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THE ELUTION OF RADIONUCLIDES THROUGH COLUMNS

OF CRUSHED ROCK FROM THE NEVADA TEST SITE

by

E. N. Treher and N. A. Raybold

ABSTRACT

Results from the elution of radionuclides,
through columns of crushed tuff, granite,' and
argillite are presented. Good agreement' between
column and batch measurements on washed samples
is generally observed for all three rock types.
This. is encouraging, since the results of batch
measurements are often of value to show relative
sorption under a variety of conditions, and their
relevance to the migration of radionuclides under
flowing conditions has been questioned.

Column elution behavior depended upon sample
mineralogy. For example, 85Sr gave fairly.sharp,
symmetric peaks on granite, 'argillite,' and devi-
trified tuffs;.however, on a vitroph re,-'the peak
was 10 to 100'times broader. For 13 Cs, the most
unusual behavior was found on granites, where for
columns run at 20 m/year, most of the cesium was
retained at the load point. For all the radio-
nuclides studied,7except 95,Tc, zeolite-containing
tuffs had to be 'run.at.flow -rates of 103 to
104 m/year to obtain elutions, while samples. com-
posed primarily- of alkali feldspar and SiO2 gave
elutions of 85Sr, 137Cs, and 1 33Ba at flow rates
of 10 to 100 m/year. Knowledge of the mineralogic
compositions of 'tuffs and their ability to. retard
the migration of radionuclides- is important--not
only to idenitify the optimum horizon for a nuclear
waste repository in Yucca Mountain, but also to
estimate howr well the repository will perform.
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I. INTRODUCTION

The migration of radionuclides through columns of crushed tuff, granite,

and argillite has been under investigation at the Los Alamos National Laboratory

for several years. The purpose was to develop a simple means of studying the

migration of radionuclides under flowing conditions. Before these experiments

the potential for igration was estimated from sorption ratios obtained from

batch-type tests.1'2'3 For the batch measurements, geologic media was crushed
and mixed with a fixed volume of groundwater containing the radionuclides.

After a known contact time, the solution and solid phases were separated and

counted to determine the concentration of radionuclide in each phase and the

ratio of the concentrations, the sorption ratio, Rd.* In column studies the

retardation factor, Rf, is determined; the velocity of a radionuclide is

measured directly and then compared with respect to the groundwater velocity

measured with nonreacting tracers such as HTO or 131I. The R is related to

the sorption ratio by the expression R= 1 + p/e)Rd, where p s the density

of the rock column and is the porosity. Thus, both the retardation factor

and sorption ratio indicate the extent to which the migration rate of a radio-

nuclide is lowered by the geologic media compared to the movement of water.

Because a number of processes, such as ion exchange, sorption, precipita-

tion, and mineral dissolution can be responsible for retardation, studies using

columns have several advantages over those using batch measurements. Parti-

culate transport can be studied; if more than one oxidation state or chemical

species is present, each can be observed and its behavior studied. Also,

migration rates can be directly observed by comparing the elution of a radio-

nuclide with that of the groundwater itself (monitored with a nonreacting

tracer). Column experiments, however, are time consuming and are generally

much longer in duration, particularly when flow rates of 10 to 20 /year are

used. The disadvantage of both the batch-type measurements and the crushed-

rock columns is, of course, that sample alteration that may influence the rock

j chemistry can occur'because'of crushing. For that reason larger columns of

intact cores and eveni larger blocks of material are now being used.4'5

' - R is used in this report because K implies reversible equilibrium, and batch
shudies have shown that equilibrium is not attained in a few weeks or even a
few months in many cases.

3
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This report is primarily intended to tabulate the data thus far obtained,

since it has not been published previously. As the work has progressed, the

results and interpretation of those results have been reported;6-10 they are

summarized here.

II. MEASUREMENTS

A. Equipment

The first few columns were'0.5-cm diam and 2- to 4-cm long Bio-Rad Econo

columns that were run by gravity flow; Syringe pumps (Sage Instruments,

Model 352)'were used to control the delivery rate to the top of the column.

Flow rates through these columns tended to change with time, so a simple

upflow column was developed to maintain a known, steady flow rate. The columns

either were modified from glass Bio-Rad Econo columns by shortening them (and,

for a few columns, lining with Teflon) or they were constructed of Teflon or

acrylic tubing machined to fit the Bio-Rad polypropylene Luer fittings and

polyethylene bed supports.

B. Materials

The waters used for the tuff-columns were rock-pretreated water from well

J-13 at the Nevada Test Site'(NTS). Each water was prepared by contacting

J-13 water for it least two weeks at'ambient temperature with ground material

of the appropriate tuff. The solution'to solid ratio waq 20 mg. The phases

were separated by centrifugation at 7000 rpm'(21 000 g and then by filtration

through either a0.45-pm Nuclepore or a 0.40-pm Millipore filter. The waters

for the granite and argillite columns were prepared by contacting synthetic
2,3

waterxs with the appropriate-rock'and then separated, following the procedures

described above. Analyses were made of 'the tuff, granite, and argillite waters

before their use in the'columns.1 3,6,7

The tuff samples were obtained from the NTS, primarily from drill holes

UE25a-1 and USW-G1, Yucca Mountain, Nevada. The' samples from UE25a-1 are

labelled with the prefix YM. Those from USW-G1 are labelled Gl-, with the

number following the G designation indicating the depth in feet from which the

sample was taken. Additionail samples labelled JA and GT-U12G came from drill

hole J-13 located in Jackass Flat's and'from G tunnel, respectively.

The granite and argillite-samples were also obtained from the NTS. Two

samples of Climax Stock granite, labelled CSS and CS7, were obtained from the

3



mine dump areas of the Piledriver tunnel. Eleana argillite samples were obtained

from drill hole UE17e. They are labelled C1, C2, and CN3. A summary of the

mineralogy of the tuff, granite, and argillite samples used is given in Table I.

Petrographic analysis of crushed rock from Y38-1 and JA32-1 was done both

before and after elution. No change in Y38 tuff was observed, but there was

a slight alteration of feldspar in the JA32 tuff.* Because x-ray diffraction

. might not be sensitive enough and making adequate thin sections of the powdered

rock before and after elution for microscopic observations is difficult, there

were no further attempts to assess changes in mineralogy because of the elutions.

C. Procedures

The columns were prepared by slurrying the sieved, washed, pretreated

rock with groundwater and pouring it through funnels attached to the tops

of the columns. Groundwater was eluted through the columns for several days

to further pack and pretreat the columns. Each column was then mounted above a

fraction collector, and groundwater containing 131I , HTO, or both was added to

the funnel. The solution eluted was collected in individual drops and counted to

determine the free column volume, which averaged 0.2 to 0.4 m. Typically,

the flow rates used to measure the free column volumes were quite fast--on

the order of 102 to 103 m/year. (See Table III, footnote d for comments on the

consequences of these flow rates.)

After measuring the free column volume (FCV), a column was generally loaded

with a 5- to 15-pe volume or "spike" containing one or more of the following

radionuclides at concentrations of <10 6 I: 85Sr, 137Cs, 133Ba, 95mTC, 15 iu,
141

and Ce. The spikes for all radionuclides except 95"'Tc were prepared by

evaporating a chloride solution of the carrier-free tracer, adding concentrated

HC1 and reevaporating, and finally adding groundwater to the dried tracer.

Solutions with technetium were prepared by adding 95mTc as NH4TcO4 directly to

the groundwater. Before use the solutions were filtered, either through Nucle-

pore 0.45-pm filters or through Amicon Centriflo membrane cones. The pH of the

spike solutions and the waters was typically 7.5 to 8. There was little or

no change in pH of the waters because of flow through the columns. For five

columns--YM54-2, JA32-2, CN2-2, CN3, and G-1436--radioisotopes were added to

the groundwater at concentrations 109 M, rather than using a spike of tracer.

From information provided by M. L. Sykes, Los Alamos National Laboratory,
May 1980.

4



After loading the spike, a frit and end cap were added, and the column

was attached to a three-way stopcock which was mounted directly onto a syringe

controlled by a Sge.Pump. Flow rates were l'to -60 m/year, except in a few

cases where much 'faster rates-were used. Eluate fractions from each column

were collected in pretared vials and weighed immediately after removal to

determine the eluate volume.' Each sample was then diluted to a known volume,

sealed, and counted. Counting was done on a Ge(Li) detector when more than

one isotope had been loaded on the column and on a NaI(Tl) detector when only

one radionuclide had been used.

D. Summary of Columns Studied

Several parameters for each column studied are given in Table II. In

addition to the free column volume discussed above, the column dimensions and

the volume calculated from those dimensions, rock particle size, porosity,

column density of the dry rock, and flow rate are given. The radioisotopes

used are indicated in the last column of Table II. Unless otherwise noted in

the table, the columns were spike-loaded and run by upward flow.

III. DATA

A. Free Column Volume Determinations

131 The FCVs summarized in Table II were measured by elutions with - I , or

they are averages of the values obtained with 131I and HTO, if both tracers

were used. In Table III both HTO and 131I results are given. The results

have been corrected for the void volumes of the column fittings (frits, end

caps, tubing, etc.). The peak volumes are also given in Table III. The peak

volume is the volume eluted where the concentration of the eluate was between

0.001 and 0.999 of the initial solution. If the flow rates used for the 131I

and HTO elutions were measured, they are included in Table III.

B. Elution of Radioisotopes

The data obtained from the column elutions are given in Tables A-I to

A-XXXI in App. A; these data are plotted in-Figs. 1 to 31. The elution curves

are plotted as C/CI or C/C0 and'A/A.T at the average total volume where

The porosity was determined by dividing the FCV by the column volume calculated
from column dimensions.

I
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Sample

YM5

YM22

YM38

YM45

YM54

JA18

JA32

JA37

G1-1292

G1- 1436

G1- 1883

G1- 1982

GI-2233

G1-2289

TABLE I

MINERALOGY OF SAMPLES USED FOR CRUSHED-ROCK

Glass (%) Claya Z Zeoliteb () Alkali

70 -10 mt 0

O 5-10 mnt 0

0 2-5 mat 50-70 Cpt

0 2-5 mat 0

0 tr mat 0
tr i/m

50 -5 mat 10-20 Cpt
5 i/m

0 5-10 i/m 0

0 20-40 mat -5 Cpt
-5 i/m

80-90 tr mat 0

0 tr i/m 65-85 Cpt

0 <1O mat 0
<5 m

0 tr mt 0

0 <5 mat <5M rd
10-15 m 15-30 Cpt

0 tr i/m 30-50 Cpt
30-50 Mrd

COLUMNS

FeldsparC ()

5-10 Saa
5-10 Plag

40-60

5-10

30-50

-30

15-25

30-40

15-30

10-20

5-10

50-70

30-50

40-60

10-20

I
SiO2 (dM

<5 Qz
<5 Cr

40-60 Qz

.5-10 Qz
10-20 Cr

40-60 Qz
tr Cr

-60 Qz

15-25 Cr

40-50 Qz

30-60 Qz

5-10 Cr

10-20 Qz
2-5 Cr

30-50 Qz

40-60 Cr

5-10 Qz
<5-10 Cr

tr Qz
2-5 Cr

6



TABLE I (coat)

Sample

G1-2363

Glass () Clay (%)

0 10-20 mat
5-10 m

I

Zeoliteb (

-0

0

Alkali Feldspar ()

30-50

30-60

dsio2 (%2.
30-50 Qz

25-40 Qz
5:20 Cr

G1-2476 0 2-5 i/m

G1-2901

G1-3116

0

0

tr mnt
2-5 i/m

5-10 mat
5-10 m

0

5-15 Cpt
.10-30 Alc

30-60 20-40 Qz
5-10 Cr

20-40 Qz20-40

G1-3658

GT-U12G

CS7

0

0

0

0

0

i

40-80 mat

tr i/m

-S bio/chl

-10 bio/chl

10-20 m
5-10 pyrp

20-40 sm
15-30 chl

0

60-80 20-40

40-60

0

tr Qz
2-5 Cr

0

-30 Qz

-30 Qz

30-50 Qz

-50

I

II

CSS 0

0

-50

0CN2

amat = montmorillonite, i/mr illite/mica; m = mica; tr = trace;
- pyrp = pyrophyllite; srm= smectite; and bio = biotite.
bCpt clinoptiloiite;'Hrd mordenite; and Alc'= analcime.

CSan = sanidine and Plag = plagioclase.

Qz quartz;'-Cr = cristobalite; and tr = trace.

chl = chlorite;

I
. .

: .,
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.TABLE 11

CRUSILED OCK COLUMNS

Column Size
FCV Length x Width, Volume

(co') (cm) (c_3Sample
Tuftf

YH5 4-1

Yh54-2

YH54-3

Y1 4 5C

YH38-1 ,

YH38-2

YH38-3

Yn22

JA37

JA32-15

JA32-25 ,b

JA32-3

JA18-1

JA18-2

JA18-3

Gl-3658

Gl-3116

G-2901

GI-2476

Cl-2363

GI-2289

Cl-2233

Cl-1982

G1-1883-1

Cl-1883-2

Gl-1436

Cl-1292

GT-U12G

0.190

0.207

0.333

0.096

0.314

0.096

0.147

0.202

0.481

0.152

0.470

0.328

0.217

0.136

0.116

0.576

0.293

0.384

0.419

0.639

0.508

0.546

0.369

0.364

0.182

0.859

1.099

0.445

0.694

1.50 a 0.50

1.49 x 0.50

2.60 x 0.50

2.10 x 0.40

4.00 x 0.50

2.12 x 0.40

2.45 x 0.45

1.90 0.50

4.90 a 0.50

2.15 x 0.45

4.40 x 0.49

2.20 x 0.50

1.85 X 0.50

2.00 x 0.40

1.80 x 0.40

3.55 x 0.60

3.05 x 0.50

3.00 x 0.50

2.90 x 0.49

4.88 x 0.48

4.85 x 0.48

4.95 x 0.48

2.96 x 0.50

3.10 x 0.42

2.14 x 0.40

4.95 x 0.60

8.00 x 0.50

2.95 X 0.50

5.00 X 0.50

0 295

0.293

0.511

0.264

0.785

0.266

0.390

0.373

0.962

0.342

0.830

0.432

0.363

0.251

0.226

1.004

0.599

0.589

0.547

0.883

0.878

0.896

0.589

0.429

0.269

1.40

1.571

0.579

0.982

Particle Size
(uN)

35-106

35-106

35-106

106-500

35-106

106-500

106-500

35-106

75-500

106-500

35-106

35-106

35-106

106-150

106-150

180-250

38-106

38-106

38-106

38-75

38-106

38-106

38-106

38-106

38-106

38-106

38-106

38-106

38-500

Dens i ty
PoroaiLy (w/ct 3 )

d
Flo( c taed

(mE/hour) (co/second) (rn/year)

0.644

0.706

0.652

0.364

0.400

0.361

0.377

0.542

0.500

0.444

0.566

0.759

0.598

0.542

0.513

0.574

0.489

0.652

0.766

0.724

0.579

0.609

0.635

0.848

0.677

0.614

0.700

0.769

0.707

0.98

0.98

0.98

1.08

0.90

0.90

0.90

1.16

5.05

0.95

0.89

0.89

0.89

0.98

0.98

0.98

1.40

1.24

1.31

1.16

1.21

I.05

1.00

1.30

1.22

1.22

0.94

1.32

0.91

0.037

0.067

0.033

0.040

0.060

0.038

5.30

0.077

0.058

0.041

0.131

18

0.082

0.044

0.048

0.039

-6.262

-6.654

0.044

0.110

0.068

0.098

-1.275

0.040

0.039

0.042

0.017

0.042

0.015

8.11 x 10 5

1.34 x 10 4

7.16 105

2.43 x 10 4

2.12 x 10

2.33 x 10 4

2.45 10K 2

2.01-x 10 4

1.64 x 10 4

1.61 x 104

3.41 a 10 4

3.35 x 1o 2

1.94 x 104
-41.80 x 10

2.07 x 10 4

6.68 x 10 5

1.84 x 1o02

1.44 x K0 2

8.46 x 10 

2.33 x 10 4

1.80 x 10'4

2.47 x 10 4

2.84 x 1O3

9.33 x 10S

1.27 x 10 4

6.72 x 10 5

3.44 x 10 5

7.73x K 10

3.00 x 10 5

26

42

23

77

74

7740

63

52

51

107

10 600

61

57

65

21

5710

4550

27

74

57

77

896

29

40

21

15

24

9.5

Activily Added

85 137 127 a

137Sc C

85SC 137 ,133

141 s
as S85..

141 Ce
13 1Ca

8sSC ,137 C. 133Il

85 137 133Ua

85SC 137 CSr, Cr
8 5 Sr

85.S
as t,17C

152 En
8 5sr. 13 7cs 133 a

8St. 137 C 133Da

sSr, 137Cs, 133a

85 S 137 ,133 '

8sr 137 C,133D
85Sr, 17Cs, 1M a

152 Eu

85 Sr 137 C,133 H

85Sr 137Cs, 1331U

8Sr 137 C,133b-

8sr 137 133 O

3, C M IITO
85 137 CS133 .

951Tc85S 133

SCa, Cs2 Eu
' )
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TABLE I (cont)

Cranite

cs7

cs5-t

CSS-2

CSS-3

CS5-4

Argillite

CNI

CN2-1
bCH2-2

CN2-3

CN3 b, 

0.229

0.239

0.601

0.222

0.142

0.283

0.274

0.324

0.18 3f

0.483

2.10

2.15

3.63

1.90

2.15

x 0.50

x 0.50

x 0.60

x 0.50

x 0.40

0.412

0.422

1.026

0.373

0.270

0.382

0.386

0.603

0.276

0;732-

35-106

35-106

35-106

38-106

38-106

180-250

180-250

180-250

180-250

180-250

0.556

0.566

0.586

0.630

0.524

0.741

0.710

0.537

0.662

.0.660

1.26

1.25

1.25

1.25

1.26

1.11

1.16

1.16

1.16

1.18

0.045

0.041

4.98

0.297

0.019

0.041

0.054

- 2

0.019

- 2

1.15 x 0 4

1.02 x 10 4

8.35 x 10 3

7.06 x 10k5

7.99 30,5

36

32

2630

223

25

30

42

-2600

20

1800

as Sr, 13 7Ca, 133 D
85 Sr 13 7 Cs. 133Ba
85 '37 Ca 133I5Sr, 3Cs, 3Ba

855r 137C, 133Da

1Tc. 5 Eu,

a Sr. 137 Cs

Sri Cs13 Ba
9 5 "Tc,13152

95mTc 1 52EU1
95Tc.II5Z

2.40 x 0.45

2.43 x 0.45

4.80 x 0.40

2:20 x 0.40

:- 4.60 x 0.45

9.66

1.33

8.23

6.34

5.29

-5

x 10

x 103

aThe column was run by gravity flow; therefore, the flow rates indicated are the delivery rates to the column.. The actual flow rate
through the column was unknown.

TThe column was run by adding te radioisotopes to the groundwater rather than using a spike" of tracer.

The activity decayed before elution. so no clution results were obtained.

The flow rates of columns Cl-3658, G-3116. ad G-2233 varied considerably during the experisents.

Thir column is still in progress.

The porosity listed for CN2-3 isan average vlue of te otler four argillite columns. This average porosity was
estimate the FCV because its value measured with I was 0.256 t, indicating either retardation of I or an error

&The colur was run in a controlled nitrogen atmosphere containing 0.2 ppn oxygen and 20 ppm carbon dioxide.

used to
in the measurement.



TABLE III

COLUMN ELUTIONS WITH NONREACTING TRACERSa

I

Column

Tuff

YM54-1

YM54-2

YH54-3

Y145

YM38-1

YM38-2

YM38-3

YM22

YM5

JA3 7

JA32-1

JA32-2

JA32-3

JA18-1

JA18-2

JA18-3

G1-3658

GI-3116

G1-2901

G1-2476

G1-2363

G1-2333

GI-2289

G1-2233

GI-1982

GI-1883-1

G1-1883-2

GI-1436

Gl-1292

GT- T12G

* FCV (m)b

131 I- HTO 

0.177 0.202

0.207

0.333

0.096

0.314

0.096

0.147

0.202 0.202

0.481

0.152

0.470

0.328

0.217

0.136

0.116

0.576

0.293

0.384

0.419

0.639

0.508

0.369

0.546

0.369

0.369

0.182

0.859

0.869 1.099

0.445

0.699 0.639

Peak
Volume (me)C
131 I- wTO

0.404 0.404

0.555

0.455

0.505

(ml/hour)

6. 61 (HTO)

(cm/second)

1.36 x 10 2

(m/year)

4300

I

0.379

0.606

0.455

0.918

0.480

0.379

0.455

0.505

0.480

0.379

0.732

0.707

0.909

0.732

1.21

0.631

0.480

0.455

0.934

0.909

0.379

1.77

2.57

0.833

..9

Flow Rated

0.455

3.03

60.0

6.57

1.15

x 10-3

x 10 1

0.22

0.22

6.28

0.57

4.90 x 10 4

* 2070

36 400

15

4620

587

11

1570

1.47

1.90

3.44

4.97

x lo-2

x lo-3

x 10-5

x 10 3

0.237 0.017

2.70

2.0

10
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TABLE III (cont)

I
FCV (m)b

131 I-

Peak
Volume (me)

131I- HTO

C

Column

Granite

CS7

CS5-1

CS5-2

CS5-3

CS5-4

0.229

0.239

0.601

-0.222

0.142

0.657

-0.657

0.909

0.556

0.859

>. (ml/hour)

0.962

2.74

Flow Rated

(cm/second)

2.29 x 10 3
1 2

1.15 x 10

(m/year)

721

3630

Argillite

CN1

CN2-1*

CN2-2

CN2- 3 e

CX3f

0.283

0.274

0.318

0.256

0.448

0.960

0.758

0.330 1.04

1.061

0.448 0.391

>2 >4.71 x

>2 >4.93 x

-2 -9 x

0.564 1.35 x

1.263 3.60 x

10_3

10

10-3
10-3

>1490

> 1550

-2800

425

1140
_a

Blank space indicates that no-measurement was made.
b
Total volume eluted before the euate concentration reached 50% of the initial
solution concentration, corrected for frit and end cap volumes of 0.111 m.
c
Total volume where the concentration of the eluate was between 0.001 and 0.999
of the initial solution concentration.

Although theFCVs determined by fast-flow elutions may be slighly low, they
will not significantly effect the R values except in cases where there is

dlittle retardation, as for technetium.

Rd = (Rf -)e/p= (/F _ FCV) (FCV/V)

= (m - FCV)(1/pV) and generally ml >> FCV.

e
The data used are plotted in Fig. 28.

~The data used are plotted in Fig. 30.

Il



I)

C/C = concentration of sample from "continuous-feed" column
I concentration of feed solution

C/C = concentration of sample from "spike-loaded" column
o concentration of most concentrated sample

A/A = sum of the activities of the samples taken
total activity of spike loaded o the column

The average total volume is the total volume which was eluted before a given

sample plus one-half of the sample volume. For clarity, the average total

volume is plotted against C/C0 and A/AT in separate figures when more than

one isotope was eluted from a single column.

C. Sectioning and Counting of Columns

Many of the columns were sectioned ad counted S'o determine the distribu-

tion and amount of activity remaining on the column after elution. In some

cases the activity remaining on the column represented a significant fraction

(>50%) of the activity loaded. For these columns an effective retardation

factor was calculated by measuring the distribution of activity along the

column and knowing the total volume of solution eluted from the column. The

data obtained from ectioning and counting the columns are given in Tables B-I

to B-XXIV in App. B. The retardation factors and sorption ratios estimated

from the sectioned column data are included in Table IV. A range of values

is given because plots of the sum of an isotope on the column sections from

load poiat to exit and from exit to load point vs column location are not

identical. The difference between the two methods (in the location along the

column of 50% of the activity) increases with increasing interval size. In

some cases this difference is substantial; see, for example, Table B-III for

column JA18-1 and Table B-XIX for column CS5-1.

12
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T.ABLE IV

COLUMN SORPTION RATIOS OF STRONTIUM, CESIUM, AND BARIUM

Rd (m/g)

13 7CsColumn
Tuff

Yfl54-1

YM54-2

Y1154-3

YM38-3

.YM22

JA37

JA32-1

JA32-2

JA32-3

JA18-1

JA18-3

G1-3658

G1-3116

G1-2901

GI-2476

G1-2363

G1-2233

G1-1982

G1-1883-1

G1-1883-2

GI-1292

GT-U12G

Granite

CS7

CSS-1

CSS-2

CS5-3

Argillite

CN1

CN2-1

Values in b

85Sr 13 3 Ba

42

44

22

123

55

39

46

984 [1705-4

449

29

22

60

[24 000-38

53

14

28

113

[>1550]

'12

7.2

26

6.!

130

76

122

24 100

363

1390

[6560-13 8 0 0 ]

[11 500-24 700]

059] 4150 [1853-3806]

4260

[728-810]

[369-393]

273

200] [84 000-129 000]

[1350-1720]

129

[281-2851

[903-1142]

[>1550]

[5620-7400]

[6630-18 900]

931

.213

141

149

137

[22 200-95 000]

4720 2755-8702]

[38 300-54 200]

386

276

199

[168 000-672 000]

483

85

162

[709-799]

[>1550]

56

36

190

158

44 [2710-67701

57 [4333-7950]

rackets are from data obtained from sectioned columns.
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IV. RESULTS AND DISCUSSION

A. Iodide Elutions

As mentioned in the description of FCV measurements in Sec. II.C and shown

in Table III, HTO and 1 - were both eluted from a number of columns. In one

case only did the iodide and HTO data disagree: the iodide was eluted before

the tritiated-water 'front. This was on an 8-cm long column of GI-1436 tuff

that was run at a flow rate of 11 m/year. The elution data are plotted in
Fig. 19.- Anion exclusion of chloride has been observed previously. 11,12 Oa a

soil with 40% clay content, Thomas and Swoboda found that the rate of chloride
movement was 1.37 times faster than D 0. On column G-1436 the.. 3 I break-

through was at 1.016 m and the RTO breakthrough was at 1.335 m. Corrected for

the frit, end cap, and tubing volumes, these are 0.779 and 1.099 m2. Thus, on
G1-1436, which is predominantly clinoptilolite with a trace of clay, the relative
rate of 131I to HTO movement is 1.41. Whether the anion exclusion observed

on column GI-1436 is reproducible and whether it is related to the cation

exchange capacity, surface area, or other'more complicated properties need to
be determined.

B. Elutions of 8 5 5r 13 7 Cs 133Ba, 141Ce, 152Eu, and Tc

A summary of.the retardation factors and corresponding sorption ratios for
* ~85 '137 133Sr, Cs, and Ba on the columns studied is given in Table IV. The values

were calculated using the volume at.A/AT = 0.5, where 50% of a given radio-

nuclide was eluted, rather than the peak volume. The two volumes are not signi-

ficantly different for the approximately symmetric elution peaks generally found
for Sr. However, barium and particularly cesium 'frequently gave asymmetric

elutions with the peak containing <50% of the total activity; For these

asymmetric peaks the volume to elute 50% of.the activity could be significantly

higher than the peak volume. For. example, ithe'elution of 137Cs from G1-1883-1

the Peak occurred at -32 m, but 50% of the actfvity'was not completely eluted
until -42 ml.

Because most radionuclide breakthrough curves are not symmetric, it has
been said that such column breakthrough:data cannot'be used to accurately

determine Rd values.1 3 However, the sorption ratios.obtained here on -40

.column are generally in agreement with values measured'by'batch techniques.
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Tables V through VIII give a comparison of batch and column Rd values, and

the majority of column Rd values fall within the range of batch values measured

on washed fractions.

Earlier reports6,7 indicated that the column sorption ratios were usually

-1.2 to 3.2 timei lower for Sr and 137Cs and 2 to 5 times lower for 133Ba

than the corresponding batch results. Since those reports were published, a

number of batch easurements on tuffs have been repeated using washed, sieved
14,*

fractioas. These measurements were made to see if fine material, <38 pm,

present in many batch measurements, but not present in the crushed rock columns,

was responsible for the difference between column and batch results. Prelimi-
14

aary results on tuff G-1982 supported this hypothesis. When fractions of

Gl-1982 were washed to remove the fine particles and then used in batch measure-
85ments, the range of sorption ratios for Sr was 49 to 66 m/g, compared to a

85column Rd value of 53 m/g. The original Sr batch measurements on a <500-pm

fraction of G-1982 gave 310 to 430 ml/g. Additional batch measurements on

washed fractions of tuffs, such as YM54, G1-2363, and G1-1883, have also shown

considerable differences in sorption ratios compared to measurements on the
same tuffs containing fines. There is evidence to suggest that the fines

contain more clay, which could account for their higher sorption ratios.15
85 137 133A summary of the differences in Rd values for Sr, Cs, and 3 Ba

found by the batch and column methods is given in Table IX. Columns JAlS and

GT-U12G are not included because the column data were insufficient to make

comparisons. The sorption ratios for 85Sr measured with crushed-rock columns

fall within the range of measured batch values for 11 of 17 media. The apparent

difference between column and batch Rd values for the other six materials may

not be real. For four of the six materials, batch measurements have been made

only on fractions that contained fines. It is, therefore, likely that the batch

sorption ratios would agree much better with the measured column values if

they were determined using fractions washed free of fines. Support for this

hypothesis has been obtained with circulating batch-type measurements8 where

the rock is held fixed in a tube with frits on each end and the traced solution

is recirculated through the rock. Better agreement has been obtained for the

. ~*
From information provided by S. Knight, Los Alamos National Laboratory,

April 1982.



circulating batch-type system with the crushed-rock column data than with the
15,16 85batch measurements. Except for Sr on JA37, the crushed-rock column

85 137and circulating batch results agree--not only for Sr but also for Cs and
133Ba. The agreement may be due to the lack of fines in the circulating batch

measurements because once the fines were removed and the original (shaking)

--batch measurements were repeated on YM54, they, too, agreed with the Rd values

from the column and circulating systems. Also, for Y22, there is agreement

between the column and circulating-type batch measurements, while the batch

measurements on unwashed fractions give Rd values 2 times larger.

With 2 columns, G-3658 and JA37, there is disagreement with 85Sr batch

Rd values obtained on washed fractions. However, JA37 was a lined column and

leaking of activity around the liner may have occurred. Tuff G-3658 is 40 to

80% montmorillonite. Although particles <38 pm were removed before the measure-

ments, new fines may have been created by abrasion'during the course of the

batch experiments. Such'abrasion:would be unlikely in a packed column flowing

at 30 to 50 m/year. This might also explain the factor of 2 difference between

column and batch measurements on JA37, which is 20 to 40 clay. However, the

agreement between the two types of batch measurements (because abrasion is

unlikely in the circulating system) indicates that there is more likely to be

an error in the column results (perhaps as a result of leaking, as mentioned).

Three columns gave broad, asymmetric strontium peaks: G1-3658, G-3116, and

G1-1292. For two, G-3658 and G1-3116, this is not surprising, because the

columns were run at flow rates 1 to 2 orders of magnitude faster than the other

columns.. 'The peaks of the three CS5 columns broadened with increasing flow rate,

and such behavior is well' known for ion exchange resins. 7 -The only broad

strontium peak from a column run at a slow flow rate was from tuff G-1292.

A comparison of this elution with those from columns YM22, Y54-3, and JA32-1

is given in Fig. 32. Sample G-1292 is a vitrophyre containing 80 to 90% glass

and is the only glassy tuff for which a strontium elution has been obtained.

Elution of Y5 (70% glass) is in progress, and'initial data indicates a similar

broad elution. No strontium data were obtained from JA18, which contains

50% glass, because this tuff also contains a strongly sorbing zeolite, clino-

Ptilolite, so that the Sr was not eluted before decaying. Thus, preliminary

evidence indicates that strontium behaves quite differently on glassy tuffs.

Perhaps a gradual dissolution of the glass occurs, leading to a slow elution of
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TABLE V
85 Sr: A COMPARISON OF BATCH AND COLUMN Rd VALUES

AI

t

.1

I

Rd ( /g)

I

Column
Material

Tu ff

Yi34

Th22

JA37

JA:32

G1-3658

GI-3116

G1-2901

GI-2476

GI-2363

Gl-2233

Gl-1982

G1-1883

G1-1292

GT-U12G

Batcha

80_86c

37-57 (39-53)

48-63 (21-29)

256-351e (365-420)

4 1- 7 2 f

11 600-13 5 0 0 d

3500-17 OOOg

2200-2500 and

3100-58 000 g

6 6 _7 1 g

40_41 h

198-206

62-74i

40 000-50 000 and

13 000-190 0008

49-66j

22i

110-2208

470-2500g

42, 44

22

123

39-55

984

449

29

22

60

(24 000-38 2001

53

14, 28

113

[>15501

Columnb

I i'.i 
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TABLE V (cont)

Rd (Z/g)
Column

Material Batcha Columnb

Granite

CS7 14 - 3 0k 12

CSS 11-281 7-26

Argillite

CN1 48-80m 44

CN2-1 64-118 57

aFor batch data, the range of sorption and desorption values is
given with the sorption values first and the desorption values
second when the data are given in two lines (unless otherwise
noted). Values in parentheses are from circulating-type batch
measurements, Ref. 7, Table XVIII.

bColumn R values given in brackets were calculated from data
obtained by sectioning the column after elution.

CFrom Ref. 6, Table VII, unwashed fraction 106 to 500 pm, 20 to
40 days.

From Ref. 11, washed fractions 38 to 106 pm and 106 to 500 pm,
'3 weeks.
eFrom Ref. 1, TableXV, washed fraction 106 to 150 pm, 12 to 87 days.

From Ref. 1, Table'XIII, washed fraction 106 to 150 pm, 10 to
81 days.

gFrom Ref. 8, fraction:<500 pm, 22 .to 42 days. Note: G-3658
values were wrong-inRef. 8 by a factor of 10. GT-U12G values
are for sorption only, 1 to 6 weeks, fracture-fill material.

hFrom Ref. 9, unwashed fraction 75 to 500 pm, 21 to 42 days.

From Ref. 10, washedtfraction 38 to 106 pm, 21 days, sorption only.

From Ref. 15, Table XIV, washed fractions 38 to 75 pm, 75 to 250 pm,
and 250 to 500 pm; 2 to 3'weeks, sorption only.

-From Ref. 2, Table IX,-3 washed fractions >106 pm, 10 to 62 days.

From Ref. 2, Table VIII, 3 washed fractions >106 pm,
10 to 62 days.

mFrom Ref. 3, Table VII, washed fraction 355 to 500 pm,
7 to 56 days.

nFrom Ref. 3, Table VIII, washed fraction 355 to 500 pm,
7 to 56 days.
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TABLE VI
13 7 Cs: A COMPARISON OF BATCH AND COLUMN Rd VALUES

Rd (/g)

Column

Tuff

YM54

YM38

YM22

JA37

JA18

G1-3658

Gl-3116

GI-2901

GI-2476

G1-2363

G1-2233

G1-1982

GI-1883

GI-1292

GT-U12G

Batcha Colimnb

205-393c

114-188d (99-158)

8220-13 100 and

14 000-16 6 00 C

237-382C (405-616)

4 9 2 - 1 0 2 2 e (1480-1920)

11 700-19 500f

4 9 1 0 - 7 0 80 d

7700-18 0009

5500-7600 and

6200-21 0008

950- 14009

660-741 and

1 5 2 0 - 15 3 0 h

520-553i

11 000-15 000 and

6500-31 OOO8

1410-2900g

960-1300i

183-198i

380-5609

2100-16 0008

76-130

24 100

363

1390

[6 560-24 7001

4150

4260

(728-8101

(372-393]

273

[84 000-129 000]

[1350-17201

129, 2831

[903-11421

[>1550]
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TABLE VI (cont)

Rd (/g)

Column Batcha Columnb

Granite

CS7 [248-1030k [5620-7400]

CS5. -220-660l (6630-18 9001,
213, 931

rgillite

CN1 - 823 2940m [2710-6770]

CN2 671-421O [4333-7950]

For batch data, the range of sorption and desorption values is
given with the sorption values first and the desorption values
second when the data are given in two lines (unless otherwise
noted). Values in parentheses are from circulating-type batch
measurements, Ref. 7, Table XVIII.

Colum Rd values given in brackets were calculated from data
obtained by sectioning the column after elution.

CFrom Ref. 6, Table VII, unwashed fraction 106 to 500 pm,
20 to 40 days.

From Ref. 14, washedfractions 38 to 106 pm and 106 to 500 pm,
3 weeks.

From Ref. 1, Table XV, washed fraction 106 to 150 pm,
13 to 101 days.

From Ref. 6, Table XI, washed fraction 106 to 150 pm,
20 to 40 days.

From Ref. 8, fraction <500 pm, 22 to 42 days. Note: GI-3648
values were wrong inRef. 8 by a factor of 10. GT-U12G values
are for sorption only, 1 to 6 weeks, fracture-fill material.

From Ref. 9, unwashed fraction 75 to 500 pm, 21 to 42 days.

From Ref. 10, washed fraction 38 to 106 pm, 21 days, sorption
only.

3From Ref. 15, Table XIV,'washed fractions'38 to 75 pm,
75 to 250 pm, and 250 to 500 pm; 2 to 3 weeks, sorption only.

k rom Ref. 2, Table IX, 3 washed fractions >106 pm, 10 to 62 days.

From Ref. 2, Table VIII, 3 washed fractions >106 pm,
10 to 62 days. -

mFrom Ref.'3, Table VII, washed fraction 355 to 500 pm,
7 to 56 days. 

nFrom Ref. 3, Table VIII, washed fraction 355 to 500 pm,
7 to 56 days.



I TABLE VII

33Ba: A COMPARISON OF BATCH AND COLUMN Rd VALUES

Rd (/g)

Coluina -

Tuff

YM54

YM22

JAi8

G1-3658

G1-3116

GI-2901

Gl-2476

Gi-2363

GI-2233

Gl- 1982

GI- 1883

Gl-1292

GT-Ul 2G

Batcha Coltmn

586-719C (116-153)

476-471 and 24-148d

655-989C (102-133)

3120-40 0 0 0 e

9020-10 200 and

12 700-14 200

3100-19 ooof

116 000-130 000 and

23 000-7100 0OOf

1200-2000f

374-396

3640-37708

2 4 3 - 2 5 5 h

160 000-460 OOOf

f
2250-3100

5 6 8 - 8 4 4 :

1 9 9 -2 08 h

1 4 0 0 - 2 8 0 0 f

3 900-26 OOOf

141-149

137

(22 200-95 000]

4720 -

(38 300-54 200]

386

276

199

[168 000-672 000]

483

85-162

(709-799]

[>15501
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TABLE VII (cant)

Rd (e/g)

Column Batcha Columnb

Granite

CS7 68-3803 56

- k -k
CS5-1 73-415 36-190

For batch data, the range of sorption and desorption values is
given with the sorption values first and the desorption values
second when the data are given in two lines (unless otherwise
noted). Values in parentheses are from circulating-type batch
measurements, Ref. 7, Table XIII.

Column Rd values given in brackets were calculated from data
obtained by sectioning the column after elution.

CFrom Ref. 6, Table VII, unwashed fraction 106 to 500 pm,
20 to 40 days.

From Ref. 14, washed fractions 38 to 106 pm and 106 to 500 pm,
respectively, 3 weeks.

From Ref. 1, Table XI, washed fraction 106 to 150 pm,
13 to 101 days.

From Ref. 8, fraction <500 pm, 22 to 42 days. Note: G-3658
values are wrong for Ref. 8 by a factor of 10.. GT-U12G values
are for sorption only, 1 to 6 weeks, fracture-fill material.

gFrom Ref. 9, unwashed fraction 75 to 500 pm, 21 to 42 days.

From Ref. 10, washed fraction 36 to 106 pm, 21 days, sorption
only.

From Ref. 15, Table XIV, washed fractions 38 to 75 pm,
75 to 250 m, and 250 to 500 pm, 2-3 weeks, sorption only.

From Ref. 2, Table IX, 3 washed fractions >106 pm,
10 to 62 days.

xrom Ref. 2, Table VIII, 3 washed fractions >106 pm,
10 to 62 days.

17



14 1Ce, 1 52 Eu, AND 9 mTc:
TABLE VIII

A COMPARISON OF BATCH AND COLUMN Rd VALUES

i
I

i

Rd W/O

Column-

Tuff

Isotope Batch Column

i

YM45

YM38-2

JAi8-2

G1-2289

GT-U12G

Granite

CSS-4

CSS-4

141 Ca

14t Ca

,152Eu

152Eu

152Eu

95mTC

152 u

95MTC

711-7450a

6 2 4 - 2 6 4 0 a

* 11O-3000c

7 8 0 d

280-lOOO

0.0047, 0.69,

and .6lf

1 8 5 - 4 5 50 g

0-600 h

>8 6 5b

,426b

609 and 8420-10 9001

-0 and [1390-18301

2.3 and 998-2560]

0.84

[6500-12 500]

(1300-32501

I

I

48
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TABLE VIII (cont)

Rd Wi/g)

Column Isotope Batch Column

Argillite

CN2-2 9 1Tc l8-222i 0.43 (Fast Flow)

CN2-3 95MTc 18-222' 72 or

50 and 651-823i

152 Eu 2250-68 400 and [1570-2880]
k

50 200-102 000

CN-3 95mrc Not Measured 0.29 (Fast Flow)

From Ref. 6, Table VII, unwashed fraction 106 to 500 pm, 20 to 42 days,
range of sorption and desorption values.

bLower limit only determined because isotope decayed before elution.

CFrom Ref.7, Table I, washed fraction 180 to 250 pm, 21 to 84 days,
range of sorption and desorption values.

dFrom Ref. 10, washed fraction 38 to 106 pm, 21 days, sorption only.

eFrom Ref. 8, <500 pm, 1 to 6 weeks, sorption only, fracture-fill
material.

fFrom Ref. 8, unsieved, 1, 3,'and 4 weeks, respectively, sorption
only.

From Ref. 2, Table VIII, 3 washed fractions >106 pm, 10 to 62 days,
range of sorption and desorption values.

From Ref. 2, Table XV, for CS7'(not CS5) washed fractions,
6.5 to 56 days. Only fraction 106 to' 150 pm gave sorption and
desorption values >0. This is probably due to contamination by iron
during the grinding process. -See discussioh','Sec. IV.B.

From Ref.'3, Table XXIII,-fraction <75 pm, 7-to 59 days, sorption
and desorption values increased with time.

A value of 72 mQ/g is obtained from'A/AT plot 'in Fig. 30. Since

the 5mTc~remaining on the'column and the technetium eluted appear
to be well separated, they were also treated separately, giving
Sorption ratios of-50 m.e/g and 651 to 823 mQ/g.

From Ref. 3, Table VIII, fraction 106 to 150 pm, 6 to 56 days.

i



TABLE IX

2UEMARY OF DIFFERENCES IN SORPTION RATIOS BETWEEN

CRUSHED-ROCK COLU1N AND BATCH MEASUREMENTSa

i

I

Column

(M54

'YM38

YM22

JA37

JA-32

Gl-3658

GI-3116

GI-2901

GI-2476

G1-2363

G1-2233

Gi-1982

G1-1883

GI-1292

CS7

CSS

CN1

CN2

85s r

0

13 7 Cs

0

C > B (1.45)

0

C > B (1-36 )b

133 Ba

0

C < Bb

C C B (2.08)

0

C C B (11.8)

C < B

C < B

C < B

0

'oj

0

C C Bb

C < B (1.18)

C < B

C < B

C < B]

C < B

[c > B1

0

0

[C > B]

IC > B] (5.46)

0, C > B] (>10)

0

0

C < B (1.91)

[O]

C < B

C < B

C < B

[0]

C < B (1.18)

C < B (.23)

[C < B]

C < B (1.21)

0

0

0

0

0

0

a31101 indicates the column R value fell within the range of
measured batch values or that the ranges overlapped (if
more than one column measurement was made). Brackets indi-
cate the column Rd value(s) was obtained by sectioning the
column. C < B or C > B indicates the column Rd value was
less than or greater than the batch R value. If a number
follows in parentheses, it is the factor by which column and
batch values differ. Numbers are not given when only batch
data on unwashed fractions are available for comparison.
This is because the apparent difference between column and
batch values may not be real. See discussion, Sec. IV.B.

bC B when results from the "circulating" type of batch
measurements are icluded. See discussion, Sec. IV.B.
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a5
Sr. Although the column and batch results on GI-1292 agree well, the compar-

ison was made on batch data from unwashed fractions, which typically give

erroneously high results on samples with low sorption ratios.

The elution of strontium from GI-1292 was similar to the elution of cesium

on most of the columns studied, where, when elution began, a "slow leaking"

of activity resulting in very broad peaks was observed. Many of the columns

were sectioned after elution to see if fixation was occurring. In none of the

tuff columns were significant amounts of 137Cs, 85Sr, or 133Ba found at the loa

end of the column. However, for the two granite columns CS7 and CS5-I run at
137-30 to 35 m/year for 3 years, most of the Cs remaining on the columns was

at the load end. This may be due to irreversible sorption of cesium on biotite

The gradual "leaking" behavior might then be explained by an exchange of 137Cs

on the rock with the cesium in the groundwater. The groundwater contained
-9 i

-10 M cesium. 1 8 No apparent fixation of cesium, strontium, or barium occurrec

in the montmorillonite-rich samples such as G-3658. This is in agreement with

observations by J. R. Eliason19 that "ion fixation" did not occur with cesium or

strontium on either of two montmorillonite samples.

Of the three isotopes studied most extensively, 85Sr, 137Cs, and 133Ba,

cesium was the only one to frequently give evidence of more than one peak.

Although the data were treated as if a single peak were observed, in a number

of the columns, for example Y38-3, JA37, and GI-3116, it appeared that cesium

was eluted either in two broad, partially overlapping peaks or in one major peak

j with a distinct shoulder. This may be due to the presence of more than one
85

exchange site available to cesium. On one column, G1-3116, Sr also appeared

to have two or possibly three distinct peaks. A peak containing 24% of the

strontium activity was luted. After the elution of strontium stopped, the

column was sectioned (Table B-VII). Strontium remained on the column in what

appeared to be two bands. Sample Gl-3116 contains the eolites clinoptilolite

(5 to 15%) and analcime (10 to 30%) and 5 tolO% clay and is the only such

sample run with strontium. Analcime and clinoptilolite have been shown to have

quite different sorptive properties.7'10 The presence of 2 to 3 different
85sorption sites ay explain why Sr seems to be fractionating, although the

degree of separation is surprising.

In general, the conclusions previously discussed regarding the relationship

between strontium column and batch sorption ratios are also applicable to cesium
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.ad barium. Column and batch data generally agree, except when the batch

=e3surements were made on fractions containing fines. For cesium, however,

column Rd values were significantly higher than batch results on.CS7 and CS5-1,

the two granite columns run at -30 to 35 m/year for -3 years. As mentioned

earlier, the cesium on these two columns seemed to be fixed at the load end.

A strong correlation of increased Rd values with time on granite has previously
2-been observed with batch measurements, so it is possible that the difference

in column and batch results for cesium on the long-term column experiments

is'due to the comparison with short-term batch measurements lasting a maximum

of 62 days. Granite columns run at faster flow rates gave cesium sorption

ratios in agreement with batch measurements. As for 8 5 Sr on washed fractions of

G1-3658, the column Rd value for .37Cs is less than the batch sorption ratio.

On JA37 the column R value falls between ,the range of values obtained by the
d

two types of batch measurements.

On columns of Y38, G1-2233, and G-1292, the cesium was retained better

than would be expected from batch sorption ratios. The column to batch ratios

were -1.4, -2.7, and -1.6, respectively. Sample G1-1292 batch data were from

unwashed fractions. However, in other cases, such batch data (on nonzeolitized

samples) gave Rd values higher rather than lower than the column values. The

elution of cesium was not completed, and the columnRd value was estimated by

sectioning the'column. Such data are much less sensitive for noting unusual
85

behavior than is an elution curve. As pointed out earlier, the behavior of Sr

on column G1-1292 was also unusual because strontium was eluted in a broad,

asymmetric peak, as shown in Fig. 32. Column G-2233 was the only column run

that became contaminated with algae. (Column G-3658 also had algae, but

only in the exit tubing and frit.) On sectioning column G1-2233, algae was

observed throughout the entire column. Thus, the algae may be responsible for
137' 90the increased retention of cesium on the column. Uptake of Cs, Sr, and

other radioisotopes by algae has'been reported,-although no quantitative

comparisons were given. 2 0

The column to batch ratio of 1.4 on YM38 is probably not unreasonable.

agreement. Because of the high Rd value of <17 000 mu/g, the column was run at

a fast flow rate, -8000 m/year. Approximately 2760 samples of 3 to 4 m each

Here collected. With the'broad peak and poor counting statistics, the uncer-

tainty in the column data is likely to be as large as the differences between

the column and batch' results.
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Fewer measurements have been made on 133Ba. There is agreement within

20% between column and batch data on 8 out of 13 columns. Column R values are

-20% less than the corresponding batch sorption ratios on 3 of the 8 samples

(GI-1982, G-1883, and CS7), which is probably within experimental uncertainty.

Another granite column, CS5, gave results which agreed with the batch data.

With column G-3658 the Rd value of 4720 m/g was less than most of the batch

results, although it did fall within the range of measured batch sorption

ratios (3100 to 19 000 m/g). Of the remaining four columns run with barium,

the difference between column and batch sorption ratios may be due to the fact

that the batch measurements were made on fractions containing fines.

I: addition to 8 5 Sr, 13 7 Cs, and 133Ba, the radionuclides 95'Tc, 152Eu,

and 141Ce have been studied (Table VIII). Cerium was loaded on two columns

but decayed before elution, and the columns were not sectioned. The 9SmTc O4
was strongly affected by kinetics. This is not surprising because the

retardation mechanism of technetium is probably by reduction of TcO4 to Tc(IV),

perhaps as TcO2, rather than by ion exchange. At flow rates of 2000 m/year,

either in air or in a controlled atmosphere of nitrogen with <0.2 ppm 02 and

<20 ppm C 2 , argillite column sorption ratios were 0.29 to 0.43 m/g. The cor-

responding batch sorption ratio in air was 18 to 222 m/g. When the flow rate

was slowed to 20 m/year (column CN2-3), allowing more time for reaction; the

technetium Rd value increased to 72 m/g. The 95mTc which was eluted and the

95ITc which remained on column CN2-3 seemed to be well separated. When treated

as individual peaks, the sorption ratios were 50 and 823 mg. Additional

columns would have to be run to determine whether fractionation really occurred

and if it was due to precipitation of some of the reduced technetium, to the

formation of more than one species, or to the presence of more than one sorption

site. Europium was loaded on the same argillite column (CNZ-3) but not eluted.

Its sorption ratio was estimated, by sectioning the column, to be 1570 to

2880 m2/g, which falls within the very large range of measured batch values:

2250 to 102 000 an./g for sorption and desorption.

Other columns loaded with europium were GT-U12G, CSS-4, JA18-2, and G-2289.

With all these columns, except CSS-4, which was contaminated with iron, a small

peak of europium was observed while the majority of the activity remained on the

column. With JA18-2, there were two peaks, totaling 5.7% of the 15 2Eu loaded.
152The data for E on GI-2289 are a bit strange; 2.4% was removed, most of it
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:=mmediately, the rest in a second peak. This column was run by loading the

152-u from 1/2 m of solution, rather than from a 5 to 10-pZ spike, and it
152

appears that lito 2of the Eu moved essentially with the water front. On

GT-U12G, -4 of the Eu was'eluted with an Rd value of 2.3 m/g. The Rd

values calculated from the sectioned column data gave europium sorption ratios

which were 2 to 3 times larger than the batch values (see Table -VIII) for column

G1-2289, as well as for columns JA18-2 and GT-U12G.

Thus, on-three tuffs the measured batch sorption ratios for europium fell

between the Rd values corresponding to the small amounts of '52Eu initially

eluted and the majority of the 1 Eu remaining on the columns., Whether the

europium removed initially from the columns was due to collodial species is

unknown. The higher s'orption ratios found by the column technique may be due
152to precipitation 'of Eu,' although the'spikes were filtered before loading.

Of the two other columns loaded with ' 52Eu, one was contaminated with iron and

the other gave a sorption ratio that'overlapped with the large range of batch

sorption-ratios. Conclusions cannot be drawn for 2 Eu until additional measure-

meats are made -- ideally using a'continuous feed loading technique rather

than a spike.

The results from column CS5-4, for technetium as well as for europium,

are likely to be in error. It was found after'the column was run that the

granite contained iron from the grinding process. (Other materials, ground

in an agate system, were free of iron.)' Neither 9 STc nor 152 were eluted

from the column in 111 m, and they gave sorption ratios (from the sectioned

column data) well above the-corresponding batch Rd values. Although the batch

measurements were made on the same iron-contaminated rock, they were run for a

maximum of -60 days while the columns ran 4.5 times longer at a flow rate of

-20 m/year. Thus, as for 95Tc on argillite where the sorption ratios increased

when time was allowed for reduction of the technetium to occur, a higher column

than batch Rd value for 9 iTc is not surprising: The'iron may also have caused

the increase in' sorption of '5Eu onthe column by'reducing europium(III) to

europium(II).
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V. SQIMARY

The migration of 85S 137Cs 133a, 141Ce, 152E, 9 mTc, and 131 through

small columns of crushed tuff, granite, and argillite was investigated. In

most cases. flow rates of -10 to 80 m/year were used. The sorption ratios

calculated from the elution data of strontium, cesium, and barium were found

to be in agreement with batch measurements on washed fractions of the same

materials. When comparisons were made with results from batch measurements

which contained fine material (<38 pm), column results were consistently lower

than batch results.

Since batch measurements are a convenient way to rapidly measure many

parameters on a large number of samples and since their relevance to the

migration of radionuclides has been questioned, these results are encouraging.

Whether sample crushing is influencing the rock chemistry in both the batch and

crushed-rock columns needs to be determined by studying radionuclide migration

through larger columns of intact rock, through even larger blocks of intact

rock, and in the field. Such research is in progress.4'5'21
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APPENDIX A

ELUTION DATA

The data from the elution of the radioactive tracers used on the crushed-

rock columns are given in Tables A-I through A-XXXI. The data are reported as

C/C1 or C/CO and A/AT at the average total volume, where

concentration of sample from "continuous-feed" column
I concentration of feed solution

C/C0 = concentration of sample from "spike-loaded" column
C/0 concentration of most concentrated sample

A/A -sum of the activities of the samples taken
AT total activity of spike loaded on the column

The average total volume is the total volume that was eluted before a given

sample plus one-half of the sample volume. As footnotes to.each table, the

values of C and are given for each'radionuclide loaded. The values are

given as dpm'(disintegrations/minute) or cpm (counts/minute)..A T was generally

determined by adding the activity of a given radionuclide eluted from the column

to-the activity of the same radionuclide 'remaining on the column after elution

was terminated.' The latter was measured.by sectioning the column and counting

the samples obtained. If the column was not counted,- A was determined by

counting an aliquot or spike of the same size as that loaded on the column.

Vertical single dots indicate'that no activity was found in the~samples taken.

59

I



-I,.

TABLE A-I

ELUTION DATA FOR TUFF Y54-la

Total
Volume

(mQ)

3.05
7.14
9.15
11.04
13.01
16.95
20.95
24.09
29.34
33.96
36.62
39.34
41.25
42.08
42.87
43.72
44.51
45.73
47.51
48.96
51.00
53.23
54.52
55.84
57.41
59.10
62.91
66.97
69.52
72.90
78.61
84.64
89.41
94.40
100.2
104.3
107.9
111.0
113.9
119.1
125.4
128.5
130.1
131.9

85Sr
l37Cs

C/C

0.0038
0.126
0.505
0.886
1.000
0.55 5
0.183
0. 0769
0.0228
0.0107
0.00137
0.0105
0.0156
0.0193
0.0242
0.0267
0.0284
0.0310
0.0294
0.0272
0.0224
0.0191
0.0188
0.0164
0.0133
0.0114
0.0067
0.0036
0.0029
0.0021
0.0012.
0.0015
0.0022
0.0017
0.0013
0. 0008
0.0004
0.0005
0.0007
0.0005

A/AT

0.0024
0.029
0.131
0.311
0.509
0.846
0.886
0.919
0.934
0.937
0.939
0.942
0.944
0.945
0.947
0.950
0.952
0.957
0.963
0.966
0.973
0.976
0.978
0.980
0.983
0.985
0.989
0.990
0.990
0.991
0.992
0.993
0.994
0.995
0.996
0.996
0.996
0.996
0.997
0.997

C/C

0.0059
0.0061
0.0084
0.0171
0.0575
0.347
0.753
1.000
0.975
0.823
0.682
0.661
0.590
0.549
0.577
0.568
0.592
0.576
0.548
0.461
0.415
0.371
0.363
0.341
0.375
0.344
0.292
0.234
0.205
0.178
0.155
0.108
0.0779
0.0598
0.0403
0.0317
0.0254
0.0224
0.0197
0.0147
0.0116
0.0112
0.0131
0.0088

A/AT

0.0001

0.00 130.0018
0.0027
0.0057
0.0617
0.106
0.202
0.399
0.455
0.501
0.555
0.569
0.581
0.593
0.607
0.618
0.646
0.677
0.687 -

0.720
0.736
0.746
0.762
0.777
0.794
0.824
0.849
0.854.
0.869
0.885
0.904
0.936
0.950
0.960
0. 969
0.976
0.979
0.981
0.983
0.984
0.984
0.986
0.986

133 Ba

C/Co A2

0.0073 0.0013
0.0069 0.0017
0.0033 0.0018
0.0044 0.0021
0.0180 0.0030
0.0573 0.0125
0.188 0.0236
0.401 0.0716
0.807 0.215
0.980 0.294
1.000 0.363
0.943 0.442
0.858 0.462
0.817 0.481
0.807 0.498
0.803 0.519
0.758 0.532
0.733 0.569
0.691 0.603
0.619 0.623
0.538 0.667
0.493 0.689
0.461 0.702
0.427 0.722
0.412 0.739
0.361 0.757
0.302 0.806
0.238 0.822
0.206 0.838
0.175 0.858
0.139 0.886
0.101 0.899
0.0960 0.910
0.0605 0.919
0.0499 0.928
0.0445 0.932
0.0375 0.936
0.0368 0.939
0.0343 0.942
0.0294 0.948
0.0267 0.950
0.0240 0.958
0.0184 0.954
0.0194 0.955
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TABLE A-I Cont)

85SrSr
1 33BaTotal

Volume
(m,)

134.1
136.4
139.0
143.2
150.0
154.7
158.0
162.4
165.4
169.0
173.0
175.6
177.6
179.6
182.6
187.6
192.4
196.5
201.5
206.2
209.2
211.2
215.1
219. 
221.9
227.2
234.0
240.7
247.7
254.6

C/CO A/AT C/C c/o

0.0113
0.0097
0.0084
0.0073
0.0064
0.007
0.005
0.007
0.005
0.004
0.005
0.004
0.006
0.005
0.005
0.004
0.004
0.003
0.003
0.003
0.004
0.003
0.003
0.003
0.003
0.003
0.002

A/AT

0.987
0.988
:0.988
0.989
0.991

* 0.991
0.992
0.992
0.993
0.993
0.993
0.994
0.994
0.995
0.995
0.996

- 0.996
' 0.997
0.997

C,/C 0

0.0244
0.0190
0.0192
0.0177
0.0158
0.0144
0.0123
0.0164
0.0110
0.0090
0.0088
0.0086
0.0067
0.0080
0.0083
0.0085
0.0073
0.0079
0.0065
0.0059
0.0065
0.0057
0.0050
0.0050
0.0043
0.0045
0.0042
0.0031
0.0028
0.0030

A/AT

0.956
0.958
0.959
0.962
0.966
0.966
0.968
0.970
0.971
0.972
0.973
0.973
0.973
0.974
0.975
0.976
0.977
0.978
0.979
0.979
0.980
0.980
0.981
0.982
0.982
0.983
0.983
0.984
0.985
0.985

aC = 2.393 x 105 dpm/mcQ for 8 5Sr, 2.352 x
° in4 A4.nmIm f 133Ra-

104 dpm/mQ for 37 Cs, and 1.713 x
A % 2 u- - f8 5 d fo .

AT = 2.325 x 1035 dpm for SSr, 8.568 x 105 dpm for 137CS,
for 133Ba.

and 6.112 x 105 dpm
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TABLE A-II
ELUTION DATA FOR TUFF YM54- 2 a

Total
Volume

(nL)

0.608
1.22
1.82
2.43
3.04
3.65
4.26
4.86
5.47
6.08
6.69
7.30
7.90
8.51
9.12
9.73

10.3
10.9
11.6
12.2
12.8
13.4
14.0
14.6
15.2
15.8
16.4
17.0
17.6
18.2
18.8
19.5
20.1
20.7
21.3
21.9
22.5
23.1
23.7
24.3
24.9
25.5
26. 1

Total

C/C1, 
13 7Cs Volume

(me)

0.0011 26.7
0.0030 27.3
0.0038 27.9
0.0046 28.5
0.0048 29.1
0.0052 29.8
0.0056 30.4
0.0061 31.0
0.0064 31.6
0.0064 32.2
0.0068 32.8
0.0071 33.4
0.0070 34.0
0.0072 34.6
0.0072 35.2
0.0070 35.8
0.0073 36.4
0.0074 37.1
0.0081 37.7
0.0092 38.6
0.0125 39.5
0.0188
0.0306
0.0500
0.0770
0.106
0.146
0.195
0.239
0.293
0.335
0.327
0.423
0.467
0.496
0.555
0.582
0.628
0.698
0.699
0.647
0.589
0.783

C/C 1 137C

0.759
0.800
0.851
0.887
0.864
0.883
0.929
0.905
0.922
0.932
0.970
0.983
0.970
1.03
0.975
1.03
1.07
0.976
1.00
1.01
0.991

aC = 4.117 x 104 cpm.

62



Ar

*. - .

TABLE A-TIl
ELUTION DATA FOR TUFF Y5 4 -3 a

Total
Volume

(uLe)

1.72
4.58
8.44

10.4
12.4
14.4
18.3
22.3
25.5
30.1
33.7
35.6
37.8
39.5
40.2
40.9
41.7
42.4
43.5
44.7
45.9
47.5
49.1
49.9
50.7
51.6
52.6
54.6
56.8
58.1
60.1
63.3
66.4
68.7
71.1
74.2
77.0
78.0
80.2
81.7
85.8
93.6
99.4

101
106

85Sr 137
Cs

C/CO

0.0014
0.0007
0.0014
0.0038
0.0286
0.151
0.714
1.000
0.759
0.330
0.129
0.0822
0.0527
0.0436
0.0379
0.0379
0.0325
0.0313
0.0259
0.0250
0.0280
0.0223
0.0248
0.0243
0.0235
0.0221
0.0223
0.0166
0.0137
0.0116
0.0099
0.0068
0.0043
0.0043
0.0034
0.0024
0.0020
0.0016
0.0015
0.0016
0.0015
0.0009
0.0005
0.0000
0.0005

A/AT

0.0004
0.001
0.001
0.001
0.006
0.029
0.362
0.528
0.776
0.908
0.928
0.940
0.950
0.953
0.955
0.9S7
0.959
0.961
0.964
0.967
0.969
0.973
0.974
0.976
0.977
0.981
0.981
0.985
0.986
0.987
0.991
0.991
0.993
0.994
0.994
0.994
0.994
0.994
0.994
0.995
'0.995
0.996
0.996 -.

0.996
0.996

C/C
0

0. 0155
0.0035
0.0038
0.0031
0.0042
0.0060
0.0055
0. 0050
0.0075
0.0246
0.0793
0.130
0.234
0.316
0.338
0.446
0.502
0.591
0.677
0.801
0.770
0.762
0.794
0.789
0.857
0.952
1.00
0.987
0.977
0.976
0.967
0.899
0.859
0.798
0.772
0.704
0.676
0.637
0.629
0.579
0.546
0.321

'0;232
0.232
0.180

A/AT

0.0011
0.0015
0.0017
0.0018
0.0020
0.0022
0.0022
0.0024
0.0031
0.0056
0.0089
0.0137
0.0261
0.0310
0.0363
0.0425
0.0515
0.0587
0.0792
0.1024
0.1173
0.1513
0. 1678
0.1793
0.1955
0.212
0.233
0.296
0.320
0.349
0.398
0.477
0.512
0.554
(1.590
0.647
0.669
0.692
0.709
0.729
0.803
0.862
0.875
0.886
0.906

C/Co

0.0278
0.0050
0.0000
0.0052
0.0143
0.0000
0.0000'
0.0000
0.0000
0.0128
0.0229
0.0358'
0.0635
0.0948
0.114
0.160
0.183
0.234
0.263
0.357
0.418
0.486
0.597
0.641
0.693
0.759
0.805
0.867
0.950
0.991
1.00
0.994
0.943
0.899
0.917
0.821
0.768
0.701
0.680
0.639
0.568
0.364
:0.285
0.227
0.198

A/AT

0. 0019
0.0025
0.0025
0.0027
0.0029
0.0029
0.0029
0.0029
0.0029
0.0042
0.0052
0.0065
0.0098
0.011
0.013
0.015
0.018
0.021
0.029
0.039
0.047
0.069
0.081
0.090
0.103
0.116
0.133
0.187
0.211
0.240
0.290
0.373
0.411
0.459
0.501
0.567
0.591
0.616
0.635
0.656
0.733
0.799
0.814
0.825
0.847

13 3Ba
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TABLE A-III (Cont)

Total
Volume

(mi)

110
112
114
116
120
126
130
132
133
137
141
144
146
147
148
150
153
158
163
168
172
174
176
179
183
185
188
191
195
201
207
214
222
227
231
233
236
240
245
251
257

85Sr 13 3Ba
w . = .

C/C0

0.0000
0.0000

A/AT

0.996
0.996

C/C 

0. 142
0.128
0.112
0.104
0.091
0.070
0.053
0.110
0.047
0.042
0.034
0.033
0.033
0.030
0.030
0.025
0.019
0.017
0.017
0.015
0.014
0.013
0.029
0.012..
0.011
0.009
0.014
0.013
0.009
0.009
0.008
0.007
0.007
0.007
0.007
0.007
0.007
0.006
0.004
0.004
0.004

A/AT

0.913
0.918
0.924
0.928
0.938
0.947
0.949
0.951
0.953
0.957
0.960
0.961
0.962
0.963
0.964
0.964
0.967
0.968
0.970
0.971
0.972
0.973
0.974
0.975
0.976
0.976
0.977
0.978
0.979
0.980
0.981
0.982
0.983
0.983
0.983
0.984
.0.984
0.985
0.985
0.985
0.986

C/Co

0.158
0.150
0.144
0.129
0.112
0.097
0.085
0.151
0.067
0.066
0.059
0.060
0.059
0.062
0.056
0.044
0.045
0.037
0.036
0.032
0.030
0.029
0.062
0.025
0.025
0.019
0.022
0.023
0.022
0.019
0.018
0.014
0.013
0.010
0.009
0.014
0.010
0.010
0.010
0.008
0.007

AAT

0.855
Q.860
0.868
0.873
0.885
0.897
0.901
0.904
0.906
0.913
0.917
0.920
0.922
0.923
0.925
0.926
0.931
0.935
0.938
0.941
0.943
0.944
0.947
0.949
0.950
0.951
0.952
0.954
0.956
0.959
0.961
0.963
0.965
0.965
0.965
0.966
0.967
0.967
0.967
0.970
0.971

aC - 1.800 x 105 dpn/m
dpm/mQ for 13 3Ba.

for 8 Sr, 1.684 x 104 dpm/me for 37Cs, and 1.633 x 105

AT = 2.299 x 106 dpm for 8 sSr, 8.190 x 05 dpm for 137Cs, and 5.630 x l0s dpm
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TABLE A-IV

ELUTION OF TUFF Y38-3

Total 137C a
Volume .-
.olume ... (niC/C A/AT(me) 0 -

1116 0.000
1141 0.047
1188 0.065
1234 0.068
1277 0.075 0.010
1322 0.074
1384 0.072

* . : 1557 0.079
1682 0.091
1888 0.114
2024 0.072
2369 0.187
2498 -0.238
2732 0.268
3066 0.350 0.037
3203 0.336
3361 0.377 0.043
3555 -0.466 0.052
3932 0.655 0.074
4201 0.704 0.091
4387 0.741 0.103
4881 0.783 0.134

;; : 5521 0.800 0.182
6247 0.653 0.239
6411 0.658 0.266
7261 1.00 0.367
8192 0.912 0.443
8665 0.953 0.500
8949 r 0.947 0.533
9360 0.953 0.578.
9798 0.799 0.603
9955 0.683 0.616

10 133 ; 0.546 0.630
10 265 - - 0.257 0.638
10 467.. 0.385 0.653

=57.1 cpm/averagelsample of 3to 4 m. To analyze the data, all samples
- were counted, the activities for x number of samples were summed and-divided by
'X.and not by the total volume:of the samples. Initially all samples were of the
same volume but as the experiment progressed sample volume began to fluctuate.

-Since sample volumes did vary,- dividing the total activity by the number of
Samples is not as accurate as determining the cpm/mk. However, since count

-rates were low and counting statistics poor, it was not felt that using cpm/m

; ,... Would make a significant difference. Approximately 2760 samples were taken.

= 1.360 x 105 cpm.-



TABLE A-V
ELUTION OF TUFF YM22a

Total
Volume

(Mi)

3.60
6.56

10.51
12.45
14.5
16.4
20.4
24.4
27.6
33.5
39.3
43.0
47.2
50.7
53.1
57.0
61.8
67.7
73.6
78.1
81.2
84.4
88.5
92.5
94.7
96.6
98.5

100.1
104. 1
107.8
110.0
113.1
117.9
122.1
124.9
128.9
132.4
134.5
136.6
138.6
142.5
146.2
147.5
148.8
150.6
152.7

5Sr

C/C0

0.001
0.342
1.00
0..671
0.317
0.145
0.041
0.013
0.012.
0.006
0.004
0.003
0.002
0.003
0.004
0.008
0.006
0.002
0.001
0.002
0.001
0.002
0.001
0.002
0.001
0.001
0.000
0.000

A/AT

0.00047
0.303
0.597
0.792
0.885
0.927
0.963
0.967
0.975
0.982
0.984
0.985
0.986
0.987
0.989
0.992
0.998
0.998
0.999
0.999
0.999
0.999
0.999
0.999
1.000
1.000
1.000
1.000

13 7 Cs

C/C0 A/AT

13 3Ba

C/Co A/AT
II
i

0.000
0.009
0.004
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.028
0.066
0.122
0.177
0.239
0.303
0.337
0.392
0.481
0.543
0.629
0.661
0.669
0.747
0.813
0.819
0.986
1.000
0.966
0.955
0.954
0.963
0.919
0.900
0.916
0.920
0.926
0.793

0.0024
0.0039
0.0079
0.0119
0.0236
0.0303
0.0359
0.0429
0.0502
0.0596
0.0900
0.101
0.115
0. 141
0.182
0.Z 01
0.225

- 0.271
0.288
0.307
0.322
0.341
0.386
0.390
0.410
0.423
0.442
0.455

0.000
0.005
0.011
0.033
0.207
0.524
0.710
0.937
1.000
0.962
0.917
0. 777
0.522
0.315
0.250
0.205
0.166
0.144
0.116
0.116
0.112
0. 100
0.096
0.088
0.080
0.081
0.078
0.075
0.065
0.081
0.068
0.062
0.055
0.052
0.056
0.046
0.044
0.050
0.047
0.044
0.054

0.0007
0.0012
0.0045
0.0407
0.0875
0.146
0.251
0.297
0.359
0.413
0.538
0.598
0.646
0.660
0.678
0.688
0.706
0.713
0.718
0.723
0.727
0.731
0.743
0.746
0.751
0.758
0.768
0.772
0.777
0.785
0.786
0.788
0.789
0.790
0.791
0.792
0.799
0.801
0.803
0.805

4

2
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;^ is..i TABLE A-V (Cont)

Total
8 5 Sr 133Ba

Volume C/C
(d1)

155.0
158.5
162.3
164.6
166.8
~168.7
:172.4
1 377.2

187.4
191.6
195.0

.197.3
199.4
201.1

-" 202.2
* 202.9

204.2
205.3
206.3
207.3
-208.3
208.9
209.4
209.8
210.3
210.9
211.5

C = 2.172 x 10.0
1.084 x 10

AT =1.469 .X 10
for 2 33Ba.

Co A/AT C/C A/AT

0.809
0.775
0.739
0.716
0.692
0.679
Gi.644
0.650
0.637
0.577
0.519
0.514
0.523
0.481
0.485
0.468
0.480
0.433
0.445
0.445
0.445
0.447
0.457
0.466
0.455
0.538
0.559
0.539
0.598
0.491

*r 8 5 Sr, 7.207
*r 1 33 Ba.

0.491
0.506
0.521
0.532
0.544
0.544
0.575
0.598
0.611
0.620
0.630
0.648
0.670
0.680
0.689
0.697
0.704
0.706
0.709
0.716
0.718
0.723
0.727
0.731
0.732
0.735
0.736
0.739
0.743
0.746

C/C
0

0.037
0.036
0.029
0.031
0.027
0.029
0.023
0.024
0.023
0.024
0.024
0.025
0.025
0.017
0.017
0.022
0.022
0.017
0.021
0.020
0.025
0.021
0.021
0.024
0.025
0.028
0.039
0.025
0.033
0.020

A/AT

0.807
0.811
0.813
0.815
0.816
0.817
0.820
0.822
0.823
0.823
0.825
0.827
0.830
0.830
0.831
0.832
0.833
0.833
0.834
0.834
0.835
0.835
0.836
0.836
0.837
0.837
0.837
0.838
0.838
0.839

.;f.
.,4

!< 

S

4

6

dpm/m fo
dpm/mI fo

dpm for 8

x 103 dpm/mi for 13 7 Cs, and

Ssr, 8.194 x :10 5 dpm for 3 7 Cs, and 4.704 x 105 dpm
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TABLE A-VI
ELUTION OF TFF JA3 7a

Total
Vo lue

(mP L

11.47
13.66
15.45
17.32
18.87
20.39
22.29
24.65
26.64
29.65
32.5S
34.0:3
36.02
38.45
40.32
42.84
45.95
48.00
50.04
52.54
54.44
56.83
59.41
61.44
64.49
67.62
70.05
72.41
75.49
77.96
79.46
81.53
84.04
87.08
90.56
93.30
95.24
97.76

100.3
102.2
105.7
109.3
112.8
117.9
121.5

85r

C/Co ATe

0.0008 0.0001
0.0055 0.0003
0.0232 0.0023
0.0689 0.0047
0.134 0.0138
0.183 0.0198
0.283 0.0463
0.423 0.0729
0.558 0.1121
0.752 0.2102
0.938 0.2161
1.000 0.2514
0.928 0.3416
0.877 0.3982
0.856 0.4498
0.834 0.5393
0.783 0.6175
0.779 0.6463
0.689 0.7144
0.532 0.7504
0.425 0.7752
0.371 0.8135
0.337 0.8370
0.296 0.8563
0.255 0.8915
0.201 0.9056
0.171 0.9214
0.139 0.9303
0.081 0.9642
0.068 0.9659
0.065 0.9707
0.058 0.9744.
0.049 0.9795
0.043 0.9838
0.034 0.9884
0.031 0.9900
0.022 0.992
0.020 0.9932
0.015 0.9943
0.001 0.9951
0.011 0.9969
0.010 0.9976
0.003 0.9989
0.006 1.00
0.000 1.00

137 Cs

C/Co A/

0.040 0.0002
0.046 0.0003
0.018 0.0005
0.045 0.0006
0.019 0.0007
0.043 0.0008
0.017 0.0009
0.024 0.0010
0.000 .0OW1

0.000
0.022
0.000
0.000
0.025
0.000
0.000
0.000
0.000
0.026
0.000
0.054
0.020
0.000
0.015
0.016
0.000
0.000
0.022
0.022
0.033
0.042
0.032
0.052
0.049
0.065
0.091

0. 0010
0.0011
0.0011
0.0011
0.0012
0.0012
0.0012
0.0012
0.0012
0.0014
0.0014
0.0015
0.0016
0.0016
0.0017
0.0018
0.0018
0.0018
0.0019
0.0021
0.0023
0.0024
0.0029
0.0031
0.0038
0.0046
0.0051



JN

TABLE A-VI (Cont)

.P,

Total
- Volume

(mI)

124.7
127.4
129.9
132.0
134.5
137.0
139.0
141.6
145.1
148.6
151.2
152.4
154.0
157.0
160.9
164.9
168.6
172. 1
175.1
180.5
185.7
189.5
194.7
201.1
207.2
212.7
217.8
222.9
227.6
232.9
240.6
247.2
253.6'
261.8
269.7
278.8
288.4
295.3
302.7
309.2
313.6
318.0
322.6
329.2
336.7.
341.2

C/Ca

0.000

85 SSr

.-A/AT

1.00

C/CO

0.089
0. 101
0.111
0.135
0.116
0.142
0.152'
0.178
0.188
0.226
0.252
0.369
0.244
0.201
0.249
0.268'
0.268
0.'302
0.305
0.295
0.316'
0.451 -

0.354
0.398
0.452
0.449
0.514
0.525
0.571
0.565
0.613
0.646
0.634
0.732
0.708
0.553
0.791
0.928
0.890
0.796'
0.902
0.913
0.956
0.914 
1.00..
O.921

A/AT

0.0065
0.0063
0.0069
0.0076
0.0085
0.0091
0.0099
0.0112
0.0121
0.0138
0.0152
0.0166
0.0190
0.0208
0.0223
0.0252
0.0274
0.0301
0.0324
0.0346
0.0400
0.0425
0.0431
0.0503
0.0557
0.0626
0.0677
0.0757
0.0803
0.0908
0.103
0.112
0.123
0.139
0.152
0.174
0.190
0.204
0.223
0.231
0.242
0.251
0.263
0.282
0.296
0.310

. .37 Cs

I

..'r

I 69



T.BLE A-VI (Coat)

Total
Volume

(M,)

348.7
355.6
362.9
370.8
379.8
389.0
397.3
405.0
410.9
416.8
423.6
430.4
437.8
444.6
450.3
455.0
459.7
465.3
471.3
476.3
480.5
485.3
490.1
494.7
499.9
504.4
508.9
514.2
518.9
523.8
531.1
538.3
543.6
548.1
553.0
557.6
562.2
567.3
571.9
577.0
583.3
588.9
593.5
598.2
603.1
607.7

85Sr

C/CO A/AT C/CO A/AT

0.893 0.325
0.791 0.339
0.809 0.355
0.726 0.369
0.693 0.386
0.666 0.400
0.594 0.412
0.618 0.423
0.631 0.430
0.643 0.442
0.602 0.451
0.570 0.462
0.579 0.472
0.555 0.481
0.558 0.488
0.591 0.494
0.615 0.502
0.632 0.512
0.602 0.521
0.623 0.527
0.531 0.533
0.497 0.539
0.557 0.545
0.518 0.552
0.504 0.558
0.510 0.563
0.510 0.569
0.498 0.576
0.524 0.581
0.510 0.589
0.450 0.598
0.444 0.605
0.416 0.609
0.436 0.614
0.430 0.620
0.410 0.624
0.423 0.629
0.372 0.634
0.419 0.638
0.402 0.644
0.242 0.650
0.353 0.655
0.360 0.659
0.386 0.663
0.355 0.668
0.410 0.672
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TABLE A-VI (Cont)

Total
Volume

(d)

612.5
617.4
621.6
625.5
629.9
634.8
639.3
644.1
648.9
652.4
657.0
662.5
667.0
671.6
677.0
681.0
686.0
696.0

a .
C = 7.420 x 104

AT = 2.229 x 106

.855

C/C0 A/T_

13 7Cs

C/C0 A/A

0.278 0.676
0.394 0.680
0.326 0.683
0.368 0.687
0.474 0.693
0.566 0.699
0.440 0.704
0.620 0.712
0.524 0.718
0.505 0.722
0.489 0.729
0.465 0.735
0.410 0.739
0.389 0.744
0.343 0.748
0.304 0.751
0.334 0.755
0.264 0.763

dpm/ml for SsSr and 1.760 x 103 dpm/m. for 1 3 7Cs.

dpm for 8 Sr and 7.087 x 105 dpm for 3 7Cs.

)

-i, 8.
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TABLE A-VII
ELUTION OF TUFF JA32-1

85SraTotal
Volume

(m2)

18.4
21.8
24.8
31.5
37.3
40.5
43.6
46.7
49.8
57.3
59.2
62.4
65.5
68.7
72.4
80.8
83.8
87.0
90.1
93.2

105.8
108.9
124.6
130.9
146.1
166. 1

C/Co

0.000
0.007
0.040
0.278
0.894
1.000
0.859
0.628
0.434
0.246
0.157
0.131
0.103
O .077
0.075
0.050
0.053
0.031
0.042
0.025
0.018
0.010
0.008
0.018
0.006
0.007

A/AT

0.0000
0.0012
0.0066
0.0916
0.329
0.475
0.597
0.686
0.748
0.832
0.846
0.867
0.880
0.891
0.904
0.923
0.931
0.935
0.941
0.945
0.955
0.956
0.962
0.967
0.971
0.978i

ac = 2.630 x 103 cp/m. and AT = 5.741 x 104 pM.

I.i:!
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TABLE A-VIII
ELUTION OF TUFF JA32-2

Total
Volume 85a

0.39
1.16
1.93
2.70
3.48

4.25 0.000
I 5.02 0.001

5.79 0.002
6.57 0.049
8.11 0.056
9.66 0.071

10.4 0.11
* 11.2 0.16
a4 12.0 0.20

12.7 0.28
13.5 0.32
14.3 0.41
15.1 0.47
15.8 0.53
16.6 0.55
17.4 0.62
18.2 0.64
18.9 0.66
19.3 0.66
19.7 0.69
20.1 0.69
20.5 0.70
21.2 0.70
22.8 - - 0.71
24.3 0.74
25.9 0.76

aC = 1.336 x 10 3 cpm/m. *
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TABLE A-IX
ELUTION OF TUFF JA32-3

Total
Volume C/CO, 85

2.48 0.020

6.26 0.037

9.48 0.740

15.2 1.00

21.0 0.254

25.3 0.071

30.7 0.032

34.8 0.028

36.8 0.021

39.7 0.024

43.6 0.017

46.8 0.012

48.4 0.007

52.7 0.002

aC = 880
0

cpm/mA and A was not measured.
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TABLE A-X a
ELUTION OF TUFF JAI 8 ^ 2

Total 152 Eu
Volume' A/AT

8.38 0.000 0.0000
11.92 0.687 0.0159
14.11 0.985 0.0025
15.68 0.612 0.0032
18.27 0.425 0.0038
23.3 0.336 0.0049
33.2 0.269 0.0066
46.3 0.097 0.0071
71.3 0.069 0.0076
76.5 0.470 0.0092
80.5 0.597 0.0100
85.6 0.933 0.0121
98.1 1.000 0.0145

114.9 0.580 0.0195
132.8 0.520 0.0228
154.1 0.522 0.0268
180.4 0.542 0.0327
201.3 0.426 0.0376
214.6 0.343 0.0404
232.8 0.371 0.0434
252.7 0.209 0.0451
277.8 0.165 0.0473
298.2 0.150 0.0494
317.3 0.154 0.0507
336.7 0.125 0.0529
351.5 0.172 0.0546
366.8 0.186 0.0563
380.7 0.070 0.0563
385.1 0.000 0.0567
389.7 0.000 0.0567

941.1 0.000 0.0567

a

c 134 dpm/i and 4A= 2.906 x 105 dpm.
0 
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TABLE A-XI
ELUTION OF TUFF G 3 6 S8 a

Total
Volume

(mi)

688
703
718
732
747
761
776
791
806
821
835
850
865
880
894
909
924
938
953
968
983
997

1012
1026

8 5 Sr

C/Co A/AT C/C0 A/_

133C a

C/CO A/

0.055
0.073
0.153
0.243
0.373
0.517
0.636
0.823
1.000
0.994
0.988
0.869
0.786
0.622
0.501
0.445
0.311
0.263
0.171
0.144
0.098
0.083
0.050
0.072

0.005
0.012
0.027
0.051
0.087
0.138
0.200
0.280
0.377
0.474
0.570
0.655
0.731
0.792
0.841
0.884
0.914
0.940
0.956
0.971
0.980
0.988
0.993
1.000

2351
2366
2380
2396
2410
2425
2440
2455
2469
2484
2499
2513
2528
2543
2558
2572
2587
2602

0.042
0.044
0.053
0.039
0.045
0.056
0.042
0.054
0.047
0.070
0.054
0.068
0.062
0.062
0.078
0.080
0.095
0.092

0.0006
0.0012
0.0019
0.0025
0.0037
0.0039
0.0045.
0.0052
0.0059
0.0069
0.0076
0.0086
0.0094
0.0103
0.0114
0.0125
0.0138
0.0151

0.063
0.130
0.098

0.0004
0.0014
0.0020
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TABLE A-XI (Cont)

II

.i

t

Total
Volume
(m2)

2616
2631
2646
2661
2675
'2690
2705
2725
2734
2749
2764
2778
2793
2808
,2823
'2837
2852
2867
2881
2896
2911
2926
2940
2955
2970
2984
2999
3014
3029
3043
3058
3073
,3088
3102
3117
3132
'3146
3161
3176
319f
3205
3220
3235
3249
3264

C/CO

0.096
0.097

A/AT

85Sr 13 7Cs

C/C 0 AT

0;0
0.0

164 0.165
178 0.179

0.109
0.098
0.113
0.109
0.130
0.128
0.142
0.154
0.149
0.154
0.178
0.196
0.192
0.187
0.206
0.226
0.222
0.224
0.257
0.288
0.290
0.323
0.336
0.339
0.383
0.408
0.448
0.493
0.549
0.625

'0.654
0.657
0.707
O.729
-0.803
.0.776
*0.885
0.810
.0.877
0.838
0.917
O.904
0.924

0.0032
0.0045
0.0193
0.0210
0.022
0.024
0.026
0.045
0.047
0.049
0.051
0.054
0.056
0.059
0.062
0.064
0.067
0.070
0.073
0.076
0.080
0.084
0.088
0.093
0.097
0.102
0.107
0.113
0.119
0.126
0.134
0.142
0.152
0.161
0.171
0.i81
0.'192
0.203
0.215
0.227
0.239
0.251
0.263
0.276
0.289

0.191
0.248
0.269
0.305
0.329
0.348
0.429
0.404
0.452
0.457
0.474
0.475
0.605
0.615
0.587
0.583
0.641
0.722
0.715
0.723
0.790
0.735
0.798
0.772
0.787
0.809
0.834
0.870
0.944
0.968
0.942
0.937
0.938
0.941
0.914
0.925
0.953
0.948
0.998
0.916
0.958
1.011
0.981

0.0058
0.0076
0.0095
0.0116
0.'0139
0.0164
0.0194
0.0222
0.0254
0.0286
0.0320
0.0361
0.0403
0.0447
0.0488
0.0529
0.0574
0.0625
0.0675
0.0727
0.0782
0.0834
0.0890
0.0945
0.100
0.106
0.112
0.118
0.124
0.131
0.138
0.144
0:151
0.158
0.164
0.171
0.177.
'0.184
O.'191
0.197.
0.'204
0.211
0.218

133Ba

C/C ' A/A

.1
.41

..-iI �-1
I

� .1.

�.Z. .."I - . . .2

V
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TABLE A-XI (Coat)

Total
Vo lume

(MI)

8 5Sr

C/CO A/AT

137 Cs

C/CO A/

133Ba

C/C0 A/4

3279
3294
3308
3323
3338
3352
3367
3382
3397
3411
3426
3441
3456
3470
3485
3500
3514
3529
3544
3559
3573
3588
3603
3617
3632
3647
3662
3676
3691
3706
3720
3735
3750
3765
3779
3794
3808
3824
3838
3853
3868
3882
3897
3912'
3927

1.000
1.006
1.036
0.957
1.002
1.011
0.987
0.915
0.937
0.965
0.971
0.933
0.921
0.937
0.828
0.737
0.765
0.794
0.757
0.802
0.860
0.856
0.811
0.766
0.690
0.664
0.677
0.669
0.640
0.637
0.603
0.564
0.564
0.543
0.514
0.478
0.476
0.442
0.456
0.414
0.435
0.410
0.388
0.379
0.380

0.303
0.317
0.331
0.345
0.359
0.373
0.387
0.399
0.413
0.426
0.440
0.453
0.466
0.479
0.490
0.501
0.511
0.522
0.533
0.544
0.556
0.568
0.579
0.590
0.600
0.609
0.618
0.628
0.637
0.645
0.654
0.662
0.670
0.677
0.684
0.69i
0.698
0.704
0.710
0.716
0.722
0.728
0.733
0.739
0.744

0.998
1.011
1.014
1.023
0.940
0.987
1.036
0.961
0.980
0.977
1.000
0.908
0.930
0.935
0.905
0.923
0.908
0.899
0.888
0.856
0.828
0.877
0.902
0.975
0.899
0.809
0.814
0.850
0.819
0.814
0.797
0.786
0.740
0.743
0.708
0.744
0.709
0.712
0.687
0.659
0.696
0.728
0.637
0.717
0.669

0.225
0.233
0.240
0.247
0.253
0.260
0.268
0.274
0.281
0.288
0.295
0.302
0.308
0.315
0.321
0.328
0.334
0.340
0.347
0.353
0.359
0.365
0.371
0.378
0.384
0.390
0.396
0.402
0.408
0.413
0.419
0.424
0.430'
0. 435
0.440
0.445
0.450
0.455
0.460
0.465
0.469,
0.475
0.479
0.484
0.489
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TABLE A-XI (Cont)

;I

:i
I

41

I

I

.

i.I

I,5

lk.

.,

::

Total
Volume

- - (m2)

3941
3956
3971
3985
4000
4015
4030
4044
4059
4074
4088
4103
4118
4133
4147

U. 4162
4177
4192
4206

8 5Sr

C/C0 A/AT

137

-C/C

0.343
0.374
0.352
0.329
0.339
0.329
0.298
0.303
0.287
0.284
0.273
0.255
0.270
0.229
0.224
0.227
0.238
0.221
0.213

Cs

A/AT

0.749
0.754
0.759
0.763
0.768
0.773
0.777
0.781
0.785
0.789
0.793
0.796
0.800
0.803
0.807
0.810
0.813
0.816
0.819

1 33Ba

C/Co A/AT

0.683 0.494
0.662 0.498
0.677 0.503
0.683 0.508
0.626 0.512
0.625 0.517
0.674 0.521
0.639 0.526
0.576 0.530
0.616 0.534
0.639 0.539
0.617 0.543
0.588 0.547
0.598 0.552
0.576 0.556
0.528 0.559
0.513 0.563
0.576- 0.567
0.540 0.571

I ;L t 

ac = 1.391 x 104
° for 33Ba.

AT = 2.103 x 106
-1 for 33Ba.

dpm/ml for 85Sr, 729 dpm/ml for 37Cs, and 291 dpm/mQ

dpm for 5Sr, 7.259 x 105 dpm for 137Cs, and 5.303 x 105 dpm

';p

-o9
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TABLE A-XII

ELUTION OF TUFF G-3116a

Total
Volume

365
380
394
409
424
439
454
469
484
499
514

880
1029
1178
1328
1478
1627
1776
1926
2075
2225
2374
2501
2628
2777
2927
3076

a 3226
3375
3523
3672
3821
3971
4120
4260
4399
4548
4697
4905
5113
5263
5412
5558

Sr

C/C0 A/AT

0.076 0.0167
0.361 0.100
0.857 0.300
1.000 0.533
0.664 0.691
0.387 0.779
0.277 0.845
0.202 0.892
0.176 0.933
0. I51 0.966
0.134 1.000

137Cs

C/Co A/5A

1338Ba

C/CO A/

0.000
0.002
0.017
0.042
0.091
0.128
0.182
0.258
0.334
0.484
0.661
0.848
0.939
1.00
0.929
0.346
0.420
0.469
0.349
0.287
0.206
0.182
0.165
0.120
0.076
0.076
0.074
0.091
0.059
0.049
0.044
0.054

o.o0
0.002
0.005
0.012
0.022
0.037
0.058
0.084
0.123
0.176
0.229
0.299
0.379
0.454
0.483
0.517
0.555
0.582
0.605
0.622
0.636
0.650
0.658
0.664
0.670
0.676
0.689
0.694
0.698
0.701
0.705

0.092
0.324
0.622
0.730
0.703
0.730
0.757
0.757
0.730
0.811
0.757
0.649
0.568
0.730
0.838
0.595
0.703
0.784
1.00
0.568
0.946
0.676
0.676
0.838
0.541
0.568
0.730
0.459
0.568
0.541
0.649
0.595

0.001
0.005
0.012
0.021
0.030
0.038
0.047
0.056
0.065
0.075
0.084
0.090
0.097
0.105
0.115
0.122
0.131
0.140
0.152
0.159
0.170
0.179
0.187
0.195
0.202
0.208
0.217
0.225
0.234
0.240
0.248
0.255

so



i;

i

jI

41
1

i

I
I

'i
I

I

i

7-)
..A

A:

r:

t F
.

Total
Volume

(me)

5705
5868
6051
6240
6397
6505
6639

85Sr

C/CO 0 

..T . 13 3Ba

TABLE AXII (cont)

C/C0c/o
0.044
0.037
0.037
0.037
0.022
0.042:
0.027

A/AT

0.709
0.713 ,
0.716
0.720
0.722
0.724
0.726

C/CO

0.405
0.297
0.622
0.641-
0.568
0.486
0.432

A/AT

0.260
0.264
0.273
0.282
0.287
0.291
0.297

ac = 3.386 x 103 dpm/mI for 5Sr, 407 dpm/ml for 137CS, and 37 dpm/mk
f 8 r 13 3 Ba.

A = 9.039 x 10 5 dpm for
4.611 x 105 for 33Ba.

85Sr, 7.580 x 105 dpm for 1 37Cs, and

. I.

. .i. . .

.. 1 

4

I.
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TABLE A-XIII
ELUTION OF TUFF Gl-2901a

Total
Volume

(mI)

5.91
7.11
8.16
9.10

10.3
12.1
14.7
16.8
18.9
21.4
23.5
25.4
28.7
31.7
34.5
36.9
39.0
41.4
44.4
48.4
52.3
56.0
56.7
59.7
63.3
66.6
69.8
73.4
76.9
80.4
84.0
87.6
91.1
94.1
97.7

101.4
104.5
108.0
111.7
115.4
122.3
125.9
129.5
133.0
136.5.

85Sr

C/Co A/AT

13 7 b

C/Co A/AT

13 3Ba

C/Co A/AT

0.0046
0.0042
0.121
0.261
0.511
0.875
1.000
0.799
0.929
0.904
0.879
0.792
0.627
0.448
0.285
0.183
0.147
0.100
0.0699
0.0435
0.0251
0.0199
0.0189
0.0174
0.0175
0.0115
0.0142
0.0146
0.0131
0.0104
0.0096
0.0012
0.0105
0.0107
0.0089
0.0076
0.0058
0.0062
0.0064
0.0059
0.0056
0.0045
0.0030
0.0051
0.0052

0.0002
0.0005
0.0051
0.0168
0.0463
0.141
0.263
0.311
0.429
0.514
0.591
0.722
0.803
0.864
0.896
0.914
0.927
0.940
0.949
0.959
0.962
0.966
0.968
0.972
0.973
0.975
0.977
0.980
0.982
0.984
0.985
0.987
0.988
0.990
0.991
0.992
0.993
0.994
0.995
0.996
0.997
0.998
0.998
0.999
1.00
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I : II

TABLE A-XIII (Cont)

Total 85 137c C 33Ba
Volume ccA
(me) oC/C A/T C/C A/AT C/C0 A/AT

--140.1 0.000 1.00
143.7
147.3
171.8
175.4 0.0089 0.00025
178.9 0.0163 0.00064
182.5 0.0579 0.00232
186.1 0.103 0.00483
189.6 0.177 0.00963
193.1 0.266 -0.0159
196.6 0.367 0.0261
200.6 0.519 0.0425
204.7 0.694 0.0627
207.3 0.764 0.0701
210.0 - 0.757 0.0927
213.7 0.831 0.112
217.7 0.936 0.146
221.3 0.956 0.162
224.1 1.00 0.185
228.7 0.00034 0.962 0.229
239.8 0.00034 0.974 0.280
246.6 0.00068 0.923 0326
251.0 -0.00106 0.864 0.354
257.9 0.00177 0.880 0.398
263.7 0.00230 0.779 0.431
272.3 0.00345 0.761 0.480
281.5 0.00511 0.661 0.525
288.4 0.00658 0.594 0.554
297.0 0.00895 0.528 0.588
305.4 0.0117 0.462 0.617
312.0 0.0142 0.424 0 638
320.2 0.0176 0.340 0.658
327.7 0.0211 0.338 0.675
333.1 0.0231 ,0.260 - 0.682
336.8 0.0247 0.215 0.687
341.8 --0.0286'- 0.233 0.700
348.8 0.0335 0.221 0.711

C 7.721 x 'dpm/ml2 for. 85Sr and 4.044 x 1 dpm/me for 133Ba.
ar = 1.750 x 106 dpm for 85Sr, 5.494 x 105 dm for 137Cs, and 5.754 x 105 dpm
for 133Ba.-
C/C is not reported for 1 37Cs because the column was terminated before the

Concentration of 137Cs reached the maximum "C I.
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TABLE A-XIV
ELUTIO4I OF TFF G- 2476a

Total
Volume

12.1
19.5
27.7
35.8
43.1
51.5
59.6
66.9

8 5Sr

C/C0 A/ A

137 Csb 133 Ba

C/C0 A/ArC/Co A/AT

0.031
0.483
1.00
0.232
0.071
0.033
0.018
0.020

0.014
0.247
0.820
0.929
0.963
0.982
0.990
1.000

230
235
241
248
255
262
268
275
282
289
296
304
313
320
328
336
341
345
352

0.0024

0.0058
0.0131
0.0229
0.0411
0.0684
0.103
0.139
0.183
0.216
0.278
0.322
0.358

0.135
0.207
0.414
0.653
0.891
0.817
1.000
0.928
0.989
0.859
0.812
0.631
0.615
0.658
0.505
0.419
0.334
0.305

0.0454
0.114
0.287
0.326
0.369
0.407
0.455
0.503
0.549
0.597
0.639
0.681
0.714
0.748
0.771
0.804
0.821
0.835

aC = 2.804 13
0 = 4.382 x 104

Ili for 133Ba.

dpm/mt for 85Sr and
(1pm for 65Sr, 1.346

3.77 x 102 dpm/mQ for 13 3Ba.
x 105 dpm'for 3 7Cs, and 5.176 x 104 dpm

bC/C is not reported for 3 7 Cs because the column was terminated before the
concentration of 137Cs reached the maximum "C"*.
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A

I

i

p.

Total
Volume

6.17
13.38
22.28
29.63
37.84
49.94
53.42
61.80
69.93
77.16
83.91
89.13
95.54
99.32

102.8
107.5
112.7
118.2
125.4.
132.4
138.8
146.4
153.4
159.4
165.7
173.2
181.9
188.5
193.4
199.8
207.1
213.3
217.2
221.3
226.1
231.6
237.5
242.5
247.5
254.6
261.9
268.4
274.9
281.8

85Sr

C/C A/AT

137 Cs

. C/Co A/AT C/CO A/AT

0.0383
0.0000
0 .0000
0.0000
0.0000
0.0486
0.289
0.931
1.000
0.648
0.222
0.117
0.062
0.000
0.0268

0.0112
0.0112
0.0112
0.0112
0.0112
,0.0246
0.108
0.430
0.699
0.879
0.931
0.950
0.965
0.965
0.969

TABLE A-XV
ELUTION OF TUFF GI- 23 63 a

133Ba

0.062
0.233
0.383
0.505
0.698
0.792
0.876
0.954
1.000
0.978
0.949

0.0027
O.Of36
0.0365
0.0674
0.0961
0.140
0.184
0.243
0.303
0.365
0.429

0.0140
0.177
0.451
0.807
0.912
1.000
0.902
0.874
0.758
0.726
0.712
0.528
0.512
0.426
0.356
0.393
0.295
0.267
0.205
0.191
0.174

0.0056
0.0209
0.0722
0.166
0.207
0.290
0.368-
0.463
0.506
0.540
0.583
0.619
0.660
0.692
0.712
0.742
0.774
0.798
0.815
0.831
0.848

I
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I

TABLE A-XV (Cont)

Total
Volume
(mi)

8 5 Sr

C/CO A/

1 33Ba

C/CO A/AT

288.4
295.1
302.9
311.0
319.3
326.9
334.0
342.5
351.3
357.9

0.731
0.786
0.670
0.672
0.599
0.480
0.437
0.342
0.273
0.252

0.478
0.536
0.588
0.647
0.689
0.725
0.751
0.786
0.804
0.819

. C/CO

0.149
0.109
0.102
0.0163
0.0240
0.0810
0.0814
0.0605
0.0000
0.0186

A/AT

0.360
0.871
0.881
0.883
0.890
0.899
0.905
0.915
0.915
0.916

ac = 1.565 x 103 dm/me for 8sSr,
0102 dpm/ml for 3 3 Ba.

1.165 x 103 dpm/ml for 37Cs, and 4.30 x

AT = 4.141 x 104 dpm for SsSr, 1.225 x 10S dpm for 13 7 Cs, and 3.245 x 104 dpm
for 33Ba.
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TABLE A-XVI
ELUTION OF TUFF G-2289

152 EuaTotal
Volume

(mI) -

0.53
2.74
4.65
5.48

Eu
-C/CO

-- 1.000
0.132
0.267

. 0.000

A/AT

0.0086
0.0169
0.0192
0.0192

.7

I..

.I I

96.9
105.5
111.0
118.5
127.7
134.1
140.1
146.7
155.8
164.8

0.000
0.0049
0.011
0.0043
0.0089
0.0089
0.0033
0. 0000
0.0038
0.0000

103. dpm/ma

105.

0.0192
0. 0200
0.0212
0.0218
0.0226
0.0226
0.0237
0.0237
0.0244
0.0244

andaC = 6.283 x

= 3.262 x

iI



TABLE A-XVII
ELUTION OF TUFF G-l 9 8 2 a

Total 85Sr 133Ba
Volume C/CO A/AT C/CO A/AT

11.50 0.0015 0.0002 -

14.07 0.0134 0.0017
15.93 0.0540 0.0056
18.19 0.1685 0.0293
20.73 0.3766 0.0666
22.89 0.5820 0.128
25.62 0.8155 0.140
28.29 0.8978 0.220
30.17 1.000 0.309
31.90 0.9032 0.376
33.50 0.8197 0.439
35.37 0.7161 0.510
37.83 0.6398 0.595
40.16 0.4983 0.639
42.29 0.4266 0.687
44.89 0.3368 0.731
47.34 0.2586 0.757
49.44 0.2121 0.778
52.17 0.1712 0.805
54.5 0.1396 0.814
55.6 0.1263 0.819
57.6 0.0985 0.833
60.1 0.0836 0.842
62.2 0.0746 0.849
64.7 0.0647 0.858
67.2 0.0503 0.863
69.5 0.0488 0.868
72.9 0.0395 0.873
74.3 0.0339 0.877
76.5 0.0322 0.880
79.0 0.0276 0.883
82.1 0.0252 0.887
86.2 0.0190 0.892
90.2 0.0160 0.894
94.1 0.0170 0.898
97.9 0.0132 0.900

101.6 0.0126 0.902
104.9 0.0121 0.904
108.1 0.0089 0.905
111.8 0.0101 0.907
115.4 0.0105 0.909
119.1 0.0096 0.910
122.5 0.0089 0.912
125.8 0.0101 0.913

n8



TABLE A-XVII (coat)

Total
Volume
,(be)

129.5
132.7
136.'8
140.6
143.9
147.0'
150.8
154'.5
154.8
.161.4
165.0
168.5
172.1
175.6
179.2
182.8
186.3
189.8
193.0
196.3
199.8
203.3
206.8
210.4
214.1
217.5
221.1
224.7
228.3
231.8
235.2
239.2
243.3
246.1
249.0
252.6
256.4
260.1
263.0
267.1
270.8
281.0
286.4
292.1
298.5
305.7

8Sr

, C/Co A/AT
0

13 3 Ba

-C/C A/AT

0. I0085
0.0066
0.0058
0.0062
'0.0041
a. 005o
0; 0048

0.915
0.916
0.917
0.918
0.919
0.919
0.920

0.085 0.00216
0.144 0.00491
0.188 0.00962
0.253 0.0144
0.340 0.0232
0.449 0.0318
0.517 0.0446
0.630 0.0565
0.669 0.0706
0.701 0.0848
0.768 0.103
0.820 0.120
0.907 0.141
0.893 0.162
0.959 0.185
0.968 0.204
1.00 0.229
0.996 0.249
0.959 0.272
0.982 0.291
0.996 0.314
0.984 0.341
0.984 0.365
0.948 0.375
0.893 0.398
0.888 0.415
0.866 0.441
0.847 0.453
0.846 0.471
0.760 0.500
0.746 0.533
0.664 0.560
0.648 0.578
0.608 0.604
0.540 0.624
0.510 0.651

I .

I

Jh�
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TABLE A-XVII cont)

Total
Volume

(d1)

85Sr 133Ba

C/C0 A/ATC/CO A/AT

314.5
322.5
330.4
339.0
346.5
352.2

0.453
0.417
0.384
0.336

0.677
0.695
0.716
0.737
0.747
0.757

aC = 6.789 104 dpm/m. for 8 Sr and 2.748
A = 1.440 x 106 dpm for 85Sr, 4.897 x 105

for 33Ba.

C/C is not reported for 137Cs because the
concentration of 137Cs reached the maximum

x 103 dpm/mL for 133Ba.
dpm for s37CS, and 4.390 x 105 dpm

column was terminated before the

0
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: TABLE A-XVIII
ELUTION OF TUFF G-1883-1a

It .

II 

Total
Volume

0.54
2.10
4.23
6.00
7.91
9.99

11.9
14.5
17.0
19.1
21.3
23.8
26.0
28.4
30.8
33.0
35.4
37.6
39.8
42.3
44.7
46.9
49.5
51.8
52.9
55.4
57.8
60.0
62.4
64.9
67.1
69.4
72.0
74.1
77.0
80.0
82.1
85.2
87.7
89.5
92.1
94.7
96.7

85Sr l37 C

C/C c/o

0.016
0.039
-0.848
1.00
0.371
0.108
0.047
0.020
0.011
0 0089
0.0056
0.0046
0.0036
0.0027
0.0019
0.0021
0.0016
0.0012
0.0013
0.0015
0.0008
0.0009
0.0009
0.0008
0.0008
0.0000
0.0007
0.0000
0.0000
0 .0009

A/AT

0.0037
0.0164
0.423
0.703
0.902
,0.940
0.962
0.974
0.979
0.983
0.986
0.988
0.990
0.991
0.992
0.993
0.994
0.995
0.996
0.996
0.997
0.997
0.998
0.998
0.989
0.999
0.999
0.999
0.999
1.00

... .

C/Co

0.073
0.069
0.033
0.021
0.013
0.'016
0.022
0.095
0.241
0.414
0.590
0.762
0.886
0.840
0.952
1.000
0.927
0.890
0.872
0.771
0.748
0.745
0.698
0.587
0.597
0.541
0.530
0.505
0.434
0.403
0.366
0.331
0.277
0.270
0.214
0.202
0.164
0.162
0.143
0.117
0.111
0.092
0.092

I

I
I
I
I
I
I
I
C
IC

133 Ba

A/AT C/C0 A/AT

0.0018 0.088 0.0030
0.0050 0.029 0.0069
0.0066 0.000 0.0069
0.0072 0.000 0.0069
0.0080 0.000 0.0069
0.0086 0.000 0.0069
0.0097 0.000 0.0069
0.0158 0.000 0.0069
0.0276 0.012w 0.0086
0.0460 0.115 0.023
0.081 0.509 0.106
0.121 0.898 0.239
0.162 1.000 0.377
0.214 0.869 0.519
0.257 0.690 0.607
0.310 0.510 0.682
0.363 0.367 0.740
0.403 0.281 0.776
0.448 0.230 0.809
0.497 0.170 0.839
0.531 0.128 0.855
0.570 0.101 0.870
0.613 0.083 0.885
0.641 0.066 0.893
0.669 0.058 0.901
0.704 0.053 0.910
0.729 0.049 0.917
0.754 0.043 0.923
O.780 0.030 0.928
O.801 0.030 0.932
O.818 0.025 0.935
O.838 0.024 0.940
).853 0.019 0.942
).864 0.022 0.945
O .879 0.018 0.948
).888 0.016 0.950
).896 0.016 0.953
D.907 0.012 0.955
D.913 0.013 0.956
k.918 0.012 0.958
).926 0.011 0.960
1.930 0.009 0.961
.934 0.010 0.962

I

e

'I

. -.t.

;r-..P.

i.
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TABLE -XVIII (Cont)

Total
Volume
(oe)

85 Sra

C/CO A/ A

13 7 Csb

C/CO A/AT

133 BaC

C/Co A/AT

99.1
101.3
103.2

0.079
0.076
0.054

0.939
0.942
0.945

0.008
0.007
0.O09

0.964
0.964
0 .966

ac = 2.280 x 105 dpin/ml for SsSr, 7.487 x 103 dpm/m. for 37Cs, and
0 1.173 x 104 dp/m2. for 133Ba.

A = 1.066 x 106 dpra for 8sSr, 3.317 x 105 dpm for I37Cs, and 1.859 x 105 dpm
for 133Ba.
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- TABLE XIX
ELUTION OF TUFF Gl-1 8 3-_a

-

I . I

Total
Volume

23.87
26.41
28.61
31.05
33.47
35.68
38.15
40.45
42.61
45.18
46.61
49.80
52.43
54.93
57.02
.59.51
62.02
64.22
66.70
69.24
71.44
73.86
76.44
78.56
80.98
83. 50
85.63
88.28
90.79
92.69
95.28
97.91

-99.92
102
104
106
108

Sr

C/C A/T

137
Cs

C/C A/AT
0 

0.003
0.011
0.031
0.075
0.149
0.258
0.397
0.554
0.695
0.842
0.921
0.991
0.996
1.000
0.913
0.869
0.790
0.723
0.622
0.557
0.481
0.413
0.362
0.320
0.274
0.234
0.214
0.180
0.161
0.152
0.131
0.113
0.115
0.102
0.090
0.091
0;091
0.086

-0.071
0.069
0.057
0.063
0.054
9.047

0.0002
0.001
0.003
0.008
0.016
0.032
0.059
0.088
0.130
0.192
0.241
0.302
0.378

-0.432
.0.483
0.548
0.592
0.634
0.679
0.713
0.738
0.769
0.791
0.807
0.828
0.840
0.853
0.867
0.875
0.883
* 0.894
0.900
0.906
0.914
0.917
0.922
0.929
0.934

-0.938
, 0.944
,:0.948
:0.950
0.954
0.957

133 a

C/C A/
0

111
-113

116
119.
121.
123:

C125
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TABLE A-XIX (coat)

Total
Volume

(Me)

85 Sr

C/Co A/AT

137 Cs

C/C0o A/AT

13 3Ba

C/C0 A/AT

127
130
132
135
137
139
141
144
147
153
159
165
169
174
179
184
189
194
198
203
211
216
221
226
230
235
240
245
251
258
265
272
279
286
294
301
308
315
321
328
336
343
349
359
369

0.048
0.041
0.039
0.036
0.035
0.037
0.035
0.032
0.028
0.019
0.016
0.017
0.019
0.018
0.015
0.016
0.013
0.009
0.010
0.009

0.959
0.962
0.965
0.967
0.969
0.971
0.973
0.975
0.978
0.982
0.984
0.986
0.988
0.991
0.993
0.995
0.997
0.998
0.999
1.000

0.029
0.000
0.038
0.021
0.046
0.064
0.082
0.113
0.115
0.142
0.157
0. 187
0.173
0.187
0.173
0.194
0.241
0.262
0.300
0.342
0.365
0.426
0.469
0.508
0.542
0.587
0.593
0.709
0.735
0.743
0.755

0.00047
0.00047
0.00115
0.00141
0.00188
0.00309
0.00442
0.00544
0.00731
0.00906
0 .0109
0.0133
0.0163
0.0185
0.0229
0.0282
0.0334
0.0400
0.0471
0.0552
0.0647
0.0749
0.0864
0.0953
0.101
0.120
0.134
0.148
0.162
0.184
0.207

0.055
0.111
0.182
0.299
0.367
0.524
0.645
0.743
0.81.1
0.908
0.891
0.956
1.00
0.941
0.953
0.928
0.805
0.784
0.692
0.631
0.563
0.502
0.441
0.419
0.353
0.325
0.302
0.262
0.248
0.229
0.204

0.002
0.006
0.013
0.022
0.031
0.054
0.079
0.099
0.131
0.164
O'.190
0.225
0.263
0.291
0.342
0.390
0.427
0.467
0.502
0.535
0.565
0.590
0.614
0.630
0.648
0.665
0.681
0.693
0.704
0.720
0.735
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.;I, TABLE A-XIX (Cont)

Total
Volume

(mI)

8 5 Sr

C/C0 A/AT

137 Cs 133Ba

C/CO A/AT

379
386
395
405
409
418
431
438
449

0.785
0.834
0.881
0.887
0.894
0.915
1.00
0.931

.0.974

0.231
0.247
0.271
0.300
0.311
0.336
0.374
0.394
0.427

0; 192 0.749
0.184 0.757

0.768
0.158 0.779
0.141 0.783
0.135 0.791
0.125 0.802
0.129 0.808
0.105 0.816

ac
0

= 3.956 x 104 dpm/ml for 85Sr, 1.301 x
103 dpm/m.Z for 33Ba.

10 3 dpm/m. for 13 7 Cs and 1.706 x

AT = 1.516 x 106
for 133 Ba

dpm for 85Sr, 4.309 x 105 dpm for 3 7Cs, and 2.510 x 105 dpm

IN

kI
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I

TABLE A-.ca
ELUTION OF TUFF G-1436a

131 aI C/C I

Total
Volume

(m2)
b

HTO C/CI

0.58
1.20
1.40
1.65
1.85
2.05
2.26
2.59
2.87
3.48

0.102
0.660
0.783
0.921
0.956
0.923
0.942
0.963
0.998
1.002

0.035
0.360
0.560
0.830
0.900
0.960
0.980
0.965
1.000
1.000

C1 = 6.865 x 102 dm/mI for 131I and 2.500 x 103 cpm/mt for HTO.
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TABLE A-XXI
ELUTION OF TUFF GI-1292a

To
Vo

2C
22

24
27
29
32
34
37

39.
42.
44.
47.
49.
51.
53.
56.
58.
60.
63.
65.
68.
70.4
76.
78. 

80.6
83.2
85.5
88.0
90.4
92.4
95.1
97.8
99.9
103
105
107
11o
112
124
218
121

tal
lume

r

nil C/C

z 9 0.010
i 2 0.022
F 8 0.060

1.4 0.152
.6 0.286
.9 0.396
.5 0.462
.8 0.553
.3 0.686
.8 0.774
1 0.853
7 0.864
1 0.820

.3 0.848
0 0.889
2 0.910
1 0.968
8 1.000
2 0.997
3 0.839
9 0.855
4 0.908
7 0.942
2 0.921
9 0.925
5 0.900

0.821
0.814
0.797
0.791
0.728
0.686
0.660
0.662
0.643
0.651
0.651
0.627
0.502
0.491
0.497
0.483
0.525
0.492

A/AT

0.00020
0. 00037
0.0020
0.0051
0.0102
0.0197
0.0300
0.0406
0.0585
0.0732
0.0921
0.113
0.129
0.147
0.170
0.182
0.204
0.229
0.248
0.264
0.287
0.305
0.324
0.348
0.368
0.419
0.434
0.456
0.472
0.488
0.507
0.519
0.537
0.551
0.563
0.575
0.594
0.604
0.615
0.628
0.638
0.647
0.663
0.676

13 7C
C/CD A -/AT
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TABLE A-.XXI (cont)

Total
Volume

(mP)

122
125
126
129
131
134
136
139
141
143
145
149
153
156
160
164
168
171
174
178
181
185
188
191
195
199
203
207
210
214
218
222
225
229
233
237
240
243
247
252
255
259
262
266
270

85Sr

C/C 0 A/A T

0.495 0.680
0.400 0.691
0.469 0.698
0.379 0.706
0.396 0.716
0.390 0.724
0.407 0.732
0.381 0.741
0.334 0.748
0.319 0.754
0.330 0.763
0.343 0.773
0.316 0.786
0.254 0.793
0.257 0.804
0.292 0.812
0.267 0.823
0.285 0.827
0.192 0.834
0.242 0.842
0.276 0.850
0.236 0.857
0.230 0.864
0.253 0.872
0.244 0.881
0.212 0.885
0.211 0.895
0.168 0.899
0.169 0.905
0.134 0.909
0.203 0.918
0.204 0.923
0.148 0.929
0.135 0.933
0.125 0.938
0.128 0.942
0.165 0.947
0.104 0.950
0.089 0.953
0.076 0.953
0.131 0.961
0.091 0.965
0.144 0.968
0.140 0.973
0.000 0.973

137Cs

C/Cb A/

0.00040
0.00092
0.0013
0.0020
0.0029
0.0037
0.0044
0.0056
0.0065
0.0078
0.0086
0.010
0.012
0.013
0.015
0.017
0.018
0.020
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TABLE A-XXI (Cont)

Total
Volume
(m)

273
281
284
288
291
295
299
303
306
311
315
318
322
328
332
335
339
346
353
358
364
370
378
387
395
403
411
419
425

85
Sr

13 7Cs

* C/Cc/o

0.000
0.000
0.113
0.117
0.083
0.000
0.000
0.000
0.000
0.107

A/A

0.973
0.973
0.976
0.980
0.983
0.q83
0.983
0.983
0.983
0.987

C/Cb
c/c A/AT

I

I

.4i
�i

0.022
0.025
0.026
0.029
0.032
0.035
0.038
0.042
0.044
0.048
0.052
0.056
0.058
0.066
0.069
0.074
0.082
0.092
0.102
0.109
0.121
0.131
0.148
0.166
0.180
0.198
0.218
0.232
0.244

-

a
aC= 9.,559
0

A = 1.059
for 137CS.

x 103 dpm/m9 for 85Sr.
x 106 dpm for 8 Sr and 2.871 x 105 dpm

bNo data is given for C/C because the column was
terminated before the concentration of 137Cs
reached the maximum, "C 0".
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TABLE A-XXII
ELUTION OF TUFF GT-U12Ga

9 SmTCTotal
Volume
(mi)

15 2 Eu

C/Co

0.825
2.08
2.94
3.67
4.15
4.65
5.19
5.69
6.20
6.86
7.49
7.84
8.59
9.36
9.79
10.2
10.6
11.4
12.2
12.8

0.000
1.000
0.107
0.024
0.0048
0.0040
0.0029
0.0010
0.0013
0.0007
0.0063
0. 0050
0.0013
0.0012
0.0011
0.0000
0.0009
0.0008
0.0011
0.0021

A/AT

0.000
0.863
0.936
0.938
0.952
0.951
0.958
0.958
0.959
0.959
0.961
0.963
0.964
0.964
0.965
0.965
0.965
0.966
0.966
0.967

C/Co

0.424
0.000
0.697
0.975
1.000
0.000

A/AT

0.0125
0.0125
0.0225
0.0354
0.0405
0.0405

aC = 8.530 x 105 dm/mZ for 95 Tc and 4.877 x 103 dpm/mQ for the small 52Eu peak
0 (-4A total 5 .Eu)r

A = 9.489 x lO5 dpm for 95"Tc, 1.204 x i05 dpm for 152Eu.T

The radionuclides BSSr, 13 7Cs, and 33Ba were also loaded on
were not eluted before stopping the column at 187 m.

the column but

too



TABLE XXIII a
ELUTION OF GRANITE CS-7a

Total
Volume

(mI)

1.29
3.12
4.72
7.70

10.61
12.62
14.13
16.28
18.04
19.58'
21.00
22.98
24.63
26.69
28.72
29.82
30.76
31.68
32.60
34.14
35.73
36.84
38.38
40.82
41.48
42.97
43.80
45.82
49.42
56.23
62.93
65.68
71.53
72.96
80.82
88.30
97.90

102.9
117.4
131.9
143.5
169.o

,- 183.7
204.6

85Sr

C/Co

0.0005
0.0066
0.676
1.000
0.165
0.056
0.024
0.016
0.012
0.011
0.010
0.0085
0. 0069
0.0053
0.0045
0.0042
0.0041
0.0041
0.0039
0.0040
0.0035
0.0029
0.0028
0.0025
0.0025
0.0020
0.0021
0.0019
0.0019
0.0022
0.0017
0.0013

c/C
0

133 Ba

C/Co A/AT

0.0002
0.0013
0.232
0.848
0.901
0.919
0.931
0.934
0.938
0.940
0.943
0.946
0.947
0.949
0.950
0.951
0.952
0.952
0.953
0.954
0.955
0.955
0.956
0.957
0.958
0.958
0.959
0.960
0.961
0.963
0.964
0.965

A/AT

0. 00018
0.00082
0.0025
0.0060
0.0074
0.0099
0.0106
0 .0164
0.0227
0.0289 '
0.0344
0.0513
00688
0.0832
0.116
0.133
0.153

0.0496
0.109
0.303
0.381
0.318
0.'338
0.445
0.5'62
0'.550
0:659
0.708
0.877
0.877
1.000
0.877
0.810
0.727

0.0101
0.168
0.445
0.686
0.901
1.000
0.887
0.721
0.528
0.476
0.418
0.386
0.368
0.305
0.265
0.192
0.170
0.152
0.143
0.139
0.119
0.104
0.067
0.071
0.060
0.043
0.040
0.036
0.021
0.015
0.014
0.011
0.0075
0.011
0.0054
0.0047
0.0040
0.0033

0.00049
0.0115
0.0609
0.0889
0.0177
0.271
0.330
0.427
0.460
0.481
0.501
0.518
0.535
0.566
0.580
0.591
0.607
0.629
0.638
0.649
0.657
0.671
0.687
0.705
0.724
0.732
0.743
0.745
0.756
0.763
0.770
0.772
0.777
0.782
0.786
0.796
0.799
0.803
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TABLE A-XXIII (Cont)

Total
Volume

(uLZ)

85Sr

C/CO A/AT

137 Cs

C/CO A/

133 Ba

C/CO A/AT

226.0
254.6
273.9
292.7
319.4
347.9
369.9
389.8
407.5
433.3
450.3
468.3
487.2
510.7
538.7
557.9
577.8
593.4
610.2
624.2
638.1
653.0
667.9
683.4
697.8
713.5
729.1
743.0
760.7
775.2
789.5
804.3
818.8
833.2
849.8

0.705
0.484
0.477
0.454
0.418
0.355
0.221
0.148
0.112
0.133
0.143
0.176
0.202
0.205
0.171
0.164
0.162
0.132
0.141
0.129
0.114
0.098
0.089
0.067
0.057
0.049
0.035
0.039
0.044
0.038
0.044
0.043
0.037
0.025
0.024

0.176
0.194
0.208
0.220
0.235
0.249
0.255
0.259
0.262
0.267
0.270
0.275
0.280
0.287
0.293
0.298
0.302
0.305
0.308
0.311
0.313
0.314
0.316
0.317
0.318
0.319
0.320
0.321
0.322
0.323
0.324
0.325
0.325
0.326
0.327

0.0033
0.0029
0.0026
0.0027
0.0022
0.0018
0.0016
0.0013
0.0013
0.0012
0.0013
0.0010
0.00080
0.00060
0.0014
0.0015
0.00063
0.00053
0.00053

0.807
0.810
0.812
0.815
0.817
0.818
0.820
0.821
0.823
0.824
0.825
0.826
0.827
0.828 -

0.839
0.830
0..830
0.831
0.831

ac = 3.528 x 10 5 dpm/ml for 8 5 Sr,
° dpm/ml for 13 Ba.

1.573 x 103 dpm/ml for 13 7Cs, and 3.016 x 104

AT = 2.195 x 106 dpm for 83 Sr, 1.070 x 106 dpm for 3 7Cs, and 6.201
for 33Ba.

x 105 dpm

102



; as

TABLE A-:CIV
ELUTION OF GRANITE CSS-la

I
Total
Volume

(L))

1.1
2.7
4.3
5.4
7.3

10.3
12.7
14.6
'16.2
17.8
19.2
21.1
22.8
24.9
27.0
28.1
29.0
30.0
30.9
32.4
33.8
35.0
36.5
38.9
41.0
42.5
44.1
46.1
47.9
49.0
50.0
51.0
52.8
54.5
55.6
56.6
57.7
59.7
61.6
62.3
63.2
64.4
65.6
66.8

85Sr

C/C A/AT

0.0009 0.00033
0.0206 0.0040
1.000 0.363
0.771 0.862
0.0781 0.889
0.0351 0.901
0.0222 0.911
0.0205 0.915
0.0142 0.920
0.0116 0.922
0.0096 0.925
0.0077 0.928
0.0068 0.929
0.0057 0.932
0.0050 0.933
0.0047 0.934
0.0050 0.935
0.0047 0.935
0.0047 0.936
0.0044 0.938
0.0045 0.937
0.0039 0.937
0.0035 0.939
0.0027 0.940
0.0026 0.940
0.0025 0.941
0.0025 0.942
0.0023 0.943
0.0025 0.943
0.0022 0.944
0.0021. 0.944
0.0024 0.944
0.0022 0.945
0.0021 0.946
0.0023 0.946
0.0022 0.946
0.0022 0.947
0.0020 0.948
0.0024 0.948.
0.0025 0.948
0.0026 0.949
0.0023 0.949
0.0026 0.950
0.0016 0.950

C/C

0.101
,0.118
0 97
0.186
0.240,
0.254
0.246
0.29
0.323
0.346
0.368
0.440
0.653
0.672
0.568
0.717
0.739
0.454

A/AT

0.00008
0.0003
0.0004
0.0005
0.0006
0.0008
0.0012
0.0.013
0. GO 15
0.0017
0.0020
0.0027
0.0031
0.0033
0.0037
0.0042
0.0047
0.0051

C/CO A/AT

*0.0032
0.418
0.731
1.00
0.956
0.813
0.600
0.436
0.331
0.243
0.220
0.229
0.194
0.175
0.165
0.148
0.108
0.0939
0.0862
0.0736
0.0632
0.0571
0.0569
0.0597
0.0599
0.0620
0.0543
0.0495
0.0414
0.0401
0.0401
0.0359
0.0312
0.0313
0.0265
0.0287
0.0302
0.0341
0.0239

0.063
0.104
0.222
0.266
0.352
0.413
0.445
0.496
0.513
0.523
0.535
0.544
0.553
0.569
0.578
0.585
0.594
0.608
0.613
0.619
0.623
0.631
0.634
0.638
0.641
0.644
0.651
0.653
0.655
0.657
0.659
0.664
0.666
0.667
0.669
0.670
0.672
0.674
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-IABL: A-:CCIV (Cont)

Total
Volume
(ml)

85 Sr

C/CO A/AT

137Cs

C/CO A/AT

1 3 3Ba

C/C0 A/AT

67.9
68.9
70.8
73.2
74.9
76.1
77.2
79.1
80.8
82.6
85.1
87.6
89. 1
90.9
93.4
106
131
166
204
253
327
407
482
556
623
677
726
777
827

0.0018
0.0016
0.0014
0.0014
0.0018
0.0017
0.0017

0.951
0.951
0.951
0.952
0.952
0.953
0.953

0.477
0.450
0.474
0.582
0.680
0.632
0.611
0.574
0. 731
0.696
0.616
0.739
0.776
0.774
0.846
0.861
0.803
0.638
0.542
0.336
1.00
0.768
0.883
0.754
0.466
0.338
0.202
0.118
0.141

0.0053
0.0056
0.0064
0.0071
0.0076
0.0080
0.0084
0.0093-
0.0098
0.0106
0.0118
0.0126
0.0131
0.0143
0.0154
0.0272
0.0407
0.0570
0.0674
0.0806
0.128
0.164
0.202
0.236
0.252
0.262
0.268
0.271
0.275

0.0223
0.0212
0.0186
0.0148
0.0138
0.0136
0.0126
0.0116
0.0124
0 .0145
0.0153
0.0155
0.0174
0.0058
0.0132
0.0091
0.0062
0.0054
0.0041
0.0025
0.0015
-0.0009
0.0007
0.0004
0. 0004
0.0004

0.675
0.676
0.679
0.681
0.682
0.683
0.683
0.684
0.685
0.687
0.681
0.691
0.692
0.694
0.696
0.706
0.716
0.728
0.735
0.745
0.751
0.755
0.758
0.760
0.761
0.762

aC = 3.707 x 105 dm/m2 for 85Sr,
dpm/m.2 for 13 Ba.

6.25 x 102 dpm/mt for 137Cs, and 5.822 x 104

AT = 2.195 x 108 dpm for 8 Sr, 1.054 x 108 dpm for- 137Cs, and 1.090 x 106 dpm
for 133BMa
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TABLE .A-XXV
ELUTION OF GRANITE CS5-2a

Total
Volume

(mI)

17.0
19.4
21.8
23.1

:25.7
27.1
28.9
30.6

.31'.9
33.2
34.7
35.9
37.6
40.1
42.8
45.3
47.7
48.9
50.5
51.7
53.0
54.6
56.1

-57.5
59.0
60.8
63.4
65.8
68.2
70.5
71.4

85r

C/CO

0.049
0.182
0.483
0.618
0.819
0.843
0.815
0.932
0.966
1.000
0.891
0.787
0.654
0.499
0.384
.0.337
0.257
0.282
0.232
0.178
0.174
0.150
0.147
0.131
.0.107
0.096
0.088
0.071
0.062
0.052
0.046

1 37 -
Cs

C/CO0 - A/ATA/AT

133 -

Ea 
* C/C - A/A

0

0.004
0.020
0.061
0.081
0.151
0.223
0.292
0.372
0.455
0.540
0.617
0.684
0.738
0.781
0.813
0.842
0.864
0.888
0.908
0.916
0.928
0.939
0.948
0.956
0.963
0.971
0.981
0.988
0.994
0.999
1.000

163
166
171
174
178
181
187
193
204
214

0.065
0.173
0.336
0.394
0.471
0.510
0.708
0.807
0.844
1.00

0.001
0.005
0.017 -
0.027
0.042
0.055
0.085
0.121
0.202
0.283
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-eI

TABLE A-XXV (cont)

Total
Vo lume

t(M)

85sr

C/CO A/AT

13 7Cs

C/CO A/A
-

-~~~~~~~~~~~~~~

133 Ba

C/Co A/A
- -

219
224
229
233
237
239
242
247
250
254
257
262
269
274
279
283
292
299
307
321
332
347
357
385
402
423
440
478
485
494
509
515
525
530
539
549
553
560
571
582
592
600
618
632
636

0.912
0.859
0.850
0.799
0.669
0.752
0.712
0.609
0.503
0.314
0.423
0.401
0.314
0.314
0.294
0.271
0.235
0.219
0.175
0.151
0.154
0.077
0.113
0.117
0.073
0.058
0.058
0.024

0.321
0.360
0.396
0.430
0.455
0.466
0.483
0.508
0.523
0.539
0.550
0.568
0.594
0.611
0.615
0.625
0.644
0.657
0.671
0.691
0.721
0.736
0.745
0.766
0.772
0.781
0.787
0.796

0.110
0.107
0.189
0.235
0.312
0.324
0.560

0.424
0.465
0.456
0.476
0.517
0.525
0.536
0.545
0.554
0.571
0.585
0.628
0.633
0.679
0.670
0.679
0.731

0.0034
0.0063

0.0257

0.1002

0.123i

0.1661

0.2009.,
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TABLE A-.CXV (cont)

Total
Volume

(MI)

85Sr

C/C0 A/AT

137
Cs

. C/CO

I

657
691
725
751
764
804
872
886
906
912
914
917
923
928
936
962
984
999

1025
1066
1091
1159
1165
1203
1213
1293
1404
1443
1554
1606
1638
1694
1809
1894
1961
2246
2321
2341
2390 .

Co = 2.841 -x-,104 dpmml for
dpm/mg for 13 Ba.

0.705
0.693
0.606
0.583
0.619
0.717
0.628
1.000
0.931
0.913
0.913
0.968
0.959
0.931
0.849
0.904
0.817
0.716
0.702
0.596

,0.583
0.417
0.367
0.280
0.275
0.211
0.188
0.151

- 0.128
0.165
0.151
0.110
0.083
0.161
0.188
0.156

'0.128
0.138
0.078

8 5Sr, .2.18 x

A/

0.331
0.366
0.432
0.455
0.470
0.477
0.481
0.485
0.493
0.500
0.510
0.542
0.568
0.586
0.610
0.649
0.671
0.712
0.743
0.758
0.764
0.792
0.824
0.833
0.853
0.865
0.872
0.883
0.898
0.904

133 Ba

C/CO A/

. . : V I.. .

0.918
0 .922
0.923
0.924

102 dpm/m for 137 Cs, and 3.213 x 10
p m f o r f r n 3

,5 dm for 37C3,' and 3.733 x 105 dpm
I- - ", "'

.J̀
141-e:�

I

- - - . I . . --
- = 6.641 x' 105 dpm for,8 5 Sr, 1.491 x 14

-. for 133Ba. 
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TABLE A-.XXVI
ELUTION OF GRANITE CSS- 3a

Total
Volume

(mr2)

85Sr

C/C0 A/AT

137 Cs

C/CO A/

133Ba

C/C0 A/

I

1.53
4.59
7.65

10.7
13.8
16.8
19.9
23.0
26.0
29. 1
32.1
35.2
38.3
41.3
44.4
47.4
50.5
53.6
56.6
59.7
62.7
65.8
68.9
71.9
75.0
78.0
81.1
84.1
87.2
90.3
93.3
96 -4
99.4

103
106
109
112
115
118
121
124
127
130
133

0.278
1.000
0.272
0.091
0.044
0.039
0.042
0.045
0.019
0.033
0.022
0.018
0.013
0.0092
0.0071
0.0071
0.0048
0.0047
0.0033
0.0032
0.0026
0.0026
0.0023
0.0020
0.0025
0.0019
0.0025
0.0018
0.0024
0.0021
0.0016
0.0012
0. 0017
0.0011
0.0013
0.0010
0.0009
0.0008
0.0008
0.0010
0.0009
0.0007
0.0005

0.140
0.642
0.779
0.825
0.847
0.866
0.877
0.910
0.919
0.936
0.946
0.956
0.962
0.967
0.970
0.974
0.976
0.978
0.980
0.982
0.983
0.984
0.985
0.986
0.988
0.989
0.990
0.991
0.992
0.993
0.994
0.994
0.994
0.996
0.997
0.997
0.998
0.998
0.999
0.999
1.000
1.000
1.000

0.000
0.057
0.000
0.087
0.079
0.107
0.175
0.185
0.309
0.345
0.497
0.461
0.722
0.751
0.818
0.867
0.833
1.000
0.885
0.884
0.857
0.839
0.957
0.815
0.606
0.752
0.810

0.0000
0.0023
0.0023
0.0036
0.0053
0.0082
0.0112
0.0162
0.0217
0.0298
0.0372
0.0489
0.0610
0.0742
0.082
0.102
0.118:
0.132-
0.146
0.160
0.174
0.189
0.202
0.212
0.224
0.237
0.249

0.000
0.158
0.587
1.000
0.805
0.765
0.825
0.820
0.735
0.685
0.678
0.548
0.607
0.582
0.677
0.591
0.672
0.670
0.554
0.502
0.375
0.333
0.260
0.220
0.186
0.162
0;175
0.162
0. 115
0.137
0.126

0.0000
0.0083
0.0392
0.0918
0.134
0.174
0.218
0.266
0.300
0.336
0.371
0.400
0.432
0.463
0.498
0.529
0.565
0.600
0.629
0.656
0.675
0.693
0.707
0.718
0.728
0.739
0.746
0.754
0.760
0.768
0.774
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: L, - : . ;- Icht )

I

I

Total
Volume

(my)

'136
139
142
145
148
151
155
158
161
164
167
170
173
176
179
182
185
188
191
194
197
200
203
207
210
213
216
219
222
225
228
231
234
237
240
243
246
249
252
256
259

85Sr 1 137Cs

C/CO
I
k/AT C/Co

0.690
0.690
0.704
0.680
0.728
0.715
0.627
0.891
0.961
0.919

0.694
0.574
0.650
0.556
0.533
0.596
0.534
0.531
0.552
0.430
0.534
0.490
0.375
0.516
0.444
0.438
0.418
0.388
0.415
0.440
0.315
0.306
-0.332
0.317
0.341
0.331
0.324
0.340
0.315
0.330
0.330

A/AT

0.260
0.271
0.282
0.294
0.305
0.316
0.330
0.345

.0.360
'0.372
0.381
0.391
0.400
0.409
0.418
'0.427
0.436
0.445
0.452
0.460
0.468
0.473
0.480
0.'487
0.494
0.500
-0.507
0.514
0.519
0.524
0.530
0.535'
0.540
0.546
0.551
0.554
O.559
0.564
0.569
0.574
0.580

C/CO

0.102
0.079
0.076
0.052
0.054
0.055
0.044
0.066
0.078
0.085
0.064
0.052
0.051
0.036
0.039
0.040
0.030
0.030
0.038
0.034
0.024
0.025
0.019
0.023
0.025
0.022
0.027
0.024
0.028
0.033
0.024
0.020
0.024
0.000
0.013
0.000
0.000
0.000
0.000
0.014
0.000

A/AT

0.780
0.784
0.788
0.790
0.793
0.796
0 799
0.802
0.806
0.811
0.814
0.817
0.819
0.821
0.823
0.825
0.827
0.829
0.831
0.832
0.834
0.835
0.836
0.'837
0.838
0.840
0.841
0.842
0.844
0.'846
0.847
0.848
0.849
0.849
0.850
0.850
0.850
0.850
0.850
0.851
0;'851

1 33 Ba

i

I
acO = 8.637 x 104 dpm/m2 for 8sSr, 1.387

dpm/mQ for 33 B -
X.103 dpm/mZ for 1 37 Cs, and 3.892 x 103

AT = 5.262 x 105 dpm for 8 5Sr, 2.627 x 105 dpm for 137Cs, and 2.264 x 105 dpm
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TABLE A-CXVII
ELUTION 0 ARGILLITE CNla

Total
Volume

(ML)

855 r 13 7 Csb

C/Ca A/ATC/C0 A/AT
- _ _

0.31
1.24
3.21
5.06
7.14

10.25
12.81
14.81
16.21
17.10
18.28
19.45
20.67
22.14
24.55
27.50
29.60
31.64
33.58
34.58
36.22
38.31
40.44
42.59
44.95
47.34
49.50
51.93
53.25
54.15
57.11

0.0000
0.0000
0.0000
0.0000
0.0000
0.0421
0.247
0.539
0.781
0.877
1.000
0.771
0.629
0.529
0.394
0.251
0.163
0.0991
0.0657
0.0592
0.0430
0.0210
0.0157
0.0119
0.0069
0.0053
0.0037
0.0030
0.0000
0.0000
0.0025

0.0000
0.0000
0.0000
0.0000
0.0000
0.0127
0.0632
0.166
0.232
0.313
0.454
0.565
0.625
0.729
0.839
0.915
0.934
0.963
0.969
0.975
0.985
0.989
0.992
0.995
0.996
0.997
0.998
0.999
0.999
0.999
1.000

517.2 0.0000 0.0000
-

aC = 1.009 x 105 dpm/mnQ for 85Sr.
Ai,= 1.021 x 106 dpm for 85Sr and 3.505 x 105 dpm for 137Cs.

bThe column was stopped at 517.2 m, before the elutioa of 137Cs.
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TABLE A-.YXVIIIr
ELUTION OF ARGILLITE CN2-1a

85S 137b
Total _ _Sr _ __Cs

* ~VolumeVlm) C/CO A/AT C/Co A/AT'

0.24
1.00
2.92
4.86
7.00 0.0000 0.0000
10.14 0.0048 0.0007
12.73 0.0686 0.0073
14.77 0.2028 0.0260
16.23 0.3691 0.0418
17.16 0.7899 0.0762
18.45 0.8192 0.139
20.05 0.9789 0.208
21.23 0.9780 0.246
22.38 0.9710 0.312
24.11 1.000 0.405
26.42 0.9390 0.517
28.24 0.8192 0.557
30.13 0.7922 0.656
31.97 0.6776 0.686
32.78 0.6930 0.708
34.11 0.6271 0.766
36.37 0.4487 0.819
38.80 0.3843 0.860
40.99 0.3177 0.891
42.03 0.2379 0.920
43.11 0.1945 0.940
44.19 0.1403 0.955
45.51 0.1138 0.968
46.82 0.0845 0.978
47.72 0.0671 0.983
50.61 0.0400 0.991
53.78 0.0295 0.994
55.47 0.0340 0.995
57-37 0.0164 0.997
60.53 0.0135- 0.999
62.62 0.0000 0.999
67.83 0.0047 1.000

1060 0.0000 0.0000

a C = 4.762 x 104 dpm/mY. for 85Sr.
AT = 1.027 x 106 dpm for 85Sr and 2.430 x 105 dpm for 13 7 Cs.

bThe column was stopped at 1060 m, before the elution of 137Cs.
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TABLE A-XXIX
ELUTION OF ARGILLITE C2- 2 a

Total
Volume

(mQ)

0.025
0.076
0.127
0.178
0.229
0.280
0.301
0.382
0.433
0.484
0.535
0.586
0.637
0.688
0.739
0.790
0.841
0.892
0.943
1.020
1.122
1.224
1.326
1.479
l.632
1.683
1.734
1.785
1.836
1.913

C/Ct, 9 mTc

0.000
0.000
0.000
0.141
0. 198
0.195
0.198

0.225

0.285
0.298
0.457
0.514
0.478
0.495
0.649
0.643
0.732
0.786
0.763
0.844
0.926
0.803
0.996
1.009
0.922
1.013
1.010
0.993

C/Ci, 131I

0.000
0.000
0.0312
0.105
0.142
0.179
0.202
0.264
0.498
0.667
0.740
0.818
0.828
0.902
0.889
D. 936
0.914
0.956
0.939
0.996
0.940
0.977
1.023
0.877
1.016
1.004
0.988
1.000
0.987
1.004

C/Cr, TO

0.001
0.000
0.029
0.108
0.147
0.169
0.171
0.277

0.824
0.884
0.880
0.873
0.909.

0.907
0.930
0.952
0.960
O.985
1.000
1.005
1.010
0.895
0.947
0.987
0.994
1.000
0.993

ac = 4.842 x o dpm/m. for
2.040 x 105 dpm/me for HTO.

9sMTc, 2.204 x 106 dpm/mQ for 1311, and
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TABLE A-XXX
.ELUTION OF ARGILLITE CN2-3 a

Total
Volume
(2)

. 95mTcb

3.96
4.13
4.34
4.55
4.73
5.54
5.88
6.26
6.71
7.08
7.51
8.52
8.79
9.19
9.63
9.96

10.3
11.1
11.5
12.0
12.3
12.7
13.1
14.1
14.6
15.1
15.5
15.9
17.1
17.5
17.9
18.3
18.7
19.9
20.3
21.2
21.7
22.9
23.3
23.7
24.4
25.6
26.0
26.4

C/C c/o

0.117
0.136
0.144
0.166
0.175
0.209
0.293
0.373
0.393
0.430
0.493
0.522
0.585
0.660
0.942
0.982
0.974
0.941
0.991
0.986
1.000
0.992
0.976
0.903
0.949
0.933
0.875
0.813
0.697
0.792
0.850
0.761
0.781
0:.657
0. 649
0.602
0.590
0.568
0.484
0.480
0.459
0.455
0.435
0.415

A/AT

0.00038
0.0016
0.0026
0.0041
0.0044
0 .0108
0.0145
0.0198
0.0264
0.0323
0.0402
0.0599
0.0658
0.0756
0. 0911
0.103
0.117
0.144
0.160
0.177
0.189
0.203
0.218
0.251
0.270
0.285
0.298
0.310
0.342
0.354
0.366
0.378
0.389
0.399
0.429
0.437
0.457
0.468
0.488
0.496
0.504
0.514
0.534
0.541

I ..
i .. 
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TABLE A-XX (Coant)

Total
Volume
(Mi)

95amrcb

26.9
27.3
28.4
29. 7
30.1
31.4
31.8
32.2
32.6
33.0
34.2

C/C

0.390
0.398
0.380
0.300
0.315
0.308
0.292
0.299
0.293
0.269
0.251

A/AT

0.547
0.554
0,560
0.586
0.590
0.593
0.609
0.613
0.618
0.622
0.626

aEuropium was also loaded on the column but not eluted.

bC = 880 cpm/m.t and AT 2.360 x 104 cpm.
0

I!

I.
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TABLE A-XXXI
ELUTION OF ARGILLITE CN3

i
i

Total
Volume
(me)

0.350
0.400
0.450
0.500
0.550
0.600
0.650
0.700
0.750
0.800
0.850
0.900
0.950
'1.000
1.050
1.100
1.175
1.250
1.363
1.413
1.450
1.500
1.613
1.650
1.700
1.750

C/CI, HTO

0.000
0.004
0.045
0.185
0.348
0.590
0.680
0.791
0.889
0.945
0.970
0.996
0.999
1.000

C/Cl, 131I

0.000
0.005 -

0.068
0.217
0.397
0.545
0.668
0.835
0.930
0.910
0.954
0.968
0.980
0.990
0.962
1.000

C/C, 95mTc

0.000
0.060
0.140
0.175
0.277
0.415
0.518

, 0.500
0.570
0.607
0.677
0.740
0.780
0.800
0.914
0.935
0.920
0.940
0.926
0.976
0.996
0.999
1.000

l
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APPENDIX B

SECTIONED COLUMN DATA

After elution, the majority of the columns were sectioned into pretared

vials. The vials were reweighed when the rock samples had dried, in order to

determine the amount of the column in each sample, and then counted with a Ge(Li)

detector. I many cases, most of the radionuclide(s) had been removed from

the column by elution, and data obtained from sectioning were used primarily to

determine A, the total amount of activity loaded on the column. Sectioning

the columns also gave the distribution of activity along the column and indi-

cated whether or not a given radionuclide was being irreversibly sorbed at the

load point. For those cases where <50% of a radionulcide had been eluted, the

distribution of activityiin the sectioned column was used to estimate a retarda-

tioa factor and a sorption ratio. Those data are summarized with the column

elution data in Tables3 IV through VIII, Sec. IV.

TABLE B-I

DATA FROM SECTIONED COLU1N Y38-3a

Percent of 137
Column Cs

Sampled in Sample (%)

5.08 1.2

17.7 5.0

11.7 1.9

13.7 1.4

14.7 4.0

17.9 9.7

19.2 11.5

aThe data are given from the load end to the
exit point.

After elutioa 34.7% of the 137Cs remained
on the column.
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TABLE B-I

DATA FROM SECTIONED

Percent of
Column Sampled

I

I

6.4

11.0

4.2

13.5

16.1

16.1

16.1

6.4

. I 

COLUMN JA37a

37Cs in Sample

0.85

1.25

1.89

2.06

3.92

5.26

5.02

3.42

(M)

i
I
i

aThe data are given
the exit point.

After elution 24%
column.

from the load end to

137 rof the Cs remained on the

Percent of
Column Sampled

21.1

21.1

23.7

18.4

15.8

TABLE B-III

DATA FROM SECTIONED COLUMN JA18-1a

Average Distance,
Through Column )

10.6

31.7

54.1

75.1

92.2

13 7Cs

in Sample ()

20.7

64.8

12.8

0.64

1.06

aThe data are given from the load end to the exit point.
137

No Cs was removed from the column in 678 m; 50% of the
activity had-moved 20 to 42% of the way through the column.
Thus, 1614 to 3390 m would be required to remove 50% of
the activity from the column.

The 85Sr decayed before the column was sectioned.
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TABLE B-IV

DATA FROM SECTIONED COLUMN JA18-2a

Percent of
Column Sampled

12.6

10.7

10.8

9.81

6.57

8.57

12.0

10.4

9.38

9.22

Column itself with
traces of rock

Average Distance
Through Column ()

6.3

17.9

28.7

39.0

47.2

54.8

65.1

76.3

89.2

95.5

152 Eu

in Sample (%)

14.5

16.8

12.2

10.5

6.24

9.10

8.97

6.37

4.40

3.27

1.83

aThe data are given from the load end to the exit point.

After elution of 804 m, 50% of the 152Eu had moved 33.4 to
43.1% of the way through the column. Thus, 1870 to 2410 ml
would be required to elute one-half of the europium.
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TABLE B-V '

DATA FROM SECTIONED COLUMN JA18-3a

I
i

II
i

Percent of
Column Sampled

1.88

I 2.30 --

4.12

8.87

6.71

11.9

11.8

11.2

14.8

6.38

20.0

Average Distance
Through Column %)

0.94

3.03 --

6.24

12.7

20.5

29.8

41.7 '

53.1

66.2 '

76.7

89.8

137 Cs

in Sample 

25.8

27.5

32.7

12.9

0.23

0.02

0.09

0.01

0.01

0.14

0.27

13 3Ba

in Sample (%)

54.5

25.2

11.1

9.20

I
i

II
t a~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The data are given from the load end to the exit point.

Occasionally, small amounts of 137Cs were detected in the eluate, but
essentially all the 137Cs and 133Ba remained on the column. The
total volume eluted was 655 m; 50% of the 133Ba and 50% of the
137Cs had moved 0.7 to 3% and 2.8 to 5.8% of the way through the
column, respectively. 'Therefore, 21 800 to 93 600 m would be required
.to remove 50% of the 133Ba, and 11'300 to 24 300'ml would be necessary
to remove 50% of the 137Cs.

The 85Sr decayed before the column was sectioned.
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TABLE B-VI

SECTIONED COLUMN G- 3658aDATA FROM

Percent of
Column Sampled

1.27

2.89

2.51

6.01

5.64

13.1

8.20

11.9

9.04

6.99

8.31

24.1 + exit fritb

137 Cs

in SamDle (%)

0.24

0.52

0.36

0.77

0.59

0.91

0.43

0.67

0.64

0.71

0.95

6.49

1 3 3Ba

in SamDle (%)

0.16

0.59

0.48

0.76

0.52

1.11

1.15

2.51

2.62

2.96

3.97

17.7

a
The data are given from the load end to the exit point.

137 133
After elution, -13% Cs and -35% Ba remained on the
column. Approximately 82% 13 7Cs and 57% 13 3Ba were removed
by elution. Thus of the total activity, 95% 137Cs and 92%
133Ba were removed; these numbers probably differ from 100%
because of the large number of samples with poor counting
statistics taken over the broad peaks.

There wasi algae in the exit frit and fitting of this column.

I
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TABLE B-VII

DATA FROM SECTIONED COLUMN G-3116a

Percent of
Column Sampled

4.59.

6.79

7.00

8.72

11.7

Average Distance
Through Column (%)

2.29

7.99

14.9

22.7

32.9

44.1

57.2

70.3 -

80.0

85'
Sr Loaded

in Sample (%)

11.3

21.2

16.7

1.4

12.3

6.5

4.0

1.4

85Sr on Column
in Sample (X)b

14.9

27.9

22.0

1.84

16.2

8.56

5.27

- 1.84

137 Cs in

Sample (%)

2.0

2.2

1.6

17.5

1.2

0.6

0.6

0.4

0.3

0.2

0.7

0.1

1 37 Ba il

Sample (%)

27.6

19.2

3.7

2.0

3.7

2.7

3.5

2.4

1.8

10.7

15.4

10.8

8.52

6.36

9.40

Empty column with
traces of rock

87.4

. . 95.3

1.1 1.45 -1 .4

2.0

0.4

a
The data are given from the load end to the exit point.

The total volume eluted was 6727 ml. Approximately 73% of the 37Cs was elutedi and one-half of the 133111
moved 17 to 24% of the way through the column, indicating 28 000 to 39 600 m would be required to move that
much completely.

Because 24% of the 85Sr was removed from the column in a distinct peak before elution was stopped, tlhe Hir
remaining on the column is treated separately. One-half of strontium on the column moved 11.5 to 20% of tlh
way through the column, indicating 33 600 to 58 500 m would be required to remove 50% of te 8 5Sr comlpletely.

I t-
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TABLE B-VIII

DATA FROM SECTIONED COLUMN Gl-2901a

:1

I!

I'

Percent of
Column Sampled

7.12

10.2

11.3

9.65

12.6

5.72

10.9

9.85

7.67

6.90

3.09

2.29

2.71

Empty column wil
traces of rock

Average Distance
Through Column ()

3.56

12.2

23.0

33.4

44.6

53.7

62.0

72.4

81.2

88.5

93.4

96.1

98.9

137Cs in

Sample ()

2.22

3.87

7.44

9.41

16.9

8.50

16.0

13.2

8.45

5.60

1.14

1.05

1.10

133Ba in

SamDle ()

4.07

2.07

1.76

1.57

1.94

0.86

1.81

1.98

1.86

1.98

0.97

0.78

1.42

5.821.81

aThe data are given from the loaded end of the exit point.

After elution of :308 m, essentially all of the 37Cs, and 29% of the 133Ba
remained on the column. One-half of the 137Cs had moved 53 to 59% of the way
through the column. Therefore, 522 to 581 m would be required to remove 50%
of the cesium activity from the column.

*1I
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TABLE B-IX

DATA FROM SECTIONED COLUMN G- 2476a

Percent of
Column Sampled

4.11

4.37

5.66

5.38

5.11

7.87

5.18

10.5

8.50

12.3

9.30

6.79

.6.38

5.26

3.33

Empty column
with traces of
rock

Average Distance
Through Column ()

2.05

6.29

11.3

16.8

22.1

28.6

33.7

41.6

51.1

61.5

72.3 

80.3

86.9

92.7

97.0

137Cs in

Sample (%)

0.52

0.34

0.53

0.58

0.64

1.31

1.20

3.32

4.42

9.37

9.23

8.05

8.84

7.09

6.42

2.30

133Ba in

Sample (X)

0.27

0.00

0.00

0.30

0.01

0.45

0.36

0.89

0.51

1.99

1.62

1.75

2.11

2.31

1.62

2.14

aThe data are given from the load end to the exit point.

After elution of 355 m, 16 of the 33Ba remained on the column. One-half
of the 137Cs had moved 88 to 93% of the way through the column. Therefore,
382 to 403 m would be required to remove 50% of the cesium activity from the
column.-
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TABLE B-X

DATA FROM SECTIONED COLUN Gl- 23 6 3 a

Percent of
Column Sampled

5.33

7.11

7.73

9.51

8.45

8.39

11.4

10.9

9.32

8.16

7.57

4.13

2.03

13 7 Cs in

Sample ()

0.85

0.52

0.50

0.62

0.61

0.67

1.10

1.48

1.98

2.66

3.34

2.36

1.42

1 33 Ba in
Sample ()

0.00

0.00

0.00

0.41

0.38

0.14

0.99

1.0t

0.92

1.35

1.32

0.78

1.14

.1

:f I
* I
i.

.

aThe data are given from the load end to the exit point.

After elution -18% of the 13 7 Cs and -8% of the 33Ba remained on
the column.

4.
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TABLE B-XI

DATA FROM SECTIONED COLUMN G- 22 89a

Percent of
Column Sampled

6.79

9.80

8.41

5.94

6.83

5.52

3.70

10.6

Average Distance
Through Column ()

3.39

11.7

20.8

28.0

34.4

40.5

45.1

52.3

60.6

68.4

152Eu in

Sample ()

6.23

13.3

28.7

22.0

9.42

7.63

0.93

0.80

0.65

0.39

0.36

0.36

0.36

6.41

5..99

9.63

11.2

8.84

6.66-

Empty column with
traces of rock

78.8

88.8

96.6

aThe data are given from the load end to the exit point.

Although a small peak of 152Eu was removed on elution, the majority
of the europium remained on the column after,366 m. One-half of this
activity had moved 21.2 to 28% of the way through'the column,*indicating
1307 to 1726 ml would be required to 'remove 50% of the europium from
the column.
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TABLE B-XII

DATA FROM SECTIONED COLUMN Gl-2233a

Percent of
Column Sampled

- 3.74

6.20

10.4

12.5

14.9

11.7

12.7

9.73

7.25

6.38

4.46

Average Distance
Through
Column ()

1.87

.6.84

15.2

26.7

40.4

53.7

65.9

77.1

85.6

92.4

97.8

137Cs in
Sample (%)

21.7

43.0

22.3

6.06

4.25

1.49

0.69

0.33

133Ba in

Sample (%)

64.9

15.7

6.77

4.03

3.22

1.45

0.77

0.41

0.08

0.01

85Sr in
Samole ()

28.2

11.8

6.44

5.94

4.62

3.38

3.31

2.36

1.09

1.05

1.05

Empty column with
tracers of rock

0.79

aThe data are given from the loaded end to the exit point.

There was visible algae throughout this column.

After elution of 4881 m, 30% of the 8 Sr had been eluted, and 50% of the
cesium had moved 6.5 to 10% of the way through the column. One-half of the
1 33Ba and 85Sr had moved 1.25 to 5% and 22 to 35% of the way through the
column, respectively. Therefore, 9.762 x 104 to 3.905 x 105 m would be
required to remove 50% of the 133Ba, 1.395 x 104 to 2.219 x 104 m would
be required to remove 50% of the 85Sr, and 4.881 x 104 to 7.51 x 105 mA
would be required to remove one-half of the 137Cs.
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Percent of
Column Sampled

5.1

6.9

9.1

10.8

7.9

16.1

8.8

6.5

6.2

4.4

5.9

12.3

TABLE B-XIII

DATA FROM SECTIONED COLUMN G-1982a

137Average Distance Cs in
Through Column (X) Sample (%)

2.5 2.55

8.5 4.72

16.6 9.66

26.5 16.1

35.8 14.1

47.8 27.6

60.3 11.2

67.9 5.71

74.3 3.68

79.6 1.66

84.7 1.41

93.9 1.43

133 Ba in

Sample (%)

-0.62

0.82

1.21

1.70

1.27

: 3.66

2.08

1.73

1.81

1.44

2.09

6.16

aThe data are given from the load end to the exit point.

After elution of 355 m, 24.6% 133Ba and 99.8% 137Cs remained on
the column. One-half of the cesium had moved 37 to 47% of the way
through the column, indicating 755 to 960 m would be required to
remove 50% of the 137Cs completely.

TABLE B-XIV

- DATA FROM SECTIONED COLUMN 1883-la

Percent of
Column Sampled

27.7

34.0

22.0

16.3

37Cs in Sample (%)

0.94

1.64

1.33

1.60

33Ba in Sample ()

0.89

1.10

0.74

0.69

aThe data are given from the load end to the exit point.

After elution, -5% of the 137Cs and -3% of-the 33Ba remained on the
column.
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TABLE B-XV

DATA FROM SECTIONED COLUME G-1883- 2 a

.1

Percent of
Column Sampled

5.43

4.34

5.97

6.52

8.15

8.69

8.69

8.15

8.15

8.15

11.1

8.69

4.89

3.04

Average Distance
Through Column (%)

2.71

7.60

12.8

19.0

26.3

34.8

43.4

51.9

60.0

68.2

77.8

-87.9

94.5

98.1

137Cs

in Sample ()

0.84

0.58

0.54

0.81

1.21

1.88

3.36

4.23

4.63

5.95

11.0

9.77

6.23

6.25

133 Ba

in Sample (X)

0.61

0.45

0.49

0.60

0.69

0.90

4.83

1.27

1.03

1.27

2.03

1.78

1.21

1.22

:1

..I a
The data are given from the loaded end to the exit point.

After elution of 449.4 m, -187 of 33Ba and 60% of the 37Cs remained on the
column. One-half of the cesium had moved 92 to 93.4% of the way through the
column, indicating 481 to 488 m would be required to remove 50% of the 137Cs
completely.

i
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TABLE B-XVI

DATA FROM SECTIONED COLUMN Gl-1292a

Percent of
Column Sampled

5.58

7.43

10.8

11.2

13.0

14.9

7.43

9.29

9.29

5.58

Average Distance
* Through
Column %) -

2.79

9.29

18.4

29.4

41.5

55.5

66.6

75.0

84.3

91.2

97.3

137Cs in

Sample %

0.91

1.20

I- 2.54

* 1. 5.03

- 9.28

- 16.0

9.51

12.3

9.42

5.05

4.66 .

133Ba in

Sample ()

0.77

1.29

3.37

9.03

19.1

-. . 32.2

15.5

1. 13.3

4.50

0.75

0.215.58

aThe data are given from the load end to the exit point.

After'elution of 428 m,-100% of the 133Ba and -75% of the 137Cs
remained on the column. One-half of the 137Cs and 33Ba had moved
70 to 79% and 49 to 62% of the way through the column, respectively.
Therefore, 542 to 611 m would be required to:removed 50% of the
barium completely, and'690 to-873 m would be-required for the cesium.
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TABLE B-XVII

DATA FRO1 SECTIONED COLUMN GT-U12Ga

Percent of
Column Sampled

12.1

14.1

12.1

16.2

Average Distaace
Through

Column ()

6.1

19.1

32.2

46.4

9SmTc in
Sample (%)

152Eu in

Sample (M)b

41.8

44.7

5.94

1.14

0.66

0.58

0.38

0.68

13.1

14.1

14. 1

4.04

61.0

74.7

88.7

0.00

0.81

0.58

0.50

1.7797.8

aThe data are given from the load end to the exit point.

The column, also loaded with 5Sr, 137Cs, and 33Ba, was terminated
after the elutioa of'187.3 m. The sample (12.1%) closest to the
load point contained 78.4% of the 85Sr, 74.8% of the 37Cs, and 84%
of the 33Ba. The remaining strontium, cesium, and barium was all
in the second sample.-

V
One-half of the 152Ea had moved 8.2 to 21% of the way through the
column; therefore, 892 to 2284 m would be required to remove 50%
of the 52Eu from the column.
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. TABLE B-XVIII -

DATA FROM SECTIONED COLUMN CS7a

Percent of
Column Sampled

24.1

11.1

18.5

13.0

11.1

Average Distance
Through Column M).

12.0

29.6

44.2

60.2

77.2

88.9

13 7Cs

in Sample ()

43.8

5.8

7.5

3.0

2.8

2.622.2

a The data are given from the load end to the exit point.

After elution of 845 m, 66% of the 137Cs remained on the column.
One-half of the 37Cs had moved -15 to 29% of the way through the
column; therefore, 2914.to 3841 m would be required to elute 50%
of the 137Cs completely.

TABLE B-XIX

DATA FROM SECTIONED COLUMN CS5-1a

Percent of
.Column Sampled

21.5

12.2

7.8

24.7

14.3

Average Distance
Through Column (%)

10.7 '

27.6

37.6

53.8

73.3

86.5

37Cs in

Sample )

55.9

8.10

2.01

2.89

1.28

1.15

133Ba in

Sample )

16.9

0.25

0.08

0.11

0.13

0.33

4.82

1.40

12.0 -

7;6' 

Column itself with
traces of rock

96.5
.i'

0.07

1.04

aThe data are given from the-load ,end to the exit'point.

After elution of 900 me,- -72% of 137Cs and -24% 133Ba remained on'the
column. One-half 'of the cesium had moved -9 to 26% of theway through the
column;'therefore, -3500 to 10 000 ml would be required to remove 50% of
-the L37Cs completely.'
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TABLE B-XX

DATA FROM SECTIONED COLUMN CS5-3a

Percent of
Column Sampled

10

11

24

15

4.2

30

5.4

137Cs in

Sample (%)
8.3

9.4

5.2

7.9

2.6

133Ba in

Sample (M)
5.8

4.3

1.5

0.96

2.2

0.30

3.6

4.0

6.8

aThe data are given from the load end to the exit point.

After elution 43% of the 137Cs and -18% of
on the column.

the 33Ba remained

TABLE B-XXI

DATA FROM SECTIONED COLUMN CS5-4a

Percent of'
Column Sampled

0.39

9.83

13.3

15.4

18.3

20.5

22.2

Average Distance
Through Column (%)

0.20

5.31

16.9

31.2

48.1

*67.5

88.9

95mTc in

Sample ()

0.00

0.00

86.3

8.47

3.31

1.20

0.79

152 Eu in
Sample (%)

33.5

32.5

18.4

5.33

5.43

1.79

2.59

aThe data are given from the load end to the exit point.

One-half of the 1 5 2Eu had moved -2.6 to 5% of the way through the column
after eluting 111 m, indicating that 2220 to 4269 m would be required
to remove 50% of the europium completely. The 9smTc appears in a narrow
band. One-half of the technetium had moved 10 to 25% of the way through
the column; therefore, the volume required to elute 50% would be 444 to
1110 m.
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- TABLE B-.XII

DATA FROM SECTIONED COLUMN CN1a

Percent of
Column Sampled

Load frit and
trace rock

-41

-18

-41

Average Distance-
Through-Column i(%)

137' in

Sample ()

0 '

20.5

50.0

79.5

0.8

56.9

32.4

9.8

aThe data are given from the load end to the exit point.

No 137Cs was removedifrom the column by elution in 524 days
(total volume = 517 m). One-half of the 137Cs moved 18-to 45%
of the way through the column, indicating 1150 to 2870 m would
be required to elute 50% 137Cs.

- TABLE B-XXIII

DATA FROM SECTIONED COLU&N CN2-l.

Percent of Average Distance
Column Sampled Through Column ()

3.87 1.94

6.43 7.09

10.3 15.4

20.1 30.6

10.6 46.0

10.8 56.7

16.8 70.5

22.1 89.4

Column itself with
traces of rock

137Cs in

Sample (%)

2.09

3.35

9.21

3.09

18.9

15.8

14.8

0.53

0.36

The data are given from the load end to the exit
point.

After elution of 1067.5 m, 50% of the 137Cs had moved
30 to 55% of the way through the column. Thus, 1940 to
3560 mg would be' required to elute one-half of the cesium
completely.
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TABLE B-.(IV

DATA ROM-SECTIONED COLU C2-3a

Percent of
Column Sampled

17.5

5.58

6.71

9.22

10.0

14.2

28.7

8.05

Average Distance
Through Column (M)

8.75

20.3

26.4

34.4

44.0

56.1

77.6

95.9

152Eu in

Sample )

38.0

45.9

11.4

3.22

4.74

0.39

0.27

0.31

95mTc in
Sample (%)

0.00

0.0

0.00

12.0

8.33

9.27

7.81

0.00

95mTc on column
In Samole ()

0.00

0.00

0.00

32.1

22.3

24.8

20.9

0.00

Thc data are given from the load end to the exit point.

After elution of 111 m, one-half of the 1S2Eu had moved 12 to 22% of the way
through the column; therefore, 505 to 925 m would be required to elute 50 of
the 52Eu completely. In the last column, the 95Tc remaining on the column
is treated independently from the 95'Tc eluted: one-half had moved 42 to 53%
of the way through the column; therefore, the 9 Tc remaining on the column
would require 209 to 264 m for one-half to be eluted.
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TABLE B-.CXII

DATA FROM SECTIONED COLUMN Cla

Percent of
Column Sampled

Load frit and
trace rock

-41

-18

-41

Average Distance
Through Column (%)

137Cs in

Sample (%)

0

20.5

50.0

79.5

0.8

56.9

32.4

9.8
. 6

I

I

I

aThe data are given from the load end to the exit point.

No 137Cs was removed from the column by elution in 524 days
(total volume = 517 mg). One-half of the 137Cs moved 18 to 45%
of the way through the column, indicating 1150-to 2870 m would
be required to elute 50% 137Cs.

TABLE B-XXIII

DATA FROM SECTIONED COLUMN CN2-1a

of - Average Distance
.Tled Through Column (%)

.:
Percent

Column San

3.87

6.43

10.3

20.1

10.6

10.8

16.8

22.1

Column itself with
traces of rock

1.94

7.09

15.4

30.6

46.0

56.7

70.5

89.4

137Cs in

Sample (%)

2.09

3.35

9.21

3.09

18.9

15.8

14.8

0.53

0.36

aThe data are given from the load end to the exit
point.

137After elution of 1067.5 mg, 50% of the Cs had moved
30 to 55% of the way through the column. Thus, -1940 to
3560 m2 would be required to elute one-half of the cesium
completely.
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TA5BLE -.YXlV

DATA FROM SECTIONED CLUN C2-3a

Percent of
Column SamDled

17.5

5.58

6.71

9.22

10.0

14.2

28.7

8.05

Average Distance
Through Column (%)

8.75

20.3

26.4

34.4

44.0

56.1

77.6

95.9

152E in
Sample (%)

38.0

45.9

11.4

3.22

4.74

0.39

0.27

0.31

95=T in
Sample ()

0.00

0.0

0.00

12.0

8.33

9.27

7.81

0.00

95mTc on column
In Samale ()

0.00

0.00

0.00

32.1

22.3

24.8

20.9

.0.00

A?

aThe data are given from the load end to the exit point.

After elution of 111 Bly, one-half of the 1 2Eu had moved 12 to 22% of the way
through the column; therefore, 505 to 925 m would be required to elute 50% of
the 152Eu completely. In the last column, the 95mTc remaining on the column
is treated independently from the 95MTc eluted: one-half had moved 42 to 53%
of the way through the column; therefore, the 95mTc remaining on the column
would require 209 to 264 m for one-half to be eluted.
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