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	Purpose:  The purpose of this calculation package is to provide documentation to the project files for calculations related to the transport and dose of nickel, molybdenum and vanadium.  The calculations cover transport from the exit of UZ below the repository to the 18 km accessible environment (referred to hereafter as the Regulatory Compliance Point) and beyond to various locations in the Death Valley Region.  Dose in terms of intakes to be compared with Oral Reference Dose (RfD) are also calculated.  Uranium is also considered in the toxic metals but it is not analyzed in this calculation package (except for screening discussions).  Uranium intake values are obtained during the radionuclide transport analysis (see calculation package for radionuclide transport and dose CalcPkg_Rad1_DHL_4-21-09).



	Method:  The following steps were performed as part of the calculations.
The analysis was carried out for two climate conditions and two pumping scenarios.  The two climate conditions were (1) a present day climate existing from closure until 1 million years post-closure and, (2) a wetter climate equivalent to the post-10,000 yr climate in the TSPA.  The results from the TSPA-LA model were supplied as a combined case which is a sum of the time histories of the nominal case and all disruptive scenarios analyzed by TSPA.  The two pumping scenarios were (1) regional flow when pumping in the Amargosa Desert from closure time to 1 million years post-closure at a rate equivalent to the pumping rates for 2003 as recently published (DIRS 185968-Moreo and Justet 2008, Fig 3, pg. 5) and, (2) regional flow with no pumping from closure time to 1 million years post-closure.

TSPA does not analyze non-radiological materials so the first step is to estimate release rates for metals from the unsaturated zone (UZ) to the saturated zone (SZ) just below the repository.

Then estimates of transport of the metals from the exit of the UZ to the 18 km accessible environment are performed using SZ transport abstractions from TSPA.

For the no pumping scenario the regional flow modeling identified two flow pathways: (1) a flow path extending from the 18 km point or RMEI location (hereafter referred to as the Regulatory Compliance Point)in a south east direction then turning more westerly terminating at Death Valley.  The results indicated the termination was the floor of Death Valley in a modeling unit referred to as “OBS-DV-MIDDL” in the middle basin (DIRS 173179-  Belcher et al 2004, Table F-4) and (2) a minor path (2 particles out of 8024) extending from the Regulatory Compliance Point generally southward terminating at Alkali Flat (DIRS 186186-SNL 2009, Figure 11).  For the 2003 pumping rate scenario one flow path was identified extending from the Regulatory Compliance Point directly southward to the site of the pumping (Amargosa Farms) (DIRS 186186-SNL 2009, Figure 13). 

There is some uncertainty in the flow path modeling so that there is some possibility that the metals going to Death valley could discharge in the Furnace Creek springs area, mixed with the flowing water there.  Transport of metals was therefore analyzed for the three paths: 

· The Regulatory Compliance Point to the Death Valley Floor (no-pumping scenario)

· The Regulatory Compliance Point to the Furnace Creek Springs area (no-pumping scenario), and

· The Regulatory Compliance Point to the Amargosa Farms area (pumping scenario)

The analysis consisted of calculating the resulting metal fluxes (in grams/year) arriving at the locations based on the input fluxes at the Regulatory Compliance Point.  Possible flow to Alkali Flat will be reported comparatively to the results found for the Death Valley Floor.  The evaluations used specific discharges associated with the 2003 pumping scenario for the path to the Amargosa Farms area and the no pumping scenario for the path to Death Valley.  All evaluations were carried out for the two climate conditions
Inventories as a function of time were evaluated as quantities released at the unsaturated zone (UZ)-saturated zone (SZ) interface below the repository, quantities released to the groundwater system beyond the Regulatory Compliance Point, quantities collecting at the Amargosa Farms area, and quantities released into Death Valley.
Daily intakes to residents at Amargosa Farms were evaluated based on metal fluxes and pumping rates.  Daily intakes at the Furnace Creek Springs areas were also evaluated based on metal fluxes and flow rates.  The intakes were evaluated for both climates.


	Assumptions:  The following assumptions are part of the calculations:

1. The movement of the metals from one location to another can be described by a one-dimensional pipe flow with longitudinal dispersion and equilibrium sorption on solid matrix in the groundwater flow unit.  This assumption is reasonable since only very small amounts of horizontal or vertical mixing have been observed in the region.  The transverse dispersion coefficient is expected to be about 0.05 m while the vertical dispersion coefficient is expected to be 0.005 m.  These compare to a longitudinal dispersion coefficient of 100 m (DIRS 184806-SNL 2008, pg. 4-13).  
2. Sorption and flow properties along the flow paths are constant.  This assumption is reasonable because the values of the flow properties are derived as an average from the regional modeling results and that average accurately characterizes the total travel time in the path.  Only total travel time is used in the one-dimensional model.  All regional flow modeling and related transport modeling assumes that steady-state is achieved for regional flow.  Sorption properties used represent an average over the flow paths.
3. There is complete capture of metals arriving by the wells at Amargosa Farms.  This is a conservative assumption as intakes would be reduced if some metals were not captured.  While some contaminants could bypass the Amargosa Farms area, this assumption maximizes the potential impacts for this scenario. 

4. All water used to irrigate fields at Amargosa Farms is recycled to the well.  This is also a conservative assumption.  Note that some water drawn up by the well is not used to irrigate fields and is not recycled.



	Software/Models:  The calculations were prepared using Microsoft Excel 2007




The nominal and seismic scenario classes make up for nearly all package failures for the combined scenario case (without volcanic eruption).  The volcanic eruption cases here are not considered because for NEPA EIS evaluations it is not necessary to include such low probability events.  At 100,000 years postclosure, in the combined nominal and seismic cases, the estimated mean total co-disposal packages breeched is 35% or about 1,200 packages (DIRS 186814-DOE 2008, Figure 2.1-12c) and the estimated mean total commercial spent nuclear fuel packages breeched is 0.3% or about 25 packages (DIRS 186814-DOE 2008, Figure 2.1-12a).  The values for release rate at 100,000 years are shown in Table 4. 

	Table 4. Bounding release rates of contaminants to the saturated zone for the combined case at 100,000 years after closure.

	Alloy

	Total exposed surface area in repository

	General corrosion rate (meters per year)

	Alloy release volume

	Alloy density

	Bounding mass release rate (grams per year)


		(square meters)

		(cubic meters per year)

	(grams per cubic meter)

	Alloy

	Molybdenum

	Nickel

	Vanadium

	Alloy 22
	641,426

	3.57 × 10-8
	0.023
	8,690,000

	199,870
	28,981
	114,326
	700

	316NG
	3,024,100

	2.48 × 10-7
	0.75
	7,980,000

	5,984,815
	149,620
	718,178
	0

	Totals
	 

	 
	 
	 

	 
	178,601

	832,504

	700


	At one million years postclosure, the estimated mean total co-disposal packages breeched is 70% or about 2,390 packages (DIRS 186814-DOE 2008, Figure 2.1-12c) and the estimated mean total commercial spent nuclear fuel packages breeched is 59% or about 4,850 packages (DIRS 186814-DOE 2008, Figure 2.1-12a) for the nominal plus seismic scenario classes.  The values for release rate are shown in Table 5. 
Table 5. Bounding release rates of contaminants to the saturated zone for the combined case at one million years after closure.
Alloy

Total exposed surface area in repository

General corrosion rate (meters per year)

Alloy release volume

Alloy density

Bounding mass release rate (grams per year)

(square meters)

(cubic meters per year)

(grams per cubic meter)

Alloy

Molybdenum

Nickel

Vanadium
Alloy 22
641,426

3.57 × 10-8
0.023
8,690,000

199,870
28,981
114,326
700
316NG
5,971,959

2.48 × 10-7
1.48
7,980,000

11,818,745
295,469
1,418,249
0
Totals
 

 
 
 

 
324,450

1,532,575

700
Conclusion

The values for the release rates given in Tables 4 and5 above are represented as input values to the SZ transport.  This is done by using step functions to represent the inputs.  The input curve will be represented by a step function at postclosure time =0 with magnitudes given by Table 4.  This step function will have added to it another step function occurring at 500,000 years equal to the values in Table 5 minus the values in Table 4.  This is a conservative result since the values at time =0 really do not occur until 100,000 years and the values applied at 500,000 years do not occur until one million years.  These input functions will be processed using abstracted breakthrough curves from TSPA-LA.  The result will give a time history of mass flux at the boundary of the accessible environment.  The application of the breakthrough curves is the subject of the next section.
Inputs to Calculation of Release Rates from the UZ to SZ
Corrosion rates of Alloy 22 and Stainless Steel (DIRS 180751-DOE 2008, Table F-9)
Areas of Alloy-22 and Stainless Steel exposed (see references in text above)
2.0 SZ TRANSPORT OF NON-RADIOLOGICAL CONTAMINANTS FROM REPOSITORY TO THE REGULATORY COMPLIANCE POINT 

Background
In the FEIS and Repository SEIS, release of non-radiological contaminants was analyzed.  The analysis was a bounding analysis which assumed that the materials of concern would begin releasing on the day of repository closure and continue to release at a constant rate.  The materials of concern are nickel, molybdenum, and vanadium.  These materials originate in materials of construction of the waste packages, drip shields and other repository structures.  All three are elements of Alloy 22; nickel and molybdenum are also elements of 316 stainless steel.  The bounding analysis assumed that all of the surfaces external to the waste package would be corroding at a constant rate for 10,000 years; a period during which few if any waste packages would fail.  The bounding analysis took no credit for any attenuating processes between the repository and the hypothetical well at the Regulatory Compliance Point.

This section is concerned with the transport of these materials from the point where they enter the saturated zone under the repository to the Regulatory Compliance Point.  The starting point for this analysis is the constant release of the materials during the one million-year postclosure period.  Section 1.0 described how the release rates at the beginning of the SZ under the repository are calculated.  The metals fluxes developed from those calculations are the basic input to the calculations in this section.
In the transport of these contaminants the key parameter of the contaminants is the sorption equilibrium constant.  Since nothing is known about interactions of the non-nuclear contaminants with colloids, we will neglect any affects of colloids.  This would be conservative if these materials did not attach to colloids and non-conservative if they did.  There is currently no reason to consider such interaction.  The partition coefficient (Kd) is a measure of the partitioning between the contaminant in solution and the contaminant adsorbed on the solid medium at equilibrium.  The higher the value of the Kd, the more strongly the contaminant is adsorbed on the solid.  The effect of equilibrium adsorption is to slow the effective velocity of travel of the contaminant.  Kd will therefore be the central parameter for evaluating the transport through the SZ to the Regulatory Compliance Point.
Conceptual Model for Transport of Non-Radiological Materials in the SZ

All of the transport processes in the SZ that affect radionuclides could potentially affect how the non-radiological contaminants move.  Processes that can be accounted for are based on available data and the state of knowledge concerning nickel, molybdenum, and vanadium.  For example there are no known colloid processes for these materials. 
In the TSPA-LA abstraction there are some radionuclides that transport only as solutes (no colloidal processes).  The parameters governing transport of these radionuclides are the Kd for adsorption on the solid, the specific discharge, and structure of the aquifer system (fractures, matrix porosity etc).  The SZ transport abstraction provides a set of standardized breakthrough curves developed from detailed modeling of the SZ transport of 12 groups of radionuclides (i.e., 12 standard breakthrough curves) (DIRS 183750-SNL 2008, Table 6-9(a)).  Some of these groups contain radionuclides that transport in the solute mode.  The transport of the metals can be simulated using standard breakthrough curves for radionuclides that transport in the solute mode with a matching Kd.
Transport Properties of the Non-Radiological Contaminants

Nickel

One paper described the Kd for nickel as averaging 100 ml/g for sand materials and up to 1000 for clay materials (DIRS 186119-Gilbert, et. al 1989, p172).  Another paper reports values of nickel Kd on the order of 10 to 20 at neutral pH on sand (DIRS 186163-Seigel, et.al 1992, Fig. 5).  Nickel was used as a non-radioactive surrogate in tests carried out in samples of local Yucca Mountain rock formations.  Batch tests in samples of Calico Hills tuff showed a Kd = 34 ml/g and tests with samples of Topapah Springs tuff showed a Kd = 13 ml/g (DIRS 160828-ANL 2001, p 180)

Conclusion: use a Kd = 15 ml/g for volcanics and alluvium

Molybdenum

One study of molybdenum adsorption indicated that it does not sorb well when the pH is much greater than 3.  At pH=3 it exhibits a Kd = 3-4 ml/gm in typical sediments (DIRS 186114-DOE 1993, p 4-19).  A study of molybdenum sorption on pyrite and geothites showed a rapid decline in the amount of molybdenum adsorbed as pH became much higher than about 5 (DIRS 186164- XU et al 2006, p 1731).  At pH 4 the adsorption isotherms fit a Langmuir curve quite well (DIRS 186164- XU et al 2006, p 1729).  The conditions in the volcanic and alluvial aquifer would generally be inside the range of pH between 6 and 8.  Another study showed Kd values on the order of 1.5 ml/g in a biosolid amended soil and 0.3 in non-amended soils (DIRS 186162-Carroll et. al., p. 780).  In general the evidence supports an assumption of no adsorption (Kd=0) for molybdenum in the environments encountered in the saturated zone in either the volcanic or alluvial zones.

Conclusion: Kd = 0 in all media

Vanadium

A study of vanadium adsorption on various materials gave the following Kd results between pH values of 6 and 8 (DIRS 186118-Mikkonen and Tummavuori 1994, p 364):

Coarse Sandy soil- 37 ml/g

Fine Sandy Soil – 34 ml/g

Kaolin – 29 ml/g

Another study investigated adsorption of vanadium on bentonite, kaolinite and vermiculite.  The pH for the study was between 6 and 7.  It was found that vanadium fit a Langmuir isotherm quite well.  At low concentrations the apparent Kd was about 20 ml/g; at medium concentration it was about 8 ml/gm and leveled off at 6 ml/gm.  The values were slightly lower for vermiculite and slightly higher for bentonite (DIRS 186167-Abd-Allah et.al. 2005, p 171).

Conclusion: Range of Kd is about 6 – 37ml/g.  Use a conservative value of 8 ml/g for volcanics and alluvium

Application of TSPA-LA SZ Transport Abstractions

The values for the sorption coefficients developed above were used in the TSPA SZ transport model to generate abstracted breakthrough curves for transport of the metals through the SZ to the 18 km accessible environment.   The abstracted curves represent the response of the SZ to a unit step function starting at time=0.  The release rates at the UZ are described by two successive step functions (see Section 1.0 above).  The fluxes at the 18 km point are developed by adding the responses of the two step functions.  Sandia National Laboratories have performed the TSPA runs to generate the breakthrough curves.  These curves are described in a report supporting these calculations (DIRS 186186-SNL 2009, Fig. 23).  The resultant fluxes of the metals at18 km are calculated in spreadsheet “Metal Flux at 18 km.xls”.

Inputs for SZ Transport of Metals 

Fluxes at entrance to the SZ from the UZ described in Section 1.0

Breakthrough curves (DIRS 186186-SNL 2009, Fig. 23)

3.0 CALCULATIONS OF METALS TRANSPORT BEYOND THE REGULATORY COMPLIANCE POINT
Background

In the Postclosure Groundwater SEIS, the transport of contaminants along flow paths is modeled using a one-dimensional transport model that incorporates adsorption of contaminants on the soil and longitudinal dispersion.  This section describes the formulation of the model and how it is implemented using spreadsheets.

Model Formulation

The model is formulated as a one-dimensional “pipe” containing a porous or fractured solid with solution flowing through at constant velocity.  The processes occurring in the pipe are longitudinal hydraulic dispersion and equilibrium adsorption of the dissolved species on the solid surfaces.  All other properties of the solid and solute are constant throughout the pipe.  The boundary conditions for this model are for a “step” function at the inlet of the pipe (i.e., the concentration at time =0 goes to a constant value and is maintained indefinitely) and zero concentration at a very long distance down the pipe (i.e. no discharge disturbance).  The most useful solution for flow paths in the valley will be the solution for an inlet boundary condition that is any time function.  This will be discussed later as an application of the step function solution.

Water with a dissolved contaminant is flowing in the direction x in a porous medium.  The contaminant is assumed to reversibly adsorb on the soil particles or fracture surfaces according to a linear isotherm.  The partition between the dissolved contaminant and that on the surface of the soil is given by:
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 in terms of volume of water is convenient, then 
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where 
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 = bulk density of the solid (g/ml)
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 = porosity of the medium

The mass balance for this situation can be expressed as
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Or 
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Where
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 = longitudinal dispersion coefficient (km2/yr)
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 = velocity in the x direction (km/yr)
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 = time (yr)
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 is commonly known as the “retardation factor” and is a measure of the relative travel time of the contaminant with respect to the travel time of the groundwater.

The boundary conditions for Equation 1 are
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The first two of these conditions constitute a “step function”.  Third condition assumes a long pipe with no discharge disturbances.

Note that [image: image30.png]


 at the beginning of the flow path (such as at 18 km from the repository for the first path into the alluvium) and t=0 when the step function starts into the path.

The exact solution to Equation 1 is (DIRS 186117-Lapidus and Amundsen 1952, equation 9-after some rearrangement) 
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The second term in Equation 2 is numerically difficult to evaluate because it is a very large number multiplied by a very small number but fortunately it contributes an insignificant amount to the result for any reasonably long path length.  Thus the approximate solution is normally applied as
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Equation 3 is referred to as a “breakthrough” curve which is the response to imposing a step function of magnitude [image: image36.png]Cio



 at x = 0.

The concentrations in Equation 2 can be transformed to fluxes (g/yr) by multiplying by the volumetric flow rate (which is a constant in this simplified analysis) so that
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where F= mass flux at any time and x and Fo = mass flux at x = 0 for all time.

There is a numerical difficulty when [image: image39.png]t>ty



.  This gives a negative argument for [image: image41.png]


.  This problem is solved by reformulating Equation 4 recognizing that [image: image43.png]


 so that
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 so that Equation 5becomes
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So that, when evaluating the function, Equation 5 is used for [image: image49.png]


and Equation 6 is used for [image: image51.png]t>ty



.  

Note that for very large time F = Fo at x. 

Implementation of the Model

Generally, the input to a flow path is not a simple step function but rather a function of time (often it is a breakthrough curve from a previous path).  Equations 5 and 6 are commonly known as response functions meaning they describe the response of the flow path to a step input.  TSPA-LA uses response functions in abstracted models for SZ transport (but these are developed for a much more complex transport system).  An important principal for using response functions is that if the system is linear (as in the simple model here) then responses can be superimposed linearly.  A simple application of this is to represent the input function as a series of step functions, use Equations 5 and 6 to calculate a function of time that represents the response to each step and then add all the step function responses together to obtain the overall response to the input function.  This approach is equivalent to the convolution method used in TSPA to convert an input flux to and output flux by use of a breakthrough curve. This method is employed for analysis of flow paths beyond the Regulatory Compliance Point for the Postclosure Groundwater SEIS. Each pipe has an input flux versus time (from an upstream pipe or process) and an output flux versus time. To ensure conservatism, discrete steps were taken in such a way so that the stepped curve was generally higher and occurred sooner than the continuous flux curve being represented.  This approach maximizes both the flux (during a period of rising flux) and the cumulative release.  The approach described above is implemented in the “Metals” Excel workbooks (for example, “Metals at Am Farms 2003 Pumping Comb Case Pres Climate.xls”) described below in the attachments to this calculation package. 
Development of Flow Path Averaged Properties

The particle track modeling indicated that the particles actually flowed through several different water bearing units along each flow path.  The length of the path attributed to each unit  was evaluated from the particle track results and are presented in Tables 6 and 7 for the no-pumping and pumping scenarios.

Table 6.
Average Flow Path Lengths and Expected Transport Model Parameter Values in Hydrogeologic Units (Non-pumping Case)

Hydrogeologic Unit Abbreviationa 
Average % of Total Flow Path Length
Effective Porosity 

Bulk Density (g/cm3) 

Np Kd (mL/g)

U Kd (mL/g)

Pu Kd (mL/g)

Am Kd (mL/g)

YACU
4.2
0.32

2.50

6.35 

4.6 

100. 

5500. 

OAA
1.8
0.18

1.91

6.35 

4.6 

100. 

5500. 

LA
0.4
0.01

2.77

-

-

-

-

LFU
6.0
0.08

2.44

8 

3 

100 

70 

Upper VSU
25.3
0.18

1.91

6.35 

4.6 

100. 

5500. 

CFPPA
0.2
0.001

1.84

1.30 

6.78 

104.2 

5500. 

Lower VSU
21.2
0.18

1.91

6.35 

4.6 

100. 

5500. 

LCA
40.4
0.01

2.77

100.5 

15.0 

260. 

260. 

XCU
0.5
0.0001

2.65

-

-

-

-

NOTE:
Units that are less than 0.1% of the average total flow path length are not included in the table.

Source: (DIRS 186221-Arnold 2009, Table 1)

a Belcher et al. 2004 [DIRS 173179], Table E-1

Table 7.
Average Flow Path Lengths and Expected Transport Model Parameter Values in Hydrogeologic Units (Pumping Case)

Hydrogeologic Unit Abbreviation a
Average % of Total Flow Path Length
Effective Porosity b
Bulk Density (g/cm3) b
Np Kd (mL/g)

U Kd (mL/g)

Pu Kd (mL/g)

Am Kd (mL/g)

YAA

5.0

0.18

1.91

6.35 

4.6 

100. 

5500. 

OAA
16.9
0.18

1.91

6.35 

4.6 

100. 

5500. 

LA
6.9
0.01

2.77

-

-

-

-

LFU
6.6
0.08

2.44

8 

3 

100 

70 

Upper VSU
54.6
0.18

1.91

6.35 

4.6 

100. 

5500.

CFPPA
1.1
0.001

1.84

1.30 

6.78 

104.2 

5500. 

Lower VSU
8.9
0.18

1.91

6.35 

4.6 

100. 

5500. 

NOTE:
Units that are less than 0.1% of the average total flow path length are not included in the table.

Source: (DIRS 186221-Arnold 2009, Table 1)

a Belcher et al. 2004 [DIRS 173179], Table E-1

A length weighted average of the properties was developed.  The results are shown in Table 8.  An example of how the porosity  is developed is as follows:  The flow paths for the no-pumping scenario generally passes through alluvial sediments and undifferentiated volcanic and sedimentary basin-fill unconsolidated deposits before traveling through the lower carbonate aquifer prior to discharge by either evapotranspiration in  the floor of Death Valley or by spring discharge at the Furnace Creek springs.  Of the approximately 60-kilometer total travel path length from the Regulatory Compliance Point to these points of ultimate discharge (assuming no pumping), about 40 percent of the travel distance is through the lower carbonate aquifer (generally that portion of flow beneath the Funeral Mountains) and the remainder is through the alluvial and other unconsolidated basin fill deposits (with minor amounts predicted to flow through Cenozoic lava flow units).  Considering the average porosity of the lower carbonate aquifer is 0.01 and the average porosity of the alluvial and other basin fill deposits is 0.18, the distance-weighted average porosity along the total travel path length is (0.4 × 0.01) + (0.6 × 0.18) or 0.11.  All other transport parameters presented in Table 3 received similar distance-weighted averaging.  The Kd for molybdenum, nickel and vanadium appear in the table to be path independent.  For molybdenum the assumption is justified because it is a zero Kd element.  In the case of nickel and vanadium, they appear to have a similar Kd in a wide variety of media.  As with radionuclides, even at the low end of their range these elements tend to give the same result and are fairly insensitive over a broad range.

Table 8.  Transport properties of the flow paths TC "B-1
Transport properties of the flow paths" \f T \l "1" .

Transport Property

No-Pumping 
Flow Path

Pumping 
Flow Path

Porosity(no units-fraction of solid volume occupied by voids)
0.11

0.16

Bulk Density (grams per milliliter)a
2.32

2.00

Dispersion Coefficient (meters)b
100

100

Specific Discharge present climate (meters per day)c
0.00046

0.0061

Specific Discharge wet climate (meters per day)c
0.0018

0.024

Kd for molybdenumd
0

0

  Kd for nickel (milliliters per gram)e
15

15

  Kd for vanadium (milliliters per gram)f
8

8

a. Source:  DIRS 186221-Arnold 2009, all.

b. Source:  DIRS 184806-SNL 2008, p. 4-13.

c. Source:  DIRS 186186-SNL 2009, pp. 36 and 38.

d. Source:  DIRS 186114-DOE 1993, p. 180.

e. Source:  DIRS 160828-BSC 2001, p. 180.

f. Source:  DIRS 186118-Mikkonen and Tummavuori 1994, p. 364.

Data Inputs to Transport Calculations

· Mass fluxes at the 18 km point-Spreadsheet “Metal Flux at 18 km.xls”

· Kd factors for metals-values developed in Section 2.0

· Specific discharge for flow paths (DIRS 186186-SNL 2009, Section 4.3)

· Length of flow paths and location of endpoints (DIRS 186186-SNL 2009, Section 4.3)

· Porosity of the groundwater bearing media-see Table 8
· Longitudinal dispersion coefficient (DIRS 184806-SNL 2008,p. 4-13)

· Bulk density of the groundwater bearing media -see Table 8
3.0 CALCULATION OF DAILY INTAKES
At the end of each path the metal fluxes are converted to a daily intake.  The approach is somewhat different in the pumped locations versus discharge locations because of how metals are distributed in water and soil that humans are exposed to.

Intakes at Amargosa Farms
The massive pumping withdrawal rates (on the order of 16,000 acre-ft per year) and spatial distribution of wells is such that there will be a very large region in the groundwater system where everything is pulled into the wells.  Because of this large region it is reasonable to assume that all water pumped onto fields for irrigation that seeps back into the ground will be recycled into the well.  

The effect of recycle on intake can be evaluated by running the Irrigation Recycle Model developed to evaluate possible recycle effects on radionuclide dose at the RMEI.  But the Irrigation Recycle Model is a major computer program and it is not necessary to run this model for all the situations needed but to rather use an approximation.  One bounding analytical solution for the recycle model was used to help validate the model. The analytical solution describes the equilibrium concentration of a non-decaying species in an open-system behavior with recycling.  The solution accounts for two mechanisms of contaminant removal. The first mechanism is contaminant removal with the water used for other than irrigation purposes.  The second mechanism is removal with the groundwater that is not recaptured by the well.  The steady-state concentration in the groundwater is given by (DIRS 182130-SNL 2007, p. 7-1):
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 mass flux into the system, [image: image56.png]


 the fraction of  water use that is used for irrigation, [image: image58.png]


the fraction of irrigation water that is recycled, and Q= the pumping rate.  At the Amargosa Farms location it will be conservatively assumed that [image: image60.png]


.  Therefore the water concentration will be given by:
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Equation 11 is implemented in the “Metals” Excel Workbooks (for example “Metals at Am Farms 2003 Pumping Comb Case Pres Climate.xls”) cited in the Attachments section of this calculation package.   The water concentration is converted to daily intake as follows:

Daily intakes are compared to Oral Reference Dose limits set by EPA.  The Oral Reference Dose is the dose in milligrams per kilogram of body weight per day.  These are evaluated for a person weighing 70 kilograms who drinks 2 liters of water per day.  Intakes are calculated in the same units to allow comparison.  Therefore the intake is

[image: image62.png]70 kilograms

a2




 Two columns of intakes are listed in the spreadsheets: the first is for [image: image64.png]


  and the second, entitled “Recycle”, is the intake resulting from water concentrations given by Equation 11 with [image: image66.png]


.
The recycle fraction depends on the specific uses identified for the withdrawn water.  For the TSPA-LA analyses, 85 percent was used for irrigation of alfalfa; 3 percent for commercial/industrial; 4 percent for individual/municipal; and 8 percent residual uncertainty.  The average distribution of annual water withdrawals for purposes of irrigation over the 7-year period from 1997 to 2003 is about 86 percent (DIRS 185968-Moreo and Justet 2008, Figure 3, p. 5).

The Irrigation Recycle Model identifies that residential or commercial water use that is classified as “indoor water use” could also contribute to recycling since it could be a constant water flow path (that is, via a septic leach field).  Any outdoor water use that is not a constant overwatering, such as irrigation, would not have the motive force to carry the contaminants back to the water table and therefore is not  included in the recycle fraction.  The combination of recycle and recapture fractions for the recycle report equates to about 0.11 (0.96 × 0.12) with an annual withdrawal rate of 3,000 acre-feet.
Since the analysis described in this calculation package uses a recapture fraction of 1.0, a recycle fraction of 0.86 is used.  This reflects the fraction of water used in irrigation.  Although some of the commercial/ residential/industrial water use could contribute to recycling via leaching through septic fields (unlikely because the leach fields are shallow and water will be lost by evaporation), this contribution is more than offset by the higher-than-expected recapture fraction.  Also note that it is known that some radionuclides will be lost to soil erosion as well as via uptake in crops that are hauled away, in exported milk and various other loss paths.  This results in a combination of recycle and recapture fractions of 0.86 (compared with the 0.11 identified as the mean in the Irrigation Recycle Model) (DIRS 182130-SNL 2007, p. 6-39).
Intakes at Discharge Locations

At the Furnace Creek springs area daily intakes are calculated differently from the Amargosa Farms area.  At the springs there is no pumping and no recycle.  Instead, water flows from springs.  In this case the concentration in the water is taken as the mass flux in g/yr divided by the volumetric flow rate of the spring .  The resulting water concentrations are used in Equation 12 to calculate intakes.  Intakes related to the Death Valley floor are considered in another calculation package (CalcPkg_Evap_DHL_4-22-09).
Data Inputs to Intake Calculation

· Mass flux from the transport calculations (g/yr)

· Pumping Rate (L/yr) or Discharge Rate (L/yr). Pumping rates for intakes calculation were derived by taking the average of the Amargosa Desert pumping rates for 1994 through 2003(DIRS 185968-Moreo and Justet 2008, Figure 3, p. 5).  Only that which is called “irrigation” was used since the other uses (such as mining) are likely at sites other than the Amargosa Farms.  This “irrigation” number is not to be confused with the irrigation water that results from the fraction [image: image68.png]


in Equation 11.  The value obtained was 16,828 acre-ft/yr.  

· Fraction[image: image70.png]


. The non-irrigation use rates for 1994-2003 (DIRS 185968-Moreo and Justet 2008, Figure 3, p. 5) were averaged at 13.6 percent so the fraction[image: image72.png]


 was set at 0.86.

·  Flow rates from springs.  The flow rates for the springs at Furnace Creek are given DIRS 173179 (Belcher 2004, p. 109 ,Table C-2) as 2294 acre-ft/yr.
4.0 INVENTORY CALCULATIONS
At each location the mass flux is used to develop an “inventory”.  This inventory is a measure of the total amount of material that has arrived at the specific location as a function of time.  The inventory is assessed at the following points:

· Inventory released at the UZ-SZ interface under the repository

· Inventory released to the region beyond the Regulatory Compliance Point

· Inventory accumulated at the Amargosa Farms area

· Inventory released into Death Valley

The inventory is calculated as the integral of the flux versus time curve or, in other words, the cumulative flux.  Inventories are presented in the “Metals Inventory” spreadsheets such as “Metals Inventory Amargosa Farms pumping pres climate.xls”

Mass balances based on these inventories are presented in the “Metals Mass Balance” files such as “Metals Mass Bal No Pumping  Pres Climate.xls”

Data Inputs to Inventory Calculations

· Mass Fluxes from transport calculations

· Mass Fluxes from the assessments in Sections 1 and 2 above.

5. SOIL CONCENTRATIONS AT AMARGOSA FARMS
Background

In the Amargosa Farms area where irrigated farming takes place, water containing contaminants is pumped out of wells and contaminants are introduced into the surface soil during the irrigation process.  Some fraction of the contaminants will decay (if they are radionuclides), some fraction will be leached back into the aquifer, and some fraction will escape by soil erosion.   A constant amount of contaminants will be retained in a surface soil region during a period of steady-state.

 Model

In the formulation of the TSPA-LA Biosphere Model many modeling concepts were developed that are useful to obtain estimates of the fate of contaminants in a region where irrigation is taking place.  The following is a discussion of these.  There are several assumptions in this development. The same assumptions stated in the Biosphere Model Report are relevant to the analysis below (see DIRS 177399-SNL 2007, Section 6.3.1.4). 

The overall balance of buildup and removal of contaminant in the soil where there is irrigation can be expressed as (DIRS 177399-SNL 2007, pg. 6-73):
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The solution to Equation 13 for [image: image89.png]
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 is (DIRS 177399-SNL 2007, Eq. 6.4.1-3)
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After a sufficient time at a constant irrigation rate and groundwater concentration the concentration of contaminant in the soil will be constant.  For example 95% of equilibrium will be attained after an irrigation time of ln(20)/[image: image97.png]e



.  This constant soil concentration would be given by
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Cwi is calculated by Equation 11 above and IRj is the irrigation rate.

The leaching and erosion occur in a surface soil region which is well-mixed to  a depth [image: image101.png]


 (DIRS 177399-SNL 2007, Eq. 6.4.1-28).
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Where
 [image: image104.png]o = bulk soil density
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 = fraction of void space containing liquid
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overwatering rate
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soil-liquid partition coefficient for contaminant i

The erosion rate constant is given by (DIRS 177399-SNL2007, Eq. 6.4.1-31)
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avg soil erosion rate (kg/m2-yr).

Soil concentration is implemented by using Equations 16 and 17 for leaching and erosion constants and the radioactive decay constant in Equation 15.  This is done in the “Metals At” Excel Workbooks (for example “Metals at Am Farms 2003 Pumping Comb Case Wet Climate”).

Data Inputs for Soil Concentration

· Mass fluxes from transport calculations

· Bulk soil density = 1500 kg/m3 (DIRS 179988-SNL 2007, p. 1)

· Soil erosion rate=0.2 kg/m2/yr (DIRS 179988-SNL 2007, p. 2)

· Moisture content = 0.20 (DIRS 179988-SNL 2007, pg 3)

· Soil depth = 0.25 m (DIRS 177399-SNL 2007, Table 6.6-3,p. 6-182) 

· Irrigation Rate (mean)=0.95 present day climate, 0.5 wet climate (DIRS 177399-SNL 2007, Table 6.6-3,p. 6-182)

· Overwatering rate = 0.079 m/yr ((DIRS 177399-SNL 2007, Table 6.6-3,p. 6-182)
· Partition Coefficient (Kd) for each contaminant:  Since soil Kd will be higher than that of the aquifer the following values were used based on the literature: 

· Molybdenum, 0 mL/gm.(DIRS 186162-Carroll et. al., p. 780)

· Nickel, 20 mL/gm. (DIRS 186119-Gilbert, et. al 1989, p172)

· Vanadium, 8 mL/gm. (DIRS 186167-Abd-Allah et.al. 2005, p 171) 
· Pumping rate.  Pumping rates were derived by taking the average of the Amargosa Desert pumping rates for 1994 through 2003(DIRS 185968-Moreo and Justet 2008, Figure 3, p. 5).  Only that which is called “irrigation” was used since the other uses (such as mining) are likely at sites other than the Amargosa Farms.  This “irrigation” number is not to be confused with the irrigation water that results from the fraction [image: image115.png]


in Equation 11.  The value obtained was 16,828 acre-ft/yr.  

· Fraction[image: image117.png]


. The non-irrigation use rates for 1994-2003 (DIRS 185968-Moreo and Justet 2008, Figure 3, p. 5) were averaged at 13.6 percent so the fraction[image: image119.png]


 was set at 0.86.



	Results/Conclusions:  
Uranium values reported below were calculated as part of another work package (CalcPkg_Rad1_DHL_4-21-09.doc). 

Daily Intakes
Table 9.  Daily intakes of the nonradiological contaminants TC "3-2
Daily intakes of the nonradiological contaminants" \f T \l "1" .
Scenario
Molybdenum

Nickel

Vanadium

The Amargosa Farms area, Pumping, Present Climate

3.00 × 10-3
1.37 × 10-2
6.04 × 10-6
The Amargosa Farms area, Pumping,  Wetter Climate

3.00 × 10-3
1.37 × 10-2
6.04 × 10-6
Furnace Creek springs area, No-Pumping, Present Climate

2.99 × 10-3
0.0
0.0
Furnace Creek springs area, No-Pumping, Wetter Climate

7.67 × 10-4
0.0
0.0
Oral Reference Dose (mg/kg body-wt/day)
5.00 × 10-3
2.00 × 10-2
7.00 × 10-3
Soil Concentrations at theAmargosa Farms area

Table 10. Soil concentrations of nonradiological contaminants at the Amargosa Farms area

Time (yr)

Soil concentration (grams per square meter)

Molybdenum

Nickel

Vanadium

Uranium

Present climate

10,000

3.06E-03
0.00E+00
0.00E+00
0.00E+00
100,000

3.06E-03
1.80E-14
1.76E-05
1.16E-03
500,000

3.06E-03
2.48E+00
6.20E-04
5.27E-03
1,000,000

5.24E-03
5.05E+00
6.32E-04
1.33E-02
Wetter climate

10,000

3.06E-03
0.00E+00
0.00E+00
5.26E-09
100,000

3.06E-03
2.01E+00
5.45E-04
6.13E-04
500,000

3.06E-03
2.81E+00
6.20E-04
2.84E-03
1,000,000

5.24E-03
5.05E+00
6.32E-04
7.77E-03
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Attachments
Documents

The following documents are attached to this calculation package

Revised Chemistry Studies Rev 1.doc
This document is an earlier calculation package supporting the information in the Appendix to this calculation package.

Files

1. Breakthrough Curves for Metals in the SZ

The tables in the following file are the breakthrough curves supplied by the Lead Laboratory for transport of molybdenum, nickel and vanadium from the exit of the UZ to the 19 km accessible environment.

Metals Breakthrough Curves at 18 km.doc

2. Files with 18 km Flux of Metals

This file contains the transport calculations from the UZ through the SZ to 18 km

Metal Flux at 18 Km.xls

3. “Metals At” Files

These files contain the transport calculations for Mo, Ni and V from 18 km to the point of interest.  They also do the Intake and soil concentration calculations.  These files use the results of the “Metal Flux at 18 Km.xls” as input.

Metals at Am Farms 2003 Pumping Comb Case Pres Climate.xls

Metals at Am Farms 2003 Pumping Comb Case Wet Climate.xls

Metals at Furnace Creek No Pumping Comb Case Pres Climate.xls

Metals at Furnace Creek No Pumping Comb Case Wet Climate.xls

4. Uranium Intake Rollup Files
These files sum up the Intakes for all the uranium isotopes.  They get the intakes from the files in list 3 above.

U Intake Comb Case Pres Climate.xls

U Intake Comb Case Wet Climate.xls

5. Summary file of Intakes and Soil Concentration
Metals Peak Intakes.xls

6. Inventory Files

These files roll up the inventory based on the fluxes in file group 3. Above

Metals Inventory Released at UZ-SZ.xls

Metals Inventory Beyond 18 km Comb Case.xls

Metals Inventory Amargosa Farms pumping pres climate,xls

Metals Inventory Amargosa Farms pumping wet climate.xls

Metals Inventory Death Valley no pumping pres climate.xls

Metals Inventory Death Valley no pumping wet climate.xls

7. Mass Balance Files

These files provide the mass balances based on the inventories in file group 6 above.

Metals Mass Bal No Pumping  Pres Climate.xls

Metals Mass Bal No Pumping  Wet Climate.xls

Metals Mass Bal Pumping  Pres Climate.xls

Metals Mass Bal Pumping  Wet Climate.xls
8. Soil Concentration Files

This file collects  and totals the metals soil concentrations calculated in “Dose” files (for Uranium) which are in calcpkg_Rad1_DHL_4-21-09  and the “Metals at” files in File List 3 above.

Metals Soil Conc Am  Farms.xls

U Soil Conc Am Farms.xls

9. Chemistry Study Files
The following text files are records of EQ3 and EQ6 runs performed to support the calculations in the attached document “Revised Chemistry Studies Rev 1.doc” above which documents the analysis described in the Appendix to this calculation package.

Alloy-22 tuff.6o
j13_All-22.6o
j13_All-22.6p
j13solB.3o
j13solBa.3o
j13solCd.3o
j13solCu.3o
j13solMn.3o
j13solZn.3o

 

	APPENDIX

SCREENING OF POTENTIALLY TOXIC SUBSTANCES-EXCERPT FROM THE DEIS

This screening study was described within the Yucca Mountain Repository Draft EIS (DEIS).  The purpose of the study was to determine which of the materials should be considered for further analysis of transport in the volcanic and alluvial aquifers.  While quantities of materials are now different than the quantitities in the DEIS these quantity differences affected only vanadium and molybdenum.  This is because the changes in materials since the DEIS are limited to the ground control structures, package support structures and packages and none of the elements except for vanadium and molybdenum in these construction materials were screened out due to quantity in the DEIS study.  In the FEIS the vanadium and molybdenum were reinstated as needing full transport analysis because the increased quantities of Alloy-22 and stainless steel in the SEIS proposed action.  The following sections are excerpted from the DEIS.
Discussions regarding chromium oxidation states in this excerpt are outdated and have been overtaken by events of more recent research.  The discussions are included for completeness but please note the updated research discussed in Section 1.0 above in the body of this calculation package.
Inventory of Materials

Table A-1 gives the inventory of materials in the repository at the time of the DEIS.

Table A-1. Inventory (kilograms)a of chemical materials placed in the repository .

Inventory

High-level

Outside

radioactive

Element

package

Carbon steel

Alloy-22

Internal

waste

Totals

Aluminum

0

0

0

1,205,000

0

1,205,000

Barium

0

0

0

0

19,000

19,000

Boron

0

0

0

223,000

0

223,000

Cadmium

0

0

0

0

43,000

43,000

Carbon

286,000

796,000

8,000

5,000

0

1,096,000

Chromium

0

0

9,670,000

3,903,000

0

13,573,000

Cobalt

0

0

1,357,000

27,000

0

1,384,000

Copper

1,135,000

0

0

3,000

0

1,139,000

Iron

91,482,000

320,089,000

2,171,000

9,000

0

413,751,000

Lead

0

0

0

0

2,000

2,000

Magnesium

0

0

0

12,000

0

12,000

Manganese

234,000

3,007,000

271,000

2,000

0

3,514,000

Mercury

0

0

0

0

200

200

Molybdenum

0

0

5,934,000

302,000

0

6,236,000

Nickel

0

0

29,727,000

5,563,000

0

35,290,000

Phosphorus

37,000

114,000

11,000

0

0

161,000

Selenium

0

0

0

0

300

300

Silicon

361,000

943,000

43,000

7,000

0

1,354,000

Sulfur

46,000

114,000

11 ,000

0

0

170,000

Titanium

0

0

0

2,000

0

2,000

Tungsten

0

0

1,628,000

0

0

1,628,000

Uranium

0

0

0

70,000,000

0

70,000,000

Vanadium

0

0

190,000

0

0

190,000

Zinc

0

0

0

3,000

0

3,000

a. To convert kilograms to pounds, multiply by 2.2046

Solubility of Chemically Toxic Materials in the Repository

The release of chemically toxic materials to the accessible environment depends on the solubility of the materials in water and on equilibrium chemistry with the repository environment. 

Maximum source concentrations for materials in the repository that are not a part of the waste package materials were calculated as solubilities of an element in repository water. This calculation would provide the maximum possible concentration of that element in water entering the unsaturated zone if it dissolved at a sufficiently high rate. The results are reported in Table A-2.  The solubilities were obtained by modeling with the EQ3 code (DIRS 100836-Wolery 1992, all). The simulations were started with water from well J-13 near the Yucca Mountain site (DIRS 100814-Harrar et al. 1990, all). EQ3 calculates chemical equilibrium of a system so that by making successive runs with gradually increasing aqueous concentrations of an element, eventually a result will show the saturation of a mineral in that element. That concentration at which the first mineral saturates is said to be the "solubility." For example, the solubility of copper (from the bus bars left in the tunnels) would be obtained by increasing copper concentrations in successive runs of EQ3. At a concentration of 0.01811 milligram per liter, tenorite (CuO) would be saturated. This mineral would then be in equilibrium with dissolved copper existing in approximately equal molar parts as CuOH+, Cu(CO3)aq, and Cu++. The aqueous concentration was then reported in Table 2 as a "solubility" of copper for the purposes of screening the potentially toxic chemicals.

The largest quantities of potentially toxic materials come from the construction materials of the waste packages themselves. The main source is the Alloy-22 material used in the corrosion-resistant layer. The possible maximum concentrations of these materials (chromium, nickel, molybdenum, manganese, and vanadium) were developed by examining the corrosion process. Corrosion was modeled in the EQ6 code (DIRS 100097-Wolery and Daveler 1992, all), starting with the same repository water as used in the solubility calculations described above. In the corrosion step, EQ6 was run in the titration mode (that is, a confined area in which essentially stagnant water reacts with iron from existing corrosion-allowance material fragments and Alloy-22). Oxygen is fixed at atmospheric fugacity (which is analogous to partial pressure adjusted for nonidealities). After a few hundred years, the chemistry of the resultant solution stays relatively constant for a long period. Following that, ionic strength eventually exceeds limits for EQ6. The chemistry during this "flat period" was used as the resultant solution, which contained very high quantities of dissolved chromium (as hexavalent chromium), nickel, and molybdenum, and small dissolved quantities of manganese and vanadium. The reaction of this solution with tuff was then modeled. The resultant solution showed that essentially all of the nickel and manganese were precipitated and that the original dissolved concentrations of chromium, molybdenum, and vanadium remained.

Two types of geochemical analyses were performed. The first was an analysis of the solution concentration obtained when J-13 water, adjusted for the presence of repository materials such as concrete (that is, the same water chemistry used for other process modeling work supporting the Total System Performance Assessment-Viability Assessment), reacts with a large mass of carbon steel and Alloy-22 for an extended period. The second was an analysis of the reaction of the solution from the first analysis with volcanic tuff. The resultant solution from the second analysis would represent a bounding value for the source term solution at the floor of the emplacement drift.

At each step of the reaction progress in which the titration mode of EQ6 was used, a small quantity of reactants (steel and Alloy-22) was added to the solution (starting as J-13 water). After each addition, the increment of reactant dissolves and all product phases would re-equilibrate with the aqueous solution. After a long time, this process would produce a bounding concentration for the solution. This would be the case if the water had a very long contact time with the metals and a very limited amount of water was used.

The composition of J-13 water was taken from earlier studies (DIRS 100222-CRWMS M&O 1997, page A-5). The carbon dioxide and oxygen levels are maintained at atmospheric conditions during the reaction. This process promotes the formation of the chromate (CrO4--) ion, which represents the hexavalent (and most toxic) state of chromium. The complete oxidation of chromium and the formation of chromate create a very low pH environment in the area immediately adjacent to the corrosion process. The result of a low pH level in the presence of sufficient oxygen would be dissolved chromium existing in the hexavalent state. Large amounts of soluble hexavalent molybdenum are also formed.

Table A-2. Source concentrations a (milligrams per liter)b of waterborne chemically toxic materials for screening purposes.

Element
Concentration

Aqueous species

Reference

Boron
6,400

B(OH)3aq

Solubility in repository water by EQ3c simulation
Chromium
300

CrO4 -
EQ6d simulation of Alloy 22 corrosion
Copper

0.018
CuOH+, Cu(CO3)aq, Cu++
Solubility in repository water by EQ3csimulation
Manganese
4.40 × 10-11
Mn++
EQ6d simulation of Alloy 22 corrosion
Molybdenum
218

MoO4--
EQ6d simulation of Alloy 22 corrosion
Nickel
1.00×10-6

Ni++

EQ6d simulation of Alloy 22 corrosion
Uranium

0.6

UO2(OH)2aq

Derived from TRW (1997b), Figure C-3, page C-8e
Vanadium 
4.8

VO3OH--, HVO4--

EQ6d simulation of Alloy 22 corrosion
Zinc
63

Zn++

Solubility in repository water by EQ6c simulation
a. Concentration at the point where the chemical enters unsaturated zone water, controlled by solubility or local chemistry of dissolution and interaction with tuff. Note that these concentrations are not used for transport modeling but are used only for screening analysis purposes. 

b. To convert milligrams per liter to pounds per cubic foot, multiply by 0.00000624.

c. EQ6 code, Version 7.2b (DIRS 100097-Wolery and Daveler 1992, all).

d. EQ3 code, Version 7.2b (DIRS 100836-Wolery 1992, all).

e. For ph=8 and CO2=10-3 atmospheric partial pressure.

Once the corrosion solution left the waste package, it would quickly encounter rock material. The second analysis evaluated the effect of rock on the solution. The analysis used the option for a "Fluid-Centered Flow-Through Open System" in EQ6. In this type of simulation the solution is permitted to react with solid materials (in this case, the tuff) for some specified interval (either time or reaction progress). The solution is then moved away from the solid reaction products that would be created and allowed to react with the same initial solids for a further interval. In this way, the model simulates reaction of the solution as it percolates through a rock.

This analysis simulated the tuff rock with the elemental composition characteristics of volcanic tuff. Earlier waste package criticality studies used this formulation for tuff reactants (DIRS 100229-CRWMS M&O 1997, page 17).

The resultant solution from the simulated reaction of J-13 water with carbon steel and Alloy-22 has a very low pH and a high concentration of dissolved chromium, molybdenum, and nickel. The resulting pH 2.0 solution would have the elemental concentrations listed in the second column of Table A-3. When the solution from corrosion contacts the rock, it would be neutralized to a pH of 8. The availability of silica in the rock would promote the formation of silicates, which would precipitate most of the nickel and manganese but virtually none of the chromium, molybdenum, or vanadium. Some chromium would change to Cr207-- (still hexavalent and very soluble). The molybdenum would behave in a very similar fashion and remain in solution as hexavalent species. The resultant solution would have the elemental concentrations listed in the third column of Table A-3.

The mechanism for mass loss of the Alloy-22 remains an issue at this time. There is no reliable evidence to support or refute the idea that the chromium that is carried away from Alloy-22 is dissolved hexavalent chromium. What is known fairly well is that trivalent chromium is the likely constituent (as Cr+3) of the passivation film and that it has a very low solubility. It is not known whether the film grows thick until it sloughs off or if the film oxidizes in place so that it loses hexavalent chromium into solution. It is also not known if the film would oxidize and dissolve if it did slough off. EQ6 simulates a process whereby the trivalent chromium oxidizes to hexavalent chromium by reaction with O2. It is well known that if chromium is in solution, the predominant species will be hexavalent chromium, especially in oxidizing conditions. At the Eh for atmospheric oxygen, it is known that the ratio of hexavalent chromium to trivalent chromium would be very high such that whatever small amount of trivalent chromium is in equilibrium with the passivation film would be accompanied by a very large amount of hexavalent chromium at atmospheric conditions.  This shown in a Pourbaix (Eh-pH equilibrium) diagram for chromium in which the field for Cr2O3 does not include atmospheric conditions. For the purpose of this analysis, DOE assumes hexavalent chromium is mobilized as a dissolved constituent, and its source term is represented by 0.22 times the bulk loss rate of Alloy-22. A parallel assumption has been made about hexavalent molybdenum, which is also present in meaningful quantities in the results of the corrosion simulation.

Table A-3. EQ6-modeled concentrations (milligrams per liter)a in solution from reaction of J-13 water with carbon steel and Alloy-22.

Element

After corrosion of Alloy-22

After reaction with tuff rock

Chromium

299

299

Manganese

32

4.40 × 10-11
Molybdenum

218

218

Nickel

750

9.9x10-5
Vanadium

4.8

4.8

a. To convert milligrams per liter to pounds per cubic foot, multiply by 0.00000624.

Well Concentration of Chemically Toxic Materials

After the materials would begin to be released from the repository, they would be transported through the unsaturated zone to the saturated zone and on to the accessible environment. The screening study assumed that the chemicals would flow to a well from which an individual received all of their drinking water. TableA-4 lists the concentrations for the chemically toxic materials.

The well concentrations listed in TableA-4 were based on a series of simple calculations. First, the release concentrations for each material were calculated. The release rate for the material in the carbon steel is based on a degradation rate of 0.025 millimeter (0.001 inch) per year (DIRS 100359-CRWMS M&O 1998, Figure 5-16) and a thickness of 100 millimeters (3.9 inches); thus, the annual fractional release rate for carbon steel is 0.00025. The degradation rate for Alloy-22 is 0.000006 millimeter (0.00000024 inch) per year (DIRS 100359-CRWMS M&O 1998, Figure 5-28) and the material thickness is 20 millimeters (0.79 inch); the resulting annual fractional release rate is 0.0000003. The internal materials were assumed to be released at the same rate as the carbon steel (a conservative assumption). The release rate for the high-level radioactive waste was taken from earlier studies (DIRS 100358-CRWMS M&O 1998, Section 6.4). The annual fractional release rate for the high-level radioactive waste is 0.000054. The well concentrations in Table A-4 are very conservative concentration estimates that are not used directly for impact estimates. Instead, they are used to screen potentially toxic chemicals for more detailed analyses. These estimates were then compared to the Maximum Contaminant Levels for each material, if available (40 CFR 141.2). Some of the estimated concentrations were orders of magnitude below their respective Maximum Contaminant Levels. As a result of this screening study, barium, copper, lead, mercury, and selenium were eliminated from further detailed analysis. All the other chemically toxic materials, including boron, cadmium, chromium, manganese, molybdenum, nickel, uranium, vanadium, and zinc, were carried forward for further detailed analysis .

Table A-4. Concentrations (milligrams per liter) of waterborne chemically toxic materials for screening purposes. b
Release concentration

Maximum

Concentration

Non-

Carbon

Well

contaminant

Element

limit

package

steel

Alloy-22

Internal

HLW
Maximum 
concentration
levelc
Barium

0.00412

0

0

0

0

0.99

0.00412

1.5×10-5
2.0

Boron

6,400

0

0

0

50

0

52

1.9×10-1
NAd
Cadmium

23

0

0

0

0

2.2

2.2

7.7×10-3

0.005

Chromium

300

0

0

2.7

940

0

300

1.1

0.1

Copper

0.018

0.018

0

0

0

0

0.018

6.4×10-5
1.3

Lead

NA

0

0

0

0

0.09

0.09

3.2×10-4
0.015

Manganese

4.4×10-11
4.4×10-11

707

0.077

0.44

0

4.4×10-11
1.6× 10-13
NA

Mercury

NA

0

0

0

0

0.01

0.01

3.6×10-5
0.002

Molybdenum

218

0

0

2.07

71

0

71

2.5× 10-1
NA

Nickel

1.0×10-6
0

0

8.4

1,310

0

1.0×10-6
3.5× 10-9
NA

Selenium

NA

0

0

0

0

0.014

0.014

4.9×10-5
0.05

Uranium

0.0023

0

0

0

16,500

0

0.0023

8.2×10-6
NA

Vanadium

4.8

0

0

0.054

0

0

0.054

1.9×10-4
NA

Zinc

63

0

0

0

0.73

0

0.73

2.6×10-3
NA

a. To convert grams per cubic meter to pounds per cubic foot, multiply by 0.00000624.

b. Note that these concentrations are not used for transport modeling but only for screening analysis purposes.

b. consideration based on the screening analysis.

c. Maximum contaminant levels are specified in 40 CFR 141.2.

d. NA = not available (no Maximum Contaminant Level established by the U.S. Environmental Protection Agency for this element).

For the chemicals in the nonpackaged materials, the degradation was assumed to be limited by the solubility of the chemical in water. The release concentration (in grams per cubic meter) was assumed to be equal to the elemental solubility for those chemicals with a nonzero inventory in the nonpackaged materials. For the remaining material categories, all part of the waste packages, the release concentration was calculated based on the per-package inventory and the release rate from a waste package.

The per-package inventory (in grams for each material category) was calculated by dividing the total inventory (in grams) of the material type by the total number of waste packages in the repository (assumed to be 11,969). The release of material per cubic meter would be the fractional release rate divided by the rate of water flow past a waste package, based on an average 20-millimeter (0.79-inch) annual water flow rate through the repository. The release concentration is the per-package inventory in grams multiplied by the release per cubic meter.

To estimate the concentration in a well, two steps were performed. First, the maximum release concentration from the four material groups was selected. Then, two dilution factors were applied to the maximum release concentration. An unsaturated zone dilution factor was calculated as the ratio of the total cross-sectional area of all waste packages to the total surface area of the repository. Each of the 11,969 waste packages would have a cross-sectional area of 8.9 square meters (96 square feet), and the assumed repository surface area would be about 3 square kilometers (740 acres). This calculation resulted in an unsaturated zone dilution factor of 0.035. A  dilution factor of 10 (DIRS 100353-CRWMS M&O 1998, Figure 3-3d) was applied to the saturated zone so the dilution factor, when combined for the unsaturated and saturated zones, would be 0.0035.

Health Effects Screening for Chemically Toxic Materials

The potential for human health impacts was estimated using a hazard index. The hazard index was determined by dividing the intake of a chemical by the oral reference dose for that chemical. A hazard index of 1.0 or above indicated the potential for human health impacts. Table A-5 lists the human health hazard indices.

Table A-5. Human health hazard indices for chemically toxic materials.
Element

Intake

Oral reference dosea
(milligram per kilogram per day)

(milligram per kilogram per day)

Hazard index 

Boron

0.0053 

0.09

0.059

Cadmium

0.00022

 0.0005

0.44

Chromium

0.030 

0.005

6.1

Manganese 

4.5 x 10-15

0.14

3.2 x 10-14

Molybdenum

0.0072

0.005

1.4

Nickel

1.0 x 10-10

0.02

5.1 x 10-9

Uranium

0.00000023 

0.003

0.000078

Vanadium

0.0000054 

0.007

0.00078

Zinc

0.000074

 0.3

0.00025

a. Source: (DIRS 148219-EPA 1999, all), (DIRS 148221-EPA 1999, all), (DIRS 148224-EPA 1999, all), (DIRS 148227-EPA 1999, all), (DIRS 148228-EPA 1999, all), (DIRS 148229-EPA 1999, all), (DIRS 148233-EPA 1999, all), (DIRS 102173-EPA 1994, all), (DIRS 103705- EPA 1997, all).

Intake was based on a 2-liter (O.53-gallon) daily consumption rate of drinking water, at the concentrations in the well, by a 70-kilogram (154-pound) adult. The oral reference doses were from the Integrated Risk Information System, with the exception of doses for uranium (DIRS 102173-EPA 1994, all) and vanadium (DIRS 103705-EPA 1997, all).

Conclusions

Of the proposed chemically toxic materials in the repository, only chromium and molybdenum have a hazard index above 1.0. Because the inventories of a given material category in the repository should no more than double under any of the inventory modules, all chemically toxic materials (except chromium and molybdenum) can be eliminated from detailed analyses.  Uranium is retained because of its special chemical toxicity.
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