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ABSTRACT 

At the savannah River Site, low-leve1 radioactive 
decontaminated salt solution is mixed with slag, flyash, and 
cement to form a grout-like material called "Saltstone." 
The Saltstone is poured into concrete vaults constructed at 
the Saltstone Disposal Facility (SDF') &angton 19881. The 
impact of SDF on groundwater has been studied in a radio- 
logical performance assessment (PA) [westinghouse 1992; 
Cook 19931. sophisticated groundwater models were used 
to predict the groundwater fiow and contaminant transport 
problems [yu 1993bl. The modeling &€or& was divided 
into two parts: the unsaturated-zone model aad the satu- 
rated zone modeL The unsaturated-zone model consists of 
the domain above the water table. The saturated-zone 
model comprises the acluifers and aquitards underlying the 
SDF. The unsatrrrated-zone model predicts mass flux rates 
(in units of gmmdyem or Curieslyear) to the water table as 
a fundion of time. These flux rates are used as the source 
term for the saturated-zone model. The saturated-zone 
model predicts the spatiaI contaminant concentrations in 
the groundwater as a funaion of time. 

This paper descrii-the unsaturated-zone model- 
ing using the ECLIPSE code p te ra  19931 to evaluate the 
performance of three different roofing options: 1) the Worst 
Scenario, only 30 cm (I fi) clean grout and no additional 
pour or roof; 2) a proposed New Design of a 1.33 percent 
slope concrete pour over the clean grouc and 3) the Origi- 
nal Design vadt, with an enginered concrete roof of two 
percent slope. ECLIPSE is a finite-difference petroleum 
reservoir engineering code with an environmental tracer 
option. Nitrate was used as the "tracer" contaminant be- 
cause it does not absorb or decay and is most abundant in 
the decontaminated salt solution In this study, ECLIPSE 
solves the two-phase (air-water) two-dimensional (x-z ver- 
tical slice) flow and transport problem up to 10,000 years. 

The properties of ~II materiaIs are assumed to re& un- 
changed. 

The predicted rate of nitrate released to the water 
table (&r) was divided by the total initial nitrate inventory 
in the modeling domain tb obtain the fraCtonaI reIease rate 
**). When the release rate histories were used as source 
tern for the sahuated-zone model, the calculated peak 
groundwater nitrate concentrations at the compliance point 
are 1.01, 0.85, and 0.37 m a t e r ,  respdvely, for the three 
cases. k u s e  the maximum concentration limit (MCL) 
for nitrate is 45 mgAiter, we conclude that a configuration 
change fkom the OriginaI Design to the New Design will 
not adversely impact the performance of the SDF for 
groundwater protection. Thus, the modeling results indi- 
cate that an engineered concrete roof originally proposed 
may be overdesigned. Eliminating the roof and substitut- 
ing it with a thin layer of concrete will reduce the project 
cost by approximately $2,000,000 per vault. 

INTRODUCTION 

The S&oneD*osal Facility 
The purpose of Saltstone Disposal Facility (SDF) 

is to protect human health, the environment, and the 
groundwater resources. It is designed for the release of coa- 
taminants in a slow, controlled manner over thousands of 
years. The impact of SDF on groundwater has been studied 
in a radiological performance assessment (PA) westing- 
house 19921. The PA addresses the performance require- 
ments or objectives mandated by DOE Order 5820.2A yVS 
DOE 19881. One of the major performance objectives is to 
show that the impacted groundwater will be in compliance 
with the Safe Drinking Water Act (US DOE 19901. 

The SDF will consist of 15 concrete vaults. The 
first vault (phase I), compIeted in 1990, is 100-feet wide by 



600-feet long by 25-feet high (30.5m x 182.9m x 7.6m). It 
contains six 100 ft x 100 ft cells. The Phase II vaults will 
be twice as wide (200 ft). Thickness of the Saltstone vault 
bottom slab is 61 cm (2 A). The side walls are 46 cm (1.5 
ft) thick. The vaults will be filled with Saltstone up to a 
height of 731 cm (24 ft). A layer of 30 cm (1 ft) clean 
grout is then poured above the Saltstone. The original de- 
sign for the Saltstone roof is an engineered concrete cover 
with a two percent slope, approximately 3 feet thick at the 
center ridge and 2 feet at the edges. Prior to closure, the 
bottom of the vaults is at the ground level which is at least 
20 feet above the historical high water table. 

After all the vaults are filled, the SDF will un- 
dergo closure. The closure plan has not been completed. 
The current closure concept includes the placement, from 
the top of the vault to the ground surface, of two feet of 
clay, one foot of gravel, two feet of back611 soil, two feet of 
clay, one foot of gravel, and two feet of top soil. The pur- 
pose of the closure is to reduce infiltration, to prevent an 
inadvertent intruder from exposure to the waste, and to 

minimize the probability of waste exposwe by erosion. A 
schematic diagram of the SDF is shown in Figure 1. 

previouS Mo&&g Results 

Groundwater models using PORFLOW computer 
code were used to predict the groundwater flow and con- 
taminant transport v u  i993bI. FORFLOW [Runchal 
19943 is a numerical code developed by the Analytic and 
Computational Research Inc. (Bel Air, CA). In the Salt- 
stone PA fwestinghouse 19921, INEL also used PORFLOW 
to model a 600 ft x 200 ft x 25 ft vault phase II vault). 
Saltstone was poured to a height of 24 ft from the bottom. 
One foot of clean grout was poured on top of the Saltstone. 
The concrete roof cover above the clean grout was assumed 
to be 3 ft thick and 0% slope. The clay cover was also 
horizontal. The effect of sloped roof and cover was mod- 
eled by tilting the gravitational field two percent. INEL did 
not include the postclosure clay cap in the conceptual 
model. They assigned a constant infiltration flow rate of 2 
cm/yr as the top bounw condition. These conditions 
were used to represent an intact vault and an intact closure 
as the Baseline Scenario. 

Figure 1. Schematic of the Saltstone Disposal Facility. 



The INEL unsaturated zone model predicted a 
contaminant release rate history to the water table. This 
rate was normalized by the initial inventory, to get the 
fractional release rate. The hctional release history 
showed a peak of 3 . 7 5 ~ 1 0 ~  per year at about 7,000 years. 
The fi-actional release history was used as the source term 
for the saturated zone model that resulted in a peak nitrate 
concentration of 0.87 mg& compared to the MCL of 45 

mg/L- 

CONCEPTUAL, MODEL 

Modeling Domain 

A two-dimensional vertical cross-section of a 
Saltstone vault was modeled. The closure cap was included 
in the simulation domain. The bottom of the simulation 
domain was set at the top of the water table. The elevation 
at this level was arbitrarily chosen to be zero. Only half of 
a vault was simulated to take advantage of the symmetry. 

InitiaC and Boundary Condirions 

The initial water saturation in the soil was ob- 
tained from an ECLIPSE modeling of the steady-state flow 
field under 40 cm/yr infiltration, the normal infiltration at 
SRS based on lysimeter tests and water balance calcula- 
tions. The Saltstone vault was then superimposed on the 
modeliig domain. The Saltstone and the concrete vault 
were assumed to be initially saturated with water. The in- 
itial nitrate concentration in the Saltstone pore fluid was 
0.16 g/cm3- There was no nitrate in the vault or the back- 
fill soil. 

The boundary conditions used for the simulation 
were: 1) constant water influx of 40 & at the top of the 
domain, 2) a 1-ft air layer at the top; 3) a 1-ft numerical 
aquifer layer at the bottom; 4) a vertical barrier and gravel 
drain to one side of the domain; and, 5)  zero convective and 
diffusive fluxes at the vertical boundaries due to symmetry. 
The 40 cm/yr water influx was the average infiltration rate 
at the SRS. The air layer was maintained at 1.0 atmos- 
pheric pressure through the use of constant pressure air 
injection wells. The aquifer layer was connected to a rela- 
tively large aquifer to maintain a stable water table condi- 
tion. The vertical barrier and gravel drain were an ap- 
proximation that allowed the removal of run-off water 
without modeling the whole SDF. 

Transport Mechanism 

The dominant mechanisms for nitrate release from 
the Saltstone are convection and diffusion Convection re- 
sults from a very small amount of perched water flowing 
through the vault and leaching out nitrate. Diffusion re- 
sults from the concentration gradient between the Saltstone 
and the model boundaries. Simultanmus transient flow 
and transport were simulated. 

The relative importance between convection and 
diffusion is governed by the flow and transport properties of 
the porous media. It was assumed that the properties of the 
materials remain unchanged during the entire modeled 
period. For this study, the hydraulic conductivities of and 
the diffusivities for nitrate in Saltstone, concrete, baclrtill 
soil and clay were: 

Conductivity Diffusivity 
Material (cm/sec) (Cm%ec) 

Saltstone L O X  lo-” 5 . 0 ~  

Concrete L O X  10-10 L O X  10-8 

Backfill Soil LOX 10-5 5 . 0 ~  lod 

Clay 1 . 0 ~  io-’ 1 . 5 ~  10-6 

The Saltstone, concrete, and soil characteristics 
(capillary pressure and relative pemeabiity) could also af- 
fect the convective transport. However, their effects were 
not as important as the conductivities and dif€usivities. 

Other mechanisms that may affect contaminant 
transport are absorption, decay, chemical reactions, and 
solubility limits. They were believed to be unimportant for 
nitrate because nitrate is non-absorbing, nondeaying, 
non-reactive and highly soluble. 

MODELING METHODOLOGY 

The modeling effort was divided into two parts: 
the unsaturated-zone model and the saturated zone model. 
The unsaturated-zone model consists of the domain above 
the water table including, from bottom to top, the native 
soil, the Saltstone vault, a clay/gravel drain above the vault., 
backfill soil, a clay/gravel cap Over the SDF, and the top 
soil. The conceptual model and simulation grid for Vault I 
(New PA) is depicted in Figure 2. The conceptual model 
and simulation grid for Phase I1 Vaults are not shown. For 



those Vaults, the distance between the center of the vault 
and the center of the side wall is 100 feet. The height of 
the "Clean Pour" above the Saltstone is relatively higher as 
will be described later. The vertical drain removes water 
from the closure cap. The barrier prevents the run-off wa- 
ter from interfering with the flow around the vault. The 
saturated-zone model comprises the aquSers and aquitards 
underlying the SDF in three dimensions. k u s e  of gravi- 
tation, contaminants released from a Saltstone vault mi- 

grate toward the water table. The unsaturated-zone model 
predicts mass flwc rates (in units of grams/year or Cu- 
ries&=) to the water table as a function of time and JO- 
cation. These flux rates are used as the source term for the 
saturated-zone model. The saturated-zone model predicts 
the spatial contaminant concentrations in the groundwater 
as a fimction of time. The compliance point is 100 meters 
from the facility boundary. 
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Fig. 2 Conceptual Model and Simulation Grid, Phase I Vaults 

DESCRIPTION OF THE ECLIPSE RUNS solution. Nitrate was initially in the Saltstone and then mi- 
grated to the surroundings by advection and diffusion. In 

The ECLIPSE OOde Pntera was for the this study, ECLIPSE solves the mo-phase (&-water) two- 
dimensional (x-z vertical slice) flow and transport problem 
up to 10,OOO years. The properties of all materials are as- 
sumed to remain 

simulation. ECLIPSE is a finitemerence petroleum res- 
ervoir engineering d e  with an environmental tracer op- 
tion. We used ECLIPSE for this study because of its robust 
equation solver and the "corner point geometry" option. 
This option allows us to use non-rectangular grids for the 

Only half a vault was used for the 
simulation model to take advantage of symmetry. Nitrate 
was chosen as the contaminant because it does not absorb 
or decay and is most abundant in the decontaminated salt 

This study focuses on three options for the roof 
design: I) the Worst Scenario, only 30 cm (1 ft) clean grout 
and no additional pour or roof, Phase I vault; 2) the New 
Design, a 1.33 percent slope concrete pour over the clean 
grout, phase I vault; and 3) the 

roof and 



neered concrete root Phase II vault (New PA). Dimensions 
of the three roof configurations are depicted in Figure 3. 
We combined the clean grout and the clean concrete roof as 
"Clean Pour." We also conservatively assumed the physical 
properties of the clean grout to be those of the clean con- 
crete even though the hydraulic conductivity and the nitrate 
dif€usivity for the clean grout are smaller. This was also 
consistent with the INEL assumption The parameters for 
the three cases are shown and compared in Table 1. The 
parameters for the INEL PA modeling efforts are shown 
under @e "Old PA, INEL" case. 

Fig. 3 Roof Dimensions of the Modeled Scenarios 1 I"" INewPA INew IWorst I 
Vault PhaseII PhaseII Phase1 PhaseI 

WSRC Design Scenario 
FORFLOW E(3LIpsE ECLIPSE ECLIPSE 

Configuration of the Clean Pour (See Figure 3) 

Slope 10% 12% I 1.33% 10% I 
GraveVClay Closure Cap in Model I 
YeSMo No Yes Yes YeS 

Slope NA 2% 1.33% 0% 

Table 1. Comparison of Parameters Used for the 
Modeling (Intact Vault Case Only). 

Because the surface of the grout is uneven during 
and after the pour, the height of the Clean Pour ranges be- 

tween l' to 1.5' at the edge. The ridge is approximately 
eight inches higher than the edge. In the New Design for 
Phase I Vaults, we assumed 2'8" Clean Pour at the ridge 
and 2'0" at the edge. These dimensions are thicker than the 
actual dimensions of a completed clean pour in a Vault I 
cell. In The Worst Scenario, we assumed a flat one foot 
Clean Pour. We also assumed the closure cap to be hori- 
zontal. This configuration is more consemtive than the 
completed Vault I pour. Based on these assumptions, we 
expect that the performance of the actual pour configura- 
tion for Phase I vaults wil l  be bracketed by the predictions 
of the Worst Scenario and the New Design. 

RESULTS 

Predicted nitrate peak fractional releases and peak 
groundwater concentrations at the compliance points are 
sunmarized in Table 2. The peak concentration for the 
INEL Old PA was predicted by the saturated zone model. 
They are estimated for the other three cases by: 

max 
X F R  

max, OPA 
C 

C- = 
max, OPA 

FR 

where FR = fractional release, and OPA = Old PA. 

Predicted nitrate fractional release curves are 
shown in Figure 4. For the New PA case, the curve did not 
peak until after 10,000 years. The value at 10,OOO years 
(1.60Ex106) is reported in Table 2. The peak concentra- 
tion for the New PA (0.37 m&) is slightly less than balf of 
that of the Old PA (0.87 m&). This is probably because 
1) The Old PA predicted a 1.0~10-~* d s e c  percolation 
rate through the vault that is the hydraulic conductivity of 
Saltstone. For the New PA, the thicker and steeper roof 
and sloped closure cap effectvely reduced water percolation 
through the vault. 2) The soil saturation curves used for 
the Old PA showed high capillary pressure resulting in wet 
characteristics. The water saturation in the vadose zone for 
the native soil is above 88%. We feel this value is too high. 
Adjusted characteristic curves resulted in better water 
drainage around the vault which reduced head buildup 
above the vault and, therefore, reduced water percolation. 

In the New Design, predicted nitrate peak frac- 
tional release is 3 . 6 7 ~ 1 0 ~  at 9,900 years. Calculated ni- 
trate concentration is 0.85 mg/L. This increase in peak 



concentration is because of the reduced Clean Pour thick- 
ness and the smaller size of the Phase I Vault; the smaIler 
the vault, the higher the surface to volume ratio for &- 
sive contaminant release. In the Worst Scenario, we as- 
sumed a flat one foot Clean Pour- Predicted nitrate peak 
fractionaI release is 4 . 3 5 ~ 1 0 ~  at 6,900 years. The calcu- 
lated peak groundwater concentration of nitrate is 1.01 
m&. Since the groundwater MCL for nitrate is 45 m&, 
aII predicted nitrate peak concentrations for an intact vault 
are well below the MCL. 

Fig. 4 Predicted Fractional Release Rates 

~~ 

Old PA 

New PA 

New Design 

worst 
scenario 

Maximi 

3 . 7 5 ~ 1 0 ~  7,100 0.87 

1.6Ox104 ~10,000 0.37 

3 . 6 7 ~ 1 0 ~  9,900 0.85 

4 . 3 5 ~  106 6,900 

m Concentration Limit 

Table 2. Predicted Maximum Nitrate Fractional 
Releases and Groundwater Concentrations. 

DISCUSSION 

The thickness, slope, and physical properties of the 
Clean Pour can all afk t  the performance of contaminant 
release. Among these properties, the physical properties 
have the greatest effect. The slope is also important. The 
thickness is probably least important because the Saltstone 
itself is less permeable than the Clean Pour. It was as- 
sumed that the clean grout has the same properties as the 
clean concrete. In reality, clean grout should have the same 
properties as the Saltstone (K = 1.0~10-~~ cm/sec, D = 5 . 0 ~  

cmz/sec). From groundwater concern, one foot of flat 
clean grout should result in a performance close to that 
predicted by the New PA case. 

Based on the mechanisms of contaminant trans- 
port, the addition of an engineered roof above the current 
Clean Pour in a Phase I Vault cell appears to be unneces- 
sary. Because water penetrates the vault in a downward 
direction, it will o f k t  the upward contaminant diffusion. 
In contrast, contaminants are released through the bottom 
of the vault by diffusion and convection; and si& of the 
vault by diffusion only. It is not necessary to have the 
Clean Pour thicker than the bottom slab or the side slab. 
The thicknesses for the concrete slabs are two feet at the 
bottom and 1.5 feet at the side. A Clean Pour of 1.5 feet 
will not result in more contaminant migration through the 
top than through the side walls, per unit area. Based on 
this reasoning, we believe the m e n t  pour on top of 'the 
Phase I Vault is adequate for groundwater protection. The 
only justification for considering an engineered roof or 
thicker pour is to delay the onset of vault cracking or to 
reduce the crack dimensions. These effects have to be 
quantified before we can conduct an ECLIPSE modeling 
study of the fractured scenarios. 

When the saltstone vault is cracked, most of the 
con taminant release will be through the cracks. INEL used 
an analytical model to predict the fractional release from a 
fractured Saltstone vault. Predicted nitrate peak concenm- 
tion was 53 mgL (Cook 1993) compared to 0.87 mgL for 
the intact case. Since INEL assumed that there was no con- 
taminant transport through the external surfaces of the 
vault., there is no way to evaluate the effect of the design 
change on nitrate release using the analytical fractured 
model. WSRC is developing an ECLIPSE fkactured model. 
Results of the fractured model will be reported later. , 



CONCLUSION 

With the assumption of an intact Saltstone vault 
for 10,OOO years, we can pour one foot of clean grout at 0% 
slope over the Saltstone and still meet the groundwater per- 
formance requirements. With the assumption of a fractured 
Saltstone vault, most of the contaminants are released 
through the fractures. Increasing or reducing the roof 
thickness will not significantly impact contaminant trans- 
port to the groundwater. These results support a design 
change to eliminate the concrete cover or additionid pours 
over the current Phase I Vault configuration. 
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