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ABSTRACT 

The' Field Lysiketer Investigations: Low-Level Waste Data Base Develop- 
ment Program is obtaining information on the performance of radioactive 
waste forms. Ion-exchange resins from a commercial nuclear power station 
were solidified into waste forms using portland cement and vinyl ester- 
styrene. These waste forms are being tested to: (a) obtain information on 
performance of waste forms in typical disposal environments, (b) compare 
field results with bench leach studies, (c) develop a low-level waste data 
base for use in performance assessment source term calculations, and 
(d) apply the DUST computer code to compare predicted cumulative 
release to actual field data. The program, funded by the Nuclear Regula- 
tory Commission (NRC), includes observed radionuclide releases from 
waste forms in field lysimeters. The purpose of this paper is to present the 
experimental results of two lysimeter arrays over 10 years of operation, and 
to compare those results to bench test results and to DUST code predicted 
releases. Further analysis of soil cores taken to define the observed 
upward migration of radionuclides in one lysimeter is also presented.. 

INTRODUCTION 

The objective of the Field Lysimeter Investigations: JAW-Level Waste Data Base 
Development Program is to expose waste forms to the physical, chemical, and microbio- 
logical environment of typical disposal sites; to monitor release and movement of radio- 
nuclides from those waste forms; and to.'compare the results with short-term laboratory 
leach test results. This program, funded by the NRC, has been operating lysimeters for 
10 years to obtain information on the performance of radioactive waste forms in a 

a. 
b.- .Oak g d g e  National Laboratory, Oak Ridge, TN 37831. * 

' Argonne,National Laboratory, Argonne, IL 60439. 
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disposal environment and to investigate waste form stability per requirements of Title 10, 
Code of Federal Regulations Part 61, "Licensing Requirements for Land Disposal of 
Radioactive Wastes." The experiment measures the releases of radionuclides from the 
waste forms and subsequent transport through soil columns to sampling locations within 
the lysimeters. This study was developed to field test waste forms composed of solidified 
ion-exchange resins from EPICOR-IIa prefilters used in cleanup of Unit 2 of the Three 
Mile Island Nuclear Power Station.' Resins used in the study are significant because 
they have high loadings of radionuclides and are the type used by the nuclear industry. 

The U.S. Nuclear Regulatory Commission (NRC) has enacted regulations that link 
low-level radioactive waste acceptance criteria to the long-term satisfactory performance 
of the disposal ' facility. Under 10 CFR 61, commercially generated low-level radioactive 
waste is classified as Class A, B, or C. Class B and Class C wastes must be stabilized 
into waste forms or placed in containers designed to remain stable for a minimum of 
300 years. To verify the 300-year stability, the NRC recommends the use of short-term 
standardized tests with the intention thacsuch tests would provide information relevant to 
near-surface disposal performance objectives. Those tests, which were initially published 
in the NRC Branch "Technical Position on Waste Form,''2 have been revised in 
Revision 1 of the Technical Position? 

A central requirement for disposing low-level radioactive waste is the need for a 
detailed understanding of the waste form behavior because the radionuclide source from 
those wastes is the driving force behind the disposal site performance. A major 
requirement in any site licensing is the performance assessment, which is used to evaluate 
the proposed disposal site. Assumptions regarding the radionuclide release from buried 
waste forms have a direct bearing on the outcome of the performance assessment. This 
has resulted in a very real need to obtain accurate data on the long-term field 
performance of these wastes. 

The purpose of this paper is to present the experimental results of the two 
instrumented lysimeter arrays over 10 years of operation. The paper gives an update, 

~~ 
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:h includes furtHer discussion of the upward migration of 137C~ and 134Cs in one mit 
le Oak Ridge' National Laboratory array. Also, cumulative fractional release (CFR) 
2dionuclides from the waste forms is compared to bench leach test cumulative 
tional releases from similar waste forms and to predictions of the Disposal Unit 
rce Term (DUST) code. 

EXPERIMENT DESCRIPTION 

Wastes used in the- experiment include a &re of highly loaded, nuclear-grade, 
hetic, organic ion-exchange resins from EPICOR-11 prefilter PF-7 and a mixture of 
mic-exchange resins and an inorganic zeolite from prefilter PF-24. Solidification 
nts employed to produce the 4.8 x 7.6-cm cylindrical waste forms used in the study 
e portland type I-11 cement and vinyl ester-styrene (VES). Seven of the waste forms 
e stacked end-to-end and inserted into each lysimeter to provide a 1-L volume. The 
7 waste contained 89% of the radionuclide activity as 137Cs, while PF-24 contained 
b 137Cs. The PF-7.waste also contained 5% "Sr, and PF-24 contained 1% "Sr. 
:re were also measurable amounts of 134Cs, 6oCo, and '%b found in those wastes. 
a i l s  on waste-form descriptions, formulations, and technical position testing are given 
teferences 1 and 4. A listing of lysimeter waste form and fill material types are given 
teference 5. 

Ten lysimeters were used in this study: five at Oak Ridge National Laboratory 
.W) in Tennessee and five at Argonne National Laboratory-East (&-E) in Illinois 
2 Reference 5). Each lysimeter is a 0.91 x 3.12-111 right-circular cylinder divided into 
upper compartment that contains fill material, waste forms, and porous cups, and a 
.er compartment for collecting leachate (Figure 1). Four lysimeters at each site are 
:d with soil; a fifth, used as a control, is filled with inert silica oxide sand. The 
meters at &-E contain soil indigenous to the site, while the ORNL lysimeters 
itain soil taken from Savannah River Laboratory in South Carolina. The soil columns 
2.21 m deep. 

Porous cup soil-water samplers and the leachate collection compartment comprise 
water sampling components of each lysimeter (Figure 1). Incoming precipitation 

ves downward through the soil column to the waste form, then on to cups 3 and 1, 
1 finally to the leachate collector at the bottom. Moisture entering the soil at the edge 
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of the lysimeter encounters cups 
5, 4, or 2 as it moves downward. 
Samples of moisture are 
withdrawn from the cups and the 
collector. See Reference 5 for 
details. 

Monitoring of the 
lysimeters at ANL-E and ORNL 
began with the collection of 
liquid samples in September 
1985. (3 months from the time of 
placement) and has continued 
with sample collection on 
approximately a quarterly basis 
thereafter. Samples of liquids 
were taken from locations near 
the waste forms and from the 
leachate collectors to track the 

Figure 1. Lysimeter vessel component locations. 
The soil column base is the zero elevation reference. 

migration of radionuclides. The water samples were analyzed for %r and g a m a -  
producing nuclides. Testing results are presented in Reference 6 as well as in this paper. 

RESULTS AND DISCUSSION 

Weather Data 

Precipitation was recorded continuously by the ANLE and ORNL DAS during 
the experiment. The cumulative volume of leachate from the lysimeters since the 
initiation of field work can be found in Reference 6. 

Radionuclide Data 

Figure 2 shows an example of data on the cumulative amounts of nuclides 
released to water samples obtained from ORNL leachate collectors. Other data show 
that not all nuclides consistently appeared in the water obtained from moisture cups or 
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leachate collectors. The nuclide 
that appeared in highest concen- 
trations at both sites was !%r. 
Table 1 contains a comparison 
of the percent of inventory 
release of 90Sr and 137Cs found 
in the moisture cups and leach- 
ate water. Consistently signifi- 
cant occurrences of %r have 
been observed in all the number 
3 cups (22.4 cm below the waste 
form in the soil column) at both 
ANLE and ORNL. 
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Figure 2. ORNL cumulative "Sr collected in 
lysimeter leachate- collectors. 

At both ORNL and ANL-E, recovery of %r in cups 3 and the leachate collectors 
indicates that a more predictable waste form performance is emerging (Table 1). Recov- 
ery of 90Sr in the ORNL cups is comparable for those soil lysimeters containing the 
cement waste forms and one of the two containing VES waste forms. However, the 
other cup at ORNL and both cups at ANL-E, which contain the VES waste forms, are 
recovering more 90Sr compared to the cement waste forms. These data indicate that 
releases from the cement waste forms are generally less than from VES waste forms. 

Table 1. Percent of total "Sr and 137Cs inventory per lysimeter released to moisture 
cups and leachate water through,July 1995. 

Percent of total inventory of Percent of total inventory of 
!%r releas e d 137Cs released 

Moisture Leachate Moisture Leachate 
solidi- cups collectors cups collectors 

Lysimeter fication 
number agent ANL-E ORNL ANL-E ORNL ANL-E ORNL ANL-E ORNL 

1 Cement 1.4E-4 9.E-4 
2 Cement 4.4E-4 7.8E-4 
3 VES 6.9E-3 1.3E-3 
4 VES 1.5E-3 3.3E-4 
5 Cement 2.E-4 8.8E-4 

3.E-5 1.4E-2 
7.OE-5 4.6E-3 
1.6E-3 2.9E-4 
2.2E-4 4.8E-4 
2.3E-2 1.8E-1 

- a - 
1.1E-6 - - - 
- - 

2.7E-4 1.3E-6 

1.E-6 
1.4E-7 
1.4E-6 
3.8E-7 
4.3E-4 

a. Percent released is essentially equal to zero. 
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Movement of 90Sr into the leachate collectors of the soil lysimeters is not , .  
following any pattern; however, movement into control lysimeter collectors is much 
greater than that of the other lysimeters, thus providing evidence of the moderating 
effect of soil (versus the inert sand) in those lysimeters. During the past several years, 
leachate collector water from the control lysimeters at each site has contained amounts 
of %r at least an order of magnitude larger than releases from the soil lysimeters6 
(Figure 2 and Table 1). The difference in release represents how the environment at the 
two sites affects the movement of %Sr released from the waste forms. The higher 
release of %Sr from the ORNL control lysimeter waste form reflects the nearly 50% 
higher rainfall experienced at that site over that seen at ANLE. 

Gamma-producing nuclides continue to occur with regularity at both sites 
(Table 1). However, only waste forms at ORNL are releasing detectable amounts of 
137Cs to the leachate waters (Table 1). It is not possible to make a comparison of 137Cs 
releases from cement and VES waste forms due to the small releases. 

Table 2 is a comparison of CFRs from field testing EPICOR-I1 waste forms in 
lysimeters to releases from bench-leach-testing similar waste forms as reported in Refer- 
ences 4 and 6. Lysimeter releases are at least two orders of magnitude less for ”Sr in 
soil and at least five orders of magnitude less for 137Cs in soil. Release of %r in the 
sand-filled lysimeter is only one or two orders of magnitude less than bench test results. 

Upward Mimation of Radionuclides at ORNL 

Both I3’Cs and %r were discovered at the surface of lysimeter ORNL-5 during a 
routine g a m a  survey of the lysimeter’s surface in December 1990. More actiyity was 
found near the center than at the edges. Surface samples were obtained from the center 
of the lysimeter for analysis. The analytical results showed significant activities of cesium 
and strontium, suggesting some me of an active deposition mechanism. There remained 
a question, however, concerning the source of the radionuclides. In August of 1992, 
samples were again taken and analyzed for u 137Cs and 134Cs. The results were similar to 
the previous sampling. A comparison was made between the ratio of 137Cs and 134Cs 
measured in the two surface samples (264 and 242) and the ratio calculated to be in the 
buried waste form (252). The contamination of cesium came from the waste form. 
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Table 2. Cumulative fractional releases from lysimeter field testing compared to those 
from bench leach.testing!96 

Cumulative fractional release 

Test type number agent Radionuclide water Soil Sand 
Prefilter Solidification Demineralized 

Bench 
Bench 
Bench 
Bench 
Bench . 
Bench 
Bench 
Bench 
Field, AHL-E 
Field, AHL-E 
Field, AHL-E 
Field, ANL-E 
Field, ORNL 
Field, ORNL 
Field, ORNL 
Field, ORNL 
Field, ORNL 
Field, ORNL 
Field, ORNL 
Field. ORNL 

7 
7 
7 
7 
7 
7 
24 
24 
7 
7 
24 
24 
7 
7 
24 
24 
7 
7 
24 
24 

ma 
Cementa 
ma 
Cementa 
VES 
Cement 
VES 
Cement 
VES 
Cement 
VES 
Cement 
VES 
Cement 
VES 
Cement 
VES 
Cement 
VES 
Cement 

"sr 
%r 
137cs 
137cs 
137cs 

137cs 

9%- 
'OS, 
%r 
'OS, 
'OS, 
'OS, 
90sr 
%r 
137cs 
137cs 
137cs 
137cs 

1 3 7 ~  . 

1 3 7 ~  

4.5E-2 
7.8E-2 
4.OE-2 
9.OE-2 
2.1E-3 
4.8E-2 
3.OE-4 
2.3E-2 - 
- - 

- - - - - - 
- - - - 

- 
- - - - - - . .  

1.6E-5 
3.E-7 
2.2E-6 
7.OE-7 
2.9E-6 
1.4E-4 
4.8E-6 
4.6E-5 
1.4E-8 
1.E-8 
3.8E-9 
1.4E-9 

a. Waste forms were irradiated before test. 

On January 31, 1994, two cores of sand 80 cm long were collected from 
lysimeter 5, one from the side of the lysimeter near the wall, and the other from the 
center of the lysimeter directly above the buried waste form (located approximately 
100 cm below the sand surface). These sand cores were sectioned into 5-cm segments. 
Radiocesium and strontium activity were measured for each segment (Table 3). The 
analyses show that 137Cs was present throughout theilength of the cores (Table 3). 
There are three peaks in the cesium content. 

During the sectioning of the center core, it was noticed that there was a fine plant 
root present throughout the depth of the core. The root material was extracted from 
each segment and counted (Table 3). 137Cs activity was associated with the root, and the 
peaks in the root data occurred at the same depths as the peaks in the sand activity. 
There were higher concentrations of 137Cs associated with the root than with the sand. 
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Table 3. Cesium and strontium analyses for sand segments from the center (core C) and 
side (core s) and root fragments from the center of ORNL lysirjileter 5. 

Sand Plant root 

Core Core Core Core Core Core Core 
C S C S C S C 
a - 
1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

1 
2 

- 
3 - 
4 - - 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

76.5-71.5 - 
71.5-66.5 100.68 
71.5-66.5 17.08 
71.5-66.5 17.16 
66.5-61.5 118.92 
66.5-61.5 17.48 
66.5-61.5 20.37 
61.5-56.5 121.53 
61.5-56.5 19 
61.5-56.5 14.85 
56.5-51.5 115.25 
51.5-46.5 117.07 
46.5-41.5 125.28 
41.5-36.5 129.06 
36.5-31.5 121.14 
31.5-26.5 116.32 
26.5-21.5 122.86 
21.5-16.5 117.94 
16.5-11.5 125.78 
11.5-6.5 94.99 

6.5-0 150.30 

126.11 - 
139.80 598.1 - 704.5 - 660.8 
120.32 1,303.4 - 2,241 - 1,550 
131.40 . 356.7 - 400.7 - 376 
109.76 490.2 
115.29 403.3 
141.24 1,594 
113.21 37,283.1 
124.99 551.2 
117.30 866.6 
135.38 5,484.2 
108.01 2032.4 
104.74 1,513 
117.22 711.7 
142.25 715.2 

a. No measurement was taken at this location. 

0.26 - 
0.20 1.5 - - 
.- - 
0.22 3.5 - - - 
0.19 2.0 

- - 
0.24 2.1 
0.17 2.7 
0.19 7.6 
0.40 14.1 
1.14 1.5 

38.9 3.5 
6.1 7.6 
2.6 16.0 
3.5 0.5 
9.0 0.2 

53.6 0.6 

- 
0.0134 - - 
0.0172 - - 
0.0301 - - 
0.0234 
0.0216 
0.0224 
0.0220 
0.0302 
0.0196 
0.0463 
0.0256 
0.1049 
0.0615 
0.3105 

- 
18,900 

20,660 

- - 
- - 

20,480 - - 
22,540 
27,520 
27,360 
81,970 
13,620 
10,150 
21,580 
5,990 
3,850 
5,940 
8,570 

Data from analysis of segments 1 and 2 suggest that the activity in the sand is not evenly 
distriiuted. This could be a result of the root being involved in the transport process. 
There was some 13'Cs found in all segments of the core collected from the side of the 
lysimeters; however, it was present in activities three to four orders of magnitude less 
than those from the center core. A large peak occurred at 26.5 to 31.5 cm, roughly the 
same depth as in the center core upper peak. 

The %r analysis results show that there is sigmficant strontium throughout the 
entire depth of the center core (Table 3). Peaks occur in the distriiution at the same 
depths as for cesium in both the sand and roots. This suggests that the transport of 
strontium and cesium upward may be caused by the same mechanism. The predicted 
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ratio of 137Cs to 90Sr is 440, while the measured average ratio was 460., This similarity in 
the ratios is further evidence that both are performing,similarly. Strontium and cesium 
behave very differently chemically, suggesting that the process of migration is more phys- 
ical than chemical, such as evaporation enhanced by transpiration through the root. 'The 
fact that the sand has a very low cation-exchange capacity is probably the reason that the 
physical aspect of migration is so evident. ORN& scientists performed gamma-radiation 
surveys of gravimetric soil cores collected annually, and 'determined that soil-filled lysi- 
meters are not experiencing upward migration of radionuclides. Further study is planned. 

. .  . . .  

SOURCE TERM MODELING OF LYSIMETER RELEASES 

The Disposal Unit Source Term (DUST)7 code was used to model the release of 
the radionuclides 137Cs and ?3r from the lysimeter waste forms. DUST is a 
one-dimensional code that accounts for waste form radionuclide leachhg release. 

This paper examines the release of %r from cement waste forms in the inert, 
sand-filled lysimeter 5 at ORM, which was chosen because releases from the soil 
lysimeters were substantially lower; therefore, the data were not yet sufficient to model. 
ORNL-5 contained resin waste from PF-24 in cement. The diffusion coefficient value 
measured in laboratory testing of these waste forms was 9.6E:lO crn2/s for !%r in 
portland cement? The Darcy velocity6 was 3.6E-6 cm/s. The soil bulk density value' 
was 1.60 g/cm3. Moisture content was calculated using the effective soil porosity and the 
fraction of saturation values found in Reference 6. The dispersivity and distriiution 
coefficient &) have not been measured for ?3r in this sand; therefore, they were 
estimated based on data in References 8 and 9 and by fitting the model predictions to 
the data. The cumulative activity in the leachate after 9 years of operation was used to 
compare to DUST predictions, and represented a CFR of about 0.0012 of the ?3r in 
lysimeter .5 at ORNL (Table 8 of Reference 6). 

As shown in Figure 3, the actual data for 90Sr from ORNL lysimeter 5 are 
compared with the DUST code predictions of releases with zero dispersive flux BC in 
case 1 using = 24 and dispersivity = 8.5 cm. Also shown are predicted releases of 
case 2 using = 10 and dispersivity = 0.6 cm. The predicted release shows a good fit 
to the actual data after initial stabilization of the test data. The lack of measured sand 
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dispersivity and & necessitates 
obtaining cumulative release 
data over a longer term. How- 
ever, a & analysis of these 
lysimeter soils and sands is now 
being performed to provide 
that important information. 

CONCLUSIONS 

The radionuclide that 
has appeared in the highest 
concentrations at both sites is 
?3 r ,  although 137Cs is 
observed regularly in the 
leachate of all ORNL 

Figure 3. Cumulative release of %r in ORNL lysi- 
meter 5 over 9 years, compared with DUST 
predictions using two sets of estimated Q and 
dispersivity values over 20 years. 

lysimeters. A comparison of total ? 5 r  found in leachate of the control lysimeters shows 
that environmental effects have resulted in a much higher release at O W .  The data 
indicate that portland cement and VES waste forms have comparable releases of !%r. 

137Cs, 134Cs, and %r are present throughout the upper 80 cm of the inert sand in 
ORNL lysimeter 5 directly above the waste form. The ratio of 137Cs/134Cs indicates that 
the radionuclides are from the buried waste form and not from an outside source and 
were transported vertically upward by some physical mechanism such as evaporation 
enhanced by transpiration by a plant root. 

DUST-predicted cumulative release of "Sr from ORNL lysimeter 5, which was 
plotted over the first 9 years of data collection, show a reasonable fit to the field data. 
The accuracy of the DUST modeling study was limited, however, by the lack of measured 
sand dispersivity and distniution coefficient. Those I& values for lysimeter soils and 
sand are now being measured. 

Testing has been terminated on this experiment. Planning is under way to exhume 
the waste forms for examination and to perform radiochemical analysis of soils to obtain 
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nuclide distn'bution.,informtion. The utility of this reliable source of data will be 
demonstrated through that analysis and application of those data to source term models 
such as DUST. NRC planning recommends that this experiment be augmented by an 
experiment examining solidified decontamination wastes and activated metals kom 
commercial nuclear power stations. 
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