

o
To obtain a larger and more discernible band width for the col-
unn used, only the flow rate Q could be used to increase the
controlling coefficient. The 105 ml/min value of Q, used to
produce the curve of Figure 26, represented a surface loading
rate of 1 GPM/ftz. This resulted in a band width of only about
2 cm, 1If the flow rate were increased 25 times, this band
width should be spread over a distance only 5 times greater or
10 cm. While this would have allowed more resin samples to be
taken witnin the band width, such a nigh flow rate would have

been extremely greater than any flow rate expected under actual

field conditions.
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The saturation band width could also be enlarged by using
an exchange material with a smaller volumetric exchange capac~
ity No‘ Soil has a cation exchange capacity from 50 to 100
times less than the ion exchange resin used. Therefore, a very
large saturation band width would be expected in a similarly

constructed soill column.
Two Directional Flow Models

The use of soil and resin columns greatly simplified tne
hydraulic considerations which contribute to the movement of
ions through porous media. However, such columns were only
models of the more complex conditions which would be observed
under a radioactive waste disposal pit. Many pnysical parame=
ters observed in the columns will differ from thelr counter-
parts beneath an actual waste pit. One such parameter is the
number of directions which may be taken by the waste., In col-
umn studies only vertical movement existed. Under actual con-
ditions movement may be in any horizontal direction awzay Irom
the waste pit as well as in the vertical direction downward,
Thus, a somewhat more_gbmplicated stage in the investigation of
radioactive waste movement through soil would be the examina-
Tion of dispersion systems in which flow would move in two di-~
rections.

If a2 liquid is moving through a saturated porous medium,
then the amount of ligquid entering any differential element

during a given time is exactly equal to the amount of liguid
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leaving the element. This is simply a conservation of mass.

Figure 27 shows such a differential element located in a

Carteasian coordinate system. The element has dimensions of

AX, AY, and AZ. Considering only the flow in the X-direction,

the rate at which liquid is entering the element is given as
Q. = AV, [40]
where
Q = flow rate [cm3/sec]
A = area [cm2]
V = 1linear velocity [cm/sec]
and thne subscripts denote the direction in which the parameters
are being observed. From Figure 27 it can be seen that [40]
may e written as
Q. = (a¥%zZ)V_ . [413
Tne change in velocity of the liquid as 1t passes through
the differential element may be represented by
GVX ] L
A = o A [h2]
The exit velocity of the ligquid 1s egual to the entrance

velocity plus the change in velocity. The net accumulated low

into the element in the X-direction could thus be represented

by

Uonet in = Y-in - Y%-out
5V
- v, - X
(§§AZ)VX CAYAZ)(VX + 5% AX)
- X A TAS . [‘Lt("Bj

="6_}{— PR, AN )
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Using a similar arguement it can be shown that the net flow
into the differential element in the ¥Y-direction and the

Z-direction may be represented as

8V

— - / / :

U _net in = ——Xéy AXAYAZ [44]
éVZ q

Qonet in = - 37 LXAYAZ . [45]

The total amount of liquid entering the elerent is the sunm of
(433, [44], and [45]:

6V, 5V, 6V,
Qret in = ~ (5x ¥ T F F7 ) AKX . [46]

The total amount of liquid entering the element may also be

represented by

56

v . > |
et in = 8% AXNAZ [47]

where 6y represents the volumetric water content of the porous

material. Equating [46] and [47]:

v Vv 5V
66V L (6 x ) v o ) z) (L8]
6t 8K D 4 Y82 *

The relationship shown in [48] is an expression of the conser-
vation of mass witnin the differential element.
Under saturated flow conditions, Darcy®s law is assumed to
da 2

be valid. Expressed in the differential form and considering

movement in the X~dlrection only, Darcy's law may be written as

Vo= - x8 (497

o [
|

where K represents the saturated hydraulic conductivity of the
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porous medium which is assumed to be constant in all direc-
tions. The term §h/6X represents the change in the hydraulic
potential of the ligquid over the distance AX. Substituting
[49] and its similar representations for the velocities in the
Y-direction and the Z-direction into [48]:

56 2, 2 2,
5™ n 5 h éu). [50_]

_~K(~—§+—+—2—

st 08X 6Y2 87
If the porous material is saturated and at steady state condi-
tions, then the change in the differential element’s volumet-
ric water content with time is equal to zero. Therefore, [50]

becones

-+ — <+ —_— = O [513

which 1s known as LaPlace's equation. If it is assumed that
Tlow moves only in two directions then [51] zreduces %o

5h 5%

oy

. [52]

™

Kirkham and Powers (13) give a general solution to [52] as

sinh ¥ sin Y

h = A + B + CY £+ E_ora(b+ or)or (c + or) (53]
— — ﬂ — — .
cosh Y cos X

where A, B, C, En, s b, and ¢ are constants. These constants
can pe evaluated based on the boundary conditions imposed on a
particular two directional flow problem. After the constants
nave been evaluated, [53] should accurately describe the hy-

iraulic pectential lines which, for a homogeneous, isotropic,
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porous medium, will be perpendicular to the flow lines through-
out the medium.

The stream function ¥ represents the lines of flow through
the porous material.. The stream function may be normalized to
represent fractional values of influent flow 1nto the system.
Thus, the difference between the values of two adjacent stream
functions will equal the percentage of the total flow which
passes between those particular stream lines. The stream
functions may be calculated‘from the potential function by the

use ol the Cauchy-Riemann equations:

8h 6
Ker = o [54]
sh _ _ 8%

Ker = - 5% - [55]

Boundary Value Solutions

Evaluation of the constants used in [53] reguired the de-
termination cf the boundary conditions which surround the sat-
urated flow problem being investigated. Once the boundary
conditions have been chosen any one oI several mathematical

tecnhnigues may be used to evaluate the constants so that each

ct

of the boundary conditions 1s satisfied.

Since the problem under consideration was the movement of
radiocactive waste beneath a waste seepage plt, boundary condi-
Tions were chosen wnich would closely approximate the actual

conditions under such a pit. The solution of [53] for certain
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boundary conditions can become a complex 1f not impossible
task. Therefore, it was decided for the initial experiments
to incorporate a éet of boundary conditions for which a solu-
tion had already been obtained and which also reasonably de-
scribed the conditions being modeled. Kirkham's (12) solution
to a particular drainage ditch problem appeared to satisfy the
above criteria. Figure 28 shows the boundary conditions of
Kirkham®s model., Drainage ditches existed on either side of a
ponded water supply, and each contained a différent level of
drainage water. The water supply was bounded by ditch banks
of infinite width. The soil immediately beneath the ditch banks
was assumed to be impervious to soil water movement.

In order to give the seepage pit's side walls finite di-
mensions, a constant of integration was evaluated by assuming
that Y= 0 at x = w and v = d where w was the width of the
side wall and 4 was the depth of the resin. The third boun-
dary condition listed in Figure 28 shows that the hydraulic
head is equal to d + t across the entire surface of the resin.
However, under the side wall of the seepage pit this 1s not
true. The 0% flow line which runs from the left hand corner
of the seepage pit to the drainage ditch actuallj describes
an upper flow region boundary, shown as the curved line AB in
Figure 28, across which no water flows.  For small values of
w compared to-the total width 2s, the position of AB does not

greatly change the flow region. However,-if w is large com-
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pared to 2s, then Kirkham's mathematical model would not be
expected to be applicable. The upper 1limit to flow under
the side walls of the seepage pit is actually a non-linear
boundary condition which does not lend itself to a Fourier
series solution. Dagan (6) suggests the use of matched as-
symntotic expansions to represent such non-linear boundary con-
ditions.

Since a solution was available to the two directional
flow problem with the boundary conditions shown in Figure 28,
an attempt was made to apply that solution to the two direc~

tional flow tank. Kirkham's solution for the potential func-

tion was:
zg: 81nhEE£
B my
h = 4 + t + £ Am mn9s COs=H7
) s1nhm"(23 - X)
24 moy
+ g%% Bm ” nhmTZS cos—54 [56]
24
wnere
3 4t . mm Sd mﬂHl
4t mm 8a_ EMH
B, = - o= sing - 27 cos—5< m= 1,3, eos [58]
The dimensions d, t, s, Hl’ HZ’ X, and y are shown in Figure

28. Applying [54] and [55] to [56], Kirkham obtained the

stream function relationship:
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g mox
[ - e
K 5TD msinhmg%s 2d
Q
o \ 2 - .
coshmﬂ<~§ x) _
- i;_ B zd sintid [59]
5D m Sinhmwzs 24

where &4 and B were given by [57] and [58], respectively, and
X was the saturated hydraulic conductivity of the soil. The
constant a in [59] is evaluated by assuming that no flow en-

~ters tne soil from the pond under the ditch banks. Thus,

Y= 0 at X = w and vy = d, and [59] was solved for «:

oo COSQm”d

. = ZZ: p 2%2q , mnd

- T ., mr2s -7 2d

ODD sinh 53
oo cmn{2s = w)
3:— 3 cosh 2q sinZol [60]
oD B Slnﬂm725 24

In working with stream functions it is uswally more con-
venient to define them as percentages of the total flow,
Therefore, any stream function LJ(x,y) calculated wWas normaliz-
ed agalnst the total flow and rultiplied by 100 to obtain the
percentagze stream function %”(X,y). Referring to Figure 28:

100 ¥{x.v) .
Z(2s-w,a) - ¢(w,ay * [61]

¢ (x,y)
Iin order to draw the predicted stream lines for the two
directionzl flow model snown in Figure 28, it was necessary to

solve [61] for many points throughout the model. Since the
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solution of [61] for any point also required the solution of
{573, [58], [59], and [60], a computer program was used to ex-
pedite the analysis. The series solutions required in [57],
[58], [59], and [60] were programmed as iterative steps which
continues until successive solutions agreed to within two
places to the right decimal. Thilis resulted in each series
being resolved to within four to six significant figures.,

Using this computer program, flow lines were drawn
through the soil profile shown in Figure 28 for varying values
of the pertinent constants. The volume flowing between any
two adjacent flow lines represented a known percentage of the
total flow. Therefore, each adjacent pair of flow lines rep-
resented the side of a curved, one directional flow column
whose cross sectional area varied with depth. A successful
analysis of the breakthrough curves obtained from the soil and
resin columns could be combined with the mathematical repre-
sentation of a two difectional flow model. By assuming that
the two directional flow model contained many linear columns,
a otreaktnrough analysis for the two directional flow system

could be obtained.
dydraulic Testing of the Two Directional Flow Model

Once suitable boundary conditions were chosen which would
adequately simulate the actual fileld conditions expected, it
then became necessary to construct a physical model which

would reproduce those boundary conditions. Experience gained
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from the construction of the Plexiglas column with a remov-
able front plate, shown as part of the apparatus of Figure 19,
was applied to a model in which flow could move in two direc-
tions. Dimensions of 18" x 18" x 1" were chosen. Three-
eighths inch Plexiglas was used for the removable front plate,
This thickness enabled a water tight seal to be made between
the front plate and the sides and bottom with only stopcock
grease as a sealant. DBolts with wing nuts were placed at
three inch intervals around the sides and bottom of the model
to secure the front plate. A well was formed down one side of
the model with two one-inch strips of one-eighth inch thick
Plexiglas. This provided support for the one inch wide piece
of 200 mesh stalnless steel wire which was used to keep the
ion exchange resin from entering the well. At the base of the
well a three-gquarter inch diameter hole was drilled. This
hole was Titted with a number "O" rubber stopper through which
a one-eighth inch hole had been drilled., A two foot length of
glass tubing was then inserted into the rubber stopper. The
glass rod could be extended up through the Well to any heignt
desired., This arrangement provided a constant head overflow
welr by which the depth of the drainage ditch, represented by
the well, could be preset.

(lnen the front plate was sealed in place and the wire and
rubber stopper inserted, the tank was then partially filled
with water. The ion exchange resin was then slowly poured in-

To the model thereby allowing all air to be driven out which
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might otherwise have been trapped. Such a loading procedure
could be used with resin and not with soil due to the uniform
particle size of the former., If soil were loaded in such a
manner, it would grade itself upon settling. This would re-
sult in unrealistic flow conditions.

Once the resin was loaded into the two directional flow
model to the desired depth, the seepage pit was then modeled
at the surface of the resin on the opposite side of the tank
from the drainage ditch. This was done by inserting a 1" by
3/8% piece of Plexiglas whose sides had been coated with
stopcock grease. This wall could be placed at any desired dis-
tance from the side of the model and extended into the resin to
a depth of about one inch. A strip of 200 mesh stainless
steel wire was used for the floor of the seepage pit. Without
this floor the resin tended to flow into the modeled pit.

The two directional flow model was designed to represent
one half of Kirkham's model shown in Figure 28. With the
and H, of Figure 28 assumed for sim-

1 2
plicity To be egual, the drainage problem became symmetric

drainage ditch depths H

about a line drawn through the center of the seepagé pit.
Before making an actual run with the two directional flow

model using a calcium influent solution, it was desired to

test the model hydraulically. This was done to verify that the

flow lines which could be predicted using the computer program

would accurately represent the actual flow lines observed

within the model. The modeled seepage pit had a width of two
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inches and a depth of one inch. The bottom of the pit was
eleven inches from the bottom of the tank. The dralnage ditch
effluent elevation was set at six inches from the bottom of the
tank. As distilled water was removed from the tank over the
constant elevation weir in the drainage ditch, fresh distilled
water was drawn into the seepage pit so that the water depth in
the pit remained at a constant one inch.

Prior to beginning water movement through the model the
ion exchange resin was saturated with distilled water to the
surface of the resin. After flow was begun the resin near the
surface was observed to be drying. This was the region through
which no flow was occurring. The water in this region drained
into the dynamic region below, When no more vertical draining
was observed, the two directional flow model was assumed tTo be
in hydraulic equilibrium, and the flow lines were then loca‘r;ed°

Mapping of the flow lines was done by dropping dye pellets
onto the bottom of the seepage pit near the front plate of the
Plexiglas model. As the pellets dissolved, their paths
tnrough the resin were easily observed, and the centerlines of
the paths were reproduced on the front face of the model using
& grease pencil. Potassium permanganate crystals were first
used in the dye study. They were large purple crystals which
dissolved slowly. However, once a potassium permanganate
crystal was spent, the outline of its path could still be seen.
The effect of this staining on the exchange capacity of the

resin was not known. The residual outline alsoc partially
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masked subsequent dye traces. Indigo carmine dye was then
tried. The crystals were smaller than the pota;sium perman-
ganate crystals and did not last as long. However, the indigo
carmine did give 5rilliant blue traces which completely dis-
appeared once the ctystals had dissolved.

The flow line traced with a dye crystal in the left hand
corner of the seepage pit was arbitrarily called the 0% flow
line. Since the drainage ditch was to the left of the seep-
age pit, this flow line was the closest flow line to the sur-
face of the resin. Therefore, the dye crystal placed in the
right hand corner of the seepage pit resulted in the 100% flow
line. It was assumed that all of the flow lines would travel
an equél distance from the seepage pit to the drainage ditch to
the left of the seepage pit. The assumption, though not com-
pletely valid, resulted in the dye traces representing flow
values based on the fractional distance of the dye crystals
from the left hand side of the seepage pit. Thus, a dye crys-
tal placed one half inch from the left side of the two inch
wide pit traced the 25% flow line. The flow lines observed
are shown in Figure 29, and the predicted flow lines are shown
in rigure 30.

The predicted flow lines were not in agreement with the
observed flow lines. The flow medium became almost completely
filled with the impermeable area beneath the seepage pit walls.
For the relatively large value of w used in the tank model

compared to the total model width 2s, the third boundary
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condition given in Figure 28 was excessively violated. There-
fore, the mathematical model indicated in Figure 28 could not
be used.

For complex boundary conditions, such as would be en-
countered uvnder actual Tield conditions, solutioans To LaFlace's
equation in two dimensions may be dirficult if not impossible.
Another metnod of modeling the hydraulic behavior of a two di-
rectiongl flow system consists of the building of an electric
anzlog to the hydraullc system., Darcy®s law, assumed To De

valid under saturated conditions, may be written in the form:

L 2 .
Q@ = KA [62]
L
in which
Q = flow rate per unit time [cm”/hour]

K = saturated hydraulic conductivity [cm/hour]

A = cross sectional ares over which Tlow

is taking place [cn%]

H%s = 1hydrauvlic heads at two points within the soil

mass measured from a common referernce level [cm]

I = distance between the above points [cnm]
Darcy®*s law corresponds directly tTo Onm’s law:
v, - V
1 - O.A__i__._.__% E63]
L

v

nere the saturated hydrauvlic conductivity X is znalogous to

The specifi

5

rical conductivity ¢. Thus, the flow of

elect

Q

g

vater througn a porous medium may be modeled by tne Tlow of

eglectrons through a conducting medium. If the soil profile
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beneath a waste pit could bve accuratel& mepped and reproduced
by an electric anzlog, Then The movement of water Through that
proifile could easily be observed by monitoring the current
Tlowing tharough the model. Obstructions in the soll profile
sucn as strata of varying permeabilities could be accounted
for in the electric model by varying Tthe electrical resistance
in the corresponding location within The model. A versatile

ctric analog is thus desirable in which boundary conditions

[¢]
.
Q)]

and consistency variations could easily be constructed. The
use of heavy papers coated with conducting substances are
avallable commercially. The use of gelatins is also possivle.
Thnis may provide an excellent material with which to construct
mocdels in which flow moves 1in tThree directions. A possible

alternative to commercially produced materials is The use of

Since flow lines through the tank model hal already been

Q.
=y
l._J
)
=
]_.!
’J.
a3
1<)
0
ci
)
1

determined, 1t was decided To use the observe

-,

etner with the btreaktnrougn prediction relationship shouwn in

03

391 to predict the movement of the calcium front through the

[amuin |

two directiornal flow model constructed. While tThis approach

tion in which flow was moving in two directions. Furthermore,
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o

1ad the porous medium consisted of stratified layers of differ-

ent resins, each with its own saturated hydraulic conductivity

§]

suen a technioue employing visual observations of flow patterns

¢

would prove to be better adaptable to the actual conditions
Than the use of a computerized solution to LaPlacefs saturated
Ilow equation. Also, the visual approach is not limited to
boundary conditions for which mathematical solutlons zre pos-
sibtle.

In avplying [39] to the ion exchange resin columns, the
right nand term was seen ©O beIVery smeil compared with tThe

(o]

ct

other terms. IT is thus possible to sinplify [39]

VC

N _ (@] 4
A VR Lok]

or a linezr column ) represents the colurn length and A rep-
sectional grea of the column. The volume of

the column would thus be AA., Therefore, [6L] may be rewritten

as
Ve

- - o -

Coiumn Volume = — . [65]
-\.O

For tne two directilonal flow system shown in Figure 29 any two

adjacent Tlow lines are assumed to describe a non-linear col-

(6]

uin wnose cross sectional area varies linearly with the length
oI the column. The volume entering such a column is equal to

the toval volume flowing through the seepage pit nmultiplied by
T whicn 1s the difference between the fractionzl values of the

flow lines used to describe the column. 1If the curved col-



110

umns of Figure 29 are assumed to be trapezoids with end di-

A

mensions of a and b inches, then [65] becomes:

fve

0.5(2 + b)(A)(2.54 cm) = —— [66]
O

since the columns are each one inch in depth. The resin was
loaded with 40 liters of a calcium solution containing 3 x 10"2

meq/ml. Therefore, [66] simplifies to

198.5
A= 2D [67]

where A 1s measured in centimeters.

Using [67], the location of the calcium front in each of
the non-linear columns of Figure 29 was predicted. After the
LO liters of the calcium solution were passed through the
resin, the tank was drained and the front face removed.
Twenty resin samples from various locations were taken and
purged of calcium using the extraction apparatus shown in
Figure 24. After extraction, each resin sample was weighed
and the amount of calcium present on the sample in units of
meq/gm was computed. This amount of calcium per unit weight
of resin was then compared to the manufacturer's indicated
exchange capacity of the resin of 5.0 meq/gm to obtain the per-
cent of saturation of each resin sample. In Figure 31 the
straight lines between adjacent flow lines represent the pre-
dicted location of the calcium front based on [67]. The cir-
cles indicate the location of a particular resin sample, and

the numerical value within a circle gives the percent of sat-
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uration of that sample. Good agreement was observed between
the predicted location and the actual location of the calcium
front in the two directionzl flow model using the lon exchange

resin.
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REVISED SOIL COLUMN EXPERIMENTS

cr Returning to Soil
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The use of a calcium exchange resin To simulate an ideal-
ized soil proved to be a helpful substitute. It provided the
means for investigatving The effects of various ion transport
mechanisns while other parameters were neid constant. Like-
wWise, the substitutioa of calcium for the radiostrontium used

in obtaining earlier brezkthrough curves further permitted a

G

close examination of tThe relevant transport mechanisms. Since
the breakthrough curves odbrtained with tThe use ¢f calcium and
resin could be reproduced if'the pertinent variables were held
constant, more validity could be placed in the resin-calcium
results than in the previous work with the soil-strontium
systen.

The resin-calcium work resulted in improvements in the
generzl technique of obtaining breakthrougn curves and 1n the
correlation of the breskthrough data. Breskthrougn curves
couid be predicted in advance with a reasonzble degree of ac-
curacy as demonstrated by the results of column 1000-i-4#
Despite The many advantages ol weriing

resin-calcium system, it was felt that if

tne knowledge gained from such work could not be related tTo a
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Vvirtuelly meaningless., 1t was therefore decided to return to

using soil as the adsorption medium. The continued use of
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calcium or Tthe use oI stable strontium seemed To be advisable

due to the difficully and time regquired for erffluent analyses
using radiostrontium as The influent tagging agent.

Paysical Properties of the Soll Used

£n investigation of the physical properties of the soil to
be used was made, Whlle only one type of soll was used for
nis study, future work could conceivably involve tne use of
various soil types. A physical description of the soll used in
obtaining the breszkthrouzgn curves presented in this paper may
be useful in correlating this work wita future investigations.
All so0il analysis samples were taken from the common soil
storage contalner.

A

A sample of the alr dried soll wes piaced in & contaliner

of kxnown volume. After the goil and convailner were dried in

used to determine tne particle density of tThe soil, Tnhnis was

The flow of liguics tThrough a porous medium 1s governed in

its pore sgize distribution. In an effort To deftermine the

fe]
Q
H
m
[
) '
N

ize distribution of the soil being used, o moisture ten-

sion curve was first counstructeda. This was done using a Tenpe



cell apparatus for soil moisture contents greater than about
18%, A pressure cooker avparatus was used to produce the
zreater pressures required to remove water Irom the soll with
a moisture content in the range of 13% to 18%, and 2 pressure
piate was used for soil moisture contents as low as 38%. This
resulted in 2 soil suction range of from zero to about 13.8
bars., The distribution of pore sizes 1s summarized in Table 2.
in important parameter in describing the physical condi-
tion of a soil is tThe ease with which the soil will conduct
water., Siance Tne soll used Tor the column studlies was used
under saturated conditiocns, the conductivity factor became the
satureted hydrauric conductivity. It was convenient to set up

& so0il column with cross sectiozal area 4 and lenzgin L, begin

the irlet and outlet levels, and calculate the saturated hy-

;-J

draulic conductivity K using [62]. This was done using two

nearly identical soil columns each with a diameter of 7.60 cm

(O]
R3
&
cl
()
H
&
3]

and containing approximately 7.1 cm of soil., T
used to determine X for the Tirst column, and distilled water
zs used for the second column. At the beginning of the anal-
ysis the column in wnicn tap water was used showed & X value o
g.ub cm/hour, while the column using distilled water resulted
s . 3 - ~n Lz . e S S Y = = 5 . B

in a X value of 9.58 cwm/nour. Fiow through the columns was al-

lowed to continue for about 150 hours with the same inlfliuent

and effluent hydraulic heads maintained. Values of X were ce-
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Table 2. Pore size distribution of soil used in obtaining
breakthrougih curves

Pore Size Range Percent of Pores
Lmicrons] in This Range

1 - 4 1.5

L - 10 3.4

10 - 1 3.5

15 - 25 L.8

25 - 50 7.2

50 - 150 17.6

Termined at reguiar intervals by neasuring the flow rate @
through the columns. During the first two hours the values for
X were falirly constant. However, aiter about 70 hours of flow
The conductivity of the column using tap water was observed to
have increased to a maximum value of about 11.3 cm/hour. The
conductivity of this column then steadily decreased and began
to level off at a value of about 6.8 cm/hour after 150 hours

of Tlow,

1

The column using distiiled water beha

2 . —— 1 S 3 DD
n & mucn Glii1exr-

o
I..I

e
ent manner. After about four hours of flow the values of X
began to decrease slowly but steadlly, stabilizing at =z value
of about 4.7 cm/hour. Thne ions present in the tap water were
assumed to have had a definite effect on The hydraulic conduc-
tivity of the soil by chemically.reacting with the ions present
in the soil. The results of this test emphnasized the need for

having a rate measuring and a rate controlling device on any

soil column if the flow rate through that column is to be held
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constant.

Soil Column Technique

Previous soil column experiments were carried out in
glass columns with an inside diameter of 2.20 cm. The colunns
contained approximately one inch of soil. 1In an effort to

eliminate the problems assoclated with using such small amounts

Hy

of soil, such as short clrculting effects between the soil and
the side walls of the glass column, larger volumes of solil were
used for future columns, A larger glass column was obtalned

which had a2 inside diameter of 6.0 cm. Though the depth of the

soll was varied as required, it was never less than about three

inches., This resulted in an increase in the soil mass used

-y

rom about 50 grams with the 2.20 cm diameter columns to about

00 grams with 6.0 cm dizmeter columns. Soil masses as high

A

as about 800 grams were eveantually used with the larger dia-
meter columns.

inother improvement in the soill column technique was in
The process of saturating the soil before a test was begun.
Previous soll columns were presaturated by allowing distilled
water to filter through the column downward from the surface
of the soil. Only enough water was used so that the water sur-
Tace was sligntly above the soil surface, and the entire
wettllng process was completed in a few minutes. With the large
soll columns the presaturation process was done from the bottom

of the column over a period of about 24 hours. A constant head
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was leaving the column than was entering. The results of this
first run are shown in Figure 32,

Calcium carbonate has a relatively low solubility in
water. Perelman (25) gives the solubility of CaCO3 in dis-
tilled water at 20 °C and one atmosphere pressure as 0,016
grams/liter. As the pH of the solution decreases, the solu-
bility of CaCO3 in the solution increases. Tnerefore, in ob-
taining a calcium iafluent solution it was necessary to lower
The pH with the addition of hydrochlioric acid. The pH of the
influent solution used to obtain the breakthrough curve shown
in Figure 32 was found to be 3.5. The resulting breakthrough
curve indicated that the low pH influent solution permitted
large amounts of naturally occurring calcium to become dis-
solved in the influent solution. The influent solution was
Thus acting as an elution solution in wnich the peak effluent
concentration was reached alter zbout 1.5 liters had been put
through the column, 3eyond this volume, the zmount of natural
calcium entering into solution was observed to decrease and
The breaktnrouzgh curve, which had become a desorption curve,
began To reilect This decrease in cation removal. While the
effluent samples were not analysed in a manner which woulc
differentiate between the hardness cations of magnesium, cal-
cium, and strontium, it was assumed that natural calcium was
the major constituent in the effluent samples. 3Bear (1) has
reported The chemical coatents of a number of so0ils and has

Tound That a Marshsll silt loam taken in Missourl contained
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Mariotte bottle was used with the hydraulic head at the sane
level as the surface of the soll. Tne relatively small head
differential that resulted provided a small but steady driving
force for the saturation of the soil sample. In this way the
entrapment of air within a soil sample was minimized.

The use of calcium in the influent solution resulted in
rapid and écourate analyses of tne effluent samples whicn were
collected from the ion exchange resin columns, It was decided

to use the same procedure when using the large soil colunmns.
Interference of Natural Ions

The problem of interference between the calcium used in
the influent solution and the natural divelent cations found in-
the soil samples became apparent during the first soil-calcium

breckthrough test., The effluent analysis technigue was the

Hach Chemical Company water hardness test as previously de-
scribed. This Test was sensitive to all of the divalent hard-
ness cations, and could not distinguilsh beftween tThe calciunm
ions entering the column in the influent solution and those
divalent cations diffusing from the soll natrixz into the in-
flvent solution. When a soll column was constructed in the
6.0 cm diameter glass column to a depth of 11.9 cm and an in-
Tiuvent solution containing 201 ppm of calcium as CaCO3 was
passed through the column at a flow rate of 0,25 GPM/ftZ, a

brezkthrough curve resulted which indicated that more calcium
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about 1.1% Ca0 and 0.28% MgO. Also, due to their relative in-
solubilities, calcium carbonate crystals tend to form within
the soill matrix.

In order to study the movement of calcium through soil,
it was decided to first remove any calcium present in the
natural soil either in the form of solid calcium carbonate or
as the calcium ion exchanged on the clay fraction of the soil.
Washing the soil with a strong solution of HCl seemed to be the
simplest method of purging the soil of natural calcium. When

a solution of HCl at a pH of 1.0 was used, large amounts of
organic matter were also removed from the soil. Since 1t was
'desirable to work with a soil sample which approached natural
soil as close as possible, a weaker acid solution was used.

It was -focuad that at a pHd of 2.0 organic matter was not being
removed to a noticable extent. However, it was believed that
at least some organic matter was being removed, as the effluent
samples could not be titrated in the regular manner due To a
color interference near the end point. This meant that 1t was
impossivle to determine wnen natural calcium was no longer be-
ing removed from the soll and appearing in the effluent sznm-
ples. Therefore, the soil columns were washed with a pre-
letermined zmount of a HCL solution at a pH of 2.0 and then
viashed with a2 solution of HCl at the same pH as the influent
calcium solution which varied from 3.0 to 4.0, Samples from
the second acid wash could then be titrated in the usual nman-

ner for the purpose of detecting the presence of natural cal-
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cium in the wash solution. When no natural calcium could be
detected in the erffluent samples, the column was considered

ready for the calcium influent solution.
Results of Soil-Calcium Tests

Five soil columns were tested using the acid prewash
method previously described. When a complete breakthrough
curve had been obtalned for the last column, the soil was
curged of the deposited calcium using the HCL wash technigue.
With the influent concentration and flow rate held constant, a
second breakthrough curve was obtained for the same soil sam-
ple. This sixth test was done to determine the reproducibility
of the method used. A composit of the first five column tests
is shown in Figure 33. TFigure 34 shows the results of the
last two breaktnrough curves.

The breakthrough curves obtained using stable calcium on
large soil columns showed a significant improvement over the
earllier breekthrough curves obtalned using soll and a stron-
tiu? solution tagged with 898r as shown in PFigure 6. The good
degree of reproducibility, as indicated in FPigure 34, demon-
strated the improved control possible using stable calcium in-
Tfluent solutions on large mass soil columns.

Tne breakthrough curves shown in Figure 33 do nol possess

ct

ne symmetry exhibvited by the breakthrough curves oblained
using the lon exchange resin shown in Figure 17 and Figure 18.

Therefore, the use of [371],
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N AA
V = . %5; ln(CO/C 1) [37]

which accurately predicted the location and shape of brezk-
through curves obtained using the ion exchange resin, could
not be used for tne sinilarly run soil columns. An empirical
approacn was tried 1n order to obtain an egquation for each of
the soll-calcium breakthrough curves. Though the curves ap-
‘pear to be exponential, this type of relationship did not seenm
to describe the data collected. Another empirical function
was tried in which the volume V at which a particular break-

through fraction C/Co was observed was assumed to be

c/C = 1 - —B (687

where R, S, and n represented empirical constants. Multiplying

both sides of [68] by V& + S:

(1 - c/co)vn = B - (1 - c¢/c)s . [69]

Y

IT the relationship were valid, then a plot of the left hand
side of [69] versus (1 - C/Co) should result in a straight

line with a negative slope of S and an ordinate intercept of 3.
By trying various values of the exponent n, it was observed
that there existed a particular value of n for each break-
through curve which would render [687 valid. Thig zlso result-
ed in distinct values for the constants R and S for each break-
through curve. Such an evaluation of [68] permitted an equa-

tion to be written for each brezkthrough curve based on the



126

data collected for that curve. This represented a significant
improvement over similar efforts using LeBlanc®s approach as
shown in Figure 8. A typical breakthrough "prediction" based
on the R, 8, and n values obtained for column 137-.6-10" is
shown in Figure 35.

Since the constants R, S, and n varied amoung the six
soil columns which were tested, a relationship was sought
wnich would relate the constants to some measurable parameter.
The values for the constants and the experimental variables
for each of the six soil columns tested are shown in Table 3.
No such relationship could be found for the constant n. How-
ever, some degree of consistancy was observed amoung the vari-
ous values for tne constants R and S. A trend was observed to
develop i the values obtained for R were plotted against the
product of the flow rate Q times the soll mass M for each of
the columns. This trend can be seen in Figure 36. When a
straight line was fitted to the data points of Figure 36 the
relationship

R = & [70]
was derived. Figure 37 shows a similar effort at correlating
trie constant S with the quotient of the soil mass M divided by
the influent concentration Co' The linear relationship de-

rived was found to be

S = o - [71]

While the results of the graphs shown in Figure 36 and in
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Table 3., Calculated values for the constants R, S, and n ob-
tained from the soll-calcium breakthrough curves

Influent Soil Flow

Conc. Mass Rate Influent
Run (meq/1] Lem] [1/min] pH R S n
#1 3.92 227 0.0050 3.0 0.77 0.56 1.4
#2 2,00 251 0.0516 3.9 2.62 2.36 1.2
# 4,28 L3 0.0507 3.5 3.40 1,73 1.7
# 247 786 0.0639 4,0 8.00 6.96 1.2
#5A 5,67 273 - 0,0339 3.4 1.12 1.09 1.4
#5B 5,67 273 0,0339 3.4 1.0  1.33 1.5

Figure 37 do show a trend in tTheir various relationships, they
do not result in completely linear functions. Since no similar
relationship could be found for the constant n, [68] could not
be solved for the general case.

Table 3 includes the pH which resulted when CaCO3 waé
dissolved with the aid of HCl1l to form the influent solutions
for each test. It was the intent of this study to avoid work-
ing with ianfluent solutions containing more than one ionic
species due To tThelr competitive nature. However, the hydrogen
ion concentration in the influent solutlon represented a sig-
nificant quantity of an lonic species which was capable of
competing with the calcium ions for exchange sites. The mag-
nitude of this competition can be illustrated by converting
the pH values into hydrogen ion concentrations in units com-
patible with the units used to describe the influent calcium
concentrations. Such a tabulation is given in Table 4 to-

gether with the calcium to hydrogen ratio and normalized cal-



131

Table 4, Comparison of calcium and hydrogen concentrations
for the first five soil~calcium tests*

Influent Influent Calcium Calcium

Calcium Hydrogen to Exchange

Conc, Conc. Hydrogen Capacity
Run [(meq/1] [meq/1] Ratio [meq/gm]
#1 3.92 1,000 3.92 0.0380
72 2.00 0,126 15.88 0.0390
# L,28 0,316 13.56 0.0404
# 2,47 0.100 24,70 0.0486
#5A 5.67 0.400 : 14,18 0,0491

cium exchange capacities for each of the first five tests.
While the relative amounts of calcium and hydrogen ions pres-
ent in the influent solutions varied over a considerable

range, there appeared to be no relationship between the calcium
to hydrogen ratio and the exchange capacity of the soll samples
for calcium.

In an effort to determine 1f there was any significant
competition between the calcium and the hydrogen ions for the-
exchangse sites in the soil, a series of soil=~calcium tests
were made 1in which only the influent pH was varied. For each
Test 300 grams of air dried soil were used. This resulted in
e column depth of 10,0 cm, The flow rate was held at a con-
stant value of 69.8 ml/min for each of the tests. In order to
insure that each soll column was a nearly exact copy of every
other soil column, all of the columns were prewashed with 80
liters of HCl solution at a pH of 2.0. The columns were then

washed with two liters of a solution of HCl at the same pH as



the influent calcium solution to be used. The column runs were
terminated at a breakthrough fraction of about 85%, and a cal-
cium exchange capacity for each column was determined using
that terminal breakthrough value. Three solil columns were rua
in this manner, each with a different pH. A fourth soil col-
wnn was run under the exact same conditions as The third column
in order to test for reproducibility., Figure 38 shows the
brezakthrough curves obtained for the three different pH solu-
tions, and Figure 39 shows the degree to which a brea through
curve run under these controlled conditions could be repro-
duced.

Figure 39 relflects a better degree of reproducibility than
was observed during the earliier soll coiumn tests shown in Fig-
ure 34, This may be due to the varying amounts of acid solu-
Tions used ©vo purge the columns of calclum in the tests of Fig-
ure 34, Since columns #5A and #5B represented the same soil
sanple, the initial acid wash was the same for both columns.
However, at the conclusion of run #5A the column was again
purged with approximately 60 liters of a solution of HCl at a
pH of 2.0, This additional volume of acid may have contributed
to the slight variance between runs #54 and #5B., The brezk-
through curves shown in Figure 39 were obtained after each soil
senple was washed with the same volume of HCL solution.

A tabulation of the results obtained when only the pH of
tre influent solution was varied is given in Table 5. It can

be seen from Table 5 that the calcium/hydrogen ratio had a ce-
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finite effect on the calcium exchange capacities of the iden- -
tical soil samples. As the ratio was increased there was a
corresponding, although not a linear, increase in the exchange
capacity of the soil. Figure 38 also emphasized the effect of
the pH of the influent solution on the location and shape of

the resulting breakthrough curve. X
Use of Stable Stroantium

The competitive effect of hydrogen ions in solution with
calcium apparently played a significant role in controlling the
resulting calcium breakthrough curves. However, the hydrogen
ions were required in the influent solution in order to in-
crease the solubility of the CaCOB. In an effort to elirinate
the problem of hydrogen competition it was decided to use
stable strontium as the influent cation. Stable strontium in
the form of Sr(N03)2 is highly soluble in distilled water at a
neutral pH. The use of stable strontium resulted in benefits
otrner than the reduction of hydrogen ion competition. Since
strontium 1s practically nonexistent in soill, the problem of
natural strontium appearing the effluent samples was elimi-
natea. When the need was removed for prewashing the soil sam-
ple with a strong solution of acid, the soil could be used in
a condition closer to its natural state. Organic matter with-
in the sample was not disturbed, and the natural exchange ca-~

pacity of the soil was also left undisturbed., Finally, it
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Table 5. Comparison of calcium and hydrogen concentrations
for soil~calcium tTests in which only the pH of the
influent solution was varied

Influent Influent Calcium Calcium

Calcium Hydrogen to Exchange

Conc. Influent Conc. Hydrogen Capacity
Run [meq/1] pH [meq/1] Ratio [meq/gm]?
7# 1.96 3.0 1.00. 1.96 0.0226
#3A 1.96 3.4 0.40 4,90 0.0264
#8B 1.96 3.4 0.40 4.90 0.0264
#6 1.96 3.7 0.20 9.80 0.0333

@Based on breakthrough fractions of 85%.

had been assumed that calcium could be used to simulate stron-
tium due to the similarities in their chemical behavior. Any
differences, nowever slight, could be eliminated by returning
to the use of strontium.

When distilled water was passed through a soil column,
some hardness cations were detected in the effluent samples.
This was probably due to the fact that it is possible to dis-
solve zt least some calcium in water at a neutral pH. Small
emounts of loosely held calcium may have disassociated from the
soil matrix and diffused into the distilled water wash solu-
tion. It was found that for a soil depth of about four inches
in the 6.0 cm diameter glass column, a prewash consisting of
2bout six liters of distilled water was enough to-remove any
detectable amount of hardness cations from the soil. ’

Strontium nitrate was dissolved in distilled water to

give a concentration of 649 mg Sr(N03)2 per liter., The pH of
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the solution was found to be 6.0 which was the same pH as the
distilled water used to dissolve the strontium. The stable
strontium breakthrough curve shown in Figure 40 was obtained
when the column was operated at a flow rate of 42.0 ml/min.

As with the breakthrough tTests using calcium on soil, the sta-
ble strontium curve represented a significant improvement over
the earlier breakthrough curves in which radiostrontium was
used.

The exchange capacity of the soil was noticeably alitered
when the soil was not prewashed with a strong HCL solution.
When this was done to purge the soil of natural hardness cat-
ions the exchange capacity was found to average about 0.04
meg/gram. The breakthrough curves obtained without prewashing
the soil, shown in Figure 40, resulted in an exchange capacity

of 0.0055 meq/gram of soil.
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DISCUSSION

At the beginning of this study two important assumptions
were made. The first was that the solil beneath a waste seep-
age pit was homogeneous and isotropic. The second assumption
was that the soil was saturated prior to the filling of the
waste pit. If these two assumptions were true, then a soil
sample taken at any location beneath a waste pit would have
physical and chemical properties identical to those of a soll
sample taken at any other location beneath the same pit. Thnis
would permit a soil sample taken anywhere beneath the pit to be
brought into the laboratory, confined in a soil column, and
subjected to ionic loading similar to that expected to result
from tThe use of the waste pit. Results thus obtalined could be
extrapolated from the laboratory study to accurately predict
the operational effects of the waste pit.

Although the above assumptions are not true, they have
permitted a systematic investigation of the various parameters
which were believed to be responsible for the phenomena of
ionic movement through soil. The assumption of a homogeneous
isotropic soil resulted in a cation exchange resin being sub-
stituted for the soil material. Since tThe resin possessed
tnese characteristics, its use permitted a careful study of the
relevant parameters. All parameters except one could be held

constant, and the effects of varying that parameter could be

investigated. In addition, the resin possessed a physical
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integrity lacking in soil. The same resin sample could be
used, cleaned, and reused with little structural damage.

Since soil may degrade after being sgbjected to prolonged flow,
an uncertainty arose in attempting to reuse a particular soil
sample.

The nydraulic characteristics of the soll must be under-
stood before the chemical interaction between the contamin-
ating ions and the soil can be extrapolated from laboratory
studies to accurate field predictions. Once thé velocity anc
direction of water moving through the soll can be predicted at
any given time, the exchange capacity of the soil for the ionic
species being observed may be used to predict their movement
Througn the soil. The second basic assumption made, that the
soil beneath the waste pit was saturated, limited the value of
the results obtained through the use of saturated laboratory
columns. However, the assumption did permit a good degree of
reproducibility which would not have been possible had the
water content of the soll columns not been controlled.

When assumptions are made which permit better experimen-
tal design but which, at the same Time, result in a deviation
from reality, the problem arises of relating laboratory re-
sults back to the actual conditions. The use of [37], which
very accurately predicted. the location and shape of a break-
through curve obtained using the ion exchange resin, did not
appear to accurately represent a breakthrough curve obtained

Usinz soil. For simplification, some of the soll samples were
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purged of natural calcium. While the breakthrough curves ob-
tained from such soil samples reflected a total adsorption
capacity of the soil, the use of non-purged samples would have
better represented the true adsorption capacity of the soil
found beneath a waste seepage pit.

From a purely empirical approach, [68] seemed to offer
some interesting possibilities. Through its governing constants
Ry, S, and n, it permitted an equation to be written on the
brezkthrough data obtained for a given column run which would
accuracely reproduce that same breakthrough curve. Unfortu-
nately, a function which would relate a particular constant
Tor all of the soll column runs made could not be found. This
was perhaps due to the fact that the pH of tThe influent solu-
tions was not held constant. When the influent calcium con-
centration, soil mass, and flow rate were held constant and the
pH of the influent sclution was allowed to vary, a definite ef-
fect on the location and shape of the breakthrough curves was
ncted.

In attempting to move from one directional flow columns to
two directional flow systems, certzin hydraulic problems were
ercountered, Darcy’s law was combined with the law of conser-

ration of mass to yield LaPlace's equation which was used to

o~

describe the movement of water through a saturated porous
medium. The solution of Larlace’s eguation Tor a particular
two dimensional saturated flow problem depends on the boundzary

conditions established for that problem. Solutions have been
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obtained for simplified drainage problems with linear boundary
conditions with the assumptlon that the porous medium 1s nhome-
geneous and isotropic. However, the application of a solution
to LaPlace's equation to a two directional flow model was
hampered by the boundary conditions chosen for the model.
Some nydraulic modeling was atiempted using potassium perman-
ganate andéd indigo carmine dye crystals. Wnile the results
were rTound to be completely satisfactory, the labor required to
construct the two dimensional tank and carry out the dye traces
was excessive compared to the use of electric analog models.
The approach taken in attempting to arrive at an accurate
.equation which would predict the movement of radiostrontium
through soil involved the use of laboratory models to simulate
actual field conditions. While much was learned by such an
approach concerning the mechanisms which govern the movement of
divalent cations through scil, the final objective of develop-
ing waste seepage pit design criteria was not attained., ZFre-
dictions were made and thelr results tested for laboratory
soil columns. These columns, while containing scil, actually
represented a very idealized soil in which worm holes, root
holes, gradations, stratifications, obstructious, eto;, were
not variables with which to contend. Therefore, thne formule-
tion of a finalized design plan could not be made at this tine.
It was felt, however, that a pilot study cculd be made with
some degree of success based on the information obtained.

Such a study might consist of constructing a small diameter
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waste pit in the Tield. The pit could be filled with a syn-
thetic waste solution containing strontium ions in the form of
strontium nitrate. After a predetermined volume of the syn-
thetic waste solution had been allowed to filter into the soil
beneatn the pit, the dumping operation could be halted and tThe
lbcation of the contamination front determined by removing soil
samples at varlous locations beneath the pit.

Before conducting such a field test, it would be advan-
tagous to estimate the location of the contamination front
based on the information obtained from the laboratory studies.
One of the first parasmeters to be considered is the infiltra-
tion rate of the waste solution into the ground. This repre-
sants possibly the largest source of error in attempting to

extrapolate laboratory data to the field. Infiltration rates

<!

may vary not only amoung various geographical locations but
also from place to place within a given field. Thus, it would
propbably be necessary to conduct infiltration rate studies at
virtually the same location at which the pilot operation would
be located. Ligon and Johnson (16) have studied infiltration
cepacities of soils similar to the soil type found at the ALRER
site. Thelr results show that infiltration rates on that type
of s0il varied between 0.03 ft/day and 2.0 ft/day. This rep-
resents a range large enough to offset any valid information
mained from laboratory studies. However, in an attempt to
makxe at least a rough estimate as to the location of the con-

tenination front beneath a model waste pit, an average infil-
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tration rate of 1.0 ft/day will be used.

In addition to the undisturbed infiltration rate which
would be observed at the test site, consideratlion would also
have To be given to the manner in which the test pit was con-
structed. If the top layer of the pit floor were scarified
and compacted during construction, the infiltration rate might
be reduced by as much as several orders of magnitude. Compac-~
tion could easily result from walking on the pit floor. The
presence of a porous mat on the pit floor could also affect
the performance of the test pit.

An increase in the depth of the waste pit would provide
added head with which to increase the infiltration rate. How-
ever, in attempting tc estimate the location of a contamination
front, it will be assumed that the waste depth is not great
enough to cause an appreciable increase in the rate on infil-
tration. For a waste depth on the order of a foot, this is
oropably not a2 bad assumptilon,

In order to attempt a Test pit design, it will be assumed
that the pit will be three feet in dianmeter. This gives a pit
floor aré; of 6,570 cmz. If 5,000 liters of =2 waste which
contain 30 meq/liter of stable strontium were allowed to filte
from thne test pit into a presaturated soil at a natural infii-
tration rate of 1 ft/day, it is desired to predict the depth

2T wnich the contamination front will be found.

3

o

Assuming a bulk density of 1.269 grams/cm” as was deter-

mined by laboratory analysis, the soll mass M as a function of
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the depth L in centimeters may be calculated as:

Moo= (1.269 gms/cw’)(6,570 em®)(L em) = 8320 L grams .
From Table 3 an average value of n of 1.3 1s assumed. " Solu-
tions to [70] and [71] may then be substituted into [68]. For
the example cited:

R = 193 L gm-liter/min

S = 5.,5L gnm-liter/meq
The value chosen for C/CO will depend upon the concentration in
the influent waste solution and the concentration considered
tolerable at the depth L. It will be assumed that a concentra-
tion at depth L equal to 5% of C, will be considered to be the
maximum allowzable concentration. Thus, C/C0 = 0,05. There-~

fore, [68] becomes:

0.05 = 1 - ~ 193 L
50001*3 4+ 5.5 1L

or L = 325 cm. This is about eleven feet, which is the approx-
imate average depth of the water table at the ALRR site.
The time required for the concentration at L = 325 cm to

equal 5% of C_ is about 25 days. This represents a large time

o
investment Tor one experiment. Therefore, it might be advis-
able to operate two or more field model pits simultaneously.
During the time in which the pit models are in operation, care
should be taken to protect the site from outside influences

sucn as rain.

The location of the contamination front may be determined
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by removing soil samples from beneath a seepage pit for lab-
oratory analysis. The analysis may involve extracting the
ions adsorbed on the soil and determining the amount of stable
strontium in the filtrate by a chemical procedure or by flame

spectrometry.



An attempt was made to develop a rapid and reliable
metnod for predicting the rate of movement of strontium
through soil. The approach adopted was one in waich labora-
tory models were used to simulate some of the conditions ex-
pected to exist in the soil located beneath a radioactive
waste seepage pit. This investigation yielded the following
conclusions:

1. 7The empirical approach initiated by LeBlanc and modified

to the form of [24] may be used to predict the movement of
strontium through a soil column. However, LeBlanc's equation
was shown to be valid only between the 30% and 70% breakthrough
fractions. Solutions to LeBlanc®s equation and to [24] were
complicated, ilnvolving the determination of areas beneath the
observed breakthrough curves. Computer solutions were con-

venient in analysing the laboratory soill column data, but the

-y

need for a computer by a seepage pit designer wishing to use- .

tne prediction equations was a disadvantage for the use of the
eguations.

2. Care nmust be taken to insure that the laboratvory apparatus
Wiil give reproducible results. A rotameter was installed in
the column influent line so that a predetermined flow rate
could Dbe ohosen. The rotameter also provided a visual check

on the preset flow rate, insuring a constant flow rate Through-

out a soll column test. The slow wetting of the soil contalnead
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in the columns from the bottom was done in an effort to pro-
duce a soil which closely approached 100% saturation., Rapid
wetting of the soil from the top of the column may result in
entrapment of air within the soil matrix. This will clog

pore spaces and affect the flow of solutions through the soil.
3. A cation exchange resin may be used to simulate soil.

This provided a means of studying individual parameters which
were thougiht to influence the movement of strontium through
soil., The parameters investigated were flow rate, column bed
depth, and the concentration of the influent solution A pos=-
sible disadvantage of the resin is that it results in a soil
model which is too idealistic. Due to its uniform particle
size and absence of large interstitial spaces, the resin was
assumed to adsqrb cations by the mechanism of 1lon exchange.
However, the adsorption rate using soil was apparently governed
by thé rate at which the cations in solution diffused to the ex-
change sites within the soil particles. The difference in dif-
fusion rates for resin and soil was characterized by differences
in tne shapes of the breakthrough curves obtained using the two
materials. The symmetric "S-shaped" breakthrough curves ob-
tained when the resin was used indicated that 1little diffusion
was taking place. The breakthrough curves obtained using soil
columns tended to rise very rapidly to about the 80% break-
through value. This rise was followed by a leveling of the
curve and a slow rise to the 100% breakthrough fraction. It

was assumed that the cations in solution were exchanging onto
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the sites located at the outer surface of the soil particles
during the rgpid rise phase of the breakthrough curve. ¥When
these surface sites were exhausted the relatively slow procegs
of dirfusion governed for the remaincder of the soil column run.
4, The use of stable calcium in place of radiocactive strontium
results in faster and more accurate analyses of the concentra-
Tions present in the influent and effluent solutiouns.

5. A laboratory model in which flow moves in two directioans
may be a useful interim step between soll columns and field
testing of information obtained from tThe columns. Some wWork
was done using a modeled seepage pit contained in a glass tank.
Mathematical models of two directional flow can be complicated
to aerive and can be further complicated by the presence of
strata of varying types of soll beneath the seepage pit. Dye
traces of the flow lines are time consuming. An electric ana-
log appears to be a good alternative to a dye trace of the

soll being investigated.

knowledge gained from the use of labora-

b

6. Field testing o
tory models might be done by removing solil samples beneath a
TestT seepage pit.and extracting the contaminating ion. Several
extraction techniques were tried and a simplified approach was
adopted, \

7. The pH of the influent solution is an important parameter
which nust be considered. Thne competition between hnydrogen
ions and other cations in solution for eXchange sites may arli-

Tect the exchange behavior of the species being studied.
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