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apart, in the cell's top. The electrodes were held to the
top with silicone rubber which prevented them from rotating.
The electrodes were long,enbugh to stay submerged in the
water throughout tﬁe experiment.

Electrical circuit. Power source to the cell was a

constant voltage, constant current D.C. power supply,
ranging from 0 to 40 volts and O to 0.5 amperes, A very
sénsitive milliampere meter was connected in series between
the power supply and the positive pole of the cell, The
voltage across the electrodes was checked with a vacuum

tube voltmeter,

Description of Experiments

Experimental procedure, Figures 1 through 3 provide

greater detail as well as a general view of the experimental
setup.

The first run was done in an uncovered cell to check
diffusion with evaporation, The results from this run are
included and will be discussed. .

All of the electrodialysis runs were conducted under
the same experiméntal conditions, The center compartment
of the cell was loaded with 100 grams of clay. 250 ml of
HTO was added to the end compartment containing the positive
electrode, 200 ml of distilled Hy0 to the center and 250 ml
of diétilled water to the end compartment containing the
negative electrode., Under these conditions, the clay was

saturated and below the water surface,
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The volume-height relation was célibrated b§ an experi-
mental ﬁrocedure. This calibration was done by evaporating
water out of the cell while carefully weighing the cell's
contents and measufing the water height. The water height

was always measured at the same position with respect to

the cell's geometry,

Once a cell was ready, it was placed inside a constant
temperature bath, The temperatufe for all the experiments
was kept at 30.500.

The voltage gradient inside the cell wasrlimited to
not more»than 3 volts/em, This was done in order to prevent
decomposition of the clay mineral [Grim, 19537,

Sampling Procedure, Each run is identified by an

ordinal number, Each sample in a given run is, in addition,
identified by a compartment position (-, CT or +), and a
letter corresponding to a time of sampling. (See tables
in Appendix II.)

Two two-milliliter samples, one each. for both tritium
.and ion analysis,-were pipetted out of each compartment,
The object was not to extract any sample larger than needed,
Cation analysis was done on selected samples for Na*, Kf
and Mg++ ions, The residue water was analyzed, after
completion of the experiment, for the Ca++ ion concentration.
Any precipitates in the compartments were dissolved and
analyzed, (All the results from the analysis of the final

sample are tabulated at the end of each corresponding table

in Appendix II.) From time to time the sampling of the
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center compartment for tritium was done in two steps; first,
sampling the water above the clay (e.g. 1257A GT), and
second, sampling the well stirred clay-water mixture

(e.g. 1257A' CT). The distinction is important since, in
most cases observed, the tritium concentration of the second
sample was higher than that of the first,

The height of the water was measured before and after
each sampling. The hydrogen ion concentration was measured
more often than the regular sampling périods. The pH meter
was calibrated tefore each measurement with buffer solutions.

Possible experimental errors., Small size samples of

high tritium activity were pipetted, Distilled water was
used as the rinsing agent for the pipettes and the pH
probe, The largest source of error could have been in
unintentionally diluting the samples with this distilled

water. Another possible source of a measurement error was

the water height in each compartment.
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MEASUREZMENT TECHNIQUES

Tritium Analysis

General., Tritium counting was done with a shielded
Geiger-Muller internal gas counter (the counter). The
counter's total volume is  4.45x0,03 1liters, with a
sensitive volume (effective volume) of 1,07 liters and a
counting efficiency of about 100 per cent, The sensitive
volume of the counter is defined by and separated from the
volume of the tube occupied by the anti-coincidence ring
counters by an electrostatic field, The initial concentration
of tritium in the water sample was chosen on the basis of
the counter resolving time and the statistical accuracy
of the count for short counting intervals, Sample activity
was well below maximum permissible coﬁcentration (3000 pc/ml).
Not all of the 200 samples analyzed are included in this
report, About 50 of the samples were standards of known
activity analyzed in order to check for consistency in
the con#ersion and counting procedures, |

Gas preparation and counting procedure., Figure No., 4

is a diagfammatic representation of the conversion system
which provides for the preparation of more than one sample
at a time without interference with the counting procedure,
The water sample is converted into hydrogen by reaction with
magnesium at 600°C in an evacuated stainless steei oven
according to the relation

HTO(1) + Mg(s)—G—-q-c—)-e MgO(s) + H'r(g) (8)

lII‘.IIIIII-IIIIIIIIIIlIlIIIIIIIIlIlIIIIIlIlIIIIIIIIII-IIIIIIIIIIIIIIIIIIIIIIIII




S -Water sample

W- Cooling coil (600°)

M- Magnesium oven

T-Cold grap for water vapor
C —Charcoal trap

A - Automatic temperature control
X = Valve

e
>

5 o 54 10 vacuum pump

Fig.4 Details of conversion system
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The evolved hydrogen was trapped by adsorption on activated
charcoal at liquid nitrogen temperature, The water sample
used was pipetted by two micropipettes in two steps for a
total of 1,150 ml, When a sample was too small, water of

zero tiritum content was added in order to make up for the

lack of sample, This called for very careful pipetting
since a dilution correction was to be made on the final
result, An indication of the completeness of conversion is
given by the consistency of hydrogeh pressure from one
conversiqn to the next, As many as three samples per day
were converted with the same filling of magnesium., With
the activity range used, no memory effect in the Mg was
observed,

Once a conversion was completed the charcoal trap was
removed from the conversion system and transferred to the
counting system, The hydrogen gas was then released from
the charcoal trap into the evacuated counter, Hydrogen

pressure inside the counter varied between 205 and 215 torr,
The quenching géé, ethylene (CyH,), and the control gas,
aragon (Ar) were then added successively. Total pressure.
in the counter varied between 325 and 335 torr. The three
gases were allowed a uniform mixing time of 90 minutes
before counting. A total of 10,000 counts was obtained
for most samples,

Counter standardization, Periodic checks on the counter's

performahce were made with hydrogen gas converted from water

which had zero tritium concentration in order to determine

il. ' | o
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the system's background rate (cpm)., The same procedure,

done with a sample of high known activity of tritium,

calibrates the counter's effective volume (liters), Both
conversion and gas filling of the standard samples were done
under exactly the same conditions as the unknown samples,
Figure No, 5 shows the variations in the effective volume
and background rate for the counter between December, 1967
and May, 1969, The present work started during April, 1968,

The counter's sensitivity is 32.0£0.2; pe/ml per 1 cpm
ébove background count,

The detailed description of calibration calculations
and the procedure for calculations of the unknown samples

with error analysis are given in Appendix II1I,

Chemical Analysis of the Water

lon concentrations in the water samples as determined
by the Metallurgy Laboratory, Néw Mexico Bureau of Mines,
afe tabulated in Appendix Il and reported in milliequivalents
(meq). The samples were analyzed on the AtOmic Absorption
Spectrophotometer (Perkin-Elmer 303). Most of the samples
had to be diluted because of the instrument’'s sensitivity;
The dilutions were done by the investigator with micropipettes,
Water conductivity and pH were measured by the

investigator,

Clay Analysis

X-ray diffraction measurements of the clays also were

done before and after an electrodialysis run in order to

I_ ' : ' o |
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‘determine any shift in lattice spacing by decomposition
'of'clay minerals undér electrodialysis,

Affef completion of a run adsorbed water was removed
froﬁ the clay sample by distillation at a temperature up to
200°¢. This process determines the final water volume in
the center compartmént. The extracted water was measured
for tritium concentration,

The lattice water was recovered frém portions of the
clayysamples by heating up to 630°C in the conversion oven,
See Fig. 4. Since the clay had already been distilled at
200°C, the oven was heated up to 35000 with the vacuum
pump connected to the oven in order to remove all adsorbed
water, The water evolved between 350°C and 630°¢C was
collected with a liquid nitrogen trap below the oven.

Af ter extraction, the tritiﬁm concentration of the lattice
water was measured,

Two clay samples (API No. 9 and AFI No. 35) of about
2 grams each, were treated with 48% HF acid, in order to
try to iiberate any additional free hydrogen aﬁd tritium
ions that may have been attracted and held, by their
electric charge in the clay 1attice.. After two hours the
remaining acid-clay mixture was neutralized and distilled,

The recovered water was measured and checked for its

tritium concentration,
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EXPERIMENTAL DATA

Presentation

.

Although all runs were conducted under similar
IR conditions, there are essential distinctions between the
experiments that affect the analysis of the results, The
initial, individual discussion of each experiment which
follows will develop the pertinent differences between the
experiments and provide the necessary background for the |
analysis‘to follow,

All of the experiments were conducted in identical
cells under similar initial conditions except for type of
material in the center sample compartment, The specific
activity of tritium 917.,4415.6 pc/ml was the same for
each run, and each experiment was begun with tritiated
water in the + compartment only,

Each experiment will be discussed in parallel fashion
in terms of the plot which graphically represents the data
tabulated in Appendixlll for each run,

Run Number 1254 (1 and 2). These experiments were

run without clay samples in the center cell compartment
and without power and were conducted to ascertain the
accuracy of the procedure used in all experiments for
correction for tritium losses by exchange to the cell

material and by fractionation under evaporation,

o | | -
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Figure 6 illustrates the results of each run. The

open symbols show the change in specific activity in each

cell as a function of time for runs No. 1 and No, 2. The
solid symbols similarly illustrate the change in total
activity with time,

The first experiment was done with an open cell at
room temperature and was continued for 120 hours., The
second experiment with a different covered ceLl was continued
inside a constant temperature bath for 1800 hours.
Corrections for tritium losses by evaporation, under the
assumption of evaporation without fractionation, were
calculated by multiplying an average concentration, in
eéch compartment, times the volume lost, The average
concentration was determined for each period between two
successive samplings, A correction was also made for the
amount of'activity extracted with the sample itself. The
accurdacy in the measurements is 2%.

The plot of total activities represents values corrected
for evaporation'énd sampling losses. The accuracy of
determination of the total activity is of the same order
as for the specific activity since only errors associated with
the counting and calibration of the counter are significant,
The accuracy of 2% does not hold true when absolute losses

~are calculated, due to the introduction of significance error,

Figure 6 shows that equilibrium in specific activities

~was reached in run 1 below the theoretical dilution value

(the calculated equilibrium value depending upon initial

A | - o
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specific activity and water volume for each run), This is an

_indication of tritium loss which can not be recovered and

and represents a maximum loss since the cell was uncovered
thus allowing additional dilution of the water sample with
water vapor from the ambient atmosphere,

The drop in total activity after 12 hours is most
likely an experimental error which should be rejected. The
drop in total activity between 60 and 120 hours also indicates
that for large volume losses the simple, linear averaging
of specific activities between successive samples has to be f
modified under rapidly changing concentrations, The total
water loss after 120 hours was 100 ml of water from each
compartment, The total activity loss was 155014032 pc.

Run 2 (constant temperature, covered cell) corresponds
to the environmental conditions under which the clay samples
were electrodialized, Evaporation and sample dilution by
water vapor from the atmosphere is minimized by the closed
cover, The loss in total activity is only 2414:+4595 pc
after 504 hours and 6524154446 pc after 1800 hours. Even
though the cell was opened only three times during the
course of this run, the rate of water loss compafes well
with the experiments run on the clays and indicates that the
frequency of cell opening is not significant, The cell
used in this run had not been used previously, hence, the
total loss in activity of 2,811,9% of the initial total
activity represents the total unaccounted losses to be
expected by fractionation under evaporation and to the

cell material,

iw : k
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Run Number 1201 (Kaoclinite API No. 4). This was the

only experiment run to completion in which an electrolyte
(0.7 meq/ml LiClO4) was added to the sample water, The
results are preSentedAin Fig. 7.

Equilibrium in specific activity between the three
compartments occurs (after 330 hours) below the theoretical
dilution value. Fig. 7 also shows the trend followed by
the specific activity in the center compartment which
first builds toward the activity vaiue'in the anode section
and only then begins to approach equilibrium with the water .
in the cathode compartment, This departure from an asymptotic
equilibrium trend represents the retarding effect of the
clay on the tritium concentration front,

The first sampling, after 24 hours, shows an apparent
total activity higher than the initial total activity in
the sample, and was not used in the total activity calculations,
Total loss was 27349+4067 pc which is 11,.9:+1.8% of the
initial total activity,

After compietion of the electrodialysis expefiment
the clay was heated to 630°C in the oven and the lattice
water was recovered, The water color was green and had
a strong chlorine odor, After an additional distillation
the tritium concentration was measured and found to be
'26,3x1.0 pe/ml, The water collected between 200°C and

o
350 C showed an activity of about 6 pc/ml, Lattice water

from the reference clay that was not electrodialized, was
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°

measured for tritium. The count rate was identical to the
background rate,

Run Number 1257 (Kaolinite API No, 4). This experiment,

Fig. 8, represents a rerun of run No, 1201 in which the

clay sample and cell membranes were replaced and run without
the addition of electrolyte to the sample water, The total
water lost by evaporation (205 ml after 1288 hrs.) was
almost identical to the water loss of run 1254 which was

run simultaneously in the same constant temperature bath,

A check of the water in the constant temperature bath

showed no loss of tritium to the bath,.

£quilibrium concentrations in specific activity for
the three compartments occurred close to the theoretical
dilution value after only 124 hours, Run 1257 shows the
most rapid approach of any toward equilibrium values, Since
Ehis was a rerun of 1201, only one sample was taken between
0 and 124 hrs,

Once equilibrium in tritium concentration was reached
tritium disappeared from the liquid sample at a constant
rate, Total loss was 5915644147 pc which is 25,8+1.8%
of the initial total activity,

The lattice water collected at 630°C shows a tritium

concentration of 36,2+1.0 pe/ml,

- Runs Number 1199 and 1245 (XKaolinite API No, 9). Fig, 9
represents activity determinations of the sample waters
as a function of time for both experiments., Run 1199 was

made with (0.20 meq/ml NaCl) added to the sample water as
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an electrolyte and was terminated after 72 hrs, because of
membrane disintegration, Run 1245 was a rerun of 1199

made with new membranes and a fresh clay sample without

electrolyte, The data for run No. 1199 is presented only
for the purpose of comparison of the diffusion of tritium
through the same clay under different conditions, The-
determination of total sample water activity is présented
only for run No, 1245,

Equilibrium was reached after 182 hours and at the
theoretical dilution value., The pH value at that time was
7.5 in the center compartment, Table VI (Appendix II),

The tritium disappearance from the water did not begin until
60 hours after equilibrium had been reached at which time
the pH measured in the center éompartment was still 7,5,
The drop in specific activity at 342 hours is accompanied

. by a pH drop in the center compartment to 5.3,

The total tritium lost in run 1245 after 228 hours
was 9591+4544 pc and after 342 hours the loss increased
to 1824724444 pe. Total loss was 2823514324 pe which is
12,3+1,9%,

The lattice water showed a tritium concentration of
11,920,5 pe/ml,

The clay was treated with HF acid, neutralized with
NaOH, and the mixture was distilled and measured for tritium,
The count rate of the sample was equal to the background
rate, The tritium may have been removed completely with the

hydroxyl water or possibly as free hydrogen at 650°C.
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Run Number 1271 (Illite API No, 35). This electrodialysis

run was carried out in a new cell, Equilibrium in specific
activity between the anqde and center compartments was

" reached after 120 hours and was well above the theorétical
dilution values as shown in Fig. 10. Totél equilibrium
was not reached even after 684 hours,

In the previous experiments the trend of the specific
activity curves indicated very clearly the trend in the
total activity, in:this experiment the total activity plot
shows a significant variation at 63 hours., There is a drop
in total activity of 13168+4137 pc and a corresponding drop
of pH in the center compartment to 3.6, Table VII (Appendix II),
with two short plateaus between 8§ and 12 hours and again
between 24 and 48 hours, From 63 hours to the end of the
experiment there is a steady return of activity to the
- solution and a rise of pH in the center compartment to 6.5,
The negative peak at 63 hours may be an indication of a
strong retention of tritium by the clay until equilibrium
is reached between the tritium concentration in the center
compartment and the tritium concentration in the anode
compartment, Total loss was well within the experimental
error,

o .
Lattice water at 630 C had a tritium concentration

of 92,9+2.0 pc/ml,




0el

099

GE'ON IdY 941]| "dwl} SnsidA  S$313AIdY O) Bid

009 ovs ost

oct

('sJy) 3NWIL
09¢

00¢

ot2 100 0zl

o

(3undd) ALIAILOV IVL1OL

v

"}2D °ds

490 140}

_ _ _

uouniip tooneloay; 8
100 -dg
q Py

O 1o
O +

|

n e 1w b o) =+ —— f— o ¢ i © ot § o § S { it + WY | S © ot

00l

002
— ooe
—|00F
—{ 00§

009

00l

008

008

0C0i

(lw/apunad) ALIAILOV O14103dS




-36-

Analysis

Even a casual comparison of Figs. No. 8, 9, and 10
reveals that the loss in total activity with time differs
strikingly for three standard clays which were electro-
dialyzed under similar conditions, The total loss varies
from almost 26% of the initial total activity for the
Georgia kaolinite (run 1257) to less than the error of
determination for the illite (run 1271). Although the acid
treatment was negative and no significant fraction of the
tritium lost to the kaolinite clays was identified as
hydroxyl-water recovered by thermal release from the lattice
structure, there can be no doubt that the unrecovered tritium
must have been lost by exchange to the clay structure, and
held there by strong electrostatic forces, The loss in
activity from the solution by evaporation or to the material
of the containing cell is insignificant, The cell in which
the illite sample was electrodialyzed had not been used
previously, and since there was no loss in total activity
in this run (1271), there can be no significant loss to
the cell material for the electrodialysis runs made over
shorter time durations on the other clay samples, Table 11
shows that the rate of evaporation (0.12 ml/hr) after
corrections for the illite sample is the same as that for
the self-diffusion experiment without clay (Run 1254 part
2 was also run in a new cell), The best fit to the total

activity data for the latter run, Fig. No. 6 is a straight
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line with a total loss well within the significant error

value of #2%. In addition, checks on water of the constant

temperature bath show no tritium has been exchanged from the
cells. The specific activity in both kaolinite samples
run without electrolyte approached equilibrium values under
self~diffusion rapidly. The specific activity was in equilib-
rium in all compartments after less than 180 hours for the
New Mexico clay, Fig, No. 9, and in less than 120 hours for
the Georgia clay, Fig, No. 8, The best fit to the total
activity data for both élays, éfter equilibrium has been
reached, is a straight line showing a constant rate of loss
of tritium from the solution to the clay.

Table 1 gives the average rate of loss of total
activity between samplings for the four clay sample runs
which were completed., The loss rates show a considerable
variation from sample to sample until equilibrium under
self-diffusion is reached., The variation in rate loss
before equilibrium results largely from the retardation of
the concentration fronf by the clays. The deléy of diffusion
of tritium by the clay, shows clearly only in the specific
activity plot for the center compartment for the illite,
Fig, No, 10 and for the kaolinite sample run with electrolyte,
Fig, No. 7. 1In each of these experiments equilibrium under
self-diffusion was not reached with the cathode compartment
by the end of the run,

Retardation of the diffusion front by the kaolinite

clays run without electrolyte is significant only in that




TABLE I: TRITIUM LOSS RATE (pc/hr)

1201 series 1257 series 1245 series 1271 series

Kaolinite Kaolinite Kaolinite Illite
APl No, 4 . API No. 4 API No, 9 API No, 35
with electrolyte :
19+92 1 2891316 63147 4431549
(0-48) 20-13.5) - -

155+125 43456 30172 521+400

(16.5-12%) (99-1387) (43-63)
71+63 51+10 19+130 +{110+105
(96-19Zy . (124-694) (182-228y ~ !:62"'-126 2

93+63 35410 76+£53 +§23i46§
(192-288) (694-1288) 228-342 120-

110+125 59+ 36 +(3+£35
i§88-336§ (342-510) 2«420)

2 .

+(294+83 14463
2336-4085 ZZzo-Slés

+(25+36
16-684

LThe numbers in parentheses, below the llne, are hours over
which rate was determined,
2Ga:r.n in total activity.
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it contributes to the variability in the rate loss calcu-
lations before equilibrium under self-diffusion was reached,

An apparent preferential affinity of the clay for the

tritiated polar water molecule prior to equilibrium was
determined by the experiments on the Georgia kaolinite

(run 1257) in which the water was first stirred above the
clay and then stirred with the clay in the center compartment.
The water sample taken before the clay-water mixture was
stirred was conéistently lower in activity than the sample
of water taken above the clay surface after the clay
suspension had settled. This effect, Table V (Appendix II),
is apparent only before equilibrium values of specific
activity were reached, The total activity rate losses for
kaolinite clays were calculated from water samples taken
before stirring, and were not corrected for tritium returned
to the water sample by stirring the clay,. Thﬁs, rate loss
values determined before equilibrium are apparent values
only. This effect is not significant in ‘the determination
ofvthe rate losses between samplings after equilibrium

under seif-diffusion had been reached or in the determination
of the total tritium lost to the clays.

Table II shows the specific activity of the tritium
held in the lattice waters of the clays. The conversion to
total-activity was done by multiplying this wvalue by the
number of milliliters of lattice water recovered per gram
of clay times the total weight of clay, In all cases the

total recovered is less than 600 pc and accounts for only
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an insignificant fraction of the tritium lost to the
lattice structure of the kaolinite clays,

The pH of the water in the center compartment is the

only parameter Which‘shows strong correlation with the loss
of tritium to the clays. The pH of the water in the center
compartment for the Georgia kaolinite (run 1257) dropped to
5.0 at equilibrium and remained below 5.0 for the remainder
of the run,

The pH of the water for the New Mexico kaolinite
(run 1245) did not become acidic until after 200 hours when
a drop to 5,3 was observed, Loss in total activity to the
clay was small until this time and then increased to 65
pe/hr,

The only significant loss in tritium to the illite
(run 1271) occurred in coincidence at 63 hrs, with a drop
in pH from 6.4 to 3.6, After 120 hrs, the pH in the center
compartment had returned 6.6 and tritium was returned to
the solution from the clay. The exact relation of exchange
to pH remains to ﬁe determined, This correspondence has
also been noted by Hamid and Warkentin (1967) for Iodine-131,

who found that Il3l

adsorption could be prevented if the
pH value remained above 7.

No evidence was found that the pH change in the center
compartment was related to any physical or chemical changes

in the system other than the exchange property of the clay.

X-tay diffraction measurements of the reference clays before

i‘ | | :
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and after the electrodialysis indicated no shift in lattice

.

spacing which means no alternation of the basic structure

of the clay minerals occurred under electrodialysis,




lily

SUMMARY AND CONCLUSIONS

The stated objective of this study, the determination

of any possible exchange of tritium from water to a clay
lattice structure, is obtained by monitoring the rate of
appearance of cations into the liquid phase against rate of
loss of tritium from the liquid under the influence'of an
electric field., Since the water in the cell was analyzed
while the experiment was in progress the cation rate of
appearance in the water was determined only for soluble
ions, The pH conditions in the end Eompartments caused
preclipitation of the Ca++ ion in the. cathode compartment,

Ca++

ion exchange could only be determined at the end of
each run. As a result, the metal ion exchange rates are
apparent values only., The useful result of the analysis
for the cations is in the comparison of the total amount
recovered (meq) to the reported cation exchange capacity
of these standard clays, see Table II,

The exchange of tritium with respect to the clay
lattice, expressed as an isotopic fractionation effect,
is also listed in Table II., The equilibrium tritium to
protium ratio (T/H), provides the basis for comparison of
the results obtained for the different clays. One should
note that the values for the isotopic fractionation determined

from the tritium found in the lattice waters are proportional

to. the known cation exchange capacities of the clays. In

II‘I.IIIlIIIlIIIIlllllIIIIIIIIIIlIlllIIIIIIIII-IIllllllllllIIlIIIIIIIIIIIIIIIIIIIIIIIIIII
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‘terms of total activity, however, the fractionated tritium
as listed in Table Il amounts to only a small fraction of
the total activity lost from the liquid except for the

illite (run 1271),

The presence of tritium in the lattice water, indicates
that some of the tritium is moving as (OT)-, and that the
tritium preferentially undergoes hydroxyl exchange.

According to Kelly and Jenny [19367], however, the
exchange power of kaolinite is directly traceable to the
HY ions of the crystal iattice. An important feature of
the lattice structure is a subsurface OH plane, covered
by a network of 0"2 ions, in which the H' ions of the OH
planes are accessible through the meshes of the oxide (0-2)
lattice, Absorption of tritium would depend on differential
displacement of H+ ions with T+ ions., If some of these
H' ion sltes, exposed by breaks across the octahedral
.layer, were originally occupied by metal ions, then in the
cation replacement‘of the metal ion under electrodialysis.
fractioﬁation by preferential replacement of the tritium
ion could occur, Although the exact location of the exchange
site is indefinite, the cation exchange is probably on the
surface of broken lattices of the crystals,

The discrepancy between the apparent loss of tritium
to the kaolinite clays and the amount of tritium recovered
from the lattice water of these clays is not resolved., The
experimental procedure provides a self consistent set of

statistically valid data that indicate that the tritium

I
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must have been lost to the clay. The agreement between rate
of loss and pH after.equilibrium conditions have been reached
appears to be real, The acid condition of the center compart-
ment réquires a complex chemical reaction, If this relation
is true, the application to the problem of groundwater
tracing is clear, Appreciable losses of the tritium isotope
will occur only in an acid environment,

The application to the problem of disposal of radio-

active wastes 1is equally understood i.e, maintain an acid

environment in the disposal aquifer.
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'APPENDIX I: UNITS AND FORMULAS

Units

Tritium units (T,U,)., Tritium units is the number

18
of atoms per 10 hydrogen (protium) atoms

-18

1 T.U, = (T/H) 10 (1)
or

L T, = 7.2 x 107 dmp/ml (2)
or

1 T.U0. = 3.24 x 107> pe/ml (3)
) -12

where pc (picocurie) = 10 c

To calculate the fractionation factor ,E, the following
was used: : i

R
B Ry (4)

where R, = isotopic ratio of tritium to protium in
' water extracted from the clay at
temperature €,

Req = Isotopic ratio of tritium to protium at
theoretical equilibrium in the
electrodialysis cell

When using T.,U., E is readily determined by

E = (T.0.) /(T.U.)gq, (4a)
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APPENDIX I1I: OBSERVED AND CORRECTED DATA

TABLE 1II DATA FROM EXPERIMENT
USING NO CLAY, SELF-DIFFUSIONT

SAMFPLE COMPART~ ELAPSED RESIDUE SPECIFIC
NO. MENT TIME VOLUME ACTIVITY
(MRS, ) (ML) (PICOCI/ML)
1196 std. - 0 250.0 0. = 0.
1196 std. CT 0 250.0 0. + 0,
1195 std. + 0 250.0 917.4£15.6
1254A - 12 239,1 12,6+ 0.9
cT 12 239.1 132.4x 2.4
| + 12 241.1 707.8+ 6.9
12548 - 24 228.2 42,7+ 1.5
CT 24 228.2 229.0+ 1.9
+ 24 230.2 615.6+ 4.6
1254C - 48 206.4 113,0+ 1,7
CT 48 206.4 294.0+ 3.2
+ 48 208.4 477 .3+ 4.8
1254D - 60 195.5 156.0+ 2.5
cT 60 195.5 301.5+ 4.3
+ 60 197.5 424.9% 4.3
1254E - 120 154.5 226.0+ 2.8
| CT 120 154.5 274.4x 3.2
+ 120 155,5 325.1+ 3.4
1254F - 504 232.8 296.9+ 6,1
CT 504 229.2 300.7+ 5.8
+ 504 230.0 308.5+ 6.2
1254G - 864 218.5 303.0+ 5.6
CT 864 212.3 300.4+ 5.5
+ 864 213.7 308.2+ 7.1

IThis table is a combination of two experiments:
a) 0-120 hrs, self-diffusion with free evaporation, and-
b) 0-1800 hrs, self-diffusion with the cell covered,

; ' ' |
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TABLE III (cont'd)

SAMPLE COMPART- ELAFSED RESIDUE SPECIFIC
NO. MENT . TIME VOLUME ACTIVITY
(HRS, } (ML) _(PICOCI/ML) -

12544 - 1668 189,0 296,3+ 6.5
CT 1668 177.1 302.0+ 6,8

+ 1668 179,9 296,2+ 6,8

12541 - 1800 180.0 294,.1+ 6.9
_ CT 1800 167.0 294.8+ 6,9
+ 1800 170.0 295,94+ 7.1
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TABLE IV DATA FROM EXPERIMENT
USING KAOLINITE APl NO.4
Weight'of clay 100 gms, Current 50-100 ma,
Mesh size 53-74 microns Charge transfer 1.33 coul,
Voltage gradient 0,3 v/cm, Electrolyte LiClO4
SAMPLE COMPART- ELAFPSED RISIDUZE SPECIFIC
NO. MENT TIME VOLUME ACTIVITY
(3RS,) (L) (P12QCI/MLY
1196 std, - 0 250.0 0, + 0,
1196 std, CT 0 200.0 0. £ 0,
1195 std. + 0 250.0 917.4+15.6
1201A - 24 248.,5 59.7+ 1.4 f
CT 24 198,11 302.%9+ 3.9 3
+ 24 248.,9 580,1+ 9,0 ;
120138 - 43 244,,9 126,6+ 2.2
CT 43 194,1 333.7+ 4,7 I
+ 48 245.8 520.,4+ 7.1 ?
1201G - T 239.9 200,2+ 3,5 |
CT 96 183,2 336.4+ 3,9
+ 96 241,5 414.3+ 3.8
1201p - 192 229.,8 267.1+ 4,5
CT 192 176.5 313.3+ 5.3
+ 192 233,0 336,8x 5,7
1201E - - ‘ 238 221,6 - 263,.8+ 3.4
CT 238 166,7 295,4+ 3.6
+ 238 2256.,6 314.5¢ 3,2
12018 - 336 214.6 266,9+ 2,2
- CT 336 157.8 289,64+ 3,6
+ 336 220,.3 291.7+ 3,0
1201aG - 408 208.,0 272,38+ 3.4
CcT 408 149.0 292,9+ 3,6
+ 408 215,0 297.3+ 3.4
ICurrent up to 100 ma,
Voltage gradient no change.
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.TABLE IV~ (cont'd)

Chemical analysis of the water after experiment

- c +
COMPARTMENT  COMPARTMENT  COMPARTMENT

Nat(meq)

k* (meq)

Mgt (meq)

Catr(meq)

PH 1
Total cations

SO =
[ 200N DA D B B |
WONCOO
WL OoN

oONOOCO




TABLE Vv DATA FROM EXPERIMENT
USING KAOLINITE API NO.4

Weight of clay 100 gms.‘ Current 10,0 ma,
Mesh size 53-74 microns _
Voltage gradient 2 v/cm, Charge transfer 0,46 coul,

SAMPLZ COMFART- ELAPSED RESIDUE SPECIFIC FH CONCENTRATION

NO. MENT TIME  VOLUME  ACTIVITY (MEQ.)
(¥rs.) (M) (plcocci/ML) Nat k¥ mett
1196 std, - 0 250,0 0. = 0. 6.2
1196 std. CT ) 0 210.0 0. £ 0. 6.2
1195 std, + 0 250,0 917,4x15.6 6,2
12574 . - 16,5 250.0 65,5+ 1.5 12.2 0.6 , L.50.0
CT 16,5 210,0 190.5x 4.2 6.0 1.8 0.0 0.0
. + 16,5 250.0 672,8+13.3 2.3 0.3 0.00.0
1257A CT . 16,5 208.0 207.8+ 4.3
12578 - 124 241.4 307,1+ 5,7 12.0 0.4 1,2 0.0
CT 124 199.5 307.3x 5,7 5.0 0.0 0.0 0.0
. + 124 238,7 312,5+ 5,8 2,30.3 0.0 0.0
12578 CT 124 197.5 317.3+ 5,7
1257¢C - 694 213,2  260.2+ 5,9 11.3 0.3 1.1 0.0
cT 694 161,1 263,5+ 6,1 5.5 0,0 0,0 0.0
, + 694 196,2 263,4+ 6,1 3,10.0 0.0 0.0
1257¢ cT 694 159,1  263.4+ 6.0
1257D - 1288 184,0 216.5% 4,8 10.9 0.2 0.8 0.0
CT 1288 121,2  218,4+ 5,3 4.8 0.0 0.1 0.0
.+ 1288 152,1  213.4+ 4,9 2.1 0.0 0.0 0.0
1257p GT 1288 119.2  216.5+ 5.1

1 ]
All primed samples (1257A° CT, 1257B CT etc.) were taken
after the clay-water mixture was stirred and allowed to
settle, The time Qifference between the sampling of
1257A CT and 1257A° GCT was 15 minutes,

LInsufficient sample,

. ' : .
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.~ TABLE V (cont'd)

Chemical analysis of the water after experiment
precipitation included

- c +
COMPARTMENT COMPARTMENT COMPARTMENT

Na+(meq)

0.2 0.0 0.0
K+  (meq) 1.0 0.1 0.0
Mg (meq) 1.0 0.0 0.0
Cat{meq) 8.2 0.0
Specific conductance
(micromhos/em) 795 156 3976
Total cations (meq) 10.4 0.1 0.0
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TABLE VI DATA FROM EXPERIMENT
USING KAOLINITE API NO, 9
Weight of clay 100 gms. | Current 1.0 ma.

Mesh size 53-74 microns Charge transfer 0,02 coul,
Voltage gradient 2.9 v/cm, :

SAMPLEZ COMPART=- ELAPSED RESIDUE SPECIFIC PH CONCENTRATION

NO. MENT TIME VOLUME  ACTIVITY (MEQ.)
- (HRS.,) (ML) _ (PICCCI/ML) Nat g+ Mg+t
1196 std, - 0 250,0 0. = 0. 6.2
1196 std., CT - 0 200,0 0, +0, 6,2
1195 std, + 0 250.0 917.4+15.6 6,2
119094 - 24 | 78.3+ 1.4
CT 24 277.1% 4,0
+ 24 634.1+ 8.1
11998 - 72 : 247.3+ 3,3
12454 - 99  245.5 269.2x 5.1 9.7 0.5 0.0 0,1
CT 99  193,2 312,8+ 5,9 7.2 0.0 0,0 0,0 !
. + 99  244.6 373.8+ 7.4 3.3 0.0 0.0 0.0
1245A CT 99  191.2 314.8:+ 6.3
12458 - 182 239.8 304.,5+ 5.8 9.3 0,5 0.1 0,1
CT 182 183.,5 317.7+ 6.4 7.5 0.0 0.0 0.0
+ 182 238.0 324.2+ 6,4 3,3 0,0 0,0 0.0
1245¢ - 228 233,7 313.,0+ 6.3 9,3 05 0,2 0.0
CT 228 176,3 311,11+ 6,2 7.5 0,0 0,0 0,0
+ 228 231.5 316.9+ 6,2 3,3 0,0 0.0 0.0
1245p - 342  224,.6 300.7+ 6.2 9.4 0.5 0,2 0.0
GT 342  164,5 300,4+ 5.7 5.3 0.0 0,0 0.0
| + 342 221,2 298.8x 5,9 3.3 0.0 0.0 0,0
1245E - 510 213.0 284.,7x 5.7 8.3 0.5 0,1 0.0
CT 510 149.0 279.7+ 5.3 5,6 0,1 0,0 0,0
+ 510 208,0 283.2+ 5.6 3.3 0.0 0.0 0.0

lTaken from a run with NaCl as electrolyte,
Not included with total activity calculations,
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TABLE VI (cont'd)

Chemical analysis of the water after experiment
precipitation included

- C +
COMPARTMENT COMPARTMENT COMPARTMENT

N$+ gmeq; 0.5 0.1 0.0
K meq 0.0 0.0 0.0
Megtt (meq) 0.4 0.0 0.0
cat* (meq) 1.1 0.0 0.1
Specific conductance

(micromhos/cm) 278 102 363
Total cations (meq) 2,0 0.1 0.1
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TABLE VII DATA FROM EXPERIMENT
USING ILLITE API NO. 35

Weight of c¢lay 100 gms, Current 10-1 ma.l
Mesh size 53-74 microns Charge transfer 0,07 coul,
Voltage gradient 2 v/cm,
SAMPLE COMFART- ZLAPSED RESIDUE SPECIFIC FIl' CONCENTRATION
NO, MENT TIME  VOLUME  ACTIVITY (MEQ,)
(HRS.) (ML)  (PIGOCI/ML) Na* g mgtt
1196 std, - 0 250.0 0. £ 0, 6.2
1196 std. CT 0 200.0 0. + 0, 6.2 )
1195 std. + 0 250,0 917.4x15,6 6.2 :
1271A - 8 250.0 2.8+ 0.3 11,6 1.8 0.7 0.0
CT 8 200,0 133.4x 1.5 6.6 0,4 0.1 0.2
' + 8 250.0 795.7+ 8,6 2.6 0,0 0.0 0.0
12714 cr 8 198.0 136.6% 1.6 6.6
12718 - 12 2460 9.4x 0.3 11.6
CT 12 196,0 178,94+ 2.5 7.6
+ 12 246.0 755.7+ 8,9 2.3
1271¢C - 24 233.6 38,7+ 0.8 11,3 1,6 1,7 0.0
CT 24 196.,2 260,1+ 3.4 6.3 0,0 0.0 0.1
+ 24 250,0 64l.4x 7.1 2,10.0 0.0 0.0
1271D - 48 221.3 80,7+ 1,4 11,3 1.5 1.8 0.0
CT 43  134,8 357.4%+ 3,8 6,4 0.0 0.0 0.0
+ 48 250.0 224.0x 5,9 2.10.0 0,0 0.0
1271E - 63 213.1 120,7+ 1.9 11.4
CT 63 177.2 383.1% 4,6 3.6
+ 63 233.8 461.7+ 4.9 2,1
1271F - 120 209.0 166,7+ 1.9 11.6
GT 120 177.2 394,0+ 4.5 6.6
+ 120 233.8 424 .8+ 4.6 2,2
1271G - 252 209.0 240,3+ 2,5 11,0 1.6 2,3 0.0
CT 252 169.,6 365,44+ 3.6 6,5 0,0 0,0 0.1
+ 252 228,4 382.6+ 3.8 2,3 0,0 0.0 0.0
lwithin the first 192 hrs. current dropped from 10 ma to 3 ma,

: | -



TABLE VII (cont'd)

SAMPLE COMPART- ELAPSED RESIDUZ SFECIFIC PR CONCENTRATION

NO. MENT TIME  VOLUME  AGCTIVITY (M2Q.)
(BRS,) (ML)  (PICOCI/ML) Nat Kt Megtt
1271H - 420 196.7 266.7+ 3.0 10.4 1.7 1.s.l 0.2
cT 420 162.0 355.9+ 4.3 6.5 0.0 I.S. 0.2 |
. + 420 217.6 363.3:+ 3.6 2.4 0.0 I.s. O.1 y
12714 CT 420 160.0 356.2+ 4.9 6.5 ‘
g
12711 - 516 180.3 277.1+ 3.0 10.5
CT 516 158.2 342.6+ 3.7 6.2
+ 516 212.2 357.2+ 4.5 2.3
12713 - 684 144.0 293.0% 3.5 10.6 1.8 2.3 0.2
CT 634 166,0 33%.8+ 4,2 4.4 0,00,1 O,L
3.4 2,30,00,0 0.2

-+ 684  223,0  344.3zx

Chemical analysis of the water after experiment
precipitation included

- c +
COMPARTMENT COMPARTMENT COMPARTMENT

Nat (meq) 1.8 0.0 0.0
K+ (meq) 2.3 0.1 0.0
Mg® (meq) 0.9 0.1 0.2
Cat{meq) 27.4 T L,1 0.7
Specific conductance

(micromhos/cm) 3114 795 3892
Total cation (meq) 32.4 1.3 0,9

Linsufficient sample,
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APPENDIX III: EFFECTIVE VOLUME AND BACKGROUND

RATE CALCULATIONS, COMPUTER PROGRAM

The precision of all measurements was limited by
the statistical accuracy of counfing of the unknown samples,
‘the variations in tﬁe effective volume, and the background
rate, |

The computations were done by a computer. The
computer program as used is listed in Table VIII (Appx. III.)

Comment cards are inserted before each unit of calculations,

Formulas
The basic relation used in calculating the effective

volume and the activity of the unknown samples is:

T.U. = (481.0) (eV/212y (not rare) (273,16+°C)  (5)
(E.V.) (?)

Equation (5) is a modification of a relation presented by

Von Buttlar and Stahl [19627], 1In equatioﬁ (5),

481.0 = a constant combines dpm/mole H, with
concentration of 1 T.U,, the igeal gas
constant, and the conversion from torr
to atmosphere

eN/212 = decay time correction

net rate cpm of the sample corrected for background

rate
E.V. = effective volume in liters
OC = the counter's temperature

P = hydrogen gas pressure in torr

; _ ' y |
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By interchanging E,V,.with T,U., equation ( 5 ) can be
. readily used to calculate the effective volume of the
counter with a known wvalue for T.U,.
The system's background rate is dete?mined by a single

measurement with a statistically significant number of counts

BG +SIGBG = R:{R/t cpm | (6)
where d:SIGBGl = background standard
deviation =|R/t
R = background rate
t = total time (mins.)

To calculate the tritium concentration in a measured
samplé equation ( 5 ) is used, The éample is than said to
be indirectly evaluated by calculation from directly
measured quantities which are containing errors. The
reliability of the calculated sample is found by applying
the theory of propagation of errors (Overman and Clark,

1960), Thus, equation { 5 ) takes the form of

[ - (sa +s1686)7

T.U., £SIGT.U.
(E.V, xSIGE.V.)

* f(CaPsT) (7)

where +SIGT,U, = tritium units standard deviation
%Jg’ = count rate and standard deviation of
the sample
+SIGE,V, = effective volume standard deviation
£(C,P,T) = physical quantities with negligible

source of error,

INotations used are identical to the ones used in the
computer program,

. | : |




The numerical solution of equation ( 7 ) is obtained by
using the computer program listed below, Each éample to be
evaluated was counted once with an accuracy of 1% to +2%
depending on the activity. The background rate and the
effective volume are variables (Fig, 5) and are changing
with time, An average value from four consecutive
measureﬁents of standards (which represent a time span of
two months) was assigned to those samples which were counted
between the second and third sets of standards, The.

process of calculation is sequential and assures continuity,

Computer Program

The computer program was written for a complete
calculation and error analysis for the background, effective
volume, and the unknown samples, The program comprizes
a sample output for one complete cycle of calculations,

The results are given in both tritium units and pec/ml,

The background mean value is in cpm, The mean effective

volume is in liters,
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