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2C.0 SENSITIVITY ANALYSIS OF UNSATURATED ZONE CONTAMINANT TRANSPORT

This attachment documents a sensitivity analysis performed with the screening-level unsaturated zone travel time calculator and its relationship to the travel time results presented in Appendix C and Section 7.2.

2C.1    Introduction

This attachment provides a sensitivity analysis to support the conclusion that contaminant transport is negligible (i.e., advective travel time to groundwater is greater than 1,000 years) in interplaya areas subject to diffuse recharge such as precipitation infiltration and not subject to ponded or otherwise focused recharge conditions.  This conclusion is documented in Spatial Variability in Unsaturated Flow beneath Playa and Adjacent Interplaya Settings and Implications for Contaminant Transport, Southern High Plains, Texas (Scanlon et al., 1997).  This report concludes that low water fluxes in interplaya settings suggest that contaminant transport in these areas should be negligible because the primary control on unsaturated flow is surface ponding.  Interplaya recharge rates reported in the literature range from less than 0.1 mm/year (0.004 inch/year) to 5 mm/year (0.2 inch/year) (Scanlon et al., 1994; Mullican et al., 1995; Scanlon and Goldsmith, 1997; and Wood et al., 1997).  FEHM (LANL, 1998) was used to evaluate contaminates migration under interplaya recharge conditions using an interplaya recharge rate of 0.1314 inch/year (3.3 mm/year).  Documentation of these recharge rates and references are provided in the Subsurface Modeling Report (BWXT Pantex and SAIC, 2004).  

The rate of advective water migration in interplaya areas is computed by dividing the rate of recharge by the effective flow area (pore space available for water flow) of the unsaturated soils.  As an example of the water migration rate, consider the interplaya recharge rate of 0.1314 inch/year flowing into a soil that has a porosity of 0.4, which is typical of the Blackwater Draw Formation sediments.  Assuming the saturation of the pores is 50%, the water-filled area of the soil is 0.2 (porosity ( saturation), and the advective velocity of the water is then the recharge rate divided by the flow area, or 0.1314 inch/year divided by 0.2, or 0.657 inch/year.  In 1,000 years, this water would travel 657 inches, or about 55 ft.  If the recharge rate is 0.004 inch/year, then the distance traveled in 1,000 years would be 1.7 ft (0.004 inch/year divided by 0.2).  If the recharge is 0.2 inches/year, then the water would travel 83 ft. 

The analysis above requires that saturation is solved as a function of the recharge rate.  As water flows downward in the soils under the force of gravity, the equilibrium saturation is balanced with the recharge rate, thus the same amount of water that flows into a volume of soil also flows out of it.  At steady-state, the effective soil hydraulic conductivity is equal to the recharge rate, and a model of the soil characteristic curve is used to determine the percent saturation.  The water velocity is then computed by dividing the recharge rate by the flow area.  The formal equations describing this behavior are discussed below.

The FEHM model was designed for one-dimensional vertical advective flow (i.e., no sorption and no contaminant decay) and was not further refined because predicted travel time to groundwater exceeded 1,000 years.  Because FEHM models require more setup and post-processing time than a conventional spreadsheet calculation, the sensitivity analysis documented in this attachment was performed with the aid of spreadsheet-based “travel time calculator.”  The use of the spreadsheet calculator for this analysis is also consistent with the TAG recommendation to use simple calculation tools where appropriate.  

By varying the input parameters (e.g., recharge rate, hydraulic conductivity, and porosity) within published values or a reasonable range of estimates, one can evaluate the sensitivity of these parameters on predicted travel times.  Recharge rate is the most sensitive parameter; however, across the range of published recharge rates for interplaya areas, advective travel times to the Ogallala Aquifer are greater than 1,000 years, even if the hydraulic conductivity is increased by a factor of 100.  Contaminant transport is negligible in interplaya areas not subject to ponded recharge conditions.
For water in the Ogallala Aquifer to travel 500 ft in 1,000 years, the water would need to flow at 0.5 ft/year.  For the recharge rate of 0.1314 inches/year (0.011 ft/year) and a porosity of 0.4, the saturation is 0.055.  This saturation is near or below the typical values for residual saturation, the saturation value where flow essentially ceases, for all the soils types listed (Rawls, 1982).  Physically, the low saturation needed to create the needed high velocity in the subsurface is near the values where water stops flowing in many of types of sediments (as shown in Figure 2C-1).  Measured saturations are greater than 0.055; hence the advective travel time from the surface to the Ogallala would be longer than 1,000 years for the given rate of recharge.
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Note: Minimum moisture content (on weight basis) measured in Blackwater Draw formation was 5.5%. Assuming that specific gravity of the soil = 2.65, dry density of soil = 1.64 g/cm3, and density of water = 0.99 g/cm3; the minimum degree of saturation (Sm) was calculated as:
Sm = [moisture content]/[(water density/dry soil density) – (1/specific gravity)]

Sm = 0.055/[(0.99/1.64)–(1/2.65)] = 0.055/0.226 = 0.055/1.60 = 0.24 = 24%

Figure 2C‑1.  Measured Moisture Content Versus Depth
in Blackwater Draw Formation

This attachment presents the derivation of an analytical model to predict travel times based on advective flow (Section 2C.2),  the setup for an analytical calculation and a comparison between analytical and model-calculated travel times (Section 2C.3), and a sensitivity analysis on key input parameters and their impacts on predicted travel times (Section 2C.4).

2C.2    Derivation of Analytical Model

The advective (i.e, water) travel time through an unsaturated soil column can be calculated given the saturation (S), found using the van Genuchten-Mualem model of unsaturated flow.  Under a constant (steady state) infiltration rate, the vertical hydraulic gradient is Iz = 1 and the water saturation in the soil adjusts to allow passage of the infiltration under unit hydraulic gradient such that

Equation 2C-1.  Relation of Infiltration to Water Relative Permeability and 
Saturated Hydraulic Conductivity
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where:

 
if = infiltration

kr = water relative permeability

Ks = saturated hydraulic conductivity

Thus, kr can be expressed as the ratio of infiltration to Ks.

Equation 2C-2.  Water Relative Permeability
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Combining the van Genuchten soil retention model (1980) and Mualem hydraulic conductivity model (1976), the relative permeability, effective saturation, and corresponding water saturation are related through the following equations:

	Equation 2C-3.  Van Genuchten-Mualem Model  of Relative Permeability and Effective Saturation
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where:

Se = effective saturation

M = 
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= van Genuchten-Mualem model parameter

N = van Genuchten-Mualem model power

	Equation 2C-4.  Total Saturation
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where:

Sr = residual water saturation

The relative permeability is calculated for each hydrostratigraphic unit in the soil column using the site-specific infiltration rate and saturated hydraulic conductivity.  Then the effective saturation is obtained numerically using Equation 2C-3, and the total saturation is calculated from Equation 2C-4.

The pore water velocity is the infiltration scaled by the fraction of pore space available for migration of groundwater (i.e., the effective porosity, ne).

Equation 2C-5.  Unsaturated Pore Water Velocity
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The travel time is thus directly proportional to the saturation, column thickness (L), and total porosity (n).  Since S is a function of infiltration, as shown in Equations 2C-1 through 2C-4, the layer travel time is not simply inversely proportional to infiltration.

Equation 2C-6.  Advective Travel Time
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The total travel time across all layers in the soil column is the sum of the individual travel times across each.

Equation 2C-7.  Total Advective Travel Time
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The travel time presented in Equation 2C-7 applies to vertical migration through the unsaturated zone only.  It does not account for additional time required for lateral transport through the saturated zone to reach a potential exposure point.  In addition, retardation due to sorption is not included.  This travel time is the minimum bound for advective travel time; actual advective travel times to a potential point of exposure would be much longer.  The travel time also ignores the effect of dispersion of the solute front, in which case the solute travels faster then the mean advective water velocity. 

2C.3    Application of Travel Time Calculator

The inputs to the travel time calculator are a subset of those used for the FEHM modeling (presented in Table C-9 and discussed in Section C.5.2.4).  The base case infiltration is 0.1314 in/yr and the total porosity is estimated at 0.4.  Other inputs to the travel time calculator are layer-specific and discussed below.

The site-specific saturated hydraulic conductivity of the materials used in the FEHM model ranged from 0.49 to 10 ft/day and is presented in Table C-8.  The soil column having the highest overall hydraulic conductivity was selected for this modeling; therefore, the Ks values for the Blackwater Draw Formation used in this modeling are higher than values typically used to represent this formation.  These Ks values were derived from values reported in the literature for specific soil types represented in the borehole descriptions.  The process used to convert lithologic and geophysical borehole descriptions into numerical descriptions is described in detail in the Subsurface Modeling Report (BWXT Pantex and SAIC, 2004).  The effects of secondary permeability related to macroporosity features were not included because preferential flow through macroporosity features is much more important where ponded conditions occur (Scanlon et al., 1997) and the FEHM modeling was specifically applied to interplaya areas with subject to low diffuse recharge.

The FEHM layering scheme is simplified into six units.  The vertical hydraulic conductivities were averaged to obtain an equivalent vertical hydraulic conductivity for each of the six units.

Equation 2C-8
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where:
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The unit thicknesses and vertical saturated hydraulic conductivities are presented in Table 2C-1.  In addition, the van Genuchten-Mualem empirical constant N and the residual water saturation (both functions of the saturated hydraulic conductivity) are also shown in this table.

Table 2C‑1.  Travel time Calculator Vertical Discretization 

	Unit
	Thickness (ft) 
	Kz (ft/day)
	N
	Sr

	Blackwater Draw
	100
	0.54
	1.8
	0.15

	Caliche
	20
	0.15
	1.8
	0.15

	Upper Ogallala
	120
	3.79
	2.0
	0.10

	Upper Ogallala
	60
	3.79
	1.9
	0.15

	Lower Ogallala
	110
	1.34
	1.8
	0.15

	Lower Ogallala
	66
	1.34
	2.0
	0.10


The soil moisture retention parameters used for subsurface modeling at Pantex Plant were presented in the Subsurface Modeling Report (BWXT Pantex and SAIC, 2004) and are presented again in Table 2C-2.  The values used for Sr are all greater than 0.055, the maximum saturation needed for the advective migration of water to the Ogallala Aquifer water table within 1,000 years.  Using the minimum residual saturation presented in Table 2C-1, the deepest distance water could be expected to travel in 1,000 years is 274 ft.  This depth is an upper theoretical bound since water would basically cease to flow if the aquifer was at residual saturation.  Therefore, it would not be physically consistent to expect significant water movement at these low saturations. 

Table 2C‑2.  Soil Moisture Retention Parameters

	Mean Geometric

Hydraulic Conductivity
	Porosity
	Sr
	
	N

	(ft/d)
	(fraction)
	(fraction)
	(1/ft)
	(dimensionless)

	< 0.0001
	0.4
	0.2
	0.6
	1.25

	0.0001-0.001
	0.4
	0.2
	1
	1.3

	0.001-0.01
	0.4
	0.2
	1.5
	1.5

	0.01-0.10
	0.4
	0.15
	1.9
	1.6

	0.10-1.0
	0.4
	0.15
	2.2
	1.8

	1.0-5.0
	0.4
	0.15
	2.4
	1.9

	5.0-10.0
	0.4
	0.1
	3
	2

	10.0-30.0
	0.4
	0.1
	3.5
	2.2

	>30
	0.4
	0.1
	3.7
	2.5


The FEHM simulation results are presented in Table C-10 and the scenario in which particles are introduced at the surface is the baseline case for the sensitivity discussion.  As stated in both Appendix C and Section 7.2, FEHM modeling indicates particles migrate to a depth of approximately 80 ft from the surface after 1,000 years.

For the travel time calculator, the migration depth after 1,000 years is estimated at 87 ft.  The discretization required by FEHM reports the computed concentration at specified depths throughout the model domain, and the peak value actually occurs between nodes located at 80 and 100 ft.  In contrast, the travel time calculator computes an average pore water velocity for each layer.  The travel time calculator is an estimation of FEHM travel time results and permits examination of small changes in travel time that result from varying input parameters.  Such small changes would not be easily observable/discernable in a field setting, as seen in the variation of the values in soil moisture data (as shown in Figure 2C-1), which may or may not reflect perfectly steady-state system behavior.

The travel time calculator does not account for the effects of dispersion, but it can provide additional insight into the sensitivity of the travel time calculations.  Because of the relative simplicity of the advective transport scenario used for travel time estimates, the travel time calculator is an ideal tool to use for evaluating sensitivity.

2C.4    Sensitivity Analysis

The sensitivity of the advective travel time is evaluated with regard to changes in infiltration, vertical saturated hydraulic conductivity, and total porosity.  Other parameters, such as saturation, are dependent on at least one of these parameters; thus, sensitivity to these other parameters is implicitly evaluated.

The primary variable affecting travel time is unquestionably infiltration.  Table 2C-3 presents FEHM model results at 1,000 years for the 0.1314 in/yr interplaya recharge rate used for FEHM models reported in Appendix C and interplaya recharge rates of 4(10-3 in/yr and 0.2 in/yr, the upper and lower interplaya infiltration rates documented in literature studies and presented in Table C-5.  Consistent with the FEHM results presented in Figure 2C-2, the depths obtained from the travel time calculator are 3.6 ft for infiltration equal to 4(10-3 in/yr and 126 ft for infiltration equal to 0.2 in/yr.  

Table 2C‑3.  FEHM-Predicted Particle Depths at 1000 years

	Interplaya Infiltration
	Particle Depth

	Lower
	0.004 in/yr
	Less than 20 ft

	Baseline
	0.1314 in/yr
	Between 80 ft and 100 ft

	Upper
	0.200 in/yr
	Between 120 ft and 140 ft


A further, more detailed, examination of the sensitivity of travel time to infiltration was performed with the travel time calculator and is presented in Figure 2C-2.  The solid centerline depicts the advective travel times calculated for infiltration values over the range from 4(10-3 in/yr to 0.2 in/yr.  These travel times were evaluated at the baseline hydraulic conductivities used for FEHM modeling.  Figure 2C-2 also depicts travel times calculated with variations in hydraulic conductivity over 4 orders of magnitude (from 1/100th the values presented in Table 2C-1 to 100 times those values).

The sensitivity of travel time to changes in infiltration and hydraulic conductivity (varied by a constant factor across all layers) is apparent in Figure 2C-2.  Varying the infiltration across the range of reported interplaya rates yields travel times of a few thousand years to approximately 100,000 years.  The advective travel time is much less sensitive to variations in hydraulic conductivity.  As presented in Table 2C-4, variations of the hydraulic conductivities over 4 orders of magnitude produce travel times between approximately 1,400 and 6,600 years for the highest interplaya infiltration rates (up to 0.2 in/yr)  and travel times between approximately 61,000 years to 233,000 years for the lowest infiltration rates (down to 4(10-3 in/yr).  These results are in contrast to saturated flow systems where the saturation is 100% and the travel time is directly proportional to changes in hydraulic conductivity.
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Figure 2C‑2.  Travel time Sensitivity to Infiltration and Hydraulic Conductivity

Table 2C‑4.  Travel Time Sensitivity to Infiltration and Hydraulic Conductivity

	Hydraulic Conductivity
	Interplaya Infiltration

	
	Lower

(0.004 in/yr)
	Baseline

(0.1314 in/yr)
	Upper

(0.2 in/yr)

	100(K
	61,000 yrs
	2,100 yrs
	1,400 yrs

	10(K
	73,000 yrs
	2,700 yrs
	1,900 yrs

	Baseline K
	110,000 yrs
	4,400 yrs
	3,000 yrs

	1/10(K
	160,000 yrs
	6,800 yrs
	4,700 yrs

	1/100(K
	230,000 yrs
	9,600 yrs
	6,600 yrs


As reported in the Subsurface Modeling Report (BWXT and SAIC, 2004), the range in total porosity determined from permeability tests on core samples is 0.19 to 0.45.  Literature values referenced in the Subsurface Modeling Report vary between 0.24 and 0.61.  The calculated travel time is directly proportional to total and effective porosity (Equation 2C-5).  As shown in Figure 2C-3, varying the total porosity from 0.2 to 0.6 produces a range in travel time, for a given value of infiltration, similar to the observation for hydraulic conductivities.  The travel times for specific infiltration values and porosity assignments are also presented in Table 2C-5.
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Figure 2C‑3. Travel time Sensitivity to Infiltration and Total Porosity

Table 2C‑5.  Travel Time Sensitivity to Infiltration and Total Porosity

	Porosity
	Interplaya Infiltration

	
	Lower

(0.004 in/yr)
	Baseline

(0.1314 in/yr)
	Upper

(0.2 in/yr)

	0.2
	54,000 yrs
	2,200 yrs
	1,500 yrs

	0.3
	81,000 yrs
	3,500 yrs
	2,300 yrs

	0.4
	110,000 yrs
	4,400 yrs
	3,000 yrs

	0.5
	140,000 yrs
	5,600 yrs
	3,800 yrs

	0.6
	160,000 yrs
	6,600 yrs
	4,500 yrs


The minimum travel times shown in Tables 2C-4 and 2C-5 are 1,400 years and 1,500 years, respectively.  If all three parameters are evaluated at their extremes simultaneously (infiltration = 0.2 in/yr, hydraulic conductivity = 100( baseline values, and porosity = 0.2), then the travel time is estimated at 710 years.  However, a low porosity of 0.2 and a high hydraulic conductivity 100 times the baseline values are completely contradictory assumptions.  Thus, an advective travel time less than 1,000 years is not possible given the literature-based range of parameter values evaluated here.
2C.5    Summary

A sensitivity analysis was performed using an advective travel time calculator to augment FEHM modeling results indicating contaminant transport is negligible (i.e., advective travel time to groundwater is greater than 1,000 years) in interplaya areas not subject to ponded recharge conditions.  Results of the sensitivity analysis confirm that unsaturated zone travel time is most sensitive to the rate of infiltration (which affects the steady-state saturation for the given soil and thus the area available for flow) and relatively insensitive to the saturated hydraulic conductivity and total porosity.  The results presented in this attachment further support FEHM modeling results presented in Appendix C and Section 7.2 and demonstrate that advective travel time to groundwater is greater than 1,000 years even if model inputs are expanded to the broadest range of published or observed parameter values.
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