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EXECUTIVE SUMMARY

This report documents an uncertainty analysis on a local groundwater flow and transport model

for the C-Area Reactor Groundwater Operable Unit. The work is a continuation of the recently

completed regional groundwater flow model for C Area (Bills et al. 2000) and the local flow and

transport model for the southern C-Area plumes (Fogle and Brewer, 2001). The local flow and

transport model is a representation of groundwater flow and contaminant migration through the

Upper Three Runs aquifer, southwest to Fourmile Branch and Castor Creek. The uncertainty

analysis focused on total TCE flux to the streams, as well as maximum concentration discharge

locations.

The uncertainty analysis considered parameter uncertainty only (i.e., that uncertainty resulting

from our lack of knowledge of parameter values). The parameters that were varied included

hydraulic conductivity (for those zones/layers determined “sensitive” in the flow model report),

porosity, recharge, and dispersivity.

The results of this uncertainty analysis show that the original calibrated model results (for TCE

stream flux and discharge location) are within the 90% confidence intervals, and that the

uncertainty about the TCE mass flux to both Castor Creek and Fourmile Branch were significant

(approximately +/- 50%). There appears to be little uncertainty about the maximum

concentration discharge locations for each stream and that those locations do not significantly

vary throughout time. However, this could be due to the uncertainty analysis

assumptions/implementation.

The results showed a strong correlation between layer 4 (the middle aquifer zone) horizontal

hydraulic conductivity and total TCE flux to the streams, and that the uncertainty about Castor

Creek TCE flux could be slightly reduced by eliminating the layer 4 horizontal hydraulic

conductivity uncertainty. Since correlations between other parameters and total TCE flux were

insignficant, reductions in those parameter uncertainties would likely not reduce the overall

uncertainty of total TCE flux.
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1.0 INTRODUCTION

This report documents an uncertainty analysis performed for a local groundwater flow and

transport model for the C-Area Reactor Groundwater (CRGW) Operable Unit (OU). The

analysis is a continuation of the recently completed regional groundwater flow model for C Area

(Bills et al. 2000) and the local flow and transport model for the southern TCE and tritium

plumes (Fogle and Brewer 2001) (Figures 1-1 and 1-2). The underlying local flow and transport

model for this uncertainty analysis is a representation of groundwater flow and contaminant

migration through the Upper Three Runs aquifer (UTRA), southwest to Fourmile Branch and

Castor Creek. The model domain encompasses an area that includes the intermingled southern

trichloroethylene (TCE) and southern tritium plumes. Only the TCE plume was considered for

this uncertainty analysis.

1.1 Analysis Objectives and Characteristics

This groundwater modeling uncertainty analysis was performed to determine, quantitatively, the

impact of parameter uncertainty on selected transport results for the recently completed southern

C-Area TCE plume flow and transport models. The general characteristics of the modeling are as

follows (WSRC 2001a):

• The uncertainty analysis considers parameter uncertainty only (i.e., that uncertainty

resulting from our lack of knowledge of parameter values). The parameters that were

varied include hydraulic conductivity, porosity (for those zones/layers determined

“sensitive” in the flow model report), recharge, and dispersivity (for those zones/layers

determined “sensitive” in the transport model report).

• Only the basecaseB and phyto_L4L6_edgeB (see Fogle and Brewer 2001) scenarios are

considered.

• The analysis considers uncertainty of stream TCE contaminant fluxes (Castor Creek and

Fourmile Branch), Castor Creek and Fourmile Branch stream discharge locations for
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maximum TCE concentration, and the stream TCE contaminant flux differences between

the basecaseB and phyto_L4L6_edgeB scenarios.

• The uncertainty analysis uses a Monte Carlo technique.

• The flow field is steady state, simulating the long-term average flow system. The

transport model simulates 50 years.

2.0 SUMMARY OF APPROACH

All groundwater modeling results are subject to uncertainty due to (1) incomplete knowledge of

parameter values, (2) incomplete or incorrect knowledge of the physical system, and (3)

necessary simplification of the physical system being modeled. The latter two causes are

typically considered “modeling uncertainty,” with the first cause as “prediction uncertainty.” For

this analysis, only “prediction uncertainty” (i.e., “parameter uncertainty”) was evaluated.

The technical approach used for this uncertainty analysis was based on the classical Monte Carlo

method that has been used in many disciplines to evaluate uncertainty and risk. Because the

analysis was to quantitatively determine confidence intervals and uncertainty about various

groundwater modeling results, other possible uncertainty analysis techniques (such as

perturbation and first-order approximation) were determined to be inappropriate.

2.1 Monte Carlo Method

The Monte Carlo method is relatively straightforward to understand and implement when

assessing “prediction/parameter uncertainty.” With the method, random samples from uncertain

parameter probability distributions are chosen, the model(s) are run, and the results are extracted

and stored. After a significant number of these “realizations” (or “iterations”) are performed, the

results are evaluated using standard statistical methods and presentations. The key is to run

enough iterations to arrive at stable statistical distributions for the results being evaluated.
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For this effort, the Monte Carlo method was implemented as the following algorithm (see also

Figure 2-1):

Generate 5000 sets of random parameters.

For each iteration:

1. Obtain a random parameter value for each of the uncertain modeling parameters.

2. Run MODFLOW.

3. If MODFLOW converged, evaluate the closeness of the model results to head and
flux calibration targets.

4. If the flow model is within desired calibration ranges, run MT3DMS.

5. If the MT3DMS final mass balance error is less than 5%, consider the run
successful and record desired results.

2.2 Implementation

The algorithm discussed above was implemented in an Excel spreadsheet using Visual Basic

macros and custom programs, with the random parameter values generated using the Crystal Ball

add-in for Excel (Decisioneering 2001). Appropriate QA reviews have been performed on the

software (WSRC 2001b). The software was constructed to allow distributed processing for

blocks of iterations. Up to ten computers were simultaneously used to complete 5000 total

iterations for each scenario being analyzed. Total processing time for each 5000 iteration block

was approximately one cpu-month (720 cpu-hours). A total of three scenarios were analyzed:

basecaseB: the no-action with continuous source scenario,

phyto_ edgeB: a remedial option with continuous source scenario, and

basecaseB_kh4off: the no-action with continuous source scenario with no uncertainty for
layer 4 horizontal hydraulic conductivity.
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3.0 DATA AND ASSUMPTIONS

3.1 Uncertain Parameters

A total of eight uncertain parameters were used in this analysis, based on the results from the

flow and transport model sensitivity analyses (see Bills et al. 2000, and Fogle and Brewer 2001).

To simplify the software and analysis, parameter layer multipliers were used to vary the

uncertain flow and transport parameters in the model input files. Individual parameter layer

multiplier distribution types and limits were chosen using professional judgement to achieve an

appropriate uncertainty distribution. The parameters/multipliers and their respective uncertainty

distributions were as follows (see also Figures 3-1 through 3-4, and Appendix B):

Parameter 1: Recharge The calibrated model recharge was 12.5 in/yr (i.e., at a

multiplier of 1.0). Based on the flow model sensitivity

analysis and engineering judgement, the Recharge

multiplier was assumed to be normally distributed with a

mean of 1.0 and a standard deviation of 0.1, with a

minimum cutoff of 0.65 (8.13 in/yr) and a maximum cutoff

of 1.45 (18.13 in/yr).

Parameter 2: Kh Layer 1 The calibrated model horizontal hydraulic conductivity

zone values in transport model layer 1 were between 13.0

and 55.0 ft/day. Based on engineering judgement, the Kh

Layer 1 multiplier was assumed to be normally distributed

with a mean of 1.0 and a standard deviation of 0.25, with a

minimum cutoff 0.25 (i.e., zone values between 3.25 and

13.75 ft/day) and a maximum cutoff of 1.45 (i.e., zone

values between 18.85 and 79.75 ft/day). Although

hydraulic conductivity is generally thought to be

lognormally distributed, because the calibrated values were

already thought to be on the high-side of possible/likely
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values, higher probability on the low-end of the distribution

was deemed to be realistic, and a normal distribution was

chosen to satisfy this assumption. In addition, because of

the assumed distribution cutoffs, the ultimate probability

differences between the lognormal and normal distributions

would be minor.

Parameter 3: Kh Layer 2 This parameter, the horizontal hydraulic conductivity

multiplier for transport model layer 2, was kept equivalent

to Parameter 2. Layers 1 and 2 make up the water table

aquifer in the model, and so are assumed to have the same

aquifer properties.

Parameter 4: Kh Layer 4 The calibrated model horizontal hydraulic conductivity

zones in transport model layer 4 had values between 10.0

and 60.0 ft/day. The Kh Layer 4 multiplier was assumed to

be normally distributed with a mean of 1.0 and a standard

deviation of 0.3, with a minimum cutoff 0.1 (i.e., zone

values between 1 and 6 ft/day) and a maximum cutoff of

1.15 (i.e., zone values between 11.5 and 69 ft/day). As with

parameter 2&3, the calibrated model values for the layer 4

Kh zones were believed to be on the high-end. Thus, a

normal distribution with a high-end cutoff was assumed to

represent the range and likelihood of this uncertain

parameter.

Parameter 5: Kv Layer 3 The calibrated model vertical hydraulic conductivity in

zones for transport model layer 3 were between 0.0025 and

0.02 ft/day. The Kv Layer 3 multiplier was assumed to be

log-normally distributed with a mean of 1.0 and a standard
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deviation of 1.0, with a minimum cutoff 0.1 (i.e., zone

values between 0.00025 and 0.002 ft/day) and a maximum

cutoff of 3.3 (i.e., zone values between 0.00825 and 0.066

ft/day)

Parameter 6: Kv Layer 5 The calibrated model vertical hydraulic conductivity zones

in transport model layer 5 were between 0.0008 and 0.025

ft/day. The Kv Layer 5 multiplier was assumed to be log-

normally distributed with a mean of 1.0 and a standard

deviation of 1.13, with a minimum cutoff 0.06 (i.e. zone

values between 0.000048 and 0.0015 ft/day) and a

maximum cutoff of 10.0 (i.e., zone values between 0.008

and 0.25 ft/day).

Parameter 7: Long. Disp. The calibrated model longitudinal dispersivity in the

transport model was 5 ft. This is a low value compared to

typical values reported in the literature, and when

compared to the general guidance of longitudinal

dispersivity being one-tenth the plume length.

Consequently, it was assumed that much higher values

would be more probable. Thus, the Long. Disp. multiplier

was assumed to be log-normally distributed with a mean of

1.0 and a standard deviation of 2.0, with a minimum cutoff

0.5 (2.5 ft) and a maximum cutoff of 6.0 (30 ft). 

Parameter 8: Aq. Porosity The calibrated model aquifer (effective) porosity in the

transport model was 0.20. The Aq. Porosity multiplier was

assumed to have a triangular distribution with a mean of

1.0, a minimum of 0.75 (0.15), and a maximum of 1.75

(0.35). The aquifer porosity value affected transport model
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layers 1, 2, 4, 6, 7, and 9. No previously defined probability

distributions for porosity at SRS were know, so a triangular

distribution was chosen (over a normal distribution) for

simplicity.

3.2 Flow Calibration Targets

Forty head targets based on the flow model head targets (observation points) (Bills et al. 2000)

were used in this analysis, as shown on Table 3-1 and Figure 3-5. These target values were

compared to each iteration’s flow model results. If the model results were outside the head target

range, the total “score” was reduced by one. If the final total “score” was less than -5 (i.e., more

than 5 head targets out of range), then the iteration was considered “out of calibration,” no

uncertainty results were computed, and a new iteration was started.

Seven flux target arcs from the calibrated flow model were also used as targets in this analysis.

As shown on Figure 3-5, each reach of Fourmile Branch and Castor Creek was used to determine

if each iteration’s flow model results were acceptable for continued analysis. Individual cell

designations for each arc are given in Table 3-2. As with the head targets, if the model results

were outside the flux target range for a flux arc, the total “score” was reduced by one. If the final

total “score” was less than -2 (i.e., more than two arcs out of range), then the iteration was

considered “out of calibration,” no uncertainty results were computed, and a new iteration was

started.

The “score” cutoff limits of -5 (head) and -2 (flux) were considered reasonable, and were

selected based on professional judgement to ensure sufficient “successful” iterations. However,

because these limits are different from “0” and “1” used with the original flow model, the

resulting “successful” iteration “calibration” is somewhat less restrictive. It is not expected that

this is a significant factor in the interpretation of the results.



Uncertainty Analysis for the WSRC-RP-2001-4201, Rev. 0
Southern TCE Plume in the November 2001
C-Area Groundwater Operable Unit (U) Page 8 of 58

3.3 Transport Results “Targets”

The Fourmile Branch and Castor Creek streams were the focus of the uncertainty results. Total

contaminant flux to Castor Creek was computed using the drain locations for “Arc 6”, and with

total contaminant flux to Fourmile Branch was computed using the other six target arcs, as

shown in Figure 3-5 and listed in Table 3-2.

At the end of each successful iteration, total contaminant flux for each stream was computed for

each time step, and the cells with the maximum contaminant concentration for each stream for

each time step was recorded.

4.0 RESULTS

During initial analysis of the results, some atypical results were noted for some of the iterations.

After further analysis and investigation, it was determined that the atypical results were due to a

sporadic, "catastrophic failure" of one of the computer programs. The exact cause of this failure

is still unknown, but it was determined that the failed iterations could be easily identified, with

the remaining results considered valid. Thus, the atypical iterations were identified and discarded

prior to final analysis and the following discussion of results reflect only the "good" data. The

specifics for the complete analysis of the atypical iterations are given in Appendix A.

Out of the 5000 realizations (iterations) attempted, only 926 passed the MODFLOW head and

flux calibration evaluation (as discussed in section 3.2) and a MT3DMS mass balance check (see

Appendix B). Of these 926 “successful” iterations, only 13 iterations showed no deviations from

calibration targets/ranges (i.e., MODFLOW head and flux scores were both “0”).

In general, it is believed that enough “successful” Monte-Carlo iterations are performed when

there are no further significant changes to the result value’s cumulative mean and standard

deviation (so that the ensemble statistics are representative of the overall uncertainty). In this

work, the most important result is the total Castor Creek flux – and that value was used to

evaluate the adequacy of the number of iterations. Figure 4-1 is a plot of the Castor Creek flux

cumulative mean and standard deviation for the 926 “successful” iterations for basecaseB at
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Year 5, 15, and 50. The plot clearly shows stable cumulative statistics after a few hundred

iterations – throughout the forecasted years. Figure 4-2 is a similar plot for the phyto_edgeB

scenario, also showing stable cumulative statistics after a few hundred iterations. These plots

indicate that the statistical results from the set of 926 “successful” iterations will be

representative of the parameter uncertainty results.

4.1 Parameter Uncertainty

The resulting parameter distributions for the 926 “successful” iterations are given in Figures 3-1

through 3-4. As shown, the “successful” distributions for Parameters 4 through 8 were very

similar to those of the total distributions. The “successful” distribution for Parameter 1 appears

shifted left (to lower values) from the original assumed distribution. This seems to imply that the

flow model can not be easily calibrated (even with varying other parameters) with significant

increases to recharge, but that decreases in recharge can more easily result in a calibrated model.

Similarly, the “successful” distribution for Parameter 2 (and 3 by correlation) is shifted right (to

higher values) from the original assumed distribution. This seems to imply that the flow model

can not be easily calibrated with significantly lower horizontal conductivity in the water table

aquifer.

The generally lower recharge, along with the generally higher hydraulic conductivity, does not

seem at first to be logical. Due to Darcy’s law and the desire to maintain head calibration, in a

simple system any decrease in recharge would require a decrease in hydraulic conductivity.

Similarly, any increase in hydraulic conductivity in a simple system would require an increase in

recharge. In either case, however, these changes would not maintain any desired fluxes through

the system. Thus, for this C-Area model, it appears that the complexity of the groundwater

system allows simultaneous increases in conductivity with decreases in recharge, while still

maintaining head and flux calibration.

The original distributions and subsequent sets of random parameter values were assumed to be

independent (except for Parameters 2 and 3 which were fully, positively correlated). Table 4-12

shows that the original set of random parameters were not correlated one-to-another.
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Table 4-1 also shows that the sets of random parameter values for the “successful” iterations

were not significantly correlated to each other. Possible correlation between parameter values

and results is discussed in section 4.4.

4.2 Total Flux to Streams

Figures 4-3 and 4-4 provide a view of all “successful” iterations for total TCE mass flux to

Castor Creek and Fourmile Branch for the basecaseB and phyto_edgeB scenarios. Also included

on the figures for reference are the previously reported model results. Figures 4-5 and 4-6

provide the median, calibrated model, and 5% and 95% confidence levels for TCE mass flux to

the two streams for the two scenarios. The 95% confidence level, for example, is simply the

value, at each time, where 95% of the “successful” iteration results were lower, and does not

represent any single iteration. The area between the 5% and 95% confidence levels is considered

the 90% confidence interval.

Figure 4-7 shows the median, previously reported model, and 90% confidence interval for the

TCE mass flux reduction between the basecaseB and phyto_edgeB scenarios for the two streams.

The reduction was calculated by subtracting mass flux from equivalent iterations (i.e., from each

basecaseB and phyto_edgeB iteration which used the same parameters). This figure shows that

the median of the maximum Castor Creek mass flux reduction (i.e., the largest reduction

throughout the 50 year timeframe) is near 5.5 kg/yr. This compares favorably with the previously

reported model results of a maximum reduction near 6.5 kg/yr. The uncertainty surrounding that

value is approximately +/- 2.2 kg/yr. As shown, the uncertainty surrounding the Fourmile Branch

TCE mass flux reduction is even more (when considered as a percentage of total flux),

particularly in later years.

In general, the previously reported model results are within the 90% confidence intervals.

However, it is noted that the previously reported results are near the confidence interval limits.

The cause for this “bias” is not known, but may be related to potential “bias” in the assumed

parameter distributions. Further investigation would be required to adequately discern the cause

for the “bias.”
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For reference, frequency histograms were created for each stream’s TCE mass flux at 5, 15, and

50 years, for the basecaseB and phyto_edgeB scenarios, and are presented as Figures 4-8 through

4-13. Also for reference, Figure 4-14 provides a view of total TCE mass flux to Castor Creek and

Fourmile Branch for the 13 basecaseB scenario iterations which had no deviations from

calibration targets (as discussed above). Although the sample size precluded statistical analysis, a

visual comparison of this figure to Figure 4-5 shows that the results are similar and supports the

use of the more “relaxed” calibration comparison.

4.3 Location of Maximum Concentration Flux to Streams

Frequency histograms were created for each stream’s location of maximum TCE mass flux at 5

and 50 years, for the basecaseB and phyto_edgeB scenarios (see Figures 4-15 and 4-16). As

shown, the location of the maximum concentration does not vary significantly between

iterations, through time, nor with either scenario. This result implies that the modeled plume

discharge is insensitive to parameter layer multiplier changes, and there is high confidence in the

predicted maximum discharge concentration locations. This is assumed to be a result of the

hydraulic conductivity parameter zonation within each layer that was created so that the existing

plume path would be reproduced in the model. Since this uncertainty analysis only changes layer

multipliers, the inter-level heterogeneity is still preserved, and the flow paths remained relatively

intact.

4.4 Reducing Uncertainty

Figures 4-17 through 4-19 provide correlation results between each parameter and total TCE

mass flux to Fourmile Branch and Castor Creek. Table 4-2 provides correlation coefficients

between each parameter and total TCE mass flux to both Castor Creek and Fourmile Branch. As

shown, there is essentially no correlation between Parameters 2&3, 5, 6, 7, and 8, and Castor

Creek TCE mass flux. There appears to be a slight correlation between Parameter 1 (recharge)

and Castor Creek TCE mass flux, and a strong positive correlation between Parameter 4 (layer 4

Kh) and Castor Creek TCE mass flux. It is uncertain whether the correlations of Parameters 1

and 4 with the results are masking possible correlations for the other parameters.
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Correlation between Fourmile Branch TCE mass flux and the parameters is different than that for

Castor Creek. As Table 4-2 shows, there is some correlation between Fourmile Branch TCE flux

and Parameters 2&3 (layer 1 and 2 Kh) and 4 (layer 4 Kh). Since the location of the maximum

discharge concentration did not change significantly for the iterations, correlations between

parameters and discharge locations were not calculated. Overall, therefore, it appears that the

most important parameter is layer 4 Kh.

To determine the impact on TCE mass flux results by reducing uncertainty about the layer 4 Kh

value, the basecaseB_kh4off scenario was run which assumed the layer 4 Kh value was known

(at the calibrated model value). (In a practical sense, the reduction in uncertainty for the layer 4

Kh value could be achieved by performing aquifer tests throughout the model domain.) Figures

4-20 through 25 provide the results for this scenario. As shown on Figure 4-22, the confidence

intervals for the TCE mass flux are slightly reduced (compared to Figure 4-5).

5.0 SUMMARY AND CONCLUSIONS

The results of this uncertainty analysis show that the original calibrated model results (for TCE

mass flux and discharge location) are within the 90% confidence intervals, assuming uncertainty

for eight flow and transport model parameters. The results also indicate that the uncertainty

about the TCE mass flux is significant. In particular, at the time of maximum TCE mass flux, the

Castor Creek mass flux uncertainty is approximately +/- 50%. Similar results were seen for

Fourmile Branch TCE mass flux.

There appears to be little uncertainty about the maximum discharge locations for each stream,

and the locations do not significantly vary throughout time. This is likely due to the using only

uncertain layer multipliers (in-layer heterogeneity remaining intact).

The results showed a strong correlation between layer 4 Kh and total TCE mass flux, and that the

uncertainty about Castor Creek TCE mass flux could be slightly reduced by eliminating the layer

4 Kh uncertainty. Since correlations between other parameters and total TCE mass flux were
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insignficant, reductions in those parameter uncertainties would likely not reduce the overall

uncertainty of total TCE mass flux.
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Table 3-1 Head Targets for Flow Model Calibration Comparison

Grid Column Grid Row Grid Layer
Head Target

Value (ft)
Value + / -

(ft)

1 51 63 226.3 2.5
1 52 62 224.2 2.5
1 53 62 226.2 2.5
1 53 63 227.5 2.5
1 35 59 213.8 2.5
1 36 58 214.5 2.5
1 25 53 208.7 2.5
1 23 54 207.4 2.5
1 24 51 208.1 2.5
1 24 51 206.4 2.5
1 26 51 207.6 2.5
1 26 54 210.8 2.5
1 21 53 206.7 2.5
1 24 49 207.4 2.5
1 22 54 207.2 2.5
1 21 50 203.9 2.5
1 24 52 205.8 5.0
1 33 55 212.7 2.5
1 35 53 210.7 2.5
1 34 52 210.4 2.5
1 33 53 210.4 2.5
1 31 53 210.4 2.5
1 32 55 211.1 2.5
1 37 55 212.8 2.5
1 32 44 202.5 2.5
1 31 40 201.2 2.5
1 39 40 200.9 2.5
4 37 55 204.9 5.0
4 33 55 204.4 5.0
4 31 53 206.0 2.5
4 38 21 171.8 2.5
5 11 27 157.2 2.5
5 63 68 228.4 2.5
7 24 51 195.4 2.5
7 26 54 198.4 2.5
7 18 26 170.5 2.5
7 25 8 158.1 2.5
7 39 40 191.2 2.5
9 39 72 168.5 2.5
9 39 72 169.0 2.5
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Table 3-2 Flux Arc Targets for Flow Model Calibration Comparison

Arc 1
Target
Flux (cfs) 0.37

Range
+ / - (cfs) 0.05

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

1 11 92 1 37 93 2 21 94
1 12 92 1 38 93 2 29 94
1 13 92 1 38 94 2 30 94
1 14 92 1 39 94 2 31 94
1 15 92 1 40 94 2 32 94
1 16 92 1 41 94 2 33 94
1 17 92 1 41 93 2 34 94
1 18 92 1 42 93 2 34 93
1 18 93 1 43 93 2 35 93
1 19 93 1 44 93 2 36 93
1 20 93 2 11 92 2 37 93
1 21 93 2 12 92 2 38 93
1 22 93 2 13 92 2 38 94
1 23 93 2 14 92 2 39 94
1 24 93 2 15 92 2 40 94
1 25 93 2 16 92 2 41 94
1 26 93 2 17 92 2 41 93
1 27 93 2 18 92 2 42 93
1 28 93 2 18 93 2 43 93
1 29 93 2 19 93 2 44 93
1 20 94 2 20 93
1 21 94 2 21 93
1 29 94 2 22 93
1 30 94 2 23 93
1 31 94 2 24 93
1 32 94 2 25 93
1 33 94 2 26 93
1 34 94 2 27 93
1 34 93 2 28 93
1 35 93 2 29 93
1 36 93 2 20 94
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 2
Target
Flux (cfs) 0.06

Range
+ / - (cfs) 0.03

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

1 7 81 1 27 80 2 13 78
1 8 81 1 28 80 2 16 80
1 8 80 1 24 79 2 17 80
1 9 80 1 28 81 2 18 80
1 10 80 1 29 81 2 19 80
1 10 79 1 30 81 2 20 80
1 11 79 1 31 81 2 21 80
1 12 79 1 31 80 2 22 80
1 13 79 1 32 80 2 23 80
1 14 79 1 33 80 2 24 80
1 15 79 1 34 80 2 25 80
1 16 79 1 35 80 2 26 80
1 13 78 2 7 81 2 27 80
1 16 80 2 8 81 2 28 80
1 17 80 2 8 80 2 24 79
1 18 80 2 9 80 2 28 81
1 19 80 2 10 80 2 29 81
1 20 80 2 10 79 2 30 81
1 21 80 2 11 79 2 31 81
1 22 80 2 12 79 2 31 80
1 23 80 2 13 79 2 32 80
1 24 80 2 14 79 2 33 80
1 25 80 2 15 79 2 34 80
1 26 80 2 16 79 2 35 80
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 3
Target
Flux (cfs) 0.15

Range
+ / - (cfs) 0.04

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

1 7 57 1 18 59 2 15 58
1 8 57 1 19 59 2 16 58
1 8 58 1 19 60 2 17 58
1 9 58 1 20 60 2 17 59
1 10 58 2 7 57 2 18 59
1 11 58 2 8 57 2 19 59
1 12 58 2 8 58 2 19 60
1 12 57 2 9 58 2 20 60
1 13 57 2 10 58 3 3 57
1 14 57 2 11 58 3 4 57
1 14 58 2 12 58 3 5 57
1 15 58 2 12 57 3 6 57
1 16 58 2 13 57 3 7 57
1 17 58 2 14 57
1 17 59 2 14 58

Arc 4
Target
Flux (cfs) 0.19

Range
+ / - (cfs) 0.08

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

1 11 42 1 21 47 2 20 46
1 12 42 1 22 47 2 21 46
1 13 42 2 11 42 2 21 47
1 13 43 2 12 42 2 22 47
1 14 43 2 13 42 3 8 38
1 15 43 2 13 43 3 8 39
1 15 44 2 14 43 3 9 39
1 16 44 2 15 43 3 9 40
1 17 44 2 15 44 3 10 40
1 17 45 2 16 44 3 10 41
1 18 45 2 17 44 4 7 36
1 19 45 2 17 45 4 7 37
1 19 46 2 18 45 4 8 37
1 20 46 2 19 45 4 8 38
1 21 46 2 19 46
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 5
Target
Flux (cfs) 0.15

Range
+ / - (cfs) 0.04

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

3 16 27 3 17 29 5 13 25
3 16 28 4 14 25 5 14 25
3 17 28 4 14 26
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 6
Target
Flux (cfs) 1.46

Range
+ / - (cfs) 0.28

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

1 39 55 1 56 54 1 59 38
1 40 54 1 55 54 1 59 39
1 40 55 1 55 53 1 60 37
1 41 54 1 54 53 1 60 38
1 42 54 1 54 52 1 61 37
1 43 54 1 54 51 1 62 35
1 43 53 1 54 50 1 62 36
1 44 53 1 54 49 1 62 37
1 45 53 1 54 48 1 63 30
1 46 53 1 54 47 1 63 31
1 46 52 1 55 43 1 63 32
1 47 52 1 55 44 1 63 33
1 48 52 1 55 45 1 63 34
1 48 51 1 55 46 1 63 35
1 49 51 1 55 47 1 64 32
1 50 51 1 56 40 1 64 33
1 51 51 1 56 41 1 62 29
1 51 50 1 56 42 1 62 30
1 52 50 1 56 43 1 61 29
1 53 50 1 57 33 1 60 28
1 66 64 1 57 34 1 60 29
1 66 63 1 57 35 1 59 28
1 65 63 1 57 36 1 58 27
1 65 62 1 57 37 1 58 28
1 64 62 1 57 38 1 57 26
1 64 61 1 57 39 1 57 27
1 63 61 1 57 40 1 56 25
1 63 60 1 56 32 1 56 26
1 63 59 1 56 33 1 55 24
1 62 59 1 55 31 1 55 25
1 62 58 1 55 32 1 54 24
1 61 58 1 54 31 1 53 23
1 60 58 1 53 30 1 53 24
1 59 58 1 53 31 2 39 55
1 59 57 1 52 29 2 40 54
1 59 56 1 52 30 2 40 55
1 58 56 1 51 29 2 41 54
1 58 55 1 50 29 2 42 54
1 57 55 1 58 39 2 43 54
1 56 55 1 58 40 2 43 53
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 6
con’t

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

2 44 53 2 54 49 2 62 37
2 45 53 2 54 48 2 63 30
2 46 53 2 54 47 2 63 31
2 46 52 2 55 43 2 63 32
2 47 52 2 55 44 2 63 33
2 48 52 2 55 45 2 63 34
2 48 51 2 55 46 2 63 35
2 49 51 2 55 47 2 64 32
2 50 51 2 56 40 2 64 33
2 51 51 2 56 41 2 62 29
2 51 50 2 56 42 2 62 30
2 52 50 2 56 43 2 61 29
2 53 50 2 57 33 2 60 28
2 66 64 2 57 34 2 60 29
2 66 63 2 57 35 2 59 28
2 65 63 2 57 36 2 58 27
2 65 62 2 57 37 2 58 28
2 64 62 2 57 38 2 57 26
2 64 61 2 57 39 2 57 27
2 63 61 2 57 40 2 56 25
2 63 60 2 56 32 2 56 26
2 63 59 2 56 33 2 55 24
2 62 59 2 55 31 2 55 25
2 62 58 2 55 32 2 54 24
2 61 58 2 54 31 2 53 23
2 60 58 2 53 30 2 53 24
2 59 58 2 53 31 3 39 20
2 59 57 2 52 29 3 46 26
2 59 56 2 52 30 3 47 26
2 58 56 2 51 29 3 48 26
2 58 55 2 50 29 3 48 27
2 57 55 2 58 39 3 49 28
2 56 55 2 58 40 3 51 28
2 56 54 2 59 38 3 51 29
2 55 54 2 59 39 3 49 24
2 55 53 2 60 37 3 50 23
2 54 53 2 60 38 3 50 24
2 54 52 2 61 37 3 51 23
2 54 51 2 62 35 3 52 23
2 54 50 2 62 36 3 53 23
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 6
con’t

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

3 53 24 4 45 24 5 38 13
3 54 24 4 45 25 5 39 14
3 55 24 4 46 24 5 39 14
3 55 25 4 46 25 5 39 15
3 56 25 4 46 26 5 39 16
3 56 26 4 47 24 5 39 17
3 57 26 4 47 26 5 39 18
3 57 27 4 48 24 5 39 19
3 58 27 4 48 26 5 39 20
3 58 28 4 48 27 5 40 20
3 59 28 4 49 24 5 40 21
3 60 28 4 49 27 5 41 21
3 60 29 4 49 28 5 41 22
3 61 29 4 50 23 5 41 23
3 62 29 4 50 24 5 42 23
3 62 30 4 50 28 5 42 24
3 63 30 4 50 29 5 43 24
3 63 31 4 51 23 5 44 24
3 63 32 4 51 29 5 45 24
3 64 32 5 28 2 5 46 24
3 64 33 5 29 2 5 47 24
4 36 11 5 29 3 5 48 24
4 37 12 5 30 3 5 49 24
4 37 13 5 30 4 5 50 23
4 38 13 5 31 4 5 50 24
4 38 14 5 31 5 5 51 23
4 39 16 5 32 5
4 39 17 5 32 6
4 39 18 5 33 6
4 39 19 5 33 7
4 39 20 5 34 7
4 40 20 5 34 8
4 40 21 5 35 9
4 41 21 5 36 9
4 41 22 5 36 9
4 41 23 5 36 10
4 42 23 5 37 11
4 42 24 5 37 11
4 43 24 5 37 12
4 44 24 5 38 13
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 7
Target
Flux (cfs) 0.44

Range
+ / - (cfs) 0.08

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

1 10 90 2 8 89 3 3 75
1 10 91 2 7 81 3 3 66
1 10 92 2 7 82 3 2 49
1 9 89 2 7 83 3 2 50
1 9 90 2 7 84 3 2 51
1 8 85 2 7 85 3 2 52
1 8 86 2 6 79 3 2 53
1 8 87 2 6 80 3 2 54
1 8 88 2 6 81 3 2 55
1 8 89 2 5 78 3 2 56
1 7 81 2 5 79 3 2 57
1 7 82 2 4 75 3 2 58
1 7 83 2 4 76 3 2 59
1 7 84 2 4 77 3 2 60
1 7 85 2 4 78 3 2 61
1 6 79 2 3 71 3 2 62
1 6 80 2 3 72 3 2 63
1 6 81 2 3 73 3 2 64
1 5 78 2 3 74 3 2 65
1 5 79 2 3 75 3 2 66
1 4 75 2 4 72 3 2 67
1 4 76 2 4 73 3 2 68
1 4 77 3 7 81 3 2 69
1 4 78 3 6 79 3 1 52
1 3 71 3 6 80 3 1 53
1 3 72 3 6 81 3 1 47
1 3 73 3 5 78 3 1 48
1 3 74 3 5 79 3 1 49
1 3 75 3 4 75 3 2 46
1 4 72 3 4 76 3 3 44
1 4 73 3 4 77 3 3 45
2 10 90 3 4 78 4 1 46
2 10 91 3 4 72 4 1 47
2 10 92 3 4 73 4 2 45
2 9 89 3 3 69 4 2 46
2 9 90 3 3 70 4 3 41
2 8 85 3 3 71 4 3 42
2 8 86 3 3 72 4 3 43
2 8 87 3 3 73 4 3 44
2 8 88 3 3 74 4 3 45
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Table 3-2 (con’t) Flux Arc Targets for Flow Model Calibration Comparison

Arc 7
con’t

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

Grid
Layer

Grid
Row

Grid
Column

4 4 39 4 13 24 5 19 10
4 4 40 4 13 25 5 19 11
4 4 41 4 17 14 5 20 8
4 5 37 5 13 22 5 20 9
4 5 38 5 13 23 5 21 7
4 5 39 5 13 24 5 21 8
4 6 35 5 13 25 5 22 5
4 6 36 5 14 25 5 22 6
4 6 37 5 14 18 5 22 7
4 7 34 5 14 19 5 23 4
4 7 35 5 14 20 5 23 5
4 8 33 5 14 21 5 24 3
4 8 34 5 14 22 5 24 4
4 9 29 5 15 15 5 25 2
4 9 30 5 15 16 5 25 3
4 9 31 5 15 17 5 26 2
4 9 32 5 15 18 5 27 1
4 9 33 5 16 14 5 27 2
4 10 27 5 16 15 5 28 1
4 10 28 5 17 12
4 10 29 5 17 13
4 11 26 5 17 14
4 11 27 5 18 11
4 12 25 5 18 12
4 12 26 5 19 9
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Table 4-1 Parameter Correlation Coefficients

All 5000 Realizations Parameter Correlation

Parameter
1

Parameter
2&3

Parameter
4

Parameter
5

Parameter
6

Parameter
7

Parameter
8

Parameter 1 1
Parameter 2&3 0.01 1
Parameter 4 0.02 0.00 1
Parameter 5 -0.02 0.00 -0.01 1
Parameter 6 0.00 0.00 0.00 -0.02 1
Parameter 7 0.01 0.01 0.00 -0.02 0.03 1
Parameter 8 0.01 0.02 -0.01 -0.02 0.00 0.01 1

Successful Realizations Parameter Correlation

Parameter
1

Parameter
2&3

Parameter
4

Parameter
5

Parameter
6

Parameter
7

Parameter
8

Parameter 1 1
Parameter 2&3 0.11 1
Parameter 4 0.41 -0.09 1
Parameter 5 0.20 -0.12 -0.06 1
Parameter 6 0.19 -0.09 -0.21 -0.04 1
Parameter 7 0.02 -0.01 0.05 -0.04 0.02 1
Parameter 8 -0.02 -0.01 0.01 0.03 -0.04 0.03 1

Table 4-2 Parameter Correlation with Castor Creek and Fourmile Branch TCE Flux
for basecaseB Scenario

5 Year CC Flux 15 Year CC Flux 50 Year CC Flux
Parameter 1 0.39 0.50 0.53
Parameter 2&3 -0.09 -0.05 -0.41
Parameter 4 0.87 0.82 0.75
Parameter 5 0.11 0.14 0.11
Parameter 6 -0.26 -0.20 0.03
Parameter 7 0.19 -0.19 -0.25
Parameter 8 -0.22 -0.18 -0.05

5 Year FMB Flux 15 Year FMB Flux 50 Year FMB Flux
Parameter 1 -0.01 -0.22 -0.32
Parameter 2&3 0.47 0.70 0.57
Parameter 4 -0.26 -0.46 -0.72
Parameter 5 -0.13 -0.13 -0.13
Parameter 6 -0.07 -0.20 0.03
Parameter 7 -0.06 0.12 0.20
Parameter 8 -0.48 -0.18 -0.08
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Figure 1-1. Local Flow and Transport Model Domain
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Figure 1-2. Hydrogeologic Conceptual Model: Upper Aquifer Zone (UAZ), Tan Clay
Confining Unit (TCCU), Middle Aquifer Zone (MAZ), Lower Confining
Unit (LCU), Lower Aquifer Zone (LAZ), Gordon Confining Unit (GCU),
and Gordon Aquifer (GA)
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Figure 2-1. Flow Diagram for Monte Carlo Method
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Figure 3-1. Histograms of Parameter Multipliers for Parameters 1, 2, and 3
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Figure 3-2. Histograms of Parameter Multipliers for Parameters 4 and 5
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Figure 3-3. Histograms of Parameter Multipliers for Parameters 6 and 7
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Figure 3-4. Histogram of Parameter Multipliers for Parameter 8
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Figure 3-5. Stream/Drain Arcs and Monitoring Well Targets
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Figure 4-1. Cumulative Statistics for basecaseB Monte Carlo Runs
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Figure 4-2. Cumulative Statistics for phyto_edgeB Monte Carlo Runs
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Figure 4-3. basecaseB TCE Mass Flux Results for Each Iteration
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Figure 4-4. phyto_edgeB TCE Mass Flux Results for Each Iteration
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Figure 4-5. 90% Confidence Interval for basecaseB TCE Mass Flux Iterations
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Figure 4-6. 90% Confidence Interval for phyto_edgeB TCE Mass Flux Iterations
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Figure 4-7. 90% Confidence Interval for the Difference of basecaseB and phyto_edgeB
TCE Mass Flux Iterations
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Figure 4-8. Frequency Histogram of TCE Mass Flux for basecaseB at 5 Years
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Figure 4-9. Frequency Histogram of TCE Mass Flux for basecaseB at 15 Years
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Figure 4-10. Frequency Histogram of TCE Mass Flux for basecaseB at 50 Years
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Figure 4-11. Frequency Histogram of TCE Mass Flux for phyto_edgeB at 5 Years
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Figure 4-12. Frequency Histogram of TCE Mass Flux for phyto_edgeB at 15 Years
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Figure 4-13. Frequency Histogram of TCE Mass Flux for phyto_edgeB at 50 Years
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Figure 4-14. basecaseB TCE Mass Flux Results for Iterations with No Deviation from
Head and Flux Target Values in the Calibrated Model
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Figure 4-15. basecaseB Frequency Histogram of Location of Maximum TCE
Concentration Along Model Discharge Points
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Figure 4-16. phyto_edgeB Frequency Histogram of Location of Maximum TCE
Concentration Along Model Discharge Points
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Figure 4-17. basecaseB Parameter Correlation for Fourmile Branch and Castor Creek at
5 Years
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Figure 4-18. basecaseB Parameter Correlation for Fourmile Branch and Castor Creek at
15 Years
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Figure 4-19. basecaseB Parameter Correlation for Fourmile Branch and Castor Creek at
50 Years
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Figure 4-20. Cumulative Statistics for basecaseB_kh4off Monte Carlo Runs
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Figure 4-21. basecaseB_kh4off  TCE Mass Flux Results for Each Iteration
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Figure 4-22. 90% Confidence Interval for basecaseB_kh4off TCE Mass Flux Iterations
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Figure 4-23. Frequency Histogram of TCE Mass Flux for basecaseB_kh4off at 5 Years
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Figure 4-24. Frequency Histogram of TCE Mass Flux for basecaseB_kh4off at 15 Years
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Figure 4-25. Frequency Histogram of TCE Mass Flux for basecaseB_kh4off at 50 Years
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1.0 ANALYSIS OF ATYPICAL RESULTS

During initial analysis of the results from the basecaseB scenarios, a small number of iterations

were observed to have abnormally high TCE mass fluxes to the streams. As shown in Figure A-

1, these iteration fluxes were many times greater than the majority of results. Closer examination

of a few of these atypical iterations exposed three potential problems: (1) at some point during

the simulation time, very high negative concentrations at a single boundary cell would suddenly

appear, (2) the constant recharge concentration source would intermittently “disappear” during

the simulation, and (3) the plume body would not disperse as expected. The impact of these

problems was a poor mass balance (not evident at the end of the simulation) and a flux of high

contaminant concentrations to the stream boundaries.

A comparison and check of the various custom programs associated with this uncertainty

analysis and GMS programs identified the problem to reside in the transport code (MT3DMS)

used in the uncertainty analysis. As the MT3DMS code used in this analysis had been slightly

modified and re-compiled to efficiently accommodate the other portions of the uncertainty

analysis software, it was initially thought that some modification and/or compilation option was

the cause for the problem. However, after extensive testing and recompilation using multiple

compiler option configurations and multiple compilers, no clear problem in the code could be

identified.

It was then hypothesized that the code problem was not common to all iterations, but would be

manifested in only certain iterations, resulting in a “catastrophic failure.” To test this hypothesis,

a number of iterations that had “normal-looking” results and were representative of the majority

of the results, were independently re-run using GMS programs. The specific test iterations

(numbers: 27, 419, 4285, 4555, 4769, 4798, and the baseline case) from the basecaseB scenario

were selected to cover the range of results, and are shown in Figure A-2. Note that there was no

significance to the iteration number selection – the primary concern was to ensure that the range

of “normal-looking” results was tested.
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Figure A-3 shows the results of the test. As shown, the “new” (i.e., GMS program) results were

very similar to the “original” (i.e., uncertainty program) results. The slight differences between

the two sets of results are minor. Overall, the shapes and magnitudes are relatively the same for

each test pair, and any differences must be due to code version differences (the GMS codes are

"newer"). Because of the inherent statistical process of a Monte Carlo analysis, these small

differences in individual iteration results should not impact the overall uncertainty analysis

results.

The final outcome of this analysis was to identify and remove the “catastrophic failure” iterations

from the results. This was accomplished by examining the original stream flux curves (see

Figure A-1) and flagging those iterations whose results were obviously atypical. Table A-1 lists

those iterations which were removed for the basecaseB scenarios. This process of identification

and removal of iterations was repeated for each scenario data set, as given in Tables A-2 and A-

3.

To determine the sensitivity of the identification and removal process, the confidence intervals

for basecaseB stream flux for all the iterations, and only the “good” iterations was computed and

compared. The results, given in Figure A-4, show that there is no significant difference in the

resulting confidence intervals. Therefore, it can be concluded that the confidence intervals are

not particularly sensitive to the “catastrophic failure” results, and that if our identification and

removal process missed a few atypical results, our overall results were not adversely affected.
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Table 3-1 Iterations Removed from basecaseB Scenario

Iteration Iteration Iteration Iteration Iteration Iteration Iteration

109 1071 1655 2402 3434 4022 4672
186 1301 2137 2654 3503 4353 4712
431 1514 2230 2762 3924 4521 4734

1004 1589 2376 2968 3999 4609 4737
4978

Table 3-2 Iterations Removed from phyto_edgeB Scenario (in addition to those
removed for basecaseB)

Iteration Iteration Iteration

281 2015 3740
324 2592 3774

1119 2808 3827

Table 3-3 Iterations Removed from basecaseB_kh4off scenario

Iteration Iteration Iteration Iteration Iteration Iteration Iteration

169 548 2319 2612 3195 3446 4303
253 747 2328 2697 3223 3590 4459
292 789 2454 2724 3277 4025 4475
388 1268 2554 2761 3312 4038 4645
431 1901 2588 3015 3389 4293 4684
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Figure A-1. TCE Mass Flux to Fourmile Branch and Castor Creek for All Original
Iterations
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Figure A-2. TCE Mass Flux to Castor Creek for All Original Iterations, with Test
Iterations Highlighted



Uncertainty Analysis for the WSRC-RP-2001-4201, Rev. 0
Southern TCE Plume in the November 2001
C-Area Groundwater Operable Unit (U) Page A-7

Figure A-3. TCE Mass Flux to Castor Creek Comparison for Test Iterations
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Figure A-4. TCE Mass Flux Confidence Interval Comparison for All Iterations and Only
“Good” Iterations
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Listing of Iteration Results
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