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7.5.5 Impact of Cover and Vault Degradation Beyond 10,000 Years

The fractional flux of 1-129 at the water table at 10,000 years is 1.29E-07 mole/yr/mole and rising
as shown in Table A-Il and Figure 7-16. To capture the peak of the flux transient, assuming
hydrologic conditions at 10,000 years persist indefinitely, the simulation run time was extended
to 70,000 years as shown in Figure 7-17 and discussed in Section 7.5.2. Additional simulations
were performed considering continued degradation of the cover system, vault, and Saltstone
contents beyond 10,000 years, with and without consideration of large-scale cracks in Saltstone
due to differential settlement and earthquakes. Table 7-11 summarizes the assumed changes in
hydraulic conductivities and infiltration between 10,000 and 100,000 years for these sensitivity
runs.

From 10,000 to about 12,000 years, the gravel drainage layer overlying the vault roof is predicted
to completely silt up with fines (Phifer 2004b), producing a significantly lower hydraulic
conductivity. The lower hydraulic conductivity estimate is conservatively assumed to apply over
the entire 10,000 to 25,000 year period in model simulations. Compared to the 5600 to 10,000
year period, the horizontal conductivity for this layer and time period abruptly decreases
approximately 2.5 orders of magnitude, as indicated by Tables A-4 and 7-11. The change
drastically reduces the ability of the layer to drain water off the top of the vault. Without
macroscopic cracks in Saltstone, water ponds over the vault roof from 10,000 to 50,000 years in
PORFLOW flow simulations. The increased hydraulic head gradient driving flow through
Saltstone, coupled with moderately increased Saltstone and concrete conductivities compared to
earlier times, produces a higher fractional flux shown in Figure 7-18 (No Crack curve) due to
post-10,000 year degradation. Flux peaks occur shortly after 10,000 and 25,000 years in response
to step changes in the modeled properties for Saltstone and concrete.,

However, under ponded water or positive pressure conditions, large-scale cracks are expected to
preferentially transmit water compared to the surrounding matrix, as discussed in section A-4.
The additional effect of cracks on flow and water table flux was considered in a second sensitivity
run. The physical cracks are predicted to occur at a 30 ft spacing within the plane of the 2D
PORFLOW vadose zone model, which is a typical cross-section of the long axis of the vault. To
approximately estimate the impact of transverse physical cracks, three longitudinal cracks at a
nominal 30 ft spacing were placed in the half-width 2D model as surrogates (Figure 7-19), and
assigned the properties of the vertical drain. Each crack was assigned to one column of grids with
a width of 2 feet and given a porosity of 0.08 to represent the flow properties of a crack with a
width of 2 inches. The presence of cracks in the model prevents water from ponding on the vault
roof, but provides sudden pathways for water to infiltrate the core of the Saltstone waste. The
resulting flux transient for 1-129 is shown in Figure 7-18 (Crack curve). A very sharp peak in flux
is observed immediately following 10,000 years, when the cracks suddenly become active in the
simulations. The flux is diffusion-limited, and stabilizes to a much lower value after 1-129 is
leached from Saltstone near the crack faces. A second peak occurs at 25,000 years in response to
increased Saltstone conductivity, similar to the no-crack sensitivity run. At 50,000 years, the
conductivity of Saltstone is assumed to increase by 2 orders of magnitude, and the remaining
inventory flushes from the vault by advection.

To a large extent, the abrupt changes in flux observed in the simulations including cracks are an
artifact of simulating transport using a sequence of steady-state flow fields. In reality, the flow
conditions would change gradually over time, and the flux transient would be much smoother
than depicted in Figure 7-18. In particular, flux peaks are expected to be lower in peak
magnitude, but broader in duration.

This study demonstrates the importance of the drainage layer at the top of the vault. The time
over which the layer continues to function could be increased by making the layer thicker.
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Hydraulic Conductivity T109 TI10 TIll
and 10,000 to 25,000 25,000 to 50,000 50,000 to 100,000
Infiltration (cm/yr) years years years

Horizontal conductivity

Native and backfilled soil 3.15E+03 3.15E+03 .3.15E+03

Drain, bottom 1.77E+06 3.15E+03 3.15E+03

Drain, vertical 3.15E+06 1.06E+06 1.81E+04

Drain, top 3.15E+03 3.15E+03 3.15E+03

Concrete 9.46E-02 3.15E-01 3.15E+01

Saltstone 9.46E-02 3.15E-01 3.15E+01

Vertical conductivity

Drain, bottom 7.16E+03 3.15E+03 3.15E+03

Drain, top 3.15E+03 3.15E+03 3.15E+03

Infiltration 35.81 35.81 40.93
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Figure 7-18. Instantaneous 1-129 Fractional Contaminant Flux to the Water
Table (10,000 to 70,000 yrs) Assuming Cover and Vault
Degradation, With and Without Cracks.
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Figure 7-19. Surrogate Longitudinal Cracks in Two-Dimensional PORFLOW
Model Representing Transverse Physical Cracks.
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A.2.2 Time of Compliance and Simulation Time Intervals

The DOE time of compliance is 1,000 years (Wilhite 2003). However, the total time used for
groundwater modeling is extended to 10,000 years to assess the impact of a longer period of
compliance. The eight time intervals (Phifer 2004) used for groundwater modeling are shown in
Table A-3.

Table A-3. Simulation Time Intervals

INTERVAL TIME (YEARS)

TI01 0 to 100
T102 100 to 300
T103 300 to 550
T104 550 to '1,000
T105 1,000 to 1,800
T106 1,800 to 3,400
T107 3,400 to 5,600
TIO0 5,600 to 10,000

A.2.3 Flow Modeling

A.2.3.1 Flow Properties

The fundamental concept of the SDF (wasteform and facility features) is controlled contaminant
release. Due to the low hydraulic conductivity and low molecular diffusion in cementitious
materials, contaminant leaching from the SDF is very slow. This makes transformation into
Saltstone an effective method for liquid waste disposal. Among all the factors affecting the SDF
performance, the most important factor is hydraulic conductivity. The saturated hydraulic
conductivities of the engineered porous media (Saltstone, concrete and gravel drain layers) were
measured by Core Lab as described in 1993 (Yu 1993). These intact values are used for the first
100 years of simulation under the column heading TIO1 in Table. A-4.

Table A-4. Saturated Hydraulic Conductivities (cm/sec)

TI01 T102 T103 TI04 T105 TI06 TI07 TI08

Horizontal conductivity:
Nati/Back 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00Z-04 1.00E-04
Drain Bot 1.00Z-01 9.99E-02 9.97E-02 9.90E-02 9.71E-02 9.30E-02 8.63E-02 7.46E-02
Drain Ver 1.00E-01 1.00E-01 1.00E-01 1.00E-01 1.00E-01 1.00E-01 1.00E-01 1.00E-001
Drain Top 1.00E-01 9.99E-02 9.93E-02 9.75E-02 9.28E-02 8.25E-02 6.58E-02 3.66E-02
Concrete 1.OOE-12 5.20E-12 1.29E-11 3.16E-11 7.641-11 1.98E-10 4.19E-10 1.00E-09
Saltatone 1.00E-11 3.CCE-11 5.50E-11 1.CCE-10 1.80E-10 3.40E-10 5.60E-I0 1.COE-09

Vertical conductivity:
Drain Hot 9.52E-02 6.45E-02 2.70E-02 8.94E-03 3.34E-03 1.41E-03 7.25E-04 3.93E-04

Drain Top 8.89E-02 4.21E-02 1.29E-02 3.78E-03 1.36E-03 5.69E-04 2.91E-04 1.57E-04

In this SA, it is assumed the hydraulic conductivities of Saltstone and concrete will increase as
time proceeds. As a result, water percolation will gradually increase through the vault. It is also
assumed that the conductivities of the top and bottom drains will decrease with time due to
plugging in the lower part of these drains resulting in the engineered drains becoming less.
effective in shedding perched water above the concrete roof. It is assumed that the effective
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vertical hydraulic conductivities decrease more rapidly than the horizontal conductivities. All of
the saturated hydraulic conductivities used for the simulation are summarized in Table A-4. The
data, equations, and rationale used to obtain these data are discussed below.
NATIVE AND BACKFILL SOIL
The saturated hydraulic conductivity of native and backfill soil is revised from 10-5 to 1074 cm/sec
to be consistent with the generally accepted value for the SRS General Separations Area. Since
soil is a geological material, its conductivity is assumed to be constant.
SALTSTONE AND CONCRETE
In the time interval of 0 and 100 years, the hydraulic conductivities of Saltstone and concrete are
10ll and 10.12 cm/sec, respectively. Both conductivities degrade to 10-9 cm/sec at 10,000 years.
The degradation rate for concrete is faster because it is exposed to the environment and is more
vulnerable to be attacked by sulfate, chloride and other chemical reactions. The decay rate is
calculated by a log-log correlation:

loglo(k / k0 ) = a logio(t / t") (A-I)

where k = conductivity at time t, cm/sec

k,, = conductivity at to = 100 years, cm/sec

a = degradation rate constant (a =1.0 for Saltstone and 1.5 for concrete)

Calculated k values at the end of each time interval are used as PORFLOW input data to
generate the steady-state flow 'field for the time interval. They are summarized in Table A-4.
GRAVEL DRAIN LAYERS
The initial hydraulic conductivity of the gravel drain layers is 10". cm/sec. As time goes on, soil
particles carried by the percolation water will plug the drains from the bottom. The plugged-zone
thickness Will increase with increasing time. Calculated thickness (Phifer 2004) is shown in Table
A-5.

Table A-5. Plugged-Zone Thickness as a Function of Time

TIME (YEARS) PLUGGED-ZONE THICKNESS, FT

0 0
100 0.0005
300 0.005
550 0.022

1,000 0.08
1,800 0.21
3,400 0.49
5,600 0.88

10,000 1.66

Plugging results in reduction in effective hydraulic conductivity. Freeze and Cherry (Freeze

1979) suggested equations to calculate horizontal and vertical effective conductivities:

kheff = [(H - h)kg + hk ]/H (A-2)

kveff = H/[(H -h)/kg + h/k ] (A-3)

where H = total thickness (2 ft for top drainage layer and 5 ft for bottom drainage layer)
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h = plugged-zone thickness, ft

kg =conductivity of gravel (10- cm/sec)

k, =conductivity of soil (10-4 cm/sec)

Calculated horizontal and vertical effective hydraulic conductivities for the top and the bottom
drainage layers are summarized in Table A-4. The plugged zone thickness used for the
calculation is the average for the time interval. For the vertical drainage layer, conductivity
remains constant at 10-1 cm/sec.

These assumptions on the changes in hydraulic properties over time are based on professional
judgment, since actual data over the time periods of interest do not exist. They were discussed
during meetings of the performance assessment team and the team agreed to use these values in
this analysis.

Because the SDF is constructed in the unsaturated zone, water saturation in the modeling domain
is expected to be below 100%. Fluid flow is affected by the capillary pressure (or suction*
pressure) and relative permeability (or conductivity). Capillary pressure decreases with increasing
water saturation, whereas relative permeability increases with increasing water saturation.
Saturation dependence of these two parameters is often depicted as characteristic curves. The
characteristic curves for Saltstone are illustrated in Figure A-3. Figures A-4 through A-6 show the
same curves for the other porous medih. In the unsaturated-zone flow model, the capillary
pressure and relative permeability are entered as table input.
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Figure A-3. Characteristic Curves for Saltstone
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Figure A-4. Characteristic Curves for Native and Backfill Soil
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Figure A-5. Characteristic Curves for Drain Layers
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Figure A-6. Characteristic Curves for Concrete
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A.4 Impact of Macroscopic Cracks on Saltstone Vault 4 Performance

Vertical cracks or fractures spanning the entire Saltstone Vault 4 width and height are predicted
to occur at 30 ft intervals, coinciding with construction joints, in response to static settlement and
earthquakes. For the assumed properties of saltstone '(10-11 cm/s conductivity), the literature
indicates cracks can be neglected when the suction head exceeds approximately 200 cm in
saltstone. Such conditions are predicted to occur during the 0-10,000 year period. This conclusion
applies regardless of crack geometry, i.e., open at top, open at bottom, or through-crack.

A.4.1 Introduction

Peregoy (2003) analyzed the structural behavior of Saltstone Vault 4 in response to forecast static
settlement and earthquakes. Approximately vertical cracks or fractures spanning the entire Vault
4 width and height were predicted to occur at 30 ft intervals, coinciding with construction joints.
In the structural simulations, these macroscopic cracks were observed to open at either the top or
bottom, while remaining in close contact at the opposite end of the fracture face, the latter
forming a "hinge" of sorts. The cracks developed gradually over time (Peregoy 2003, Figure 9,
Figure 10 and Table. 2). Predicted mean crack sizes are summarized in Table A-20.

Table A-20. Summary of mean crack sizes at specific times.

Cracks open at bottom

Time (yr) Crack width at open end (in) Average width (in)

100 0.06 0.03

500 0.18 0.09

1000 0.30 0.15

2500 0.63 0.31

5000 1.15 0.58

10000 2.18 1.09

Cracks open at top
Time (yr) Crack width ait open end (in) Average width (in)

100 0.01 0.004

500 0.03 0.015

1000 0.06 0.03

2500 0.16 0.08

5000 0.31 0.16

10000 0.62 0.31
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Under a positive pressure condition, cracks or fractures in the saltstone monolith would be liquid-
filled and form preferential pathways for infiltrating water compared to the surrounding low
permeability matrix (10-11 cm/s). Under negative pressure or suction, the impact of cracks on
saltstone performance is not immediately clear. The purpose of this Section is to assess the effect
of macroscopic cracks on moisture movement through Saltstone Vault 4 under a range of
hydraulic conditions and crack dimensions.

A.4.2 Flow Regimes

Water flow through a rough walled crack in a porous medium occurs in at least three distinct
regimes:

1. Saturated flow, that is, liquid completely filling the aperture.

2. "Thick" film flow on each crack wall, where water is present as a film completely filling
surface pits and grooves and the air-water interface is relatively flat.

3. "Thin" film flow, where water recedes into surface pits/grooves by capillary forces and
adheres to flat surfaces by adsorption.

The saturated flow regime occurs at positive or very slightly negative pressures. The "thick" and
"thin" film flow regimes occur at increasing negative pressures or suction in the surrounding
porous medium. Each flow regime is analyzed separately below in the context of a uniform crack
width.

An implicit assumption in these analyses is that the source of liquid to the crack is steady rather
than episodic/transient, and that the resulting fracture flow is steady. Unsteady fracture flow has
been observed at laboratory scale and inferred at field scale (Persoff and Pruess 1995; Su et al.
2001; Nativ et al. 1995; Fabryka-Martin et al. 1996; Pruess 1999). At laboratory scale, unsteady
flow appears to be associated with relatively low suctions in a variable aperture setting. Under
these conditions, water fills the smaller apertures while larger apertures are desaturated. At field
scale (e.g. Yucca Mountain), unsteady flow has been inferred under high matrix suction.
Temporal and spatial variations in infiltration and physical heterogeneity are thought to be factors
leading to episodic flow.

The planned Saltstone closure cover system is expected to insulate cracks from episodic rainfall
and lead to a relatively steady influx of water. Saltstone itself is expected to exhibit uniform
properties in comparison with fractured geologic media. Cracks forming from differential
settlement and seismic events are expected to be unsaturated. All of these conditions favor steady
flow in Saltstone Vault 4.

A.4.3 Saturated Flow

The height of capillary liquid rise H between two parallel surfaces of aperture b is given by
(e.g. Looney and Falta 2000)

2o-
H = - (A-20)

pgb

where o is surface tension, p is liquid density, and g is gravitational acceleration. In the

context of a fracture subject to a given pressure P in the surrounding matrix, the aperture will be
liquid filled under the condition
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P 2ai
b

(A-21)

where suction is indicated by a negative pressure value (e.g. Wang and Narasimhan 1985). The
equivalent permeability of the fracture is

12
(A-22)

and the hydraulic conductivity is

K pgk _ pgb
2

/7 12q
(A-23)

where 17 is liquid viscosity. Figure 1 shows hydraulic conductivity as a function of aperture for
water at 20'C. Note that even narrow cracks have a high conductivity compared to cementitious
materials.

1.E+05

.E. 1.E+02

0
U

.2
1.lE-01

M

1.E-04 4--
1.E-04 1.E-03 1.E-02 1.E-01

Aperture [in]

1.E+00

Figure A-77. Hydraulic conductivity of saturated cracks as a function of aperture.
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A.4.4 Film Flow

When P < -2o'/b, liquid can no longer span an aperture and the crack will desaturate. For this
condition, a rough fracture face can be conceptually simplified as a repeating series of vertical flat
surfaces and V-shaped grooves to facilitate further analysis, following Or and Tuller (2000,
Figure 1). At pressures slightly below - 2a/b, liquid will completely fill a groove and form a
flat liquid-vapor interface. At a sufficiently low pressure, liquid will recede into the corner of the
groove and be retained by capillary forces. Under this condition, the matric potential

P
P=-7 = gH (A-24)

p

determines the radius of the liquid vapor interface in a groove (Or and Tuller 2000, Figure 2):

0"

PP (A-25)

For a groove of depth L and angle Y, the maximum radius accommodated by the groove
geometry is

L tan(y / 2)
cos(y / 2) (A-26)

The critical pressure defining the transition between flat and curved interfaces is

or

Pc =7 - (A-27)
rc

and is the result of combining equations (A-24) through (A-26). Thus the three flow regimes
identified earlier occur over the following pressure ranges for the assumed geometry of the
fracture face:

1. Saturated flow: P >-2r
b

a 2o'r
2. "Thick" film flow: -- < < --

rc b

3. "Thin" film flow: P < --
rc

Liquid not being held by capillary suction will adhere to the remaining surfaces of the fracture
face as a thin film. Considering only van der Waal forces, liquid adsorption on solid surfaces can
be characterized by

r Av, 11/3L 6zTp, J (
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where h is film thickness and Am is a Hamaker constant.

Liquid held in groove comers by capillary suction and adhering as a thin film to remaining
surfaces flows downward under the force of gravity. Or and Tuller (2000) present a detailed
analysis of the liquid area and average velocity associated with, corner and film flows, which is
summarized in the Appendix. Figures A-78a and A-78b illustrate equivalent film thickness and
average hydraulic conductivity for a representative "rough" fracture surface (Or and Tuller 2000,
Figure 6a). The critical matric potential defining the transition between "thick" and "thin" film
flow is a, = -0.22 J/kg or approximately 2 cm of suction head. A discontinuity in film thickness

is observed in Figure 6a at this matric potential.
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Figure A-78.

(b)

Predicted film flow behavior for a representative "rough" fracture face with

L =5 xl 0-4 m and y = 600: a) equivalent film thickness, and b) average
hydraulic conductivity.
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A.4.5 Application to Saltstone Vault 4

Under saturated flow conditions, the thickness of saltstone transmitting the same flow as a
saturated crack tinder the same hydraulic gradient is

Dsaltstone - crack (A-29)
Ksaltstone

where b is the aperture and Kcrack is defined by Figure A-77. For the assumed Saltstone Vault

4 hydraulic conductivity of 10-11 cm/s, even a small crack is significant because of the extreme
conductivity contrast. During the 10,000-50,000 year period, Saltstone Vault 4 is predicted to
experience ponding on the upper surface. Cracks should be considered under these positive
pressure conditions.

Similarly, the equivalent thickness of saltstone for unsaturated flow is

2KADA
Dsaltstone - (A-30)

Ksaltstone

where the factor of two results from consideration of flow down both sides of the crack, DA the

average film thickness (e.g. Figure A-78a), and KA is average conductivity (e.g. Figure 2b).
Figure 3 defines the suction head required to desaturate a fixed width crack and the equivalent
saltstone thickness, for the aperture conditions assumed in Figure A-78.

For example,- at a suction of 100 cm, cracks larger than 6 x 10- inches will be unsaturated
according to equation (A-27).. Therefore the exact geometry of the crack, i.e. open at top or
bottom, has little impact on the end. result. The equivalent saltstone thickness, assuming a

conductivity of 10 -1 cm/s, would be about 3 ft. At lower suctions, the equivalent thickness
increases rapidly. Conversely, thickness rapidly decreases at higher suction. During the 0-10,000
year period, Saltstone Vault 4 is predicted to experience a suction of around 1200 cm. At this

suction, unsaturated crack flow is predicted to be negligible (Dsaltstone ;zi 0-3 ft from Figure A-

79). An informal sensitivity study that varied groove depth (L), angle (y), and spacing (,8 in
Or and Tuller (2000)) indicates this conclusion is not sensitive to the particular values assumed in
Figure A-79.
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Figure A-79. Minimum unsaturated aperture and equivalent saltstone thickness for film flow

down crack faces.

A.4.6 Conclusions

Macrosc opic cracks forming in Saltstone Vault 4, whether pinched at top or bottom or through-
wall, can be neglected when the suction head exceeds approximately 200 cm. Such conditions are
predicted to occur during the 0-10,000 year period. At lower suction or positive pressure
conditions, crack flow may be significant.
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A.4.7 Details from Or and Teller Reference

The key equations and relationships needed to reproduce Figure 6a in Or and Tuller (2000) are
summarized below:

Matric potential
P /z = - = gH(A-31I)

Film thickness adsorbed to surface under tension. r- " - /3

h(p) = / Asv- / (A-32)I 6nrp/uJ

Corner radius under capillary retention
a-

r(p) = _l (A-33)
pid

Critical matric potential
a cos(y/2)• C / -c (A-34)

pL tan(y /2)
Critical radius of curvature (r < rc)

• L tan(y / 2).rc - (A-35)
cos(y / 2)

Comer area for Pu </Pc

AcI(P) r(u)2[I z(180-y) (A-36)

Comer area for p >PC

AC2 = L2 tan(y 2) .(A-37)

Film area for P < PC
AFI (P) h(= 8L + 2 2 t( (A38)

h=•t){3 [Lcos(y/2) tanr()/2)

Film area for p Žc

AF2 (P) = h(,u){flL + 2(1- 8)L tan(y / 2)} (A-39)

Smooth vertical surface film flow (Tokunaga and Wan 1997; Or and Tuller 2000)

V= /g h2 (A-40)

Corner vertical flow (Or and Tuller 2000)

=Pg r2 (A-41)

where

e = exp b-+--y (A-42)
L 1 <+cyJ

andb =2.124, c =-0.00415 and d =0.00783 for 1O00<7y<1500.
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Hydraulic conductivity
K =- (A-43)

Average hydraulic conductivity (velocity) for pu <pc

KFAFI +KcAcI3
KAI - AF + AC, (A-44)

Average hydraulic conductivity (velocity) for p _> p,

KFAF2 +KCAC2 (KAI = jA2+C (A-45)
AF 2 + Ac 2

Width of representative surface element
W = flL + 2L tan(y" / 2) (A-46)

Effective film thickness

D - AF + Ac (A-47).
w
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INTRODUCTIPION AND SCOPE

Saltstone Vault Number 4 is a rectangular monolith 200-ft. wide by 600-ft. long by 27-ft. high.
It is constructed of reinforced concrete with a 2-ft. base slab and 1 Y2-ft. thick walls. The roof is
nominally 6-in. thick, but is not considered as a structural element. Its purpose is for weather
protection only.

The vault is filled with a saltstone grout mix that solidifies to form a weak concrete.

Prediction of structural cracking with time in this calculation is used in conjunction with
groundwater flow modeling (by others) to estimate the potential leaching of radiological and
chemical contaminants over time. The calculation is intended to cover times up to 10,000 years
from the present. Since the time frame is so long, there are significant probabilities of large
earthquakes that exceed those normally considered for production support facilities.

In its final configuration, the vault is completely filled with saltstone covered by clean grout and
surrounded with soil backfill. Inertial loading of the vault itself does not induce significant
structural stress since it is a monolithic structure. The only structural mechanism that causes
cracking is settlement of the foundation soil.

This calculation covers cracks induced by settlement of the ground beneath the vault. There are
two types of settlement: first, static settlement over time caused by the initial response of the
soil to the loading imposed by the vaults and the consolidation of the soil layers, and second,
differential settlement of local areas under the vault caused by earthquakes. The cracking
caused by the static settlement is induced by a dishing effect that produces a curvature at the
base of the vault. The differential settlement also causes a curvature, but over a small area.
Geotechnical investigations did not find liquefaction potential and soft zones that could cause
larger and more extensive settlements during a seismic event.

This calculation is based on the vault geometry as of January 1, 2003. Changes in configuration
after that date are not considered. The cracks observed during and after filling the cells in the
vault are assumed to be 100% repaired. Cracks caused by degradation of materials, weathering,
chemical reactions, etc. are addressed elsewhere.

A typical cross section of the vault is shown in Figure 1. The locations of construction joints
and the.locations assumed for earthquake induced differential settlements are shown on this
figure. Note that this cross section represents half of the overall vault. The vault is symmetrical
at its center and the two halves are separated by a 3in expansion joint.

The analysis is; performed in three parts:

Static Settlement Model. An axisymmetric model is run with appropriate soil properties to
determine the static settlement pattern over time. Soil properties are based on actual settlement
recorded for the Defense Waste Processing Facility (DWPF).

Structural Model. A structural model of the vault, including the structural concrete and
saltstone, determines the extent of cracking for both static and earthquake induced. settlements.
Location, extent, and magnitude of differential settlement are considered as parameters.
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Statistical Model. The relationships of extent of cracking to the input parameters is determined
from the results of multiple structural analyses. A Monte Carlo analysis utilizing these
relationships is performed to determine the behavior of the vault over time.

Key for Wall and Construction Joint Locations

W -.Wall

CJ - Construction Joint

W-I W-2 W-3 W-4

I .1 I I I ;
SI I I I I

-3o7ft4- -3.o, 30 4oo,--l" 0ct -4o 300 -4- 30,00ft --- 30.00 t 3000t 4-I- 30001o-4c- CI CJ-2 CJ-3 .CJ-4 CJ-S CJ-6 CJ-7 CJ-8 CJ-9

.101 001 105 IO0.00flf

1 2 3 4 5 6 7

Differential Settlement Locations

Figure 1. Typical Vault No. 4 Cross Section

2 INPUT
2.1 Drawings

The following drawings are used for the structural data in this calculation:

C-CC-Z-O011,., through 14.
W828992, 993, and 999

Saltstone Vault #4 Roof
Saltstone Vault #4 Concrete and Steel

2.2 Materials.

Concrete: Concrete strength is taken as 4000 pounds per square inch (psi) and steel
reinforcement is assumed to be Grade 60 (yield strength = 60,000psi).

Saltstone: Structural properties are taken from WSRC-TR-2003-00082. Relevant pages are
inctuded in Appendix A.

Soil: Appendix B contains the soil data and DWPF settlement data used in the analysis.
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Vault Cover: The soil cover for Vault No. 4 is taken from The Revision 2 Closure Cap
Configuration Report issued on 04/02/2003 by Mark Phifer. This report is included as
Appendix C.

3 METHODOLOGY

The calculation is performed in three parts as noted in Section 1. A description of each of these
parts follows.

3.1 Axisymmetric Analysis

3.1.1 Purpose of Analysis

A 2-D axisyrnmetric non-linear analysis is performed on the soil beneath Vault No. 4. The
intent of this analysis is to train the properties of the soil with the DWPF data to obtain
representative settlement displacements for Vault No. 4. The displacements are used in the
structural model of the vault.

3.1.2 Model Details

The model is prepared with initial soil properties based on the shear wave velocities from Site
Geotechnical Services (SGS) reports (References 7.3, 7.4, and 7.5). Relevant sections of these
reports are included in Appendix B.

Settlement is the result of short-term elastic response of the soil layers beneath the structure
and long-term secondary soil consolidation. Non-linear elements using elastic properties and,
kinematic hardening creep behavior are used to model the initial elastic response and the
secondary consolidation, respectively.

The lateral extent of the model is sufficient to obtain horizontal boundary conditions that do
not affect the area beneath the load application. The overall depth of the model is controlled
by bedrock location at elevation -700-ft. The finite element mesh size is increased as a
function of distance from the load application. A fine mesh is not needed in areas where the
stress gradients are small.

Initial properties for the soil layers are calculated from the shear wave velocity data as
discussed above. The initial properties are used as a starting point to verify that the model is
working correctly and converging properly.

3.1.3 DWPF Load Analysis

SGS has calculated the DWPF construction load sequence for correlation With settlement
monument data. The load application data and monument settlement readings are taken from
Reference 7.3 and included in Appendix B.

Following the analysis with the calculated initial properties, the elastic and creep properties
* are varied until a displacement pattern is obtained that matches actual settlements. The

relative relationships of properties from layer to layer are maintained.
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Figure 2 shows the actual settlements measured for the DWPF and the settlement of the
axisymmetric model at node 9 (120 ft. from centerline) 'for the DWPF load application. Node
9 was chosen because it is about midway between the model center and the edge of the
DWPF. Three cases were run, representing a high, low and mean settlement. These three
cases are shown as the dashed lines in Figure 2.

Figure 2. Comparison of DWPF Settlement with Axisymmetric Model Results

A stress contour plot for Vertical normal stress and the deformed shape is shown in Figure 3.
Note that the vertical scale is greatly exaggerated. The maximum displacement occurs at the
model centerline (DMX) and is 0.24-ft. or 2.9-in. at a time of 6500 days.
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NODAL SOLUTION

STEP=3
SUB -8
TIME=6500
SY (AVG)
RSYS=0
DMX -,244944
SMN =-5.498
SMX -. 059861

ANSYS
APR 1 2003

13:33:30

I
-5.498 -4.263 -3.028 -1.793

-1.175
-. 557657

-4.88 -3. 645 -2.41

Figure 3. 1)WPF Non-linear Soil Model Results. This plot shows vertical stress plotted as
contours on an exaggerated deformed shape.

3.1.4 Vault No. 4 Load Analysis

The result of the analysis for DWPF loads is a soil model that is representative of elastic and
non-linear consolidation behavior of the underlying strata. To use this model to predict long-
term static settlement of Vault No. 4, loads are calculated from the proposed closure cap cover
plan detailed in Appendix C and applied as surface pressures. The calculated surface
pressures vary from 0 to 7.3 kips per square foot (ksf.

Figure 4 shows the response of the model to the vault loads at a time of 10,000 years. The
maximum soil pressure is 6.6 ksf. For Vault No. 4 the maximum displacement (DMX) is
0.61-ft., or 7.3-in. A comparison of Figure 4 and Figure 3 shows that the stress at bedrock for
vault loads is significantly higher than the stress caused by DWPF loads. This difference does
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not affect the results since the bedrock is stiffer than the overlying strata and its long term
consolidation is judged to be negligible.

The calculated displacements are in agreement with geotechnical predictions of initial and
long-term settlement. (reference 7.7, attached in Appendix D)

NODAL SOLUTION

STEP-7
SUB =5
TIME=. 365E+07
SY (AWG)
RSYS=0
DMX -. 606651
SMN =-6.633
SMX -. 011778

ANSY;
APR 18 2003

09:20:51

-6.633 -5.156 -3.68
-4.418 -2.941

-2.203 -1.465 - .726509
.011778

Figure 4. Non-linear Soil Model Results for Vault No. 4.

3.2 Structural Analysis

3.2.1 Purpose of Analysis

Once the settlement displacements over time are obtained from the axisymmetric model, the
next step is to determine the effects of both static settlement and earthquake induced
differential settlement. The intent is to relate cracking in the vault to settlement and to
determine the influence of variations in parameters, such as material properties, settlement
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rate, magnitude and extent of differential settlement, etc. These parameters are discussed in
detail later.

3.2.2 Model Description

The structural analysis is performed with a 2-D plane strain model. The choice of a 2-D
model is based on a preliminary comparison between 2-D and 3-D models presented in
Appendix G. The study showed that stress and strains in the 2-D model are slightly higher
than the 3-D model, but only by 5% or less.

An important aspect of the vault construction is that there are construction joints on 30-ft.
centers in the base slab and walls. These joints are considered as discontinuities that are
locations for crack initiation. The saltstone grout mix is almost an order of magnitude weaker
than the structural concrete. It is therefore assumed that the cracks in the grout would tend to
follow the pattern initiated by cracking in the structural concrete slab and walls.
The construction joints effectively subdivide the structure into blocks. Because of their aspect
ratios (30-ft. wide and 27-ft. tall), the blocks have low bending stress between the joints for
the static and differential displacements. If the blocks were larger, say 100-ft., there would be
a potential for cracking between joints. There are also joints between the saltstone and the
concrete walls. There is no bond assumed between at these joints.

The structural model uses non-linear contact elements for the joints between the walls and the
saltstone and at the construction joint locations in the base slab. Crack propagation in the
saltstone is modeled with non-linear elements that are elastic under compressive load and have
a small elastic tensile strength. When the tensile strength is exceeded, the capacity of the
element is zero.

The interface between the soil and the vault is represented by soil spring elements whose
properties arc; based on the soil bulk modulus. These elements are simple unidirectional
springs. The displacement boundary conditions are imposed on the structure through these
springs to simulate the actual soil behavior in distributing the settlement to the structure.
Since displacements are applied to nodal points, applying the displacements directly to the
structure would give artificially high results, unless an extremely fine mesh is used.
Figure 5 shows a plot of the model used for the structural analysis. The non-linear interface
elements do not appear in graphical representations since they have zero length.

Some of the structural model properties were considered parametrically as shown in Table 1.
These properties are bulk modulus for the soil and Young's modulus and cracking strain for
saltstone.

S
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A-E-L-K-N JUN 26 2003

U 10:17:31
ACEL

PRES-NORM

.. 1.276 1.751 2.227 . .402 941.038 1 1.513 1.989 .2.464 2.94

1

Figure 5. Structural Model. Applied pressures and boundary conditions are shown. The self
weight of the structure is applied as a gravity load.

3.2.3 Static Settlement Analysis

The static settlement displacements from the axisymmetric model are applied to the structural
model. The model is run by stepping through time with the displacements changed at discrete
points in time corresponding to the axisymmetric model results. Since the mesh size is
different for the structural model, displacements are linearly interpolated between nodal points
of the axisymmetric model. The displacements from the axisymmetric model and the
interpolations are shown graphically in Figure 8.

The static settlement rate is varied between the mean, high, and low cases discussed in Section
3.1.3. The settlement rate is used as a variable parameter in the statistical analysis and is given
in Table 1.
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Table 1. Parameters used in the Structural Analyses

Parameter Units Mean I sigma Coefficient
Basic Parameters I I I ofvariation

Soil Bulk Modulus kcf 30 15 0.5
Grout Compressive
Strength psi 524 196.8 0.38

dependent on sqrt(Comp.
Grout Modulus ksf 2.05E+05 Strength)

dependent on sqrt(Comp.
Grout Cracking Strain in/in 1.21 E-04 Strength)
Static Settlrement ft 1.0607 0.53 0.5

Earthquake [Parameters
Differential Settlement

Magnitude, PC-3 in 0.75 N/A N/A
Magnitude,, PC-4 in 2.75 N/A N/A
Surface Extent ft 62 31 0.5

Uniform
Location N/A I of 7 N/A DistributionS

3.2.4 Differential Settlement Analysis

The major effect of an earthquake on a monolithic structure of this type is to cause settlement
beneath the structure. Differential settlement causes structural deformations that can lead to
cracking. In the time span being analyzed, there is a likelihood of the occurrence of significant
earthquakes.

To quantify the effects of differential settlement, there are three parameters of interest. First,,
the magnitude of settlement is related to the size of the event. The settlement magnitude for
PC-3 and PC-4 events have been calculated by SGS (Reference 7.7 and Appendix D). These
values are 0.75 inches for PC-3 and 2.75 inches for PC-4.

The second parameter is the extent of settlement. In reference 7.1, SGS shows the depth to the
major earthquake induced settlement to be about 62-ft. for boring ZCP-27. This is the only
boring that shows a fairly significant settlement of the six borings listed. Because of this
observation, the settlement is treated as a point source with a 2:1 vertical cone of influence.
The result of this assumption is a settlement diameter of 62-ft. at the surface. The settlement
shape is a standard normal curve per Reference 7.2.

The third parameter is the location of the settlement with respect to the structure. Seven
locations for potential differential settlement during earthquakes are chosen for the analysis.
These locations are evenly spaced at 50-ft. intervals as shown on Figure 1.

The differential settlements are superimposed on the static settlements at specific times. The
times chosen for the differential settlements are 100, 1000, and 5000 years.

The parameters for the differential settlement analysis are also shown in Table 1.
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3.2.5 Structural Analysis Results Format

The results of multiple finite element analyses are summarized on spreadsheets by graphing
nodal displacements at the construction joints and at the saltstone-concrete interface. The
displacement patterns at the cracks are noted to be predominately linear. The cross sectional
area for each crack is calculated by the length times the width divided by 2.

A typical plot of the finite element model deformed shape is shown on Figure 6. Note that the
deformed shape plot is highly exaggerated. A corresponding plot showing the crack size vs.
height is shown as Figure 7. Figure 7 is produced by plotting

1
DISPLACEMENT

STEP-5
SUB -10
TI.4E-1100
OMU -. 4591.3

ANSYN
APR 29 2003

14:30:51

Crack

Crack

Figure 6. Typical Deformed Shape Plot. Differential settlement is at location 4 with PC-4
magnitude. All parameters are mean values.

For example, for the crack at construction joint 5 shown in Figure 7, the width is about 1.15
inches and the length is about 27 ft. The calculated area is 1.15x27x 12/2 = 186 in2.
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Crack Width at Construction Joints
1000 year PC4 Location 4

-- CJ 1

,i 5 - C.J

/r -Ci

SABottom ofSaltstone

% '119" .00 , .. ..

* - .0-0.1 0 0.1 0.2 0.3 0.4 ' 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2I .crack s.z: In.

i;, " BFigure 7. Typical Plot of Crack Size at CJ5.

/.0 i

" Statistical Analysis/ .

3:3.1 Purpose

- , The structural analysis generates multiple results for the various parameters discussed above.
The results are generated by varying each parameter independently while holding the others at
their mean values. To arrive at a statistical result that reflects crack sizes with respect to time,
a Monte Carlo analysis is performed.

3.3.2 Reduction of Structural Data

The first step in this process is to reduce the structural data to a form usable for the iterative
analysis. Spreadsheet compilations of the structural data relate observed cracks to the
.parameters. Observed cracks were expressed in terms of cross sectional area for the two types
observed: Cracks open at the top at the joint between the Walls'and the grout, and cracks open
at the bottom at the construction joint locations.

There were some cases noted where there were multiple cracks. In these cases the data was
simplified by adding the crack areas. The two basic premises in calculating crack areas are
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that static and differential settlement cracks were considered as independent and once a crack
opens it remains open. The latter premise is discussed further in Section 4.

The results of the data reduction is a series of mathematical relationships that relate crack size
to each of the parameters in Table 1.

3.3.3 Monte Carlo Analysis

Once the relationships between the parameters and the resulting crack areas are established,
the next step is to apply statistical distributions to the data. In general, normal, or truncated
normal distributions were used. The data was mapped onto these distributions.

The analysis is an iterative process where random numbers are used to set parameters for each
iteration in accordance with the mapped distributions. Each iteration establishes values for
saltstone modulus and cracking strain, soil bulk modulus, and static settlement rate. Once
these parameters are set, the analysis is stepped through 10,000 years in 10 year increments.

As the analysis proceeds through the time steps, a random number generator is used to
determine if a seismic event occurs, and if so, the magnitude of differential settlement
associated with the event.

If an event occurs, random number generators are used to establish the location and extent of
settlement.

The results of the Monte Carlo are a relationship between crack area and time with a statistical
distribution. The model is iterated until a low convergence criterion in terms of percentage
variation of mean and standard deviation of the results is met. The results are calculated at
times of 100, 500, 1000, 2500, 5000, and 10000 years.

3.3.4 Calculation of Crack Size

The output of most interest for flow modeling is the crack width. To determine representive
crack widths from the crack areas, a comparison is made between the statistical analysis
results and the plots of the structural analysis cracks (see Figure 7). Empirical relationships
are established that relate the areas and dimensions of the cracks.

4 ASSUMPTIONS

4.1 The starting point for this calculation is that the vault is in an as designed condition with all
repairs complete.

4.2 Since the soil profiles for the Saltstone Vault area and the DWPF are similar, and the
facilities are in close proximity on the site, the settlement data for the DWPF are
considered applicable to the Saltstone Vault.

4.3 The static settlement for the DWPF is modeled by adjusting non-linear creep and linear
elastic response in the axisymmetric model until a representative settlement curve is
obtained as shown in Figure 2. This curve is considered the mean. The high and low
settlement measurements of the DWPF are assumed to be a one sigma variation each way.
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4.4 The loading used for soil cover considers the current information for the entire vault area.
The vault area is projected to contain 15 vaults. Appendix G presents the results of various
trial load combinations. The loading configuration that caused the greatest static
displacement curvature is the inclusion of Vaults No. 1 through 12, but the exclusion of 13
through 15.

4.5 Since the vault is symmetric about its centerline in the long direction, only one half of the
vault is used in the structural analysis. However, the loads are not entirely axisymmetric
about the Vault No. 4 centerline when considering the effects of the other proposed vaults.
The static load case is slightly conservative since the half of the vault with the greatest
static settlement curvature is used as shown in Appendix G.

4.6 Assumptions regarding the coefficients of variation of the input to the analysis are
explained in the body of the calculation.

437 As discussed in Section 3.2, the structural behavior of the model is controlled by
preexisting construction joints spaced on 30-ft. centers. Since these joints represent
discontinuities in the structure,,they provide locations for crack initiation. Because of the
length of time considered in this analysis, the waterstop and reinforcing dowels are
considered to be ineffective in reducing the cracking or leakage through the joints. These
joints are also assumed to control the saltstone cracking in that cracks in the much weaker
saltstone will tend to follow the joints in the concrete floor and walls.

4.8 The reinforcing dowels in the structure tying the construction joints would initially provide
some resistance to crack propagation. However, the displacements of the underlying soil
are permanent, so the reinforcing bars are not credited since corrosion is likely given the
long time spans in this analysis.

4.9 The 2-D model does not consider the effects of cracking initiated by longitudinal
construction joints. However, the assumption of 2-D behavior is conservative in that the
joint is considered to extend through the width of the structure. If one assumes that a mean
differential settlement with radius of 31 ft. occurs at the conjunction of a longitudinal and a
transverse construction joint, the result could be a crack in each joint of approximately 62-
ft. for a total of 124-ft. The model is conservative in that a transverse crack would be 200-
ft. in length across the transverse section.

4.10 The loads applied to the structural model are the same loads that are applied to the
axisymmetric model. This is done to ensure that there is a consistent load application for
the differential settlement case. The static results are checked and the absolute
displacements at the base of the structure are found to be about 16% conservative with
vault loads included. The actual conservatism is somewhat less, since static settlement
cracking is induced by curvature rather than absolute displacement.

4.11 There are certain conditions where a differential displacement tends to close a previously
opened crack. Credit is not taken for closing cracks since, in the time frame under
consideration, they would eventually fill in with solids and not be capable of closing.
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4.12 There is no credit taken for increase in concrete or saltstone compressive strength with
time. This is a known effect in concrete, but there is not enough data for saltstone. Since
the time span of this calculation is so long, there is no basis for either an increase or
decrease of strength with time, so the initial strength is used.

5 RESULTS

5.1 Axisymmetric Analysis

The results from the axisymmetric analysis for DWPF loading are shown on Figure 2. This
shows the comparison between actual settlements measured over 10 years and the settlement
calculated from the model.

The results firom the same model for the vault loads are shown'on Figure 8. The mean
settlement rate is shown. The symbols represent the discrete settlement points calculated in
the axisymmetric model at the various times noted on the legend. The lines connecting the
symbols represent displacements interpolated for the finer mesh in the structural model.

0
Interpolation of Dlsplacemenls for Model 300

0.00

.1War
-0.10

-0.20 A 24 years

-0.30 . - 100year

.L x 1000 years
.3 -0.40 -

5000 years

-0.50 10000 yar

,0.60-

-0.70
0 50 100 150 200 250 300 350

Distance from CL, FL

Figure 8. Settlements for Vault 4 from Axisymmetric Model. Symbols show model results and
the connecting lines are interpolations for application to the structural model.
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5.2 Structural Analysis

The results of the structural analysis are given in Appendix E. The plots shown indicate the
formation of a cracks by the relative displacements between pairs of nodes on each end or
surface of the non-linear elements.

A typical plot is shown in Figure 7. The plots are produced by exporting the ANSYS
displacement results into EXCEL and plotting the relative displacements between the pairs of
nodes associated with the construction joint locations and the saltstone-concrete interfaces.
Appendix E shows results for the parameters listed in Table i. Each parameter is varied
independently while the others are held at their mean values.

5.3 Statistical Analysis

The results of the statistical analysis are shown in Figures 9 and 10. These figures represent the
two types of cracks observed. The relationship of crack area and width and length is given
Table 2.

Monte Carlo Analysis Results
Bottom Crack Area vs. Time

700-

c4 600 ----- -l - sigma

- 500-- .+1 sigma

,Eo ___ __._., L, t400-

0P 
000 200-

00_T ..
100 1000) 10000

Time, yewrs

Figure 9. Cracks Open at Bottom
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Monte Carlo Analysis Results
Top Crack Area vs. Time
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Figure 10. Cracks Open at Top
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Table 2. Summary of crack areas and sizes for specific time intervals.

Cracks Open at Bottom
Mean Crack Size +1 sigma Crack Size

Length Width Length Width

Time Mean +1 sigma ft. In. ft. In.

100 8.48 33.02 24.30 0.06 25.74 0.21
500 27.39 75.60 25.42 0.18 27.00 0.47
1000 47.87 116.88 26.54 0.30 27.00 0.72
2500 101.50 211.98 27.00 0.63 27.00 1.31

5000 186.53 347.05 27.00 1.15 .27.00. 2.14

10000 353.26 588.72 27.00 2.18 27.00 3.63

Cracks Open at
Top

Mean Crack Size +1 sigma Crack Size

Length Width Length Width

Time Mean +1 sigma ft. in. ft. in.

100 1.14 14.02 27 0.01 27 0,09
500 4.70 28.80 27 0.03 27 0.18

1000 10.00 43.86 27 0.06 27 0.27
2500 25.21 79.94 27 0.16 27 0.49

5000 50.78 133.98' 27 0.31 27 0.83

10000 100.55 227.80 27 0.62 27 1.41.
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6 CONCLUSIONS

The results of the analysis predict the vault cracking over time as required by the calculation
objective. The statistics provide the standard deviation and 95% confidence level for use in
the flow net analysis and overall probabilistic evaluation of vault performance. The results
are slightly biased towards a conservative estimate of crack size.
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1.0 EXECUTIVE SUMMARY

The Performance Assessment (PA) for the Saltstone Disposal Facility (SDF) is currently under
revision. As part of the PA revision and as documented herein, the closure cap configuration has been
reevaluated and closure cap degradation mechanisms and their impact .upon infiltration through the
closure cap have been evaluated for the institutional control to pine forest, land use scenario. This
land use scenario is considered the base case land use scenario. This scenario assumes a 100-year
institutional control period following final SDF closure during which the closure cap is maintained.
At the end of institutional control, it is assumed that a pine forest succeeds the cap's original bamboo
cover. Infiltration through the upper hydraulic barrier layer of the closure cap as determined by this
evaluation will be utilized as the infiltration input to subsequent PORFLOW vadose zone contaminant
transport modeling, which will also be performed as part of the PA revision.

The reevaluation of the closure cap configuration has resulted in the following primary changes to the
closure cap configuration:

* The previous kaolin hydraulic barriers have been replaced with geosynthetic clay liners (GCL).

The drainage system configuration has been revised to decrease the drainage slope lengths.

* An erosion barrier separate from and above the upper drainage layer has been added.

* A backfill layer has been added between the erosion barrier and the upper drainage layer to help
promote evapotranspiration.

* The previous grout layer directly above the vault has been replaced with soil.

* The thickness of the lower drainage layer has been increased, a vertical drainage layer has been
added along the sides of the vaults, and a drainage layer has been added at the base of the vaults
to minimize the hydraulic head on top of the vaults.

The impacts of pine forest succession, erosion, and colloidal clay migration as degradation
mechanisms on the hydraulic properties of the closure cap layers over time have been estimated and
the resulting infiltration through the closure cap has been evaluated. The primary changes caused by
the degradation mechanisms that result in increased infiltration are the formation of holes in the upper
GCL by pine forest succession and the reduction in the saturated hydraulic conductivity of the
drainage layers ,due to colloidal clay migration into the layers. Erosion can also result in significant
increases in infiltration if it causes the removal of soil layers, which provide water storage for the
promotion of evapotranspiration. For this scenario, infiltration through the upper GCL was estimated
at approximately 0.29 inches/year under initial intact conditions, it increased to approximately 11.6
inches/year at year 1000 in nearly a linear fashion, and it approached an asymptote of around 14.1
inches/year at year 1800 and thereafter. At year 1800, it was estimated that holes covered
approximately 0.3 percent of the GCL due to root penetration, and that this resulted in an infiltration
near that of typical background infiltration (i.e. as though the GCL were not there at all). This
demonstrated that a very small area of holes essentially controlled the hydraulic performance of the
GCL.

Rev. 0
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To: J. R. Cook, 773-43A

E. L. Wilhite, 773-43A
A. D. Yu, ALARA

From: M. A. Phifer, 773-42A

Vault #4 Closure CaM Estimated Infiltration for Years 50,000 to 1,000,000

Estimated infiltration through the upper geosynthetic clay liner (GCL) of the Vault #4 closure cap
has been determined for years 50,000 through 1,000,000 consistent with that previously provided
for years 0 through 10,000 in Phifer. (2004). Additionally information on the hydraulic properties
of the lower drainage layer, side vertical drainage layer, and vault base drainage layer are also
provided. Table:1 provides the resulting Vault 4 PORFLOW input. The table also includes the
previously provided information for years 0 through 10,000. Figure 1 provides a graphical
depiction of the estimated infiltration through the upper GCL over time. Appendix A provides the
associated calculations.

The Technical Report Design Check has been performed by William E. Jones, and all necessary
corrections have been made based upon the results of this design check.

Reference:
Phifer, M. A. 2004. Vault 4 Infiltration and Hydraulic Conductivity Input for the Vadose Zone
PORFLOWModeling, SRT-EST-2004-00068, Westinghouse Savannah River Company, Aiken,
South Carolina. February 26, 2004.

CC: B. T. Butcher, 773-43A

R. S. Aylward, 773-42A

M. K. Harris, 773-42A
W. E. Jones, 773-42A

EST files
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Table 1. Vault #4 PORFLOW Input
Year Infiltration Lower Height of Height of Thickness of Thickness of

through Drainage Side Vertical Side Vertical Upper Lower
Upper GCL Layer K, Drainage Drainage Portion of the Portion of
(in/yr) (cm/s) Layer with a Layer with a Vault Base the Vault

K. of 0.1 K, of 0000.1 Drainage Base
cm/s cm/s I Layer with a Drainage
(cm/s) (cm/s) K, of 0.1 Layer with a

cm/s 3  K of 0.0001
(feet) cm/s 3~(feet)

0 0.36 1.OOE-01 23.5 0 5 0
100 0.41 L.OOE-01 23.5 0 4.9995 0.0005
300 3.05 9.98E-02 23.5 0 4.995 0.005
550 7.90 9.89E-02 23.5 0 4.978 0.022
1,000 12.04 9.61E-02 23.5 0 4.92 0.08
1,800 13.76 8.96E-02 23.5 0 4.79 0.21
3,400 14.03 7.56E-02 23.5 0 4.51 0.49
5,600 14.08 5.62E-02 23.5 0 4.12 0.88
10,000 14.09 1.74E-02 23.5 0 3.34 1.66
50,000 14.04 1.OOE-04 19.78 3.72 0 5
100,000 14.11 1.OOE-04 10.94 12.56 0 5
190,000 16.54 1.OOE-04 0 23.5 0 5
280,000 18.12 1.OOE-04 0 23.5 0 5
500,000 18.12 1.OOE-04 0 23.5 0 5
1,000,000 18.12 1.OOE-04 0 23.5 0 5

Figure 1. Infiltration through the Upper GCL over Time
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Appendix A
SDF GCL Closure Cap Degraded Property Value Calculations

for Years 50,000 to 1,000,000

Introduction
All references to tables, sections, appendices, etc. refer to tables, sections, appendices, etc. from
Phifer 2003. The Saltstone Disposal Facility (SDF) geosynthetic clay liner (GCL) closure cap
initial (0 year) layer thickness and hydraulic property values from top to bottom are provided in
Table 3.1-1. The degradation scenarios for each layer are provided in Table 4.4-1. Based upon the
Table 4.4-1 degradation scenarios, the Table 3.1-1 initial SDF closure cap layer thickness and
hydraulic property values have been modified to account for degradation at 50,000, 100,000,
190,000, 280,000, 500,000, and 1,000,000 years after closure of the SDF. These property
calculations were performed consistent with that performed within Phifer 2003 and supplement
the information previously provided in Phifer 2004 for years 0 to 10,000.

Topsoil and Upper Backfill Layer Thickness:
From Section 4.2 the soil loss in terms of depth of loss per year for the topsoil and upper backfill
was estimated to be 2.OE-04 inches/year and 1.2E-04 inches/year, respectively.
Topsoil Thickness over Time Calculation:
Year I Thickness
Topsoil Thickness
30,000 6" - (30000 years x 2.OE-04 inches/year) = 0" (Topsoil is completely eroded away at

I year 30,000)
Upper Backfill Thickness
50,000 30" - [(50000 years - 30000 years) x 1.2E-04 inches/year] = 27.6
100,000 30" - [(100000 years - 30000 years) x 1.2E-04 inches/year] = 21.6
190,000 30" - [(190000 years - 30000 years) x 1.2E-04 inches/year] = 10.8
280,000 30" - [(280000 years - 30000 years) x 1.2E-04 inches/year] 0 (Backfill is completely

eroded away at year 280,000)

Summary Topsoil and Upper Backfill Thicknesses:
Year Topsoil Thickness (inches) Upper Backfill Thickness (inches)
50,000 0 27.6
100,000 0 21.6
190,000 0 10.8
280,000 0 0
500,000 0 0
1,000,000 0 0

Erosion Barrier Hydraulic Properties:
Maintenance during institutional control period prevents degradation of the erosion control
barrier. Subsequent to the institutional control period, pine forest succession will results in root
penetration through the erosion control barrier. This does not impact its ability to function as an
erosion barrier, however it allows the overlying backfill to infill and mix with the erosion barrier
stone.
From Section 4.1 the following assumptions relative to the succession of bamboo by a pine forest
that impact the erosion barrier hydraulic properties were made:

3
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* 200 years after the end of institutional control it is assumed that the entire cap is covered with
pine (i.e. 400 mature trees per acre).

* Complete turnover of the 400 mature trees per acre occurs every 100 years (in a staggered
manner).

* There are 400 mature trees per acre with 4 roots to 6 feet and I root to 12 feet. The roots are 3
inches in diameter at a. depth of 1 foot and 0.25 inches in diameter at either 6 or 12 feet,
whichever is applicable.

* 200 years after the end of institutional control (i.e. at year 300) it is assumed that the entire
cap is covered with pine (i.e. 400 mature trees per acre). It is assumed that each "generation"
of roots becomes instantaneous voids at the 100-year turnover period.

Area of holes in erosion barrier due to root penetration at Year 50,000:

Will use the average thickness of the topsoil plus upper backfill over the 50,000 years to
determine the average hole penetration size in the erosion barrier over that period:

((30" + 6") + 27.6") + 2 = 31.8"
Area of holes in erosion barrier due to root penetration:

Average Erosion Barrier Depth = 31.8" + /2(12")= 37.8" t 3.15'
Root Diameter for 4-6' roots at 3.15':

3" diameter at 1' depth and 0.25" at 6'

(3"-'-0.25")/(6'-1') = 0.55"/ft

Diameter = 0.25" + [(6' -3.15') x 0.55"/ft] = 1.82"
Area for 4-6' roots at 3.15':

Area =4 x '¼rD2 = irD2 = t(1.82") 2 = 10.4 in2

Root Diameter for 1-12' root at 3.15':
3" diameter at 1' depth and 0.25" at 12'
(311 0 25")/(12') = 0.25"/ft

Diameter = 0.25" + [(12' - 3.15') x 0.25"/ft] = 2.46"
Area of for 1-12' roots at 3.15':

Area = ¼IrD2 = ¼r7(2.46")2 = 4.75 in2

Total area of holes in erosion barrier per tree:

Totil area = 10.4 in2 + 4.75 in2 
= 15.15 in2 x ft2/144 in2 0.10 ft2/tree

Total area of holes per acre per 100 years:

400 trees/acre/100 years

Total area = 0. 10 ft2/tree x 400 trees/acre/100 years = 40 ft2/acre/100 years

Area of holes in erosion barrier due to root penetration at Year 100,000:
Will use the average thickness of the topsoil plus upper backfill over the 100,000 years to
determine the average hole penetration size in the erosion barrier over that period:

((30" + 6") + 21.6") + 2 = 28.8"

Area of holes in erosion barrier due to root penetration:

Average Erosion Barrier Depth = 28.8" + 1/2(12") = 34.8" 2.9'
Root Diameter for 4-6' roots at 2.9':

3" diameter at 1' depth and 0.25" at 6'

4
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("--0.25")/(6'-1') = 0.55"/ ft

Diameter = 0.25" + [(6' - 2.9') x 0.55"/ft] = 1.96"

Area for 4-6' roots at 2.9':

Area = 4 x ¼4tD 2 = TrD2 = 7t(1.96")
2 = 12.1 in2

Root Diameter for 1-12' root at 2.9':

3" diameter at 1' depth and 0.25" at 12'

(3'(-0.25")/(12'-1') = 0.25"/ft

Diameter = 0.25" + [(12' -2.9') x 0.25"/ft] = 2.52"

Area of for 1-12' roots at 2.9':

Area = ¼/rD 2 = /4nt(2.52") 2 = 4.99 in2

Total area of holes in erosion barrier per tree:

Total area = 12.1 in2 + 4.99 in2 = 17.1 in2 x ft2/144 in2 0.12 ft2 /tree

Total area of holes per acre per 100 years:
400 trees/acre/100 years

Total area = 0.12 ft2/tree x 400 trees/acre/100 years = 48 ft2/acre/100 years
Area of holes in erosion barrier / acre
40 ti/ acre + [(50,000 yrs - 300 yrs) x 40 ft2/acre/100 years = 19,920 ft2/acre
48 ft2/ acre + [(100,000 yrs - 300 yrs) x 48 ft2/acre/100 years = 47,904 ft2/acre (i

Year Fraction (f) of erosion barrier area comprising holes
50,000 19,920 ft2/acre + 43560 ft/ acre = 0.4573
100,000 1.0

At 50,000 years -45% of the erosion barrier has been disturbed and mixed with the upper backfill
layer and at 100,000 years the entire erosion barrier has been disturbed and mixed with the upper
backfill layer. Therefore will assume that the erosion barrier properties for those portions of the
erosion barrier that have been disturbed at these times becomes that of 2-inch to 6-inch granite
stone filled with the backfill. This is different from the way the properties were determined
previously for the erosion barrier through 10,000 years, where the area of the erosion barrier
impacted by root penetrations and backfill intrusion was less than 10 percent. Consideration of
the erosion barrier as stone with backfill fill pores is assumed to provide the properties for the
erosion barrier after complete mixing with the backfill. For backfill dropping into hole and
mixing with the stone will assume that the saturated hydraulic conductivity of the backfill
increases from IE-04 to IE-03 cm/s.
Determine the combined soil material properties for the 2-inch to 6-inch .granite stone filled with
backfill:

The porosity of the 2-inch to 6-inch granite stone with a d50 (i.e. median size) of 4 inches is
taken as 0.397 based upon the porosity Of poorly graded gravel from USEPA 1994a and
USEPA 1994b.
From Table 3.1-1 the properties of the backfill are as follows:

Property Property Value
Saturated Hydraulic Conductivity 1.OE-03 cm/s
Porosity 0.37
Field Capacity 0.24
Wiltin ; Point 0.136

5
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The matrix of an individual granite stone itself is considered impermeable and non-porous.
The porosity of a layer of granite stone is considered to be 0.397. When the granite stone
porosity is filled with backfill, the resultant hydraulic properties, which are area or volume
based, become that of the backfill times the granite stone porosity. The resultant hydraulic
properties are shown below:

Property Property Value
Saturated Hydraulic Conductivity 1.OE-03 cm/s x 0.397 = 3.97E-04 cm/s
Porosity 0.37 x 0.397 = 0.147
Field Capacity 0.24 x 0.397 = 0.095
Wilting Point 0.136 x 0.397 = 0.054

The above are the properties at 100,000 years. The properties at 50,000 years are a -46%
mixture of those above and -54% of intact erosion barrier.

The following are the input properties for year 50,000:
Material Mix at 50,000 Saturated Porosity Field Capacity Wilting Point

(fraction) Hydraulic
Conductivity

_(cm/s)

Mixed Erosion 0.4573 3.97E-04 0.147 0.095 0.054
Barrier
Erosion 0.5427 3.97E-04 0.06 0.056 0.052
Barrier I I I

Year 50,000 porosity, field capacity, and wilting point:

n = (0.4573 x 0.147) + (0.5427 x 0.06) = 0.10
FC = (0.4573 x 0.095) + (0.5427 x 0.056) = 0.074
WP = (0.4573 x 0.054) + (0.5427 x 0.052) = 0.053

Summary Erosion Barrier Hydraulic Properties with Time:
Year n FC WP
50,000 3.97E-04 cm/s 0.10 0.074 0.053
100,000 3.97E-04 cm/s 0.147 0.095 0.054
190,000 3.97E-04 cm/s 0.147 0.095 0.054
280,000 3.97E-04 cm/s 0.147 0.095 0.054
500,000 3.97E-04 cm/s 0.147 0.095 0.054
1,000,000 3.97E-04 cm/s 0.147 0.095 0.054

Upper GCL Holes:
It was previously determined in Appendix F that the upper GCL becomes ineffective as a barrier
layer at year :1800 when holes comprise 0.29 percent of the layer's area. Therefore for
determination of infiltration for years 50,000 and beyond the GCL will be assigned as a barrier
soil liner with the same material properties as the overlying middle backfill and upper drainage
layer at year 2246.
Year K (cm/s) n FC WP
50,000 0.0032 0.375 0.16 0.0745
100,000 0.0032 0.375 0.16 0.0745
190,000 0.0032 0.375 0.16 0.0745
280,000 0.0032 0.375 0.16 0.0745
500,000 0.0032 0.375 0.16 0.0745
1,000,000 0.0032 0.375 0.16 0.0745

6
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Middle Backfill Layer and Upper Drainage Layer Hydraulic Properties: r,

It was previously determined in Appendix F that the material properties of the middle backfill and
upper drainage layer become the same at year 2246 and remain constant thereafter.

Year K (cm/s) n FC WP
50,000 0.0032 0.375 0.16 0.0745
100,000 0.0032 0.375 0.16 0.0745
190,000 0.0032 0.375 0.16 0.0745
280,000 0.0032 0.375 0.16 0.0745
500,000 0.0032 0.375 0.16 0.0745
1,000,000 0.0032 0.375 0.16 0.0745

Lower Drainage Layer Hydraulic Properties:

It was previously determined in Appendix F that the lower drainage layer completely silts in at
year 11,953 and that the following were the properties after silting in:

The above properties of the lower drainage layer are applicable to years 50,000 through
1,000,000.

HELP Model Runs:
The above data were used to estimate the infiltration over time from year 50,000 to 1,000,000.
Based upon the assumptions made, the properties of the soil layers remain constant after year
280,000. The following tables provide the HELP model inputs for the various years.

7
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HELP Model Input for Year 50,000:

Input Parameter (I-f;LP Model Query) Generic Input Parameter Value
Landfill area = 19.63 acres
Percent of area where runoff is possible = 100%
Do you want to specify initial moisture storage? (YIN) Y
Amount of water or snow on surface = 0 inches
CN Input Parameter (HELP Model Query) CN Input Parameter Value
Slope 3%
Slope length = 450 ft
Soil Texture = 5 (HELP model default soil texture)
Vegetation = 4 (i.e., a good stand of grass)
HELP Model Computed Curve Number = 54.4
Layer Layer Number Layer Type
Upper Backfill 1 1 (vertical percolation layer)
Erosion Barrier 2 1 (vertical percolation layer)
Middle Backfill 3 1 (vertical percolation layer)
Upper Drainage Layer 4 2 (lateral drainage layer)
Upper GCL 5 3 (barrier soil liner)
Lower Backfill 6 1 (vertical percolation layer)
Lower Drainage Layer 7 2 (lateral drainage layer)
Lower GCL 8 3 (barrier soil liner)

Layer Layer Soil Total Field Wilting Initial
Type Thickness Texture Porosity Capacity Point Moisture

(in) No. (VoliVol) (Vol/V01) (Vol/Vol) (Vol/Vol)
1 1 27.6 0.37 0.24 0.136 0.24
2 1 .12 0.1 0.074 0.053 0.074
3 1 12 0.375 0.16 0.0745 0.16
4 2 12 0.375 0.16 0.0745 0.16
5 3 0.2 0.375 0.16 0.0745 0.16
6 1 58.57 0.37 0.24 0.136 0.24
7 2 24 0.22 0.21 0.20 0.22
8 3 0.2 0.75 0.747 0.40 0.75

Layer Sat. Hyd. Drainage Drain Leachate Recirc. to Subsurface
Type Conductivity * Length Slope Recirc. Layer Inflow

(cm/sec) (f (%) (%) # (in/yr)
1 1 1.OOE-04
2 1 3.97E-04
3 1 3.20E-03
4 2 3.20E-03 450 3
5 3 3.20E-03
6 1 1.001E-04
7 2 1.00E-04 150 11.4
8 3 5.00E-09

Layer Geomembrane Geomembrane Geomembrane Geotextile
Type Pinhole Density Instal. Defects Placement Quality Transmissivity

(#/acre) (#/acre) (cm 2/sec)
1 1
2 1
3 1
4 2
5 3
6 1
7 2
8 3

8



January 6, 2005 SRNL-EST-2004-00103

HELP Model Input for Year 100,000:

Input Parameter (HELP Model Query) Generic Input Parameter Value
Landfill area = 19.63 acres
Percent of area where runoff is possible = 100%
Do you want to specify initial moisture storage? (Y/N) Y
Amount of water or snow on surface = 0 inches
CN Input Parameter (HELP Model Query) CN Input Parameter Value
Slope = 3%
Slope length = 450 ft
Soil Texture = 5 (HELP model default soil texture)
Vegetation 4 (i.e., a good stand of grass)
HELP Model Computed Curve Number = 54.4
Layer Layer Number Layer Type
Upper Backfill I 1 (vertical percolation layer)
Erosion Barrier 2 1 (vertical percolation layer)
Middle Backfill 3 1 (vertical percolation layer)
Upper Drainage Layer 4 2 (lateral drainage layer)
Upper GCL 5 3 (barrier soil liner)
Lower Backfill 6 1 (vertical percolation layer)
Lower Drainage Layer 7 2 (lateral drainage layer)
Lower GCL 8 3 (barrier soil liner)

Layer Layer Soil Total Field Wilting Initial
Type Thickness Texture Porosity Capacity Point Moisture

(in) No. (Vol/Vol) (Vol/Vol) (Vol/Vol) (Vol/Vol)

1 1 21.6 0.37 0.24 0.136 0.24
2 1 12 0.147 0.095 0.054 0.095
3 1 12 0.375 0.16 0.0745 0.16
4 2 12 0.375 0.16 0.0745 0.16
5 3 0.2 0.375 0.16 0.0745 0.16
6 1 58.57 0.37 0.24 0.136 0.24
7 2 24 0.22 0.21 0.20 0.22
8 3 0.2 0.75 0.747 0.40 0.75

Layer Sat. Hyd. Drainage Drain Leachate Recirc. to Subsurface
Type Conductivity * Length Slope Recirc. Layer Inflow

(cm/sec) N)(%) (%) () (in/yr)
1 1 1.OOE-04
2 1 3.97E-04
3 1 3.20E-03
4 2 3.20E-03 450 3
5 3 3.20E-03
6 1 1.OOE-04
7 2 1.OOE-04 150 11.4
8 3 5.OOE-09

Layer Geomembrane Geomembrane Geomembrane Geotextile
Type Pinhole Density Instal. Defects Placement Quality Transmissivity

(#/acre) (#/acre) (cm 2/sec)
1 I1 _

2 1
3 1
4 2
5 3
6 1
7 2
8 3
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HELP Model Input for Year 190,000:

Input Parameter (HELP Model Query) Generic Input Parameter Value
Landfill area = 19.63 acres
Percent of area where runoff is possible 100%
Do you want to specify initial moisture storage? (Y/N) Y
Amount of water or snow on surface = 0 inches
CN Input Parameter (HELP Model Query) CN Input Parameter Value
Slope = 3%
Slope length = 450 ft
Soil Texture = 5 (HELP model default soil texture)
Vegetation 4 (i.e., a good stand of grass)
HELP Model Computed Curve Number = 54.4
Layer Layer Number Layer Type
Upper Backfill I 1 (vertical percolation layer)
Erosion Barrier 2 1 (vertical percolation layer)
Middle Backfill 3 1 (vertical percolation layer)
Upper Drainage Layer 4 2 (lateral drainage layer)
Upper GCL 5 3 (barrier soil liner)
Lower Backfill 6 1 (vertical percolation layer)
Lower Drainage Layer 7 2 (lateral drainage layer)
Lower GCL 8 3 (barrier soil liner)

Layer Layer Soil Total Field Wilting Initial
Type Thickness Texture Porosity Capacity Point Moisture

(in) No. (Vol/Vol) (Vol/Vol) (VoliVol) (Vol/Vol)
1 1 10.8 0.37 0.24 0.136 0.24
2 1 12 0.147 0.095 0.054 0.095
3 1 12 0.375 0.16 0.0745 0.16
4 2 12 0.375 0.16 0.0745 0.16
5 3 0.2 0.375 0.16 0.0745 0.16
6 1 58.57 0.37 0.24 0.136 0.24
7 2 24 0.22 0.21 0.20 0.22
8 3 0.2 0.75 0.747 0.40 0.75

Layer Sat. Hyd. Drainage Drain Leachate Recirc. to Subsurface
Type Conductivity * Length Slope Recirc. Layer Inflow

(cm/sec) (() (%) (in/yr)
I I 1.00E-04

2 1 3.97E-04
3 1 3.20E-03
4 2 3.20E-03 450 3
5 3 3.20E-03
6 1 1.OOE-04
7 2 1.00E-04 150 11.4
8 3 5.OOE-09 I II

Layer Geomembrane Geomembrane Geomembrane Geotextile
Type Pinhole Density Instal. Defects Placement Quality Transmissivity

(#/acre) (#/acre) (cm2/sec)
1 1
2 1
3 1
4 2
5 3
6 1
7 2
8 3
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January 6, 2005 SRNL-EST-2004-00103

HELP Model Input for after Year 280,000 including 500,000 and 1,000,000:

Input Parameter (HELP Model Query) Generic Input Parameter Value
Landfill area = 19.63 acres
Percent of area where runoff is possible 100%
Do you want to specify initial moisture storage? (Y/N) Y
Amount of water or snow on surface = 0 inches
CN Input Parameter,(HELP Model Query) CN Input Parameter Value
Slope = 3%
Slope length = 450 ft
Soil Texture = 5 (HELP model default soil texture)
Vegetation = 4 (i.e., a good stand of grass)
HELP Model Computed Curve Number = 54.4
Layer Layer Number Layer Type
Erosion Barrier 1 I (vertical percolation layer)
Middle Backfill 2 1 (vertical percolation layer)
Upper Drainage Layer 3 2 (lateral drainage layer)
Upper GCL 4 3 (barrier soil liner),. ....
Lower Backfill 5 1 (vertical percolation layer)
Lower Drainage Layer 6 2 (lateral drainage layer)
Lower GCL 7 3 (barrier soil liner)

Layer Layer Soil Total Field Wilting Initial
Type Thickness Texture Porosity Capacity Point Moisture

(in) No. (Vol/Vol) (Vol/Vol) (Vol/V01) (Vol/Vol)
1 1 12 0.147 0.095 0.054 0.095
2 1 12 0.375 0.16 0.0745 0.16
3 2 12 0.375 0.16 0.0745 0.16
4 3 0.2 0.375 0.16 0.0745 0.16
5 1 58.57 0.37 0.24 0.136 0.24
6 2 24 0.22 0.21 0.20 0.22
7 3 0.2 0.75 0.747 0.40 0.75'

Layer Sat. Hyd. Drainage Drain Leachate Recirc. to Subsurface
Type Conductivity * Length Slope Recire. Layer Inflow

(cm/sec) ( (%) (%) (# (in/yr)
1 1 3.97E-04
2 1 3.20E-03
3 2 3.20E-03 450 3
4 3 3.20E-03
5 1 1.OOE-04
6 2 1.OOE-04 150 11.4
7 3 5.OOE-09

Layer Geomembrane Geomembrane Geomembrane. Geotextile
Type Pinhole Density Instal. Defects Placement Quality Transmissivity

___(#/acre) (#/acre) (cm 2/sec)
1 1
2 1
3 2
4 3
5 1
6 2 '
7 3

The lack of values in the above tables for particular parameters in particular layers denotes that no HELP
model input was required for that parameter in that layer. No data are missing from the tables..
* The HELP model output often produces an increased number of significant digits for the Effective
Saturated Hydraulic Conductivity over that of the actual input.

11



January 6, 2005 SRNL-EST-2004-00103

Summary HELP Model Infiltration Results:

Year Infiltration through Upper GCL
(in/yr)

50,000 14.04
100,000 14.11
190,000 16.54
280,000 18.12
500,000 18.12
1,000,000 18.12

Summary
(2004):

HELP Model Infiltration Results Previously Estimated for years 0 to 10,000 by Phifer
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Vault Base Drainage Layer and Side Vertical Drainage Layer Hydraulic Properties:

It is assumed that colloidal clay migration from the overlying.backfill is driven by the water flux
through the upper GCL. This water flux driven clay migration enters into the 5-foot thick base
drainage layer and fills the base drainage layer from the bottom up. This reduces the saturated
hydraulic conductivity of the clay filled portion from 1.OE-01 to 1.OE-04 cm/s (i.e. the saturated
hydraulic conductivity of the overlying backfill layer). The following calculations take off from
those presented within Appendix F for the section entitled 'Lower Drainage Layer Hydraulic
Properties'. It is assumed that there is a linear increase in the infiltration over time between data
points.

12



January 6, 2005 SRNL-EST-2004-00103

Determine cumulative volume of water through the lower drainage layer over time:

Year Infiltration through Time Step Volume' Cumulative Volume Cumulative Volume
upper GCL (inches) 2 over one ft2 area 3

(inches/year) (inches) (ft)
10,000* 14.09 61,978 131,700 10,975
29,000 14.1 (assumed) 283,148 414,848 34,571
50,000 14.04 562,600 (taken from 694,300 57,858

year 10,000 not
19,000)

100,000 14.11 703,750 1,398,050 116,504
190,000 16.54 1,379,250 2,777,300 231,442
280,000 18.12 1,559,700 4,337,000 361,417
500,000 18.12 3,986,400 8,323,400 693,617
1,000,000 18.12 9,060,000 17,383,400 1,448,617
* Value for year 10,000 taken from Appendix F.

V = [I, x (T 2 .- T1 )]+ [1/2 x (12 - 1XT2 - T1 )], where I= infiltration at time step 1 or 2; T time
at time step 1 or 2
2 Cumulative Volume = Previous cumulative volume + Volume at current time step
' Cumulative Volume over one ft area = (Cumulative Volume - 12 in/ft) x 1 ft2

Determine mass of clay to fill the vault base drainage layer void volume (0.38):
Assume clay bulk density is 1.1 g/cm3

Look at a 1-ft2 area of the 5-foot thick the vault base drainage layer (i.e. 5 ft3)

Void volume = 0.38 x 5 ft3 = 1.9 ft3

Clay mass per 5 ft3 = 1.1 g/cm 3 x 11.9 ft3 x 2.831685E-02 m3/ft3 x 1,000,000 cm 3/m3 =

59,182.2 g
Determine when the vault base drainage layer is completely filled with clay:

From Appendix F it was determined that at year 10,000 19,579 g of clay had migrated into
the vault base drainage layer.
Mass of clay needed to fill rest of the layer = 59,182.2 g - 19,579.g = 39,603.2 g

Volume of water required to transport 39,603.2 g of clay into the layer:

Volume'= (39,603.2 g x 1000 mg/g) / (63 mg/L x 28.31685 L/ ft3) = 22,199.58 ft3

Time required for this volume of water to pass through the vault base drainage layer (assume
infiltration irate of -14.1 inches/year over one ft2 area from year 10,000 to 100,000 (see
above)):

Time = 22,199.58 ft3 / (14.1 inches- ft2/year x ft/12 inches) = 18,893 years z 19,000 years

This means the after year 29,000. (10,000 + 19,000) the vault base drainage layer is
completely filled with clay and is assumed to have a saturated hydraulic conductivity of I.OE-
04 cm/s throughout its thickness.

The side vertical drainage layer will be taken as extending from 45 ft to 68.50 ft within the
PORFLOW model for a total height of 23.5 feet. It will begin to fill with clay from the bottom up
in year 29,000 after the vault base drainage layer has completely filled with clay.
Determine mass of clay to fill the side vertical drainage layer void volume (0.38):

Assume clay bulk density is 1.1 g/cm3

Look at a 1-ft2 area of the 23.5-foot thick the vault base drainage layer (i.e. 23.5 ft3)

Void volume = 0.38 x 23.5 ft3 = 8.93 ft3

13



January 6, 2005 SRNL-EST-2004-00103

Claymass per ft3 = 1.1 g/cm 3 x 8.93 ft3 x 2.831685E-02 m3/ft3 x 1,000,000 cm 3/m 3 =

278,156.4 g
Volume of water required to transport 278,156.4 g of clay into the layer:

Volume = (278,156.4 g x 1000 mg/g)/(63 mg/L x 28.31685 L/ft3) = 155,921 ft3

Determine the mass of clay that has migrated into the side vertical drainage layer at the end of
each time step after year -29,000 (59,182.2 g of clay):
Year Mass of clay into side vertical drainage layer
50,000 (57,858 ft3 x 63 mg/L x 28.31685 L/ ft3 x g/1000 mg) - 59,182.2 g = 44,034 g
100,000 (116,504 ft3 x 63 mg/L x 28.31685 L/ ft3 x g/l000 mg) - 59,182.2 g = 148,656 g
190,000 (2,31,442 ft3 x 63 mg/L x 28.31685 L/ft3 x g/l000 mg) - 59,182.2 g = 353,701 g

(since the side vertical drainage layer requires 278,156.4 g of clay to completely fill, it is
completely filled some time between years 100,000 and 190,000)

Determine the fraction of the side vertical drainage layer filled at the end of each time step:
Year Fraction of the side vertical drainage layer filled
50,000 44,034 g + 278,156.4 g = 0.1583
100,000 148,656 g + 278,156.4 g = 0.5344
190,000 353,701 g - 278,156.4 g = 1.2716 (since this is greater than 1, the side vertical drainage

layer was filled in prior to this time)

Determine height of the 0.1 and 0.000 1 cm/s layers at the end of each time step:

Year Fraction, F, of the vault 0.1 cm/s layer height (ft) 0.000 1 cm/s layer height
base drainage layer filled (ft) 2

50,000 0.1583 19.78 3.72
100,000 0.5344 10.94 12.56
190,000 1.0 0 23.5
280,000 1.0 0 23.5
500,000 1.0 0 23.5
1,000,000 1.0 0 23.5
'Thickness = 23.5' - (23.5' x F)
2 Thickness = 23.5' x F

J
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Summary (Vault 4 PORFLOW Input) /

The following is the summary information for Vault 4 PORFLOW input. It also provides the
previous estimaites made for years 0 to 10,000 by Phifer (2004):

Year Infiltration Lower Height of Height of Thickness of Thickness of
through Drainage Side Vertical Side Vertical Upper Lower
Upper GCL Layer K, Drainage Drainage Portion of the Portion of

(cm/s) Layer with a Layer with a Vault Base the Vault
(in/yr) K. of 0.1 K. of 0000.1 Drainage Base

cm/s cm/s 3 Layer with a Drainage
(cm/s) (cm/s) K, of 0.1 Layer with a

cm/s 3 K. of 0.0001
(feet) cm/s 3

(feet)
0 0.36 1.00E-01 23.5 0 '5 0
100 0.41 1.00E-01 23.5 0 4.9995 0.0005
300 3.05' 9.98E-02 23.5 0 4.995 0.005
550 7.90 9.89t-02 23.5 0 4.978 0.022
1,000 12.04 9.61E-02 23.5 0 4.92 0.08
1,800 13.76 8.96E-02 23.5 0 4.79 0.21
3,400 14.03 7.56E-02 23.5 0 4.51 0.49
5,600 14.08 5.62E-02 23.5 0 4.12 0.88
10,000 14.09 1.74E-02 23.5 0 3.34 1.66
50,000 14.04 1.OOE-04 19.78 3.72 0 5
100,000 14.11 1.OOE-04 10.94 12.56 0 5
190,000 16.54 1.00E-04 0 23.5 0 5
280,000 18.12 1.OOE-04 0 23.5 0 5
500,000 18.12 1.OOE-04 0 23.5 0 5
1,000,000 18.12 1.OOE-04 0 23.5 0 5
Data for years 0 through 10,000. was previously provided in Phifer 2004.
GCL = geosynthetic clay liner
K, = saturated hydraulic conductivity
'Infiltration through the upper GCL and saturated hydraulic conductivity of the lower drainage layer of a
450-foot slope length closure cap for the base case scenario (i.e. institutional control to pine forest scenario)
(Phifer 2003)

Appendix A References:

Phifer, M. A. 2003. Saltstone Disposal Facility Mechanically Stabilized Earth Vault Closure Cap
Configuration and Degradation Base Case: Institutional Control to Pine Forest Scenario (U),
Rev. 0, WSRC-TR-2003-00523, Westinghouse Savannah River Company, Aiken, South
Carolina. December 18, 2003.

Phifer, M. A. 2004. Vault 4 Infiltration and Hydraulic Conductivity Input for the Vadose Zone
PORFLOW Modeling, SRT-EST-2004-00068, Westinghouse Savannah River Company, Aiken,
South Carolina. February 26, 2004.

USEPA (U.S. Environmental Protection Agency). 1994b. The Hydrologic Evaluation of Landfill
Performance (HELP) Engineering Documentation for Version 3, EPA/600/R-94/168b, Office of
Research and Development, United States Environmental Protection Agency, Washington, DC.
September 1994.

USEPA (U.S. Environmental Protection Agency). 2001. Geosynthetic Clay Liners Used in
Municipal Solid Waste Landfills, EPA 530-F-97-002, Solid Waste and Emergency Response,
United States Environmental Protection Agency, Washington, DC. December 2001.
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3-61 WSRC-RP-92-1360

The conceptual model of a degraded vault and saltstone waste form assumes, as
discussed in Sect. 3.1.3.5, that- 1) all monoliths and vaults in the facility arc fractured,
2) fractures occur every 3 m, 3) all fractures open simultaneously, 4) the fractures are
assumed to open at closure of the facility, when remediation of cracks will no longer be
routine, 5) transport is assumed to be diffusive (constant diffusion coefficient) out of the
intact saltstone matrix and into the fracture where transport is assumed to be dominated
by advection (Le., the fracture case results are independent of the hydraulic conductivity
of the saltstone), 6) the clay is assumed to sit immediately on top of the saltstone, and
7) the base of the saltstone is assumed to be adjacent to the backfill soil beneath the
vault. Since the majority of the degradation occurs to the vault as opposed to the
saltstone, kr the vault is conservatively neglected as a barrier to transport. Thus, this
case addresses flow and transport through the fractured saltstone. The fractures are
assumed to be 0.005 cm in aperture; filling or plugging by soils or precipitates is not
considered. Diffusion is assumed to be the only mechanism of transport of radionuclides
and nitrate from the saltstone matrix to the fractures, and advection is assumed to be the
only means of transporting these potential contaminants from the fractures to the soil
beneath the- vaults.

This simplified model is considered to be a bounding case on release from fractured
vaults because fracturing of the vaults is expected to increase the effective permeability
of the vaults, and thus increase radionuclide and nitrate release. The release rate would
increase as the number of fractures increases. However, release rates for soluble species
would likely, decrease with time, as the resident pore water is flushed from the fracture,
and diffusion from the saltstone matrix would then control the concentration in the
fracture. Therefore, assuming simultaneous opening of all fractures is believed to
represent an upper bound on release rates. Remediation of fractures that occur before
closure involves filling with epoxy upon discovery. Degradation of the epoxy is likely to
be a gradual process rather than immediate. Furthermore, shrinkage cracks in pours may
be filled to some extent by subsequent pours. This would also reduce the flow rate
through fractures.

Details of the various submodels that were used to adapt a model for flow and
transport in fractures, to which semi-analytical solution techniques could be applied, are
provided in Appendix A.1.3. Some of the critical assumptions, however, are noted here
since they are fundamental to the conceptual approach and the resulting analytical
model One of the primary underlying assumptions is that the fractures remain saturated
once they open. Another critical input necessary to evaluate the flow of water through
a fracture is the height of water perched on fractured vaults. The intact vault model
(Appendix A.iI2.1) was used to predict the depth of the perched water on -the vault.
Perched water is shown to occur on an intact vault, and the assumption of saturated flow
is assumed to be reasonable. These assumptions are discussed in more detail in
Appendix A.13.

For the fractured saltstone, effective flow rates and subsequent transport were
estimated based on the methods described in Appendix A.1.3.

Rev. 0
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Addendum to the Radiological WSRC-RP-98.01O5 6
Performance Assessment for Z-Area Appendix A, Rev. 0

A4. Saltstone and EA V Composite Analysis Residual Radionuclide Inventory Report, DCN: 5112-013.
FD-BFQV, CDM Federal Programs Corporation, 1359 Silver Bluff Rd., Suite G-20, Aiken, SC
(September 1996).
A compilation of the residual radionuclides projected for the various facilities .lcaied within the General
Separations Area (GSA) at the SRS, which includes two separations facilities (F Area imd H Area canyons)
and waste management facilities (F Area HLW tank farm, H Area HLW tank farm, S Area HLW vitrification
canyon. E Area LLW disposal site, Z Area saltstone disposal site and other facilities projected to contain
minor quantities of residual radionuclides). Data in this report served as input data to establish potential
interactions of contaminant releases from other facilities within the GSA with projected releases from the
LLW disposal sites located in Z Area and E Area.

A5. Composite Analysis, E-Area Vaults and Saltstone Disposal Facilities, WSRC-RP-97-311, Rev. 0,
Westinghouse Savannah River Company (September 1997).
The calculated maximum dose to a hypothetical member of the public located at the confluence of Upper Three
Runs C.eek with the Savannah River (the point of compliance for releases from the Z Area and E Area LLW
vaults) i; 1.8 mremiýr. The calculated maximum dose at Four Mile Branch is 14 mrem/yr. These doses are based
on projected releases from all potential souces within the GSA. Two closed LLW disposal facilities within the
GSA, the Mixed Wase Management Facility and the Old Burial Grounds, are th" major sources of the
radioactive isotopes conaiuting to the calculated dose at the mouth of Four Mile Branch. Releases from the Z
Area and the E Area LLW disposal sited am prevented from reaching Four Mile Branch by a groundwater divide
that lies between te facilities and Four Mile Branch. The calculated maximnm dose from AU sources within the
GSA is well below the DOEprimary dose limit of 100 mreimyr and also well within the dose constraint of 30
mrem/yr for any single source, practice or pathway.

A6. Letter. W. E Kennedy, Jr., to Performance Assessment Peer Review Panel Members and
Advisors, Peer Review Panel Minutes - 3123-24193, April 28, 1993 (1 page with 3 attachments).
at. i. Meeting Minutes Performance Assessment Peer Review Panel. Kansas City, Kansas, March 23-24,

1993 (11 pages).
att. ii. Letter (with comments attached), Stan Neuder to Bill Kennedy, Review Comments on the Savannah

River Site Saltatone Facility. March 22, 1993 (6 pages).
attwii. IMember List, Performance Assessment Pea Review Panel, April 8. 1993(3 pages).
Attachment L ad ii. contain comments genrated f•om the review of the draft RPA fina report by the Peer.
'Review nl and Advisors, listed m Attachment ilL

A7. Letter. James R. Cook and John R. Fowler to William E. Kennedy.. Jr., Summary of Information
Developed for the. SaUtone RPA (U), SRT-WED-93-203, Westinghouse Savannah River
Company. July 8.1993 (10 pages with 4 attachments).
att. i. Models used to Estimate Release from Fractum (11 pages).
at. ii. Sensitivity/Uncertainty of Z-Area Radiological Performance Results with Rpect to K(
at. iii. Brrata for Radiological Performance Assessment for the Z-Area saltstone Disposal Facility (U),

WSRC-RP-921360, Rev. 0, 12/1.8192 (8 pages with 6-page Attchmet Porflow-3 Input File Upper
Moisture Baer Simulation).

att. iv. Response to Request of Peer Review Panel for Additional Information on the SRS Saltstone RPA.
5/17/93 (24 pages with a 14-page attachment: Project Summary of Physical Properties Measurement
Program. Core Laboratories Repoxt DRES-92119. performed by Core Laboratories, Carollton,
Texa).

This letter and attachments ar a compilation of responses to comments and additional soppoing htnforftof
provided to fte PRP and DOB-HQ in support of the review of the Z-Area RPA report.
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RESPONSE TO REQUEST OF PEER REVIEW PANEL FOR ADDITIONAL PT 'i
INFORMATION ON THE SRS SALTSTONE PA

5/17/93

Panelu• question number 1

1. Expl-ain the long-term viability of the clay/gravel
drainage layers incorporated into the closure cap.Specifically:

a. -Provide justificati-on that clay layers can be
constructed with an in place hydraulic conductivity of
10-9 cm/sec.

b. Provide justification for the 0.5 cm/sec gravel layer.

c. Provide an analysis of how long the clay/gravel
drainage layers will remain operative and what their
conductivities will be after they degrade.

d. How much water infiltrates into the waste vaults when
the drainage layers degrade?

e. What is the sensitivity of the source tqrm to the
increased/decreased water infiltration rate that
occurs when the drainage layers degrade?

f. What effect does the degradation of the drainage
layers have on the system performance?

Response

Although the value for clay conductivity use %in the RPA of
7.6x10- 9 cm/s is arguable, using a value of 10O7 cm/s
increases infiltration through the upper moistiuire barrier to
4 cm/yr1 which is only a factor of two greater than. that
analyzed in the RPAO The value for hydraulic conductivity of
gravel2used in'the RPA is only a factor of two greater than
thatrecerntly "measured. The rates of dhange of the hydraulic
conductivities of clay and gravel as they degrade over time
have not been determined; however, it is reasonable to expect:
that the limit of either of these conductivit-les is the
conductivity of the native soil or backfill. Complete.
degradation of the. drainage layers will make 40 ocm/yr of
infiltration available at the top of the vaults. The source
term for intact vaults/saltstone is insensitive to
infiltration rate; the sourct term for fractured
vaults/saltatone is very sensitive to infiltration rate. Forintact vaults/saltstone, system performance is not impacted
by degradation of the drainage layers. However, for
fractured vaults/saltstonee, system performance ie&"reatly
affected.



Response to PRP Request page 2 of 24 May 17, 1993

a. The saturated hydraulic conductivity assumed in the Z-
Area Radiological Performance Assessment (see p. A-7) was
derived from laboratory data indicating a value of
7.6x10- 9 cm/s (Wilhite and Wolf, 1986). This value is
also supported by the recent laboratory data obtained by
Core Laboratories (see response to question 3, and
Attachment 1) on cores of two different clays being
considered for use.

We acknowledge, however, that the value of 7.6x10- 9 cm/s
is arguable. Field values for constructed clay layers

.near Z-Area indicate saturated hydraulic .conductivities
o.n the order of 1.6x10-7 cm/s to 3.2x101 8 cm/s (Phifer,
1991). Daniel (1987) reviewed reported measurements of
in-situ hydraulic conductivities of compacted clay liners
ranging from 4x10- 5 cm/s to 2x10"8 cm/s. Laboratory-
measured values may differ from field-measured values as
a result of difficulties encountered in constructing a
fully-wetted and undisturbed layer of clay over a large
area and difficulties in accurately measuring the field
hydraulic conductivity for low-permeability materials.
On the other hand, Gbrdon et al. (1989) report that field
hydraulic conductivities of 10-7 cm/s or less can be
achieved with thick clay liners which are constructed
with standard compaction equipment in thin lifts. Given
this information, a value of 10-7 cm/s would perhaps be
more defensible for the conductivity of clay in the
proposed moisture barriers.

To partially address the possibility that the in-place-
hydraulic conductivity of clay used in the Z-Area

-Saltstone Disposal Facility simulations is.1ot adequately
•.conservative, the infiltration analysis was repeated with

" -a-hydraulic conductivity of 10-7 cm/s for the clay in the-"pper moisture barrier, rather than 7.6x-lO' cm/s.
Simulations with a higher value' are not warranted as the
Z-Axea RPA already addresses the case wherethe clay has
completely, degtaded, and the conductivity is on the order
of that .of the surrounding backfill or 10-5 cm/s. A
complete analysis of the effect of changing the clay

,conductivity also requires considering the clay/gravel
drain immediately above the vaults, in addition to the
upper moisture.barrier. The sensitivity of model results
to changes in the conductivity of this lower clay layer
is considered in Parts e and f below.
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May 17, 1993Response to P"P Request page 3 of 24

With a clay conductivity of 7.6x10- 9 cm/s, the average
infiltration through the clay was calculated by PORFLOW-
3D to be 0.5 cm/yr. A value of 2 cm/yr was used in the
Z-Area RPA. This higher value was used because the
infiltration under the clay is not uniform across the
domain,, with infiltration rates higher than 0.5 occurring
near the edges of the clay, and rates lower" than 0.5
occurring near the center of the clay. The value of 2
cm/yr used was conservative, however, because this value
was used as the average over the whole of the moisture
barrier (see pages 4-2 and A-3 of the RPA).

With a clay conductivity of 10-'l cm/s, the average
infiltration through the clay is calculated by PORFLOW-3D
to be approximately 4 cm/yr, which is only a factor of
two greater than the value used in the RPA.

b. The saturated hydraulic conductivity of gravel used in
the Z-Area RPA (0.5 cm/s, see p. A-7) was based on an
analysis of coarse sand, glacial outwash, and stony soil
by individuals at the University of Texas. The value
obtained in recent laboratory experiments using gravel
cores (0.15 to 0.16 cm/s) is somewhat lower than the
value used in the RPA. Freeze and Cherry (1989) give a
range of hydraulic conductivity for gravel of 0.1 to 100
cm/S. The evidence indicates that the hydraulic
conductivity of gravel is not likely to be significantly
less than 0.5 cm/s. If the field value were higher, the
gravel drain would allow more drainage, and less water
would flow through the facility. Therefore, it is likely
that the value of 0.5 cm/s is fairly conservative.

c. The longevity of the clay and gravel layetd~as not known,
especially over the long-term. Factors that affect the
longevity of the clay (i.e.., erosion, desiccation,
biointrusion, settling* etc.) were noted on p. .3-!.7. of the
Z-/Urea RPA. Likewise, the gravel layer may experience a
de.,iease in conductivity over time as a result of
plugging by" sol' particles entering the layer.' The clay
layer immediately above the vaults is supported by the.
vaults and monoliths, as is the perched water on the
vaults. It is also lower in elevation than-the upper
barrier. Therefore, the rate of degradation of the lower
drain system by the identified mechanisms is probably
lower than for the upper moisture barrier.

.Degradation will likely be a gradual process, with
.conductivity of the gravel decreasing and conductivity of
the clay in'creasing over time. It. is reasonable to
expect that the limit of either of these .condct ivities
is the conductivity of the native soil or Q•erlying
backfill.



Response to PRP Request page 4 of 24 May 17, 1993

d. When both clay/gravel layers degrade, the amount of water
infiltrating to the waste vaults is controlled by the
amount of infiltration below the root zone Of the
overlying soil. An infiltration analysis provided in
Appendix A.1.1 of the RPA indicates that 40 cm/yr is a
reasonable value to assume for areas of the SRS that are
very nearly level, i.e., where lateral runoff.'is minimal.
Therefore, complete degradation of both clay/gravel drain
systems will likely result in the availability of 40
cm/yr infiltration to the top of the vaults.

e. The sensitivity of the source term, or rate of release of
radionuclides from the 'wasteform, is addressed in the
following manner.

First, the impact of a fully-degraded clay/gravel
drainage layer on intact vaults and saltstone is
considered. In the case where saltstone has a hydraulic-
conductivity of 10-11 cm/s, the flux of radionuclides from
the saltstone is shown by numerical simulation to be due
approximately equally to diffusive and advective
mechanisms. Diffusive flux, which is driven by the
concentration gradient, is not expected to be
significantly impacted if the overlying clay/gravel drain
degrades. The advective component of flux would increase
if the movement of water through the wasteform were to
increase as a result of the degradation of the
clay/gravel drain system. However, in the' case of intact
vaults and saltstone, the movement of water through the
vaults is not expected to significantly increase
according to the following reasoning. The saturated
hydraulic conductivities of intact saltstone (10-11 cm/s)
.and the concrete vaults (10-1 cm/s) used i the RPA are
-considerably lower than that of the overlying material,

' whether it be clay (10-7 cm/8) or backfill (10-5 cm/s).
BSecause the overlying material remains saturated in the
simulations (i.e., perching occurs with and without the
clay/gravel drain), the rate of movement of water -through
the saltstone is controlled by the less- permeable
material,- or:saltstone. In other words, the rate at
which water is delivered to the top of the vaults is
fairly immaterial, as the saltstone can only transmit the
water at a rate proportional to its hydraulic.
conductivity.. The hydraulic gradient across the
saltstone is also a factor in water movement, but'in the
case of a degraded clay/gravel drain, that gradient is
expected todecrease due to the additional water in the
system. By allowing more water into the system, the soil
under the vaults becomes less.,dry, and thus the capillary
pressures "decrease (i.e., pressure becomes less
negative). Some early simulations conducted S. the Z-
Area RPA indicated that the clay/gravel drain 1overlying
the vaults was not a significant factor in determining
the source term for intact saltstone, which lends support
to the above discussion.
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Second, the impact of a fully-degraded clay/gravel drain
on the rate of radionuclide release from degraded vaults
and saltstone is considered. Unlike the intact analysis,
the fracture (degraded) analysis is very sensitive to the
hydraulic conductivity of the material overlying the
vaults. This sensitivity is due in part to the
assumption that there is no resistance to flow in the
fractures. The fracture analysis assumes that-any water
that makes it to ,the top of the vaults will be
transmitted through the fractures. Computations were
done using the semi-analytical approach for estimating
release from fractures documented in the Z-Area RPA (see
Section A.1.3). The range of hydraulic conductivity of
material overlying the fractured vaults considered was
10- to 7.6xI0-9 cm/s. For the case with "no
clay/gravel", it was assumed that the gravel was not
effective in limiting perched water, and the upper limit
on perching was determined by the average infiltration
rate of 40 cm/yr for the system. The amount of perching
in the cases where clay was present was assumed to remain
at 61 cm, as documented in the Z-Area RPA. Computations
were carried out for four radionuclides, '9Se, 99Tc, 12 6Sn
and' 1291, which were identified as the significant
contributors to dose from groundwater ingestion in the Z-
Area RPA. The results of this sensitivity analysis are
reported in Table 1. These results indicate that the
estimated radionuclide release from fractures is very
sensitive to the hydraulic conductivity of the clay
overlying the vaults.

f. The effect:of degradation of the lower clay/gravel drain
on system performance-was not addressed in the Z-Area
RPA, and is addressed here. In part e above, it was
noted that the source term for ihtact sal(tstone is very
insensitive to the range of hydraulic conductivities
associated with either intact or degraded clay. However,
a degraded clay/gravel layer will allow more water into
the system. Thus the water table would not be depressed
Umnier the facility, as occurs with an intact clay/gravel
drain system. Earlier work on the RPA indicated,
however, that this slight depression did not
significantly affect the groundwater concentrations at. a
the compliance point for groundwater protectlon.. The
regional flow system in effect *buffersa any minor
depressions caused by the facility, and plume transport
is, not greatly affected by the presence or absence of
moisture barriers.

...
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able 1. Sensitivity of estimated release from fractures in saltstone as a function of 'hydraulic
conductivity of material overlying vaults.

No Clay/Gravel Clay/Gravel Clay/Gravel
KClay - '10" cm/A KClay - 10-7 cm/a KCIay - 7.6 x 10-9 cm/3

o50 cm perched W'ter S0 cm clay,. 61 cm perched water 50 cm clay, 61 cm perched water

tadionuclile Darcy velocity Peak.,ftactional Darcy velocity Peak fractional Darcy velocity Peak fractional
through fractured flux to water through fractured flux to water through fractured flux to water

gialtatonea (cm•vr tablbt o "(/vr_ saltatone (cm/yr) tableb, 0 (/vr) saltatone (cm/yr) tableb, 0 (/yr)
7 9 se 40, 4.0 z 10z .18 l.a x 10-5 .014 1.4 x 10-6
99TC 40,. 4.5 x10-5  ..1 2.0.x 10-7 .014 1.5 x 10 -S

126S. 40, ..... 7-. 1" .18 , 715t 16-8. . .014 5.6 x 10-9

129, 40. 1.0 t18 4.7 z 10-6 .014 3.5 x,
m~~~~ý- 

. x 10II II

a This is the maximum amount of perched
perching gives a higher than. 40 cm/yr

water at this backfill conductivity that can be assumed. More
darcy velocity.

b Assumes all of infiltrating water-goes through fractures in the vaults.

0 Peak is based on the flux from the fractured block when the fractures open.

e.

I
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For fractured saltstone, however, the system performance
is affected greatly by the absence of the moisture
barriers, due to the sensitivity of the release-from-
fracture analysis to the hydraulic conductivity of the
material overlying the vault. To evaluate these effects,
computations were carried out for 19 Se, 9 9 Tc, 12 6 Sn and
izg 1 . The maximum doses for each radionuclide, along with
the point in time at which they are predicted'to occur,
are shown in Table 2. Due to the different sorption
coefficients and half-lives, the peak occurrences do not
overlap, and thus the peak values in Table 2 are not
strictly additive. These results show that the peak
groundwater concentrations are of shorter duration when
the releases are high, due to depletion of the source.

References for Response 1

Daniel, D. E., 1987, Earthen Liners for Land Disposal
Facilities, in Geotechnical PcaotiLe for Waste
Disposal, ASCE Specialty Conference, University of
Michigan, Ann Arbor, Michigan, June 15-11, 1987.

Freeze, R. A. and J. A. Cherry, 1979, Groundwater, Prentice-
Hall, Inc., Englewood Cliffs, New Jersey.

Gordon,, M. E., P. M. Huebner, and T. J. Miazga, 1989,
Hydraulic Conductivity of Three Landfill Clay Liners,
J. Geoteohniaal Zng., .115(8), pp. 1148-1159.

Phifer, M. A., 1991, Closure of a Mixed Was e Landfill "
Lessons Learned, in Waste sAagement,91, Vol. 1, pp.
517-525.
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able 2. Peak dose
overlying

from fractured tAitstone/vaults for different hydraulic conductivities of clay
vaults.

No Clay/Gravel Clay/Gravel Clay/Gravel

KClay 10-3 ca/s KClay - 10-7 ca/s KClay - 7.6 x 10-9 cm/s

adio- Peak Peak TIM of Peak Peak Time of Peak Peak Time of

aclide groundwater dose from peak groundwater done from peak groundwater dose from peak
gr tration groundwater dose concentration groundwater dose concentration groundwater dose

(OCI/L) (Oxes/yr) (year)& (pCLIL) (mrem/vrl (year)a (pCi/L) (mrem/vr/) year) a
9 Se 1i3_0x4 sO. 1.5l 4 .57. 0.4 1.5t4 4.4 0.03 1.534

'TC 3.3•O4 30* , 2.433 - 2.61 147. 0.1 2.4E3 - 3.9E3 11 0.01 2.4E3 -4.4£3

26Sn _ _ 6,6 009 2.205 0.029 0.0004 2.2t5 0.0022 0.00003 2.2£$

29j 2.lx102 40. 3.23• 0.99 0.2 3.2a 3 - >1E4 0.074 0.02 3.2ET3 - 14

Value in parenthesis is
estimated to occur.

the time in years, or range of years, over which the peak groundwater dose is

I..
9-

e
g

I4
I
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Panel's question number 2

2. Expand the sensitivity analysis to include degradation of
saltstone and concrete hydraulic conductivities for long-
term conditions. .This would apply to the fractured
concrete and flow through the bulk unfractured saltstone
blocks. The suggested increase in conductivity is
several orders of magnitude.

Response

Degradation of saltstone and concrete, simulated by
increasing hydraulic conductivity by three and two orders of
magnitude, respectively, for non-fractured vaults/saltstone,
resulted in decreased system performance. I However, the
resulting annual effective dose equivalent is less than I
mrem/year.

In the Saltstone Disposal Facility RPA, degradation of
saltstone monoliths and concrete vaults was addressed by
considering release from fractures in the concrete
materials. What happens between fractures over time is a
question that was not addressed, and it was assumed that
the intact portions between fractures could be
characterized by the initial hydtaulic properties
assigned to saltstone and concrete. In response to this
question, a sensitivity analysis which focused on the
potential effects of degradation of'* ltstone and
concrete properties over time was conducted.. This
analysis addressed the potential effects of degradation
of hydraulic and diffusive properties of these materials.

To ..conduct this sensitivity analysis, PORFLOW-3D runs
were made. to. -evaluate the advective and diffusive flux of
radionuclides from saltstone. Because we were
considering degraded materials, these runs were done"
assuming that both of the overlying clay/gravel drains
had become nonfunctional, and were characterized by the
hydraulic conductivity of backfill. Therefore,
infiltration into the source region was assumed to be 40
cm/yr, or the average infiltration rate for the region.

Two additional simulations were carried out for four
radionuclidess 79Se, 9 9 Tc, 12 6 Sn and 1291. These
radionuclides were identified in the RPA as the
significant contributors to dose from groundwater
ingestion' The first simulation (Run 1) assumeCthat the
concrete and saltstone were characterized by a hydraulic
conductivity of 20-0 cm/s, which is two to three orders of
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magnhitude higher than. that assumed for the RPA
simulations. Due to the difficulty in defining and
simulating the time sequence of change in material
properties, the hydraulic conductivity was simply assumed
to be higher initially, and remain higher throughout the
simulation.

The second simulation (Run 2) assumed a hydraulic
conductivity of 10-8 cm/s for the concrete materials and
also assumed that the effective diffusion coefficient had
increased to 10-7 cm2 /s from 5x10- 9 cm2 /s (see p. 2-56 of
the RPA).

The results of these simulations are reported in Table 3
in terms of peak groundwater concentrations and time of
occurrence of peak concentrations. Along with these
results are the peak groundwater concentrations
attributed to fractures and intact saltstone in the Z-
Area RPA, for comparison. It is apparent from this
sensitivity analysis that degradation of saltstone and
concrete between fractures would significantly increase
the release of radionuclides over that reported in the Z-
Area RPA for intact saltstone and concrete, and would
result in an earlier peak. Furthermore, consideration of
the; degraded saltstone conductivity would increase the
predicted peak groundwater concentration over that
attributed to fractures by up to a factor of forty. It
should be noted, however, that the groundwater
concentrations attributed to fractures in Table 3 are
from the RPA; they do not consider degradation of the
overlying clay layer, and thus are not strictly
comparable to Runs 1 or 2 in Table 3. It should also be
noted that the results appear to be insenpitive to the

-Affective diffusion coefficient, since the esults of Run
.1 and 2 are essentially the same. This indicates that at
-.these higher hydraulic conductivities (that is, greater
than 10-11 cm/as the flux from the saltstone is advection-
dominated.

Annual effective dose equivalents corresponding to the
peak groundwater concentratiods from Runs I and 2 were _
computed, and are listed in Table 4. For 'comparison, the
results from the Z-Area RPA for the intact and degraded
(i.e., "fractured) vaults and saltstone are also shown..
This table indicates that whiie there is a significant
increase in predicted dose attributable to a higher
conductivity of salts tone and concrete, the annual
effective dose equivalent remains less than I1 mrem/yr.
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Table 3. Sensitivity analysis results for degraded material properties of unfractured saltstone
and concrete.

Peak Groundwater Concentratlon

Z-Area RPA IntactO Z-Area RPA Fractuzeb Um I a -" Run 2

pCi/L Time (yr) .Ci/L Tme NOy) i C/L TIm9 (.} pci/.l T .!1
7 9 Se 1.2xlO-2 2.1x10 5  4.4 1.5x10 4  2. x0l 1  8 O .2. 8.0x10 4

99Tc 6 7x10)-7 1.6x106 1 •1*xI01- 2.4x103 1.1x112 2.8x105 I1,1X102- 2.$x1

12 6 Sn 4.0x10- 1 1  9.2x10 5  2.2x10 3  2.2x10 5  9.lU1O-2. 3•.OxlS 9.1x10V2  3.OxIOS
1291 7-.2x10-3 >2.5x10 6  7.5x10"2  3-2x1O3  1.6x10"2  2.Ox1OS .5 1.6x10 2  2.8xlO5

Z _ _ _ _ _ _

Intact saltstone and concrete; Ksat - -10-11 cm/s for saltstone and 10-10 cm/s for concrete;
Deff = 5x10" 9 Cm2/s. See RPA, p. 4-8.

b Fractured saltstone and concrete; K3at = 10-11 cm/s for .saltstone.and 10-10 cm/s for concrete;
Deff = 5x1- 9 cm2 /s. See RPA, p. 4-9.

c K3at 0 08 cm/s for saltstone and 10-8 cm/s for concrete; Dff - 5x10- 9 Cm2 /s.

d Kaat = 10-8 cm/s for saltstone and 10-8 cm/s for concrete; Doff - 10-7 cm2 /s.
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Table 4. Peak annual effective dose equivalents for degraded saltstone and concrete.

Peak Annual Effective Dose Eqivalent (mrem/r)

DCFa
RadiO.;-" (mrem/yr per Z-Area RPA Z-Area RPA
nuclide rpCi/L) ..Intactb Fracture* Run ld Run 20
79 .e 6.5x10-_3  a0- 3xo-2  lx0-1  1x10- 1

12 6gn d *1.3x10-2  5X1013 3x10-5  1x10- 3  1x10- 3

12Sf 2.xl0-1  .xlO' 3  2x10 2  3x10- 3  3x.10-3

a DCF - Dose conversion factor - Annual effective dose equivalent per unit concentration in

drinking water. See RPA, p. 4-11.

b Intact saltstone and concrete; Kmat - 1 0 -11 cm/s for saltstone and 10-10 cm/s for concrete;

Doff - 5xI0-9 cm2 /s. See RPA, p. 4-12.

o Fractured saltstone and concrete; Koat 10-11 cm/s for saltstone and 10-10 cm/s for concrete;

Doff- 5x10-9 cm2 /s. See RPA, p. 4-12.
d Ksat 10-0 cm/s for saltstone and,0-8 cm/s for concrete; Deff - 5x10- 9 cm2 /s.

* Keat - 10-S cm/s for,: saltstone and 10-1 cm/s for concrete; Doff = 10-7 cm2 /s.

kIv
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Panel's Iq~uestion number 3

3. Provide data to support the hydraulic properties of clay,
concrete, and saltstone as identified in the PA. Provide
a description and justification for the long-term
beha'vior of these properties and the effect they might
have on the performance of the disposal facility.

Response

Recent laboratory measurements support the values used in the
RPA for hydraulic conductivity of saltstone and concrete.
However, the value for clay conductivity used in the RPA may
not be supported. Recent sensitivity analyses indicate that
degradation of the drainage layers has a greater impact on
system performance due to release from fractures than
degradation of the hydraulic conductivities of concrete and
saltstone.

To address the first part of this question, the Project
Summary from the report on the recent laboratory analyses
performed at Core Laboratories in Carrollton, Texas is
attached. The complete report is not being provided
because of its length (- 1,000 pages). Copies of the
complete report can be made available, if desired. These
analyses were conducted on clay, concrete, and saltstone
materials representative of those that have been and will
be used in the Saltstone Disposal Faciiijy (SDF). We
recognize that extrapolating from laboratory studies to
the field is not wholly defensible, but believe that the
laboratory results indicate the values used for the
properties in the RPA are not without basis. From the
table entitled s-mmat, of Parmeability to Liquid Te-t
Le t-l -q in the Project Summary, the hydraulic
conductivity of saltstone is suggested to be on the order.
of 10-12 cm/s, while that for concrete from saltstone'
vaults is on the order of 10-' to 10-10 em/s. The
corresponding values used in the RPA were 10-11 cm/s and.
10-10 cm/s, respectively. The two different clay cores
that. were tested indicated conductivities on the order of
7x10" 9 cm/s, while a value of 7.6xz0"9 cm/s was used in
the RPA. As discussed in the response to question 1, it
is recognized that this clay value may not be
representative of a field-achieved value, due to the
difficulty in compacting clay over a large area to the
degree achievable in the laboratory.,
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Because flux rates of radionuclides from saltstone are
very small, and thus source depletion is very slow, it is
reasonable to expect that degradation of the clay,
saltstone and concrete will impact the source term at
some time in the future. Various mechanisms of
degradation were discussed in the RPA (Sect. 3.1.3).
These mechanistic descriptions did not, however,
specifically address the impact of degradation on
hydraulic properties. In the responses to the previous
two questions from the PRP, this latter concern has been
addressed through the sensitivity analyses that were
performed. Degradation of clay, resulting in increased
hydraulic conductivity of the material overlying the
vaults, is a/potentially significant factor in increasing
release from fractures (Table 1). Degradation of
saltstone and concrete between fractures, resulting in
increased hydraulic conductivity, also has a potentially
significant impact on the estimated groundwater
concentration attributable to releases from the porous
materials (Table 3). In terms of compliance, a
comparison of estimated doses resulting from degradation
of hydraulic properties of clay and saltstone (Table 5)
suggests that degradation of clay has a more serious
impact on the facility performance than does degradation
of saltstone or concrete. This conclusion. may be a
function of the perhaps overly-conservative assumption
that all of the water infiltrating into the system flows
through fractures.

-\

. . quýý

I
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Table 5. lComparison of peak annual effective dose'equivalents
for degraded clay and degraded saltstone and concrete.

Peak annual dose equivalents
(mrem/yr)

Intact
Radionuclide Fractures (degraded saltstone

____ (degraded clay) and concrete)
7S e so 0.1
____c 30 0.1

12 6Sn + d " _ 0.09 0.001
1291______40__ 0.003

I.,r _:
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Panel's question number 4

4. The chemical form of technetium affects its transport in
the environment and its bioavailability. These
parameters, in turn, directly affect potential human
exposure and radiation doses. To further analyze the
dose assessment for Tc, the PRP requests that additional
analyses/information be provided on the following:

a. The likely chemical form of Tc, based on measurements
and/or geochemical modeling, and the associated
solubilities in water, along with any available soil-
water partitioning data.

b.1 A review of the plant-uptake studies reported in the
I literature (including those published after the cited

reviews) and the chemical forms of Tc used in these
studies.

c. An analysis of the basis of the dose conversion factor
for Tc, with particular reference to the technical
basis for the gut uptake factor used to determine the
dose conversion factor. If the uptake factor is based
on a soluble form of Tc, please determine whether data
are available in the literature that could be used to
estimate or infer the gut uptake factor for insoluble
species and, if such data are available, derive an
estimate for insoluble Tc.

d. An estimate of the amount of Tc on crops derived from
rain splash, using available studies.

RSpamina

SRS laboratory tests and geochemical modeling support the
assum.ption that technetium in saltstone is in an insoluble
formi. A review of plant-uptake studies indicates that the
radiological performance assessment (RPA) used a conservative
basis to estimate the uptake of technetium from saltstone.
The dose conversion factor for technetium that was used in
the KPA is appropriate. Rain splash, which was not assessed
in the RPA, will contribute less than 10% of the dose from
technetium. In summary, the analysis presented in the RPA is
unduly conservative. As the RPA is maintained, the
information provided below will be incorporated in the next
revision.
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a. The salt solution waste that will be made into saltstone
contains high concentrations of hydroxide, nitrate and
nitrite (RPA, page 2.41, Table 2.3-2). This oxidizing
environment results in chromium and' technetium being
present in the waste in oxidized forms. Chromium is
present as chromate (CrO4-) . Technetium is present as
pertechnetate (TcO4-). The distribution of technetium in
the waste is discussed in the RPA on page 2-42. This
discussion references the work of Fowler and Cook, 1984a.
This; study assessed the results of waste analyses and
concluded that soluble technetium in SRS waste is in the
pertechnetate form.

As the saltstone program evolved, several different
wasteform compositions were considered (RPA, pages 2-46
to 2-55). The current saltstone composition, and that
which is analyzed in the RPA, contains blast-furnace slag
and is called *slag saltstone". An earlier 'composition
that does not contain slag is called "non-slag
saltstone".

Blast furnace slag contains ferrous iron and sulfur (RPA,
page 2-52). As discussed in the RPA (pages D-7 to D-11),
geochemical modeling results predict that technetium in
slag saltstone is precipitated as the sulfide. This is
also discussed in the RPA in Section 2.4.3.2 on pages 2-
56 and 2-58.

Leaching tests at Savannah River, including the use of
EPA tests to determine waste toxicity (EP- and TCLP
tests), show that nitrate, technetium a44.hromium have
similar leachabilities in non-slag saltstone. However,
in slag saltstone, leachabilities of chromium and
technetium are reduced compared to nitrate. These
observations support the results of geochemical modeling
tj%1t the technetium in slag saltstone is in a much less
•soluble form' than in the salt solution. The pertinent
Savannah River reports are listed and abstracted below.

b. We:agree that further consideration of the plant uptake"'
factor (B6) for technetium is warranted. As stated in the

"RPA (page 5-4), experiments should be done to assess the
uptake of technetium to plants from slag saltstone.

In the RPA, the generic value for By of 5, which was
adopted by Ng (RPA, page 4-47 and A-69) was used as a
basis to estimate root uptake of technetium. This value
was reduced by a factor of 0.012 to represent the lower
availability of technetium from slag saltstone.
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This analysis is conservative by about an order of
magnitude. The value of 5 (wet weight) for food crops
was; assumed by Ng based on the soil to plant
concentration ratio for forage. (i.e., grasses) and, thus,
wouýld generally apply only to the vegetative parts of
foo'd crops and feed plants, such as leaves and stems.
The concentration ratio for nonvegetative (reproductiiie)
parts of the plant is usually much lower than. that for
vegetative parts. The study by Murphy cited in the RPA
(WSRC-RP-90-421) found the technetium concentration ratio
to be a factor of 200 to 500 less for nonvegetative plant
parts than for vegetative. Also, only a smallpercentage
of food crops consumed are vegetative; parts (leafy
vegetables). A survey by Hamby (1992) found that, in the
vicinity of the Savannah River Site, only about 11% of
all food crops consumed are leafy vegetables.

Baes et al. (1984) cite a value of 9.5 (dry weight) for
the technetium soil to plant ratio for forage and a value
of 1.5 (dry weight) for food crops. If the value of 1.5
is put on a wet weight basis using a wet to dry weight
conversion factor of 0.43 (Baes, et al, Section 2.1), By
becomes 0.64.. If this value had been used as the basis
for Bv in the RPA, calculated doses from technetium-99
would be reduced correspondingly by a factor of about 8.
The dose from technetium-99 presented in the RPA on page
4-20 in Table 4.1-11 would be reduced from 40 to about 5
mrem/year. The sum of doses presented in this table to
the inadvertent intruder from the agriculture scenario
would be reduced from 50 - 110 mrem/year to 16 - 76
mrem/year.

c. The dose conversion factor used in the RPA is taken from
DOE/EH-0071 *Internal Dose Conversiok% Factors for

* Calculation of Dose to the Publicu: the gut uptake
factor, fi, used for technetium is SE-i (page 2.180 of
DOE/EH-0071). These values are based on the
recommendation in Publication 30 of the International
CVmmission on Radiological Protection. (ICRP). The value
fl- 0.8 adopted by the ICRP was based on (1) measurements
in humans administered technetium in pertechnetate forme
which gave a value of about 0.95, and (2) measurements in
rats administered technetium chloride, which gave a value
of about 0.5. The assimilation of technetium in soluble
form is not straightforward. A study by Hays (1973),
which was noted by the ICRP, showed that the GX-tract
absorption fraction could vary by an order of magnitude
or more in the same patient when administration of
technetium in the soluble pertechnetate form was
repeated.

Irn the RPA, credit for the insoluble form of ctEhnetium
in saltstone is taken by reducing the plant uptake factor
(RPA, page A-69). Technetium taken up by plants must be
in soluble form in order to be assimilated by the plant.
Therefore, use of a relatively, large fj in the dose
....... ..-- #- . 4o warranted.
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d. Rain splash can contaminate food crops with soil, thus
resulting in a greater concentration of radioactivity in
the plant than that arising from assimilation through the
plant; roots. Rain splash was not considered in the RPA.
Thus, the analysis of dose in the RPA from the
consumption of vegetation is potentially non-
conservative. However, the following considerations
indicate that rain splash is not significant in this RPA.

Pinder et al. (1990) studied the relative-importance of
resuspension and root uptake for plutonium in corn and
other grains in field experiments at the Savannah River
Site. This study found that resuspension (presumably
including rain splash) transferred about 10 times more
plutonium from surface soil to plants than did root
uptake. The study noted that transfer of plutonium to
plants by root uptake only (tests were conducted in a
manner to prevent resuspension and rain splash) resulted
in an uptake factor of about 3 x i0-4. Thus, resuspension
and rain splash would result in an uptake factor of about
0.003. Although this factor was deteriined for
plutonium, it should~be independent of radionuclide. As
noted above, the plant uptake factor for technetium used
in the RPA was 0.06. Also, as noted above, a more
reasonable value is 0.008. Both of these values are
greater than the estimated uptake caused by resuspension
and rain splash, thus indicating that rain splash is
relatively unimportant for technetium, even in an
insoluble form.

Vegetables are usually washed before being consumed.
Washing would tend to reduce contamination-on the plants
resulting from rain splash. Also, in ý'he scenarios
involving consumption of contaminated plants 7that were
analyzed in the RPA. any technetium present in the plants
as a result of rain splash would be in the insoluble
form. If this technetium was not removed from the plants
by.-washing, it would likely not be as readily assimilated
in the huma gut as the technetium taken up by the plant
through its roots. This consideration would also tend to
mitigate the effect of rain splash.

-.. r
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References for Response 4

Baes et. al., 1984, A Review and Analysis Of Parameters for
Assessing Transport of Environmentally Released
Radionuclides through Agriculture, ORNL-5786, Oak

iRidge National Laboratory, Oak Ridge, Tennessee.

Hamby, D. M, 1992, Site-Specific Parameter Values for the
i Nuclear Regulatory Commission 's Food Pathway Dose
iModel, Health Physics, Vol. 62, p. 136.

Hays, H. T., 1973, 9 9mTc-Pertechnetate transport in man:
absorption after subcutaneous and oral administration:
secretion into saliva and gastric juice, J., Tual. Med.
Vol. 14, p. 331.

Pinder,' J. E., K. W. McLeod, and 0. C. Adriano, Atmospheric
Deposition, Resuspenslon, and Root Uptake of Pu in
Corn and other Grain-Producing Agroecosystems near a
Nuclear Facility, Health Physics, Vol. 59,.p. 853.

SRS RP-o uppartin- th. insaltbhtsi form Af Te%- in Salt-o ne

Oblath,, S. B. 1984, Relative Release Rates of Nitrate, Tc,
Cs, and Sr from Saltstone, DPST-84-620, Savannah River
Laboratory, E. I. du Pont de Nemours & Co., Inc.

Samples of non-slag saltstone were leached in distilled
water according to a modified ANS 16.1 procedure.
Results shov equal leachability for nitrate and
technetium. Cesium-137 is leached at 70% and strontium-
90 at 4% of the nitrate leach rate.

Oblath, 5. B. and C. A. Langton 1985, Comparison of Leach
Results from Field and Laboratozy Prepared Samples,
DPST-85-261, Savannah River Laboratory, E. 1. du Pont
de Nemours & Co., Ind.

Samples of non-slag saltstone were prepared in the
laboratory and in the field. Field prepared samples
were obtained from batches of non-slag.-saltstone
produced for the large-scale saltstone lysimeters.
These samples were made from actual decontaminated salt
solution. The laboratory prepared samples used the same
formulation, but were made with simulated salt solution.
Leach rates for nitrate for the field and laboratory
prepared samples were the same. The leach rate of
cesium was about 70% less than that for nitrate in both
sets of samples. In the field prepared samples, the
leach rate of antimony-125 was about an o¢der Of
magnitude less than that of cesium-l37. The Tiach rate
of ruthenium-106 was estimated to be at least an order
of magnitude less than that of cesium-137.
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Oblath, S. B. 1986, Leach Test of 107 Liter Saltstone Blocks
at Brookhaven National Laboratory, DPST-86-442,
Savannah River Laboratory, E. I. du Pont de Nemours &
Co., Inc.

Samples of non-slag and slag Saltstone, prepared in the
field (as described in Oblath and Langton, 1985) were
formed in 107 liter (28-gallon) containers.. These
samples were leached according to the ANS 16..1 procedure
at Brookhaven National Laboratory. Observed leach rates
are:! the same as smaller-scale samples reported in Oblath
and, Langton, 1985. For non-slag saltstone, leach rates
of nitrate, chromium and technetium were the same.
Leach rates from slag saltstone for chromium and
technetium were at least an order of magnitude lower
than for nitrate.

Langton, C. A. 1986a, Reduced Technetium Leaching in Slag -
Class F Fly Ash Saltstone Formulations, DPST-86-551,
Savannah River Laboratory, E. I. du Pont de Nemours &
Co., Inc.

Samples of non-slag and slag saltstone made from
simulated salt solution spiked with technetium-99 were
leached in distilled water according to a modified ANS
16.1 procedure. Nitrate and technetium leach rates were
determined. For the non-slag saltstone, nitrate and
technetium leach rates were similar. For the slag
saLtstone, technetium leach rates were an order of
magnitude less than those for nitrate.

Langton,, C. A. 1986b, Reduced Chromium Leaching in Slag-Based
Saltstone Formulations, DPST-86-863, Savannah River
Laboratory, E. I. du Pont de Nemours &Ro., Inc.

Samples of non-slag and slag saltstone made from
simulated salt solution spiked with chromium as CrOC-
were leached in distilled water according to a modified
ANS 16.1 procedure. Nitrate and chromium leach rates
were determined. The chromium leach rate was at least
an order of magnitude lower than the nitrate leach rate
in the slag saltstone while in the non-slag saltstone, •
the leach rates were similar.

Langton, C. A. 1987, EP Toxicity and TCLP Results for Cr-
Doped Slag-Based Saltstone, DPST-87-467, Savannah
River Laboratory, E. I. du Pont de Nemours & Co., Inc.

Samples of non-slag and slag saltstone made from
s:imulated salt solution containing chromium as Cre4_
were tested according to the EP-ToxiCity and TCLP tests.
Results show that up to 5000 ppm chromium in salt
solution can be tolerated in slag saltstoWNi-'wtthout
exceeding the non-hazardous criterion of the tests. For
non-slag saltstone, only about 680 ppm chromium can be
tolerated. These results were presented in the RPA on
page 2-53 in Figure 2.4-1.
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Clark, S. B. and E. L. Wilhite 1991, Low-Level Liquid Waste
Disposal at the Savannah River Site: A Large Scale
Demonstration of Saltstone. Waste Management'91. Vol.
II, edited by R. G. Post, University of Arizona,
Tucson, Arizona, pp. 603-609.

Results of -field lysimeter experiments were. analyzed.
One experiment contains three 30-ton monoliths of non-
slag saltstone. The other contains a 55-gallon sized
monolith of slag saltstone. Ratios of nitrate and
technetium in the sump water of the lysimeters varied as
a function of the type of saltstone. For non-slag
saltstone, nitrate and technetium concentrations were
strongly correlated. For slag saltstone, technetium
concentrations in sump water were always much lower than
the nitrate concentration. Samples of soil moisture,
collected just below the monoliths, showed the same
trend.

These results are presented in the RPA on page 2-54 in
Figure 2.4-2. They are also discussed in the RPA on
page A-69.

%-x

4.
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Panel's question number 5

5. In the area of validation and verification of model
results, the Panel requests:

a. Supplemental information that outlines and:describes
efforts to date to compare modeling assumptions or
results with field data.

b. A description of near-field monitoring programs or
validation exercises that may provide data to confirm
]PA assumptions and results (TDR probes and suction
lysimeters were previously suggested).

Response

summAr

The flow and transport code used in the RPA has been
validated by comparison with field data at the Las Cruces
Trench in New Mexico,. and at Z-Area. SRS is seeking
appropriate near-field monitoring technology to validate
models and -assumptions used in the RPA and will implement
such technology as it becomes available.

a. The PORFLOW-3D computer code has been minimally validated
in an application at Las Cruces, NM (Rockhold and
Wurstner, 1991). This application involved a two-
dimensional simulation of unsaturated flowa•nd transport.
The results of the comparison of model sinluation results
to field data indicated reasonably good agreement with
respect to water content changes in response to input of
water to the system. Only fair (i.e., qualitative)
agreement was obtained between simulated and observed
solute concentrations. The investigators believed that
altifough they attempted to create a two-dimensional flow
regime in the field experiment, three-dimensional flow
and edge effects were significant factors in-impacting
the validation results.

Field measurements of base flow in the three streams in
the vicinity of Z-Area were made in the course of
completing the Radiological Performance Assessment. The
purpose of these measurements was to test the validity of
the discharge rates predicted by saturated flow
application of the PORFLOW-3D code. The data collected
are provided in Appendix C.3 of the RPA. In Sect.
3.4.2.1, the comparison of the stream flow.raata to
pred•ct'ed discharge rates to streams is discussed. The
conclusions of this water balance exercise were that the
flow model reasonably simulated the amount of discharge
occurring to these streams from groundwater.
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b. We; agree that near-field monitoring is necessary to
validate the predicted performance of the SDF. However,
technology for accomplishing near-field monitoring,
especially in terms of in-situ monitoring of non-volatile
contaminants, is in a developmental stage. SRS will
continue to seek appropriate near-field monitoring
technology for the SDF and implement such technology as
it becomes available. Suction lysimeters and time-domain
resistometer (TDR) probes will be considered for use in
monitoring the region immediately adjacent to, or
underneath, vaults. The longevity of these in-place
monitoring techniques must be evaluated before a decision
as to their potential efficacy can be made. Such in-
place procedures have the potential for providing
information on moisture profiles and plume movement, or
lack thereof, that can be used to provide validation of
predictions provided in the Z-Area RPA.

Meanwhile, SRS will continue to collect data from the
saltstone lysimeters located in the low-level waste
burial grounds at SRS (E-Area). The lysimeter program
will .be continued for one or two more years until closure
of the burial grounds takes place.

Reference for Response 5

Rockhold, M. L. and S. K. Wurstner, 1991. Simulation of
Unsaturated Flow and Solute Transport at the Las
Cruces Trench Site Using the PORFLO-3 Computer Code,
PNL-7562, Pacific Northwest Laboratory, Richland,
Washington, March, 1991.
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PROJECT SUMMARY

Background

The testing program was designed to measure the fluid flow and mechanical
properties of various materials utilized in the construction of waste fluid Confinement
vaults. All testing was performed at the minimum confining stress possible to model
the field conditions. The ten supplied materials were as follows:

Unconsolidated Materials

Top Soil
Gravel
Dixie Clay
Grace. Clay
Sand
Surma Road Backfill
Turner Road Backfill

QConsolidated Materials

Concrete from the Saltttone Vault
Concrete from the E-Area Vault
Saltstone

The first seven materials, which- are unconsolidated, were provided to Core
Laboratories In labeled one gallon metal containers. The Conoril, from the E-Area
vault material was a Ift x ift x lft block, the Concrete from the Saltstone Vault was
a 3 ftx I ft cylnder, end the Saltstoe was contained In several one gallon plastic
jugs. Test samples of each material were prepared as described In the test protocols
for each type of measurement.

Specific Permiablity ic Lquid and Effective Porosity

Specific permeability to liquid and effective porosity were determined for two samples
of each unconsolidatod material end three for each of the consolidated materiels using
the procedures described In Section L 'ThM tests:were performed with. no confining
pressure to model the. field 46tons of'the materials as closely as possiglie.. The
unconsolidated materials were tightly pi*ed In stainlessisteel tubes with screns on
each end. T1m consolidated materials were mounted in an epoxy coating. A. test
concrete sample, whose specific permeability to liquid had been previously determined
at minimal confining stress In a coreholdef, was mounted in epoxy and permeability
remeasured, as a quality control check of the epoxy seal. The pre. and pgetmounting
permeability to liquid for thi sample were equivalent, confirming the sealing of the
epoxy to the sample.



Specific permeability to liquid and effective porosity test results are presented in

summary form on Pages I and 2, and in detailed format in Section 2. The duplicate
measurements were in excellent agreement for all materials. The calculated hydraulic
conductivity was in the expected range for samples of this type.

Unsteady-State Gas-Water Water-Gas Relative Permeability

Unsteady-state tests were performed to determine the gas-water and water-gas
relative permeability relationships on one sample of each material following the
specific permeability to brine determinations using the procedures described in Section
3. The unsteady-state method was utilized due to the nature of the samples and the
low permeability values of the consolidated samples.

The displacements were generally piston-like in both directions, resulting in end-point
determinations only for the majority of the tests (gas-water curves were determined
for only the Top Soil, Sand, Burma Road Backfill, and Turner Road Backfill samples).
Gas-Water Water-Gas relative permeability test results are presented In summary form
on Pqges 3 and 4, and in graphical and tabular formats in Section 3. Where
incremental two-phase date was not available, curves were extrapolated from the end-
points.

The Top Soil, Gravel, and Sand samples demonstrated gas-water relative permeability
characteristics typical of clean water-wet unconsolidated materials. The Dixie Clay,
Grace Clay, Burma Road Backfill, and Turner Road Backfill samples showed evidence
of drying during the gas Injection, which apparently caused cracking or shrinkage of
the clay materials In these samples. The effective permeabilitles to gas at residual
water saturatilon and to water at trapped gas saturation were higher for each of these
five samples than the corresponding specific permeability to brioL.,

The Cdncrete samples demonstrated expected behavior, however, the throughputs on
these WNWhples were kes than a pore volume due to their low permeability. The
Saltstone sample exhibited an effective permeability to gas at riesldual water
saturation. 32400 times higher than the specific permeability to brine and an effective
permeability to water at trapped gas saturation 157 times higher. These data can be
explained by drying of the Saltstone during the gas Injection, or the presence of. a
trapped gas sa•turaon In the original preparation of 1he materlal..-The observed
increasa in pineablllty Is not due to bypassing around the epoxy seal as the absolute
permeability measurernents are low (effective permeability to gas at residual water
saturatiot'. 1.2"01 md, effective permeability to water at trapped gas saturation -

5.8e-04 md).



Air-Brine Capillary Pressure

Air-brine drainage capillary pressure curves were determined on two samples of each
of the unconsolidated materials using the procedures described in Section 4. The
water saturation at a capillary pressure of 35 psi for the Top Soil, Sand and Gravel,
ranged from 8.4 to 21.8 percent pore space. These values arein the expected range
for samples of this type. The clay containing samples (Dixie Clay, Grace Clay, Burma

* Road Backfill, and Turner Road Backfill) ranged from 71.2 to 94.1 percent pore space
water saturation at 35 psi capillary pressure.

Air-brine imbiblton capillary pressure curves were determined on one sample of each
of the consolidated materials using the procedures described In Section 4. The,.
samples were first desaturated with air at 35 psi capillary pressure, then allowed to
imbibe water at pressures up to 35 pil. These tests Indicated that less than while ten
percent pore space water will be removed by air at 35 psi capillary pressure, the
displaced fluid will re-Imbibe to resaturate the pore space.

The end-point saturations for all materials are in good agreement with those
determined in the gas-Water relative permeability tests. The duplicate measurements
were In good agreement for all materials. Air-Brine Capillary Pressure test results are
presented In summary form on Pages 5 and 6, and in graphical and tabular format in
Section 4.

Acoustic Velocity

Dynamic Moduli and Poisson's Rato were determined on two samples of each
material by measuring acoustic velocity as outlined In Section 6. Gravel, Buma Road
Backfill, and Turner Road Backfill were retested for quality 'con~ol purposes. An
Ottowa Sand :sample was prepared and tested as a check plut In addition to the
normal aluminum standard. These samples were tested at three overburden pressures

/In 500 psi Increments beginning with 300 psi. Net stress was held constant by
increasing the overburden and pore pressures on the samples at the same rate.

* Overburdenmpressure veriation was used to determine If Improper transducer seating
was occurring at low pressures causing Inaccurate travel times. A saltstone vault
concrete sample (2-84, was also re-tested for confirmation of the data.,

The data demonstrate that measured travel time Increases gradually with Increasing
overburden presure. The lack of erratic or excessive changes In travel times indicates
that transducer seating at low pressures Is effective. Retested backfill samples are
in close agreement to the original data as Is the saltstone vault concrete sample.

The gravel samples, however, show a signifiantly higher shear velocity over the
* original test data. In order to verify this finding, another set of gravel samples was

prepared and tested with similar results. The original data files were rvlawed in an
attempt determine a reason for the variance. Original data acquisition work sheets
indicate that first arrival times for the shear waves were very difficult to determine



which resulted in a reported shear velocity which was too low. The cause of this
weak shear signal in the original test was probably due to loose screens on the
samples. The original data has been revised for the final presentation.

Acoustic velocity test results are presented in summary form on Pages 7 and 8, and

in graphical and tabular format in Section 5.

Pore Volume Compressibility

Pore Volume Compressibility was measured on two samples of each material using
the procedures described in Section 6. The pore volume reduction at 200 psi applied
stress for the unconsolidated materials ranged from 23.95 to 38.53 percent. The
consolidated materials demonstrated much lower reductions in pore volume, ranging
from 0.98 to 5.21 percent. These test results are as expected for these materials.
The duplicate measurements were In good agreement for all samples. Pore Volume
Compressibilifty test results are presented in summary form on Page 9, and in graphical
and tabular format in Section 6.

Quality Control

All equipment was calibrated and standards evaluated as described in the individual
test protocols. Copies of all records of pertinent information regarding the
performance of each type of test are included at the end of each Section. The main
tool for assessing the quality of the data set was duplicate measurements. In all
cases, the duplicate measurements were in good agreement. In general, the data was
within the expected ranges for the types of materials tested.
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SWHARY OF PEIIEABIL1TY TO LICUID TtST RESULTS

SVesti olh e Savansak River Crpany

Top Sall - I
Top Soil - 2*

*Gravel - I
Gravel -

oixie ClAY - 1
Dixie Clay - 2*

Grace clay - I
&Mac Clay - 2*

Sand- ISanl - 2*

Burma Road
Backfill - I
Bumma~d
Backf 1'- 2*

Caulatlve

3.0'
3.0

3.0
3.0

3I.0

11.0

17.8
17.8

2.S
2.5

36.8

36.8

Length,

7.59
7.U9

30.48
30.48

7.59
7.S9

7.59
7.59

7.59
7.69

7.59

7.59

MAre.

11*76
11.76

5.07
5.07

11.76
11.76

11.76
11.76

11. 76
11.76

11.76

11.76

Viscosity.
C0

0.988
0.988

0. 8
0.988

0.988
0.988

0.980
0.988
0.988
0.988

Delta
Pressure,

0.050
0.049

0.029
0.027

50.0
50.0

50.0
50.0

0.100
0.055

S0.0

S0.0

Incremental
Flow Rate.
cc/sec-

0.017
0.017

0.050
0.050

5. le-OS
3.9e-OS

3.4e-OS
4.2e-0S

0.033
0.017

2. le-03

4.3e-03

Permeab I lity
to Liquid.

3120
3190

161000
162000

9. Se-ý03
7.3e-03

6.4e-03
7.9e-03

3120
2840

4.0e-01

8. le-01

Hydraulic
Conductivity.
clsec MOIAI

3.06e-03
3.13e-03

1.48e-01
I.59e-01

9.4e-09
7. le-09

6.3e-09
7.7e-09

3.06e-03
2.79e-03

3.9e-07

8.0e-O7

Porosity,
percent

40.5
38.8

38.0
38.6

54. 1
57.7

54.8
57.6

39.9
34.8

47.5

51.6

0.988

0.988

*Sample selected for Gas-Water Relative Permeability Tests

j
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S Y OFg PENEAB!LITY- TO LIOUID TEST RESULTS

Westinghouse Savannah River Comagy

CwulatlveSa Test* Tim.I dan

Turner Road
BaIkfll - 1 36.8
Turner Road
9ackf11 - 2' 35.8

Concrete from
Saltstone Vault-lB 24.0
Coecrete from
Saltstee, Vault-So 37.7
Concrete from
Saltst. Vault-?S' 38.0

Concrete from
E-Area Vault-2E 36.9
Concrete from
E-Ara VYalt-4E 37.5
Concrete from
E-Area Vault-7i* 37.5

Saltsone - 1 16.0
Saltstone - 3A 16.0
Saltstone - 4V 12.0

Length.

7.59

7.59

6.24.

5.77

5.05

5.46

5.35

4.44

4.29
4.35
4.74

! Are.Viscosity,Z 13 o

11.76
11.76

11.05

11.13

'11.10

10.76

10.68-

10.72

11.07
11.26
11.30

0.988

0.986

2.39

0.988

0.988

0. 988
0.988

0.988

2.39
2.39
2.39

Delta lIcremental
Pressure, Flow Rate,

Occlsec

50.0 1.6e-03

50.0 2.6e-03

50.0 5.3e-07

£0.0 1.6e-OS

SO.0 9.9e-06

S0.0 S.Oe-09

.50.0 8.3e-09

.50.0 1.0e-08

SO.0 2.4e-08
50.0 2.0e-08
50.0 1.3e-08

Permeability
to Liquid.

3.1e-01

4.8e-01

2.le-04

2.4e-03

1.3e-03

7.4e-07

1.2e-06

1.3e-06

6.6e-06
5.4e-06
3.7e-06

Hydraulic
Conductivity,

3.0e-07

4.7e-07

1.1e-10

2.3e-09

1.3e-09

7.2e-13

1.2e-12

1.2e-12

3.4e-12
2.8e-12
1.9e-12

Porosity,
Urcet

45.5

42.7

17.4

18.9

16.8

18.1

19.3

18.6

44.6
41.6
40.6

*Sample selected for Gas-Water Relative Permeability Tests
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File: DRES-92119

SIJiWiRYOF GAS-2ATER RELATIVE PE£REHAILITY TEST RESULTS

westinghose Savannah River Conaa•

Top Soll 2

Gravel 2

Dixie Clay 2

Grace Clay 2

Sand 2

Bura Road
Backfill 2

I

Porosity,

Initial
Water

Saturatoes,
percent

100.0

100.0

Conditions
Specific
tOrmeabi Ity
to Water.mildace

Terminal Conditions
Water Effective Relative

Saturation, Permeability Permeability
percent to Fluid. to Fluid.+

pgre~ suWce jlfjcjsilidaci

fluid
percent

Rgre snace

Recovered
percent fluid

38.8

38.6

Si.,

51.6

34.8

51.6

i00.0

100.0

100.0

100.0
* --

3190

,mou
162000

7.93-03

7.9e.,03

2840.

0.812

12.5
64.1

4.3

96.7
98.6

93.8
95.1

22.0
6S.7

76.6
80.8

189
1340

15500
348O0

0.059*
0.420**

0.096*
0.214"*

17.4 238 '
1.2e-02 3.64**

87.5
51.6

95.7
11.2

3.3
1.9

6.2
1.3

78.0
43.8

23.1
4.1

87.5
59.0

95. 1
11.7

3.3
57.6

6.2
21.0

78.0
56.2

23. I
17.8

0.391
3.1e-02

326
188

49.4*
3.92"

0.115*
0.066**

3.51 4.32*
8.58 10.6'*

I* to Gas
* to Water
+ Relative to the specific permeability to water

3
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UMARY OF GAS-WATER RELATIVE PERIEABILITY TEST RESULTS

Mestlnghous. Savannah River Company

Initial Conditions
water Specific

SateAtion, Permeability
p.ieret to water,
Mgre sofM ll1dacU

Water
Saturation,

percent

Terminal Conditions
Effective R

Permeability Peru
to Fluid. t

elative
meabillty
o Fluid,.
1 drlj.Sample or"osity1eramt

fpluidpercent
Dote space

Recoveredpercent fluid

Turner Road
Backfill 2

Concrete from the
'Saltstone Vault 78

Concrete from the

f-Area Malt 7E

Saltstoe 4

42.7

16.8

18.6

40.6

iO0.0

100.0

100.0

100.0

0.478

1.3e-43

I. 3*-o6

3.7e-o6

75.2
86.0

85.4
87.0

100.0
28.7

9.3
9.3

1.30
1.90

7.9e-06
2. Oe-04

4.6e-08
S.4e-07

1. 2e-01
5.8e-04

2. 70*
4.02"*

0.0061"
0.154"*

0.035'*
0.415**

32400*
157 *

24.8
10.8

14.6
1.5

24.8
43.6

14.6
10.3

1.3

0.7 0.7

(A

'A

lI

t

* to Gas
* to Mater
, Relative to the specific permeability to water

4
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SUHIARY OF IR-BRINE CAPILLARY PRESSURE

Drainage Test

Sample
10 Pressure: 2 .. _. __L..

Top Soil
TS-1 39.7 32.8
TS-2 34.1 29.4

Gravel
GL-I 39.7 30.9
GL-2 36.9 26.8

Oixie Clay
0-1 100.0 100.0 100.0
0-2 100.0 100.0 98.7

Grace Clay
GE-1 100.0 100.0
GE-2 100.0 100.0

Sand
S-1 35.8 29.7 25.8
S-2 41.3 33.1 29.1

Surma Road Soil
8RS-I 97.7 97.2
SRS-2 96.2 95.2

Turner Road soil
TRS-1 9.5 94.4
TRS-2 96.5 93.8

29.8
26.6

27.0
19.1

97.3
97.7

99.3
98.8

21.9
25.6

96.6
92.3

84.1
83.3

25.7 24.1
23.9 23.0

23.2 19.4
14.0 11.3

94.3 92.0
96.3 95.1

97.3 95.1
97.7 95.8

19.9 19.2
24.6 21.8

91.5 87.8
88.0 85.6

78.4 74.1
78.3 74.5

20.4
20.8

16.9
8.4

93.5
94.1

85.3
82.7

7.8
71.2

Initial Condition: 100 percent water saturated
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SUMMARY OF AIR-BRINE CAPILLARY PRESSURE

Imbibition Test

SamplemD Pressure: 2___ 4 8_L.

E Area Concrete
1E 517.5

Initial Conditions:

Saltstone Concrete

38 92.6

Initial Conditions:

Saltstone Concrete
1l 16.7 .

Initial Condition:

98.7 99.0 99.2

94.3 percent water saturated

93.0 94.0 94.9

91.0 percent water saturated

97.3 97.8 98.2

88.0 percent water saturated

99.4

96.9

98.6

99.8

99.3

99.7

1I~
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•.LTIASMOIC VELOCITY MIVNMNIC NMIL!

Westinghouse Savannah River Company

SAPhLE -- KT wV a IIy BLUK YOUNG'S SHUR PsOISSO's
I SIM DENSITY CoIP SHEAR MODULUS NODULUS NODULUS RATIO

psi gm/cc ft/sec psi psi psi

TS-1 100 2.04 6.100 3037 6.8Se+OS 6.78e+)S 2.S4e+O5 0.335
T$-2 100 1.99 603S 2994 6.57e05 6.44e+05 2.41e+OS 0.337

Gravel

GL-i 100 2.04 6655 2967 ý 8.87*+05 6.64ee05 2.41e+05 0.375
GL-2 100 2.OS 6973 3361 9.32e405 S.43e+05 3.12e05 0.349

6

D-1
D-2

100
100

100
100

G[-2GE-2

1.93
1.95

1.89
1.83

1.92
1.96

6562 2894 8.27e.O 5.99e+05 2.17e,0S 0.379
6471 2962 7.93e+0S 6.31e+OS 2.31e+05 0.367

4277 1972 3.34e+05 2.70e+OS 9.90e+04 0..365

4078 1975 2.82e+OS 2.60eO05 9.63e+04 0-. 347

•ani

5766 2659 6.17e+O5 5.00e+05 1.83e+05 0.365
5707 2601 6.21e+OS 4.88e+05 1.78e+05 0.369

4

S-I
S-2

100
100

7
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file: DRES-92119

ULTRASOIC VELOCITY AND DYIMAIC NOULI

Westinghouse Savannah River Company

SAMLE .N BULK MVU0CIIY BULK YOUNG'S SHEAR POISSON'S
I0 STRESS OESITY CORP SHEAR MODULUS MODULUS MODULUS RATIO

psi P/cc ft/sec psi psi psi

BRS-1
BRS-2

TRS-1
TRS-2

3-E
5-£

0oo
100

100
100

100
100

100
100

100
100

2.06
1.98

2.01
1.99

2.25
2.29

2.39
2.3.7

1.78
1.78

6693 2908 8.71e0oS
6689 2878 9.03e.0S

6.31e.05 2.29e+05 0.379
6.16e+05 2.22e+0S 0.386

E-Area Vault Concrete

13494 5667 4.23e+06 2.71e+06 9.71e+05 0.393
13287 5607 4.16e+06 2.70e+06 9.72e+OS 0.392

Saltston. Vault Concrete

16394 7937 5.95e+06 5.46e*06 2.03e+06 0.347
16432 7453 6.26e+06 4.86e+06 1.77e+06 0.370

SaDtstn2e

9682 SOSO 1.43e.06 1.61e+06 6.12e+05 0.313
9849 5086 1.50e÷06 1.64e÷06 6.22e+05 0.318

6S55 2384 9.84e,05 4.SOe,05 1.58e+05 0.424
6757 2630 9.73e40S 5.21e+05 1.85e+05 0.411

Turner Road Backfill

2-B;
6-8 * ,

3
.4

L
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RESPONSE TO RAI COMMENT 43
ROADMAP TO REFERENCES

REFERENCED DOCUMENT I *EXCERPT LOCATION REMARK
Cook et al. 2005 Executive Summary Excerpt enclosed following response.

Section A.4 Excerpt enclosed following response.
Table A.4 Excerpt enclosed following response.
Table B-2 Excerpt enclosed following response.

Langton 1998 Excerpt enclosed following response. Entire document.
Langton 1985 Excerpt enclosed following response. Memo from Langton to Wright
Malek et al. 1985 Excerpt enclosed following response.
Peregoy 2003 Excerpt enclosed following response. Pages 1-21
Saltstone PA 1992 Excerpt enclosed following response. Section 3.2.4.1 enclosed.
Phifer 2004 Excerpt enclosed following response. Table 7.0-1

*Excerpt Locations:

1. Excerpt included in response: The excerpt is included within the text of the response or is appended to the response.
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely

applicable are enclosed following the response.
4. Other
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Table 7.0-1. Base Case, Lower Bounding, and Upper Bounding Infritration over Time
Lower Bounding Scenario Base Case Scenario Upper Bounding Scenario

Year Infiltration Year Infiltration' Year Infiltration
(in/yr) (in/yr) (in/yr)

0 0.36 0 0.36 0 0.36
100 0.41 100 0.41 100 0.43
300 0.55 300 3.05 154 0.42
550 0.80 550 7.90 300 0.56
1,000 1.75 1,000 12.04 550 1.22
1,800 5.05 1,800 13.76 602 1.37
3,400 6.46 3,400 14.03 802 16.12
5,600 6.44 5,600 14.08 1,000 19.46
10,000 6.40 10,000 14.09 1,800 21.32
280,0003 4.75 96,667 2 14.10 3,400 21.42
_____ _ K, , 280,0003 18.12 5,600 21.13

___ ___ ___ ___ _ ___ ___ __ ___ __ 10,000 20.05
_________ ________ _________38,254 ~ 18.60

TInfiltration through upper GCL
2 The year 96,667 is not a calculated value; it is an assumed value, It is assumed that infiltration

remains at 14.10 inches/year until the upper backfill erodes to the assumed evapotranspiration zone
depth of 22 inches in year 96,667. At that point it is assumed that infiltration increases linearly from
14.10 inches/year to the year 280,000 infiltration of 18.12 inches/year.
3 Infiltration at complete degradation of the closure cap

U
S

-J
U
C,

Io

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Year

10000

Figure 7.0-1. Base Case, Lower Bounding, and Upper Bounding Infiltration over Time

Rev. 0
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DIRECT GROUT STABILIZATION OF HIGH CESIUM SALT WASTE:
SALT WASTE ALTERNATIVE PHASE M FEASIBILITY STUDY (U)

Christine A. Langton,
Westinghouse Savannah River Company

Savannah River Technology Center,
Aiken, SC 29808

SUMMARY

The direct grout alternative is a viable option for treatment/stabilization and disposal of
salt waste containing Cs-137 concentrations of 1-3 Ci/gal.

The composition of the direct grout salt solution is higher in sodium salts and contains up
to a few hundred ppm Cs-137 more than the current reference salt solution. However it is
still similar to the composition of the current reference salt solution. Consequently, the
processing, setting, and leaching properties (including TCLP for Cr and Hg) of the direct
grout and current saltstone waste forms are very similar.

The significant difference between these waste solutions is that the high cesium salt
solution will contain between I and 3 Curies of Cs-137 per gallon compared to a
negligible amount in the current salt solution. This difference will require special
engineering and shielding for a direct grout processing facility and disposal units to
achieve acceptable radiation exposure conditions. The Cs-137 concentration in the direct
grout salt solution will also affect the long-term curing temperature of the waste form
since 4.84 Watts of energy are generated per 1000 Ci of Cs-137. The temperature rise of
the direct grout during long-term curing has been calculated by A. Shaddy, SRTC.'

The effect of curing temperature on the strength, leaching and physical durability of the
direct grout saltstone is described in this report. At the present time, long term curing at
90*C appears to be unacceptable because of cracking which will affect the structural
integrity as evaluated in the immersion test. (The experiments conducted in this
feasibility study do not address the effect of cracking on leaching of contaminants other
than Cr, Hg, and Cs.) No cracking of the direct grout or reference saltstone waste forms
was observed ror samples cured at 70*C.

At the present time the implications of waste form cracking at elevated curing temperatures
has not been fully addressed. The direct grout falls within the definition of NRC Class C
waste. NRC requires that Class C waste forms or their containers demonstrate structural
integrity to qualify for disposal. Direct grout cured at 900 C will not meet the integrity
requirement. However, the disposal vault may meet this requirement.

3
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BACKGROUND

Direct disposal of the cesium in grout is one of the alternatives identified in WSRC-RP-
98-00166.2 In this proposed process, Cs-137 is not separated from the salt waste or
concentrated supernate. It is instead sent to the new shielded Saltstone Facility. The
resulting waste form would be classified as Class C low-level waste if disposal was
regulated by the NRC. A new grout production facility is needed for this option. The
new facility requires remote maintenance capabilities and a shielded cell for the grout
production equipment. The test plan for this effort is presented elsewhere.3

Comparison of Reference Z-Area Salt Solution and High-Cesium salt Solution
The average composition of the direct grout salt solution is listed in Table 1 and
compared to the current reference salt solution composition. The average cesium
concentration in the direct grout waste stream is estimated to be 1.65E-4M (1.5 Ci/gal).4

This waste and the resulting direct grout waste form which has about 40 % less curies. per
volume (about 250 Cl/cubic meter of saltstone) due to dilution with the cementing
reagents fall within the NRC Class C waste category. The Cs-137 concentration limit for
Class C waste is 4600 curies per cubic meter.'

Table 1. Compositions of the Reference Salt Solution and the Direct
Grout, High Cesium Salt Solution.0

Component
Reference Salt

Solution
(Molar)

Direct Grout
High Cesium Salt Solution

(Molar)
NO" 2.04 2.49
NO" 0.62 0.581
OK 1.17 2.181

COj" 0.15 0.181

AlO" 0.41 0.355
S04 0.15 0.169

F 0.0015 0.0361
Cr 0.023 0.0282

C204 0.025 0.0136
Po' 0.01 o.oo9

Na+ 4.94 6.44
K"__-_0.0168
Ct' 20 n Cl/g 0.000165
Hg_ 0.012 mg/. 33 mg/t.
Cr 161 mg/L 161 mg4L

4
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Class C Requirements for Low-Level Waste Disposal7

In addition to the minimum requirements for Class A, B, and C wastes, NRC has
structural stability requirements for Class B and C waste.7 Stability requires that the
waste form maintains its structural integrity under the expected disposal conditions.
Structural stability is necessary to inhibit a) slumping, collapse, or other structural failure
of the disposal unit if an engineered structure is not used and b) radionuclide release from
the waste form that might ensue due to increases in leaching that could be caused by
premature disintegration.of the waste form. Stability is also considered in the intruder
pathways where it is assumed that wastes are recognizable after the active control period.
To the extent practical, Class B and C waste forms should maintain gross physical
properties and identity over a 300 year period. To ensure that Class B and C wastes
maintain stability the following conditions should be met:
" The waste should be a solid form or in a container or structure that provides stability

after disposal
" The waste should not contain free standing and/or corrosive liquids.
" The waste or container should be resistant to degradation caused by radiation effects.
" The waste or container should be resistant to biodegradation.
" The waste or container should remain stable under the compressive loads inherent in

the disposal environment.
" The waste or container should remain stable if exposed to moisture or water after

disposal.
" The as-generated waste should be compatible with the solidification medium or

container.

NRC identifies the following tests, which can be used to demonstrate waste form
stability:
" Compressive strength; ASTM C-39 (60 psi minimum).
• Resistance to thermal cycling degradation; ASTM B-553.
" Radiation stability at 1OE+8 Rads in gamma irradiator or equivalent.
" Resistance to biodegradation; ASTM G-21 and G-22.
* Leach testing; ANS 16.1 (Cs leach index minimum of 6).
* Immersion testing, L e., compressive strength after 90 day immersion period should

be 500 psi minimum and not less than 75 % of the pre-immersion compressive
strength.

* Free standing liquids (less than 0.5 volume per cent per Method described in
Appendix 2 of ANSI/ANS 55. 1).

* Full-scale testing.
I
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EXPERIMENTAL METHOD -

Preparation of the Reference Salt Solution and Direct Grout, High Cesium Salt Solutions
Simulated salt, solution was made according to the following recipes. Cesium, mercury
and chromium were spiked in amounts greater than the concentrations listed in Table 1 in
order to determine differences between leaching performance in the various leaching
tests. This was necessary given the detection level for non radioactive cesium used in
these experiments.

Table 2. Ingredients in the Reference Salt Solution and the Direct
Grout, High Cesium Salt Solution.

Reference Salt
Solution

(0il)

Direct Grout
High Cesium Salt Solution

(9&)Iirwedlent
NaNO3 173.4 211.6
NaNO 2  43.1 40.09

NaOH 46.7 87.24

Na2COH20 18.5 22.44

NaAIO 2H20 40.6 34.48
Na 2SO4  20.9 24.00

NaF 0.62 1.52

NaCI 1.35 1.65

N8 2C20 4  3.44 1.82
Na3FO 4  2.9 -

Na:zPO 412H20 - 3.42

KNO 3  -_1.69

CsNO3  - 0.643*
HgCI2  0.338" 0.338"

Na 2C104 0.623 e* 0.623"'
Cs spiked at 0.0033 M Cs using CsNO3 . This Is 20 times more than the
concentration projected for the direct grout case.
Hg spiked at 250 ppm as HgC6 In direct grout solution prepared for this feasibility
study.

Cr spiked at 1830 mg/L as Na2CrO4.

Preparation of Reference Saltstone and High Cesium, Direct Grout
The ingredients and proportions in the reference saltstone are shown below:

Cement Type 1/1 4 wt %
Fly ash Class F 25 wt %
Slag Grade 120 25 wt %
Salt solution 46 wt %
(containing 71 wt % water)

The water to total cementitious solids of this mixture is 0.6048.
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The ingredients and proportions used in the direct grout saltstone containing the high
cesium loading are shown below. The water to the total cementitious solids ratio is
0.6092 and is similar to that of the reference saltstone.

Cement Type I 4 wt%
Fly ash Class F 24 wt %
Slag Grade 120 24 wt %
Salt solution 48 wt%
(containing 66 wt % water)

The dry cemeutitious reagents were premixed to simulate the Z-Area process and then
added to the salt solution. Mixing was carried out in a Waring blender for one minute at
low speed. Smnples were immediately cast into the appropriate containers for the various
tests.

Testing
The approach was to compare the high-cesium, direct grout to reference saltstone with
respect to the following properties:

Set time
Bleed water
Processing (flowability of grout -subjective evaluation)
Compressive strength (28 days)
Leaching

TCLP for Cr, Hg, Cs
Radiolytic gas generation
Durability Evaluation (limited testing modified ANS 16.1 soak test).

Curing
The curing was conducted at ambient temperature, 450, 700 and 90* C +/-5° C and 100 %
relative humidity. This curing range is representative of the range of initial and long-term
curing temperatures which could be encountered under actual field conditions.

•> Irradiation Experiments
Two samples of direct grout were cast in cylindrical containers approximately 1 x 4
inches in size. These containers were sealed during the 28-day cure period. One sample
was cured a 24.50 C and the other at 900 C. The moisture contents of these samples were
measured to be 24 and 27 wt. %, respectively. The porosity of each sample was
estimated to be 30 to 40 volume percent. These two samples were irradiated
simultaneously at a dose rate of 4.2 E+5 rad/hour for 185 hours in a Co-60 source. The
dose accumulated in the 185 hr irradiation experiment is equivalent to an approximate 34
year dose at a nominal Cs-137 curie loading of 250 Ci/m3. Given the nominal density of
the direct grout, 1617 kg/W3, this corresponds to 7.242 E-4 Wattwskg, or a dose rate of
261 mad/hr. Exqperimental details pertaining to the Co-60 irradiation, gas analyses, and
dose calculations are given elsewhere.!
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(grout plus moisture). Given a nominal moisture content of about 25 wt. %, a G(H%)
based on water alone was calculated to be in the range of 0.08 to 0.12. These G values
are significandly lower than the maximum value obtained from pure water, 0.45. Similar
results were obtained for dry CST powder irradiation experiments.'

Hydrogen concentrations in air of 4 % or more constitute a flammable mixture.
Assuming that the direct grout disposed of in the new saltstone vaults will not constitute a
closed system (the grout and the concrete vault have open, interconnected porosity), the
radiolytic gas production is not expected to result in accumulation of hydrogen in the
pores of the saftstone or the air void spaces in the vault.

In addition, visual observation of the samples after irradiation to a 34 year dose indicated
no degradation or cracking. However, a difference in the gas pressure versus irradiation
time profiles was observed for the direct grout samples cured at 240 and 900 C Direct
grout cured at 240 C showed a linear increase in pressure as a function of irradiation time.
A G value for the total gas produced was similar to the G value for hydrogen (0.01 and
0.02, respectively). Direct grout cured at 90oC showed an initial depressurization
followed by a linear increase in pressure. This is similar to the profile observed with
CST irradiation!' Although the G(H 2) was similar for the two samples, the sample cured
at 900 C resulted in more total gas generation. A G value for the total gas produced was
higher than the G value for hydrogen (0.07 and -0.03, respectively). This indicates that
there was radiolytic production of gas other than hydrogen in the direct grout sample
cured at 900 C.

Phase Determination
X-ray diffraction analyses of specimens cured over the entire temperature range indicate
the presence of poorly crystalline hydrotalcite, a hydrated magnesium silicate phase
characteristic of hydrated slag systems. Gypsum, a hydrated calcium sulfate phase was
also' detected irt all of the samples. The current analysis did not indicate any phase
differences over the temperature range studied.

Immersion Tist (Durability/Integrity Evaluation)
An immersion test to evaluate structural integrity is in progress. Samples cured at 24.5,
45, 70 and 90°C are currently immersed in deionized water. These samples will be
soaked for 90 days and then the compressive strength will be measured. To date, the only
type of data available are the result of visual observations. Cracking was observed in the
samples cured at 90°C at the time the samples were removed from the molds. Samples
cured at 70oC and lower did not show any signs of cracking. See Figure 2. All of these
samples were cured in sealed containers and did not experience significant drying.
Consequently, the cracking observed in the direct grout and reference saltstone samples
cured at 90*C is probably caused by a mechanism other than external drying.
Crystallization of soluble or insoluble phases within the matricies of these samples is one
possible explanation. However, additional studies are required to understand the cause of
the cracking.

11



Figure 2. Effect of Curing Temperature on the Reference Saltstone and Direct-Grout Samples Prepared for Immersion l
Testing (All Samples Were Cured in Sealed Containers). Cracks Were Observed in the 90 C Samples at theTime of De-Molding. No Cracks Wire Observed in the Other Samples. •



WSRC-TR-98-00337
Revision: 0
September 30, 1998

RECOMMENDATIONS

Long-term curing experiments of reference saltstone and direct grout as a function of
curing temperature are recommended if direct disposal of groyt is selected as the
preferred or backup technology to replace the current 1TP process. This recommendation
is consistent with the direct grout feasibility evaluation and the SRTC technical program
evaluation conducted by BNFL. (See Attachment for the.BNFL comments.)

Leaching experiments on direct grout cured over the temperature range 24 to 900 C is
also recommended.

Additional irradiation and gas collectiontanalysis experiments should be conducted to
further investigate the affect of curing temperature on the direct grout performance.

Regulatory and performance requirements for direct grout should be determined.

Production and pouring strategies should be developed to meet the regulatory and
performance requirements.

Tests should be conducted to determine the effect of changes in the salt composition on
the properties of the direct grout in order to establish acceptable operating ranges.

Based on the results of this feasibility study, the current saltstone formulation range is
adequate for the direct grout. However, if the short term curing temperature cannot be
managed by applying a multi-cell pour strategy, then substituting granulated slag for
Grade 120 slag should be evaluated. The simplest way to control the long term curing
temperature is to adjust the curie content of the waste/waste form if long-term curing is
an issue.

QUALITY ASSURANCE

Results are recorded in WSRC-NB-98-00204. Testing was conducted in accordance with
SRTC procedu.es
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.ATTACHMENT I

BNFL Response to Questions and SRTC Program Review
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*]BNFL
Memorandum

To: SRTC oate 22 September 1998

From: Graham J 0onsou Your red:
Ext +44 19467 72477 Ourm'. .c M 0 ('s

Fax: +44 19467 72490

Suject Saltstone Immobilisation Programme

To all ht SRTC

SALTSTONS IMMOBILISATION PROGRAMME

This note details comments made by BNFL regarding initial questions raised by SRTC. With
respect to the Saltstone immobilisation programme (Section 1), and then in Section 2
a review of the-proposed SRTC development programme is given.

SECTION 1

QI:Does the Saltstone formulation require changing based on the inclusion of the Cs in
order to meet TCLP requirements ?

AI :Thc inclusion of Cs into the wasteform on itus own should not affect the leachability of the
metals in the TCLP test. Given that the TCLP test would be performed after 28 days, it is
vey unlboely that the higher overall temperature of the Salstone monolith will have any
effect on metal solubilities. However the longer tam effects of the elevated ternperatures on
metal reteaon within the system should be part of the forward programme as it is outside of
the current scope of expeincue.I
Although this is different to the TCLP test (i.e. a test that is undertaken after 28 days) it is
none the leas important that the chemistry of the system is understood to predict longer term
behaviour. It is also important to realise that in the TCLP test, the sample is actually ground
and therefomre monolithicity is ixot a factor. It is the actual effects of heat upon the overall
cement system that is the major point to establish.

Q2:If the Iformulation does need changing to meet TCLP would this be adequate, or
would an alternative additive be required ?

I
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A2 : As stated in Answer I it is not certain how the microsttucture will be affected by being
exposed to high temperatures (greater than &0*C )ovcr extended periods of time. It is not
considered that the ability to comply with the TCLP requirements will be affected. If overall
radiogenic heat is seen as problemati the simplest alternative may be to just limit the amount
of Cs present in the waste. Alternatively different cement systems can be evaluated for
suitability.

Q3:What would the bulk temperature rise to based on the heat of hydration ,and would
the pouring volume need to be limited because of this ?

A3:Information provided by SRTC is now being used by modellers to predict the bulk
temperature rise.

Q4:What effect will the higher Cs loading have on the bulk temperatures in the long
term ?

A4: The Cs loading will govern the bulk temperature within the matrix, with overall
teipertauer increasing as the Cs loading i ases. Initial results from modelling experiments
at SRTC indicate that the bulk temperatures will be around 906C. This can be substantiated
by additional modelling studies in the U.K.

Q5:If curing heat or radiolytic heat is a concern how would we address ?

AS.:This can be done by limiting the amount of Cs within the product changing the cement
formulation or considering an alternative matrix.

Q6:WU1 gas generation be a concern and If so how will It be addressed ?

A6: Th1 poro:ity and permeability of the cement microstructure will be sufficient to deal
with gas generated from any associated reactions. However this will need to be checked
during the development programme to establish the effects at the elevat temperatures.

Q7:What tests would be required to demonstrate short and longer term gas generation
will not be a problem ?

A7: The sample will need to be exposed to the expected radiation dose that it would need to
withstand in order to retain product interity. Whereas in the U.K. wasteforms are exposed to
the cumulative dose that they would experience during up to 100 years' storage and disposal,
the actual dose that the Saltstone wasteform will need to withstand wil be specific to the
waste accept;mce criteria (WAC) goveming disposal.
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Section 2 : Proposed SRTC development programme

Set:

This is normally undertaken to establish throughput requiremeats for batch plants. As the
proposed procems is continuous mixing followed by pumping and placement ,setting is only
important if severe retardation is observed, or if set is achieved too quickly. The latter point
may be particularly important if the mix were to be delayed on line to the disposal facility.
This could resullt in blocked pipework and the inherent problems of dealing with remediation
where the radiation levels will be significantly higher for manual intervention.
Time of set will also need to be established during the pouring stage to establish the effects of
pouring additional cemented products on material that may have only undergone partial
setting. This cui lead to cracking and loss of product integrity.

Bleed water :

Again bleed water is normally associated with plant througbput requirements, although the
avoidance of the gencration of secondary wastes is also of major importance. Ideally the
formulation should provide a bleed free product, however at what time bleed water must not
be present will be very specific to this particular project.

Processing:

The proposal is to have a subjective test. Experience in the U.K- indicates that this kind of
evaluation is not suitable ,and it is suggested that actual methods to evaluate grout
processability flkidity are established.

Compressive strength:

While the test indicates that the test will be undertaken after 28 days, it is recommended that
a strength development profile is undertaken. This will allow a prediction to be made of any
potential interactions taking place within the matrix. It may also be beneficial to undertake
these measurements over longer periods so that the longer term strength development profile
can be monitored.

There are also non-destructive tests that can be performed to monitor strength development as
opposed to compressive strength.

Leaching:

The standard test is to undertake the TCLP test after 28 days. It is recommended that
additional testing is undertaken t9 establish any likely affects of the higher heat loading on the
overall ccment microutructure.

Radiolytic giusgeneration:

The wasteform needs to be exposed to the cumulative radiation dose that the wasteform will
experience diring the evaluation period. This will not only establish the effects of radiation
on the wasteform stability, but can also be used to establish the effects-(if any) of dealing
with any gas generated upon the cement mcrostacture.
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The curing teniperatures will need to reflect the actual core tempmar wtich the matrix
will expeence and therefore any tests will need to be able to reflect thesc temperatures as
opposed to simply curing at the temperature under. assessmnent.

General comments:

The overall programme is focussed mainly on passing the necessary WAC. However as this
wastestream composition is now fizdamentally different to the original Saltstone, it is
considered tdat additional testing would be beneficial in under-tanding the ongoing
cemeatwaste interactions taking place.

The programme does not indicate any timescales for the test period.

The suarogatie needs to be prepared in as near as possible the same way as the waste will be
produced during future operations.

The programme appears to be focussed upon dealing with a worst case scenario. It may be
beneficial to consider a range of formulations to understand any changes occurring as
formulations change.

In terms of the actual process, I have assumed that the relevant operating envelopes and
equipment deployed and established for the original plant will still be used in the new facility
and ate therefore outside the scope of these comments.

GH Jonssori
Research and Technology
SeUafield
Seascale
Cunlblia.I

I
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RESULTS AND DISCUSSION

Processibility, Set Time and Bleed Water
Processibility was evaluated by visual observation. The direct grout slurry was compared
to the reference saltstone slurry. The direct grout slurry was easily mixed in the Waring
blender. The resulting slurry was fluid and was easily poured into the sample containers.
The direct grout gelled (thickened to the extent that it was no longer pourable) in 25 to 30
minutes. The reference saltstone slurry was also very fluid and pourable. However, it
gelled in 20 to 25 minutes. Bleed water was not observed on either slurry formulation.
Processing results are summarized in Table 3.

Table 3. Processing results for Reference Saltstone and Direct Grout.

Mix Design Qualitative Flow Gel Time Bleed Water Set Time
Properties (minutes) (volume %) (hours)

Reference Very Fluid, 20-25 0 18-24
Saltstone Pourable

Direct Grout Very Fluid, 25-30 0 18-24
Pourable

Compressive Strength

Compressive strength was determined for samples cured for 28 days at 24.5, 45, 70, and
900 C. The relative humidity of all of the samples except those cured at 90 C was
maintained at 100 %. The samples cured at 90 C were cured in the presence of excess
water/water vapor. However, cracks were observed on these samples when they were
removed from the curing chamber. See Figure 1. These samples also appeared dry on
the outer surface. This was confirmed when the samples were examined after the
compressive strength tests. The outer centimeter of the samples was obviously drier than
the inner core.

Consequently the 900 C samples experienced some drying. Drying shrinkage is probably
not the only explanation for the observed cracks since other samples cured at 90L C in
sealed containers showed no drying and were also found to be cracked after curing.

Even though the direct grout and reference saltstone 900 C samples were cracked prior to
the strength determinations the strengths were very high. Given the limited number of
samples tested, the strengths of the direct grout and reference saltstone are similar for
each curing temperature. Compressive strength results are summarized in Table 4.
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Figure I Photographs Illustrating the Crack Patterns Characteristic of Reference and
Direct-Grout Sample Cured at 90 °C (No cracking was observed for samples cured
Between Room Temp. and 70 *C).

Table 4. Compressive Strength Results for Direct Grout and Reference Saltstone

Curing Compressive Average
Mix Design Temr rature Strength Compressive

PC)L (i) Strength (psi)
2,050

24.5 2,375 2,212
4,000

Direct Grout 45 4,150 4,075
3,250

70 3,575 3,412
4,675

90 4,450 4,562
2,225

24.5 2,425 2,325
3,575

Reference 45 3,475 3,525
Saltstone 3,875 '

70 3V475 3,675
4,250

90 3,600 3,925

9
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Leaching
TCLP
Samples were prepared for TCLP testing for Cr and Hg, which are the two potentially
hazardous constituents in both the high cesium (direct grout) and reference salt solutions.
All samples of reference saltstone and direct grout cured between 24 and 900 C passed
the TCLP for Cr and Hg. Consequently, these waste forms qualify to exit RCRA.

The TCLP exiract was also analyzed for Cs to give a relative comparison of the Cs
leachability for the two formulations. The direct grout samples were spiked with about
20 times more cesium than is actually expected (1.5 Ci/gal Cs-137) to assure detection
above the reportable limit in the TCLP extracts since the objective was to evaluate the
effect of curing temperature on cesium leachability. Based on the total cesium
concentration in the direct grout samples (150 ug/g) between 11 and 16 % of the cesium
was leached during the 18 hour TCLP test on crushed samples. This is consistent with
the limited retention of cesium in the reference saltstone as modeled in the Z-Area
performance assessment (Kd-- 2 for Cs).10

Table 5. TCIP Results for Direct Grout and Reference Saltstone Cured between 24
andl 90°C.

Sample Sample ID Curing TCLP Results
Description Temperature Cr Hg Cs

_____ (0C) (ug/L)

980072A 24.5 < 60 < 0.020 <40
98L45B 45 < 60 < 0.020 < 40

Reference 980067A 70 < 60 < 0.020 < 40
Saltstone 980066A 90 < 60 < 0.020 < 40

980071A 24.5 < 60 < 0.020 1150
98SL45A 45 < 60 < 0.020 932

Direct Grout 980068A 70 < 60 < 0.020 807
980069A 90 < 60 < 0.020 882

TCLP
Regulatory 5000 0.2 NA
Limit* 1(5 rg/L)

L Limit for disposal of treated characteristic waste.

Radiolytic Gas Generation
Two samples (approximately 65g each) of direct grout were irradiated in an air sealed
systems containing approximately 55 cc of air. Details of the experimental configuration
are given elsewhere. Preliminary analysis of the gas collected above the irradiated direct
grout samples indicates that hydrogen was produced with a G value of 0.02 to 0.03
molecules per 100 eV. These G values are based on the total mass of grout irradiated

10



Figure 2. Effect of Curing Temperature on the Refereiice Saltstone and Direct-Grout Samples Prepared for Immersion P
Testing (AMI Samples Were Cured in Sealed Containers). Cracks Were Observed in the 90 C Samples at the
Time of De-Molding. No Cracks Were Observed in the Other Samples. G
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CONCLUSIONS

Salt solution containing up to 6.4 M sodium salts and an average Cs-137 concentration of
1.5 Ci/gal can be stabilized in a saltstone waste form. Based on the results of this
feasibility study and the current understanding of the effect of curing temperatures on
long term properties, no formulation change is required. This statement assumes that
pouring strategies, raw materials temperatures and specifications, and Cs-137 and other
radionuclide concentrations will be managed to maintain curing temperatures below
90*C. Based on the data available to date, the temperature threshold for cracking is
between 70 and 900 C.

Direct grout made from 6.4 M sodium salt solution containing 1830 and 250 mg/L of Cr
and Hg, respectively, were determined to be non hazardous based on the TCLP test. The
direct grout saltstone has processing properties similar to those of the current salt.tone
waste form (except for the additional shielding and remote handling required for the
higher activity in the high cesium waste).

Based on results obtained in this feasibility study, hydrogen gas generation due to
radiolysis of the free water in the saltstone will not result in the accumulation of
hydrogen above the explosive limit since the waste form is monolithic and there is no
void space inside the closed vaults. In addition, migration of hydrogen gas through the
waste form pore spaces is not expected to damage the microstructure of the saltstone
since the pore space is interconnected.

Most of the cracking observed in samples cured at 90°C is attributed to drying shrinkage
due to water evaporation. However, at least one other mechanism may be present since
samples cured in sealed containers also cracked (too a lesser degree). The compressive
strengths of the direct grout and reference saltstone cured at 900C were high in spite of
the cracking observed in the samples. This indicates that although the cracks were

formed, they did not open. However, the cracks in the 90°C samples are opening in the
immersion test, which requires a 90-day soak in deionized water. Depending on the
results of this test, the direct grout and reference saltstone cured at 900C for long term (28
days) may not pass the immersion test which is intended to indicate structural
integrity/durability. In the present analysis, there are two options for addressing the
results of the immersion test, 1) cure direct grout and saltstone below 90*C (samples
cured at 70"C showed no crackinig) or 2) take credit for the structural integrity of the
vault (waste form container).

13
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SUMMARY

The reference formulation and seven other mixes are being tested
by personnel at the Materials Research Laboratory, the Pennsylvania
State University. Changes in physical properties are being monitored
over 1.5 years to determine whether any late stage chemical reactions
occur which cause loss of durability.

Lestgexansive, re!actions,,have: -been. observe6d in: the'
reference formulation. Extensive crackin4g throughout samples cured
for 220 days was observed. Cracks observed in these samples are
deeper and more extensive than surface cracks caused by surface
dehydration. These cracks are caused by internal expansion of the
samples due! to reactions which produce less dense phases than the
reactants. This type of cracking increases external surface area and
permeability in addition to decreasing structural integrity.
Durability of the reference formulation is superior to that of the
other cement-flyash formulations tested to date. However, while
cracking of the reference mix was not as extensive as in the other
formulations, further testing is required to assess the long term
durability.

Longer term testing, necessary to determine if degradation is
progressive, is continuing at the Materials Research Laboratory.
Program8 have been initiated at SRL and the Materials Research
Laboratory to test slag cement formulations since data to date
suggest they are more durable than and have a comparable leach rate
to portland cement-containing mixes. Some of these mixtures will
contain reactive and/or inert fillers other than fly ash since
expansion may be caused by alkali-silica. (in the fly ash) reactions.
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The impact of these findings is not expected to significantly
perturb the saltstone process. Use of the slag cement formulation
will not alter the basic design of the process. However, the slag
cement formulation must be optimized and its durability demonstrated.
Programs have begun at the Materials Research Laboratory and at SRL
to optimize the formulation and to demonstrate its durability.

DISCUSSION

A list of mixtures being tested is presented in Table I. A
photograph illustrating the appearance of the reference formulation
after curing for 10 months is shown in Figure I.

Cracking has occurred in samples of the current reference
formulation after extended curing. Crack patterns, typical of late
stage expansive reactions, are visible in samples cured about 220
days. No cracking was observed up through 180 day testing.
Consequently, long-term durability of the reference formulation is
doubtful since cracking greatly increa~ses surface area and decreases
structural integrity.

Four formulations containing Class F fly ash and portland cement
showed excessive expansion and cracking within the first six months
of testing. The mix containing D-Area electrostatically precipitated
fly ash and Class H cement deteriorated to the greatest extent.
Consequently, mixtures containing portland cement and Class F fly ash
(including SRP fly ashes•) are not durable and therefore are not
viable alternatives to the current reference formulation.

A mixture containing portland cement, NUCEM (granulated blast
furnace slag) and Class F fly ash appears durable up through 6 months
of curing. However, longer term testing of this formulation is
necessary before this formulation can be compared to the reference
mix.

CONCLUSIONS

o Late stage cracking occurs in the reference formulation.
Observations at SRL confirm the cracking in samples one year
old. -

o Formulations containing slag cement show improved durability
compared to the reference mix.
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TABLE I

COMPOSITIONIS OF MIXTUJRES EVALUATED FOR DURABIrIX1Y

- - I.

Lanestar
H-1O

Cement
Santee I Giant
11-06 1-12

BKende
Z-58

Cl7ss C5
B75

Fly Ash
CI Ass F

B74
RA'A

B73

Slag

B63

Extender
tIe Chabazi4e

C86 C84

Solution
-J4 WL. v

E34
M4 ,

84-4C 62.5 37.5

84-41 12.0 38.0
(B74) 50.0

84-42 12.0 38.0 50.0

84-43 15.0 45.0
(B83) 40.0

84-44 15.0 45.0 40.0
(B83)

84-45 7.5 45.0 7.5 40.0
(B83)

84-46 12.0 26.0 2.0 60.0

84-41 12.0 46.0 2.0 40.0



Figure 1. Photograph of bars cast for expansion measurements.

Curing conditions: 38"C (100'F); 100% RH.

Sample
No.

84-40
84-41
84-42
84-43
84-44
84-45
84-46
84-47

Sample
Description

Age at Time
of Photograph

Age at Which Cracking
was First Detected

Reference

H cement, F ash
H cement, D area ash
I cement, F ash
II cement, F ash
Slag, II cement, F ash
H cement, C ash, Clay
H cement, C ash, zeolite

10 months
9.5 months
9 months
9 months
6.5 months
6 months
5 months
4 months

9 months
6 months
2 months
6 months
6 months
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EXECUTIVE SUMMARY

New disposal limits have been computed for Vault 4 of the Saltstone Disposal Facility based on
several revisions to the models in the existing Performance Assessment and the Special Analysis
issued in 2002. The most important changes are the use of a more rigorous groundwater flow and
transport model, and consideration of radon emanation. Other revisions include refinement of the
aquifer mesh to more accurately model the footprint of the vault, a new plutonium chemistry
model accounting for the different transport properties of oxidation states lIh/IV and V/VI, use of
variable infiltration rates to simulate degradation of the closure system, explicit calculation of
gaseous releases and consideration of the effects of settlement and seismic activity on the vault
structure. The disposal limits have been compared with the projected total inventory expected to
be disposed in Vault 4. The resulting sum-of-fractions of the 1000-year disposal limits is 0.2,
which indicates, that the performance objectives and requirements of DOE 435.1 will not be
exceeded. This SA has not altered the conceptual model (i.e., migration of radionuclides from'the
Saltstone waste form and Vault 4 to the environment via the processes of diffusion and advection)
of the Saltstone PA (MMES 1992) nor has it altered the conclusions of the PA (i.e., disposal of
the proposed waste in the SDF will meet DOE performance measures). Thus a PA revision is not
required and this SA serves to update the disposal limits for Vault 4. In addition, projected doses
have been calculated for comparison with the performance objectives laid out in 10 CFR 61.
These doses are 0.05 mrerr/year to a member of the public and 21.5 mremryear to an inadvertent
intruder in the resident scenario over a 10,000-year time-frame, which demonstrates that the 10
CFR 61 performance objectives will not be exceeded. This SA supplements the Saltstone PA and
supersedes the two previous SAs (Cook et al. 2002; Cook and Kaplan 2003).
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- A-4 Impact of Macroscopic Cracks on Saltstone Vault 4 Performance

Veirtical cracks or fractures spanning the entire Saltstone Vault 4 width and height are predicted
to occur at 30 fR intervals, coinciding with construction joints, in response to static settlement and
earthquakes. For the assumed properties of saltstone (10"' cm/s conductivity), the literature
indicates cracks can be neglected when the suction head exceeds approximately 200 cm in
sallstone. Such conditions are predicted to occur during the 0-10,000 year period. This conclusion
applies regardless of crack geometry, i.e., open at top, open at bottom, or through-crack.

A.4.1 Introduction

Peregoy (2003) analyzed the structural behavior of Saltstone Vault 4 in response to forecast static
settlement and earthquakes. Approximately vertical cracks or fractures spanning the entire Vault
4 width and height were predicted to occur at 30 ft intervals, coinciding with construction joints.
In the structural simulations, these macroscopic cracks were observed to open at either the top or
bottom, while remaining in close contact at the opposite end of the fracture face, the latter
forming a "hinge" of sorts. The cracks developed gradually over time (Peregoy 2003, Figure 9,
Figure 10 and Table 2). Predicted mean crack sizes are summarized in Table A-20.

Table A-20. Summary of mean crack sizes at specific times.

Cracks open at bottom

Time Or) Crack width at open end (in) Average width (in)

100 0.06 0.03

500 0.18 0.09

1000 0.30 0.15

2500 0.63 0.31

5000 1.15 0.58

10000 2.18 1.09

Cancks open at top

Time (yr) Crack width at open end (im) Average width (Cm)

100 0.01 0.004

500 0.03 0.015

1000 0.06 0.03

2500 0.16 0.08

5000 0.31 0.16

10000 0.62 0.31

ii
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Under a positive pressure condition, cracks or fractures in the saltstone monolith would be liquid-
filled and form preferential pathways for infiltrating water compared to the surrounding low
permeability matrix (10."1 cm/s). Under negative pressure or suction, the impact of cracks on
saltstone performance is not immediately clear. The purpose of this Section is to assess the effect
of macroscopic cracks on moisture movement through Saltstone Vault 4 under a range of
hydraulic conditions and crack dimensions.

A4,.2 Flow Regimes

Water flow through a rough walled crack in a porous medium occurs in at least three distinct
regimes:

I. Saturated flow, that is, liquid completely filling the aperture.

2. "Thick" film flow on each crack wall, where water is present as a film completely filling
surface pits and grooves and the air-water interface is relatively flat.

3. "Thin" film flow, where water recedes into surface pits/grooves by capillary forces and
adheres to flat surfaces by adsorption.

The saturated flow regime occurs at positive or very slightly negative pressures. The "thick" and
"thin" film flow regimes occur at increasing negative pressures or suction in the surrounding
poirous medium. Each flow regime is analyzed separately below in the context of a uniform crack
width.

An implicit assumption in these analyses is that the source of liquid to the crack is steady rather
than episodic/transient, and that the resulting fracture flow is steady. Unsteady fracture flow has
been observed at laboratory scale and inferred at field scale (Persoff and Pruess 1995; Su et al.
2001; Nativ et al. 1995; Fabryka-Martin et al. 1996; Pruess 1999). At laboratory scale, unsteady
flow appears to be associated with relatively low suctions in a variable aperture setting. Under
these conditions, water fills the smaller apertures while larger apertures are desaturated. At field
scade (e.g. Yucca Mountain), unsteady flow has been inferred under high matrix suction.
Temporal and spatial variations in infiltration and physical heterogeneity are thought to be factors
leading to episodic flow.

The planned Saltstone closure cover system is expected to insulate cracks from episodic rainfall
awn lead to a relatively steady influx of water. Saltstone itself is expected to exhibit uniform
properties in comparison with fractured geologic media. Cracks forming from differential
settlement and seismic events are expected to be unsaturated. All of these conditions favor steady
flow in Saltstone Vault 4.

A4.3 Saturated Flow

The height of capillary liquid rise H between two parallel surfaces of aperture b is given by
(e.g. Looney and Falta 2000)

H=- 2a (A-20)
pgb

where a is surface tension, p is liquid density, and g is gravitational acceleration. In the

context of a fracture subject to a given pressure P in the surrounding matrix, the aperture will be
liquid filled under the condition

I Rev.0
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(A-2 1)
b

where suction is indicated by a negative pressure value (e.g. Wang and Narasimhan 1985). The
equivalent permeability of the fracture is

12
(A-22)

and the hydraulic conductivity is

K==,k =pgb2

17 12?q
(A-23)

where q is liquid viscosity. Figure 1 shows hydraulic conductivity as a function of aperture for
water at 200C. Note that even narrow cracks have a high conductivity compared to cementitious
materials.

I.E*05

.1.

2 1.E+02

Ca

1.E-04 I-
1 .E-04 1.ý-03 1.E-02 I.E-01 I.E+0'

Aperture Pnh

Figure A-77. Hydraulic conductivity of saturated cracks as a function of aperture.
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A.4.4 Film Flow

When P < -22a/b, liquid can no longer span an aperture and the crack will desaturate. For this
condition, a rough fracture face can be conceptually simplified as a repeating series of vertical flat
surfaces and V-shaped grooves to facilitate further analysis, following Or and Tuller (2000,
Figure 1). At pressures slightly below - 2a/b, liquid will completely fill a groove and form a

flat liquid-vapor interface. At a sufficiently low pressure, liquid will recede into the comer of the
groove and be retained by capillary forces. Under this condition, the matric potential

Pi= = gH (A-24)
P

determines the radius of the liquid vapor interface in a groove (Or and Tuller 2000, Figure 2):

orz ~r~it) =---

PP (A-25)

For' a groove of depth L and angle y, the maximum radius accommodated by the groove

geometry is

L tan(y / 2)

cos(y / 2) (A-26)

The critical pressure defining the transition between flat and curved interfaces is

a
,PC=-- (A-27)rc

and is the result of combining equations (A-24) through (A-26). Thus the three flow regimes
identified earlier occur over the following pressure ranges for the assumed geometry of the
fiwtur face:

1. Saturated flow: p> 2
b

-o 2or
2. 'Tdhick" film flow: .<p< 2_

re b

3. "Thin" film flow: p<_Or
re

Liquid not being held by capillary suction will adhere to the remaining surfaces of the fracture
face as a thin film. Considering only van der Waal forces, liquid adsorption on solid surfaces can
be cacterized by

[AM "11/3

h -p [-JS (A-29)
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where h is film thickness and A,,, is a Hamaker constant.

Liquid held in groove comers by capillary suction and adhering as a thin film to remaining
surfaces flows downward under the force of gravity. Or and Tuller (2000) present a detailed
analysis of the liquid area and average velocity associated with comer and film flows, which is
summarized in the Appendix. Figures A-78a and A-78b illustrate equivalent film thickness and
average hydraulic conductivity for a representative "rough" fracture surface (Or and Tuller 2000,
Figure 6a). The critical matric potential defining the transition between "thick" and "thin" film
flow is auc = -0.22 J/kg or approximately 2 cm of suction head. A discontinuity in film thickness
is observed in Figure 6a at this matric potential.

.I
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L=5 x 14 m and Y = 600: a) equivalent film thickness, and b) average

hydraulic conductivity.
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A.4.5 Application to Saltstone Vault 4

Under saturated flow conditions, the thickness of saltstone transmitting the same flow as a
saturated crack under the same hydraulic gradient is

Dsal1s1one - KcrackbElatin - (A-29)
Ksaltsione

where b is the aperture and Kcrack is defined by Figure A-77. For the assumed Saltstone Vault

4 hydraulic conductivity of 10-1 cm/s, even a small crack is significant because of the extreme
conductivity contrast. During the 10,000-50,000 year period, Saltstone Vault 4 is predicted to
experience ponding on the upper surface. Cracks should be considered under these positive
pressure conditions.

Similarly, the equivalent thickness of saltstone for unsaturated flow is

2 KADAD ,altstone K salstone (A-30)

where the factor of two results from consideration of flow down both sides of the crack, DA the

average film thickness (e.g. Figure A-78a), and KA is average conductivity (e.g. Figure 2b).
Figure 3 defines the suction head required to desaturate a fixed width crack and the equivalent
saltstone thickness, for the aperture conditions assumed in Figure A-78.

For example, at a suction of 100 cm, cracks larger than 6x10"4 inches will be unsaturated
acc:ording to equation (A-27). Therefore the exact geometry of the crack, i.e. open at top or
bottom, has little impact on the end result. The equivalent saltstone thickness, assuming a

conductivity of 10-11 cm/s, would be about 3 ft. At lower suctions, the equivalent thickness
increases rapidly. Conversely, thickness rapidly decreases at higher suction. During the 0-10,000
year period, Saltstone Vault 4 is predicted to experience a suction of around 1200 cm. At this

suction, unsaturated crack flow is predicted to be negligible (Dt 10 It from Figure A-

79). An informal sensitivity study that varied groove depth (L)I angle (y)I and spacing (P in
Or and Tuller (2000)) indicates this conclusion is not sensitive to the particular values assumed in
Figure A-79.
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Figure A-79. Minimum unsaturated aperture and equivalent saltstone thickness for film flow

down crack faces.

A.4.6 Conclusions

Macroscopic cracks forming in Saltstone Vault 4, whether pinched at top or bottom or through-
wall, can be neglected when the suction head exceeds approximately 200 cm. Such conditions are
predicted to occur during the 0-10,000 year period. At lower suction or positive pressure

.conditions, crack flow may be significant.

Rev. 0



May 26, 2005 A-91 WSRC-TR-2005-00074

A.,.7 Details from Or and Teller Reference

The key equations and relationships needed to reproduce Figure 6a in Or and Tuller (2000) are
summarized below:

Matric potential
PP = - = gH (A-31)
P

Film thickness adsorbed to surface under tension

h(p) AL , 1• 3 (A-32)

Comer radius under capillary retention
0"

(A-33)
Plt

Critical matric potential

aocos(y'12)
pLstan(y/2) (A-34)

Critical radius of curvature (r < rc)

rc Ltan(y2) (A-35)

cos(y/2)
Comer area for P < Pc

Ac, (p) r(P)2[ ;r(1 80 - r)(-6
Ac1(Itnu) = 360 J( - 6

Comer area for .> PC

AC2 =L2 tan(y 2) (A-37)

Film area for p < PC

4AF (p) + h• 2L / - (A-38)
t~costr/ 2 )

•! Filn area for/ p pcF aefAF2(P)= h(/){L÷ + 2(l-8)Ltan(y/2)} (A-39)

Smooth vertical surface film flow (Tokunaga and Wan 1997; Or and Tuller 2000)

V= pgh (A-40)
3r1

Comer vertical flow (Or and Tuller 2000)

VP r2 (A-41)

where

n + 21 f

and b =2.124, c -0.00415 and d=O0.00783 for 100 < Y< 15 00 .
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Hydraulic conductivity
K =- - (A-43)

Average hydraulic conductivity (velocity) for (A < p

KAI = KFAFI + KcAcI (A-44)
AF1 + AC,

Average hydraulic conductivity (velocity) for p > p,
KA, = KFAF2 + KcAc 2 -SAF2 + Ac2

Width of representative surface element
W = PL + 2L tan(r/2) (A-46)

Efective film thickness
D = AF + Ac (-7

W(A.47)
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A.2.2 Time of Compliance and Simulation Time Intervals

The DOE time of compliance is 1,000 years (Wilhite 2003). However, the total time used for
groundwater modeling is extended to 10,000 years to assess the impact of a longer period of
compliance. The eight time intervals (Phifer 2004) used for groundwater modeling are shown in
Table A-3.

Table A-3. Simulation Time Intervals

INTERVAL

TIO1
T102
T103
T104
TI05
T106
T107
TI08

TIME (YEARS)

0 to 100
100 to 300
300 to 550
550 to 1,000

1,000 to 1,800
1,800 to 3,400
3,400 to 5,600
5,600 to 10,000

A.2.3 Flow Modeling

A.2.3.1 Flow Properties

The fundamental concept of the SDF (wasteform and facility features) is controlled contaminant
release. Due to. the low hydraulic conductivity and low molecular diffusion in cementitious
materials, contaminant leaching from the SDF is very slow. This makes transformation into
Saltstone an effective method for liquid waste disposal. Among all the factors affecting the SDF
performance, the most important factor is hydraulic conductivity. The saturated hydraulic
conductivities of the engineered porous media (Saltstone, concrete and gravel drain layers) were
measured by Core Lab as described in 1993 (Yu 1993). These intact values are used for the first
100 years of simulation under the column heading TIO I in Table A-4.

Table A-4. Saturated Hydraulic Conductivities (cm/sec)

TIOl T102

Nati/Back
Drain Hot
Drain Ver
Drain Top
Concrete
Saltatone

1.00E-04
1.001-01
1.001-01
1.001-01
1.00E-12
1.001-11

1.00-04
9. 99Z-02
1.00E-01
9.99E-02
5.20E-12
3.001-11

T103 TI04 TI05

Horizontal conductivity:
1.00E-04. 1.00E-04 1.00E-04
9.971-02 9.90E-02 9.71E-02
1.00E-01 1.00E-01 1.001-01
9.93E-02 9.75E-02 9.281-02
1.29E-11 3.16E-11 7.643-11
5.50E-11 1.00E-10 1.801-10

T106 T107 TIO8

1.001-04 1.00Z-04
9.301-02 6.63Z-02
1.00Z-01 , 1.00Z-01
8.253-02 6.58Z-02
1.98Z-10 4.191-10
3.40Z-10 5.60Z-10

1.001-04
.7.46Z-02
1.001-01
3.661-02
1.001-09
1.00E-09

Vertical conductivity:
Drain Bot 9.52E-02 6.45E-02 2.70E-02 8.943-03 3.343-03 1.411-03 7.25Z-04 3.931-04

Drain Top 8.89E-02 4.21E-02 1.29E-02 3.78E-03 1.361-03 5.691-04 2.91Z-04 1.57E-04

In this SA, it is assumed the hydraulic conductivities of Saltstone and concrete will increase as
time proceeds. As a result, water percolation will gradually increase through the vault. It is also
assumed that the conductivities of the top and bottom drains will decrease with time due to
plugging in the lower part of these drains resulting in the engineered drains becoming less
effective in shedding perched water above the concrete roof. It is assumed that the effective

.Rev. 0
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B.4 LIMIT CALCULATIONS

After the radionuclide- and scenario-specific dose coefficients have been determined, the
concentration limit for each radionuclide based on each scenario can be calculated by:

DL = H
DCs

(Eq. B-10)

where

DLi = the disposal limit for radionuclide i (gCi /cm 3)

H = Effective dose equivalent (0.1 rem/year), and

DCis = radionuclide- and scenario- specific dose coefficient (rem*cm 3/4Ci*year).

The concentration limits can be converted to disposal unit limits in curies using appropriate unit
conversions to express the limit in units of Ci/m 3 (in this case, (tCi /cm 3 is equivalent to Ci/m3)
and then multiplying by the volume of the disposal unit (78,800 m3 for Vault 4).

B.5 RESULTS

The parameters specific to Vault 4 used in the intruder analysis are given in Table B-2.

Table B-2. Intruder Parameters for Vault 4
Resident Geometry Factor 0.6 Cook et al. 2002
Post-Drilling Geometry Factor 1 Cook et al. 2002
Waste Volume (M

3
) 78800 Cook et al. 2002

Resident Analysis Start Time (yr) 100
Post-Drilling Analysis Start Time (yr) 1000
Resident Shielding Thickness (cm) 100
Transient Layer Model (Surface to Top of Waste) (Phifer and Nelson 2004)

Erosion Rate
Layer Thickness (in) Description (mm/yr)

1 0.9144 Soil cover (36") 1.4
2 0.3048 Erosion barrier (12") l.OOE-10
3 2.7178 Soil backfill (107") 1.4
4 0.5080 Concrete/Grout Min (20") 1.4

Degradation
Time (yr)

0
0
0'

1000

The results of the analysis of the resident scenario for the period 100 to 1,000 years and 100 to
10,000 years are presented in Tables B-3 and B-4, respectively. Table B-5 gives the results for the
post-drilling scenario for the period 1,000 to 10,000 years. In Tables B-3 through B-5 the entry "-
--" in the Time of Limit column means that the dose calculation is always zero so there is no
limit. For cases where there is a time given, there may be an entry "---" in one or both of the limit
columns. In this case the entry "---" indicates a limit value greater than or equal to the threshold
value of I E+20.
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Into the disposal facility. In addition, saltstone monoliths presumably will maintain their
physical integrity and, thu, not be penetrable by excavation procedures normally used
at the SRS for a considerable period of time after degradation of the concrete roofi

In order to estimate the rate at which an intact salutonse monolith and an intact
layer" of nontmnted grout on top of the saltstone will weather to soil-equival4nt
material, and thus the time at which a substantial amount of the weathered nmate
could be exhumed by normal excavation procedures, saltstone and grout are assumed'to
resemble carbonate rock (e.g., limestone) in their weathering properties. Available data
summarized by Ketelle and Huff (1984) indicate that the weathering rate of carbonate
rock in regions near the SRS is in the range 35 to 100 mm, per 1,0 years. For purposes
of this analysi a weathering rate for grout and saltstone of 100 mm (0.1 m) per
1,000 years is assumed. This value applies to the expected infiltration rate of water in
native soal of about 40 cm/year. A weathering rate at the upper end of the range of
reported values for carbonate rock is chosen, because saltstone and grout should have
a somewhat higher porosity than average carbonate rock and thus, should be
correspondingly more susceptible to weathering by infiltrating water.

On the basis of the assumed weathering rate described above, the time required for
a substantial amount of grout and saltstone (e.g., a layer about 1 m thick) to weather to
soil-equivalent material would be about 10,000 years at the normal infiltration rate of
water. When the concrete roof is intact, the infiltration rate is expected to be about 5%
of the rate in native soil and the weathering rate should be reduced by the same amount
Therefore, the weathering rate while the concrete roof is intact essentially can be ignored
and, depending on the lifetime of the =o4l the time required after disposal for about
I m of the top layer of grout and saltstone to weather to soil-equivalent material should
be between 10,000 and 20,000 years. Since the half-lives of such important radionuclides
as Tc-99 and Sn-126 are 100,000 years or greater and the release rate of long-lived
radionuclides from the disposal facility is expected to be much less than the assumed
weathering rate of grout and saltstone (see Sect. 3.3.1), it is reasonable to conclude that
an agriculture scenario involving direct excavation into saltstone is credible at some time
in the future, but probably only after at least 10,000 years.

Because of the iklihood that the saltstone and grout monoliths will maintain their
physical integrity for a considerable period of time after degradation of the concrete
rooft, and thin prevent direct intrusion into the disposal facility by normal excavation
procedures, an alternative agriculture scenario that has not been considered previously
is taken into account in the intruder dose analysis for the SDF. During the period when
the saltstone and grout monolith is intact, radionuclides presumably will be released to
the soil surrounding the facility (Sect 3.3.1). Thus, even though direct intrusion into the
disposal facility may be precluded by an intact waste form, it is reasonable to assume that
an inadve•,tent intruder would excavate contaminated soil next to the disposal facility
while digging a foundation for a home at the disposal site.
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Table VIII. Summary of X-Ray Phase Identification - R4-45.

Age (Days)

Phase 7 28 56 90 180

unreacted cement * decrease with time >

unreacted fly ash * * *

(quartz + mullite)

unreacted slag 4 * * *

lime * ** ** **

bonding substituted 4 C

compound C-S-H

Al[N03 ) 2 "9 2 0 large quantity * ** **

Ca(NO3 ) 2 "2!i20 * increase - >

Others,:

C3 AR5. C3 ER6  4 4 C

Ea2Co3 10%o 0 • * *

CaCO3 • ** * increase

*Identified. "Unidentified.

appreciable reaction of the fly ash spheres and buildup of CSH structure.

Some reticular network C-S-H is still apparent at this age. Figure 7 is a

micrograph of 84-40 cured for 180 days. Agaic the overall integrity of the

structure is evident. A plerosphere (spheres within fly ash spheres) appears

very well reacted externally and bound into the surrounding matrix.

84-41. Figure 8 illiustrates the morphology of 84-41 at 7 days.

Mlicrograph 8(a) is a secondary electron image whereas 8(b) is a back-scattered

image, wlich gives better contrast. These images show an area where an

agglomerate has occurred (on the right hand side of the micrograph). Figure

8(c,d) are elemental maps for Ca and Si, respectively. It is evident from

this series of micrographs that the agglomerated parts are cement (high Ca.

low Si). Figures 8(e,f) are successively higher magnifications to the cement

13
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side (right side) of micrographs (a,b). It shows precipitated crystals

embedded in the hydrated matrix. EDIA of selected parts of that micrograph

are shown. Curve a is for some area outside the crystalline part. It shows

the C-S-H structure besides the precipitation of some other salts including Al.

and Na. Curve b is for a crystalline part. It shows the lime including C-S--B

and sulphu'-containing compounds. Such agglomerations can lead to a very low

early strength (since early strength should be totally dependent on the cement

portion) and a very slow strength development. Figure 9 is a series of

micrographs at variable magnifications to 84-41 at 90 days. The poor

integri~ty and high porosity of the structure. is evident from micrographs

9(a,b). Micrograph 9(c) shows some characteristic features of the dissolution

of low-calcium fly ash. Figure 9(c) shows a dissolved glassy surface with

residual Fis oxide (magnetite or hematite) (low solubility) remaining attached

to the surface of the ash sphere. Figure 10 is a series of micrographs at

successively increasing magnifications of 84-41 cured for 180 days. Poor

integrity and high porosity despite more gel formation are the common

features.

84-45. Figure 11 shows low and high magnifications (backscatter images)

of 84-45 cured for 7 days. Integrity and low porosity are apparent with some

cenosphere peaks attached to the matrix. Figure 12 gives micrographs of a 28-

day-old sajmple. Features similar to those in Fig. 11 (7 days) are evident. A

glassy irregular slag fragmentation seen (left center, b). Figure 13

represents a 56-day-old sample, showing a dense structure. Some of the same

common features as in Figs. 11 and 12 are evident, together with the inside of

a (hemi-) sphere which remained attached to the matrix after sawing the

sample. This indicates a good bond strength between fly ashes and matrix.

Analysis of this hemisphere is shown in the EDXA result represented in Fig.

14. Figures 15 and 16 represent backacattered electron images for the mix

84-45 at 90 and 180 days, respectively. The same features of that mix at

previous ages are evident; namely, integrity and low porosity. The latter

indicates the very high degree of integrity obtained with this composition at

180 days.

4) Contanimnt Release Rates

A modified Paige leach cest (2) was used in evaluating formulations

84-40, 84-41, and 84-45. The leachant used was a natural spring water

20
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I INTRODUCTION AND SCOPE

Saltstone Vault Number 4 is a rectangular monolith 200-ft. wide by 600-ft. long by 27-fl. high.
It is constructed of reinforced concrete with a 2-ft. base slab and 1 '2-ft. thick walls. The roof is
nominally 6-in. thick, but is not considered as a structural element. Its purpose is for weather
protection only.

The vault is filled with a saltstone grout mix that solidifies to form a weak concrete.

Prediction of structural cracking with time in this calculation is used in conjunction with
groundwater flow modeling (by others) to estimate the potential leaching of radiological and
chemical contaminants over time. The calculation is intended to cover times up to 10,000 years
from the present Since the time frame is so long, there are significant probabilities of large
earthquakes that exceed those normally considered for production support facilities.

In its final configuration, the vault is completely filled with saltstone covered by clean grout and
surrounded with soil backfill. Inertial loading of the vault itself does not induce significant
structural stress since it is a monolithic structure. The only structural mechanism that causes
cracking is settlement of the foundation soil.

This calculation covers cracks induced by settlement of the ground beneath the vault. There are
two types of settlement: first, static settlement over time caused by the initial response of the
soil to the loading imposed by the vaults and the consolidation of the soil layers, and second,
differential settlement of local areas under the vault caused by earthquakes. The cracking
caused by the static settlement is induced by a dishing effect that produces a curvature at the
base of the vault. The differential settlement also causes a curvature, but over a small area.
Geotechnical investigations did not find liquefaction potential and soft zones that could cause
larger and more extensive settlements during a seismic event.

This calculation is based on the vault geometry as of January 1, 2003. Changes in configuration
after that date are not considered. The cracks observed during and after filling the cells in the
vault are assumed to be 100%o repaired. Cracks caused by degradation of materials, weathering,
chemical reactions, etc. are addressed elsewhere.

A typical cross section of the vault is shown in Figure 1. The locations of construction joints
and the locations assumed for earthquake induced differential settlements are shown on this
figure. Note that this cross section represents half of the overall vault. The vault is symmetrical
at its center and the two halves are separated by a 3in expansion joint.

The analysis is performed in three parts:

Static, Settlement Model. An axisymnnetric model is run with appropriate soil properties to
determine the static settlement pattern over time. Soil properties are based on actual settlement
reconred for the Defense Waste Processing Facility (DWPF).

Structural Model. A structural model of the vault, including the structural concrete and
saltstone, determines the extent of cracking for both static and earthquake induced settlements.
Location, extent, and magnitude of differential settlement are considered as parameters.
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Statistical Model. The relationships of extent of cracking to the input parameters is determined
from the results of multiple structural analyses. A Monte Carlo analysis utilizing these
relationships is performed to determine the behavior of the vault over time.

Key for Wall and Construction Joint Locations

W - Wall
CJ - Construction Joint

W-I W-2 W-3 W-4
I|III I I I

I I ft--4-30 - 4..- 300 I I Ift-4-300Oft-
4

. - i -3000 I - 4- 30 03 t -- I

2 3 4 5 6 7

Differential Settlement Locations

Figure 1. Typical Vault No. 4 Cross Section

2 INPUT
2.1 Drawings

The fbllowing drawings are used for the structural data in this calculation:

C-CC-Z-001 1, through 14.
W828992, 993, and 999

Saltstone Vault #4 Roof
Saltstone Vault #4 Concrete and Steel

2.2 Materials

Concrete: Concrete strength is taken as 4000 pounds per square inch (psi) and steel
reinforcement is assumed to be Grade 60 (yield strength = 60,000psi).

Saltstone: Structural properlies arc taken from WSRC-TR-2003-00082. Relevant pages are
included in Appendix A.

Soil: Appendix B contains the soil data and DWPF settlement data used in the analysis.0
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Vault Cover: The soil cover for Vault No. 4 is taken from The Revision 2 Closure Cap
Configuration Report issued on 04/02/2003 by Mark Phi fer. This report is included as
Appendix C.

3 METHODOLOGY

The calculation is performed in three parts as noted in Section 1. A description of each of these
parts flhlows.

3.1 Axisymmetric Analysis

3.1.1 Purpose of Analysis

A 2-D axisymmetric non-linear analysis is performed on the soil beneath Vault No. 4. The
intent of this analysis is to train the properties of the soil with the DWPF data to obtain
representative settlement displacements for Vault No. 4. The displacements are used in the
structural model of the vaulL

3.1.2 Model Details

The model is prepared with initial soil properties based on the shear wave velocities from Site
Geotechnical Services (SGS) reports (References 7.3, 7.4, and 7.5). Relevant sections of these
reports are included in Appendix B.

Settlement is the result of short-term elastic response of the soil layers beneath the structure
and ltong-term secondary soil consolidation. Non-linear elements using elastic properties and
kinematic hardening creep behavior are used to model the initial elastic response and the
secondary consolidation, respectively.

The lateral extent of the model is sufficient to obtain horizontal boundary conditions that do
not affect the area beneath the load application. The overall depth of the model is controlled
by bedrock location at elevation -700-fl. The finite element mesh size is increased as a
function of distance from the load application. A fine mesh is not needed in areas where the
stress gradients are small.

Initial properties for the soil layers are calculated from the shear wave velocity data as
discussed above. The initial properties are used as a starting point to verify that the model is
working correctly and converging properly.

3.1.3 DWPF Load Analysis

SGS has calculated the DWPF construction load sequence for correlation with settlement
monument data. The load application data and monument settlement readings are taken from
Reference 7.3 and included in Appendix B.

Following the analysis with the calculated initial properties, the elastic and creep properties
are varied until a displacement pattern is obtained that matches actual settlements. The
relative relationships of properties from layer to layer are maintained.
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Figure 2 shows the actual scttlcments measured for the DWPF and the settlement of the
axisymmetric model at node 9 (120 ft. from centerline) for the DWPF load application. Node
9 was chosen because it is about midway between the model center and the edge of the
DWPF. Three cases were run, representing a high , low and mean settlement. These three
cases are shown as the dashed lines in Figure 2.

DWPF Settlemnt

0.5

-0.5'

t -- Monument 14

1.5 - Monument 1

Monumient 26
-2 - Monument37 -

-- Mean Model N
-2.5 i- - gh Case N

- - LOW Case

-3-

-3.5-
1 10 100 1000 10000

Tim. days

Figure 2. Comparison of DWPF Settlement with Axisymmetric Model Results

A stress contour plot for vertical normal stress and the deformed shape is shown in Figure 3.
Note that the vertical scale is greatly exaggerated. The maximmn displacement occurs at the
model centerline (DMX') and is 0.24-ft. or 2.9-in. at a time of 6500 days.
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ANSY
NODIAL SOLUTION AP]R 1. 2003

STEP=3 13:33"30"
SUE -8
T IME=6500
SY (AVG)
R5S'5-0

0t4,X -. 244944
SM1I =-5.498
SM2X -. 059861

-5.496 -4.263 -3.028 -1.793 - .557657
-4.80 -3.645 -2.41 -1.175 .059061

Figure 3. DWPF Non-linear Soil Model Results. This plot shows vertical stress plotted as
contours on an exaggerated deformed shape.

3.1.4 Vault No. 4 Load Analysis

The result of the analysis for DWPF loads is a soil model that is representative of elastic and
non-linear consolidation behavior of the underlying strata. To use this model to predict long-
term static settlement of Vault No. 4, loads are calculated from the proposed closure cap cover
plan detailed in Appendix C and applied as surface pressures. The calculated surface
pressures vary from 0 to 7.3 kips per square foot (ksO.

Figure 4 shows the response of the model to the vault loads at a time of 10,000 years. The
maximum soil pressure is 6.6 ksf For Vault No. 4 the maximum displacement (DMX) is
0.61-fl., or 7.3-in. A comparison of Figure 4 and Figure 3 shows that the stress at bedrock for
vault loads is significantly higher than the stress caused by DWPF loads. This difference does
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not affect the results since thc bedrock is stiffer than the overlying strata and its long term
consolidation is judged to be negligible.

The calculated displacements are in agreement with geotechnical predictions of initial and
long-term settlement. (reference 7.7, attached in Appendix D)

~ANSYS
NODAL SOLUTION APR 18 2003

STEP-7 09:20:51
S;UB -5
TIME-. 365E+07
SY (AVG)
;iSYS-0
IM :. 606851
SMN -- 6.633
SMX -. 011778

-6.633 -5.156 -3.60 -2.203 -. 726509
-5.895 -4.418 -2.941 -1.465 .011778

Figure 4. Non-linear Soil Model Results for Vault No. 4.

3.2 Structural Analysis

3.2.1 Purpose of Analysis

Once the settlement displacements over time are obtained from the axisymmetric model, the
next step is to determine the effects of both static settlement and earthquake induced
differential settlement. The intent is to relate cracking in the vault to settlement and to
determine the influence of variations in parameters, such as material properties, settlement
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rate, magnitude and extent of differential settlement, ctc. Thcsc parameters are discussed in
detail later.

3.2.2 Model Description

The structural analysis is performed with a 2-D plane strain model. The choice of a 2-D
model is based on a preliminary comparison between 2-D and 3-D models presented in
Appendix G. The study showed that stress and strains in the 2-D model arc slightly higher
than the 3-D model, but only by 5% or less.

An important aspect of the vault construction is that there are construction joints on 30-ft.
centers in the base slab and walls. These joints are considered as discontinuities that are
locations for crack initiation. The saltstone grout mix is almost an order of magnitude weaker
than the structural concrete. It is therefore assumed that the cracks in the grout would tend to
follow the pattern initiated by cracking in the structural concrete slab and walls.

The construction joints effectively subdivide the structure into blocks., Because of their aspect
ratios (30-ft. wide and 27-ft. tall), the blocks have low bending stress between the joints for
the static and differential displacements. If the blocks were larger, say 100-ft., there would be
a potential for cracking between joints. There are also joints between the saltstone and the
concrete walls. There is no bond assumed between at these joints.

The structural model uses non-linear contact elements for the joints between the walls and the
salttone and at the construction joint locations in the base slab. Crack propagation in the
saltstone is modeled with non-linear elements that are elastic under compressive load and have
a small elastic tensile strength. When the tensile strength is exceeded, the capacity of the
element is zero.

The interface between the soil and the vault is represented by soil spring elements whose
properties are based on the soil bulk modulus. These elements are simple unidirectional
springs. The displacement boundary conditions are imposed on the structure through these
springs to simulate the actual soil behavior in distributing the settlement to the structure.
Since displacements are applied to nodal points, applying the displacements directly to the
structure would give artificially high results, unless an extremely fine mesh is used.

Figure 5 shows a plot of the model used for the structural analysis. The non-linear interface
elements do not appear in graphical representations since they have zero length.

Some of the structural model properties were considered parametrically as shown in Table 1.
These properties are bulk modulus for the soil and Young's modulus and cracking strain for
saltstone.
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ANSYS
A-E-L-K-N ,UN 26 2003

U 10:17:31
ACEL

PPES-NORM

.6 1.276 1.751 2.227 2.702
1.038 1.513 1.989 2.464 2.94

Figare 5. Structural Model. Applied pressures and boundary conditions are shown. The self
weight of the structure is applied as a gravity load.

3.2.3 Static Settlement Analysis

The static settlement displacements from the axisyrmnnetric model are applied to the structural
model. The model is run by stepping through time with the displacements changed atdiscrete
points in time corresponding to the axisymmetric model results. Since the mesh size is
diffcrent for the structural model, displacements are linearly interpolated between nodal points
of the axisymmetric model. The displacements from the axisymmetric model and the
interpolations are shown graphically in Figure 8.

The static settlement rate is varied between the mean, high, and low cases discussed in Section
3.1.3. The settlement rate is used as a variable parameter in the statistical analysis and is given
in Table 1.
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Tablc I. Parameters used in the Structural Analyses

Parameter
Basic Parameters

Units Mean I sigma Coefficient
of variation

Soil Bulk Modulus kcf 30 15 0.5
Grout Compressive
Strength psi 524 196.8 0.38

dependent on sqrt(Comp.
Grout Modulus ksf 2.05E+05 Strength)

dependent on sqrt(Comp.
Grout Cracking Strain in/in 1.21 E-04 Strength)
Static Settlement ft 1.0607 0.53 0.5

Earthquake Parameters
Differential Settlement

Magnitude, PC-3 In 0.7.5 N/A N/A
Magnitude, PC-4 In 2.75 N/A N/A
Surface Extent ft 62 31 0.5

Uniform
Location N/A 1 of 7• N/A Distribution

S
3.2.4 Differential Settlement Analysis

The major effect of an earthquake on a monolithic structure of this type is to cause settlement
beneath the structure. Differential settlement causes structural deformations that can lead to
cracking. In the time span being analyzed, there is a likelihood of the occurrence of significant
earthquakes.

To quantify the effects of differential settlement, there are three parameters of interest. First,
the magnitude of settlement is related to the size of the event. The settlement magnitude for
PC-3 and PC-4 events have been calculated by SGS (Reference 7.7 and Appendix D). These
values are 0.75 inches for PC-3 and 2.75 inches for PC-4.

The second parameter is the extent of settlemenL In reference 7.1, SGS shows the depth to the
major earthquake induced settlement to be about 62-ft. for boring ZCP-27. This is the only
boring that shows a fairly significant settlement of the six borings listed. Because of this
observation, the settlement is treated as a point source with a 2:1 vertical cone of influence.
The result of this assumption is a settlement diameter of 62-ft. at the surface. The settlement
shape is a standard normal curve per Reference 7.2.

The third parameter is the location of the settlement with respect to the structure. Seven
locations for potential differential settlement during earthquakes are chosen for the analysis.
There locations are evenly spaced at 50-f. intervals as shown on Figure 1.

The differential settlements are superimposed on the static settlements at specific times. The
times chosen for the differential settlements are 100, 1000, and 5000 years.

The parameters for the differential settlement analysis are also'shown in Table 1.
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3.2-5 Structural Analysis Results Format

The results of multiple finite element analyses are summarized on spreadsheets by graphing
nodal displacements at the construction joints and at the saltstone-concrete interface. The
displacement patterns at the cracks are noted to be predominately linear. The cross sectional
area for each crack is calculated by the length times the width divided by 2.

A typical plot of the finite element model deformed shape is shown on Figure 6. Note that the
deformed shape plot is highly exaggerated. A corresponding plot showing the crack size vs.
height is shown as Figure 7. Figure 7 is produced by plotting

0

01DSPLACEMET AP1 26 2003

:TRP-5 14:30:SI
SUB -10
T I~rIIIO0

OMC -. 6913

Crack

•Crack

Figure 6. Typical Deformed Shape Plot. Differential settlement is at location 4 with PC-4
magnitude. All parameters are mean values.

For example, for the crack at construction joint 5 shown in Figure 7, the width is about 1.15
inches and the length is about 27 ft. The calculated area is 1.1 5x27x 12/2 = 186 in2.
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'Crack Width at Construction Joints
1000 year PC4 Location 4

30.00

25.00

20.0

S15.00

10.00

5.00

-CJ 1

-CJ 2

-CJ 6
C. 5 -CJ 4

. . . ......s -- CJ5

Bottom of Saltstone

-- -- -- - -- -- - --- - - -- - - -- --0
0.00

-0.1 0 0.1 '0.2 0.3 0.4 0.5 0.6 0.7, 0.8 0.9 1 1.1 1.2

Crack SimZ. In.

Figure 7. Typical Plot of Crack Size at CJ 5.

3.3 Statistical Analysis

3.3.1 Purpose

The structural analysis generates multiple results for the various parameters discussed above.
The: results are generated by varying each parameter independently while holding the others at
their mean values. To arrive at a statistical result that reflects crack sizes with respect to time,
a Monte Carlo analysis is performed.

3.3.•2 Reduction of Structural Data

The first step in this process is to reduce the structural data to a form usable for the iterative
analysis. Spreadsheet compilations of the structural data relate observed cracks to the
panuneters. Observed cracks were expressed in terms of cross sectional area for the two types
observed: Cracks open at the top at the joint between the walls and the grout, and cracks open
at the bottom at the construction joint locations.

There were some cases noted where there were multiple cracks. In these cases the data was
simplified by adding the crack areas. The two basic premises in calculating crack areas are

0
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that static and differential settlement cracks were considered as independent and once a crack
opens it remains open. The latter premise is discussed further in Section 4.

The results of the data reduction is a series of mathematical relationships that relate crack size
to each of the parameters in Table 1.

3.3.3 Monte Carlo Analysis

Once the relationships between the parameters and the resulting crack areas are established,
the next step is to apply statistical distributions to the data. In general, normal, or truncated
normal distributions were used. The data was mapped onto these distributions.

The analysis is an iterative process where random numbers are used to set parameters for each
iteration in accordance with the mapped distributions. Each iteration establishes values for
saltstone modulus and cracking strain, soil bulk modulus, and static settlement rate. Once
these parameters are set, the analysis is stepped through 10,000 years in 10 year increments.

As the analysis proceeds through the time steps, a random number generator is used to
determine if a seismic event occurs, and if so, the magnitude of differential settlement
associated with the event.

If an event occurs, random number generators are used to establish the location and extent of
settlement.

The results of the Monte Carlo are a relationship between crack area and time with a statistical
distribution. The model is iterated until a low convergence criterion in terms of percentage
variation of mean and standard deviation of the results is met. The results are calculated at
times of 100, 500, 1000, 2500, 5000, and 10000 years.

3.3.4 Calculation of Crack Size

The output of most interest for flow modeling is the crack width. To determine representive
crack widths from the crack areas, a comparison is made between the statistical analysis
results and the plots of the structural analysis cracks (see Figure 7). Empirical relationships
are e,,tablished that relate the areas and dimensions of the cracks.

4 ASSUMPTIONS

4.1 The starting point for this calculation is that the vault is in an as designed condition with all
repairs complete.

4.2 Since the soil profiles for the Saltstone Vault area and the DWPF are similar, and the
facilities are in close proximity on the site, the settlement data for the DWPF are
considered applicable to the Saltstone Vault.

4.3 'The static settlement for the DWPF is modeled by adjusting non-linear creep and linear
elastic response in the axisymmetric model until a representative settlement curve is
obtained as shown in Figure 2. This curve is considered the mean. The high and low
:settlement measurements of the DWPF are assumed to be a one sigma variation each way.
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4.4 The loading used for soil cover considers the current information for the entire vault area.
The vault area is projected to contain 15 vaults. Appendix G presents the rcsults of various
trial load combinations. The loading configuration that caused the greatest static
displacement curvature is the inclusion of Vaults No. I through 12, but the exclusion of 13
through 15.

4.5 Since the vault is symmetric about its centerline in the long direction, only one half of the
vault is used in the structural analysis. However, the loads are not entirely axisymmetric
about the Vault No. 4 centerline when considering the effects of the other proposed vaults.
The static load case is slightly conservative since the half of the vault with the greatest
static settlement curvature is used as shown in Appendix G.

4.6 Assumptions regarding the coefficients of variation of the input to the analysis are
explained in the body of the calculation.

4.7 As discussed in Section 3.2, the structural behavior of the model is controlled by
preexisting construction joints spaced on 30-ft. centers. Since these joints represent
discontinuities in the structure, they provide locations for crack initiation. Because of the
length of time considered in this analysis, the waterstop and reinforcing dowels are
considered to be ineffective in reducing the cracking or leakage through the joints. These
joints are also assumed to control the saltstone cracking in that cracks in the much weaker
saltstone will tend to follow the joints in the concrete floor and walls.

4.8 The reinforcing dowels in the structure tying the construction joints would initially provide
some resistance to crack propagation. However, the displacements of the underlying soil
are permanent, so the reinforcing bars are not credited since corrosion is likely given the
long time spans in this analysis.

4.9 The 2-D model does not consider the effects of cracking initiated by longitudinal
construction joints. However, the assumption of 2-D behavior is conservative in that the
joint is considered to extend through the width of the structure. If one assumes that a mean
differential settlement with radius of 31 ft. occurs at the conjunction of a longitudinal and a
transverse construction joint, the result could be a crack in each joint of approximately 62-
ft. for a total of 124-fl. The model is conservative in that a transverse crack would be 200-
ft. in length across the transverse section.

4.10 The loads applied to the structural model are the same loads that are applied to the
axisymmetric model. This is done to ensure that there is a consistent load application for
the differential settlement case. The static results are checked and the absolute
displacements at the base of the structure are found to be about 16% conservative with
vault loads included. The actual conservatism is somewhat less, since static settlement
cracking is induced by curvature rather than absolute displacement.

4.11 There are certain conditions where a differential displacement tends to close a previously
opened crack. Credit is not taken for closing cracks since, in the time frame under
consideration, they would eventually fill in with solids and not be capable of closing.
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4.12 There is no credit taken for increascin concrete or saltstone compressive strength with
time. This is a known effect in concrete, but there is not enough data for saltstone. Since
the time span of this calculation is so long, there is no basis for either an increase or
decrease of strength with time, so the initial strength is used.

5 RESULTS

5.1 Axisymmetric Analysis

The results from the axisymmetric analysis for DWPF loading are shown on Figure 2. This
shows the comparison between actual settlements measured over 10 years and the settlement
calculated from the model.

The results from the same model for the vault loads are shown on Figure 8. The mean
settlement rate is shown. The symbols represent the discrete settlement points calculated in
the axisymmetric model at the various times noted on the legend. The lines connecting the
symbols represent displacements interpolated for the finer mesh in the structural model.

Interpolation of Displacements for Model 300

0.00

-0.10

-020 a24 EM~

C-oma 0 I__M Yom58

-0.50

0 50 100 150 200 250 300 350

Disaunce Iron CL, it.

Figure 8. Settlements for Vault 4 from Axisymmetric Model. Symbols show model results and
the connecting lines are interpolations for application to the structural model.
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5.2 Structural Analysis

The results of the structural analysis are given in Appendix E. The plots shown indicate the
formation of a cracks by the relative displacements between pairs of nodes on each end or
surface of the non-linear elements.
A typical plot is shown in Figure 7. The plots are produced by exporting the ANSYS
displacement results into EXCEL and plotting the relative displacements between the pairs of
nodes associated with the construction joint locations and the saltstone-concrete interfaces.
Appendix E shows results for the parameters listed in Table I. Each parameter is varied
independently while the others are held at their mean values.

5.3 Statistical Analysis

The results of the statistical analysis are shown in Figures 9 and 10. These figures represent the
two types of cracks observed. The relationship of crack area and width and length is given
Table 2.

0

0.

Monte Carlo Analysis Results
Bottom Crack Area vs. Time
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C ma
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Figure 9. Cracks Open at Bottom
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Monte Carlo Analysis Results
Top Crack Area vs. Time
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Figure 10. Cracks Open at Top
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Table 2. Summary of crack areas and sizes for specific time intervals.

Cracks p an at Bottom
Mean Crack Size +1 sigma Crack Size

Length Width Length Width

Time Mean +1 sigma ft. In. ft. In.

100 8.48 33.02 24.30 0.06 25.74 0.21
500 27.39 75.60 25.42 0.18 27.00 0.47

1000 47.87 116.88 26.54 0.30 27.00 0.72
2501) 101.50 211.98 27.00 0.63 27.00 1.31
5000 186.53 347.05 27.00 1.15 27.00 2.14

10000 353.26 588.72 27.00 '2.18 27.00 3.63

Cracks Open at
Top ..

Mean Crack Size +1 sigma Crack Size
Length Width Length Width

TTime Mean +1 si•gma ft. In. ft. in.

100 1.14 14.02 27 0.01 27 0.09
500 4.70 28.80 27 0.03 27 0.18

1000 10.00 43.86 27 0.06 27 0.27
25010 25.21 79.94 27 0.16 27 0.49
5000 50.78 133.98 .27 0.31 27 0.83

10000 100.55 227.80 27 0.62 27 1.41

0
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6 CONCLUSIONS

The results of the analysis predict the vault cracking over time as required by the calculation
objective. The statistics provide the standard deviation and 95% confidence level for use in
the flow net analysis and overall probabilistic evaluation of vault performance. The results
are slightly biased towards a conservative estimate of crack size.
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3.2.4 ExB ure Scenarios for Inadvertent Intruden

As described in Sect. 1.4, disposal of low-level radioactive waste in the Z-Area SDF
must meeit certain performance objectives for protection of inadvertent intruders onto
the disposal site at any time after loss of active institutional controL In particular, active
institutional control is assumed to cease at 100 years after facility closure; and, at any
time thereafter, the EDE to an intruder should not exceed 100 mrem per year for
scenarios Involving continuous exposure or 500 mrem for scenarios involving a single
acute exposure (U.S.DOE 1988a). These dose limits apply to the sum of dose equiv-
alents from all exposure pathways that are assumed to occur in a given exposure scenario
for an inadvertent intruder.

In this section, the different exposure scenarios for an inadvertent intruder which
have been considered in the performance assessment for the SDF are described. An
important assumption in all scenarios is that an intruder has no prior knowledge of the
existence of a waste disposal facility at the site. Therefore, after active institutional
control ceases, certain exposure scenarios are assumed to be precluded only by the
physical state of the disposal facility, i.e., the integrity of the engineered barriers used in
facility construction. Passive institutional controls, such as permanent marker systems at
the disposal site and public records of prior land use, also could pievent inadvertent
intrusion after active institutional control ceases, but the use of passive institutional
controls is not assumed in this analysis.

324.1 ChYmnic Exposure Scenarios for Inadvertent Intrudeis

Three distinct scenarios resulting in chronic exposure of inadvertent intruders are
considered in the dose analysis for the SDF. Two of these scenarios, which usually are
referred to as the agriculture (or homesteader) and post-drilling scenarios, have often
been applied in other intruder dose analyses for LLW disposal (US. NRC 1981; Oztunali
and Roles 1986; Kennedy and Peloquin 1988; ORNL 1990). The third scenario
considered in this analysis is referred to as the resident scenario. As noted previously,
all chronic exposure scenarios for inadvertent intruders are subject to a limit on EDE of
100 mrem per year.

In previous intruder dose analyses, such as those referred to above, the agriculture
scenario usually was found to be more important than the post-drilling scenario; i.e., the
agriculture scenario usually results in higher doses per unit concentration of radionuclides
in the disposal facility than the post-drilling scenario. Thus, the agriculture scenario
usually results in lower concentrations of radionuclides that would be acceptable for
disposal However, as discussed later in this section, the agriculture scenario possibly
could be les• important than the post-drilling scenario for the SDF if the saltstone waste
form were to maintain its physical integrity for a very long time after disposal During
this time, direct excavation into a disposal facility presumably would be precluded, but
a significant fraction of the radionuclide inventory in the waste could migrate into soil
next to the facility and exposures of intruders could result from drilling into the
contaminated soiL This possibility is investigated in the present analysis.

Rev. 0
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The following sections describe the assumptions for the agriculture, resident, and
post-drillng scenarios.

Agricul scnario

The agriculture scenario assumes that an intruder comes onto the site after active
institutional control ceases and establishes a permanent homestead, including on-site
sources of water and foodstuff. This scenario normally assumes that waste is accessed
when an intruder constructs a home directly on top of a disposal facility and the
foundation of the home extends into the facility itself. An important assumption in this
scenario is that all radioactive waste in the disposal facility at the time the foundation is
dug essentially is physically indistinguishable from native soil. Thus, for the SDF, direct
intrusion into the saltstone waste form presumably would not occur until a substantial
thickness of the top layer of saltstone has lost its integrity as an intact monolith and
assumed a physical form similar to native soil.

In the agriculture scenario, some of the waste exhumed from the disposal facility
is assumed to be mixed with native soil in the intruder's vegetable garden. The following
exposure pathways involving exhumed waste or waste remaining in the'exposed disposal
facility on which the intruder's home is located then are assumed to occur:

* ingestion of vegetables grown in contaminated garden soil;
* direct ingestion of contaminated soil, primarily in conjunction with intakes of

vegetables from the garden;
* external exposure to contaminated soil while working in the garden or residing

in the home on top of the disposal facility;
* inhalation of radionuclides attached to soil particles that are suspended into air

from contaminated soil while working in the garden or residing-in the home; and
* inhalation of volatile radionuclides released into air from contaminated soil while

working in the garden or residing in the home.

For the last exposure pathway listed above, the only radionuclides of concern would be
H-3, C-14, and isotopes of radon.

The agriculture scenario also assumes that the intruder's entire supply of water for
domestic use is obtained from a well on the disposal site. The well is assumed o be
placed at the location where the maximum concentrations of radionuclides in
groundwater are predicted to occur. The following exposure pathways involving use of
contaminated well water then are assumed to occur.

" direct ingestion of contaminated water,
" ingestion of milk and meat from dairy and beef cattle that drink contaminated

water, and
" ingestion of vegetables grown in garden soil irrigated with contaminated water.
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These pathways are the same as those assumed in Sect. 3.23 for off-site members of the
public who use contaminated groundwater or surface water for domestic purposes
Again, since rainfall normally is abundant at the SRS (Sect. 2-1.3), irrigation of a
vegetable garden is assumed to occur only occasionally during the summer and only in
small amounts relative to the annual rainfall (Murphy 1990), and Irrigation of pasture
grass ingested by dairy and beef cattle is neglected because extensive irrigation of
agricultural land Is not practiced near the SRS (U.& Department of Commerce 1977;
Baes and Sharp 1983). In the performance assessment for the agriculture scenario, the
potential importance of the exposure pathways resulting from use of contaminated well
water at the disposal site compared with the exposure pathways resulting from direct
intrusion into the disposal facility is described below.

The SRS has established the objective that concentrations of radionuclides in
groundwater at the disposal site be limited such that the EDE from direct consumption
of all radioruclides in groundwater arising from waste disposal is no moae than 4 mrem
per year for a consumption rate of drinking water of 2 lJday. Thus, as shown by the
analysis in Sect. 3.2.3-3, the maximum dose equivalent in any year that could result from
use of contaminated groundwater on the disposal site, taking into account all of the
exposure pathways listed above, is only a small fraction of the maximum dose equivalent
to an intruder from all exposure pathways of 100 mrem per year. Therefore, for
purposes of demonstrating compliance with the dose limit for inadvertent intruders, only
the exposure pathways involving direct intrusion into the disposal facility need to be
considered, and the exposure pathways involving, use of contaminated well water can be
neglected.

In this analysis, direct intrusion into the disposal facility is assumed to be precluded
for the period of time after loss of active institutional control when the roof of the
concrete vaults, the top layer of uncontaminated grout, and saltstone waste forms
maintain their structural and physical integrity. That is, the intact concrete roof
constructed as described in Sect. 2.5, the intact layer of uncontaminated grout between
the roof and the saltstone, and intact saltstone monoliths are assumed to preclude direct
access to waste in the disposal facility by the types of equipment that normally would be
used in digging a foundation for a home at the SRS. A simple model used to estimate
the time required for excavation into a significant surface layer of saltstone first to
become credible is described as follows

The model for degradation and failure of the concrete roof developed for purposes
of this performance assessment is described in Sect. 3.1.2. As a result of the model for
rebar corrosion and conversion of intact concrete to rubble, the roofs are assumed to
preclude dinrct intrusion into the disposa facility for a time period of at least 1,000 years
after-disposal and perhaps for as long as 10,000 years. Thus, only long-lived radionu-
clides in the waste are of concern for an agriculture scenario involving direct intrusion
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into the disposal facility. In addition, saltstone monoliths presumably will maintain their
physical integrity and, thus, not be penetrable by excavation procedures normally used
at the SRS for a considerable period of time after degradation of the concrete roofs.

In order to estimate the rate at which an intact saltstone monolith and an intact
layer of uncontaminated grout on top of the saltatone will weather to soil-equivalent
material, and thus the time at which a substantial amount of the weathered material
could be exhumed by normal excavation procedures, saltstone and grout are assumed to
resemble catrbonate rock (e.g., limestone) in their weathering properties. Available data
summarizd1 by Ketelle and Huff (1984) indicate that the weathering rate of carbonate
rock in regions near the SRS is in the range 35 to 100 mm per 1,000 years. For purposes
of this analysis, a weathering rate for grout and saltstone of 100 mm (0.1 m) per
1,000 years is assumed. This value applies to the eapccted infiltration rate of water in
native soil of about 40 cmrayear. A weathering rate at the upper end of the range of
reported values for carbonate rock is chosen, because saltstone and grout should have
a somewhat higher porosity than average carbonate rock and, thus, should be
correspondingly more susceptible to weathering by infiltrating water.

On the basis of the assumed weathering rate described above, the time required for
a substantial amount of grout and saltstone (e.g., a layer about I m thick) to weather to
soil-equivalent material would be about 10,000 years at the normal infiltration rate of
water. When the concrete roof is intact, the infiltration rate is expected to be about 5%
of the rate in native soil and the weathering rate should be reduced by the same amount.
Therefore, the weathering rate while the concrete roof is intact essentially can be ignored
and, depending on the lifetime of the roo; the time required after disposal for about
1 m of the top layer of grout and saltstone to weather to soil-equivalent material should
be between 10,000 and 20,000 years. Since the half-lives of such important radionuclides
as Tc-99 and Sn-126 are 100,000 years or greater and the release rate of long-lived
radionuclidea from the disposal facility is expected to be much less than the assumed
weathering rate of grout and saltstone (see Sect. 3.3.1), it is reasonable to conclude that
an agriculture scenario involving direct excavation into saltstone is credible at some time
in the future, but probably only after at least 10,000 years.

Because of the likelihood that the saltstone and grout monoliths will maintain their
physical integrity for a considerable period of time after degradation of the concrete
roofs, and thus prevent direct intrusion into the disposal facility by normal excavation
procedures, an alternative agriculture scenario that has not been considered previously
is taken into account in the intruder dose analysis for the SDF. During the period when
the saltstone and grout monolith is intact, radionuclides presumably will be released to
the soil surrounding the facility (Sect 3.3.14 Thus, even though direct intrusion into the
disposal facility may be precluded by an intact waste form, it is reasonable to assume that
an inadvertent intruder would excavate contaminated soil next to the disposal facility
while digging a foundation for a home at the disposal site.
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The exposure pathways resulting from excavation of contaminated soil next to an
intact vault or saitstone monolith would be simnilar to the pathways resulting from direct
intrusion into the disposal facility listed previously. The principal difference would be
in calculating the dose from external oxposure while residing in the home on top of the
disposal fhiluity. In the usual agriculture scenario, the radionuclides are essentially
uniformly distributed over a semi-infinite source region. In the alternative agriculture
scenario, however, the distribution of radionuclides between the saltstone and the
contaminated soil outside the disposal facility must be taken into account because this
distribution generally will not be uniform. In addition, for inhalation exposure while
residing in the home, only radionuclides in the contaminated soil at the edge of the
excavation are subject to suspension into air, but radionuclides remaining in the saltstone
would not become airborne.

Because of the design of the SDF, the applicability of the alternative agriculture
scenario described above is rather limited. In defining an agriculture scenario based on
excavation at a waste disposal site, the excavation normally is assumed to extend no more
than 3 m below the ground surface (U.S. NRC 1981; Oztunali and Roles 1986), because
deeper excavations usually do not occur in digging a foundation for a home. Therefore,
since the current concept for closure of the disposal facility calls for a minimum cover
thickness of 2.6 m above the vaults and the thickness of the concrete roof on top of the
vaults is 0., m (Sect. 2.5), the alternative agriculture scenario reasonably can be applied
only to radionuclides that have migrated into soils above the vaults.. That is, most
radionuclides that have migrated into soil beside or below the vaults would be too- far
below the ground surface to be accessible according to the agriculture scenario.

Therefore, in this analysis, an evaluation of the alternative agriculture scenario takes
into account radionuclides that migrate into soil above the disposal facility, presumably
primarily by diffusion. The scenario involving excavation of contaminoted soil above the
vaults is assumed to occur at any time after active institutional control ceases, because
there are no engineered barriers to preclude such excavation.

The alternative agriculture scenario used in this analysis assumes implicitly that
erosion of the cover material above the vaults is not rapid. If erosion were rapid,
awavation Wlong the sides of the disposal facility would be credible within a relatively
short time. Average erosion rates for cropland in the area around the SRS are about
1 mm per year (Sect. 2.1.7). Thus, if we assume that this erosion rate applies to the
cover material above the vaults and assume an average density of soil of 1.4 g/cm3 (Baes
and Sharp 1983), about 3,000 years would be required under present climatological
conditions for the entire cover material above the concrete vaults to be eroded away.
However, the use of bamboo as a ground cover at the disposal site (Sect. 1.1.3) should
reduce the erosion rate considerably compared with the average value given above.
Erosion also would be substantially reduced if the top of the gravel layer located about
1 m above the vaults (Sect. 2.3-3.2) were uncovered. Therefore, it indeed seems
reasonable to assume that the alternative agriculture scenario involving excavation into
contaminated soil outside the disposal facility applies mostly to soil above the vaults but
that little contaminated soil along the side of the vaults would be excavated.
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R.ident ms ario

As in the agriculture scenario described above, the reident scenario assumes that
an intrudkw excavates a foundation for a home on top of a disposal facility. During
excavatioz, however, the intruder is ausumed to encounter an intact concrete roof or
saltstone monolith that cannot easily be penetrated by the types of excavation equipment
normally used at the SRS. That is, the presence of intact engineered barriers is assumed
to preclude direct intrusion into saltstone during excavation. But instead of abandoning
the site, the intruder constructs a home directly on top of the intact barrier and, thus,
establishes a permanent residence at that location.

From the definition of the resident scenario, the only exposure pathway of concern
is external exposure to photon-emitting radionuclides during the time the intruder resides
in the home on the disposal site. The presence of intact barriers precludes any
inhalation or ingestion exposures. Inhalation or ingestion exposures resulting from
excavation of radionuclides that have migrated from the disposal facility into soil are
taken into account in the agriculture scenario described previously.

The resident scenario is assumed to occur at any time after hctive institutional
control over the disposal facility ceases. However, even though the concentrations of
radionuclides in the disposal facility will decrease monotonically with time, due to the
radioactive decay and migration from the disposal facility, the dose in the resident
scenario is not necessarily the highest at 100 years after facility closure. At this time, the
concrete roof and layer of uncontaminated grout above the saltstone are assumed to be
intact (Sect, 3.1.2) and a negligible amount of radioactivity in the saltstone has migrated
into the overlying grout and concrete roof Therefore, at the earliest time the resident
scenario could occur, the concrete roof and layer of uncontaminated grout provide
0.75 m of shielding that substantially reduces the external dose compared with the dose
from unshielded saltstone. At some later time, ie., between 1,000 and 10,000 years after
disposal, the concrete roof is assumed to have lost its integrity (Sect. 3.1.2.2), and the
30-cm layer of uncontaminated grout is assumed to weather to soil-equivalent material
within another few thousand years, as described previously. Therefore, for long-lived
radionuclides that are retained in saltstone for long periods of time, the external dose in
the resident scenario would be considerably higher long after active institutional control
ceases, when excavation to the depth of intact and unshielded saltstone is assumed, than
at 100 years after disposal, when excavation only to the depth of the top of the concrete
roof is assumed.

Thus, the maximum dose to an inadvertent intruder according to the resident
scenario and the time at which the maximum dose occurs depend on 1) the half-lives and
concentrations of the important photon-emitting radionuclides in the waste, 2) the time
period over which the engineered barriers above the saltstone lose their integrity and can
easily be excavated, and 3) the rate at which the important radionuclides migrate from
the saltstone. However, the maximum dose for this scenario can be estimated by
considering tio bounding cases: I) intrusion at 100 years after disposal in the presence
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of an intact concrete roof, but with no reduction in radionuclide inventories at disposal
eept by radioactive decay, and 2) intrusion at a time beyond a few thousand years after
disposal when exposure to unshielded but intact saltstone is credible, but again with no
reduction in radionuclide inventories except by radioactive decay. The Gort bounding
case takes into account radionuclides of both shorter and longer half-lives and the
shielding provided by the concrete roof and layer of uncontaminated grout, whereas the
second bounding case applies to time periods when only long-lived radionuclides are
present but the saltstone is unshielded. In both cases, self-shielding provided by the
saltstone is taken into account in estimating external dose.

In this; analysis, the two bounding cases for the resident scenario described above
are evaluated. A more rigorous analysis involving, for example, consideration of the
migration of radionuclides from the saltstone over time would be required only if the
bounding estimates of EDE approach the performance objective of 100 mrem per year
for a chronic exposure scenario.

Comparison of agriculture and resident senario

From the definition of the resident scenario, this scenario can be regarded as a
variation of the agriculture scenario in which only one of the exposure pathways is
potentially important - namely, external exposure while residing in the home located on
top of the disposal facility. Therefore, since this exposure pathway is essentially the same
in the two scenarios and the agriculture scenario includes other exposure pathways that
are not relevant for the resident scenario, the agriculture scenario probably will be more
important than the resident scenario. That is, the dose per unit concentration of radio-
nuclides in disposed waste probably will be higher in the agriculture scenario than in the
resident scenario. Thus, the agriculture scenario is expected to be more restrictive in
regard to determining acceptable disposals.

However, the tentative conclusion about the relative importance of the agriculture
and resident scenarios could be incorrect if the removal rate of radionuclides from the
top layer of saltstone by infiltrating water were comparable to or greater than the
weathering rate of saltstone. If such an occurrence were possible, then the external dose
that would result at the time the overlying layer of uncontaminated grout has weathered
to soil-equivalent material, but not any of the saltstone itselL could be greater than the
total dose from all exposure pathways that would result at a later time when a significant
layer of saltstone also has weathered to soil. Therefore, the resident scenario, as well
as the agriculture scenario, is considered in the intruder dose analysis.
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Post-Drilling arx

The post-drilling scenario assumes that an Intruder who resides permanently on the
disposal site drills through contaminated material in constructing a well for a domestic
water supply. Following construction of the well, the contaminated material brought to
the surfact during drilling operations, which is assumed to be indistinguishable from
native soil, is assumed to be mixed with native soil in the intruder's vegetable garden.
The exposure pathways involving ingestion of contaminated vegetables, ingestion of
contaminated soil, and external and inhalation exposures while .working in the garden
then are the same as the pathways described previously for the agriculture scenario. In
the post-drilling scenario, however, external and inhalation exposures while residing in
the home on the disposal site, which are important in the agriculture scenario, are not
relevant, because all drilling waste is assumed to be mixed with native soil in the garden
and the intruder's home is assumed not to be located directly on top of exposed waste.

As in the agriculture scenario, the post-drilling scenario assumes that the intruder's
entire supply of water is obtained from the on-site well, and the exposure pathways from
use of contaminated well water are the same as those described previously for the
agriculture scenario. Again, however, because of the stringent requirement of the SRS
on allowable contamination .of groundwater at the disposal site in comparison with the
maximum allowable dose to an intruder from all exposure pathways, demonstrations of
compliance with the dose limit for inadvertent intruders for the post-drilling scenario can
be based only on the exposure pathways involving direct intrusion into solid waste; i.e.,
the exposure pathways involving use of contaminated well water can be neglected.

In this analysis, two alternatives for the post-drilling scenario are considered which
are analogous to the two agriculture scenarios discussed previously. In the usual
treatment of the post-drilling scenario (Oztunali and Roles 1986; Kennedy and Peloquin
1988; ORNL 1990), an intruder is assumed to drill directly through a disposal facility and
waste in the facty is brought to the surface. However, as in the agriculture scenario,
drilling through saltstone is assumed to be precluded during the time when concrete
vaults and saltstone monoliths maintain their integrity. Thus, the post-drilling scenario
involving drilling through a disposal facility is assumed not to be credible until the same
time as the. agriculture scenario involving direct excavation into a disposal facility. The
basis for this assumption is that the types of drill bits normally used in constructing wells
in the soft .rand and clay soils at the SRS (Sect. 2.1.7) could not easily penetrate an intact
concrete vault or saltstone monolith. Therefore, in attempting to drill directly through
a disposal facility, it is reasonable to assume that an intruder would encounter
conasierable resistance and, instead of taking extraordinary measures to obtain a drill bit
designed to penetrate through hard rock, would move the drilling operation to a different
location away from a disposal facility.
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As in the agriculture scenario, it would be reasonable to assume an alternative post-
drilling scenario in which an intruder dnils a well through contaminated soil immediately
adjacent to a vault, because no unusual resistance to drilling would be encountered.
Such a scenario is considered in this analysis, and the scenario is assumed to occur at any
time after active institutional control ceases. TIe dose analysis for the alternative post-
drilling scenario is based on the predicted maximum concentrations of radionuclides in
soil along the sides of vaults. The alternative scenario would apply until such time as the
concrete vaults and saltstone monoliths lose their integrity and drilling through a disposal
facility becomes credible. When drilling through a disposal facility is credible, the,
concentrationm of radionuclides in the disposal facility will always be greater than the
concentrations in contaminated soil next to the facility, and the alternative scenario need
not be considered.

Comparison of agriculture and post-drilling scenarios

Previous analyses of the agriculture and post-drilling scenarios (Oztunali and Roles
1986; Kennedy and Peloquin 1988; ORNL 1990) have shown that the dose to an intruder
per unit concentration of radionuclides in excavated material will always be considerably
greater for the agriculture scenario than for the post-drilling scenario, provided a
reasonably consistent set of assumptions for the exposure pathways in the two scenarios
is used. The principal reasons for the greater doses in the agriculture scenario are:
1) the greater volume of waste exhumed during construction of a foundation for a home
compared with the volume of waste exhumed during drilling of a well, which results in
greater concentrations of radionuclides in contaminated soil in the intruder's vegetable
garden and 2) the doses from external and inhalation exposure while residing in a home
on the disposal site, which are not relevant for the post-drilling scenario.

However, if the post-drilling scenario could occur before an analogous agriculture
scenario (e.g., if the use of drill bits that could easily penetrate intact concrete vaults and
saltstone monoliths were assumed), then previous analyses have shown that the dose
from the post-drilling scenario could exceed the dose from the agriculture scenario
(ORNL 1990). Whether or not this is the case depends on the concentrations of the
particular radionuclides in the waste and the assumed difference in time between the first
credible occurrences of the post-drilling and agriculture scenarios.

In this analysis, two types of agriculture and post-drilling scenarios are considered
involving: 1) excavation or drilling directly into a disposal facility and 2) excavation or
drilling into contaminated soil immediately adjacent to a disposal facility. For the first
type of scenario, it is assumed, as described previously, that the agriculture and post-
drilling scenarios would occur at the same time after disposal, i.e., when the concrete
vaults and saltstone monoliths have lost their integrity. In this case, the dose from the
agriculture scenario will always be considerably greater than the dose from the post-
drilling scenario and, since the two scenarios are subject to the same dose limit, the post-
drilling scenurio involving drilling directly through a disposal facility can be neglected.
That is, for direct intrusion into the SDF, demonstrations of compliance with the dose
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limit for chronic exposure of inadvertent intruders can be based only on an analysis of
the agriculture scenario.

For the alternative scenarios involving excavation or drilling into contaminated soil
next to a disposal facility, the post-drilling and agriculture scenarios also occur at the
same time, Lc,, at any time after active institutional control ceases. In this case, however,
the agriculture scenario ig not necessarily more restrictive (Le., does not necessarily result
in higher doses) because the agriculturescenario is assumed, as described previously, to
involve ecavation of contaminated soil mostly above the disposal units but the post-
drilling scenario involves excavation of contaminated soil beside a vault. Thus, if the
concentrations of radionuclides alongside a disposal facility are substantially greater than
the concentrations above a facility, then this type of post-drilling scenario could be more
restrictive than the analogous agriculture scenario.

3.2.4.2 Acute Exposure Scenarios for Intruders

Three distinct scenarios resulting in acute exposure of inadvertent intruders have
commonly been applied to LLW disposal facilities. These scenarios qsually are referred
to as the construction, discovery, and drilling scenarios (U.S. NRC 1981; Oztunali and
Roles 1986; Kennedy and Peloquin 1988; ORNL 1990)., As noted previously, all acute
exposure scenarios for inadvertent intruders are subject to a limit on EDE of 500 mrem.
The following sections describe the three acute exposure scenarios considered in this
analysis.

Constructim scenario

The two chronic agriculture scenarios described in Sect. 3.2.4.1 are based on the
assumption that an intruder builds a home on the disposal site, with the foundation
extending either into a disposal facility or into contaminated soil mostly above a disposal
facility. Th1 construction scenario considers exposures during the short period of time
for digging a foundation and building a home.

During construction, the relevant exposure pathways arc assumed to be inhalation
of radionuclides suspended into air from an uncovered disposal facility or contaminated
soil and exlernal exposure to radionuclides in the disposal facility or contaminated soil.
Ingestion exposure is assumed to be unimportant during normal work activities. The
potential importance of the construction scenario arises primarily from the assumption
that construction activities result in airborne concentrations of radionucides that are
substantially higher than those resulting from normal activities while inhabiting the site,
as in the agriculture scenarios. The construction scenario also assumes external exposure
to unshielded waste or soil, whereas in the agriculture scenario shielding during indoor
residence on the disposal site usually is taken into account.
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EXECUTIVE SUMMARY

New disposal limits have been computed for Vault 4 of the Saltstone Disposal Facility based on
several revisions to the models in the existing Performance Assessment and the Special Analysis
issued in 2002. The most important changes are the use of a more rigorous groundwater flow and
transport model, and consideration of radon emanation. Other revisions include refinement of the
aquifer mesh to more accurately model the footprint of the vault, a new plutonium chemistry
model accounting for the different transport properties of oxidation states III/IV and VNI, use of
variable infiltration rates to simulate degradation of the closure system, explicit calculation of
gaseous releases and consideration of the effects of settlement and seismic activity on the vault
structure. The disposal limits have been compared with the projected total inventory expected to
be disposed in Vault 4. The resulting sum-of-fractions of the 1000-year disposal limits is 0.2,
which indicates that the performance objectives and requirements of DOE 435.1 will not be
exceeded. This SA has not altered the conceptual model (i.e., migration of radionuclides from the
Saltstone waste form and Vault 4 to the environment via the processes of diffusion and advection)
of the Saltstone PA (MMES 1992) nor has it altered the conclusions of the PA (i.e., disposal of
the proposed waste in the SDF will meet DOE performance measures). Thus a PA revision is not
required and this SA serves to update the disposal limits for Vault 4. In addition, projected doses
have been calculated for comparison with the performance objectives laid out in 10 CFR 61.
These doses are 0.05 mrem/year to a member of the public and 21.5 mrem/year to an inadvertent
intruder in the resident scenario over a 10,000-year time-frame, which demonstrates that the 10
CFR 61 performance objectives will not be exceeded. This SA supplements the Saltstone PA and
supersedes the two. previous SAs (Cook et al. 2002; Cook and Kaplan 2003).
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1.0 INTRODUCTION

This Special Analysis report describes a study to update the disposal limits for Vault 4 in the
Saltstone Disposal Facility, originally presented in the Z-Area.Performance Assessment (MMES
et al. 1992) and subsequent Special Analyses (Cook et al. 2002; Cook and Kaplan 2003). This SA
uses the same conceptual model (i.e., migration of radionuclides from the Saltstone waste form
and Vault 4 to the environment via the processes of diffusion and advection) employed in the
earlier assessments. Relative to the former PA and SAs, this analysis incorporates the following
specific revisions:

* evaluation of additional radionuclides based on a recent updated screening analysis (Cook
2004),

* a revised treatment of Pu chemistry in the groundwater pathway, in which Pu(III/V) and
Pu(V/VI) are modeled separately with differing geochemical properties (Cook 2002, Kaplan
2004),

" ubdated soil-solute distribution coefficients (Kd 's) for various elements and soil/waste types
(Kaplan 2004),

* a revised infiltration time history to reflect the present Z-Area closure plan and a cover
degradation analysis (Phifer and Nelson 2003),

* refinement of the aquifer model computational mesh,

* groundwater flow field results from a new GSA/PORFLOW model that replaces the previous
GSA/FACT model (Flach 2004),

* an expanded radon analysis considering Ra-226, Th-230, U-238 and Pu-238 as parents of Rn-
222 in addition to U-234, which was the only precursor considered in the 2002 SA (Cook et
al. 2002),

* application of atmospheric pathway screening to define the suite of radionuclides considered
in the air pathway analysis (Crapse and Cook 2004),

* updated meteorology parameters and dose factors (Simpkins 2004) in the air pathway
analysis, and

* use of an automated intruder analysis that uses updated Federal Guidance Report 11 and 12
dose conversion factors (Koffman 2004).

Disposal limits are computed based on analyses of groundwater, inadvertent, intruder, and air
pathways for potential exposure and radon emanation. Each pathway analysis is discussed in
subsequent sections of the report, followed by presentation of disposal limits, and conclusions
and recommendations. All disposal limits are given in the Appendices, though only those less
than IE20 are brought into the report Sections, since limits greater than 1E20 curies are
equivalent to "no limit need be considered". The evaluation demonstrates that disposal of the
waste planned for Vault 4 will meet the performance objectives of DOE Order 435.1, and, thus,
does not alter the conclusions of the PA.
This SA supplements the Saltstone PA and supersedes the two previous SAs (Cook et al. 2003;

Cook and Kaplan 2003).

1.1 Vault Description

Tlhe two existing vaults (i.e., Vault #1 and Vault #4) are constructed of reinforced concrete
containing slag (Langton 1986). Slag has also been incorporated into the Saltstone composition.
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The currently active vault (Vault #4) has the dimensions of approximately 200 feet wide, by 600
feet in length, by 26 feet in height. The vault is divided into. 12 cells, with each cell measuring
approximately 100 ft. x 100 ft. The vault is covered with a sloped, permanent roof that has a
minimum thickness of 4 inches, and a minimum slope of 0.24 inches/foot. The vault walls are
approximately 1.5 feet thick, with the base mat having a thickness of 2 feet. Operationally, the
cell of the vault will be filled to a height of approximately 25 feet with Saltstone, and then a layer
of uncontaminated grout, with an average thickness of 2 feet, will be poured to fill in the space
between the Saltstone and the sloped roof. Figure 1-1 is an aerial view of Vaults 1 and 4.

1.2 SDF Closure Concept

One of the key performance objectives of any closure of a 'waste disposal site is to limit moisture
flux through the waste minimizing contamination of surface runoff and underlying groundwater.
Because the SDF is designed as a controlled release facility, proper closure to meet the objective
of limiting moisture through the waste will be an integral part of long-term acceptability of the
disposal site. Because backfilling around the vaults and final closure of the SDF will be delayed
for several years, a detailed closure design has not been fully developed for the SDF. Thus, an
integral part of the SDF SA required that a closure concept be described and subsequently tested
in models that simulate the performance characteristics of the proposed closure concept.

1.2.1 Physical Description of the SDF Closure Concept

The closure concept developed is illustrated in Figure 1-2. After an individual vault cell is filled
with Saltstone, interim closure will be performed which consists of the placement of a 16-inch
(0.41 m) clean grout layer between the Saltstone and the overlying concrete roof. Final closure
will occur when all Saltstone vaults are filled, and will consist of the placement of a closure cap
over all of the: vaults. This will be followed by a 100-year period of institutional control, as
described in Phifer and Nelson, 2003.

Final closure of the SDF will be accomplished by constructing a drainage system and
revegetating the site. The drainage system will consist of a system of rip-rap lined ditches that
intercept the gravel layer of the moisture barrier. These ditches will divert surface runoff and
water intercepted by the moisture barrier away from the disposal site. The drainage ditches will
be constructed between rows of vaults and around the perimeter of the SDF.

The topsoil will be revegetated with bamboo. A study conducted by the USDA Soil Conservation
Service (Cook and Salvo 1992) has shown that two species of bamboo (Phyllostachys bissetii and
Phyllostachys rubromarginata) will quickly establish a dense ground cover which will prevent the
growth of pine trees, the most deeply. rooted naturally occurring plant type at SRS. Bamboo is the
shallow-rooted climax species which evapotranspirates year-around in the SRS climate removing
a large amount of moisture from the soil and decreasing the infiltration into the underlying
disposal system.

1.3 EXISTING VAULT 4 WASTE INVENTORY

The current radionuclide inventory in Vault 4 is given in Table 1-1.
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Figure 1-1. Aerial View of Vaults I (Rear) and 4 (Foreground)
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Concrete Vault and Saltstone

Figure 1-2. SDF Closure Cap Configuration
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Table 1-1. Vault 4 Inventory as of 12/31/03
Nuclide Ci

H-3 2.94E+01
C-14 2.35E-01
Co-57 3.43E-04*
Ni-59 <9.09E-03
Co-60 6.83E-03
Ni-63 <6.01E-02
Se-79 2.57E-02
Sr-90 3.17E-01
Nb-94 <9.91E-04
Tc-99 2.35E+01
Ru-103 2.70E-05*
Ru-106 6.14E-03
Sb-124 2.39E-02"
Sb-125 9.39E-01
Sn-126 5.66E-02
1-129 8.16E-02
Ba-133 NR2
Cs7134 1.32E-02"
Cs-137 1.68E+01
Ce-141 8.85E-06*
Pm-144 7.45E-03:
Pm-146 1.97E-04"
Sm- 151 <9.29E-04
Eu- 152 <5.14E-03Z
Eu-154 <9.03E-03
Eu-155 <1.58E-03
U-232 9.46E-03*
U-233/234 3.52E+00
U-235/236 6.81E-02
Np-237 4.87E-03
U-238 <I.1OE-01
Pu-238 6.78E-01
Pu-239/240 1.33E-01
Pu-241 1.63E-02
Am-241 6.67E-02
Pu-242 <8.03E-03
Am-243 1.30E-03"
Cm-243/244 8.06E-02
Cf-251 2.47E-01"

NOTES:
Value calculated based on available data that was not

reported for one or more cells.
NR2 Not reported on applicable sample analyses.
Source: (Crapse et al. 2004)
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The reference run against which all senst ivity/-uetainty cases were tested in
this analysis is documented with the input files In Appendix C.2 for the saturated flow
and transport model The results presented in S•ct. 4.1 are based on the reference ran.
In the reffrence run, recharge under the SDF is assumed to be 0.175 cm/year, based on
simulation eumlts of the nw-field model, and 40 cmayear over the remainder of the
model domfin. Increasing recharge to 2 cm/year under the SDF, corresponding to the
absence of the clay/gravel drain, results in only a slight increase In water lcvels (about
0.3% Increase) and hydraulic gradients under the facility, and virtually no change in the
concentration of nitrate at the compliance point for a given flux of nitrate to the water
table. Th is likely due to the relative unimportan• e of either 0.175 or 2 cm/year
recharge to, the flow system under the facility. When recharge under the SDF is
increased to 40 cm/year, the simulated elevation of the groundwater table and hydraulic
gradient under the facility are observed to increase more dramatically (about an 8%
increase in the water level), but the nitrate concentrations decrease only by about a
factor of 48% for a given nitrate flux to the water table. The results of this simplified
analysis of sensitivity of the groundwater transport model to aquifer recharge directly
under the facility indicate the model, while sensitive to recharge, is relatively isensitive
to recharge within the range considered reasonable for this RPA.

The groundwater transport model used in this RPA is most sensitive to the
saturated hydraulic conductivity of the three hydrologic units considered. Therefore, the
remainder of the discussion of sensitivity and uncertainties will focus on this parameter.
Nine parameters for hydraulic conductivity must be considered, corresponding to the x,
y, and z directional components for this property In each of the three units considered.
To conduct an uncertainty analys, ranges of possible values for these nine components
were specified. Although data collected in the field indicates a range in these values
over several orders of magnitude, field data do not reflect spatially-averaged values that
are assumed in groundwater transport models such as the one used here. Therefore, a
more reasonable range was assumed, representing the spatially-averaged saturated
hydraulic conductivity. Became the vertical component of hydraulic conductivity is
correlated to the horizontal component, and is generally less than or equal to the
horizontal component, ratios of KK ranging from 0.1 to 1.0 in the aquifers, and ranging
from 0.01 to 1.0 in the Green Clay unit, were assumed. The value of k was assumed
to be equal to for each unit, based on the model assumption of horizontal isotropy.
The reference value and assumed range of the nine components of hydraulic conductivity
in the uncwainty analysis are listed in Table 4.2-3. All nine distributiom were assumed
to be lognormal.

A criterion was imposed on the uncertainty analysis that the water table level
should only vary over a range of 3 m (plus or minus 1.5 m around the average value).
This criterion was imposed because the model is very sensitive to hydraulic conductivity,
and some of the possible combinations of hydraulic conductivities lead to unrealistic
water levels because the values of the hydraulic conductivities for the three units are
correlated. For example, a particularly low vertical conductivity in Zone 5b, the aquitard,
may lead to unreasonable water levels in the overlying unit due to impeded drainage
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Model
Parameter

Zone 5a Flux Boundary

Zone 5a Flux Boundary

Zone So Flux Boundary

Recharge

Zones 6/7A Kx=Ky

Zones 6/7/8 Kx=Ky

Zones 6/7/•, Kz

Zone 5b, Kz

Zone 5b, Kz .

Zone 5a, Kx=Ky.lOKz

Zone 5a, Kx=KymlOKz

Zone S5, Kz

Zone 5s, Kz

Resu.ls of preliminary scnMitivity analyis for Z-Arca groundwater flow simulatiom

Reference Value Input Head
Value to Model Variance
(m/y'ear) (m/year) (m)

Z7 x 10'2 to 27 0 -4.7

27 x 10:2 to 27 5.6 -3.0

2.7 x N10r to 27 2.8 -4.5

3.8 x 10'1 6.3 x 10-' +5.5

1.9 x102 "1.9 x 103  .6.8

1.9 x 1102 1.9 x l10t +&0

1.1 x 102 1.1 +43

1.1 x 101 1.1 -3.9

1.1 x 10" 1.1 x j072 +10.0

1.9 x 103  1.9 x10' .3.0

1.9 x 102 1.9 x l02 +10.8

1.9 x 102  
1.9 x 10 +0.95

1.9 x 102 1.9 +1.4

Gradient
Varianme

.0.OO4

-0.00241M4
-O.0m4

-0.004

+0.002
+O.OO

+0.004

-0.002

+0.013

-.0004

+0.012

+0.002

+0.002

0

:r

-,o0
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variance: exactly match the mean and variance of the underlying distribution, specifically, z7 = {-
1, 0, +1). The latter is chosen for the present study.. For the more general normal distribution
n(ft,G), the 3 samples would be xi = -o, -).

Uncertainty analysis for PA saturated flow model

Following the method described above, nine Monte Carlo runs are needed as shown in Table 3.
GCU denotes the Gordon confining unit. Each Monte Carlo run has been given an arbitrary but
unique case number for future reference. As mentioned above, recharge and log 1O(K,) are
assumed to be normally distributed based on engineering judgement. The mean of each
distribution is assumed to be the value used in the nominal PA run. Lacking sufficient field data
to empirically define the standard deviations for recharge and GCU vertical conductivity,
engineering judgement is also used to define these statistics. The specific approach chosen is
summarized in Table 4 and summarized below.

First uncrtainties in recharge and GCU K, are expressed in terms of 95% confidence intervals
about the nominal PA input values. Recharge is judged to have a :J5 in/yr uncertainty about the
nominal PA value of 14.5 in/yr, based on an analysis of past recharge studies by Flach and others
(1999, section 2.4). Gordon confining unit (green clay) &• is judged to be uncertain to within 3
orders of magnitude about the nominal PA value of 10' ft/d (McDowell-Boyer et al., 2000),
based on an assessment of field data and other calibrated models by Aadland and others (1995, cf.
Plate 13), Flach and Harris (1999, p. 9) and Flach (1998, p. 4). For a normal distribution, the
95% confidence interval is +1.96y, or practically *2q, about the mean value. So, the standard
deviation is easily computed from the specified uncertainty range. The corresponding LHS
samples are 12, 14.5 and 17 in/yr for the global recharge, and 0.18x10"', lxl0" and 5.6x10"5 for
GCU K.. Table 2 lists the corresponding multipliers to be applied to the recharge and log
conductivity fields.

The model calibration results for the nine Monte Carlo cases in Table 3 using the standard
deviations in Table 4 are summarized in Table 5. Note that all eight off-nominal realizations
have hydraulic head residuals very close to that observed in the nominal run. Perturbations in
stream ibaseflow are small compared to discrepancies between the nominal simulation and prior
estimates. Therefore, all nine realizations are plausible and the associated Darcy velocity fields
can besampled with equal probability as intended.
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Table 3. Monte Carlo runs for PA saturated flow model.
Recharge (in/yr)

_- nominal +0
-o, lower Kv case 6 case 2 case 9

GCU 101110 Kv (ft/d) nominal case 4 case I case 5
I+r, higher Kv case 8 case 3 case 7

Table 4. Input parameter uncertainty.
Midpoirk Latin Hypercube Sampling (LHS) using 3 samples

Rocharn. (InI/An Global. Local flWd
Nomina . 14.5 18 0.00411
95% c.L variability (2a) 5 6.2
%varability 34% 34%
-95% confidence interval 9.5 11.8
+95% confidence interval 19.5 24.2
-midpoint LHS point (-o) 12 14.9 0.00340
+midpoint LHS point (+a) 17 21.1 0.00482
-midpoint LHS factor 0.83 0.83
+midpoint LHS factor 1.17 1.17

GCIoalO Kv(Wtd) Wog1 Kv Kv
Nominall (new) -5 1.OE-05
95% c.i. variability (2a) 1.5 32 (factor)
%variability 30%
-95% confidence interval -6.5 3.2E-07
+95% confidence interval -3.5 3.2E-04
-midpoint LHS point (-a) -6.75 1.8E-06
+nlldpoint LHS point (+a) -425 5.6E.05
-midpoint LHS factor 1.15 0.18
+midpoint LHS factor 0.85 5.62

Stream traces for each of the nine cases are shown in Figures 9 a-c. Each case has one-year time
marks on each stream trace. Therefore, the more marks that are on a given line, the slower is the
velocity along that trace. It can be seen that there is relatively little variation among the cases in
pore velocity, meaning both speed and direction of water flow.
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EXECUTIVE SUMMARY

New disposal limits have been computed for Vault 4 of the Saltstone Disposal Facility based on
several revisions to the models in the existing Performance Assessment and the Special Analysis
issued in 2002. The most important changes are the use of a more rigorous groundwater flow and
transport model, and consideration of radon emanation. Other revisions include refinement of the
aquifer mesh to more accurately model the footprint of the vault, a new plutonium chemistry
model accounting for the different transport properties of oxidation states III/IV and V/VI, use of
variable infiltration rates to simulate degradation of the closure system, explicit calculation of
gaseous releases and consideration of the effects of settlement and seismic activity on the vault
structure. The disposal limits have been compared with the projected total inventory expected to
be disposed in Vault 4. The resulting sum-of-fractions of the 1000-year disposal limits is 0.2,
which indicates that the performance objectives and requirements of DOE 435.1 will not be
exceeded. This SA has not altered the conceptual model (i.e., migration of radionuclides from the
Saltstone waste form and Vault 4 to the environment via the processes of diffusion and advection)
of the Saltstone PA (MMES 1992) nor has it altered the conclusions of the PA (i.e., disposal of
the proposed waste in the SDF will meet DOE performance measures). Thus a PA revision is not
required and this SA serves to update the disposal limits for Vault 4. In addition, projected doses
have been calculated for comparison with the performance objectives laid out in 10 CFR 61.
These doses are 0.05 mrem/year to a member of the public and 21.5 mrem/year to an inadvertent
intruder in the resident scenario over a 10,000-year time-frame, which demonstrates that the 10
CFR 61 performance objectives will not be exceeded. This SA supplements the Saltstone PA and
supersedes the two previous SAs (Cook et al. 2002; Cook and Kaplan 2003).
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1.0 INTRODUCTION

This Special Analysis report describes a study to update the disposal limits for Vault 4 in the
Saltstone Disposal Facility, originally presented in the Z-Area Performance Assessment (MMES
et al. 1992) and subsequent Special Analyses (Cook et al. 2002; Cook and Kaplan 2003). This SA
uses the same conceptual model (i.e., migration of radionuclides from the Saltstone waste form
and Vault 4 to the environment via the processes of diffusion and advection) employed in the
earlier assessments. Relative to the former PA and SAs, this analysis incorporates the following
specific revisions:

" evaluation of additional radionuclides based on a recent updated screening analysis (Cook
2004),.

* a revised treatment of Pu chemistry in the groundwater pathway, in which Pu(III/IV) and
Pu(V/VI) are modeled separately with differing geochemical properties (Cook 2002, Kaplan
2004),

" updated soil-solute distribution coefficients ( Kd 's) for various elements and soil/waste types

(Kaplan 2004),

* a revised infiltration time history to reflect the present Z-Area closure plan and a cover
degradation analysis (Phifer and Nelson 2003),

" refinement of the aquifer model computational mesh,

* groundwater flow field results from a new GSA/PORFLOW model that replaces the previous
GSA/FACT model (Flach 2004),

" an expanded radon analysis considering Ra-226, Th-230, U-238 and Pu-238 as parents of Rn-
222 in addition to U-234, which was the only precursor considered in the 2002 SA (Cook et
al. 2002),

" application of atmospheric pathway screening to define the suite of radionuclides considered
in the air pathway analysis (Crapse and Cook 2004),

" updated meteorology parameters and dose factors (Simpkins 2004) in the air pathway
analysis., and

• use of an automated intruder analysis that uses updated Federal Guidance Report 11 and 12
dose conversion factors (Koffmnan 2004).

Disposal limits are computed based on analyses of groundwater, inadvertent intruder, and air
pathways for potential exposure and radon emanation. Each pathway analysis is discussed in
subsequent sections of the report, followed by presentation of disposal limits, and conclusions
and recommendations. All disposal limits are given in the Appendices, though only those less
than 1E20 are brought into the report Sections, since limits greater than 1E20 curies are
equivalent to "no limit need be considered". The evaluation demonstrates that disposal of the
waste planned for Vault 4 will meet the performance objectives of DOE Order 435.1, and, thus,
does not alter the conclusions of the PA.

This SA supplements the Saltstone PA and supersedes the two previous SAs (Cook et al. 2003;
Cook and Kaplan 2003).

1.1 Vault Description

The two existing vaults (i.e.; Vault #1 and Vault #4) are constructed of reinforced concrete
containing slag (Langton 1986). Slag has also been incorporated into the. Saltstone composition.
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contaminant transport mechanism is downward convection. Figure 2-2 shows the gridding used in
the model.

The vadose zone flow simulation was performed as a sequence of steady-state runs
approximating average conditions during a number of time intervals over 10,000 years based on
the HELP code results. Time zero is when closure operations are complete. Material properties
were varied for each time interval to represent degradation of the closure system, the Saltstone
waste form, and the vault. These properties are given in Appendix A.

A total of 45 radionuclides were selected for analysis based on a .screening study for the SRS Low
Level Waste Facility (Cook and Wilhite 2004). Nitrate was also run in the analysis because it
occurs in high concentrations and has. a relatively low groundwater limit.

The new plutonium chemistry implemented for the trench'disposal units in the E-Area Low-Level
Waste Facility (Cook 2002, Kaplan 2004) has been included in the present special analysis. The
Pu (III/IV) oxidation state is far more abundant than Pu (V/VI), but the latter is significantly more
mobile in sediments: a soil-solute distribution coefficient of Kd = 370 mL/g is assumed for Pu
(III/IV) versus Kd = 15 mL/g for Pu (V/VI). Although present in trace amounts, the relatively
high mobility of Pu (V/VI) could potentially lead to a significant contribution to the dose at the
100-meter well. The two pairs of oxidation states are tracked separately in the vadose zone
transport simulations to accommodate the difference in mobility.

In addition to the geochemistry modifications described above, some distribution coefficients
were updated to reflect current knowledge. Appendix A provides a complete listing of Kd values
used in the groundwater analysis and other key input data such as, radionuclides analyzed, half-
lives, atomic mass, concentration limits, solubility limits, and assumed decay chains.

The FACT code model of the General Separations Area (GSA) was recently superseded by an
equivalent model using the PORFLOW code, in order to consolidate PA subsurface flow and
transport modeling to a single software product (Flach 2004). The flow field computed by
GSAiPORFLOW is used in the present study. GSA/PORFLOW is a regional scale model with a
mesh resolution in the horizontal plane of 200 ft, compared to a width of about 200 ft for Vault 4.

Figure 2-3 illustrates locations of the existing Vaults, 1 and 4, and the aquifer model mesh. Figure
2-3 also shows the extent of the aquifer flow and transport model (blue border) and the mesh
resolution in the horizontal plane (light gray dashes). Particle tracking results starting from the
four corners of the combined facility indicate the groundwater flow direction. Time markers (red
dots) are shown every 10 years of travel. Figure 2-3 indicates a* possibility of plume overlap,
which is the subject of a sensitivity study presented in Section 7.

2.2 Results

The magnitude and time of maximum concentration, the Maximum Contaminant Level (MCL)
(USEPA 2004) and the Vault 4 inventory limit for the key radionuclides for two time periods of
interest, 1000 years and 10,000 years, are given in Tables 2-1 and 2-2, respectively. These limits
for the groundwater pathway are compared with limits derived for the other pathways and with
the projected Vault 4 inventory in Section 7. For the projected Vault 4 inventory, none of the
radionuclides produces a significantly large fraction of the groundwater limit.

Plots of fractional flux and concentration for each radionuclide modeled with PORFLOW are
presented in Appendix A.
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Abstract

The 15 mi2 General Separations Area (GSA) contains more than 35 RCRA and
CERCLA waste units, and is the focus of numerous ongoing and anticipated contaminant
migration and remedial alternatives studies. To meet. the analysis needs of GSA
remediation programs, a groundwater flow model of the area based on the FACT code
was developed. The model is consistent with detailed characterization and monitoring
data through 1996. Model preprocessing has been automated so that future updates and
modifications can be performed quickly and efficiently. Most remedial action scenarios
can be explicitly simulated, including vertical recirculation wells, vertical barriers,
surface caps, pumping wells at arbitrary locations, specified drawdown within well
casings (instead of flowrate), and wetland impacts of remedial actions. The model has a
fine scale vertical mesh and heterogeneous conductivity field, and includes the vadose
zone. Therefore, the model is well suited to support subsequent contaminant transport
simulations. The model can provide a common framework for analyzing groundwater
flow, contaminant migration, and remedial alternatives across Environmental Restoration
programs within the GSA.

Modell summary

The present GSA model simulates groundwater flow within the area bounded by
Fourmile Branch on the south, Upper Three Runs on the north, F-area on the west, and
McQueen Branch on the east, from ground surface to the bottom of the Gordon aquifer.
Groundwater from the Upper Three Runs (UTR) aquifer unit is assumed to discharge
equally from each side of Upper Three Runs, Fourmile Branch and McQueen Branch.
Therefore, these streams provide natural, no-flow boundary conditions for most of the
UTR aquifer unit. On the west side of the unit, hydraulic head values from a contour
map of measured water elevations are prescribed. The Gordon aquifer is assumed to
discharge equally from both sides of Upper Three Runs and so a no-flow boundary
condition is specified over the north face of the model. Lacking natural boundary
conditions, hydraulic heads are specified over the west, south and east faces of the model
within the Gordon aquifer. Areas of groundwater recharge and discharge consistent with
computed hydraulic head at ground surface are computed as part of the model solution
using a combined recharge/drain boundary condition. applied over the entire top surface
of the model. Groundwater discharges to surface water in regions where the computed
head is above ground elevation.'

The areal resolution of the model is 200 ft square except in peripheral areas. There
are 108 elements along the east-west axis, and 77 elements along the north-south axis.
The vertical resolution varies depending on hydrogeologic unit and
terrain/hydrostratigraphic surface variations. Each hydrostratigraphic surface is defined
by numerous "picks" ranging in number from approximately 70 to 375 depending on the
surface. The "upper" aquifer zone of UTR aquifer unit is represented with 9 finite-
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A. The number of picks per unit boundary ranges from 68 for the bottom of the Gordon
aquifer to 377 for the top of the "tan clay" confining zone. Smits and others (1997)
generated altitude contour and isopach maps for units of the Floridan aquifer system
using EarthVision®; the altitude contour maps from Volume 1 are reproduced here for
convenience (Figures 3 through 7). In this study, hydrostratigraphic surfaces are
represented with linear triangular functions that strictly interpolate the scattered picks.
Strict interpolation is needed subsequently in the model development process. USGS
Digital Elevation Model (DEM) data, supplemented with surveyed data as needed, can be
used to define the topographic surface (Figure 8). Figure 9 illustrates the
hydrostratigraphic model constructed in Volume 1. Upper Three Runs is seen to
completely incise the Upper Three Runs aquifer unit, whereas Fourmile Branch generally
lies slightly above the "tan clay" confining zone in the study area.

Hydraulic properties

The steady-state hydraulic head and Darcy velocity fields are affected only by
horizontal and vertical hydraulic conductivity in the saturated- zone. Soil characteristic
curves (capillary suction and relative permeability as a function of water saturation) also
affect the flow solution in unsaturated regions. Effective porosity affects groundwater
"particle" tracing results which rely on the pore velocity field. Specific storage affects
transient flow only. GSA characterization data available for defining these hydraulic
properties in the model are identified below.

Horizontal and vertical conductivities

The primary focus of this model development effort is steady-state groundwater flow
simulation. As such, conductivity is by far the most important of the hydraulic
properties. Approximately 481 slug tests, 85 single and multiple well pumping tests, and
258 laboratory permeability, measurements are available for defining horizontal and
vertical conductivity. In addition, nearly 37,500 lithology data records corresponding to
one foot core intervals provide indirect or "soft" conductivity information. All of these
data are maintained in a Paradox® version 7.0 relational database constructed by Smits
and others (1997). Appendix B lists the slug test, single and multiple well pumping test,
and laboratory permeability data extracted from the database and used in this
investigation. The lithology data are too numerous to list. Smits and others (1997)
describe fully the content and format of lithology data set. Of main interest to this study,
the lithologic core descriptions contain a mud fraction estimate that can be used to infer.
conductivity.

Soil characteristic curves

Relative permeability and capillary suction head as a function of water saturation are
referred to as soil characteristic curves. These relationships are difficult to measure
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1.0 INTRODUCTION

The E Area PA (McDowell-Boyer et al. 2000) includes a steady-state simulation of groundwater
flow in the General Separations Area as a prerequisite for saturated zone contaminant transport
analyses. The groundwater flow simulations are based on the FACT code (Hamm and Aleman
2000). The FACT-based GSA model was selected during preparation of the original PA to take
advantage of an existing model developed for environmental restoration applications at the SRS
(Flach and Harris 1997, 1999; Flach 1999). The existing GSA/FACT model was then slightly
modified for PA use, as described in the PA document. FACT is a finite-element code utilizing
deformed brick elements. Material properties are defined at element centers, and state variables
such as hydraulic head are located at element vertices. The PORFLOW code (Analytic &
Computational Research, Inc. 2000) was selected for performing saturated zone transport
simulations of source zone radionuclides and their progeny. PORFLOW utilizes control volume
discretization and the nodal point integration method, with all properties and state variables being
defined at the center of an interior grid cell.

The groundwater flow calculation includes translating the Darcy velocity field computed by
FACT into a form compatible for input to PORFLOW. The FACT. velocity field is defined at
element vertices, whereas PORFLOW requires flux across cell faces. For the present PA,
PORFLOW cell face flux is computed in a two-step process. An initial face flux is computed
from FACT as an average of the normal components of Darcy velocity at the four comers. The
derived flux field approximately conserves mass, but not rigorously. Thus, the flux field is
subsequently perturbed to force rigorous mass conservation on a cell-by-cell basis. The
undocumented process used is non-unique and can introduce significant artifacts into the final
flux field.

Another issue with using both FACT and PORFLOW for saturated modeling is the different mesh
numbering systems used by the two codes. Both codes share the identical mesh, but the (I,J,K)
element/cell numbering indices differ by one. The different numbering scheme has lead to errors
in defining source zones.

The GSA groundwater model will soon be updated to reflect characterization and monitoring data
acquired since the original development to support the Saltstone PA revision. The decision was
made to also migrate from FACT to PORFLOW for groundwater flow simulations. The
motivation is to consolidate all flow and transport analyses to a single software product, and
avoid technical issues related to code differences, such as those discussed above.

This report describes how the FACT-based GSA flow model described in the 'PA has been
converted to PORFLOW 5.95.0 (03 MAR 2004), the latest version available to Westinghouse
Savannah River Company LLC under license from ACRi. Verification and validation testing
pertaining to the new GSA/PORFLOW groundwater flow model following the PORFLOW
Software QA Plan (Collard 2002) is also described.

Rev. 0
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Table A-8. Distribution Coefficients (Kd in cm 3/g)

Nuclides

N03
Al-26
Am-243

Np-239
Pu-239
Pu5-239

Bi-210
Po-210

C-14
Cf-249

Cm-245
Pu-241
Pu5-241
Am-241
Np-237

Cl-36
Cm-245

Pu-241
Pu5-241
Am-241
Np-237

Cm-246
Cm-247

Am-243
Np-239
Pu-239
Pu5-239

Cm-248
Pu-244
Pu5-244

Cs-135
Cs-137
H-3
1-129
K-40
Mo-93

Nb-93m
Nb-94
Nb- 95m

Nb-95
Ni-59
Np-237
Pd-107
Pu-238

Pu5-238
U-234

Pu-239
Pu5-239
U-235

Pu-240
Pu5-240
U-236

Pu-241
Pu5-241
Am-241
Np-237

Pu-242

Soil

0. OOE+00
4. OOE+01
1. 90E+03
5.0 0E+00
3.70E+02
1. 50E+01
4. 50E+02
1. 50E+02
2. 00E+00
5. 10E+02
4. OOE+03
3.70E+02
1. 50E+01
1. 90E+03
5. OOE+00
0. 00E+00
4. OOE+03
3.70E+'02
1. 50E+01
1. 90E+03
5. OOE+00
4. OOE+03
4. 00E+03
1. 90E+03
5. OOE+00
3.70E+02
1. 50E+01
4. 00E+03
3. 70E+02
1. 50E+01
3. 30E+02
3. 30E+02
0. OOE+00
6. OOE-01
3. OOE+00
3. OOE+00
1. 60E+02
1. 60E+02
1. 60E+02
1. 60E+02
4. OOE+02
5. OOE+00
5. 50E+01
3. 70E+02
1. 50E+01
8. 00E+02
3.70E+02
1. 50E+01
S. OOE+02
3.70E+02
1. 50E+01
8. OOE+02
3.70E+02
1. 50E+01
1. 90E+03
5.OOE+00
3.70E+02

Drain

0.OOE+00
4.OOE+01
1. 90E+03
5. OOE+00
3.70E+02
1.50E+01
4.50E+02
1. 50E+02
2.OOE+00
5. 10E+02
4.00E+03
3.70E+02
1. 50E+01
1. 90E+03
5. OOE+00
0 OOE+00
4. OOE+03
3. 70E+02
1. 50E+01
1. 90E+03
5. 0OE+00
4. OOE+03
4. OOE+03
1. 90E+03
5. OOE+00
3.70E+02
1. 50E+01
4. OOE+03
3.70E+02
1.50E+01
3.30E+02
3.30E+02
0. OOE+00
6.OOE-01
3. OOE+00
3. 00E+00
1. 60E+02
1. 60E+02
1. 60E+02
1. 60E+02

4. OOE+02
5. OOE+00
5.50E+01
3.70E+02
1. 50E+01
8. OOE+02
3.70E+02
1. 50E+01
8.00E+02

3.70E+02
1. 50E+01
8.OOE+02
3.70E+02
1.50E+01
1.90E+03
5. OOE+00
3.70E+02

Clay Saltstone Concrete

0. 00E+00
0. OOE+00
8.40E+03
5.50E+01
6.50E+03
5. OOE+01
1.20E+04
3. OOE+03
1. OOE+00
8.40E+03
6. OOE+03
6.50E+03
5. OOE+01
8.40E+03
5.50E+01
0.OOE+00
6.0 0E+03
6.50E+03
5.0 0E+01
8.40E+03
5.50E+01
6.OOE+03
6. OOE+03
8.40E+03
5.50E+01
6.50E+03
5.OOE+01
6.OOE+03
6.50E+03
5. OOE+01
1. 90E+03
1. 90E+03
0. OOE+00
1. OOE+00
5. OOE+00
1. 30E+01
9.OOE+02
9.OOE+02
9. OOE+02
9. OOE+02
6.50E+02
5.50E+01
2.70E+02
6.50E+03
5. OOE+01
1. 60E+03
6.50E+03
5. o0E+01
1. 60E+03
6. 50E+03
5.OOE+01
1. 60E+03
6.50E+03
5. OOE+01
8.40E+03
5.50E+01
6.50E+03

0. OOE+00
2.0 0E+01
5. OOE+03
5. OOE+03
5.OOE+03
5. OOE+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
2. OOE+01
2. OOE+01
0. OOE+00
2. OOE+00
2. OOE+00
1. OOE+00
5. OOE+02
5. OOE+02
5. OOE+02
5. OOE+02
1. OOE+02
5. OOE+03
1.OOE+02
5. OOE+03
5. 00E+03
2.OOE+03
5. OOE+03
5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
2.OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5.OOE+03
5. OOE+03

0. OOE+00
2. OOE+01
5.OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03,
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. 00E+03
2. 00E+01
2. OOE+01
0. OOE+00
2. OOE+00
2. OOE+00
1. OOE+00
5. OOE+02
5. OOE+02
5. OOE+02
5. OOE+02
1. 00E+02
5. OOE+03
1.OOE+02
5. OOE+03
5. 00E+03
2. OOE+03
5. OOE+03
5. OOE+03
2.OOE+03
5. OOE+03
5. OOE+03
2. 00E+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. 00E+03
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Pu5-242
U-238

Pu-244
Pu5-244

Ra-226
Rb-87
Se-79
Sn-126
Sr-90
Tc-99
Th-228

Ra-224
Th-229

Ra-225
Ac-225

Th-230
Ra-226
Pb-210
Po-210

Th-232
Ra-228
Th-228
Ra-224

U-232
Th-228
Ra-224

U-233
Th-229
Ra-225

U-234
Th-230
Ra-226
Pb-210
Po-210

U-235
Pa-231
Ac-227
Th-227
Ra-223

U-236
U-238

Th-234
U-234

Zr-93
Nb-93m

Zr-95
Nb-95

A-24 WSRC-TR-2005-00074

1. 50E+01
8 OOE+02
3. 70E+02
1. 50E+01
5. 00E+02
5. 50E+01
3. 60E+01
1. 30E+02

1. OOE+01
1. OE-01
3. 20E+03
5. OOE+02
3.20E+03
5. OOE+02
4. 50E+02
3. 20E+03
5. OOE+02
2. 70E+02
1. 50E+02
3.20E+03
5. OOE+02
3. 20E+03
5. OOE+02
8. OOE+02
3. 20E+03
5. OOE+02
8. OOE+02
3. 20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
2. 70E+02
1. 50E+02
8. OOE+02
5. 50E+02
4 .50E+02

3. 20E+03
5. OOE+02
8. OOE+02
8. OOE+02
3. 20E+03
8. OOE+02
6. OOE+02
1. 60E+02
6. 00E+02
1. 60E+02

1. 50E+01
8. 00E+02
3.70E+02
1. 50E+01
5. 00E+02
5.50E+01
3..60E+01
1. 30E+02
1. 00E+01
1. OOE-01
3.20E+03
5. 00E+02
3.20E+03
5. 00E+02
4.50E+02

3.20E+03
5.0 0E+02
2.70E+02
1. 50E+02
3.20E+03
5. OOE+02
3.20E+03
5..OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
2.70E+02
1. 50E+02
8. OOE+02
5. 50E+02
4.50E+02
3.20E+03
5. OOE+02
8. OOE+02
8. OOE+02
3.20E+03
8. OOE+02
6. OOE+02
1. 60E+02
6. OOE+02
1. 60E+02

5. OOE+01
1. 60E+03
6.50E+03
5. OOE+01
9. 1OE+03
2. 70E+02
7. 60E+01
6.70E+02
1. 10E+02
1. 00E-01
5.80E+03
9.10E+03
5.80E+03
9.10E+03
2.40E+03
5.80E+03
9.1OE+03
5.50E+02
3. OOE+03
5.80E+03
9. 10E+03
5.80E+03
9.10E+03
1. 60E+03
5.80E+03
9. 10E+03
1. 60E+03
5. 80E+03
9. 10E+03
1. 60E+03
5. 80E+03
9. 10E+03
5. 50E+02
3. OOE+03
1. 60E+03
2. 70E+03
2. 40E+03
5. 80E+03
9. 10E+03
1. 60E+03
1. 60E+03
5. 80E+03
1. 60E+03
3. 30E+03
9. OOE+02
3. 30E+03
9. OOE+02

5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+01
5. 50E+01
1. OOE-01
1. OOE+03
1. OOE+00
1. OOE+03
5. OOE+03
5..OOE+01
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2. 00E+03
5. OOE+03
5. OOE+01
2. 00E+03
5. OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. 0OE+01
2. OOE+03
2. OOE+03
5. OOE+03
2. OOE+03
5. 0OE+03
5.OOE+02
5. OOE+03
5. OOE+02

5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
5. 00E+01
5. 50E+01
1. OOE-01
1. OOE+03
1. OOE+00
1. OOE+03
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
5. OOE+03
5 .OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
5. OOE+03
5. OOE+01
5. OOE+03
5. 00E+01
2. OOE+03
5.OOE+03
5.00E+01
2. OOE+03
5.00E+03
5. OOE+01
2. OOE+03
5 OOE+03
.5. OOE+01
5. OOE+02
5. OOE+02
2. OOE+03
5. OOE+03
5.OOE+03
5. OOE+03
5. OOE+01
2.00E+03
2. OOE+03
5. OOE+03
2. OOE+03
5.OOE+03
5. OOE+02
5. OOE+03
5. OOE+02
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Table 4: Sorption Database.

State of Cement Degradation (see Fig. 2)

Element Region I Region II Region III

Oxid. Red. Oxki. Red. Odxd. Red.

H(HTO)
CO)2

C1

Mn
NI

S.

Sr

Zr

Nil

Mo

Tc

Pd
AG

Sn

I

Cz
Pb

Ra

Th

Pa

U

Np
Pu

Am
Cm

0 0 a.iil0. 0
amg sect on 5.2.7

0

F-o2.10-

1041
10-3

5

5oCd

2.10-O 1210"' 1 2.iO~1 2.10~

10.1

,1014

104

5

5.10.'

10-3

5

Sur0.

10-1

10-1

10-3

5

5-10-'

0.2

0

.1

104

0

.10-3

0 0

10-3 1 I 0 10-.
II .1 .1 -4

10.i 1.0.1 10-' le 4

1
10o- 10- 10-3 10l

I 1 1 10"1 1041

.210~

2-10-3

5.10-'

2

5

5

5
5

5

2.10-3

5

5

2-1i0-

2.10*2

5

2

5

5

2-104

2-104

5-10.

0

2.10-

51042

0

2.104

&-2

5s10-

5

5

5

5

5

5-10"'
I

10.'

10.'

10.1

I

1

1

I

1

I

¶

I

1

1

The elements are listed according to increasing atomic number. ANJ distribution
ratios are in iunits of ms kg-1. Data selection procedures are described In fte

Bradbury & Sarott 1995
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For region III, section 4.3, we have assumed, somewhat pessimistically, that Ni
sorption decreases in proportion to the quantity of CSH gel present. We give an
average value of 0.01 m3 kg-1 for this region corresponding to a 90% removal of
CSH gel.

No sorption data for Mn on cementitious materials have been found. In order to
estimate a distribution ratio for Mn we again rely on Figure I where it can be
seen that Mn lies grouped with Ni2*, Co&,, Fe2+, Zn2. and Cu2+. The sorption of
Mn is taken to be the same as for NP24 and therefore we assign a value of
0.1 m3 kg-1 (regio'n I and II) and 0.01 ms kg-1 (region 111). It Is also apparent from
Figure 1 that the above group of elements lies below and to the left of the acti-
nides. The selected value for Ni2. and Mn 2* is 0.1 m3 kg-1 and those for the ac-
tinides lie in the range 1-5 m'3 kg-I. This is qualitatively consistent with what
would be expected from Figure 1.

- 5.2.4 Caeslum

Caesium is; the major radioactive alkali metal of importance in Nagra safety as-
sessment studies and is probably the most studied of all radionuclides. There is
no doubt that the sorption of Cs on hardened cement pastes at pH > 12.5 is
weak. Cs diffusion measurements on hardened HTS (see Table 1) cement
paste discs by SAROTT et al. (1992) yielded distribution ratios of
-3.10-3 r kg-I -at pH-13.3 in the equilibrium-concentration range .10-10 to
10- M. ATKIN SON et al.(1984) give asimilar value for hardened sulphate-
resisting cement paste. In the concentration range > 10 M, 'EWART et al.
(1985) give a value of -2-10-4 m3 kg-1. In region I, provided Cs concentrations
do not exceed -10-5 M, a distribution ratio of 2-10-3 m3 kg-i is selected. At higher
concentrations, a reduction in R, by a factor of -10 would seem appropriate i.e.
practically no sorption.

In region II, the concentrations of (Na, K) OH have decreased by orders of ma-
gnitude and their competitive effect on Cs sorption has been correspondingly
diminished. Many authors have reported Increased sorption at pH-12.5 and
noted that the ballast, and not the cement paste, Is the factor which determines
the magnitude of the sorption (e.g. ANDERSSON et a. a1983; HIETANEN et al.
1984; EWAFIT et al. 1985). Various values from'-0.01 to -0.2 m3 kg-I have
been reported'but It should be stressed'that th-e type of ballast will be'the de-
ciding factor- here a also the concentration'of K (and Na). The sorption. of
caesium appears to be non linear and EWART et at. (1985) suggest the folio-
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wing FREUNDLICH equation for-the equilibrium concentration range -5.10-6 to
5-10-2 M:

X = 1.6 [mg10 2 m10-8 g-1] C0.8

where: X amount of solute sorbed per unit mass of solid [mg/g]
C = equilibrium concentration in solution [mg/mi]

In view of this evidence, we consider that an increase in the distribution ratio for
Cs for region II and Ill compared with region I, by one order of magnitude--is-
justified.

5.2.5 Strontium and Radium'

EWART et a]. (1985) report Sr distribution ratios for hardened cement paste
and concrete between 1 and 4-10-3 m3 kg-1 with very little dependency on con-
centration. ATKINSON & NICKERSON (1988) summarised the results from
different types of :tests (batch, ,through" diffusion, in/out diffusion) and give a
best estimate range for: Sr of 3 to 6-10 Mn3 kg-1.

A value of 1 O:M 3 kg-'. is chosen to apply to both hardened cement paste and
concretes. Most of the above results were obtained at pH-12.5 where Ca2*
concentrations (and hence the competitive effect on Sr sorption) is greatest.
The value is therefore considered to be conservative and to apply to all three
regions. As with Cs, the type of ballast chosen for conerete can potentially in-
fluence the somfion of Sr in a positive way. (The most likely sorption mechan-
ism for Sr is ion exchange, hence the potential dependence on the ballast ma-
terial). -

BAYLISS etal. (1989) have measured distribution ratios for Ra on hardened
sulphate-resisting cement paste at low concentrations. (The equilibrium con-
centrations were certainly << 10-8 M but could not be calculated from their data
since the liquid to solid ratio was not given.) The sorption is significant. Rd
ranging in value from 5-10-2 to 5-10-' m kg-'. There appears to be a slight, but
by no means conclusive, concentration dependency. These results, when com-
pared with those for Sr. seem at first sight to be rather surprising since from a
chemical point of view Ra and Sr are expected to behave very smilady and to.
sorb by the same (cation exchange) rr.chanisM.,We can offer no definiti.e ex.-;
planation for this i•dfere`nce in behalviourexcept to note that the equilibrium



RESPONSE TO RAI COMMENT 51
ROADMAP TO REFERENCES

REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
Bradbury and Sarott (1995) Excerpt enclosed following response. Tc Kd = 1OE-3 m3 /kg = 1000 ml/g
Cook and Fowler 1992. Appendix D Other Word search Of Cook et a!. 0. 0)" verified
(WSRC-RP-92-1360) that Appendix D of Cook and Fowler
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al. [2005]).
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A-13 WSRC-RP-92-1360

Table A-1-2. Kd's (mL.g) assumed in the near-field model

- --.... - = .,,

Radionucide BackfiL.b Clay' Gravel Concrete' Saltstone.

H-3 0. 0. 0. 0. 0.2d

C-14 2.4' 0. 0. 5000. 5000.

Sc-79 47. 20. 0. 7! 7!

Sr-90 + d 10W 10. 0. 10. 10.

Tc-99 0.36' 2.2 0. 700.' 700.d

Sn-126 + d 100 0. 0. 500. 500.

1-129 0.6 t 3. 0. 30. 30.

Cs-137 + d 100W 100. 0. 2. 2.

Pu-238 100! 1000. 0. 5000. 5000.

Am-241 150. 1800. 0. 5000. 5000.

Nitrate 0. 0. 0.
•.= . ..- ,-

d

a
fA

NEA Sorption Data Base 1989.
Values apply to native soils also.
Allard (1985).
MINTEQ calculations.
McIntyre 1988.
Based on apparent diffusion coefficient for sulfate.
Hoeffner 1984.
Iooney et al. 1987.

Rev. 0
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ABSTRACT Cementitious waste forms (CWFs) are an important component of the strategy to stabilize

high-level nuclear waste resulting from plutonium production by the U.S. Department of Energy (DOE).

Technetium (99Tc) is an abundant fission product of particular concern in CWFs because of the high

solubility .and mobility of Tc(VII), pertechnetate (TcO 4-) the stable form of technetium in aerobic

environments. CWFs can more effectively immobilize 99Tc if they contain additives that reduce mobile

TcO 4- to immobile Tc(IV) species. The 99Tc leach rate of reducing CWFs that contain Tc(IV) is much

lower than for CWFs that contain TcO4-. Previous X-ray absorption fine structure (XAFS) studies

showed that Tc(IV) species were oxidized to TcO 4- in reducing grout samples prepared on a laboratory

scale. Whether the oxidizer was atmospheric 02 or NO3- in the waste simulant was not determined. In

actual CWFs, rapid oxidation of Tc(IV) by NO 3- would be of concern, whereas oxidation by

atmospheric 02 would be of less concern due to the slow diffusion and reaction of 02 with the reducing

CWF. To address this uncertainty, two series of reducing grouts were prepared using TcO 4-containing



waste simulants with and without N0 3 . In the first series of samples, referred to as "permeable

samples", the TcO 4- was completely reduced using Na 2S, and the samples were sealed in cuvettes made

of polystyrene, which has a relatively large 02 diffusion coefficient. In these samples, all of the

technetium was initially present as a Tc(IV) sulfide compound, TcS×, which, was characterized by

extended X-ray absorption fine structure (EXAFS) spectroscopy. The EXAFS data is consistent with a

structure consisting of triangular clusters of Tc(IV) centers linked together through a combination of

disulfide and sulfide bridges as in MoS 3. From the EXAFS model, the stoichiometry of TcS, is Tc 3S10,

and TcSx is presumably the compound generally referred to as Tc2 S 7 . The TcSx initially present in the

-permeable samples was steadily oxidized over 4 years. In the second series of samples, called

"impermeable samples", the TcO 4- was not completely reduced initially, and the grout samples were

sealed in cuvettes made of poly(methyl methacrylate), which has a small 02 diffusion coefficient. In the

impermeable samples, the remaining TcO4 - continued to be reduced, presumably by blast furnace slag in

the grout, as the samples aged. When the impermeable samples were opened and exposed to

atmosphere, the lower-valent technetium species were rapidly oxidized to TcO 4-.

MANUSCRIPT TEXT

Introduction Remediation of the sites used by the U. S. Department of Energy (DOE) for plutonium

production is one of the most expensive and complex remediation projects in the U. S.1,2 An important

component of this effort is the use of grout based cementitious waste forms (CWFs) at the Savannah

River Site to solidify and stabilize the low-activity waste stream and to stabilize the waste residues in

high-level tanks. 3-6 The long-term effectiveness of these measures to prevent the migration of

radionuclides is described by performance assessments that depend on the leach rates of the

radionuclides. 3'5','7 99Tc is one of the radionuclides of greatest concern for leaching from CWFs because

of the high mobility and lack of sorption of Tc(VII), pertechnetate (TcO 4 -), the most stable form of

technetium under aerobic conditions.8' 9

2
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Results and Discussion

EXAFS studies of initial technetium speciation. A prerequisite for investigating, the long-term

behavior of technetium in grout is identifying which technetium species are present. While it is obvious

that TcO 4- will be present under oxidizing conditions, 35 the species present under reducing conditions

are less obvious. The hydrous Tc(IV) oxide, TcOz2 2H 20, results from the reduction of TcO4- in the

absence of other ligands both in solution and in grout samples.1 5'36 In addition, sulfide, either BFS or

added to the grout as Na 2S, reduces TcO 4- to a lower-valent technetium sulfide species thought to be

similar to TcS2.15 Interestingly, the reaction of sulfide with TcO 4- in alkaline solution is a known route

to Tc2S 7,37 which is generally believed to be the technetium species present in reducing CWFs. 16,3.7

While these results appear to be contradictory, the inconsistency is largely due to the Tc(VII) oxidation

state implied by the. stoichiometry of Tc2S7. If Tc2S 7 is not actually a Tc(VII) sulfide complex but a

lower-valent disulfide complex, no contradiction exists between these previous studies. Although Tc 2 S 7

is generally assumed to be a.Tc(VII) compound, this assumption has never been examined.14

To identify the technetium sulfide species present in reducing grouts, the Tc K-edge EXAFS spectra of

the permeable samples were examined shortly after they were prepared. Only these samples contained a

single technetium species. All other samples, including these samples at later times, contained more

than one species. The permeable samples initially had identical Tc K-edge EXAFS spectra, as shown in

Figure 2. The parameters derived by fitting the spectra are listed in Table 2. Therefore, in addition to

containing only one technetium species, all of these samples contain the same technetium species,

which will be referred to as TcSx.

9



Table 2: Initial technetium coordination environment in the permeable samplesa

Scattering Sample
Atom 1b 2 3 4 All datac

S

N d

R(A)e

7.3(5)

2.379(5)

7.6(6)

2.376(6)

7.0(5) 7.4(6)

2.381(5), 2.380(5)

7.4(2)

2.378(2)

0.0111(7) 0.0118(9) 0.0113(7) 0.0121(8) 0.0117(3)

Tc R(A )e

N d

R(A )e

1.9(4)

2.771(4)

0.007(1)

1.8(5)

2.771(5)

0.007(1)

3.3g

3.83(3)Tc 3.80(4)

Nqd

R(A) e
Tc

S

NAd
R(,A)e

c 2 (-A2)f

0.7(2)

4.30(3)

0.006(2)

11(11)

4.48(3)

0.02(1)

0.4(7)

0.6(2)

4.28(2)

0.005(2)

6(6)

4.47(3)

0.02(1)

0.8(8)

0.096

1.6(4)

2.779(5)

0.007(1)

0.3g

3.83(3)

0.004g

0.7(2)

4.29(2)

0.004(1)

6(6)

4.48(3)

0.01(1)

0.6(7)

0.7(1)

4.30(3)

0.004(2)

6(5)

4.49(3)

0.01(1)

0.5(8)

1.7(4)

2.776(5)

0.007(1)

0.38
3.86(3)

1.8(2)

2.774(2)

0.0071(5)

0.4g
3.84(l)

0.6(1)

4.30(1)

0.006(1)

5(2)

4.47(1)

0.012(4)

0.7(3)

0.102
by fitting the

AEo

Rh 0.078
a) The number in parentheses is

0.082
the standard deviation of the

0.085
parameter obtained

EXAFS data. In comparison to crystallographic data, N differs by up to 25%, and in R by 0.5%.
b) The best model for the EXAFS spectrum of sample 1 did not include the Tc shells at 3.82 and

4.31 A, but this model is included for comparison with the other samples.
c) All data fit simultaneously-using a single set of parameters.
d) N: number of neighboring atoms.
e) R: distance from the scattering atom to the technetium center.
f) 2. Debye-Waller parameter, the amount of disorder in the distance to the neighboring atoms.g) Parameter determined from the corresponding parameter in the following shell.

h) R-factor (Z(yj(data) - yi(fit))2 /I(yi(data))2) /2

10
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Figure 2: Tc K-edge EXAFS spectra (left) and their Fourier transforms (right) of the technetium species

initially present in grout samples prepared by reducing the TcO 4- with excess sodium sulfide. Data is

shown as dots and the fits are shown as lines (Fit range: k = 2 to 13.3 A-'; R = 1 to 4.5 A). Sample

numbers are indicated next to the traces.

The coordination environment of TcSx can be described by considering the first two and last three

coordination shells separately. The first two coordination shells, which comprise the largest features in

the Fourier transfonns, consist of -7 sulfur neighbors at 2.37 A and 2 technetium nearest neighbors at

2.77 A. These distances and coordination numbers are similar to those of the molybdenum sulfide

complex, Mo3 (01 3-S)(S 2)62-, shown in Figure 3, in which each molybdenum center has 7. sulfur and 2

molybdenum neighbors at 2.44 and 2.72 A, respectively. 38 The Mo 3(1 23-S)(J,_-S2)3 core of this complex,

without the triply bridging sulfide, forms the building block of the MoS 3 structure, 39 which has an

EXAFS spectrum similar to that of TcSx.40 '41 The nearest neighbor environments in both compounds

are analogous; in MoS 3, each molybdenum center has -6 sulfur neighbors at 2.44 A and 2 molybdenum

neighbors at 2,75 A. The similarities of the distances and coordination numbers of the first two

11



coordination shells of MoS 3 , Mo 3S($ 2)6 2- and TcSx strongly suggest that the TcS, structure contains the

same triangular core, Tc 3(23-S)(ýI-S 2)3S6 as.shown in Figure 3. Furthermore, the 2.77 A Tc-Tc.distance

is typical for such a triangular complex composed of seven-coordinate metal centers; analogous

triangular complexes with six-coordinate metal centers have substantially shorter metal-metal

distances.42

Mo 3(4,3 -S)(S2)62- Tc3(qa3 -S)(S 2 )3 S6 core Tc3 S2 (S 2 )4 ("TcSx").

Figure 3: Structures of Mo3(23-S)(S 2)6
2.-, the proposed structure of the analogous Tc3 (t3_-S)(S 2 ) 3S 6 core

that forms the building block of TcSx, and the proposed structure of TcSx (only a portion of the

extended structure is illustrated). Metal atoms are illustrated by solid circles, sulfur atoms are depicted

by open circles.

The last three coordination shells give rise to the small features at higher R in the Fourier Transform.

The uncertainty in the assignments of these last shells is much greater than for the first two shells except

for the additional sulfur atoms at 4.5 A, which much be present in the Tc3(-t 3-S)(S2)3S6 core. In addition

to the additional sulfur atoms, each technetium has a next-nearest technetium neighbor at either 3.8 A

(-1/3 of the technetium centers) or 4.3 A (-2/3 of the technetium centers). The two different Tc-Tc

distances suggest that different ligands bridge the technetium centers. Since the presence of 7 first shell

sulfur neighbors requires that each technetium center has two sulfur atoms capable of bridging adjacent

technetium centers, possible identities of the bridging ligands are two bridging sulfide (or hydrosulfide)

ligands or an edge-bound disulfide similar to the bridging disulfide of the Tc3(2t3-S)([t-S 2)3 cluster

12



without the Tc-Tc bond. The Tc-Tc distance of two technetium centers symmetrically bridged by an

edge-bound disulfide ligand would be close to 4.3 A. In a similar copper complex,43 two Cu centers are

separated by 4.03 A, but the Tc-S bonds in TcSx are 0.l A longer than the Cu-S bonds. Moreover, the

S-S distance of the disulfide bridge, determined from the Tc-Tc and Tc-S distances, must be 2.0 A,

typical for a bridging disulfide. 38 ,'43 For these reasons, the 4.3 A Tc-Tc distance is assigned to two Tc

centers symmetrically bridged by a disulfide ligand.

The 3.8 A Tc-Tc distance could be due to. either two bridging sulfide or hydrosulfide ligands. If the Tc

and S atoms are coplanar, the Tc-Tc and Tc-S distances produce a Tc-S-Tc angle of 109'. Although
/

few families of complexes exist in which the parameters for bridging sulfide and hydrosulfide ligands

can be compared directly, .a M-S-M angle of 1090 is more typical of a bridging sulfide than, of a.

hydrosulfide, which generally have M-(SH)-M angles of -1600. 4 44 6 For this reason, the 3.8 A Tc-Tc

distance is assigned to two Tc centers symmetrically bridged by two sulfide ligands. Overall, the

EXAFS data is consistent with a TcSx structure composed of triangular TC3 (l -S)(lt-S 2)3 clusters linked

by either bridging disulfide or by two bridging sulfide ligands as shown in Figure 3.

Although the assignments of the last two technetium scattering shells in the EXAFS spectrum of TcSx is

much less certain than the assignments of the other three shells, the resulting model provides the best fit

to the data as judged by the reduced 72 value. In addition, the resulting bond distances can be

interpreted in a chemically meaningful and reasonable manner. For these reasons, the model that best

describes the EXAFS spectrum of TcSx is the one given in Table 2 and shown in Figure 3.

The structure of TcS× has a stoichiometry of Tc3S2($2)4 or Tc3S]O, which is almost identical to the

stoichiometry of TcS 3.2 determined for "Tc 2S 7" prepared under similar conditions. 37  Since the

conditions used to prepare grout samples are analogous to those used to prepare Tc2S7, it seems likely

13



that TcSx and Tc 2S7 are the same compound. However, the technetium centers in TcS, are clearly not

heptavalent. From the EXAFS model, TcSx would be a Tc(IV) compound, which is consistent with its

Tc-K edge absorption energy, 6.5 eV below that of TcO 4 . For comparison, the energies of the Tc-K

edges of Tc(IV) complexes with oxygen coordination shells occur at -5.5 eV below that of TcO 4 .7

Consequently, the technetium sulfide species present in reducing containing grouts, TcSx, appears to be

Tc2S 7 as previously suggested;16"37 however, the technetium centers in TcSx are most likely tetravalent

in agreement with the previous XAFS study.15

Evolution of technetium speciation determined by XANES spectroscopy. The speciation of

technetium in the grout samples was determined by least squares fitting of the.XANES spectra using the

XANES spectra of TcO 2"2H20, TcO 4-, and TcSx as components. This method is analogous to those

previously described by Ressler et al. and Panak et al., which have been shown to yield quantitative

speciation information assuming that appropriate, correctly calibrated standards are employed.47'48 The

results for the evolution of technetium speciation in the permeable and impermeable samples is

addressed separately.

Permeable samples. As described in the previous section, the technetium, speciation of all the

permeable samples was initially identical since all samples contained only TcSx. However, as the

samples aged, their XANES spectra changed as shown in Figure 4, which also shows the deconvolution

of the XANES spectrum of a 45-month-old Sample. The mole fraction of TcO 4- in these samples is

shown in Figure 5 as a function of the age of the sample. The scatter of the data shown in Figure 5 is

much greater than. the standard deviation of the measurement and will be discussed below.

Unfortunately, this large degree of scatter results in a correspondingly large uncertainty in the rate of

oxidation of Tc(IV) in these samples. However, Figure 5 shows thatN03- does not play a major role in

the oxidation of Tc(IV) in these samples since the degree of oxidation of all samples is approximately

equivalent despite the fact that samples 2 and 4 do not contain N0 3 .

14
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Table A-8. Distribution Coefficients (Kd in cm 3/g)

Nuclides

N03
Al-26
Am-243

Np-239
Pu-239
Pu5-239

Bi-210
Po-210

C-14
Cf-249

Cm-245
Pu-241
Pu5-241
Am-241
Np-237

Cl-36
Cm-245

Pu-241
Pu5-241
Am-241
Np-237

Cm-246
Cm-247

Am-243
Np-239
Pu-239
Pu5-239

Cm-248
Pu-244
Pu5-244

Cs-135
Cs-137
H-3
1-129

.K-40
Mo-93

Nb-93m
Nb-94
Nb-95m

Nb-95
Ni-59
Np-237
Pd-107
Pu-238

Pu5-238
U-234

Pu-239
Pu5-239
U-235

Pu-240
Pu5-240
U-236

Pu-241
Pu5-241
Am-241
Np-237

Pu-242

Soil

0. OOE+00
4. 0OE+01
1. 90E+03
5. OOE+00
3. 70E+02
1. 50E+01
4. 50E+02
1. 50E+02
2. 0OE+00
5. 10E+02
4.OOE+03
3.70E+02
1. 50E+01
1. 90E+03
5. 00E+00
0. OOE+00
4. OOE+03
3. 70E+02
1. 50E+01
1. 90E+03
5. 0OE+00
4. OOE+03
4. OOE+03
1. 90E+03
5. OOE+00
3. 70E+02
1. 50E+01
4. OOE+03
3. 70E+02
1. 50E+01
3. 30E+02
3. 30E+02
0. OOE+00
6. OOE-01
3. OOE+00
3. OOE+00
1. 60E+02
1. 60E+02
1. 60E+02
1. 60E+02
4. OOE+02
5. OOE+00
5.50E+01
3. 70E+02
1. 50E+01
8. OOE+02
3. 70E+02
1. 50E+01
8.,OOE+02
3. 70E+02
1. 50E+01
8. OOE+02
3.70E+02
1. 50E+01
1. 90E+03
5. OOE+00
3.70E+02

Drain

0. OOE+00
4. OOE+01
1. 90E+03
5. 00E+00
3. 70E+02
1. 50E+01
4. 50E+02
1. 50E+02

2. OOE+00,
5. 10E+02
4. OOE+03
3.70E+02
1. 50E+01

1. 90E+03
5. OOE+00
0. OOE+00
4. 00E+03
3.70E+02
1. 50E+01
1. 90E+03
5. OOE+00
4. OOE+03
4. 00E+03
1. 90E+03

5. OOE+00
3.70E+02
1. 50E+01
4. OOE+03
3. 70E+02
1. 50E+01
3. 30E+02
3.30E+02
0. OOE+00
6. OOE-01
3. OOE+00
3. OOE+00
1. 60E+02
1. 60E+02
1. 60E+02
1. 60E+02
4. OOE+02
5. OOE+00
5. 50E+01
3.70E+02
1. 50E+01
8. OOE+02
3. 70E+02
1. 50E+01
8. OOE+02
3.70E+02
1. 50E+01
8. OOE+02
3. 70E+02
1. 50E+01
1. 90E+03
5. OOE+00
3.70E+02

Clay

0. OOE+00
0. OOE+00
8. 40E+03
5. 50E+01
6. 50E+03
.5. OOE+01
1. 20E+04
3. OOE+03
1. OOE+00
8. 40E+03
6. OOE+03
6. 50E+03
5. OOE+01
8. 40E+03
5. 50E+01
0 OOE+00
6. OOE+03
6.50E+03
5. OOE+01
8. 40E+03
5.50E+01
6. OOE+03
6. OOE+03
8. 40E+03
5. 50E+01
6. 50E+03
5. OOE+01.
6. OOE+03
6. 50E+03
5. OOE+01
1. 90E+03
1. 90E+03
0. OOE+00
1. OOE+00
5. OOE+00
1. 30E+01
9. OOE+02
9. OOE+02
9. OOE+02
9. OOE+02
6. 50E+02
5. 50E+01
2. 70E+02
6. 50E+03
5. OOE+01
1. 60E+03
6. 50E+03
5. 0OE+01
1. 60E+03
6. 50E+03
5. OOE+01
1. 60E+03
6.50E+03
5. OOE+01
8.40E+03
5.50E+01
6.50E+03

Saltstone

0.OOE+00
2.OOE+01
5.OOE+03
5.OOE+03
5 .OOE+03

5. OOE+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
2. OOE+01
2. OOE+01
0 OOE+00
2. OOE+00
2. OOE+00
1. OOE+00
5. OOE+02
5. OOE+02
5. OOE+02
5. OOE+02
1. OOE+02
5. OOE+03
1 OOE+02
5. OOE+03
5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
2. OOE+03
5. OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03

Concrete

0.OOE+00
2.OOE+01
5.OOE+03
5. 0E+03
'5.OOE+03

5. OOE+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+03
5. OOE+03
5 00E+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
2. OOE+01
2. OOE+01
0 .OOE+00

2. OOE+00
2. OOE+00
1 OOE+00
5.OOE+02
5.OOE+02
5.OOE+02
5.OOE+02
1.OOE+02
5.OOE+03
1.OOE+02
5.OOE+03
5.OOE+03
2.OOE+03
5.0 0E+03
5.OOE+03
2.OOE+03
5.OOE+03
5.OOE+03
2.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
5.OOE+03
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1.50E+01
8. OOE+02
3. 70E+02
1. 50E+01
5. OOE+02
5.50E+01
3. 60E+01

1. 30E+02
1. OOE+01
1.OOE-01
3.20E+03
5. OOE+02
3.20E+03
5. OOE+02
4. 50E+02
3.20E+03
5. OOE+02
2.70E+02
1. 50E+02
3.20E+03
5. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
2.70E+02
1. 50E+02
8. OOE+02
5 .50E+02

4. 50E+02
3. 20E+03
5. OOE+02
8. OOE+02
8 . OOE+02
3. 20E+03
8. OOE+02
6. OOE+02
1. 60E+02
6. OOE+02
1. 60E+02

1. 50E+01
8. 00E+02
3. 70E+02
1. 50E+01
5. OOE+02
5. 50E+01
3. 60E+01
1. 30E+02
1. OOE+01
1. OOE-01
3.20E+03
5. OOE+02
3.20E+03
5. OOE+02
4. 50E+02
3.20E+03
5. OOE+02
2.70E+02
1. 50E+02
3.20E+03
5. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3. 20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
2. 70E+02
1. 50E+02
8. OOE+02
5. 50E+02
4. 50E+02
3. 20E+03
5. OOE+02
8. OOE+02
8. OOE+02
3. 20E+03
8. OOE+02
6. OOE+02
1. 60E+02
6. OOE+02
1. 60E+02

5. OOE+01
1. 60E+03
6. 50E+03
5. OOE+01
9. 10E+03
2. 70E+02
7. 60E+01
6. 70E+02
1. 10E+02
1. OOE-01
5. 80E+03
9. 10E+03
5. 80E+03
9. 10E+03
2. 40E+03
5. 80E+03
9. 10E+03
5. 50E+02
3. OOE+03
5. 80E+03
9. 10E+03
5. 80E+03
9. 10E+03
1. 60E+03
5. 80E+03
9. 10E+03
1. 60E+03
5. 80E+03
9. 10E+03
1. 60E+03
5. 80E+03
9. 10E+03
5. 50E+02
3. OOE+03
1. 60E+03
2. 70E+03
2. 40E+03
5. 80E+03
9. 10E+03
1. 60E+03
1.60E+03
5. 80E+03
1. 60E+03
3.30E+03
9. OOE+02
3. 30E+03
9. OOE+02

5. OOE+03
2. OOE+03
5. OOE+03
5. OoE+03
5. OOE+01
5. 50E+01
1. OOE-01
1. OOE+03
1. OOE+00
1. OOE+03
5. 00E+03
5. OOE+01
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+03
5.0 0E+01
5. OOE+02
5. OOE+02
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2. 00E+03
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5.0 0E+01
5. OOE+02
5. 00E+02
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
2.0 0E+-t03
5. OOE+03
2. OOE+03
5.0 0E+03
5. OOE+02
5. OOE+03
5. OOE+02

5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+01
5.50E+01
1 OOE-01
1. OOE+03
1. OOE+00
1. OOE+03
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5.. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. 00E+01"
2. OOE+03
2.0 0E+03
5. 00E+03
2.OOE+03
5.0 0E+03
5. OOE+02
5. OOE+03
5. OOE+02
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that the same solid phase in each case'was ultimately determining the solubility
limit. Sn solubilities were not affected by the range of redox conditions examin-
ed. Solubility results presented in a later paper (BAYLISS et al. 1991) suggest
that cassiterite (Sn0 2) may be the solubility limiting phase with a solubility limit
in the range 10-V to 10-6 M, i.e. a different, and lower solubility limit than in their

earlier paper.

It appears from this work that tetravalent Sn is stable under repository conditi-
ons. By analogy with the tetravalent actinides and Zr, plus the tendency of Sn"
to form very strong hydroxy complexes, significant sorption for Sn on cementi-
tious materials(, is to be expected. On this basis and the measurements of
BAYLISS et al.. (1989), we have selected a conservative Rd(Sn) of 1 n 3 kg-1 for
regions I and II falling to 10-1 m3 kg-' in region ll (see section 5.1) with no redox
dependency.

5.2.10 Technetium

Sorption data for Tc on cementitious materials are sparse. Under oxidising
conditions, distribution ratios of TcO4" in the range 10-3 to 10-2 r 3. kg-1 have
been reported (see for example ALLARD et al. 1985). We have selected a
value of 10-3 m3 kg-1 for regions I and II and zero for region Ill.

Under "reducinge conditions technetium is present as hydrolysed Tc (IV) spe-
cies and the scilubility limit over technetium dioxide has been measured to be
-10-7 M (PILKINGTON 1990). In some recent work, using-Tc (IV) at trace levels
(<10-11 M) and sodium dithionite as reducing agent, distribution ratios'm f -5
m3 kg-1 have been reported (BAYLISS et al. 1991). For similar reasons as those
given for Sn, Tc might be expected to sorb strongly under reducing conditions
at high pH. As at conservative value we select a distribution ratio under reducing
conditions of I m3 kg-' for region I and II, falling to 10-1 m3 kg-1 in region III (see
section 5.1).

5.2.11 Selenium, Palladium and Molybdenum

No sorption data at all could be found for Se, Pd and Mo in cement systems.

Under the redox and pH range appropriate to the repository Se and Mo are
likely to exist predominantly as anionic species (SeO4

2-/SeO? -/HSe" and



RESPONSE TO RAI COMMENT 52
ROADMAP TO REFERENCES

REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
Bradbury and Sarott (1995) Excerpt enclosed following response. Conservative Tc Kd = 1OE-3 m3ikg 1000

Bradbury and Sarott (1995) Excerpt enclosed following response. Tc Kd = IOE-3 m`/kg = 1000 ml/g
Cook and Fowler 1992, Appendix D of (1] Excerpt enclosed following response. Appendix d, Sections D.2 and D.3.2: Tc
(WSRC-RP-92-1360) K_ = 880 mL/g
Cook et al. 2005 (WSRC-TR-2005-00074) Excerpt enclosed following response. Tc I. = 1000 cm3/g = 1000 ml/g

I Table A-8
Response to RAI Comment 50, Table 50-2 Other See RAI 50, Table 50-2
Response to RAI Comment 50, Table 50-1 Other See RAI 50, Table 50-1 Tc Kd = 700 ml/g

*Excerpt Locations:
1. Excerpt included within response: The excerpt is included within the text of the response or is appended to the response.
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely

applicable are enclosed following the response.
4. Other
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that the same solid phase in each case was ultimately determining the solubility
limit. Sn solubilities were not affected by the range of redox conditions examin-
ed. Solubility results presented in a later paper (BAYLISS et al. 1991) suggest
that cassiterite (SnO2) may be the solubility limiting phase with a solubility limit
in the range 100 to 10-6 M, i.e. a different, and lower solubility limit than in their
earlier paper.

It appears from this work that tetravalent Sn Is stable under repository conditi-
ons. By analogy with the tetravalent actinides and Zr, plus the tendency of Sn4+
to form very strong hydroxy complexes, significant sorption for Sn on cementi-
tious materials is to be expected. On this basis and the measurements of
BAYLISS et al. (1989), we have selected a conservative Rd(Sn) of 1 m3 kg"1 for
regions I and II falling to 10-1 m3 kg-' In region.Ill (see section-5.1) with no redox
dependency.

5.2.10 Technetium

Sorption data for Tc on cementitious materials are sparse. Under oxidising
conditions, distribution ratios of TOO 4 In the range 10-3 to 10-2 m3 kg-1 have
been reported (see for example ALLARD et al. 1985). We have selected a
value of 10-3 m3 kg-1 for regions I and II and zero for region Ill.

Under 'reducing'. conditions technetium Is present as hydrolysed Tc (IV) spe-
cies and the aOlubllity.limit over technetium:dioxide has been measured to be
-10"4 M (PILKINGTON i990). In some recent work,-using-Tc (IV) attace levels
(<10-11 M) and sodium dithionite as reducing agent, distributionrato0s 6f -'5
m3 kg-1 have been reported (BAYLISS etal. .1991). For similar masons as those
given for Snr Tc might be expected to sorb strongly under reducing conditions
at high pH. As a conservative value we select a distribution ratio under reducing
conditions of 1 m' kg-1 for region I and II, falling to 10-1 m3 kg-' In region Ill (see
section 5.1).

5.2.11 Selenium, Palladium and Molybdenum

No sorption data at all could be found for Se, Pd and Mo in cement systems.

Under the redox and pH range appropriate to the repository Se and Mo are
likely to exist predominantly as anionic species (SeO4

2-/SeO3
2-/HSe" and
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D-1 WSRC-RP.92-1360

D.1 INDTODUCrION

One of the most important input parameters to the flow models used to simulate
transport of contaminants from the Saltstone Production and Disposal Facility (Z-Area)
vaults to the nearest point of compliance is the determination of a representative
pollutant fource term. The most representative source term for this purpose is the
resultant concentration of pollutants in the pore fluid within the saltstone grout matrix
following the geochemical interactions that occur after the wastewater feed solution and
the cementitious materials (cement, slag, and fly-ash) are mixed together. The predom-
inant transport pathway from the saltstone to the nearest point of compliance is
downward migration via fluids which have passed through the waste form and concrete
vaults and through the vadose zone into the saturated zone. The most representative
source terr for this transport pathway is the concentration of pollutants in the interstitial
fluids within the vadase zone immediately surrounding the saltatone vaults. This latter
source term estimate is based on the geochemical interactions that occur between the
saltstone pore fluid and the soil (sediments) immediately surrounding the Z-Area vaults.

This appendix provides an estimate of selected pollutant co=centrations in the
saltstone pore fluid obtained by using the MINTEQ computer code. Pollutant concen-
tration in interstitial fluids within the vadose zone are also estimated using the MINTEQ
code.

The MaINEQ code was selected for this geochemical evaluation because it is well
documented and generally accepted within the technical commumity. The MINTEQ code
was installed and tested on computers at both EG&G Idaho, Inc. and Westinghouse
Hanford Company. EG&G Idaho, Inc. studied the evolution of the pollutant contam-
ination witbin the saltstone pore fluid while Westinghouse Hanford Company studied the
pollutant contamination within the interstitial fluids in the vadose zone. The same
thermodynamic properties of chemical compounds and mineral species, published salt-
stone properties, and sediment composition at the Savannah River Site were used as the
data base for calculations conducted by both contractors.

Kaolinite, quartz, and iron compounds were assumed to be the major constituents
in the sediments surrounding the Z-Area vaults with which the saltstone pore fluid will
reamt

The pollutants secte for the initial source term evaluation are technetium-99,
tritium, and nitrate ion. There are other pollutants of interest present in the feed
solution which arc candidates for future evaluation. These are iodine-129, tin-126,
selenium-79, americium-241, and carbon-14.

Ro. 0



D-2 WSRC-RP-92-1360

D.t2 Background

The large concentration of dissolved solids in the feed solution (>300,000 mg/L) are
beyond solution concentrations normally used when the MINTEQ code is used to
calculate appropriate activity coefficients and solubilitie. Initial test runs were made to
evaluate the sensitivity of the MINTEQ code to these high concentration. The code
was used to calculate appropriate activity coefficients and solubilties of the pore fluid
in the saltstone grout matrix at the time the feed solution and the dry additives were
mixed. Results from the test rum showed that the MINTEQ code could be used with
reliability to determine the composition of pore fluids. Further, that activity coefficients
and solubility data are not as sensitive as previously thought to the high concentrations
of dissolved solids.

Movement of pore fluids through the saltstone matrix is controlled by advection and
diffusion. Leaching occurs both it the outermost surface of the saltstone matrix and
along the surface of cracks and facturs within the saltstone matrix. The data indicate
that the most significant leach rates will occur along the cracks and fractures in the
saltstone where the influx of water has the shortest residence time.

D.2 SUMMARY AND CONCLUSION

The nominal concentration of technetium-99 in the waste form is projected to be
25,000 pCi/g. Upon mixing with the cementitious materials a significant portion of the
technetium ks partitioned between the solid matrix (40,700 pCi/g) and the pore fluid
(46.3 pCi/mL). An estimated Kd of 880 ml.g was calculated for technetium in the
saltstone. The reaction of pore fluids with the sediments did not influence the
technetium concentration.

Results ishow that elemental sulfur present in blast furnace slag will react to form
sulfide species during the hydration of the saltstone- the sulfide is available to react with
technetium to form insoluble technetium sulfide (Tc,%) which significantly reduces the
technetium concentrations in the pore fluid from 46,300 pCi/L to 2.4 x 101 pCVL For
each 10 fold increase of HS- in the pore fluid the technetium concentration decreases
by a factor of 3,200. Results also show that a derease of I unit in pH rsults in an
decrease in technetium in the pore fluid by a factor of 32,000.

Initial tritium concentration in the waste form is projected to be 7,000 pCi/g. Upon
mixing with the cementitious materials the concentration of water in the pore fluid is
0.25 g&uL and the concentration of water in the hydrated cement is 0.177 g/g which
gives a calculated K& of 0.2 for tritium in the saltstone. The tritium concentration in the
pore fluid is 116,000,000 pCi/L The tritium concentration in the intertitial fluid within
the vadose zone was reduced slightly because some of the insoluble minerals that are
precipitated from solution are hydrated.
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D-3 WSRC-RP-92-1360

The total nitrogen (as NO;) in the waste water feed solution exceeds 150,000 mg/L
The loss of water into the saltstone from hydration causes the nitrate concentration in
the pore fluid to increase to more than 200,000 mg/L The nitrate concentration in the
interstital fluid within the vadose zone will decrease primarily due to the dilution of the
interstitial fluid by naturally occurring waters present in the vadose zone.

D.3 PORE FLUiD COMPOSrUON wrTIN SALISTONE

The partitioning of contaminants between the aqueous phase (pore fluid) and solid
matrix (hydrated cement) must be understood in order to understand the release of
on~mat from a saltstone waste form. The term sorption describes the partitioning

processes and is mathematically represented by the use of a distribution coefficient (U).
However, sorption does not occur by a single mechanism. The three mechanisms
important to calculating the hydration and pore fluid composition for saftstone are

1) Adsorption-

2) Precipitation -

3) Absorption -

The contaminant is partitioned between the solid surface and the
pore fluid. At low concentrations this adsorption can be linear
and reversible allowing the use of a Kd to represent partitioning.

The contaminant forms a separate solid phase or coprecipitates
into an existing solid phase. The aqueous concentration is
controlled by the solubility of this solid phase (i.e., the pore fluid
concentration is independent of the solid concentration).
Typically the solid phase has a very low solubility-, therefore, the
contaminants are effectively immobilized in the solid waste form.
The relationship between aqueous and solid concentration for
coprecipitated contaminants are related by kinetic and
thermodynamic considerations (Murphy and Smith 1989).
However, at low contaminant concentrations multiphase
thermodynamic equilbrium can be mathematically represented by
a K4 (Smith and Walton 1992).

This mechanism is important when calculating a source term for
tritium. During the hydration of cement water is taken up into
the cement paste, removing tritium from solution in proportion
to the total amount of water transferred into the solid phase.

In addlition to contaminants, the release of ions such as sulfate from the saltstone waste
form may lead to the degradation of the concrete vault. These releases need to be
understood in order to evaluate long-term contaminant'release performance. To quantify
the saltstone pore fluid composition, hydration calculations have been conducted to
1) determine the distribution of water between pore fluid and hydrated cement and
2) estimate the composition of the pore fluid. In addition, the distribution of water
between pore fluid and solid matrix can be used to estimate a distribution coefficient

Rftv 0
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o(K) for tritium. The results of hydration calculations are summarized below.

D3.1 Hyýkatien Calculation

The saltstone mix is composed of 3% Class II cement, 25% blast furnace slag,
25% Class F fly ash, and 47% Nominal Blend Salt Solution Feed (Heckrotte 1988). The
compositions of the four components of saltstone are given in Table D.3-1. As the
concrete waste form cures, water is taken up from the salt solution feed and incorporated
into the cenment mix by hydration, forming the solid matrix of the waste formL A portion
of the initji free water is incorporated into the solid matrix of the waste form; the
remaining water occurs as pore fluid. Ions that are not incorporated into the solid matrix
(e.g., nitrate, nitrite), are concentrated in the pore fluids. Table D.3-2 documents the
hydration of 100 g of the cement mixture. The compositions of the solid phases were
taken from Table 4 of Malek et aL (1985). The maximum extent of hydration was
estimated by assuming that

* SiCO2 and TiO2 do not consume water during hydration,
" A120 3 and Fe203 consume 3 mol of water per mol of oxide,'
* SO., reduces hydration by I mol of water per mol of oxide,
" Na2O and K2 0 dissolve into the pore fluid, and
" All other oxides consume I mol of water per mol of oxide.

The hydration process results in a 15.8 g (16%) increase in the mass of the solid matrix.
This value is consistent with the range given in Neville (1981). The total amount of salt
feed solution per 100 g of cement mixture is 88.7 g (2&4% total dissolved solids), of
which 63.5 g are free water and 25.2 g are salt. The hydration process results in the
transfer of 15.8 g of the free water into the solid matrix leaving 4 7.7.g of free water in
the pore fluid. The loss of free water results in an increase in the salt concentration in
the pore fluid to 34.6% (25.2 g/72.9 g ) total dissolved solids. The final distribution of
water is as follows: 47.7 g of free water in the pore fluids and 20.5 g of hydration water
in the solid matrix (4.7 g initially in the cement mixture plus 15.8 g from the salt feed
solution).

The density of the pore fluid is estimated to be 126g/ImL (34% sodium nitrate,
CRC Press (1987). Using this density the total volume of pore fluid per 100 g of cement
mixture (115.8 g hydrated cement) is calculated to be 57.8 mL (72.9 g/1.26 g/mL). The
concentration of water in the pore fluid is 0.825 g/mL (47.7 g/57.8 mL). The
concentration of water in the hydrated cement is 0.177 g/g (20.5 g/ 115.8 g). A
distribution coefficient (Yd) of 0.2 mI/g [(0.177 g/g)/(0.825 g/mL)] was estimated for
tritium based on the hydration calculations and the assumptions that tritium occurs as
tritiated water and that the isotope fractionation effects (Le., exchange of IH for 3M are
small.
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Table DI1. Composition of starting material for sultstone
frmation il weight perccen

=;mzz

SiO2

A120 3

1r102

Fe203

MgO

CaO

MnO

BaO

Na2O

Xo

So,

S

LOI(H 2C))

Salt

Total

Hydration
factor

0

3

0

3

1
1

1

1

-1

-1

Formulae
weight

60.09

101.96

79.90

159.69

40.30

56.08

70.94

153.34

61.98

94.20

80.06

32.06

18.02

Slag

34.70

10.70

0.51

0.41

11.90

39.37

0.54

0.05

0.25

0.55

Fly
ash

52.17

27.60

1.98

4-36

0.61

0.96

0.01

0.10

0.26

1.53

0.33

Portland
Cement

21.10

4.66

0.23

1.21

.64.55

0.16

0.02

0.11

0.34

2.50

0.86

Salt Feed
Solution

1.34

9.92 71.60

2&40

100.32 99.83 99.97 100.00
!

Composition of solids for Malek et al. (1985). Composition of salt feed solution for
Heckrotte (1988). Hydration factor and formula weights were used to calculate
hydration as described in text.
SgmoL
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Table D3-2Z Summary of salkstoe hydration calculations for a sulure of 47%
slt fi!d and 53% cement min. Compocds of 47.17% each of slag and fly ah

sad 5.66% of Portland cement. Normali to 100 g of cement in"

Salt feed
solution

cement
Mix

Sioz
A120 3
Tio 2

M8o

CaO

MnO

BaO

NaO

K20

So3

S

LOI(H20)

Salt

Total

42.14

1M32

1.19

2.49

5.97

22.66

0.27

0.07

0.25

1.00

0.30

0.63

4.72

Hydrated
cement

42.14

2&03

1.19

3.33

&63
29.94

0.34

0.08,

0.25

1.00

0.23

0.63

Pore
fluid

63.49

25.18

88.68

47%

47.71

25.18

72.89

3&6%

100.00

53%

115.79

61.4%

Compositions are from Table D-1.
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Given that the initial tritium loading of the saltstone is 7,000 pCi/g, the concen-
tration of 41 in the solid matrix and the pore fluid can be calculated. A total of
1,320,000 pCi of •H occur in 188.7 g of saltstone (115.8 g hydrated cement + 72.9 g pore
fluid). The partitioning of 3H is given by:

Total = MxC, +VxC.

Total q M0 xM,+V),
C, Total / (K x M + V)

= 16,000 pCI/mL = 16,000,000 pCUL and
C = 3,300 pCi/&.

where

Total is the total 3H (1,320,000 pCl),
M, is that mass of the hydrated cement (115.8 g),
C, is the concentration of 3H in the hydrated cement (pCi/g),
V, is the volume of pore fluid (57.8 ml), and
qI is the concentration of 3H in the pore fluid (pCi/mL).

D3.2 Concentration of Tecnediuma-99 and Nitratc in Salbtone Pore Fluids

Previous screening suggested that technetium and nitrate are the two contaminants
most likely to determine the overall performance of saltstone. For this reason,
geochemical calculations were conducted to estimate the pore fluid concentrations of
technetium, nitrate, and nitrite. The computer code MINTEQ was used to calculate an
equilibrium solution speciation and to evaluate degree of saturation with respect to
concrete mineral& Activity coefficients for aqueous species were calculated using the
B-dot method documented in Helgeson (1969). Thermodynamic data for complexes of
nitrate were taken from Smith and Martell (1976). Thermodynamic data for cement
phases were obtained from the compilation of Crisentia and Seine (1990). Modified salt
feed solution composition was calculated from the salt feed solution composition
(Heckrotte 1988) and the hydration calculations described above. The modified salt feed
solution composition was used as input for MINTEQ to calculate pore fluid composition.
Additionally, the aqueous NaAI(OH)4 was allowed to react via:

(1)
NaAI(OH).. i = Al(OH). + NaOH

AI(OH)M, refers to fully hydrated A1203 in the solid matrix and not to a particular pure
phase aluminum hydroxide. This adjustment to the pore fluid is based on the very low
aluminum concentration in saltstone pore fluids reported by Malek Ct aL (1987).

Equilibrium between the pore fluid and calcite, C3AH4 , C-S-H gel, and C3FH6 was
assumed in the MINTEO calculations.

Rev. 0
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where

C = CaO,
A = A120 3-
H = H•0,
S = SiO-, and
F = Fe203 (standard cement nomenclature).

The solid phases chosen for these'calculations were identified by x-ray diffraction in the
slag contafning cement mixes (Malek et al. 1987). The pH value was determined from
the hydroxide concentration and charge balance.

Calculations showed the pore fluid to be undersaturated with any aluminum sulfate
phase and with portlandite, and significantly undersaturated with aluminum and calcium
nitrates. Furthermore, hydration calculations similar to those described above conducted
for the 84-48 saltstonc mix of Malek et al. (1987) indicate that, within experimental
uncertainties, all nitrate and nitrite in saltstone occurs within the pore fluids. These
calculations differ from the x-ray diffraction analysis of Malek et a•• (19•7) who found
solid hydrated aluminum and calcium nitrates. A possible explanatioh for the difference
between the calculated results and the observations of Malek et al (1987) may be in
their preparation of saltstone samples for x-ray diffiaction. If the saltstone samples were
dried before analysis, the precipitation of soluble nitrate salts in the saltstone would be
expected.

The aluminum concentration of the pore fluid was buffered at extremely low
concentrations by equilibrium with the solid phases. As a result, the pore fluids are
essentially NaOH-NaNOS-NaNO 2 mixtures with a very high pH of 13.8 to 14.0 (see
reaction 1). The resulting composition for the pore fluid is presented in Table D.3-3.
Additionally, a N0 3" concentration is reported based on the stoichiometric oxidation of
NOj to N0o3 .

Under cxidi2ing conditions, aqueous technetium occurs in the heptavalent oxidation
state as the pertechnetate ion (TcO4). Many heptavalent technetium solids have high
solubilities leading to potentially elevated aqueous concentrations. In addition, as a
monovalent anion, TcO4 is only weakly sorbed by cementitious solids. The combination
of high solubility and low sorption can result in the release of significant amounts of
technetium from cementitious waste forms. To decrease release, a reducing agent, blast
furnace slag, was added to the saltstone formulation to immobilize TcO; as a
precipitated solid. Thermodynamic calculations using the MIRTEQ code indicate that
in slag cement, technetium is immobilized as a Tc (VII) sulfide. During the hydration
of blast furnace slag-cement, elemental sulfur in the slag (Angus and Glasser 1985) reacts
to form reduced aqueous sulfur species such as sulfide. The aqueous sulfide reacts with
TcO4" to form Tc2S7 (,). The over all reaction is given by

(2)6TcO," + 28S. + 8 OH" = 3Tc2•% + 7S0 42" + 4H20

Rev. 0
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Tabl D.3-3. Caldcated ipore fluid compim =uig MINrTEQ
the -f of the hyd on adadaion and equilibrium with
calitc C3AH* C-S-H gal, and CjFH. "Tc in calculated by

ismming equili-brm wit Tc,%.. w dzaibed in the U=t

Species

Na
co3

s04

NO"

NO;
OH"
0Ca2

SiOzjq

AIl'
K+

pH

Total N as NO;

Density

High sulfide

Stoichiornetric

mg/L

139,000

12,800

15,000

36,800

159,000

32,900
I

1

HS (mg/L) 9rc (pc/L)

A

11

9j,00

400

13.97

209,000

1.26

10

0.003

2.4 x 1048

46,30
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The TcAS, phase is very insoluble, limiting the TcO 4" concentration in pore fluids to very
low concentrations. To calculate the concentration of TcOj in the pore fluid, the
concentration of HS" is needed. Angus and Class (1985) report aqueous sulfide
concentration for slag cement ore fluids of up to 1100 mg/L for a mixture containing
97.5% slag. For a mixture containing 50% slag (similar to the saltstone mix) 12 mg/L
sulfide was reported (Angus and Glasser 1985). This value was used in conjunction with
the pore fluid to calculate concentrations of technetium. Additionally, a technetium
concentration was calculated by assuming that technetium and sulfide occurred in
solution in stoichiometric proportions (i.e., 2.7). The second concentration of technetium
is higher, and the total sulfide concentration is much lower. The resulting concentrations
of sulfide and technetium are presented in Table D.3-3.

Using the higher T6O4" concentration from Table D3-3, KI values for technetium
can be calculated. The total loading of "Tc in saltstone is 25,000 p.Ci/g. From the
hydration calculations the volume of pore fluid per gram of saltstone is 0306 mL
(57.8 mI/18&7 g). A total of 14 pCI (46,000 pCi/L x 0.000306 L) of technetium occurs
in the 0.306 mL of pore fluid. The remaining 24,986 pCi occurs in the 0.614 g of the
solid matrix, with a concentration of 40,700 pCi/g. Although the te3hnetium concen-
tration is limited by the solubility of Tc2S7, the solid and aqueous concentration can be
used to estimate a Kd of 880 mI./g [(40,700 pCI/g)/(46.3 pCI/mL)j for rTc in saltstone.

Technetium concentrations are insensitive to the variations in the total salt
concentration or to the selection of solid cement phases used in the equilibrium
calculations. The sensitivity of technetium concentration to pH and sulfide concentration
can be evaluated by examining the stoichiometry of the dissolution reaction

(3)
Tc2S7. + 8H20 - 2TcO4" + 7HS" + 9H÷ -

(4)
log[TcO4- - 0.5logQ - 3.5log[HS] + 4.5 pH

where log Q is a conditional equilibrium quotient (constant at constant ionic strength)
and brackets denote molal concentration. Examination of the coefficients in equation
(4) indicates that the concentration of TcO" decreases by a factor of 3,200 for each
10 fold increase in HS- concentration. An increase of pH by I unit results in an increase
in TcO4 concentration by a factor of 32,000.

For the case in which technetium and sulfur are related by stoichiometry, log [TcO4^]
is directly proportional to pH. Because the aqueous concentration of TcO64 is propor-
tional to pH, the value of KC for •Tc in saltstone calculated above will also be dependent
on pIL The dependency is calculated using this proportional relationship and the Kd of
880 in mL/g and is given by:

(5)log Kd I- 16.94. pH
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Hece, the K& of 880 mUg is conservative because the pore fluid pH will decrease over
time as NaOH is leached from the saltstone. In response to decreasing pH the K will
become larger.

The results of these calculations for technetium indicate that the concentration of
technetium in the pore fluid, and hence the release, is very sensitive to the presence of
aqueous sulfide. Because no direct measurements of sulfide arc available for saltstone
pore fluids, these calculations are subject to a great amount of uncertainty. In addition,
the thermodynamic solubility data for Tc2S7, are highly uncertain. If credit is to be taken
for formation of technetium sulfide, measurements should be made of sulfur speciation
in saltstone pore fluids; if possible, the solubility of Tc.,S should be measured in strongly
alkaline solutions. However, the tentative results presented here indicate that even in
the more conservative case, greater than 99.9% of the technetium in the saltstone waste
form is initially present in the solid matrix.

D.4 FLUID COMPOSrTONS IN SEDIMENTS OUTSIDE THE VAULT

The behavior of the saltstone fluid composition outside the vault was evaluated using
the MINTEQ geochemical code. Pore fluid compositions were reacted with the
unsaturated sediments surrounding the saltstone vaults. This model considers only
equilibriwum geochemical reactions, not transport and flow of the saltstone fluids.

D.4.1 Modeling Steps

Geochemical modeling was carried out by simulating the reactions between the pore
fluid calculated above and the unsaturated sediments surrounding the saltstone vaults.
All modeling was done at a temperature of 25"C; pertinent details of the modeling
conditions follow.

1) Solution is reacted with CO 2 gas at atmospheric pressre (10'" atm.). This is the
only gas likely to be present in this environment, because of the reducing
environment created in sediments by organic activity.

2) React solution with a sediment representative of that found in the Savannah River
Z-Area. Individual sediment components used were quart, kaolinite, gibbsite, and
an iron oxide phase.

3) Fine-tune results by eliminating saturated phases which are geologically
unreasonable. This last step should not bias the results if a competent geologist or
mineralogist evaluates the phases with respect to the probability of formation at
surface conditions.
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Results from the final solutions using the steps outlined above are shown below.

D.4.2 Intitclom with the Sedment

The composition of the pore fluid in equilibrium with the grout phases, as described in
Sect. D.3, was reacted with mineral phases in the unsaturated zone. Reaction of the
evolved pore solution (Table D.3-3) with CO2 in the unsaturated zone reduces the pH
from 13.78 to 7.32

The pore fluid changed very little afte reacting with the soil minerals. A small
amount of diaspore was precipitated, reducing the aluminum concentration in the
interstitial fluid. Presence of an iron oxide or iron hydroxide phase has very little effect
on the precipitated phases or intensive parameters (i.e., pH, Eh). Further, the specific
composition of the iron phase did not substantially ehange the composition of the reacted
solution or the composition or quantity of the precipitated minerals. A small amount of
the iron phase dissolved, adding iron to the reacted solution. This is present almost
totally as ferric iron. The amount of dissolved iron varies according to what iron phase
is chosen.

The composition of the pore solution after reacting with unsaturated zone minerals
and CO2 is presented in Table D.4-1, along with the amount of the precipitated phase.
Speciation of the pore solution is presented in Table D.4-2.

In summary, reaction with iron minerals increased the concentration of iron in
solution frorm nearly zero to 3 ppb. The concentration of the three primary pollutants,
"Tic, tritium, and nitrate do not substantially change in the interstitial fluid during
communication with the unsaturated zone minerals. The precipitation of diaspore
(AIO*O-HII, would attenuate tritium to a small degree, but the amount is insignificant.
The concentration of all three pollutants will decrease in the interstitial fluid due to the
dilution by naturally occurring water present in the vadose zone.
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Tale D.4-L Composition of interstitual fluid after reaction with unuatumat
mome minerals, and type and amount of precipiated solids

Spexie FS- (ms,) "9o
mng/L (PC,/L)

Na~ +139,000

CPý 12,800
SO.41 15,000

NO2- 36,800

NC- 159,000

OR 32,900

Cap. 1

SiCO.I 1I

Al'+ 4.4 x 10 E-04

K+ 9,800

NH'4  400

pH 7.32

Towl N as NO; 209,000

Density 1.26

High sulfide 10 2.4 x 10-

0.003 46,300
Stoichiometric

Precipitate (maJL)

Digaspore 25.
,=am=...
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Tabe D.4-2. Poctag daniution of coupomts In reacted intcntitial fluid

U

Component Percentage Species Component Percentage Species

Na

K

H4SiO4

Ns-4

89.5
7.8
2.6

98&1

1.9

983
1.7

32.4
65-5

1.9

97.1
2.7

Na
NaNOS
NaSO;

K
KsO"

H4SiO4HISiO4"

NaSO,,

KSO4

NH4
NH 4504'

AJ

NO,

003

100

83.4
16.6

60.3
37.9

97
1.6

AI(OH)4"

NOS
NaNOý,

NaHCO3.,-H•CO;"

CaCOI,
caso4

100 S

Ca

Fe+3

Fe+2

1.4, FcOH4,
33.1 FeOH 2
65.5 FeOH3

97.5 FC+2
2.4 . FeSO.,

NO2 100 NO2

-
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Table A-8. Distribution Coefficients (Kd in cm 3/g)

Nuclides

NO3
AI-26
Am-243

Np-239
Pu-239
Pu5-239

Bi-210
Po-210

C-14
Cf -249

Cm-245
Pu-241
Pu5-241
Am-241
Np-237

C1-36
Cm-245

Pu-241
Pu5-241
Am-241
Np-237

Cm-246
Cm-247

Am-243
Np-239
Pu-239
Pu5-239

Cm-248
Pu-244
Pu5-244

Cs-135
Cs-137
H-3
1-129
K-40
Mo-93

Nb-93m
Nb- 94
Nb-95m

Nb-95
Ni-59
Np-237
Pd-107
Pu-238

Pu5-238
U-234

Pu-239
Pu5-239
U-235

Pu-240
Pu5-240
U-236

Pu-241
Pu5-241
Am-241
Np-237

Pu-242

Soil

0. OOE+00
4.00E+01
1. 90E+03
5.00E+00
3.70E+02
1.50E+01
4.50E+02
1. 50E+02
2.00E+00
5. 10E+02
4. OOE+03
3.70E+02
1. 50E+01
1. 90E+03
5. 00E+00
0. 00E+00
4. 00+E03
3.70E+02
1.50E+01
1. 90E+03
5.00E+00
4.00E+03
4.00E+03
1.90E+03
5. 00E+00
3.70E+02
1. 50E+01
4.00E+03
3.70E+02
1.50E+01
3.30E+02
3.30E+02
0.00E+00
6. 00E-01
3.00E+00
3. 00E+00
1. 60E+02
1.60E+02
1. 60E+02
1. 60E+02
4. 00E+02
5. 00E+00
5. 50E+01
3.70E+02
1. 50E+01
8. 00E+02
3.70E+02
1.50E+01
8. 00E+02
3.70E+02
1.50E+01
8.00E+02
3.70E+02
1.50E+01
1.90E+03
5. 00E+00
3.70E+02

Drain

0.00E+00
4 .00E+01
1. 90E+03
5. 00E+00
3.70E+02
1. 50E+01
4. 50E+02
1. 50E+02
2. 00E+00
5. 10E+02
4. 00E+03
3. 70E+02
1. 50E+01
1. 90E+03
5. 00E+00
0. 00E+00
4. 00E+03
3.70E+02
1.50E+01
1. 90E+03
5.00E+00
4.00E+03
4.00E+03
1. 90E+03
5. 00E+00
3.70E+02
1. 50E+01
4.00E+03
3.70E+02
1.50E+01
3.30E+02
3.30E+02
0. 00E+00
6. 00E-01
3. 00E+00
3. 00E+00
1. 60E+02
1. 60E+02

1. 60E+02
1. 60E+02
4. 00E+02
5. 00E+00
5.50E+01
3.70E+02
1. 50E+01
8. 00E+02
3.70E+02
1.50E+01
8. 00+E02
3.70E+02
1.50E+01
8.00E+02
3.70E+02
1. 50E+01
1. 90E+03
5. 00E+00
3.70E+02

Clay Saltstone Concrete

0. 00E+00
0. 00E+00
8.40E+03
5. 50E+01
6.50E+03
5.00E+01
1.20E+04
3. 00E+03
1.00E+00
8.40E+03
6. 00E+03
6.50E+03
5. 00E+01
8.40E+03
5.50E+01
0. 00E+00
6. 00E+03
6.50E+03
5. 001+01
8.40E+03
5.50E+01
6. 00E+03
6. 00E+03
S. 40E+03
5.50E+01,
6.50E+03
5.001+01
6. 00E+03
6.50E+03
5. 00E+01
1. 90E+03
1.90E+03
0.00E+00
1. 00E+00
5. 00E+00
1. 30E+01
9. 00E+02
9. 001+02
9.00E+02
9. 00E+02
6.50E+02
5.50E+01
2.70E+02
6.50E+03
5. 00E+01
1. 60E+03
6. 50E+03
5. 00E+01
1. 60E+03
6. 50E+03
5. 00E+01
1. 60E+03
6.50E+03
5. 00E+01
8.40E+03
5.50E+01
6.50E+03

0. 00E+00
2. OE+01
5. 00E+03
5. 00E+03
5. 00E+03
5. 00E+03
5. 00E+03
5. 00E+02
5. 00E+03
5. 00E+03
5.00E+03
5. 00E+03
5. 00E+03
5. 00E+03
5.00E+03
5.00E+03
5,00E+03
5.00E+03
5.00E+03
5. 00E+03
5. 00E+03
5. 00E+03
5. 00E+03
5.00E+03
5. 00E+03
5.00E+03
5. 00E+03
5. 00E+03
5. 00E+03
5. 00E+03
2.00E-01
2. 00E+01
0.00E+00
2.00E+00
2.00E+00
1.00E+00
5.00+E02
5. 00E+02
5.00E+02
5. 00E+02
1. 00E+02
5.00E+03
1.00E+02
5. 00E+03
5.00E+03
2.00E+03
5.00E+03
5. 00E+03
2.00E+03
5. 00E+03
5.00E+03
2.0OE+03
5. 00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03

0.00E+00
2.00E+01
5. 00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03
5. 00E+02
5. 00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03
5. 00E+03
5.00E+03
5.00E+03
5.00E+03
5. 00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03
5.00E+03
5. 00E+03
5.00E+03
5. 00E+03
5. 00E+03
2. 00E+01
2. 00E+01
0. 00E+00
2. 00E+00
2. 00E+00
1. 00E+00
5.00E+02
5.00E+02
5.00E+02
5. 00E+02
1. 00E+02
5. 00E+03
1.00E+02
5.00E+03
5. 00E+03
2. 00E+03
5.00E+03
5.00E+03
2.00E+03
5.00E+03
5.00E+03
2.00E+03
5.00E+03
5. 00E+03
5.00E+03
5. 00E+03
5.00E+03
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Pu5-242 1.50E+01 1.50E+01 5.00E+01 5.OOE+03 5.00E+03
U-238 8.00E+02 8.OOE+02 1.60E+03 2.OOE+03 2.OOE+03

Pu-244 3.70E+02 3.70E+02 6.50E+03 5.00E+03 5.OOE+03
Pu5-244 1.50E+01 1.50E+01 5.00E+01 5.OOE+03 5.00E+03

Ra-226 5.OOE+02 5.OOE+02 9.10E+03 5.00E+01 5.OOE+01
Rb-87 5.50E+01 5.50E+01 2.70E+02 5.50E+01 5.50E+01
Se-79 3.60E+01 3.60E+01 7.60E+01 1.00E-01 1.00E-01
Sn-126 1.30E+02 1.30E+02 6.70E+02 1.OOE+03 1.OOE+03
Sr-90 1.00E+01 1.00E+01 1.10E+02 1.00E+00 1.00E+0:
Tc-99 1.00E-01 1.00E-01 1.00E-01 1.00E+03 1.00E+03
Th-228 3.20E+03 3.20E+03 5.80E+03 5.OOE+03 5.00E+03

Ra-224 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.00E+01

Th-229 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03
Ra-225 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.00E+01
Ac-225 4.50E+02 4.50E+02 2.40E+03 5.00E+03 5.00E+03

Th-230 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03

Ra-226 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.00E+01
Pb-210 2.70E+02 2.70E+02 5.50E+02 5.00E+02 5.00E+02
Po-210 1.50E+02 1.50E+02 3.00E+03 5.00E+02 5.00E+02

Th-232 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03'

Ra-228 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.00E+01
Th-228 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03

Ra-224 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.00E+01
U-232 8.00E+02 8.00E+02 1.60E+03 2.00E+03 2.00E+03

Th-228 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03
Ra-224 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.00E+01

U-233 8.00E+02 8.00E+02 1.60E+03 2.00E+03 2.00E+03
Th-229 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03
Ra-225 5.00E+02 5.00+E02 9.10E+03 5.00E+01 5.00E+01

U-234 8.00E+02 8.00E+02 1.60E+03 2.00E+03 2.00E+03
Th-230 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03
Ra-226 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.OOE+01

Pb-210 2.70E+02 2.70E+02 5.50E+02 5.00E+02 5.00E+02
Po-210 1.50E+02 1.50E+02 3.00E+03 5.00E+02 5.00E+02

U-235 8.00E+02 8.00E+02 1.60E+03 2.00E+03 2.00E+03
Pa-231 5.50E+02 5.50E+02 2.70E+03 5.00E+03 5.00E+03
Ac-227 4.50E+02 4.50E+02 2.40E+03 5.00E+03 5.00E+03
Th-227 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03
Ra-223 5.00E+02 5.00E+02 9.10E+03 5.00E+01 5.00E+01

U-236 8.00E+02 8.00E+02 1.60E+03 2.00E+03 2.00E+03

U-238 8.00E+02 8.00E+02 1.60E+03 2.00E+03 2.00E+03
Th-234 3.20E+03 3.20E+03 5.80E+03 5.00E+03 5.00E+03

U-234 8.00E+02 8.00E+02 1.60E+03 2.OOE+03 2.00E+03
Zr-93 6.00E+02 6.00E+02 3.30E+03 5.00E+03 5.00E+03

Nb-93m 1.60E+02 1.60E+02 9.00E+02 5.00E+02 5.00E+02
Zr-95 6.00E+02 6.00E+02 3.30E+03 5.00E+03 5.00E+03

Nb-95 1.60E+02 1.60E+02 9.00E+02 5.00E+02 5.00E+02

Rev. 0



RESPONSE TO RAI COMMENT 53
ROADMAP TO REFERENCES

REFERENCED DOCUMENT *EXCERPT LOCATION REMARK
Bradbury and Sarott (1995) Excerpt enclosed following response. Tc Kd = 1OE-3 m3/kg = 1000 ml/g
Cook and Fowler 1992, Ap-endix D Other Word search of Cook et al. (2005) verified

that Appendix D of Cook and Fowler
(1992) was not used in 2005 SA (Cook et
al. 2005)

Cook et al. 2005 (2005 SA) Excerpt enclosed following response. Tc Kd = 1000 cm3/g = 1000 ml/g
Table A-8

Response to RAI Comment 50, Table 50-2 Other See RAI 50, Table 50-2

*Excerpt Locations:
1. Excerpt included within response: The excerpt is included within the text of the response or is appended to the response.
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely

applicable are enclosed following the response.
4. Other

7/14/2005 APPROVED for Release for
Unlimited (Release to Public)
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that the same solid phase in each case was ultimately determining the solubility
limit. Sn solubilities were not affected by the range of redox conditions examin-
ed. Solubility results presented in a later paper (BAYLISS et al. 1991) suggest
that cassiterite (SnO2) may be the solubility limiting phase with a solubility limit
in the range 1,0- to 10-6 M, i.e. a different, and lower solubility limit than in their
earlier paper.

It appears from this work that tetravalent Sn is stable under repository conditi-
ons. By analogy with the tetravalent actinides and Zr, plus the tendency of Sn4-

to form very strong hydroxy complexes, significant sorption for Sn on cementi-
tious materials is to be expected. On this basis and the measurements of
BAYLISS et al.. (1989), we have selected a conservative Rd(Sn) of 1 m3 kg-1 for
regions I and It falling to 10-" m3 kg-1 in region HII (see section 5.1) with no redox
dependency.

5.2.10 Technetium

Sorption data for Tc on cementitious materials are sparse. Under oxidising
conditions, disltbution ratios of TcO4- in the range 10-3 to 10-2 m3 kg-1 have
been reported (see for example ALLARD et al. 1985). We have selected a
value of 10-3 n-3 kg-1 for regions I and Ii and zero for region Il1.

Under "reducing; conditions technetium is present as hydrolysed Tc (IV) spe-
cies and the .solubility,-limit over technetium dioxide has been measured to be
-10-7 M (PILKINGTON i990). In some recent work, using-Tc (lV) at trace levels
(< 10-11 M) and sodium dithionite as reducing agent, distribution, alios' f -5
m3 kg-1 have been reported (BAYLISS et al. 1991). For similar reasons as those
given for Sn, Tc might be expected to sorb strongly under reducing conditions
at high pH. As a conservative value we select a distribution ratio under reducing
conditions of 1 rm3 kg-1 for region I and fl, falling to 10-1 M3 kg-' in region IlI (see
section 5.1).

5.2.11 Selenium, Palladium and Molybdenum

No sorption data at all could be found for Se, Pd and Mo in cement systems.

Under the redox and pH range appropriate to the repository Se and Mo are
likely to exist predominantly as anionic species (SeO4

2-/SeO2 -/HSe" and
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Table A-8. Distribution Coefficients (Kd in cm 3/g)

Nuclides Soil Drain Clay Saltstone Concrete

N03 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00
Al-26 4.OOE+01 4.OOE+01 O.OOE+00 2.OOE+01 2.OOE+01
Amx-243 1.90E+03 1.90E+03 8.40E+03 5.OOE+03 5.OOE+03

Np-239 5.OOE+00 5.OOE+00 5.50E+01 5.o0E+03 5.OOE+03
Pu-239 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03
Pu5-239 1.50E+01 1.50E+01 5.OOE+01 5.OOE+03 5.OOE+03

Bi-210 4.50E+02 4.50E+02 1.20E+04 5.OOE+03 5.OOE+03
Po-210 1.50E+02 1.50E+02 3.OOE+03 5.OOE+02 5.OOE+02

C-14 2.OOE+00 2.OOE+00 1.OOE+00 5.OOE+03 5.OOE+03
Cf-249 5.10E+02 5.10E+02 8.40E+03 5.OOE+03 5.OOE+03

Cm-245 4.OOE+03 4.OOE+03 6.OOE+03 5.OOE+03 5.OOE+03
Pu-241 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03
Pu5-241 1.50E+01 1.50E+01 5.OOE+01 5.OOE+03 5.OOE+03
Am-241 1.90E+03 1.90E+03 8.40E+03 5.OOE+03 5..OOE+03
Np-237 5.OOE+00 5.OOE+00' 5.50E+01 5.OOE+03 5.OOE+03

Cl-36 O.OOE+00 O.OOE+00 O.OOE+00 5.OOE+03 5.OOE+03
Cm-245 4.OOE+03 4.OOE+03 6.OOE+03 5.OOE+03 5.OOE+03

Pu-241 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03
Pu5-241 1.50E+01 1.50E+01 5.OOE+01 5.OOE+03 5.OOE+03
Am-241 1.90E+03 1.90E+03 8.40E+03 5.OOE+03 5.OOE+03
Np-237 5.OOE+00 5.OOE+00 5.50E+01 5.OOE+03 5.OOE+03

Cm-246 4.OOE+03 4.OOE+03 6.OOE+03 5.OOE+03 5.OOE+03
Cm-247 4.OOE+03 4.OOE+03 6.OOE+03 5.OOE+03 5.OOE+03

Am-243 1.90E+03 1.90E+03 8.40E+03 5.OOE+03 5.OOE+03
Np-239 5.00E+00 5.OOE+00 5.50E+01 5.OOE+03 5.OOE+03
Pu-239 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03
Pu5-239 1.50E+01 1.50E+0l 5.OOE+01 5.OOE+03 5.OOE+03

Cm-248 4.OOE+03 4.OOE+03 6.OOE+03 5.OOE+03 5.OOE+03
Pu-244 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03
Pu5-244 .150E+01 1.50E+01 5.OOE+01 5.OOE+03 5.OOE+03

Cs-135 3.30E+02 3.30E+02 1.90E+03 2.OOE+01 2.OOE+01
Cs-137 3.30E+02 3.30E+02 1.90E+03 2.OOE+01 2.OOE+01
H-3 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00
1-129 6.OOE-01 6.OOE-01 1.OOE+00 2.OOE+00 2.OOE+00
K-40 3.OOE+00 3.OOE+00 5.OOE+00 2.OOE+00 2.OOE+00
Mo-93 3.OOE+00 3.OOE+00 1.30E+01 1.OOE+00 1.OOE+00

Nb-93m 1.60E+02 1.60E+02 9.OOE+02 5.OOE+02 5.OOE+02
Nb-94 1.60E+02 1.60E+02 9.OOE+02 5.OOE+02 5.OOE+02
Nb-95m 1.60E+02 1.60E+02 9.OOE+02 5.OOE+02 5.OOE+02

Nb-95 1.60E+02 1.60E+02 9.OOE+02 5.OOE+02 5.OOE+02
Ni-59 4.OOE+02 4.OOE+02 6.50E+02 1.OOE+02 1.OOE+02
Np-237 5.OOE+00 5.OOE+00 5.50E+01 5.OOE+03 5.OOE+03
Pd-107 5.50E+01 5.50E+01 2.70E+02 .OOE+02 1.OOE+02
Pu-238 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03

Pu5-238 1.50E+01 1.50E+01 5.OOE+01 5.OOE+03 5.OOE+03
U-234 8.OOE+02 8.OOE+02 1.60E+03 2.OOE+03 2.OOE+03

Pu-239 3.70E+02 3.70E+02 6.50E+03 5.00E+03 5.OOE+03
Pu5-239 1.50E+01 1.50E+01 5.OOE+01 5.OOE+03 5.OOE+03
U-235 8.OOE+02 8.OOE+02 1.60E+03 2.OOE+03 2.OOE+03

Pu-240 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03
Pu5-240 1.50E+01 1.50E+01 5.OOE+01 5.OOE+03 5.00E+03
U-236 8.OOE+02 8.OOE+02 1.60E+03 2.OOE+03 2.00E+03

Pu-241 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03
Pu5-241 .. 50E+01 1.50E+01 5.OOE+01 5.OOE+03 5.OOE+03
Am-241 1.90E+03 1.90E+03 8.40E+03 5.OOE+03 5.OOE+03
Np-237 5.OOE+00 5.OOE+00 .5.50E+01 5.OOE+03 57.00E+63

Pu-242 3.70E+02 3.70E+02 6.50E+03 5.OOE+03 5.OOE+03

Rev. 0
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Pu5-242
U-238

Pu-244
Pu5-244

Ra-226
Rb-87
Se-79
Sn-126
Sr-90
Tc-99
Th-228

Ra-224
Th-229

Ra-225
Ac-225

Th-230
Ra-226
Pb-210
Po-210,

Th-232
Ra-228
Th-228
Ra-224

U-232
Th-228
Ra-224

U-233
Th-229
Ra-225

U-234
Th-230
Ra-226
Pb-210
Po-210

U-235
Pa-231
Ac-227
Th-227
Ra-223

U-236
U-238

Th-234
U-234

Zr-93
Nb-93m

Zr-95
Nb-95

A-24 WSRC-TR-2005-00074

1.50E+01
8. 00E+02
3.70E+02
1. 50E+01
5. OOE+02
5.50E+01
3. 60E+01
1. 30E+02

1. OOE+01
1. OOE-01
3. 20E+03
5. OOE+02
3.20E+03
5. OOE+02
4. 50E+02

3.20E+03
5. OOE+02
2. 70E+02
1. 50E+02
3.20E+03
5. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
8. OOE+02
3.20E+03
5. OOE+02
2.70E+02
1. 50E+02
8. 00E+02
5.50E+02
4 .50E+02

3. 20E+03
5. OOE+02
8 OOE+02
8 OOE+02
3. 20E+03
8 OOE+02
6. OOE+02
1. 60E+02
6. OOE+02
1. 60E+02

1. 50E+01
8. OOE+02
3. 70E+02
1. 50E+01
5. OOE+02
5. 50E+01
3. 60E+01
1. 30E+02
1. OOE+01
1. OOE-01
3. 20E+03
5. OOE+02
3. 20E+03
5. OOE+02
4. 50E+02
3. 20E+03
5. OOE+02
2. 70E02
1. 50E+02
3. 20E+03
5. OOE+02
3. 20E+03
5. OOE+02
8. OOE+02
3. 20E+03
5. OOE+02
8. OOE+02
3. 20E+03
5. OOE+02
8. OOE+02
3. 20E+03
5. OOE+02
2 .70E+02

1. 50E+02
8 00E+02
5. 50E+02
4. 50E+02
3. 20E+03
5. OOE+02
8. OOE+02
8. OOE+02
3. 20E+03
8. OOE+02
6. OOE+02
1. 60E+02
6,. OOE+02
1. 60E+02

5. OOE+01
1. 60E+03
6. 50E+03
5. OOE+01
9. 1OE+03
2.70E+02
7. 60E+01
6. 70E+02
1. 10E+02
1. OOE-01
5. 80E+03
9. 10E+03
5. 80E+03
9. 10E+03
2. 40E+03
5. 80E+03
9. 10E+03
5. 50E+02
3. OOE+03
5. 80E+03
9. 10E+03
5. 80E+03
9. 10E+03
1. 60E+03
5. 80E+03
9. 10E+03
1. 60E+03
5. 80E+03
9. 1OE+03
1. 60E+03
5. 80E+03
9. 10E+03
5.50E+02
3. OOE+03
1. 60E+03
2.70E+03
2.40E+03
5. 80E+03
9. 10E+03
1. 60E+03
1. 60E+03
5. 80E+03
1. 60E+03
3. 30E+03
9. OOE+02
3. 30E+03
9. OOE+02

5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
5.0 0E+01
5. 50E+01
1. OOE-01
1. OOE+03
1. OOE+00
1. OOE+03
5. OOE+03
5. 00E+01
5. 00E+03
5. OOE+01
5. 00E+03
5. OOE+03
5. 00E+01
5. 00E+02
5. OOE+02
5. OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
5. OOE+02
5. OOE+02
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
2. OOE+03
5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+02

5. OOE+03
2. OOE+03
5. OOE+03
5. OOE+03
5. OOE+01
5. 50E+01
1. OOE-01
1. OOE+03
1. OOE+00
1. OOE+03
5. OOE+03
5. 00E+01
5. 00E+03
5. OOE+01
5. OOE+03
5. OOE+03
5. 00E+01
5. 00E+02
5. OOE+02
5.OOE+03
5. OOE+01
5. OOE+03
5. OOE+01
2. OOE+03
5. OOE+03
5. OOE+01
2. o0E+03
5. OOE+03
5. OOE+01
2. OOE+03
5. 00E+03
5. OOE+01
5. OOE+02
5. OOE+02
2. 00E+03
5. OOE+03
5. OOE+03
5. OOE+03
5. OOE+01
2. OOE+03
2. OOE+03
5.OOE+03
2. 00E+03
5. OOE+03
5. OOE+02
5. OOE+03
5. OOE+02
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RESPONSE TO RAI COMMENT 54
ROADMAP TO REFERENCES

REFERENCED DOCUMENT * EXCERPT LOCATION REMARK
Cook et al. 2005 ' General reference, no excerpt included

with this response.
Bradbury and Sarott 1995 Excerpt included in response. Table 4..

*Excerpt Locations:

1. Excerpt included in response: The excerpt is included within the text of the response or is appended to the response.
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely

applicable are enclosed following the response.
4. Other.

APPROVED for Release for
Unlimited (Release to Public)

7/15/2005



RESPONSE TO RAI COMMENT 55
ROADMAP TO REFERENCES

REFERENCED DOCUMENT [ *EXCERPT LOCATION REMARK
Kaplan and Hang (2003) Excerpt enclosed following response. Figure 5.
Kaplan and Hang (2003) Excerpt enclosed following response. Sections 3, 4, 5. and 6 discuss reduction

capacity and two-dimensional simulations.
Kaplan and Hang (2003) Excerpt enclosed following response.
Kaplan and Hang (2003) Excerpt enclosed following response. 3.8E-4 in RAI response should be 3.7 e-2

meq/g (Kaplan, page 6: 37 meq/kg is
converted to 3.7 e-2.)

Kaplan and Hang (2003) Excerpt enclosed following response. Fe(II) and some sulfur discussed in sections
3.1 and 5.1.

Kaplan and Hang (2003) Excerpt enclosed following response. - 247 +/- 1 Mv in section 5.1
Lukens et al. (2005) Excerpt enclosed following response. Page 22 4% reduction in 213,000 years. Note:

Lukens has revised 4% to 6%.
Lukens et al. (2005) Other RAI only referencing Lukens et al. (2005) as a

product.
Lukens et al. (2005) Excerpt enclosed following response. Measured total reduction capacity

methodology described on page 6 (Angus and
Glasser method).

Lukens et al. (2005) Excerpt enclosed following response. Page 6 text
Lukens et al. (2005) Excerpt enclosed following response. Repeat of previous information (0.821 meg/g)
Malek et al. (1987)/Langton (1987) Excerpt included within response. Positive Eh value mentioned in last bullet in

discussion on page 4 (Malek et al. [1987).
Malek et al. (1987)/Langton (1987) Other. Results indirectly conflict with other reports.

General statement of fact referring to Figure
.55-1.

Malek et al. (1987)/Langton (1987) Other. RAI only referencing Malek et al. (1987) as a
product.

Personnel communication Excerpt included within response.
RAI Figures 41-1 and 41-2 from RAI 41. Other See RAI 41.
Shuh et al. (2003) Not included Information in Lukens et al. (2005)
Vault 4 SA Excerpt enclosed following response. Section A.4.

7/15/2005

APPROVED for Release for
Unlimited (Release to. Public)



Vault 4 SA (Cook et al. 2005) Excerpt enclosed following response. Neither Malek et al. (1987) nor Langton
(1987) is used as a reference in Cook et al.
(2005). References attached.

*Excerpt Locations:
1. Excerpt included within response: The excerpt is included within the text of the response or is appended to the response.
2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.
3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely

applicable are enclosed following the response.
4. Other
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INTROUC.TION..

nominal blend composition ). 3 wt% lm 5 w flyWas5,25
w~t% slag, ,an~d 47tai~oui ~ ,(i6rl61988)&The'd'ditioph of slag to the sý'ý.hstone.,
formulation provides a chemical reu~tahtjron(ll)]) gxw rcptaIg&~i [af~~4
chemicallyý binds svevral conta nin its-iipiui~ljecies-Lh reusxac1t'fingth tendenc; o

4b 16'sO, "'Fth A "- .'.-,f

these contaminantS to]eac:fromt.4e, . asswason tert eriintai has.show, that
leachin ofcrmu adtcieiuma f 'ely i•reducd•i~ ~et~~ikI~~:>

prjectedý6 - tin omo it~ions 6 to be -prc noaro ýazardous hsolidn thast~e

(MMES 192)., Long-term lysimet'tu•ies have shwnthat the~additionof slaginto the•,.:..,,.!..,-.,
saltstoonessntlyst eah b1ut did. not reuce iitrate , ,:.-- I:'

leachingoumM qStiy unr

oemg s, di iiifitin : idtpdttli pqe.ss, '_ip,•ibl haa''~ ~:d so•&l •21 tOBJECTIVES, :ý:

Th.be i -f 6d "A.....

saltstoneu sa mtioaonh. ZAu
ox idizie du:e:to. thi-o-m- -,i.e.ce..ox.yg,...",is expec a

-reducing ca paiye of the slag' wt: behas by- a number oQ natual curigpoess
the' mjost irfiporitarit being teoiatofte lgsr cicaaitbyisledogn
(02) by infiltrating rainwater.

~ -- 3. CHEM]I1CAL'CONCEPTUAL MO DELS.

Electron eqivlets ar tenitils usdt ecb h ocnrtomre precisely,
the ciiy ffe elecrons tha't cnprciae. in an ox idaione reuction, or rdx.r ox~e0 •tns.p.resen m, .•'-:• .
reaction., Thýgeneraie eo quation ispeetd nE 1

/n-

w'here.-K-

R r .educin g.agetm e.L'and
i elec'trom

The greatet concentration obii uctant will exMist i the dispo.sal.',f.acility when. it is9

(d.">-'::: ;iscusedin more detail belo~w in xeC'•Eq" On)ce, .li&.,redtfcio aaiyie ted ttýhe e,,st n t4_on c•(ýi t y m:'", :..c -t .. ' •

(hu thmIse d v iitafiio:T~rIl)to.thesaglysoluble Tc(1mr). solid). ItV is. t
impoi.an- toiotette qmr,,! 0xpttiai .,tle intensity t•er to dsbe. s er

-'6eif .2 1. J. fd - .
t. ' ..... es. s.'

-' , ,_Ad-. ",..I. I'd.as , .- _. _ ", ,

tso.;Wftfi•-n' `` 9
•:d',• .._:S:::::...3: I•...•::•• •••.(' ;•,::9 :7.::'••• :.:I.::L:.!..;•3!L,.': .'.:,,,A '-b,, .pii "e:•':: .>.'.-.'.:..:: ,.;. -. ,•' .t'.•,. .a r ,g; ", : "
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nastenwil remainli-' a~''~-~ I~ w las 6ole6f reuctant.,in,
retd oa. to..

v: :.:-: .l. •en ext don.lnnt r eox.coupe, which: is bly iron(Iflh•. •nce it -the
iron() " been "z tiron thet the r•do...x
statu~sin the ýsystemi.-This step.-*ise ihrease in redo poeniW\I unI theysm
is~inequilibiin with the udiji USo wtrar 4 sse

Thle Amouint of T0eotuctain-th6 satstne wasia calulae bysub'tractfikg the amo~unt of"
oxidant i h sa solution fronithe-,4Mount of redcaii h l

la - (2)

where:

~4~4*4'

441

'A
4 '

.

444

-" ,'*4.n.4

44

Y3. : i , electron equivalendtsof-oxidizing agent from salt solution,; meq, e cm..
.Rsi~sto,,e electron equivalents ofreducingagent, ithe sal ttonh*, mnq:eq cm

,n iv o6f. reducing "einfoslagmq e" ' ". .

The -total'oxidizingCAP~Acity was, s& e*,;ealto the amount oftdissolyed, oxy~gen icýntroduce&d` into
t -system by infilifating raiwater aidjthe saltsolution usedt.creae t64esaltstone.

The 'concenta•tin nofductant pr tin the' slag der.ese.s over timeas more,
dissolvedo6xyge in groundwater cosmsteslstn eu7 n.Bse nE.() h

consumption of theiuction capacty Sipresntedin the following reaion,,.

0: (aq) ± Ri-a!.ston,)",, iO2.sa'+t .....(3)

.4,

where:'

... -' dissolved m water (req elcm3 of4 t he. uid) ,
" ,.. •,it;(•:": -: reduction cpackity of the saltstoiie(rne /g"r of Solid) and.

R 2(•) oxygenated saltstone((meqcTgr T:of so hown ' o
traditinhalstoichiometricchistys a producftofthe two

S reactants, .rather than as an oxii "z.... speci.

The expression uscdto alculate the rateofxidaon. (,-(meq eicmnyý).for he,
aboe, reacticm(q.())s

R0='-_k' iC02:" CRý (.4)

where k is the oxidation rate coefficient. .inunitsof l/(yr'meq €&/m 3), C 2 is th concentration
of 1%(' jand: CR is, thecon c •ntro of tuctatinh, the, sal.tstone..

Previous data •(Lukens etal. 2004) indctesthat oxidation of slag is a fast reaction.
Hence, al simplified One-dimehio_ (ver drection) saltst6n.emodeblwas initially

stmablis.edt~o asmesress thevaleof k. .toeraW u dtr tisa fast reatin Tese test s
estimated ith tirereqire tocnueal4e~so e redcatr by setting theadveictio'n
rAte very high4 emyr) to epdte calcuaos an teoxdtinratecefint k,'a

varied.y Im t ntl,ony: dvection ,was, consid ered ;no diffsonm :al hw htby

1J 2'

4~4~44~4~J ,. . .'4"4'4, 4k"4444 .z - 4~ i..~>•L4



:•i :'.'4 r : ::.-•;

#dt •A4.At'$'" t'"'.'' <-t#' r,"" 4%> WR -RP2003L00362

~~ ~varyng kvalues'be'tWeen"IE+0346todEtý27 iI~yrne .c/cm3),-that the iierqie o
Complete consumption of the sa rction caty d fairl.cnstant ,4 e

. .. ..-t ' f -' C ." vT - -'N :•, T '. : " 0 - .':, .

.4.4..' 4 • ' A. . :.

ý,sTable 1.j Eft-of.the.OxidationRa.teCoeffciet k the C tz

* ;'- --• ,..)": • •k",: :";'••.'-' . Canan. , tu•.. .C ""

4-g4 '. •wns., o

A'k Time'fr Complete Consuhiptibu

115EY02 ' 610

w'.".- ;V''. ''..<t''tE lE0, '.% ';'! "'4'; 350:. ::•... .. • '-:- .' 'a-':" ' " :..

'1'"" '4380!,

....... .....".. ....... ..6 "" 
4

4
'<- -, •'. %"" :'4 3 86'•'< 4 " '"; "• " J ,. ;, ,.).:, : , :•.% ' ;- .- "

"'''CIV' - ' 'p-iA-4?\." '. .:' ''''%M" "9:" ' :- ::4 '

',, .o:4j'lrs N;jlo AA'"'',, "4,'A ....... """ " " J....4.10:=n ~ tn i,8 •~ b~: ,id":•

A..'¼'' .- 4 " " . .... i:i:: ' : .. L II,..,.A A
4  

,"f•. . l" fl ' ' '8 ' . . . 4'' .:

IS4'"A IE41 440

IE4ý10,+2&, . , 4 .
IC K '.' 460.

ki+ >. '~ E25'' 465
'"'("4 "183+26:40 '

94 ~ 2"<'~~">The oxiduitio'n 'rate coefficient o r +0 was seece uinu. the, y5AyY7 frIF

simul nations tp~sup~ofltthe'a'iuhiptibn thaoxt i~ntnaeal 9'onsuined'to. oxidize
slag (ie., very, fdhtypqtib.n) before, bing c red'Adownhstreamn tothe:'next-o h '~letmolnl
18E+06 cm:9/t,r mq i)is a-more conseirvativeý selectionta ire aut

3.2PHYSIA -AND HYDROLOGICAL CONCEPTUAL MODEL

FieRY 5  an liydhoical concep'.ua)model. -1Haltfofthe,
re ljbck st*as'nibde.edbccacaalr4 Wa aswne'.t piitnthbuckatimzeo

sain h wn. I:Wr Mabii ks The4 cxack'ýr~uie todb6conistetwtt.atK.

pe: =rfonixe ,asskessment . c. u a,.. . -.. W,,.: ' w i men to" p i g ae.- -. : .... -.
conseratisi'by jnetting jgrpatetira re 'for'o6xygendiffsion Thereiffdrt h

'.., "' b horizon tal d .; tio in' i g re e ...... "' th•e.ctk.Q...i...lbft).. the . :
> vaul cdceesd.Dflsonof infliii'", ll oxygenadwtr ;oCcued-a, ýallsds

Ad&ttioziloweCver;,t'o$ k-'pI'placý:'n y;n. ieitkal dirccAEtioii %Ii the- t'ozp ýsidc-P-o ý0th'e'.botto'm

fov an 4e'assessmeniet revision.: , . ... '.... .........

R ' '.,2 1"-, ,
A R~ev2

J474



4' .-
'~ ,'

~ 'V. -'

4 ~., ',

C
.2 C,

o

8
0
'~

WSRPý -2003'-OO362:.

Advection A~ Dlffuslo16h-,.. 4'

v 4 tI ~~~~Vaul oceeSd
B900__________J 

I

Vau~t~ncrote~f Grotoill

Crack Saltstonq

20

•Viult Con•cree FlIoor•o'
€

Ip -. . .-

4 - ~.L.

I> J . . • , - , . : - ' •
ý2OO :400"ý 600M D800in0, O' 14O0;

I Ditncei cm.
.1600,

44

.Diffusion,

Fgure 1. Conceptual. Mode (V: ault isassuied :to'b( :cracked ina i'e, al is icethe xax iagrm e , of fthe equaly si vault t ra is) , resch :'o

located on the le ..edge&above.)

JX ASSUMAPTIONS,,',', 'I'3

In addition to, the, assptipfonslistd inAppedix A, thefollowing major assumptions
were, made iniihe PoRFLo% simulations:-,,:.

* Sin~cethe.-. finalI Saltstone dsign has not- been finaliz the problem is currently
ass,"" edto beaideuatey represented in a two-dimensional! model.

SOxidtationof the-'slagby.oxygen in infiltrating water is a very fast. reactin.

J .* ,.The advection-isr Jmrly inthe vical direction.; Hence, negligible velocity.
component in the horizontaldirection is assumed.

. Simulations star at the time' when.cracks.'are formed'in the saltstone., Consumption'
of the slag-reducing-capacitybyoxygen prior to t time isasumed to b-inegligibly

small.
Exce)t f•or.one circkdoiwnthecenteof the saitstne monolith whichtexists as an

sntil bounic~xitsa
duini tiae[ b dary.cnlto ieeit ttm ze~ro) the stutr f satstone is: intact

diiihg hecourse4ofsimulafions.-
*The saltstone issaturate ,wit water.n

*.TeWater in the.:sdiment n conact with h sl sjii saturated wt zg,-
Mg/Lu, This is an, niportbnt conservatieasupto u laoratory has measured

Rev.e 2 4't-on

.44' '4 .4'..' ~

~ ~'4k'~''
4 
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&2qq RSjiziunkvat&r concentrat-ion that are appreciably lower,!barely detectabie:~
in sbsurfk groundwater.,VKdi-i;

'The-,aatsiohe waste s buried inan unsaturated sediment that has an endless sdjjiy of,
ýOýjjo to diffuse inftoihe groundwater.4 ~ '>+'

3.14 NUMERICAL MODEL, BENCH MARKING TESTS, AND, INPUT VALUES.,#

SThe: PC-based PQRFEOW~ Version 4..0 (dated 14 September 2000) was used mn,
<4' these sim'ulations., PORPLOWNmi develope and miarketed 6j2Analytic & Computatiodnal

Rtesearch, TIo,. to solve problensis iJIolviIg trinsieri and ste ady-state fluid flow, heat and'
'33 mass transport :in multi-phase, variably saturated, porous or fracttured media with dynamic

9phase chaunge.The porois/fractiired ih1edia may be anisottripic and h&,tewogcneous. arbitrary
souces(i~ectonor pumpngj wells) mjav be present and,,chemicial reation o radioa-ctive

<'u, ' decay may4 takepace. PORE OW"" ha's beenmwidely uised at theSRS andhin the DOE

complex t6ades ao susrltdt h rudaeand nuclear 4waste managem~ent.
The govflerning mass trnsportequatidii 'o spceski the ntid~hsei iveib

it3? Cocnrto of species inek

ORk Re(Dio rat 'fspcis

+he .gvrin .*s rnpr qaino pce nte oi'haei (5)la to~th'3''

'9 ''3 < 4~ acs Cneta~o~fp~e Ac ... '.<3 3

D4  Effectiv~ediffii'ioC oefficiwt. for the species' '

> '" ' R&k Reaction rnte~otoldspeczes k

t~~~il 3~~~ pr
; ~%~' Te g2verisgpmass tramoelnsport d euse o OF iuation o pce i h~i~h s. Is e simids~hk~"

ar ;te flwad phase inaexp ofi thenonvecliveT trvier Isero and theaaccumulation teserm hae in

ordulyt thensitoli fhrom' (Pleaerwi toe3 tptesbl ka idhiisa di ,eeteer

the symbolu ar te considaetiwit r~thosefficdient described isinoE .() hseutoswitna

Rev 25 0 C)5 6
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"400 600_ýi '800 1000 1200, 1:400' 16

Horzonta Distanc c

Figre 2. Modeling Gi

capable of modealing-,chemica~lrea-ct iosý., These capabilhitis ýwe6re-
the"T6.L"W~ resiults-againist those obtainied fro Aspen iCustom

ftwa~~e~pac~ge~tor chmia prcsmding pro~vide b Aspend

resuits1ý Tfio testijig ofý PR OWhi'escr i.edin detail in-*"
a P prprie -sdin the PRLOW6 simhulations are summ~arized'

)00::

iApnadix B. The m2aten
in Table 2.

S Table2. Model Input Vaiisfor Materials,

VautConcrete Grout/Saltstone
Dry Density (gfcm3,): 2.65 3.148
Porosity 0.18 0.46
Diffusion Coefficient (cm 2/yr) 0.3,15 0.158
Reduction.Capacity (rneqe e'•Id) " 9.25E-3 9.25E-03

Reductibn capacityin concreteand groutsaltstone is based on-slag compfising 25 wt-% of
then6ioinal:blend! slag:h•s.at ruction capa ctotf"37! meq.e:[kslagf. .

A'~ ~ ~ Kv 2,~~-Q1-,
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unts '-' 
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Gaout -- i sd
3Vaulit 7-_

_!_r i''~iy-eA'- 7851 W "1R '1-I360 p'2-62272

-9, t W, SRC1;i6,2622-

,,: • -:> . :,/: Sal9"tone bulk denswaty /• kgaml) 1tone!3•:'WRCRP-2;['36omp -56

,o rac dtno'iof ofiltratin•=w"iterln•,-sod -'"Rg la kg"aso... 2 'W.56
Reucio cpacity, of slag (C..; Med'e I[kg sag) 347 1. .; igw, RedwcinCpciyv i

a-'tt•f vainfiablttoStR.and•.ro26 ' a ..- >.
4nfl:tati -,,yr.,on.at),on- 040r De d ..... ri.bl. . . .sW...tE .SRC-RP. 92 I360 272:

PorosityZ ' soil(;;: !!n< water- [non to•ot al]') 046 - ,Av, - .-,;: -i)ia~ ~~e, in: hy -auh ba:rrier: •

pgos~a maeil used
3' '3 a -v s s•oer1''8 C u t from " nfl " ra 'o

.Vo Snotitltrt =,[yre )j -, rat et ýand!.-,- oIro- I'" & *orosit Aota-l

- u cnentaon Jifln ai~trt (atm) t-, tLOB-Ol CL", [y'roI4-f5th-Ed

concentraion fi groundwater (me_.'0i` dnc n~eur tintim ud", tc (Cm -"2-.65E;,04 -ea idenI..ica1 to measued ̀ valuesUeL) I. e ctrns per,,O2 molecule
Soil.... .. Soil 'C......th(... . - 2.90E+O WSRCRP

Soil R6dut ionCapacity .(Oa;,ineqe, [kg:Soil].). -. 51 +0E ; . .. .
-e,~s .e 3; .:.' .,.cti p vl -.xls -

"'Soil Reduction Capacity, e-)'[ i : 15E+37D;il998;p"O °
S... ,e-......65E+03

-Used-to!calculate- C~ 7 ~ .-

Rev. 27
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Table:4. Estimation of Oxidation Capacity of Salt Solution Based-on Oxidizing Constituents-(Used in Equation2)

e- equivalents e;equivalents.
xidizing Saltstone required;to consumed by

Ingriet. Feed.(a redure 1 mole saltstone Comments

(moles 1" .(meq e- molr) (meq e--').
-nitrtes -:>2.00E+06 Nitrate.leaches from lysimeters, thus not-reduced.byslag
•.Na2CrO 4  :3.06E03 3.OOE+03 9.8E.+O0,C(Inotleh .fro ysneters, likely redýud Mby .slag Ct Ito!C IJ)
Na2 MoO 4  3.61E-04 2 1O+01z3 7.22E401 ao(-IIIto'Moi,.
Na2SO4 1 .22E-01' 0Notreduced byslag
CaSO 4  3.06E-03 " Not-reducedby slag.

Total0) 9.90E+,00
'a) Nominal Blend from-ITP &ETF,,(Table 2.3-3.in WSRC-RP-92,d1360;poage•2-41-) : i
" Didinot include any salt solution-ingredients in'calclionsthat had a, concentrations.<1..0E-04molar.

• ". :::. -; :. .: ,- . _-. . .. . -, , . 'C

8-Rev. 28
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4.0LAORATORY MEASUREMENTS' OFREDUCTION OETA

Thc obetv f h aoa orywrwas, tomeasure'thereduction, capact- o h
slag sed t makesaltsone~ad of 'Iien cletedoid the, Barniwefcen

-I- fbnationýherel Aii'ittnDipf-"tformation Ihe geoological fomtow te~raattne Dsoal Faiiy is 6octeTheireduction ca•p•city:• ofthe- sediment: was not "sed in % .e. calculatio-n sutwa used." i
-the'prei ..ina advecoin .clu "....resented : ....pidixk Fo' ' llowing is a deaie
descrip'ton 6ftepoeur dp j'rm" Le~ and Batelor (20093.

4.1 MATERtALS

-~~ ~ ~ )O 'Z1 ai~ PibVided by'Chfiistahton,.who iin t'urnm got, i dietly frmteSlsone,

%,: Silo : " ' s i •+: ': ' + "+. : " .. .":3L+': / )4+':+ :3"i+ ': ' :++,: V ' -,';:+

K "Glov~eba
1~ --. ~ ;~39ozW 3 ,. 100() iLOmM NýaC'O1 .'ý'Add0.84gNH~,FW. 84)2 to4 a l-LVolurnetnc

brin in& 4p oue with wattr.
4 0 00'nJ.5 MC(f mn t0mMMNaHCO'P Pace1 1.000gofKC 4 (W

1194.2) in-a 1900-rL volbmetric,:f k~nd then,, brqgup- to vol.ume with1 mMjiw;'
.NaHCO3.'
~ 5 IOO~L'i .HS 4 : Ad 5OmL Ater t6 100'-niL volmti fislk- The add- 5.58,

mL of concentrated -Hj'S04.ttwateriIýrih. to volume wit
i6.o10-41 , M O. AHAdd 4--gNaOF(F 440)1 o 0-mL voluetric flask and

up ~tO-olnewith wai.r,
7 NaSO~, Pre-weigh 6 liotint i~eging boats containing 0. 142 g of N 2 O

ýcd Ai6 ues.

9 r~dm~ sand v oa soi e~ribedin Hawkin2)

.4.2..ETHOD , - A

1Label 9 taied50-iniL centrifaigetubes as de~scribed in Tale.
1"' 9 Add'O sa oTbs#1 #22;'Md'23, Add '10.00 "g Minjil'ysýim'e'te sWieto

Tvbes.27 28ahd,#2. Qnli425il "inothA3cntosTbe
#2& Rcord weig-,t .". 24, #2....

3.'Pla6c t "ubes •sot•u on, 3;f ;457, and• #- si X- 0. 14g" `14ltmus
papevin-tiigldvebag, f 2idayrbefo#&r=ce6ingtoretse.Ale n al~
glovebag:stir things up _jhgAl Mdfis ut slids undli'ýquid

~m. Ad~ L" of th"e"5 11 5tnf--r, Cr('UDI1) in 104wM Na 3 slton to each tiib.
5. A`ju.4Vthe pH~o oteAcuibe to 7± i Mt~~ NaH or HjSO.4 .

6.SSake byhand every housfoN-
7Add'& 4- NazS valius teachtbe.

8. Shake h-avd'e, in bg or* 05ds'

m+++t. fl S.+ Y&. :.

!9: esou of • glovebagrecord! Weightof-"t•ube+ s`oid' + •iqu°"' o " Tabl e.
'centntrifue aid ps tmg a O iu 'lter.

'Q1 'by" :-,';L,++:+

1.Sendd tADS foVC alsiibi, P-S.

....ev 2 . ..:.. +<-

- eg!gcif•to:wire:h# +attn ~p+•Fm +~••+•:+?'



W-SRC-RP-200-00362,

,Table,5. •,'Sample D ptions and Weights Used to Measure Reduction Capacity (Example

'AA"'' ~DataýTable) ,. A>ii•.."i•!" i,'-,•'---;-" ..... ~~~.. . . .. .. . ..... ... .... ..... . .,.',;.•'' ,"•"/.:,

TD ueclpi Tue TareW Tuei. ueoltd +'
_ _ _ _ _ _ _ gi. 1S4p, w" "liud. (g) ,

. 2. .. .C nto (. ut/kjid, e.-. _ __ __.

28? :.:-AsedimentRp 2t i•: __n__tnt__(E)_vaueshdwae _

29' Sed... :ncntaioeit ,fiRcma. 3 m4 '•mse•.tpm~isa esiaeoh:.-.

!•-:.: ....- ."€o Labr atoryala metasurements2of.te rteducingmcapacity, iofn(F° SRS.: seduiment candslag are

• -:: .pre7sented inV F~igue3Tisvalue i.ns~isnt icetba, the slag hasdacti ry-poighil a reducincapaity.

24,, -Cf&V6.j~j

occnn"rn.ll phasesir tI

.- ::y..m.o snree adh Btchelor(003rported n Tand, pyit FeS
prehadna r&ih, ig i~ird,,Tyesf6Vti6nd3 niecfkghA~e~spetig- hese v er-yýý,i'ý~uiiýraaciny 7

coni~it Aiif the'haeamasr ereue Iep rd& in ficS captTi
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A.4 Impact of Macroscopic Cracks on Saltstone Vault 4 Performance

Vertical cracks or fractures spanning the entire Saltstone Vault 4 width and height are predicted
to occurat 30 ft intervals, coinciding with construction joints, in response to static settlement and
earthquakes. For the assumed properties of saltstone (10-" cm/s conductivity), the literature
indicates cracks can be neglected when the suction head exceeds approximately 200 cm in
saltstone. Such conditions are predicted to occur during the 0-10,000 year period. This conclusion
applies regardless of crack geometry, i.e., open at top, open at bottom, or through-crack.

A.4.1 Introduction

Peregoy (2003) analyzed the structural behavior of Saltstone Vault 4 in response to forecaststatic
settlement and earthquakes. Approximately vertical cracks or fractures spanning the entire Vault
4 width and height were predicted to occur at 30 ft intervals, coinciding with construction joints.
In the structural simulations, these macroscopic cracks were observed to open at either the top or
bottom, while remaining in close contact at the opposite end of the fracture face, the latter
forming a "hinge" of sorts. The cracks developed gradually over time (Peregoy 2003,.Figure 9,
Figure 10 and Table 2). Predicted mean crack sizes are summarized in Table A-20.

Table A-20. Summary of mean crack sizes at specific times.

Cracks open at bottom

Time (yr) Crack width at open end (in) Average width (in)

100 0.06 0.03

50o0 0.18 0.09

1000 0.30 0.15

2500 0.63 0.31

50,00 1.15 0.58

10000 2.18 1.09

Cracks open at top

Time (yr) Crack width at open end (in) Average width (in)

100 0.01 0.004

500 0.03 0.015

1000 0.06 0.03

2500 0.16 0.08

5000 0.31 0.16

10000 0.62 0.31
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Under a positive pressure condition, cracks or fractures in the saltstone monolith would be liquid-
filled and form preferential pathways for infiltrating water compared to the surrounding low
permeability matrix (10-11 cm/s). Under negative pressure or suction, the impact of cracks on
saltstone performance is not immediately clear. The purpose of this Section is to assess the, effect
of macroscopic cracks on moisture movement through Saltstone Vault 4 under a range of
hydraulic conditions and crack dimensions.

A.4.2 Flow Regimes

Water flow through a rough walled crack in a porous medium occurs in at least three distinct
regimes:

1. Saturated flow, that is, liquid completely filling the aperture.

2. "Thick" film flow on each crack wall, where water is present as a film completely filling
surface pits and grooves and the air-water interface is relatively flat.

3. "Thin" film flow, where water recedes into surface pits/grooves by capillary forces and
adheres to flat surfaces by adsorption.

The saturated flow regime occurs at positive or very slightly negative pressures. The "thick" and
"thin" film flow regimes occur at increasing negative pressures or suction in the surrounding
porous medium. Each flow regime is analyzed separately below in the context of a uniform crack
width.

An implicit assumption in these analyses is that the source of liquid to the crack is steady rather
than episodic/transient, and that the resulting fracture flow is steady. Unsteady fracture flow has
been observed at laboratory scale and inferred at field scale (Persoff and Pruess 1995; Su et al.
2001; Nativ et al. 1995; Fabryka-Martin et al. 1996; Pruess 1999). At laboratory scale, unsteady
flow appears to be associated with relatively low suctions in a variable aperture setting. Under
these conditions, water fills the smaller apertures while larger apertures are desaturated. At field
scale (e.g. Yucca Mountain), unsteady flow has been inferred under high matrix suction.
Temporal and spatial variations in infiltration and physical heterogeneity are thought to be factors
leading to episodic flow.

The planned Saltstone closure cover system is expected to insulate cracks from episodic rainfall
and lead to a relatively steady influx of. water. Saltstone itself is expected to exhibit uniform
properties in comparison with fractured geologic media. Cracks forming from differential
settlement and seismic events are expected to be unsaturated. All of these conditions favor steady
flow in Saltstone Vault 4.

A.4.3 Saturated Flow

The height of capillary liquid rise H between two parallel surfaces of aperture b is given by
(e.g. Looney and Falta 2000)

H = --r (A-20)
pgb

where o" is surface tension, p is liquid density, and g is gravitational acceleration. In the
context of a fracture subject to a given pressure P in the surrounding matrix, the aperture will be
liquid filled under the condition
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2a"

b
(A-21)

where suction is indicated by a negative pressure value (e.g. Wang and Narasimhan 1985). The
equivalent permeability of the fracture is

12
(A-22)

and the hydraulic conductivity is

K _ =gk pgb2

K q 127q (A-23)

where 77 is liquid viscosity. Figure 1 shows hydraulic conductivity as a function of aperture for
water at 20'C. Note that even narrow cracks have a high conductivity compared to cementitious
materials.

I.E+05

.S~ 1.E+02

C

1 1E-01

1.E-04 4--
1 .E-04 1.E-03 1.E-02 1.E-01

Aperture [in]

1.E+00

Figure A-77. Hydraulic conductivity of saturated cracks as a function of aperture.
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A.4.4 Film Flow

When P < - 2o/b, liquid can no longer span an aperture and the crack will desaturate. For this

condition, a rough fracture face can be conceptually simplified as a repeating series of vertical flat
surfaces and VWshaped grooves to facilitate further analysis, following Or and Tuller (2000,

Figure 1). At pressures slightly below - 2r/b, liquid will completely fill a groove and form a

flat liquid-vapor interface. At a sufficiently low pressure, liquid will recede into the comer of the
groove and be retained by capillary forces. Under this condition, the matric potential

P
= - = gH (A-24)

P

determines the radius of the liquid vapor interface in a groove (Or and Tuller 2000, Figure 2):

0"

PP' (A-25)

For a groove of depth L and angle y, the maximum radius accommodated by the groove

geometry is

L tan(y / 2)rc-
cos(, / 2) (A-26)

The critical pressure defining the transition between flat and curved interfaces is

o-

PC =-- (A-27)
rc

and is the result of combining equations (A-24) through (A-26). Thus the three flow regimes
identified earlier occur over the following pressure ranges for the assumed geometry of the
fracture face:

1. Saturated flow: P > - --

b

o- 2o"
2. "Thick" film flow: -- <P<--

rc b

3. "Thin" film flow: P < --
re

Liquid not being held by capillary suction will adhere to'the remaining surfaces of the fracture
face as a thin film. Considering only van der Waal forces, liquid adsorption on solid surfaces can
be characterized by

h(,)= sv 1/3
h(p.) A_,r ] (A-28)
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where h is film thickness and Asv is a Hamaker constant.

Liquid held in groove comers by capillary suction and adhering as a thin film to remaining
surfaces flows downward under the force of gravity. Or and Tuller (2000) present a detailed
analysis of the liquid area and average velocity associated with comer and film flows, which is
summarized in the Appendix. Figures A-78a and A-78b illustrate equivalent film thickness and
average hydraulic conductivity for a representative "rough" fracture surface (Or and Tuller 2000,
Figure 6a). The critical matric potential defining the transition between "thick" and "thin" film
flow is p,u = -0.22 J/kg or approximately 2 cm of suction head. A discontinuity in film thickness
is observed in Figure 6a at this matric potential.
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Figure A-78. Predicted film flow behavior for a representative "rough" fracture face with

L =5 xl 1-4 m and y = 60' : a) equivalent film thickness, and b) average

hydraulic conductivity.
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A.4.5 Application to Saltstone Vault 4

Under saturated flow conditions, the thickness of saltstone transmitting the same flow as a
saturated crack under the same hydraulic gradient is

K crackb

Dsaltstone - Kcack b (A-29)K saltstone

where b is the aperture and Kcrack is defined by Figure A-77. For the assumed Saltstone Vault

4 hydraulic conductivity of 10-11 cm/s, even a small crack is significant because of the extreme
conductivity contrast. During the 10,000-50,000 year period, Saltstone Vault 4 is predicted to
experience ponding on the upper surface. Cracks should be considered under these positive
pressure conditions.

Similarly, the equivalent thickness of saltstone for unsaturated flow is

Dsaltstone - 2 KDA (A-30)
Ksaltstone

where the factor of two results from consideration of flow down both sides of the crack, DA the
average film thickness (elg. Figure A-78a), and, KA is average conductivity (e.g. Figure 2b).
Figure 3 defines the suction head required to desaturate a fixed width crack and the equivalent
saltstone thickness, for the aperture conditions assumed in Figure A-78.

For example, at a suction of 100 cm, cracks larger than 6 xl 0 inches will be unsaturated
according to equation (A-27). Therefore the exact geometry of the crack, i.e. open at top or
bottom, has little impact on the end result. The equivalent saltstone thickness, assuming a
conductivity of' 1011 cm/s, would be about 3 ft. At lower suctions, the equivalent thickness
increases rapidly. Conversely, thickness rapidly decreases at higher suction. During the 0-10,000
year period, Saltstone Vault 4 is predicted to experience a suction of around 1200 cm. At this
suction, unsaturated crack flow is predicted to be negligible (Dsaitstone z 10- 3 ft from Figure A-
79). An informal sensitivity study that varied groove depth (L), angle (y), and spacing (/8 in
Or and Tuller (2000)) indicates this conclusion is not sensitive to the particular values assumed in
Figure A-79.
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A.4.7 Details from Or and Teller Reference

The key equations and relationships needed to reproduce Figure 6a in Or and Tuller (2000) are
summarized below:

Matric potential
P

p gH (A-3 1)

Film thickness adsorbed to surface under tension

h(pt) = 1 A,,, ]1/3
L61trpp•_

Comer radius under capillary retention
0"

(A-33)
pp.

Critical matric potential
C a cos(y/2)

pL tan(' / 2)

Critical radius of curvature (r < rc)
L tan(r' / 2)

rc = (A-35)
cos(y /2)

Comer area for p </p,
A~j~p)r(P) 1 ir(1 80-,Y (A-36

AcI(,u =r~b)2tan(?' 2) 360(A36

Comer area for p >_ pc

Ac2 = L2 tan(r / 2) (A-37)

Film area for p! < pc

AFI (,P) = h(pl) {PL +/ 2) r(p) (A-38)

Film area for p > ptc

AF2 (du) = h(p){fiL + 2(1 - 9)L tan(rv / 2)} (A-39)
* Smooth vertical surface film flow (Tokunaga and Wan 1997; Or and Tuller 2000)

V = 1h2 (A-40)31/

Comer vertical flow (Or and Tuller 2000)

v;=-r2 (A-41)eq

where

+c= expJb +---- (A-42)

andb = 2.124, c = -0.00415 and d = 0.00783 for 10' <y < 150'.
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Hydraulic conductivity
K -= - (A-43)

Average hydraulic conductivity (velocity) for u < u,
KF AF1 + Kc Ac, 4

KAI = K AC, (A-44)AFI + Aci

Average hydraulic conductivity (velocity) for u > p,

KAI = KFAF2 + KcAc 2S (A-45)

AF 2 + AC 2

Width of representative surface element
W = 8JL + 2L tan(y /2) (A-46)

Effective film thickness

D = AF + AC (A-47)
w
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ABSTRACT Cementitious waste forms (CWFs) are an important component of the strategy to stabilize

high-level nuclear waste resulting from plutonium production by the U.S. Department of Energy (DOE).

Technetium (99Tc) is an abundant fission product of particular concern in CWFs because of the high

solubility and mobility of Tc(VII), pertechnetate (TcO 4 ") the stable form of technetium in aerobic

environments. CWFs can more effectively immobilize 99Tc if they contain additives that reduce mobile

TcO4 to immobile Tc(IV) species. The 99Tc leach rate of reducing CWFs that contain Tc(IV) is much

lower than for CWFs that contain TcO4 . Previous X-ray absorption fine structure (XAFS) studies

showed that Tc(IV) species were oxidized to TcO4 " in reducing grout samples prepared on a laboratory

scale. Whether the oxidizer was atmospheric 02 or N0 3 in the waste simulant was not determined. In

actual CWFs, rapid oxidation of Tc(IV) by N03- would be of concern, whereas oxidation by

atmospheric 02 would be of less concern due to the slow diffusion and reaction of 02 with the reducing

CWF. To address this uncertainty, two series of reducing grouts were prepared using TcO 4 " containing



waste simulants with and without N03-. In the first series of samples, referred to as "permeable

samples", the Tc0 4" was completely reduced using Na 2S, and the samples were sealed in cuvettes made

of polystyrene, which has a relatively large 02 diffusion coefficient. In these samples, all of the

technetium was initially present as a Tc(IV) sulfide compound, TcSx, which was characterized by

extended X-ray absorption fine structure (EXAFS) spectroscopy. The EXAFS data is consistent with a

structure consisting of triangular clusters of Tc(IV) centers linked together through a combination of

disulfide and sulfide bridges as in MoS 3. From the EXAFS model, the stoichiometry of TcSx is Tc3SlO,

and TcSx is presumably the compound generally referred to as Tc2 S 7. The TcSx initially present in the

permeable samples was steadily oxidized over 4 years. In the second series of samples, called

"impermeable samples", the Tc0 4" was not completely reduced initially, and the grout samples were

sealed in cuvettes made of poly(methyl methacrylate), which has a small 02 diffusion coefficient. In the

impermeable samples, the remaining TcO 4 continued to be reduced, presumably by blast furnace slag in

the grout, as the samples aged. When the impermeable samples were opened and exposed to

atmosphere, the lower-valent technetium species were rapidly oxidized to Tc0 4 .

MANUSCRIPT TEXT

Introduction Remediation of the sites used by the U. S. Department of Energy (DOE) for plutonium

production is one of the most expensive and complex remediation projects in the U. S.1,2 An important

component of this effort is the use of grout based cementitious waste forms (CWFs) at the Savannah

River Site to solidify and stabilize the low-activity waste stream and to stabilize the waste residues in

high-level tanks.3 -6  The long-term effectiveness of these measures to prevent the migration of

radionuclides is described by performance assessments that depend on the leach rates of the

radionuclides. 3' 5'7'8 99Tc is one of the radionuclides of greatest concern for leaching from CWFs because

of the high mobility and lack of sorption of Tc(VII), pertechnetate (TcO 4-), the most stable form of

technetium under aerobic conditions. 8'9
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For soluble contaminants such as TcO 4 or N0 3 , leach rates from CWFs can be modeled using an

effective diffusion coefficient, Deff = Din/Nm, where Dm is the molar diffusion coefficient of the

contaminant in water and Nm is the MacMullin number, a characteristic of the porous solid that is

identical for solutes such as gases or anions that are highly soluble and not adsorbed by the matrix.10 '11

Among potential CWFs, the effective diffusion coefficient of nitrate, Deff(NO3-), varies from 1.3x I1-9 cm 2

s1 to 6.2x 10-8 cm2 s-1.5,9,12 The Deff values for N0 3 and Tc0 4 are similar since their molar diffusion

coefficients are almost identical: 1.53x10 5 cm 2 s-1 and 1.48x10 5 cm 2 s1, respectively.13"14 The

leachability of technetium can be greatly decreased by reducing soluble TcO4 to relatively insoluble

Tc(IV) by the addition of blast furnace slag (BFS) or other reductants to the grout. The Deff(99Tc) values

of reducing grouts are much smaller than in ordinary CWFs, 3 x 1011 cm2 s-1 to 4x 10-12 cm 2 s-1, because

Tc(IV) has low solubility and is readily adsorbed by the grout matrix.9' 12 Reducing conditions are used

in actual CWFs to take advantage of this decreased leachability and create a more effective waste

form.
6",2 ,

A previous research study showed that although Tc04- is reduced to Tc(IV) in reducing grouts, the

degree of reduction varied with experimental conditions.'i In some cases, Tc04- was initially reduced

to Tc(IV) but was later oxidized. Two species, N03- and 02, are present in large quantities in or around

CWFs and are potentially capable of oxidizing Tc(IV) to TcO4 . Whether N0 3 or 02 is responsible for

oxidizing Tc(IV) has a profound effect on the behavior of technetium in CWFs. If N03- is chiefly

responsible for the oxidation, Tc(IV) would be oxidized throughout the entire CWF, increasing the

leachability.of 99Tc in the entire volume of the waste. In this scenario, the rate of oxidation of Tc(IV) to

Tc0 4 would depend only on the reaction rate and the concentration of the reactants.

The scenario involving oxidation by 02 is more complicated. In this case, diffusion of 02 into the CWF

would result in the formation of an oxidized surface region in the grout in contact with oxygenated
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surface water. This surface region would have greater technetium leachability that would be similar to

that of CWFs that do not contain reducing agents. However, the leachability of technetium in the bulk

of the waste would be unchanged since it would remain Tc(IV). As shown by Smith and Walton, the

thickness of the oxidized region depends mainly upon the rate of oxygen diffusion and the reductive

capacity of the CWF.16 Using typical parameters for reducing CWFs, the thickness of the oxidized

region is small compared to the dimensions of the CWF at times comparable to the half-life of 99Tc, so

oxidation by 02 is of less concern than oxidation by N03-.

Therefore, the primary concern raised by the rapid oxidation of Tc(IV) observed in the previous study

was the possibility that N0 3- rather than 02 was responsible for the oxidation. Rapid oxidation of

Tc(IV) by N0 3" would mean that all of. the initially reduced technetium in actual CWFs would be

quickly oxidized back to Tc0 4 -. In this paper, the evolution of 99Tc speciation in a series of grout

samples in containers with very different 02 permeabilities and with and without N0 3 was followed for

an extended period, using X-ray absorption fine structure (XAFS), to determine whether NO3- or 02 was

responsible for oxidizing Tc(IV) species in these grout samples.

Experimental Section

Procedures. Caution: 99Tc is a fl-emitter (Em. = 294 keV, r12 = 2 x 105 years). All operations were

carried out in a radiochemical laboratory equipped for handling this isotope. Technetium, .as

NH4
99TcO 4, was obtained from Oak Ridge National Laboratory and was purified as previously

described.17 Where available, the standard deviation of measured and calculated values are included in

parentheses following the value and are in the same units as the last digit.

All operations were carried out in air. Water was deionized, passed through an activated carbon

cartridge to remove organic material and then distilled. All other chemicals were usedas received. The

grout samples are similar to those previously used for the study of chromium reduction in reducing
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grout samples and are similar to Saltst6ne, the CWF used to immobilize low activity waste at the

Savannah River Site.12'18 The dry grout components consisted of 46% Type F fly ash, 46% BFS, and

8% Portland cement.18 The fly ash, BFS, and Portland cement are those used by the Savannah River

Saltstone facility, and were provided by C. A. Langton. Two series of grout samples were prepared and

were assumed to have a density of 1.7 g cm-3.19 The cuvettes were standard semi-micro cuvettes with

interior dimensions of 1.0 x 0.4 x 4.5 cm.

The first, series of samples was prepared using waste simulants with and without N0 3- and NO2- as

shown in Table 1. To the waste simulant was added Tc04- (0.02 mmol, 0.1 mL, 0.2 M NH4 TcO4),

which was then reduced with Na2 S (0.29 mmol, 0.1 mL, 2.9 M) in 1 M LiOH forming a very dark

solution with a black precipitate. The dry grout components were added forming a slurry that was

placed in a polystyrene (PS) cuvette, which was capped and closed with vinyl tape then sealed inside

two 0.05 mm polyethylene (PE) bags., This first series of samples will be referred to as "permeable

samples" since 02 has a high diffusion coefficient of 2.3x 10-' cm2 s-1 in PS. 20 ,'2 The final composition

of the waste solution after addition of the Tc0 4--and Na2 S solutions is listed in Table 1.

The second series of samples was prepared analogously to the first. To the waste simulant was added

TcO4- (0.012 mmol, 0.30 mL, 0.039 M NaTcO4) and Na 2S (0.05 mmol, 0.065 mL, 0.8 M) in 1 M LiOH

(same solution as above, which had oxidized from air exposure), forming a dark solution with a black

precipitate. The dry grout components were added, forming a slurry that was placed in a poly-(methyl

methacrylate) (PMMA) cuvette that was sealed with a plug of epoxy and further sealed inside two 0.1

mm (PE) bags. This second series of samples will be referred to as "impermeable samples" since 02

has a very low diffusion coefficient of 2.3x 10-9 cm2 s" in PMMA. 22 The final composition of the waste

solution after addition of the Tc0 4" and Na2S solutions is also listed in Table 1. Samples A and C were

opened after 26 months and placed in loosely capped jars that were fully opened weekly. The grout
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samples removed from the cuvettes and used for XAFS studies measured 1.0 x 0.4 x -1.0 cm, and

retained the flat surfaces of the cuvette. Sample B remained sealed.

Table 1: Composition of cement samples

Sample Tc Solution
(mg) (mL)

Final Solution Composition Dry grout
mixture

(g)

1 2 1.5

2

3

4

A

B

C

2

2

2

1.2

1.2

1.2

1.5

0.95

0.95

0.66

0.66

0.66

Permeable Samples

1.85 M NaNO 3, 1.07 M NaOH, 0.57 M NaNO 2,
0.23 M NaAI(OH) 4, 0.16 M Na 2CO 3,

0.14 M Na2SO 4 , 0.02 M NaCl, 0.02 M Na 2C20 4 ,
0.008 M Na 3PO 4, 0.13 M Na2 S

As Sample 1, but no NaNO3, NaNO2

As Sample 1, but 0.05 M Na3 PO4

As Sample 2, but 0.05 M Na3PO 4

Impermeable Samples

2 M NaOH, 2 M NaC1

2 M NaOH, 2 M NaNO3

2 M NaOH, 2 M NaNO 2

3

3

1.5

1.5

1.0

1.0

1.0

The reductive capacity of the BFS was determined using a slightly modified version of the Angus and

Glasser method. 23 The BFS (-0.5 g) was slurried in 5-10 mL of water to which was added 25.0 mL of

0.059 M (NH 4)4Ce(SO4)4-2H 20 in 2 M sulfuric acid. After 1 hour, the solution was titrated with freshly

prepared 0.050 M (NH4) 2Fe(SO4)2°6H20 in 0.75 M sulfuric acid. The end point was determined using

0.25 mL of 0.025 M Fe(II) tris-(1,10-phenanthroline) complex. 24'25 The reductive capacity of the BFS

sample was 0.82(1) meq g-1 as determined from the difference in the volume of Fe(II) solution needed

to titrate 25.0 mnL of the Ce(IV) solution alone and with the BFS. Analysis of the sulfide content of
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Na 2S in I M LiOH, which was used to reduce the TcO4 " in the grout samples, was performed

analogously by comparison with a sample of freshly recrystallized Na 2S-9H 20. Determination of the

reductive capacity of BFS using Cr(VI) as the oxidizer has also been reported and gives much smaller

values than the Angus and Glasser method. 9

XAFS spectra were acquired at the Stanford Synchrotron Radiation Laboratory (SSRL) at Beamline 4-1

using a Si(220) double crystal monochromator detuned 50% to reduce the higher order harmonic

content of the beam. All 99Tc samples were triply contained. X-ray absorption spectra were obtained in

fluorescence yield mode using a multi-pixel Ge-detector system.26 In all cases, the grout samples were

oriented at 450 relative to both the photon beam and the fluorescence detector. The cuvettes were

positioned horizontally as illustrated in Figure 1. The spectra were energy calibrated using the first

inflection point of the Tc K-edge spectrum of TcO4- adsorbed on Reillex-HPQ TM anion exchange resin

defined as 21044 eV.

X-ray beam from Fluorescent photons
synchrotron to detector

lOmm4
' • .t4mm

Figure 1: Geometry of a grout sample in semi-micro cuvette used in XAFS experiments.

Extended X-ray absorption fine structure (EXAFS) data analysis was performed by standard

procedures 27 using the programs ifeffit,28 and Athena/Artemis; 29 theoretical EXAFS phases and

amplitudes were calculated using FEFF730 . All fitting was performed in R-space (R range: 1 to 4.5 A; k

range: 2 to 13.3 A`; 27 independent points31) on k3 weighted data. Kaiser-Bessel windows were applied

to both the R-space and k-space data, with widths of 0.1 A and I A-1, respectively. The EXAFS data for

these samples were analyzed with three different models. Model one had only two 'shells of
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neighboring atoms: -7 S neighbors, at 2.38 A and -2 Tc neighbors at 2.77 A. Model two had an

additional shell of 6-11 S neighbors with a large static disorder at 4.5 A. Model three was similar to the

second model with an additional Tc neighbor at either 3.8 A (-1/3 occupancy) or 4.3 A (-2/3

occupancy). The model chosen as most appropriate was the one whose fit gave the lowest reduced chi-

squared, X
2/v, where v is the number of degrees of freedom of the fit: 20, 17, and 13 for models one,

two, and three, respectively. For samples 2, 3, and 4, the best model was model three, and for sample 1,

model two was slightly better than model three. In addition, all four data sets were fit simultaneously to

a single set of parameters for a given model. In this case, the numbers of degrees of freedom were 101,

98, and 94 for models one,. two, and three, respectively, and model three gave the best fit.

The X-ray absorption near edge structure (XANES) spectra of the samples were fit using a linear

combination the XANES spectra of TcSx, TcO4-, and TcO2-2H20 as standards, and only the energy

calibration of the samples were allowed to vary. This procedure required the careful energy calibration

of the XANES spectra of the standards. The fitting was done using the code "fites" developed by C. H.

Booth.32 The fit Used 4 parameters (amplitudes of each standard and the energy shift of the sample

spectrum), and the XANES spectra had 19 independent data points (150 eV spectra with 8 eV spectral

resolution due to a combination of core hole lifetime and instrumental resolution).

The X-ray absorption coefficients for Sample A were determined using Eq 1 where p is the sample'

density (1.7 g cm 3),19 w, is the wt. % of element i in the sample, and p.- is the absorption coefficient of

element i (in cm 2 g-l).3 3 ,3 4 The elemental composition of sample A was determined from the fraction of

waste solution, BFS, fly ash, and Portland cement used to prepare the sample, and the elemental

compositions of BFS, fly ash, and Portland cement reported by Serne, et al. were used.5 The X-ray

absorption coefficients of sample A at the incident and fluorescent photon energies, [ttot(E) and [tItot(Ef),

are 5.2 cm-] and 7.5 cm-', respectively.
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Ptot ý py-wivi (1)

Results and Discussion

EXAFS studies of initial technetium speciation. A prerequisite for investigating the long-term

behavior of technetium in grout is identifying which technetium species are present. While it is obvious

that TcO4 will be present under oxidizing conditions, 35 the species present under reducing conditions

are less obvious. The hydrous Tc(IV) oxide, TcO 2-2H 20, results from the reduction of TcO 4 in the

absence of other ligands both in solution and in grout samples.15' 36 In addition, sulfide, either BFS or

added to the grout as Na2S, reduces TcO4 " to a lower-valent technetium sulfide species thought to be

similar to TcS2.15 Interestingly, the reaction of sulfide with TcO4 - in alkaline solution is a known route

to TC2S 7,37 which is generally believed to be the technetium species present in reducing CWFs.16'37

While these results appear to be contradictory, the inconsistency is largely due to the Tc(VII) oxidation

state implied by the stoichiometry of Tc2S 7. If Tc 2S 7 is not actually a Tc(VII) sulfide complex but a

lower-valent disulfide complex, no contradiction exists between these previous studies. Although Tc2S7

is generally assumed to be a Tc(VII) compound, this assumption has never been examined.14

To identify the technetium sulfide species present in reducing grouts, the Tc K-edge EXAFS spectra of

the permeable samples were examined shortly after they were prepared. Only these samples contained a

single technetium species. All other samples, including these samples at later times, contained more

than one species. The permeable samples initially had identical Tc K-edge EXAFS spectra, as shown in

Figure 2. The parameters derived by fitting the spectra are listed in Table 2. Therefore, in addition to

containing only one technetium species, all of these samples contain the same technetium species,

which will be referred to as TcSx.
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Table 2: Initial technetium coordination environment in the permeable samplesa

Scattering Sample
Atom Ib 2 3 4 All datac

NG

R(A)e

7.3(5)

2.379(5)

7.6(6)

2.376(6)

7.0(5)

2.381(5)

7.4(6)

2.380(5)

7.4(2)

2.378(2)S

0.0111(7) 0.0118(9) 0.0113(7) 0.0121(8) 0.0117(3)

Nd

R(A)eTc

1.9(4)

2.771(4)

0.007(1)

1.8(5)

2.771(5)

0.007(1)

1.6(4)

2.779(5)

0.007(1)

.1.7(4)

2.776(5)

0.007(1)

.80.3g

3.86(3)

1.8(2)

2.774(2)

0.0071(5)

Nd

.R(A)eTc 3.80(4) 3.83(3) 3.83(3) 3.84(1)

Tc

N d

R(A) e

a2(A2)l

0.7(2)

4.30(3)

0.006(2)

11(11)

4.48(3)

0.02(1)

0.6(2)

4.28(2)

0.005(2)

6(6)

4.47(3)

0.02(1)

0:7(2)

4.29(2)

0.004(1)

6(6)

4.48(3)

0.01(1)

R(A) e

0.7(1)

4.30(3)

0.004(2)

6(5)

4.49(3)

0.01(1)

0.5(8)

0.085

0.6(1)

4.30(1)

0.006(1)

5(2)

4.47(1)

0.012(4)

S

AE0  0.4(7)
Rh 0.078

0.8(8)

0.096

0.6(7)

0.082

0.7(3)

0.102
a) The number in parentheses is the standard deviation of the parameter obtained by fitting the

EXAFS data. In comparison to crystallographic data, N differs by up to 25%, and in R by 0.5%.
b) The best model for the EXAFS spectrum of sample 1 did not include the Tc shells at 3.82 and

4.31 A, but this model is included for comparison with the other samples.
c) All data fit simultaneously using a single set of parameters.
d) N: number of neighboring atoms.
e) R: distance from the scattering atom to the technetium center.
) 0-2: Debye-Waller parameter, the am6unt of disorder in the distance to the neighboring atoms.

g) Parameter determined from the corresponding parameter in the following shell.

h) R-factor = ((Yi(data) - y (fit)) 2/j (yi(data))21/2
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Figure 2: Tc K-edge EXAFS spectra (left) and their Fourier transforms (right) of the technetium species

initially present in grout samples prepared by reducing the TcO 4 -with excess sodium sulfide. Data is

shown as dots and the fits are shown as lines (Fit range: k = 2 to 13.3 A-; R = 1 to 4.5 A). Sample

numbers are indicated next to the traces.

The coordination environment of TcSx can be described by considering the first two and last three

coordination shells separately. The first two coordination shells, which comprise the largest features in

the Fourier transforms, consist of -7 sulfur neighbors at 2.37 A and 2 technetium nearest neighbors at

2.77 A. These distances and coordination numbers are similar to those of the molybdenum sulfide

complex, Mo 3 ({3-S)(S 2) 6 ', shown in Figure .3, in which each molybdenum center has 7 sulfur and 2

molybdenum neighbors at 2.44 and 2.72 A, respectively.38 The Mo3(J3-S)(L-S 2)3 core of this complex,

without the triply bridging sulfide, forms the building block of the MoS 3 structure,39 which has an

EXAFS spectrum similar to that of TcSx.40,41 The nearest neighbor environments in both compounds

are analogous; in MoS 3, each molybdenum center has -6 sulfur neighbors at 2.44 A and 2 molybdenum

neighbors at 2.75 A. The similarities of the distances and coordination numbers of the first two
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coordination shells of MoS 3, Mo3S(S2)62- and TcSx strongly suggest that the TcSx structure contains the

same triangular core, Tc3(j23-S)(0-S2)3S6 as shown in Figure 3. Furthermore, the 2.77 A Tc-Tc distance

is typical for such a triangular complex composed of seven-coordinate metal centers; analogous

triangular complexes with six-coordinate metal centers have substantially shorter metal-metal

distances.
42

MOO3(3-S)(S2)6 2- Tc3(3-S)(S2)3S6 core Tc3 S2 (S2)4 ("TcSx")

Figure 3: Structures of Mo 3(P3-S)(S 2)6
2-, the proposed structure of the analogous TcaP 3-S)(S 2)386 core

that forms the building block of TcSx, and the proposed structure of TcSx (only a portion of the

extended structure is illustrated). Metal atoms are illustrated by solid circles, sulfur atoms are depicted

by open circles.

The last three coordination shells give rise to the small features at higher R in the Fourier Transform.

The uncertainty in the assignments of these last shells is much greater than for the first two shells except

for the additional sulfur atoms at 4.5 A, which much be present in the Tc3(P3-S)(S 2)3S6 core. In addition

to the additional sulfur atoms, each technetium has a next-nearest technetium neighbor at either 3.8 A

(-1/3 of the technetium centers) or 4.3 A (-2/3 of the technetium centers). The two different Tc-Tc

distances suggest that. different ligands bridge the technetium centers. Since the presence of 7 first shell

sulfur neighbors requires that each technetium center has two sulfur atoms capable of bridging adjacent

technetium centers, possible identities of the bridging ligands are two bridging sulfide (or hydrosulfide)

ligands or an edge-bound disulfide similar to the bridging disulfide of the Tc3(23-S)( P-S 2)3 cluster
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without the Tc-Tc bond. The Tc-Tc distance of two technetium centers symmetrically bridged by an

edge-bound disulfide ligand would be close to 4.3 A. In a similar copper complex, 43 two Cu centers are

separated by 4.03 A, but the Tc-S bonds in TcS, are 0.1 A longer than the Cu-S bonds. Moreover, the

S-S distance of the disulfide bridge, determined from the Tc-Tc and Tc-S distances, must be 2.0 A,

typical for a bridging disulfide.38' 43 For these reasons, the 4.3 A Tc-Tc distance is assigned to two Tc

centers symmetrically bridged by a disulfide ligand.

The 3.8 A Tc-Tc distance could be due to either two bridging sulfide or hydrosulfide ligands. If the Tc

and S atoms are coplanar, the Tc-Tc and Tc-S distances produce a Tc-S-Tc angle of 1090. Although

few families of complexes exist in which the parameters for bridging sulfide and hydrosulfide ligands

can be compared directly, a M-S-M angle of 1090 is more typical of a bridging sulfide than of a

hydrosulfide, which generally have M-(SH)-M angles of _100.44-4 For this reason, the 3.8 A Tc-Tc

distance is assigned to two Tc centers symmetrically bridged by two sulfide ligands. Overall, the

EXAFS data is consistent with a TcSx structure composed of triangular Tc3(9t-S)(ýL-S 2) 3 clusters linked

by either bridging disulfide or by two bridging sulfide ligands as shown in Figure 3.

Although the assignments of the last two technetium scattering shells in the EXAFS spectrum of TcSx is

much less certain than the assignments of the other three shells, the resulting model provides the best fit

to the data as judged by the reduced X2 value. In addition, the resulting bond distances can be

interpreted in a chemically meaningful and reasonable manner. For these reasons, the model that best

describes the EXAFS spectrum of TcSx is the one given in Table 2 and shown in Figure 3.

The structure of TcSx has a stoichiometry of Tc 3S 2(S 2) 4 or Tc3 Sl0 , which is almost identical to the

stoichiometry of TcS 3.2 determined for "Tc 2S7" prepared under similar conditions. 37  Since the

conditions used to prepare grout samples are analogous to those used to prepare Tc2S 7, it seems likely

13



that TcSx and Tc2 S 7 are the same compound. However, the technetium centers in TcSx are clearly not

heptavalent. From the EXAFS model, TcSx would be a Tc(IV) compound, which is consistent with its

Tc-K edge absorption energy, 6.5 eV below that of TcO 4". For comparison, the energies of the Tc-K

edges of Tc(IV) complexes with oxygen coordination shells occur at -5.5 eV below that of TcO4 .'7

Consequently, the technetium sulfide species present in reducing containing grouts, TcSx, appears to be

Tc 2S7 as previously suggested;1 6' 37 however, the technetium centers in TcSx are most likely tetravalent

in agreement with the previous XAFS study.15

Evolution of technetium speciation determined by XANES spectroscopy. The speciation of

technetium in the grout samples was determined by least squares fitting of the XANES spectra using the

XANES spectra of TcO 2o2H 20, TcO 4-, and TcSx as components.' This method is analogous to those

previously described by Ressler et al. and Panak et al., which have been shown to yield quantitative

speciation information assuming that appropriate, correctly calibrated standards are employed.47'48 The

results for the evolution of technetium speciation in the permeable and impermeable samples is

addressed separately.

Permeable samples. As described in the previous section, the technetium speciation of all the

permeable samples was initially identical since all samples contained only TcSx. However, as the

samples aged, their XANES spectra changed as shown in Figure 4, which also shows the deconvolution

of the XANES spectrum of a 45-month-old sample. The mole fraction of TcO 4" in these samples is

shown in Figure 5 as a function of the age of the sample. The scatter of the data shown in Figure 5 is

much greater than the standard deviation of the measurement and will be discussed below.

Unfortunately, this large degree of scatter results in a correspondingly large uncertainty in the rate of

oxidation of Tc(IV) in these samples. However, Figure 5 shows that N03- does not play a major role in

the oxidation of Tc(IV) in these samples since the degree of oxidation of all samples is approximately

equivalent despite the fact that samples 2 and 4 do not contain N0 3 ".
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Figure 4: (left).Evolution of the Tc-K edge XANES spectra of sample 4 as a function of age. The age of

cement (in months) is given next to the corresponding spectrum. (right) Deconvolution of the XANES

spectrum of a 45 month old sample. Data are shown as dots and the least squares fit is shown as a line.
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Figure 5: (upper) Evolution of the fraction of technetium present as TcO4- in the permeable samples as a

function of age. (lower) Evolution of technetium speciation in the permeable samples averaged over all

samples.

Permeable samples., In contrast to the permeable samples, -20% of the TcO4- in the impermeable

samples was not reduced to Tc(IV) at the beginning of the experiment. However, as.the samples aged,

the amount of TcO4 - decreased, as shown in Figure 6, presumably from its reaction with the BFS in the

grout.15 The large increase in the amount of TcO4 observed in samples A and C at 26 months is due to

exposure of these samples to atmosphere; sample B remained sealed. Based on the assumption that the

fraction of TcO 4 in these samples is the same at 26 months as when it was previously determined at 18

months, the fraction of TcO4 " present in Samples A and C increased by 34% and 46%, respectively,

during the 4 months that they were exposed to air. In comparison to the permeable samples, less scatter

is present in the fraction of TcO 4 " in these samples and the fraction of TcO4- varies little among the

samples until samples A and C were exposed to air. As in the permeable samples, the presence of N03-

has no observable effect on the speciation of technetium.

16



Sample÷~A l
040- -'B

0 - C Samples A&C
20 exposed to air=20-1

0

o2 TcO 2.2H 20

20- ÷TcSX

0 10 io 30 40
Age of sample (months)

Figure 6: (upper) Evolution of the fraction of technetium present as TcO4- in the impermeable samples

as a function of age. Arrow indicates that samples A and C were opened at 26 months (the fraction

TcO4- at that point is assumed to be the same as previously determined at 18 months). (lower)

Evolution of technetium speciation in sample B, which remained sealed throughout the experiment.

Discussion

The data from both series of samples show that TcSx, in grout is unstable towards oxidation. As noted

previously, both N03- and 02 could oxidize the lower-valent technetium species present in these

samples. Since the presence of N03- had no significant effect on the rate of oxidation of technetium in

these samples, atmospheric 02 is the likely oxidizing agent. In addition, oxidation by 02 rather than by

N037 helps explain the scatter in the speciation data observed in the permeable samples.
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The scatter in the data in Figure 5 is believed to result from a variation in the amount Of 02 diffusing

into the samples, which produces different amounts of oxidized TcSx in different areas of the samples.

Since the regions probed by the X-ray beam were chosen arbitrarily, such spatial inhomogeneity of the

Tc speciation would result in the sort of scatter observed in Figure 5. Although the 02 diffusion into the

samples was originally thought to result from air leaking through the caps of the PS cuvettes, XANES

spectra obtained at intervals from the top of the samples to the bottom show that this is not the case;

instead, the technetium speciation varies somewhat along the length of the cuvette (Figure 7).

Interestingly, 02 is diffusing into the impermeable samples through the -1 cm thick epoxy plug, but not

through the -2 mm thick PMMA cuvette, as indicated by the presence of Tc04" at the top of the cuvette

(Figure 7). In the case ofthe permeable samples, the variation in the rate of 02 diffusion is believed to

be caused by the ridged walls of the cuvette through which the XAFS spectra were obtained since 02

would diffuse more quickly through the thinner areas between the ridges.

0.8

90.6.

. 0

4. 0.4-
.0 0

r. 0
.000 0 0

AO 0
M 0.2-

0 A A A A A AA A

0 10 io i0 40
Distance from top of sample (mm)

Figure 7: Technetium speciation as a function of position within permeable sample I (circles) and

impermeable sample B (triangles). Age of sample- 1, 73 months; sample B, 59 months.

The premise that 02 is the actual oxidizer is strongly supported by the results from the impermeable
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samples shown in Figure 6. Although -20% of the TcO 4 " in these samples was not reduced to TcSx, the

amount of TcO 4- in these samples declined at later times, presumably due to reduction by BFS.

Furthermore, the technetium speciation in-the impermeable samples is relatively homogeneous (except

near the top). Although the technetium speciation evolved and the portions of the samples probed by

XANES were arbitrarily chosen, little scatter exists in the technetium speciation among the different

samples. Since, atmospheric 02 cannot readily diffuse into these samples, technetium speciation should

not vary with position. However, the most dramatic evidence for 02 oxidation is the 40% increase in

the amount of TcO4 " observed in the initially sealed impermeable samples after 4 months exposure to

atmosphere.

One unexpected result is, the appearance of TcO2o2H 20 in the permeable samples as they aged.

Formation of TcO 2.2Hj0 cannot result from the hydrolysis of TcSx since it is stable to hydrolysis under

the conditions present in the grout samples. Rather, the observation of Tc0 2°2H20 implies that the

oxidation of TcSx proceeds by initial oxidation to Tc0 2°2H 20, which is then oxidized to Tc04- as shown

in Eqs 2 and 3. This hypothesis is also supported by the evolution of the technetium speciation shown

in the lower panel of Figure 5. Initial oxidation of TcSx to TcO 2o2H 20 is consistent with the potentials

for the reduction of S042- to S2 (-0.67 V) and of TcO4 to Tc0 2°2H 20 (-0.28 V) at pH 13. Although the

detailed mechanism is certainly more complex than this simple picture, the observation of TcO2o2H 20

in the permeable samples is consistent with the premise that oxidation of TcSx to Tc04" proceeds with

TcO 2.2H 20 as an intermediate.

Tc 3S 10 + 18 02 + 20 HO- -- 3 TcO2°2H 20 + 10 SO 4
2- + 4 H20 (2)

4 Tc0 2°2H 20 + 4 HO- + 3 02 -- 4 Tc0 4- + 10 H20 (3)
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The oxidation of the impermeable samples that have been removed from their cuvettes should occur at

all of surfaces of the grout sample as illustrated in Figure 8. Consequently, the XAFS experiment

examines a layer of oxidized grout on the surface of a sample consisting mainly of reduced grout, based

on the reasonable assumption that oxidation of reducing grout proceeds by the shrinking core

mechanism as proposed by Smith and Walton.16 The thickness of the oxidized region formed in the

initially sealed samples after exposure to atmosphere can be determined from the fraction of technetium

that is oxidized using the formula for the fluorescence yield from a sample of a given thickness.49' 50 For

a sample of thickness d, the fluorescence yield is given by Eq 4, where A is the area of the detector, r is

the distance from the sample to the detector, ETc is the fluorescence yield from the technetium K-shell,

P
1Tc is the technetium absorption. coefficient at the incident photon energy, tto t(E) and ptot(Ef) are the

total absorption coefficients of the sample at the incident and fluorescent photon energies, and 0, ý, and

d are defined in Figure 8. Since the total fluorescence yield for a thick sample is given by Eq 5, the

contribution of a surface layer of thickness, d, to the total fluorescence signal is given by Eq 6, where Id

is the fluorescence from a surface layer of thickness, d, and Itot is the total fluorescence from the sample.

For the impermeable samples exposed to air, the average increase in pertechnetate content of 40 %, or

Id/Itot=0.4 in Eq 5, corresponds to a 0.28 mm thick oxidized layer, using -trot(E) and [ittot(EF) calculated

for sample A. Because 99% of the fluorescence from this sample comes from the upper 2.6 mm of the 4

mm thick sample,, the sample can be considered thick and the contribution to the fluorescence of the

oxidized layer on the opposite side of the sample can be ignored.

A TLTc(E) l-ex -f~tot (E) (4)to (E f))d](

r2 ptot (E) + ttot (Ef)-s--- LL sin stinO
sinO

A _ _ _ _ _ _ _

Itot /I0(E) Oc A FTc sTiE) (5)
tot(E)+-ttot(Ef)sin
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- 10mm

Figure 8: Illustration of the XAFS experiment on an initially sealed, impermeable sample that has been

exposed to air. The oxidized layer of thickness d is illustrated by the lighter colored region and is on the

surface of the darker colored reducing grout.

The thickness of the oxidized layer calculated from the fraction of TcO 4" present in the sample can be

compared with the thickness of the oxidized region determined analogously using the shrinking core

model of Smith and Walton.16 The difference between the model employed here and the Smith and

Walton model is that here the effective diffusion coefficient of oxygen, Defo 2 ), is determined from the

MacMullin number and the diffusion coefficient of oxygen in water: DeMo2) = Dm(02/Nm as described

earlier. The rate of growth of the oxidized layer of thickness d is given by Eq 7 where t is time (in

seconds), C0 2 is the concentration of oxygen in water at the surface of the grout (3.7X 10-7 mol cm 3),

Dm(02) is the diffusion coefficient of oxygen in water (2.Ox 105 cm 2 s-1), and Cred is the concentration of

reducing equivalents in the CWF in moles of electrons (3.7xl0-4 mol cm 3 for a CWF with a density of

1.7 g'cm-3 composed of 27% BFS with a measured reducing capacity of 0.81 meq g9-, all other grout
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components are assumed to have a negligible reducing capacity). Using Eq 7, the thickness of the

oxidized region determined from the XANES experiment, 0.28 mm, in grout samples exposed to air for

120 days corresponds to a Nn of 1.6x 103 or a Deff(N03-) of 9.5x10 9 cm2 S1, which is within the range of

DeffNo 3 ) reported for CWFs. The thickness of the oxidized layer determined from the XANES

experiment is consistent with the thickness of the oxidized layer anticipated from the shrinking core

model of Smith and Walton.

!8Co tDM(02
d= 02 m((7)

The effect of oxidation by 02 on an actual waste form, Saltstone, also can be examined using this model

to illustrate the difference between oxidation of reduced technetium species by 02 and N03-. In

comparison to sample A, Saltstone has smaller Deff(NO3-), ranging from 1.3x10-9 cm2 s-1 to 5x×10- cm2 s"

1, but a similar Cred since Saltstone is prepared from the same BFS in similar proportions to those used.

to prepare Sample A. Using a DeffNO3-) of 5x 10-9 cm 2 s-1, the thickness of the oxidized region would be

17 cm after one 99Tc half-life (213,000 yr), and after ten half-lives, the oxidized region would be 53 cm

thick. For comparison, the dimensions of a Savannah River Saltstone monolith are 30.5 m x 30.5 m x

7.5 in. 7 Therefore, approximately 6% of the technetium in the waste form would be oxidized after one

99Tc half-life, and approximately 20% would be oxidized after ten half-lives based on the assumption

that oxidation occurs at all sides of the Saltstone cell. This simple estimate ignores the presence of

concrete vault surrounding the Saltstone and the layer of reducing grout without technetium at the top of

the Saltstone vault, both of which would decrease the rate of 99Tc leaching. Cracking and flow of

surface water through the CWF could greatly increase the rate of oxidation and the leaching of Tc04- by

effectively decreasing the size of the Saltstone cell to the intercrack spacing,7,8 so this discussion is

intended only to illustrate the difference between oxidation by 02, which produces an oxidized surface

region with an increased Deff(99Te), and oxidation by N0 3 , which would, result in an increased

22



Deff(99Tx) throughout the entire volume of the waste. The results in this study indicate that the oxidation

of Tc(IV) species in these grout samples is due solely to 02, and that N0 3 has no observable effect on

the speciation of technetium in these samples. While these results do not show that NO3- is unreactive

towards Tc(IV) in reducing grouts, this reaction occurs too slowly to be observed in this study.
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BRIEF The speciation of technetium in reducing grout samples was examined using X-ray absorption

fine structure spectroscopy; the reduced technetium species were oxidized by atmospheric oxygen.
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SUMMARY

Pore solutions were extracted from the cement-Class C fly ash mix
(former reference mix) and three slag-containing saltstones. The
purpose of this work was to: 1) quantify waste ion source terms
in the pore solution for modeling studies; 2) identify precipi-
tated phases incorporating waste ions; and 3) provide data for
interpreting cement, fly ash, and slag hydration rates and reac-
tion products.

The concentrations of the various ions in the waste solution
approximate the concentrations in the pore solutions, although the
pore solution analyses for N03-, N02-, Na+ vary by about 40%
compared to the original waste analyses. This is attributed to
the opposing effects of removing water from solution by hydration
reactions versus removing salts from solution as precipitates.

Nitrate, nitrite, and sodium appear to be removed from solution to
some extent as the samples age. Nitrate and nitrite are probably
precipitated as soluble salts which can redissolve as the composi-
tion of the pore solution changes. Sodium is probably incorpor-
ated in the hydrated silicate phases.
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Aluminate precipitates within hours as calcium aluminate hydrates.
Sulfate remains in the pore solution and it appears that the sul-
fate phases present in ordinary hydrated cement are not stable at
pH - 14.

Cement and slag hydration takes place over the first two weeks of
curing. Class C fly ash hydration appears to continue for 30-60
days based on pore solution analyses of samples cured up to 90
days. Consequently, the low permeability microstructure which
results in' slow release of soluble ions takes longer to develop in
mixes containing Class C fly ash.

Data are presented in the attached report submitted by personnel
from the Materials Research Laboratory, the Pennsylvania State
University. This report completes contract AX 0690633.

RESULTS AND DISCUSSION

Pore solution data from the attached report are summarized in Fig-
ures 1 - 6. Salt solution source terms were added along with
source terms for the ionic species introduced by hydration of the
solid components in the waste forms. Oxide analyses for each
batch of cementitious solids were converted to mg weights of the
most stable soluble species. For this discussion, the solids were
considered to be 100% soluble.

Results of waste ion concentrations in the pore solutions are sum-
marized below.

o Na+ concentrations decrease with curing time (90 days) from
about 100 000 to less than 70,000 mg/l in all four mixes stu-
died. Na+ is probably incorporated in the calcium silicate
hydrate phase.

o The A10 2 - concentration in the waste form pore solutions
decreases about 65x within the first week of curing (16,389 to
-250 mg/1). AlO?- reacts with Ca+ 2 and probably Si03 - 2 to form
insoluble precipitates within the first few hours after mixing.
These reactions include precipitation of hydrogarnet solid
solution, Ca 3 (AIFe) 2 (SiI-xH2 x) 3 0 1 2 , which is responsible for
the grout gellation process. (The reference mix contains Class
C fly ash which hydrates over 60 days and also contributes
A1O2- to the pore solution during this time.)

o NO3-, NO2-, CI-, and S04-2 concentrations in general increase
in the pore solutions compared to the waste solution as water
is removed from the pore solution to form cement, slag, and fly
ash hydration products. Although variations in the concentra-
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tions of these species vary somewhat with curing time, it is
reasonable to use the concentrations in the original waste
solution as the source terms for the modeling studies.

After about 30-60 days, NO3 - concentrations decrease somewhat
because Ca(N0 3 ) 2 * 2H 2 0, Al(N0 3 ) 3 -. 9H2 0, are precipitated as
soluble salts. Although concentrations may drop with time,
these ions are not chemically stabilized since their salts are
water soluble.

o In contrast, some Cl- can be chemically stabilized in the
structure of various hydrates where it substitutes for OH-.
Since Cl- concentrations in the pore solutions of the slag mix
decrease after about 40 days curing, hydrotolcite,
Mg6 Al 2 (CO3 )(Cl,OH) 6 • 4H 2 0 is the most likely structure to
incorporate chloride.

o SO4 - 2 also remains in the pore solution and its concentration
is a function of the amount of water tied up in the cement
hydrates. Lack of'calcium sulfate and calcium aluminum sulf-
fate hydrates in the X-Ray patterns indicates that ettringite,
and monosulfate hydrate (common hydrated cement) are not stable
in the high pH, high salt pore solutions. Consequently,
although the sulfate concentrations are very high, sulfate
attack of these waste forms or vault concrete may not occur due
to the instability of the expansive (disruptive) phase ettrin-
gite. However, sulfate resistant vault concrete, such as the
slag-substituted mix currently being used, is still recom-
mended.

Results for ions introduced into the pore solution as a result of
cement, slag, and fly ash hydration are summarized below.

o 5i03 -2 in the pore solution results entirely from hydration of
cement, fly ash, and slag. Dissolution or reaction of these
solids introduces more SiO3 - 2 into solution than is precipi-
tated as hydrates. This is particularly evident for cement
hydration (reference mix) and also for Class C fly ash hydra-
tion. However, within 60 days most of the silicate in the
solid blends is precipitated as insoluble hydration products.

o Ca+ 2 and Mg+ 2 in the cementitious solids react to form insol-
uble precipitates. Hydrate calcium silicate gel, and sodium
substituted gel were detected by X-Ray diffraction patterns for
both slag and cement mixes. In addition the slag mixes con-
tained hydrotolcite, a magnesium aluminate hydrate.

Low solubility of these reaction products is supported by the
low concentrations of Ca+ 2 and MgJ 2 in the pore solutions
(<100 mg/l).
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The slag mixes have similar low pore solution concentrations as
a function of time. However, the former cement-based reference
mix has higher Ca+ 2 and Mg+ 2 concentrations prior to about 60
days curing. These higher values probably reflect Class C fly
ash dissolution over this time period and continually intro-
duced these ions into solution.

o Fe+3 concentrations in the pore solutions indicate that in the
case of the slag-Class F fly ash mix, iron is incorporated in
hydration products from the onset of hydration up to at least
90 days curing. Iron in the reference mix is released over 60
days probably from the fly ash and is also incorporated in
hydration products. In two of the slag mixes containing the
most lime (in Class C fly ash and limestone flour) iron appears
to be released into the pore solution after 30-60 days curing.
This suggests breakdown of an unstable hydration product. How-
ever, additional analyses are necessary to verify and explain
these results.

o K+ and P04- 3 pore solution concentrations are primarily the
result of fly ash dissolution. Since the fly ashes were not
analyzed for these species detailed discussion is impossible.
However, it appears that K• is completely soluble in the pore
solution and is not incorporated in any insoluble hydration
product. (Cs+ is expected to behave similarly to W-.) P04 3

also is introduced by the fly ash hydration and appears to
result in one of two insoluble hydrates with slightly different
equilibrium constants. In two of the mixes, slag + F ash and
slag + C ash the concentration of P04- 3 is about 50 mg/l com-
pared to 250 mg/l for the cement + Class C mix and the slag.+
limestone mix.

CONCLUSIONS

o Pore solution extraction and analysis is an experimental tech-
nique for identifying source terms for soluble ions in the
waste forms.

o Results were used to infer that the certain waste ions are pre-
cipitated or incorporated in matrix phases A102-, Na+, C-, and
P0 4 - 3 .

O A slag-based saltstone formulation and partial substitution of
slag for cement in the concrete vault formulation improve
resistance of these materials to deterioration by reaction of
cement with sulfate ions in the pore solution.

CAL/tyb
Attachments
87-530
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ABSTRACT

The pore fluids of four Savannah River saltatone formulations were
expressed (squeezed) from samples cured for various time periods. The
fluids were analyzed for both cations and aniona. Solution analyses were
compared with the composition of the original mixing solution. The
concentrations of the waste ions (NO0 NO. PO4D Cl- Al0- and Na+)
decreased with time. The sulphate concentration showed little or no change
with time. The ionic concentrations were compared to the saturation levels
of the waste salts in aqueous media.

IMTOUCSUTIO

The chemical compositions of the pore fluids in cement-based waste
forms were monitored as a function of hydration time. The fluids were
expressed using a high-pressure cell and analyzed for cations and anions.

In addition. Eh measurements were made on pore fluids from three of the
mixes which had been cured for one year.

Three slag-containing formulations are included in the present study
and the effects of. slag content, type of fly ash and the addition of lime-
stone dust were evaluated. The results were contrasted with SHP reference
mix (MRL #84-40).

RZPI3DITAL

Mixtures Tested

A simulated DWPF solution containing 31 wt % dissolved salts was
prepared from technical and reagent grade chemicals (Table I)L A sample of
this solution was analyzed by the same procedures as the pore fluids. The
result is presented in Table IIL This solution was used as the mixing fluid
in preparing the formulations studied. The compositions of the waste forms
tested are given in Table III. The mixtures were prepared according to the
ASTM C 109 mixing procedure. The resulting slurries were stirred an
additional 20 minutes prior to casting specimens for pore fluids extraction.
Samples (cylinders. 1 inch in diameter and 2 inches in length) were cured at
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2. Al10 concentrations in all pore solutions are much lower than the
original waste solution due to the early precipitation of substituted
tricalcium aluminate monosulfate hydrates (Afrm phases) such as C4 ACHIj* and
C4 A.Ca(XO$)2.9H20 in the reference mix and pecipitation of substituted AM,
hydrotalcito (Mg6 Al2(CO3,NG3 )(OHI)6; 4H2 and Al(NO3 )3y9l 2 0 in the slag-
containing mixes.

3. NaO concentrations show a decrease between 7 and 90 days.

4. S•02 concentrations show negligible variations with time.

5. , Oj and NCI concentrations decrease with time. NON drops by 19-37%
between 7 and 28 days.

6. C1- and POi 3 concentrations decrease with time.

7. Ca' 2 , F9+30 K+, Mg' 2 and SiOp2 are primarily released from the
solid ingredients of the saltatone matrix. Except for KI, which shows minor
changes with time, and F9÷3. which shows a trend to increase with time in
slag containing mixtures, all these ions show an early age higher
concentration in the reference mix compared with the slag containing mixes.
These high concentrations drop gradually with time.

Sh Yalu"s

Table X shows the Eh values of pore the fluids. All values have a
positive. sign.

D13CU3T•=

From the variation of volume of water of different samples at different
ages, it could be seen that, except for the 0-7 day time interval, all
variations are small and the error introduced by these small variations on
the ionic concentrations fall within the anaLytical error of +±5.

Concentration versus time diagrams (Figs. 2 and 3) reveal the fact that
there is a solid matrix dependency of the ,pore fluid composition and
variation with time. The relationships between pore fluid compositions and
the composition of the various combinations of starting material are
summarized below:

The reference mix containing cement + Class C fly ash shows
initially high concentrations of ionic species released from the
cement and fly ash (Ca+2, Fe÷2, KV, Mg+ 2 , and Si0j 2 ), as well as
waste solution ionic species (NaO, A101. C1-, NOI, and NOj). The
concentrations of these ionic species decrease gradually with time
and approach the corresponding concentrations in slag-containing
mixes. The drop in concentration is mainly due to the chemical
reactions between the ionic species released from cement and fly ash

*Cement chemical notations are used in these formulae where A - A12 03 , C =
-CaO, C - Co2, and H - H20.
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and those present in the waste (mixing) solution. This gives rise
to insoluble compounds such as those shown in Table IX, as detected
by x-ray diffraction. Mg÷2 is also incorporated in the solid
precipitates as partial replacement for Ca+2. POj 3 and S042 show no
appreciable change with time.

Slag-containing mixes show initially low concentrations or the ionic
species released from solid starting materials (Ca÷2, Fo+3, M÷+2,
and SiO32 ). With an exception of Fe° 3 , all these ionic species
remain low in concentration at all ages up to 90 days. The
concentrations of waste solution ionic species show continuous drop
with tine. The formation of the compounds shown in Table VIII (as
detected by XRD) explains the variation of concentration of pore

fluids ionic species.

A101 show an early low concentration compared to the reference mix,
probably Que to the early precipitation of Al(NO3 )g*9H20.

The positive Eh sign indicates an oxidizing state. Pore fluids
expressed from slag cement samples are normally reducing (3) due to
the sulphide and thiosulphate ions in slag. In-the mixes tested
here the nigh NOY content apparently controls the oxidation
potential of the pore solutions.

CONCLUSION3

Chemical composition of pore fluids expressed from hydrating cement-
and slag-based SRP waste forms were monitored with time. The waste forms
studied are the current SRP reference mix and three slag-containing mixes.
The results showed a continuous drop in concentrations of all waste ions
except sulfates with time. Sulfate on the other hand, showed no or minor
change in concentration with time. The decrease in concentration varies
from one ion to another. All mixes containing slag show greater drops in
NaNOý oon~entration by 90 days, than does the SRP reference mix (84-40). Eh
was measured and an oxidizing environment as found for both the cement and
slag waste forms indicating control by N% of the Eb measurements.
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FIGURE 1. Pore Fluid Collection System
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TABLE I

COHP031TI0E 0F THS SIMLA!ZD IDVP VAT Va3 CLGTIOU

46x"MxM &M AL

H20 (deionized)

NaN03

NaNO2

NaOH

NaAIO2

Na2S0 4

NaCl

Na 3 PO4

09.00

17.05

4.26

.4.60

2.74

2.08

0.13

0.14

*At the timo this study was initiated the reference solution contained 32%
-salts. Horever, sinoe that time it has been diluted to 29 wt S salts. The
relative concentrations of salts have remained constant.
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TABLE 11

NHIU SOLUTIC (04) ANALY31S (NIL)

A102 16.389

Ca+2  240

Fe+3 , 2.7

K + 250

+220
12 75

Na+ 100,000

SiO3
2 * 23.9

C03 2  625

Cl- 860

NO2 36,000

Poj 3  100

NO 155,000

SO-2 16.O004

OH- 20,000

Error estimated to be +±5
except where indicated (*)
the error was estimated to
be +20%.
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TIBL3 III

sa~ilifA nirm-PLAN SALISTOEN S Cut •)

SML
Reference

Bland*
Z-58

Fly Ash
Class C
B-75

Class Fee
B-84

Slag
Newoem
B-63

Limestone
R04
B-90

Solution
32 wt S
'E-34

84-40 62.5 37.5

84-48 30.0 25.0 45.0

84-50 40.0 15.0 45.0

84-51 20.0 35.0 45.0

*A mixture containing 20 wt Wa portland cement and 80 % Class C fly ash.

$*SRP D-area fly ash.
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TauL IT

REULT O ClCAL ANALY3r O POO FLUIDS P•UU. FNI NM 84-40
AT VARIZS JAM (06L)

7ft 72Ru anti 1 Rll 4
29A

A102

Ca+2

Fe+3e

K +

Mg +2,

Nat

coi2

C1-2

PO3

poi,N02-

S04
2

OH-a

pH

2,294

810

54.6

6.720

139.8

97,800

2,280

22,600

900

51,000

300

198.000

19,200

11,716

13.8

491.7

550

16.1

6,600

150

70. 000

950

7,100

980

45,000

250

165,000

17,200

17,694

13.98

196.7

140

2.0

6,200

24.4

68,000

434

3,350

880

42,000

150

160,000

17,500

11,926

13.8

135.5

80

2.S

4,100

1.8

69,000

339

800

1010

40,000

(150

160.000

16,900

S,445

13.5

131

58

2.3

4,800

1.4

69,000

787

1,200...

530

39,000

(150

15 $.000

15.200

12,991

13.88

a - Calculated values.

Error estimated to be +5% except where indicated (0) the error was estimated
to be +20%.
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TABLE V

REULTS (W cuuuzcAL ASLISMS OF PORK FLUIDS MOUS]D Fl
KM WU AT VARIOUS AoM (26/L)

A102

Ca+2

F6+30

K+

Mg+20

Ka+

SiO52 .

CO-2

C1-

co; 2Nci

SO43

oH-a

pH

7d

17.7

9.0

1.6

6.000

0.1

77,000

203.6

8oo

1170

42,000

(150

175.000

26,000

14.258

13.8

28d 56d

6.3

29

3.5

7.000

1.2

85.000

230.7

1.000

1380

43,000

(150

203,000

25,000

16,315

13.98

26.9

94.6

1.74

7.400

11.5

91,000

169.6

675

661

33,800

(150

177,000

25,500

227

12.13

90d

1.33

92.05

2.21

6,500

1.96

60, 000

76.6

736.§1.

739

27,000

<150

.122,700

24,000

3,794

13.3

a - Calculated values.

Error estimated to be a+3.
to be +20%.

except where indicated (*) the error was estimated
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ThL3J VI

LU.TS FROM1 1L ANALTSES (F 13F I.FLUIDS WRESSM FROM M ,3.SO
AT VARIOUS IMS (gIL)

A102

Ca+
2

Fe+30

K +

ME+2*

Na+

CO-2

Po3
Coil

Cl-

N•
2

p043

NO-

SOj 2

OH-a

pH

7d- -

142

26.7

43.30

3,660

8.0

100,000

564.6

14,500

1133

50,000

(400

191,600

21,500

12,019

13.85

28d

8.7

7

1

4,500

90,000

380

11.000

950

43,000

(250

190,000

22,000

14,073

13.9

56d

207

21.31

49.78

3.578

.0.6

79.333

194

620

330

39,000

(250

163,000

18,000

5,882

13 .34

90d

243.5

46.29

51.43

3.943

0 .86

72,000

172

1712,

276

39,400

257

171.400

18.100

13,345

13.9

a - Calculated values.

Error estimated to be ±5%
to be +20%.

except where indicated (M) the error van estimated
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TABL IJI X

R3l1LT3 WV CNEICAL ANU 1O P FLuID3
AT TARIM5 AM3 (96A)

ixviuM vR MIX 14-51

AlOj
Ca+

2

Fe+3*

Mg l+2e

Na+

CO-2

3
Co;2
Cl-

N02

_~3

F04

soil

OH-a

pH

7d-

305.9

8

4

2,800

(0. *

103,000

299

3.150

1020

46,000

<250

180,000

16,900

196.7

13.0

<0.2

2.400

0.3

98,000

258

3,650

1150

46.000

(150

210,000

17.000

28d 56d

240

1i

2

2.500

(1

85,000

326

2,700

420

36,000

<250

150 .000

15.400

163.9

24

32

11800

74.000

380

780

27,000

<150

130,000

13,900

agave acidic pH values due to greater error in analysis attributed to alkali

metal pairs and nitrate.

Error w&A estimated to be ±5% except where indicated (0) the error was
estimated to be ±20%.
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TABLI VIII

VATI COX= A? DIFIIU? AQRS (VOL, )

age
(duan) 84-40 84-48 84-50 84-51

0 50.0 51.5 54.6 53.0

7 39.0 45.0 40.0 j7.0

W.8 42.0 47.0 44.0 41.0

56 46.0 47.0 45.0 41.0

0O 41.0 47.0 45.0 43.0
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TWIM U

SMA OF CNIOMUDS IDENTIFID N ZmE FONOD MON IONIC SF3CIRS IN
POR FLUIDS OF • N• 'UMCN KIl AMD LAOG-COCTAssG Hl=M

Reference Mix

C-S-He

N-C-S-H*

Ca(N0 3 ) 2 -2H2 0

C4ACHXX•

C3AOCa(N0 3 ) 2 "9H2 0

C3Ao.2Fo. 8H6-C3FS 3*

C3 AH6G

CaCO3

Na2 co3 1oH2 0

SlaE-Containinr Mixes

N-C-S-H*
Substituted C-S-HO

Ca(N0 3 )2 "2H2 01l(No3) .aio

C4A SHIl •

C4Ao. 2 5 "-. $H12*

!4 6A2(Co3 9,NO3 ) (OH) 6 "4.0

C3AO. 2FO.$H-C 3 FS3*

C3AH6 *

CaCO3

Na2 C03 "10H20

*Cement chemistry notations were used in these
formulae; A - A1 2  . C - CaO0 C - COP2 F -P0203. H

SH 20. K - K20, N ! 1;20, S - SLO2 . and S0 3.
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ThDIB I

lb YALU=. W T'AICS P3O3 FLI.OS AT 25$C
I

Formulat19a .-, 250C. 1 atmos

84-40 +137

84-48 +239

84-51 +137
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