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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 accumulation of radionuclides beyond 18 km into the Death Valley Region.  Calculations include transport fluxes, annual doses, accumulation inventories, mass balance summaries and soil concentrations at key locations.



	Method:  The analysis starts with key information supplied by Sandia National Laboratories in a summary report (DIRS 186186-Sandia 2009, all).  This information includes radionuclide mass fluxes at the 18 km RMEI location as calculated by the Total System Performance Assessment –License Application (TSPA-LA) computer model, information about pathways traveled in the Death Valley Region as calculated by the Death Valley regional flow model (enhanced with MODPATH), and other supporting information.

The analysis wascarried 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.

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-Sandia 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-Sandia 2009, Figure 13). 

There is some uncertainty in the flow path modeling so that there is some possiblility that the radionuclides going to Death valley could discharge in the Furnace Creek springs area, mixed with the flowing water there.  Transport of radionuclides 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 radionuclide 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
Radioactive decay-corrected 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.
Soil concentrations at the Amargosa Farms area were evaluated as a function of time.  These soil concentrations were evaluated for the two climates.
Annual doses to residents at the Amargosa Farms area were evaluated based on radionuclide fluxes and pumping rates.  Annual doses to people at Furnace Creek Springs areas were also evaluated based on radionuclide fluxes.  Doses at the Death Valley floor are the subject of a separate calculation package (CalcPkg_Evap1_DHL_4-22-09.doc).


	Assumptions:  The following assumptions are part of the calculations:

1. The movement of the radionuclides 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 radionuclides arriving by the wells at Amargosa Farms.  This is a conservative assumption as dose would be reduced if some radionuclides 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 workbooks.



	Calculations:  The following describes the data input and calculations that were used to obtain the results reported in this calculation package.

1.0 TRANSPORT CALCULATIONS

Background

In the Postclosure Groundwater SEIS, the transport of radionuclides along the 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 or fractured medium.  The contaminant is assumed to reversibly sorb 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)

The quantity [image: image24.png]


 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 2 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 3can 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 the [image: image41.png]


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


 so that
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Then note that [image: image46.png]


 so that Equation 5 becomes
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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. 

Most of the contaminants to be evaluated are radionuclides and therefore experience radioactive decay.  When decay takes place Equation 1 has two additional terms to account for decay of sorbed and dissolved material.  The mass balance then becomes
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or
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.  The solution to this problem is quite complicated so we will make an approximation.  Consider the problem when there is no dispersion.  Then a step input of a non-decaying dissolved contaminant with magnitude F0 will produce an output which is a step of magnitude F0 delayed by the time = td.  Now consider the no-dispersion problem with a decaying contaminant.  In this case each time point  of the constant step input will be delayed by the time td and decayed over the time = td so that the result will be a constant step with height [image: image57.png]


 where λ is the radioactive decay constant for the contaminant.  When there is dispersion, some of the contaminant travels slightly faster than the average travel time and some travels slightly slower.  If the entire response to the input step is decayed by [image: image59.png]


 then on average the output is correct.  The final value after initial breakthrough will be exactly equal to the same result as for the non-dispersed case.  Thus a reasonable approximation for the decayed response curve is
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and
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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 7 and 8 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 7 and 8 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 in the Amargosa Desert 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 “Dose” Excel workbooks (for example, “Dose 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 1 and 2 for the no-pumping and pumping scenarios.

Table 1.
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 2.
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 3.  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.  Note that Kds for cesium, strontium, radium, selenium, and tin do not appear to be sensitive to the path.  This is because DOE has assumed the Kds for these elements are the same in all media in the flow path.  The impact of this assumption is very small because the fluxes of these radionuclides are generally very small or zero and their contribution to dose is usually negligible for the analysis performed.  Also tin has an extremely high Kd in alluvium and volcanic rocks and would be expected to have a reasonably high Kd in just about any soil.  As a result, tin is essentially immobile.  The zero Kd radionuclides are also insensitive to path because they tend to have a zero or near-zero Kd in all media.  
Table 3.  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 uranium (milliliters per gram)a
8.7

4.2

Kd for neptunium (milliliters per gram)a
44

6

Kd for plutonium (milliliters per gram)a
164

93

Kd for cesium (milliliters per gram)d
728

728

Kd for americium, thorium, protactinium, and actinium 
  (milliliters per gram)a
3008

4762

Kd for strontium (milliliters per gram)d
210

210

Kd for radium (milliliters per gram)d
550

550

Kd for selenium (milliliters per gram)d
14

14

Kd for tin (milliliters per gram)d
1916
1916
Kd for carbond, technetiumd, iodined, and  chlorined
0

0

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 185814-SNL 2008, Table 2.3.9-14.

Data Inputs to Transport Calculations

· Mass fluxes at the Regulatory Compliance Points-Spreadsheet EIS_SZ_TimeStep_Resolution_Fractional_Basis.xls (DIRS 186186-Sandia 2009, attachments).  Note that in all calculations the mean value fluxes from the spreadsheets are used.

· Mass fluxes at the UZ-SZ interface- Spreadsheet EIS_UZ_TimeStep_Resolution_Fractional_Basis.xls (DIRS 186186-Sandia 2009, attachments).  
· Kd factors for radionuclides)-mean values derived from distributions in the SAR (DIRS 185814-DOE 2008,Table 2.3.9-14)   In some cases the mean values are given, in some cases the formulas for the distributions are given.  If the formulas were given, mean values were extracted using spreadsheet “Mean of CDF.xls” (see attachments to this calculation package).  As described above some Kd factors were supplied in an additional reference. (DIRS 186221 -Arnold 2009, all).
· 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)
· Half-lives of radionuclides-TSPA-LA Analysis Modeling Report (DIRS 183478-SNL 2008, Table 6.3.9-1(a))
· Porosity of the groundwater bearing media(DIRS 184806 -SNL 2008,pg. 4-9) and (DIRS 186221–Arnold 2009,all)

· Longitudinal dispersion coefficient (DIRS 184806-SNL 2008,pg. 4-13)
· Bulk density of the groundwater bearing media (DIRS 184806–SNL 2008, pg. 4-8) and (DIRS 186221–Arnold 2009,all)
2.0 TRANSPORT OF RADIONUCLIDES THAT ARE DECAY CHAIN MEMBERS

In the transport analysis for the Postclosure Groundwater SEIS several of the radionuclides are members of important decay chains.  Radionuclides in these chains will tend to “grow in” as time goes on.  The simplified one-dimensional transport analysis described in Section 1.0 above does not account for this in-growth although it does account for decay of the parent radionuclides.

This section describes how the one-dimensional transport results are adjusted to account for in-growth of radionuclides in the important decay chains.

Decay Chains

In the development of the TSPA-LA four important decay chains were identified for the purposes of transport analysis for the saturated zone transport (DIRS 183750-SNL 2008, p. 6-26).  These consist of the following.

1. Actinium Series:

243Am→239Pu→235U→231Pa→227Ac

2. Neptunium Series:

241Am→237Np→233U→229Th

3. Thorium Series:

240Pu→236U→232Th→228Ra

4. Uranium Series:

242Pu→238U


       ↘
                         234U→230Th→226Ra→210Pb


        ↗

238Pu

Just as in TSPA-LA the radionuclide chain analysis will be simplified in a manner that overestimates the flux of decay product radionuclides by calculating secular equilibrium between the final decay products and their parents in three of these chains.  This secular equilibrium will be applied to 227Ac, 228Ra, and 210Pb.  The final daughter in the Neptunium Series will not be adjusted by secular equilibrium but rather by another method described below.

Calculation of daughter products as a function of time in a non-moving inventory of radionuclides is described by the well-known Bateman Equations (modified for non-zero initial inventories of daughters) as:
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Where
Ni = the inventory of chain member i at any time


Ni0 = the inventory of chain member i at time = 0


λi = the decay constant for chain member i

The values for Ni can also represent a set of fluxes of radionuclides at any instant in time.

Adjustments for Decay Chain In-growth

If all radionuclides had identical retardation factors then during any time during transport the modified Bateman equations  (Equation 9) would describe how to adjust the relative fluxes of radionuclides at any time and any point in the flow path.  In reality the radionuclides all have different retardation factors.  The retardation factor is given by
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 equals the ratio of solute adsorbed to the solute in solution =adsorption equilibrium factor.
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 = bulk density of the porous medium through which flow is occurring
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 = porosity of the porous medium

Therefore it can be seen that the retardation factor increases as the [image: image73.png]


 increases.  The decay chains are shown below with the mean [image: image75.png]


 values for the alluvium aquifer shown in parentheses above the chain members.

1. Actinium Series:

(5,500)
(100)
(4.3)
(5,500)
(5,500)

243Am→239Pu→235U→231Pa→227Ac

2. Neptunium Series:

(5,500)
(6.8)
(4.3)
(5,500)

241Am→237Np→233U→229Th

3. Thorium Series:

(100)
(4.3)
(5,500)
(450)

240Pu→236U→232Th→228Ra

4. Uranium Series:

(100)
(4.3)

242Pu→238U


       ↘(4.3)   (5,500)  (450)  (N/A)

                         234U→230Th→226Ra→210Pb


(100)   ↗

238Pu

The following observations are important: 

· In the cases of 227Ac, 228Ra, and 210Pb the rate of movement is not relevant since we will adjust these to secular equilibrium with their parents (and not do transport analyses on these).

· In the first three chains the parent moves much slower than the middle daughters and the end daughters move much slower than the middle daughters.

· Very little daughter product will grow from the americium parents during transport in the alluvial aquifer.  This is true for two reasons:  (1)The 243Am moves very slowly  and has a relatively short half-life of 7370 years and (2) the 241Am also moves very slowly and has a very short half-life of 432.7 years.  Thus, almost no americium reaches the 18 km starting point to be input for the simplified transport analysis.

· Uranium is a common middle daughter to all the chains and moves much faster than any of the other members.

· 238U has an extremely long half-life of 4.47×109 years so that in the one-million year period very little 234U will grow in from this parent.  It will be reasonable to assume that all 234U that grows in would come from 238Pu.  However, note that because of its very short half-life of 87.7 years all of the 338Pu will have decayed so that in effect we have two separate and essentially unconnected chains:  (in the spreadsheets these are known by names given below)

242Pu→238U        (Uranium Series b)


And



234U→230Th→226Ra→210Pb   (Uranium Series a)

Based on these observations it would appear reasonable and conservative to use the following adjustment procedure:

After the flux vs. time profile for each radionuclide is transported to another location, using the one-dimensional transport approximation, the fluxes will be adjusted using Equation 9 with a time equal to the average travel time for uranium.   The end point daughters 227Ac, 228Ra, and 210Pb will be adjusted by secular equilibrium with their parents.   The branched Uranium Series will be treated as two separate chains as discussed in the last bullet above.

The special cases of  thorium and protactinium require further treatment.  If the procedure above is applied it will grossly overestimate the amount of these radionuclides arriving at the end of the path.  The kd for these elements is 5500 which means that for a typical porous or fractured medium they would travel on the order of 58,000 times slower than the water along a path.  At typical water travel times this would mean it would take about 5000 years to travel one meter. Thus, nearly all of these daughters will never reach the end of the path during the 1-million year analysis period.  Therefore a second adjustment is made: assume there is a small region where the well is drawing liquid water not in contact with soil (or a small region where the flowing spring water contacts little or no soil).  Only in this region would the daughter generated be mobilized.  Therefore a small path length that we shall call a “radius of influence” will be used to calculate the time available to grow thorium or protactinium isotopes.  This second adjustment is applied to the original transport results.  Similarly the very slow radium is generated over the shorter travel time.  This approach is still very conservative but more reasonable.

The adjustments described in spreadsheets labeled with tabs such as “Np Series” or “Th Series” within the “Dose” Excel workbooks (for example “Dose at Am Farms 2003 Pumping Comb Case Pres Climate.xls”) referenced below in the attachments. 

Data Inputs for Decay Chain Adjustments

Radionuclide half-lives—Chart of the Nuclides(DIRS 103896-Parrington et al. 1996, all)
3.0 DOSE CALCULATIONS

At the end of each path the radionuclide fluxes are converted to an annual dose.  The approach is somewhat different in the pumped locations versus discharge locations because of the way humans are exposed and because of how radionuclides are distributed in water and soil that humans are exposed to.

Dose at the Amargosa Farms Area
The Amargosa Farms area is similar to the RMEI location with its hypothetical well that was used in the 18 km accessible environment dose assessments in the TSPA-LA and Repository SEIS.  The lifestyle of the RMEI was developed from studies of residents  in this area so the same dose basis can be used.  Thus, once a well water concentration is derived, the dose can be calculated using the same Biosphere Dose Conversion Factors (BDCF’s) as were used in the RMEI analysis.  This analysis uses the mean values of the BDCFs.  The values used are given in Table 4.

Table 4.

 Biosphere dose conversion factors for the Amargosa Farms area

Radionuclide

BDCF

(rem/yr per pCi/L)

C-14

7.03E-06

Cl-36

3.00E-05

Se-79

8.88E-05

Sr-90

1.26E-04

Tc-99

4.07E-06

Sn-126

1.59E-03

I-129

4.81E-04

Cs-135

5.55E-05

Cs-137

4.81E-04

Pb-210

9.99E-03

Ra-226

1.41E-02

Ra-228

3.33E-03

Ac-227

4.81E-03

Th-228

1.15E-03

Th-229

9.62E-03

Th-230

4.07E-03

Th-232

7.03E-03

Pa-231

8.88E-03

U-232

2.22E-03

U-233

3.33E-04

U-234

3.03E-04

U-235

3.48E-04

U-236

2.85E-04

U-238

2.92E-04

Np-237

9.99E-04

Pu-238

2.81E-03

Pu-239

3.52E-03

Pu-240

3.52E-03

Pu-242

3.37E-03

Am-241

3.07E-03

One key difference between the pumping location at the Amargosa Farms area and the RMEI location is that 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.  A study of the RMEI location (with only 3000 acre-ft pumping and one well) showed that only about 11% of the water is recycled and the effect on dose is very small (DIRS 182130-SNL 2007, pg. 6-39 and pg. 6-61).  But recycle cannot be ignored in the Amargosa Farms pumping location.

The effect of recycle on dose can be evaluated by running the Irrigation Recycle Model developed to evaluate possible recycle effects 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, pg. 7-1):
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 mass flux into the system, [image: image80.png]


 the fraction of  water use that is used for irrigation, [image: image82.png]


the fraction of irrigation water that is recaptured, and Q= the pumping rate.  At the Amargosa Farms location it will be conservatively assumed that [image: image84.png]


.  Therefore the water concentration will be given by:
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Equation 11 is implemented in the “Dose” Excel Workbooks (for example “Dose at Am Farms 2003 Pumping Comb Case Pres Climate.xls”) cited in the Attachments section of this calculation package.   The water concentration is multiplied by the appropriate BDCF for the radionuclide in question to obtain annual dose in mrem/yr. Two columns of dose are listed in the spreadsheets: the first is for [image: image87.png]


 (which is the same as that used at the RMEI location) and the second, entitled “Recycle”, is the dose resulting from water concentrations given by Equation 11 with [image: image89.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, pg 6-39).
Dose at the Furnace Creek springs area

At Furnace Creek and Franklin Lake, dose is calculated differently from dose at the Amargosa Farms area.  At the Furnace Creek there is no pumping and no recycle.  Instead, water flows from springs.  It is assumed that there is complete capture of the radionuclide flux in the spring water.  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 BDCF’s are again used to convert the concentration to dose but the values of the BDCF’s are reduced to exclude pathways associated with farming and food consumption.  Instead, only the fraction of the BDCF which accounts for such things as direct exposure, water ingestion, inhalation, and soil ingestion are included.  The relative contribution of the different paths was identified in the SAR (DIRS 185814-DOE 2008, Table 2.3.10-11).  The reduced BDCF’s are listed in Table 4 and  are also given in spreadsheet “BDCFs from TSPA-LA.xls” listed in the attachments below.

Table 5.
BDCFs Used at Furnace Creek springs

Furnace Creek springs

BDCF

Radionuclide

(rem/yr per pCi/L)

C-14

1.59E-06

Cl-36

2.80E-06

Se-79

8.08E-06

Sr-90

8.45E-05

Tc-99

1.79E-06

Sn-126

1.50E-03

I-129

2.91E-04

Cs-135

6.27E-06

Cs-137

2.09E-04

Pb-210

5.78E-03

Ra-226

1.33E-02

Ra-228

2.85E-03

Ac-227

4.61E-03

Th-228

1.03E-03

Th-229

9.03E-03

Th-230

3.85E-03

Th-232

6.62E-03

Pa-231

8.68E-03

U-232

2.02E-03

U-233

3.00E-04

U-234

2.72E-04

U-235

3.18E-04

U-236

2.55E-04

U-238

2.62E-04

Np-237

9.32E-04

Pu-238

2.66E-03

Pu-239

3.34E-03

Pu-240

3.35E-03

Pu-242

3.21E-03

Am-241

2.96E-03

Am-243

3.18E-03

Data Inputs to Dose Calculation

· Mass flux from the transport calculations with decay/growth adjustments (g/yr)

· Pumping Rate (L/yr) or Discharge Rate (L/yr). Pumping rates for dose 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, pg. 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: image91.png]


in Equation 11.  The value obtained was 16,828 acre-ft/yr.  
· 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.  
· The BDCF,s are given in the SAR (DIRS 185814-DOE 2008, Table 2.3.10-12, pg 2.3.10-141).
· The fractional breakdown of BDCF,s for individual pathways is given in the SAR (DIRS 185814-DOE 2008, Table 2.3.10-11, pg 2.3.10-139)
4.0 INVENTORY CALCULATIONS

At each location the mass flux is used to develop an “inventory”.  This inventory is a decay and growth adjusted 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 for radionuclide at time T is calculated from the flux by substituting the flux at time t for the N0 values, and substituting T-t for t in Equation 9 and integrating from 0 to time T. Thus:
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 the flux of radionuclide i at time = t, and [image: image98.png]


 the decay constant for radionuclide i.

This expression is implemented from the flux curves as follows:

Each point on the flux curve is associated with a discrete time interval.  The interval is the time to the next time point.  The area for the interval at time =t is evaluated for m1 as a trapezoid.  Then the area is multiplied by the first term in the integral.  The same is done for m2 using the second term and so forth.  This is done for however number of parents precede radionuclide i.  For radionuclides not in a chain only the last term in the integral is used.  This is done for one value of T and repeated for each other value of T desired.  This procedure is implemented in the “Inventory” Excel Workbooks for example: “Inventory Am Farms Comb, 2003 Pumping  Pres Climate.xls”.

Data Inputs to Inventory Calculations

· Mass Fluxes from transport calculations

· Mass Fluxes supplied by the Lead Laboratory at exit from the repository and at the 18 km point. Fluxes at 18 km are given in spreadsheet EIS_SZ_TimeStep_Resolution_Fractional_Basis.xls for the combined case.  Fluxes at the bottom of the UZ are given in spreadsheet EIS_UZ_TimeStep_Resolution_Fractional_Basis.xls for the combined case (DIRS 186186-Sandia 2009, attachments).

· Radioactive half-lives—TSPA-LA Analysis Modeling Report (DIRS 183478-SNL 2008, Table 6.3.9-1(a))
5.0 CALCULATION OF SOIL CONCENTRATIONS AT PUMPED LOCATIONS
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: image115.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: image123.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: image127.png]


 (DIRS 177399-SNL 2007, Eq. 6.4.1-28).
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Where
 [image: image130.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 “Dose” Excel Workbooks (for example “Dose at Am Farms 2003 Pumping Comb Case Wet Climate”).
Note that the soil concentrations calculated by this technique are for information only.  The values were not used for dose calculations.  All dose calculations at the Amargosa Farms area were done using BDCFs.
Data Inputs for Soil Concentration

· Mass fluxes from transport calculations

· Bulk soil density = 1500 kg/m3 (DIRS 179988-SNL 2007, pg 1)
· Soil erosion rate=0.2 kg/m2/yr (DIRS 179988-SNL 2007, pg 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 radionuclide (DIRS 179988-SNL 2007,pg 2)

· 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, pg. 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: image141.png]


in Equation 11.  The value obtained was 16,828 acre-ft/yr.  
· Fraction[image: image143.png]


. The non-irrigation use rates for 1994-2003 (DIRS 185968-Moreo and Justet 2008, Figure 3, pg. 5) were averaged at 13.6 percent so the fraction[image: image145.png]


 was set at 0.86.


	6.0 Uranium Intake Calculations
Uranium is investigated as a toxic metal as well as a radionuclide in the Postclosure Groundwater SEIS.  The other toxic metals are discussed in a separate calculation package (CalcPkg_Met1_DHL_4-22-09).  The intakes of uranium  as mg per kg body weight per day are calculated in the “U Intakes” Excel Workbooks (for example U Intakes Comb Case Pres Climate.xls).  These workbooks use as input uranium concentrations from the “Dose” Excel Workbooks (for example “Dose at Am Farms 2003 Pumping Comb Case Wet Climate”).  The concentrations are multiplied by 2 L/day water intake and divided by 70 kg average body weight in the “U Intake” spreadsheets.

Results/Conclusions:  The results of the calculations are detailed in the Microsoft Excel workbooks listed in the attachments.  Below is a summary of the highlights of the results.

Peak Annual Doses from Radionuclides
Table 6 summarizes the peak annual doses from radionuclides.  Also calculated is the probability of a latent cancer fatality which is obtained by multiplying the dose in mrem by a factor of 6 × 10-6 . This factor is recommended for the public by the Interagency Steering Committee on Radiation Standards(DIRS 174559-Lawrence 2002, p. 2).  The values for 10,000 years should not be considered very accurate because the inputs from TSPA-LA for the PGSEIS calculations are based only on a one-million year run whereas the TSPA-LA was run for 10,000 years to yield the 10,000-yr values in the Repository SEIS.  Since the time steps are much finer in the 10,000 yr run the results are very different (more accurate) than those for the first 10,000 yrs in the one million-year run.  For the present climate and wet climate at Amargosa Farms two special dose files with a smaller time step and with fluxes over only 10,000 years.  This gave a much more accurate result and brought the doses down 50% because of the large spike in the Tc-99 that occurs early in the flux history for the one-million year run.

Table 6.   Annual peak dose and probability of latent cancer fatalities 
Scenario

Peak annual dose 
(millirem per year)

Probability of latent cancer fatality

10,000 years after closure

1,000,000 years after closure

10,000 years after closure

1,000,000 years after closure

Amargosa Farms area, Pumping, Present Climate

2.1 × 10-1
1.1

1.3 × 10-7
6.7 × 10-7
Amargosa Farms area, Pumping, Wetter Climate

2.5 × 10-1
1.3

1.5 × 10-7
8.0 × 10-7
Furnace Creek springs area, No Pumping, Present Climate

0.0E+00

3.4E-01

0.0E+00

2.1E-07

Furnace Creek springs area, No Pumping, Wetter Climate

2.3E-02

8.9E-02

1.4E-08

5.4E-08

Radionuclide Mass Balances
Detailed radionuclide inventories and mass balances are given in the spreadsheets listed in the attachments.  
Soil Concentrations at Amargosa Farms
Detailed soil concentrations for all radionuclides at the Amargosa Farms area are described in the spreadsheets listed in the attachments.  Table 7 is a summary of soil concentrations for some key radionuclides.

Table 7.  Soil concentrations of radionuclides at the Amargosa Farms area TC "B-7
Soil concentrations of radionuclides at the Amargosa Farms area" \f T \l "1" .

Soil concentration (g /m2)

Time (year)

Np-237

Pu-242

U-235

Th-230

U-238

U-233

Present Climate

10,000

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
100,000

3.18E-06
0.00E+00
3.41E-05
6.23E-07
1.41E-03
3.30E-07
5,000,000

2.72E-05
0.00E+00
1.38E-04
2.41E-06
5.92E-03
1.75E-06
1,000,000

5.48E-05
7.23E-12
3.60E-04
2.70E-06
1.58E-02
4.03E-06
Wetter Climate

10,000

0.00E+00
0.00E+00
1.78E-14
1.18E-16
7.38E-13
1.74E-16
100,000

4.36E-06
0.00E+00
1.80E-05
1.19E-07
7.45E-04
2.09E-07
5,000,000

1.75E-05
2.25E-06
8.34E-05
4.78E-07
3.43E-03
9.33E-07
1,000,000

3.90E-05
1.04E-05
2.18E-04
5.23E-07
9.45E-03
2.43E-06
Uranium Intakes

These intakes can be compared to an Oral Reference Dose of 3.0×10-3
Table 8 summarizes the Uranium Intakes.  Note that during the 1 million-year analysis period, no uranium reaches Death Valley.

Table 8.  Uranium Daily Intakes

Amargosa Farms, Pumping, Combined Case, Present Climate

3.47E-06
Amargosa Farms, Pumping, Combined Case, Wet Climate

3.84E-06
Furnace Creek,No Pumping, Combined Case, Present Climate

0.00E+00
Furnace Creek,No Pumping, Combined Case, Wet Climate

0.00E+00


	References/Attachments:  Listed below are the materials referenced in and/or attached to this calculation package.
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Attachments

The following Microsoft Excel 2007 files are electronic attachments to this calculation package:

1. “Dose Files”  

These files contain calculations of transport from the 18 km point to the location identified in the file title.  The Dose files also calculate soil concentrations (for Amargosa Farms only) and concentrations needed for the groundwater protection standard comparison.  These files also contain plots of total dose verses time and dose by radionuclide.  In the file names the cases are identified such as “nom” for nominal, “comb” for combined case as well as whether they pertain to present day or wet climate.  Inputs to these files are the 21 point fluxes in the TSPA files (Section 6. Below).  These fluxes are called the “input flux” in the Dose Files.  The “Output Flux” in these files is the 500 point flux used to calculated, dose, soil concentration and water concentration.

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

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

Dose at Am Farms 2003 Pumping Comb Case Pres Climate 10K yr.xls

Dose at Am Farms 2003 Pumping Comb Case Wet Climate 10K yr.xls

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

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

2. “500 point Files”

These files are 500 point versions of the fluxes supplied in the TSPA-LA results.  The fluxes are used to generate inventories at the UZ –SZ interface and the Regulatory Compliance Point.  These files were generated by converting the 21 point fluxes in the TSPA files (Section 6. Below) to 500 point fluxes in a “converter” spreadsheet.

500 point release at 18 km Comb Case.xls

500 point release Beyond UZ Comb Case.xls

3. “Inventory” Files 

These files compute the decay and growth adjusted inventories (total quantities) that are input to or released from the location stated in the file.  Note: These files are dynamically linked to the “Dose” files so that the radionuclide fluxes can be transferred.

Inventory Am Farms Comb, 2003 Pumping  Pres Climate.xls

Inventory Am Farms Comb, 2003 Pumping, Wet Climate.xls

Inventory Beyond 18km comb case.xls

Inventory Beyond UZ comb case.xls

Inventory Furnace Creek Comb No Pump Pres Climate.xls

Inventory Furnace Creek Comb No Pump Wet Climate.xls

4. Mass Balance Files

These files are linked to the inventory files and compute mass balances along flow paths.

Mass Bal 2003 Pumping Comb Case Pres Climate.xls

Mass Bal 2003 Pumping Comb Case Wet Climate.xls

Mass Bal No Pumping Comb Case Pres Climate.xls

Mass Bal No Pumping Comb Case Wet Climate.xls

5. Mean of the CDF

This file was used to compute the mean of the CDFs for some of the radionuclide Kd factors

Mean of CDF.xls

6. TSPA-LA Output Files

These files contain the fluxes from TSPA-LA and were supplied with the Lead Laboratory support document.  The mean-value fluxes were used from these files as input to all the calculations discussed in this calculation package.  Files marked UZ contain fluxes from the bottom of the Unsaturated Zone into the Saturated Zone below the repository.  Files marked SZ contain fluxes at the Regulatory Compliance Point.

EIS_SZ_TimeStep_Resolution_Fractional_Basis.xls

EIS_UZ_TimeStep_Resolution_Fractional_Basis.xls

7. Special Flux Files

This file was used for the smaller time step version of the 10,000 yr case at the Amargosa Farms area

18 km fluxes 10,000 yrs comb case.xls

8. Uranium Intake Files

These files contain the computation of uranium uptakes

U Intake Comb Case Pres Climate.xls

U Intake Comb Case Wet Climate.xls

9. Miscellaneous Additional Files

These files produced results for special sensitivity cases discussed in the PGSEIS

Dose at Am Farms 2003 Pumping Comb Case Wet Climate, low Kd values.xls

Dose at Furnace Creek  No Pumping Pres Climate-full BDCFs.xls

Dose at Furnace Creek  No Pumping Wet Climate-full BDCFs.xls
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