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ABSTRACT

The computer code MIXBATH has been applied to compare model predictions with six

years of leachate collection data from live lysimeters located at Oak Ridge and five located at

Argonne National Laboratories. The goal of this study was to critique the applicability of these

data for use as a basis for the long-term prediction of release and transport of radionuclides

contained in Portland type I-II cement and Dow vinyl ester-styrene waste forms loaded with

EPICOR-II prefilter ion exchange resins. MIXBATH was useful in providing insight into inform-

ation needs ['or long-term performance assessment. In most cases, the total activity released from

the lysimeters over the test period was indistinguishable from background, indicating a need for

longer-term data collection. In cases where there was both sufficient information available and

activity released, MIXBATH was able to predict relcase_ within an order of magnitude of those

measured. Releases are extremely sensitive to the soil l:'artition coefficient and waste form

diffusion coefficient, and these were identified as the key dat_ needs for long-term performance

assessment.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the Unitext States Governmen_ nor any _gency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, prtxtuct, or
process disclosed, or represents that its use would not infringe privately owned rights. Re_er.

ence herein to any specific commercial product, prt_ess, or service by trade name, trademark,
marv_.facturer, or otherwis<: does not necessarily constitute or imply ;ts endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do i_ot necessari, ly state or reflect those of the

United States Government or any agency thereof.
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INTRODUCTION

A portion of the EPICOR-II prefilters, expended in the cleanup of Three Mile Island

Unit-2 (TMI-2) liquid w;.istc._was subject to examination in the EPICOR-II Research and

Dispt_siti_m Program initially funded by the Department of EnerD, (DOE). In FY 1984, this

project was tr:msfcrrcd lo the U.S. Nuclear Rcgulato|y Commission (NRC) as the l__w l.cvel

Waste Data Base Development TMI-2 EPICOR..II Rcsin/l.iner Investigation. Among the tasks

initiated in thai program was a field testing project to address dil'fercnt aspects of the disposal _i'

prcl'ilters :_nd their contents.

Field testing of waste forms cc_ntaining EPI('OR-II icon exchange resins using lysimeters is a

unique project markir, g the first time such a highly loaded i¢)n exchange resin (up tc_74.7 TBq/m :_)

had becr't inc_rpor_xted into ccmuncrcial ['_nmult_ti<ms_1.'solidified media l'_r use in w_tstc-l'orm

tcsI:,ng. This prc_jcct, to test waste form pcr['t._rma|nce in sc;i] systems, as mcasurcd by quantity oi

released material, began gc.rmrating, data iii 198(').

Modeling, analysis,, and monitoring requirements of waste disposal site conditic_ns arc

implicit in Tit',c 1() o[" the Code _l"Fcdcral Rcgulaticms Part __1(1() CFR _'_1), "l.iccnsing

requirements for Land l)isp_,)sal of Radioactive Waste." This rcgulatic._n has stimulated _ur study

_m the applicat_ility o[' [!IPICOR..II lysimcter dat_l t_ trartsport mod_eling and perl'_rmancc

assessment.

METHODS AND MATERI/',LS

Lysimeters and Waste Form=lC

There are two arrays of five lysimeters u.,ed in the l._)w l_cvel \Vastc l)a_.a Base

Development TMI.2 EPICOR-II Rcsin/I.incr Invcstigatitm. Five lysimeters _r_.:lock,ted at

Argonne National Laboratory (ANL-E), and five are located al Oak Ridge National I..abora_.orv

(ORNL). The lysimeters are right cylinders (0.91 m ID by 3.12 m in height). This size ali_,s l_r

unrestricted l]_w _["soil water, sufl'icicnt depth to prevent freezing oi' the waste ]_rms, and

sui'ficient waste form shichting to prevent unncccssa_y radiation e×posurc l_ experimenters

working above the waste. 'l'hc lysimeters arc each cquippcd with five p_r_us cup s_il v,'_tcr
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.... samplers, soil moisture/temperature probes complete with an automated data acquisition system,

and a leachate collection system.

Four lysimeters at each site are filled with soil; the remaining one is a control iysimeter

filled with an inert material, Unimin silica oxide sand. Two different soils are used. ANL-E

lysimeters use a local indigenous soil that fits the NRC criterion for a representative Midwcstern

type. lt is a Morley silt loam with the surface layer removed. The resulting subsurface soil is a

clay loam. ORNL lysimeters use a soil that is intcnded to approximate the soil found at Barnwell,

South Carolina. lt is soil from the C horizon of a Fuquay sandy loam obtained frorn the

Savannah River Plant (SRP) adjacent to the Barnwell facility in South Carc_lina. This soil is

texturally similar to the soil tound at Barnwell.

The waste forms used in the field test arc composed of EPICOR-II resin wasccs. Two rcsin

types were used in the solidification project. The first type was a mixture of synthetic organic ic)n

exchange resins (phenolic cation, strong acid cation, and strong base anion resins), while the

second type was a mixture of synthetic organic i_)nexchange resins (strong acid cation and strong

base anion resins) with an inorganic zeolite. Portland type I-II cement and vinyl ester-styrene

(VES) (a proprietary solidification agent developed and supplied by the Dow Chemical Company)

were used to solidify both types of resin wastes. Waste stream characterization identified Cs..134,

Cs-137, Sr-90, and Co-60 as the radionuclides prescnt. Individual cylindrical waste forms wcrc

produced with an average diameter of 0.048 m and a height of 0.076 m Seven waste forms wcrc

stacked, one on top of the other, in each lysimeter. Fig. 1 is a diagram of a ly,,;imeter with the

waste f_rms installed. Table I specifies the type of waste forms that were placed in each

lysimeter, Leachate is removed from moisture cups 1 through 5 and the leachate container (sec

Fig. 1). The leachate is analyzed for gamma.-emitting radionuclides and Sr..90, A complete

description of the lysimeters and waste forms is given in NUREG/CR-4498 (1).

Use of the MIXBATH Code

The computer code MIXBATH (see NUREG/CR-5681) (2)is in the public domain and

may be obtained from Dr. T. M. Sullivan of Brookhaven National Laboratory, Upton, NY 11973.

MIXBATH is used to model the release of radionuclidcs from a waste form in _ failed container

surrounded by a porous medium containing a solutc. The solute is treated as a well.-stirrcd fluid,

i.e, a mixing bath. The solute concentration is calculated using a mass balance that depends on
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the flow rate, the amount of partitioning between tlm porous medium and solute, the size of the

mixing hath, the radioactive decay rate, and the rate of release from tile waste li)rm. Thc waste

tk)rm is modelcd using a one-dimensional finite difference model. R_.:Icases from the waste form

are directly coupled to the solute concentration. MIXBATH has the capability to simultaneously

consider three waste form release mechanisnis: diffusion, dissolution, and surface rinse limited by

partitioning. A complete rnat hematical description of the model used in MIXBATH is given in

NUREG/CR-5681.

Available Data, Estimates, and Assumptions

In this study, we modelcd the release o(" C.'s-137 and Sr-90 from the waste ti_rms. We

considered dilTusion from a cylinder to hc the most apl)ropriate releasc process for both the

Portland type I-II and VES wastc forms. "I'his is consistent with Cs-137 results from American

Nuclear Society (ANS) 16.1 (3) leach tests I)erft_rmcd t_n the waste l_)rms created in this prc)jct:t

(41). The waste form diffusion coctTicicnts li)r Cs-J37 wclc L'_mlputcd lrc_m th_sc results while

those for Sr-9(} were estimated based on measurements t_i"similar waste, lt_rms of equal size {.5).

'-['ht: mass balance for the solute conccn_rtition requires lhc volumetric flow rate per unit

area, i.e., the Darcy velocity. This was estimated from the lcachatc analysis data obtained in

1989 (6). Soil/water partition coefficient (Kd) valucs wcrc also needed but were not available f()r

thcsc soils. These were estimated from _l l)tcvi_us w_rk published by l..t_ncy (7), which was

ret)roduccd in NUR[-G/CR-.5387 (8). 'l'ahlcs I1, III, and IV lis_,the v_llucs used ill this study t,._r

the most important parmneters. These include the soil/water partitic._n c_etficicnts, the &.:cay

constants, the diffusion coefficients (D) For each waste form and is_toi_c, and the Darcy vch_citics.

lt should be noted that the values for the rill'fusion c_cfficicnts shown in Table III for VES have a

range of variability between four and six orders _f magnitude.

Those values arc lab_ratory determined and give an indication _1 h_w these data can vary.

"l'hc Portland cement dilTusic.n cocfl'icicnts shca\vn arc within c_nc (_rdcr _1_magnitude. This

highlights the necessity of using lysimctcr-spccil'ic parametric values.

/\ number of preliminary calculations weic con_ph.'tcd using thc MIXBATtl m(_dcl with the

data and paramctcrs dcscrihcd above. The ¢_Utl)Ut¢H'this model is the concentration of Cs-17,7



Table H. Partition coefficients (crn3/g) of three soils used in lysimeters.

Model Parameters

Lower Upper
Radionuclide Value Used Boundar_ Boundary_

Morley Silt Ia_am

Cs- 137 103 101 105
Sr..90 1(-)0.9 10° 103

C Horizon of Fuquay Sandy_ lJ:mm

Cs-137 103 101 105
Sr-90 100.9 100 103

Unimin Silica Oxide Sand

__.(Inert Material) :_.

Cs- 137 0a 101 105
Sr-90 Oa 10° 103

a. The value assumed tbr essentially inert material.

Decay Constants _)

Cs-137 7.28 x 101°
Sr-90 7.57 x lOl°

Table III. Diffusion coefficients of waste forms used in lysimeters (cmZ/s).

Radionuclide

Waste Form Cs- 137a Sr-90 a Sr-90 b

Vinyl ester-styrene 3.30 X 10 14 2.0 X l0 l° 1.35 x 10.8
Portland type I-II cement 5.1)x 11111 9.6 x 10_° 4.0 x 101°

a. See Reference (4).

b. See Reference (5).
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Dafcy Velocity

Lysimclcr
Number ANL ORNL

I 9.42x I(}..7 3.07x I()°
2 1.1() x 10_' 7_.1{1x I(1"
3 1.65 x l()° 3.12 x 1()_'
4 1.34 x I{)" 3.1(_ .',;1{}"
5 2.59 x I()" 3.(_(tx II}_'

and Sr-90 along with the cumulative release of these radionuclides. These predicted values x_c_c

compared lo the experimentally measured values.

RESULTS AND DISCUSSION

Results of this prelirninary lysimetcr pcrforrrlarlce assessment fell intc) t,a() catcgt)ric!;, tht_,,,c

in which the prediction and measured w|lucs wcrc in l_ot_r agreement, and those in which the

parametric information available was broad enough for accurate nlodcling prcdicti_ns.

Unavoidably, the dilTercnce was caused by a lack _.)1"waste-form-specific dilfusit_n c:t_clficiclat cl,_tai.

Prediction accuracy was a function ot" the estimated soil/water partition c_cflicicnt. ,'.\1.,,_).ii_

almost ali instances, the activity in the lcachatc rccow.'rcd from the lysimeters was essentially _tt

background levels, and because of the uncertainty associated with such a small activity, actu'al

model validation was not possible.

Fig. 2 shows plots of predicted and measured Sr-90 cumulative activity versus time lt_r ;_

lysimcter located at ORNL. Two predictions arc shown. One prcdicti_m uses a diffusitm

cocfl'icient of 4.0 x 10l° cruZ/s, the other a value of 5.0 x 11)lI cmZ/s. If one assumes ',l ,aa.stc-

form-specific Sr diffusion cocfl'icicnt equal to that t_l"Cs (5.0 x I()ll cruZ/s), then the NIlXBAIIt

prediction and measured values agree fairly well as sccn in Fig. 2. The use c_l:;uch :_ ,.",_lucl_v Sr

91) has not bccn veril'icd experimentally, but it is ct_nsistcnt with releases n_,.:asufcd during

lysimcter e×pcriments using these waste forms (6) and rcsuits in reasonable prcdicti_n. The ,,vastc
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Fig. 2. Comparison of Sr..90 cumulative activities for measured data from ORNL lysimeter No. 5
with MIXBATH predicted results.

form diffusion coefficient of 4.0 x 104o cmZ/shas been measured in laboratory leach tests for

Portland cement waste forms that do not contain ion exchange resi_ beads. The actual value of

the EPICOR-II waste-form-specific diffusion coefficient (see Table III) is the value of

4.0 x 1040 cmZ/sused here. The curve generated by using MIXBATH and applying a waste form

diffusion coefficient of 4.0 x 1040 cmZ/sis also shown in Fig. 2. Use of this value produces

predictions that are five orders of magnitude greater than measured values. This demonstrates

the necessity of obtaining waste-form-specific diffusion coefficients.

The cumulative activity obtained from the lysimeters is too small at this time for code

validation. However, there are similarities between the predicted and measured curves. The plots

of Portland cement shown in Fig. 2 are thought to be typical of Sr-90 release in both VES and

Portland type I-II cement waste forms. Sr-90 diffusion coefficients used for prediction of cement

waste form behavior could be different than actual values from lysimeters. Experience in the

lysimeter experiment of Reference (6) indicates that for Cs and Sr, diffusion coefficients are

probably of the same order of magnitude for Portland cement and VES.



Am)thor possible rcalstm l'_r deviation between measured and predicted \'nlucs is the

estimate of tile partition c_cllicictat (Kd). F'ig, 3 clcm_nstratcs the p_)ssiblc range c)l l_rcdictcd

wllucs that could be oblaincd using MIXBATII when ¢_nly the l)t_tcnti',ll vaFiability _t the p',lItitic_II

coc['ficicnt is considered This I'igur¢ shrews lhc rttngc _._fpredicted values if Kd is set t_) [n_lh 1.1_

and 1()O0 cm3/g when plotted against time for a hypothetical lysimctcr in which the Sr-0{) lcachittc

activity is of interest. This emphasizes the scnsitivity o!' code prcdictic_ns (such as th_)sc c_t

MIXBATH) to rnodcling parameters.

An example in which the MIXBA'I'It prediction is rcasont, bly accurattc is sh_,.vn in t:ig. ,4,

which indicates how the measured w_luc, of the diffusion cocl'l'icicnt nnd clc_sc i_pi,rt_xim_ti_n.,, _l

the partition coefficient ('l'_fl_lc II) can significantly increase the accuracy _t' the l)rcdicti<_n.

Although this prediction is within _i_c order t)l" rnagnitudc, it cngull's ali _1 the ul)ccrt_tintv

associated with estimation _l' lhc partition cocl'ficicr_t and subsequent I-ctardatit)n c_)cllicicnt.

Two items that should be determined experimentally nrc the sc)il/xvntcr tmrtiti<_n c_)cl'ticicnt

and the waste-l'c_rm-specific dit'fusi_m c_.)c{'l'icicnt. Al early times, when the fractional rclcnsc i.',

low, releases from MIXBATII al_ploxiln_itcly lt_lh_w thc: inverse of the st_il watcF Ict,tid_lt/¢_i'_

coclt'icicr_t. Similarly, releases ['rOlll lhc waste forlll arc al)l)lt_ximatcly i)i¢_t_¢)rti_nail t¢_ tl_c .,,,.tu;_rc

root of lhc wasie-form-sl_ccific difl'usior_ cocfl'icicnt at early times.

The small quantity of activily present in lcachatc samples, relative t<_the tot_l ,_v',L,,tct¢>rtn

loading, indicates that the main body of activity has not reached the hott_)m _)1 these lvsimctcr.,,

and could require years u; do so. This is based on the comparison of the small loach'atc activitic.',

nle_lsured in the soil-filled lysimctccs with the relatively high lcachatc pctivitics ruc_t.,,t ' ill

control lysimeters filled with sand, an essentially inert malcrial.

IVlIXBATH worked wcll l'_r the purpose ot this prclimina_ U l)crt'_rma_ncc ,_s.,,c.,,.,,n_cnt. 1_

demonstrated the areas of data that will need to be expanded prior to a c_mplclc pcrl'_rlnancc

assessment and the embryo)nit nature t)l" the data presently available. Wc lccl MIXIL,\'I'tl h:_.,,

been a uscl.'ul code for applicatic_n in this situatit_n. MIXBA"I"tl is lirnitcd t_ ,tclvccti_n-d_))nil'_:_tcd

situatitms for which there is no interest in transient l]ow c_ncliti¢_ns, lt ,,v;_.,,,tl;!_F_,l_Fi;_tc _t th_.',

level of analysis in which the eft'cots t_{'dispcrsion arc thought tt_ hc insignificant _cl t}'.c xa,lcac,,

for average fh)w rate wcrc readily available. I)ispcrsivity values and st_il hvdl",_ulic l_i_l_C_tic>, ,,_cl_

not mc;.tsu|cd experimental l_aranlctcrs within the lysimc_.cr data set. "l"hcsc x,_lucs will I_c
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necessary in the future ii"detailed modeling studies are pcrfc_rnlcd. Absence of these data I'urthcr

justifies use of a "simplified" model like MIXBATH.

In ali cases studied, the activity of tile release measured in lysimcter leachatc samplea h_.',

been a small fraction (less than ().()1%) of the total inventory, and it is not yet l_ossible I_

determine i1"long-term trends have been established. Several more years _.)fd;.tt;.lcollecti_)n arc

necessaiy for definitive performance assessment of the waste forms being studied.

CONCLUSIONS

1. To limit model/prediction uncertainties, sex,oral l)aramcters need t,.)bc measured in the

laboratol2¢. The most important include the soil/water partition c_)cll'icicnts and v,'astc.lt_Irl!-

specific diffusion coclficients. For more detailed modeling, sL_iltlc_wparameters (c.g.,

hydraulic conductivity as a I'unction of moisture content, and the It_ngitudinal and transverse

dispersivities) nced to be known.

2. In lysimeters with experimentally determined diffusion coefficicrlts, in ,,_hich there were

high enough lcachatc concentrations of Cs-137 l'c_rcomlntrison bctxvccn predict,cd ,_nd

experimental results, MIXBA'['H was able to predict the observcd Icachatc concci_trati_lls

of Cs-137 within one order of magnitude. MIXBATH worked well as _t first at)prc)xim',_ti_n

during pcrti)rmance assessment oi' tlm EPICOR-II waste li_rrrls. MIXBATt-I was als_

successful in estimating rc leases of Sr-9() fronl EPICOR-II waste forms using cstilnatcd

diffusion cocl't'icicnt values li_r Sr-90.

3. Uncertainties in present MIXBATII prcdictic_ns arc mainly a I'uncti_n _1 the unccrt',,int_ in

estimates of soil/water partition ct_cl'ficicnts,

4. Not enough long-term HPlC?OR-II lysimcter data exists on which t_ base the validity t_l

transport models. Several more years of data collection will be necessary to accomplish this

task.
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