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ABSTRACT 

Multiple source term and groundwater modeling runs 
were executed to estimate d a c e  water %r concentrations 
resulting from leaching of sludges in five 180,000 gallon 
Gunitem tanks at Oak Ridge National Laborakny. Four 
release scenarios were analyzed: 1) leaching of unstabilized 
sludge with immediate tank failure; 2) leaching of 
unstabilized sludge with delayed tank failure due to chemical 
degradatioq 3) leacihmg of stabilized sludge with immediate 
tank failure; and 4) leaching of residual contamination out of 
the shells of empty tanks. Source terms and concentrations 
of 9osr in the stream directly downgradient of the tanks were 
calculated under these release scenarios. The following 
conclusions were drawn hrn the results of the modeling: 1) 
small changes in soil path length resulted in relatively large 
changes in the mcdeled Y3r concentrations in the stream; 2) 
there was a linear relationship between the ammt of sludge 
rematniry: in a tank and the peak concentration of Y3r in the 
stream; 3) there was a linear relationship between the 
cumulative Y3r release from a tank and the peak 
concentration of T3r in the stream; 4) sludge stabilization 
resuited in sigdicantly reduced peak concentrations of Y3r 
in the stream; and 5 )  although radioactive decay of !'"Sr 
during the period of tank degradation resulted in 
incrementally lower peak "Sr concentrations in surface 
water than under the immediate tank failure scenario, these 
concentrarions were equivalent under the two scenarios &er 
about 90 years. 

I. INTRODUCTION 

At Oak Ridge National Laboratory ( O m )  shallow 
groundwater in the water table aqder generally moves 
along the soiybedrock interface and discharges to bordenng 
surface water bodies. To estimate surfatx water 90Sr 
concenfrations resulting h m  leaching of sludges m live 
180,000 gallon Gunitem tanks, multiple source term and 
groundwater modeling nms were performed. The reason 
for modeling the release of Yir h m  the tanks was that it 
is the major potential contributor to human health nsk from 
the tank sludges due to its relatively high inventory in the 
sludges and its relatively high mobility. Four release 
scenarios wene anatyzed: 1) leaching of unstabilized sludge 
with immdate tank failure, 2) leaching of unstabilized 
sludge with delayed tank failure due to chemical 
degradation; 3) leaching of stabilized sludge with 
immediate tank failure; and 4) leaching of residual 
contamination out of the shells of empty tanks Time- 
dependent source terms for these four scenanos %ere 
calculated, based on T r  inventories and tank sludge 
volumes mferred fkom sampling results and ~ i w a l  
obsexvabons of the tank contents, using the Disposal L'nir 
Sotme Term (DUST) model. The computer code used !or 
the groundwater flow portion of the modelmg 
FTWORK, a 3dimenslonal, finite difference groundu a t r r  

flow and solute transport code developed by GeoTrans 
Inc.' Contaminant transport was smulated by means 01 an 
analytic solution based on one-dimensronal transpon 
through a porous m d u m  with linear sorptlon and 
radioactive decay. Concentrations of ?3r m the stream 
drectly down@ent of the tanks under the vanous re law 
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scenarios were calculated by diluting the mass flux in 
groundwater predicted during the transport modeling by the 
mean flow in the stream. 

11. MODEL COVERAGES AND BOUNDA€UES 

The groundwater model was set up to encompass the 
main plant area of ORNL, with a grid size of 81 by 66 
blocks in the x-y plane and a gnd spacing of 15 m (50 A). 
There were four layers in the zdirection: layer 1 was 
approximately 7.6 m (25 A) thick; layer 2 was about 3 m (1 0 
fi) thick; and layers 3 and 4 were each 7.6 m (25 fi) hck.  
Layer 1 represenkd the soil and shallow bedrock and Layers 
2,3, and 4 represented deeper bedrock zones. The aquifer 
was assumed to be uncohed. Areal recharge was fixed at 
0 c d y r  (0 *ear) in areas corresponding to roads, 
buildings, parlang lots, etc., and at 15 cmCyr (6 *ear) in all 
other areas. Model boundary blocks and the model grid in 
the area of the Gunitem tanks are shown on Figure 1. As 
seen from this figure, streams, tank dry wells, building 
sumps, and pipelines were defined as specified head leaky 
drain boundaries; surface impoundments were dehed as 
constant head boundaries; and the northern edge of the 
model was defined as a constant head boundary. The model 
was calibrated to groundwater elevations measured in wells 
and piezometers and m under steady state conditions. 

111. HYDRAULIC PROPERTIES 

The bedrock underlying the tanks consists of 
interbedded limestone and siltstone with minor amounts of 
shale. The "native" soil (overburden) in the area of the 
tanks is about 3 m (10 A) thick and consists primarily of silty 
clay with minor amounts of gravel backfill material. The 
east/west (x-direction) hydraulic conductivity value in 
Layers 1 and 2 of the model was set at 3.5 x lo5 d s e c  
(0.1 Wday), the north/south @-direction) hydraulic 
mnductivity value was set at 1.8 x lo;' cm/sec (0.05 Wday), 
and the vertical (zdirection) hydraulic conductivity value 
was set at 7.1 x 10" cdsec (0.02 Wday). For Layers 3 and 
4, the hydraulic conductivity values were 1.4 x lo' cdsec, 
3.5 x cdsec, and 1.8 x lo5 cdsec (0.4,0.1, and 0.05 
Why) in the x-, y-. and z-directions, respectively. Effective 
porosity values of 3.5%, 1.0-3.5%, 1 .O%, and 1 .O% were 
assigned to Layers 1, 2, 3, and 4, respectively. A mean 

annual flow in the reach of the stream directly 
dmngradiat of O m  of 170 Ysec (6 ft3/sec) was used to 
calculate dilution of contaminants. 

IV. MODELING SCENARIO AND METHODOLOGY 

Under current conditions, groundwater levels are 
maintained below the bottom of the tanks by the operation 
of a collection system consisting of dry wells associated 
with each tank connected to a process waste pumpmg 
station ( P S  1) which pumps the water to a process 
wastewater treatment plant. Under the modeling scenano, 
PS 1 was assumed to be inoperative, which resulted m 
groundwater levels around the tanks rising about 1.5 m (5 
A), or about midway up the tanks. 

The conceptual model for the movement of Y3r fiom 

For a failed or degraded tank, the sludges are fully 
saturated. ?3r is leached from unstabilized sludges 
by groundwater moving laterally through them. For 
stabdinxi sludges, the gDsr diffuses to the surface of the 
waste fakm and is washed off by groundwater moving 
past the surface. For the case in which the tank has 
been emptied, residual ?3r contamination in the tank 
shell diffuses to the inner d a c e  of the shell and IS 
washed off by groundwater moving past the surface 
The resulting contaminated groundwater is captured 
by the dry well associated with the tank and moves 
through a 20 cm (8 in) vitreous clay east-west header 
to a 20 cm (8 in) vitreous clay north-south process 
waste line (see Fig. 2). It then moves through the 
process waste line to PS 1. Under &us scenano. the 
pumping station is assumed to be inoperative The 
contaminated groundwater leaks out of the pumping 
station miinhole, moves through approximately 1 0 feet 
of native sod, and leaks into a north-south storm drain 
line. Ik then moves in this storm dram line. 
dischargmg to the stream via a storm dram outfall 
(Outfall 302), where dilution occurs in the stream 
The total transport path length for this scenano \$as 
about 300 m (1,000 A) fiom the tanks to the stream 

the tanks to amface water was as follows: 

The following methodology was used for the source 
modeling using the DUST model: 
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Figure 1. Model boundary blocks in the ORNL main plant area. 

cudi'4 3 



I 
I 

/ 
/ 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

VP = vitreous clay pipe 
PS 1 = Pumping Station #1 
RCP = reinforced concrete pipe 

- - -  
-El 
PS 1 

24" RCP (storm drain) 
',\/ 

, , 
\ , , 

, , , 

Stream J 

Figure 2. Transport pathway for ?3r from the GuniteTM tanks to surface $water. 



. .  1. Release of 90 Sr h m  u n s t a b w  SI u d a  
The tank shell structure was assumed either to fail 
immediately (disappear) or degrade over a given period of 
time at the end of which its failure is total. Mer  tank failure, 
the sludges were assumed to be completely below the water 
table as the pumping station (PS1) that depresses the 
groundwater table below the bottom of the tanks was assumed 
to be inactive. A surface rinse release with a partitioning 
mechanism governed by a sludge distribution coefficient, K,,, 
was used to model the transfer of contaminants between the 
sludge and initially uncontaminated groundwater moving 
horizontally through the sludge. A mass flux in groundwater 
was calculated by multiplying the groundwater concentration 
obtained from the DUST model by the Darcy velocity in the 
vicinity of the tank calculated using the FTWORK model. 

, .  2. ~ s t a b i ~ s l ~  90 

A diffusion-controlled release mechanism was used to model 
%Sr release from a disc-shaped stabilized waste form. The 
sludge was assumed to be stabilized in a concrete-like 
material that occupied 50 percent of the tank volume. The 
waste form was assumed to be entirely below the groundwater 
table with groundwater moving horizontally past the outer 
surface of, and not through, the waste form. The %Sr within 
the stabilized waste form was assumed to diffuse out of the 
bulk waste, with the diffusion process being controlled by the 
effective diffusion coefficient (Dd for the 90Sr. The effective 
D, accounted for solid-to-liquid partitioning effects and 
radioactive decay within the waste form. The %r was 
assumed to be immediately rinsed without partitioning ftom 
the waste form into the groundwater, effectively maintaining 
the "Sr concentration at the surface at zero. A mass flux in 
groundwater was calculated by the same method used for the 
unstabilized sludge modeling runs. 

90s 5 Release of r the shell of an 
The tank shell 90Sr inventory was estimated by an analytic 
diffusion solution in which the 90Sr in the sludge pore water 
diffuses molecularly through the tank shell pore water and is 
adsorbed onto the tank shell matrix via a solid-to-liquid 
partition factor for concrete (IQ. The sludge %r inventoxy 
and the sludge height in the tank were assumed to remain 
constant over the operating life of the tank. The release of 
9osr from the tank shell was then modeled as a release from a 

stabilized waste form by a methodology similar to that used for 
the release modeling described above for the stabilized sludge. 

Transport through the soil pathway between PS 1 and the 
storm drain was simulated by means of an analytic solution 
based on the following equation for one-dimensional 
contaminant transport through a porous medium with linear 
sorption and radioactive decay, 

where: v = seepage velocity; 
D = dispersion coefficient; 
C = concentration; 
A = decay coefficeint; 
x = distance; 
t=time;and 
R =  1 +Kdp/@ 

where: Kd= distribution coefficient; 
p = soil bulk densiy, and 
@ = porosity (unitless); 

Solving this equation for concentration, C, at tune, t,  and 
distance, x, gives the expression: 

where: V,, = viR; and 
D,, = DR. 

The initial concentration for a given time step, C,, in the 
above expression was obtained by dividing the mass flux 
source term from the relevant DUST run time step h t  the 
volumetric water flux, calculated by FTWORK, m the drains 
associated with the tank dry wells. The seepage velocin , v ,  

was determined by dividing the Darcy velocity calculated hv 
FTWORK for the area around PS1 by the effective poro\it\ 
for WAG I soils of 0.035. The retardation factor, K. u3s 

calculated wing a site-specific I& for ?3r of 13 5 rnl- i; J 
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pomity, @, of 3.5%, and a soil bulk density, p, of 1 S O  g/cm3. 
The unretarded dispersion coefficient, D, was 2.56 ftzfyr, 
which was equal to the seepage velocity (5.1 1 fl@) times a 
dqemvity of 0.5 ft. The transport distance, x, was set at 3 m 
(1 0 ft) for most of the simulations, as this was the assumed 
amount of “native” soil between PSI and the storm drain 
adjacent to PS 1. When the above expression was evaluated at 
a given time step, the resultant concentration, C,, was 
multiplied by the volumetric water flux in the storm drain, 
calculated by FTWORK, to obtain a mass flux. This mass flux 
was then divided by the flow rate in the stream of 170 Us (6 
P/s) to obtain the concenttation of the “Sr in the stream at that 
time step. A total of 15 modeling runs were performed for the 
four release Scenarios using the %Sr transport conceptual 
model outlined above and removing none, 50%, and 90% of 
the sludge in the tauks. In addition, a sensitivity analysis of the 
length of the native soil pathway was also performed under the 
unstabilized sludge in faded tank scenario in Tank W- 10 for 
soil path lengths of 1.5, 3.0, 6.0, and 15 m (5, 10, 20, and 
50 A). 

V. RESULTS AND DISCUSSION 

The results of the source term and gromdwater t r q o r t  
modeling are summarized in Table 1. For tank W-10, peak 
concentrations resulting from leaching of stabilized sludges 
were about 10% of peak concentrations resulting h m  
leadung ofunstabihd sludges and peak concentrations h m  
ade- tank were about two-thirds of peak concentrations 
from a failed tank. 

The effects of variations in soil transport path length on 
9osr concentrations in surface water for unstabilized sludge in 
a failed tank W- 10 are summarized in Table 2. 

Table 2. 
concentrations in surface water 

Soil transport path length effects on %Sr 

Soil path length, m (A) %Sr conc., pCin 

1.5 (5) 1,160 

3.0 (10) 650 

6.0 (20) 230 

15 (50) 11 

Increasing the soil transport path length by a factor of ten 
decreased the peakgoSr concentration in the stream by a factor 
of about one hundred. 

Figure 3 is a plot of surface water *Sr concentration vs. 
time for the tank degradation and tank failure scenarios for 
tank W-10. As seen f b n  this plot, although the peak 
concentration was higher for the tank failure scenario, the 
concentrations under the two scenarios were essentlally 
equivalent &er about 90 years. 
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F i p e  3. Y3- concentrations vs. time for the tank failure and 
tank degradation Scenarios for Tank W-10 

VI. CONCLUSIONS 

The following conclusions were reached from the results ot 

the source tenm and groundwater transport modeimg 1 ) I he 
most critical part of the analysh was the effect of retardallon 
in soil on the peak ”sr concentrations in surface water Smal I 
chauges in soil path length resulted in relatively large chanpcs 
in the modeled maximum ”Sr concentrations in the \ t r c m  



Table 1. Source term and groundwater transport modeling results. 

Maximum %r 
concentration in surface 

from tank (Ci) water (pCi/L) 
Total cumulative release 

Sludge UCL,, total 
remaining %Sr sludge 

in tank inventory Measured Literature Measured 
sludge Gb sludge I(dc sludge Gb 

27 74 25 

NC 70 NC 

Literature 
sludge Kd' 

68 

Release scenario 

Sludge in failed tank 100 1,000 

Sludge in failed tank 100 1,200 

W-6 

w-7 

W-8 

w-9 

w-10 

w-10 

w-10 

w-10 

w-10 

w-10 

w-10 

w-10 

w-10 

w-10 

w-10 

a UCL,, = 

77 

Sludge in failed tank 280 100 3,600 

100 780 

100 8,500 

50 4,300 

NC 250 NC 

NC 54 NC 

140 600 150 

67 300 74 

Sludge in failed tank 58  

Sludge in failed tank 650 

330 Sludge in failed tank 

Sludge in failed tank 65 10 850 

100 8,500 

50 4,300 

10 850 

100 8,500 

50 4,300 

13 70 15 

NC 3 80 NC 

NC 220 NC 

NC 38 NC 

NC 36 NC 

NC 18 NC 

410 Sludge in degraded 
tank 

Sludge in degraded 
tank 

260 

Sludge in degraded 
tank 

43 

62 Stabilized sludge in 
failed tank 

31 Stabilized sludge in 
failed tank 

NC I 3-6 I NC 6.2 Stabilized sludge in 
failed tank lo I 850 

Tank shell assuming 
sludge height of 360 
cmd 

3.5 NC I I NC NC 10.7 NC 

NC 7.9 NC 

0 85 

I o P 2  Tank shell assuming 
sludge heieht of 14 cm' 

2 . 2  
Y e  I 

upper 95th percentile confidence limit for the triangul distribution of sludge inventory. 
The measured sludge & value of 65 mug was estimated using sludge samples colle&d from Tank W-10 in 1995. 
' The literature sludge & value of 13.5 mL/g was the same value used for soils and was a conservatively low estimate 

Tank full of sludge during its 52-year lifetime. 
e Average sludge height during the 52-year lifetime of the tank. 



2) There was a linear relationship between the amount of 
sludge remaining in a tank and the peak concentration of %Sr 
in the stream; 3) There was a linear relatio&ip between the 
cumulative 99sr release fi-0111 a tank and the peak concentration 
of %Sr in the stream; 4) Sludge stabilization resulted in 
sigtnficantly reduced peak concentrations of %r in the stream; 
and 5) Delaying tank failure resulted in lower peak %Sr 
concentrations in surface water. This reduction in peak 
concentration was attributed to the radioactive decay of %Sr 
during the period in which the tank is chemically degrading 
and is allowed to remain intact. However, modeled 
concentrations under the degraded tank scenario were 
equivalent to those calculated under the failed tank scenario 
after about 90 years. 
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