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ABSTRACT

The effect of slight differences in composition on the leach-
ability of simulated nuclear waste (SRL 131 glass specimens) is
being studied. In other work, contacting of simulated nuclear waste
glass with a humid atmosphere has been found to be a method of
accelerating aging reactions while simulating conditions that may
exist in a nuclear waste repository.

Nuclear logging methods are being considered for determining
the oil content of depleted wells. Results indicated the desir-
ability of measuring the integrated spectrum from a radioisotope
in an injected solution.

The behavior of radionuclides leached from proposed nuclear
waste repositories is being studied in laboratory analog experi-
ments, namely, flow-through experiments to examine the migration
of radionuclides through backfill, the waste form, and basalt rock.

The compositions of pore fluids in granites of the Canadian
Shield are being determined to examine the origin and genesis of
groundwater. Also being studied is the effect of dissolved organic
matter (such as humic acid) in groundwater on the migration behavior
of radionuclides.

Testing and development of equipment for the destructive anal-
ysis of full-length irradiated fuel rods from the Light Water
Breeder Reactor are in progress.

An information base is being assembled that will be used in
future analysis of the status of airborne waste disposal. The four
radionuclides being studied are 85Kr, 12 91, 3H, and 14C.

The anticipated hydrologic, thermal, and hydrothermal condi-
tions in high-level nuclear waste repositories and the resulting
physical requirements for backfill materials are presented. A
detailed analysis is presented on whether proposed mixtures of
bentonite and crushed basalt will have adequately low permeability
in the severe thermal, hydrothermAl, and radiation environment
expected in a repository.
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SUMMARY

Neutron Activation and Tracer Studies

The effects of slight differences in glass composition on the leachability
of unspiked and spiked SRL 131 glass were monitored by leachate and surface
analyses. The compositional differences had marked effects on leachate and
glass layer compositions and on the precipitated alteration products that
formed after 546 days of static leaching. The leaching behavior of long-lived
actinide elements was measured, with plutonium and americium showing little
tendency to become solubilized and neptunium and uranium continuously accu-
mulating in solution.

Aging of simulated nuclear waste glass by contact with a humid atmosphere
results in (1) the formation of a two-region hydration layer that penetrates
the glass and (2) the formation of alteration products on the glass surface.
This hydration process has been studied as a function of time, temperature,
glass composition, and water vapor pressure. A two-stage hydration rate was
observed, and rate constants were determined at each temperature. An Arrhenius
plot for the initial-stage hydration rate indicates that the reaction mechanism
does not change between the temperature limits of the experiment (120-240OC).
This conclusion is supported by the sequence in which minerals form on the
surface. This hydration process provides a means of accelerating aging
reactions while simulating conditions that may exist in a nuclear waste
repository.

Nuclear Logging of Oil Reservoirs

This work is focused on the log-inject-log (LIL) methods of reservoir
characterization for determining the oil content of depleted wells. In the
LIL approach, the bore hole is first logged, the reservoir is then injected
with a fluid, and the bore hole is logged again. Differences in the two logs
can be attributed to displacement of the natural fluids in a reservoir by the
injected fluid. Nuclear logging methods (using neutron sources, radiochemicals

and gamma detectors) are considered in this work. Experiments have been done

with radiochemicals and gamma detectors.

The major share of the effort this quarter has been expended in the pre-
paration of a final report which will be published as a topical report by the
Bartlesville Energy Technology Center. During this period, consideration was
given to the best means of collecting gamma ray activity data by the bore
hole detector--i.e.,whether it is better to measure an integrated spectrum of
all gamma energy that reaches the detector or to measure specific gamma ray

energy regions (where the radionuclide used emits specific monoenergetic gamma
rays). An experiment verified the theoretically derived answer--namely, that
the depth of field of the logging procedure is increased by measuring an
integrated gamma ray spectrum.

The funding for this project was ended (as scheduled) at the close of
FY 1982.
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Laboratory Analog Program

In the Laboratory Analog Program, two flow-through experiments to examine
the migration of radionuclides have been completed. In one, Hastelloy-C27b
apparatus was used in a gamma-radiation field; in the other, apparatus
fabricated of a nickel-copper alloy (Monel-400) was used.

In other work, results have been obtained on the laboratory aging of
repository components for use in experiments to investigate radionuclide
migration from an old repository. The host rock for the repository and the
clay backfill were aged in the laboratory by hydrothermal treatment in ground-
water. The waste glass was aged by hydration in water vapor. These treatments
led to substantial changes in the materials, which may affect their performance
in laboratory analog experiments.

Trace-Element Transport in Lithic Material by Fluid Flow

This report, presented in two parts, covers work on the composition of
pore fluids in granites of the Canadian Shield, and on the partitioning of
americium and neptunium between groundwater and basalt in the presence of
humic acid.

The compositions of pore fluids can give information on the age and flow
path of groundwaters in the pluton from which they were sampled. This is
particularly relevant to those plutons that are being investigated in the
Canadian program as hosts for high-level-waste disposal.

Organic substances are known to form strong complexes with many metals
in natural surface waters. Work on the partitioning of radionuclides is being
done to assess the effect of organics on the migration of radionuclides. The
work focuses on the effect of humic acid (largely) and fulvic acid since these
constitute the bulk of organic constituents of deep groundwaters.

Used in the study were three groundwaters from flood basalts of the
Columbia Plateau and a solution prepared to have the major and minor chemical
constituents of groundwater sampled from a bore hole at Hanford.

Light Water Breeder Reactor Proof-of-Breeding Analyical Support Project

This Project is responsible for the destrie tive analyses of 16 or 17
full-length irradiated fuel rods from the Light Water Breeder Reactor (LWBR)
during calendar year 1984. Results of these analyses will provide instrumental
calibration factors and corroboration of results for the nondestructive assay
of the LWBR core, being carried out at end-of-life (EOL) by the Bettis Atomic
Power Laboratory (BAPL) in order to determine the extent of breeding.

Operational concepts developed at ANL for this work were successfully
demonstrated in the pilot phase of the Project, completed in 1979. Present
Project activities, reported herein, are concerned with the development,
installation, and testing of full-scale equipment and systems for the EOL
fuel rod analyses. Systems reported upon include: (1) the full-scale shear
(FSS), (2) the dual dissolver system (DDS), (3) scrap and waste disposal, (4)
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process control and data management system, and (5) analytical systems. The
present installation and test efforts are being carried out in the Chemistry
Division Hot Cell Facility, located in M-wing, Building 200 of Argonne
National Laboratory, also the site of the EOL fuel rod analyses themselves.

Airborne Wastes Criteria/Classif cation

An information base is being assembled that will be used in an analysis
of the status of the disposal of airborne wastes from the nuclear fuel cycle.
The analysis will determine whether current concepts of waste form, packaging,
ard disposal that could be applied to airborne wastes will be compatible with
regulations that are being formulated. Wherever incompatibilities are dis-
covered, the analysis will also make recommendations for altering disposal
concepts or amending regulations. The information base is to be gathered in
FY 1982, and the analysis is to be carried out in FY 1983.

During this quarter, the first draft of the information base was finished.
Copies of this draft were released to the Airborne Waste Management Program
Office (Exxon Nuclear Idaho Company), to the Idaho Operations Office, and to
each of 14 persons (at other organizations) who had agreed to provide a peer
review.

Reported below are all sections of the information base document that
have not been included in previous Fuel Cycle Section quarterly reports.
These sections include: (1) occurrence of airborne wastes, (2) compositions
of the primary waste streams, (3) technology of krypton waste forms, (4)
cements as immobilization media, (5) technologies of tritium waste forms,
(6) technologies of iodine waste forms, (7) technologies of carbon waste
forms, (8) greater confinement disposal, (9) concepts of deep-geologic
disposal technology, (10) catalogs of certified packaging for transportation
of radioactivity, and (11) interim storage.

Modification of Backfill Materials Under Repository Conditions

This report addresses considerations (1) on the thermal and hydrothermal
environment which will be encountered by backfill materials for a high-level
nuclear waste repository in basalt and (2) the requirements en permeability
and other physical parameters of the backfill.

Bentonite is being strongly considered as a backfill material because it
can swell more than ten times in the presence of water and because it sorbs
cations and thereby retards their migration. It is less well known that it
also acts as a highly effective diffusion barrier for anions.

Limited data suggest that the vertical difference in pressure across a
repository located in the Umtanum flow on the Hanford Re ovationn will be
small--on the order of 0.1 MPa or less. With this pressure difference, flow
of water through 30 cm of backfill could be held to 100 cm/y at 300*C, and
1.5 ca/y at 60 C, if the permeability is no higher than 10-14 cm2, and if the
flow rate varies inversely with the viscosity of water. Swelling clays,
especially sodium-montmorillonite, have great promise of attaining such low
permeabilities in a repository, but confinement of the clay appears to be
essential for obtaining the lowest permeabilities. Moreover, in laboratory
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experiments, there apparently are partially unfilled pores between the sand
grains of clay/sand mixtures, greatly increasing permeability and, presumably,
the diffusion coefficients. Thus, since an increasing sand content greatly
increases permeability In laboratory experiments, the proportion of sand may
be critical in limiting the permeability.

Some previously reported data in the literature on the permeability of
backfill materials may be in error because of preferred orientation of the
clay in the experiments cr because of air trapped in the clay.

Consideration of temperature calculations in the literature suggests
that: (1) the peak temperature in the backfill may rise initially to 300 C
or higher, and (2) the backfill will be subjected to a very high thermal
gradient, which may cause extensive redistribution of material in the back-
fill. The environment will initially be hot and dry, then hot and steamy,
then hot and wet, and finally cool and wet. Thus, the backfill will be
subjected sequentially to a great variety of severe environments, each of
which could alter it greatly.
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I. NEUThON ACTIVATION AND TRACER STUDIES
(J. K. Bates)

A. Introduction

Dispersion of wastes into the biosphere is the principal potential hazard
of nuclear waste disposal. Characterization of waste forms requires the use
of sensitive analytical methods to obtain dispersion data for low-rate
phenomena. Neutron activation analysis (NAA) has been shown to be one method
applicable for measuring leach rates. Alternatively, radioactive tracers
incorporated in simulated waste can provide sensitive methods for applications
in which NAA is not possible or practical. Both methods are likely to be
useful for characterization measurements other than leach rates.

The general objective of this program is to develop techniques and to
qualify methods that utilize neutron activation analysis and radioactive
tracers for characterizing simulated waste forms. Comparison of character-
ization test results obtained using these two methods with other existing
characterization data has been used to specify conditions under which such
tests and the resulting data may be extrapolated to fully radioactive speci-
mens. The current focus is on leach-rate characterizations of simulated waste
glasses and, to a lesser extent, advanced waste forms.

Major goals completed are the development of the NAA method for leach-
rate determinations; definition of the accuracy, sensitivity, and limitations
of NAA, and establishment of the applicability of the test results to larger-
scale waste forms [STEINDLER-1982A]. Goals for the development o measurement
methods utilizing radioactive tracers are similar.

B. Qualification of Radioactive Tracer Method

1. Introduction

A series of experiments have been completed that qualify the use of
NAA and radioactive tracers for measurement of leach rates from SRL frit 131
and SRL frit 211 simulated waste glasses. Four classes of chemical elements
present as minor elements (<5 wt %) in SRL defense wastes and of concern to
radioactive waste management have been the focus of the measurements. The
four classes are alkali metals (Cs), alkaline earths (Sr and Ba), rare earths
(Ce and Eu), and noble metals (Ru).

Simulated waste glass containing radioactive tracers has been pre-
pared; this glass was leached directly and also was submitted for neutron
activation prior to leaching. Leach rates were measured wherever possible,
using four different techniques: (1) vin conventional chemical solution
analysis (ICP,* AA,t DCP,t flame emission) of leachates from non-neutron-
activated glass, (2) gamma-ray spectroscopic analysis of leachate solutions
from neutron-activated glass specimens (A), (3) gamma-ray spectroscopic

*Inductively coupled plasma emission spectroscopy.

tAtomic absorption.

#Direct current plasma emission spectroscopy.
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analysis of leachate solutions from glass specimens spiked with radioactive
tracers (S), (4) gamma-ray spectroscopic analysis of leachate solutions from
neutron-activated glass specimens spiked with radioactive tracers (S/A).

The objective of these measurements was to obtain comparative leach
rate data in order to define the reproducibility, sensitivity, limitations,
and precision of leach rate measurements by the various methods. The surface
area of a specimen was about 400 mm2 . This portion of the program has been

completed and the results previously reporter. [STEINDLER-1982B, BATES-1982A].

2. Leaching Characterization of Defense Glass

Savannah River Laboratory 131 glass (SRL 131) is presently a refer-
ence glass for the incorporation of nuclear defense waste. As such, this glass
has undergone substantial leach testing and post-leach surface characterization
to describe its leaching behavior [BATES-1982A, CLARK, PLODINEC]. I. has been
observed that a variety of layers form on the surface of the glass and that
these may have a retarding effect on further leaching. The layers, though
poorly characterized, are known to be enriched in Fe and Mn while being
depleted in the more soluble matrix elements such as Na, Si, B, and Li.
Their formation is proposed to be a dissolution/reprecipitation process
[CLARK]. Protective layer formation, and hence glass durability, is known to
be a strong function of the simulated waste composition and loading, with a
thinner, more durable layer forming for a high-alumina waste composition.

In this section, the leaching reactions of different SRL 131 glasses,
modified by comparatively small changes in waste composition, are described in
terms of leach solution and surface analyses. Marked differences in the com-
position and appearance of the layers are found for the modified waste formu-
lations. Importantly, interaction of the long-lived actinide waste elements
with the leach solution and reactive layers is described.

a. Experimental

MCC-1 type static leach tests [MENDEL-1981AJ were done using
the gless compositions shown in Table I-1 and deionized water. The three
compositions included the base composition as received from SRL (Cl), the base
glass modified by the addition of several minor waste elements (G2), and the
base glass plus waste elements and actinides (G3). To glasses G2 and G3, the
radiotracers 85Sr, 1 33Ba, 13 7 Cs, 141Ce, and 15 2Eu were also added. These
modifications, made by adding small amounts of waste elements, have little
effect on the weight percent compositions of the matrix-forming and modifying
elements present in the glass, and the changes are far less than studied in
previous testing [CLARK].

Static leach tests of up to 392 days (G1), 546 days (G2), and
182 days (G3) have been completed using deimnized water at 90'C. Leachate
analyses were done using inductively coupled plasma emission spectroscopy
(ICP) and radiochemical counting techniques. The leached surfaces were studied
with scanning electron microscopy (SEM), X-ray photoemission spectroscopy
(XPS), X-ray analysis using an electron probe (EPA), and X-ray diffraction
(XRD). Complete experimental details are tabulated according to MCC
format in Tablee 1-2 through 1-7.
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Table I-1. Compositions of Simulated SRL 131 Waste Glass

wt % as the Elementa

Glass No. 1 Glass No. 2 Glass No. 3
Element (Gl) (G2) (G3)

Si
Na
Fe
B
Ca
Mn
Al
Li
Ni
Mg
Ti
Zr
La

20.5
9.5
9.5
2.70
0.83
2.2
1.85
1.86
1.15
0.77
0.49
0.32
0.29

20.1
9.3
9.0
2.70
0.76
2.30
1.76
1.72
1.11
0.82
0.37
0.23
0.28

18.1
9.49
9.56
2-57
0.89
2.62
2.03
1.83
1.33
0.87
0.41.
0.25
0.34

Additives

Csb
Srb
Bab
Ceb
Nd
Eub
U
K
Ru

Mo
Cr
Zn
Pb

237 Np
239pu

241 Am

0
0.15
0.34
0.86
0.84
0.10
0
0
0.20
0
0
0
0
0
0
0

0.04
0.05
0.12
0.30
0.35
0.03
0.85
0.06
0.15
0.06
0.18
0.12
0.11
0.3
0.06
0.05

aAnalysis by inductively coupled plasma emission spectroscopy.

bThese elements were also added as radiotracers to glasses
No. 2 and No. 3.



Table 1-2. Experimental Conditions and Leachate Analyses for G1 Specimens

Specimen ID L-298 L-299 L-300 L-301 L-302 L-303 L-304 L-305 L-306 L-307 L-308 L-309

Run Duration, days

Date run began
Initial pH
C Temp, *C
Date run ended
Specimen
SA, =m2
Ut. leachant, g
Final pa
@ Temp, *C
Exp. initial
vt, (ti), g
Exp. final
Vt, (vtf), g
Exp. vti -
Vtf, g

Z leachact loss
Init. pH -

final pH

Solids
Spec. init.

vt, g
Spec. final

t, g
Spec. Vt loss,

g x 10-4

3
3/2/81

6.1
22

3/5/81

408
41.5

9.8
22

120.7

7
2/26/81

6.2
21

3/5/81

413
ND
9.8

22

14
2/19/81

6.3
21

3/5/81

416
45.4
9.8

22

28
2/19/81

6.3
21

3/19/82

417
45.5
9.9

21

28
2/19/81

6.3
21

3/19/82

410
44.4
9.8

21

28
2/1 9/81

6.3
21

3/19/82

416
44.0
9.8

21

42
2/19/81

6.3
21

4/2/81

403
45.4

9.4
23

91
2/19/81

6.3
21

5/21/82

413
43.6

9.8
23

183
2/19/81

6.3
21

8/21/81

409
44.4
9.3

25

183
2/19/81

6.3
21

8/21/81

415
44.0

9.3
25

392
2/19/81

6.3
21

3/19/82

418
44.1
9.7

21

392
2/19/81

6.3
21

3/19/82

415
44.2
9.7

21

ND 123.7 123.9 124.6 124.5 125.4 123.9 122.8 124.3 122.4 122.5

120.6 120.7 123.4 123.4 124.1 124.0 124.6 122.1 119.9 121.1 115.7 115.7

0.1 ND 0.3 0.5 0.5 0.5 0.8 1.8 2.9 3.2 6.7 6.8
0.2 ND 0.7 1.1 1.1 1.1 1.8 4.1 6.5 7.3 15.2 15.4

-3.7 -3.6 -3.5 -3.6 -3.5 -3.5 -3.1 -3.5 -3.0 -3.0 -3.4 -3.4

%V

0.4393 0.4854 0.5093 0.4917 0.4624 0.5066 0.3893 0.4769

0.4360 0.4803 0.5036 0.4842 0.4549 0.4980 0.3816 0.4666

33 51 57 75 75 86 77 103

0.4259 0.4.78

0.4136 0.48j

123 123

0.5308 0.4925

0.5173 0.4790

135 135

Constituent Analysis, mg/La

26.2
5.09

37.0
9.44
0.16
0.05
2.50
0.54

<0.05
0.09

<0.05
ND

26.0
4.89

35.6
9.12
0.16
0.06
2.35
0.48

<0.05
0.08

<0.05
ND

25.7
4.81

34.6
8.92
0.12
0.05
2.03
0.28

<0.05
<0.05
<0.05

ND

ND - not determined
aSaples L-298 thru L-307 were analyzed by atomic ebvnrption for Na and Li and by DCP for

and L-309 were analyzed by ICP. The numbers in parentheses are the analytical detection
the remaining elements; Samples L-308
limits for these techniques.

Na(0.003)
Li(0.003)
Si((0.05)
B(0.05)
Mn(0.05)
Ca(0.05)
Al(0.05)
Fe(0.05)
Ba(0.05)
Ti(0.05)
Mg(0.05)
Zr

12.9
2.32

18.5
4.15

<0.05
0.09
1.55

<0.05
<0.05
<0.05
<0.05

ND

19.0
3.52

25.0
6.22

<0.05
<0.05

1.99
0.05

<0.05
<0.05
<0.05

ND

22.3
4.02

27.9
7.77

<0.05
<0.05
1.88
0.15

<0.05
<0.05
<0.05

ND

27.4
5.42

41.2
9.85
0.20
0.15
1.71
0.52

<0.05
0.08

<0.05
ND

ND
ND

55.9
14.4
0.25
0.05
2.00
0.49

<0.05
0.08

<0.05
ND

62.4
11.7
87.7
22.8
0.33

<0.05
1.96
0.78

<0.05
0.09
0.16
ND

64.4
12.0
93.8
27.6
0.43
0.10
1.74
0.56

<0.05
0.08
0.11
ND

76.9
14.0
92.5
23.9

0.28
0.07
3.13
0.72

<0.01
0.08
0.)1
0.12

72.4
14.0
91.9
23.7
0.25
0.07
3.25
0.63

<0.01
0.07
0.08
0.11



Table 1-3. Experimental Conditions and Leachate Analyses for G2 Specimens

L-311 L-312 L-313 L-314 L-315 L-316 L-317 L-318 L-319 L-320 L-321 L-322 L-323

Run Duration, days
Date run began
Initial pH

Temp, *C
Date run ended
Specimen
SA, a2Wt leachant, g
Final pH
STemp., 'C
Exp. initial
at (ti), g
Esp. final
vt (vtf), g
Exp. vti - exp vtf
Z Leachant loss
Init. pH - final pH
Solids
Spec. init. vt, g
Spec. final vt, g
Spec. Vt loss, bxl0-4

3 7 14 28 28 28 37 91
3/6/81 3/2/81 2/23/81 2/23/81 2/23/81 2/23/81 2/23/81 2/25/81

6.3 6.1 6.0 6.0 6.0 6.0 6.0 6.15
22 22 21 21 21 21 21 21

3/9/81 3/9/81 3/9/81 3/23/81 3/23/81 3/23/81 4/2/81 5/25/81

415
43.0

9.7
23

332
37.9
9.7

23

120.9 116.3

120.9
0
0

-3.4

0.4527
0.4498

29

116.1
0.2
0.5

-3.6

0.3030
0.2991

39

429
46.7

9.7
23

414
45.4
9.8

23

443
45.5
9.8

23

364
46.5
9.8

23

412
46.1
9.6

23

401
41.9

9.6
24

195
2/25/81

6.15
21

9/8/81

427
43.0
9.7

23

195
2/25/81

6.15
21

9/8/81

435
44.8
9.7

23

386
2/25/81

6.15
21

3/19/82

411
41.9
9.9

21

386
2/25/81

6.15
21

3/19/82

438
41.2

9.9
21

546
2/25/81

6.15
21

8/26/82

429
43.9
9.5

25

126.9 113.6 123.7 126.7 126.3 121.9 122.3 122.9 122.0 121.2 122.4

126.6
0.3
0.7

-3.7

0.4025
0.3970

55

123.1
0.5
1.2

-3.8

L?3.1
0.6
1.4

-3.8

0.3693 0.4887
0.3626 0.4818

67 69

126.1
0.6
1.7

-3.8

0.3891
0.3826

65

125.6
0.9
2.2

-3.6

0.4556
0.4482

74

120.2
1.7
4.1

-3.45

0.4987
0.4907

80

119.2
3.2
7.4

-3.55

0.4699
0.4564

135

119.6
3.3
7.4

-3.55

0.4799
0.4660

139

115.7
6.3
15.0
-3.75

0.4125
0.3976

149

114.4
6.8
16.5
-3.75

113.8
8.6
19.6
-3.35

0.4851 0.4919
0.4715 0.4790

139 129

Constituent Analysis, mg/La

25.5
4.87

34.2
8.86
0.06

<0.05
4.14

<0.05
<0.05
<0.05
<0.05

ND

25.2
4.91
34.6
8.96
0.06

<0.05
1.87

<0.05
<0.05
<0.05
<0.05
ND

24.5
4.51

32.6
8.42
0.07

<0.05
1.77

<0.05
<0.05
<0.05
0.07
ND

Specimen ID

Na (0.003)
Li (0.003)
Si (0.05)

3 (0.05)
Mn (0.05)
Ca (0.05)
Al (0.05)
Fe (0.05)
Ba (0.05)
Ti (0.05)
Mg (0.05)
Zr

ND
ND

16.0
3.68

(0.05
0.33
1.39
0.09

<0.05
<0.05
<0.05

ND

ND
ND

24.1
5.36
0.05
0.11
1.91
0.07

<0.05
<0.05
<0.05

ND

ND
ND

28.7
6.88
0.05
0.06
1.98
0.05

<0.05
<0.05
<0.05

ND

0

27.2
5.22

39.2
8.79
0.08

<0.05
2.00

<0.05
<0.05
<0.05
0.06
ND

ND
ND

53.2
14.2
0.15

<0.05
1.59

<0.05
.0.05
<0.05
<0.05
ND

71.3
13.7
50.8
25.1
0.20

<0.05
0.99
<0.05
<0.05
<0.05
0.07
ND

68.3
13.2
72.0
23.6
0.22
<0.05
1.09

<0.05
<0.05
<0.05
0.06
ND

92.2
18
97.4
30.4
0.48
<0.05
1.30
0.08
0.09

<0.005
0.19

<0.01

ND - not determined.
aSamples L-311 thru L-320 were analyzed by atomic absorption for Na and Li and by DCP for the remaining elements. The numbers in

parentheses are the analytical detection limits for these techniques. Samples L-321 to L-323 were analyzed by ICP.

88.5
18
97.1
30.8
0.67

<0.05
1.53
0.06
0.13

<0.005
0.13
(0.01

91
21
88.9
32.0
0.46

<0.05
0.90
0.05
0.09

<0.005
0.08
(0.01



Experimental Conditions and Leachate Analyses for G3 Specimens

Specimen ID L-600 L-601 L-602 L-603 L-606 L-604 L-605 L-607 L-608

Run Duration, days
Date run began
Initial pH
@ Temp, 'C
Date run ended
Spec SA, ijj

2

Wt leachant, g
Final pH
@ Temp *C
Exp. initial wt
Final wt
a wt% Leachant loss
Init. pH -

final pH
Solids
Spec initial wt, g
Final wt, g
Wt loss, gx10-4

Na
Li
Si(0.2)
B(0.008)
Mn(0.0009)
Ca(0.021)
A1(0.015)
Fe (0.003)
Ba(0.003)
Ti (0.001)
Mg(0.001)
Zr(0.004)
Wot0.068)

Ni(0.008)
Sr(0.0002)
U

3
3/1/82

5.7
21

3/4/82
239
21.3
9.4

21
101.2
101.0

0.2
0.9

-3.7

0.1916
0.1901

15

b
b

15.7
3.41
0.039
0.39
1.94
0.10

<0.01
<0.005
1.15

<0.01
0.1c

<0.02
0.02
0.0954

7
2/26/82

5.7
21

3/5/82
211
23.2
9.5

21
102.9
102.5

0.4
1.7

-3.8

0.1034
0.1613

21

14
2/26/82

5.7
21

3/12/82
247

24.7
9.7

21
104.2
104.0

0.2
0.8

28
2/26/82

5.7
21

3/26/82
247

24.3
9.7

22
103.7
103.4

0.3
1.2

28
3/1/82

5.7
21

3/29/82
256
26.0
9.7

22
105.5

56
2/L6/82

5.7
21

4/23/82
199
20.0
9.6

23
99.8
98.8

1.0
5

-4.0 -4.0 -4.0 -3.9 -4.0

0.1913
0.1876

37

0.1994
0.1941

53

0.2217
0.2157

60

0.1686

Constituent Analysis, mg/La

b
b

22.6
4.62
0.052
0.25
2.49
0.16

(0.01
<0.005
0.21

<0.01
0.13

<0.02
<0.01
0.119

b b
b

36.9
8.09
0.055

<0.05
3.26
0.06

(0.01
<0.005
0.05

<0.01
0.22

<0.02
<0.01
0.196

b
59.2
15.0
0.100

<0.05
3.15
0.06

(0.01
<0.005
0.06

<0.01
0.31

<0.02
<0.01
0.240

(contd)

b 63
b 15

62.2 71.1
17.1 21.8
0.123 0.310<0.05 <0.05
3.07 3.06
0.05 0.17

(0.01 0.01
<0.005 <0.005
0.08 0.27

<0.01 <0.01
0.29 0.40

<0.02 0.03
<0.01 <0.00.
0.213 0.308

91
3/1/82

5.7
21

5/30/82
249
23.2
9.7

25
101.0
99.1

1.9
u.2

182
3/1/82

5.7
21

8/30/82
218
25.2
9.6

25
104.7
102.2

2.5
9.9

3/1/82
5.7

21

191
19.2

98.6

-3.9

0.0924 I."0.2935
0.2856

79

75
18
84.8
27.1
0.51
0.06
2.95
0.11
0.02

<0.005
0.28

(0.01
0.49
0.03

<0.005
0.310

0.1864
0.1803

61

73
17
81.2
25.8
0.08
0.06
2.35
0.04
0.01

<0.005
0.65

(0.01
0.46
0.03

<0.005
0.301

Table I-4.



Table 1-4. (contd)

Specimen ID L-600 T.-601 L-602 L-603 L-606 L-604 L-605 L-607

Constituent Analysis,C counts/s (corrected)

85Sr A1 514 keV (1E-3) 7.06E-2 3.94E-2 9.0E-3 6.21E-3 2.81E-3 2.35E-3 2.29E-3 -

As 514 keV (5E-2) 4.13 4.77 4.87 3.43 3.77 3.09 4.69 -
1 3 3 Ba A1 356 keV (1E-3) 3.37E-2 1.57E-2 3.10E-3 4.47E-3 8.13E-3 2.61E-2 9.13E-2 7.40E-3

A8 356 keV (1E-2) 17.1 15.9 17.7 16.0 19.6 16.2 25.35 14.5
137Cs A1 661 keV (1E-3) 1.01E-2 1.04E-2 1.02E-2 1.55E-2 2.18E-2 1.02E-2 1.84E-2 1.01E-2

As 661 keV (5E-2) 1.07E-1 9.1 E-2 1.06E-1 1.09E-1 1.22E-1 9.19E-2 1.6 E-1 8.8 E-2

15 2 Eu A1 121 keV (1E-3) 8.37E-2 2.34E-2 6.6 E-3 2.53E-2 5.41E-3 1.7 E-2 1.71:-2 3.97E-2

As 121 keV (1E-2) 4.47E+2 3.35E+2 3.72E+2 3.36E+2 4.9 E+2 3.39E+2 6.56E+2 2.82E+2

2 3 7 Np A1 86 keV (5E-2) 4.62E-2 3.12E-2 2.83E-2 6.92E-2 8.93E-2 7.26E-2 1.73E-1 1.62E-1

As 86 keV (5E-2) 5.14 4.36 5.07 5.25 5.85 4.41 7.75 3.4A

237Np (2E-4) 2.02E-2 1.38E-2 1.49E-2 2.54E-2 2.33E-2 8.50E-2 5.56E-2 2.51E-1
2 39 Pu (2E-4) 8.14E-4 7.83E-4 8.90E-4 1.10E-3 5.53E-4 4.38E-3 2.52E-3 5.70E-3

241AM (1E-4) 8.1 E-5 2.26E-4 2.68E-4 5.17E-4 2.1E-5 1.04E-3 1.01E-3 5.35E-3

aAnalysis by ICP, detection limits in parentheses.

bAnalysis done using incorrect standards.
CAnalysis by y-counting (8 5 Sr through 2 37 Np) and a-counting (2 3 7Np through 24 1Am ) techniques; det
limits in parentheses; background has been subtracted. A1 pertains to leachate and A. to solid.
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Table 1-5. Normalized Elemental Mass Loss and Normalized Depletion Depth.
Tabulated Data for G1 Glass Specimens

L-298 L-299 L-300 L-301 L-302 L-303 L-304 L-305 L-306 L-307 L-308 L-309

Duration of Run, days 3 7 14 28 28 28 42 91 183 183 392 392

Final pH 9.8 9.8 9.8 9.9 9.8 9.8 9.4 9.8 9.3 9.3 9.7 9.7

Init. pH - Final pH -3.7 -3.6 -3.5 -3.6 -3.5 -3.5 -3.1 -3.5 -3.0 -3.0 -3.4 -3.4

Z Leachant loss 0.2 0.7 1.1 1.1 1.1 1.8 4.1 6.5 7.3 15.2 15.4

Spec. vt loss, gzIO- 4 33 51 57 75 75 86 77 103 123 123 135 135

Normalized Elemental Mass Loss, (NL)i, g/m2

13.8 20.5 25.5 29.8 42.8 28.3 30.2 ND 66.7 66.7 71.1 67.6
12.7 19.4 23.4 29.5 28.2 27.0 30.5 ND 63.8 63.4 66.1 66.7
9.2 12.5 14.8 19.5 18.6 17.7 21.0 27.6 43.4 45.0 39.6 39.8

15.6 23.7 31.2 37.7 36.2 34.6 38.2 54.0 85.7 100.5 77.7 77.8
<0.2 <0.2 <0.2 0.8 0.8 0.6 1.0 1.2 1.5 1.9 1.1 1.0

1.1 <0.6 <0.6 0.6 0.8 0.6 1.8 0.6 <0.6 1.2 0.7 0.8
8.5 11.0 11.0 14.6 13.6 11.5 9.6 10.9 10.8 9.3 14.9 15.6

<0.05 0.05 0.17 0.61 0.54 0.31 0.57 0.52 0.83 0.58 0.67 0.59

<1.0 <1.0 <1.0 2.0 1.8 <1.0 1.7 1.7 1.9 1.6 1.4 1.3
<0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 2.1 1.4 1.3 0.9

ND ND ND ND ND ND ND ND ND ND 3.3 3.1

Normalized Depletion Depth, um
5.1 7.5 9.4 11.0 15.7 10.4 11.1 ND 24.5 24.5 26.1 24.9
4.7 7.1 8.6 10.9 10.4 9.9 11.2 ND 23.5 23.3 24.3 24.5
3.4 4.6 5.4 7.2 6.8 6.5 7.7 10.2 16.0 16.5 14.6 14.6
5.7 8.7 11.5 13.9 13.3 12.7 14.0 19.9 31.5 37.0 28.6 28.6

<0.07 <0.07 <0.07 0.3 0.3 0.2 0.3 0.4 0.6 0.7 0.4 0.4
0.4 <0.2 <0.2 0.2 0.3 0.2 0.7 0.2 <0.2 0.4 0.3 0.3
3.1 4.0 4.0 5.4 5.0 4.2 3.5 4.0 4.0 3.4 5.5 5.7

<0.02 0.02 0.06 0.2 0.2 0.1 0.2 0.2 0.3 0.2 (0.3 0.2

<0.4 <0.4 <0.4 0.7 0.7 <0.4 0.6 0.6 0.7 0.6 0.5 0.5
<0.3 <0.3 <0.3 <0.3 <0.3 <0.3 '0.3 <0.3 0.8 0.5 0.5 0.3

N) ND ND ND ND ND ND ND ND ND 1.2 1.1

(contd)

28-day 183-day 392-day
Avg. S.D. Avg. Avg.

33.6 8.0
28.2 1.3
18.6 0.9
36.2 1.6
0.8 0.1
0.7 0.1

13.2 1.6
0.49 0.16

1.6 0.5
<0.7

ND --

12.4 2.9
10.4 0.5
6.8 0.4

13.3 0.6
0.3 0.06
0.2 0.06
4.9 0.6
0.2 0.06

0.6 0.2
<0.3 -

ND --

66.7
63.6
44.2
93.1

1.7
".0.9
10.1
0.71

1.8
1.7
ND

24.5
23.4
16.3
34.3
0.7
0.3
3.7
0.3

0.7
0.7
ND

69.4
66.4
39.7
77.8

1.1
0.8

15.3
0.63

1.4
1.1
3.2

25.5
24.4
14.6
28.6
0.4
0.3
5.6
0. 3

0.5
0.4
1.2

Specimen ID

NA
Li
Si

?amn
Ca
Al
Fe
a
Ti

Zr

Na
Li
Si
3
mn
Ca
Al
Fe

Ti
Hg
Zr

('3



Table 1-5. (contd)

L-298 L-299 L-300 L-301 L-302 L-303 L-304 L-305 L-306 L-307 L-308 L-309

Nolarity of Leachate, inol/L

0.56 0.83 0.97 1.14 1.13 1.12 1.19 ND 2.71 2.80 3.34 3.15

0.33 0.51 0.58 0.73 0.70 0.69 0.78 ND 1.69 1.73 2.02 2.02

0.66 0.89 0.99 1.32 1.27 1.23 1.47 1.99 3.12 3.34 3.29 3.27

0.38 0.58 0.72 0.87 0.84 0.83 0.91 1.33 2.11 2.55 2.21 2.19

<0.91 <0.91 <0.91 2.9 2.9 2.2 3.6 4.6 6.0 7.8 5.1 4.6

2.3 <1.3 <1.3 1.3 1.5 1.3 3.7 1.3 <1.3 2.5 1.8 1.8

5.7 7.4 7.0 9.3 8.7 7.5 6.3 7.4 7.3 ".5 11.6 12.0

<0.9 0.9 2.7 9.7 8.6 5.0 9.3 P.8 14.0 10.0 12.9 11.3

<1.0 <1.0 <1.0 1.9 1.7 <1.0 1.7 1.7

<2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0

ND ID ND ND ND ND ND ND

1.9 1.7 1.7

6.6 4.5 4.5

ND ND 1.3

28-day 183-day 392-day
Avg. S.D. Avg. Avg.

1.13 0.01

0.71 0.02

1.27 0.05

0.85 0.02

2.7 0.4

1.4 0.1

8.5 0.9

7.8 2.5

1.5 1.5 0.5

3.3 <2.0 -

1.2 ND --

2.76

1.71

3.24

2.33

6.9

%1.9

6.9

12.0

3.25

2.02

3.28

2.20

4.8

1.8

11.8

12. 1

1.8 1.6

5.6 3.9

ND 1.3

ND - not determined.

Specimen ID

Na

Li

Si

3

Ma x 10-3

Ca x 10-3

Al z 10-2

Fe o10-3

Ia

Ti z 10-3

Mg z 10-3

Zr x 10-3
1-&



Table 1-6. Normalized Elemental Mass Loss and Normalized Depletion Depth for G2 Glass Specimens;

Molarity of Leachates

Spec ism ID L-311 L-312 L-313 L-314 L-315 L-316 L-317 L-318 L-310, L-320 L-321 L-322 L-323

Dura.icn of run, days 3 7 14 28 28 28 37 91 182 182 386 386 546
Final pH 9.7 9.7 9.7 9.8 9.8 9.8 9.6 9.6 9.6 9.7 9.9 9.9 9.5
Init. pH - Final pH -3.4 -3.6 -3.7 -3.8 -3.8 -3.8 -3.6 -3.45 -&.55 -3.55 -3.75 -3.75 -3.35
2 Leachant loss 0 0.5 0.7 1.2 1.4 1.7 2.2 4.1 7.4 7.4 15.0 16.5 19.6

Spec. Vt 2 loss, 29 39 55 67 69 65 74 80 135 139 149 139 129
g 10-4

2 28 day 182-day 386-(
Normalized Elemental Mass Loss, (NL)., g/Ri Avg. S.D. Avg. Avg

Na ND ND ND 29.7 27.5 33.2 32.3 ND 71.6 70.1 90.5 74.3 81.4 30.1 2.9 70.9 82.4

Li N N ND 30.7 28.9 33.1 33.5 ND 74.4 73.2 95.5 81.7 101.6 30.9 2.1 73.8 88.6

Si 8.2 13.7 15.4 18.5 17.5 20.5 21.5 26.5 23.6 34.2 44.2 37.7 36.8 18.8 1.5 28.9 41.0

a 14.0 22.7 27.6 35.6 33.6 39.3 36.0 52.7 86.9 83.4 102.7 89.1 98.6 36.2 2.9 85.4 95.9

<0.2 0.3 0.3 0.3 0.3 0.4 0.4 0.7 0.8 0.9 1.9 2.3 1.7 0.3 0.06 0.9 2.1

Ca 4.5 1.7 0.9 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7

Al 8.1 12.4 12.2 25.5 10.8 12.7 12.6 9.1 5.3 5.9 6.7 6.8 4.3 16.3 8.0 5.6 6.8

Fe 0.1 0.09 0.06 <0.06 <0.06 (0.06 <0.06 <0.06 <0.06 <0.06 0.08 0.05 0.05 <0.06 <0.06 0.0
Na <1.6 <1.6 <1.6 <1.6 <1.6 <1.6 <1.6 <1.6 <1.6 <1.6 2.4 3.0 2.2 <1.6 <1.6 2.7

Ti <1.4 <1.4 <1.4 <1.4 <1.4 <1.4 <1.4 (1.4 <1.4 (1.4 <0.1 <0.1 <0.1 <1.4 <1.4 <0.1

<0.7 <0.7 <0.7 <0.7 <0.7 1.1 0.8 <0.6 0.8 0.7 2.1 1.2 0.8 0.8 0.8 1.7

Zr ND ND ND ND ND ND ND ND ND ND <0.4 <0.4 <0.4 ND ND <0.4

Vt loss 7.0 11.8 12.8 16.2 15.6 17.9 18.0 20.0 31.6 32.0 36.3 31.7 30.1 16.6 1.2 31.8 34.0

Normalized Depletion Depth, pm

Na ND N ND 10.8 10.0 12.1 11.8 ND 26.0 25.5 32.9 27.0 29.6 11.0 1.0 25.8 30.0

Li ND N ND 11.2 10.5 12.0 12 2 ND 27.1 26.6 34.7 29.7 36.9 11.2 0.8 26.9 32.2

Si 3.0 5.0 5.6 6.7 6.4 7.5 ..8 9.6 8.6 12.4 16.1 13.7 13.4 6.9 0.6 10.5 14.9

3 5.1 8.3 10.0 13.0 12.2 14.3 13.1 19.2 31.6 30.3 37.4 32.4 36.9 13.2 1.1 31.0 34.9

<0.07 0.1 0.1 0.1 0.1 0.2 0.2 0.3 0.3 0.3 0.7 0.8 0.6 0.1 0.06 0.3 0.8

Ca 1.6 0.6 0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3

Al 3.0 4.5 4.4 9.3 3.9 4.6 4.6 3.3 1.9 2.2 2.4 2.5 1.6 5.9 2.9 2.1 2.5

Fe 0.04 0.C3 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 0.02 0.02 <0.02 <0.02 0.0

Ia <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 0.9 1.1 0.8 <0.6 <0.6 1.0

Ti <0.5 <0.5 <0.5 <0.5 <.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.04 <0.04 <0.04 <0.5 <0.5 <0.0

Mg <0.3 <0.3 <0.3 <0.3 <0.3 0.4 0.3 <0.2 0.3 C.3 0.8 0.4 0.3 0.3 0.3 0.6

Zr ND UN ND ND ND ND ND ND ND ND <0.2 <0.2 <0.2 ND ND <0.2

(contd)
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Table 1-6. (contd)

Specima_ T. L-311 L-312 L-313 L-314 L-315 L-316 L-317 L-318 L-319 L-320 L-321 L-322 L-323

28-day 183-day 392-day

Molarity of Leachate, mol/L Avg. S.D. Avg. Avg.

Na ND ND ND 1.11 1.10 1.07 1.18 ND 3.10 2.97 4.01 3.85 3.96 1.09 0.02 3.04 3.9+

Li ND ND ND 0.70 0.71 0.65 0.75 ND 1.97 1.90 2.59 2.59 3.03 0.69 0.03 1.94 2.59

Si 0.57 0.86 .02 1.22 1.23 1.16 1.40 1.89 1.81 2.56 3.47 3.46 3.17 1.20 0.04 2.19 3.47

3 0.34 0.50 0.64 0.82 0.83 0.78 0.81 1.31 2.32 2.18 2.81 2.85 2.96 0.81 0.03 2.25 2 83

Mn x 10-4 <9.1 9.1 9.1 10.9 10.9 12.7 14.6 27.3 36.4 u 87.4 122.0 83.7 11.5 1.04 38.20 104.70

Ca x 10-2 0.82 0.27 0.15 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <6.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.13

Al x 10-2 5.15 7.08 7.34 15.34 6.93 6.56 7.41 5.89 3.67 4.04 4.82 5.67 3.34 9.89 4.72 3.86 5.25

Fe x 10-3 1.61 1.25 0.90 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 <0.9 1.43 1.07 0.9 <0.9 - <0.9 1.25

ia x 10-4 <3.6 <3.6 (3.6 <3.6 <3.6 <3.6 (3.6 <3.6 <3.6 <3.6 6.6 9.5 6.6 <3.6 - <3.6 8.05

Ti x 10- 3  
<1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <0.1 <0.1 <0.1 <1 - <1 <0.1

Mg z 10- 3  
<2 <2 <2 <2 <2 2.9 2.5 <2 2.9 2.5 7.8 5.3 3.3 <2.3 -- 2.7 6.55

Zr x 10-4 ND ND ND ND ND ND ND ND ND ND <1 <1 <1 ND - ND <1

D -not determined

I-i



Table 1-7. Norm.Alized Elemental Mass Loss and Normalized Depletion Depth for G3 Glass Specimens;

Molarity of Leachates

Specimen ID L-600 L-601 L-602 L-603 L-606 L-604 L-605 L-607 L-608

Length of run. days 3 7 14 28 28 56 91 182

Final pH

Init. pH - Firi pH

% Leachant loss

Spec. wt % loss, gxJ

9.4
-3.7

0.9

15

9.5
-3.8

1.7

21

9.7

-4.0

0.8

37

9.7

-4.0

1.2

53

9.7

-4.0

60

9.6

-3.9

5

9.7

-4.0

8.2

- 79

Normalized Elemental Mass

25.7
9.2

20.2
31.2
0.21

<0.05
15.9
0.06

<0.8
<0.1
0.57

36.3
(0.1
<2
2.3
0.42
0.05

21.0
0.037
0.9
1.6
0.007
0.006

42.5
16.0
30.9
55.2
0.36

(0.05
14.7
0.05

<0.8
(0.1
0.65

48.8
(0.1
<2
2.7
0.33
0.06

25.1
0.013
1.7
2.5
0.009
0.011

49.6
18.0
32.9
64.4
0.46

(0.05
14.6
0.05

<0.8
(0.1
0.89

46.8
(0.1
<2
2.4
0.14
0.07

31.6
0.003
1.9
2.4
0.005
0.0004

loss, (NL)i, g/m2

62.9
77.6
37.2
80.3
1.1

<0.05
14.3
0.15
0.7

(0.1
2.9

63.1
0.2

<0.9
3.6
0.21
0.44

30.1
0.013
3.2
4.2
0.017
0.011

66.7
83.0
39.5
89.0

1.6
0.05

12.3
0.09
1.4

<0.1
2.7

68.9
0.2

(0.9
3.3
0.14
0.95

24.7
0.007
4.0
4.9
0.018
0.019

(contd)

9.6

-3.9
9.9

61

Na
Li
Si
B
Mn
Ca
Al
Fe
Ba
Ti

Mg
Zr
mo
Ni
Sr
U

8 5 Sr
13 3Ba
13 7 Cs
152Eu

2 3 7 Np(y)
237Np(a)
239Pu

241AM

9 2
3.3
7.5

11.5
0.13
3.8
8.3
0.08

<0.8
<0.1
1.5

14.5
<0.1
3.5
1.0
3.1
0.36

16.5
0.004
1.2
1.9
0.006
0.002

16.2
6.0

13.6
19.6
0.22
3.1

13.4
0.17

<0.8
<0.1
2.6

23.6
<0.1
(2
1.5
1.8
0.23

24.6
0.016
1.1
1.5
0.007
0.005

88.6
96.2
46.5

104.0
0.32
0.05

12.0
0.04
0.7

(0.1
0.60

79.4
0.2

<0.9
4.0

0.12
28.1
0.035
8.2
11.4
0.021
0.051

v
-

- -

10-4



Table 1-7. (contd)

Specimen ID L-600 L-601 L-602 L-603 L-606 L-604 L-605 L-607 L-608

Normalized Depletion Depth, um

Na 3.3 5.9 9.3 15.5 18.0 22.9 24.3 32.2
Li - - - - - 2.2 30.2 35.0

Si 2.7 4.9 7.4 11.2 12.0 13.5 14.4 16.9

B 4.2 7.1 11.3 20.1 23.4 29.2 32.4 37.8
Mn 0.047 0.080 0.076 0.13 0.167 0.400 0.582 0.116

Ca 1.4 1.1 <0.02 <0.02 <0.02 <0.02 0.02 0.02

Al 3.0 4.9 5.8 5.4 5.3 5.2 4.5 4.4
Fe 0.0.9 0.06 0.02 0.02 0.02 0.05 0.03 0.01

Ba <0.3 <0.3 <0.3 <0.3 <0.3 0.3 0.5 0.3
Ti <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Mg 0.5 1.0 0.21 0.24 0.32 1.1 1.0 0.22
7r
Mo 5.3 8.6 13.2 17.8 17.0 23.0 25.1 28.9
Ni (0.04 <0.04 <0.03 <0.03 <0.03 0.07 0.07 0.07
Sr 1.3 <0.7 <0.7 <0.7 <0.7 <0.3 <0.3 <0.3
U 0.4 0.6 0.8 1.0 0.9 1.3 1.2 1.5

8 5Sr 1.1 0.7 0.2 0.1 0.05 0.08 0.05 -
133Ba 0.1 0.08 0.01 0.02 0.02 0.2 0.4 0.04
137CS 6.0 9.0 7.6 9.1 11.5 11.0 9.0 10.2
152Eu 0.001 0.01. 0.01 0.005 0.001 0.005 0.002 0.013
237Np(y) 0.4 0.4 0.3 0.6 0.7 1.2 1.5 3.0
237Np(a) 0.7 0.6 0.6 0.9 0.9 1.5 1.8 4.1
239Pu 0.002 0.003 0.002 0.003 0.002 0.006 0.007 0.008

241AM 0.001 0.002 0.002 0.004 0.001 0.004 0.008 0.019

(contd)
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Table 1-7. (contd)

Specimen ID L-600 L-601 L-602 L-603 L-606 L-604 L-605 L-607 L-608

Molarity of Leachate, mmol/L

Na - - - - - 2.74 3.26 3.18

Li - - - - - 2.16 2.59 2.45

Si 0.56 0.80 1.31 2.11 2.21 2.53 3.02 2.89

B 0.32 0.43 0.75 1.39 1.58 2.02 2.51 2.39

Mn 0.0007 0.0009 0.0010 0.0018 0.OC21 0.0056 0.0093 0.0015

Ca 0.007 0.005 <0.0009 <0.0009 <0.0009 <0.0009 0.001 0.001

Al 0.072 0.092 0.121 0.117 0.114 0.113 0.109 0.087

Fe 0.002 0.003 0.001 0.001 0.0009 0.003 0.002 0.0007

Ba <0.0001 <0.0001 (0.0001 <0.0001 <0.0001 0.0001 0.0001 0.0001

Ti <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Mg 0.0062 0.0086 0.0021 0.0025 0.0033 0.0111 0.0115 0.0021

Z;. <0.0001 <0.0001 (0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Mo 0.0010 0.0014 0.0023 0.0032 0.0030 0.0042 0.0051 0.0048

Ni <0.0003 (0.0003 (0.0003 (0.0003 (0.0003 0.0005 0.0005 0.0005

Sr 0.0002 <0.0001 (0.0001 <0.0001 (0.0001 <0.0001 (0.0001 <0.0001
U 0.0004 0.0005 0.0008 0.0010 0.0009 0.0013 0.0013 0.0013
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b. Results and Discussion

The ].each behavior of each glass is interpreted by correlating
the results of solution analysis with observations of the surface and the
reacted layer. Although it is important to understand the process of layer
formation, it is perhaps most important to determine how waste elements
interact with the leachant and the surface layer. Thus, where possible, the
behavior of these elements, or possible "stand-ins" (such as rare earths for
actinides), will be emphasized.

The normalized elemental losses, (NL)i, for selected elements
are plotted as a function of time for G2 and G3 glasses in Fig. I-1. The
results for G1 glass are discussed below. SEMs of the reacted surfaces for
Gi and G2 are shown in Fig. 1-2; a sequence of XPS spectra for G3 are given
in Fig. 1-3. The results for each glass are discussed separately.

Cl. Leachate analyses indicate that both the leaching trends
and actual (NL)i values of the major matrix elements are very similar to those
shown for G2 in Fig. I-1(a). Na, Li, and B have the largest (NL)i values,
with each asymptoticall approaching 70 g/m2 after 182 days. Si and Al have
values of 40 and 10 g/mL, respectively, while Mn, Ca, Fe, Ti, Mg, and Zr all
have measurable values of 'il g/m2 , which are essentially constant after seven
days. Between 182 and 393 days, the amounts of Na, Li, B, and Si in solution
are constant, but the Al concentration increases by 50%.

The surface layer is nonadherent (flaking away from the glass
upon drying) and reaches a constant thickness of '20 pm after 28 days. Both
the surfaces and cross sections of the layer were analyzed using SEM, EPA, and
XRD, and four distinct regions were observed. These are roughly described as
the inner [Fig. I-2(b)] and outer portions of the layer, the outer surface of
the layer [Fig. I-2(a)], and the crystalline precipitate on the outer surface
(which is noticeable only after 393 days and at that time covers %10% of the
surface). The inner surface has a distinctly rough, segmented appearance and
is covered by small (-0.5 pm dia) spherical solids. At higher magnification,
each segment has a porous sponge-like appearance. The outer surface is rough
and nonporous. EPA analysis of the layer cross section shows the inner portion
of the layer to be fairly thick ('i12 pm). The inner portion of the layer and
the outer surface have significantly different compositions (Table I-8), with
the inner portion of the layer being enriched in Si and Fe and depleted in
Mn, Ni, and Mg. The outer surface is composed mainly of Si, Mn, and Fe. No
rare earth elements could be detected in the outer surface layer. XRD analysis
revealed no identifiable crystalline patterns.

G2. The leachate results for G2 glass after '1 y of leaching
are similar to Gi for the leachable elements Na, Li, Si, and B but are signi-
ficantly different for many minor elements. Compared with G1, G2 leachates
contain at least 20 times less Ti, Zr, and Fe, half as much Ca and Al, and
twice as much Mn.

(NL)i values of several radiotracers were also measured. 
8 5Sr

and '3 3Ba concentrations steadily decreased during leaching, reaching 0.8 and
0.2 g/m2, respectively, after 91 days. 15 2Eu and 1 4 1Ce values steadily
increased to 0.02 g/m1 in 91 days.
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Fig. 1-2. Photomicrographs of (a) Outer Surface, i.e.,
Solution-Solid Interface, and Precipitate For-
mation of Cl Glass Leached for 393 Days; (b)
Inner Portion of Layer, i.e., Glass-Layer
Interface, of GI Glass Leached for 393 Days;
and (c) Surface and Precipitate of G2 Glass

Leached for 386 Days
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Fig. 1-3.

1000-eV Scan X-ray Photoemission
Spectroscopy (XPS) Spectra of
SRL 131 Glass G3 Leached Surface
(a) 3 Days, (b) 7 Days, (c) 14
Days, (d) 28 Days, and (e) 56 Days
in DIW at 90 C. The inserts are
enlargements of the 3-day and 56-
day spectra between 890 and 690 eV
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Table 1-8. Compositions of Layers and Precipitates Formed on SRL 131 Glass

Alteration Wt % Elementa
Product Si Mn Fe Ca Al Mg Ba Ni Re Ti Zr 0

Outer Layer
Surface (G1) 13 21 15 2 4 5 -- 5 <1 <1 <1 35

Outer Portion
of Layer
X-Section (G1) 15 4 25 2 7 3 -- 2 1 1 <1 40

Inner Portion of
Layer (G1) 21 <1 29 3 3 0 -- <1 2 3 <1 38

Precipi-
tate (G1) 8 42 7 3 3 4 -- 2 <1 1 <1 30

Outer Layer
Surface (G2) 20 7 6 <1 6 12 0 3 2 <i (1 46

Outer Portion
of Layer
X-Section (G2) 22 2 19 1 4 5 0 3 4 <1 <1 40

Precipi-
tate (G2) 4 42 <1 <1 2 3 20 4 0 0 0 25

aAnalyses are 15%.

The surface features of G2 glass are strikingly different
from those of Gi. The layer [Fig. I-2(c)] is adherent, even upon drying and
abrasion, and the surface has 100% coverage of crystalline precipitates after
546 days. The underlying surface, shown at 386 days in Fig. I-2(c), appears
to be porous. As with Gi, the layer reaches a thickness of -,20 Um and after
28 days remains at a fairly constant thickness. Precipitate coverage is
evident after 14 days and is quite noticeable (>20%) after 91 days. EPA anal-
ysis of the glass layer cross section also shows the same appearance of four
regions found for Cl. However, analysis of the layer and the crystalline pre-
cipitates by the electron microprobe (Table 1-8) indicates significant dif-
ferences from G1, i.e., the outer layer surface of G2 contains less Mn and Fe
but greater amounts of Si, Al, Mg, and rare earth elements. The major crys-
talline precipitate of G2 has a unique composition (Table 1-8), consisting
mainly of Ba and Mn. Barium, which is present in the glass at only 0.2 wt %,
seems to be isolated in this precipitate. Note that this main precipitate
contains substantially less Fe, Si, Mg, Al, and rare earths than does the
surface.

G3. Figure I-1(b) shows the leaching results for the actinide
and selected fission products that are either present in the waste or can
possibly be used as stand-ins, i.e., Ba for Sr or rare earths For actinides.
These are the elements whose presence after 1000 y of storage will actually
determine the suitability of a waste form. The matrix elements, through 182
days (not shown), are following the same leaching trends shown for G2, but at
rates about 50% greater. The actinide leaching behavior is represented by two
groups, U, 2 3 7 Np and 2 3 9 Pu, 241Am. Both U and 2 3 7 Np had slowly increasing (NL)i
values which in 182 days reached values of 4 and 9 g/m2 (Table 1-7). 23 Pu
and 2 4 1 Am also had slowly increasing (NL)i values which reached 2 x 10-2 g/m2

in 182 days. The alkaline and rare earth fission products in G3 glass have
(NL)i values about one-fifth those from Cl.
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The surface of this glass was studied by the XPS techique
[KARIM], in which the top 30A of the surface is sampled and compositional
analysis obtained. Under ideal conditions, this technique can detect 0.1 at. %
of an element present on the surface, and so this technique offers a sensitive
method of identifying elements concentrated at the surface. Spectra taken for
a sequence of leached surfaces (3 to 56 days) are shown in Fig. 1-3. Several
important observations can be made:

(1) No actinide elements are apparent at the surface after
56 days.

(2) U, present in the glass at 0.8 wt %, is apparent under
increased sensitivity (i.e., in a larger trace than
Fig. 1-3 at 3 and 7 days), but thereafter none can be
detected.

(3) Buildup of alkaline earth and Mn intensities is very

rapid.

(4 The surface layer is adherent.

These results, used in conjunction with those for G1 and G2, can be applied
to further describe the process of leaching of SRL 131 glass.

The differences in composition of G1, G2, and G3 glasses are
small variations in the amounts of alkaline earths, rare earths, noble metals,
and actinides (Table I-1). These changes result in significant differences
in the leach rates of selected elements, the composition of the reacted layer,
and precipitate formation. However, the leaching of major glass constituents
and the thickness of the leached layers are nearly the same for each glass,
and the overall leaching process for each of these glasses is similar to that
described previously [CLARK]. A thin layer consisting largely of Mn, Si, Fe,
Mg, and Ni forms very rapidly on the glass surface. Concurrently, diffusion
in the glass continues, and a thicker inner portion of the layer forms that
is depleted in Na, Li, and B. These elements are initially able to move
through the thin outer portion of the layer and into solution. Other
elements--Mg, Mn, and Ni--diffuse from the thick hydrated portion of the
layer and become trapped in the outer portion of the layer. Less mobile
elements, Ti and Zr, are found in both portions of the layer at the same
concentration as in the bulk glass. The more mobile elements slowly accumu-
late in solution until precipitate formation is favored, after which all
elemental concentrations in the leachate are stable.

The differences in composition seem to mainly affect (1) which
minor waste elements are incorporated into the outer portion of the layer and
(2) the composition of the precipitation products. For G3, which has greater
leaching of matrix elements than does G2, less rare earth and alkaline earth
leaching than from G2 is observed. Comparing G2 with G1, for G1, the rare
earths, Mg, and Si are more concentrated in the outer regions and Mn and Fe
are less concentrated than for G2. Additionally, G2 precipitate coverage is
more extensive and the precipitate contains a major amount of Ba, an element
not present in Gi precipitate.
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Actinide behavior is particularly important. Plutonium and
americium from G3 accumulate slowly in solution to a low level, yet these
elements are not found on the specimen surface. This suggests that the
actinides are not leaching from the glass and then precipitating onto the
surface but instead are blocked from diffusing into solution by the outer
portion of the layer. The same behavior is observed in G2--the rare earths
have low (NL)i values and are more concentrated in the outer portion of the
layers than in the bulk glass. Consequently, these rare earth elements may
be suitable "stand-ins" for Pu or Am.

However, the outer portion of a layer does not act as a
"barrier" to U or Np. Uranium is rapidly depleted from the surface, and both
elements continually accumulate in solution. It is possible that the U and Np
solubility limits will eventually be reached and that they will precipitate out
of solution. If such alteration behavior should be observed in tests longer
than those described here, perhaps the extended release of these elements
could be projected.

c. Conclusions

These tests suggest that the ultimate leaching behavior of the
waste elements from SRL 131 glass is sensitive to very small differences in
the waste composition. Although major matrix-forming and modifying elements
generally follow leaching trends that seem unaffected by small compositional
changes, the release of nuclear waste elements is not easily predicted.
Small, but realistic, amounts of Ba and rare earth elements, when added to the
base SRL 131 glass composition, not only leach at different rates as the glass
composition is changed, but are incorporated into different portions of the
layer and precipitates. This suggests that the long-term durability of SRL
131 glass should be determined by extended testing of glasses containing not
only actinide or "stand-in" elements, but also a complete representation of
the minor elements known to be in the waste. This is one method by which the
actual interaction of these elements with the leachant and their incorporation
into alteration products can be determined.

3. Leaching Characterizations of Commercial Glass

PNL 76-68 glass is the most studied of commercial waste glasses and
currently is being used in the Laboratory Analog Program (see Section III of
this report) as the main glass to be tested. A batch of PNL 76-68 glass con-
taining uranium, actinides, and radiotracer spikes was made, and leach tests
are being performed on this glass to establish a base leaching behavior under
static MCC-1 test conditions and to compare rare earth and actinide leach rates
to see whether or not rare earths can act as stand-ins for actinides.

The test matrix has been completed, and results in MCC format are
given in Tables 1-9 and I-10. The radiotracers added to the glass are 8 5Sr,
133Ba, 13 7Cs, 14 1Ce, and 1 52Eu, and leachates are being analyzed for these

elements using y-ray spectroscopy (Fuel Cycle Section, Chemical Technology
Division, ANL). Actinides added to the glass are 2 3 9 Pu, 2 3 7 Np, and 24 1 Am;
these are being analyzed using y- and a-counting (Fuel Cycle Section, Chemical
Technology Division, ANL), laser fluorescence (U), and ICP spectroscopy.



Table 1-9. Experimental Conditions and Leachate Analyses for PNL 76-68 Glass

Specimen ID L-501 L-502 L-503 L-504 L-505 L-506 L-507 L-508 L-509 L-510

Run Duration, days
Date run began
Initial pH
@ Temp, *C
Date run ended
Spec SA, mm2
Wt leachant, g
Final pH
@ Temp 'C
Exp. initial wt
Final wt
A wt

% Leachant loss
Init. pH - Final pH
Solids
Spec. initial wt, g
Final wt, g
Wt loss, gx10-4

3
1/2/82

5.3
20

1/5/82
288.9
28.9

108.30
108.2

0.1
0.4

0.432
0.430

13

7
12/22/811

5.3
21

12/29/81
274.2
27.4

108.4
108.2

0.2
0.7

2 0.4391
9 0.4373

18

14
12/21/81

5.3
21

1/5/82
313.9
31.3

110.9
110.5

0.4
1.3

0.532
0.529

24

28
12/21/81 12

5.3
21

1/18/82 ]

257.0
25.6
8.9

21
104.8
104. 1

0. 7
2.7

-3.6

0 0.3863
6 0.3838

25

28
2/21/81

5.3
21

1/18/82
304.4
30.4
8.7

21
111.3
110. 5

0.8
2.6

-3.4

0.502
0.498

36

56
12/21/811

5.3
21

1/18/82
293.1

29.5
8.6
21

110.1
109.3

0.8
2.7

-3.3

1 0.5227
5 0.5194

33

91
12/21/81

5.3
21

2/15 /82
307.5
30.7
9.2

21
110.2
109.6

0.6
1.9

-3.9

0.4270

91
12/21/81

5.3
21

3/22/82
266.7
26.8
9.3

23
106.1
104.0

2.1
7.8

-4.0

0.436
0.429

62

91 91
12/21/81 12/21/81

5.3
21

3/22/82 3/22/82
259.6 297.8
25.9 29.5
9.5 9.5

23 23
105.3 108.7
100.4 106.3

4.9 2.4
18.9 8.1
-4.2 -4.1

0
8

0. 3647
0.3591

56

Leachate Analyses, mg/L

21.4
<0.05
29.1
6.32

<0.005
0.51
0.24
0.15
0.02

<0.005
0.01
<0.01
2.71
0.07
0.10
0.146

23.5
<0.05
29.9
6.89

<0.005
0.46
0.24
0.37
0.03
0.05

<0.005
0.03
2.86
0.03
0.09
0.283

21.9
<0.05
29. 1
6.51

<0.005
0.48
0.25
0.15
0.02

<0.005
0.006

<0.01
2.75
0.02
0.09
0.147

43.9
<0.05
52.3
13.2
<0.005
0.15
0.22
0.14
0.01

<0.005
0.02

<0.01
5.66
0.05
0.02
0.217

(contd)

Naa
Li
Si
B
Mn
Ca
Al
Fe
Ba
Ti
Mg
Zr
Mo
Ni
Sr
U

6.1
<0.05
9.4
1.71

<0.005
0.73
0.21
0.06
0.08

<0.005
0.02

<0.0-

0.77
<0.02
0.17
0.0448

13.7
<0.05
19.7
3.97

<0.005
0.74
0.26
0.10
0.03

<0.00
0.009

<0.01
1.70
0.03
0.16
0.0867

70.9
<0.05
72.6
21.7
<0.005
0.12
0.22
0.10
<0.01
<0.005
0.02

<0.01
9.25
0.04
0.01
0.290

75.1
<0.05
79.8
23.7
0.09
0.22
0.44
0.47
0.03
0.06
0.09
0.10

10.39
0.06
0.03
0.514

71.0
<0.05
74. 1
21.8
0.04
0.16
0.27
0.20
0.02
0.01
0.04
0.01
9.36
0.08
0.02
0.319



Table 1-9. (contd)

Specimen ID L-501 L-502 L-503 L-504 L-505 L-506 L-507 L-508 L-509 L-510

Leachate Analyses, mg/L

Zn 0.06 - 0.09 0.21 0.30 0.20 0.42 0.51 0.83 0.79
Cr <0.02 - (0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03
Ce <0.15 - <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15
Nd <0.08 - <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
Ru <0.05 - <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

85Sr Al 514 keVb
As 514 keV

133Ba Al 356 keV
As 356 keV

13 7 Cs 661 keV
As 661 keV

152Eu Al 121 keV
As 121 keV

23 7Np A1 86 keV(y)
As 86 keV(y)

237Np(m)

239Pu

241Am

aSodium values are probably too low, due to calibration error in ICP analyses.

bAnalysis of 85Sr and the isotopes listed below it is proceeding. Al pertains to leachate and As to solid.



Table I-10. Normalized Elemental Mass Loss, Normalized Depletion Depth, and Molarity
of Leachate for PNL 76-68 Glass

Specimen ID L-501 L-502 L-503 L-504 L-505 L-506 L-507 L-508 L-509 L-510

Length of run, days

Final pH

Init. pH - Final pH

Z Leachant loss

Spec. wt loss, gxlu-4

Naa

Li
Si
B
Mn
Ca
Al
Fe
Ba
Ti
Mg
Zn
Mo
Ni
Sr
U
Zn
Cr
Ce
Nd

3 7 14 28 28 28 56 91 91 91

ND ND ND 8.9 8.7 8.6 9.2

ND ND ND -3.6 -3.4 -3.3 -3.9

0.4 0.7 1.3 2.7 2.6 2.7 1.9

9.3 9.5 9.4

-4.0 -4.2 -4.1

7.8 18.9 8.1

13 18 24 25 36 33 ND 62 56 ND

Normalized Elemental Mass loss, g/m2

6.48

4.4
6.5

<1.0
4.4
5.2
0.1
1.5

<0.03
2.8

<0.1
6.4

<0.9
4.8
0.12
0.2

<2.1

14.0

9.1
14.7
<1.0
4.4
6.3
0.1
0.5

<0.03
1.2

<0.1
13.8

1.3
4.4
0.22
0.2

<2.1

21.8

13.4
23.3
<1.0
3.0
5.8
0.2
0.4

<0.03
1.3

<0.1
21.9

3.1
2.8
0.38
0.5

<2.1

24.4 22.8 44.9

14.0 13.7 24.2
25.9 24.6 49.0
<1.0 <1.0 <1.0
2.8 2.9 0.9
5.9 6.2 5.3
0.5 0.2 0.2
0.5 0.4 0.2
0.32 <0.03 <0.03

<0.7 0.8 2.7
0.4 <0.1 <0.1

23.6 22.8 46.0
1.4 0.9 2.2
2.5 2.5 0.6
0.75 0.39 0.56
0.8 0.5 1.1

<2.1 <2.1 <2.1

71.1

32.9
78.9
<1.0
0.7
6.0
0.1

<0.2
<0.03
2.6

<0.1
73.6

1.8
0.3
0.74
1.3

<2.1

63.7

30.6
72.9
14.1

1.1
8.8
0.5
0.4
0.31

14.1
0.9

70.0
2.2
0.7
1.11
1.8

<2.1

59.4

28.0
66.2
6.2
0.8
6.1
0.2
0.3
0.05
6.2
0.1
62.2
2.9
0.5
0.i
1.1

(2.1

85Srb
13388

137Cs
15 2

Eu

237Np
141Ce

237Np
239Pu

241AM

(contd)



Table I-10. (contd)

Specimen ID L-501 L-502 L-503 L-504 L-505 L-506 L-507 L-508 L-509 L-510

Normalized Depletion Depth, um

Na

Li

Si

B

MN

Ca

Al
Fe

Ba

Ti

Kg
Zr

Mo
Ni

Sr

U

Zn
Cr

Ce

Nd

Np

Pu

Am

2.1

1.5

2.2

<0.3
1.5

1.7

0.03

0.5
<0.01

0.9
<0.03
2.1

<0.3
1.6

0.04
0.1

<0.7

4.7

3.0

9.9

<0.3

1.5

2.1

0.03

0.2

<0.01

0.4

<0.03
4.6

0.4

1.5

0.07

0.1

<0.7

7.3

4.5

7.8

<0.3

1.0

1.9

0.07

0.1

<0.01

0.4

<0.03

7.3

1.0

0.9

0.13

0.2

<0.7

8.1

4.7

8.6

(0.3
0.9

2.0

0.2

0.2

0. 1

<0.2

0.1

7.9

0.4

0.8

0.25

0.3

<0.7

7.6

4.6

8.2

<0.3
1.0

2.1

0.07

0.1

<0.01

0.3

(0.03
7.6

0.3

0.8

0.13

0.2

<0.7

15.0

8.1

16.3

<0.3

0.3

1.8

0.07

0.1

<0.01

0.9

<0.03

15.3

0.7

0.2

0.19

0.4

<0.7

23.7

11.0

26.3
<0.3

0.2

2.0

0.03

<0. 1

<0.01

0.9

<0.03

24.5

0.6

0.1

0.25

0.4

<0.7

21.2

10.2

24. 3

4.7

1.0

2.9

0.2

0.1

0.1

4.7

0.3

23.3

0.7

0.2

0.37

0.6

<0.7

19.8

9.3

22.1

2.1

0.3

2.0

0.07

0.1

0.02

3.1

0.03

20. 7

1.0

0.2

0.23

0.6

<0.7

(contd)

0



Table I-10. (contd)

Specimen ID L-501 L-502 L-503 L-504 L-505 L-506 L-507 L-508 L-509 L-510

Molarity ofLeachate mmol/L

0.27

0.33

0.16
ir -4  <0.9

10-2 1.82

10- 3  7.8
10-3 1.1

10- 4  5.8
10- 4  <1.0
10- 4  8.2
10- 4  <1.1
10-2 0.8
10-4  <3.4
10- 4  19.4

i0-4 1.9

10- 3  0.9
10- 4  <3.9
10-3  (1

10-4 <6

- 0.60 0.93 1.02 0.95 1

0.70

0.37
<0.9
1.85

9.6

1.8

2.2

<1.0

3.7

(1.1

1.8

5.1
18.3

3.6

1.4

<3.9
(1

<6

1.04

0.58

<0.9
1.27

8.9

2.7

1.5

<1.0

4.1

<1.1

2.8

11.9

11.4

6.1

3.2

3.9

(1

<6

1.06

0.64

<0.9
1.15

8.9

6.6

2.2

10.4

<2.1
3.3

3.0

5.1

10.3
11.9

4.6

3.9

<1

<6

1.04

0.60

<0.9

1.20

9.3

2.7

1.5

<1.0

2.5

<1.1

2.9

3.4

10.3

6.2

3.1

5.8

<1

(6

1

1
<0

0

8

2

0

<1

8

<1

5

8

2

9
6

5

<1

<6

.91 3.08

.86 2.58

.22 2.01

.9 <0.9
).37 0.30

3.2 8.2

.5 1.8

).7 <0.7
1.0 <1.0

.2 8.2

.1 <1.1

.9 9.6

3.5 6.8
.3 1.1

.1 12.2

.' 7.8

.8 5.8

<1

<6

aSodium values are

bAnalyses for 8 5 Sr

probably too low due to errors in

through 2 4 1 Am are under way.

ICP calibration.

Na

Li

Si

B

Mn x

Ca x

Al x

Fe x

Ba x

Ti x

Mg x

Zr x

Mo x

Ni x

Sr x

U x

Zn x

Cr x

Ce x

Nd x

Np

Pu

Am

3.27

2.84

2.19

16.4

0.55

16.3

8.4

2.2

12.5

37.0

11.0

10.8

10.2

3.4

21.6

12.7

5.8

<1

<6

3.09

2.64

2.02
7.3

0.40

10.0

3.6

1.5

2.1
16.5

1.1

9.8

13.6
2.3

13.4

12.1

5.8

<1

<6
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4. Auxiliary Leach Studies

a. Weathering Studies

During long-term storage of nuclear waste, aging or alteration
of the waste form and the surrounding containment package will certainly occur.
If, after a period of time, the repository is flooded and the waste is con-
tacted by water, dispersion of radioactivity may occur as a result of inter-
action between aged waste and the moving water medium. The results may differ
significantly from the results of ex>r:iments using fresh waste.

Alteration processes such as devitrification, radiation damage,
and transmutation have been studied experimentally [MENDEL-1981B]. Also,
attack by water under hydrothermal conditions has been shown to cause rapid
alteration of glass waste forms [ALTENHEIN], and the weathering of natural
analogues has been used to speculate as to the long-term alteration of nuclear
waste glasses [ERICSON, ALLEN].

Given the conditions that exist in a repository during the
initial storage period, hydration by water vapor may also be an aging process
for solid waste [SEITZ]. This is because although the canister, overpack,
sleeve, and clay backfill are designed to exclude most of the liquid water,
some water vapor may be present in the engineered portion of the waste package
before the sealed repository is resaturated, a process that may take hundreds
of years, or may leak through pores in the barriers. Additionally, hydration
would be the dominant aging process in a repository located in unsaturated
formations such as at the Nevada test site [WINOGRAD] if no barriers imper-
meable to water vapor are provided.

In this section, the reaction between glass and water vapor is
investigated. This reaction, termed hydration, is applied to glass waste
forms and can be differentiated from leaching, or typical hydrothermal
reactions, by the absence of a bulk liquid phase in contact with the waste
form.

A method of hydrating nuclear waste glass is described, and
the results are extrapolated to long-term repository conditions.

b. Approach

Hydration is closely related to the archaeological problem of
dating natural artifacts. An understanding of the processes involved in the
aging of natural glasses may provide a reasonable basis for predicting the
durability of nuclear waste glasses over extended time periods [ERICSON,
ALLEN]. As a dating technique, hydration has been studied extensively
[ERICSONJ, and the chemistry of the hydration process has been explored.
These studies indicate that the process is one in which alkali metal ions
(Na+ or K+) in the glass network are replaced with a charged hydrogen species,
either H+ or H30+. The kinetics at a fixed temperature can be described by

D = ktx (1)
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where D is the thickness of the hydration layer (um), k is the hydration rate
constant (ym2/1000 y), and t is the time (y). Since hydration is known to be
a diffusion process [ERICSON], x is often found to be 1/2.

As shown in Eq. 1, for a given glass sample and a prescribed
set of hydration conditions, the hydration rate can be described as a function
of the thickness of the hydration layer and of time. To obtain k for a given
set of conditions, experiments are run for different time intervals and the
thickness of the layer is determined. The relationship between D and t can be
obtained by fitting Eq. 1 to the data.

If hydration experiments are performed at different tempera-
tures, keeping other conditions constant, a value of k can be determined for
each temperature. It is then possible to solve the Arrhenius equation to
establish the relationship between hydration rate and temperature. The
Arrhenius equation is

Ea
lnk = ln A- (2)

where k is the hydration rate constant (um2/1000 y), A is a constant, Ea is
the activation energy of the hydration process (cal/mol), R is the gas constant
(cal/K mol), and T is the absolute temperature (K). The empirical constants,
Ea and A, can be deduced from the slope and intercept of the appropriate plot
of the values of k at different temperatures. It is generally accepted that a
single activation energy is indicative of an unchanged mechanism for the
reaction over that range of temperatures.

c. Experimental

Variables that may affect the hydration rate of a waste glass
are temperature, glass composition, total pressure, and the relative humidity
of the air in contact with the waste form. Two glass compositions, Savannah
River Laboratory (SRL) defense glasses 211 and 131, were used throughout the
experiments [BATES-1982B]. SRL 131 was used as supplied, and SRL 211 was
modified by adding simulated waste elements.

The degree of saturation in the reaction vessel was set at 100%;
only e.iough water was used in the closed apparatus to produce this condition
at the designated operating temperatures. The goal was to produce saturated
conditions with as little chance for condensate formation as possible. The
temperatures used were 80, 120, 162, 202, and 240*C.

The reaction vessel was a tantalum-lined stainless steel bomb
for the experiments above 100 C; a humidity chamber was used for Jhe 80C
experiment. For the high-temperature experiments, an amount of water slightly
in excess of that necessary to give 100% saturation was added in order to
offset losses during heating; for the 80 C experiment, the relative humidity
was maintained at 90%. A sample was suspended from a 5-mil Teflon thread that
was tied around the sample and attached to a Teflon support. Samples of each
glass were contained in each hydration vessel to ensure identical exposure.
Careful positioning of the samples was necessary to ensure that no condensation

occurred. Care was taken to prevent pieces of glass from touching other
samples or the sides of the vessel.
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Also sensitive to condensation, which is to say contact of
the glass and water, is the pH of the condensate formed when the samples are
cooled to room temperature. The results reported in this paper represent
only data from experiments in which no condensation was evident. Any con-
densation on the samples could be easily detected at the conclusion of an
experiment by visual inspection.

The containers were placed in a constant-temperature oven and
held for predetermined periods of time. An experiment was terminated by
removing the container from the oven and quenching the lower portion in
water. This procedure was found to be effective in eliminating condensation
on the samples during hydration and upon cooling.

Each hydrated sample was split into two parts. One was
mounted for surface evaluation by scanning electron microscopy (SEM) and
energy-dispersive X-ray analysis (EDAX); the other was mounted on edge in a
resin mold and also studied by SEM and EDAX. A complete description of the
experimental techniques is given elsewhere [BATES-1982B].

d. Results and Discussion

Both the thickness and the surface features of the hydrated
layer were investigated. The general appearance of the glass surface ranges
from a rainbow-type reflectance to complete coverage by a white (SRL 211) or
off-white (SRL 131) mat of fibrous material, as hydration becomes more exten-
sive. Photomicrographs of SRL 131 glass hydrated at 240*C for three time
periods are shown in Fig. 1-4.

(1) Hydration Kinetics

The cross section of the hydrated layer could easily be
observed and measured for layer thicknesses greater than 1 im. The thickness
of this layer was defined as the distance between (a) the glass surface and
(b) the furthest penetration of water (i.e., sodium depletion) into the glass.

As is evident in Fig. I-4c, the hydrated layer of glass
consists of two parts: (1) a thicker inner region which appears to be uniform
and (2) a thinner outer region which is marked by striations perpendicular to
the surface.

For each sample, the average variation in thickness of the
total hydration layer is 10%. This could be due to initial surface irregu-
larities and/or the formation of minerals. The layer is sometimes thinner
when large crystals are present on the surface. The relationships between
layer thickness and hydration time were determined at 120, 162, 202, and
240 C. The data for SRL 131 and SRL 211 glasses at 120 and 240 C are shown
in Fig. 1-5. At 162, 202, and 240*C, each relationship consists of two
parts--an initial curve linear with t0/2 (the initial hydration stage) and
a second curve with a significantly greater rate for which the functionality
has not been determined (the second hydration stage). At 120*C, only one
curve, linear in t0/2, is evident up to 900 h (37 days) of exposure. At
all four temperatures, hydration of SRL 211 occurs slowly at first, but at
162, 202, and 24 0 *C soon exceeds the hydration rate of SRL 131 glass. The
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a LAYER GLASS b LAYER GLASS C LAYER GLASS

'is

I a

Fig. 1-4. Photomicrographs of Cross Sections (a,b,c) and
Surfaces (d,e,f) of SRL 131 Glass Hydrated at
240*C: (a) and (d) 1.6 h with analcime forma-
tion; (b) and (e) 24 h with analcime formation
and altered surface; (c) and (f) 40.1 h with

analcime and tobermorite formation. On each
photomicrograph, the length of the rightmost
segment of the line represents 6 um.

same behavior as at 162, 202, and 240 C is anticipated at 120*C if experiments

are continued long enough. At 80 C, although alteration of the surface was

evident, the hydration layer after 2 1/2 y (<1 m) was not thick enough to be
measured.

The values of k determined for each temperature (using
the initial portion of each curve) are plotted for SRL 131. (Fig. 1-6) as
in k vs. 1000/T. The relationship is linear and for SRL 131 glass yields an
activation energy of 17,900 cal/mol and an A of 1.9 x 1015 pm 2 /1000 y. The
linear relation suggests that the mechanism of the initial hydration reaction

does not change between 12C and 240*C. This suggestion is reinforced by the

same surface features being observed for glass hydrated at all temperatures

(as discussed in the next section).

(2) Mineral Formation

As the degree of hydration increases, the variety and
size of t} . surface alteration products increase (Fig. 1-4). Features on
the SRL 1 1 and the SRL 211 glasses are similar, and a chronology of the
surface t- ,xgraphy changes for SRL 131 glass is shown in Fig. 1-4. The
trapezohedral crystals, evident after only 1.6 h of hydration at 240 C,
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have been identified as a form of analcime, having the composition NaAlSi2O6 'H2O
with 2% Fe incorporated into the structure. Analcime is a mineral belonging
to the zeolite family and is the sodium analogue to pollucite. It is observed
on all hydrated surfaces, including those formed at 80C.

The fibrous materials appear as needle-like crystals
[Fig. I-4(f)]. They do not form until hydration has proceeded for a period
of time, whereupon they rapidly cover the surface as a matted layer. This
mineral has been identified as tobermorite, Ca5 (OH)2Si60 16 *4H2 0, one of the
main constituents of concrete. The exact composition of this material on
different glasses differs somewhat, depending on the base glass composition.
For SRL 211 glass, tobermorite contains detectable amounts of potassium,
sodium, and barium, while for SRL 131 glass, less sodium and more heavy
metals (e. ., Ce and Nd) are observed.

The glass surface itself is also altered by hydration.
It has a sponge-like appearance in surface micrographs [Figs. I-4(d) and
-4(e)] and a striated appearance in cross section. This striated layer
was identified as the thinner outer layer in a preceding section (Hydration
Kinetics). The layer composition has not been identified unambiguously, but
does belong to the montmorillonite group of clay minerals.

Other features seen on both glasses have not been identi-
fied, but the compositions have been determined [}BATES-1982B]. Many of these
minerals selectively incorporate individual waste elements into their struc-
tures. Separate minerals have been identified that contain cesium, cerium,
and neodymium.

(3) Hydration Mechanism

The method by which hydration occurs and the cause of the
dual rate curves (Fig. I-5b) have been briefly investigated. An experiment
was carried out in which the hydrated glass surface contained a 1-mm-square
piece of platinum. After two days at 202 C and 100% humidity, the surface
of the platinum was covered with analcime and other minerals that also form
on the glass surface. This suggests that as elements diffuse from the glass,
they are solubilized in the thin layer of water covering the surface. Mobility
through this water layer is considerable, and alteration products form when
the elemental concentrations reach a specific level and crystallization is
initiated. Thus, hydration with a very high ratio of glass surface area to
liquid volume (SA/V) may in reality be a leaching experiment. A high ratio
accelerates the saturation process and permits alteration products to form
rapidly on the glass surface. However, the alteration products that form
during hydration do not necessarily form during leaching.

Further information was obtained from elemental line
profiles done across the hydrated layers (Fig. 1-7). During the initial
hydration stage for SRL 131 glass, the thinner outer layer is depleted in
sodium, calcium, and nickel and is enriched in silicon and iron. The alumi-
num level (not shown) is constant in both layers and in the bulk glass. The
thicker inner layer is enriched in calcium. At this stage, no tobermorite
is observed on the surface. Line profiles (not included here) taken during
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the second hydration stage, which occurs at a greater reaction rate,

Fig. I-5(b) [BATES-1982B], indicate a significant depletion of Al and Ca
throughout both layers. Thus, it appears that calcium accumulates in the

thinner outer layer until conditions favor tobermorite formation, which then

occurs while rapidly depleting calcium from the glass.

C. Leaching of Hydrated Glass

Leaching experiments were done on hydrated SRL 131 glass containing

uranium (SRL 131U), on hydrated SRL 211** glass composition given in

[STEINDLER-1982A, Table 7], and on hydrated SRL 131 glass containing
actinides and fission product radiotracers (SRL 131A) for comparison with
release of elements from fresh glass--i.e., to determine whether alteration

of these glasses by hydration would affect final radionuclide dispersion in
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water. In these preliminary experiments, glass samples were hydrated at 202*C
to give surfaces representative of both stages of hydration. These hydrated
samples were immediately subjected to a MCC-1 leach test [MENDEL-1981A] for
periods of 3, 28, or 91 days. Experimental conditions and results are given
in Table I-11.

Leaching results for SRL 211** glass (WL 1 and WL 2), which were hydrated
to a thickness of 25 um including the covering tobermorite, were, after 28
days (WL 2): (1) the tobermorite layer had partially detached from the glass
and (2) most elemental leach rates for the nonwaste elements were 4-10 times
those for fresh glass (WL 3). Only one-fourth as much aluminum was leached
as from the fresh glass. After 91 days of leaching (WL 1), the tobermorite
layer had completely separated from the glass and the amount of each element
in solution continued to increase. These results indicate that a high initial
release occurs from elements loosely incorporated into the mineral layer.
Thereafter, the mineral layer, hydrated layer, and possibly fresh glass
undergo leaching, and overall dissolution of the glass is increased.

Results for SRL 131A glass were similar. This glass, which was hydrated
in a way to give no tobermorite coverage, showed rapid initial loss of both
matrix and waste elements in three days and showed continued additional loss
through 28 days.

If these results are projected to more rigorous hydration conditions
(simply by factoring for a thicker layer of alteration products), initial
leach rates much greater than those from fresh glass are projected.

D. Conclusions

This work raises several points relevant to the disposal of nuclear
waste.

(1) The Arrhenius behavior that has been observed for the hydration of
defense waste glass allows the hydration process to be cautiously extrapolated
to various time/temperature conditions, provided that (a) saturation at non-
condensing conditions exists and (b) hydration follows the kinetics noted in
the initial hydration curve. Such extrapolation allows the aging of SRL glass
to be accelerated so that reasonable time-temperature scenarios may be simu-
lated. For example, after storage under hydration conditions for 1000 y at
90 C, SRL 131 glass is calculated to have a hydrated layer 170 um thick and
to be covered with a significant mineral layer.

(2) If this hydrated glass should then be contacted by groundwater,
leaching would occur, but the initial leaching would be from hydrated glass,
not from fresh glass. Depending on the hydration conditions. initial leaching
from hydrated glass may be greater than that from fresh glass.

(3) Alteration products that form during water vapor hydration can be
considered to form under high SA/V "leaching" conditions. Their identifica-
tion may prove valuable in developing models for alteration product formation
under the leaching conditions expected in a saturated repository after long-
term storage.



Table I-11. Experimental Conditions and Results for Leaching of Hydrated SRL 131U, SRL 131A, and

SRL 211** Glasses

Weathering (Hydration) Conditions Leaching Conditionsa

Glass Mass, SA Time, Temp, Final Sample Time, Leachate Leachate Vol,

Specimen SRL g cm days 6C Condition days Treatment ML
WL 1 211** 0.1529 1.765 8 200 complete tobermorite 91 Filtered 30.01c

WL 1a 211**

WL 2 211**
WL 2a 211**

WL 2b 211**

WL 3 d 211**

0.1783

0.2083

131U

131A 0.2856
(Sample 605
polished; see
Table 1-4)

coverage

2.109 8 200 nearly complete
tobermori te coverage

2.257

"1.5

2.49

leach control

4 202 limited tobermorite
coverage

7 202 intact, but very crumbly
appearance

Transferred immediately

28 Layer has flaked off
Immediate transfer from

WL 2 container

Transfer from WL 2 three
days later

28 Normal MCC-1

3 Added acid before removing
solids

Decanted sol. immediately
after adding acid

28 Some solids

18.33

22.7

25.0
0

23.8

Decanted immediately after
opening then added acid

flaked layer from WL 1 28 Flaked layer greatly
dissolved and the remaining
is in small pieces

bDecanted immediately

WL 5

WL 5a

WL 6

WL 6a

WL 7

WL 7a

211** "1.5

(contd)

12.5



Table I-11.

Concentrationb in Leachate

Specimen Al B Ba Ca Fe Li Mn Na Si Sr 137 Cs 133 Ba 15 2Eu 23 9Np 241AM Sr

WL 1 0.57 10.3 <0.01 1.70 0.06 3.1 0.020 60.7 63.9 0.05 - - - - - -

WL la 0.66 10.5 <0.01 1.54 0.07 3.1 0.025 62.4 68.6 0.05 - - - - - -

WL 2 - - - - - - - - - - - - - - - -

WL 2a 0.72 11.1 0.06 3.90 0.12 2.6 0.028 60 63.9 0.14 - - - - - -

WL 2b 0.54 11.5 0.06 4.47 0.13 2.7 0.030 64 67.6 0.15 - - - - - -

WL 3 d 2.11 4.4 <0.01 2.80 0.02 1.1 0.008 19 2.75 0.09 - - - - - -

WL 5 - - - - - - - - - - - 2.6 0.9 - - 8.3

WL 5a - - - - - - - - - - - - - - - -

WL 6 - - - - - - - - - - - - - - -

WL 6a - - - - - - - - - - 143 10 33 15 4 -

WL 7 - - - - - - - - - - - - - - - -

WL 7a 1.26 0.05 0.11 6.59 0.10 <0.06 6.016 0.7 9.2 0.27 - - - - - -

aMCC-1 test conditions, 90'C.

bmg/L for nonradioactive elements; normalized leach rates for radioactive elements.

cExcess leachant was necessary to submerge sample completely.

dFresh glass.

r-

(c ont d)
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II. NUCLEAR LOGGING OF OIL RESERVOIRS
(G. F. Vandegrift, M. G. Seitz, and E. Walbridge*)

A. Introduction

Characterization of geologic formations by bore-hole logs has undergone
continual improvement as a result of the use of new and better techniques,
tools, instruments, and methods of data analyses. However, still needed for
better assessment of the feasibility of enhanced oil-recovery efforts is
improved accuracy when logging depleted wells to determine their oil content.

In this work, we focus on the log-inject-log (LIL) methods of reservoir
characterization because of the increased information that is derived from
redundant measurements of a systematically perturbed system. In the LIL
approach, the bore hole is first logged, a fluid is then injected into the
reservoir, and the bore hole is logged again. Differences in the two logs
can be attributed to the displacement of the natural fluids in a reservoir
by the injected fluid. Nuclear logging methods (using neutron sources,
radiochemicals, and gamma detectors) are considered in this work. Experiments
have been done with radiochemicals and gamma detectors.

The major share of effort during this quarter has been expended in pre-
paring a final report which will be published by the Bartlesville Energy
Technology Center. The funding for this project was ended (as scheduled) at
the close of FY 1982.

During the writing of this report, the idea emerged that there would be
some gain by measuring the total gamma ray spectrum produced by the 22Na
radioisotope in the logging solution rather than by measuring the activity
of the 22Na 1275-keV and/or 511-keV gamma-ray peaks (our standard procedure
for monitoring the radioactive brine solution). Measurement of the scattered
gamma-ray envelope at <250 keV would allow measurement of the progress of the
brine solution deeper into the formation surrounding the bore hole. This
scattered gamma-ray envelope is generated by the partial degradation of
monoenergetic gamma rays which interact with the matrix they pass through
between their source and the detector.

The absorption half-thickness is very important to this logging technique.
The further into a rock formation that can be logged, the more reliably can
the information be applied to the entire oil reservoir. The reasons for the
deeper field of vision for scattered gamma rays will be discussed in the final
report; an experiment was performed during this report period to verify this
effect.

B. Progress

1. Experimental

An experiment was set up to verify that the depth of vision of the
scattered gamma rays of 22Na is greater than the depth of vision of its two

*Member of the Energy and Environmental Science Division, ANL.
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monoenergetic peaks at 511 keV and 1275 keV. The equipment consisted of (1)
a 3-in. NaI crystal connected to a multichannel analyzer and (2) a hollow
tube which rested on top of the detector and contained various lengths of
sandstone core material. The tube was positioned between the detector and a
2 2 Na source held at a constant distance and geometry from the detector. The
gamma-ray spectrum from the 2 2 Na source was measured with various thick-
nesses ef Berea sandstone core (0 to 16 cm) placed between the source and
detector. Four energy windows, represented in Fig. II-1, were used to measure
absorption at different energy regions of the spectra. The losses of signal
in gamma-energy windows vs the length of sandstone absorber are presented in
Fig. 11-2. The integrated signal (Fig. 11-2) is the total activity for all
four windows.

Qr

~450 ~600
ENERGY, keV -

Fig. II-1. Gamma Energy Regions Measured in Fig. 11-2

2. Results and Discussion

The data presented in Fig. 11-2 were plotted as log (intensity) vs.
absorber thickness to correspond to the well-developed relationship

I = I1 ae-yd; (1 )

where 10 is the signal intensity at zero absorber thickness and I is the
signal intensity at absorber thickness d; u is referred to as the absorption
coefficient. In Table II-1 are the absorption half-thicknesses, d1/ 2 , in cm,
measured for dry sandstone and calculated for water-saturated sandstone.

51 I keV PEAK

1275 keV PEAK

I I ILE

~j1150 ~1450
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Table 11-1.

- I I I I I I -
o INTEGRATED SIGNAL -
o REGION # I
REGION I _
* REGION# M
REGION 8 -

- -

~ : -

- N-
- N-
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Absorption Half Thickness for Berea Sandstone in the
Gama-Energy Window Regions Shown in Fig. II-1

dl /2 , cmb
Window dl/2, cm dl/ 2 a (water-saturated
Region (dry sandstone) g/cm2 sandstone)

Integrated
(I-IV)

I

II

III

9.3

12.0

5.1

8.8

6.5

19.5

25.2

10.7

18.5

13.7

8.4

10.9

4.6

8.0

5.9

aObtained by multiplying dry sandstone half-thickness by
density, 2.10 g/cm 3 .

bCalculated by dividing the column 3 values by the density of
water tuirated sandstone.

t0

0 

a

g C

U
U

oQO

Fig. II-2.

The Signal Attenuation vs. Thickness
of Sandstone between Detector and
Source for the Energy Regions Shown
in Fig. 11-1.
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The higher apparent penetration of the low-energy, scattered gamma
rays is evident from these data (Figs. II-1 and 11-2). Figure 11-3 shows how
the greater half-thickness of absorption for an integrated spectrum (windows
I-IV) would affect the depth of penetration of the measured gamma ray signal
in comparison to penetration from the 511-keV (window II) or 1275-keV (window
IV) peaks. If a formation is completely saturated with radioactive brine as
is assumed in Fig. 11-3, the higher the apparent half-thickness of absorption
of the gamma rays, the greater is the fraction of the signal that comes to
the detector from the radioactive brine at distances far back in the formation.
For example, if a formation were saturated by a 2 2Na brine solution to an
infinite distance from the detector, 47.4% and 22.5% of the total signal
would come from beyond 10 cm and 20 cm, respectively, for an integrated
spectrum measurement. If one were measuring the 1275-keV peak alone, only
35.7% and 11.8% of the total gamma signal would emanate from beyond 10 and
20 cm, respectively. This study shows the desirability of measuring the
entire gamma signal in order to increase depth of measurement. Study of a
means of increasing the absorption half-thickness should have a high priority
in any efforts to improve nuclear oil logging procedures.

100 --

Q 90zo 90
0

3 80 - -

Z70 -/1-Fig. 11-3.
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III. LABORATORY ANALOG PROGRAM*
(D. L. Bowerst, K. L. Branham, T. J. Gerding, G. F. Vandegrift,

and M. G. Seitz)

A. Introduction

The major concern related to the safety of high-level nuclear waste dis-
posal in geologic repositories is that wastes might be dispersed by flowing
groundwater. To examine the behavior of radionuclides in material that might
be present in a waste repository, five analog experiments are being performed.
In an experiment, simulated groundwater is pumped first through backfill
(bentonite), then contacts solid nuclear waste, then passes through more
backfill, then traverses the fissure in a split basalt core, and then exits
from the apparatus (Fig. Ill-1). The water exiting from the apparatus and
solutions tapped from intermediate points within the apparatus are obtained at
the end of the experiment. After several months of groundwater flow, pumping
is stopped and the repository materials (waste glass, bentonite, and basalt
core) are sectioned for detailed analyses of physicochemical changes.

E
AA

-B

0 1.0 mL/h

'D C

PUMP

Fig. III-1. Schematic of the Analog Apparatus Com-
ponents, Including Exit and Connecting
Tubing, That Are Labeled in the Order
They Were Taken Of f Line. A. Exit
tubing. B. Rock core holder. C. Con-
necting tubing. D. Vessel containing
bentonite. E. Connecting tubing.
F. Vessel containing bentonite, basalt,
and waste glass.

Table III-1 is a list of experiments being performed in this program.
This report describes the termination of Experiments 2 and 3 and the prepara-
tion of repository materials for experiments 4 and 5. In addition, this report
describes the laboratory "aging" of rock, backfill, and nuclear waste for use
in analog experiments to predict the behavior of old repository materials.

*This work is supported by the U.S. Nuclear Regulatory Commission under

Contract No. FIN A-2230.

tMember of the Analytical Chemistry Group, Chemical Technology Division.

ISummer 1982 Student Research Participant.
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Tabe TTT-1 Lanratrv Analo evrimpnt mrh~Ai1l PA in th mPrram

Condition of the
Waste Form, Backfill, Material of Apparatus,

Experiment and Rock Experimental Condition

1 Unaltered Hastelloy

2 Unaltered Monel-400

3 Unaltered Hastelloy, Gamma Field

4 Thermo-, Hydro- Hastelloy
(1000-y) Alterationa

5 Thermo-, Hydro- Hastelloy
(2000-y) Alterationa

aMaterials
"1700 psi

were placed in autoclave with groundwater and were run at
pressure.

B. Experimental Progress

Experiment 2 of Table III-1 [STEINDLER-1982B] is being shut down by
removing, in turn, individual components (Fig. III-1) while continuing the
flow of fluid and collecting two simulated groundwater samples for extended
(10-day) periods of time. These large samples ("150 mL) will be used to
obtain detailed analyses of the simulated groundwater at the intermediate
points in the experimental apparatus. The order in which components were
removed, shown in Fig. III-1, was also used for the first analog experiment.

Experiment 3 of Table III-1 is being shut down in the same manner as
was the first experiment. However, after removal of the rock core, the oven
failed, and sampling of simulated groundwater fluid was interrupted. The oven
will be repaired, and water sampling will again commence.

Experiment 4 (Table III-1) is being set up and will be started in October
1982.

C. Laboratory Aging of Repository Components

One objective of the Laboratory Analog Program is to assess changes in
nuclide migration that may occur as a result of degradation of the repository
from aging. This objective will be pursued by observing migration in analog
experiments, using materials that have been treated to reflect aging in a
waste repository. Thus, the laboratory treatments of repository materials
are designed to reproduce major effects of aging of the materials in a nuclear
waste repository.
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Although the aging treatments were selected to lead to the most severe
degradation of the materials that might be expected, less degradation than in
our aging processes would be expected, on the average, in a waste repository.
Thus, the analog experiments give an indication of migration in a worst-case
situation.

The aging processes for repository materials are discussed in a previous
quarterly report of this program [STEINDLER-1981]. For the aging of bentonite
(backfill) and basalt surfaces, the treatment selected was hydrothermal (in
which the materials were immersed in simulated groundwater and heated). The
vapor was confined in order to maintain the water in condensed form.

Hydration in water vapor was the process selected for the aging of waste
glass. This process breaks down the glass structure but does not dilute
radionuclides (as would leaching by liquid water). A large loss of radio-
nuclides would be expected when the hydrated glass is placed in the groundwater
stream of the analog experiment.

1. Aging of Waste Glass

Two samples of glass containing radioactive elements of PNL 76-68
formulation [samples 6 and 10, STEINDLER-1982A] were exposed to saturated
steam to simulate aging of the glass. To subject the glass to this treatment,
the two samples were set on loops of platinum wire and lowered into the upper
chamber of a double-chambered pressure vessel of Hastelloy C-276 alloy. (The
chambers were pressure vessels from Autoclave Engineers, Drawing 20B-0949,
reg. no. 80-04861.) Each chamber had a volume of 17.8 cm3; the chambers
were connected by a 4-cm length of 1/8-in. tubing (of %0.02 cm3 volume).

The bottom chamber was loaded with 10.0 mL of the water simulating
groundwater from the Hanford site.* The vessel was sealed and then heated.
The closed vessel was held at 340'C for 17 days in an oven. At the end of
exposure, the oven was cooled and the chambers were opened to recover the
glass samples and residual groundwater. The upper chamber was insulated to
prevent condensation on the glass when the pressure vessel was cooling.
Recovery of 10.0 mL of water from the lower vessel indicated that none had
escaped from the pressure vessel during heating. The water was found to
contain no measurable radioactivity, indicating that liquid water had not
:ontacted the radioactive glass during the aging process.

The two glass samples were removed from the upper vessel. They were
observed to be coated with a yellow-green layer resulting from the reaction of
the water vapor with the glass. During gentle handling, the reaction layer on
the large surface of glass sample 10 separated from the sample. Glass sample
6 remained intact. Figure 111-2 is a photograph of the hydrated glass samples
and a sample of fresh glass.

The hydrated glass samples were stored in a humidified jar, awaiting
their use in Experiments 4 and 5 of the program.

*A potential site for a waste repository.
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Cm I'
1 2 3

SPEC. DATE

Fig. 111-2. An Original (Black) Glass Sample, Together with
Two Aged Samples. The hydration layer of one

aged sample has separated from the glass
substrate. ANL Neg No. 308-82-107

2. Aging of Bentonite and Basalt Core

The bentonite and the basalt core for each experiment were aged

under the same conditions of temperature and pressure but for different

durations. Two sets of samples were prepared to represent aging to 1000

and 2000 y, respectively, for the two analog experiments.

In an aging treatment, the split rock core is exposed to water of

groundwater composition at 320 C for 25 or 50 days. The split core (volume

of 557 mL) is placed in a 2-L stainless steel pressure vessel and is prevented
from contacting the vessel by means of a gold mesh. To the vessel is added
1 L of simulated groundwater, which covers the rock core. Two stainless steel

pipes (enclosing samples of bentonite and additional simulated groundwater)

are then placed in the liquid above the rock core. Approximately 300 mL of
the 2-L pressure vessel is occupied by air at the time the vessel is sealed

and heated. The vessel is heated to 320 C. Pressure and temperature within

the vessel are monitored continuously, using automatic data acquisition

equipment. Weights of bentonite and water in each pipe are given in Table

111-2. Upon completion of the 25-day aging treatment, the 2-L vessel was

cooled and opened to remove the bentonite-containing pipes and the rock core.
The rock core was found to have reacted with the water, having formed secondary
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Table 111-2. Weights of Bentonite and Simulated Groundwater Used
during Aging Treatments

Weight of Simulated
Weight of Groundwater

Sample Designation Bentonite, g in Pipe, g

25-Day Aging Treatment

Bentonitea Sample No. 1 6.03 3.01

Bentonitea Sample No. 2 3.01 6.00

50-Day Aging Treatment

Bentonitea Sample No. 3 6.00 6.01

Bentonitea Sample No. 4 6.00 6.01

aSource clay mineral repository SWy-1 (sodium montmorillonite,
Crook County, Wyoming)

minerals on its
were turned red
will be used in

surfaces. The green alteration products in the original basalt
by the aging treatment. The core retained its integrity and
Experiment 4 of the program.

X-ray diffraction analyses* indicate that the red mineral is hematite
(Fe 2 0 3 ) plus a mineral with a vermiculite type structure, closest fit to JCPDS
16-613 [JCPDS], (Mg 2 . 3 7 Fe0 . 3 7 X0. 0 6 ) (Al 1 . 2 8 Si3. 7 2 ) 09 (OH)3 -4H20. Fluores-
cent analyses indicate that elements are in the sequence of abundance of
Si>Fe>Mg>Al>Ca, consistent with the diffraction analyses, but with iron
substituting for magnesium in the reference structure.

The bentonite recovered from the stainless steel pipe was grey
(having been transformed from its original yellow color) and formed clods
that were not dissipated by the water that contacted them.

Mineralogy of the treated bentonite, revealed by X-ray diffraction,
is comparable to that of the original bentonite containing 1M type clay with
a-SiO2. The 1M type reflection at 12.2 A has the closest fit to JCPDS 29-1495
[JCPDS], K0 . 7 Al 2 (Si,Al) 4 0 1 0 (0H) 2 -nH 2 0. The clay finely suspended in water,
however, had a basalt reflection at 10.7 A and a fit closest to the illite
1 Md type, JCPDS 29-1496, K0 .7Al2 (Si, AI)40 10 (OH) 2 . The aged samples are
being stored in a humidified chamber awaiting their use in Experiment 4.

The 50-day aging experiment is not completed and will be reported
in a subsequent report.

*Diffraction analyses were done by Ben Tani of the Analytical Chemistry
Laboratory.
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D. Auxiliary Experiments

1. Effect of Filtering on Solution Analyses

To aid in understanding the results of the analog experiments,
auxiliary experiments were performed to investigate different aspects of the
"repository system." In one set of auxiliary experiments, synthetic ground-
water was pumped through two vessels that each contained compacted SWy-
bentonite. Water was pumped over the bentonite and collected for analysis
to determine changes in its composition caused by the bentonite.

The samples analyzed were collected from this auxiliary experiment
(in which the simulated groundwater was contacted with bentonite only). The
groundwater was pumped at 2.4 mL/h through two flow tubes (glass), each con-
taining a Hastelloy cartridge packed with one gram of bentonite; then it was
collected in a flask sparged with argon gas to prevent contact with the atmo-
sphere. The entire flow system was maintained at 90*C.

The first samples analyzed were collected between day 7 and day 10
of the experiment. The purpose of these analyses was to determine the degree
of filtration necessary to eliminate the bentonite particles from solution,
so that any changes in the composition of the groundwater itself could be
determined.

This water was subjected first to filtering through filters of
various sizes and then to chemical analysis of the filtrates to determine the
effect of particulate on water analysis. Filters of 1.2, 0.8, 0.45, 0.2, and
0.1 um nominal pore size were selected for the experiment. Fifteen milliliters
of solution was filtered through each of the 0.8-, 0.2-, and 0.1-ym pore-size
filters, whereas 30 mL of solution was filtered through each of the 1.2 and
0.45-pm pore size filters. For the latter, 15 mL of each filtrate was
acidified by treatment with 150 L of 8M HNO3 to dissolve any particles left
in solution. The remaining 15 mL of each filtrate was left untreated.

2. Results

The concentrations of iron and magnesium were substantially lower
for water filtered with 0.45-um pore size filters, than for water filtered
with 0.8-um pore size filters. The concentrations of iron and magnesium were
the same for water filtered with 0.45-, 0.2-, and 0.1-um pore size filters,
suggesting that a 0.45-um pore size filter adequately eliminates the bentonite
effect. Substantial decreases in the concentrations of Al, Ca, Fe, Mg, Si,
and Ti upon filtration even with 1.2-um pore size filter indicated that most
of the bentonite particles were removed with this size filter. No noticeable
difference of acidified and unacidified samples was observed.

E. Determination of CO3 , HCO3 , OH , and Eh in Simulated Groundwater

for Analog Experiments

The inlet groundwater and selected samples from various points in the
2-analog apparatus were analyzed for C03 , HCO3 , and total basicity to deter-

mine changes in the chemical constituents as the groundwater interacted with
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different components of the system. In simple carbonate systems, the analysis
is simply an acid-base titration with interpolation of the endpoints. The two
endpoints observed correspond to pH's of approximately 7.8 and 4.8, i.e.,
phenolphthalein and methyl orange endpoints. Using the relationships shown
in Table 111-3, identification and content of the individual species in these
mixtures ca. be calculated.

Table 111-3. Volume Relationship in the Analysis of
Carbonate-Bicarbonate-Hydroxide Mixtures

Relationship between Volume of Acid to Reach a
Constituents Phenolphthalein Endpoint, Vph, and a Methyl
Present Orange Endpoint, Vmo

NaOH Vph = Vmo

Na2CO3  Vph = 1/2 Vmo

NaHCO3  Vph = 0

NaOH and Na2CO3  Vph > 1/2 Vmo

Na2CO3 and NaHCO3 Vph < 1/2 Vmo

Because the simulated groundwater used for analog experiments contained
significant concentrations of H3Si04~ and H2B03~, these simple relationships
do not accurately reflect the actual conditions in the solution [ROBERSON].
When analog solutions are titrated by an automatic titration system, two end-
points are measured at the expected pH regions, but because of the presence of
H3 Si04~ and H2 B03~, the C0 3

2 - and HCO3~ concentrations are not appropriate to
the relationships presented in Table 111-3. Table 111-4 presents some of Lhe
collected titration data.

We are presently developing a method to treat these titration data to
calculate the concentrations of carbonate and bicarbonate and will report
on it next quarter; however, even without this treatment, the data of Table

111-4 make it obvious that simulated groundwater is modified by its interac-
tion with bentonite and basalt. Simulated groundwater that passed though the
first and second vessels which contained bentonite (Fig. III-1) increased in
pH and in total basicity (total mL acid consumed). As the simulated ground-
water continued through the analog system and passed through the basalt fissure
(Fig. III-1, vessel B), its pH and total basicity both dropped dramatically.

Measurements of the Eh in the simulated groundwater ,samples were performed
with an Orion Redox electrode. A solution [ZO BELL] was prepared to ensure
proper response from the electrode. Although the electrode showed marked
differences (on the order of 20 mV) in readings on a day-to-day basis, the
stability was adequate for short periods (i.e., 2-3 h) to measure relative
differences in simulated groundwater.



Table 111-4. Titration Information on Samples of Simulated Groundwater Solutions

1st 2nd Vol Between

Sample Endpoint Endpoint 1st and 2nd

Initial Aliquot, Volume, pH = Volume, pH = Endpoints,

Sample ph mL 7.8, mLa 4.8, mLa mLa

Inlet Simulated Groundwater

(Batch No. 2) 9.9 25 0.52 0.972 0.452

Solution from Vessel F
(Fig. III-1) 10.1 25 0.595 1.023 0.428

Solution from Vessel D

(Fig. III-1) 10.0 25 0.592 1.022 0.430

Outlet at A (Fig. III-1),

Expt. 1, Days 10 5-1 1 4b 7.9 25 c 0.300 -

Outlet at A (Fig. III-1),
Expt. 1, Days 10 5- 1 1 4b 8.3 40 c 0.461 -

aTitrant was 0.1000N HCl.

bReplicate analyses of same sample.

cNone observed.

Lfl



56

The measurements listed in Table 111-5 indicate changes in the simulated
groundwater composition. However, the solutions are poorly poised because
they lack an abundant redox pair such as (Fe+ 3 -Fe+ 2 ),which explains the
variation in millivolt readings in the table. Therefore, the extent to which
these measurements reflect the actual redox conditions of any particular con-
stituent of the solutions is uncertain.

Table 111-5. Measurements of Eh in a Standard Solution
and in Simulated Groundwater Samples

Samples mV

[ZO BELL] +207a

Inlet simulated groundwater (Batch 2) to
Vessel F, Fig. III-1 +130

Solution in Vessel D, Fig. III-1 +127

Solution in Vessel D, Fig. III-1 +127

Outlet at A (Fig. III-1),

Exp. 1, Days 78-85 +196

Outlet at A (Exp. III-1),
Exp. 2, Days 72-77 +203

aThe observed potential of this standard
solution should be 183 mV.
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IV. TRACE-ELEMENT TRANSPORT IN LITHIC MATERIAL BY FLUID FLOW
(S. Boggs, Jr.*, R. A. Couture, and M. G. Seitz)

This report, presented in two parts, covers work on the composition of
pore fluids in granites of the Canadian Shield, and on the partitioning of
americium and neptunium between liquid and basalt in the presence of
humic acid.

A. Composition and Migration of Pore Fluids in Granites

1. Introduction

We have previously reported the compositions of saline fluids
and oil from two cores of granite from northern Illinois drill hole UPH-3
[STEINDLER-1981, -1982A, -1982B; COUTURE]. We also reported the soluble
chloride content of a suite of rocks from UPH-3; from that, we obtained an
estimated depth profile of the chloride content of pore water. The results
are useful in assessing fluid and solute transport in the rock mass. It was
inferred that vertical transport has been minimal: nonsaline groundwater has
not penetrated substantially into the deeper layers, and there is no evidence
of upward flow. The major mechanism of vertical transport appears to be
diffusion.

However, except for chloride content, we had no data on the compo-
sition of the low-salinity pore fluid in the upper hundred meters of granite.
We also had no laboratory data on the permeability of rocks in this interval,
which divides fresh water in the overlying sandstone from salt water below.
In this report section, we present permeability data along with limited data
on the pore fluid composition of a granite core from a depth of 670 m.

We also present the results of sequential leaches of crushed rocks,
in order to assess the extent of leaching of silicates, and thereby to assess
the validity of composition data obtained by the leaching of rocks.

2. Pore Fluid Composition and Permeability, Drill Hole UPH-3,
670-m Level

A representative core of granite was selected from the 670-m level
of drill hole UPH-3. The core was taken from the altered zone 6.4 m below the
contact with sandstone. The care has a fracture running diagonally across one
end, but no fractures which connect both ends. The experimental procedures
were the same as in previously reported experiments [COUTURE; Trace Element
Transport in Lithic Material by Fluid Flow by Seitz and Couture, in STEINDLER-
1981]. The core was flattened on the ends, sanded smooth on the side, enclosed
in a rubber sleeve, and pressurized as in previous experiments. The confining
pressure (the pressure on the outside of the rubber sleeve) was maintained as
closely as possible to the estimated lithostatic pressure of 17.9 MPa. Water
was forced through the rock at 6.9 MPa. The core and pressure vessel were
thermostated at 26.5'C, which is close to the in-situ temperature of about
23.5 C.

*Professor on sabbatical leave from the University of Oregon.
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The rock was subjected to the confining pressure for 13 days; then
pumping of water was initiated. Pore fluid began to emerge from the apparatus,
and 2 iL was obtained in 27 h. No additional pore fluid was obtained during
the next 55 days. During this interval, the permeability was much less than
6 x 10- 20 cm2 (6 x 10-12 darcy, or 6 x 10-15 cm/s). The core was opened, the
apparatus was inspected and found not to be clogged, the moist end of the core

was rinsed, and the rinse water was saved for analysis. Then the apparatus

was reassembled, the core was repressurized, and flow was begun again in the

reverse direction 11 days after repressurization. The flow rate was constant
for 50 h. The flow was reversed again, resulting in a lower, constant flow
rate. The permeabilities during these intervals were 9 x 10-19 and
4 x 10-19 cm 2 (9 x 10-11 and 4 x 10-11 darcy), respectively.

Evidently, the permeability of the rock is exceedingly low--10-18
to 10-19 cm2 . However, loose particles apparently clogged the rock during
the measurements, and the measured values may be erroneously low.

Because of an error in procedure, no accurate index of refraction
of the eluate was obtained. However, the index of refraction was distinctly
different from that of pure water and lay between 1.334 and 1.336. This cor-
responds to an NaCl content between 0.09M and 0.29M, in agreement with a pre-

viously estimated value of 0.12M for the chloride content of the pore water.

Based on the permeability measurement, it is doubtful whether a
significant flow of fresh water could occur in the alteration zone, because
of the alteration products. This suggests that at present, transport takes
place by flow through cracks and by diffusion into the matrix from those
cracks.

3. Multiple Leaching of Crushed Granite

Crushed rock was leached in a filter apparatus with successive por-
tions of freshly deionized ice water. A membrane filter excluded particles
from the leachates. The contact time was as brief as possible in order to
minimize leaching of silicates. Several portions of rinse water were used in
each leaching to maximize the extraction of soluble salts. The leachates were
analyzed for alkalinity and chloride by titration, and for sodium by an ion-
sensitive electrode.

Table IV-1 shows the masses of rock and the masses of solutions
obtained from the leachings. Table IV-2 shows the analyses. The data for
ATK-1 (first leach) show rather high alkalinities--in all cases from
0.5 x 10-4 to 2 x 10-4 equivalent/liter. The alkalinities in the second
leach solutions are generally almost as high; in one case, alkalinity is
higher than in the first leach solution; the sodium concentration is gen-
erally much lower in the second than in the first leach solution. In all
cases, the alkalinity/Na ratio is much higher in the second leach solution.
This behavior shows that substantial concentrations of alkalinity are derived
from leaching of the silicates. In every case, the sodium concentration in the
second leach solution was 5 x 10-5 M to 8 x 10-5 M, regardless of the dissolved
salt content of the rock, and this residual sodium concentration can be
attributed to leaching of the silicates. Each equivalent of cations released
into solution must be balanced by release of an equivalent of alkalinity or
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Table IV-1. Conditions during Leaching of Crushed Rock

Drill Mass of Mass of Leach Solution, g

Hole Depth, m Rock, g First Leach Second Leach

ATK-1 175 10.9 8.6 10.1

361 10.7 11 --

3611 3.0 4.9 2.8

540 11.4 9.1 5.1

715 11.2 16.6 9.0

812 13.1 12 10.2

8128 3.1 6.5 --

1078 10 9.6 7.8

10788 5.5 7.3 --

UPH-3 66p 9.6 9.6 10.7

718 8.3 10.0 7.7

970 10.1 11.9 7.8

1178 9.2 8.0 12.9

1178a 0.9 4.3 --

1292 9.5 9.9 5.5

aDuplicate sample



Table IV-2. Analyses of Leach Solutions, First and Second Leaches

Drill
Hole

ATK-1

Depth,
m

175

361

361a

540

715

812

81 2a

1078

10788

UPH-3 668

718

970

1178

11 7 8a

1292

Na, M

1st

3.2

2.2

2.5

3.2

5.7

2.0

3.9

3.9

3.0

2.5

3.3

5.3

1.89

6.1

1.33

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

10-4

10-4

10-5

10- 4

10-4

10-4

10-4

10-4

10-4

10-4

10-4

10-4

10-3

10-4

10-3

2nd

7.6 x 10-5

5.0 x 10-5

5.0

6.3

5.8

x

x

X

10-5

10-5

10-5

5.4 x 10-5

5.3

8.7

9.3

1.79

X

X

X

x

10-5

10-5

10-5

10-4

2.3 x 10-4

Alkalinity, eq/L

1st

2.0

5.4

1.30

8.8

1.08

4.9

7.7

1.01

8.2

2.46

6.6

1.49

3.6

6.9

7.1

X

X

x

x

X

x

X

X

X

X

X

x

x

X

X

2nd

10-4

10-5

10-4

10-5

10- 4

10-5

10-5

10- 4

10-5

10-4

10-5

10-4

10-6

10-5

10-5

1.62

7.2

x 10-4

x 10-5

2.4

1.59

2.5

1.14

4. 1

8.4 x 10-5

1st

x 10-4

x 10-4

X

X

X

Cl, M

2nd

10- 4

10- 3

10- 4
7.5 x 10-5

5.4 x 10-4

3.5 x 10-5

5.1 x 10-5

1.2

2.4

4.7

X

x

x

10-4

10- 4

10- 4

Alkalinity/Na Ratio

1st

0.62

0.25

0.28

0.19

0.20

0.26

0.27

1.0

0.20

0.28

0.0019

0.11

0.05

9.5 x 10-4

1.51 x 10-3

2nd

2. 1

1.4

1.3

r-

0.40

0.22

aDuplicate sample.
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another anion. In the second-leach solutions, the alkalinities were 33% to
440% higher than the sodium concentrations. This means that cations other
than sodium were also leached from the silicates. Thus, satisfactory esti-
mation of pore fluid composition by leaching of crushed rock appears to
be quite difficult, especially at the lower concentrations.

In the one case analyzed, the chloride concentration in the second
leach solution was 7% of the concentration in the first. This indicates, for
the small amounts of solution used, a tolerable extraction efficiency for
chloride in the first leach.

The interpretation for drill hole UPH-3 ia exactly the same as for
ATK-1, except that there is more variability--due, apparently, to less unifor-
mity of the rocks.

B. Effect of Dissolved Organic Carbon on Mobilization
of Americium-241 in Groundwater

1. Introduction

Organic substances are known to form strong complexes with many
metals in natural surface waters, which commonly contain from 0.1 to 10 mg/L
of dissolved organic matter [LERMAN]. A few investigations have been made of
the effects of organic compounds in surface waters on sediment-water distri-
bution coefficients of selected radionuclides [e.g., CLAYTON, NELSON], but
surprisingly little work has been done to characterize the content of dis-
solved organic carbon in groundwater or to assess the effect of such dissolved
organic matter on the migration behavior of radionuclides. A few recently
released data on total dissolved organic carbon content (TOC) of deep ground-
waters from potential repository sites in granitic and basaltic terranes
[MEANS] indicate that the TOC ranges from less than 1 mg/L to as much as 10
or 20 mg/L -- though most deep groundwaters probably contain less than 5 mg/L
TOC. Many types of dissolved organic matter are present in groundwater;
however, humic and fulvic acids form the bulk of the TOC.

To assess the effect of dissolved organic matter on the migration
of certain actinides, a program was initiated to examine the behavior of
americium and neptunium, using a series of batch experiments with granulated
Pomona basalt and synthetic groundwater containing various concentrations of
dissolved organic carbon. Initial experiments have been completed that are
designed to measure the effects on distribution coefficients of americium-241
and neptunium-237 of different concentrations of dissolved humic acid. Pre-
liminary results of these experiments are described here.

2. Preparation of Materials

a. Humic Acid

Commercial humic acid (Fluka-AG, Buchs-SG) obtained from Tridom
Chemical Co. was purified prior to its use in the experiment by removing
complexing metals and ash by the following procedure. Ten grams of dry humic
acid was treated with 75 mL of 2M HC1 for two hours to remove iron oxide. The
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sample was then washed repeatedly with deionized water until a negative test
for chloride ion was obtained. The washed humic acid was dissolved in about
400 mL of 0.1M NaOH, placed in a polyethylene bottle with approximately 100 g
of DOWEX AG-50W-10X (20-50 mesh) ion-exchange resin in the Na+ form, and
rotated on a mixer for 30 h to remove metal ions. The dissolved humic acid
was decanted and washed from the resin with deionized water, and acidified
to a pH of approximately 2 with 2M HC to precipitate the humic acid, which
was separated by centrifugation. The solid !numic acid was then washed thor-
oughly in distilled water until all chloride ions were removed and dried in
a rotovaporizer at 70 C. Total yield of dry humic acid was 4.64 g.

A stock solution of humic acid was prepared by mixing 0.5 g
of dried, purified humic acid in 500 mL of the synthetic groundwater described
below (Table IV-4). This solution was stirred with a magnetic stirrer for
72 h and then filtered through a 0.4-um Nucleopore filter. Analysis of the
stock solution with a Sybron/Barnstead Photochem Organic Carbon Analyzer
indicates that it has a total dissolved organic carbon content of 330 mg/L.
Aliquots of the stock humic acid solution were withdrawn and added to synthetic
groundwater spiked with americium-241 to yield test solutions with TOCs ranging
from 1 mg/L to 200 mg/L, as shown in Table IV-3.

Table IV-3. Method of Preparing Test Solutions, and Concentrations
of TOC in Solutions

Volume Volume
of 330 mg TOC/L Volume of

Test Humic Acid, of 241Am

Solution Solution, Groundwater, Solution, Total TOC,
No. mL mL mL mL mg/L

1 0 60.0 40 100 0

2 0.3 59.7 40 100 1

3 3.0 57.0 40 100 10

4 6.0 54.0 40 100 20

5 30.0 30.0 40 100 100

6 60.0 0 40 100 200

b. Granulated Basalt

A sample of fresh Pomona basalt was crushed and sieved through
No. 60 and No. 80 mesh sieves to yield a size fraction ranging from 0.18 to
0.25 mm. The sieved fraction was washed in deionized water to remove fine
powder clinging to the grains and was then dried for 18 h in an oven at 60 C.
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c. Synthetic Groundwater No. 4

Synthetic groundwater No. 4 having approximately the same
chemical composition as the natural groundwater at the Hanford, Washington,
site (a proposed site for a nuclear waste repository) was prepared as shown
in Table IV-4.

Table IV-4. Composition of Synthetic
pH = 10.1a

Groundwater No. 4.

Quantity Added to 20 L
of Deionized Water

Calculated Values of
Elements in Solution,

mg/L

NaCl

Na2 SO4

Na2B4O7 -10H20

NaF

Na2CO3

NaHCO3

Na2SiO3 -9H20

K2504

CaSO4 -2H20

MgSO4 -7H20

HCl (iN)

3.115 g

3.1941 g

0.2454 g

1.6360 g

1.2011 g

1.1842 g

11.4627 g

0.0850 g

0.1112 g

0.00358 g

24 mL

aSolution is modelled to the composition of
bore hole DC-6 [Table 111-45, GEPHART].

groundwater from

d. Americium-241

Americium-241 in a 0.1N solution of HCl was added to approxi-
mately 400 mL of synthetic groundwater to produce the americium spike used in
the test solutions. The final concentration of americium in test solutions
was 1.3 x 10'1 0 M, as determined from its specific activity of 250 d/min-mL.
This isotope of americium decays with a 432-y half-life by emitting an alpha
particle with concomitant release of a 59.5-keV gamma ray. The decay can be
detected by both scintillation counting and gamma counting.

Compound

Na

C1'

B042-

B

co3
2 -

HCO3~

S i02

K

Mg

Ca

302

148

114

1.39

37

34

43

121

1.9

0.04

1.3
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e. Neptunium-237

Neptunium-237 was dried from a solution of 1N HCl, then dis-
solved in 400 mL of groundwater to form the spiked solution. The concentra-
tion of neptunium-237 in the test solution was 6.7 x 10~7M, as determined
from the solution activity of 250 disintegrations/min. This isotope of
neptunium has a half-life of 2.14 x 106 y, decaying by emission of an alpha
particle of 4.77 MeV and a gamma ray of 86.5-keV energy. Neptunium-237 decay
is detectable by both scintillation and gamma counting.

3. Experimental Procedure

Samples were prepared for batch testing by first placing approxi-
mately 0.5 g of granulated Pomona basalt in each of thirty-six glass vials
having screw tops with Teflon seals and 10-mL capacity. A 5-mL aliquot of
each test solution shown in Table IV-3 was added to each of six vials,
yielding six replicate batch samples at each TOC concentration--a total of
36 samples. One group of 18 vials (three replicates of each test sample)
was placed on a rotator, which turned the vials end-for-end at a slow speed;
the vial contents were allowed to react for seven days at ambient temperature

(22 C). A similar group of 18 vials was placed on another rotator in an oven
set at 90 C, with reaction continued for seven days.

After seven days, the sample vials were removed and centrifuged for
15 min. A 1-mL aliquot of each sample solution was withdrawn for gamma
counting. The remaining liquid was then withdrawn from the vials with a
syringe and filtered through a 0.45-um Metricel membrane filter. A 1-mL
aliquot of this filtered liquid was separated for gamma counting, and the
additional liquid was retained for alpha detection by scintillation counting.
The granulated basalt remaining in the vials was rinsed quickly with deionized
water and was transferred to test tubes for gamma counting. The glass vials

were retained to check for gamma activity.

Gamma activity in each liquid sample was determined by counting for
1000 s on a 3-in. sodium iodide well detector. Alpha activity was measured by
mixing 1 mL of a test solution with 20 mL of Insta-Gel scintillation liquid
and counting for 60 min on the scintillator. To avoid quenching of the scin-
tillations owing to the high organic content of test solutions having 100 and
200 mg/L TOC, only 0.25-mL aliquots of these solutions were used, together
with 0.75 mL of synthetic groundwater and 20 mL of Insta-Gel for counting.

4. Results for Americium

The amount of activity remaining in solution after reaction with
granulated basalt was compared with the original activity in the solutions
to determine the amount sorbed onto the basalt. These values were used to
calculate distribution coefficients (KD), the ratio of nuclide in the solid
to nuclide in solution at the end of an experiment, by the equation

KD(mL/g) = activity/g of rock
activity/mL of solution
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No attempt was made to learn whether the data represented equilibrium distri-
butions or whether the distributions were due to reversible reactions. Pre-
liminary values for KD obtained by scintillation counting of centrifuged,
filtered solutions are given in Tables IV-5 and IV-6 below. Figure IV-1 shows
the average partition coefficients of 24lAm with granulated Pomona basalt at
the six concentration levels of humic acid tested, at both 90 C and 22'C.

1000

100 L-

10

I I I I 11111 I I I I 1111-

- Coefficient at Zero Humic
Acid Concentration, 90* C

90*C

ient at Zero Humic
concentration, 220 C

220C

I I I 111111I ~I 1 l I III I |

10
DISSOLVED HUMIC ACID, mg/L

100
I I I 1 11111

1000

Fig. IV-1. Average Partition Coefficients (KD) for
24 1 Am in Samples at Six Concentration
Levels of Humic Acid, Reacted at 22 C
and 90'C with Granulated Pomona Basalt

Tables IV-5 and IV-6 and Fig. IV-1 show that both the temperature
and the content of dissolved humic acid have pronounced but opposite effects
on the distribution or partition coefficients. An increase in temperature
from 22'C to 90'C caused an increase in KD values, indicating increased sorp-
tion onto the basalt by at least an order of magnitude. An increase in humic
acid concentration caused a marked decrease in KD values, showing that the
presence of dissolved organic matter in groundwater increases the mobility of
americium. Even 1 mg/L of dissolved humic acid, which is well within the
range of TOC values found in natural groundwaters, has a significant depressing
effect on distribution coefficients.

Calculation of distribution coefficients from gamma activity in the
filtered solutions yielded KD values very similar to those obtained by scin-
tillation counting of alpha activity; however, gamma counting of activities
in filtered versus unfiltered solutions gave perceptib:. differences in dis-

tribution coefficients. KD values calculat'' from the unfiltered solutions

1-Z
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Table IV-5. Batch Partitioning Experiment with Americium-241--Measured Partition Coefficients

in Granulated (60-80 Mesh) Pomona Basalt at Ambient Temperature (22 C). In each

experiment, the solution volume was 5 mL and the rock weight 0.500 g.

Activity in Activity Activity Activity Distribution

Sample TOC, Solution, on Rock, per mL per g Coefficienta Mean

No. mg/L cpm cpm soln., cpm Rock, cpm (KD) KD

1-1FA 0 635 670 127 1340 10.6 -

2-1FA 0 715 590 143 1180 8.3 10.0

3-1FA 0 615 690 123 1380 11.2 -

7-2FA 1 950 480 190 962 5.1 -

8-2FA 1 945 485 189 970 5.1 4.7

9-2FA 1 1020 410 204 820 4.0 -

13-3FA 10 990 490 198 980 4.9 -

14-3FA 10 975 505 195 1010 5.1 4.9

15-3FA 10 1005 475 201 950 4.7 -

19-4FA 20 1085 335 217 670 3.1 -

20-4FA 20 1065 355 213 710 3.3 3.3

21-4FA 20 1055 365 211 730 3.5 -

25-5FA 100 1140 320 228 640 2.8 -

26-5FA 100 1180 280 236 560 2.4 2.9

27-5FA 100 1080 380 216 760 3.5 -

31-6FA 200 1040 290 208 580 2.8 -

32-6FA 200 1180 150 236 300 1.3 1.9

33-6FA 200 1160 170 232 339 1.5 -

aNo attempt was made to learn whether the measured coefficients represented equilibrium

distributions of americium or whether the distributions were due to reversible reactions.



Table IV-6. Batch Partitioning Experiments with Americium-241--Measured Partition Coefficients
in Granulated (60-80 Mesh) Pomona Basalt at 90 C. In each experiment, the solution
volume was 5 mL and the rock weight 0.500 g.

Activity in Activity Activity Activity Distribution
Sample 10C, Solution, on Rock, per mL per g Coefficienta Mean

No. mg/L cpm cpm soln., cpm Rock, cpm (KD) KD

4-1FT 0 40 1265 8 2530 316 -
5-1FT 0 55 1250 11 2500 227 245
6-1FT 0 65 1240 13 2480 191 -

10-2FT 1 80 1350 16 2700 169 -
11-2FT 1 115 1315 23 2625 114 139
12-2FT 1 100 1330 20 2660 113 -

16-3FT 10 240 1240 48 2475 52 -
17-3FT 10 145 1355 29 2670 92 56
18-3FT 10 210 1270 42 2540 60 -

22-4FT 20 375 1045 75 2090 28 -
23-4FT 20 415 1005 83 2010 24 28

24-4FT 20 350 1070 70 2140 31 -

28-5FT 100 800 660 160 1320 8 -
29-5FT 100 760 700 152 1400 9 9
30-5FT 100 680 780 136 1560 11 -

34-6FT 200 780 550 156 1100 7 -
35-6FT 200 740 590 148 1180 8 8
36-6FT 200 720 610 144 1218 8 -

aNo attempt was made to learn whether the measured coefficients represented equilibrium

distributions of americium or whether the distributions were due to reversible reactions.

OD
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reacted at 22 C are roughly twenty percent lower than those calculated from
the filtered ambient-temperature solutions, showing that centrifuging did not
remove all fine particulate matter from solution.

Differences in KD values calculated from filtered and unfiltered
solutions reacted at 90 C are significantly greater, with KD values of the
unfiltered solutions running 50-90 % lower than those of the filtered solu-
tions. These differences in KD values in filtered versus unfiltered solutions
at different temperatures may indicate a greater tendency toward the formation
of colloidal-size particles (which are difficult to separate from the liquid
by centrifuging) during agitation of the samples at higher temperatures. In
any case, filtering of solutions after centrifuging appears to greatly increase
the reliability of the calculated distribution coefficients.

5. Results for Neptunium

Values of KD for neptunium at six concentration levels of dissolved
humic acid are given in Tables IV-7 and IV-8, and the effects of dissolved
organic carbon content on sorption or partitioning of neptunium-237 at 22C

and 90 C are summarized in Fig. IV-2. The tables and figure show that distri-
bution coefficients determined at both 22 C and 90 C are quite low--less than
about 30. Nevertheless, KD values determined at 90 C are approximately
three times those determined at 22 C. The concentration of dissolved organic
carbon from humic acid has a marked effect on the distribution coefficients.
An increase in total organic carbon from 0 mg/L to 200 mg/L causes a progres-

sive decrease in KD values--from approximately 28 to 2 at 90C and from 8 to
1 at 22 C. These trends are very similar to those seen for americium-241. An
increase in humic acid from a TOC of 0 mg/L to 200 mg/L caused americium-241
KD values to decrease from 245 to 8 at 90 C and from 10 to 2 at 22C.

6. Changes in pH and Groundwater Composition

a. Introduction

The results of batch partitioning experiments with neptunium
and americium, described above, show that an increase in dissolved humic acid
organic carbon in the test solution, within the range of 0 to 200 mg/L, pro-
duces a significant decrease in distribution coefficients. Variations in the
humic acid concentrations of the batch experiment solutions also cause the
pH of the solutions to change, and these changes in pH may affect sorption
behavior of americium and neptunium independently of the complexing effects of
humic acid. Also, the chemistry of the synthetic groundwater used to prepare
the test solutions may change as a result of reaction of the groundwater with
the granulated basalt. It is necessary to determine the magnitude of these
changes in pH and chemistry so that their possible effects on sorption behavior
of americium and neptunium can be evaluated.

b. Procedure

A batch-type experiment was run in which all materials and
conditions described in the batch experiments above.(sections 4 and 5) were
duplicated except that the solutions were not spiked with a radionuclide.



Table IV-7. Batch Partitioning Experiments with Neptunium-237--Measured Partition Coefficients
in Granulated (60-80 Mesh) Pomona Basalt at Ambient Temperature (22C). In each

experiment, the solution volume was 5 mL and the rock weight 0.50 g.

Activity in Activity Activity Activity Distribution
Sample TOC,a Solution, on Rock, per mL per g Coefficientb Mean

No. mg/L cpm cpm soln., cpm Rock, cpm (KD) KD

37-1AF 0 690 365 138 730 5.3
38 0 490 565 98 1130 11.5 8.0
39 0 610 445 122 890 7.3

40-2AF 1 610 435 122 870 7.1
41 1 600 445 120 890 7.4 6.1
42 1 755 290 151 580 3.8

43-3AF 10 670 305 134 610 4.5
44 10 695 280 139 560 4.0 4.2

45 10 685 290 137 580 4.2

46-4AF 20 615 305 123 610 4.9
47 20 640 280 128 560 4.4 4.5
48 20 645 275 129 550 4.3

49-5AF 100 815 130 163 260 1.6
50 100 835 110 167 220 1.3 1.4
51 100 835 110 167 220 1.3

52-6AF 200 695 80 139 160 1.2
53 200 680 95 135 190 1.4 1.3

54 200 680 95 135 190 1.4

aTOC - Total dissolved organic carbon from humic acid.

bNo attempt was made to learn whether the measured coefficients represented equilibrium

distributions of neptunium or whether the distributions were due to reversible reactions.

0



Table IV-8. Batch Partitioning Experiments with Neptunium-237--Measured Partition Coefficients

in Granulated (60-80 Mesh) Pomona Basalt at 90 C. In each experiment, the solution

volume was 5 mL and the rock weight 0.50 g.

Activity in

Solution,

cpm

305
250
275

335
345
355

435
450
415

505
395
465

675
705
715

635
615

Activity
on Rock,

cpm

750
805
780

710
700
690

540
525
560

415
525
455

270
240
230

140
160

Activity
per mL

soln., cpm

61
50
55

67
69
71

87
90
83

101
79
93

135
139
143

127
123

Activity
per g

Rock, cpm

1500
1610
1560

1420
1400
1380

1080
1050
1120

830
1050

910

540
480
460

280
320

Distribution
Coefficientb

(KD)

24.6
32.2
28.4

21.2
20.3
19.4

12.4
11.7
13.5

8.2
13.3
9.8

4.0
3.4
3.2

2.2
2.6

Sample
No.

55-1TF
56
57

58-2TF
59
60

61-3TF
62
63

64-4TF
65
66

67-5TF
68
69

70-6TF
72

TaC,a
mg/L

0
0
0

1
1
1

10
10
10

20
20
20

100
100
100

200
200

Mean
KD

28.4

20.3

12.5

10.4

3.5

2.4

aTOC - Total dissolved organic carbon from humic acid.

bNo attempt was made to learn whether the measured coefficients represented equilibrium

distributions of neptunium or whether the distributions were due to reversible reactions.
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Humic Acid

After solutions containing different concentrations of humic acid were reacted
with granulated basalt for seven days at 22 C and 90 C, the solutions were
filtered, the pH was measured, and a sample of each solution was analyzed for
chemical composition.

c. Results

Changes in pH resulting from different concentration levels of
humic acid and the reaction of solutions with granulated basalt at 220C and
90 C are shown in Tables IV-9 and IV-10. An increase in dissolved humic acid
organic carbon from 0 to 20 mg/L produces only a minor decrease in pH; however,
an increase in dissolved organic carbon to 200 mg/L decreases the pH by more
than 1 pH unit--from 9.92 to 8.79 (Table IV-9). Reaction of the humic acid
solution with granulated basalt also produced a significant decrease in pH
after seven days, particularly in the solutions reacted at 900C. The pH of
these solutions decreased by amounts ranging from 0.6 to 1.3 pH units.
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Table IV-9. Changes in the pH of Solutions Used in Batch Experiments as
a Result of Changes in the Concentration of Dissolved Humic
Acid and Reaction with Granulated Pomona Basalt for Seven Days

A. pH Before Reaction with Basalt

Sample No.
Conc. of Humic Acid ,

mg/L TOC
pH Measured

at 22 C

B. pH After

1-HA 0 9.92
2-HA 1 9.94
3-HA 10 9.86
4-HA 20 9.84
5-HA 100 9.50
6-HA 200 8.79

Reaction with Basalt at 22*C

Conc. of Humic Acid, pH Measured
Sample No. mg/L TOC at 22 C

1-HA 0 9.54
2-HA 1 9.55
3-HA 10 9.51
4-HA 20 9.50
5-HA 100 9.13
6-HA 200 8.60

C. pH After Reaction with Basalt at 90 C

Sample No.

1-HA
2-HA
3-HA
4-HA
5-HA
6-HA

Conc. of Humic Acid,
mg/L TOC

0
1

10
20

100
200

pH Measured
at 900C

8.10
8.16
8.07
8.07
7.86
7.56

pH Measured
at 22 C

8.63
8.81
8.78
8.72
8.50
8.22



Table IV-10. Changes in Chemistry of Batch-Experiment Solutions after Reacting with Granulated
Pomona Basalt for Seven Days.

A. Calculated chemical composition (in mg/L) of synthetic groundwater before addition of
humic acid and reaction with basalt

Na Ca Mg Si B Fe Al Cl SO42- F~ C0 3
2- HC03 ~ H3Si04

302 1.3 0.04 56 1.4 -- -- 148 114 37 24

B. Chemistry (in mg/L) of batch-experiment solutions after reaction

SPL No.

Starting
Solutionb

239-45-1A
2A
3A
4A
5A
6A

TOC,
mg/L

200
0
1

10
20

100
200

with basalt at 22 C

Na Ca Mg Si B Fe Al Cl- S04
2 - F~ Alkalinitya

297
289
284
279
271
263
263

1.3
6.5
6.2
6.6
7.2

14.1
20.5

0.05
2.1
2.0
2.0
2.3
4.6
6.6

45.9
46.1
44.2
41.9
42.5
45.7
46.9

1.4
1.4
1.4
1.3
1.3
1.3
1.4

3.6
0.78
1.2
1.8
2.5
8.6
6.7

0.50
22
0.16
0.15
0.22
0.47
0.44

229
191
189
186
183
182
188

110
100
91
91
91
71
91

32
37
38
38
35
37
36

3.69
(Insufficient

Sample to
Measure
Alkalinity)

Cr Cu Mn Ni Sr Ti V Zn Zr

Starting
Solut ionb

239-45-1A
2A
3A
4A
5A
6A

53 106.4

(Contd)

0.021
0.023
0.023
0.027
0.032
0.081
0.142

0.020
<0.010
<0.010
0.019
0.014
0.033
0.038

<0.005
0.008
0.008
0.010
0.013
0.028
0.040

<0.020
<0.020
<0.020
0.020
0.020
0.043
0.070

<0.005
0.019
0.018
0.020
0.021
0.039
0.055

0.087
<0.010
<0.010
<0.010
<0.010
0.032
0.049

<0.020
<0.020
<0.020
<0.020
<0.020
<0.020
<0.020

0.061
0.016
0.013
0.014

<0.010
0.020
0.020

(contd)

0.025
<0.010
<0.010
<0.010
<0.010
0.020
0.020



Table IV-10. (contd)

C. Chemistry (in mg/L) of batch-experiment solutions after reaction with basalt at 90 C

SPL No.

239-45-1T
2T
3T
4T
5T
6T

(Contd)

239-45-1T
2T
3T
4T
5T

6T

TOC,
mg/L

0
1

10
20

100
200

Na

275
259
269
265
295
269

Ca Mg Si B

5.0
3.4
4.4
5.6

15.3
20.4

0.7
0.6
0.7
1.1
4.8
8.8

73.9
76.7
74.1
70.4
66.3
69.6

Cr Cu Mn Ni

0.022
0.027
0.032
0.035
0.080
0.131

<0.010
<0.010
0.015
0.025
0.078
0.100

<0.005
0.006
0.010
0.014
0.040
0.100

0.021
0.025
0.032
0.036
0.078
0.150

8.2
7.8
7.5
5.8
2.0
2.1

Fe Al Cl- SO 4
2 - F

0.13
0.37
0.94
1.5
1.9
3.4

0.23
0.37
0.36
0.42
0.38
0.43

284?
189
183
182
190
182

116
107
100
107
118
107

35
35
34
34
35
33

Alkalinitya

(Insufficient
sample to
measure)

Sr Ti V Zn Zr

0.020
0.012
0.015
0.018
0.047
0.063

<0.010
<0.010
0.012
0.022
0.030
0.035

0.032
0.038
0.038
0.039
0.050
0.050

0.011
0.011
0.017
0.015
0.017
0.032

<0.010
<0.010
0.011
0.013
0.016
0.025

aAlkalinity, in units of milliequivalents,
OH- for these solutions.

is due to the ions, C03 2-, HCOf3, H2 B03-, H 3 SiO4-, and

bStarting olution was analyzed as sample HA-1, No. 54266. Titrations for alkalinity

were performed prior to the addition of organic acid.

vf

- - --- - -
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The high pH (pH to 10.1 [APPS]) of the original groundwater
appears likely because of the presence of sodium silicate (water-glass). This
compound dissociated to silicic acid and has a relatively high pK of 9.77 and
a pK2 of 11.8, which is quite basic. In the preparation of the groundwater,
the initial pH was "11.1, not the desired pH of 10.2, and so HCl was added to
decrease the pH. Also, bicarbonate added to the original groundwater would be
expected to be converted to carbonate, as observed from alkalinity titrations
not reported here.

The chemistry of batch-experiment solutions after reaction with
basalt is shown in Table IV-10, together with the composition of the initial
synthetic groundwater. Anion concentration remained approximately the same
in all solutions and is apparently little affected by the humic acid concen-
tration. On the other hand, many of the cations, particularly trace-metal
ions, show an increase in concentration with increasing concentration of dis-
solved humic acid. This relationship for iron reflects the presence of this
metal in the stock humic acid solution from which the experimental solutions
were prepared. Calcium, on the other hand, increases with concentration of
humic and fulvic acids although it is not in the stock organic acid solutions.
Titanium concentration (in the stock humic acid) appears to be lowered by
reaction with basalt at both 22 C and 90 C. In general, the fact that trace-
metal levels in the solutions reacted at 22 C differ from levels of those
reacted at 90 C suggests that some of these metals are derived from the basalt
and that complexing with humic acid organic carbon affects their levels in
soluti I.

The concentrations of constituents as analyzed in the initial
synthetic groundwater and in the groundwater to which 200 mg/L TOC humic was
added are given in Table IV-11. The acid is seen to increase the concentra-
tions of some metals, notably iron and aluminum.

7. Future Work

To be completed next quarter are batch experiments currently under
way to study the effect of fulvic acids on the partitioning of neptunium and
americium between groundwater and rock. Materials and procedures to be used
in these experiments are the same as those described here except for the use
of fulvic acid rather than humic acid. Batches of samples consisting of
solutions of synthetic groundwater containing different concentrations of
dissolved fulvic acid spiked with neptunium-237 or americium-241 were reacted
seven days with granulated Pomona basalt at 22 C and 90C. Concentrations of
added fulvic acid ranged from 0 to 200 mg/L.

Because pH may affect sorption behavior of americium and neptunium
independently of other factors, changes in pH caused by the addition of humic
or fulvic acids complicate the problem of evaluating the ability of these
acids to complex metal. ions. Additional batch experiments are planned in
which the initial pH of solutions containing different concentrations of humic
acid will be adjusted to a uniform level by the addition of a reagent such as
NaOH.
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Table IV-11. Analyses of Initial Simulated Groundwater,
and Simulated Groundwater with the Additions
of 200 mg/L TOC Humic Acid. Concentrations
in mg/L.

Analyses of
Simulated Groundwater

Analyses with 200 mg/L
of Stock TOC of

Constituent Solutiona Humic Acid

Na

Ca

Mg

300 297

1.331.02

<0.01

41.0Si

B

0.047

45.9

1.33

Fe

Al

<0.020

<0.030

226

107

F

1.41

3.59

0.53

229

110

32.3

Cr

Cu

Mn

Ni

Sr

Ti

32.5

<0.020

<0.010

<0.005

<0.020

<0.005

<0.005

<0.010

<0.010

<0.010

V

Zn

Zr

0.21

0.020

<0.005

<0.020

<0.005

0.087

<0.020

0.061

0.025

aAnalyses of
Table IV-4.

sample 242-35-11, prepared as outlined in

C1~-

SO42-
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V. LIGHT WATER BREEDER REACTOR PROOF-OF-BREEDING (POB) ANALYTICAL SUPPORT
PROJECT

(N. M. Levitz, E. L. Callis,* T. F. Cannon, G. L. Chapman,t P. G. Deeken,
J. E. Fagan, D. G. Graczyk,* R. R. Heinrich,* J. C. Hoh, R. W. Kessie,t

J. E. Kincinas, H. Lautermilch, R. E. Nelson, J. E. Parks, and C. G. Wach)

This Project is responsible for the destructive analyses of 16 or 17
full-length irradiated fuel rods from the Light Water Breeder Reactor (LWBR)
during calendar year 1984. Results of these analyses will provide instrumental

calibration factors and corroboration of results for the nondestructive assay
of the LWBR core, being carried out at end-of-life (EOL) by the Bettis Atomic
Power Laboratory (BAPL) in order to determine the extent of breeding.

Technical progress is reported on the several major subtasks into which
the project has been divided for ease of management.

A. Full-Scale Shear (FSS)
(J. E. Fagan, and J. C. Hoh)

Work on the FSS subtask included: (1) installation and preliminary
testing of the fuel rod and sample weighing systems, (2) continued development
of the computer-based operating procedures, (3) modification of the Cell M-3
ventilation exhaust system, (4) final design of the cell's remote materials
transfer systems, and (5) several minor modifications to FSS hardware and
controls as a result of shear performance and characterization tests.

1. Fuel Rod Weighing System

A revised system to weigh each LWBR fuel rod has been procured and
installed in Cell M-3, and is undergoing testing and evaluation. This system,
utilizing a single balance for horizontal rod weight determination, replaces
an earlier two-balance design. (The type of balances used in the two-balance
approach proved to be both unreliable and lacking in the overall ruggedness
required for hot-cell use.) The revised system using a single balance was
devised. Although slightly less precise than is achieved by the original
approach, the rod weight data generated by the single balance is acceptable
by BAPL.

The single-balance approach to rod weighing comprises a modified
top-loading, 16-kg-capacity, electronic pan balance and a rod cradle which
supports the fuel rod during weighing and during its transport between the
FSS bed and the balance. The cradle has lifting hooks at both ends which
facilitate its movement with the master/slave manipulators; the ho"ks also
are designed to restrain the rod on the cradle during the transfer operation.
A remote rod weighing sequence has been successfully demonstrated, using a
dummy fuel rod. No problems were encountered in moving the rod off the shear
bed to the balance, and back again.

*Analytical Chemistry Laboratory.

tChemical Technology Division (CMT) Computer Section.
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The balance used in fuel rod weighing was modified before in-cell
installation by remoting, to an out-of-cell position, radiation-damageable
components. Earlier testing of a similar type of remoted balance showed no
adverse effects of gamma radiation to the in-cell portion of the balance, nor
any loss of balance precision or accuracy. Installation efforts associated
with this balance, including its interfacing to the local Project computer,
have been completed.

It is planned to add a pneumatic lifting feature to the rod weighing
system to facilitate repeated weighings which improve the precision associated
with the weight data. This system will also ensure that the rod plenum end
does not descend below the horizontal axis, which is a process requirement;
the aim is to prevent fuel migration into the fuel rod gas plenum region.

Standard weights, to be used in checking balance calibration, have
been designed for use with the manipulators and are being fabricated.

Installation of pits for housing the two sample balances for
weighing the various sheared fuel segments was also completed. Each pit is
fitted with a remotely operated cover to protect the balance and to minimize
weighing errors due to drafts. The balances themselves, with capacities of
300 g and 2000 g, have been procured, and are presently undergoing modifica-
tion to "remote" balance components that are susceptible to radiation damage.
Installation and testing of these balances is planned for early next quarter.

2. Procedure Development Work

Work continued on incorporating the FSS operating procedure into
POBSYS, the system of computer programs that provides process control and
data acquisition during actual system operations. This work is described
in Section D (below) on Computer System and Data Management.

3. Cell M-3 Ventilation Exhaust System

A significant modification to the ventilation system for Cell M-3,
a megacurie manipulator-equipped cell, was completed which greatly improves
the ventilation of the alpha barrier region; for reference, this region,
which houses the shear, occupies about three-fourths of the shielded cell
space, while the other quarter of the space is within the shielding walls
but is not intended for use with alpha materials. With modification, the
total air (1600 scfm) from the cell's two independent ventilating streams
(one of 300 scfm, the other 1300 scfm), now flows through the alpha barrier.
The advantages are threefold: first, by increasing the air flow through the
barrier, chances for leakage of contamination out of the barrier are reduced,
particularly if the containment is breached. Second, the modifications now
allow full remote changeout of all cell HEPA filters, which was not possible
with the original system. Finally, by increasing air flow through the barrier
by a factor of four, it is expected that the cell temperature will be lower,
which is desirable, overall, from a materials standpoint.
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4. Cell Material-Transfer Systems

With the modifications to the cells' ventilation system completed,
final placement and arrangement of the cell's material-transfer systems were
determined. The transfer systems consist of a 15-in. by 20-in. transfer hatch
for the transfer of large, noncontaminated materials into the cell; a 5-in.-dia
drop-though tube for the transfer-in of small, clean materials (e.g., hand
tools); a 16-in.-dia bagout assembly for remotely removing large contaminated
items from the cell; and a can-out system, which is used to transfer samples
and other small materials to other cells. Final installation of these items
is in progress.

The location of all transfer systems was fully tested in-place with
manipulators to check for proper reach, accessibility, and vision. The cell
is now fully equipped with all eight master/slave manipulators, four of which
have extended-reach capabilities.

5. Full-Scale Shear Hardware

Minor changes to components in the fuel sample collection station
(below the shear blade) were made as a result of deficiencies noted in the

shear performance testing reported last quarter [STEINDLER]. These changes

included removal of a bearing retainer to prevent excessive force on a clutch

in the rotary table assembly, and enlargement of several holes to provide
greater clearances for moving parts.

An interlock th.t was added to the shear controls prevents the shear
blade from being retracted if a sample can is not in position under the shear
housing, thereby preventing fuel from falling out of the open (cut) end of
the fuel rod and its subsequent "loss" into the shear housing. This interlock

will lower the blade, if it is up, in the event the sample can is inadvertently
lowered out of position. This eliminates the problem noted in earlier perfor-
mance tests. During these tests, a noise spike on a computer interface cable

caused the shear blade to retract, resulting in fuel falling from the uncut
portion of the rod while the sample can was out of position. The noise spikes
have also been eliminated by wiring metal-oxide veristors across the computer
interface connections.

Since the results of the shear performance tests show that there is
no advantage to fast bLade speed shearing, slow blade speed shearing will be
used for EOL operations. Slow blade speed shearing requires a hydraulic fluid
flow rate considerably less than the design specifications for the original
FSS hydraulic system; therefore, smaller (1/2-in.-ID) hydraulic hoses are
being procured to replace the present, larger (2-in.-ID) hoses. Smaller
hoses will greatly simplify remote replacement of the hoses and the hydraulic
cylinder. Smaller size hoses will also be more easily removed and disposed of
after EOL operations.

Procurement of the two remaining shear dies required for EOL opera-
tions has been initiated. Receipt of these items is expected in early CY 1983.
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B. Dual Dissolver System (DDS)
(P. G. Deeken, T. F. Cannon, H. Lautermilch)

The installation of both dissolver systems in Cell M-1 is now completed,
and testing of each system is in progress. To date, all installed systems
have been leak-checked; all pressure, flow, and temperature instrumentation
tested and calibrated in situ; and correct operation of all pumps and valves
verified. The next phase of testing, that of the heating systems on the
dissolvers, will start after a system safety review has been completed.

Changes to the out-of-cell reagent charging station were completed after
plans for storage of the 50-L batches of reagent were modified. To improve
safety, it is now planned to store individual reagent batches in 57-L stain-
less steel (SS) vessels, rather than in the originally planned 50-L polyeth-
ylene carboys. [The manufacturer recently reversed their endorsement of the
latter type of containers for long-term (i.e., more than 30-day) storage of
reagents similar to Thorex.] An initial set of SS containers was procured,
modified as necessary (with the addition of a drain line and isolation and
vent valves), and installed. Polyethylene secondary containers for these
vessels were also procured for those vessels in storage. Actual makeup of
solution batches will be done by Analytical Chemistry Laboratory (ACL) per-
sonnel using the polyethylene carboys, but transport and storage will be done
using the SS vessels.

Some modifications to the in-cell piping systems are in progress, pri-
marily to improve remote handling capabilities. In-cell pressure gauges are
being relocated closer to the shielding windows for improved visibility and
manipulator access for adjustment or replacement. Also, flexible stainless
steel hose is being installed in some parts of each dissolver's off-gas
system to reduce vibrations induced by the gas recirculation pump and to
ease the task of remote pump replacement.

Other in-cell work completed includes the installation of a pneumatic
supply system (for operation of various in-cell tools), installation of spare,
switched 120-V outlets, and insulation of in-cell cooling lines. Also, molding
covers were installed over lengths of exposed support channel to simplify
post-EOL, remote decontamination efforts.

Intercell feed-through lines for the transfer of dissolver waste solutions
from Cell M-1 to the waste treatment cell, Cell K-1 (a kilocurie manipulator-
equipped cell), were installed. The lines pass through a flanged feed-through
port which was inserted through a 5-in.-dia hole in the 40-in.-thick ceiling/
floor common to both cells.

Considerable time was devoted to the preparation of procurement packages
for many of the materials and supplies needed to complete various installa-
tions (e.g., intercell material transfer systems) and needed to conduct the
EOL campaign. In particular, long-lead items were identified for early pro-
curement at the start of the new fiscal year so that all systems will be
ready by the July 1983 readiness date.
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C. Scrap and Waste
R. E. Nelson, J. E. Kincinas, D. Serino,* and C. G. Wach)

Effort in this area is currently associated with the development of a
scheme for disposal of the some 600 L of liquid analytical residues (dissolver
solution) from the upcoming EOL campaign. Approval-in-principle has been
received from DOE-CH for the procedure of mixing the solution with cement to
form a monolithic solid product, packaging it, and shipping it to Rockwell-
Hanford (R-H) for interim (20-y) storage. In this regard, work is moving
along three main paths: (1) experimental effort to characterize the waste
form, (2) identification of an acceptable package for shipment, and (3)
installation of hot cell facilities to prepare and package the generated
wastes.

1. Experimentation

Testing aimed at determining the G-value (i.e., the number of
molecules of gas generated in the waste matrix per 100 eV of energy absorbed)
representative of the EOL waste product was concluded. A G-value of 8.64 x
10-2 was determined, indicating that the rate of gas production in this type
waste is sufficiently small that immobilization of dissolver waste solutions
in cement should be an acceptable waste form for 20-y interim storage. The
two cement samples irradiated, each made using dummy dissolver solutions (using
cerium as a stand-in for thorium), were cured and oven-dried prior to the
test. The sample irradiation was done in the local M-wing Cobalt Irradiation
Facility (Chemistry Division, ANL); irradiation was for 1000 h at a dose
rate of about 8.5 x 104 rad/h.

Due to recent information on the possibility of increasing the
overall weight of the waste package, experimental work on increasing the
individual batch size of cement wastes is in progress. Currently, an indi-
vidual batch process using up to 3.7 L (as opposed to 2.5 L) of waste solution
is under investigation.

2. Waste Packaging and Shipment

As mentioned, an increase in the overall weight of the total waste
package (approved 55-gal drums), from 840 lb to 1150 lb, and possibly as much
as 1450 lb, appears possible. As a result of the increased weight allowance,
additional lead shielding around the primary waste container, and thus more
waste, may be loaded per drum. If found feasible and acceptable to the
intended waste acceptor (Rockwell-Hanford), a sizable savings in effort
and shipping costs may be realized, due to fewer containers being needed.
However, as noted, additional experimental work, as well as some redesign
of the intended waste package assembly, is required and is in progress.

Due to present uncertainty over which type of licensed overpack
will be approved by the Nuclear Regulatory Commission (NRC) for shipment of
POB wastes in drums, or drums within steel bins, two types of overpacks are
being considered, and waste containerization for both systems is being

*Co-op Student from Illinois Institute of Technology.



84

developed. The first, a PolyPanther overpack, is tentatively approved for
use with the lighter (840-1b) weight waste drums. A SuperTiger overpack
is intended for use with the heavier (1150 or 1450 lb) drums. Presently,
a request for approval to use either or both the SuperTiger and PolyPather
overpack in shipping POB wastes has been submitted to the NRC.

3. Hot-Cell Installations

A complete work table/alpha barrier assembly has been fabricated
and installed in Cell K-1, where the dissolver wastes will be treated and
packaged. The assembly, comprising an elevated table structure, a rear
barrier wall, and a roof section, encloses two of the cell's four workstations;
the barrier wall and roof mate with the existing cell walls to complete the
enclosure. Modifications to the cell's ventilation system and installation
of a barrier access door were completed.

In-cell mockup of equipment to be installed is also in progress.
The equipment planned for use includes two cement mixing stations, including
a waste-metering feed system; up to eight small ovens for drying individual
cement batches; and the associated cell transfer systems for bringing the
waste packages out of the cell for remote loading into the shielding container
(drum). Mockup of a mixing station was started. The station will include an
enclosure to provide for the holdup of radon released during the mixing oper-
ation. A condenser section will be provided to retain acid fumes generated
during mixing. However, final design and installation of these components
is contingent upon the waste package size ultimately being accepted for
shipment and storage.

D. Computer System and Data Management

(J. E. Parks, G. Chapman,* R. W. Kessie,* and J. Osudar,t)

An integrated computer system is being developed for the LWBR-POB Project
which will provide automatic data acquisition, calculation and compilation of
results, process monitoring, and some automatic process control. The system
hardware will consist of a VAX-11/780f central processing unit and two
PDP-11/23st which are connected to the VAX via telephone lines and DECNET
software. The VAX-11/780 is shared with other CMT users while the two
PDP-11/23s are dedicated to the LWBR-POB Project. The "Operations" PDP-11/23,
already installed and functional, is interfaced to the FSS and the two dis-
solvers via a CAMAC bus. The second PDP-11/23, to be utilized for analytical
operations, has been received and checked out but is not yet installed. Pro-
gress on the computer system during the report period is summarized below.

1. Hardware

Use of the PDP-11/23 computer for testing operations in addition to
software development revealed a problem. The main memory of the computer was
insufficient to handle the large number of tasks which were being processed

*CMT Computer Section.

tScience Applications Incorporated, Oak Brook, IL.

Products of Digital Equipment Corp., Maynard, Mass.
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on a time-sharing basis, and since some of these tasks were interactive in
nature, an inordinately long response time resulted. The components required
to increase memory size have been identified, and a purchase order has been
initiated. Receipt and installation of the supplemental memory components is
expected by November 1, 1982.

All cabling and terminals have been installed to fully interface
the "Operations" PDP-11/23 to the DDS and FSS, and the latter system has
been fully tested for operability. Current efforts with the DDS have been
concerned with debugging and calibration of sensors, now completed. Cables
and interfaces have been installed for the "Analytical" PDP-11/23, and the
computer itself is ready for installation.

2. Software

Work has continued on POBSYS, the software system being developed
at ANL for operating the FSS and DDS. POBSYS is a set of programs and files
which, working together, carry out all the tasks described above except for

report generation. POBSYS was designed for operating highly complex, heavily
instrumented, and partially automated systems which are strongly oriented
toward data collection and which require that a detailed, multistep procedure
be rigorously followed for best results.

The POBSYS data manager program DATMAN was completed during this
report period, thus completing the system of operating programs required for
the full functioning of POBSYS. A number of successful tests of DATMAN were
carried out in conjunction with further development of POBSYS, as described

below.

Considerable progress was made toward adapting the individual steps
in the FSS operating procedure for use with POBSYS. The steps are of two
types: Operator Acknowledge or OPRACK steps, i.e., those in which the com-
puter's function is to provide an instruction to an operator for a manual
task to be performed and then to record the operator's acknowledgment of that
task's completion, and Slave steps, i.e., those in which the computer per-
forms various tasks, such as data acqusition, calculations, pumps turned
on/off, etc. Approximately half the 250-step procedure has been programmed;
of the nearly 125 individual steps thus far completed, about 100 steps have
been of the OPRACK type and the remainder have been Slave steps.

A major feature added to the system during this report period pro-
vides real-time quality assurance in those slave steps that involve data
acquisition. This effort involved defining acceptance criteria for all the
data acquisition steps already programmed, defining a limited set of logical
sequences (called Step Terminations) to be followed in the event of discrepant
data or equipment malfunction, modifying POBSYS to provide the required step
terminations, and then altering the already programmed slave steps to include
the quality assurance feature. All of the FSS procedure steps thus modified
have been fully tested as satisfactory. In the future, all data acquisition
steps in both the FSS and the DDS operating procedures will include programmed
acceptance criteria. Quality assurance in the OPRACK steps is provided with
the operator sign-off or acknowledgment.
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Also completed during the report period was a system of programs
to be used in editing those files within POBSYS which contain the FSS and
DDS procedure steps. (Editing, in this context, includes the functions of
inputting, modifying, and documenting the individual procedure steps.) Since
a given step might require entries in POBSYS in as many as 12 places (depending
upon its complexity), the new editing system was created to simplify the
editing process by standardizing and, to some extent, automating, the functions
carried out in editing a single step.

Other tasks completed during the quarter include the following items:
Final debugging was completed on a program for interfacing the computer to all
electronic balances having a serial data interface (most of the balances to be
used during the EOL campaign are of this type). Also completed was a program
for directing the weighing (and related data storage) of empty segment con-
tainers. This weighing operation, to be performed out-of-cell, will be the
prototype for all other computer-assisted weighing operations, and includes
quality assurance checks on balance performance.

Another task in progress deals with the problem of restarting the
computer system in the event of an inadvertent computer shutdown (crash).
Problems dealing with after-crash data retention have been dealt with and
incorporated into the system; restrictive logic and operator instructions
for after-crash restart must now be developed.

A paper on the computer program "VS: A Variable Send-Data Driver
for RSX-l1M," one of the software elements developed for POBSYS, was published
recently [OSUDAR].

E. Error Analysis

(D. G. Graczyk*)

In addition to carrying out the actual analytical work on the samples
provided by the above operations, the ACL is playing a key support role for
the Operations Group by developing test plans and carrying out statistical
evaluation of experimental results which will facilitate making the required
overall error analysis. During this report period, three items were worked
on: (1) a detailed analysis was completed of single-pellet shearing tests
described last quarter which confirmed the preliminary reported results
[STEINDLER], (2) a memo was started detailing the sources of errors, and
calculational methods used in making the overall error analysis, and (3) a
test plan was developed for qualification of the FSS. The plan consists of
the preparation and processing of a single, precisely characterized, full-
size (length), simulated LWBR fuel rod. The test rod will be assembled from
cladding and hardware components already provided by BAPL to ANL for testing
purposes. It will contain a simulated fuel stack composed of unirradiated
thoria pellets also on hand at ANL. The rod will be made up to conform to
the beginning-of-life (BOL) characteristics of a top-mounted, 70-in. high-
zone, power-flattening blanket rod. Measurements on the rod before and during
shearing, and on the sheared segment materials after processing will be used
to provide experimental estimation of a number of pertinent statistical

*Analytical Chemistry Laboratory (ACL).



87

parameters. Operations during the tests will adhere strictly to procedures
to be used at EOL. Review by Project staff of the test plan has been com-
pleted, and it has been submitted to the Project Quality Assurance Engineer
for technical review and comment.

F. Analytical Operations

(D. G. Graczyk,* E. L. Callis,* and R. R. Heinrich*)

Development work was continued to improve the performance of the dedicated

mass spectrometer that is being used to determine uranium isotopic abundances.
Several experimental data acquisition routines were written and tested for

application in the mass spectrometer, the aim being to reduce the measurement
time for uranium assay samples using the recently developed internal standard

technique. The programs initially used with the instrument required over 2 h
to acquire 100 ratio measurements. Preliminary modifications included limiting
the number of peaks measured during a scan to only those of interest for a
particular sample and decreasing the integration time for each peak. With

these modifications, analysis time was reduced to 75 min or less while a
relative standard deviation (RSD) of 0.01% was maintained.

This reduction in required time with no loss of precision might seem
incongruent because, although shorter integration times obviously shorten the

analysis, they also increase the importance of signal noise in determining
imprecision of the measurements. It was found, however, that this drawback

was compensated for by an improved ability to interpolate peak intensities

between integration intervals. Depending on instrumental capabilities and
the operational approach, the net effect of the shortened integration time
could actually be an improvement in measurement precision. Recognition
of the interpolation procedure as a substantial error source in the isotope
ratio measurements led to a brief but very fruitful investigation of alterna-

tive procedures based on using a least-squares curve-fitting routine to model

the ion-intensity vs. time curves from which isotope ratios are calculated.

After a few false starts, a data-reduction routine was ultimately estab-

lished that uses the Gaussian algorithm to iteratively optimize (1) the
coefficients of an arbitrary function describing ion intensity, (2) the
isotope ratio values, and (3) the coefficients in a multiplicative term that
describes the fractionation of various isotope pairs as a function of time.
The routine presently uses a third-degree polynomial to model the intensity
vs. time curves. Initial values for all coefficients and ratios are generated
automatically from conventional treatment of the data. Convergence of the
least-squares optimization is extremely rapid.

A series of 14 analyses of NBS SRM U-500 was carried out, with the data
from each run processed using both the conventional (linear interpolation)
data-handling routines and the new nonlinear least squares technique. The
new program reduced the RSD among runs from 0.01% to 0.005%, primarily due
to improved results on unstable signals. When the signal during a run was
stable, both data reduction methods gave virtually the same results. However,
when instability during the run was evident, the least squares method discarded

*Analytical Chemistry Laboratory.
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nore data and settled on a mean value more consistent with the sample mean
than did the conventional method. This observation has important implications
for a production situation, such as that anticipated for the EOL campaign,
because it can reduce operator involvement in data evaluation and can reduce
the need for reanalysis of sample for which unsatisfactory data is obtained.
To accomplish this latter goal, the EOL analysis programs will be written to
accumulate data until some minimum number of acceptable data blocks (based
on the magnitude of the least-square residuals) is obtained. In this way, if
signal instability is absent, the analysis time will be short, but if an
unstable signal is encountered, data taking will continue until the signal
stabilizes or until enough short periods of stability are encountered to
ensure quality results. Thus, preparation of a duplicate sample for reanalysis
can be avoided. With the developments achieved during this quarter, no further
optimization of the mass spectrometric measurements using the dedicated mass
spectrometer is expected. Development work with the instrument can therefore
be concluded and the methods and procedures finalized.

During the course of the work just described, the first significant
electronics problem with the dedicated mass spectrometer occurred. Trouble
developed in the instrument's magnet controller. Factory engineers were con-
tacted and were able to diagnose the problem source fairly quickly. Replace-
ment components were sent, and the instrument was restored to full operation
with remarkably little down time.

An order has been placed for the other new major analytical system being
installed for POB, i.e., the alpha/gamma multichannel analyzer (MCA) system
for use in EOL radiometric analyses, with delivery expected by year's end.
Assembly of the entire system, including connections to the ANL-provided
computer, a PDP-11/23* will be done by the vendor at the ANL installation
site.

Testing of the mechanical operation of the microprocessor-controlled,
automatic sample changer for use with the MCA/computer system for EOL gamma-
ray analyses was also completed this quarter. Two series of 26 dummy samples
were processed satisfactorily by the changer with no malfunctions. Installa-
tion of the system computer did not take place as scheduled due to a delay in
delivery of a supplemental disc drive. However, services and cables needed
for the computer hookup were installed.

The viability of selected gamma-emitting isotopes serving as fuel monitors
for detection of fuel material in sheared LWBR fuel rod plenum sections is
under investigation. Preliminary discussions with Chemical Techology Division
dosimetry experts covered theoretical and experimental means for assessing
the practicality of 20 8 T1 as the fuel monitor, using BAPL-supplied data.
Since in principle, its use appears valid, this option will be explored
further.

ACL plans ccl for the use of nickel foil capsules to contain the NBS
950a (238U308) uranium spikes that will be added to the blend tank solutions
from EOL segment dissolutions. Foil for this purpose was received and ana-
lyzed, and was found to contain negligible quantities of contaminant uranium.

*Product of Digital Equipment Corp., Maynard, Mass.
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Therefore, fabrication of the capsules was carried out. Sufficient capsules
are now on hand to handle dissolver testing and qualification, as well as the
entire EOL campaign. Electronic analytical balances for use in preparing the
NBS 950a and NBS 993 (2 3 5 U) uranium spikes were procured, installed, tested,
and made ready to interface to the Project data system.

Reagents and supplies have been procured to make up the first batch of
dissolver reagents, using volumes projected for EOL batch sizes. These solu-
tions (Thorex, Thorex-Al, and dilute HNO 3 ) will be used for the early disso-
lution testing of the DDS. The preparation of this set of 50-L batches of
each solution will be used to refine the written instructions for solution
preparation that will guide the preparation of the EOL reagents.
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VI. AIRBORNE WASTES CRITERIA/CLASSIFICATION
(L. E. Trevorrow, G. F. Vandegrift, and V. M. Kolba)

A. Introduction
(L. E. Trevorrow, V. M. Kolba)

1. Function of this Study

This program deals with disposal as wastes of four radioactive
nuclides occurring in the nuclear fuel cycle that are expected to appear
predominantly in gaseous streams of a fuel-reprocessing plant. The four
airborne nuclides are 85Kr, 1291, 3H (tritium), and 14C.

The reason for carrying out this program is to answer questions
(such as the following) concerning the state of readiness for disposing of
airborne wastes: Given current regulations and disposal systems (packaging,
recommended waste forms, disposal modes), is disposal of the airborne wastes
now possible? If not, what changes in disposal systems would make it possible?
Alternatively, if changes in disposal systems are unlikely to make disposal
possible, what amendments to regulations are needed to provide for suitable
disposal of the airborne wastes?

The major objectives of activities in this program are twofold:
(1) assembly of a suitable information base and (2) use of this information
base to perform an analysis that will answer the questions of the preceding
paragraph. The information base is to be gathered in FY 1982, and the anal-
ysis is to be carried out in FY 1983. During this quarter, the first draft
of the information base was finished. Copies of this draft were released to
the Airborne Waste Management Program Office (Exxon Nuclear Idaho Company),
to the Idaho Operations Office, and to each of 14 persons (at other organiza-
tions) who had agreed to provide a peer review.

Reported below are summaries of all sections of the information base
document that were not included in the preceding Fuel Cycle Section quarterly
report [STEINDLER-1982]. These summaries include (1) occurrence of airborne
wastes, (2) composition of the primary waste streams, (3) technology of krypton
waste forms, (4) cements as immobilization media, (5) technologies of tritium
waste forms, (6) technologies of iodine waste forms, (7) technologies of carbon
waste forms, (8) greater confinement disposal, (9) concepts of deep-geologic
disposal technology, (10) catalogs of certified packaging for transportation
of radioactivity, and (11) interim storage. Quantitative details (which will
appear in the information base document) are too lengthy to be reported here.

2. Nomenclature

AEC - Atomic Energy Commission

ALARA - As Low as Reasonably Achievable

ANL - Argonne National Laboratory

BNL - Brookhaven National Laboratory
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BWR - Boiling Water Reactor

CFR - Code of Federal Regulations

CHW - Cladding Hulls Waste

DF - Decontamination Factor

DHLW - Defense High-Level Waste

DOE - Department of Energy

DOG - Dissolver Off-Gas

DOT - Department of Transportation

DSC - Differential Scanning Calorimetry

EPA - Environmental Protection Agency

ERDA - Energy Research and Development Administration

FAA - Federal Aviation Administration

FRP - Fuel Reprocessing Plant

GCD - Greater Confinement Disposal

HLW - High-Level Waste

HTGR - High Temperature Gas-Cooled Reactor

IAEA - International Atomic Energy Agency

ICPP - Idaho Chemical Processing Plant

ILW - Intermediate-Level Waste

IMCO - Intergovernmental Maritime Consultative Organization

INEL - Idaho National Engineering Laboratory

LASL - Los Alamos Scientific Laboratory

LLAW - Low-Level-Liquid Aqueous Waste

LLRWPA - Low-Level Radioactive Waste Policy Act

LLW - Low-Level Waste

LMFBR - Liquid Meta. Fuel Breeder Reactor

LODC - London Ocean Dumping Convention
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LSA - Low Specific Activity

LWR - Light Water Reactor

MPC - Maximum Permissible Concentration

MTHM - Metric Tons of Heavy Metal

NEA - Nuclear Energy Agency

NRC - Nuclear Regulatory Commission

NTS - Nevada Test Site

NWTS - National Waste Terminal Storage

OECD - Organization for Economic Cooperation and Development

ONWI - Office of Nuclear Waste Isolation

ORNL - Oak Ridge National Laboratory

PITC - Polymer-Impregnated Tritiated Concrete

PNL - Pacific Northwest Laboratories

PWR - Pressurized Water Reactor

RAMPAC - Radioactive Materials Packaging

RTV - Room-Temperature Vulcanizing

SLB - Shallow-Land Burial

SRL - Savannah River Laboratory

TGA - Thermogravimetric Analysis

TRU - Transuranium

TTC - Transportation Technology Center

USCG - U.S. Coast Guard

USPO - U.S. Post Office

WIPP - Waste Isolation Pilot Plant

B. Occurrence of the Airborne Wastes
(L. E. Trevorrow)

The four airborne nuclides will be distributed in several streams of a
nuclear fuel cycle and in a pattern that depends on the reactor type and the
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reprocessing scheme. This study will focus on a reference system of zircaloy-
clad uranium oxide fuels emerging from an LWR for reprocessing by the Purex
process. Some of the airborne nuclides are produced in cladding and coolant,
resulting in releases of relatively small amounts at reactors [NUCL SAF].
Small amounts of the nuclides may nlso be released at storage basins, R&D
facilities, and medical facilities, but those releases are not of concern
here. The focus of this work is on the problem of managing the major fraction
of those nuclides carried in irradiated fuels, released when the fuels are
disintegrated during reprocessing.

C. Composition of the Primary Waste Stream
CL. E. Trevorrow)

Estimates of the compositions of the off gas-streams that carry the
airborne nuclides in a fuel reprocessing plant have been given in several
publications [DP-CFP-78-121, BLANCETT, BROWN-1978]. The major constituents
of the gas stream are from the air used to sparge the dissolver. The com-
position of the gas stream will also depend on whether some other gas such
as argon is used to purge the fuel shearing cell [EVANS] and on whether the
voloxidation operation is used to remove tritium from the fuel before
dissolution.

D. Technology of Krypton Waste Forms
CL. E. Trevorrow)

1. Collection of Krypton

For the collection of krypton-85, three processes are currently
receiving the most attention [PENCE-1981A]: fluorocarbon absorption, cryogenic
distillation, and adsorption on solids.

Collection of noble gases by adsorption on inorganic solids has
received serious attention for application to the cleanup of fuel-reprocessing
off-gases only relatively recently [PENCE-1981B, MONSON, RUTHVEN].

Although some reports seem to judge cryogenic distillation to be
the most advanced collection technology [PENCE-1981A, MWNSON, BENEDICT-1979],
recent information [MERRIMAN-1982] indicates that fluorocarbon absorption has
successfully passed the pilot stage in the U.S., and that absorption has been
chosen for installation in the plant at Karlsruhe, Germany.

Although the Tokai Mura Plant and U.S.studies [BROWN-1978,
DOE/EIS-0046D, MELLINGER] have selected cryogenic distillation as the refer-
ence process for noble gas collection, it seems likely that further large-scale
development on noble gas collection in the U.S. will involve the liquid
absorption process.

a. Pretreatment of Primary Gas Stream

All three collection processes are said [PENCE-1981A] to require
thorough pretreatment of the off-gas stream in preparation for application
before the krypton collection processes can be applied. The pretreatment is
applied to remove particulate solids, a major part of the NOx, semivolatile
fission products (ruthenium), water, iodine, and 002.
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All the noble gas collection processes require the reduction
of water vapor concentration in the gas stream to about 1 ppm [PENCE-1981A].
The major part of the water can be removed by a condenser, and the residual
can be cleaned up by solid inorganic desiccants,(-.g., molecular sieves). The
major portion of NOx is expected [PENCE-1981AJ to be removed by an absorption
column and the 10-20% remaining in the DOG stream would be removed (1) by
reaction with ammonia on a synthetic Mordenite catalyst or (2) by reaction
with hydrogen on a noble metal catalyst. The best conditions of hydrogen
concentration and catalyst are still to be developed, according to recent
reports of experimental developments related to this reaction [VON AMMON].
Recent reports [BRUGGEMAN-1979] on the ammonia-NOx reaction, moreover, seem
to indicate that it is not completely without uncertainties.

Processes for the removal of iodine from plant streams are
described in Section VI.G.1.

The order of pretreatment operations is important, and its
selection will depend on which collection process is to be used [PENCE-1981A]
for the various gas streams.

b. Cryogenic Distillation

In a typical flow scheme for the cryogenic distillation process,
a three-component system of krypton, xenon, and nitrogen is compressed to 500-
800 kPa and cooled to about -140 to -150'C before injection at the midpoint of
the primary cryogenic column (packed with sieve plates or other appropriate
surface). Some of the nitrogen is cooled to condensation temperature at the
top of the column by a liquid-nitrogen-cooled heat exchanger, causing a down-
flow of liquid nitrogen inside the column. Krypton and xenon are absorbed in
the condensed nitrogen and are collected in the bottom of the column. The
condensed liquid at the bottom of the column is heated to create a reflux.
Krypton and xenon are separated in a downstream rectification column. It has
been suggested [KLETT] that if krypton is to be stored as a compressed gas in
cylinders, separation of xenon may not be worthwhile. To avoid problems fol-
lowing from the freezing of xenon, one scheme [PENCE-1981AJ removes the xenon
by freezing it out on a chilled surface (fp, -112'C) before it enters the
primary column.

c. Liquid Absorption

The liquid absorption method is based on exploiting diffe-
rences in the solubility in fluorocarbon solvents of (1) the noble gases
and (2) other constituents of the off-gas streams. The reference solvent
is dichlorodifluoromethane, CC12F2 . Demonstrated removal efficiencies
[MERRIMAN-1980] for removal of Kr and Xe from various carrier streams
such as N2, Ar, He, and H2 are said to be 99.9%. It is also claimed that
liquid absorption could not only remove 14 C02 from off-gas streams but
also serve as a "backup" system for iodine collection [STEPHENSON-1976].

Initial pilot-scale work involved three columns, (1) an

absorber column for the main separation of radioactive components from bulk
gas carrier, (2) a fractional stripper column for the removal of coabsorbed
carrier gas from the solvent, and (3) a final stripper for the removal of all
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remaining gas from the solvent and for purification of solvent to be recycled
to the absorber column. In later work, a single column was designed, built,
and tested that is intended to carry out (through control of local temperatures
and pressures) all three functions of the original three columns. The com-
bination column, requiring less equipment and instrumentation, is expected to
offer simplicity and operational and economic advantages. Test results are
interpreted to show that the feasibility of the column has been established
[MERRIMAN-1980].

d. Adsorption on Solids

The order of pretreatment operations for the removal of NOx,
iodine, water, and 002 before krypton adsorption on solids is similar to that
recommended for pretreatment preceding the liquid absorption process. After
the pretreatment operations, xenon would be removed from the mixture of
krypton, xenon, and air at ambient temperature and pressure by adsorption
onto a bed of synthetic mordenite, probably silver mordenite [MONSON]. The
gas stream that passes through this bed would be cooled to about -80 C and
would be passed through a cooled bed of another type of Zeolite, probably
hydrogen mordenite [MONSON], which would adsorb most of the krypton. Other
constituents of the gas stream would pass through this second column to be
vented as decontaminated effluent. The krypton is desorbed from this second
column at 60 C and then rechilled to -80 C before it is passed into a third
column for concentration (additional purification) by adsorption onto the
same type of zeolite used in the second column. Finally, the krypton would
be desorbed from the third column at 60 C, condensed into a cold trap, and
then expanded into cylinders for interim or final storage.

2. Immobilization of Krypton

Although the production of the zeolite and sputtered metal waste
forms has been investigated in extensive R & D programs, the compressed gas
form is considered by evaluators [MELLINGER] to be the only method that is
currently demonstrated and available. The technical and economic feasibilities
of all three methods have been compared recently [PARSONS].

a. Compressed Gas Storage Form

Although krypton-85 has been routinely collected, stored and
shipped in cylinders as a part of the operation of the ICPP [BENDIXSEN-1968,
-1971, -1973, -1975A, -1975B; -1976], the management of the krypton-85 from
a full-scale fuel-reprocessing plant in cylinders is still at the conceptual
stage without any single, generally accepted reference design. In the absence
of such a reference, a thorough description of this mode of krypton management
is probably best given by considering the elements of several concepts [FOSTER-
1975A, WARNECKE-1980, BROWN-1978, KLETT].

b. Zeolite Waste Form

In this waste form, krypton is sorbed into microcavities in
the structure of zeolites (crystalline aluminosilicates that contain cavities
joined by pores of a characteristic size). The gas is emplaced in the cavi-
ties at high temperature and pressures. The rate of leakage of gases from
these solids is quite low at room temperature and at temperatures expected for
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terminal storage of radioactive krypton (200-350'C). Tests of the performance
of several zeolites have shown that zeolite 5A offers the greatest storage
capacities and the lowest leak rates [CHRISTENSEN, PENZHORN-1980A, PENZHORN-
1980B].

c. Sputtered-Metal Waste Form

In the preparation of this waste form, krypton is implanted
into a metal surface by electrostatic acceleration of positively charged
krypton ions to that surface. In a simultaneous process, the surface is
coated with a film of sputtered metal,* covering the implanted krypton
atoms. A succession of implantation and covering steps is continued to
produce a thick layer of sputtered metal that contains implanted krypton.

This operation is carried out in a vacuum chamber. Krypton is
admitted to the previously evacuated chamber, and is subjected to bombardment
by electrons that are accelerated by a potential difference between a filament
and an anode. This bombardment produces positively charged krypton ions.
These krypton ions are accelerated to a target (negatively charged with
respect to the anode) of the metal to be sputtered. In striking the target,
the Kr+ ions eject atoms of the target metal, which travel to the substrate
surface and deposit there. The substrate is also negatively charged with
respect to the anode to attract Kr+ ions. The substrate, like the target,
is negatively charged with respect to the anode, and the ratio of substrate
charge to anode charge is selected to produce a net deposit on the target.

Since cylindrical geometry (chamber, target, substrate) is
used in this operation, the geometric configuration of this waste form will be
cylindrical, i.e., a layer of sputtered metal containing entrapped krypton on
the inner surface of a hollow metallic cylinder. When the sputtered metal
layer reaches the desired thickness, the vacuum chamber is detached from the
vacuum system, sealed, and treated as the disposal canister.

d. Alternative Krypton Storage Forms

In addition to the three preferred storage forms described
above, a large number of others have been suggested and have been evaluated
to various extents as to technical and economic feasibility [THAMER-1978,
-1979]. These alternatives include (1) entrapment of krypton in clathrates
[STAPLES-1974, CHLECK, MOCK]; (2) storage in porous, underground media as a
gas [REIST, TADMOR, KING, JACOBS, MUDRA, WINAR]; (3) incorporation of krypton
into a grout that is forced underground into horizontal fractures (hydrofrac-
ture) created in shale beds [PERETZ] and a suggested variation involving
mixing a zeolite powder containing the 8 5Kr with the grout to provide
additional entrapment [THAMER-1978J; (4) storage at subatmospheric pressures
in tanks [DUNSTER]; (5) storage of krypton-85 as a solution in organic liquids
[WINAR]; or in glass [GRAY-1978, -1979]. Several other alternatives have been
suggested that are judged to be less feasible than those listed above [THAMER-
1978, -1979] because of cost, lack of development, lack of data, high release
rate, or other properties of the storage form.

*The most recent choice is a Ni-La mixture [TINGEY-1982].
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The possibility of using corrosion-resistant coatings on the
interior surface of the primary container is rejected in one report [NAGATA].
In other work [k(LETT], investigations of the possibility of using glass
coatings were not carried to conclusion.

E. Cements as Immobilization Media [HELMUTH, LOKKEN]
(G. F. Vandegrift)

Concretes prepared from portland cements are among the most often dis-
cussed media for the immobilization of 3H, 1291, and 14C. As a matter of
definition, concrete is a mixture of hydraulic cement, which reacts with water
to form a paste that eventually sets and hardens, and of aggregate which, when
the concrete is used for construction, is a mixture of sand and gravel and,
when used for the disposal of radioactive waste, is the solid containing the
radionuclide [e.g., for encapsulation of 129 1, the aggregate would be Bat 13)2
or AgXI]. Dry cement mixes obtain their cementious properties by hydration of
the constituents. The reactions of water with the major constituents of
port land cement are shown below:

2(CaO)3(Si02) + 6H20 (CaO)3(SiO)223H20 + 3Ca(OH)2 (1)

2(CaO) 2(SiO2) + 4H20 (CaO)3(SiO 2).3H20 + Ca(OH)2  (2)

The choice of which portland cement to use is based on the special pro-
perties of each cement. The special properties that dictate the use of each
portland cement are:

Type I: when no special properties are required.

Type II: for general use, and especially when moderate sulfate

resistance or moderate heat of hydration is required.

Type III: for high early strength.

Type IV: for low heat of hydration.

Type V: for high resistance to sulfate.

Concretes exposed to seawater, to sulfate-containing groundwater, or to sewage
require sulfate resistance; so, it would seem, would concretes designed for
long-term storage of radioactive wastes, especially for deep sea burial.

The density of cured portland cements would be 2 g/cm3 [BAUMEISTER].
Since there should be very little interaction between the cement and the
aggregate of the concrete used for waste disposal, the density of the concrete
can be arrived at by use of the weight percent concentration of each consti-
tuent and its density. For example, for a concrete containing Ba(103 )2 -H20
at the ratio of 9.05 wt % I [17.7% Ba(103)2 'H20, density - 4.66 g/cm ], the
density of the concrete would be:
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density = concrete s 1 (3)
concrete cm concrete E (wt % constituent/density constituent)

1 g concrete (4)
1 cm3 Ba(I03)2-H20 1 cm3 cement

[0.177 g Ba(103)2-H2011 + 0.823 g
4.66 g Ba(I03 )2 -H20 cement 2.0 g

= 2.2 g/cm 3  (5)

The addition of an aggregate that has little physical integrity of its
own tends to weaken a concrete. This makes transfer of these data to a
Ba(103)2 or Ba(C03)2 waste form risky.

Cements have been studied by many sites as immobilization mediums for
low-level wastes. In a survey report, [LOKKEN] reviews this medium and the
effects of various parameters on physical properties related to the use of
concrete for high-level wastes.

F. Technologies of Tritium Waste Forms

1. Collection of Tritium

Several assessments of the environmental significance of the tritium
produced in fission-related activities have been made, some implying that
collection may not be economically justified [BROWN-1976, WOHEN]. The scope
of this report does not include an attempt to resolve that question; it is
concerned only with characterizing two given waste forms and a limited number
of alternatives that would be used if future regulations make collection and
disposal of fission-produced tritium necessary.

Characterization of the distribution of the forms and quantities of
tritium in a plant that is reprocessing LWR fuel have varied widely [ALTOMARE].
Early observations suggested that most of the tritium in LWR fuel would appear
in low-level aqueous waste of the FRP [KULLENI. A recent observation [HENRICH]
of the distribution of tritium in irradiated PWR fuel, however, suggests that
about 60% is associated with the Zircaloy cladding and that most of the
remaining 40% is associated with the fuel matrix. Only the latter portion
would appear in the LLAW.

Collecting tritium from the fuel matrix will depend on the choices
of several process options: use of a tritium removal operation as a part of
the head-end of the processing flowsheet, as by reduction of the volume of
tritiated aqueous waste by water recycle, a tritium scrub [HENRICH], or
hydrogen isotope separation.

The two tritium-removal head-end operations most seriously con-
sidered are voloxidation and thermal outgassing. The voloxidation operation,
extensively investigated by ORNL, involves roasting chopped fuel in the
presence of air or oxygen at 450'C to drive the airborne waste out of the
fuel. If this operation is used, the tritium in the fuel matrix would be
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collected as tritiated water on a desiccant. Although voloxidation has been
investigated extensively, it cannot be regarded as available technology; in
fact, there are doubts that it will be adopted [MCKAY]. Thermal outgassing
involves heating of chopped fuel at 1100-1150 C in a vacuum or a helium stream
to drive off the airborne wastes. This concept, and the collection of tritium

from it, has not been thoroughly characterized, but experimental demonstrations
are now in progress [BURGER-1982]. Both processes endeavor to collect the
tritium in a small volume to avoid dispersal in the large volume of aqueous
solution used in fuel dissolution.

If tritium collection is to be practiced without a head-end tritium-
removal operation, it seems generally agreed [HALL, HENRICH, MCKAY] that the
aqueous plant fluids must be recycled to limit the volume of tritium-containing
water from the fuel matrix. It is suggested that a tenfold reduction in the
volume of tritiated aqueous FRP wastes could be obtained by recycle [MCKAY].

It is asserted [MCKAY, BRUGGEMAN-1980], however, that even with
recycle, the volume of tritiated low-level aqueous wastes would be too great

to solidify directly and package for terminal storage. Accordingly, the volume
of recycled aqueous waste would, in some schemes, be reduced by a factor of 10
by means of a tritium scrub of solvent [MCKAY, HENRICH] or by a factor of 104
or more through separation of hydrogen isotopes from each other.

Although several isotope-separation processes have been suggested
for this need, the process currently favored by several organizations is the
catalyzed exchange of hydrogen isotopes between hydrogen gas and water. This
process is being developed in laboratories in the U.S. [ELLIS], Canada
[BUTLER], and Belgium [BRUGGEMAN-1980]. One conceptual application to an FRP
[ELLIS] involves bleeding off tritium-enriched hydrogen from the electrolysis
cell for disposal as a metallic hydride.

2. Immobilization of Tritium

a. Immobilization of Tritium in Concrete

The incorporation of tritiated water into concrete has been
investigated by several laboratories during the past decade. Observations
of the characteristics of this waste form have been concerned mainly with
the release of tritium by vaporization and by leaching. Another property of
tritium-containing concrete that has been observed is the rate of gas forma-
tion from radiolysis [WIENEKE, BIBLER].

Leach tests have been made on samples prepared by varying such
parameters as coating type, cement type, volume/surface ratio, packaging,
cement additives, water/cement ratio, and curing technique. It has been con-
cluded [MCKAY, MATSUZURU] that cement alone is an unsatisfactory matrix for
tritium retention. Satisfactory performance of cement forms seems to have
been obtained only by the aid of a combination of coating and packaging
[MERSHAD-1977A, -1977B].

The development of a tritiated concrete waste form has included
measurements of leach rates on (1) simple tritiated cement with and without
several types of coatings [EMELITY, MATSUZURUJ, (2) polymer-impregnated tri-
tiated concrete (PITC) [COLUMBO-TSDPR], (3) PITC with and without polyethylene
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container [WIENEKE], and (4) a cement-plaster contained in a multiwalled
package [MERSHAD-1977A, 1977B]. Only the last-mentioned caste form, which
will be referred to as the Mound Package, has been shown to have an acceptably
low leach rate and has been accepted at a waste-storage facility.

b. Immobilization of Tritium on Molecular Sieves

Several proposals have been described for trapping tritium,
either as the element [LAKNER, TURI] or as tritiated water [BROOTHAERTS,
HOLLAND, MCKAY], on molecular sieves. Molecular sieves are commercially
available in the forms of large particles, cylindrical pellets, and spherical
beads. Much of the reported experimental work on reaction of tritium with
molecular sieves is concerned not with retention, release, or leakage from
solid to the environment, but with demonstrations of the cleanup of gas
streams [DELDEBBIO] or with the capacity of the solid to incorporate tritium,
hydrogen, or water. The capacity of Type A Zeolite for water is 22 wt % when
the zeolite is fully saturated as Na20OAl2O3-2SiO2 '4.5H2 0 [MCKAY].

There is much evidence that adsorption by molecular sieves
offers an effective collection process for tritium, either as the element or
as water. Unanswered, however, is the question of whether molecular sieves
also offer a matrix that holds tritium without rapid leakage to the environ-
ment. The rate of exchange of hydrogen between water in the adsorbed state
and water in the environment is thought to be the primary determinant of the
technological feasibility of retention of tritium by a desiccant [MCKAY]. A
low vapor pressure of water seems to be a necessary, but not sufficient, con-
dition for tritium retention. Equilibrium constants for partitioning of
tritiu. between wter on molecular sieves and water in the environment have
been measured [ONO]. The results showed that at equilibrium, the thermodynamic
(i.e., equilibrium) tendencies in this system favor tritiated water being
located on molecular sieves rather than in their environment. Even if mole-
cular sieves do not provide retention, they could be used as a medium for
collection and localization of the tritium in the system, and they would have
to depend on packaging for retention. Thus, some efficient means of packaging,
perhaps similar to the Mound Package, would bear the burden of isolating the
tritium from the environment.

In the preparation of a tritiated molecular sieve waste form,
it has been recommended that the operating procedures consist of contacting
water vapor with the solid, rather than immersing the solid in liquid water
[MCKAY]. Several schemes involve co-version, by catalyzed oxidation, of
elemental tritium to HTO for subsequent adsorption on molecular sieves
[BROOT'AERTS, BRUGGEMAN-1980, WITTENBERG, MULLER, BIXEL, SHERWOOD].

Encapsulation of the elemental form of tritium by zeolites
requires elevated temperatures (350-450 C) and rather high pressures
(7-14 x 107 Pa) [LAKNER, FRAENKEL, TURI]. These requirements are disadvan-
tageous compared with adsorption of tritiated water onto sieves at ambient
conditions. Encapsulation of the elemental form at these more inconvenient
conditions of temperature and pressure would be advantageous only if they
produce a tritium-encapsulated solid with a much lower leak or exchange rate
than for encapsulated tritiated water. However, the characteristics of some
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hydrogen-molecular sieve systems indicate that though their thermal stability
may be acceptable for applications such as short-term hydrogen fuel storage,
they lack promise for long-term retention of tritium without the aid of
secondary containment.

If, at saturation, the tritiated water held on molecular sieves
is only 20-22 wt %, storage of the entire dilute low-level aqueous waste stream
of a Purex reprocessing plant in this manner would involve unacceptably large
volumes. Therefore, tritiated water stored on molecular sieves would have to
be the product of one or more of the volume-reduction processes i.e., recycle,
tritium-scrubbing, voloxidation, or isotopic exchange (Section VI.F.1).

c. Alternative Tritium Immobilization Technologies

(1) Zirconium Hydride

The capability of several transition metals to react
readily with hydrogen to form stable hydride compounds [MUELLER], and partic-
ularly the availability of waste zirconium metal in the LWR fuel cycle have
led to zirconium hydride being suggested as a waste form for tritium. Inves-
tigations of the feasibility of this concept have included observations of
experimental determinations of suitable conditions for the reaction of Zircaloy
tubing with hydrogen [SCHEELE-19/6] and also observations of the leaching
behavior of zirconium hydride [COLOMBO-1'7].

The quantity of zirconium required to store the tritium
from fuel reprocessing will depend on the amount of associated hydrogen and
oxygen. For a product with a H/Zr ratio of 2.0, the quantities of zirconium
necessary to fix hydrogen-tritium mixtures from fuel reprocessing can be cal-
culated. In comparing the required quantities of zirconiumt with the estimated
quantities of zirconium contained in cladding hulls (9 x 103 kg/GWe-y), it is
concluded that if cladding hulls are to be the sole source of zirconium,
volume reductions (obtainable by voloxidation or by recycle plus isotope
separation) would be necessary.

(2) Organic Compounds

The incorporation of tritium into organic compounds has
been investigated experimentally [FRANZ-1975, -1976, COLOMBO-1974] and eval-
uated at some length (MCKAY]. Several candidate compounds have been sug-
gested [MCKAY], and experimental work has been done on six. These compounds
included polyacetylene [COLOMBO-1974], tritiated bakelite, polyacrylonitrile,
polystyrene, and polyureylene-polymethane copolymer [FRANZ-1975, -1976] and
polyvinyl chloride [DIAMOND].

*Zircaloy hulls contain "98% zirconium.

tIn units of kg/GWe-y, the required quantities of zirconium are 3 x 106
for no recycle, 3 x 104 for aqueous recycle only, 3 x 103 for voloxidation,
and 3 x 10 1 for cecycle plus isotope separation.
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The preparation of polystyrene would require the conver-
sion of tritiated aqueous waste to hydrogen that would be reacted with a
styrene monomer in a solvent in the presence of a catalyst. The preparation
of the other compounds, however, could be carried out by the direct reaction
of tritiated water. Results of tests of the thermal stability of several of
these polymers showed that they are generally stable up to about 200C, with
various stages of decomposition beginning at temperatures of about 230-300C
[MCKAY]. Simple leach tests have shown that the leachability of tritium from
these solids is slight. After initial exposure to water in which 0 to 5% of
the tritium was leached out, the quantities of tritium lost in additional
exposure were undetectable in most cases.

ResLits of leach tests on tritiated polyvinyl chloride
[DIAMOND] are not easily -ompared with the results on other compounds reported
in [FRANZ-1975, -1976] anc. [COLOMBO-1974], but it is clear that leach rates
were quite low; the surface penetration derived from the observations was
70 A per day. From data in the description of this work, it is ssible
to express the leach rate for a surface/volume ratio of 2-3 cm~ , as a
fraction of about 2 x 10~/day.

Information on the radiation stability of several of these
compounds [MCKAY] shows g-values ranging from 0.03 to about 4.

(3) Other Tritium-Management Options

Among the many other tritium-management options that have
been suggested [BURGER-1974, -1975, -1976], two seem to be regarded as feasi-
ble. One is tank storage of tritiat.ed aqueous waste. This concept has not
been developed much beyond enumeration of the probable parameters [BROWN-1980]
and a preliminary cost estimate [ARNOLD]. The other option, suggested both in
U.S. studies [TREVORROW] and in German planning [HARTMANN], is deep-well
injection of tritiated aqueous waste.

G. Technologies of Iodine Waste Forms
(G. F. Vandegrift)

1. Collection of Iodine

According to Burger et al. [BURGER-1981A, -1981B], there are three
currently favored techniques for the removal of iodine from off-gas streams
of fuel reprocessing plants: Mercurex, Iodox, and solid sorbents. A fourth
process, caustic scrubbing, which has fallen into disfavor chiefly because of
its inability to remove organic iodine compounds from the off-gas stream, is
still considered by Burger et al. to be a viable process.

These methods are discussed in detail by several reviewers [BOND,
BROWN-1980, BURGER-1981A, -1981B, HOLLADAY-1979, and MAILEN]. A description
of each process, based on these reviews, follows.

a. Mercurex

The chemical reactions that are operative in this process are:
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612 + 6Hg(NO3)2 + 6H20 ; 5Hg2 + Hg(IO3'2 + 12HNO3 (6)

and

CH3I + 1/2Hg(NO3)2 1/2HgI2 + CH3NO3 (7)

or

CH31 + 1/2Hg(NO3)2 + H20 1/2HgI2 + CH3OH + HNO3 (8)

Some work has been performed to study the conversion of the
aqueous Hg12 product of the Mercurex process to Ba(103)2, a compound that is
a currently acceptable chemical form for disposal in concrete. This conver-
sion also fulfills three other important requirements: (1) separating the
iodine species from the scrubbing process, (2) reducing the mercury require-
ments of the process, and (3) eliminating the disposal of large quantities of
mercury with the radioactive iodine.

The conceptual, but not fully developed, plan is electrolytic
or nitric acid oxidation of mercuric iodide to produce insoluble mercuric
iodate, followed by contact: of the mercuric iodate with sodium hydroxide to
produce mercuric oxide and sodium iodate, and then precipitation of barium
iodate by the reaction of aqueous sodium iodate with barium hydroxide. [The
HgO product of the reaction of Hg(103)2 and NaOH would be reacted with nitric
acid to produce Hg(N03)2 for reuse in the scrubbing process.]

b. Iodox

The Iodox process is a wet scrubbing system in which the off-gas
stream of a fuel reprocessing plant is contacted by 20-22M HNO3 (hyperazeotropic
nitric acid) in a bubble-cap scrubber. The reaction scheme for iodine removal
is the sequence:

I2 + 4HNO 3  2I+ +2NO3 + N204 + 2120 (9)

I+ + 3HNO3 + NO3 310 + H+ + 2N204 + H2O0(10)

Reaction 9 is rapid, and reaction 10 is rate-determining. For aliphatic
iodide compounds, there is an initial rapid nitration reaction:

CH3I + 2HNO3 -g CH3NO3 + 1/212 + 1/2N204 + H2O (11)

The oxidation of 12 then follows the reaction scheme of Eqs. 9 and 10 shown
above. The acidic iodate can either be concentrated to form H1 3 08 or precip-
itated as the slightly soluble Ba(103)2 -

c. Solid Sorbents

Silver-exchanged zeolites and silver nitrate-impregnated amor-
phous materials are increasingly becoming more highly regarded as a means of
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collecting radioactive iodine from a fuel reprocessing plant's dissolver off-
gas. Commercially available materials are two silver-exchanged zeolites
[silver-exchanged faujasite (AgX) and silver-exchanged mordenite (AgZ)] along
with silver nitrate-impregnated amorphous silicic acid (AC-6120). Silver-
exchanged zeolites appear to trap iodine by at least two mechanisms, physical
sorption and chemical reaction, to form silver iodide. A simplified chemical
equation for the reaction would be:

Ag20(s) + 12(g) 2AgI(s) + 1/2 02(g). (12)

It is speculated that the reaction of aliphatic iodides is:

Ag20(s) + H2O + 2CH3 (g) 2AgI(s) + 2CH3H (g). (13)

The reason for suspecting at least two mechanisms for the retention of iodine
is that there are tightly bound, difficult-to-remove iodine species, as well
as easily displaced iodine species. According to [JUBIN], a typical loading
for AgX at 150 C would be 349 mg I2/g AgX; 214 mg/g AgX it chemisorbed, and
135 mg/g AgX is physisorbed. The large chemisorption of AgX compared with
other metal zeolites is explained by the capacity of Ag+ to bond by the
following mechanism:

Ag+ Ag+-

I I I
- Al - 0 - + I2(g) Al - 0 - I+ (14)

Studies have shown that silver sorbents can be regenerated with
hydrogen gas at 400-500 C with the liberation of hydrogen iodide gas:

2AgI(s) + H2(g) 2Ag(s) + 2H1(15)

Lead-exchanged zeolites (PbX) can be used to chemisorb the HI produced by this
reaction. Because of the substantially lower cost of lead than of silver, PbX
is a potentially more favorable waste form. Early indications, however, are
that PbXI is not a stable material and may not be a satisfactory disposal form
when imbedded in concrete.

When silver nitrate-impregnated amorphous silica is the sorbent,
the reaction sequence has been shown to be:

AgNO 3 (s) + I2(g) AgI(s) + INO3 (16)

21NO 3 + AgNO3  g AgIO3 + 3NO 2 + 1/212 (17)

NO3 NO2 + 1/202 + 1/212 (18)

By analogy, the speculated mechanism for the reaction of methyl iodide would
be:
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AgNO3(s) + CH3I AgI(s) + CH3NO3(g)

Regeneration of the silver nitrate-impregnated silicic acid, although untested,
may also be possible.

The major disadvantage of silver sorbers is their high cost.
This becomes very important if they are considered as a terminal waste form.
It is, however, possible to convert the iodine to PbXI or even to Ba(IO3)2
in subsequent chemical steps. Silver sorbent collection has the major advan-
tages of being inherently less complicated than wet scrubbing methods and less
expensive to operate.

d. Caustic Scrubbing

In theory, caustic scrubbers should be able to remove elemental

12 from the off-gas stream by the well-known disproportionation reaction:

312 + 60H q- - 51 +103~ + 3H20 (20)

In practice, they have never been more than 90% efficient. Their failure lies
in their inability to remove organic iodides from the off-gas stream. Caustic
solutions also trap CO2 and NOx; the radioactive iodine would need to be sep-
arated from these species before disposal.

e. Conclusion

All four processes are capable of producing Ba(103)2 that can
be incorporated in concrete for terminal disposal; the Iodox process does this
most easily. If sorption by silver sorbents is the preferred collection
method, an alternative to disposal of iodine as Ba(103)2 in concrete would
be disposal of AgZI, AgXI, or PbXI, either as they are or encapsulated in
concrete.

2. Immobilization of Iodine

a. Ba(I03)2 in Concrete

(1) Solubility Data

Although barium iodate is spoken of as an insoluble com-
pound, it does have a measurable solubility in water. Solubility data show
a significant temperature dependence of the solubility of Ba(I03)2 in water;
there is a 10-fold increase in the solubility as the temperature increases
from 0 to 100'C.

Data on the solubility of barium iodate in pure water does
not adequately describe the behavior of Ba(103)2 under practical conditions.
Complexing of Ba2+ by other anions can increase the solubility of Ba(I03)2
substantially, as can changes in the ionic strength of the aqueous environment.
Fedorov et al. have shown this effect by varying the ionic strength with mix-
tures of LC104/LiNO3 between 0.5M and 4.0M [FEDOROVJ.
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The rate of dissolution of Ba(103)2 -H20 was measured by
Jones et al. [JONES-1973A]. In relating their data by a model that consid-
ered both slow chemical processes at the surface of the crystal and diffusion
through the water layer near the surface, they determined that the dissolution
rate was basically controlled by diffusion; there is no great chemical resis-
tance to dissolution.

(2) Thermal Stability

Ba(103)2 -H20 is the stable form at ambient temperatures
and humidities. According to [DUVAL], as Ba(10 3)2 -H20 is heated, dehydration
begins at 43 C, is barely discernible at 60 C, and accelerates near 79C. A
deceleration in the water weight loss vs. temperature curve is observed when
75% of the water of hydration has been removed, and loss of the last 25% pro-
ceeds more and more slowly. Complete loss is not obtained until 320C. There
is no change in weight loss or in the differential thermal analysis curve of
pure Ba(103)2 between 320 and 476 C, until the Rammelsberg reaction begins:

5Ba(I0 ) 3 Ba5 (106 2 + 902 + 412. (21)

This reaction becomes violent when the temperature of 610 C is reached. On
the other hand, [BISWAS] reports water loss of Ba(103 )2 -H20 is measurable
in the range 80 to 180 C. This reaction was complete by 666C, and no further
reaction was seen before they stopped their scan at 950 C. The water of
hydration returns spontaneously when the Ba(10 3)2 is left to stand in the

laboratory atmosphere.

The presence of a purely acidic substance, C0 2 , did not
greatly change the decomposition temperature for Ba(103)2 , but did change the
decomposition product yields [GONTARZ-1974, -1980]. As Ba(103)2 decomposes
in the presence of C0 2, the reaction becomes:

Ba(103)2 + CO2 I2 + BaCO3 + 2.5 O2 (22)

These same authors studied the effect of BaO and I- on the thermal decomposi-
tion of iodate. When the ratio of Ba(103)2/BaO was 1/4, the onset of decom-
position was measured at e.330OC by differential thermal analysis; there was no
weight loss during decomposition. The decomposition was determined to be one
of disproportionation of iodate:

4103 + 6 02- ~ -3 1065- + I. (23)

They also found that the addition of iodide to iodate salts substantially
reduced the decomposition temperature. For example, a mixture of Ca(10 3)2
and 5CaI2 began to decompose at 330'C; Ca(103)2 alone shows no signs of
decomposition until 480'C. The decomposition reaction is believed to be:

2 +b 5-210+ 31 106 +22 (24)
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In conclusion, the thermal decomposition of Ba(10 3)2 does
not appear to be of great concern.

(3) Heat Capacity [BOUSQUET-1968]

The molar heat capacity of Ba(10 3)2 was measured by
Bousquet et al. between 10 and 655K. In the range, 300-650K, the molar heat
capacity, Cp, in units of cal degree-1 mol-1 can be calculated from the
temperature (in K) by the relationship

Cp - 59.64 - 1.48 x 106 T-2  (25)

(4) Redox Behavior of Iodine Species

In a basic environment like portland cement, 103- appears
to be stable to reduction to iodide by water or hydroxide. Once it is leached
out of the concrete into an anoxic groundwater at pH 7-9, it would be reduced
by Fe(II) to iodide [ALLARD-1980]. Allard et al. give the redox potential of
deep anoxic groundwaters to be less than 0.12 V at a pH of 8. The redox
potentials for iodine species are also given by the following relationships:

1 /103 E = 1.09 - 0.0592 pH (26)

1 /10 E - 1.32 - 0.0592 pH (27)

I/I2(s) E - 0.536 + 0.0592 p1  (28)

According to Clark and Howerton [CLARK-1980], the presence
of sulfite in portland cement reduces some of the Ba(10 3)2 encapsulated in the
concrete to BaI2.

(5) Density of Ba(103)2 and Ba(103 )2 'H20

According to [DEAN], the density of Ba(103)2 (molecular
weight - 487.15 g/mol) is 5.23 g/cm3 at 20 C. The density of its monohydrate,
Ba(103)2 -H20 (molecular weight - 505.16 g/mol) is 4.657 g/cm3 at 18C.

(6) Leaching Behavior of Ba(103)2 in Concrete

According to [ALTOMARE], the incorporation of Ba(103)2
in concrete is a prime candidate for disposal of 1291 because:

" The encapsulation is a low-temperature process. Iodine
compounds are not stable at the high temperatures of glass formation; encap-
sulation of 12 91 in borosilicate glass is therefore not practical.

" Barium iodate has low aqueous solubility.

* Barium iodate can be prepared directly from partially
soluble barium hydroxide and the product of the lodox process without the
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addition of superfluous ionic species. All of the resulting slurry of Ba(10 3)2
can be incorporated in the concrete so that there is no secondary liquid
waste.

The incorporation A a(I03)2 in concrete has been tested,
with a very strong emphasis on leaching characteristics, by researchers at ORNL
[CLARK-1976, -1977A, -1977B, -1978, -1980; MOORE; MORGAN-1978A, 1978B, -19791
and at PNL [BURGER-1981A, -1981B; and CHIKALLA-1980, -1981A, -1981B, -1981C].

(7) Radiation Studies of Barium Iodate in Concrete

A concrete waste form containing 9.05 wt % iodine (75%
1291) would receive a dose rate of 2.00 rad/h-g concrete. This dose rate

corresponds to 5.55 x 10-9 J/s-g concrete or 3.47 x 1010 eV/g-s concrete.

Clark and Howerton studied how this self-irradiation
would influence the radiolytic reduction of Ba(103) 2 in concrete to the more
soluble Ba12 [CLARK-1978, -1980]. The cffects of self-irradiation on the
reduction of 12910 ion to 12 91- is a negligible effect when compared with
the predicted leaching of iodine from Ba(103)2 incorporated in concrete. The
addition of Ag20, HgO, and PbO to the concrete will have a negligible effect
on the already negligible radiolysis reaction.

b. Silver and Lead Sorbents

(1) General Considerations

The use of silver sorbents to collect iodine-129 has
been given much study over the last ten years and has been reviewed [JUBIN,
HOLLADAY-1979, and BURGER-1979]. Once these sorbents are loaded with 12 91,
there are three options for disposal of the collected iodine:

(1) Regeneration of the silver sorbents for reuse by
removal of the radioiodine. The radioactive iodine either can be loaded on
lead-exchanged zeolite (e., PbX and PbZ, or reduced lead zeolites, Pb'X and
Pb'Z) for disposal by option (2) or (3) or can be chemically converted to AgI
or Ba(103 )2 for disposal in concrete [CHIKALLA-1982, ALTOMARE, THOMAS, JUBIN,
HOLLADAY-1979, MURPHY ].

(2) Direct disposal of the iodine-loaded solid sorbent

in metal canisters for long-term disposal [BURGER-1979, -1981A, -1981B;
PENCE-1974; CHIKALLA-1980; and WOOD].

(3) Encapsulation of the solid sorbent into concrete for
long-term disposal [BURGER-1979, -1981A, -1981B; CHIKALLA-1980, -1982; PLATT-
1980A; BEONE].

(a) Properties of Silver-Exchanged or Silver Nitrate-
Impregnated Sorbents

The three most studied types are two silver-exchanged

zeolites,* silver-exchanged faujasite (AgX) and silver-exchanged b ,rdenite

*If the silver has been reduced to elemental form, the symbols Ag'Z and

Ag'X are used.
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(AgZ), and a silver nitrate-impregnated amorphous silicic acid (AC-6120, com-
mercially available in Europe, which is the most researched of this type).

The silver-exchanged faujasite most studied is one
prepared from Linde-type 13X molecular sieve. This material is commercially
available from Linde as the sodium-exchanged form and can be easily converted
to the silver form.

Mordenite has only about one-third the ion-exchange
capacity of faujasite because of the much higher silica to alumina ratio of
its structure. This higher SiO2/A1203 ratio has the beneficial effect, how-
ever, of increasing its hardness and resistance to acid decomposition [JUBIN].
The silver ions that are exchanged into these mordenites can be converted to
a metallic form by pretreating the AgZ with H2 gas at 500 C for '16 h [BURGER-
1981B]. Experiments have shown that the metallic silver mordenite AgZ has a
higher capacity for iodine chemisorption than does AgZ [JUBIN].

Silver nitrate-impregnated materials offer the advan-
tage for long-term storage of 1 291 that silver iodide is clearly the product
of their fixation reaction; the iodine is therefore held very tightly to the
waste form as slightly soluble silver iodide [MEYER]. Another important factor
is that these materials cost only about one-tenth as much as the molecular
sieve materials [HOLLADAY-1979]. According to [JUBIN], three commercial types
of this material have been tested:

GX-135 (North American Carbon Company). This silver
nitrate-containing aluminum silicate was highly effective at fixing iodine from
both 12 and CH3 I in tests at ORNL, but its use was discontinued because of
the handling properties caused by its fine mesh size (8 x 16 mesh) [JUBIN].

H-151 (Aluminum Company of America). A limited amount
of work has been done on the use of this high-alumina-content (90%) material
impregnated by AgNO3 and other nitrate salts: only silver nitrate was found
to bind iodine irreversibly.

AC-6120 (United Catalysts, Inc.). Silver nitrate-
impregnated silicic acid has been developed by the Federal Republic of Germany
as a nonregenerable solid sorbent for iodine-129 collection ard disposal. This
material, with a silver content of 7-12 wt %, has been used successfully to
remove iodine from dissolver off-gas (DOG) at the Karlsruhe Reprocessing Plant
and the SAP Marcoule Plant [BURGER-1979J.

(b) The Stability of Silver and Lead Sorbents to
Loss of Iodine

Maximum and practical loading limits of iodine per
gram of sorbent are important limits for the collection process. An equally
important parameter for the disposal of iodine is the amount of iodine that
is chemically and physically bound to the sorbent. Chemically bound iodine
will have an expected chemical stability and insolubility as good as or better
than those of silver iodide. Physically bound iodine is expected to have much
inferior properties to those of AgI and to be much more susceptible to leaching
from the waste form.
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The higher loading capacity of AgX makes it appear
much more attractive than AgZ or AC-6120. Unfortunately, the collection of
iodine is only the short-term problem. It is in the long-term problem of
protecting the biosphere from high concentrations of 12 9I that the virtues
of AgZ and AC-6120 become apparent. [BURGER-1981A, -1981B, and SCHEELE-1981J
determined that much of the iodine (>50%) sorbed on AgX was removable by
Soxhlet extraction using carbon tetrachloride, tetrachlorethylene, toluene,
or hexane; in contrast, no iodine could be stripped from AgZI by this same
technique. This is an indication of a more stable fixation of iodine by AgZ
Than by AgX. AC-6120, because the chemical form of iodine in its structure
is certainly AgI, would also be expected to retain iodine during Soxhlet
extraction.

TGA and DSC measurements on AgX, AgZ, and AgZ loaded
with iodine show that the sorption of iodine by those sorbents is very complex
and that there are many forms of iodine in their structures that cannot be
identified as simple silver compounds. Even AC-6120 does not correspond exactly
in its thermal behavior to AgNO3 and AgI. All of the weight loss is not 12;
much of the low-temperature weight loss is water, and some volatilization of
AgI along with iodine may have been seen at higher temperatures. It appears
that no iodine is lost from AC-6120; rather, the measured weight loss is due
to the decomposition of nitrate ion [BURGER-1981A, -1981B; CHIKALLA-1981A;
SCHEELE-1981].

Thermogravimetric analyses of several samples of AgZ
with various loadings of iodine have shown that the final iodine content for
all loadings tends toward 45 mg I/g AgZ at 1000 C. When equilibration of the
sorbent was reached slowly, this stable fraction appears to be constant
whether the iodine was goaded from a continuous stream of 12 or CH3I
[SCHEELE-1981].

The relative stability to iodine loss of lead-
exchanged zeolites was reported by [MURPHY]. Murphy et al. measured the
vapor pressure of iodine over lead-exchanged zeolites loaded with iodine to
38 wt % for Pb X, 40 wt % for PbX and 38 wt % for PbZ vs. temperatui3. These
iodine-loadLd lead zeolites were prepared from the reaction of these lead-
exchanged zeolites with HI. The effects of hydrogen, nitrogen, and air
atmospheres were also studied. The results of this study are somewhat in
doubt because of conflicting reporting of the data in this report.

It has been mentioned by several sources that the
solubility of iodide in silver-exchanged and silver nitrate-impregnated sor-
bents should be even lower than that of silver iodide [JUBIN, ALTOMARE], but
no data has been found to verify this. A measurement of the solubility of
PbI2 from PbXI, however, does show that the solubility of iodide is less than
expected from the solubility of PbI2 in water [THOMAS]. These researchers
measured a solubility of 26 mg I/100 mL water at room temperature. The
solubility of iodide in water as PbI2 at 20 C is 35 mg 1/100 g H20 [DEAN].
This is an indication that the solubil.-ty of PbI2 is a factor in the case of
lead-exchanged zeolites.
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(2) Disposal Options

(a) Regeneration of the Silver Sorbent

Of the silver sorbents mentioned in this text, only
silver-exchanged mordenite appears to be regenerable without great loss of
capacity [JUBIN, BURGER-1979, and THOMAS].

(b) Ag-Exchanged, AgNO3-Impregnated, or Pb-Exchanged

Sorbents as a Disposal Form without Matrix

According to [PENCE-1974] discussing disposal options
for 1291, "Processing of the iodine-laden adsorbent from the primary system to
obtain a more concentrated form would not appear to be necessary or desirable."
[WOOD] also considers disposal of containerized, iodine-loaded sorbents to be
an option.

[BURGER-1981A] states, however: "The solid sorbents
considered are potential disposal forms as used. However, granular or powder
forms present handling problems in addition to much lower resistance to
leaching or volatilization. We believe immobilization in a monolithic form
is desirable." The statement on leach resistance does not seem to follow
directly from the data presented in [CHIKALLA-1980], but the problem of
handling granular or powder forms is an important consideration.

(c) Disposal of Ag-Exchanged, AgNO3-Impregnated,

or Pb-Exchanged Sorbents in Concrete Matrix

The loading levels of AgZI and PbXI in concrete
reported by [BURGER-1981A] are 0.8 mmol /g dry concrete and 1 mmol I/ dry
concrete, respectively. This corresponds to ".34 wt % AgZI and '.20 wt % PbXI
in cured concrete. The estimated density of the concrete is 2.1 MT/m 3.
Because of the 32% void volume of packed zeolites, the specific activity of
zeolites in terms of Ci/m3 in concrete is not much lower than in the absence
of concrete. The higher density of cement vs. the density of air makes for
larger differences in specific activities of zeolite alone and zeolite in
concrete when expressed in terms of Ci/MT.

In a dynamic leach test, the leach resistance of AgXI
in concrete was measured to be about one order of magnitude greater than that
for a comparable amount of Ba(103)2 in concrete; in static leach tests,
the leach rates of these two potential disposal forms were experimentally
equivalent [BURGER-1981A].

When PbXI was added to cement, the mixture turned
purple, indicating hydrolysis of the lead-zeolite-iodide material, with
release of elemental iodine [BURGER-1981AJ. Static leach tests for two
samples showed how poor a leach resistance this form has; after 5 days,
the normalized fraction of iodine released was 0.07-0.2 cm (a rate of
1-4 x 10-2 cm/day).
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Beone and Di Stefano studied the physical character-
istics of several concentrations of Ag-exchanged zeolite-X sorbents [BEONE].
[BEONE] also reported the results of crush-strength studies of concrete-
encapsulated, silver-exchanged zeolites. Their results show that crush
strength decreases with increasing zeolite concentration. These same
researchers also tested by two methods the thermal resistance of zeolite-
containing concretes containing 31.8 wt % zeolite. The first was a modified
IAEA test for thermal resistance of radioactive material. The second test
was a measurement of the effect of localized thermal expansion by placing the
tip of a bunsen flame to the concrete specimen for one minute. Beone and
Di Stefano conclude from their results that the loading of concrete 7,ith
zeolite should not exceed 35 wt %. They feel that the use of additives to
increase the concrete's strength and thermal resistance is necessary and
should be studied.

c. Alternative Iodine Waste Forms

Iodide sodalite has been the most studied alternative waste
form for iodine and has been stated to be the most promising [BURGER-1981A;
CHIKALLA-1980, -1981B, -1981C; PLATT-1980A; STRACHAN; VANCE; and WINTERS].
The theoretical maximum loading of iodide ion is 22 wt %, and iodide sodalite
has a theoretical maximum density of 2.6 g/cm3 .

The leach resistance of iodide sodalite was reported to be 100
times that of Ba(103)2 in concrete and equivalent to that of AgI in concrete.
Of the material encapsulated in concrete tested, silver iodide was determined
to be the most leach-resistant [BURGER-1981A].

There are two severe disadvantages to iodide sodalite produc-
tion. The first is that sodium iodide (one of the reagents from which iodide
sodalite is usually made) is not a conventional or convenient product of any
of the promising methods for the collection of volatile iodine. There has been
some preliminary 'ork on mixing HI into the reaction vessel with excess NaOH
to form NaI during sodalite production, but this process proved to be more
difficult than adding Nal [CHIKALLiA-1981C]. The second disadvantage is in
the complexity of the process itself, in comparison to the mixing of a solid
with cment at ambient conditions.

d. Sorption of Iodide and Iodate by Minerals and
Soil Constituents

Because the leach rates of 1291 from concrete are higher by
several orders of magnitude than its decay rate, the migration rate of 1291
from the waste container to the environment is an important property of the
disposal system. If geological burial is chosen for iodine, migration to an
aquifer must be slow enough that dilution of 1291 in the groundwater makes it
innocuous. If deep sea burial is the disposal option of choice, the migration
rate must be low enough so that isotopic dilution with natural iodine in the
ocean makes 1291 innocuous (this is a far less demanding criterion than the
former). The following discussion is a literature survey of the retention
properties of natural materials for iodine species, with emphasis on potential
backfill-barrier materials that would inhibit the movement of iodine species
from tie waste canister.
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In general, the anion-exchange capacity of minerals and soils
is tar less than their cation-exchange capacity [ALLARD-1980]; the cation-
exchange capacities of some minerals have been measured [GARRELS].

Anionic 1311 has been tested and used as a means of tracing
water flow through the ground [KAUFMAN, HAMID]. It was determined that sorp-

tion of 1311 could be a problem when used without a carrier but that sorption
could be eliminated as a problem if nonradioactive iodide as NaI as used with
the tracer in the concentration range of 10-4 to 10-3M.

There has been a great deal of study of which constituents of
soil are responsible for the retention of iodine [BOYARINOVA-1973; DE; RAJA;
REINIGER; SUGAWARA; WHITEHEAD-1973A, 1973B, 1974A, 1974B, 1978; WILDUNG].
These were studies of soils throughout the world, and all came to the same
general conclusion: that three variables in soil content are primarily
responsible for sorption of I~ and IO3--A1203 , Fe203, and organic matter.

In general, iodates were determined by Whitehead [WHITEHEAD-
1974A] to be sorbed less from 0.1M calcium chloride or 1.OM ammonium acetate
solutions by soils, Fe203 , and A1203 than are iodide and iodine. The addition
of composted organic matter slowly decreased the solubility of 103~ to that
of I- or 12; this, the author speculated, was due to reduction of 103~ to
these species by the organic matter.

The differing sorption of different iodine species was observed
by Wolfsberg [WOLFSBERG-1978] in studies of the sorption of iodine by Nevada
Test Site aluvium from aluvium groundwater. The same author measured the
sorption of iodine species by Nevada tuff minerals to be zero [WOLFSBERG-1980].

The high capacity for iodine retention of some organic matter
has led researchers to suggest and to test the use of charcoal and charcoal/
clay mixes as backfill materials for the disposal of 129I [IKEDA, NOWAK].
Nowak has calculated that a backfill of 30% bentonite and 70% activated
charcoal (bulk density - ^"2 g/cm3 and effective porosity = -.0.1) would have
a time before breakthrough of 1000 y. Breakthrough is defined by the author
as being the point at which the concentration of I- leaving the backfill
barrier is 1% of that entering it from the waste form. Bentonite has no
significant retention capacity for iodide.

Ikeda and Tanaka measured the distribution of iodide and iodate
between activated charcoal and aqueous phases of various pH values. Both L~
and 103~ sorb on charcoal at pH values lower than 10 for iodide and 9 for
iodate [IKEDAj.

In addition to charcoal, several other minerals are possible
sorbents for iodide and iodate [ALLARD-1980; BIRD; BOYARINOVA-1972; COUTURE,
HAQ; NEAL; STEINDLER-1978, -1979A, -1979B, -1979C; STRICKERT-1978, -1980].

Allard et al. tested the sorption of iodine on several minerals
[ALLARD-1980]. In general, sorption of iodide was highest at low pH values
and decreased at higher pH values; the exception was lead hydroxide, which
showed increased sorption with increasing pH. Bird and Lopata found PbO and
Cu metal to be excellent sorbents for iodide [BIRD].
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Haq et al. measured the kinetics and thermodynamics of the
sorption of iodide by copper metal, Cu20, and CuO [HAQ]. Both copper metal
and cuprous oxide sorb I- rapidly from a solution of >10-6 M I- (5(r mL of solu-
tion to 5 g of solid sorbent). Based on the results of this study, the authors
recommend that waste containers for disposal of 129I be fabricated of copper;
if a container is breached, the container material can continue to limit the
migration of iodine species into the environment.

Boyarinova et al. have studied the coprecipitation of iodate ion
with hydroxides [BOYARINOVA-1972]. They found that coprecipitation decreases
the iodate concentration more substantially than does sorption on previously
precipitated hydroxides. The order of effectiveness of the removal of iodate
from solution by the hydroxides studied was:

Mn4+ < Sn4+ < Fe3+ < A13+ < Sn2+ < Ni2+

Work performed by Couture and Seitz showed that hematite
(Fe203) is an effective sorbent for I04-, IO13, and I~; the effectiveness
of sorption decreases in the order given [COUTURE; STEINDLER-1978, -1979A,
-i979B, -1979C]. These researchers also examined the sorption character-
istics of two Pacific pelagic red clays that each contained 05 wt % Fe203.
On the basis of their Fe203 content and the sorption behavior of hematite,
these clays were expected to sorb only about one-half of the amount of iodate
they actually did. They explained this higher retention of iodate by the
probable smaller particle size of Fe203 in the clays and hence higher sur-
face area tc weight ratio of the sorbing species.

Neal and Truesdale studied the sorption of iodide and iodate
from fresh and salt water by ferric hydroxide, peat, and kaolinite [NEAL].
Ferric hydroxide was determined to be the best of the three for sorbing iodide
from salt water, followed by peat, followed by kaolinite.

Strickert et al. studied the sorption of I~ and 103 by a long
list of minerals and laboratory-grade chemicals [STRICKERT-1978, -1980].

The conclusions drawn from the literature survey presented above
are:

* 1291 will migrate freely in most soils and groundwater
once it is leached from the waste form, unless special precautions are taken.

" Because the ion-exchange capacity of most materials is
very poor, conventional backfill materials such as clay minerals are nearly
useless.

" Effective backfill materials for the retention of 1291
species can be of two types:

(1) organic materials such as activated charcoal or com-
posted organic matter

(2) heavy metals and heavy metal oxides and sulfides that
sorb iodide by chemical reaction; the effectiveness of these materials is
primarily based on the low solubility products of their iodide and iodate
salts.
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e. Burial Options for 12 91

There are two general options for the disposal of radioactive
iodine: geological or seabed disposal. Some authors [ALTOMARE] do not favor
a geological repository because the extremel) ling half-life for the decay of
1291 makes it impossible to predict that the disposal site will remain water-
free for even a small fraction of the time needed for extensive decay of 1291.
This fact, along with the relatively high predicted leach rates of iodine from
concrete and the low retention of iodine species in most minerals and soils
(see Sec. VI.G.2.d.) make the isolation of 1291 from the natural environment
very unlikely. The impact of 1291 entering the biosphere is, of course,
dependent on the rate of its release. If the rate of release is ensured to
be low enough to assure equilibration with a large enough body of water, the
impact will be negligible.

Wood and Richardson have done a calculation for deep geologic
disposal, based on a "typical" cor:.rete waste form cylinder (3 m by 0.3 m in
diameter, containing 6 wt % 129 1' and the ORNL leaching rate to exemplify
this Situation [WOOD].

Seabed disposal [STEINDLER-1982] is an attractive alternative
to continental disposal, primarily because of the effect of isotope dilution
of 12 91 with natural iodine 1271 in seawater [MORGAN-1979]. To assure mixing
of 1291 with natural iodine, low leaching rates of iodine into the sea must
be assured. The principal barriers to transport of iodine from the waste form
would be about the same as with dry land burial [WOOD]:

1) the waste matrix

2) the container

3) geologic isolation (basement rock or sediment)

4) soil adsorption.

H. Technologies of Carbon Waste Forms

(G. F. Vandegrift)

1. Collection of Carbon

A critical review of collection methods has been presented by
[BROWN-1980]. These methods are also discussed by [ALTOMARE]. They are
briefly discussed below, with an emphasis on the amount and form of the
collection product. Other references pertinent to each collection method
are listed.

a. Caustic Scrubbing [CROFF-1976; BRAUN; NOTZ-1980A, -1980B]

Absorption of CO2 by a sodium hydroxide solution in a packed
scrubbing column is a common industrial process. Although it is untested as
a means of trapping 14C02, there is no obvious reason it should not work
effectively. As the sodium hydroxide is converted to soluble sodium carbonate,
the scrubbing solution is removed to a mixing tank where it is contacted with
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calcium hydroxide. The insoluble calcium carbonate precipitates, regenerating
sodium hydroxide, which is returned to the scrubbing column. The carbonate
cake would be incorporated in cement for long-term disposal.

b. Caustic Slurry Scrubbing [CROFF-1976; NOTZ-1980A,
-1980B; HOLLADAY-1978V

This process is similar to the above process in that it is a
caustic scrubbing process with CaCO3 as its product. In this process, how-
ever, 14 C02 is contacted directly with an aqueous slurry of calcium hyroxide
(or barium hydroxide) in a stirred cell contactor.

c. Molecular Sieve Adsorption* [NOTZ-1980A, -1980B]

A molecular sieve bed would collect both CO2 and 8 5Kr from a
NOx-depleted, dry off-gas stream. Experiments underway to separate 8 5Kr from
14 C02are based on the fact that the CO2 is more energetically bound to the
Linde type 5A molecular sieve used in the sorption bed. Once the CO2 is sep-
arated from 8 5 Kr, it would be scrubbed from the gas stream by caustic scrubbing
and solidified as CaCO3 .

d. Fluorocarbon Absorptiont [STEPHENSON-1976, -1977]

This process was primarily designed for the capture of 85Kr but
does effectively trap CO2 simultaneously, with lesser amounts of Xe, Ar, 02,
and N20 being collected. These gases are absorbed from the off-gas stream at
pressures of 6 to 20 atm. When the pressure is dropped to 1 atm, the desorbed
gases are separated into high-boiling (C0 2, X.,, N20) and low-boiling fractions
(Kr, Ag, 02) and CO2 is collected from the high-boiling fraction by molec-
ular sieve and is subsequently converted to a CaC'03 waste form.

e. Adsorbent Bed Fixation [HAAG-1981A, -1981B; FERGUSON;
NOTZ-1980A, -1980B; HOLLADAY-1978]

In this process, carbon dioxide is simultaneously sorbed and
immobilized as BaCO3 as it passes through a bed of Ba(OH)2-8H20 chips:

CJ + Ba(OH) -8H0 - BaCO + 9H 0 (34)2 (g) 2 2 (s) -~ 3(s) 2 (g)

The major advantage of this process is its simplicity. The process is capable
of decontamination factors greater than 1000 and a >99% transformation of
Ba(OH)2 -8H20 to BaCO3 .

2. Immobilization of Carbon

a. CaCO3 and BaCO3 in Concrete

(1) Solubility Data

The carbonate salts of barium ion and calcium ion have low
aqueous solubilities [GMELIN-1960, -1961; LINKE; STEPHEN; SIDGEWICK]. CaCO3

*See also Section VI.D.1.d.

tSee also Section VI.D.l.c.
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solubility drops from ').8mM/L at 0 C to 0.4 mM/L at 40*C; in the same temper-
ature range, BaCO3 solubility is almost constant at 0.1mM. Because of the
importance of the reaction

CO3 2- + CO2 + H2 O 2HC03  (35)

to the solubility of carbonate salts, the CO2 equilibrium value during solu-
bility measurement is very important.

(2) Thermal Stability

Thermal decomposition of both BaC03 and CaCO3 occurs by
the same process:

MCO - MO + CO (36)

The temperature needed to initiate thermal decomposition to the oxide is,
therefore, dependent on the partial pressure of carbon dioxide [DUVAL,
SIDGEWICK, LIPTAY]. Dry CaCO3 as calcite begins to lose CO2 at about 500*C
and is converted to 100% CaO at a temperature between 680 and 810*C, depending
on the rate of heating and the mass of the sample [DUVAL].

BaCO3 is stable to decomposition at temperatures below
1000 *C. Its natural mineral form, witherite, begins to show signs of CO2
loss at 1075 C in air and at 975*C in a N2 stream [DUVAL]. If it is kept
under high CO2 pressure to prevent its thermal decomposition, a melting
point of 1740*C can be observed [SIDGEWICK]. According to [DUVAL], BaCO3
formed by precipitation from aqueous solution retains water tenaciously.
Although 99.6% of the water was removed by heating to 400*C, the remainder
was not removed until further heating to 681*C. There is no weight loss of
dry BaC03 between 20 and 1000 *C.

(3) Leaching of 1 4C from CaCO3 and BaCO3 in Concrete

Two sets of leach tests have been performed at PNL by
Scheele et al. [PLATT-1979A, -1979B; CHIKALLA-1982]. In the first set of
experiments, the objective was to measure, by a Plackett-Burman experimental
design, the effect of various parameters on the leach rate of 1 4 C03

2 - from a
concrete monolith. These parameters are listed below in the relative order
of importance to carbon-14 leaching. The number in parentheses is the factor
effect of each parameter. The larger the magnitude of the factor effect, the
greater is the influence of that parameter on the leach rate. A positive
sign means an increase in this parameter increases the leach rate; a negative
sign expresses an inverse relationship between the parameter and the leach
rate. The parameters studied were:

(1) high initial carbon dioxide concentration in the
leachate (+7.45 x 10-3)

(2) the concentration of carbonate in the concrete
(+1.59 x 10-3)
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(3) the concentration of strontium nitrate added to
the concrete (-1.44 x 10-3)

(4) the concentration of barium nitrate added to the
concrete (-1.37 x 10-3)

(5) the solubility of the carbonate salt added to the
concrete--SrCO3 , solubility - 10-5M, and K2C0 3 ,
solubility - 8.1M (-6.93 x 10-4)

(6) the addition of sodium resinate (an air-entraining
agent which changes the pore structure of the
concrete) to the concrete (+5.51 x 10-5)

In later experiments, a static leach test was performed
on CaCO3 in portland type III cement (2.5 mmol CaCO/g dry cement) in dif-
ferent leachates. Leach rates in river water and seawater are less than one
order of magnitude lower than for distilled water.

b. Alternative Waste Forms

No satisfactory alternatives to the waste forms described above
are presently being considered for 14C long-term disposal. [CROFF-1976] looked
at the possibility of disposing of CaC03 or BaC03 with no matrix in 55-gal steel
drums or disposing of Ca 4 C03 in uncontainerized grouts but rejected these
options because of their low resistance to leaching of 1 4C03 2.

c. Migration of Carbonate in Geological Formation
[ALLARD-1981]

These authors [ALLARD-1981] studied the sorption of H1 4C03
from simulated granitic groundwater (pH - 7.2-8.5) by various common minerals
and cement. Most groundwaters have concentrations of carbonate plus bicar-
bonate in the range of 1-6 mM (60-100 mg/L) and are slightly undersaturated
with respect to MgC03(s) and~CaC03(s). The following equilibrium constants,
K, and solubility products, Ks, are important to the concentration of car-
bonate and bicarbonate in groundwaters and to the sorption of 14 C from these
groundwaters:

Ca2+ + HCO3  CaHC0 log K - 1.0 (37)

Ca2+ 2- CaCO3 log K = 3.15 (38)

Ca + CO3  CaCO 3(s) log K, - -8.35 (39)

Mg2+ + HCO - MgHC3+ log KO 0.95 (40)
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Mg +- MgCO3  log K = 2.88 (41)

Mg + CO3  G MgCO3(s) log Ks - -7.46 (42)

The sorption of HCO3f on several minerals and cement is explainable by the
calcium ion content of these materials [ALLARD-1981].

I. Greater Confinement Disposal (GCD)
L. E. Trevorrow)

1. Development of GCD

a. Need for a Greater Confinement Concept

DOE identifies GCD as burial at depths greater than conventional
SLB (tentatively, up to 20 m) with the use of engineered barriers, containment,
and solidification as options for achieving greater confinement disposal
[MEZGA]. The status of development of the GCD concept was reviewed in a recent
conference [LARGE]. The GCD concept is being explored for several reasons:
(1) near-surface disposal may be inadequate for some types of LLW, (2) depth
is likely to enhance the safety of storage, (3) GCD may offer an economic and
safe alternative to deep geological disposal for higher-specific-activity
wastes. Low-level wastes not considered suitable for SLB disposal, even
though they are non-TRU wastes, include those with specific activities that
are too high.

Once the DOE waste classification system has been completed,
the agency will be able to identify which technological options are the most
appropriate for achieving greater confinement disposal for specific wastes
[MEZGA].

b. Plans for Demonstrating the GCD Concept

Demonstration of the GCD Concept at an arid site is being
planned for the Nevada Test Site. This demonstration is to be initiated in
FY 1983. The construction is to take place during FY 1982-83, and operation
is expected to be carried out during FY 1983-84 [MEZGA].

Demonstration of intermediate-depth burial at a humid site is
planned at Savannah River Laboratory [MEZGA]. Three initial designs have been
suggested for this facility: (1) a clay-lined bottom and a sloped clay cap--
from a layer of gravel positioned on the clay bottom, any collected water would
be pumped out periodically, requiring preparations for long-term maintenance;
(2) a clay cap but no clay bottom, and no provisions for long-term maintenance;
(3) deeply placed upright sections of concrete culvert to encase the wastes
[HOOKER].

2. Criteria Proposed for GCD

The document assembled by Ford, Bacon & Davis Utah, Inc. [CARD]
presents proposed criteria for many aspects of the operation of a conceptual
GCD facility. More definite developments on criteria are expected to occur
in 1983.
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J. Concepts of Deep-Geologic Disposal Technology
(L. E. Trevorrow)

Several descriptions of the concept of deep-geologic disposal technology
have been published over the past decade [ERDA-76-43, 24.2; DOE/EIS-0046F;
STEARNS; KAISER; BECHTEL], and the concept, still evolving, is in the design
stage [DOE/NWTS-15]. Although several preliminary concepts for the disposal
of waste into deep geologic media have been proposed [SCHNEIDER, GHOVANLOU],
the current national strategy is focused on placing waste in metal canisters
in cavities created by mining and drilling [DOE/NWTS-15].

Additional details pertaining to a repository created in a salt dome are
suggested in [STEARNS]. Four types of waste are assumed to be accepted at
such a facility: solidified HLW, solidified ILW, cladding hull waste (CHW),
and TRU-contaminated LLW.

The packaging that will be accepted for deep-geological disposal is yet
to be decided in the development of criteria, regulations, and design. Pre-
liminary packaging concepts, however, have been described, and preliminary
criteria for acceptance of packages at a deep-geological repository have been
suggested [RHO-CD-568]. It had been assumed that spent fuel and HLW would
arrive in specially designed canisters and that ILW and TRU-contaminated LLW
would arrive in 55-gal drums. The concepts for packaging have varied in
several conceptual studies done for the NWTS project through the Office of
Nuclear Waste Isolation (ONWI). A study by the Bechtel National Corp.
[CRANDALL] contains suggestions on the construction of packaging to be
received at a deep geological repository.

K. Catalogs of Certified Packaging for Transportation of
Radioactivity
(L. E. Trevorrow)

A survey of available systems and equipment for transportation of radio-
active materials was published in 1976 [JEFFERSON-1976]. Also, detailed
descriptions of certified packaging have been issued periodically [WASH-1279,
NUREG-0383]. A summary of DOT regulations on packaging of radioactive mate-
rials for transportation and design of DOT-specification packaging was reported
in [STEINDLER-1982]. Recently, information on appropriate packaging for
transportation of radioactive materials has been placed in computer storage
at the SANDIA Transportation Technology Center (TTC). This information bank,
the TTC Database of Certified Packagings for Radioactive Materials (RAMPAC
Database), will output a description of appropriate transportation equipment
in response to an input description of the waste [EMERSON].

It has been suggested [JEFFERSON-1982] that the RAMPAC Database might
be searched to obtain descriptions of transportation equipment that could be
applied to airborne waste forms. Plans for the analysis of the status of air-
borne waste disposal (that will constitute the second part of this program)
include an initial assembly, for each airborne isotope, of a reference
description of the most probable waste form and its packaging. The RAMPAC
Database will be used wherever possible to assemble these descriptions of a
complete waste management system for each airborne isotope.
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L. Interim Storage
(L. E. Trevorrow)

Interim storage is commonly understood to be an arrangement for tempo-
rarily storing a waste form after conversion of the primary form to a suitable
storage form and packaging, but before emplacement in a terminal storage
situation. In some cases, repackaging between interim storage and terminal
storage may be planned.

Interim storage might be used for several reasons, only some of which
may be applicable to airborne wastes: (1) The radioactive isotopes can be
allowed to decay to reduce the heat generation rate or the specific activity
to levels necessary to meet transportation regulations or acceptance criteria
at a desired terminal storage facility, avoiding the distribution of waste
among an unreasonably large number of packages or committing uneconomically
large amounts of shielding to terminal storage. (2) Interim storage may be
necessary while a waste form and the process by which it will be produced
are selected. (3) It may be necessary to store a waste until the completion
of R&D required to develop process operations whereby the terminal waste form
is produced. (4) It may be necessary to store a waste to await regulatory
developments, including the formulation of criteria and promulgation of
regulations. (5) Interim storage may be necessary pending the design and
construction of a terminal storage facility.

For krypton-85 and tritium, which have half-lives of only about one
decade, interim storage until the radioactivity amounts are low enough to
permit release to the environment with dilution by air has been suggested.
A facility for storing krypton at an FRP site has been designed in which
storage for 50 y is intended; at the end of this storage period, controlled
release to the atmosphere would be started [DOE/ET-0028, Vol. 3]. For
interim storage of tritiated water, storage for about the same time period
has been similarly suggested in less-detailed concepts, ending with discharge
to the environment.
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VII. MODIFICATION OF BACKFILL MATERIALS UNDER REPOSITORY CONDITIONS
(R. A. Couture)

A. Introduction

This program, funded by the U.S. Nuclear Regulatory Commission, addresses
the degradation of physical properties of backfill materials in proposed high-
level nuclear waste repositories located in basalt (Hanford Reservation) or
tuff (Nevada Test Site), in response to the expected thermal, hydrothermal,
and radiation environments.. The initial phase of this investigation will
focus on the basalt repository. Backfill materials being investigated are
mixtures of crushed basalt with bentonite or illite. This report considers
physical requirements for backfill and the thermal conditions which will be
encountered.

The most likely site for a basalt repository is in the Umtanum flow of
the Grande Ronde Formation, on the Hanford Reservation. Since the basalt
flows on the Hanford Reservation are rather fractured and are bounded by
permeable interbeds in an area in which artesians are common, it seems
prudent to design a waste package which is highly resistant to leaching.
Furthermore, an effective backfill may be an essential part of the waste
package. Present knowledge of the hydrology of the undisturbed rocks and
ao'ifers may not be sufficient to guarantee the required isolation of the
waste package from flowing groundwater in the absence of an effective
backfill.

"Sodium-bentonite" is receiving strong consideration as a backfill mate-
rial because of its well-known swelling and sorptive properties. Evidently,
the clay lattice of pure sodium montmorillonite can swell reversibly in the
presence of dilute aqueous solutions to an average basal spacing of over 100A,
compared to 10A in the dried state [BROWN]. Its ability to retard transport
of cations by ion exchange is well known.

Much less kgown ,s the fact that compacted clays with high cation exchange
capacities can form highly effective diffusion barriers to all anions. The
reason. is that anions are repelled from the region adjacent to the negatively
charge:: clay lattice (or surface); thus they are partly or totally excluded
from the interstitial solution of a clay membrane,* and the membrane may be
permeable only to cations. For example, by measurement of flux through com-
pacted clay, Eriksen et el. [ERIKSEN] have measured diffusion coefficients of

2 x 10-9 and 3 x 10-9 cm 2 /s for the diffusion of I- and Cl-, respectively,
through aodium-bentonite. In comparison, the diffusion coefficients in water
are about 10-5 cm2 /s.

*The magrnAude of the effect can be estimated as follows. If mi and mj

are the gol litiea of cations and anions in external solution and mi and mj
the muRai .ties in p ir solutions, and if X is the concentration of negative
sites, in mol/kg H20, in the pore space (or presumably in the interlayer
spce), then the concentration of anions in the pore space (or interlayers'
cpace)_is iven by
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B. Required Permeability of Backfill

1. Expected Pressure Gradients

Hydrologic studies in the Pasco Basin suggest that the difference
in head across a repository will be small--about 10 m or less, corresponding
to a pressure difference of 0.1 MPa (1 bar) or less [GEPHART]. Boreholes
DC-1, DC-2, DC-6, and RSH-1 penetrate the Umtanum Flow. Five piezometers
(vertical tubes) were set in concrete and have been in place in borehole DC-1
since 1972. Fig. VII-la shows the depths. Piezometers 1 through 4 are set
in the Grande Ronde Formation and piezometers 3 and 4 span the Umtanum flow.

Figure VII-ib shows the head data obtained from the piezometers.
The data suggest a minimum in head at the top of the Umtanum and a difference
in head of about 3.7 m (12 ft) between the top and the bottom of the flow. In
at least three of the piezometers, pressure changes in unison, and piezometers
2 and 3 initially had virtually the same heads, which suggests that the piezo-
meters are connected, either within the hole, or through vertical cracks in the
rock.t

X 2 l/2

m. - + -- + mim./[KHARAKA].

As mimj + 0, this can be approximated by

mimj
m. ti X , so that

mj X

- i -m. M.
J3 I1

The ratio mj/mj is defined here as the exclusion ratio. A typical smec-
tite, compacted to a water content of 33%, would have an exchange capacity
X of about 2 mol/kg H20. For basaltic groundwater with mi = 0.01, the
exclusion ratio would be about 200. Even completely uncompacted smectites
(X = 0.2 mol/kg H2 0) would give estimated exclusion ratios of about 20.
Thus, smectites can be expected to form highly effective diffusive bar-
riers to anions. Conversely, however, the concentrations of nonsorbed
cations will be raised by this effect, and diffusion coefficients of
cations will be higher than otherwise expected.

tThere are other possible explanations. Pressures in the various interbeds

may respond in unison to external causes, such as rainfall in distant
recharge areas. Weekly records for a three-month interval in 1972 suggest
periodic variation, with maximum heads observed at the full moon. Thus, an
effect of gravitational forces is tentatively suggested.
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Fig. VII-la. Piezometer Placements in Borehole
DC-1. From [GEPHART].

Response in unison was observed before well DC-2 was drilled nearby,
and therefore was not due to drilling at that site. If the piezometers are
connected within the well itself, the pressure gradient across the flow would
be larger than that indicated by the data. This possibility clearly needs to
be tested by pressurizing one tube and observing changes in the other tubes.
However, a relatively high pressure at the bottom of the formation in borehole
DC-1 is still indicated, regardless of limitations in the data. This may be
an undesirable situation, although the direction of the vertical head gradient
depends on location [GEPHART]. Other measurements in DC-1, DC-2, and DC-6
[GEPHART] suggest that the difference in head across the flow is small--no

more than 10 m--although the data are of unknown reliability.

Data from well RSH-1 indicate a difference in head of 181 m, with
higher pressure at the top of the Umtanum than at the bottom. However,
aquifers at this site are apparently structurally isolated from rocks at
DC-1, DC-2, and DC-6.

For the purposes of this analysis, I have adopted the position that
the difference in head across the Umtanum at the repository site will be no
more than 10 m. This assumption will need to be carefully evaluated against
extensive data from the site itself; some additional data may be provided by
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the forthcoming site characterization report.* One might reasonably question
the wisdom of operating a basalt repository in which the difference in head
might be greater than this. A useful strategy to limit the pressure difference
across the repository might be to connect the upper and lower bounding aquifers
with boreholes. These boreholes could be used initially to provide pressure
data and for radiological monitoring; later, the upper portions of the boreholes
could be sealed.

2. Permeability of Backfill

If a maximum difference in head of 10 m is assumed, the maximum flow
through a repository for different backfill materials can be estimated from the
literature. Any of a wide variety of clay materials, clay-sand mixture, and
degradation products of these mixtures will effectively limit flow. Some, of
course, will be much more effective than others, and some might conceivably
offer nearly complete protection of the waste package.

Figure VII-2 schematically shows a repository in which large frac-
tures have allowed access of groundwater to the top and bottom of the waste
package. It is assumed that there is no pressure drop in the fractures. Thus,
it is assumed for this analysis that the fractures do not retard flow signi-
ficantly, in comparison to the backfill.

AQUIFER

CRACK
BASALT

FLOW

FILLED TUNNEL H

CONTAINER BACKFILL

H2 CRACK

AQUIFER

Fig. VII-2. Simplified Schematic of a Repository,
Showing Fractures in Host Rock Leading
to Waste Package. Hi and H2 are
hydraulic heads above and below the
backfill.

*Note added in proof: Data presented in the site characterization report
[DOE/RL 82-3] for drill hole RRL-2 suggest that the difference in head
across the Umtanum will be only about 1 m. However, the details of the
measurements are not presented in the report.
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The amount of flow through an assumed backfill 30 cm thick can easily
be calculated. If the permeability of the backfill is 10-14 cm2 (10-6 darcy,
equivalent to a hydrologic conductivity of 10-9 cm/s at 20C), and if a tem-
perature of 200*C is assumed, the flow would correspond to 7.4 cm of water per
year. This corresponds to 74 m/1000 y. This value probably overestimates the
flow over a long period because the repository will cool. If the permeability
does not change with temperature (which is still to be verified at 300C), the
flow rate is inversely proportional to the viscosity of water, which decreases
with temperature as follows [KEENAN]. The flow rate at 60*C will be
15 m/1000 y.

Temperature, 0C Viscosity, cpoise

50 0.54
100 0.28
200 0.13
300 0.091

The potentially most damaging period will probably be the first
50 y. During this time, the corrosive solvent activity of water will be at
a maximum; after this time, preliminary calculations suggest that the backfill
will have cooled by roughly 100 C or more [ALTENHOFEN]. If a permeability of
10-14 cm2 is assumed, flow during 50 y at 3000C would correspond to only
5.6 m of water. Such a low rate of flow would greatly restrict corrosion of
the canister and leaching of the waste. This type of calculation must ulti-
mately be combined with data on corrosion and leaching of a specific waste
package.

A permeability of 10-13 to 10-14 cm2 appears to be attainable under
favorable conditions, but perhaps not in a real repository. Fig. VII-3 shows
the hydrologic conductivity of bentonite samples plotted against saturated
bulk density, which is determined by the degree of compaction. The samples
are of (1) a Wyoming bentonite, Volclay MX-80 (American Colloid Co.), and (2)
Erbsloeh bentonite. The exchangeable ions in MX-80 are mainly Na; Erbsloeh
bentonite contains a higher proportion of Ca than Na on an equivalent basis.
The dashed lines indicate the permeability of pure Na-bentonite, taken by
Pusch from an earlier literature survey. A permeability of 10-14 cm2

(10-11 m/s at 20*C) is much higher than was measured in any of his experi-
ments. Extrapolation of Pusch's data to a conductivity of 10-11 m/s suggests
a saturated bulk density of around 1.6 g/cm3 or less, which corresponds to
about two-thirds water by volume. Such a mixture could be obtained by little
or no compaction in the dry state. However, [GRIM, p. 242] shows rather high
values of about 10-12 cm 2 for the permeability of Wyoming Na- or Ca-bentonite
confined under 0.1-MPa load.

Pure Ca-montmorillonite, which could form as a degradation product
of Na-montmorillonite, is expected to have higher permeabilities than Na-
bentonite, generally on the a, ar of 2-10 times higher, depending on the
degree of compaction [GRIM; WHEELWRIGHT]. The basis for the extremely low
permeabilities of Na-montmorillonite is its dramatic swelling behavior in
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Fig. VII-3. Hydrologic Conductivity, k, of Two Bentonite
Samples vs. Saturated Bulk Density. Volclay
MX-80 is "Na- bentonite" from Wyoming.
Erbslch bentonite is "Ca-bentonite." Circles:
25*C; stars: 70*C. From [PUSCH-1980].

dilute aqueous solutions. However, the lattice of the calcium form does not
swell beyond 18A in water at room temperature, as compared with 15A at 50%
relative humidity [BR(MN]. Such a relatively small degree of swelling would
probably not be sufficient to close pore spaces, and would give correspond-
ingly high permeabilities compared with sodiwn-montmorillonite.* [GRIM,
p. 241] gives values of 3.3 x 10-9 cm/s (3 x 10-14 cm2 ) and 5.0 x 10-8 cm/s
(5 x 10-13 cm2 ), respectively, for the hydrologic conductivities of "Ca-
montmorillonite" and kaolinite (which does not expand). He supplies no
details except that the confining (lithostatic) pressure was apparently
6.4 MPa.

Wheelwright et al. [WHEELWRIGHT] demonstrated the effect of mixing
sand (80-120 mesh) with the bentonite. 50% sand, 50% bentonite has a perme-
ability which is an order of magnitude higher than that of bentonite. 75%
sand, 25% bentonite has a permeability three orders of magnitude higher than

[GRIM] gives an alternative explanation for the variation of permeability
with exchange cations, in terms of the dispersion of individual particles by
certain ions.

10 5 10 10
k,rm/s

MX-80

10 10
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bentonite.* For the hydraulic conductivity of 75% sand, 25% Na-bentonite,
they measured 6.6 x 10- 1 0 cm/s (7 x 10- 1 5 cm2). However, the mixture was
prepared by dry compaction under 138-MPa pressure, and was confined in the
apparatus without allowing expansion. The dry bulk density was 2.10 g/cm3 .

[PUSCH-1979] has measured the permeability of a mixture of 20%
Na-bentonite (MX-80) and 80% quartz sand under conditions of much lower com-
paction and a relatively low, perhaps realistic, hydrologic gradient (0.075-
0.3 MPa/30 cm). Compaction to an initial dry bulk density of only 1.46 g/cm3

gave hydrologic conductivities which stabilized at 2 x 10-13 cm2 to 1 x
10-12 cm2--more than two orders of magnitude higher than Hodges et al.
[WHEELWRIGHT] observed for a highly compacted mixture with 75% sand. The
difference is very likely due mainly to the difference in degree of compac-
tion. The system did not obey Darcy's law, however, since reducing the
gradient caused a large drop in permeability; it seems that part of the
deviation may be explainable by errors caused by air in the system.

3. Implications for Licensing

A fairly high level of compaction ib probably attainable in mixtures
containing 20-25% bentonite. For example, packing of clay-sand pellets would
give a void space of approximately 26% between the pellets, if the pellets
were packed without much deformation.

If the pellets initially had a dry bulk density of 2.10 g/cm3, as
determined by Hodges et al. in permeability experiments [WHEELWRIGHT], expan-
sion of the pellets into the voids by hydration would give a dry bulk density
of 2.10/1.26 - 1.67 g/cm3 . In principle, dry bulk densities approaching or
exceeding this value ought to be attainable in practice if the material can

*The reason appears to be that the pores between the sand grains were not
filled efficiently by clay. The dry bulk density of the 75% sand-25% clay
mixture was 2.10 g/cm3 . This corresponds to a porosity of 21%, assuming
that the densities of the clay particles (10% moisture) and the sand par-
ticles are the same (2.65 g/cm3 ). Packed sand alone would have a porosity
of around 26%, which is the value for cubic-close-packed spheres. If clay
filled the pores efficiently after compaction, density data on the pure
compacted clay [WHEELWRIGHT] suggests that the porosity would be reduced
to around 5%. In the presence of water, most of the pore space would be
filled by expansion of clay. Evidently this is not the case for 75% sand-
25% clay mixtures, as evidenced by a three-orders-of-magnitude reduction
in permeability, compared to pure clay. [MITCHELL], cited by [SOUTH], has
shown that the method of compaction, and especially the water content during
compaction, greatly affects the permeability of sediments, even at the same
degree of compaction. It can reasonably be expected that the permeability
of a backfill mixture will decrease slowly with time as clay particles
rearrange themselves or even recrystallize within pore spaces. In the
meantime, however, the permeability, and probably the diffusion coefficients,
will remain relatively high.
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be confined. This value is considerably higher than 1.46 g/cm3 -the density
of the mixture tested by Pusch [PUSCH-1979]--and lower than 2.10 g/cm3 -- the
density of the mixture tested by Hodges et al. Thus, the tested mixtures
appear to span a reasonable range of compactions, and it is reasonable to
assume permeabilities in the range of 10-12 to 10-14 cm2 for confined mixtures
containing 75% sand and 25% Na montmorillonite.

Nevertheless, many other factors still need to be considered in
connection with the permeability of pelletized backfill. More measurements
are needed for verification. In addition, it will be necessary to consider
geometric factors and possible changes in physical state, such as cementation
of pellets without expansion, possible collapse of the pellet structure due to
formation of steam during heating of the pellets, rearrangement of the clay
structure during expansion, the effect of groundwater composition, and, of
course, possible thermal, chemical, mineralogical, or radiolytic degradation
of the backfill materials.

Table VII-1 summarizes some measurements of permeability, including
those discussed in Section VII.B.2. Although the data are from several sources
and may not be strictly comparable, several important points are illustrated.
Confinement of the backfill is clearly needed to attain the lowest, desirable
permeabilities of around 10-14 cm2 . Even Na-bentonite may not have a very
low permeability if it is totally free to expand. The effect of confinement
is most evident in clays which swell the most. If truly low permeabilities
of 10-13 to 10-14 cm2 are to be attained, it will be necessary to carefully
assess the geometry and mechanics of the repository, and the possibility of
loss of confinement due to structural collapse, swelling of the clay and
breaking of seals, etc. If clay is unconfined, the backfill may still be
useful, but resulting permeabilities may be much lower.

The use of sand in backfill needs careful scrutiny, since mixing
sand with clay is very detrimental to achieving impermeability. The differ-
ence between 50% and 75% sand may be critical. On the other hand, if after
emplacement the bentonite swells to a great extent in the presence of consid-
erable water, redistribution of the clay particles may result in much lower
permeabilities than have been measured in the laboratory after dry compaction.

If sodium is exchanged for calcium i the montmorillonite, the
permeability will increase. If the montmorillunite in a clay-sand mixture is
converted to a nonexpanding clay, the permeability may increase dangerously.
However, formation of clay in pores may offset the loss of expandability.

Further work will obviously be needed to determine the expandability
and permeability of the clay at high temperatures.

There are some possible weaknesses in measurements reported in the
literature. For example, preferred orientation in laboratory experiments may
result in erroneously low values of permeability. Second, it may be necessary
to take into account the effect of air on permeability. Considerable air may
be present in the clay in laboratory experiments, possibly resulting in
erroneously low values of permeability, and possibly indicating an apparent
dependence of permeability on the fluid pressure gradient.
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Table VII-1. Permeability of Clay and Clay-Sand Mixtures

Dry Bulk
Load, Density, Permeability,

Material Source MPa g/cm3  cm 2

20% Na-Mont- [PUSCH-1979] --- 1.46 1 x 10-12 to
morillonite, 2 x 10-13
80% Sand

25% Na-Mont., [WHEELWRIGHT] --- 2.10 7 x 10-15
75% Sand

30% Na-Mont., [GRIM, p. 241] 6.4 - 5 x 10-15

70% Sand

30% Ca-Mont., [GRIM, p. 241] 6.4 - 4 x 10-13
70% Sand

30% Kaolinite, [GRIM, p. 241] 6.4 - 2 x 10-12
70% Sand

Ca-Mont. [GRIM, p. 241] 6.4 - 3 x 10-14

Na and Ca [GRIM, p. 241] 0.1 -- 10-12
Bentonite

Na-Mont. [PUSCH-1980] --- 1.03 2 x 10-16

Kaolinite [GRIM, p. 241] 0.1 -- 10-12

Kaolinite [GRIM, p. 241] 6.4 - 5 x 10-13

In considering the chemical properties of backfills, it may be
necessary to take into account anion exclusion and the possible enhancement of
the diffusion of cations by electrostatic effects (mentioned in section VII.A).
When diffusion is considered, it will be necessary to take into account any
increase in diffusion coefficients because of the probable presence of voids
in clay-sand mixtures.

C. Thermal and Hydrothermal Environment

Temperature calculations by [ALTENHOFEN] for a basalt repository, along
with other considerations, suggest that: (1) there will be a high thermal
gradient across the backfill (Altenhofen shows .100 C/30 cm initially); (2)
for a given heat production, the gradient will be nearly independent of the
age of waste at the time of emplacement; (3) the maximum temperature in a
commercial waste repository may rise to 300 C or higher; and (4) the heat
production (but not necessarily the rise in temperature) will decay with a
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20- to 30-y half-life. The peak temperature may be much lower than that cal-
culated because of the heat of vaporization of water, which was neglected by
Altenhofen, and because water will increase the thermal conductivity. Figure
VII-4 shows a typical calculation for temperature in the repository vs. time
and distance. The repository parameters chosen for this calculation do not
represent the final design. The large temperature gradient means two things:
(1) not all of the backfill will be exposed to the maximum temperature, and
(2) there will be substantial mass transport between the inner and outer
portions of the backfill This may cause very large changes in permeability
and other physical properties of the backfill.

Shortly after the emplacement of backfill, the canister will pre-
sumably be hot and dry as the temperature rises above 100 C. Then, as water
pressure builds up, the outer, cooler zone of the backfill will be exposed to
steam. Subsequently, the inner zone will be exposed to steam. Ultimately,
the pressure will rise enough so that liquid water will condense at high
temperature. During the thermal period, the backfill will also receive a very
high dose of gamma radiation. At some point, the chemical environment will
probably become reducing as residual oxygen reacts with iron-containing
minerals in the basalt.

Thus, the backfill will certainly be exposed to a variety of severe
thermal and hydrothermal environments which must be taken into account: first
hot and dry, then hot and steamy, then hot and wet, and finally, at ambient
temperature and wet. The resaturation time in the backfill could be consider-
able, for two reasons. First, swelling of bentonite in contact with steam or
water may seal cracks and slow the intrusion of water. Second, until the
repository cools, steam pressure will slow the intrusion of liquid water
somewhat. (A 900-m head of water will exert only 90 bars hydrostatic
pressure. Water vapor pressure at 300*C is 86 bars.)
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